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Abbreviations

AKT:

BAC:
BRAF:
BRAFmut:
BRAFWT:

BRN2:
CAMK:
CCND1:
Cdc42:
CGH:
COSs2:
DCT:

EGF/MAPK:
ERK1-2:
FU:

FZ:

GF:
GLI1:

G protein
GRB2:
GTP

HH:
HRAS:
IGF:
JAK:
INK:
LRP:
MEK1-2:
MITF:

v-akt murine thymoma viral oncogene homolog (also known as
protein kinase B, PKB)

bacterial artifical chromosome

v-raf murine sarcoma viral oncogene homolog B1
primary melanoma tumors harboring BRAF mutation
primary melanoma tumors without BRAF mutation which also
includes tumors with NRAS mutation

POU class 3 homeobox 2

Ca2+/ calmodulin-dependent protein kinase

Cyclin D1

cell division control protein 42

comparative genomic hybridization

Costal 2

dopachrome  tautomerase  (dopachrome  delta-isomerase,
tyrosine-related protein 2)

Mitogen-activated protein kinase pathway

mitogen activated protein kinase 1-2

serine/threonine kinase 36

Frizzled is a family of G protein-coupled receptor
growth factor

GLI family zinc finger 1

Guanine nucleotide-binding proteins

growth factor receptor-bound protein 2
Guanosine-5'-triphosphate

Hedgehog pathway

v-Ha-ras Harvey rat sarcoma viral oncogene homolog
Insulin-like Growth Factor pathway

Janus Activating Kinase pathway

c-Jun N-terminal kinases

the LDL receptor—related protein

mitogen-activated protein kinase kinase 1-2
microphthalmia-associated transcription factor



MYC:
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NOTCH:
NRAS:

NRASmMut:

PDK1:
PI3K:
PIP2:
PIP3:
PKC:
PTCHL1:
RAF:

RAS:

SMO:
SSM:
NM:
SUFU:
uVv:
WNT:
WT:

v-myc myelocytomatosis viral oncogene homolog

Nuclear Hormone Receptor

Notch pathway

neuroblastoma RAS viral (v-ras) oncogene homolog

primary melanoma tumors harbouring NRAS mutation
phosphoinositide-dependant kinase 1

phosphatidylinositol 3-kinase

phosphatidylinositol (4,5)-bisphosphate

phosphatidylinositol (3,4,5)-trisphosphate

protein kinase C

transmembrane receptor Patchedl

v-raf murine sarcoma 3611 viral oncogene homolog (ARAF), v-
raf murine sarcoma viral oncogene homolog B1 (BRAF), v-raf-1
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v-Ha-ras Harvey rat sarcoma viral oncogene homolog (HRAS),
v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS),
neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS)
smoothened, frizzled family receptor

superficially spreading melanoma

nodular melanoma

Suppressor of Fu

ultraviolet

Wingless pathway

primary melanoma tumors without BRAF or NRAS mutations



Introduction

Malignant melanoma is the third most frequent type of skin cancer and it is one of the most
malignant tumors, accounting for only about 5% of skin cancer cases but 65% of skin cancer
deaths *. Melanoma originates from melanocytes which derived from neural crest progenitors
that migrate to the basal layer of the epidermis during embryonic development 2. Each

3

melanocyte develops an intimate relationship with many keratinocytes °. Keratinocytes

regulate melanocytes survival, differentiation and proliferation via secretion of different
factors and melanocytes transfer packets of melanin pigment (melanosomes) to them *.
Melanosomes form a cap-like structure in order to absorb ultraviolet radiation and prevents
the direct mutagenic effects of ultraviolet radiation generated free radicals °.

The major cause of death from melanoma is distant metastasis. Melanoma has a remarkable
ability to spread via the blood stream to almost any area of the body, the most common organs
are the lungs, brain, bones and liver. As soon as the first distant metastasis appears, the
disease becomes one of the most aggressive and chemoresistant tumors ®. The common
clinical therapies in the treatment of metastatic melanoma, that are approved by the Food and
Drug Administration such as dacarbazine (DTC) and interleukin 2 have not been shown to
improve the median overall survival .

Melanoma develops as a result of accumulated molecular alterations in several important
genetic pathways in melanocyte and as a result of loss of the tight-knit regulation from
keratinocytes leading to a continuous production of melanin 8. These abnormalities promote
uncontrolled cell proliferation and escape of melanoma cells from programmed cell death in
response to DNA damage. It is thought that tumor cell evolution is an enormously diverse,
unpredictable, stochastic process, on the other hand, it is also known that during tumor
genesis, different chromosomal abnormalities occur either singly or in combination, in a
distinctly nonrandom pattern. There is a hypothesis that epigenetic and genetic alterations in
tumors are clonally selected in a fashion that is not independent. Cells in neoplasms compete
for resources, such as oxygen and glucose, as well as space. Thus, tumor cells that acquired
mutations that increased their fitness will spread in the neoplasm. In this way, a population of
mutant cells, called a clone, can expand in the neoplasm. °

Activation of the mitogen-activated protein kinase (MAPK) pathway through mutations in
BRAF or NRAS is a common event in primary cutaneous melanoma. However, until now
there is only few studies focusing on BRAF or NRAS mutated primary melanoma subtypes in

which genome wide investigations were performed ' **. BRAF and NRAS mutation arise



early during melanoma pathogenesis and it is proven that they are preserved throughout tumor
progression and contribute to invasive melanoma but only in conjunction with other
mutations.

Therefore the main objective of this work was to evaluate those non-random genetic
alterations which can properly differentiate between these important subtypes of melanomas
(i.e. @) primary melanomas with a) BRAF or b) NRAS mutations and c) wild type for both
loci. For this purpose high-resolution array comparative genomic hybridization was used to
evaluate copy number changes in a series of primary cutaneous melanomas. Array CGH
(array comparative genomic hybridization) identifies genomic imbalance at a level of
resolution higher than that achievable by classical cytogenetic analysis. The higher resolution
of genomic screening has allowed a more detailed evaluation of DNA copy number
alterations.

Amplification of the 11g13 chromosomal region is a common event in primary melanomas.
Several candidate genes are localized at this sequence; however, their role in melanoma has
not been clearly defined yet. Another aim of this study was to develop an accurate method for
determining the amplification pattern of six candidate genes that map to the 1113 amplicon
core and to elucidate the possible relationship between BRAF, NRAS mutations and CCND1
copy number alterations, all of which are key components of the MAP kinase pathway.
Recent advances in the understanding of the prevalence and patterns of BRAF and NRAS
mutation in melanoma have led to impressive results in clinical trials of personalized, targeted
therapies for this disease *2. In spite of the fact that it is curative, some side effects, such as
development of SCC (squamous cell carcinoma), as well as tumour resistance and recurrence,
are common limitations of this therapeutic strategy. Therefore, it is clear that novel treatments
are desperately needed. The investigation of additional oncogenic events which are associated
with BRAF mutations can provide rational additional targets for combination therapy and this
was not investigated yet. Improved understanding of melanoma biology and better tumor
classification strategies based on molecular changes enables a more refined multi-target drug
selection in malignant melanoma treatment which can lead to more effective therapeutic
approaches. A long term goal would be in the future that with the help of this genetic
predisposition reflected in specific patterns of copy number alterations, subgroups of patients
could be identified that differ in prognosis or in the response of available therapeutic

strategies.



1. Cutaneous malignant melanoma

1.1.Epidemiology

Both the incidence and mortality rates associated with malignant melnoma continue to rise in
all Caucasian populations, and despite improved survival, the death rates continues to climb.
Thus, it will be a major public health problem in the near future, which motivates efforts to
determine genetic and environmental factors driving melanoma genesis and progression 2.
Since the mid-1960s, melanoma incidence has risen by 3-8% per year in most European
countries **. The most likely explanation for the rise in incidence rates is partly due to
increased awareness and earlier diagnosis of thin melanomas and hence in a curable stage and
partly to increased exposure to solar UV radiation during the past 50 years. Even though the
early recognition of cutaneous melanoma is improved, the mortality rate has not changed, it
shows a stabilization in Australia, Europe and USA *.

The incidence rates for melanoma show substantial variation worldwide. It varies by latitude
and altitude, with areas closer to the equator and higher in altitude generally having higher
rates (Figure 1). It depends on the pigmentation of the population, and their sun exposure
patterns. The incidence of malignant melanoma appears to be more common in white
populations then in dark skin individuals (Africans, Native Americans, Asians and Hispanics),

possibly related to protection from ultraviolet radiation (UVR) provided by melanin *°.
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Figure 1. Estimated age-standardised incidence rate per 100 000 of melanoma in both sexes. The figure was
downloaded from CANCERMondial (GLOBOCAN DATABASES 2008, Retrieved April 2012 from this

website: http://www-dep.iarc.fr/).
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In Hungary, 149 and 377 new cases of primary melanoma were documented in 1998 and in
2008, respectively which accounts for 153% increase in ten years *’. Superficial melanoma
was found the most frequent histological type (52 and 54%) followed by nodular melanoma
subtype (31% and 23%).

1.2. Melanoma tumor progression

Tumor progression is a multistep process and it generally takes many years for a cancer to
develop. We do not know the exact number but it is assumed that probably less than ten
genetic changes such as upregulated and inactivated genes required for a normal cell to
become a fully malignant cell *. Aspects of the malignant phenotype include self-sufficiency
of growth signal, insensitivity to growth-inhibitory signals, escape from apoptosis,
uncontrolled cell division, stimulation of blood vessel growth, evasion of the immune
response, tumor invasion and metastasis.

Metastasis is a clonally selective process. Studies of genetic and epigenetic heterogeneity
within tumors support this hypothesis. The clonal selection model of metastasis suggests that
cell populations with all of the prerequisites for metastatic capacity are the subpopulations
that metastasize *°. Metastatic cells have the abilities to survive in the circulation and
discharge or escape from blood vessel into distant tissues.

Five distinct steps have been proposed for the progression of melanoma, based on clinical and
histopathological features (Figure 2) °. Step 0, common acquired and congenital nevi with
normal melanocytes. Step 1, dysplastic (atypical) nevi: they are generally larger than ordinary
moles and have irregular borders. Their colour frequently is not uniform and ranges from pink
to dark brown they usually partly raised above the skin surface #. Step 2, radial growth phase-
(RPG-) confined primary melanoma: confined to the epidermis (melanoma in situ, non
invasive). Step 3, radial growth phase (RGP) primary melanoma: melanoma grows out into
skin on the side but only slightly down into the skin layers. They are easily cured by surgical
removal. Step 4, vertical growth phase (VGP): melanoma is growing vertically or deeper into
the tissues and can efficiently adapted to a metastatic phenotype. Step 5, metastatic
melanoma: it is an incurable disease with high mortality rate. The reason for it is its high
resistance to chemotherapy and radiotherapy. The average survival is less then 1 year %.

However, as other neoplasm, some of them can skip steps during their development %.
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Figure 2. Melanoma tumor progression. The model, developed by Clark, Elder, and Guerry *°, implies that
melanoma commonly develops and progresses in a sequence of steps from nevic lesions which can be
histologically identified. However, melanoma may also develop directly from normal cells. This figure was
modified from Meier et al. (Front Biosci 1998, 3:01005-1010) %°.

Early diagnosis and treatment can prevent death for the majority of these patients. The
prognosis in melanoma is directly linked to the depth of this neoplasm; it means that detection

of melanoma early is crucial importance in saving lives.

1.3.Histological subtypes

There are four histological subtypes of cutaneous melanoma. Among them the most common
are superficially spreading melanoma (SSM) and nodular melanoma (NM), which constitute
88% of tumors, the next 8% consisting of lentigo maligna melanoma (LMM) and acral
lentigious melanoma (ALM). SSM represents about 70% of cutaneous melanoma and NM
accounts for approximately 10-15% of cases . Superficial spreading melanomas arise de
novo or in association with a nevus and more often occur on sun-exposed skin, particularly on
areas of intermittent sun exposure such as on the back of the leg and on the back . Nodular
melanoma has no radial growth phase and therefore progresses in a more aggressive manner;
and they often fail to be diagnosed, therefore it can be difficult to recognize in the early stage
of their development. Lentigo maligna melanoma is a subtype of melanoma in situ, it occurs

on sun-exposed skin such as on face and upper extremities and represents 5-15% of the
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cases™. Acral lentigious melanoma is a form of lentiginous melanoma which typically
develops on the feet, hands, toenails, fingernails, and inside mucous membranes. It is a rare
malignancy which accounts for only 5% of melanoma cases and it is often diagnosed at a later
stage and has a poorer prognosis than cutaneous melanoma “°. One of the rare variants of
malignant melanoma are the desmoplastic melanomas which represents 1-3% of melanomas
and occur in older age group, and are more common on the head and neck and often

amelanotic %',

1.4. Prognostic factors and staging system

One of the most important prognostic factors is the disease stage at the time of diagnosis. The
Americtan Joint Committee on Cancer (AJCC) staging system for melanoma was introduced
in 2002 and now it has become widely used internationally. It was based on the details of 17
600 melanoma patients from all around the world % 2°. This system distinguishes four
different disease stages. Clinical stages | and Il are confined to patients who has no evidence
of metastasis after clinical or radiological examination. Primary melanomas with Breslow
thickness less than 1.01 mm with or without ulceration and less than 2.01 mm without
ulceration were defined to be at stage I. Ulceration was included as a criterion for staging.
Stage Il were designated as those with primary tumors, where the tumor thickness were
greater than 1.0 mm with ulceration or greater than 2.0 mm with or without ulceration. Stage
I11 is characterized by any tumor thickness with ulceration and 1-3 microscopic positive nodes
or any tumor thickness without ulceration and 1-3 macroscopic positive nodes. Stage IV
melanoma patients have metastases at a distant site .

In Stage | and Il localized melanoma tumor thickness according to Breslow, ulceration and
Clark level of invasion were the most powerful prognostic factors **. Breslow thickness
measures tumor thickness in millimeters from the granular cell layer to the deepest part of the
tumor in a histological sample *. Clark levels (I-1V) refer to how deep the tumor has
penetrated into the layers of the skin. So it correlates anatomic level of invasion *.
Melanomas with a Breslow's depth greater than 1 mm have an increased risk of harboring
occult regional metastases.

Other statistically important factors were the following: the patient’s age and gender and the
site of primary melanoma. Many studies have addressed that patients with melanomas on the
extremities, have a better prognosis than those with lesions on the trunk, head or neck, except
for tumors occurring in the plantar or palmar skin, which have an especially poor prognosis .

