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Abstract

A systems biology approach was applied to investigate the mechanisms of chromosomal

instability in melanoma cell lines. Chromosomal instability was quantified using array

comparative genomic hybridization to identify somatic copy number alterations (deletions and

duplications). Primary human melanocytes displayed an average of 8.5 alterations per cell

primarily representing known polymorphisms. Melanoma cell lines displayed 25 to 131 alterations

per cell, with an average of 68, indicative of chromosomal instability. Copy number alterations

included approximately equal numbers of deletions and duplications with greater numbers of

hemizygous (−1,+1) alterations than homozygous (−2,+2). Melanoma oncogenes, such as BRAF

and MITF, and tumor suppressor genes, such as CDKN2A/B and PTEN, were included in these

alterations. Duplications and deletions were functional as there were significant correlations

between DNA copy number and mRNA expression for these genes. Spectral karyotype analysis of

three lines confirmed extensive chromosomal instability with polyploidy, aneuploidy, deletions,

duplications and chromosome rearrangements. Bioinformatic analysis identified a signature of

gene expression that was correlated with chromosomal instability but this signature provided no

clues to the mechanisms of instability. The signature failed to generate a significant (P=0.105)

prediction of melanoma progression in a separate dataset. Chromosomal instability was not

correlated with elements of DNA damage response such as radiosensitivity, nucleotide excision

repair, expression of the DNA damage response biomarkers γH2AX and P-CHEK2, nor G1 or G2

checkpoint function. Chromosomal instability in melanoma cell lines appears to influence gene

function but it is not simply explained by alterations in the system of DNA damage response.
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Introduction

Melanoma is malignant neoplasm derived from transformed melanocytes. Melanocytes

occupy many niches within the body and primary melanoma can occur in the skin, eye,

bowel and brain. Because of its propensity for metastatic dissemination and the paucity of

effective treatments for metastatic disease, melanoma displays greater lethality than the

more common skin cancers, squamous cell and basal cell carcinoma [Jerant et al. 2000].

Cutaneous melanoma (CM) is associated with skin type and sunlight exposure [Gilchrest et

al. 1999]. People with fair skin that is prone to burning have increased risk of CM.

Molecular epidemiology studies have associated specific melanoma subtypes with sunlight

exposure; CM with an activating mutation in the BRAF oncogene are associated with

sunlight exposure in the first three decades of life while CM with mutation of NRAS are

associated with sun exposure in later decades [Thomas et al. 2007]. The number of benign

melanocytic nevi (moles) on skin is also a risk factor for CM [Thomas et al. 2007]. Moles

that develop in childhood on sun-exposed skin may be precursors of CM. Most moles carry

activating mutations in the BRAF or NRAS oncogenes [Poynter et al. 2006; Blokx et al.

2010; Yeh et al. 2013] although the codon mutations are not the C to T transitions at CC and

CT dinucleotides that are signatures of UV-light induced mutation [Thomas et al. 2006].

Thus, sunburns in skin with developing nevi may cause CM.

Solar radiation in the UV region of the electromagnetic spectrum is damaging to skin.

Photons in the UVB range of energies (290–320 nm) penetrate the atmosphere and stratum

corneum to damage cells in the basal layer of the skin where melanocytes reside. Studies

with an HGF-overexpressing mouse demonstrated that a single dose of UVB accelerated

development of melanoma significantly while UVA photons (320–400 nm) did not [De

Fabo et al. 2004]. A more recent study demonstrated that 350 nm UVA can initiate

melanoma in mice with pigmented melanocytes [Noonan et al. 2012]. A model has emerged

that UVB photons damage DNA to produce promutagenic cyclobutane pyrimidine dimers

(CPD) and 6–4 pyrimidine-pyrimidone (6-4PP) photoproducts. UVA photons act on melanin

to induce reactive oxygen species that produce promutagenic 8-oxo-deoxyguanosine

(8oxoG) lesions in DNA. Melanomas on sunlight-exposed regions of skin contain very high

frequencies of base substitution mutations with the C to T signature characteristic of UV-

induced DNA damage [Hodis et al. 2012]. Xeroderma pigmentosum patients with inherited

defects in repair or replication of UV-damaged DNA have a thousand-fold increased risk of

development of melanoma [Kraemer et al. 1994], further establishing that sunlight-induced

DNA damage causes CM.

Melanoma is much like other solid tissue malignancies displaying all of the hallmarks of

cancer [Hanahan and Weinberg 2011]. Melanomas are proliferative lesions that invade

dermis and metastasize through lymphatics and blood. In comparison to normal

melanocytes, melanoma cells display increased expression of telomerase and immortality,

reduced requirement for growth factors, attenuation or ablation of DNA damage checkpoint

function, resistance to apoptosis and a severely disordered genome with numerous structural

and numerical chromosomal aberrations. Global analysis of gene expression revealed

hundreds to thousands of transcripts with altered expression in melanomas relative to benign
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moles or isolated melanocytes [Haqq et al. 2005]. As genomic instability is an enabling

hallmark feature of melanoma that can account for its great variety of phenotypic alterations,

the mechanisms of genomic instability are of considerable interest.

