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Malignant melanoma is an aggressive, heterogeneous
disease where new biomarkers for diagnosis and clinical
outcome are needed. We searched for chromosomal
aberrations that characterize its pathogenesis using 47
different melanoma cell lines and tiling-resolution bacter-
ial artificial chromosome-arrays for comparative genomic
hybridization. Major melanoma genes, including BRAF,
NRAS, CDKN2A, TP53, CTNNBI, CDK4 and PTEN,
were examined for mutations. Distinct copy number
alterations were detected, including loss or gain of whole
chromosomes but also minute amplifications and homo-
zygous deletions. Most common overlapping regions with
losses were mapped to 9p24.3—q13, 10 and 11q14.1-qter,
whereas copy number gains were most frequent on
chromosomes 1q, 7, 17q and 20q. Amplifications were
delineated to oncogenes such as MITF (3p14), CCND1
(11q13), MDM?2 (12q15), CCNEI (19q12) and NOTCH?2
(1p12). Frequent findings of homozygous deletions on
9p21 and 10¢23 confirmed the importance of CDKN2A
and PTEN. Pair-wise comparisons revealed distinct sets
of alterations, for example, mutually exclusive mutations
in BRAF and NRAS, mutual mutations in BRAF and
PTEN, concomitant chromosome 7 gain and 10 loss and
concomitant chromosome 15¢22.2-q26.3 gain and 20 gain.
Moreover, alterations of the various melanoma genes
were associated with distinct chromosomal imbalances
suggestive of specific genomic programs in melanoma
development.
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Introduction

Cutaneous malignant melanoma (CMM) is an aggres-
sive form of skin cancer with increasing incidence in the
Western world (Tucker and Goldstein, 2003). CMM has
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a heterogeneous and unpredictable clinical course with a
potential for aggressive growth and refractoriness to
available chemotherapy. The risk of CMM is influenced
by both genetic and environmental factors, and the
incidence varies between populations depending on
pigmentation, skin type and sun exposure. An estab-
lished risk factor for CMM is a family history of the
disease. Two high-penetrance susceptibility genes,
CDKN2A (primarily the pl6INK4A sequence) and
CDKH4, have been identified, but germ-line mutations
in these genes account for merely one-third of high-
risk families, implicating the existence of additional
melanoma genes (Hayward, 2003).

Several studies have addressed the genetic events in
sporadic CMM development. Somatic inactivation of
CDKN2A4 (pl6INK4A and pl4ARF) is frequently
detected in melanoma cell lines but less commonly in
primary tumors (Cachia ez al., 2000). More recent
reports show biallelic CDKN2A deletions in ~45% of
CMM metastases emphasizing this locus in disease
progression (Grafstrom et al., 2005). Activation of the
mitrogen-activated protein kinase (MAPK) pathway
may also be a compulsory event in CMM pathogenesis,
primarily evident as either BRAF (60% of melanomas)
or NRAS (30%) point mutations, but never both
(Maldonado et al., 2003; Omholt et al., 2003). Known
to be early events and present in benign nevi (Pollock
et al., 2003), BRAF mutations may influence tumor
progression and give rise to distinct gene expression
signatures in melanoma cell lines (Pavey et al., 2004).
Gain of chromosome 7q is common in CMM suggesting
that BRAF, located on 7q34, is a target for gene
amplification (Tanami et al., 2004). Moreover, cyclin
DI, a down-stream target of the MAPK pathway and
pl6INK4A antagonist, is amplified in acral-type CMM
in which BRAF and NRAS mutations are infrequent
(Takata et al., 2005). Finally, activation of the PIK3-
pathway is essential and commonly pursued by inactiva-
tion of PTEN located on chromosome 10, a frequent
deletion target in melanoma (Guldberg et al., 1997b).

A recent genome-wide survey in melanocytic lesions,
using array-based comparative genomic hybridization
(arrayCGH), revealed patterns of genomic aberrations
that could distinguish chronically sun-induced from
non-sun-induced melanomas and further classify tumors
into clinically relevant groups (Curtin et al., 2005). Here,
we used CGH to arrays of 32433 bacterial artificial



chromosome (BAC) clones forming a contiguous and
tiling coverage of the human genome with an average
resolution of ~100kbp, to precisely map novel DNA
copy number gains and losses in 47 melanoma cell lines
thoroughly characterized also for mutations in the
known major melanoma genes. In addition, the study
reveals that mutants BRAF, NRAS, PTEN or TP53
are associated with discrete chromosomal alterations,
possibly reflecting cooperative events in melanoma
pathogenesis.