Other studies assumed that melanoma in women tend to be associated with thin, nonulcerated
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tumors on extremities * 3. The age of the patient is another independent prognostic factor for
melanoma, higher age correlated with poorer survival regardless of tumor thickness or

ulceration %',

1.5. Melanoma risk factors

It is likely that there is a complex interaction of environmental (exogenous) and endogenous
factors that can increase the chance of getting the disease *. The likelihood of the melanoma
development in a person is highly depending on his or her genotypic and phenotypic
characteristics, and posterior exposure to environmental risk factors particularly with sun

exposure *.
1.5.1. Environmental factors

1.5.1.1.  Sunlight

Sun exposure appears to be the major determinant of risk for cutaneous melanoma. It is due to
the depletion of the ozone layer, allowing penetration of UV rays into the atmosphere but
possibly also due to behavioral change (such as increased use of sun or tanning beds) .

Ultraviolet (UV) light has strong genotoxic effects to produce DNA damage. Apart from that
UV can induce oxidative stress-mediated mutations in the cellular genome through an indirect
mechanism “°. The UV radiation which reaches the earth’ surface consist of UVA (320-400
nm) and UVB (280-320 nm). The UVB portion shows a strong carcinogenic effect on the
skin. It produces specific DNA damage particularly cyclobutane pyrimidine dimers (CPDs)
and pyrimidine (6-4) pyrimidone photoproducts that triggers changes in the conformation of
DNA and may induce mutations in the epidermal cells, leading to the development of cancer
. UVB is also known to induce oxidative stress through the production of reactive oxygen
species (ROS) by activating the riboflavin, tryptophan and porphyrin. In addition, UVB is

proven to suppress immune reactions, and establishes tolerance to antigens 2.

People with fair skin who are exposed to sunlight are most at risk. This probably explains why
populations in the North Europe are the most affected. The reduction in the ozone layer, with
the resulting increase to ultraviolet rays, is also thought to increase the risk of melanoma.
Sunburns in childhood are epidemiologically shown to associate with higher risk for

melanoma *.
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1.5.2. Host factors

15.2.1.  Melanocytic nevi

The list of risk factors in developing malignant melanoma is long and includes the presence of
more than 50 acquired (common) nevi, more than five dysplastic (atypical) nevi, large

8 In 25% of cases, melanoma occurs in

congenital nevi and nevi larger than 6 mm
conjunction with a pre-existing nevus *. The presence of dysplastic nevi confer increased risk

factor for the development of multiple primary melanomas which often clusters in families *°.

1.5.2.2.  Susceptibility genes in melanoma

The genetic basis of melanoma is complex and appears to involve multiple genes. It is now
widely believed that certain genes are associated with predisposition to the disease.
Population studies revealed that family history of melanoma varied by geographic area from
0.6 to 12.5%, with generally higher percentages in areas of higher melanoma incidence ¢ #'.
The most common definition of “positive family history of cancer” is two or more first-degree
relatives with melanoma. Until now two genes conferring susceptibility to melanoma have
been found within high risk families, COKN2A and CDK4 (located on 12q13) *"*. Both of
these genes are important in cell division control.

CDKN2A is located on chromosome 9p21 and acts as a tumor suppressor gene. It encodes
two alternatively spliced protein variants: 1) p16(INK4a) important in the retinoblastoma
pathway, 2) and p14ARF, important in the p53 pathway. The p16(INK4a) protein regulates
G1 phase exit by inhibiting CDK4 mediated phosphorylation of the retinoblastoma protein *°.
The pl4ARF is induced in response to hyperproliferative stimuli and is believed to induce

L The Melanoma Genetics Consortium

p53-dependent cell cycle arrest or apoptosis
estimated the penetrance of melanoma among mutation carriers in 80 high-risk families with
CDKN2A mutations from Europe, the US, and Australia. Overall, the cumulative risk of
melanoma at age 50 was 0.30 and at age 80 was 0.67 2.

The CDK4 gene is an oncogene and all reported CDK4 mutations were found in exon 2,
which codes for the p16 binding site. Mutations in CDK4 generate a mutated protein kinase
CDK4 which is unable to bind p16(INK4) *°. The data for penetrance of melanoma for
mutations in CDK4 were identified among two CDK4 families, and the penetrance rate was
found to be 63% °*.

Variations in other genes have also been reported with increased risk of melanoma,

particularly MC1R (16p24) (the melanocortin 1 receptor gene) which has been shown to play
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a crucial role in human pigmentation *°. Some variants of MC1R confer increased UV-
sensitivity by switching the eumelanin synthesis to pheomelanin *°. Studies have found that
red hair and presence of sun sensitivity are associated with specific genetic variations in
MCI1R resulted in the development of both sporadic cutaneous melanomas and an increased
risk of melanoma *. Certain MC1R gene sequence variants lead to an increase in the
penetrance of CDKN2A mutations from 50% to 84%, and lower the mean age of onset by 20
years >%,

Although commonly mutated during melanocyte proliferation the BRAF and NRAS genes,

that encode protein kinases, are not associated with inherited melanoma susceptibility >°.

1.6. Molecular cytogenetics of melanoma

Several studies on chromosomal aberrations, from cytogenetics to chromosomal and array
CGH analysis, show a remarkable heterogeneity in genomic alterations. The current

knowledge about molecular cytogenetic alterations was recently summarized by Blokx et al

(Figure 3) .
R

Melanocyte Nevus Melanoma

L S o S

Additional activation of
BRAF oncogenes like KIT or
Mutated genes NRAS MA.PKl MITF, or inactivation of
HRAS activation tumour suppressor
GNAQ genes like CDKN2A, TP53
or PTEN
Chromosomal aberrations No or single copy 96% of cases genetic aberrations,
number changes mean 7.5.
(11p in SN) e.g. Del 9p/6g/11g/1p/10,

gain 79/8q/6p/1q

Figure 3. Schematic events in the development of melanocytic tumours from Blokx et al. (Histopathology 2010,
56, 121-132) ©

It is well demonstrated that the development of a normal melanocyte into the malignant
phenotype is characterized by certain histological, and so far only incompletely discovered
genetic alterations. Activation of the MAPK kinase pathway via somatic mutations in the
NRAS and BRAF genes is thought to be one of the first steps in the development of common
naevi ® (see details below in the subsection of “The EGF/MAPK pathway, the role of BRAF
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and NRAS mutation” and in Figure 4). Moreover, somatic mutations of the Guanine
nucleotide-binding proteins (G protein) (GNAQ) were recently identified in uveal melanomas
and blue naevi . These mutations are early events in the development of melanocytic
tumours. A number of tumor suppressors and oncogenes were implicated as key factors in the
development from melanocytic naevus towards dysplastic naevus, like loss of PTEN,
CDKN2A, TP53 and gain of KIT, MITF, CCND1 and MYC ®**® (Table 1). In sporadic
melanoma chromosomal pathogenesis is mainly characterized by widespread aneuploidy ®*°,
Using cytogenetic and loss of heterozygosity studies, several loci was identified as non-
random alterations on chromosomes 1p, 6q, 7q, 10g and 11g. Based on CGH data of 132
melanomas the most frequent gains are: 6p, 1q, 7p, 79, 8q, 17q and 20q; and the most

frequent losses were detected on chromosomes 9p, 9q, 10q, 10p, 6q and 11q "*. (Table 1)

Out of these chromosome alterations three chromosome loci are outstanding in the melanoma
prognosis. The first is the 10923 locus which was found to be more prevalent in the NM
subtype and frequently associated with melanoma progression, possibly related to the loss of
the tumor-suppressor gene PTEN (10g23.3). This gene is frequently altered in several cancers,
such as prostate or colorectal carcinoma "% (see details below in the subsection of “The PI3K
pathway” and in Figure 5).

The second is the chromosome 9p21 which is one of the most frequently altered regions in
cutaneous melanoma and as it was mentioned before this is a susceptibility locus for the
disease "®. This genetic locus contains three putative tumor suppressor genes: CDKN2A (with
pl6 a common alias), CDKN2B (p15 a common alias), and ARF/p1l4ARF (if distinct from
CDKN2A). Using chromosomal comparative genomic hybridization (cCGH), we and others
observed that 9p loss was frequently detectable in sporadic primary melanomas, the frequency
being between 40% and 80% ' ™ ™ It was also observed using array CGH, that 50% of
melanomas exhibit CDKN2A deletion and 10% of those cases show homozygous deletion of
the gene .

The third is the 11913-g21 chromosome band. There is also a frequent amplification in the
majority of primary melanomas®* ® ™. The Cyclin D1 (CCND1) gene has been widely
considered to be a target gene in the region because its overexpression is commonly observed
in several human cancers, including breast, head and neck, and bladder cancers ">, Beside
the CCND1, several other oncogenes and/or cancer-related genes reside within this amplicon
core, such as TAOS1, FGF3, FGF4, FGF19 and EMS1 "%,
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CCNDL1 is the regulator subunit of cyclin-dependent kinase 4 (CDK4) and cyclin-dependent
kinase 6 (CDKS®6). These enzymes are responsible for phosphorylating the retinoblastoma (Rb)
protein and thus promoting cell entry into mitosis. Transcription of CCND1 is stimulated by
the MAP kinase pathway, and this is the connection point between the RAS-MAPK- and p16-
CCND1/CDK4-Rb pathways 3* ®. Elevated CCND1 gene copies were found in a large series
of acral melanoma subtypes, occasional amplification was described in lentigo maligna
melanomas and superficial spreading melanomas (SSM), and only sporadic amplification in
the nodular melanoma subtype (NM) 887,

The contribution of the other genes in the 11913 amplicon to several cancers has been
investigated "*®. The TAOS1 gene, which is located approximately 12 kb distal to CCND1,
was found to be a novel marker for advanced esophageal squamous cell carcinoma and was
overexpressed only if its gene amplification was present in the oral squamous cell carcinoma
cell lines ™ . Amplification of the EMS1 gene through the overexpression of cortactin
protein has been shown to contribute to the invasive potential of tumor cells ® . This protein
is described as an actin-associated scaffolding protein that regulates the formation of actin-
based structures closely associated with cell motility 2°. Overexpression of EMS1 causes
enhanced cell proliferation, predicts early recurrence and reduced survival in squamous cell
carcinoma of the head and neck and in esophageal adenocarcinoma " * %' CCND1 and
EMS1 are also thought to be likely to play pathogenic roles in the 11q13 amplicon in bladder
tumors *2. Co-amplification of CCND1, EMS1, FGF3 and FGF4 genes was significantly
associated with increased tumor stage and grade in a large series of urinary bladder cancer ®.
However, the possible role of these candidate genes within the 11913 amplicon has not yet

been investigated in primary melanoma.

Table 1. Non-random chromosome alterations related to known onco- or tumor
supressor genes

Chromosome region Onco- or tumorsupressor genes Event
11g13-g21 CCND1, TAOS1, FGF3, FGF4, FGF19, EMS1 gain
7934 BRAF gain
1p13.2 NRAS gain
12913.3 CDK4 gain
10923 PTEN loss
1944 AKT3 gain
9p21 CDKN2A loss
7pl3.1 TP53 loss
4q12 KIT gain
8g24.2 MYC gain
3p13 MITF gain
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1.7.Genomic profiling of malignant melanoma

The recent development of high-resolution molecular biological techniques such as array
CGH have revolutionized our ability to detect genetic alterations in the whole genome which
often contain oncogenes whose increased or decreased gene dosage has been selected for
during tumor development. Array CGH, it has distinct advantages over classic cytogenetics it
allows the rapid detection of copy number changes across the entire genome. It does not
require dividing cells and also prior knowledge of specific areas of the chromosome or
chromosomes to target via the use of particular probes. The disadvantages of array CGH
include the inability to detect balanced chromosomal rearrangements, the detection of copy
number variations of uncertain clinical significance, and significantly higher costs than

conventional karyotype analysis.

Array comparative genomic hybridization (array CGH) has already been applied on solid
tumors; however, using this technique on human primary malignant melanoma is appearing in
only few articles. However, there are already some studies showing that genetic data
provided by comparative genomic hybridization (CGH) can vyield also helpful diagnostic
information in melanoma cases which are ambiguous based on histopathologic assessment.
One of them compared three Spitz nevi and 2 melanomas and showed the utility of array
CGH as a molecular test in distinguishing Spitz nevus from melanoma both of which have
overlapping histologic features leading to frequent misdiagnosis®. A novel gain at 14q23.2-
31.1 was also detected by analyzing the whole genomes of an irinotecan-resistant clones
derived from melanoma cells using high resolution array CGH **. Another group found
concomitant chromosome 7 gain and 10 loss and concomitant 15922.2-g26.3 gain and 20gain.
Moreover, the study revealed discrete copy number alterations associated with mutations in
various melanoma genes such as BRAF, NRAS, PTEN and TP53 in 47 different melanoma
cell lines using tiling-resolution bacterial artificial chromosome array CGH *°. After analyzing
eleven melanoma metastasis many discreet regions of change - 6922, 9p21, 6p21, 6p24, 7931
and 8g24- were uncovered using array CGH %. In another study investigators compared
autologous melanoma cell lines of clonal derivation with allogeneic ones and correlated array
CGH with gene expression profiling to study the dynamics of cancer progression and to
identify stable genetic factors for targeted anticancer therapies *’. Beside that array CGH is
highly effective in cataloging recurrent chromosomal numerical aberrations associated with

98-102

different tumor types in human it can also be used to distinguish genetically and

histopathologically homogeneous melanomas, predict their ultraviolet (UV)-induced versus
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spontaneous etiologies, and identify novel pathogenic lesions such as CDK6 amplification

according to a study using mouse models 1%,

The largest outcome study of its kind analyzed the genetic alterations and mutational status of
BRAF and NRAS in 126 primary melanomas with a relationship to exposure to ultraviolet
light. Several marked differences in aberrant genomic regions were found in the groups in
which the degree of exposure to the sun differed. The group of melanomas on skin without
chronic sun-induced damage frequently had a mutation in BRAF together with chromosome
10 (site of PTEN) loss or mutations in NRAS alone. In contrast, melanomas in the group of
tumors arising from skin with chronic sun-induced damage, mucosal melanoma and acral
melanoma did not have mutations in BRAF and NRAS but instead had increased numbers of
copies of CCND1 or CDK4. These findings indicate distinct genetic pathways in the
development of melanoma which will affect the design of targeted therapeutic intervention in
the future. Moreover, frequent focused gains involving the CCND1 locus, losses involving
chromosome 4q and gains involving regions of chromosome 22 were significantly more
common in the group with chronic sun-induced damage than in the group without such
damage . In addition, until now only three recent landmark studies investigated the distinct
genome-wide alterations in DNA copy number associated with BRAF or NRAS mutation

status in primary human melanomas and several melanoma cell lines © %104,

1.8.Molecular pathways involved in melanoma progression

This part summarizes the signaling pathways and the most important onco- and tumor
suppressor genes involved in melanoma progression. The effect of these genes in melanoma

development and therapeutic implications will be also detailed.

