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With the aim to correlate BRAF mutation status with gene expression in human primary
cutaneous melanomas, and thus to get more insight on the consequences of BRAF muta-
tion on cell biology, we analyzed all expression data obtained in melanomas from which
DNA was extracted from the same tissue slides that were used for the expression study.
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A cohort of 69 frozen primary melanoma whose oligonucleotide micro-array expression
data were available, were genotyped for BRAF and NRAS genes. The expression data
from these melanomas were re-analyzed according to BRAF mutational status.

A set of 250 probes representing 209 genes that were significantly (raw P < 0.001) associated
with BRAF mutation status was identified and 17 of these were previously shown to be im-
plicated in cutaneous melanoma progression or pigmentation pathway-associated genes
driven by the microphthalmia transcription factor (MITF). The list of 34 top probes
contained no more than 1% of false discoveries with a probability of 0.95. Among the genes
that differentiated most strongly between BRAF mutated and non-mutated melanomas,
there were those involved in melanoma immune response such as MAGE-D2, CD63, and
HSP70.

These findings support the immunogenicity of BRA eliciting patients T-cell
responses in various in vitro assays. The genes whose expression is associated with BRAF
mutations are not simply restricted to the MAPK/ERK signaling but also converge to
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enhanced immune responsiveness, cell motility and melanosomes processing involved in

the adaptative UV response.

© 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Cutaneous melanoma (CM) is a complex multifactorial dis-
ease in which genetic and environmental factors play an im-
portant role. In this respect, the discovery of frequent BRAF
mutations in CM represents a major breakthrough in the ge-
netics of CM. While we and others have reported that BRAF
is not a melanoma susceptibility gene (Jackson et al., 2005;
Lang et al., 2003; Laud et al., 2003), somatic mutation of BRAF
appears to be an early event during melanoma development
and is maintained during its progression (Omholt et al.,
2003; Pollock et al., 2003). The most common BRAF mutation
corresponds to a T > A transversion at position 1799, resulting
in the substitution of Valine by Glutamate at position 600 of
the protein (Michaloglou et al., 2007). The V600E mutation
renders BRAF constitutively active and increases its kinase
activity (Davies et al., 2002). Activated BRAF proteins
phosphorylates and activates MEK1 and 2 (MAPKKs), which
in turn phosphorylate and activate ERK1 and 2 (MAPKSs). These
phosphorylate several cytoplasmic and nuclear targets, in-
cluding transcription factors such as Ets-1, c-Jun and c-Myc
(Michaloglou et al., 2007). Ectopic expression of BRAFV6%F ig
sufficient to promote nevus formation in transgenic zebrafish
(Patton et al., 2005), but progression to malignancy requires
the acquisition of additional genetic events (Michaloglou
et al., 2005). Using cell lines and animal models, it has even
been demonstrated that BRAFY*°°F alone can induce cellular
senescence (Michaloglou et al., 2005). The effect of BRAF muta-
tions on global cell biology and gene expressions is still largely
unknown, and several attempts have been made to identify
a BRAF signature by microarray gene expression profiling.
However, as accessibility to frozen human primary cutaneous
melanomas is extremely restricted, these studies were per-
formed on cell lines (Bloethner et al., 2006; Johansson et al.,
2007; Pavey et al., 2004).

In the framework of the EORTC Melanoma group, we have
previously performed a multi-expression study of 83 frozen
primary melanomas of the skin. We investigated the relation-
ship between gene expression profiles and clinical outcome,
and we applied class comparison and class prediction analy-
ses to identify genes whose expression was associated with
clinical outcome (Winnepenninckx et al., 2006). This allowed
us to identify 254 genes whose expression was associated
with 4-year distant metastasis-free survival (4 yr DMFS).

With the aim to correlate BRAF mutation status with gene
expression in human primary cutaneous melanomas, and
thus to get more insight on the consequences of BRAF muta-
tion on cell biology, we analyzed all expression data obtained
in 69 melanomas from which DNA was extracted from the
same tissue slides that were used for the expression study.
We identified 250 probes representing 209 genes whose
expression significantly (raw P <107°) differed between

melanomas with and without BRAF mutation. In addition to
genes previously reported as being implicated in melanoma
progression, several upregulated genes in BRAF mutated
melanomas encode proteins that are involved in the host’s
immune response.

