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1. Introduction

1.1 Cancer

Cancer is the second leading cause of death globally and was responsible for
approximately 9.6 million deaths last year (Bray et al., 2018), and in 2018, over
34000 new cases were registered in Norway alone (Cancer in Norway, 2018).
Defining features of cancer cells are that they are able to escape the strict external
control of growth and proliferation and acquire the ability to invade adjacent tissue
normally habited by other cell types. Invasiveness is an essential characteristic of
cancer cells and allows them to spread to other organs and disrupt their normal
function (Egeblad et al., 2010; Nowell, 1976).

Their tissue of origin most frequently classifies cancers, and to date, over 100 types
have been identified (Hanahan & Weinberg, 2000). A common denominator for most
cancer types is that the evolution of cancer cells are commonly thought to be a
multistep process of independent events. In 2000, Hanahan and Weinberg first
proposed that these events can be organized into several biological capabilities,
termed the hallmarks of cancer, following an extended review according to recent
findings in the field in 2011 (Hanahan & Weinberg, 2011). These proposed hallmarks
consist of the following capabilities: Sustained proliferative signaling, evading growth
suppressors, avoiding immune destruction, replicative immortality, activation of
invasion and metastasis, induction of angiogenesis, resistance to cell death, genetic
instability, Inflammation and deregulation of cellular energetics. In addition, the
authors proposed that tumor-promoting inflammation and genome instability and
mutations as enabling characteristics (Hanahan & Weinberg, 2011).

These reviews have been widely cited and accepted as a comprehensive work in
cancer biology; however, they have not remained unchallenged. Arguments
questioning what defines a hallmark has been raised (Lazebnik, 2010). First, some
of the proposed hallmarks may also apply to benign tumors such as induction of
angiogenesis, sustained proliferative signaling, evading growth suppressors,
resistance to cell death, and replicative immortality in contrast to invasion and



metastasis which is a trait exclusively found in malignant tumors (Lazebnik, 2010).
Secondly, eight years have passed since Hanahan, and Weinberg published their
updated review, and additional "hallmarks" have been proposed since, including

involvement of tumor stroma and phenotype switching.

1.2 Melanoma

Melanoma is a form of skin cancer that arises from malignant transformation of
melanocytes, the pigment-producing cells of the skin, iris, meninges, and inner ear
(Cichorek et al., 2013; Tachibana, 1999). Although melanoma accounts for only 1%
of skin cancers, it accounts for around 75% of skin cancer-related deaths (Siegel et
al., 2018). Melanoma is one of the most aggressive and treatment-resistant cancers.
Also, the incidence is now increasing at a higher rate than any other human cancer
(Bray et al., 2018; Guy et al., 2015). Norway is among the European countries with
the highest incidence rate of malignant melanoma, and the rate has increased tenfold

over the last 60 years (Cancer Registry of Norway (2018)).

1.2.1 Normal melanocyte development and function

Melanocytes are neural crest-derived precursor cells originating from the embryonic
ectoderm. A group of these cells undergo an epithelial-mesenchymal transition
(EMT) and migrate out of the neuroepithelium. EMT refers to a phenotypic switch
where cells lose their cell contacts and epithelial polarity, and undergo a de-
differentiation into a more stem cell mesenchymal-like state (Thiery, 2003). These
cells are transient multipotent cells before becoming lineage-restricted during further
differentiation into melanoblasts (Ernfors, 2010; Goldstein & Tucker, 2001).
Melanocytes are cells in our skin that can absorb ultraviolet radiation (UVR) and
survive a considerable amount of stress (Brenner & Hearing, 2008). Since the skin is
our primary barrier to the external environment, the melanocytes contribute to both
thermoregulation and photoprotection through the production of melanin (Lin &
Fisher, 2007). Melanocytes are located and securely attached to the basal layer of
the epidermis, where each of them is surrounded by 30-40 keratinocytes through
long dendritic extensions, together forming the epidermal melanin unit (Fitzpatrick &
Breathnach, 1963). Melanosomes are the pigment-producing/containing organelles

produced in melanocytes. Melanosomes are passed on to keratinocytes, where they



affect basal pigmentation as well as photoprotection (Ando et al., 2012). Melanocytes
communicate with surrounding keratinocytes through paracrine hormones and cell
adhesion molecules (Haass et al., 2005). This interaction allows for adaptation to
external stimuli through cross-talk between melanocytes, keratinocytes, and the skin
microenvironment (J. X. Wang et al., 2016).

Melanocytes have been shown to produce two main types of pigment: dark
brown/black eumelanin, representing dark hair phenotype, and red/yellow sulfated
pheomelanin displaying a fair skin, red hair, and freckles (RHC) phenotype (Potterf et
al., 1999). Photoprotective pigment synthesis is stimulated by the binding of a-
melanocyte-stimulating hormone (a-MSH) to melanocortin 1 receptor (MC1R) on
melanocytes following UVR exposure. MC1R is a transmembrane, G-protein-coupled
receptor. MC1R activates cyclic adenosine monophosphate (cAMP) production and
cAMP response element-binding protein (CREB)-mediated transcriptional activation
of the melanocyte master regulator microphthalmia-associated transcription factor
(MITF). In turn, MITF activates the transcription of pigment synthesis genes and
melanin-production enzymes (Levy et al., 2006). Melanosomes contain enzymes that
catalyze pigment syntheses such as tyrosinase (TYR), the rate-limiting enzyme,
dopachrome tautomerase (DCT), and tyrosinase-related protein (TYRP1) (Cichorek
et al.,, 2013). The activity of these three enzymes correlates directly with melanin
content (Abdel-Malek et al., 1993). Both eumelanin and pheomelanin are derived
from the precursor tyrosine. Melanogenesis produces a mixture of eumelanin and
pheomelanin in different ratios, which is determined by TYR activity and substrate
availability (Simon et al., 2009). The difference in skin phenotype among individuals
is mainly dictated by eumelanin levels, which has a direct correlation with the extent
of pigmentation (Wakamatsu et al., 2006).
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Figure 1. Pigmentation synthesis. Adapted from (D’'Mello et al., 2016). Simplified overview of
eumelanin and pheomelanin synthesis within the melanosomes. UVR (UVA/UVB) irradiation of
keratinocytes in the skin leads to secretion of ligands such as a-MSH, which in turn activates
downstream signaling activating MITF in melanocytes. MITF activates transcription of enzymes which

catalyzes eumelanin and pheomelanin synthesis.



1.2.2 Melanoma risk and predisposition

The transformation of melanocytes into melanoma is considered a multi-step
process, as it involves environmental, genetic, and phenotypic risk factors. The main
environmental risk factor for melanoma is chronic and intermittent exposure to
UVA/UVB radiation. UVA/UVB may cause DNA damage through the formation of
pyrimidine dimers that may result in inflammatory responses, immunosuppression,
and gene mutations (Vink & Roza, 2001). Although proper use of sunscreen may
prevent part of the damage from UVA/UVB exposure, there are intrinsic risk factors
that predispose to melanoma. Phenotypic characteristics such as fair skin, red hair,
freckles, and multiple melanocytic nevi are associated with increased melanoma risk
(Sturm, 2002; Sturm et al., 2003). Lastly, a family history of melanoma has been
shown to be a risk factor. Interestingly, Shekar and colleagues estimated that
approximately 55% of the variation in melanoma burden was due to genetic effects
when studying twins (Shekar et al., 2009). Among the heritable factors are:

CDKN2A

Cyclin-dependent kinase inhibitor 2A (CDKN2A) was the first gene associated with
melanoma susceptibility (Hussussian et al., 1994; Kamb et al., 1994) and is
considered to be a melanoma high-risk gene (Potrony et al., 2015). The CDKN2A
locus is the most frequently deleted region in melanoma. This deletion occurs with
high penetrance in familial melanoma (20-40%) (Mangas et al.,, 2016). CDKNZ2A
encodes the two tumor suppressors p16™“2@ and p14RF which both function in cell
cycle regulation (Desnoo & Hayward, 2005). p16™42 is an inhibitor of the cyclin-
dependent kinases CDK4 and CDKG6 and prevents cell cycle progression in healthy
cells, while p14ARF is a positive regulator of p53, an important tumor suppressor.
Inactivation of CDKN2A through deletion, silencing, or mutation leads to uncontrolled
cell proliferation (J. Liu et al., 2014).

CDK4

Following the discovery of CDKN2A, a gene screening approach was taken to
identify other possible hereditary melanoma genes. Screening for p16 binding
partners rapidly led to the identification of CDK4 mutations. This mutation inhibits p16
from inactivating the kinase, leading to increased phosphorylation of Retinoblastoma



protein (RB) and, in the end, uncontrolled G1 to S phase transition in the cell cycle
(L. Zuo et al., 1996).

MC1R

Another essential gene implicated, and one of the most studied in melanoma
susceptibility, is the MC1R gene. The MC1R gene is highly polymorphic, with more
than 200 coding variants reported, showing a prevalence of any of these variants in
healthy controls of about 60% (Tagliabue et al., 2018). Some of these variants are
shown to reduce or completely cease the function of the receptor, leading to a shift in
pigmentation synthesis from eumelanin (dark color phenotype) to pheomelanin (RHC
phenotype). This causes the cells to be more sensitive to UVB, and therefore more

prone to DNA damage and melanoma risk.

MITF

The MITF germline missense mutation p.E318K is associated with both familial and
sporadic melanoma susceptibility. In 2010, Maubec et al. showed that coexisting
melanoma and renal cell carcinoma in theme patients support a genetic
predisposition underlying the association between these two cancer types that, in
part was independent of CDKN2A (Maubec et al., 2010). Following this study,
Bertolotto and colleagues then discovered that a MITF germline missense mutation
(p-E318K) occurred at a significantly higher frequency in genetically enriched patients
affected with melanoma, renal cell carcinoma, or both (Bertolotto et al., 2011). MITF
p.E318K increases MITF transcriptional activity through abrogating a sumoylation
motif. This mutant protein-enhanced melanocytic and renal cell clonogenicity,
invasion, and migration, which is consistent with a gain-of-function role in

tumorigenesis (Bertolotto et al., 2011).

TERT

The most recent findings in melanoma susceptibility involve genes that are involved
in telomere maintenance. A novel germline mutation in the promoter region of the
telomerase reverse transcriptase gene (TERT), was the first melanoma high-risk
gene mutation to be described since CDKN2A was identified (Aoude et al., 2015;



Horn et al., 2013; Potrony et al., 2016). The TERT gene encodes the catalytic subunit
of telomerase, which is the enzyme that maintains telomere length. Telomerase is
usually silenced in healthy tissue, causing telomeres to shorten with each cell
division. When the critical telomere length is reached, cells undergo senescence and
then apoptosis (Shampay & Blackburn, 1988). The expression of telomerase is
considered a hallmark of tumorigenesis, as over 90% of human cancers express the
enzyme (Bell et al., 2016; Low & Tergaonkar, 2013). In 2013, Horn et al. and Huang
et al. found two hotspot mutations in the TERT promoter, in around 71% of
melanomas, including both somatic and germline mutations (Horn et al., 2013; F. W.
Huang et al., 2013). This suggested that TERT is involved in both familial and

sporadic melanoma (Horn et al., 2013).



1.2.3 Genetics of melanoma initiation and progression

Years of investigating melanocyte transformation into invasive melanoma have
revealed a remarkable genetic complexity, comprising of thousands of mutations,
amplifications, deletions, translocations and alterations in DNA methylation within a
single tumor (Hodis et al., 2012). There are many ways of classifying melanoma, and
despite the complexity and abundance of genetic lesions, several key driver
mutations have been identified (Cancer Genome Atlas Network, 2015). However, in
order for melanoma to progress, a sequence of molecular alterations and mutation
events has to occur, regardless of genetic background. In what order these
alterations occur is incompletely understood, but a model for the minimal biological
changes required for melanoma progression has been suggested (Bennett, 2003;
Soo et al., 2011). This model illustrates a proposed sequence of events and lesions,
where each step illustrates events that may occur during progression towards

metastatic melanoma (Figure 2).
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Figure 2. Model for melanoma progression. Figure adapted from (Arrangoiz et al., 2016). These steps are
meant as a suggestion to represent the most common alterations that have to occur in order for melanoma to
progress. 1. MAPK pathway mutations in benign nevus, 2. Alterations suppressing primary senescence in
dysplastic nevus, 3. Further alteration affecting senescence and apoptosis in vertical growth phase (VGF) where

the cells are becoming invasive, 4. Metastatic melanoma.



Somatic mutations

Aberrations in the MAPK pathway is a central step and considered an early event in
melanoma development. Genomic subtypes suggested by the cancer genome atlas
network in 2015: BRAF, NRAS, and NF1 are central proteins in this pathway

(Table 1.) (Cancer Genome Atlas Network, 2015).

MAPK pathway BRAF V600, K601 (N/H/K) RAS G12, G13, NF1 LoF mut; (BRAF non  KIT COSMIC mut/amp,
Q61 hot spot mut) PDGFRa amp, KDR
(VEGFR2) amp; rare
COSMIC GNA11 mut,

GNAQ mut
PI3K/Akt pathway PTEN mut/del AKT3 overexpression AKT3 overexpression AKT3 overexpression
(~20%); (rare AKT1/3 (~40%); (rare AKT1/3 (~30%) (~20%)
and PIK3CA COSMIC  and PIK3CA COSMIC
mut mut)
Cell-cycle pathway CDKN2A mut/del/h- CDKN2A mut/del/h-meth CDKN2A mut/del/h-meth  CDKN2A mut/del/h-meth
meth (~60%); (CDK4 (~70%); CCND1 amp (~70%); RB1 mut (~40%); CCND1 amp
COSMIC mut) (~10%), (CDK4 COSMIC  (~10%) (~10%), CDK4 amp
mut) (15%)
DNA damage response  TP53 mut (~10%); TP53 mut (20%) TP53 mut (~30%) MDM2 amp (~15%)
and cell death (note: TP53 wild-type BCL2 upregulation
in ~90% of BRAF
pathways "
Epigenetics IDH1 mut (rare EZH2 IDH1 mut (rare EZH2 IDH1 mut (EZH2 mut); IDH1 mut (rare EZH2
COSMIC mut); ARID2 ~ COSMIC mut); ARID2 ARID2 mut (~30%) COSMIC mut)
mut (~15%) mut (~15%)
Telomerase pathway Promotor mut (~75%) Promotor mut (~70%) Promotor mut (~85%) Promotor mut (<10%)
TERT amp (~15%)
Other pathways PD-L1 amp, MITF PPP6C mut (~15%)

amp, PPP6C mut
(~10%)

Table 1. Melanoma genomic subtypes. Genomic subtypes as suggested by the Cancer Genome
Atlas. Pathway alteration in BRAF, RAS, NF1 and Triple Wild-Type (WT)

In 2002 Davies and colleagues identified a single mutation in the v-Raf murine
sarcoma viral oncogene (BRAF) after a genome-wide screening of a number of
tumor samples focusing on the MAPK pathway (H. Davies et al., 2002; Mehnert &
Kluger, 2012). This discovery was of great importance, as approximately 40-60% of
all melanomas harbor an activating mutation in the BRAF gene. 90% of the mutations
in BRAF is a valine to glutamine substitution at amino acid 600 (V600E). This
mutation results in constitutive phosphorylation of extracellular signal-regulated
kinase ERK leading to an increase in proliferation and survival (Dhillon et al., 2007).

The second most common cause of abnormal MAPK pathway signaling is found in
the RAS family proteins. The RAS family (HRAS, KRAS, and NRAS) are a group of



GTPases that regulate proliferation and malignant transformation by activation of
both MAPK and the PI3K pathway. Although all three isoforms are found to be
mutated in melanoma, NRAS mutations are most frequent (15-30%) and were
among the first mutations to be described in melanoma (Kodaz et al., 2017; Padua et
al., 1984). Importantly, these mutations are often found to be mutually exclusive with
BRAF mutations; however, co-mutations have been reported (Fedorenko et al.,
2013).

The tumor suppressor neurofibromin 1 (NF1) has just recently been classified as one
of the key drivers of melanoma (Cancer Genome Atlas Network, 2015). Since the
NF1 protein is a negative regulator of RAS, a loss-of-function mutation in NF1 leads
to sustained MAPK and PI3K pathway signaling. NF1 mutations are found in 10-13%
of all melanomas (Cirenajwis et al., 2017; Sondka et al., 2018). Although BRAF and
RAS mutations are believed to be mutually exclusive, NF1 mutations commonly co-
occur with other alterations in the MAPK pathway. This implies that a mutation in NF1
alone is not equally as effective as BRAF and RAS mutations with respect to MAPK
pathway activation and the accumulation of additional mutations are needed for
progression (Krauthammer et al., 2015).

Even though the MAPK pathway is linked to aggressive melanoma biology, both
BRAF and NRAS mutations are frequently found in benign nevi (Poynter et al.,
2006). Overexpression of BRAF alone is not sufficient to transform melanocytes
(Patton et al., 2005), as sustained signaling will lead to oncogene-induced
senescence. Figure 3 illustrates some of the most described pathway aberrations in

melanoma.
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Figure 3. Pathway aberrations. Schematic diagram detailing the most described pathway genes

thought to be aberrant in melanoma. Red line symbolizes loss of inhibitory effect.

Immortalization and progression

A mandatory step for the transformation of melanocytes into melanoma is to obtain
cell immortality. Mutations in TERT will lead to increased telomerase activity,
prolonged telomere maintenance, and cellular immortality. However, once the cells
reach the state of early melanoma (stages 0-1), they can persist in this condition for
several years before becoming invasive (Shain et al., 2015; Weinstock & Sober,
1987). This indicates a need for additional genetic alterations, perhaps involving the
epidermis and the microenvironment, as well as an escape from immune surveillance

for transformation to occur (Shain & Bastian, 2016).

Once the cells have escaped primary senescence and transformation has occurred,
they become invasive melanoma cells. The invasive melanoma cells "inherit" the
driver mutations activating the MAPK pathway, as well as the TERT mutations
accumulated during the early stages of progression. Cultured human melanocytes
seem to acquire two co-operative genetic changes for immortality: TERT expression
and p16 pathway disruption (Shain et al., 2015). Invasive melanomas display a high
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frequency of CDKNZ2A inactivation, which has not been detected in melanoma
precursor lesions (Shain et al., 2015). Other aberrations in the p16 pathway,
including CDK4 and RB family mutations, cyclin D1 (CCND1), and CDK4
amplifications, have also been reported (Bastian, 2014; Forbes et al., 2015; Hodis et
al., 2012).

In addition to genetic alterations in the p16 pathway, mutations affecting chromatin
remodeling complex members such as ARID2 and ARID1A appear during the
transformation into invasive melanoma (Shain et al., 2015). Besides immortalization
through TERT/CDKN2A dysregulation, alterations in p53 and phosphatase and
tensin homolog (PTEN) are often found at later stages of melanoma development
(Birck et al., 2000; Lassam et al., 1993; Reifenberger et al., 2000; Stretch et al.,
1991). PTEN is regarded as the most important negative regulator of the PI3K
pathway, as it antagonizes PI3K-AKT signaling by its lipid phosphatase activity (J. Li
et al., 1998). PTEN has been implicated not only in suppressing cancer growth but
also in regulating embryonic development, cell adhesion and migration, apoptosis,
stem cell growth and differentiation (Blind, 2014; Ciuffreda et al., 2014; Engelman et
al., 2006; Laurent et al., 2014; Maehama & Dixon, 1998; Myers et al., 1998; Sansal &
Sellers, 2004; Song et al., 2012). Inactivation of PTEN by mutations and deletions
plays a crucial role in the pathogenesis in many of both hereditary and sporadic
melanomas (20-40%). During tumor development, loss of PTEN activity leads to
increased PI3K-AKT signaling, followed by uncontrolled proliferation and reduced
apoptosis. Genetic alterations in PTEN are generally mutually exclusive with NRAS
mutations due to their redundancy in PI3K signaling (Goel et al., 2006).

Moreover, activating mutations and amplifications of RTKs such as c-KIT, although
rare in cutaneous melanoma, have been frequently reported in uveal and mucosal
melanoma (Woodman & Davies, 2010). Somatic mutations have also been reported
in the ERBB4 receptor gene (~20%). Although these mutations have been reported
to occur throughout the gene, functional studies suggest that many of these
mutations result in increased PI3K-AKT activation (Prickett et al., 2009). Point
mutations in the PIK3CA gene that encodes the catalytic subunit of PI3K occur, but
are rare with a reported prevalence of 3-5% (Curtin et al., 2006). Other rare point
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mutations have also been reported in AKT1 and AKT3 (1-2%), respectively (M. A.
Davies et al., 2008).

MITF amplifications have been observed in about 10% of primary, and around 21%
of late-stage melanoma. MITF is also suggested to be a dominant oncogene
(Garraway et al., 2005). Melanomas harboring high levels of MITF protein display a
high degree of proliferation, while having weak metastatic potential (Verfaillie et al.,
2015). However, melanomas that have progressed to a metastatic state display weak
proliferation and low MITF levels. This may indicate that an epigenetic phenotype
switch plays a role in the development of melanoma metastasis (Hoek et al., 2006).

1.2.4 Phenotype switching in melanoma

A high degree of phenotypic plasticity is a hallmark of malignant melanoma.
Phenotype switching is a phenomenon in which melanoma cells interconvert
between proliferative and invasive cell states in an epithelial-to-mesenchymal
transition (EMT) like manner. In 2006, Hoek and colleagues identified two main
groups of cells (by gene expression profiling of 86 melanoma cell lines), which were
distinctive in their transcriptional signatures. They observed one group with distinct
invasive properties and a low ability to proliferate (invasive phenotype), while the
other group displayed opposite features, namely high proliferative properties and
weak invasiveness (proliferative phenotype) (Hoek et al., 2006). Sensi and
colleagues were the first to demonstrate the existence of populations in melanoma
tumor samples. They identified MITF expression as a marker for the proliferative
phenotype, while AXL expression was linked to an invasive phenotype in patient
tumor samples, which is in agreement with observations from Hoek and colleagues
(Sensi et al., 2011). Evidence of heterogeneity has also been shown at the RNA level
in patient tumor samples (Tirosh et al., 2016). Moreover, a recent study has identified
the transcription factors MITF and SOX10 as master regulators of the proliferative
state, while activator protein-1 (AP-1) and transcriptional enhancer factor TEF-1
(TEAD) as regulators of the invasive cell state (Verfaillie et al., 2015). Depending on
the balance between expression and activity of these proposed transcriptional
regulators, cells are capable of adaptive phenotype plasticity. Since these

transcriptional changes are often mediated by activation of signaling pathways
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through extracellular factors, the tumor microenvironment (TME) plays a crucial role
in this regard (I. S. Kim et al., 2017). Metabolic conditions and other factors in the
microenvironment may also contribute to modify the phenotype of the cells back and
forth between proliferative and invasive states (Cheli et al., 2012; Ferguson et al.,
2017; 1. S. Kim et al., 2017). These microenvironmental effects on plasticity may
contribute to the inter- and intratumor phenotype heterogeneity often observed in
melanoma (Tirosh et al.,, 2016). For a simplified illustration of phenotype switch

mechanisms, see figure 4.
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Figure 4. Phenotype switch. Adapted from (Hoek, Schlegel, Eichhoff, et al., 2008). Following
transformation melanoma cells are believed to be of proliferative phenotype promoting tumor growth.
Changing conditions in the tumor microenvironment may cause some of the cells to switch to an

invasive phenotype promoting metastasis formation.
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1.3 MITF

MITF is called the master regulator of melanocyte development, function, and
survival and represents a melanocytic lineage-specific transcriptional regulator of the
pigment pathway in melanocytes. MITF is expressed in a tissue-specific manner in
melanocytes, osteoclasts, mast cells, retina, and the inner ear, and is an important
regulator of multiple biological processes such as differentiation, proliferation,
migration, and senescence. MITF has also been shown to play a substantial part in

melanoma predisposition, progression, and treatment resistance.

1.3.1 MITF-structure and expression

The MITF locus is mapped to chromosome 3 in humans. It spans over 229 kbp. MITF
is @ member of the helix-loop-helix leucine zipper (bHLH-Zip) transcription factors
and belongs to the Myc superfamily of transcription factors (Ledent et al., 2002).
MITF binds to DNA in homo- or heterodimerization together with the related MiT
(microphthalmia) family members TFEB, TFEC, and TFE3 (Hemesath et al., 1994).
The MiT family members all share a common b-HLH-zip dimerization motif. The b-
HLH-zip motif contains a positively charged fragment involved in DNA binding as well
as a transactivation domain (TAD) (Hemesath et al., 1994). As a result of the
differential usage of alternative promoters, a single MITF gene produces several
isoforms. Nine different isoforms of MITF are known to exist, including MITF-A, MITF-
B, MITF-C, MITF-D, MITF-E, MITF-H, MITF-J, MITF-Mc, and MITF-M (Kawakami &
Fisher, 2017). These isoforms differ in the N-terminus of the protein, due to
alternative first exons and show tissue-specific expression. The expression of the
shortest isoform MITF-M (hereby termed MITF) (a 419-residue protein) is limited to

melanocytes and melanoma cells.

Functionally, MITF binds to so-called E-box sequences, usually containing a 6-base
pair CACATG motif. The specificity depends on the flanking sequences, the central
bases, and the amino acid sequence of the basic region of the motif (Goding &
Arnheiter, 2019). Studies have shown that MITF bind a specific E-box variant termed
the M-box (Lowings et al., 1992). The M-box consists of a core CATGTG E-box motif
(Aksan & Goding, 1998). Later studies have also revealed that MITF also recognizes
the palindromic sequence CACGTG. Although other transcription factors such as
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myelocytomatosis oncogene cellular homolog (MYC), myc-associated factor X (MAX)
and upstream stimulatory factor (USF) also commonly bind this palindromic
sequence, MITF does not form heterodimers with other b-HLH-Zip transcription

factors than MiT family members.
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1.3.2 MITF target genes

Over the last two decades, more than 40 MITF target genes have been identified
(Hoek, Schlegel, & Eichhoff, 2008). Moreover, ChiP-seq analyses of genomewide
MITF binding has indicated that MITF binds between 12000 and 100000 genomic
sites (Hoek, Schlegel, & Eichhoff, 2008; Webster et al., 2014). However, the binding
of a transcription factor to DNA might not necessarily translate to the regulation of a
nearby gene. In fact, Strub and colleagues showed that only 465 genes could be
confirmed as directly regulated by MITF (Strub et al., 2011). MITF is shown to
promote differentiation-related functions, including melanosome biogenesis,
transport, and equilibrium. MITF is also essential for pigment production in
melanocytes through direct transcriptional control over key pigmentation genes, such
as TYR, TYRP1, and DCT, MLANA, SILV, and SLC24A5 (Fang et al., 2002;
Yasumoto et al., 1995). Table 2 lists MITF target genes involved in differentiation.

