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Constellation
This fluorescence microscope image demonstrates that centrosomes (orange), which
play a critical role in maintaining the integrity of the genome, are not always correctly
regulated in human melanoma.  Each cell should contain either one, or two, yet here is
a cell with four, and another with at least seventeen.
Loss of regulation of centrosome number causes instability in the inheritance of genes
as cells divide.  Although many cells that result may have so many flaws that they never
divide again, or may even simply die, some may survive.  Among these may be some
that grow faster than before, no longer need signals from other cells in order to divide,
or no longer respond to signals that tell them not to.  They may begin to send out their
own signals that will promote the growth of blood vessels to supply nutrients, the
process of angiogenesis, or they may even launch themselves into circulation to form a
tumour at a distant site, the process of metastasis.  Very importantly, the changes that
occur may have given them ways to evade entire classes of therapeutic drugs,
contributing to the difficulties encountered in treating metastatic melanoma.
Understanding how the process of centrosome regulation works, and how it fails, may
lead to new therapies for melanoma.
The cells illustrated here, NZM2, were derived from material donated by a New
Zealand melanoma patient to the Auckland Cancer Society Research Centre for
research purposes.  DNA is shown in blue, α-tubulin in green, and pericentrin, a
marker of centrosomes, in red.  The scale bar represents a length of 20 µm.  This image
received the Biomedical Imaging Research Unit's award for the best light microscopy
image of 2006, and the trophy for the best image overall.
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Abstract

Metastatic melanoma cells frequently have flaws in the proliferative control mediated by the
retinoblastoma-associated protein (pRB), normally operative at the G1-S cell-cycle phase transition.
Functional and molecular aspects of this were investigated in seventeen human metastatic melanoma
cell-lines (NZMs).

Flow-cytometry revealed aneuploidy and heteroploidy in many NZMs that were unstable over time.
This plasticity may contribute to melanoma’s therapeutic resistance.  A potential cause of this,
dysregulation of centrosomal numerical control, was demonstrated by immunofluorescence microscopy,
apparently for the first time in melanoma cell-lines.

Pericentrin was found to accumulate in nucleolar reservoirs, previously unreported, and release from
these on nuclear envelope breakdown may trigger mitotic spindle formation.  Dysregulation of
pericentrin may be particularly important in melanoma, and could represent a therapeutic target.

To test the integrity of pRB-mediated proliferative regulation, NZM cells were grown under conditions
of serum deprivation that in normal cells would cause arrest via pRB.  Cell-cycle phase analysis revealed
three classes of response: accumulation in G1, accumulation in G2 or mitosis, or stimulation to enter S
phase.  G1 arrest indicates that proliferative regulation in response to serum deprivation may be normal
in some melanomas, implying that the pRB subsystem may not be the sole regulator of this, or that it is
not defective in all melanomas.

Using PCR deletion analysis, an investigation was undertaken into the integrity of the tandem 9p21
CDKN2A and CDKN2B genes that encode tumour-suppressors implicated in melanoma tumorigenesis.
Homozygous deletions affecting only CDKN2A were found in two cell-lines, and affecting both genes in
six.  In the case of NZM7, where different sub-clones exist, heterogeneity was found by microsatellite
analysis.  DNA sequencing revealed a known CDKN2A G500C polymorphism in the NZM7 group, also
heterogeneous among sub-clones.  A CDKN2B G411A polymorphism was found in NZM14, but it is
predicted not to affect the amino acid sequence of the encoded protein.

Protein analysis revealed that all NZMs express pRB, but in some, this was in the inhibitory
unphosphorylated state, despite their being proliferative.  This correlated with strong p16 expression
and known BRAF mutations, suggesting that proliferation of BRAF mutants may require compromised
function of the pRB subsystem.
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Abbreviations and symbols

5aza-dC 5-aza-2’-deoxycytidine
6-FAM 6-carboxyfluorescein
αMEM Alpha minimal essential medium
ABC Avidin-biotinylated-HRP conjugate
AC Adenylyl cyclase
ACSRC Auckland Cancer Society Research Centre
AHB Alanylhydroxybenzothiazine
AJCC American Joint Committee on Cancer
ALM Acral lentiginous melanoma
ANABs Anomalous nucleic acid bodies
APS Ammonium persulphate
AT Ataxia telangiectasia
BASC BRCA1-associated genome surveillance complex
BCC Basal cell carcinoma
BCL B-cell lymphoma
BrdU 5-bromo-2'-deoxyuridine
BS Bloom’s syndrome
BSA Bovine serum albumin
CDK(s) Cyclin-dependent kinase(s)
cDNA Complementary deoxyribonucleic acid (DNA)
CKI(s) CDK inhibitor(s)
CRE cAMP response element
CVID Common variable immune deficiency
DAG Diacylglyceride
DAPI 4',6-Diamidino-2-phenylindole
DHI 5,6-dihydroxyindole
DHICA 5,6-dihydroxyindole-2-carboxylic acid
DMSO Dimethylsulphoxide
DNA Deoxyribonucleic acid
DNase(s) Deoxyribonuclease(s)
DOPA 3,4-dihydroxyphenylalanine
ECL Enhanced chemiluminescence
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid
ER Endoplasmic reticulum
FA Fanconi anaemia
FCS Fetal calf serum
FISH Fluorescence in situ hybridisation
FL2 Detector in a flow cytometer for red-orange fluorescence (often used for DNA detection)
FL2-A FL2 signal integral
FL2-W FL2 signal event duration, alias width
FSC Forward light scatter; a detector for this in a flow cytometer
GPCR G-protein-coupled receptor
HIV Human immunodeficiency virus
HNPCC Hereditary non-polyposis colorectal cancer
HPV Human papillomavirus
HRP Horseradish peroxidase
IBP Inhibin binding protein
IF Intermediate filament
IP3 Inositol-1,4,5-triphosphate
IPR Instantaneous proliferation rate
IQ 5,6-indolequinone
IQCA 5,6-indolequinone-2-carboxylic acid
KS Kaposi’s sarcoma
LFS Li-Fraumeni syndrome
LMM Lentigo maligna melanoma
LOH Loss of heterozygosity
MCM Mini-chromosome maintenance (used for elements of the DNA licensing complex)
MMR DNA mismatch repair
mRNA Messenger ribonucleic acid (RNA)
NBS Nijmegen breakage syndrome
NEB Nuclear envelope breakdown
NGF Nerve growth factor (referring to the hexameric holoprotein)
NHL Non-Hodgkin’s lymphoma
NIH National Institutes of Health (USA)
NK Natural killer cell(s)

Table i:  Abbreviations and symbols (continues overleaf)
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NLS Nuclear localisation signal
NM Nodular melanoma
NZM NZ melanoma cell-line
ORC Origin recognition complex
PBL(s) Peripheral blood leukocytes (human)
PCR Polymerase chain reaction
PDF Portable document format
PI Propidium iodide
PIPES Piperazine-N,N'-bis(2-ethanesulfonic acid)
PKA The protein kinase A holoenzyme
PNG Portable Network Graphic
PP1 Type I protein phosphatase complex
PVDF Polyvinylidene fluoride
Q Retardation quotient
qPCR Quantitative real-time polymerase chain reaction (PCR)
qRTPCR Quantitative real-time reverse-transcriptase PCR (RTPCR)
R Proliferation rate, the reciprocal of tD
RFC Replication factor C (referring to the heteropentamer)
RTK Receptor tyrosine kinase
RNA Ribonucleic acid
RNase(s) Ribonuclease(s)
RTPCR Reverse-transcriptase PCR
SCC Squamous cell carcinoma
SCFC SKP1–cullin–F-box complex
SCID Severe combined immunodeficiency
SNP Single nucleotide polymorphism
SSC Sideways light scatter; a detector for this in a flow cytometer
SSCP Single-strand conformation polymorphism
SSM Superficial spreading melanoma
Ta Annealing temperature
tD Doubling time of a population of cells, the reciprocal of R
TD-PCR Touch-down PCR
TEMED 1,2-bis[dimethylamino]ethane
TGN Trans-Golgi network
Tris Tris(hydroxymethyl)aminomethane
UTR Untranslated region of messenger ribonucleic acid (mRNA), or the corresponding genomic

sequence
UV Ultraviolet
UVR Ultraviolet radiation
WAS Wiskott-Aldrich syndrome
XLA X-linked agammaglobulinaemia
§ Data from a non-human model, generality uncertain
® Reference thus tagged is a review article

Table i (concluded): Abbreviations and symbols
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Gene and protein nomenclature
Wherever possible, the symbol recommended in the HUGO Nomenclature Database554 has been used.
Where a symbol for a protein has been used in the text that differs from its gene symbol to the extent that
it would be unlikely to be found by inspection, the protein symbol is listed with a cross-reference to the
gene.

Symbol Full name Locus Protein name(s)
14-3-3γ See YWHAG
α-MSH See POMC

AATF Apoptosis antagonising transcription factor 17q11.2–q12 
(alias CHE-1, DED)

ABL1 v-abl Abelson murine leukaemia viral oncogene
homologue 1 9q34.1 ABL(–x)

Multiple isoforms
ACTB Actin, beta 7p15–p12 β-actin
ACTH See POMC
ADA Adenosine deaminase 20q12–q13.11 

ADPRT ADP-ribosyltransferase (NAD+; poly (ADP-ribose)
polymerase) 1q41–q42 PARP

AHR Aryl hydrocarbon receptor 7p15 
AKAP9 A kinase (PRKA) anchor protein (yotiao) 9 7q21–q22 
AKT1 v-akt murine thymoma viral oncogene homologue 1 14q32.32 
AP-2 See TFAP2A
APC Adenomatosis polyposis coli 5q21–q22 

AR
Androgen receptor (dihydrotestosterone receptor;

testicular feminisation; spinal and bulbar muscular
atrophy; Kennedy disease)

Xq11.2–q12 

ARF See CDKN2A
ARHA Ras homologue gene family, member A 3p21.3 rhoA

ARID3B Dead ringer (Drosophila)-like 2 (bright and dead ringer) 15q24 
(alias Bdp, DRIL2)

ASIP Agouti (mouse)-signalling protein 20q11.2–q12 
ASK See DBF4
ATF2 Activating transcription factor 2 2q32 
ATM Ataxia telangiectasia mutated 11q22–q23 
ATR Ataxia telangiectasia and Rad3 related 3q22–q24 
β-actin See ACTB
β-catenin See CTNNB1
β-globin See HBB
B2M Beta-2-microglobulin 15q21–q22.2 β2-microglobulin
BAD BCL2-antagonist of cell death 11 
BAX BCL2-associated X protein 19q13.3–q13.4 
BCL2 B-cell CLL/lymphoma 2 18q21.3 

BCL2L1 BCL2-like 1 20q11.1 BCL-XL
BCL-XS

BCR Breakpoint cluster region 22q11 
BIRC5 Baculoviral IAP repeat-containing 5 (survivin) 17q25 survivin
BLM Bloom syndrome  (alias REQL3) 15q26.1 
BMP2 Bone morphogenetic protein 2 20p12 
BRAF v-raf murine sarcoma viral oncogene homolog B1 7q34 B-RAF
BRCA1 Breast cancer 1, early onset 17q21–q24 
BRCA2 Breast cancer 2, early onset 13q12.3 
BTK Bruton agammaglobulinaemia tyrosine kinase Xq21.33–q22 
C3 Complement component 3 19p13.3–p13.2 
C4A Complement component 4A 6p21.3 
C4B Complement component 4B 6p21.3 
C5R1 Complement component 5 receptor 1 (C5a ligand) 19q13.3–q13.4 
CASP3 Caspase 3, apoptosis-related cysteine protease 4q34 
CASP8 Caspase 8, apoptosis-related cysteine protease 2q33–q34 
CBP See CREBBP
CCNA1 Cyclin A1 13q12.3–q13 Cyclin-A1
CCNA2 Cyclin A2 4q25–q31 Cyclin-A2
CCNB1 Cyclin B1 5q12 Cyclin-B1
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CCND1 Cyclin D1 11q13 Cyclin-D1
CCND2 Cyclin D2 12p13 Cyclin-D2
CCND3 Cyclin D3 6p21 Cyclin-D3
CCNE1 Cyclin E1 19q12 Cyclin-E1
CCNE2 Cyclin E2 8p22 Cyclin-E2
CD14 CD14 antigen 5q31.1 
CD19 CD19 antigen 16p11.2 
CD2 CD2 antigen (p50), sheep red blood cell receptor 1p13 
CD28 CD28 antigen (Tp44) 2q33 
CD3E CD3E antigen, epsilon polypeptide (TiT3 complex) 11q23 CD3ε
CD4 CD4 antigen (p55) 12pter–p12 
CD5 CD5 antigen (p56–62) 11q13 

CD74
CD74 antigen (invariant polypeptide of major

histocompatibility complex, class II antigen-
associated)

5q32 

CD80 CD80 antigen (CD28 antigen ligand 1, B7-1 antigen) 3q13.3–q21 
(alias B7-1)

CD8A CD8 antigen, alpha polypeptide (p32) 2p12 
CD8B1 CD8 antigen, beta polypeptide 1 (p37) 2p12 

CDC16 Cell division cycle 16 homologue (Saccharomyces
cerevisiae) 13q34 

CDC2 Cell division cycle 2, G1 to S and G2 to M 10q21.1 
(alias CDK1)

CDC20 Cell division cycle 20 homologue (Saccharomyces
cerevisiae) 1p34.1 

CDC25A Cell division cycle 25A 3p21 
CDC25B Cell division cycle 25B 20p13 
CDC25C Cell division cycle 25C 5q31 
CDC27 Cell division cycle 27 17q12–17q23.2 
CDC2L1 Cell division cycle 2-like 1 (PITSLRE proteins) 1p36 

CDC34 Cell division cycle 34 19p13.3 
(alias UBC3)

CDC42 Cell division cycle 42 (GTP binding protein, 25kD) 1p36.1 

CDC6 CDC6 (cell division cycle 6, Saccharomyces cerevisiae)
homologue 17q21.3 

CDC7L1 CDC7 (cell division cycle 7, Saccharomyces cerevisiae,
homologue)-like 1 1p22 

CDH1 Cadherin 1, type 1, E-cadherin (epithelial) 16q22.1 E-cadherin
CDH13 Cadherin, type 13, H-cadherin (heart) 16q24.2 H-cadherin
CDH3 Cadherin 3, type 1, P-cadherin (placental) 16q22.1 P-cadherin
CDK2 Cyclin-dependent kinase 2 12q13 
CDK4 Cyclin-dependent kinase 4 12q13 

CDK5R1 Cyclin-dependent kinase 5, regulatory subunit 1 (p35) 17q11.2 
Multiple isoforms

CDK6 Cyclin-dependent kinase 6 7q21–q22 

CDKN1A Cyclin-dependent kinase inhibitor 1A  (alias CIP1, SDI1,
WAF1) 6p21.1 p21

CDKN1B Cyclin-dependent kinase inhibitor 1B  (alias KIP1) 12p13.1–p12 p27
CDKN1C Cyclin-dependent kinase inhibitor 1C (p57, Kip2) 11p15.5 p57

CDKN2A Cyclin-dependent kinase inhibitor 2A  (alias INK4A) 9p21 p16
ARF

CDKN2B Cyclin-dependent kinase inhibitor 2B  (alias INK4B) 9p21 p15

CDKN2C Cyclin-dependent kinase inhibitor 2C (p18, inhibits
CDK4) 1p32 p18

CDKN2D Cyclin-dependent kinase inhibitor 2D (p19, inhibits
CDK4) 19p13 p19

CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated
dual specificity phosphatase) 14q22 KAP

CDT1 Chromatin licensing and DNA replication factor 1 16q24 
CEBPB CCAAT/enhancer binding protein (C/EBP), beta 20q13.1 C/EBPβ
Centrin See CETN1
CETN1 Centrin, EF-hand protein, 1 18p11.32 centrin
CEP2 Centrosomal protein 2 20pter–q12 
CGA Glycoprotein hormones, alpha polypeptide 6q12-q21 

CHEK1 CHK1 (checkpoint, Schizosaccharomyces pombe)
homologue  (alias CHK1) 11q24 CHK1
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CHEK2 CHK2 (checkpoint, Schizosaccharomyces pombe)
homologue 22q11 CHK2

CHK1 See CHEK1
CHK2 See CHEK2

CHS1 Chediak-Higashi syndrome 1 1q42.1–q42.2 
(alias LYST)

CIT Citron (rho-interacting, serine/threonine kinase 21) 12q citron
CKS1 CDC28 protein kinase 1 1q21.2 

CR2 Complement component (3d/Epstein Barr virus)
receptor 2 1q32 

CREBBP CREB binding protein (Rubinstein-Taybi syndrome) 16p13.3 CBP
CSF2 Colony stimulating factor 2 (granulocyte-macrophage) 5q31.1 GM-CSF

CSF2RB Colony stimulating factor 2 receptor, beta, low-affinity
(granulocyte-macrophage) 22q13.1 

CSK c-src tyrosine kinase 15q23–q25 c-src
CTLA4 Cytotoxic T-lymphocyte-associated protein 4 2q33 
CTNNB1 Catenin (cadherin-associated protein), beta 1 (88kD 3p21 β-catenin
CTNNBIP1 Catenin, beta interacting protein 1 1pter–p36.31 ICAT
CUL1 Cullin 1 7q34–q35 
CUL3 Cullin 3 2q37.1 

DCT Dopachrome tautomerase (dopachrome delta-isomerase,
tyrosine-related protein 2)  (alias TYRP2) 13q32 

DCTN1 Dynactin 1 (p150, glued homologue, Drosophila) 2p13 p150

DDB2 Damage-specific DNA binding protein 2 (48 kD)  (alias
XPE) 11p12–p11 

DBF4 DBF4 homolog (Saccharomyces cerevisiae)
Activator of S phase kinase 7q21.3 ASK

DDEF1 Development and differentiation enhancing factor 1 8q24.1–q24.2 
DHFR Dihydrofolate reductase 5q11.2–q13.2 

DMD Dystrophin (muscular dystrophy, Duchenne and Becker
types) Xp21.2 Dystrophin

DNA pol-α See POLA
DNA pol-δ1 See POLD1
DNTT Deoxynucleotidyltransferase, terminal 10q23–q24 TdT
Dystrophin See DMD
E-cadherin See CDH1
E2F1 E2F transcription factor 1 20q11.2 
E2F2 E2F transcription factor 2 1p36 
E2F3 E2F transcription factor 3 6p22 
E2F4 E2F transcription factor 4, p107/p130-binding 16q21–q22 
E2F5 E2F transcription factor 5, p130-binding 8p22–q21.3 
E2F6 E2F transcription factor 6 22q11 
ECT2 Epithelial cell transforming sequence 2 oncogene 3q26.1–q26.2 
EDN1 Endothelin 1 6p23–p24 ET1
EDN2 Endothelin 2 1p34 ET2
EDN3 Endothelin 3 20q13.2–q13.3 ET3
EDNRB Endothelin receptor type B 13q22 
EG5 See KNSL1
EGF Epidermal growth factor (beta-urogastrone) 4q25 

EGFR
Epidermal growth factor receptor (erythroblastic

leukaemia viral (v-erb-b) oncogene homologue,
avian)

7p12 

ELF1 E74-like factor 1 (ets domain transcription factor) 13q13 

ENC1 Ectodermal-neural cortex (with BTB-like domain) 5q12–q13.3 
(alias NRP/B)

EP300 E1A binding protein p300 22q13.2 p300

ERCC1
Excision repair cross-complementing rodent repair

deficiency, complementation group 1 (includes
overlapping antisense sequence)

19q13.32 

ERCC2 Excision repair cross-complementing rodent repair
deficiency, complementation group 2  (alias XPD) 19q13.3 

ERCC3 Excision repair cross-complementing rodent repair
deficiency, complementation group 3  (alias XPB) 2q21 

ERCC4 Excision repair cross-complementing rodent repair
deficiency, complementation group 4  (alias XPF) 16p13.3–p13.11 

ERCC5 Excision repair cross-complementing rodent repair
deficiency, complementation group 5  (alias XPG) 13q22–q34 
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ERCC6 Excision repair cross-complementing rodent repair
deficiency, complementation group 6  (alias CSB) 10q11 

ET1 See EDN1
ET2 See EDN2
ET3 See EDN3

ETS1 v-ets erythroblastosis virus E26 oncogene homologue 1
(avian) 11q23.3 

F2RL1 Coagulation factor II (thrombin) receptor-like 1 5q13 
(alias PAR2)

FAK See PTK2
FANCA Fanconi anaemia, complementation group A 16q24.3 
FANCB Fanconi anaemia, complementation group B Xp22.2 
FANCC Fanconi anaemia, complementation group C 9q22.3 

FANCD2 Fanconi anaemia, complementation group D2  (alias
FANCD) 3p25.3 

FANCE Fanconi anaemia, complementation group E 6p21–p22 
FANCF Fanconi anaemia, complementation group F 11p15 

FANCG Fanconi anaemia, complementation group G  (alias
XRCC9) 9p13 

FAS Tumour necrosis factor receptor super-family, member 6 10q24.1 
FASLG Tumour necrosis factor (ligand) super-family, member 6 1q23 FasL
FCER2 Fc fragment of IgE, low affinity II, receptor for (CD23A) 19p13.3 CD23
FCGR2A Fc fragment of IgG, low affinity IIa, receptor for (CD32) 1q23 
FCGR2B Fc fragment of IgG, low affinity IIb, receptor for (CD32) 1q32 
FCGR3A Fc fragment of IgG, low affinity IIIa, receptor for (CD16) 1q23 
FCGR3B Fc fragment of IgG, low affinity IIIb, receptor for (CD16) 1q23 
FHIT Fragile histidine triad gene 3p14.2 

FLT3 fms-related tyrosine kinase 3 13q12 
(alias FLK-2)

FOS v-fos FBJ murine osteosarcoma viral oncogene
homologue 14q24.3 

FOXO3A Forkhead box O3A 6q21 
FSHB Follicle stimulating hormone, beta polypeptide 11p13 
FYN FYN oncogene related to SRC, FGR, YES 6q21 

FZR1 Fizzy/cell division cycle 20 related 1 (Drosophila) 19p13.3 
(alias HCDH1)

GABPB1 GA-binding protein transcription factor, beta subunit 1
(53 kD) 7q11.2 

(alias RBF-1)
GADD45A Growth arrest and DNA-damage-inducible, alpha 1p34–p12 GADD45α
GADD45B Growth arrest and DNA-damage-inducible, beta 19p13.3 GADD45β
GADD45G Growth arrest and DNA-damage-inducible, gamma 9q22.1–q22.2 GADD45γ
GATA2 GATA binding protein 2 3q21 
geminin See GMNN
GM-CSF See CSF2
GMNN Geminin, DNA replication inhibitor 6pter–p21.32 geminin
GRB2 Growth factor receptor-bound protein 2 17q24–q25 

GRO1 GRO1 oncogene (melanoma growth stimulating activity,
alpha) 4q21 

GSK3B Glycogen synthase kinase 3 beta 3q13.3 GSK3β
GSTM1 Glutathione S-transferase M 1 1p13.3 
GSTP1 Glutathione S-transferase pi 11q13–qter 
GSTT1 Glutathione S-transferase theta 1 22q11.2 GSTθ1

GZMA Granzyme A (granzyme 1, cytotoxic T-lymphocyte-
associated serine esterase 3) 5q11–q12 Granzyme-A

HBB Haemoglobin, beta 11p15.5 β-globin
HBP1 HMG-box containing protein 1 7q31.1 
HCDH1 See FZR1
HDAC1 Histone deacetylase 1 1p34 
HDAC2 Histone deacetylase 2 6q21 
HDAC3 Histone deacetylase 3 5q31 
HDAC4 Histone deacetylase 4 2q37.2 
HEC See NDC80
HGF Hepatocyte growth factor (hepapoietin A; scatter factor) 7q21.1 
HMOX1 Heme oxygenase (decycling) 1 22q12 HO-1

HOX11 Homeobox 11 (T-cell lymphoma 3-associated
breakpoint) 10q24 
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HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homologue 11p15.4 H-RAS
HSET See KNSL2
HSP73 See HSPA8
HSP75 See TRAP1
HSPA8 Heat shock 70kD protein 8 11q23.3–q25 HSP73

ICAM1 Intercellular adhesion molecule 1 (CD54), human
rhinovirus receptor 19p13.3–p13.2 

ICAT See CTNNBIP1

ID1 Inhibitor of DNA binding 1, dominant negative helix-
loop-helix protein 2q11 

ID2 Inhibitor of DNA binding 2, dominant negative helix-
loop-helix protein 2p25 

IFNG Interferon, gamma 12q14 IFNγ
IFNGR1 Interferon gamma receptor 1 6p23–q24 IFNγR1
IGF1 Insulin-like growth factor 1 (somatomedin C) 12q22–q23 
IGF2 Insulin-like growth factor 2 (somatomedin A) 11p15.5 
IGKC Immunoglobulin kappa constant 2p12 
IGSF1 Immunoglobulin superfamily, member 1 Xq25 InhBP
IL10 Interleukin 10 1q31–q32 

IL12B Interleukin 12B (natural killer cell stimulatory factor 2,
cytotoxic lymphocyte maturation factor 2, p40) 5q31.1–q33.1 

IL1A Interleukin 1, alpha 2q14 IL1α
IL1B Interleukin 1, beta 2q14 IL1β
IL2 Interleukin 2 4q26–q27 
IL2RA Interleukin 2 receptor, alpha 10p15–p14 IL2Rα
IL2RB Interleukin 2 receptor, beta 22q13.1 IL2Rβ
IL2RG Interleukin 2 receptor, gamma Xq13.1 IL2Rγ
IL3 Interleukin 3 (colony-stimulating factor, multiple) 5q31.1 
IL4 Interleukin 4 5q31.1 
IL5 Interleukin 5 (colony-stimulating factor, eosinophil) 5q31.1 
IL5RA Interleukin 5 receptor, alpha 3p26–p24 IL5Rα
IL6 Interleukin 6 (interferon, beta 2) 7p21 
IL7 Interleukin 7 8q12–q13 
IL7R Interleukin 7 receptor 5p13 
IL8 Interleukin 8 4q13–q21 
IL8RA Interleukin 8 receptor, alpha 2q35 IL8Rα
IL8RB Interleukin 8 receptor, beta 2q35 IL8Rβ
INCENP Inner centromere protein antigens (135 kD, 155 kD) 11q12–q13 
ING1 Inhibitor of growth family, member 1 13q34 
INS Insulin 11p15.5 insulin
IRF1 Interferon regulatory factor 21 5q31.1 
IRF2 Interferon regulatory factor 2 4q34.1–q35.1 

ITGB2
Integrin, beta 2 (antigen CD18 (p95), lymphocyte

function-associated antigen 1; macrophage antigen 1
(mac-1) beta subunit)

21q22.3 integrin-β2
(alias CD18)

ITGB7 Integrin, beta 7 12q13.13 integrin-β7
ITK IL2-inducible T-cell kinase 5q31–q32 
JAK2 Janus kinase 2 (a protein tyrosine kinase) 9p24 
JAK3 Janus kinase 3 (a protein tyrosine kinase, leukocyte) 19p13.1 

JUN v-jun avian sarcoma virus 17 oncogene homologue 1p32–p31 
(alias c-jun)

JUND jun D proto-oncogene 19p13.2 
KAP See CDKN3

KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene
homologue 4q11–q12 

KITLG KIT ligand  (alias SLC, STEEL) 12q22 
KNSL1 Kinesin-like 1 10q24.1 Eg5
KNSL2 Kinesin-like 2 6p21.3 HSET

KRAS2 v-Ki-ras2 Kirsten rat sarcoma 2 viral oncogene
homologue 12p12.1 K-RAS

LAG3 Lymphocyte-activation gene 3 12p13.32 
lamin A/C See LMNA
LCK Lymphocyte-specific protein tyrosine kinase 1p34.3 
LEF1 Lymphoid enhancer-binding factor 1 4q23-q25 
LMNA Lamin A/C 1q21.2–q21.3 lamin A/C
LTA Lymphotoxin alpha (TNF super-family, member 1) 6p21.3 TNFβ
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LYN v-yes-1 Yamaguchi sarcoma viral related oncogene
homologue 8q13 

MAP2K1 Mitogen-activated protein kinase kinase 1 15q22.1–q22.33 MEK1
MAPK1 Mitogen-activated protein kinase 1  (alias ERK2) 22q11.2 
MAPK12 Mitogen-activated protein kinase 12  (alias ERK6) 22q13.3 
MAPK14 Mitogen-activated protein kinase 14  (alias SAPK2A) 6p21.3–p21.2 p38MAPK
MAPK3 Mitogen-activated protein kinase 3  (alias ERK1) 16p12–p11.2 

MAPK8 Mitogen-activated protein kinase 8  (alias JNK1, SAPK1) 10 
(alias JNK)

MATK Megakaryocyte-associated tyrosine kinase 19p13.3 

MC1R Melanocortin 1 receptor (alpha melanocyte stimulating
hormone receptor) 16q24.3 

MCM2 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae) 2 (mitotin) 3q21 

MCM3 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae) 3 6p12 

MCM4 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae) 4 8q12–q13 

MCM5 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae) 5 (cell division cycle 46) 22q13.1–q13.2 

MCM6 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae)  (mis5, Schizosaccharomyces pombe) 6 2q14–q21 

MCM7 Mini-chromosome maintenance deficient (Saccharomyces
cerevisiae) 7 7q21.3–q22.1 

MDM2 Mouse double minute 2, human homologue of; p53-
binding protein 12q13–q14 

MEK1 See MAP2K1
melanophilin See MLPH
MEN1 Multiple endocrine neoplasia type 1 11q13 menin
MET met proto-oncogene (hepatocyte growth factor receptor) 7q31 
MHC2TA MHC class II transactivator 16p13 
MIA Melanoma inhibitory activity 19q13.32–q13.33 
MITF Microphthalmia-associated transcription factor 3p14.1–p12.3 
MLH1 mutL (Escherichia coli) homologue 1 3p21.3 
MLPH Melanophilin 2q37.3 melanophilin

MRE11A Meiotic recombination 11, Saccharomyces cerevisiae
homologue of, A 11q21 

MSH2 mutS (Escherichia coli) homologue 2 2p16 
MSH6 mutS (Escherichia coli) homologue 6  (alias GTBP) 2p16 
MYB v-myb myeloblastosis viral oncogene homologue (avian) 6q22–q23 

MYC v-myc avian myelocytomatosis viral oncogene
homologue 8q24.12–q24.13 

MYCN v-myc avian myelocytomatosis viral related oncogene,
neuroblastoma derived 2p24.1 

MYOD1 Myogenic factor 3 11p15.4 MYOD
MYT1 See PKMYT1
NBN Nijmegen breakage syndrome 1 8q21–q24 nibrin

NDC80 NDC80 homolog, kinetochore complex component (S.
cerevisiae) 18p11.31 HEC

NEDD8 Neural precursor cell expressed, developmentally
down-regulated 8 14q11.2 

NEDD9 Neural precursor cell expressed, developmentally
down-regulated 9 6p25–p24 

NEK2 NIMA (never in mitosis gene a)-related kinase 2 1q32.2-q41 
neurofibromin See NF1
NF1 Neurofibromin 1 17q11.2 neurofibromin
NF2 Neurofibromin 2 22q12.2 merlin I/II

NFKB1 Nuclear factor of kappa light polypeptide gene enhancer
in B-cells 1 (p105) 4q24 NFκBp105

NFκBp50
nibrin See NBN

NPM1 Nucleophosmin (nucleolar phosphoprotein B23,
numatrin) 5q35 

NME2 Non-metastatic cells 2, protein (NM23B) expressed in 17q21.33 NM23-H2
NOS1 Nitric oxide synthase 1 (neuronal) 12q14–qter nNOS
NRAS Neuroblastoma RAS viral (v-ras) oncogene homologue 1p13 N-RAS
NUMA1 Nuclear mitotic apparatus protein 1 11q13 
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OCA2 Oculocutaneous albinism II (pink-eye dilution
homologue, mouse) 15q11.2–q12 

ODC1 Ornithine decarboxylase 1 2p25 
P-cadherin See CDH3
p107 See RBL1
p130 See RBL2
p15 See CDKN2B
p150 See DCTN1
p16 See CDKN2A
p18 See CDKN2C
p19 See CDKN2D
p21 See CDKN1A
p27 See CDKN1B
p300 See EP300
p38MAPK See MAPK14
p53 See TP53
p57 See CDKN1C
p73 See TP73

PA2G4 Proliferation-associated 2G4, 38 kD 12q13 
(alias EBP1)

PARP See ADPRT
PAX3 Paired box gene 3 (Waardenburg syndrome 1) 2q35–q37 

PAX5 Paired box gene 5 (B-cell lineage specific activator
protein) 9p13 

PAX6 Paired box gene 6 (aniridia, keratitis) 11p13 
PCM1 Pericentriolar material 1 8p22-p21.3 
PCNA Proliferating cell nuclear antigen 20pter–p12 

PCNT Pericentrin (kendrin) 21q22.3
Multiple isoforms

pericentrin (alias
PCNT1),
kendrin.

PDPK1 3-phosphoinositide dependent protein kinase-1 16p13.3 

PGR Progesterone receptor 11q22–q23 PGR(–x)
Multiple isoforms

PHB Prohibitin 17q21 prohibitin
PIAS3 Protein inhibitor of activated STAT3 1q21 
PIM1 pim-1 oncogene 6p21.2 
PINK1 PTEN induced putative kinase 1 1p36 

PKMYT1 Membrane-associated tyrosine- and threonine-specific
cdc2-inhibitory kinase 16p13.11 

(alias MYT1)
PLK Polo-like kinase (Drosophila) 16p11 

PMS1 Post-meiotic segregation increased (Saccharomyces
cerevisiae) 1 2q31–q33 

PMS2 Post-meiotic segregation increased (Saccharomyces
cerevisiae) 2 7p22 

POLA Polymerase (DNA directed), alpha Xp22.1–p21.3 DNA pol-α
POLB Polymerase (DNA directed), beta 8p11.2 DNA pol-β

POLD1 Polymerase (DNA directed), delta 1, catalytic subunit
(125 kD) 19q13.3 DNA pol-δ1

POLH Polymerase (DNA directed), eta  (alias XPV) 6pter–p24.1 DNA pol-η

POMC Proopiomelanocortin 2p23

ACTH
β-lipotropin
α-MSH
β-MSH
β-endorphin

POU2F2 POU domain, class 2, transcription factor 2 19q13.31 
(alias OCT-2)

PPP1CA Protein phosphatase 1, catalytic subunit, alpha isoform 11q13 PPP1CA(–x)
Multiple isoforms

PPP1CB Protein phosphatase 1, catalytic subunit, beta isoform 2p23 
PPP1CC Protein phosphatase 1, catalytic subunit, gamma isoform 12q24.1–q24.2 

PPP1R12A Protein phosphatase 1, regulatory (inhibitor) subunit
12A 12q15–q21 

PPP1R12B Protein phosphatase 1, regulatory (inhibitor) subunit
12B 1q32.1 

M20

PPP2R1A Protein phosphatase 2 (formerly 2A), regulatory subunit
A, alpha isoform 19q13 
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pRB See RB1

PRDM2 PR domain containing 2, with ZNF domain 1p36 
(alias RIZ)

PRF1 Perforin 1 (pore forming protein) 10q22 perforin
PRKCB1 Protein kinase C, beta 1 16p11.2 PKCβ1
PRKDC Protein kinase, DNA-activated, catalytic polypeptide 8q11 DNA-PK
prohibitin See PHB

PSMB8 Proteasome (prosome, macropain) subunit, beta type, 8
(large multifunctional protease 7) 6p21.3 

(alias LMP-7)

PSMB9 Proteasome (prosome, macropain) subunit, beta type, 9
(large multifunctional protease 2) 6p21.3 

(alias LMP-2)
PTCH Patched (Drosophila) homologue 9q22.3 

PTEN Phosphatase and tensin homologue (mutated in
multiple advanced cancers 1)  (alias MMAC1) 10q23 

PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin
G/H synthase and cyclooxygenase)  (alias COX2) 1q25.2–q25.3 COX–2

PTK2 PTK2 protein tyrosine kinase 2  (alias FAK) 8q24–qter FAK
PTK2B Protein tyrosine kinase 2 beta 8p21.1 PYK2
PTPRC Protein tyrosine phosphatase, receptor type, C 1q31–q32 CD45
PTPRD Protein tyrosine phosphatase, receptor type, D 9p23-p24.3 
PYK2 See PTK2B
RAB27A RAB27A, member RAS oncogene family 15q15–21.1 
RAB7 RAB7, member RAS oncogene family 3q22.1 

RAC1 RAS-related C3 botulinum toxin substrate 1 (rho family,
small GTP binding protein Rac1) 7p22 

RAD50 RAD50 (Saccharomyces cerevisiae) homologue 5q31 

RAD51 RAD51 (Saccharomyces cerevisiae) homologue (Escherichia
coli RecA homologue) 15q15.1 

RAF1 v-raf-1 murine leukaemia viral oncogene homologue 1 3p25 RAF
RAG1 Recombination activating gene 1 11p13 
RAG2 Recombination activating gene 2 11p13 

RARB Retinoic acid receptor, beta 3p24 RARB(–x)
Multiple isoforms

RASSF1 Ras association (RalGDS/AF-6) domain family 1 3p21.3 RASSF1(–x)
Multiple isoforms

RB1 Retinoblastoma 1 13q14.2 pRB

RBBP1 Retinoblastoma-binding protein 1 14q22.1–q22.3 
Multiple isoforms

RBBP2 Retinoblastoma-binding protein 2 12p11 

RBBP4 Retinoblastoma-binding protein 4 1 
(alias RbAp48)

RBBP5 Retinoblastoma-binding protein 5 1q32 

RBBP6 Retinoblastoma-binding protein 6 16p12–p11.2 
PACT1228

RBBP7 Retinoblastoma-binding protein 7 Xp22.1 
(alias RbAp46)

RBBP8 Retinoblastoma-binding protein 8 18q11.2 
RBBP9 Retinoblastoma-binding protein 9 20p11.2 
RBL1 Retinoblastoma-like 1 (p107) 20q11.2 p107
RBL2 Retinoblastoma-like 2 (p130) 16q12.2 p130

RELA
v-rel reticuloendotheliosis viral oncogene homologue A,

nuclear factor of kappa light polypeptide gene
enhancer in B-cells 3, p65 (avian)

11q13 NFκBp65

RFC1 Replication factor C (activator 1) 1 (145kD) 4p14–p13 

RFX5 Regulatory factor X, 5 (influences HLA class II
expression) 1q21 

RFXANK Regulatory factor X-associated ankyrin-containing
protein 19p12 

RFXAP Regulatory factor X-associated protein 13q14 
rhoA See ARHA
ROCK1 Rho-associated, coiled-coil containing protein kinase 1 18 

SCIDA Severe combined immunodeficiency, type a
(Athabascan) 10p13 

SDF1 Stromal cell-derived factor 1 10q11.1 
SELE Selectin E (endothelial adhesion molecule 1) 1q22–q25 E-selectin
SELL Selectin L (lymphocyte adhesion molecule 1) 1q23–q25 L-selectin
SFN Stratifin 1p stratifin

Table ii: (continued)
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Symbol Full name Locus Protein name(s)

SH2D1A SH2 domain protein 1A, Duncan's disease
(lymphoproliferative syndrome) Xq25–q26 

SHH Sonic hedgehog (Drosophila) homologue 7q36 sonic hedgehog
SILV Silver homologue (mouse) 12q13–q14 
SKP2 S-phase kinase-associated protein 2 (p45) 5p13 

SMARCA2
SWI/SNF related, matrix associated, actin dependent

regulator of chromatin, subfamily a, member 2  (alias
HBRM)

9p24–p23 
(alias HBRM)

SMARCA4
SWI/SNF related, matrix associated, actin dependent

regulator of chromatin, subfamily a, member 4  (alias
BRG1)

19p13.2 
(alias BRG1)

SMOH Smoothened (Drosophila) homologue 7q31–q32 smoothened
SOCS1 Suppressor of cytokine signalling 1  (alias JAB) 16p13.13 
sonic hedgehog See SHH
SOS1 Son of sevenless (Drosophila) homologue 1 2p22–p21 
SOX10 SRY (sex determining region Y)-box 10 22q13 
SOX4 SRY (sex determining region Y)-box 4 6p22.3 
SP1 Sp1 transcription factor 12q13.1 

SPI1 Spleen focus forming virus (SFFV) proviral integration
oncogene spi1 11p11.2 PU.1

SPN Sialophorin (gpL115, leukosialin, CD43) 16p11.2 
(alias CD43)

STAT1 Signal transducer and activator of transcription 1, 91kD 2q32.2 

STAT3 Signal transducer and activator of transcription 3 (acute-
phase response factor) 17q21 

STAT6 Signal transducer and activator of transcription 6,
interleukin-4 induced 12q13 

STK11 Serine/threonine kinase 11 (Peutz-Jeghers syndrome)
(alias LKB1) 19p13.3 

STK12 Serine/threonine kinase 12  (alias AIM1, AIR2, AIK2,
AIRK2) 17p13.1 

STK15 Serine/threonine kinase 15 20q13.2–q13.3 
stratifin See SFN
STX8 Syntaxin 8 17p12 
survivin See BIRC5
SYK Spleen tyrosine kinase 9q22 
TACR1 Tachykinin receptor 1 2p12 

TAF1 TAF1 RNA polymerase II, TATA box binding protein
(TBP)-associated factor, 250 kD Xq13.1 

TAF2A TATA box binding protein (TBP)-associated factor, RNA
polymerase II, A, 250 kD Xq13.1 

(alias TAFII250)

TAP1 Transporter 1, ATP-binding cassette, sub-family B
(MDR/TAP) 6p21.3 

TAP2 Transporter 2, ATP-binding cassette, sub-family B
(MDR/TAP) 6p21.3 

TBX2 T-box 2 17q23 

TCF3 transcription factor 3 (E2A immunoglobulin enhancer
binding factors E12/E47) 19p13.3 

(alias E2A)
TCF4 Transcription factor 4 18q21.1 

TCF7 Transcription factor 7 (T-cell specific, HMG-box) 5q31.1 
(alias TCF-1)

TdT See DNTT
TERT Telomerase reverse transcriptase 5p15.33 

TFAP2A Transcription factor AP-2 alpha (activating enhancer
binding protein 2 alpha) 6pter–p22.3 AP-2

TGFA Transforming growth factor, alpha 2p13 TGFα

TGFB1 Transforming growth factor, beta 1 (Camurati-
Engelmann disease) 19q13.2 TGFβ1

TGFBR2 Transforming growth factor, beta receptor II (70–80 kD) 3p22 TGFβRII
THBS1 Thrombospondin 1 15q15 

TIMP3 Tissue inhibitor of metalloproteinase 3 (Sorsby fundus
dystrophy, pseudoinflammatory) 22q12.1–q13.2 

TNF Tumour necrosis factor (TNF superfamily, member 2) 6p21.3 

TNFRSF1A Tumour necrosis factor receptor super-family, member
1A 12p13.2 TNFRp55a

TNFRSF5 Tumour necrosis factor receptor super-family, member 5 20q12–q13.2 CD40
TNFRSF8 Tumour necrosis factor receptor super-family, member 8 1p36 CD30

Table ii: (continued)



xxx

Symbol Full name Locus Protein name(s)

TNFSF5 Tumour necrosis factor (ligand) super-family, member 5
(hyper-IgM syndrome) Xq26 

TOP1 Topoisomerase (DNA) I 20q12–q13.1 topo-I
TP53 Tumour protein p53 17p3.1 p53
TP73 Tumour protein p73 1p36 p73
TRAP1 Heat shock protein 75  (alias HSP75) 16 HSP75
TRIP11 Thyroid hormone receptor interactor 11 14q31–q32 

TTK TTK protein kinase 6q13–q21 
(Mps1p in mice)

TYMS Thymidylate synthetase 18p11.32 TS
TYR Tyrosinase (oculocutaneous albinism IA) 11q14–q21 
TYRP1 Tyrosinase-related protein 1 9p23 
UBC12 See UBE2M
UBC4 See UBE2D2

UBE2D2 Ubiquitin-conjugating enzyme E2D 2 (UBC4/5
homologue, yeast) 5q31.3 UBC4

UBE2M Ubiquitin-conjugating enzyme E2M (UBC12 homologue,
yeast) 19q13.43 UBC12

UBTF Upstream binding transcription factor, RNA polymerase
I 17q21.3 

VAV1 vav 1 oncogene 19p13.2 
VDR Vitamin D (1,25- dihydroxyvitamin D3) receptor 12q12–q14 
VEGFA Vascular endothelial growth factor A 6p12 VEGF

VHL von Hippel-Lindau syndrome 3p26–p25 VHLp18
VHLp24

VIM Vimentin 10p13 vimentin
WAS Wiskott-Aldrich syndrome (eczema-thrombocytopenia) Xp11.23–p11.22 WASP
WRN Werner syndrome 8p 

WT1 Wilms’ tumour 1 11p13 WT1(–x)
Multiple isoforms1149

XPA Xeroderma pigmentosum, complementation group A 9q22.3 
XPC Xeroderma pigmentosum, complementation group C 3p25 

XRCC2 X-ray repair complementing defective repair in Chinese
hamster cells 2 7q36.1 

XRCC3 X-ray repair complementing defective repair in Chinese
hamster cells 3 14q32.3 

XRCC5
X-ray repair complementing defective repair in Chinese

hamster cells 5 (double-strand-break rejoining; Ku
autoantigen, 80kD)

2q35 Ku80

YWHAG
Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, gamma
polypeptide

7q11.23 14-3-3γ

ZAP70 Zeta-chain (TCR) associated protein kinase (70 kDa) 2q12 
ZNFN1A1 Zinc finger protein, subfamily 1A, 1 (Ikaros) 7p13–p11.1 Ikaros

Key:  = protein is referred to by the gene abbreviation.

Table ii (concluded): Symbols for human genes
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Gene Protein Unifying characteristics Human variants

14-3-3 Non-enzymatic proteins conserved from yeast to
mammals. >6 14-3-3 proteins

ARRB β-arrestin Involved in agonist-specific receptor desensitisation >1 β-arrestin

CaM
The calmodulins.  Calcium binding results is a

conformational change that may influence the
function of bound enzymes.

>2 CaMs

CaMDK The CaM-dependent kinases. >6 CaMDKs

CCNA Cyclin-A The A-cyclins.  These are involved in regulating the cell-
cycle from S-phase into mitosis. >1 cyclin-A

CCNB Cyclin-B The B-cyclins.  These are involved in regulating the
progression of mitosis. >1 cyclin-B

CCND Cyclin-D
The D-cyclins.  These are involved in regulating entry

into S-phase of the cell-cycle, particularly from a state
of quiescence.

>2 cyclin-Ds

CCNE Cyclin-E The E-cyclins.  These are involved in regulating entry
and progression of S-phase of the cell-cycle. >1 cyclin-E

CDC25 CDC25
The CDC25 protein phosphatases are involved in the

regulation of the cell-cycle by contributing to the
activation of CDKs.

>2 CDC25s

CREB cAMP response element binding transcription factors >2 CREBs

E2F E2F
The E2F transcription factors.  In conjunction with their

DP dimerisation partners, these regulate many of the
genes involved in DNA replication and apoptosis.

>5 E2Fs
>2 DPs

γ-tubulin Centrosome-specific tubulins. >1 γ-tubulin

GADD45 GADD45 GADD45 genes are induced by p53 as part of the
response to genetic damage. >2 GADD45s

HSPC HSP90 Heat-shock induced proteins. >1 HSP90
IFNA IFNα The type I interferons with genes clustered at 9p22. >12 IFNαs
IFNB IFNβ The type II interferons.  IL6 is closely related. >1 IFNβ

MAPK
The mitogen-induced protein kinases.  These are

broadly divided into the extra-cellular-signal
regulated kinases (ERKs), and the stress-activated
protein kinases (SAPKs).

>11 MAPKs

PDGF Platelet-derived growth factors. >3 PDGFs

PI3K
The phosphatidylinositol-3-kinases.  These heteromeric

complexes contain both catalytic and regulatory sub-
units.

> 11 PI3K components

PKC
Protein kinase C.  Most are regulated by

diacylglyceride, and some are also calcium-
dependent.

>9 PKCs

PLC Phospholipase C.  These enzymes are involved in the
modification of phosphatidylinositol derivatives. >9 PLCs

PMS Proteins involved in DNA mismatch repair. > 1 PMS
RAB3 Members of the RAS family. >2 RAB3s
RAL Members of the RAS family. >1 RAL

RAS RAS The RAS-family of small GTP-dependent GTPases. > 2 RASs
RPS6KA p90RSK Ribosomal protein S6 kinases. >5 p90RSKs
RPS6KB p70RSK Ribosomal protein S6 kinases. >1 p70RSK

SHC SRC homology 2 containing adaptor proteins. >1 SHC
SKP1 Components of the SCF ubiquitin ligase complex. >1 SKP1

SMAD A conserved protein family involved in the signalling of
TGFβ type cytokines. >6 SMADs

SNARE Golgi SNAP-receptor.  Involved Golgi and ER protein
trafficking. >1 SNAREs

STAT Signal transducer and activator of transcription
proteins. >6 STATs

TGFβ

TGFβ cytokines are involved in morphogenesis and
regulation of proliferation, in general being strongly
inhibitory for cells of epithelial lineage.  There is an
extremely large super-family of similar proteins,
including the bone morphogenic proteins and the
activins.

>2 TGFβs

WNT
The wingless-family of conserved secreted signalling

proteins.  Involved in embryogenesis, and cellular
differentiation.

> 18 WNTs

Table iii: Generic gene and protein symbols
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Preface to the third edition (V3)
Timeline
In December of 2002, the first edition of this thesis (V1) was submitted.  An oral examination was
required, and this was held on 16 June, 2003.  The result of this, communicated on 8 August 2003, was
that the thesis must be amended and resubmitted.  Revision thought to be satisfactory was made and the
thesis (V2) was resubmitted on 26 March 2004.  A letter from the University of Auckland dated 29
November 2004 contained the advice that the Board of Graduate Studies had resolved not to award the
doctorate.  Advice from the Acting Postgraduate Dean resulted in an appeal to the Vice-chancellor being
lodged on 5 January 2005, and notification that this appeal had been upheld was given by letter dated 16
February 2005.  That decision provided for the further submission of the thesis, amended again on the
basis of the report made after the 2003 oral examination.  There ensued a period of negotiation
culminating in a resumption of work in October 2005, with a view to submission of a revised thesis
within 12 months, this time subsequently being extended until 1 May 2007.  This, the third edition, or V3,
is the result.

Figure i: Post-submission timeline

A dilemma in presentation mode
The particular circumstances surrounding these events are complex, extraordinary, and controversial.  To
describe them in detail would dilute the essential content of the thesis and would not be in keeping with
the traditionally dispassionate presentation of such work.  Herein lies a dilemma: with the contextual
information included, the thesis would not be in a form likely to be considered to "meet internationally
recognised standards for such work", as required by the University of Auckland's Ph.D statute, yet
without it, it is not a "systematic exposition of a coherent piece of advanced research work", as is also
required, as it would omit very significant factors that dictated the execution of that work, and further,
reduced its coherence.

This dilemma has been addressed by adopting a dispassionate objective approach, and in keeping with
this, as far as possible, details of the context of this revision are omitted.  That means that in places
apparent non sequiturs may occur, the rationale for some procedures or interpretation of some results
may appear weak, apparently unnecessary detail may be provided, or seeming irrelevancies may be
introduced.  The reader should consider that these may be present, or expected material absent, due to
compelling circumstance.
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Structure of the V3 thesis
General retention of the substance of the first edition
Two alternative approaches to the incorporation of the necessary revisions to the V1 work were
considered.  In the first, deletions, additions, and amendments would be made in place in the V1 work,
with the whole having the semblance of a thesis submitted for the first time.  In the second, only minor
changes would be made to the original material with clarifications and additions presented as addenda
to the affected sections.  The first would have the advantage of producing a somewhat more efficient
presentation of the ultimate content, but would exacerbate the issues brought about by the historical
progression of the work.  The second would allow the extent of the revision made to be better
appreciated and would compartmentalise these revisions to reduce the impact of the historical issues,
but would produce a longer document containing superseded material.  If the revision required had
been relatively minor, and the time between original submission and resubmission reasonably short,
then the first approach would seem best, and that was the course adopted for V2.  However, three cogent
reasons exist that make the second approach better for V3: the revisions made are quite substantial and
not easily integrated by interpolation; many of the references would now seem quite dated in a thesis
combining new work with old, but in the semblance of something newly produced; and the retention of
the V1 material as a record of the work originally done is intrinsically valuable, regardless of the quality
of that work.  It was this second approach that was adopted.

Incorporation of substantial new material
New material to be incorporated as the result of revision is predominantly contained in addenda to each
chapter of the thesis.  These may contain a section in which the material presented in V1 is critiqued,
clarified, expanded, or retracted, as need be, without introducing any new experimental data gathered
during V3.  However, in one instance, early V3 experimentation revealed a very significant error in the
V1 interpretation of some Western blots, and sufficient new information is presented in advance to
describe the discovery of this error.  For experimental chapters, any clarification section may be followed
by the description of new investigations undertaken during V3, and the results presented, discussed, and
integrated with the V1 results.

One of the key inferences drawn from the V1 research was that centrosomal dysregulation could well be
occurring in the NZM cell-lines, and this was investigated further during V3.  This proved to be
especially rewarding, and the scale of the results obtained demanded chapter status, rather than
inclusion as an addendum to the chapter devoted to the study of ploidy.  A new chapter has therefore
been introduced to accommodate this.

To maintain consistent reference numbering between versions, new citations are listed in an addendum
to the references and bibliography section, rather than being merged with the old.  As before, ordering
within this is alphabetical by first author, but reference is by number to minimise intrusion into the text.

Alterations to the substance of the first edition
While maintaining the substance of the V1 work as much as possible, some modifications were made,
and these included:

• correction of spelling and grammar;
• minor clarification of text not involving more than one paragraph;
• expansion of some figure legends;
• incorporation of new entries in tables in the prologue section, including tables of contents,

abbreviations, and gene and protein symbols;
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• renumbering of chapters, pages, figures, tables and the like, and cross-references thereto, as
a result of the amendment of existing material or the incorporation of new, most notably
the interpolation of the new chapter on centrosomal integrity;

• consolidation of three small concluding chapters into one;
• replacement of the symbol denoting a review article with ® due to a change in typeface

support;
• identification of retracted material by the use of grey text.  This is also marked by a

marginal note;
• minor formatting or other typographical changes, usually pursuant to the above.

The V1 and V2 theses are available on the companion DVD-ROM, and can be consulted for comparative
purposes if desired.

The companion DVD-ROM computer disk
The inclusion of nearly 200 high-resolution fluorescence microscopy images has taken the total size of
associated data files beyond the capacity of a CD-ROM disk.  As a result, the disk included with the
thesis is now a DVD-ROM:  This disk contains the following:

• A folder with the contents of the V1 CD-ROM;
• A folder containing material for V2:

- the thesis document in hyperlinked Microsoft Word format ("Thesis V2");
- the linked figures in a separate folder;
- the linked Microsoft Word document with abstracts for cited literature ("Abstracts");
- PDF versions of the thesis suitable for:

- printing a high quality document ("Thesis V2 (print).pdf");
- routine computer-based access ("Thesis V2 (eBook).pdf").

• A folder containing material for V3a:
- the thesis document in hyperlinked Microsoft Word format ("Thesis V3a");
- the linked figures in a separate folder ("Figures");
- the linked Microsoft Word document with abstracts for cited literature ("Abstracts");
- PDF versions of the thesis with:

- uncompressed full-size images ("Thesis V3a (max).pdf");
- images resampled to 300 dpi, but not compressed ("Thesis V3a (print).pdf");
- images resampled to 100 dpi and compressed ("Thesis V3a (screen).pdf");

- a PDF version of the DVD-ROM label ("V3a disk label.pdf").
The disk itself, the PDF files, and the individual image files should all be platform-independent,
however, owing to shoddy software engineering by Microsoft, the Word documents for V2 and V3a will
not display the included figures when accessed under a Microsoft Windows operating system, the most
egregious of three faults involved being the corruption of the file names in links by the replacement of
most spaces with underscores, meaning that the linked files cannot be found.  This fault has not been
addressed by Microsoft despite the passage of 5 years and the release of several major revisions to
Windows, Word for Windows, and Word for Mac OS.  In V1, time was available to undertake the
laborious task of working around these faults to produce a second file, with embedded rather than
linked images, however there was no such opportunity for the V2 or V3a files.  In most cases, the PDF
files should suffice.  If access to the Word document should be required for some reason, it would be
faster and simpler to use the Apple Mac OS X operating system than to seek a solution from Microsoft.
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Caveats over content
Doubt over the identity of NZM10.1
During the execution of the V3 experimental work, doubt arose over the authenticity of the NZM10.1
cell-line, and this doubt was not resolved.  It is a possibility that the cell-line designated NZM10.1 was at
is inception, actually NZM4, or that at some later time it was contaminated with, and possibly
supplanted by NZM4 due to an error in handling.  This may have occurred at any time, even during the
V1 work, so all data relating to NZM10.1 from both the V1 and V3 experimental work must be
considered provisional only {See 'Doubt over NZM10.1 authenticity', on page 8–36}.

Tumour-suppressor expression
As noted above, a very significant error was made in the interpretation of some V1 Western blotting
results.  In consequence, a very large part of the chapter on tumour-suppressor expression has been
invalidated, and the reader should be aware of this when reading the V1 part of the relevant chapter.
The chapter addendum describes this in detail.

V3 post-examination amendments
The third edition of this thesis was examined and found to be satisfactory, with the proviso that a small
amount of material be added to enumerate the hypotheses and objectives of the research undertaken.
This has been added as Sections 4.5 and 4.6.

The opportunity was taken to proofread the thesis in its entirety once again, and a number of
typographic, formatting, spelling, and grammatical errors were uncovered and corrected.  Some text was
very slightly altered to clarify meaning or readability.  This amended version is designated V3a.

All changes made were with the approval of the project supervisor.
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Preface
Formal requirements

c. The PhD thesis is a formal and systematic exposition of a coherent piece of
advanced research work carried out over the period of registration for the
Degree and is required to satisfy the examiners and the Postgraduate
Committee on all of the following criteria:

(i) to be an original contribution to knowledge in its field, and to meet
internationally recognised standards for such work

(ii) to demonstrate a knowledge of the literature relevant to the subject and the
field or fields to which the subject belongs, and the ability to exercise
critical and analytical judgment [sic] of it

(iii) to be satisfactory in its methodology, in the quality and coherence of its
written expression, and in its scholarly presentation and format (including
adequate references and bibliography).

Clause 1, Statute for the Degree of Doctor of Philosophy

The University of Auckland

The ‘internationally recognised standards’ are nowhere defined, and so conformance to them is
problematical.  Indeed, while the University makes available ‘Guidelines’ for the presentation of theses,
there are very few specific regulations, and in general, it refers Candidates to their Supervisors for
direction.  In the preparation of this thesis, this guidance was sought, and this, the ‘Examination Edition’,
has been edited to conform strictly to the consensus view of the Supervisors.

Document structure
The Prologue section
This section contains material pertinent to the presentation and efficient utilisation of this document.

The Basis, Thesis, and Synthesis sections
In the Basis section, a general introduction to the area of study is presented and the experimental
rationale and objectives are explained in broad terms.  The Thesis section provides a description of the
experimental work undertaken.  To facilitate conciseness and aid readability, details of materials and
methods are relegated to Appendices, but these are extensively cross-referenced.  The results obtained
are reported and an interpretation of their meaning in isolation is presented.  In the Synthesis section,
these results are interpreted as a whole with the hope of uncovering any clues that may lead to the
development of an effective therapy for metastatic melanoma.  These three sections are the mainstream
of the document and provide a self-consistent exposition of the work undertaken.

The technical appendices
In these appendices are presented detailed descriptions of the methods, materials, solutions, apparatus
and suppliers.  In addition, the theoretical basis for many of the techniques employed is described.

Reviews and supplementary material
A great deal of literature exists that, while relevant to the subject of this thesis, is too general, too
specialised, or not sufficiently apposite to warrant inclusion in the mainstream of the thesis.  Instead, it
has been presented as a small number of independent focussed reviews whose scope and detail are
dictated by the bearing they have on the main subject.

References and bibliography
A comprehensive listing of cited literature is provided.
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CD-ROM contents
This thesis is accompanied by a cross-platform compatible CD-ROM that contains the following:

• This document as a  compact PDF file suitable for routine computer-based access;
• This document as a high quality PDF file suitable for printing;
• This document in hyperlinked Microsoft Word format.  Two files are provided: one with

the images linked; and one with them embedded, intended for non-Macintosh users;
• An ancillary Microsoft Word document containing the abstracts for the literature cited;
• Experimental data including SSCP gel images, sequencing electropherograms, serum-

deprivation results and analysis, and flow cytometry files for cell-cycle phasing and ploidy
analyses;

• Figures from the thesis, generally at a resolution of 600 dpi, in PNG, JPEG, or MPEG
format;

• PDF files for two posters based on this work presented at conferences;
• Several Microsoft PowerPoint presentations derived from this work;
• PDF files of the material associated with the CD-ROM case.

Typographic conventions
Protein and nucleic acid sequences
Individual amino acid and nucleotide symbols, and sequences of these, are rendered with a distinctive
typeface, for example: GCAT, Y15.  Where a reference must be made to a particular amino acid that
shares a common function between very similar proteins, but differs in type or location, this is enclosed
by angle brackets, that is ‘<’, and ‘>’.  For example, <T160> in the context of the protein CDK2 refers to

T160, but in the context of the related CDC2, it refers to T161, the functional equivalent.

Gene and protein nomenclature
Specific
All human genes referred to in this work, their HUGO names, where allocated, their full names, their
cytogenetic loci, and their protein products are listed in Table ii.  Genes and proteins for other species are
not listed, and are presented in their generally accepted typographical form.

Generic
A central theme of molecular biology is that any gene or protein is likely to have a number of close
relatives, and the concept of molecular families has emerged.  Often, the differences among family
members are unclear, and the extent to which an observation made about one applies to all is uncertain.
In this work, generic gene and protein names are used under these circumstances.  Typographically,
these are indistinguishable from the specific forms, but rather than being listed in Table ii, they are given
in Table iii, together with a brief description of the unifying characteristics of the family.

As examples, the term ‘RAS’ represents an unspecified member of the family of genes for small GTPases
that includes HRAS, KRAS2, and NRAS; and the term ‘CDC25’ represents an unspecified member of the
family of protein phosphatases implicated in the regulation of cell-cycle progression that includes
CDC25A, CDC25B, and CDC25C.

Trans-specific
In an analogous manner to the use of angle brackets to denote functionally related amino acids in similar
proteins of one organism, they are also used to indicate homologous genes or proteins in different
organisms.  Thus, <TP53> in the human context refers to the gene TP53, but in the mouse context, it
refers to Trp53.
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Units
The SI system of units is used preferentially throughout, but where non-SI units are in common use, they
do appear.  These include the minute (min), the hour (h), the day (d), the litre (L), the gravity (G), the
dalton (D), the Morgan (M), and the Svedberg (S).  The reference body consulted in this regard was the
National Institute of Standards and Technology of the United States of America939.

Data and statistical conventions
Statistics reference
The primary reference work for statistical matters was Pagano and Gauvreau, Principles of Biostatistics992.

Uncertainty
In quantifying the dispersion of a distribution, standard deviation and coefficient of variation are used.
Standard error is not employed in this context as its common usage is at odds with its strict definition180.
It is used, however, to indicate the degree of uncertainty in regressions, along with the square of the
regression coefficient.  Unless otherwise noted, where numerical results are given in the form ‘m ± s’, m is
the arithmetic mean of all experimentally determined values and s is the sample standard deviation.

Diagrammatic conventions
Symbology
A common symbology has been employed in the diagrams depicting molecular processes and a key to
this is given in Figure ii.

Figure ii: Diagrammatic symbology

Graphical data representation
Where data are presented graphically, unless otherwise noted, points given correspond to m and error
bars to ±s.  Any regression or trend line shown is the linear or exponential least-squares line of best fit, as
is appropriate for the circumstances.  In some graphs, the complete data set is shown in addition to m ± s.
Where this is done, the individual points are displayed in smaller, lighter symbols, while means are
displayed in larger, darker symbols.
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Internal and external referencing
References to text within this document are enclosed by braces, that is ‘{‘, and ‘}’.  The enclosed reference
may be to a named section, for example ‘{See ”Topic”, below}’, to a numbered element, for example ‘{1.1}’,
‘{Method 3}’, ‘{Appendix F}’, ‘{Table 6–1}’, or to a page number, for example ‘{2–3}’.  References to parts
of a figure or table are numbers enclosed by square brackets, for example ‘[4]’.  The particular figure or
table is the one most recently presented or referenced.  Where possible, in versions of this document
intended for computer-based access, internal references, both direct and parenthetical, references to cited
literature, and references to internet resources are hyperlinks.  Similarly, in the citation listing, hyperlinks
are provided to article abstracts contained in an ancillary file (‘Abstract’).

Trademarks, copyright, and intellectual property provisions
The ownership of all registered brand names, trademarks, logos, and the like used herein is
acknowledged.  Some included material is the intellectual property of others and may be protected by
copyright.  This is itemised in Table iv.

Item Source Proprietor Use permitted by

Figure 1–1 University of California Davis
http://matrix.ucdavis.edu/tumors/new/tutorial-intro.html Art Huntley, MD. Published conditions that

permit educational use

Figure 2–1
Department of Pathology
Duke University Medical Center, USA.
http://pathology.mc.duke.edu/research/Histo_course/epi3.jpg

Duke University Dr. Laura Hale
hale0004@mc.duke.edu

Figure 2–6
National Heart, Lung, and Blood Institute
National Institutes of Health, USA.
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1 Melanoma

While melanoma is not common, its global incidence is rising dramatically.  Nowhere is this
rate higher than in New Zealand.  If detected prior to metastasis, surgical excision is
curative in almost all cases.  However, once a melanoma has reached a thickness of 750 µm,
it is likely to have metastasised, and the prognosis then is extremely bleak.  Malignant
melanoma is notoriously difficult to treat effectively, as it is very often resistant to
chemotherapy.  The five-year survival rate where distant metastasis has occurred is below
12%.

1.1 The nature of melanoma
Definition
Melanoma is the name given to a
carcinoma that has arisen from cells of
melanocytic lineage.  Whether it arises in
fully mature melanocytes, or less
differentiated melanoblasts, or both, is
not known.  Most commonly, it is
cutaneous, but intra-ocular tumours can
arise from melanocytes in the uvea, and
abdominal, pulmonary, and other
internal primary tumours do occur.

Sub-types
Multiple sub-types of melanoma are
recognised based on their origin,
morphology, and progression®1086.  The four most common are superficial spreading (SSM),
nodular (NM), acral lentiginous (ALM), and lentigo maligna (LMM).

SSM accounts for about 70% of melanomas and is the most common form seen in the young.  It
begins as an irregular, dark, often multi-hued skin blemish, usually on a sun-exposed area.  In
its initial radial growth phase, it may increase in area over a period of months or years, but
during this time it remains either flat or only slightly raised, being a carcinoma in situ.  It will
then enter a vertical growth phase in which it becomes vascularised and begins to invade the
dermis.  The cause/effect relationship between this vascularisation and the onset of vertical
growth is unclear.  Once vertical growth has commenced, it is extremely likely that metastasis
has occurred.  This event effectively delineates SSM that is curable from that which is not.

NM accounts for 15–20% of melanomas and is seen mostly in persons of middle-age.  It
appears as a skin nodule, generally uniform and often black in colour.  Unlike SSM, it has no
initial radial growth phase, but grows vertically from its outset.  In consequence, this form is

Image © Art Huntley, MD, 1994.  {Table iv}

Figure 1–1: Melanoma lesion
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particularly pernicious as it rarely presents prior to metastasis.  It is possible that SSM and NM
differ only in the timing of acquisition of angiogenic capacity.

ALM is the form most commonly seen in persons of dark skin and is predominantly palmar,
plantar, or associated with nails, often appearing very similar to subungual haematoma.
Lesions are usually multi-hued, with black and brown predominating.  Early tumours often go
unnoticed, resulting in late presentation and poor prognosis.

LMM usually affects people in their 70s and generally involves the nose or cheeks.  Most often,
it retains its superficial character, with the tumour frequently reaching 60 mm in diameter.
LMM only rarely becomes metastatic, and so it is one of the less dangerous forms of melanoma.

Symptomatology
A useful mnemonic for the most common symptoms of melanoma is ‘ABCD’.  Any cutaneous
mole should be considered suspicious and investigated further if its appearance changes, or it
is: asymmetrical (A); its border is irregular (B); its colour is not uniform (C); or its diameter is
greater than 6 mm (D).

Incidence
By most measures, melanoma is rare, accounting for ~4% of cancers and ~1.5% of cancer deaths
in the USA.  However, its incidence is increasing at a rate second only to that of lung cancer
among women {See Table F–1}.  It is of particular concern that Auckland, New Zealand, was
recently identified as having the highest incidence of melanoma in the world620.

1.2 The cause of melanoma
A number of hereditary syndromes include a predisposition toward the development of
melanoma {See Table F–3}.  Notable is the involvement of the genes CDKN2A and CDK4, whose
protein products are involved in the regulation of proliferation, and also the genes associated
with xeroderma pigmentosum, whose products participate in DNA repair.  Significantly, these
syndromes entail only a predisposition toward melanoma, and its spontaneous development
from infancy has not been reported.  Indeed, individuals homozygous for mutated CDKN2A
are known who did not develop early melanoma442.  Clearly, there is at least one more factor: an
initiating event that is inconsequential in a normal genetic context.

Epidemiological studies provide some insight into what this event may be, and the weight of
opinion is that it is exposure to sunlight, and more particularly, its ultraviolet component.
While the mutagenicity of ultraviolet radiation (UVR) is well established, this interpretation is
not without its difficulties.  In multi-factorial studies of incidence of skin cancers in general,
there was very strong support for a major carcinogenic effect of sun exposure in squamous cell
carcinoma (SCC) and basal cell carcinoma (BCC), but the data for melanoma were equivocal®254.
Furthermore, a significant number of melanomas arise at sites not normally exposed to the sun,
being internal, or plantar.  Among the proponents of UVR as a cause of melanoma there is also
discord.  Many are of the opinion that the causative component is the shorter wavelength UVB
radiation®804, known to be responsible for sunburn, and which is blocked by topical
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sunscreens®1152.  In support of this contention, the point mutations seen in sporadic melanoma
are often consistent with UVB causation1251.  However, doubt exists over the relevance of this
finding since this type of lesion has been seen in primary melanoma tumours when it is absent
from metastases, suggesting that it is a late event and may not be causal1506.  Others hold that it
is the longer wavelength UVA component®1401, and if this is indeed the case, there are serious
implications.  By preventing sunburn, and thereby giving a semblance of protection, a
sunscreen may actually promote increased exposure to the damaging UVA, contributing to,
rather than defending against the development of melanoma.  Ironically, such sunscreens may
protect against SCC, while rendering the user at greater risk of a much more serious disease1357.
This has been addressed by the introduction of sunscreens that block both UVA and UVB.

There are suggestions that sunburn at an early age may predispose toward the development of
melanoma later in life.  Several large studies have not borne this out, and it appears to be the
number of sunburn episodes, rather than their timing, that is correlated with incidence1023 1425.

An alternative interpretation of the epidemiological data, particularly the associations between
melanoma and geographical latitude, socio-economic status, and age, is that it is elevated skin
temperature, possibly in consequence of sun exposure, that is causative199.  Several intriguing
observations lend weight to this possibility.  Firstly, heat and UVB have been shown
independently to have similar effects on melanocyte function937, reducing the need to invoke
UVR as a basis for the changes seen in response to sun exposure.  Secondly, the germ-line
mutation of CDKN2A seen in some melanoma predisposition kindreds is temperature
sensitive1005.  At physiological temperatures, the resultant protein is functional, but at elevated
temperatures, it is not.  Thirdly, immortalised human keratinocytes can be rendered
tumorigenic solely by culture at an elevated temperature123.  It is noteworthy also that the
normal skin temperature is 34 °C, and for purely thermodynamic reasons, an increase of 3 °C
can be imposed quite readily before any further increase is limited by the regulation of core
body temperature.  An increase of this magnitude could well have physiological implications.

1.3 Clinical assessment of melanoma
Clark levels
Wallace Clark869 proposed a melanoma staging system based on the degree of skin penetration
by the tumour {Table 1–1}.  This correlates well with clinical outcome and is widely employed.

Clark level Description
1 In situ melanoma; superficial, involving only the epidermis
2 The tumour extends into the papillary layer of the dermis
3 The tumour has reached the bottom of the dermal papillary layer
4 The tumour has penetrated into the dermal reticular layer
5 The tumour has penetrated into subcutaneous tissue

Table 1–1: Clark’s melanoma stages

Breslow thickness
A second classification system {Table 1–2} relates tumour thickness to 5-year survival and was
proposed in 1975 by Alexander Breslow133.
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Breslow thickness (mm) 5-year survival (%)
less than 0.76 97

0.76 – 1.50 92
1.51 – 2.50 76
2.51 – 4.0 62
4.1 – 8.0 52

greater than 8.0 32

Table 1–2: Staging by Breslow thickness

American Joint Committee on Cancer staging system
The American Joint Committee on Cancer (AJCC) has developed a three-parameter staging
system based on Breslow thickness (T), and the degree of local lymph node (N), and distant
(M) metastasis.  From these parameters, an overall stage number is defined, ranging from 0, for
relatively early stage disease, to IV, for very advanced disease {Table 1–3}.  Recently, this system
has been revised to put more weight on ulceration as a prognostic feature, to use integral
thickness boundaries, and to include serum enzyme data670.

Stage TNM Clark level Description
0 – 1 In situ melanoma (superficial)
IA T1N0M0 2 Invasion to upper dermis (less than 750 µm thick)
IB T2N0M0 3 Upper dermis entirely involved (750 µm – 1.5 mm thick)
IIA T3N0M0 4 Invasion into lower dermis (1.5 mm – 4 mm thick)
IIB T4N0M0 5 Invasion beyond dermis
III TnN1M0 – Local lymph node involvement or in transit metastases
IV TnNnM1 or TnNnM2 – Distant metastasis

Table 1–3: AJCC melanoma staging

1.4 The treatment of melanoma
For melanoma in situ, excision of the tumour with margins of ~1 cm is usually curative1372.
Thicker tumours require wider margins, and sentinel node biopsies should be performed to
determine if there is nodal involvement.  If so, complete lymph node dissection is indicated.
Where the tumour is more than 4 mm thick, adjuvant high-dosage interferon-α therapy may be
considered®435, but this has potentially severe side effects.  Where distant metastasis has
occurred, the prognosis can be very poor, as melanomas are notoriously resistant to systemic
cytotoxic therapy®1182.  Dacarbazine®553, or the related temozolomide®17, elicit responses in ~20%
of cases, but these are generally of short duration and cure is rare.  Combination therapy with
platinum compounds, nitrosoureas, microtubule toxins, and cytokines can increase this
response rate to some degree®48; in particular, high-dosage interleukin-2 adjuvant therapy holds
some promise49.  Tamoxifen and thalidomide have also been included in treatment regimens
with a degree of success®561, and experimental tumour vaccines have been developed®840.

Despite this array of therapeutic options, metastatic melanoma remains essentially incurable.
Median survival time is about six months201, and five-year survival is about 12%1092.  Hopefully,
a greater understanding of its molecular biology will pave the way for the introduction of new
and effective therapies.  A prerequisite for this is an understanding of the biology of the cell-
type that underlies melanoma, the melanocyte.



2 Melanocyte biology

Melanin is a dark pigment that occurs in a vast variety of organisms and its production and
distribution are the duties of a single class of cell: the melanocyte.  While its absorbance at
visible wavelengths makes it an important adjunct to communication between animals
ranging from camouflage to bold display, absorbance at infrared wavelengths makes it an
excellent basis for thermal regulation in poikilothermic animals.  The extension of this to the
near ultraviolet makes melanin an ideal sink for solar radiation that might otherwise be
damaging.  This role in photoprotection is underscored by the increased production of
melanin in response to ultraviolet irradiation.  To achieve this, the melanocyte must survive
in an environment that would likely cause the self-destruction of other types of cell.
Melanocytes are therefore particularly hardy, but this may come at a price.  By enduring
genetic damage in order to prevent other cells from sustaining it themselves, melanocytes
are uniquely prone to the fruit of such damage, an increased risk of tumorigenic
transformation, possibly culminating in melanoma.

2.1 Definition, ontogenesis, morphology, and ultrastructure
The skin of all mammals is pigmented, and while the intensity and hue of this pigmentation
may vary with genetic and environmental factors, in all cases it results from the accumulation
of heterogeneous polycyclic polymers known as melanins.  The capacity to synthesise these
compounds is restricted to ~5% of skin cells that have a common embryological origin and a
distinct morphology and are thus considered to be a unique cell-type: the melanocyte®112 ®1364.

Melanocytes differentiate from melanoblasts within the neural crest.  By week eight in utero,
human melanocytes begin to migrate first to the dermis, and thence, the stratum basale of the
epidermis.  Alternative paths also lead them to hair follicles or to the uveal tract of the eye and
the retina.  Molecular aspects of the regulation of melanocyte differentiation and migration are
discussed below.

Melanocytes are relatively large, clear, dendritic cells that lack tonofilaments and desmosomes.
They are distinguishable by their many
dense, membrane-bound, spherical or
ovoid organelles called melanosomes,
occurring throughout the cytoplasm
and associated with a microtubule
network extending into the dendritic
arms.

2.2 Melanocytes in situ
The body of the epidermal melanocyte
lies among the columnar basal
keratinocytes and, like them, has one

Image  Duke University {See Table iv}.  Labels added.

Figure 2–1: Cross-section of the epidermis
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face in contact with the dermis.  Lacking the strong inter-cellular attachment afforded by
desmosomes, they usually appear in histological photomicrographs to be surrounded by a
clear margin {Figure 2–1}.  Via its dendritic arms, each melanocyte forms intimate contact with
~36 surrounding keratinocytes, both within the stratum basale, and in the adjoining stratum
spinosum.  This serves to maximise the volume of tissue to which the melanocyte can supply
melanin, and defines the epidermal melanin unit.

2.3 Molecular biology
Sensitivity to external stimuli
Cytokines
Introduction
A sine qua non for the existence of multicellular organisms with differentiated tissues is the
ability of cells to influence one another’s phenotype, for without this, there could be no
regulation of the roles of individual cells, and hence, no true organism.  In general, the
mediators of this communication operate by interaction with specific receptors at the cell
surface, and a great many of these fall into one of two classes: the receptor tyrosine kinases
(RTKs)®1354, and the heptahelical G-protein-coupled receptors (GPCRs)®608 ®852.  There are
however significant exceptions, particularly among the interferons and interleukins.  In
melanocytes, many cytokines that influence survival, proliferation, differentiation, and function
have been identified®464, and all receptor classes are represented {Table 2–1}.

Cytokine Receptor class Effects
ACTH GPCR Proliferation; eumelanogenesis4

ASIP GPCR Suppression of melanogenesis4

CGA+FSHB GPCR Proliferation507

Dendriticity827

EGF/TGFα RTK Proliferation in low density cultures717

ET1 GPCR
Proliferation; melanogenesis§526 576 1472

Enhances migration1163

Modulates UVR response1289

ET2 GPCR Proliferation; melanogenesis§526 1472

ET3 GPCR
Proliferation of melanocyte precursors; differentiation§526;

increases sensitivity to α−MSH1088

Melanogenesis1472

FGF2 RTK Proliferation717

GM-CSF other Proliferation; melanogenesis579

GRO1 GPCR Proliferation118

HGF RTK Proliferation, motility, melanogenesis467 712

IFNα other Mild growth inhibition717

IFNβ/IL6 other Strong growth inhibition717

IFNγ other Mild growth inhibition717

IL1α/β other Growth inhibition717

IL8 GPCR Proliferation717

Insulin/IGF1 RTK Survival507

α−MSH GPCR Proliferation4

Eumelanogenesis4

NGF RTK Proliferation717

Chemotaxis1470

SCF RTK Survival; melanogenesis458

TGFβ1 RTK Strong growth inhibition of melanocytes, but may
stimulate some melanomas717

TNF other Strong growth inhibition717

Table 2–1: Melanocyte cytokines
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In vivo, many of these are produced locally within the skin by fibroblasts580 and
keratinocytes466.  This provides the communication basis for a functional epidermal melanin
unit by allowing the distribution of environmental sensitivity and cellular response among
different specialised cell-types.  Consistent with this, co-culture of melanocytes with
keratinocytes satisfies the growth factor requirements of the former, and immunogold electron-
microscopy reveals keratinocyte-derived FGF2 adorning melanocytes574.  The frequently
observed production of FGF2 by melanomas®464 and results from in vitro tissue reconstruction
experiments874 strongly suggest that this autocrine production is an important step in tumour
progression.  Beyond the assessment of gross phenotypic effect, melanocyte cytokine response
is in general poorly understood.  The best studied are probably SCF (stem cell factor)®794, the
related adrenocorticotropic hormones ACTH, ASIP and α−MSH, and the endothelins®653, and
these are the foci of the discussion below.  Information on other cytokines is available in the
references cited in Table 2–1.

Stem cell factor and the KIT receptor tyrosine kinase
Receptor activation
Current opinion on the mode of SCF action has it that homodimers form1028 {Figure 2–2} [1]
prior to, or at the time of binding to its specific receptor, KIT, probably facilitating the
dimerisation and activation of the latter [2].  As with most RTKs, KIT includes itself among its
substrates [3], undergoing auto-phosphorylation on Y7031325, Y823, Y9361325, and possibly
other tyrosines.  Y568769, Y570769, and Y721 are phosphorylated, but it is not clear if this is by

auto-phosphorylation or the action of another kinase.

The PI3K channel
Phosphorylated Y721 is bound by the SH2 domain of the regulatory sub-unit of PI3K§1183,

causing its activation [4].  This results in the phosphorylation of the membrane-associated lipid
phosphatidylinositol-4’,5’-diphosphate to become phosphatidylinositol-3’,4’,5’-triphosphate
[5], a reaction opposed principally by the PTEN phosphatase, a recognised tumour-
suppressor®1231.  The triphosphate, or its derivative 3’,4’-diphosphate, have strong affinity for
pleckstrin homology domains, and in consequence of this, the kinases PDPK1 and AKT1 are
recruited to the inner surface of the plasma membrane®105 [6].

PDPK1, a constitutively active kinase, phosphorylates and thereby contributes to the activation
of PKC isoforms303 [7], which in turn have been shown to phosphorylate S741 and S746 of

KIT, events thought to diminish its kinase activity106 or lead to proteolytic cleavage1484 [8].  This
provides a negative feedback mechanism triggered by membrane-association of PDPK1 that is
capable of governing receptor activation.  PDPK1 also phosphorylates AKT1 on a regulatory
threonine, T308, causing its kinase activation27 [9] and the consequent inhibitory
phosphorylation of GSK3β on S9232 [10].  As a result, GSK3β is no longer able to phosphorylate

β-catenin [11], required for its ubiquitin-directed degradation7 [12].  This allows it to associate
with the LEF1 transcription factor [13], whose activity it dramatically enhances®960.
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Transcription of the β-catenin–LEF1 target CCND11216 [14] results in increased production of
cyclin-D1 [15].  This effect is augmented by the diminution of ubiquitin-directed proteolysis of
cyclin-D1275 [16] that would otherwise be triggered by phosphorylation of T286 by GSK3β274

[17], were this not inhibited.  Other circumstances permitting, this allows the activation of
CDK4 and the consequent abatement of pRB-mediated proliferative inhibition.

A second target of β-catenin–LEF1 is MITF1207 [18], the gene for a melanocyte-specific
transcription factor critical to the expression of several genes whose protein products
significantly contribute to melanocyte phenotype.  The MITF promoter also contains cAMP
response element (CRE) sequences through which the CREB transcription factor can contribute
to gene expression1207 [19].  CREB is phosphorylated directly by AKT1295 [20] and also in a
GSK3β-dependent manner441 [21].  In the first case, phosphorylation of S133 promotes

recruitment of CBP [22], while in the second, phosphorylation, were the kinase not inhibited,
would prevent its interaction with DNA.  S298 of the MITF protein itself is a substrate for

GSK3β [23], and phosphorylation here, again if the kinase were active, would reduce its
transactivation capacity1293.  While two independent mechanisms cooperate to enhance cyclin-
D1 expression, there are multiple mechanisms operative at both the transcriptional and post-
transcriptional level that contribute to the increased expression of MITF.  However, it has been
shown that the presence of MITF is not of itself sufficient to promote increased expression of its
target genes537.  Phosphorylation of MITF S409 by p90RSK [24], and on S73 by MAPK1 [25]

contribute synergistically to its activation [26] by promoting interaction with the p300 co-
activator [27]498 1454.  Since p90RSK is itself activated by PDPK1605 [28], this requirement is
already partially met.  Co-stimulation by activators of the MAPK cascade, such as that
described below, will confer on MITF the ability to contribute significantly to the expression of
genes critical for the phenotype and function of the mature melanocyte, including two essential
for melanogenesis: TYR and TYRP11482 [29].  While MITF–p300 is necessary for the induction of
DCT, it is not sufficient1482, and co-activation by the transcription factor SOX10 appears to be
required§1050[30].  Significantly, the duration of MITF contribution is constrained, as the same
phosphorylation events that promote its activity, also promote its degradation498 [31].

SCF signalling will also influence melanocyte survival by modulating the cellular apoptotic
response.  Firstly, activated CREB contributes to the expression of the anti-apoptotic protein
BCL21062 [32].  Secondly, BAD is phosphorylated on S136104 and S1551301 by AKT1 [33], and
S112 by p90RSK1151 [34].  This promotes its association with a member of the 14-3-3 family of

proteins1301 and prevents its dimerisation with BCL-XL342 inhibiting its pro-apoptotic
function1214.  Finally, the forkhead transcription factor FOXO3A is phosphorylated by AKT1,
again contributing to 14-3-3 association and consequent nuclear exclusion.  This will contribute
to the diminution of apoptosis by reducing the expression of pro-apoptotic target genes such as
FASLG140.

See Appendix
H for a review

of the pRB
subsystem.

See J–17 for
more about

14-3-3
proteins.
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The RAS-MAPK channel
The cytoplasmic GRB2 protein, and its relatives, contain little more than protein linkage
domains and serve as adaptors that perform molecular matchmaking functions®289.  In
particular, GRB2 associates with the RAS guanine nucleotide exchange factor SOS1311 [35].
Upon activation of KIT and the consequent phosphorylation of Y703, GRB2 is able to bind the

Figure 2–2: Stem cell factor signal transduction
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receptor complex via an SH2 domain1325 [36], and in so doing, recruits SOS1 to the plasma
membrane.  This brings the enzyme into proximity with its substrate RAS, enabling it to
facilitate the exchange of GTP for the GDP associated with the latter [37].  This places RAS into
its active conformation until its inherent GTPase activity hydrolyses the bound GTP [38].
While in its active state, RAS–GTP binds [39] and activates the RAF1 kinase [40], which then
precipitates the sequential phosphorylation and activation of MEK1 [41], MAPK1 [42], and
p90RSK [43]®704.  This serves to reinforce the activation of p90RSK that occurs via the PI3K
channel already described.  Finally, negative feedback regulation is implemented by the
phosphorylation of SOS1 by p90RSK, which disrupts its association with GRB2287 [44].

Other SCF signalling channels
The PI3K and RAS-MAPK channels are the best characterised of those stimulated by the
binding of SCF to KIT, but branches of these, and the possibility of entirely independent
channels have been reported.  For example, RAS, operating through MAPK3, and either via, or
in parallel with JUN, contributes to the activation of CCND1 transcription dependent on an AP-
1 binding site at nucleotide –954 relative to the initiation codon23.

Also, soon after stimulation by SCF, the adaptor protein SHC becomes phosphorylated in a
manner that depends on the association of the SRC kinase with phosphorylated KIT769.  In
consequence of this, the binding of SHC to GRB2, and any associated protein, is greatly
enhanced.  This has the effect of priming the channel used by receptors that employ SHC to
signal, such as the G-protein-coupled receptors described below.  Cross-channel reinforcement
such as this provides a molecular basis for the synergistic effects often reported with
simultaneous stimulation by multiple cytokines575.

A close relative of p90RSK, p70RSK, is also activated by AKT1 phosphorylation1063.  A likely
consequence of this is that the ribosomal S6 protein will be phosphorylated, resulting in
enhanced protein synthesis, particularly from mRNAs that contain an oligo-pyrimidine
domain in their 5’ region®1383.  Many of these encode proteins that are themselves elements of
the cellular protein synthesis subsystem®298.  Such a stimulus is a useful adjunct to the
enhancement of gene transcription mediated by cytokine binding, whether to promote
proliferation or phenotypic modulation.  Other p70RSK substrates may exist.

Evidence is mounting that the JAK-STAT channel®572 is involved in the signal transduction of
RTKs, including KIT795.  JAK21418 and several STAT proteins137 associate with KIT and become
phosphorylated after stimulation by SCF.  The functional consequences of this have not been
reported in detail.

Jhun et al.607 cloned a cytoplasmic tyrosine kinase that they found to associate with activated
KIT in megakaryocytes.  This kinase, MATK, has more recently been implicated in the
phosphorylation and inhibition of SRC-related kinases such as FYN1055 and LYN1054.  A role in
the biology of melanocytes has not been reported.
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G-protein-coupled receptor mediated signalling
For some time it was thought that the most significant, and perhaps only mode of signal
transduction employed by GPCRs was the release of their coupled Gα proteins with the
simultaneous activation of their latent GTPase function, leading to activation of PKC and PLC
channels.  The residual beta-gamma dimer was not considered particularly significant, other
than as an inhibitor of Gα function.  Even had this been true, the situation would already have
been inordinately complex due to the multiplicity of isoforms of many of the molecular
intermediaries, with ten or more each of Gα, adenylyl cyclase (AC), PLC, and PKC.  In the last
case, differences in Ca2+ dependency of PKC variants adds to the difficulty as it can create a
functional association between PLC and PKC activity.  The realisation that signalling can also
propagate via the detached beta-gamma dimer, and by means entirely independent of G-
protein coupling added more levels of complexity.  This is compounded still further by the
ability of GPCRs to activate MAPK and other channels via multiple cross-links.  Together, these
aspects render the dissection of the particular signalling mechanism employed in a particular
cell-type under particular conditions among the most formidable facing molecular biologists.
A thorough review of the current state of scientific knowledge of this subject is beyond the
scope of this thesis, and the interested reader is referred to a number of recent excellent reviews
that attempt to consolidate the complex and often conflicting data®83 ®447 ®556 ®1030.

As a basis for the discussion of G-protein-coupled receptor activity in melanocytes, a greatly
simplified and generic signal transduction scheme is given in Figure 2–3.  Binding of the ligand
to its receptor results in a conformational change that allows the receptor to act as a guanine-
nucleotide exchange factor for the alpha subunit of a heterotrimeric G-protein complex [1].  The
effects of this are twofold: it causes the alpha subunit to dissociate from both the receptor
complex and from the beta–gamma dimer, while simultaneously it is activated as a GTPase [2].
The liberated dimer remains associated with the plasma membrane due to the hydrophobicity
of the isoprenylated beta subunit [3].  As occurs with the archetypal G-protein, RAS,
autohydrolysis of the GTP associated with the alpha subunit allows its spontaneous reversion
to an inactive conformation and re-association with the beta–gamma complex.  The net result is
that upon ligand binding Gα–GTP subunits appear transiently, and, when present, they are
able to bind and thereby activate either AC or PLC [4].  AC then catalyses the conversion of
ATP to cAMP [5], which activates the protein kinase A holoenzyme (PKA) by causing the
regulatory subunits to dissociate from the complex [6].

Among PKA’s substrates is S133 of CREB [7], which as described above, facilitates association

with CBP [8], promoting transcription of target genes.  Activation of PLC by Gα–GTP allows
the conversion of phosphatidylinositol-4,5-biphosphate to inositol-1,4,5-triphosphate (IP3) [9],
soluble in the cytoplasm, and diacylglyceride (DAG) [10], which remains membrane-
associated.  IP3 stimulates the release of Ca2+ ions [11] from the endoplasmic reticulum (ER) by
direct association with components of the ion channel structures in the ER membrane.  Calcium
thus liberated associates with CaM promoting a conformational change that renders stable the
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otherwise transient association of CaM with its many binding partners, among them, the
CaMDKs, causing their activation [12].  This too leads to the activating phosphorylation of
CREB S133®222 [13].  Simultaneously with this, the DAG that remains at the plasma membrane

recruits and activates PKC [14], some isoforms of which are also Ca2+-dependent.  It seems
likely that PKC represents one of the crossover points between the PI3K and MAPK signalling
channels since PKC-dependent activation of RAF1 has been demonstrated§148, and probably
occurs via direct serine phosphorylation by PKC§158 §705[15].

The membrane-associated Gβ–Gγ dimer generated upon ligand fusion is free to participate in
further molecular interactions, many mediated by pleckstrin-homology domains in its binding
partners1334.  Such association may be sufficient to activate latent enzymatic potential in
them1402, suggesting a role in signal transduction®582.  Notable among these are isoforms of PLC
[16]1082, raising the possibility of independent regulation of PLC substrate specificity between
the cytosolic fraction, activated by Gα, and the membrane-associated fraction, activated by
Gβ–Gγ.  Complexes comprising Gβ–Gγ, pleckstrin, and enzymatically active PI3K [17] have
been detected at the membrane of natural killer cells after stimulation by chemokines22.  This
has the potential to link GPCR activation to PDPK1/AKT1 signalling as described above§1275.

Less well understood is the mechanism accounting for the observed activation of SRC-related
kinases after ligand binding [18].  An intriguing scenario has been suggested wherein
activation of the GPCR causes the rapid release of an autocrine factor that then stimulates its
specific RTK with resultant SRC activation and downstream consequences®1030.  More direct
paths to SRC activation may involve the formation of complexes containing β-arrestin®819, and
associations with focal adhesion kinases such as FAK®1497 and PYK2278 have also been
implicated [19].  However produced, activated SRC will cause the phosphorylation of SHC
[20], promoting its recruitment of GRB2–SOS1 to the membrane [21] where it can initiate RAS
signalling [22].  Additionally, FAK may contribute directly to SHC phosphorylation1153 [23], and
there is also a PKC-dependent mechanism894 [24].  SRC activation after GCPR ligand binding
can also lead to phosphorylation of STAT3 [25] and its consequent dimerisation [26] and
nuclear accumulation, where it contributes to transcriptional control®1074.

Mechanical stretch
When subjected to mechanical stretching, as may occur during the retraction of attached
keratinocytes683 (See ‘Dendriticity’, below), both MAPK1 and MAPK8 (JNK) kinases are
activated685.  Cyclic stretching results in increased expression of HSP90684, a protein known to
enhance the activity of PDPK1383, and both consequently and independently, AKT11140.  The
biological significance of these effects is unclear, but roles in regulating both proliferation and
dendriticity may be expected.
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Sensitivity to intracellular stimuli
Replicative senescence
Melanocytes do not normally express telomerase, and it is thought that as in many other cell-
types, telomere shortening below a critical length precipitates their replicative senescence68.  In
support of this, melanocytes engineered to express ectopic telomerase have increased
proliferative capacity in vitro and do not display the characteristic senescent phenotype of
flattening, enlargement, and increased melanisation.  While the exact means by which telomere
shortening translates into senescence remains enigmatic, the ability to induce an
indistinguishable phenotype by stimulation with α−MSH or treatment with cholera toxin
suggests that signalling via cAMP may be involved67 460.

Figure 2–3: G-protein-coupled receptor signal transduction
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Genomic damage and ultraviolet radiation
Introduction
The literature pertaining to melanocytic sensitivity to DNA damage is surprisingly sparse, and
what exists is overwhelmingly dominated by studies relating to the effects of ultraviolet
radiation.  That brought about by oxidation, free radicals, ionising radiation, and alkylating
agents is all but neglected.  By way of example, a search of the National Institutes of Health
(NIH) PubMed database with the query phrase ‘(melanocyte*[ti] AND (p53 OR BRCA1 OR
ATM OR ataxia OR GADD45* OR ERCC* OR DNA repair[mesh]))’ identified only thirty
articles, and of these, all but six pertained to UVR.  This may prove to be an embarrassment if it
is ultimately shown that it is an altered response to generic DNA damage, rather than UVR,
that contributes to the tumorigenesis of melanoma.  Perforce then, any review of melanocyte
sensitivity to genomic damage is largely limited to that caused by ultraviolet radiation.

This sensitivity can be viewed as having two components, the first, where the initial detection
of genomic damage occurs within the melanocyte, and the second, where the detection occurs
in an adjoining cell, but a response is elicited from the melanocyte via paracrine messaging.

Direct sensitivity
The molecular biology of the cellular response to UVR-induced damage is incompletely
understood, and while a number of signal transduction channels are activated, details of their
temporal sequencing, interactions, and consequences are unclear.  The postulated existence of a
specific UVR sensor in melanocytes, while superficially plausible given the dramatic effect
UVR has on their phenotype, may be unnecessary.  By most measures, early cellular responses
to genomic damage are very similar, irrespective of the cause of the damage or the type of the
cell.  For example, the early response of a melanocyte to UVR does not differ radically from that
of a fibroblast to ionising radiation.  In both cases, multiple signalling channels are activated,
cell-cycle arrest occurs, DNA repair is initiated, and apoptosis may ensue.  The major difference
with melanocytes is that it also stimulates melanogenesis.  Arguably, if other cell lineages had
the capacity to respond in this way, they would, but lacking expression of the melanocyte
specific transcription factor MITF, they cannot.  The melanocyte response may properly be
considered an extension of an underlying generic one.

Current understanding of the early response to generic DNA damage centres on the BRCA1-
associated genome surveillance complex (BASC), but the precise mechanism of its activation is
yet to be elucidated.  The most fundamental input to this subsystem yet recognised is the
activation of ATM.  This is known to associate preferentially with damaged DNA34 1278, and if its
activity were enhanced thereby, it may well represent the initial event.  Both ATM192, and its
relative, ATR1328, are activated soon after UV irradiation, in all likelihood leading to stimulation
of BASC.  Once triggered, this can mediate proliferative arrest, DNA repair, and apoptosis via
numerous effectors, including p53.  Additional responses, perhaps dependent on the precise
nature of the DNA lesion, may be mediated by phosphorylation of ATM/ATR substrates not
intimately associated with BASC.

A brief review
of BASC is

presented in
Appendix I.
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At this point, the notion of a UVR sensor arises again, because while in general, the response to
UVR is similar to that to other genotoxic stresses, there are significant variations.  The basis for
these must be explained, requiring an intracellular means of distinguishing types of DNA
damage.  The logical place to commence a search for such a sensor is therefore at the level of
the nucleotide.  Eller et al.316 found that the mere presence of thymidine dimers (pTpT), typical

excision products of the repair of UVR damaged DNA, evoked a melanocytic response
identical to that caused by UVR itself: expression of TYR, increased melanogenesis, stimulation
of DNA repair enzymes, and a cell-cycle arrest.  Longer DNA fragments, up to 19 bp, were
found to elicit a greater response and the presence of a 5’-phosphate group was found to be an
important factor.  There is an element of circularity here though as the fragments excised as a
consequence of DNA repair cannot be the stimulus for the expression of the repair enzymes
themselves.  However, this is not an issue if the melanocyte response is considered to be an
extension of a generic response as described above.  It simply represents the first point at which
the nature of the damage is recognisable.  In this context, the sensor would be the enzyme or
enzymes whose activity was modified by the presence of the excised fragments.  These are
unknown.

Indirect sensitivity
In response to UVR, keratinocytes produce larger amounts of ET1475, α-MSH1150, and nitric
oxide (NO)®139.  The first stimulates nearby melanocytes to proliferate, and all stimulate
melanogenesis979 1137 1276.  NO reduces the adhesion of melanocytes to the extracellular matrix, an
effect that may bear on the increased dendriticity seen, and may also have implications for
melanoma metastasis595.  One puzzling aspect of the effect NO has on melanocytes is that it
opposes the stimulus to proliferate provided by ET11106.  Macrophages also produce a dendrite
elongation factor in response to UV1280, but the nature of this, and whether the effect is direct or
mediated by another cell-type, such as the keratinocyte, remain to be determined.  Possible
mechanisms may involve interleukin 1§639, GM-CSF§961, or NO§1486.

Melanocytic responses to stimulation
Differentiation
The establishment of epidermal melanocytes depends on their differentiation from neural crest
precursors and their migration to the epidermis during embryogenesis.  Two significant events
in this progression are the expression of the receptor KIT and of the melanocyte-specific basic
helix-loop-helix (bHLH) transcription factor, MITF®419 537 979 1056.  There is, however, a degree of
controversy over their relative timing and interdependence.

The importance of MITF in determining cellular fate is evident from the assumption of a
melanocytic phenotype by fibroblasts engineered to express it ectopically§1288.  It is also required
for the survival of neural crest melanocyte precursors until they reach the migration staging
area§536.  MITF {Figure 2–4} has as target genes several whose protein products are essential for
establishment and maintenance of the melanocyte phenotype, including TYR, TYRP1, and
DCT§537  [1].  It induces expression of the transcriptional repressor Tbx2§157 [2], and via this may
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regulate genes that carry the T-box motif.  One such is TYRP1§156 [3], a direct target of MITF,
leading to a paradoxical situation wherein its expression is both enhanced and repressed via
different transcription factors responding to the same stimulus.  Clearly, our understanding of
this regulation is incomplete.  Tbx2 is also a repressor of Cdkn2a-β transcription [4] leading to a
reduction in the levels of ARF protein§601 [5].  In consequence of this, there will be an increase in
E2F1, as it will not be targeted for
degradation by binding ARF [6].  This
increase in E2F1 will stimulate S-phase
entry.  Simultaneously there will be a
reduction in p53 levels [7] due to
increased degradation [8] directed by
increased levels of MDM2 arising from
reduced ARF-mediated degradation [9].
This decrease in p53 level will reduce the
propensity of the cell to undergo
apoptosis, and this will be reinforced by
the expression of the anti-apoptotic
protein DCT {See ‘Apoptosis’, below}.

The transcription factor SOX10, in
addition to co-activating the DCT
promoter as described, binds the MITF
promoter1369 and causes a 100-fold
enhancement of transcription, and this is
further enhanced by PAX31049 1407.
Furthermore, PAX3 is required for the expansion of committed melanocyte precursors during
embryonic migration§536.  This suggests that these transcription factors may be critical
regulators of MITF expression early in melanocyte differentiation.  The functional association
among these three is confirmed by the close similarity of phenotype that results from the
mutation of each, manifesting in humans as Waardenburg syndrome§114.  Interestingly,
mutation of EDNRB or EDN3 also results in a very similar phenotype, and ET3 stimulation, by
itself, may be§990 sufficient to cause MITF expression§537.  While this may in part be due to
signalling through cAMP, PKA, and CREB, the activation of SOX10 or PAX3 may also occur.  In
combination, these findings suggest that endothelins may be the primary stimulus that sets a
precursor cell on the path to becoming a melanocyte.  This would suffice to stimulate
proliferation and the expression of DCT and TYRP1, and there are also strong indications that
MITF contributes to the expression of KIT in melanocyte precursors§979 as it does in mast
cells§1346.

Expression of KIT allows responsiveness to SCF, supporting at least two independent functions
during melanocyte differentiation®1487.  By using KIT inhibitory antibodies, Ito et al. showed

See J–21 for
more on the
regulation of
E2F1 and p53

by ARF.

Figure 2–4: MITF influences net proliferation via TBX2
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that the absence of SCF stimulation during critical periods of melanocyte differentiation
resulted in their death through apoptosis§588 {See ‘Apoptosis’, below}.  SCF is therefore essential to
the survival of melanocyte precursors.  It may also play a less obvious, but equally important
role: that of rendering irreversible the differentiation process.  This is achieved firstly by the
contribution SCF stimulation can make to the expression of MITF via AKT1, CREB, and LEF1,
and secondly, post-transcriptionally {Figure 2–2}.  SCF dramatically increases MITF activity by
sponsoring p300 recruitment1056 via MAPK1-dependent phosphorylation498, but at the same
time reduces its stability by promoting its ubiquitin-directed proteolysis1454.  Thus while SCF
may be insufficient to instigate the expression of MITF, it may well serve to maintain, amplify,
and regulate this once it has begun.  As a last step, SCF stimulation is required in parallel with
MITF activity for the production of TYR, and hence the culmination of the melanocytic
phenotype.

This cannot be the complete description of melanocyte differentiation however, as it omits a
number of observations, particularly with respect to modes of inhibition of MITF activity.  The
transcription factor TCF4 inhibits MITF transcription {See ‘Regulation of melanin type’, below} and
the STAT3 inhibitor PIAS3§773, and the transcription factor PAX6 both bind MITF and repress its
transactivation function.  In the case of PAX6, this inhibition is reciprocal1032.  Finally, MITF is
the subject of regulation in a manner akin to that of another bHLH transcription factor
involved in differentiation, MYOD.  Both are bound by pRB, the result being stimulation of its
transactivation function in the case of MYOD1176, and its inhibition in the case of MITF1483.

Embryogenic migration
While SCF stimulates melanocyte precursor migration535, whether or not it directs it is unclear.
Investigation of this role is hampered by the necessity of SCF stimulation for melanocyte
precursor survival, hence simply ablating its function can shed no light on its role in migration
since the cells do not survive.  Nevertheless, Wehrle-Haller et al. have attempted to circumvent
this by using mice that lack neurofibromin function and so have constitutively active RAS,
alleviating the dependency of survival on SCF stimulation§1415.  Melanocyte precursors of these
mice migrated normally, unless they were also lacking SCF, in which case, they remained in the
migration staging area.  Based on the normal expression of SCF at some distance ahead of the
advancing melanocytes, they suggested that SCF acts to direct this migration.  However, doubt
has been cast on this conclusion by Jordan and Jackson who reported that the implantation of
beads that release SCF increased the rapidity with which melanocytes colonised hair follicles,
but did not themselves act as foci§623.  They proposed that SCF acts merely to stimulate general
motility, but plays no part in its direction.  The driving force behind directed melanocyte
migration along the dorsolateral pathway is as yet unknown.  Factors such as FGF2 and ET1,
both known to be chemotactic for melanocytes535, and nerve growth factor (NGF)1470 may also
prove to have their place.

More is known about the disposition of melanocytes once they have reached the dermis, and
here, members of the cadherin family of proteins are implicated.  Nishimura et al.953 showed
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that melanocyte precursors express neither E-, nor P-cadherin until they arrive in the dermis,
but immediately prior to entry into the epidermis, E-cadherin begins to be expressed at high
levels.  Subsequently, P-cadherin is expressed by those that become follicular.  If the expression
pattern of different cadherins regulates melanocyte tissue targeting, then the possibility exists
that aberrant expression may play a role in melanoma metastasis®506 1306.  Indeed, loss of E-
cadherin expression is frequently observed in melanoma238 1132 perhaps as the result of autocrine
production of HGF777.  Simultaneously, N-cadherin, not normally seen in melanocytes, is
frequently expressed544.  This may well contribute to increased migration across dermal
fibroblasts, and serve to protect melanocytes from apoptosis by influencing BAD function via
AKT1776.

Proliferation control
General
Melanocytes do not differ dramatically from the mainstream with respect to the regulation of
proliferation®463 and the retinoblastoma-associated protein and its functional associates form
the basis for this.  There are a number of specific nuances associated with melanocytes
however.  Among the D-cyclins, they express only cyclin-D1 and –D373.  Proliferative stimuli
may stem from the binding of cytokines such as the keratinocyte-derived endothelins577 578,
which induce CCND1 expression via PI3K, and stimulate CDK2 activity via PKC§1275.  They
may also derive from intercellular contacts mediated by integrins and FAK.  The full gamut of
signal transduction channels is implicated, including RAS-MAPK, WNT, and PI3K, and the
primary CCND1 transcription factors implicated are CREB and LEF1.  The principal G1 cyclin-
dependent kinases (CDKs) are CDK4, CDK6, and CDK2.  Inhibitory effectors include p15CDKN2B,
p16CDKN2A, p21CDKN1A, and p27CDKN1B.

Replicative senescence
The irreversible cell-cycle arrest associated with replicative senescence in general occurs in G1

phase and here too, pRB plays a vital role.  In the general case, this arrest is associated with a
reduction in the levels of cyclin-E, and a sustained increase in levels of cyclin-dependent kinase
inhibitors (CKIs).  The CKIs involved in implementing senescence may differ among cell-types,
with p16CDKN2A, p21CDKN1A, and p27CDKN1B variously implicated.

In senescent melanocytes, p21 and p27 are present only at low levels, while p16 is elevated67,
specifically implicating this CKI.  This model is supported by the observation that melanocytes
from Cdkn2a-null mice do not senesce in vitro in parallel with control cells§1284.  The senescent
phenotype is however immediately restored upon enforced expression of p16, but not ARF.
The effect appears to be dependent on gene dosage as cells from Cdkn2a +/- mice display an
intermediate response.  If, as believed, cAMP is involved in the initiation of senescence, how
this may lead to enhanced CDKN2A expression is unclear, as the CDKN2A promoter does not
contain a recognisable CREB binding domain.  It does however contain one predicted to bind
p300, a recognised CREB co-factor, so a direct role for cAMP via activation of PKA and
phosphorylation of CREB seems unlikely, but not impossible.  This apparent dependence of

For a review
of the pRB
subsystem,

see Appendix
H.
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melanocytes on p16 for the implementation of replicative senescence is particularly noteworthy
in light of the very frequent loss of p16 expression seen in melanoma.

Arrest in response to genomic damage
Activation of ATM and in consequence, BASC, plays a major role in causing cell-cycle arrest in
response to genomic damage.  In broad terms, similar responses are evoked after UV
irradiation, but there are a number of distinctions.  Early in the generic response, activated
ATM phosphorylates the proteins CHK2, BRCA1, nibrin, and PLK.  These are also
phosphorylated after UV irradiation, and even though ATM is activated under these
circumstances, it is not the responsible kinase858 1362 1458.  In the case of BRCA11328 and PLK1362,
and possibly other targets, it is ATR.  In consequence, the substrate specificity or activity of
these targets may be subtly altered.  ATR also leads to phosphorylation of CHK1 on S345800,

probably directly§452.  Those means of instigating a cell-cycle arrest that depend on ATM, CHK2,
and BRCA1 may still operate in response to UVR, but irrespective of this, a parallel mechanism
operative via ATR and CHK1 exists.  CDC25C, phosphorylated by CHK2 in the generic
response, is phosphorylated by CHK1 in response to UVR47.  Simultaneously, in a process that
depends on p38MAPK, phosphorylations of CDC25B T309 and S361 occur143.  In each case,

the consequence is sequestration of CDC25 by 14-3-3, the prevention of CDC2 activation, and
the imposition of a constraint to passage through G2.  CHK1 activation also leads to the
degradation of CDC25A832, probably influencing progression through G1.

None of these responses is at all dependent on the presence of functional p53, but the work of
Eller et al.316 described above demonstrated that transcriptional targets of p53 are indeed
expressed in response to UVR, in particular, p21 and GADD45.  These have the capacity to
contribute to a cell-cycle arrest in both G1 and G2.  This may be due in part to activity of ATM,
but ATR also phosphorylates p53 S151327, promoting apoptosis, and, via an unidentified kinase,

S20184, enhancing p53 stability.

Apoptosis
Apoptosis is a phenomenon peculiar to multicellular differentiated organisms as it is only in
this context that the process of cellular suicide can be an evolutionary asset, enhancing the
possibility that the genes a cell contains will be transmitted.  Three critical roles are performed
by apoptosis.  During embryogenesis, it is instrumental in the morphogenesis of organs and
body structures, for example in the deletion of the webbing between human fingers.  In what
may be considered an extension of this process into adult life, it is immensely important in the
negative selection of self-reactive lymphocytes, an absolutely essential function.  In its third
role, it is the agency by which cells that sustain irreparable genetic damage are destroyed.  In
the study of cancer, this aspect takes on great importance.

The regulation of melanocyte apoptosis has been all but ignored by the scientific community,
with NIH PubMed returning only 31 references when queried with the phrase ‘melanocyte*[ti]
AND apoptosis’.  This is surprising since the melanocyte may constitute a unique apoptotic
context.  In contrast to every other cell-type, the sustaining and detection of genomic damage
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must not lead to immediate apoptosis in the melanocyte.  If it did, the cell would have no
opportunity to carry out its biological function, the manufacture and export of melanin.  In
melanocytes, the apoptotic response must be dampened in order to allow this to occur.  When
apoptosis is viewed as a means of protection against cancer, it is clear that the melanocyte may
be uniquely prone to tumorigenic transformation.  Furthermore, this inherent resistance to
apoptosis may contribute significantly to the generally poor outcome of the treatment of
melanoma by cytotoxic agents including radiation, which may depend on eliciting just such a
response.  This is clearly an area that warrants much closer scrutiny.

Some molecular aspects of this raised apoptotic threshold have been uncovered.  In cultures of
normal human melanocytes supported by the addition of phorbol ester, its removal results in
increased rates of apoptosis associated with a decrease in the expression692 of the anti-apoptotic
protein BCL243.  Phorbol esters are best known as stimulators of some PKC isozymes, but
signalling mediated by other proteins is known, including the chimaerins and RAS guanyl-
releasing proteins®651, so the meaning of this finding is not obvious.  As noted above,
stimulation by SCF is necessary during melanocyte differentiation to prevent cell death from
apoptosis and this effect is also mediated, at least in part, by enhancing BCL2 expression via
AKT1 and CREB {Figure 2–2}.  Kim et al.678 reported that human melanocytes exposed to UVR
in vitro express increased amounts of p53 and BAX, but BCL2 levels remained unchanged.
They suggested that the high constitutive level of BCL2 protects melanocytes from apoptosis,
and it may therefore represent the molecular basis for the raised threshold.  A further
component may be the MITF and Tbx2-mediated repression of ARF expression noted above.  A
reduction in ARF will promote the accumulation of MDM2, with a resultant reduction in p53
levels, also serving to dampen any apoptotic response.  Finally, DCT, another melanocyte-
specific enzyme, while it plays a critical role in melanogenesis {See ‘Melanin biosynthesis’, below},
also has anti-apoptotic properties954.  Nevertheless, if this threshold is passed, UV irradiation
can lead to melanocyte apoptosis, and this is mediated by ATM, p53, and MAPK81512.

This reduced emphasis on p53 responses to genomic damage may resolve another enigma: the
basis for the importance of p16 in the prevention of melanoma.  In a cell predisposed to resist
apoptosis, the propagation of cells that are genetically flawed must be based on the prevention
of proliferation.  One such means, induction of p21 by p53, is already weakened.  The
constraint to growth will therefore rest more heavily on the CDC25 family, and on the pRB
subsystem, particularly p16, the apparent basis for replicative senescence in melanocytes.

Dendriticity
In an apparent recapitulation of their neural lineage, melanocytes possess numerous dendritic
processes, but recent in vitro studies of melanocyte cultures and melanocyte/keratinocyte co-
cultures have shown that lineage alone may not account for dendrite formation.  Keratinocytes,
by strongly binding the melanocyte cell membrane and then contracting, may actively draw
out dendrites683.  This may trigger activation of the MAPK signalling channel as a consequence
of the mechanical stretching involved.  In addition to this direct role, keratinocytes can promote
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melanocyte dendriticity through the release of substances to which melanocytes are
receptive1358.  These include the cytokines endothelin-1475 and NGF1471, and also nitric oxide1106,
particularly after UV irradiation.  UVR can act directly on melanocytes to stimulate dendrite
outgrowth via the RAS-related GTPase Rac1§1167, which also mediates the dendrite-promoting
effect of the cytokine α-MSH1167.  Since Rac1 enhances expression of cyclin-D1§624, proliferation
and dendriticity are both linked to UV irradiation.

There is evidence for UV-tropism influencing the orientation of dendrite outgrowth, perhaps as
a means of directing delivery of melanin to the region where it is most useful.  Other subtle
effects of this UV-tropism may also occur since UVR biophotons are produced intracellularly
during TYR catalysis in the production of melanin1236, potentially amplifying the melanisation
response.  As mitotic and S-phase cells are also a source of UV biophotons597 such stimulation
may be greater in tissues with a higher proliferative index.  What part this may play in tumour
pathology is unknown.

Components of the cytoskeleton are functionally linked to dendrite formation, with actin
polymerisation§1167 being an absolute requirement, and myosin Va being required for their
formation, but not their stability§310.  The cytokine SCF may be influential here as it affects actin
cytoskeletal structure and cellular adhesion1165.

Melanogenesis
Melanin
Melanin is a pigment ubiquitous in nature, present in species of all phylogenetic kindoms®1094.
It serves variously as photoprotection, camouflage, thermal regulator, and in the provision of
visual cues among animals.  It is a random co-polymer of aromatic bicyclic units, and
consequently has no fixed structural formula or molecular weight.  Based on the predominant
monomer, two classes of melanin are recognised: eumelanin, derived from indoles and being
dark in colour, and phaeomelanin, derived from alanylhydroxybenzothiazine (AHB), being
yellow or red.  There is variety among the eumelanin class, as it can be derived from either 5,6-
dihydroxyindole (DHI) or 5,6-dihydroxyindole-2-carboxylic acid (DHICA).  That derived from
DHI is black, that from DHICA is brown, and co-polymers are of intermediate shade.

Melanin biosynthesis
The principal ingredient for the synthesis of all melanins {Figure 2–5} is the amino acid
tyrosine, with cysteine also being required for the production of phaeomelanin.  Synthesis
begins with the hydroxylation of tyrosine to form 3,4-dihydroxyphenylalanine (DOPA) [1]
catalysed by the enzymes TYR606 and TYRP11515.  DOPA is then oxidised to form DOPAquinone
[2], a reaction also catalysed by TYR in humans606 1515.  DOPAquinone may be produced in one
step by direct oxidation of tyrosine mediated by TYR [3].  These reactions are rate-limiting for
the overall synthesis, establishing TYR as an important regulatory target.