2. Materials and methods
2.1. Genotyping of tumor samples

The initial patient population and samples preparation have
been described elsewhere (Winnepenninckx et al., 2006). The
same samples were used for both DNA and RNA recovery to
prevent sampling bias effect. RNA was extracted using RNeasy
Micro Kit protocol (Qiagen, ref 74004) and DNA was extracted
using DNeasiy Kit (Qiagen, ref 69582) and proved successful in
69 of the 83 samples included in the expression study. In 14
samples, there was no left over tissue nor DNA available.
These 69 samples represent the present study population.
The coding exons and intron-exon junctions of the BRAF and
NRAS genes were screened for mutations by direct sequencing
of exons 11 and 15 for BRAF, and exons 2 and 3 for NRAS (Laud
et al., 2003).

2.2. Statistical analysis

Statistical analyses were performed with the BRB-ArrayTools
software, version 3.3. To identify sequences whose expression
was associated with BRAF mutation we analyzed the data
obtained after hybridization on Agilent whole genome 44K
oligonucleotide microarray for the 69 patients with docu-
mented mutation status. Patients were separated into two
groups, one group with BRAF mutation, and one group with-
out. The default gene selection procedure from BRB Array-
Tools was used as previously (Winnepenninckx et al., 2006):
the sequences that were differentially expressed at a statisti-
cal significance level of P =0.001. We applied a multivariate
permutation based on 1000 random permutations to control
the false discoveries rate (Korn et al., 2007). Distant metasta-
sis-free survival was defined as the time interval between
the diagnosis of the primary cutaneous melanoma and
a metastasis located beyond the first regional lymph node or
death from melanoma. Patients alive without distant metas-
tasis or with a death not related to cancer were censored at
the date of last follow-up or at the date of death, respectively.
Patients alive at the date of last follow-up were censored at
that date. We used Fisher’s exact tests, Wilcoxon tests, and
chi-squared tests to assess differences between the clinico-
pathologic variables of the two groups of patients. All statisti-
cal tests were two-sided.
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2.3. Data availability

The microarray data analyzed in this paper are publicly
available in the Array Express data repository at the European
Bioinformatics Institute (http://www.ebi.ac.uk/arrayexpress/)
under accession number E-TABM-1 (IGR_MELANOMA_STUDY).

3. Results

3.1. BRAF mutation status has no impact on DMFS or
overall survival

Thirty-two out of 69 (46%) primary melanomas harbored
a BRAF mutation. Most of the mutations (30/32) consisted in
the classical Val600 to Glu substitution. Two samples carried
T599I and D594N mutations respectively. Among the 37 sam-
ples that did not display a BRAF mutation, 6 harbored a Q61R
activating mutation in NRAS. BRAF and NRAS mutations
were mutually exclusive. The clinical and pathological vari-
ables of patients are shown in Table 1. No significant differ-
ences were observed between patients with and without
BRAF mutations. Particularly, there was no association
between BRAF mutation status and distant-metastasis-free
survival (P = 0.59, logrank test).

3.2 BRAF mutation-associated gene expression
signature in primary melanomas

The gene expression data were then used to identify genes
discriminating the 32 melanomas with BRAF mutations from
the 37 wild type (WT) melanomas. At a significance level of
raw P <0.001, 250 probes corresponding to 209 genes were
differentially expressed between both groups (see supplemen-
tary Table). Applying a controlling procedure of the false
discovery rate, we found that the list of 34 top probes con-
tained no more than 1% of false discoveries with a probability
of 0.95. These 34 probes are listed in Table 2.

3.3. CD63 and melanoma-driven immune response
factors are overexpressed in BRAF mutated melanomas

Among the genes that differentiated most strongly between
BRAF mutated and non-mutated melanomas, there were
genes involved in melanoma immune response such as
CD63, MAGE-D2, S100A, and HSP70. In the list of 209 discrimi-
nant genes, 17 were previously shown to be implicated in cu-
taneous melanoma progression, such as osteopontin,
SERPINE2, cathepsin B, and insulin-like growth factor binding
protein 2, or in the pigmentation pathway driven by the
microphthalmia transcription factor (MITF), such as S100B
and melanoma inhibitory activity-1 (MIA-1).