1.8.1. The EGF/MAPK pathway, the role of BRAF and NRAS mutation

Molecules of the EGF/MAPK pathway regulate diverse processes ranging from proliferation
and differentiation to apoptosis. The EGF/MAPK kinase pathway is initiated through
extracellular growth factor stimulation of membrane bound receptor thyrosine kinases (Figure
4). The receptor activates a small G protein called RAS. The Ras proteins belong to the Ras
superfamily of small GTPases. There are different mammalian RAS genes such as HRAS
(11p15) and NRAS (1p22), etc. In normal cells the Ras proteins transiently activated in
response to extracellular growth signals and functions to transduce these signals to
intracellular signaling pathways via activation of downstream serine/threonine Raf kinases.
NRAS has been shown to activate Raf proteins more efficiently than HRAS '®°. After Raf
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protein is activated it phosphorylates and activates mitogen and extracellular signal-regulated
protein kinases (MEK1 and MEK2) which activates a third protein kinase called extra cellular
signal-regulated protein kinase (ERK) resulting in the activation of transcription factors

involved in proliferation, survival and differentiation (Figure 4).

Proliferation
Survival
Differentiation

Figure 4: Simplified view of the EGF/MAPK kinase pathway, with emphasis on components implicated in
melanoma (Oncogene 2007, 26(22):3279-3290) [76]. Growth factor: GF; growth factor receptor-bound protein
2: GRB2; v-Ha-ras Harvey rat sarcoma viral oncogene homolog (HRAS), v-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRAS), neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS): RAS; v-
raf murine sarcoma 3611 viral oncogene homolog (ARAF), v-raf murine sarcoma viral oncogene homolog
B1 (BRAF), v-raf-1 murine leukemia viral oncogene homolog 1 (RAF1): RAF; son of sevenless: SOS,

mitogen-activated protein kinase kinase 1-2: MEK1-2; mitogen-activated protein kinase 1-2: ERK1-2.

There is increasing evidence suggesting a key role for the EGF/MAPK pathway in the
development of malignant melanoma. Activation of the mitogen-activated protein kinase
pathway through mutations in BRAF or NRAS is a frequent event in the subgroup of

cutaneous melanoma %,

BRAF and NRAS mutation arise early during melanoma
pathogenesis and it is proven that they are preserved throughout tumor progression and
contribute to invasive melanoma. However it was also found that these mutations are not

sufficient to initiate human melanoma in vivo 7.

Activating mutations in codon 600 of BRAF (BRAFV600) and in codon 61 of NRAS
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(NRASQ61) are, so far, the most common single mutations detected in human cutaneous
melanoma % 1%, There is also evidence that overexpression of wild-type BRAF is another
mechanism underlying constitutive activation of the MAPK pathway that stimulates growth of
melanoma cells *°. The overexpression or constitutive activation of this gene results in
activation of ERK and contribute to increased cell proliferation. Previous results from
melanoma cohorts interestingly show that mutations in the BRAF and NRAS genes are almost
always mutually exclusive suggesting that even though both BRAF and NRAS function as
key molecules along the EGF/MAPK pathway; they may cooperate with different oncogenic
events during melanoma development ***.

Recent advances in the understanding of the prevalence and patterns of BRAF mutation in
melanoma have led to impressive results in clinical trials of personalized, targeted therapies
for this disease 2. A dramatic success was recently demonstrated with the novel small-
molecule BRAF inhibitor PLX4032/vemurafenib in metastatic BRAF mutant melanomas. The
drug, with patients harboring BRAF V600E mutation induced metastatic melanoma, resulted
in complete or partial tumor regression in 81% of patients with an estimated median
progression-free survival rate of 7 months . This groundbreaking result provided the first

evidence that oncogene-targeted approach is valid for metastatic melanoma.

Cyclin D1 (CCND1) is an important down-stream effector of the MAPK pathway. Protein
products of the CCND1 gene play a crucial role in cell cyle regulation **. CCND1 is rarely
expressed in melanocytic nevi while it is commonly present in primary melanoma **°.
Amplification and/or overexpression of the gene have been found in several types of human
tumors including the different subtypes of primary melanomas ** * 7. Using comparative
genomic hybridization (CGH) analysis, we and others found frequent amplification of the
11q13-g21 chromosome band in primary melanomas * % 718 High frequency of CCND1
gene amplification was found in a large series of acral melanoma subtypes, occasional
amplification in lentigo maligna melanomas and superficial spreading melanomas (SSM),
however amplification of CCND1 gene was found only sporadically in nodular melanoma
subtype (NM) 88 Increased CCND1 level was observed to correlate with stage, grade and
prognosis in melanoma suggesting an important role of this oncogene in tumor pathogenesis
117 1t was observed that down regulation of CCND1 expression has reduced the melanoma
cell growth and induced apoptosis ®. These results suggested that alterations of the CCND1
gene is an important factor in melanoma progression and might also be an important
therapeutic target. However targeting cylcin D1 proteins directly is extremely difficult

because the proteins do not have intrinsic enzymatic activity and they are located intranuclear.
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Although, there are some possible suggested approaches. One way to do this to target cyclin
D1 by inhibiting associated kinases, as CDK4 and CDK®6. Second method is a less direct.
Several compounds (tamoxifen, transtuzumab, cytotoxics, and radiotherapy) lead to cyclin D1
downregulation or the protein degradation. A third approach can reach a greater specificity by

substrate mimetics inhibiting Cyclin D1-CCDK4 protein interaction *°.

1.8.2. The PI3K pathway

Phosphatidylinositol 3-kinases (PI3Ks) evolved from a single enzyme that regulates vesicle
trafficking in unicellular eukaryotes into a family of enzymes that has central role in several
cellular processes critical for cancer progression, including metabolism, growth, survival, and

motility in multicellular organisms %

(Figure 5). Inappropriate PI3K signalling through
mutation or amplification of genes encoding key components is one of the most frequent
occurrences in human cancer.

The PI3K pathway is commonly activated in response to hormones and growth factors that act
through cell surface receptors. Similarly to the MAPK kinase pathway RAS proteins also play
an essential part of the PI3K pathway. The PI3K gene is one of the best characterized
effectors of RAS. PI3Ks are lipid kinases that phosphorylate the inositol ring of
phosphoinositide lipids, creating secondary messengers. These messengers propagate
intracellular signalling through the regulation of the activation and the localisation of a
number of target proteins including those that contain pleckstrin homology (PH) domains.
Among the proteins which have PH domains there are two protein-serine kinases, PDK1 and
AKT (also known as PKB). When AKT is activated, they phosphorylate numerous
downstream substrates such as proapoptotic proteins BAD and caspase-3/7/9 that control
survival . There is a recent evidence that AKT promotes cell survival by indirectly
activating NF-kB, which is considered to be an important pleiotropic transcription factor
involved in the control of expression of various anti-apoptotic genes 2. AKT also
phosphorylates Mdm2 protein that antagonizes p53-mediated apoptosis. Phosphorylation of
Tsc2 leads to the activation of rapamycin (mTOR)—containing protein complex mTORC1 that
results in an increased protein synthesis by phosphorylation of eukaryotic initiation factor 4E
and the ribosomal S6 protein %

Therefore, PI3-kinase pathway is a key regulator of cell survival. PI3K dependent AKT
activation can be regulated through the tumor suppressor PTEN, which works essentially as
the opposite of PI3K mentioned above. PTEN is a negative regulator of the PI3K pathway.
PTEN regulates the level of the lipid phosphatidylinositol phosphate levels (PIP3) and its
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inactivation results in accumulation of PIP3, AKT hiperphosphorylation and increased

survival and division %,

/ .
. Enhanced survival
and division

Figure 5. Simplified view of the PI3K pathway, with emphasis on components implicated in melanoma. (J Clin
Oncol, 28(6):1075-1083) *2.Growth factor: GF; phosphatidylinositol (4,5)-bisphosphate: PIP2;
phosphatidylinositol (3,4,5)-trisphosphate: PI1P3; phosphoinositide-dependant kinase 1: PDK1.

Melanoma cells often show constitutive activation of the PI3K pathway due to increased PI3K
and AKT expression or loss of PTEN gene function via point mutation or deletion. The first
indication of involvement of the PI3K pathway in the progression of melanoma was the
discovery of the frequent deletion of the PTEN tumorsuppressor gene. The PTEN gene is
located at the chromosome 10g23.3. Cytogenetic and molecular genetic findings suggest that
10q deletion is a frequent and early event in the progression of malignant melanomas. The
deletion was observed in approximately 30-50% of primary melanomas, the somatic mutation
of PTEN occur in 10% of primary melanomas ****?’. There is also frequent mechanism of
PTEN inactivation typically through promoter hypermethylation %%, It has also been reported
that an another common mechanism behind the hyperactivation of PI3K pathway in
melanoma development is the copy number increases of the long arm of chromosome 1
containing the AKT3 gene (located at the region of 1g44) '?°. Approximately 60% of

melanoma tumors expressed elevated levels of Akt3 protein compared with normal human
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melanocytes demonstrating a key role in melanoma development .

Recently, a low
frequency activating mutation (E17K) in the PH domain of Akt3 has been identified in
melanoma cell lines and 4% of primary tumors **!. Moreover, the PI3Ka protein was found to
be up-regulated **2. An increase in tumor aggressiveness is observed in metastatic melanoma,
which often correlates with the loss of PTEN or up-regulation of AKT3 **3,

Targeting PI3K signaling has significant clinical potential for inhibiting melanoma tumor
development and components of this pathway present attractive targets for cancer therapeutics
134 Several studies have indicated the potential use of inhibitors of the AKT signaling
pathway (LY294002, wortmannin) for the chemosensitization of human carcinomas .
Others synthetic and naturally occurring small molecule inhibitors specifically inhibiting
AKT activity have been developed and efficacy tested for inhibiting melanoma development
in cultured cells and xenografted animal models ** *® 3" For example an AKT inhibitor

(BI-69A11) was demonstrated to effectively inhibit melanoma tumor growth .

1.8.3. Wnt pathway

Whnt signalling pathway is a complex system which affects numerous cellular functions in
embryonic development, cell differentiation, cell polarity and cell homeostasis (Figure 6). The
Whnt proteins are secreted glycoproteins that bind to their different receptors (LRP, FZ) and
activate three protein cascades. 1) Molecules of the B catenin pathway reach the nucleus and
activate target genes. This signalling is important in many developmental processes including
the formation of neural crest-derived melanocytes. 2) The planar cell polarity pathway, which
involves jun N-terminal kinase (JNK) and cytoskeletal rearrangements, and 3) The Wnt\Ca?*
pathway, that leads to release of intracellular Ca?* **. Increased concentration of calcium
activates Cdc42 (cell division control protein 42) through protein kinase C (PKC). Cdc42
regulates cell adhesion, migration, and tissue separation '“°. In the absence of WNT
signalling, a comlex containing GSK3 phosphorylates B catenin, leading to degradation by

ubiquitination.
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Figure 6. Simplified view of the WNT signalling cascade, with emphasis on components implicated in
melanoma (Journal of cell science 2002, 115(Pt 21):3977-3978.) **. Ca2+/ calmodulin-dependent protein
kinase: CAMK, c-Jun N-terminal kinases: JNK, Frizzled is a family of G protein-coupled receptor: FZ, The
LDL receptor—related protein: LRP, cell division control protein 42: Cdc42, protein kinase C: PKC.

The molecular and cellular mechanisms involved in the proliferation and migration of
melanoblasts during development of melanoma cells and during tumor progression are often
closely related. Therefore it explains the important role of the Wnt pathway during melanoma
progression that is constitutively activated in melanoma. Several components of the 3 catenin
pathway are altered in melanoma tumors and cell lines, leading to activation of this signalling.
Activation of this pathway leads to abnormally large amount of beta-catenin in the nucleus
and in the cytoplasm. B catenin is found in about 30% of human melanoma nuclei, indicating
a potentially specific role. B catenin can induce the activation of different genes including
MYC or CCND1, BRN2 and melanocyte-specific genes such as MITF and DCT. The MITF
and BRN2 genes encode transcription factors. MITF plays a critical role in melanocyte
survival, proliferation and differentiation, while BRN2 is involved in melanoma proliferation
41 "It has been reported recently that specific WNT genes are overexpressed in human colon
cancer and melanoma, further supporting the important role of WNT pathway in human

carcinogenesis **.
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The blockade of this pathway by using specific inhibitory agents has been shown to suppress
growth and invasion of melanoma cells. Previous findings also suggest that Wnt-2
monoclonal antibody may not only directly induce apoptosis in melanoma cells but its
overexpression may also partially reverse chemotherapy-induced drug resistance **3. Wnt
inhibitory factor-1 (WIF-1) is a secreted antagonist of Wnt signalling. Moreover a recent
study demonstrated that WIF-1 expression suppressed tumor growth in a xenogaft mouse

model **,

1.8.4. Notch pathway

Notch signalling pathway is a highly conserved system that affects the differentiation,
proliferation, and apoptotic programs (Figure 7). It offers tools to control cell fates through
local cell interactions. Most of the ligands of this pathway are transmembrane proteins.
Therefore signaling is restricted to neighboring cells. This pathway plays an important role in
the tissue communication development through the cell fate decision. The extracellular
domain of the ligands, expressed on the cell surface such as Delta-like and Jagged ligands in
human, interacts with the extracellular domain of the Notch receptor on an adjacent cell. As a
result of receptor activation proteolytic cleavage events are promoted in the Notch receptor.
The proteolytically cleaved intracellular domain of Notch receptor enters the nucleus and

interacts with the DNA-binding proteins and directly modulates nuclear events **.