MITF target genes Biological role

DIFFERENTIANTION

Tyrosinase Melanin synthesis enzyme Fang, Tsuji, & Setaluri, 2002
Yasumoto, Yokoyama,
TYRP1 Melanin synthesis enzyme Shibata, Tomita, &
Shibahara, 1995
Yasumoto, Yokoyama,
DCT Melanin synthesis enzyme Shibata, Tomita, &
Shibahara, 1995
MC1R Receptor pigmentation pathway Busca and Ballotti, 2000
KIT Receptor pigmentation pathway Phung et al., 2011
GPR143 Melanosome biogenisis Cortese et al., 2005
MLANA Melanosome biogenisis J.Du et al., 2003
HPS4 Melanosome biogenisis Hoek et al., 2008
LYST Melanosome biogenisis Hoek et al., 2008
SILVER Melanosome biogenisis J.Du et al., 2003
Rab27a Melanosome transport Bahadoran et al., 2001
SLC45A2 lonic equilibrium Du and Fisher, 2002
SLC24A5 lonic equilibrium Du and Fisher, 2002

Table 2. MITF target genes involved in melanocyte differentiation.
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In addition to being involved in melanocyte differentiation and pigmentation, MITF is
involved in other processes, such as cellular senescence, apoptosis, proliferation,

migration/invasion and regulation of transcription (Table 3).

MITF target genes Biological role

PROLIFERATION AND

SURVIVAL

DIAPH1 (p27) Cell cycle inhibition Carreira et al., 2006
CDKN1A Cell cycle inhibition Vidal et al., 1995
CDKN2A Cell cycle inhibition Loercher et al., 2005
CDK2 Cell cycle progression Du et al., 2004
TBX2 Cell cycle progression Yajima et al., 2011
c-MET Metastatic potential McGill et al., 2006
BCL2 Inhibition of apoptosis/survival McGill et al., 2002
BIRC7 Inhibition of apoptosis/survival Vucic et al., 2000
SNAI2 Metastatic potential Sanchez-Martin et al., 2005
HIF1«a Inhibition of apoptosis/survival Busca et al., 2005
APEX1 Inhibition of apoptosis/survival Liu et al., 2009

Table 3. MITF target genes involved in melanocyte proliferation and survival.

1.3.3 Transcriptional regulation of MITF
MITFs role as the master regulator of melanocyte differentiation, growth, and survival
is reflected by its complex regulation as illustrated below in figure 5.

The cAMP-mediated cAMP response binding protein (CREB) transcription factor is
shown to activate MITF in response to increased cAMP levels downstream of the
MC1-receptor (Huber et al., 2003). CREBs ability to activate MITF has been reported
to depend on Sry-related HMG-box (SOX10) (Huber et al., 2003). SOX10 is a
member of the high-mobility group-domain SOX family of transcription factors and is
demonstrated to play an important role in vertebrate neural crest development,
including the establishment and maintenance of the melanocyte lineage. Bondurand
and colleagues found that SOX10 binds directly to the MITF promoter, and they also
revealed that SOX10 acts synergistically with paired box 3 (PAX3) on the MITF
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promoter (Bondurand et al., 2000). Previous work had already described the
transcription factor PAX3 as an essential regulator of MITF (Watanabe et al., 1998),
and therefore crucial for melanocyte lineage survival during early development (Lang
et al., 2005)

Further, the POU domain transcription factor (BRNZ2) is a neuronal-specific
transcription factor that binds to the proximal region of the MITF promoter. BRN2 is
an ERK target gene and is widely expressed in melanoma cells (Goodall et al., 2004;
Wellbrock et al., 2008). BRN2 ablation has been shown to reduce MITF levels (J. A.
Thomson et al., 1995; Thurber et al., 2011), and Wellbrock et al. showed that BRN2
increases transcription at the MITF promoter in BRAF mutant melanoma (Wellbrock
et al., 2008). However, MITF expression has also been shown to remain unaltered or
to increase after BRN2 depletion (Goodall et al., 2008; Thurber et al., 2011). WNT/R-
catenin activates MITF expression through a LEF1/TCF site in the MITF promoter,
and in zebrafish, it induces MITF-driven differentiation during early development
(Dorsky et al., 2000; Takeda et al., 2000). In addition, constitutive activation of R3-
catenin alters endogenous MITF levels, and might, therefore, be involved in the
phenotypic effects of [3-catenin-lymphoid enhancer-binding factor 1 (LEF1)/TCF on
melanoma growth and survival (Widlund et al., 2002).

Thomas and Erickson identified forkhead box D3 (FOXD3) as a suppressor of MITF
in zebrafish and quail. FOXD3 has been reported to suppress MITF by preventing
PAX3 binding to the MITF promoter (Thomas & Erickson, 2009). FOXD3 is also
widely expressed in melanoma cells and has been demonstrated to convey
resistance to BRAF inhibitors through repression of MITF expression, as well as
activation of the v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3
(ERBB3) receptor (Abel et al., 2013).
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Flgure 5. Regulators of MITF. Adapted from Goding and Arnheiter 2019. Simplified figure showing
transcription factors that positively or negatively regulate the MITF promoter, and their signaling

pathway response.

1.3.4 Post-translational regulation of MITF

The activity of MITF depends on co-operating partner availability and its numerous
post-translational modifications, including phosphorylation, sumoylation,
ubiquitination, and acetylation. The understanding of MITF as a target of
phosphorylation is relatively limited and somewhat ambiguous. The most studied
phosphorylation of MITF was initially described by Hemesath and colleagues,
showing phosphorylation by ERK at S73 (Hemesath et al. 1998). Since then, other
studies have confirmed this finding, and that ERK2 binds directly to the N-terminus of
MITF (Sato-Jin et al. 2008; Molina et al. 2005). Initially, it has been reported that S73
phosphorylation increased binding of MITF to p300 and CBP transcription cofactors
(Price et al. 1998) (see figure 6), and at the same time, S73 phosphorylation also
targets MITF for ubiquitin-dependent proteolysis (Price et al. 1998; Wu et al. 2000).
Recently, phosphorylation of S73 by ERK was suggested to act as a priming event
for S69 phosphorylation by the WNT-pathway related kinase GSK3. This dual
phosphorylation event was shown to activate a nuclear export signal (Ngeow et al.
2018). GSK3 has been reported to phosphorylate MITF at multiple sites, and S298
has been of great interest, as a mutation at this site is linked to Wardenburg Syndrom
[l (Takeda 2000). Further, three more sites, S397, S401, and S405, have been
reported as GSK3 phosphorylation sites and suggested to be involved in MITF
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protein stability (Ploper et al. 2015). Also, RSK phosphorylation of S409 appears to
affect protein stability via priming for GSK3 phosphorylation (Ploper et al. 2015).
More recently, AKT is, like RSK, shown to phosphorylate MITF on S409. This study
proposes that AKT promotes MITF degradation. They also report that AKT-mediated
phosphorylation stimulates MITF to interact with p53 and CDKN1A expression (C.
Wang et al. 2016).

MITF is also modified by the small ubiquitin-like modifier SUMO. SUMOylation is a
multistep process involving continuous actions of E1 (SAE1/SAE2), E2 (UBC9), and
E3 (PIAS3) enzymes (Gareau & Lima 2010). In vitro assays have shown that
SUMQOylation of MITF occurs on two lysine residues, K182 and K316 (Murakami &
Arnheiter 2005; Miller et al. 2005). Interestingly, the germline MITF E318K mutation
seems to prevent the SUMOylation of MITF on K316, leading to a predisposition for
melanoma (Bertolotto et al. 2011). SUMOylation has been suggested to impact
protein localization, stability, and/or activity (Andreou & Tavernarakis 2010).
However, inhibition of MITF SUMOylation does not seem to affect the cellular
stabilization or localization of MITF (Murakami & Arnheiter 2005), but rather the
transcriptional activity (Bertolotto et al. 2011; Yokoyama et al. 2011).
HypoSUMOylated MITFE318K cells have been shown to have a higher global
transcriptional activity that may lead to gain-of-function properties (Bertolotto et al.
2011). Ubiquitination is another proposed modification of MITF and is likely to control
protein stability. While the mechanisms behind this event are unclear, ubiquitin-
specific protease 13 (USP13) has been identified as a MITF deubiquitination enzyme
(Zhao et al. 2011). MITF has also been shown to be a substrate of caspases after
D345 in the C-terminal domain. Interestingly, a non-cleavable MITF mutant (D345A)
renders melanoma cells resistant to apoptotic stimuli (Larribere et al. 2005). Lastly,
when cells express a constitutively active mutant form of the KIT receptor
(KITD816V) formation of a complex between KIT, SRC and MITF lead to
phosphorylation of Y22, Y35 and Y90 in the MITF N-terminal (Phung et al. 2017).
Schematic illustration of modifications is shown in figure 6.
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Figure 6. Post translational modifications of MITF. Schematic domain structure of MITF protein
and key post-translational modifications. Phosphorylation can enhance MITF transcriptional activity,
enhance interaction between p300/CBP, or promote proteasome-dependent degradation of MITF.

Other modifications include SUMOylation, ubiquitination and caspase-mediated cleavage.

1.4 Melanoma treatment

Melanoma is exceptionally challenging to treat because of its genetic complexity and
high mutation burden. As mentioned above, the Cancer Genome project/Sanger
Institute identified oncogenic mutations in the MEK-upstream kinase BRAF in over
50% of all melanomas (H. Davies et al., 2002). This discovery leads to an explosion
in novel melanoma studies with a focus on the MAPK signaling pathway. Prior to
2011, the only approved treatments for metastatic melanoma were high dose
Interleukin 2 (HD IL-2) and the chemotherapy agent dacarbazine, but neither of these
treatments increased overall survival of melanoma patients. However, recognition of
key molecular mutations that drive tumorigenesis and advancement in our
understanding of tumor immunology has led to breakthroughs over the last few
years. Treatment is now mainly based on two pillars: targeted therapy and

immunotherapy.

The first targeted therapy to demonstrate substantial efficacy against advanced
melanoma was vemurafenib, an adenosine triphosphate-competitive BRAF inhibitor
(Chapman et al., 2011), which was approved by the FDA in 2011. Compared to

chemotherapy, vemurafenib improved clinical response, and a large number of
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patients experienced rapid tumor regression, but unfortunately, the majority of
patients become resistant and experienced relapse over time (Wagle et al., 2011). Of
note, studies have also shown that BRAFVG600E heterogeneous cells exhibit a
paradoxical activation of BRAFWT after vemurafenib treatment (Halaban et al., 2010;
Hall-Jackson et al., 1999). As targeting BRAF primarily has shown to eventually lead
to resistance, targeting downstream effectors of BRAF has been investigated as a
strategy (Sarkisian & Davar, 2018). Consequently, in 2013 Trametinib, a MEK1/2
inhibitor, was approved by the FDA as monotherapy in BRAF mutated melanoma
based on prolonged overall survival in trials. Moreover, a combined treatment of
trametinib and dabrafenib (BRAF-mutant inhibitor) was FDA-approved in 2014, and
just last year, the FDA approved the combination of encorafenib (BRAFi) and
binimetinib (MEKI). This combination has provided clinically beneficial results as
shown by the improvement in both progression-free and overall survival compared to

vemurafenib monotherapy in patients (Dummer et al., 2018).
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Figure 7. FDA approved small molecular inhibitors targeting the MAPK pathway. Vemurafenib,
dabrafenib and encorafenib targeting BRAFV600E. Trametinib, cobimetinib and binimetinib targeting
MEK.
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Recently, immunotherapy has been introduced into the clinic and has shown
promising results in several cancers, especially melanoma. Immunotherapy is now at
the frontline of melanoma treatment. Ipilimumab, a human monoclonal antibody
against cytotoxic T-lymphocyte-associated protein antigen 4 (CTLA-4), was approved
by the FDA in 2011 (Lipson & Drake, 2011). CTLA-4 is an inhibitory checkpoint
receptor that blocks T-cell activation, which induces an immune response in
approximately 20% of the patients (Domingues et al., 2018). Although ipilimumab has
led to prolonged overall survival, its role has decreased with the development of
antibodies against programmed cell death receptor 1 (PD-1). Nivolumab and
pembrolizumab, two anti-PD-1 antibodies, are currently showing higher efficacy and
less toxicity compared to ipilimumab (Marconcini et al., 2018). Combined treatment
with ipilimumab and nivolumab has been FDA approved for the treatment of
advanced melanoma, regardless of mutation status (Wrdbel et al., 2019). Just
recently, the five-year outcome in patients receiving combined nivolumab and
ipilimumab was reported (Larkin et al., 2019). This study shows that overall survival
after five years was 52% in the nivolumab -ipilimumab combination group, 44% in the
nivolumab group alone, compared with the ipilimumab group (26%) (Larkin et al.,
2019). Overall, these new agents have improved patient survival significantly

compared to previous treatment regimes.

Despite recent progress, both targeted- and immunotherapy has their limitations.
Although recent evidence suggests that Immunotherapy can lead to durable
responses for patients, the overall response rate is low (12-58%) as there are
currently no biomarkers to predict which patients will respond to the treatment
(Haslam & Prasad, 2019; Larkin et al., 2019). In contrast, BRAF and MEK inhibitors
have shown to have a high overall response rate in BRAF-mutated melanoma, but
unfortunately, the effect seems to be short-lived (Kakadia et al., 2018). Heterogeneity
in treatment response is also a significant hurdle to overcome. Therefore, there is a
need for more trials to be conducted, further investigating combination treatments,
dosages, and new therapies. For timeline describing FDA approved treatment see
figure 8.
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Figure 8. Timeline showing FDA approved drugs for the treatment of advanced melanoma.

1.4.1 New strategies for melanoma treatment
New treatment strategies are needed in order to overcome the numerous resistance
mechanisms in melanoma. As mentioned in the previous section, combination

therapy is one of the current strategies for overcoming resistance.

Combination of BRAF and MEK inhibitors

The combination of BRAF and MEK inhibitors extends survival compared to BRAF
monotherapy by counteracting MEK mediated MAPK-reactivation in resistance
(Atkinson et al., 2016). Unfortunately, acquired resistance has once again become a
significant obstacle, and novel approaches and treatment combinations are needed
(Kakadia et al., 2018).

Combination of PI3K pathway and MAPK inhibitors

Approaches aiming at inhibiting the MAPK and PI3K pathways simultaneously have
been proposed as a treatment option (Smalley et al., 2006). Preclinical data have
demonstrated that the combination of MAPK and PI3K pathway inhibitors provide
good efficacy in BRAFV600E mutant cell lines (Gopal et al., 2010; Villanueva et al.,
2010). Upon resistance, the addition of an AKT or mTOR inhibitor to persistent BRAF
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inhibitor treatment, or switching to combining a MEK inhibitor with PI3K pathway
inhibitor has also been proposed as a treatment option to overcome resistance (Atefi
et al., 2011). Clinical studies have investigated the combination of MAPK and PI3K
pathway inhibitors in melanoma as well as in other cancers (ClinicalTrials.gov;
NCT01390818, NCT01449058). However, even though these combinations are well
tolerated, the data presented show modest clinical activity, and modifications such as

drug delivery timing may be needed.

Combination of MAPK inhibitors and immunotherapy

The potential role of combination regimens containing MAPK inhibitors and
immunotherapies is currently of considerable interest. One of the challenges in
treating patients with immunotherapy is so-called "cold tumors." These tumors have
been shown to have low T-cell infiltrates, increased regulatory T-cells, limited
immunogenicity, and unfavorable tumor microenvironment (TME) (Rodallec et al.,
2018). Interestingly, BRAF and MEK inhibitor treatment have been shown to increase
tumor-infiltrating lymphocytes in patient samples (Wilmott et al., 2012). Moreover,
studies done in mice and melanoma cell lines have shown that BRAF inhibitor
treatment increases T-cell infiltration, increase interferon-gamma and upregulates
melanoma lineage antigens including MLANA, SILV, TYRP-1 and DCT (Boni et al.,
2010; C. Liu et al., 2013; Sapkota et al., 2013). In vitro studies have shown that MEK
inhibitors alone may impair T-cell function and proliferation (Boni et al., 2010; Vella et
al., 2014). However, studies on BRAF, in combination with MEK inhibitors, show that
T cell infiltration persists under such treatment (Frederick et al., 2013; Hu-Lieskovan
et al.,, 2015). Initial trials combining BRAF inhibitor vemurafenib with CTLA-4
checkpoint blocking antibody ipilimumab led to severe toxicity and was discontinued
(Ribas et al., 2013). However, currently, several ongoing trials are testing the safety
of combinations and continuous treatment with BRAF, MEK, and PD-1 or PDL1
inhibitors  (ClinicalTrials.gov; NCT02130466, NCT02967692, NCT02908672).
Preliminary results from one of the studies (ClinicalTrials.gov; NCT02130466)
combining dabrafenib (BRAFi), trametinib MEKi and pembrolizumab (PD-1) in 15
patients initially showed that 73% experienced adverse events (grade 3/4) treated
with this combination (Ribas et al., 2019). Nevertheless, after careful adjustments in

treatment regiment, a subset of patients show a long-duration response after two

26



years (Ribas et al., 2019). In addition, an ongoing study is exploring triple therapy, as
well as applying an induction period where patients receive BRAF and MEK inhibitors
and then applying PD-1 inhibitors at a later time point, which may improve toxicity
issues during treatment (ClinicalTrials.gov; NCT02858921).

Combination of MAPK inhibitors and RTK inhibitors or antibodies

Upregulation of RTKs has been implicated in resistance mechanisms after BRAF
inhibitor treatment, and several preclinical studies suggest the combination of RTK
inhibitor and MAPK pathway inhibitors as a treatment strategy in melanoma.
Members of the ERBB RTK family has been shown to be upregulated following
BRAF inhibitor treatment, and several studies have shown that combining
BRAF/MEK inhibitors with the pan ERBB inhibitor lapatinib or antibodies against
ERBB3 provides a therapeutic benefit both in vitro and in vivo (Abel et al., 2013;
Fattore et al., 2013). Finally, an ongoing study at Haukeland hospital is in the process
of assessing the efficacy of the AXL inhibitor R428 (BGB324/bemcentinib) in
combination with dabrafenib and trametinib or the PD-1 inhibitor pembrolizumab
(ClinicalTrials.gov; NCT02872259).

Drug holiday

MAPK inhibitor-resistant tumor cells may develop drug dependency, and this has
been reported to be relayed by an ERK2-dependent phenotype switch (Kong et al.,
2017). Recent studies have shown that tumor cells die after drug withdrawal, so
several studies have looked at intermittent dosing or drug holiday as a potential
treatment strategy for resistant melanoma. An ongoing clinical trial is currently
investigating the effect of intermittent dosing (EudraCT:2016-005228-27). The
patients are randomized to receive dabrafenib and trametinib either continuously or

intermittently (dabrafenib days 1-21 and trametinib days 1-14) on a 28-day cycle.
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1.4.2 Resistance against MAPK inhibitors in melanoma

Small molecule inhibitors to MAPK inhibitors have been shown to benefit a majority
of patients with tumors carrying the BRAFV600E mutation (Larkin & Fisher, 2012).
However, resistance commonly occurs, and the resistance to targeted therapy may
be innate or acquired. Innate resistance to BRAF inhibitors is rare and occurs in less
than 15-20% of patients with BRAF-mutated melanoma (Bollag et al., 2010;
Chapman et al., 2011). On the other hand, acquired resistance occurs in nearly
100% of patients treated with BRAF inhibitors within the first year of treatment (K. B.
Kim et al., 2011).

Wagle et al. 2011 first described resistance to BRAF inhibition in a 38-year-old male
patient with subcutaneous metastatic nodules who had received treatment with the
BRAFi vemurafenib. Initially, the patient experienced complete regression of
subcutaneous lesions, but unfortunately, after 16 weeks, the patient experienced a
widespread relapse with rapid disease progression and died several weeks later
(Wagle et al., 2011). Numerous mechanisms of resistance to targeted inhibitors have
been suggested. Reactivation of the MAPK pathway in response to treatment is the
most described. (Lito et al., 2013; Whittaker et al., 2013).

Reactivation of the MAPK pathway may be achieved through numerous mechanisms
allowing the cells to bypass BRAF inhibition. Alterations such as CRAF
overexpression, BRAF splice variation, or amplification have been described
(Poulikakos et al., 2011; Shi et al., 2012). Upstream from BRAF, overexpression of
NRAS and loss of NF1 can lead to BRAF independent MEK-ERK activation (Greger
et al., 2012; Nazarian et al., 2010), and amplification of mitogen-activated protein
kinase kinase kinase 8 (COT/MAO3K8) has also been reported to reactivate the
MAPK pathway (Johannessen et al., 2010).

Aside from MAPK signaling, the PI3K pathway is often activated in drug-resistant
melanomas. Increased PI3K signaling may be due to deletion or loss of function in
PTEN (~10%) (Q. Zuo et al., 2018), or activating mutations in AKT (Shi et al., 2014).

Finally, receptor tyrosine kinase (RTK) upregulation resulting in PI3K activation has
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been reported to play a crucial role in overcoming BRAF inhibition (Nazarian et al.,
2010; Villanueva et al., 2010).

Within the scope of this thesis, we have mainly focused on resistance driven by the
RTK receptors ERBB3 and AXL; and a phenotype switch driven resistance
mechanism orchestrated by MITF. Figure 9 below summarizes the most described

resistance mechanisms following MAPK inhibition.
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Figure 9. Common mechanisms of resistance to MAPK inhibitors. Reactivation of the MAPK
pathway, as well as the PI3K pathway, most frequently via mechanisms such as gain-of-function

mutations, loss of tumor suppressor genes, activation of other RAS isoforms such as CRAF.

Receptor tyrosine kinases (RTKs)

RTKs are high-affinity surface receptors for several growth factors, hormones, and
cytokines, and the MAPK and PI3K pathways are primarily activated by RTKs. RTKs
are a diverse family with approximately 58 receptors, which can be grouped into 20
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categories (Robinson et al. 2000; Lemmon & Schlessinger 2010). The mechanism of
action and the critical components of the RTKs intracellular signaling pathways are
highly conserved in evolution (Robinson et al. 2000). RTKs share a similar protein
structure comprised of an extracellular ligand-binding domain, a single
transmembrane helix, and a cytoplasmic region containing the protein tyrosine kinase
(TK) domain plus additional carboxy (C-) terminal and juxtamembrane regulatory
regions (Lemmon & Schlessinger 2010). Under normal physiological conditions,
RTKs are activated by their cognate protein-ligands. In the absence of a ligand,
RTKs are tethered to the membrane in either mono -or dimeric form but remain
inactive (Hubbard 2004). Ligand binding to extracellular regions stabilizes the dimeric
structure (Lemmon & Schlessinger 2010; Du & Lovly 2018; Hubbard 2004). For most
RTKs, conformational changes allow for trans-auto phosphorylation of each tyrosine
kinase domain, and a release of the cis-autoinhibition. This conformational change
allows the tyrosine kinase domain (TKD) to assume its active conformation. Further,
autophosphorylation of RTKs also recruits and activates a wide variety of
downstream signaling proteins such as Src homology-2 (SH2) or phosphotyrosine
binding (PTB) domains. These domains bind to specific phosphotyrosine residues
within the RTK and engage downstream mediators that generate crucial cellular
signaling (Du & Lovly 2018; Pawson et al. 2001). Under normal conditions, RTKs are
tightly regulated by tyrosine phosphatases, preventing uncontrolled signaling
(Ostman & Béhmer 2001). For a schematic overview of basic RTK functions, see
figure 10.
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Figure 10. Basic RTK function.

Inspired by sciencedirect.com/topics/neuroscience/enzyme-linked-receptor. Overview of basic RTK
function under normal conditions.

Genetic changes or abnormalities that alter normal RTK function and regulation play
a role in or contribute to numerous diseases, including cancer (Hubbard & Miller,
2007; Lemmon & Schlessinger, 2010). Oncogenic RTK signaling include activation
by gain-of-function mutations (Z. Wang et al., 2011), overexpression and genomic
amplification (Lopez-Gines et al., 2010), chromosomal rearrangements (Stransky et
al., 2014), constitutive activation by kinase domain duplication (K. Kemper et al.,
2016), and autocrine activation (Ciardiello & Tortora, 2001) (Figure 11).
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Figure 11. Mechanisms of normal physiological and oncogenic signaling. Adapted from Du and
Lovly 2018. A. Normal ligand-mediated RTK activation. Ligand binding leads to activation of the
kinase domain and subsequent phosphorylation of the C-terminal tail. B. Gain of function mutations in
different parts of the RTK, or receptor amplification results in aberrant down-stream signaling. C.
Chromosomal rearrangements may result in a hybrid fusion oncoprotein. D. Kinase domain duplication
forming an intramolecular dimer in the absence of ligands. E. Autocrine activation from an increased

concentration of ligand.
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Importantly, the upregulation of RTKs is strongly implicated in the MAPK pathway
inhibitor adaptive and acquired resistance. Attempts to inhibit kinases in the MAPK
pathway have revealed extensive feedback looping and compensatory mechanisms
involving redirection of RTKs, receptor redundancy and increased growth factor
secretion (Abel et al., 2013; Capparelli et al., 2015; Girotti et al., 2013; Mdller et al.,
2014; Nazarian et al., 2010; Straussman et al., 2012; Villanueva et al., 2010). A list of

the most well-studied mechanisms is outlined in table 4.

RTKs and Growth Factors

PDGFRB Nazarian et al. 2010

IGF-1R Villanueva et al. 2010

HGF Straussman et al. 2012

EGFR Girotti et al 2013; Ji et al. 2015
ERBB3 Abel et al. 2013

AXL Miller et al. 2014

NRG1 Capparelli et al. 2015

Table 4. The most studied RTK and growth factors involved in resistance. Overview of the most

well-studied RTKs and growth factors implicated in MAPK pathway inhibitor resistance.

