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ABSTRACT

Melanoma originates from melanocytes and is the most aggressive form of skin cancer, since it has
a high metastatic potential and does not respond to current therapies. It is a complex and
heterogeneous multifactorial disease, presenting genetic, clinical, histopathological and biological
variants. Although early melanomas can be cured by surgical excision, metastases are very difficult
to treat due to their high aggressiveness and resistance to common therapies, for this reason it is
essential to identify new targets for the development of therapeutic treatments.

A factor that may be a mediator of melanoma progression is TPC2, an ionic channel that regulates a
number of cellular functions by releasing Ca?* in response to the second messenger NAADP. This
channel localizes on the membrane of intracellular acidic compartments, including melanosomes and
appears to be involved in several aspects related to tumorigenesis and metastatization. The inhibition
of NAADP signaling strongly reduced the growth and invasiveness of mouse melanoma cells,
whereas human melanoma cells with different phenotype and microenvironment showed contrasting
results. Therefore, in this project we studied the role of TPC2 in melanoma with different
aggressiveness and microenvironments, assuming that melanosomal TPC2 activation was crucial for
melanoma progression.

We observed an increase of TPC2 expression in primary human melanomas with higher Breslow
Index and in VGP compared to RGP melanoma cell lines in 2D and 3D models. Of note, although
nodular melanoma presents different clinical and histopathological features than malignant
melanomas, also this subtype expressed high TPC2 level, suggesting an important role of this channel
in tumor growth and invasion through the dermis. Althought, the analysis in the TCGA showed a
decrease TPCN2 mRNA expression in melanoma metastasis, on the contrary TPC2 protein
expression increased in melanoma metastasis compared to primary tumor of the same patient.
Similarly, high TPC2 expression were noted in skin metastasis compared to RGP human primary
melanoma cell lines of the same patients, and pleural metastasis, while lymph node metastasis
showed low level of TPC2. Investigating the role of the channel in cancer progression, we observed
an inhibition of cell proliferation rate in a dose and time-dependent manner after Nar treatment in 2D
and 3D models. In addition, we noted a reduction of migration capacity and a decreased invasion in
type | collagen of RGP primary melanoma spheroids after Nar treatment. Finally, TPC2 blocking
decreased the expression of tumor invasion markers, suggesting a role of the channel in epithelium-
mesenchymal transition and in melanoma progression.

Since melanoma cells have previously been hypothesized to increase their invasive capacity by
releasing melanosomes into the dermis, we have supposed that TPC2 channel may contribute to the
regulation of melanosomes traffic and in this way also to tumor aggressiveness. As expected,

melanoma cells showed an increase expression of melanosomal markers and intracellular melanin



amount after TPC2 blocking, while the release of melanin did not occur, indicating that TPC2
blocking could also inhibit the process of maturation of melanosomes and/or the release of melanin.
Moreover, it has recently observed that melanosomes released by melanoma cells, are incorporated
by fibroblasts favoring their transformation into CAFs, thus promoting the formation of a pro-tumor
niche. In this study, we observed that fibroblasts treated with melanoma-conditioned medium,
showed the expression of melanosomal markers and increased their migratory capacity, while we did
not notice differences in proliferative capacity. Of note, both fibroblasts treated with melanoma-
conditioned medium and fibroblasts in co-culture with melanoma cells, generally increased the
expression of a-SMA and FAP, specific markers of CAFs. Therefore, since Nar affects melanosomes
release by melanoma cells, Nar treatment may prevent fibroblasts transformation. Indeed, fibroblasts
cultivated with conditioned medium of melanoma cells pre-treated with Nar showed reduce
migratory capacity. Finally, assessing if TPC2 modulation may influence melanoma drug responses,
we observed a synergistically reduction of spheroid area after TPC2 silencing and DTIC treatment.

In conclusion, TPC2 seems to act both on melanoma cells and microenvironment, proving to be an
interesting new therapeutic target and Nar may represent a new potential treatment for melanoma

towards a personalized medicine.
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1. INTRODUCTION

1.1 THE ION CHANNEL TPC2

111 Two-Pore Channels (TPCs)
TPCs (Two-pore channels) are cation-permeable channels that belong to the superfamily of the

voltage-gated ion channels . The TPC gene is widespread across the animal kingdom, although of
the three existing isoforms only two are present in human and other primates: TPC1 and TPC2 2,
TPCs localize to the endo-lysosomal system, with TPC1 located on endosomes membranes, while
TPC2 is mainly expressed on the membranes of lysosomes, late endosomes and melanosomes 3. They
are so-called because they contain 2 homologous Shaker-like domains with six-transmembrane (6-
TM) regions (Figure 1.1). In particular, they function as a homodimer, with each subunit containing
two 6-TM domain helices, in which the C-terminal of the first 6-TM domain is connected with the
N-terminal of the other 6-TM by an helix-loop-helix motif . The dimerization of TPCs is necessary
to form the 4-domain structure that enables the channel functionality. Although homodimerization is
prevalent due to the different localization of TPC1 and TPC2, their weakly overlapping subcellular
distribution may well allow some heterodimerization in selected subcompartments 3°. The first four
helices of each subunits are voltage sensing domains (VSDs), however several conserved features of
a canonical voltage sensing domain are absent in the VSD1 of TPC2, thus rendering it voltage
insensitive . The ion conduction pore consists of the fifth and six helices, and the pore selectivity is
achieved by not only a ‘filter’, which is an asparagine-gated size sieve, but also a gate, which opens

and closes while also restricting the size and charge of ions *®,
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Figure 1.1 Structure of human TPC2. (A) Side view of the 3D structure of TPC2. (B) Topology and domain arrangement
of a single subunit in TPC2 4.



The mechanism of action of these channels and their regulation are not still entirely understood:
different studies have shown that the channel could be activated by endolysosomal 3,5-biphosphate
phosphatidylinositol [PI(3,5)P2] or adenine nicotinic acid dinucleotide phosphate (NAADP) 2. These
two molecules seem to bind the channel with different mechanisms: the binding site of PI(3,5)P; is
located in the first subunit of the homodimer of the channels ¢, while it is assumed that NAADP does
not interact directly with TPCs, but with an accessory protein not still identified "2,

NAADP evokes endolysosomal cations release via TPC1 or TPC2 with distinctive isoform-specific
ion selectivity: TPC1 seems to be more permeable to monovalent cations as H* and K* +°19; while
TPC2 mediated Ca?" release from endolysosomal organelles, triggering numerous calcium-
dependent signalling involved in different cellular functions. Otherwise, TPC1 and TPC2 are Na'-
selective channels, when are activated by endolysosomal PI(3,5)P; but not by NAADP 112, although
in a study of Pitt et al. PI1(3,5)P2 have no effect on TPC1 open probability, but this lipid appears to
alter the conducting properties of TPC1 by increasing the permeability of H* and Na* relative to Ca?*
°. TPC1 channels can also be activated by cytosolic calcium ° and by a voltage-mediated regulation
4,6,13.

In addition to NAADP and PI(3,5)P,, TPC2 channels can be regulated by Mg?*, with cytosolic Mg?*
inhibiting the TPC2 outward current while lysosomal Mg?* inhibits both the outward and inward
currents 4 protein kinases P38 and c-Jun N-terminal kinase (JNK) that inhibit TPC2 NAADP-
mediated Ca?* release ** and endolysosomal Ca?* concentration and luminal pH, which regulate the
sensitivity and reversibility of NAADP binding via TPC2 . Both TPC1 and TPC2 are N-
glycosilated, probably luminally, so as to have protection in a highly acidic environment. Such
glycosylation seems to regulates TPCs sensitivity to activation by NAADP as observed by mutations
in the glycosylation sites near the putative pore .

TPCs mainly regulates Ca?* release from acidic intracellular store, thus participating in a wide range
of physiological processes. In the last years TPCs have been related to the regulation of many
biological functions including fertilization and embryogenesis *’, roles in both insulin and glucagon
secretion by the endocrine pancreas ®1°, osteoclastogenesis °, neuronal and skeletal muscle
differentiation 222, smooth muscle contraction %, autophagic process of cardiomyocytes both basal
and induced conditions 2* and exocytosis of cytolytic granules by cytotoxic T cells 2. Furthermore,
TPCs are involved in different pathological conditions, such as Parkinson’s disease 26, Alzheimer’s
disease ¥/, fatty liver disease %, infection with Ebola virus # and in cancer processes such as

neoangiogenesis 3!, autophagy 2 and metastatic progression .

1.1.2 TPC2 and pigmentation
Melanocytes are up to 8% of the epidermal population and are the main responsible for skin

pigmentation. Although melanocytes are located in the basal layer of epidermis they lack

desmosomes and tonofilaments, but they produce specific organelles, termed melanosomes, in which



melanin pigment is synthesized and deposited 34, Melanocytes present numerous dendrites with
which they contact keratinocytes for the transfer of mature melanosomes, which provides protection
from the sun’s ultraviolet (UV) rays. Defects in melanin synthesis cause defects in pigmentation,
visual defects and increase susceptibility to melanoma %,

In 2008, in a genome-wide association study on Europeans it has been noted that TPC2 has two
single nucleotide polymorphisms (SNPs), M484L and G734E, responsible for the change from dark
to blond hair color ¥. Both polymorphisms activate the channel: the M484L variant shows an
increase in the sensitivity of the channel to PI(3,5)P2, while the G734E variant is responsible for
inhibiting channel inactivation by ATP . Additionally, recent studies shown that TPC2 serves as a
negative regulator of pigmentation when activated by P1(3,5)P,, since the Na" current increases
melanosomal membrane potential and acidity, interfering with tyrosinase activity and melanin

biosynthesis %4 (Figure 1.2).
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Figure 1.2 Model of regulation of pigmentation mediated by TPC2 activation in melanosomes “°.

TPC2 not only regulates pigmentation by acting on melanosome pH but also regulates melanosome
size, indeed melanosomes that do not express TPC2 are less acidic and larger than the others .
According to previous data, people with fair skin have melanocytes with smaller and more acidic
melanosomes, which present a reduced tyrosinase activity; on the contrary people with dark skin
have larger and less acidic melanosomes, in which there is a higher tyrosinase activity 4.

Finally, it has been identified a role of TPC2 in cell pigmentation by the analysis of its interactome.
Indeed, in mammalian cells TPC2 interacts with Rab GTPase, which are regulators of endolysosomal

trafficking dynamics and cell pigmentation #4.

1.1.3 TPC2 in tumors
Recently the involvement of TPC2 in cancer has gained increasing attention, since it has been shown

that this endolysosomal channel regulates numerous cellular functions * Among the
pathophysiological processes related to tumorigenesis, it has been observed a role of TPC2 in neo-

angiogenesis (Figure 1.3). During this process tumor cells release vascular endothelial growth factor
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(VEGF) that triggers signal transduction to facilitate Ca?" signaling, leading to endothelial cell
proliferation %°. Recently it has been demonstrated that the VEGFR2/NAADP/TPC2 Ca?* signaling
pathway is critical for VEGF-induced angiogenesis in vitro and in vivo. In fact, both the use of Ned-
19 (a NAADP antagonist) and TPC2 silencing in vitro, and also TPC2 KO in vivo mouse studies,
show an inhibition of angiogenesis induced by VEGFR2 activation ¥, Similarly Naringenin, a TPCs
inhibitor about we will discuss in the next paragraph, inhibits VEGF-induced angiogenesis °,
suggesting an important role of TPC2 in the neo-angiogenetic process.

TPC2 is also involved in tumor progression, since after TPC2 silencing by short interfering RNA
(siRNA) tumor cells proliferate more slowly *. In addition, after siRNA or pharmacological
inhibition with Ned-19 cancer cells show reduced adhesion, formation of leading edges and
migration in in vitro models, and reduced formation of lung metastases in in vivo mouse model of
mammary cancer cells 3246,

In particular, in a mammary cancer cell line the blockage of the channel inhibits the normal recycling
of Bi-integrin, a protein involved in cancer cells migration, leading to an accumulation of the protein
in early endosomes “¢. According to literature, disturbances in Ca?* homeostasis alter trafficking and
lead to the fusion of endocytic vesicles, thus after TPCs silencing or pharmacological inhibition of
the channel it has been observed an accumulation of enlarged acidic vesicles in HUH7 human liver
cancer and T24 human urinary bladder cancer cell lines “¢. Moreover, in a breast cancer cell line
TPC2 silencing reduces epidermal growth factor (EGF)-induced vimentin expression, but has no
effect on EGF-induced E-Cadherin expression, suggesting that in this context the effect is not due to
general inhibition of the epithelial-mesenchymal transition 7.

Another mechanism that seems to play a dual role in cancer is autophagy, which initially limits the
growth of tumor cells in normal tissue while subsequently promotes tumorigenesis in cancer tissue
by overcoming microenvironmental stresses and conferring resistance to chemotherapy *. The role
of TPC2 in autophagy is debated, a recent study reported that TPC2 overexpression inhibited the
fusion between autophagosome and lysosome, blocking the autophagic process, in 4T1 mouse breast
cancer and in HeLa human cervical cancer cell lines .

Moreover, recently it has been seen that TPC2 is involved in the regulation of the HIPPO pathway.
The channel regulates the expression of one of the main components of this pathway, TAZ,
increasing in cancer cells the expression of PD-L1, that is one of the most important factors
promoting the process of tumor escape °.

Several recent studies also suggest a role of TPC2 in melanoma, in particular TPC2 blocking by Ned-
19 inhibits the proliferation rate, migration and adhesivity of B16 mouse melanoma cells in vitro as
well as growth, vascularization and metastatic potential of B16 tumors in in vivo mouse model *.
Similarly in MNT-1 human melanoma cells loss of TPC2 decreases cell proliferation, migration and
invasion, while increases melanin content . This is possible due to independent mechanisms: via

regulation of MIFT protein levels, a major regulator of melanoma progression, and on the other hand
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via MIFT-independent regulation of tyrosinase activity by TPC2 0. On the other hand, unexpectedly,
in CHL1 human metastatic melanoma cell line TPC2 is found to increase the metastatic traits. TPC2
silencing impairs cell adhesion to type | collagen matrix, increases invasion capability and induces
the expression of bona fide YAP/TAZ target genes. Thus indicate an activation of YAP/TAZ, which
are target genes of the HIPPO signaling pathway, that is involved in different mechanisms of tumor
progression °°2, The opposite role played by TPC2 in different melanoma cell lines may be
indicative that the function of this ion channel can be pro-tumoral or anti-tumoral according to the
cell phenotype and microenvironment.

Future studies will allow to identify the mechanisms underlying the involvement of this channel in
the process of tumorigenesis and metastatic progression. Therefore, TPC2 could be a new

pharmacological target for the treatment of several cancers, including melanoma.
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Figure 1.3 Schematic representation of the role of TPC2 in pathophysiological processes related to cancer *°.
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114 Naringenin
Naringenin (Nar) [5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one] is a natural flavanone (a type

of flavonoid) found in citrus fruits such as oranges, lemons and grapefruit and in some vegetables
such as tomatoes 53%* (Figure 1.4). Most of the reported data obtained from in vitro and in vivo studies
show that Nar has broad biological effects on human health, which includes antioxidant, anti-
inflammatory, anticancer and anti-diabetic activities °>°. At the same time, some pre-clinical studies
have also suggested an efficacy in the treatment of different disorders including hyperglycemia,
diabetes, liver steatosis and cardiovascular disorders .

Nar, thanks to the ability to cross the biological membranes by passive diffusion %8, regulates the
activities of different ion channels by inhibiting or activating them. Several studies have shown that
this molecule inhibits the ionic channels TRPM3 *°, TRPP2 %, TPC1 and TPC2 3!, while activates
BKca channels (large conductance Ca?*-activated K* channels) in cardiomyocytes . Although the
mechanism of action has not yet been fully clarified, in the most recent studies via

electrophysiological analysis it has been observed that Nar reversibly blocks the conduction of TPCs



81, In particular, Nar antagonizes the ability of VEGF to mediate neo-angiogenesis, inhibiting the
VEGF- and NAADP-evoked Ca?" response in endothelial cells 3162, Interestingly, a study of
molecular docking predicts selective binding sites for Nar in the TPC2 structure, suggesting that Nar
is in contact with the hydrophobic residues that constitute the pore region of the channel, creating a
physical barrier that impedes the passage of cations .