Results

DNA copy number profiles were established in cell lines
originating from 46 different metastatic CMM and one
primary ocular melanoma (Figure 1). The overall
genome patterns are complex, involving whole chromo-
some gains and losses as well as focal alterations such
as narrow amplifications and homozygous deletions
(Figure 2). Only one (EST97) of the 47 cell lines had no
apparent alterations using the current technology.
Combining data from all cell lines, alterations were
found on all chromosomes at least once. Chromosomal
arms with copy number gains in at least 50% of the cell
lines included 1q, 7p, 7q, 8q, 17q and 20q. Frequent
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losses were found on 4p, 4q, 6q, 8p, 9p, 10p, 10q and
11q (Figure 2a).

Regions showing frequent copy number losses and gains

The two most common individual copy number losses
were detected on chromosomes 10 and 9p24.3—q13, both
spanning over large genomic regions harboring known
melanoma tumor suppressor genes, that is, PTEN and
CDKN2A4, which were further pinpointed in some cell
lines by homozygous deletions (see below). Other
regions frequently affected by large genomic deletions
localize to chromosomes 4, 6q and 11q. The smallest
regions of overlapping (SRO) losses span 6q23.3—q25.3
and 11q22.3—q24.1, including a large number of
candidate genes, whereas complete loss was the most
common chromosome 4 aberrations. Restricted dele-
tions were also present on chromosome 1p in ~50% of
the samples, and the SRO loss was further narrowed
down to two loci. The first maps to 1p22.1 (92029228
94254061 bp; UCSC May 2004 build hgl7) and includes
~20 genes, for instance TGFBR3 and CDCI8. The
second region maps to 1p21.3 (95472183-98455030 bp)
and includes only two known coding genes, PTBP2 and
DPYD, and a putative microRNA, miR-137. Moreover,
chromosome 9q was deleted in ~40% of the cell lines
with an SRO on 9q21.13—q21.2 (72394581-78138360 bp).
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Figure 1 Heat-map over DNA copy number aberrations (x-axis) in 47 melanoma cell lines (y-axis). Red represents gains/
amplifications and green represents loss/homozygous deletions. Bottom left panel zoom-in on chromosome 3, depicting the frequent
DNA copy number gains at the MITF locus at 3p13. Bottom right panel displays chromosome 9 and the common DNA copy number
losses on the p-arm, occasionally limited to 9p21.3 and CDKN2A homozygous deletions.
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Figure 2 (a) Genome-wide frequency plot of DNA copy number gains (red) and losses (green) for all 47 melanoma cell lines.
(b) Genomic profile of EST73 cells. Homozygous deletions are clearly seen at chromosome 9p21.3 (CDKN2A4) and 10p11.21 (PARD?3).
(¢) Genomic profile of FM79 cells. Distinct amplification at chromosome 1pl2 (NOTCH?2 and other genes). (d) Zoom-in on
chromosome 10pl1 displaying a homozygous deletion of the PARD3 gene in EST73 cells. (¢) Zoom-in on chromosome 1p12 displaying

one the recurrently amplified regions including the NOTCH? gene.

Chromosomal regions displaying frequent DNA copy
number gains include 1q, 7, 8q, 17q and 20q. The SRO
gain on 1g23.3—q25.3 (157822335-181823355bp) spans
~24Mbp and contains a large number of genes. The
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SRO gains on chromosome 7 were divided into two dis-
tinct loci. The first (found in 59%) maps to 7q21.13—q31.1
(87891721-107605147 bp) and includes CDK6, whereas
the second (65%) is more distal (7q32.1-q34;



126600073-142561955 bp) and includes BRAF. Further-
more, two SRO gains were detected on chromosome 8,
the first maps to 8q22.1-q22.3 (96297981-104661726 bp)
and the second to 8q24.11-q24.22 (118528414—
134896260 bp) and includes MYC. Copy number gains
on chromosome 17 were observed in ~50% of the cell
lines and two SRO gains map to 17q23.2—q24.1
(55386720-60690169 bp) and 17q25.1-q25.3 (69684458—
74597283 bp), respectively. Finally, two SRO gains
on chromosome 20 map to 20q12—q13.12 (38554072—
45485732bp) and  20ql13.31-q13.33  (54727799—
62434349 bp), respectively.