The RTKs which have been most frequently linked to MAPK inhibitor drug resistance
in melanoma are the ERBB family receptor ERBB3, and the TAM family receptor
AXL. The ERBB family of receptor RTKs are essential regulators of cell
differentiation, survival, proliferation, and migration. Abnormal activation of ERBBs is
considered to be a hallmark of many cancers (Bill et al., 2010; Bublil & Yarden,
2007). The ERBB comprises four members: epidermal growth factor (EGF) receptor
(also termed ERBB1/HER1), ERBB2/Neu/HER2, ERBB3/HER3, and ERBB4/HER4
(Hynes & Lane, 2005; Olayioye et al., 2000). ERBB ligands are growth factor
members of the epidermal growth factor (EGF) family (Roskoski, 2014). Under
normal conditions, activation of the ERBB receptors is controlled by the temporal and
spatial expression of their ligands (Fuller et al., 2008). Binding of ligands induces the
formation of homo- and heterodimers, tyrosine kinase activation, and c-terminal tail
phosphorylation of tyrosines (Mishra et al., 2018). Adapter proteins are recruited,
leading to the activation of intracellular signaling pathways (Hynes & Lane, 2005).

33



The ERBB family member ERBB3 has been implicated in the development of
resistance to BRAF inhibitors. The ERBB family member ERBB3 was first identified
by Kraus and colleagues in 1989 and suggested to be involved in oncogenic
signaling (Kraus et al., 1989). ERBB3 harbors weaker kinase activity than the other
ERBB family members but initiates strong downstream PI3K/AKT signaling through
heterodimerization with other ERBB RTKs such as ERBB2 (Riethmacher et al.,
1997). The ERBB2 receptor harbors a kinase domain but lacks a known ligand
(Burgess et al., 2003). ERBB3 upregulation has been associated with several
malignancies, including ovarian, breast, gastric, bladder, prostate, lung, and
colorectal cancer, as well as squamous cell carcinoma, and melanoma (Beji et al.,
2012; Hayashi et al., 2008; Koumakpayi et al., 2006; Lipton et al., 2013; Nielsen et
al., 2015; Qian et al., 2015; Reschke et al., 2008; Siegfried et al., 2015; Tanner et al.,
2006). In BRAFV600E mutated melanoma, ERBB3 is phosphorylated in response to
BRAF or MEK inhibition leading to sustained PI3K signaling (Abel et al., 2013;
Fattore et al., 2013). Moreover, forkhead box D3 (FOXD3) has been shown to induce
ERBB3 expression after BRAF inhibition (Abel et al., 2013). Additionally, the ERBB3
ligand NRG1 has also been found to contribute to increased PI3K signaling after

vemurafenib treatment (Capparelli et al., 2015; Fattore et al., 2013)

The TAM receptor family comprises TYRO3, AXL, and MERTK and was first
identified in 1991 (Lai & Lemke, 1991). Similar to the other RTKs, the TAM receptors
regulate survival, growth, differentiation, adhesion, and motility. However, the TAM
family is distinguished from other RTKs by a rare conserved amino acid sequence,
KWIAIES, within its intracellular tyrosine kinase domain (Graham et al., 2014). In
normal tissue, TAM receptors contribute to immune response regulation, including
clearance of apoptotic cells, and inhibition of cytotoxic immune evasion in response
to apoptosis. Due to these functions, deficiencies in TAM signaling are associated
with chronic inflammatory and autoimmune diseases (Rothlin et al., 2015). TAM
receptors are overexpressed or ectopically expressed in a wide variety of human
cancers (Graham et al., 2014).

The TAM family member AXL was initially identified as a transforming gene in
chronic myelogenous leukemia (Liu et al. 1988). Protein S and the vitamin-K
dependent growth arrest-specific protein 6 (GAS6) are known TAM receptor ligands.
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AXL has the highest affinity for GAS6 (Lemke, 2013). Further, heterodimerization
with non-TAM RTKSs such as EGFR, which causes rapid phosphorylation of AXL, has
been reported (Vouri et al., 2016). Signaling pathways activated downstream of the
AXL receptor include the MAPK and PI3K pathways (Y. Li et al., 2014). AXL is a
supposed driver of a variety of cellular processes that are critical for development,
growth, and tumor metastasis, such as proliferation, migration, EMT and immune
modulation (Gay et al., 2017; Gjerdrum et al., 2010; Guo et al., 2017). The AXL
receptor is ubiquitously expressed at low levels but might be upregulated upon an
immune response or cellular damage (i.e., anti-cancer-therapy or hypoxia) (Gay et
al., 2017). AXL has been implicated as a contributor to therapy resistance in
numerous cancers, including non-small cell lung cancer, renal cell carcinoma,
gastrointestinal stromal tumors, leukemia, squamous cell carcinoma and breast
cancer (Brand et al., 2015; Dufies et al., 2011; Hsieh et al., 2016; L. Liu et al., 2009;
Macleod et al., 2005; Z. Zhang et al., 2012; Zhou et al., 2016). High levels of the AXL
receptor have also been described as a marker for BRAF inhibitor insensitivity
(Konieczkowski et al., 2014), as well as being up-regulated in response to MAPK
inhibition in melanoma (Miller et al., 2016; Muller et al., 2014).

MITFs role in resistance to MAPK inhibitors

MITF seems to play an ambivalent, but important, role in melanoma resistance and
its role has been shown to be context-dependent. While MITF has been implicated in
both innate (Cohen-Solal et al., 2018) and the acquired resistance (Manzano et al.,
2016) to MAPK inhibitors, its specific contribution remains a matter of intense debate.
(Carreira et al., 2006; Muller et al., 2014; Smith et al., 2016).

Melanoma cells are not only capable of rapidly adapting to therapies by acquiring
novel aberrations, but also, as in melanoma development, have the ability to switch
phenotype in an EMT- like manner in order to bypass drug treatment. A proposed
model for phenotype switching is the MITF “rheostat" model (Carreira et al., 2006). In
this model, melanoma cells are organized according to MITF activity and phenotype
(Figure 12).
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Figure 12. MITF rheostat model. According to this rheostat model, MITFs varied transcriptional
activity contributes to various cellular programs spanning from proliferation at high levels of MITF to

invasion and senescence at low transcriptional activity,

Mdaller and colleges reported that cells with low MITF expression display invasive
properties and an EMT-like signature. The authors suggest that the cells that acquire
resistance lose MITF and undergo dedifferentiation. Further, they found an inverse
correlation between low MITF levels and increased expression of the AXL receptor.
In contrast, others have reported MITF to be upregulated in response to BRAF
inhibition in tumor samples (Smith et al., 2016). Recently it has been suggested that
this inconsistency in MITF behavior may be due to an interaction between PAX3 and
BRN2 (Smith et al., 2019) Here, the authors suggest that a PAX3/BRN2 rheostat
model controls MITF expression downstream of BRAF. They found that low ERK
activity leads to increased PAX3 levels and therefore high MITF expression, and in
contrast high ERK activation BRN2 levels are high leading to decreased MITF
expression. Further, they suggest that this rheostat is maintained during MAPK
inhibitor treatment in tumors which further supports the complexity of MITFs role in

MAPK inhibitor resistance.

Gene expression changes that result in a phenotypic switch during melanoma
development, and in response to treatment, have been strongly linked to progression

36



and development of resistance. (Miller et al., 2014). Based on these findings, drug-
induced phenotype switching from proliferative to invasive phenotype has been

proposed as a possible resistance mechanism in melanoma (Kristel Kemper et al.,
2014).
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2. Aims of study

The understanding of melanoma pathogenesis is crucial for therapeutic discovery.
MITF is not only the master regulator of melanocyte development, function, and
survival, but has been heavily implicated in melanoma predisposition, initiation,
progression, metastasis and drug resistance. In the studies included in this thesis, we

aimed to further elucidate the mechanism behind some of these events.

Specific aims of this project were to:

I.  Identify novel MITF targets involved in drug resistance.
II.  Investigate the role of MITF in the context of MC1R status as inherited MC1R
mutations contribute to an increased risk for developing malignant melanoma.
[ll.  Investigate the role of the SOX10/MITF axis in the development of drug

resistance in various mutational backgrounds in melanoma.
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3. Summary of papers

Paper |

MITF depletion elevates expression levels of ERBB3 receptor and its cognate
ligand NRG1-beta in melanoma.

Alver TN, Lavelle TJ, Longva AS, @y GF, Hovig E, Bge SL

Oncotarget. 2016 Aug 23;7(34):55128-55140

In this work, we aimed to investigate MITFs role in the regulation of the RTK ERBBS3,
as MITF has been shown to inversely correlate with other known RTKSs, and to play a
role in acquired resistance to vemurafenib in melanoma. Here we found that
depletion of MITF increases ERBB3 receptor and its cognate ligand expression in
melanoma cell lines. We also found that MITF regulates ERBB3 in a FOXD3
dependent as well as independent manner. To address MITF binding in the proximity
to ERBB3, NRG1-beta, and FOXD3 we performed ChlP-seq analyses in the Hermes
4C cell line. We found MITF binding signals in the proximity of ERBB3, NRG1-beta,
and FOXD3 promoters, suggesting a regulatory function of MITF. Further, we utilized
The Human Genome Atlas (TCGA) to investigate the correlation between these
genes in patient samples. Here we found a positive correlation between SOX10 and
ERBBS3. Further, a correlation was also found between FOXD3 and ERBB3, SOX10
and FOXD3, SOX10 and MITF. MITF and NRG1-beta showed the weakest
correlation with ERBB3. Finally, we treated the BRAFV600E mutated cell lines
SKMEL28 and WM983B with vemurafenib. After two weeks of treatment, we found
an extensive down-regulation of MITF followed by an increase in both FOXD3 and
ERBB3 protein levels. Together, these results show that depletion of MITF results in
increased expression levels of both the ERBB3 receptor and its ligand NRG1-beta,

which may have implications for acquired drug resistance in melanoma.
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Paper ll

Dysregulation of MITF in the context of defective MC1R and RB1/p16/CDK4
leads to melanocyte transformation.

Alver TN*, Lavelle TJ*, Heintz K-M, Wernhoff P, Nygaard V, Nakken S, @y GF, Bge
SL Urbanucci A, Hovig E

The aim of this study was to investigate the role of MITF as a context-dependent
oncogene. We utilized lentiviral transduction to introduce hemagglutinin (HA)-tagged
MITF into the immortalized melanocyte cell lines Hermes 4C (MC1R mutated
(R160W/D294N)) and in the wild type cell line Hermes 3C. Fluorescence
microscopy, RT-PCR, and western blot confirmed successful transduction.
Surprisingly, we found endogenous MITF to be undetectable in the transduced
Hermes 4C hereby, termed 4C-HA-MITF, and a small reduction in the transduced
Hermes 3C hereby, termed 3C-HA-MITF compared to non-transduced parental cell
lines. We also found that the MITF regulator SOX10 was undetectable in 4C-HA-
MITF at both RNA and protein levels. Further, we observed an altered morphology in
the 4C-HA-MITF cells, pointing to a possible transformation event. Transformation
was confirmed in vivo, where all the injected mice formed tumors (n=10). We then
performed ChIP seq on the transduced cell lines and found enhanced MITF
chromatin binding in 4C-HA-MITF compared to 3C-HA-MITF. Gene expression array
analysis disclosed decreased transcription of key melanocyte specific genes involved
in pigmentation and melanosome formation in the 4C-HA-MITF cell line, suggesting a
possible de-differentiation. Moreover, we found an upregulation of known EMT
related genes affiliated with an invasive melanoma phenotype. Specifically, we
observed a marked upregulation of the suggested EMT marker receptor tyrosine
kinase AXL, accompanied by a down regulation of the tumor suppressor PTEN. We
found that these alterations increased activation of both the MAPK and the PI3K-
pathway. We here present a model that may be utilized for further studies on the

changes occurring during transformation of malignant melanoma.
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Paper lll

Co-operative induction of RTK's contributes to adaptive MAPK drug resistance
in melanoma through the PI3K pathway.
Alver TN, Heintz KM, Hovig E, Bge SL

In this paper we wanted to investigate the MITF/SOX10 axis involvement in RTK
mediated resistance to BRAF inhibitors. The study was initiated by investigating
possible correlations in patient samples using The Cancer Genome Atlas (TCGA).
Here we found an apparent inverse relationship between MITF/SOX10/ERBB3 and
AXL. This was supported by both RT PCR and expression analyses in a melanoma
cell line panel spanning various mutational backgrounds. Further, we showed that
siRNA modulation of MITF and SOX10 affect both ERBB3 and AXL levels in the
WM115 cell line. Moreover, siRNA modulation of both AXL and ERBB3 in five cell
lines revealed a receptor redundancy as downregulation of AXL led to an
upregulation of ERBB3 in all five cell lines. Also, we observed an apparent two-way
redundancy in the WM983B and FEMXI cell lines respectively. In an attempt to
elucidate the relevance of this observation we wanted to study the receptors during
vemurafenib treatment in five melanoma cell lines. We found that during the first
week of treatment ERBB3, MITF and SOX10 levels were elevated, before being
reduced after resistance was aquired. We also observed a small elevation in the AXL
ligand GASG levels after 72h treatment. Finally, at the time of resistance AXL and
EGFR levels were elevated as well as the NRG1 ligand. Taken together, these
results suggest that ERBB3, MITF and SOX10 are elevated in a pre-resistant cell
state in our melanoma cell lines, while AXL and EGFR are up-regulated in a stable

vemurafenib-resistant state in a subset of melanoma cells.
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4. Methodological considerations

4.1 Cell systems and assays

Advances in genomics have, during the last decade, given new opportunities for
translational research. However, there is still a need for reliable preclinical models to
study basal cancer biology and test hypothesis. Human cancer-derived cell lines are
integral models used to study the biology of cancer and to test the therapeutic effect
of cancer agents (Sharma et al., 2010). Another benefit is that cell systems are
relatively inexpensive to work with compared to animal models. They are also easy to
cultivate and expand, which makes it possible to set up extensive studies and
screens. Nevertheless, it is crucial to keep in mind the limitations of cell cultures. The
cells are grown in an artificial environment that is simplified compared to human
physiological conditions, and one major criticism is that after prolonged culturing and
passaging, cells might accumulate new mutations and phenotypic drift as they adapt
to their artificial environment (Wenger et al., 2004). Cross-contamination is also a risk
when keeping cells in culture over a period of time, as well as infections, such as
mycoplasma. However, it is customary to frequently test the cells for contamination
as well as DNA fingerprinting to check for genetic drift. Another significant limitation
of human cell lines is the limited image they provide of the tumor as a whole as cell
lines can not reflect the heterogeneity found in tumors. Finally, the lack of stromal
cells and a functional immune system has to be considered when utilizing cell lines in
experiments, in particular as the focus on these compartments and their role in
cancer progression and resistance has increased substantially over the last years.

4.1.1 Cell lines

The melanoma cell lines used in Paper | and Ill SKMEL28, MeWo, and A375 are
commercial cell lines obtained from American Type Culture Collection (ATCC).
WM35, WM115, WM1341B, WM1366, WM983B, WM45.1, WM239A, WMZ266.4,
WM852, WM1382, WM9, WM793B from the Wistar Institute and finally, LOXIMVI
was established in-house. The cell line panel used was chosen based on the
diversity in genetic background, reflecting various aspects of mutational importance
in melanoma. In Paper lll, we chose cell lines based on expression levels of MITF,
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SOX10, AXL, and ERBB3. In Paper Il, we utilized the two immortalized melanocyte
cell lines Hermes 3C and Hermes 4C to study the effect of MITF overexpression in
the context of MC1R loss. Both cell lines were purchased from Wellcome Trust
Functional Genomics Cell Bank (Gray-Schopfer et al., 2006). These cell lines are
both immortalized by ectopic TERT expression and inactivation of the
RB1/p16/CDK4 complex. Hermes 4C was chosen because of its MC1R mutation,

while Hermes 3C was chosen as an MC1R wild type (WT) control cell line.

4.1.2 Lentiviral transduction

In Paper | and Il, we utilized lentiviral modified cells in an attempt to overexpress
MITF in the Hermes 3C and 4C cell lines. pLVX-IRES-mCherry is a vector-based on
HIV-1, that allows for simultaneous expression of the protein of interest and a
fluorescent marker (mCherry). The vector expresses the protein of interest and a
fluorescent protein in a bicistronic mMRNA transcript. This is an advantage, as it can
be used as an indicator of transduction efficiency, as well as a marker for selection.
The selection of transfected clones was performed by fluorescence-activated cell
sorting (FACS), and bulk transduced cells expressing the mCherry marker were
pooled. This selection method was applied rather than select for one clone. This
method represents a more heterogeneous collection of cells. FACS sorting also
allowed us to select for more physiologically correct expression of MITF.

Lentiviral transduction is a well-established and effective technique for gene delivery
in mammalian cells. When appropriately modified, lentivirus systems can target a
huge variety of cells, including hard-to-transduce or quiescent cells (Dropuli¢, 2011).
Lentivirus systems are also versatile and can carry up to 9 kbp of heterologous DNA,
potentially organized in several genes. Moreover, lentivirus tends to integrate the
host genome away from cellular promoters, which reduces the risk of insertional
mutagenesis and oncogenicity considerably (Cereseto & Giacca, 2004).

4.1.3 Cell sorting by Flow cytometry
In Paper | and I, cells were transduced with lentivirus containing the red fluorescent

marker, mCherry. After transduction, it is common to sort the heterogeneous mixture
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of cells to select for the successfully transduced cells. Fluorescent Activated Cell
Sorting (FACS) utilizes flow cytometry for sorting a heterogeneous cell suspension
(M. He et al., 2015). The advantage of this method is that this system is able to sort
the cells according to the strength of the dye emission, allowing for a more
physiological expression of transduced cells.

4.1.4 RNA interference experiments

In Paper |, ll, and lll, knockdown experiments with chemically synthesized double-
stranded small interfering RNA (siRNA) were used in order to reduce endogenous
expression of MITF, SOX10, ERBB3, and AXL respectively. siRNA transfection is
used for transient downregulation of target genes using short dsRNA molecules (20-
24bp) that bind to complementary mRNA, causing their degradation prior to
translation (Elbashir et al., 2001). One of the challenges using this method is the lack
of specificity, as an overlap of 11-15 nucleotides is sufficient for off-target binding.
This means that the observed effects may be due to non-specific knockdown of
genes with similar nucleotide sequence as a gene of interest (Jackson et al., 2003).
Moreover, the introduction of siRNA into cells requires the use of a transfection
reagent. We used the commercial agent Lipofectamin™ RNAIMAX which is cationic
liposome formulation. This formulation complexes with the negatively charged RNA
molecule that allows for overcoming the repulsion of the electrostatic cell membrane
(Dalby et al., 2004). This reagent is supposedly very gentle to the cells, but the
anionic agent might elicit unknown effects during transfection. To minimize these off-
target effects, the use of low dose siRNA may reduce off-target effects. In our
experiments, we included negative controls that contained the same nucleotide
composition, but not the same sequence as the experiment siRNA (scrambled
siRNA). Limitations when using siRNA is that it might not be fully effective, leaving
functioning protein. In our experiments, several different siRNAs were tested as well
as looking at downstream effectors targets to ensure sufficient knockdown.

4.1.5 Small molecule inhibitor treatments
Small molecular inhibitors were used in all three papers. In Paper |, the BRAF
inhibitor vemurafenib (PLX4032) was used to supplement the siRNA experiments,
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and to investigate the clinical significance of our findings. In Paper I, the small
molecular inhibitors R428 (AXL inhibitor), trametinib (MEK inhibitor), MK-2206 (AKT
inhibitor) were used to terminate PI3K pathway signaling. In Paper lll, vemurafenib
was used to make resistant cell lines, while R428 was used to demonstrate reduced
cell viability in cell lines harboring high levels of AXL and low MITF expression. Both
siRNA and small molecule inhibitor treatment targets protein. However, while siRNA
treatment downregulates the protein expression, inhibitors will simply abrogate the
proteins function (Hojjat-Farsangi, 2015). These differences may contribute to a
difference in phenotype after treatment (Weiss et al., 2007)). Small molecule inhibitor
treatment may elicit off-target effects such as targeting proteins of similar
conformation. To avoid off-target effects, concentrations over 10uM should not be
employed (Weiss et al., 2007). When using new chemical compounds that have not
been validated in vivo, alternative methods such as knockdown of the target of
interest should be considered for verification. Lastly, for well-established inhibitors, a

negative control such as the solvent DMSO should be included in the experiment.

4.1.6 Viability and proliferation assays

In Paper Il 3-(4,5-dimethylthiasol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo
Phenyl)-2H-tetrazolium (MTS) was used to measure cell viability after drug treatment.
MTS is a colorimetric method for the quantification of viable cells. The NAD(P)H-
dependent dehydrogenase enzymes in metabolically active cells cause reduction of
MTS reagent in the presence of phenazine ethosulfate, into a water-soluble formazan
product (Cory et al., 1991). This reaction will yield a significant color change that has
a linear correlation with the dehydrogenase activity in metabolically active cells, and
can easily be quantified by measuring the absorbance at 490-500 nm. MTS is a and
uncomplicated assay as it is possible to simply add the compound to the cell culture
media and await the colorimetric response. MTS is widely used in cancer research
for measuring viability, proliferation, and drug toxicity, and one of the advantages of
this method is the ability to measure cell number without disturbing the integrity of the
cells. However, there are limitations to this method. Drug treatment may affect cell
metabolism, thus mask the actual effect on viability by impaired reduction of the MTS
compound. There have also been reports that the type of medium, serum albumin,
and fatty acids may create inaccuracies when applying the MTS assay (K. T. Huang
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et al., 2004). Finally, as this assay only provides an estimate of live cells, it is
essential to supplement this method with additional analyses. Therefore, to
complement the MTS-measurements, we also measured cell proliferation using the
IncuCyte® Live-Cell Analyses. This system provides live imaging of cell culture
plates over time and estimates the cell density in each well. The IncuCyte® will also
reveal any morphological changes that may appear during drug treatment.

4.1.7 In vivo experiments

In vivo, animal experiments were performed in Paper Il to verify that our transformed
cells could establish xenografts. NOD scid gamma (NSG) mice bred at the
institutional facility were used in the experiment. NSG mice lack mature T cells, B
cells, and natural killer (NK) cells. The deficient immune system in these mice
increases the chance of tumor engraftment, while it limits the options to monitor
immune aspects of molecular changes. The mice were injected subcutaneously,
bilaterally in the flanks under anesthesia. We divided the mice into three different
experimental groups: Hermes 4C control, Hermes 4C empty vector, and Hermes 4C-
HA-MITF to ensure that only the transformed cell line would form tumors. Once
tumors formed in animals injected with the 4C-HA-MITF cell line (passage 0), the
tumors were excised, and a small piece of this primary tumor was subcutaneously
inserted into two new mice (passage 1) and so on, until passage 3. This is done to
ensure a stable line of xenografts.

In vivo models are frequently used in cancer research as they better reflect the
complexity of the tumor, and to some degree, the microenvironment found in human
patients. However, tumors established with human cancer cell lines or patient-
derived material require a deficient immune system, which excludes the role of the
immune system found in patients. This excludes the study of relevant interactions
between different types of immune cells and cancer cells during initiation and
maintenance. Further, after implantation of patient-derived material, a selection
pressure will be imposed by the host animal, leading to a gradual loss of the human
stroma and a gain of murine cells (Varna et al., 2014).
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Regardless, as of now, animal models are the superior method compared to other
model systems for gaining insight into cancer molecular biology and patient drug-

response. See chapter 7.3 Ethical considerations for further perspectives.

4.2 Experimental tools for molecular characterization

4.2.1 Western immunoblotting

Western immunoblotting was applied as a method for protein detection in Papers |,
Il, and Ill. Western immunoblotting is a widely used protein detection method, which
involves separating native or denatured proteins according to size by gel
electrophoresis. The proteins are then transferred to a protein-binding membrane,
following the detection by antibodies specific to the target protein. Among the
advantages of this method is its sensitivity. The technique has the ability to detect as
little as 1-3 pg of total protein in a sample (Murphy & Lamb, 2013). Another
advantage is the specificity. Both the fact that the proteins are separated according to
size and the use of specific antibodies with affinity to specific proteins will leave little
room for misinterpretation. Despite both the sensitivity and specificity, western blots
may still produce imprecise results. False negative results may occur if a large
protein is not given enough time to transfer from the gel to the membrane, also false
positives may occur if an antibody reacts with a non intended protein. Many
researchers use western blotting as a quantitative method. However, it is essential
that your bands are within the linear range of detection, as over-saturation will yield
false results (Mollica et al., 2009). In our experiments, we have not quantified our
western blots as we argue we are looking at considerable alterations in protein

expression, and not small changes that need quantification for detection.

Antibodies

An important factor to consider when selecting an antibody is both specificity and
sensitivity to the intended target. Polyclonal antibodies have high sensitivity as they
can recognize and bind to many different epitopes of a single antigen. However, the
risk of non-specific protein binding is high. In all three papers, we utilized only
monoclonal antibodies. Though these are less sensitive, monoclonal antibodies are
much more specific, as they have monovalent affinity and only recognize the same
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epitope of an antigen. This also makes the interaction vulnerable to alterations
affecting the specific epitope.

4.2.2 Real time PCR

Real-time reverse transcription-polymerase chain reaction (RT PCR) to measure
steady-state mMRNA levels was performed in Paper I, Il, and Ill. This technique
combines reverse transcription of RNA into complementary DNA (cDNA) using the
retroviral enzyme, reverse transcriptase. Further, the cDNA is used as a template for
exponential amplification using PCR.

Fluorescent DNA labeling techniques such as SYBR Green and TagMan allows for
real-time detection of PCR products. We utilized the fluorescent probe SYBR Green
technology, in which SYBR Green binds to the double-stranded DNA of the PCR
products, leading to light being emitted upon excitation as the PCR products
accumulate, the intensity of the fluorescence increases. SYBR Green is an effortless
probe to use as there is no need to pre-design, as it is non-specific. However, this is
also a potential problem, as SYBR Green does not discriminate between double-
stranded DNA and possible primer-dimers (Rajeevan et al., 2001; Schmittgen et al.,
2000). This problem can be reduced by testing the efficiency and specificity of
primers in several cell backgrounds before use, or utilizing a standard curve in each
experiment. In our studies, extensive testing of primer efficiency and specificity was

performed in several different cell lines prior to experiments.

Normalization of results is a challenge when analyzing RT PCR data. Incorporating
reference genes to correct for variations among samples, and to ensure
reproducibility and reliability of the data is a widely used strategy. It is of importance
to select reference genes that are stable between samples for the validity of
comparisons. It is common to utilize housekeeping genes as a reference as they are
thought to be stably expressed across cell types (Nelson & Cox, 2004). However,
studies have shown considerable variation between samples (Dheda et al., 2004).
We incorporated TATA box binding protein (TBP) and 60S acidic ribosomal protein
PO (RPLPO) as they have shown to be two of the most stable housekeeping genes in

several cell types (Eissa et al., 2017). We tested these as well as a panel of other
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housekeeping genes in around ten melanoma cell lines. The result showed that TBP
and RPLPO were the most stable throughout all the cell lines.