Recently, it has been observed that Nar regulates cellular melanogenesis, indeed treated mouse
melanoma cells show an increase of intracellular melanin concentration and melanogenic proteins in

a dose-dependent manner 6465,
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Figure 1.4 Chemical structure of Naringenin 6,



1.2 MELANOMA

1.2.1 Incidence and classification
Malignant melanoma is the most aggressive form of skin cancer and originates from melanocytes of

the skin or mucous membranes ¢. Worldwide, the incidence of cutaneous melanoma has risen
dramatically. It is estimated that about 1.7% of all newly diagnosed primary malignant tumors as
well as 0.7% of all cancer deaths are caused by cutaneous melanoma annually. The most cases of
melanoma are diagnosed in the USA and in Europe, indeed according to an American Cancer Society
report are estimated 91 270 new cases of melanoma in the United States, while the European Cancer
Information System (ECIS) estimated about 120 505 new cases of skin melanoma in European Union
counties in 2018 %, Melanomas incidence and mortality rates in Europe are very different depending
on the country, in Italy are estimated about 14 900 cases of melanoma in 2020 ®°. Although early-
stages tumors at the time of diagnosis are treated by surgical excision, metastatic melanomas are very
difficult to treat due to its high aggressiveness and resistance to common therapies >"*. Thus, new
prognostic/diagnostic markers and druggable targets are needs to improve the accuracy of melanoma
diagnosis and treatment.

Melanoma classification is very complex due to the high heterogeneity of this pathology, for this
reason there are different types of classification based on different clinical or histopathological
parameters. In relation to clinical and histological features, melanoma can be divided into 5 main
subtypes 2. The first subtype is nodular melanoma (NMM), that is composed of small nests and
aggregates of cancer cells that together form the overall tumor nodule. It often occurs on the trunk
and limbs of patients in the fifth or sixth decade of life and it is often ulcerated. This subtype does
not have a RGP but only a VGP growth, and if not removed it easily metastasizes. Acral lentiginous
melanoma (ALM) is uncommon in white people but it is the most common type of melanoma among
asian, hispanic and african patients. Typically, it affects elderly patients. It is mainly localized on
glabrous skin and adjacent skin of digits, palms and soles, and nail bed of the great toe or thumb.
Lentigo maligna melanoma (LMM) correlates with long-term sun exposure and increasing age. It is
characterized by RGP growth of cells that are localized to the basal layers of the epidermis, and it
may evolve for decades before invading into the underlying dermis. The most common type is the
superficial spreading melanoma (SSM), identified in 70% of cases. It is related to the intermittent
exposure to the sun and may be due to episodes of severe sunburns in childhood. From the clinical
point of view, this cancer shows a variety of colors and the lesion outline is usually sharply
marginated with one or more irregular peninsula-like protrusions. The last subtype is desmoplastic
melanoma (DM), which may be amelanotic and it can present as an erythematous or pale or flash-
colored nodule or plaque arising in sun-damaged skin ™.

Another type is the traditional classification, which is based on Clark’s method that describes the
depth of invasion of melanoma cells in the various layers of the skin, identifying five different levels
3 (Figurel.5):



I. Melanoma cells are confined to the epidermis
I1. Invasion into the superficial dermis

I11. Invasion into the deep dermis

IV. Invasion into the reticular dermis

V. Invasion into the hypodermis
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Figure 1.5: Schematic representation of Clark invasion levels and Breslow index 7.

A third method used for classifying melanoma is the Breslow index, which evaluates the depth of
invasion in millimetres, measurements obtained with an ocular microtome. The stages in which
melanoma is classified are 5 ™:

I.>0.75mm

Il. 0.76-1.5mm

I11. 1.51-2.25mm

V. 2.26-3mm

V. >3mm

Recently it has been created a new classification called TNM (tumor, nodes, metastases) staging
system from The American Join Committee on Cancer, which combines the histologic information
of the primary tumor, the presence and extent of regional lymph nodes disease and the presence and
extent of distant metastasis °.

- Tumor: size, depth of tumor growth (Clark’s level and Breslow index), ulceration;

- Lymph nodes: presence of infiltrating cells;

- Metastasis: presence of metastatic dissemination.

Staging is important as it give clinicians the tools to assess patient prognosis and put together a
treatment regimen that will give the patient the best possible chance for recovery or prolonged

survival 7’.
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1.2.2 Risk factors and genetic alterations
Melanoma is a complex multifactorial disease, presenting genetic, clinical, histopathological and

biological variants responsible for an unpredictable treatment efficacy. As said before, the main
feature of melanocytes is to produce specific organelles, termed melanosomes, in which melanin
pigment is synthesized and deposited. Melanosomes are subsequently transferred to keratinocytes
for skin protection from UV radiations 8. Nevertheless, exposure to UV rays is also the most
important environmental risk factor for developing melanoma ©, both by excessive, intermittent
exposures to solar UV radiations and subsequent sunburns, and the use of UVA-emetting indoor
tanning beds. Specifically UVB induces DNA strand breaks and promotes inflammation, while UVA
induces oxidative stress, which causes damage to DNA, lipids and proteins %, Other risk factors
are: i) the presence and the number of melanocytic naevi, ii) family history of cutaneous melanoma
8 jii) multiple primary melanomas in a given individual, iv) immunosuppression, due both to genetic
defects and ongoing therapies ® and v) skin phototype 2. There are also pathologies known as risk

factors for melanoma, such as xeroderma pigmentosum 8, vitiligo 8 and albinism &,

Melanoma is a complex disease involving numerous genes and displaying the highest rate of
mutations among all cancers 8. Not all variants of melanoma have the same mutational frequencies,
but some recurring somatic mutations appear frequently in all types of melanomas. These driving
mutations involve genes regulating different signaling pathways: proliferation (BRAF, NRAS, NF1),
growth and metabolism (PTEN, KIT), resistance to apoptosis (TP53), senescence (TERT), cell
identity (ARID2) and cell cycle (CDKN2A) 67878 (Figure 1.6). The majority of melanomas arise
from somatic mutations acquired in the course of life and only a handful of mutations may be
inherited. Indeed it is estimated that only 10% of cases of melanoma has hereditary basis and that the
cycline-dependent kinase inhibitor 2A (CDKN2A) mutation is the most commonly found in familial
melanoma, determining a range of predisposition from 20 to 40% 2. CDKN2A mutations lead to
defects in the proteins p1427F and p16'™N%4A which are important tumor suppressors that regulates the
G1 checkpoint and stabilize p53 expression.

It has been estimated that 70% of melanoma cases are due to mutations in the MAPK pathway (Table
1): about 50% of melanoma cases are due to mutations in BRAF, while mutations in NRAS are
responsible for an additional 15-20% of cases and in c-KIT for the 2% "8, The most common
mutation in BRAF is the V600E (>85% of BRAF mutations), which lead to constitutive activation
of the MAPK pathway and correlates with the presence of superficial spreading melanoma (SSM).
However, BRAF is mutated in up to 80% of benign naevi, therefore a BRAF mutation alone does
not determine a malignant phenotype, but more mutations are needed to transform normal
melanocytes into a malignant tumor 8%, The MAPK pathway is involved in controlling cell
proliferation and survival, so when mutations lead to a constitutive activation of the pathway, cancer
cells growth unchecked. Alterations of this pathway may not only be due to gene mutations but may

be caused by a different regulation. In particular, it has been demonstrated that after UV radiations
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ERK, JNK and P38 kinases are activated through phosphorylation of threonine and tyrosine in the
activation site. Activation of these protein results in their translocation into the nucleus where they
in turn phosphorylate transcription factors regulating cellular pathways such as proliferation,

differentiation, development and cell death °.
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Figure 1.6: Schematic representation of the oncogenic pathways commonly misregulated in melanoma®’,

Table 1| Selected genetic alterations in malignant melanomas
Gene type Gene Alteration frequency/type(s)
in melanoma (%)

Oncogenes BRAF 50-70% mutated

NRAS 15-30% mutated

AKT3 Overexpressed
Tumour CDKN2A 30-70% deleted, mutated or
SUppPressors silenced

PTEN 5-20% deleted or mutated

APAF-1 40% silenced

pS3 10% lost or mutated
Others Cyclin D1 6-44% amplified

MITF 10-16% amplified

Table 1: Frequency of genetic alterations in melanoma 7.
1.2.3 Progression

Melanoma originates from alterations in melanocytes. As a result of the progressive accumulation of
spontaneous genomic mutations (except familial melanomas), also due to exposure to UV rays,
melanocytes show an increase in proliferation that can be restricted to the epidermis (junctional
naevus), the dermis (dermal naevus) or overlapping components of both (compound naevus) ©’.
Naevi are benign alterations, since they are formed by melanocytes with limited proliferative
capacity. Indeed, normally after acquiring an initial mutation, a melanocyte will undergo limited
proliferation to form a naevus. Moreover, it has been hypothesized that the low levels of proliferation
that occur within some naevi are counterbalanced by attritional factors such as apoptosis and immune
system 8, BRAF mutations seems to be present in 80% of cases **?, and some data suggest that this
mutation is sufficient for naevogenesis . Then, if naevi accumulate further genetic mutations may

became dysplastic or atypical, characterized by an altered morphology of melanocytes with an
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abnormal proliferation rate. Clinically, a dysplastic naevus is defined as a brownish patch of at least
5 mm in diameter, harbouring at least two of the following characteristics: variable pigmentation,
asymmetry and/or irregular or indistinct borders 8. Then naevus can progress to the radial-growth-
phase (RGP) melanoma (Figure 1.7), an intra-epidermal lesion that may develop to the vertical-
growth-phase (VGP) melanoma, a more dangerous stage in which the cells invades the underlying
dermis ¢, At this stage, melanocytes invade the dermis forming niches of tumor cells and may
subsequently infiltrate blood and lymphatic vessels and disseminate to local lymph nodes and distant
sites. Not all melanomas develop through each of these individual phases, RGP or VGP can both
developed directly from isolated melanocytes or naevi, and both can progress directly to metastatic

melanoma %.

a Normal skin b Naevus

Figure 1.7: Progression of melanocyte transformation .

Several markers can be used to assess tumor progression, such as cadherins that are transmembrane
glycoproteins involved in calcium-dependent adhesion. In the skin these molecules are expressed in
different cell types: E-cadherin is the most expressed on the surface of keratinocytes, melanocytes
and Langerhans cells °, N-cadherin on the surface of fibroblasts and vascular endothelial cells of
skin %, while P-cadherin is found only in keratinocytes of the basal layer °. In human skin E-cadherin
is involved in cellular adhesion of melanocytes and keratinocytes, and a reduced expression or lack
of functionality of this protein leads to loss of cell-cell contacts and increase in tumor invasion.
Indeed melanoma cells presents not only a down regulation of E-cadherin, but also an up-regulation
of N-cadherin, this process termed as “cadherins switch” leads melanocytes to acquire new adhesive
properties and altered spatial relationships that can facilitate proliferation, migration and invasion of
melanoma cells %%, Recently in a study that used matched tissue samples from primary and
metastatic sites of melanoma, it has been observed that metastatic tumor showed a decrease in E-

cadherin expression and an increase in N-cadherin expression compared to the primary tumor,
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although the difference did not reach statistical significance %. The ability of neoplastic cells to
invade the basal membrane and colonize other tissues is due to the loose of epithelial characteristics
and the acquisition of a mesenchymal phenotype through a process known as the epithelium-
mesenchymal transition (EMT). Another important marker involved in the EMT is Slug, a
transcriptional repressor of E-cadherin *°. Apart from these roles, Slug is also a survival molecule
that promotes resistance to apoptosis in some cell contexts. In melanoma, it was shown that Slug
functions as a melanocyte-specific factor required for the strong metastatic propensity of this tumor
100 Fven integrins may be use as tumor markers, because of their central role in mediating invasion
and metastases. Numerous studies have shown a different expression of integrins in normal
melanocytes and benign naevi compared to melanoma cells 1%, In particular, ozBiintegrin, binding
laminin, has been detected in melanoma cells and not in normal melanocytes 2. Similarly,
asPiintegrin is not express in primary and dysplastic naevi, while in melanoma the expression
correlates with the progression from radial to vertical growth phase 1314, This integrin contributes
to tumorigenesis and facilitate cells infiltration in blood and lymphatic vessels, promoting
metastatization %1%, |n according to these data, several studies have shown a direct correlation

between osfiintegrin expression, metastatic onset and reduction of disease-free survival 1%,

1.2.4 Diagnosis
Since melanoma is characterized by high aggressiveness and mortality, early detection is needed to

prevent the progression of the disease. A well-established guide to examine and interpret pigmented
lesions for both health care professionals and patients has been the "ABCDE" criteria, which
evaluates 5 macroscopic parameters: asymmetry, border, color, diameter and evolution 1%, Indeed
melanoma is clinically recognized on the basis of morphological features such as raised surface,
irregular shape, shades of color, sometimes superficial ulcerations, bleeding, inflammation, itching
and pain. Moreover, various assistive optical devices, as dermatoscopes, are becoming part of routine
clinical practice for a more detailed examination of the skin and in particular, pigmented lesions.
Dermoscopy is a non-invasive diagnostic technique for in vivo observation of the epidermis. This
device uses optic magnification associated with an incident light to permit visualization of
morphological structures that are not visible to the naked eye %. A further technique is the
Reflectance Confocal Microscopy (RCM), that allows non-invasive examination of native skin in
real-time at a nearly histologic resolution. The reflectance confocal microscope emits a near-infrared,
coherent laser beam that illuminated human skin. The image provides information on cells
morphology of the skin lesion in the various layers, up to the dermal papillae .

The diagnosis of melanoma requires that a lesion be recognized as clinically atypical and biopsied.
Once a lesion has been biopsied, a microscopic analysis is performed based on a variety of classic
histopathological features. However, melanoma is a heterogeneous disease and some histologic

variants are not easily recognizable by traditional hematoxylin and eosin (H&E) examination alone
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", So, there are other types of biomarkers commonly used for diagnostic and prognostic purpose:
melanocytic markers and proliferative markers. Melanocytic markers are used to determine the
melanocytic origin in case of ambiguous lesions, while proliferative markers are used to evaluate the
cell cycle activity in a lesion 7. The first are proteins involved in the typical processes of
melanocytes, such as melanin synthesis, melanosomes biogenesis and melanocytes differentiation
110, MART1 (Melanoma Antigen Recognized by T-cells-1) identifies a cytoplasmatic protein present
during the process of melanosome differentiation 1. This antigen was first detected in melanoma
metastases and is now one of the most important melanocytic markers. Two different antibodies
detect this antigen: MART1 and A103, generally referred to as Melan-A. Another melanocytic
marker is HMBA45, an antibody that recognised the glycoprotein gp100 (Pmel17) that is essential for
melanin polymerisation, melanosome biogenesis and melanogenesis 1, These two markers have
some of the highest specificity, however they are also positive in few other types of skin lesions °,
An additional marker for the identification of cancer cells with melanocytic origin is S100, an acidic
calcium-binding protein that is present in the nucleus and cytoplasm. This marker is the most
sensitive for melanocytic differentiation, it has a higher sensitivity than HMB-45 and MARTY, but a
low specificity for the melanoma because it is also positive in nerve sheath cells, myoepithelial cells,
adipocytes, chondrocytes, Langerhans cells and associated tumors 2. Finally, other common
melanocytic markers used in melanoma diagnosis are: MITF (Micropthlamia Transcription Factor),
a transcription factor necessary for the development of melanocytes during embryogenesis and the
regulation of melanin synthesis, which produce a nuclear staning; tyrosinase, an enzyme that
hydroxylates tyrosine in the first step of melanin synthesis and in melanomas can be seen as fine
granular cytoplasmic staining; SOX10, a transcription factors involved in the regulation of
embryonic development and determination of cell fate, essential in the formation of melanocytes
1L13 - Among the proliferation markers the most commonly used is Ki67, a protein involved in
ribosomal transcription, expressed in the active phases of cell cycle and absent in GO. Its expression
is associated with cell proliferation and is high elevated in the most aggressive melanomas 14115,

Moreover, some additional techniques such as fluorescence in situ hybridization (FISH), comparative
genomic hybridization (CGH) and sequencing and mass spectrometry (MS) may be utilized to
improve the diagnosis '°. In 2005, an interesting study shown the possibility of classifying
melanomas by clinical-histopathological subtypes with 70% accuracy, analyzing alterations in the
number of copies of DNA and individual somatic mutations *’. So, in the future the detection of
specific genetic alterations could therefore be used to improve the diagnosis and prognosis of the

patients.

