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ABSTRACT

Project 1. Identification of molecular signatures associated with response to MAPK

inhibitors.

BRAF V600-mutated melanoma benefits from MAPK inhibitors (MAPKi)-based therapy.
Yet, the onset of resistance impacts long-term efficacy and can even be immediate. In this
study, we examined the genetic alterations characterizing melanoma progression to identify
predictive factors of response to MAPKIi. Specifically, we evaluated BRAF copy number
variation (CNV), BRAF mutant (BRAFmut) allele frequency, PTEN loss or mutations and
TERT promoter mutations in pre-treatment melanoma specimens from MAPKi-treated
patients (pts) and we analyzed their association with progression free survival (PES). We also
applied a comprehensive unbiased approach, using genome-wide CNV analysis, to identify
additional genomic aberrations potentially associated with response to therapy.

We found that 65% pts displayed BRAF gains, often supported by chromosome 7
polysomy. In addition, we observed that 64% pts had a balanced BRAF mutant/wild-type
allele ratio, while 14% and 23% pts had low and high BRAFmut allele frequency,
respectively. Notably, a significantly higher risk of progression was observed in pts with a
diploid BRAF status vs. those with BRAF gains (HR = 2.86; 95% CI 1.29-6.35; p = 0.01) and
in pts with low vs. those with a balanced BRAFmut allele percentage (HR = 4.54, 95% CI
1.33-15.53; p = 0.016).

We identified PTEN gene mutations affecting the catalitic and C2 domains in 27% pts.
Moreover, we observed a complete PTEN loss in 42% pts, partial loss in 35% pts and no loss
in 23% pts. Of note, we found PTEN loss also in pre-treatment samples from pts with long
PFS.

Sequencing of TERT promoter gene disclosed mutations in 78% pts. The -124C>T
and the -146C>T mutations were equally frequent (36%) while the -138-139CC>TT was
present only in 5% pts. Fifty-one % pts carried also the neighboring polymorphism
rs2853669, which reportedly counteracts the activating effect of the above-mentioned
mutations on TERT expression. Upon stratification of the TERT promoter mutant cohort
based on presence/absence of the polymorphism, TERTmutant/SNPcarrier pts showed a trend
toward better PFS (median PFS 11.5 mo., 95% CI 3.12-19.88) compared to
TERTmutant/SNPnon-carrier pts (median PFS 7 mo., 95% CI 4.27-9.72). When stratifying
based on mutation type, the -146C>T mutation correlated with shorter PFS (median PFS 5.45



mo., 95% CI 2.80-9.20) compared to the -124C>T one (median PFS 15.2 mo., 95% CI
5.57-).

Genome-wide CNV analysis pointed at chr3p24, chr3p21.2 and chr17p13.1, which are
differently alterated between pts with long and short time to disease progression, as regions of
potential interest to identify new genes involved in therapeutic resistance.

Our data suggest that quantitative analysis of the BRAF gene and sequencing of the
TERT promoter gene could be useful to select the melanoma pts who are most likely to
benefit from MAPKIi therapy. In addition, chromosome 3 and 17 could be regions that warrant
further investigation. Conversely, because PTEN loss was present in pre-treatment samples
from pts with both short and long PFS, the assessment of PTEN gene status does not seem to

provide information about patient responsiveness to treatment.

Project 2. Research of molecular biomarkers to classify acral melanoma.

Acral lentiginous melanoma (ALM) is a rare subtype of cutaneous melanoma with specific
morphological, epidemiological, and genetic features. Since the genomic landscape of ALM
is still incompletely described, we used whole genome CNV analysis to characterize ALM
and detail the genomic signatures that differentiate ALM from non-acral melanoma (NAM).

We observed that the most strikingly different copy number aberrations were a higher
frequency of losses of chromosome 16q24.2-16q24.3 in ALM than in NAM (64.7% vs. 10%)
and a lower frequency of gains of chromosome 7q21.2-7q33 in ALM than in NAM (26.5%
vs.79.5%). We observed also that ALM more often (than NAM) harbored clusters of
breakpoints and isochromosomes. Moreover, in ALM we identified focal amplification of
TERT, CCNDI1, MDM2 and MITF. In NAM, instead, we found only two focal
amplifications, involving BRAF and MITF. Focal homozygous copy losses affected
especially the CDKN2A and PTEN genes, both in ALM and in NAM, even though they were
more frequent in the latter group.

In keeping with previous observations that led to classify ALM as a distinct molecular
subtype of melanoma, we observed a peculiar genomic landscape in ALM (vs. NAM). Our
study provides insights into the molecular characteristics of ALM, which are key to full

elucidation of its pathogenesis.



INTRODUCTION

2.1 Clinical classification

Melanoma arises from the malignant transformation of melanocytes. These pigment-
producing cells embryologically derive from the pluripotent neural crest stem cells that during
fetal development migrate to and differentiate within the epidermis and to other extra-
cutaneous pigment-containing sites including eyes, meninges, esophagus and mucous
membranes. As a result, three subtypes of melanoma can be identified: cutaneous melanoma
(the most common), which arises from melanocytes in the epidermis, mucosal melanoma
from melanocytes residing in the mucous membranes, and uveal melanoma, from
melanocytes residing in the ocular stroma'.

Cutaneous melanomas, the most common type in Caucasians, are classified based on
the morphology of the early growth phase into superficial spreading, nodular, lentigo maligna,
and acral lentiginous (Fig. 1)% Superficial spreading melanoma is the most common subtype
of cutaneous melanoma, accounting for 60—70% of all melanomas. It is related to intermittent
sun exposure and may arise de novo or in association with a nevus. Nodular melanoma
represents approximately 15-20% of all melanomas. It has a vertical growth phase, rapid
growth and high rate of metastasis®. Lentigo maligna melanoma is a less common subtype,
comprising approximately 9% of all cutaneous melanomas. Typically, lesions occur in older,
chronically sun-damaged individuals and have a predilection for nose and cheeks in women,
and for neck, scalp, and ears in men®. Acral lentiginous melanoma (ALM) is rare, accounting
for 5% of melanomas in white people but it is the most common type of melanoma in Asian,
Hispanic, and African pts. Typically, it occurs on the soles, but it can also commonly occur on
the palms and in or around the nail apparatus. ALM is difficult to diagnose because it can
look like a benign lesion (i.e. a plantar wart or hematoma), especially when it is amelanotic*>.

Melanoma more rarely develops in non-cutaneous sites. Uveal melanoma is the most
common form of intraocular malignancy. The median age at presentation is the 6th decade of
life and there is no different rate between genders. Approximately 50% of pts with uveal
melanoma will develop distant metastases, an incidence that is significantly higher than that
of cutaneous melanoma. Mucosal melanoma accounts for less than 1.5% of all melanomas.
Over half the cases originate in the head and neck region (oral, nasal, and sinus mucosa),

while the other half involve the anal/genital mucosal surfaces?.



Figure 1. Clinical images of melanomas. Subtypes of melanoma include superficial spreading
melanoma (A), amelanotic melanoma (B), nodular melanoma (C), acral lentiginous melanoma (D),
and uveal melanoma (E).

From Lo JA et al. The melanoma revolution: from UV carcinogenesis to a new era in therapeutics
Science 2014

2.2 Principals of staging: TNM classification

The eighth edition of the American Joint Committee on Cancer (AJCC) is the current
melanoma staging system (Fig. 2)°. The staging is based on 3 categories: T (Tumor), N
(Node) and M (Metastasis). The T category is classified primarily by measuring the thickness
of the melanoma as defined by Alexander Breslow. Tumor thickness (Breslow) is measured
from the top of the granular layer of the epidermis to the deepest invasive cell across the
broad base of the tumor, in the dermis or subcutaneous. The second criterion for determining
the T category is primary tumor ulceration. Ulcerated primary tumors are designated with a
“b” suffix and non-ulcerated primary tumors with an “a” suffix.

The stratification of pts into the appropriate N category is primarily based upon the
number of metastasis-containing regional lymph nodes, while the subclassification within the
N grouping reflects the burden of disease, defined as either clinically occult (“a” suffix,
clinical stages I-II) or clinically apparent (“b” suffix, clinical stage III). In case of
microsatellites, satellites or in-transit metastases, the suffix “c” is assigned.

The M category refers to the presence of distant metastases. In the 8™ edition of the

AJCC manual, the “d” suffix was added for pts with central nervous system metastases, while



the (0)/(1) suffix was included to indicate not elevated/elevated lactate dehydrogenase (LDH)
level, respectively.

Both clinical and pathological classifications are used in melanoma staging. Clinical
staging consists of microstaging of the primary melanoma and clinical/radiologic/biopsy
evaluation for metastases. Pathological staging includes all clinical staging information, along
with any additional information derived from the excision of the primary tumor and lymph

nodes.



DEFINITIONS OF TNM Extent of regional lymph node and/or

lymphatic metastasis
Definition of Primary Tumor (T) Presence of in-transit,
N Number of tumor-involved satellite, and/or
Category regional lymph node microsatellite metastases

T Category Thickness Uleeration status N2a Two or three clinically No
TX: primary tumor Not applicable  Not applicable occult (i.e.. detected by
thickness cannot be SLN biopsy)
assessed (e.g.. N2Zb Two or three, at least one of No
diagnosis which was clinically
by curettage) detected
TO: no evidence of Not applicable  Not applicable N2¢ One clinically occult or Yes
primary tumor (e.g., clinically detected
unknown primary N3 Four or more tumor-involved
or completely nodes or in-transit, satellite,
regressed melanoma) and/or microsatellite
Tis (melanoma in situ) Not applicable Not applicable metastases with two or more
T1 <1.00 mm Unknown or unspecified tumor-involved nodes, or

Tla <0.8 mm Without ulceration any number of matted nodes

Tib <0.8 mm With ulceration RSN OV S

0.8-1.0 mm Witk o withiiot aloessiion satellite, and/or microsatellite

T >1.0-20mm  Unknown or unspecified Y

2 St W N3a Four or more clinically No

ot : - occult (i.e.. detected by

T2b >1.0-2.0 mm With ulceration SLN biopsy)
T3 >2.0-4.0 mm Unknown or unspecified N3b Four or more. at least one of No

T3a >2.0-4.0 mm  Without ulceration which was clinically

T3b >20-40mm  With ulceration detected. or presence of any
T4 >4.0 mm Unknown or unspecified number of matted nodes

Tda S Without ulceration Nic Two or more Flinically Yes

Tab sidhac itk hreaiion occult or clinically detected

Definition of Regional Lymph Node (N)

Category
NX

NO

NI

Nla

Nlb
Nle

N2

Extent of regional lymph node and/or
Iymphatic metastasis
Presence of in-transit,
Number of tumor-involved satellite, and/or
regional lymph node microsatellite metastases

Regional nodes not assessed No
(e.g.. SLN biopsy not
performed, regional nodes
previously removed for
another reason)
Exception: pathological N
category is not required for
T1 melanomas, use cN.

No regional metastases No
detected

One mmor-involved node or
in-transit, satellite, and/or
microsatellite metastases

with no tumor-involved nodes
One clinically occult (i.e., No
detected by SLN biopsy)
One clinically detected
No regional lymph node
disease

No
Yes

Two or three tumor-involved
nodes or in-transit, satellite,
and/or microsatellite metastases
with one tumor-involved node

and/or presence of any
number of matted nodes

Definition of Distant Metastasis (M)

M Category
MO

M1
Mila

M1a(0)
Mla(l)
Mi1b

MI1b(0)
Milb(1)
Mic

Mic(0)
Mie(l)
Mid

MIld(0)
Mld(1)

M Criteria
Anatomic site LDH level
No evidence of distant Not applicable
metastasis
Evidence of distant See below
metastasis
Distant metastasis to skin, Not recorded or
soft tissue including muscle,  unspecified
and/or nonregional lymph Not elevated
ode Elevated
Distant metastasis to lung Not recorded or
with or without M1a sites of  unspecified
disease Not elevated
Elevated
Distant metastasis to Not recorded or
non-CNS visceral sites with  unspecified
or without Mla or M1b sites  Not elevated
of scase Elevated
Distant metastasis to CNS Not recorded or
with or without Mla, M1b, or unspecified
Mic sites of disease Normal
Elevated

Suffixes for M category: (0) LDH not elevated. (1) LDH elevated.
No suffix is used if LDH is not recorded or is unspecified.