4.2.3 Chromatin immunoprecipitation followed by high throughput sequencing
(ChiPseq)

ChIP-seq was performed in Paper | and Il. This method is commonly applied to
detect protein-DNA interactions. The method is based on the enrichment of DNA
fragments bound explicitly by a protein of interest (Schmidt et al., 2009). This method
allows for the identification of binding sites of a given transcription factor, in our case,
MITF.

ChiP requires chromatin cross-linking to create a stable covalent binding between
protein-DNA complexes. This is achieved by brief exposure to formaldehyde or other-
cross linking agents. Next, cells are lysed to discard most of the cytosolic proteins,
leaving only nuclear content. The next step is to shear the chromatin by sonication or
otherwise. This is a crucial step to get right because if the fragments are too big, the
antibody will not be able to pull down the DNA fragments. However, if chromatin, for
instance, is over-sonicated, the fragments will be too small, and there is a chance
that the protein structure will be disturbed, as well as epitope availability. The best
fragment size will typically be between 200-600 base pairs (Park, 2009). The next
step involves mixing the shared fragments with an antibody of interest. In our case,
we utilized human influenza hemagglutinin-tagged (HA-tagged) MITF-M as there are
no MITF-M specific antibodies of sufficient quality. We, therefore, utilized an HA-
antibody to pull down the protein-DNA complexes. Ha-tags are widely used for
protein localization. However, to what extent the HA-tag may impose unspecific
effects have been debated (Saiz-Baggetto et al., 2017).
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4.3 Ethical considerations

Animal experiments

The increasing role of in vivo studies in cancer research over the last few decades
has generated a considerable and warranted debate. The following concerns have
been raised: 1. Animals have an intrinsic value and deserve respect; 2. Animals are
sentient beings with the ability to feel pain; 3. Our treatment of animals, including in

research, reflects on us as moral beings (Workman et al., 2010).

Regardless, animal models are frequently used and remain essential for reflecting
the complexity of the tumor and the tumor microenvironment found in cancer patients
(95% in mice) (Workman et al., 2010). The use of animal models is, however,
restricted both due to expenses and ethical concerns. Further, guidelines for animal
welfare should be employed in all experiments. The guidelines are strictly outlined in
"Dyrevelferdsloven" (animal welfare act) '. The 3 R's are well-established principles
used as a guideline when planning and are defined as: Replacement: alternatives to
in vivo studies should always be carefully considered, and thorough in vitro testing
should always be done before initiating an experiment; Reduction: in order to reduce
the number of animals used in an experiment, careful selection of statistical methods
and study design is essential; Refinement: ensuring best possible living conditions for
the animals. Enriching the environment, reducing pain, discomfort, and distress as
much as possible during the animals' participation in the experiment (Russell &
Burch, 1959).

In Paper Il, we undertook a number of in vitro experiments prior to initiating animal
experiments. We verified that our melanocyte cell Hermes 4C was transformed by
observing phenotypic alterations by microscopy followed by both anchorage and
growth factor independence assays. Unfortunately, these experiments were not
sufficient to conclude and publish that transformation had occurred. Therefore,
animal experiments were deemed necessary to validate our findings pertaining to
true transformation events. We chose NSG mice to reduce the number of animals as
this breed has a better tumor-take as well as a more prolonged survival (Ishikawa et
al., 2005; Shultz et al., 2005). The lowest possible number of animals was obtained.

1lovdata.no/dokument/NL/lov/2009-06-19-97
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Nonetheless, sufficient animals for the experiment to be statistically significant were
required. The animal facilities at the Norwegian Radium Hospital have strict
guidelines to ensure animal welfare during the experiments. Environmental
parameters such as temperature, humidity, and lighting as well as fresh water, food,
and clean cages two times a week where the mice also receive chewing sticks, paper

houses, and fresh nesting material.

In conclusion, animal ethics is an important issue, and hopefully, new approaches
involving alternative model-systems are imminent so that we can minimize the use of

animal experiments in the future.

Transparency and reproducibility

Distribution of knowledge drives scientific progress, and advances are primarily
based on previous observations. Transparency and reproducibility are two central
features of science (McNutt, 2014), but despite being embraced by most scientists as
defining features of disciplinary norms, evidence shows that this is not always the
case (loannidis et al., 2014; John et al., 2012; Nosek et al., 2015).

Academic success is dependent on publishing, and the norm emphasizes and favor
novel, positive results. In the present culture, negative results are published less
frequently, and if published, yield a low impact. This creates a situation where
researchers will lack the incentive to be transparent in their research, and might even

cherry-pick which results to publish.

Reproducibility is not only crucial between labs, but between individual experiments.
Two distinctions that have been discussed is the difference between technical and
biological replicates. A technical replicate would, for example, be testing the same
sample multiple times. This may be used to test the robustness of the technique or
protocol. Biological replicates are parallel measurements of independent samples of
the same origin. This yields information about how robust the results are and help
determine if the experiments are biologically relevant (Blainey et al., 2014). During
our experiments, we have aimed to apply ethical thinking, transparency, and

reproducibility to the best of our ability
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5. Results and discussion

Malignant melanoma has a rising incidence. Generally, this is a cancer type with a
high mutational burden. MITF is a master transcription factor that plays a dominant
role in both melanocyte and melanoma biology, and MITF has been extensively
studied over the last two decades (Goding & Arnheiter 2019; Hartman & Czyz 2015;
Kawakami & Fisher 2017). MITF has been identified as being involved in a wide
range of processes in melanoma, including predisposition, initiation, progression,
invasion and drug resistance (Bianchi-Smiraglia et al., 2017; Cheli et al., 2011;
Hartman & Czyz, 2015; Kozar et al., 2019; Yokoyama et al., 2011). However, the role
of MITF in melanoma is complex, and therefore often leads to inconsistent findings.
The purpose of this thesis was to further explore the functional roles of MITF in
melanoma development and drug resistance. Here, | will begin by discussing Paper
Il, where we discovered that overexpression of HA-MITF in the context of compound
mutated MC1R led to malignant transformation, as MITF involves central cellular
processes in melanoma. In Paper |, we investigated if MITF plays a role in the
regulation of ERBB3 receptor and it's cognate ligand NRG1, with potential
implications for treatment resistance. We followed up in Paper lll, where we
investigated the role of the MITF/SOX10 axis upon RTK's and their cognate ligands
during the development of vemurafenib resistance.

5.1 From melanocyte to melanoma

5.1.1 Development and progression

Melanomagenesis is a complex process involving multiple steps, including
environmental factors such as UV-radiation. Melanoma risk also has a genetic
component, not necessarily due to family history of melanoma, but due to the
hereditary phenotype RHC (Red hair and fair skin) because of MC1R variant
predisposition. The association between MC1R variants and melanoma frequency
has mainly been linked to RHC variants, but recent studies show that also non-RHC
variants have a higher incidence rate. In fact, individuals carrying any MC1R variant
have been found to possess a 60% higher risk of developing melanoma compared to
non-carriers independently of UV-radiation (Tagliabue et al., 2018; Wendt et al.,
2016).
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As briefly discussed in chapter 1.1.2, CDKN2A was the first melanoma susceptibility
gene to be identified more than 20 years ago and is still considered the main high-
risk gene in melanoma (Potrony et al., 2016). Germline CDKN2A mutations have
been found in about 30-40% of melanoma-prone families worldwide, and in
melanoma, loss of CDKNZ2A function is often found after deletions, DNA methylation,
and histone modification. The penetrance of CDKN2A mutations in multiple-case
melanoma families has been found to vary across continents, indicating that
variations in the genetic backgrounds, host characteristics, and/or sun exposure
contributes to the differences in penetrance (Bishop et al., 2002). Both MC1R and
CDKNZ2A play important roles in preserving genomic stability in melanocytes. One
product of the CDKNZ2A locus, p16, plays an essential role in the regulation of
senescence in melanocytes (Haferkamp et al., 2009; Rayess et al., 2012;
Sviderskaya et al., 2003). As previously mentioned in chapter 1.1.2, hTERT s
another important gene implicated in melanoma initiation and progression. hTERT
expression enables escape from oncogene-induced senescence and is detected in
90% of human cancers and over 60 % of melanomas (Bell et al., 2015; Cancer
Genome Atlas Network, 2015).

The tipping point where cells escape senescence and become invasive melanoma is
incompletely understood. Therefore, in Paper Il, we investigated the consequence of
MITF dysregulation in melanocytes expressing mutated MC1R, hTERT, and
nonfunctional RB1/CDKNZ2A pathway signaling. Introducing hTERT expression and
CDKNZ2A loss of function into these cells immortalizes them, but does not transform
them. Here, we found that stable transduction of ectopic HA-MITF alone leads to the
consistent transformation of the MC1R mutant Hermes 4C cell line, but not of the

MC1R wild type cell line Hermes 3C.

The work in Paper Il was inspired by Garraway and colleagues, where they
suggested MITF to be a context-dependent oncogene. They found that
overexpressing HA-MITF in immortalized melanocytes alone did not transform the
cells. However, co-introducing BRAFV600E and HA-MITF successfully transformed
the melanocytes (Garraway et al., 2005). In agreement with this study, we found that
overexpressing HA-MITF in Hermes 3C melanocytes immortalized by expression of
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hTERT and CDKN2A loss of function is not sufficient for transformation to occur.
However, forced expression of HA-MITF in the MC1R mutated, hTERT expressing,
CDKNZ2A loss of function Hermes 4C cell line consistently led to transformation.
Other researchers have also suggested that overexpression of BRAFV600E alone is
sufficient to transform  melanocytes with an MC1R loss in an
hTERT/p53DD/CDK4(R24C) background (Cao et al., 2013). This is in line with the
literature stating that any MC1R variant is associated with vulnerability towards

melanoma independently of phenotypic features (Tagliabue et al., 2018).

As discussed in chapter 4.2.3, we utilized HA-tagged MITF due to the lack of specific
MITF-M antibodies in these experiments, as we aimed to address MITF binding sites
in WT MC1R (3C) versus mutated MC1R (4C). A limitation with this protocol, which
also has been used in previous studies (Wellbrock and Marais 2005; Garraway et al.,
2005), is that we cannot verify whether the transformation would find place if using an
untagged MITF construct. An approach to verify whether the transformation stems
from untagged MITF or is due to the tagged variant would be to transduce the 4C cell
line with an untagged MITF construct. This could have been attempted, even without
specific antibodies. Secondly, our study would have benefitted from the inclusion of
several MC1R-mutated melanocyte cell lines. Similarly, the inclusion of additional
immortalized wild-type MC1R melanocyte cell lines would have further verified and

strengthened our observations.

5.1.2 Phenotype plasticity in melanoma progression

EMT is a key process involved in the progression of metastasis in epithelial cancer.
In melanoma, an EMT-like phenotype switch promoting progression and EMT-related
genes have been implicated in metastasis progression (F. Z. Li et al., 2015).
Phenotype switching has been suggested to involve transcriptional reprogramming in
melanoma. Two distinct programs have been identified and defined as either having
a proliferative or invasive phenotype (Falletta et al., 2017; |. S. Kim et al., 2017). The
transcriptomes of these phenotypes are controlled by distinct transcriptional master
regulators. These master regulators have the ability to direct cellular features, and
they are under strict temporal and spatial control during development (Iwafuchi-Doi &
Zaret, 2014). Differentiated cells will not typically switch identity under normal

conditions. However, dysregulation of master transcription factors is a major threat to
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any multicellular organism, as they are able to overwrite established cellular
programs by forcing new cellular features (Baumann et al., 2019). Our ChlIP-seq
analyses revealed increased chromatin binding in the transformed 4C HA-MITF
(MC1R-RHC) compared to 3C HA-MITF (MC1R WT). This observation could be
interesting; however, this finding may be purely descriptive in the sense that we do
not know the degree of MITF chromatin binding in the parental immortalized cell
lines. The fact that we find increased binding between the transduced cell lines does
not tell us if the difference is as a result of the transduction of endogenous HA-MITF,
or if this is already the case in the immortalized parental cell lines. In fact, this would
be interesting to investigate further as to our knowledge these cell lines are both
derived from normal diploid melanocytes, albeit from two different individuals,
carrying the same induced alterations, except for 4C carrying two variant MC1R
alleles: R160W/DD294H (Gray-Schopfer et al.,, 2006). However, MITF binding
reflected the abnormal chromatin structure previously reported in melanoma
(Verfaillie et al., 2015). We also found that the distribution of MITF binding sites
corresponds with the sequence motif of transcription factors, including SOX10, MITF,
AP-1, and TEAD in the transformed 4C cell line.

As previously mentioned in chapter 1.2.4, the master transcription factors SOX10
and MITF are identified as regulators of the proliferative phenotype, and AP1 and
TEAD as regulators of the invasive melanoma phenotype (Verfaillie et al., 2015). In
Paper Il, we found that our HA-MITF-induced transformed cells displayed a loss of
endogenous MITF and SOX10 and upregulation of FOS/FOSL-1 (AP-1 proteins),
indicating a shift in the transcriptional program likely caused by changes in chromatin
structure, with a consequent gain of invasive properties. The loss of SOX10 and
endogenous MITF was identified by RNA expression array and verified by RT PCR
and western blot analyses. MITF consists of at least nine different isoforms, and
since our MITF antibody is specific for the isoform of interest, MITF-M, we have
utilized MITF-M specific siRNA in a range of melanoma cell lines as well as the 3C

and 4C cell lines to identify the appropriate band in our blots (~52 kDa). As the HA-
tag is suggested to be ~ 3 kDa, we were able to differentiate between endogenous

and exogenous MITF protein expression.
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Support for the transition from proliferative to invasive cell state was observed
through the upregulation of EMT-related genes, including the RTK AXL. AXL has
been reported to be associated with EMT in many cancers (Antony & Huang, 2017;
Asiedu et al., 2014; Goyette et al., 2018; G. Zhang et al., 2018), and in Paper Il, we
found that AXL-PI3K signaling may be the primary driver for the HA-MITF induced
transformed cells. This was supported by the reduction in proliferation after AXL
inhibition compared to inhibition of MEK. In addition, we measured reduced PTEN
expression, which is in line with an increase in AKT levels. PTEN is one of the most

frequently inactivated tumor suppressors in cancer.

Moreover, it has been suggested that WT MC1R has a protective relationship with
PTEN in preventing proteolysis after UV-radiation. In contrast, MC1R-RHC variants
do not associate with PTEN, rendering this phenotype more sensitive to UV damage,
thus leading to aberrant PI3K signaling (Cao et al., 2013). This implies that PTEN
regulation is more ambiguous in the mutant MC1R 4C cell line. Following these
findings, we would expect lower PTEN protein levels in 4C versus 3C. However, our
data do not show a discrepancy in either 3C or 4C basal RNA nor protein levels with
respect to PTEN expression. This implies that a reduction in PTEN is only observed
between 4C and transformed 4C, which may indicate an alternative mechanism than
the one suggested by Cao and colleagues. Furthermore, the role of PTEN in our
transformation model should be further explored by modulation of PTEN, and by use
of other cell lines.

5.2 Dysregulation of MITF

5.2.1 MITFs role in RTK expression

RTK receptor-mediated autocrine activation has been suggested to be largely
responsible for PI3K and MAPK pathway activation in melanoma (Boregowda et al.,
2016). Communication between cells will typically be mediated by growth
factors/ligands and cytokines either released by secretory cells, or by target cells
themselves secreting and self-activating (autocrine activation) (Singh & Harris, 2005).
In cancer, sustained autocrine activation has been suggested to induce malignant
transformation (Walsh et al., 1991). Moreover, loss of MITF has been suggested to
enhance an autocrine resistance loop involving the RTK EGFR following MAPK
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inhibitor treatment (Ji et al., 2015), and MITF low melanoma has been reported to be
insensitive to a range of inhibitors due to high levels of AXL (Mduller et al., 2014). In

Paper |, we wanted to further explore MITF's role in ERBB3 expression.

Initially, our mRNA expression array data led to the discovery of the ERBB3 receptor
as a target of MITF. Data showed that the depletion of MITF by siRNA in SKMEL28
resulted in an upregulation of ERBB3 mRNA. ERBB3 has previously been shown to
be upregulated by FOXD3 after MAPK treatment in BRAFVG600E cell lines (Abel et
al., 2013), and FOXD3 has been reported to inhibit MITF (Curran et al., 2009; Kos et
al., 2001; Thomas & Erickson, 2009), and vice versa (S. He et al., 2011), In Paper |,
we further explored the link between these transcription factors in connection to
ERBB3. Our data suggest that MITF can regulate ERBB3 both through and
independently of FOXD3. Of note, siFOXD3 alone did not affect ERBB3 levels in the
NF1-mutated cell line MeWo, which is in concordance with Abel and colleagues,
implying that FOXD3 only seems to regulate ERBB3 in BRAFV600E-mutated

melanomas (Abel et al., 2013).

In Paper lll, we wanted to further investigate the role of the SOX10/MITF axis in
relation to RTK's during vemurafenib treatment in a panel of melanoma cell lines.
The initial TCGA analysis done in Paper | showed a positive correlation between
MITF, SOX10 and ERBB3, and an inverse relationship between the latter genes and
the NRG1 ligand. In Paper Ill, we found an inverse correlation between AXL and
MITF, which has previously been suggested (Muller et al., 2014; Sensi et al., 2011).
Interestingly, we also measured an inverse correlation between AXL and SOX10, as
well as between AXL and ERBB3. Importantly, RT-PCR and expression array data of
our melanoma cell line panel confirmed the correlations we found in the patient
samples. Together, these data allowed us to stratify the melanoma cell lines into AXL
high MITF/SOX10/ERBB3 low, AXL low MITF/SOX10/ERBB3 high, and a small
group displaying the same levels of MITF/SOX10/ERBB3 and AXL, where these
latter cell lines display a more heterogeneous phenotype. However, even though our
expression and RT PCR data from cell lines are in agreement with TCGA patient
data, a further investigation of protein expression levels would have strengthened the
results, as mRNA levels do not necessarily reflect protein expression levels. This is
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especially evident in MITF expression as it may undergo a plethora of both post-
transcriptional and post-translational modifications.

5.2.2 MITFs role in therapy-induced phenotype plasticity

The knowledge that melanoma has the ability to adapt to MAPK inhibitors is now well
established. Treatment-induced phenotypic plasticity will typically involve the rewiring
of signaling pathways. It is also known that during the early phase of MAPK inhibitor
treatment, up to 78% of patient samples display an increase in MITF High cells
(Rambow et al., 2018). This is in agreement with our findings in Paper lll, where we
observed an increase in MITF levels at 72 h and after one week in our melanoma cell
lines. In this MITF high state tumors are suggested to be somewhat MAPK inhibitor
tolerant before becoming resistant (Smith et al., 2016). However, in Paper I, we
measured loss of MITF expression after two weeks of vemurafenib treatment in
melanoma cell lines SKMEL28 and WM983B, suggesting a switch in levels between
one and two weeks after treatment in our cell lines. Studies have also shown that
during early drug response phase, cell populations with different phenotype
signatures, namely invasive and neural-crest stem cell-like, may co-emerge within

the same tumor (Rambow et al., 2018).

RTK redundancy during MAPK inhibition

Upregulation of a range of RTKs, such as PDGFR, IGF1R, EGFR, AXL, in response
to treatment has been reported (Girotti et al., 2013; Ji et al., 2015; Muller et al., 2014;
Nazarian et al., 2010; Villanueva et al., 2010). The upregulation of RTK receptors is
paralleled by a loss of MITF and its upstream regulators PAX3 and SOX10 (Smith et
al., 2019; Verfaillie et al., 2015). AXL-expressing MITF low cells are believed to
signal independently of the MAPK pathway, thus rendering them resistant to MAPK
inhibition (Muller et al., 2014). In Paper lll, we propose that MITF and SOX10 levels
prior to treatment may predict whether melanoma cells utilize RTK upregulation to
achieve resistance or not. Cell lines harboring high levels of MITF prior to treatment
showed an upregulation of the RTK AXL after becoming resistant, while cell lines
harboring low levels of MITF did not. When measuring protein levels in the MITF low
cell line A375, we observed a minor increase of ERBB3 and pAKT, as well as a
minor reduction in AXL levels. Moreover, we detected a major upregulation of pERK.
In contrast, in the MITF high cell line SKMEL28, we detected an increase in AXL and
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pAKT levels, without any detectable change in pERK levels. This may imply that
MITF low cell lines mainly utilize reactivation of the MAPK pathway as a standard
mechanism of vemurafenib resistance, while MITF high cell lines often switch to a
MITF low/AXL high phenotype that signals through the PI3K pathway. However, this
should be further explored, e.g., in cell lines of different phenotypes for more robust

conclusions. A proposed model for stratification of our melanoma cell lines is outlined

in figure 13.
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Figure 13. lllustration suggesting how melanoma cell lines may be stratified according to their
transcriptional signature. WM1366 is classified as a primary melanoma. However, in Paper Il we
found that this cell line displays high AXL and low MITF, SOX10 and ERBB3 perhaps indicating that
the cell line is on the verge of becoming invasive/metastatic. Further, WM9, A375, WM852, and LOX
were stratified as being of the invasive phenotype. Included in this figure is 4C HA-MITF our
transformed cell line from Paper Il. WM266.4 and MeWo is classified as intermediate as they harbor
medium/high levels of both signatures. WM983, SKMEL28, WM239, WM45.1, WM115, WM35,
WM1341 and WM1382 classifies as having the proliferative signature. Lastly, the illustration depicts

the gene signature in three of our treatment-resistant cell lines resembling the invasive phenotype.
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The analyses of cell lines during treatment and resistance were mainly based on RT
PCR observations. This method has its limitations as standard deviations may be
high between experiments. This is particularly evident when measuring NRG1,
GASG6, and EGF ligand mRNA levels. The reason for this may be that ligands are
more dynamic, and has a higher turnover than the RTKs. Therefore, the exact cells
stage when the cells are harvested may impact the results. We performed three
biological and six technical replicates in all RT PCR experiments which should suffice
to capture most variability. However, an increase in the number of biological
replicates likely would have lowered the standard deviations and yielded more robust
results. Further, our result would have been strengthened by employing further high
throughput screenings. However, the availability of methods, time- and budget-

constraints are frequent limitations in experimental design.

The AXL receptor is suggested to be the most prominent resistance marker, as
around 70% of relapsed melanoma display increased expression of the receptor
(Boshuizen et al., 2018). Indeed, several researchers suggest that inhibiting AXL in
combination with MAPK inhibitors is a treatment option. However, as we and others
have shown, other RTK receptors are also in play. Receptor redundancy through
kinase switching has been described (S. Thomson et al., 2008). Interestingly, in
Paper lll, we find that knocking down AXL by siRNA increases the levels of ERBB3
in melanoma cell lines of various mutational backgrounds. This finding may not be
directly equivalent to the effect of inhibitor treatment, as the AXL protein is still
present compared to after siRNA treatments. However, the mechanism behind this
relationship should be further explored, and further experiments treating with AXL
inhibitor should be done to determine the boundaries of this effect. We also
observed a two-way redundancy between ERBB3 and AXL in two of our cell lines
(WM983B and MeWo), indicating a co-operative relationship between the receptors,
at least in these two cell lines.

In addition, EGFR is also upregulated in the resistant cell lines. This is in agreement
with observations of Ji and colleagues, suggesting that MITF loss after vemurafenib
resistance is linked to EGFR expression. Further, they found that both the AXL and
EGFR ligands GAS6 and HB-EGF (Heparin binding-EGF) were concomitantly
upregulated in the resistant cell line SKMEL28. However, EGF was not (Ji et al.,
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2015). We found GASG to be upregulated in SKMEL28, but not in our other cell lines.
In agreement with Ji and colleagues, EGF was not upregulated in any of our resistant
cell lines (Ji et al., 2015). The ERBB3 ligand NRG1 has previously been suggested to
promote compensatory signaling through ERBB3 signaling in melanoma and
colorectal cancer after BRAF inhibitor treatment (Capparelli et al., 2015; Prasetyanti
et al., 2015). Accordingly, we found that NRG1 was upregulated in three out of four
cell lines, suggesting sustained PI3K signaling through NRG1-ERBB3, in addition to
GAS6-AXL and EGF-EGFR. This adaptive RTK receptor behavior during inhibitor
treatment is illustrated in Figure 14. Initially, the results presented here would argue
that treating MITF high cell lines with an AXL and BRAF inhibitor combination would
be wise in order to avoid acquired resistance. However, the receptor redundancy
between AXL and ERBB3 we observed in Paper Ill needs to be taken into

consideration and further explored.
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Figure 14. The graph illustrates the adaptive behavior of RTK receptors and their ligands during
vemurafenib treatment in WM983B, SKMEL28, and WM239 cell lines.

Overcoming melanoma plasticity may be difficult to achieve due to the numerous
factors working in conjunction to promote cancer cell growth. This has proven to be a
major hinder during small molecule inhibitor treatments alone. Differential methods
for drug delivery should perhaps be explored to somehow outsmart kinase
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redundancy. Moreover, immunotherapy has emerged as a promising treatment
option in melanoma. However, the response rate is low due to immunologically cold
tumors. Interestingly, BRAF inhibition has been shown to increase T-cell recognition
in melanoma (Boni et al., 2010). This discovery indicates that an induction period
treating with BRAF inhibitor in an attempt to increase tumor immune cell infiltration,
with a subsequent switching to immunotherapy, is an interesting approach and is
currently being tested (ClinicalTrials.gov; NCT02858921). Further, a recent
publication explored the dysregulation of MITF in both a murine and human cell line
model. They found opposing effects on immune-cell attraction. Nevertheless, their
results clearly suggest that MITF might be involved in immune cell migration, and
should be further explored with respect to immunotherapy treatment in melanoma
(Wiedemann et al., 2019).
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6. Concluding remarks and future perspectives

Genetic alterations are of undeniable importance in melanoma development.
However, detailed knowledge of the mechanisms behind molecular and epigenetic
changes remains largely unknown. This may be due to the lack of sufficient models
to study individual stages as well as the remarkable signaling complexity during
melanomagenesis. In this thesis, we have attempted to elucidate more of the roles of

MITF in melanoma initiation, progression and drug resistance.