1.2.5 Therapies
If diagnosed in early stages melanoma is curable by surgical resection, while once it has progressed

to the metastatic site the prognosis is highly unfavorable. Melanoma is an extremely aggressive
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cancer, with high metastatic potential and high resistance to cytotoxic agents. Melanoma cells
compared to other types of tumours have low levels of spontaneous apoptosis in vivo, and are
relatively resistant to drug-induced apoptosis in vitro . Metastatic melanoma is largely refractory to
existing therapies and has a very poor prognosis, with a median survival rate of 6 months after
diagnosis and 5-year survival rate of less than 5% 18,

At first, after melanoma surgical excision the most used pharmacological treatments were IFN-a, IL-
2 and several chemotherapeutic drugs, including dacarbazine (DTIC) and paclitaxel, which
unfortunately little contribute to overall patient survival 1*°. In the last years, the identification of new
signalling pathways that play central roles in melanoma initiation and progression has led to the
development of targeted therapy and immunotherapy 77, At the time, for patients with metastatic
melanoma the first step is the evaluation of the functional state of BRAF, which is mutated in 40-
50% of skin melanomas. For these patients are currently used combinations of BRAF/MEK
inhibitors (vemurafenib/cobimetinib; dabrafenib/trametinib). However, though these drugs are
highly effective for approximately half of patients with BRAF mutated melanomas, a majority of
patients develop secondary resistance within a relatively short amount of time 712012, |n these cases,
or in patients who do not have BRAF mutations, the most effective treatment is the use of
immunotherapeutic drugs, as anti PD-1 (nivolumab; pembrolizumab) or anti CTLA-4 (ipilimumab)
122123 - Although immune checkpoint inhibitors have revolutionized the treatment of metastatic
melanoma, a significant subset of patients still does not respond to these drugs, and many patients
who do respond develop a secondary resistance ”. Therefore, there is a great interest in finding new

pharmacological targets for the development of new treatments for melanoma.

1.2.6 Melanosomes and role of pigmentation in melanoma
Melanin is synthetized from tyrosine which first is converted into L-DOPA by the enzyme tyrosinase

(Figure 1.8). Two types of melanins are produced according to the availability of substrates and the
function of melanogenetic enzymes: pheomelanins and eumelanins. Pheomelanins are brown, red
and yellow pigments, formed by oxidation reactions involving cysteine residues 2. On the contrary,
the black and brown pigments eumelanins are synthetized in the absence of cysteine and with use of
tyrosinase-related proteins (TRP1, TRP2/DCT) enzymes 2. The production of dark melanins [DHI
(5,6-dihydroxyindole) -melanins] maximizes photoabsorption, but at the same time increases
cytotoxic effects, while light brown melanins [DHICA (5,6-dihydroxyindole-2-carboxylic acid) -
melanins] have lower photoabsorption and toxic effects. Finally pheomelanins provide a very low

photoabsorption, almost or completely zero, but do not produce cytotoxic effects 126129,
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Figure 1.8: The simplified scheme of the melanin synthesis in melanocytes during melanogenesis 1%,

Since many cytotoxic agents are formed during melanin synthesis, to avoid their interaction with
other cytosolic components the process of melanization takes place in melanosomes. L. These
organelles are lysosome-related organelles (LROs) as they have some common features with
lysosomes such as a low luminal pH, numerous enzymes including lysosomal hydrolases and many
membrane proteins 13213 Among the LROs melanosomes are specialised in biosynthesis, storage
and transport of melanin in epidermal and ocular melanocytes and in pigment epithelia of the retina,
iris and ciliary body of the eye 13, Melanosome function depends on cell type: in retinal pigment
epithelial cells melanosomes absorb stray light that did not interact with the retinal photoreceptors
and probably trap free radicals 1**, while in epidermal melanocytes melanosomes mediate the transfer
of melanin to keratinocytes, leading to skin and hair pigmentation %, In addition to the determination
of the phenotypic aspect, melanin is involved in a number of important functions **’, such as balance
and auditory processing 3, absorption of drugs and toxic chemicals substances **° and neurological
development during embryogenesis %142, However, the most important role is the protection against
UV, which are cause of DNA damage, cellular aging and carcinogenesis 3.

As said before, keratinocytes need melanin for their own photoprotection. Physiologically, in
keratinocytes UV radiations induce a-melanocyte stimulating hormone (a-MSH) secretion, which
binds the melanocortin 1 receptor (MC1R) on melanocytes. The activation of this signaling pathway
induces cell proliferation and melanin synthesis 14%. Therefore, melanocytes are able to respond to
external signals by producing mature melanosomes, which will be transferred through cell extensions
to neighbouring keratinocytes. Melanosomes develop following 4 sequential stages ** (Figure 1.9)
beginning with the formation of pre-melanosomes (stage 1), that are membrane-delimited electron-
lucent structures, similar to vacuoles and still without pigment. Stage Il pre-melanosomes have a
more elliptical structure, with intralumenal proteinaceus fibrils mainly formed by Pmell7
glycoproteins (and MART1, which regulates the formation of Pmel17 fibrils) that are present along
their entire length. Once the fibrous striations are fully formed, melanin synthesis begins. Melanin is

deposited on the fibrils, resulting in their thickening and blackening with maturation to stage I11 until
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all internal structure is masked in stage I1V. This accumulation of pigment on fibrils may avoid the
spread of melanin during the transfer of organelles from melanocytes to keratinocytes. Early
melanosomes (stage | and Il) do not contain melanin and are usually located at the center of the
cytoplasm, while late melanosomes (stage Il and V) that are strongly pigmented predominate in the
distal dendrites of melanocytes, the main site of secretion 3, Early and late melanosomes have
different features, such as different proteins enrichment. For example Pmell7, a type |
transmembrane glycoprotein also known as gp100, that serves as the structural foundation of the
fibrils, is present mostly in early melanosomes, while the melanin biosynthetic enzymes tyrosinase,
TRP1 and DCT are enriched in stage 11l and IV 133145,

Interestingly, it has been observed that different melanins are synthesized in differential types of
melanosomes, but both may be present in the same melanocyte 4. The eumelanosomes are
morphologically larger, elliptical and contain a fibrillar matrix, while pheomelanosomes are smaller,

spherical and have a loose matrix organization 3147,

) Stage IV
! Stage ] melanin
- Stage I melanin
fibrillar matrix //' — .
"‘51::';' = N
NFppttt s
Stage | /7 \
Tyrosinase
AN \
Lale‘g -
endosome S ~
7 /
Early B '
A (v 7 endosome 4
O C
— GA Plasma

membrane

Figure 1.9: Scheme of the melanin synthesis in melanocytes during melanogenesis %0,

Melanoma cells retain the ability to produce and release melanosomes, indeed keratinocytes
surrounding melanoma cells often show an abnormal distribution of melanin 4. Changes in
melanosomes biogenesis and pigment production are associated to cellular transformation in
melanoma, indeed it has been observed that some melanocytes lose their ability to synthesize
pigments and assume a disorganized structure 241491 Moreover, if on the one hand in healthy
melanocytes melanin production protects from UV radiation and oxidative stress, on the other hand
it has been observed that melanin can make melanoma cells resistant to therapy ***. In according to
these data, in patients with advanced melanomas the high production of melanin is inversely related
to patient survival and disease-free survival 2, Otherwise, in a recent study in mouse model it has
been demonstrated that melanin synthesis by human melanoma cells inoculated in mouse inhibits

their ability to spread and metastasize 3.
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1.3 TUMOR MICROENVIRONMENT

131 Microenvironment
The TME (Tumor Microenvironment) is the cellular environment in which the tumor exists.

Increasing evidence suggests that TME play an active role rather than simply acting as a by-stander
in tumor progression. In fact, only through reciprocal communication, cancer cells and the
microenvironment act in collusion leading to high proliferation and metastatic capability **. Apart
from the tumor cells, the TME includes surrounding blood vessels, extracellular matrix (ECM), other
non-malignant cells and signaling molecules.

The normal cells included: stromal cells, fibroblasts, immune cells (such as T lymphocytes, B
lymphocytes, natural killer cells, natural killer T cells, tumor-associated macrophages, etc.), as well
as pericytes and sometimes adipocytes. Stromal cells and fibroblasts secrete growth factors, such as
hepatocyte growth factor (HGF), fibroblast growth factor (FGFs) and CXCL12 chemokine, which
not only promote growth and survival of cancer cells but also function as a chemoattractant that
stimulates the migration of other cells into the TME . In addition, accumulating evidence have
confirmed that tumor cells must recruit and reprogram the surrounding normal cells to serve as
contributors to tumor progression, such as for fibroblasts that may be transformed into cancer-
associated fibroblasts (CAFs) 4.

Other critical factors are chemokines and cytokines, which are secreted into the TME to recruit and
activate various inflammatory cells, among these macrophages represent the majority. Cancer-related
inflammatory microenvironment is important to induce cancer cell evasion from immune destruction,
thus tissues with chronic inflammation generally exhibit high cancer incidence 15+1%,

Another key component of TME is the ECM, composed of proteins, glycoproteins, proteoglycans,
and polysaccharides with different physical and biochemical properties. ECM not only provide a
physical scaffold for all the cells of the TME but also is abundance of growth factors. During cancer
development ECM is commonly deregulated and becomes disorganized in later stages of tumor
progression. For example, it has been observed that ECM is essential for the establishment and
maintenance of tissue polarity and architecture, and abnormal ECM dynamics compromise the
basement membrane and promote EMT, facilitating tissue invasion by cancer cells *’. Moreover,
abnormal ECM can dysregulate the behavior of stromal cells, promoting inflammation and
angiogenesis processes. Interestingly, primary tumors with distinct metastatic potential differ in their
ECM components. Indeed, the composition of the extracellular TME has been used a predictor of
clinical prognosis %,

Tumors also require the formation of a complex vascular network to meet the metabolic and
nutritional needs for growth. For instance, stromal cells secreted VEGF, PDGF (platelet derived
growth factor), bFGF (basic fibroblast growth factor) and IGF1 (insulin-like growth factor-1) to
stimulate angiogenesis. When a quiescent blood vessel senses an angiogenic signal from growth

factors or hypoxic conditions, heterogeneous new vessels with chaotic branching structures sprout
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from the existing vasculature. However this new vasculature is often inadequate, leading to hypoxic
and acidotic regions *°. Furthermore, the tumor blood vessels exhibit an uneven vessel lumen and
are usually leaky, which raises interstitial fluid pressure leading to unevenness of blood flow and
nutrient, as well as drug distribution %8,

Although the composition of TME is heterogeneous in different tumor types, there are common
features that contribute to chemoresistance and that may be use as therapeutic targets. Indeed, several
recent studies have revealed that targeting chemokines and adhesion molecules, can improve the
response of cancer cells to chemotherapy by increasing the access of drugs to the tumor 58

Finally, cancer cells mainly rely on aerobic glycolysis rather than mitochondrial oxidative
phosphorylation, generating lactate which contributes to acidic condition, ROS production and
MAPK signaling activation **. All these TME conditions, including oxidative stress, low pH
environment and nutrient deprivation contribute to genetic instability through the induction of
enhanced mutagenesis and an impaired DNA damage pathway ¢°.

1.3.2 Melanoma microenvironment
Melanoma cells actively interact with the TME in a bidirectional manner, through direct cell-cell and

cell-matrix communications, growth factors and secreted cytokines 6%,

The interaction between keratinocytes and melanocytes of the epidermis contributes to the initial
development of the tumor 2, In human epidermis there is a constant ratio of keratinocytes to
melanocytes 35:1 in the epidermal layer, and under normal conditions keratinocytes control
melanocyte localization and proliferation through the secretion of grow factors and intercellular
communication with adhesion molecules. The deregulation of this balanced system may induce
melanocytic proliferation, leading to the transformation into naevus or melanoma 2. An abnormal
proliferation occurs when melanocytes downregulate the expression of cell adhesion molecules such
as E-cadherin, P-cadherin, desmoglein, and connexins %3, In melanocytes, E- cadherin is associated
with cell-to-cell adhesion properties and loss of E-cadherin leads to an invasive phenotype often
linked with transformed cells %4, Not surprisingly, reintroduction of E-cadherin into melanoma cells
renders them less motile, likely through a keratinocyte-regulated mechanism °. This protein can be
downregulated by several mechanisms such as by the repressors Slug and Snail, that inhibit its
transcription in melanoma cells. The switch from E-cadherin to N-cadherin allows melanoma cells
to interact with other N-cadherin expressing cells such as fibroblasts and endothelial cells, increasing
their motility due to less stringent cell interactions. Moreover, N-cadherin confers a survival
advantages through repression of proapoptotic factors %1, Another important class of proteins that
are deregulated during melanoma progression are integrins, heterodimeric transmembrane proteins
that promote the adhesion of cells to the ECM and play an important role in processes of proliferation,

migration, invasion, angiogenesis and survival. Alterations in integrin expression allow melanoma
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cells to dissociate from the primary site, alter the cytoskeleton, migrate through the contiguous
stroma, and eventually disseminate through lymphatic or vascular vessels to distant organs 6%,
During the early stages of tumor development, melanoma cells activate different mechanisms that
allow them to migrate, invade, and survive outside the tumor niche (Figure 1.10). For example,
compared to melanocytes, melanoma cells secreted bFGF, to promote proliferation and survival in
an autocrine manner. Moreover, these cancer cells secreted PDFG, TGF-f (transforming growth
factor) and VEGF that exercise paracrine functions in angiogenesis and stroma formation by inducing
proliferation and activation of fibroblasts and endothelial cells 6.

An example of the continuous bidirectional cross-talk between tumor and microenvironment is the
reciprocal activation between melanoma cells and stromal fibroblasts. Melanoma-secreted PDGF
stimulates fibroblasts to produce and secrete IGF-1, which in turn stimulates the growth of cancer
cells in a paracrine manner. Additionally, activated fibroblasts release bFGF and endothelin
promoting melanoma growth (Ruiter 2002-melanoma stroma interactions: structural and functional
aspects). Both melanoma and stromal cells also produce and secrete large quantities of MMPs (matrix
metalloproteinases), enzymes involved in ECM degradation and tissue remodelling, thus promoting
melanoma progression 1,

Finally, there are subcompartments within tumours itself with different microenvironmental milieu
created by differential access to oxygen and nutrients. Therefore, melanoma cells within a tumour

have different microenvironments 162.
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Figure 1.10: Interaction between melanoma cells and stromal microenvironment. These interactions promote changes in

cell-cell, cell-matrix adhesions and in the process of angiogenesis 6°.

1.3.3 CAFs
One of the most important components of the microenvironment are fibroblasts, whose

physiologically are responsible for the deposition of the ECM, regulation of epithelial differentiation
and control of inflammation and wound healing. Fibroblasts synthetize many components of the

ECM such as type I, type Il and type V collagen, fibronectin and contribute to the formation of the
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basal membrane by secreting type IV collagen and laminin %, In the TME fibroblasts can be
transformed into cancer-associated fibroblasts (CAFs). Both CAFs and normal fibroblasts express
fibroblast-specific markers, such as fibronectin and vimentin, while molecules that are normally
considered to be activation markers, including a-SMA (a-smooth muscle actin), S100A4, and FAP-
o (fibroblast activation protein), are only expressed by CAFs 166167 Specifically, FAP is a serine
protease with collagenolytic and dipeptidyl peptidase activities capable of degrading type I collagen,
thus enhancing ECM remodeling and facilitating tumor growth and migration %1% while a-SMA
is an actin protein that promotes the contractile action of fibroblasts. This protein is known as a
myofibroblast marker, indeed CAFs have similar properties to the activated myofibroblasts
(fibroblast with features that are more typical of smooth muscle cells) found under inflammatory
conditions or during wound healing . CAFs exhibit both phenotypical and physiological
differences compared to normal dermal fibroblasts, which under normal healthy conditions appear
to be quiescent and function to maintain tissue homeostasis. Indeed, compared with normal
fibroblasts, CAFs have increased rates of migration and proliferation capability 1°. For example, skin
fibroblasts isolated from patients with breast cancer, malignant melanoma, familial polyposis coli,
retinoblastoma and Wilms tumours show an increased proliferation rate in vitro, suggesting that
CAFs possess an increased proliferative activity compared to fibroblast 6,

As mentioned, CAFs can derive from fibroblasts, indeed some experimental data indicate that cancer
cells secrete high levels of TGF-B, which is chemotactic for fibroblasts and induces their
transformation into CAFs (Figure 1.11). However, the original source of CAFs remain controversial.
Other cell types that can be transformed into CAFs are epithelial cells, endothelial cells, cancer cells,
myofibroblasts and human bone marrow-derived mesenchymal stem cells (hnMSCs) 4.