4, Discussion

The present study is the extension of a previous gene
expression profiling in primary melanomas carried out to bet-
ter characterize the effect of BRAF mutations on global gene
expression and therefore to hint key events associated with

Table 1 — Comparison of patient characteristics between the wild
type and the mutated BRAF melanoma groups

Variable WT BRAF group Mutated P value
(n=137) BRAF group
(n=32)
Median age, years 64 (1-93) 61 (22-92) 0.50
(range)*
Median thickness 3.0 (0.5-18.6) 3.76 (1.0-14.6)  0.45
(Breslow),
mm (range)*
AJCC stage at diagnosis, No.**?*
Stage I 13 7 0.42
Stage II 18 17
Stage III or IV 6 8
Sex, No.*™ 0.46
Male 15 10
Female 22 20
Site, No.*** 0.99
Axial 16 13
Extremities 21 19
Melanoma type, No.*** 0.25
SMM? 25 16
Others 7 10
Ulceration™* 0.99
Absent 23 20
Present 14 12
Regression™* 0.99
Absent 30 26
Present 6 6
Mitotic rate, No.™* 0.99
<6 mitoses per mm? 16 13
>6 mitoses per mm? 21 19
Predominant cell-type*** 0.76
Spindle 7 5
Others 30 27
TILs™ 0.26
Absent 16 13
Non-brisk 9 13
Brisk 12 6
Neovascularization or angiotropism, No.** 0.99
Absent 34 29
Present 3 3
Elastolysis™* 0.71
Absent to moderate 28 27
Severe 5 3

a AJCC = American Joint Committee on Cancer; SSM = superficial
spreading melanoma; TILs = host response by tumor infiltrating
lymphocytes; non-brisk = focal or discontinuous; brisk = continu-
ous. *, Wilcoxon test; **, chi-squared test; ***, Fisher’s exact test.
All statistical tests were two-sided.

disease progression in patients whose melanoma harbors
BRAF mutation. From 69 samples, characterized for both
expression profile and BRAF and NRAS mutation status, 46%
and 8.7% were mutated in BRAF and NRAS respectively. These
figures are in agreement with the reported mutation rate in
primary melanomas, and the fact that both mutations were
exclusive one to another is also in line with published data
(Davies et al., 2002; Smalley and Herlyn, 2004). No difference
in survival was observed between patients with and without
BRAF mutations. In addition, the BRAF-associated signature
was clearly distinct from the prognosis signature associated
with distant metastasis disclosed previously (Winnepen-
ninckx et al., 2006). Although this issue has been a matter of
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Table 2 — List of the 34 top probes whose expression differs significantly between wild type and mutated BRAF melanomas (FDR < 0.01 with

P = 0.95)
Rank Raw_ Accession Gene Chromosome Description
value code symbol band

1 3,09E-08  X61382 SYPL 7922.3 Synaptophysin-like protein

2 3,53E-08 NM_001780 CD63 12q13.2 CD63 antigen (melanoma 1 antigen)

4 1,06E-07 NM_004956 ETV1 7p21.2 Ets variant gene 1

5 5,37E-07 NM_024297 MGC2941 17p13.1 Hypothetical protein MGC2941

6 7,53E-07  U79286 HRMT1L1 21922.3 HMT1 hnRNP methyltransferase-like 1 (S. cerevisiae)

7 7,83E-07 NM_000181 GUSB 7q11.21 Glucuronidase, beta

8 1,04E-06 NM_001383 DPH2L1 17p13.3 DPH2-like 1 (S. cerevisiae)

© 1,09E-06 NM_005979 S100A13 - $100 calcium binding protein A13

10 1,48E-06 NM_001897  CSPG4 (=MCSP) 15924.2 Chondroitin sulfate proteoglycan 4 (melanoma-associated)

11 1,51E-06 NM_017828  FLJ20452 15924.2 COMM domain containing 4

13 1,56E-06 NM_005720 ARPC1B 7922.1 Actin related protein 2/3 complex, subunit 1B, 41kDa

