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1. ABSTRACT

1. ABSTRACT

Cutaneous melanoma (CM) is a potentially lethal form of skin cancer whose worldwide incidence
has been constantly increasing over the past decades. The most important histopathologic factor for
CM staging is Breslow thickness (BT). Its correct determination is fundamental for pathologists
because discrepancies lead to a change in stage with significant clinical implications, including
incorrect and/or inappropriate prognostic information, investigation, management, and follow-up. A
deeper understanding of the molecular processes guiding CM pathogenesis could improve diagnosis,

treatment and prognosis. MicroRNAs (miRNAs) play a key role in CM biology.

The firs aim was to investigate miRNA expression in reference to BT assessment. We found that in
superficially spreading melanomas (SSM), the combined miRNA expression of miR-21-5p and miR-
146a-5p above or below 1.5 was significantly associated with overall survival and successfully
identified all patients with relapsing SSM, suggesting that the combined assessment of these miRNAs

expression in SSM in association with BT measurement, could aid in SSM staging.

Secondly, we decided to focus on multiple primary melanomas (MPMs). MPM patients are CM
patients that develop multiple primary melanoma in their lifetime, and represent a model of high-risk
CM occurrence. With the aim of improving our knowledge on MPM pathogenesis, we explored the
miRNome of single CM and MPM through small RNA sequencing. Single CM and MPM present
several dysregulated miRNAs, including key miRNAs involved in epithelial-mesenchymal transition.
A different miRNA profile was observed between 1 and 2" melanoma from the same patient. Ten
miRNAs were further validated in a larger cohort. Pathway enrichment analysis of miRNA target
genes revealed a more differentiated and less invasive status of MPMs compared to CMs. This
putative and comprehensive characterization of the miRNA regulatory network of MPMs highlights
mechanisms of tumor development and molecular features differentiating this subtype from single

melanomas.

Recently, next generation sequencing (NGS) experiments revealed the existence of miRNA variants
(isomiRs) with different length and sequence that provides an additional layer to the complex non-
coding RNA world. We identified a shorter 3’isoform (hsa-miR-125a-5p|0|-2) as tenfold over-
represented compared to the canonical form of miR-125a-5p. Target prediction analysis revealed that
the miRNA shortening could change the pattern of target gene regulation, specifically in genes
implicated in cell adhesion and neuronal differentiation. Bioinformatic analysis predicts a specific

target of this isomiR, namely SMARCEI, that was confirmed by preliminary data.



1. ABSTRACT

Finally, we provide a comprehensive characterization of miRNA and isomiR dysregulation in benign
nevi (BN) and early-stage melanomas. CM and BN express different and specific isomiRs and have
a different isomiR abundance distribution. Moreover, isomiRs from the same miRNA can have
opposite expression trends between groups. IsomiR expression was analyzed in primary melanoma
and melanoma metastasis obtained from The Cancer Genome Atlas (TCGA) dataset of skin, and was
tested is association with NFI, BRAF and NRAS mutations. The reported non-random dysregulation
of specific isomiRs contributes to the understanding of the complex melanoma pathogenesis and

serves as the basis for further functional studies.
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3. INTRODUCTION

3.1. Cutaneous Melanoma

3.1.1. Incidence and Epidemiology

Cutaneous Melanoma (CM) is a malignant tumor that results from the transformation of pigment-
producing cells known as melanocytes, which are predominantly located in the skin. CM accounts
for 3-5% of all cutaneous cancers but it is the most lethal tumor among them, in fact it determines

approximately 65% of all skin cancer deaths [1].

Worldwide incidence of CM has been increasing more rapidly than any other cancer type in the past
decades, reaching an age-standardized rate of 3.4 per 100,000. However, this tumor affects principally
fair-skinned populations, with variable incidence attributable to latitude and differences in sun
exposure. In details, in fair-skinned population regions, such as Australia-New Zealand, Northern
Europe and Northern America, this rate is higher and it exceeds 15 per 100,000 (35.8, 17.8 and 16.1,
respectively) (source IARC 2020).

The most principally affected group is the geriatric population and the median age at diagnosis is 65
years. However, CM is also frequently diagnosed in adolescent and young adult populations [2]. The
incidence increases linearly starting from the age of 25 years until the age of 50 years [3,4]. Men are
generally more affected: the word incidence is 3.5% for men and 2.9% for women [5]. However, when
age is considered, adolescent and young adult women are more susceptible to melanoma than men.
On the other hand, after the age of 40, rates reverse, and the incidence among men is greater than in

women [6].

The 5-year survival is about 95-98%, but it decreases dramatically when regional or distant metastases

are present, in fact, this rate reduces to 63% and 20%, respectively [3].
3.1.2. Melanoma etiology

The pathogenesis of melanoma is complex and poorly understood. In fact, CM is considered a multi-
factorial disease, which results from the combination of different factors, including environmental,
phenotypic and genetic factors such as ultraviolet (UV) exposure, fair phototypes, multiple dysplastic
nevi and a positive family/personal history of CM [7]. A family history of CM poses the highest risk

for the development of melanoma [8,9].
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3.1.2.1. Environmental risk factors

The most common environmental risk factor is UV radiation deriving from excessive sun exposure
or use of tanning beds. The sun is major source of UV radiation and the direct association between

sun exposure and increasing risk of melanoma have been highlighted by several studies [10,11].

Melanocytes are generally resistant to UV-induced apoptosis. However, the UV radiation, especially
UV-B, leads to severe damage in DNA and melanocyte functions, by inducing direct and indirect
DNA alterations. Among the direct damage due to UV exposure, there is the generation of thymine
dimers, pyrimidine dimers, cyclobutane pyrimidine dimers and UV-endonuclease-sensitive-sites in
double strand DNA. DNA alterations are generated also indirectly as a consequence of reactive
oxygen species (ROS) generation [12]. The growth and the accumulation of genetic mutations lead to

malignant transformation of melanocytes in CM [13].