In the presence of cysteine, DOPAquinone is rapidly reduced to form cysteinylDOPA [4],
probably via a cysteinylDOPAquinone intermediate743, leading to the generation of AHB [5]
and thence, presumably spontaneous polymerisation940 to form phaeomelanin [6].  The
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availability of cysteine therefore dictates the class of melanin produced743.  In the absence of
cysteine or another reducing thiol such as glutathione88, DOPAquinone will undergo a
spontaneous ring closure to form DOPAchrome [7].  Slow, non-enzymatic decarboxylation may
yield DHI [8], but in the presence of DCT, DHICA is the predominant product [9].  Further
oxidation of these leads to 5,6-indolequinone (IQ) [10], and 5,6-indolequinone-2-carboxylic acid
(IQCA) [11], respectively.  In the first case, the reaction is catalysed by <TYR>®112 §493, but there
are inter-species differences in the catalysis of the second, with involvement of TYR in
humans111 989, but Tyrp1 in mice§698.  Both IQ and IQCA are then incorporated into eumelanin
[12].  This polymerisation may be spontaneous, catalysed by the protein silver§173, or its rate
subject to active regulation either directly by melanosomal proteins1187, or indirectly via
melanosomal pH1385.

Melanosomes
Formation
The melanosome, the organelle in which the synthesis of melanin occurs, has many features of
formation and structure in common with the lysosome, being membrane-bound with an acidic
internal environment, and containing lysosome-associated membrane proteins (LAMPs)®260.
The ultimate origin of the lysosome and related organelles is still not entirely clear, but is likely
to involve budding from the trans-Golgi network (TGN) as a vesicle containing matrix
proteins.  Subsequently, melanosome-specific enzymes such as TYR and DCT are delivered
from the TGN via endosomes.  In this regard, AP-3 (adaptor-protein-3) may be important in the

Figure 2–5: Biosynthesis of melanin
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correct consignment of melanosomal proteins, relying on the presence of a leucine-leucine
dimer motif in their cytoplasmic tails®612.  This is probably true for TYR, and perhaps DCT, but
is not so for TYRP1 since correct consignment occurs even where AP-3 is defective552.  The
possibility of separate regulation of TYRP1 delivery is reinforced by the findings that it is
dependent both on PI3K188 and on the GTP-binding protein Rab7§423.

There are some structural differences between melanosomes that produce eumelanin and those
that produce phaeomelanin.  The former are ovoid and contain a lamellar matrix, while the
latter are spherical and do not611.  Both types may be present within the same cell581, and they
may be interconvertable.

Maturation
Melanosomes undergo a process of maturation that has been arbitrarily divided into four
stages.  The first is reached with the delivery of its characteristic enzymes.  At this point, the
melanosome is approximately spherical, and has neither TYR activity nor melanin.  Stage II
begins with the onset of detectable TYR activity and such melanosomes, where they are
destined to produce eumelanin, are characterised by having an ovoid shape with evident
longitudinal matrix elements carrying some deposition of melanin.  Stage III melanosomes
have high TYR activity and are moderately melanised, while in stage IV, melanin content is
maximal and TYR activity abates.

Transport
Time-lapse video-microscopic studies
{Figure 2–6} have revealed that
melanosomes are highly mobile, moving
bi-directionally between the perinuclear
region and the dendrite tips at the
relatively rapid rate of ~1 µm/s§1457,
allowing traversal of an extended
dendrite structure in under 1 min.  Once
at the tip, melanosomes have a tendency
to linger, resulting in their accumulation
prior to transfer to the adjacent
keratinocyte.  These motions are
consistent with a model in which melanosomes carry both kinesin-related476 plus-end-directed,
and dynein-related1363 minus-end-directed motor proteins and travel on the microtubule core of
the dendrite.  Assuming random attachment by either motor, the distribution of melanosomes
under such a system would depend on the relative translational speed of the two motors, and
apical accumulation would be favoured if kinesin-mediated anterograde motion were the
faster.  However, these translational speeds are not significantly different§1457, so another
mechanism must operate.  A clue to the basis for this comes from the phenotype of the ‘dilute’
mutant mouse, deficient in production of myosin Va, and hence a model for the human disease

This is the key frame from a video illustrating
melanosome movement.

© NHLBI/NIH {Table iv}

Figure 2–6: Melanosome distribution

If accessed
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to the MPG

file.
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Griscelli syndrome1006.  Here, although bi-directional shuttling occurs normally§1457,
melanosomes do not accumulate at dendrite tips.  This, and immunocytochemical studies742

that show an association between melanosomes and myosin Va, strongly implicate it in apical
accumulation.  The nature of this association became much clearer with the identification of
mutations in RAB27A, which encodes a RAS-related GTPase, as another basis for Griscelli
syndrome875, causing similar melanosomal displacement56.  Inexplicably, MYO5A, the myosin
Va gene, and RAB27A are closely linked, being less than 7.3 cM apart at chromosomal locus
15q21.  RAB27A was found to mediate the recruitment of myosin Va to the melanosome§1459 via
the intermediary protein melanophilin§1268.  Upon arrival of a kinesin-transported melanosome
at a dendrite tip, it disengages from the microtubule core, whereupon it may reassociate via its
dynein motor and return toward the nucleus.  Alternatively, it may become coupled to the sub-
cortical actin network via the myosin Va motor protein, and begin to move upon it.  Since the
actin network is spatially random, the melanosome will tend to be found at a distance
proportional to the square root of the time since detachment, following a ‘drunkard’s walk’.
This accounts for the lingering and accumulation of melanosomes seen at dendrite apices.
Further regulation of the transfer from the microtubule core to the actin network may occur,
since kinesin and myosin Va interact directly®246, but this aspect remains to be explored in
detail.

Transfer
Ultimately, mature melanosomes are transferred to the adjacent keratinocyte.  Mechanisms
proposed for this include the merging of keratinocyte and melanocyte membranes, the
pinching-off of a dendrite tip by a keratinocyte, active inoculation by the melanocyte, and
coupled melanocytic exocytosis and keratinocytic phagocytosis.  Ultrastructural studies have
not been able to exclude any of these, and tend to support dendritic pinching973 1475.
Nevertheless, information from molecular biological and genetic studies has suggested that
exocytosis/phagocytosis may be the predominant mechanism.

Stimulation of melanocytes by α-MSH leads to increased membrane-ruffling and exocytosis of
melanosome-containing vesicles§1378, rendering them available for keratinocyte ingestion.  This
phagocytotic process appears to be non-specific, with melanosomes and latex beads being
taken up equally§1378.  Any process that enhances general keratinocyte phagocytosis will
therefore contribute to increased melanosome transfer.  Particularly implicated is F2RL1,
normally expressed superficially by keratinocytes and not by melanocytes®1172 1173.
Experimental activation of F2RL1 results in enhanced melanosome uptake, while inhibition
prevents it1173 1191.  Consistent with a role in photoprotection, after UVR exposure, F2RL1 is
expressed at higher levels, and within keratinocytes further removed from the stratum
basale1164.  Melanosomal expression of RAB3 and SNARE has also been implicated in
melanosomal membrane association and transfer1166, but the significance of this remains to be
determined.

See J–7 for
more on

microtubule
motors as

they relate to
centrosomal
movement.
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Finally, melanin may not be the sole significant cargo delivered to the keratinocyte within the
melanosome.  The protein, PCNA, extremely important in the repair of DNA, is also
transferred from melanocytes to mature keratinocytes, which, being non-replicative, they do
not express themselves598.

Degradation
As the keratinocyte advances from the stratum basale through the stratum spinosum and
differentiates into a squamous cell, the melanosomes within it are degraded by lysosomal
enzymes.  The melanin released accumulates in the nuclear membrane affording protection
against UVR-induced mutation, both by absorbing the radiation directly, and by acting as a
sink for oxidative molecular species that may be formed.  Indeed the brown colour
characteristic of eumelanin is a consequence of its oxidation.  This protection is particularly
important, as it is in this region that progenitor cells responsible for the continuous renewal of
the epidermis reside.

Regulation of melanogenesis
The coarsest control of melanogenesis is the limited availability of the means of production:
melanin is produced only by melanocytes.  The basis for this is discussed above, and appears to
rest critically on the initial endothelin-induced expression of MITF.  Once this is present,
melanocytes are poised to fulfil their biological function, and thereafter, melanogenic
regulation reduces to the control of just two variables: the rate at which melanin is synthesised,
and its type.

Rate regulation
A crucial aspect of MITF molecular biology is that, by itself, it is not competent to induce
transcription.  Association with the p300 co-factor is necessary, and this requires the prior
phosphorylation of MITF.  The total cellular transcriptional activity of MITF is therefore a
function both of its level of expression and the extent of its phosphorylation.  These may be
subject to separate regulation, with the first serving to define the maximum level of activity
possible, and the second, the actual level within the range so defined.  As a concomitant of this,
the rate of melanogenesis is also subject to this regulation since TYR is induced by MITF and is
rate-limiting for melanin biosynthesis.  The promoter of MITF contains a CRE, and
consequently, its transcription is regulated by the CRE binding protein CREB.  Hence, the rate
of melanogenesis is affected by intracellular levels of cAMP.  As described above, this links
melanogenesis to extracellular influences that are mediated by GPCRs {Figure 2–3}.

One such receptor that is extremely important in melanocyte regulation is MC1R, a
melanocortin receptor®1147.  This interacts with the cytokines ACTH, its cleavage product α-
MSH®166, and the related protein ASIP {See ‘Regulation of melanin type’, below}.  The effects of α-
MSH and ACTH binding are indistinguishable4 and include an increase in the production of
melanin.  This effect indeed derives from a cAMP-dependent increase in the rate of
transcription of MITF92 1057.  However, α-MSH stimulation may not of itself promote the
activation of this additional MITF.  This aspect does not appear to have been addressed directly,
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but can be inferred from the longevity of MITF produced after α-MSH stimulation1057 and the
established coupling of MITF activation with its degradation1454.  This absence of activation,
together with the existence of polymorphic human MC1R receptors1270 with varying efficacy,
may have contributed to the many early reports suggesting that human melanocytes were
refractory to α-MSH374 385.

Similar discord exists over the matter of pituitary production of α-MSH in post-natal, including
adult, humans1324, but it seems likely that it is indeed produced.  In a comprehensive study of
peripheral blood α-MSH levels of healthy donors166, a remarkable stability over time was seen
for each individual, but wide variability was seen among them.  Functionally, this means that
when and if melanogenesis is triggered, it proceeds with a specific minimum rate that is
determined systemically by each person’s pituitary gland.  This would form the basis for the
differences in individual tanning response seen, and may contribute to the range of
pigmentation present among human sub-populations.  This minimum rate may be modified by
local α-MSH produced within the skin, in particular, by keratinocytes in response to UVR1150.

Whatever level of MITF is present due to stimulation by systemically and locally produced α-
MSH, melanogenesis will not proceed at all until MITF is activated via phosphorylation by
MAPK1 or a related kinase, enabling its association with p300.  This implicates signalling via
RAS and PI3K, and therefore RTKs, including KIT and its ligand SCF {Figure 2–2}.  The
importance of this is that human keratinocytes produce SCF907, and there is very strong
evidence from studies of keratinocyte/melanocyte co-cultures and intact human skin that this
production increases after UVB exposure458.  Furthermore, sub-epidermal injection of KIT
neutralising antibodies prevented post-exposure skin melanisation of guinea-pig skin§458,
consistent with paracrine stimulation.  A similar role has been proposed for GM-CSF in
response to UVA exposure579.  This effect is in addition to the increased keratinocyte production
of ET1, α-MSH, and NO described above.  It is noteworthy also that ET1 stimulation of
melanocytes increases expression of MC1R1289, enhancing the influence of α-MSH and thereby
raising the maximum rate of melanogenesis.  By analogy, what occurs after UV irradiation is a
request by keratinocytes, in the form of SCF, for greater availability of melanin within the
epidermal melanin unit.  With the infrastructure for melanogenesis in place in the melanocyte,
and a pool of MITF awaiting activation whose size is regulated by α-MSH, the melanocyte can
respond very rapidly with synthesis of TYR and the production of fully melanised
melanosomes.

Since GPCRs may engage the RAS signalling channel {Figure 2–3}, the question of the failure of
α-MSH to activate MITF via MAPK1 phosphorylation arises.  The explanation is remarkably
simple.  While ET1, acting via the EDNRB receptor308 575 activates FAK, causing the
phosphorylation of SHC and therefore RAS, α-MSH, signalling via MC1R does not1163.

In addition to these external stimuli, the intrinsic UV sensitivity of melanocytes contributes to
increased melanogenesis.  Exposure to UVB or pTpT increases expression389 and activity316 of
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MC1R by melanocytes independently of the paracrine effect of keratinocyte-derived ET1.  UVR
exposure results in phosphorylation of AKT1 T308, and S473, and GSK3β S91308, enhancing

the activity of the former1340, while diminishing that of the latter1195.  Through CREB and β-
catenin, this increases transcription of MITF.  Simultaneously, UVR activates the MAPK
channel, and via this, p90RSK882, leading to MITF activation.

The production of melanin is not without its dangers since it does produce very reactive
molecular species®182.  The pros and cons have been weighed in the evolutionary balance with
the benefits of melanin production outweighing the risks.  However, this is only true while the
threat of UVR exists, and were the melanogenic response to be in essence a final, irreversible
step in melanocyte differentiation, the result may well be different.  To avoid this, the activation
of MITF is intrinsically coupled to its degradation via ubiquitin-directed proteolysis1454,
ensuring that the melanocyte reverts to a state of preparedness, rather than remaining fully
active.

Regulation of melanin type
The archetypal regulator of melanin type is the mouse agouti protein®5, so named because it is
required for the presence of a sub-apical yellow band on each hair caused by the transient
change from eumelanogenesis to phaeomelanogenesis within the follicle.  Agouti was found to
bind to the Mc1r receptor in competition with α−Msh, and antagonise its stimulus of
eumelanogenesis§809.  It soon transpired that agouti did more than deny α−Msh access to Mc1r,
since in the absence of α−Msh it reduces the basal rate of melanogenesis, but only in cells with
functional Mc1r§434 §976.  The corresponding situation was subsequently found also to apply in
human cells4 1277, and one basis for this effect was found to be a reduction in the activity of
TYR®5.  Ultimately, the importance of agouti as a modifier of melanocyte phenotype was
rendered unequivocal by the discovery that it can prevent the differentiation of precursor cells
into melanocytes by inhibiting the expression of Mitf§6.

Using a method based on differential mRNA expression, Furumura et al.§395 identified three
genes with elevated, and six with reduced expression after treatment of mouse melanocytes
with agouti.  Among those seen to decrease were, not surprisingly, Tyr and Dct.  Among those
with increased expression, they identified the bHLH transcription factor Tcf4.  Further study§394

revealed that while the binding of agouti to Mc1r increases Tcf4 expression, binding of α−Msh
decreases it, and furthermore, that expression of Tcf4 reduces expression of Mitf.  The
mechanism of Mitf repression is likely to involve competition between Tcf4 and Lef1 for
binding to β-catenin982, an important regulator of Mitf transcription.  Many of the mysteries of
agouti signalling have thus been resolved, including the bases for the reductions in Mitf, Tyr,
and Dct seen, and of the prevention of melanocyte precursor differentiation.  The loss of TYRP1
expression seen during phaeomelanogenesis256 could also be explained by this mechanism,
although such a reduction does not appear to have been documented as a specific response to
agouti.
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The consensus view appears to be that while TYRP1 and DCT expression is eliminated during
phaeomelanogenesis, that of TYR is only reduced.  This is as it should be considering that TYR
activity is rate limiting for phaeomelanogenesis, and therefore, total elimination of expression
cannot occur.  The basis for the retention of TYR expression may involve MITF-independent
transcription of TYR, such as is known to occur in response to BMP2§97.  Further nuances of
regulation may involve denial of the necessary co-activation of the DCT promoter by SOX10,
and differential protein trafficking to melanosomes, particularly in the case of TYRP1.

While these changes in melanogenic enzyme expression may account for a decrease in the rate
of production, it is not immediately obvious how it could account for a change in the type of
melanin produced.  Consideration of the synthesis reaction kinetics offers one possibility.  In
the presence of cysteine, the formation of phaeomelanin monomers from DOPAquinone is
favoured.  With low or zero levels of DCT, DOPAchrome will not be converted to DHICA,
increasing the probability of its reaction with cysteine.  Similarly, with limiting TYR, the
irreversible step from DHI to IQ will be less likely to occur.  Such an argument is not
particularly convincing, however.

Two other aspects of melanogenesis are likely to play more significant roles in mediating this
change.  The first is the regulation of intra-melanosomal cysteine, which, more than any other
factor, influences the nature of the melanin produced743.  This is attested to by the increase in
phaeomelanogenesis seen following the addition of cysteine to the culture medium of
melanocytes in vitro1238.  Transport of cysteine across the melanosomal membrane occurs by an
active mechanism89 §1051, but how this is regulated is unknown.  Agouti may be involved here as
it reduces both systemic and follicular cysteine levels§437.

The second potential mediator is the OCA2 protein, predicted to be a 12-transmembrane anion-
transporter, consistent with its melanosomal membrane location136.  OCA2 regulates
intramelanosomal pH, and this in turn can affect melanin type33.  One way in which an anion-
transporter could assist in the maintenance of a low internal pH would be by transporting a
suitable counter-ion to maintain a trans-membrane charge balance.  It remains to be seen if this
is actually the case, and there are some who advocate a role for OCA2 as a transporter of
tyrosine764.

Whether agouti signalling does regulate phaeomelanogenesis via cysteine levels, via OCA2, or
by an as yet unknown mechanism remains to be determined.  What is clear is that there are
aspects of agouti signalling yet to be elucidated, its ability to stimulate an influx of Ca2+, for
one673.

2.4 Summary
The morphology and biochemical activities of the melanocyte have evolved to enable it to
perform a specific function with great efficiency: the regulated production and distribution of
melanin within the epidermis.  While melanin is photoprotective, it and its precursors are also
chemically reactive molecules, so melanogenesis carries a degree of risk of cellular damage.  By



2–25

2:
 M

el
an

oc
yt

e 
bi

ol
og

y

encapsulating melanogenesis within a specific cell-type and exporting only the final product,
the majority of cells need not be exposed to this risk.  This exposure is further diminished by
regulation of melanogenesis so that melanin is produced only during times when its protective
advantage outweighs the inherent risk.

While the melanocyte may contain intrinsic sensors of melanin demand, it is exquisitely
sensitive to changes in local context as signalled by cytokines produced by adjacent fibroblasts
and keratinocytes.  These profoundly influence both the level of melanin production and the
proliferation rate of the melanocyte.  This enhancement of proliferation is coupled with an
inherently high threshold to apoptosis, necessary to provide melanocytes with the durability to
survive and function in what of necessity is a harsh environment.  Furthermore, the enzyme
DCT, essential in melanogenesis, also has anti-apoptotic properties, accentuating this
characteristic.

The melanocyte therefore leads a precarious existence, being highly responsive to proliferative
cytokines, having a reduced propensity for apoptosis, and existing in an environment where
genomic damage is not only extremely likely, but indeed, is a prerequisite of its function.
Given these characteristics, the surprising feature is not that neoplastic transformation of
melanocytes occurs, but that it is so rare.  The study of cell-lines derived from melanoma may
lead to a greater understanding of the mechanisms that prevent this change, and the ways in
which these fail.  This in turn may lead to the development of new and better therapies for
melanoma.
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Melanocyte biology (V3)
2.5 The genetic basis of melanoma
Introduction
V1 dealt with melanocyte molecular biology quite comprehensively, but the discussion of
melanomagenesis was decentralised, and only those aspects relevant to interpretation of
experimental results were dealt with in any depth.  The very brief review that follows is
intended to address this by presenting recent data from the study of melanoma genetics, and
by providing cross-referencing to other parts of the thesis where particular aspects are
discussed more fully.

Background
All biological processes are the result of interaction between the expression products of an
organism's genome and its environment, in its broadest sense.  Thus any change of phenotype
implies a change in one or both of these.  When phenotypic changes occur without
environmental cause, and when these changes are inherited by descendants of a cell or
organism, changes to the content or expression of the genome are very strongly implied.

This process is vital in embryogenesis as it allows the creation of differentiated tissues and
organ structures.  This operates by the successive elimination of expression of parts of the
genome.  This can have cascading effects since the mechanisms for genetic transcription are
themselves encoded by the genome, and are subject to the same selective alterations.  Through
the modification of expression of such transcription factors, entire suites of genes may have
their levels of expression altered or eliminated.  Ultimately, just those genes that are required to
provide the products necessary to perform functions beneficial to the organism as a whole
remain enabled, and their basal level of expression and the potential ways in which this may be
modified by changes in the environment are determined.  In this way, differentiation is the
implementation of the lessons learned by evolution.  Different types of cells may have subtly or
distinctly different molecular bases for the performance of even core functions, as differences in
these may be necessary for them to perform their basic roles, or to respond correctly to their
particular environments.  In consequence, each type of cell may have a different spectrum of
intrinsic vulnerabilities that may upset these finely tuned mechanisms.

As with embryogenesis and tissue differentiation, tumorigenesis involves a heritable change in
phenotype, and alterations of genomic content and expression are a virtual certainty.  Here,
changes to core regulatory processes occur within cells causing them to deviate from their
differentiated state.  Since the molecular bases for these, and their vulnerabilities, may vary
with cell lineage, each tissue or cell type may have its own set of potential paths for
tumorigenesis.  The ultimate goal of molecular oncopathology is to identify and understand
these paths to disease, and hopefully, armed with that knowledge, develop means to detect,
prevent, arrest, and correct the effects of these aberrant processes.
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The most fundamental source of information available to achieve this is the genetic analysis of
naturally occurring tumours and cell-lines derived from them, as this can provide insight into
tumorigenesis as it has actually occurred.  Coupled with functional knowledge gained from the
results of research into cellular molecular physiology, new candidates for involvement may be
identified, and using the tools of molecular biology, hypotheses can be tested in model systems,
where a specific molecular mechanism is disrupted or otherwise modified on the basis of its
involvement being known or suspected.  However, artificial systems may well produce
artificial results that may have little bearing on, or application to, the natural progression of
tumorigenesis.  For this reason, greater weight must be placed on the analysis of tumours and
derived cell-lines.

Genes implicated in melanomagenesis
Genes implicated by recent genetic studies of melanoma patients, predisposed kindreds,
tumours, and cell-lines are given in Table 2–2.  Brief notes on the genes implicated by the
strongest evidence follow, broadly organised by the functions of the encoded proteins, as far as
these are known.

Gene Lead author Year Observations
Reifenberger1643 2002 Exon 15 missense mutation in 1/15 primary melanomas

APC
Worm1692 2004

Truncating mutation with loss of heterozygosity (LOH) in 1/40
cell-lines.  Hypermethylation of APC promoter 1A in 5/40 cell-
lines and 9/54 biopsies

ATM Ramsay1075 1998 Mutation in radiosensitive melanoma cell-line
BRAF codon 600 mutation is perhaps the most common somatic mutation seen in melanoma, but it
does not appear to be a melanoma predisposition gene®1564.

Casula1545 2004
Mutation in 59% of tumours, but only 0.7% were germ-line (n =
569); in a second series, germ-line mutations were seen in 0.29%
of 358 consecutive patients

Libra1606 2005 Mutation in 15/23 primary tumours and 7/12 metastases
Willmore-Payne1688 2005 Mutation in 43/90 melanomas

James1580 2006 No germ-line codon 600 variations in 1 082 melanoma patients,
154 unaffected relatives, and 2 744 controls

BRAF

Stark1666 2007 Amplification in 3/76 cell-lines
Houlston540 1999 Ocular melanoma predisposition among BRCA2 families
Sinilnikova1661 1999 Germ-line mutation in 7/62 ocular melanomas
The Breast Cancer
Linkage Consortium1673 1999 Relative risk of melanoma in BRCA2 carriers or first-degree

relatives is 2.6 (n =  3 728)BRCA2

Iscovich1578 2002 Marginally significant association found between ocular
melanoma and 6174 del T mutation

Sauter1650 2002 Amplification in ALM (8/18), LMM (2/19), and SSM (4/71)

Yamaura1694 2005 Amplification in 6/17 melanomas seen by fluorescence in situ
hybridisation (FISH)CCND1

Stark1666 2007 Amplification in 3/76 cell-lines
Candidate gene for 1p36 linked melanoma predisposition.

CDC2L1 Feng1560 2002
Mutation in 1/20 cell-lines and 6/11 1p36 linked melanomas; four
polymorphisms found in conserved transcription factor binding
sites in promoter

CDK4 is a recognised minor melanoma predisposition gene.
Molven1618 2005 Linkage in only 3 families known; all are R24H

Goldstein1568 2006 Mutation in 5/466 families (2 137 patients) with familial
melanoma

CDK4

Muthusamy1624 2006 Amplification in 3/55 melanomas
Worm1452 2000 Mono-allelic silencing through promoter methylationCDKN1B Woenckhaus1690 2004 Mutation in 2/53 tumours

Table 2–2: Genes implicated in melanomagenesis (continues overleaf)
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Gene Lead author Year Observations
CDKN2A is the major known melanoma tumour-suppressor gene.  It encodes two proteins that are
each tumour-suppressors in their own right®1655.

p16

Casula1545 2004 Germ-line mutations were seen in 2.5% of 358 consecutive
melanoma patients

Begg1535 2005
A large international study of melanoma patients (n = 3 550)
indicates a lifetime risk of melanoma for mutation carriers of 28%.
Interestingly, while 18 of the probands had 3 or more first-degree
relations with melanoma, only 1 carried a CDKN2A mutation.

Goldstein1568 2006 Mutation in 178/466 families (2 137 patients) with familial
melanoma

ARF

Randerson-Moor1076 2001 Germ-line deletion of exon 1β affecting ARF, but not p16 in
melanoma-astrocytoma

Rizos1096 2001 Germ-line 16 bp insertion in exon 1β in melanoma
Hewitt1574 2002 Germ-line mutation resulting in haploinsufficiency

CDKN2A

Goldstein1568 2006 Mutation in 7/466 families (2 137 patients) with familial
melanoma

Rubinfeld1648 1997 Splice or missense mutations in 6/26 cell-lines increasing protein
stability

Reifenberger1643 2002 Mutations in 1/15 primary tumours and 1/22 metastasesCTNNB1

Worm1692 2004 Missense mutation in 1/40 cell-lines
Candidate gene for 1p36-linked melanoma predisposition.

CTNNBIP1 Reifenberger1643 2002 Point mutation altering translation start codon in 1/22 metastases;
reduced transcription seen

DDEF1 Ehlers1556 2005 Correlation with amplification in uveal melanoma (n = 25); a role
in motility suggested

DMD Korner1592 2007
Homozygous and hemizygous partial deletions in 2/55 and 1/55
melanoma cell-lines, respectively; sequence variations in 6/37
cell-lines; knock-down of dystrophin enhanced migration and
invasiveness

E2F1 Nelson1627 2006 Amplification in 12/12 cell-lines and 9/12 metastases; increased
expression in 8/9 cell-lines

EDNRB Soufir1664 2005 Germ-line mutation in 15/137 melanoma patients, statistically
significant with odds ratio of ~20

Amend1531 2004 No association between A61G polymorphism and cancer risk (n =
330)EGF

Okamoto1629 2006 A61G polymorphism correlates with disease-free period (n = 130)
Udart1676 2001 mRNA expression and FISH suggests increased copy numberEGFR
Chin1547 2006 Mutation in melanoma not reported

ERCC1 Povey1640 2007 Polymorphism associated with melanoma (n = 596)
Han1573 2005 D312N and K751Q associated with melanoma (n = 219)

Debniak1550 2006 K751Q/G156G genotype over-represented in late-onset
melanoma

Li1602 2006 Polymorphisms associated with increased melanoma risk (n =
602)

ERCC2

Millikan1615 2006
N312N and Q751Q genotypes associated with melanoma  (n = 2
485 primary melanomas; n = 1 238 secondary or higher order
melanomas)

ERCC4 Povey1640 2007 Polymorphism associated with melanoma (n = 596)

FAS Li1603 2006 Increased melanoma risk associated with some promoter
polymorphisms

FASLG Li1603 2006 Increased melanoma risk associated with some polymorphisms
HDAC4 Stark1666 2007 Deletion in 3/76 cell-lines

HMOX1 Okamoto1628 2006
~2-fold increase in risk of melanoma associated with short
microsatellite repeat in promoter thought to modulate level of
transcription

Howell1576 2005 No association between codon 241 status and risk foundICAM1
Vinceti1682 2006 R241 allele associated with ~4-fold increased risk of melanoma
Campos1543 2004 Missense mutations in 9/46 melanoma biopsiesING1
Stark1667 2006 Mutation in 0/83 primary melanomas and 0/55 cell-lines
Willmore-Payne1688 2005 Activating mutation in 2/74 metastatic melanomasKIT
Curtin1548 2006 Amplification or mutation in ~30% of primary tumours (n = 102)

Table 2–2: (continued)
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Gene Lead author Year Observations
Palmer1633 2000 Variant alleles more prevalent in those with melanoma (n = 460)

Kennedy1587 2001
Carriers of any of four variants investigated had relative risk for
melanoma of 2.7.  Those with D84E had relative risk of 16 (n =
123)

Landi1595 2005 Carriers of variant alleles have 2-4-fold increased risk of
melanoma (n = 267)

MC1R

Mossner1621 2007 Polymorphisms associated with melanoma (n = 422)
MDM2 Muthusamy1624 2006 Amplification in 3/55 melanomas

MET Puri1641 2007 N948S mutation found in 3/5 cell-lines; R988C mutation in 1/14
melanomas

Garraway1565 2005
Amplification seen by FISH in 2/19 primary and 27/160
metastatic tumours after identification as candidate by high-
density single nucleotide polymorphism (SNP) array analysisMITF

Stark1666 2007 Amplification in 9/76 cell-lines
Castiglia1544 2003 Biallelic inactivation in one melanomaMLH1
Korabiowska1591 2006 Deletion of exon 15 in 22/86 and exon 16 in 24/86 melanomas

MSH2 Korabiowska1591 2006 Deletion of exon 12 in 26/86 and exon 13 in 25/86 melanomas

Kraehn714 2001 Gene amplification associated with advanced cutaneous
melanomaMYC

Koynova1593 2007 Amplification associated with lower metastatic potential in
patients with CDKN2A deletion

NBN Debniak1549 2003
NBS founder mutation found in 2/80 consecutive melanoma
patients and 3/530 controls; this was not statistically significant,
but both melanomas had lost the normal allele

NEDD9 Kim1589 2006
Amplified in 23/63 metastatic melanomas and 12/35 cell-lines.
Increased expression in metastatic melanoma shown by qRTPCR
and protein analysis.

Guillot1571 2004 Review of 11 cases of melanoma/neurofibromatosis type 1
NF1

Rubben1647 2006 Loss of normal allele in melanoma from person with hereditary
neurofibromatosis

NME2 Hamby1572 1995
Mutation identified in one of a pair of autologous melanoma cell-
lines; the mutation was in the cell-line with the higher metastatic
potential

NOS1 Li1601 2007 Marginally significant association between two promoter
polymorphisms and risk of melanoma (n= 602)

Demunter1551 2001 Mutation in 23/69 primary and 9/35 metastatic tumoursNRAS
Stark1666 2007 Amplification in 3/76 cell-lines

OCA2 Jannot1581 2005 Polymorphism associated with melanoma (n = 113)
PPP2R1A Calin1542 2000 Mutation found in 1/14 cell-lines

Boni115 1998 No LOH or aberrant SSCP pattern in 23 primary and 17
metastatic melanomas

Celebi170 2000 LOH in 7/21 and sequence alterations in 4/21 metastatic
melanomas

Poetsch1038 2001 Some intronic alterations, and two amino acid changes, but only
in late-stage melanoma

Mirmohammadsadegh1616 2006
Promoter methylation in 62% of circulating DNA from metastatic
melanoma patients (n = 37), correlated with low expression in
corresponding tumours (n = 21)

PTEN

Stark1666 2007 Deletion in 8/76 cell-lines
PTPRD Stark1666 2007 Deletion in 7/76 cell-lines

Bartkova73 1996 Hemizygous deletion and mutation in melanoma cell-lines
RB1 Moll903 1997 Of the 243 second tumours seen among 5 856 retinoblastoma

survivors, 18 were melanoma
Guldberg451 1999 Two somatic mutations in 35 sporadic melanoma patientsSTK11
Rowan1114 1999 Mutations in 2/50 cell-lines, primary, and metastatic tumours

TFAP2A Woenckhaus1691 2003 Mutations in 4/50 tumours
Akslen21 1998 Mutation in 7/46 nodular melanomas

Zerp1506 1999 Mutation in 17/81 melanomas; frequency in metastases lower
than in primaries, and only in skin and not internal metastases

Parmar1002 2000 Non-conservative mutation in 2/15 melanoma cell-lines
Shen1657 2003 Increased risk in codon R72R homozygotes (n = 289)

TP53

Soto Martinez1663 2005 Variations seen in 8/39 tumours

Table 2–2: (continued)
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Gene Lead author Year Observations
Candidate gene for 1p36 linked melanoma predisposition.

TP73 Tuve1675 2004 Splice variants giving rise to dominant-negative proteins found
significantly more frequently in metastases (n = 19)

VDR Povey1640 2007 Polymorphism associated with melanoma (n = 596)

VEGFA Howell1575 2002 Promoter variations associated with melanoma, but also with
early stage disease (n = 152)

WRN Shibuya1658 2005 Three primary melanomas in a woman with Werner Syndrome

XPA Sidwell1660 2006 Spindle cell melanoma in xeroderma pigmentosum patient with
XPA mutation

XPC Blankenburg1541 2005 Intron 9 poly-AT polymorphism, intron 11 –6A, and exon 15
2920C variants associated with melanoma (n=294)

Winsey1689 2000 Exon 7 T allele associated with melanoma (n = 211)XRCC3
Bertram1537 2004 Exon 7 T allele study not corroborated

The genes listed are those implicated by the discovery of deletion, mutation, transcriptional silencing,
haplotype association, or amplification in studies using melanoma patients, members of familial melanoma
kindreds, or human melanoma cell-lines.  Studies involving changed protein expression only, or from animal
models alone are not included.  Where evidence is equivocal studies showing lack of involvement are also
listed.  "Associated" implies statistical significance.

Table 2–2 (concluded): Genes implicated in melanomagenesis

Genomic integrity
The melanocyte's primary recognised function is to produce melanin.  One evolutionary
advantage for this is that it appears to provide surrounding cells with protection against
genomic damage resulting principally from solar radiation.  Since melanin itself is a reactive
molecule capable of causing genetic damage, the system for its production is inducible upon
detection of the type of genetic damage against which it offers protection.  This places the
melanocyte in a precarious situation in that it must both experience, and survive genetic
damage in order to carry out its primary function.  This implies that as a result of its heritage,
mechanisms in melanocytes promoting apoptosis in response to genetic damage must be
attenuated, and thus melanocytes may be uniquely prone to mutation.

When compared with tumours from other tissues, melanomas might be expected to harbour a
greater number of genetic defects relating to DNA repair mechanisms, particularly nucleotide
excision repair, since the effects of their failure would closely simulate the melanogenic trigger,
and thus must not result in apoptosis.

In Table 2–2, are listed the genes ERCC1, ERCC2, ERCC4, WRN, XPA, XPC, and XRCC3,
encoding proteins involved in nucleotide excision repair, and in addition, MLH1, MSH2,
BRCA2, NBN, whose products participate in DNA mismatch repair and the detection and
repair of double-stranded DNA breaks.  ATM, which encodes a kinase linking DNA repair with
cell-cycle arrest as part of the BASC also appears in the list.

Maintenance of the integrity of the cellular genome as a whole, rather than at the DNA level, is
chiefly the province of the centrosome.  The work to be described in Chapter 5 led to a
prediction that centrosomal dysregulation may be important in the generation of the
aneuploidy and heteroploidy that is often seen in melanoma, and the validity of this was
established by the work described in Chapter 6.  Several genes encoding proteins known or
suspected to play a role in centrosome regulation are listed in Table 2–2: BRCA2, CDKN1B,
CDKN2A, HRAS, MDM2, TP53, and XRCC3.  Notes and references relating to evidence for
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involvement of the encoded proteins in centrosomal regulation are given in Table J–1, with the
exception of CDKN2A, as its involvement was not known at the time of writing.  McDermott et
al.1610 have shown that p16 may play a very significant role in centrosomal regulation, with
supernumerary centrosomes and aneuploidy resulting from its functional loss.  The
significance of this for melanoma in particular does not appear to have been reported.

Concerted changes of gene expression
In a fashion similar to the programming of cell fate during differentiation, when entire suites of
genes can be disabled by changes in transcription factor expression, so can multiple
coordinated changes be brought about during tumorigenesis by the modification of
transcription factor expression or function.  Several of the genes listed in Table 2–2 encode
transcription factors.

CTNNB1
The β-catenin transcription factor has several target genes that, if expressed, tend to promote
proliferation.  Perhaps most notable among these are CCND1, the gene for Cyclin-D1, a key
regulator of environmentally determined cellular proliferation and arrest, and MYC, a well-
known oncogenic transcription factor.  The ability for β-catenin to activate transcription is
regulated by the binding of an inhibitory protein, ICAT, encoded by CTNNBIP1.  An additional
transcriptional target very important in melanocytes, and with growing relevance to melanoma
is MITF®1597.  All of these genes appear in Table 2–2, but in some cases the functional
significance of the findings listed is not yet known.

MITF
MITF encodes a melanocyte specific transcription factor that is a major determinant of
phenotype®1600.  Its effects are more wide-ranging, however, and include suppressing apoptosis
through induction of the genes for the transcriptional repressor TBX2, the anti-apoptotic
protein BCL2, and the gene for the melanocyte-specific enzyme DCT, which has anti-apoptotic
properties {2–11}.  MITF also regulates MET1611, the gene for the HGF receptor, normally
expressed by melanocytes (see below).  Finally, MITF activation can reduce E-cadherin
expression and thereby lessen the cell's requirements for substrate adhesion, also aiding
metastasis777.

MYC
MYC, a transcriptional target of MITF, itself encodes a transcription factor, and among its
targets are very many genes with potential roles in tumorigenesis.  These include BRCA11612,
CDC21612, CDC2L11612, CCNA11582, CCND2124, CCNE11635, ODC11536, CDC25A1563, E2F1598, TERT1693,
and TP531646.  It also binds the CDK41612 promoter, but the functional significance of this appears
unknown.  It can function as a transcriptional repressor®1684, and in this capacity can prevent
p53-mediated transcription of CDKN1A and the production of the p21 CKI, effectively
constraining p53 to initiate apoptosis rather than cell-cycle arrest1653; and SMAD-mediated
induction of CDKN2B, preventing cell-cycle arrest in response to TGFβ1179 1559.  MYC and some of
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its functional targets are to be found in Table 2–2: CDC2, CDC2L1, CDK4, CDKN2A, E2F1, and
TP53.  Also present is its repressor492, APC.

TP53
The transcription factor encoded by TP53, p53, is a crucial component of the apoptotic response
in most cells, and the need to disable it for tumorigenesis to occur has led to it being perhaps
the most commonly mutated gene in all cancer types®1669.  Due to the specific functional
requirements of the melanocyte, discussed above, the generic apoptotic mechanisms that
operate in most cell types are probably significantly modified in them.  This is perhaps most
clearly illustrated with TP53, which, in contrast to most other cancers, is only rarely mutated in
melanoma.  This may indicate that p53-mediated apoptosis is less of a barrier to tumorigenesis
in melanocytes, or that mechanisms other than mutation of TP53 operate to overcome it.  In
addition to TP53 itself, Table 2–2 contains several genes whose encoded proteins modify p53
activity: CDKN2A, in its second role encoding ARF, ING1, MDM2, and TP73.

In the ARF, MDM2, p53 group, a common theme is proteolytic regulation.  MDM2, whose gene
is itself a transcriptional target of p53, binds p53 and promotes its destruction by proteolysis.
In this way, amplification of MDM2, as has been reported in melanoma {Table 2–2}, could
reduce the levels of p53 present in the cell and so attenuate the apoptotic process.  However,
MDM2 is similarly targeted by ARF, so mutation, deletion, or transcriptional silencing of its
gene, CDKN2A, would have the same effect.  As noted in the table, CDKN2A is a melanoma
tumour-suppressor gene of the first order, primarily, it is thought, because of its encoding of the
CKI p16.  However, due to the dual encoding property of CDKN2A, rare, if not unique in
humans, what affects the production of p16 and enhances proliferation is also very likely to
affect production of ARF, and attenuate apoptosis.  This may in part explain why p53 mutation
is relatively rare in melanoma: the function that would be achieved by this is already very often
served by the loss of ARF.

While the data concerning the status of ING1 in melanoma are sparse and equivocal, if
alterations do prove to be occurring, then p53 functions, including those governing apoptosis,
may be abnormal due to changes in its acetylation®1558.

TP73
This gene encodes a set of alternatively spliced transcription factors, similar to p53, but with
significant differences®1608.  One feature is the production of dominant negative splice variants
with the capacity to inhibit p53.  The molecular biology of p73 is very complex, and while
modification of the apoptotic mechanisms orchestrated by p53 may be occurring, alterations to
β-catenin channel signalling may prove to be more significant.  The observations that TP53
mutation is less frequent in metastases, while the expression of dominant negative p73 splice
variants is greater are interesting, but their joint significance is unclear.

See 'Inferred
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E2F1
E2F family transcription factors regulate genes involved in cellular proliferation and apoptosis,
and in particular, E2F1 is a functional target of repression by pRB through which cell-cycle
arrest may be imposed.  Amplification of E2F1 in melanoma has been reported {Table 2–2}, but
there appear to have been no reports of mutational analysis of this gene in melanoma.  More
broadly, mutation seems rare, as none was found in a panel of 406 human tumours, not
including melanoma932.  In theory though, mutations affecting binding with pRB might be
expected, and an examination in melanoma is warranted.  E2F1 binds pRB through the latter's
large pocket domain, and while E2F proteins do not contain the LXCXE motif associated with
this binding mode, E2F1 and E2F4 both contain the similar LXSXE motif thought to be

functionally similar301, and the corresponding coding part of the E2F1 gene would make a
sensible initial subject for investigation {See 'LXCXE relatives' on page H–5}.  Additionally, the 18
amino acid region identified by Shan et al.1654 could be explored.

TFAP2A
This gene encodes the AP-2 transcription factor that is implicated in the regulation of several
genes with possible significance to melanomagenesis®1533.  These include CDH1, CDKN1A, FAS,
KIT and VEGFA.  This set of targets suggests an important role in the processes of proliferation
control, apoptosis, angiogenesis, and metastasis.

Altered environmental responses
Direct alteration of transcription factors can have multiple effects, but this can also occur when
the regulation of intact transcription factors is altered, by the interactions among ARF, MDM2,
and p53, for example.  Dysregulation of transcription factors can also result from alterations to
the signal transduction channels that lead to them and implement cellular responses to both
internal and external events.  Genes for many of the components of these channels occur in
Table 2–2.

Growth factors and their receptors
Of chief importance in the melanocytic context are KIT and EDNRB, which encode respectively
a receptor tyrosine kinase and a G-protein-coupled receptor.  The effects of activation of these
receptors and their modes of signal transduction are described in Section 2.3.

The significance of alterations to KIT is not clear, and they may play different roles in different
tumours or in different stages of tumorigenesis.  KIT signalling in melanocytes can contribute
to survival and initiate melanogenesis, but it can also cause apoptosis.  Most often, KIT
expression is lost in advanced tumours, but there seems to be a subset, perhaps where the
apoptotic aspect is disabled by another means, where KIT expression remains high or
constitutive activation through mutation is seen.

Endothelin signalling through EDNRB can contribute to proliferation and cellular migration,
giving altered activation a potential role in invasion.  It also enhances the cell's sensitivity to α-
MSH, an adrenocorticotropic hormone that binds the MC1R receptor.
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Activation of the MC1R receptor causes increased transcription of MITF, and carriage of variant
receptors appears to increase risk of BRAF mutation1594 (see below), although the mechanism
for this is not known®1552.  Further studies into the functional significance of the polymorphic
receptors are warranted.

Vitamin D is produced in the skin, and so local levels around melanocytes may be high.  The
receptor for this, encoded by VDR, is a transcription factor whose targets are implicated in the
regulation of many processes.  Signalling can reduce proliferation through effects on Cyclin-D
and CKIs, such as p21 and p27, and it can also induce apoptosis.  Involvement in cell adhesion
is also known, giving it a possible role in the regulation of metastasis.  Certainly it is a plausible
candidate as a significant contributor to melanomagenesis, but as yet the data are too sparse to
allow any conclusions to be drawn®1631.

The growth factor EGF is implicated in melanocyte proliferation, so the reports relating to this
and its receptor EGFR are interesting, but equivocal, and their significance is yet to be
established.  The role played by other EGFR ligands, such as TGFα is also worthy of
investigation.

MET is the gene for the receptor for the growth factor HGF®467 and is a transcriptional target of
MITF1538.  MET signalling promotes proliferation in melanocytes1083 and this is usually achieved
through paracrine interactions, but melanomas frequently produce HGF1611, thus establishing
autocrine stimulation777.  This may have implications not just for proliferation, but also for
metastasis1561 1632, as any dependence on adjacent tissues for stimulatory HGF will be removed,
and such a role would be consistent with the higher levels of MET expression seen in later
stage tumours1625.  It has also been suggested to play a role in protection against apoptosis1538.

Signal transduction elements
Aberrant constitutive activation of the RAS/RAF/MAPK signalling channel is a common
feature of many types of cancer®1696, principally as a means of driving cellular proliferation.
Perhaps the most significant advance in the understanding of melanomagenesis in recent years
has been the recognition of BRAF as a key target for somatic mutation, with constitutive
signalling being the typical result.  Its significance is at least two-fold in that it can cause
elevation of Cyclin-D1 levels even in the absence of cellular adhesion1539, and by promoting the
phosphorylation of the MITF transcription factor, which enables it to bind its p300 cofactor and
become active.

The MITF gene and its protein product MITF are both targets of another major signal
transduction channel.  Signalling via PI3K/AKT1 results in activation of genes containing the
CRE motif, and these include MITF.  Simultaneously, the GSK3β kinase is phosphorylated and
disabled, preventing it from phosphorylating and inactivating the MITF that is produced.  Thus
constitutive activation of both the RAS/RAF channel and the PI3K channel will ensure that any
MITF present is competent both to bind DNA by virtue of not having been phosphorylated by
GSK3β, and to bind its cofactor p300, by virtue of phosphorylation by AKT1.  Furthermore,
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inhibition of GSK3β will increase the stability of β-catenin elevating transcription of MITF and
thus increasing the amount of MITF available to be activated.  Simultaneously, the levels of
Cyclin-D1 will rise both from increased β-catenin-mediated transcription of CCND1, and also
from increased protein stability due to the inhibition of GSK3β.

In Table 2–2 the genes for several elements of these signal transduction channels are listed:
BRAF, NRAS, and PTEN.  When functional, the first two operate to activate RAS/RAF channel
signalling, while the PTEN phosphatase opposes PI3K and dampens signalling through that
channel.  Consistent with the tumorigenic advantage to be had by unconstrained signalling
through both channels, activating mutations and amplification are seen for the first pair, while
deletion or loss of expression are seen for PTEN.

Regulation of proliferation
The critical regulator of proliferation that appears to be lost in melanoma, like many cancers, is
the pRB-mediated subsystem®1604, wherein unphosphorylated pRB is able to bind and hold
inactive a host of proteins including members of the E2F family, whose targets are genes that
initiate and maintain progression through the cell-cycle.  Table 2–2 lists the gene for pRB itself,
RB1, the gene for the kinase responsible for its phosphorylation, and thus the release of cells
from proliferative inhibition, CDK41529, and CDKN2A355, which encodes p16, a specific inhibitor
of CDK4.  These three constitute the known melanoma predisposition genes, and by far the
most important is CDKN2A.  Also present in Table 2–2 are CCND1 and CDKN1B, whose
encoded proteins also regulate the cell-cycle primarily through pRB.  The first encodes Cyclin-
D1, the activating partner of CDK4, so the amplification seen is consistent with pRB being the
functional target.  CDKN1B encodes the CKI p27 that has specificity for CDK2.  In conjunction
with its activating Cyclin-A or Cyclin-E partner, this kinase phosphorylates pRB during S-
phase, but it also has other targets that drive cell-cycle progression.

Regulation of apoptosis
Hyperplasia is an essential aspect of tumorigenesis, for without it, there could be no tumour.
Traditionally, hyperplasia has been considered to result from aberrant proliferation of cells, and
indeed this is a very significant contributor to it, but failure of cells to die by apoptosis can also
contribute to hyperplasia.  More importantly perhaps, many mechanisms intended to remove
aberrant cells do so by initiating an apoptotic programme in the cell.  These may be purely
internal, for example in response to the detection of irreparable DNA damage, may be
triggered by an inappropriate cellular context, a process termed anoikis, or initiated from
outside the cell via signal transduction, as occurs through operation of immune system
surveillance.  Given the magnitude of the derangements that must occur in a cell during
tumorigenesis, an intact apoptotic mechanism would very likely be triggered and the cell
would die, so aberrations in genes whose products participate in the apoptotic process are
virtually universal in tumours.  Genes encoding proteins involved in apoptosis listed in Table
2–2 include TP53, CDKN2A, FAS, FASLG, ING1, MDM2, and TP73.  All but FAS and FASLG
were discussed above.
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The FAS/FASLG system implements apoptosis directed from outside the cell, typically in
conjunction with T-lymphocytes, and the mechanism is independent of p53.  The role these
play in melanomagenesis is currently unclear, as is the significance of any polymorphisms
affecting their genes.

Promotion of angiogenesis
Very little is known concerning how melanoma promotes angiogenesis.  This is a critical area
since connection of the tumour to the vasculature provides a channel for metastasis, and
melanoma tumours appear to gain metastatic potential very early in their development.  Given
the very much poorer prognosis for metastatic melanoma as opposed to melanoma in situ,
therapy directed at preventing angiogenesis may be helpful, but there are practical limitations
to this.  At presentation, either a tumour has metastasised or it has not.  If it has not, and is
excised, angiogenesis becomes irrelevant; if it has metastasised, then the damage is already
done.  A thin opportunity for an anti-angiogenic agent exists by way of prophylaxis.  If a
specific and safe agent were developed, it could be routinely used by those thought to be at
most risk through genetic predisposition or environmental exposure.  This might prevent any
melanoma that does occur from metastasising before it can be detected and removed.

Of the genes listed in Table 2–2 only one is strongly implicated in angiogenesis, VEGFA®1670.
Ectopic expression of AKT1 in experimental melanomas can result in increased production of
VEGF and this correlates with a transition from radial to vertical growth of tumours1569.  As
AKT1 is on the signal transduction path for KIT, the receptor for the major melanocyte cytokine
SCF, alterations in receptor expression or activation may lead to increased VEGF production,
and such changes do occur (see above).

Metastatic progression
A large measure of the seriousness of cancer is that it can become a disseminated disease and
affect bodily functions in tissues both distant from its point of origin and different in type.  For
melanoma, the progression to metastasis tends to occur quite rapidly, and from primary
tumours of only small size.  Given the poor prognosis for metastatic melanoma, any advances
in the understanding of this process have significant therapeutic potential.

The implication in melanomagenesis of ICAM1, which encodes an adhesion protein, and
DDEF1, whose encoded protein may have a role in cellular motility, offer small increments of
knowledge.  In contrast, the study of Kim et al.1589 is a brilliant example of the application of
modern techniques to addressing this poorly understood area, and their results may have very
significant implications for therapy.  After selecting for metastatic phenotype in an inducible
mouse melanoma model, the Nedd9 gene was identified as a candidate metastasis regulatory
gene by comparative genomic hybridisation analysis.  Investigation of the corresponding
human locus revealed it to be amplified in 23 of 63 metastatic melanomas and 12 of 35 cell-
lines, and increased expression in metastatic melanoma was shown by qRTPCR and protein
analysis.  Finally, gene knock-down experiments were able to attenuate the metastatic potential
of the original selected cell-line, and ectopic expression of NEDD9 conferred a metastatic
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potential on primary melanocytes.  This extraordinary study has all the hallmarks of a
breakthrough, and offers promise for the targeted development of an antimetastatic therapy for
melanoma.

Conclusion
The principal drivers of melanomagenesis are constitutive signalling through RAS/RAF and
PI3K channels leading to activation of AP-2, β-catenin, MITF, and MYC transcription factors
and the aberrant expression of their target genes.  These changes must be coupled with
suppression of regulation on proliferation, typically by disrupting the pRB subsystem, and
attenuation of the apoptotic response that generally follows from continuous stimulation.

The dual-encoding CDKN2A gene is quite clearly the most significant melanoma tumour-
suppressor gene.  Its protein products function independently in two of the key subsystems
whose disruption is essential in tumorigenesis: proliferation and apoptosis.  The discovery of a
functional role for p16 in centrosome regulation raises the importance of CDKN2A even further,
as it provides a partial explanation for the high level of genomic heterogeneity that is seen in
melanoma, and this is something thought to contribute both to the accumulation of genetic
changes that allow tumorigenesis to proceed, and the resistance these tumours have to
conventional therapies.

The gene responsible for 1p36-linked melanoma predisposition kindreds has not been
identified, although several plausible candidates exist.  The 2005 study of Begg et al.1535, in
which it was found that only 1/18 melanoma patients with three or more affected first-degree
relatives carried a CDKN2A mutation, certainly implies that one or more important melanoma
predisposition genes remain to be identified.  Their discovery may well shed more light on the
molecular processes involved and offer new directions for therapeutic intervention, as
exemplified by Kim et al.1589 in their identification of NEDD9 as a potential target of great
promise.





3 The NZM cell-lines

3.1 Establishment
For many years, the Auckland Cancer Society Research Centre (ACSRC) has been establishing
cell-lines from tumour material excised during surgical resection, including many derived from
metastatic melanoma.  These were designated NZM 1 to NZM15 in the order of their
establishment.  Table 3–1 gives general data about the origin of each cell-line, and includes
chromosome counts obtained during initial karyotyping, and an indication of whether the cell-
line produces readily discernible quantities of melanin in culture.  NZM8 is omitted, as it is no
longer extant.  To date, these have been characterised in terms of their in vitro response to
irradiation846 and chemotherapeutic agents844 845, karyotype846 966, and TP53 status1002.  They are
an obvious resource for the furtherance of our understanding of the commonalities among
melanomas with a view to developing an effective therapy.

Cell-line Patient age (sex) Tumour site Chromosome number Melanotic
NZM1 Obturator lymph node 71–78846 No
NZM2

47 (M)
Deep iliac lymph node 71–78846 No

NZM3 69 (M) Cervical lymph node 78–95846 No
NZM4 56 (M) Malignant ascites 110–120846 No
NZM5 79 (M) Axillary lymph node 40–43846 Yes
NZM6 72 (F) Small intestine 79–88846 No
NZM7 36 (M) Cervical lymph node 55–59846 Yes
NZM7.2 Sub-clone of NZM7 n.a. Yes
NZM7.4 Sub-clone of NZM7 n.a. No
NZM9 80 (M) Axillary lymph node ~84966 No
NZM10 52 (M) Lung n.a. No
NZM10.1 Sub-clone of NZM10 n.a. No
NZM11 74 (M) Subcutaneous lesion ~78966 No
NZM12 19 (M) Small intestine ~49, ~108966 No
NZM13 81 (F) Neck nodule ~88966 No
NZM14 72 (M) Thigh skeletal muscle ~51966 No
NZM15 63( M) Subcutaneous neck nodule ~76966 No

Table 3–1: ACSRC metastatic melanoma cell-lines studied

3.2 Lack of primary tumour material and paired normal tissue
Early stage melanoma usually presents as an atypical mole, and in the New Zealand context is
often simply excised by a General Practitioner.  Where melanoma is suspected, the tissue is
fixed and sent for histological analysis.  Therefore, without enlisting the cooperation of General
Practitioners, and, bearing in mind that melanoma is rare and most excised lesions will be
benign, it is a difficult task to obtain primary material.  It is also the practice of the hospitals
with which the ACSRC collaborates to send resected primary melanomas for histological study
in their entirety, preventing development of cell-lines from such material.  Consequently, all of
the melanoma cell-lines developed at the ACSRC are from metastases.  One implication of this
is that they may have limited value in the study of early melanoma development.

The commencement of the drive to establish tumour cell-lines predated the boom that has
occurred in the field of molecular biology, particularly molecular genetics, and the protocols in
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place did not anticipate the great value that matched normal tissue or DNA from blood might
provide; consequently, no such material is available.  It is therefore not possible to state
whether a DNA sequence variation found in a cell-line is an insignificant polymorphism
present in normal tissue, and similarly, the utility of microsatellite markers for genetic analysis
is reduced.  Now, wherever possible, a blood sample is also obtained from the patient.

3.3 The relationship between NZM1 and NZM2
These two cell-lines were derived from the same patient, with NZM1 being established first,
and NZM2 being established from material resected four weeks later.  As such, they form a
useful resource for the investigation of tumour diversity and of on-going changes in late-stage
disease.

3.4 Sub-cloning
Cytogenetic studies of these cell-lines have shown them to be highly heterogeneous in terms of
chromosomal content {Table 3–1}, with this being reported as a range.  As part of their initial
characterisation, cellular DNA content was assessed by flow cytometry, the results of this
investigation being reported in Chapter 5.  To explain fully the cell-line nomenclature used here
necessitates the early presentation of some data from that chapter.

Previous flow cytometric analysis of NZM7180 brought to light the fact that it contained
multiple populations differing in base DNA content, a phenomenon known as heteroploidy,
rendering mathematical modelling of cell-cycle phasing impossible without the imposition of
artificial constraints, a facility not present in the available Modfit LT software in any case.  Since
such an analysis was to be required in the determination of the integrity of the G1 restriction
point, firstly, NZM7 was excluded from the experimental panel as unsuitable, and secondly,
sub-clones of NZM7 were isolated by the propagation of individual cells in a quest to obtain a
cell-line of uniform ploidy for use.  Ultimately nine were established and these were designated
NZM7.1 to NZM7.9.  Of these, two have been the subject of further investigation and are
included in this study, namely NZM7.2 and NZM7.4.  While they have very similar cellular
DNA content, they differ markedly in the production of melanin.

Similarly, during the course of this work, NZM10 was found to be heteroploid, leading to the
establishment of NZM10.1, however in this case, since the work had been commenced with the
parental NZM10 cell-line in the subject panel, it was retained.

The further investigation of the extent of heteroploidy within the NZM cell-lines, together with
the quest for a molecular explanation for this, form significant parts of the work at hand.
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The NZM cell-lines (V3)
3.5 Extension of the existing material
The NZM cell-lines in culture
General characteristics
The NZM cell-lines are diverse in many respects but do have a number of common
characteristics, albeit with variation in these too.  Generally, they are easy to maintain in culture
{Method 2} and grow well in alpha minimal essential medium (αMEM) supplemented by fetal
calf serum (FCS).  For the work described here, FCS is used at 10% v/v, but more recent
practice in the ACSRC has been to use 5% v/v, with supplemental insulin, transferrin, and
selenium.  The NZM cell-lines are adherent, and passaging is by trypsinisation for 5 min
{Method 4} with reseeding of approximately 10% of the cells.  Weekly inspection to determine if
passaging is required is satisfactory, and where not required, medium replacement is
undertaken.

Morphologically, the predominant cell shape among the NZM cell-lines is the bipolar spindle,
but there is considerable variation in the length of the cells.  Other morphologies exist
including round cells, those with a large cell body and a few dendritic processes, and
polygonal cells that form a dense tiling.  Multiple morphologies can exist in some cell-lines
either simultaneously, or appearing after increased time in culture or at higher cell density.

Cell pellets tend to be off-white in colour, with some notable exceptions: where there is a high
level of melanin production by the cells, brown to black pellets are seen.

Standard cryopreservation techniques are suitable for the NZMs {Method 5}.  Storage involves
the addition of dimethylsulphoxide (DMSO)-containing medium followed by slow cooling to
–80 °C, and then submersion in liquid nitrogen.  Recovery is by rapid warming to 37 °C and
washing in fresh medium before seeding {Method 6}.

Idiosyncrasies of NZM cell-lines in culture
In keeping with their common origin, NZM1 and NZM2 are indistinguishable in culture.  Both
are relatively slow growing with large cell bodies and several relatively long dendritic
processes that are often branched once, or rarely twice.  The cells maintain contact with one
another through these processes and tend not to crowd together.  Consequently, density at
confluence is initially quite low, but does increase as cells pack more closely with continuing
culture.

NZM3 cells are predominantly bipolar spindles, but tripolar spindles are seen frequently.
Cultures grow as a network of interconnected dense islands of cells leaving voids on the
substrate, suggestive of limited mobility.

NZM4 grows particularly uniformly and cleanly in culture, arresting at confluence and being
able to survive in that state for weeks, provided that the culture medium is replaced weekly.
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Cultures adopt a network growth pattern like NZM3, with interconnected islands of densely
packed cells.  The cells are almost entirely bipolar spindles with a large central cell body that
appears very bright by phase contrast microscopy.

NZM5 has an appearance unique within the panel of cell-lines studied here.  It has very small,
very poorly adherent cells that typically appear by phase contrast microscopy as very bright
round cells with a frilled margin.  The occasional spindle-shaped cell is to be seen, but whether
this indicates natural phenotypic variability, or low-level cross-contamination with a cell-line of
practically equal proliferative potential is unknown.  Sub-cloning of NZM5 may be warranted
to investigate this.  NZM5 cultures will grow to very high density, easily ten times that of any
of the other cell-lines, and at high density, spherical clumps of several hundred cells each form
and detach from the substrate.  NZM5 is a producer of copious melanin, and its cell pellets are
virtually black, and, uniquely among the cell-line panel, DNA extracted from NZM5 is also
nearly black as a result of this high melanin content.  No method of DNA extraction yet
attempted has produced DNA not heavily contaminated with melanin.  This is more than a
cosmetic issue as melanin can interfere with downstream applications such as PCR {See 'PCR
amplification of NZM5 DNA ', beginning on page 8–21}.  One approach not yet tried is to isolate
nuclei first and then extract DNA from these in the hope that the melanin present in the cells is
predominantly in cytoplasmic melanosomes, and can be eliminated before release of the DNA
into solution by nuclear lysis.

NZM6 cells are generally bipolar, extended spindles, although tri- and higher order symmetries
occur.  Cells pack well and cultures achieve a high confluent density.  NZM6 produces
considerable debris in culture suggestive of a high rate of cell death.  Despite this, NZM6 is
particularly reliable in culture and has been adopted by other workers as a research tool.

NZM7, NZM7.2, and NZM7.4 are similar in all respects in culture except one: NZM7 and
NZM7.2 produce significant quantities of melanin and when harvested, cell pellets are of a
mid-brown colour; in contrast, NZM7.4 is amelanotic, and cell pellets are the usual off-white
colour.  The NZM7 group is relatively homogeneous in morphology, having spindle-shaped
cells, but these are notable for their short, blunt ends.  Cultures expand quickly and to high
density, but the cells will quickly die off if cultures are not passaged at or before confluence.

NZM9 cells generally have variably sized, flattened cell bodies, with two or three processes of
moderate length.  Occasional giant cells are to be seen.  Cultures proliferate a little more slowly
than average, and maintain uniform density across the substrate, implying cellular mobility.
Moderate levels of subcellular debris are generated.

NZM10 is notoriously difficult to maintain, and quite variable in culture.  Morphologies range
from greatly extended spindles, often binuclear, to giant, multinuclear cells that may contain
many apparent voids.  When recovered from cryogenic storage, it can take many weeks for a
culture to approach confluence, even in the smallest flask routinely used.  Seeding of too few
cells during passaging can result in a culture that stalls.  At very high density, local variations
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in cell morphology develop that raise concerns about the possibility of cross-contamination,
concerns that prove to be unfounded when explored by DNA sequencing or microsatellite
analysis.  In an attempt to address this, variations in culture medium were tried including
differing concentrations of FCS, from 5 to 15%, and the inclusion of supplemental glutamine,
insulin, transferrin, and selenium.  None yielded more consistent growth than the standard
αMEM/10% FCS/antibiotics medium.  It is quite plausible that this variability is an effect of
the genomic instability found in this cell-line, described in this work.

The authenticity of NZM10.1 is in doubt as a result of the microsatellite analysis undertaken
during V3.  By this measure, it seems likely that at some point, possibly even as early as during
its sub-cloning, it has been contaminated with NZM4 and may have been supplanted by this
faster growing cell-line.  However, the data are internally inconsistent and the issue remains
unresolved.  This situation is described more fully elsewhere {See 'Doubt over NZM10.1
authenticity', on page 8–36}.  With that proviso, NZM10.1 presents as cells with very large cell
bodies and usually bi- or -tripolar spindle morphology.  Giant cells, often free-floating are seen
not infrequently, and triplets of free-floating apparently telophase cells are to be seen.

The morphology of NZM11 is unique among the cell-lines studied here.  The cells are small and
appear star-like with two to twelve short points when at low density.  This changes at high
density to create a closely fitting tiling of polygonal cells.  Cells are very strongly adhering and
can require trypsinisation for 15 min, or replacement of trypsin, before detaching from the
substrate.  Cultures expand quite slowly, but due to the small size of the cells and efficient
substrate tiling, will grow to high density.  The cells are also remarkable for their relatively low
refractility when observed by phase contrast microscopy.

NZM12 cells have long processes, typically two, that extend from an oval cell body.  Cultures
grow as a loose mesh, implying good mobility, and to high density with no tendency to cluster.
A low level of variably sized subcellular debris is generated.

NZM13 cells are of mixed morphology, being typically bi- or tripolar spindles, but with
triangular cells also being seen, especially when growing at low density.  Very large cells are
also not uncommon.  NZM13 cells disperse across the plastic substrate during growth,
implying a high degree of mobility.  It is among the more slowly growing cell-lines.

NZM14 cells are very elongated bipolar spindles that at high density form intricate, swirling
patterns as the cells mutually align themselves.  It is more strongly adhering than most cell-
lines, and extended trypsinisation is sometimes required.

NZM15 cultures expand quickly.  The cells are remarkable for their variability in shape and for
their relatively large cell bodies.  Cultures produce subcellular debris in a variety of sizes, but
not to the extent of NZM6.  By phase contrast microscopy, cells appear to be of generally low
refractility, but with a granular cytoplasm.  The general appearance of cultures might best be
described as "untidy".
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Phase contrast microscopy
The developments in digital photography since the V1 work have made the acquisition and
processing of photomicrographs a very much less complex undertaking, and the inclusion of a
set of images for the cell-lines under investigation as they appear during culture is an
appropriate addition to this brief chapter.

The methodology is trivial, with the exception of the image processing step using Photoshop
software.  In this, captured images were subjected to automatic level assignment and
desaturated to convert them to greyscale.  To make the brightness uniform across all images,
the "levels" tool was used to adjust the gamma for each image until the median pixel brightness
was 100, as determined by the histogram display.  Scale bars were then added, their size being
determined from images of a haemocytometer grid captured during each session in order to
account for different camera zoom settings.

NZM1 NZM2

NZM3 NZM4

Figure 3–1: NZM cell-lines studied as imaged by phase contrast microscopy (continues overleaf)
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NZM5 NZM6

NZM7 NZM7.2

NZM7.4 NZM9

NZM10 NZM10.1?

Figure 3–1: (continued)
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NZM11 (medium density) NZM11 (high density)

NZM12 NZM13

NZM14 NZM15
The morphology of NZM11 cells alters significantly at high density, and cultures adopt a polygonal tiling of
translucent cells.  Two images are therefore shown for this cell-line.  Scale bars = 100 µm.

Figure 3–1 (concluded): NZM cell-lines studied as imaged by phase contrast microscopy



4 Experimental rationale and strategy

4.1 Rationale
Altered cellular proliferation is a hallmark of cancer.  One major molecular subsystem that
regulates this has at its core the retinoblastoma-associated protein, pRB.  It has no known
inherent catalytic activity and acts by sequestering or modifying the function of other proteins.
This it does in a phosphorylation-dependent manner.  Broadly, when hypophosphorylated it
binds proteins and constrains proliferation, and when hyperphosphorylated, it releases them
allowing cell division to proceed.  Its degree of phosphorylation changes in synchrony with the
cell division cycle, increasing late in the G1 phase, and decreasing during mitosis.  The principal
kinase involved in this phosphorylation is CDK4, which is activated by D-class cyclins.  These
cyclins are themselves induced by mitogens, linking cellular proliferation to the extra-cellular
context via pRB.  CDK4 kinase activity is influenced by members of two classes of inhibitors
(CKIs), among them p15, p16, p21, and p27.  Their expression is also subject to regulation both
by extracellular and intracellular events.  The pRB protein acts to integrate diverse positive and
negative growth signals, ultimately determining if the cell proceeds into S-phase of the cell-
cycle, or arrests in G1.  It has been found that in melanoma tumours, and in cell-lines derived
from them, elements of this subsystem, particularly p16 and pRB, may be defective in all cases.
The study at hand had its origins in the quest to discover if this was true of the NZM cell-lines.

4.2 Strategy
The experimental strategy employed comprised two parts.  In the first, a functional analysis of
subsystem integrity was made based on cell-cycle phase perturbation after withdrawal of
serum growth factors.  The principal tool employed was flow cytometric determination of
cellular DNA distribution in experimental cultures.  As a prelude to this, a comprehensive
study of the DNA content, or ploidy, of the cell-lines was needed, providing additional
characterising information about the NZM cell-lines that is valuable in its own right.  In the
second, a molecular and genetic survey of subsystem components was made, with emphasis on
pRB and p16.  The tools employed were PCR, single-strand conformation polymorphism
(SSCP) analysis, DNA sequencing, and Western protein analysis.

An extensive
review of the

pRB
subsystem is
presented in
Appendix H.
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Experimental rationale and strategy (V3)
4.3 Rationale
Few changes were required to the experimental designs in place for V1, and the thrust of the
new experimental work was to improve the techniques developed where necessary, and
replicate earlier results.

The V1 9p21 integrity study was based on PCR, and the results were at best counterintuitive,
and at worst, technically badly flawed.  There was a need to revisit this work to determine if
unknown factors may have contributed to the variations in amplification seen, and to confirm
or disprove these results.  Reduced DNA sequencing costs have meant that a preliminary
mutation screening tool such as SSCP is no longer economically required, and given that it
suffers from a false negative detection rate of ~20%, the move to direct sequencing of all exonic
PCR products was justified for V3.  Since no matching normal DNA is available for the NZM
cell-lines, results of loss of heterozygosity studies based on microsatellite analysis cannot be
informative in the general case, and an exhaustive survey of all such loci involved in V1 was
not warranted.  However, investigation of microsatellite allele length for loci in and around
9p21 does have the potential to establish that two alleles are present, and that information is
potentially useful.  In addition, such an analysis would serve to characterise these cell-lines
further.  Hence, there was a case for undertaking a study of microsatellite allele length variation
for a small number of loci.

The results of Western blotting experiments in V1 were not of good quality, despite the
investment of a great deal of time.  This needed to be addressed in V3, and firm results
obtained, with particular attention being paid to the analysis of pRB.  Furthermore, rather than
simply seeking to determine if pRB is expressed or not in each cell-line, information about its
phosphorylation status under different conditions was to be gathered, as it may reveal more
about the integrity, or otherwise, of this molecular mechanism, an important aim of this thesis.

One of the outcomes of V1 was the establishment of a strong case, albeit circumstantial and
largely theoretical, for numerical dysregulation of centrosomes in the NZM cell-lines as a cause
of the heteroploidy and ongoing genomic instability observed.  This was thought important
enough to warrant the inclusion in V3 of preliminary investigations to determine if this
hypothetical defect was indeed present.

4.4 Strategy
At the heart of the PCR strategy for V1 was the development of a touch-down thermal cycling
program that allowed the amplification of a variety of targets and avoided the time-consuming
optimisation step.  The primary change in strategy for V3 was to optimise individual cycling
conditions, something made much easier with the advent of thermal gradient cycling
machines.  As will be described, other possible ways of improving the reliability and
reproducibility of PCR were developed as V3 progressed.
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Given the lack of matched normal DNA, a survey of all the microsatellite loci involved in V1
was not warranted, and virtually the same degree of information was likely to be obtained by
the inspection of just three: one between the CDKN2A and CDKN2B genes at 9p21, and one in
each of the flanking regions thought from the V1 work to be intact in all cell-lines.  The most
expeditious methodology available was the separation of fluorescently tagged PCR products
by capillary electrophoresis, performed by the Genomics Unit of the School of Biological
Sciences as a contract service, and this approach was adopted.

Efforts toward improving the results of Western analysis centred on the use of different
antibodies, mostly in an attempt to resolve an outstanding issue relating to an apparently non-
specific band in the pRB blots.  This turned out to be a rather larger issue than had been
anticipated, and revealed that the V1 pRB blots may have been wrongly interpreted, as will be
described in the relevant chapter addendum.  To allow a qualitative study of pRB
phosphorylation to be made, phosphatase inhibitors were included in the protein extraction
buffer for V3, something unnecessary in V1 where only pRB presence or absence was being
investigated.  Concentration of protein extracts by centrifugally driven ultrafiltration units
replaced the problematical vacuum sublimation method and facilitated the loading of greater
amounts of protein.  The basis for loading equivalency was changed from equal cell numbers to
equal total protein, and in conjunction with this, more stringent protein quantitation methods
were employed.  The efficacy of this approach was established by reversible membrane
staining.  A move was made to nitrocellulose membranes rather than polyvinylidene fluoride
(PVDF), trading off reduced protein retention against reduced background.  Use was made of a
new digital gel documentation system, greatly facilitating image capture in comparison to
traditional film-based systems.

The study of centrosomal regulation was effected by immunofluorescence microscopy of cells
simultaneously labelled for DNA, α-tubulin as a marker of the mitotic spindle, and pericentrin,
as a marker of centrosomes.  Laser scanning confocal microscopy was available on a limited
basis to explore this further.  The experimental strategy was to inspect mitotic cells to
determine the prevalence of incorrect centrosome numbers, and their degree of involvement in
events likely to lead to genomic instability and the generation of aneuploidy and heteroploidy.
The best control for these experiments would probably have been normal melanocytes,
however the risk that these might take too long to procure and establish was not taken.
Instead, tumour-associated fibroblasts, readily available in the ACSRC as a by-product of cell-
line establishment, offered a solution, albeit not an ideal one.

4.5 Hypotheses to be explored
It was hypothesised that in the NZM cell-lines the following are occurring:

• functional failure of the pRB-mediated G1 arrest mechanism;
• centrosomal numerical dysregulation.
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4.6 Specific objectives
Developmental objectives
Objectives to be met in order to establish an effective experimental system included:

• to establish methods for the extraction and accurate quantitation of very high
quality DNA from the NZM cell-lines;

• to establish optimal PCR conditions for the gene and microsatellite targets of
interest;

• to establish methods for the extraction, concentration, and accurate quantitation of
soluble protein from the NZM cell-lines, preserving protein integrity and
phosphorylation status;

• to characterise and validate the NZM cell-lines by ploidy and microsatellite
allelotype;

• to establish optimal methods of Western blotting to detect proteins of interest, and
variation in the phosphorylation status of pRB;

• to establish methods for the immunofluorescent study of centrosomal regulation in
the NZM cell-lines, including cell culture, labelling, and image processing.

Experimental objectives
Objectives to be met in order to investigate the hypotheses above included:

• to assay the functional integrity of the pRB-mediated G1 arrest mechanism;
• to explore the genetic integrity of the tumour-suppressor genes CDKN2A and

CDKN2B, and the structural integrity of their chromosome 9p21 locus;
• to explore the expression of pRB and the 9p21 encoded tumour-suppressors;
• to explore aspects of the phosphorylation of pRB under different cultural stresses;
• to explore the integrity of centrosomal number and structure, and to describe the

nature of any aberrations identified.



Thesis





5 Ploidy

It was found by flow cytometric analysis that the NZM cell-lines all have aberrant DNA
content, ranging from near diploidy to dodecaploidy.  Some were composed of multiple
populations of differing ploidy, suggesting that such genetic instability is a dynamic
process, rather than a consequence of a single event in the development of the tumour.  In
most cases, the measured ploidy was close to, but not exactly, an integral multiple of
diploidy, or in some, triploidy.  The simplest mechanism able to account for all of these
defect classes is failure of centrosome numerical control.

These observations led to the recognition of a core centrosome regulation network,
overlapping in composition with that governing the nuclear cell-cycle.  Additionally, a close
link between the cellular stress response and centrosome dysregulation was established.  The
majority of the cell-lines are known to contain defects in elements of this network,
explaining the aberrant ploidy observed.

The evolution of centrosomal regulation and its coupling to genome replication is discussed
briefly, and it is argued that the location and biological function of the melanocyte render it
particularly vulnerable to centrosomal dysregulation and thence, genomic instability.

5.1 Introduction
During work investigating the effects of TGFβ on cell-cycle progression180, it was found that at
least some of the melanoma cell-lines under study were heterogeneous in terms of cellular
DNA content.  As a significant part of this work will entail flow cytometric determination of
cell-cycle phasing, the presence of such populations would hamper the analysis of the resultant
data.  Furthermore, determining the underlying DNA ploidy of the cell-lines, and of any
heterogeneity in this, contributes important information toward their characterisation.  It also
provides a benchmark for each cell-line against which any further genomic instability in vitro
can be compared.

5.2 Experimental design
Flow cytometry provides a rapid, sensitive, and simple technique for the evaluation of cellular
DNA content for large populations of cells.  While being insensitive to subtle variations of
chromosomal structure, it is entirely adequate for the detection of gross genomic derangements
such as aneuploidy, hyperploidy, and heteroploidy.  To obtain a measure of absolute ploidy for
a cell-line, its measured modal DNA fluorescence must be related to that of normal human
cells, and peripheral blood leukocytes (PBLs) provide an ideal standard.  Exactly how to
compare the two values is not a trivial matter.  The interactions between DNA content,
propidium iodide concentration, cell number, sample volume, multiple populations, and
variable proliferation rates, as they relate to measured propidium iodide fluorescence, are
poorly understood.  The incorporation of normal human PBLs into the samples for analysis141

provides an internal standard, and coupled with a relatively high propidium iodide
concentration, many of these uncertainties can be eliminated.  The utility of flow cytometry is

See A.5 for
background
information
about flow
cytometry.
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such that the data for the standard can be isolated and analysed separately from the remainder
of the sample.

5.3 Methods in brief
Melanoma cells were seeded into P100 tissue culture plates at a density of ~100 cells/mm2 in
Alpha minimal essential medium (αMEM) supplemented with 10% v/v FCS and antibiotics
{Solution 11}.  When approaching confluence, the cells were harvested by trypsinisation
{Method 4} and fixed in methanol {Method 30}.  For each melanoma cell-line, equal quantities
(5 x 105) of fixed cells and of previously methanol-fixed PBLs were combined, stained with
propidium iodide (final concentration 50 mg/L) {Method 31}, and analysed for DNA content
by flow cytometry {B.11}.

5.4 Results
Data acquisition
Instrument settings were established such that modal DNA fluorescence peak amplitude (FL2-
H) and signal integral (FL2-A) both occurred near channel 100, except in the case of NZM10,
where 50 was found to be more appropriate.  Regions corresponding to the PBLs and
melanoma cell components were constructed based upon the differing light scatter
characteristics of the two cell-types, and corresponding to singlet events based on propidium
iodide fluorescence {Figure 5–1}.  Gating on combinations of these regions allowed the separate
analysis of the leukocyte standard and the melanoma cells.  Data for a minimum of 5 000, but
generally 20 000 events of interest were collected for analysis.

The inset density plot shows the positioning of regions to isolate the different cell-types within a sample.
Key: X-axis = forward scatter channel number; Y-axis (logarithmic) = side scatter channel number; point
colour gives the relative frequency of occurrence of the event type (blue = low; white = high).

The enclosing dot plot shows the positioning of a region to isolate singlet events.
Key: X-axis = event DNA fluorescence integral (FL2-A); Y-axis = DNA fluorescence signal width (FL2-W);
point colour indicates the region in the inset plot to which each event belongs: green represents events in the
‘Melanoma cells’ region; red, those in the ‘Leukocytes’ region.

Figure 5–1: Region placement
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Cellular DNA distributions

NZM1 NZM2

NZM3 NZM4

NZM5 NZM6

NZM7.2 NZM7.4

Figure 5–2: Melanoma cell-line DNA profiles (continues overleaf)
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NZM9 NZM10

NZM10.1 NZM11

NZM12 NZM13

NZM14 NZM15

Key: X-axis = event DNA fluorescence integral (FL2-A); Y-axis = normalised relative abundance; black area =
leukocyte component; grey area = melanoma cell component.

Figure 5–2 (concluded): Melanoma cell-line DNA profiles
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Uniformity of PBL staining
The distribution of modal channel numbers for DNA in PBL populations among all samples
had a coefficient of variation of 1.6% indicating that there was very little variability in staining
among experiments.  In light of this, with the concentration of propidium iodide used here, the
incorporation of PBLs within each sample was probably unnecessary, and a single separate PBL
sample would have sufficed.

Abnormal absolute ploidy
In the case of NZM10, where classification of peaks as G1 and G2 was not possible by
inspection, a separate similar experiment was performed with cells cultured in the presence of
the mitotic inhibitor, paclitaxel (data not shown).  This caused an accumulation of cells with a
G2 DNA content at the expense of G1, allowing the unambiguous classification of peaks.  For
each sample, the maximum channel number for the G1 peak of each component was
determined, and absolute ploidy calculated by reference to the PBL component {Table 5–1}.  All
melanoma cell-lines displayed abnormal absolute ploidy.

Cell-line
(component)

PBL
G1 peak

Melanoma
G1 peak

DNA
ploidy

NZM1 106 210 1.98
NZM2 108 196 1.81
NZM3 109 217 1.99
NZM4 110 323 2.94
NZM5 105 114 1.09
NZM6 111 235 2.12
NZM7.2 (1) 109 146 1.34
NZM7.2 (2) 109 299 2.74
NZM7.4 (1) 109 151 1.39
NZM7.4 (2) 109 304 2.79
NZM9 111 233 2.10
NZM10 (1) 51 107 2.10
NZM10 (2) 51 144 2.82
NZM10 (3) 51 233 4.57
NZM10 (4) 51 320 6.27
NZM10.1 111 256 2.31
NZM11 110 211 1.92
NZM12 111 138 1.26
NZM13 (1) 111 138 1.24
NZM13 (2) 111 272 2.45
NZM14 110 126 1.15
NZM15 112 227 2.03

Parenthesised numbers following cell-line designations denote different identifiable sub-populations.  The
inset graph shows the ploidy for each component (X-axis) relative to diploidy.

Table 5–1: Melanoma cell-line DNA ploidy

The measured cellular DNA contents were in accord with cytogenetic data available for some
cell-lines846 966, and there is a high level of correlation (R2 = 0.96) between the mean reported
chromosome count {Table 3–1}, and the DNA ploidy {Figure 5–3}.  Most appeared to have DNA
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ploidies close to 2I x diploid (I, a non-negative integer), suggesting a process acting on a
genome-wide basis.  Other mechanisms are implied by the presence of 2I x triploid lines, and
minor departures from both types.

Bars are the count range; lines x = 1.0 and y = 46 indicate normal diploid content.  NZM7 ploidy has been
inferred from that of NZM7.2 and NZM7.4 by taking their mean.  No cytogenetic data exist for NZM7.2 and
NZM7.4 and these are therefore omitted.  The NZM13 data point reflects the ploidy of the second sub-
population detected by flow cytometry.

Figure 5–3: Ploidy correlation

Heterogeneity of ploidy within cell-lines
Several of the cell-lines contain multiple sub-populations with differing base DNA content.
This is most obvious in the NZM10 cell-line, and, being noted early in experimentation, led to
the isolation and establishment of the NZM10.1 sub-clone.  A similar observation had
previously been made for the NZM7 cell-line, also leading to the establishment of sub-clones of
pure ploidy {3.4}.  In other cell-lines, the effect was more subtle, with additional peaks being
visible in NZM6 and NZM13, and disproportionately high G2 peaks coupled with evidence of
high DNA content cells in NZM7.2 and NZM7.4.  Interestingly, these NZM7 sub-clones were
again displaying evidence of heteroploidy, and in the newer NZM10.1 sub-clone, the presence
of a shoulder on the G1 peak suggests that it too is inherently genomically unstable.

The presence of the heteroploidy seen here, together with similar reports by others61 245, raises
the possibility that this may be a general characteristic of melanoma.  In this regard, the results
from NZM1 and NZM2 warrant consideration as these were derived from the same patient at
different times.  While no distinction in chromosome count was made, there was a discernible
difference in DNA ploidy.  Furthermore, the populations appeared to be relatively pure by this
criterion.  Perhaps the best explanation of this observation is that the underlying primary
tumour was itself genomically unstable and in all likelihood heteroploid, and that the different
metastatic tumours used in the establishment of the cell-lines developed from cells of differing
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ploidy.  Two implications arise from this.  The first is not unexpected: that genomic instability
in the primary tumour can continue after metastatic potential has been achieved.  The second is
that it is the presence of genomic instability that is associated with tumorigenesis, not its
magnitude.

5.5 Discussion
NZM10 as a model
These static measurements of DNA content confirm for melanoma the general observation that
genomic derangement is associated with tumorigenesis.  Among the cell-lines, NZM10 stands
out as having the most complex ploidy pattern {Figure 5–4}.  As such, it potentially offers the
greatest scope for investigating the underlying causes of melanoma ploidy defects and is
therefore the subject of greater scrutiny.

The major NZM10 component has a G1 peak at channel 144, making it nominally hexaploid.
The peak at 320 is both too intense and at too high a channel number to be attributable to the G2

phase of this component.  Its breadth and the presence of a minor peak at the expected channel
288 suggest that it may be the overlap of the corresponding G2 phase, and the G1 phase of a
component with higher base DNA content, being nominally dodecaploid.  To explore this
further, use was made of the mitotic inhibitor paclitaxel in a separate experiment.  In its
presence, cells arrest in mitosis with the consequent elimination of G1 and S populations.  When
this was performed, the 288–320 peak was much smaller, establishing that G1 cells of higher

Key: X-axis = Event DNA fluorescence integral; Y-axis = relative abundance; boxed numbers are the channel
numbers for the local maxima.  Members of each separately coloured horizontal series differ by a factor of ~2
from each neighbour.  In two pairs of series, base DNA content is related by a factor of ~3.  The peak for
normal leukocytes, not shown, was at 51.

Figure 5–4: NZM10 population components
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ploidy were indeed a major constituent of it (data not shown).  This is further supported by the
presence of a small, but discernible peak at 566, possibly corresponding to G2 cells.  The
difficulty of maintaining genome integrity can be appreciated on considering that in these cells,
approximately 140 pairs of chromosomes are being managed by a system evolved to deal with
only 23.

The hexaploid and dodecaploid components are part of an ordered series in which adjacent
members differ in base DNA content by a factor of approximately two.  The G1 peaks of this
series, overlapping with the G2 peak of the lower ploidy component, can be seen at 37, 70, 144,
288, and 566.  Other similar series with initial peaks at 107, 200, 233, and 320 are discernible.
There is also evidence of components with ploidies differing by factors of three, as illustrated
by the DNA peak pairs 37/107, and 219/659.  The presence of cells with even greater DNA
content implies that higher-order components exist.

The derivation of each of these populations cannot be certain, but a representative progression
might be as follows.  Cells with a normal DNA content, corresponding to channel 51, undergo
an imperfect polyploidisation, yielding the population with a G1 peak at channel 107.
Subsequently, erroneous genome partitioning during division results in the generation of
populations with one third, and two thirds of the polyploid DNA content, yielding the peaks at
37 and 70.  G2 cells derived from the G1 peak at 37 may also contribute to the peak at 70.

NZM10 encompasses all of the ploidy anomalies seen throughout the entire panel, and so
represents a useful model for future investigation of genomic instability in melanoma.

The molecular basis of genomic instability
Potential causes
For the base DNA content of a cell to differ from its progenitor implies that DNA synthesis was
not confined to exact doubling during the cell-cycle, that the DNA was not evenly distributed
among daughter cells, or that there were not exactly two such daughter cells produced after
genome doubling.  This analysis implicates the processes of replicated genome segregation
{Appendix J}, DNA replication licensing {Appendices K}, and cytokinesis {Appendix L}.  After
considering the likely effect on maintenance of ploidy of failure of each, the most probable
explanation for the patterns observed here appears to be a failure of centrosome numerical
control, able to account for both multiplication and fractionation of the genome by integral
factors and minor departures from these.

Centrosomes and cancer
This theoretical analysis is supported by the frequent reporting of aberrations of centrosomal
morphology and number in diverse cancers, very often being associated with aneuploidy,
hyperploidy, and chromosome missegregation {Table 5–2}.

See Appendix
K for a review

of DNA
licensing

regulation.

See Appendix
J for a review

of genome
segregation
regulation.

See Appendix
L for a review
of cytokinesis

regulation.
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Cancer type Observations
Biliary tract Atypical centrosome size, shape and number, particularly in late-stage disease728

Breast Excess, misplaced, disrupted, extended centrioles792 1521

Cervical Excess centrosomes, aneuploidy, tetraploidy1235

Colorectal Excess centrosomes in aneuploid cell-lines414 1521

Neuroectodermal Excess centrosomes and chromosome missegregation in TP53 mutant tumours1413

Ovarian Excess centrosomes, aneuploidy1521

Pancreatic Atypical centrosome size, shape and number, chromosome missegregation1139

Prostatic Excess centrosomes, aneuploidy1521

Squamous cell Excess centrosomes159

Table 5–2: Centrosome abnormalities in cancer

Centrosomes and melanoma
Given that melanoma is the tumour type of concern here, it is interesting that it is not
represented in Table 5–2.  This may not be because melanomas do not contain aberrant
centrosomes; more likely, it is because this has not been investigated.  A recent search of the
more than 11 million items indexed in the NIH PubMed database using the query phrase
‘centrosom* AND (melanoma OR melanocyt*)’ returned only nine records, none relevant to
this discussion.  A search of over 3 billion internet web-pages using the ‘Google’ engine found
no instances of ‘melanoma’ and ‘centrosome’ in the same phrase.

The molecular basis of genomic instability in melanoma
Consideration of the proteins associated with centrosomal regulation {Table J–1} and their
functional associates allows the formulation of a list of candidates potentially involved in
melanoma genomic instability.  If any are in fact involved, there should be indications in the
scientific literature of an association between their dysfunction and melanoma, even if
centrosomal abnormality has not been reported, per se.  Unfortunately, in many of the cases, no
data exist, notably for BRCA1, WEE1, CDC25C, PKMYT1, NBN, and SFN.  Nor have
components of the SKP1–cullin–F-box complex (SCFC) ubiquitin ligase, or its substrate
designators been investigated.  Such a study would be particularly interesting in the situation
where cyclin-E and p27 were found to be coordinately over-expressed65.

The available data are also deficient in another respect.  Predominantly, they derive from
studies of protein expression, and while these can be indicative, particularly where a protein is
found to be absent, since levels of expression are invariably determined by multiple factors, no
specific causal information can be obtained.  For example, over-expression of cyclin-E may
result from E2F dysregulation, which may result from pRB dysregulation, which may result
from p21 dysregulation, which may result from p53 dysregulation, which may result from
CHK2 dysregulation, which may result from ATM mutation.  At each step, multiple causative
branches may exist.  Ultimately, protein expression is determined by the interaction of the
genome and the environment within the bounds of physical laws.  The key to understanding
centrosome dysregulation, or any biological process for that matter, will not be uncovered by
studies of protein expression alone, but by the more fundamental study of molecular genetics.

A summary of published data is given in Table 5–3.  On the basis that data from genetic
analysis may provide greater insight than those based on protein expression, the salient
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observations are: a mutation in ATM; promoter methylation in CDKN1B; germ-line mutations
affecting ARF; amplification of MYC; deletion and mutation of RB1; mutation of TP53; possible
involvement of PTEN; and the association of ocular melanoma with BRCA2 mutation.  The
common feature of all of these is their contribution to the regulation of CDK2 and CDC2.
Consistent with the model of centrosomal regulation presented in Appendix J, these can be
logically divided into two classes, those affecting normal cell-cycle progression, and those
pertaining to a delayed or interrupted cell-cycle.  Defects of p27, MYC, pRB, and PTEN
function would fall into the first class, while those of ATM, p53, ARF, and BRCA2 would fall
into the second.  Arguably, the first class should be more frequent than the second since no
unusual additional stimulus would be required for any defect to become relevant.  This may
not be the case for the melanocyte however {See ‘Conclusion’, below}.

With these critical components identified by genetic analysis, the protein expression data {Table
5–3} can now be considered, and overwhelmingly, it is in support of this model, with over-
expression of cyclins, CDKs, CDK activating phosphatases, and transcription factors; and
under-expression of CDK inhibitors (CKIs) and elements of the BRCA1-associated genome
surveillance complex (BASC).  This set of candidates was reached solely based on their
involvement in centrosomal regulation and with only passing consideration given to any role
they may have in mediating the nuclear cell-cycle.  That the set identified is critical for the
latter in no way detracts from the candidature of its members as regulators of the former;
rather, it adds to their importance as oncoproteins or tumour-suppressors.

The available data contain some conflicting or puzzling observations.  While CDK2 has been
identified as a strong candidate centrosome regulator, no activating mutations were found in a
panel of 60 melanoma cell-lines1390.  This study sought mutations only in a region conserved
between CDK4 and CDK2 and implicated in inhibition of the former by p16.  Since p16 is
considered to be a specific inhibitor of CDK4 and the very similar CDK6, the absence of
mutations in this region is not surprising; nevertheless, the basis for the sequence conservation
between CDK2 and CDK4 remains unexplained.  Of much greater interest would be the results
of a quest for mutations affecting the binding of p27.  On a more general note, mutations
rendering CDK2 constitutively active would seem to be improbable since both the T14/Y15
and T160 phosphorylation controls would need to be simultaneously abrogated to achieve

this.

Expression of MDM2 and p53 have been reported to be both increased and diminished, and
that of p21 to be anomalously high in light of its inhibitory role.  The caveat concerning the
significance of protein expression data applies here.  Without knowledge of the underlying
cause of the altered expression, conclusive interpretation is impossible.  Both MDM2 and p21
are transcriptional targets of p53 and all are degraded by the proteasome.  Where p53 is
defective, MDM2 and p21 may be diminished; where proteasomal processing or targeting is
defective, all may be abundant.  In either case, a supervening explanation for centrosome
dysregulation exists.

See Appendix
I for a brief
review of
BASC, the
BRCA1-

associated
genome

surveillance
complex.
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Gene Observations
ATM ATM mutation in radiosensitive melanoma cell-line1075

BRCA2 Ocular melanoma predisposition among BRCA2 families540

CCNA Greater expression in melanoma than in benign naevi1307 1338

Greater expression in melanoma cell-lines than in melanocytes1307

CCNB Greater expression in melanoma than in benign naevi1338

Greater expression of cyclin-B1 in mouse melanoma cells with high ploidy§70

CCNE Greater expression in melanoma than in benign naevi411 1307

CDC2 Greater expression in melanoma than in benign naevi1338

CDC25A Greater expression in melanoma than in benign naevi1307

CDK2 Greater expression in melanoma than in benign naevi411 1307

No activating mutations found1390

CDKN1A Over-expression seen in 7/23 primary and 4/12 metastatic melanomas1340

CDKN1B
Expressed at high levels in primary melanomas in association with high cyclin-E expression65

Reduced expression in melanoma versus benign naevi634

Expression inversely correlated with disease-free survival in melanoma359

Mono-allelic silencing through promoter methylation1452

CDKN2A-β Germ-line deletion of exon 1β affecting ARF, but not p16 in melanoma-astrocytoma1076

Germ-line 16 bp insertion in exon 1β in melanoma1096

E2F Greater expression in melanoma cells than melanocytes, and altered levels of free versus bound
E2F465

GADD45A Reduced expression seen in primary melanoma710

MDM2
Expression seen in only 1/8 melanoma cell-lines1508

Over-expression commonly seen in large melanoma panel, especially in invasive and metastatic
tumours1043

MLH1 Reduced expression seen in primary melanoma710

MSH2 Reduced expression seen in primary melanoma710

MYC Gene amplification associated with advanced cutaneous melanoma714

PTEN
LOH in 7/21 and sequence alterations in 4/21 metastatic melanomas170

Some intronic alterations, and two amino acid changes, but only in late-stage melanoma1038

No LOH or aberrant SSCP pattern in 23 primary and 17 metastatic melanomas115

RB1 Hemizygous deletion and mutation in melanoma cell-lines73

TP53

Non-conservative mutation in 2/15 melanoma cell-lines1002

Expression seen in 15/20 tumours versus 0/20 matched normal tissues1071

Mutation in 17/81 melanomas1506

Mutation frequency in metastases lower than in primaries, and only in skin and not internal
metastases1506

Abnormally high expression in 22/121 tumours1432

Mutation in 7/46 nodular melanomas, over-expression in 4/31 primary tumours21

Expression in 41/50 melanomas versus 0/10 benign naevi1108

Level of expression correlated with tumour stage, patient age, and inversely with disease-free
survival1108

Table 5–3: Centrosomal regulators implicated in the aetiology of melanoma

The core melanoma centrosome regulation network
The culmination of the analysis above is the identification of a core regulation network, failure
of any component of which is likely to lead to centrosome dysregulation and thence
aneuploidy, hyperploidy, and heteroploidy.  The elements of this network and their principal
interactions are summarised in Figure 5–5.

The basis of heteroploidy in the NZM cell-lines
In the case of the particular melanoma cell-lines under investigation here, NZM4 has been
reported to be a TP53 mutant1002, and as will be described in following chapters, NZM6,
NZM7.2, NZM7.4, and NZM10.1 do not express pRB; NZM1, NZM2, NZM3, NZM9, NZM11,
and NZM13 are homozygously deleted for all or part of CDKN2A; and NZM12 is a CDKN2A
(ARF) mutant.  Of the remaining four, it is noteworthy that NZM5 and NZM14 display the
smallest departures from diploidy of any of the cell-lines.
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5.6 Conclusion
The evidence from the cell-lines studied here is that major abnormalities in ploidy are very
common, if not universal in melanoma.  The simplest explanation for the types of abnormality
seen is the failure of centrosome regulation; there is however no significant literature on the
role of such regulation in melanoma.  Indeed, in the broader literature, the detection of
centrosomal regulators such as p21, p53, and CDC2 in the cytoplasm, rather than the nucleus,
is considered a novelty1439.

Any analysis must therefore be partly speculative.  From a consideration of the molecular basis
of centrosomal regulation and known aberrations of components of this in melanoma, a core
centrosome regulation network can be identified.  It substantially overlaps the network that
governs the nuclear cell-cycle, not surprisingly in view of the need for close coupling between
the two.  In consequence of this overlap, failure of any common component may deregulate
both cycles, and it is by no means clear which event would contribute more to tumorigenesis.

Furthermore, there is a direct link between the cellular stress response, including the response
to genetic damage, and the centrosome cycle.  This stems from BASC and is mediated via p53
and CHK2.  Melanocytes, by virtue of their location, are under constant genomic assault from
ultraviolet radiation.  For them, the triggering of the DNA damage response is not an abnormal
event, but rather, a necessary concomitant, and possibly a crucial part, of their biological
function, the production of photoprotective melanin.  In melanocytes therefore, much more

Figure 5–5: The core centrosome regulation network
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than in any other cell-type, there is a dependency on the integrity of DNA-damage responsive
centrosome cycle control, and it is in melanocytes that any vulnerabilities in this control will
first make themselves known.

Ironically, the very act of responding to genomic damage by cell-cycle arrest could be self-
defeating.  Numerical control of centrosomes is not robust and centrosome re-duplication can
occur simply as a consequence of S-phase prolongation.  While evolution has provided a
rudimentary mechanism to delay the centrosome cycle under these circumstances, it is not
infallible, particularly in the context of the melanocyte.  Its failure will ultimately lead to the
most profound genomic instability, a hallmark of cancer.

Ultrastructural studies of melanoma must be conducted to determine the status of centrosome
regulation.  Other components of the core centrosome regulatory network must be screened for
mutation and altered expression.
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Ploidy (V3)
5.7 Clarification of the existing material
Correlation between ploidy and cytogenetic studies
There is an anomaly present in the ploidy correlation graph {Figure 5–3} with respect to
NZM13.  The information for the NZM cell-lines numerically less than 9 derived from the
survey of Marshall et al.846 and comprised chromosome count ranges, while that for the
remaining cell-lines included was obtained from a study being conducted by Dr Paul Oei966,
and comprised karyograms for a few mitoses from each.  From these, a single representative
figure for chromosome number was derived.  This accounts for the presence of range bars in
the graph for the data derived from Marshall et al., but only points for that from Oei.  It
transpired that the limited cytogenetic data available for NZM13 were far more consistent with
the near tetraploid sub-population detected by flow cytometry than with the predominant
near-diploid sub-population.  It was, therefore, the DNA ploidy for the former that was used as
the abscissa value for the NZM13 data point.  In consequence, there is a potentially confusing
disparity between the tabulated values for ploidy {Table 3–1} and those used for the graph.  To
clarify this, the legend for Figure 5–3 has been modified.

Additional data not shown in the original work
Visible peaks in the DNA fluorescence histogram for NZM10 could not be assigned to cell-cycle
phases by inspection due to its very complex nature, and this prevented the identification of
discrete sub-populations of differing ploidy.  To address this, an experiment where NZM10
cells were arrested by treatment with paclitaxel was undertaken so that peaks corresponding to
a G2 DNA content would be enriched at the expense of those of G1 and S content, thus allowing
their unambiguous identification.  This proved successful, and while the implications of this
result were used as the basis of discussion, the results themselves were not presented.  These
data are now given in Figure 5–6.

Key: X-axis = event DNA fluorescence integral (FL2-A); Y-axis = normalised relative abundance.  Numbers
show FL2-A values for peaks.  Arrows indicate transfer of events for a sub-population from G1 to M as a
consequence of paclitaxel treatment.

Figure 5–6: Effect of paclitaxel on NZM10 cell-cycle phase distribution
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5.8 Extension of the existing material
Rationale
Partly to seek to replicate the original data, and partly to confirm the identity of the cells
recovered from cryogenic storage to some degree, the DNA ploidies for the cell-lines included
in the original study were measured again by flow cytometry.  For the V3 work, the original
NZM panel was extended to include the parental NZM7 cell-line from which NZM7.2 and
NZM7.4 were derived.  This had been intentionally omitted from V1, as it was already known
to be heteroploid and so, unsuitable for use in experiments where cell-cycle analyses by
mathematical model fitting were intended, as is the case here.  Its inclusion in the panel
represents little additional work and has the potential to provide useful information.

Methods
The methods described for the original work were employed essentially unaltered.  On this
occasion however, the same cytometer settings were used for all cell-lines with the PBL G1

reference peak being set to approximately channel number 100 for both the FL-2 height and FL-
2 area parameters.  This is in contrast to the original work where NZM10 was treated as an
exception due to the many high ploidy peaks present, with the reference peak being set to
approximately 50.  Due to changes seen in the DNA profile for NZM10 in preliminary work
this was not required on this occasion.  Additionally, wherever possible, 50 000 gated events
were saved for each analysis.

Results
The DNA profiles obtained are given in Figure 5–7, and the peak fluorescence channel numbers
for control PBLs and NZM cells, together with the derived figures for DNA ploidy, are given in
Table 5–4.  Also given are the original figures for ploidy and a comparison of those with the
new data.
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NZM1 NZM2

NZM3 NZM4

NZM5 NZM6

NZM7 NZM7.2

NZM7.4 NZM9

NZM10 NZM10.1

NZM11 NZM12

NZM13 NZM14

NZM15

Key: X-axis = event DNA fluorescence integral (FL2-A); Y-axis = normalised relative abundance; black area =
leukocyte component; grey area = melanoma cell component.

Figure 5–7: Melanoma cell-line DNA profiles (V3)
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Cell-line PBL
G1 peak

Melanoma
G1 peak

DNA ploidy
(V3)

DNA ploidy
(V1) % difference

NZM1 119 216 1.82 1.98 –8.1
NZM2 118 223 1.89 1.81 4.4
NZM3 113 220 1.95 1.99 –2.0
NZM4 110 329 2.99 2.94 1.7
NZM5 109 110 1.01 1.09 –7.3
NZM6 113 226 2.00 2.12 –5.7
NZM7 114 155 1.36 n.d. n.d.
NZM7.2 117 146 1.25 1.34 –6.7
NZM7.4 116 147 1.27 1.39 –8.6
NZM9 114 230 2.02 2.10 –3.8
NZM10 114 244 2.14 2.10 1.9
NZM10.1 114 285 2.50 2.31 8.23
NZM11 116 201 1.73 1.92 –9.9
NZM12 114 139 1.23 1.26 –2.4
NZM13 113 143 1.27 1.24 2.4
NZM14 117 137 1.17 1.15 1.7
NZM15 119 232 1.95 2.03 –3.9

Peak values are DNA fluorescence integral local maxima; ploidy figures are the ratio of melanoma to PBL
peak values; the difference is calculated as (V3 ploidy – V1 ploidy) / V1 ploidy expressed as a percentage.
n.d. = no data.

Table 5–4: Melanoma cell-line DNA ploidy (V3)

Discussion
The DNA ploidy of NZM7
A datum absent from the original work due to the exclusion of NZM7 from the experimental
panel is now available: the DNA ploidy of the parental NZM7 cell-line is 1.36.  Since this is
identical to the value inferred from the measured ploidies of NZM7.2 and NZM7.4 at the time
of the creation of Figure 5–3, no replacement figure is necessary.

Evidence for heteroploidy
There was much less evidence of heteroploidy present on this occasion to the extent that only a
single population could confidently be identified in each cell-line.  Many cell-lines displayed a
small broad peak in the S-phase region, and while this could denote an additional G1

population of higher base ploidy than the major component present, corresponding G2 peaks
were not conspicuous.  Possibly some or all of these small peaks represent pulses of cells
passing through S-phase as a result of unintentional partial cell-cycle synchronisation during
culture.  Nevertheless, there are small indications of heteroploidy.  In several cases, there are
more events with greater than a G2 DNA content than would be expected in cells of pure
ploidy.  The NZM10.1 profile has anomalously broad peaks suggestive of aneuploidy.  In
NZM7.2, the unusually high G2 peak relative to G1, combined with the small peak at the
relatively tetraploid position are good indications of the presence of an additional sub-
population.
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Most interestingly, NZM10 displayed a very much more conventional DNA profile than in the
initial work, and had not the earlier complex profile been observed repeatedly at the time, as
evidenced by the paclitaxel data shown above, then its validity might be in question.  Subtle
cues to genomic instability do exist in the current profile however, in particular, the number of
events with higher than base G2 DNA content, and the barely discernible increase in this at
twice the DNA content of the small peak in the S-phase region.

NZM10 is notoriously difficult and variable in culture {See 'Idiosyncrasies of NZM cell-lines in
culture' beginning on page 3–3}.  Given the plasticity of the cell-line, and the potential for
unanticipated selection due to culture stress, it is possible that at times a culture may be
reasonably uniform in ploidy, even if it remains genomically heterogeneous, since equality of
DNA content by no means guarantees genomic equality.  A further possibility has been
uncovered, described more fully in Chapter 6.  By fluorescence microscopy using Hoechst
33342 as a nuclear label, NZM10 cells have been found to develop a variable size and number
of anomalous subnuclear nucleic acid bodies.  The incidence of these varies from cell to cell and
from culture to culture.  Their origins are unknown, and consequently, so is the basis for this
variation.  What influence these would have on ploidy measured by propidium intercalation is
uncertain, but it could reasonably be expected to result in a more complex than usual DNA
profile.  It is quite possible that the cells used for the initial ploidy analysis were experiencing a
high level of this phenomenon while those used in the current work were not.

Replicability and identity
With respect to the concordance of measured ploidy between the original and V3 assays, paired
assessments are within 10%, comparable to the variation present among the reference PBL
peaks.  The mean divergence between V1 and V3 data is 3.4%, and the standard deviation 2.6%.
This mean is not significantly different from zero (Student's t-test; p < 0.001).  The values for
NZM7.4 and NZM11 fall further than two standard deviations from the mean and might be
considered outliers.  NZM11's morphology is unique within the subject panel and the
possibility of misidentification is remote {See 'Phase contrast microscopy' in Section 3.5}.  In the
case of NZM7.4, a genetic feature unique within the subject panel confirms its identity {See
'DNA sequencing' in Section 8.4}.

Supplementary literature review
Aneuploidy
Genomic derangement of one type or another is a hallmark of all cancers, but the nature and
extent of this derangement is to a degree tumour-type dependent.  For example, near one end
of the spectrum of derangement lies chronic myelogenous leukaemia, where a well-defined
t(9;22) translocation that serves to activate the ABL oncogene is seen in the great majority of
tumours, but little other derangement is found1579.  Melanoma lies at or near the opposite
extreme of this spectrum.  While similarities in chromosomal aberrations found in cytogenetic
studies have suggested the presence of a number of genes critical in the tumorigenesis of
melanoma, or its prevention1626, overall, the karyotypes observed are heterogeneous not only
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among tumours from different patients1674, but also between primary tumours and
metastases1532, and among different metastases from the same patient1620 1634.  Such cytogenetic
studies as these also reveal derangements that go beyond the structural, and involve changes in
the total chromosomal content of cells through the complete loss of some chromosomes, to the
gain of additional copies of apparently structurally normal chromosomes, to the appearance of
marker chromosomes of sometimes obscure origin; changes collectively known as aneuploidy:
the departure from normal diploidy.  As is the case with structural abnormalities, heterogeneity
of ploidy between and among tumours and metastases is also seen when investigated with
techniques that measure the distribution of DNA content in populations of cells, such as flow
cytometry and image analysis®1652.

A summary of some representative ploidy studies of cutaneous melanoma tumours is given in
Table 5–5.  While the frequency with which aneuploidy was detected varied considerably
among studies, perhaps due to the inclusion criteria used in the study or the therapeutic
interventions taken prior to sample collection1681, it is clearly a common feature of melanoma.

Lead author Year Method Type n Diploid Aneuploid Heteroploid
Barlogie1534 1978 FCM met 7 0% 100% –
Wass1685 1985 FCM pri 14 36% 43% 21%
Wass1685 1985 FCM met 115 33% 52% 15%
van Roenn1683 1986 FCM pri 53 – 25% 4%
Kamino1584 1990 FCM pri 22 55% 45% –
Björnhagen1540 1991 IA pri 23 61% 39% –
Björnhagen1540 1991 IA met 35 54% 46% –
Slater1662 1991 FCM pri 12 75% 25% –
Rode1644 1991 IA pri 26 27% 73% –
Muhonen1622 1991 FCM met 107 31% 46% 12%
van Oven1681 1992 FCM pri 25 52% 44% 4%
Karlsson1585 1993 FCM pri 82 44% 56% –
Schmidt1651 1994 IA pri 12 67% 33% –
Talve1672 1997 IA pri 66 32% 68% –
Kheir1588 1998 FCM pri 172 72% 22% –
Korabiowska1590 2000 IA pri 106 6% 94% –
Pilch1638 2000 IA pri 58 14% 86% –
Pilch1638 2000 IA met 11 19% 81% –

FCM = flow cytometry; IA = image analysis; met = metastases; pri = primary; n = dataset size; – = not
reported.  Note: aneuploid includes tetraploid.

Table 5–5: Ploidy analyses of cutaneous melanoma tumours

Diversity
The flow cytometric study of Wass et al.1685 is of particular note.  Biopsy samples were obtained
from 14 patients with primary, and 86 with metastatic disease.  While no matched
primary/metastatic material was available, in five patients, samples were taken from multiple
metastatic tumours concurrently, in 14 patients samples were available from metastases
occurring at different times, and in four patients, multiple samples were available from discrete
areas of differing pigmentation within individual metastases.  The authors reported
discordance in the measured ploidy in three of the five cases of concurrent biopsies from
different metastases, in ten of the fourteen cases of biopsies taken at different times, and in one
of the four cases of biopsies from differently pigmented areas.  Similar results have also been
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seen using the method of image analysis.  Björnhagen et al.1540 found differences in the DNA
histograms associated with tissue from histopathologically distinct parts of a single primary
tumour.  Clearly, primary melanoma can be genomically diverse.

The Björnhagen et al. study could also address a question unanswered by that of Wass et al.1685,
as matched material from primary tumours and subsequent metastases was available.  In six of
fourteen cases where the primary tumour was predominantly diploid, the metastases were
predominantly aneuploid, and in four of nine cases primary tumours were predominantly
aneuploid while the metastases were predominantly diploid.  This was also seen in the study of
Rode et al.1644 who reported three of seven cases where aneuploid metastases arose from diploid
primaries, and one of thirteen cases where a diploid metastasis arose from an aneuploid
primary.  The conclusion to be drawn from these observations is that there is no correlation
between the transition to aneuploidy, as inferred from DNA content, and metastasis.

Heterogeneity
The results of the studies so far described primarily deal with the relationship between samples
where they have each been classified simply as diploid, aneuploid, and possibly tetraploid, the
thrust of the studies being to seek to correlate these classes with disease progression, drug
responsiveness, or some other clinical measure.  However, in some studies1534 1622 1681 1683 1685 where
flow cytometry was employed, the increased resolution of ploidy data available, due to the
greater number of cells analysed when compared to image analysis, led to the discovery that
even within tumours without histopathologically distinct regions, several aneuploid
populations with differing ploidy may be present.

Studies of ploidy variation in melanoma cell-lines are more sparse in the literature.  Among
karyotypic analyses, Liao et al.1605, and subsequently McCulloch et al.1609, reported on a panel of
seven cell-lines.  All displayed gross aneuploidy with a range of chromosome numbers present
in each.  One cell-line, M-6, had what was termed a random or diffuse distribution of
chromosome numbers in which no clear modal value was present.  Pope et al.1639 studied ten
cell-lines through metaphase spreads, and all were aneuploid by chromosome count, with a
range of counts being found in 20 spreads, including one with bimodal chromosome count
distribution.  The same panel was further studied1623, and again all cell-lines exhibited a range
of chromosome numbers, with some being clearly bimodal.  In the latter study, four of the cell-
lines were analysed again after a year or more, and small changes in ploidy were detected.

There appears to be a single report of a flow cytometric study of human melanoma cell-line
ploidy1659, and this was for a single cell-line, MeWo, which was found to contain two
populations of differing ploidy.

The current work in perspective
While the work described in this thesis pertains only to the flow cytometric study of ploidy in
human metastatic melanoma cell-lines, it is consistent with the published literature relating to
the analysis of human primary and metastatic melanoma tumours and short-term cultures
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therefrom, and with the published findings relating to human melanoma cell-lines when
explored with other techniques.  The current work describes what appears to have been the
only flow cytometric study of ploidy for a panel of human metastatic melanoma cell-lines
undertaken.

Since the genomic diversity seen in vivo is also seen in vitro, this suggests firstly that this
diversity is not merely an artefact of cell-line establishment or an adaptation to passage culture,
and secondly, that in vitro studies of genomic instability in cell-lines may well have relevance
in the context of tumours in vivo, and hence in the possible development of new therapies.

Remaining questions
None of the published studies attempts to elucidate the causes for this genomic instability, or
even speculates in any depth as to what these causes might be.  The causal relationship
between genomic instability and tumorigenesis in melanoma remains an open question: is it
that a failure of genomic regulation allows melanocytes to develop into melanoma, or is this
derangement simply an incidental consequence of a more fundamental flaw that also leads to
tumorigenesis?





6 Centrosomal integrity (V3)

The possibility that centrosomal numerical dysregulation may be contributing to unstable
ploidy in the NZM cell-lines was investigated by an immunofluorescence microscopic study
of mitotic cells in which α-tubulin, the centrosomal marker protein pericentrin, and DNA
were differentially fluorescently labelled.

Evidence of dysregulation was abundant, and aberrant mitoses were present in all cell-lines
studied.  Pericentrin accumulated in nucleoli, and its release from these reservoirs at
prometaphase entry suggests this may be a means of initiating spindle formation.

The results of this study prove that the loss of centrosome numerical regulation deduced
from the consideration of heteroploidy exists in reality, and further, that events of the types
necessary to account for this heteroploidy are indeed occurring in the NZM cell-lines. The
possibility that pericentrin regulation is defective in melanoma has arisen, and if this is so,
it could lead to the development of new therapies.

6.1 Introduction
The study of ploidy through flow cytometric analysis of cellular DNA content, described in the
previous chapter, has led to the proposal that failure of centrosomal numerical control is the
likely cause of the abnormal and unstable ploidy detected in many of the NZM cell-lines.
Before embarking on a screening process to determine the integrity of molecular targets that
might be involved in such dysregulation, a reasonable first step is to undertake a microscopic
study to determine if the hypothesised dysregulation is indeed occurring.  To do this, it is
necessary to count centrosomes in their cellular context.  Cells should either have one
centrosome if they are in the G1 or early S phases, or two, if they are in late S phase, G2, or
mitosis; any other number would represent an anomaly.  To determine if any numerical
aberrations that may be occurring are likely to lead to changes in ploidy, it is necessary to
observe the centrosomes during their critical period of activity, that is, when they are
orchestrating the segregation of the newly duplicated cellular genome during mitosis.  To
achieve these goals, the centrosomes themselves, the mitotic spindle apparatus that mediates
their organisational influence on the cellular genome, and the genome itself must be visualised
simultaneously in mitotic cells.  While ideally this should be done in live cells and events
followed in real time, the developmental effort required to achieve this degree of analysis
would only be warranted once definitive proof of the suspected dysregulation was available.