In Paper Il, we found that overexpression of HA-MITF in the context of mutated
MC1R in an hTERT expressing melanocyte cell line containing CDKN2A loss of
function led to malignant transformation. Within the scope of this paper, we
characterized the transformed cells by exploring them at the RNA and protein levels.
Further, animal testing was performed to confirm tumorigenicity. Lastly, we
performed chromatin immunoprecipitation followed by sequencing to map MITF
binding sites. MITF has been suggested to a context-dependent oncogene, and we
here suggest that our construct/model could be further utilized to investigate the role
of MITF as an oncogene in familial melanomas harboring p16/TERT/MC1R

backgrounds.

To further explore our findings, additional experiments could pursue different open
questions. It is currently not clear to what extent chromatin conformation changes
contribute to driving the transformation, and if being the case, whether this event is
reversible. Reintroducing SOX10 in the transformed cell line to explore whether this
would activate endogenous MITF expression, could perhaps shed light on the
potential to reverse the transformation. Further, stable knockdown of MC1R in the
MC1R WT 3C HA-MITF in combination with overexpression of HA-MITF construct
could perhaps verify the role and importance of mutant MC1R in the transformation

process.

In Paper Il and Ill, we explored MITF with respect to RTK regulation and treatment
resistance. We found that the downregulation of MITF increased the expression of
both ERBB3 and its cognate ligand NRG1. Further, we propose that identifying
expression levels of MITF/SOX10/ERBB3 and AXL prior to treatment initiation may
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help to predict the likelihood of the cells to utilize RTK upregulation as a mechanism

to achieve resistance after vemurafenib treatment or not.

Exploring receptor redundancy after administering various AXL inhibitors in both
resistant and untreated cell lines would perhaps uncover whether the apparent
receptor redundancy we found between AXL and ERBB3 could be clinically relevant
and not only an effect observed after siRNA treatment.

Single-cell analyses of the cell lines during treatment, and after resistance, could
identify whether there are subpopulations of pre-resistant cells in our cell lines, and
perhaps also uncover whether vemurafenib treatment-resistance is achieved by
selection of pre-existing clones in the cell population. These pre-existing clones
would then potentially harbor an invasive phenotype with high levels of AXL and low
SOX10, MITF and ERBB3 levels.
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ABSTRACT
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The phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway is
frequently hyper-activated upon vemurafenib treatment of melanoma. We have here
investigated the relationship between SRY-box 10 (SOX10), forkhead box 3 (FOXD3)
and microphthalmia-associated transcription factor (MITF) in the regulation of the
receptor tyrosine-protein kinase ERBB3, and its cognate ligand neuregulin 1-beta
(NRG1-beta). We found that both NRG1-beta and ERBB3 mRNA levels were elevated
as a consequence of MITF depletion, induced by either vemurafenib or MITF small
interfering RNA (siRNA) treatment. Elevation of ERBB3 receptor expression after
MITF depletion caused increased activation of the PI3K pathway in the presence
of NRG1-beta ligand. Together, our results suggest that MITF may play a role in
the development of acquired drug resistance through hyper-activation of the PI3K

pathway.

INTRODUCTION

Malignant melanoma is an aggressive cancer form
with limited treatment options and poor survival for
patients with advanced disease. The small-molecular
inhibitor vemurafenib, that specifically inhibits the
BRAFV600 mutated protein function, has shown
remarkable response when used in patients [1-3].
Unfortunately, virtually all responders acquire resistance
over time [4]. Several resistance mechanisms have been
characterized [5—11], including receptor tyrosine kinase
(RTK) up-regulation or activation leading to sustained cell
survival and proliferation [12, 13]. Two recent reports have
suggested that microphthalmia-associated transcription
factor (MITF) loss is involved in the development of
vemurafenib resistance through up-regulation or activation
of RTKs such as AXL and EGFR [12, 13].

The EGFR family members of RTKs consist of
four family members; receptor tyrosine-protein kinase
ERBBI1 to 4 (ERBB1/EGFR, ERBB2/HER2, ERBB3/
HER3, ERBB4/HER4, respectively). These receptors
are important regulators of normal growth and cell
differentiation. Their dysregulation in the form of

amplification, overexpression or mutation is associated
with tumor development and poor clinical prognosis in
most human cancers [14]. Previous studies have suggested
that increase in both EGFR and ERBB3 expression and
phosphorylation can be induced after mitogen-activating
protein kinase (MAPK) inhibitor treatment [12, 15-20],
and that targeting EGFR and ERBB3 can prevent and
extend the establishment of MAPK inhibitor-induced
resistance in melanoma [12, 15, 17]. Transcription factors
such as FOXO1, FOXO3A, FOXD3, and SOX10 have
been reported to activate ERBB3 expression [15, 21-23].
Interestingly, SOX10 has been found to activate MITF
expression [24], while MITF is reported to repress FOXD3
expression and vice versa [25, 26].

Preliminary gene expression arrays suggested
to us that ERBB3 expression was elevated after MITF
depletion in the SKMEL28 cell line. Based on these
data, we have here investigated the relationship between
SOX10, FOXD3 and MITF in the regulation of the
receptor tyrosine-protein kinase ERBB3, and its cognate
ligand NRG1-beta. We found that depletion of MITF
protein resulted in elevation of ERBB3 and NRGI-
beta levels. The novel mechanism described here may
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have implications for the development of acquired drug
resistance in melanoma.

RESULTS

Basal expression levels of SOX10, MITF, FOXD3
and ERBB3 in a melanoma cell line panel

We compared basal mRNA expression levels of
SOX10, MITF, FOXD3, and ERBB3 in immortalized
melanocytes, and in a panel of melanomas spanning
various genetic backgrounds (see Figure 1A-1D
and Supplementary Table S1). Out of the 18 cell
lines analyzed for mRNA expression, we selected
9 cell lines for further protein expression analysis,
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representing various alterations in the MAPK pathway
(NRAS, BRAF, NF1) and variable MITF expression
levels (Figure 1E). We found that mRNA and protein
expression levels correlated well for all cell lines
tested. FOXD3 and SOX10 have been reported to be
activators of ERBB3 transcription [15, 21], which
is in agreement with what we observed, as depletion
of FOXD3 and SOX10 levels resulted in reduced
ERBB3 expression. To our knowledge, no reports
exist concerning MITF regulation of ERBB3. Our
results show that MITF protein expression has an
inverse association with ERBB3 protein expression
in the MITF-expressing cell lines, particular in
the immortalized melanocyte cell line Hermes 4C,
WM9I83B and WM 115 (Figure 1E).
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Figure 1: Basal expression levels of MITF, ERBB3, SOX10 and FOXD3 in various melanoma cell lines. A-D. qRT-PCR
was used to evaluate mRNA levels of MITF (A), ERBB3 (B), SOX10 (C), and FOXD3 (D) in melanoma cell lines by normalizing against
immortalized cultured melanocytes (Hermes 4C). Bars represent mean + SD of three separate experiments (E). Representative western
blots of MITF, SOX10, FOXD3 and ERBB3 protein levels shown in 9 different cell lines representing various disease stage and genetic

background. Histone H3 was used as loading control.
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Depletion of MITF elevates ERBB3 expression at
the transcriptional level

To further explore the relationship between MITF
and ERBB3, we depleted MITF and ERBB3 levels by
the use of siRNA molecules in five MITF-expressing
cell lines differing in MAPK pathway backgrounds (see
Supplementary Table S1). Elevation of the ERBB3 mRNA
and protein levels were detected 72h post siMITF treatment
for all five cell lines tested (Figure 2A-2E). Transfection
of the same cell lines with siERBB3 resulted in reduction
of MITF protein levels in Hermes 4C and MeWo, while
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no changes were observed in WM1382, WM983B and
SKMEL2S8. To ensure that the elevated ERBB3 levels
after siMITF treatment was not caused by an off-target
effect, we also tested two other siMITF sequences and an
additional negative siRNA control. All the three individual
SIMITF molecules resulted in elevation of ERBB3,
compared to untreated control and negative siRNA controls
(Supplementary Figure S1). In addition to siMITF treatment,
we also overexpressed the melanocyte-specific variant 4
(NM_000248) MITF protein by MITF mRNA delivery,
resulting in reduction of ERBB3 mRNA levels after 24h in
A375 and MeWo (See Supplementary Figure S2).
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Figure 2: MITF suppresses ERBB3 expression at the transcriptional level in various cell lines after siRNA transfections.
Assessment of mRNA and protein levels of MITF and ERBB3 in a panel of cell lines 72h after siRNA-induced reduction of MITF
and ERBB3. A. Hermes 4C (immortalized melanocytes). B. SKMEL28 (BRAFV600E) C. MeWo (NF1) D. WM983B (BRAFV600E)
E. WM1382 (wild-type for BRAF and NRAS). Graphs represent qRT-PCR expression data from three separate experiments normalized to
untreated control cells and plotted as mean + SD. * =p < 0.05, *** =p <0.005 (z-test). A representative western blot of the corresponding

treatments is shown to the right, with Histone H3 as loading control.
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Elevation of the ERBB3 receptor expression
levels increases pAKT levels

To address whether depletion of MITF protein
activates the PI3K pathway through NRG1-beta/ERBB3
signaling in both mutant and wild-type BRAF melanoma
cell lines, we co-transfected WMO983B and MeWo with
MITF and ERBB3 siRNA molecules in combination with
NRGI-beta treatment (Figure 3A-3B), or without NRG1-
beta treatment (See Supplementary Figure S3A-S3B). After
72h of siMITF treatment, we observed an induction of
both phospho-ERBB3-T1289 (pERBB3) and total ERBB3
expression, together with an increase in pAKT (S473) in
both cell lines tested. In contrast to siMITF transfection
alone, co-transfection of the WM983B and MeWo cell lines
with siMITF and siERBB3 resulted in loss of pERBB3
(T1289), total ERBB3 and pAKT (S473). In MeWo, a

A WM983B

complete depletion of pAKT (S473) levels was observed
after co-transfection, while only the hyper-activated levels
of pAKT (S473) were depleted in the WM983B cell line.
To address the observed increase in pERBB3 (T1289)
levels after sSiMITF treatment observed in non-NRG1-beta
treated WM983B samples (See Supplementary Figure
S3A), we measured the NRG1-beta mRNA levels. We
found an increase in NRG1-beta mRNA expression levels
in WM983B (Figure 3C). No measureable levels of NRG1-
beta mRNA were detected in MeWo by qPCR analysis.
Since we did not detect any NRG1-beta in the BRAF wild-
type cell line MeWo, we investigated two other BRAF
wild-type cell lines, the metastatic melanoma cell line
WM1382 (Figure 3D) and the immortalized melanocyte
cell line Hermes 4C (Figure 3E). Also these cell lines
showed elevation of NRG1-beta mRNA levels after MITF
depletion. When overexpressing MITF protein by mRNA
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Figure 3: MITF suppress the PI3K-pathway through NRG1-beta/ERBB3 signaling. A-B. Representative western blots show
the effect of MITF siRNA treatment on NRG1-beta/ERBB3 signaling pathway members, leading to p-AKT (S473) activation in WM983B
(A) and MeWo (B). Cell lines were transfected with MITF and ERBB3 siRNA alone and in combination for 72h, and treated either with or
without (see Supplementary Figure S3A-S3B) 10ng/ml NRG1-beta ligand 15min prior to harvesting. All experiments were performed in
triplicate. Histone H3 was used as loading control. C-D. qRT-PCR data show mRNA elevation of NRG1-beta ligand after MITF depletion in
WMO983B (C), WM1382 (D) and Hermes 4C (E). Graphs represent qRT-PCR expression data from three separate experiments normalized
to untreated control cells and plotted as mean + SD. * =p < 0.05 (#-test).
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transfection in A375 harboring low MITF levels, we
observed a minor reduction of NRG1-beta mRNA levels
after 24h (See Supplementary Figure S2A).

MITF regulates ERBB3 in a FOXD3 dependent
and independent manner

To investigate the role of SOX10, MITF, and
FOXD3 and the reported effects due to BRAF status in
ERBB3 regulation, we depleted the three former genes
individually and in combination for MITF/FOXD3
by the use of siRNA in three melanoma cell lines:
WMO983B, MeWo and WM115. MeWo represent BRAF
wild type, while WM983B and WM115 harbor mutant
BRAF. Additionally, the WMI115 cell line was utilized
in a previous study by Abel et al. [15], were the authors
reported that FOXD3 is an activator of ERBB3 expression
only in V600 cell lines. Our results show that siSOX10
treatment reduces the MITF, FOXD3 and ERBB3 protein
levels in all cell lines (Figure 4A—4C). In contrast, siMITF
treatment resulted in an increase in both ERBB3 and
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FOXD3 protein levels (Figure 4A—4C). When transfecting
the cell lines with siFOXD3 alone, no differences in
ERBB3 protein levels were detected in MeWo compared
to a negative siRNA control. However, we observed a
minor reduction of ERBB3 protein levels in WM983B
and WM115. To explore whether MITF depletion results
in elevation of ERBB3 through FOXD3, we performed an
siRNA co-transfection of MITF and FOXD3 in all three
cell lines, demonstrating an increase in ERBB3 protein
levels compared to negative siRNA control in WM983B
and MeWo, while no change was detected in WM115.

MITF binding sites in ERBB3, NRG1-beta and
FOXD3

To address whether MITF protein binds DNA
in the proximity of ERBB3, NRG1-beta, and FOXD3,
we performed a 3xHA-tagged MITF ChIP-seq analysis
in the Hermes 4C cell line. Results showed a strong
MITF binding signal in the putative regulatory region,
approximately 18kb upstream of the transcription start

WM115
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Figure 4: MITF suppress ERBB3 expression, both through and without FOXD3. Representative western blot showing
the effect of SOX10, MITF and FOXD3 siRNA treatment upon ERBB3 expression after 72h in WM983B (A). WM115 (B). and MeWo
(C). siRNA treatment was performed in triplicate. Histone H3 was used as loading control.
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site, and two minor binding signals in the promoter
region of ERBB3 (Figure 5A). In the putative regulatory
region, we detected both an E-box (CACATG) and a
SOX10 binding motif (AACAAT), while no E-boxes
were found in the promoter region. In the NRGI-
beta gene, we detected a strong MITF binding signal
in the regulatory region within the first intron. This
MITF binding signal contained two E-box motifs and
was located approximately 30kb downstream of the
transcription start site. Furthermore, we detected a minor
MITF binding signal in the proximal promoter region of
NRG1-beta, without any E-box motifs (Figure 5B). When

investigating the FOXD3 gene, we found a MITF binding
signal containing an E-box motif in the promoter region
(Figure 5C).

Correlation between SOX10 and ERBB3 in
patient samples

To investigate the relationship between SOX10,
MITF, FOXD3, ERBB3 and NRGI in patient samples,
we utilized The Cancer Genome Atlas (TCGA,
SKCM), which contains a set of 474 melanoma patient
samples. A strong correlation (R = 0.74, P = <0.0001)
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Figure 5: (Continued) MITF binding sites in ERBB3,

NRGI1-beta and FOXD3. (C). genes in Hermes 4c cells expressing

5" HA-tagged MITF in the hgl9 assembly. The figure includes tracks for MITF ChIP-seq, RefSeq Genes, three E-box motifs (CACATG,
CACGTG and CATGTG), and ENCODE regulation (H3K27Ac/DNase clusters). The scale in the MITF ChIP-seq tracks indicates the
intensity of MITF enrichment. (A): MITF ChIP-seq results shows that a MITF enriched site was found in the regulatory region of ERBB3,

approximately 18kb upstream of the transcription start site of the

gene. The MITF enriched site was co-localized with an E-box (CACATG)

and the DNA binding motif of SOX10 (AACAAT). Enrichment of MITF was also detected in the promoter region of the ERBB3 gene.

(B): A MITF enriched site together with an E-box (CATGTG)

motif was found in the first intron of the NRG1-beta gene. (C): MITF

enrichment together with an E-box (CACGTG) motif was found in the promoter region of FOXD3.

was found between SOX10 and ERBB3 (Figure 6).
Correlations were also detected between FOXD3
and ERBB3 (R = 0.55, P = <0.0001), SOX10 and
FOXD3 (R = 0.56, P = <0.0001), and SOX10 and
MITF (R = 0.49, P = <0.0001). Among the genes
investigated, MITF and NRGI1 showed weakest
correlation with ERBB3, with R = 0.43 and R = 0.18,
respectively. Interestingly, we observed an inverse
correlation between MITF and NRG1 (R = -0.4,
P =<0.0001) in the TCGA data. TYR, in addition to
two genes assumed uncorrelated to MITF, RPLPO and
ACTB, were included as controls.

Vemurafenib treatment results in loss of MITF
and elevation of FOXD3 and ERBB3

As vemurafenib has been reported to induce loss of
MITE, we measured the protein expression levels of MITF,
SOX10, FOXD3 and ERBB3 after inhibitor treatment
in the WM983B and SKMEL28 cell lines (Figure 7).
An extensive decrease in MITF protein levels after two
weeks of vemurafenib treatment was observed in both cell
lines, while a minor reduction in SOX10 levels could be
detected. In contrast, we measured elevated ERBB3 and
FOXD3 protein levels in the same samples.

DISCUSSION

In this study, we have demonstrated that the ERBB3
receptor and its cognate ligand NRG1-beta are elevated

after MITF depletion in various melanoma cell lines. Our
data is supported by previous studies showing that both
ERBB3 expression and phosphorylation can be elevated
after MAPK inhibitor treatment [15-20]. Hyper-activation
of the PI3K/AKT pathway due to increased NRG1-beta/
ERBB3 pathway signaling has previously been reported to
be responsible for acquired drug resistance in BRAFV600
melanomas [15, 17]. However, also low MITF/AXL and
MITF/EGEFR ratios have been suggested to be involved in
early resistance to vemurafenib in a subset of melanomas
[12, 13]. Together, these reports suggest that MITF loss
after vemurafenib treatment, followed by PI3K/AKT
elevation, is a key element to overcome drug treatment
and in acquiring drug resistance against MAPK inhibitors.
Both gain and loss of MITF after vemurafenib has been
reported [13]. The molecular mechanism behind these
alterations in MITF levels is presently not known. In the
SKMEL28 and WM983B cell lines, we observed that
SOX10, an activator of MITF transcription, was reduced
after vemurafenib treatment. However, as also both gain
and loss of SOX10 protein after vemurafenib-induced
MITF loss have been reported in the literature [13], the
role of SOX10 in vemurafenib-induced MITF loss remains
unclear.

SOX10 and FOXD3 have been reported to
activate ERBB3 expression [15, 21], in addition to also
activating and repressing MITF expression, respectively
[24, 25, 27]. In this context, we investigated their role
in ERBB3 regulation. When depleting FOXD3 in the
two BRAFV600 cell lines WM983B and WM115, we
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Figure 6: Correlation between SOX10 and ERBB3 in patient samples. A pairwise correlation plot of the cutaneous skin cancer
(n=473) exon expression cases of TCGA (data set available at https://tcga-data.nci.nih.gov/docs/publications/skem 2015/). [lluminaHiSeq-
defined RNAseq is shown for the genes SOX10, FOXD3, MITF, NRG1, ERBB3 and TYR are shown, in addition to two genes uncorrelated,
RPLPO and ACTB. Both axes display log2 expression values.

WMI83B

. [P “

SKMEL28

- - —
-g i MITF

SOX10

FOXD3

ERBB3

“ ﬁ Histone H3

Ctr. VEM

Ctr. VEM

Figure 7: Vemurafenib treatment results in loss of MITF and gain of FOXD3 and ERBB3. Representative western blots
showing MITF loss and subsequent gain of ERBB3 and FOXD3 protein after 2 weeks of vemurafenib treatment (0.5uM) in the WM983B

and SKMEL28 cell lines. Vemurafenib-cultured cells were performed in triplicate. Histone H3 was used as loading control.
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detected a minor reduction of ERBB3 protein, which
is in agreement with what Abel ef al. [15] measured
in the WMI115 cell line. In the MeWo cell line,
FOXD3 depletion alone did not affect ERBB3 protein
expression. This is supported by Abel and Aplin [28],
who showed that FOXD3 does not regulate ERBB3
expression in BRAF wild-type melanoma cells, nor
in melanocytes. Furthermore, our siRNA depletion
results demonstrated that SOX10 and MITF have
opposite roles in the regulation of FOXD3 and ERBB3
expression. The observed FOXD3 elevation after MITF
depletion is in agreement with He ef al. [26] and implies
that MITF can repress ERBB3 expression indirectly
by suppressing FOXD3 in V600 cell lines. However,
our data also demonstrate that MITF protein can bind
directly to the regulatory region of ERBB3, as well
as NRG1-beta and FOXD3. Together with our siRNA
experiments, these latter results suggest that MITF
can repress ERBB3 both with and without FOXD3
involvement, depending on the BRAF mutational
status, as shown in this study. In the regulatory region
of ERBB3, we detected a SOX10 binding site 40 bp
downstream of the MITF-binding E-box, suggesting
SOX10/MITF co-localization. Co-localization of MITF
and SOX10 in the form of MITF-associated regulatory
elements (MARE), where MITF alone, or with SOX10,
binds between two BRGI1-bound nucleosomes, has
previously been described [29]. However, the precise
mechanism(s) by which MITF represses ERBB3,
FOXD3 and NRG1-beta expression remains the subject
of ongoing investigation. An inverse relationship
between MITF and ERBB3 protein expression
levels was observed in our cell panel, and this was
particularly evident in the immortalized melanocyte
cell line Hermes 4C, and in the melanoma cell lines
WMO983B and WMI115. Simultaneously, our results
show that high MITF protein levels, in Hermes 4C, are
not able to completely abolish ERBB3 transcription,
implying the existence of a threshold with respect
to MITF-induced repression of ERBB3 expression.
This is also supported by the moderate suppression
of ERBB3 expression detected when overexpressing
MITF protein in MeWo and A375. We also observed
an inverse correlation between MITF and NRG1-beta
in the 474 patient samples from TCGA. In contrast, no
inverse correlation was observed between MITF and
ERBB3 in the TCGA samples. The reason for the lack
of inverse correlation between MITF and ERBB3 in
patient samples is not known, but could result from the
fact that MITF suppression of ERBB3 seems to be only
partial, and to depend on SOX10 expression. SOX10-
dependent MITF repression of ERBB3 is supported by
the observation that cell lines without both SOX10 and
MITF (WM1366, WM852, LOXIMVI) lack ERBB3.
In summary, we have in this study shown that MITF
depletion results in elevated expression levels of both
the ERBB3 receptor and its cognate ligand NRG1-beta,

which may have potential implications for acquired drug
resistance in melanoma.

MATERIALS AND METHODS

Cell lines and culture conditions

The SKMEL28, MeWo, and A375 cell lines were
obtained from the American Type Culture Collection
(ATCC; Rockville, MD, USA), WM35, WMI115,
WMI1341B, WM1366, WM983B, WM45.1, WM239A,
WM266.4, WM852, WM1382, WM9, WM793B from
the Wistar Institute, and LOXIMVT established in-house.
For genetic background information, see Supplementary
Table S1. The immortalized melanocyte cell line Hermes
3C and 4C were purchased from Wellcome Trust
Functional Genomics Cell Bank [30]. Hermes 3C and
4C were cultured and maintained in 254 medium (Gibco,
Invitrogen, Oslo, Norway) supplemented with 10% fetal
calf serum (FCS) (PAA, New Bedford, MA, USA), 200nM
phorbol-12-myristate-13-acetate (TPA; Sigma-Aldrich),
200pM (Hermes 3C) and 2pM (Hermes 4C) cholera toxin
(Sigma-Aldrich), 10ng/ml human stem cell factor (hSCF;
Thermo Fisher) and 10nM endothilin (EDN1; Millipore,
Oslo, Norway) with the exception of where noted in the
text. All melanoma cell lines were cultured and maintained
in RPMI 1640 medium (Bio Whittaker, Verviers,
Belgium), supplemented with 10% fetal calf serum (FCS)
(PAA, New Bedford, MA, USA) and 2mM GlutaMAX
(Gibco, Invitrogen, Oslo, Norway) with the exception of
where noted in the text. The cells were maintained at 37°C
in a humidified atmosphere containing 5% CO, and were
routinely tested for Mycoplasma infections (VenorGeM,
Minerva Biolabs, Berlin, Germany), and the cell line
identities were also verified by short tandem repeat (STR)
analysis.

Transfection and RNA interference

Cells were seeded in 6-well plates and grown to
60% confluence before being transfected and incubated
for 72h with siRNA directed against MITF-M and
SOX10 (Eurogentec, Seraing, Belgium), ERBB3 (Life
Technologies) and FOXD3 (Dharmacon). The reason
for choosing 72h incubation time was to ensure optimal
reduction of our targets at the protein level. The cells were
transfected with a final concentration of 25pmol siRNA,
using Lipofectamine RNAIMAX (Invitrogen) as described
in the manufacturers protocol. Sequences for siRNA can
be found in the Supplementary Methods. All siRNA
transfections were performed in triplicate.

Western immunoblotting

Preparations of whole cell lysates were performed
by addition of lysis buffer (150mM NaCl, 50mM Tris-HCI
pH 7.5, 0.1% Nondient P-40, 1x Complete tablets mini
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EASYpack and 1x PhosSTOP from Roche), to frozen,
dry cell pellets. The samples were left on ice for 30min
with intermittent vortexing, followed by sonication and
centrifugation to remove cell debris. Protein quantification
was done using a standard Bradford protein assay (Bio-
Rad Laboratories, Inc., CA). Protein lysates (30ug) were
separated on 4-12% NuPAGE® Novex Bis-Tris Midi-
Gels (Invitrogen, Carlsbad, CA) and then transferred
to a membrane using an iBlot Dry Blotting system
(Invitrogen, Carlsbad, CA) according to the manufacturers
instruction. The membranes were subsequently blocked in
TBS/T (137mM NaCl, 20mM Tris-HCI pH 7.5 and 0.1%
tween20) containing 5% BSA (Sigma-Aldrich, Steinheim,
Germany) for 1h, and then incubated with primary
antibodies over night at 4°C with gentle agitation. Residual
primary antibodies were removed by washing 3 x 10min
in TBS/T. The membranes were thereafter incubated
for 1h at RT with horse radish peroxidase conjugated
(HRP) secondary antibody. The membranes were then
washed 3 x 10min with TBS/T. The protein bands were
visualized in the G-Box iChemi Chemiluminescence
Image Capture (Syngene, England) using the SuperSignal
chemiluminescence detection system (Pierce).