“"Delta< Notch @NICD

cleavage

survival
proliferation
differentiation

Receptor Cell

Figure 7. Simplified view of the Notch signaling cascade, with emphasis on components implicated in cancer
development. Transcription factor: TF, intracellular domain of Notch receptor: NICD. The figure is based on the
study of Artavanis et al. (Science 1999, 284(5415):770-776) **.
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Since this pathway has a key role in linking the control of epidermal differentiation and
proliferation and in the keratinocyte-melanocyte interactions, recent findings imply that
aberrant Notch signaling leads to the development of cutaneous melanoma. Microarray
studies showed that Notch2 mRNA is overexpressed in melanoma cells compared to nevi and
normal melanocyte **°. Moreover constitutive activation of Notchl signaling were found to
drive the vertical growth phase (VGP) of primary melanoma toward a more aggressive
phenotype *’. It was also demonstrated that Notch activation represents an early event in
melanocytic tumor growth and upregulation of Notch signaling could maintain melanoma
progression 8. The metastatic potential that Notch activation confers to primary melanoma
cells must be, at least in part, mediated by the change in adhesion properties of melanoma
cells 1

Targeting the molecules of the Notch signalling pathway appears to be a promising
therapeutic approach for the treatment of melanoma and perhaps the prevention of melanoma
metastasis **°. In a recent study Notch signalling was targeted by using a novel inhibitor of
gamma secretase (RO4929097). The growth of human primary melanoma xenograft in mice
was successfully decreased and inhibited the subsequent tumor formation in a serial

xenotransplantation model **°

. However, an important question is still open whether
therapeutically effective Notch inhibition can be accomplished in vivo without unacceptable
toxicity. This is a common concern when manipulating key cell fate mediators. Systemic
adverse effects might be avoided by 'smart' delivery strategies that use targeted local release

of these agents.

1.8.5. The Hedgehog pathway

The Hedgehog (HH) pathway regulates cell differentiation and self-renewal in the developing
embryo and is typically silenced in adult tissue. One out of the three HH pathway ligands
(Desert-HH, Indian-HH, and Sonic-HH) binds to the transmembrane receptor PTCHL to
initiate pathway signalling (Figure 8). This event stops the suppression of SMO. SMO
transduces the signal via COS2/FU complex and the SUFU. This process promotes the
dissociation of the GLI1 transcription factor that leads its nuclear translocation and the

activation of several target genes ™.
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Figure 8. Simplified view of the HH signaling cascade, with emphasis on components implicated in cancer
150

development. (OncoTargets and therapy 2012, 5:47-58)

Suppressor of Fu: SUFU, Costal 2: COS2; transmembrane receptor Patched: PTCH, GLI family zinc finger 1:
GLI1, smoothened, frizzled family receptor: SMO.

Increased transcription of HH target genes results in increased cell proliferation and survival,
induction of stem cell markers **!. Recent evidences also indicate that activation of the HH
pathway plays an important role in several human cancers. The HH pathway activity in
melanoma tumorigenesis was also revealed. GLI2 was found to be directly involved in
driving melanoma invasion and metastasis. Melanoma cells with high GLI2 expression
metastasized to bone more readily than cells with low GLI2 expression 2. Moreover, they
also proved that decreased GLI2 expression could have blocked bone metastasis of
melanoma. Another study determined that GLI1 expression was correlated with tumor
progression and metastasis of human melanomas *>*.

Given that HH signalling is implicated in a wide range of malignancies, it is believed that HH
pathway inhibitors may be promising drugs in clinical application. There are recent evidences
that the first SMO protein antagonist cyclopamine delayed melanoma tumor growth in

immunodeficient mice **,
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Aims

It is well known that activating mutations in BRAF and NRAS oncogenes are, so far, the most
common single mutations detected in melanoma and the majority of benign nevi, but it is also
clear that isolated mutations are not sufficient to initiate human melanoma in vivo. However
the significance of BRAF and NRAS mutations in primary melanoma is still unclear.

Therefore the major objectives of our study were the following:

I. to elucidate chromosomal regions that differs in copy number between BRAF, NRAS
mutated primary melanomas (BRAF™', NRAS™" and tumors with wild type for both
loci (WT)

1. to reveal chromosomal alterations that coexist more often in BRAF™! or WT

melanomas

I1l. to explore a set of gene copy number alterations that has significant impacts on

dysregulation of the MAPK pathway along with the BRAF mutation

IV. to investigate gene copy number alterations between and within different signalling
pathways in genetically different melanoma subgroups

V. to develop a sensitive Q-PCR method for determining the amplification pattern of six
candidate genes (TAOSL, FGF3, FGF19, FGF4, EMS1 and CCND1) that map to the

1113 amplicon core

VI. to elucidate the combined incidence of the BRAF and NRAS mutation and the
oncogenes located in the 11gl3 amplicon core and their associations with

clinicopathological parameters.
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Materials and Methods

Tumor samples and DNA Isolation

The melanoma tissue samples were collected in the Department of Dermatology, Medical and
Health Science Center, University of Debrecen (Debrecen, Hungary). The study was
approved by the Regional and Institutional Ethics Committee, Medical and Health Science
Center, University of Debrecen, and conducted according to its standard guideline (DEOEC
RKEB/IKEB 2371-2005 and 2836-2008). Diagnoses of the tumors were carried out on
formalin fixed paraffin embedded tissue sections using hematoxylin and eosin staining.
Melanoma tumor staging was determined according to the new TNM staging system 2. The
distinction between tumor groups arising from chronically sun exposed sites or intermittently
sun exposed site was based on the presence or absence of solar elastosis of the dermis
surrounding the melanomas.

Gene copy number alterations of the 11g13 amplicon were analyzed in 68 primary and 6
metastatic melanomas by Q-PCR. Clinicopathological data of the primary tumors are listed in
Table 1. Moreover, 47 primary tumors were subjected to extract DNA for array CGH analysis
(Table 2). Thirty three primary melanoma tumors were analyzed using both methods.

Tumor DNA was extracted using the G-spin Genomic DNA Extraction Kit following the
instructions of the manufacturer (Macherey-Nagel, Diiren, Germany) 2°. NucleoSpin® Extract
Il kit (Macherey-Nagel) was used for the purification of DNA if it was needed. Only high
quality DNA template was accepted with an absorbance ratio range between 1.79-1.9
(260nm/280nm) and 1.7- 2.5 (260nm/230nm) as measured by NanoDrop 1000 instrument
(NanoDrop Technologies, Wilmington, Delaware USA). Control DNA was extracted from
peripheral blood cells acquired from 8 different healthy individuals using the Nucleo Spin
Blood mini kit according to the manufacturer’s instructions (Macherey-Nagel). All DNA

samples were stored at -20°C.
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Table 2. Clinical and hystopathological parameters of primary melanomas analyzed
in the array CGH study

No. of tumors detected by

Variables array CGH Quantitative PCR
All tumor 47 68
Tumor type *

NM 19 (40.4 %) 26 (38.2%)
SSM 28 (59.6 %) 42 (61.7%)
Gender

Male 24 (51.1%) 33 (48.5%)
Female 23 (49 %) 35 (51.4%)
Age (years)

20-50 15 (31.9 %) 18 (26.4%)
>50 32 (68.1 %) 50 (73.5%)
Breslow thickness

(mm) ?

<2.01 17 (36.2 %) 27 (39.7%)
2.01-4.00 9 (19.1 %) 13 (19.1)
>4.00 21 (44.7 %) 28 (41.1%)
Clark's level

(T 20 (42.6 %) 31 (45.5%)
v,V 27 (57.4 %) 37 (54.4%)
Ulceration

Absent 19 (40.4 %) 31 (45.6%)
Present 28 (59.6 %) 37 (54.4%)
Metastasis formation

Nonmetastatic 20 (42.6 %) 25 (36.7%)
Metastatic 27 (57.4 %) 32 (47%)
BRAF™!3

Absent 26 (55.3 %) 43 (63.2%)
Present 19 (40.4 %) 25 (36.7%)
NA 2 (4.3 %)

NRAS™!4

Absent 37 (78.7 %) 55 (80.8%)
Present 7 (14.9%) 13 (19.1%)
NA 3 (6.4 %) -

'NM, Nodular Melanoma; SSM Superficial Spreading Melanoma

2 Thickness categories based on the current melanoma staging system
® The distribution of BRAF codon 600 mutation

* The distribution of NRAS codon 61 mutation

NA: not available

Detection of BRAF and NRAS mutations

Analysis of mutations in the BRAF codon 600 and in the NRAS codon 61 was performed on
LightCycler real time PCR System (Roche Diagnostics, GmbH, Mannheim, Germany) by
melting curve analysis using fluorescent probes. All primers and probes were purchased from

TIB Molbiol (Berlin, Germany) (Table 3). Amplification was performed in glass capillaries
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using 50 ng of sample DNA in a 10 uL volume containing 1 uL 10X LightCycler FastStart
DNA Master HybProbe (Roche Diagnostics, GmbH, Mannheim, Germany), 0.8 pL 25 mM
MgCl,, 0.75 uL DMSO, 1 uL (5 uM) forward and reverse primer, and 1 uL (2 uM) of the

anchor and sensor hybridization probe.

TABLE 3. Sequences of oligonucleotides used for this study.

Gene Forward Primer (8° —» 3°) Reverse Primer (5° —» 3’)
GNS TCCAACTTTGAGCCCTTCTT CGTTCCATGGATGTTGAAGT
UBE2EI GGTGGGAAGTATTGCCACTCA GTGAAACCCCAATTTATGTAGCGTAT
CCND1 GCTCCTGGTGAACAAGCTCAA TTGGAGAGGAAGTGTTCAATGAAA
TAOSI TGCACGCACCTGTTTAAATTTTC TTGGAGAGGAAGTGTTCAATGAAA
FGF3 GGGAACGCGAGTCCCTTTA CCTTTTGTTGGCGAACCGT
FGF19 CGGATCTCCTCCTCGAAAGC CCACTGTGGATTGCTCAGAGC
FGF4 CAACGCCTACGAGTCCTACA AGGAAGTGGGTGACCTTCAT
EMSI CAAGCTGAGGGAGAATGTCTT TTGTTCCACACCAAATTTCC
BRAF V600 CTCTTCATAATGCTTGCTCTGATAGG TAGTAACTCAGCAGCATCTCAGG
NRAS Q61 CACCCCCAGGATTCTTACAGA GATGGCAAATACACAGAGGAAGC

Fluorescence
probes Sensor (5’— Fluoroscein- 3°) Anchor (5’-LCRed640 — Phosphate- 3%)

BRAF V600 AGCTACAGTGAAATCTCGATGGAG GGTCCCATCAGTTTGAACAGTTGTCTGGA
NRAS Q61 ATACAGCTGGACAAGAAGAG AGTGCCATGAGAGACCAATACATGAGGA

Underlined sequences correspond to BRAF codon 600 and NRAS codon 61, respectively.

The reaction was performed under the following condition: initial denaturation at 95°C for 10
minutes and 45 cycles of amplification consisting of denaturation at 95°C for 0 second,
annealing at 52°C for 10 seconds and amplification at 72°C for 20 seconds. Melting curve
analysis was done as follows: PCR products were denatured for 1 minute at 95°C then cooled
down to 40°C for 1 minute and warmed up to 72°C (ramping at 0.1°C/second) with
continuous fluorescence detection before by a final cooling step at 40°C for 30 seconds. The
accuracy of the method was confirmed by direct sequencing (BIOM Kft., G6d6ll6, Hungary)
of PCR products that showed deviation from the wild type a genomic DNA melting peak
(Figure 9).
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Figure 9: LightCycler melting curves and sequence traces of different BRAF types.
(a) Typical results of melting curve analysis, (b) BRAF WT sequence (codon 600 is underlined) (c) V600R
mutation (GT1798-99AG double base pair substitution), (d) V600E mutation (T1799A base pair substitution),
(e) V600K mutation (GT1798-99AA double base pair substitution).

Array CGH experiments

Array CGH experiments were performed on HumArray 3.1 in the University of California,

San Francisco Cancer Center Array Core, as described before **°

(Figure 10). This array
contains 2464 bacterial artificial chromosomes (BAC) and P1 clones, printed in triplicates and
covering the genome at roughly 1.4 Mb resolution. One pg of tumor and normal reference
DNA were labeled by random priming with fluorolink cy3-dUTP and cy5-dUTP,

respectively. Then labelled DNA were mixed with 100 ug of Cot-1 DNA. Hybridization and
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imaging setup was performed as described *®. The acquired microarray images were analyzed
by Spot and Sproc software **°. DNA spots were automatically segmented, local background
was subtracted, and the intensity ratio of the two dyes for each spot was calculated by log,

transformed modeling. Spots for which the log, standard deviation of the triplicates was more

than 0.2 were discarded
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Figure 10. Schematic representation of array CGH

Differentially labeled test (tumor) and reference (normal) genomic DNAs along with unlabeled human Cot-1
DNA are cohybridized to BAC clones. Data along the arrayed BAC clones were extracted from scanned images
and translated into log2 ratios of the Cy3 (green) labelled normal DNA and Cy5 (red) labelled tumor DNA
signals, allowing us to measure DNA copy number changes in our samples. When the tumor DNA copy number
is two, log2 (2/2) is 0. In the region where one copy is lost in the tumor, log2 (1/2) is -1.0. In the region of one

copy gain in the tumor, log2 (3/2) is 0.58.

Array CGH data analysis

All BAC clones were mapped to the human genome using data provided by the UCSC
genome browser site (http://genome.ucsc.edu/). From data processing, all X- and Y-
chromosome clones were excluded. BAC clones, which are known to have genomic variants

according to the Database of Genomic Variants (The Centre for Applied Genetics, Toronto,
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Canada, http://projects.tcag.ca/variation/) were omitted. The log, transformed data were

subjected to copy-number change analyses for identification of regions of amplification and
deletion. To determine gains and losses of each regions, the Analysis of Copy Errors (ACE)
algorithm in CGH-Explorer software 3.2 was used with a False Discovery Rate (FDR) of
<0.01 . Previously, 11 different algorithms were compared which are most frequently used

for analyzing array CGH data *®

. In this paper, they pointed out that some current
implementations does not include any assessment of the statistical significance of the reported
copy number changes, although quantitative statistics about the aberrations are critical in
order to decide which region to pursue for further analysis. ACE is one of the two algorithms
that incorporate FDR so far. The CGH Explorer was also used to obtain graphical illustrations
of copy number alteration frequencies in primary melanomas.