Compared to normal fibroblast CAFs are able to: synthesize, deposit and remodel the ECM; secrete
different cytokines and growth factors, which promote cancer cells growth and influence cell-cell
interactions; promote angiogenesis and inflammation; modulate the immune system; influence drug
access and therapy response °416.171 Thys, CAFs promote cancer development from initiation, to
primary and metastatic progression and favour drug resistance. In vivo experiment demonstrated that
CAFs facilitate the invasiveness of otherwise non-invasive cancer cells when co-injected into mice
172 and xenografts of breast cancer cells co-injected in suspension with CAFs grew larger that

xenografts infused with normal fibroblasts 172,
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Figure 1.11: Interaction between neoplastic cells and CAFs in the TME 74,

As mentioned above, TGF-f has a role in the recruitment and transformation of fibroblasts, however
it is a paradoxical growth factor in that it can both suppress and promote tumor progression in the
proper cellular context. Before the initiation of cancer, and during the early stages of carcinogenesis,
TGFp probably functions as a tumour suppressor. Indeed, in normal tissues, the anti-proliferative
and pro-apoptotic response of epithelial cells to TGF might limit the growth of normal epithelium
and the emergence of malignant carcinomas. On the contrary, during advanced stages of cancer,
TGFB facilitates EMT of cancer cells, potentially promoting invasiveness and metastasis 1%°17°. For
example, CAFs-secreted TGF- induces the expression of mesenchymal markers such as vimentin,
fibronectin, MMP2 and MMP9 in breast cancer cells (Figure 1.11). So, CAFs expressed numerous
protein involved in matrix remodelling, such as SNAIL, a transcriptional factor that responds to
TGF-B and regulates EMT in cancer cells by suppressing E-cadherin expression 174, Interestingly, it
has been observed that melanoma-derived TGF-p has a growth inhibitory effect on epithelial cells
and melanocytes, but melanoma cells themselves are resistant to these inhibitory effects. In addition,
the paracrine secretion of TGF-f promotes increased deposition of ECM, angiogenesis, survival,
immunosuppression, and transition to more aggressive phenotypes 6.

Recently Dror and collaborators ** report that melanosomes participate in the communication
between primary melanoma cells and their microenvironment, promoting the activation of dermal
fibroblasts into CAFs (Figure 1.12). These activated fibroblasts not only show an increase in
proliferation, motility, collagen contraction and upregulation of proliferation- and migration-
associated genes and pro-inflammatory cytokines, but also increase melanoma cells proliferation and
migration capability. Moreover, although in physiological conditions skin fibroblasts incorporate
about 100 melanosomes, Dror et al. quantified 200-500 melanosomes per melanoma dermal
fibroblast, indicating increased uptake under pathological conditions. Fibroblasts reprogramming
into CAFs appeared to be mediate, at least in part, by miRNA-211, that targets IGF2R and leads to
MAPK activation. Thus, it is supposed that melanoma forms a pro-metastatic dermal niche via

melanosomes trafficking, promoting tumor invasion and progression 48,
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1.4 THREE-DIMENSIONAL MODELS FOR MELANOMA
1.1.1  Multicellular spheroids

Three-dimensional cell cultures are models widely used in biomedical research and in the
development of new drugs because they mimic better than two-dimensional culture the
characteristics of the tumor in vivo and at the same time are considered a valid alternative to the use
of animal models, that are much more complex and expensive. Three-dimensional models for
melanoma can be divided into two categories: spheroids and skin equivalent ”’. Tumor spheroids
can in turn be divided into: multicellular tumor spheroids, tumorospheres, spheres from partial tissue
dissociation, and multicellular organotypic spheroids. Each of these models presents some specific
characteristics that make it more or less suitable for different applications, such as hypoxia 8, cell
metabolism ' or invasion studies 18181,

It is well known that spheroid models simulate better than 2D cultures many of the complex
properties of the tumor in vivo, including cell-cell adhesion, barriers to mass transport, ECM
deposition, cell-matrix adhesion, the sensitivity and resistance to drug and a necrotic core surrounded
by a viable layer of quiescent and/or proliferating cells 82177183 Indeed, it has been observed that the
morphology of a spheroid presents three major layers & (Figure 1.13). The outer layer has the high
proliferative capacity: cells are extremely active both in proliferation and metabolism, and nuclei are
intact. More internally there is a quiescent layer, where cells have reduced metabolic functions that
may be activated in the presence of nutrients, and smaller nuclei compared to those of the
proliferative layer. Finally, the center of the spheroids with a diameter of more than 500pum is defined
necrotic core and presents not-viable cells. This area is characterized by a lack of oxygen and
nutrients due to their limited diffusion and by an accumulation of toxic substances due to cell
metabolism that cannot be eliminated. For this reason there is a limited size that can be reached by
spheroids #. Initially, during spheroids formation cells aggregates by interaction of cellular surface
integrins with ECM fibers. Then cell-cell contact leads to an increase of E-cadherin expression,
which accumulate on cellular surface and interact by homophilic bonds, forming solid aggregates
183185186 The aggregation is also influenced by actin, that initially promotes contacts between
adjacent cells, while after spheroids formation localized to cell periphery, giving compactness to the
sphere 187188,

Interestingly, 2D cultures of melanoma cells (primary, RGP or VGP and metastasis) fail to show
differences among lines, while 3D spheroids show well distinct morphologic features and growth
curves, reflecting the in vivo behaviour of the original tumor cells 7. Tumor spheroids can also be
enrich using different cell types such as fibroblasts, endothelial and immune cells, forming co-
cultures models that allow to analyze the interactions between different cell populations . For
example, it has been generated spheroids composed with fibroblast and melanoma cells to study the
role of stromal cells and factors in the growth and maintenance of tumors as well as their potential

impact on treatment resistance %. Similarly, it has been demonstrated that a 3D model of fibroblasts,
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keratinocytes, and melanoma cells, mimics the features observed in early melanoma stages, including
loss of keratinocyte differentiation, melanoma cell invasion, and drug-induced increase of ABCB5
expression in external melanoma cells °1, The insertion of all the components lead to the formation
of a complex model called minitumor spheroid, which best summarizes the complex structure of the

tumor in vivo.

Multi-layered spheroid

=
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Figure 1.13: Schematic representation of a spheroid structure and gradient of concentrations of molecules through the

layers 192,

1.1.1  Skin equivalents

Human skin equivalents (HSEs) are advanced three-dimensional in vitro models of reconstructed
skin, consisting of primary cutaneous cells (keratinocytes, melanocytes and fibroblasts) and ECM
components. For architecture and composition their closely resemble human skin, although they do
not fully reproduce the complexity of the skin microenvironment. The main advantages are that
artifacts due to 2D culture are minimal and it is possible to study the interactions between different
cell populations. HSE consists of dermis and epidermis, of which the first is formed by viable
fibroblasts included in rat tail or bovine type | collagen ECM, while epidermis is composed of
melanocytes and Kkeratinocytes, differentiated due to air exposure of the culture. The first step is
dermis construction, that not only provides the scaffold of the model, but is also responsible for cell
nutrition and gives the possibility of cell-cell interactions. Subsequently, onto the dermis are seeded
keratinocytes, that stratify and contribute with fibroblasts to the formation of a functional basal
membrane 319 A different technique is based on the use of de-epidermised dermis (DED). DED
derived from skin biopsy of a donor, that is deprived of the epidermal layer by overnight incubation
in sodium chloride and digested with Dispase Il to remove the basement membrane. Histologically,
this model appears very similar to the skin in vivo and can be used as scaffold for primary
keratinocytes, fibroblasts and melanoma cancer cells seeding .

The three-dimensional models of HSEs are used for numerous studies involving: skin barrier

functionality, skin aging, UV radiation damage and photoprotection %, bacterial infections 1%,
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irritation %, skin diseases and wound healing °’. Moreover, in HSEs it is possible to incorportate
cancer cells, for example forming the melanoma skin equivalents (MSEs), which allow to study the
development of melanoma in a microenvironment similar to the in vivo 1719, Interestingly, not only
melanoma cells can be seeded together with primary keratinocytes on the reconstructed dermis, but
tumor spheroids can also be incorporate within the dermis, to better mimic the original
microenvironment of different melanoma subtypes %1%, It has been demonstrated that in MSEs
melanoma cells from different stages of disease show the same properties of the tumor in vivo, so
cells from a melanoma in situ are not able to invade the dermis, while cells of VGP or metastatic
melanoma are able to invade the dermis 1%%2%, Recently, MSE models have been used in pre-clinical
studies to test efficacy, penetration and absorption of anti-tumor drugs, allowing also the
simultaneous assessment of non-cancer cell toxicity in the microenvironment 18820,

Giving that in the skin there are numerous cell types such as immune system cells, endothelial cells
and adipocytes in the hypodermis, several researchers have tried to generate even more accurate and
predictive models, as an higher skin equivalent containing the hypodermic components 2%,
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2. AIMS

Melanoma is most aggressive form of skin cancer and its incidence is rising steadily in western
populations. Although early melanomas can be cured by surgical excision, metastatic are very
difficult to treat due to its high aggressiveness and resistance to common therapies. Despite the great
progress made on therapeutic strategy, only 5-10% of patients with metastatic melanoma achieve 5
years long-term survival due to cell resistance. Therefore, there is a great interest in finding new
pharmacological targets for the development of more effective therapeutic treatments.

A factor that may be a mediator of melanoma progression is TPC2, a Ca* ionic channel activated by
NAADP that localized on the membrane of intracellular acidic compartments, including
melanosomes. This channel appears to be involved in several pathological conditions and in
numerous aspects related to tumorigenesis and metastasization. In mouse melanoma cells, the
inhibition of NAADP signaling strongly reduced the growth and invasiveness of both in vitro and in
vivo. Although human melanoma cells with different phenotype and microenvironment showed
conversely results, recently it has been observed that melanosomes, released by melanoma cells, are
incorporated by normal fibroblasts and induce the transformation of fibroblasts into CAFs, promoting
the formation of a dermal tumor primary niche that facilitates metastatic progression. Giving this
evidence, we speculated that the prevention of melanosomes’ release from early stage melanoma
could impair the formation of the dermal tumor niche and then blockade the metastatic invasion.
Since it has been observed that TPC2 is involved in the processes of cellular melanogenesis, we
hypothesized that treating melanoma cells with Naringenin, a natural flavonoid that inhibits this
channel, could affect both melanoma growth and invasiveness and the release of melanosomes and
consequently fibroblasts transformation.

Therefore, TPC2 channel could be an interesting pharmacological target for the development of new
therapies, to reduce the aggressiveness of melanoma by acting directly on cancer progression and
tumor microenvironment, and Nar molecule may represent a potential innovative treatment for

melanoma.
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3. MATERIALS AND METHODS

3.1 CELL CULTURES

3.11

Melanoma cell cultures
Human melanoma cell lines (American Type Culture Collection, ATCC, USA) were maintained in

standard culture conditions at 37°C and in a 5% CO; humidified atmosphere according to the

manufacturer instructions. The table summarises the cell lines with their main characteristics and the

culture conditions.

Cell line Type of Mutations Culture conditions
tumor
Lul205 Mouse lung | BRAF V600E MCDB 154CF, Lebovitz L-15 (Lonza)
metastasis CDK4 K22Q 2% Fetal bovine serum (FBS,
PTEN deletion EuroClone)
CDNK2A, CDNK2B | 2mM L-Glutamine (Lonza)
deletion 1% Penicillin/Streptomycin/Amphotericin
B (PSA, Lonza)
RPMI7951 | Lymph node | BRAF V600E EMEM (Sigma)
metastasis CDKNZ2A L16R 10% FBS,
PTEN deletion 2mM L-Glutamine
TP53 S166* TERT 1% PSA
€.242 243CC>TT
SH4 Pleural BRAF V600E DMEM (Sigma)
metastasis CDKN2A deletion 10% FBS
4mM L-Glutamine
1% PSA
Skmel3 Lymph node | BRAF V600E McCoy's 5a Medium Modified
metastasis TP53 R267W 15% FBS,
1,5mM L-Glutamine
1% PSA
Skmel24 Lymph node | BRAF V600E EMEM
metastasis CDKN2A deletion 10% FBS,
PTEN deletion 2mM L-Glutamine
TERT ¢.228C>T 1% PSA
Skmel28 Primary VGF | BRAF V600E EMEM
CDK4 R24C 15% FBS,
EGFR P753S 2mM L-Glutamine
PTEN T167A 1% PSA
TERT c.161A>C
TP53 L145R
MCI1R S83P/I1155T
WM115 Primary RGP | BRAF V600D EMEM
PTEN deletion 10% FBS
CDNK2A, CDNK2B | 2mM L-Glutamine
deletion 1% PSA
WM266-4 | Cutaneous BRAF V600D EMEM
metastasis PTEN deletion 10% FBS,
TERT c.250C>T 2mM L-Glutamine
MC1R R160W 1% PSA
CDNKZ2A, CDNK2B
deletion
WM793-B | Primary VGF | BRAF V600E MCDB 154CF, Lebovitz L-15
CDK4 K22Q 2% FBS
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2mM L-Glutamine
1% PSA

3.1.2 Human fibroblasts and melanocytes isolation and cell cultures
Human fibroblasts were maintained in DMEM supplemented with 5% FBS, 4 mM L-Glutammine,

and 1%PSA, while human melanocytes were cultured in Medium 254 containing HMGS-2 (Human
Melanocyte Growth Supplement) and 1% PSA.

Fibroblasts and melanocytes were isolated from skin biopsies provided by the Surgical Room of
Modena and Sassuolo (MO). The use of skin biopsies was approved by the ethical committee.
Biopsies were quickly immersed in 70% alcohol and then in PBS. Any residues of subcutaneous
tissue were eliminated and the tissue was cut into fragments of about 0.5 x 0.5 cm and placed in 1%
antibiotic in base medium at 4°C for 1h. The fragments were incubated in dispase Il (5mg/ml)
overnight at 4°C, to separate dermis from epidermis. Then the epidermis was separated from the
dermis: the derma fragments were transferred in petri dishes and incubated with culture medium
(DMEM, 10% FBS, 1% PSA, 4mm L-Glutamine) at 37°C, in order to stimulate the spontaneous exit
of the fibroblasts from the fragments; while the epidermis sheets were transferred in a solution of
0.25% trypsin, 0.02% EDTA in PBS and incubated for 25' at 37°C. Subsequently, the sheets were
mechanically disrupted for 5' and the cell suspension was filtered in a 200um cell strainer. After that,
single cell suspension, formed by keratinocytes with a small percentage of melanocytes, was cultured

in melanocytes culture medium, to promote its adhesion and proliferation.

3.1.3 Human Primary and Metastatic Melanoma Digestion
Primary melanoma biopsies were provided by the Dermatological Clinic of Modena and Sassuolo

(MO). The use of melanoma biopsies was approved by the ethical committee. Immediately after
surgical resection, primary or metastatic melanoma was digested using a Collagenase mix (type I and
IV Collagenase, Gibco). Each Collagenase type was solubilized adding 1 ml of Hank’s Balanced Salt
Solution (HBSS, Sigma) with Mg?* and Ca?* directly to 1g vial and vortexed. Subsequently, a volume
of HBSS, with Mg?* and Ca?*, was added to bring each collagenase solution to 100U/ul (1000X stock
solution) and it was filtered to sterilize with a low protein binding filtration unit. Collagenase mix
was generated with 50U/ml type | collagenase and 200U/ml type IV collagenase. Primary or
metastatic melanoma biopsy was minced into 3-4 mm pieces with a sterile bistoury. Tissue pieces
was washed several times with HBSS with Mg?* and Ca?*. Collagenase mix were then added and the
tissue were incubated 30’ at 37°C. After that, melanoma tissue pieces were mechanically dissociated
by pipetting for 5. This step was repeated again, and the solution was blocked with melanoma
medium (RPMI, 10% decomplemented FBS, 2% Glutamine, 1% PSA). Cellular suspension was
filtered with a cell strainer and centrifuged 12000 rpm for 8’. Pellet were then resuspended with
RPMI medium and cells were counted with Burker camera. Cells were seeded directly to generate

multicellular spheroids (liquid overlay method) and melanoma skin equivalent, or spotted on slices.
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3.14 Citospin
100 000 primary and skin metastasis melanoma cells in 200ul PBS were spotted on slices. Cells

were permeabilized with 0.1% Tritonx100 for 5' on ice, placed in a humidity chamber and used for
immunohistochemistry of TPC2 (see paragraph 3.12).

3.15 Co-cultures
Co-cultures are prepared from a 1:1 mix of healthy human fibroblasts and melanoma cells. The cells

were seeded on object-covered slides in a 6-well plate and were incubated at 37°C for 48h.
Subsequently slides were fixed and used for immunofluorescence staining.