Antibodies and inhibitors

The following antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA); MITF
(1:1000; #12590), Her3/ERBB3 XP (1:1000; #12708),
Phospho-Her3/ERBB3-Tyrosine-1289 (1:1000; #4791),
FOXD3 (1:1000; #2019), SOX10 (1:1000; #14374), Akt
(1:2000; #9272), Phospho-Akt-Serine-473 XP (1:2000;
#4060), and Histone H3 (1:3000; #4499) was used
as loading control. Secondary antibody against rabbit
(1:5000; P0448) was purchased from Dako (Agilent
Technologies, Glostrup, Denmark). The small molecular
inhibitor vemurafenib (Plexxikon 4032) was obtained
from Selleck Chemicals (Houston, TX, USA). The
NRGI1-beta ligand was purchased from ImmunoTools
GmbH (Friesoythe, Germany). The NRG1-beta ligand
was used to enhance the pERBB3 (T1289) signal, as
our Phospho-Her3/ERBB3-Tyrosine-1289 antibody did
not detect pERBB3 (T1289) levels without NRG1-beta
addition (see also Supplementary Figure S3A-S3B).
The reason for choosing 15min of incubation time and a
NRG1-beta ligand concentration of 10ng/ml was due to a
previous study where they showed efficient activation of
the ERBB3 receptor in the WM115 cell line under these
conditions [18].

Quantitative reverse transcriptase PCR

Total cellular RNA was isolated with the GenElute
Mammalian Total RNA Miniprep Kit (Sigma-Aldrich,
Steinheim, Germany) and the qScript™ cDNA Synthesis
Kit (Quanta Biosciences, Gaithersburg, USA) was used
for reverse transcription. Both kits were used according

to the manufacturers manuals. RNA concentration was
measured using NANODROP 2000 (Thermo Scientific).
Real-time detection was obtained by use of SYBR
Green. For each PCR, 100ng cDNA, 30ul PerfeCTa™
SYBR® Green SuperMix for iQ (Quanta Biosciences,
Gaithersburg, USA), 300nM of each primer and nuclease-
free water was added to a final volume of 60ul. The
final volume of 60ul was then split into two parallels
of 25ul and added to the PCR plate. Primers against
MITF-M, ERBB3, SOX10, FOXD3 and NRG1-beta were
ordered from Integrated DNA technologies (IDT). Real-
time reactions were run on a CFX Connect Real-Time
PCR Detection System (Bio-Rad) with the following
amplification protocol: 3 min initial denaturation at 95°C,
40 cycles of 15s denaturation at 95°C and 35s annealing/
extension at 60°C, one hold at 95°C for 10 s followed by
a hold for 30s at 60°C. Finally, a melt curve analysis was
performed, starting at 60°C, increasing with 0.5°C steps
(8s) until reaching a final temperature of 95°C. The quality
of the RNA samples was verified by amplification of two
housekeeping genes, the TATA-binding protein (TBP)
and the human acidic ribosomal phosphoprotein PO
(RPLPO). These housekeeping genes were chosen as they
were unchanged by the different treatment modalities in
this study (data not shown). Bio-Rad, CFX manager 3.1,
was used for the quantitative calculations. The program
performs calculations based on the AA C, method [31],
which allows comparison of cycle threshold values
obtained using different sets of primers on the same set
of samples.

Chromatin immuno-precipitation sequencing
(ChIPseq) protocol

Hermes 4C was transduced by lentiparticles
carrying pLX3xHAvar4mCherry. Stable cell lines
expressing the 3xHA tagged MITFvar4 were subsequently
sorted based on the presence of mCherry and used further
(sorted by Flow Cytometry Core Facility, OUS, Norway).
Chromatin immuno-precipitation sequencing (ChIPseq)
experiments were performed twice as described by
Dahl JA and Collas P [32] with modifications. Briefly,
chromatin from native Hermes 4C and Hermes 4C
cells (mycoplasma unverified) stably transfected with
a lentiviral vector expressing 3xHA-tagged MITF were
fixed with 1% formaldehyde for 8min to cross-link DNA
and proteins. Cross-linking was stopped with 125mM
glycine for Smin. Cells were rinsed twice in phosphate
buffered saline (PBS), harvested using trypsination and
sedimented. Cells were resuspended in ice-cold lysis
buffer (1% SDS, 10mM EDTA, 50mM Tris—HCI, pH
8.0) containing protease and phosphatase inhibitors. Cells
were sonicated at 4°C using a Covaris S2 instrument to
yield chromatin fragments of 300-500 bp. Chromatin was
cleared by centrifugation, concentration determined by
A260, and chromatin was diluted in RIPA buffer (0.1%
SDS, 0.1% Na-deoxycholate, 1% Triton X-100, ImM

www.impactjournals.com/oncotarget

10

Oncotarget



EDTA, 0.5mM EGTA, 140mM NaCl, 10mM Tris—HCI,
pH 8.0) to 2 A260 units. Each immunoprecipitation
was performed in 250ul RIPA buffer with 1pug antibody
overnight at 4°C. The antibody: anti-HA-tag (12CAS,
Roche) was used. Antibody-bound chromatin was
precipitated using Dynabeads protein G (Invitrogen)
and washed 3 times in RIPA buffer, once in TE buffer
(10mM Tris—HCI, pH 8.0, 10mM EDTA) and eluted in
1% SDS with 100mM NaHCO3. Eluted chromatin was
incubated at 65°C with proteinase K (Sigma-Aldrich;
50ug/ml) over night, and DNA was purified by phenol-
chloroform-isoamylalcohol extraction (25:24:1) and
once with chloroform/isoamylalcohol (24:1) followed
by ethanol precipitation. DNA was dissolved in H20 and
used for high-throughput sequencing using an Illumina
Hiseq 2500 sequencer. The sequencing reads were
aligned to hg19 using Bowtie v.1.0.0, after which MACS
v 1.4.2 was used to call peaks. To get a common set of
peaks for the two samples, the two. bed files containing
the peaks were put together and sorted before using
BEDTools v2.7.1 to merge them. IntersectBed was then
used to get the number of reads falling into each peak
for all samples. The counts were read into R, where two
sets of normalized counts were computed, one using
size normalization and one using quantile normalization
from the package preprocessCore. Logfold2 change was
computed for the two CHIPed samples. CHIP vs INPUT
counts were plotted for Hermes4c and histograms were
made of the log fold change values.

Construction of pLX3xHAvar4mCh

The construction of pLX 3xHAvar4dmCh was
performed by two sequential clonings. The human MITF
variant 4 cDNA was prepared by PCR amplification of the
cDNA clone MGC:75121 (IMAGE:6066096) (Invitrogen)
using the BglII containing MITF forward primer:5'-AA
AAAAAGATCTACCATGCTGGAAATGCTAG-3" and
the EcoRI containing reverse primer: 5-AAAAAGA
TTTCATCTCGCTAACAAGTGTGC. Subsequent to
restriction digestion by BglIl and EcoRI the insert was gel
purified. The mouse equivalent of the human MITF var4
cDNA was removed from pCMV3xHAvar4 plasmid by
Bglll/ EcoRI endonuclease digestion [33]. The insert and
vector were then ligated overnight at 14°C, transformed
into chemically competent DH5a and selected candidates
were screened by PCR for the presence of the insert.
The successful construct pPCMV3xHAvar4 was digested
with Nhel/Xbal and the 5" 3xHA tagged MITF variant
4 fusion insert was isolated by gel purification. The
insert was then ligated into gene cleaned (Genomed)
Spel linearized pLVX IRES mCh (Clontech) producing
the Lenti-expression vector pLX3xHAvar4mCherry
and transformed into chemically competent STBL3
(Invitrogen). pLX3xHAvar4dmCherry was subsequently
sequenced to confirm the correctness of the insertion.

Production of lentiviral particles

Lentiparticles were produced in Lenti-X 293T
(Clontech) using the designated lenti-expression vector and
the second generation packaging system utilizing pCM V-
dR8.2 dvpr and pCMV-VSV-G as previously described [34]
with the following modification: The transfection reagent
Fugene (Promega) was replaced by Turbofect (Thermo Fisher
Scientific) and applied as recommended by the manufacturer.

Statistical analysis

P values were calculated using a student t-test.
Values p < 0.05 were considered statistically significant.
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MITF depletion elevates expression levels of ERBB3 receptor
and its cognate ligand NRG1-beta in melanoma

SUPPLEMENTARY METHODS

RNA interference

MITF-M3 siRNA molecule sequence: Sense
(5'- GCA-GUA-CCU-UUC-UAC-CAC-U -3’) anti sense
(5'- AGU-GGU-AGA-AAG-GUA-CUG-C- 3')

MITF-M1 siRNA molecule sequence: Sense
(5'- GGU-GAA-UCG-GAU-CAU-CAA-G -3') anti sense
(5'- CUU-GAU-GAU-CCG-AUU-CAC-C- 3"

MITF-M2 siRNA molecule sequence: Sense
(5'- AGC-AGU-ACC-UUU-CUA-CCA-C -3') anti sense
(5'- GUG-GUA-GAA-AGG-UAC-UGC-U- 3"

ERBB3 siRNA molecule sequence: Sense (5'- UCG-
UCA-UGU-UGA-ACU-AUA-A- 3') anti sense (5'- UUA-
UAG-UUC-AAC-AUG-ACG-A -3")

SOX10 siRNA molecule sequence: Sense (5'- GGU-
CAA-GAA-GGA-ACA-GCA-G -3') anti sense (5'- CUG-
CUG-UUC-CUU-CUU-GAC-C -3")

FOXD3 siRNA molecule sequence: M-009152-
03-0010, siGenome Human FOXD3 (27022) siRNA-
SMARTpool.

Quantitative reverse transcriptase PCR primers

Primers against MITF-M forward (5'-CAT-
TGT-TAT-GCT-GGA-AAT-GCT-AGA-3') and reverse
(5'-GC-TAA-AGT-GGT-AGA-AAG-GTA-CTG-C-3"),
MITF  forward (5-TTT-TCC-CAC-AGA-GTC-TGA
-AGC-3') and reverse (5-TGT-TAA-ATC-TTC-TTC-
TTC-GTT-CAA-TC-3'), ERBB3 forward (5-CTG-

SUPPLEMENTARY FIGURES AND TABLE

WM9I83B

ATC-ACC-GGC-CTC-AAT-3") and reverse (5-GGA-
AGA-CAT-TGA-GCT-TCT-CTG-G-3'), SOX10 forward
(5'-GAC-CAG-TAC-CCG-CAC-CTG-3") and reverse
(5'-CGC-TTG-TCA-CTT-TCG-TTC-AG-3"), FOXD3
forward (5'-GAA-GCC-GCC-TTA-CTC-GTA-CA-3') and
reverse (5'-CGC-TCA-GGG-TCA-GCT-TCT-T-3'), NRGlI
forward  (5-CCC-ATG-AAA-GTC-CAA-AAC-CA-3')
and reverse (5-CCG-GTT-ATG-GTC-AGC-ACT-CT-3")
TATA-binding protein (TBP) with forward primer 5’-GCC-
CGA-AAC-GCC-GAA-TAT-3' and reverse primer (5'-CGT-
GGC-TCT-CTT-ATC-CTC-ATG-A-3") and the human acidic
ribosomal phosphoprotein PO (RPLPO) with forward primer
(5'-CGC-TGC-TGA-ACA-TGC-TCA-AC-3") and reverse
primer (5-TCG-AAC-ACC-TGC-TGG-ATG-AC-3")

Production of mRNA molecules

3'3xHA-tagged MITFvar4 or 3'3xHA-tagged
MITFdnR215del (dominant negative) mRNA molecules
were produced as described previously [35].

mRNA transfection

Cells were seeded in 6-well plates and grown to
60% confluence before being transfected and incubated
for 24h with Lipofectamine 2000 (Invitrogen) combined
with 3'3xHA-tagged MITFvar4 or 3'3xHA-tagged
MITFdnR215del (dominant negative) mRNA molecules
according to the manufactures instructions.

“‘ - - MITF

Peee seew Some sesw seew @B | CRBB3

Histone H3

Ctr. NC#1 NC#2 Ml M2 M3

Supplementary Figure S1: Western blots showing the effect of negative siRNA controls and MITF siRNAs on MITF
and ERBB3 in the WM983B cell line. Representative western blots showing negative siRNA control and MITF siRNAs effect on
MITF and ERBB3 in WM983B after 72h. Two different negative siRNA control sequences (NC#1 and NC#2) and three different siRNA
sequences against MITF were used (M1-M3). siRNA-induced depletion of MITF was performed in triplicate. Histone H3 was used as
loading control.
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Supplementary Figure S2: MITF overexpression leads to reduction of ERBB3 mRNA levels in A375 and MeWo.
HA-tagged MITF wild type (3xHA-tagged MITFvar4) and its nonfunctional control HA-tagged MITF dominant negative (3xHA-tagged
MITFdnR215del) was overexpressed in A375 A. and MeWo cells B. by mRNA transfection. The expression of MITF, ERBB3, TYR and
MEK were assessed by qRT-PCR 24hr post mRNA transfection in A375 (A) and MeWo (B) cells. In addition the expression of NRG1-beta
was also assessed in A375. Bars represent mean + SD of three separate experiments.
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Supplementary Figure S3: The effect of NRG1-beta ligand upon pERBB3 levels. Representative western blots showing
pERBB3 levels after various siRNA treatments against ERBB3, MITF, and the ERBB3/MITF combination, either without NRG1-beta
ligand or with 10ng/ml NRG1-beta ligand for 15min prior to harvesting.
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Supplementary Table S1: Characterization of the cell panel used in the study

Cell line Stage BRAF H/N-RAS NF1 MITF ERBB3 SOX10 FOXD3
Hermes 4C  Melanocyte WT WT WT 3 3
Hermes 3¢ Melanocyte WT WT WT 3 2
WM35s Primary  V600E het WT WT 3 2 3 1
WM793B  Primary V600Ehet  WT wr O 1
WM115 Primary  V600E het WT WT 2 3 3 3
WM1341B Primary  V600E het WT WT 3 2 3 1
WM1366 Primary WT 61L WT 0 0 0 1
WMI83B Metastatic V600E het WT WT 2 3 3 3
WM45.1 Metastatic V60OE het WT WT 3 2 3 1
WM239 Metastatic V60OE het WT WT 2 2 2 3
WM266.4 Metastatic VO0OE het WT WT 2 2 3 3
WMS852 Metastatic WT 61R WT 0 0 0 1
WM1382 Metastatic WT WT WT 2 2 3 3
LOXIMVI  Metastatic V600D het WT WT 0 0 0 0
SKMEL28  Metastatic V600E hom WT WT 3 2 3 2
MeWo Metastatic WT WT Q1336 2 2 3 1
A375 Metastatic V600E hom WT WT 1 1 1 1
WM9 Metastatic V600Ehet ~ WT vi [ 2

The table shows cell lines used in the study and their respective disease stage, mutational status (BRAF, RAS, NF1) and
relative amount of SOX10/MITF/FOXD3 and ERBB3 mRNA expression levels (3>2>1>0). Strongest inverse association

between MITF and ERBB3 expression are marked with black boxes, while medium is marked with grey boxes
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Abstract

The MC1R/cAMP/MITF pathway is a key determinant for growth, differentiation, and
survival of melanocytes and melanoma. Here we use two melanocyte lines to show
that forced expression of HA-tagged MITF-M through lentiviral transduction represents
an oncogenic insult leading to consistent cell transformation in the MC1R compound
mutant and immortalized melanocyte cell line Hermes 4C, but not in the MC1R wild
type cell line Hermes 3C. Transformed HA-tagged MITF-M transduced Hermes 4C
form colonies in soft agar, grow tumors in mice, display increased MITF chromatin
binding, and transcriptional reprogramming. Consistent with an invasive melanoma
phenotype, gene expression analyses show increased transcription of epithelial-
mesenchymal transition genes and repression of key melanocyte-specific genes in the
transformed cells. Mechanistically, forced expression of MITF-M drives the
upregulation of AXL, with concomitant downregulation of PTEN, which leads to
increased activation of the MAPK and PI3K pathways. Interestingly, treatment with
AXL inhibitors reduces growth of the transformed cells by reverting AKT activation.
Notably, immortalization of the Hermes melanocytes recapitulates the most common
features of heritable melanoma, by an introduced aberration in the RB1/p16/CDK4
pathway and an hTERT alteration. An analysis of the TCGA melanoma cohort revealed
high prevalence of MC1R loss of function, which points to the clinical relevance of this
melanogenesis model.

In conclusion, here we show that in the context of inactivation of MC1R, and
independent of sun exposure, MITF-M dysregulation can lead to melanoma
development. The model presented provides a basis for further study of critical

changes in the melanocyte transformation process.



Introduction

Cutaneous melanoma (CM) arises from melanocytes, and is the most aggressive form
of skin cancer (1). Only 1% of all skin cancers are melanomas, but they are responsible
for more than 75% of all skin cancer-related deaths (1). Surgery and chemoprevention
have been persistent treatment options, until the more recent additions of BRAF and
MEK inhibitors, followed by emerging immunotherapy options. However, no effective

cure is yet available for highly metastatic melanoma (2).

The cyclin-dependent kinase inhibitor 2A (CDKN2A) gene was identified as the first
melanoma susceptibility gene more than 20 years ago, and continues to be the main
high-risk gene for familial melanoma (3). CDKN2A encodes two transcripts with
alternative transcriptional start sites, ie. p16INK4a and p14ARF (4). The p16-
retinoblastoma (Rb) pathway controls cell-cycle G1-phase exit, while the p14ARF-p53
pathway promotes cell cycle arrest and apoptosis. In addition to being mutated in
familial melanoma, p16INK4a forms a functional protein complex with CDK4, and
cyclin D1, leading to phosphorylation of the RB1 protein, with subsequent impact on
the G1-S control of the cell cycle. This signaling is altered in 90-100% of melanomas
(5, 6) through alterations in these proteins, and germline CDKN2A mutations have

been found in up to 20-40% of the melanoma-prone families worldwide.

In case-control studies, the melanocortin-1 receptor (MC1R) has been found to be a
low-risk melanoma susceptibility gene (7, 8), and MC1R variants have been shown to
increase the melanoma frequency in families possessing CDKN2A mutations (9).
Recently, it has been proposed that a malignant transformation of melanocytes

expressing CDKN2A mutation and MC1R loss-of-function allele(s) requires acquisition



of somatic mutations, facilitated by the MC1R genotype or aberrant microenvironment
due to CDKN2A (10). The MC1R gene locus is highly polymorphic in populations of
European ancestry, and more than 200 coding region variants have been identified to
date, with a combined prevalence of any MC1R variant being present in ~60% of
healthy controls. Among these variants are the red hair color (RHC) variants
associated with red hair, light skin, poor tanning ability, and heavy freckling (11).
Carriers of any MC1R variant have been shown to have a 66% higher risk of
developing melanomas compared to wild-type subjects (12). The relative melanoma
impact of RHC- or non-RHC variants is still being debated, as population-specific allele
frequencies exist, and with differing disease consequences (12-14). Individuals of
European ancestry have a higher incidence rate for CM than non-Europeans, which is
attributed to their fair skin type. The degree of UV-protection in the skin is defined by
the amount and type of pigment mediated from the melanocortin-1 receptor (MC1R).
UVB exposure triggers the PTEN protein interaction with wild-type, but not RHC-
associated, MC1R variants, protecting PTEN from degradation, and leads to AKT
inactivation (15). Functionally, the MC1R pathway normally leads to pigmentation of
melanocytes through increased cytosolic cCAMP, which activates the Microphthalmia-
associated Transcription Factor (MITF). Therefore, RHC variant carriers exhibit
reduced cAMP production, resulting in reduced eumelanin production with
consequently decreased photoprotection (16). Solar ultraviolet (UV) radiation exposure
is deemed a common risk factor for the initiation of CM, through induction of
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone
photoproducts (6-4PP) in DNA, leading to somatic mutations impacting cellular

function (17). However, evidence exists that melanoma also occurs in non-sun



exposed skin (18-20), and this argues for additional factors contributing to the

development of melanoma.

In recent years, significant progress has been made in the understanding of the genetic
basis of both sporadic and familial melanoma. New melanoma susceptibility pathways
have emerged (21), and a gain-of-function mutation detected in the microphthalmia-
associated transcription factor isoform 4, or MITF-M (hereby referred to as MITF),
p.E318K, has been associated with both familiar and sporadic melanoma susceptibility
(22). Carriers of this variant are associated with high nevi counts and a 3 to 4-fold
increased risk for melanoma incidence. The MC1R/cAMP/MITF pathway is implicated
in growth, differentiation and survival of melanocytes, as well as in malignant
melanoma (23, 24). MITF is essential for melanocyte development, function and
survival. However, MITF has also been shown to possess oncogenic potential in
immortalized melanocytes having BRAFVG600E activating mutation (25). Besides
MITF, it has currently also become evident that several high penetrance genes
involved in telomere lengthening (TERT) or telomere maintenance play a role in familial
melanoma predisposition (26), as well as other genes, such as BAP1, POT1, ACD,

and TERF2IP (27).

Here we report the use of the immortalized melanocyte cell lines Hermes 3C and 4C
to establish a model for studying the mechanisms underlying the non-UV related
mechanisms of melanoma initiation and progression in the context of familial
melanoma. The Hermes 4C line recapitulates essential features of the most frequent
familial high melanoma risk factors in being RHC, as a compound heterozygote MC1R,

R160W/D294N, which results in inactivation of the MC1R protein, combined with



having a loss of CDKNZ2A function and being TERT-expressing. Hermes 3C is WT for
MC1R, but otherwise carries the same alterations as Hermes 4C. Here we show that
forced expression of human influenza hemagglutinin (HA)-tagged MITF leads to
oncogenic transformation of Hermes 4C but not Hermes 3C. The transformation of
Hermes 4C is characterized by an epithelial-mesenchymal transition (EMT)-like
phenotype, reduced PTEN expression, and hyperactivation of pAKT via the receptor
tyrosine kinase (RTK) AXL. The transformed cells acquire an invasive-like cell state
with a transcriptional profile resembling those of established melanoma cell lines

models and patient biopsies, which, importantly, respond to AXL inhibitors.



Results

MITF dysregulation induces transformation in an MC1R-mutated genetic
background

Gray-Schopfer et al. developed immortalized melanocyte cell lines for both wild type
and RHC MC1R alleles (R160W/D294N), called the Hermes 3 series and the Hermes
4 series, respectively (28). We selected the cell lines immortalized via ectopic
expression of hTERT and inactivation of the RB1/p16/CDK4 complex through
transduction of HPV16-E7. The lines Hermes 3C, and Hermes 4C, have been shown
to display diploid chromosomes, melanocytic growth requirements and normal
morphologies, thus broadly retaining the in vitro culture features of normal

melanocytes.

In order to investigate the role of MITF on the enhanced risk of developing melanoma
in varying RHC background, HA-tagged MITF was introduced in both the wild type
MC1R Hermes 3C and in the compound mutant MC1R R160W/D294 Hermes 4C
melanocytes. The resulting cells are hereafter referred as 3C-HA-MITF and 4C-HA-
MITF, respectively. To confirm successful transduction, we measured exogenous and
endogenous MITF levels by both western blotting and RT-PCR (Fig. 1A and B).
Surprisingly, we found that endogenous MITF was downregulated to undetectable
levels examining both RNA and protein in 4C-HA-MITF, and to a lesser degree in 3C-
HA-MITF, when compared to their respective control transduced lines, hereafter
referred as 3C and 4C (see methods). We also found that SOX10, a transcriptional
activator of MITF transcription and a major cofactor of MITF in the pigmentation

process was concomitantly suppressed in 4C-HA-MITF (Fig. 1A and B).



Both SOX10 and MITF are important factors of melanocyte biology, including
mediating pigmentation of melanocytes (29). On harvesting the cells, we observed a
loss of pigmentation in the transduced HA-MITF cells, which was more marked in 4C-
HA-MITF pellets (Fig. 1C), compared to 3C-HA-MITF. To investigate the cause of the
pigment loss, we examined whether the inserted HA-tagged MITF protein was
functionally active. We were able to detect activation of the tyrosinase promoter (an
acknowledged MITF target) in 3C-HA-MITF, but not in 4C-HA-MITF (Supplementary
Fig. 1A), by RT-PCR. We also verified the functionality of the HA-MITF protein by
transducing an established osteosarcoma cell line, U20S, known to be available for
MITF-induced tyrosinase activation (30). Transduction of U20S cells with HA-MITF did
indeed induce expression of tyrosinase transcripts, while transduction of the empty

control (IRES) did not (Supplementary Fig. 1B and C).

Importantly, after lentiviral transduction of HA-tagged MITF, we also observed a
transformed morphology in 4C-HA-MITF, which we did not observe in 3C-HA-MITF
cells (Fig. 1D), in terms of loss of dendricity, flattening and more spread morphology,
and greater clustering of cell distribution. To validate that Hermes 4C cells were indeed
transformed after HA-MITF transduction, we subjected the Hermes lines and
derivatives to a growth factor independence assay. Only 4C-HA-MITF cells were able
to form colonies under these conditions (Fig. 1E). Similarly, only these cells displayed
anchorage-independence in a growth assay on soft agarose (Fig. 1F). Growth and cell
proliferation assays confirmed that HA-MITF transduction enhanced proliferation and
viability of 4C, but not 3C, in the presence and absence of cholera toxin
(Supplementary Fig. 1D-H). The transformation was reproduced four out of four times

at similar frequencies (data not shown).



In order to examine the possibility that the transformation could be due to other
mutations possibly incurred through the experimental procedures, we assayed for
BRAF mutations and performed whole exome sequencing in both HA-MITF transduced
cells and non-transduced parental cell lines. We could not identify any alterations in
the transduced cell lines, when compared to their respective controls. A list of identified
somatic variants, and status of CDK4, CDKN2A, MITF and MC1R, in all cell lines is
reported in Supplementary Table 1. Next, to verify the tumorigenic potential, we
xenografted Hermes 4C (parental), 4C (control transduced), and the derivative 4C-HA-
MITF cells into NOD scid gamma (NSG) mice. All the mice injected with 4C-HA-MITF
cells developed tumors (n=10; Fig. 1G), while mice injected with the other cells did not.
The tumors were passaged to new mice to investigate whether it could be considered
a stable line that would continue to grow. We indeed found that palpable tumors re-
formed in shorter time spans after passaging than in the initial engraftment (Fig. 1H-1).
We then investigated and confirmed the levels of HA-MITF in the tumor xenografts by
Western blotting and RT-PCR to ensure that the tumors were the result of outgrowth
of 4C-HA-MITF transformed cells (Supplementary Fig. 1I-M). Taken together, these
data suggest that forced expression of HA-MITF in the context of RHC MC1R, appears

to be an oncogenic insult inducing melanomagenesis.