The presence of activating mutations in oncogenes in melanomas and nevi has emphasized

study of the effects of oncogenes on melanocytes. As is true for skin fibroblasts,

transformation of melanocytes with oncogenic BRAF and NRAS causes oncogene-induced

senescence (OIS). OIS as induced in skin fibroblasts by oncogenic HRAS is a DNA damage

response (DDR) with evidence for replication stress and activation of ATR- and ATM-

dependent checkpoint signaling pathways. A recent study linked HRAS-induced OIS to

repression of BRIP1- and BRCA1-dependent DNA repair [Tu et al. 2011]. OIS as induced

by NRAS in melanocytes appears to include elements of the DDR and melanocytes arrest

growth behind RB- and p53-dependent barriers [Haferkamp et al. 2009a; Haferkamp et al.

2009b]. Transformation of melanocytes with oncogenic BRAF triggers a growth arrest that is

independent of p53 and does not include induction of p21Waf1 [Michaloglou et al. 2005]. A

recent study demonstrated that BRAF-induced OIS in melanocytes was enforced by PTEN

acting to inhibit AKT [Vredeveld et al. 2012]. However, BRAF-transformed melanocytes

display increased expression of γH2AX as a marker of the DDR [Suram et al. 2012].

Expression of γH2AX appeared to be concentrated at telomeres as though oncogenic BRAF

induced damage during replication of telomeric repeat DNA [Suram et al. 2012]. As OIS is a

barrier to melanomagenesis, oncogene-transformed melanocytes must bypass or overcome

the barrier through other genetic and phenotypic alterations. BRAF-mutant melanomas

appear to inactivate PTEN by mutation or gene deletion [Daniotti et al. 2004; Tsao et al.

2004]. NRAS- and BRAF-mutant melanomas also display inactivation of the CDKN2A/B loci

that encode three tumor suppressors, p16INK4A, p15INK4B and p19ARF [Daniotti et al.

2004]. The CDKN2A locus is inactivated in melanoma by mutation and deletion [Hodis et

al. 2012].

This paper is concerned with the mechanisms of genetic instability in melanoma that might

increase the likelihood that proliferating melanocytes in sunlight-exposed skin acquire the

mutations and chromosomal aberrations that activate oncogenes and inactivate tumor

suppressors. A systems biology approach was followed that attempted to quantify many of

the parts in the system of response to DNA damage and the ways that they interact in

primary melanocyte cultures and melanoma cell lines. Common aberrations in melanoma

were identified and associated with elements of DDR. The results of this analysis indicate

that genetic instability in melanoma is a complex process associated with many defects

within the system of DDR but correlated with none.

Methods

For quantification of chromosomal instability, somatic copy number alterations were

determined using the Agilent 180K CGH array (G4449A). Melanocytes and melanoma cell

lines were grown as described [Sambade et al. 2011; Carson et al. 2012]. Cell lines were

shown to be free of mycoplasma contamination using a commercial kit. Cells were

harvested in log phase growth (60–80% confluent) and processed for isolation of DNA using

Qiagen kits. DNA was submitted to the UNC-CH Genomics Core Facility for labeling with
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Cy5-dUTP. A normal diploid human lymphoblastoid line DNA sample was labeled with

Cy3-dUTP. Equal amounts of the Cy5-labeled sample DNA and Cy3-labeled control DNA

were mixed and hybridized to the DNA microarray. After hybridization and washing, the

array was scanned and pixel intensities for each array element were returned as log2

Cy5/Cy3 ratios. Analyses were performed using BRB-ArrayTools (version 4.2.1) developed

by Dr. Richard Simon and the BRB-ArrayTools Development Team (http://

linus.nci.nih.gov/BRB-ArrayTools.html). BRB ArrayTools extracted the log2 ratios from

the Agilent scanner file and then applied the Genomic Identification of Significant Targets

in Cancer (GISTIC) bioinformatic tool for segmentation analysis [Beroukhim et al. 2007].

Segments were identified by genome map position with increased or decreased copy number

in the melanocytes and melanoma cell lines relative to the diploid lymphoblast reference

genome. A chromosomal instability index (CIN) was determined for NHM and melanoma

cell lines by summing all segments with non-diploid DNA content.

Global gene expression data were obtained for the melanoma cell lines using an Agilent 44K

printed oligonucleotide array [Carson et al. 2012; Omolo et al. 2013]. The data were

analyzed by BRB Array Tools using Quantitative Trait Analysis (QTA) to identify genes

whose expression was correlated with CIN based on their Spearman Correlation Coefficient.

A second Bayesian analysis tool identified genes that were correlated with CIN based on

their low false discovery rate (FDR) [Kaufmann et al. 2008]. The ability of these gene lists

to predict CIN was determined using the Least Absolute Shrinkage and Selection Operator

(LASSO) with leave-one-out cross-validation [Carson et al. 2012].

Survival risk prediction (SRP) was done using an independent melanoma gene expression

database linked to patient survival. Gene expression in primary melanomas was determined

using the Agilent 44K printed array with determination of transcript expression in the

melanomas normalized to expression in a reference standard [Winnepenninckx et al. 2006].

Median Cy5 and Cy3 pixel intensities were recovered from a public database and imported

to BRB-ArrayTools version 4.3.2 which normalized the data by median centering. QTA and

Bayes analysis gene signatures, that were correlated with CIN, G1 checkpoint function and

G2 checkpoint function in the melanoma cell lines, were combined and used to stratify

patients into three groups, one with high (>50%) risk of development of a distant metastasis,

another with low (<25%) risk, and a third with medium risk (otherwise). A permutation test

was performed by randomly permuting sample identity and determining whether the

separation of low-, medium- and high-risk groups equaled or exceeded the separation seen

with proper identification of samples. The permutation P-value was the fraction of 1000

permutations where random labeling produced separation equal to or greater than the proper

labeling. A permutation P-value <0.05 was considered to be statistically significant.