3.1.6 Spheroids formation
3D multicellular spheroids were obtained with the “liquid overlay method”. 96-well plates (Biofil)

were coated with 90uL of 1.5% agarose (Sigma) dissolved in the base medium of the cell line used.
After agar polymerization, the plates were irradiated with UVB for 45’ for sterilization. 5000
melanoma cells/well were seeded in 150uL of culture medium. After 48-72h spheroids were formed
and monitored over time or used for other experiments.

For immunohistochemistry experiments, spheroids were washed in PBS and fixed with 4%
paraformaldehyde (PFA) in PBS 4°C ON. Then after washing with PBS, spheroids were embedded
in 4% agarose in bidistilled water. Polymerized agarose was divided in four pieces, and dehydrated.
Briefly the sections were immersed in in increasing concentrations alcohol, from 50% to absolute.
Finally, samples were put in xylol for clarification, embedded in paraffin and cut in sections of 4pm.

3.1.7 Naringenin treatment
Naringenin (Nar) (N5893-5G, Sigma) was dissolved in DMSO in a 500mM solution, from which

several Nar dilutions were prepared in cellular culture medium, while control is 0,1% DMSO. Cells

were treated with Nar for 48-72h and analysed.

3.1.8 DTIC treatment
Dacarbazine (DTIC) was used 300 mg/ml in cellular culture medium. Cells were treated for 24-48-

72h and analysed.

3.1.9 Conditioned-medium treatment
SH4, WM793-B and melanocytes were seeded in petri dishes for 48h. Then conditioned medium

was collected, added of 30% of fibroblasts culture medium and used immediately.

3.2 TRANSFECTION OF MELANOMA CELL LINES
Melanoma cell lines were plated to reach 70% confluence at the time of transfection. Cells were

treated with antibiotic/FBS free basal medium supplemented with 0,1% bovine serum albumin (BSA,
Sigma) for 8h. Then cells were transfected with 100nM scrambled or TPC2 siRNA (ON-TARGET
plus Human TPC2 siRNA SMARTpool L-006508 and ON-TARGET plus Non-targeting Pool D-
001810, Dharmacon Inc.) in combination with Lipofectamine (Invitrogen Corporation) and Opti-
MEM (Gibco) following the manufacturer instructions. After 12h cells were re- transfected with the
same conditions. After 48h from the second transfection, cells were lysed for protein analysis by

western blotting.
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To obtain spheroids, after 24h from the second transfection cells were seeded according to the liquid
overlay method. After 72h spheroids were lysed and proteins expression was analysed using western
blot.

3.3 MTT ASSAY
For 2D MTT assay, 5000cells/well were seeded in 96-well culture plates. After removal of the culture

medium, cells were incubated with 50uL/well of Img/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in basal medium at 37°C for 2h. Then, after removing the MTT
solution, the salts are solubilized with 100uL/well of isopropanol. Finally, the staining was read at
540 nm in a spectrophotometer.

For 3D MTT assay, 5000 cells/well were seeded as 3D spheroids in 96-well culture plates. Then,
cells were incubated with 5mg/ml MTT in PBS at 37°C for 4h and then dissolved with 100ul
isopropanol with 0.04N HCI. Before reading in the spectrophotometer, disgregated spheroids were
transferred into empty wells. The plate was read at 540 nm with a reference filter of 650 nm.
Results are expressed as viability percentage, as compared to control.

3.4 WOUND HEALING ASSAY
Melanoma cells were seeded in 12-well culture plates. After reaching 80% confluence cells were

treated with 10pg/ml of mitomycin C (Sigma) in antibiotic/FBS free basal medium and incubated at
37°C for 2h. After washing with PBS, cells were cultured in antibiotic/FBS free basal medium
supplemented with 0,1% BSA for 4h. Then, the medium was removed and for each well a line was
drawn along the cell monolayer with a sterile plastic tip. After washing with PBS, cells were treated.
For the analysis, cells were photographed at different time points, up to 72h from treatment. The
result of each experiment was expressed as the mean of migrated cells from four different areas for

condition.

3.5 TYPE | COLLAGEN INVASION ASSAY
Melanoma cells were seeded as 3D spheroids according to the liquid overlay method. After 72h,

melanoma spheroids were implanted in a scaffold of type I collagen solution composed as following:
DMEM, 200nM L-glutamine, 10% FBS, 2% sodium bicarbonate, 1,5 mg/ml of type | collagen
previously extracted from rat tail and 1% PSA. Briefly, 100ul/well of collagen was deposited in a
96-well culture plates and allowed to polymerize for 40'. Then, spheroids were inserted into type |
collagen matrix, taking care to maintain their position in the center of the well. The scaffold was
overloaded with 100ul/well of melanoma culture medium. After 24h, spheroids were treated with
different doses of Nar and monitored up to 144h. Pictures of the cellular invasion were taken at
intervals of 24h and were analysed by using ImageJ (Wayne Rasband) and GIMP (The GIMP

development team) software.
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3.6 SPHEROIDS ANALYSIS
Pictures of spheroids were analysed by using ImageJ software. To calculate the areas, digital images

were converted to 8 bits. Then, the binary images were subjected to a “clean-up” procedure to
eliminate artefacts and with the application “Analyze particle” the interested area was measured. The
area was calculated as number of total pixels and the invasion area, removing from the image
selection the initial spheroid area to analyze only the invasion area. Similarly, for the degree of
compaction was used the "average size" parameter. The factor shape was calculated with the
following formula: perimeter squared/4n x area. The factor shape refers to a value that is affected by
an object’s shape but is independent of its dimensions. It gives a value of 1 for a perfect circle and
larger values for more invasive spheroids. Each photo was analysed with 3 different “thresholds” to
obtain an average value representing the picture. For each experiment, 3 photos/condition were
analysed.

For the detection of the distance reached by cells migrated in type I collagen, pictures were analysed
with GIMP software. Distance measurements were made from the edge of the spheroid in the four
directions, taking as reference the cell that in this area was longer far from the spheroid core. The
average of the four measurements, which indicates the distance reached by the cells in that picture,

was made to obtain the invasion distance.

3.7 WESTERN BLOTTING
Celle were lysed on ice with a lysing solution composed as following: 150 mM Nacl, 15mM MgCls,

1ImM EGTA, 50mM Hepes, 10% Glycerol and 1% Triton (pH 7.5), added with 0.2% PMSF (Sigma)
and 15% protease inhibitors (Roche). The samples were mechanically disgregated using a 30Gx5/16
" needle of syringe and briefly sonicated and centrifuged. Protein lysates were quantified by the
Bradford assay. Samples were diluted with 6x loading buffer, 2.5% B-mercaptoethanol and heated at
95°C for 5' in thermostatic block. For protein separation was used a 7.5% or 10% polyacrylamide
gel (SDS-PAGE). The gel was obtained through polymerization of the running gel and stacking gel,

the composition of which is described in the two tables below.

Running gel
Acrylamide (Bio-Rad) 47mL | 6.25mL
Tris-HCI 1.5M pH 8.8 6.25mL | 6.25mL
Bidistilled H,O 13.68 mL | 12.12mL
10% Sodium dodecyl sulfate (SDS) 250 uL 250 uL
10% Ammonium persulfate (APS) (Bio-Rad) 125 pL 125 uL

Stacking gel
Acrylamide 1.25mL
Tris-HCI 0.5M pH 6.8 | 3.15mL
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Bidistilled Hz0 7.95 mL
10% SDS 125 uL

10% APS 62.5 uL
TEMED 12.5 uL

The electrophoretic run was performed in a running buffer consisting of: 3.03g/L Tris Base, 14.42g/L
Glycine, 1g/L SDS. The proteins were transferred to a nitrocellulose membrane (Bio-Rad) with
transfer buffer (3.3g/L Tris, 14.4g/L Glycine, 20%methanol), at 100V for 1h at 4°C. Non-specific
binding sites were saturated with blocking solution of 5% notfat dried milk in PBS-T (Phosphate
Buffered Saline: 8g/L NaCl, 1.14g/L Na;HPO., 0.2g/L KCI, 0.2g/L KH;PQO,, 0.05%Tween20, pH
7.4) or TBS-T (Tris Buffered Saline: 80.6g/L NaCl, 24.22g/L TrisHcl pH 7.6, 0.1% Tween20)
according to the primary antibody, for 2h in agitation at RT. Then the membranes were incubated
with the following primary antibodies in 1% notfat dried milk in PBS-T or TBS-T in agitation at 4°C
ON: TPC2 (NBP1-30670, Novus Biologiclas) 1:300 in TBS-T; N-Cadherin (610920, BD
Biosciences) 1:1000 in TBS-T; E-Cadherin (610181, BD Biosciences) 1:1000 in TBS-T; as-
Integrin (SC-81807, Santa Cruz Biotechnology) 1:1000 in TBS-T; as-Integrin (SC-6589-R, Santa
Cruz Biotechnology) 1:1000 in TBST-T; HMB-45 (790-4366, Ventana); Slug (Histo Line
Laboratories) 1:1000 in TBS-T; a-SMA (Sigma) 1:3000 in PBS-T; SNAIL (3895, Cell Signaling)
1:1000 in PBS-T; FAP (PA5-51057, Invitrogen) 1:1000 in PBS-T; DCT (PA5-105275, Invitrogen)
1: 1000 in PBS-T; p-actin (A5316, Sigma) 1:1000 in PBS-T; a-tubulin (Abcam) 1:1000 in PBS-T.
After some washing in PBS-T or TBS-T, membranes were incubated with secondary antibodies
conjugated with HRP (anti-mouse or anti-rabbit peroxidase conjugated antibody, Biorad) 1:3000 in
1% notfat dried milk in PBS-T or TBS-T at RT for 45°. After further washing in PBS-T or TBS-T,
for the detection the HRP substrate enhanced luminol-based chemiluminescent (ECL Western
Blotting Detection Reagents, Bio-rad) was used, and chemoluminescence was detected by the
Chemidoc imaging system (Bio-rad). The band intensity was quantitatively determined using ImageJ

software and protein levels’ intensity was normalized to B-actin or a-tubulin expression.

3.8 QUANTIFICATION OF INTRACELLULAR AND EXTRACELLULAR
MELANIN
For intracellular melanin determination, cells were harvested by trypsinisation using 0.05% trypsin

(Gibco), 0.02% EDTA in PBS. Then, cells were washed with PBS and the pellets were lysed with
150uL of 1IN NaOH containing 10% of DMSO at 80°C for 2h. Samples were centrifuged at 12000g
for 10' at room temperature (RT) and the absorbance was measured at 415nm in the
spectrophotometer. To convert the absorbance values to the amount of melanin, a standard curve in

IN NaOH was obtained from 0 to 80pg/ml of synthetic melanin (Sigma) solution dissolved in 1N
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NH4OH. The amount of melanin was normalised on the total protein of the samples, quantified by

Bradford assay.

For the determination of extracellular melanin, 200uL of the cell culture media were collected and
centrifuged at 1200g 10'. Then, the media were transferred to a 96-well plate and the absorbance was
read at 415nm using the spectrophotometer. The melanin content was determined from a standard
curve in culture medium of synthetic melanin solution dissolved in 1IN NH4OH. The amount of
melanin was normalised on the total protein of the cells of the plate, quantified by Bradford assay.

3.9 SKIN EQUIVALENTS
For skin equivalents construction, tissue culture inserts (Transwell, Costar) were incubated in a 12-

well plate with 500uL of HBSS at 37°C for 30". For dermal reconstructs, removed the HBSS solution,
the acellular solution was added on the membrane of the transwell. This solution was prepared on
ice, and included: type | collagen from rat tail (1.5 mg/ml), 10% FBS, 200nM L-Glutamine, 7.5%
sodium bicarbonate and 1% PSA in DMEM. The inserts were incubated at RT for 30' to favour
collagen polymerization and overlaid with 1ml/transwell of cell solution, composed of 150,000
human fibroblasts/ml mixed with acellular solution. The cell solution was incubated at 37°C for 1h,
and after the addition of 10% FBS 1% PSA in DMEM above and below the inserts at 37°C for 4
days. For the construction of the epidermis, the medium was eliminated and dermis was incubated
with HBSS at 37°C for 1h. Then, the dermis was overlaid with 350,000 keratinocytes/50uL of culture
medium and incubated at 37°C for 1h before adding cell culture medium until complete immersion.
After four day the medium was mainteined only in the outer chamber of the transwell, so that HSEs
were exposed to air.

For MSE construction, 100,000 melanoma cells were added together with keratinocytes during the
construction of the epidermis. Otherwise, for nodular melanoma subtypes, the spheroids have been
inserted directly into the cellular component of the dermis.

After 14 days of air exposure, HSEs were washed in PBS and fixed in 4% formalin for 2h. Then,
after a washing with HBSS, they were transferred into alcohol at increasing concentration, from 35%
to absolute. Finally, the reconstructed skins were cut from the transwell and left in xylol for 15' to
clarify the tissues. After clarification, the skins were embedded in paraffin and cut in sections of

4um.

3.10 IMMUNOFLUORESCENCE
2D CULTUREsS -The cells were seeded at 70% confluence on 12mm coverslips in 6-well culture

plates. After two washes with PBS, the cells were fixed with 4% PFA in PBS 20', washed twice with
PBS and permeabilized with 0.1% Tritonx100 for 5' on ice. The slides were blocked with 1% BSA
in PBS at RT for 20" and incubated with the primary antibody: HMB-45 (790-4366, Ventana) at RT
for 1h; DCT (PA5-105275, Invitrogen) 1:200 in PBS at 37°C for 1h; FAP (PA5-51057, Invitrogen)
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1:200 in PBS at 4°C overnight (ON); a-SMA (TA327604, Origene) 1:125 in PBS at RT for 1h. Then,
after some washing in PBS-T, slides were incubated with the secondary antibody (anti-mouse Alexa
Fluor 488- conjugated goat IgG or anti-rabbit Alexa Fluor 568-conjugated goat 1gG) 1:500 in PBS
at RT for 45°. Finally, after further washing in PBS-T, the nuclei were counter-stained with DAPI
(Sigma) 1:2000 in PBS for 5'. The slides were finally washed three times with PBS and once with
bidistilled water. The coverslips were mounted on slides with 50% of glycerol in bidistilled water
and stored at -20°C until microscopy analysis. Samples were observed at fluorescence microscopy
(ZOE Fluorescent Cell Imager, BIO-RAD).

HSEs- Paraffin embedded sections of HSEs were rehydrated. Briefly the sections were immersed in
xylol for 10" and then in decreasing concentrations alcohol, from absolute to 50%, up to bidistilled
water. The antigen unmasking was done with citrate buffer at 98°C for 20" and at RT for a further
20'. The slides were blocked with 1% BSA in PBS for 20" in a humidity chamber. Then, the following
primary antibodies were added to the sections and incubated 1:100 in PBS at 4°C ON: N-Cadherin
(610920, BD Biosciences), E-Cadherin (610181, BD Biosciences), as-Integrin (SC-6589-R, Santa
Cruz Biotechnology) and a7-Integrin (SC-81807, Santa Cruz Biotechnology). After washing three
times with PBS-T, the sections were incubated with the secondary antibody (anti-mouse Alexa Fluor
488- conjugated goat IgG or anti-rabbit Alexa Fluor 568-conjugated goat 1gG) 1:500 in PBS at RT
for 45'. Finally, after further washing in PBS-T, the nuclei were counter-stained with DAPI 1:2000
in PBS for 5'. The slides were finally washed three times with PBS and once with bidistilled water.
The coverslips were mounted on slides with 50% of glycerol in bidistilled water and stored at -20°C
until microscopy analysis. Samples were observed at fluorescence microscopy (ZOE Fluorescent

Cell Imager).

3.11 RETROSPECTIVE SELECTION OF MELANOMA PATIENTS
Melanoma patients were retrospectively evaluated. Cases were retrieved from the database of the
Department of Dermatology of the University of Modena and Reggio Emilia. The study has been
approved by the Institutional Review Board of Reggio Emilia. Inclusion criteria were: 1) pathology
confirmed diagnoses of melanoma, 2) availability of relevant clinical data in patient records and 3)
dermoscopic images. Dermoscopic images were acquired by means of a polarized dermoscope
(DemL.ite Photo 3Gen® LLC, San Juan Capistrano, CA, USA). Demographic and clinical data were

retrieved. Then, they have been grouped according to Breslow Index.