For the subsequent identification of high level gains and homozygous deletions in array CGH
data, ratio thresholds (>0.55 (> ~5 copies) and <-0.8, respectively) were used as described in

previous studies *°

. Estimates of genome-wide aberration rates were made by simply
calculating the proportion of BAC clones gained or lost in a specific tumor sample.

The two major objectives of our investigation were: 1) to identify BAC clones or regions that
differ in copy number between tumor subgroups and 2) to examine correlations between these
clones (which covers important onco- and/or tumorsuppressor genes) in order to define those
that might act together in generating group differences.

To accomplish our first goal Fisher’s exact test was applied to assess the probability of a
possibly existing difference between the two groups. An FDR correction procedure was used
to adjust for multiple comparisons and denote these resulting P values as adjusted P values ™.
In order to increase our power for identifying regional changes in copy number between
tumor subgroups, log2 was averaged ratios over windows of five consecutive BAC clones and
used a two-sample t statistic to compare the average log2 ratio for the tumor subgroups for
each window. Then, an adjusted P value was calculated with a permutation based procedure
of Westfall and Young **°.

The second aim, identification of the correlations between BAC clones in different tumor
subgroups (BRAF™' WT) was achieved by calculating a standard Pearson correlation, which
defines the magnitude and direction of the linear relationship between BAC clones to quantify
whether those are changing in a concordant, discordant or unrelated manner. First a subset of
BAC clones were chosen to distinguish the subgroups (see following for specific criteria) and
then a pairwise correlation was computed for all of the BAC clones from the subset. BAC

clones were selected if either the difference in the BAC’s gain or loss percentages between the
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tumor subgroups (BRAF™!, NRAS™" and WT) was >40% or if its adjusted P value from the
categorical or the windowed analysis was < 0.3 (similar to the approach that was applied by

Loo et al. !

). These selection criteria were chosen to include BAC clones that may truly
differ between tumor subgroups but did not achieve statistical significance because of
insufficient power. It should be emphasize that this procedure of selecting target BAC clones
does not bias the correlation analysis because these selection criteria were based on
comparison between tumor subgroups, whereas the correlations were calculated within each
subgroup. All the cited P values were adjusted for multiple comparisons. The analyses were

performed in the open source statistical computing environment “R” (http://www.r-

project.org/).

Investigating the frequency of cross talks changed in primary melanomas

In cancer cells large-scale modifications of signaling pathways, especially in cross-talks, are
prevalent %2, The definition of cross-talk is the following: if two proteins belong to different
pathways, then the signaling interaction between these two proteins is a cross-talk between

their pathways. To identify cross-talks the SignaLink database was used (http://signalink.org/)

which provides a precise mapping of signaling pathways and can also handle if a signaling
protein belongs to more than one pathway 3. To assess gene alterations in eight gene
signaling networks (EGF/MAPK kinase (EGF), Insulin/IGF (IGF), TGF-B (TGF),
Wingless’WNT (WNT), Hedgehog (HH), JAK/STAT (JAK), Notch (Notch) and Nuclear
Hormone Receptor (NHR)) we estimated the copy number changes of each of these pathway
genes using the closest BAC clone within 2Mb. A signaling interaction was considered to be
altered if the copy-number change of at least one of the participating genes was classified as a
gain or loss by array CGH analysis, and then the average frequency of altered cross-talks was
simply calculated within and between different pathways for a particular tumor subgroup.

Random Forest analysis

The Random Forest package % 16°

of the R-statistical programming language (http://www.r-
project.org/) was applied to calculate the random forest classification and importance
measures on the array CGH data related to the MAPK pathway genes (clone number=138).
The feature importance score derived from the random forest classifier was used to assess the
association of a particular set of genes with positive BRAF mutations. The parameters were
set as follows: ntree=5000 (number of trees) and mtry=11 (the number of randomly selected

variables per branching of the tree). The most important 15 genes were listed and sorted by
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their importance measures (Mean Decrease Gini and Mean Decrease Accuracy) over 1000
simulation runs and an automatic rerun was performed with a value of 3 for the mtry
parameter using only those 15 variables that were most important in the original run. Cross-
validation was preformed so the model was developed on the training set (60%) and validated

on the test set (40%) of tumors.

Cluster analysis

Further evaluation of the genetic similarities between the primary tumors and altered regions
that co-exist more often was performed by using unsupervised hierarchical clustering. For
hierarchical clustering, the log, transformed data were submitted for each BAC clone using
the Pearson correlation as similarity metric and centroid linkage clustering with the Cluster
3.0 software *°°. Results were displayed using the TreeView program *’.

Primer design for Q-PCR analysis

The primers were designed for the genes GNS, UBE2E1, FGF3, FGF4, FGF19, EMS1 and
TAOS1 using Primer Express 2.0.0 software (Applied Biosystems, Foster City, USA) and
Primer3 (Whitehead Institute, Cambridge, USA) (http://biotools.idtdna.com/primerquest/)
(Table 3). To avoid the secondary structures, the web-based MFOLD version 3.2 software
(http://www.bioinfo.rpi.edu/applications/mfold/) was used ®®. The sequences of the primers
for the CCND1 gene were downloaded from the RTPrimerDB database

(http://medgen.ugent.be/rtprimerdb/) .

Primers were purchased from Biocenter Kift.
(Biocenter Kft., Szeged, Hungary).

Real-time quantitative PCR analysis

Quantification of gene copy number was performed on 68 primary melanoma tissues and 6
melanoma metastases using Q-PCR. To quantify the relative amounts of the target genes, all
located in the 11913 amplicon core, two reference genes for normalization, GNS (12q14.3)
and UBE2E1 (3p24.2) was selected. These reference genes have not yet been reported as
having genetic abnormalities in melanomas analyzed by array CGH. To screen the copy
number changes, two reference genes are needed to produce a robust, reliable and accurate
quantification *"°*"3. Reactions were carried out using an ABI Prism 7000 sequence detector
(Applied Biosystems).

The amplification mixtures (25 pL) contained 1 pL template DNA (~10 ng/uL), 12.5 uL
Power SYBR-Green PCR Master Mix (Applied Biosystems) and 100 nM of each primer for
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TAOS1, FGF3, FGF19, UBE2E1 and FGF4, 200 nM of the primer for CCND1 and 300 nM
of the primers for EMS1 and GNS. The reactions were performed under the following
conditions: 10 minutes of polymerase activation at 95°C then 40 cycles at 95°C for 15
seconds and 60°C for 1 minute. Assay for each gene included: 1) no template control (in
duplicate), 2) 10 ng of calibrator DNA (Applied Biosystems) (in triplicate) and 3)
approximately 10 ng of tumor DNA (in triplicate). A melting curve analysis was run after the
amplification was completed and consisted of a 20 minutes slow ramp from 60°C to 92°C
using an ABI PRISM® 7000 Sequence Detection System (Applied Biosystems). The
derivative melting curves showed single melting peaks, which confirmed the high Q-PCR
specificity (absence of primer dimers and other nonspecific products). Our real-time
quantitative PCR assay fulfills the MIQE (minimum information for publication of

quantitative real-time PCR experiments) recommendation®™.

Real-time quantitative PCR data analysis

Quantification was performed using the Pfaffl method *™. It requires the efficiency be known
which needs to be determined with standard curves. In order to evaluate more accurately the
PCR reaction efficiency, 5-point standard curves from three different four fold dilutions
(ranging from 80ng to 0.3125ng) (in duplicate) were set up using melanoma cell line DNA
(M24) for the different target genes and control DNA for the reference genes. To calculate
the PCR amplification efficiency (E = 107%1° _ 1) the slope value has been calculated from
the three separated standard curves for the target genes and reference genes as well. Only
standard curves R* value >0.99 were accepted. Instead of interpolating unknown samples from
a standard curve, the haploid copy number solely based on the observed Ct values has been

calculated (eq.1)

_ACT target gene
1+E )
. target gene
Ratio = (
1 E _ACT reference genel 1 E _ACT reference gene2
( TE reference genel ) X( TE reference gene2 )
(eq.1)
Where
E target gene = efficiency of the PCR reaction for the target gene,
E reference gene = efficiency of the PCR reaction for the reference gene,
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ACT target gene = difference in threshold cycle value between test sample and
calibrator sample for the target gene and
ACT reference gene = difference in threshold cycle value between test sample and

calibrator sample for reference gene.

The equation 2 was applied to calculate the standard error of the haploid copy number of the
normalized target gene (SE target gene (ormy).

(eq.2)

2 2
SE target gene ., = target gene ... \/(SE NFZJ +[SE RQ (target gene)}

NF, RQ (target gene)
Where

RQ = sample quantity relative to calibrator sample.

RQ (reference genel)=(1+E

_ACT reference genel
reference genel

RQ (reference gene2) =(1+E

_ACT reference gene2
reference gene2

—ACT target gene

RQ (target gene)=(1+E

target gene

The NF; is the normalization factor based on 2 reference (eq.3)

NF, = \/RQ (reference genel) x RQ (reference gene 2) (eq.3)

The SE NF; is the standard error for this normalization factor (eq. 4.)

2
SE NF, = NF, x \/{SE RQ (reference genel) j +(SE RQ (reference gene2)

2
(eq.4)
2xRQ (reference genel) 2xRQ (reference gene2)

Where

ACT reference gene

SE RQ (reference gene) = E xIn ExSE (reference gene C;)

SE (reference gene C;) = D (m= number of measurements)

m

ACT target gene

SE RQ (target gene) = E xIn ExSE (target gene C;)
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SE (target gene C, ) = D (m=number of measurements)

Jm

RQ (target gene
target gene o = Q( NgF g )
2

To determine whether copy numbers of the investigated genes are significantly different from
the controls, a tolerance interval (TI) was set up for the relative gene copy number, using the
mean SD of the ACy values for target and reference genes in 12-14 normal DNA isolated form

healthy individuals. The Tl was the following equation: Tl =2+2xSDAC; . The TI ranged

from 1.23 to 2.77 for CCND1 (n=14), 1.42-2.58 for TAOS1, 1.18-2.82 for FGF3, 1.1-2.9 for
FGF4, 1.13-2.87 for FGF19 and 1.04-2.96 for EMS1 - (n=12). If the calculated diploid copy

number of the normalized target gene (2x (target gene .., =SE target gene ... )) exceeded

the calculated upper limit the gene(s) in the tumors were considered to be amplified.

To check the validity of the genes used as reference genes (GNS/UBE2E1), the copy number
ratio of the genes were analyzed in 14 normal control DNA samples and 74 tumor samples.
The ratio for normal and tumor DNA were 0.92 (SD=0.072) and 0.96 (SD=0.205),
respectively. The copy number ratios of the two reference genes in the normal and tumor
DNA were similar (p=0.7236, Mann-Whitney test).

Results

Mutation frequencies of BRAF and NRAS oncogenes in primary
melanomas

BRAF mutations at codon 600 were found in 25 out of 68 primary melanomas (36.8%) and in
2 out of 6 metastases. Eighteen (26.5%) primary and two metastatic lesions had BRAF exon
15, codon V600E mutations, which is a single-base T—A transition (T1799A), resulting in a
valine to glutamine change and causing substitution with a negatively charged residue. Seven
primary tumors (10.3%) with BRAFV600 mutations were double base pair tandem
substitutions; five (7.4%) had a V600K (GT1798-99AA) mutation, causing a valine to lysine
change in the amino acid; and two (2.9%) had a V600R tandem mutation (GT1798-99AG),
causing a valine to arginine, both of which mutations resulted in a substitution of valine for a

positively charged amino acid (Figure 9).

NRAS mutations at codon 61 were found in 13 out of 68 primary melanomas (19.1%) and in
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2 out of 6 metastases. The two most frequent mutations observed were a CAA to AAA
transversion, which occurred in seven primary lesions (10.3%) and two metastases (resulting
in a Q61K change) and a CAA to CGA transition, which occurred in five primary tumors
(7.4%) (resulting in a Q61R change). A CAA to TTA tandem mutation was observed in one
lesion (1.5%) (resulting in a Q61L change). Furthermore, 55.8% of primary melanomas and 3
metastases had either BRAF or NRAS mutations, but both mutations were never

simultaneously present.

Paired primary and metastatic tumor were available for the analysis in four cases. In three out
of the four cases we found mutations in the primary tumors (one carrying a BRAFV600E
mutation, two harboring a NRASQ61K mutation) and also in the corresponding metastatic

lesions (data not shown).

NRAS codon 61 mutations were significantly more frequent in tumors originating from
chronically sun-exposed sites (p=0.005) (Table 1). The molecular analysis of the types of
mutations we found in the NRAS gene may provide some explanation for this pattern. UV
radiation in sunlight damages DNA, forming predominantly cyclobutane dimers or 6-4
pyrimidine pyrimidone lesions at adjacent pyrimidines (TT, TC, CC, or CT). The strand
opposite the NRAS codon 61 (CAA) contains a TT sequence, so this site is a prime candidate
for UV damage. In a study where UV induced mutagenesis were detailed investigated in
Escherichia coli they found that at the TT site the substitutions that were predominately
recovered were the T to C transitions and the T to A transversions'’®. T to C transition one of
the most common mutation that we found in NRAS codon 61 (CAA to CGA transition) is
typical of UV exposure.

Frequent chromosomal alterations in 47 primary cutaneous melanoma
cancer samples identified by array CGH

Tumor DNAs from 47 frozen tissue primary melanoma samples were analyzed with array
CGH (see Table 2 for more details). To identify overall trends across all of the tumors we
plotted the frequency of tumors showing gain or loss for each BAC clones across the genome
(Figure 11) and listed the high frequency (>30% of tumors) of regional gains (>5Mb) and
losses in Table 4.
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Figure 11. Overall frequency of BAC copy number gain and loss for 47 primary melanomas.
The percentage of the 47 tumors showing gain (red; above 0) or loss (green; below 0) of DNA represented by

each of the 2379 BAC is plotted against the corresponding genomic position of the BAC clone.