The method of immunofluorescence microscopic examination of fixed monolayer cell cultures
lends itself particularly well to the task of seeking to obtain this definitive proof.  Antibodies to
α-tubulin, a major component of both centrioles and the mitotic spindle, are commercially
available from many suppliers, but unfortunately, antibodies to core centrosomal components,
such as centrin, that are recommended by their manufacturer as suitable for
immunofluorescent studies are not, and many researchers use a mouse monoclonal anti-centrin
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antibody gifted by Professor Jeffrey Salisbury of the Mayo Clinic.  There is some inconsistency
in its nomenclature in the literature.  While it is most recently and commonly referred to as
clone 20H5, the citation given in the first such published usage§1680 refers to the isolation of a
mouse monoclonal dubbed 17E10§1649.  It seems probable that it was renamed to avoid
confusion with an anti-catalase antibody developed by Wiemer et al. also named 17E101686.  To
ensure ongoing availability of antibody, both in this work and for any who may seek to
replicate or extend it, the decision was taken to use a commercially available antibody to
pericentrin {E.12}, a centrosome-associated protein1554.  Work published using this antibody1697

and examples present in the manufacturer's data indicate that it should provide clear focal
labelling of centrosomes.  It must be noted that this antibody was raised against a synthetic
peptide that is also present in a related protein, kendrin.  For simplicity, the labelled protein
will be referred to as pericentrin for the purposes of discussion, but it must be borne in mind
that any conclusion drawn may apply equally well, or indeed only, to kendrin.  Since the
purpose intended for this antibody is simply to provide a centrosomal marker, which it does,
this ambiguity is of little consequence.  While bona fide centrosomes, that is, those that contain
centrioles, should show focal pericentrin labelling, the converse may not necessarily be true.  A
focus of pericentrin labelling may or may not contain centrioles and interpretation of any such
foci as centrosomes can therefore only be tentative, particularly where differences in focal size
are evident.  Nevertheless, since it has been shown that acentriolar pericentrin foci can also
nucleate microtubule growth1636, there may be no functional distinction between these and true
centrosomes.  Visualisation of the genome is relatively simply achieved through
counterstaining of cellular DNA using the conditionally fluorescent minor groove binding
bisbenzimide derivative 2'-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5'-bis-1H-
benzimidazole, also known as Hoechst 33342, or 4',6-diamidino-2-phenylindole (DAPI).
Selection of fluorescent secondary antibodies without significant overlap in their emission
spectra, or with that of Hoechst 33342 or DAPI, allows the simultaneous unambiguous
assignment of fluorescent signals to the specific targets under investigation, and, where
instrumentation permits, simultaneous capture of data for each.

6.2 Methods in brief
Cell culture
NZM cells, or early passage tumour-associated fibroblasts, were seeded in quadruplicate at low
density (~50 cells/mm2) in αMEM supplemented with 10% v/v FCS and antibiotics into 35 mm
diameter tissue culture plates, into each of which a sterile 22 mm x 22 mm glass coverslip had
previously been placed {Method 35}.  After ~ 3d, when phase contrast microscopy confirmed
that the cells had become adherent, had adopted their normal in vitro morphology, and
appeared to be proliferating as evidenced by the presence of detached, rounded, highly
refractile, presumably mitotic cells, one pair of coverslips for each cell-line was fixed in 3.5%
paraformaldehyde for 15 min and stored in PBS with added antibiotics at 4 °C until processed
{Method 36}.  After a further ~3 d, when cell density was somewhat higher, the remaining pair
of coverslips for each cell-line was similarly fixed and stored.
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Slide preparation
Working in reduced light as necessary, coverslips with fixed monolayer cells were treated with
Hoechst 33342, if this was the DNA stain to be employed, permeabilised with Triton X-100
detergent, blocked with BSA, incubated with primary antibodies against α-tubulin and
pericentrin, washed, incubated with an Alexa Fluor 488 conjugated secondary antibody specific
for the α-tubulin primary antibody and an Alexa Fluor 594 conjugated secondary antibody
specific for the pericentrin primary antibody, washed four times, dried, mounted with Prolong
Gold Anti-fade reagent, with or without DAPI as appropriate, cured, sealed, and stored at 4 °C
{Method 44}.  One slide of each pair was designated for fluorescent microscopic examination,
and one reserved for inspection by laser scanning confocal microscopy if this proved
warranted.

Controls
One set of control slides {Table 6–1} using NZM6 was prepared to validate the specificity of
antibody binding and explore the level of autofluorescence.

Control Anti-pericentrin Anti-α-tubulin Alexa Fluor 488 Alexa Fluor 594
Autofluorescence omitted omitted omitted omitted
594 non-specificity omitted omitted omitted included
488 non-specificity omitted omitted included omitted
594 cross-reactivity omitted included omitted included
488 cross-reactivity included omitted included omitted
Positive control included included included included

Table 6–1: Immunofluorescent labelling controls

Fluorescence microscopy and photography
Prepared slides were viewed by fluorescence microscopy using a Zeiss Axioskop 2 microscope
equipped with filter blocks suitable for the detection of the individual fluorophores employed
{Table 6–2}.  Separate images were captured with each relevant filter block at 2560 x 1920 pixel
resolution with an attached Sony DXC-S500 digital camera and image capture system and
saved as losslessly compressed PNG files for post-processing.  Image scale was determined by
comparison to images of the rulings of a standard haemocytometer grid taken with each
objective used.

Label Block ID Excitation filter Dichroic Barrier filter
DAPI or Hoechst 33342 48-79-02 (FS02) G365 FT395 LP420
Alexa Fluor 488 48-79-09 (FS09) BP450–490 FT510 LP520
Alexa Fluor 594 48-79-00 (FS00) BP530–585 FT600 LP615

Table 6–2: Fluorescence microscope filter blocks used

A small amount of laser scanning confocal microscopy was performed with expertise provided
by the Biomedical Imaging Research Unit of the Faculty of Medical and Health Sciences.

Image processing
Selected image files were processed using Photoshop, ImageJ, and GraphicConverter software
{E.9, E.18}.  Typically, the individual fluorophore images were imported into a Photoshop
document as separate layers, were constrained to discrete colour channels {Method 45},
adjusted for brightness and contrast {Method 46}, spatially registered {Method 47}, exported to
ImageJ as greyscale files and z-projected {Method 48} if necessary, before being merged into a

See Section
B.18 for
detailed
image

processing
methodology.
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composite image {Method 49}.  Rarely, slight image enhancement was performed, but this was
limited to noise-reduction and sharpening {Method 50}.  Scale bars were added and images
cropped as required in Photoshop.  Images intended for low-resolution usage were resampled,
compressed, or converted to other file formats with GraphicConverter or ImageReady {E.18} as
required.  At all points in the workflow prior to down-sampling, if any, the files were
maintained in a lossless format, typically TIFF or PNG.

Mitotic cell survey
For each cell-line under investigation, mitotic cells were sought by systematically scanning a
slide while observing the DNA staining under 200x magnification.  The first one hundred cells
where chromatin condensation was observed were scored according to the criteria described
below.  If fewer than 100 mitoses were found on one slide, the other slide for the cell-line
designated for fluorescence microscopy, with cells at a different density, was used as well.

Mitotic phase
The major divisions of mitosis, prophase, prometaphase, metaphase, anaphase, and telophase
were identified by observing the condensation state of the chromatin and its spatial
arrangement, together with the nature of any tubulin structures present, usually in association
with centrosomes.  Where chromatin condensation was observed in cells not obviously part of
a post-mitotic pair, and where this chromatin was apparently constrained to an approximately
spherical region, the cell was assigned to prophase.  Assignment to prometaphase was made on
the basis that this condensed chromatin did not appear to be constrained to such a region,
implying that nuclear envelope breakdown had occurred.  Where it appeared that
chromosomes were being organised into a metaphase plate or corresponding aberrant
structure, the cells were classed as metaphase.  Anaphase was inferred if chromatids appeared
to be being partitioned in association with centrosomally organised tubulin structures.  If the
chromatin had begun to disperse and an intercellular bridge was evident, but daughter cells
were still clearly attached, the cell was classed as being in telophase.  This definition of
telophase is rather broad and includes cells up to the point of abscission in cytokinesis.  Such
advanced cells are still suitable for inclusion in this survey.

Representative images of cells in each phase of mitosis are given in Figure 6–1.

Even in apparently normal mitoses, the divisions between mitotic phases were not always
clear-cut.  For example, the difference between the prometaphase and metaphase images in
Figure 6–1 is subtle, the distinction depending on the greater constraint of the condensed

Prophase Prometaphase Metaphase Anaphase Telophase

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–1: Examples of normal mitotic phases
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chromosomes to the metaphase plate seen in the latter.  In aberrant mitoses, assignment to a
mitotic phase was sometimes not possible at all due to the chaotic nature or conflicting
implications of the structures present.  In these cases, the cell was scored either in the phase
that it most plausibly resembled, or as indeterminate if no reasonable placement could be
made.

General aspect
An initial overall subjective assessment of cellular normality was made for each cell to be
included in the mitotic survey.  The cell was classed as normal if no unusual aspects were
immediately obvious.  It was classed as slightly abnormal if an unusual feature was observed,
but not obviously so severe as to interfere with the proper execution of mitosis.  Examples
include: the presence of micronuclei; a lagging chromosome during anaphase; a presumably
non-centrosomal pericentrin focus not influencing α-tubulin structure; centrosomes with an
extended or overly granular appearance; and an unusual chromatid arrangement during
metaphase.  It is almost certain that many cells classed as slightly abnormal would be found to
be within the range of normal variation if a larger study were undertaken; conversely, many,
particularly early mitotic cells, may have strayed further from normality if they had had the
opportunity.  Inclusion in this class is therefore indicative, rather than definitive.

Some examples of this class are shown in Figure 6–2.

A cell was classed as grossly abnormal if features were seen that seemed likely to result in an
aberrant mitosis, such as supernumerary centrosomes directing the formation of a multipolar
spindle, multi-nuclear cells, gross missegregation of chromatids, or other than binary anaphase
or telophase.

Some examples of this class are shown in Figure 6–3.

Centrosome number
For the majority of cells examined, identification of centrosomes by pericentrin staining was
unambiguous, and centrosomal number could be ascertained with a very high degree of
confidence.  This was not always the case, however.  There were many instances where

[a] [b] [c] [d]
[a]: NZM1 prometaphase cell with a small supernumerary centrosome indicated by the arrow.
[b]: NZM2 prophase cell with a cluster of four centrosomes.
[c]: NZM5 prometaphase cell that appears to be forming two separate spindles anchored by a single
centrosome.
[d]: NZM6 prometaphase or metaphase cell with weak spindle development for the state of chromatin
condensation, and unusual chromatin distribution.
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–2: Examples of slightly abnormal mitotic cells
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punctate pericentrin labelling occurred and the threshold beyond which a pericentrin focus
was classified as a centrosome was necessarily subjective.  In other cases, it was not always
clear if a particularly large-seeming centrosome was actually one, or two in close association or
optically aligned.  It was observed that telophase cells almost invariably had reduced
centrosomal pericentrin labelling, and in some cases fewer than two pericentrin foci ascribable
to centrosomes were observed.  Such cells contributed to the count of those with abnormal
centrosomal number, and if this phenomenon is actually normal, the consolidated data may
overstate numerical abnormalities slightly.

Centrosome morphology
An attempt was made to infer basic centrosome morphology from pericentrin labelling.
Intensity of labelling was taken as an indication of centrosome size, although it could equally
well indicate levels of pericentrin expression or centrosomal localisation.  Centrosomes were
classed as of normal size, smaller, or larger than usual for the mitotic phase of the cell-line.  Due
to the reduced pericentrin labelling of centrosomes in telophase cells {6–30}, these were not
classed as having smaller than normal centrosomes.  Individual cells, particularly when they
contained an abnormal number of centrosomes, could contain centrosomes of differing sizes,
thus the cell could be scored in multiple classes.  In addition, if the presumed centrosome-
associated pericentrin labelling was other than a distinct point, the cell was scored as having
additional centrosomal structure.  If this structure was particularly evident, the cell was classed
as having a slightly abnormal general aspect.  The types of structure seen ranged from granular
patches of labelling at α-tubulin foci to the presence of pericentrin bars, arcs, or spurs
emanating from a central focus.

Examples of cells containing centrosomes of the various classes are given in Figure 6–4.

[a] [b] [c] [d]

[a]: NZM1 binucleate cell undergoing simultaneous prophases with central cluster of poorly defined
centrosomes and indications of a tubulin void.
[b]: NZM9 anaphase cell with eight centrosomes and a chaotic multipolar spindle.
[c]: NZM10 metaphase cell with four centrosomes directing a triangular or possibly tetrahedral genome
partitioning.
[d]: NZM15 anaphase cell with a supernumerary centrosome interfering with binary partitioning of the
genome.
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–3: Examples of grossly abnormal mitotic cells
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Centrosome positioning
The spatial arrangement of centrosomes was characterised as clustered or distributed
depending on their proximity.  Where only one centrosome was present, this was inapplicable,
and where more than two were present it was possible for centrosomes to be arranged in
separated clusters, hence some cells were scored in both classes.

Pericentrin distribution
Pericentrin distribution was categorised in terms of the following non-mutually exclusive
classes: centrosomal, where very intense uniform globular labelling was seen, particularly
when associated with the intersection of numerous α-tubulin filaments; diffuse, where
amorphous or somewhat granular labelling was seen throughout the cell; punctate, where
small pericentrin foci were seen, generally not associated with α-tubulin structures; patched,
where areas of labelling greater than the diffuse background were seen; and structured, where
extended pericentrin structures were visible.  Examples of these labelling patterns are given in
Figure 6–5.

Symmetry
During mitosis, the normal cell moves from a state of asymmetry in early prophase to one of
axial symmetry beginning in late prophase or prometaphase once the centrosomes have
separated fully.  The state of cellular symmetry was assessed primarily with reference to the

[a] [b] [c]
[a]: NZM4 cell with seven centrosomes, two classed as small [1], and five classed as normal [2].
[b]: NZM10 cell with one normal and one large centrosome.
[c]: NZM7.2 cell with centrosomes having additional structure in the form of granular pericentrin [1].
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–4: Centrosome morphology class examples

[a] [b] [c] [d]
[a]: NZM11 cell with both centrosomal and diffuse pericentrin.
[b]: NZM5 cell with centrosomal, punctate, and diffuse pericentrin.
[c]: Tricentrosomal NZM6 cell with centrosomal, diffuse, and patched pericentrin.
[d]: NZM7.4 cell with structured and diffuse pericentrin; the apparent patch is an artefact due to an out-of-
focus centrosome.
Images are single focal plane pericentrin labelling.  Scale bars = 10 µm.

Figure 6–5: Pericentrin labelling class examples
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mitotic spindle prior to telophase, and then with respect to the spatial distribution of the
nascent daughter cells.  Spindle symmetry was categorised as absent, unipolar, normal bipolar,
abnormal bipolar, tripolar, quadripolar, or multipolar.  In early mitotic phases, absence of a
spindle, or the presence of a unipolar spindle may not constitute an abnormality, but beyond
late prometaphase, they would, and such cells would be scored with a general aspect of
slightly abnormal.  In some cell-lines, such as NZM6, where the initial production of unipolar
spindles is common, the transition from unipolar to bipolar produces a conformation that
cannot easily be assigned to either class.  These cases were categorised as indeterminate.  The
distinction between a normal and an abnormal bipolar spindle lies in the number of
centrosomes involved.  In the normal case there is a single centrosome at each pole; in the latter,
supernumerary centrosomes may be present, at the poles or otherwise, but a strong bipolar
spindle exists in spite of this.  This need not be the case when supernumerary centrosomes are
present however, and rather than clustering to form two functional poles and a bipolar spindle,
other symmetries can occur.  For example, three equally strong and mutually equidistant
centrosomes can direct the formation of a tripolar spindle, which can ultimately result in a
ternary anaphase and cytokinesis.  While the geometry of this can only be planar, for higher
numbers other geometries are possible.  In the case of tetracentrosomal cells where no
centrosomal clustering occurs, one geometry is planar quadripolar and another is tetrahedral
quadripolar, and in these cases correct segregation seems very unlikely to result.  Visually
distinguishing between these two geometries can be difficult since it depends on the
interpretation of different focal plane views to place the centrosomes in three dimensions, and
scoring of these quadripolar geometries is therefore somewhat subjective.  Beyond four
centrosomes, no attempt is made to categorise symmetries, as all must be chaotic to some
extent.  This follows directly from the fact that more than four points cannot be mutually
equidistant in only three spatial dimensions.

Example images for these classes are given in Figure 6–6.

Segregation anomalies
Where the arrangement of condensed chromosomes observed in prometaphase or metaphase
appeared unusual due to asymmetry or apparent disconnection from the mitotic spindle, the
cell was classed as either slightly or grossly abnormal as warranted.  In anaphase, cells were
scored for the presence of lagging chromosomes, and in anaphase and telophase, for the
presence of chromatin bridges connecting the separating chromatid masses.  Additionally, if
micronuclei were observed, or thought to be forming in telophase cells, this too was recorded.

Additional observations
In addition to the systematic survey of mitotic cells, random visual tours of each slide were
performed using all filter blocks, and images of cells displaying unusual labelling irrespective
of cell-cycle phase were captured.
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6.3 Results and discussion
Magnitude of endeavour
Cell culture time was a minor component of total effort.  Slide preparation required
approximately 35 h.  Fluorescent microscopic examination in order to score the required 100
mitotic cells per cell-line, and capturing images of representative normal and abnormal cells
typically took approximately six hours.  For the 17 cell types examined this entailed
approximately 100 h of microscopy, during which nearly 30 gigabytes of image data were
captured comprising over 5 000 component images.  Image processing for each composite
image produced typically took 40 min, the majority of this time being spent in registering the
component images.  Approximately 200 images were produced, making the total image
processing time in excess of 130 h.  Confocal data capture required about eight hours, and
image processing approximately 30 h.  Total time invested was in excess of 300 h.

Inherent system flaws
Filter block misregistration
Initial attempts to assemble images captured using different filter blocks revealed a mutual
misregistration among these, and this did not appear to be consistent over time, thus a
computer-assisted manual method was necessary for each image {Method 47}, approximately
tripling the image processing time required.

Camera sensor defects
An enhanced version of an image captured by the digital camera system using transmitted
white light with no slide in place is shown in Figure 6–7.  The most significant inherent defect
present is the loss of signal from some parts of the image.  As these defects are in focus and are

[a] [b] [c] [d]

[e] [f] [g] [h]
[a]: Very early prophase NZM11 cell with absent spindle; this cell is probably normal.
[b]: NZM10 demonstrating a unipolar spindle, perhaps in the process of converting to bipolarity.
[c]: NZM2 normal bipolar metaphase.
[d]: Tetracentrosomal NZM12 metaphase cell with an abnormal bipolar spindle.
[e]: Tetracentrosomal NZM10.1 cell with tripolar spindle.
[f]: Tetracentrosomal NZM1 prophase cell with planar quadripolar spindle.
[g]: Tetracentrosomal NZM2 metaphase cell with tetrahedral quadripolar spindle.
[h]: Polycentrosomal NZM2 metaphase cell with chaotic multipolar spindle.
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–6: Symmetry class examples
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independent of the objective in use, they most
likely corresponds to dirt on the camera's
sensor.  This may have been removable by
professional servicing, but to have done so
would have significantly delayed the
execution of this work.  In practice, it caused
little problem of interpretation of the captured
images, however, in combination with the
slight mutual misregistration of the filter
blocks in the microscope, these specks could
suggest a focus of labelling, or a labelling void
where none existed.  Usually, these could be
recognised for what they were by the close
proximity of identical artefacts for several colours, corresponding to the misregistration of
different filter blocks.  It was also sometimes possible to reduce the impact of these defects by
making small adjustments to the microscope stage position prior to image capture to prevent
coincidence of a defect with a structure of interest.  That was often a time-consuming exercise,
as tiny adjustments to position are not easily made, particularly with an image refresh rate of
half a second or more.

While these defects could easily have been eliminated by retouching for cosmetic purposes
during image processing, this was not performed as it would have constituted subjective
manipulation of the captured data.

The other artefacts present, the zone of minute circular marks near the centre, the diagonal
smearing, and the slight marginal colour variation, particularly at the bottom of the field, have
been intentionally exaggerated in the figure, and while reducing resolution and signal
uniformity very slightly, they were inconsequential in practice.

Controls
Optimal exposure times for each fluorophore were determined from the positive control to be
500 ms for the 488 nm fluorophore, and 267 ms for the 594 nm fluorophore.  Exposures of these
durations for the corresponding fluorophores for each control were made in order to assess the
relative strength of any non-specific signal produced.  Longer exposures, of 4 s duration, were
also made in order that the spatial labelling characteristics of the low levels of non-specific
signal present could be assessed.  The resultant images, with no adjustments to brightness,
contrast, or other image processing having been performed upon them, are given in Figure 6–8.

Null image captured by the digital camera
employed.  Colour and contrast are enhanced
to accentuate small variations.

Figure 6–7: Null image
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488 nm fluorophore 594 nm fluorophoreControl 500 ms exposure 4 s exposure 267 ms exposure 4 s exposure

Autofluorescence

594 non-specificity

488 non-specificity

594 cross-reactivity

488 cross-reactivity

Positive control

Figure 6–8: Immunofluorescent labelling control results

For the exposure times required to capture the specific signal from the fluorophore-conjugated
secondary antibodies, noise from non-specific and cross-reactive antibody binding, and from
autofluorescence is negligible.  The somewhat better performance of the 594 nm fluorophore
may be due to the higher grade of this reagent, it being “highly cross-adsorbed” during
manufacture to deplete non-specific interactions beyond that of the normal grade, to which the
488 nm fluorophore conjugated antibody belongs.  From these controls, it can be concluded
that the fluorescent signals obtained from experimental slides can confidently be interpreted as
specific for their respective primary antibody targets.

A processed composite image from the positive control slide, including the DNA counterstain,
is given in Figure 6–9.  This shows that the cells have been fluorescently labelled in accord with
expectation.  Nuclei are well defined, and variations in staining indicative of chromatin
structure are visible.  Alpha-tubulin labelling shows the cytoskeletal microtubule meshwork
well, with stronger labelling evident where bundles have formed.  Pericentrin labelling is
generally focal, with one or two perinuclear foci visible per cell, consistent with centrosomal
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association.  The yellow-orange colouration of
these foci indicates spatial coincidence of
pericentrin and α-tubulin, consistent with
known centrosomal structure and nucleation
of microtubules by pericentrin1636.

Exclusion of NZM14
Despite repeated attempts to produce slides
containing adequate numbers of mitotic cells
to allow scoring, none could be produced for
the NZM14 cell-line.  Only a very few mitotic
cells, exclusively in prophase, were observed
among the hundreds of thousands of cells
scanned.  Since this cell-line was clearly
proliferating in culture on coverslips, it was concluded that the failure to observe significant
numbers of mitotic cells was due to their being selectively lost during preparation.  This was
probably as a result of an early loss of adhesion and late restoration of adhesion during mitosis
in this cell-line leading to the loss of mitotic cells during the many wash steps involved.

Earlier attempts to enrich the proportion of
mitotic cells present on a slide by harvesting
the culture supernatant and cytospinning the
recovered cells onto slides before labelling had
met with only partial success.  While the cells
then present on the slide were highly enriched
for mitotic cells, as intended, the damage
sustained by α-tubulin structures during
centrifugation, together with the uncertainty
introduced over the relationship, if any,
between cells found in close proximity, led to
the abandonment of this approach {Figure
6–10}.  Consequently, attempts were not made
to obtain data in this way for NZM14, nor
would any data thus obtained have been
comparable to that for the other cell-lines due to the difference in methodology, and NZM14
was therefore excluded from the survey of mitotic cells.

General observations
Pericentrin structure
The preconception of the appearance of pericentrin labelled centrosomes was that they would
appear as discrete points exhibiting no discernible structure.  In most cases, particularly when
observed at low to moderate magnification, this seemed to be the case.  However, as more

Mitotic enrichment of NZM6 cells by
cytospinning culture supernatants is
successful, but results in destruction of all but
the strongest tubulin structures.

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 25 µm.

Figure 6–10: Effects of cytospinning

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 25 µm.

Figure 6–9: Positive labelling control
composite image
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centrosomes were observed under high
magnification it became clear that centrosome
pericentrin labelling was often not strictly
focal, with a granular appearance being very
common {Figure 6–11}.  Owing to its
prevalence, and the otherwise normal mitotic
structures usually present, this was accepted
as being within the range of normality.  In
their initial characterisation of pericentrin,
Doxsey et al.§1554 reported strong focal
pericentrin labelling associated with
centrosomes, but also more diffuse
centrosomal labelling, and multiple punctae in addition to centrosomal foci, so this
interpretation of normality seems reasonable.  Figure 6–11 bears a striking resemblance to the
unprocessed images shown by Dictenberg et al.1553, where a pericentrin lattice structure
surrounding centrosomes was identified based on mathematical image deconvolution.  While
no specific study was made, the impression gained in the current work was that the irregularity
of centrosomal pericentrin structure was at a minimum in prophase, and increased to a
maximum during metaphase or anaphase, suggesting a regulated process of lattice formation.

In some cases, commonly in NZM9, centrosomal pericentrin structure was much more
extensive {Figure 6–12}.  There seemed to be an association between these spur structures and
mitotic plates that were particularly broad
{Figure 6–13 [a]}, but it is not possible to assign
causality in either direction.  Their frequent
apparently supportive involvement in the
organisation of polar tubulin in metaphase and
anaphase suggests that they may be beneficial
in maintaining spindle stability.  However,
quite exaggerated structures were also seen, as
in the NZM7.4 cell illustrated {Figure 6–13 [b]},
and it seems likely that at the end of this
spectrum may lie a disruption of genome
partitioning.

Instances were seen where it seemed that an extended centrosomal pericentrin structure may
have fractured, possibly as a result of tension along kinetochore fibres {Figure 6–13 [c]}.  While
the independent foci for microtubule nucleation that result remain in proximity, there should
be little adverse effect on spindle structure or the process of genome segregation.  However,
increasing separation runs an increasing risk of distorting spindle bipolarity and may result in
chromosome collisions during anaphase if kinetochore fibres cross.

Pericentrin labelling.  Scale bar = 2 µm.

Figure 6–11: Irregular centrosome structure

Red = pericentrin; green = α-tubulin; blue =
DNA.  Inset image: pericentrin only.  Scale
bars = 10 µm.

Figure 6–12: Extended pericentrin in NZM9
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Non-centrosomal pericentrin structures
In addition to extended pericentrin structures associated with centrosomes, others were found
that had no discernible centrosomal association.  The NZM13 prometaphase cell illustrated in
Figure 6–14 exhibits multiple abnormalities.  Only one pericentrin labelling focus is sufficiently
large and bright to warrant interpretation as being centrosomal, and thus this cell appears to be
monocentrosomal.  The centrosomal pericentrin has rather more structure than was normally
observed in prometaphase centrosomes, and in addition, both small foci and extended non-
centrosomal pericentrin structures are present.  The extent to which these are influencing
tubulin structure can be assessed by reference to the image given in the right panel that shows
a z-projection of a subset of α-tubulin and pericentrin component images only.

It appears that all but the smallest pericentrin foci are associated with higher densities of
tubulin labelling, but no well-defined asters are present, nor any sign of protospindle
formation.  Were this cell to have continued through mitosis, its destiny would most likely have
been a chaotic multipolar metaphase and anaphase followed by a potentially non-binary
telophase resulting in aneuploidy and micronucleus generation.  Similar structures were
reported by Pihan et al.1636 in their survey of centrosomes in solid tumours and cell-lines, and
there they were also considered abnormal and likely to contribute to aneuploidy.

Left: Composite image; scale bar = 10 µm.  Centre: Pericentrin z-projection; scale bar = 5 µm.  Right:
Pericentrin and α-tubulin z-projection; scale bar = 5 µm.  Red/white = pericentrin; green = α-tubulin; blue
= DNA.

Figure 6–14: NZM13 pericentrin and α-tubulin detail

[a] [b] [c]
[a]: Centrosomal spurs in NZM9.  [b]: Pericentrin arc in NZM7.4.  [c]: Fractured poles in NZM4.
Red = pericentrin; green = α-tubulin; blue = DNA.  Inset images: pericentrin only.  Scale bars = 10 µm.

Figure 6–13: Polar pericentrin structures
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Cooperative and bystander supernumerary centrosomes
The success of centrosomes in enhancing the fidelity of mitosis hinges on their forming two
diametrically opposed poles to impose a strict alignment on the spindle axis with respect to the
plane of cytokinesis.  To do otherwise would be to destabilise the very process they evolved to
enhance.  Implicit in this is the notion of bipolarity, something that in the normal course of
events is ensured by the strict regulation of centrosome duplication.  However, the need for
bipolarity can be met by any number of centrosomes greater than one, provided either that
some centrosomes cooperate to form a single pole, or that some exert no significant influence
over the mitotic spindle.  Examples consistent with each of these possibilities were found
during the survey, with cooperation among multiple centrosomes being quite common among
cells with supernumerary centrosomes {Figure 6–15}.  Variability in pericentrin labelling
suggests that the participating centrosomes may not always be equivalent, and functional poles
formed by cooperating centriolar centrosomes are not always easily distinguishable from those
formed by pole fracturing.  However, enough examples were seen with strongly and equally
labelled centrosomes to suggest that correct genome partitioning may sometimes still eventuate
despite the presence of supernumerary centrosomes.  Possibly, this is the result of a fortuitous
positioning of centrosomes when they become stabilised by the mitotic spindle, but it could
also be a regulated process, as cooperation of centrosome pairs to promote bipolar mitosis is
seen in the terminal differentiation of hepatocytes1570.

NZM12 [a] NZM4 NZM12 [c]

NZM5 NZM12 [b] NZM12 [d]
Cell NZM12 [a] contains one bystander centrosome not contributing to spindle symmetry, and one weak
pericentrin focus, possibly a centrosome, which is either cooperating in the stability of the pole or is
another bystander.  The NZM5 cell appears to contain a cooperative centrosome at the left hand pole,
although this may be a pericentrin fragment arising from pole fracturing.  The NZM4 cell and cell NZM12
[b] contain pairs of cooperating centrosomes allowing the formation of a broad quasibipolar spindle.  Cells
NZM12 [c] and [d] each contain cooperative centrosome pairs.  All cases may well have resulted in
correct genome partitioning despite the presence of supernumerary centrosomes.
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–15: Cooperative and bystander centrosomes
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Mitotic survey proper
Summary of results
The results of the formal survey of mitotic cells are summarised in Table 6–3.  It is evident from
these figures that centrosomal numerical dysregulation is indeed occurring in NZM cells, as are
errors of mitotic symmetry.
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Mitotic phase
Indeterminate 0 0 0 0 1 1 0 0 0 0 0 3 0 0 0 0 0
Prophase 6 7 5 5 1 3 22 8 12 10 2 3 1 9 0 2 8
Prometaphase 13 38 11 74 7 42 18 17 26 38 28 28 6 26 3 57 52
Metaphase 49 35 59 8 64 24 38 56 39 39 45 30 76 7 59 17 22
Anaphase 7 7 7 4 2 14 6 5 3 1 9 3 5 4 11 6 9
Telophase 25 13 18 9 25 16 16 14 20 12 16 33 12 54 27 18 9

General aspect
Normal 87 76 82 95 79 75 90 83 88 83 78 67 64 89 85 94 85
Slightly abnormal 11 11 12 2 13 19 10 12 8 10 14 20 19 10 4 3 10
Grossly abnormal 2 13 6 3 8 8 0 5 4 7 8 13 17 1 11 3 5

Centrosome number
Indeterminate 1 3 2 0 0 3 1 8 3 2 5 2 0 0 1 1 0
0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0
1 0 2 0 0 1 5 0 1 1 0 1 1 0 0 0 1 0
2 92 82 88 98 87 79 98 84 90 89 84 80 73 95 83 96 90
3 6 7 4 0 3 10 0 1 0 2 5 3 4 3 2 0 5
4 0 4 4 2 2 1 1 6 5 3 4 8 11 2 9 2 4
5 1 2 1 0 0 0 0 0 1 2 0 2 6 0 2 0 0
6 – 9 0 0 0 0 6 1 0 0 0 2 1 4 5 0 2 0 1
10 – 15 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
>15 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Centrosome morphology
Indeterminate 1 4 0 0 0 2 2 3 3 2 0 2 0 0 2 0 0
Normal size 99 96 95 100 100 97 97 90 94 96 98 98 100 99 98 99 100
Too small 5 8 6 1 5 14 3 3 2 4 5 13 7 4 8 0 3
Too large 0 2 0 0 0 0 1 1 4 3 2 3 3 4 0 0 11
Structured 15 7 5 3 5 13 4 42 14 9 35 4 4 5 3 1 11

Centrosome positioning
Indeterminate 1 2 7 0 13 5 1 3 1 1 1 2 6 0 5 0 0
Dispersed 91 73 88 77 87 85 94 89 87 91 84 80 94 78 93 78 92
Clustered 15 28 6 23 0 14 5 3 10 9 16 24 4 25 0 25 23

Pericentrin distribution
Indeterminate 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Centrosomal 100 98 98 100 100 99 99 94 97 98 98 98 100 100 98 100 100
Diffuse 100 100 99 100 100 99 100 99 99 100 98 99 100 100 100 100 100
Punctate 13 1 5 0 3 15 0 3 8 2 9 3 1 3 3 4 1
Patched 2 0 0 0 7 1 27 2 4 5 14 7 3 16 0 0 0
Structured 1 1 2 0 1 2 2 7 2 6 6 0 3 0 0 1 1

Symmetry
Indeterminate 0 2 2 6 1 9 20 2 0 1 4 5 6 2 4 13 16
Absent 0 2 6 0 1 0 0 0 4 2 0 0 0 7 1 2 2
Unipolar 9 26 7 15 13 4 5 6 10 11 14 14 0 16 0 11 7
Normal bipolar 84 59 76 77 69 74 74 84 81 77 70 65 64 70 82 72 67
Abnormal bipolar 7 2 4 0 5 7 0 1 1 3 5 6 12 4 4 0 4
Tripolar 0 3 2 0 1 3 1 0 0 2 2 3 6 1 4 0 1
Quadripolar(planar) 0 1 0 1 0 0 0 0 0 0 0 0 0 0 2 0 0

(tetrahedral) 0 0 1 0 0 0 0 2 2 1 2 2 4 0 2 2 2
Multipolar 0 5 2 1 9 3 0 5 2 3 3 5 8 0 1 0 1

Segregation errors
Lagging chromosome 1 1 4 0 1 1 1 0 0 0 3 0 2 0 0 0 0
Chromosomal bridge 0 2 0 4 4 1 0 0 0 1 5 5 0 0 0 1 0
Micronucleation 0 1 0 0 2 0 0 0 0 2 3 0 0 2 0 0 1

Table 6–3: Mitotic survey results
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Statistical analysis
Statistical tests were performed following the methods described by Jarrold H. Zar1695 using the
summary data given in Table 6–3.  As a first step, a standard chi-squared test at a significance
level of p < 0.01 was performed to detect variation among the cell-lines for each of several
characteristics of interest: abnormal centrosome number, slightly abnormal general aspect,
grossly abnormal general aspect, abnormal centrosome morphology, abnormal symmetry, and
rate of segregation errors.  All showed significant overall differences between observed and
expected frequencies.

To explore this variation further, an analysis was undertaken using Dunnett's procedure.  This
compares each NZM cell-line to the control tumour-associated fibroblasts in a structured way
so as to set an "experimentwise" error rate of p < 0.01.  The results of this analysis are given in
Table 6–4.

Grossly
abnormal

Slightly
abnormal

Centrosome
number

Centrosome
morphology Symmetry Segregation

errors
NZM1 ↓ ↓ ↓ ↓
NZM2 ↓ ↓ ↓
NZM3 ↑ ↑ ↓
NZM4 ↓ ↓ ↓ ↓
NZM5 ↓ ↓ ↓ ↓
NZM6 ↓ ↑ ↓ ↓
NZM7 ↓ ↓ ↑
NZM7.2
NZM7.4 ↓ ↓ ↓
NZM9 ↓ ↓ ↑ ↓ ↓
NZM10 ↓ ↓ ↓ ↓ ↓ ↓
NZM10.1 ↓ ↓ ↓ ↓ ↓
NZM11 ↓ ↓
NZM12 ↓ ↑ ↓ ↓
NZM13 ↑ ↓ ↓
NZM15 ↓ ↓

↓ = NZM cell-line is significantly worse than control in this characteristic;
↑ = NZM cell-line is significantly better than control in this characteristic; blank = no significant difference.
Tests used Dunnett's procedure at a significance level of p < 0.01.  Note: NZM14 was not surveyed.

Table 6–4: Statistical analysis of mitotic survey results

In considering these data, it must be taken into account that the control used was one of
expediency in the absence of cultured human melanocytes, and that tumour-associated
fibroblasts may themselves be abnormal in some respects.  Additionally, at passage number 2,
as these were, the possibility of a residue of tumour cells in the culture cannot be excluded.

NZM3 appears to be the best regulated of all of the cell-types investigated, including the
controls.  This cell-line also had a very much higher proportion of cells in prophase or
prometaphase than any other cell-line surveyed, at 79%, and this was more than four times the
corresponding proportion in the control fibroblasts.  NZM15, with the next highest proportion
of early phase mitotic cells, also appeared to fare better than most.

This is an area where the sampling methodology may have been at fault, in that some classes of
characteristic being sought are more likely to appear the further through mitosis a cell
progresses.  Indeed, some, such as segregation errors, cannot occur at all prior to anaphase.
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Others, such as centrosome number should be independent of mitotic phase, except perhaps
for telophase, where they become difficult or impossible to identify by pericentrin labelling in
most cases.  Resampling of the existing data, where feasible, or acquisition of new data with
equal sample size for each mitotic phase, could be used to address this, but as can be seen from
the table above, and as occurred with NZM14, obtaining slides with adequate numbers of cells
in particular phases of mitosis may not prove easy to accomplish, nor would it necessarily add
much to the important conclusions to be drawn from this experiment.

Not surprisingly, NZM10, the cell-line which prompted this investigation more than any other
with its complex pattern of heteroploidy, appears to be the most poorly regulated, being
significantly worse than the control fibroblasts in every category considered.  This was closely
followed by NZM10.1, worse in five of six categories.

The characteristics of greatest interest here are centrosome numerical abnormality and mitotic
or cytokinetic asymmetry.  Among the mitotic NZM cells surveyed where centrosome number
could be established, 11% contained other than the expected two centrosomes, and centrosomal
numerical regulation was worse in 7/9 cell-lines where a significant difference from the control
fibroblasts existed {Table 6–4}.  Centrosome number ranged from seemingly zero, observed in
some cells from NZM2, NZM5, and NZM12, to as many as 17, seen in NZM10.1.  Even higher
numbers were seen incidentally in cells not forming part of the formal survey.  Among the cells
surveyed where symmetry could be assessed, 11% had abnormal bipolar, tripolar, or higher
order symmetry, and symmetry other than normal bipolar was more prevalent in 12/12 cell-
lines where a significant difference from the control fibroblasts existed {Table 6–4}.

Overall, characteristics likely to result from or contribute to aneuploidy and heteroploidy
appear to be more prevalent in the NZM cell-lines than in the control fibroblasts.

Mitotic cells with fewer than two centrosomes
A total of sixteen mitotic NZM cells were seen that appeared to contain fewer than two
centrosomes: three were acentrosomal and thirteen monocentrosomal.  NZM5 appears to be
over-represented in this class, as it contributed 6/16 cells, suggesting that this cell-line may be
prone to centrosome loss.  No such cells were seen among the control fibroblasts.  There are
several ways that these observations may be artefactual and it cannot be stated with certainty
that two centrosomes were not actually present in these cells.  Cells gauged as being in
prophase may not have fully completed centrosome duplication, or the centrosomes may not
have separated sufficiently or may be optically aligned giving the impression of just one
centrosome, and one monocentrosomal cell fell into this category.  In telophase cells,
pericentrin labelling of centrosomes is generally weak, and sometimes absent, and two of the
monocentrosomal cells fell into this category.  One or both centrosomes may be masked due to
positioning behind opaque structures, such as condensed chromatin.  No assessment of how
likely this is can be made, and to explore this further would be difficult.  Confocal microscopy
could not be used since the pseudo-three-dimensional imaging offered still depends on
transmission of light through the specimen.  Physical serial sectioning of samples, or perhaps



6–19

6:
 C

en
tr

os
om

al
 in

te
gr

ity

immunogold labelling of centrosomes and X-ray tomographic microscopy would serve, but the
results are very unlikely to justify the effort.

Representative images of these cells hypodicentrosomal cells are shown in Figure 6–16.

NZM1 NZM4 NZM5 [a]

NZM5 NZM5 [b] NZM5 [c]
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.  Letters are for reference from text.

Figure 6–16: Representative hypodicentrosomal mitotic cells

Cell NZM5 [a] in Figure 6–16 was one scored as being acentrosomal, despite focal pericentrin
labelling with associated α-tubulin.  This was because of the very weak nature of the focal
labelling, something not immediately evident in this image due to the adjustment of brightness
levels during image processing {Method 46}.  It is clearer when this cell and a near-normal
prometaphase NZM5 cell are compared
directly, with the brightness of the NZM5 [a]
cell adjusted so that the diffuse background
pericentrin labelling of the two cells is
approximately equal {Figure 6–17}.  It is also
possible that centrosomes are present, but
masked by the condensed chromatin mass.

Cell NZM5 [b] is an aberrant prometaphase
wherein a single centrosome is anchoring two
independent bipolar spindles.  Possibly the
two free poles will coalesce during metaphase
and a quasinormal anaphase, telophase, and
cytokinesis may follow, but the degree of
independence shown and the similar apparent
strengths of the two spindles would seem to

Top left: Image of cell NZM5 [a] from Figure
6–16, reprocessed to match diffuse
background pericentrin labelling intensity with
the reference cell at right.
Top right: Near-normal NZM5 prometaphase
image for comparison.
Bottom: Corresponding pericentrin
component images.
Red/white = pericentrin; green = α-tubulin;
blue = DNA.  Scale bars = 10 µm.

Figure 6–17: NZM5 prometaphases
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make this unlikely.  The best-case scenario for a cell in this state would probably be a binary
cytokinesis, but with the generation of aneuploidy and micronuclei as a result of improper
chromosomal segregation and reformation of nuclear membranes around isolated
chromosomes.  There seems little likelihood that centrosome masking has occurred during the
capture of this image.

Cell NZM5 [c] seems to be involved in a normal anaphase, despite only a small pericentrin
focus being visible at one pole.  The disparity in pericentrin content between the two poles is
more readily discernible in Figure 6–18, but as with cell NZM5 [a], a bona fide centrosome may
be present, but masked.  Even if no centrosome is present at one pole, the inherent microtubule
nucleation capacity of the small pericentrin focus, in combination with the self-organising
capacity of the mitotic spindle and the anchor provided by the bona fide centrosome at the
other pole, appear to have given rise to an
anaphase structure that has correctly
segregated the duplicated genome.  Were it not
for fixation, this cell may have continued
through telophase and cytokinesis correctly,
but if in fact only one centrosome were
present, only the daughter cell that inherited it
would be able to continue to cycle normally;
the future of the acentrosomal daughter cell
would be less certain, with G1 arrest, or
repeated polyploidisation through future
failed mitoses being the likely outcomes.

Potential causes of hypodicentrosomalism
Three possibilities seem to exist to account for how these cells reached their hypodicentrosomal
states.  Least likely is that centriole loss has occurred, perhaps through aberrant proteolysis.
This cannot be completely discounted, but it does seem unlikely given the overall integrity of
the cell observed.  Loss of centrioles through a process of cellular export is conceivable, given
that due to their melanocytic lineage, these cells at one time had as their principal function the
export of organelles, namely melanosomes.  While it is perhaps possible that centrioles could
become entrained in this process and similarly exported, this theoretical event must be ascribed
a very low probability.  Infection by a pathogen which carries with it either an enzyme
destructive of centrioles or a gene for such is possible, but none is known, and to carry such an
agent would seem to be of dubious benefit to the pathogen.  More likely, one or more centrioles
may be present in the cells, but there may be a flaw in the trafficking of pericentrin to the
centrosome, thus interfering with both their detection by focal labelling, and their microtubule
nucleation function by preventing the recruitment of γ-tubulin§1619 1699.

The most likely cause for the presence of a single centrosome in a cell would seem to be a
failure of centriole duplication or severance.  Genetic or epigenetic events affecting the

Pericentrin maximum intensity z-projection for
cell NZM5 [c] from Figure 6–16.
Scale bar = 5 µm.

Figure 6–18: NZM5 [c] pericentrin
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production of centrosomal components or their delivery for use in construction of the daughter
centriole could account for this, as could a similar flaw in the mechanisms that signal or
perform the severance function.  Most likely to account for acentrosomal cells would seem to
be their failure to receive a centrosome at inception owing to a flawed cytokinesis.  In support
of this, it is known that cells with just a single centrosome can proceed completely through
mitosis and cytokinesis yielding an acentrosomal daughter cell§664.  Furthermore, given the
many examples encountered in this survey of aberrant mitoses involving supernumerary
centrosomes, multipolar spindles, and non-binary anaphases and telophases, the possibility of
an aberrant daughter cell being produced without inheriting a centrosome seems quite likely.

Although Khodjakov§664 found that acentrosomal cells arrested in G1, the two putatively
acentrosomal cells found here had progressed to prometaphase.  The resolution of this discord
may lie in the nature of the cells: Khodjakov's work used transfected, but otherwise normal, rat
kangaroo and green monkey epithelial cells, but here the cells are derived from melanoma, and
the disruption of a growth-suppressive mechanism should not be unexpected.  The molecular
basis for acentrosomal arrest does not appear to have been fully elucidated, and NZM5, for
example, may have utility in furthering this investigation.  Whatever the mechanism may be, it
must be distinct from that implementing the post-mitotic arrest occurring in cells
experimentally depleted of centrosomal proteins1614 mediated through p38MAPK, p53, and p21
since this arrest was found to require recruitment of p53 to the centrosome, something not
possible in acentrosomal cells.  A plausible hypothesis would be that the absence of a
centrosome renders impossible the initial activating dephosphorylation of Y15 of CDC2248 thus

preventing the onset of mitosis.  Deregulation of phosphatase activity, perhaps involving
CDC25C, or of CDC2 itself or a downstream effector would obviate the need for a centrosome,
eliminating this arrest mechanism.  In so doing it would give the tumour cell a proliferative
advantage while simultaneously allowing the propagation of a genomically unstable cell
lineage.

Normal dicentrosomal mitoses
The class of mitotic cells containing two centrosomes, which includes normal mitoses, was by
far the largest class in each of the cell types studied.  However, dicentrosomal cells were less
common in 7/9 cell-lines where a significant difference with control fibroblasts could be
established {Table 6–4}.

The most typical mitotic progression involves a pair of closely associated centrosomes in
prophase that separate to opposite poles of the nucleus and begin to develop interconnecting
microtubules that will become a symmetrical bipolar, uniaxial spindle.  During this time the
interphase cytoplasmic tubulin network is dismantled.  In a variation, unipolar development,
separation of centrosomes does not occur until after nuclear envelope breakdown, but in either
case, bipolarity is established by the end of prometaphase.  In metaphase, chromosomes are
aligned within a well-defined metaphase plate.  In anaphase, chromosome segregation is
balanced with no lagging chromosomes.  In telophase, two nascent daughter cells of equal
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volume form.  Images of normal mitoses for each mitotic phase for each cell-line and for
tumour-associated fibroblasts are given in Figure 6–19 where available.  With the emphasis on
the recording of abnormalities, in many cases no representative normal image was made.

Prophase Prometaphase Metaphase Anaphase Telophase

FB
N

ZM
1

no image available no image available no image available

N
ZM

2

no image available

N
ZM

3

no image available no image available no image available no image available

N
ZM

4

no image available no image available no image available no image available

N
ZM

5

no image available no image available no image available

N
ZM

6

no image available

N
ZM

7
N

ZM
7.

2

no image available

Figure 6–19: Normal mitoses (continues overleaf)



6–23

6:
 C

en
tr

os
om

al
 in

te
gr

ity

Prophase Prometaphase Metaphase Anaphase Telophase
N

ZM
7.

4

no image available no image available

N
ZM

9

no image available no image available no image available no image available

N
ZM

10

no image available no image available no image available no image available

N
ZM

10
.1

no image available no image available

N
ZM

11

no image available no image available

N
ZM

12

no image available no image available no image available

N
ZM

13

no image available no image available no image available

N
ZM

15

no image available no image available

Shown are representative images of normal mitoses for early passage tumour-associated fibroblasts (FB)
and each of the NZM cell-lines studied.  Images are not available in all cases as not all cell-lines had normal
cells in all phases, and priority was given to capturing images of abnormal cells.  NZM14 was not surveyed.
Supplementary images not from the formal survey are included where these are available.
Gold border = image from formal survey; grey border = supplementary image.
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–19 (concluded): Normal mitoses
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Abnormal dicentrosomal mitoses
Of all cells surveyed, just seven were scored as being both dicentrosomal and grossly abnormal.
In one anaphase and four telophases the gross anomaly was a chromosomal bridge between
separating replicated genomes.  These are illustrated in Figure 6–20.

NZM1 NZM3 NZM4 [a] NZM4 [b] NZM5

Corresponding composite (upper) and DNA only (lower) images for dicentrosomal cells surveyed where
chromosomal bridging was observed.
Upper images: red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.
Lower images: white = DNA.  Scale bars = 5 µm.

Figure 6–20: Chromosomal bridges in dicentrosomal cells

The two remaining cells included a dysmorphic metaphase in NZM1, and a binary telophase in
NZM10.1 with incorrect centrosomal distribution between the nascent daughter cells.  These
are illustrated in Figure 6–21.  No grossly abnormal dicentrosomal mitoses were found among
the tumour-associated fibroblasts surveyed.

NZM1 NZM10.1

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–21: Remaining grossly abnormal dicentrosomal cells

Tricentrosomal mitoses
Approximately 3% (49/1 570) of the mitotic NZM cells surveyed where centrosome number
was assessable had three centrosomes, the modal cell-line being NZM5, with ten instances
recorded.  They were observed in 12 of 16 NZM cell-lines, the exceptions being NZM3, NZM6,
NZM7.2 and NZM13.  Since there are very few normal circumstances under which an animal
cell should have more than two centrosomes, megakaryocytes being the principal exception,
this observation alone confirms the hypothesis under test that centrosome numerical
dysregulation is occurring in metastatic melanoma cells in vitro.
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Numerical results for tricentrosomal mitotic cells are given in Table 6–5, but the absolute
numbers are too low to allow separate analysis using Dunnett's procedure.
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Mitotic phase
Indeterminate 0 0 0 0 1 0 0 0 0 0 0 0 0
Prophase 0 0 1 0 0 0 0 0 0 0 0 0 0
Prometaphase 0 5 0 0 4 1 2 2 1 0 2 0 3
Metaphase 4 2 1 2 3 0 0 2 0 3 0 1 0
Anaphase 1 0 1 0 1 0 0 1 0 0 0 1 1
Telophase 1 0 1 1 1 0 0 0 2 1 1 0 1

General aspect
Normal 0 0 1 0 0 0 0 0 0 0 0 1 0
Slightly abnormal 5 2 1 3 6 0 1 2 2 3 2 0 4
Grossly abnormal 1 5 2 0 4 1 1 3 1 1 1 1 1

Symmetry
Indeterminate 0 1 0 0 1 0 0 0 1 0 0 0 0
Absent 0 0 0 0 0 0 0 0 0 0 0 0 0
Unipolar 0 2 0 0 0 0 0 0 0 0 0 0 0
Normal bipolar 6 1 2 2 6 0 1 3 2 3 1 1 3
Abnormal bipolar 0 0 0 0 0 0 0 0 0 0 0 0 0
Tripolar 0 3 2 1 2 0 1 2 0 1 1 1 2
Quadripolar(planar) 0 0 0 0 0 0 0 0 0 0 0 0 0

" (tetrahedral) 0 0 0 0 0 0 0 0 0 0 0 0 0
Multipolar 0 0 0 0 1 1 0 0 0 0 0 0 0

Table 6–5: Tricentrosomal survey results

NZM2 provided the only example of a tricentrosomal prophase cell in the survey {Figure 6–22}.
It contains three bright foci of pericentrin labelling likely to correspond to true centriolar
centrosomes.  Each of these is at the nexus of set of radial tubulin astral filaments, and those
emanating from the central centrosome overlap with those from each of the others.  Each
overlap region forms the basis of a mitotic spindle, and together these protospindles partially
girdle the nucleus constricting the condensed chromatin into two lobes, as is more readily
discernible in the image of the chromatin alone.

[a] [b]
[a]: Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bar = 10 µm.
[b]: DNA labelling only.  Scale bar = 5 µm.

Figure 6–22: Tricentrosomal NZM2 prophase
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It is difficult to predict the fate of this cell had it not been fixed, but improper chromosomal
segregation would seem to be very likely.  Operation of motor proteins upon adjacent
antiparallel microtubules emanating from different centrosomes will tend to drive the
centrosomes apart.  If the tubulin ring linking the centrosomes is not closed, or the symmetry is
less than perfect, then the initial triangular geometry will tend to linearise into a bipolar
spindle, but with a third centrosome occupying a central position.  NZM2 also provided an
example cell with this configuration {Figure 6–23}.

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 10 µm.

Figure 6–23: Tricentrosomal NZM2 anaphase

Red = pericentrin; white = DNA
Scale bar = 2 µm.

Figure 6–24: Lagging chromosome

Consistent with the scenario of non-uniform overlap microtubule density, the central
centrosome in this cell appears not to be a strong focus for microtubule network formation, and
astral microtubules are not well defined.  Nevertheless, its presence appears to be interfering
with correct chromosomal segregation, as illustrated in Figure 6–24.  It seems plausible that the
kinetochore of this lagging chromosome is attached to the central centrosome, rather than
either of the polar centrosomes, and its segregation along the main spindle axis has thereby
been either prevented or retarded.  The likely future for this cell would have been the severance
of this chromosome during cytokinesis followed by micronucleus formation, and both
daughter cells would almost certainly have become more aneuploid as a result.

Alternatively, if the three centrosomes formed a ring with similar microtubule overlap between
adjacent members, an expanding triangle of spindles would tend to develop.  During
prometaphase, mutual competition among the spindles for attachment to kinetochores would
ensue, and a triaxial metaphase plate could develop, the degree of its symmetry depending
mainly on the relative density of microtubules in each of the spindles.  Another tricentrosomal
NZM2 cell found in the survey demonstrates this type of development {Figure 6–25}.

With three centrosomes, correct chromosomal segregation and the provision of a single
centrosome to daughter cells are mutually exclusive events.  The only way each could receive a
single centrosome is if the cytokinesis were ternary, not binary, and that would essentially
guarantee partitioning of the genome into three, with aneuploidy being unavoidable.
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Conversely, the only way correct segregation
could occur is if the cytokinesis were binary,
possibly due to centrosome cooperation at one
pole.  In this case, at best one daughter cell will
receive a single centrosome and be essentially
normal, but the other must receive two, likely
leading to an abnormal tetracentrosomal
mitosis on its next division.  It follows then
that the presence of three centrosomes in a cell
will invariably lead to aneuploidy eventually.
Thus, centrosomal numerical dysregulation of
this type must lead to aneuploidy.

Tetracentrosomal mitoses
Where four centrosomes have equivalent microtubule nucleation potential, as might be
expected in most cases, a similar degree of overlap of antiparallel microtubules would tend to
exist among all.  Cross-linkage of these by motor proteins and their translation relative to the
microtubules will result in the production of forces tending to drive each centrosome away
from every other centrosome.  The distance between each would be both maximised within the
confines of the cell, and equalised since microtubule crossings, and hence motive force, would
reduce as centrosomes separated.  The result of this would be a regular tetrahedral
arrangement of centrosomes, and metaphase cells in this configuration were seen {Figure 6–26}.

NZM2 NZM9 NZM10
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–26: Tetracentrosomal tetrahedral metaphases

Mitotic progression beyond this point is largely conjectural.  Kinetochore attachment could see
chromosome pairs aligned on the edges of the tetrahedron formed, and the analogue to the
metaphase plate that forms might consist of four planar structures orthogonal to the edges.
Hints of these structures are seen in the cells illustrated.  Anaphase could proceed with the
accumulation at each centrosome of half of the chromosomes present on each of its adjacent
edges, and telophase could result in the coalescence of the tetrahedron edges into a higher
order midbody.  Cytokinesis would be extremely problematical however, if only a single
contractile ring were to form.  While theory at least allows speculation that such quadripolar
mitoses could occur, only one candidate for such an event was seen at a late mitotic stage

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 5 µm.

Figure 6–25: Tricentrosomal NZM2
prometaphase
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{Figure 6–27}.  The specific cell was not part of
the formal survey and the technical quality is
poor, but although the number of centrosomes
involved cannot be determined, it does appear
to be a quadripolar telophase.  Not
surprisingly, this mitosis appears to have
resulted in the formation of many micronuclei.

Centrosomal cooperation where a pair of
centrosomes formed one functional pole while
two others operated independently sometimes
resulted in a planar triaxial mitotic symmetry,
similar to that seen in some tricentrosomal
mitoses.  Cells in this state were seen to have progressed beyond metaphase {Figure 6–28}.

NZM10.1 metaphase NZM12 metaphase NZM12 anaphase
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–28: Tetracentrosomal tripolar mitoses

When the four centrosomes formed two cooperative pairs, quasibipolar spindles were seen to
form, and well defined metaphase plates developed.  Normal anaphases and telophases, at
least with respect to chromosomal segregation, were seen and it appears that this configuration
could potentially preserve mitotic integrity {Figure 6–29}.  Whether a planar or tetrahedral
geometry forms may simply depend on the chance arrangement of the centrosomes when
spindle formation begins as whichever is in place then is likely to be stabilised by the formation
of kinetochore fibres {See 'Cooperative and bystander supernumerary centrosomes' on page 6–15}.

NZM12 metaphase NZM12 late anaphase NZM4 telophase
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–29: Tetracentrosomal quasibipolar mitoses

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 10 µm.

Figure 6–27: Quadripolar NZM6 telophase
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Higher order mitoses
Forty-one mitoses with more than four centrosomes were found, with only one being seen in
the control fibroblasts.  Images of some of these are given in Figure 6–30.  The most extreme
case surveyed was an NZM10.1 metaphase with at least 12 centrosomes.  Other, non-mitotic
cells with many more centrosomes were seen incidentally, including that presented as the
frontispiece to this thesis, an interphase NZM2 cell with at least 17 centrosomes.

NZM2 prophase NZM10.1 prometaphase NZM10.1 prometaphase

NZM12 prometaphase NZM4 metaphase NZM4 metaphase

NZM10.1 metaphase NZM10.1 metaphase NZM10.1 metaphase

NZM9 anaphase NZM10.1 anaphase NZM10.1 telophase

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–30: Representative polycentrosomal mitoses
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The mechanism that leads to the production of
a stable arrangement for two, three, or four
centrosomes, wherein every centrosome is
equidistant from every other, cannot exist for
higher numbers as no such figures are possible
in only three spatial dimensions.  Therefore, in
the general case, it will only be where
cooperative and bystander centrosomes have
reduced the number of functional poles to
fewer than five that stability in
polycentrosomal mitoses will be achieved.
Instances of this are illustrated in Figure 6–31.
Where five or more poles remain, the mitosis
will be inherently dynamic and probably
chaotic.  This instability may account for the
observation of very few multipolar cells at a
mitotic phase recognisable as being beyond a
distorted metaphase.  If true, there are at least
two possible outcomes: first, they may remain
locked in this state indefinitely, perhaps
ultimately undergoing cellular necrosis as
essential proteins are degraded but not
replaced since gene transcription will be
delayed by the condensed chromatin state; or second, the multipolar pseudospindle may be
dismantled, the chromatin decondense, a nuclear envelope form, and a polyploid, possibly
multinuclear cell survive with its complete complement of supernumerary centrosomes.  In
that latter case, should a further cycle of division occur, it is likely to begin with duplication of
the existing centrosomes, leading to the even more complex situation of mitosis orchestrated by
yet more centrosomes.  Indeed, the very existence of such polycentrosomal cells implies that
this does occur, and that multiple rounds of polyploidisation and centrosome numerical
amplification are not inherently lethal.  Occasionally, a chance alignment may result in
centrosome cooperation that allows a cytokinesis to complete, and with each such event the
aneuploidy of the progeny cells will increase, and so will the genomic heterogeneity of the
culture of which the cell is a part.

Additional observations
Cell-cycle dependency of pericentrin expression
The search for mitotic cells was undertaken on the basis of chromatin condensation, but it soon
became evident that another marker of these cells was available: the level of diffuse
cytoplasmic pericentrin labelling was quite obviously higher in mitotic cells from the beginning
of prometaphase to late telophase.

Top image: NZM6; scale bar = 10 µm.
Bottom image: NZM10; scale bar = 20 µm.
Red = pericentrin; green = α-tubulin; blue =
DNA.

Figure 6–31: Polycentrosomal ternary
telophases
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This elevation of pericentrin is clear in many
of the images presented in this chapter, for
example in this image of NZM7.4 cells where a
cell in metaphase is surrounded by cells in
interphase {Figure 6–32}.  One has only to
compare the red/orange of the metaphase cell
with the bright green α-tubulin labelling in the
cytoplasms of interphase cells to appreciate
the difference in pericentrin levels present.

The images captured during the survey had
the primary purpose of demonstrating
characteristics of mitotic cells, and to obtain
the clearest images possible, isolated cells were generally chosen as photographic subjects.
During image processing, brightness levels were adjusted to make use of the full dynamic
range available.  The combination of these factors means that no quantitative comparison
between cells from different images is possible, and so no comprehensive quantitative data
concerning pericentrin as a function of mitotic phase can be extracted from these images.  A
further experiment to investigate this as a primary goal could be undertaken, and one
approach to quantitation would be to ensure that for each subject mitotic cell in the image, one
or more interphase cells are also present to act as internal standards against which a relative
measurement of pericentrin levels could be made, thereby allowing comparison between
images.  Another approach would be to use a more advanced instrument capable of absolute
quantitation of signal levels.

A further observation made was that focal centrosomal pericentrin labelling diminished
markedly in telophase, very often to the point that the centrosomes could not be readily
detected by this means.  Perhaps this is related to a change in microtubule nucleation mode
needed with the change from mitosis to interphase, but from the observations made here, it
appears to be a short-lived state.  The very great majority of interphase cells observed in
passing contained one bright centrosomal focus of pericentrin, so at some point soon after
cytokinesis, pericentrin must again localise to the centrosome.

Little is known about the regulation of pericentrin transcription and protein turnover, and since
it is a requirement for centrosomal microtubule nucleation and thus for mitosis, to discover that
it was regulated in synchrony with the cell-cycle would not be surprising.  The coincidence of
increase in pericentrin with the end of prophase is interesting in two respects.  Firstly, this is the
time when microtubule nucleation begins in earnest for the production of the mitotic spindle,
and secondly, as will now be described, nuclear envelope breakdown at the end of prophase
may serve to release a pool of pericentrin maintained within the nucleus to bring this about.

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 10 µm.

Figure 6–32: Mitotic pericentrin elevation
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Nucleolar pericentrin reservoirs
Hoechst or DAPI stained nuclei usually contain voids corresponding to nucleoli, and these
were routinely seen in the NZM cells, frequently several per nucleus.  An unexpected
observation was that these voids very often coincided exactly with areas of pericentrin
labelling noticeably higher than the diffuse background {Figure 6–33}.

[a]

[b]

[c]
[a]: Red = pericentrin; green = α-tubulin; blue = DNA.  [b]: DNA labelling.  [c]: Pericentrin labelling.
Scale bars = 10 µm.

Figure 6–33: Nucleolar pericentrin reservoirs in NZM9 cells

This was observed in many of the cell-lines, although there did seem to be variability in this:
NZM6 and NZM9 exhibited the phenomenon particularly well.

While by direct observation and inspection of merged images the clear impression to be had
was of a pool of pericentrin within the nucleus, fluorescent microscopy could not exclude the
possibility that an opaque patch in the nuclear membrane containing pericentrin was
interfering either with the excitation of Hoechst below it, or with the transmission of the
resultant fluorescence.  This was addressed by a limited confocal microscopy study.  Figure
6–34 [a] shows the z-projection of the image stack captured and is similar to the fluorescent
microscopy images with both focal centrosomal pericentrin labelling and the putatively
nucleolar pericentrin pools visible.  Figure 6–34 [b] is an optical slice through the cells clearly
illustrating that this diffuse pericentrin is within the nucleus, rather than being external to it.

This raises the interesting possibility that the nucleolus acts as a reservoir for pericentrin, being
filled during interphase, and emptied upon nuclear envelope breakdown at the boundary
between prophase and prometaphase.  This could form the basis for synchronising the
commencement of construction of the mitotic spindle, as released pericentrin translocating to
the centrosomes would enhance their microtubule nucleation capacity.
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Tubulin "nests"
A small number of cells, fewer than ten in total, were observed to contain unusual tubulin
structures resembling eggs in a nest.  These were most notably in NZM1 {Figure 6–35}.

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–35: α-tubulin nests in NZM1 cells

These manifested as dense knots of tubulin and appeared to be intranuclear as they coincided
with areas not labelled by Hoechst.  Often, pericentrin levels were elevated in these regions,
similar to the elevation seen in the nucleolar reservoirs.  The origin of these is unknown, but
conceivably they represent tubulin trapped during reformation of the nuclear membrane in
telophase.  Their significance, if any, is also unknown.  Confocal microscopy studies could be
undertaken as the next step in their study.

Mitotic cells apparently lacking α-tubulin
During the early stages of the mitotic survey, an occasional cell was seen that lacked any
fluorescence attributable to α-tubulin labelling.  This seemed so unlikely to be genuine that
such cells were initially dismissed as probable artefacts of flawed labelling during slide

[a] [b]
[a]: z-projection.  [b]: optical slice.  Red = pericentrin; green = α-tubulin; blue = DNA.

Figure 6–34: Confocal imagery of nucleolar pericentrin in NZM2 cells
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preparation, perhaps due to edge effects where
reagents had not been fully dispersed across
the coverslip.  With continuation of the survey
however, these cells were found in contexts
that rendered this an interpretation unlikely to
be correct {Figure 6–36}.  It is clear from the
cell at the left of the image that both α-tubulin
and pericentrin labelling are functioning
correctly.  Furthermore, since the primary
antibodies for both targets were added
simultaneously as a mixture, as were their
respective secondaries, the presence of
pericentrin labelling in the abnormal cell implies that had any normal α-tubulin been present, it
too would have been labelled.  This cell was scored as acentrosomal based on its very weak
focal pericentrin labelling.  If it does indeed lack α-tubulin, this could be readily explained,
since without tubulin there can be no centrioles, and without centrioles there can be no
centrosomes.  Absence of microtubules would also prevent delivery of centrosomal
components, such as pericentrin, since the dynein/dynactin transport system conveys cargo
along paths defined by microtubules.

Nothing is known concerning which of the several genes for α-tubulin are being transcribed in
these cell-lines.  If a single gene is active, then it is conceivable that α-tubulin is being produced
which is functional, but which no longer contains in recognisable form the epitope against
which the antibody used in the experiment was raised.  Given that the epitope is in a region
that is highly conserved among both human paralogues and homologues, this seems to be an
unlikely scenario.  Even were it so, it would of itself indicate a major disruption of tubulin
molecular biology hardly less significant than an outright loss of protein expression.  Overall, it
is difficult not to conclude that these cells contain no α-tubulin, and if it were borne out by
further study that entry into prometaphase does indeed occur in such cells, as seems to be the
case here, then the inference would be that neither the presence of α-tubulin nor the existence
of centrosomes is a prerequisite for the commencement of mitosis.

Independent mitoses in multinuclear cells
The observation of binuclear, or even multinuclear cells was not surprising, but the discovery
of such cells where a single nucleus was undergoing mitosis was.  This type of event was seen
in several cell-lines, most notably in NZM6, and representative images are given in Figure 6–37.

This is an extraordinary result with significant ramifications for the study of the regulation of
mitosis.  It strongly implies that the commitment to undergo mitosis does not occur on a global
cellular level, but on a nuclear level, a distinction not able to be recognised, or for that matter,
studied, in normal uninuclear cells.

Red = pericentrin; green = α-tubulin; blue =
DNA.  Scale bar = 10 µm.

Figure 6–36: α-tubulin-negative NZM2 cell

See J.4 for
more on the
centrosome

cycle,
including

component
delivery
systems.
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NZM5 NZM6

NZM6 NZM10
Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 10 µm.

Figure 6–37: Asynchronous mitoses in bi- and tri-nuclear cells

Significantly for the study of the generation of heteroploidy being undertaken here, it provides
an unanticipated mechanism for the production of relative hexaploidy, something otherwise
difficult to explain without invoking cell
fusion, and yet a feature of the complex
NZM10 heteroploidy spectrum.

Independent apoptoses in multinuclear cells?
Cellular perversity may not end there.  Most of
the cell-lines exhibited a very low proportion
of apoptotic cells, noticeable by their
distinctive Hoechst labelling due to the
formation of very dense apoptotic bodies.  One
such collection of objects found in NZM10
proved not to be an apoptotic cell at all, but
had every appearance of having formed from
the apoptotic fragmentation of a single nucleus
of a multinuclear cell {Figure 6–38}.  These
objects did not have the appearance of

Red = pericentrin; green = α-tubulin; blue =
DNA.  Non-linear contrast enhancement of
DNA signal used owing to the brightness of
the putative apoptotic bodies present relative
to the nuclei, this being ~4-fold.
Scale bar = 25 µm.

Figure 6–38: Asynchronous apoptosis in
NZM10 nuclei?
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micronuclei: they were very much brighter, and appeared in a tubulin void such as might have
been recently occupied by an intact nucleus.  Interestingly, another such void is present in this
cell, and this may mark the position occupied until recently by another nucleus that has met
the same fate.

If independent apoptoses are indeed occurring, then clearly the regulation of apoptosis also
occurs on a per-nucleus, not per-cell basis, as seems to be the case with mitosis.  This also
provides another mechanism for increasing aneuploidy and heteroploidy.

Tubulin voids
Voids in the tubulin network were very
commonly observed in all cell-lines, but in the
vast majority of cases, once the DNA image
was merged the void was neatly filled by a
nucleus.  Many instances of tubulin voids that
were not occupied by nuclei were seen in
NZM10, but they were also seen in NZM1
{Figure 6–39}.  These were found
serendipitously during the mitotic survey, and
had they been being actively sought, they may
have proven to be more widespread.  Non-
mitotic NZM10 cells did fall under closer
scrutiny than those of other cell-lines because
of the rich and fascinating complexity of
nuclear and cell morphologies displayed by
the cell-line {Figure 6–40}, and this may be why more voids were detected there.  Where they
were seen, these voids were indistinguishable in appearance from those that would normally
contain nuclei.  A mechanism involving an antiparallel set of elongating microtubules anchored
at both ends and bulging due to the action of cross-linking motor proteins was considered, but
compared to the simplicity of the disappearance of a nucleus by apoptosis, it seems
unnecessarily cumbersome.

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 20 µm.

Figure 6–40: Giant NZM10 cells

Simultaneous binuclear prophases with
clustered centrosomes and a tubulin void
seen in outline.
Red = pericentrin; green = α-tubulin; blue =
DNA.
Scale bar = 10 µm.

Figure 6–39: Tubulin void in NZM1
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Anomalous nucleic acid bodies
During the survey, it was found that some
NZM10 and NZM10.1 cells exhibited an
unusual phenomenon for which no
explanation has been found.  It manifests as a
variable size and number of globular bodies
that fluoresce when excited by the 365 nm
ultraviolet light used for the nuclear DAPI and
Hoechst dyes {Figure 6–41}.  This fluorescence
is conditional upon the presence of either of
these dyes, and is therefore not an
autofluorescence phenomenon.  Moreover,
given the dependence on nucleic acid binding
for fluorescence of these dyes, it is inferred that these bodies most probably are composed of
DNA, or possibly RNA.  In light of the specificity of Hoechst 33342 and DAPI for nucleic acids,
and the uncertainty over the exact identity of the nucleic acid involved, these objects have been
termed anomalous nucleic acid bodies (ANABs).

One thing about ANABs is obvious when they are viewed directly: the colour of their
fluorescence appears quite distinct from that of chromatin or chromosomal DNA, being much
yellower.  Both Hoechst 33342 and DAPI have significant emission in the range of wavelengths
perceived as green, and similarly recorded as a green component of any captured image.  Here,
what seems to be occurring is that some difference in nucleic acid composition or
configuration, dye binding mode or chemical environment is causing a greater Stokes shift
when the dye is in the ANAB context than in the nuclear context, moving more of the
fluorescence into the green and altering the perceived and recorded images.  Put another way,
the ratio of green to blue fluorescence appears higher in ANABs than in nuclei.

It proved to be very difficult to capture images demonstrating this clearly, as can be seen from
the minimal variations in colour visible in Figure 6–41.  To address this, digital colour
reassignment was undertaken using Photoshop software.  The effect of this is demonstrated in
Figure 6–42, while the process itself is described fully as part of Method 45.  The improvement
is dramatic, assisted in this case by the original nuclear labelling having an overall green:blue
ratio of less than the nominal 1:2, resulting in nuclei that retain a blue hue, while the ANABs
take on a less than saturated yellow.

Hoechst 33342 labelling.  Scale bar = 50 µm.

Figure 6–41: Anomalous nucleic acid bodies

See Section
B.18 for
detailed
image

processing
methodology.
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[a] [b]
[a]: Contrast enhanced, but otherwise unadjusted Hoechst image of an NZM10 nucleus and ANABs.
[b]: Corresponding image after colour reassignment.  Scale bars = 10 µm.

Figure 6–42: Colour reassignment example

To determine if the perceived and recorded effect was real, or artefactual resulting from sensor
saturation, be it electronic or organic, an image was chosen that contained cells both with and
without ANABs {Figure 6–43}.

[a] [b]
[a]: Uncorrected image used as data source.
[b]: Corresponding colour reassigned image.  Scale bars = 50 µm.

Figure 6–43: Fluorescence ratio test image

From the uncorrected image, fifty pixels were chosen from within ANABs and fifty from within
uninvolved nuclei.  This was done without conscious selection, other than with the proviso that
the blue level was on scale and hence the green:blue ratio would not be subject to artefactual
alteration.  The intensity of green and blue was recorded for each pixel, and the results are
graphed in Figure 6–44.

Correlation coefficients are high for both sets of data indicating that the expected linear
relationship between green and blue fluorescence exists.  When the mean ratios of green to blue
fluorescence intensity for pixels in ANABs was compared to the mean for pixels in nuclei by
two-tailed heteroscedastic Student's t-test, the probability that they were actually drawn from
the same population was ~10-40, confirming what is evident from the clear separation of the two
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datasets in the figure.  To confirm that this
separation is not due to a systematic bias, the
slopes of the regression lines for the two
contexts were compared.  The 99.9%
confidence interval for the slope for nuclear
labelling is [0.39, 0.51] and for ANAB labelling
it is [0.52, 0.67].  As these intervals do not
overlap it can be concluded with a high degree
of confidence that the slopes differ, further
verification that the ratios are different.

Clearly, the fluorescence characteristics of
Hoechst 33342 differ in the two contexts.
Furthermore, while overexposure may lead to
the semblance of the ANAB context in nuclei
or condensed chromatin, this can be
discounted as an artefact not affecting the
validity of the underlying observation.

Initially, it was thought that ANABs might simply represent culture contamination, perhaps by
mycoplasma, as this was present in the laboratory at the time.  This hypothesis was rejected for
several reasons.  Within a culture, some cells may have ANABs, while others, even those
immediately adjacent, may not.  Figure 6–43, the test image above, serves to illustrate this.  The
incidence of affected cells varies from place to place on a slide, and also between preparations,
even when these have been grown and
processed in parallel as duplicates.  ANAB size
is quite variable among cells, but reasonably
uniform within any one cell.  Shape, while
globular, is also variable; it is not the flask-
shape said to be characteristic of mycoplasma.
Again, these characteristics can be discerned in
Figure 6–43.  ANABs continued to be detected
in cultures derived from cells recently tested to
be negative for mycoplasma, but which were
nevertheless treated with ciprofloxacin.  For
confirmation of this conclusion, representative
images of Hoechst labelled cells displaying
ANABs were sent to Prof. H. G. Drexler, an
eminent authority in the field.  A response
from his colleague, Dr. C. C. Uphoff1678,
confirmed that this phenomenon was quite

Top panel: Left image is a maximum intensity
z-projection of a 63-slice confocal image
stack of a giant NZM10 cell with ANABs.
Right image is the DNA labelling alone.
Red = pericentrin; green = α-tubulin;
blue/white = DNA.  Scale bars = 50 µm.
Bottom panel: Volume-rendered oblique
projection from 15 ° above the bottom edge of
the x-y plane of the DNA of the cell in the
upper panel.
Colours indicate distance from base plane.

Figure 6–45: ANAB confocal imagery

Axes are green and blue brightness levels of
sampled pixels in Figure 6–43.  Correlation
coefficients are 0.937 for the nuclear data and
0.935 for the ANAB data.

Figure 6–44: Green:blue Hoechst fluorescence
ratio for nuclear and ANAB labelling
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uncharacteristic of mycoplasma contamination, or of bacterial contamination in general.
Finally, laser-scanning confocal microscopy showed that ANABs were intracellular {Figure
6–45}.  Taken together, these observations lead to the conclusion that these objects were not
mycoplasma or other contaminant, but rather resulted from an endogenous process.

In general, the number of ANABs and their size seemed to be inversely correlated: cells
contained relatively few large ANABs, or many more very small ANABs.  Again, Figure 6–43
serves to illustrate this.  In itself, this suggests a degradative process where a constant mass is
being repeatedly subdivided.

ANABs do not correspond to DNA fragmented due to apoptosis as these are much brighter,
generally larger, and are accompanied by changes in tubulin structure not seen in association
with ANABs {Figure 6–46}.  Furthermore, ANABs exist in cells where the nucleus remains
essentially intact.  This would seem to exclude apoptosis as a possible source of ANABs,
although the possibility that apoptosis may occur in a subset of nuclei in multinuclear cells
leaves room for some doubt.  ANABs do not have the typical appearance of micronuclei, as
these have the same fluorescence colour and structure as nuclei, simply on a smaller scale,
therefore even if micronucleation plays a role in the formation of ANABs, it is not the complete
explanation.

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bars = 25 µm (left), 10 µm (right).

Figure 6–46:  Apoptotic NZM10 cells

NZM10 nuclei are usually multilobed, often bizarrely so {Figure 6–47 [a]}, and a frequent
observation was the presence of a ribbon of DNA stretching between lobes of a nucleus {Figure
6–47 [b]}.  It was observed that ANABs were often present between the lobes of a nucleus
{Figure 6–47 [c]}, suggesting that ANAB formation may involve the degradation of the
interlobe ribbons.  However, the data are equivocal, with many cells being observed with a few
large ANABs beyond the immediate vicinity of the interlobe region {Figure 6–47 [d]}.

Exactly what ANABs are, how they form, and whether this process is an actively regulated
metabolic or catabolic one, or just a physical result of the process that leads to multilobed
nuclei, or something else entirely, remain open questions.  Their resolution must wait, as while
this is a fascinating observation that warrants further investigation, the research required was
well beyond the scope of the current work.
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[a] [b]

[c] [d]
Interlobe DNA ribbons may or may not be the source of ANABs.
Colour reassigned Hoechst labelling.  Scale bars = 10 µm.

Figure 6–47: NZM10 nuclei

6.4 Perspective
Results from similar studies
Centrosomal dysregulation in cancer
Studies similar to this have been carried out for other solid tumours, and the results seen here
are in accord with these.  Perhaps the most comprehensive study has been that of Pihan et
al.1636, who examined archival and fresh breast, lung, prostate, colon, and brain tumour tissue,
and colon, breast, and kidney tumour cell-lines.  They found supernumerary centrosomes,
acentriolar pericentrin foci nucleating microtubules, extended centrosomal and non-
centrosomal pericentrin structures, cooperative centrosomes, and non-bipolar spindles and
cytokineses.  They proposed that aberrations such as these could easily contribute to
aneuploidy and the tumorigenic process.  They further suggested that elevated pericentrin
levels might contribute to this by allowing the formation of acentriolar microtubule nucleating
centres and aberrant mitotic spindles.  Other studies have explored the centrosomal status of
bladder1586, prostate1637, hepatic728, and pancreatic1665 tumours with similar results.
Supernumerary and abnormally large centrosomes were the most common findings.
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Regulation of pericentrin
On the subject of pericentrin regulation, the literature is virtually silent.  Doxsey et al.§1554 does
mention that "Pericentrin staining intensity changed with the nucleating capacity of the
centrosome during the cell cycle, being highest at metaphase and lowest at telophase", but no
data are presented, and it is not clear from the context whether this refers to centrosomal
pericentrin, cytoplasmic pericentrin, or both.  This comment is certainly consistent with two of
the findings here: that cytoplasmic pericentrin increases at prometaphase, and that centrosomal
pericentrin labelling diminishes in telophase.

Asynchronous mitosis and apoptosis in multinuclear cells
Asynchronous mitosis of nuclei in multinuclear tumour cells has been reported, although there
has been very little published on this: in a tritiated thymidine tracer study, Sheehy et al. found
independent mitoses in human ovarian ascitic tumour cells in vivo1656.  Both asynchronous
mitosis and apoptosis have been reported to occur following colcemid-induced
polyploidisation of Chinese hamster ovary cells§1562.  It was hypothesised that failure of the cell
to bring the independent mitotic cycles into synchrony triggers apoptosis in some nuclei,
consistent with the results of much earlier work based on virus-mediated fusion of cells1642.

Novel findings
ANABs and tubulin nests
Neither of these features appears to have been reported previously.  It is possible that each has
a mundane explanation, but their significance cannot be discounted while these remain
unknown.  ANABs would seem to be the easier to study, as they are readily found in the
affected cell-lines, and furthermore, as they appear to involve a novel nucleic acid degradation
mechanism, they may have a broad significance.

Centrosomal dysregulation in melanoma
There seems to have been no published study of centrosomal status in melanoma, either in
tumours or cell-lines, so the bulk of the work described here appears to be novel.  From the
extent of the anomalies found, there can be little doubt that in melanoma, as in the other solid
tumours studied, centrosomal dysregulation plays a major role in the generation of tumour
diversity, influencing both the progression of tumorigenesis, and the response to therapy.  It
may not even be too radical to suggest that this dysregulation may be the initiating event in
melanomagenesis.  Doubtless a great deal of interest will soon be focussed on this area with the
recent recognition that p16, so commonly lost in melanoma, has a role in centrosomal
regulation1610.  The results of these studies, and the insights they will bring, are eagerly awaited.

Nucleolar pericentrin reservoirs
The existence of nucleolar pericentrin reservoirs does not appear to have been reported
previously, although nucleolar sequestration of other proteins, for example ARF, MDM2, and
p53 is known.  Observations such as these are currently promoting a re-evaluation of nucleolar
function®1599.  The suggestion made here that nucleolar sequestration and release of pericentrin
may synchronise the initiation of mitotic spindle formation with nuclear envelope breakdown
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appears novel.  If it transpires that the situation in melanoma reflects an aberration of a normal
process, then this may lead to new understandings of regulation and dysregulation of mitosis.

Regulation of pericentrin
Nucleolar pericentrin reservoirs were immediately obvious on observation of appropriately
labelled NZM cells, and so was the potentially related upsurge in cytoplasmic pericentrin at
prometaphase entry.  It seems very improbable that these things can have been observed in
similar studies in other tumour types without having been reported, so perhaps they have
special relevance to melanoma.  If so, then given the growing evidence of the importance of
centrosomal regulation in genome stability, and the role of pericentrin aberrations in upsetting
this, PCNT may prove to be one of the missing melanoma predisposition genes, and pericentrin
would become a potential therapeutic target.

6.5 Conclusion
The primary objective of the experimental work described in this chapter was to seek to
determine if the numerical control of centrosomes was dysregulated in the NZM cell-lines, and
if so, whether this was a plausible mechanism for the genomic instability indicated as present
by studies of cellular DNA content.  If this chapter had to be condensed to a single image, it
would be the one shown below {Figure 6–48}.  It contains uncountable centrosomes, and can
only be interpreted as a ternary cytokinesis.  It is simply impossible for such a situation to
occur where euploidy is being maintained.

Centrosomal numerical dysregulation occurred in all of the NZM cell-lines studied and the
production of malformed mitotic spindles incapable of mediating correct genome segregation
was a frequent concomitant of this.

Red = pericentrin; green = α-tubulin; blue = DNA.  Scale bar = 10 µm.

Figure 6–48: Ternary cytokinesis in NZM12



Human metastatic melanoma in vitro

6–44

6.6 Summary

• Aberrations of centrosome structure, number, and function are widespread in the
human metastatic melanoma cell-lines investigated;

• There is a strong association between these and the generation of flaws in mitotic
and cytokinetic symmetry, establishing this dysregulation as a likely source of
aneuploidy and heteroploidy;

• Pericentrin accumulates in the nucleolus and its release with nuclear envelope
breakdown at the prophase/prometaphase boundary may trigger spindle
formation;

• Pericentrin expression may be cell-cycle regulated, or the operation of nucleolar
reservoirs may give this impression;

• Regulation of pericentrin may be particularly significant in melanoma, and its
dysregulation may represent an opportunity for therapeutic intervention;

• Centrosomes with extended pericentrin structures were seen that may either help
or hinder mitotic fidelity;

• Cooperative and bystander centrosomes may allow normal mitosis despite the
presence of supernumerary centrosomes;

• Anomalous nucleic acid bodies of unknown origin and significance were
discovered;

• Mitosis may be regulated on a per-nucleus, not a per-cell basis, a simple path to
relative hexaploidy;

• Apoptosis may also be regulated in this way and contribute to aneuploidy and
heteroploidy;

• Neither α-tubulin nor centrosomes may be required for entry into prometaphase;
• Tubulin nests of unknown origin and significance were found.



7 The effect of serum-deprivation

Entry of cells into S-phase of the cell-cycle is governed by a molecular checkpoint in late G1
in which the retinoblastoma-associated protein, pRB, is a crucial component.  There is
considerable evidence supporting the hypothesis that defects in this subsystem may be a
hallmark of melanoma.  One function thought to be regulated through this mechanism is
entry by a cell into a state of proliferative quiescence in the absence of mitogens.  By
depriving cell cultures of serum and examining their subsequent proliferation rates and the
distribution of cells among cell-cycle phases, it is possible to determine if this checkpoint is
grossly intact.

It was found that all of the melanoma cell-lines responded to serum withdrawal with an
immediate and drastic reduction in proliferation rate, but cell-cycle analysis revealed that
the basis for this was not always through arrest in G1.  While some responded by displaying
a sustained increase in G1-phase fraction at the expense of S-phase, others responded with an
immediate, dramatic, and sustained increase in transit time through G2/M-phases,
demonstrating the existence of a previously unsuspected serum dependency of G2 transit.
Yet others responded with a cohort of cells leaving G1 and continuing through the cell-cycle.
These observations essentially refute the model of a ‘restriction point’ late in G1 beyond
which progression through the cell-cycle is assured.

In the control cultures for some cell-lines, spontaneous changes in cell-cycle phasing were
seen that increased with time in culture.  These were not due to the effects of confluence, but
rather, suggested the production of an inhibitory autocrine/paracrine factor.

7.1 Introduction
The late-G1 checkpoint in melanoma
As in the quest to understand the causes of cancer in general, the study of hereditary
melanoma predisposition syndromes has revealed important insights into the molecular basis
of this disease.  Two well-studied syndromes involve germ-line aberrations in CDK4 and
CDKN2A422.  The first encodes a CDK that, in conjunction with its mitogen-induced activating
partner, cyclin-D, is important in promoting proliferation.  The second encodes p16, a specific
inhibitor of the first.  The most common mutation found in CDK4 is one that has been shown to
prevent its interaction and consequent inhibition by p16, and the alteration in CDKN2A is
variously homozygous deletion, hemizygosity with mutation of the remaining allele, and
transcriptional silencing, probably via methylation.  Added to this is the observation that the
incidence of melanoma is abnormally high in survivors of hereditary retinoblastoma903, where a
germ-line RB1 mutation exists.  The protein encoded by this gene, pRB, is a known substrate
for activated CDK4, and such phosphorylation is a critical step in the inhibition of its
proliferation-suppressive function, serving to cause the release of E2F-family transcription
factors, which can then sponsor entry into S-phase.  Thus, pRB operates to implement a
checkpoint in late G1.  The coincidence of timing and character make pRB a strong candidate to
form the crux of the ‘restriction point’ postulated by Pardee999.

See Appendix
H for a review

of the pRB
subsystem.

See H–15 and
J-12 for more

on CDK
activation.

Pardee’s work
is discussed

on page H–16.
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In many cases, mutations, deletions, or other anomalies in CDKN2A, CDK4, or RB1 have been
documented in sporadic melanoma, and in melanoma cell-lines.  The relevance of the cyclin-
D–CDK4–pRB–E2F subsystem to melanoma is therefore well supported.  Attention was
focussed particularly on pRB and p16 as it appeared that dysfunction of these proteins was
mutually exclusive in melanoma73 1391.  The proliferation-suppressive role of pRB was
considered to be the likely target of such flaws, in particular, its role in mediation of a G1

restriction point.  However, many signalling channels converge at pRB, and not all are subject
to modulation by p16.  For example, pRB is also a substrate for other CDKs, notably CDK2 in
conjunction with cyclin-E, and CDK2 is not inhibited by p16.  Therefore, the possibility remains
that cells may derive some additional growth advantage if the function of both pRB and p16
were lost.

As a precursor to a molecular characterisation of components of this key subsystem in the
NZM cell-lines, an assessment of its gross functionality was made.  Since mitogen-dependency
is mediated via pRB285 487, and this is readily measured experimentally, this was selected as the
basis for the functional assessment, an approach used by Pardee999.  The assumption is that it is
the growth factors present in the serum that influence cell proliferation, but the effects of other
components, such as anti-oxidants, cannot be formally excluded.  Cells were deprived of serum
and their response measured in terms of proliferation rate and cell-cycle phasing.  At the
outset, the expectation was that none would arrest in G1, in accordance with the hypothesis that
this checkpoint is defective in all melanomas.

Serum-deprivation of melanoma cell-lines: the literature
The literature pertaining to the effects of serum-deprivation on the proliferation of melanoma
in vitro is surprisingly sparse.  A search of NIH PubMed disclosed only three studies of
relevance.  Each assessed a single cell-line, and in only one case was this of human origin.

In 1986, Sauvaigo et al.1142 published the results of their study of variants of the human MeWo
melanoma cell-line.  They reported that both the parental line, and a variant of higher
metastatic potential in xenograft models (MeWo-LCl), failed to arrest in G0 upon serum
withdrawal.  Since conditioned medium from these cultures was able to stimulate proliferation,
both of autologous cultures, and of the unrelated SK-MEL-28 melanoma cell-line, they
proposed that this was due to the production of autocrine growth factors.

In attempting to dissect the molecular difference, if any, between growth arrest due to
confluence, and that due to serum-deprivation, Modiano et al.§901 investigated the canine
melanoma cell-line TLM1.  The focus of their work was the possible roles of p53 and p21 in
mediating these effects.  Their procedure involved the seeding of cells from a sub-confluent
culture into medium containing 0.5% serum.  After three days, the medium of the experimental
cultures was replaced with medium containing 20% FCS.  At that time, the medium of the
control cultures was also replaced900.  Daily thereafter for five days, some control and treated
cultures were assayed for the uptake of 3H-thymidine, a marker of S-phase progression, while
others were harvested for flow cytometric determination of DNA content.
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They found {Figure 7–1} that after
seeding actively proliferating cells into
low-serum medium, the rate of
incorporation of 3H-thymidine began to
drop after one day, reaching ~25% of the
initial value after three days.  Upon
serum stimulation, the rate of
incorporation for the previously serum-
deprived cultures immediately returned
to its initial level and again declined over
three days.  Simultaneously, they found
by flow cytometry that the G0/G1content
of cultures fell from 89% at the time of
serum addition to 44% the following day, and then rose to over 70%.  This was construed as
evidence for a serum-dependent release from G1.

Rodriguez and Smith§1102 performed a limited study involving the B16F10 murine melanoma
cell-line, and reported that while complete withdrawal of serum for 48 h resulted in cell death,
levels of serum between 0.1% and 0.5% resulted in arrest of proliferation in a manner they
described as a ‘cell cycle freeze’.  They found that subsequent addition of serum did not result
in cycle synchrony, implying that no reversible arrest had occurred at any particular point.

7.2 Experimental objectives
To:

• determine the effect of serum withdrawal on growth rate;
• determine the effect of serum withdrawal on cell-cycle phasing;
• measure the overall integrity of the late G1 restriction point.

7.3 Methods in brief
For each cell-line, 60 P60 tissue culture plates were each seeded with ~2.5 x 105 cells in 5 mL of
medium and incubated.  After one day, by which time the cells had become adherent, the
medium of half of the plates was replaced with medium containing 0.1% v/v FCS, rather than
the usual 10% v/v.  For the NZM5 cell-line, which is poorly adhering, cells in the supernatant
medium were collected by centrifugation and returned to the cultures during medium
replacement.  Daily thereafter for six days, quadruplicate plates for control and serum-
deprived cultures were harvested with retention of the culture supernatant, and the cell
number was assessed by electronic particle counter {E.1}.  In cases where the rate of growth
was slow, later time points were more widely spaced.  Replicates were pooled, fixed in
methanol/PBS, and subsequently analysed for DNA content by flow cytometry {B.11}.  The
resulting data were processed to determine the contribution of each distinguishable cell-cycle
phase to the overall fluorescence intensity distribution.

© Mary Anne Liebert Inc.  {Table iv}.  As published.

Figure 7–1: Effect of serum-deprivation on TLM1 cells

See A.5 for a
review of the
fundamentals

of flow
cytometry.
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7.4 Results
Graphs summarising the experimental results are given in Figure 7–3.  Owing to the great
amount of data gathered, the graphs are necessarily complex.  A visual key to their
interpretation is given in Figure 7–2.  For each time point in each series, control, or serum-
deprived, cell counts for each replicate are given, together with their mean and a bar
representing the standard deviation of their distribution.  For each series, the exponential line
of best fit to these means is given, the assumption being that all cells in each replicate behave
similarly and independently {but see below}.  Above each time point are given vertically paired
column charts that show the partitioning of cells among cell-cycle phases as determined from
flow cytometric analysis and model-fitting of pooled replicates.  The upper graph shows the
results for the control point, and the lower, the serum-deprived point.  The red column denotes
cells in G0/G1, green, those in S-phase, and blue, those in G2/M phases.  Markers are given
indicating 20% intervals.

This manner of presentation allows a rapid visual assessment of the effect of serum-deprivation
on cell-cycle phase partitioning over time, while also allowing this to be viewed in the context
of the simultaneous effect of deprivation on proliferation rate.

Figure 7–2: Key to interpretation of graphs for serum-deprivation results
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NZM1 NZM2

NZM3 NZM4

Figure 7–3: Serum-deprivation results (continues overleaf)

(continues overleaf)
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NZM5 NZM6

NZM7.2 NZM7.4

Figure 7–3 (continued)
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NZM9 NZM10

NZM10.1 NZM11

Figure 7–3 (continued)
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NZM12 NZM13

NZM14 NZM15

These graphs show the effect of serum-deprivation on proliferation and cell-cycle phasing for the melanoma
cell-lines under investigation.  See Figure 7–2 for a visual key to their interpretation.  See Figure 7–9 for a
different rendering of the flow cytometry data.

Figure 7–3 (concluded): Serum-deprivation results
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7.5 Discussion
Spontaneous phasing changes in many control cultures
In the control cultures for many of the cell-lines, there was a spontaneous redistribution of cells
among cell-cycle phases, with a growth in G0/G1-phase and a concomitant decline in S-phase.
This is best exemplified by NZM4 where G0/G1 content doubled over three days while S-phase
decreased by nearly 90%, in marked contrast to the situation with, for example, NZM6 {Figure
7–4}.

X-axis: days since serum-deprivation; Y-axes: contribution of phase to total population; left axis: G0/G1-phase;
right axis: S and G2/M-phases.

Key:  = G0/G1; = S;  = G2/M.

Figure 7–4: Spontaneous cell-cycle phase redistribution in control cultures

Culture cell density can be ruled out as a cause of this phenomenon since the effect is
immediate and progressive from low initial density.  Cellular senescence can also be excluded
as the effect occurs over a time period corresponding to only one or two population doublings.
Furthermore, the cell-lines have diverse passage numbers and all are immortal in culture.
Rather, we must look to some element of the cultural context that has changed with time, the
only reasonable candidate being the composition of the medium, and the only source of such
variation being the cells themselves.  Thus, we arrive at the inference that during growth in
culture, many of the cell-lines either produce something that favours retention in G0/G1-phase,
or consume something that favours passage into S-phase.  The production of autocrine growth
factors represents a strong candidate mechanism for such a reflexive influence.

If this were the case, the rate of proliferation should also change in concert with the phasing
changes, or equivalently, with time in culture.  To investigate this possibility, an instantaneous
proliferation rate (IPR) can be derived.  The IPR is the number of doublings per day calculated
from the exponential curve that best fits the proliferation data for the time point in question
and the two points immediately adjacent to it.  Conceptually, this is similar to the derivative
with respect to time of the proliferation function.  As this redistribution effect was unexpected,
and hence not considered in the experimental design, the conditions and sampling intervals

A
theoretical
analysis of
the effect

of
autocrine
growth
factor

production
is given in
Appendix

M.
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used were not optimal for the
assessment of IPR with a high order of
precision.  Nevertheless, the data suffice
to determine if the correlation implied
exists.  This is demonstrated for the
exemplars NZM4 and NZM6 {Figure
7–5}.  In NZM4, where a large
spontaneous redistribution occurred, the
IPR decreased with time in culture (null
hypothesis: slope = 0; P = 0.08; 95%
confidence level), while in NZM6 where
this effect is minor, if present at all, the
IPR does not vary significantly with time
in culture (null hypothesis: slope = 0;
P=0.51; 95% confidence level).  This is consistent with a common cause for the changed phasing
and proliferation rate, or a causal linkage between them.

When a similar analysis for all cell-lines
is performed, an additional pattern can
be recognised {Figure 7–6}.  There is a
correlation between absolute initial
proliferation rate and the rate at which
this declines with time.  Linear
regression bears this out, yielding R2 =
0.46.  Phrased another way, the more
rapidly a cell-line proliferates when
unconstrained, the more rapidly this rate
slows when it is deprived of serum.  The
significance of this association is unclear.

The relationship between IPR and cell-
cycle phasing can be further explored.
An analysis of the consolidated data for
all cell-lines and time points is presented
in Figure 7–7.  While the correlation coefficients are modest, they do suggest that an increase in
G1-phase is associated with a reduction in growth rate, while increases in either S or G2/M are
associated with accelerated growth.  Surprisingly, while the highest correlation might have
been expected to be with S-phase, it is in fact the G2/M contribution that is the best indicator of
instantaneous proliferation rate.  This may be because whatever the final checkpoint is before
mitosis becomes inevitable, it must necessarily be in this phase.

Each point represents the first measurable IPR and its
rate of decrease over time for a single cell-line.

Figure 7–6: Rate of IPR decrease vs initial rate

Figure 7–5: IPR as a function of time
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Earlier work180 characterising the NZM4
cell-line provides a basis for
understanding the observations made
here.  This line is particularly sensitive to
the inhibitory effects of TGFβ1, a
characteristic shared by many human
melanoma cell-lines1359, and TGFβ1-
treated cells were found by flow
cytometry to arrest in G1

180.  It was also
shown that conditioned medium from
NZM4 cultures contained a substance
which was growth-inhibitory with
respect to freshly seeded cultures.
Somewhat paradoxically, the
conditioned medium also inhibited
NZM7 growth, a cell-line known to be
resistant to TGFβ1.  This is explicable considering the existence of multiple TGFβ isoforms.
TGFβ2 and TGFβ3 are widely expressed in human melanomas, particularly in advanced
cases1359.  While TGFβ1 was excluded from playing a part in density-dependent arrest of NZM4
through the use of a neutralising antibody, this technique was not extended to the treatment of
conditioned medium.  One plausible cause of the spontaneous cell-cycle redistribution seen in
NZM4, and conceivably other cell-lines, is therefore the production of one or more TGFβ
isoforms, resulting in autocrine growth inhibition.  It is possible however that an entirely
different cytokine is involved, and only further investigation could clarify the situation.  In this
regard, the discussion of MIA below is of some relevance.  This finding disproves the widely
held belief that cell cultures invariably grow exponentially until a plateau is reached.  This
basic tendency may be modified by the production of stimulatory or inhibitory autocrine
factors that may accumulate during culture.

Cell-cycle phasing in the confluent control cultures
The commonly observed phenomenon that human cells in culture grow to form a confluent
monolayer and then cease proliferation has been described as ‘density-dependent arrest’, or
‘confluent arrest’.  One finding of the work cited earlier180 was that confluence is not always
sufficient to cause cell-cycle arrest, since replacement of the medium of NZM4 and NZM7
cultures which had been grown to post-confluence resulted in a temporary resurgence of
proliferation.  The results just described extend this by showing that confluence, as well as not
always being sufficient to cause arrest, is not always necessary either.  If it were, then no
departure from exponential growth would be seen prior to its advent.  This is in distinct
contrast to the progressive slowing of proliferation seen here.  Again, NZM4 provides a
relevant example.  Examination of the growth curve {Figure 7–3}, which demonstrates a clear
plateau at the time the cultures were becoming confluent, coupled with the low S-phase

Key:  = G0/G1;  = S;  = G2/M.  R2 values for
regressions: 0.26 (G0/G1), 0.31 (S), and 0.71 (G2/M).

Figure 7–7: IPR vs cell-cycle phase contribution
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fraction seen during this time, suggest the existence of a confluence-dependent arrest
mechanism in these cells.  That this is not the case becomes clear when it is appreciated that
both the decline in S-phase and the departure from exponential growth began immediately
after the establishment of the cultures.  Clearly, confluence, per se, is not always necessary to
cause a cell-cycle arrest after time in culture, and the operation of an autocrine inhibitor may
produce superficially indistinguishable results.

The effect of serum-deprivation on proliferation rate
Cursory examination of Figure 7–3 reveals that serum-deprivation has an immediate and
drastic effect on net proliferation rate for all cell-lines studied.  This fulfils the first experimental
objective.  The magnitude of this effect can be quantitated by comparing the IPRs of control and
deprived cultures.  From the equation of the exponential line of best fit for each series, the in
vitro doubling time (tD) can be calculated, and the reciprocal of this is the proliferation rate (R).
The retardation quotient (Q) is then derived according to Equation 7–1.

Q =1 −
RDeprived
RControl

Equation 7–1: Derivation of retardation quotient (Q)

A Q value of zero indicates that removal of serum has no effect on proliferation rate, and a
value of 1 (100%), that it completely inhibits proliferation.  Calculated values for tD, R and Q
are given in Table 7–1.

Cell-line Control tD
(h)

RControl
(doublings/d)

Deprived tD
(h)

RDeprived
(doublings/d)

Q
(%)

NZM1 54 0.4442 362 0.0663 85
NZM2 62 0.3864 -2078 -0.0116 103
NZM3 42 0.5743 80 0.3013 48
NZM4 35 0.6811 541 0.0443 93
NZM5 29 0.8197 100 0.2400 71
NZM6 51 0.4713 133 0.1807 62
NZM7.2 29 0.8245 45 0.5395 35
NZM7.4 32 0.7452 71 0.3398 54
NZM9 74 0.3262 248 0.0969 70
NZM10 46 0.5274 195 0.1233 77
NZM10.1 99 0.2433 1391 0.0172 93
NZM11 90 0.2675 661 0.0363 86
NZM12 28 0.8633 217 0.1106 87
NZM13 47 0.5129 174 0.1381 73
NZM14 73 0.3306 356 0.0674 80
NZM15 39 0.6118 181 0.1326 78

Table 7–1: Proliferation rates with and without serum

While a marked effect was evident for all cell-lines, there was variability in Q {Figure 7–8}.  Its
distribution had a coefficient of variation of 24%, and was skewed toward higher Q values,
with three times as many cell-lines having values above 70% as below.  With the exception of
NZM7.2, all values fell within 1.6 s of the mean.  NZM7.2, an outlier at m – 2.2 s, is worthy of
future investigation.

Over the entire duration of the experiment, only NZM3, NZM5, NZM7.2, NZM7.4, and NZM9
were able to support a single population doubling in the absence of serum, and no cell-line
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doubled twice.  The last time point for
the NZM10 experiment is noteworthy
for the extremely wide variability among
the replicate cultures, with one having
achieved a growth comparable to the
controls.  This may reflect a technical
error, or it may be an indication that in
one culture, a variant arose with
increased proliferation rate in the
absence of serum.  In contrast to the
general restriction of growth seen in the
serum-deprived cultures, all of the
controls doubled at least once, the mean
doubling time being 2.2 d.

For net proliferation rate to change, the
rate of cell division, the rate of cell death,
or both must change.  The objectives of
this experiment focus on determining if
it is the former that takes place, and if so, if this is due to a cell-cycle arrest, in particular, in G1.
To determine if cell-cycle transit time increased without altering phase partitioning would
require a different approach.  Pulse-labelling of proliferating cultures with bromodeoxyuridine
(BrdU) would allow a cohort of cells to be followed from S-phase by flow cytometry {A–6}.
Blockade of passage through mitosis with an agent such as paclitaxel would provide
complementary data.  To determine if it was the rate of cell death that had altered, perhaps due
to the removal of survival factors, studies into the activation of apoptosis, perhaps by end-
labelling of cleaved DNA with terminal deoxynucleotidyl transferase and flow cytometric
assessment, would be an appropriate experimental approach.

The effect of serum-deprivation on cell-cycle phasing
The second experimental objective calls for the determination of the effect of serum-deprivation
on cell-cycle phasing.  To facilitate this, the flow cytometry results given as bar-charts in Figure
7–3, are presented again in a different format {Figure 7–9}.

Unfortunately, the spontaneous departure from exponential growth seen in control cultures for
some cell-lines defeats the traditional approach of reporting results as a function of the control
value, since the controls themselves are subject to variation during the experiment.  In effect,
the control culture at the time of serum-deprivation, and the samples from the early time points
for serum-deprived cultures must serve as controls.  The analysis undertaken here then is to
compare the cell-cycle phasing changes seen with lengthening deprivation, with an emphasis
on any early effects.  To systematise this, each cell-line can be assigned a response type based

Q values are grouped in 5% bins.  Cell-line names are
placed corresponding to their respective Q value; their
horizontal placement is arbitrary.  A mean and standard
deviation scale is given.

Figure 7–8: Distribution of Q
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on the changes that occur in each cell-cycle phase {Table 7–2}.  This assignment is necessarily
subjective, given the unknown importance of minor deviations within the data.

Excluding the possible response types that were not seen, a further subjective categorisation
can be made into classes.  In Class 0 (type 0), no alteration is seen.  In Class 1 (types +2, +3, and
+5), G1 alone increases.  In Class 2 (types –6, –5, and +4), an increase in G2/M, and possibly G1,
is seen.  In Class 3 (type –2), the primary characteristic is an increase in S-phase, and possibly
G2/M-phases.

NZM1 NZM2 NZM3 NZM4

NZM5 NZM6 NZM7.2 NZM7.4

NZM9 NZM10 NZM10.1 NZM11

NZM12 NZM13 NZM14 NZM15

X-axis: days since serum-deprivation; Y-axes: contribution of phase to total population; left axis: G0/G1-phase;
right axis: S and G2/M-phases.
Key:  = Control G0/G1;  = Deprived G0/G1; = Control S;  = Deprived S;  = Control G2/M;  = Deprived
G2/M.

Figure 7–9: Effect of serum-deprivation on cell-cycle phasing
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Response type ΔG1 ΔS ΔG2/M NZM cell-lines
–6 – – + NZM4
–5 – 0 + NZM15
–4 – + – nil
–3 – + 0 nil
–2 – + + NZM5, NZM6, NZM13
–1 0 – + nil
0 0 0 0 NZM7.2

+1 0 + – nil
+2 + – – NZM1, NZM2, NZM3, NZM7.4, NZM11
+3 + – 0 NZM10.1, NZM14
+4 + – + NZM10, NZM12
+5 + 0 – NZM9
+6 + + – nil

This table characterises the response to serum-deprivation exhibited by the cell-lines.  Different response
types are grouped into classes as described in the text.  Key to highlighting: Class 1; Class 2; Class 3.

Table 7–2: Serum-deprivation response types

Class 1: The classical G1 arrest
This class conforms to the predictions
made for the effect of a functional serum-
sensitive restriction point, with NZM2
being the exemplar.  The experiment was
repeated for this cell-line over a longer
period from a lower starting cell density
with broadly concordant results {Figure
7–10}.  With the extended time line
however a further facet emerged.
Beyond d5, the G2/M fraction remained
essentially static, but at a higher level
than seen in the controls.  The continued
growth of the G1-phase at the expense of
S implies that while passage through
G2/M was occurring, it was at a reduced
rate.  Possibly, the G2/M control point
better demonstrated in the Class 2
response, described below, was operative
here, but subservient to the G1 arrest.  It
is also possible that cells were being selectively lost from S or G2/M phases.

The presence of a functional serum-sensitive G1 checkpoint in many melanoma cell-lines
proves that either the cyclin D–CDK4–pRB–E2F subsystem is not defective in all melanomas, or
it does not mediate the putative G1 restriction point.  Either possibility could be considered a
novel finding.  Further clarification of this must await the presentation of the results of the
molecular characterisation of these cell-lines, the subject of later chapters.

X-axis: days since serum-deprivation.
Y-axes: contribution of phase to total population; left
axis: G0/G1-phase; right axis: S and G2/M-phases.
Key:  = Control G0/G1;  = Deprived G0/G1; = Control
S;  = Deprived S;  = Control G2/M;  = Deprived
G2/M.

Figure 7–10: Results for NZM2 replication
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Class 2: A serum-sensitive G2/M checkpoint
As NZM2 was selected as exemplar for
Class 1 and re-examined experimentally,
so was NZM12 selected for Class 2.  The
results for the replication are given in
Figure 7–11.  NZM12’s response to
serum-deprivation can be divided into
three stages.

In the first, running from inception to
about d3, G1 and S fell while G2/M rose
dramatically.  The fall in G1 implies that
progression to S was still possible, and
when coupled with the rise in G2/M
component, strongly suggests that
transit through these latter phases was
restricted.

In the second stage, from d3 to d7, G1

began to climb, while the increase in
G2/M continued to its maximum, but at
a reduced rate.  The growth in G1 implies
that no absolute restriction to passage
through mitosis existed, confirmed by
the continued climb in cell numbers
{Figure 7–12}.  The decline in S phase
was a flow-on effect of reduced entry to
G1 caused by the restriction in G2/M.

In the third stage, beyond d7, G2/M
declined from its peak, while S and G1

increased.  Superficially, this would
imply that cells were passing both into,
and out of G1.  However, by this late
stage of culture without serum, cell
numbers had begun to decline.  Here
too, selective loss of G2/M cells may
have contributed to the alteration in cell-
cycle phasing seen.

G2 arrest due to DNA damage965 and microtubule malformation873 are well documented, and an
association with cell size is known in yeast§1283.  There is also a small body of literature
supporting the existence of serum-borne factors that can inhibit proliferation in G2/M.  Zaitsu

X-axis: days since serum-deprivation.
Y-axes: contribution of phase to total population; left
axis: G0/G1-phase; right axis: S and G2/M-phases.
Key:  = Control G0/G1;  = Deprived G0/G1; = Control
S;  = Deprived S;  = Control G2/M;  = Deprived
G2/M.

Figure 7–11: Results for NZM12 replication

Key:  = with serum;  = serum-deprived.

See Figure 7–2 for further information on symbols.

Figure 7–12: NZM12 growth curve



7–17

7:
 S

er
um

-d
ep

ri
va

tio
n

et al.§1498 reported a study of temperature-sensitive rat fibroblast cells where an arrest was seen
in either G1 or G2 at the non-permissive temperature that could be relieved by the addition of
fresh serum.  They concluded, inter alia, that ‘the commitment to DNA synthesis is not
necessarily a commitment to cell division.’  Kinzel et al.682 reported that HeLa cells were
inhibited by EGF in a receptor-dependent manner, and that the basis for this was a transient
inhibition of the G2–M transition.  Later work showed that this process involved the
modulation of CDC2 activity72 via CDC25C71.  Another growth factor with activity in G2 is
FGF2, able to cause arrest in SK-N-MC neuroepithelioma cells1243.  On a broader front, cAMP, a
commonly activated second-messenger molecule, has been implicated in the G2 arrest seen in
mouse macrophages§729.  Lazebnik et al.755 discovered that the addition of ascites fluid to the
medium of Ehrlich ascites carcinoma cells inhibited their growth by causing a block in
progression through G2.  In this case however, the addition of serum could not relieve the
arrest.  They postulated ‘that ascites fluid contains a factor(s) which potently interrupts the G2-
phase of the cell-cycle’.

Of significance here is the work of Bogdahn et al.109, who isolated three melanoma supernatant
fractions with growth-suppressive properties against melanoma and glioblastoma, but not
against normal fibroblasts.  The protein responsible, MIA (melanoma inhibitory activity), is an
autocrine factor produced by many melanomas, and normally by cartilage.  It was found that
inhibition of sensitive cells required exposure to MIA at the G1–S boundary, but that the effect
was a prolongation of S-phase and an arrest in G2

1417.  After the identification of the active
components of some fractions38, MIA was cloned in 1994103, and assigned to 19q13.32–q13.33 by
fluorescence in situ hybridisation700.  The primary product is a 131 amino acid precursor that
gives rise to a mature protein of 107 amino acids and molecular weight of ~11 kD.  The crystal
structure for MIA was solved in 2001808.  Interestingly, it contains an SH3 domain, the first
secreted protein known to contain this.  However, it is thought that due to changes in otherwise
conserved residues, this domain is unlikely to bind polyproline helices.  Little is yet known
about the control of expression of this gene, its role in normal chondrocytes, or what part it
plays in melanoma.  There does appear to be a correlation between expression and metastasis121

and the significance of this is under active investigation.  Yet to be addressed is the question of
whether MIA is playing a role in the NZM cell-lines.  It may help explain the spontaneous
reduction in proliferation rate seen in the control cultures.

While growth factor inhibition in G2 has received some attention, the existence of a serum
dependency in G2 or M-phase is all but unreported in the literature.  A relevant paper suggests
that IGF1 may be necessary for G2 progression in the response of mouse uterine cells to the
mitogen oestradiol§14.

The existence of a Class 2 response, wherein there is restriction of passage of cells through G2 in
response to serum-deprivation, is a significant discovery in its own right.  Furthermore, it
directly contradicts the notion of a restriction point in G1 being the point of commitment to
divide.
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Class 3: Disinhibition at the G1–S boundary
If the existence of a Class 2 response was
surprising, that of Class 3 was even more
so.  In this case, NZM6 was selected as
the exemplar and the experiment
repeated {Figure 7–13}.

The existence and magnitude of the
pulse of cells leaving G1 upon serum-
deprivation was quite evident.  One
reason for the time line extension in the
replicate experiment was to determine if
this cohort of cells would continue to
pass through G2 and mitosis.  It seems
that they did, as there was clear evidence
of a continued decline of G2/M
associated with an increase in G1

beginning at d7.  The experiment would
have to be extended further to determine
if they continued to cycle or arrested in
G1.

Some insight is available from the growth curve for the replication {Figure 7–14}.  Data for d8
showed wide dispersion, and it was clear from the examination of the replicate cultures that
one of three was not proliferating, while the other two appeared to be thriving.  D9 saw all
three cultures in decline, while d10 saw
all three growing actively and
concordantly.  The inference is that a
minor component present in the original
population has the ability to thrive in the
absence of serum, while the major
component cannot.  In effect, serum
reduction has acted as a selection
mechanism.  While it was clear that this
was occurring, the decision was made to
continue pooling cultures prior to flow
cytometry analysis in accordance with
the experimental protocol, principally
because there would be too few cells for
analysis from a single culture.  Indeed,
there were too few cells to allow analysis

X-axis: days since serum-deprivation.
Y-axes: contribution of phase to total population; left
axis: G0/G1-phase; right axis: S and G2/M-phases.
Key:  = Control G0/G1;  = Deprived G0/G1; = Control
S;  = Deprived S;  = Control G2/M;  = Deprived
G2/M.

Figure 7–13: Results for NZM6 replication

Key:  = with serum;  = serum-deprived.
See Figure 7–2 for further information on symbols.

Figure 7–14: NZM6 growth curve
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of the pooled serum-deprived cultures from d9.  Among the implications of such selection
having occurred is the likelihood that the cells would continue to cycle, but also the raising of
doubt as to exactly what the subject of analysis would actually be at late time points in an
experiment extended even further.

The basis for the stimulus to entry of S-phase is unknown.  Most probably, fetal calf serum
contains a growth factor that causes a partial G1 arrest in some melanoma cell-lines.  It is
unlikely to be TGFβ1 since NZM4, known to be inhibited by this, demonstrated a marked
reduction in S-phase in response to serum-deprivation.

Interestingly, all of the cell-lines with Q values below the mean, with the exception of NZM9,
displayed initial increases in S-phase upon serum-deprivation.  Conversely, all with Q values
above the mean, with the exception of NZM10.1, displayed an initial decrease.  The relevance
of this is unknown.

Despite this release of cells from G0/G1, the net proliferation rate was still constrained.  The
nature of this constraint is not clear from the data presented here: retardation in G1, G2, or both,
could have been occurring.  It seems likely that it was the rate of progression that controlled
proliferation, rather than the imposition of an impediment to progression at any point.  It is
also possible that the alternative processes mentioned above, such as increased incidence of
apoptosis, may have been operative.

7.6 Summary
While not addressing the molecular integrity of pRB-mediated control of proliferation in
melanoma cell-lines, this work effectively excludes the removal of growth factor dependence as
the functional target of the reported alterations to this subsystem.  The presence of a previously
unsuspected serum-sensitive control point in G2/M has been established.  This casts doubt on
the existence, or universality, of a ‘restriction point’ in G1 as a point of commitment to cellular
division.  The results presented here are consistent with the limited literature on the subject.
The reduction in S-phase content seen upon serum withdrawal in canine TLM1 melanoma
cells§901 corresponds to a Class 1 response.  The failure of MeWo human melanoma cells to
arrest in G0 upon serum withdrawal1142 corresponds to either a Class 2 or Class 3 response.  The
cell-cycle ‘freeze’ seen in murine B16F10 cells§1102 was not observed.

Nevertheless, the association between melanoma and pRB and its functional associates is well
supported, and further characterisation of these molecules is warranted if this is to be
explained.  The following chapters describe investigations into the status of some key
molecular components of the pRB subsystem in the NZM cell-lines.
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The effect of serum-deprivation (V3)
7.7 Clarification of the existing material
Experimental procedure
To achieve the objectives for this chapter required the measurement of growth rate and cell-
cycle phase distribution as a function of time, serum concentration, and cell-line.  These were
addressed by cell counts and flow cytometry of cultures harvested at multiple time points after
serum deprivation.  Given the likely growth rates of the cell-lines, the effects were expected to
take several days to appear.