3.12 HEMATOXYLIN AND EOSIN STAINING
Paraffin embedded human primary melanomas were retrieved from the pathological anatomy of the

university of Modena and Reggio Emilia. Primary melanomas, MSEs and spheroids slides were

rehydrated. Briefly, the sections were immersed in xylol for 3' and then in decreasing concentrations
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alcohol, from absolute to 50%, up to bidistilled water. Then, the slides were stained in a solution of
haematoxylin for 2” and washed thoroughly with running water until all residues of hematoxylin
have been removed. Subsequently, the slides were incubated in alcohol 75% and 95% for 1°, and
then immersed in a solution of eosin for 1’. Finally, the slides were incubated in solutions at
increasing concentration of alcohol, sealed using the mounting medium (Eukitt, Bio-optica) and

observed at microscopy.

3.13 IMMUNOHISTOCHEMISTRY
Paraffin embedded human primary melanomas were retrieved from the pathological anatomy of the

university of Modena and Reggio Emilia. Primary melanomas, MSEs and spheroids sections were
rehydrated. Briefly, the sections were immersed in xylol for 10" and then in decreasing concentrations
alcohol, from absolute to 50%, up to bidistilled water. The antigen unmasking was done with citrate
buffer at 98°C for 20" and at RT for a further 20'. The sections were placed in a humidity chamber
and used for immunohistochemistry of TPC2 (1:300, NBP1- Novus 86923, Novus Biologicals)
according to UltraTek Alk-Phos Anti-Polyvalent Stain Kit instructions, using Fast Red as a
chromogen (AMHO080-1FU, Scytek Laboratories INC) or immunohistochemistry of HMB-45 (ready
to use, 790-4366, Ventana), Melan-A (ready to use, 790-2990, Ventana), S100 (1:400,
DakoCytomation) and Ki67 (1:200 M7240, Dako Agilent) according to ultraView Universal DAB
detection kit instructions (Ventana). Finally, the slides have been stained with hematoxylin, fixed

with the mounting medium and observed at microscopy.

3.14 BIOINFORMATIC ANALYSIS
Normalized gene expression of skin cutaneous melanoma patients was obtained from the Broad

Institute TCGA Genome Data Analysis Center (2016): TCGA data from Broad GDAC Firehose
2016_01_28 run; Broad Institute of MIT and Harvard Dataset. https://doi.org/10.7908/C11GOKM9.

The statistical significance of the differential modulation of TPCN2 gene between subgroups of

patients was inferred by Student’s T-test.

3.15 STATISTICAL ANALYSIS
The results are calculated as the mean and the standard error of the mean (SEM). The statistical

significance was calculated using Student's T-test and data with a p-value < 0.05 were considered
significant, in particular: *0.01< p < 0.05; **0.001< p < 0.01; ***0.0001 p < 0.001; ****p < 0.0001.

The statistical analysis was performed using the Graphpad Prism software.
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4. RESULTS

4.1 Increase of TPC2 expression in primary human melanomas with higher Breslow
Index

To evaluate the expression of TPC2 in malignant melanoma we analysed sections of primary
melanomas at different stages according to the Breslow Index, which is based on the depth of skin
infiltration of melanoma, defining the invasion levels in millimetres 7. The first group had Breslow
Index lower than 1mm, Clark’s Level I-Il and Mitotic Index lower than 1; the second presented
Breslow Index between 1 and 2mm, Clark’s Level IIlI-1V and Mitotic Index between 1 and 2; the
third showed Breslow Index higher than 2mm, Clark’s Level IV-V and Mitotic Index higher than 5
(Figure 4.1a). These tumor subtypes had been characterised by dermoscopic images and histologic
staining, which showed different clinical characteristics (Figure 4.1a). Then, we verified the
expression of the melanocytic markers Melan-A and HMB45 to localize tumor cells. As expected,
the depth of the tumor increases with the Breslow Index, passing from a first stage to purely
superficial localization, to radial growth and vertical growth stages with invasion of the dermis
(Figure 4.1b). TPC2 staining allowed us to observe that the channel is mainly present in the tumor
area, where there is higher expression of Melan-A and HMB45. In addition, not only TPC2
expression is closely localized in the tumor area, but the number of tumor cells that are positive for
TPC2 increases with the increase of the Breslow Index (Figure 4.1c). These data confirm the analysis
of TPCN2 mRNA in the Cancer Genome Atlas (TCGA) that show a different expression between
primary melanomas, with an increase expression that correlates with higher Breslow Index (Figure
4.1d).
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Figure 4.1 Increase of TPC2 protein and mRNA expression in primary human melanomas with higher Breslow
Index. (a) Clark’s Level and Mitotic Index of primary melanomas with different Breslow Index. (b) Representative clinical
and demoscopic images, histologic staining with haematoxylin and eosin (H&E) and staining of Melan-A, HMB45 and
TPC2 by IHC of skin sections of primary melanomas with different Breslow Index. (c) Percentage of TPC2 positive cells
on tumor cells measured on melanoma sections. (d) Analysis of expression for TPC2 between primary patients in human
skin cutaneous melanoma (SKCM). Normalized gene expression of skin cutaneous melanoma patients was obtained from
the Broad Institute TCGA Genome Data Analysis Center (2016): TCGA data from Broad GDAC Firehose 2016_01_28
run; Broad Institute of MIT and Harvard Dataset. Data represent the mean and SEM, *0.01<p<0.05; ** 0.001<p<0.01;.
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4.1.1 TPC2 expression in malignant and nodular melanoma

The subgroup of melanomas with Breslow Index higher than 2mm also included the nodular
melanoma, for which a different origin is assumed. It is supposed that there has been no migration
of cancer cells from the epidermal layer to the dermis, as happens in the melanoma with vertical
growth, but that the melanocytes from which the tumor originates are already present in the dermis
203204 Indeed, nodular melanomas are typically characterized by melanoma well-circumscribed but
unencapsulated with Melan-A and HMB45 positivity in the deep dermis and/or subcutaneous (Figure
4.2a).

To evaluate if these features are maintained in an in vitro model, primary malignant and nodular
melanoma have been studied in 3D models. To better mimic the tumor microenvironment, two
different types of MSEs have been constructed, taking into account the origin tissue of malignant
and nodular melanoma. In the first model, malignant melanoma cells of tumor with Breslow Index
higher than 2mm were seeded over the equivalent dermis along with keratinocytes during the
construction of the epidermis. Due to their invasive capacity, melanoma cells migrated from the basal
layer to the dermis, mimicking the behaviour of this type of tumor in vivo. For the second model, the
nodular melanoma cell spheroid was inserted directly into the dermal equivalent. After 22 days, we
observed that in MSEs with malignant melanoma cells, Melan-A and HMB45 are expressed at the
dermal-epidermal junction, while in MSEs with nodular melanoma cells, the positivity to tumor

makers is present, as expected, only at the dermal level (Figure 4.2b).
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Figure 4.2 High TPC2 expression in skin sections and skin equivalents of malignant and nodular melanoma. (a)
Histologic staining with H&E and staining of Melan-A and HMB45 by IHC of skin sections of primary malignant and
nodular melanomas and (b) of skin equivalents with malignant or nodular melanoma cells (MSEs). (c) Expression of Ki67
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by IHC and N-Cadherin, E-Cadherin, a7-integrin and os-integrin by IF in sections of MSEs with malignant and nodular
melanoma cells. Nuclei were stained with DAPI (blue). Percentage of Ki67 positive cells and proteins fluorescence
intensity were detected and analysed using the ImageJ software. (d) Staining of TPC2 by IHC of skin sections of primary
malignant and nodular melanomas and MSEs with malignant or nodular melanoma cells. Percentage of TPC2 positive cells
on tumor cells measured on sections. Data represent the mean and SEM, **0.001<p<0.01; ***0.0001<p<0.001.

Subsequently, to characterize these two models of MSEs we analysed the expression of some tumor
invasion markers. The stainings show that nodular MSE presents similar level of Ki67 positive cells,
a higher expression of N-Cadherin, a7-integrin and os-integrin and a reduced expression of E-
Cadherin compared to malignant MSE (Figure 4.2c). Finally, we analysed TPC2 expression both in
tumor tissue slices of patients and MSEs, observing an expression of the protein localized in tumor
cells (Figure 4.2d), identified by Melan-A and HMB45. TPC2 expression appears to be higher in
nodular melanoma, although not statistically significant, but still elevated in both types of cancer,

which represent the most aggressive forms of melanoma and with the worst prognosis.

4.2 TPC2 expression in melanoma metastasis compared to primary tumor of the same
patient

To evaluate the expression of TPC2 in different melanoma stages, first we analysed TPCN2 mRNA
expression levels in the Cancer Genome Atlas (TCGA), observing a decrease expression in lymph
nodes and other metastatic sites compared to primary tumors (Figure 4.3a). On the other hands, we
analysed TPC2 protein expression in primary and cutaneous metastatic melanoma cells isolated from
the same patient and we observed a greater number of TPC2 positive cells in the metastatic compared
to the primary sample (Figure 4.3b).

To better assess the channel protein expression not only in tumor stages, but also in distinct
microenvironment, we analysed sections of primary tumor and metastasis of different sites of the
same patient by immunohistochemistry. TPC2 staining allowed us to observe that the channel is
present in the tumor area, characterized by the expression of the melanocytic marker S100 (Figure
4.6a). Moreover, we noted that the number of TPC2 positive cells is variable in primary melanomas,
such as in the different metastatic sites, however in the metastasis the expression is in general higher

than in primary tumors, except for lung metastasis (Figure 4.3c).
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Figure 4.3 Decrease of TPCN2 mRNA expression and increase of TPC2 protein in melanoma metastasis compared
to primary tumor of the same patient. (a) Analysis of expression for TPC2 between primary and metastatic patients in
human skin cutaneous melanoma (SKCM). Normalized gene expression of skin cutaneous melanoma patients was obtained
from the Broad Institute TCGA Genome Data Analysis Center (2016): TCGA data from Broad GDAC Firehose
2016_01_28 run; Broad Institute of MIT and Harvard Dataset. (b) Staining of TPC2 by IHC of primary and cutaneous
metastatic melanomas cells of the same patient. The percentage of TPC2 positive cells was measured on total cells. (c)
Staining of S100 and TPC2 by IHC of primary and metastatic melanomas sections. The percentage of TPC2 positive cells
on tumor cells was measured on melanoma sections. Data represent the mean and SEM, *0.01<p<0.05, **0.001<p<0.01;

****p<000.1.
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4.3 TPC2 expression in 2D and 3D melanoma cell cultures

TPC2 expression has also been evaluated in several commercial human melanoma cell lines with
different degrees of aggressiveness: the WM115 cell line derived from primary RGP tumor; WM266-
4 from skin metastasis of the same patient of the WM115; Skmel28 and WM793-B from primary
VGP tumor; Lul205 from mouse lung metastasis of the WM793-B; Skmel3, Skmel24 and
RPMI7951 from lymph node metastases; SH4 from pleural metastasis. To better mimic the
characteristics of the tumor in vivo, these cell lines have been used both in two-dimensional culture
and in a three-dimensional model based on multicellular spheroids obtained with the liquid overlay
method technique. From protein expression analysis we noted that TPC2 is expressed both in healthy
melanocytes and in melanoma cell lines at different levels. In particular, TPC2 is less express in
lymph node metastasis cell lines both in 2D and 3D cultures. Moreover, in both models the channel
is more expressed in the metastatic lines WM266-4 and SH4, compared to the primary lines WM115,
Skmel28, WM793-B and to healthy melanocytes (Figure 4.4a). These expression levels have also
been confirmed in some human melanoma spheroids by IHC, in which we observed an increase
TPC2 expression in SH4 and WM266-4 spheroids compared to WM115 and WM793-B spheres
(Figure 4.4b).
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Figure 4.4 TPC2 expression in melanocytes and human melanoma cell lines of different degree of aggressiveness in
two-dimensional and three-dimensional models. (a) TPC2 expression in melanocytes and human melanoma cell lines in
2D and 3D culture using western blot technique. The band intensity was quantitatively determined using ImageJ software
and protein levels’ intensity was normalized to B-actin expression. Data represent the mean and SEM of three independent
experiments. (b) Clear field images of the morphology, histologic staining with H&E and TPC2staining by IHC of human
melanoma cell lines spheroids. Data represent the mean and SEM of three independent experiments.

4.4 Decrease of cell proliferation and total spheroid area in melanoma cells after TPC2
inhibition
As TPC2 has been seen to play a role in cancer cell proliferation *2, we evaluated whether it also
plays this role in melanoma cells using Nar, a natural inhibitor of this channel. Thus, to assess cell

proliferation we treated WM115, WM793-B, WM266-4 and SH4 cell lines and performed the MTT
assay. The WM793-B seems to be more sensitive than other lines at high concentrations of Nar, so

45



in this cell lines we performed treatments with lower doses. As shown in the graphs, by MTT assay

control cells proliferate over time, while treated cells show a dose and time-dependent inhibition of

growth (Figure 4.5).
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Figure 4.5 Inhibition of cell proliferation in melanoma cell lines after Nar treatment. Graphs show the MTT viability
assay in two-dimensional cultures of WM115, WM793-B WM266-4 and SH4 cells after treatment with different doses of
Nar. The vitality has been evaluated by O.D. at different times, up to 96h from treatment with Nar. Five wells were analysed,
for each condition. Data represent the mean and SEM of three independent experiments, *0.01<p<0.05; **0.001<p<0.01;

***0.0001<p<0.001.

To better resemble in vivo architecture and tumor microenvironment, we focused on the three-

dimensional tumor models, melanoma spheroids, using the same melanoma cell lines as previous
experiments. After Nar treatment WM115, WM793-B and WM266-4 spheroids show a dose and
time dependent reduction of total spheroid area. On the contrary, after Nar treatment in SH4

spheroids no decrease of the area of the spheroid has been observed compared to control, but the

spheres seem to be less compact (Figure 4.6).
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Figure 4.6 Reduction of spheroids area in melanoma spheroids after Nar treatment. (a) The multicellular spheroids
of WM115, WM793-B, WM266-4 and SH4 cell lines were treated with different doses of Nar. Images were taken from the
time of treatment up to 96h. (b) The total area of the spheroid was calculated using the ImageJ software. Four spheres were
analysed for each condition. Data represent the mean and SEM of three independent experiments, *0.01<p<0.05;
**0.001<p<0,01; ***0.0001<p<0.001.
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To better understand the role of TPC2 in SH4 spheroids proliferation, we performed the same
experiments after TPC2 silencing (Figure 4.7a). In these conditions we observed that control
spheroids proliferate over time, while silenced spheres show a significantly slower proliferation rate
(Figure 4.7b) and smaller total spheroid area (Figure 4.7c).
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Figure 4.7 Reduction of cell proliferation and total spheroids area of SH4 spheroids after TPC2 silencing. The SH4
cells were transfected with scrambled or TPC2 siRNA. (a) After 48h the expression of TPC2 was evaluated by western
blot. The band intensity was quantitatively determined using ImageJ software and protein levels’ intensity was normalized
to fB-actin expression. The values have been normalized to the value obtained from cells with siRNA scramble. SH4
transfected cell lines were plated according to the “liquid overlay methods” to obtain multicellular spheroids: (b) the graph
shows the MTT viability assay, the vitality has been evaluated by O.D. at different times, analyzing five wells for each
condition; (c) the total spheroid area was calculated using the ImageJ software. Four spheres were analysed for each
condition. Data represent the mean and SEM of three independent experiments, *0.01<p<0,05; **0.001<p<0.01;
***(0,0001<p<0.001.

4.5 Decrease invasive and migratory capacities of melanoma cells after TPC2
inhibition

Since several studies have shown a role of TPC2 in the invasion process of different types of cancer
82334647 e hypothesized a role also in melanoma. So, we evaluated the involvement of the channel
in tumor progression in WM115 RGP primary, in WM793-B VGP primary and in WM266-4 and
SH4 metastatic melanoma cell lines assessing their invasive and migratory capabilities in 2D and 3D
culture systems.

First of all, in 2D cell cultures, we observed a dose and time dependent reduction of migratory
capacity in both primary and metastatic melanoma cell lines after Nar treatment, by scratch assay
(Figure 4.8).
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Figure 4.8 Reduction of migratory capacity in melanoma cells after Nar treatment. WM115, WM793-B, WM266-4
and SH4 cells were treated with different doses of Nar in serum-free medium. The cells migrated into the scraped area were
evaluated, and four different areas for condition were counted. The data represent the mean and SEM of three different

experiments, *0.01<p<0,05; **0.001<p<0.01.