Dysregulation of MITF alters the melanocytic transcriptional program

In order to identify direct targets of MITF, we performed RNA-seq of the parental
Hermes 3C and Hermes 4C cells following MITF knock down (KD) using siRNA against
MITF. Analysis of significantly (p<0.05 and |log2 fold change| > 1) differentially

expressed genes (DEGs) returned a highly co-expressed (>50%) set of 235 putative
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direct gene targets of MITF in the Hermes 3C line, and a set of 543 in the Hermes 4C
line (Fig. 2A and Supplementary Table 2), of which 129 were overlapping, indicating
that dysregulation of MITF transcriptionally affects the Hermes 4C more than the
Hermes 3C cells. Of the 235 genes affected in Hermes 3C, 91 genes were
downregulated, and melanosome and pigmentation regulation were the most
significantly enriched functional associations of these genes (Fig 2A and
Supplementary Fig. 2A). The 144 upregulated genes upon MITF KD in Hermes 3C
were ontology-enriched for terms associated to both response to interferon signaling,
to angiogenesis, and development of neural and other adult tissue (Fig 2A and
Supplementary Fig. 2B). Similar ontologies were also enriched within the 270 genes
upregulated upon KD of MITF in Hermes 4C cells (Fig. 2A and Supplementary Fig.
2C). In Hermes 4C cells, MITF downregulation induced downregulation of 273 genes
with functions related to metabolic processes implicated in pigmentation, but also to
protein modifications such as O-linked glycosylation and phosphorylation (Fig. 2A and
Supplementary Fig. 2D). Other genes encoding proteins within the PI3K-AKT pathway
and the canonical MYC pathway were also downregulated by MITF KD in the Hermes
4C cells. Interestingly, the PI3K-AKT pathway, which is commonly activated in many
cancers, including melanoma (31), seems to be under MITF regulation in Hermes 4C
with the MC1R inactive variant background. Moreover, in Hermes 4C, MITF in seems
to selectively maintain the expression of genes deputed to epithelial differentiation,

proliferation and migration (Fig. 2A and Supplementary Fig. 2E).

Overall, these data suggest that MITF directs the expression of different target genes

in the MC1R variant-bearing cell line Hermes 4C, compared to the MC1R WT cell line

Hermes 3C.
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We then compared array-based gene expression data of 3C-HA-MITF and the
transformed 4C-HA-MITF to their control-transduced counterparts 3C and 4C
(Supplementary Table 3). In agreement with our results on MITF KD in parental
Hermes cells, 4C cells were most affected by the transduction of HA-MITF (Fig. 2B).
About four times more genes were significantly differentially expressed in 4C-HA-MITF
than in 3C-HA-MITF, compared to their control-transduced counterparts. The genes
scored as downregulated in 4C-HA-MITF cells were associated to melanosome
formation and pigmentation, reflecting a progressive loss of cell identity and
differentiation (Fig. 2B) and indicating a loss of MITF canonical function in these cells.
Upregulated genes in 4C-HA-MITF mostly reflected an increased metabolic activity
and responses to external signaling, such as response to cytokines and cell adhesion.
GSEA retrieved gene sets such as that downregulated in the NCIG0 panel in
association with p53 mutation (P53_DN.V1_DN [192] (p= 6.05 e3"), and the gene set
up-regulated in fibroblasts after KD of RB1 (CHICAS_RB1_TARGETS_CONFLUENT
[567] (p=1.89 e7)), respectively, suggesting a possible implication of p53 function, and
pRB in the process of transformation of 4C-HA-MITF. Interestingly, we could not
observe a marked (log10 (p)< -5.0 = p<0.00001) enrichment of biological processes
among downregulated genes in 3C-HA-MITF vs 3C-control, while upregulated genes
showed enrichment for unfolded protein response and ER stress-related genes (Fig.
2B), suggesting that 3C cells may use these pathways to avoid transformation (32).

Next, to restrict the search for important MITF target genes mediating 4C-HA-MITF
transformation, we focused on genes exclusively upregulated in 4C-HA-MITF versus
4C that were not upregulated in 4C versus 3C, nor in 3C-HA-MITF versus 3C (Fig. 2C).
We shortlisted 205 highly upregulated genes in 4C-HA-MITF (Supplementary Table 3).

Interestingly, some of the 205 genes were among the top-listed MITF siRNA-treated
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direct target genes, including GREM1, SPOCK1, TGFBI, AXL, EGFR and IL6 (Fig.

2C).

GSEA of the 205 genes revealed a marked enrichment (17.5%; p=3.57 %) of genes
encoding proteins implicated in epithelial to mesenchymal transition (EMT; Fig. 2D and
Supplementary Table 3). Among them e.g. GREM1, SPOCK1, TGFBI, AXL, and IL6
have all been associated with EMT (33-37). Therefore, we took an unbiased approach
to define whether the EMT was the process that led to the transformation of 4C-HA-

MITF.

First, we used a set of 200 genes defining EMT from GSEA (gene set:
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION [200]) for cluster analysis
of the control 3C and 4C cell lines and their transduced derivatives (Supplementary
Fig. 2F). 4C-HA-MITF clustered separately from the other cell lines. A core set of 35
genes (out of the 200 genes contained in the Hallmark EMT GSEA signature) was
consistently upregulated exclusively in these 4C-HA-MITF cells (Fig. 2E), suggesting
that EMT is a result of the HA-MITF transduction leading to 4C transformation. In order
to examine whether tumor samples could be clustered with this EMT-related gene
signature, we reanalyzed the melanoma TCGA data. This analysis recapitulated
previous findings from Verfaillie et al. (38), displaying a distinct separation of invasive
and proliferative tumor phenotypes characterized by EMT, based on expression profile
(38). One of the major determinants of the invasive subgroup was indeed the
mesenchymal signature. According to the definition of the invasive phenotype by
Verfaille (38), the 4C-HA-MITF is a cell line resembling an invasive tumor

(Supplementary Fig. 2G).
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Taken together these data suggest that HA- MITF in the context of MC1R inactivation
induces upregulation of direct MITF targets of EMT-related genes, in this way inducing

oncogenic transformation with subsequent acquisition of invasive properties.

MITF binding to the chromatin in melanocytes carrying MC1R-inactivating
variants is increased compared to wild-type MC1R carrying melanocytic cells

Given the transformation of 4C cells when transduced with HA-MITF, we hypothesized
that differential binding to chromatin might be a factor in the transformation process.
To this end, we performed a chromatin immunoprecipitation followed by sequencing
analysis (ChlP-seq). The reason for utilizing an HA-tag in our construct was that high-
quality antibodies specific for the MITF-M protein isoform are still lacking. We therefore

utilized the HA-tag to ensure antibody-specificity to the MITF-M isoform.

We performed two biological ChIP-seq experiments in each cell line, and identified
42075 high confidence (common to both experiments) MITF-M binding sites
(MITFBSSs) in 3C-HA-MITF cells, and almost twice as many (80215 high confidence
sites) in 4C-HA-MITF cells. The MITFBSs overlapped to a significant extent between
the two cell lines, as approximately 70% of the MITFBSs in 3C-HA-MITF were also
found in 4C-HA-MITF (Fig. 3A), and therefore we defined them as consensus
MITFBSs, as opposed to the union of all MITFBSs found in the two cell lines, which

we called compendium MITFBs.

To evaluate the quality of the MITFBSs observed in the Hermes cell lines, we

compared our MITF-M ChlP-seq data with data from previously published data (39)

(Fig. 3A). Common MITFBSs found in both Hermes cell lines overlapped 40-60 % with
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these datasets. We further noted that less than 30% of the MITF bindings sites found
in the three melanoma cell lines COLO829 (40), MM031, and MMO011 (38), for which
public data on MITF Chip-seq were available, overlapped. Around 50% of the MITFBSs
have been reported to locate in a 10Kb segment around the transcription start sites
(TSSs) in the melanoma cell line 501Mel (41), while more distant MITF bound
enhancers, such as one -67Kb away from the MET gene, have also been shown to be
clinically relevant (40). In line with previously published results on melanoma cell lines
and melanocytes (38, 40, 42), we found that MITFBSs present in both Hermes cell
lines were more frequent in promoter-proximal regions (+- 1Kb from TSSs), as well as
in intronic and intergenic regions (Fig. 3B). 70% of the genes modulated by
transduction of HA-MITF in Hermes cells had at least one MITFBs within 25kb
upstream and downstream of the gene (Supplementary Table 2). The binding of HA-
MITF was nevertheless enhanced in 4C-HA-MITF cells, with multiple MITFBSs in
proximity of several of these genes (e.g. AXL, IL6, TGFBI, and EGFR,) compared to
HA-MITF binding in 3C-HA-MITF (Supplementary Fig 3A-D). Based on this, we
proceeded to validate the expression changes for AXL, IL6, TGFBI, SPOCK1, and
GREM1 in the Hermes cell lines, via RT-PCR (Fig 3C). We further found that HA-MITF
was bound to the promoter regions of both the MITF and SOX70 genes in both cell
lines (Supplementary Fig. 3E-F), and we verified MITF binding by use of ChIP-gPCR
(Supplementary Fig. 3G). The data suggest that these loci are under complex
regulation by MITF in both cell lines, and support the recent findings that both MITF
and SOX10 are transcriptionally regulated by MITF-M (43). An enrichment analysis of
binding of MITF of the ChIP-seq reads around the MITF consensus motifs indicated
enhanced binding of MITF in 4C (Fig. 3D) and compendium (Supplementary Fig. 3H)

MITFBSs in Hermes cells.

15



MITF binding is associated with open chromatin

Next, to examine whether MITFBSs could be associated with chromatin structure as
mapped in a melanoma setting, we compiled high-confidence maps (see Methods) of
open genomic regions enriched for H3K27Ac and H3K27me3 marks, indicating active
or repressed chromatin, respectively, from twelve melanoma cell lines taken from
published studies (38), and performed the same enrichment analysis of MITF ChlP-
seq reads in 3C- and 4C-HA-MITF cells. We found that MITF chromatin binding in 4C-
HA-MITF is enhanced preferentially in open regions associated with active
transcription, as marked with H3K27Ac (Fig. 3E and Supplementary Fig. 3I-J), and as
opposed to regions marked with the repressive mark H3K27me3 (Supplementary Fig.
3K). We also compiled high-confidence MITFBSs maps from the three melanoma cell
lines COLO829, MMO011, and MMO031, having constitutively active expression of
BRAFV600E (38, 40). Enrichment analysis of MITF ChIP-seq reads on these mapped
sites revealed an increased frequency of MITF binding in 4C-HA-MITF cells (Fig. 3F

and Supplementary Fig. 3L).

A motif-enrichment analysis was undertaken for both 3C and 4C -HA-MITF cells
consensus MITFBSs (Supplementary Fig. 3M-N). The main 3C-HA-MITF-binding
patterns related to the E-box-binding patterns (44), while the 4C-HA-binding patterns
related to AP-1 transcription factors, including FRA1 (FOSL1), FOSL2, and JUN-AP1.
In a de novo motif discovery analysis looking for motifs of length between 6bp and
18bp, we again found that in 3C-HA-MITF cells, the E-box motifs were the top enriched
motifs (Fig. 3G). In 4C-HA-MITF, other binding motifs were more prominent, notably

factors previously reported to be involved in phenotype switching to an invasive
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phenotype having low MITF expression, such as FRA1 (FOSL1), TEAD, NFKB1 (Fig.
3H) (38, 45). Taken together, these results indicate that transformed melanocytes with
MC1R-loss of function variants display an enhanced MITF-binding to the chromatin
compared to MC1R WT-carrying melanocytic cells. However, these results do not

delineate the sequence of events controlling the observed transformation.

MITF-dependent dysregulation of AXL contributes to altered proliferation of 4C-
HA-MITF cells

We sought to examine how MITF dysregulation could impact the increased proliferative
potential of the 4C-HA-MITF cells. AXL was one of the top upregulated genes in 4C-
HA-MITF cells (Fig. 2C and Fig. 3C). Previous studies have implicated the activation
of the AKT pathway by AXL in melanoma (46). We first confirmed selective AXL
upregulation in the transformed 4C-HA-MITF cells at the protein level (Fig. 4A). AXL
was also upregulated in 4C-HA-MITF xenografts at the mRNA level (Fig. 4B) and
protein level (Supplementary Fig. 11). We hypothesized that AXL upregulation would
result in AKT activation also in our melanoma transformation model. By Western-blot
analysis, we confirmed that under cholera toxin-starved conditions, 4C cells, and to a
greater extent 4C-HA-MITF cells, displayed higher basal levels of pERK and pAKT,
compared to the 3C and 3C-HA-MITF cell lines (Fig. 4C)), which could be seen also in
the xenografted 4C-HA-MITF (Supplementary Fig. 1l). The expression data also
revealed that PTEN, a known suppressor of the PI3K/AKT pathway, showed lower
expression in 4C-HA-MITF compared to 4C (Supplementary Table 2). Accordingly, we
found that PTEN was significantly downregulated in 4C-HA-MITF compared to 4C at
the protein (Fig. 4C) and mRNA level (Fig. 4D), while this was not the case in 3C-HA-

MITF versus 3C cells. To examine whether PTEN downregulation could directly
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increase pAKT, we depleted PTEN by siRNA transfection in the 4C cell lines. As
expected, 4C and 4C-HA-MITF responded with an increase in pAKT phosphorylation
upon PTEN depletion, demonstrating a repressive effect of PTEN upon PI3K signaling

(Fig. 4E).

Next, we targeted AXL by an AXL siRNA and an AXL inhibitor (R428) to assess
whether this could counter the increased proliferation observed in 4C-HA-MITF cells.
Depletion of AXL by the siRNA and inhibitor abolished the phosphorylation of AKT,
while only the siRNA reduced the AXL level (Fig. 4F). Surprisingly, the inhibitor seemed
to increase the expression of AXL. AXL inhibition alone led to the greatest reduction of
cell proliferation and viability (Fig. 4G-H). To explore whether the decrease in cell
proliferation and viability was due to pAKT reduction itself or other possible effects of
the AXL inhibitor, we used an AKT inhibitor (MK-2206) and a MEK inhibitor (Trametinib)
(Fig. 41 and 4G, respectively), which proved highly effective in inhibiting AKT-induced
growth and survival of 4C-HA-MITF cells (Fig. 4G-H). We found that inhibiting the
MAPK pathway using Trametinib was less effective than targeting the PI3K-AKT
pathway using the AKT inhibitor MK-2206. Together, these findings suggest that 4C-
HA-MITF transformation is highly dependent on transcriptional upregulation of AXL by

HA-MITF, and that this leads to activation of the PISK-AKT pathway.
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MC1R inactivation is a feature of melanoma

MITF is amplified in around 20% of melanoma tumors, and this is thought to contribute
to tumor progression (47). It is also known that the variants of MC1R that inactivate or
reduce the function of the receptor have been linked to an increased risk of developing
melanoma, especially under sun exposure (11). We therefore examined The Cancer
Genome Atlas (TCGA), containing a panel of 470 melanoma cases, for expression
status of MITF (Supplementary Fig. 4A), and 10-15% of the tumors had relatively high
expression of MITF (Z-score > 1). We found no correlation between MITF and MC1R
expression status. However, more than 60% of the samples presented with inactivating
variants of MC1R (Fig. 4J), and this percentage was similar in highly expressing MITF
tumors. Regardless of the lack of correlation between MITF expression and MC1R
status, MC1R inactivation appears to be a crucial feature of the majority of malignant
melanomas. The frequency of occurrence of point mutations in the MC71R gene was in
the range of 39% in this dataset, with samples having an MC1R variant with one
mutation, while 28% had variants of MC1R with two to four mutations (Fig. 4J and
Supplementary Table 4). The most frequent mutations in the MC1R gene reflected
variants associated prevalently with risk of melanoma, photoaging, and with
phenotypes such as red hair and light skin (RHC phenotype) (Fig. 4K). This frequent
MC1R inactivation as a feature of melanoma is compatible with MITF-M dysregulation

in the context of defective MC1R with subsequent resultant melanomagenesis.
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Discussion

The mechanisms behind oncogenesis in melanoma are currently not well understood,
as the availability of relevant experimental models is limited. We present here a
melanomagenesis model based upon melanocyte cells that recapitulate features of
heritable melanoma to study the association between MC1R and oncogenesis. In our
model, we find that the lineage-specific master regulator of melanocyte development
and survival, MITF, acts as an oncogene when transduced in the form of HA-MITF in
an hTERT/RB1/CDK4/p16/MC1R RHC background. Transformation of melanocytes
was first described by Garraway and colleagues as an event that required dual
transduction of BRAFV600E and HA-MITF in an hTERT/p53DD/CDK4(R24C)
background (47). Later, it has been suggested that BRAFV600E-transduction alone is
sufficient for transformation of hTERT/p53DD/CDK4(R24C) human melanocytes
depleted for MC1R, in that MC1R WT protects PTEN protein against degradation after
UVB-exposure (15). Loss of this function in the form of MC1R RHC, followed by
degradation of PTEN, is associated with enhanced PI3K/AKT pathway signaling (15).
Epigenetic, mutational and deletion events are believed to account for PTEN
dysregulation in as many as 40-50% of sporadic melanomas (48). Interestingly, the
PI3K/AKT pathway has been found to disrupt BRAFV600E-induced senescence (15),
which further emphasizes an oncogenic role of this signaling pathway within melanoma

initiation and development.

In the model presented here, HA-MITF transduction alone is sufficient to induce
transformation of 4C cells. The transformed melanocytes (MC1R RHC) display
increased MITF-binding to the chromatin compared to MC1R WT-carrying melanocytic

cells. Moreover, MITF-binding reflects aberrant chromatin structure observed in
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melanoma (38). Interestingly, the binding distribution of MITF coincides with DNA
motifs of TFs involved in melanoma development such as SOX10, MITF, AP-1, TEAD
and others. In agreement with Verfaillie et al. and others (38, 49), we also observe a
concomitant transcriptional reprogramming with subsequent acquisition of invasive
properties after the loss of endogenous transcription factors SOX10/MITF and gain of
FOS/FOSL (members of AP-1). The role of HA-MITF behind the transformation
process needs further clarification. However, in agreement with previous reports (50),
our study suggests a negative feedback loop controlling transcriptionally the
expression of both SOX10 and MITF. The transition from a proliferative towards an
invasive phenotype was further characterized by upregulation of relevant EMT genes
such as AXL. We identified PTEN downregulation and up-regulation of AXL receptor
and its cognate ligand GASG6, all modulators of the PI3SK/AKT signaling pathway (51).
Consistently, we find activation of AKT, and ERK, to a lesser extent. Moreover, growth
and proliferation of the transformed cells is effectively disrupted by the use of AKT or
AXL inhibitors, supporting the hypothesis that PI3BK/AKT signaling pathway is the main

driver of proliferation.

In conclusion, we propose a model of melanomagenesis based upon the innate
oncogenic properties of MC1R RHC, representing enhanced risk for PI3K/AKT
pathway activation and oncogenic transformation in families possessing CDKNZ2A loss
of function. Our study opens the path for further investigations on the potential

oncogenic role of MITF-M as a molecular switch in MC1R RHC backgrounds.
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Methods

Cell lines and culture conditions

The immortalized melanocyte cell lines Hermes 3C and 4C were purchased from
Wellcome Trust Functional Genomics Cell Bank. All Hermes lines and their derivatives
were cultured as described previously (39) with the following modifications: RPMI was
replaced by M254 medium (Cascade Biologics) and cells were incubated in 5% CO».
Sk-Mel-28 was purchased from ATCC and grown in RPMI (Sigma Aldrich) with 8%
FBS (PAA), 5% COo, at 37°C. U20S cells were obtained from ATCC and grown in
RPMI (Sigma Aldrich) with 8% FBS (PAA), 5% CO2, at 37°C. Further details about
clonings, constructs, and lentiviral production, culture conditions, growth factor and
anchorage independence assays, as well as siRNA experiments, isolation of RNA, and

establishment of tumor xenografts are provided in Supplementary methods.

Generation of Amino terminal 3xHA tagged MITF Hermes melanocytes

Hermes 3C and Hermes 4C melanocytes were subjected to lenti-particle transduction
of pLX 3xHAvardmCh (vector expressing 3xHA tagged MITF-M (variant 4)) or control
vector pLVX IRES mCh at a MOI of < 1. After 5 passages the cells were sorted for the
expression of bicistronic mCherry and allowed to expand further. Stable cell lines were
subsequently re-sorted based on the presence of mCherry and used further. Cell
sorting was performed by flow cytometry at the Oslo University Hospital Core Facility.
This process resulted in four cells lines which we called 3C and 4C, for control vector
transduced cells, and 3C-HA-MITF and 4C-HA-MITF, for cells transduced with the

vector expressing 3xHA tagged MITF-M.

22



Western Blot analysis

Western Blot analysis was performed as previously described (39). The following
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA); MITF
(1:1000; #12590), SOX10 (1:1000; #14374, Phospho-Akt-Serine-473 XP (1:2000;
#4060), Phospho-ERK —Thr202/Tyr204) XP (1:3000; #4370), PTEN XP (1:1000;
#9188) and Histone H3 (1:3000; #4499) was used as loading control. ), anti-HA-tag
(12CA5) was purchased from Roche. Secondary antibody against rabbit (1:5000;

P0448) was purchased from Dako (Agilent Technologies, Glostrup, Denmark).

Establishment of xenografts

Animal experiments were approved and performed as stated by the Norwegian Animal
Authority (Permit number 12080), and conducted according to the regulations of the
Federation of European Laboratory Animal Science. NSG mice were anesthetized with
3% Sevoflurane (Baxter) and subcutaneously injected on both flanks with 5 million of
Hermes 4c (parental), Hermes 4c transduced with pLVXIRESmMCh (vector control
transduced 4C cells) and Hermes 4c cells transduced with pLX3xHAvar4mCh vector
(4C-HA-MITF) in 200ul RPMI1640. Tumor volume and body weight was registered

once a week. More details are provided in the Supplementary Methods.
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Chromatin immunoprecipitation
3C-HA-MITF and 4C-HA-MITF were used for the Chromatin immuno-precipitation with
sequencing (ChlP-seq) experiments in two replicates, essentially as described in (39)

using anti-HA-tag (12CA5) for immuno-precipitation of HA-tagged MITF.

Quantitative reverse transcriptase and ChiIP -PCR

Quantitative real time and ChIP PCR were performed as previously described (39).
Primers used for ChIP-PCR (proximal to MITF, SOX10, TGFBI, AXL, IL6, EGFR,
PRM1 genes) and primers used for Real-time (MITF-M, SOX10, TBP, RPLPO, AXL,
SPOCK1, GREM1 and IRES) were purchased from Integrated DNA technologies
(IDT). Primers for PTEN, TGFBI and IL6 were purchased from Bio-RAD Laboratories,

Inc., CA. All sequences are given in Supplementary Table 5.

ChIP, RNA, and exome sequencing, expression microarray hybridization, and
analyses

ChIP-seq analysis was performed as previously described (52) with minor
modifications described in Supplementary methods. Reads distribution was performed
with bwtool (53) with average of both replicates, motif analysis with de novo discovery
settings looking at motifs from 6 bp to 18bp and peaks annotations on genomic features
with HOMER package (54).

High-confidence maps of genomic regions enriched for H3K27Ac (36357 sites),
H3K27me3 (49821 sites), and open chromatin (11065 sites) were compiled with
Bedtools (55) intersecting ChlP-seq data for H3K27Ac, H3K27me3 and Formaldehyde
assisted isolation of regulatory elements (FAIRE)-seq datasets of 12 melanoma cell

lines (MM00O1, MM011, MM031, MM034, MM047, MM057, MM074, MM087, MM099,
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MM117, MM118, and SKMELS). A separate map was generated intersecting
consensus H3K27Ac sites with consensus open chromatin sites (5170 sites). Two
maps of high-confidence MITFBSs in primary transformed and melanoma cell lines
were retrieved by intersecting MITFBSs in transformed melanocytes with enforced
expression of BRAFV600E and melanoma cell lines COLO827 (treated with DMSO
condition only) from Webster et al (40). This MITFBS had 4023 sites. A second high-
confidence MITFBSs map (234 sites) was build intersecting MITFBSs retrieved in the
melanoma cell lines MM011 and MMO031 from Verfaillie et al (38).

RNA-seq data on MITF knockdown in 3C and 4C cells were analyzed using STAR (v
20201) with default parameters for alignment to hg19. Resulting bam files were then
fed into cuffdiff (v 2.2.1) using all conditions to build base for transcript analysis.
Gene ontology and pathway analysis was performed using, geneMania (56) and
metascape (57), and GSEA (58). Mutation analysis from exome sequencing and
microarray analyses are described in Supplementary methods.

All data is deposited in GEO under the accession number GSE142018.

Statistical analysis of melanoma cohorts

TCGA-SKCM cohort (59) transcripts per million (TPM) expression data was
downloaded from cBioportal (http://www.cbioportal.org). Heatmaps and clustering of
Z-scores were performed on log2(TPM+1) transformation in aheatmap (NMF package,
version 0.21.0) (60) in R version R 3.5.0.

RNA-seq for SKCM-TCGA, BAM files (n=472) were obtained from the GDC
(https://portal.gdc.cancer.gov) using manifest download verification (59).

The MC1R mutations were analyzed by extracting sequences for MC1R gene region

from BAM files using samtools view and mpileup options (version 1.9) (61). Pooled
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VCF (variant calling format) files were constructed in BCF tools (version 1.8-41) by
normalizing, filtering, and merge options. Annotation of the MC1R variants was done
in ANNOVAR (62), using humandb hg38 (Ensembl) (63), by filtering against known
mutations in databases: refGene, exac03, avsnp147, dbnsfp30a, cosmic81,
ALL.sites.2015_08. Annotated MC1R variants were summarized using vcf2table (64)

and added as phenotypic information to heatmaps.
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Figure Legends

Figure 1 HA-MITF-M leads to transformation of immortalized MC1R mutant 4C
melanocytes.

(A) Western blot analysis of endogenous (endo) and ectopically transduced (exo)
MITF-M through 3x HA Tag (HA-Tag) expression vector in 3C-HA-MITF and 4C-HA-
MITF and control (Ctr) transduced lines (3C pLVX IRES mCherry and 4C pLVX IRES
mCherry cells). Protein levels of SOX10 are also indicated. Histone H3 was used as
loading control. The image is representative of n=3 experiments.

(B) qRT-PCR analysis showing (endogenous) MITF-M and SOX10 levels in 3C-HA-
MITF and 4C-HA-MITF compared to 3C and 4C control cells.