High-level amplifications

More narrow peaks corresponding to focal amplifica-
tions (defined as log, ratio > 1.5) were detected at 25 loci
in 15 different cell lines (Table 1). Recurrent amplifica-
tions were located on 11q13, 3p14 and 1p12. The 11q13
amplicon includes CCNDI and was seen in three cell
lines. Chromosome 3pl4, including the melanoma
oncogene microphthalmia-associated transcription fac-
tor (MITF), was amplified in three cell lines and MITF
copy number gain was found in additional cell lines,
in total 36%. Chromosome 1pl2 was amplified in
three cell lines, one (FM79) of which harbored a
narrow peak including only NOTCH2. Other known
amplified oncogenes include CCNE! on 19q13, MDM?2
on 12q15 and BRAF on 7q34. Moreover, 13 additional
amplicons without obvious target genes were identified
(Table 1).

Homozygous deletions

Previously recognized homozygous deletions on chromo-
somes 9p21.3 and 10g23.31 were confirmed and shown
to target CDKN2A and PTEN, respectively, often as
the single-affected gene (Table 1). Moreover, two
novel homozygous deletions including single genes,
10p11.22 (PARD3) and 1l1ql4.1 (RAB38), were
detected. A recurrent homozygous deletion on 4q34.3
including no known genes was found in three cell lines.

Mutation screening

BRAF, NRAS, PTEN, TP53, CDKN2A, CDK4 and
CTNNBI were analysed for mutations. Two-thirds
(n=132) of the 47 cell lines contained a BRAF mutation,
in all but one the V600E mutation. Ten (21%) cell lines
had NRAS mutation, all at codon 61. Six cell lines
harbored neither BRAF nor NRAS mutations, including
the ocular melanoma EST128 and EST97, the latter
devoid of CGH alterations. TP53 mutations were
present in 31%, whereas PTEN mutations were
identified in 27% of the cell lines. CDKN2A was
inactivated by point mutations, homozygous deletions
or methylation in 10, 57 and 10%, respectively, any
form of inactivation being found in 77% of the cell lines.
In addition, one cell line (FM56) harbored a mutation in
CDK4 and another (FM9) contained a CTNNBI
mutation (Table 1). Accordingly, the mutation fre-
quency (below in parentheses) seen here in 47 melanoma
cell lines is similar to the Cancer Genome Project
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database (http://www.sanger.ac.uk/genetics/CGP/) on
46 (other) malignant melanoma cell lines: BRAF 60%
(63%), CDKN2A4 54% (77%), TP53 32% (31%), NRAS
21% (21%) and PTEN 17% (27%).

Correlation of cancer gene mutation status and genetic
alterations

Two-sided #-test was performed to determine whether
PTEN, TP53, BRAF or NRAS mutation status was
associated with specific DNA copy number aberrations.
Indeed, mutation in PTEN was correlated (P <0.05) to
loss of 1p22.1-p21.1, a region spanning ~ 10 Mbp and
>50 known genes. Other altered regions overrepre-
sented in PTEN-mutated cell lines included 10q loss,
13q14—q33 loss, 14q21-q23 loss and 19ql3 gain
(P<0.05). Mutation in TP53 was inversely correlated
(P<0.05) to 1p34.3—p13.2 loss, in fact, TP53-mutated
cell lines were instead associated with gains at 1p34.3—
pl13.2. Moreover, 5q35 gain, 12q14 loss and 12q15—q21
loss distinguished 7P53 mutated from wild-type cells
(P<0.05) (Figure 4). Cells with BRAF mutation had a
higher frequency of chromosome 7 gains, often com-
prising large regions and always including BRAF on
7q34 (P<0.05). Chromosome 7 gains were also seen in
cell lines with wild-type BRAF and NRAS; however, less
commonly in NRAS-mutated cells. Also, 2p11—-q13 gain,
6p22 loss, 10 loss, 11q loss, 14921—q23 loss and 20 gain
were more frequently observed in BRAF mutant cell
lines (P<0.05). Alterations specific for NRAS-mutated
cells included only 3ql13.12—q13.31 gain (P<0.05),
although regions commonly altered in BRAF-mutated
and wild-type cells (chromosome 7 and 20) were less
frequently affected in NRAS-mutant cells (Figure 3).
Furthermore, BRAF and NRAS mutations were found
to be mutually exclusive (P<0.00001), PTEN and
NRAS mutations were rarely mutual (P=0.038),
whereas combined BRAF and PTEN mutations were
common (P =0.0023). No correlation was found be-
tween 7P53 mutations and mutations in other genes.