Spectral karyotypic analysis was done on one NHM culture and three melanoma cell lines

by the Cytogenetics Core at the Van Andel Institute, Grand Rapids, MI. Analysis of BRAF

and NRAS mutation status, global analysis of gene expression, ionizing radiation

radiosensitivity, nucleotide excision repair, expression of DDR biomarkers γH2AX and P-

CHEK2, and G1 and G2 checkpoint status of the melanoma cell lines has been reported

[Gaddameedhi et al. 2010; Sambade et al. 2011; Carson et al. 2012; Nikolaishvilli-Feinberg
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et al. 2013; Omolo et al. 2013]. The sensitivity of melanoma lines to UVC-induced

inactivation of colony formation was done as previously described [Boyer et al. 1990].

Results

DNA copy number variation as a measure of chromosomal instability in melanocytes and
melanoma cell lines

Array-based comparative genomic hybridization (arrayCGH) was applied to identify regions

of the genome with somatic copy number alterations (SCNA) using GISTIC. Copy number

was assessed by comparison to a reference diploid human lymphoblastoid cell line. The

landscape of SCNAs seen in this sample of melanoma cell lines (Figure 1A) was quite

similar to those reported previously for primary melanomas, short-term melanoma cultures

and melanoma cell lines [Lin et al. 2008; Akavia et al. 2010]. Prominent features included

common focal amplification of a segment of chromosome 3 that contains the master

melanocyte transcriptional regulator MITF and duplication of chromosome 7 that contains

the BRAF oncogene. Common deletions included segments in chromosome 9 containing

CDKN2A/B and chromosome 10 containing PTEN.

The total number of SCNA was determined as an index of chromosomal instability (CIN)

for four normal human melanocyte (NHM) cultures and thirty seven melanoma cell lines

(Figure 1B). NHMs displayed several SCNA with an average CIN index of 8.5 per culture.

SCNA in NHMs ranged in size between 6 kbp and 2000 kbp. Among the thirty four SCNA

observed in NHMs, nine were recurrent and seen in more than one culture. One SCNA that

mapped to chromosome 1p31.1, approximately 27 kbp in size, was present in all four

primary melanocyte cultures, three with homozygous deletion and one with homozygous

duplication. Another recurrent SCNA mapped to the X chromosome and had two extra

copies in two cultures and one extra copy in a third. A third duplication of a segment of

chromosome 12 was seen in two cultures. The majority of individual and recurrent

duplications or deletions seen in NHMs are listed in the Database of Genomic Variants

(http://dgv.tcag.ca/dgv/app/home) and therefore likely correspond to polymorphic regions of

the genome that have undergone amplification or deletion during human evolution.

In comparison to NHMs melanoma cell lines displayed increased SCNA across the genome

(Figure 1B). The average CIN index in melanoma lines was 68 (P=2.8 X 10−14 in

comparison to NHMs, Students T-test). There was substantial variability in CIN index

among the melanoma cell lines with a low value of 25 seen in the SK-Mel24 line and a high

of 131 seen in RPMI-8322. The sizes of SCNA that were scored by GISTIC also displayed

great variation in the melanoma cell lines with a minimum size of 2 bp and a maximum size

of 1.6 × 108 bp (Figure 1C). Duplications and deletions most commonly occupied segments

of 104–108 bp. The total numbers of duplications and deletions were similar but hemizygous

losses and gains were more frequent than homozygous losses and gains.

A common mutation seen in melanoma is the V600E codon change in BRAF. Mutations in

NRAS are less common but mutually exclusive with BRAF mutations [Hodis et al. 2012].

Melanomas with wildtype BRAF and NRAS have been described and appear to represent a

unique subtype, termed WT here. The CIN index was determined for melanoma lines in the
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three subtypes. The WT melanoma lines displayed a significantly greater CIN index

compared to the BRAF- and NRAS-mutant subtypes (Figure 1D).

Examination of chromosome structure as determined by arrayCGH revealed three patterns

of segmental deletions and duplications that are commonly observed in cancer [Bignell et al.

2010] (Figure 2). In pattern I terminal segments of chromosomes were lost or gained

(terminal deletions or duplications). In pattern II smaller segments of loss or gain were

present within larger segments of loss or gain (interstitial deletions or duplications within

terminal deletions or duplications). Pattern III contained interstitial deletions or duplications.

These three patterns were evident in chromosome 9 that contains the CDKN2A/B melanoma

suppressor gene loci (Figure 2A) and in chromosome 10 that contains the PTEN tumor

suppressor locus (not shown). In both the CDKN2A/B and PTEN loci, the sizes of segments

associated with hemizygous (−1) and homozygous (−2) deletions were quite different, with

hemizygous deletions being much larger than homozygous deletions (Figure 2B). This likely

indicates that chromosomes 9 and 10 contain essential genes and homozygous deletions are

only tolerated in the regions of the non-essential suppressor gene loci. Deletions in

CDKN2A/B and PTEN were distributed across the three patterns with similar proportions of

chromatid arm and interstitial deletions (Figure 2C).

Array-CGH technology provides information about DNA copy number and suggests

alterations in chromosome structure such as terminal deletions (Figure 2A). To gain further

insight to the changes in chromosome structure that are present in melanoma cell lines,

spectral karyotypes were determined for one NHM culture and three melanoma cell lines.