14 1,57E-06  AJ004914 Tmp21-11 8q24,3 Tmp21-1I, transcribed pseudogene

16 1,66E-06 NM_001344 DAD1 14q11.2 Defender against cell death 1

17 1,75E-06 NM_002337 LRPAP1 4p16.3 Low density lipoprotein receptor-related protein associated protein 1

19 3,24E-06 NM_014599 MAGED2 Xpl11.21 melanoma antigen, family D, 2

20 3,29E-06  BC038098 BC038098 Homo sapiens, Similar to general transcription factor I, i, clone
IMAGE:6021750, mRNA

21 3,84E-06 X97299 Ptg-2 13g14.11 Transforming growth factor beta 1 induced transcript 4

23 4,06E-06 BC037430 BC037430 Homo sapiens cDNA clone IMAGE:5531727, partial cds

24 4,16E-06  BC028093 BC028093 7933 Myotrophin

25 4,79E-06  D38500 PMS2L4 - Postmeiotic segregation increased 2-like 4

26 5,57E-06 NM_004546 NDUFB2 7934 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8 kDa

27 8,40E-06 NM_006533 MIA 19q13.2 Melanoma inhibitory activity

28 9,58E-06 NM_032476 MRPS6 21g22.11 Mitochondrial ribosomal protein S6

29 1,02E-05 NM_006216 SERPINE2 2q36.1 Serine (or cysteine) proteinase inhibitor, clade E (nexin, plasminogen
activator inhibitor type 1), member 2

30 1,14E-05 NM_015602 LAP1B 1925.2 Lamina-associated polypeptide 1B

31 1,16E-05 NM_002155 HSPA6 1g23.3 Heat shock 70 kDa protein 6 (HSP70B’)

12 1,42E-05 BC000837 FLJ20452 15924.2 COMM domain containing 4

32 1,43E-05 NM_152495  FLJ38993 1q42.12 Hypothetical protein FLJ38993

33 1,50E-05 NM_014026 HSPCO015 11924.2 mRNA decapping enzyme

34 1,60E-05  Y16893 HUS1 7p12.3 HUS1 checkpoint homolog (S. pombe)

All of these probes are overexpressed in the BRAF mutated melanomas.

debate, our data therefore strongly support the notion that
BRAF mutations are not directly correlated with the clinical
outcome of CM but most likely contribute to tumor initiation
(Ombholt et al.,, 2003; Smalley and Herlyn, 2004; Chang et al.,
2004; Dong et al., 2003; Kumar et al., 2003; Shinozaki et al.,
2004). The NRAS mutated samples do not display the BRAF
signature as already observed in melanoma cell lines (Bloeth-
ner et al., 2006; Pavey et al., 2004), and in primary thyroid pap-
illary carcinoma (Giordano et al., 2005). This suggests that
although both mutations activate the MAPK/ERK pathway,
their biological outcome might be distinct. It has recently
been shown that in NRAS mutated melanoma cell lines, the
MEK/ERK pathway is activated through a switching signaling
from BRAF to RAF1 resulting in distinct intracellular signaling
responses as compared to BRAF mutated cell lines (Dumaz
et al., 2006). These observations suggest the existence of
a BRAF specific downstream signaling distinct from the MEK/
ERK pathway.

According to its gene expression status, the BRAFP>9*N
sample clustered among the V600E mutated samples suggest-
ing an active role for this mutation in the development of
melanoma. The D594N mutations occur much more rarely
than the V600E ones and are mostly found in colorectal can-
cers (Kim et al., 2007; Kumar et al., 2004). Their occurrence

in primary melanoma raises the question of their mode of
action and contribution to tumor progression.