TABLE 4. High frequency (>30%) of regional (> 5 MB)
gains and losses in 47 primary melanomas.
Chromosome location Event Number of BAC clones

1p36.31-p36.21 Gain 7

1921.1 - 1925.3 Gain 24
1931.3-1g32.1 Gain 11
6p25.3- 6p12.3 Gain 43
7931.2- 7931.33 Gain 11
8911.21- 8912.3 Gain 20
8021.11 - 8g24.3 Gain 57
11913.1-11g13.4 Gain 29
15¢22.2- 15925.1 Gain 20
17g25.1 - 17925.3 Gain 17
19p13.3 - 19913.42 Gain 36
20p11.21 - 20913.2 Gain 44
22011.21 - 22913.32 Gain 16
1p36.22 - 1p35.2 Loss 15
2022.1- 2g32.2 Loss 49
4g13.3-g35.1 Loss 107
5022.3 - 5923.2 Loss 8

6013 - 60927 Loss 37
9p24.3 - 9932 Loss 102
10p15.3 - 10926.3 Loss 130
11914.1 - 11924.2 Loss 51
13g14.3 - 13g31.3 Loss 20
17p13.3 - 17921.32 Loss 46
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Chromosomal regions that differs in copy number between BRAF™"
NRAS™" and WT primary melanomas

We were able to successfully identify the mutation status for BRAF and NRAS oncogenes
(BRAF™ or BRAF", NRAS™" or NRAS") for 44 out of 47 primary tumors selected for array

CGH analysis (Table 2). Tumors were classified into three groups a: 1) BRAF™!

primary
melanoma (n=19); 2) NRAS™" primary melanoma (n=7); WT (wild type for both loci)
primary melanoma (n=18).

First the gain and loss frequencies in these mutation groups (BRAF™', NRAS™", WT) were
compared and the average frequency of copy number changes was observed to be higher in
BRAF™" tumors than in WT tissues. (Mann-Whitney test; p=0.04 and p=0.01, for gains and

losses, respectively). However, no other differences were found in genome wide aberration

-
i _ DE —

BRAF mut NRAS mut WT BRAF mut NRAS mut WT

rates between these groups (Figure 12).
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Figure 12. Differences in the number of alterations among the three mutation groups

The box plots indicate significant differences in the gain (Panel A) and loss (Panel B) frequencies among
BRAF™" and WT tumor tissues (Mann-Whitney test; p=0.0433 and p=0.0122, for gains and losses,

respectively).

The frequency patterns of copy number changes for each group across the entire genome are
shown in Figure 13. Four different methods were selected to identify BAC clones or groups of
BAC clones that showed more frequent loss or gain in one tumor subgroup than another: 1)
measurement of difference in frequency of gain or loss between subgroups were higher than
40%; 2) determination of significant differences in copy number changes of individual BAC
clones between subgroups with Fisher’s exact test; 3) determination of statistical difference
between windows of five BAC clones with two-sample t statistic; and 4) characterization of
high-level loss and gain in more than 20% of tumors in each subtype.
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Figure 13. Frequency plots of copy number gain and loss in subgroups of primary melanomas. The percentage
of copy number gain (red; above 0) and loss (green; below 0) were calculated for A) WT (n=18), B) BRAF™"
(n=19) and C) NRAS™" (n=7) tumor tissues. (*) indicates regions significantly altered (adjusted P value<0.05)

(or close to; adjusted P value<0.1) between mutation subgroups.
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TABLE 5. Chromosomal loci that showed more frequent (more than 40%) gain or loss in one tumor
subtype than another (BRAF ™, NRAS ™" WT).

BRAF™"ys. NRAS™!

Chromosome location Event Number of BAC clones * Association
1g23.2 - 1¢25.2 Gain 16 BRAF™
7 chr Gain 191 BRAF™
20013.32 Gain 1 BRAF™!
1p34.2 - 1p33 Loss 3 BRAF™!
1p13.2 Loss 5 BRAF™!
4¢13.3 Loss 3 BRAF™
4022.1 - 4925 Loss 3 BRAF ™!
10¢21.3 - 10922.1 Loss 2 BRAF™
10026.13 - 10g26.3 Loss 15 BRAF™
6025.3 - 6027 Loss 4 NRAS™!
11¢23.3 - 11925 Loss 21 NRAS™!
17p13.3 Loss 2 NRAS™!
BRAF™"vs. WT

Chromosome location Event Number of BAC clones * Association
1g24.1 - q24.3 Gain 4 BRAF™
1g25.3 - 1g31.2 Gain 4 BRAF™
6p22.3 Gain 7 BRAF™
7p22 Gain 11 BRAF™
7p21.3 - 7p21.1 Gain 3 BRAF™
7p15.3 - 7036.3 Gain 128 BRAF™
8q11.11 - 8q11.22 Gain 4 BRAF™
8024.11 - 8q24.3 Gain 31 BRAF™
1p33-1p32.3 Loss 3 BRAF™
9p21.1 - 9p13.3 Loss 6 BRAF™
9p13.2 Loss 1 BRAF™!
10g11.21 - 10026.3 Loss 93 BRAF™
11¢g22.1 Loss 1 BRAF™
11¢23.1 - 11g23.2 Loss 6 BRAF™
11q14.2-11g23.3 Loss 15 BRAF™
NRAS™"vs. WT

Chromosome location Number of BAC clones * Association
8012.2-8921.11 Gain 14 NRAS™!
8024.23 - 8q24.3 Gain 3 NRAS™!
6022.31 Loss 2 NRAS™!
6025.2 - 6027 Loss 6 NRAS™!
9p22.2 - 9p21.3 Loss 5 NRAS™!
11921 - 11925 Loss 38 NRAS™!
17p13.3 - 17p11.2 Loss 30 NRAS™!
17912 —17g21.2 Loss 15 NRAS™!
4923 - 4925 Loss 4 WT
17p11.2 Gain 4 WT
17924.3 — 17925.3 Gain 15 WT

T Number of BAC clones altered in the region
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In Table 5 those distinct chromosomal were listed that showed more frequent gains and losses
(>40%) in one tumor subgroup than in another. Alterations exclusively associated with
BRAF™! were the gain of chromosome 7 and 123-g25 and losses on the long arm of
chromosome 10. Losses of the 6g25.3-027, 11923.3-g25 and 17p13.3 loci were the most
common DNA alterations in NRAS™" tumor samples. Loss of the 9p region and gain of 8q
were more frequent in melanomas with BRAF™" or NRAS™". Primary melanoma without
BRAF or NRAS mutations was primarily characterized by amplification on the 17q24-17925
and deletions on the 4g23-q25 chromosomal regions.

Using Fisher’s exact test to compare the frequency of gain and loss of individual BAC clones
between BRAF™" and WT tumor subgroups, we found that the loss of 45 clones from the
10023.3-10026.3 region were mainly associated with BRAF™" melanoma (adjusted p values <
0.05). Using slightly less conservative level of significance (adjusted p<0.1), as it was applied
by Loo et al. ***, additional 73 BAC clones were indentified at the following locations: gains
in 7pl14.2 - 79q11.22 and 7936.3 and losses in 1p33 and 10921.1-10g23.31, which were found
to be more frequent in BRAF™" than in WT tumors. Moreover, 29 BAC clones exhibited
differences between NRAS™"and WT tumor subgroups. Loss in 6025.2-6¢25.3 and 11¢23.1-
11925 were mainly seen in tumors with NRAS™" but none of these alterations were
commonly seen in WT tumors. Asterisks on Figure 13 indicate the location of the BAC clones
showing differences between these primary melanoma subgroups with this test. Our data
shows, that these BAC clones achieving a level of significance with Fisher’s exact test are
often part of a larger region that differ in frequency of gain or loss between these tumor
subtypes.

To increase our power in identifying copy number gains and losses larger than those
identified by single BAC clones, a two sample t statistic was applied to compare a sliding
window of five consecutive BAC clones in the tumor subgroups. With this test, differences
between NRAS™' and WT tumor subgroups for BACs were bserved at the following
locations: 11023.2, 11924.1-11924.2, 11g25. There was also a suggestive evidence of
differences between BRAF™' and WT tumor subgroups in 7q11.22, 7q11.23, 7q21.11,
10g11.23, 10g23.1, 10923.1, 10g23.33-10g24.33 and 14q24.3.

To further characterize genomic differences between tumor subgroups, we also compared the
frequency with which particular BAC clones showed high level amplifications and
homozygous deletions exceeding the upper or lower thresholds (log, ratio >0.55 or <-0.8,
respectively). BAC clones showing such alterations in at least 20% of the tumors in a
subgroup were listed in Table 6. Frequent homozygous deletion was seen in both BRAF™"
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and WT melanomas in the 17g21.32 region harboring the HOXB3-9 gene cluster, which

members are associated with many malignant tumors

7 Homozygous deletion of the

CDKN2A (9p21.3) gene was found only in 8.5% of tumors (4/47).

Table 6. The list of regions where the most common high-level
amplification and homozygous deletions were observed

Chromosome
location

Event

Association®

6p22.3
7p21.3
7p21.1
7p15.3
7p14.3
7pld.1
7pl3
7pl12.3
7pl2.1
7031.2
7032.2
7035-936.3
8024.13
17921.32
6p22.3
6p21.31
6pl2.1
13921.33-13¢g22.1
13g31.3-13g32.1
13g33.1
13033.3

high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
homozygous deletion

high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification
high-level amplification

BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™!
BRAF™'and WT
NRAS™!
NRAS™
NRAS™
NRAS™
NRAS™
NRAS™
NRAS™!

LIt was considered to be associated with a tumor subtype if at least 20% of
primary melanomas in that particular subgroup showed this genetic

alteration.

Correlation of gain or loss changes in BRAF™' and WT primary

melanomas

Pairwise correlation analysis of the subset of BRAF™" and WT tumors (including 519 and

167 BAC clones, respectively; these clones exhibited more frequent loss or gain in these

tumor subgroups) revealed chromosomal alterations that coexist more often together in these

groups of tumors. The heat maps of Figure 14 show regions of positive (change in same

direction: green) and negative (change in opposite direction: red) correlations between certain

regions. The relatively large regions with strong positive or negative correlations (correlation

coefficient >0.7 or <-0.7, repsectively) were found in WT tumors and BRAF™" melanoma.

These are listed in Table 7.
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Figure 14. Correlation matrix of copy number changes for BRAF™" and WT primary melanomas. The heat
maps show positive (change in same direction; green) and negative (change in opposite direction; red)
correlation between loss or gain of individual BAC clones for the 19 BRAF™" (A) and 18 WT (B) tumors. The
519 or 167 BACs clones that showed frequent change in BRAF™" or WT tumors are shown in genome order.

Chromosomal band information is labeled.
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Table 7. Paired genetic alterations at different genomic regions showing strong positive or negative
correlation in BRAF™" or in WT primary melanomas

BRAF™" primary melanomas

A) Chromosome location A) Event B) Chromosome location B) Event
1p34.2-1p32.2 loss 4022.1 - 4925 loss
1p13.2 loss 4922.1 - 4g24 loss
4934.3-@35.1 loss 11923.2-923.3 loss
7021.11-g31.1 gain 20p12.2-p12.1 gain

WT primary melanomas

A) Chromosome location A) Event B) Chromosome location B) Event
4913.1-q13.3 loss 14924.1 - q32.2 gain
4913.1-q13.3 loss 17924.3 - 925.3 gain
4023-925 loss 14924.1 - q32.2 gain
4025 loss 17924.3 - 925.3 gain
7q11.23 - g21.11 loss 17p gain
7931.1- g31.2 loss 17p gain
7931.31 - 7931.32 loss 17p gain
14924.1 - 932.2 gain 17925.1 - 925.3 gain

Cluster analysis of array CGH profiles

Because chromosome 10q loss was a frequent event in melanomas with BRAF™" a detailed
cluster analysis was performed of 10qg, which revealed three clusters (A, B and C) with
different genomic profiles. Cluster A and B mainly included advanced stage lesions (IV-V
Clark’s level, p=0.032) and was associated with losses of these regions involving the PTEN

(10g23.3) locus. Tumors carrying BRAF™" grouped mainly into cluster A (p=0.013) and had

large deleted regions of chromosome 10q (Figure 15).
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Figure 15. Cluster analysis of commonly altered regions at the chromosome 10g arm. Each column represents

10g11.2 I

10g22.1

10q22.3 I
10q23.3 I
10q24.2 I
10g26.1 I
10426.3 I

one case and each row represents one BAC clone. Three separate clusters are indicated (Cluster A, B and C).
Cluster A and B mainly include patients with IV-V Clark’s level (Cluster A and B versus C; p=0.032) involving
the PTEN (10¢23.3) locus. Tumors carrying BRAF mutation frequently occurred in cluster A at a significantly
higher rate (Cluster A versus B and C; p=0.013). Green, red and black indicate higher, lower or no gene copy-
number alterations, respectively. The color scale ranges from saturated red for log2 ratio -0.5 and to saturated
green for log2 ratio 0.5. Gray represents missing data.

Identification of gene signature associated with the BRAF mutation in the
EGF/MAPK pathway

Because the BRAF oncogene is one of the key activators of the EGF/MAPK pathway, we
performed a focused analysis of this signaling pathway to investigate whether there are any
gene signatures in this pathway that are related to the BRAF mutation. We estimated the copy
number changes of each of these pathway genes using the closest BAC clone within 2 Mb.
Using the random forest classifier among the EGF/MAPK pathway genes, we identified a
signature of 15 genes that was highly predictive for a BRAF-positive mutation status (see
Figure 16 for more details). A cross-validation test was carried out for each set of genes to

evaluate the accuracy measures of the Random Forest model (Table 8).
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Figure 16. The heat map of the BRAF™" -and BRAF" group for the 15 signature-genes determined by Random
Forest. Green and red indicate higher or lower gene copy number, respectively. The different tumor groups are
separated by white-colored line. The color scale ranges from saturated red for log2 ratio -0.5 and to saturated

green for log2 ratio 0.5.