The NHM culture displayed no structural alterations in the fifteen metaphase spreads that

were examined (Figure 3A). The melanoma cell lines displayed numerous structural

alterations including intrachromosome deletions and duplications, interchromosomal

rearrangements as well as aneusomy (chromosome losses and gains) and polyploidy. One of

the melanoma lines (SK-Mel187) displayed a unimodal distribution of chromosome

numbers ranging between 77 and 81. Another line (SK-Mel103) displayed a bimodal

distribution of chromosomes, 82% having 59–63 chromosomes (sub-triploid) and 18%

having 115–116 chromosomes. A third melanoma line, A2058, shown in Figure 3B, also

displayed a biomodal distribution with 60% of metaphases having 46–48 chromosomes and

40% with 65–88 chromosomes. Inspection of A2058 showed chromosomal aneusomy in the

quasi-diploid subline and the same aneusomies in the hypotetraploid subline (e.g.,

chromosomes 4 and 7). Interchromosome rearrangements were also evident in which

portions of non-homologous chromosomes were recombined to produce marker

chromosomes. Some of these rearrangements occurred before the diploid to hypotetraploid

transition and so were seen in both sublines (ch1:ch6 and ch8:ch13). Other rearrangements

were unique to the subline suggesting that they occurred after generation of the

hypotetraploid subline (e.g. ch5:ch6). One rearrangement appeared to be reciprocal with

portions of chromosomes 1 and 15 being rearranged. Three other rearrangements appeared

to involve transfer of large portions of chromosomes 6, 13 and 14 to chromosomes 5, 8 and

5, respectively. A total of 8 interchromosome segments were evident in the diploid subline

shown in Figure 3B and 5 interchromosome segments were evident in the hypotetraploid

subline. In the two melanoma lines not shown, SK-Mel187 displayed 10 interchromosomal
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rearrangements and SK-Mel103 displayed as many as 33 interchromosomal rearrangements

evident in the hypotriploid metaphases. The patterns of chromosomal alterations seen by

SKY analysis of melanoma cell lines were congruent with those previously reported for such

cells [Schulten et al. 2002]. Thus, while normal melanocytes replicated and segregated their

genome with low error rates, the melanoma lines replicated with rearranged and possibly

broken chromosomes as well as whole chromosome gains and losses.

Allelic deletions and duplications are functional

To determine the relationship between DNA SCNA and gene expression, allele copy

number was compared to mRNA abundance as determined by DNA microarray analysis (34

of the melanoma lines were utilized for this analysis) [Carson et al. 2012]. For the tumor

suppressor loci CKDN2A and PTEN, mRNA expression was highly correlated with allele

copy number (CDKN2A DNA vs mRNA, R2= 0.48, P=0.001; PTEN DNA vs mRNA,

R2=0.71, P=0.0001) (Figure 4). Generally melanoma lines with severe reduction in

CDKN2A and PTEN DNA displayed severe reductions in mRNA. Two lines displayed an

anomalous pattern with very low DNA content but intermediate (SK-Mel100) to high (SK-

Mel147) CDKN2A mRNA expression. SK-Mel147 was scored with a type III homozygous

interstitial deletion of the C-terminal half of the locus while retaining the full complement of

the N-terminal half. The Agilent probe that was scored in the mRNA analysis

(A_23_P43484) mapped to the N-terminus of CDKN2A. SK-Mel100 displayed a type III

homozygous interstitial deletion of the entire CDKN2A locus including the region scored by

the mRNA probe.

Chromosome 9p2.1 also contains the CDKN2 gene family member CDKN2B closely

adjacent to CDKN2A. CDKN2B encodes the p15INK4B cyclin-dependent kinase inhibitor

that is induced by TGF-β and by oncogenic BRAF through activation of CEBP/β [Kuilman

et al. 2008]. Interstitial deletions involving CDKN2A commonly include CDKN2B in

primary melanomas and melanoma cell lines [Walker et al. 1998; Sauroja et al. 2000;

Dutton-Regester et al. 2012]. Accordingly CDKN2B mRNA was severely reduced in 14 of

the 19 melanoma cell lines with reduced expression of CDKN2A (results not shown). One

melanoma line with high levels of CDKN2A mRNA (SK-Mel147) had severely reduced

levels of CDKN2B mRNA associated with homozygous deletion of the entire CDKN2B gene

locus as determined by arrayCGH.

For the melanoma oncogenes BRAF and MITF that were duplicated in melanoma lines,

mRNA was also significantly correlated with DNA but with lower coefficients than for the

tumor suppressors (Figure 4C,D). The BRAF locus is on chr7, which displayed amplification

across its length (Figure 1A), and SKY analysis (Figure 3) revealed trisomy of chr7 in two

of three melanoma lines (SK-Mel103, A2058). Thirty one percent (12 of 37) of the

melanoma lines displayed amplification of the BRAF locus as determined by arrayCGH.

Five lines displayed duplication of the entire chromosome, four lines duplication of the

centromere-distal q-arm, two lines duplication of chr7 and the centromere-distal q-arm, and

one line displayed complex alterations in chr7 with large segments deleted and others

duplicated. The pattern of segmental losses and gains is characteristic of chromothripsis

[Hirsch et al. 2013], which may develop when chromosomes are missegregated in
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micronuclei [Crasta et al. 2012]. The sizes of the amplified segments containing BRAF

ranged from 6 mb to 88 mb. BRAF mRNA was correlated with DNA copy number albeit

modestly (R2=0.22, P=0.005).