Figure 2. The melanoma staging system as outlined by the 8" edition of the AJCC manual.
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2.3 Epidemiology and risk factors in cutaneous melanoma

Cutaneous melanoma is the most aggressive form of skin cancer. Its incidence continues to
rise worldwide, although mortality rates stabilized since the early 90s in Australia, USA and
some European countries, possibly reflecting the effects of early diagnosis. The highest
recorded incidence of melanoma worldwide is in Queensland (Australia), where there is an
incidence of 55.8x10°/year for men and 41.1x10%/year for women. Reported incidence rates
vary within Europe, where Switzerland has the highest, and Greece the lowest rate. Unlike
other solid tumors, melanoma mostly affects young and middle-aged people, and the median
age at diagnosis is 57 years. The incidence of melanoma in Italy is 5-7 cases/100.000
inhabitant/year, although there appears to be a latitude gradient, with a higher incidence in
northern Italy (Milan area), compared with that in the Naples area. The male/female ratio of
melanoma varies among different countries. A male predominance has been recorded in
countries with a high melanoma incidence, such as Australia and USA. In Europe, there is a
different sex prevalence: most Western and Northern European countries report higher
incidence rates in women, whereas in most Central, Eastern and Southern Europe melanoma
predominates in men' -8,

Melanoma is considered a multifactorial disease arising from a combination of genetic
susceptibility and environmental exposure. The most important environmental risk factor is
the exposure to ultraviolet (UV) rays. Intermittent sun exposure and history of sunburns in
childhood appear to be major determinants. The most important host risk factors are: number
of melanocytic nevi, family history of melanoma, and genetic susceptibility. Melanocytic nevi
are benign accumulations of melanocytes or nevus cells and may be congenital or acquired.
Patients with more than 100 nevi, nevi larger than 5 mm, or presence of dysplastic nevi have
increased risk of melanoma. A family history of melanoma constitutes a strong risk factor. It
has been estimated that approximately 10% of melanomas are familial and 20-57% of familial
cases have a mutation in the cyclin-dependent kinase inhibitor 2A (CDKN2A) gene, or, more
rarely, in the cyclin-dependent kinase 4 (CDK4) gene. Additionally, certain phenotypic
characteristics such as red hair, fair skin, numerous freckles, light eyes, sun sensitivity and

inability to tan, raise the risk of developing melanoma by approximately 50%°.
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2.4 Key molecular pathways in melanoma

The different types of melanoma appear to have distinct sets of relevant somatic alterations.
Cutaneous non-acral melanoma is characterized by a high mutation rate with a predominant
C>T nucleotide transition signature attributable to UV. On the other hand, non-UV-driven
acral and mucosal melanomas lack this signature, have fewer point mutations and more
structural variants such as deletions, duplications, clusters of breakpoints and
rearrangements'% 1,

A key cell signaling pathway in cutaneous melanoma is the mitogen activated protein
kinase (MAPK) pathway (Fig. 3). It is activated by mitogens binding to a receptor tyrosine
kinase (RTK) at the cellular membrane, which leads to the recruitment of adaptor proteins
that propagate the signal to intracellular effectors, including the small RAS GTPases. The
RAS family consists of three isoforms (NRAS, ARAS and KRAS). Of them, NRAS is the
most frequently involved in melanoma. Once activated, GTP-bound NRAS binds RAF. In the
absence of an upstream stimulus, RAF kinases adopt a closed conformation, in which the N
terminus inhibits the catalytic C terminus. When RAS binds RAF, it shifts to an open
conformation through the disruption of the auto-inhibitory interaction between its N and C
termini. Upon phosphorylation by RAS, RAF forms homo- (e.g. BRAF/BRAF) or hetero-
(BRAF/CRAF) dimeric molecules. Active RAF kinases phosphorylate and activate MEK1
and MEK2, which in turn phosphorylate ERK. Active ERK phosphorylates serine or
threonine residues within the Ser/Thr-Pro motifs in many cytoplasmic and nuclear proteins. In
this way, ERK regulates cell survival, proliferation, adhesion, migration, and differentiation.
More than 50 cytoplasmic substrates of ERK have been identified, including kinases (e.g. p90
ribosomal S6 kinase), apoptotic regulators (e.g. BIM), cytoskeletal proteins (e.g. paxillin) and
others. In the nucleus, ERK regulates transcription factors, including members of the ternary
complex factor and E-twenty-six (ETS) families. Ultimately, this results in the transcriptional
activation of immediate/early and late response genes, including MYC, FOS and CCND1 that
play key roles in cell cycle progression. A complex network of negative-feedback interactions
limit activation of the ERK signaling. Negative-feedback regulation is mediated through
direct phosphorylation of almost all components of the RTK-RAS MAPK cascade by
ERK!213.

The Cancer Genome Atlas (TCGA) program published in 2015 a systematic multi-
platform characterization of 333 cutaneous melanomas at the DNA, RNA, and protein levels
and established a genomic classification in four groups according to the most significantly

mutated genes: BRAF, RAS (including N-, K- and H-RAS members), NF1 and triple negative
12



subtypes (Fig. 4). Such genomic classification provides signposts for the identification of
actionable targets and predictive biomarkers, as well as potentially useful guidance for
therapeutic decisions'®. In 2017 Hayward N. ef al. implemented the genomic classification of
the TCGA in a study that included also acral and mucosal melanomas and drew the most
updated genomic landscape of melanoma (Fig. 5)'!.

The gene encoding the serine/threonine protein kinase BRAF maps to chromosome
7q34. Approximately 50% of melanomas harbor activating BRAF mutations, which are
considered driver mutations'*!>. Almost 90% of the BRAF mutations observed in melanoma
are at codon 600 (V600mut), and among these, over 90% consist of a T>A nucleotide change
at position 1799 of the coding DNA resulting in a valine to glutamic acid substitution
(V600E). The second most common (5-6%) mutation is the valine to lysine substitution at the
same codon (1798_1799delGTinsAA, V600K), followed by a valine to arginine substitution
(1798_1799delGTinsAG, V600R), a two-nucleotide variation c¢.1799_17800delTGinsAA
(V600E-complex) or ¢.1799_17800delTGinsAT (V600D) (COSMIC, http://

www.sanger.ac.uk/cosmic)'®!”. In contrast to the wild-type (wt) protein, BRAF V600mut can

activate the downstream MEK protein in a monomeric form and independently from RAS
activation. BRAF mutation is associated with young age at diagnosis, intermittently sun-
exposed sites such as the trunk, superficial spreading subtype, absence of solar elastosis.
Mutations in BRAF alone do not induce melanoma, but are initiation events for nevi
formation. After acquiring an initiation mutation, a melanocyte undergoes limited
proliferation before entering a senescent-like state, resulting in a cell-cycle arrest. Additional
genetic events, such as acquisition of TERT promoter mutations or deletion of CDKN2A, are
needed to elicit a fully cancerous phenotype'® 1.

The oncogene NRAS is altered in 15-20% of melanomas especially at codon Q61, and
represents the second most common oncogenic driver mutation in this disease. These
mutations prevent efficient GTP hydrolysis, thus maintaining Ras in an active, GTP-bound
state. In this conformation, Ras binds and activates its effectors including Raf. Usually,
NRAS mutations occur in all non-uveal sites of melanoma, including both sun exposed and
non-sun exposed skin, mucosal, and acral sites. Unlike BRAF, NRAS mutations are rarely
present in benign melanocytic nevi, with the exception of congenital nevi. NRAS mutations
are associated with thicker primary tumors, high mitotic rate, and lower incidence of
ulceration. Mutations in NRAS constitutively activate intracellular signaling through a variety

of pathways, most notably the RAS-RAF-MAPK and PI3K-AKT pathways?’. NRAS and

BRAF mutations are usually mutually exclusive.
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The Neurofibromatosis type 1 (NF1) tumor suppressor gene is frequently mutated in
melanoma. NF1 negatively regulates RAS by enhancing its RAS GTPase activity, hence
converting active RAS-GTP to inactive RAS-GDP. Inactivating NF1 mutations have been
detected throughout the gene in 38-46% of melanomas expressing BRAFwt and RAS!'* 2!,
Functional studies showed that NF1 suppression leads to increased RAS activation?.

Another key pathway in melanoma is the PI3K-AKT cascade. PI3K, which consists of
a dimer of catalytic and regulatory subunits, can be activated by multiple signals, including
receptor tyrosine kinases (RTKs), RAS proteins, and cell-cell contacts. Activated PI3K
phosphorylates phosphatidyl-inositols in the plasma membrane at the 3’-OH group. These 3’-
phospholipids attract proteins that contain a pleckstrin homology (PH) domain to the cell
membrane, including AKT. AKT, which has 3 isoforms (AKT1/2/3), is phosphorylated at two
critical and conserved residues, Thr308 (by PDK1) and Ser473 (by the mTORC2 complex),
which fully activates its catalytic activity. Activated AKT then phosphorylates a number of
effector proteins, thereby regulating multiple key cellular processes, including proliferation,
survival, motility, metabolism, angiogenesis. PTEN regulates the activity of the pathway by
dephosphorylating phosphatidyl-inositols at the 3’-position, thereby antagonizing the activity
of PI3K. PTEN loss, most commonly via allelic loss and focal deletions, frequently occurs in
melanomas with activating BRAF mutations. Point mutations in PIK3CA, which encodes the
catalytic subunit of PI3K, and in AKT1/3, are detected in 2-6% and in 1-2% of melanomas,
respectively?.

Activating mutations in KIT have been identified in melanomas of acral and mucosal
types and in those arising in chronically sun-damaged skin. KIT (c-kit), a type III receptor
tyrosine kinase, and its ligand, stem cell factor (SCF), also known as c-kit ligand, are essential
for the development of melanocytes in vertebrates, regulating growth, migration, survival, and
differentiation. Depending on the cellular context in which KIT is activated, downstream
effectors include Src family kinases, the p85 subunit of PI3K, phospholipase C-gamma, and
MAP kinases. KIT mutations or amplifications are observed in ~30% of mucosal, 20% of
acral, and 20% of melanomas arising in chronically sun-damaged skin. KIT mutations show
heterogeneous distribution through the gene, and they are most frequently detected in exon 11
(L576P) and 13 (K642E)** %,

Activating mutations in GNAQ and GNAI11 are detected in uveal melanoma. The
GNAQ and GNA11 genes encode members of the G-protein a subunits involved in mediating

signals between G-protein coupled receptors (GPCRs) and downstream effectors, such as
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MEK, PI3-kinase/Akt, protein kinase C, and YAP. GNAQ and GNA11 mutations are found

in 33% and in 39% of uveal melanomas, respectively, and about 90% occur at codon Q2092
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Figure 3. Key signaling pathways in melanoma. MAPK signaling promotes cell growth and survival
and is constitutively active in most melanomas. Oncogenic BRAF and NRAS mutations are found in
40-60% and 10-30% of melanomas, respectively. c-KIT signaling is essential for melanocyte
development and is associated with melanomas arising on acral, mucosal, and chronically sun-damaged
skin. Mutations in GNAQ and GNAI11 are the dominant lesions in uveal melanomas. Known
melanoma oncogenes and tumor suppressors are labeled in red. Dotted lines represent omitted pathway
components.

From Lo JA et al. The melanoma revolution: from UV carcinogenesis to a new era in therapeutics
Science 2014
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Figure 4. The genomic classification of cutaneous melanoma, as outlined by TCGA.

From Cancer Genome Atlas Network. Genomic Classification of Cutaneous Melanoma
Cell 2015
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Figure 5. Genes and signaling pathways recurrently altered in melanoma. (a) Percentage of samples
with aberrations in candidate driver genes, grouped by pathway. Substitution/indels (blue), structural
variants (red), copy number amplification (yellow), homozygous deletion (green). (b) Frequency of
aberrations in pathways as percentage of cutaneous or acral/mucosal melanomas.

From Hayward N. et al. Whole-genome landscapes of major melanoma subtypes
Nature 2017
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2.5 Progression from melanocyte to metastatic melanoma

Cutaneous melanoma can be categorized based upon its origin from non-chronically sun
damaged (non-CSD) or chronically sun damaged (CSD) skin. In non-CSD melanoma, the
progression cascade is initiated by BRAF V600E, the only pathogenic mutation that can be
found in benign nevi. In the absence of other driver mutations, nevus melanocytes stop
proliferating and enter senescence. Progression to melanoma requires the nevus to acquire
additional mutations, such as TERT promoter mutations and CDKN2A hemizygous
alterations. By contrast, CSD melanomas show a different set of driver mutations, i.e. NRAS,
NF1 or BRAF non-V600E mutations. They do not originate from nevi, but from melanoma in
situ or intermediate lesions (Fig. 4).

Melanoma in situ tend to have a high mutation burden with a strong mutation
signature associated to UV exposure, which is the predominant mutagen acting at this stage,
together with other mutations that promote proliferation, such as mutations in PTEN and
TP53. Melanoma becomes invasive once melanoma cells leave the epithelium of the
epidermis and invade the subjacent mesenchymal tissue. Invasive melanoma also inherits the
driver mutations activating the MAPK pathway, as well as TERT mutations that accumulated
during earlier stages of progression. However, invasive melanomas display higher frequencies
of bi-allelic inactivation of CDKN2A, which is not seen in precursor lesions. In addition,
mutations affecting members of the SWI/SNF chromatin-remodeling complex, particularly
ARID1A and ARID2, which maintain chromatin remodeling, emerge at the transition to
invasive melanoma and correlate with the appearance of widespread chromosomal
aberrations. There seems to be no further substantial increase in the burden of point mutations
between the early stage and advanced melanoma. In contrast, copy number alterations
increase throughout the evolution of melanoma and are considered the principal mutagen at
late stages of melanoma progression. Although there might be instances in which pathogenic
mutations promote metastatic dissemination, the pattern of recurrent alterations associated

with metastatic progression is still poorly defined!'®?’.
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Figure 6. Genetic evolution of cutaneous melanoma.

Adapted from:
Cancer Genome Atlas Network. Genomic Classification of Cutaneous Melanoma
Cell 2015
SMRO06-4 presentation, World Melanoma Congress 2017
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2.6 Treatment options for melanoma

While wide local surgical excision has a high potential to cure pts with early-stage melanoma,
until recently, there has been a dearth of effective treatments for surgically unresectable or
metastatic melanoma and prognosis of stage IV melanoma pts was poor, with a median
survival ranging from 8 to 18 months. Standard-of-care treatments during this time included

dacarbazine-based chemotherapy and cytokine IL-22%%.

Therapy of advanced stage
melanoma has improved dramatically with the development of BRAF and MEK inhibitors
and of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell-death
protein 1 (PD-1) blocking antibodies, which have been shown to improve the overall survival
of pts 3.

Vemurafenib and Dabrafenib are potent inhibitors of V600-mutated BRAF. Marked
antitumor effects were shown against melanoma cell lines carrying the BRAF V600E
mutation but not against cells with BRAFwt cells, in which, instead, Vemurafenib and
Dabrafenib triggered a paradoxical effect of MAPK pathway activation®!. In phase III trials,
both Vemurafenib and Dabrafenib produced improved rates of OS and PFS compared to
Dacarbazine (Vemurafenib: median PFS 5.3 vs. 1.6 months; Dabrafenib: median PFS 5.1 vs.
2.7 months). Common side effects are cutaneous squamous-cell carcinoma and
keratoacanthoma, due to the paradoxical activation of the MAPK pathway in BRAFwt
cel]s243233.

Unfortunately, though initial responses to these agents are impressive, resistance develops
in approximately 6—7 months. Since most reported resistance mechanisms reactivate the
MAPK pathway, the MEK-inhibitor Trametinib was combined to BRAF inhibitor Dabrafenib
to strengthen the MAPK pathway inhibition. The combination, compared to BRAF inhibition
alone, delayed the emergence of resistance thus prolonging PFS and reduced toxicity*.
Several such combinations of BRAF and MEK inhibitors (BRAFi/MEKi) are currently
available. Due to the superior effects of the combinations vs. BRAFi alone, they have become
the standard targeted therapy for BRAF V600 mutation positive melanoma. Nevertheless,
resistance remains a significant problem.