Concomitant copy number alterations

Regions that are affected by DNA copy number changes
in at least 40% of the cell lines, including eight gains and
eight losses (as defined in Materials and methods), were
analysed to detect patterns in copy number aberrations.
Twelve pairs of aberrations were seen significantly more
often than expected under the null hypothesis of
independent genetic events (P<0.05) (Table 2). The
highest correlation between alterations not affecting the
same chromosomal arm was seen for 8p23.3—p23.1 loss
and 8q12.1-q23.1 gain. Significant correlation was also
seen for gain of chromosome 7 (where BRAF resides)
and loss of chromosome 10 (PTEN).

Discussion

CMM is an aggressive, heterogeneous disease where new
markers for diagnosis, prognosis and treatment effect
are needed. Genomic and gene expression profiling are
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Table 1 Gene alterations in cell lines derived from 46 CMM and one ocular melanoma (EST128)
Cell line BRAF mutation NRAS mutation CDKN2A status PTEN status TP53 mutation Focal amplification Gene-specific HD
EST128 — — — — — —
EST133 V600E — c.238C>T — — — —
EST135 V600E — methylation — ca. 527 G>A 8q24.13, 8q21.13, 22q13.1
EST45 — Q61R HD (exon 1-3) — — Ip12—pl3.1, 10g22.1, 19p12—p13.11 CDKN2A4
EST50 — — ¢.237_238 delinsTT — c. 949 C>T CCNDI, 9q22.33—q31.1 —
EST57 V600E — HD (exonl-3) — — — CDKN2A
EST69 — Q61R HD (exon 1-3) — — MDM2, 18ql1.2 CDKN24
EST70 — Q61L c.143C>T — c. 853 G>A — —
EST71 V600E — ¢.225_243 dupl9 HD (exon 4-9) — — PTEN
EST73 V600E — HD (exon 1-3) c. 634+5G>T c. 7143 G>A — CDKN2A PARD3
EST74 — — HD (exon 1-3) — — — CDKN2A*
EST75 V600E — HD (exon 1-3) — — CCNDI, 1p12—pll1.2 CDKN24
EST79 — — — — c. 724 T>G 1p22.2-p21.3 —
EST81 V600E — — — c. 659 A>G MITF, CCNDI1 —
EST84 — Q61R HD (exonl-3) — c.722C>T — CDKN24
EST94 — Q61K HD (exon 1-3) — — — CDKN2A
EST97 — — — — — — —
FM116 V600E — HD (exon 1-3) — — — CDKN2A4
FM2 — Q61R — HD (exon 6) — — PTEN
FM28 — Q61K HD (exon 2-3) — — 3pl2.1-pll.1 CDKN2A*
FM3 — — HD (exon 1-3) — — — CDKN2A4*
FM45 V600E — HD (exon 1-3) — — — CDKN2A
FM48 V600E — HD (exon 1-3) — — — CDKN24
FMS55II V600E — — — c. 949 C>T 4q28.3q32.1 —
FM56 V600E — — — — CCNEI —
FM57 V600K — HD (exon 1-3) — — — CDKN24*
FM58 V600E — HD (exon 1-3) — — — CDKN2A4
FMo6 — Q61K Methylation —
FM62 V600E — HD (exon 1) L139X — — CDKN2A4*
FM66 V600E — HD (exon 1-3) — — — CDKN2A
FM69 V600E — HD (exon 1-3) — — — CDKN2A*
FM72 V600E — HD (exon 1-3) HD (exon 2-3) — Sp CDKN2A PTEN
FM74 — Q61L — — — — —
FM76 V600E — HD (exon 1-3) — — — CDKN2A*
FM78 V600E — HD (exon 1-3) — c.815T>G — CDKN2A4*
FM79 — Qo61L Methylation — — Ipl12-pll1.2 —
FM82 V600E — HD (exon 2-3) HD (exon 4-9) — — CDKN2A* PTEN
FM&86 — — c.171_172 delinsTT — — — —
FMS88 V600K — HD (exon 1-3) c. 380 G>A — — CDKN2A*
FM9 V600E — HD (exon 1-3) c. 640 C>T — — CDKN24
FM92 V600E — — HD (exon 2-9) — — RAB38 PTEN
FM93 V600E — HD (exon 1-3) — ¢.795-796 GG > AA MITF CDKN2A*
FMO95 L596S — Methylation HD (exon 1-2) c.41C>T BRAF PTEN
SK-MEL-19 V600E — HD (exon 1-3) — — — CDKN2A*
SK-MEL-28 V600E — — T167A A>G L145R T>G MITF, 20q13.33, 20q11.23 —
SK-MEL-3 V600E — Methylation — R267W C>T — —
SK-MEL-31 V600E HD (exon 1-3) HD (exon 6-9) — — CDKN2A* PTEN*