Duplication of the MITF locus did not commonly involve the entire chr3. All duplications

were interstitial and ranged in size from 188 kb to 22mb. MITF allele frequency was

correlated with mRNA (R2=0.20, P=0.008) (Figure 4D). One sample (SK-Mel239) was

scored with severe amplification of the locus (8.15-fold) without a similar degree of

enhancement of mRNA. When this outlier was removed the correlation of MITF mRNA

with DNA was improved (R2=0.29, P=0.001) (Figure 4D, inset).

The frequencies of allelic deletions and duplications among the studied loci were correlated

with molecular subtype in only one allele (Table 1). Deletion of PTEN was common among

BRAF-mutant melanoma lines (54%) but uncommon among NRAS-mutant melanoma lines

(12%, P=0.05) as previously noted by others [Daniotti et al. 2004; Tsao et al. 2004; Jonsson

et al. 2007; Hodis et al. 2012].

Allelic deletions and duplications in melanoma tumor suppressors and oncogenes were

functional, causing significant alterations in the levels of mRNA. Deletion of CDKN2A/B

with reduced expression of mRNA was common across the melanoma subtypes while

deletion of PTEN with reduced expression of mRNA was largely restricted to BRAF-mutant

melanoma lines. Duplication of MITF in 28% of melanoma cell lines was associated with

enhanced mRNA expression. Notably, two lines displayed hemizygous deletion of MITF

(type I p-arm deletion) and 40% of the lines displayed reduced expression of MITF mRNA

as well as reduced expression of its targets in melanogenesis SILV and TYR (results not

shown). The presence of a melanin-negative subtype of melanoma has long been noted

anatomically and histologically, and gene expression analysis has associated the MITF-

negative subtype with relatively low expression of growth genes and high expression of

invasion genes [Hoek et al. 2006]. The WT subtype with high CIN described here and in

other studies [Shields et al. 2007; Carson et al. 2012] is represented entirely within the

MITF-negative subtype.

Correlation of CIN with gene expression

CIN represents a quantitative trait that varied substantially among the melanoma cell lines

(>5-fold). The BRB Array Tools QTA tool was applied to identify genes that were

correlated with CIN. We first determined the effect of P-value cutoff on the numbers of

CIN-correlated genes and the ability of the returned gene set to predict CIN using the Least

Absolute Shrinkage and Selection Operator (LASSO) in a leave-one-out, cross-validation

analysis (LOOCV) (Table 2). The best LASSO score (R2=0.42) was seen with a P-value

cutoff of 0.005, generating a list of 129 transcripts. A second analytic tool used Bayesian

statistics to identify transcripts that were correlated with CIN based on false-discovery rate

(FDR) [Kaufmann et al. 2008]. We found 130 transcripts with a Bayes-determined FDR

<0.071. These 130 transcripts predicted CIN with a LASSO score of 0.39. A total of 69

transcripts were common to the QTA and Bayes lists with P-value <0.05 and FDR<0.071.

This shorter list of CIN-correlated transcripts did not predict CIN well (LASSO R2=0.13). A
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190 transcript list that combined the QTA and Bayes lists (Supplemental table) performed

best in the LASSO analysis with R2=0.52.

To determine the biological significance of the CIN-correlated gene signatures, an

independent dataset that reported gene expression in primary melanomas was examined. A

Survival Risk Prediction (SRP) tool was applied to test whether the CIN-correlated gene

signature was prognostic of melanoma outcome (4-yr distant metastasis-free survival). As

seen in Figure 5A, the 190 probe CIN signature separated samples into low risk, medium

risk and high risk groups with differences in outcome. A permutation P value was

determined by randomly altering sample labels and determining the fraction of permutations

with separation of risk groups equivalent to or greater than obtained with proper sample

labeling. The permutation P-value for the 190 probe CIN signature list was 0.105, not

achieving statistical significance. For comparison SRP was done using two other gene

signatures, one that was predictive of DNA damage G1 checkpoint function [Carson et al.

2012] and one that was predictive of G2 checkpoint function [Omolo et al. 2013] in the

melanoma cell lines. The G1 checkpoint signature produced a significant separation of risk

groups with a permutation P-value of 0.018. The G2 checkpoint signature just failed to

achieve a significant prediction of outcome (P=0.055). Thus, while the G1 checkpoint

signature produced a significant stratification of risk among the melanoma patients, the CIN

and G2 checkpoint signatures did not.

Gene ontology analysis was done to test whether any biological categories were over-

represented in the 190 probe CIN-correlated gene signature. None passed filtration after the

Benjamini correction for false-discovery. Further inspection of the gene list revealed several

genes of interest because of their potential roles in carcinogenesis (e.g. APC2, HMG20B,

CEBP/A, CRY1, ODC1, FBOX9, RGEF18). DNA damage response (DDR) genes were

notably absent from the list.