Another systemic treatment focuses on the activation of the immune system by blocking
inhibitory checkpoints. Ipilimumab, a monoclonal antibody against CTLA-4 and more
recently, Nivolumab and Pembrolizumab, both anti-PD-1 monoclonal antibodies, have
considerably improved the survival of metastatic pts and can be considered as first-line
treatments even in the presence of a BRAF mutation. Combinations of anti-CTLA4 and anti-

PD1 are currently being tested in clinical trials and seem to confer improved effects compared
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to monotherapies, despite an increased toxicity. Targeted and immunotherapy combinations
are currently under investigation, supported by the positive effect of MAPK inhibition on the
immune recognition®. Ongoing studies are also exploring the use of combination targeted

therapy and immunotherapy in the adjuvant setting for resected stage III melanoma pts>® 37,

2.7 Resistance to MAPK inhibitors

Resistance may arise under the selective pressure of therapy from pre-existing resistant tumor
subclones (primary/intrinsic resistance), as a result of an evolutionary process that takes place
during treatment (secondary/acquired resistance), or as a combination of both. While in the
first case complete lack of response is observed, in the second one the progression follows an
initial clinical benefit.

A major effect of resistance to BRAFi therapy occurs via the reactivation of the
MAPK pathway, which leads to uncontrolled cellular proliferation (Fig. 7). Different

aberrations have been found to contribute to MAPK re-activation, such as:

upregulation and activation of receptor tyrosine kinases: increased levels of IGF-IR were

found in progressing tumors or in cell lines resistant to BRAFi*%4;

- expression of BRAF splice variants lacking the RAS-binding domain®#!;
- BRAF V600 amplification** **;
- activating mutations of NRAS, which bypass BRAF inhibition by activating CRAF;

- loss of expression of the NRAS negative regulator NF142 4445,

- activating MEK mutations®% 4% 46-49,

- COT kinase (MAP3K8) upregulation, which activates ERK through MEK, bypassing
RAF;

- Overexpression of the RAC1%?°S mutant protein, a RAS-related GTPase that regulates cell
proliferation and migration*”5';

- CDKN2A loss, as a MAPK-reactivating mechanism, given that one of its gene products,
pl6/INK4A, negatively regulates the MAPK pathway effector complex cyclinD/cdk4*?;

- CDK4 and cyclin D1 amplification®.

Similar resistance mechanisms have been described with combined BRAF/MEK inhibition;

these include MEK1/2 mutations, BRAF amplifications, NRAS mutations, and loss of NF1>3,

Among the mentioned alterations, BRAF amplification is described as one of the main
mechanisms of acquired resistance. A higher number of BRAF gene copies has been detected

in specimens from pts at disease progression compared to baseline biopsies**%. An
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increased BRAF gene copy number has been also reported both in pre-treatment specimens
from metastatic melanoma pts who did not respond to therapy and in MAPKi resistant cell
lines’®’. Thus, it is still debated if BRAF amplification is an acquired mechanism of
resistance, which develops de novo in the tumor cells to overcome BRAF inhibition, or if it
can also play a role as an intrinsic mechanism when detected in the tumor prior to MAPKi
exposure.

Of note, the BRAF gene maps to chromosome 7, which is frequently gained, as a
whole or in part, especially in BRAFmut melanoma, contributing to variation of the amount
of the mutant allele. Indeed, the percentage of the BRAFmut allele, although expected to be
50% as mutations in oncogenes are usually heterozygous, reportedly spans across a wide
range of values in melanoma samples %!, Because the BRAF V600 mutation is the target of
BRAFi, the percentage of the BRAFmut allele was suggested to influence the clinical efficacy
of the treatment but its association with pts’ response is still controversial®® 6264,

Resistance can be also induced by the activation of parallel signaling pathways, such as
the PI3K-AKT pathway®® #> > Mutations in additional PI3K—-AKT positive-regulatory genes
(e.g. PIK3CA and PIK3CG) and in negative-regulatory genes (e.g. PIK3R2, PTEN, and
PHLPP1) are found throughout melanoma progression. The tumor suppressor PTEN, which
inhibits PI3K signaling, is frequently lost in melanoma. PTEN loss was described as a
mechanism underlying intrinsic resistance via increased PI3K/AKT signaling because
melanoma cell lines with functional inactivation of PTEN seemed to be less sensitive than wt
ones to MAPKi. However, in the clinical setting, even tumors with complete loss of PTEN
responded to MAPKi*7- 48:36.66.67 Begide PTEN loss, also gain-of-function AKT1/3 mutations

have been shown to be involved in resistance** .
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Figure 7. Main mechanisms of resistance to MAPK inhibitors.

From Luke JJ et al. Targeted agents and immunotherapies: optimizing outcomes in melanoma.
Nat Rev Clin Oncol 2017.
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2.8 TERT promoter gene mutations in melanoma

Telomerase reactivation is reportedly an early event in melanoma progression. Telomerase is
the enzyme responsible for the maintenance of telomeres—nucleoprotein structures that protect
the ends of eukaryotic chromosomes from being recognized as broken ends with consequent
activation of the repair machinery. Telomeres shorten at each replicative cycle and, when they
reach a critical length, cells are triggered to enter a permanent growth arrest stage called
senescence, conferring to the cell a limited life-span®®%°. Overcoming the senescence barrier
by telomere stabilization is prerequisite to the acquisition of uncontrolled cell proliferation
potential. In most cases, this is achieved by transcriptional induction of TERT expression
accompanied by telomerase activation.

Telomerase comprises a catalytic subunit, encoded by the telomerase reverse transcriptase
(TERT) gene, and an RNA component transcribed from the Telomerase RNA component
(TERC). Telomerase is active in germ cells and proliferative cells of self-renewing tissues and
is mostly silenced in differentiated cells, leading to gradual telomere attrition. Non-coding
mutations within the core promoter of TERT (i.e. -124C>T alias C228T and -146C>T alias
C250T) create de novo binding sites for E twenty-six/ternary complex (ETS/TCF)
transcription factors, thus leading to increased TERT transcription and activation. Other non-
frequent nucleotide changes that occur as somatic mutations include the -124/-125CC>TT and
the -138/-139CC>TT (Fig. 8). A mutation at -57 was also found in a case of familial
melanoma’®7?,

In cutaneous melanoma, TERT promoter mutations associate with BRAF mutations,
features of aggressiveness, such as increased tumor thickness and mitotic rate, advanced
stage, presence of ulceration and absence of regression’. In addition, poor prognosis was
described for pts with TERT promoter mutations’*. Some studies reported a modification of
the effect of the TERT promoter mutations on survival by the rs2853669 polymorphism at -
245 bp within the TERT promoter, which disrupts a preexisting non-canonical ETS2 site”.
The effect of the TERT promoter mutations on survival and disease recurrence is reportedly
present or even enhanced in pts that did not carry the variant allele of the polymorphism.
Analysis of melanoma-specific survival showed that the number of deaths among pts that

carried the variant allele was significantly lower than in those who did not’®.
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Fig. 8. Structure of the TERT promoter. Different regulatory elements and location of mutations at
From Heidenreich B, Kumar R. TERT promoter mutations in telomere biology

-57, -124 and -146 bp and the rs2853669 at -245 bp from the ATG start site are indicated.
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AIMS OF THE STUDY

AIM 1: Identification of molecular signatures associated with response to MAPK

inhibitors.

Melanoma patients’ response to MAPKi is heterogeneous and still unpredictable. In our
study, we sought to identify any correlation(s) between molecular alterations in pre-treatment
specimens and different types of response that could guide patient stratification for
appropriate treatment selection. Specifically, we investigated:

- A. BRAF gene copy number and mutant allele frequency

- B. PTEN loss

- C. TERT promoter mutations
and correlated them with PFS.
We also applied a comprehensive and unbiased approach using genome-wide CNV analysis

to identify additional genomic aberrations, which could be associated with response.

AIM 2: Research of molecular biomarkers to classify acral melanoma

Acral lentiginous melanoma (ALM) is a rare subtype of cutaneous melanoma with peculiar
morphological, epidemiological, and genetic features. Since ALM develops on sun-protected
sites as palms, soles, or beneath the nail plate, it shows genetic alterations unrelated to sun
exposure and, hence, differs from the most common cutaneous non-acral melanoma (NAM),
which, instead, is associated with a typical UV-signature. Because the genomic landscape of
ALM is still incompletely described, we used whole genome CNV analysis to characterize

ALM and detail the genomic signatures that differentiate ALM from NAM.

26



MATERIALS AND METHODS

4.1 Patient cohort

Eighty-one pre-treatment specimens (21 from primary tumors and 60 from metastases) were
collected from 72 pts diagnosed with BRAFmut unresectable stage III or stage IV cutaneous
melanoma, who were treated at the Veneto Institute of Oncology IOV — IRCCS in Padua.
Multiple biopsies were available for 7 pts. Forty-six pts (64%) received monotherapy
[(Vemurafenib (33) or Dabrafenib (13)] and 26 (36%) a combination (Combo) of BRAF and
MEK inhibitors (Dabrafenib and Trametinib, respectively). Demographic and clinical
characteristics were documented and included age, gender, stage, histopathological features,
therapy, and ECOG performance status at baseline. PFS, assessed by imaging or clinical
evaluation, was the clinical outcome measure we evaluated in this study, considered as a
continuous variable or as a categorized variable. In the latter case, taking into account the
reported improved response to combination therapy vs. monotherapy, pts were divided into 3
groups: no-response (PFS<3 mo.), short-response (PFS 3-12 mo., in BRAFi-treated, and 3-18
mo., in Combo-treated pts) and long-response (PFS>12 mo. and >18 mo., in BRAFi- and
Combo-treated pts, respectively). Clinical-pathological features of the cohort are summarized
in Table 1. Written informed consent was obtained from all pts upon enrollment in the study,

as approved by the local institutional ethics committee.
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Table 1. Summary of clinical, tissue and molecular characteristics of the patient cohort at baseline.

Overa | BRAF  PIEN —TERT OV
analysis analysis analysis analysis
N(%) N(%) N(%) N(%) N(%)
Patients 72 (100%) 46 (100%) 26 (100%) 55 (100% 44 (100%)
Gender Male 39 (54%) 24 (52%) 11 (42%) 26 (47%) 23 (52%)
Female 33 (46%) 22 (48%) 15 (58%) 29 (53%) 21 (48%)
Age (vears) ?f;fgl?)l 59 (28-81) 55 (28 - 80) 578(03)2 T 59(28-81) 56 (28 - 80)
Therapy Vemurafenib 33 (46%) 22 (48%) 11 (42%) 25 (45%) 21 (48%)
Dabrafenib 13 (18%) 12 (26%) 8 (31%) 7 (13%) 10 (23%)
Combo 26 (36%) 12 (26%) 7 (27%) 23 (42%) 13 (29%)
Stage III 15 (21%) 10 (22%) 3 (12%) 9 (16%) 7 (16%)
v 57 (79%) 36 (78%) 23 (88%) 46 (84%) 37 (84%)
ECOG PF 0 54 (75%) 34 (74%) 18 (69%) 40 (73%) 32 (73%)
11 (15%) 10 (22%) 7 (27%) 9 (16%) 9 (20%)
>1 7 (10%) 2 (4%) 1 (4%) 6 (11%) 3 (7%)
Median PFS Overall 7.36 7.5 (323_ 7.37 5.57
(months) (95% CI) (5.59-9.15) (5.5-12.8) 10.37) (4.14-10.6) (3.87-7.26)
g:(fg;;‘se No-response 14 (19%) 7 (15%) 5(19%) 12 (22%) 10 (23%)
Short-response 33 (46%) 24 (52%) 14 (54%) 23 (43%) 22 (50%)
Long-response 18 (25%) 14 (30%) 7 (27%) 14 (25%) 12 27%)
Censured 7 (10%) 1(3%) 0 6 (10%) 0
Tumor specimens 81 (100%) 51 (100%) 29 (100%) 61 (100%) 51 (100%)
Tissue
Primary 21 (26%) 9 (18%) 4 (14%) 15 (25%) 7 (14%)
Metastasis 60 (74%) 42 (82%) 25 (86%) 46 (75%) 44 (86%)
BRAF
mutation
V600E 71 (88%) 42 (82%) 23 (80%) 57 (93%) 43 (84%)
V600K 8 (10%) 7 (14%) 4 (14%) 3 (5%) 6 (12%)
V600R 1 (1%) 1 (2%) 1 (3%) 1 (2%) 1 (2%)
V600_K601E 1 (1%) 1 (2%) 1 (3%) 0 1 (2%)
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4.2 Tumor samples and DNA extraction and quantification

All samples were formalin-fixed paraffin-embedded (FFPE). A pathologist contoured and
estimated the tumor area on hematoxylin and eosin-stained (H&E) slides. For 5 samples,
tumor cell percentage was also evaluated by the Aperio ScanScope CS system and
ImageScope software (Leica Biosystems, Milton Keynes, UK) on digital images of H&E
slides; the results confirmed the accuracy of the pathology evaluation.

Samples with tumor content >70% were hand-macrodissected to enrich the tumor cell
population and incubated overnight at 56°C with 20ul of proteinase K and 180ul of ATL
buffer (Qiagen, Hilden, Germany) to obtain cell lysate. DNA was purified using spin-columns
from the QIAmp DNA micro/mini kit (Qiagen, Hilden, Germany) or by magnetic bead
technology with the MagNA Pure Compact Instrument (Roche Diagnostics, Mannheim,
Germany), according to the manufacturer’s instructions. Total DNA was quantified using a
spectrophotometer (NanoDrop). Double-stranded DNA was measured using the Quant-iT
PicoGreen dsDNA Assay Kit (ThermoFisher Scientific, Waltham, MA, USA) and the Victor
X4 fluorometer (Perkin Elmer, Waltham, MA, USA).