In addition, after TPC2 silencing in 2D VGP primary and metastatic cell lines, there is a decrease of

different tumor progression markers, N-Cadherin, ar-integrin, as-integrin and slug, which promote

EMT, while the expression of E-Cadherin, a tumor suppressor protein is increased (Figure 4.9a). To
confirm these results in 3D culture systems, we treated WM266-4, WM793-B and SH4 spheroids

with Nar and we observed again a reduced expression of N-Cadherin, or-integrin, as-integrin and

slug and an increase of E-Cadherin, even if the expression of TPC2 does not significantly change

after treatment (Figure 4.9b).
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Figure 4.9 Decrease expression of tumor invasion markers in melanoma cell lines after TPC2 silencing or Nar
treatment. (a) 2D cultures of WM266-4, WM793-B and SH4 were transfected with scrambled or TPC2 siRNA. (b) 3D
cultures WM266-4, WM793-B and SH4 were treated with 300-500uM of Nar. The expression of TPC2, N-Cadherin, E-
Cadherin, o7-integrin, as-integrin and slug was evaluated by western blot. The band intensity was quantitatively determined
using ImageJ software and protein levels’ intensity was normalized to -actin expression. The values have been normalized
to the value obtained from cells with siRNA scramble or CTRL. Data represent the mean and SEM of three independent
experiments, *0.01<p<0.05; **0.001<p<0.01; ***0.0001<p<0.001.

To better clarify the role of TPC2 in tumor migration and invasion and in order to mimic an in vivo

condition, in which tumor cells invade the extracellular matrix and surrounding tissues, primary RGP
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melanoma WM115 spheroids were implanted in type | collagen and treated with Nar (Figure 4.10a).
This experiment allowed to monitor the aggressiveness of cancer cells and it was possible to observe
that Nar treated spheres show a lower invasion capacity over time. In particular, the analysis of the
images shows a reduction of the total spheroid area, invasion area, invasion distance, factor shape
and degree of compaction (Figure 4.10b). Finally, to confirm a role of TPC2 in WM115 spheroids
invasion process, we evaluated the expression of some tumor invasion markers. After TPC2
silencing, WM115 spheroids show a reduction of N-Cadherin and ar-integrin expression (Figure

4.10¢).
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Figure 4.10 Reduction of invasion in type I collagen after Nar treatment and decrease expression of tumor invasion
markers after TPC2 silencing in RGP primary melanoma spheroids. (a) WM115 multicellular spheroids were
transferred into type I collagen matrix and treated with 500uM Nar. The images were taken from the time of treatment up
to 144h. (b) Total spheroid area, invasion area, factor shape and the degree of compaction were calculated using the ImageJ
software. The spheroid invasion distance was calculated using the software GIMP while. Four spheres were analysed for
each condition. (c) The WM115 multicellular spheroids were transfected with scrambled or TPC2 siRNA. After 48h the
expression of TPC2, N-Cadherin and a7-integrin was evaluated by western blot. The band intensity was quantitatively
determined using ImageJ software and protein levels’ intensity was normalized to -actin expression. The values have been
normalized to the value obtained from cells with siRNA scramble. Data represent the mean and SEM of three independent
experiments, *0.01<p<0.05; **0.001<p<0.01; ***0.0001<p<0.001.
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4.6 Decrease of melanosomal exocytosis in melanoma cells after TPC2 inhibition

Recently, it has been hypothesized that melanoma cells promote dissemination through
melanosomes. In particular, melanosomes, released by melanoma cells, are incorporated by normal
fibroblasts and promote the formation of the dermal tumor primary niche 8, Giving this data, and
evidence of TPC2 involving in exocytosis process 2%, we wanted to investigate whether the TPC2
affects the release of melanosomes by melanoma cells. First, to evaluate the presence of
melanosomes in SH4 and WM793-B tumor cell lines we analysed the expression of the melanosomal
markers HMB45 and DCT 1133, By western blots and immunofluorescence, we observed that both
SH4 and WM793-B cells express the markers, in particular HMB45 protein is higher in SH4
compared to WM793-B, while DCT is similarly expressed in both cell lines, lower than in healthy
melanocytes (Figure 4.11a).

Then, to assess the role of TPC2 in melanosomes release, we analysed the expression of the
melanosomal markers after Nar treatment. SH4 treated cells show a significantly increases of
HMBA45 and a weaker increase of DCT (Figure 4.11b); similarly, in WM793-B cells we observed an
increases expression of HMBA45 and DCT after Nar treatment (Figure 4.11c).
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Figure 4.11 Increase expression of HMB45 and DCT in melanoma cells after Nar treatment. (a) HMB45 and DCT
expression under basal conditions in melanocytes, SH4 and WM793-B cells by western blot. The expression of HMB45
(green) and DCT (red) was observed by IF in melanocytes, SH4 and WM793-B cells. Nuclei were stained with DAPI
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(blue). (b) SH4 and WM793-B cells were treated with 300uM of Nar. The expression of HMB45 and DCT was evaluated
by western blot. The band intensity was quantitatively determined using ImageJ software and protein levels’ intensity was
normalized to B-actin or a-tubulin expression. The values have been normalized to the value obtained from CTRL cells.
(c) The expression of HMB45 (green) and DCT (red) was observed by immunofluorescence in SH4 and WM793-B cells
treated with 300uM of Nar. Nuclei were stained with DAPI (blue). Fluorescence intensity was detected and analysed using
the ImageJ software. Data represent the mean and SEM of three independent experiments, *0.01<p<0.05; **0.001<p<0.,01.
Scale 25um.

However, since this melanosomes increase in cell cytoplasm may be due to a fewer melanosomes
released in culture medium or to an higher melanosomes synthesis and release, we evaluated the
amount of intracellular and extracellular melanin after Nar treatment. Interestingly, both SH4 and
WM793-B cells show an increase in the amount of intracellular melanin, visible as dark pigmentation
in light microscopy (Figure 4.12a) and a lower release of melanin in culture medium after Nar
treatment (Figure 4.12b).
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Figure 4.12 Increase in intracellular melanin and decrease in release of extracellular melanin in melanoma cells
after Nar treatment. SH4 and WM793-B cells were treated with different doses of Nar. (a) Dark pigmentation was
observed in light microscopy and nuclei were stained with DAPI (blue). (b) The amount of intracellular and extracellular
melanin was evaluated by reading the absorbance to the spectrophotometer and normalized on control. Data represent the
mean and SEM of three independent experiments, *0.01<p<0.05. Scale 25um.

4.7 Incorporation of melanosomes in fibroblasts treated with melanoma-conditioned
medium

As said before, it has been hypothesized that melanosomes, released by melanoma cells, are
incorporated by normal fibroblasts and responsible for their transformation into CAFs, thus
promoting the formation of a dermal pro-tumor niche 8, For this reason, we wanted to confirm this
process of melanosomes incorporation by treating human primary fibroblasts with SH4 and WM793-
B cells conditioned medium. By immunofluorescence we observed that control fibroblasts do not
express melanosomal markers, while fibroblasts treated with melanoma-conditioned media express
both HMB45 and DCT in the cytoplasm (Figure 4.13).
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Figure 4.13 Expression of HMB-45 and DCT in fibroblasts treated with melanoma-conditioned medium. Fibroblasts
were treated with conditioned medium of SH4 or WM793-B melanoma cells. The expression of HMB45 (green) and DCT
(red) was observed by immunofluorescence in fibroblasts. Nuclei were stained with DAPI (blue). Fluorescence intensity
was detected and analysed using the ImageJ software. Data represent the mean and SEM, *0.01<p<0.05. Scale 25um.

4.8 Transformation of fibroblasts treated with melanoma-conditioned medium in CAFs

Since one of the characteristics of CAFs is to acquire a higher proliferative capacity than normal
fibroblasts 63170 to verify whether treatment with melanoma conditioned medium induced
fibroblasts transformation into CAFs, we evaluated cells proliferation after treatment with the
conditioned medium of SH4, WM793-B cell lines and melanocytes. By MTT assay, after 144h we
did not observe any differences in fibroblasts proliferation (Figure 4.14a), only an increase after 144h
of treatment with WM793-B conditioned medium, but not significative. Another characteristic of

CAFs is to acquire a higher migratory and invasive capacity than healthy fibroblasts 17, thus to verify
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fibroblasts transformation we also evaluated cell migration by scratch assay. Fibroblasts treated with
SH4 and WM793-B cell lines-conditioned medium show an increase migratory capacity compared
to those treated with melanocytes-conditioned medium (Figure 4.14b). Moreover, to confirm the data
obtained by scratch assay we evaluated the expression of SNAIL, a protein involved in EMT process
174 By western blot we noted an increase protein expression in fibroblasts treated with melanoma-

conditioned medium compared to melanocytes-conditioned medium (Figure 4.14c).
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Figure 4.14 Analysis of cell proliferation and increase of migration capacity in fibroblasts treated with melanoma-
conditioned medium. Fibroblasts were treated with conditioned medium of melanocytes, SH4 and WM793-B melanoma
cells. (a) Graphs show the MTT viability assay of fibroblasts after treatment. The vitality has been evaluated by O.D. at
different times, up to 144h from treatment. Five wells were analysed, for each condition. (b) For migration analysis four
image were taken from the treatment up to 48h, for each condition. The cells migrated into the scraped area were evaluated,
and four different areas for condition were counted. (c) SNAIL expression was evaluated in treated fibroblasts by western
blot. The band intensity was quantitatively determined using ImageJ software and protein levels’ intensity was normalized
to a-tubulin expression. Data represent the mean and SEM of three independent experiments, *001<p<0.05;
**0.001<p<0.01.
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Subsequently, even to assess fibroblasts transformation we evaluated the expression of two specific
markers of CAFs: FAP and a-SMA. By protein analysis we observed that fibroblasts incubated with
SH4 conditioned medium show a higher expression of FAP and a-SMA, while those treated with
WM793-B conditioned medium show a higher a-SMA expression although not statistically
significant, while FAP expression does not change (Figure 4.15a). To better mimic the tumor
microenvironment, the same markers were analysed by immunofluorescence in a co-culture of
fibroblasts and melanoma cells. Both a-SMA and FAP are more expressed in fibroblasts growth in
co-culture with the SH4 or WM793-B melanoma cells compared to fibroblasts growth alone (Figure
4.15b).
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Figure 4.15 Increase expression of CAFs markers in fibroblasts treated with melanoma-conditioned medium or co-
culture condition. (a) Fibroblasts were treated with conditioned medium of melanocytes, SH4 and WM793-B melanoma
cells. The expression of FAP and a-SMA was evaluated by western blot. The band intensity was quantitatively determined
using ImagelJ software and protein levels’ intensity was normalized to a-tubulin expression. (b) Fibroblasts were co-
cultured with SH4 or WM793-B melanoma cells. The expression of a-SMA (green) and FAP (red) was observed by
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immunofluorescence. Nuclei were stained with DAPI (blue). Fluorescence intensity was detected and analysed using the
ImageJ software. Data represent the mean and SEM of three independent experiments, *0.01<p<0.05. Scale 25um.

4.9 Analysis of fibroblast behaviours cultured with conditioned medium of Nar pre-
treated melanoma cells

Since we have hypothesized that melanosomes of the conditioned medium are responsible of the
transformation of fibroblasts into CAFs, and that Nar affects melanosomes release by melanoma
cells, then we hypothesized that Nar treatment of melanoma cells may prevents fibroblasts
transformation. So, we analysed the migration capacity of fibroblasts cultivated with conditioned
medium of SH4 and WM793B cells pre-treated with Nar, observing a decreased fibroblasts
migratory capacity Nar pre-treatment of melanoma cells (Figure 4.16).
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Figure 4.16 Decrease of migration capacity in fibroblast cultured with conditioned medium of Nar pre-treated
melanoma cells. Fibroblasts were treated with conditioned medium of melanocytes, SH4 and WM793-B melanoma cells
pre-treated or not with Nar. The images represent the migratory capacity of treated fibroblasts. For each condition four
image were taken. The cells migrated into the scraped area were evaluated, and four different areas for condition were
counted. The data represent the mean and SEM of three different experiments, *0.01<p<0,05; **0.001<p<0.01.

4.10 Decrease of total spheroids area in TPC2 silenced melanoma spheroids after
DTIC treatment

Since, not only it has been observed that the expression of PD-L1 is regulated by TPC2 %, but also
that TPC2 expression regulates authopagy, a key process in resistance to BRAF inhibitors 2% and the

60



channel is overexpressed after Vemurafenib (BRAF inhibitor) treatment in A375 BRAF V600E
mutated melanoma cells %!, we hypothesized that TPC2 modulation may influence melanoma
responses to drug inhibitors. First of all, after DTIC treatment RPMI7951, WM266-4 and SH4 cell
lines show a decrease TPC2 expression (Figure 4.17a). Moreover, not only WM266-4 spheroids
present a reduction of total spheroids area after TPC2 silencing, and in the same way after DTIC
treatment, but interestingly we observed a synergistically reduction of total area in melanoma
spheroids after TPC2 silencing and DTIC treatment (Figure 4.17b).
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Figure 4.17 Decrease expression of TPC2 in melanoma cell lines after DTIC treatment and reduction of total
spheroids area in TPC2 silenced melanoma spheroids after DTIC treatment. (a) RPMI7951, WM266-4 and SH4
melanoma cells were treated with DTIC. TPC2 expression was evaluated by western blot. The band intensity was
quantitatively determined using ImageJ software and protein levels’ intensity was normalized to -actin expression. (b)
The WM266-4 cells were transfected with scrambled or TPC2 siRNA. The transfected cell lines were plated according to
the “liquid overlay methods” to obtain multicellular spheroids and treated with DTIC. Images were taken from the time of
treatment up to 96h. The total spheroid area was calculated using the ImageJ software. The data represent the mean and
SEM of three different experiments, *0.01<p<0.05; **0.001<p<0.01; ***0.0001<p<0.001; ****p<0.0001.
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5. DISCUSSION AND CONCLUSIONS

Malignant melanoma is a complex multifactorial disease, presenting genetic, clinical,
histopathological and biological variants, which make it the most aggressive form of skin cancer.
Worldwide, the incidence of cutaneous melanoma has risen dramatically, and although early-stages
tumors may be treated by surgical excision, metastatic melanomas are very difficult to treat due to
its high aggressiveness and resistance to common therapies ">’*. Despite the great progress made on
therapeutic strategy such as the recent advancements in BRAF/MEK target therapies and
immunotherapeutic drugs, only 5-10% of patients with metastatic melanoma achieve 5 years long-
term survival due to cell resistance 8. Therefore, there is a great interest in finding new
pharmacological targets for the development of new treatments for melanoma.

Recently, it has been hypothesized a role of TPC2 in melanoma progression, indeed among different
cancer cell lines it has been shown that TPCN2 mRNA expression is higher in HCC (hepatocellular
carcinoma) and melanoma 2%, In detail, regarding primary melanomas the analysis in the TCGA
showed an increase expression that correlates with melanoma depth and with TPC2 protein analysis
in skin sections. In addition, VGP melanoma cell lines express high level of TPC2 compared to RGP
tumor cells, suggesting a role of this cation channel in tumor progression. Interestingly, nodular
melanomas, which present different clinical and histopathological features than malignant
melanomas 27, show slightly higher TPC2 level than malignant melanomas with high Breslow Index.
This subtype is assumed to originate from melanocytes of the dermis, and MSE models with nodular
melanoma cells show high level of tumor invasion markers, such as as-integrin, oz-integrin and N-
Cadherin and low expression of E-Cadherin, suggesting that this subtype is more invasive and
aggressive than malignant melanoma. Although this group presents different biomolecular markers
207 the fact that TPC2 is highly expressed in both types may suggest an important role of this channel
in tumor growth and invasion through the dermis. In other cancer types TPCN2 is differently
expressed: in bladder cancer it is found to be significantly associated with increased survival 2%; in
prostate cancer it is one of a six gene signatures that predict postoperative biochemical recurrence 2%
and in half of all oral squamous cell carcinomas that presents the amplification of 11q13, the
overexpression of TPC2 results in a poor outcome of patients 2°.