Table 8. Accuracy measures of Random Forest analysis

Mutation status Accuracy Sensitivity Specificity
BRAF mutation 87.5% 77.8% 70.0%

Frequent changes of signaling cross-talks in primary melanomas harboring
BRAF mutation

In this study another objective was to investigate the frequency of copy number changes of
the signaling interactions between and within 8 tumor regulatory pathways (Mitogen
Activated Protein Kinase pathway: EGF, Hedgehog pathway: HH, : Insulin-like Growth
Factor pathway: IGF, Janus Activating Kinase pathway: JAK, Nuclear Hormone Receptor:
NHR, Notch pathway: NOTCH, Transforming Growth Factor patway: TGF, Wingless
pathway: WNT) in primary melanoma subgroups with different BRAF genotypes (BRAF™":
tumors harboring BRAF mutation; BRAF": tumors without BRAF mutation which also

includes tumors with NRAS mutation). Results of this analysis are shown in Figure 17.
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Figure 17. Differences in the frequency of altered cross-talks between BRAF™" and BRAF" primary
melanomas. The number of the cross-talks was visualized by varying circle size. The lack of circle means that
there are no cross-talks between the pathways. The signal flow direction in the signaling interaction network is
labeled as “source” or “destination” on the figure (i.e. a protein from the source pathway activates or inhibits a

protein from the destination pathway). The calculated differences in the frequency of altered cross-talks between
BRAF™" and BRAF" tumor subtypes were displayed as heat map. For example red and orange color indicates
on the figure that broad ranges of signaling interactions were more frequently altered (>20%) in BRAF™"
melanoma compared to the BRAF" tumor type within the HH and between the EGF-JAK, IGF-JAK and EGF-
IGF pathways.

Cross-talk between the EGF (i.e EGF/MAPK pathway) and JAK networks was observed to be
extensively altered in the BRAF™" tumors compared to the BRAF" lesions. Additionally,
interactions within the EGF-JAK, JAK-IGF and EGF-IGF pathways are more frequently
altered (>20%). This analysis further supported the potentially important role of the HH
pathway in BRAF™" primary melanoma.

CCND1 amplification in melanoma samples detected by Q-PCR

Based on the CGH data we selected the 11q13 region as a frequent alteration to define gene
copy alterations in details. A total of 68 primary and 6 metastatic lesions were tested to
identify CCND1 amplification by Q-PCR relative to the two reference genes (GNS and
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UBEZ2E1). Using this techniqgue CCDN1 amplification was found in 22 primary melanomas
(32.4%) and in only one metastasis. The CCND1 gene amplification pattern was further
compared in the primary and its metastatic tumor in four cases: the CCND1 gene was
amplified in all the primary lesions (case numbers 5, 22, 8 and 13) but we could detect

CCND1 amplification only in 1 metastasis (data not shown) (Table 9).

Evaluation of TAOS1, FGF3, FGF4, FGF19 and EMS1 gene copy numbers
by Q-PCR

Samples with CCND1 amplification (22 primary melanomas) were further characterized for
the TAOS1, FGF3, FGF4, FGF19 and EMS1 gene copy number alterations by Q-PCR.
Among these 22 samples, 18.2% (4/22) showed amplification for all of these additional five
genes (Table 9). In 45.5% of tumors (10/22) CCND1 was co-amplified with TAOS1; 36.4%
(8/22) of CCND1 amplified tumors also displayed amplification of FGF3. Co-amplification of
CCND1 and EMS1 was observed in 7 lesions (31.8%). The nine primary melanoma samples
which exhibited higher CCND1 gene copy numbers (range 4.2-13.4) tended to display
TAOS1 (7/9), FGF3 (6/9), FGF19 (6/9), FGF4 (6/9) and EMS1 (5/9) amplifications as well
(see details in Table 9).
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TABLE 9. Co-amplification of TAOS1, FGF3, FGF19, FGF4 and EMS1 with CCNDI detected by Q-PCR
and BRAF V600, NRAS Q61 mutations in primary melanomas.

Relative gene copy number + SE'

Cases CCNDI TAOS1 FGF3 FGF19 FGF4 EMS1 dldps  NRAS+
V600 Qo1
1 1344+0.60 10.0+0.71 5.00+£0.61 74%+0.65 79+0.62 58+0.48 V600E WT
2 54+0.31 3.7%£0.31 45+0.22 51+0.32 41+0.25 44+0.34 WT Q61IR
3 49+0.31 3.6%0.23 3.7%£0.26 39+0.26 33+0.31 4.6t0.29 V600E WT
-+ 441+0.34 44%0.27 33%+0.38 74%0.65 3.7+0.26 5.2+£0.32 WT WT
5 11.7+£0.34 7.0+0.44 38+0.23 49+0.36 4.0+0.44 NoAmp WT WT
6 52+0.72 50£0.71 45+0.28 4.6%+0.19 42+0.31 NoAmp WT WT
7 32+0.10 3.0%£0.22 33%+0.13 38%+0.22 NoAmp 38+0.13 WT WT
8 3.7+0.19 28+0.16 33+0.26 NoAmp No Amp No Amp V600E WT
9 42+0.28 2.8+0.12 NoAmp No Amp NoAmp 3.8%+0.13 V600E WT
10 35+0.48 3.2+0.15 NoAmp NoAmp NoAmp 3.0+0.06 WT WT
11 9.6+0.74  No Amp No Amp NoAmp NoAmp  No Amp WT WT
12 4.6+0.10 No Amp No Amp No Amp No Amp No Amp WT WT
13 3.8+0.24 No Amp No Amp No Amp No Amp No Amp WT Q61K
14  35+0.15 NoAmp No Amp NoAmp  No Amp No Amp WT Q61K
15 34%+0.22 NoAmp No Amp NoAmp NoAmp  No Amp WT WT
16 3.1+£0.30 No Amp No Amp No Amp No Amp No Amp WT Q61K
17 31%+0.12 NoAmp No Amp NoAmp NoAmp  No Amp WT Q61K
18 3.1%0.14 No Amp No Amp No Amp No Amp No Amp WT Q61K
19 3.0+0.19 NoAmp No Amp NoAmp NoAmp  No Amp V600E WT
20 3.0+0.16 No Amp No Amp No Amp  No Amp No Amp V600R WT
21 29+0.09 No Amp No Amp NoAmp NoAmp  No Amp WT WT
22 29+0.12 No Amp No Amp No Amp No Amp No Amp WT Q61K

! Standard error
No Amp: amplification was not detected
WT: wild type BRAF or NRAS genotype

Correlation of gene alterations with clinicopathological parameters

In this analysis correlations were not find between CCND1 gene amplification status and any

of the patients’ clinicopathological parameters.
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Tumors with CCND1 and TAOS1 co-amplification were classified with higher Clark’s level
(IV-V). Ulcerated tumors had a statistically significant association with CCND1 and TAOS1
co-amplification (p=0.017) (Table 10). In addition, co-amplification of CCND1 with TAOS1
(p<0.001), FGF3 (p=0.001), FGF19 (p<0.001), FGF4 (p=0.002) and EMS1 (p=0.004) genes,
respectively, were more frequently found in thick (=9 mm Breslow thickness) melanomas.
Younger age at diagnosis was significantly associated with co-amplification of these five
oncogenes (CCND1, TAOS]1, FGF3, FGF19 and FGF4) (p=0.026, Mann-Whitney test) (data
not shown).

NRAS codon 61 mutations were significantly more frequent in tumors originating from
chronically sun-exposed sites (p= 0.005) (Table 10). Other clinical parameters did not show
significant association with the prevalence of BRAF or NRAS mutations. However, an
increased CCND1 gene copy number in conjunction with either BRAF or NRAS activation
mutations was observed significantly more frequently in primary tumors with ulcerated

surfaces (p=0.028) (data not shown).
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Table 10. Associations of CCND1 amplification, CCND1/TAOS1 co-amplification, BRAF and NRAS mutation with

clinicopathological parameters of patients.

CCND1* CCND1/TAOS1? BRAF+ NRAS+*
n/total (%0) P n/total (%0) n/total (%0) n/total (%6)

All tumor 22/68 (32) - 10/68 (15) - 25/68 (37) - 13/68 (19) -
Tumor Type®
NM 10/26 (39) 4/26 (15) 9/26 (35) 7126 (27)
SSM 12/42 (29) 0433 6/42 (14) 10006140 (38) 0.802 6/42 (14) 0.220
Gender
Male 13/33 (39) 5/33 (15) 13/33 (39) 6/33 (18)
Female 9/35 (26) 0-302 5/35 (14) 1000 45135 (34) 0.802 7/35 (20) 1.000
Age
20-50 6/18 (33)  1.000 4/18 (22) 5/18 (28) 1/18 (6)
>50 16/50 (32) 6/50 (12) 0437 50150 (40) 0407 1550 (24) 0.160
Breslow
Thickness®
(mm)
<2.00 8/27 (30) 3127 (11) 7127 (26) 5/27 (19)
2.01-4.00 3/13(23)  0.430° 0/13 (0) 0.079"  7/13(54) 0.801"  3/13(23)  1.000’
>4.00 11/28 (39) 7/28 (25) 11/28 (39) 5/28 (18)
Clark’s level
TN 8/31 (26) 2/31 (7) 11/31(36) 1.000  4/31 (13)
v,V 14/37 (38) 0313 8/37 (22) 0097 1 4/37 (38) 9/37 (24) 0-354
Ulceration
Absent 7/31 (23) 1/31 (3) 9/31 (29) 5/31 (16)
Present 15/37 (41) 0.129 9/37 (24) 0017 15/57 (43) 0313 8/37 (22) 0.758
Anatomic site
Intermittently 17/53 (32) 7/53 (13) 21/53 (40) 6/53 (11)
sun exposed site 1.000 0.680 0.545 0.005
Chronically sun ' ' ' '
exposed sites 5/15 (33) 3/15 (20) 4/15 (27) 7/15 (47)
Metastasis
formation®
Nonmetastatic 7/25 (28) 0.406 2/25 (8) 0.273 8/25 (32) 1.000 4/25 (16) 0.350
Metastatic 13/32 (41) 7/32 (22) 11/32 (34) 9/32 (28)

T Number of tumors with CCND1 amplification

2 Number of tumors with CCND1/TAOS1 co-amplification

® Number of tumors with BRAF codon 600 mutation

* Number of tumors with NRAS codon 61 mutation

> NM, Nodular Melanoma; SSM, Superficial Spreading Melanoma

® Thickness categories based on the current melanoma staging system

<4.00 mm versus >4.00mm
8 Only patients with at least 3 years of follow up were included
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Discussion

Melanoma consists of a heterogeneous group of tumors that differ in their types and range of
genetic alterations. In order to identify novel therapeutic targets, and to develop successful
therapies, it is essential to understand the molecular basis of cutaneous melanoma initiation
and progression. It is accepted that high-resolution array CGH is able to detect small
amplifications and deletions that potentially harbor specific oncogenes and tumor suppressor
genes. In this study, through DNA copy-number profiling with array CGH analysis the aim
was to discern differentially altered chromosomal segments and genes between BRAF- and

NRAS-mutated melanoma subgroups.

Somatic mutations of BRAF and NRAS oncogenes are thought to be among the first steps in
melanoma initiation. In our study the BRAFV600E was the most frequent mutation (26%) in
the examined primary melanoma samples, which is in concordance with other studies *"® 7.
In addition, two other BRAF mutations were detected that were distinct from the V600E
mutation. In each case, subsequent sequencing revealed the presence of V600K or V600R
tandem mutations with a rate of 7% and 3%, respectively. The two most frequently observed
NRAS mutations in the primary melanoma samples were Q61K and Q61R, with a rate of 10%
and 7%, respectively, and these were associated exclusively with tumors derived from
chronically sun exposed sites, a finding which agrees with past studies *** *®°. After evaluating
the mutational status of four primary-and-metastasis tumor pairs it was found that three
metastatic lesions harbored the same mutations as the primary tumor from which they
originated, which supports the idea that these mutations are preserved throughout melanoma

progression &%,

Distinct genetic alterations were revealed between melanoma subgroups based on mutations
of the BRAF and NRAS genes ** 11 %1% Nevertheless, it is important to emphasize that only
two of these articles provided data from primary melanomas. In concordance with these
earlier reports a higher frequency of segmental chromosome 7 gain and chromosome 10 loss
were found, which always included BRAF on 7934 and PTEN on 10g23.3, that were found to
be less frequent in WT tumors or in NRAS mutated lesions. Unsupervised hierarchical
clustering of common tumor-associated regions at the 10q chromosomal arm also revealed
that their deletion patterns are linked to high-grade tumors and to the presence of BRAF™",

This observation is consistent with a previous model which suggests a cooperative effect
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between the PTEN (10923.31) and BRAF (7g34) cancer genes in melanoma *?’. It has been
implied in several recent studies that the inactivation of the PTEN tumor suppressor gene is a
key genetic event in melanoma . On the other hand, whereas extended deletions on
chromosome 10 suggest a novel theory wherein a broad range of chromosome 10 losses in
conjunction with BRAF activation and PTEN inactivation may be involved in polygenic
melanoma tumorigenesis. The 7936.3 region harboring the PTPRN2 gene was found to be one
of the most frequent high-level amplifications (14% of primary melanomas) and was also
linked to the presence of BRAF™!. The product of this gene acts as a signaling molecule
involved in cell growth, differentiation, mitosis and oncogenic transformation. In a recent
study, the downregulation of a set of genes, including the PTPRN2, was able to suppress
metastasis of breast cancer cells to different organ sites *®.

Furthermore, loss of 11g23.3-11g25, which carries the well-established tumor suppressor
gene named OPCML, was mainly associated with NRAS™' primary melanoma. This
observation indicates another possible link between loss in this region and the consecutive
activation of NRAS protein ‘*%. Moreover the loss of one allele at 17p13.3 was also observed

Smut

frequently in NRA melanomas. This tumor suppressor locus on 17p has already been

observed in brain, breast, lung, and ovarian tumors '%**%

, they indentified two candidate
tumor suppressor genes HIC1 and OVCAL at this locus % ¥ |t was also suggested that
the reduction to hemizygosity of 17p13.3 resulted in cell cycle deregulation and promote
tumorigenesis in ovarian cancer cells .

Additionally, the group of tumors with BRAF or NRAS mutations also frequently showed
deletions and amplification in the 9p including the loci of CDKN2A (9p21.3) and in the
6p22.3 chromosomal region, respectively. The E2F3 candidate gene at the 6p22.3 region was
already found to be over-expressed in several bladder tumor cell lines with 6p22.3

190

amplification and knock-down of E2F3 resulted in reduced proliferation of cells =~ (see the

summarized data in Figure 18).
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Figure 18. The summary of the major common and distinct copy number alterations among the three mutation
subgroups. The up and green arrow indicates gain of a given chromosomal region or gene, and the down red

arrow indicates their loss.

It is well known that genetic events at different genomic regions act concordantly in tumor
development. Therefore, a correlation analysis was performed between BAC clones
frequently changed in the investigated tumor subgroups in order to identify regions of
chromosomal loss and gain that commonly coexist in BRAF™" or WT primary melanomas. It
has to be mentioned that this analysis was done on a relatively small set of tumors so it only
begins to address the possible combinations of cooperating regions. The heat maps on Figure
14 show trends of correlation between chromosomal regions in the two different melanoma
subgroups.