A pilot investigation was performed on a subset of cell-lines to establish the feasibility of the
proposed method, with NZM5, NZM9, and NZM10.1 being selected as representing a broad
range of growth rates.  For each cell-line, 16 P60 tissue culture plates were each seeded with ~5
x 105 cells in 5 mL of medium and incubated.  After 1 d, the medium of half of the plates was
replaced with medium containing 0.1% v/v FCS, rather than the usual 10% v/v.  Daily
thereafter for 4 d, duplicate plates for control and serum-deprived cultures were harvested
with retention of the culture supernatant, and the cell number was assessed by electronic
particle counter.  Replicates were pooled, fixed in methanol/PBS, and subsequently analysed
for DNA content by flow cytometry.  The resulting data were processed to determine the
contribution of each distinguishable cell-cycle phase to the overall DNA fluorescence intensity
distribution through use of Modfit LT software.

This experiment was not reported in V1, but from the results it was concluded that a time
course of 7–10 d would be needed to yield meaningful data; that seeding at a lower density
would be needed to avoid problems of over-growth at late time points; and that within-
experiment replication would ensure adequate cell numbers for flow cytometric analysis, while
simultaneously improving the quality of the data obtained.  The main investigation
encompassing the entire NZM panel was implemented based on these conclusions, and was
reported in V1.  A single experiment was performed for each cell-line in which control and
serum-deprived cultures were each sampled in quadruplicate at each time point, and cell
counts obtained for each replicate individually, as described {7.3} and illustrated in Figure 7–2.
Within-treatment quadruplicate samples were pooled as described {7.3} to provide sufficient
cells for flow cytometric analysis, essential at early time points in both arms of the experiment,
and at later time points in the cell-lines deprived of serum, where numbers remained low, or
even declined.  The entire experiment was not repeated owing primarily to its very substantial
scale, and secondarily to the high degree of replication already present within the experiment.

The analysis of the results of these experiments led to the identification of three response
classes, and a further set of experiments seeking to confirm this was performed using exemplar
cell-lines from each response class: NZM2, NZM6, and NZM12.  These experiments were
described in V1.  The Class 3 response, modelled by NZM6, involved a release of cells from G1

upon serum withdrawal, a very interesting counter-intuitive result.  The question of the fate of
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this cohort of cells arose, and in order that more information could be gleaned about this
during the confirmatory experiment, a longer time course was required.  To achieve that
without risking distorting cell-cycle partitioning by high cell density effects in control cultures
late in the time course, either a lower starting cell density, or a much larger scale experiment
was necessary.  The former option was selected, and cultures were seeded at ~5 x 104 cells/5
mL, rather than ~2.5 x 105 cells/5 mL, as was the case in the survey of the entire NZM panel.

This was not a direct replication of the comprehensive experiment even for these cell-lines as
the experimental conditions were different with respect to seeding density, duration, and
within-experiment replication.  However, the concordance of the results obtained, and
illustrated below for the case of NZM6, strongly indicate that these variables did not affect the
key observations made, and so, at least for the exemplar cell-lines investigated, the findings
with respect to the effects of serum deprivation were reproducible.

Concordance of results
The growth data obtained for the serum-
deprived NZM6 cultures on the two occasions
{Figure 7–15} are far from ideal, and
superficially may appear disparate.

The high variability within replicate groups in
many cases is unfortunate, and may reflect the
technical difficulty involved in obtaining
accurate cell counts for cultures under stress
by electronic particle counter.  Since these can
contain cells with a wide range of sizes, and
also subcellular debris, the setting of particle
volumes to be counted electronically is
somewhat arbitrary.  However, as discussed in
the original text {7–18}, the variability seen
may be, at least in part, a true portrayal of an
inherent variability among the replicate
cultures, as differences in cell density among replicates were visible microscopically.  This
variability has resulted in the presence of data outliers, particularly for two of the final three
time points for the confirmatory experiment.

The disparity that immediately presents itself upon examination of Figure 7–15 is the difference
in the absolute number of cells, but this is due simply to the difference in seeding density and
can be discounted.  A better comparison of the results of the two experiments is possible if the
datasets are separately scaled and presented with the outliers omitted {Figure 7–16}.  When the
overall pattern and the relative changes and trends displayed in each dataset are compared, the
differences are not particularly remarkable.  In essence, both rise to plateaux by day three and

X-axis: days since deprivation.  Y-axis:
thousands of cells.
Closed symbols are means; smaller, lighter,
open symbols are individual data points; bars
are standard deviation.

Figure 7–15: NZM6 serum-deprived growth
concordance
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remain there or decline.  While imperfect, the
data from both experiments are concordant in
demonstrating that serum deprivation
severely constrains NZM6 proliferation.

Turning now to the results for the assessment
of the effect of serum deprivation on cell-cycle
phasing, the high degree of concordance
between the two experiments is immediately
obvious when both sets of data are compared
directly {Figure 7–17}.  The overall pattern is
very clear: a cohort of cells is released from G1

in response to serum deprivation, passes
through S, and into G2/M; the only difference
is in the timing.  This difference is likely to be a
consequence of the difference in seeding
density.  Cellular growth can be accelerated
through interaction among cells by juxtacrine
and autocrine mechanisms.  If this is occurring
in NZM6, higher cell density will result in
more direct interactions among cells,
augmenting juxtacrine effects.  If a soluble
factor is involved, at higher densities more of
it will be secreted into the medium.  While the
amount of growth factor per cell will not be
different, its concentration will be since the
volume of medium is the same in both cases.
The higher the concentration is, the greater the
chance of interaction between the factor and a
receptive cell, again stimulating growth of
high density cultures more than low.
Interestingly, in some cell-lines exactly the
opposite effect was revealed in that the
existence of a growth suppressive effect was
found among control cultures {See 'Spontaneous phasing changes in many control cultures' in
Section 7.5}.  Notably, this inhibitory effect was absent from NZM6 {Figure 7–4}, leaving the way
clear for the hypothesised stimulatory effect to operate.  The subtle difference in timing
revealed here indicates new avenues for exploration: a series of experiments tracking cell-cycle
phasing for cultures seeded at a range of densities would be expected to show a trend in
stimulation; and if a soluble factor is involved, conditioned medium from a high density
culture would be expected to accelerate the growth of a low density culture.  While the clear

X-axis: days since deprivation.
Y-axis: cell-cycle phase proportion.
Closed symbols: results from initial survey.
Open symbols: results from confirmation.
Red = G0/G1; green = S; blue = G2/M.

Figure 7–17: NZM6 serum-deprived phasing
concordance

X-axis: days since deprivation.
Y-axes: thousands of cells; left axis for initial
survey; right axis for confirmation.
Closed symbols are means; smaller, lighter,
open symbols are individual data points; bars
are standard deviation.

Figure 7–16: NZM6 serum-deprived growth
concordance (scaled)
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similarities in the two results attest to the reliability and reproducibility of the method, the
minor differences present between them attest to its sensitivity.

Differing plateau densities
Markedly different plateau cell densities were observed among the cell-lines.  The NZM cell-
lines exhibit a wide spectrum of morphological and physiological characteristics, to the extent
that many are immediately distinguishable in culture at a glance {See 'Idiosyncrasies of NZM cell-
lines in culture' beginning on page 3–3}.  One feature that is highly variable among the cell-lines is
cell size, with NZM5 being minute, and NZM10 capable of producing enormous cells, so to
observe differences in confluent density was unsurprising.  While perhaps significant for the
study of cell size regulation and contact interactions, it is less so in the context of a discussion
of serum deprivation, particularly since the serum-deprived cultures invariably arrested or
died well before reaching high density.  Nevertheless, observations that may have some
bearing on this were made, specifically, the serendipitous discovery of a spontaneous cell-cycle
phase redistribution and increasing departure from exponential growth occurring in some
control cultures beginning immediately upon seeding {See 'Spontaneous phasing changes in many
control cultures' in Section 7.5}.  This brings into question whether arrest at high density is a
function of confluence at all, or instead, is merely the result of the production of an inhibitory
autocrine factor {See 'Cell-cycle phasing in the confluent control cultures' in Section 7.5}.

7.8 Extension of the existing material
Rationale
To further elucidate the effect of serum-deprivation on human metastatic melanoma cell-lines
and to seek to confirm the earlier findings, the exemplar cell-lines exhibiting the different
classes of response to serum-deprivation were again examined to determine the effect this
deprivation has on proliferation and cell-cycle phasing.

Methods
To explore this comprehensively, a large-scale extended time course experiment was
performed, but it was subsequently found that the NZM12 cells used were both of questionable
identity {8–26}, and were from mycoplasma-contaminated stock {Method 33}, rendering the
results for this cell-line invalid.  In contrast, the stocks from which the NZM2 and NZM6 cells
were drawn were subsequently found to be negative for mycoplasma and were confirmed as to
identity {See 'Discrimination among the cell-lines' on page 8–35}.  While the study is incomplete for
lack of valid NZM12 data, the data for NZM2 and NZM6 are probably valid.

The problem of mycoplasma contamination was addressed by recovering early passage cells
for all lines, testing them for mycoplasma contamination, treating them with ciprofloxacin
{Method 34} regardless of their status, and using the resultant stock for all future experiments.
Given the loss of the NZM12 data, this included a further investigation of serum-deprivation in
the exemplar cell-lines on a more modest scale, one similar to that employed in the initial V1
survey of the complete NZM panel.  The methods employed for this were essentially as
described in the original chapter, and these are repeated below with changes noted.
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For each of the exemplar cell-lines, 60 P60 tissue culture plates were each seeded with ~2.5 x 105

cells in 5 mL of medium and incubated.  After 1 d, by which time the cells had become
adherent, the medium of half of the plates was replaced with medium containing 0.1% v/v
FCS, rather than the usual 10% v/v.  Between removal of the existing medium and addition of
the new, each plate was rinsed twice with PBS to remove any traces of serum that may have
remained (Changed from V1: see point 1 below).  Daily thereafter for 7 d (Changed from V1:
see point 2 below), quadruplicate (Changed from V1: see point 3 below) plates for control and
serum-deprived cultures were harvested, and the cell number assessed using a standard
haemocytometer slide (Changed from V1: see point 4 below).  Replicates were pooled, fixed in
methanol/PBS, and subsequently analysed for DNA content by flow cytometry.  The resulting
data were processed to determine the contribution of each distinguishable cell-cycle phase to
the overall fluorescence intensity distribution using Modfit LT software.

Changes to the method formerly used
1. In V1 no rinse step was performed and in consequence, as much as 200 µL of the

original medium may have remained in a plate.  This could correspond to increasing
the serum concentration after replacement to 0.5% v/v.  This is still in the range used in
published deprivation experiments, so does not invalidate the original experimental
series.  However, with this issue having been recognised, the decision was made to
improve the experimental procedure by incorporating a rinse step, even though this
reduces the fidelity of experimental replication.

2. The duration of the experiment was increased from six days to seven.
3. Supernatants were not retained.  This step was only included originally because of the

poor adherence of NZM5.  The exemplar cell-lines are all strongly adherent rendering
this step superfluous.  It may result in a small depletion of mitotic cells, but this was
judged to be less important than the improvement in control over serum concentration.

4. The Coulter Counter Z1 used in the original experiments had been retired prior to
resumption of this work.  A Z2 model was available, and was used in the incomplete
large-scale experiment described above, however because of the issues noted
concerning instrument settings, in this experiment cell counts were assessed by
digitally photographing cells on a haemocytometer slide and subsequently counting
cells from the images.  This has the advantages of greatly reducing counting errors due
to inadvertent omission or double counting of cells, something difficult to avoid with a
direct count of adequate cell numbers, and also providing a permanent record; it has a
small disadvantage of reducing the ability to discriminate viable from non-viable cells.

Results
Growth and cell-cycle phasing data from both the incomplete large-scale experiment and the
smaller-scale confirmatory experiment are presented below in Figure 7–18 to Figure 7–20.
These figures also contain the results obtained in the original work for the purposes of
comparison.  To aid in interpretation of these results, a summary of salient experimental
parameters for each series is given in Table 7–3.
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Experimental series Cell-lines Seeding
density Replication Duration Rinse step Counting

method
V1 NZM survey NZM panel 2.5 x 105/plate Quadruplicate 6 – 10 d No Z1
V1 confirmation M2, M6, M12 5 x 104/plate Triplicate 13 d No Z1
V3 large-scale M2, M6 5 x 104/plate Triplicate 11 – 12 d No Z2
V3 confirmation M2, M6, M12 2.5 x 105/plate Quadruplicate 7 d Yes Haemo.

NZM panel = all cell-lines included in V1 study.  M2 = NZM2; M6 = NZM6; M12 = NZM12.  Replication
specifies plates per treatment per time point.  Duration is days from deprivation.  The rinse step is as
described in the text.  Z1/Z2 = Coulter electronic particle counter model Z1 or Z2; Haemo = haemocytometer.

Table 7–3: Serum-deprivation experimental series parameters
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Closed symbols: control.  Open symbols: serum-deprived.  Red = G0/G1; green = S; blue = G2/M.
For left panels, large symbols and bars are mean and standard deviation; small symbols are replicate data.

Figure 7–18: NZM12 serum deprivation results comparison
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Closed symbols: control.  Open symbols: serum-deprived.  Red = G0/G1; green = S; blue = G2/M.
For left panels, large symbols and bars are mean and standard deviation; small symbols are replicate data.

Figure 7–19: NZM2 serum deprivation results comparison
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Closed symbols: control.  Open symbols: serum-deprived.  Red = G0/G1; green = S; blue = G2/M.
For left panels, large symbols and bars are mean and standard deviation; small symbols are replicate data.

Figure 7–20: NZM6 serum deprivation results comparison
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Discussion
The high variability in the cell counts seen in the original work persisted in V3, and was
greatest in the confirmation experiment where counting was done with a haemocytometer slide
as opposed to electronic particle counter; the lower cell numbers counted with this technique
probably contributed to this.  Despite its superficial simplicity, the concept of counting viable
melanoma cells quickly and reliably does not yet seem to have a technical solution.

The new data gathered continue to support the conclusion drawn from the earlier work: in the
exemplar cell-lines, the absence of serum greatly restricts proliferation.

The results for the cell-cycle phasing analysis are interesting in two ways: firstly for the
similarities shown on re-examination, and secondly for the differences.

For NZM2, the exemplar cell-line for the classic G1 arrest response class, the result in each case
confirmed this, with an immediate increase in G1 proportion above control levels and a
concomitant decrease in S-phase, with G2 remaining constant or increasing slightly.  The more
gradual increase in G1 and decrease in S associated with spontaneous departure from
exponential growth were also confirmed in the control cultures.  The difference in the relative
proportions of G1 to G2 seen between the two V3 experiments is puzzling.  In the initial
experiment, the ratio is ~4:1, but in the confirmatory experiment it is ~8:1.  At early time points
this effect was also observed in the V1 experiments, however there was a more pronounced
early decline in G2 proportion in both control and serum-deprived cultures which brought the
ratio back to ~9:1 by day 3.  The difference in seeding density may play some part in this as the
more usual ~8:1 ratio was seen at low density in both the V1 and V3 experimental series.  While
no explanation for this is available, its presence does not detract from the observation of
changes in proportion in each of the phases, and these are consistent across all experiments.  To
reiterate the conclusion drawn in the original work: the presence of a G1 block in response to
serum-deprivation implies either that the cyclin-D–CDK4–pRB–E2F subsystem is not defective
in all melanomas, or that it is not the sole mediator of the G1 restriction point.

NZM6, for which the V1 results were considered more closely above, provided a surprise
during V3.  The very pronounced stimulus to enter S-phase in response to serum-deprivation
that was seen twice in V1, was essentially absent in V3, and the decline in S-phase very closely
followed that of the control cells.  This was seen both in the initial V3 experiment and the later
confirmatory experiment.  However, whereas in the controls the proportion of G2 cells
remained static and then declined, in the serum-deprived cultures it increased to a constant
proportion; instead of there being a net transfer from S to G1 as there was in the controls and
consistent with proliferation, there was a transfer only to G2 initially, implying a block there.  At
later times there was an increase in G1 proportion at the expense of S, implying that this G2

block was not perfect.  These are now the characteristics of the Class 2 response, a serum-
dependent G2/M checkpoint, for which NZM12 was the exemplar.
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What then can be learnt from NZM12's behaviour when re-examined?  Here, owing to the
issues of misidentification and mycoplasma, no data are available for the initial V3 experiment,
but in the confirmatory experimental series, remarkably, NZM12 displayed the Class 3
response expected but missing from NZM6.  There was a dramatic rise in S-phase proportion at
the expense of G1 immediately upon serum deprivation, followed over the next few days with
a surge in G2 and an increase in G1 slightly after that.  However, between days 3 and 5, total cell
numbers may or may not have been increasing; the growth data variance prevents certainty in
assessing this.  If they were, a degree of proliferation was still occurring; if not, then the
alteration in proportion in favour of G1 phase must have been due to selective loss from S and
G2/M, possibly coupled with a G2 block as was seen in the initial investigation of NZM12.

The upshot of this is that the three response classes reported in V1 have been confirmed to
exist, but apparently they are not wholly determined by cell-line.  Possibly all cells are capable
of exhibiting all classes of response, or some potential responses may be lost due to the genetic
or epigenetic status of the cells as imposed by differentiation and mutation.  Of those that
remain, which actually occurs upon deprivation may depend on the exact composition of the
medium in which the cells had been growing, and the exact extent to which serum factors were
removed.

The first, medium composition, is something that cannot be rigidly controlled without the use
of totally synthetic medium including defined growth factors.  In the typical experimental
scenario, this would be addressed by the use of the same batch of serum throughout, and so
provide consistency, if not precise definition.  However, that has not been the case here.  The V1
NZM survey took place between July and December 2000, and the confirmation between June
and August 2001; the V3 initial experiment was conducted in June 2006, and the confirmation
between August and September 2006.  Thus, over five years had elapsed between the original
experimentation and the re-examination, and a change in serum supply is a virtual certainty.
This variability could not be controlled for without the foreknowledge that additional work
would be required and the reservation of serum for subsequent use.

The second, the extent of deprivation, was altered by the introduction of the rinse step during
serum deprivation in V3.  The difference was considered to be of minimal significance, as the
concentrations achieved in either case were within the range used in such experiments.
However, it is quite possible that cells exhibit one class of response when restricted to 0.1%
serum, and a different class when provided with five times that, 0.5%.  Variability in behaviour
at such low serum levels is an area that could be investigated further.

There may also be random factors involved.  Removal of serum proteins may lead to a greater
degree of oxidative damage being experienced by cells, or may lead to changes in epigenetic
status, and these may be exacerbated by variation in serum composition and the actual degree
of deprivation achieved.  Changes of this type could also contribute to the response class
switching that was seen.
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Biological systems are inherently variable and perfect replication of results can often be elusive.
Nowhere is this likely to be more apparent than in the study of genomically unstable tumour
cell-lines, where the characteristics of the subject may alter even during the course of an
experiment, never mind between attempted replications conducted years apart.

Summary
Further analysis of the data gathered in V1 has shown internal consistency between the results
of the two experimental series undertaken.  The existence of the three classes of response to
serum deprivation has been confirmed, but that exhibited by a cell-line has been shown to be at
least partly, if not wholly, context dependent, rather than being an intrinsic property of that
cell-line.  The occurrence of spontaneous departure from exponential growth and cell-cycle
phase changes in control cultures commencing immediately after seeding was confirmed.  The
problems associated with obtaining accurate cell counts have become apparent, as have the
difficulties in attempting to replicate results after an extended interval.



8 9p21 status

The human 9p21 chromosomal locus contains the genes CDKN2A and CDKN2B that
encode three proteins, p15, p16, and ARF, each capable of causing cellular growth arrest.
Aberrations of expression of these genes, or of their functional associates, are widely
reported in many tumour types, notably melanoma.  Using PCR, single-strand
conformation polymorphism analysis, and DNA sequencing, the genetic integrity of the
9p21 region was investigated in sixteen human metastatic melanoma cell-lines.

Seven cell-lines were found to have deletions affecting CDKN2A, and in five of these,
CDKN2B was also affected.  Two related cell-lines contained sequence polymorphisms in
the 3’-untranslated region of CDKN2A, and one, in addition to being partially deleted, also
contained a sequence variation expected to alter ARF.  One cell-line contained a sequence
variation in CDKN2B, probably an inconsequential polymorphism.  In two cases, there was
evidence of a deletion telomeric to the 9p21 locus.

In addition, compelling evidence of genetic heterogeneity within individual cell-lines was
found, reinforcing the conclusions drawn from the analysis of ploidy.

8.1 Introduction
Cytogenetic studies of melanoma have implicated the human 9p chromosomal region in
tumorigenesis369, and there is a great deal of evidence that a melanoma tumour-suppressor
gene resides within 9p21322.  Here, two closely related genes have been identified: CDKN2A and
CDKN2B {Figure 8–1}.

In a manner extremely rare in eukaryotes, the first gives rise to two distinct protein products.
Two promoter sites direct the transcription of different initial exons, termed 1α and 1β.  In
either case, the first exon is spliced to common exons 2 and 3, but as the alternative first exons
differ in length, the common exons are appended in differing reading frames839.  This
eliminates any similarity of sequence, and by extension, function, between the two resultant

Figure 8–1: The CDKN2A/B locus and its encoded proteins
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proteins, p16 and ARF.  Nevertheless, both are inhibitors of cellular proliferation.  The first is a
CKI for CDK4 and CDK6, and when expressed, prevents phosphorylation of pRB, thereby
allowing it to retain its growth-suppressive function, even in the presence of mitogens816 1181.
This typically results in a cell-cycle arrest late in G1.  ARF functions by binding the MDM2
protein, translocating it to the nucleolus1412, and targeting it for destruction533 1513.  Thus, it
shields p53 from the direct inhibitory effects of MDM2, and from degradation as a consequence
of ubiquitinylation by it737.  Expression products of p53 transcriptional targets, such as p21CDKN1A

1389 and the 14-3-3 protein®1350, stratifin511, are likely effectors of ARF function, causing arrest
both in G1 and in G2.

CDKN2B has close sequence similarity to CDKN2A, and while it does not have an alternate first
exon, several mRNA splice variants are known.  It lacks the final exon of CDKN2A, but shares a
conserved intron, suggesting a past gene duplication event.  Its best-characterised protein
product, p15, is structurally and functionally very similar to p16, and it is probably in the
manner of their respective transcriptional control that their biological roles diverge.  In this
respect it is particularly noteworthy that p15 is dramatically induced after treatment of
epithelial cells with the inhibitory cytokine TGFβ471 1089 1134.

CDKN2A and CDKN2B therefore represent plausible candidates for the 9p21-linked melanoma
tumour-suppressor gene.  The evidence is very strong that p16 is a significant contributor to
this tumour suppression, but the statuses of ARF and p15 are less clear.  In particular, the
relative importance of control of cellular proliferation via p15, p16, and pRB, versus the
maintenance of genomic integrity and regulation of apoptosis via ARF and p53, are still to be
determined.  In seeking to address this issue, the genetic integrity of the putative 9p21 tumour-
suppressor genes was assessed in a panel of sixteen human metastatic melanoma cell-lines.
This chapter describes this survey and its results.

8.2 Experimental design
Controls
DNA isolated from peripheral blood leukocytes from a healthy volunteer was included as a
putatively normal reference for PCR/SSCP experiments.  To detect DNA contamination, each
series included a PCR reaction to which no template DNA was added.  Template DNA quality
was assessed by amplification of an irrelevant target within the gene for β-globin, HBB.  The
human HL60 promyelocytic leukaemia cell-line was grown as a control for SSCP as it is known
to contain sequence variations in CDKN2A1225.

9p12–9p23 marker selection
Numerous sources were consulted96 165 361 407 408 418 494 558 676 839 871 881 1019 1084 1118 1211 1376 and markers were
selected from among those where there was the greatest concordance of opinion over ordering.
As microsatellites offer the potential to yield heterozygosity information they were accorded
priority, particularly where high levels of heterozygosity had been reported.  The relative
positions of these markers are shown in Figure 8–1.

See H–22 for
more on p16.

See J–21 for
more on ARF.

See J–18. for
more about
the role of

ARF.

A review of
the pRB

subsystem is
given in

Appendix H.

For more on
p15, see H–20

and H–22.
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PCR primers
PCR primer sequences were taken from published sources or public databases.  These, together
with the expected product sizes, are detailed in Table D–1.

SSCP considerations
Two of the intended target exons exceed the size that can be assayed reliably by SSCP.  For exon
2 of CDKN2A, this had been addressed by the developers of the PCR primers559, who had
designed three pairs that amplify the exon in overlapping segments of suitable sizes, here
designated 2A, 2B, and 2C.  For the 440 bp PCR product encompassing CDKN2A exon 1β,
examination of the published sequence data with MapDraw software {E.9} revealed that it
could be cut with the restriction enzyme BstN1 into fragments of size 82, 126, 81, and 151.
While the use of multiplex SSCP is not common, it has been used with success318, and it may
increase mutation detection sensitivity, with the greater number of intra- and inter-fragment
interactions resulting in an SSCP ‘fingerprint’.  This course was adopted.

8.3 Methods in brief
Cultures of the NZM and HL60 cell-lines were established in vitro {Method 2}.  Mean passage
number for all NZM cell-lines was ~18.  DNA was extracted {Method 7}, the selected markers
and coding targets amplified by touch-down PCR {Method 10}, and examined by 3% agarose
electrophoresis {Method 11} with ethidium bromide staining {Method 12}.  The CDKN2A exon
1β product was cut with the restriction enzyme BstN1 {Method 9}.  All exonic PCR products
where no gross genetic alteration was detected were examined by SSCP {A.3} and silver
staining {B.9}.  Where SSCP band patterns differed from control, the PCR reaction mixture was
purified using a resin spin-column {E.2} and sequenced bi-directionally using the PCR primers
{Method 32}.

8.4 Results
PCR amplification of targets from the chromosome 9p12–9p23 region
Images of ethidium bromide stained agarose gels of PCR products are given in Figure 8–2.

Controls
PCR amplification with HBB primers demonstrated that template DNA loading and quality
was practically equal for all cell-lines.  The absence of detectable product in every control
lacking template DNA demonstrated that no contamination of PCR reaction mixtures had
occurred.  For all primer pairs used, a single product of the expected size was obtained from
the normal template DNA.  The thermal cycling parameters employed were satisfactory for all
primer pairs.

Melanoma cell-lines
In many cases, the intensity of ethidium bromide staining of bands was of an intermediate
level, being clearly greater than background, but also distinctly less than control.  This effect
was reproducible, never seen in HBB controls, and inconsistent with genomic DNA
contamination.

See A.3 for a
discussion of
the principles
of the SSCP

assay.
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HBB (268bp)
CDKN2A exon 1 (203 bp)

D9S1853 (~253 bp) CDKN2A exon 2A (203 bp)

D9S161 (~104 bp) CDKN2A exon 2B (147 bp)

D9S171 (~159 bp) CDKN2A exon 2C (189 bp)

CDKN2B exon 1 (315 bp) CDKN2A exon 3 (169 bp)

CDKN2B exon 2 (345 bp)
D9S1749 (~140 bp)

CDKN2A exon 1β (440 bp) D9S162 (~181 bp)

D9S1748 (~140 bp) D9S157 (~205 bp)

D9S942 (~115 bp) D9S156 (~134 bp)

D9S974 (~200 bp)
D9S274 (~141 bp)

Markers are given in physical order {See Figure 8–1}.  Expected product sizes are given.  For microsatellites,
this is indicative only.

Lanes: M = 100 bp marker, ø = control without template DNA, N = normal DNA, 1–15 = corresponding NZM
DNA.  HL60 data not shown.

Figure 8–2: 9p12–9p23 PCR results
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These intermediate bands may be an indication of differences in target prevalence within DNA
extracts from different cell-lines.  Numerical densitometry of the band intensities was
performed, but such precision is needless and confuses, rather than elucidates, the underlying
observation.  To reflect the presence of this variability, amplification was scored subjectively
{Table 8–1}.

Marker 1 2 3 4 5 6 7.2 7.4 9 10 10.1 11 12 13 14 15
D9S1853 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
D9S161 – –– ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
D9S171 – –– + ++ ++ ++ ++ ++ –– ++ + ++ ++ + ++ +
CDKN2B exon 1 ± –– ± ++ ++ ++ ++ ++ – ++ ++ ± ++ + ++ ++
CDKN2B exon 2 –– –– ± ++ ++ ++ ++ ++ –– ++ ++ – ++ + ++ ++
CDKN2A exon 1β – –– – ++ ++ + ++ ++ – ++ ++ + ++ + ++ ++
D9S1748 ± –– ± ++ ++ ++ ++ ++ –– ++ ++ –– ++ ± ++ ++
D9S942 – –– – ++ ++ ++ ++ ++ – ++ ++ – ++ ± ++ ++
D9S974 –– –– –– ++ ++ ++ ++ ++ –– ++ ++ –– ++ ± ++ ++
CDKN2A exon 1 – –– – ++ + ++ ++ ++ –– ++ ++ – ++ + ++ ++
CDKN2A exon 2A – –– ± ++ ++ ++ ++ ++ + ++ ++ ± ± + ++ ++
CDKN2A exon 2B + –– ± ++ ++ ++ ++ ++ – ++ ++ – ± – ++ ++
CDKN2A exon 2C – –– – ++ ++ ++ ++ ++ –– ++ ++ –– –– ± ++ ++
CDKN2A exon 3 ± – ± ++ ++ ++ ++ ++ – ++ + + + + ± ++
D9S1749 –– –– ++ ++ + + ++ ++ –– + ++ ++ + + + +
D9S162 + + + + + + + ++ ++ ++ ++ ++ ++ ± ++ +
D9S157 ++ ++ + + ++ ++ + ++ ++ ++ ++ ++ ++ + + ++
D9S156 –– – ± + ++ ++ ++ ++ + ± ++ ++ ++ ++ ++ ––
D9S274 ++ ++ ++ ++ + ++ ++ ++ ++ + –– + ++ + + ––

Subjective assessment of intensity of amplification of PCR targets.  Column headings denote NZM cell-line.
Row headings denote PCR target sequence.  ++ = indistinguishable from control; + = marginally less than
control; ± = clearly less than control; – = weak, but readily discernible amplification; –– = no visible product.

Table 8–1: Deletion map of 9p12–9p23 region based on PCR

SSCP analysis
Images of silver-stained acrylamide gels from SSCP experiments are given in Figure 8–3.

Controls
Non-denatured DNA controls invariably produced a single strong band after silver staining.
Putatively normal DNA reliably produced two strong bands corresponding to self-annealing
single-stranded DNA, and, depending on the experimental conditions, a band corresponding
to renatured duplex DNA.  HL60 DNA, known to harbour two sequence variations, produced
the expected band mobility shifts in the CDKN2A exon 2 PCR products, confirming that the
SSCP assay was functioning.  In addition, HL60 also displayed anomalous banding for the
CDKN2A exon 3 PCR product.  This does not appear to have been reported previously, but was
not explored further.

Melanoma cell-lines
Anomalous banding patterns were seen for CDKN2A exon 2B of NZM12; CDKN2A exon 3 for
NZM7.2 and NZM7.4; and exon 2 of CDKN2B for NZM14 {Figure 8–3}.
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CDKN2A
Exon 2B
14% acrylamide

CDKN2A
Exon 3
14% acrylamide

CDKN2B
Exon 2
14% acrylamide
10% glycerol

Lanes: ND = non-denatured DNA; N = normal DNA; others = DNA from indicated cell-line.

Note the anomalous banding for NZM7.2, NZM7.4, NZM12, NZM14, and HL60.

Figure 8–3: Silver-stained SSCP gels

DNA sequencing
The genomic sequence corresponding to the 3’ untranslated region of CDKN2A harboured two
sequence variations in the related NZM7.2 and NZM7.4 cell-lines.  The first, G500C, was
apparently heterozygous in NZM7.2, while only the G variant was seen in NZM7.4 {Figure

8–4}.  This is consistent with the additional SSCP band seen for NZM7.2.  In the second case,
A526G, only the G variant was detected, suggesting hemizygosity or homozygosity.  The latter

seems the more likely in NZM7.2 given the heterozygosity seen at G500C.
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The highlighted regions indicate exon 3.  The ‘N’ denotes the heterozygosity at position 500; the arrow, the
variation at position 526.

Figure 8–4: DNA sequences corresponding to the CDKN2A 3’ UTR of NZM7.2 and NZM7.4

NZM12 CDKN2A exon 2B differed in two places from the reference sequence: G308T,
heterozygous; and C333T.  The electropherogram {Figure 8–5} is not technically perfect, with
cross talk from an adjacent gel lane giving a low level of spurious signal for the A bases, but

these are readily distinguishable from the intense peaks seen for bona fide signals.
Anomalously broad T peaks are also present, but consideration of peak spacing allows the

correct interpretation to be made.

The ‘N’ denotes the heterozygosity at position 308; the arrow, the variation at position 333.

Figure 8–5: DNA sequence from CDKN2A exon 2 of NZM12

NZM14 CDKN2B exon 2 displayed a novel G411A transition {Figure 8–6}.

The arrow indicates the variation at position 411.

Figure 8–6: NZM14 CDKN2B exon 2 sequence variation
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8.5 Discussion
Heterogeneity
A cursory examination of the results of the electrophoresis of PCR products would probably
conclude that many were technically badly flawed, with suspicion being aroused chiefly by the
non-uniformity of amplification among cell-lines in many cases.  Indeed, this is how they were
first interpreted, and considerable effort was expended in searching for the source of this
variation.  Likely candidate causes were differing reagent or template DNA concentrations.  To
exclude these, a bulk mixture of all reagents including primers was prepared, thoroughly
mixed, and distributed among PCR tubes.  The final step involved the addition of scrupulously
quantitated template DNA, and repetitions were performed with DNA extracted using several
different techniques.  The equivalence of reaction conditions and template DNA addition is
demonstrated by the uniformity of amplification using the HBB primers.  Although the
efficiency of amplification with different primer pairs was variable, in all cases, a single band of
the expected size was seen in the normal control, and the intensity of this was similar to the
maximum seen for any cell-line amplified in parallel.  Ultimately, it was accepted that the
variability seen among cell-lines for some targets was not a technical artefact.

One interpretation of these data is that every cell in any cell-line contains the same number of
copies of each marker, but no relationship exists between the number of copies of different
markers.  In this way, the HBB target may be uniformly represented across all cell-lines, but for
example, the number of copies of D9S1748 may differ from the number of copies of D9S157.
This seems implausible for a number of reasons.  Firstly, to obtain the range, and seemingly
continuously variable levels of amplification intensity seen, there would need to be a wide
difference in copy number of different markers.  If these were present at their normal loci as
tandem repeats of closely-linked markers, separate amplification events would be needed to
account for each, and this would need to be achieved without any significant disruption to the
HBB gene.  If the copies were present on separate pseudo-chromosomal structures and
therefore unlinked, they would need to be faithfully replicated during mitosis.  Secondly, such
a mechanism would in some cases require simultaneous non-contiguous deletions, a seemingly
unlikely event.

Alternatively, and, in the context of the heterogeneity of ploidy reported in Chapter 5, the
ability to isolate sub-clones of differing phenotype180, and the presence of multiple karyotypes
within a culture60 966, the preferred interpretation is that NZM cultures contain multiple sub-
populations with differing genotype, and the disparate amplification seen is a result of the
relative abundance of cells that contain the target sequence versus those that do not.

Only two possibilities exist to account for this genetic heterogeneity: either it was present in the
original tumour and has been maintained during serial passage, or the divergence occurred in
vitro.  These are not entirely disjoint, since if the tumour cells were able to generate diversity in
vivo, it is difficult to see how they would lose this capacity in vitro.  Since studies with
fluorescence in situ hybridisation and immunohistochemistry routinely reveal just such
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heterogeneity in genetic markers or expressed proteins in tumours391 654 1085, it seems probable
that the first is the correct interpretation, and the situation in vitro accurately reflects this.
While it is possible that extended serial culture may result in the purification of a favoured
clone, it is also possible that the divergence continues.  This is a surprising result, particularly
in light of the widespread use made of cell-lines on the basis that their intrinsic homogeneity
and stability facilitate experimental replicability.

Specific anomalies detected
DNA sequence variations
NZM7.2/7.4 CDKN2A 3’ untranslated region

                                         500

Reference ACATCCCCGATTGAAAGAACCAGAGAGGCTCTGAGAAACCTCGGGAAACTTAGATCATCAGTCACCGAAGGTCCTAC
NZM7.2 ACATCCCCGATTGAAAGAACCAGAGAGGCTCTGAGAAACCTCSGGAAACTTAGATCATCAGTCACCGAGGGTCCTAC
NZM7.4 ACATCCCCGATTGAAAGAACCAGAGAGGCTCTGAGAAACCTCGGGAAACTTAGATCATCAGTCACCGAGGGTCCTAC

The shading at left denotes the end of exon 3; other shaded bases are sites of sequence variation.  S = G
and C.  Nucleotide numbering is with respect to the initiating ATG codon in the p16 reading frame.  Nucleotide
reference was NT_008410.

Figure 8–7: NZM7.2/7.4 CDKN2A 3’ UTR sequence variations

The G500C variation found {Figure 8–7} is a well-known polymorphism119, but probably

unimportant in the aetiology of melanoma as neither allele occurs with significantly higher
incidence in melanoma than in normal controls726.  The presence of both alleles in NZM7.2 but
not NZM7.4 is of interest given that these cell-lines were derived from the same parental
culture by sub-cloning.  The progenitor cells for each sub-clone may have differed in their
genotype at this locus, indicating heterogeneity within the parental culture, something already
suspected based on the results of ploidy analysis and PCR.  Alternatively, NZM7.4 may have
suffered LOH, or NZM7.2 suffered a mutation in vitro.  Irrespective of the actual cause, genetic
instability within the NZM7 family is suggested.

The A526G variation appears to be novel.  Whether it is involved in the aetiology of melanoma

will only become clear after a much more extensive study.

NZM12 CDKN2A exon 2B
                                   308                      333

Reference TGGACACGCTGGTGGTGCTGCACCGGGCCGGGGCGCGGCTGGACGTGCGCGATGCCTGGGGCCGTCTGCCCGTGGAC
NZM12 TGGACACGCTGGTGGTGCTGCACCGGGCCGGGGCGCKGCTGGACGTGCGCGATGCCTGGGGTCGTCTGCCCGTGGAC
Ref. p16 L  D  T  L  V  V  L  H  R  A  G  A  R  L  D  V  R  D  A  W  G  R  L  P  V
p16 L  D  T  L  V  V  L  H  R  A  G  A R/L L  D  V  R  D  A  W  G  R  L  P  V
Ref. ARF   G  H  A  G  G  A  A  P  G  R  G  A  A  G  R  A  R  C  L  G  P  S  A  R  G
ARF   G  H  A  G  G  A  A  P  G  R  G A/A A  G  R  A  R  C  L  G  S  S  A  R  G

Shaded bases or amino acids denote sites of sequence variation.  K = G and T.  Nucleotide numbering is with
respect to the initiating ATG codon in the p16 reading frame.  Nucleotide reference was NT_008410; p16
reference was XP_027621; ARF reference was XP_027622.

Figure 8–8: NZM12 CDKN2A exon 2 sequence variations

The presence of T308, rather than G308, should cause a non-conservative ARG103LEU
mutation in p16, but not affect ALA117 in ARF {Figure 8–8}.  As G308 is conserved among

human, mouse, rat, opossum, and pig, this mutation probably affects functionality.  The
interaction between the proteins encoded by the two alleles is unknown.  The mutant protein
may be non-functional and unimportant in the presence of the normal protein or some dosage
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effect may exist.  Conceivably, it may act in a dominant-negative manner, but this seems
unlikely, as self-association of p16 has not been reported.

While no evidence of heterozygosity for the C333T variation was seen, hemizygosity cannot be
excluded.  This alteration should not affect the GLY111 in p16, but should cause a PRO126SER

mutation in ARF.  Since the functionality of ARF lies principally in the N-terminal region
implicated in MDM2 interaction1513, and secondarily between residues 83 and 100, implicated in
nucleolar localisation1201, this change may be inconsequential, despite a significant effect on
protein conformation being likely.  The normal occurrence of T333 in mouse, rat, and opossum

supports this.

NZM12 CDKN2A exon 2C
The inability to amplify the NZM12 CDKN2A exon 2C product suggests that NZM12 has a
further genomic disruption beyond those described above, possibly a small deletion affecting a
primer binding site.  If so, a frame shift may have occurred, potentially altering the sequence
and length of the resultant protein.  From the portion of the gene known to be intact, it can be
deduced that the minimum molecular weight for such a protein would be ~10.8 kD.  As will be
described, a variant p16 protein is indeed produced by this cell-line {9–7}.

NZM14 CDKN2B exon 2
                                                411

Reference AGGAGCGGGGCCACCGCGACGTTGCAGGGTACCTGCGCACAGCCACGGGGGACTGACGCCAGGTTCCCCAGCCGCCC
NZM14 AGGAGCGGGGCCACCGCGACGTTGCAGGGTACCTGCGCACAGCCACGGGAGACTGACGCCAGGTTCCCCAGCCGCCC
Ref. p15 E  E  R  G  H  R  D  V  A  G  Y  L  R  T  A  T  G  D  .
p15 E  E  R  G  H  R  D  V  A  G  Y  L  R  T  A  T  G  D  .

Shaded bases denote sites of sequence variation.  Nucleotide numbering is with respect to the initiating ATG.
Nucleotide reference was NM_004936; p15 reference was NP_004927.

Figure 8–9: NZM14 CDKN2B exon 2 sequence variation

The G411A variation found should not alter the encoded GLY137 amino acid {Figure 8–9}.  The
homologous genes for mouse and pig also carry A411, suggesting that this is a polymorphism

normally present among humans.  There appears to have been no prior report of this
polymorphism.

Deletions telomeric to 9p21
The inability to amplify the D9S274 (NZM10.1 and NZM15) and D9S156 (NZM15)
microsatellites by PCR raises the possibility that a further tumour-suppressor gene may reside
telomeric to the CDKN2A/B locus.  Other studies have postulated such a 9p21–pter tumour-
suppressor gene in melanoma1042, BCC1135, and non-small-cell lung cancer841.

8.6 Summary and conclusion
Of the sixteen cell-lines investigated, seven showed clear evidence of genomic disruption
within the 9p21 locus of the CDKN2A/B tumour-suppressor genes, one (NZM14) gave
indications of a disruption here, and a further three cell-lines contained disruptions telomeric
to 9p21.  The remaining five cell-lines appeared to be substantially genomically intact in the
region investigated.
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The possibility that heterogeneity may be an intrinsic attribute of melanoma, and possibly
other solid tumours, rather than a consequence of lingering remnants of out-competed clones
may have profound implications, both for our understanding of tumour biology and in the
development of new therapies.  These aspects are explored further in Chapter 11.
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9p21 status (V3)
8.7 Retraction of existing material
Sequence variations reported
NZM7.2/7.4 CDKN2A 3’ untranslated region
A novel A526G transition was reported as present in NZM7.2 and NZM7.4.  Further inspection

led to the realisation that the 526 position is actually within the reverse PCR primer used
during amplification and so this change is entirely artefactual.  The ultimate source of this error
is that the published primer used contains this departure from the reference sequence.  While
this was noted in Table D–1, the list of PCR primers for V1, this fact was overlooked when the
data were analysed.  The finding is retracted and the affected portions of the text should be
considered deleted.

It is interesting to note that had all PCR products been sequenced, rather than relying on SSCP
as a screening tool, this error may have come to light sooner, since all cell-lines would have
been found to contain A526G, something that would have aroused suspicion.  As it was, it was
only the presence of the G500C polymorphism in NZM7.2 and NZM7.4 that led to a distinct
SSCP pattern and resulted in their being sequenced, leading to the erroneous discovery of
A526G.

NZM12 CDKN2A exon 2
The quality of the electropherograms produced during V1 was not ideal, and in the case of
NZM12 CDKN2A exon 2B, not acceptable.  During the revision for V2, the PCR and sequencing
for this target were repeated and a new electropherogram was produced to replace the
substandard one {Figure 8–10}.

The arrow indicates the variation at position 333.

Figure 8–10: V2 figure for DNA sequence from CDKN2A exon 2 of NZM12

While this was an improvement, it was still not technically perfect.  Nevertheless, it did seem to
confirm the C333T variation, albeit now apparently heterozygous; the G308T heterozygosity

was not found and should be attributed to misinterpretation of the original poor data.

A significant word in the previous sentence is "seem", as all is still not well with this
interpretation1687.  A combination of factors has very likely resulted in the amplification of a
target similar to, but distinct from that intended, specifically, the corresponding region of the
homologous CDKN2B gene.  The PCR primers used, although they were from a published
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source559, each differs in one non-critical base from the CDKN2B sequence, and so together offer
little inherent specificity relative to CDKN2A, and furthermore, the alternative products are of
identical length.  In these circumstances, amplifying only the intended product depends
strongly on the stringency of the thermal cycling programme, but while the generic touch-
down PCR programme used supported amplification for all sets of primers, it was probably
optimal for none.  It is also likely that at least one of the primer binding sites for the CDKN2A
target is absent from NZM12.  In combination, these factors may have allowed the
amplification of the non-specific CDKN2B product in the guise of that from CDKN2A, and
because of the close homology, the results of sequencing, with a single anomalous base, were
entirely plausible.  This analysis means in essence that the results obtained for this target in
CDKN2A must be interpreted with great care, and in the case of NZM12, are probably invalid.

As will be described below, attempts to amplify NZM12 CDKN2A exon 2 in its entirety using
intronic primers failed, while succeeding for other cell-lines.  This, together with the failure to
amplify the 2C segment of exon 2 described in the original work, suggest that there is
homozygous deletion in this region rather than a primer site mutation.  A mystery does still
remain however: if this region is deleted, what is the source of the CDKN2A C333 allele seen

here?  Candidate causes include: a variant NZM12 sub-population existing that contains this;
cross-contamination of cell-lines during culture; and cross-contamination of template DNA or
amplified products during PCR.

In summary then, no defensible evidence was found to support the presence of CDKN2A exon
2B in the NZM12 cell-line and so the questionable results and related discussion are retracted
and should be considered deleted from the chapter.

8.8 Clarification of existing material
Anomalous PCR results
The PCR results obtained in the initial work displayed several anomalies stemming for the
most part from the desire to find a single set of PCR cycling conditions satisfactory for the
many target sequences to be amplified, rather that having to optimise the conditions for each
target individually, a significant issue since thermal gradient cyclers were not then available.
Apart from offering a considerable time-saving, this also had the advantage of allowing the
amplification of different targets in separate reactions in one thermal cycling run.  The issues
that arose included the presence of primer artefacts and non-specific products, particularly in
the absence of the intended target.  Most puzzling was the reliable production of
electrophoretic bands for some target/cell-line combinations that were clearly present, but
always much lower in intensity than those for other cell-lines or the control HBB target.  This
was taken to suggest that differences in target prevalence within DNA extracts from different
cell-lines existed.  This interpretation was awkward, but was consistent with other evidence of
genomic heterogeneity, and the observed variation was fully replicable.  One consequence was
that for some cell-lines, some targets were detected at apparently higher prevalence than
flanking markers, and in the extreme case, this could suggest that a target existed where
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flanking markers were homozygously deleted.  While this seems implausible, it is not
impossible.  PCR, of itself, gives no indication of where in the genome a target was found and it
is quite possible for chromosomal rearrangements, common in cancer, to place a target in a new
context, unlinking it from normally adjacent markers.  If those markers were then
homozygously deleted, the results of PCR would be as they were seen here.  Since this and
genomic heterogeneity within cultures are both viable hypotheses to account for the variation
seen, the data could not simply be rejected as invalid.  As will be described below {8.9}, this
issue was revisited during the V3 work, and to a large extent, was resolved.

Available quantitative real-time PCR (qPCR) data
During V1, a request was made by Dr Ian Morison for DNA from the NZM cell-lines to be
made available to the Cancer Genetics Laboratory at Otago University, where a project
investigating 9p21 alterations in childhood acute lymphoblastic leukaemia using qPCR was
underway.  This was supplied, and in July of 2000 Dr Morison kindly provided graphical
results for three loci, one within CDKN2B, one within exon 1β of CDKN2A, and a third in a
different, unspecified exon of CDKN2A.  These are given in Figure 8–11.

In the cell-lines NZM1, NZM2, NZM3, NZM9, and NZM11, where PCR revealed strong
evidence of deletion, qPCR also failed to amplify any of the target sequences.  In NZM13,
where the PCR evidence for deletion was present, but less strong, the interpretation made is
confirmed by the lack of amplification seen during qPCR.

In NZM4, NZM5, NZM6, NZM10, NZM14, and NZM15, both PCR and qPCR demonstrated
the presence of the sequences assayed by both techniques.  For these cell-lines, the qPCR results
would typically be interpreted as suggesting hemizygosity for these markers, however, the
substantial departure of many of these cell-lines from diploidy renders this interpretation moot.
For example, NZM14 is hyperdiploid {Table 5–1}, and there is no certainty that it is not an
additional copy of the control marker on chromosome 2 that makes the target loci appear
hemizygous.

In NZM7.2 and NZM7.4, qPCR confirms the presence of the target loci.  Further discussion on
the import of these results appears below {See 'Loss of heterozygosity' on page 8–36}.

Finally, NZM12, by PCR, appeared to be substantially intact across the 9p21 region, with the
exception of exon 2 of CDKN2A.  Quantitative real-time PCR confirms these PCR results by
successfully amplifying the targets from CDKN2B and exon 1β of CDKN2A, but not that from
the remainder of the CDKN2A gene.
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Interpretation of qPCR data in terms of copy number has the inherent assumption that all cells
present in the culture from which the DNA to be assayed was extracted have identical
genotype, and that any result based on culture population data applies to all cells equally.
While this assumption may not hold for these melanoma cell-lines, given the evidence of
genetic heterogeneity, the results from qPCR are in complete accord with the PCR results
presented here, providing independent support for their validity.

NZM1 NZM2 NZM3

NZM4 NZM5 NZM6

NZM7.2 NZM7.4 NZM9

NZM10 NZM11 NZM12

NZM13 NZM14 NZM15

X-axis: Locus investigated: left = CDKN2B; middle = CDKN2A exon 1β; right = CDKN2A exon 1α, 2, or 3 (not
specified).  Y-axis: Amplification relative to control locus on chromosome 2 indicative of relative copy number:
lower line = 0; middle = 0.5; upper = 1.0.

Notes: NZM10.1 not surveyed.  Experiments were performed in duplicate.  Graphs, courtesy of Dr Ian
Morison.

Figure 8–11: Quantitative real-time PCR results for CDKN2A and CDKN2B
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8.9 Extension of existing material
Rationale
PCR forms the very basis for the work reported in this chapter, and yet it was poorly executed
in V1, and left open many areas of doubt when it came to interpretation.  The key problem was
the false parsimony of seeking a single set of thermal cycling conditions suitable for all targets
in order to eliminate the often very time-consuming optimisation process.  It was successful in
that respect, but often yielded artefacts or poor amplification that presented downstream
problems.  To elucidate the status of the 9p21 region without interference from these issues,
PCR conditions were to be individually optimised for each target for use in the V3 experiments.
This was greatly facilitated by the advent of thermal gradient PCR machines.

The fall in the costs of DNA sequencing over recent years has meant that a screening process
such as that based on SSCP is now no longer warranted, particularly in light SSCP's known
failure to detect sequence variations in all cases.  Consequently, for V3 it was decided to omit
this step and proceed directly to sequencing of all PCR products obtained.  As a result of this
decision, there would no longer be a need to amplify CDKN2A exon 2 in three segments and
new primers would be required.

Microsatellite loci were originally selected for use as markers primarily because of their well-
defined relative positions.  While their generally high levels of heterozygosity with respect to
allele length could not be used to determine allele loss, since no matched normal DNA for the
NZM cell-lines was available, known maximum heterozygosity values for the potential
markers were considered as a secondary selection criterion in case a future use should arise.
However, notwithstanding the lack of matched normal DNA, it was suggested1687 that
microsatellite allele length analysis might still provide some useful information, and this was to
be included in the V3 revision.

Developmental issues
Introduction to a narrative
The undertaking of this work was an example of the distinction that must often be drawn
between strategy and tactics.  The strategy was very simple: grow cells, extract DNA, obtain
new primers, optimise them, carry out the PCR, and do the sequencing; obtain fluorescently
labelled primers, amplify the designated microsatellites and do the allele analysis.  In practice,
many of these steps proved to be non-trivial, and several unexpected events occurred that
resulted in significant departures from the anticipated course of the research being made, often
leading to rewarding discoveries.  As a result, the execution of the work is best described as a
narrative before embarking on the more traditional methods, results, and discussion format, in
which some of the following will be reiterated.

DNA extraction, quality assessment, and quantitation
It had been hoped that DNA samples stored upon completion of V1 would provide the
material necessary to undertake the work required for this revision.  To assess the feasibility of
this, samples from the available DNA stocks were analysed by agarose electrophoresis and
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ethidium bromide staining.  Many were of very poor quality, with substantial degradation, or
indeed a total absence of genomic DNA in some cases.  Since all relevant cell-lines were again
in culture to address other aspects of the revision, these would provide a source of new DNA.
As cells became available, genomic DNA was extracted according to the method used formerly:
trypsinisation, lysis, guanidine denaturation, proteolysis, extraction, ethanol precipitation,
dissolution in water, heating to inactivate deoxyribonucleases (DNases), and storage at 4 °C.
DNA concentration was determined by spectrophotometry and the ratio of absorbance at 260
nm to that at 280 nm was taken as a measure of DNA quality, as had been the method in V1.

Newly extracted DNA from a number of cell-
lines displayed typical OD260/OD280 values
of 1.89 or more, better than the 1.8 value
considered acceptable.  The DNA was
standardised to 100 mg/L based on OD260
and was run on 0.8% agarose gels to assess
quality {Figure 8–12}.  Although the gels were
badly overloaded, they showed that high
molecular weight DNA was present with little
degradation.  Substantial amounts of low
molecular weight material were present, and its size and banding strongly suggested that this
was contaminating RNA.  Also of interest was the apparent difference in quantity of genomic
DNA present, despite all samples having been standardised.

The question arose as to whether the presence of contaminating RNA and the variation in
genomic DNA amount seen were related, and there was every reason to think that they might
have been.  RNA, being a nucleic acid, also absorbs ultraviolet light strongly at 260 nm, so
contaminating RNA would cause an inflated figure for DNA concentration to be derived from
spectrophotometry.  That in turn would result in the standardisation process producing lower
than intended stock DNA concentrations.

The reality of this problem was demonstrated when all available genomic DNA extracts were
assessed for DNA content both by the OD260 method and by fluorometry using the
bisbenzimide dye Hoechst 33258, an assay impervious to RNA presence.  These extracts were
also examined by 0.8% agarose electrophoresis and ethidium bromide staining.  The combined
results of this study are shown in Figure 8–13.

In all cases, DNA concentration as assessed by spectrophotometry was greater than that
assessed by fluorometry, with the spectrophotometric value being ~7.5 times the fluorometric
value in the worst case.  Samples with the greatest quantity of RNA present, as indicated by
ethidium bromide staining, had the greatest discord in values.  In three of the four cases of very
high RNA concentration, the cell-line was NZM10 or NZ10.1, the other being NZM11.  These
cell-lines appear to be generators of prodigious RNA.

Two ethidium bromide stained 0.8% agarose
gels.  Lane 1 = 1 kb+ ladder; other lanes are
genomic NZM DNA.  Cell-line identities are
unimportant in the context.

Figure 8–12: Initial V3 genomic DNA extracts
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Main graph: Points show correlation of DNA concentrations as measured by fluorometry and
spectrophotometry for NZM genomic DNA extracts.  Dashed lines show constant ratios of 1:1 (heavy line),
2:1, 3:1, 4:1, and 5:1
Inset figure: Ethidium bromide stained 0.8% agarose gel for these extracts.
Arrows show association between gel lanes and points where the measured DNA concentrations are in
greater than 4:1 discord.

Figure 8–13: Discord between fluorometric and spectrophotometric assessment of DNA

There is a lesson here concerning the use of spectrophotometry in quantitating DNA: OD260
does not give a measure of DNA content at all, it gives a measure of nucleic acid content, and
that will include any RNA that is present.  Even where RNA is not detectable by ethidium
bromide staining, spectrophotometry can overstate DNA content by 2- or 3-fold.  It is suitable
only where either the extract is known to be free of RNA, or where only the most approximate
of values is satisfactory.  For the purposes of standardisation of extracts where RNA
contamination may exist, it is manifestly unsuitable.

This raises a very significant point.  In V1, all DNA used was extracted with the method above,
which does not exclude RNA contamination, and standardised to 100 mg/L by the accepted
OD260 method.  As a result, stock DNA solutions thought to have been at 100 mg/L
concentration almost certainly were lower, and were very probably of concentrations differing
from one another.  This means that in the PCR reactions that were performed, the amount of
DNA template added was uncontrolled, and this may well have contributed to the variability
in product band intensities that was reproducibly seen.  This casts great doubt over the
significance of those observations and the inferences drawn therefrom.  The resolution of the
status of those earlier results now depends on repetition of the experiments with more
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stringently quantitated DNA, whether this is achieved by eliminating the RNA contamination
prior to spectrophotometric assay, or the use of a technique such as the Hoechst fluorometric
assay that is insensitive to the presence of RNA.  In the event, both approaches were adopted.

As a test of the efficacy of removing RNA by enzymatic means, 50 µL samples of nominally 100
mg/L DNA from four representative NZM cell-lines were incubated with 500 nL of 20 g/L
ribonuclease (RNase) A for 10 min at 65 °C, and pairs of untreated and treated DNAs run in
adjacent wells on a 0.8% agarose gel {Figure 8–14}.  Unexpectedly, the genomic DNA was
destroyed.  The RNase used was a general laboratory grade product, and clearly retained
significant DNase activity.  The usual method to rectify this is to boil the enzyme to denature
any DNase present, RNase being extremely heat-stable.  A further experiment comparing the
effects of untreated general grade RNase, boiled (15 min; 100 °C) general grade RNase, and a
certified DNase-free RNase was performed for DNA from NZM3 and NZM4 {Figure 8–15}.

Ethidium bromide stained 0.8% agarose gel.
Untr. = untreated; RA = RNase A treated
A–D = different NZM genomic DNA extracts.

Figure 8–14: RNase A treatment
Ethidium bromide stained 0.8% agarose gel.
Untr. = untreated; RA = RNase A;
Boil. = boiled RNase A; DF = DNase-free
RNase.

Figure 8–15: RNase treatment variations

Untreated general grade RNase degraded the genomic DNA from both cell-lines (lanes 4 and
8), while that which had been boiled eliminated the RNA contaminant, but at the expense of a
considerable reduction in DNA content (lanes 5 and 9).  The proprietary RNase product
eliminated the RNA without any discernible effect on DNA quantity (lanes 6 and 10).  On the
basis of this result a certified DNase-free RNase was purchased {E.13}.

Suitability of this was verified on its arrival by treating 200 µL samples of the available
nominally 100 mg/L genomic NZM DNA extracts with RNase (500 nL; 65 °C; 15 min) and
examining pre- and post-treatment samples on 0.8% agarose gels {Figure 8–16}.  In all cases, the
RNA evident in the pre-treatment samples was rendered virtually undetectable by the
treatment without undue degradation of the genomic DNA or reduction in its quantity.
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Composite of two ethidium bromide stained 0.8% agarose gels.
U = Untreated; T = treated with certified DNase-free RNase.
A – Q =  Different NZM genomic DNA extracts; their identities are unimportant in the context.

Figure 8–16: DNase-free RNase treatment of NZM genomic DNA extracts

This would seem to be an ideal method to resolve the problem of RNA interference with DNA
concentration determination, but caution is still required.  While the action of the RNase has
eliminated regions of double-strandedness to which the ethidium binds by intercalation, the
ribonucleotides produced remain in solution, and with them, their ability to absorb ultraviolet
light and interfere with spectrophotometric assessment of concentration.  Unless these are
removed, the improvement to be had by this treatment is purely cosmetic.  The first-line
method for purification of nucleic acids once extracted is reprecipitation, but this may not be of
assistance here as the monomeric nucleotides that result from ribonuclease treatment are
insoluble in the alcohols typically used, and would coprecipitate with the genomic DNA.  Gel
purification or ultrafiltration or a similar molecular weight dependant method could be
employed, after which concentration assessment by spectrophotometry might be reliable.  An
additional complication is that a highly stable active ribonuclease has been introduced into the
extracts, and this could interfere with downstream applications such as reverse-transcriptase-
PCR, if such were to be undertaken.

In consequence of these investigations, the method of DNA extraction was altered to
incorporate DNase-free RNase digestion and an additional chloroform extraction step.
Quantitation was by Hoechst-based fluorometry {See 'DNA extraction, quantitation,
standardisation, and storage', below}.

Sensitivity of agarose gels in detecting template heterogeneity
Analysis of the V1 results depended strongly on the interpretation of intermediate levels of
amplification being indicative of altered target prevalence, as might occur with altered copy
number or the presence of multiple sub-populations differing in their possession of the target.
Without the modifications associated with quantitative real-time analysis, PCR is generally
considered to be non-quantitative, and ethidium bromide stained agarose gels inadequate for
detection of differences in product quantity.  To determine if there was any justification in the
basis for the interpretation of the PCR results made in V1, an experiment was performed
involving an attempt to amplify a target from DNA templates comprising differing proportions
of DNA from a cell-line known to contain the target and from one where it was known to be
absent.  Given the exponential amplification inherent in PCR, an exponential dilution gradient
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was employed.  The resulting ethidium
bromide stained agarose gel is shown in Figure
8–17.  While the relationship is non-linear,
possibly due to the departure from
exponential amplification that occurs during
PCR cycling, this experiment demonstrates
that if genomic DNA were extracted from a
culture where 98% of cells were deleted for the
target, but 2% retained it, a definite band with
intensity markedly less than control levels
would still be observed.  While the presence of
a weak bands would not prove heterogeneity
within the population from which the genomic
DNA was extracted, it is entirely consistent
with it, and to that extent the basis for
interpretation of the intermediate levels of amplification seen in V1 appears justified.

PCR amplification of NZM5 DNA
Simultaneously with progress toward producing high quality DNA for analysis, experiments
were performed to begin deletion mapping of the 9p12 – 9p23 region by PCR.  The first such
experiment for CDKN2A exon 1 brought to light an inconsistency with earlier results in that no
product was seen for NZM5, whereas it had been during V1.  NZM5 DNA had proved to be
very difficult to use as a PCR template during V1, and this
had been ascribed to the considerable amount of melanin
that co-purified with the DNA {Figure 8–18}.  Many
different extraction techniques were tried with the
intention of isolating purer DNA, but none met with
success; all NZM5 DNA ever extracted has been very dark
in colour.  By chance alone, one extraction during V1
yielded NZM5 DNA that supported PCR, and that formed
the basis for the investigations undertaken.  Beyond
establishing that NZM5 DNA contained something that
inhibited the PCR, nothing further was done.

The ability of the available panel of NZM
DNA extracts to support PCR was tested using
primers for part of the HBB gene, routinely
used as a positive reaction control {Figure
8–19}.  It seemed that again, NZM5 DNA was
not supporting PCR amplification, but now
the issue would need to be resolved.

Figure 8–18: NZM5 DNA pellet

Ethidium bromide stained 1.5% agarose gel.
ø = no template; N = control template;
2 – 15 = various NZM templates as labelled.
Note: No product seen for NZM5.

Figure 8–19: Amplification of HBB

Ethidium bromide stained 1.5% agarose gel.
ø = no template; U = undiluted NZM4
template (intact CDKN2A exon 1β target);
Lanes 4 – 14 = serial 2-fold dilution of NZM4
DNA with NZM1 DNA (deleted for target).

Figure 8–17: Detecting heterogeneity
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To test for the possibility that the newly
extracted NZM5 DNA was deleted for the HBB
gene, an experiment was performed using
primers from an unrelated project whose
subject was the inhibin binding protein gene,
IGSF1.  Also included was newly isolated
NZM5 DNA that had been further processed
with three phenol and two chloroform
extractions in an attempt to improve its purity
and restore PCR function {Figure 8–20}.  No amplification for the NZM5 DNA extracts was
seen for any target, despite amplification of all targets from normal DNA, albeit weakly in one
case.  The failure of NZM5 DNA to support
PCR is not target specific.

To explore the possibility that extracted NZM5
DNA contains a nuclease that may degrade
template or primers, an experiment was
performed wherein normal DNA was
incubated, on ice and at 37 °C, for 20 minutes
in the presence of 10% NZM5 DNA {Figure
8–21}.  While the amount of low molecular
weight material did increase in the 37 °C
treated sample, it was not consistent with the presence of a nuclease of sufficient activity to
interfere with PCR, nor was the amount of genomic DNA remaining noticeably diminished.
Furthermore, autodigestion of NZM5 extracts had never been observed.  These facts essentially
ruled out the possibility of a nuclease activity in extracted NZM5 DNA as a cause of non-
amplification.

Since DNA was normally extracted from near
confluent cultures, an experiment was
performed to determine if DNA from actively
proliferating NZM5 cultures would support
PCR.  Simultaneously, different extraction
methods were tested: phenol/chloroform
extraction, the standard guanidine and
chloroform method, and a genomic DNA
isolation kit from Promega based on salt
precipitation of proteins {Figure 8–22}.  Only
the control DNA template supported PCR.
The issue with NZM5 is not dependent on
either time in culture or mode of extraction.

Ethidium bromide stained 1.5% agarose gel.
Primer sets for HBB, and IGSF1 exons;
Ø = no template; N = control template;
5 = normally extracted NZM5 DNA template;
5* = re-extracted NZM5 DNA template.

Figure 8–20: NZM5 PCR target trials

Ethidium bromide stained 1.5% agarose gel.
N = control DNA; 5 = NZM5 DNA;
N+5 = control DNA + 10% v/v NZM5 DNA.

Figure 8–21: NZM5 nuclease test

Ethidium bromide stained 1.5% agarose gel.
PCR with HBB primer set.
Lane 1 = 1kb+ ladder; lane 2 = 50 bp ladder;
Ø = no template; N = control template;
P/C = phenol/chloroform extraction;
Pro = Promega kit extraction;
G/C = guanidine/chloroform extraction.

Figure 8–22 : NZM5 short time in culture DNA
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To determine if NZM5 DNA extracts contain
an inhibitor of PCR, rather than the failure of
amplification being due to the nature of NZM5
DNA itself, an experiment was undertaken
where increasing amounts of NZM5 DNA
extract were used to attempt to poison a
working reaction involving control DNA and
HBB primers {Figure 8–23}.  Addition of up to
100 nL of nominally 100 mg/L NZM5 DNA
extract did not appear to affect amplification
of the target; addition of 300 nL reduced it
visibly; addition of 1 µL eliminated it.  It can
be concluded that NZM5 DNA extracts
contain a titratable inhibitor of the PCR.

A search of the literature revealed a paper that was in press during V1 in which Eckhart et al.1555

reported that melanin reversibly binds Taq polymerase, inhibiting its activity at concentrations
no greater than 200 µg/L, and further, that it co-purifies with DNA.  Melanin had long been
considered a likely cause of the problem with NZM5, and here was an explanation consistent
with observations.  The remedy found by Eckhart was to include BSA in the PCR reaction to
compete with Taq for binding to melanin, and
so protect it from inhibition.  An experiment
was performed to determine if the addition of
BSA to NZM5 PCR reactions would restore
amplification {Figure 8–24}.  With no addition
of BSA, the reaction was inhibited as expected,
but with the addition of even the smallest
amount of BSA tested, 2 µg, the reaction was
rescued.  No enhancement was seen with
additions above 6 µg.

To confirm that the addition of BSA would not adversely affect PCR using DNA from the other
NZM cell-lines, an experiment seeking to amplify the HBB target from each NZM was
performed with 5 µg of BSA included in each 25 µL reaction {Figure 8–25}.  Amplification was
successful in all cases, although it was weak in
NZM15.  At the time this experiment was
performed the DNA in use was still
quantitated by the OD260 method, and the
variable amplification seen may be attributable
to different template concentrations.

Ethidium bromide stained 1.5% agarose gel.
PCR with HBB primer set.
Ø = no template; N = control template;
5 = NZM5 template;
template+x = stated mass of BSA included.

Figure 8–24: NZM5 BSA gradient

Ethidium bromide stained 1.5% agarose gel.
PCR with HBB primer set.
Ø = no template;
1 – 15 = NZM templates as stated.

Figure 8–25: NZM panel with BSA

Ethidium bromide stained 1.5% agarose gel.
PCR with HBB primer set.
Ø = no template; N = control template;
N + x = control template spiked with stated
volume of NZM5 DNA extract.

Figure 8–23: NZM5 inhibitor test
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This then would seem to be the resolution of the problem with NZM5 DNA and PCR
amplification.  The addition of 5 µg, and ultimately 10 µg of BSA per 25 µL reaction was
adopted for all subsequent reactions.

There is a tremendous irony here: the many attempts made to obtain ever purer NZM5 DNA
extracts seeking to enable PCR amplification probably served only to eliminate more and more
contaminating protein, while the melanin present continued to co-purify with the DNA.  Each
"improvement" would have resulted in less protein remaining to sequester the melanin and
greater subsequent inhibition of the Taq polymerase: the purer the DNA was made, the less
well it would support PCR.  In all probability, it was a technically poor DNA extraction, with
significant protein contamination, that fortuitously allowed NZM5 PCR during the V1
experimentation.

This discovery raises another question over the V1 PCR work, however.  Several NZM cell-
lines apart from NZM5 produce discernible melanin, particularly NZM7 and NZM7.2, and
others may do so to a less obvious degree.  Extracts from these cell-lines therefore contain an
unknown concentration of an inhibitor of Taq polymerase, and this too may have contributed to
the reproducible differences in amplification seen among cell-lines.  The inclusion of BSA in the
definitive V3 work should eliminate this source of uncertainty.

Primer issues
Review of primer suitability
With the move to direct sequencing of PCR products and the abandonment of SSCP came a
need for primers to amplify exon 2 of CDKN2A in its entirety, rather than as small overlapping
segments.  While investigating possible primers for this, consideration was given to the
locations of the other published exonic primers used in V1 with respect to known regions of
interest in their target genes.  The V1 primers for CDKN2A exon 3 were satisfactory, but in
addition to a new set being needed for exon 2, those for exon 1 and 1β needed attention.  While
the V1 primers for CDKN2B exon 2 were acceptable, those for exon 1 were thought to be poor.
Attempts to address these issues by designing new primers using the Primer3 application met
with variable success.

CDKN2B exon 1
While the V1 primer pair for CDKN2B exon 1 bracket the start codon and the normal splice
junction, it does not encompass either the entire 5' region from the start of the exon to the ATG

start codon, or an alternative splice site.  A new pair of primers was designed using the Primer3
application and purchased.  Once the annealing temperature had been optimised, PCR
performed using these primers was very successful.

CDKN2A exon 1β
The V1 CDKN2A exon 1β forward primer is placed 23 nucleotides 3' of the initiating ATG

codon, and so the resulting amplicon does not span the entire coding region of the exon.  The
importance of obtaining sequence information for this region was well understood, but despite
exhaustive attempts to optimise reagent and cycling conditions for two alternative pairs of
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computer-designed primers, no successful PCR was achieved.  Reluctantly, the work for the V3
revision proceeded using the original primers, and the status of the 5' end this gene remains
unknown.

CDKN2A exon 1
The V1 CDKN2A exon 1 forward primer overlaps the ATG start codon, and the amplicon
produced by this and its reverse primer does not encompass the normal splice site or the TGA

terminator used in a splice variant.  New primers were designed and these yielded good results
during optimisation.  However, when applied to the NZM panel several inconsistencies
appeared.  Firstly, DNA from some cell-lines that could readily be amplified with the V1
primers, could not with the new primers.  Secondly, the same type of consistent variation in
band intensity on agarose gels as was widespread in the V1 work was again seen, despite the
use of rigorously standardised, high quality DNA and the addition of BSA.  Thirdly,
inexplicably, it proved impossible to replicate the PCR for the NZM panel that had been
successful in most cell-lines immediately after optimisation.  It is thought that a primer site
polymorphism in some cell-lines may be responsible for the discord and weak amplification
seen, but with limited time available to pursue this, and the larger problem presented by the
failure of the primers on attempted replication, the definitive work for this locus in V3 was
performed using the V1 primers, after specific optimisation of reaction conditions.

CDKN2A exon 2
The search for suitable primers for CDKN2A exon 2 began in the
literature, where a paper from Fargnoli et al.343 appeared to offer
a solution as the primers they had used spanned the region of
interest.  These were purchased and optimisation attempted, but
no combination of additional magnesium, the proprietary 'Q'
PCR enhancement reagent (thought to be predominantly
betaine), or annealing temperatures from 56 °C to 66 °C
produced even the faintest product.  The sequence of their primers was inspected more closely
and a serious flaw was found in the design of the reverse primer in that it contains a very stable
hairpin {Figure 8–26}.  This was corroborated as potentially problematical by use of the Primer3
program, which, when constrained to consider this primer, rejected it for multiple reasons.  A
further experiment was conducted seeking to replicate the PCR conditions of Fargnoli et al.
Their protocol included 5% DMSO in the reaction mixture, so that, 1.5 mol/L betaine, 'Q', and
water as an additive control were tested in conjunction with their thermal cycling programme:
95 °C x 10 min; 35 x {95 °C x 30 s; 61 °C x 1 min; 72 °C x 1 min}; 72 °C x 10 min (; 15 °C x ∞)
The surprising result was that only for the water additive control was amplification seen.
Further use of this primer was abandoned, and Primer3 was used to search for an alternative
set.  A highly rated primer pair was found that shared the forward primer of the Fargnoli pair
but replaced the questionable one, and this pair delimited a suitable 491 bp amplicon.  The
optimisation process revealed that an addition of DMSO facilitated amplification, probably due
to the high G:C content of the promoter region.

Figure 8–26: Fargnoli
primer hairpin
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When DNA from the NZM panel was amplified using the conditions found optimal for control
DNA, the need for further optimisation was revealed {Figure 8–27}: apparently non-specific
products were present, particularly where the intended target was thought to be deleted.  The
~700 bp product from NZM9 was sequencing and identified as coming from chromosome 12q,
and an inspection of the adjacent areas revealed the likely false primer binding sites {Figure
8–28}.  The band is therefore non-specific.

Ethidium bromide stained 1.5% agarose gel.
Ø = no template; N = control template;
1 – 15 = NZM templates as stated.
Black arrow shows position of specific product;
grey arrow shows position of non-specific
product.

Figure 8–27: CDKN2A exon 2 non-specificity

TGCACACAGCCTTAGGAAACTGGAAGGGAGGGAGGGTGATCTGAAGGAGGGGGA
GAGAAATACTGAGTGGGCGTTAGGAGGGAGAGGGCTTCACACAGGCCTCAATGC
TTGGGCAGGAACCTGACAGACAGGACAGGAGACAGCCTTCTAGACCAGAGTGAT
GTGAGCTCTGACGGTAAGTTCCATGAAGACAGGTCGACTGTCTTGTTTAATTCT
GAATCCCCGGGGCCCGACAGAGGATCTGGCAAACTCTAGGCATCATGGAGAATC
ACAGAAGAGTGGTTGGAAATGACAGAAACGAGGCACCTGCTGCTTGAAGGCATC
GACTCCTCAGAGCAAGCCTGTGAGTGGACAGCATGGTTTCCCTTTACAGATGAG
GACACTGAGGCAGCCGCAGTAAATGACTGCCCACCACCATGCAGCTGGCGAGAG
GCAGGGCTGGGGCTGACCCGTGATGGCCCCTGCTACAGCAGCAAGCATGTATTC
AGCACCTACTGTGCACCATGCACGGAAGTCTCATTGCAGTGGGGAAGCGGGTGA
TGAACAAAGACGTGGATGTGTAAACGTGAATAAATACCTAAGGCTGCCAGTGTC
GTGTTGATGAGGCTGTGATGGAAACACACAGGGGCGGTGGCGGAGGTGACTGCA
GAGGGAAGAGGGATGGTGGCCCTCACACGGCCATGATCTGAGAAAGGCCCTGAC

Region of chromosome 12q erroneously
amplified by CDKN2A exon 2 revision 2 primers
in the absence of the intended target.
Highlighted areas are the likely false primer
binding sites.  The distance spanned is 679
nucleotides, consistent with the product size seen
by electrophoresis.

Figure 8–28: Non-specific product from 12q

This type of issue is not something that is detectable in the normal optimisation process since
the target must be present to allow the optimisation to be undertaken.  There was clearly a
need to refine the PCR conditions further, and the approach taken was to seek an annealing
temperature high enough to prevent primer binding to the 12q region when the intended target
was absent, but not so high as to prevent correct binding when the target was present.  This
trial employed as templates normal DNA,
NZM9 DNA, where only the non-specific
product had been seen, NZM14 DNA, with
both specific and non-specific products, and
NZM15 DNA, with only the intended product.
It was determined that an annealing
temperature of 56 °C would provide the
specific amplification required, and this
proved to be successful when applied to the
complete NZM panel {Figure 8–29}.

This experiment was performed some months after the issue of non-specificity in the absence
of the target was identified.  It demonstrated an alarming discord with respect to the NZM12
result, as although this cell-line was believed to have a deletion in this region, a product was
seen.  Ultimately, by surveying NZM12 DNA from all earlier extractions, and that from a
different researcher, and with the microsatellite allele length analyses then becoming available,
it was determined that what was thought to have been NZM12 DNA, was not.  This prompted
a very careful investigation to ensure that wherever possible, some distinction could be drawn

SYBR-green stained 1.5% agarose gel.
Ø = no template; N = control template;
1 – 15 = NZM templates as stated.

Figure 8–29: CDKN2A exon 2 specificity
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between each cell-line in culture and every other, be it phenotypic, DNA sequence variation,
deletion pattern, ploidy, or microsatellite allele length {See 'Discrimination among the cell-lines' on
page 8–35}.  New DNA was then extracted from all such verified lines and used subsequently.

One potentially positive outcome of this was the very strong recommendation being made that
all cell-lines currently maintained by the ACSRC be genotyped, and that this be done as a
matter of course during the establishment of any new cell-line.  This information would then
provide a reference against which any cells in culture could be compared at any future time to
determine their identity unambiguously.  In the particular case of NZM12, once the bona fide
cell-line was established, the expected deletion was again found.

Microsatellite primers
Although many of the primers used for the microsatellite targets were designed before the
advent of software tools and could possibly be improved upon, no attempt was made to do so.
PCR conditions were optimised for their use in the V3 work, but in some cases issues such as
poor amplification and primer artefacts remained.  Even so, the levels of amplification achieved
allowed a good assessment of target presence, and products obtained using fluorescently
labelled variants of these primers were satisfactory for the genotyping that was performed.

Methods in brief
Cell culture
NZM cell-lines were recovered from cryogenic storage and brought into passage culture as
described in the original work.  In addition, before definitive experimental work was
undertaken, all were tested for mycoplasma contamination {Method 33} and confirmed to be
negative, but notwithstanding this, were treated with ciprofloxacin {Method 34}.  During the
course of the experimentation, it was determined that with one exception, each cell-line in
culture apart from those with a known common genetic origin, differed in some reproducibly
measurable respect from all others.  While this does not confirm absolute identity, it does
indicate that each is unique within the panel.  The exception is the cell-line NZM10.1, and
doubt exists over its authenticity.  While the results obtained for this cell-line are included, they
should be considered provisional at best, and may well be invalid.  This is discussed more fully
elsewhere {See 'Doubt over NZM10.1 authenticity', on page 8–36}.

DNA extraction, quantitation, standardisation, and storage
The methods for genomic DNA processing used in the original work were modified in light of
the discovery of the high level of contaminating RNA that these produced and the
consequences for DNA quantitation that this has.  The following modifications were made:

1. Genomic DNA was always maintained in TE buffer {Solution 20}, never water, to
mitigate double-strand breakage catalysed by magnesium ions.

2. DNase-free RNase {E.13, 2 µL) was added to the DNA suspension made after washing
of the DNA pellet.

3. This DNA suspension was incubated (50 °C, 1 h) to denature any endogenous DNases
as before, but also to allow the added RNase to digest any contaminating RNA.
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4. After this incubation, a further chloroform extraction was performed, followed by
sodium acetate/isopropanol precipitation {Method 37}, washing in ethanol (80% v/v, 1
mL), drying, resuspension in an appropriate volume of TE buffer {Solution 20}, and
incubation (50 °C, 1 h) to dissolve.

5. DNA quantitation was always achieved by fluorometry {E.10} in duplicate using a
commercial kit based on Hoechst 33258 {E.11}.  A duplicated 7 point calibration curve
was established on each occasion using the supplied standard concentration calf
thymus DNA.

6. Standardisation was with TE buffer to 50 mg/L.
PCR
Optimisation of thermal cycling parameters for individual primer pairs was performed using a
gradient thermal cycler {E.10}, and wherever possible experimental reactions were carried out
in the same or an identical model machine.  All 25 µL reactions used materials from a Qiagen
kit {E.11}, supplemented with magnesium chloride (3 mmol/L final concentration), 10 µg of
BSA {E.15} and, in one instance DMSO.  The details of primers, thermal cycling programs and
additives for each reaction are given in Table 8–2, as they are more properly considered results
of experimentation rather than methods defined in advance.

DNA sequencing
Purification of PCR products prior to sequencing was performed as in the original work with
resin spin-columns.  All PCR products from CDKN2A and CDKN2B were sequenced without
prior screening by SSCP.  Initially, this was done in one direction only, but where an anomaly
was detected, it was confirmed by reverse sequencing, if possible.  Where reverse sequencing
was not practicable due to the proximity of the reverse primer to the anomaly, forward
sequencing was repeated using newly amplified template.  All steps beyond preparation of
template DNA and sequencing primer were performed either by the Genomics Unit at the
University of Auckland, or by the Allan Wilson Centre Genome Service at Massey University.

Microsatellite analysis
Forward PCR primers of identical sequence to those used in the amplification of the
microsatellites D9S1853, D9S974, and D9S157 for the purposes of deletion analysis, but with the
addition of a 5' fluorescent 6-carboxyfluorescein (6-FAM) tag, were purchased.  These were
used to amplify NZM genomic DNA in conjunction with their respective unlabelled reverse
primers for cell-lines where the target had previously been determined to be present.  These
were purified with resin spin-columns and quantitated by spectrophotometry.  Samples of each
in several dilutions were despatched to the Genomics Unit, University of Auckland, for
separation by capillary electrophoresis and analysis for allele length by the inclusion of labelled
standards in each sample.

Results
Optimal PCR conditions
The primer sequences and optimal thermal cycling conditions used in the V3 work are
summarised in Table 8–2.
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Target Primers (5'  3') Size Cycling

D9S1853 GAT CCA GCC TCA CTG AA
TTG GGC ATA GAA TTT TTA CTT T

~253 94 °C x 3 min; 30 x {94 °C x 15 s; 54 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S161 GCT GCA TAA CAA ATT ACC ACA
ATC CCC GGA AAC AGA TAA TA

~104 94 °C x 3 min; 30 x {94 °C x 15 s; 56.5 °C x 15 s; 72 °C
x 30 s}; 72 °C x 5 min; 15 °C x ∞

D9S171 AGC TAA GTG AAC CTC ATC TCT GTC T
ACC CTA GCA CTG ATG GTA TAG TCT

~159 94 °C x 3 min; 30 x {94 °C x 15 s; 57 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

CDKN2B
Exon 1*

ATG CGT CCT AGC ATC TTT GG
TTT GCT GGG TAA AAG CCT GT 835 94 °C x 3 min; 32 x {94 °C x 30 s; 55 °C x 15 s; 72 °C x

1 min}; 72 °C x 5 min; 15 °C x ∞
CDKN2B
Exon 2

GGC CGG CAT CTC CCA TAC CTG
TGT GGG CGG CTG GGG AAC CTG 345 94 °C x 3 min; 30 x {94 °C x 15 s; 64 °C x 15 s; 72 °C x

30 s}; 72 °C x 5 min; 15 °C x ∞
CDKN2A
Exon 1β

TCC CAG TCT GCA GTT AAG G
GTC TAA GTC GTT GTA ACC CG 440 94 °C x 3 min; 30 x {94 °C x 15 s; 57 °C x 15 s; 72 °C x

30 s}; 72 °C x 5 min; 15 °C x ∞

D9S1748 CAC CTC AGA AGT CAG TGA GT
GTG CTT GAA ATA CAC CTT TCC

~140 94 °C x 3 min; 30 x {94 °C x 15 s; 57 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S942 GCA AGA TTC CAA ACA GTA
CTC ATC CTG CGG AAA CCA TT

~115 94 °C x 3 min; 30 x {94 °C x 15 s; 56 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S974 GAG CCT GGT CTG GAT CAT AA
AAG CTT ACA GAA CCA GAC AG

~200 94 °C x 3 min; 30 x {94 °C x 15 s; 57 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

CDKN2A
Exon 1

GGG AGC AGC ATG GAG CCG
AGT CGC CCG CCA TCC CCT 203 94 °C x 3 min; 30 x {94 °C x 15 s; 67 °C x 15 s; 72 °C x

30 s}; 72 °C x 5 min; 15 °C x ∞
CDKN2A
Exon 1*

AGT CCT CCT TCC TTG CCA AC
ACT CCC TTT TTA TCC CAA ACG 814 94 °C x 3 min; 30 x {94 °C x 15 s; 58 °C x 15 s; 72 °C x

30 s}; 72 °C x 5 min; 15 °C x ∞
CDKN2A
Exon 2*

GGA AAT TGG AAA CTG GAA GC
TCA GGG TAC AAA TTC TCA GAT CA 491 94 °C x 3 min; 32 x {94 °C x 30 s; 55 °C x 15 s; 72 °C x

1 min}; 72 °C x 5 min; 15 °C x ∞
CDKN2A
Exon 3

CCG GTA GGG ACG GCA AGA GA
CTG TAG GAC CCT CGG TGA CTG ATG A 169 94 °C x 3 min; 32 x {94 °C x 30 s; 54 °C x 30 s; 72 °C x

30 s}; 72 °C x 5 min; 15 °C x ∞

D9S1749 AGG AGA GGG TAC GCT TGC AA
TAC AGG GTG CGG GTG CAG ATA A

~140 94 °C x 3 min; 30 x {94 °C x 15 s; 63 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S162 TGA CCA GTT AAG GTT CCT TTC
ATT CCC ACA ACA AAT CTC CT

~181 94 °C x 3 min; 30 x {94 °C x 15 s; 55 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S157 CAT TTC ATC TGG TAG ACC CA
TTT GAT TGG CTG GAA GTA GA

~205 94 °C x 3 min; 32 x {94 °C x 15 s; 55 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S156 ATC ACT TTT AAC TGA GGC GG
AGA TGG TGG TGA ATA GAG GG

~134 94 °C x 3 min; 30 x {94 °C x 15 s; 56 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

D9S274 TTG CTG TTC AAG TGA TCC TT
TAC CTC ATG GCA ATT TCT TC

~141 94 °C x 3 min; 30 x {94 °C x 15 s; 55 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

HBB GAA GAG CCA AGG ACA GGT AC
CAA CTT CAT CCA CGT TCA CC

268 94 °C x 3 min; 30 x {94 °C x 15 s; 56 °C x 15 s; 72 °C x
30 s}; 72 °C x 5 min; 15 °C x ∞

* = primers developed for V3 work; other primers are as for V1.  All reaction mixtures included additional
magnesium to a final concentration of 3 mmol/L.  All except for CDKN2A exon 2* included 'Q' PCR enhancer,
and that included 5% v/v DMSO.  Conditions for CDKN2A exon 1* are included although these primers were
not used for definitive work owing to unresolved problems of inconsistent amplification between experiments.

Table 8–2: V3 PCR primers and conditions

Genomic DNA preparation
Figure 8–30 shows samples of the standardised 50 mg/L NZM genomic DNA working stocks
used for the definitive V3 PCR, sequencing, and microsatellite experiments, and attests to the
efficacy of the new methods of extraction and quantitation adopted.

SYBR-green stained 0.8% agarose gel.  1 – 15 = NZM templates as stated.

Figure 8–30: Standardised genomic DNA used in experimentation
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PCR
The use of SYBR-green DNA stain was found to provide superior detection with lower
backgrounds than ethidium bromide.  In addition, it is believed to be of lower toxicity,
reducing both the exposure risk and safe disposal requirements.

Images of SYBR-green stained 1.5% or 3% agarose gels of the results of PCR for all NZM
templates and all 9p12 – 9p23 targets are shown in Figure 8–31.  In general, the level and
specificity of amplification seen and distinction visible between intact and deleted loci is
excellent, but in some cases there appears to be variability in amplification among cell-lines.
With the exception of the D9S1749 result, primer artefacts were negligible.  This was also seen
in the V1 work and could not be eliminated by optimisation of PCR conditions; it is thought to
represent an inherent deficiency in the published primers used.

The deletion map derived from these data is shown in Table 8–3.

1 2 3 4 5 6 7 7.2 7.4 9 10 10.1 11 12 13 14 15
D9S1853 + + + + + h + + + + + + h + + h +
D9S161 – – h + + h h h + + + + + + + + +
D9S171 – – + + + h h h + – + + + + + + +
CDKN2B exon 1 – – – + + + + + + – + + – + – + +
CDKN2B exon 2 – – – + + + + + + – + + – + – + +
CDKN2A exon 1β – – – + + + + + + – + + – + – + +
D9S1748 – – – + + + + + + – + + – + – + +
D9S942 – – – + + + + h h – + h – + – + +
D9S974 – – – h + h h h + – + h – + – + +
CDKN2A exon 1 – – – + ± + + + + – ± + – + – + ±
CDKN2A exon 2 – – – + ± + + + + – ± + – – – + +
CDKN2A exon 3 – – – + + + + + + – + + – – – – +
D9S1749 – – – + + + + + + – + + + + + + +
D9S162 + + + + + + + + + + + + + + + + +
D9S157 + + + + + + + + + + + + + + + + +
D9S156 + + + + + h h h + + + + + + + + +
D9S274 + + + + + + + + + + + + + + + + +

Column headings denote NZM cell-line.  Row headings denote PCR target sequences in physical order.
+ = present, ± = present but reproducibly weak amplification; h = present and heterozygosity suggested; – =
probable homozygous deletion of target locus.  Note: microsatellites shown as + may be homo-, hemi-, or
heterozygous.

Table 8–3: Deletion map of 9p12–9p23 region based on PCR (V3)
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D9S1853 (~253 bp) D9S1748 (~140 bp)
D9S1749 (~140 bp)

D9S161 (~104 bp) D9S974 (~200 bp) D9S162 (~181 bp)

D9S171 (~159 bp) D9S942 (~115 bp)
D9S157 (~205 bp)

CDKN2B exon 1 (835 bp) CDKN2A exon 1 (203 bp) D9S156 (~134 bp)

CDKN2B exon 2 (345 bp) CDKN2A exon 2 (491 bp)
D9S274 (~141 bp)

CDKN2A exon 1β (440 bp)
CDKN2A exon 3 (169 bp)

SYBR-green stained agarose gels.  Lanes: M = 1 kb+ marker; ø = control without template DNA;1–15 =
corresponding NZM DNA template.  Expected amplicon sizes are given in captions, approximate only for
microsatellites.

Figure 8–31: 9p12–9p23 PCR results (V3)
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Microsatellite analysis
PCR using 5'-6-FAM labelled forward primers
proceeded with results of similar quality to
those seen with unlabelled primers when
inspected by agarose gel electrophoresis and
SYBR-green staining.  Examples of the quality
of the electropherograms typically produced
by capillary separation are shown in Figure
8–32.  Concordant results were obtained with
differing template dilutions, and between
repeated analyses of separately amplified
templates.  No analyses contained more than
two distinct identifiable allele lengths,
suggesting that cross-contamination and
unintentional co-culturing of cell-lines was not
occurring on a significant scale.  Present in the
analyses were stutter banding and "plus-A"
artefacts caused by the addition of an
untemplated A nucleotide during PCR.  These are typical of this type of analysis and in no

instance did these features prevent a confident assignment of allele size.

Inferred amplicon lengths were consolidated into allele groups as shown in Table 8–4.  The
results of the microsatellite analysis of NZM cell-lines are shown in Table 8–5.

D9S1853 D9S974 D9S157Label n l range n l range n l range
A 13 249 249.59 – 250.09 10 189 189.67 14 197 196.40 – 196.57
B 14 251 251.62 11 191 15 199 198.39 – 198.49
C 15 253 12 193 16 201 200.33 – 200.56
D 16 255 13 195 17 203
E 17 257 257.27 14 197 18 205
F 18 259 259.44 15 199 19 207 207.87 – 208.14
G 19 261 261.13 – 261.37 16 201 20 209 209.91 – 210.00
H 17 203 203.20 – 203.42
I 18 205 205.42 – 205.69
J 19 207 207.02 – 207.19
K 20 209 208.98 – 209.14
L 21 211
M 22 213 212.72 – 212.75
N 23 215
O 24 217 216.56 – 216.58
P 25 219
Q 26 221 220.65

The label is the code used for an allele contained in the group range for the microsatellite.  n = number of
dinucleotide repeats present in amplicon; l = theoretical amplicon length; range = value or range of inferred
amplicon lengths actually seen that were assigned to the group.  Alleles from non-NZM cell-lines assayed are
also included.  A blank indicates that no allele in this potential group was seen.

Table 8–4: Microsatellite allele grouping

Boxed figures are the amplicon lengths
calculated by interpolation from differently
labelled internal size standards.  Note the
allele loss in NZM7.4 with respect to the
parental NZM7 cell-line and the NZM7.2 co-
sub-clone.

Figure 8–32: Genotyping examples (D9S974)
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D9S1853 D9S974 D9S157
Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2

NZM1 250.00 (A) – Deleted 208.09 (F) –
NZM2 249.97 (A) – Deleted 208.07 (F) –
NZM3 249.81 (A) – Deleted 196.51 (A) –
NZM4 261.37 (G) – 212.72 (M) 216.56 (O) 210.00 (G) –
NZM5 249.77 (A) – 207.02 (J) – 207.97 (F) –
NZM6 249.92 (A) 259.44 (F) 189.67 (A) 203.42 (H) 200.33 (C) 208.04 (F)
NZM7 250.09 (A) – 205.43 (I) 209.14 (K) 208.03 (F) –
NZM7.2 249.73 (A) – 205.53 (I) 209.10 (K) 208.14 (F) –
NZM7.4 249.72 (A) – 205.61 (I) – 207.87 (F) –
NZM9 249.68 (A) – Deleted 198.49 (B) –
NZM10 251.62 (B) – 207.06 (J) – 207.94 (F) –
NZM10.1 261.19 (G) – 212.75 (M) 216.58 (O) 209.91 (G) –
NZM11 249.63 (A) 261.13 (G) Deleted 200.49 (C) –
NZM12 249.59 (A) – 205.69 (I) – 208.01 (F) –
NZM13 249.68 (A) – Deleted 196.45 (A) –
NZM14 249.68 (A) 257.27 (E) 208.98 (K) – 198.39 (B) –
NZM15 249.77 (A) – 207.19 (J) – 196.40 (A) –

Entries give the one or two distinct lengths of amplicon found after PCR as inferred from capillary
electrophoresis.  Parenthetical letters identify the allele group to which this amplicon length was assigned
{Table 8–4}.  Deleted = not surveyed as no PCR product formed; – = no second allele length found.

Table 8–5: NZM 9p12–9p23 microsatellite allelotypes

DNA sequencing
Unidirectional sequencing of all CDKN2A and CDKN2B PCR products yielded sequences
identical to the appropriate reference sequence in all but three cases.

In exon 3 of NZM7 and NZM7.2 an identical G500C heterozygosity was found that was absent

from the related NZM7.4 {Figure 8–33}.  This was confirmed by repeating the sequencing with
newly amplified PCR products, as the location of the heterozygosity was too close to the
reverse primer site to permit reverse sequencing.

NZM7

NZM7.2

NZM7.4

These electropherograms show part of CDKN2A exon 3.
Note the G500C heterozygosity (S) present in NZM7 and NZM7.2, but absent from NZM7.4.

Figure 8–33: CDKN2A exon 3 heterozygosity
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In exon 2 of CDKN2B amplified from NZM14 a homo- or hemizygous G411A transition was

found {Figure 8–34}.  This was verified by reverse sequencing.

Discussion
PCR
Results for PCR were of a very much higher quality than those achieved in V1, and for the most
part, the variability of amplification among cell-lines for some targets was not observed.  The
rectification of DNA standardisation procedures and the incorporation of BSA doubtless
contributed greatly to this.  However, despite this, some variability was still seen reproducibly,
in particular, for CDKN2A exons 1 and 2 of NZM5, NZM10, and NZM15, and this was not
alleviated by doubling the amount of BSA added to the reactions to address Taq inhibition by
melanin.  In the case of exon 1, similar effects were seen for these cell-lines during preliminary
work with new PCR primers intended to span a greater region of CDKN2A exon 1 than those
used in V1.  However, these data cannot be considered more than suggestive, as the template
DNA used at the time had not been rigidly quantitated.  It does leave open the possibility that
it is heterogeneity rather than primer site sequence variation that is responsible for the
differences in amplification levels, especially since such effects have been shown to be
detectable by ethidium bromide stained agarose gels {See 'Sensitivity of agarose gels in detecting
template heterogeneity', above}.

Deletion mapping
The question of heterogeneity aside, the PCR results obtained allow a much more definitive
statement to be made concerning the integrity of the 9p21 chromosomal region in the NZM
cell-lines, specifically, that NZM1, NZM2, NZM3, NZM9, NZM11, and NZM13 have substantial
stretches of homozygous deletion affecting both CDKN2A and CDKN2B, and NZM12 has a
smaller deletions affecting exons 2 and 3 of CDKN2A and not involving CDKN2B.  These
deletions were foreshadowed by the V1 results.

There is evidence for a deletion affecting exon 3 of CDKN2A in NZM14, and this too was seen
in the V1 work.  However, this conclusion derives from assessment using only a single pair of
PCR primers on both occasions, and so the possibility of a primer binding site polymorphism

NZM14

NZM4

The upper electropherogram shows part of CDKN2B exon 2 from NZM14 with a G411A homo- or
hemizygous transition highlighted.  For comparison, the lower electropherogram is the corresponding
region from NZM4, which is identical to the reference sequence.

Figure 8–34: CDKN2B exon 2 G411A transition in NZM14
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affecting amplification efficiency must be considered, and verification sought with an
alternative set before the existence of a deletion should be considered proven.

These new data continue to be concordant with those from qPCR provided by courtesy of Dr
Ian Morison {Figure 8–11}.

DNA sequencing
Other than the errors discussed above concerning interpretation of substandard electrophoretic
data and the erroneous introduction of a base change in CDKN2A exon 3 PCR products for
NZM7.2 and NZM7.4, the new sequencing results confirm those reported in V1, specifically,
the G500C heterozygosity in NZM7.2 CDKN2A exon 3 absent from NZM7.4, and the G411A
transition in NZM14 CDKN2B exon 2.

The inclusion of NZM7 in the panel extends the V1 findings by establishing that the G500C

heterozygosity also exists in the parental cell-line, and so the possibility of an in vitro mutation
introducing the C allele into NZM7.2 can be discounted.

Microsatellite analysis
Discrimination among the cell-lines
The microsatellite analysis proved to be very robust, with excellent agreement in size data for
presumably identical alleles in different cell-lines, and in repeated analyses.  By this analysis
the cell-lines fall into the allelotype groups shown in Table 8–6.

D9S1853 D9S974 D9S157 NZM cell-lines
A I F NZM7.4, NZM12
A IK F NZM7, NZM7.2
A J A NZM15
A J F NZM5
A Deleted A NZM3, NZM13
A Deleted B NZM9
A Deleted F NZM1, NZM2

AE K B NZM14
AF AH CF NZM6
AG Deleted C NZM11
B J F NZM10
G MO G NZM4, NZM10.1

Entries give the allele(s) detected for each microsatellite locus investigated as defined in Table 8–4.
Deleted = no PCR product to analyse.

Table 8–6: NZM 9p12–9p23 microsatellite allelotype groupings

Those cell-lines that share microsatellite allelotypes are in most cases distinguishable by other
means.  NZM12 has the CDKN2A deletions described above which NZM7.4 does not.
Although the deletion pattern and microsatellite allelotypes of NZM3 and NZM13 are
identical, and morphologically they are not dissimilar, the absolute ploidy of NZM3 is 1.95,
while that of NZM13 is 1.27 {Table 5–4}.  In some cases, it would not be expected that a
distinction would be easy to draw.  NZM1 and NZM2 by all measures are identical, in keeping
with their origins being the same person, and similarly, the characteristics of NZM7 and
NZM7.2 are indistinguishable.
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Doubt over NZM10.1 authenticity
There is one serious anomaly, and that is the issue of the identical microsatellite allelotypes of
NZM4 and NZM10.1.  This might be considered coincidence, except that NZM10.1 was
developed as a sub-clone of NZM10, and yet it shares no microsatellite alleles with it, and
further, the D9S974 M and O alleles it carries exist in no other cell-line tested except NZM4.
This would seem to be incontrovertible evidence that NZM4 cells have been misidentified as
NZM10.1 at some point, due perhaps to an error of handling or labelling during passage
culture, or that a cross-contamination has occurred followed by the supplanting of the
relatively slow growing NZM10.1 cells by NZM4.  To seek further clarification, DNA sequence
analysis for exon 2 of NRAS was carried out as it is known that NZM4 differs from NZM10 at
this locus, the former having the prevalent C434 allele, while the latter has the A434 allele,
expected to produce a Q61K protein mutation1668.  The suspect NZM10.1 cell-line was found to
carry the C434 allele, again making derivation from NZM10 very improbable.  However the

situation is more complex than this.  The measured ploidies of NZM4 and NZM10.1 are each
consistent with their V1 values, and appear distinct from each other; the morphology of
NZM10.1 and its behaviour in culture are more consistent with NZM10 than NZM4; the
anomalous subnuclear bodies reported in Chapter 6 were seen to occur in NZM10 and
NZM10.1, but not in NZM4; and the pRB and p16 protein expression seen in NZM10.1 differed
from both NZM4 and NZM10 {See 'Results', beginning on page 9–22}.  This issue remains
unresolved at the time of writing.  On the basis of the microsatellite data it seems probable that
NZM4 is genuine, since apart from NZM10.1, its allelotype is unique, and results reported for
NZM4 should therefore be robust.  However doubt remains over the origin and status of the
cell-line designated NZM10.1, and consequently all results pertaining to this cell-line must be
considered provisional only.  Furthermore, it cannot be entirely sure when the cross-
contamination or other error occurred.  It remains a possibility that this predated the sub-
cloning of NZM10, and that it was in this process that an NZM4 cell was isolated and
expanded to become what is now known as NZM10.1.  The original results for NZM10.1 must
also be considered suspect.

Loss of heterozygosity
There is little information to be gleaned with respect to loss of heterozygosity in the general
case owing to the lack of matched normal DNA; nor can a statistical approach be taken since
the allele frequencies for these microsatellites are not known with certainty, not least because
the ethnicity of the original tissue donors is not known.  It can be said with certainty that
NZM4, NZM6, NZM7, NZM7.2, NZM11, and NZM14 have not suffered loss of heterozygosity
over the entire region surveyed as they are heterozygous at one or more of the microsatellite
loci investigated.  Further, it can be inferred with reasonable confidence that NZM6 has not
suffered loss of heterozygosity at any part of the region surveyed as it retains heterozygosity at
all of the loci.

The microsatellite results for NZM7 and its sub-clones allow a definitive statement to be made
concerning the CDKN2A G500C heterozygosity that was found.  From the sequencing data the
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possibility of an in vitro mutation in NZM7.2 to create the C allele could be discounted, and
while a reasonable inference was that the progenitor cell that formed NZM7.4 had lost the C

allele, it can now be stated with confidence that NZM7.4 has suffered a loss of heterozygosity
in this region as it has also lost the K allele of D9S974, and is therefore hemizygous at
nucleotide 500.  Since the parental NZM7 is presumably homozygous at the D9S1853 and
D9S157 loci, as it is heterozygous between them at nucleotide 500, nothing more can be learnt
about the extent of the chromosome loss.

There is a minor discord between the NZM7.4 microsatellite allelotype and the qPCR data
available in that the former shows a loss of heterozygosity while the latter suggests a copy
number of two at the CDKN2A locus.  However, this may be an indication that the region of
chromosome loss that resulted in the hemizygosity did not extend as far as the location of the
marker used in the qPCR, something that was not disclosed.

No further information about whether the CDKN2B G411A transition is homozygous or

hemizygous is available from the microsatellite analysis.  At best, it could have been shown to
be likely to be homozygous for this if it had been heterozygous, and therefore biallelic, at
D9S157 in addition to D9S1853, however it was not.  Again, there is a minor discord with the
qPCR data: NZM14 is heterozygous at D9S1853, yet the qPCR data suggests a copy number of
one for CDKN2B, exon 1β of CDKN2A, and CDKN2A proper.  As it was with the similar
situation regarding NZM7.4, this may be an indication that the chromosome loss begins at a
point between D9S1853 at 9p12, and CDKN2B at 9p21.

Microsatellite instability not seen
No evidence of microsatellite instability was seen in any of the NZM cell-lines investigated.
While such instability has been reported in metastatic melanoma, it is not considered a general
feature of melanoma tumorigenesis, and when it does occur it is predominantly of a low
level®1577.  The absence of detection here does not add significantly to this knowledge.

Future research directions
Some work is still required here.  The extent of the deletion in NZM12 needs to be established,
and as a first step, optimisation of the three sets of CDKN2A exon 2 primers that produce
overlapping amplicons could be undertaken.  If is worth exploring the feasibility of producing
and sequencing a complementary DNA (cDNA) to determine if a variant mRNA is being
transcribed and assess what impact this might have for protein structure, particularly in light
of the short p16 protein detected in V1.  The possibility of primer site polymorphisms should
be explored as potential reasons for the inability to amplify CDKN2A exon 3 from NZM14, and
the variability of amplification seen in NZM5, NZM10, and NZM15.  Further sets of primers
could be designed, or variations in reagents or methodology investigated, to attempt to obtain
material to sequence for the areas of interest not yet studied.
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Summary
Revisiting the work performed on chromosome 9p21 status during V1 has been very
rewarding.  Important errors of interpretation have been discovered and corrected, key
findings have been confirmed, and new data have been gathered in the shape of microsatellite
allelotypes.  The mystery of NZM5 DNA's erratic performance as a PCR template has been
resolved, something that is now benefiting others undertaking genetic research into the NZM
cell-lines.  An excellent protocol for the preparation of genomic DNA of the highest quality and
rigidly standardised has been developed.  The importance of establishing a genotype database
for cell-lines developed at the ACSRC has been demonstrated, and an alert over mycoplasma
contamination was raised that minimised the loss of data that might otherwise have occurred
throughout the research group.  On the negative side, the allelotype work that was done has
raised doubt over the authenticity of the NZM10.1 cell-line, something which was not able to
be resolved in the available time.



9 Tumour-suppressor expression

While some of the melanoma cell-lines show clear evidence of genomic derangement at the
9p21 locus that contains CDKN2A and CDKN2B, some appear to be intact.  In order to
determine if the tumour-suppressor proteins encoded by these genes are actually expressed,
Western analysis of cell lysates using specific antibodies was undertaken.  In addition, the
retinoblastoma-associated protein, pRB, was analysed since it is a major functional target of
these proteins.  Where CDKN2A appeared to be intact, but no p16 protein was found,
genomic demethylation was attempted, and the demethylated cells assayed to determine if
there was re-expression of p16.

Expression of pRB was seen in all cell-lines except NZM6, NZM7.2, NZM7.4, and
NZM10.1.  Little, if any, p15 was found in any cell-line, but it was induced by TGFβ1 in
NZM4, known to be proliferatively inhibited by this cytokine.  Generally, high levels of p16
expression were seen in cell-lines that did not express pRB, and little, if any, in those that
did.  A form of p16 with aberrantly high electrophoretic mobility was detected in NZM12,
consistent with the genetic defect revealed by PCR.  ARF expression was detected in all cell-
lines, apparently at odds with the genomic status in some cases.  Demethylation was not
found to enhance p16 expression in any of the cell-lines investigated.  No correlation was
found between pRB expression and the ability of cell-lines to arrest in G1 in the absence of
serum as previously determined, weakening the case for a pRB-dependent G1 restriction
point.

Finally, the intriguing observation was made that while the parental NZM10 cell-line
expresses pRB, the derivative NZM10.1 does not.  Of itself, this strengthens the growing
case for heterogeneity within melanoma cell-lines, but when combined with data obtained
during the sub-cloning process, a hypothesis develops that the survival of the parental cell-
line in vitro, and perhaps some melanoma tumours in vivo, may critically depend on this
heterogeneity.

9.1 Introduction
A major functional target of the 9p21-encoded tumour-suppressors is the retinoblastoma-
associated protein, pRB.  The gene encoding pRB, RB1, comprises 28 exons, making genetic
analysis expensive and time-consuming.  Furthermore, PCR amplification of exon 1 has proven
to be problematical, apparently due to a high G:C content, and few studies report data for it.
To address the first issue, an attempt was made to reverse-transcribe the ~4.6 kb RB1 mRNA to
facilitate analysis of the coding region and detection of splice variations.  This attempt did not
meet with success, and no full-length cDNA was produced.  The likely reason for this failure is
the same G:C-rich region in exon 1 that renders PCR difficult.  The current availability of

reagent systems intended to obviate such problems could make this approach worth revisiting.

Even without complete genetic information, much useful data can be obtained by an analysis
of pRB protein expression, especially when coupled with similar analyses of p15, p16, and ARF.
In particular, it has been reported that p16 expression is often elevated where functional pRB is
not expressed, and conversely, that where functional pRB is present, p16 expression is weak1125.
It is also reported that p16 is sometimes not expressed even when there is no apparent 9p21

See Appendix
H for a more
about pRB,

p15, and p16.
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genetic defect.  One mechanism known to account for this is transcriptional silencing of
CDKN2A through DNA methylation986, the same means by which genetic imprinting and X
chromosome inactivation occur.

Aberrant methylation had been implicated in a number of diseases, perhaps most notably,
Fragile-X syndrome.  It has been recognised as an aspect of neoplastic transformation, initially
as a means of generation of tumour heterogeneity618, and later as an inherent cause of mutation
due to the spontaneous deamination of 5-methylcytosine619 738.  A much more direct role was
appreciated with the publication of a series of papers from Johns Hopkins University School of
Medicine implicating methylation in the silencing of the gene for the oestrogen receptor in
breast985 and colon carcinoma587, VHL in renal carcinoma510, and then, for CDKN2A–α in
multiple cancer types883.  Now, transcriptional silencing through methylation®1112 has been
found for APC325, AR681, BRCA1167, CASP81317, CCND2330, CDH11491, CDH131335, CDKN1B1065,
CDKN2A–β326, CDKN2B37, FHIT1525, GSTP11232, MLH11229, PGR–B1136, POMC943, PTGS21247, RARB-
21434, RASSF1–A237, RB11230, SOCS11489, SFN348, THBS1781, TIMP354, TOP1382, TP73224, and WT1752.
In addition, aberrant re-expression due to demethylation of an imprinted gene has been seen
with HOX111411.  Recognition of this silencing mechanism effectively allayed doubts over the
authenticity of p16 as a tumour-suppressor based on the higher rates of mutation seen in vitro
when compared to primary tumours.  While some in vitro selection may occur, a large number
of primary tumours with genetically intact CDKN2A did not express p16 due to methylation.

Of the sixteen cell-lines under investigation, six were found to have major genetic anomalies in
the 9p21 region likely to prevent production of the tumour-suppressor proteins encoded there.
To confirm this, and to determine if the apparently genetically intact cell-lines do indeed
produce these, a survey of protein expression is required.  Furthermore, should some appear
genetically intact, but not express p16, an assessment of any role for DNA methylation is
required.  This chapter describes such analyses and their results.

9.2 Experimental design
Protein expression analysis
Two readily available techniques for the analysis of protein expression are Western analysis
{A.4} and flow cytometry {A.5}.  Both depend on the recognition of the target protein by an
antibody and its subsequent detection.  They differ in several important ways, but one often
overlooked is that unless the primary antibody used is truly specific for the protein of interest,
results from flow cytometry will be at best ambiguous.  This is because of the difficulty in
controlling for the relative contribution of specific and non-specific signals to overall
fluorescence.  On the other hand, in Western analysis, the distinction is often possible due to
differences in protein mobility during electrophoresis.  It must also be remembered that flow
cytometry yields data about the distribution of protein expression within a population of cells,
while Western analysis can determine only the mean expression.
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As proving the suitability of the primary antibody for use in flow cytometry requires that
Western analysis be performed as a first step, the decision as to which was the more
appropriate technique was moot.  It transpired that the primary pRB antibody to be used did
indeed recognise an additional protein, and is therefore of dubious value for flow cytometry.
The situation was complicated further by the similarity of mobility between pRB and the non-
specific target which was such that identification based solely on molecular weight markers
was not possible.  To resolve this, two controls were added, lysate from MOLT-4 human
lymphoblastic leukaemia cells, known to express pRB, and from SAOS-2 human osteosarcoma
cells, that express a truncated pRB1205 lacking the epitope recognised by the antibody used.

There is a further technical aspect that requires discussion that relates to ensuring equivalence
of loading among samples.  The rationale is that if this is achieved, then the data ultimately
obtained may be considered quantitatively.  Common practice is to perform a total protein
determination of each extract and load equal protein masses.  For experiments intended to
study the expression of a generic structural protein after different treatments of a single cell-
line, this may be satisfactory.  The work described here has neither of these attributes.  Firstly, it
involves regulatory proteins, and their expression levels may not be proportional to total
cellular protein content.  Consider the case of core histones: as the amount of chromosomal
DNA in a cell is not determined by the cell size, the amount of histone present need not be
proportional to, for example, β-actin.  Similarly, the same quantity of pRB can regulate the
division of a cell of any size.  Secondly, the melanoma cell-lines being studied here differ
widely in cell volume: NZM5 is particularly small, while NZM10 is very large.  Loading equal
masses of total protein under these circumstances would cause the under-representation of
regulatory proteins for larger cells.  In consequence of this, the experiments described here use
equivalent cell number as the criterion for uniformity of loading, and no loading control, such
as analysis with an irrelevant antibody to a ubiquitous protein, is performed.

Assessing transcriptional silencing from DNA methylation
There are several possible approaches available to elucidate what role, if any, genomic
methylation is having on the expression of a protein.  At the genetic level, the use of
methylation-status sensitive restriction enzymes, methylation-specific PCR, and bisulphite-
modified DNA sequencing can all be informative®962, but do not address whether any
methylation so discovered is of functional significance for protein expression.  While a
correlation between methylation of an otherwise normal sequence and non-expression of the
encoded protein would certainly be a good indication, it would not be conclusive.  In this
work, cell-lines that are not seen to express p16 in spite of an apparently normal gene are
cultured in the presence of the demethylating DNA base analogue 5-aza-2’-deoxycytidine
(5aza-dC) over a period many times greater than the population doubling time.  Under these
conditions, each time the population doubles, the proportion of cells with methylated DNA is
halved.  Cells from such substantially demethylated cultures are then subjected to analysis for
re-expression of the protein of interest.  This technique also has limitations.  If re-expression is
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not seen, it can be concluded that genomic methylation is not the cause of loss of expression.
However, if re-expression does occur, it does not prove that the demethylation event directly
involved the gene of interest.  Any gene whose protein product is required for the expression of
the gene of interest may have been the critical element, for example, that for a transcription
factor.  Proving that genomic demethylation has indeed occurred after treatment is also
problematical, and reliance has been placed on the use of an established protocol986.

9.3 Methods in brief
Cultures of the NZM, MOLT-4, SK-MEL-28, and SAOS-2 cell-lines were established in vitro
{Method 2} in αMEM supplemented with antibiotics and 15% v/v (SAOS-2) or 10% v/v (other
cell-lines) FCS {Solution 11}.  Mean passage number for all NZM lines was ~18.  NZM4 was
also grown in the presence of recombinant human TGFβ1 (1.0 µg/L) for 5 d as a potential
positive control for p15 expression180.  Cell-lines to be demethylated were grown in medium
supplemented with 5aza-dC (1 µmol/L) for about eight doublings; harvested and passaged
into 5aza-dC–supplemented medium for a further eight doublings; passaged into normal
medium; and maintained therein.  Actively proliferating cells (~107) were lysed in protein
sample loading buffer containing protease inhibitors {Method 8}.  The tubes were vortexed
vigorously to disperse cell pellets and stored at –70 °C until required.  The level of each protein
of interest present in 50 000 – 100 000 cell equivalents was determined for each cell-line by
Western analysis {Method 16} using 6% v/v (pRB) or 15% v/v (other proteins) acrylamide
separating gels, PVDF membranes, primary antibodies as specified {E.3}, and either a
commercial tagging kit {E.2} in the case of pRB, or a horseradish peroxidase conjugated
secondary antibody in the other cases, followed by enhanced-chemiluminescent (ECL) {E.2}
exposure of autoradiography film.

9.4 Results
Expression of pRB
There was strong pRB expression in all NZM cell-lines except NZM6, NZM7.2, NZM7.4, and
NZM10.1 {Figure 9–1}.  Where there was expression, multiple bands were present, usually
attributed to differences in pRB phosphorylation state.

M = marker lane; + = positive control (MOLT-4); – = negative control (SAOS-2); 1–15 = corresponding NZM
cell-line lysate.

Upper band is non-specific.  Note weak or absent expression for NZM6, NZM7.2, NZM7.4, and NZM10.1.

Figure 9–1: Western analysis of pRB expression by NZM cell-lines
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Expression of p15
Clear expression of p15 was seen in the TGFβ1 treated NZM4 cells, and a low level in NZM4,
NZM10, and NZM10.1.  While no expression was discernible for any other line, the possibility
of very low levels cannot be excluded, as overall sensitivity appeared to be low {Figure 9–2}.

+ = positive control (NZM4 in the presence of TGFβ1); 1–15 = corresponding NZM cell-line.  Mobility of the
detected positive control band was assessed by reference to dye-conjugated molecular weight markers
transferred to the membrane and was consistent with the detection of p15.  These are not detectable by the
visualisation reagents used and hence are not shown.