More contrasting results came from metastasis analysis, because if the analysis in the TCGA show a
decrease TPCN2 expression in melanoma metastasis ! both in lymph node and other metastatic sites,
on the other hand TPC2 protein level seems to be higher in different melanoma metastasis. This
decrease of TPC2 mRNA in metastasis and the increase in TPC2 protein may be explain by a
different post-translational modifications that stabilize the protein, such as N-glycosylation, which
can affect protein folding, stability and function . Furthermore, it is possible that the metastases
analysed in the database come from treated patients, which could affect the level of channel

expression. Indeed, in this thesis project we observed that DTIC treatment reduces TPC2 expression
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in different melanoma cell lines. In particular, skin sections of cutaneous metastasis show high
channel level compared to primary melanoma of the same patient, and similarly results were obtained
with skin metastasis and RGP human primary melanoma cell lines of the same patients by western
blot. Differently, lymph node metastasis shows a high diffuse staining in patient tissue section, while
2D and 3D models of lymph node metastasis cell lines show low level of TPC2 expression compared
to healthy melanocytes. Finally, in lung metastasis we did not observe TPC2 expression in patient
tissue section, although 2D and 3D models of cell line derived from pleural effusion show high level
of protein. Taken together, these experiments showed that TPC2 expression is increased in cutaneous
metastasis compared to primary melanoma, although further investigation are required to assess if
TPC2 expression correlates with specific metastatic sites, given a great heterogeneity between
different tumor microenvironments.

To evaluate the role of TPC2 in melanoma we used Nar, a molecule that strongly inhibits the
activities of this channel 3%, Literature data showed that Nar molecule had low toxicity in normal
fibroblasts, with IC50 of 1090uM at 24h 2!, andsimilar results were obtained by other researchers,
showing that this flavonoid exhibited strong inhibitory effects against cancer lines and very weak
activity in normal cells 22, Therefore, considering the low toxicity, in in vitro experiments we used
analogous Nar concentrations (300-500uM) that could then be replicated "in a clinical setting".
Investigating TPC2 function in tumor growth, we observed that 2D melanoma cell lines show
reduced proliferation rate after TPC2 blocking with different doses of Nar. Similarly, in 3D models
we observed a reduction of total spheroid area after Nar treatment, although we noted that RGP
primary melanoma spheroids continue to compact over time. Since initially during spheroids
formation cells aggregates by interaction of cellular surface integrins with ECM fibers and cell-cell
interactions by E-Cadherin homophilic bonds 18318518 e may suppose that RGP primary cells
during the formation of the spheres increase the expression of adhesion molecules, that are basically
highly expressed in this tumor subtype, forming very compact spheres. On the contrary, pleural
metastasis spheroids are less compact, probably because 3D models reflect the in vivo behaviour of
the original tumor cells, such as distinct morphologic features 7. While after Nar treatment RGP,
VGP and skin metastasis show a dose and time dependent reduction of total area, in pleural metastasis
we do not observe any effects. On the other hand, after TPC2 silencing pleural metastasis spheroids
show reduce cell proliferation rate and total area. Because TPC2 silencing modulated spheroids
growth, it is possible that in this contest Nar does not affect the proliferation rate acting on other
pathway, even if also in breast, gastric, liver and prostate cancer in vitro studied show an
antiproliferative effect of Nar >, A role of TPC2 in the inhibition of cell proliferation has been
identified also in other cancer types, such as in 4T1 mouse mammary cancer cells *2 and B16F0 and
B16F10 mouse melanoma cells 33213214 ‘moreover Miiller et al. identified TPC2 as a cancer driver.
The findings show that genetic deletion of the channel reduces the proliferation of liver cancer cells

in vitro and successfully stops tumour growth in an ectopic mice model *°.
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In regard to tumour progression, we observed a reduction of tumor migration capacity in RGP and
VGP primary cells, skin metastasis and pleural metastasis after TPC2 silencing or Nar treatment.
Moreover, RGP primary tumor spheroids, that is supposed to be the less aggressive subtype, in type
I collagen matrix show lower invasive capacity after TPC2 blocking. In line with our data, it has
been observed that TPC2 negative regulates migration processes in mammary, bladder, liver cancers
and mouse melanoma in vitro models 2% and reduces formation of lung metastases in in vivo mouse
models of mammary and melanoma cancer cells, respectively 4T1 and B16F0 *4®, In addition, in
MNT-1 human melanoma cells TPC2 knockout or Nar treatment decreases cell proliferation,
migration and invasion *°, probably via regulation of MIFT protein levels, a transcription factor that
regulates genes involved in cell cycle progression and differentiation, a role sustained throughout the
process of melanogenesis and in melanoma 2%, In particular, Netcharoensirisuk et al. in TPC2-/-
MNT-1 cells find increase GSK3p protein levels and an increase proteasomal degradation of MIFT.
On the contrary, in CHL1 human metastatic melanoma cell line TPC2 inhibition increases the
metastatic traits. TPC2 knockout impairs cell adhesion to type | collagen matrix, increases invasion
capability and induces the expression of bona fide YAP/TAZ target genes. Thus indicates an
activation of YAP/TAZ, which are target genes of the HIPPO signaling pathway, that is involved in
several biological processes including proliferation, survival, differentiation and in mechanisms of
tumor progression °1°2. D’ Amore et al., differently to Netcharoensirisuk et al, observed an increased
expression of MITF in TPC2-/- CHL-1 cells. The three lines used in these studied presented
completely different features: MNT-1, derived from lymph node metastasis, are highly pigmentated
and with BRAF mutation; CHL-1, derived from pleural effusion, are amelanotic and BRAF wt;
B16FO0, derived from mouse primary melanoma, are highly pigmented and BRAF wt. In our
experiments, also the cell lines derived from primary tumors are all BRAF mutated, but present
different aggressiveness, distinct metastatic sites, and different pigmentation (Table 1 Materials and
Methods), therefore the different role of TPC2 may depend on some of these characteristics. Thus,
the opposite role played by TPC2 in different melanoma cell lines may be indicative that the function
of this ion channel could be pro-tumoral or anti-tumoral according to the cell phenotype such as
pigmentation, genomic mutations, and microenvironment. To better assess the role of this channel in
different cellular contests, the channel could be pharmacologically inactivated or activated by
different specific antagonists/agonists respectively, such as Ned-19 (a NAADP-antagonist),
flavonoid compounds MT-8 and UM-9 %, Tetrandrine and Verapamil (Ca?" channel blocker) or by
NAADP, PI(3,5)P2, TPC2-A1-N and TPC2-A1-P agonists ¢

TPC2 involvement in tumor invasion has been confirm also by the analysis of tumor invasion
markers in VGP primary tumor, skin and pleural metastasis. Indeed, after TPC2 silencing or Nar
treatment, all the lines present a decrease expression of ar-integrin and ous-integrin, important
component of melanoma microenvironment. Because these proteins normally promote cells adhesion

to ECM, alterations in the expression of integrins allow melanoma cells to dissociate from the
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primary site, alter the cytoskeleton, migrate through the stroma and lymphatic or vascular vessels
and disseminate to distant sites 1%, Numerous studies have shown a different expression of integrins
in normal melanocytes and benign naevi compared to melanoma cells %%, for example o7B:-integrin
has been detected in melanoma cells and not in normal melanocytes 2/, while a4fi-integrin is not
expressed in primary and dysplastic naevi, while in melanoma the expression correlates with the
progression from RGP to VGP 193104 According to this data, the decrease expression of a7 and ou-
integrin after TPC2 blocking may suggest a role of this channel in tumor invasion process.
Interestingly, in a mammary cancer cell line TPC2 blocking alters endolysosomal system and leads
to an accumulation of the protein in early endosomes, inhibiting the normal recycling of pi-integrin
and the formation of Bi-integrin polarized lamellopodia “¢. Although in this contest total protein
levels of Bsi-integrin are not significantly modified after TPC2 blocking, but mammary cells express
TPC2 only in lysosomes and late endosomes, since they have not melanosomes, it is possible that in
melanoma cells TPC2 regulates both integrins expression and recycling acting on endolysosomal
system.

Similar to integrins, TPC2 blocking modifies the expression of other adhesion molecules, decreasing
N-Cadherin and increasing E-Cadherin expression. These adhesion molecules have been related to
melanoma progression, indeed E-Cadherin is associated with cell-to-cell adhesion properties in
melanocytes and loss of expression leads to an invasive phenotype often linked with transformed
cells 1%, The switch from E-Cadherin to N-Cadherin allows melanoma cells to interact with other N-
Cadherin expressing cells such as fibroblasts and endothelial cells, increasing their motility due to
less stringent cell interaction, conferring survival advantages through repression of proapoptotic
factors 61, Recently in a study that used matched tissue samples from primary and metastatic sites
of melanoma, it has been observed that metastatic tumor show a decrease in E-Cadherin expression
and an increase in N-Cadherin expression compared to the primary tumor, although the difference
do not reach statistical significance .

Finally, also the expression of slug, a transcriptional repressor of E-Cadherin ® involved in the EMT,
decreases in melanoma cells after TPC2 blocking. In melanoma, it has been shown that Slug
functions as a melanocyte-specific factor required for the strong metastatic propensity of this tumor
100 Therefore, Cadherin switch from E- to N- suggests a role of TPC2 in the regulation of the
epithelium-mesenchymal transition, and in melanoma progression, in agreement with the increase
TPC2 expression in primary melanoma with higher Breslow Index.

Cellular transformation in melanoma is associated to changes in melanosomes biogenesis and
pigment production, indeed it has been observed that some melanocytes lose their ability to
synthesize pigments and assume a disorganized structure 2414150 Since TPC2 is involved in
exocytosis process % and in B16F10 mouse melanoma cells Nar treatment increases intracellular
melanin concentration and melanogenic proteins %% it is possible that TPC2 plays a role not only

in melanogenesis but also in melanosomes releases, regulating tumor progression. To analysed
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melanosomes expression we used two melanocytic markers: HMBA45, an antibody that recognizes
Pmell7, a type | transmembrane glycoprotein also known as gp100, which is expressed in early
melanosomes (stage | and 1) and DCT (TRP2), a protein that modulates the activity of tyrosinase
that mainly localize in strongly pigmented late melanosomes (stage Il and IV) 3. As expected,
healthy melanocytes and melanoma cells express both HMB45 and DCT, moreover after Nar
treatment melanosomal markers expression and intracellular melanin amount increase. As said
before, a role of Nar in melanogenesis has already been assess in B16-F10 mouse melanoma cells.
In this contest, Nar increases intracellular melanin concentration, melanogenic proteins levels and
enhances phosphorylation of Akt and GSK3p protein, which inactivates the kinase activity of
GSK3p, resulting in the elevation of intracellular p-Catenin levels. B-Catenin promotes
melanogenesis by up-regulating the melanocyte differentiation-related proteins, such as MITF and
tyrosinase 5. Differently, in MNT-1 human melanoma cells, Nar increases melanin production with
a different mechanism, because in TPC2 knockout melanoma cells MITF level is reduced, the
expression of proteins involved in melanogenesis or regulated by MITF such as DCT, Rab27a, or
PMEL is unchanged, while GSKp level is increased *. Interestingly, flavonoids have been reported
to affect MITF expression through interference with Wnt signalling. Thus, in human melanoma cells
growth inhibition by flavonoids is associated with disruption of Wnt signalling and decreased MITF
levels 8, In the end, in MNT-1 melanin production is independently of MITF through direct
interference with tyrosinase activity in melanosomes, by indirect interference with the melanosomal
proton pump: decreased driving force for the pump due to absent or reduced TPC2 activity, resulting
in reduced proton uptake by melanosomes, leading to less acidic melanosomal pH, increased
tyrosinase activity, and eventually increased melanin production 2%, According with this data
Ambrosio et al. in TPC2 knockout MNT-1 cells show an increase of melanin and less acid and larger
melanosomes, but no increase in the number per cell %, Since, in our analysis after Nar treatment we
observe an increase not only of melanin, but also of DCT and HMBA45, it suggests a MIFT regulation
of melanogenesis and/or a block of melanosomes releases. Since after Nar treatment melanoma cells
show a lower release of melanin in culture medium, we can assume that TPC2 blocking also inhibits
the process of maturation of melanosomes and/or the release of melanin.

Recently, it has been shown that dermal fibroblasts have the ability to uptake melanosomes secreted
by melanocytes, demonstrating that these organelles are not only transferred to keratinocytes in
healthy skin 21°. Although in physiological conditions skin fibroblasts incorporate about 100
melanosomes, Dror et al. quantified 200-500 melanosomes per melanoma dermal fibroblast,
indicating increased uptake under pathological conditions. In melanoma, it has been hypothesized
that melanosomes, released by melanoma cells, are incorporated by normal fibroblasts and
responsible for their transformation into CAFs, thus promoting the formation of a dermal pro-tumor
niche 8. Indeed, we observed that fibroblasts treated with conditioned medium of SH4 and WM793-

B cells express both HMB45 and DCT in the cytoplasm, confirming the melanosomes incorporation.
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In the same way, fibroblasts treated with the conditioned medium of MNT-1 melanoma cells show
the expression of two melanosomal markers, HMB45 and GPNMB, which show that even in this
context the treated fibroblasts incorporate melanosomes released into the medium by melanoma cells
148 Some of the characteristics of CAFs are to acquire a higher proliferative, migratory and invasive
capacity than normal fibroblasts 6117 indeed fibroblasts isolated from patients with breast cancer,
melanoma and retinoblastoma, show an increased in proliferation rate in vitro %, Of note, the
treatment with conditioned medium of SH4 and WM793-B cells increase fibroblast migration
capability and expression of SNAIL, a protein involved in the process of cell migration, although it
does not affect fibroblast proliferation. Similarly, Dror et al. show that fibroblasts cultured with the
conditioned medium of MNT-1 melanoma cells increase proliferative and migratory capacity
compared to those treated with melanocytes-conditioned medium %€, Moreover, we observed that
fibroblasts incubated with SH4 conditioned medium show a higher expression of FAP and a-SMA,
while those treated with WM793-B conditioned medium show a higher a-SMA expression, while
FAP expression does not change. In addition, both a-SMA and FAP are more expressed in fibroblasts
growth in co-culture with the SH4 or WM793-B melanoma cells compared to fibroblasts growth
alone. Since, these two proteins are specifically expressed by CAFs 166167 FAP a serine protease that
helps to reorganize the matrix and a-SMA an actin that promotes the contractile action of fibroblasts,
we can suppose that melanoma-conditioned medium induce fibroblasts transformation.

As in MNT-1 cells, fibroblasts reprogramming into CAFs appeared to be mediate, at least in part, by
the melanosomal miRNA-211, as in our cells lines melanosomes of the conditioned medium are
incorporated by normal fibroblast and melanoma-conditioned medium has induced fibroblasts
transformation, we may hypothesize that also SH4 and WM793-B melanosomes are responsible of
fibroblasts transformation. Therefore, since Nar affects melanosomes release by melanoma cells, Nar
treatment may prevent fibroblasts transformation. Indeed, fibroblasts cultivated with conditioned
medium of SH4 and WM793-B cells pre-treated with Nar show reduces migratory capacity.
Therefore, these data suggest that Nar-treatment can regulate melanoma cell EMT processes as well
as melanosome maturation and release, suggesting this molecule as a new potential treatment for
melanoma towards a personalized medicine. Although a limitation of this study is the lack of in vivo
models both in term of toxicity and efficacy of Nar treatment, literature data show that Nar has
already been used in B16F10 in vivo mouse studies via intraperitoneal injection % and oral
administration 22, Moreover, clinical trials evaluating the safety and pharmacokinetics of Nar in
healthy adults show that Nar ingestion has no related adverse events or alteration in blood safety
markers 222, Of course, further experiments are needed to assess if these concentrations are efficacy
against cancer cells, without causing undue toxicity in vivo. Finally, according to melanoma
heterogeneity it is possible that even lower doses of Nar can be used for carcer treatment.
Observing that DTIC treatment seems to reduce TPC2 protein expression and to synergistically

inhibit total spheroids area in TPC2 silenced melanoma cell lines, we supposed that TPC2 modulation
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may influence melanoma responses to drug inhibitors. Thus, these experiments suggest that Nar may
act as a chemosensitiser. In the same way, in different type of advanced cancers, it has been observed
that Nar is beneficial in a combinatorial setting to alleviate multi-drug resistance 2. For example,
combining Nar with Paclitaxel synergistically increased cytotoxicity in prostate cancer cells 174,
while in combination with histone deacetylase inhibitors synergistically suppressed neuroblastoma
tumor progression 22 and with 5-fluorouracil synergistically enhanced colorectal cancer cell death
225.

Summarizing, the results obtained in this study show that TPC2 is differently express in primary and
metastatic melanomas, probably according to specific tumor features like stage and
microenvironment. In the same way, the opposite role played by TPC2 in different melanoma cell
lines showed in some studies, may be indicative that the function of this ion channel could be specific
according to the cell phenotype such as pigmentation, genomic mutations, and microenvironment.
In conclusion, this channel proves to be an interesting pharmacological target for the development
of new personalized therapies and suggest Nar as a new potential treatment for melanoma.
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