4.3 Real-time PCR

BRAF gene copy number was assessed by real-time quantitative PCR (qPCR) using the
TagMan technology on a Light-Cycler 480 instrument (Roche Diagnostics, Mannheim,
Germany). A 149 bp region was amplified with primers encompassing the 600 codon in a
multiplex reaction that also included primers for the albumin (ALB) gene as a reference gene.
We used the relative quantification measured using the 22 method with a BRAF reference
standard (Horizon Diagnostics, Cambridge, UK) in each experiment and adjusted it according
to the estimated tumor cell percentage. To validate our approach, we analyzed control DNA
from FFPE normal skin samples that showed a BRAF/ALB ratio ranging from 0.93 to 1.1 and
denoting an equal copy number of the BRAF and ALB genes (1.9-2.2 copies). The
adenocarcinoma cell line HT-29, for which chromosome 7 trisomy has been reported’’, was
used as an additional control and showed a BRAF/ALB ratio of 1.5, as expected. We set a
copy number of 2.3 as a cut-off to discriminate between a diploid BRAF status and BRAF
gain.

The quantification of the BRAF mutant allele in each sample was obtained by ad hoc
real-time PCR reactions set up to amplify the V60OE/K mutant and wt alleles. The forward

primer was mutation-specific, with a 3’ terminus matching the V600E, V600K or the wt
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codon, while the reverse primer and the probe were identical in each reaction. To increase
allele specificity, an additional nucleotide mismatch was incorporated 2 nucleotides upstream
the 3’ end of each forward primer. Both mutant- and wt- specific PCRs were performed using
the ALB gene as a control to normalize for DNA content. Standard curves with serial
dilutions of the commercially available BRAF V600E or V600K 50% allele standards
(Horizon Diagnostics, Cambridge, UK) in BRAFwt sample were used to evaluate the reaction
efficiency and to calculate the fraction of BRAF V600 mutant allele as in Kristensen et al. '8
The BRAF mutant allele % was calculated as a ratio of BRAF mutant/BRAF mutant +
BRAFwt adjusted by tumor cell percentage. To validate the method, we compared the BRAF
mutant allele % as measured by allele-specific real-time qPCR to that evaluated by
pyrosequencing for 5 representative samples and for the BRAF V600E HT-29 cell line. The
two methods yielded comparable results with an average difference of 10.7% (data not
shown).

Sequences of primers and probes are provided in Table 2. All PCR reactions were carried
out in duplicate in a final volume of 20ul containing 10ul of LightCycler 480 Probes Master
10X (Roche Diagnostics, Mannheim, Germany), 0.5uM of each primer, 0.3uM of BRAF
hydrolysis probe, 0.1uM of albumin hydrolysis probe and 5ul of DNA. Thermal-cycler
conditions were as follows: initial denaturation step of 10 min at 95°C, followed by 40
amplification cycles at 95°C for 10 sec, 60°C for 60 sec and 72°C for 1 sec, with a final

extension step of 30 sec at 72°C.
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4.4 End-point PCR and Sanger sequencing

Mutational status of the PTEN gene and TERT promoter were assessed by Sanger
sequencing. For PTEN, PCR was performed for exons 5, 6, 7 and 8, because they are the most
frequently mutated ones in melanoma’. To amplify genomic regions sized no more than 300
bp, exon 5 was amplified in 2 reactions and exon 8 in 3. We used 1X buffer, 0.2mM dNTPs,
1.5mM MgCl,, 5% DMSO, T4, 0.5uM of each M13-tailed primer, 5 U/ul of AmpliTaq Gold
polymerase in a 30ul total volume. Cycling conditions were: 8 min at 95°C, 30 cycles of 95°C
for 1 min, 55°C for 1 min, 72°C for 1 min, followed by 7 min at 72°C.

Mutational status of the TERT core promoter region from position -27 to -286 upstream of
the ATG start site, including the rs2853669 polymorphic site, was amplified in a 50ul volume
containing 100ng DNA, 5ul AmpliTag Gold 360 10X Buffer, ImM MgCl, 10ul of GC
Enhancer for each sample to amplify, 0.2mM dNTPs, 0.5uM of each M13-tailed primer, 5
U/ul of AmpliTaq Gold 360 Polimerase. AmpliTaq Gold 360 reagents were purchased from
Applied Biosystems (Austin, TX, USA). Thermal Cycler conditions were as follows: 10 min
at 95°C, 35 cycles at 95°C for 30 sec, 64°C for 40 sec, 72°C for 75 sec, followed by 7 min at
72°C.

All PCR reactions were carried out using the K562 cell line DNA as positive control and
water as negative control. The amplified products were purified with Illustra GFX 96 PCR
Purification Kit (GE Healthcare, Buckinghamshire, UK) to remove the excess of primers and
unused nucleotides. The purified product (1ul) was subjected to 25 cycles of sequencing
reaction with BigDye terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Austin,
TX, USA), 0.16uM M13 universal primer (M13_Fw: 5STGTAAAACGACGGCCAGT3’;
M13_Rv: 5CAGGAAACAGCTATG ACC3’), forward and reverse primers in separate
reactions. The products were purified with BigDye XTerminator Purification Kit
(ThermoFisher Scientific, Waltham, MA, USA), and analyzed on a 96-capillary sequencer
(AB3730x1 Genetic Analyzer). Primers sequences are provided in Table 3.
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4.5 Copy Number Variation (CNV) analysis
For CNV assessment, we used the OncoScan CNV Assay (Affymetrix, Santa Clara, CA,

USA) on an Affymetrix SNP-array platform according to the manufacturer’s protocol. This
assay is based on a molecular inversion probe technology (MIP), specifically designed to
handle limited amounts of highly degraded FFPE-extracted DNA and enabling the analysis of
over 220.000 SNPs distributed across the genome. The MIP method is summarized in Fig. 9.

In OncoScan assay, 80ng of double-stranded DNA were hybridized overnight with the
MIP probes—single stranded DNA probes with complementary regions to the 5" and 3’ of the
genomic target. After hybridization between the complementary regions to the target, the
single nucleotide gap (typically a SNP) left between the ends was subsequently filled in,
resulting in a circularized probe. Genomic DNA is a limiting factor in the reaction so that the
number of circularized probes is proportional to the absolute amount of template DNA. Non-
reactive probes and genomic DNA were removed by exonuclease treatment. The circularized
MIP probes were linearized with a cleavage enzyme and a first PCR amplification was
performed followed by a second amplification. The amplified products were digested with
Haelll enzyme and hybridized overnight on the OncoScan Array. The arrays were washed
and stained in GeneChip Fluidics Station and scanned in GeneChip Scanner 7G. The raw
probe signal intensities (CEL files) obtained were processed using the OncoScan Console
software (Affymetrix, Santa Clara, CA, USA), which converts the probe intensities into
log2ratio and B-allele frequencies, resulting in OSCHP files. To establish the expected normal
copy number state for a given locus, a universal reference dataset was used, composed of
about 400 normal FFPE samples from a wide range of tissues. The last step for the data
analysis workflow is the copy number segmentation, which results in the copy number calls.
For this, we used OncoScan Nexus Express software (Biodiscovery, El Segunda, CA, USA)
and the TuScan segmentation algorithm.

As quality control parameters, we used median absolute pairwise difference (MAPD)
<0.3, ndSNPQC >26 and ndWaviness SD<0.12. Copy number variants (CNVs) detected in
each sample were compared to the Database of Genomic Variants (DGV) to exclude potential

polymorphic CNVs (http://dgv.tcag.ca/).
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Molecular Inversion Probe (MIP) assay.
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Figure 9. Molecular Inversion Probe (MIP) assay.
From Thermofisher.com

4.6 Fluorescence in situ hybridization (FISH) analysis

A total of 18 FFPE samples (2 primary melanomas and 16 metastases) from 15 pts were
analyzed by FISH using the Vysis BRAF SpectrumGold FISH probe kit, which covers a
region encompassing the entire BRAF gene, and the Vysis CEP7 SpectrumGreen probe,
which hybridizes to the alpha satellite DNA at the chromosome 7 centromere. To determine
PTEN gene copy number, the Vysis PTEN/CEP 10 FISH probe kit was used, which contains
a mixture of probes hybridizing to the 10g23 region of chromosome 10 and to the alpha
satellite DNA at the chromosome 10 centromere (Abbott Molecular, Des Plaines, IL, USA).

Four pm-sections were pretreated with the Paraffin Pretreatment Kit I (Abbott
Molecular, Des Plaines, IL, USA), denatured, and hybridized with 10ul of probe mixture.
After washing, the slides were counterstained with 10ul of DAPI I (Abbott Molecular, Des
Plaines, IL, USA) and analyzed at high-power (X100) magnification using a LEICA DM4000
B LED epifluorescence microscope (Leica Biosystems, Milton Keynes, UK). The Leica
Application Suite software was used for image acquisition. For each sample, the number of
copies of the gene and of the chromosome were estimated by calculating the mean number of
signals for each probe in 100 nuclei.

FISH analysis was performed in collaboration with the Dr Cristina Montesco’s group

(Anatomy and Histology Unit, IOV - IRCCS, Padua).
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4.7 Statistical analysis

Statistical analysis was performed in collaboration with Dr Paola Del Bianco (Clinical Trials
and Biostatistics Unit, IOV — IRCCS Padua). Quantitative variables were summarized as
median and range; categorical variables were reported as counts and percentages. PFS was
calculated from the date of treatment initiation to progression. Patients who did not develop
an event during the study period were censored at the date of last observation. PFS
probability, computed using the Kaplan-Meier method, was compared among strata with the
log-rank test. The median PFS time and 95% confidence interval (CI) were reported. Hazard
ratios (HR) and 95% CI for each group were estimated using univariate Cox proportional
hazards models with low risk as the reference class. The independent role of each covariate in
predicting the PFS was verified in a multivariate model considering all characteristics
significantly associated to the outcome in the univariate analysis. All tests were two-sided and
a p value <0.05 was considered statistically significant. Statistical analyses were performed

using the SAS version 9.4 (SAS Institute, Cary, NC, USA).
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RESULTS - PROJECT 1

5.1 Summary of the work reported in the submitted manuscript BRAF gene copy
number and mutant allele frequency correlate with melanoma patients’ response to MAPK

inhibitors by Stagni C. et al.

During the first part of the Ph.D. project, we characterized BRAF copy number and
BRAFmut allele percentage at baseline in a cohort of 46 MAPKi-treated pts and we examined
the correlation with PFS. The manuscript, which is currently under revision, is enclosed as
Appendix 1.

We determined BRAF copy number by a multimodal approach, including qPCR,
OncoScan assay and FISH, in 51 pre-treatment samples from 46 pts with BRAFmut
metastatic melanoma who were treated with MAPKi. Overall, BRAF copy number gains were
detected in 30 pts (65%), while 14 pts (30%) displayed a diploid BRAF status. Notably, the
increased amount of BRAF gene copies was frequently supported by whole or partial
chromosome 7 polysomy. BRAF gene amplification (i.e. >6 gene copies) was never detected
in our cohort. Two samples were excluded from further analyses due to discordant results
among the techniques.

We quantified the percentage of BRAFmut allele by allele-specific qPCR in 48
available samples from 44 pts. We observed a wide spectrum of BRAFmut allele % values
(20-98%, median 54%) and set a range of 35-65% to define the balanced heterozygous BRAF
status and distinguish it from cases with a low (<35%) or high (>65%) BRAFmut allele %. As
a result, 64.5% of the analyzed samples (63.6% of pts) were classified as heterozygous, while
12.5% and 23% of them (13.6% and 22.7% of pts) showed a low (average 24.3%) and high
(average 88.6%) BRAFmut allele %, respectively. Upon integration of BRAFmut allele
frequency and BRAF gene copy number data, balanced heterozygosity remained the most
represented category, both in BRAF diploid samples (79%) and in those with gains (60%).

We then investigated the relationship between BRAF copy number and BRAFmut
allele % at baseline and patient response to MAPKi. Pts with BRAF gains showed a trend
toward longer PFS (median 12.1 mo.; 95% CI 5.6-18.5) compared to those with diploid
BRAF status (median 4.7 mo.; 95% CI 2.5-8.2) in univariate analysis (p-log rank = 0.056). A
significantly longer PFS was also observed in pts with balanced heterozygous mutation status
(median 12.0 mo.; 95% CI 5.6-15.8) and high BRAFmut allele % (median 7.5 mo.; 95% CI
2.1-21.7) compared to those with low BRAFmut allele % (median 3.0 mo.; 95% CI 1.4-5.5)
(p-log rank <0.001). Consistently, pts with low BRAFmut allele % presented a seven- and
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five-fold increased hazard ratio for disease progression when compared to the heterozygous
and high BRAFmut allele % groups, respectively. In the multivariate model, adjusted for
clinical characteristics, both BRAF copy number and BRAFmut allele frequency appeared to
be independent predictors of disease progression. Patients with tumor characterized by diploid
BRAF status had a significantly higher risk of progression than those with BRAF gains
(HR=2.86; 95% CI 1.29-6.35; p = 0.01). Patients with low BRAFmut allele % still showed a
significantly higher risk of progression compared to those with balanced heterozygous BRAF
status (HR=4.54, 95% CI 1.33-15.53; p = 0.016).

Our data suggest that pts whose tumors display BRAF gains or balanced heterozygous
BRAFmut allele frequency have an improved response, which is independent of type of

therapy and tumor stage.

5.2 Analysis of the PTEN gene

The PI3K/Akt pathway is often activated to overcome the block caused by MAPKi. One of
the major mechanisms of activation of the PI3K/Akt pathway is loss of the PTEN gene. To
investigate the contribution of this mechanism to MAPKi resistance in our cohort, we
assessed the PTEN gene mutational status and copy number on 29 samples, 4 primary tumors
and 25 metastases, from 26 pts, who received monotherapy with Vemurafenib or Dabrafenib
(19 pts, 73%) or combo therapy (7 pts, 27%).

Complete PTEN gene loss was detected in 42% pts (Fig. 10a) and was supported
either by focal homozygous deletion of the PTEN locus (in 6 pts/8 samples) or by deletion of
one allele, due to whole or partial chromosomal loss, and mutation of the other one (in 5 pts/6
samples). Partial loss of PTEN, due to chromosomal loss (in 7 pts) or loss-of-heterozygosity
(LOH) and mutations (in 2 pts), was detected in 35% pts. Overall, we identified PTEN
mutations that affected the catalitic and the C2 domains of the protein in 27% pts. The
mutations were: F104* (c.311_325del), D252V (c.755A>T), K267fs*9 (c.800delA), W274*
(c.822 G>A), R335* (c.1003 C>T), K197Rfs*2 (c.590delA) and 1300fs*7 (c.900delC) (Fig.
10b). We found no copy loss in 23% pts (6 pts/6 samples) who showed, instead, a copy
number of 2 or 3. No significant differences were detected between primary tumors and
metastases.