Note weak expression only for NZM4, NZM10, and NZM10.1.

Figure 9–2: Western analysis of p15 expression by NZM cell-lines

Expression of p16
Strong p16 expression was seen in NZM6, NZM7.2, and NZM7.4, with weak expression
detectable for NZM4, NZM10, and possibly NZM10.1 and NZM12.  In addition, there was
weak expression by NZM12 of a product of aberrantly high mobility.

M = marker lane; + = positive control (SK-MEL-28); 1–15 = corresponding NZM cell-line.

Note strong expression in NZM6, NZM7.2, and NZM7.4; weak expression in NZM4, NZM10, and possibly
NZM12; aberrant band in NZM12.

Figure 9–3: Western analysis of p16 expression by NZM cell-lines

For cell-lines with no apparent genetic anomaly, but without expression of p16, genomic
demethylation was attempted, and protein extracts of demethylated cells analysed {Figure 9–4}.

Although this analysis is marred by the presence of a strong non-specific band and a number of
extraneous patches, particularly in the NZM15 lanes, there is no evidence of increased p16
expression among the demethylated cell-lines.  Surprisingly, both the control and demethylated
NZM10.1 cells expressed p16, whereas during the initial survey this had been very weak {See
‘Discussion’, below}.
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Lane labels specify cell-line; green label is untreated; black label is demethylated.  Upper band is non-
specific.  Reference to dye-conjugated molecular weight markers transferred to the membrane allowed
identification of the p16 band.  These are not detectable by the visualisation reagents used and hence are not
shown.

Figure 9–4: Effect of genomic demethylation on p16 expression

Expression of ARF
There was evidence of strong expression of ARF in the NZM2, NZM3, NZM5, NZM6, NZM7.2,
NZM7.4 and NZM15 cell-lines, and weaker expression in the others {Figure 9–5}.

+ = positive control (supplied with antibody); 1–15 = corresponding NZM cell-line.  Mobility of the detected
positive control band was assessed by reference to dye-conjugated molecular weight markers transferred to
the membrane and was consistent with the detection of ARF.  These are not detectable by the visualisation
reagents used and hence are not shown.

Figure 9–5: Western analysis of ARF expression by NZM cell-lines

9.5 Discussion
pRB expression
While pRB protein was detected in most lysates, NZM6, NZM7.2, NZM7.4, and NZM10.1 did
not express pRB.  Possible causes of this include the loss of RB1 alleles, defective regulation of
gene transcription, reduced mRNA stability or other translational defect, and reduced protein
half-life.  In melanoma, among these possibilities, homozygous deletion of RB1 alleles has been
reported only rarely774, although LOH at the 13q14 RB1 locus is known in uveal melanoma1158.
Transcriptional silencing of RB1 via DNA methylation has been reported in some non-
melanoma tumours {H–2}.  Further investigation will be required to determine if either of these
possibilities applies in each of the non-expressing NZM cell-lines, or if another cause exists.
This would include reverse transcription PCR of a target spanning an RB1 intron in order to
assess transcription, Northern analysis, and demethylation studies similar to that undertaken
for p16.

p16 expression
Failure to detect p16 expression in the NZM1, NZM2, NZM3, NZM9, NZM11, NZM12, and
NZM13 cell-lines was consistent with the presence of genomic anomalies in the 9p21 region
{Table 8–1}.  However, no p16 was detected in lysates from NZM5, NZM14, or NZM15, cell-
lines with ostensibly intact CDKN2A.  While gene methylation can transcriptionally silence
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CDKN2A883, this was excluded, as expression was not seen after demethylation.  Other
possibilities, including changes in mRNA or protein stability, remain to be explored.  As a first
step, reverse transcription PCR or Northern analysis could be used to verify mRNA expression.
Protein stability is somewhat harder to investigate, but the use of protease inhibitors may
provide further information.

NZM4 and NZM10 express both pRB and, apparently normal, p16, but without a genetic
analysis of RB1 no conclusive interpretation is possible.  The pRB produced may be non-
functional, or another essential element of the pRB subsystem may be altered, such as CDK41343.
Of course, since the presence of functional pRB in normal cells in no way precludes their
expression of p16, this subsystem may be intact.  The conclusive evidence that the NZM10 cell-
line is not genetically or phenotypically homogeneous {5.5}, and that Western analysis provides
population-average data together make further interpretation subject to ambiguity.

The p16 expression data presented here contain an inconsistency: while NZM10.1 was found to
express only low levels of protein in the first analysis, when assayed to determine if the cause
of this was demethylation, significant p16 was detected in both control and demethylated cells.
No clear explanation for this is available.  Expression of p16 is to a degree cell-cycle dependent,
and it may be that an element of cycle synchronisation had inadvertently been incorporated
during culture.  This may have resulted either from the use of cultures seeded at relatively high
density that were grown for only a few days and then harvested, or from the exhaustion of a
required serum factor due to poor culture practice.  As has been shown, NZM10.1 will arrest in
G1 in response to serum-deprivation, and a similar situation may have arisen in culture.  Under
these conditions, variation in p16 expression may also be a direct consequence of such stress.
While unresolved, this is in reality a minor matter.  NZM10.1 was seen to express p16 in both
experiments and hence, methylation is not an issue.

Analysis of 9p21 genomic status revealed that the NZM12 cell-line contains an anomaly within
exon 2 of CDKN2A, or the following intron, that prevented PCR-amplification of the exon 2C
target {8–10}, and implies the possible production of a truncated protein of minimum molecular
weight ~10.8 kD.  Figure 9–3 shows that NZM12 expresses a protein with anomalously high
electrophoretic mobility that is recognised by the monoclonal anti-p16 antibody employed.
This provides strong corroboratory evidence that the inferred genomic alteration was indeed
present.

p15 expression
While CDKN2A and CDKN2B are very similar structurally, their transcriptional control differs
substantially.  Generally, CDKN2B is induced dramatically by TGFβ in what is thought to be a
major component of its anti-proliferative effect471, but no such induction of CDKN2A is seen.
TGFβ production and sensitivity occur in melanoma cells1101, but little is known about the
involvement of p15.  Indeed, any role may be minor, as melanoma cells can arrest in response
to TGFβ despite lacking CDKN2B, with p21CDKN1A being the likely mediator358.  Modulation of
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CDC25A, a phosphatase important in G1 CDK activation, has also been implicated566.  Insofar
as expression of CDKN2B in melanoma is concerned, mRNA has been detected in 8 of 23 cell-
lines1099, but there appear to have been no protein studies.  Consistent with this paucity of data
is the view held widely, but not universally418, that deletion of CDKN2B may simply be a
consequence of its proximity to CDKN2A, rather than it being a target in its own right.  While
the results presented here do not suggest any unusual role for p15 in melanoma, they do
confirm that TGFβ1 can induce p15 expression in a sensitive melanoma cell-line, as
demonstrated by the NZM4 positive control {Figure 9–2}.

ARF expression
The results from Western analysis show detectable, and in many cases strong, expression of
ARF in all NZM cell-lines.  This is difficult to reconcile with the results of the genetic analysis of
the 9p21 region {Chapter 8}, particularly in the case of NZM2, where no CDKN2A exon 1β PCR
product was detectable.  It is possible that the genetic sequence is present, but a mutation in a
PCR primer binding site may have prevented amplification, but this appears unlikely given the
lack of amplification of flanking targets.  For all other cell-lines there was discernible PCR
product, and in many cases there is a correlation between the strength of PCR amplification
and the level of ARF expression seen.  As examples, NZM1 and NZM9 showed weak
amplification and low expression; and NZM5, NZM7.2, NZM7.4, and NZM15 showed both
strong amplification and expression.  However, neither Western analysis nor PCR is rigorously
quantitative.  Although a recombinant protein positive control was employed, no true negative
control was available, so the possibility of antibody cross-reactivity with a different antigen
exists.  This is unlikely, as the primary antibody used was monoclonal and, according to its
manufacturer, specific.  Without verification of these findings, the data for ARF expression
should not be considered robust.

Relationship between p16 and pRB expression
Dysfunction of individual elements of the pRB subsystem is widely reported among melanoma
cell-lines1391 suggesting that they operate sequentially, rather than in parallel, and are each
critical in the suppression of melanoma73.  Consistent with this, an apparent inverse correlation
between pRB and p16 function has been reported, and this is broadly supported by these
results.  In NZM6, NZM7.2, and NZM7.4, where pRB was absent, very high levels of p16
expression were seen, and conversely in the other cell-lines, where pRB was abundant, p16
expression was weak or absent.

These data are equally consistent with inhibition of CDKN2A–α transcription by functional
pRB.  This would provide negative feedback whereby the phosphorylation of pRB by CDK4/6
would be self-limiting through the induction of p16.  Where pRB function was defective, levels
of p16 would increase in a futile attempt to constrain proliferation.  To date, no such pRB-
controlled element has been identified, but the transcription of CDKN2A–α is known to be
regulated by members of the ETS972 family, and inhibited by ID11044.  The retinoblastoma protein
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binds ELF11393, an ETS protein, and ID2567, a helix-loop-helix protein related to ID1, so a link
may yet be forged.

In addition to this uncertainty over the dynamic relationship between pRB and p16, doubt
exists over the biological importance of their joint function.  The focus has tended to be on the
regulation of mitogen responsiveness since: p16 is an inhibitor of CDK4/61181; CDK4/6
activation requires a cyclin-D partner332; cyclin-D transcription is enhanced by mitogens236; and
the formation of cyclin-D–CDK4 complexes is mitogen-dependent196.  This view is strengthened
by the involvement of the related p15 in growth inhibition by TGFβ.  Notwithstanding this,
evidence is mounting that the role of p16 in cellular senescence25 may be at least as important.
Accumulation of p16 with continuing culture has been demonstrated474, and prolonged
expression can lead to an irreversible cell-cycle arrest235.  One implication of control of
CDKN2A–α transcription by pRB would be a molecular basis for this accumulation.  Under
these circumstances, p16 would be produced only during the brief period between the release
of sequestered proteins from pRB upon its phosphorylation by activated CDK4/6, and their
subsequent re-sequestration, either through the activity of phosphatases, or, as has recently
been suggested, by further phosphorylation of pRB by activated CDK2336 480.  Little is known
about the mode and timing of p16 degradation.  If p16, or its mRNA, has a very long half-life, it
may accumulate with successive cell divisions, raising the threshold level of activated CDK
necessary to defeat the growth suppressive function of pRB.  It may be this role in melanocyte
senescence that makes the pRB subsystem critical in the suppression of melanoma, rather that
its putative role in maintaining mitogen-dependency {See Chapter 7, and ‘Replicative senescence’,
2–14}.

No correlation between pRB expression and serum-deprivation response class.
The work described in Chapter 7 established that in both NZM7.4 and NZM10.1, the
immediate effect of serum withdrawal was an accumulation of cells in G1 phase.  It is now clear
that this redistribution was achieved in the absence of pRB.  Therefore, the scenario of
unrestrained E2F activity must be contemplated and an explanation sought for G1

accumulation despite this.  One consequence of erroneous disinhibition of E2F1 would be an
increase in the expression of ARF, leading to a reduction in MDM2 levels, and so to a reduction
in E2F1-dependent transcriptional activity and increased p53 levels {J–21}.  The ARF expression
seen in NZM7.4 supports this interpretation, but only weak expression was seen for NZM10.1,
and furthermore, the ARF data may not be robust.  Elevated ARF expression would provide a
basis for the well established phenomena that inappropriate E2F1 expression, while leading to
S-phase entry, also promotes p53-dependent apoptosis1068, and that absence of pRB is sufficient
to bring this about29.  It is in this capacity that p53 earned the epithet ‘Guardian of Rb’1430.  With
elevated levels of activated p53 present, induction of p21 is probable, and with this will come
inhibition of CDK2, irrespective of the levels of cyclin-E induced by unconstrained E2F.
Therefore, even without pRB, if the E2F/ARF/MDM2/p53/p21 chain is intact, a slowing or
arrest of G1 passage can still be implemented.  This proviso is of particular interest since the
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NZM7.2 cell-line, ultimately derived from the same tumour as NZM7.4, did not manifest any
delay in G1 progression after serum-deprivation, and unlike NZM7.4, is a TP53 mutant1002.

The converse situation also exists: NZM4, NZM5, NZM13, and NZM15 do not display an
immediate reduction in G1 content after serum withdrawal despite expressing pRB.  For
NZM13 and NZM15, this may be explicable by their failure to express p16, as in its absence,
CDK4/6 activity will in general be unopposed, and pRB may be rendered ineffectual through
aberrant phosphorylation.

Without a complete genetic analysis of RB1, or functional studies with protein isolated from the
remaining cell-lines, nothing is known or can be deduced about the functional status of any
pRB present.  Nevertheless, as discussed above, even where pRB is defective, arrest can still
occur via p21-mediated inhibition of CDK2.  Since this did not occur in these cell-lines, the
possibility exists that both the pRB and p53/p21 subsystems are defective; indeed, like
NZM7.2, NZM4 has been reported to be a TP53 mutant1002.  Further experimentation will be
necessary to explore this, particularly since the production of autocrine growth factors may
mask the effects of serum-deprivation.

In summary, there is no correlation between pRB status and the integrity of the late-G1 serum-
dependent checkpoint: expression of pRB does not guarantee it, nor absence, preclude it.
However, the correlation improves if pRB and p16 are considered as a functional unit.

A proposed mechanism for melanoma protection by p16
While p16 abnormalities have been found in many tumour types, melanoma is by far the
predominant cancer seen where a CDKN2A defect is inherited.  The explanation for this must
lie in some particular importance of p16 in controlling the net proliferation of cells of
melanocytic lineage.  In this regard, one unique aspect of melanocyte biology must be
considered: their response to DNA damage.  The essential function of melanocytes is the export
of melanin as a defence against UV-induced damage, and there is strong evidence that the
presence of excised UV-induced DNA lesions drives melanogenesis316 1012.  Therefore,
melanocytes must endure genomic damage that in other cell-types may lead to apoptosis.
While p53-sponsored activation of p21CDKN1A in response to UVB causes G1 arrest of
melanocytes872, any potential apoptotic response must be dampened.  This may be through the
melanocyte-specific enzyme DCT, necessary for the production of eumelanin, but also having
anti-apoptotic properties954.  With a reduced apoptotic propensity, a greater dependence on
cellular senescence as a mechanism for proliferative control may exist, perhaps accounting for
the mutant CDKN2A phenotype {See ‘Replicative senescence’, 2–14}.  A reduced dependence on
apoptosis may also explain the relatively low incidence of TP53 mutation seen in melanoma1506.
As noted above, NZM4, which expresses p16 and pRB and thus may have an intact senescence
mechanism, is a TP53 mutant1002.

Further
information
about the

function of
p53 is

available in
Appendix J.
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NZM10 provides yet more clues
An intriguing observation made during this work relates to the pRB status of the NZM10 cell-
line and its derivative NZM10.1.  In consequence of the heteroploidy detected in NZM10
{Figure 5–4}, sub-clones were prepared by individual cell propagation in an attempt to isolate
the differing ploidy components.  While ~20 individual cells began to proliferate and reached
populations of ~100, only two such colonies grew beyond this and could be maintained by
serial passage (data not shown).  Of these, one was lost to contamination, leaving only
NZM10.1.  From its ploidy {Table 5–1}, it was known to be only a minor component of the
parental NZM10.

It is unlikely that cells inherently incapable of surviving beyond a few replications would
represent the majority of cells in a mixed population, even after a relatively few passages in
vitro.  The alternative is to postulate that this incapacity is not inherent to the cell, but is a
consequence of their isolation during sub-cloning.  From this it follows that such cells depend
for survival upon the presence of other components of the mixed population.  Since during
routine passaging, seeding density is such that few cells are in physical contact, and yet the
cultures are readily established, a soluble factor, rather than physical association is implicated.
This is a functional definition of the production and operation of a paracrine growth factor, a
phenomenon frequently seen in melanoma cells®464.

The situation in the parental NZM10 then is that the majority of cells depend critically on the
production of a cytokine by a relative minority, and are therefore incapable of survival in
isolation.  Those few cells that can survive must either produce this factor, and respond to it in
an autocrine manner, or not require it at all.  NZM10.1 must have one or both of these
attributes.  In this regard, it is most interesting that while the lysate from the parental NZM10
culture contained pRB, that from NZM10.1 did not {Figure 9–1}.  Given its central role in the
cellular response to growth factor stimulation {See Appendix H}, the loss of pRB may well
account for the survival of NZM10.1.

It may be thought that any clone within the parental culture that lacked the growth-
suppressive influence of pRB would rapidly expand to displace its pRB-expressing relations.
This need not be the case, since the same deregulation of E2F that allows cell-cycle progression
also engenders apoptosis.  The combination of an increased propensity to divide and an
increased likelihood of apoptosis could easily result in a net clonal expansion rate slower than
that of the bulk culture.  This is confirmed by the results presented in Chapter 7, where the
proliferation rate of NZM10.1 in isolation was shown to be approximately half that of its
NZM10 parent.

The correlation, if any, between production of this hypothetical growth factor and pRB status is
unknown.  While the two characteristics may be independent, it is also possible that they are
linked.  Such would be the case for the cytokine IL8, as its expression is repressed by pRB1508, it
is an important autocrine growth factor in melanoma1146, and it is implicated in metastasis1234.
IL8 is therefore an attractive candidate.
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To pursue this further, additional sub-clones of NZM10 should be isolated and characterised
for pRB expression.  This should also be undertaken for any abortive sub-clones, and here,
immunocytochemistry offers the greatest prospect of success since too little material will be
available for Western analysis.  If paracrine support by a minority of cells is proven to be taking
place, the implications for the treatment of melanoma may be profound, particularly if it is
linked to non-expression of functional pRB {See Chapter 11}.R

et
ra

ct
ed

 m
at

er
ia

l.
S

ee
 s

ec
tio

n 
ad

de
nd

um
 fo

r 
de

ta
ils



9–13

9:
 T

um
ou

r-
su

pp
re

ss
or

 e
xp

re
ss

io
n

Tumour-suppressor expression (V3)
9.6 Retraction of existing material
General
This chapter was arguably the weakest in the initial version of this thesis.  A very great effort
was put into developing satisfactory methods for Western blotting during V1, but unremitting
failure over more than a year ultimately led to the acceptance of substandard results as being
the best practicable.  The strategy adopted in V2 was very conservative, and no additional
work was carried out to address these deficiencies, largely because it was thought that all
options that could be attempted in the time available for revision had already been explored.

Some V1 results, particularly the study into the expression of ARF, and the possibility of re-
expression of p16 after genomic demethylation, were inherently flawed and ought never to
have been part of the submitted thesis.  They were, however, reluctantly included, as they
formed a part of the record of the work undertaken.  While the V3 work did not address these
questions anew, at least resubmission of this thesis provides the opportunity to retract the
unacceptably weak material.

For what were considered the key areas though, V3, with the benefit of a longer time-scale, has
allowed further development to be performed and the adoption of some newer methodologies.
This was for the most part very successful, but as a result, further shortcomings of the V1 work
on pRB expression came to light, rendering interpretation of those results unreliable.  This is
discussed fully below.

Retraction of ARF expression results and discussion
The results of the Western analysis of ARF expression in V1 are clearly at odds with the
CDKN2A deletion analysis undertaken, and while the V1 text discusses this and possible
reasons for it, as they stand, the data gathered have very little credibility, and so the results and
discussion pursuant to the V1 study of ARF expression are retracted.

Retraction of CDKN2A demethylation results and discussion
Obtaining meaningful results for this study required robust genetic data and a robust protein
assay, and neither was achieved in V1.  The experimental design did not include proper
controls, and the entire approach of addressing this question by Western analysis without prior
inspection of the methylation status of the CDKN2A gene is questionable.  Even if it had been
shown that global genomic demethylation resulted in re-expression of p16, there would have
been no way of determining if this was in consequence of demethylation of CDKN2A;
demethylation may have enabled transcription of a gene encoding a protein necessary for the
production of p16, perhaps a transcription factor or an element of a signal transduction
channel, or it may have resulted in the down-regulation of a degradative mechanism that
targets p16.  Ultimately, the results obtained were internally inconsistent and of dubious value.
They and their dependent discussion are retracted.
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Retraction of retinoblastoma-associated protein expression results and discussion
The worst technical flaw with the V1 pRB expression data was the presence of an apparently
non-specific band with markedly lower mobility than the expected multiple bands of
differently phosphorylated pRB species.  To determine if this genuinely was a non-specific
band, or instead represented a mutated or modified form of pRB, a negative control cell-line,
SAOS-2, was introduced.  This had been reported to produce only a truncated 95 kD pRB
variant that lacks amino acids 703–9281205, a region including the amino acid 914–928
immunogen against which the polyclonal antibody in use was raised.  Any band detected by
this antibody in an SAOS-2 protein extract was therefore very unlikely to be pRB, and the
corresponding bands for extracts from other cell-lines could be dismissed from consideration.
This led to the conclusion made in V1 that some of the cell-lines investigated did not express
the pRB protein.

In an effort to avoid this problem in V3, a different antibody was selected, but in order to
ensure the availability of a negative control should a similar problem arise, an antibody
recognising an epitope also missing from SAOS-2 was selected, specifically, amino acids
703–722.  To aid specificity further, a monoclonal antibody was selected.

As new protein extracts became available
during V3, a preliminary Western analysis was
undertaken to begin the process of optimising
antibody dilutions and blocking conditions.  It
produced technically excellent results
immediately {Figure 9–6}, with good signal
strength against a negligible background, no
non-specific signal at any molecular weight
and, particularly in the MOLT-4 positive
control, clear multiple banding, presumably due to differences in phosphorylation.  It also
presented a conundrum: the SAOS-2 extract included as a negative control displayed a band
that could only be interpreted as pRB.

This immediately raised a number of questions.  Is the cell-line thought to be SAOS-2 actually
something else?  Was the wrong cell-line supplied by the ATCC when SAOS-2 was ordered?
Does SAOS-2 actually produce full-length pRB despite the report to the contrary1205?  Was the
cell-line used as the basis of that report in fact not SAOS-2?  Most importantly, if the cell-line
that was used as a negative control during V1 was actually expressing detectable pRB, what
does this mean for the interpretation of the results obtained?

With the microsatellite genotyping assay developed for V3 available, part of this mystery could
be unravelled.  The results of analysis of nominally SAOS-2 DNA for D9S974 and D9S157
allelotype are given in Table 9–1.

Protein extracts imaged by
chemiluminescence; markers imaged in
visible light and superimposed digitally.

Figure 9–6: Trial pRB Western blot



9–15

9:
 T

um
ou

r-
su

pp
re

ss
or

 e
xp

re
ss

io
n

D9S974 D9S157
Allele 1 Allele 2 Allele 1 Allele 2

SAOS-2 (?) 203.20 (H) 220.65 (Q) 196.57 (A) 200.56 (C)

Column headings denote target microsatellite.  Entries give the two distinct sizes of amplicon present after
PCR as deduced from capillary electrophoresis with internal size standards.  Parenthetical letters identify the
allele group to which each amplicon was assigned, according to Table 8–4.

Table 9–1: Microsatellite allelotype for putative SAOS-2 cell-line

This allele pattern is unique among the cell-lines cultured during this research, including NZM
cell-lines and others grown for control purposes.  Analysis of either microsatellite alone suffices
to distinguish this cell-line, as it includes the D9S974 Q allele seen nowhere else, and it contains
a D9S157 allele not present in NZM6, the only other cell-line heterozygous at this locus.
Handling, labelling, and cross-contamination errors can be ruled out, as there is no apparent
source for cells with this allelotype.  The very strong implication is that the root cause of the use
of an erroneous negative control lies externally to the execution of this research.

In light of this new information, specifically, that the putative negative control actually
expresses the target protein, can anything be salvaged from the original pRB Westerns by
reinterpretation?  The most obvious approach is to interpret the bands that appear at ~116 kD
as phosphorylated pRB, implying that all of the NZM cell-lines express the protein of interest.
This concurs with the expression data obtained in V3, as will be described below, although it
effectively demolishes the bulk of the V1 discussion.  However, a problem arises with this
interpretation when consideration is given to the pRB phosphorylation states to be inferred.

From the V1 data, it appears that all but perhaps a trace of the pRB in NZM6, NZM7.2, and
NZM7.4 is in the phosphorylated form with lower mobility, but from the V3 data, for example
that shown in Figure 9–6, it appears that it is only in the unphosphorylated form.  This
apparent difference in phosphorylation state cannot reasonably be ascribed to differences in
culture conditions since, in the V3 experimentation, four actively proliferating control cultures
that would be expected to contain phosphorylated pRB were sampled for each cell-line, and
none contained any indication of phosphorylated pRB.  The possibility that the V3 results have
been misinterpreted due to the lack of a specific reference for phosphorylated pRB can be
discounted since in the preliminary work, where extracts from the cell-lines in question were
run in parallel with others {Figure 9–6}, the sole band present for members of the
NZM6/NZM7 group had mobility equivalent to the unphosphorylated form seen in other cell-
lines.  Furthermore, mistakes in cell-line identity can be excluded on genetic grounds.

Another possibility is that the ~116 kD bands genuinely are non-specific.  This may seem very
unlikely given the V3 discovery that the putative SAOS-2 cell-line expresses pRB, for if it does,
and the ~116 kD band is non-specific, then where is its band for pRB in the V1 blots, and where
are the corresponding bands for NZM6, NZM7.2, and NZM7.4?  To understand how this might
be, it is important to appreciate the technical limitations of the V1 blots.  The ~116 kD band was
not the only troubling one present, and other very strong bands existed, but with mobilities
that eliminated them as possible pRB.  Once it had been determined, erroneously perhaps, that
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the ~116 kD band was non-specific, the image of the membrane was cropped to eliminate as
many non-specific bands as possible, even to the extent of deleting the bracketing 97.4 kD
marker; the ~116 kD band was simply too close to crop out, and so remained.  The uncropped
image for one of the V1 membranes is shown in Figure 9–7.  Two things become clear from this:
first, despite being the best achievable at the time, the absolute quality is very poor; and
second, the ready acceptance of the ~116 kD
band as non-specific is understandable given
the number and strength of other clearly non-
specific bands.  The puzzle of the missing pRB
bands for the spurious SAOS-2 and NZM6,
NZM7.2, and NZM7.4 may be resolved by
observing that in their respective lanes a faint
band is visible at the position of
unphosphorylated pRB.  Issues of loading
equivalency and inherent expression levels
may have played a part here.

This is not an entirely satisfactory explanation of the discord between the V1 and V3 results
with respect to phosphorylation of pRB, but the exploration of phosphorylation was never an
objective of V1 so only incidental data are available.  The mysteries over the ~116 kD band and
the true bands for pRB in various states of phosphorylation in these blots remain, but to delve
further into them would require a return to the original antibody and the continuation of
methodological optimisation that did not achieve an acceptable standard after many months of
effort.  When a working assay is available based on a new antibody that produces exemplary
results, there is little justification for expending resources to solve a five year old riddle posed
by a poor Western blot.

Whether the interpretation of the V1 pRB Westerns was flawed because a spurious negative
control led to erroneous conclusions of non-expression, or whether that conclusion was reached
because of differences in loading or poor signal to noise ratio preventing detection, the effect is
the same: the V1 pRB results must be treated as dubious and they and the V1 discussion that
depended on them are retracted.

9.7 Extension of existing material
Rationale
The primary objective of the work to be undertaken during the V3 revision was to obtain
robust data concerning the expression of the retinoblastoma-associated protein in the NZM
panel through Western blotting.  In addition, by ensuring the preservation of phosphorylation
state through the inclusion of phosphatase inhibitors in the extraction buffer, differences in
phosphorylation, as assessed by alterations in mobility in acrylamide gels, were to be sought in
extracts from cells that were actively proliferating early in culture, that were at high density
after extended culture, and that had been deprived of serum.  It was hoped that this would

M = markers; + = MOLT-4 positive control; – =
SAOS-2 negative control; other lanes NZM
cell-line indicated.  The marker lane was
digitally moved in the creation of Figure 9–1.

Figure 9–7: Untrimmed V1 pRB Western blot
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elucidate the role such phosphorylation may play in the regulation of proliferation, and
whether this is altered in any or all of the NZM cell-lines.

Secondarily, a renewed attempt was to be made to obtain more robust data concerning the
expression of p16CDKN2A in the NZM cell-lines.  Studies of ARFCDKN2A, p15CDKN2B, and the effects of
genomic demethylation were not to be undertaken.

Developmental work
Protein loading equivalency
The most common method for implementing equivalency of protein loading among samples
for electrophoresis and Western blotting is to load equal masses of total protein into each well,
but where the analysis of regulatory proteins whose principal function is the direct or indirect
regulation of gene expression in a panel of cell-lines of diverse mean cell mass is intended, this
may not be the most appropriate method.  In V1, to avoid this pitfall, extracts from equivalent
cell numbers were used, but in the event, the data obtained were too poor to allow comparison
among cell-lines.

In V3, the goal was not a quantitative comparison of expression levels among cell-lines, but
were first, to distinguish between expression and non-expression, and second, in the case of
pRB, to make a qualitative assessment of changes in phosphorylation under different
conditions of culture.  In this context, loading of equal total protein was justifiable, and even
preferable, given the difficulty of obtaining accurate cell counts {See 'Discussion', on page 7–28}.

Numerous methods are available for protein concentration determination, and among these
perhaps the most highly respected and widely used is the colourimetric bicinchoninic acid
(BCA) assay.  While specific for protein, it has the deficiency that the reduction of Cu2+ to Cu+

ions that forms the basis of the assay is caused not just by peptide bonds, but also by cysteine,
tryptophan, and tyrosine amino acids present in the protein, and therefore the composition of
the protein or protein mixture being assayed, not just its concentration, dictates the
measurement.  This raises the further complication of selecting a standard by which to calibrate
the assay, since values deduced for unknown proteins will only be accurate if they have the
same proportion of reactive amino acids as the chosen standard.  While the relative
concentrations of homogeneous mixtures of proteins could be deduced, determination of their
absolute concentration can only be approximate.  This is analogous to the difficulty of simply
using spectrophotometry to determine protein concentration, since this too depends upon
composition, not merely concentration.  Common practice in this case is to use BSA as a
standard, since it is widely available, and its composition and characteristics are well known.

The conditions for cell culture to be used here are specifically intended to provoke changes in
cellular metabolism, and so are very likely to result in changes to protein expression, both in
terms of quantity and composition, and furthermore, these changes may be cell-line dependent.
When this is coupled with the limitations of the BCA assay and the use of a BSA standard that
may well differ in composition from control extracts, experimental extracts, or both, it is clear
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that any standardisation of extracts performed may be neither accurate, nor consistent.  At best,
one can hope that standardised extracts contain approximately the same amount of protein,
and consequently, approximately the same amount is loaded in each well for electrophoresis.  It
must be remembered that in experiments of this type apparent differences in target protein
expression observed after Western blotting may not be significant.

If protein loading equivalency cannot be guaranteed by standardisation in advance, can it at
least be verified after protein transfer?  Here, two methods are often used: reversible membrane
stains and reprobing with an antibody to a "house-keeper" protein, such as GAPDH.  These
approaches suffer from the same sorts of problems as were described above: the degree of dye
binding may depend on protein composition, not merely concentration, or it may differ among
cell-lines or change with experimental treatment, the level of the "house-keeper" protein may
not always be proportional to that of regulatory proteins, or even total protein, or its expression
may be altered by experimental conditions.  The reality of this situation became apparent in an
early V3 trial of p16 Westerns, where a
Ponceau S stained membrane was
subsequently reprobed with a GAPDH
antibody {Figure 9–8}: while protein loading is
reasonably uniform, as assessed by Ponceau S
staining, there is very marked variability in the
levels of GAPDH detected, and no obvious
correlation between the variations in each.

The pragmatic approach taken here was to standardise protein extracts using the BCA assay
against a BSA standard, to load equal masses of protein per well based on that assessment, and
to stain membranes after transfer to ensure that there had been no gross discrepancy in
apparent loading.  Given the result just described, no reprobing for "house-keeper" proteins
was carried out.

Methods in brief
Sample preparation summary
Duplicate soluble protein extracts were made, using buffer containing protease and
phosphatase inhibitors, from each of the seventeen NZM cell-lines in the panel, at early and
late times in culture, and with and without serum deprivation.  These were standardised to 4
g/L and stored at –80 °C.  In total, 136 extracts were produced.

Cell culture
All cell-lines in the NZM panel were used in these experiments: NZM1, NZM2, NZM3, NZM4,
NZM5, NZM6, NZM7, NZM7.2, NZM7.4, NZM9, NZM10, NZM10.1, NZM11, NZM12,
NZM13, NZM14, and NZM15; no additional control cell-lines were required.  Cell stocks were
derived from cultures recently tested for mycoplasma contamination and found negative
{Method 33}, but treated with ciprofloxacin regardless {Method 34}.  Aside from the NZM1 and
NZM2 pair, and the NZM7 and NZM7.2 pair, all cell-lines used had been proven to be unique

Image of a Ponceau S stained membrane
with GAPDH immunodetection signal
superimposed.

Figure 9–8: GAPDH Western blot
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within the panel, with the exception of NZM10.1, which may have been accidentally
supplanted by NZM4 {See 'Doubt over NZM10.1 authenticity', on page 8–36}.

For each cell-line, four P100 plates were each seeded with 7.5 x 105 cells for use in the extended
culture experiment, and four P100 plates were each seeded with 1.5 x 106 cells for use in the
serum deprivation experiment.  All cultures were in 15 mL of αMEM supplemented with 10%
v/v FCS and antibiotics {Solution 11}.  Plates were incubated as for passage culture {Method 2}.

When the cultures intended for serum deprivation had reached ~25% confluence, typically
after 2 d, the medium from all such plates was removed by aspiration, with particular care
being taken with the poorly adhering NZM5 cultures, and the plates were rinsed gently twice
with PBS, this being removed by aspiration.  Fresh medium (15 mL) containing either 10% v/v
FCS as normal, or only 0.1% v/v FCS instead, was introduced into pairs of plates for each cell-
line, and the plates were returned to incubation.  After ~24 h, protein from every plate was
separately extracted.

For the extended culture experiment, on the second and eighth days after seeding, protein was
separately extracted from one pair of cultures for each cell-line.

Protein extraction, concentration, quantitation, standardisation, and storage
Protein extraction {Method 39} using buffer containing both protease {E.16} and phosphatase
inhibitors {Solution 66} was carried out on ice, with retention of the soluble fraction only.  In
order to obtain relatively high protein concentrations, only 500 µL of extraction buffer was used
in total for each short culture time plate, while 1 mL was used for the others.  Extracts were
stored at –80 °C and thawed and held on ice when they were needed.

Five hundred microlitres of each sample was concentrated with centrifugally-driven
ultrafiltration units having membranes with a 3 kD cut-off {E.16}.  Earlier trials had shown that
an increase of up to five-fold in concentration could be achieved with no detectable loss of low
molecular weight protein, as assessed by acrylamide electrophoresis of eluates followed by
amido-black staining of gels.

The concentration of protein in these samples was determined by the BCA method in a 96-well
plate format {Method 41} using triplicate samples against a calibration curve from a duplicate
dilution series derived from a commercial BSA standard {E.14}.

Working stocks were standardised to 4 g/L concentration by the addition of the appropriate
volumes of extraction buffer including phosphatase and protease inhibitors.

Western analysis
For each analysis, stock protein extract (4 g/L, 13 µL) was added to Laemmli loading buffer (13
µL) {E.16} containing 2-mercaptoethanol in a microcentrifuge tube (1.5 mL capacity), heated (98
°C, 5 min), centrifuged briefly (16 000 G, 30 s) to settle the tube contents, and held at ambient
temperature until loaded for electrophoresis.

See A.4 for a
detailed
Western
blotting

methods.
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Discontinuous acrylamide gels of 1 mm thickness were used comprising a separating gel of pH
8.8, whose concentration is given below, topped with a 4% v/v stacking gel of pH 6.8 {Solution
38} in which 10 wells were formed.  Dye-conjugated molecular weight standards (5 µL) {E.14}
were loaded into the first well of each gel, and 25 µL of sample, equivalent to 50 µg of protein,
was loaded into each experimental well.  Unused wells were filled with loading buffer alone to
reduce gel distortion.  Electrophoresis using tris/glycine running buffer {Solution 32} was
performed at a constant voltage, given below, and running buffer was reused at most once.

Transfer to 450 nm pore size nitrocellulose membranes {E.16} was effected by electrotransfer
using tris/glycine/methanol buffer {Solution 78}.  After transfer, membranes were stained with
Ponceau S {Method 42}, dried, and imaged to record protein loading, then trimmed to retain
only the relevant section based on the molecular weight markers, and imaged again.  They
were then destained in TBS {Solution 61}, dried, and stored at 4 °C until immunolabelling was
performed, as described below.

Detection was by chemiluminescence and image capture performed digitally {Method 43}.
Without intervening movement of the membranes, images were also made in visible light to
record the relative positions of the dye-conjugated molecular weight markers.  After detection,
membranes were rinsed in TBS {Solution 61}, stripped using a proprietary solution (10 min,
ambient temperature, moderate (~300 mHz) rocking agitation) {E.16}, rinsed in TBS {Solution
61}, dried, and stored at 4 °C in case of further need.

Specific variations for each protein being investigated follow.

Analysis of pRB
Separating gels for pRB analysis were 5% v/v acrylamide {Solution 77}.  Samples from
duplicate cultures for short culture time, long culture time, normal serum culture, and reduced
serum culture were loaded into successive pairs of wells.  Electrophoresis was at 150 V for 65
min and electrotransfer for 1 h at a constant 100 V.  Membrane blocking was in TBS {Solution
61} supplemented with 2% w/v BSA and 0.1% v/v Tween-20, and was for 1 h at ambient
temperature with moderate (~300 mHz) rocking agitation.  Incubation with the monoclonal
mouse anti-human retinoblastoma protein primary antibody {E.12} was at a dilution of 1:100 in
blocking buffer at ambient temperature for 1 h with gentle (~150 mHz) rocking agitation.  The
antibody solution was recovered, stored at 4 °C, and reused up to five times with no apparent
loss of sensitivity or increase in background signal.  Membranes were rinsed briefly once, and
then washed for 5 min three times in TBS {Solution 61} supplemented with 0.05% v/v Tween-
20 with vigorous (~850 mHz) rocking agitation.  Incubation with the HRP-conjugated rabbit
polyclonal anti-mouse secondary antibody {E.12} was at a dilution of 1:5 000 in blocking buffer
at ambient temperature for 1 h with gentle (~150 mHz) rocking agitation.  Membranes were
rinsed briefly once, and then washed for 5 min three times in TBS {Solution 61} with vigorous
(~850 mHz) rocking agitation, after which they were drained, detection reagents were applied,
and the membrane images captured as above.
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Analysis of p16
Separating gels for p16 analysis were 20% v/v acrylamide {Solution 37}.  Two gels were
required to survey the full panel, and a slight variation in layout was necessary for them.  In
the first, samples of the long culture time extracts from NZM1 to NZM7.4 were loaded into the
available wells.  It transpired that none of the remaining cell-lines expressed significant
amounts of p16, making the inclusion of a positive control necessary for the gel that contained
them.  As a result, in addition to samples of long culture time extracts from NZM9 to NZM15
being loaded, in the last well of the second gel a sample of NZM7 was also loaded, as this
expressed significant p16 and would provide the necessary positive control.  Ideally, both gels
should have used the same layout, but to do so would have meant either a move to 15 well gels
with a consequential reduction in the amount of protein that could be loaded, or increasing the
number of gels to three in order to have sufficient wells available.  The essentially cosmetic
issue of different gel formats was considered to be the least significant.  Electrophoresis was at
100 V for 155 min, the relatively low voltage, and resulting slow electrophoresis being helpful
in resolving this small protein.  Electrotransfer took place in two stages: first at 30 V for 15 min,
immediately followed by 100 V for 45 min.  The rationale for this was that small proteins such
as p16 tend to migrate from the gel soon after the application of current.  By operating at a
reduced voltage during this initial phase, the rate of migration of the proteins is reduced,
allowing them more time to interact with the membrane and be bound by it.  Although the
reduction in time at 100 V meant a reduced transfer of high molecular weight proteins, this was
no hindrance, indeed, it may have helped reduce non-specific binding by non-target proteins.
Optimal membrane blocking requirements proved to be very mild indeed: TBS {Solution 61}
containing 1% w/v non-fat milk powder without added detergent for only 15 min at ambient
temperature with moderate (~300 mHz) rocking agitation.  Anything more stringent prevented
detection; indeed reasonable results were initially obtained with no blocking whatsoever.  After
blocking, membranes were rinsed briefly twice with TBS {Solution 61} containing 0.05% v/v
Tween-20 to remove unbound milk proteins.  Incubation with fresh monoclonal mouse anti-
human p16 primary antibody {E.12} was at a dilution of 1:100 in TBS {Solution 61} containing
0.05% v/v Tween-20, but no blocking agent, at ambient temperature for 1 h with gentle (~150
mHz) rocking agitation.  It was found that the antibody solution could not be reused
satisfactorily.  Membranes were rinsed briefly once, and then washed for 5 min three times in
TBS {Solution 61} containing 0.05% v/v Tween-20 with vigorous (~850 mHz) rocking agitation.
Incubation with the HRP-conjugated rabbit polyclonal anti-mouse secondary antibody {E.12}
was at a dilution of 1:5 000 in TBS {Solution 61} containing 0.05% v/v Tween-20, but no
blocking agent, at ambient temperature for 1 h with gentle (~150 mHz) rocking agitation.
Membranes were rinsed briefly once, and then washed for 5 min three times in TBS {Solution
61} containing 0.05% v/v Tween-20 with vigorous (~850 mHz) rocking agitation, after which
they were drained, detection reagents were applied, and the membrane images captured as
above.
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Results
Ponceau S staining
Contrast-enhanced images of the Ponceau S stained NZM2 and NZM3 membranes prior to
physical trimming are shown in Figure 9–9 as being representative of those for the extended
culture and serum-deprivation investigation of pRB.  Similar images for both membranes from
a p16 expression experiment are shown in Figure 9–10.

NZM2 NZM3
A and B lanes for each treatment are extracts from duplicate experimental cultures.

Figure 9–9: Representative Ponceau S stained membranes as used in pRB Western blots

Figure 9–10: Ponceau S stained membranes used in p16 Western blots
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Retinoblastoma associated protein expression
The results for the detection of pRB expression in the extended culture and serum-deprivation
experiments are shown in Figure 9–11.

NZM1 NZM2

NZM3 NZM4

NZM5 NZM6

NZM7 NZM7.2

NZM7.4 NZM9

NZM10 NZM10.1

NZM11 NZM12

Figure 9–11: pRB Western blots (continues overleaf)
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NZM13 NZM14

NZM15

Protein extracts imaged by chemiluminescence; markers imaged in visible light and superimposed digitally.
A and B lanes for each treatment are extracts from duplicate experimental cultures.

Figure 9–11 (concluded): pRB Western blots

p16CDKN2A expression
The results from the survey of p16 expression for the NZM cell-line panel are shown in Figure
9–12.

Protein extracts imaged by chemiluminescence; markers imaged in visible light and superimposed digitally.

Figure 9–12: p16 Western blots

Discussion
Quality of results
Artefacts such as those discussed {See 'Developmental work', above} relating to the difficulties in
ensuring equivalent protein loading presented themselves in the course of these experiments.
In Figure 9–9, there may seem to be differences in the amount of total protein present in
extracts made after different treatments, yet there is a high degree of concordance between
experimental replicates, despite these being derived from different cultures and being
standardised independently, processes during which potential errors are most likely to occur.
Differences in the relative intensities of some individual protein bands are also evident between
cell-lines, visible in Figure 9–10.  While the quantities of protein present in each lane seem to be
similar, differences do exist, but given the uncertainties discussed these were not considered so
great as to imply the occurrence of errors of standardisation or loading.  Broad qualitative
statements about relative target protein expression would seem to be justifiable.
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Overall, the quality of the pRB Western blots was excellent, with good levels of signal strength
obtained, no non-specific signal present, and usually very clear delineation of multiple
phosphorylation states.  An extremely high degree of concordance is evident when comparing
the replicate samples, not only in the amount of the protein detected, but also in the degree to
which this was phosphorylated.

For the p16 Westerns, quality was greatly improved over that achieved in V1, but the
combination of apparently low target prevalence resulting in low signal strength, and the need
for the mildest blocking to avoid complete loss of signal, meant that some non-specific bands
remained, including in the region of interest.  Cautious interpretation is required of the faint
bands present for some cell-lines at the position where p16 would be expected to appear, as
these may be non-specific.

Retinoblastoma associated protein expression
These findings establish that pRB is expressed by all of the cell-lines examined, consistent with
the generally low rate of expression failure seen in melanoma®1604.  No comparison in the levels
of expression among cell-lines was intended, nor can any be made from these data since each
cell-line was analysed separately, and detection efficiency may not have been uniform.
Without a validated basis for loading equivalency, anything more than broad qualitative
comparison of expression levels among treatments is not justified.

Phosphorylation status of pRB
These experiments have produced some very useful data concerning pRB phosphorylation
changes in response to conditions intended to restrict cellular proliferation.  The various NZM
cell-lines can be grouped into five classes.  The largest, comprising NZM2, NZM3, NZM9,
NZM10, NZM11, NZM12, and NZM15, includes those in which pRB was phosphorylated in
control extracts, but the proportion of phosphorylated pRB declined, or it was eliminated
entirely, after either serum-deprivation or prolonged culture.  This is the expected behaviour
for cells that respond correctly to inhibitory signals by cell-cycle arrest®1617.  It implies that the
kinases and phosphatases that have pRB as a substrate are functioning, and probably doing so
normally, but gives no information on whether the change in pRB to its growth inhibitory,
unphosphorylated form is actually translating into cell-cycle arrest.  It may be mutated in such
a way that while it is unphosphorylated, it is unable to bind and regulate its downstream
effectors, such as E2F transcription factors, or these themselves may be aberrantly
constitutively active.  The remaining classes involve a departure from this apparently normal
regulation of phosphorylation.

In the second class, comprising NZM4, and NZM5, pRB was phosphorylated as expected in the
actively proliferating controls, and the proportion of this was reduced after prolonged culture,
but there was no clear reduction in the proportion of phosphorylated pRB after deprivation of
serum for 24 h.  In the case of NZM4 however, there were indications of an increase in the total
amount of pRB present, even if the amount of phosphorylated pRB did not change, but the
caveat concerning quantitative inferences applies in full force here.  It is possible that cells from

See H.4 for a
discussion on
the regulation

of pRB
proliferative
control by

phosphoryl-
ation.
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these cell-lines take longer to respond to serum-deprivation than do those of the first class.  The
24 h interval between deprivation and sampling was chosen on the basis that in the absence of
mitogens, genes for D-cyclins are not transcribed and the half-life of cyclin-D proteins
decreases to the order of 10 minutes274 412.  This means that by the time of sampling, there
should have been no active CDK4 in the cells for some time for lack of an activating cyclin
partner.  Of itself, that would not have reduced the level of pRB phosphorylation, but it would
have reduced competition with phosphatases that do.  The retention of phosphorylated pRB
after serum-deprivation may indicate a delay in operation or failure of phosphatase activity,
aberrantly high stability of cyclin-A, -D, or -E, constitutively active CDK2 or CDK4, or
problems with CKIs such as p21 and p27.  Whatever the cause, there must be a distinction
between the response to high density culture and the response to serum-deprivation, and this
may provide a clue as to the molecular mechanisms involved.

The third class of behaviour includes only NZM14.  Here, phosphorylated pRB was present at
virtually equal levels in control cultures, after prolonged culture, and after serum deprivation.
As with NZM4 and NZM5 above, there were suggestions of greater total amounts of pRB in the
stressed cultures, but the quantitation caveat applies.  NZM14 cultures grow to very high
density in good health, with cells packing together very closely with large areas of intercellular
contact due to their extended bipolar spindle morphology.  It is possible that despite having
been in culture for eight days, and being near-confluent, they were not yet under high-density
stress.

In the fourth class, containing only NZM13, there may have been an increase in the amount of
phosphorylated pRB after prolonged culture, while after serum-deprivation phosphorylated
pRB was absent, as expected.  These data are not incontrovertible with respect to the prolonged
culture outcome, however.  Differences in total pRB in the control and experimental extract
were suggested, but these may be artefactual, if, for instance, after prolonged culture NZM13
cells have lower total protein content while retaining constant quantities of regulatory proteins.
If that is so, the ratio of phosphorylated to total pRB may not have altered.

The fifth, final, and perhaps most intriguing class, comprises NZM6, NZM7, NZM7.2, NZM7.4,
and perhaps NZM1; the data for NZM1 were not clear, however.  In this class there was no
evidence of any phosphorylated pRB whatsoever, even in the control cultures that were
actively proliferating.  This presents two anomalous behaviours: pRB existed in its growth-
repressive unphosphorylated state even at low density in the presence of serum mitogens; and,
despite it being in this state, these cells proliferated, did so rapidly, and are known to fail to
arrest at confluence, at least in the case of the NZM7 group.  This appears to be an unusual
mode of failure of pRB regulation, as it is far more typical for unconstrained proliferation to be
associated with pRB being aberrantly placed in a growth-permissive hyperphosphorylated
state®1604.
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Perhaps the most parsimonious explanation for this would be a mutation in pRB that prevents
binding of cyclin-CDK complexes, and hence phosphorylation, and simultaneously, binding of
its downstream targets whose repression mediates its antiproliferative effects, such as E2F-
family transcription factors.  In a variation on this, pRB mutation may allow proliferation,
while simultaneous dysregulation of pRB kinases or phosphatases maintains it in an
unphosphorylated state.  An alternative hypothesis is that there have simultaneously been
dysregulation of kinases or phosphatases with pRB as a substrate, and a change to pRB-
insensitivity of critical downstream regulators of proliferation.  Since this involves two
independent flaws, it would seem to be an unlikely prospect, but it cannot be discounted.
Strong support for such a possibility comes from the work of Leone et al.1593, who showed that
deregulated RAS and MYC activity can together drive proliferation in quiescent cells by the
expression of E2F1 and Cyclin-E.  This occurred while pRB remained in its unphosphorylated
state, consistent with prior phosphorylation by Cyclin-D–CDK4 being necessary to permit this.

A further, much less attractive possibility is that a hemi- or homozygous partial RB1 deletion
resulting in constitutive pRB phosphorylation has occurred that simultaneously increases its
electrophoretic mobility to coincide fortuitously with that of unphosphorylated normal pRB.

p16CDKN2A protein expression
Clear expression of p16 was detected in the cell-lines NZM6, NZM7, NZM7.2, and NZM7.4.
While faint bands exist at the appropriate position for p16 in extracts for most other cell-lines,
these cannot be interpreted as evidence for the presence of p16.  The chief reason for this
exclusion is the occurrence of these bands in cell-lines in which CDKN2A is homozygously
deleted, most notably NZM3 and NZM13.  Since non-specific banding of similar intensity is
present at other places, these are very likely also to be non-specific, and so too are the
corresponding bands for cell-lines with intact CDKN2A.  However, this absence of clear
expression of p16 may be informative.  If the amounts of p16 seen in NZM6 and the NZM7
group are taken as a basis for comparison, then the vanishingly low levels seen in cell-lines
where CDKN2A is known to be intact must imply down-regulation of expression, something
very common in melanoma cell-lines®1604.  This may be at the gene level via transcriptional
silencing, at the translational level, implying alterations in mRNA processing or stability, or at
the post-translational level, implying increased degradation.  These are all avenues for further
experimentation.

It is also possible that the levels of p16 expression seen in the NZM6/NZM7 group were
aberrantly high.  It has long been conjectured that one regulatory target of pRB is CDKN2A.
This is plausible as a means for ensuring that, once phosphorylated, pRB sets in motion a
mechanism by which this phosphorylation is disabled.  This would constitute a monostable
system that should spontaneously revert to pRB being unphosphorylated.  In combination with
the timely destruction of cyclins, this would act to prevent immediate entry into S phase after
mitosis.  It may also be a senescence timer, where pRB-mediated induction of CDKN2A causes
increasing levels of p16 with each cell division, raising the required threshold of CDK4
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activation by cyclin D to a point where cells cannot proceed into S phase.  Despite these
theoretical grounds, proof of this induction has not yet been obtained®1567, but if such regulation
did exist and pRB's repressive function were defective in the NZM6/NZM7 group, then
elevated p16 would be a natural consequence.

p16 expression and pRB non-phosphorylation
This raises perhaps the most striking observation concerning p16 expression made in the
current work: the cell-lines in which p16 was clearly expressed are exactly those in which there
was an absence of pRB phosphorylation in proliferating cells, NZM6 and the NZM7 group, so
it seems that pRB function is indeed abrogated in these cell-lines.  A scenario for these cells then
could be that deregulated pRB permits unconstrained proliferation, and along with it the
production of copious p16.  Since no mutation or deletion affecting the coding region of
CDKN2A was found in either NZM6 or the NZM7 group, it can reasonably be inferred that the
p16 produced is functional, and this could easily account for the lack of phosphorylated pRB
seen through the inhibition of the Cyclin-D–CDK4 complex.  If the putative regulation of p16
expression by pRB does not in fact exist, then the cycle may be more indirect.  Unconstrained
activity of the downstream effectors of pRB may have been detected by a molecular
surveillance system, perhaps related to that which operates to induce apoptosis when E2F1
activity is deregulated1607, and as a result, CDKN2A may have been induced in an attempt to
correct this by preventing CDK4 phosphorylation of pRB, futile in this case because of the
downstream fault that triggered the response in the first place.

Consideration of known mechanisms for elevation of p16 levels raises other possibilities that
have many very appealing features.  Aberrant signalling through the RAS–RAF channel is a
common feature of many tumour types®1546 ®1566, and is known to be important in melanoma,
where approximately 70% of tumours carry mutations in BRAF that typically activate
signalling®1552.  RAS-RAF signalling can cause the induction of CDKN2A transcription1698, and it
has been shown that a constitutively active mutant form of B-RAF is associated with high
levels of p161613.  Rather than facilitating proliferation, as might be expected for a tumour-
associated mutation, this results in a withdrawal from the cell-cycle and the adoption of a
senescent phenotype, most probably through inhibition of pRB phosphorylation.  Since this
presents a barrier to proliferation, any advantage that a BRAF mutation may offer to a tumour
depends on this barrier being inoperative in the cells that carry it, specifically, that the growth-
suppressive function mediated by pRB is compromised.

Studies suggest that BRAF mutation is a very early event in melanomagenesis1630, and in
consequence, the initial phases of melanoma may involve cells with an apparently senescent
phenotype.  However, it is likely that senescence is an actively maintained state, by virtue of
protein turnover if nothing else, and so its continuation depends upon the ongoing genomic
integrity of the cell.  Mutation of genes can still occur in non-proliferative cells, and ongoing
transcription from these can result in phenotypic changes due to the loss of protein function
that may result.  Mutation in a gene encoding a protein vital to the maintenance of senescence
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may act to reverse that phenotype, and the cell may once again be able to proliferate, but with
whatever advantages the carriage of a BRAF mutation bestows.  Alternatively, if the senescence
mechanism in the cell is already defective at the time of BRAF mutation, no such delay will
occur.  Under these scenarios, BRAF mutants may lie dormant until mutation and protein
turnover release the cell from senescence, or prior failure of this senescence mechanism may
provide an environment permissive of BRAF mutant proliferation.

There are several ways this could occur, including deletion, transcriptional silencing or
mutation of CDKN2A or RB1, and mutation of CDK4 to a form immune to inhibition.  In a
study of 47 melanoma cell-lines, Jönsson et al.1583 found 41 to contain activating BRAF
mutations.  Of these, 37 also were deficient in p16 production due to deletion, mutation, or
transcriptional silencing, and one more carried a mutant CDK4 producing an uninhibitable
kinase.  The genetic evidence gathered in the current work has demonstrated deletions of
CDKN2A in many cell-lines and the study of pRB phosphorylation has led to a very plausible
case for RB1 mutation, or its functional equivalent, in NZM6/NZM7 group.  The failure to
detect p16 in the other cell-lines may not be a deficiency of the assay, but could be a genuine
indication that there is none to be detected, but for reasons other than deletion, for example, by
transcriptional silencing.

At this point the genetic study of the NZM cell-lines by Stones1668 becomes very relevant.
Investigation of the NZM6 and NZM7 cell-lines, potentially RB1 mutants based on their
incongruous phosphorylation, revealed them to contain the archetypal V600E B-RAF

activating mutation.  In the cell-lines NZM3 and NZM11, where CDKN2A is deleted, this
mutation was also found.  It was found in NZM12, a CDKN2A mutant in which it is thought a
truncated and probably defective p16 protein is produced, one that may be undetectable by the
antibody used.  In NZM14, where exon 3 of CDKN2A could not be amplified by PCR, a similar
B-RAF mutation, V600K, also thought to be activating, was found.  Of the other cell-lines for
which pRB and p16 data are available, only one other B-RAF mutant was found: NZM4.  This
has intact CDKN2A, and exhibits a normal pRB phosphorylation response to prolonged culture
if not serum deprivation, but elevated levels of p16 were not seen.  Here the possibility of
transcriptional silencing of CDKN2A via promoter methylation must be considered986,
something that may also apply to NZM14 should the anomaly present there not account for its
apparent absence by removal of the necessary epitope.

The situation then is that a correlation appears to exist among B-RAF activating mutation,
abundant p16 expression, and a pRB phosphorylation state inconsistent with proliferative
status, and the RB1 mutation inferred from the phosphorylation data fits very neatly into this
model.  Perhaps more significantly though, if activation of B-RAF is functionally equivalent to
activation of RAS, then only the presence of activated MYC would be required in these cells to
account for proliferation in the presence of unphosphorylated pRB1593, thus given the presence
of the BRAF mutation, MYC activation is now just as plausible as RB1 mutation as an
explanation for pRB's anomalous phosphorylation status.
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This appears to be a relatively unexplored phenomenon, as a literature search using the query
phrase ' ("retinoblastoma protein"[mesh] OR pRB) AND (CDKN2A OR p16 OR INK4A) AND
(B-RAF OR BRAF) ' retrieved just two publications, only one of which was of any real
relevance.  Rotolo et al.1645 explored the effects of exogenous expression of normal p16 or a
BRAF interference RNA construct in the CDKN2A/BRAF (B-RAF V600E), double mutant

melanoma cell-line 624Mel.  While they found that expression of either resulted in growth
inhibition, this was accompanied by a decrease in the phosphorylation of pRB, as determined
by the use of phosphospecific pRB antibodies in Western blotting experiments.  Hence, their
situation differs from that found here in that in their untreated cells, pRB was in the
hyperphosphorylated, growth-permissive state.  The particular combination of circumstances
that exists in the NZM6/NZM7 group appears to be novel.

Centrosomal dysregulation and p16
The recent finding1610 that loss of p16 function in human mammary epithelial cells is associated
with the presence of supernumerary centrosomes and the generation of aneuploidy raises the
question of whether any link can be drawn between the status of p16 and centrosomal
regulation in the NZM cell-lines.  This can be considered for two situations: those where
CDKN2A is known to be deleted, and those where p16 expression was seen; the remaining
cases are indeterminate, as the data for non-expression of p16 are not robust.

The first group comprises NZM1, NZM2, NZM3, NZM9, NZM11, NZM13, which are
homozygously deleted for CDKN2A, and possibly NZM12, which retains it only in part.
NZM14 cannot be considered, as no centrosomal data are available.  Here, the mean number of
normal bipolar mitoses seen was 72%.  The second group comprises NZM6, NZM7, NZM7.2,
and possibly NZM7.4, which has lost one CDKN2A allele, but expresses p16.  In this group, the
mean number of normal bipolar mitoses seen was 79%.  Although very close, these means are
significantly different, but the distinction is not strong (one-tailed heteroscedastic Student's t-
test, p = 0.045).  When the mean numbers of dicentrosomal cells are compared for the two
groups, the difference is not significant (two-tailed heteroscedastic Student's t-test, p = 0.84).

No firm conclusion can be drawn from this analysis, and it may also not be a reasonable
comparison: the NZM6/NZM7 group, even if they do express p16, clearly have a flaw in the
pRB subsystem, and it is possible, perhaps probable, that the effect that loss of p16 has on
centrosomal regulation is mediated via pRB.  The same flaw that allows proliferation in these
cells in the presence of unphosphorylated pRB may also cause centrosomal dysregulation in
the presence of p16.

Integration with V1 results
The only work remaining from V1 after retractions that was explored further in V3 related to
the expression of p16.  Where this was seen in the NZM6/NZM7 group with one antibody
during V1, it was also seen with a different antibody during V3, and should be considered
confirmed.  Other p16 results from V1 are not further elucidated here, but nor are they
contradicted.  The weak expression by NZM4, NZM10, and NZM12 seen in V1 may be
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occurring here, but this cannot be confirmed because of the issue of non-specific banding in V3.
V1 also provided evidence for a high mobility variant being produced in NZM12.  This was not
seen here, but that may be a consequence of the use of a different antibody.  If, as is suspected
from the deletion analysis of NZM12, a truncated p16 is being produced, then it is quite
possible that the epitope recognised by the antibody now in use is missing.  While both
antibodies are monoclonals raised against recombinant human p16, no information appears to
be available concerning where their epitopes lie in the protein1557, so this cannot be confirmed.

The situation regarding the possibility of RB1 mutation or MYC activation in the NZM6/NZM7
group leading to abrogation of pRB-mediated proliferative control does gain some support
from a V1 result.  In the V1 study of serum deprivation, a numerical measure of the strength of
the G1 block imposed in response to this was derived, the retardation coefficient, Q {See 'The
effect of serum-deprivation on proliferation rate', on page 7–12}.  Three of the four lowest strength
blocks were seen in NZM6, NZM7.2, and NZM7.4, with Q values of 62%, 35%, and 54%
respectively; NZM7 was not surveyed in V1.  Although these were based on growth rates
determined from cell counts that had high variability, this association may be causal, rather
than coincidental.  It was found, however, that cultures of these cell-lines also ceased numerical
proliferation within four days of serum deprivation, and it may be that it was a lack of survival
factors that was the limitation for them, rather than a lack of mitogens, and their proliferation
may have been regulated by cell death, rather than arrest.

Follow-up studies indicated
Information concerning differences in total pRB present in different cell-lines, or after different
treatments, would complement these data, but for this to be explored through Western blotting
would require a return to the V1 method of loading equal cell numbers, rather than total
protein, and the vagaries of obtaining meaningful cell counts make this difficult.  A more robust
and much more informative technique could be based on flow cytometry now that the
specificity of the antibody used has been established.  It is marketed as being suitable for
immunofluorescence, so presumably the epitope would not be altered beyond recognition by
the fixation of cells required in preparation for flow cytometry.  Triple labelling, with a pRB
phosphospecific antibody and propidium iodide, in addition to the current antibody, would
have the potential to reveal a wealth of information about regulation of pRB levels and
phosphorylation status as the cell-cycle proceeds normally, or under circumstances such as
those imposed experimentally here.

To explore further the apparent failure of some cell-lines to exhibit decreased levels of pRB
phosphorylation after serum-deprivation, a time course experiment could be undertaken to
determine if the expected reduction in phosphorylation was genuinely absent, or merely
delayed.  Such a time course was initially considered for the investigation of the NZM panel
reported here, but to have surveyed seventeen cell-lines at perhaps six time points with
controls and serum-deprived treatments in duplicate would have involved over 400 cultures
and analyses, and the scale was simply too great.  With the additional knowledge that
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regulation appears intact in many cell-lines, the scope of the experiment is now reduced to
more manageable proportions.  A similar approach could be taken with NZM14 to explore pRB
phosphorylation after more extended culture to determine if it eventually decreases.

The observation that in NZM13 pRB phosphorylation appears to increase after extended
culture requires confirmation, and if thereby justified, a multiple-labelling flow-cytometric time
course experiment would be very informative.  Investigation of the possible production of a
stimulatory autocrine factor would seem appropriate, and studies of the effects of NZM13
conditioned medium on cellular proliferation rate may be useful in this regard.

The data gathered from the study of NZM6 and the NZM7 group are sufficient to warrant a
study of RB1 genetic integrity in these cell-lines.  This is a complex gene that contains a high
level of G:C base-pairs in the promoter region that can make PCR difficult.  On the basis of the

known relationship between structure and function of pRB {Appendix H}, and the nature of the
observations for which an explanatory mutation is being sought, a reasonable plan would be to
examine just those portions of the gene that define the pocket binding domain of pRB.  PCR-
based deletion or sequencing studies complemented by reverse-transcriptase PCR experiments
would seem to be suitable methods to employ.  The alternative possibility that activated MYC
is present should also be explored.  This might entail FISH studies to determine if MYC gene
copy number has increased, qRTPCR to determine if expression is higher, and transfection with
a suitable reporter construct to determine if MYC-directed transcription is elevated.

The cursory examination of p16 expression undertaken here has had its basis in the analysis of
extracts made after prolonged culture, the intention being to maximise the chances of detecting
a growth-inhibitory factor such as p16.  While it is clear that proliferation is not constrained by
unphosphorylated pRB in the cell-lines with high levels of p16, it would be interesting to know
if the p16 that is being observed is produced constitutively, as might be expected if induction is
due to B-RAF mutation, or just in response to antiproliferative stimuli, as was tested here.  This
is relatively easily achieved through the use of the existing short culture time control extracts,
but a time course experiment might be more informative.  If it were found that the expression is
dependent on antiproliferative stimulation and there is little p16 to be seen in the control
extracts, then the non-expression of p16 by the other cell-lines with intact CDKN2A when under
stress would take on more significance.  It may be that there was actually nothing there to be
found, and the quest for increased sensitivity in an attempt to find this absent protein through
the use of very mild blocking conditions may have led to undesirably high numbers of non-
specific bands that were avoidable.  If total absence of p16, rather than just very low levels,
seems more plausible, it may be possible to improve on this protocol.

Irrespective of that outcome, studies should be made into the CDKN2A methylation status of
those cell-lines with an intact gene, but no appreciable expression of p16.  This is particularly
relevant for NZM4 and NZM14, where promoter methylation may account for the failure to
produce p16 under the stimulus of an activating B-RAF mutation.  These studies should not
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use demethylation and Western blotting as was attempted in V1 without further development
to reduce the level of non-specific signal being produced.  Should that not be possible, other
methods such as methylation-sensitive PCR and bisulphite modification sequencing are
available, and these could be more informative in any event.

More work is required on verifying the existence of a truncated p16 protein in NZM12,
something that may be assisted by the B-RAF status of this cell-line, as this should stimulate
high levels of production.  A return to the earlier antibody that appeared to detect this would
seem to be a logical starting point.

Summary
All NZM cell-lines expressed pRB, but some displayed anomalous pRB phosphorylation
patterns.  Most unusual were the cell-lines NZM6, NZM7, NZM7.2, and NZM7.4, which
proliferated freely even though they did not contain phosphorylated pRB.  This suggests a flaw
in pRB structure or function, or that of its downstream effectors.  Deregulated MYC activity is a
candidate cause for this since where this occurs in conjunction with BRAF mutation, pRB
regulation can be bypassed, and these cell-lines are BRAF mutants.  In addition, these cell-lines
expressed abundant p16, and this is also probably causally related to their BRAF mutation
status, with failure of pRB mediated growth arrest being permissive of the proliferation of
BRAF mutants.  There was no clear evidence of p16 expression in the other cell-lines studied,
including those with intact CDKN2A.  Further studies are warranted to seek to understand why
this should be.
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10 Summary of experimental results

10.1 Summary table
The results from the analysis of ploidy, serum-deprivation response, 9p21 genetic status, and tumour-
suppressor gene expression are summarised in Table 10–1.

 Cell-line Ploidy Serum deprivation 9p12–p23 status Tumour-suppressor expression
Q (%) Class Deletions H Δ DNA pRB p15 p16 ARF

NZM1 1.98 85 1 CDKN2A
CDKN2B + – ++ – – +

NZM2 1.81 103 1 CDKN2A
CDKN2B + – ++ – – ++

NZM3 1.99 48 1 CDKN2A
CDKN2B + – ++ – – ++

NZM4 2.94 93 2 – – – ++ + + +
NZM5 1.09 71 3 – – – ++ – – ++

NZM6 2.12
Ins 62 3 – – – – – ++ ++

NZM7.2 1.34
2.74 35 0 – – CDKN2A – – ++ ++

NZM7.4 1.39
2.79 54 1 – – CDKN2A – – ++ ++

NZM9 2.10 70 1 CDKN2A
CDKN2B + – ++ – – +

NZM10
2.10
2.82
4.57
6.27

77 2 – – – ++ + + ++

NZM10.1 2.31
Ins 93 1 D9S274 – – – + + +

NZM11 1.92
Ins 86 1 CDKN2A

CDKN2B + – ++ – – +

NZM12 1.26
Ins 87 2 CDKN2A + CDKN2A ++ – +

(variant) +

NZM13 1.24
2.45 73 3 CDKN2A + – ++ – – +

NZM14 1.15 80 1 – + CDKN2B ++ – – +

NZM15 2.03
Ins 78 2 D9S274

D9S156 – – ++ – – ++

Ploidy is relative to diploidy; multiple populations may be present; Ins = instability seen but not characterised.
Q = retardation coefficient {Equation 7–1}; class 0 = no effect, class 1 = G1 arrest, class 2 = G2 arrest, class 3
= stimulation.  + = seen;  – = not seen.  H = heterogeneity.  Δ DNA = sequence variant.  ++ = abundant.

Table 10–1: Summary of experimental results

10.2 Ploidy
All of the melanoma cell-lines investigated displayed aneuploidy as determined by flow
cytometry, and the measured ploidy was concordant with the results of earlier cytogenetic
studies.  The cell-lines NZM1 and NZM2, derived from the same patient at different times,
while differing in ploidy, were essentially homogeneous by this criterion.  This strongly
suggests that instability of ploidy was an attribute of this melanoma in vivo.

There was clear evidence of heteroploidy in many cases.  Often, the ploidy of two populations
within a cell-line was related by a factor of very nearly two, suggesting imprecise
polyploidisation as a mechanism.  Instances where this factor was approximately three were
also seen, suggesting that flawed chromosome segregation or cytokinesis may also be
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occurring.  Taken together, these inferences further suggest that centrosome numerical control
may be defective in a subset of melanomas, consistent with the sparse existing literature.

10.3 Serum deprivation
In the serum-supplemented control cultures for many cell-lines, there was clear evidence of a
spontaneous and immediate reduction in proliferation rate after seeding, the magnitude of
which increased with time in culture.  This was most probably due to the production of an
inhibitory growth factor that operated via an autocrine/paracrine mechanism.  One
consequence of this is that the assumption that cells in culture grow exponentially cannot be
considered universally applicable.  Furthermore, this effect is superficially indistinguishable
from an arrest due to confluence, differing only in its timing.  These observations show that
conventional interpretations of even well established cellular phenomena may not always be
valid.

When deprived of serum, all of the cell-lines responded with a reduction in net proliferation
rate.  From flow cytometric study of cell-cycle distribution of serum-deprived cultures, three
broad response classes were identified.  In the first, an immediate and sustained cell-cycle
arrest in G1 was seen.  This occurred in the cell-lines NZM1, NZM2, NZM3, NZM9, and
NZM11, subsequently shown to harbour major genetic disruption of the CDKN2A gene
encoding p16; in NZM14, which did not express p16 protein; and in NZM7.4, and NZM10.1,
which were found not to express pRB.  The intact G1 arrest seen in these cell-lines strongly
suggests that the disruption of the pRB subsystem frequently found in melanoma is not
primarily a means of escape from serum-dependency.

In the second response class, while an initial accumulation in G1 was seen, this was quickly
superseded by an impediment to progression through G2 or M phases.  The existence of such a
serum-sensitive regulatory point is not widely reported, and warrants greater investigation.
Furthermore, it belies the proposition that any irreversible commitment to cell division based
on extra-cellular influence is made in the G1 phase.

In the third class, an immediate stimulus to enter S phase was observed upon serum-
withdrawal.  This strongly suggests that fetal calf serum contains an inhibitory growth factor
that constrains entry into S-phase in some cell-lines.  The identity of this and its significance in
vivo are unknown.

10.4 9p21 status
The 9p21 chromosomal locus, which contains the genes encoding three candidate tumour-
suppressors, was found to be significantly disrupted in nearly half of the cell-lines investigated.
In all of these cases, the CDKN2A gene was affected, and in all but two of these, CDKN2B was
also involved.  These findings are consistent with literature reports.  In two cell-lines,
apparently intact throughout 9p21, there was evidence of a deletion telomeric to this locus,
suggesting that a further tumour-suppressor gene significant in the development of some
melanomas may exist there, as has been suggested by others.
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DNA sequence analysis of PCR products that displayed abnormal SSCP banding revealed two
polymorphisms in the related NZM7.2 and NZM7.4 cell-lines.  Interestingly, the G500C

polymorphism was heterozygous only in NZM7.2, suggesting that the parental cell-line,
NZM7, was heterogeneous.  The A526G polymorphism appears to be a novel finding.  In
addition to displaying evidence of an intragenic deletion in CDKN2A, NZM12 exon 2 contained
two sequence variations, of which one might reasonably be expected to affect the function of
any p16 protein produced.  Finally, an apparently novel G411A variation in CDKN2B exon 2
was found in NZM14.  It is unlikely to be of functional significance.

In some cell-lines the PCR amplification seen for some targets was clearly greater than
background, but distinctly less than for the normal control.  When combined with the evidence
of multiple populations within individual cell-lines as determined during ploidy analysis, the
conclusion was drawn that this was a result of heterogeneity of genotype.

10.5 Tumour-suppressor expression
Reproducible, clear, and unambiguous results are often difficult to achieve with Western
analysis.  The number of variable factors is very large, and the underlying causes of technical
artefacts can be difficult to identify, and hence, rectify.  Even when data of an acceptable quality
are obtained, their interpretation is not always easy.  In particular, where multiple populations
of cells may be represented in a lysate, no distinction is possible between a low level of target
protein expression by every cell, and a high level of expression by relatively few.  From the
results described above, just this situation may apply to the NZM cell-lines.  A further aspect of
protein analysis is that it elucidates a biological level between the genetic and the phenotypic.
Results may help to explain some molecular mechanisms, but little information can be gained
about ultimate causes, as any alteration in protein expression seen may be a consequence of
innumerable antecedent steps.

In the investigation of the expression of selected tumour-suppressor proteins in the NZM cell-
lines, it was found that all expressed pRB, except NZM6, NZM7.2, NZM7.4, and NZM10.1.  Of
these, the first three, and possibly all, produced abundant p16.  This was in agreement with the
widely reported reciprocal expression levels seen for these proteins, and with the hypothesis
that pRB may mediate repression of p16.  These data are all consistent with the apparent
integrity of the 9p21 locus in these cell-lines as determined by PCR.  There was evidence of
production of a low molecular weight p16 variant by NZM12, also consistent with the genetic
anomaly found by PCR.  In three other cell-lines, apparently intact at 9p21, no p16 was
detected.  No evidence that this was due to transcriptional silencing by genomic methylation
was found, but this possibility could not be entirely discounted.  Low levels of ARF expression
were detected in all cell-lines, apparently at odds with the 9p21 data in the cases of NZM1,
NZM2, NZM3, NZM9, and NZM11.  This may be a further manifestation of the presence of
multiple sub-populations, and additional investigation would be required to determine this.
Expression of p15 was in general absent or weak in all cell-lines, but it was induced by
treatment of NZM4 with TGFβ1.
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Summary of experimental results (V3)
10.6 Retraction of some V1 results
 The CDKN2A A526G variation in NZM7.2 and NZM7.4 reported proved on review to be a

phantom: it was a variation unwittingly introduced during PCR through the use of published
primers that did not match the reference sequence.  The CDKN2A C333T variation in NZM12

was not confirmed, but neither was it disproved, as the use of primers amplifying CDKN2A
exon 2 in one segment in V3 resulted in no product for NZM12.  On review, it appears likely
that the product seen in V1 was actually the homologous CDKN2B target being amplified in the
absence of the intended one.  The interpretation of the pRB Westerns in V1 was flawed as a
result of the use of a spurious negative control, and the conclusion drawn about non-expression
in some cell-lines was wrong.  The V1 results for CDKN2A demethylation and ARF expression
were of unacceptable quality.

10.7 Summary table
A summary of the main experimental results of the V3 work is presented in Table 10–2.

Microsatellites Protein expression

Ploidy CND 9p12–9p23
integrity

D
9S

18
53

D
9S

97
4

D
9S

15
7 DNA sequence

variations pRB
SD

pRB
EC p16

NZM1 1.82 Yes A del F – +?? +?? –
NZM2 1.89 Yes A del F – +B↓ +B↓ ±
NZM3 1.95 Yes A del A – +B– +B↓ ±
NZM4 2.99 Yes G MO G – +B– +B↓ ±
NZM5 1.01 Yes A J F – +B– +B↓ ±
NZM6 2.00 Yes AF AH CF – +U– +U– +
NZM7 1.36 Yes A IK F 2A G500C (het) +U– +U– +
NZM7.2 1.25 Yes A IK F 2A G500C (het) +U– +U– +
NZM7.4 1.27 Yes A I F – +U– +U– +
NZM9 2.02 Yes A del B – +B↓ +B↓ –
NZM10 2.14 Yes B J F – +B↓ +B↓ –
NZM10.1 2.50 Yes G MO G – +B– +B– ±
NZM11 1.73 Yes AG del C – +B↓ +B↓ –
NZM12 1.23 Yes A I F – +B↓ +B↓ –
NZM13 1.27 Yes A del A – +B↑ +B↓ ±
NZM14 1.17 n.d. AE K B 2B G411A (–het) +B– +B– ±
NZM15 1.95 Yes A J A – +B↓ +B↓ ±

Ploidy is relative to diploidy.  CND = centrosomal numerical dysregulation; n.d. = no data.  9p12–9p23 image
is unscaled map of loci inspected; green = intact, orange = microsatellite not detected, red = exon not
detected; CDKN2A is to the right.  Microsatellite letters denote alleles found {Table 8–4}; del = deleted.  DNA
variations are with respect to the reference sequence; 2A = CDKN2A; 2B = CDKN2B;  – = none found; het =
heterozygous; –het = not heterozygous.  For pRB: SD = serum deprivation experiment; EC = extended
culture experiment; + = detected, U = only unphosphorylated pRB present in control; B = both phosphorylated
and unphosphorylated pRB present in control; ↑ = phosphorylated proportion increases on treatment; – = no
change on treatment; ↓ = phosphorylated proportion decreases on treatment; ?? = data uncertain.  For p16: +
= detected; – = not detected; ± = data uncertain, weak expression possible where CDKN2A not deleted.

Table 10–2: Summary of experimental results (V3)
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10.8 Concordance with V1 results
The ploidy results obtained in V1 and V3 were in broad agreement, diverging by a mean of
3.4% and by less than 10% in the worst case.  Evidence of heteroploidy was not as marked, but
signs were still present.

Repetition of the serum deprivation time course confirmed the existence of the three classes of
response reported in V1.  However, the type of response seen on repetition was different in two
of the three exemplar cell-lines investigated.  This shows that the response to serum-
deprivation is not dictated purely by the cell-line, and may well depend upon the exact
constitution of the FCS used in culture.  Given that, no attempt was made to evaluate values for
Q for the three cell-lines.

Deletion mapping of the 9p12–9p23 region was generally concordant in that with very few
exceptions, where a deletion was detected with high confidence using refined PCR procedures
in V3, clear indications of this were found during V1.  With improved standardisation of DNA
and the addition of BSA to the PCR reaction to counteract the inhibitory effects of melanin,
most of the variations in product band intensity seen in V1 vanished, although some
differences did remain.  The original hypothesis of differences in target prevalence is still viable
in these cases, but primer binding site mutation is an equally viable alternative explanation.

The CDKN2A G500C sequence variation in NZM7.2 was confirmed, as was its heterozygous
nature; the presence of only the G allele in NZM7.4 was confirmed.  The CDKN2B G411A

variation in NZM14 was confirmed.

The expression of p16 in NZM6, NZM7.2, and NZM7.4 reported in V1 was confirmed in V3.  Of
those cell-lines reported as having weak p16 expression in V1, consistent data were obtained in
V3 for NZM4, but not for NZM10.  While a faint band was seen for NZM10 in V3, it was
similar in strength to those seen in CDKN2A null cell-lines, and so cannot be interpreted as
evidence of p16 presence.  The production of a short p16 by NZM12 reported in V1 was not
confirmed, but the possibility that this is a consequence of the loss of a C-terminal epitope
recognised by the V3 antibody cannot be excluded, as the actual epitope has not been
characterised.  Overall, the quality of the p16 Westerns still has room for improvement.

V3 did not encompass further studies into demethylation as a potential means of recovering
p16 expression, nor expression of p15 or ARF.

10.9 New findings
The principal new findings in V3 relate to centrosomal integrity and anomalous pRB
phosphorylation in some cell-lines.  It is now very clear that centrosomal numerical
dysregulation is a common, possibly ubiquitous, feature of metastatic melanoma cell-lines, and
from the evidence gathered showing multipolar mitotic spindles and non-binary cytokineses
mediated by supernumerary centrosomes, the role hypothesised in V1 for centrosomal
involvement in genome instability should be considered proven.
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The discovery of aberrant phosphorylation of pRB in cell-lines that concomitantly have high
p16 expression is intriguing and warrants further investigation, directed in the first instance at
the mutational status of other components of the mechanism for the regulation of cellular
proliferation mediated by pRB, and the status of MYC and its encoded protein.

Novel secondary observations stemming from the centrosomal study include: nucleolar
pericentrin reservoirs, cell-cycle dependent variation in cytoplasmic pericentrin, tubulin nests,
and anomalous nucleic acid bodies.  The finding of independent mitosis and possibly apoptosis
in multinuclear cells was surprising, but there have been rare reports of both of these
phenomena.  All of these are significant initial findings and certainly warrant further study.



11 Conclusion

11.1 Centrosomes and melanoma
Justification for further study
When it is considered that the centrosome ranks with the nucleus in terms of the stringency of
its regulation, and that a clear association exists between its dysfunction and tumorigenesis in
general, centrosomal molecular biology appears not to have received the level of scientific
scrutiny it warrants, and so, is poorly understood.  The data presented here, primarily from the
analysis of ploidy, but supported by the 9p21 integrity and tumour-suppressor gene expression
studies, provide a case, albeit circumstantial, that centrosomal dysregulation may play a
significant role in the pathogenesis of many melanomas.

With metastatic melanoma being essentially incurable at present, no aspect of its molecular
biology can be ignored without the risk of overlooking an opportunity for the development of
new therapies.  There are more than sufficient grounds to justify a rigorous examination of the
association between centrosomes and melanoma.

Plausible research directions
With such a limited existing body of work, the scope for further investigation is vast.  Perhaps
the simplest starting point would be an ultrastructural study of centrosome number and
morphology in melanoma tumours and cell-lines, utilising techniques of
immunocytochemistry, and confocal and electron microscopy.  These could be extended in vitro
by following the lead of Khodjakov et al.§664, who incorporated green fluorescent protein into
the centrosomal structure.  Rather than being targets for laser micro-surgical ablation,
centrosomes so tagged could be followed readily with time-lapse fluorescent video-
microscopy1029.  By allowing time-resolved visualisation of the centrosome cycle in concert with
cytokinesis, this approach should rapidly provide answers to the most pressing questions
raised here.

At the molecular and genetic level, many candidate centrosomal regulators could be screened
for mutation, expression, and dynamic distribution.  The focus for this research should be
CDK2, and it should encompass mechanisms of regulation including phosphorylation state
maintenance, and inhibitor activity.  High on the priority list for study would therefore be the
cyclin-E isoforms, the WEE1 and PKMYT1 kinases, the CDC25 phosphatases, p27, and
elements of the proteasomal degradation subsystem that targets p27, including SKP1, SKP2,
and CUL1.  Additional molecules of interest would include the p53 associates or transcriptional
targets BRCA1, p21, and the GADD45 isoforms, as these may participate in centrosomal
regulation after genomic damage.
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Potential therapeutic implications
Even while this research is being carried out, existing therapies may be reconsidered from new
perspectives.  For example, the role of microtubule modulating agents such as paclitaxel should
be evaluated in terms of their effect on centrosomal function, rather than on microtubules in
isolation.  There are signs that this is taking place, with a recent study reporting that fluorescent
taxoids accumulate in the centrosome before engendering apoptotic death of tumour cells3.

Should a causal role for centrosome dysregulation in the development of melanoma be
verified, a new therapeutic target will have been defined.  However, it is not one that readily
lends itself to manipulation.  Since centrosomes are critical for the faithful replication of all cell-
types, agents acting directly on them, or on components of their regulatory subsystem, are
unlikely to be more selective than traditional cytotoxic drugs.  Complete specificity would
require a therapeutic mechanism that targets only mitotic cells without exactly two
centrosomes.  Short of a counting mechanism based on nanotechnology, this may not be
possible.  Some assistance may be available from the inherent block to further propagation that
occurs in acentrosomal cells {J–2}, assuming that this has remained intact in the tumour, which
is by no means a certainty.  Then, only cells with supernumerary centrosomes need be targeted.
This could provide a very slender therapeutic opportunity through the use of a hypothetical set
of ternary agents.  Each would target a single centrosome, but their joint cytotoxicity would
depend on the presence of three distinct types in the same cell.  A greater understanding of the
molecular basis by which centrosomes officiate at the last step of cytokinesis may lead to
opportunities for intervention there.  Finally, if the hurdles that currently hinder effective gene
therapy can be surmounted, problems of centrosome regulation that stem from a genetic cause
may also become tractable.

11.2 Heterogeneity and melanoma
Introduction
During the execution of this work, one finding arose repeatedly: heterogeneity within
individual melanoma cell-lines.  It was seen in the heteroploidy of NZM10 {Figure 5–4}; in the
intermediate levels of PCR amplification of 9p21 targets {Figure 8–2}; in the heterozygosity of a
genetic marker in NZM7.2 that was lost from the related NZM7.4 {Figure 8–4}; in the survival
of only very few NZM10 sub-clones {9–11}; in the disparate growth of nominally replicate
cultures after serum-deprivation in NZM10 {Figure 7–3} and NZM6 {Figure 7–14}; and in the
absence of pRB expression in NZM10.1, despite its expression in the parental cell-line, NZM10
{Figure 9–1}.  It has previously been reported as a difference in TP53 mutation status between
NZM7.2 and NZM7.41002, as heteroploidy in NZM7180, and in the karyotypes of the NZM cell-
lines966.  Wherever the characteristics of individual cells, or sub-clones was investigated,
heterogeneity was found; wherever semiquantitative procedures were used to investigate total
cell culture extracts, it was found.  What is the cause of this heterogeneity, and what, if
anything, might it portend?
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The source of heterogeneity
Diversity of character among descendants of a single cell can arise from genetic, epigenetic, and
contextual variations.  In the NZM cell-lines, genetic variation was a frequent finding, and of
itself, is sufficient to explain the diversity seen.  As for the underlying cause of this genetic
variation, no specific basis has been established, but genomic instability brought about by
centrosomal dysfunction presents a very plausible explanation, as discussed above.  An
alternative might be the existence of an inherently high rate of mutation due, perhaps, to errors
in genomic repair, but this could not account directly for the integral changes in ploidy seen.  It
is also conceivable that during a single tumour-wide event, multiple variants came into
existence, and what is being observed in these early passage cell-lines is a transitional state
during which remnants of less-favoured clones remain, possibly only by virtue of the relatively
permissive in vitro context.  However, this would not account for the production of new
variants as detected in the NZM7.2, NZM7.4, and NZM10.1 sub-clones.  The most probable
explanation therefore seems to be that genomic instability is an attribute of some melanoma
tumours {8–8}, and that this is perpetuated in vitro.

This produces a paradox when the role of these melanoma cell-lines in research is considered.
On the one hand, their heterogeneity detracts from their usefulness since they are intrinsically
unstable, making reproducibility problematical.  On the other, they may accurately reflect what
has been occurring in vivo for precisely the same reason.  The question of whether this makes
them more, or less valuable as research tools in the quest to understand the dynamic molecular
biology of tumours remains open.

The biological significance of heterogeneity
A new model of tumorigenesis?
Many of these tumours, and hence their derivative cell-lines, may therefore be in a state of
continuous genomic flux.  By its essential nature, this flux precludes the out-growth of
favoured sub-clones, since they themselves would be unstable.  This is quite contrary to the
traditional view of multi-step tumorigenesis.  Instead, it can be viewed as a vastly accelerated
process of cellular evolution, wherein countless variations on a central theme occur
simultaneously.  Many will prove to be inviable, contributing to the necrosis seen in tumours.
Some may have a borderline viability, being dependent upon external support through growth
factors or similar mechanisms, as proposed here for NZM10 {9–11}.  Some may be entirely self-
sufficient, but since their ability to bequeath this attribute to their descendants is compromised
by their inherent genetic instability, this can only be a transient state.  They serve simply to alter
the current theme on which the next variations will be based.  Conceivably, this random
process may lead to a situation where no independently viable cells exist, perhaps accounting
for the rare spontaneous regressions seen in individual melanoma tumours.

A means of escape from therapy?
In this model of tumorigenesis, the heterogeneity and dynamic variability of tumour cells
present major obstacles to the complete therapeutic eradication of a tumour.  Among the
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variants that exist at the time of treatment may well be a subset that is immune to the agent
used.  This may account for the observed phenomena of supra-additive effects of multi-agent
therapies, the development of resistance to agents with common modes of action, and the
overall poor therapeutic response of metastatic melanoma.  It also casts doubt on the viability
of any therapy based solely on a ‘magic bullet’, since such a strategy depends on uniformity
and constancy within the tumour.  Variations wherein a bystander effect is incorporated may
still hold promise, however.

The heterogeneity seen at the locus of an implicated tumour-suppressor gene, CDKN2A {8–8},
implies that human tumours cannot simply be described as expressing or lacking any
particular molecular marker.  Nevertheless, characterisation of just this type has been a driving
force behind the design of novel anti-cancer agents that target signal transduction channels,
such as oestrogen receptor antagonists and epidermal growth factor receptor inhibitors, and it
is being used to an increasing extent as a guide to therapeutic decisions.

A basis for tumour survival?
This model includes the possibility that marginally viable variants may be supported by the
heterogeneous tumour population as a whole, but the converse situation may also occur: that
the majority of tumour cells may be inviable but for the existence of a supportive minority.  The
difficulty in establishing sub-clones of NZM10 by individual cell propagation is consistent with
this {9–11}, and the subsequent finding that while the parental heterogeneous cell-line
expresses pRB, the viable sub-clone NZM10.1 does not, provides a possible molecular basis.

If this were so, and for some reason this supportive minority was lost, the tumour may simply
die out.  This too may contribute to spontaneous regression, particularly when the rigours of
growth in the solid tumour environment are considered.

New therapeutic targets in metastatic melanoma?
More importantly, such a distinct sub-population may be susceptible to selective targeting
allowing tumour regression to be triggered therapeutically, and this would be as true for
disseminated metastases as for primary tumours.  It may seem that this presents a daunting
problem of cellular discrimination, much harder than finding the elusive ‘magic bullet’ needed
for tumour selectivity, but this need not be so.  Much depends on the molecular basis for this
supportive effect.  Identification of the growth factor involved may lead to the development of
agents interfering with its production or activity, severing the link between supportive and
dependent cells.  However, as discussed above, the very heterogeneity that allows this co-
dependency also contains the seeds of drug-resistance.

If the lack of pRB expression seen in the independently viable NZM10.1 sub-clone proves to be
inextricably linked to the production of the required growth factor {9–11}, a somewhat different
situation would exist: the lack of pRB, not the production of the cytokine could serve as the
distinguishing characteristic.  This begs the question of how a therapeutic agent could be
selective for cells that do not possess the critical molecular target.  In the case of pRB, the answer
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to this could have its basis in the enormously important role it plays in regulating DNA
synthesis.  Its potency is such that DNA-viruses, which may have genomes of only a few tens
of genes, often contain one with the sole function of disabling pRB {See ‘Viral infection’, H–19}.
This allows viral genome replication to proceed and may contribute to the survival of the host
cell until it is ultimately lysed, releasing the viral progeny.  Where this gene is defective, the
virus cannot replicate, unless the host cell lacks functional pRB.  It follows that a virus of this
type, engineered to be defective in its anti-pRB gene, would selectively replicate in, and
ultimately destroy, only cells that lack pRB, precisely what may be required therapeutically.

An existing therapy for metastatic melanoma?
Onyx Pharmaceuticals of Richmond, California, have developed such an engineered
replication-competent adenovirus, ONYX-411.  It was created in parallel with their more
widely known construct ONYX-O15, a similar adenovirus that replicates only in cells lacking
functional p53.  While the latter is in clinical trials for treatment of various cancers686, ONYX-
411 has not yet advanced to this stage.  Nor is it clear if Onyx perceive that ONYX-411 may
have particular application to metastatic melanoma, since while known, pRB defect is not
considered a major contributor to melanoma tumorigenesis, particularly in comparison to p16
defect.  The selection of patients for any ONYX-411 trial may be based on tumour type, and be
biased in favour of those where pRB involvement is more overt, retinoblastoma, osteosarcoma,
and bladder carcinoma being the most obvious candidates.  Alternatively, it may encompass a
broad range, on the basis that some 25% of cancers do have pRB defects.  Without the
information that pRB-deficient sub-populations may support pRB-expressing melanoma
tumours, there is a risk that too few melanoma patients may be enrolled to allow a statistically
significant finding to be made.  This is particularly true since melanoma is a not a common
cancer.

There may be pitfalls inherent in this approach, one being that it includes the delivery of a
gene, which if expressed, disables cellular p53 function.  While in pRB-expressing cells, ONYX-
411 is unlikely to expand to a high copy-number360, the risk exists that a pseudo-Li-Fraumeni
syndrome phenotype may be engendered to some degree.  This prospect may be avoidable by
further engineering the virus such that expression of the p53 antagonist is inducible, and co-
administering the inducer with the virus.  Subsequent removal of the inducer would disable
expression of the antagonist, reversing any effect.

These observations, inferences, and implications are extremely important and must be pursued
with vigour.  The correlations between pRB-deficiency, independent survival, and paracrine
support must be confirmed.  If they are, in vitro assessment of ONYX-411, or a similar virus,
against melanoma cell-lines should be carried out.  Lacking such a virus, but having identified
the cytokine involved, proof of principle experiments could still be performed through
antibody neutralisation or antisense technology.  Efforts must be made to ensure that metastatic
melanoma is included in any clinical trial of ONYX-411.
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Conclusion (V3)
11.3 Retraction of some V1 results
The V1 results for the analysis of pRB were misinterpreted in consequence of a spurious
negative control having been used, and it now seems very likely that all NZMs express the
protein.  Additionally, doubt over the authenticity of the NZM10.1 cell-line has arisen as a
result of the analysis of microsatellite allele length {See 'Doubt over NZM10.1 authenticity', on
page 8–36}.

11.4 As one door closes…
Heterogeneity and melanoma
The case for genomic heterogeneity in melanoma made in V1 has been weakened by the near
disappearance of heteroploidy as assessed by flow cytometry, the very marked reduction in the
variability of PCR amplification of 9p12–9p23 targets seen, and the invalidation of the pRB non-
expression data for NZM10.1.  Nevertheless, the confirmed DNA sequence variations in the
NZM7 group, and the new data showing loss of a microsatellite allele in NZM7.4 attest to the
presence of multiple populations in the parental line.  Even on this reduced evidence,
especially when the case is bolstered by the results of the centrosomal study, the arguments that
genomic heterogeneity exists in melanoma and may play a role in therapeutic evasion remain
justified, and the bulk of the earlier discussion remains valid.

The greatest casualty of the V3 work has been the invalidation of the conclusion that while the
parental NZM10 cell-line produced pRB, the NZM10.1 sub-clone did not, with this falling
under the twin blows of the very greatly improved pRB Western blotting results, and the doubt
over the authenticity of NZM10.1.  Of course, this doubt may also work the other way.  It is
possible, if improbable, that the pRB result for NZM10.1 obtained in V1 was valid: the cells
used may have been genuine NZM10.1 cells, and the mysterious 116 kD band on the Western
blot may have been non-specific; while in V3, the cells assayed were very probably not
NZM10.1, so the V1 result should not be invalidated just on that basis.  The truth is unlikely
ever to be known.

Without confirmation of that disparity between NZM10 and NZM10.1, there would seem to be
no foundation for the suggestion that an effective therapy could be based on targeting cells that
do not express pRB through the use of an agent like the ONYX-411 virus.  Nevertheless, there
are still valid reasons for thinking that this approach is worth pursuing.  Defects in pRB-
mediated proliferation control occur in very many melanomas, even where pRB itself is intact,
notably through inactivation of p16, and it is pRB functional failure, not pRB absence itself, that
gives ONYX-411 selectivity.  It follows then that ONYX-411, or a similar agent, may have
therapeutic value in a subset of melanomas, and perhaps even in the majority.  Unfortunately,
Onyx Pharmaceuticals ceased development of viral products in 2003 for lack of collaborators.
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11.5 …another often opens
Centrosomes and melanoma
The first step in investigating whether centrosomal dysregulation could form a basis for
genomic instability in melanoma has now been taken {See Chapter 6}, and it has been
graphically demonstrated that it could.  An appreciation of the scale and consequences of this
may prove to be the most significant result of this research.

Three very significant challenges exist on the path to converting this finding into one of
practical application in the treatment of melanoma.  First, it must be established that what is
being seen in vitro is not a cultural artefact, and is indeed occurring in vivo.  Second, it must be
established that this phenomenon does significantly contribute to the poor response melanoma
has to therapy, for if it does not, any further development along these lines may be of little
benefit.  Third, and by far the most daunting task, a means of selectively targeting cells with
this flaw for remedial therapy or destruction must be found.

Creation of a therapeutic mechanism that could count centrosomes in cells, and where that
number was found to be more than two, set about destroying either the supernumerary
centrosomes, or the cells themselves, would seem to be in the realm of nanotechnology, if not
science fiction.  However, if pericentrin regulation does prove to be disturbed in melanoma,
and this leads to centrosomal irregularities, then the prospects are much more realistic.  Once
more is known of the structure and function of pericentrin, it may prove possible to develop
drugs that either prevent it from exerting its disturbing influence, or that target cells that over-
express the protein.

There is much still to be done.

Envoi
What began as a relatively mundane molecular survey of cell-lines has led to the recognition of
a novel basis for melanoma tumorigenesis, perhaps also applicable to other tumour types.
Avenues for further exploration have been identified, the results of which may allow both the
refinement of existing therapy, and the development of new therapies for what is currently an
intractable disease.

This success is a testament to the far-sightedness of those who sought to establish the NZM
cell-lines and who sponsored this work.  The saddest aspect is that the very generous people
who literally give of themselves to make this possible could not themselves benefit from it.
Their gifts were to the future.  We must not squander them.





Technical appendices





A Methodological foundations

A.1 Principles of restriction enzyme digestion
Restriction enzymes are endonucleases that recognise specific base sequences within double-stranded
DNA and cleave it there.  The cut site can be within or adjacent to the recognition site, and the resultant
cut can be either blunt-ended or staggered.  In some cases, cleavage is dependent upon the methylation
status of the DNA.

Such enzymes are thought to form the basis for the immunity bacteria may have against infection by
bacteriophages in that they express a restriction enzyme that degrades invading DNA, while leaving the
host's DNA intact.  This selectivity may be by virtue differences of DNA sequence or methylation status
between the host and the bacteriophage.  In this way, they restrict the host range of bacteriophages,
hence the name.  Several hundred such enzymes are known and are commercially available, usually as
recombinant proteins.

Molecular biologists have seized upon these enzymes as powerful tools for the manipulation of DNA,
nowhere more so than in the practice of cloning.  Other applications include restriction fragment length
polymorphism (RFLP) analysis, single-strand conformation polymorphism (SSCP) analysis, and DNA
quality assessment.

Each has particular optimal reaction conditions, with typical variable parameters being pH, temperature,
incubation time, and buffer composition.  Information concerning these is usually provided with the
commercial product.

A.2 The polymerase chain-reaction
Principles of PCR
The basic theory and practice of PCR are well established and many excellent reference works are
available273.

Traditional primer optimisation
In establishing optimal amplification conditions, two potentially conflicting requirements must be
addressed: while the primers used must bind tightly to their specific sequences, they must not bind to
any other.  Most conditions which favour one disfavour the other.  Difficulties also arise from primers
that homo- or heterodimerise, form loop or hairpin structures, or have poor 3' binding strength.  In
addition, if the melting temperatures (Tm) of the primers are not close, then asymmetrical binding can
result in poor amplification.  Consequently, a tedious and generally undirected process of optimisation
usually must be performed, with the varying of such parameters as the annealing temperature (Ta), Mg2+

and primer concentrations, and the use of PCR enhancers.

Most problems can be substantially alleviated by rational primer design, usually with the assistance of
specialised computer software.  This can provide stable primers with matched predicted Tm.  However,
there is often a discrepancy between the calculated primer Tm and the optimal Ta for PCR.  The
technique of touch-down PCR (TD-PCR) was developed to address this issue.
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Touch-down PCR
In TD-PCR, rather than successive amplification cycles using the same Ta, cycling begins at a Ta some 5
°C above the calculated Tm, and decreases by 0.5 °C per cycle until it is some 5 °C below the calculated
Tm.  In the early cycles, it is unlikely that either primer will bind anywhere, but as cycling proceeds, this
becomes more likely.  The key is that the first place that the primers bind will be their specific site, as
with properly designed primers, this will have the highest stability.  This gives amplification from these
sites priority, essentially performing more cycles at the specific site than at non-specific sites, greatly
reducing the production of artefacts.

It is usual in TD-PCR to follow this first phase with a second in which the Ta is held constant, and is set
to be about Tm–10 °C.  This provides for amplification of all species present, but the proportion of
specific to non-specific products will be essentially unchanged.

Reducing the risk of contamination
A remaining obstacle to reliable PCR is the possible presence of contaminating DNA.  Several measures
can be taken to minimise this risk, including:

• use of a PCR-dedicated, physically separated, nucleic acid-free, work-space;
• use of certified nuclease-free, filtered pipette tips;
• dedication of a set of pipettes solely for PCR work;
• UVR-irradiation of all tubes, racks, pipettes, tips, and reagents to be used, except those that

contain nucleic acids, dNTPs, or enzymes;
• final addition of template DNA in a separate physical location.

A.3 The single-strand conformation polymorphism assay (SSCP)
In the SSCP assay, the two strands of DNA are separated by heat denaturation and are then quickly
chilled, causing rapid reannealing.  If the DNA concentration is low, a high proportion of strands will
undergo intra-molecular annealing.  The exact conformation adopted by a strand is highly dependent
upon its primary sequence938.  Two sequences differing in only a single nucleotide can have vastly
different folding outcomes.  Once formed, the self-annealed strands are separated by high-resolution
PAGE and visualised by a sensitive detection system, such as silver staining.  Typically, three bands will
be seen, corresponding to the two separated strands which have self-annealed, and reformed duplex
DNA.  Additional bands may be present resulting from alternate conformations being adopted, or where
multiple sequence species exist, as in heterozygosity.

It is usual to run putatively normal DNA alongside as a control.  Where banding differences are seen, the
variant DNA is further characterised by sequencing of the PCR product, or by cloning followed by
sequencing.

The ability of SSCP to detect sequence polymorphisms is approximately 80%, however this can be
increased by the utilisation of several different electrophoresis conditions.  Parameters commonly varied
are:

• acrylamide concentration;
• degree of gel cross-linking;
• buffer ionic strength;
• buffer pH;
• electrophoresis running temperature;
• the use of gel additives, such as glycerol, formamide, or urea.
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Based on the work of Teschauer1321, conditions of 14% acrylamide, with and without the addition of 10%
glycerol, were selected for routine use in this research.

A.4 Fundamentals of Western blotting
Principles
Western blotting uses the specificity of antibodies to detect a protein of interest among a host of
irrelevant ones.  It comprises the following major steps:

1. Extraction of protein from the source material;
2. Heat denaturation of the extracted proteins in the presence of SDS and a reducing agent;
3. SDS-PAGE to separate the proteins by molecular weight;
4. Transfer of the proteins from the gel to a suitable membrane, where they are immobilised;
5. Blocking of the membrane to eliminate non-specific binding of antibodies;
6. Exposure to an antibody specific for the protein of interest;
7. Detection of the bound antibody.

There are possible variations on all steps.

Variations
The source material may be tissue, cultured cells, or sub-cellular fractions.

Extraction may be into a specialised lysis buffer containing multiple protease inhibitors, or merely into
sample loading buffer.  Several reducing agents are in common use, notably 2-mercaptoethanol and
dithiothreitol.

The gel concentration is often selected based on the expected MW of the target protein.  This may range
from 6% for large, to 20% for small proteins.  In addition, use has been made of gels with concentration
gradients, both linear and non-linear.

Membranes may be nylon, nitrocellulose or PVDF, and transfer by capillary action or electrotransfer.

Various materials are commonly used in blocking solutions, including non-fat milk, bovine serum
albumin (BSA), and gelatine.  However, care must be taken with this selection, as cross-reactivity
between any antibody used and a component of the blocking solution will result in a very high
background signal.  Blocking agent concentration, blocking time and temperature are all variable.
Higher concentration, longer duration, and higher temperature all favour more stringent blocking.  It is
usual to include a detergent such as Tween-20, and the concentration of this may also be varied.  A low
concentration, such as 0.01% v/v would increase binding at the expense of specificity.  A high
concentration, such as 1% v/v would have the opposite effect.

The primary antibody working concentration is usually determined empirically and depends upon such
factors as the target abundance, the antibody affinity, and the sensitivity of the detection system to be
used.  It is conventionally specified as a dilution factor, but this can be subject to misinterpretation if
antibodies are supplied at different concentrations.  Working dilutions usually range from 1:100 for a
low-affinity antibody used with a detection system with low sensitivity, to 1:10 000 at the other extreme.
Duration and temperature of attachment may be varied with increases in each resulting in increased
specificity, but possibly decreased total binding.  Attachment may also be in the presence of blocking
agents to reduce non-specific binding further.

Finally, the manner of detection of the bound antibody is open to great variation.  The antibody could be
labelled directly with a radioactive or fluorescent tag, or with an enzyme or other catalyst, but it is much
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more common and cost-effective to use a tagged secondary antibody specific for the immunoglobulin
type and species of origin of the primary antibody.  In this way the same 2° antibody can be used for
many different primaries.  The use of a catalytic tag allows amplification of the signal, increasing the
sensitivity of detection.  Perhaps the most common detection system relies on the attachment of an
enzyme to the 2° antibody, typically alkaline phosphatase or horseradish peroxidase.  A substrate is then
applied to the membrane as a whole that, upon reaction catalysed by the tag, produces a detectable
signal, often the creation of a coloured product, or the emission of light through chemiluminescence.

A.5 Fundamentals of flow cytometry
Principles and terminology
The essence of flow cytometry is the analysis of the effects produced by the passage of a particle of
interest through a beam of light, termed an event.  Typically, the particle will be a cell, the beam of light
will be from a laser, and the effects measured those of light scattering and fluorescence.

Within the cytometer, a continuous non-turbulent flow of sheath fluid is maintained through the flow
cell.  Into the axis of this is introduced the sample to be analysed.  The laminar flow of the sheath fluid
restricts the sample to the central core of the flow cell without the need for any physical constraint,
facilitating the passage of light to and from the sample.  Usually, the rate of sample injection, the flow
rate, is under operator control and may be varied either continuously, or in discrete steps {See ‘Flow rate’,
below}.

Light emanating from the particle under scrutiny encounters a series of optical components, including
beam-splitters that redirect a proportion of incident photons, and filters that selectively block and pass
particular wavelengths of light.  These serve to distribute the light produced among multiple detectors.
Each detector produces an output voltage that depends upon the intensity of the light falling upon it.
This dependency can be either linear or logarithmic allowing the reporting of intensities that differ by
several orders of magnitude, and the mode of operation is under operator control.  Typically, a detector
is based on a photomultiplier tube.  In this device, incident photons dislodge electrons from a metallic
target, and these are accelerated by an applied electric field.  In turn, these electrons strike a second
target, where, by virtue of the energy they have gained by being accelerated, they dislodge a greater
number of electrons.  This multiplication effect is repeated several times in each tube resulting in a
geometrical increase in output voltage with each stage.  In addition to being dependent upon the
intensity of the incident light, the output is also dependent upon the voltage difference applied between
photomultiplier stages that imparts the acceleration to the electrons.  This voltage is under the control of
the instrument operator and represents the primary means of adjusting the detector sensitivity.  It must
be borne in mind that because of the multiplicative nature of the amplification, a small increase in this
voltage can result in a very large increase in the output voltage.  For signals that are particularly weak,
such as fluorescence, a further linear amplification stage is added.  This is controlled by adjusting
amplifier gain, providing a finer degree of sensitivity control.  In summary, for each detector there is
usually:

• The possibility of a restricted wavelength window;
• A choice between linear and logarithmic detector response modes;
• A coarse geometric sensitivity adjustment through the photomultiplier tube voltage;
• A fine linear sensitivity adjustment through the amplifier gain.
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What can be detected?
The intensity of light detected on the opposite side of the particle from the light source, forward scatter
(FSC), is strongly dependent upon particle size, with larger particles giving greater intensity.  At first
glance, this may seem counter-intuitive as one may expect a larger particle to block more light.  The key
is that FSC is not light that has passed unhindered through the particle, but rather light that has been
scattered at a very low angle.  This arises from lensing or diffraction effects that are increased by particle
size.  FSC is relatively bright and so there is often no amplifier stage associated with this detector.
Furthermore, photomultiplier voltage settings may be constrained to orders of magnitude only, with no
finer adjustment possible, or indeed necessary.

The intensity of light scattered perpendicularly to the beam path, side scatter (SSC), is strongly
dependent upon particle internal reflectivity or granularity, and more weakly dependent upon particle
size, with large, granular particles giving the strongest signal.

Fluorescence can also be detected.  This can result from the excitation of substances either normally
present in the particle, auto-fluorescence, or ectopically expressed, such as green fluorescent protein.  Of
much greater utility is the detection of signals from dyes that have by some means been attached to a
target of interest, such as DNA or proteins.

The output from the amplification stage may be fed into an electronic signal processing subsystem.
Typically, this calculates three derived values for each event: the height, proportional to the maximum
signal level; the area, proportional to the total light emitted during the event; and the width,
proportional to the duration of the event.  Often, the width is derived from the time between the input
signal exceeding half of what its ultimate peak will be, and when it subsequently falls below this level.
Clearly, since the maximum value cannot be known in advance, such post-processing is required.  The
information obtained this way may be extremely valuable, and is worth the cost of the complex
instrumentation necessary to obtain it {See ‘Singlet event selection’, below}.  Ultimately, the instrument
reports a set of numbers for each event in arbitrary units that, for historical reasons, are called channel
numbers.

Data capture and processing
In the analysis of a single sample lasting just a few minutes, data from multiple detectors for each of
10 000 events may be recorded.  The volume and rate of data produced are such that its acquisition by a
dedicated computer is practically indispensable.  Once captured, the data can be analysed at leisure.
Since presentation of this data numerically would be so voluminous as to obscure any underlying
meaning, extensive use is made of graphical data representation and statistical summarisation.

Graphical data representation
Histogram plots
The simplest type of graph used is the
histogram plot, which shows the distribution
of reported light intensities for a single
detector {Figure A–1}.  From this, target
prevalence can be visualised and quantified
in terms of central tendency (mean, median,
and modal channel) and spread (CV).
Multiple differing sub-populations within a sample can be seen as multiple peaks on the histogram.

Figure A–1: Example histogram plot
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Dot, density, and contour plots
Two-dimensional graphs are used to display
data from two detectors simultaneously by
assigning one detector to each of two
Cartesian axes.  In the dot plot, the existence
of an event with a particular combination of
signal intensity for each detector is indicated
by a point at the corresponding position in
the graph.  An extremely useful variation
introduces a third dimension to the graph,
that of event frequency.  Rather than
overlapping events obscuring one another as
occurs in the dot plot, the number of events
with a particular combination of intensities is
indicated by colour, yielding the density plot
{Figure A–2}.  A further variation is the
contour plot where rather than illustrating the points themselves, line segments are drawn between
adjacent points with equal density.  Such representations allow the visual discrimination of differing
components within the sample, as they will appear as disjoint islands of points.

Regions and gating
If a component of interest is identified graphically, this can be labelled and isolated for further analysis
by defining a region that encompasses it, but excludes irrelevant points.  This definition is performed by
drawing a bounding polygon or ellipse directly on the plot with the analysis software.

Multiple regions can be defined on multiple plots that use any detector signals.  These region definitions
can be logically combined to create more complex event filters, termed gates.  These gates can be used to
restrict the data displayed on any analysis graph and so provide an extremely powerful tool for
dissecting interactions and analysing minor, but important classes of event.  Examples of gating appear
in Figure 5–1 and Figure A–3.

Flow cytometric analysis of DNA
DNA staining
To analyse DNA by flow cytometry, it must first be rendered detectable.  Several techniques exist with
different strengths and weaknesses.

Where data concerning DNA synthesis are required, it is common to expose growing cells to a DNA base
analogue, typically bromodeoxyuridine (BrdU), which can subsequently be detected with a dye-
conjugated antibody.  An exposure to BrdU of short duration compared to the cellular doubling time
allows the identification and independent analysis of the S-phase component, while a long exposure
allows this for the proliferating component, not necessarily the same thing.  Another, but less common
technique, is to incorporate nucleotide analogues that have appropriate fluorophores attached via
linkers, rendering newly synthesised DNA inherently fluorescent and obviating the need for antibody
labelling.

For gross assessment of cellular or nuclear DNA content, perhaps the most common method is the use of
the DNA intercalator propidium iodide (PI).  When bound to DNA it has a red-orange fluorescence

Figure A–2: Example density plot
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markedly stronger than when it is in solution.  It does also bind RNA with a different, but overlapping,
fluorescence spectrum.  This characteristic can be used to gather further information if sufficiently
discriminating detectors are available on the instrument.  Where only information concerning DNA is
desired and such discrimination is not possible, or simply as an expedient, it is common practice to
digest RNA prior to analysis to reduce the non-specific signal generated.

Ploidy analysis
Two techniques that exist for the determination of gross cellular genomic complement are cytogenetic
karyotyping and flow cytometric cellular DNA analysis.  In the former, a slow and painstaking process
yields a great deal of information about chromosomal identity, number and structure, but for relatively
few cells.  In the latter, a rapid, reasonably simple process yields information about the distribution of
cellular DNA content among many thousands of cells.  Despite the distinct types of the information
derived, there is some overlap in terminology, with ploidy referring to the chromosomal content of
individual cells in one case, and to modal population DNA content in the other.  Thus, to a
cytogeneticist, diploid implies a cell that contains two instances of each chromosome, but to a flow
cytometrist, it implies a population that has the usual modal DNA content.  For normal cells, the two are
equivalent, but in cancer, changes in chromosomal structure and cellular DNA content are the norm,
rather than the exception.  Similarly, the terms tetraploid, aneuploid, and the like, have different nuances
of meaning.

Cell-cycle phase distribution
Since the amount of nuclear DNA doubles during S-phase of the cell division cycle, some information
about the replicative state of each cell can be inferred from DNA content.  Cells with DNA equivalent to
2n for their ploidy are in G0 or G1-phase, those with the equivalent of 4n are in G2 or M-phase, and those
with an intermediate content are in S-phase.  Study of the distribution of cells among these phases can
shed light on what effect an experimental treatment has had on proliferation.  By fitting a mathematical
model to the observed distribution, generally with the aid of appropriate computer software, these
effects can be quantified.

Staining with PI alone cannot distinguish between cells arrested at any point in the cell-cycle, and those
in transit through it.  It represents only a ‘snap-shot’ of the population.  Often though, the dynamics of
the situation can be explored with time course experiments.  Additionally, BrdU could be employed to
mark active DNA synthesis as outlined above.

The need for high PI concentration
Most flow cytometry references suggest the use of 5 – 20 µg/mL of PI to stain a sample containing 106

cells.  Where PI is limiting, the amount taken up by each cell is not only proportional to the DNA
content, but also to the PI concentration.  While this is entirely satisfactory for investigation of cell-cycle
phasing, it can present problems for the quantitation of ploidy.  Minor variation of cell number per
sample and indeed variations in the cell-cycle phasing itself can alter the effective dose of PI encountered
by each cell.  This can lead to high between-sample variance of fluorescence integral for any given DNA
content.  Where the determination of sample ploidy depends upon the comparison of independent
measurements of sample and standard DNA fluorescence, error may be introduced.  Two solutions to
this problem are available.  Firstly, by raising the PI concentration to a level sufficient to saturate the
DNA (~50 µg/mL containing 106 cells), the resulting fluorescence will again be independent of PI
concentration.  This has the added advantage of improving the linearity of fluorescence integral versus
DNA content within each sample.  Secondly, and perhaps better, where possible, a ploidy standard can
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be used within each sample.  As an example, each experimental sample may be laced with normal
peripheral blood leukocytes prior to staining.  The DNA signals emanating from the different cell-types
may be isolable by differences in forward and side scatter characteristics by the creation of appropriate
gates.  Where such a distinction is not possible, it may be necessary to employ a second fluorophore
coupled to a marker specific for either the standard or the sample cell-type.

Singlet event selection
One difficulty that arises in DNA analysis is
the identity of DNA content in a singlet
event where just one G2 or M-phase cell is
sampled, and in a doublet event consisting of
two joined G0 or G1 cells.  It is here that the
derived data produced by the signal
processing subsystem justifies itself.  It
allows singlet events to be distinguished
from cluster events by their shorter signal
duration for any given DNA content.  This is
illustrated in Figure A–3, a density plot of
fluorescence detector 2 signal width (FL2-W),
versus fluorescence detector 2 signal integral
(FL2-A) for a set of PI-stained cells.  The singlet events are readily distinguishable from clusters, which
are at the top of the graph.  In this way, a gate can be defined which can be used to exclude cluster events
from further analysis.

Peak versus integral fluorescence intensity as measures of cellular DNA content
During the analysis of DNA, the typical flow cytometer produces two values for each event that have
valid claim to represent the DNA content: the fluorescence height, and the fluorescence integral.
Unfortunately, there are circumstances where these can be discordant and the question arises as to which
is the more reliable measure.  The case that proves the point is that where the particle size is larger than
the effective illumination area of the activating light source.  Here, the peak fluorescence is a measure
only of the DNA present in the largest area illuminable, not the entire particle.  The use of the
fluorescence integral eliminates this problem, as all light emitted by the particle will contribute to the
derived signal.  Proponents of the use of peak fluorescence would argue that in most cases, this is not an
issue, and the height parameter tends to have lower variability.