Activation of the EGF/MAPK pathway via genetic alterations is thought to be a main
causative factor during melanoma development, and their inhibition sensitizes melanoma cells
to certain anticancer agents **. Our aim was to explore a relevant subset of gene copy number
alterations that have important impacts on dysregulation of the EGF/MAPK pathway along
with the BRAF mutation. A more complete understanding of the genetic alterations that co-
occur with mutations of BRAF could help to identify therapies that may act synergistically

with BRAF kinase inhibitors. The selection of relevant genes for sample classification is one
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of the challenges in most microarray studies where researchers try to identify the smallest
possible set of chromosomal loci or genes that can still achieve good predictive performance.
Random forest analysis is getting more and more widely used in the field of the evaluation of
microarray experiments because it has several characteristics that make it ideal to investigate
these data sets, such as a) when the number of variables are much larger than the number of
observations and b) when datasets contain a large number of noisy variables %, With this
method, a particular deletion pattern involving three well-known cancer genes, such as PTEN,
HVH-3 and JNK1 were identified and found to be associated with BRAF mutation. PTEN is a
well-known tumor suppressor gene, but little data has been published on the role of HVH-3
and JNK1 in melanoma tumorigenesis. According to the literature, the expression of HVH-3

2 % and it has

resulted in both the specific inactivation and the nuclear translocation of ERK
been proven that silencing the ERK2 mRNA inhibits tumor growth in vivo '**. There is also
further evidence for the role of JNK1 gene in tumorigenesis: failure of the function of JNK1
could facilitate tumor formation and JNK1” mice developed spontaneous intestinal tumors
196,197 ‘\We identified, moreover, a group of other genes to be associated with BRAF mutation,
including SHC1, PEA15, ELK4, EGFR and PI3K that have evidence of oncogenic activity or
may be potential anti-cancer treatment targets *°® 1%°. We also observed that their concomitant
amplifications were highly predictive for BRAF mutation.

Moreover, exploring the frequency of the significantly more frequently altered cross-talks
among BRAF™" and BRAF" melanomas revealed the significant importance of cross-talks
between the MAPK-JAK, MAPK-IGF and JAK-IGF pathways and in the HH pathway in
BRAF mutated melanoma progression.

During the array CGH analysis of 47 primary melanomas, we observed a common large
regional gains in 11913 chromosome region, which has been also reported by previous studies
with conventional cytogenetic and comparative genomic hybridization methods > ™ 2%, In
order to investigate detailed gene copy number alterations in the 11q13 amplicon core in
primary and metastatic melanomas a Q-PCR was elaborated. Since it was found that CCND1
is co-amplified with other genes located within the 11q13 region in several malignancies, and
it is likely these co-amplifications play a pathogenic role in those cancers 8 & %2,

In order to define the co-amplification pattern of genes in the 11913 amplicon, a Q-PCR assay
was designed for the CCND1, TAOS1, FGF3, FGF19, FGF4 and EMSL1 gene copy number
determination. We found that 32% of the primary melanomas exhibited amplification of the
CCND1 gene. These data support the importance of the CCND1 amplification in promoting

cell proliferation in subgroups of primary melanomas. However, the CCND1 amplification
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frequencies between primary and metastatic sites can indicate that this genetic aberration
probably not obligatory for the metastatic process because it is not selected during the
metastatic process. Although, further detailed examinations are needed to verify this
hypothesis because of the relatively low number of primer-meta tumor sample pairs analysed.
The co-amplification of CCND1 with TAOS1 was another frequent event in this region and
had a significant association with the presence of ulceration (p=0.017), a clinical feature that
can predict poor prognosis. TAOS1 has been described as a possibly important gene that
might drive the 1113 amplification in oral squamous cell carcinoma (OSCC) # and it may be
a novel marker gene for advanced types of esophageal squamous cell carcinoma . An
association between TAOS1 gene amplification and larger tumor size, the presence of lymph
node metastasis, poor histological differentiation and advanced clinical stage in OSCC has
been found ®. RNA interference method predicts that TAOS1 would participate in cell cycle
control and regulate cell proliferation, similarly to CCND1 . In this work it was also shown
that co-amplifications of each of these genes (TAOS1, FGF3, FGF19, FGF4 and EMS1) with
CCND1 are characteristic for thick primary melanomas, and co-amplification of these are
present in patients of younger age. It is also known, that FGF3 and FGF4 are secreted
glycoproteins that are generally readily sequestered to the extracellular matrix, as well as the
cell surface, by heparan sulphate proteoglycans and the FGFR2 (fibroblast growth factor
receptor) is regulated on the basis of the balance of FGF3 and FGF4. FGFR2 transduces FGF
signals to MAPK, PI3K signaling cascades. Aberrant FGF signalling can promote tumour
development by directly driving cancer cell proliferation and survival . Based on the
observed data we assume that co-amplification of these candidate genes can contribute to a
more aggressive phenotype than CCND1 amplification alone. However, it is possible that the
co-amplifications are merely a result of genetic instability that increases as the tumor
progresses and that these genes do not contribute directly to the phenotypic alterations 2.

In this work another aim was to evaluate the relationship between increased CCND1 gene
dosage and the frequency of BRAF and NRAS mutations and found that 34% of the primary
melanomas harboring one of these activating mutations also had CCNDL1 alterations. Among
these tumors, melanomas with ulcerated surfaces were significantly more frequently present
(p=0.028), indicating the clinical relevance of this finding. This link is supported by a recent
study in which CCND1 was found to be amplified in 17% of BRAF V600E-mutated human
metastatic melanoma samples and its overexpression, resulting from genomic amplification,
increased BRAF inhibitor resistance of BRAF V600E-mutated melanomas 2%,
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In conclusion, molecular alterations were distinguished between different melanoma subtypes.
These marked differences in the genetic pattern of the BRAF or NRAS mutated and WT
melanoma subgroups confirm the involvement of distinct genetic pathways in melanoma
tumorigenesis that are driven either through BRAF or NRAS mutations. Here was also found
that neither the increased CCND1 gene dosage nor the BRAF or the NRAS mutations alone
contributed to more aggressive phenotype. However, we assume that co-amplification of other
candidate oncogenes in the 1113 region or carrying a CCND1 alteration along with either the
activating BRAF or NRAS mutation may be more important for prognosis in subgroups of
aggressive melanomas than the presence of these alterations alone. Investigating the non-
random correlation of gene alterations could distinguish oncogenic modules that contain

driver genes involved in the progression of melanoma.
Conclusions

This thesis is aimed to better characterize the possible association of BRAF and NRAS

mutations with marked genetic alterations in primary melanoma:
The main conclusions are:

e Melanomas with the presence of BRAF mutation exhibited more frequent losses on
10g23-g26 and gains on chromosome 7 and 1g23-g25. Loss on the 11g23-g25 sequence
was found mainly in conjunction with NRAS mutation. Hierarchical cluster analysis
revealed that the presence of BRAF mutation is associated with deletion pattern on 10q

chromosome and is frequently observed in lesions with advanced clinical stages.

e Correlation analysis revealed chromosomal alterations that coexist more often in the
different subgroups of primary melanomas (BRAF™", WT).

= Investigating the specific dynamic activities among eight different signaling highlighted
the frequent alterations of genes involved in the protein-protein interactions between the
MAPK-JAK pathways in BRAF mutated primary melanomas.

= We also found a gene alteration signature in the MAPK pathway that was commonly

related to the presence of the BRAF mutation in our melanoma cohorts.

= After developing an accurate Q-PCR method for determining the co-amplification pattern
of six candidate genes that reside in the 11ql3 amplicon core, we found that

coamplification of these candidate genes or the CCND1 amplification along with either
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BRAF or NRAS mutations indicating that they are more important for prognosis than the

presence of these alterations alone.

Based on these results we were able to prove the existence of marked differences in the
genetic pattern of the BRAF and NRAS mutated melanoma subgroups that might suggest that
these mutations contribute to malignant melanoma in conjunction with distinct cooperating
oncogenic events. These additional oncogenic events which are associated with BRAF or
NRAS mutations can provide rational additional targets for a combination therapy with kinase
inhibitors. However, more detailed investigations are desperately needed to find out that how
these different mutational profiles and molecular subgroupings can be translated into novel

strategies for the treatment of melanoma.
Summary

Human malignant melanoma is one of the most aggressive forms of skin cancer with an
exceptionally bad prognosis. Melanoma often display constitutively activated MAPK pathway
through BRAF or NRAS mutations. It is also known that these mutations are almost never
simultaneously present and that they appear at early stages and preserved throughout tumor
progression, although it is proved that these alterations alone are insufficient to cause tumor
progression. Therefore the first aim of our study was to evaluate those distinct genetic
alterations which can properly differentiate the three important molecular subtypes of primary
melanomas with a) BRAF, b) NRAS mutation andc) WT (wild type for both loci). Mutation
analysis in the BRAF and NRAS oncogene was performed by melting curve analysis using
fluorescent probes. High-resolution array comparative genomic hybridization (array CGH)
was used to assess genome-wide analysis of DNA copy number alterations. Based on our
array CGH data primary melanomas with BRAF mutation exhibited more frequent losses on
10g23-g26 and gains on chromosome 7 and 1g23-g25 compared to melanomas with NRAS
mutation. Loss on the 11923-g25 sequence was found mainly in conjunction with NRAS
mutation. Hierarchical cluster analysis revealed that the presence of BRAF mutation is
associated with deletion pattern on 10q chromosome and is frequently observed in lesions
with advanced clinical stages. Based on these results we proved the existence of marked
differences in the genetic pattern of the BRAF and NRAS mutated melanoma subgroups that
might suggest that these mutations contribute to malignant melanoma in conjunction with
distinct cooperating oncogenic events. In general, it is an interesting phenomenon suggesting

that these mutations provide probably the ‘guiding force’ for these tumors and it also suggests
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that there are alternative genetic pathways to melanoma. These additional oncogenic events
which are associated with BRAF or NRAS mutations can provide rational additional targets
for a combination therapy with kinase inhibitors. In this study we also investigated the
specific dynamic activities among different signaling pathways highlighted the frequent
alterations of genes involved in the signaling interactions between the MAPK-JAK pathways
in BRAF mutated melanomas. Using Random Forest analysis we also found a gene alteration
signature in the MAPK pathway that was commonly related to the presence of the BRAF
mutation in our melanoma cohorts. The second aim of this study was to develop an accurate
Q-PCR method for determining the co-amplification pattern of six candidate genes that reside
in the 11913 amplicon core. We found that coamplification of these candidate genes or the
CCND1 amplification along with either BRAF or NRAS mutations might be more important

for prognosis than the presence of these alterations alone.
Osszefoglalas (in hungarian)

A malignus melanoma az egyik legagresszivabb bordaganat, melyek jelent6s része rendkiviil
rossz prognozissal jellemezhetd. A melanomdk tobbségében a MAP-kindz utvonal
konstitutivan aktivalodik, melyet az NRAS vagy BRAF onkogének mutacidja okoz a
melanomak tumorigenezisének korai fazisaban. Ezen mutaciokrol mar leirtak, hogy a daganat
progresszid soran végig fennmaradnak. A mutdciok jelenlétének ¢€s prognosztikai
jelentdségének eddigi vizsgalatai viszont kimutattak, hogy ezeknek a mutacidknak egyediili
jelenléte viszont még nem elegendd a daganatok kialakuldsahoz. Vizsgalataink soran kiemelt
figyelmet szenteltink a BRAF és NRAS mutacidt hordozd primer melanomak jellegzetes
molekularis eltéréseinek megismerése. A teljes genom eltéréseinek analizisére array-CGH-et
alkalmaztunk. A mutaciok jelenlétét floureszcensen jelolt oligonukleotid probak segitségével,
olvadaspont analizissel vizsgaltuk. A BRAF-mutaciot hordozé daganatokban a leggyakoribb
eltérések az 1-es kromoszoma hossza karjanak, illetve a teljes 7-es kromoszomanak a DNS-
tobblete és a 10-es kromoszoma hosszi karjanak DNS-hianya voltak. Az NRAS-mutaciot
hordoz6 daganatokra a 11922.3-11q25 régioban gyakran el6forduld delécid volt jellemezd.
Hierarchikus klaszter analizislink szerint a 10-es kromoszoma hossz karjanak delécigja
szignifikdnsan gyakrabban fordul eld6 BRAF mutéciot hordozo és eldrehaladott stddiumban
1év6 primer daganatokban. Eredményeink alapjan feltételezhetjiik, hogy annak ellenére, hogy
az NRAS és a BRAF onkogének aktivacios mutacioi ugyanazon szignaltranszdukcios
utvonalat aktivaljak, a primer melanomak tumorigenezise soran eltérd genetikai alteraciokkal

kooperalnak. Ez a melanoma progresszid sordn tapasztalt jelenség rendkiviil figyelemre
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méltd, hiszen arra utalhat, hogy a BRAF ¢és NRAS mutaciok egyfajta vezérlo erdként
funkcionalnak az alternativ genetikai Utvonalakat feltételezd melanomagenezis soran.
Eredményeink elemzése soran a kiillonbozd szignal transzdukcids utvonalak részletesebb
vizsgalataval felderitettiik, hogy a BRAF mutaciot hordoz6 daganatokban leggyakrabban a
MAPK-JAK szignalizacios utvonalak kozotti interakcioban résztvevo fehérjék génjei sériilnek
majd Random Forest analizis segitségével azonositottunk tovabbi BRAF mutacioval
Osszefliggésbe hozhaté gyakori gén kopiaszam eltéréseket a MAPK ttvonalbol. Valamint
részletesen tanulmanyoztuk a 11q13 amplifikacios régio géneltéréseit, melyet korabbi CGH
vizsgalataink sordn a melanoma egyik leggyakoribb genetikai eltéréseként azonositottunk.
Eredményeink arra utalnak, hogy a 11ql3 régiéban lokalizaloddo onkogének ko-
amplifikacidja, a BRAF vagy NRAS mutécié egyiittes eléfordulasa a CCND1 emelkedett
géndozisaval tarsulva gyakrabban jellemz0 rossz prognozisu daganatokra, mint ezen genetikai

eltérések jelenléte kiilon-kiilon.
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