We then investigated the relationship between PTEN status at baseline and response to
treatment evaluating the frequency of PTEN loss in pts grouped as no-, short- and long-
response. We observed that complete loss of PTEN was present in 20% (n=1) of no-response

pts, 50% (n=7) of short-response pts and 43% (n=3) of long-response pts (Fig. 10c). Partial
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loss was found in 40% (n=2) of no-response, 36% (n=5) of short-response and 28.5% (n=2) of
long-response pts, respectively. Forty % (n=2) of no-response pts, 14% (n=2) of short-
response pts and 28.5% (n=2) of long-response pts did not present any PTEN gene copy loss.
Our data do not show any relevant differences in PTEN copy number status bewteen pts who
reponded differently or did not at all to MAPK:i therapy. Because PTEN loss was present also
in long-response pts, our findings suggest that PTEN loss does not correlate with resistance to

MAPKi.

F104*
K197Rfs*2
D252V
K267fs*
w274
1300fs*7
R335*

CHE W T HE T T T

B Complete loss Partial loss No loss

60% 1

50% 1

40% 1

30% 1

% patients

20% 1

10% 1

0%
No response Short response Long response

B Complete loss O Partial loss B No loss

Figure 10. PTEN gene analysis. (a) Frequency of complete loss, partial loss and no loss of the PTEN
gene in our cohort. (b) PTEN gene mutations identified in our cohort. (c) Histogram representation of
PTEN status according to PFS groups.
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5.3 Analysis of TERT promoter status

To investigate if there is an association between presence of TERT promoter mutations and
treatment response, we sequenced a 260 bp-region of the TERT promoter in 61 samples (15
primary and 46 metastases) from 55 pts and correlated the results with PES. Patients were
treated with BRAFi monotherapy (32 pts, 58%) or with combo therapy (23 pts, 42%). Other
clinical and molecular characteristics of the cohort are summarized in Table 1. For 4 pts, more
than one lesion was analyzed and, in all cases, the mutation status matched between the paired
samples. Overall, 43 pts (78%) had tumors with mutations in the TERT promoter (TERTmut).
The two hot-spot mutations, -124C>T and -146C>T, were equally frequent (each present in
20 pts out of 55, 36%) while the -138-139CC>TT was present only in 3 pts (5%). The 3
mutations were mutually exclusive. In 3 cases, we found other co-occurrent mutations, such
as -101C>T or -126C>T with -124C>T and -149C>T with -146C>T. Mutation frequency was
not significantly different between primary (n=12, 19%) and metastatic (n=34, 55%) tumor
samples. We also analyzed the SNP rs2853669 (at -245 bp in the TERT promoter), which
reportedly counteracts the activating effect of the mutations, we analyzed this SNP in our
cohort’. A total of 28 pts (51%) carried the polymorphism (SNPcarriers), 53% of TERTmut
and 42% of TERTwt pts.

We then investigated by non-parametric Kaplan-Meier analysis, the relationship
between TERT promoter gene status and patient response to MAPKi. Overall, data analysis
showed that TERTmut and TERTwt pts had similar PFS, as did carriers and non-carriers of
the SNP rs2853669. Upon stratification of the TERTmut cohort based on presence/absence of
the polymorphism, we observed a trend toward better PFS for TERTmut/SNPcarrier pts
(median PFS 11.5 mo., 95% CI 3.12-19.88) compared to TERTmut/SNPnon-carrier pts
(median 7 mo., 95% CI 4.27-9.72, p=0.17; Fig. 11a). Upon stratification based on mutation
type, the presence of -146C>T mutation correlated with worse PFS (median PFS 5.45 mo.,
95% CI 2.80-9.20) compared to the -124C>T (median PFS 15.2 mo., 95% CI 5.57-) and was
associated with a three-fold increased risk of progression (p=0.003, Table 4). In the
multivariate model, adjusted for clinical characteristics, pts with -146C>T mutation still
showed a shorter PFS than those with the -124C>T mutation, but the difference was not
statistically significant (HR=1.94, 95% CI 0.78—4.81, p=0.153). When the SNP status was
taken into account, the difference in HR between -124 C>T and -146 C>T mutations
remained significant only in individuals who were non-carriers of the rs2853669

polymorphism (p=0.046, Table 5).
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Table 4. Univariate and multiple survival analysis.
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Median PFS Univariate analysis Multiple analysis 1
months B . R  9s%cl P HR 959l I
(95%CI) ogran ) value ) p-value
Gender
M 5.40(3.57-7.00) 0.0003  3.07 1.62-5.82 0.0006 210 0.94-4.66 0.0693
F 12.87 (7.37-) 1 1
Age (years) 1.01 0.99-1.04 0.2283
ECOG PS
11.50 1
0 (6.43-15.67) 0.0269 !
1-3 5.50 (2.77-6.50) 2.17 1.08-4.34 0.0292 2.03 091451 0.0827
Stage
111 - 0.0272 1 1
v 6.43 (5.43-8.20) 3.04 1.08-8.58 0.0358 324  1.10-9.57 0.0333
Therapy
Combo 12.10(7.33-)  0.0103 1 1
Mono 5.57 (5.20-7.37) 2.33 1.20-4.55 0.0127 2.52  1.17-542 0.0184
SNP
C/C 5.50 (2.10~) 0.9108 1
C/T 6.50 (5.40-24.20) 0.78  0.26-2.37 0.6663
T/T 7.67 (5.43-15.67) 0.81  0.28-2.38 0.7058
Mutation
-124C>T 15.20 (5.57-)  0.0221 1 1
-138-139C>T 6.43 (—-) 230 0.29-18.39 0.4325 1.64 0.19-14.12 0.6503
-146C>T 5.45 (2.80-9.20) 3.12 1.46-6.66 0.0033 194 0.784.81 0.1536
WT 7.08 (3.13-15.80) 1.71 0.70-4.14 0.2357 1.81 0.72-4.53 0.2044
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Table 5. Multiple survival analysis.

Multiple analysis 2
HR 95% CI p-value
Gender
M 267 1.21;5.91 0.0154
F 1
Stage
111 1
v 472 1.53;14.57 0.0069
Therapy
Combo 1
Mono  2.65 1.19;5.89 0.0170
Mutation
-124/SNP carrier 1 0.25;2.70 0.7341
-146/SNP carrier  0.81
-124/SNP no-carrier 1 1.02;12.5 0.0462
-146/SNP no-carrier  3.45

41



5.4 Genome-wide CNV analysis

To identify new molecular features potentially correlated with response to therapy, we
performed a genome-wide analysis to define the CNV profile of 51 pre-treatment samples
from 44 pts (31 treated with BRAFi monotherapy and 13 with combo therapy). Five pts were
still on therapy at the time of the study, one ceased the treatment due to other comorbidities.
First, we examined the overall copy number profile of the cohort. Consistent with the

known high degree of genomic aberration in melanoma®”: 8!

, we found that 15 samples had a
diploid genome (26%), while 36 (71%) were aneuploid: specifically, 2 were triploid, 8
tetraploid while the overall ploidy could not be defined for the remaining 26, owing to the
high frequency of aberrations. As shown in Fig. 12, the overall CNV profile of our samples
comprised frequent (i.e. identified in >50% samples) copy gains, involving chromosomes 1q,
6p, 7, 8q, 12p, 20, Xp, and losses in chromosomes 9p and 10. Isochromosomes were also
present and involved chromosomes 1, 6, 7, 8, 10, X.

For each specimen, we annotated the number and length of copy number aberrations,
including gains (=3 copies), high copy gains (>4 copies), losses and homozygous copy losses,
in order to evaluate the extent of genome instability (Table 6). We observed a significant
heterogeneity in the amount of CNV within our cohort as some lesions displayed few
alterations while others were characterized by a high degree of genomic damage (range 7-
92.8% of genome affected by CNV). Gains were more frequently detected than losses,
involving an average 21% vs. 12% of the genome, respectively. Alterations affected mainly
the whole chromosome or one arm, while focal events (i.e. with a length <1Mb) were rare.
Although the available number of primary tumors was limited, when we compared CNV
profiles between primary and metastases, we did not find any significant difference.

To verify whether the amount of CNV correlates with response to therapy, we
compared the CNV profiles of samples from the no-response (n=10), short-response (n=28)
and long-response (n=13) groups of pts. The no-response group showed the highest amount of
genome affected by CNV (median 51.8% vs. 37.45% in the short-response vs. 36.1 in the
long-response group, Fig. 13a). The long-response group was characterized by more frequent
high copy gains compared to the no-response one, which, instead, had more homozygous
copy losses.

To identify new genes possibly involved in the response to MAPKi, we compared the
CNV profiles of the two extreme groups of pts, i.e. no-response and long-response . The most

striking differences were detected in chromosomes 1, 3, 11, 17, and 21. Specifically, losses of
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chrlp31.1, chr3p24.1-p24.2, chrl7pl13.1 and LOH of chr3pl4, chr3p2l and chr3p22,
characterized the no-response group, while gains in chrl1q21.1-q21.3, chr11q22.2 and in
chr21ql1.2 characterized the long-response group (Fig. 13b). Gene enrichment analysis
identified numerous genes mapping in these regions, including some genes that were reported
to be involved in cancer. For instance, chr3p24 was described as a cancer susceptibility locus
in breast cancer, lung cancer and Hodgkin lymphoma, and the low expression and aberrant
methylation of the RARB gene, which maps to this region, was reported in melanoma®*®,
Furthermore, chr3p21.2 harbors multiple genes that exhibit various degrees of tumor
suppression activity, including RASSF1, which is frequently hypermethylated in cancer and
covers a central position in a tumor suppressor cluster regulating key biological processes,
such as proliferation, cell cycle, signal transduction and apoptosis®®. Moreover, TP53, a
known tumor suppressor frequently aberrant at late stages of melanoma, maps to chrl17p13.1.
In addition to the above-described analyses, the copy number of 51 preselected genes
that play a role in melanomagenesis was evaluated for a potential association with response to
treatment in our cohort (Fig. 14). Notably, the no-response group showed a higher number of
deletions in these genes, while the long-response group had more gains. BRAF, MET and
TRRAP were the genes with higher frequency of gains in both groups, while CDKN2A and
PTEN were those most frequently lost. This analysis also confirmed the difference in TP53

copy number: 50% of no-response pts and none of the long-response pts had a loss.
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Figure 12. Overall CNV profile of our pre-treatment cohort. The y-axis indicates the percentage of the
population in the selected samples having an aberration at a specific point along the genome.
Amplifications are plotted in blue above the 0% baseline. Deletions are plotted in red below the 0%
baseline. Dark blue and dark red in the plot indicate two or more copy gain and homozygous loss,
respectively.

Table 6. Copy number alterations detected in 51 cutaneous melanomas by OncoScan assay.
Number of events

Mean = SD Median Range
Total copy number events 124.16+74.14 115 20-304
Gains 63.82+49.21 49 5-225
High copy gains 29.25+49.8 3 0-180
Losses 29.45+21.78 26 0-86
Homozygous copy losses 1.63£1.66 1 0-8
Relative length (as percentage of genome altered)
% genome changed 45.66+26.42 37.7 7-92.8
% gain 21.16£18.11 13.8 1.87-75.9
% high copy gain 11.91+ 22.47 0.34 0-73.6
% loss 12.45 £11.81 10.10 0-45.9
9% homozygous copy loss 0.15+£0.35 0.01 0-1.8
Relative frequencies of copy number aberration type (%)
Gains 51 £21 46 16-93
High copy gains 16423 5 0-76
Losses 32422 33 0-78
Homozygous copy losses 242 1 0-7
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Figure 13. CNV profiles according to PFS. (a) Box-plot showing the % genome affected by copy number
aberrations according to PFS. (b) CNV profiles of no-response (NR) and long-response (LR) groups.
Regions with a significant difference are boxed.
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Figure 14. Bar charts showing the frequency of copy number aberrations in 51 genes involved in melanoma
progression. (Left) no-response patients, (right) long-response patients.
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RESULTS - PROJECT 2

6.1 Genome-wide CNV analysis of acral lentiginous melanoma

To investigate the molecular mechanisms underlying ALM and differentiating it from NAM,
we performed OncoScan analysis and made a preliminary comparison of the CNV profile of
17 ALM (13 primary and 4 metastases) with that of 20 NAM (5 primary and 15 metastases).
The characteristics of the ALM cases analyzed are summarized in Table 7.

Among the 17 ALM, 10 samples presented a high level of genomic CNV, which did
not allow definition of the ploidy, while one sample resulted tetraploid, another one triploid
and 5 samples had overall diploidy. Among 20 NAM, for 7 cases the ploidy was non-
assessable, 4 were tetraploid, one was triploid and 8 were diploid. The amount of genome
affected by CNV was similar in the two groups (mean 44.2% in ALM, 44.52% in NAM).
However, NAM were more frequently characterized by high copy gains, while ALM were
more frequently characterized by losses and homozygous copy losses (Tables 8 and 9). When
considering the number of events, ALM showed a mean of 136.47 total events, of which 66%
were gains (65.3 + 24.9) and 34% were losses (43.9 + 2.3). NAM, instead, had a mean of
123.75 events, of which 83% were gains (65.4 + 37.4) and 17% were losses (19.6 + 1.5).
Thus, in our cohort, therefore, we did not find a difference in the total percentage of genome
altered or in the total number of copy number aberrations between ALM and NAM, but ALM
CNV profiles resulted characterized by a higher degree of deletions, while NAM of copy
gains.

Overall, in ALM the regions mostly affected (frequency >50%) by copy number gains
were in chromosomes 1q, 5p, 6, 7p, 8q, 13q, 22q and Xp, while losses were frequent in
chromosomes 9, 10p and 16g. In NAM, copy number gains were mainly present in
chromosomes 1, 3p, 4, 6p, 7, 8, 12, 13q, 15q, 17q, 19q, 20, 21, 22q and X, while losses were
frequent in 9p and 10q. Altogether, common altered regions in the two melanoma groups
were gains in chromosomes 1q, 6p, 8q, 13q, 22q, Xp and losses in chromosomes 9p and 10q.