Flow rate
The final practical aspect of flow cytometry to be discussed here is the effect of sample flow rate on the
information captured.  The essential difference is that by injecting a greater volume of sample per unit
time into the sheath fluid column, the diameter of the central core must be increased.  This increases the
volume in which a particle can move during its passage through the flow cell, particularly if small
particles, such as isolated nuclei, are being examined.  Where the illumination is not uniform, or does not
fully encompass the central core, variation in fluorescence may occur.  Ultimately this shows as a slight
increase in the breadth of the peaks seen in the DNA histograms.  The effect is minor, but samples for
DNA analysis should be run at the lowest flow rate consistent with a reasonable run time per sample.

Figure A–3: Singlet selection



B Methodology

B.1 General considerations
Principles of safe laboratory practice were respected at all times.

Unless otherwise indicated:
• ‘Water’ means high purity water such as ‘Nano-pure’ or ‘Milli-Q’;
• Solutions were in water;
• ‘Medium’ means sterile αMEM with 10% v/v FCS and antibiotics {Solution 11};
• Incubations were performed at 37 °C;
• Procedures, other than incubation and refrigeration, were performed at ambient

temperature, typically ~22 °C;
• Reagents were at ambient temperature, typically ~22 °C;
• Reagents were of molecular biological or reagent purity or better;
• Cells were assumed to have zero volume in calculations of cell suspension density;
• No adjustment was made in the preparation of solutions for any mutual solubility of one

liquid in another, as with ethanol and water.  All such v/v concentrations given are
therefore only approximate.

B.2 Methods for cell culture
General methods Method 1
Sterility was maintained for all reagents.  This was achieved by autoclaving, sterile-filtration, or simply
by the inherent characteristics of the particular reagent, as in the case of DMSO, which will not support
microbial life.

Level-2 biohazard containment facilities were employed for all cell culture procedures involving human-
derived material.

Passage culture in vitro Method 2
Cell-lines were maintained by serial passage in αMEM supplemented with penicillin-G (105 units/L),
streptomycin sulphate (100 mg/L) and 10% v/v FCS {Solution 11}, unless otherwise noted.  Incubation
was in water-jacketed, temperature-controlled incubators in an atmosphere of 5% v/v carbon dioxide in
air, with saturating humidity.  For adherent cell-lines, passage was by trypsinisation {Method 4} and re-
plating, and for non-adherent cell-lines, by simple division and medium replenishment.

Washing of cells Method 3
1. If necessary, pellet the cells by centrifugation (~200 G, 5 min) and discard the supernatant.
2. Resuspend the cell pellet in a large excess of washing solution, usually PBS.
3. Centrifuge (~200 G, 5 min).
4. Discard the supernatant.

Trypsinisation of adherent cells Method 4
1. Remove, and if appropriate, retain the supernatant medium.
2. Rinse the vessel with PBS {Solution 6} to remove any remaining medium that may inhibit the

action of trypsin.  Optionally, this liquid may be retained.



Human metastatic melanoma in vitro

B–2

3. Add trypsin {Solution 13} in sufficient volume to cover the growth surface of the vessel.  For a
well of a 96-well plate this may be as little as 50 µL.  For a T75 tissue culture flask, it may be as
much as 5 mL.

4. Incubate until the cells begin to lift from the growth surface.  The time required depends on the
cell-line and typically ranges from 2 – 10 min, with 3 min being a good first approximation.
After this time, the lifting of cells can be encouraged by applying several sharp taps to the
vessel.  Cell detachment should be assessed visually, and microscopically if necessary.

5. To arrest trypsinisation, add a volume of αMEM containing 10% v/v FCS {Solution 11} equal to
the volume of trypsin used.

6. Remove the cell suspension and transfer it to a centrifuge tube.
7. Optionally, the vessel can be rinsed with a suitable volume of PBS {Solution 6} and this liquid

added to the suspension.
8. Centrifuge the recovered suspension (~200 G, 5 min) and discard the supernatant.
9. Optionally, the cells may be washed once or twice with PBS to remove traces of trypsin {Method

3}.

Long-term cryogenic cell storage Method 5
This procedure is scaled for the freezing of ~106 cells.

1. Wash the cells {Method 3} in medium.
2. Resuspend the cell pellet in medium (800 µL).
3. Add DMSO freezing solution (800 µL; 4 °C) {Solution 19} slowly with gentle agitation.
4. Transfer the suspension to a cryotube.
5. Freeze overnight to –70 °C in an insulated box to reduce the freezing rate.

Caution: Cryotubes may shatter upon warming.
Use a full-face mask and gloves when accessing liquid nitrogen storage.

6. Transfer the frozen tube to liquid nitrogen storage.

Recovery of cells from cryogenic storage Method 6
1. Incubate medium (5 mL) for 10 min in a loosely stoppered tube for pH and temperature

equilibration.

Caution: Cryotubes may shatter upon warming.
Use a full-face mask and gloves when accessing liquid nitrogen storage.

2. Recover the required cryotube from liquid nitrogen storage.
3. Rapidly thaw and warm the tube to 37 °C in a water bath.
4. Decontaminate the exterior of the cryotube with 70% v/v ethanol {Solution 4}.
5. Transfer the cryotube contents to the equilibrated medium.
6. Centrifuge (~200 G, 5 min) and discard the supernatant.
7. Wash the cells {Method 3} in medium (5 mL).
8. Resuspend the cell pellet in medium (5 mL).
9. Transfer the suspension to a suitable tissue culture vessel and incubate.

B.3 Methods for extraction
Extraction of genomic DNA (guanidine hydrochloride/chloroform method) Method 7

1. Wash ~2 x 107 cells {Method 3} in PBS (6 mL {Solution 6}) in a chloroform-resistant tube (for
example, polypropylene).
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Caution: Guanidine hydrochloride is a strong denaturant.
Suitable handling procedures must be used.

2. Resuspend the pellet in guanidine hydrochloride (6 mol/L, 3.5 mL {Solution 15}) and mix by
vigorous vortexing.

3. Add ammonium acetate solution (7.5 mol/L, 250 µL {Solution 14}), proteinase-K (20 g/L, 25 µL
{Solution 17}) and sodium sarcosyl solution (20% w/v, 250 µL {Solution 18}).

4. Incubate, preferably overnight at 37 °C, for 2 h at 55 °C, or for 1 h at 60 °C.
5. Cool to room temperature.
6. Add chloroform (2 mL, –20 °C) and mix by vortexing or shaking.
7. Allow to stand for 1 min.
8. Centrifuge (500 G, 3 min) to separate the phases.
9. Carefully recover the upper layer, avoiding the phase interface, and gently add it to a tube

containing ethanol (10 mL, –20 °C).
10. Invert the tube gently several times to cause DNA precipitation.
11. Transfer the precipitated DNA to a 1.5 mL capacity microcentrifuge tube.
12. Add ethanol (80% v/v, 1 mL {Solution 5}) and allow to stand for 10 min to wash.
13. Transfer the washed DNA to a 1.5 mL capacity microcentrifuge tube.
14. Add sterile water (200 µL) or TE buffer (200 µL, pH 8.0 {Solution 20}).
15. Flick the tube repeatedly until the DNA dissolves.
16. If necessary, incubate (50 °C; 1 – 2 h) to facilitate dissolution.
17. Optionally, quantitate DNA concentration by fluorometry using Hoechst 33258, by agarose

electrophoresis with appropriate mass standards, or, together with assessing purity, by UV
spectrophotometry at 260 and 280 nm.

18. Optionally, dilute the DNA to a suitable standard concentration, such as 100 mg/L.
19. Store working solutions at 4 ° C,  and stocks at –20 °C or –70 °C.

Extraction of protein Method 8
1. Harvest cells, by trypsinisation {Method 4} in the case of adherent cells.
2. Wash the cells {Method 3} three times in PBS (10 mL {Solution 6}) to remove any protease traces.
3. Resuspend the cells in PBS {Solution 6} at a density of greater than 5 x 109 cells/L.
4. Count the cells by electronic particle counter {E.1} or haemocytometer.
5. Calculate the volume of cell suspension that contains 5 x 106 cells.  This should be less than 1

mL.
6. Divide the cell suspension into portions of this volume and transfer these to 1.5 mL

microcentrifuge tubes.
7. Centrifuge (~200 G, 5 min) to pellet the cells, and discard the supernatant(s).
8. Add protease inhibitors (100 x, 10 µL {Solution 16}) to each tube.
9. Add protein sample loading buffer (1.0 mL {Solution 31}) to each tube.
10. Mix by vigorous vortexing.
11. Store the tube(s) at –70 °C.  The protein should be stable for months.

B.4 Digestion of PCR products with BstN1 to facilitate SSCP Method 9
1. Place 10 µL of each completed PCR reaction solution into labelled PCR tubes.
2. Add 1 unit of BstN1 enzyme {E.4} in the supplied buffer to each tube.
3. Add 2.5 µg (final concentration 100 mg/L) of BSA (supplied with the enzyme) to each tube.
4. Add PCR-quality water to make final reaction volumes of 25 µL.

See A.1 for
background
information.
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5. Incubate in a PCR machine at 60 °C for 1 h.
6. Hold at 4 °C until required.

B.5 Touch-down PCR Method 10
General
Anti-contamination measures {A.2} should be employed.  All reagents and tubes should be held on ice
for the duration of the preparation.

1. Ensure the thermal cycler {E.1} is turned on and the correct program entered, as follows:
Initial denaturation: 95 °C x 5 min
Touch-down cycling: 30x(94 °C x 30 s; 65 °C – 0.5 °C/cycle x 30 s; 72 °C x 30 s)
Constant Ta cycling: 15x(94 °C x 30 s; 50 °C x 30 s; 72 °C x 30 s + 2 s/cycle)
Final extension: 72 °C x 10 min
Hold: 4 °C x indefinite

2. Label the reaction tubes on their sides where it will not be rubbed off by the lid of the thermal
cycler.

3. Prepare a master mix comprising the reagents common to all reactions being performed
{Solution 50}.  This reduces pipetting error and contamination risk by minimising transfers.
Prepare slightly more than the calculated amount to allow for minor pipette setting variation.

4. Divide the master mix among the reaction tubes.
5. Add any reagents unique to each reaction, for example, primers.
6. Move from the genomic DNA-free preparation area and add the template DNA to the

appropriate tubes.
7. Start the thermal cycler program and pause it when it reaches the initial denaturing

temperature.  This preheating represents a minimal ‘hot-start’ procedure.
8. Mix the tube contents by brief vortexing, and settle them by brief centrifugation.
9. Place the tubes in the thermal cycler and allow the program to proceed.
10. When the program has reached the final ‘Hold’ step, the tubes can be removed and held at 4 °C

until required.
11. Allow any condensation formed in the thermal cycler to evaporate.

B.6 Agarose electrophoresis Method 11
1. Microwave heat 0.8% – 3% w/v agarose in TAE buffer, diluted from Solution 29, in a loosely

stoppered vessel until completely melted.  Allow to cool to ~50 °C.
2. Assemble the gel casting apparatus {E.1} with appropriate well-combs in place.
3. When cooled, but before solidification begins, pour the agarose solution into the gel mould to a

suitable depth, taking care to avoid the formation of air bubbles.
4. Allow the gel to set.  This will take ~15 min.
5. Once set, carefully remove the well-comb and other mould components.
6. Submerge the gel in TAE running buffer, diluted from Solution 29, in the electrophoresis tank.
7. Load the samples and DNA length standards {E.5}.  An effective method for this is to spot ~1 µL

volumes of 5x TAE loading buffer {Solution 28} onto a strip of laboratory film and to mix  ~5 µL
of each sample with one such before loading into a gel well.

8. Connect the electrodes to a power supply and apply current at 80 – 100 V until the dye front has
advanced an appropriate distance.  Note that the loading buffer employed here includes only
xylene cyanol dye as bromophenol blue was too often found to obscure the region of interest.

B.7 Ethidium bromide staining Method 12
1. Recover the gel from the electrophoresis apparatus and place it is a suitably sized shallow dish.

See A.2 for
background
information.



B–5

B:
 M

et
ho

do
lo

gy

2. Cover the gel to approximately twice its thickness in ethidium bromide stain {Solution 26}.
3. Stain for 10 – 20 minutes at 50 °C with gentle agitation.
4. Recover the stain, which can be reused many times.
5. Destain in two changes of 1x TAE buffer, diluted from Solution 29, at 50 °C with gentle agitation.

Note: Ethidium bromide waste must be rendered non-toxic before disposal.
6. Visualise bands by UV trans-illumination and optionally, record a photographic or digital image.

B.8 Single-strand conformation polymorphism assay Method 13
Method in brief
Completed PCR reaction solutions are diluted 1:9 with TE buffer {Solution 20}, combined with an equal
volume of 2x formamide loading buffer {Solution 27}, denatured for 3 min at 90 °C, and held on ice.  5 µL
of each sample is run through a 14% acrylamide gel, made with or without the addition of 10% glycerol
{Solution 36}, in 0.5x TBE buffer, diluted from Solution 30, at 200V for from 90 min to 4 h, with
experience being the best guide as to time.  Gels are recovered, silver stained {Method 15}, digitally
imaged and dried onto a paper backing for permanent storage.

Method in detail
Gel preparation Method 14

1. Scrupulously clean the glass plates used in forming the gels: first in water, and then in 100%
ethanol.  Allow them to air-dry.

2. Prepare a suitable gel solution {Solution 36}, withholding the 1,2-bis[dimethylamino]ethane
(TEMED) and ammonium persulphate (APS).

3. Degas the gel solution under vacuum (5 min), and assemble the gel-casting apparatus {E.1}.
4. Add the TEMED and APS to the gel solution and mix by gentle swirling.
5. Pour the gel(s) taking care to avoid the incorporation of air bubbles that may interfere with

polymerisation.
6. Insert the well-comb(s) and allow the gel(s) to polymerise (~10 min).
7. When polymerised, transfer the gel modules to the electrophoresis tank and assemble the core.
8. Fill the inner chamber with 0.5x TBE buffer, diluted from Solution 30.
9. Remove the well-comb(s) and carefully flush the wells to remove unpolymerised acrylamide.
10. If, by this time, there has been no leakage of buffer from the inner to the outer chamber, the latter

can now be filled to an appropriate level.  Otherwise, dismantle and reassemble the central core
to rectify the leakage problem.  Particular attention should be paid to the seating of the seals,
and their correct alignment with the tops of the gel modules.

Sample preparation
1. Preheat a heating block for 1.5 mL microcentrifuge tubes to 90 °C.
2. Dilute at least 500 nL of each completed PCR reaction solution 1:9 with TE buffer {Solution 20}.
3. Transfer 3 µL of each diluted reaction solution to separate 1.5 mL microcentrifuge tubes.
4. Add 3 µL of 2x formamide loading buffer {Solution 27} to each tube.
5. Denature the DNA by placing the tubes into the preheated heating block for 3 min.
6. After denaturing, immediately place the tubes on ice and hold them there until loading.
7. Load 5 µL per well.

Electrophoresis
Electrophoresis is carried out at a constant 200 V for a period dependent on the particulars of the
experiment.  High gel concentration, incorporation of glycerol, or a lengthy product all necessitate longer
runs.  Typical times range from 90 min to 4 h.

See A.3 for
background
information
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B.9 Silver staining Method 15
Method in brief
After electrophoresis, gels are recovered, fixed in ethanol/acetic acid, oxidised, washed scrupulously,
stained with silver nitrate, washed briefly, and developed.  They are imaged by trans-illumination with
white light and digital photography and then dried onto a paper backing under vacuum.

Method in detail
The achievement of clear bands against a low background critically depends upon the scrupulous
cleanliness of the implements used to manipulate the gels and the purity of the reagents, particularly the
water used in rinsing.  It is important that gloves be worn, not solely to protect from traces of
unpolymerised acrylamide, but also to prevent proteins from the skin being transferred to the gel
resulting in blemishes.

1. Recover the gels from the electrophoresis apparatus.
2. Fix in a combination of fixer A (200 mL {Solution 39}) and fixer B (200 mL {Solution 40}), for at

least 30 min.
3. Fix in a combination of fixer A (50 mL {Solution 39}), fixer B (100 mL {Solution 40}) and water

(250 mL) for 15 min.
4. Repeat the previous step.
5. Oxidise in oxidiser (1x, 200 mL, diluted from Solution 41) for 15 min.
6. Wash thoroughly (5 x 5 min) in water with gentle agitation.  The importance of water purity at

this point is critical.
7. Stain with silver stain solution (1x, 200 mL, diluted from Solution 42) in the dark for 20 min.
8. Rinse briefly (1 min) in water.
9. Develop in three 200 mL changes of freshly prepared developer {Solution 43}.  The first

development is brief, ~30 s, by which time the developer will have become discoloured.  The
second development should proceed until bands are discernible, ~3 min, and the third, until the
contrast between bands and background is subjectively optimal, ~3 min.  If, in general, the
development reaction proceeds too quickly, it can be slowed by chilling the developer prior to
use.

10. Stop development in 5% acetic acid (fixer B (100 mL {Solution 40}) and water (300 mL)) for 5
min.

11. Wash twice in water for 30 min each time.
12. Optionally, photograph the gels by trans-illumination and dry them as a permanent record.

B.10 Western blotting
Method in brief Method 16
Protein is extracted from stringently washed {Method 3} trypsinised {Method 4} cultured cells directly
into protein sample loading buffer {Solution 31} with added protease inhibitors {Solution 16} at a density
of 5 x 109 cells/L.  After electrophoresis, protein is transferred to PVDF membranes by high current
electrotransfer.  Optionally, membranes may be stained with amido black {Method 21} to monitor
loading.  Membranes are blocked in 10% non-fat milk powder in TTBS with 0.05% Tween-20 {Solution
46} for 1 h.  Attachment of the 1° antibodies is in blocking solution for 1 – 2 h {E.3}.  After stringent
rinsing with TTBS {Solution 49}, the detection reagents are applied.  In general, this is a horseradish
peroxidase (HRP)-conjugated 2° antibody {E.3}, but for detection of pRB, a commercial avidin/biotin
tagging kit {E.2} is used, with a protocol modified from the manufacturer’s instructions {Method 25}.  In

See A.4 for
background
information.
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either case, detection is by exposure of X-ray film {E.7} using an enhanced chemiluminescent (ECL)
substrate {E.2}, optionally followed by digital imaging of the film.

Method in detail
Gel preparation Method 17
The same apparatus {E.1} is used for the polyacrylamide electrophoresis of proteins as for DNA.
Consequently, gel preparation is very similar, and reference should be made to the appropriate section
{Method 14} for general guidance.  Unlike DNA gels however, gels for protein analysis have two
components: the main separating gel, and, above it, a small, low acrylamide concentration, more acidic
stacking gel that forms the wells.  The procedure for gel preparation is:

1. Clean and assemble the gel casting apparatus.
2. Prepare and optionally degas the separating gel solution and add the TEMED and APS.
3. Pour the contents between the glass plates up to a level ~5 mm below where the bottom of the

well-comb will be when installed.
4. Gently overlay the solution with water to provide a sharp boundary.
5. Allow the gel to set (~10 min).
6. Decant the water layer.  A paper tissue may be used to draw out the last of the water.
7. Prepare and optionally degas the stacking gel solution and add the TEMED and APS.
8. Insert the well-comb.
9. With the aid of a pipette, introduce the stacking gel solution into the mould.
10. Dispel any bubbles and rearrange the well-comb if necessary.
11. Allow the stacking gel to set (~10 min).
12. Transfer the gel to the electrophoresis tank.
13. Fill the inner chamber with electrophoresis buffer {Solution 32}.
14. Remove the well-comb.
15. Carefully flush the wells with buffer to expel unpolymerised acrylamide.
16. If no leakage is evident, fill the outer chamber with buffer to an appropriate level.

Standards
Two lanes per gel are usually reserved for protein standards {E.5}.  The first is for dye-conjugated
proteins to allow for monitoring of electrophoresis progress and protein transfer, and the second for
biotinylated proteins to allow for molecular weight estimation and as a positive control for the detection
reagents.  In addition, one lane should be reserved for a positive control for protein detection, either
purified target protein, or an extract from a source known to express it.  A known negative control may
also be of benefit, particularly where non-specific banding is present.

Sample preparation and loading Method 18
Maximum sample volume is dictated by the well-comb in use, being ~20 µL for fifteen well combs and
~30 µL for ten well combs.  Usually the two outer wells are not used, as protein mobility is often
irregular at the gel edges.  With the lanes reserved for standards, this reduces the effective number of
lanes available for experimental samples to five or ten, depending on the comb used.

1. Thaw frozen protein extracts.
2. Transfer an appropriate volume (10 – 30 µL) of each extract to microcentrifuge tubes.
3. If the extract is not already in loading buffer, add sample loading buffer (5 x {Solution 31}) in the

appropriate proportion.
4. Return the protein extracts to the freezer.
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5. If being used, dilute an appropriate volume (1 – 2 µL) of biotinylated protein standard stock
{E.5} 1:99 with sample loading buffer {Solution 31}.  Do not dilute the dye-conjugated standard:
it is used neat.

6. Heat the samples and the diluted biotinylated protein standard, if any, in a heating block or
water-bath at 100 °C for 5 min.  Do not heat the dye-conjugated standard.

7. Place the samples on ice until they are loaded.  Opinion as to the validity of this step is divided,
with some workers feeling that the risk of SDS precipitation outweighs the benefits of protein
stability.

8. Load 10 – 30 µL of sample, 10 – 30 µL of biotinylated standard, or 5 – 10 µL of dye-conjugated
standard per well.  If two gels are being run simultaneously, loading a second well of one gel
with biotinylated standard, even if it is an edge well, will reduce the possibility of confusion
between gels.

Electrophoresis Method 19
Generally, electrophoresis is carried out at a constant 200 V.  Note should be taken of the maximum
power dissipation of the apparatus in use, and if possible, the power supply should be set to limit the
current supplied so that this is not exceeded.  The formula to use is I = P / V, where I is the current limit
to set in amperes, P is the maximum power dissipation in watts, and V is the electrophoresis voltage.  For
the equipment used in this work, this value is 200 mA.  In practice, this current would only be reached
under fault conditions, such as a short circuit or wildly inappropriate buffer concentration, but it is a
simple precaution to take which may prevent equipment damage and possible fire.

Duration of electrophoresis depends upon gel concentration and running temperature.  By observing the
mobility of the dye in the loading buffer, and more importantly, the dye-conjugated standards,
electrophoresis can be terminated when a protein of the expected MW of the target has travelled a
suitable distance.  By way of an example, electrophoresis with p16CDKN2A as target and 15% gel
concentration at ambient temperature takes ~30 min.

Protein transfer Method 20
The apparatus used here employs an ice pack to absorb the heat generated during the transfer.  This
must be frozen prior to commencement.  Once electrophoresis has completed, the apparatus is
dismantled and the gel or gels recovered.  One of the glass plates is removed leaving the other as a
support for the gel.  Handle the membrane as little as possible, and use both gloves and forceps.  Any
extraneous protein transferred to the membrane will mar the final result.

For each gel:
1. Cut away and discard the stacking gel.
2. Place the gel, still on its plate, in transfer buffer {Solution 47} to equilibrate for at least 10 min.
3. Cut to the size of the gel a piece of PVDF membrane {E.7} and two pieces of filter paper.
4. Briefly wet the hydrophobic PVDF membrane in methanol, then allow to it equilibrate in

transfer buffer {Solution 47} for at least 10 min.
5. Soak the support pads in transfer buffer {Solution 47} for 10 min.  Do not soak the filter paper, as

it will lose its integrity.
6. Once all components have equilibrated, assemble the transfer cell.  By virtue of the negative

charge carried by the SDS bound to the protein, it will migrate in an electric field from the
cathode (negative terminal, black) to the anode (positive terminal, red).  The order of
components is critical and must be: cathode, black transfer cell plate, support pad, filter paper,
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gel, membrane, filter paper, support pad, white transfer cell plate, anode.  Transfer of the gel
from its support plate to the filter paper is somewhat awkward.  Either the filter paper can be
placed on the support pad and the gel floated into place, or the filter paper can be placed
directly onto the gel, the glass support plate inverted, and the gel encouraged to fall onto the
filter paper.  It can then be placed on the support pad.  At all stages, care should be taken to
avoid the incorporation of air bubbles between layers, as this will interfere with the uniform
transfer of protein.  Once the layers are in place, the assembly is secured by locking the hinged
transfer cell plates together.

7. Install the assembled transfer cell into its frame.  Care must be taken to ensure its correct
orientation.  The black transfer cell plate must be closer to the black side of the frame, as this will
become the cathode.

To commence the transfer:
1. Put a magnetic stir-bar into the transfer tank, the frozen ice pack into the frame, and the frame

into the transfer tank.
2. Fill the transfer tank to capacity with transfer buffer {Solution 47}.
3. Place the tank in a dish as there will be some overflow as the buffer heats.  Place the dish and

tank on a magnetic stirrer and begin stirring the buffer.  This is essential as it ensures uniform
heat distribution within the apparatus.  If a magnetic stirrer with an integral heating element is
used, ensure this is turned off.

4. Connect the power supply and electrotransfer for 1 h at 100 V.  As with the electrophoresis step,
the power supply should be set to limit the current supplied.  For the equipment used here the
current limit should be 400 mA.

After transfer:
1. Dismantle the apparatus and recover the membrane(s).  Discard the used buffer.
2. Confirm that the dye-conjugated standards have transferred successfully.
3. Note the orientation of the membrane with respect to the position of the standards.  The surface

that was in intimate contact with the gel will carry the greatest quantities of protein, and this
will need to be identified later.

4. If further processing will be delayed by more than a day, the membranes(s) should be
dehydrated briefly in methanol, air-dried and stored at 4 °C until further processed.  Otherwise,
they may be stored in TTBS {Solution 49} at 4 °C.

Amido black membrane staining/destaining Method 21
1. Membranes are rinsed briefly in TTBS {Solution 49} and stained in sufficient amido black stain

{Solution 44} to cover them fully for ~5 min with agitation.
2. Once stained, the excess amido black solution can be saved for reuse and the membranes

destained briefly in two or three changes of amido black destain solution {Solution 45} until the
protein banding is sufficiently clear.

3. Optionally, the stained membranes can be digitally imaged.
Blocking Method 22

1. If necessary, wet the membrane(s) briefly in methanol, and rehydrate in TTBS {Solution 49}.
2. Make 10 mL of blocking solution {Solution 46} per gel.
3. Transfer the membrane(s), protein side up, to the blocking solution.  Block for 1 h at ambient

temperature with moderate agitation, or overnight at 4 °C.
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Primary antibody attachment Method 23
1. Discard the bulk of blocking solution, retaining a measured quantity sufficient to submerge the

membrane(s) fully (2 – 5 mL per membrane).
2. Add stock primary antibody to the retained blocking solution to yield the working concentration

{E.3}.
3. Soak the membrane(s) for 1 – 2 h {E.3} with moderate agitation.
4. It may be possible to reuse the antibody solution a few times.  Experience is the best guide here.

If it is to be stored, do so at 4 °C, otherwise, discard.
5. Wash twice briefly with TTBS (5 – 10 mL per membrane {Solution 49}).
6. Wash three times with TTBS (5 – 10 mL per membrane {Solution 49}) for 5 min each time with

moderate agitation.
Secondary antibody complex attachment (HRP-conjugated antibody) Method 24

1. Wash twice briefly with TTBS (5 – 10 mL per membrane {Solution 49}).
2. Wash three times with TTBS (5 – 10 mL per membrane {Solution 49}) for 5 min each time with

moderate agitation.
3. Add a measured volume of TTBS {Solution 49} sufficient to submerge the membrane(s) fully.
4. Add 2° antibody to give the required working concentration {E.3}.
5. Soak the membrane(s) for 1 h with moderate agitation.

Secondary antibody complex incubation (avidin/biotin kit {E.2}) Method 25
The protocol departs here from the manufacturer’s recommendations in order to reduce non-specific
binding.  Whereas the recommendation is to apply the biotinylated secondary antibody in the presence
of normal serum, better results are obtained if these steps are separated.  Furthermore, the amounts of 2°
antibody can be reduced dramatically, also improving the signal to noise ratio.

1. Soak the membrane(s) in TTBS (10 mL per membrane {Solution 49}), to which normal serum (300
µL per membrane) has been added, for 1 h with gentle agitation.

2. Add the biotinylated 2° antibody (5 µL per membrane) and continue soaking for 45 min.
3. After 30 min of this soaking time, prepare the avidin-biotinylated-HRP conjugate (ABC)

according to the manufacturer's instructions by adding two drops each of the ‘A’ solution
(avidin) and the ‘B’ solution (biotinylated-HRP) to TTBS (5 mL per membrane {Solution 49}).
Mix by inversion and allow to stand for 30 min.

4. After the attachment of the 2° antibody is complete, wash the membrane(s) in TTBS as described
above.

5. When this is complete, the ABC complex will have formed.  Add TTBS (5 mL per membrane
{Solution 49}) to the ABC.

6. Soak the membrane(s) in the ABC solution for 45 min with moderate agitation.
7. Wash the membrane(s) as described above.

Detection Method 26
1. Gather together the following: the membrane(s) in their last TTBS wash; ECL reagents (2 mL per

membrane of each {E.2}, in separate tubes); X-ray film; timer; two sheets of plastic such as
overhead projection transparencies; forceps; paper towels; a tube for waste liquid; a shallow dish
in which the membrane(s) can be laid flat without overlapping; and a suitable working surface
such as an autoradiography film cassette.

2. Proceed to a darkroom equipped with an X-ray film developer.
3. Set up the working surface and place one of the sheets of plastic on it.
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4. Using the forceps, remove the membrane(s) from their TTBS wash and drain by briefly placing
one edge onto a paper towel.  Discard the TTBS into the waste tube.

5. Arrange the membrane(s) protein side up in the shallow dish without overlapping them.
6. Set the timer for one minute, but do not activate it.
7. Pour one of the ECL reagents into the other and mix by inversion.
8. Pour equal amounts of the mixed ECL reagents into the centre of each membrane and carefully

disperse it across the surface(s).  Start the one-minute timer.
9. At the expiry of the one minute, drain each membrane thoroughly, as above, to reduce

background signal, and place it, protein side up, on the plastic sheet.
10. Use the second plastic sheet to cover the membrane(s).
11. In darkness, remove a piece of X-ray film from its packet and lay it on top of the enclosed

membrane(s) to be exposed.  Initial exposure time should be ~5 s for avidin/biotin based
detection, and 5 min for direct-conjugated HRP detection.

12. Develop and inspect the film.  If necessary, perform additional exposures for different times to
obtain the optimal result.  If the initial signal is too strong, wait for a time and try again as the
light output of the ECL reaction peaks at about 1 min and declines over a period of ~1 h.

13. Discard the spent ECL reagents into the waste tube.
Membrane storage Method 27
Membranes may be rinsed in TTBS {Solution 49}, dehydrated briefly in methanol, air-dried, and stored at
4 °C for further analysis if required.

Reuse of membranes Method 28
It is possible to strip primary antibodies and detection reagents from membranes to allow sequential re-
probing.  This can be done a number of times, but some sensitivity is lost.

1. If necessary, rewet the membrane in methanol followed by TTBS {Solution 49}.
2. Incubate the membrane in a large volume of membrane stripping buffer (10 – 20 mL {Solution

48}) at 50 °C for 1 h with gentle agitation.
3. Wash thoroughly with TTBS {Solution 49} and proceed to the 1° antibody attachment step.

B.11 Flow cytometric analysis of cellular DNA content
Method in brief Method 29
Cells are harvested, by trypsinisation in the case of adherent cells, washed, counted and fixed at a
density of 5 x 108 cells/L in 90% v/v methanol at –20 °C for more than 8 h.  For each analysis 106 cells (2
mL) are taken in suspension, gradually rehydrated, and washed.  They are treated with RNase A, and
stained with propidium iodide (PI).  They are then run on a flow cytometer.

For the quantitative analysis of DNA ploidy, human peripheral blood leukocytes are processed similarly
and run, either in parallel, or internally, as a standard.

Method in detail
Fixation of cells Method 30

1. Harvest cells by trypsinisation {Method 4}.
2. Wash {Method 3} in PBS {Solution 6}.
3. Count cells by haemocytometer or electronic particle counter {E.1}.
4. Centrifuge (~200 G, 5 min), and discard the supernatant.
5. Resuspend the cell pellet in PBS (200 µL per 106 cells, 4 °C {Solution 6}).

See A.5 for
background
information.
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6. Add methanol (1.8 mL per 106 cells, –20 °C) drop-wise with vigorous vortexing.  The correct
execution of this step is essential for the minimisation of cell clumping.

7. Hold at –20 °C for at least 8 h.  There is no practical upper limit to storage time in this state.
Propidium iodide staining Method 31

Caution: Propidium iodide is a mutagen.
Suitable handling procedures must be used.

This procedure is appropriate for the treatment of 106 cells fixed in 2 mL of methanol/PBS.  The key to
success here is the sequential rehydration of the cells.  Simply pelleting the cells and resuspending in PBS
leads to major cell losses through the strong adhesion of cells to the tube walls, and to the formation of
cellular aggregates not suitable for flow cytometric analysis.  The inclusion of FCS also assists in
preventing these problems.

Some authorities recommend a prolonged (~30 min) staining with propidium iodide.  This is
unnecessary as the PI binds the DNA after just a few seconds (data not shown).  Where cell-cycle
analysis is intended, a lower PI concentration may be used.  Where ploidy analysis is the goal, a higher
concentration must be used.
For each sample of 106 cells in 2 mL of methanol/PBS:

1. Add FCS/PBS (2% v/v, 1 mL {Solution 22}).
2. Allow to stand for 5 min to rehydrate partially.
3. Add FCS/PBS (2% v/v, 1 mL {Solution 22}).
4. Allow to stand for 5 min to rehydrate further.
5. Centrifuge (~200 G, 5 min) and discard the supernatant.
6. Wash the cells {Method 3} in FCS/PBS (2% v/v, 4 mL {Solution 22}).
7. Resuspend in FCS/PBS (2% v/v, 200 µL {Solution 22}).
8. Add RNase A (5 g/L, 10 µL {Solution 24}).
9. Incubate (20 min).
10. Add FCS/PBS (2% v/v, 2 mL {Solution 22}.)
11. Centrifuge (~200 G, 5 min), and discard the supernatant.
12. Resuspend in EDTA/PBS (100 µmol/L, 500 µL {Solution 21}).
13. Add propidium iodide solution (1 g/L, 5 – 25 µL {Solution 23}).

DNA sequencing Method 32
Completed PCR reaction solutions are purified with commercial resin spin-columns {E.2} according to
the manufacturer's instructions, DNA concentration assessed either spectrophotometrically or by
electrophoresis with mass standards, adjusted to a suitable value by dilution with DNase-free water, and
sequenced bi-directionally {E.1} using the PCR primers.  The resultant electropherograms are inspected
with Editview software {E.9} and sequence data adjusted, where necessary, with Editseq {E.9}.  Sequence
alignments are performed with Megalign {E.9}.
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Methodology (V3)
B.12 Methods for cell culture
Detection of mycoplasma contamination in cell cultures Method 33
Mycoplasma contamination is a relatively common occurrence in cell culture1596, and it has been
estimated that perhaps 30% of cultures may be thus contaminated, generally without the experimenter's
knowledge, as this contamination is not obvious under routine phase contrast inspection of cultures.
Suspicion may be aroused by observing changes in proliferation rate or cellular morphology, or by an
increase in cell death resulting in the accumulation of debris in cultures; however contamination may
also be cryptic.  Since such contamination can have significant effects on cellular metabolism, the
presence of mycoplasma can render the conclusions of many experiments undertaken with
contaminated cells invalid.  When contamination is suspected, or as a matter of routine, specific testing
must be undertaken.

1. Establish cells in αMEM supplemented with 10% v/v FCS, but unsupplemented by any
antibiotics.

2. Maintain in culture for two weeks, passaging {Method 2} as necessary.
3. After this time, conditioned supernatant medium from the culture can be assayed by PCR using

mycoplasma specific primers1671 ®1677, or with a commercial kit, such as that from Roche {E.11}.  If
testing is delayed, the supernatant may be stored at –20 °C until required.

It must be borne in mind that mycoplasma can be insidious, and a lingering infection can occur at a level
below that detectable by some methods.  In addition, not all strains of mycoplasma are necessarily
detected by all testing procedures.  Retesting, perhaps with multiple methods, may be necessary where a
high degree of confidence is required, or where anomalous growth continues to be observed in
putatively clear cell-lines.

Elimination of mycoplasma contamination from cell cultures Method 34
If detected, mycoplasma can generally be eliminated through the use of appropriate antibiotics, although
this can prove difficult, and cultures may have to be discarded.  The method adopted here is to treat with
the antibiotic ciprofloxacin.  This is reported to be 70% effective in eliminating mycoplasma
contamination1679.

1. Establish cells in αMEM supplemented with 10% v/v FCS and ciprofloxacin (20 mg/L {Solution
63}).

2. Maintain in culture for two weeks, passaging {Method 2} as necessary.
3. On the first passage after this time, establish two parallel cultures, one in αMEM supplemented

with 10% v/v FCS and normal antibiotics (Solution 11), and one in αMEM supplemented with
10% v/v FCS, but unsupplemented by any antibiotics {Solution 62}.  The intention of
establishing the first culture is to protect against loss of the hopefully successfully treated culture
to other bacterial contamination; that for the second is to encourage any residual contamination
to develop further so that it can then be detected, and treatment can be shown to have failed.

4. Maintain each in their respective media, passaging {Method 2} as necessary.
5. After two weeks, test the supernatant medium from the culture maintained in the absence of

antibiotics for contaminating mycoplasma {Method 33}.  If it is clear, either of the cultures can be
used as the basis for experimental work.  If the result is positive for contamination, either culture
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may form the basis for treatment by other procedures, or both may be discarded and a new
source for the cell-line found, or in the worst case, experimental work on that line abandoned.

Growth of adherent cells on glass coverslips Method 35
1. Store 22 mm x 22 mm coverslips in 70% v/v ethanol {Solution 4}.
2. Using a forceps, remove a coverslip and place it into a sterile 35 mm diameter plastic culture

dish.
3. Rinse the coverslip twice with sterile PBS {Solution 6}.
4. Seed the dish with cells at a relatively low density,  ~5 x 104 cells in 2 mL of αMEM

supplemented with FCS and antibiotics {Solution 11}.
5. Incubate.  The cells should adhere and adopt a normal morphology within a day.

B.13 Methods for cell fixation
Fixation of adherent cells on glass coverslips Method 36

1. Remove the supernatant medium from the coverslip by aspiration.
2. Rinse gently with PBS (1 mL {Solution 6}) to remove debris and serum proteins.  Remove the

PBS by aspiration.
3. Carefully add buffered formaldehyde fixative (100 µL {Solution 64}) to the coverslip, ensuring

that it is completely covered.  Surface tension should prevent the fixative from dispersing
beyond the edges of the coverslip.

4. Leave to fix for 20 min at ambient temperature.
5. After this time, remove the fixative by aspiration.
6. Gently rinse the coverslip twice with PBS (1 mL {Solution 6}) by addition and aspiration.

Immunofluorescent staining {Method 44} can proceed immediately from this point.  If there is to
be a delay before processing, then:

7. Gently add PBS/antibiotics (2 mL {Solution 67}) and replace the lid of the dish.
8. Store at 4 °C until required.

B.14 Methods for extraction
Precipitation of DNA with sodium acetate and isopropanol Method 37
The basis of the salt/alcohol method of nucleic acid precipitation lies in the use of a cation to neutralise
the charge on the sugar-phosphate backbone, and the introduction of a low dielectric solvent to greatly
enhance the mutual affinity of the polyanionic DNA and the cation in order that insoluble ion-pairs
form.  Isopropanol, having a lower dielectric constant, can provide the same effect as ethanol with lower
volume, often allowing a precipitation to be performed in a 1.5 mL microcentrifuge tube.  Although the
dielectric constant falls further at low temperatures, it is usually unnecessary to refrigerate the mixture to
achieve precipitation, although this can be useful where the concentration of DNA is low.

1. For each volume of DNA solution, add 0.1 volumes of sodium acetate (3 mol/L, pH 5.5 {Solution
55}).

2. For each volume of DNA solution, add 1 volume of isopropanol.
3. Mix by repeated inversion, during which the DNA should precipitate.
4. Where DNA content is high, the precipitate may be recoverable with a pipette tip or similar, in

which case, transfer it to a new tube; otherwise, centrifuge (~16 000 G, 10 min) to form a pellet,
then carefully drain the supernatant.

5. Optionally, wash the DNA in ethanol (80% v/v, 1 mL {Solution 5}) for 10 min with gentle
agitation, then either recover the DNA with a pipette tip or centrifuge as above.

6. Allow the residual alcohol to evaporate by standing the open tube inverted for 10 min.  Do not
over-dry.
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7. Dissolve the DNA in an appropriate volume of a suitable buffer such as TE {Solution 20}.
Agitation and heating (50 °C, 1 h) may be necessary to ensure complete dissolution.

Activation of sodium vanadate for use as a phosphatase inhibitor Method 38
Sodium vanadate should be depolymerised to maximise its efficacy as an inhibitor of tyrosine
phosphatases.  The following method is intended to achieve this.

1. Dissolve sodium orthovanadate (Na3VO4, 920 mg) in water (~45 mL) to form a solution of
concentration greater than 100 mmol/L.

2. Adjust to pH 10.0 with concentrated hydrochloric acid or sodium hydroxide as required. The
solution should turn yellow.

3. Boil until the solution becomes colourless (~10 min).
4. Adjust to pH 10.0 with concentrated hydrochloric acid or sodium hydroxide as required.
5. Repeat the previous two steps until the solution remains colourless and the pH no longer

requires adjustment.
6. Adjust the volume to 50 mL by the addition of water, forming a solution of 100 mmol/L

concentration.
7. Divide into 9 portions of 5 mL and 5 portions of 1 mL, and store at –20 °C.
8. Thaw and use solution from successive 1 mL portions until they are exhausted, then thaw

successive 5 mL portions and divide into 1 mL portions for further use.

Protein extraction Method 39
All processing should be carried out on ice with chilled reagents.  As far as is practicable, protein extracts
should be maintained on ice while in use, and stored at –80 °C.  This method is for the extraction of
protein from a batch (1 – 10) of P100 tissue culture plates containing adherent cells.

1. Place on ice: ~500 mL of sterile PBS {Solution 6}, and twice as many autoclaved microcentrifuge
tubes of 1.5 mL capacity as there are plates in the batch.  Have available a large beaker to receive
waste supernatant medium.  Have available another beaker (~ 500 mL capacity) containing PBS
(~ 250 mL) for cell scraper rinsing.

2. Calculate the volume of extraction buffer required for the batch on the basis of 1 mL for each
densely occupied plate and 500 µL for each sparsely occupied plate.

3. To this volume of chilled extraction buffer containing phosphatase inhibitors {Solution 66}, add
0.01 volumes of protease inhibitor cocktail {E.16}.

4. Remove plates to be harvested from incubation and place immediately on ice.
5. Decant culture medium from all plates into the large beaker and return the plates to ice.
6. Rinse each plate carefully with ice-cold PBS twice (~5 mL each rinse).  After the last rinse, place

the plates at an angle for ~ 1 min, embedded in ice, to allow any remain PBS to pool, and then
remove this by aspiration.

7. For each plate in the batch, add half of the volume of extraction buffer containing phosphatase
and protease inhibitors required for the plate, and distribute this across the surface.  Allow the
plate to sit on ice for 5 min.

8. Using a sterile cell scraper vigorously {E.16}, dislodge all visible cells from the plastic substrate
and collect them at the lowest point of the plate, tilting this while still embedding it in ice to
facilitate this.

9. Transfer the extract to a chilled microcentrifuge tube with a pipette and hold the tube on ice.
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10. Repeat from step 7 using the other half of the designated buffer volume and collecting the new
material in the same microcentrifuge tube.  Discard the plate and vigorously rinse the cell
scraper in the PBS prepared for this purpose above.

11. Repeat the necessary steps for each plate in the batch.
12. When all plates have been harvested, vigorously mix each extract by vortexing for ~ 30 s, then

return to ice for a minimum of 5 min.
13. Centrifuge the extracts (16 000 G, 10 min, 4 °C) and transfer the supernatants to new chilled

tubes.  Optionally, retain the insoluble pellet and store at –80 °C.
14. Transfer the extracts to –80 °C storage.
15. Treat the contents of the beakers containing the waste culture medium and the PBS rinse with

hypochlorite and discard.

Protein concentration by ultrafiltration Method 40
This method is for the concentration of protein extracts of less than 500 µL volume using centrifugally-
driven membrane ultrafiltration devices {E.16} with a molecular weight cut-off of 3 kD.

1. Thaw protein samples on ice, and chill the appropriate number of devices and microcentrifuge
tubes of 1.5 mL capacity.

2. Add a maximum of 500 µL of each extract to be concentrated to the upper chamber of a device,
keeping both extract stock and devices on ice as much as is practicably possible.

3. When all are loaded, centrifuge the devices (16 000 G; 1 h; 4 °C).
4. Transfer the retentates to new chilled tubes.  To maximise recovery, wash the retentate across the

filter membrane several times before transferring it to the new tube.  If there is no visible
retentate due to low initial protein concentration, use 20 µL of chilled protein extraction buffer
with added phosphatase and protease inhibitors {See Method 39, step 3} to dislodge protein from
the surface of the membrane and transfer this to the new tube.

5. Discard eluates and used devices.
6. Transfer the retentates in their new tubes to –80 °C storage.

B.15 Methods for quantitation
Protein determination using the bicinchoninic acid method Method 41
Depending on the actual concentration of the protein solution to be quantitated, the dilution necessary to
keep the resulting absorbance measurements on scale and in the linear range may vary.  The dilution
described here proved satisfactory for protein extracts after concentration by centrifugally-driven
ultrafiltration {Method 40}.  Standards and samples for quantitation should be run in at least duplicate,
with triplicate being preferred.  The format used is based on the 96-well tissue culture plate, so a suitable
plate handling spectrophotometer is required.  Ideally a set of standards should be included on each
plate used.
Notes: Primary protein extracts should be held on ice to the greatest possible extent throughout the
procedure.  Pipetting should be done with care to prevent the generation of bubbles in the wells as these
can interfere with the spectrophotometry.  A multichannel pipette can be a useful tool in carrying out
reagent additions, but is better avoided in the creation of the standard dilution series.

1. If necessary, thaw the protein extracts to be quantitated and the BSA standard {E.14} solution on
ice.

2. Two or three columns per plate are reserved for protein standards.  Into each well of these
columns, place sodium hydroxide solution (1.0 mol/L, 50.0 µL {Solution 58}).
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3. Into each well to be used for quantitation of a protein extract, place sodium hydroxide solution
(1.0 mol/L, 47.5 µL {Solution 58}).

4. Into each of the two or three wells to be used for the highest standard protein concentration, add
BSA standard solution (2.00 g/L, 50.0 µL {E.14}), and mix gently.

5. Beginning with a well containing the highest standard concentration, draw up 50 µL of liquid,
transfer it to the well in the standard series to have the next lower concentration, and gently mix
the well contents.

6. Repeat the previous step until protein has been transferred to the second to last well for the
standard series, then withdraw and discard 50.0 µL from this well.  This leaves one well per
standard series with no protein added to act as a blank.

7. Create the replicate standard dilution series similarly.
8. Add 2.50 µL of each protein extract to be quantitated to replicate wells containing 47.5 µL of 1.0

mol/L sodium hydroxide solution and mix carefully.  Particular care must be taken with
pipetting technique to ensure accuracy.  This effects a 1 in 20 dilution of the protein sample.

9. Return primary protein extracts to –80 °C storage.
10. Each well, either standard or unknown, will require 100 µL of prepared BCA reagent.  Prepare a

suitable volume by adding 1 volume of copper sulphate solution (4 % w/v {Solution 68}) to 49
volumes of BCA {E.15}, and mix gently but thoroughly.  For one full 96-well plate, suitable
volumes are 200 µL of copper sulphate solution and 9.80 mL of BCA.

11. Add prepared BCA reagent to each well (100 µL), using a multichannel pipette if preferred.
12. Incubate the plate(s) for 30 – 60 min at 37 °C.  Ensure that the spectrophotometer to be used is

turned on so that it has time to stabilise before use.
13. After incubation, read and record the absorbance of each well, ideally at 562 nm, but any

wavelength in the range 540 – 590 nm is satisfactory.
14. Construct a calibration curve from the readings for the replicate standards and blanks by

determining the least-squares line of best fit for the standards.  If the curve is not linear at high
concentration, ignore those points when constructing the curve.  Calculate the concentrations for
the unknowns from the regression equation for the standard curve, adjusting for the dilution
made during preparation of the plate.  If any measured absorbances for unknowns fall outside
the linear portion of the standard curve, the assay must be repeated for these samples using a
different dilution factor.

Membrane staining with Ponceau S Method 42
1. Place membranes to be stained flat in a dish.
2. Add sufficient Ponceau S stain {E.16} to cover the membranes.
3. Agitate by gentle rocking for 5 min.
4. Recover the stain, which can be reused many times.
5. Remove excess stain from each membrane with four brief washes in water.
6. Dry the membranes by placing them protein side uppermost on a paper towel, either at ambient

temperature or at 37 °C for 10 min.
7. Optionally, make a photographic record of the staining.
8. Destaining is often not specifically required, as this will usually happen spontaneously when

next the membrane is used.  If desired, membranes can be destained by gentle agitation in TBS
{Solution 61}.
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B.16 Methods for Western blotting
Chemiluminescent detection using the Fujifilm LAS-3000 Method 43

1. If thought necessary, make a booking to use the LAS-3000 imaging system.
2. Gather together: membranes to be imaged in TBS or TTBS, sufficient of each of the two

components of the detection reagent {E.16} still unmixed, paper towels, P1000 pipette and tips, a
timer, a clean forceps, and a transparent acetate sheet or similar, and proceed to the LAS-3000.

3. If, or when, the instrument is free, start the interface software and begin cooling the CCD
camera.  This will take ~5 min.  Via the software, adjust the tray height as appropriate for the
size and number of membranes to be imaged, and set the acquisition method for
chemiluminescence and the capture mode to incremental with 10 s intervals and high sensitivity.

4. Combine the two components of the detection reagent.
5. With a forceps, drain the membranes by holding an edge against a paper towel, and arrange the

membranes on the transparent sheet.
6. Apply the mixed detection reagents to the membranes.  Surface tension should retain the

reagents on the membranes.  Start a 5 min timer.
7. On expiration of the 5 min period, gently drain the detection reagent from the membranes by

drawing it off from an edge using a paper towel, and place the membranes still on the plastic
sheet into the LAS-3000.

8. If the camera has not yet cooled to operating temperature and stabilised, wait until it has.
Adjust the focus using the interface software and the positioning of the membranes under the
camera.

9. Commence image capture.  Monitor each image and stop acquisition when the signal is
sufficiently strong, and certainly before it becomes oversaturated, as indicated by colour coding
of pixels.  Do not yet move the membranes.

10. Select from the images stored that which most appeals, and save it.  If quantitation of bands is to
be undertaken, this must be saved in the proprietary Fujifilm image format.  Alternatively, or in
addition, for downstream general image manipulation, the 8-bit TIFF format should be used.

11. If dye-conjugated markers have been used, change the acquisition method to "epi", and the
capture mode to "precision" with an exposure time of 1/60 s.  Capture and save a single image of
the membranes.  Since the membranes were not moved between the chemiluminescent capture
and the epi-illumination capture, the images saved will be directly superimposable, and the
marker images can be simply digitally added to the chemiluminescent image in their correct
relative positions.

Note:  If prolonged exposures prove to be required, a layer of plastic wrap can be placed over the
membranes during exposure to prevent drying.  Alternatively, TBS can be layered onto the membranes
once they are in place under the camera.

B.17 Methods for immunofluorescent labelling
Immunofluorescent labelling of cells fixed on coverslips Method 44
This procedure is for the fluorescent immunolabelling of cells for DNA, α-tubulin, and pericentrin.
Either of two methods of labelling for DNA may be used.  In the first, the coverslips are initially
incubated with Hoechst 33342.  In the second, DNA labelling is achieved through the use of a mountant
that contains DAPI.  However, it was found that under the intense illumination associated with the 100x
oil immersion objective lens in use, the DAPI-containing mountant rapidly discoloured, obliterating
contrast with the stained DNA within a minute.  It is thought that the unbound DAPI in the mountant
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was oxidising either in response to the UVR or to the heat associated with the illumination.  As a result,
use of the DAPI mountant was abandoned, despite its marginally greater convenience, and the bulk of
the work was performed using Hoechst staining, which provided better contrast and structural imaging.

Since fluorescent compounds are used, it is important to reduce the light levels of the work environment
from the first step in which one is introduced, and to protect the samples from light as far as is
practicable from that point.

1. If the coverslip has been stored at 4 °C, rather than processed immediately after fixation, then
check by phase contrast microscopy to confirm cellular integrity and freedom from microbial
growth.  Proceed only if these are satisfactory.

2. Gently wash the coverslip twice in PBS (1 mL {Solution 6}) by addition and aspiration.
3. If mountant with DAPI is to be used, omit the next several steps, and resume at step 9.
4. Work in reduced lighting from this point on.
5. Add Hoechst 33342 (10 mg/L in saline, 100 µL {Solution 70}), ensuring that the coverslip is

completely covered.
6. Allow to stand for 10 min.
7. After this time, remove the Hoechst 33342 solution by aspiration.
8. Wash twice gently with PBS (1 mL {Solution 6}) by addition and aspiration.
9. Permeabilise by adding KB buffer including 0.2% v/v Triton X-100 (100 µL {Solution 74}) and

allow to stand for 5 min.
10. Rinse, by the addition of KB buffer (1 mL {Solution 72}) and aspiration.
11. Add KB buffer (1 mL {Solution 72}) and allow to stand for 5 min.  This is a non-specific binding

blocking step that utilises the BSA component of the KB buffer.
12. After this time, remove the KB buffer by aspiration.
13. Add mixed primary anti-α-tubulin and anti-pericentrin antibodies (100 µL {Solution 76}).

Ensure that the entire coverslip is covered.  Allow to stand at ambient temperature for 1 h.
Alternatively, comparable results may be achieved more quickly by incubating at 37 °C for 30
min.

14. After this time, remove the primary antibodies by aspiration.
15. Rinse once with KB buffer (1 mL {Solution 72}) by addition and aspiration.
16. Add KB buffer (1 mL {Solution 72}) and allow to stand for 5 min.  This is a further blocking step.
17. After this time, remove the KB buffer by aspiration.
18. If mountant with DAPI is to be used, reduced lighting must be used only from this point.
19. Add mixed secondary Alexa Fluor 488 conjugated anti-mouse and Alexa Fluor 594 conjugated

anti-rabbit antibodies (100 µL {Solution 75}).  Ensure that the entire coverslip is covered.  Allow
to stand for 30 min.

20. In anticipation of its use, remove the anti-fade mountant from –20 °C storage and allow it to
warm to ambient temperature slowly.  This is a requirement for its correct function.

21. After the 30 min secondary antibody incubation period, remove the supernatant secondary
antibody mixture by aspiration.

22. Gently wash the coverslip three times with PBS (1 mL {Solution 6}) by addition and aspiration.
23. Add PBS (1 mL {Solution 6}).  This is a fourth wash step, but rather than aspirate the PBS, it is

easier to remove the coverslip in the next step with the PBS still present.
24. Using a forceps, or other pointed implement, carefully raise one edge of the coverslip until it can

be grasped by the edges with a gloved hand.
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25. Remove the coverslip from the PBS, drain briefly, and transfer it to a paper towel on a small tray,
keeping the face with the cells attached uppermost.

26. Allow the coverslip to dry fully.  This is an important requirement for correct function of the
mountant.

27. When the coverslip has dried, apply a drop (~15 – 25 µL) of mountant, with or without DAPI
additive as appropriate, to the centre of a clean glass microscope slide, doing so without forming
bubbles.

28. Handling the coverslip only by the edges, position one edge against the slide in such a way that
when the opposite edge is lowered, the drop of mountant will come into contact with the centre
of the face of coverslip to which the cells are attached.

29. Gently and slowly lower the coverslip.  The mountant should move to fill the entire space
between the slide and the coverslip.  Experience is the best guide as to the size of drop required.

30. Apply a small drop of nail varnish to each corner of the coverslip so that when it dries it will
hold the coverslip in place.

31. Return the mountant to –20 °C storage.
32. Allow the mountant to cure for a period of 1 d in the dark at ambient temperature.
33. When cured, the edges of the coverslip should be sealed with nail varnish and this be allowed to

dry.
34. Slides should be stored at 4 °C or –20 °C in darkness until required.

B.18 Methods for immunofluorescent microscopy image processing
File format selection
By far the most commonly used format for image files is that defined by the Joint Photographic Experts
Group, known as JPEG.  It allows variable compression of single layer image data, but does so in a lossy
manner.  An often overlooked aspect of this is that every time such a file is saved, the image quality
degrades further, as existing compression artefacts contribute to further compression artefacts.  JPEG
format is therefore unacceptable for any file intended to be archived or modified, and that includes files
in an image processing workflow.  Its use should be limited to the distribution of images where greatly
reduced file size is an overriding priority, usually in order to reduce the necessary data transmission
bandwidth.

For routine storage of images during image processing, a lossless format is absolutely required, and it is
questionable whether any compression mechanism is really necessary, as the processing overhead in
compressing and decompressing images may be more of an issue than the modest increase in storage
space needed for images while they are being manipulated.  The TIFF format has many advantages in
this respect.  It supports multiple colour space models, such as RGB and CMYK, depths of up to 48 bits,
and multipage or layered images.  Furthermore, it does support a number of compression mechanisms,
both lossless, notably LZW and ZIP, and lossy using the JPEG algorithm.  On the other hand, because the
TIFF format is extremely flexible, and indeed arbitrarily extensible, inter-application or cross-platform
usage of TIFF files is not always without problems.

Once processed, a losslessly compressed format is the ideal, and where guaranteed cross-platform
operation is desirable, and 24 bit single layer RGB is satisfactory, the Portable Network Graphic format,
or PNG, is to be recommended highly.

In the general case then, images should be captured at source losslessly if possible, with TIFF and PNG
being suitable formats.  While being processed, TIFF format is best where multiple applications are to be
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used, or the native format of the image processing application used if there is just one.  For storage and
distribution, PNG is the format of choice.  Only where extremely high compression is needed and loss of
detail is tolerable should JPEG be considered.

Image processing software
Three software applications warrant specific mention: Adobe Photoshop, NIH ImageJ, and Lemkesoft
GraphicConverter {Table E–18}.

Photoshop is an immensely powerful and stable program that is justifiably and indisputably the premier
non-specialist image processing application available.  It should be the first choice for any person
considering more than casual editing or manipulation of images, and while relatively expensive,
represents very good value.  Of particular merit is the facility to work with multiple image layers in one
document, and produce derivative images that comprise a blend of these superimposed according to
simple or complex rules.  In the current context of the processing of separately captured images of the
same object excited by different wavelengths of light, the utility of this cannot be overstated.  The first
step in processing therefore is the importation of the individually captured images each into its own
layer of a single Photoshop document.  From there, image registration can be undertaken, simplified by
the ability to modify blending, visibility and transparency of individual layers, and brightness and
contrast can be adjusted for each layer independently, or coordinately.  Addition of scale bars, image
cropping, resizing, compositing, and compression as a final PNG product follow.

The freeware product ImageJ is also very powerful, but perhaps because it is free, it does not have the
same polish and internal consistency as Photoshop.  In particular, some important functions always
operate on all open documents.  If one should have the wrong size or format, the operation fails.  If a
currently open image is needed for further use, but needs to be excluded from an operation, then it must
be saved as a disk file and closed until being reopened when needed.  The additional steps required and
the number of disk files that are generated this way can be annoying.  ImageJ differs from Photoshop in
one important respect: it does not support layering in quite the same way, but rather implements image
stacks with only limited means for their combination.  One of these, however, is not available in
Photoshop: z-projection of multiple layers in a single operation {Method 48}, and this was used
extensively here.  Features implemented by way of plug-in modules for the rendering of three-
dimensional data produced by confocal microscopy are also available for ImageJ and were used in the
production of Figure 6–45.

One further software product deserves particular attention here, and that is GraphicConverter {E.9},
which does as its name implies, and is able to import about 200 graphic formats, and export about 80.  It
does far, far more than that, rivalling Photoshop in some respects, and it represents extraordinary value
for the modest shareware fee asked.  It is available only for the Macintosh platform.

Channel reassignment Method 45
Use of redundant data for Hoechst fluorescence
For Hoechst or DAPI labelled DNA, a significant portion of the signal falls into the range of wavelengths
recorded by the green channel of the digital camera employed.  Both to prevent crosstalk with the signal
from α-tubulin, and to utilise all the available intensity information, this green component was merged
into the blue channel to the extent that this subjectively enhanced contrast or detail.

This spectral overlap proved especially useful when it was found that owing to limitations in the image
capture system, there was a tendency for the blue channel to be over-exposed.  The rudimentary



Human metastatic melanoma in vitro

B–22

intensity metering facility available during image capture does not provide individual intensity
histograms for each colour channel, and the composite histogram that is provided has very low
resolution, perhaps only eight brightness levels.  This made it impossible to determine exposure
quantitatively and necessitated a subjective approach based on a visual assessment of two full colour
images displayed on monitors that were neither matched nor calibrated.  Exposure was set at a point
where saturation was not evident, that is, that trial increases in exposure were still resulting in greater
image brightness.  Unfortunately, this was an illusion, as it was often only the green channel that was not
saturated, and in consequence, the blue channel was often over-exposed, and many captured pixels were
at their saturation blue level of 255.  However, by virtue of the redundant information present in the
green channel, albeit with reduced dynamic range, eminently satisfactory images could be obtained by
discarding the compromised blue channel data and replacing it with that from the green through use of
the Photoshop "Channel mixer" function.

Enhancement of spectral differences - distinguishing ANABs
With the discovery of the anomalous nucleic acid bodies in NZM10
cells came a problem: the difference in fluorescence colour that was so
clear on direct observation proved very difficult to capture for the
purposes of documentation {Figure B–1}.  To address this, a method
based on colour channel reassignment was developed to bring about a
greater visible difference between objects differing only relatively
slightly colour.

The process comprises three steps, of which the first is the key to the technique's utility.  In this step, the
green channel is subtracted from the blue, while simultaneously being added to the null red channel
using the "Channel mixer" function.  Since normal nuclear Hoechst labelling produces a fluorescence
almost twice as bright in blue as it is in green, step one results in the reassignment of the typical nuclear
fluorescence colour from greenish-blue to something approximating neutral grey since, an R:G:B ratio of
0:1:2 would become 1:1:1 after reassignment.  For ANABs, which are greener, about 0:1.5:2, the result is a
ratio of 1.5:1.5:0.5, a yellow-grey.

In the second step, the "Levels" function is used to
make best use of the available brightness range,
particularly important since the blue brightness
was reduced as a result of step one.  This is done
for all channels coordinately so as not to alter the
new colour ratios by too great an extent.  These
transformations are demonstrated in Figure B–2.
The third and final step is a subjective increase of
overall colour saturation to enhance the still subtle
differences.  While these changes destroy the
original relative intensity information, the goal is to
render more visible the minor differences present,
and not numerical analysis.

There is a problem with this approach, however, but fortunately not an insurmountable one.  The
tendency to over-expose the blue channel for reasons described above, distorts the recorded ratio of

Figure B–1: ANABs

Initial Step 1 Step 2

0:0:1

0:1:2
(nuclear)

0:1.5:2
(ANAB)

0:1:1

Gradients with the initial R:G:B colour ratios
given on the left are shown before and after
the first two steps described in the text.  G:B
ratios exhibited by nuclear Hoechst
fluorescence are transformed into blue to grey
colours, whereas ratios associated with
ANABs are rendered as grey to yellow.

Figure B–2: Colour reassignment process
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green to blue: as the brightness of the ANAB
increases, the blue level may be limited to 255 as a
result of channel saturation, but the green can still
increase.  To compound the problem, since ANABs
generally are brighter than nuclei, these are more
likely to be subject to this effect.  The problem is
illustrated in Figure B–3, where the dramatic
enhancement of ANAB visibility owes more to the
saturation of the blue signal, and for most of the
ANABs present the green signal also, than it does
to the inherent difference in emission spectra.

The question then arises, is there actually any real
difference in the emission spectra of the ANABs
and normal nuclei or is the apparent change in
colour seen simply an artefact caused by blue
channel saturation, or a similar physiological effect taking place in the eye?  By sampling the intensity of
green and blue signals for pixels where neither was saturated from nuclei and ANABs, it was established
that the observed effect was physical, and not a perceptual or instrumentational artefact.  This study is
described in the experimental chapter beginning on page 6–38.

Level adjustment Method 46
Adjustment of brightness levels should not be undertaken without first considering the purpose
intended for the image.  Since this adjustment may distort both the absolute and the relative brightness
of pixels in an image, these values cannot be used for quantitative purposes after level adjustment
without the necessary corrections being made.  For display purposes, adjustment linearly to maximise
use of the available dynamic range, in effect a post-processing exposure compensation, and non-linearly,
for example to compensate for the existence of features of interest at both very high and very low
brightness levels, are both acceptable practices.

The particular instance of preparing multiple fluorescence photomicrographs representing different focal
planes and using different fluorophores for assembly into a single composite image by z-projection {See
'Image projection'} falls between the extremes of preserving relative brightness and maximally enhancing
contrast.  Rather than simply adjusting each image independently, all images in a set for the same
fluorophore should be adjusted to the same degree.  In this way, the relative brightness relationship
between objects in different focal planes is essentially maintained.  In practice, this means determining
the amount by which the most intense significant pixel in any of the images must be brightened to reach
saturation, and the amount by which the intensity of the dimmest significant pixel in any image must be
reduced to become zero, and adjusting images in the set by these amounts.  The tonal range that results
encompasses the darkest and brightest features present within the entire set, while no single image may
use the entire dynamic range available.

There is a situation where this general rule should not be applied blindly, and this is where, despite
having used the same exposure for all images in a fluorophore set, the intrinsic brightness of the signal
changed between images being captured.  The most likely situation where this can arise is in the
bleaching of fluorophores.  Here, there is a case for judicious subjective independent manipulation of

Figure 6–41 processed by colour
reassignment.  Here, the greater
enhancement is partially artefactual due to
overexposure of the ANABs causing
saturation of the blue signal.
Scale bar = 50 µm.

Figure B–3: Colour reassigned Figure 6–41
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component image brightness levels to restore the relationship that would have existed had not the
fluorophore faded.

One issue that will result from the application of this rule is that the brightness of objects cannot be
compared between different adjusted images, as the brightness range present in each will have been
expanded to use the available dynamic range, irrespective of how broad that range was in the original:
separate images of objects even with very different intrinsic brightness will end up being as bright as
each other after adjustment.  As a result, even qualitative assessments of relative brightness can only be
made where the objects being compared are in the same image.

In the current work, this effect was seen mostly in the presentation of pericentrin data.  In the great
majority of cells, pericentrin labelling of centrosomes is very bright, and so the level of background
cytoplasmic labelling appears dark in comparison.  In telophase cells, however, centrosomal pericentrin
labelling greatly diminishes, or even disappears, and after level adjustment the brightness of the
cytoplasmic pericentrin labelling appears much greater.

Image registration Method 47
When separate images for differently labelled fluorophores are captured there is often a need to combine
these component images into a single image, a process termed "compositing".  This may simply be to
conserve space, but more frequently it is in order to demonstrate the spatial relationship between
structures recorded in different component images as a result of differential fluorescent labelling.  In the
latter case, it is especially important that that spatial relationship is maintained in the compositing
process.

When well designed and maintained microscopes are used, interchange of filter blocks in order to
capture different fluorescence signals ought not to alter the optical path from a point on the specimen to
the corresponding point on the camera sensor, but in practice this does occur to a greater or lesser
degree.  There is also the possibility that in the process of performing this operation, or of adjusting the
focus, the microscope stage may be inadvertently disturbed between images intended to be of exactly the
same field.  To correct these problems, a means to align multiple images after their capture is needed, a
process termed "registration".

The mainstay image processing software application, Photoshop, has no facility to perform this
automatically.  There is a plug-in extension for ImageJ named "Turboreg" that is able to register images
that have well-defined points of similarity, but it cannot be used to register component images for
different filter blocks, as these usually have very little in common since they are intended to record
different structures through differential labelling.  A registration method using available resources was
developed that proved satisfactory, but being a painstaking computer-assisted manual process rather
than a software tool, it was quite slow and accounted for about 75% of the time required to prepare each
image.

The Photoshop document containing the channel reassigned {Method 45}, level adjusted {Method 46}
component images on separate layers is opened, and for reasons that will be described below {See 'Image
projection'}, a new layer containing only black is created as a background and is locked.  One component
image is selected as the reference against which all of the others are to be registered, and this is locked
for position.
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If multiple component images exist for any fluorophore, these are first mutually registered, beginning
with those for the same fluorophore as the reference layer.  It is best to work one layer at a time, bringing
it into register with the reference layer, or a previously registered layer.  Layers containing component
images for other fluorophores should be made invisible, as should other unregistered layers for the
fluorophore being registered.  Two methods are of value in bringing the subject layer into register with
the reference.  In the first, the visibility of the subject layer is repeatedly toggled on and off.  Any
misregistration is interpreted by the mind as movement, and the subject layer can be nudged so as to
minimise this effect.  This is analogous to the blink microscope technique used, among other things, in
the discovery of Pluto by Tombaugh in 1930.  The second method involves setting the blending mode for
the upper layer of the two to "Difference".  At each position in the resulting display, the difference
between the corresponding positions in the two component images is shown; where these are identical,
the result is black.  Hence, in the result, only those places where there is a discord between the two are
displayed.  Again, by nudging the subject layer, the size of this difference signal can be minimised, but of
course, not eliminated, as this would only be possible for identical component images.  One technique is
to align a structure that is in focus on one layer centrally within the out-of-focus halo of the same
structure on the other {Figure B–4}.  Once registered, the blending mode should be returned to "Normal".

[a] [b] [c] [d]
[a] and [b] are the component images to be registered.  [c] and [d] are their difference blends before and after
registration, respectively.  Typically, these would be displayed in the colour assigned to the fluorophore, but
are given in greyscale here to enhance contrast.

Figure B–4: Image registration using difference blending

As each successive layer for a fluorophore is brought into register, it is positionally linked to a previously
registered layer for that fluorophore, or to the reference layer if it is for the same fluorophore.  The end
result of this stage will be three independent sets of mutually registered and positionally linked
component images, one for each fluorophore.  At this point, the layers for images associated with the
fluorophore used in the reference image can be positionally locked.

The next step is to mutually register the two remaining sets of images against those for the reference
fluorophore.  Since each set is already internally registered and its layers are linked, it suffices to register
just a single image from each against any of those for the reference set; the others will remain in register.
The difference blending method can be used effectively here since the layers being operated on contain
different colours, so the contents of both are present in the result.  A slightly better approach that has a
similar effect involves adjusting the advanced blending options for the layers to be registered.  In
particular, each layer's options should be set to blend only the channel for the fluorophore it depicts.
These techniques allow the two layers to be seen superimposed, and the subject layer, and the invisible
layers linked to it, can be nudged into place, as very often a structure present in one image will
correspond to a structure or a void in another, and these features can be brought into alignment.

By exploring the various superimpositions available by altering the layer visibilities, any fine adjustment
to individual layer positions can be made.  All layers are then positionally locked and the file saved.
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There is a useful technique that can help in registering images where the contrast in one or both is poor,
as may occur where there are a few very bright structures while the bulk of the image is dark.  By
duplicating a layer and linking it to the original, it is possible to render invisible the original layer, alter
the gamma setting of the duplicate layer to enhance the contrast, register both linked layers based on the
duplicate, and then delete it, thus leaving the tonal settings of the original unchanged.

As an alternative to using layer difference blending, by inverting the upper layer and changing its
opacity to 50%, a similar effect can be obtained, but with grey as an indication of identity and the colour
displayed as in indication of which layer is contributing the signal.  Once registered, the layer is inverted
back to its original state, and its opacity returned to 100%.

Image projection Method 48
At the magnification required to resolve the structures of interest, the optical depth of field is extremely
limited.  This can render it impossible to obtain a single clear image of multiple structures at different
depths within a cell, so to record all such structures requires images to be captured from several focal
planes.  This can be true of each channel independently, so for a single observed cell, depending upon its
depth and complexity, anywhere from three to eighteen images may be necessary to capture the
information available to the observer at the microscope.  The issue then arises of how best to present this
information to provide an easily assimilable image showing all of the salient visible structures.

The approach developed for presentation of the current data relies upon the fact that an illuminated
object, in this case a fluorescently labelled structure, will appear brighter when it is in focus than when it
is not, thus, for each focal plane image, the brighter parts should correspond to objects in focus.
Combining images from multiple focal planes in such a way that the brightest points of each are
incorporated into a merged result achieves the effect of retaining all objects in focus from all focal planes.
The term for this manipulation is a maximum intensity z-projection, and this function is available in
ImageJ.  It is not a perfect method though, as contrast can be lost, and artefactual halos around bright
objects stemming from the contribution of out-of-focus images can be created.  The benefits and
deficiencies of the method can be judged from the example provided in Figure B–5, wherein images of
pericentrin labelling for five focal planes, and the resultant z-projection are given.

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 z-projection
Shown are pericentrin images for five focal planes, together with their maximum intensity z-projection.
Structures present in each are represented in the projection.

Figure B–5: Z-projection of images

No single focal plane image adequately portrays the true extent of the centrosomal aberrations present in
this cell, whereas this is immediately clear from the z-projection image, and this economical and readily
assimilable presentation more than compensates for the loss of the depth cues, the marginally reduced
contrast, and the halo artefacts.

In practice, the multiple focal plane images for all channels were imported into a Photoshop document as
separate layers, and after being spatially registered and adjusted for brightness and contrast, were
exported as individual greyscale images.  Here is where the incorporation of a black-filled layer
mentioned above becomes significant.  The registration process will probably have left transparent pixels
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on some edges of a layer, and even if the entire layer is selected, if it is copied, the transparent pixels are
not included in the copy.  If a new document is created to receive this it will have the trimmed size; if the
size of the new document is manually set and the image pasted, it will be centred and the registration
lost.  The solution is to set the layer visibilities in the source document so that only the layer to be
exported and the black background layer are visible, to select all pixels, to select only the colour channel
to be transferred and to do a merged copy.  This will effectively fill the transparent pixels with black and
maintain a constant image size.  A new file is then created, which as a result of the merged copy will be
correctly sized, and as a result of the colour channel selection will be greyscale, the merged copy is
pasted in, and the file is saved, TIFF format being appropriate here.  Each layer to be exported is treated
similarly until one greyscale image for each layer is produced with the registration intact.

For each fluorophore or colour channel, image files for all focal planes are then opened in ImageJ and
converted to an image stack, a step that would fail if the images had different sizes.  A maximum
intensity z-projection is performed on the stack, and the result saved.  When all channels have been
similarly processed, there will separate files for the three resultant projections and these can then be
merged {Method 49}.

Image merging Method 49
Image files should be maintained with registered layers separate, but derivative images with this
information merged need to be produced for presentation.  Where it transpires that only a single focal
plane image is needed or is available for each fluorophore, the layers containing the three component
images can simply be saved from Photoshop to a new file with layers merged.  Where z-projection is
carried out, it is expedient to use the ImageJ RGB merge function to perform this, after which the
composite image is saved as a new file.

Sharpening and noise reduction Method 50
Occasionally, a median noise filter may need to be applied to images to eliminate artefactual speckles
thought to be produced by the camera or image capture software.  This filtering can be done in
Photoshop or Image J, and performed on individual component images, projected images, or composite
images.  It is also an appropriate technique where there is a sparse speckled non-specific fluorescent
background signal not associated with cells that detracts from image quality.  On rare occasions,
sharpening through the use of the unsharp mask filter in Photoshop may be warranted, but this should
be used with discretion, as the introduction of artefacts can be troublesome.  Typically, sharpening of
only 2% to 5% should be considered.

Scaling and cropping Method 51
The relationship between physical distance and pixel size must be determined for each objective used,
and the objective noted for each image.  If this information is not available in the microscope or camera
documentation it can be determined by capturing images of a haemocytometer grid: patterns do vary so
care is needed.

Scale bars are easily added to Photoshop files by creating a separate layer and naming it appropriately,
for example "10 µm scale bar", constraining the rectangular selection tool to the size in pixels required to
represent the desired physical distance, using this tool to select an arbitrary region of the desired size on
the empty layer, and filling the selection, white being a good choice of fill colour for immunofluorescent
imagery.  The scale bar can then be moved independently by moving the entire layer.  The master image
file can then be saved with this new layer.
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Cropping of unwanted areas can be achieved by moving the scale bar so that it is within the area to be
retained, cropping the image, preferably using one of a set of fixed sizes rather than purely arbitrarily,
and then repositioning the scale bar as needed.  A merged copy can then be made or the file saved with
merged layers to a new file, as appropriate.  This will generally be an image that will be used for
presentation, so a compressed format such as PNG is appropriate at this point.
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C.1 General solutions

Bromophenol blue (10% w/v) Solution 1

To make 1.5 millilitres Amount Final concentration
Bromophenol blue 150 mg 10% w/v
Water to 1.5 mL
Storage: –20 °C

Citrate-buffered saline Solution 2

To make 5 litres Amount Final concentration
Sodium citrate (trisodium salt) 22.0 g 15 mmol/L
Potassium chloride 50.0 g 134 mmol/L
Water to 4.8 L
Hydrochloric acid (1 mol/L) to pH 7.6
Water to 5.0 L

Further treatment: Divide into 700 mL portions.
Autoclave to sterilise.

Storage: Ambient temperature.  Maintain sterility.

EDTA solution (500 mmol/L, pH 8.0) Solution 3

To make 1 litre Amount Final concentration
EDTA 186.1 g 500 mmol/L
Water to 900 mL
Sodium hydroxide ~20 g to pH 8.0
Water to 1.00 L
Storage: Ambient temperature.

Ethanol (~70% v/v) Solution 4

To make 1 litre Amount Final concentration
Ethanol 700 mL ~70% v/v
Water to 1 L
Storage: Ambient temperature.

Ethanol (~80% v/v) Solution 5

To make 1 litre Amount Final concentration
Ethanol 800 mL ~80% v/v
Water to 1 L
Storage: Ambient temperature.

Phosphate-buffered saline (pH 7.4) Solution 6

To make 1 litre Amount Final concentration
Sodium chloride 8.0 g 137 mmol/L
Potassium chloride 200 mg 14.9 mmol/L
Potassium phosphate (monobasic) 200 mg 27.7 mmol/L
Sodium phosphate (dibasic) 1.15 g 8.1 mmol/L
Water to 900 mL
Hydrochloric acid/Sodium hydroxide (1 – 6 mol/L) to pH 7.4
Water to 1.00 L
Further treatment: Autoclave to sterilise.
Storage: Ambient temperature.  Maintain sterility.

SDS solution (10% w/v) Solution 7

To make 1 litre Amount Final concentration
SDS 100 g 10.0% w/v
Water to 1.00 L
Storage: Ambient temperature.
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Tris buffer (100 mmol/L, pH 8.0) Solution 8

To make 1 litre Amount Final concentration
Tris buffer (500 mmol/L, pH 8.0) {Solution 9} 200 mL 100 mmol/L
Water to 1.00 L
Storage: Ambient temperature.

Tris buffer (500 mmol/L, pH 8.0) Solution 9

To make 1 litre Amount Final concentration
Tris base 60.55 g 500 mmol/L
Water to 900 mL
Hydrochloric acid (1 – 6 mol/L) pH 8.0
Water to 1.00 L
Storage: Ambient temperature.

Xylene cyanol FF (10% w/v) Solution 10

To make 1.5 millilitres Amount Final concentration
Xylene cyanol FF 150 mg 10% w/v
Water to 1.5 mL
Storage: –20 °C

C.2 Solutions for cell culture

αMEM/10% FCS/antibiotics Solution 11

To make ~450 millilitres Amount Final concentration
αMEM (sterile) 400 mL
FCS 44.0 mL 10 % v/v
Antibiotic mixture {Solution 12} 4.0 mL
Storage: 4 °C.  Maintain sterility.

Antibiotic mixture for routine cell culture (112 x) Solution 12

To make 1 litre Amount Final concentration
Penicillin-G 1.12 x 107 units 1.12 x 107 units/L
Streptomycin sulphate 11.2 g 11.2 g/L
PBS {Solution 6} to 1.0 L

Further treatment: Filter-sterilise.
Dispense into 4.0 mL portions.

Storage: –20 °C.  Maintain sterility.

Note:
Final concentration given by 4 mL added to 400 mL

medium supplemented with 10% v/v FCS will be
105 units/L penicillin and 100 mg/L streptomycin.

Trypsin (0.06% w/v) Solution 13

To make ~700 millilitres Amount Final concentration
Trypsin 500 mg 0.06% w/v
Citrate-buffered saline {Solution 2} 10 mL
Filter-sterilise.
Citrate-buffered saline {Solution 2} to 700 mL
Further treatment: Dispense into 10 mL portions.
Storage: –20 °C.  Maintain sterility.

C.3 Solutions for extraction

Ammonium acetate solution (7.50 mol/L) Solution 14

To make 100 millilitres Amount Final concentration
Ammonium acetate 57.8 g 7.50 mol/L
Water to 100 mL
Storage: Ambient temperature.

Guanidine hydrochloride solution (6.00 mol/L) Solution 15

To make 500 millilitres Amount Final concentration
Guanidine hydrochloride 287 g 6.00 mol/L
Water to 500 mL
Storage: Ambient temperature.
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Protease inhibitor cocktail (100 x) Solution 16

Caution: PMSF is a potent acetylcholine esterase inhibitor and is extremely toxic.
Suitable handling procedures must be used.

To make 10 millilitres Amount Final concentration
PMSF 50.0 mg 0.50% w/v
Leupeptin 2.00 mg 0.02% w/v
Aprotinin 1.00 mg 0.01% w/v
Ethanol 10.0 mL
Storage: –20°C

Proteinase-K (20.0 g/L) Solution 17

To make 1 millilitre Amount Final concentration
Proteinase-K 20.0 mg 20.0 g/L
Water to 1.00 mL
Storage: –20 °C

Sodium sarcosyl solution (20% w/v) Solution 18

To make 100 millilitres Amount Final concentration
Sodium sarcosyl 20.0 g 20.0% w/v
Water to 100 mL
Storage: Ambient temperature.

C.4 Solutions for storage

Cell freezing solution (2 x) Solution 19

To make 9 millilitres Amount Final concentration
αMEM/10% FCS/antibiotics {Solution 11} 5.0 mL
FCS 2.0 mL 28% v/v
DMSO 2.0 mL 22% v/v

Further treatment: Mix well.
Chill to 4 °C before use.

Storage: 4 °C.  Maintain sterility.

Tris/EDTA buffer (pH 8.0) Solution 20

To make 1 litre Amount Final concentration
Tris buffer (100 mmol/L, pH 8.0) {Solution 8} 100 mL 10 mmol/L
EDTA solution (500 mmol/L, pH 8.0) {Solution 3} 200 µL 100 µmol/L
Water to 1 L
Storage: 4 °C

C.5 Solutions for flow cytometry

EDTA/PBS (100 µmol/L) Solution 21

To make 500 millilitres Amount Final concentration
EDTA (tetrasodium salt) 19.0 mg 100 µmol/L
PBS (pH 7.4) {Solution 6} to 500 mL

Note: Use of the tetrasodium EDTA salt minimises impact
on the final pH.

Storage: Ambient temperature.

FCS/PBS (2% v/v) Solution 22

To make ~500 millilitres Amount Final concentration
PBS (pH 7.4) {Solution 6} 500 mL
FCS 10 mL 2% v/v
Storage: 4 °C.
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Propidium iodide solution (1.00 g/L) Solution 23

Caution: Propidium iodide is a mutagen.
Suitable handling procedures must be used.

To make 1 millilitre Amount Final concentration
Propidium iodide 1.00 mg 1.00 g/L
Methanol 500 µL 50% v/v
Dissolve.
Water 500 µL 50% v/v
Storage: 4 °C, in a dark bottle.

RNase A (5.0 g/L) Solution 24

To make 5 millilitres Amount Final concentration
RNase A 25.0 mg 5.0 g/L
Water 5 mL
Storage: 4 °C.

C.6 Solutions for DNA electrophoresis

Ethidium bromide (10.0 g/L) Solution 25

Caution: Ethidium bromide is a potent mutagen.
Suitable handling and disposal procedures must be used.

To make ~5 millilitres Amount Final concentration
Ethidium bromide 50.0 mg 10.0 g/L
Water 5.0 mL
Storage: 4 °C, in a dark bottle.

Ethidium bromide stain (1.0 mg/L) Solution 26

Caution: Ethidium bromide is a potent mutagen.
Suitable handling and disposal procedures must be used.

To make 500 millilitres Amount Final concentration
TAE buffer (50 x) {Solution 29} 10.0 mL 1 x
Ethidium bromide (10.0 g/L) {Solution 25} 50 µL 1.0 mg/L
Water to 500 mL
Storage: Ambient temperature, in a dark bottle.

Formamide loading buffer (2 x) Solution 27

To make ~50 millilitres Amount Final concentration
Formamide (deionised) 50.0 mL
EDTA (disodium salt) 372 mg 20 mmol/L
Bromophenol blue (10% w/v) {Solution 1} 250 µL 0.05% w/v
Xylene cyanol FF (10% w/v) {Solution 10} 250 µL 0.05% w/v
Further treatment: Divide into 1.5 mL portions
Storage: –20 °C.

TAE loading buffer (5 x) Solution 28

To make ~2 millilitres Amount Final concentration
TAE buffer (50 x) {Solution 29} 200 µL 5 x
Xylene cyanol FF (10% w/v) {Solution 10} 10 µL 0.05% w/v
Glycerol 500 µL 25% v/v
Water 1.3 mL
Storage: –20 °C.

Tris/acetic acid/EDTA buffer (TAE) (50 x) Solution 29

To make 1 litre Amount Final concentration
Tris base 242.2 g 2.00 mol/L
Acetic acid (glacial) 57.2 mL 1.00 mol/L
EDTA solution (500 mmol/L) {Solution 3} 100.0 mL 50.0 mmol/L
Water to 1.00 L
Further treatment: Autoclave to sterilise.
Storage: Ambient temperature.
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Tris/borate/EDTA buffer (TBE) (10 x) Solution 30

To make 1 litre Amount Final concentration
Tris base 107.8 g 890 mmol/L
Boric acid 55.0 g 890 mmol/L
EDTA 7.44 g 20 mmol/L
Water to 1.00 L
Storage: Ambient temperature.

Notes:
pH will be ~8.3.
May precipitate during storage.  This can be prevented

by autoclaving.

C.7 Solutions for protein electrophoresis

Protein sample loading buffer Solution 31

To make 100 millilitres Amount Final concentration
Tris-SDS buffer (pH 6.8, 4 x) {Solution 33} 12.5 mL 0.5 x
Glycerol 10.0 mL 10% v/v
2-mercaptoethanol 5.00 mL 5.0% v/v
Bromophenol blue (10%w/v) {Solution 1} 1.0 mL 0.1% w/v
SDS 2.00 g 2.0% w/v
Water to 100 mL
Storage: –20 °C.

SDS-PAGE electrophoresis buffer Solution 32

To make 1 litre Amount Final concentration
Tris base 3.03 g 25 mmol/L
Glycine 14.4 g 192 mmol/L
SDS 1.00 g 0.1% w/v
Water to 1.00 L
Note: pH ~8.3
Storage: Ambient temperature.

Tris/SDS buffer (pH 6.8, 4 x) Solution 33

To make 100 millilitres Amount Final concentration
Tris base 6.05 g 500 mmol/L
Water ~80 mL
Hydrochloric acid (1 – 6 mol/L) pH 6.8
Water to 100.0 mL
SDS 400 mg 0.4% w/v
Storage: Ambient temperature.

Tris/SDS buffer (pH 8.8, 4 x) Solution 34

To make 100 millilitres Amount Final concentration
Tris base 18.2 g 1.5 mol/L
Water ~80 mL
Hydrochloric acid (1 – 6 mol/L) pH 8.8
Water to 100.0 mL
SDS 400 mg 0.4% w/v
Storage: Ambient temperature.

C.8 Solutions for acrylamide gels

Ammonium persulphate solution (25% w/v) Solution 35

To make 1.5 millilitres Amount Final concentration
APS 375 mg ~25% w/v
Water 1.5 mL
Storage: –20 °C
Note: Storage life is ~1 month.



Human metastatic melanoma in vitro

C–6

Gel solutions for SSCP analysis of DNA Solution 36

Caution: Acrylamide is a potent neurotoxin.
Suitable handling procedures must be used.

To make 10 millilitres
(Sufficient for 2 x 4.5 mL gels) 14% acrylamide 14% acrylamide

10% glycerol
TBE buffer (10 x) {Solution 30} 500 µL 500 µL
Acrylamide : bis-acrylamide (37.5:1, 30%) or
Acrylamide : bis-acrylamide (37.5:1, 40%)

4.67 mL or
3.50 mL

4.67 mL or
3.50 mL

Glycerol nil 1.00 mL
Water: if 30% acrylamide used

if 40% acrylamide used
4.83 mL or
6.00 mL

3.83 mL or
5.00 mL

Mix gently and degas.
Immediately prior to pouring:
TEMED 20 µL 20 µL
APS (25% w/v) {Solution 35} 20 µL 20 µL
Mix gently and pour gels.

Separating gel solutions for SDS-PAGE analysis of protein Solution 37

Caution: Acrylamide is a potent neurotoxin.
Suitable handling procedures must be used.

To make 7 millilitres
(Sufficient for 2 x 3.2 mL gels) 6% v/v gel 15% v/v gel 20% v/v gel

Tris-SDS buffer (pH 8.8, 4 x) {Solution 34} 1.75 mL 1.75 mL 1.75 mL
Acrylamide : bis-acrylamide (37.5:1, 30%) or
Acrylamide : bis-acrylamide (37.5:1, 40%)

1.40 mL or
1.05 mL

3.50 mL or
2.63 mL

4.67 mL or
3.50 mL

Water: if 30% acrylamide used
if 40% acrylamide used

3.85 mL or
4.20 mL

1.75 mL or
2.63 mL

583 µL or
1.75 mL

Mix gently and degas.
Immediately prior to pouring:
TEMED 15 µL 15 µL 15 µL
APS (25% w/v) {Solution 35} 15 µL 15 µL 15 µL
Mix gently and pour gels.

Stacking gel solution for SDS-PAGE analysis of protein (4% v/v) Solution 38

Caution: Acrylamide is a potent neurotoxin.
Suitable handling procedures must be used.

To make 3 millilitres
(Sufficient for 2 stacking gels) Amount

Tris-SDS buffer (pH 6.8. 4 x) {Solution 33} 750 µL
Acrylamide : bis-acrylamide (37.5:1, 30%) or
Acrylamide : bis-acrylamide (37.5:1, 40%)

400 µL or
300 µL

Water: if 30% acrylamide used or
Water: if 40% acrylamide

1.85 mL or
1.95 mL

Mix gently and degas.
Immediately prior to pouring:
TEMED 10 µL
APS (25% w/v) {Solution 35} 10 µL
Mix gently and pour gels.

C.9 Solutions for silver staining of polyacrylamide gels

Fixer A (80% Ethanol) Solution 39

{See Solution 5}

Fixer B (20% acetic acid) Solution 40

To make 1 litre Amount Final concentration
Acetic acid (glacial) 200 mL 20% v/v
Water to 1.00 L
Storage: Ambient temperature.
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Oxidiser (10 x) Solution 41

To make 1 litre Amount Final concentration
Potassium dichromate 10.0 g 34 mmol/L
Nitric acid (65% solution) or
Nitric acid (50% solution)

1.10 mL or
1.43 mL 0.072% v/v

Water to 1.00 L
Storage: 4 °C.

Silver stain (10 x) Solution 42

To make 1 litre Amount Final concentration
Silver nitrate 20.4 g 133 mmol/L
Water to 1.00 L
Storage: 4 °C, in a dark bottle.

Silver stain developer Solution 43

To make ~600 millilitres Amount Final concentration
Sodium carbonate 17.81 g 280 mmol/L
Water to 600 mL
Immediately prior to use:
Formaldehyde solution (40%) 300 µL 0.0002% v/v
Note: Use immediately.

C.10 Solutions for Western blotting

Amido black stain Solution 44

To make ~50 millilitres Amount Final concentration
Amido black 50 mg 0.1% w/v
Methanol 20 mL 40% v/v
Acetic acid 5 mL 10% v/v
Water 25 mL 50% v/v

Note:
Amido black powder is intensely coloured.  Even

minor spillage should be cleaned first by a dry
process (brush, vacuum, tissues), and then with
destaining solution {Solution 45}.

Storage: Ambient temperature.

Amido black destain Solution 45

To make ~500 millilitres Amount Final concentration
Methanol 200 mL 40% v/v
Acetic acid 50 mL 10% v/v
Water 250 mL 50% v/v
Storage: Ambient temperature.

Blocking solution Solution 46

To make ~10 millilitres Amount Final concentration
Non-fat milk powder 1.0 g ~10% w/v
TTBS {Solution 49} 9 mL
Note: Always use fresh solution.

Buffer for electrotransfer of protein to PVDF membrane Solution 47

To make 1 litre Amount Final concentration
Tris base 3.03 g 25 mmol/L
Glycine 14.4 g 192 mmol/L
Water to 1.00 L
Note: pH ~8.3 – 8.4
Storage: Ambient temperature.
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Membrane stripping buffer Solution 48

To make 1 litre Amount Final concentration
Tris base 9.85 g 62.5 mmol/L
Water to 900 mL
Hydrochloric acid (1 – 6 mol/L) to pH 6.7
SDS 20.0 g 2.0% w/v
2-mercaptoethanol 7.0 mL 100 mmol/L
Water to 1.0 L
Note: May precipitate during storage.  Warm to re-dissolve.
Storage: 4 °C.

Tween/Tris-buffered saline (pH 7.5) Solution 49

To make 1 litre Amount Final concentration
Sodium chloride 9.00 g 154 mmol/L
Tris base 12.11 g 100 mmol/L
Water to 950 mL
Hydrochloric acid (1 – 6 mol/L) to pH 7.5
Water to 1.0 L
Tween-20 detergent nil, 500 µL, or 1.00 mL nil, 0.05% v/v, or 0.1% v/v

Storage: Ambient temperature, or 4 °C if recurrent microbial
growth occurs.

C.11 PCR composition
Solution 50

For each 25 µL reaction Amount Final concentration
5x 'Q' PCR enhancer * 5.00 µL 1 x
10x PCR buffer * 2.50 µL 1 x
Magnesium chloride (25 mmol/L) * 1.50 µL 3.00 mmol/L
Mixed dNTPs (5 mmol/L each dNTP) 500 nL 100 µmol/L each dNTP
Taq enzyme * 100 nL 0.5 units
Sense or forward primer (20 µmol/L) 250 nL 200 nmol/L
Antisense or reverse primer (20 µmol/L) 250 nL 200 nmol/L
DNA-free water 12.9 µL
Template DNA (100 ng/µL) 2.00 µL 200 ng

Note: Items marked ‘*’ are from the Qiagen Taq DNA
polymerase kit {Table E–2}.
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Additional solutions (V3)

C.12 General solutions

β-glycerophosphate solution (200 mmol/L) Solution 51

To make 100 millilitres Amount Final concentration
β-glycerophosphate (disodium salt) 4.32 g 200 mmol/L
Water ~90 mL
Dissolve.
Water to 100 mL
Storage: Ambient temperature.

Dithiothreitol (500 mmol/L) Solution 52

To make 50 millilitres Amount Final concentration
Dithiothreitol (DTT) 3.86 g 500 mmol/L
Water ~45 mL
Dissolve.
Water to 50.0 mL
Storage: 4 C.

PIPES (500 mmol/L, pH 6.9) Solution 53

To make 20 millilitres Amount Final concentration
Piperazine-N,N'-bis(2-ethanesulfonic acid)

(dipotassium salt) (PIPES) 3.79 g 500 mmol/L

Water ~18 mL
Dissolve.
Hydrochloric acid/Sodium hydroxide (1 – 6 mol/L) to pH 6.9
Water to 20 mL
Further treatment: Filter sterilise.
Storage: Ambient temperature.

Saline (0.9% w/v, sterile) Solution 54

To make 400 millilitres Amount Final concentration
Sodium chloride 3.6 g 0.9% w/v
Water ~350 mL
Dissolve.
Water to 400 mL
Further treatment: Autoclave to sterilise.
Storage: Ambient temperature.

Sodium acetate (3.0 mol/L, pH 5.5) Solution 55

To make 75 millilitres Amount Final concentration
Sodium acetate 18.46 g 3.0 mol/L
Water ~60 mL
Dissolve.
Acetic acid, glacial to pH 5.5
Water to 75 mL
Further treatment: Autoclave to sterilise.
Storage: Ambient temperature.

Sodium chloride (5.0 mol/L) Solution 56

To make 100 millilitres Amount Final concentration
Sodium chloride 27.7 g 5.0 mol/L
Water ~90 mL
Dissolve.
Water to 100 mL
Storage: Ambient temperature.
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Sodium hydroxide (10.0 mol/L) Solution 57

To make 100 millilitres Amount Final concentration
Sodium hydroxide 40.0 g 10.0 mol/L
Water ~90 mL
Dissolve.
Water to 100 mL
Storage: Ambient temperature.

Sodium hydroxide (1.0 mol/L) Solution 58

To make 100 millilitres Amount Final concentration
Sodium hydroxide solution (10.0 mol/L) {Solution 57} 10.0 mL 1.0 mol/L
Water to 100.0 mL
Storage: Ambient temperature.

Tris buffer (1.0 mol/L, pH 8.0) Solution 59

To make 200 millilitres Amount Final concentration
Tris base 24.23 g 1.0 mol/L
Water to 180 mL
Hydrochloric acid (1 – 6 mol/L) pH 8.0
Water to 100 mL
Storage: Ambient temperature.

Tris-buffered saline (pH 7.50, 5x) Solution 60

To make 1 litre Amount Final concentration
Sodium chloride 45.00 g 770 mmol/L
Tris base 60.55 g 500 mmol/L
Water to ~900 mL
Hydrochloric acid (1 – 6 mol/L) to pH 7.50
Water to 1.0 L
Storage: Ambient temperature.

Tris-buffered saline (pH 7.50) Solution 61

To make 2.0 litres Amount Final concentration
Tris-buffered saline (pH 7.50, 5x) {Solution 60} 400 mL 1x
Water to 2.0 L
Storage: Ambient temperature.

C.13 Solutions for cell culture

αMEM/10% FCS (no antibiotics) Solution 62

To make ~440 millilitres Amount Final concentration
αMEM (sterile) 400 mL
FCS 44.0 mL 10.0% v/v

Storage: 4 °C.  Maintain sterility.  Check for turbidity arising
from microbial growth before each use.

αMEM/10% FCS/ciprofloxacin Solution 63

To make ~440 millilitres Amount Final concentration
Alpha MEM (sterile) 400 mL
FCS 44.0 mL 10.0% v/v
Ciprofloxacin (2 g/L) {E.16} 4 mL ~20 mg/L
Storage: 4 °C.  Maintain sterility.
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C.14 Solutions for cell fixation

Buffered formaldehyde fixative Solution 64

Caution: Paraformaldehyde is toxic by inhalation.
Suitable handling procedures must be used.

To make 50 millilitres Amount Final concentration
Paraformaldehyde 1.75 g 3.5% w/v
Water ~40 mL
Sodium hydroxide (10.0 mol/L) {Solution 57} 20 µL
Dissolve with gentle heat and stirring
PBS (10x, pH 7.4) {Solution 65} 5.0 mL 1x
PIPES (500 mmol/L, pH 6.9) {Solution 53} 2.0 mL 10 mmol/L
Hydrochloric acid (1 – 6 mol/L) to pH 6.6 – 6.9
Further treatment: Filter sterilise and divide into 2 mL portions.

Storage: –20 °C.  Discard any unused fixative after three
freeze/thaw cycles.

Phosphate-buffered saline (10x, pH 7.4) Solution 65

To make 500 millilitres Amount Final concentration
Sodium chloride 40.0 g 1.37 mol/L
Potassium chloride 1.0 g 149 mmol/L
Potassium phosphate (monobasic) 1.0 g 277 mmol/L
Sodium phosphate (dibasic) 4.6 g 81 mmol/L
Hydrochloric acid/sodium hydroxide (1 – 6 mol/L) to pH 7.4
Water to 500 mL
Further treatment: Autoclave or filter sterilise.
Storage: Ambient temperature.  Maintain sterility.

C.15 Solutions for extraction

Protein lysis and extraction buffer Solution 66

To make 100 millilitres Amount Final concentration
Tris buffer (1.0 mol/L, pH 8.0) {Solution 59} 5.0 mL 50 mmol/L
Sodium chloride (5.0 mol/L) {Solution 56} 2.4 mL 120 mmol/L
Sodium fluoride 83.98 mg 20 mmol/L
β-glycerophosphate (200 mmol/L) {Solution 51} 10 mL 20 mmol/L
EDTA (500 mmol/L, pH 8.0) {Solution 3} 200 µL 1 mmol/L
EGTA 228.24 mg 6 mmol/L
NP40 detergent 1 mL 1% v/v
Dithiothreitol (500 mmol/L) {Solution 52} 200 µL 1 mmol/L
Sodium orthovanadate (activated) (100 mmol/L, pH

10) {Method 38} 250 µL 250 µmol/L
Water to 100 mL
Further treatment: Filter sterilise.
Storage: 4 °C

C.16 Solutions for storage

PBS/antibiotics Solution 67

To make ~400 millilitres Amount Final concentration
Phosphate-buffered saline (pH 7.4) {Solution 6} 400 mL
Antibiotic mixture {Solution 12} 4.0 mL
Storage: 4 °C.  Maintain sterility.

C.17 Solutions for quantitation

Copper sulphate (4.0 % w/v) Solution 68

To make 100 millilitres Amount Final concentration
Copper (II) sulphate pentahydrate 4.0 g 4.0% w/v
Water to ~90 mL
Dissolve.
Water to 100 mL
Storage: Ambient temperature.
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C.18 Solutions for immunofluorescent labelling

Hoechst 33342 (1.0 g/L) Solution 69

To make 50 millilitres Amount Final concentration
Hoechst 33342 50.0 mg 1.0 g/L
Saline (0.9% w/v, sterile) {Solution 54} to 50.0 mL
Dissolve.
Storage: 4 °C

Hoechst 33342 (10 mg/L) Solution 70

To make 50 millilitres Amount Final concentration
Hoechst 33342 (1.0 g/L) {Solution 69} 500 µL 10 mg/L
Saline (0.9% w/v, sterile) {Solution 54} to 50.0 mL
Storage: 4 °C

KB buffer (10x) Solution 71

To make 200 millilitres Amount Final concentration
Tris base 2.42 g 100 mmol/L
Sodium chloride 17.53 g 1.5 mol/L
Water ~180 mL
Hydrochloric acid (1 – 6 mol/L) to pH 7.5
BSA 2.0 g 1.0% w/v
Water to 200 mL
Storage: 4 °C

KB buffer Solution 72

To make 50 millilitres Amount Final concentration
KB buffer (10x) {Solution 71} 5 mL 1x
Water to 50 mL
Storage: 4 °C

KB buffer/Triton X-100 (10x) Solution 73

To make 100 millilitres Amount Final concentration
KB buffer (10x) {Solution 71} 10 mL 1x
Triton X-100 2 mL 2.0% v/v
Water to 100 mL
Storage: 4 °C

KB buffer/Triton X-100 Solution 74

To make 10 millilitres Amount Final concentration
KB buffer/Triton X-100 (10x) {Solution 73} 1 mL 1x
Water to 10 mL
Storage: 4 °C

Mixed fluorescent secondary antibodies Solution 75

To make 1 millilitre Amount Final concentration
KB buffer {Solution 72} 996 µL
Alexa Fluor 488 F(ab')2 fragment of goat anti-mouse IgG (H+L) {E.12} 2 µL 4 mg/L
Alexa Fluor 594 goat anti-rabbit IgG (H+L), highly cross-adsorbed {E.12} 2 µL 4 mg/L
Storage: 4 °C.  Protect from light.

Mixed tubulin and pericentrin primary antibodies Solution 76

To make 1 millilitre Amount Final concentration
KB buffer {Solution 72} 997 µL
Mouse monoclonal anti-bovine α-tubulin IgG {E.12} 2 µL 400 µg/L
Rabbit polyclonal anti-human pericentrin IgG {E.12} 1 µL 1 mg/L
Storage: 4 °C
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C.19 Solutions for protein electrophoresis

Separating gel solution for SDS-PAGE analysis of pRB Solution 77

Caution: Acrylamide is a potent neurotoxin.
Suitable handling procedures must be used.

To make 8.8 millilitres
(Sufficient for 2 gels) 5% v/v gel

Tris-SDS buffer (pH 8.8, 4 x) {Solution 34} 2.2 mL
Bis-acrylamide (37.5:1, 40%) 1.1 mL
Water 5.5 mL
Mix gently and degas.
Immediately prior to pouring:
TEMED 20 µL
APS (25% w/v) {Solution 35} 20 µL
Mix gently and pour gels.

C.20 Solutions for Western blotting

Buffer for electrotransfer to nitrocellulose membrane Solution 78

To make 2.0 litres Amount Final concentration
Tris base 6.06 g 25 mmol/L
Glycine 28.8 g 192 mmol/L
Methanol to 400 mL 20% v/v
Water to 2.0 L
Note: pH ~8.3 – 8.4
Storage: Ambient temperature.

C.21 PCR composition
Solution 79

For each 25 µL reaction Amount Final concentration
5x 'Q' PCR enhancer * 5.00 µL 1 x
10x PCR buffer * 2.50 µL 1 x
Magnesium chloride (25 mmol/L) * 1.50 µL 3.00 mmol/L
BSA (10 g/L) 1.00 µL 400 mg/L
Mixed dNTPs (5 mmol/L each dNTP) 500 nL 100 µmol/L each dNTP
Taq enzyme * 100 nL 0.5 units
Sense or forward primer (20 µmol/L) 250 nL 200 nmol/L
Antisense or reverse primer (20 µmol/L) 250 nL 200 nmol/L
DNA-free water 11.9 µL
Template DNA (100 mg/L) 2.00 µL 200 ng

Note: Items marked ‘*’ are from the Qiagen Taq DNA
polymerase kit {Table E–2}.





D PCR primers

Product Primer sequences (5'  3') Size Reference

D9S274 TTG CTG TTC AAG TGA TCC TT
TAC CTC ATG GCA ATT TCT TC

~141 RH13604

D9S156 ATC ACT TTT AAC TGA GGC GG
AGA TGG TGG TGA ATA GAG GG

~134 RH15022

D9S157 CAT TTC ATC TGG TAG ACC CA
TTT GAT TGG CTG GAA GTA GA

~205 RH13217

D9S162 TGA CCA GTT AAG GTT CCT TTC
ATT CCC ACA ACA AAT CTC CT

~181 RH13250

D9S1749 AGG AGA GGG TAC GCT TGC AA
TAC AGG GTG CGG GTG CAG ATA A

~140 GDB:595876

CDKN2A exon 3 CCG GTA GGG ACG GCA AGA GA
CTG TAG GAC CCT CGG TGA CTG ATG A

169 Hussussian et al.559

CDKN2A exon 2C TGG ACG TGC GCG ATG C
GGA AGC TCT CAG GGT ACA AAT TC

189 Hussussian et al.559

CDKN2A exon 2B AGC CCA ACT GCG CCG AC
CCA GGT CCA CGG GCA GA

147 Hussussian et al.559

CDKN2A exon 2A AGC TTC CTT TCC GTC ATG C
GCA GCA CCA CCA GCG TG

203 Hussussian et al.559

CDKN2A exon 1 GGG AGC AGC ATG GAG CCG
AGT CGC CCG CCA TCC CCT

203 Hussussian et al.559

D9S974 GAG CCT GGT CTG GAT CAT AA
AAG CTT ACA GAA CCA GAC AG

~200 GDB:434853

D9S942 GCA AGA TTC CAA ACA GTA
CTC ATC CTG CGG AAA CCA TT

~115 GDB:370738

D9S1748 CAC CTC AGA AGT CAG TGA GT
GTG CTT GAA ATA CAC CTT TCC

~140 GDB:595589

CDKN2A  exon 1β TCC CAG TCT GCA GTT AAG G
GTC TAA GTC GTT GTA ACC CG

440 Mao et al.839

CDKN2B exon 2 GGC CGG CAT CTC CCA TAC CTG
TGT GGG CGG CTG GGG AAC CTG

345 Orlow et al.981

CDKN2B exon 1 AAG AGT GTC GTT AAG TTT ACG
ACA TCG GCG ATC TAG GTT CCA

315 Orlow et al.981

D9S171 AGC TAA GTG AAC CTC ATC TCT GTC T
ACC CTA GCA CTG ATG GTA TAG TCT

~159 RH15165

D9S161 GCT GCA TAA CAA ATT ACC ACA
ATC CCC GGA AAC AGA TAA TA

~104 RH13232

D9S1853 GAT CCA GCC TCA CTG AA
TTG GGC ATA GAA TTT TTA CTT T

~253 RH15594

HBB GAA GAG CCA AGG ACA GGT AC
CAA CTT CAT CCA CGT TCA CC

268 Dieffenbach273

Microsatellite product sizes are representative only as by their nature they are variable.  It should be noted
that the reverse primer for exon 3 of CDKN2A differs from the published sequence1181 at position 11,
highlighted in the table entry, with a C rather than a T present in the primer.  No reason for this is given in the
source paper, nor can any be reasonably inferred from primer stability analysis.  In addition, the published
sequence data predict 203 bp products for CDKN2A exons 1 and 2A, rather than the 204 bp indicated by
Hussussian et al.559.  These anomalies have no bearing on the success of amplification using these primers.
An ‘RH’ reference denotes an entry in the Radiation Hybrid Database (http://www.ebi.ac.uk/RHdb), and a
‘GDB’ reference, an entry in the Genome Database (http://www.gdb.org).  Primers were supplied by
Invitrogen {E.8}.

Table D–1: PCR primers, products, and references





E Apparatus, materials, and suppliers

E.1 Apparatus
Item Manufacturer Model

Computer (principal) Apple Computer iMac DV Special Edition
DNA sequencer ABI Prism 377
Electronic particle counter Coulter Electronics ZF
Electrophoresis (agarose) OWL DNA sub-cell
Electrophoresis (PAGE) Bio-Rad Mini-PROTEAN II
Flow Cytometer Becton Dickinson FACScan
Gel drier Bio-Rad 583
Gel imaging Kodak EDAS120
PCR thermal cycler MJ Research PTC100
Western blotting Bio-Rad Mini-PROTEAN II transfer module

Table E–1: Apparatus

E.2 Commercial kits
Name Use From ID

ECL™ Western Blotting Detection Reagents Western blotting Amersham RPN2209
Taq DNA polymerase PCR Qiagen 201205
Vectastain ABC Elite Rabbit IgG Western blotting Vector Laboratories PK6101
Wizard® PCR Preps DNA Purification System DNA sequencing Promega A7170

Table E–2: Commercial kits

E.3 Antibodies

Antibody From ID Supplied
@ Dilution Used

@
Incubation

time
HRP-conjugated goat anti-mouse IgG Pharmingen 554002 n.a. 1:250 n.a. 1 h
Mouse anti-human ARFCDKN2A Neomarkers MS-850-P1ABX 1 g/L 1:500 500 µg/L 2 h
Mouse anti-human p15CDKN2B Oncogene NA33 100 mg/L 1:200 500 µg/L 1 h
Mouse anti-human p16CDKN2A Pharmingen 13381A 500 mg/L 1:1 000 500 µg/L 1 h
Rabbit anti-human pRBRB1 Santa Cruz Rb (C-15) sc-50 200 mg/L 1:1 000 200 µg/L 1 h

Table E–3: Antibodies

E.4 Enzymes
Enzyme Use From ID

BstN1 CDKN2A exon 2 PCR product cleavage prior to SSCP New England Biolabs R0168S
Proteinase K Digestion of protein during genomic DNA extraction Roche 1 000 144
RNase A RNA digestion prior to flow cytometric DNA analysis Boehringer Mannheim 109134
Trypsin Detaching adherent cells during passaging Difco 215320

Table E–4: Enzymes

E.5 Standards
Standard From ID

Biotinylated protein MW standards Bio-Rad 161-0319
DNA electrophoresis standard New England Biolabs N3231S
Dye-conjugated protein MW standards Bio-Rad 161-0318
Positive control lysate for ARF antibody Neomarkers MS-850-PCL

Table E–5: Standards
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E.6 General reagents
Name Formula MW (d) From

αMEM n.a. n.a. Invitrogen
Acetic acid (glacial) CH3COOH 60.05 (1.05 kg/L) Scharlau
Acrylamide : bis-acrylamide (37.5:1) n.a. n.a. Bio-Rad
Agarose n.a. n.a. BioWhittaker
Amido black n.a. n.a. Sigma
Ammonium acetate CH3COONH4 77.08 BDH
Aprotinin n.a. n.a. Sigma
APS (NH4)2S2O8 228.2 Sigma/Serva
5-aza-2'-deoxycytidine C8H12N4O4 228.2 Sigma
Boric acid H3BO3 61.83 Scharlau
Bromophenol blue C19H9Br4O5SNa 691.9 Sigma
Carbon dioxide (5% v/v) CO2/air n.a. BOC Gases
Chloroform CHCl3 119.4 (1.49 kg/L) BDH
DMSO (CH3)2SO 78.13 (1.10 kg/L) Riedel de Haën
dNTPs n.a. n.a. Boehringer Mannheim
EDTA (disodium salt) C10H14N2O8Na2•2H2O 372.2 AppliChem
EDTA (tetrasodium salt) C10H12N2O8Na4•2H2O 380.2 AppliChem
Ethanol CH3CH2OH 46.07 (0.79 kg/L) Nufarm
Ethidium bromide C21H20N3Br 394.3 Sigma
FCS n.a. n.a. Invitrogen
Formaldehyde (~37% solution) CH2O n.a. BDH
Formamide CH3NO 45.04 (1.13 kg/L) BDH
Glycerol CH2OHCHOHCH2OH (d=1.25 kg/L) Merck
β-glycerophosphate (disodium salt) (HOCH2)2CHOP(O)(ONa)2 216 Sigma
Glycine CH2NH2COOH 75.07 Scharlau
Guanidine hydrochloride CH5N3•HCl 95.53 ICN Biomedicals
Hydrochloric acid HCl 36.46 Ajax Chemicals
Isopropanol CH3CHOHCH3 60.1 (0.78 kg/L) LabScan
Leupeptin n.a. n.a. Sigma
Methanol CH3OH 32.04 (0.79 kg/L) LabScan
2-mercaptoethanol CH2OHCH2SH 78.13 (1.11 kg/L) Riedel de Haën
Nitric acid HNO3 n.a. Ajax Chemicals
Non-fat milk powder n.a. n.a. Anchor
Paclitaxel n.a. n.a. Bristol-Myers Squibb
Penicillin-G n.a. n.a. Sigma
PI C27H34N4I2 668.4 Sigma
PMSF C6H5CH2SO2F 174.2 Sigma
Potassium chloride KCl 74.55 Riedel de Haën
Potassium dichromate K2Cr2O7 294.2 Sigma
Potassium phosphate (monobasic) KH2PO4 136.1 Ajax Chemicals
SDS C12H25O4SNa 288.4 Serva
Silver nitrate AgNO3 169.9 Scientific Supplies
Sodium carbonate Na2CO3 106.0 Scharlau
Sodium chloride NaCl 58.44 Scharlau/BDH
Sodium citrate (trisodium salt) C6H5Na3O7•2H2O 294.1 Riedel de Haën
Sodium hydroxide NaOH 40.00 Scharlau
Sodium phosphate (dibasic) Na2HPO4•2H20 156.01 BDH
Sodium sarcosyl C15H28NO3Na 293.4 Sigma
Streptomycin sulphate n.a. n.a. AppliChem
TEMED (CH3)2NCH2CH2N(CH3)2 116.2 (0.77 kg/L) Serva
Tris base C4H11NO3 121.1 ICN Biomedicals
Tween-20 detergent n.a. n.a. Serva
Xylene cyanol FF C25H27N2O6S2Na 538.6 Sigma

Table E–6: General reagents

E.7 Sundry materials
Item ID From

Autoradiography film X-OMAT AR5 Kodak
Disposable syringe filters Acrodisc Pall Corporation
PCR primers n.a. Invitrogen
Plasticware various Falcon, Nunc
PVDF membrane Immobilon-P Millipore

Table E–7: Sundries
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E.8 Supplier data
Manufacturer or agent Contact information

Adobe http://www.adobe.com/
Ajax Chemicals See APS Chemicals
Aldus Now defunct: acquired by Adobe
Amersham Pharmacia Biotech See AMRAD Pharmacia Biotech Ltd
AMRAD Pharmacia Biotech Ltd Tel: 0800 733 893
Anchor Tel: 09 296 3700 http://anchor.co.nz/
Apple Computer See Renaissance
AppliChem See Scientific Supplies Ltd
Applied Biosystems Tel: 0800 446 416 http://home.appliedbiosystems.com/
APS Chemicals http://www.apschem.com/
BDH Laboratory Supplies See Biolab Ltd
Beckman Coulter Tel: 0800 442 346
Becton Dickinson Tel: 0800 572 468 http://www.bd.com/
Biolab Ltd Tel: 0800 933 966 http://www.biolab.co.nz/
Bio-Rad Laboratories Pty Ltd Tel: 09 415 2280 http://www.bio-rad.com/
BioWhittaker Molecular Applications See Biolab Ltd
BOC Gases Tel: 09 525 5600
Boehringer Mannheim Tel: 0800 652 634
Coulter Electronics See Beckman Coulter
Dade Behring Tel: 0800 807 982
Difco See Becton Dickinson
DNAstar http://www.dnastar.com/
Edward Keller (NZ) Ltd Tel: 09 414 5406
Falcon See Becton Dickinson
G. A. Charters Email: g.charters@auckland.ac.nz
Global Science and Technology Ltd Tel: 09 443 5867
ICN Biomedicals See Scientific Supplies Ltd
Immuno Chemical Products Tel: 09 815 0624
In Vitro Technologies (NZ) Tel: 09 573 0770 http://www.invitro.co.nz/
Invitrogen Tel: 09 579 3024 http://www.invitrogen.com/

Kodak For gel imaging apparatus: See Invitrogen
For X-ray film: See Radiographic Supplies Ltd

LabScan See Scientific Supplies Ltd.
Merck (NZ) Ltd Tel: 0800 426 252
Microsoft http://www.microsoft.com/
Millipore See Biolab Ltd
MJ Research See Biolab Ltd
Neomarkers See Edward Keller (NZ) Ltd http://www.neomarkers.com/
New England Biolabs See Biolab Ltd http://www.neb.com/
Nufarm Tel: 09 415 1750
Nunc See Invitrogen
Oncogene See Merck (NZ) Ltd http://www.apoptosis.com/
OWL See Biolab Ltd
Pall Corporation See Invitrogen
Pharmingen See Becton Dickinson http://www.pharmingen.com
Promega See Dade Behring
Qiagen See Biolab Ltd
Radiographic Supplies Ltd Tel: 0800 737 337
Renaissance http://www.apple.co.nz/
Riedel-de Haën See Scientific Supplies Ltd
Roche Tel: 0800 652 634
Santa Cruz Biotechnology See Global Science and Technology Ltd.
Scharlau See Scientific Supplies Ltd
Scientific Supplies Ltd Tel: 09 274 7579
Serva See Scientific Supplies Ltd
Sigma See Biolab Ltd
Thorsten Lemke http://www.lemkesoft.de/
Vector Laboratories See In Vitro Technologies (NZ) http://www.vectorlabs.com/
Verity House See Becton Dickinson

Table E–8: Supplier data
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E.9 Software
Software Platform Version From GAC rating

1D Macintosh 2.0 Kodak C+
Acrobat Macintosh 5.0 Adobe B–
Cellquest Macintosh 3.1 Verity House C–
Cn3D Macintosh 3.0 NIH A–
Editseq Macintosh 3.8.7 DNAstar Inc. C
Editview Macintosh 1.0.1 Applied Biosystems C
Ghostscript Macintosh 5.50 Aladdin B
GraphicConverter Macintosh 4.0.9 Thorsten Lemke A+
Hypercard Macintosh 2.4.1 Apple Computer A
Intellidraw Macintosh 1.1/2.01 Aldus/Adobe A
Internet Explorer Macintosh 5.0/5.1 Microsoft C+
MacOS Macintosh 10.2.2/9.2.2 Apple Computer A–/A–
MapDraw Macintosh 3.07 DNAstar Inc. C
Megalign Macintosh 3.0.7 DNAstar Inc. C
Modfit LT Macintosh 1.01 Verity House E+
Molecular database Macintosh 1.0 G. A. Charters C
Office Macintosh 98 Microsoft C+
Photoshop Macintosh 5.0 Adobe A+
Referee Macintosh 1.2 G. A. Charters B–

The GAC rating represents the overall quality of the software as assessed by the author.
A+ = essentially faultless; E = virtually useless.