Correlation of CIN with DDR

The melanoma cell lines in the CIN dataset have been examined for a variety of features of

DDR including IR [Sambade et al. 2011] and UV radiosensitivity, nucleotide excision repair

(NER) [Gaddameedhi et al. 2010], and DNA damage G1 [Carson et al. 2012] and G2

[Omolo et al. 2013] checkpoint functions. Immuno-fluorescence microscopy also quantified

the basal levels of expression of two markers of DDR, γH2AX and P-CHEK2

[Nikolaishvilli-Feinberg et al. 2013]. We asked whether any element of DDR was correlated

with CIN and displayed the results using a hierarchical cluster heat map (Figure 6A) and a

table (Figure 6B). As shown in Figure 6, the highest correlation (R2 = 0.29, P=0.001 using

the Pearson Correlation test) was between IR D0 and G1 checkpoint function, reflecting the

resistance of p53-defective melanoma cell lines to inactivation of colony formation by IR

[Sambade et al. 2011]. The correlation between IR D0 and UV D0 just failed to achieve

significance (P=0.06). Expression of P-CHEK2, the activated form of a transducer

checkpoint kinase that phosphorylates and activates p53 [Hirao et al. 2000], was correlated

with G1 checkpoint function (R2= 0.17, P=0.01) and IR D0 (R2=0.18, P=0.01). Expression

of γH2AX was correlated with P-CHEK2 (R2=0.17, P=0.01) but not with any other trait.

Remarkably, CIN was placed on the extreme edge of the cluster analysis with the least
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correlation with the other parameters. NER was quantified for 16 melanoma cell lines as the

percentage of cyclobutane pyrimidine dimers that were removed within 12 h of UV-

irradiation [Gaddameedhi et al. 2010]. Dimer repair also was not correlated with CIN

(Figure 6B, R2=0.01, P=0.68). Thus, no measured element of DDR was correlated with CIN

in melanoma cell lines.

Discussion

Melanoma cell lines displayed genomic instability as evidenced by significantly increased

frequencies of SCNA and expression of markers of a persistent DDR (P-CHEK2, γH2AX).

The lack of correlation between CIN and DDR markers suggests that conditions during the

evolution of the melanoma cell lines leading to alterations in the genome were not preserved

in the current state of the melanoma cell lines. Thus, quantitative analysis of DDR markers

such as γH2AX and P-CHEK2 in melanoma in situ may not reflect the degree of genomic

destabilization present in the cancer. Genomic instability may be a dynamic process that

waxes and wanes during melanoma development and disease progression. A signature of

gene expression that was correlated with CIN in melanoma lines was not prognostic of

melanoma progression in a separate patient series. An analysis of SCNA in metastatic

melanomas demonstrated that genomic instability was correlated with patient survival, with

SCNA being higher in patients with low survival than in patients with high survival [Hirsch

et al. 2013].

The mechanisms of genomic instability in melanoma are likely to be complex and

multifactorial (Figure 7). Our current results and previous observations support a model in

which chromosomal alterations (deletions, duplications and rearrangements) in melanoma

derive from 1) telomere biology, 2) oncogene-induced replication stress and 3) UV-induced

DNA damage. These components can explain the similar sizes and numbers of segmental

deletions and duplications seen by array CGH and the rearrangements seen by spectral

karyotype analysis.

One contributor to chromosomal instability in melanoma may be the telomere erosion that

occurs in telomerase-negative cells such as melanocytes (Figure 7A) (see [Muraki et al.

2012] for a recent review). While telomerase activity is readily detected in metastatic

melanoma specimens, activity is lower in primary melanomas and virtually undetectable in

nevi [Miracco et al. 2000]. Thus, developing nevi and melanomas may pass through a

condition of active cell proliferation with low or no expression of telomerase. Erosion of

telomeric DNA to below a limit should trigger replicative senescence. Mutations and

epigenetic alterations that inactivate p53 signaling allow telomerase-negative proliferative

clones to bypass this senescence barrier and enter a phase of telomere crisis when

chromosomes undergo cycles of bridge formation and breakage (Figure 7A). Telomere crisis

will generate a transient phase of severe chromosomal instability prior to establishment of

the immortal clone upon expression of telomerase [Simpson et al. 2005]. The studies of Soo

et al. suggest that immortality is acquired late in melanomagenesis during metastatic spread

[Soo et al. 2011]. Bypass of p53-dependent replicative senescence with ensuing telomere

crisis may be a common event in development of melanoma [Carson et al. 2012;

Satyamoorthy et al. 2000; Yu et al. 2009].
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A second contribution to genetic instability in melanoma may derive from activation of the

melanoma oncogenes, NRAS and BRAF. Activation of these oncogenes is associated with

oncogene-induced senescence in primary melanocytes [Michaloglou et al. 2005; Haferkamp

et al. 2009a]. Numerous studies suggest that oncogene-induced senescence is a DDR, with

the oncogenes triggering replication stress that subsequently leads to chromosome breakage

[Halazonetis et al. 2008]. Growth arrest in melanocytes with mutant NRAS appeared to be

through pRB- and p53-dependent pathways and was associated with activation of a DDR,

whereas arrest of melanocytes with mutant BRAF was independent of pRB and p53

[Haferkamp et al. 2009b]. While an initial study did not find evidence for DNA damage

signaling in BRAF-induced senescence [Michaloglou et al. 2005], a more recent report

demonstrated induction of γH2AX as a marker of DNA damage in melanocytes transformed

with oncogenic BRAF [Suram et al. 2012]. We have shown that expression of oncogenic

BRAF in melanoma cell lines induced a 5- to 8-fold increase in chromatid breaks and

exchanges (WK Kaufmann and DA Simpson, unpublished) suggesting that the oncogene

may be clastogenic. Melanocytic nevi with oncogenic BRAF also displayed increased

expression of γH2AX associated with telomeric loci and it was concluded that replication

forks in BRAF-transformed melanocytes were stalled in telomeres [Suram et al. 2012]. As

stalled replication forks are prone to collapse and conversion to DNA double-strand breaks

(dsb), such a phenomenon would accelerate telomere erosion and exacerbate chromosomal

instability as occurs during telomere crisis as discussed above.