The major differences between ALM and NAM (p<0.05) involved chromosome
7q21.2-7q33 where NAM exhibited a higher frequency of gains (75-87% of samples affected)
then ALM (23.5-29.4%), and chromosome 16q24.2-16q24.3 where copy number losses were
present in 64.7% of ALM samples vs. only 10% of NAM samples (Fig. 15).

We observed also differences in the type of aberrations. Indeed, in ALM, clusters of

breakpoints (i. e. consecutive genomic fragments of different copy number, Fig. 16.) were
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frequent and mainly involved chromosome 5, 11 and 22. In addition, we observed that
isochromosomes characterized the genome of ALM and affected especially chromosome 6.

Finally, since ALM are known to have high frequency of gene amplifications
throughout the genome, even detectable at earliest stages of the disease, we investigated the
presence of focal amplification (i.e. >4 copies, sized < 1Mb) in genes known to be recurrently
affected in cutaneous melanoma. We identified focal amplification of TERT in 3 cases (17%),
of CCNDI in 2 cases (12%), of MDM?2 and MITF in 1 case each (6%). In NAM, instead, we
found only two focal amplifications, involving BRAF and MITF (1 case each, 0.5%). Focal
homozygous copy losses of CDKN2A and PTEN genes were found in both ALM and NAM,
but were more frequent in NAM (8 and 4 cases, 40% and 20%, respectively) than ALM (2
and 1 cases, 12% and 6%, respectively).

Table 7. Patient and specimen characteristics from the ALM cohort

ALM
N (%)
Patients 17(100)
Gender Male 7 (41)
Female 10 (59)
Age (years) Median (range) 66.77 (37 — 88)
Mean (SD) 65.24 (16.59)
Specimens
N(%)
Tissue Primary 13 (76)
Metastasis 4 (24)
Breslow thickness (cm) Median (range) 3.52 (2.04 - 13.5)
Mean (SD) 4.75 (3.09)
Clark level 3 1(6)
4 10 (59)
5 5(29)
NA 1(6)
Ulceration YES 8 (47)
NO 9 (53)
Regression YES 1(6)
NO 16 (94)
Vascular invasion YES 4 (24)
NO 13 (76)

NA: not available
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Table 8. Copy number alterations detected in ALM by OncoScan assay

Number of events

Mean + SD Median Range
Total copy number events 136.5+75.3 120 28-304
Gains 65.3+42.5 56 19-170
High copy gains 24.9+37.2 11 0-140
Losses 43.9+£25.1 48 4-86
Homozygous copy losses 2.3£2.3 2 0-9
Relative length (as percentage of genome altered)
% genome changed 44.2+24 36.7 8.06-87
% gain 19.5£15.7 11.9 3.87-56.7
% high copy gain 6.4+14.4 0.7 0-56.7
% loss 18.1£13.2 12.5 0.1-41.1
% homozygous copy loss 0.2+0.3 0 0-1.07
Table 9. Copy number alterations detected in NAM by OncoScan assay
Number of events

Mean + SD Median Range
Total copy number events 123.8+84.2 96 23-287
Gains 65.4+48.9 47.5 5-160
High copy gains 37.4+58.5 8 0-180
Losses 19.6£17.8 17 0-71
Homozygous copy losses 1.5+1.1 2 0-3
Relative length (as percentage of genome altered)
% genome changed 44.5+30.2 29 7.02-92.8
% gain 21.5%20 14.5 2-73.3
% high copy gain 15.7+26.3 1.2 0-73.6
% loss 7.3+6 6.8 0-19.5
% homozygous copy loss 0.1£0.2 0 0-0.83
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Figure 16. Examples of clusters of breakpoints in chromosome 4 (upper panel) and in chromosome 5 (lower panel).
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DISCUSSION

The onset of resistance represents a major hindrance to long-term effectiveness of MAPKi in
metastatic melanoma pts and predictive biomarkers are urgently needed. For this purpose, we
have quantitatively studied the BRAF gene - the direct target of the MAPKi-based therapy -
and investigated the correlation between gene copy number or mutant allele frequency at
baseline and PFS. Our findings show that pts with melanoma displaying gains of the BRAF
gene or with BRAFmut allele percentage similar to or higher than that of the wt allele seem to
benefit the most from MAPK:i therapy. In this light, assessment of BRAF copy number and/or
mutant allele load could be considered prior to treatment choice as a useful tool for patient
selection to targeted therapy.

We also explored the still controversial relationship between aberrations of the PTEN
tumor suppressor gene and patient response to MAPKi. Indeed, although in vitro studies
reported decreased effectiveness of MAPKi in cells with PTEN loss® ¢, complete responses
to MAPKi have been observed even in pts with deleted/mutated PTEN*®3, Our data confirm
that PTEN loss is a frequent event in BRAFmut metastatic melanoma, but it does not correlate
with resistance to MAPKi. Conceivably, even though PTEN loss concurs to create an adverse
context to MAPKIi, other clinical factors and/or resistance mechanisms are prevalent in
influencing the response. For these reasons, PTEN loss cannot be used as a biomarker to
predict patient responsiveness to therapy.

TERT promoter mutations are frequent somatic alterations in melanoma, which can be
found at early stages of melanoma progression and often co-occur with BRAF
mutations'"!'>7!. Consistently, in our BRAFmut cohort we found 73% TERT mutant pts.
TERT promoter mutations were outlined as markers of aggressiveness and poor
prognosis’>7*. Herein, we describe their correlation with response to targeted therapies.
Specifically, we identified a still unreported association between the -146C>T mutation and
shorter PFS compared to the -124C>T. Although both the -124C>T and the -146C>T have
been shown to increase transcription of the TERT gene (and hence telomerase activity) by
creating new binding sites for ETS transcription factors, a stronger effect on TERT activation
was reported for the -124C>T®®. In addition, a peculiar pathway of activation by non-
canonical NF-kB signaling was described for the -146C>T mutation®’. Thus, it is possible that
functional differences between -124C>T and -146C>T affect the response to MAPKi
treatment. We also explored the polymorphism rs2853669 located at -245 bp within the TERT

promoter, which was reported to disrupt an ETS transcription factor binding site’”,
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counteracting the effect of the mutations on TERT expression. The presence of the C variant
allele of rs2853669 was shown to be protective because among TERT mutant pts, those who
did not carry the SNP showed worse survival compared to SNP carriers. In agreement with
these data and with our previous results, we observed that TERTmut/SNPnon-carriers
exhibited shorter PFS than TERTmut/SNPcarriers, and this effect was especially pronounced
in pts with the -146C>T mutation without SNP.

In this study, we used a high-density probe SNP array to analyze whole-genome
alteration profiles in melanoma samples and to explore their correlation with clinical
response. The CNV analysis might allow one to uncover new oncogenes and tumor
suppressors. Overall, the copy number profiles of our cases concurred with those previously
published for BRAF mutant cutaneous melanoma, with frequent copy number gains in
chromosomes 1q, 6p, 7, 8q, 12p, 20, Xp, and frequent losses in chromosomes 9p and 103,
Although a high incidence of genomic damage was associated with melanoma aggressiveness

8389 we found no correlation between the overall amount of CNV

and worse clinical outcome
and PFS. To determine if specific copy number aberrations are associated with therapeutic
response, we compared the genomic profile of the no-response and long-response groups of
pts. We identified different patterns of aberrations in chromosomes 1, 3, 11, 17 and 21.
Specifically, no-response pts were characterized by loss of known regions associated with
cancer susceptibility or harboring tumor suppressors (chr3p21, chr3p24, chr17p13)%. Thus,
loss of specific regions, rather than the overall CNV, seem to correlate with poor response to
MAPK:i.

The second part of the study focused on the molecular characterization of acral
lentiginous melanoma, a subtype of cutaneous melanoma with epidemiological and
morphological features that set it aside from other subtypes. The genetic landscape of acral
melanoma is still poorly characterized, as opposed to that of cutaneous non-acral melanoma.
With the intent to shed light on it, we performed CNV analysis of a cohort of acral
melanomas and compared their profile with that of cutaneous non-acral melanomas. Although
further validation is needed, our preliminary data showed no difference in the total amount of
CNV between ALM and NAM. Instead, the genomic profile of ALM was specifically
characterized by a high frequency of deletions throughout the whole genome and that of
NAM by numerous high copy gains. The major differences involved chromosome 7, where
NAM presented more gains, and chromosome 16, where ALM had more losses. Moreover,

ALM showed several amplifications in small genomic regions, which were rare in NAM.
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Among the amplified genes, TERT and CCNDI1 were the most frequently affected, supporting
a likely pivotal role in ALM oncogenesis.

In conclusion, we provided a characterization of different molecular aspects related to
patient response to MAPKi. Our data on BRAF copy number and mutant allele frequency are
intriguing and promote further analyses in larger cohorts. We highlighted a key role of TERT
in the response to MAPKi and a possible functional difference between the two most frequent
mutations in the promoter region, -124C>T and -146C>T. Future investigations on each
single mutation will clarify the link between MAPK pathway and TERT activation. CNV
analysis provided a genome-wide characterization of cutaneous melanoma and allowed us to
pinpoint regions with potential involvement in response to therapy. Integration of additional
layers of information will help us to confirm these results. Finally, we have outlined some
genomic features of acral melanoma, which could ease comprehension of its oncogenesis and
guide the design of therapeutic strategies. We plan to expand the cohort and perform a
detailed comparison, not only by CNV profiling but also by whole-genome mutational
analysis, of acral vs. non-acral melanomas to highlight the main features of each melanoma

subtype.

I hope that my work has contributed and will contribute

to further our knowledge of melanoma.
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BRAF gene copy number and mutant allele frequency correlate with time to progression

in metastatic melanoma patients treated with MAPK inhibitors.
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Novelty and Impact: BRAF-mutated melanoma benefits from MAPKi-based therapy. Yet,
the onset of resistance impacts long-term efficacy and can even be immediate. By analyzing

46 MAPKi-treated melanoma patients at baseline, the authors showed an association between

62



diploid BRAF status and low BRAF mutant allele percentage with increased risk of disease
progression. These preliminary results point at the determination of BRAF copy number

and/or mutant allele load as a potentially useful tool for a more accurate patient selection.

Abstract

Metastatic melanoma is characterized by complex genomic alterations including a high rate of
mutations in driver genes and widespread deletions and amplifications encompassing various
chromosome regions. Among them, chromosome 7 is frequently gained in BRAF mutant
melanoma, inducing a mutant allele-specific imbalance. Although BRAF amplification is a
known mechanism of acquired resistance to therapy with MAPK inhibitors (MAPKi), it is
still unclear if BRAF copy number variation (CNV) and BRAF mutant allele imbalance at
baseline can be associated with response to treatment.

In this study, we used a multimodal approach to assess BRAF CNV and mutant allele
frequency in pre-treatment melanoma samples from 46 patients who received MAPKi-based
therapy and we analyzed the association with progression free survival (PFS).

We found that 65% patients displayed BRAF gains, often supported by chromosome 7
polysomy. In addition, we observed that 64% patients had a balanced BRAF mutant/wild-type
allele ratio, while 14% and 23% patients had low and high BRAF mutant allele frequency,
respectively. Notably, a significantly higher risk of progression was observed in patients with
a diploid BRAF status vs. those with BRAF gains (HR = 2.86; 95% CI 1.29-6.35; p = 0.01)
and in patients with low percentage vs. those with a balanced BRAF mutant allele percentage
(HR =4.54,95% CI 1.33-15.53; p = 0.016).

Our data suggest that quantitative analysis of the BRAF gene could be useful to select the

melanoma patients who are most likely to benefit from MAPK:i therapy.
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Introduction

Approximately 50% of cutaneous melanomas carry a BRAF mutation that leads to constitutive
activation of the mitogen-activated protein kinase (MAPK) pathway.! 2 In more than 80% of
cases, the mutation causes a valine to glutamic acid, less frequently, a valine to lysine,
substitution at codon 600 (p.V600E and p.V600K, respectively). Rarer mutations, including
BRAF p.V600D, p.V60OR, p.V600_K6001E have also been reported (COSMIC,
http://www.sanger.ac.uk/cosmic).> # In recent years, the advent of selective inhibitors of the

MAPK pathway (i.e. BRAF and MEK inhibitors) has improved both the overall and the

progression-free survival (PFS) of BRAF V600-mutated (mut) metastatic melanoma patients
(pts). After initial response, however, the majority of pts invariably experience the onset of
resistance, which limits long-term treatment effectiveness.’® In some cases, disease
progression is immediate, occurring within three months.'” Therefore, the identification of
biomarkers that predict response to therapy is a pre-requisite for patient stratification and
treatment selection.

BRAF gene amplification is described as one of the main mechanisms of acquired resistance
on BRAF inhibitor-based therapy (with or without MEK inhibitors) supporting reactivation of
the MAPK pathway (hence tumor cell proliferation) that leads to relapse. A higher number of
BRAF gene copies has been detected in specimens from pts at disease progression compared
to baseline biopsies.'!"!* An increased BRAF gene copy number has been also reported both
in pre-treatment specimens from metastatic melanoma pts who did not respond to therapy and
in MAPK inhibitors (MAPKi) resistant cell lines.'> ' Thus, it is still debated if BRAF
amplification is an acquired mechanism of resistance, which develops de novo in the tumor
cells to overcome BRAF inhibition, or if it can also play a role as an intrinsic mechanism
when detected in the tumor prior to MAPKi exposure.

A high rate of chromosome instability is a hallmark of melanoma. It is also known that copy
number variation (CNV) becomes more pronounced with the progression from in siftu to
metastatic melanoma. Cutaneous melanoma is characterized by a pattern of copy number
alterations that typically include chromosome 1, 6, and 7 gains and chromosome 9 and 10
losses.!” 18 The BRAF gene maps to chromosome 7, which is frequently gained, as a whole or
in part, especially in BRAFmut melanoma, contributing to variation of the amount of the
mutant allele. Indeed, the percentage of the BRAFmut allele, although expected to be 50% as
mutations in oncogenes are usually heterozygous, reportedly spans across a wide range of

values in melanoma samples.'®?? Because the BRAF V600 mutation is the target of BRAF
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inhibitors, the percentage of the BRAFmut allele was suggested to influence the clinical
efficacy of the treatment but its association with patients’ response is still controversial.!®- 232
The aim of our study was to assess BRAF copy number and mutant allele frequency in pre-
therapy specimens from metastatic melanoma pts who received MAPKi and to investigate the
correlation with patients’ response to treatment. The identification of predictive biomarkers
would allow the selection of pts who are most likely to benefit from MAPK-targeted therapy,

thus improving clinical management.