Mutations are defined as amino acid substitutions (BRAF and NRAS), or coding nucleotide change, HD or methylation (CDKN2A, PTEN, TP53). Focal amplification was defined as log 2
ratio > 1.5 and listed as defined target gene or chromosomal region. *Homozygous deletion not detectable by array CGH. CMM, cutaneous malignant melanoma; HD, homozygous deletion.
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Figure 3 (a) DNA copy number frequency plots for BRAF-mutated (upper panel) and wild-type cell lines (lower panel). Regions
altered significantly (P<0.05) more frequent in BRAF mutant compared to wild-type cell lines are indicated (*) in the upper panel.
(b) DNA copy number frequency plots for NRAS-mutated (upper panel) and wild-type cell lines (lower panel). The region (3q13.12—
q13.31) altered (gained) significantly (P<0.05) more frequent in NRAS mutant compared to wild-type cell lines is indicated (*) in the

upper panel.

powerful tools in this respect, for example, revealing
gene sets that allow discrimination of vertical and radial
growing CMM and that can be used for class discovery
(Bittner et al., 2000; Haqq et al., 2005). Moreover,
arrayCGH unraveled genomic aberrations specific for
chronic sun-induced melanomas, and indicated that

alteration in the CDKN2A and PI3K pathways are
independent but complementary events in melanoma
pathogenesis (Curtin et al., 2005).

Here, in a screen of 47 melanoma cell lines using tiling
BAC-arrayCGH, we confirm the high frequency of
chromosome 9p24.3—q13 and 10 loss, encompassing

Oncogene
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Figure 4 (a) DNA copy number frequency plots for PTEN-mutated (upper panel) and wild-type cell lines (lower panel). Regions
altered significantly (P <0.05) more frequent in PTEN mutant compared to wild-type cell lines are indicated (*) in the upper panel.
Chromosomes 1p, 9p, 10 and 13q losses are significantly more common in PTEN mutated cell lines. (b) DNA copy number frequency
plots for TP53 mutated (upper panel) and wild-type cell lines (lower panel). Regions altered significantly (P<0.05) more frequent in
TP53 mutant compared to wild-type cell lines are indicated (*) in the upper panel. Chromosome 1p and 5q35 gains and losses at 12q14
and 12q15-q21 are significantly more common in 7P53-mutated cell lines.

CDKN2A4 (9p21.3) and PTEN (10923.31). Of interest is
the novel melanoma susceptibility locus on 1p identified
by linkage analysis and mapped by critical recombinants
in linked families to a 15Mbp region between D1S430
and D1S2664 at 1p31.1-1p21.3 (Gillanders et al., 2003).
It was shown that 80% of familial tumors exhibited
loss of heterozygosity at this region, with an SRO
deletions of 9Mbp between D1S207 and D1S435 at
1p31.1-1p22.2 (Walker et al., 2004), strongly suggestive

Oncogene

of a classical tumor suppressor gene locus. Our data
indicate two SRO losses in this region. The first maps
to 1p22.1 and includes candidate genes such as
TGFBR3 and CDCI8, whereas the second SRO loss
maps to 1p21.3 and includes only two known coding
genes, PTBP2 and DPYD, and miR-137, a putative
microRNA predicted (TargetScan; PicTar) to target the
MITF, among others, and obviously warrants further
analysis.