Table E–9: Software
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Additional apparatus, materials, etc. (V3)
E.10 Apparatus

Item Manufacturer Model
Computer (principal) Apple Computer {E.8} iMac G5 (iSight) 2.1 GHz 20"
Confocal laser scanning microscope Leica TCS SP2
Fluorescence microscope Zeiss Axioskop 2
Fluorescence microscope camera Sony DXC-S500
Fluorometer Bio-Rad {E.8} Versafluor
Gradient PCR thermal cycler Bio-Rad {E.8} iCycler
Luminescent image analyser Fujifilm LAS-3000
Nanodrop spectrophotometer NanoDrop Technologies ND-1000
Spectrophotometer (plate) Biotek Instruments ELx808

Table E–10: Additional apparatus (V3)

E.11 Commercial kits
Name Use From ID

DNA quantitation kit DNA quantitation Bio-Rad {E.8} 170-2480
Mycoplasma PCR ELISA detection kit Mycoplasma detection Roche {E.8} 11 663 925 910

Table E–11: Additional commercial kits (V3)

E.12 Antibodies

Antibody From ID Supplied @ Dilution Used @ Incubation
time

Alexa Fluor 488 F(ab')2 fragment of
goat anti-mouse IgG (H+L) Molecular Probes A11017 2 g/L 1:500 4 mg/L 30 min

Alexa Fluor 594 goat anti-rabbit IgG
(H+L), highly cross-adsorbed Molecular Probes A11037 2 g/L 1:500 4 mg/L 30 min

Anti-GAPDH Mouse mAb (6C5) Calbiochem CB1001 8.6 g/L 1:5 000 1.7 mg/L 1 h
Anti-p16 (Ab-1) Mouse mAb (DCS-

50.1/H4 Calbiochem NA29 100 mg/L 1:100 1 mg/L 1 h

Anti-Rb (Ab-11), Human (Mouse) Calbiochem OP136 100 mg/L 1:100 1 mg/L 1 h
HRP-conjugated rabbit polyclonal

anti-mouse IgG (H+L) Abcam ab6728 2 g/L 1:5 000 400 µg/L 1 h

Mouse monoclonal anti-bovine α-
tubulin IgG1

Molecular Probes A11126 50 µg – 400 µg/L 1 h

Rabbit polyclonal anti-human
pericentrin IgG Abcam ab4448 500 mg/L 1:500 1 mg/L 1 h

Table E–12: Additional antibodies (V3)

E.13 Enzyme
Enzyme Use From ID

RNase, DNase-free Removal of RNA from genomic DNA extracts Roche {E.8} 11119915001

Table E–13: Additional enzyme (V3)

E.14 Standards
Standard From ID

1Kb Plus DNA ladder Invitrogen {E.8} 10787-018
BSA standard (2.00 mg/mL) Pierce 23209
Precision plus kaleidoscope protein standards Bio-Rad {E.8} 161-0375
Track-It 50 bp DNA ladder (not recommended) Invitrogen {E.8} 10488-043

Table E–14: Additional standards (V3)
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E.15 General reagents
Name Formula MW (d) From

BCA (Bicinchoninic acid)
(2-(4-carboxyquinolin-2-yl)quinoline-4-
carboxylic acid)

(HO2CC9H5N)2 344.33 Sigma {E.8}

Bovine serum albumin (PCR additive) n.a. n.a. New England Biolabs {E.8}
Copper (II) sulphate pentahydrate CuSO4•5H2O 249.69 Sigma {E.8}
Dithiothreitol C4H10O2S2 154.25 Sigma {E.8}
EGTA (Ethylene glycol-bis(2-aminoethyl
ether)-N,N,N',N'-tetraacetic acid) C14H20N2O10 380.35 Sigma {E.8}

Hoechst 33342
(2'-(4-Ethoxyphenyl)-5-(4-methyl-1-
piperazinyl)-2,5'-bis-1H-
benzimidazole•3HCl)

C27H28N6O•3HCl 562.0 Scientific Supplies Ltd {E.8}

NP-40 (10 % w/v) n.a. n.a. Roche {E.8}
Paraformaldehyde (CH2O)n (1.3 kg/L) Merck {E.8}
Piperazine-N,N'-bis(2-ethanesulfonic acid),
dipotassium salt (PIPES) C8H16N2O6S2K2 378.6 Sigma {E.8}
Sodium fluoride NaF 41.99 Sigma {E.8}
Sodium orthovanadate Na3VO4 183.91 Sigma {E.8}
Triton X-100 C14H22O(C2H4O)n n.a. Union Chemicals

Table E–15: Additional general reagents (V3)

E.16 Sundry materials
Item ID From

Cell scrapers 353086 Falcon {E.8}
Ciprofloxacin Ciproxin IV 200 Bayer
Fluorometer cuvettes 170-2415 Bio-Rad {E.8}
Laemmli sample buffer 161-0737 Bio-Rad {E.8}
Nanosep 3K centrifugal devices OD003C34 Pall
Nitrocellulose membrane/filter paper sandwiches (0.45

µm pore size) 162-0214 Bio-Rad {E.8}

PCR primers (6-FAM labelled) n.a. Applied Biosystems {E.8}
Ponceau S protein stain P7170-1L Sigma {E.8}
Prolong Gold antifade mountant P36934 Invitrogen {E.8}
Prolong Gold antifade mountant/DAPI P36935 Invitrogen {E.8}
Protease inhibitor cocktail (100x) P-8340-5ML Sigma {E.8}
Restore Western blot stripping buffer 21059 Pierce
Supersignal West Pico Chemiluminescent Substrate 34078 Pierce
SYBR-safe DNA gel stain S33102 Invitrogen {E.8}

Table E–16: Additional sundries (V3)

E.17 Supplier data
Manufacturer or agent Contact information

A. Griekspoor and Tom Groothuis http://mekentosj.com/4peaks/
Abcam plc http://www.abcam.com/
Alphatech http://www.alphatech.co.nz/
Bayer Tel: 09 443 3093 http://www.bayer.co.nz/
Bio-strategy Ltd Tel: 09 9969 9150 http://www.bio-strategy.com/
BioTek Instruments See Bio-strategy Ltd
Calbiochem See Merck (NZ) Ltd {E.8}
Carl Zeiss (NZ) Ltd Tel: 09 838 5626 http://www.zeiss.com.au/
Fujifilm http://www.fujifilm.co.nz/
Leica See Global Science and Technology {E.8}
Molecular Probes See Invitrogen {E.8}
Nanodrop Technologies See Biolab Ltd {E.8}
Pall See Alphatech {E.8}
Pierce See Global Science and Technology {E.8}
Sony http://www.sony.co.nz/
Union Chemicals Ltd Tel: 09 415 666 http://www.unionchemicals.co.nz/

Table E–17: Additional supplier data (V3)
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E.18 Software
Software Platform Version From GAC rating

4Peaks Macintosh 1.7 A. Griekspoor and Tom Groothuis B+
Cellquest Pro Macintosh 4.0.2 Becton Dickinson C+
ImageJ Java 1.38j NIH B+
ImageReady CS Macintosh 8.0 Adobe A-
Mac OS X Macintosh 10.4.9 Apple Inc. A-
Office Macintosh V.x Microsoft C+
Photoshop CS Macintosh 8.0 Adobe A+
Primer3 web-based v0.3.0 http://frodo.wi.mit.edu/ B

The GAC rating represents the overall quality of the software as assessed by the author.
A+ = essentially faultless; E = virtually useless.

Table E–18: Additional software (V3)
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F Cancer

While great advances have been made against many human diseases, cancer still challenges us, and
remains a major contributor to human misery.  The last 50 years have seen many improvements in
treatment and survival, but we are still no better at preventing or curing cancer than in 1950.

F.1 The scourge of cancer
People are rare indeed who have not had their lives scarred by cancer in some way.  It seems that every
family has a member, and every person, a friend, who has been stricken by cancer, suffered and
ultimately died.  Those afflicted must face the shock of diagnosis, with its attendant confrontation with
mortality, make difficult choices concerning treatment, endure sometimes protracted, painful,
disfiguring, nauseating, and even dehumanising therapy with no certainty of cure, wait anxiously for
destiny to deliver its verdict, and, ultimately, may have to accept that their only prospect is a relentless
decline into death.  Simultaneously, those who surround them must deal with the realities of assisting a
friend to live, and possibly to die, desperately wishing things were otherwise but being powerless to
alter them.  Cancer is indeed a potent and multi-faceted contributor to human misery.

With the advent of improved sanitation and nutrition, the appreciation of antisepsis, and the
development of drugs, antibiotics and vaccines, most of the diseases that have ravaged humanity over
history can now be controlled.  Smallpox has been declared extinct, and polio will soon join it.  Bubonic
plague, cholera, and typhus are no longer the threat they once were and exist not through a lack of
understanding of their character or effective therapies, but due to poverty, politics, and the motivation
for corporate profit.  The impacts of influenza, diphtheria, and tuberculosis have been substantially
reduced by immunisation.  With mortality due to these causes declining, others such as heart disease,
stroke, and diabetes take on greater importance.  Here too, preventative, medicinal, and surgical
procedures exist to limit their impact.  Old foes may have temporary resurgence, as with antibiotic-
resistant tuberculosis and new strains of influenza.  New diseases may be recognised and rise to
prominence or fall to new therapies: AIDS; Creutzfeldt-Jakob Disease; Alzheimer’s Disease; Ebola.
Throughout this, cancer remains.  While advances have been made on some fronts, overall incidence and
mortality rates are higher now than ever before {See ‘Incidence, survival, and mortality’, below}.  The
armamentarium of medical science has thus far failed to meet this challenge.

cancer noun [mass noun] a disease caused by an uncontrolled division of
abnormal cells in a part of the body.
[count noun] a malignant growth or tumour resulting from such a
division of cells.

malignant adjective (of a tumour) tending to invade normal tissue or to recur
after removal; cancerous.  Contrasted with benign.

tumour noun a swelling of a part of the body, generally without
inflammation, caused by an abnormal growth of tissue, whether
benign or malignant.

The New Oxford Dictionary of English1010



Human metastatic melanoma in vitro

F–2

F.2 The nature of cancer
Defining characteristics
Dictionary definitions provide a starting point and are entirely satisfactory for casual use, but here we
must delve a little deeper.  Cancer is not a disease in the sense that, for example, tuberculosis is a disease.
No single causative agent exists and there is no classical set of symptoms at presentation that
immediately identifies it; indeed, it can be entirely without symptoms until very late in its progression.
It does not affect any particular cell-type, tissue, organ, individual, or even species, nor is any of these
spared.  It does not always progress at the same rate or in the same manner, nor is the outcome always
the same.  Cancer, rather than being a single disease, is a family of diseases that share a small set of
common attributes.

Chief among these is the existence of an aberration of tissue homeostasis leading to inappropriate net
cellular proliferation.  Normally, this homeostasis is maintained by a metabolically regulated balance
between cell division and cell death.  In cancer, one, or more likely both, of these processes is disturbed.
The second defining attribute, seen particularly in solid tumours, is the intrusion of these cells into
adjoining tissue, termed local invasion.  Together, these features form the minimum definition of cancer.
A third characteristic is of relevance in animals that are more than ~1 cm in every dimension.  Above this
scale, it is unlikely that any tumour could grow to a troublesome size relying solely on diffusion for the
supply of nutrients and the removal of waste.  By presenting itself as a tissue under nutritive stress, a
tumour can instigate the creation of new blood vessels to supply it, a process termed angiogenesis.
These features together can cause sufficient deterioration in the function of both the tissue of origin and
its environs as to be life-threatening.  The final and most pernicious attribute of many cancers is their
ability to cast cells into circulation that may lodge at distant sites and proliferate there, causing
widespread secondary tumours.  This process, metastasis, contributes most to the gravity of cancer as a
disease, and greatly hinders effective therapy by requiring it to be systemic.

Incidence, survival, and mortality
Data from the National Cancer Institute of the USA for cancer incidence, survival and mortality1092 {Table
F–1} provide the sobering information that overall, both incidence and mortality rate have increased
since 1950 [1]; we are no better now at preventing or curing cancer than we were then.  While disturbing,
this observation does not convey the dramatic improvements that have been made in five-year survival
rates [2], or the greatly reduced mortality among those under 65 years of age, and in particular those
under five {Table F–2}.  Together with this, but more difficult to quantify, have come dramatic
improvements in the quality of life enjoyed following therapy, with vastly improved pain control and the
availability of extensive rehabilitation.
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EAPC = estimated annual percent change.  Highlighting added.

Table F–1: Cancer incidence and survival rates in the USA (1950–1997/8)1092

Mortality rates are per 100 000 of population.  Highlighting added.

Table F–2: Cancer mortality rates in the USA (1950–1998)1092
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F.3 The cause of cancer
Scope of aetiology
Our understanding of cancer aetiology has advanced from ascribing it to an excess of black bile, to
failure of the lymphatic system, to flaws in the biochemical control of cellular proliferation, to defects in
the interplay between the genome and its environment.  The current scope of our enquiry ranges mostly
from the molecular to the organismic, but excursions to scales beyond these are sometimes made.

The prerequisites for cancer
The defining characteristics of cancer introduced above impose restrictions on the context in which
cancer can develop.  The characteristic of cellular proliferation implies the need both for regulated
cellular growth, lest cells swell or dwindle in size as they increase in number, and the near-perfect
transmission of modus operandi from one cellular generation to the next, lest the ability to survive and
propagate be lost.  To say this may seem to be no more than to say that life is a prerequisite for cancer, a
fundamental notion indeed, but there are further implications.  The first is that the organism must be
multicellular for there to be any distinction between cellular proliferation and organismic replication.
The second is that the life span of the organism as a whole must be considerably greater than that of its
constituent cells, or it would die before aberrant cellular proliferation could be of any consequence.  This
further implies that there must be continual death and replacement of cells within the organism.  The
characteristic of local invasion requires that the organism be comprised of functionally distinct cell-types
organised into tissues.  Functional diversity implies a controlled mechanism of cellular differentiation,
which implies an external agency by which the fates of cells can be independently determined.  The
relationship between incubation temperature and hatchling sex in many reptile species is one
example§1426.  The characteristic of angiogenesis implies that the proliferation rate of one cell-type can be
influenced by another, as can tissue architecture.  This leads to the formal requirement of a means of
intercellular communication.  Once this is granted, the possibilities for the control of cell differentiation
are also expanded dramatically by allowing tissue patterning to be determined parentally, rather than
physically, as exemplified by the role of morphogens in ontogenesis®1377.  The characteristic of metastasis
requires the presence of a transport mechanism within the organism, further reinforcing the need for
tissue differentiation.

Human tumorigenesis
Multi-step tumorigenesis
Ultimately, all life processes are the result of the interaction of the genome and its environment within
the bounds of physical laws, and this is therefore true of tumorigenesis.  Current theory holds that cancer
begins with a single cell sustaining a transmissible alteration that confers on it some growth advantage
over its neighbours.  It may reduce dependency on extracellular growth stimulation, or reduce
sensitivity to extracellular growth repression.  It may be something that increases the probability that the
cell will divide, or reduces the probability that it will die.  The alteration may interfere with its ability to
maintain its genome, thus increasing the chance that further growth-advantageous alterations may occur
and propagate.  This leads directly to the concept of multi-step tumorigenesis, where cells gradually
accumulate new attributes and become increasingly abnormal.  A corollary of this is that tumours are
clonal, a much-overworked term.  Here, ‘clonal’ cannot be construed to mean that all cells comprising a
tumour at any stage are genetically identical, indeed, as will be shown here, there is great genetic
variability within tumours.  It must instead be taken to mean that tumours ultimately originate from a
single progenitor cell, but since this is true of any tissue in the body, it is hardly a distinction.  What
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makes this statement of value is that tumours may be derived from a cell already substantially
differentiated and so have attributes that are characteristic of a particular cell-type.

As stated, each alteration that confers a growth advantage must be transmissible.  This is generally taken
to be synonymous with heritable, that is, transmitted by a cell to its descendants during cell division, but
it need not be so.  Transmission by viral infection also figures in tumorigenesis, as with human
papillomavirus (HPV)®259 and Epstein-Barr virus (EBV)®949.  Whatever the mode, the nature of the
alteration cannot be so disruptive as to prevent its transmission.  Thus a tumorigenic virus cannot kill its
host cell before replicating, a somatic gene mutation cannot prevent cell division, and, at a higher level,
carriage of a germ-line mutation cannot have a phenotype that is invariably lethal during childhood.

Tumour-suppressor genes and oncogenes
The attempt to understand the interaction between genome and environment benefits greatly from the
overlaps among epidemiology, biochemistry, molecular biology, and molecular genetics.  Thus
environmental factors implicated in causing the critical alteration, carcinogens, have been identified; the
natures of the alterations made have been characterised at a molecular level; and the implications of
these changes at the cellular level have been explored.  In this way, many carcinogens have been found to
be mutagens, that is, agencies of genetic alteration, as with γ-radiation and benzo[a]pyrene.  An
extremely valuable tool has been the study of hereditary syndromes in which predisposition toward
cancer is prominent among the symptoms346.  This has led to the identification of many genes that play
important roles in the development of cancer, oncogenes, or its prevention, tumour-suppressor genes
{Table F–3}.  Often, when the protein products of these genes are characterised, they are found to interact
functionally with others similarly implicated in tumorigenesis.  This has led to the identification of
protein groups whose elements cooperate to perform a complex, often multi-step function, and this
ability may be lost or degraded with the failure of any element.  The functions performed by these
subsystems are exactly those that would be expected given the prerequisites for the development of
cancer.  They participate in the control of cellular proliferation and differentiation, genome integrity, and
intercellular communication.  Those elements that are critical to a subsystem, that link subsystems
together, that participate in multiple subsystems, or that can subvert function, are in general those
considered to be tumour-suppressors or oncoproteins.

The mutation versus aneuploidy debate
A correlation between gross chromosomal defect and cancer was recognised at least as early as 1914, in
which year Theodor Boveri stated that cancer cells contained ‘…einen bestimmten, unrichtig kombinierten
Chromosomenbestand’ (translation: ‘…a certain set of incorrectly combined chromosomes’) and that ‘Dieser
ist die Ursache für die Wucherungstendenz, die auf alle Abkömmlinge der Urzelle […] übergeht’ (translation:
‘This is the origin of the tendency to rampant growth passed on to all descendants of the original cell’127.
In addition to changes in chromosome structure, such as translocations, abnormal chromosome numbers
(aneuploidy) are frequently seen, and a loss or imbalance of gene expression may result.  It has been
proposed that this may be a driving force behind tumorigenesis.  With advances in molecular genetics
allowing the characterisation of the genome down to the individual nucleotide, oncogenes and tumour-
suppressor genes have been recognised, and mutations in these proposed as causes of cancer.  That
chromosomal aberrations and mutations both occur is not in dispute.  The issue is: which is the cause
and which the effect?
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Familial adenomatous polyposis 739

Colorectal cancer, hepatoblastoma415, thyroid cancer171 596, brain tumours470

APC430 470
Mediates adhesion dependence: with β-catenin1117 1210, E-cadherin571, GSK3β1528,

WNT1040, and by regulating MYC492 transcription.  Involved in cell motility99,
microtubule polymerisation931, and kinetochore function364.

Turcot’s syndrome®603

Colorectal cancer, brain tumours
APC430 470 see above
PMS2?172 247 DNA base mismatch detection473 707

HNPCC®36 1396; Muir-Torre syndrome
Colorectal cancer, endometrial cancer, stomach cancer1

PMS2947 (4) see above
PMS1947 (3) DNA base mismatch detection473 707

MLH1797 (2) DNA base mismatch detection473 707

Component of BASC

MSH2756 1274 (1) DNA base mismatch detection473 707

Component of BASC.  Forms a mismatch recognition complex with MSH6.

MSH6 179 1441 (5) DNA base mismatch detection473 707

Component of BASC.  Forms a mismatch recognition complex with MSH2.

TGFBR2?810 (6) Growth factor receptor serine/threonine protein kinase
Growth factor responsiveness321

Xeroderma pigmentosum®715 ®741

Trichothiodystrophy, neurological abnormalities, cutaneous carcinomas: melanoma699, squamous and basal
cell carcinoma

XPA1303 (A) Damaged DNA binding protein1450

ERCC31371 (B) DNA helicase822

XPC780 (C) Damaged DNA binding protein1450

ERCC2356 (D) DNA helicase1273

DDB2946 (E) Damaged DNA binding protein560

ERCC41223 (F) DNA repair endonuclease: with ERCC1399

ERCC5959 (G) DNA repair endonuclease455

POLH1494 (variant) DNA trans-lesion polymerase = DNA pol-η855

ERCC6215 835 (CS) DNA-binding ATPase1175

Fanconi anaemia
Birth defects, bone marrow failure, pancytopenia, cancer predisposition: acute myeloid leukaemia1463, oral

squamous cell carcinoma1058, myelodysplastic syndrome, breast cancer1496

FANCA (A) Dual incision prior to inter-strand cross link repair, with ERCC4727

FANCB (B) Unknown

FANCC (C) Interferon-γ signalling via STAT1997, G2/M arrest via CDC2721, CASP3 activation
after ionising radiation449, mediates Fas-sponsored apoptosis703 1394.

BRCA2 (D1) Homologous recombination and DNA repair: with BRCA1 and RAD51242

FANCD21329 (D2) Unknown
FANCE251 (E) Unknown
FANCF (F) Unknown
FANCG (G) Unknown
Wiskott-Aldrich syndrome®963

Immunodeficiency, eczema, thrombocytopenia, lymphoreticular tumours, leukaemias, lymphomas227 718

WAS461

Signal transduction53 450 984: with EGFR1198, FYN69; BTK450, modulated by CDC42
membrane GTPase669 706; independent of actin polymerisation1226

Cytoskeletal organisation1286: chemotaxis459, phagocytosis772 806

Apoptosis1081

Megakaryocyte differentiation890

Ataxia telangiectasia1212 ®1253

Immunodeficiency1469, lymphoma661 786 1148, leukaemia886 1495, breast cancer599 621 1186

ATM1111 1143

Serine/threonine protein kinase175

Known substrates677: BRCA1226 403, nibrin1458 1516, CHK2858, p53659, ABL76, MDM2249

DNA damage response153 528 1290: as component of BASC; with CHK1193, CHK2858 1333,
MDM2249, p53659 906 1427

DNA recombination: as component of BASC
Nijmegen breakage syndrome277 1212 ®1366

Immunodeficiency, lymphoma
NBN1365 DNA damage response: as component of BASC1458 1516

Bloom’s syndrome®413

Growth deficiency, telangiectasia, diabetes mellitus, cancer predisposition: leukaemia, Hodgkin’s
lymphoma, oesophageal cancer

BLM317 DNA helicase637 791

DNA damage response: as component of BASC

Table F–3: Hereditary conditions that predispose toward cancer (continues overleaf)

BASC, the
BRCA1-

associated
genome

surveillance
complex, is
reviewed in
Appendix I.
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Hereditary retinoblastoma®10 320

Bilateral paediatric retinoblastoma, osteosarcoma829, melanoma24 77 903, bladder cancer897

RB1270 513 802 1177
pRB-related ‘pocket protein’200

Cell-cycle progression (G1)479: with E2F1
Control of differentiation194

von Hippel-Lindau syndrome211 218 ®229 ®375 977

Renal cell carcinoma, pheochromocytoma, CNS hemangioblastoma, pancreatic cancer811, astrocytoma944,
Hodgkin’s disease269

VHL1488 1502
Transcription elongation inhibitor922

Ubiquitin E3 ligase213

Growth factor response1007, via p27674

Wilms’ tumour®1435; Denys-Drash syndrome796

Paediatric kidney tumour, leukaemia1060 1282, breast cancer1224, adult renal cell carcinoma151

WT1454 878
Transcription factor297 765 1414

Cell-cycle progression (G1)723, via RBBP7446, p21323

Apoptosis control via BCL2862 878

Multiple endocrine neoplasia®1323

Endocrine tumours: pituitary, parathyroid, pancreas, peptic ulcer disease, melanoma957

MEN1178 Transcription co-factor
Specifically binds and inhibits the JUND transcription factor16

Peutz-Jeghers syndrome®867

Adenocarcinoma107: colon282, breast, testis, ovary, biliary tract1271, pancreas1271, melanoma451 1114

STK11499 604 Serine/threonine kinase1239

Unknown function
Li-Fraumeni syndrome®328

Sarcoma, brain tumours110, breast cancer

TP53564

Transcription factor861

Apoptotic control78 86 431: via BAX130, BCL2895

Cell-cycle progression: via CDKN1A313, GADD45652

Genomic stability129 1388

DNA damage response1437: with ATM659 906 1427, ATR1327, CHK11208, CHK2183 525 1208 1333

CHEK285
Serine(/threonine?) protein kinase
DNA damage response: with ATM, p53525 1208 1333

Cell-cycle progression: via CDC25183

Neurofibromatosis I®958

Fibromatous skin tumours, cafe au lait spots, pheochromocytoma, meningioma, glioma, astrocytoma711 751

NF11455 GTPase-activating protein488

Signal transduction: modulates RAS activity1514

Neurofibromatosis II®327

Bilateral acoustic schwannoma, meningioma1352

NF2693 865 1004 Ezrin, radixin, moesin family (ERM) protein135 541 876

Cellular adhesion453 702 and adhesion dependence1196

Gorlin syndrome®230

Multiple developmental defects, basal cell carcinoma, medulloblastoma

PTCH462 616
Trans-membrane receptor protein: Sonic hedgehog signalling (with

Smoothened)1265

Chromosomal stability1185

Multiple hamartoma syndrome; Cowden syndrome®319

Multiple hamartomas (skin, mucous membrane, breast, thyroid, intestine), brain tumours, prostate cancer,
melanoma170

PTEN1231

Dual specificity (Tyr, Ser/Thr) protein phosphatase; lipid phosphatase
Cell-cycle progression (G1): via PI3K95 1368, cyclin-D11424, p211456 and p27775 1424

Apoptotic control1423

Cell adhesion migration1298: via FAK1297

Melanoma-astrocytoma syndrome®646

Melanoma, neural tumours, commonly astrocytoma58

CDKN2A368 ARF: Degradation targeting1076

Genome surveillance: with p53, MDM2602

Melanoma484 1391, leukaemia18 975, mesothelioma1059 1465, pancreatic carcinoma149

CDKN2A368
p16: CDK4/6 cyclin-dependent kinase inhibitor1180

Cell-cycle progression (G1): with pRB, cyclin-D, CDK4/61202 1373

Cellular senescence557

Melanoma1250

CDK41529 Cyclin-dependent kinase480

Cell-cycle progression (G1): with pRB, Cyclin-D, p161202 1373

Table F–3 (continued)
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Gastric cancer448, colorectal1091 cancer, lobular breast cancer (?)1072 1384

CDH193
Calcium-dependent cell adhesion protein (epithelial): E-cadherin94

Cell adhesion, tissue architecture, invasion suppression98, metastasis80

Contact inhibition and adhesion dependence: with APC571, β-catenin, p271257

Proximal colorectal cancer406 1519, myelodysplastic syndrome189

GSTT11267 Glutathione S-transferase enzymes1130

Chemical detoxification; free radical scavenging; tumour chemoresistance
Ovarian cancer79, lung cancer1174, colorectal cancer1519

GSTM11011 Glutathione S-transferase enzymes1130

Chemical detoxification; free radical scavenging; tumour chemoresistance
Breast cancer, ovarian cancer365

BRCA1264 1403 DNA damage response: as component of BASC; with p53987 1510, ATR1328

Centrosome replication543

Breast cancer1451, pancreatic cancer1160

BRCA21314 Homologous recombination and DNA repair: with BRCA1 and RAD51242

Listed are hereditary diseases where: cancer predisposition is a facet of the symptomatology; an underlying
gene has been identified; and there is some understanding of the function of the encoded protein.

Ordering is to allow juxtaposition of apparently distinct phenotypic manifestations with the same underlying
cause (for example, APC mutation), or similar phenotypic manifestations with differing underlying causes (for
example, Li-Fraumeni syndrome).  Beyond that, syndromes are grouped into broad similarity of tumour type
(for example, melanoma predisposition).

Parenthesised items following gene names denote recognised sub-classifications of the disease.

Bold entries among the associated diseases denote those typical of the syndrome.  Others are those also
reported in hereditary disease, or implicated by virtue of gene aberrations found in sporadic cases.  Bold
entries among the functions of encoded proteins denote the functional class to which the protein product
belongs, where this is well defined.

Table F–3 (concluded): Hereditary conditions that predispose toward cancer

Proponents of aneuploidy as a cause®1178 cite the inherently low basal mutation rate, suggesting that
alone, it could not account for the number of aberrations seen in many tumours given the time over
which they develop.  If, however, an early mutation has the consequence of increasing this rate, this
argument fails.  Consistent with this, mutations in genes associated with DNA repair mechanisms are
frequently observed, as are mutations in genes associated with the maintenance of chromosomal
stability.  A reasonable interpretation of current information is that mutation and aneuploidy are
inextricably linked, and once either occurs, the rates of both increase.  A mutation may affect the
maintenance of chromosomal stability and euploidy as easily as gain or loss of a chromosome may affect
basal mutation rate.  It is a self-reinforcing cycle that is as likely to be initiated by a chance event affecting
one aspect as the other.  The search to identify which is the cause, and which the effect, is both
misguided and irrelevant.

The immune system and cancer
Many believe that the immune system has an important role in the prevention of cancer.  That this is a
fallacy becomes evident when it is appreciated that only in relatively few hereditary cancer
predisposition syndromes is immunodeficiency present, and in the great majority of hereditary
immunodeficiency syndromes, there is no associated predisposition toward cancer.  This is discussed
more fully in Appendix G.

The progression of cancer
However the progression from normality to malignancy is driven, it appears to proceed through a
number of reasonably well defined stages.  In tissues of epithelial lineage, it will often begin with
hyperplasia: the presence of supernumerary cells not significantly morphologically different from the
normal tissue.  Dysplasia develops, during which the morphology of the cells diverges from the norm for
the tissue of origin.  With increasing dysplasia, the growing benign tumour ultimately will warrant the

The material
presented in

Appendices I,
J, K, and L is
pertinent to

this
discussion.
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designation of carcinoma in situ.  With invasion into surrounding tissue, the tumour becomes malignant,
and if it spreads to distant sites, it has become metastatic.

While these changes may be occurring at the level of the tissue there may or may not be any outward
indication of this process.  Where symptoms are sufficiently obvious to prompt the seeking of medical
advice, they often include lumps or swelling (the origin of the word ‘tumour’), pain, fatigue, unusual
bleeding or discharge, gastric, intestinal or urinary obstruction, fever, unusual sweating, deficient wound
healing, or neurological effects including alteration in sensation or motor control.  It is not unusual for
cancer to be asymptomatic and discovered through intentional screening, or fortuitously as a result of
other medical procedures such as blood tests, X-rays, ultrasound examination, or surgery.  When
symptomatic however, it is likely that the cancer has been present undetected for some years, and, in the
case of solid internal tumours, it is likely that a blood supply to the tumour has already been established.
Once cancer is suspected, various diagnostic tools will be applied to verify if this is indeed the case, and
if so, to identify the particular type and its stage of progression.  From there, a strategy for treatment can
be developed.

The treatment of cancer
Conventional treatment
Three major modalities have been the mainstays of cancer treatment since its recognition as a cellular
disease: surgery, chemotherapy, and radiotherapy.  Clinical experience has led to the development of
particular treatment regimens for particular cancer types at various stages, the principal determinant
being the degree to which the disease has metastasised, if at all.  Where medical imaging and biopsies of
the tumour and adjacent lymph nodes indicate that spread in unlikely, a purely local treatment may
suffice, typically surgical resection of the tumour and marginal normal tissue, or targeted radiotherapy,
delivered either from an external source, or by isotopic implantation.

Where metastasis is known or suspected, a systemic treatment is required.  This is generally in the form
of chemotherapy using cytotoxic or anti-proliferative drugs.  Variations, such as isolated limb perfusion,
and combined modalities, such as surgery with local radiotherapy may also be employed.  In all cases,
whether it depends on the surgeon’s skill, the precision of conformant radiotherapy, or the
pharmacological and biological attributes of drugs, the efficacy of treatment depends on the
discrimination between cancerous and normal cells and the selective extirpation of the former.

Immune system modulation
There is a school of thought that believes that the specificity of the immune system may be harnessed to
provide the means of discrimination required.  This process began long before the cellular basis of the
immune system was known, with Coley’s toxins in the nineteenth century.  The late twentieth century
saw the therapeutic use of recombinant cytokines, and today novel drugs that directly or indirectly affect
immune system function are in clinical trial.  Attempts have been made to create vaccines from mutated
or over-expressed tumour antigens, with some success in animal models.  Nevertheless, if no
tumorigenic pathogen is present, these approaches may be limited.

The limitations of conventional therapies
To refer to conventional therapies as ‘cutting, poisoning, and burning’ illustrates well how blunt are the
tools of surgery, chemotherapy, and radiotherapy.  The greatest obstacles to the success of conventional
systemic treatment are the dispersed nature of cancer as a disease and the extremely close biological
similarity between malignant and normal cells.  To date, the major objective of chemotherapy has been

The role of
the immune

system in the
prevention

and treatment
of cancer is
reviewed in
Appendix G.
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the selective destruction of proliferating cells, the rationale being that cancer cells are more likely to be
dividing.  As we learn more about cancer, we are finding that this is perhaps a poor distinction at best.
Firstly, the situation is not that every cell in a tumour is dividing more frequently than normal, it is that
overall, there is a net excess of cell proliferation over cell death.  Alterations to apoptotic mechanisms
may be as important as increased cellular proliferative capacity.  Secondly, very many normal tissues,
such as gut epithelium and haematopoietic precursor cells have an intrinsically high proliferation rate
and are therefore detrimentally affected by these drugs, often to the extent of being dose-limiting for
therapy.  Thirdly, tumour vasculature is both spatially and temporally heterogeneous, with consequences
for the uniform delivery of drugs, and hence their efficacy.  To overcome these obstacles, ways must be
found to exploit the aspects of tumour biology that do differ from the biology of normal cells and tissues.

Novel therapeutic strategies
Gene and anti-sense therapies
In cases where tumour growth occurs only due to the functional failure of a tumour-suppressor, it may
in future be possible to supply a replacement for a defective gene®866, but there are immense problems in
bringing such gene therapy to the clinic.  In particular, delivery of the replacement gene specifically to
tumour cells will be required where over-expression in normal cells is associated with toxicity.  Even if
delivery mechanisms can be developed, ensuring appropriate and sustained levels of gene expression
are formidable obstacles.

Conversely, where tumour growth is supported by production of a mutant protein or over-production of
a normal one, the possibility of specifically interfering with this exists.  The most promising current
approach to this is in the use of anti-sense agents®231.  These are multi-base nucleic acid analogues whose
sequence is the complement of the mRNA of the target protein.  When delivered or expressed
intracellularly, they will avidly bind such mRNA and interfere with its translation.  This technique works
well in vitro, but therapeutically, it faces many of the same problems as gene therapy.

Targeting signal transduction
It is now widely appreciated that many of the molecular causes of disease are either components of, or
exert their influence via, intracellular signal transduction channels®495, and this may be particularly true
of cancer.  If drugs that interfere with spurious proliferative signalling can be found or developed, a
therapeutic opportunity may exist in the treatment of some types of cancer.

As a class, receptor tyrosine kinases make excellent potential therapeutic targets since their function is
often altered in cancer by erroneous expression, mutation, or over-expression of their specific ligand®1530.
Where this has the effect of stimulating net cellular proliferation, it can drive tumorigenesis.  As an
example, several novel drugs have been developed that target the epidermal growth factor receptor and
a number are now in clinical trial515 1079.

Non-receptor kinases, both tyrosine and serine/threonine, also frequently participate in signal
transduction channels and have been implicated in many cancer types.  Among theses are the cyclin-
dependent kinases (CDKs) and other regulators of the cell division cycle, such as WEE1.  Of particular
interest is the recent FDA approval of imatinib mesylate for the treatment of chronic myelogenous
leukaemia214.  This drug is a tyrosine kinase inhibitor that counteracts the effects of the erroneous
activation of the ABL kinase resulting from its expression as a BCR fusion protein after the chromosomal
translocation characteristic of this cancer.
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Another target is RAS, a signalling protein that is normally self-regulating.  In many cancers however,
this regulation is lost, and if triggered, RAS signalling remains active and can drive cellular proliferation.
Its activation requires that it become associated with the cell membrane, and for this to occur, RAS must
be post-translationally modified by farnesylation.  Inhibitors of the farnesyltransferase enzyme that
performs this may reduce or prevent aberrant RAS signalling.  Compounds of this type are also in
clinical trial638.

Anti-angiogenic agents
In tissues produced by the normal processes of development and growth, the needs for nutrient and
oxygen supply and waste removal are met by the co-establishment of a hierarchy of blood vessels and a
network of lymphatic vessels.  Since this is not the way in which tumours develop, this mechanism is not
available to them.  The manner in which cancers resolve this distinguishes them from almost all normal
adult tissues: their continuing existence is dependent on their ability to induce angiogenesis {F–2}.
Therefore, therapies that target the proliferation, but not the survival, of vascular endothelial cells should
prevent the growth of tumours and probably cause their regression, and do so with minimal toxicity®197.
Two approaches to this exist, although in reality they may be different aspects of just one.  Firstly, it
should be possible to diminish or oppose the effect of growth factors that stimulate endothelial
proliferation.  This may entail the use of cytokine therapy, as has been used in the treatment of infant
haemangioma with interferon-α, or of antagonistic antibodies directed against the receptors for critical
growth factors, such as FGF2, VEGF, and angiogenin.  Secondly, it may be possible to stimulate activity
of the normal process that disables angiogenesis after wound healing and ovulation.  Here, the anti-
angiogenic properties of several small peptides that are cleavage products of proteins engaged in these
processes may be extremely important.  One such, angiostatin, a fragment of plasminogen, causes drastic
regression of human breast, prostate, and colon tumours implanted into mice, and holds them in this
state for the duration of treatment§980.  While no anti-angiogenic drugs have yet been approved for the
treatment of human cancer, at least fifteen are in clinical trial, and there is a very real prospect that some,
at least, will be efficacious.

Anti-metastatic agents
Among the several hundred distinct normal human cell-types, only one, the leukocyte, has the ability to
travel freely within and between tissues.  Indeed, displacement of any other type of normal cell into an
inappropriate context is generally sufficient to cause its immediate self-destruction though apoptosis, a
process termed anoikis377.  It is thought that this process is mediated through biochemical interactions
between cells, and between a cell and the extracellular matrix.  When the correct combination of signals
is not available to a cell, that is, when it is displaced, it dies.  In contrast, the most pernicious aspect of
cancer, metastasis, implies that tumour cells can overcome these limitations.  Clearly, there is more to
metastasis than the fortuitous dislodgement of a cell or a clump of cells from a primary tumour, and
some change in biological regulation must be taking place.  To detach from the primary tumour, it must
be able to decrease its intercellular affinity, and the proteins β-catenin and E-cadherin have been
implicated in this role, particularly in gastric cancers®956.  To be able to survive in isolation during its
travels, it must attain at least substrate-independence, and the integrins are implicated here®725.  In the
case of individual cells, contact-independence must also be attained, and here again, E-cadherin or its
signal transduction subsystem, has been implicated1447.  To move within and between tissues requires
that it have inherent motility, implicating cytoskeletal components§593 §865 and cytokine signalling, as with
HGF/MET®860.  It must be able to pass both between other cells that may normally be strongly cohesive,
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and possibly through the basement membrane, and here, matrix metalloproteinases have been
implicated®1258.  These processes must also work in reverse, in that the metastatic seed must be able either
to adhere to, or exit through the vessel wall in order for a secondary tumour to form.

The possibility that these activities may be susceptible to modulation presents a therapeutic opportunity,
and the search to elucidate the mechanisms governing metastasis, and for the means to influence it is
now in progress.  It is as yet too early to speculate on how successful this will be.

Pro-drugs
One approach to resolving the issue of general, as opposed to tumour-specific cytotoxicity has been to
separate the delivery of a drug from its activation®265.  In this way, a biologically benign pro-drug can be
administered systemically and subsequently, its latent therapeutic function activated locally.  This
approach is open to a great many variations.  Higher tumour pro-drug concentration may be achieved
by taking advantage of poor tumour vasculature.  Systemic pro-drug levels can be allowed to rise until a
steady-state is reached, whereupon the majority of the pro-drug can be removed from well-vascularised
normal tissue immediately prior to activation.  Drug activation may be triggered by radiolytic cleavage,
by tumour hypoxia or pH, or by enzymatic activity.  In the latter case, endogenous enzymes expressed in
the tumour tissue type, or over-expressed in the tumour may be used.  Alternatively, exogenous enzymes
may be employed.  In antibody-directed enzyme pro-drug therapy (ADEPT), such an enzyme is
supplied and is targeted to the tumour by a linked antibody.  Upon pro-drug delivery, activation only
occurs within the tumour.  In gene-directed enzyme pro-drug therapy (GDEPT), a gene for the enzyme
may be introduced into the tumour, albeit with difficulty, that is subject to tissue-specific expression.
Finally, while much of the early work with pro-drugs has employed traditional cytotoxins such as
mustard derivatives, there is a great range of potentially suitable agents.

Genetic targeting
A particularly cunning strategy to target tumour cells has been devised that harnesses two aspects of p53
molecular biology: its frequent functional loss in cancer cells, and its active disablement by many viruses
as a prerequisite for productive infection.  Onyx Pharmaceuticals have engineered an adenovirus,
ONYX-015®1093, in which the gene responsible for disabling p53 upon infection is non-functional.  In
consequence, they believe, it will only be in cells where p53 is already non-functional that the virus can
replicate, ultimately destroying the host cell in the process.  Since all normal human tissues express
functional p53, but it is mutated in most tumours, it will only be tumour cells that are destroyed.  While
attractive theoretically, our knowledge of p53 function is still incomplete, and opinion is divided on the
soundness of the underlying premise and on what practical utility this approach will have.  This issue
will be clarified considerably with the completion of the clinical trials of ONYX-015 that are currently
underway686.  Also developed, but not yet to the same stage, is a similar virus that will target cells
lacking the function of another tumour-suppressor, the retinoblastoma-associated protein, pRB {See
Chapter 11}.



G Immunodeficiency and cancer

The theory of immune system surveillance as a general defence against cancer has many proponents,
but little concrete evidence to support it.  One of the telling arguments against this theory comes
from the study of hereditary immunodeficiency syndromes.  With very few exceptions, cancer is not a
feature of these.  Where it is, immunodeficiency and cancer predisposition are independent effects of a
common molecular flaw, with no causal relationship existing between them.  Similarly, arguments
based on increased cancer incidence in those with suppressed immune system function do not stand
up to close scrutiny.  Consequently, suggested cancer therapies based on immune system modulation
must be viewed with circumspection.

G.1 Introduction
There is a widely held theory that the immune system plays a role in the prevention of cancer, its
rationale being essentially as follows.  Where there is an operative immune system, cellular proteins are
sampled and subjected to scrutiny by T-cells that will recognise foreign antigens.  Any cells displaying
such antigens elicit a cytotoxic response and are destroyed.  Since cancer arises from events that often
give rise to mutant proteins, there is a prima facie case that surveillance by the immune system has a
significant role in the prevention of cancer.  This hypothesis is amenable to testing since, if true, where
the immune system is deficient, an abnormally high incidence of cancer should be seen.

Several lines of evidence are often raised in support of this.  In AIDS, elevated rates of Kaposi’s sarcoma
(KS) and non-Hodgkin’s lymphoma (NHL) are seen.  Among the hereditary immunodeficiency diseases,
increased cancer incidence is seen: lymphoma and breast cancer in ataxia telangiectasia (AT); lymphoma
in Nijmegen breakage syndrome (NBS); and leukaemia in Bloom’s syndrome (BS).  Where the immune
system has been depressed for therapeutic reasons, as in the case of organ transplantation or the
treatment of autoimmune diseases, elevated cancer rates are also commonly reported.  Taken together,
the case in favour of a tumour-suppressive immune system function appears formidable.  However, as
this review will show, the increased cancer incidence seen is readily explicable without recourse to
immunodeficiency as a cause.

G.2 Acquired immunodeficiency syndrome
KS and NHL account for ~80% of cancers seen in patients with AIDS1100.  Excluding these, cancer
incidence in AIDS is only approximately twice that of the general population370.  This bias and the
relatively modest general increase in incidence are difficult to reconcile with the hypothesis of immune
system tumour-suppression, under which a spectrum and incidence increase more akin to that seen in
Li-Fraumeni syndrome  (LFS) could be expected.  Nevertheless, there is an association, and an
explanation must be found.

The existence of tumorigenic viruses is well established.  It is entirely possible that the Human
Immunodeficiency Virus (HIV), generally accepted as the cause of AIDS, is yet another such, causing a
tumorigenic transformation directly, and independently of its effects on the immune system.  Once HIV
infection is established, its suppressive effect on immune system function leaves the host vulnerable to
opportunistic pathogens, notably Pneumocystis carinii, which causes pneumonia with a mortality rate of
37% within 12 months after diagnosis304.  The host is similarly vulnerable to tumorigenic pathogens, and
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these account for the overwhelming majority of AIDS-associated cancers, with Human Herpesvirus 8
leading to KS, Epstein-Barr virus (EBV) to NHL347, and Human Papilloma Virus (HPV) thought to lead to
several other types®257.  Other as yet unrecognised tumorigenic pathogens may account for the balance.

Arguably, this supports the hypothesis of immune system tumour-suppression, but only in a very
limited and indirect sense, that is, when the underlying cause is pathogenic infection.  As for supporting
a general role, it is negligible.

G.3 Hereditary immunodeficiency syndromes
Introduction
Over 70 hereditary immune-deficiency syndromes are known, and in very many cases, the causes have
been ascribed to specific genes, and this has been confirmed by the generation of knockout mice {Table
G–1}.

Class Genes

Membrane proteins
(receptors included)

C5R1, CD3E, CD4, CD5, CD8A, CD8B1, CD14, CD19, CD28, CD74, CD80,
CR2, CTLA4, FAS, FCER2, FCGR2A|FCGR2B, FCGR3A|FCGR3B, FLT3,
IFNGR1, IL2RA, IL2RB, IL2RG, IL5RA, IL7R, IL8RA|IL8RB, LAG3,
PTPRC, SPN, TACR1, TNFRSF1A, TNFRSF5, TNFRSF8

MHC class II genes at 6p21
T-cell receptor genes at 7q34
T-cell receptor alpha and delta genes at 14q11.2

DNA-binding proteins
(transcription factors included)

CEBPB, ETS1, FOS, GATA2, IRF1, IRF2, MYB, NFKB1, PAX5, POU2F2,
RELA, SOX4, TCF3, TCF7, VAV1, ZNFN1A1

Cytokines and related proteins CSF2, FASLG, IFNG, IL1B, IL2, IL4, IL5, IL6, IL7, IL10, IL12B, LTA, SDF1,
TGFB1, TNFSF5

Signal transducers BTK, CSK, FYN, ITK, JAK3, LCK, LYN, PIM1, PRKCB1, STAT6, SYK,
ZAP70

Genome maintenance ATM, DNTT, POLB, PRKDC, RAG1, RAG2, XRCC5
Adhesion proteins ICAM1, ITGB2, ITGB7, SELE, SELL
Apoptotic effectors ABL1, BAX, BCL2
Proteasomal proteins PSMB8, PSMB9

Other
ADA, B2M, C3, C4A|C4B, CD2, CDKN1B, CHS1, GZMA, IGKC, PRF1,

TAP1
Immunoglobulin heavy chain genes at 14q32.33
Immunoglobulin lambda genes at 22q11.1–q11.2

Classification is indicative only.  Some proteins encoded may belong to multiple classes.  Where closely
linked related genes occur and it is not clear which is responsible for the phenotype, this is indicated, for
example ‘IL8RA|IL8RB’.

Table G–1: Genes implicated in hereditary immunodeficiency

These diseases fall into five broad divisions: the severe combined immunodeficiencies (SCIDs), where
both B-cell and T-cell function is compromised, onset is early, progression rapid, and outlook poor; the
combined immunodeficiencies, affecting B-cell and T-cell function, but to a lesser degree; the B-cell
immunodeficiencies, where T-cell function remains intact; the T-cell immunodeficiencies, where B-cell
function remains intact; and the phagocytic immunodeficiencies.  Representative diseases of each type
where there is a significant body of literature are discussed briefly below, together with an assessment of
the weight they add to the argument in favour of a tumour-suppressive immune system function.

Severe combined immunodeficiencies
Class I: Flawed signal transduction
The SCIDs can be further sub-divided for convenience, the first class being those where signal
transduction is flawed.  This includes genetic defects in IL7R, JAK3, PTPRC, TNFSF5, and IL2RG, the
gene associated with X-linked SCID and accounting for ~50% of hereditary SCID.  In these diseases,
there are failures of lymphocyte proliferation and activation.
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Class II: Lymphocyte toxicity
The second class involves lymphocyte cytotoxicity and is monotypic, with ADA being the only gene
implicated.  This accounts for 15%–30% of hereditary SCID.  The encoded enzyme, adenosine deaminase,
is involved in purine metabolism, and it could be thought that its mutation may cause deficiencies in
nucleic acid synthesis that lead to the SCID phenotype.  However, the basis for this disease is the
selective cytotoxicity of unprocessed ADA substrates toward lymphocyte precursor cells.

Class III: Flawed V(D)J recombination
The third class involves flaws in V(D)J recombination, and includes PRKDC, SCIDA, RAG1, and RAG2.
This destroys the immune system’s greatest strength: its potential to produce a myriad of unique antigen
receptors from a limited number of genes.  It can also halt lymphocyte development, which stalls until
this process completes.

Class IV: Flawed antigen presentation
The fourth class includes diseases where the processing and presentation of antigens is flawed and these
are known collectively as ‘bare lymphocyte syndrome’.  The genes MHC2TA, RFX5, RFXANK, and
RFXAP are implicated, and encode proteins that operate in both the HLA I and HLA II antigen
presentation subsystems.  Those involved in HLA II, the processing of antigens of extracellular origin,
are the more prevalent.

Cancer predisposition
If the immune system served to prevent cancer, arguably it would be in these most severe diseases that
this would show itself, but in none of these SCID syndromes, irrespective of their class, is there any
significant predisposition to cancer.  It may be argued that this is because death occurs due to infection
before any tumour develops.  Even if true, this can never be proven and must be considered speculation
at best.

Combined immunodeficiencies
DiGeorge anomaly
This is known best as a flaw in development, principally affecting the heart, often the palate, and in some
cases, the thymus.  It is in this last subset, about 20% of cases, that variable immunodeficiency is seen.
While a region on chromosome 22, named ‘Catch-22’ has been implicated, no single gene has been
identified as causative, and there is some suspicion that a deletion of contiguous genes may be necessary
for development of the full disease phenotype.  There is also evidence for a further susceptibility locus
on chromosome 10.  Occasional malignancies are reported, including B-cell lymphoma (BCL),
neuroblastoma, glioma, and squamous cell carcinoma.  Viral infection is suspected to play a part in some
or all of these.  Until the molecular basis of this disease is elucidated, to attribute increased cancer rates
to immunosuppression is premature.

Chediak-Higashi syndrome
The symptomatology of Chediak-Higashi syndrome®584 includes immunodeficiency, abnormal
pigmentation, and progressive neurological dysfunction.  The associated CHS1 gene encodes a protein
involved in lysosomal trafficking1255 and in this role it plays a part in Class II antigen presentation338.
Although there are some reports of lymphoma associated with this disease, for the most part it is non-
malignant lymphocyte proliferation that is seen.

The
regulation of
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Chapter 2
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B-cell immunodeficiencies
X-linked agammaglobulinaemia
The gene associated with X-linked agammaglobulinaemia (XLA)®1375, BTK, encodes a kinase that
translocates to the nucleus902 and is involved in the activation of the transcription factor NFκB via its
inhibitor IκB kinase1022 1299.  This in turn controls a variety of cellular processes relating to cytokine
production and proliferation.  BTK has an imperfectly understood role in the control of apoptosis in B-
cells, inhibiting that induced by Fas1367, but promoting that induced by radiation1351.  Despite this
implication in the control of net cellular proliferation, there is no significant cancer predisposition seen.
In the context of the increases seen in some immunodeficiencies, it is noteworthy that in XLA, anti-viral
immune responses remain intact.

Common variable immunodeficiency
Common variable immunodeficiency (CVID)®1244 is in essence a name given to all B-cell
immunodeficiencies not otherwise classified.  Not surprisingly therefore, it has a heterogeneous
phenotype and multiple loci have been implicated.  No candidate genes have been identified, and the
underlying molecular causes are unknown, although flawed antigen presentation, apoptotic control, and
IL12/IFNγ signalling have been suggested.  Some lymphoma and gastric cancer have been reported, but
the incidence of the latter may not be significantly higher than expected909, and may be pathogen related,
with Helicobacter pylori infection being suggested as a factor680 1527.  Additionally, there are reports of
lymphoproliferative disease, but upon investigation, these are found in the majority of cases to be
benign1131.  Since the mechanisms of CVID are various and unknown, the minor increase in cancer
incidence cannot reliably be attributed to any cause, including immune system dysfunction.

T-cell immunodeficiencies
Duncan’s disease (alias X-linked lymphoproliferative disorder)
In this disease®908, the immune system has neither T-cell nor natural killer (NK) cell function.  The
implicated gene, SH2D1A, encodes a protein involved in the signal transduction of SLAM-family
receptors.  It is normally expressed only in T-cells and NK-cells and is required for their activation.
Duncan’s disease is usually asymptomatic prior to EBV infection, after which, expression of SH2D1A is
also seen in B-cells and lymphoma develops in 20% – 60% of cases.

Phagocytic immunodeficiencies
Wiskott-Aldrich syndrome
The symptomatology of Wiskott-Aldrich syndrome (WAS) includes immunodeficiency, eczema, and
thrombocytopenia®963, and the median age at death, while improving, is now just ten years1020 1272.
Among those who do not fall to uncontrollable infection, rates of lymphatic cancer are higher than
expected, being seen in some 18% of cases.  The functions of the protein product of the WAS gene, WASP,
have been partially characterised.  It is intimately associated with the organisation of the actin
cytoskeleton, particularly in linking polymerisation to events at the cell surface.  In so doing, it is critical
for lymphocyte chemotaxis459 and phagocytosis772 806 902.  Secondly, WASP functions to inhibit
apoptosis1081, and deregulation of this may contribute to lymphocyte depletion.  Furthermore, it is
necessary for differentiation of megakaryocytes into platelets.  Loss of these functions is sufficient to
account for the immunodeficiency seen.  Three aspects of WASP biochemistry may account for the
increased cancer incidence in WAS.  It has a high affinity for the membrane-bound GTPase CDC42706, a
RAS oncogene51 152 512 homologue, once CDC42 has been activated669 by E-cadherin675, a known tumour-
suppressor448.  When in this state, WASP is phosphorylated by BTK, the kinase described above in
conjunction with XLA.  As WASP is only normally expressed in cells of lymphoid lineage, effects of its
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loss would only be seen in such cells, accounting for the different phenotypes of E-cadherin and WASP
deficiencies.  It physically associates with, and may be phosphorylated by, the epidermal growth factor
receptor1198, deregulation of which is often seen in cancer, and it binds GRB2, a key mediator of RAS
signal transduction.  While there is more work to be done to reveal the full function of WASP, what is
already known is sufficient to indicate that its role in tumour suppression does not depend upon its
necessity for immune system integrity.  The interrelationships among E-cadherin, CDC42, WASP, signal
transduction, and cytoskeletal control warrant much greater discussion.  They are, however, beyond the
scope of this work.

An analogous myeloid disease
Fanconi anaemia
By way of comparison, it is edifying to consider a disease in which defects similar to those described
above for lymphoid cells occur in cells of myeloid lineage, and Fanconi anaemia (FA)®401 provides an
excellent example.  In this disease, there is complete bone marrow failure resulting in severe anaemia.
Growth retardation, infertility, and birth defects occur, and there is an increased risk of cancers, including
leukaemias in 10% of cases, hepatocellular carcinoma in 10%, and squamous cell carcinoma and other
cancers in about 5%.  The interesting feature in the current context is that in FA, the immune system is
intact.  The cancer predisposition seen here results from the function of the FA-gene encoded proteins in
co-operation with BASC in the detection and repair of genomic damage.

Chromosomal breakage syndromes
There are three hereditary diseases in which immunodeficiency occurs where there is a clear increase in
cancer predisposition: AT, NBS, and BS.  They have features in common that distinguish them from other
immunodeficiency diseases and indicate their close relationship.  In all, an increased cellular
vulnerability to radiation is seen that manifests as chromosomal breakage.  The proteins encoded by the
genes associated with them, ATM, nibrin, and BLM, are components of the BASC complex, explaining
the overlapping characteristics of the associated disease syndromes.  This complex is activated, among
other things, by the presence of double-strand DNA breaks.  In the majority of cells, these are indicative
of genomic damage, so failure of BASC can dampen or eliminate the response to this, facilitating
tumorigenesis.  In cells of the immune system, double-strand DNA breakage is an essential part of the
V(D)J recombination that is at the heart of the generation of antigen receptor diversity, and involvement
of BASC in this should not be unexpected.  There is certainly evidence that nibrin190, and possibly ATM186

687 801, may be necessary for accurate V(D)J recombination, although the data are somewhat equivocal481

542.  Failure of V(D)J recombination is sufficient to produce immunodeficiency, as is seen in the form of
SCID due to a defective catalytic subunit of DNA-dependent protein kinase, essential for this function667.

Ataxia telangiectasia
In addition to the shared features of these diseases, AT also involves neuronal degeneration, progeria,
and infertility.  The associated protein, ATM®753, encodes a serine/threonine kinase that is activated upon
the detection of genomic damage and includes among its substrates p53, ABL, BRCA1, nibrin, CHK2,
and, possibly indirectly, MDM2.  It is a fundamental part of cellular processes including the DNA
damage response, meiotic chromosomal synapsis, the mitotic spindle checkpoint, telomere maintenance,
and apoptosis.  In AT, lymphoma is frequently seen, perhaps due to the increased chromosomal breakage
experienced in lymphoid cells during V(D)J recombination in the absence of functional BASC.  Increased
rates of breast cancer have also been reported.

BASC is
described

more fully in
Appendix I.
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Nijmegen breakage syndrome
In addition to the common features, NBS®1361 shares with AT the facet of neuronal degeneration.  Its other
symptoms include a shortness of stature, microcephaly, and a peculiar facial expression often described
as ‘bird-like’.  The associated protein, nibrin, a substrate of ATM, participates in DNA double-strand
break repair, modulates p53 induction after irradiation, is probably involved in assuring V(D)J
recombination fidelity, and may influence DNA unwinding, possibly in conjunction with BLM.  As with
AT, lymphoma is a frequent concomitant of NBS.

Bloom’s syndrome
In addition to the common features, BS shares with AT telangiectasia and male infertility, and with NBS,
growth retardation.  Uniquely, an increased incidence of diabetes is a component of BS.  The associated
protein, BLM, is a DNA helicase that may modulate the p53 response after UVR and X-ray induced DNA
damage, and mediates recombination in meiosis.  As with AT and NBS, it is lymphoma that
predominates among the cancers seen in BS, but leukaemias are also seen.

Summary
In hereditary immunodeficiency diseases, an increased incidence of cancer is only rarely seen, and when
it is, it is almost invariably lymphoma, that is, a cancer of precisely the cell-type that is by definition
abnormal in these syndromes.  Where non-lymphoma cancer does occur, the part played by pathogenic
organisms unchallenged by a competent immune system may be the primary cause.  Finally, in several
syndromes, no molecular mechanism has been established and hence ascribing any increased cancer
incidence to immunodeficiency is premature.

In the chromosomal breakage syndromes, there is a clear molecular basis to explain both the cancer
predisposition and the immune deficiency seen, without needing to invoke the latter as a cause of the
former.  They are independent effects of a common cause.  Furthermore, the cancer type seen is again
predominantly lymphoma, and the comments above apply equally well here.

G.4 Therapeutic immunosuppression
A great many immunosuppressive agents are used in the clinic for the treatment of autoimmune diseases
and the management of organ transplantation.  The most frequently used and best understood of these,
together with their associated cancer risks are listed in Table G–2.

Where there are data, again, lymphoma predominates, but there is an interesting correlation between IL2
modulation and skin cancer occurrence that deserves further investigation.  For the antimetabolites, the
possibility of deleterious effects on DNA synthesis cannot readily be excluded, and in the case of
cyclophosphamide, this, and its metabolites are well-known as potent mutagens.

G.5 The immune system and hereditary cancer syndromes
The immune system is exquisitely sensitive and reactive to the presence of foreign antigens, that is, those
not recognised as ‘self’.  It is particularly instructive to consider this in the context of hereditary cancer
syndromes.  On a population basis, the genetic variations that occur can be seen to be abnormal and
hence deemed to be mutations.  The immune system does not have the advantage of such a global
perspective, and must interpret any mutant proteins as entirely bona fide, their antigens having been
present through the entire process of negative selection of self-reactive lymphocytes.  Any role for the
immune system in the suppression of hereditary cancers is therefore forbidden to the same degree as
other forms of autoimmune response.
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G.6 Limited potential for immune system tumour-suppression
Clearly, the arguments usually raised to support the notion of immune system tumour-suppression do
not stand up to close scrutiny.  In contrast, a single obvious and persuasive observation renders the proof
of the contrary case trivial: the vast majority of people with cancer have a completely normal immune
system.  As an agent for the prevention of cancer, the immune system is clearly ineffective.

Is there then a basis on which to believe that there is any role at all for the immune system in the
prevention of cancer?  Surprisingly, the answer is that there may be.  While excluded from responding to
mutant proteins arising from inherited genes, no such restriction applies to mutant proteins arising
somatically.  As most cancer is sporadic, this is likely the majority.  There is a significant caveat to this
however.  The principal role of the immune system is to combat infection, relying on the presence of
foreign antigens, and its efficacy depends upon its sensitivity.  However, cellular protein synthesis is not
without error, even in the absence of genetic mutation.  Messenger RNA may be incorrectly spliced,
transfer RNAs may carry the wrong amino acid or match the wrong codon, and misfolding of nascent
proteins may occur producing novel antigens.  It seems likely that every cell will at some time display
markers of abnormality.  Hence, there must be a degree of tolerance that is in direct conflict with the
need for sensitivity, and the process of evolution has determined the optimal compromise between these
two objectives and defined a threshold of sensitivity.  While xenobiotic proteins may appear sufficiently
bizarre to an immune system so tuned as to elicit a response, those deriving from a subtle alteration to an
intrinsic protein may fall below this threshold and so be tolerated.  This is as it must be where the
immune response is triggered by changes of structure, irrespective of their functional significance.

G.7 Therapeutic immune system modulation
If the immune system does not normally serve to constrain tumorigenesis, there can be little hope of
success for approaches to cancer treatment that seek to modulate this.  It is a potent tool for the
destruction of aberrant cells once identified, and where tumorigenic pathogens are present there is
indeed scope to employ this through vaccination and modest enhancement of sensitivity.  Unfortunately,
the immune system’s ability to distinguish host-derived tumour cells from normal tissue is extremely
limited.  If the sensitivity is therapeutically raised to the point where mildly aberrant cells are engaged
with the same vigour as truly xenobiotic cells, there is a grave risk of provoking a serious autoimmune
response.  There may simply be too little structural abnormality and too little precision in the modulation
feasible with therapeutic agents.

Agent Mode of action Associated cancer risk
T-cell activation

Muromonab CD3 CD3-TCR antibody No data
Steroid analogue

Prednisone Gene activation Probably no increased incidence
IL2 activity modulation

Basiliximab IL2R antibody No data
Cyclosporine IL2 production Lymphoma, skin cancers (equivocal)
Sirolimus/rapamycin IL2 signalling Lymphoma, skin cancers
Tacrolimus IL2 production Lymphoma, skin cancers

Antimetabolites
6-mercaptopurine Purine analogue Probably no increased incidence
Azathioprine Purine analogue Lymphoma, skin cancers, AML
Dapsone DHFR inhibitor Spleen and thyroid cancer in rats; limited human data
Methotrexate Folate analogue Inconclusive; chromosomal breakage seen

Antiproliferative
Cyclophosphamide Alkylator Lymphoma, leukaemia, bladder cancer

Table G–2: Cancer risks associated with therapeutic immunosuppressive agents
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As an alternative, it may be possible to make a specific tumour protein more antigenic, perhaps through
the use of engineered high-specificity antibodies that themselves elicit an immune response.  However,
to do so would simply be to employ the immune system as a cytotoxic effector mechanism, and medical
science is already well endowed with such agents, for example, ricin.  It is the targeting of the agent that
has always been the sticking point and has led to the as yet fruitless search for a ‘magic bullet’ to direct
it.  The hope that the remarkable and exquisite selectivity of the immune system may provide this
appears unlikely to be realised.

G.8 Conclusion
It is difficult to embrace the notion that the immune system has any role in the prevention of cancer,
except where a tumorigenic pathogen is the cause.  Consequently, the utility of proposed therapies based
on boosting this non-existent function must be viewed with circumspection, if not scepticism.  The
ability of the immune system to identify structurally aberrant proteins has not been able to be harnessed
to target host-derived tumour antigens and is inherently limited by the need to avoid autoimmunity, nor
is its cytotoxic function significantly better than that of existing agents.  The immune system is an
outstanding evolutionary achievement for the purposes of combating infection, but unfortunately, not
cancer.



H The pRB subsystem

Study of a rare hereditary paediatric cancer has led to the identification of pRB, a tumour-suppressor
implicated in human cancer of many types.  It plays a crucial role in embryogenesis, differentiation,
cellular senescence, and proliferation.  The manifold functions of pRB are mediated solely via
interactions with over 100 proteins, both individually and in higher-order complexes.  Its functions
are modulated chiefly post-translationally, with regulated alterations in phosphorylation state being
the best understood mechanism.  Not surprisingly, many of the elements necessary for regulation of
pRB function have themselves been implicated in tumour suppression or tumorigenesis, in particular,
the cyclins, the CDKs, and the CKIs.

This appendix provides a general review of pRB structure, interaction, and regulation as a basis for a
discussion of the mechanism by which pRB exerts control over cell-cycle progression.  The relevance
that this may have to tumorigenesis in general, and to melanoma in particular, is then addressed.

H.1 Retinoblastoma
Retinoblastoma is a paediatric intraocular tumour accounting for 5% of childhood blindness.  It occurs as
an inherited disease with autosomal dominant transmission117 and 90% penetrance292, in which tumours
are usually bilateral and multifocal.  Sporadic cases are also known, but these differ from the typical
hereditary disease in that they are usually unilateral and unifocal, although a hereditary low-penetrance
unifocal phenotype has been described228.  Several modes of treatment exist, including surgery and
radiotherapy, and these are usually curative280 and preserve vision.  However, significant mortality still
occurs after successful treatment of hereditary cases due to the increased incidence of subsequent
primary tumours of various types {H.5}.

Since rodents infected with adenovirus often developed retinoblastoma-like symptoms920 921 it was
thought that human retinoblastoma may have a similar cause, but no trace of the adenovirus genome

could be found in cells from patients1279 1353.  A different interpretation began to emerge with the
publication of a seminal paper by Knudson696 that reported the results of a statistical analysis of
retinoblastoma incidence.  The clear inference to be drawn from the data was that retinoblastoma could
develop after the occurrence of just two independent genetic events.  In the case of the hereditary
disease, one of these was presumed to be an inherited trait, while the second, and both in the case of the
sporadic disease, were considered to be somatic changes.  This is the ‘two-hit’ hypothesis.  Although the
two targets were not specifically identified in this work, given the diploid nature of the human genome,
a reasonable working hypothesis was that a defect in only one gene was involved, with two events being
required to disrupt both alleles.  This was supported by loss-of-heterozygosity studies169.

H.2 The retinoblastoma susceptibility gene, RB1
Mapping
Cytogenetic analysis of retinoblastoma tumours led to the discovery of a frequently deleted
chromosomal region at 13q14, and linkage analysis within kindreds displaying hereditary disease led to
the identification of closely linked microsatellite markers which co-segregated with the disease
phenotype.  These efforts ultimately resulted in the identification of a candidate retinoblastoma
susceptibility gene, RB1376 766 and its authentication390.
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Gene structure and transcriptional regulation
RB1 comprises 27 exons spanning over 200 kbp of genomic DNA117 1305, and is transcribed into an mRNA
of 4.6 kb length766.  No splice-variants appear to exist in normal tissue, but aberrant splicing resulting in
truncation or skipped exons does occur in tumours802.

The initial RB1 promoter characterisation1305 was extended by Gill et al.416, who, by using a series of 5'-
deletion constructs, discovered that a region spanning nucleotides –215 to –179, relative to the initiating
methionine codon, contains the major functional determinants of transcriptional regulation.  They
identified putative SP1, CREB/ATF, and E2F binding sites, together with a potential hormone-response
element.  Surprisingly, the protein that they found to associate with the SP1 site was not SP1, but another
protein they dubbed ‘RBF-1’.  Further work established that it is the GA-binding protein component of
the E4TF1 Ets-family transcription factor complex that binds to this site1144.  Mutation at this228, or the
CREB/ATF site1126 is associated with a mild, low-penetrance hereditary retinoblastoma phenotype.

A CpG island extends from the promoter into exon one1330 and there is evidence that this can be
methylated, preventing binding of E4TF1 and ATF/CREB and causing a 92% reduction in transcription
rate970.  Transcriptional silencing due to promoter methylation coupled with deletion or mutation of the
alternate allele has been causally linked to over 9% of unilateral sporadic retinoblastomas438 969 970, and has
been reported in oligodendroglial283 tumours and glioblastoma930.

There is a consensus that pRB contributes to transcriptional regulation of its own gene, but there is less
accord over the nature of this.  Some opine that E2F transcription factors, regulated by pRB, function as
repressors469 971 1188, but others have established that the E2F binding site is dispensable for auto-
repression416.  Positive auto-regulation via the ATF/CREB site has also been reported1000.

H.3 The retinoblastoma-associated protein, pRB
Significance
Perhaps the best gauge of the importance of a protein is the consequence of its absence, as amply
demonstrated in mouse knockout studies.  A degree of perspective is afforded by comparing the effect of
non-expression of two crucial tumour-suppressors: p53 and pRB.  Mice engineered to be Trp53-null are
born apparently normal, anatomically and physiologically.  Only after about six months does their
phenotype of increased tumour incidence emerge§281.  Trp53, and by extension the human TP53, are
tumour-suppressor genes, par excellence, but that is all they are.  In contrast, mice engineered to be Rb1-
null die before day 16 in utero, with major neural tube deformities, flaws in haematopoiesis, and liver
and lens defects§759.  Clearly, Rb1, and by extension RB1, have extremely important biological roles
beyond tumour suppression.  Perhaps the best generalisation of pRB function is to consider it as a key
determiner of cellular fate.  It profoundly influences proliferation, differentiation, senescence, and
apoptosis®478 ®625.  The retinoblastoma-associated protein is no less than the kismet of cells.

Translation
The RB1 mRNA transcript contains an open reading frame encoding 928 amino acids, and SDS-PAGE
immunoblotting detects at least five mobility variants with indicative molecular weights in the range 105
– 110 kD.  These are believed to result from the adoption of multiple conformations determined by post-
translational covalent modification, addressed further below.  There is some evidence for translation
from a second AUG start site resulting in an amino-terminally truncated variant seen by immunoblotting
as a protein of 98 – 104 kD indicative molecular weight.  The functional significance of this is unknown.
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It has also been suggested that sequence variations in the 5' untranslated region may affect mRNA
structure and thence translation efficiency384.

Conservation and homology
Species including plants®§243 ®§302, insects, fish, amphibians, birds, and other mammals have proteins
clearly related to human pRB by sequence similarity {Table H–1}.  Interestingly, no close homologues
exist among unicellular organisms such as yeast.  This is entirely in keeping with the principal biological
functions of pRB being the constraint of proliferation and the implementation of differentiation, neither
of which is of great relevance to such an organism.

Sequence comparisonSpecies Common name Homology length
(amino acids) Identity (%) Similarity (%)

Pan troglodytes Chimpanzee 882 98 98
Mus musculus Mouse 928 89 93
Rattus norvegicus Norway rat 900 89 94
Gallus gallus Chicken 937 71 81
Notophthalmus viridescens Eastern red-spotted newt 914 59 75
Xenopus laevis African clawed frog 936 57 74
Canis familiaris Dog 518 95 97
Oncorhynchus mykiss Rainbow trout 944 54 70
Oryzias latipes  Japanese medaka fish 942 50 67
Populus (hybrid) Aspen 790 24 40
Chenopodium rubrum Red goosefoot 805 24 40
Arabidopsis thaliana Mouse-ear cress 895 23 40
Euphorbia esula Leafy spurge 528 25 44
Zea mays Maize 765 24 40
Drosophila melanogaster Fruit fly 709 23 40
Pisum sativum Garden pea 792 24 40
Caenorhabditis elegans A nematode worm 870 21 36

Data from NCBI/BLAST.  Comparison is with Homo sapiens pRB.  Similarity implies identity or a conservative
amino acid substitution.

Table H–1: pRB protein sequence conservation

Within the human proteome, two proteins are sufficiently similar to pRB in terms of sequence
conservation and function to support the notion of a ‘pocket-protein’ family {Table H–2}.  Their degree of
similarity to pRB is of the same order as that of the nearest plant pRB homologues.  Whether this implies
that pRB is strongly conserved and p107 and p130 are closely related, or precisely the opposite, is
entirely subjective.  It is telling, however, that while pRB has been established as a bona fide tumour-
suppressor, there is insufficient evidence to support such a role for either p107 or p130®208.

Sequence comparisonProtein Gene Homology length
(amino acids) Identity (%) Similarity (%)

p107 RBL1 559 27 44
p130 RBL2 703 24 41

Data from NCBI/BLAST.  Comparison is with pRB.  Similarity implies identity or a conservative amino acid
substitution.

Table H–2: Human proteins similar to pRB

Tissue-specificity of pRB expression
A comprehensive study of pRB expression in 53 human tissues was performed by Cordon-Cardo and
Richon223.  Expression was seen in all but interstitial matrix, which is essentially acellular.  There was
variability of expression between and within organs, however.  In stratified epithelia, cells in the
proliferating basal layer expressed low levels of pRB, while those in suprabasal layers expressed it
strongly.  In simple epithelia, expression was generally high, but where compartments differing in
proliferation rate were distinguishable, an inverse correlation between expression and proliferation rate

See F.3 and
J–20 for more
discussion of
the evolution

of tumour-
suppressors.
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was seen.  Within the testis, this pattern was again repeated, with non-proliferating Sertoli cells having
intense expression, while spermatogonial cells, spermatocytes, and spermatids had low or undetectable
levels.  Within tissues of the central nervous system, expression was low with the conspicuous exception
of Purkinje cells, where it was intense.  Intense staining was also seen in cells of the peripheral nervous
system.  Among haematopoietic cells, proliferating B-cells expressed high levels of pRB, while that seen
in mature B-cells and in T-cells was much lower.  It was the authors’ overall conclusion that pRB
regulated the proliferation of maturing cells.

Sub-cellular disposition of pRB
The pRB protein is predominantly nuclear during interphase, being associated with low-density
euchromatin.  In metaphase and anaphase, it disperses to the cytoplasm eventually to reassociate with
euchromatin during telophase1287.  Hypophosphorylated pRB is tethered to the nucleus, but this linkage
is weakened upon phosphorylation331 1317.  Nevertheless, a confocal microscopic study of HL60 cells has
shown that the ratio of nuclear to cytoplasmic pRB is stable both throughout the cell-cycle and during
differentiation, independent of its phosphorylation status1485.  However, these cells do not contain
functional p16, an inhibitor of pRB phosphorylation, as they have only a single non-functional mutant
CDKN2A allele1070.  Consequently, pRB phosphorylation status may be abnormally high in these cells,
and greater partitioning of pRB to the cytoplasm through reduced tethering may result.

Turnover of pRB
In the normal course of events, pRB levels do not appear to be controlled by regulated proteolysis,
although this does play a role in viral infection425 and in apoptosis345 1300.  It has been suggested by one
group381 that a cathepsin-like protease, dubbed SPase, may be involved in the cell-cycle dependent
regulation of pRB, but this has not been confirmed.  There is doubt also over the validity of their
methodology in that, having synchronised cells first by isoleucine starvation, and then by aphidicolin
treatment, the induction of this protease in response to this treatment cannot be excluded.  More recently,
a gene over-expressed in some hepatocellular carcinomas was found to encode a protein, gankyrin, that
binds pRB and facilitates its 26S-proteasome-mediated destruction518.  Data are as yet too sparse to
conclude what the normal role of this protein may be, but the recent finding that it binds CDK4 in
competition with p16, but does not inhibit it, suggests that this role may be significant778.

Function of pRB
Scope of review
With such a broad range of functions, the molecular biology of pRB, and its attendant literature, are
necessarily extensive and complex.  A comprehensive review would fill several volumes, and given the
burgeoning of knowledge in this area, would likely be obsolete before it reached publication.  While
many aspects of pRB are presented below, the emphasis is very much on the role it plays in tumour-
suppression, and in particular, in the regulation of proliferation.

Basis of pRB function
The retinoblastoma-associated protein appears to contain no inherent enzymatic activity and the great
weight of evidence is in favour of protein-protein interaction being its dominant operative mode®910.  If
so, its influence depends on its ability to modify the inter-molecular interactions of the bound protein.
This may be achieved by one of four major mechanisms, given here in order of decreasing apparent
relevance to pRB: masking of interaction domains; constraint of physical location; molecular
matchmaking; and alteration of physical conformation.

pRB
phosphoryla-
tion and the
role of CDK4
and p16 are
discussed
more fully

below.
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Several domains within pRB have been implicated in mediating protein interactions, and conserved
motifs in proteins that bind pRB have also been identified.

pRB-binding motifs
The LXCXE motif
The basis for the retinoblastoma-like effects of adenovirus infection in rodents became clearer with the

discovery that a viral protein, E1A, bound pRB in a step necessary for productive infection1433.  Similar
proteins were soon found to be produced by other small DNA viruses306.  When the sequences of these
were determined, many were found to contain a pentapeptide motif, LXCXE, including the adenovirus
E1A protein (LVLDCPENP), the human papillomavirus E7 protein (VDLVCHEQL), and the large-T proteins
of SV40 (ENLFCSEEM) and polyomavirus (PDLFCYEEP).  More recently, the sequence LPCAE has been
implicated in the pRB binding of the NSP90 non-structural protein from the teratogenic human rubella
virus, Rubivirus367.  The novelty here is that Rubivirus is not a DNA virus, but a positive-strand RNA
virus.  This attests to both the crucial role of pRB in mediating cellular affairs, and to the efficacy of the
LXCXE motif in modulating this.  Once identified, the LXCXE motif was found in many cellular proteins
known to interact with pRB {Table H–3}, most notably the D-cyclins288 332.

LXCXE relatives
Two variations on the LXCXE motif have been suggested to operate similarly.  The first, IXCXE has been
identified in the transcriptional repressor HBP1, however it was shown that it was the LXCXE motif also
present that mediated its association with p1301322.  A stronger case for pRB binding by IXCXE exists with
HEC1517, although it was not found to be essential for function.  The second variant is LXSXE, suggested
by Durfee et al.301 as a possible basis for the binding of PPP1CA-2.  They noted, however, that the
domains of pRB associated with the binding of large-T and PPP1CA-2, while similar, were not identical,
leaving open the possibility of a different mode of interaction.  Further supportive evidence for a role for
LXSXE comes from the directed-mutagenesis study in Rubivirus cited above367.  In seeking to determine
the importance of the LPCAE motif, Forng and Atreya altered the cysteine to arginine, and so showed
that this was critical for proliferation.  After approximately one generation time, however, the
proliferation rate increased in correlation with a spontaneous mutation to LPSAE in the motif of interest.

The LXSXE motif is present in the transcription factors JUN, MYC, BRCA1, E2F4, and E2F1 {Table H–3},
considered by many to be the most important pRB-interacting protein of all.  Its presence in BRCA1 in
addition to an LXCXE motif may account for the continuing ability of BRCA1 to bind pRB when this
motif is disrupted340.  In addition to these, it is present in ARID3B (ERLESGEPA), ELF11393 (VQLLSSEEL),
ENC1 (VQLLSSEEL), GABPB1 (TGLVSSENS), lamin A/C (ALLNSKEAA, RKLESTESR), RBBP61127

(ALLESDEHT), and TRIP11 (KKLSSAEND, KSLLSQEKE, QLLSSNENF), all of which are known to bind pRB.
Furthermore, it is present in p107 (KHLNSIEEQ) and in pRB itself (SMLKSEEER), perhaps accounting for
reports of oligomerisation in vitro505, and the reported ability of the C-terminus of pRB to block
repression by the A/B pocket in trans480.  The possibility that LXSXE may have a major role in pRB
interactions does not appear to have been fully appreciated as there is very little reported in the
literature.

The DLXX(X)E motif
While inspection of the viral protein sequences revealed the importance of LXCXE, a further potential
binding motif may have been overlooked.  The LXCXE motif within the adenovirus E1A protein CR2
region also conforms to the pattern DLXXXE, as it does in polyomavirus large-T and HPV E7.  In SV40
large-T, this overlap is absent, but a separate instance of DLXXXE exists (QLMDLLGLERSA).  A similar
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motif, DLXXE, conserved among adenovirus strains, appears in the adjacent CE1 region.  This composite
motif, DLXX(X)E, is present in five of the proteins listed in {Table H–3}, including two with no other
recognised binding motif, notably MDM2.  It is present also in MYOD (DSPDLRFFEDLD), and TRIP11

(LKQDLNDEKKR), both of which bind pRB.

 pRB protein structure

Figure H–1: Salient pRB features

N-terminal domains
Sterner et al. have reported two related kinases, both referred to as RbK, that bind pRB within the 89 –
202 amino acid region, and phosphorylate pRB, and possibly the transactivation domain of MYC, in
G2/M.  The pRB domain implicated appears essential for pRB-mediated growth suppression and is
altered in some retinoblastoma patients1260 1261.  RbK does not appear to have been further characterised.
In addition, the heat-shock protein HSP73 associates with the pRB 301 – 372 amino acid region583.

The ‘A’ domain and the ‘B’ pocket
The investigation of viral protein binding led
to the identification of two jointly required
pRB domains {Figure H–2}: the ‘A domain’,
spanning amino acids 372 – 578 [1], and the
‘B pocket’, spanning amino acids 639 – 770
[2].  These regions have also been shown to
be necessary for nuclear tethering of pRB1318,
but not for growth suppression271.  Structural
studies761 suggest that the B pocket domain
forms a lobe containing an apical cleft which
is the principal binding site [3].  The
conformation of B, and therefore of the
binding cleft, seems to depend on the intact
presence of the A domain.  The functional
combination of these domains is referred to
as the ‘small A/B pocket’1067, and it is from
this feature that pRB, p107, and p130 derive
their designation of ‘pocket proteins’.

The large A/B pocket and the C-pocket
The pRB small A/B pocket is also necessary for binding of members of the E2F transcription factor
family1067, and, while this may be sufficient for binding in vitro626, it seems likely that an additional pRB
C-terminal domain within the region spanning amino acids 841 – 870 516 is required in vivo551.  Together
with the small A/B pocket, this is referred to as the ‘large A/B pocket’.  This additional requirement may

Key: pRB A domain = light blue; pRB B pocket = green;
LXCXE-containing nonapeptide from HPV E7 = dark

blue.  Data from Lee et al. 761.  Rendered by Cn3D {E.9}.

Figure H–2: The pRB small A/B pocket
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in part be a consequence of the absence of the LXCXE motif from E2F.  This further suggests that distinct
domains within the A/B region may mediate interaction between LXCXE-bearers and E2F, and therefore,

this binding need not be competitive.  Indeed, simultaneous binding may be essential for function.

This additional domain intersects with the binding domain of the ABL tyrosine kinase, located at amino
acids 768 – 869 and termed the ‘C-pocket’1420.  Despite the overlap, it appears that simultaneous binding
by pRB of ABL via the C-pocket and either E2F via the large, or cyclin-D2 via the small A/B pocket is
possible1419.  Within the C-pocket, at amino acid 792, begins a domain implicated in the binding of
MDM21461.  This same region, albeit imprecisely defined, has also been shown to be necessary and
sufficient for the binding of PPP1CA301.

At the extreme C-terminal end of the C-pocket, a motif 870KXLKXL875 exists that is believed to
constitute the principal pRB–cyclin interaction domain for those that do not carry the LXCXE motif, that
is, non-D-cyclins.  It may also provide an alternative interaction mode for those that do12.  One
consequence of this is that it is required for effective targeting of pRB by CDK2, but not CDK4.  Unlike
the relatively stable and abiding interaction between the small A/B pocket and cyclin-D1, that between a
cyclin and the KXLKXL motif appears to be transitory, serving more to direct and orient the associated

kinase with respect to its substrate than to promote an on-going association.

The C-terminal region: amino acids 876 – 928
Driscoll et al.294 have identified a region spanning amino acids 880 – 900, dubbed ‘M89’, that appears to
be a critical determinant of C-terminal pRB conformation, and can significantly affect the accessibility of
pRB targets to modifying enzymes, in particular, CDKs.  Their work extended to the identification of
other key determinants of pRB conformation, noted in Table H–5, and provided the first insight into the
structural basis for the multiple electrophoretic species of pRB seen.

Cyclin-D1 may have a third mode of interaction with pRB.  Pan et al.996 report that pRB L901 mediates a
productive cyclin-D1 interaction that appears to be distinct from that involving the nearby KXLKXL
motif.  Whether interaction here influences the role of the immediately adjacent M89 region is unknown.

Within M89 is a sequence 883DEADG887, that is a site for caspase-dependent cleavage of pRB during
apoptosis1300.  It seems likely that such cleavage would prevent both the association of MDM2, and that
of cyclin-D1 mediated via L901.

pRB-binding proteins
Scope of pRB–protein interactions
At least 129 proteins are believed to interact directly with pRB®910, and a selection of these that have been,
or potentially may be, associated with tumorigenesis, is listed in Table H–3.

Competition for pRB binding
There appear to have been no definitive and comprehensive studies either of the mutual competition
among potential pRB binding proteins for access, or of any precedence among any such competitors.  In
some cases, specific data are available, and in others, reasonable inferences can be drawn based on the
apparent necessity of a single, well-defined pRB domain for binding of more than one protein, as with
the B pocket.  Slightly less robust implication of non-competition exists in the form of apparent spatial
separation and non-intersection of binding requirements.  The situation is extremely complicated, as
there are undoubtedly multiple interactions among protein binding, covalent modification, and
conformation.  Such data as pertains to representative proteins interacting via the better-defined pRB
domains is given in Table H–4.
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Protein Motif(s) pRB domain(s) Significance

AATF341 DDLGSSEEE
LKDLDEEIFD –

Binding prevents pRB repression of E2F341

AATF also mediates apoptosis994

ABL1420 VVLDSTEAL C1420 Binding inhibits ABL kinase1420

AHR1061 DMLYCAESH Probably AB1061 Dioxin carcinogenesis1061

ATF21000 – C-terminus1000 JUN induction1360

pRB autoinduction1000

BRCA122 340 QKLPCSENP
KKLESSEEN

1) A?B
2) Another 340 BRCA1 regulates genome surveillance1403

Cyclin-A12 – 870KXLKXL12 Proliferation regulation®268

Cyclin-E12 – 870KXLKXL12 Proliferation regulation®658

Cyclin-D1288 HQLLCCEVE 1) A?B288 332

2) C-terminus§996 Mitogen response; proliferation regulation®1204

Cyclin-D2§332 1420 MELLCHEVT A?B§332 Mitogen response; proliferation regulation®1204

Cyclin-D3288 MELLCCEGT A?B288 §332 Mitogen response; proliferation regulation®1204

E2F1 QSLLSLEQE AB+516 1067 Proliferation regulation615; apoptosis®1027

E2F4779 EELMSSEVF AB+? Cell-cycle arrest405

HDAC1831 KRIACEEEF?6

55
1) AB?
2) indirect?734

Chromatin modelling831

Modulation of p53 activity820

HSP75185 EVLFCFEQF AB185 pRB chaperone in M-phase and after heat shock185

ID2748 – AB567 Implicated in proliferation, differentiation, and
apoptosis363 749

JUN941 LKLASPELE 1) A?B941

2) C-terminus941
Implicated in proliferation, oncogenic
transformation, and apoptosis®1193

MCM71261 –
N-terminal to
amino acid
3801261

DNA replication licensing {Appendix K}

MDM21461 QKDLVQELQ C-terminus1461 Regulation of p53 activity {J–21}

MYC1121 QKLISEEDL
SLLSSTESS B1121 Cellular growth, proliferation, and apoptosis1015

p21933 –
1) AB933

2) C-terminus?933 Proliferation regulation; senescence {J–14}

POLD1720 GKLPCLEIS AB720
Binding stimulates enzyme activity720

Required for S-phase DNA synthesis®521

Required for DNA mismatch803 and UVR repair1505

PPP1CA301 PDLQSMEQI C-terminus301 1295 Regulation of pRB by dephosphorylation®1296

PRDM2147

VNDLGEEEEE
PEDLLEEPK
TEDLPKEPL
GIDLPVENP

A?B146 Tumour-suppressing, proapoptotic
methyltransferase®154

prohibitin1400 – B1400 Inhibitor of E2F transactivation1400

RAF11399 QILSSIELL A?B1399 Major receptor tyrosine kinase signal transduction
element®656

RBBP1344 ETLVCHEVD Probably AB344 Repression of E2F-dependent transcription735

RBBP41066 LKLHSFESH 1) A?B?1066

2) Indirect948 Chromatin remodelling948 1445

RBBP71066 – Probably A?B550 Modulation of BRCA1 function187

RBBP8396 AELECEEDV 1) Probably AB396

2) Another?271 Modulation of BRCA1 function {J–21}

RBBP91443 TELHCDEKT Probably AB1443 Role in cellular transformation1443

RFC1915
ASLVCQELG
KALGSKEIP
GVLESIERD

Probably AB1017 Component of replication factor C; necessary for
processive DNA synthesis.

TAF11190 KVLSSTEVL
SDLDSDE

1) C1190

2) AB+1221 RNA polymerase II regulation®1406

UBTF168 YSLYCAELM Probably AB168 RNA polymerase I (ribosomal RNA) regulation1382

Key: – = no recognised motif, or no binding domain data; B = B-pocket; C = C-pocket; AB = small A/B pocket;
AB+ = large A/B pocket; ? = domain implicated, but not proven to be necessary.  Binding motifs and domains
are described in the text.

Table H–3: Selected pRB-interacting proteins

See Appendix
I for

information
about BRCA1

super-
complexes.
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pRB RbK HSP73 Cyclin-D1a E2F ABL MDM2 PP1α Cyclin-A
HSP73 –
Cyclin-D1a (+) (+)
E2F1 (+) (+) +
ABL (+) (+) + +
MDM2 (+) (+) (+) X (X)
PP1α (+) (+) + (X) (X) (X)
Cyclin-A (+) (+) (+) + – – –
Cyclin-D1b (+) (+) (+) (+) – – – –

a = binding via LXCXE motif and small A/B pocket.  b = binding via pRB C-terminal domain

Key: X = compete for binding; + = can bind simultaneously; – = no data; (+), (X) = inferred

Table H–4: Competition matrix for pRB binding

Phosphorylation of pRB
The earliest studies of the retinoblastoma-associated protein revealed that it was a nuclear
phosphoprotein767, and that differences in phosphorylation status accounted for the multiplicity of
electrophoretic species393 seen.  This observation facilitated the discovery that the phosphorylation state
of pRB altered in synchrony with progression through the cell division cycle, with it being minimally
phosphorylated upon synthesis and rapidly and sequentially phosphorylated at the G1–S transition888.
The basis for this sequencing lies partly in subtle differences in substrate specificity of the relevant
kinases1501 and partly in their successive activation.  It is also believed that conformational changes
wrought by earlier phosphorylations are necessary to allow subsequent access to other sites.  The
significance of this sequential phosphorylation lies in the apparent independence of control of protein
binding among the different interaction domains within pRB694.  The proportion of phosphorylated pRB
decreases at the beginning at anaphase812, indicating the existence of regulated phosphatase activity.

pRB kinases
It was soon found that pRB was a substrate for the CDC2 kinase in vitro788, and of this768, or related
kinases in vivo690.  The latter possibility was confirmed with the discovery that pRB was a substrate of
CDK220, CDK4645, and the closely related CDK6885.  Of the sixteen potential SER/THR–PRO CDK targets in
pRB, thirteen have been found to be phosphorylated in vivo {Figure H–1} and considerable data
concerning the timing, kinase-specificity and consequence of these phosphorylations have been gathered
{Table H–5}.

Upon mitogen stimulation, pRB is phosphorylated by RAF1 before it is by cyclin-D–CDK41399.  This may
provide an efficient link between RTK activation and the abrogation of pRB growth-suppression
operative independently of that supplied by cyclin-D regulated kinases.  This also places pRB
downstream of RAS, and so may contribute to the oncogenic potential of the latter1014.

The RbK kinases of Sterner et al., also phosphorylate the pRB N-terminus during G2/M, and are
apparently distinct from CDC2, CDK2, CDK4, MAPK1, and MAPK31260.

pRB phosphatases
Given the established importance of pRB phosphorylation, and the emerging biological importance of
balanced antagonistic kinase/phosphatase pairs, there is a surprising dearth of data concerning the
identity and regulation of pRB phosphatases.  Using a system based upon the yeast two-hybrid screen of
Fields and Song352, Durfee et al.301 identified and cloned a protein that directly interacted with pRB, and
was found to be the catalytic subunit of a type I protein phosphatase complex (PP1), PP1CA2.  Through
pRB immunoprecipitation of extracts of human cells at intervals after release from density-arrest, they
found that the association of PP1CA2 with pRB was cell-cyclical, occurring in G1, diminishing
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throughout S and G2, and returning in M-phase.  By gel-mobility shift, PP1CA2 was inferred to bind the
hypophosphorylated form of pRB, although binding to phosphorylated pRB was not ruled out.  Ludlow
et al.812 813 have pursued the timing of dephosphorylation and found that it progresses sequentially.

The mode of physical interaction between pRB and PP1 has not been determined unequivocally.  Several
authors301 1296 have suggested that the LXSXE sequences present imply association via the small A/B
pocket, and therefore in competition with, and susceptible to the same regulation as, carriers of the
LXCXE motif.  Such an interaction is difficult to reconcile with the ability of PP1CA2 to bind a pRB
construct that lacks the entire B domain, but the inability to bind one lacking only the region C-terminal
to this301.  More recent work has provided strong evidence that it is in fact the C-terminal region of pRB
that associates with PP1, and in so doing, non-competitively inhibits its phosphatase function1295.  This
does not necessarily preclude the involvement of LXSXE, or the overlapping DLXXXE, in this interaction
{Table H–3}, or that there may also be some affinity between PP1 and the small A/B pocket.  It has been
established that, as with other pRB-interacting proteins, the binding of PP1 is regulated by the
phosphorylation state of pRB, specifically, that phosphorylation of S249, T373, S811, T821, or T826

prevents association at the C-terminus, while that of S608, S612, S780, or S807 does not1296 {Table H–5}.

On initial consideration, it appears paradoxical that an enzyme should be inhibited by its principal
substrate: how could it ever function?  Further reflection in the context of cyclical control of pRB
phosphorylation, yields an attractive explanation for this.  With PP1 bound to pRB and inhibited, any
newly activated pRB kinase can phosphorylate pRB unopposed.  In so doing, it may cause the release of
proteins bound to pRB, with potentially far-reaching effect.  In some cases, the particular pRB molecule
that is phosphorylated may have been sequestering PP1, and this too would be released and
disinhibited.  If the kinase phosphorylated sites that also prevented re-association of PP1 with pRB, then
it would be free to oppose the kinase and dephosphorylate pRB.  This in turn may render pRB once
again able to bind and inhibit PP1, completing the cycle.  The net result of these interactions is to provide
a limited period during which a variety of pRB regulated enzymes may be activated.  This is consistent
with the observed cell-cyclical nature of the pRB–PP1 association.  In addition to being attractive from a
mechanistic viewpoint, such a scenario also explains the otherwise problematic observation that despite
inhibition of PP1 by pRB, the former is able to dephosphorylate the latter in vitro.  The sequence of
events would be that phosphorylated pRB, unable to bind and inhibit PP1, is dephosphorylated by it,
whereupon it immediately proceeds to bind and inhibit it.

pRB acetylation
Chan176 et al. have established that pRB is also the subject of cell-cycle synchronised acetylation, and that
this materially affects pRB function by hindering phosphorylation by CDKs and enhancing its affinity for
MDM2.  The ramifications of this novel aspect of pRB regulation remain to be explored.
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S/T Phosphorylation Dephosphorylation Relevance of phosphorylation
T5 In vivo phosphorylation not reported

S230 In vivo phosphorylation not reported

S249

Inaccessible when LXCXE bound1501

Phosphorylated by cyclin-
D1–CDK4, but may require prior
T826 phosphorylation1501

Begins at M; complete by M+60
min§1116

Dephosphorylated in response to
TGFβ1547

May prevent PP1α binding1296

T252

Inaccessible when LXCXE bound1501

Phosphorylated by cyclin-
D1–CDK4, but may require prior
T826 phosphorylation1501

Begins at M; complete by M+60
min§1116

Dephosphorylated in response to
TGFβ1547

No data available

T356

Phosphorylated by cyclin-
D1–CDK41501

Not phosphorylated by cyclin-
A–CDK21501

Begins at M; complete by M+60
min§1116 Likely to affect pRB conformation294

T373

Phosphorylated by cyclin-
D1–CDK41501

Begins at M+30 min; complete by
G1

§1116

Begins at M; complete by M+30
min§1116

Dephosphorylated in response to
TGFβ1547

May prevent PP1α binding1296

S567 No in vivo phosphorylation reported, but suggested based on in vitro data480.  Not solvent accessible761.
Mutation prevents pRB-mediated growth arrest and affects protein binding and phosphorylation1318.

S608

Phosphorylated by cyclin-
D1–CDK4 and cyclin-A–CDK2,
but not cyclin-E–CDK21501

Increases during M-phase, peaks at
M+30 min§1116

Begins after M+30 min1296

Complete after M+4 h§1116, that is,
in G1

Probably prevents E2F binding695

S612
Phosphorylated by cyclin-
A/E–CDK2 but not cyclin-
D1–CDK41501

No data available Probably prevents E2F binding695

S780

Phosphorylated by cyclin-
D1–CDK4 but not cyclin-
E–CDK2689

Increases during M-phase1296

Peaks at M+30 min§1116

Begins after M+30 min ; complete
after M+6 h§1116, that is, in G1

Dephosphorylated in response to
TGFβ1547

Probably prevents E2F binding689 695

S788 Phosphorylated by cyclin-
D1–CDK41501

Begins at M; complete by M+ 60
min§1116 Probably prevents E2F binding695

S795

Phosphorylated by cyclin-
D1–CDK4 and cyclin-
A/E–CDK21501

Inaccessible when LXCXE bound1501

Begins at M+30 min; complete by
G1

§1116

Begins at M; complete by M+30
min§1116 Probably prevents E2F binding695

S807
Inaccessible when LXCXE bound1501

Phosphorylation increases during
early M-phase1296

Begins at M; complete by M+40
min§1116

Dephosphorylated in response to
TGFβ1547

Likely to affect pRB conformation294

Facilitates further pRB
phosphorylation294

Probably prevents E2F binding695

Causes dissociation of pRB–ABL
complex694

S811 Phosphorylated by cyclin-
D1–CDK41501

Dephosphorylated in response to
TGFβ1547

Likely to affect pRB conformation294

Facilitates further pRB
phosphorylation294

Probably prevents E2F binding695

Causes dissociation of pRB–ABL
complex694

May prevent PP1α binding1296

T821

Phosphorylated by cyclin-
A/E–CDK2 but not cyclin-
D1–CDK41501

Increases from soon after M-phase
onset, peaks by M+40 min§1116

Never fully dephosphorylated§1116

May not be a target of PP1
isoforms§1116

Rapid, partial dephosphorylation
begins at M§1116

Second partial dephosphorylation
begins at M+40 min§1116

Likely to affect pRB conformation294

Probably1501 prevents LXCXE
binding, but some doubt exists§1116

May prevent PP1α binding1296

May dissociate preformed
pRB–LXCXE1501

T826

Inaccessible when LXCXE bound1501

Phosphorylated by cyclin-
D1–CDK4 but not cyclin-
A/E–CDK21501

Begins at M-phase onset; complete
by M+10 min§1116

Preferentially targeted by PP1δ1296

Prevents LXCXE binding1501

May prevent PP1α binding1296

Does not dissociate existing
pRB–LXCXE1501

Prerequisite for S249 and T252
phosphorylation1501

M = time of release of green monkey kidney fibroblast cells from nocodazole inhibition§1116.

Table H–5: pRB phosphorylation summary
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H.4 Phosphorylation-dependent regulation of proliferation by pRB
A minimal proof
That pRB could influence the progression through the cell division cycle was unambiguously
demonstrated by Goodrich et al., who injected purified pRB into proliferating cells and discovered that it
prevented passage into S phase from G1

426.  This effect could be overcome by the simultaneous
expression of cyclin-A or cyclin-E522, suggesting that it was phosphorylation of pRB by a CDK that was
critical, a possibility supported by the increased phosphorylation of pRB seen in this experiment.  Co-
expression of E2F1 was also able to overcome the G1 arrest, and do so without influencing pRB
phosphorylation615, establishing that E2F1 acted either downstream, or independently of pRB.  The
former appeared the more likely as E2F1 was known to bind pRB and thereby be functionally
inhibited357.  Further support came from the finding that E2F1 bound unphosphorylated pRB, but not
that phosphorylated by cyclin-A–CDK2, cyclin-E–CDK2 or cyclin-D1–CDK41281.  The final link necessary
to connect pRB with entry into S-phase, and therefore control of cellular proliferation, is provided by the
preponderance of genes among the transcriptional targets of E2F1 whose encoded proteins are critical to
this progression.  Among these proteins are DNA pol-α, TS, PCNA, cyclin-E, cyclin-A, and CDC2253.
Therefore, it can reasonably be concluded that the phosphorylation-dependent release of E2F1 from pRB
inhibition regulates progression from G1 to S phase.  As a corollary, whatever influences the
phosphorylation status of pRB is likely to influence progression through the cell-cycle252.

A model scenario
Caveat lector
The enormous complexity of pRB interactions defies exposition in any readily assimilable manner.
Nevertheless, a ‘thought experiment’ involving a model system, wherein cells arrested in G1 by virtue of
an absence of mitogens are stimulated to proliferate, can provide a basis from which a possible sequence
of events can be deduced from experimental observations.  Of necessity, simplifying assumptions have
been made.  For each of the proteins cited, multiple close relatives with overlapping but distinct
characteristics exist, and their expression and interactions may vary with organism, cell-type, and
physiological context.  As a result, the scenario presented may be neither generally applicable, nor even
applicable in any particular case.

G1 arrest
When cells arrest in G1 for want of mitogenic stimulation, pRB is essentially unphosphorylated and
therefore competent to bind proteins via any of its interaction domains.  E2F1/2/3–DP1/2/3
transcription factors, able to associate via the pRB large A/B pocket are favoured candidates, and in this
way pRB is localised to the promoter of E2F-regulated genes.  The interaction between these molecules
involves the transactivation domain of E2F, and this is thought to contribute to gene repression.

This binding does not prevent pRB interacting with additional proteins through other domains.  There is
general agreement131 831 that pRB is able to recruit active HDAC1 to E2F, but opinion is divided over how
this occurs.  Much of the controversy centres on the putative binding of the HDAC1 IXCXE sequence to
the pRB small A/B pocket.  Magnaghi-Jaulin et al.831 found that deletion of this sequence strongly
decreased binding, as did the presence of a synthetic IXCXE peptide, while an LXCXE peptide was an
even better competitor.  Consistent with this, Dahiya et al.234 found that mutation of the pRB LXCXE
binding cleft prevented HDAC1 association.  Conversely, two groups have arrived at precisely the
opposite conclusion271 655.  The second area of controversy is over whether the interaction between pRB
and HDAC1 is direct or mediated by an additional protein.  The results of Magnaghi-Jaulin et al.831

See J-12 for
an overview

of CDK
activation.
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support the notion of a direct interaction between the two, involving the A/B pocket, but not the C-
terminal region of pRB.  Others have proposed a matchmaking role for RBBP1734 or RBBP4655.  These
apparently contradictory results are perhaps most easily reconciled by assuming that all of these
interaction modes occur, and that differences in experimental conditions are responsible for the
discordant results.

However HDAC1 binds pRB, it does so coincidently with pRB dephosphorylation1064, being bound in
early G1.  At that time, it deacetylates amino-terminal lysine amino acids of nucleosomal core histones,
reinstating the positive charge there.  This is thought to enhance the affinity of the core for DNA, and
thereby deny access to the promoter by the transcriptional apparatus and thus repress the gene.  It is
released at the transition to S-phase1064, coincident with the observed acetylation of histone H4350 and
nucleosomal relaxation.

With many genes whose transcription is necessary for S-phase progression having E2F binding sites in
their promoters, unphosphorylated pRB, will cause cell-cycle arrest at this point.

Release from inhibition
Cyclin-D1 elevation
There is a low level of constitutive expression of CCND1 mediated through CREs in its promoter929, but
in the absence of mitogenic stimulus, cyclin-D1 is rapidly degraded via the ubiquitin-directed
proteasomal subsystem274 412, its half-life being of the order of ten minutes.  This situation changes
abruptly upon mitogen stimulation, when cyclin-D1 levels rise dramatically814.  Two mechanisms are
though to be involved in this elevation.

Firstly, the rate of transcription of CCND1 is increased.  While studies in a variety of cell-types have
uncovered elements of the signal transduction path leading to this activation, no overall pattern of
general applicability has yet emerged, and apparent contradictions exist.  The transcription factor MYC
directly induces cyclin-D2124, and probably also cyclin-D11018, and consistent with this, the level of cyclin-
D1 expression closely parallels the activation of MYC.  The transcription factor LEF1 has also been
shown to contribute to CCND1 expression1216.  Strongly implicated are proteins with homology to RAS.
RAS itself may initiate multiple independent molecular cascades leading to increased CCND1
transcription.  When activated by ectopic expression§353, or by PDGF995 stimulation, it can increase
CCND1 transcription via MEK1, MAPK1, and ultimately SP1 sites929 in the promoter.  Additionally, it
may operate via MAPK3 and JUN, ultimately via an AP-1 promoter site23.  The role of the different
MAPK enzymes is not entirely clear as p38MAPK has been reported both to enhance CCND1
transcription via ATF2 promoter sites in response to HGF stimulation1083, but also to cause a reduction in
this rate754.  Two RAS homologues, Rac1§624 and Ral§504 have been shown to influence CCND1
transcription, apparently via the NF-κB subsystem.

The second mechanism of cyclin-D1 elevation is the enhancement of protein stability, and here, members
of the PI3K family are involved.  In addition to possible activation by RAS, PI3K is also downstream of
G-protein-coupled membrane receptors1162, providing a further link between extracellular conditions and
cyclin-D1 regulation.  However activated, PI3K, probably via AKT1417 or another protein kinase B, can
inhibit the GSK3β enzyme that is responsible for phosphorylation of cyclin-D1 T286274 which would
otherwise mark it for nuclear export30 and accelerated degradation275.  Without this proteolysis, the half-
life of cyclin-D1 rises to over one hour.

GPCR signal
transduction
is discussed

further
beginning on

page 2–7.
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The mechanisms of enhanced cyclin-D1 expression are very complex, with multiple inter-links among
the RAS, MYC, MAPK, and PI3K subsystems, multiple binding sites in the promoter, and multiple
independent degradative pathways417 ®1169.

CDK4 activation
With cyclin-D1 levels elevated, and its cellular disposition increasingly nuclear, the opportunity for
interaction with CDK4 increases.  With three provisos, this will enable the CDK4 kinase function.  Firstly,
the association of cyclin-D1 with CDK4 is dependent on a serum-inducible assembly factor859, possibly
p211003 {J–17}.  Secondly, CDK4 activity depends on its phosphorylation state, which in turn depends on
the relative activities of CAK and CDC25A, which is itself subject to upstream regulation.  Finally,
complex assembly and kinase activation are both subject to inhibition by CKIs, particularly p16CDKN2A and
its relatives, and this may be further influenced by gankyrin {See ‘Turnover of pRB’, above}.  Clearly, CDK4
is at a major regulatory node.

Initial pRB phosphorylation
Cyclin-D1, in this case, with its attendant activated CDK4 partner, can bind pRB either via the latter’s
small A/B pocket and its own LXCXE motif, or via an additional C-terminal pRB domain {Table H–3}.
Within the constraints of the model scenario being explored, only the second docking mode is available
since the small A/B pocket is hypothesised to be occupied by HDAC1 or its linking protein.  This has
important implications for the functional scope of CDK4 since when docking is via the pRB C-terminus,
S807 and S811 cannot be phosphorylated996.  Furthermore, a number of pRB CDK4 target sites are
inaccessible when a protein is occupying the B pocket1501.  Phosphorylation at one of these, T826,
appears to be a prerequisite for subsequent phosphorylation at S249 and T252, possibly influencing the
regulation of N-terminal interacting proteins.  These phosphorylations cannot therefore proceed at this
time.  Of the thirteen in vivo phosphorylation targets within pRB, given the substrate specificities, pRB
conformation and steric constraints, the immediate CDK4 targets available in the model scenario are
T356, T373, S608, S780, and S788.

Persistence of small A/B pocket interactions
These initial phosphorylations do not appear to suffice to cause the general dissociation of proteins
interacting with pRB via the small A/B pocket as phosphorylation of T821 may be essential for this, and
it is not a substrate for CDK41501.  While T826 is a potential CDK4 target, phosphorylation here may not
cause dissociation of existing complexes, even if it can prevent their formation1501.  This may be moot in
this instance since T826 appears to be inaccessible when any protein is occupying the B pocket, as is
assumed here.  Hence, proteins interacting with pRB via their LXCXE motif and the small A/B pocket are

immune to eviction by cyclin-D1–CDK4.

The situation is less clear with respect to HDAC1, as the mode of its attachment is uncertain.  It has been
suggested by Harbour et al.480 that phosphorylation of pRB by CDK4 is sufficient to cause dissociation of
pRB-HDAC1 complexes, but some doubt exists over this.  Certainly, in co-transfection experiments they
were able to establish that the ability of HDAC1 to bind via the pRB small A/B pocket is disrupted in the
presence of cyclin-D2.  Simultaneously, they found that a co-expressed pRB C-terminal fragment became
phosphorylated, and that irrespective of its phosphorylation state, it was able to bind the pRB small A/B
pocket, even when HDAC1 could not.  However, their conclusion that the C-terminal domain is involved
in inhibiting binding of HDAC1 is questionable.  They appear to have given no consideration to the
ability of co-expressed cyclin-D2 to interact directly with the small A/B pocket via its LXCXE motif.
Within the context of a co-transfection, expressed cyclin-D2 could simply have out-competed HDAC1 or

See J–12 for a
discussion of
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its linking protein for binding.  Nor did they address the possibility that cyclin-D2-dependent
phosphorylation of the small A/B pocket itself may have inhibited HDAC1 binding.  Unfortunately,
based on this report, the suggestion that cyclin-D–CDK4 can displace HDAC1 from pRB has entered the
literature and been adopted1296.

Transcriptional activation
Notwithstanding this uncertainty, a mechanism exists whereby HDAC1 can be removed from the
proximity of the promoter in consequence of CDK4 phosphorylation.  It depends not on the severance of
the link between pRB and HDAC1, but on that between pRB–HDAC1 and E2F.  Phosphorylation at
S608, S780, or S788 is sufficient to prevent binding of E2F to pRB695, and while there appear to have
been no definitive studies, it is assumed to suffice to dissociate existing complexes.  If so, an early
consequence of CDK4 activation will be the detachment of pRB, with its attendant histone deacetylase
complex, from the promoter-bound E2F transcription factor.  With the local deacetylase concentration
reduced, acetylation of the core histones becomes possible, and with it, a loosening of the nucleosomal
structure and the granting of access for the transcription apparatus to the E2F-regulated gene.  This
process has been reported recently in some detail by Morrison et al. with respect to the gene for cyclin-
E1§911.

Interestingly, TAF1, a component of the RNA polymerase II complex with serine kinase279, histone
acetyltransferase898, and ubiquitin ligase capacity§1025, also binds pRB via the large A/B pocket, resulting
in the inhibition of its kinase, but not its acetyltransferase function1221.  While it has not been established
experimentally, the apparent coincidence of pRB domains mediating E2F and TAF1 interaction suggests
that TAF1 may also be evicted from pRB complexes by activated CDK4.  This would be consistent with
the reported ability of cyclin-D1 to bind TAF1 independently of pRB and prevent the inhibition of its
kinase function by the latter1222.  This interaction may also affect transcription from promoters containing
SP1 binding sites15.  This modulation of TAF1 function may well influence RNA polymerase II
transcriptional rate or specificity at exactly the time when such a control is required: the onset of S-
phase®1406.

Following the de-repression of E2F-regulated genes, many of which encode proteins essential for the
synthesis and repair of DNA1039, there follows a period of active transcription and protein synthesis in
preparation for S-phase.  It is at some point during this period that entry into S-phase becomes
inevitable.

Passage through the restriction point into S-phase
The term ‘restriction point’ was coined by Arthur B. Pardee999 to describe:

…a single switching point in G1 … that regulates the reentry [sic] of a cell into a
new round of the cell cycle.

Proceedings of the National Academy of Sciences of the USA, 71:1286–90, 1974

Factors that cells may encounter in vivo, such as ‘high cell density, nutrient or serum insufficiency, or
high cAMP [levels]’ would cause an arrest at this point, while ‘non-physiological agents such as
hydroxyurea or colchicine’ would not.  The reference to cAMP as a cause of arrest in its own right reveals
that its role in signal transduction was then unrecognised.  The principle that Pardee wished to establish
was that stimuli of diverse origins converged at a unique, crucial, biochemical decision point.  If passed,
a cell would be committed to continuing through the cell-cycle.
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For a time, it was thought that passage beyond this point signified a commitment to execute a complete
cellular division, and that it was the only physiological determinant of this progression.  This has proven
not to be the case, nor was it ever suggested by Pardee, who proposed only that it controlled re-entry to
the cycle.  The restriction point must be considered only as a point of commitment to enter S-phase, but
this is still a very significant function that is now recognised to contribute not only to the integration of
extracellular growth signals, but also to purely internal signals, particularly those related to
differentiation and senescence.  From this definition, it is reasonable to conclude that it is the de-
repression of E2F that is the crucial step that constitutes this transition.  CDK4-sponsored release of E2F
from pRB may be an initial step, but it does not suffice.  As described, phosphorylation of pRB by CDK4
may lead to the release and disinhibition of PP1, an antagonistic phosphatase, and the phosphorylation
state of pRB becomes dependent on which of the two predominates.  If mitogen stimulation continues,
cyclin-D continues to be elevated, and CDK4 remains active.  If mitogen stimulation abates, or a CDK4
inhibitor is induced, the phosphatase will prevail and E2F will be again sequestered.  To this point, the
process remains reversible, and the restriction point has not been passed.