Material and Methods

Patient cohort

Fifty-one specimens (9 from primary tumors and 42 from metastases) were collected, prior to
MAPK-targeted therapy initiation, from 46 pts diagnosed with BRAFmut unresectable stage
IIT or stage IV cutaneous melanoma, who were treated at the Veneto Institute of Oncology
IOV — IRCCS in Padua. Multiple biopsies were available for 5 pts.

All pts received MAPK-targeted therapy: 34 (74%) were treated with monotherapy
[(Vemurafenib (22) or Dabrafenib (12)] and 12 (26%) with a combination of BRAF and MEK
inhibitors (Combo: Dabrafenib and Trametinib, respectively). Age, gender and clinical history
including stage, histopathological features, therapy, and ECOG performance status at baseline
were collected. Progression-free survival, assessed by total body imaging or physical
examination, was the used clinical outcome measure. Written informed consent was obtained
from all pts before the enrollment into the study, which was approved by the local

institutional ethics committee.

Tumor samples and DNA extraction

All samples were formalin-fixed paraffin-embedded (FFPE). A pathologist contoured and
estimated the tumor area on hematoxylin and eosin-stained (H&E) slides. For five samples,
tumor cell percentage was also evaluated by the Aperio ScanScope CS system and
ImageScope software (Leica Biosystems, Milton Keynes, UK) on digital images of H&E
slides; the results confirmed the accuracy of the pathology evaluation. Samples with tumor
content >70% were macrodissected to enrich the tumor cell population. DNA was extracted

using the QIAmp DNA micro/mini kit (Qiagen, Hilden, Germany) or the MagNA Pure
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Compact Instrument (Roche Diagnostics, Mannheim, Germany) according to the

manufacturer’s instructions.

Real-time PCR reactions

BRAF gene copy number was assessed by real-time quantitative PCR (qPCR) using the
TagMan technology on a Light-Cycler 480 instrument (Roche Diagnostics, Mannheim,
Germany). A 149 bp region was amplified with primers encompassing the 600 codon in a
multiplex reaction that also included primers for albumin (ALB) as a reference gene. We used
the relative quantification measured using the delta-Ct method with a BRAF reference
standard (Horizon Diagnostics, Cambridge, UK) in each experiment and adjusted it according
to the estimated tumor cell percentage. To validate our approach, we analyzed control DNA
from FFPE normal skin samples that showed a BRAF/ALB ratio ranging from 0.93 to 1.1 and
denoting an equal copy number of the BRAF and ALB genes (range 1.9-2.2 copies). The
adenocarcinoma cell line HT-29, for which chromosome 7 trisomy has been reported,’® was
used as an additional control and showed a BRAF/ALB ratio of 1.5, as expected. We
therefore set a copy number of 2.3 as a cut-off to discriminate between a diploid BRAF status
and BRAF gain.

The quantification of the BRAF mut allele in each sample was obtained by ad hoc real-time
PCR reactions set up to amplify the V60OE/K mut and wild-type (wt) alleles. The forward
primer was mutation-specific, with a 3’ terminus matching the V600E, V600K or the wt
codon, while the reverse primer and the probe were identical in each reaction. To increase
allele specificity, an additional nucleotide mismatch was incorporated 2 nucleotides upstream
the 3’ end of each forward primer. Both mut- and wt-specific PCRs were performed using the
ALB gene as a control to normalize for DNA content. Standard curves with serial dilutions of
the commercially available BRAF V600E or V600K 50% allele standards (Horizon
Diagnostics, Cambridge, UK) in BRAF wt sample were used to evaluate the reaction
efficiency and to calculate the fraction of BRAF V600mut allele as in Kristensen et al.”” The
BRAFmut allele % was calculated as a ratio of BRAFmut/BRAFmut+BRAFwt adjusted by
tumor cell percentage. To validate the method, we compared the BRAFmut allele % as
measured by allele-specific real-time qPCR to that evaluated by pyrosequencing for five
representative samples and for the BRAF V600E HT-29 cell line.?> 2> 7 The two methods
yielded comparable results with an average difference of 10.7% (data not shown).

Sequences of primers and probes are provided in the Supplementary Table S1. All PCR

reactions were carried out in duplicate (cycle conditions are available upon request).
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Copy number variation analysis

For the CNV assessment, 80 nanograms of dsDNA were analyzed using the OncoScan CNV
Assay (Affymetrix, Santa Clara, CA, USA) on an Affymetrix SNP-array platform according
to the manufacturer’s protocol. This assay is based on a molecular inversion probe technology
specifically designed to handle limited amounts of highly degraded, FFPE-extracted DNA.
The raw probe signal intensities (CEL files) obtained were processed using the OncoScan
Console software (Affymetrix, Santa Clara, CA, USA). Normal controls from the OncoScan
assay kit were used to calculate log2ratio and B-allele frequencies. Copy number aberrations
were identified by OncoScan Nexus Express (Biodiscovery, El Segunda, CA, USA) using the

TuScan segmentation algorithm.

Fluorescence in situ hybridization (FISH) analysis

A total of 18 FFPE samples (2 primary melanomas and 16 metastases) from 15 pts were
analyzed by FISH using the Vysis BRAF SpectrumGold FISH Probe Kit, which covers a
region encompassing the entirce BRAF gene, and the Vysis CEP7 SpectrumGreen Probe,
which hybridizes to the alpha satellite DNA at the chromosome 7 centromere (Abbott
Molecular, Des Plaines, IL, USA). Four micrometer-sections were pretreated with the
Paraffin Pretreatment Kit I (Abbott Molecular, Des Plaines, IL, USA), denatured, and
hybridized with 10 microliters of probe mixture. After washing, the slides were
counterstained with 10 microliters of DAPI I (Abbott Molecular, Des Plaines, IL, USA) and
analyzed at high-power magnification (X100) using a LEICA DM4000 B LED
epifluorescence microscope (Leica Biosystems, Milton Keynes, UK). The Leica Application
Suite software was used for image acquisition. For each sample, the number of copies of the
BRAF gene and of the chromosome 7 were estimated by calculating the mean number of

signals for each probe in 100 nuclei.

Statistical analysis

Quantitative variables were summarized as median and range; categorical variables were
reported as counts and percentages. PFS was calculated from the date of treatment initiation
to progression. Patients who did not develop an event during the study period were censored
at the date of last observation. The PFS rates were estimated by the Kaplan-Meier method and
compared with the log-rank test. Hazard ratios (HR) and 95% Confidence Interval (CI) for

each group of interest were estimated using the Cox proportional hazards model with low risk
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group being used as the reference. The independent role of each covariate in predicting the
PFS was verified in a multivariate model considering all characteristics significantly
associated to the outcome in the univariate analysis. No deviation from the proportional
hazards assumption were found by the numerical methods of Lin et al.?® All tests were two-
sided and a p value <0.05 was considered statistically significant. Statistical analyses were

performed using the SAS version 9.4 (SAS Institute, Cary, NC).

Results

We retrospectively studied 51 samples from 46 pts treated for BRAFmut metastatic
melanoma at the Veneto Institute of Oncology IOV — IRCCS in Padua. Routine diagnostic
mutation analysis detected the BRAF V600E (c.1799T>A) mutation in 42 samples (82%), the
V600K (c.1798_1799delGTinsAA) in 7 (14%), the VO60OR (c.1798_1799delGTinsAG) and
V600_K601E (c.1799_1801delTGA) each in one sample (2%). Patients demographics and
clinical/pathological characteristics are summarized in Table 1 and detailed in Table 2.
Patients received either BRAFi monotherapy (Vemurafenib or Dabrafenib) or a combination
of BRAF and MEK inhibitors. Six pts were still on therapy at the time of the analysis; one (O-
199) suspended the treatment due to toxicity. The median time to progression was 5.6 months
(95% CI 4.5-7.5) for pts treated with monotherapy, 15.7 months (95% CI 8.2 - ) for those
treated with Combo therapy, and 7.5 months (95% CI 5.5-12.8) overall.

Assessment of BRAF gene copy number

BRAF gene copy number was first assessed by qPCR. After setting a cut-off of 2.3 copies to
discriminate between diploid BRAF status and BRAF gain, we identified gains (median of 3
copies, range 2.4-4) in 26 samples from 23 pts (50%) and a diploid status (median of 2.2
copies, range 1.9-2.3) in the remainder (Fig. la and Supporting Information Table 2).
Different specimens from the same patient showed concordant copy number results in all
cases but one, O-0557 (Supporting Information Table 2).

To confirm the results obtained by qPCR and investigate the possible mechanisms underlying
the detected BRAF gains, we derived data relating to the 39 pts (43 specimens) in this study
from a genome-wide CNV analysis, which we carried out for other purposes (unpublished
data). Consistent with previous reports, most pts (72%) displayed widespread genome

aneuploidy, while only 28% showed a diploid genome (Supporting Information Table 2).
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BRAF-focused CNV analysis identified more than two BRAF copies (median of 3 copies,
range 2.4-7) in 29 samples from 25 pts (64%). As exemplified in Fig. 1b, these detected
BRAF gains were often coupled with polysomy of chromosome 7 (i.e. more than 2.3 copies
of the 7p11-g21 region encompassing the centromere), thus assigning 18 pts (72%) to the
‘gain/polysomy’ category. Also 2 samples (0O-4519 and O-4769) with 7 BRAF gene copies,
which could be considered as gene amplification, were included in this group owing to the
associated whole chromosome 7 polysomy. The 7 pts who showed 2.7 to 6 BRAF copies and
chromosome 7 disomy, were assigned to the category ‘gain/disomy’. In the remaining 14 pts
(36%), BRAF CNV analysis showed diploid BRAF gene (median of 2 copies, range 2-2.3)
and chromosome 7 disomy and they were assigned to the category °‘diploid/disomy’
(Supporting Information Table 2).

Comparing the results obtained by qPCR with those obtained by CNV analysis, we observed
that all gains identified with the former approach were confirmed by the latter one. Instead, 8
out of the 22 qPCR-assessed pts with diploid BRAF status displayed, in fact, BRAF gains by
CNYV analysis (Italicized in Supporting Information Table 2). For 4 of them (0-0477, O-0550,
0-2386, O-3854), CNV analysis uncovered polysomy of chromosome 4, where the ALB gene
maps. Thus, the BRAF status for these cases was reclassified as ‘BRAF gain’. To resolve the
discrepancy related to the other 4 pts (0-0482, O-0557, 0O-0559, O-1977), we carried out
FISH analysis, which we extended to a total number of 18 samples from 17 pts. FISH
confirmed all BRAF gains detected by CNV analysis. The above-mentioned 4 cases were,
therefore, re-classified as gains. Notably, FISH analysis disclosed a previously undetected
chromosome 7 polysomy in one case (O-0482) (Supporting Information Table 2) showing
intra-tumor heterogeneity with few cells that harbored more than two BRAF copies. Both
CNYV and FISH analysis displayed the same BRAF copy number when multiple biopsies from
one patient were evaluated.

Our results indicate that while the gPCR-assessed BRAF gains are a robust result, the gPCR-
assessed diploid BRAF status needs validation by another approach. Because samples O-0592
and O-1681were analyzed only by qPCR, we could not define their BRAF copy number (NA,
not assigned; Table 2). Overall, based on these criteria, we found that BRAF gains were
present in melanoma samples from 30 pts (65%), while 14 pts (30%) displayed a diploid
BRAF status (Table 2). Notably, the increased amount of BRAF gene copies was frequently
due to whole or partial chromosome 7 polysomy while BRAF gene amplification (namely >6

gene copies and chromosome disomy) was never detected in our pre-treatment cohort.
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Assessment of BRAF mutant allele percentage

To determine if BRAF CNV was associated with changes in the percentage of the BRAF
V600E/V600K allele in the tumor, we evaluated the BRAFmut allele frequency and
integrated the information with the copy number data.

Analyzing 48 samples from 44 pts (pts withV60OR and V600_K601E mutations were
excluded), we observed a wide spectrum of BRAFmut allele % values, ranging from 20% to
98% (median 54%) (Supporting Information Table 2) and noticed that more than a half of
them (56%) had a 40-60% BRAFmut allele frequency (Fig. 2a). Taking into account that,
upon validation of this analysis, we observed a 10% mean difference when comparing the
results by allele-specific gPCR with those by pyrosequencing, we set a range of 35-65% to
distinguish the balanced heterozygous BRAF status and the cases with a low (<35%) or high
(>65%) BRAFmut allele % (Fig. 2b). As a result, 64.6% of the analyzed samples (63.6% of
pts) were classified as heterozygous, while 12.5% and 23% of them (13.6% and 22.7% of pts)
showed a low (average 24.3%) and high (average 88.6%) BRAFmut allele %, respectively
(Supporting Information Table 2).

Upon integration of BRAFmut allele frequency and BRAF gene copy number data (Fig. 2c¢),
balanced heterozygosity remained the most represented category, both in BRAF diploid
samples (79%) and in those with gains (60%). Notably, however, 34% of samples with BRAF
gains were supported by high BRAFmut allele %, which was never detected in diploid BRAF
samples. The latter ones showed instead a low BRAFmut allele % in almost one fifth of the

cases (21.4%).

Association of baseline BRAF copy number and mutant allele frequency with PFS

We then investigated, by nonparametric Kaplan-Meier analysis, the relationship between
BRAF copy number and BRAFmut allele % at baseline and patient’s response to MAPKi
treatment. In univariate analysis (Table 3), patients with BRAF gain showed a trend toward
longer PFS (median 12.1 months; 95% CI 5.6-15.8) compared to pts with diploid BRAF
status (median 4.7 months; 95% CI 2.5-8.2) (p-log rank = 0.056; Fig. 3a). A significantly
longer PFS was also observed in pts with balanced heterozygous BRAFmut status (median
12.0 months; 95% CI 5.6-15.8) and high BRAFmut allele % (median 7.5 months; 95% CI 2.1-
21.7) compared to those with low BRAFmut allele % (median 3.0 months; 95% CI 1.4-5.5)
(p-log rank <0.001; Fig. 3b). Notably, pts with low BRAFmut allele % presented a more than
seven- and five-fold increased HR for disease progression when compared to the

heterozygous and high BRAFmut allele % groups, respectively. As expected, in univariate
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analysis also age, ECOG performance status, disease stage, and type of therapy were
correlated to the PFS (Table 3).