Table 2 Altered regions that co-exist more often than expected by
chance (P<0.05)

Cytogenetic location Cytogenetic location P-value
Gain of 1p12—q31.1 Gain of 1q31.3—qter 0.0000
Gain of 8q12.1-q23.1 Gain of 8q23.3—qter 0.0000
Loss of 8p23.3-p23.1 Gain of 8q12.1-q23.1 0.0017
Gain of 15q22.2-q26.3 Gain of chromosome 20 0.0047
Gain of chromosome 7 Loss of chromosome 10 0.0067
Gain of 1q31.3—qter Loss of 6ql2—qter 0.0155
Loss of 11ql4.1-q25 Gain of chromosome 20 0.0155
Loss of chromosome 4 Gain of chromosome 20 0.0164
Loss of 8p23.3—p23.1 Loss of 22q12.3—qter 0.0171
Loss of chromosome 10 Gain of 17q21.31-qter 0.0234
Gain of 8q23.3—qter Loss of 22q12.3—qter 0.0347

High frequency of copy number gains were found
on 7q21.13—q31.1 and includes CDK6, encoding a
pl6INK4a antagonist, reported in increased gene copy
numbers in ~35% of ultraviolet-induced murine
melanomas (Kannan et al., 2003). A second and more
distal SRO gain maps to 7q32.1-q34 and includes
BRAF, earlier found to be involved in complex
alteration patterns (Daniotti et «l., 2004). CCNDI
amplification has been associated with the acral subtype
of melanomas (Sauter et al., 2002) and here, 11ql3
amplification was found in only three cell lines
corroborating suggestions that CCND/ is not a general
CMM oncogene. A gene that requires further analysis in
this respect is CDK3 on 17q25.1, found to have an
increased gene copy number in 57% of the cell lines. In
contrast to the well-characterized cyclin D/cdk4/6-
mediated inactivation of retinoblastoma protein (pRB)
at the G1/S transition, cyclin C/cdk3 is implicated in
promoting GO cell-cycle exit through pRB phosphoryla-
tion (Ren and Rollins, 2004).

An interesting adjacent gene on 17q23.2 is TBX2,
highly expressed in melanoma cells where it plays an
important role in maintaining proliferation and suppres-
sion of senescence (Vance et al., 2005), possibly by
downregulation of p21CIP1 and CDKN2A/p19ARF
(Jacobs et al., 2000; Vance et al., 2005). TBX2 is one
of the known targets for MITF in melanocytes, and a
strong candidate melanoma oncogene (Carreira et al.,
2000). Here, we showed that TBX2 has an increased
gene copy number in 43% of the cell lines. Moreover,
MITF at 3pl3, was amplified in three cell lines and
showed increased gene copy number in 36% of the cell
lines, supporting a role in progressive and metastatic
melanoma. Additionally, recurrent amplification was
found on 1pl2, the smallest amplicon including only
NOTCH? (Figure 2e). Intriguingly, a recent study has
shown that Notch2 protein is significantly up regulated
in dysplastic nevi and melanomas but not in common
melanocytic nevi (Massi et al., 2006). Notch proteins are
transmembrane receptors that are activated by specific
ligands and increase signaling via the MAPK and PI3K
pathways in melanoma cells (Liu et al., 2006). Well-
known oncogenes such as MDM2, CCNEI and BRAF
were each found amplified in single samples. High-level
amplification with unknown target genes were also
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identified, for example, EST69 melanoma cells had two
distinct and narrow peaks on 18q11.2, spanning 950 and
870 kbp, respectively. The first peak contained six known
genes including a laminin alpha 3 gene thought to be
involved in cell adhesion, signal transduction and differ-
entiation of keratinocytes (McLean et al., 2003), and the
second peak included only ZNF521. A complex and
intriguing amplification pattern was found on chromo-
some 5p in FM72 cells, including a large number (> 20)
of narrow peaks, each with only a few or a single gene.

CDKNZ2A4 is the major melanoma susceptibility gene
and also a major tumor suppressor gene in nonfamilial
melanoma (Grafstrom et al., 2005). Homozygous
CDKN2A deletions were identified in 27/47 cell lines
emphasizing their importance in melanoma cells and
in vitro establishment. Although frequent in cultured
cells, PTEN homozygous deletions or somatic muta-
tions are less common in primary melanomas, suggest-
ing that this is a late genetic event or that epigenetic
mechanisms are responsible for PTEN silencing in
primary tumors (Pollock et al., 2002). Moreover, PTEN
is likely not the only target gene on chromosome 10.
Interestingly, one cell line harbored a homozygous
deletion on 10p11.21 spanning a single gene (PARD?3),
encoding an evolutionarily conserved protein and key
regulator of epithelial and neural cell polarity and
migration (Macara, 2004). Another novel homozygous
deletion at 4934 encompasses no known genes and was
found in three samples. Whether this deletion is of
biological importance in melanoma development or
merely a copy number polymorphism is unknown.
Finally, a homozygous deletion on 11q14 included the
RAB38 gene, a homolog to a 9q21 melanoma suscept-
ibility gene candidate (Jonsson et al., 2005a), and
previously characterized as a melanocyte differentiating
antigen, but also abundantly expressed in melanoma
tissue (Zippelius et al., 20006).