Under these conditions, there will be some transcription of E2F targets, although this may be
intermittent.  Among these is CCNE1, the gene for one isoform of cyclin-E409.  CCNE2, the second cyclin-E
gene may also be under E2F regulation, but this has not yet been established conclusively§410.  In time,
with continuing CDK4-dependent partial activation of E2F, production of cyclin-E will outpace its
degradation, and activated CDK2 will enter the equation.  Two properties of cyclin-E–CDK2 are of note
at this point.  Firstly, it is not subject to inhibition by a major class of CDK4 inhibitors, the p16-related
CKIs.  Thus, if activation of CDK4 had been being constrained by the presence of such inhibitors, but still
had managed to rise to a level sufficient to allow the accumulation of cyclin-E, the inhibitors
immediately lose any ability to constrain further progression.  The second salient feature is that
activation of CDK2 by ectopic expression of cyclin-E is sufficient to promote S-phase entry, and, most
importantly, do so even in the presence of a non-phosphorylatable form of pRB815.  The inference
therefore is that the only critical target of E2F may be cyclin-E.  The production of other proteins from
E2F-regulated genes may be rate-limiting for DNA synthesis, but it seems that even constitutive levels of
expression are sufficient to allow its commencement.

While immune to inhibition by p16-related CKIs, CDK2 is subject to regulation by p21-related CKIs, in
particular, p27.  Cyclin-D1–CDK4 also binds and is inhibited by p271336, and an interesting dynamism
exists in the inter-relationships among p16, p27, cyclin-E–CDK2, and cyclin-D1–CDK4.  When p16-
related inhibitors are absent, whatever p27 is present in the cell will bind cyclin-D1–CDK4 as it is
produced, delaying the onset of pRB phosphorylation.  However, once it starts, and cyclin-E–CDK2
begins to accumulate, it will do so in the absence of competition from p27.  Furthermore, p27 is itself a
CDK2 substrate, and when phosphorylated, becomes the subject of ubiquitin-directed proteolysis1379,
further enhancing CDK2 activity.  Conversely, if p16-related inhibitors are present, such p27 as exists is
free to inhibit the low levels of activated CDK2 that may be produced under these circumstances, and
thus forestall the self-reinforcing accumulation of CDK2.  The apparent induction of p16 upon pRB
phosphorylation would contribute to this783.

While the critical CDK2 target has not been identified, a strong candidate is CDC6, a component of the
DNA replication licensing subsystem.  CDC6 is an excellent in vitro substrate for cyclin-E–CDK2, with
the same pattern of phosphorylation as is seen in vivo, and this phosphorylation is required for the
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initiation of DNA synthesis609.  In serum-deprived cells, ectopically expressed CDC6, in conjunction with
cyclin-E–CDK2, but not cyclin-A–CDK2, results in the commencement of DNA replication§220.

Further pRB phosphorylation
Within the model scenario under consideration, the activation of CDK2 assures entry into S-phase, and
synchronisation with the centrosomal division cycle.  If these functions were considered insufficiently
noteworthy, it has yet another role: further phosphorylation of pRB, probably mediated via the pRB C-
terminal KXLKXL sequence12.  Immediate CDK2 targets include S612 and T821.  The significance of the
first is unknown, but the second is thought to bring about a conformation change294 that reduces the
affinity of the small A/B pocket for LXCXE-bearing proteins, and probably causes dissociation of such
complexes1501.  With their departure, other sites previously masked from the cyclin-D1–CDK4 complex
docked at the C-terminus become available including S795, also a target of CDK2, and T826.
Phosphorylation at the latter then renders S249 and T252 available to cyclin-D1–CDK41501.  In the final
step, cyclin-D1–CDK4 complexes can now dock via the vacant small A/B pocket, even if only transiently,
and effect the phosphorylation of S807 and S811, inaccessible from the C-terminus.  In consequence of
these alterations, ABL is released and disinhibited whereupon it is thought to take part in the monitoring
of genomic integrity in conjunction with ATM and p53662.  There is a functional parallel here with the
simultaneous induction of ARF by E2F1 resulting in increased levels of p53 {J–21}.

Phosphorylation at all of the sites where it is seen in vivo has now been completed.  Interestingly, it
occurred in five stages, the same as the number of major pRB electrophoretic species discernible in
Western blots of asynchronous populations294.  The functional consequences of these final
phosphorylations have yet to be fully explored, and given the very large number of proteins that interact
with pRB, this will be no small feat.

Maintenance of pRB phosphorylation
The reign of cyclin-E–CDK2 is relatively short-lived.  By activating CDK2, cyclin-E has been the author of
its own demise since its phosphorylation at T380 by CDK2 results in its degradation via ubiquitin-
directed proteolysis1446.  The preferred model has it that this phosphorylation causes the dissociation of
cyclin-E from CDK2, rendering it subject to the ubiquitin-ligase function of CUL31233.  Nevertheless,
phosphorylation of pRB can be maintained as rising cyclin-A, another E2F1 target, continues to activate
CDK2.

Dephosphorylation of pRB
This too comes to an end in metaphase, when cyclin-A also becomes a target of proteasomal degradation,
here at the instigation of the cyclosome.  Only then does the driving force behind pRB phosphorylation
abate sufficiently to allow the opposing phosphatase any opportunity to reverse the process.  Like its
phosphorylation, the dephosphorylation of pRB is synchronised with the cell-cycle and appears to be
incremental§1116.

Variations on the theme
Continuous cycling
The extent of dephosphorylation depends in large measure on the cellular context at the time.  In
particular, if mitogens are still present and p16-related inhibitors absent, cyclin-D1–CDK4 will still be
active, although RAS stimulation of CCND1 may only be operative in G2

§527.  Not only will this prevent
complete dephosphorylation of pRB by antagonising PP1 activity, it may modify PP1 directly through
phosphorylation689.  In any case, cyclin-D1–CDK4 can only oppose PP1 with respect to sites that are
substrates for both.  Thus, the initial dephosphorylation may be limited to S612 and T821.  However,
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transient dephosphorylation of T826 may occur, and during the period when both T821 and T826 are
dephosphorylated, pRB again has the capacity to interact via the small A/B pocket.  Subsequent re-
phosphorylation of T826 by cyclin-D1–CDK4 may be insufficient to dissociate such a newly formed
complex.  One consequence of this that S249 and T252 may also be subject to dephosphorylation as
access by cyclin-D1–CDK4 here depends on prior T826 phosphorylation and is hindered by B-pocket
occupancy, unless, presumably, the occupant is cyclin-D1 itself.  This raises a further distinction between
the situation that pertains in cells released from mitogen deprivation and those cycling continuously.  In
the latter case, this mode of docking is available to cyclin-D1, whereas in the former, it is denied access
by the presence of HDAC1 or its linking protein.  Now, the tables are turned, and cyclin-D1 is in the
position to prevent the recruitment of the deacetylase complex.  In addition, S807 and S811 will be
subject to phosphorylation, albeit transiently, and can partially impede re-sequestration of ABL.  Finally,
the continuing phosphorylation of S795 probably suffices to prevent re-association between pRB and

E2F.

In all probability then, in the continuing presence of mitogenic stimulation, all of the recognised means
by which pRB constrains proliferation are disabled.  This does not imply that such cells can cycle freely.
Requirements of chromatin decondensation, E2F production, CDK2 activation, and DNA replication
licensing must still be met.  A change in cyclin-D1 status before the next passage through the restriction
point would alter the situation markedly.

Inhibitory cytokines
Inhibitory cytokines have the capacity to prevent cellular proliferation even in the presence of mitogens.
One of the better studied and understood of these is TGFβ, a potent inhibitor of epithelial cell division.  It
has been found to operate through several signal transduction channels including SMAD®594, MAPK546,
and PI3K62 subsystems, and several mechanisms of engendering cell-cycle arrest in G1 have been
identified.  It depresses MYC transcription1473 and possibly via this, reduces cyclin-D1 expression697 and
induces p15CDKN2B1179, an inhibitor of CDK4; it induces p21CDKN1A998, an inhibitor of CDK2; it decreases the
activity of both CDC25A565 566 and CAK928, contributing to the inactivation of existing CDKs; and it may
interfere with the translation of CDK4 mRNA893.  These results suggest very strongly that modulation of
the pRB subsystem is an important component of the growth inhibitory effect of TGFβ.

Cellular senescence
Observations by Leonard Hayflick538 ®1197 revealed that cultured human fibroblasts could sustain only a
limited number of population doublings prior to undergoing a phenotypic change and ceasing to
proliferate.  In contrast, cultures derived from tumours appeared to be immortal.  This established as the
norm the concept of cellular, or replicative, senescence, an inherent proliferative limitation, and its defeat
as a feature of neoplastic transformation.  Its existence implies a cellular memory that survives mitosis,
but the molecular basis of this memory is still a subject of experiment and debate.

An extremely attractive candidate mechanism involves the maintenance of the distinctive base sequences
found at the termini of chromosomal DNA, known as telomeres®1263.  The normal process of DNA
replication cannot access these final bases since new bases are appended at the trailing edge of the
polymerase as it proceeds along the template strand.  When it reaches the terminus and dissociates, the
single-stranded sequence to which it had been binding must remain unreplicated.  This is a progressive
process, and in most tissues, telomeres are seen to shorten with each round of DNA synthesis28.  In some
tissues however, the enzyme telomerase is expressed that has the capacity to concatenate telomere
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sequences onto these termini using an inherent RNA template; it is, therefore, a reverse-transcriptase, the
first found in eukaryotes.  Such tissues include the germ-line and those with an extremely high cellular
turnover rate, such as haematopoietic cells and cells of the intestinal lining.  Aberrant expression of
telomerase is also a feature of cancer cells532.  An alternative explanation of this cellular memory may
involve the simple mechanism of gradual accumulation of a regulatory protein due to a slight bias in
favour of expression over degradation415.  It is also entirely possible, and suggested by many617 925, that
several independent mechanisms of replicative senescence exist, and that the relative importance of
these may differ among cell-types.

While the details of replicative senescence remain elusive, a number of critical elements have been
characterised.  These include the telomerase reverse-transcriptase, TERT272, ATM884, p53113, CDC25A1133,
CDK41077, p16296, p211145, p2726, and pRB691.  There is thus very strong circumstantial evidence that
modulation of pRB subsystem activity, probably through altered phosphorylation, is involved in the
regulation of senescence.

Viral infection
Viruses are able to carry out their vital and defining functions utilising a genome of tens of genes, in
stark contrast to all other classes of organism, where thousands to hundreds of thousands are more
usual.  They are able to do so by usurping cellular regulation and perverting the host cell metabolism to
their own ends.  It is therefore of great interest that in many DNA and retroviruses, a large proportion of
the reduced viral genome is dedicated to the nullification of the pRB subsystem.  Typically, this is
achieved by carrying a gene that encodes a protein that binds to the pRB small A/B pocket via an LXCXE
motif.  This is often portrayed as a means of defeating the pRB-dependent constraint on cellular
proliferation, but there is no reason why this should be required for viral infection to proceed, nor is it
sufficient to achieve this.  To do so would require that the binding of a viral protein to pRB interfered
with the constraint of E2F activity.  This is not the case, however, as it is insufficient to disrupt pRB-E2F
complexes1499 and furthermore, the ability of pRB to bind such proteins and to impose a cell-cycle arrest
are functionally separable177 271.

What then is the function served, from the viewpoint of the virus, or defeated, from the viewpoint of the
cell, by such binding?  By binding in the small A/B pocket, a viral protein will prevent the recruitment of
the histone deacetylase complex to gene promoters and so diminish the ability of pRB to repress
transcription of genes used in the synthesis of DNA, something beneficial to the virus.  When bound
there, it will also deny this docking mode to cyclin-D1, and thereby prevent phosphorylation of S807
and S811, as these are not accessible from the C-terminal docking domain1501.  In consequence, ABL will
not dissociate from pRB694 and it will remain inhibited1420.  One substrate of the ABL kinase is MDM2,
and its phosphorylation prevents it binding to, and directing the degradation of p53420.  Therefore, on-
going inhibition of ABL by pRB may contribute to the suppression of the p53-dependent apoptotic
response that could otherwise be triggered during the infection of mitogen-stimulated cells.  ABL can
also promote apoptosis via p73®1395, and this effect is also nullified by the continuing association of ABL
with pRB.  While the suppression of apoptosis may be required in order to give the infecting virus the
opportunity to replicate, this interpretation is difficult to reconcile with the general observation that
expression of a viral pRB-binding protein such as E71266, E1A1319, or large-T219, promotes rather than
inhibits apoptosis, especially where p53 is not disabled by an additional viral protein1319.

See J–21 for
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Complications
As noted above, the model scenario presented incorporates many simplifying assumptions, particularly
regarding the multiplicity of related proteins of each type involved.  At last count, there are three pRB-
related pocket proteins®208 ®1264, six E2F transcription factors®1339 that may dimerise with one of three DP
co-factors®1479, three D-cyclins®1204, two E-cyclins1009 ®1141, two A-cyclins®100 ®268, perhaps four CDKs
implicated in G1–S transition regulation®502, four CKIs related to p16®1113 ®1326, and three related to p21®936.
This discussion could not be complete without some indication of the distinctions among these.

Generally, depending on their lineage, cells express cyclin-D2 and either cyclin-D1 or cyclin-D3.  All
contain the LXCXE motif {Table H–3} and all are thought to bind pRB.  All can bind CDK2, CDK4, and
CDK6, and all can activate them, except in the case of cyclin-D1–CDK2517.  This may well account for the
biphasic response seen with ectopic expression of cyclin-D1, wherein a small increment of expression
accelerates S-phase entry, but a larger increment causes a G1 arrest.  In the first instance, increased CDK4
activity would cause the acceleration, but when the available CDK4 is saturated, additional cyclin-D1
would act as a competitive inhibitor of CDK2386, preventing its activation by cyclin-E.

E2F1, -2, and -3 associate with pRB, rather than p107 or p130; have an N-terminal domain that binds
cyclin-A, but not cyclin-E, that is essential for phosphorylation of the DP co-factor; and are exclusively
nuclear.  E2F4 and -5 associate with p107 and, particularly so in the case of E2F5, p130.  An association
between E2F4 and pRB has also been reported commencing at the G1–S transition899 and in the growth-
suppressive response to TGFβ779.  E2F4 is the predominant form found in quiescent cells, when it is
essentially nuclear, this localisation depending on DP2, and p107 or p130, but not pRB.  As cells
approach S-phase, it becomes increasingly cytoplasmic790, and when engineered to remain nuclear, is
functionally indistinguishable from E2F1924.  E2F6 has no transactivation domain or pocket-protein-
binding domain and may be a natural inhibitor of the other E2Fs160.

The CKI p15CDKN2B has a more polarised tissue-dependent expression than p16, being present at high
levels in lung, but scarce or absent in kidney.  Also unlike p16, its expression is not regulated by pRB, nor
is its mRNA level different in proliferating versus quiescent cells, but it does increase some thirty-fold in
response to TGFβ treatment of epithelial cells471.  Like CDKN2A, it has been reported to be subject to
transcriptional silencing through promoter methylation509.  The p18CDKN2C inhibitor has greatest
expression in skeletal muscle, and may1326 be a better inhibitor of CDK6 than of CDK4445 955.  The
p19CDKN2D inhibitor has expression linked to the cell-cycle that peaks at the G1–S transition and then
declines until mitosis.

Protein levels of the pRB-relatives, p107 and p130 vary cell-cyclically, and at least in the case of p130, this
is due to alteration of protein translation or stability as the mRNA level stays essentially constant.
Interestingly, their patterns of expression are mutually inverted.  Levels of p107 are low in quiescent cells
as a consequence of repression via E2F4, and rise during G1, while those of p130 are high in quiescent
cells and low during proliferation1240.  Both are subject to cell-cyclical phosphorylation, and while both
are substrates for CDK4, neither is a substrate for CDK282.  Indeed, they are either inhibitors of CDK2163

1449, or influence its substrate specificity489.  Consistent with this, phosphorylation of both begins in mid-
G1 coincidently with CDK4 activation1462.  In the case of p130, this proceeds rapidly and completes before
that of pRB863.

See J–14 for a
comparison
of p21 and
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H.5 The pRB subsystem and cancer
The pRB-related pocket proteins
While homozygous mutant Rb1 mice die in utero with severe developmental flaws, the corresponding
heterozygotes are viable, but spontaneously develop pituitary tumours§545.  In the analogous human
situation, it is of course predisposition to retinoblastoma that is seen.  It is widely reported that despite
having been cured of their initial tumour, survivors of hereditary retinoblastoma are at increased risk of
developing second and subsequent primary tumours8 9 266 291 300 320 903 1440, notably osteosarcoma472, and
often die during childhood or adolescence as a result.  While there may be an iatrogenic component to
this, as with increased bladder leiomyosarcoma after cyclophosphamide treatment649 917, the major effect
is thought to be due to the functional loss of pRB upon mutation of the intact allele in other tissues.  The
nature of subsequent primary tumours is probably a joint reflection of the vulnerability to mutation, and
the importance of the tumour-suppressor function of pRB in different tissues.  Among tumours other
than, or as sequelae of retinoblastoma, alterations of RB1 or expression of pRB are also widely reported,
instances being in breast carcinoma428, chondrosarcoma46, glioma491, small-cell lung cancer1493, non-small-
cell lung cancer429, oesophageal squamous cell carcinoma644, pituitary adenoma1230, hepatocellular
carcinoma555, osteosarcoma87, thymic carcinoma524, and head and neck squamous cell carcinoma736.  In
addition, aberrant over-expression of pRB has been reported in bladder carcinoma90 and hepatocellular
carcinoma555.

In contrast, the other members of the pRB-related pocket protein family appear to be less important in
tumour suppression.  Rbl1-null mice are viable, and are reported to be either phenotypically normal§763,
or growth-impaired and exhibiting myeloid hyperplasia§757.  A similar disparity exists for Rbl2-null mice,
with both apparent normality§212 and embryonic lethality§758 being reported.  It has been suggested that
the particular genetic backgrounds of the differing mouse strains used in these experiments may account
for this phenomenon.  Nevertheless, even in the more permissive C57BL/6 strain the double, Rbl1/Rbl2
homozygous knockout results in early neonatal death§212 ®§436, indicating that they may have overlapping
abilities to perform a function critical for survival.  Alterations affecting p130 have been reported in a few
human tumour types, including vulvar squamous cell carcinoma1500, nasopharyngeal carcinoma209,
Burkitt’s lymphoma205, and small-cell lung cancer496.  Alterations affecting p107 appear to be very rare1294.

The D-cyclins
The oncogenic potential of cyclin-D1 is well established®286, indeed it was the search for an 11q13
oncogene associated with BCL and parathyroid adenoma that led to its identification1107.  In the case of
BCL, it was found that chromosomal translocation resulted in aberrant expression of cyclin-D1, not
normally produced by B or T lymphocytes.  Moderate over-expression has been reported in many
carcinomas including hepatocellular (58%)622, lung non-small-cell (37%)1476, head and neck squamous cell
(48%)74, and those of the breast (35%)1526, and bladder (31%)983.

Over-expression of cyclin-D2 has been reported in a number of myeloid malignancies261, sometimes as a
consequence of BCR–ABL activity255.  It is seen in male germ-cell tumours539; and in gastric cancer, it
correlates with progression, while over-expression of cyclin-D1 does not1292.  Conversely, loss of
expression due to promoter methylation has been reported in breast carcinoma330.

Chromosomal translocations resulting in the aberrant expression of cyclin-D3 have been found in a
subset of multiple myeloma cell-lines and tumours1194 and CCND3 has been found to be amplified in a
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glioblastoma722.  Over-expression has been reported in pancreatic adenocarcinoma590, non-Hodgkin’s
lymphoma905, and breast carcinoma75.

The cyclin-dependent kinases
There is no strong case to support a direct role for CDK2 in tumorigenesis, although some over-
expression and increased activity have been reported672 843 889.  While the same is true for CDK6740, the
corresponding case for CDK4 is very substantial.  A germ-line CDK4 R24C mutation that prevents
binding  and inhibition by p16 has been found in melanoma1444, and mice engineered to be homozygous
for this allele spontaneously develop multiple tumours1248, particularly invasive melanoma1249.  A
mutation in the corresponding position in CDK6 has been sought, but not found1200.  CDK4 is amplified
in cervical carcinoma198, osteosarcoma1416, breast carcinoma32, glioblastoma1104, and Ewing’s sarcoma733;
and CDK4 is over-expressed in oral and pharyngeal carcinoma709, glioblastoma740, cervical carcinoma198,
breast carcinoma32, hepatoblastoma671, and ovarian carcinoma853.

The cyclin-dependent kinase inhibitors
p16 and relatives
Three proteins structurally similar to p16CDKN2A and with overlapping function are known: p15CDKN2B,
p18CDKN2C, and p19CDKN2D.  Assessing the contributions toward tumour suppression of the closely-linked
9p21 genes CDKN2A and CDKN2B and their encoded proteins ARF, p16, p15, and its p101345 and p15.5398

splice variants is no simple task.  Co-deletion of the genes is commonly reported, as is simultaneous
transcriptional silencing due to methylation, but combined inactivation by different mechanisms is also
known.  In consequence, it is difficult to determine if only one, either, or both are the functional targets,
and what, if any, tissue specificity there may be among these alternatives.

CDKN2A is undoubtedly a tumour-suppressor gene of stature rivalling TP53.  It seems likely that the
two proteins it encodes, p16®368 and ARF, contribute independently toward this®1203.  This is perhaps best
demonstrated by the phenotypes of mice engineered to be functionally deficient in each of these proteins
without compromise of the function of the other.  When ARF was selectively ablated, mice displayed a
cancer-prone phenotype, with spontaneous tumour development in 19 of 24 animals, the most common
type being sarcoma§631.  Similar results were seen for p16, with spontaneous tumour development in 10
of 39 homozygotes, with the predominant type being sarcoma, while lymphoma and melanoma were
also seen§1192.  Interestingly, a melanoma kindred has been reported wherein two members are
homozygous for a non-functional CDKN2A allele: one has melanoma, the other is unaffected442.  Clearly,
while loss of p16 function may predispose toward the development of melanoma, it does not guarantee
it.  Other genetic or environmental factors must be involved {See Chapter 1, ‘The cause of melanoma’}.

In contrast, the Cdkn2b knockout mouse has a relatively mild phenotype, with an 8% tumour incidence
after 18 months§750.  Nevertheless, there is probably a sufficient weight of evidence to suggest that it is a
tumour-suppressor in its own right, albeit relatively minor.  In particular, homozygous deletion of
CDKN2B, but not CDKN2A has been reported in bladder cancer312, multiple myeloma1311, and non-
Hodgkin’s lymphoma1220; and methylation of CDKN2B, without alteration of p16 expression is almost
universal in adult acute myelogenous leukaemia, and very common in adult acute lymphocytic
leukaemia, paediatric acute myelogenous leukaemia, and in glioma508 509.  This same pattern is seen in
radiation-induced murine T-cell lymphomas§836.  Other data supports a joint role for these tumour-
suppressors.  Simultaneous functional loss of p15 and p16 may be important in the development of T-cell
acute lymphoblastic leukaemia586 978, glioma1227, and multiple myeloma945.  In oesophageal squamous

See J–21 for
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carcinoma, promoter methylation of CDKN2A is seen either alone, or in combination with methylation of
CDKN2B, but the latter rarely occurs alone1464.

The p18Cdkn2c knockout mouse exhibited pituitary hyperplasia leading to the formation of primary
tumours that were fatal due to their large size.  They appeared to have little invasive or metastatic
propensity however.  Other tumour types were also seen, including lymphoma, and renal, adrenal and
testicular tumours§750.  There is evidence to support a tumour-suppressor function for p18 in humans,
particularly in multiple myeloma724, and perhaps acute lymphoblastic leukaemia585, meningioma122, and
breast cancer, where a CDKN2C mutation leading to a p18 unable to bind CDK6 has been reported746.

An extensive study of human haematopoietic malignancies found only very few instances of p19
alteration293, nor is it implicated in other tumour types.  The phenotype of the p19-deficient mouse
supports the hypothesis that it is not a tumour-suppressor, but rather, regulates testicular
development§1524.

p21 and relatives
The initial report of the p21Cdkn1a-null mouse§262 concluded that while aberrations of G1-arrest were
evident in cell cultures, there was no significant disposition toward spontaneous tumour formation by
six months of age.  However, when such mice were followed for an extended period it was found that
spontaneous tumours did arise at a mean age of sixteen months, the predominant type being
haematopoietic§850.  Among human tumours, mutations of CDKN1A are known, but in general, are
infrequent1320.  Among 81 gliomas784, 28 pituitary adenomas569, and 20 gastric carcinomas1001, no mutation
was detected by PCR-SSCP or sequencing.  Intragenic deletions or point mutations have been found in
adrenocortical adenoma568, 5 of 40 thyroid carcinomas1206, 3 of 28 brain tumours1347, and 7 of 102 tumours
of assorted types1408.  Interestingly, a polymorphism that may affect the ability of p21 to interact with
PCNA was identified in 42 of 50 cases of oesophageal squamous cell carcinoma in contrast to only 8 of 50
in putatively normal individuals57.

The most evident characteristic of the p27Cdkn1b knockout mouse it that it is significantly larger than its
wild-type litter-mates, an apparent consequence of increased general cellular proliferation resulting in
enlarged organs§349 §934.  Spontaneous development of pituitary tumours is seen, a feature also present in
the phenotype of Cdkn2c-null§372 and Rb1+/- animals, suggesting an important functional overlap in this
tissue.  In human solid tumours, reduced expression of p27 is frequently associated with rapid tumour
progression and poor prognosis548 854 1155, while the converse may be true in some lymphomas®904.
CDKN1B alterations are only rarely seen in tumours648, however a mutation with simultaneous loss of
heterozygosity at 12p13 has been found in 1 of 36 breast carcinomas1254.

Mice lacking Cdkn1c had cleft palates and skeletal deformities and usually died neonatally.  In the ~10%
of instances where they survived beyond weaning, their growth was markedly retarded and
developmental flaws in reproductive organs become apparent in both males and females.  While no
increased cancer predisposition was detected during the five months of the study, increased incidence
with later onset cannot be excluded§1291.  Mutation of CDKN1C has not been reported in human tumours,
but loss of expression and loss of heterozygosity at 11p15.5 has been seen in thyroid592, bladder991, and
hepatocellular589 carcinomas, and in pancreatic adenocarcinoma591.  CDKN1C is a strong candidate for the
Beckwith-Wiedemann syndrome gene162, a disease in which there is a mild predisposition toward cancer,
particularly Wilms’ tumour.  While mutation has been found in some cases486, conclusive proof is
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proving difficult to obtain, not least because the implicated locus also contains IGF2, an equally viable
candidate, and both are subject to parental imprinting614.

The E2F transcription factors
The E2F transcription factors are involved in both the induction and repression of genes, and mediate
both proliferation and apoptosis, hence, it is not possible to predict, a priori, whether their normal role is
tumour-suppressive, excessive function oncogenic, neither, or even both for different E2F types or under
different circumstances®1477.  The very real nature of this difficulty is demonstrated by the case of E2F1,
one of the better studied E2Fs.  E2F1 is amplified in the HEL erythroleukaemia cell-line1124, E2F1 was
over-expressed in 24 of 26 small-cell lung cancers333, and its expression correlated with invasiveness in
head and neck carcinoma1511, all suggesting a role in tumorigenesis.  However, the E2f1-null mouse has
an elevated rate of spontaneous tumour formation, particularly reproductive tract sarcomas§1480,
suggesting a role in tumour suppression.  How these effects come about is unknown, but it seems
unlikely to involve interaction with pRB since no mutations in the pRB interaction domain of E2F1 were
found in a survey of 406 human tumours932, and concurrent ablation of E2f1 reduces tumour incidence
and increases the longevity of Rb1 +/- heterozygous mice§1478.

E2F4 appears to influence tumour development significantly, seemingly due to the presence of an
unstable (CAG)13–18 trinucleotide repeat that encodes a polyserine tract.  Alterations have been found here
in various digestive856 1161 1252 1448 1520 and haematological708 tumours.  It has been suggested that at least in
some instances, this instability is due to a mutation within MSH3, whose encoded protein plays a
prominent role in DNA mismatch repair570.

There is little if any evidence to suggest a role for the other E2F transcription factors in tumorigenesis,
with the possible exception of E2F5, which has been found to be amplified and over-expressed in some
breast cancers1041.

H.6 The pRB subsystem and melanoma
The genetic analysis of hereditary tumour kindreds is a rich source of information pertinent to the
molecular aetiology of cancer, and this is the case with melanoma®134 ®164.  In some syndromes, melanoma
occurs as the only, first, or predominant tumour type, notably when the disease phenotype is linked to
9p21484 1391, 12q141250, or 1p3664.  Here, the implicated genes are, respectively, CDKN2A355 1076, CDK41529, and
possibly CDC2L1942 or even PINK11355, but probably not TP73719 1156 1344.  In others, melanoma is just one
component of a more complex cancer predisposition as in xeroderma pigmentosum699, with multiple
linkage groups; hereditary retinoblastoma24 77 903 1337, implicating RB1; type I multiple endocrine
neoplasia957, implicating MEN1; multiple hamartoma syndrome, implicating PTEN170; and melanoma-
astrocytoma syndrome, implicating CDKN2A exon 1β1076.  Among these, alterations in RB1, CDKN2A,
and CDK4 may be expected to affect the pRB subsystem directly®468.

Most interestingly, extensive surveys have failed to provide any evidence for a role for CDK21390 or
CDK61200 in the tumorigenesis of melanoma, and there appears to be no report of amplification or
mutation of CCNE1.  Deregulated phosphorylation of pRB, per se, may therefore be insufficient to
predispose toward melanoma.  This hints that the critical role for pRB is modulated by CDK4, but not
CDK2, and that it may be inconsequential in tissues where the dominant cyclin-D-associated CDK is
CDK6.  Heretical though it may seem, this is consistent with the possibility that the ability of pRB to
repress E2F activity may not be the critical aspect.  The disparity between incidences of CDK4 and
CDKN2A mutations in hereditary melanoma421 further suggests that there may be partial functional

See F.3 for
more about
hereditary

cancer
syndromes.



H–25

H
: T

he
 p

R
B 

su
bs

ys
te

m

overlap between CDK4 and another kinase less susceptible to p16 inhibition, or that some function other
than inhibition of CDK4 may also be involved.

Hence, suspicion must fall upon ARF as a further, possibly subordinate, contributor to melanoma
tumorigenesis.  Fitzgerald et al. reported finding no CDKN2A mutations that would alter ARF, but not
p16, in 33 consecutive melanoma patients who had one or more first or second-degree affected
relations355, nor were any sequence alterations found in CDKN2A exon 1β among ten 9p21-linked
melanoma kindreds by Fargnoli et al.343.  However, one melanoma-astrocytoma syndrome kindred has
been reported in which there is a germ-line mutation in CDKN2A exon 1β.  More data are required before
a definitive assessment can be made of what role, if any, is played by ARF in the tumorigenesis of
melanoma.

The hypothesis has been raised that it is the integrity of the pRB subsystem as a functional whole that
protects against melanoma, and hence, failure of any critical component predisposes toward it.  The
strongest evidence to support this is the common finding that in melanomas, there is very often a
functional defect in a single element of the subsystem, generally p16, pRB, or CDK473 828 1391.
Nevertheless, multiple flaws have been found in individual cases, with amplification of CCND1 or
mutation of CDK4 being seen in conjunction with CDKN2A deletion1095 1391.  Clearly, pRB cannot be the
only significant target of alterations affecting cyclin-D1 or CDK4, and some additional advantage is
conferred by their presence.  The basis for this advantage is unknown, but the most probable explanation
is that further, as yet uncharacterised, substrates for cyclin-D1–CDK4 exist.  The rationale for this is that
the implicated CDK4 mutation involves its escape from inhibition by p16.  For this to be significant in a
cellular context where p16 or pRB are absent, the necessity of a substrate other than pRB, and an
inhibitor other than p16 is implied.  Potentially, where p16 is absent, some degree of constraint may still
operate through induction of p15, unless CDK4 is impervious to this.  Furthermore, if the amplification
of cyclin-D1 were serving some purpose other than increasing CDK4 activity, then it could be expected to
act as an inhibitor of CDK2 activation, hindering, rather than helping proliferation.  As to the identity of
such a substrate, nothing is known with certainty.  There is one report of a cytoplasmic p88 CDK4
substrate730, but this does not appear to have been confirmed.  It is also possible that it corresponds to a
product of caspase cleavage of pRB.  The cited report relies on the lack of recognition of p88 by the pRB
monoclonal antibody employed to exclude this, but it is quite possible that upon cleavage, the necessary
epitope is lost or its conformation modified.  The particular antibody is not defined sufficiently well in
the report to establish if this may be the case.  While the principal caspase degradation products of pRB
are p44 and p68, there is evidence of the early production of larger, and the subsequent production of
smaller products345.

See 8–10,
where results
that relate to
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See 9–8,
where results
that relate to

this are
presented.





I BRCA1 super-complexes

BRCA1, the tumour-suppressor associated with hereditary early-onset breast and ovarian cancer is
instrumental in genome maintenance, and yet has no recognised enzymatic activity.
Immunoprecipitation studies using antibodies against it have revealed that it associates with an array
of other proteins involved in the replication and repair of DNA, many of them known tumour-
suppressors.  These complexes, containing, and perhaps nucleated by BRCA1, may hold a central
position in the early stages of many and diverse molecular operations on DNA.

I.1 BRCA1
The tumour-suppressor BRCA1®1397 was identified by virtue of its frequent mutation in kindreds that
experienced elevated incidence of early-onset breast and ovarian cancers.  Analysis of its primary
sequence revealed few clues to its function, the chief inference being that it probably bound DNA
directly.  It appears to have no intrinsic enzymatic activity suggesting that its principal functional mode
is that of a scaffold protein, co-factor, or inhibitor.  Studies of human cell-lines and in mouse models
established that BRCA1 was required for normal DNA repair functions, particularly with respect to the
repair of double-strand breaks by homologous end-joining.

I.2 BRCA1 super-complexes
In order to elucidate the molecular mechanisms of BRCA1 function, Wang et al. performed
immunoprecipitation studies with a number of anti-BRCA1 antibodies and detected some forty
interacting protein species1403.  They established that all cellular BRCA1 exists in protein super-complexes
of ~2 MD, and that these are composed of lower-order complexes that in many cases had been
independently implicated in detection and repair of DNA anomalies.  Associated also was the kinase
ATM, known to be activated soon after the advent of DNA damage, and an important regulator of the
cellular response to this.  It is likely that the composition of these super-complexes is dynamic, and that
not all components detected in the immunoprecipitates necessarily co-exist within the same super-
complex.  This would provide the flexibility needed for BRCA1 to mediate the coupling of common
enzyme systems to diverse classes of DNA structure.

The intimate association of proteins with these functions led Wang et al. to propose that these super-
complexes serve to integrate the processes of DNA damage detection and repair and coined the phrase
‘BRCA1-associated genome surveillance complexes’ (BASC) to describe them.

I.3 BASC composition, inherent function, and assembly
MSH2–MSH6, and MLH1
Among the proteins identified were critical components of the DNA mismatch repair (MMR) subsystem,
in particular the MSH2–MSH6 dimer, and MLH1.  The dimer has a weak intrinsic affinity for DNA, but
this is greatly enhanced under certain circumstances, most notably in the presence of mismatched DNA
or extrahelical bases§563.  MLH1, in conjunction with its dimerisation partner PMS, when complexed with
MSH2–MSH6 also enhances this affinity§457.  The MSH2–MSH6 dimer is a DNA-dependent ATPase
activated in the presence of anomalous DNA432.  When binding ATP, its affinity for DNA is weaker, but
that for MLH1 is stronger§456.  It is therefore likely that some form of self-regulation occurs432.  In addition
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to these interactions, MLH1 binds the helicase BLM, but the functional significance of this is unclear.
MSH6 can recruit PCNA, but doing so dislodges MLH1 from the complex128.

The consideration of two further experimental observations allows the construction of a model for the
temporal sequence of protein interactions during the initiation of mismatch repair.  It is the presence of
ATP, not the act of its hydrolysis, that reduces the affinity of the MSH2–MSH6 dimer for DNA562; and,
even in the presence of ATP, MSH2–MSH6 cannot disengage from DNA that is circular or end-capped433,
implying mobility of the complex along the DNA helix433.

The model {Figure I–1} postulates that it is the ATPase-inactive, ATP-binding form of MSH2–MSH6 that
is mobile upon the DNA helix [1], and that it carries with it MLH1 and its dimerisation partner, PMS [2],
enhancing its affinity for DNA mismatches.  It is possible that the attendant BLM helicase assists in
complex mobility [3].  Upon encountering a DNA anomaly, MSH6 recruits PCNA [4], and at this time,
the MLH1 complex is dislodged [5], the ATPase activated, and the ATP hydrolysed [6].  The reduced
DNA-affinity resulting from the loss of MLH1–PMS would be compensated for by that bestowed by
association with ADP.  MSH2–MSH6 becomes immobile at the location of the mismatch and serves as a
clamp loader for PCNA in preparation for the assembly of the synthetic DNA repair subsystem207.  The
presence of PCNA enhances complex mismatch-affinity further362.  In the absence of MLH1–PMS, the
recruitment of BRCA1 and its retinue to MSH2–MSH6 may then occur1398  [7].

For the theoretical reason given above, MSH2–MSH6 cannot be involved in DSB repair, since it would
simply disengage from the DNA at the break.  This suggests that ATM is unlikely to be activated as a
result of MMR, and consistent with this there is no great overlap in the phenotypic consequences of ATM
and mismatch repair dysfunction, although there is evidence that ATM status may influence the
phenotype where MMR is dysfunctional833.  In practice, ATM activation during MMR does not appear to
have been studied directly or reported.  If ATM is not activated, and presuming a need for signalling of
the presence of DNA mismatches beyond the local level, an alternative mechanism must exist.  What this
may be is unknown, but the similarity between the molecular switch effected by the MSH2–MSH6
ATPase, and that effected by RAS-homology GTPases may prove significant.

Figure I–1: Model for DNA mismatch repair initiation
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Figure I–2: Replication factor C interactions

Three of the elements of the replication factor C (RFC) heteropentamer®915 were detected in the BRCA1
immunoprecipitates {Figure I–2} [1].  This complex is critical for processive DNA synthesis, both at
replication forks and during repair.  Its best understood function is as a clamp loader for PCNA916 [2], but
it also mediates the switch from the initial usage of DNA pol-α to DNA pol-δ1830.  Once this has been
achieved, PCNA itself acts as the anchor for other elements of the DNA synthetic subsystem and RFC
dissociates1037.  The recruitment of PCNA to replication forks by RFC is analogous to that to sites of
mismatched base-pairs by MSH6.  The p145 RFC sub-unit, RFC1, associates with pRB via an LXCXE
motif1017 [3], and this may be a means by which its functionality or location are synchronised with the
commencement of S-phase.  RFC1 also binds the histone deacetylase HDAC135, and this may enable it to
repress transcription in the vicinity of its operation [4].  The role of BRCA1 in association with RFC is not
clear, but it may serve as a bridge between RFC and the MRE11A–RAD50–nibrin complex in the event of
replication fork collapse371 [5], a process that also requires BLM371 [6].

MRE11A–RAD50–nibrin
Consistent with this, the MRE11A–RAD50–nibrin complex®233 was also detected in the BRCA1
immunoprecipitation study of Wu et al.  This is an ATP-dependent534 single-stranded DNA endonuclease
and 3’ DNA exonuclease1341.  It participates in several aspects of DNA biochemistry including
homologous and non-homologous549 DNA end-joining, meiotic recombination, and telomere
maintenance1523.  Its homologue in yeast is required for the activation of Rad53 and Chk1 after DNA
double-strand breakage (DSB)§439, implicating it in the cellular response to genomic damage in addition
to its maintenance role.  The nuclease function is provided by the MRE11A component and is regulated
both by the RAD50 ATPase and by phosphorylation by ATM after DNA damage284 such as the double-
strand breakage caused by ionising radiation239.  This phosphorylation, and nuclear accumulation of the
complex, both require the prior phosphorylation of the nibrin component by ATM144.  Direct association
between BRCA1 and RAD50 has also been shown1518, and this may provide an additional mode of
regulation of the MRE11A nuclease534 §1342.
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BLM
BLM, referred to above, was also detected in the immunoprecipitates.  This is a DNA helicase637 791 that, in
conjunction with nibrin, may serve to unwind damaged DNA to facilitate its repair.  Like nibrin, it
contributes to the repair of IR-damaged DNA, but it also participates in the repair of UVR-induced
damage573.  Under these circumstances, BLM is phosphorylated in an ATM-dependent manner2.  In
addition, BLM is required for recruitment of the MRE11A–RAD50–nibrin complex to stalled replication
forks371.  Although BLM and MLH1 bind, there is preliminary evidence to suggest that BLM plays no
part in mismatch repair1013, and may participate in other MLH1-mediated functions371.  This is supported
by the significant differences in the phenotypes seen where BLM is non-functional in comparison to
those where components of MMR are defective.

ATM
An extremely significant finding was the presence of the ATM kinase in BRCA1-associated complexes.
ATM participates in meiotic chromosome synapsis1033, the mitotic spindle checkpoint1209, and in telomere
maintenance688.  Its most important function may be in the early response to genomic damage, as it is
rapidly activated when this is sustained153.  Its direct and indirect substrates include BRCA1, BLM, and
nibrin within the BASC, and p53, CDC25C, CHK2, MDM2, RBBP8, and E2F, beyond it.  Via these
channels, it initiates the cellular response to genomic damage that may include cell-cycle arrest or
apoptosis.  The mechanism by which ATM is activated in response to DNA damage is unknown and its
discovery will be welcomed by many.

I.4 BASC failure and disease
The critical nature of BASC is exemplified by the phenotypes that emerge with the loss of function of any
of its components, and these are shown in Table I–1.  The predominance of cancer and
immunodeficiency syndromes is particularly noteworthy.  The absence of diseases associated with loss of
function of RAD50 is probably due to an embryogenic requirement for two functional alleles.  In mice,
complete ablation of either Rad50§818 or Nbs1§1522 is embryonically lethal, and in the case of RAD50, this
may also apply in humans, while a single functional NBN allele may satisfy embryogenic requirements.
A similar argument may apply to components of RFC.

Component Syndrome Characteristics
ATM Ataxia telangiectasia Immunodeficiency; lymphoma; breast cancer

BLM Bloom’s syndrome®413
Immunodeficiency; growth deficiency;

telangiectasia; diabetes; leukaemia;
lymphoma

BRCA1 Hereditary breast/ovarian cancer®1422 Breast cancer; ovarian cancer
MLH1
MSH2
MSH6

Hereditary non-polyposis colorectal cancer®923 Colorectal cancer; gastric cancer; endometrial
cancer

MRE11A Ataxia telangiectasia-like disorder1262 Immunodeficiency; colorectal cancer
Nibrin Nijmegen breakage syndrome®1361 Immunodeficiency; lymphoma

Table I–1: Diseases associated with failure of BASC components
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J Genome partitioning

The critical process of spatially aligning replicated genomes during cell division is the province of the
centrosome.  Where this fails, the maintenance of stable ploidy is compromised, often with adverse
consequences for the newly divided cells.  Where they are viable, their genetic complement may be
imbalanced and in consequence, their inherent activities and their sensitivity and responsiveness to
external influences may be aberrant.  If this leads to a dysregulation of proliferation, there can be dire
consequences for the organism as a whole.  The very frequent observation of centrosomal anomalies
and ploidy changes in cancer attests to this.

J.1 Introduction
The maintenance of cellular viability and of species identity in diploid organisms depends on the reliable
partitioning of the replicated genome between the two cells that result from cellular division.  Without
this, tissue differentiation and function could not be maintained, nor would the reliable hereditary
transmission of beneficial genetic changes be possible.  Failure of the first would make survival of a
multi-cellular diploid organism impossible, and failure of the second would remove a critical component
of the evolutionary process.  Without evolution, there would be no basis for the generation of distinct
species.  Clearly, much hinges on the fidelity of this partitioning.

For any process involving the study or control of motion, whether of stars or chromosomes, a frame of
reference is essential.  The establishment of the mitotic spindle provides this within the dividing the cell,
laying down the spatial context of the coming events.  It defines the axis of chromosomal motion during
anaphase and the location of the division during cytokinesis.  In multicellular organisms, where the
fidelity of genome partitioning is vital, a
supervisory subsystem is present that
orchestrates this: the centrosome®290.

J.2 Centrosome structure
Morphology
The centrosome is a cytoplasmic structure
comprising two centrioles, interconnecting
fibres, and associated amorphous
pericentriolar material {Figure J–1}.  Each
centriole, measuring ~200 nm by ~500 nm, is
composed of nine triplets of parallel co-
planar microtubules arranged parallel to a
common axis.  One end of the centriole
appears from electron-microscopic studies to
be closed, and one to be open.  There is
evidence of a central structure aligned with
the axis and connected to the middle
microtubule of each triplet, and adjacent
triplets are also connected.  When viewed Figure J–1: Centrosome structure
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from the open end, each triplet is oriented at a rotation of ~30° clockwise to the tangential.  The centrioles
generally lie perpendicular to one another, with the open ends in proximity, hence their designation as
proximal, and that of the other ends as distal.  The two centrioles are distinguishable in that one, referred
to as maternal, has both distal and subdistal appendages, lacking in the daughter centriole.  The entire
structure is associated with the slower-growing, minus-ends of cytoplasmic microtubules, connected
chiefly via the pericentriolar material.

Composition
Investigations in yeast, Drosophila, Xenopus, mouse, and human cells have brought to light a number of
probable molecular components of the centrosome and its regulators, many listed in Table J–1.  The
investigation of the functions and interactions of these proteins is at present developing rapidly and
many have been implicated in specific steps of the centrosome cycle {See ‘The centrosome cycle’, below}.
However, given the inchoate state of our knowledge, any mechanistic analysis requires a degree of
speculation to compensate for an economy of data.

J.3 Centrosome function and dysfunction
Despite a century of investigation, the precise role of the centrosome is yet to be determined.  Our
understanding is based mainly on inferences drawn from coincidences of position and timing with
visible cellular events.  The association of centrosomes with the foci of the spindle microtubules at the
cell poles during mitosis is strong circumstantial evidence for involvement in anaphase.  The nature of
this involvement has been difficult to investigate as micromanipulative removal of centrosomes was
possible only during interphase, and cells so treated did not enter mitosis, in itself an interesting
observation.  Alternatives, such as antibody injection, could not be guaranteed to obliterate all function.

This changed with the work of Khodjakov et al.520 §663 §664, who, by incorporating green fluorescent protein
into centrosomes, were able to ablate one or both with laser microsurgery at various points in the cell-
cycle and observe the consequences*.  Their innovative approach led to results that have laid the
cornerstone for our current understanding of centrosome function.  Firstly, they found that destruction of
one or both centrosomes in prophase did not interfere with the assembly of the mitotic spindle or,
directly, with the process of anaphase.  Where one centrosome was left intact, cytokinesis was essentially
normal, but where both were ablated, 30% – 50% of cytokineses failed.  The proximal cause of this was
the failure of the mitotic spindle to maintain its orientation perpendicular to the cellular equator.  In
consequence, the segregation of chromatids was at times constrained by a reduced cellular diameter;
misalignment caused incorrect chromosomal partitioning, even to the extent of generating one binuclear
and one anuclear daughter cell; and obstruction of cleavage furrow propagation sometimes caused total
failure of cytokinesis, also resulting in polyploidy.  They went on to follow the fate of the acentrosomal
daughter cell that resulted from the division of a cell in which one centrosome had been destroyed.
Quite unexpectedly, they discovered that such cells never again commenced the synthesis of DNA, being
trapped forever in a pseudo-G1 state.  Khodjakov et al. have therefore defined a two-fold function for the
centrosome: to guide the process of anaphase, and to endow the daughter cell with proliferative
potential.  This is an extremely elegant method for ensuring that cells which would otherwise suffer a
failure of cytokinesis, never get the opportunity to do so.  There is also some poetry in the way this
recapitulates the contribution by the sperm to the ovum of a functional centriole1138.

                                                            
* Khodjakov et al. provided an excellent video supplement to their seminal paper that demonstrates graphically the
consequences of centrosome dysfunction.  It is available at: http://www.jcb.org/cgi/content/full/153/1/237/DC1
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Protein Observations

14-3-3 Stratifin and 14-3-3γ are centrosomal.  They are lost from the centrosome upon serum
starvation§1031

AKAP9 Associates with centrosomes and the cleavage furrow1154

ATR ATR duplication is associated with centrosome amplification and aneuploidy1242

BRCA1 Mutation is associated with excess centrosomes, unequal chromosome segregation, and
aneuploidy263

BRCA2 Mutation is associated with excess centrosomes and micronucleation1349

CDC16 Centrosomal throughout the cell-cycle1348

CDC2 Centrosomal throughout the cell-cycle.  Present within the pericentriolar material and on
centrioles themselves1035

CDC20 Required for centriole splitting§1374

CDC25 Required for daughter centriole assembly§1374

CDC27 Centrosomal throughout the cell-cycle1348

CDK2 Function essential for centrosome duplication§857 879

Critical centrosomal regulator®1438

CEP2 Target of NEK2; important in centriole cohesion379

CUL1 SCFC component associated with the centrosome; essential for centriole separation§373

Cyclin-A
Centrosomal from preprophase to metaphase59

Function is essential for centrosome duplication§879

Necessary for microtubule nucleation§142

Cyclin-E Over-expression is associated with chromosomal instability1256

Over-expression cooperates synergistically with TP53 deletion927

Dynein proteins

Interaction with dynactin is necessary for centrosome duplication and separation§823

Dominant negative dynein allows spontaneous centrosome assembly, decoupling nuclear
and centrosomal cell-cycles§84

With dynactin, involved in delivery of γ-tubulin and pericentrin for microtubule
nucleation§1492

E2F2, E2F3 Function is essential for centrosome duplication§879

GADD45 Deletion is associated with aneuploidy, chromosome aberrations, gene amplification, and
excess centrosomes§530

HRAS Ectopic expression results in excess centrosomes, chromosome misalignment, and
micronucleation1122

HSP90 Core centrosomal protein§745

MDM2 Over-expression is associated with excess centrosomes and chromosomal instability159

MEK1 Ectopic expression results in excess centrosomes, chromosome misalignment, and
micronucleation1122

MRE11A Non-expression results in excess centrosomes§1474

NEDD8 Modifier of centrosomal SKP1§373

NEK2
Centrosomal throughout the cell-cycle; over-expression causes centrosome splitting and

dispersal380.  Binds and inhibits PP1497.  Probably anchors CEP2 to centrosome during
interphase379

NM23 Centrosomal disposition§1115

NPM1 Associates with unduplicated centrosome; target of CDK2 causing loss of association;
detachment is required for centrosome duplication974 1332

NUMA1 Associates with separating centrosomes in early mitosis§1504

p21 Reduction is associated with excess centrosomes and polyploidy838 1309

p27 Injection of p27 inhibits centrosome duplication§731

p53
Deletion is associated with excess centrosomes, aneuploidy, gene amplification, and

apoptosis388

Cooperates synergistically with cyclin-E over-expression927

PARP Centrosomal disposition633

PLK Required for centrosome maturation951

PP1 PP1α is a target of CDK2798, and PP1γ is a target of NEK2497.  PP1α880 and PP1γ497 are
centrosomal

SKP1 Centrosomal throughout the cell-cycle443

SCFC component associated with the centrosome; essential for centriole separation§373

SKP2 Targeted disruption results in excess centrosomes, polyploidy, enlarged nuclei, and
apoptosis §935

STK15 Gene amplification is associated with excess chromosomes and aneuploidy1521

STX8 Associates with centrosomes and mitotic spindle.  Binds cyclin-B1 and p21870

TTK
Mouse homologue Mps1p is required for centrosome duplication; target of CDK2;

associates with centrosomes beginning in S-phase; over-expression is associated with
excess centrosomes§354.  Human protein is not implicated1269

XRCC2 Deletion is associated with centrosome fragmentation and chromosome missegregation440

XRCC3 Deletion is associated with centrosome fragmentation and chromosome missegregation440

zyg-1 Required for daughter centriole formation§964

Table J–1: Proteins implicated in centrosomal regulation
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The centrosome may yet prove to have a further indispensable cellular function.  As a cell divides, the
last physical link between nascent daughter cells is an intercellular bridge that derives from the spindle
midbody.  In what appears to be a final, critical step in their separation1029, this bridge is visited by a
maternal centriole824, very likely implementing the last checkpoint on cell division.  Its arrival signals
that it has been released from its duty in anchoring the mitotic spindle by the breakdown of the latter in
telophase, and that no impediment remains to the culmination of cytokinesis.

While loss of centrosomal function has dire consequences for cellular propagation, excessive
functionality, in the form of supernumerary centrosomes, is no less deleterious.  This is principally
because despite their being unnecessary for spindle formation, they are not without influence on its
structure.  When, for whatever reason, excess centrosomes are present, the centrosome’s microtubule
organising capacity overrides the default bipolar spindle geometry rather than reinforcing it.  In
consequence, multipolar spindles can form, and at anaphase, two sets of chromosomes will attempt to
segregate in three or more directions with resultant chaos.  With the number of pronuclei at odds with
the normal two-fold symmetry of cleavage furrow propagation, cytokinesis is also chaotic.  With three
centrosomes, the cell may well divide into three, and such behaviour has been observed in CHO cells§657,
with the production of cells of unequal size accompanied by micronucleation1159.  Thus, the failure of
centrosome numerical control may well lead to the generation of cells likely to contain one or two thirds
of the normal chromosome complement.  Coupled with the possibility of aborted cytokinesis,
centrosome functional failure can readily account for triploidy and derivatives thereof, as reported here,
and previously by others in human melanoma tumours81 912 988 and cell-lines245 668 787.

J.4 The centrosome cycle
Overview
The centrosome and the nucleus share the distinction of being under numerical control during cell
division.  Each is duplicated exactly once every cell-cycle1237, and each daughter cell receives exactly one
of each.  In either case, were this not a fundamental requirement for the survival of the cell or its
descendants, it is unlikely that this degree of control would have come into existence, or if it did, have
endured.  Why this is so for the nucleus is well established, but the critical role of the centrosome
remains enigmatic.

The centrosome derives its name from its predominantly perinuclear location, but as implied above, this
alters in synchrony with the cell-cycle.  With the commencement of S-phase, centrosome duplication
begins, and is essentially complete by late G2.  Immediately prior to the onset of mitosis, the now
duplicated centrosomes separate and migrate to opposite poles of the cell associating closely with the
forming mitotic spindle.  Each remains at this location until late in telophase, when, with the
disassembly of the mitotic spindle, a single centriole moves to the midbody that connects the two
incipient daughter cells.  When cytokinesis is complete, the centriole returns to a perinuclear location.

Molecular biology
Interphase
During interphase, the centrosome is to be found in its perinuclear location {Figure J–2}.  The centriole
pair is tethered closely by NPM1 [1], a ribonuclease974 better known as a nucleolar ribosome assembly
factor523.  The pair is more loosely attached via the NEK2 kinase and the CEP2 protein [2].  Of these, only
NEK2 remains centrosomal throughout the cell-cycle380.  They are closely associated with a catalytic
subunit of the PP1 protein phosphatase497.  Both the alpha880 and gamma497 isoforms have been reported
to be centrosomal, but nothing appears to be known of which regulatory subunits may be involved.  At
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this stage, PP1 is unphosphorylated and
therefore active [3], inhibiting the aurora-
family kinase, STK15.  NEK2 may also be a
PP1 substrate, but whether or not this is the
case, it is inactive for want of
phosphorylation.

Initiation of centriole replication
The activation of CDK2 {Figure J–3} [1] at the
G1–S-phase transition appears to be the
critical event triggering the onset of
centrosome duplication857, and provides
synchronisation between the nuclear and
centrosomal cell-cycles1438.  Whether the
activating partner for CDK2 is cyclin-E,
cyclin-A, or either, is not clear.  There is
strong evidence from Xenopus that cyclin-E is
critical§519, and this is supported by a role for
p27 in regulating duplication, and the
association seen between cyclin-E over-
expression and genomic instability1256.
However, in mammalian cells, cyclin-A has
been strongly implicated§879.

Activated CDK2 phosphorylates NPM1,
dislodging it from the centrosome and
breaking the close association between
centrioles [2] in a step critical for the
progression of centrosome replication1332.
The NEK2–CEP2 linkage remains intact,
however, keeping the separated centrioles in
proximity.  A second CDK2 substrate, at least
in the mouse§354, is the Mps1p kinase.  While
phosphorylation increases protein stability
and allows Mps1p to associate with the
centrosome, the consequences for Mps1p
enzyme function, and what its substrates
may be are yet to be determined.  Recent
work has suggested that its homologue in
humans, TTK, while being necessary for the
spindle assembly checkpoint, is dispensable
for centrosome duplication1269.  Finally, the apparent requirement for E2F-dependent transcription to
support centrosome duplication879 implies that the well-characterised role of CDK2 phosphorylation of
pRB [3] may have consequences beyond fostering S-phase entry.

Figure J–3: The centrosome at S-phase entry

Figure J–2: The centrosome in interphase
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At this point, centriole replication can
commence.  Whether the disruption of the
strict orthogonal geometry of the centriole
pair attendant upon the departure of NPM1
represents the limiting factor in this process
is unclear, as are the details of procentriole
establishment and growth.  Given that
centrioles can assemble de novo in cells where
no maternal centriole is present, albeit in
Chlamydomonas§847, an attractive hypothesis is
that the component molecules are able to
self-assemble, ultimately achieving the
lowest energy state with the effective co-
crystallisation of a new centriole.  If so,
where a maternal centriole was present, it
may act as a centre of nucleation,
accelerating the process and dictating the
place at which it occurs.

A more active role for a pre-existing centriole
relates to supply logistics.  Functional and immunocytochemical studies have established that the minus-
end directed cytoplasmic dynein/dynactin microtubule motor is required for centriole assembly§823.  Its
role appears to be as a transport system for delivery of centriole components including PCM163,
pericentrin1492, γ-tubulin1492, and dynactin itself {Figure J–4}.  By increasing the local concentration of
these by virtue of being at the hub of a microtubule network, the maternal centriole would greatly
enhance the rate of daughter centriole assembly.  The other, and possibly preferred theory, is that the
maternal centriole acts as a template, but nothing has been established concerning how this may occur.

Once started, centriole assembly continues until halted by the onset of mitosis.  There does not appear to
be any inherent mechanism arresting assembly after one round of duplication.  One consequence of this
is that where S-phase is extended, centrosome amplification can occur§63.  This is normally prevented by
a mechanism involving p53 and BRCA1 {See ‘p53: Guardian of the centrosome?’, below}, but where this is
defective, or not triggered by the particular event, a failure of numerical control can occur.  The
mechanism is not fail-safe.  The recent implication of the Caenorhabditis elegans zyg-1 gene964 in this
numerical control may lead to a greater understanding of this, as it encodes a kinase that appears to
inhibit procentriole establishment until after centriole separation.

Centrosome severance
Late in G2, the centrosomes separate and migrate to the cell poles to form the prophase asters.  This is
one of the points in the molecular regulation of centrosome replication where only fragmentary
information is available and inference and speculation must serve instead.  Centrosome severance
appears to be linked to the commitment to enter mitosis since the study cited above involving an
extended S-phase found that under these circumstances the centrosomes remained linked.

What is clear is that at or about this time, PP1 is phosphorylated and deactivated.  Two kinases are
known to be able to perform this: STK15643 and NEK2497.  An intriguing relationship therefore exists

Figure J–4: Centriole component delivery
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between PP1 and STK15 in that each is able
to inactivate the other643 {Figure J–5} [1].  The
consequence of this functional antagonism is
that at any time, one of the pair will be
dominant, suppressing the function of the
other, and this state will endure in the
absence of any external perturbation.  To
borrow a term from digital electronics, this
could be said to form a bi-stable kinase-
phosphatase oscillator.  This fosters the
suggestion that PP1 and NEK2 may form
another such bi-stable element [2],
particularly in light of their direct physical
association and the ability of NEK2 homodimers to effect reciprocal trans-phosphorylation497, thereby
maintaining dominance.  This would be a logical inference from a mechanistic viewpoint, but its proof
must await the demonstration of an inactivating dephosphorylation of NEK2 by PP1.

Also to be determined is the nature of the external perturbation that triggers the state change.  This may
take the form of a kinase targeting NEK2 or STK15 and thereby opposing their deactivation by PP1.
Conceivably, PP1 may itself be the kinase target if the inherent autophosphorylation capacity of NEK2
were sufficiently strong.  An obvious candidate kinase is activated CDK2 [3].  As centrosome separation
usually occurs late in G2, cyclin-A presents a more attractive choice of activating partner for CDK2 than
does cyclin-E.  Such a change may hold significance for substrate preference, allowing events to be
initiated in their proper sequence.  This model is lent some credence by the reported ability of CDK2 to
phosphorylate and inhibit the PP1 alpha798 catalytic subunit, although this has not been demonstrated in
a centrosomal context.  CDK2 could
therefore serve to prime the state transition,
being the external perturbation necessary to
upset the status quo, and STK15 and NEK2
maintain this state beyond the inactivation of
CDK2 upon the loss of its cyclin partner
during mitosis.  It seems likely that PP1 is
targeted by multiple kinases, ensuring that it
remains inhibited until the last of them
becomes inactive.  Ultimately, a prime target
of this control mechanism is CEP2, as it is a
substrate of both NEK2 and PP1497 [4].  The
significance of this becomes clear when it is
recalled that CEP2 is a critical component in
the linkage between duplicating
centrosomes864.

Upon activation of NEK2 {Figure J–6} [1],

CEP2 is phosphorylated causing it to
dissociate from NEK2, thereby severing its

Figure J–5: Centrosomal regulatory phosphorylations

Figure J–6: Centrosomes in G2
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centrosomal link and triggering centrosome separation [2].  There are probably additional STK15
substrates yet to be identified, providing scope for further consequences of its activation [3].

Centrosome separation
Once the centrosomes are fully detached,
they are free to relocate to the cell poles.
This is an active process that is dependent on
cytoplasmic microtubules and motor
proteins, but there is as yet no broad
agreement on how these elements contribute
to the process.  Consideration of the known
activities and spatio-temporal associations of
these components suggests a number of
possible mechanisms to generate the
required separative force {Figure J–7}.
Cytoplasmic dynein, perhaps the most
common minus-end directed microtubule
motor protein®44, has been shown to be
essential for centrosome migration in
Drosophila melanogaster§1098 and Caenorhabditis
elegans§424.  In both cases, the observation was
that centrosomes failed to become diametrically opposed at the nuclear surface prior to nuclear envelope
breakdown (NEB), and that this asymmetry resulted in poor spindle alignment.  However, the
centrosomes did separate substantially after NEB, even if the geometry was imperfect.  Therefore, while
dynein may be important in centrosomal positioning prior to separation, it does not appear to provide
the major separative force.  As it is a minus-end directed motor, and microtubules are arranged radially
around centrosomes with the minus-ends in the pericentrosomal material, the only direction that dynein
could travel with respect to a centrosome would be towards it.  For this to result in separation of
centrosomes implies that it must be anchored at the cellular cortex, and act to pull the centrosomes
outward [1].  In support of this model, ‘astral-pulling’ has been reported50 1410, there is evidence that
dynein participates in cortical microtubule anchoring145, and disassembly of microtubules, particularly at
their plus end, is well established.  The NUMA1 protein1504 could play a role here as it associates with
both microtubule minus-ends and the dynein minus-end directed motor protein.  In so doing it can
organise randomly oriented microtubule into asters with minus foci, and concentrate dynein at their
centres, precisely what is seen at the spindle pole.  As it stands, this model cannot account for specific
bipolarity or separation of centrosomes beginning prior to the extension of microtubules to the cortex.  It
is in the resolution of the first that centrosomes come into their own as microtubule organising centres.

A more likely candidate to provide motive force is the plus-end directed kinesin-like protein, Eg5.  By its
nature, it distances itself from the centrosome anchoring the microtubule to which it is attached, and it is
known to be required for centrosome separation®951.  To harness the force generated by Eg5 to promote
separation requires only that it be physically coupled to the centrosome that is not anchoring the
microtubule on which it travels.  An obvious mechanism for this is the direct attachment of Eg5 to one
centrosome where it engages a microtubule radiating from the other centrosome [2].  Studies of Eg5
location during mitosis show, however, that it does not remain centrosomal, but rather associates with

Figure J–7: Generation of inter-centrosome force
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the full length of the microtubules of the forming mitotic spindle1356, and furthermore, moves upon
them1436.  This leads to the third, and most favoured model of centrosomal force generation, wherein Eg5
promotes the relative motion of antiparallel microtubules, with each being translated in the minus
direction [3].  However, not all workers find this to be consistent with experimental observations1410.  A
particularly attractive aspect of this model is that it spontaneously gives rise to bipolar symmetry since
the net force generated will be directed along a line linking the centrosomes.  The situation is
complicated by the existence of a related kinesin-like motor protein, HSET, which has been demonstrated
to cross-link microtubules directly, but is minus-end directed918, and therefore works in opposition to
Eg5.  The net effect is therefore likely to depend on the relative activities of the various elements, and this
balance is likely to be under an active control that is still to be characterised.

The synchronisation of the commencement of centrosome separation with the start of mitosis parallels
the mechanism that synchronises centrosome replication with S-phase: the activation of a CDK.  In this
case {Figure J–8}, it is CDC2, most probably in conjunction with cyclin-B1 [1].  CDC2 is a constitutive part
of the centrosome, being distributed throughout the pericentriolar material and present at the surface of

Figure J–8: Centrosome separation
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centrioles1035.  Phosphorylation of Eg5 by activated CDC2 dramatically affects its cellular disposition and
binding properties causing it to accumulate in prophase at the centrosomes from a state of cytoplasmic
dispersal1431.  This is probably due to an increased affinity for the p150 subunit of dynactin101 102 [2],
already there as a result of dynein mediated component delivery.  In conjunction with dynein, dynactin
is thought to act as an adaptor, linking the dynein motor to its cargo.

In addition to domains mediating interactions with dynein and cargo, each component of the usual p150
dimer contains one that binds microtubules.  These domains are thought to augment the affinity of the
attached motor unit, be it dynein or Eg5, for microtubules and possibly maintain contact during any
temporary detachment of the motor during procession.  Eg5 most probably adopts a conformation
similar to its Drosophila melanogaster homologue Krp130, that of a bipolar homotetramer§640, ideally suited
for the interlinking of antiparallel microtubules.  Whether as dimers or tetramers, the assembled Eg5
complex, with its associated p150, is then able to form a stable association with the centrosomally
anchored microtubule, and it begins its motion toward the plus-end [3].  During its progression, it may
encounter a microtubule of opposite polarity to which the available Eg5/p150 site can bind.  More
symmetrically, dimeric unipolar Eg5 motors may form at each centrosome, and upon encountering one
another, engage to bring about the same structure.  Once the cross-link is in place, and assuming that the
microtubules are rigid and non-compressible, a force tending to separate the centrosomes will be
developed [4].  During this period, microtubule growth at the plus-end is also favoured [5], providing
increasingly long connecting rods that the Eg5 complex can use to displace the attached centrosomes.

Ultimately, separation must be constrained by the physical size, flexibility, and strength of the plasma
membrane in order to prevent its rupture, but the manner in which this is regulated is unknown.  Ideally,
once the maximal tolerable extension has been reached, further extension should be suppressed, but this
should not be at the expense of the stability of the assembled mitotic spindle.  Two simple mechanisms
for achieving this goal would be the modulation of Eg5 activity or of plus-end microtubule extension.
Both may occur via active mechanisms, and physical contact with the forming metaphase plate would
constitute a suitable synchronising trigger.  Alternatively, the Eg5 motor may simply stall when the
translational force it is able to exert on a microtubule is counter-balanced by the compressive force
ultimately generated by plasma membrane containment, and defined by its elasticity and cohesiveness.

Post-mitotic relocation
As telophase is completing, the advancing cleavage furrow constricts the equator of the dividing cell
resulting in the formation of a bridge interconnecting the incipient daughter cells.  The mitotic spindle
and polar microtubules have been disassembled, and the centrosome is no longer required at the cell
pole.  The fate of the centrosome at this stage has best been described by Piel et al.1029, who followed
events with fluorescently tagged centrosomes and time-lapse video phase-contrast microscopy.  They
found that one, and occasionally both centrosomes split into their separate centrioles once again, that the
maternal centriole moved rapidly across the cell to the intercellular bridge, and upon its arrival, a
narrowing of the bridge was observed.  They demonstrated that the arrival of the maternal centriole at
the bridge, and its subsequent departure, were both necessary precursors to cellular abscission, and, by
synchronised nocodazole addition, that movement in both directions was microtubule dependent.  By
serial-section electron microscopy, they determined that it was the subdistal appendages of the centriole
that were implicated in the bridge interaction.  The motive force behind this relocation is unknown, but
the presence of dynein and dynactin at the cleavage furrow and midbody636 may go some way toward an
explanation.  In 70% of cells observed, only one centrosome split, and only one maternal centriole visited
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the bridge.  This raises the question of the
basis for this asymmetry, an aspect not
addressed in their paper.

It seems unlikely that there could be any
communication between centrosomes
located at opposite sides of nearly
completely separated cells, so the distinction
in abscission mediating function must be
inherent within each, and normally exist in
only one.  A plausible model to explain this
can be developed from the hypothesis that
centrioles progress through three stages of
functional maturity.  The first is the partially
or newly formed nascent centriole, incapable
of either fostering further centriole assembly
or of sponsoring cellular abscission.  In the
second stage, the centriole achieves a fully
active status, being able to perform both
functions.  Finally, the centriole becomes
cytokinetically passive, being able to
promote centriole assembly, but not mediate
abscission.  The first corresponds to the
current definition of a daughter centriole,
and the last two to subdivisions of maternal
status.  The established involvement of the
maternal subdistal appendages with cellular
abscission suggests that this may be the site
where the distinction between active and
passive states is made.  If the appendages
possessed a one-time abscission mediating
function, the transition from nascent to active
could correspond to its synthesis, and from
active to passive, to its use and disablement.  The transitions between these stages and their associations
with cellular events are depicted in Figure J–9.  Early in G1 [1], the cell has a single centrosome consisting
of one nascent centriole, and one which for the moment is assumed to be passive, having been the
agency behind the recent abscission.  During G1 [2], the nascent centriole achieves active status, and in S-
phase, the centrosome splits, and new nascent centrioles are formed [3].  During mitosis [4], the
centrosomes separate and move to the cell poles where they reside until the completion of telophase.  At
this time, the single active centriole separates from its partner and moves to the inter-cellular bridge [5]
where it stimulates abscission, and in so doing, loses its active status and becomes passive.  Cytokinesis
completes [6] with two daughter cells each containing centrosomes that are again in their initial state,
ready for the next cycle.

Figure J–9: Centriole peregrination
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This model neatly accounts for the activation of a single centriole during each cytokinesis.  How then are
the 30% of cases where two centrioles are activated to be accounted for?  One possibility rests with the
experimental system in which the key observations were made: the HeLa human cervical
adenocarcinoma cell-line.  This line is aneuploid31, contains HPV18 DNA sequences427, and possibly as a
result, only weakly expresses p53.  This suggests that centrosomal regulation may be abnormal in this
cell-line, and the 30% incidence of multiple maternal centriole activation may simply be a consequence of
this {See ‘p53: Guardian of the centrosome?’, below}.  Examination of this scenario within the context of the
model just described brings to light a further aspect worthy of consideration.  If each centrosome
contains an active centriole at the completion of telophase, then both will detach and migrate to the
intercellular bridge, and both will then become inactive.  Irrespective of whether one or two centrioles
were active, after cytokinesis the disposition of the centrioles in the daughter cells is identical.  The
system spontaneously reverts to generating exactly one active centriole per cytokinesis.

Upstream regulation – the cyclin-dependent kinases CDK2 and CDC2
A tacit assumption in the preceding discussion was that the regulation of the synchronising kinases
CDK2 and CDC2 was being performed correctly.  However, given their crucial role, this must be
expanded upon, as flaws in this process can and do influence centrosome regulation and may therefore
impact on the maintenance of euploidy.  Three major modes of regulating CDK kinase activity are
known®1008.

Regulation by cyclin association
The first mode of CDK regulation provided the basis for the name of the class to which they belong:
cyclin-dependency.  Only with the cooperation of an activating partner can any CDK function as a
kinase.  In the case of CDK2, activation has been reported in conjunction with cyclins A315, B1267, D21285,
and E701.  Interestingly, while it binds to cyclin-D1, it is inhibited, rather than activated by it386 517, and
opinion is divided over the effect of cyclin-D3 binding202 332.  The most important physiological CDK2
cyclin partners appear to be cyclin-A and cyclin-E.  A non-cyclin activating partner, RINGO, has recently
been identified in Xenopus laevis, and CDK2 so activated is less susceptible to the other regulatory
modes§635.  In the case of CDC2, the activating cyclin must be either a cyclin-A or cyclin-B isoform.

One central theme of this dependency is that it lays down the broad sequence of CDK activation during
the cell-cycle.  With the disinhibition of E2F1 late in G1, synthesis of cyclin-E commences and the
activation of CDK2 becomes possible.  Later, in a poorly understood process involving E2F and pRB-
related pocket proteins, cyclin-A expression increases.  The availability of a second activating cyclin for
CDK2 may have implications for kinase substrate specificity®892.  When levels of cyclin-A grow beyond
that of its preferred partner CDK2, the excess may commence the activation of CDC2 late in S-phase or in
G2.  This is soon overtaken by the increasing availability of cyclin-B1, which in conjunction with CDC2
mediates the majority of M-phase activities.

Regulation by alteration of phosphorylation status
The second mode of CDK regulation involves alterations to the phosphorylation status of three residues
conserved both evolutionarily and among the CDKs.  Representative proteins with close homology to
CDK2 or CDC2 are shown in Table J–2.

In general, the effect of phosphorylation of <T14> or <Y15> inhibits kinase function®91, whereas
phosphorylation of <T160> is mandatory for activity444.  The kinases and phosphatases responsible for
regulation of these sites in vivo have not been identified unequivocally, but in some cases, very good
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candidates have been suggested.  For the most part, these too share a high degree of homology among
species.

From structural studies, it is known that the <T14> or <Y15> residues are positioned within the catalytic
cleft of the kinase domain, and inhibition is probably through exclusion of ATP by the resident
phosphate groups {See ‘Regulation by inhibition’, below}.  The kinase responsible for <Y15>
phosphorylation may be <WEE1>1453, but that for <T14> has not been established with any certainty and
may be PKMYT1116.  In both cases however, the associated phosphatase appears to be CDC25.  In
vertebrates, where multiple CDC25s and CDKs exist, CDC25A120 1170 ®952 appears to participate
predominantly in the regulation of CDK2, and CDC25C, that of CDC2.

Despite the similarities among CDKs, differences in regulation by phosphorylation are known116 1046, and
generalisations must be viewed with caution.  Indeed, studies in Drosophila melanogaster have suggested
that the phosphorylation state of T14 and Y15 of cdc2c is functionally irrelevant§744, and a paradoxical
Cdk2 Y15 phosphorylation in conjunction with stimulus to proliferate has been reported in mouse cells

expressing human CDC25A§1184.

The critical T-loop T160 phosphorylation significantly alters CDK2 conformation and thereby facilitates
substrate binding138 531 1120, and a similar situation almost certainly prevails in the case of CDC21048.  In
vivo, the CAK complex, or a related kinase,
performs the activating phosphorylation of

<T160>629, but there is evidence that
significant differences exist in this function
between yeast and vertebrates628, with the
possibility in the latter of an influence by
p531157.  The identity of the antagonistic
phosphatase is unresolved, with PP2195 and
KAP1047 being implicated.

The presence of multiple phosphorylation
sites, potentially independently regulated,
implies numerous unique combinations and
transmutations {Figure J–10}.  Some patterns
and transitions have been detected Figure J–10: CDK2 phosphorylation states

Species Protein <T14> <Y15> <T160>
Saccharomyces cerevisiae Cdc28 T18 Y19 T169
Schizosaccharomyces pombe CDC2 T14 Y15 T167
Dictyostelium discoideum crp T14 Y15 S159
Arabidopsis thaliana p34(cdc2) T14 Y15 T161
Caenorhabditis elegans p34cdc2 T32 Y33 T179

cdc2c (cdk2) T18 Y19 T162Drosophila melanogaster cdc2 T14 Y15 T161
CDK2 (Eg1) T14 Y15 T160Xenopus laevis CDC2 T14 Y15 T161
Cdk2 T14 Y15 T160Mus musculus Cdc2A T14 Y15 T161
CDK2* T14 Y15 T160Homo sapiens CDC2 T14 Y15 T161

* Multiple splice variants exist, including an N-terminal extension with T17/Y18 (XP_049150).

Table J–2: Conservation of CDK regulatory phosphorylation sites
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experimentally and some can be inferred to exist.  A thorough analysis of possible interactions among
these states is yet to be reported.  What does seem to be clear is that only that molecular species
phosphorylated on <T160> alone has the potential to become active.

Regulation by inhibition
The third mode of CDK regulation is via the
actions of inhibitory proteins.  Members of
one class, the p16-related family, are specific
inhibitors of CDK4/6, and so have no direct
role in the regulation of CDK2 or CDC2, or
consequently, centrosome regulation.  In
contrast, members of a second class,
characterised by homology to the
p21CDKN1A®125 protein, are of direct relevance,
particularly p27CDKN1B.

p27 has been implicated in cell-cycle arrest in
response to the presence of inhibitory
cytokines (IL4799 1386, TGFβ1089, IL1-α1503), the
absence of stimulatory cytokines (PDGF1189,
FGF21189, IL21386, IL31069, IL101386), hypoxia402,
and in anchorage dependency490 716 1217,
contact inhibition276 503 610 771 1045 1257, and
myeloid cell differentiation244.  It can bind
CDK2 and cyclin-A or cyclin-E either
individually, or in a ternary structure {Figure
J–11} through multiple protein interaction
domains.  Its major inhibitory function
{Figure J–12} is mediated by the insertion
into the kinase catalytic site of three amino
acids, F87, Y88 and R90 [1], which mimic
the interactions of ATP.  This model is
supported by studies of the related p57
protein485.  The immediate adjacency of the
CDK2 T14 and Y15 regulatory sites [2],
displaced by the presence of p27, suggests
that the same underlying inhibitory
mechanism is employed by both: the
occupation of the ATP binding site.

The level and functionality of p27 are under
post-transcriptional control via at least three
degradative mechanisms, operative in
different cell-cycle phases and physiological
conditions834 1215.  The first, which dominates in G1, involves the ATP-dependent proteolytic cleavage of
the N-terminal cyclin-binding domain, resulting in a reduced affinity of p27 for cyclin–CDK

Key: as for Figure J–11.  p27 amino acids shown in
yellow mimic ATP binding.  CDK2 amino acids shown in
red are those subject to regulatory phosphorylation.

Figure J–12: Mechanism of CDK2 inhibition by p27

Key: CDK2 = light blue; cyclin-A = green; p27 (N-
terminal 69 amino acids) = dark blue.  Data from Russo
et al.1119  Rendered by Cn3D {E.9}.

Figure J–11: Complex of cyclin-A, CDK2, and p27
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complexes1215.  The second, operative in S and G2, hinges on T187 phosphorylation by CDK2 and
ubiquitin-directed proteolysis1379.

This presents an apparent conundrum in that p27 is a substrate of the very enzyme it inhibits.  One
mechanism that could account for this would require that p27 be phosphorylated by a CDK2 other than
that to which it is bound, and therefore inhibiting.  One implication of this would be that a possibly large
fraction of CDK2 would be bound and inhibited by unphosphorylated p27, there being an increasing
scarceness of active kinase.  This does not accord well with the efficient degradation of p27 at the
appropriate time.  The likely resolution of this paradox is both simpler and more elegant {Figure J–13}.
The key lies in the physical and temporal separation of the binding event and the inhibition event.  Avid
binding of p27 depends on its interaction with both the cyclin and the CDK in a complex [1].  It does not,
however, appear to depend on any interaction between its inhibitory domain and the ATP-binding site of
the CDK.  Furthermore, there is no evidence, nor does it appear likely, that p27 could displace a resident
ATP.  Particularly in light of the extended, flexible structure of p27, it is reasonable to infer that p27 binds
an active cyclin–CDK2 complex, already charged with ATP, and merely awaiting the docking of a
substrate [2].  The C-terminal region of p27 provides an immediate target [3].  Thus, with the execution
of its function, CDK2 discharges the resultant ADP molecule freeing the docking site.  This vacancy is
then rapidly filled by the p27 inhibitory domain that is immediately available [4], completing the
process.

Figure J–13: p27 function and degradations



Human metastatic melanoma in vitro

J–16

The subtleties of this proposed mechanism extend further.  For the phosphorylation of p27 to occur, the
kinase must be active, implying that p27 is joining a cyclin-CDK2 complex, rather than either element
alone, and that the T14/Y15/T160 phosphorylation state necessary for kinase activity exists.  If the first
condition is not met, the joining of the remaining partner is unlikely to result in p27 phosphorylation.  If
the second is not met, then the subsequent modification of CDK2 phosphorylation status will not be
sufficient to activate it, indeed in the presence of p27 the activating kinase, CAK, is thought to be denied
access to the T160 site1078.  Overall, the implication is that the inhibition of an active CDK2 is easier to
reverse by ubiquitin-directed proteolysis than is the inhibition of an inactive CDK2.  While it may be a
pedantic distinction, it would be more accurate and potentially less misleading, to refer to p27 and its kin
not as inhibitors, but rather as activational repressors.

The third mechanism for post-translational modification of p27 function involves the caspase-dependent
cleavage of the C-terminal region of p27, which includes both the nuclear-localisation signal (NLS) and
the T187 residue whose phosphorylation triggers ubiquitin-directed degradation807.  The combined
consequences of this are unclear.  Loss of T187 should render p27 immune to ubiquitin-directed
degradation, making it a more effective repressor of CDK2, and potentially other CDKs.  However, the
loss of the NLS may constrain it to the cytoplasm.  CDKs may therefore be differentially repressed
depending upon their cellular location.  This is particularly noteworthy considering the role played by
CDK2 in centrosome regulation.  The caspase-dependency also suggests a role in apoptosis, but this too
is unclear as p27 is considered to have anti-apoptotic properties, even after cleavage335.

Consignment of p27 for degradation by the proteasome is achieved by the ubiquitin ligase action of the
SKP1–Cullin–F-box complex (SCFC) {Figure J–13}.  The best characterised mechanism for delivery of p27
to the SCFC for ubiquitinylation is mediation by the F-box protein SKP2, although a SKP2-independent
mechanism is known477.  SKP2 is able to bind both T187-phosphorylated p27 and SKP1 simultaneously
[5], and, notably, SKP2 levels are modulated via the PTEN/PI3K signal transduction channel837 [6], often
perturbed in cancer®155.  The affinity of SKP2 for p27 is significantly enhanced by the accessory protein
CKS1400 [7], better known for its CDK-binding ability®1380.  Efficient recruitment of CUL1 to SCFC [8], and
therefore enhanced p27 degradation, depends upon its conjugation to the NEDD8 ubiquitin-like protein,
a process possibly catalysed by UBC121036 [9].  CUL1, the gene for the third core component of the SCFC
is itself a transcriptional target of MYC967 [10], linking oncogenic transformation to the activation of the
SCFC.  SCFC acts as an E3 ubiquitin ligase, assisting the transfer of activated ubiquitin from an E2
ubiquitin-conjugating enzyme [11] to the target protein [12].  The identity of the E2 enzyme has not been
established unequivocally, with one report showing that either UBC2 or CDC34 could perform this
function in vitro, while UBC4 is inactive993, and a second making a strong case for UBC4, particularly in
conjunction with NEDD8647.  By whichever mechanism it is achieved, once p27 has been ubiquitinylated,
it becomes eligible for proteasomal degradation [13].  In light of the context of this discussion, it is
noteworthy that the SCFC complex is centrosomal373 443, associates directly with the 26S proteasome, also
possibly via NEDD8632, and most conclusively, that centrosomes associate with functional 20S and 26S
proteasomes337.  It appears that monomeric p27 is not a subject of this process, and that it is the trimeric
complex that is the target1468.  Whether this is a substrate specificity, or simply due to phosphorylated p27
only existing in these complexes is unclear.  Little is known of the fate of the complex.  It may be
degraded in toto, or a de-repressed cyclin–CDK complex may survive [14].

The similarity between p21 and p27 is strongest in the N-terminal regions, implicated, as discussed, in
cyclin and CDK interaction.  Like p27, p21 also prevents access to the critical T160 residue by CAK1078,
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but whether p21 also directly interferes with ATP binding is not known.  Of the three residues implicated
in ATP mimicry in p27, only that corresponding to Y88 is conserved in p21, so until the analogous crystal
structure for p21 is reported, the question remains open.  The C-terminal regions of the two proteins are
quite dissimilar.  In p21, there is a domain that binds and inhibits PCNA, and a further cyclin-binding
domain homologous to that near the N-terminus, neither present in p27.  The critical p27 T187
phosphorylation site governing SKP2 binding and thence degradation has no analogue in p21.
Notwithstanding this, p21 is phosphorylated on T145, with consequences for its PCNA inhibitory
function1109, however, it seems unlikely that CDK2 is the responsible kinase.  Interestingly, while p21 is
labile in vivo, and is both ubiquitinylated and degraded via the proteasome, its degradation is
independent of its ubiquitinylation status1199.  The manner and biological significance of this
ubiquitinylation are yet to be elucidated.

With respect to their interaction with CDKs, the salient functional distinctions between p21 and p27
appear to be fourfold.  Firstly, p27 can repress <T160>-enabled CDKs through ATP-mimicry, enabling it
to modulate CDK activity efficiently even after this phosphorylation.  On the other hand, p21 may lack
this ability, and would be restricted to the role of inhibition through competitive binding to the cyclin,
rendering it less potent at curbing CDKs once activated.  Secondly, repression of activated CDK2 by p27
is inherently self-limiting by virtue of T187 phosphorylation and degradation targeting, while p21 is not
subject to this.  Thirdly, p21 has alternative modes of cyclin binding not available to p27.  Binding via the
N-terminal domain may result in CDK inhibition, while binding via the C-terminal domain may not, and
rather serve to target the CDK kinase function to particular substrates.  This ‘adaptor’ role has been
demonstrated with respect to CDK2 and DNA ligase I713, but the precise mode of p21–CDK2 interaction
has not been explored.  This model also neatly resolves the continuing controversy in the literature over
the stoichiometry of p21 inhibition of CDKs482 501.  Studies into this aspect have generally involved
immunoprecipitations and relative quantitation, and consequently, can provide only a population
average of the complexes present.  If the p21–CDK interactions were randomly distributed between the
two binding modes, only half would result in inhibition, consistent both with the presence of active CDK
in immunoprecipitates, extinguishable by the addition of excess p21, observed by some, and the ability
of a single p21 to effect inhibition, observed by others.  Finally, while the level of p27 appears to be
regulated principally by changes in protein stability, that of p21 is under a much greater degree of
transcriptional control, and is among the proteins induced by p53313.  This distinction is of particular
interest as it directly links cellular stress responses to centrosome regulation.

Upstream regulation: the response to genomic damage
Overview
In Schizosaccharomyces pombe, the need to delay cell-cycle progression in the event of genomic damage is
addressed by the regulation of Cdc2 activity§1090.  The presence of DNA damage causes the activation of
the Rad3 kinase, which phosphorylates and activates the Cds1 kinase§1302.  This phosphorylates Cdc25
creating a binding site for a 14-3-3 protein, either Rad24 or Rad25§366, and promoting its exclusion from
the nucleus.  While this separates Cdc25 from its Cdc2 substrate, the principal means of regulation seems
to be direct inhibition§392 §805.  Cds1 also phosphorylates Wee1, activating its kinase function, at least in
vitro§108.  This achieves a result that complements the deactivation of Cdc25 as they are antagonistic
enzymes that both target Cdc2.
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Figure J–14: Activation and effect of p53 pertaining to centrosome regulation
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Figure J–14 continued
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This mechanism is conserved essentially in its entirety in humans {Figure J–14}, the homologues of Rad3
and Cds1 being, respectively, ATM [1], the principal kinase of the BRCA1-associated genome
surveillance complex (BASC)®641, and CHK2 [2].  The manner of its activation in humans is not fully
understood, but by analogy with DNA-dependent protein kinase, is thought to be triggered by the
presence of double-strand DNA breaks660.  Paralleling the yeast mechanism, ATM phosphorylates T6819

of CHK2858 [3], activating its kinase function and allowing it to propagate the effects of ATM activity to
downstream targets, including both CDC25A339 and CDC25C S16181[4], with similar consequences:
inhibition, association with stratifin, and nuclear exclusion [5].  The phosphorylation of CHK2 occurs
only at DNA breaks1404 and depends upon the prior phosphorylation by ATM of nibrin144[6], another
component of BASC.  Direct phosphorylation of WEE1 in humans is yet to be demonstrated for ATM or
CHK2, but that by Chk1, a structurally distinct kinase with overlapping function, is suspected in Xenopus
laevis§760.  This phosphorylation is necessary for 14-3-3 association, and this significantly enhances kinase
activity1110, so the prospect of phosphorylation by ATM or CHK2 seems likely.  A further target of
activated ATM is the transcription factor E2F1 resulting in its stabilisation and accumulation prior to
apoptosis§789 [7].

The situation is, however, a great deal more complex in humans than in yeast.  In addition to the proteins
with close yeast homologues, such as ATM, CHK2, MLH1, MSH2, MHS6, RAD50, and MRE11A, BASC
contains, or affects evolutionarily new proteins, including BLM, BRCA1, p53, and nibrin.  The existence
of an additional control layer is a likely evolutionary concomitant of the transition to multicellular,
organ-based animals, with its attendant increased requirement for mitotic fidelity.  It seems that the
process is not yet complete as the failure of these late additions is often associated with a disease unique
to such organisms: cancer.  Chief among these evolutionary newcomers is that model tumour-
suppressor, p53.

The importance of p53 dysfunction to the process of tumorigenesis may well be the best researched and
most widely accepted phenomenon in the field of cancer molecular biology.  The regulation of p53
function is therefore of great interest as it may have major and wide-ranging therapeutic implications.
This regulation is also among the most complex yet perceived, and while its full elucidation is an
enormous challenge, there is potential scope for interventions ranging from the indiscriminate to the
extremely subtle.  Recent emphasis has been on its roles in facilitating repair of genomic damage and
inducing apoptosis.  Less well studied is the interaction between p53 activation and centrosome
regulation, the aspect of concern here.  The brief review that follows bears only on this aspect of p53
function, enabling a causal link to be established.  It therefore omits a great deal of p53 molecular
biology, but these omissions have been extensively reviewed elsewhere®66 ®217.

Inferred characteristics of p53
The results of Trp53 knockout studies in the mouse§281 have established that p53 function is dispensable
for normal development and survival.  However, natural or engineered <TP53> defect leads to a disease
of general cancer predisposition: in humans, LFS328.  The variable onset and spectrum of tumours
associated with LFS suggests that p53 defects are not directly causative of cancer, in contrast to the
situation with, for example, RB1.  It seems instead that there is a failure to intervene in the progression
toward cancer resulting from arbitrary tumorigenic events.  From this can be inferred two characteristics
of p53 molecular biology: firstly, that it is continuously active in a monitoring role without adversely
affecting cellular physiology; and secondly, that its function is modified in response to a tumorigenic
event.

A review of
BASC is

presented in
Appendix I.
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Watchful waiting by p53
In its continuous monitoring role, cellular p53 is maintained at a relatively low level by virtue of having
a short half-life1087.  This appears to be mediated principally by the induction of MDM2 by p53 [8]
resulting in the formation of p53–MDM2 complexes [9] that are proteolytically degraded [10].  In this
way, p53 expression is self-governing, with the actual level being determined by the kinetics of
transcription and degradation.  It was the failure of this mechanism that caused p53 to be misidentified
originally as an oncogene since increased expression was seen to correlate with malignancy.  The point of
equilibrium of this dynamic balance is sensitive to any external alteration.  A relevant example of this
occurs with the activation of CDK2 on entry to S-phase [11].  By phosphorylating pRB [12], cyclin-
E–CDK2 disrupts its association with E2F1, releasing it from inhibition [13].  In addition to many targets
associated with proliferation and apoptosis, E2F1 also induces the beta transcript of CDKN2A [14], whose
expression is normally held at a low level by p53-dependent repression1097 [15].  The protein product of
this expression is ARF, which bears the same relationship to MDM2 as MDM2 does to p53 [16], that is, it
hastens its degradation [17].  ARF also binds and inhibits the transactivational capacity of E2F1334 and
may contribute§848 to its proteasome-dependent degradation once it has been dissociated from pRB150

[18].  Inversely, MDM2 binds and augments the activity of E2F1849, perhaps contributing to its own
demise by stimulating ARF production.  Overall, the entry to S-phase is accompanied by augmented p53
levels, consistent with an increased state of vigilance being appropriate during the critical process of
genome replication.  The status quo is regained with the deactivation of E2F1 through the elimination of
its DNA-binding ability consequent upon phosphorylation by cyclin-A–CDK21467 [19].  SER315 of p53 is
also a target of CDK21053 [20], and its phosphorylation results in localisation of p53 to the centrosome241

1310.

The inter-relationships among p53, E2F1, ARF, and MDM2 are complex, and, coupled with the
mechanisms for p53 activation, form an extremely dynamic and responsive regulatory network with the
potential to support fine nuances of control under a variety of circumstances.  The elucidation of these
relationships will likely form the core of a new model for cell-cycle regulation.

p53: Guardian of the centrosome?
The activation of p53 from its dormant, surveillance mode to full functionality is mediated in large part
by post-translational modification®39, and can be triggered by diverse environmental stresses45 793 1034, the
best-characterised stimulus being the presence of genomic damage.  Neatly conforming to the
evolutionary progression presented above is the fact that perhaps the two most important ‘new’
components, BRCA1 and p53, are each targets of both of the most highly conserved ‘old’ components,
ATM and CHK2.  This delineates the interface between the old and the new.

Phosphorylation of BRCA1 by ATM after exposure to ionising radiation occurs on S1387, S1423, and
S1457403 [21]; the functional significance of these modifications is unknown.  Consistent with the
possibility of selective response, different phosphorylation patterns, mediated by the ATM-relative ATR,
are observed after UVR404 exposure.  CHK2 and BRCA1 coincide at nuclear foci, but after gamma-
irradiation, they separate.  This process depends upon S988 phosphorylation of BRCA1 by CHK2 [22]762.
It will be interesting to learn whether this process is ATM-dependent, and whether it has consequences
for transcriptional activation, with or without the involvement of p53.  ATM also phosphorylates the
BRCA1-binding protein RBBP8 [23], another evolutionary newcomer.  The significance of this is
currently hotly disputed.  On the one hand, Li et al. assert that phosphorylation of RBBP8 S664 and
S745 by ATM causes dissociation of the BRCA1–RBBP8 complex allowing BRCA1 to participate in
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transcription782.  On the other hand, Wu-Baer and Baer found that this complex remained intact after
irradiation803.  Notwithstanding this controversy, BRCA1 participates in the induction of CDKN1A, either
independently1245 [24], or in conjunction with p53174 [25].

In the case of p53, phosphorylation of S15 [26] by ATM659 augments its transactivational capacity by
increasing its affinity for the p300 co-activator299, while phosphorylation of S20 by CHK21208 [27]
stabilises it by preventing its association with MDM2183.  Simultaneously, MDM2 is phosphorylated in an
ATM-dependent manner, possibly directly666.  The phosphorylation of p53 directly by ATM, and
indirectly via CHK2 would allow the triggering of a subset of subsidiary mechanisms through the
activation of CHK2 independently of ATM®1213.

The mainstream of the p53-response is mediated by its influence on gene transcription upon activation.
The target genes involved in centrosome regulation are essentially the same as those that bring about
cell-cycle arrest since both activities are driven by CDKs.  Among these genes are some whose expression
is enhanced by virtue of containing specific p53-binding sites1381, such as SFN [28], CDKN1A [29], and
GADD45A [30].  Others have their expression reduced, such as CCNB1 [31] and CDC2 [32], and this is
achieved indirectly, dependent on the prior induction of p21CDKN1A250.  The favoured explanation, at least
in the case of CDC2, is that the repression is performed by the binding of p130–E2F4 to the promoter.  In
the normal course of events, this would be released upon phosphorylation of p130 by a CDK, but this is
prevented by the p53-mediated expression of p211315.  A similar situation may prevail with respect to
repression of CDKN2A.  By whatever mechanism it is achieved, the repression of CCNB1 and CDC2 is an
important contribution to the reduction of CDC2 kinase activity.

The SFN gene encodes the 14-3-3 protein, stratifin, introduced above as part of the ‘old’ DNA damage
response system in which it binds and inhibits CDC25C [5] after phosphorylation of the latter by CHK2.
14-3-3 proteins also participate in the activation of WEE1 [33], and while stratifin has not been
specifically identified in this capacity, this is an attractive scenario as p53 could then influence both arms
of a major mechanism of CDC2 activation.  In tandem with this, stratifin has been implicated in the
regulation of CDK2 activity by direct inhibitory binding747 [34].  Increased expression of 14-3-3 by the
‘new’ p53 bolsters these useful effects.  Furthermore, 14-3-3 proteins are known to associate with p53 [35]
and enhance sequence-specific DNA binding1409.  This positively influences transcription of CDKN1A1259

[36], and possibly other genes.  Assuming stratifin has this capacity, p53 would induce a co-factor that
enhances and possibly directs its own function.  The ‘new’ system may modify the ‘old’ in yet another
way as mouse studies suggest that p53-sponsored transcription of SFN§511 may also benefit from BRCA1
activity§41 [37].

While these mechanisms suffice to reduce the level of activation of existing or new CDC2, they do not
address the presence of previously activated kinase, and without this, inhibition of CDC2 kinase activity
would not be absolute.  This is particularly true since CDC25C is itself activated by cyclin-B1–CDC2
phosphorylation529 [38] forming a self-reinforcing system that facilitates the rapid activation of CDC2 at
the entry to M-phase, and so, even a small residual CDC2 activity could soon be amplified.  This
possibility is prevented by the induction of GADD45A, or possibly either of its close relatives, by p53642

[30] assisted by BRCA1613 [39], as it has the capacity to disrupt cyclin-B1–CDC2 complexes and sequester
CDC2 in an inactive state1507 [40].  Other interactions of GADD45 with p21652 and PCNA52 are known, but
the significance of these is unclear.
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Finally, the induction of p21, in addition to mediating the repression of CDC2 and CCNB1, also provides
a potent direct activational repressor of CDKs.  By binding preformed cyclin-A/E–CDK2 or cyclin-
A/B–CDC2 complexes, p21 prevents CDK activation by CAK [41].

Together, these p53-mediated effects expunge all CDC2 and CDK2 activity and prevent its reappearance
while p53 remains active.  Hence, since these are critical mediators of the centrosome cycle, the case is
made that aberrations of p53 regulation may adversely affect centrosome regulation.

Interdependence of nuclear and centrosomal cycle regulation
The need to synchronise commitment to the nuclear and centrosomal cell-cycles is addressed by
employing the same key activators: CDK2 and CDC2.  Under ideal circumstances that is all that would
be required.  Unfortunately, there are times when the nuclear cycle either stalls for want of some limiting
factor, or must be delayed due to the presence of genomic damage.  If this occurs, synchronisation with
the centrosome cycle must still be maintained.  Due to the commonality of control between the two
cycles, no additional provision is required to achieve this.  Whatever delays the nuclear cycle by
modulating CDK2 and CDC2 activity will perforce delay the centrosome cycle to a corresponding
degree.

The converse condition may also prevail, wherein centrosome duplication is stalled, for example, by the
presence of a microtubule toxin.  Fittingly, a mechanism exists for such an event to trigger an arrest of the
nuclear cycle.  It has been found that after only a brief treatment with nocodazole, a tubulin
depolymerising agent, p53 is released form its centrosomal association and activated204.  In consequence,
the daughter cells arrest in G1 after cytokinesis with elevated p21 levels.  In addition, the activating Y15
dephosphorylation of CDC2 has been shown to occur first at the centrosome before propagating to the
nucleus248.  If this were the catalyst that commences the self-reinforcing activation of nuclear CDC2, then
any delay at the centrosome would delay the onset of mitosis.

Evolution in action
In the present epoch, mechanisms for the organisation of the mitotic spindle appear to be in a state of
evolutionary transition.  In plants, the odd aberrant mitosis may not be too dramatic.  While they engage
in fluid transportation, they lack a bona fide circulatory system, and while they have specialised tissues,
they have few specialised organs.  Their vulnerability to cancer-like disease is limited and a centrosomal
system or its equivalent is not required.  Yeast, being unicellular, are more vulnerable to failed mitosis in
that one fault wipes out an entire lineage.  In consequence, they possess a mechanism to improve mitotic
fidelity, the spindle pole body.  Multi-cellular animals, with complex circulatory and organ systems,
whose corporeal life-span far exceeds that of their constituent cells, require still greater control over
mitotic fidelity, hence the centrosome.  It acts to manage an otherwise error-prone system in order to
increase its reliability.  For similar reasons, an evolutionary need to enhance the accuracy of genome
duplication at the genetic level exists, hence p53.

Each of these systems normally performs well in isolation, but where they interact, or under abnormal
circumstances, the few vulnerabilities become manifest.  Evolution has brought life to the point where
these mechanisms work adequately, but they do not always fail gracefully.





K DNA replication licensing

The replication of DNA exactly once during each cell division cycle is absolutely required for the
maintenance of cellular viability and identity.  Molecular events occurring at DNA replication
origins orchestrate this in a process called DNA replication licensing.  Were this to fail, gene
amplifications and hyperploidy would result.  However, it is not a likely cause of integral changes of
cellular ploidy.

K.1 Introduction
The accurate transmission of genetic information during cell division depends absolutely on its precise
duplication prior to cytokinesis.  Each DNA nucleotide must be used as a template in the creation of a
complementary strand exactly once, and this replication process must be in synchrony with the cell
division cycle.  The regulation of this, known as DNA replication licensing, involves two transitions.  The
first occurs after commitment to cytokinesis at the end of mitosis, when replication can be allowed.  The
second occurs simultaneously with the beginning of replication from a point of origin in S-phase, when
and whence, any further commencement must be forbidden.

K.2 Enabling DNA replication
The molecular basis for the first transition is
illustrated in Figure K–1.  The association of
HCDH1 with the cyclosome both activates
the latter’s ubiquitin ligase function and
provides substrate specificity1024 [1].  Once
activated, it is able to consign target proteins
to the proteasome for degradation.  One such
target is geminin868 [2], a protein that binds
CDT1 with high affinity.  Freed from
geminin, CDT1 can assist in the direction of
preformed DNA licensing complexes,
composed of the mini-chromosome
maintenance (MCM) proteins, to DNA-
bound origin recognition complexes
(ORC)1442 [3].  This assembly is also
dependent on the presence of CDC6 [4],
providing a further control input.  With the
addition of the MCM complex to the ORC, DNA replication is licensed to commence [5], but does not
actually begin until the recruitment and activation of the DNA polymerase complex.  Activation of an
inherent DNA helicase function of the MCM is probably also required.  Failure to control this transition
correctly could result from the absence of geminin, the mutation of either geminin or CDT1 preventing
their interaction, or from over-expression of CDT1.  No studies addressing the possible involvement of
either geminin or CDT1 in tumorigenesis have yet been reported.

Figure K–1: Enabling DNA replication at anaphase
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K.3 Disabling DNA replication
The molecular basis of the second transition,
the revocation of the DNA replication licence
at the onset of S-phase, is illustrated in
Figure K–2.  The activation of CDK2 by
newly synthesised cyclin-A [1] results in the
phosphorylation of the CDC6 component of
the protein complex at a replication origin1021

[2].  Consequently, CDC6 translocates to the
nucleolus where it is detained [3].  Since its
presence at the ORC is essential for binding
of the MCM complex, its removal greatly
diminishes the possibility of reformation,
once the MCM is detached.  A second target
of CDK2 is the cyclosome activator HCDH1,
which, when phosphorylated, undergoes a
conformational change that renders it unable
to associate with the cyclosome [4].  The
resultant inactivation of the ubiquitin-ligase function of the cyclosome [5] means that it is no longer able
to direct the degradation of geminin [6].  As described above, geminin interacts with CDT1 [7] and
prevents its binding to the MCM complex, a prerequisite for its recruitment to the ORC.  The inhibition
of this function due to rising geminin levels as a result of a dampening of degradation represents the
second mechanism for the prevention of replication relicensing.  A second protein escaping degradation
by virtue of the inactivation of the cyclosome is ASK [8].  In a manner analogous to the activation of
CDKs by cyclins851, ASK activates the kinase CDC71L [9], which is then able to phosphorylate elements
of the MCM complex, notably MCM2 [10].  When phosphorylated, the MCM complex detaches from the
ORC [11], completing the process of de-licensing replication for this origin.  Without CDC6, relegated to
the nucleolus, or CDT1, inhibited by geminin, there is no opportunity for reattachment.

Dysfunction of this mechanism could potentially be caused by the same spectrum of alterations to
geminin or CDT1 outlined above; by alteration of CDC6 preventing its phosphorylation by CDK2 or
translocation; or by increased activity of the CDC7L1 kinase.  There have been apparently conflicting
results concerning the effects of CDC6 mutation.  In accord with the model presented above, Liang and
Stillman785 reported a CDC6 mutant that retains MCM attachment to ORCs throughout the cell-cycle and
engages in promiscuous DNA replication resulting in hyperploidy.  Subsequently, using site-directed
mutagenesis against the conserved CDK phosphorylation site of Xenopus CDC6, Pelizon et al.§1016 did
find that CDC6 remained nuclear.  Nevertheless, only one round of DNA synthesis was supported,
reinforcing the notion that multiple controls are in place.  Over-expression of CDC7L1 or ASK in
tumours is suggested by some authors1168, with one limited study reporting that there may be differences
in incidence among various tumour types514.

K.4 Failure of licensing as a cause of genomic heterogeneity
Failure of DNA licensing involves a loss of synchronisation between genomic replication and
cytokinesis.  Hence, it is not a plausible mechanism for the generation of integral changes in ploidy, but
rather, is a likely contributor to gene amplification, another recognised path of tumour progression.

Figure K–2: Disabling DNA replication at G1–S



L Synchronisation of cytokinesis

While the physical separation and positioning of replicated genomes is an essential prerequisite for
the accurate trans-generational transmission of genetic information, the synchronisation of this
separation with the physical division of the dividing cell is no less important.  The key to this
synchronisation lies in proteins normally associated with the centromeres.  Upon the commencement
of chromosome separation, they migrate to the equatorial cortex and signal that anaphase has
commenced and that cytokinesis may proceed.

L.1 Cytokinesis
The physical process of division of a cell, cytokinesis, begins at the completion of mitosis when an
equatorial contractile ring commences to constrict, creating the cleavage furrow.  Constriction continues
until the leading edge of the furrow reaches the central spindle, forming the spindle midbody.  The
membranes of the daughter cells are sealed and they are detached from the midbody, achieving
independent existence.  Clearly, cytokinesis cannot safely be allowed to commence until the replicated
chromosomes have separated, implying that some synchronisation mechanism must be in place.

L.2 Synchronising cytokinesis initiation
One thread of this mechanism hinges on the fate of proteins intimately associated with the centromeres
of metaphase chromosomes {Figure L–1} [1], particularly the inner centromere protein, INCENP, the
aurora-family kinase STK12, and survivin1428.  All are essential for the completion of cytokinesis191 627 825.
Their status as chromosomal passenger proteins changes at anaphase, when they are left behind at the
spindle plate after the departure of the chromatids221.  Some of each remains there, but a significant
amount migrates to the equatorial cortex [2]
in a dynamic, microtubule-dependent
manner.  INCENP is critical for this
translocation13 and in this respect, its ability
to bind β-tubulin is probably essential1429.  In
so doing, it conveys to the site where the
constriction of the cell membrane will
commence the information that chromosome
separation has begun, and consistent with
this, INCENP appears at the cortex prior to
the formation of the cleavage furrow307.  On
arrival, STK12 phosphorylates the myosin
light chain926 [3], a prerequisite for its
interaction with actin necessary to produce
relative motion [4].  The role of survivin in
cytokinesis remains enigmatic, and it is
better characterised in terms of its
involvement in apoptosis1370.

Figure L–1: Initiation of cytokinesis
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In the second thread leading to cytokinesis initiation, the earliest characterised event is the
phosphorylation of ECT2 by an unknown kinase [5].  Cyclin-A–CDK2 is an ideal candidate for this
function given the timing of its activation.  ECT2 is a guanine nucleoside exchange factor for RAS-related
GTPases1313 and its expression levels are synchronised with the cell-cycle, increasing from S to M-
phase1128.  Its function is essential for the increase in rhoA–GTP seen with progression toward telophase
[6], and this is critical for cytokinesis679.  In the absence of an activating partner, the GTPase activity of
rho enzymes is weak and so the GTP-associated form is relatively stable.  In this form, rhoA is able to
bind and presumably activate the kinase citron826 [7], which it then transports to the equatorial cortex309

[8].  In a manner not yet understood, the rho-associated kinase ROCK1 also accumulates here [9], but
until the arrival of rhoA, it is inactive.  The interactions between rhoA and its two potential associates,
ROCK1 and citron are not clear [10].  There may be an ongoing redistribution of rhoA between the two
kinases allowing them to have temporally overlapping activity.  Another possibility is that upon arrival,
citron comes into contact with its substrate, and after causing its phosphorylation, detaches from rhoA
leaving it free to activate ROCK1.  This would result in sequential activation of the kinases.  The
relationship between the two kinases will be clearer once the in vivo substrates of citron have been
identified.  Substrates for ROCK1, on the other hand, have been identified.  ROCK1 phosphorylates the
larger regulatory subunit of the myosin phosphatase complex (MP), PPP1R12A650 [11].  This probably
inactivates the bound catalytic subunit, but the mechanism is unclear483.  By inactivating the phosphatase
[12], the balance is moved in favour of myosin phosphorylation, being performed by STK12 [3].  An
additional substrate for ROCK1 is the intermediate filament (IF) protein vimentin [13].  This is of
particular interest since melanocytes and melanomas appear to express only this class of IF protein161 1218.
When phosphorylated, vimentin molecules lose their ability to cohere, with the result that this extremely
durable skeletal structure becomes locally pliable [14].  An interesting aside to this is that ROCK1 is a
target for caspase-3 cleavage during apoptosis.  The removal of a carboxyl-terminal domain renders
ROCK1 constitutively active.  Under these circumstances, it mediates the membrane blebbing seen in
apoptosis1171.

Thus, the essence of cytokinesis initiation is the softening of the vimentin cytoskeleton together with the
activation of the actomyosin motor system in a manner that depends upon the release of chromosomally
bound proteins at anaphase.  The multiple independent threads leading to the initiation of cytokinesis
provide an excellent mechanism for preventing early division, something that would be disastrous for
the cell.  This is not without risk however, as it makes it more likely that a single failure may prevent
cytokinesis, a consequence hardly less severe.  Millennia of evolution have probably settled upon the
optimal compromise between these conflicting objectives, but the bias does seem to be in favour of
preventing the former, at the possible expense of the latter.  Nevertheless, failures may still occur in
either direction.

L.3 Cytokinesis regulators and cancer
On the basis of the model presented, interference with the binding of STK12 to INCENP, or in their joint
transport to the cortex, loss of STK12 function, over-expression or aberrant activation of the ECT2 kinase,
constitutively active ECT2 or rhoA, or loss of ROCK1 function could each sponsor failure of cytokinesis,
and so may potentially contribute to polyploidy and tumorigenesis.

INCENP is over-expressed in several colorectal cancer cell-lines13, an observation superficially difficult to
reconcile with the model presented above.  While it may be expected that this would increase the
transport of STK12 to the cortex, the reverse is also distinctly possible.  An excess of INCENP could
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either sequester STK12, or saturate the transport mechanism.  Also within this functional thread, Tatsuka
et al.1312 found over-expression of STK12 (AIM-1) in colorectal and other cancer cell-lines.  Their
observations included multi-nuclearity, consistent with expectation.  By yet another name, AIK1, STK12
over-expression was also reported in 94% of invasive ductal carcinomas of the breast1304.

Over-expression of rhoA in vitro causes cellular transformation in a ROCK1-dependent manner1123 and
has been reported in colon, breast, lung, and testicular germ-cell tumours378 630.  On the other hand,
mutation of rhoA in cancer cell-lines appears to be rare914.  These observations suggest that intact rhoA
function is necessary, but not sufficient for tumour progression.  There is a strong case that rhoA is
important in RAS-mediated oncogenic transformation665 1052, probably through its role in membrane
dynamics.  It has been implicated in adhesion329, migration 919, invasion1490, and metastasis258.
Additionally, a more direct role for rhoA is beginning to surface: it appears that it can stimulate the
transcription of JUN via MAPK12842.  The participation in these abnormal processes of its dependent
kinase, ROCK1, has been confirmed600 with reports of involvement in metastatic cell migration in breast
cancer126, and a retardation in migration and dissemination of prostate cancer cells in vivo1246 being seen
in response to a specific inhibitor.  One further link between rhoA–ROCK1 and cancer is the observation
that in melanoma, co-expression of vimentin, a ROCK1 substrate, and keratin augment cell motility203

and correlate with invasion and metastasis500.





M The autocrine effect

M.1 Introduction
In multicellular organisms, cells may produce substances that affect the phenotype, survival, and
tendency to replicate of adjacent cells: the paracrine effect.  A special case of this is where a cell-type both
produces, and responds to these substances: the autocrine effect.  This is of particular importance where
cells are cultured in vitro in monoculture.  Under these circumstances, it should be possible to develop a
mathematical basis to describe the autocrine effect on population growth.

M.2 Assumptions
Several simplifying assumptions are made in the construction of this theory.  The primary assumption is
that all cells within the culture are phenotypically equivalent, that is, they all produce the same suite and
volume of growth factors, respond identically to them, and proliferate and die for identical reasons, with
identical probability.  In practice, there may be minor random variations from such behaviour, but in
monoculture, by definition, this assumption should be valid.  It is assumed that soluble factors in the
medium disperse uniformly, and that cultural conditions, such as pH, nutrient availability, and
temperature are identical for all cells.

M.3 Exponential growth
That cell cultures grow numerically exponentially is not an assumption of the model, but is readily
derived from it.  Under the assumed conditions, the destinies of each cell to divide or die at any time are
both mutually independent, and independent of context.  Where Nt is the population at time t, pdivision is
the inherent probability that a cell will divide during the interval [t,t+1], and pdeath is the probability that a
cell will die in that interval, the population size at time t+1 is given by the equation:

Nt+1 = Nt + Nt( pdivision − pdeath )

Equation M–1: Independent growth

This equation has an inherently exponential character.  That such growth is indeed observed supports
the validity of the underlying assumptions.

M.4 Incorporating a reflexive effect
If, however, we wish to include an influence on population growth that stems from the presence of the
cells themselves, we must modify this equation.  Assuming that all cells contribute equally to the effect,
and do so at the same magnitude from the time they achieve independent existence until the time they
die, and further, that no other factor influences this, the following set of equations can be derived, where
f is the effect each cell having lived (ωt) will have on the fate of those extant:

i) ω t = Nu
u=0

t−1

∑

ii) Nt+1 = Nt(1 +max{pdivision +ω t fstimulus,0}−max{pdeath +ω t finhibition,0})

Equation M–2: Theoretical growth with reflexive influence
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To illustrate this, the effect on population size over time of an anti-proliferative reflexive influence
affecting only the rate of division is shown graphically in Figure M–1.

This graph shows the theoretical growth of a population subject to an anti-proliferative reflexive influence.
Black lines are plotted on a linear y-axis, blue lines on a logarithmic y-axis.  Solid lines denote unaffected
cultures, dashed lines, progressively more affected.  Units are arbitrary.  The cells are assumed to have a
non-negative inherent rate of cell death smaller than their inherent rate of division.

Figure M–1: Anti-proliferative reflexive effect

Clearly, the production of even small quantities of an anti-proliferative autocrine factor can bring about
an arrest of population growth, and most likely, a decline.  While the inhibitory effect is growing to its
maximum magnitude, where it entirely offsets the inherent proliferative potential, an increasing
departure from exponential growth with time will be seen.  Once this maximum is attained and the
population begins to decline due to its inherent rate of cell death, the change in population with time
will again begin to approximate the exponential.  The theory can be demonstrated graphically by
observing the predicted change in correlation to an exponential function over time {Figure M–2}.

This graph shows the theoretical deviation of growth from exponential in consequence of the production of an
anti-proliferative factor.  The solid line indicates the complete correlation seen in the absence of an effect; the
dashed lines show the successively greater deviation with greater effect.  The y-axis is the correlation
coefficient, R2; time units are arbitrary.

Figure M–2: Theoretical growth rate deviation due to a reflexive anti-proliferative effect
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In practice, the initial approximation may be poor due to experimental error, and a period where the
correlation improves may be expected.

M.5 Agreement with observations
Using the data presented in Chapter 7, particularly the exemplar cell-lines NZM4 and NZM6, an
assessment of the utility of this model can be made {Figure M–3}.

This graph shows the actual deviation of growth from exponential observed in vitro.  The y-axis is the
correlation coefficient, R2, for the exponential line of best fit for the data from inception to the time point.

Figure M–3: Measured deviation from exponential growth in exemplar NZM cell-lines

For NZM4, where spontaneous cell-cycle phase redistribution was seen and the instantaneous
proliferation rate (IPR) declined with time in culture, an increasing departure from exponential growth is
seen as is predicted for the production of an anti-proliferative factor.  In contrast, for NZM6, where no
such redistribution was seen, and the IPR did not alter significantly with time, the approximation to
exponential growth improves with the addition of more data points and the reduction in the effect of
experimental error.

M.6 Limitations of the model
Doubtless the real situation is more complex, with the effects of factor degradation, receptor expression,
saturation, and turnover, and likely many more, in operation.  More complex again would be the
situation in vivo, where there is an interplay among numerous distinct cellular phenotypes and
biological factors such as tissue architecture and vasculature will have major effects.
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