Different BRAF signatures were previously reported in
studies that used melanoma cell lines (Bloethner et al., 2006;
Pavey et al., 2004; Hoek et al., 2006). Gene expression profiling
data from cell lines however do not always reflect those
obtained from primary tumor samples, possibly because of
the particular conditions imposed to culture these cell lines.
Interestingly however, 5 genes of the BRAF signature de-
scribed here (MAGED2, SERPINE2, DUSP6, PRMT2/HRMTILI,
and PTPRF ) were also present in the BRAF signatures reported
in melanoma cell lines (Bloethner et al., 2006; Pavey et al.,
2004; Hoek et al., 2006). Among these genes, MAGE D2 and SER-
PINE 2 expressions were the most strongly correlated with
BRAF mutation status in our patients series. MAGE-D2 encodes
one of the cancer testis genes. Unlike the testis- and tumor-
specific expression of many MAGE genes, MAGE-D2 mRNA is
also expressed in healthy human tissues and in most cell
types examined. It does not encode any of the known MAGE
antigenic peptides and cannot therefore be considered a clas-
sic cancer testis antigen (Kidd et al., 2006; Papageorgio et al.,
2007). The function of MAGE-D2 protein is unknown, but re-
cent data support the view that MAGED?2 is a p53-dissector
and can sequestrates wild type p53 to negatively regulate its
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activity (Papageorgio et al., 2007). It has been demonstrated
that the p53 and BRAF pathways can interact genetically to
produce melanoma (Patton et al., 2005). Therefore MAGED2
overexpression in BRAF mutated melanomas may represent
another way for the melanoma cell to inactivate p53. This
may also explain why wild type p53 frequently accumulates
in the nuclei in melanoma cells. The serine protease inhibitor
nexin 2 (SERPINE2) is a member of the serpin superfamily of
serine protease inhibitors which can rapidly inhibit thrombin,
urokinase, and plasmin. It is an important modulator of tumor
cell/host interactions in solid tumors and may contribute to
invasion of experimentally induced pancreatic carcinoma
(Buchholz et al., 2003). It is therefore likely that BRAFV®?%E
can promote tumor cells invasion through SERPINE2 overex-
pression in the presence of other events. The MIA (melanoma
inhibitory activity) gene expression is significantly increased
in tumor samples harboring the BRAF mutation. MIA has
been postulated to competitively mask integrin binding sites
by specifically associating with the extracellular matrix pro-
teins fibronectin and laminin, leading to decreased adhesive-
ness of the connective tissue to melanoma cells, and thus
enhanced migratory ability of melanoma cells (Rothhammer
and Bosserhoff, 2006; Cao et al., 2007).

BRAF mutation correlates with overexpression of CD63
(melanoma 1 antigen) and HSP70 whose proteins are involved
in cancer immunoediting. The correlation between V600E mu-
tation and CD63 overexpression is extremely strong in the cur-
rent study. CD63 belongs to the tetraspanins family (Gesierich
et al.,, 2005; Iida et al., 2005), which is increasingly studied in
the context of cancer biology. In particular, members of the
tetraspanins family are able to increase cell motility and
particle binding (Le Naour et al., 2006; Latysheva et al., 2006;
Lazo, 2007). Tetraspanins do not function as binding receptors
by themselves but promote outer segment particle processing
through functional interaction with alpha v beta integrins. It is
noteworthy that this role of tetraspanins in particle process-
ing has a specific relevance in the melanosomes-producing
cells that are melanocytes. Finally, Heat shock protein (Hsp)
70B’ is a human Hsp70 chaperone that is strictly inducible,
having little or no basal expression levels in most cells (Le
Naour et al., 2006; Latysheva et al., 2006; Lazo, 2007). As other
HSP70’s, it can increase the immunogenicity of melanoma
cells and induce in vivo CTL and NK responses (Elsner et al.,
2007). HSP70-inducers are under clinical investigation but pre-
clinical data show that HSP70 induction leads to chemosensi-
tization and increased melanoma apoptosis. Whether the
strong correlation between BRAF mutation and HSP70B’ ex-
pression results from a direct effect of BRAF®° on HSP70B’
expression or whether this is an indirect consequence of dif-
ferent responses to stress in mutated melanomas as com-
pared to melanomas with no mutation needs further
investigation. As shown in Table 1, there is no indication of
an increased TILs response in the BRAF mutant tumors, but
this needs to be specifically studied in a larger population.

In conclusion, our analysis of a specific expression signa-
ture associated with BRAF mutations in primary melanoma
samples provides new data to better understand the role of
the constitutive activation of the BRAF/MEK/ERK pathway
and its possible contribution toward disease progression.
The genes whose expression is associated with BRAF

mutations are not simply restricted to the MAPK/ERK signal-
ing but also converge to enhanced immune responsiveness,
cell motility and tetraspanin-related vesiculization involved
in the adaptative UV response.
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