CDKN2A was affected by homozygous deletion,
mutation or methylation in the majority of cell lines.
As expected, the single-cell line that harbored a CDK4
mutation was wild type for CDKN2A, but did show
high-level CCNEI amplification. In addition, we also
confirmed that BRAF and NRAS mutations are
mutually exclusive (Maldonado et al., 2003). However,
our data also suggest that as there is no selection for
coupled PTEN and NRAS mutations, both PTEN and
BRAF mutation commonly occur in the same cells,
emphasizing that BRAF is downstream of NRAS and
does not affect the PI3K/PTEN pathway (Tsao et al.,
2004). By searching for similar patterns of copy number
changes, 11 concomitantly altered genomic pairs
appeared (Table 2). The two top pairs included changes
located on the same chromosome arm, possibly reflect-
ing mechanistically related events. However, chromo-
some 7 gain was significantly correlated with
chromosome 10 loss, functionally in accordance with
coupled BRAF and PTEN mutation. Moreover, gain of
chromosome 20 was correlated to gain of 15q22.2—
q26.3, loss of 11q14.1-q25 and loss of chromosome 4.
Another combination of interest was chromosome 10
loss and 17q21.31—qter gain, both regions including
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potential genes such as PTEN and CDK3/TBX2,
respectively.

These patterns suggest that mutations in key genes,
such as BRAF, NRAS, PTEN or TP53, can direct
pathogenesis and the genomic pathways leading to
specific melanoma phenotypes. Accordingly, global gene
expression analysis was recently used to identify a set of
80 genes that separated BRAF-mutated and wild-type
cell lines (Pavey et al., 2004). We used two-sided #-test to
show that BRAF mutated cells have a high frequency
(84%) of copy number gain on large regions of
chromosome 7, which includes the BRAF gene on
7q34. A recent study found that both the mutant BRAF
and the wild-type allele are targeted in copy number
gains (Christensen and Guldberg, 2005). Chromosome 7
gain was less common in NRAS-mutated cells, the only
aberration occurring at a significantly different fre-
quency in NRAS mutant (40%) and wild-type cells
(14%) was 3q13 gain. This indicates that BRA F-mutated
cells are more homogenous in their genomic profiles
than NRAS-mutated samples, corroborating the idea
that BRAF mutation is an early genetic event. We
further revealed that PTEN-mutated samples displayed
a high frequency of 1p22.1-p21.1 loss, affecting a 10 Mb
region and >50 genes, among them an elusive
melanoma susceptibility gene (Gillanders et al., 2003).

In summary, we observed a considerable variety in geno-
mic aberrations reflecting the heterogeneous nature of
CMM. Careful molecular characterization of well-
defined melanoma cell lines discloses the major genetic
events that determine pathogenesis. Further analysis on
clinical tumor samples will decipher more complex and
hierarchical patterns and their relation to clinical outcome.

Materials and methods

Cell lines and culture

FM melanoma cell lines were established as described
previously (Guldberg et al., 1997b). SK-MEL-3, SK-MEL-28,
SK-MEL-19 and SK-MEL-31 cells were obtained from the
American-type culture collection and EST cell lines from the
ESTDAB Cell Bank (http://www.ebi.ac.uk/ipd/estdab/). All
cells were cultured and maintained in RPMI 1640 medium with
10% fetal bovine serum. All were derived from CMM patients
except EST128, which was derived from a primary ocular
melanoma (Table 1).