In the multivariate model, adjusted for patients’ clinical characteristics, both BRAF copy
number and mutation allele frequency appeared to be independent predictors of disease
progression (Table 3). Patients with tumor characterized by diploid BRAF status had a
significantly higher risk of progression than those with BRAF gains (HR = 2.86; 95% CI
1.29-6.35; p = 0.01). Patients with low BRAFmut allele % still showed a significantly higher
risk of progression compared to those with balanced heterozygous BRAF status (HR = 4.54,
95% CI 1.33-15.53; p = 0.016).

Our data suggest that pts whose tumors display BRAF gains or heterozygous BRAFmut allele

% have a longer response, independently of type of therapy and tumor stage.

Discussion

The onset of resistance represents a major hindrance to the long-term effectiveness of MAPKi
therapy in metastatic melanoma pts. Predictive biomarkers of resistance are urgently needed.
For this purpose, we have quantitatively studied the BRAF gene - the direct target of the
MAPKi-based therapy - and investigated the correlation between PFS and gene copy number
or mutant allele frequency at baseline. Our findings show that pts with melanoma displaying
gains of the BRAF gene or BRAF mutant allele percentage similar to or higher than that of
the wt allele seem to benefit the most from MAPK:i therapy.

Given the complexity of the molecular alterations that characterize metastatic melanoma,?® %
we integrated data from three independent methods to achieve a confident assessment of
BRAF copy number: gPCR, which is commonly used for gene quantification; CNV analysis,
which provides a comprehensive picture of whole genome alterations; FISH, which has the
potential to uncover tumor heterogeneity by analyzing single nuclei. Using the three
techniques, we found BRAF gains in 65% of our patient cohort. Notably, our results failed to
show the presence of BRAF amplification and indicate that, instead, BRAF gains are a
common event that is often supported by total or partial chromosome 7 polysomy. Our data
are consistent with previous findings showing that gains of chromosome 7 are frequently
associated with the presence of BRAF mutations in metastatic melanoma. '8 3!

Upon investigation of the impact of the BRAF copy number variation on allele frequency,

even though most cases (64.5%) displayed a balanced BRAF mut/wt allele ratio, low and high
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frequency of BRAFmut allele were detected in 12.5% and 23% of samples, respectively. The
unbalanced ratio favoring the mutated allele of an oncogene is a frequent event during
tumorigenesis. Moreover, mutant allele specific imbalance (MASI) is often coupled with copy
number gains.?*?? Indeed, we found that all samples with a high percentage of BRAFmut
allele were also characterized by BRAF gains. On the other hand, we found that 21% of the
samples with a diploid BRAF status showed an unbalanced allelic ratio favoring the wt allele
(i.e. low BRAFmut allele %). We excluded the possibility of a contamination by normal cells
(e.g. stromal and inflammatory cells) because our results took into account (and were adjusted
based on) tumor cell percentage. Conceivably, intra-tumor heterogeneity contributes to the
spectrum of BRAFmut allele %, whereby heterozygous, homozygous mutant or wt BRAF
melanoma cells could coexist in one tumor lesion.'” Indeed, this is a frequent scenario in
primary melanoma as well as at the metastatic stage, even though the number of mutated cells
tends to increase during tumor progression owing to the proliferative advantage conferred by
the BRAF mutant allele.*> * Thus, an unbalanced BRAF allelic ratio is always integral to the
complexity of the metastatic melanoma genome.

Previous studies carried out in a very limited number of pretreatment specimens from pts
treated with BRAF + MEK inhibitors, had suggested that an increased BRAF copy number
could be associated with disease progression.!> !¢ Instead, in our larger cohort of MAPKi-
treated pts, we observed that BRAF gains at baseline were associated with a better clinical
outcome, both by univariate and by multivariate analysis. Our results suggest a possible
different effect of BRAF gains on the clinical response compared to the proved role of the
BRAF gene amplification as an acquired mechanism of resistance to MAPKi.'* 3* A similar
effect on PFS was described for pts who received the multikinase inhibitor Sorafenib and
whose melanoma harbored gains in one of the targeted genes, RAF1.*> In addition, we
observed a seven- or five-fold decrease of HR for disease progression in pts with melanoma
harboring a balanced BRAF heterozygous mutation or a high BRAFmut allele %,
respectively, compared to pts whose melanoma had a low BRAFmut allele %. Notably, we
found that the significant correlation between BRAFmut allele frequency and response to
MAPKIi was independent of the other clinical characteristics, including therapy and stage. It
can be speculated that a low mutational load would translate into reduced amount of
accessible target to the inhibitor and hence less efficacy. Alternatively, targeting of the
MAPK pathway in tumor cells with a higher amount of BRAFwt allele could trigger a

paradoxical cell proliferation leading to tumor resistance.¢
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Previously, Lebbé et al. analyzed the correlation of BRAF mutant allele levels with best
response rate to Vemurafenib, showing that complete responses were more frequent in pts
with high BRAFmut allele, whose PFS advantage however decreased within 10 months.?
Conversely, other two studies'® >* reported that pts with high or low mut allele % benefited
equally from BRAF inhibitors. Recently, Boespflug A. et al. analyzing a large cohort,
observed a trend in favor of a better PFS for pts with high mut allele %.>> One of the major
differences between these studies was the cut-off used to discriminate between high and low

BRAFmut allele %. In none of the previous studies!> 2%

the heterozygous cases were
considered as an independent group. Instead, we believed it was important to discriminate
between pts with balanced heterozygosity and those with allelic imbalance. By doing so, we
found that pts in the former group had the longest PFS. We acknowledge that, because many
variables are considered, our results should be replicated in a larger cohort. Nevertheless, our
study is monocentric and, hence, ensures homogeneity of clinical data.

In conclusion, we provide a characterization of the BRAF copy number and BRAFmut allele
% profile in metastatic melanoma prior to MAPKIi therapy. At this stage, we cannot exclude
that these molecular traits have a prognostic rather than a predictive role. Future prospective
clinical studies should clarify this aspect. Our results uncover the frequent occurrence of
BRAF gene gains, which appear to be mostly responsible for the mutant allele imbalance, and
show that BRAF copy number and BRAFmut allele % are associated with the response of
metastatic melanoma pts to MAPKi, as do the stage and type of therapy. Patients with a
melanoma characterized by a diploid BRAF status or low BRAFmut allele % have a
remarkably increased risk of progression. In this light, assessment of BRAF copy number
and/or mutant allele load could be considered prior to treatment choice as a useful tool for

accurate patient selection to targeted therapy.
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Figure 1. Quantitative analysis of the BRAF gene. (a) Boxplot of qPCR-derived BRAF copy
number values. A cut-off of 2.3 copies was used to discriminate between diploid and gain
status. (b) Representative cases of chromosome 7 and BRAF gene copy number aberrations as
assessed by OncoScan assay (left panels) and FISH analysis (right panels).
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Figure 2. Quantitative analysis of BRAF mutant allele frequency. (a) Histogram
representation of the % of mut allele in 48 melanoma samples obtained by allele-specific
gPCR. (b) Boxplot of the % of mut allele in 48 samples divided into three categories: low
(<35%), heterozygous (35%-65%), and high (>65%). (c) Histogram representation of the
above-mentioned BRAFmut allele % categories according to diploid/gain status.
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Figure 3. Progression-free survival according to BRAF quantitative analysis. (a) Kaplan-
Meier plots of pts with diploid BRAF status (N=14) or BRAF gain (N=30). (b) Kaplan-Meier
plots of pts with low (N=6), balanced heterozygous (N=28), and high (N=10) BRAFmut allele
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Table 1. Demographics and clinico-pathological characteristics of the

melanoma patient cohort.

N (%)
Patients 46 (100%)
Gender
Male 24 (52%)
Female 22 (48%)
Median age years (range) 55 (28-80)
Therapy
Vemurafenib 22 (48%)
Dabrafenib 12 (26%)
Combo (Dabrafenib+Trametinib) 12 (26%)
Stage
1B 4 (9%)
i@ 6(13%)
v 36 (78%)
ECOG PS
0 34 (74%)
1 10 (22%)
>1 2 (4%)
Median PFS months (95% CI) 7.5 (5.5-12.8)
Tumor specimens
Tissue 51 (100%)
Primary 9 (18%)
Metastasis 42 (82%)
BRAF mutation
V600E 42 (82%)
V600K 7 (14%)
V600R 1 (2%)
V600_K601E 1(2%)
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Table 2. BRAF copy number status in melanoma samples according to tumor and patient characteristics.

Tumor BRAF
Patient tis % Tumor BRAF Ther PFS copy
atien ue 1ls mutation erapy (months) number
analyzed =
status
0-0433 primary 90 V600E Vemurafenib 6.4 diploid
0-0477 metastasis 85 V600E Vemurafenib 54 gain
0-0480 metastasis 80 V600OE Vemurafenib 1.5 diploid
0-0481 metastasis 100 V600E Vemurafenib 5.6 diploid
0-0482 primary 95 V600E Vemurafenib 5.5 gain
0-0483_a* metastasis 95 V600E y ain
0-0483_b* metastasis 70 V600E Daomicih i zain
0-0550_a metastasis 95 V600OE ain
0-0550_b metastasis 100 V600E Combp 15.8 zain
0-0557_a metastasis 95 V600E ain
0-0557_b  metastasis 85 V60OE Cimbo s gain
0-0559 metastasis 80 V600E Vemurafenib 12.9 gain
0-0592 metastasis 95 V600E Vemurafenib 1:7 NA®
0-0864 primary 70 V600E Combo 2.5 diploid
0-1230 metastasis 88 V600E Vemurafenib 4.4 diploid
0-1361 metastasis 95 V600E Combo 18.8 gain
0-1570 metastasis 90 V600E Dabrafenib 7 gain
0-1614 metastasis a5 V600E Dabrafenib 36.7 gain
0-1681 primary 88 V600E Vemurafenib 1152 NA
0-1684 metastasis 70 V600OE Combo 10.5 gain
0-1716 metastasis 95 V600R Dabrafenib 11.5 gain
0-1787 primary 100 V600OE Dabrafenib 15.2 gain
0-1977 metastasis 95 V600E Vemurafenib 5.5 gain
0-199 metastasis 80 V600E Vemurafenib 3.6 gain
0-2087 metastasis 95 V600E Dabrafenib 43.2 gain
0-2259_a rimar 80 V600K g gain
0-2259_b ni:tastazis 100 V600K Vemuratenit ad il
0-2287 metastasis 100 V60OE Combo 432 gain
0-2386 metastasis 80 V600E Vemurafenib 2.1 gain
0-2513 metastasis 95 V600_K601E Dabrafenib 2 gain
0-2792 metastasis 85 V600E Dabrafenib 1.4 diploid
0-2977 metastasis 88 V600E Vemurafenib 5.6 gain
0-3020 metastasis 88 V600OE Vemurafenib 16.6 diploid
0-3321 primary 90 V600E Combo 12.8 gain
0-3848 metastasis 70 V600K Vemurafenib 3.2 gain
0-3854 metastasis 88 V600E Combo 15.7 gain
0-4229 metastasis 88 V600E Dabrafenib 5.1 diploid
0-4246 metastasis 80 V600E Vemurafenib 4.2 diploid
0-4337 metastasis 100 V600E Combo 8.2 diploid
0-4519 metastasis 90 V600K Combo 12.1 gain
0-4568 primary 95 V600K Vemurafenib 7.5 gain
0-4758 metastasis 90 V600K Vemurafenib 242 gain
0-4769 metastasis 88 V600E Vemurafenib 33.6 gain
0-4871 metastasis 88 V600E Combo 26 diploid
0-5158 metastasis 88 V600E Dabrafenib 4 diploid
0-5213 metastasis 100 V600E Dabrafenib T3 gain
0-5554 metastasis 90 V600E Combo 33.6 diploid
0-5646_a metastasis 75 V600E ; ain
0-5646_b metastasis 70 V600E Vet - ﬁain
0-6576 primary 88 V600K Dabrafenib 21.7 gain
0-6635 metastasis 90 V600E Vemurafenib 2.8 diploid

*_a/_b: specimens from the same patient; *Not Assigned
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Table 3. Univariate and multivariate survival analyses.

Median PFS

Univariate analysis Multivariate analysis
months
(95%CI) HR 95% CI  p-value HR 95% CI p-value
Gender
M 8.2 (5.5-15.7) 1.55  0.82-2.94 0.179
F 72 (3.4-12.8) 1
Age (years) 1.03 1.00-1.05 0.033
ECOG PS
0 12.1 (6.4-15.8) 1
1-3 5.5(2.0-7.0) 2.36 1.13-4.90 0.021
BRAF
V600E 7.5 (5.5-15.2) 1
V60OOK 9.8 (3.2-24.2) 1.16  0.48-2.79 0.747
Stage
1B - 1 1
IC-1v 7.0 (54-11.5) 480 1.13-20.32 0.033 6.78 1.51-30.50 0.013
Therapy
Combo 15.7 (8.2-) 1 1
Mono 5.6 (44-7.5) 2.51 1.15-5.50 0.021 2.46 1.05-5.78 0.039
BRAF
copy number
Diploid 4.7(2.5-8.2) 192 0.97-3.82 0.062 2.86 1.29-6.35 0.01
Gain 12.1 (5.6-15.8) 1 1
BRAF
mut allele %
Heterozygous 12.0 (5.6-15.8) 1 1
High 7.5 (2.1-21.7) 1.28 0.59-2.78 0.530 2.16 0.86-547 0.102
Low 3.0(14-5.5) 7.37 2412250  <0.001 454  1.33-15.53 0.016
BRAF
mut allele %
Heterozygous 0.78 0.36-1.69 0.530 0.46 0.18-1.17 0.102
High 1 1
Low 575 1.69-19.56 0.005 2.10 0.53-8.28 0.290
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