Oncogene-induced replication stress also may concentrate chromatid breaks at fragile sites.

Fragile sites represent portions of chromosomes that are prone to breakage when cells are

incubated with DNA metabolic poisons that slow DNA replication [Arlt et al. 2003;

Hashash et al. 2012]. It is thought that certain DNA sequences are replicated late in S phase

due to a paucity of origins of replication, thereby requiring replication by forks entering the

fragile DNA from its flanks. Replicative DNA polymerases have difficulty completing

replication of fragile site DNA sequences [Bergoglio et al. 2013; Walsh et al. 2013] and so

replication forks may not complete replication of fragile DNA during the normal time

allotted for S phase. It appears that regions of unreplicated fragile DNA escape notice by the

replication checkpoint and cells enter mitosis with this unreplicated DNA [Smith-Roe et al.

2013]. Chromatid breaks at fragile sites may occur as unreplicated DNA is condensed and

compacted in mitosis. A recent study of fragile DNA in yeast indicated that topoisomerase II

and condensin subunits were required for DNA breakage in mitosis [Hashash et al. 2012], as

though condensation at junctions of replicated and unreplicated DNA caused chromatid

breaks at the junctions (as shown in Figure 7B). Oncogene-induced replication stress in

telomeric DNA may contribute to telomere erosion and dysfunction while such stress in

fragile DNA may contribute to interstitial chromatid breakage. It is notable that 15 sites of

segmental deletions seen in the current analysis mapped to regions of the genome that

contain fragile sites or sites of common homozygous deletion in cancer [Bignell et al. 2010]

(see Supplement for locations of all significant losses and gains).

Analysis of melanoma gene expression and disease progression identified a set of 254 genes

that were prognostic of 4 year metastasis-free survival [Winnepenninckx et al. 2006]. This

gene set was enriched in many DDR genes, especially those that are associated with DNA
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dsb repair and stabilization of stalled DNA replication forks [Kauffmann et al. 2008].

However, metastatic spread was associated with enhanced expression of DNA repair genes,

not reduced expression, suggesting that over-expression of such genes may contribute to

genetic instability. It is well established that DNA repair factor stoichiometry is important

for genome stability, as overexpression of the DNA repair factor AAG produces more

genetic instability than deletion of the factor [Fu et al. 2012]. Over-expression of DNA dsb

repair factors especially during S phase may interfere with proper regulation of DNA

replication and exacerbate responses to forks stalling at natural barriers.

Remarkably, although elements of DDR such as NER influence melanoma development, no

element of DDR that was measured here was correlated with CIN. Melanomas have been

shown to express γH2AX as a marker of ongoing or persistent DNA damage [Gorgoulis et

al. 2005; Wasco et al. 2008; Nikolaishvilli-Feinberg et al. 2013]. Melanoma cell lines

display remarkably high levels of this phospho-protein [Warters et al. 2005] as our studies

reproduced. While γH2AX was originally demonstrated as a sensitive marker of DNA dsb

[Rogakou et al. 1998], subsequent studies have shown that it is not specific, also being

produced at stalled replication forks [Ward and Chen 2001] and sites of NER [Marti et al.

2006]. The melanoma cell lines also expressed increased levels of the activated form of the

transducer checkpoint kinase (P-CHEK2) and this was correlated with γH2AX. Replication

stress and DNA dsb, therefore, may trigger activation of CHEK2 in melanoma cell lines.

The levels of P-CHEK2 also were correlated with IR radiosensitivity and p53-dependent G1

checkpoint function. As P-CHEK2 will normally activate p53 to induce apoptosis or inhibit

cell division [Hirao et al. 2002], the continued growth of melanoma cell lines with activated

P-CHEK2 may require inactivation of p53 signaling. Thus, melanoma cells with high levels

of P-CHEK2 corresponded to lines with inactivation of p53-dependent G1 checkpoint

function. Melanoma lines with inactivation of p53 function were also radio-resistant

[Sambade et al. 2011; Carson et al. 2012], consistent with inactivation of p53-dependent

apoptosis or growth arrest. A p53-independent G2 checkpoint was dysfunctional in one-third

of melanoma lines [Omolo et al. 2013]. Attenuation of signaling in this pathway of DDR

was attributed in part to mutations in BRAF and NRAS, and in part to a complex signature of

gene expression that repressed many regulators of mitosis such as CKS1B and WDHD1 (also

known as AND1) [Omolo et al. 2013]. Melanoma cell lines grow with high levels of DNA

damage and expression of DDR biomarkers because p53-dependent and p53-independent

DNA damage checkpoint functions are attenuated. As the basal levels of γH2AX and P-

CHEK2 were not correlated with CIN, it would appear that CIN in melanoma cell lines is a

residue of cell biology that preceded establishment of the checkpoint-defective melanoma

cell lines.