DNA isolation and mutation analysis

Genomic DNA for arrayCGH and mutation analysis was
isolated using the nucleospin tissue DNA extraction kit
(Machery—Nagel, Easton, PA, USA) or the purescript DNA
isolation kit (Gentra Systems, Minneapolis, MN, USA).
BRAF, NRAS, TP53, PTEN, CDKN2A, CTNNBI and CDK4
were screened using a combination of PCR and denaturing
gradient gel electrophoresis (Guldberg et al., 1997a,b; Chris-
tensen and Guldberg, 2005). Analysis of CDKN2A for deletions,
mutations and promoter methylation was carried out as
previously described (Gronbaek et al., 2000).

ArrayCGH
Microarrays were produced from the 32K BAC clone
library (CHORI BACPAC Resources, http://bacpac.chori.
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org/genomicRearrays.php) at the SWEGENE DNA Micro-
array Resource Center. Mapping data for each BAC clone was
based on build hgl7 (UCSC May 2004). DOP-PCR products
were obtained from BAC DNA template and purified using
filter—based 96-wells plates (PALL, East Hills, NY, USA),
dried and resuspended in 50% dimethyl sulfoxide to a
concentration of 500-1000ng/ul. Arrays were printed on
UltraGAPS slides (Corning, Corning, NY, USA) using a
MicroGrid II spotter (Biorobotics, Cambridge, UK) (Jonsson
et al., 2005a). For all samples, 2 ug of genomic DNA was
labeled using a random labeling kit (Invitrogen Life Technol-
ogies, Carlsbad, CA, USA) (Jonsson et al., 2005b). Test DNA
and male commercial reference DNA was differentially
labeled, pooled, mixed with human COT-1 DNA, dried and
resuspended in a formamide-based buffer. The hybridization
reactions were applied to arrays, which were incubated under
cover slips for 48-72h at 37°C. Slides were washed (Snijders
et al., 2001) and scanned using an Agilent Microarray scanner
(Agilent Technologies, Santa Clara, CA, USA). Identification
of individual spots on scanned arrays was performed with
Gene Pix Pro 4.0 (Axon Instruments, Wheatherford, TX,
USA), and the quantified data matrix was loaded into
BioArray Software Environment (BASE) (Saal et al., 2002).
Background-correction of Cy3 and Cy5 intensities was
calculated using the median-feature and median-local back-
ground intensities. Within arrays, intensity ratios for indivi-
dual probes were calculated as background-corrected intensity
of sample divided by background-corrected intensity of
reference sample. A signal-to-noise filter of >5 for the sample
and reference channels was applied, and spots that failed to
pass these criteria were excluded. The filtered data was, for
each array separately, centralized to a median ratio of unity
excluding X and Y chromosome clones. All filtering, normal-
ization and analysis were performed in BASE. Subsequently
a moving average of 150kbp was applied and a BASE
implementation of CGH Plotter was used to determine
deletion/amplicon boundaries (Autio et al., 2003). The noise
constant was set to 15 and the amplification/deletion limits
were set to +0.2. The noise constant is used to modulate the
amount of segmental breakpoints on each chromosome. A
high-noise constant corresponds to a large number of break-
points per chromosome. CGH Plotter returned a sample data
set transformed to a ternary scale (—1, 0 and 1) corresponding
to (loss, normal and gain) for 27834 BACs as described
(Jonsson et al., 2005b). Amplification was defined as gains
exceeding a log, (ratio) > 1.5 and homozygous deletions were
considered when a log, (ratio) <—2 was observed.

Statistical analysis

Identification of regions associated with specific-mutated genes
was performed using a standard two-sided two-sample ¢-test
for individual BAC clones. The analysis of pair-wise genomic
regions was performed as follows. Genomic regions, defined as
two or more sequential gained or lost clones, altered in at least
40% of the cell lines were identified and recoded as binary
variables (1 for gain/loss and 0 for no alteration). A 10% in the
frequency variation was accepted inside a region, and
consequently the end of an amplified region was determined
by two or more consecutive clones with a frequency inferior to
36%. Associations between copy number changes, that is,
analysis of whether certain alterations occurred more (or less)
often than expected under the null hypothesis of no associa-
tion, were evaluated using a permutation test. For each pair of
two alterations, the observed number of co-events was
compared to the null distribution constructed by simulating
10000 replicates conditional on the observed marginal totals.
All associations with P<0.05 were listed in Table 2. It should



be noted that only those with P<0.0001 were considered
significant after Bonferroni correction for multiple compar-
isons, most probably a too conservative correction. The same
permutation-based association analysis was used when search-
ing for excess co-occurrence of gene-specific point mutations.
Data from EST128 were not included.
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