(C) Visual inspection of pelleted 4C-HA-MITF and 3C-HA-MITF compared to 3C and
4C control cells’ pellets.

(D) Phase contrast and fluorescent micrographs of 3C, 4C, 3C-HA-MITF and 4C-HA-
MITF cells documenting the transformed morphology of 4C-HA-MITF and
MITF/mCherry bicistronic expression.

(E) Representative images of the growth factors independence assay for the indicated
cells growing in growth factor deprived media for 21 days. NT: Non-transduced
parental cells. Ctr: Control. 3C-HA-MITF and 4C-HA-MITF cells.

(F) Representative images of the anchorage independent assay for 4C, 4C-HA-MITF
and SK-Mel-28 cells growing in agarose. The SK-Mel-28 melanoma cells are used as
positive control.

(G) 4C-HA-MITF -derived tumor volume measurements in NSG mice. Each line

represents a different xenograft and legends represent time of measurement.
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(H) Tumor volume measurements in NSG mice injected with newly established
xenografts from 4C-HA-MITF cells at a second passage.

(I) Representative images of NSG mice bearing 4C-HA-MITF xenograft tumors.

Figure 2 HA-MITF directs specific transcription leading to melanocyte
transformation.

(A) Differentially expressed genes (up and down regulated) upon knockdown of MITF-
M in parental Hermes 3C and Hermes 4C cells.

(B) Differentially expressed genes upon HA-MITF transduction in 3C-HA-MITF and 4C-
HA-MITF cells compared to control transduced 3C and 4C cells. The boxes also show
top enriched biological processes (p<0.00001) according to gene ontology analysis
(C) Identification of MITF-M target genes important for Hermes 4C transformation
based on overlap of genes that were down and up regulated upon MITF-M knockdown
in parental Hermes 4C cells (all genes are listed in the speech bubbles along with the
Log 2 fold change in 4C-HA-MITF vs 4C control) with genes that were exclusively
upregulated in 4C-HA-MITF vs 4C control (n=205; see also Supplementary Table 2;
top 10 upregulated genes are listed in the related speech bubble).

(D) Gene set enrichment analysis for genes exclusively upregulated in 4C-HA-MITF
cells compared to 4C control cells transduced with control vector, not concomitantly
upregulated in 3C-HA-MITF vs 3C control nor 4C control vs 3C control (n=205; see
also Supplementary Table 2). Clustering analysis of Hermes cells and derivatives
transduced with HA-MITF (E) and 371 TCGA melanoma (F) according to the
expression of 35 genes exclusively upregulated in 4C-HA-MITF 200 genes included in

the epithelial to mesenchymal transition (EMT) hallmark signature.
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Figure 3 HA-MITF-M enhances the chromatin binding and reprograms
transcription.

(A) MITF binding sites (MITFBSs) number in Hermes 3C-HA-MITF and Hermes 4C-
HA-MITF and overlap with the indicated datasets. MITFBSs in COLO829 and
Melanocytes data are from Webster et al (40), MITFBSs in Melanoma cell lines MM011
and MMO031 are from Verfaillie et al (38).

(B) Genomic regions annotation of MITF binding sites (MITFBSs) from this study and
publicly available datasets as indicated.

(C) Expression analysis of the indicated MITF target genes via gqRT-PCR in Hermes
cell derivatives

(D) Distribution analysis of MITF ChlP-seq reads in 3C-HA-MITF and 4C-HA-MITF
cells around consensus MITF binding sites (MITFBSs) in Hermes cells.

(E) Distribution analysis of MITF ChIP-seq reads in 3C-HA-MITF and 4C-HA-MITF
cells around high confidence open chromatin marked with H3K27Ac in 12 melanoma
cell lines from Verfaillie et al (38) (see Methods).

(F) Distribution analysis of MITF ChlP-seq reads in 3C-HA-MITF and 4C-HA-MITF cells
around high-confidence MITFBSs retrieved from the melanoma cell line COLO829 and
transformed Melanocyte through forced expression of BRAFVG600E from Webster et al
(40) (see Methods).

(G) De novo motif discovery analysis using 42075 MITFBSs’ DNA sequences retrieved
from 3C-HA-MITF cells.

(H) De novo motif discovery analysis using 80215 MITFBSs’ DNA sequences retrieved

from 4C-HA-MITF cells.
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Figure 4 AXL and PI3/AKT pathway mediates HA-MITF transformation through
PTEN downregulation

(A) Western Blot analysis of AXL in 3C-HA-MITF and 4C-HA-MITF compared to
parental cell lines. Histone H3 was used as loading control. Representative blot from
three different experiments.

(B) RT-PCR of AXL levels in 4C-HA-MITF, and in 4C-HA-MITF cells xenografted in
mice normalized to 4C levels (n=3).

(C) Western Blot analysis of pAKT, PTEN and pERK after cholera toxin starvation in
3C-HA-MITF and 4C-HA-MITF normalized to 3C and 4C levels. Histone H3 was used
as loading control. Representative blot from three different experiments.

(D) gRT-PCR analyses of PTEN levels in 3C-HA-MITF, and in 4C-HA-MITF cells
normalized to control 3C and 4C cells (n=3).

(E) Western Blot analysis of the indicated proteins levels after PTEN depletion in the
parental 4C cell line and transduced 4C-HA-MITF compared to scrambled siRNA and
non-treated control (NT). Histone H3 was used as loading control. Representative blot
from three different experiments.

(F) Western blot analysis of AXL, pAKT and pERK in 4C-HA-MITF treated with AXL
inhibitor R428 (2uM) and siAXL compared to non-transduced (NT), scrambled siRNA
and DMSO control. Histone H3 was used as loading control. Representative blot from
three different experiments.

(G) Growth curves measured using IncuCyte of 4C-HA-MITF cells untreated (NT), or
control treated with DMSO (DMSO), or MK-2206 (9uM), Trametinib (1.5 nM), R428

(2uM), a combination of Trametinib (1,5nM) with MK2206 (9uM), and a combination of

Trametinib (1,5nM) and R428 (2uM) (n=3).
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(H) Cell viability measurements using MTS of 4C-HA-MITF after 90 hours treatment
with the indicated inhibitor treatments (n=3).

(I) Western blot analysis of testing the efficacy of the MK-2206 inhibitor in 4C control.
(J) Frequency of MC1R co-occurring mutations in the TCGA melanoma cohort
(n=471), and in 73 melanoma cases from the same cohort that displayed high
expression of MITF (cut off = Z-score >=1)

(K) Frequency of the indicated MC1R mutations in the TCGA melanoma cohort
(n=471) and in the 73 cases with high expression of MITF. Their associated
phenotypes according to (65-67) are indicated (N/A is not applicable or not known) as
well as whether the variant is highly (double arrow), or mildly (single arrow) impairing
MC1R function. * indicates the MC1R variants co-occurring in Hermes 4C cell lines; **
indicates the synonymous mutation of the MC1R that does not alter the amino acid

sequence of MC1R.
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SUPPLEMENTARY INFORMATION

Supplementary methods

Construction of pLX3xHAvar4mCh vector expressing 3xHA tagged MITF-M

The construction of pLX 3xHAvar4mCh was performed by two sequential clonings. The
human MITF variant 4 cDNA was prepared by PCR amplification of the cDNA clone
MGC:75121 (IMAGE:6066096) (Invitrogen) using the Bglll containing MITF forward
primer:5-AA  AAAAAGATCTACCATGCTGGAAATGCTAG-3' and the EcoRI
containing reverse primer:  5-AAAAAGATTTCATCTCGCTAACAAGTGTGC.
Subsequent to restriction digestion by Bglll/EcoRI (NEB), the MITF variant 4 cDNA
containing insert was gel purified using the JetStar Gel extraction Kit (Genomed). The
murine MITF variant 4 cDNA was removed from pCMV3xHAvar4 plasmid by Bglll/
EcoRI endonuclease digestion (NEB) (Strub et al., 2011) and the vector backbone
containing the 5°3xHA tag was isolated by gel extraction as described above. The
insert and vector were then ligated overnight at 14°C using T4 DNA ligase (NEB),
transformed into chemically competent DH5a (Invitrogen) and selected candidates
were screened by PCR for the presence of the insert. The successful construct
pCMV3xHAvar4 was digested with Nhel/Xbal (NEB) and the 5' 3xHA tagged MITF
variant 4 fusion insert was isolated by gel purification. The insert was then ligated into
gene cleaned (Genomed) Spel linearized pLVX IRES mCh (Clontech) producing the
Lenti-expression vector pLX3xHAvar4dmCherry and transformed into chemically
competent STBL3 (Invitrogen). pLX3xHAvardmCherry was subsequently sequenced

(Eurofins) utilizing the commercially available pCMV_F(21mer) MWG-Biotech AG and



IPCR IRES 1R primers to confirm the correctness of the PCR derived human MITF

variant 4 cDNA insert.

Production of lentiviral particles

Lentiparticles were produced in Lenti-X 293T (Clontech) using the designated lenti-
expression vector and the second-generation packaging system utilizing pCMV-dR8.2
dvpr and pCMV-VSV-G as previously described (Stewart et al., 2003) with the following
modification: The transfection reagent Fugene (Promega) was replaced by Turbofect

(Thermo Fisher Scientific) and applied as recommended by the manufacturer

Growth factor independence assay

Cells were seeded out in Nunc 6-well plates (Corning) at a density of 2.5 x104 cells
per well in RPMI-1640 Medium (Sigma-Aldrich) supplemented with 0.5% FBS (PAA)
and incubated at 37°C and 5% CO2 for 21 days. Medium was replaced every 4-5 days
until the completion of the assay. At completion, cells were washed twice with ice-cold
PBS before a 10 min. fixation by the addition of ice-cold methanol. Staining was
achieved by the addition of 0.5% crystal violet solution at room temperature for 10 min,
followed by washing in ddH20O until only cell-retained dye remained. Plates were then

dried overnight and photographs were captured on a Nikon D5200 using a 28mm lens.

Anchorage independence assays
2.5x104 cells were inoculated in 1 ml 0.4% agarose RPMI supplemented with 8% FBS
and plated in triplicate on 0.6% agarose RPMI supplemented with 8% FBS and

penicillin/streptomycin for 28 days at 37°C and 5% CO2. Cells were fed every 4-5 days.



Cells were grown for 21 days in 0.3% LGT agarose RPMI 10% FBS supplemented with
antibiotics. Hermes4C and the metastatic melanoma cell line SKmel28 was used as
negative and positive control, respectively.

Cells were plated at a density of 2.5 x104 cells per well in 0.3% LGT agarose RPMI
supplemented with 10% FBS and antibiotics. Plates were then incubated at 37°C and
5% CO2 21 days with the addition of fresh medium every 4 to 5 days. Upon completion,
400ul NTB (1mg/ml) was added and the plates were incubated overnight under culture
condition as described. Photographs were captured on a Nikon D5200 using a 28mm

lens.

Growth curve

Approximately 800 cells were seeded in 96-well plates and growth was followed with
the IncuCyte system (Essen Bioscience). When indicated, cells were starved of
cholera toxin for 3 days after which media containing the appropriate concentration of

cholera toxin was replaced.

Establishment of xenografts

Animal experiments were approved and performed as stated by the Norwegian Animal
Authority (Permit number 12080), and conducted according to the regulations of the
Federation of European Laboratory Animal Science (FELASA). NOD scid gamma
(NSG) mice (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) were locally bread and housed
according to the guidelines at the Section of Comparative Medicine, the Norwegian
Radiumhospital. Briefly, the mice were housed in open cages with free accesses to
food and water. The environmental parameters in the animal rooms were as follows;

12 hours light/dark cycle, constant temperature of 21+/- 2C, a relative humidity of 30-



70% and approximately ten air changes every hour. For establishment of xenografts,
NSG mice were anesthetized with 3% Sevoflurane (Baxter) and subcutaneously
injected on both flanks with 5 million of Hermes 4c (parental), Hermes 4c transduced
with pLVXIRESmCh (vector control transduced 4C cells) and Hermes 4c cells
transduced with pLX3xHAvar4mCh vector (4C-HA-MITF) in 200ul RPMI1640. Tumor
volume and body weight was registered once a week. The diameter of the tumors was
measured using a caliper, and tumor volume was calculated as follows: V=w2xLx0.5
(were w and L are the shortest and longest tumor diameter respectively). The mice
were sacrificed when tumor volume reached approximately 800-1000mm?, and tumor

pieces (2x2mm) were passaged on to new animals.

Cell culture Imaging

2.5 x104 cells per well were plated in 6-well plates for micrographic documentation of
Hermes 3C, Hermes 4C and their pLX HA-MITF mCherry and pLVX IRES mCherry
derivatives. The micrographs were captured using the 10X objective for phase contrast
(white light) and Texas Red filtered (UV) fluorescent imaging on a Zeiss S200

fluorescent confocal microscope using Axiovision software.

siRNA experiments

5x10* cells per well were plated in 6-well plates seeded in 6-well plates and grown to
60% confluence before being transfected using siRNA directed against MITF-M
(Eurogentec, Seraing, Belgium). The cells were incubated for 72h to ensure optimal
target reduction at the protein level. The cells were transfected with a final

concentration of 25pmol siRNA, using Lipofectamine RNAIMAX (Invitrogen) as



described in the manufacturer's protocol. Sequences for siRNA are described in

supplementary methods. All transfections were performed in triplicate.

Isolation of RNA

Total RNA was isolated using the GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich, Steinheim, Germany). Reverse transcription was performed using the
gScript™ cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, USA). Both kits
were used according to the manufacturer's manuals. RNA concentrations were

measured using the NANODROP 2000 (Thermo Scientific).

ChIP and RNA Sequencing, expression microarray hybridization, and analyses

ChIP-seq analysis was performed as previously described (1) with minor modifications.
Briefly, reads were aligned to hg19 using Bowtie v.1.0.0 allowing a maximum of 2
mismatches and suppressing multiple reads alignments if found. Peak calling was
performed using MACS (v macs14 1.4.2 (2)) with default parameters and using option
“-g 2.63e9” for effective genome size. Reads distribution with bwtool (3) with average
of both replicates, motif analysis with de novo discovery settings looking at motifs from
6 bp to 18bp and peaks annotations on genomic features with HOMER package (4).

High confidence maps of genomic regions enriched for H3K27Ac (36357 sites),
H3K27me3 (49821 sites), and open chromatin (11065 sites) were compiled with
Bedtools (5) intersecting ChlP-seq data for H3K27Ac, H3K27me3 and Formaldehyde
assisted isolation of regulatory elements (FAIRE)-seq datasets of 12 melanoma cell
lines (MM00O1, MM011, MM031, MM034, MM047, MM057, MM074, MM087, MMO099,
MM117, MM118, and SKMELS5). A separate map was generated intersecting

consensus H3K27Ac sites with consensus open chromatin sites (5170 sites). Two



maps of high confidence MITF binding sites (MITFBSs) in primary transformed and
melanoma cell lines were retrieved by intersecting MITF-BS in transformed
melanocytes with enforced expression of BRAFVG600E and melanoma cell lines
COLO827 (treated with DMSO condition only) from Webster et al (6). This MITF-BS
had 4023 sites. A second high confidence MITF-BS map (234 sites) was build
intersecting MITF-BS retrieved in the melanoma cell lines MM011 and MMO031 from
Verfaillie et al (7).

RNA-seq data on MITF knockdown in 3¢ and 4c cells were analyzed using STAR (v
20201) with default parameters for alignment to hg19. Resulting bam files were then
fed into cuffdiff (v 2.2.1) using all conditions to build base for transcript analysis.

RNA for microaaray expression analysis was hybridized to lllumina platform array
according to the manufacturer instruction at the local core facilty. The raw signal was
then quantile normalized and log 2-trransformed. A gene was considered to be
differentially expressed within a given sample if the following condition was matched:
|log2 fold change| > 1.5.

Gene ontology and pathway analysis was performed using, geneMania (8) and
metascape (9), and GSEA (10).

All the data is deposited in GEO under the accession number GSE142018.

Mutation analysis of Hermes 3C and 4C lines derivatives

Genomic DNA from Hermes cells derivatives was extracted with a Maxwell 16 DNA
purification kit (Promega, Madison, WI, U.S.A.). Library preparation was carried out
using SureSelectXT Human All Exon V5 (Agilent, California, USA) per manufacturer’s
instructions at the Oslo University Hospital Genomics Core Facility, and whole exome

capture and paired-end sequencing was performed using the lllumina HiSeq 2500



platform at an average sequencing depth of 224X. A bioinformatics workflow following
GATK best-practices was applied to preprocess the raw sequencing reads, as
previously described (11). Single nucleotide variants and short insertions/deletions
were identified with SuperFreq and MuTect2 (12, 13). Variants with a sequencing depth
lower than 20 were considered low-confident and discarded. We furthermore used the
Personal Cancer Genome Reporter (PCGR v8.0) for functional variant annotation (14).
We applied several filtering procedures available in PCGR to exclude the bulk of known
germline variation in the callsets. Specifically, from the initial raw call-set pr. cell line,
we excluded: (1) All variants that overlapped germline variants called by the 1000
Genomes Project phase 3 (minor allele frequency (MAF) > 0.2% in any population), or
gnomAD (MAF > 0.2% in any population). The MAF threshold (0.2%) was chosen
based on recommendations in a recent study on tumor variant filtration strategies (15).
(2) Variants that overlapped any of ~730,000 germline variants detected in an in-house
dataset comprising 789 WES samples (blood). (3) Likely heterozygous germline
variants, i.e. variants with an allelic fraction between 0.4 and 0.6, and with an existing
record in dbSNP or gnomAD. (4) Variants registered in ClinVar with a germline origin.
(5) Non-exonic variants (exonic variants retained included coding region variants, i.e.
synonymous, missense, stopgain, stoploss, inframe, frameshift, as well as canonical

splice site variants (+/- 2bp donor/acceptor)).



Supplementary figures legends

Supplementary Figure 1 HA-MITF-M leads to transformation of immortalized
MC1R mutant 4C melanocytes.

(A) gRT-PCR analysis showing TYR levels in 4C-HA-MITF and 3C-HA-MITF
compared to parental 3C and 4C cell lines (B) and in U20S cells transduced with the
same HA-MITF construct or with the construct only containing the IRES sequence
(control construct) compared to parental U20S. (C) gRT-PCR analysis showing IRES
construct levels in U20S cells transduced with HA-MITF-M construct, or control
construct, compared to parental U20S (n=3).

(D) Image-based analysis over time of area confluence for the indicated cell lines
grown in cholera toxin starved condition.

(E) Image-based analysis over time of area confluence for the indicated Hermes 3C
cell lines derivatives grown in presence of the recommended concentration of cholera
toxin (20pM).

(F) Image-based analysis over time of area confluence for the indicated Hermes 4C
cell lines derivatives grown in presence of the recommended concentration of cholera
toxin (2pM).

(G) Cell proliferation assay (MTS) of Hermes 3C cell lines derivatives grown in
presence of the indicated concentrations of cholera toxin for 150 hours.

(H) Cell proliferation assay (MTS) of Hermes 4C cell lines derivatives grown in
presence of the indicated concentrations of cholera toxin for 150 hours.

(I) Western blot analysis of endogenous (endo) and ectopically transduced (exo) MITF-
M in Hermes 4C parental cells, 4C-HA-MITF, and a representative tumor xenograft.

Expression analysis of SOX10, AXL, pAKT and total AKT are also shown. The image



is representative of n=3 experiments. qRT-PCR gene expression analyses of
(endogenous) MITF-M (J) IRES construct (K), SOX10 (L), and TYR (M) transcripts in
4C, 4C-HA-MITF, and a representative tumor xenograft compared to expression levels
in parental 4C cells. Histone H3 was used as loading control. Representative blot from

three different experiments.

Supplementary Figure 2 HA-MITF directs specific transcription leading to
melanocyte transformation.

Gene Ontology, pathway and function analysis of (A) genes downregulated upon
MITF-M knockdown in Hermes 3c cells and (B) genes upregulated upon MITF-M
knockdown in Hermes 3c cells, (C) genes upregulated upon MITF-M knockdown in
Hermes 4c cells and (D) genes downregulated upon MITF-M knockdown in Hermes
4c cells (analysis of GO and pathway analysis with metascape is also shown in the left
bottom panel). (E) Metascape Gene Ontology (GO), pathway and function analysis of
genes upregulated upon MITF-M knockdown in exclusively in Hermes 4c cells but not
in Hermes 3c cells. Clustering analysis of Hermes cells derivatives transduced with
HA-MITF or control vector according to the expression of 200 genes included in the
epithelial to mesenchymal transition (EMT) hallmark signature (F) and according to the
expression of genes included in the core signature of the invasive melanoma

phenotype (G) by Verfaille et al. (7).

Supplementary Figure 3 HA-MITF-M enhances the chromatin binding
Representative UCSC genome browser snapshot showing enrichment of MITF-M
binding in proximity of EGFR (A), AXL gene (B), the IL6 gene (C), the TGFBI gene (D),

MITF (F), and SOX10 (G) genes. The UCSC genome browser bigwig files tracks are



labeled and indicated by the black horizontal arrow on the left side of each panel.
Shorter green horizontal arrows point at BED files tracks consensus MITF binding sites
(MITFBS) in each cell lines. ChIPgPCR validated MITF binding sites in the indicated
cell lines (G) are indicated with a red point-down triangle and are reported as % of
input. The MITF target gene PRM1 promoter region was used as control. (H)
Distribution analysis of MITF ChIP-seq reads in 3C-HA-MITF and 4C-HA-MITF cells
around the compendium of all MITF binding sites (MITFBSs) in Hermes cells. (J)
Distribution analysis of MITF ChIP-seq reads in 3C-HA-MITF and 4C-HA-MITF cells
around high confidence H3K27Ac marked sites in 12 melanoma cell lines from
Verfaillie et al (7) (see Methods). (K) Distribution analysis of MITF ChIP-seq reads in
3C-HA-MITF and 4C-HA-MITF cells around high confidence open chromatin in 12
melanoma cell lines from Verfaillie et al (7) (see Methods). (I) Distribution analysis of
MITF ChIP-seq reads in 3C-HA-MITF and 4C-HA-MITF cells around high confidence
H3K27me3 marked sites in 12 melanoma cell lines from Verfaillie et al (7) (see
Methods). (L) Distribution analysis of MITF ChlP-seq reads in 3C-HA-MITF and 4C-
HA-MITF cells around high confidence MITFBSs in the melanoma cell lines MMO011
and MM931 from Verfaillie et al (7) (see Methods). Note that all these sites were
present in the sites relative to main figure 2E. (M) Known DNA motifs enrichment
analysis using 41200 MITFBSs’ DNA sequences retrieved from 3C-HA-MITF cells. (N)
Known DNA motifs enrichment analysis using 80070 MITFBSs’ DNA sequences
retrieved from 4C-HA-MITF cells. (O) Representation of Jaspar database similarity

clustering analysis of transcription factors
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Supplementary Figure 4 MITF-M and MC1R in the TCGA dataset
(A) Expression analysis of MC1R and MITF genes in the 471 tumors from the TCGA

melanoma cohort.
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Supplementary Table 5. Primers and Oligos sequences

Gene name Primer sequence for ChIP-qPCR

SOX10 LEFT (5"-CAG-GAA-AAT-CAG-GCC-GTT-GT-3")
RIGHT (5"-AAG-AGG-CCA-GGG-AAG-ACT-TG-3")

TGFBI LEFT (5"-AGA-ATC-TGG-TTT-CCC-TCC-GG-3")
RIGHT (5°’AAG-TAC-CCA-ACC-ACA-CAC-CA-3")

AXL LEFT (5°-ATG-GAG-GTG-GTA-GTG-TCA-GC-3")
RIGHT (5°-TTC-TGC-AAG-GGA-ACA-CAA-GC-3")

IL6 LEFT (5°-GCT-GCA-GGA-CAT-GAC-AAC-TC-3)
RIGHT (5°-CTA-CAT-TTG-CCG-AAG-AGC-CC-3")

EGFR LEFT (5°-TTC-AAA-GCC-GTG-AGT-CAA-CC-3")
RIGHT (5’'ATG-AGA-GAT-GCA-GAG-CGT-GA-3")

MITF LEFT (5"-CGG-GCT-CTG-TTC-TCA-CTT-TC-3")
RIGHT (5°-TGA-AAC-TCC-TCC-CCG-ACT-TC-3")

CONTR-PRM1 LEFT (5'-CCA CGG AGG AGT CATCTT GT -3’)
RIGHT (5’- GGC CTG CAT CAT GTC CAT AT -3’)
Primer sequences gRT-PCR

MITF-M FORWARD (5'-CAT-TGT-TAT-GCT-GGA-AAT-GCT-AGA-3')
REVERSE (5'-GC-TAA-AGT-GGT-AGA-AAG-GTA-CTG-C-3')

SOX10 FORWARD (5-GAC-CAG-TAC-CCG-CAC-CTG-3')
REVERSE (5-CGC-TTG-TCA-CTT-TCG-TTC-AG-3’)

TBP FORWARD 5-GCC-CGA-AAC-GCC-GAA-TAT-3'
REVERSE (5-CGT-GGC-TCT-CTT-ATC-CTC-ATG-A-3')

RPLPO FORWARD (5-CGC-TGC-TGA-ACA-TGC-TCA-AC-3')
REVERSE (5-TCG-AAC-ACC-TGC-TGG-ATG-AC-3’)

AXL FORWARD (5°-AAC-CAG-GAC-GAC-TCC-ATC-C-3’)
REVERSE (5-AGC-TCT-GAC-CTC-GTG-CAG-AT-3)

SPOCK1 FORWARD (5’-CAC- GAG-GAT-GCG-AAC-AGA-GT-3’)
REVERSE (5'-GAA-GGG-TCA-AGC-AGG-AGG-TC-3’)

GREM1 FORWARD (5’-CGG-AGC-GCA-AAT-ACC-TGA-AG-3’)
REVERSE (5’-GGT-TGA-TGA-TGG-TGC-GAC-TGT-3’)

IRES FORWARD (5°-CTA-ACG-TTA-CTG-GCC-GAA-GC-3")
REVERSE (5-TCA-CAT-TGC-CAA-AAG-ACG-GC-3)

PTEN Unique Assay ID: qHsaCED0036796

TGFBI Unique Assay ID: qHsaCED0057289

IL6 IL6 Unique Assay ID: qHsaCEDO0044677
RNA interference sequences

MITF Sense (5'-GCA-GUA-CCU-UUC-UAC-CAC-U-3")

anti sense (5"-AGU-GGU-AGA-AAG-GUA-CUG-C-3")
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