SCNA in melanoma included nearly equivalent numbers and sizes of deletions and

duplications. This feature suggests a common origin. We propose that the deletions and

duplications that occupy large and small segments of chromatid arms are consequences of

chromatid breaks and exchanges that develop 1) at unprotected telomeres during telomere

crisis and 2) at sites of stalled DNA replication forks. Repair of unprotected telomeres in

sister chromatids by the alternative non-homologous endjoining (alt-NHEJ) pathway

[Muraki et al. 2012] may produce isodicentric chromosomes [Kaufmann et al. 1997; Filatov
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et al. 1998]. Segregation of such dicentrics at anaphase can break chromosomes anywhere

between the centromeres, yielding arm duplications and deletions of similar sizes. This

mechanism can account for the large SCNA. The small SCNA that occupy more discreet

segments may derive from slowing or stalling of DNA replication. Two aspects of

melanomagenesis can produce DNA replication stalling, UV-induced DNA damage

[Kaufmann and Wilson 1994; Kaufmann 2010] and oncogene-induced replication stress.

When two neighboring stalled forks collapse to DNA dsb, erroneous repair by classical or

alternative NHEJ may delete the interstitial segment from one chromatid and add the

segment to another. The net result is inheritance of chromosomes with interstitial deletions

or duplications. The development of UV-induced SCNA may be significantly enhanced in

melanoma precursors with activated oncogenes and attenuated DNA damage response

signaling. We have shown that oncogenic BRAF attenuates DNA damage G2 checkpoint

function [Omolo et al. 2013] and sensitizes melanoma cells to UVB-induced chromosomal

aberrations (DAS, WKK, in preparation). Oncogene-induced replication stress may also stall

DNA replication at fragile sites leading to chromatid breakage in mitosis that duplicates and

deletes gene segments. The combination of telomere crisis, oncogene-induced replication

stress and UV-induced chromosomal damage can explain the common forms of

chromosomal instability seen in melanoma.
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Figure 1.
Landscape of SCNA in melanoma. A. GISTIC determined the frequencies of melanoma cell

lines with SCNA at selected regions of the genome. B. The numbers of SCNA determined in

primary melanocytes (NHM) and melanoma cell lines. C. The sizes of SCNA in melanoma

cell lines. D. WT melanoma subtype displayed the greatest numbers of SCNA.
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Figure 2.
Types of allelic deletions in melanoma cell lines. A. Three types of deletions of CDKN2A

were observed. B. Homozygous deletions are smaller than hemizygous deletions. C.

Distribution of types of deletion in CDKN2A and PTEN (number of deletions detected and

percent of total deletions).
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Figure 3.
Spectral karyotypic analysis of normal melanocytes and the A2058 melanoma line. A. The

NHM4 normal melanocytes grew without chromosomal aberrations. B. The A2058

melanoma line displayed numerical and structural chromosomal aberrations.

Kaufmann et al. Page 20

Environ Mol Mutagen. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
SCNA’s are functional. Gene allele frequency was correlated with expression of mRNA for

CDKN2A (A), PTEN (B), BRAF (C) and MITF (D). The insert in panel D shows the

scatterplot and correlation coefficient when the outlier was removed.
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Figure 5.
CIN gene signature is not prognostic of metastatic spread in melanoma. A. The 190 gene

QTA+Bayes signature composed of transcripts with high correlation with CIN (P<0.005,

FDR<0.071) was applied to an independent dataset [Winnepenninckx et al. 2006] to

compare outcome (4-year distant metastasis-free survival) to gene expression in the primary

melanomas (using 2 principal components). Permutation analysis indicated that the observed

separation of low-risk and high-risk groups was not significant (P=0.105) B. A 496 gene

QTA+Bayes signature that was correlated with G1 checkpoint function in melanoma cell

lines [Carson et al. 2012] was prognostic of metastasis-free survival (P=0.018). C. A 593

gene QTA+Bayes signature that was correlated with G2 checkpoint function [Omolo et al.

2013] was marginally not prognostic (P=0.055).
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Figure 6.
CIN was not correlated with DDR. Melanoma cell lines were scored for expression of

γH2AX and P-CHEK2 as biomarkers of DNA damage (double-strand breaks and replication

stress) [Nikolaishvilli-Feinberg et al. 2013], for G1 and G2 checkpoint function [Carson et

al. 2012; Omolo et al. 2013], NER [Gaddameedhi et al. 2010] and for sensitivity to

inactivation of colony formation by UVC and IR [Sambade et al. 2011]. A. Maximal values

for each parameter were expressed at 100% and all other values expressed as a percentage of

the maximum. Thus, the color scale trends from 0 to 100%. Hierarchical clustering showed

the strong correlation between p53-dependent G1 checkpoint function and sensitivity to IR,

the correlation between expression of P-CHEK2 and expression of γH2AX and sensitivity to
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IR, and the marginal correlation between UV and IR sensitivity. B. Correlations (R2) and P

values were determined for each pair of parameters.
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Figure 7.
Mechanisms of chromosomal instability during melanomagenesis. A. Telomere crisis

produces chromatid arm deletions and duplications. B. Replication stress induced by

oncogenic BRAF induces breakage at common fragile sites. C. UV-induced DNA damage

produces interstitial deletions and duplications.
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Table 1

Association of deletions and duplications with melanoma subtype.

Frequency with del/dup

WT, n=6 NRAS mutant, n=8 BRAF mutant, n=23 Total, n=37

CDKN2A, del 3 (50%) 4 (50%) 15 (64%) 22 (58%)

PTEN, del 1 (17%) 1 (12%) 12 (54%)* 14 (38%)

BRAF, dup 1 (17%) 3 (38%) 8 (35%) 12 (31%)

MITF, dup 0 2 (25%) 9 (39%) 11 (28%)

Del, deletion; dup, duplication;

*
P=0.05, BRAF mutant vs NRAS mutant
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