Other factors include the level and type of sun protections, chronic or intermittent UV exposure, and
history of sunburn in childhood. They are all related to the amount of UV radiations necessary to
increase melanoma risk. The intense and intermittent sun exposure appears to be especially associated
to developing CM, while the chronical pattern of exposure is related with non-melanoma skin cancer

or actinic keratosis disease [14,15].

Since tanning sunbeds are an artificial source of UV radiation, they can increase the risk to develop
CM. Indeed, people who frequently use tanning sunbeds expose themselves to a higher amount of

UVA in comparison to sunbathing or outdoor activity related exposure [16].

Finally, sunburn is considered an acute sun exposure, and episodes of sunburn were positively
associated to melanoma. Specifically, recurring episodes of sunburn in childhood (under 15 years)

have been correlated with a higher risk of develop CM [11,15,17].
3.1.2.2. Phenotypic risk factors

Also phenotypic risk factors can contribute to the development of CM. A skin pigmentation
phenotype (fair or light skin) and the presence of atypical and multiple nevi are considered important

risk factor for CM.

Fair-skinned individuals showed reduced pigmentation and they are more likely to develop CM than
more darkly pigmented individuals. A two-fold increased risk is conferred by red hair compared to
black or dark grown hair. The presence of extensive freckling increases to a three-fold the risk of CM
in people under age 40 [18]. A specific phototype which includes red hair, freckles, fair skin, light

eyes and sun sensitivity increases the risk of CM [14,19].
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The number and the size of melanocytic nevi are important risk factors of CM. Nevi can be congenital
or acquired. People with >100 nevi have a significantly higher risk of CM [20]. Sometimes nevi have
a suspicious dysplastic morphology and they are clinically called “atypical” or “dysplastic”, which
are characterized by disproportional dimension (large nevi have a diameter >5mm, giant nevi have a
diameter >20 cm), indistinct and irregular borders, and variable pigmentation. Several studies have
found that approximatively 36% of melanomas origin in patients with pre-existing dysplastic nevus
[17,21,22]. Patients that develop nevus-associated melanomas show a distinct risk profile that differs
from that of patients with de novo melanomas [20]. In nevus-associated melanoma patients,

melanomas are generally located on the trunk and belong to the superficial spreading subtype [21].
3.1.2.3. Familial melanoma history

Family history of melanoma has been widely correlated with an increased melanoma risk [8]. We
defined a familial melanoma when in a family there are 2 first-degree relatives or 3 or more melanoma
patients on the same side of the family (irrespective of degree of relationship) that are diagnosed with
melanoma. In these families, the susceptibility to develop melanoma is inherited following an
autosomal dominant inheritance pattern with incomplete penetrance [23]. The presence of germline

mutation constitutes a risk factor for the hereditary form of the disease [8,24-26].

Melanoma susceptibility genes can be classified in high-risk genes and low to moderate risk genes.
The first group includes genes that confer a high risk of developing melanoma when mutated in an
individual and are usually associated with the presence of multiple melanomas within the family. The
second group indicates genes that have a weak impact on melanoma susceptibility. Families with
these variants usually have one or occasionally two melanoma cases [27]. However, more melanoma
cases could be present in the family with a combination of low to moderate inherited variants.
Moreover, families with low to moderate risk variants could have more melanoma cases if they live

in areas with an increased UV radiation [28].

One of the principal high-risk germline mutations was found in Cyclin Dependent Kinase Inhibitor
2A (CDKN2A4) [29,30]. The other high-risk melanoma susceptibly genes are Cyclin Dependent Kinase
4 (CDK4), BRCATl-associated protein-1 (BAP1), chemokine receptors (CXC) genes and four genes
involved in the telomere maintenance: Telomerase Reverse Transcriptase (TERT), Protection of
telomeres 1 (POT1), Adrenocortical dysplasia protein homolog (4CD) and Telomeric repeat-binding
factor 2-interacting protein 1 (TERF2IP). In addition, there are variants in melanocortin 1 receptor
(MCIR) and microphthalmia-associated transcription factor (MITF) that give a moderately increased

risk to develop melanoma [27,31,32].
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e High-risk genes

CDKNZ2A gene (Chr9p21.3) is the first gene described as associated with melanoma susceptibility
and to date, it is the main high-risk gene involved in melanoma susceptibility [33]. Approximately 20-
40% of familial melanomas present an autosomal dominant inheritance of germline CDKN2A4
mutations [27,29,34]. Two unrelated proteins are encoded by CDKN2A4 gene due to alternatively
spliced transcripts: pl16 inhibitor of cyclin-dependent kinase 4 (p16™%** p16) and pl4 alternate
reading frame (p14*R¥, p14). Depending which exon is interested by the mutation, the mutation in
CDKN2A4 can affect either only one of the two proteins or both. The role of pl6™K4A is to prevent
that cell enters in S-phase of the cell cycle by inhibiting CDK4. p14“RF is a positive regulator of
Cellular tumor antigen p53 (p53) and therefore its loss is associated with accumulation of DNA
damage [35]. Individuals carrying CDKN2A4 germline mutations have an inherited risk to develop
other cancer types beyond melanoma, such as pancreatic cancer, breast, lung and other tobacco-
related cancers [27]. Although CDKN2A mutations increase the risk to have melanoma, not all carriers
of a CDKN2A mutation develop this cancer, suggesting that it needs the contribution of other

environmental, clinical, and genetic factors to increase the risk of melanoma development [36-38].

CDK4 (Chr12ql4.1) is the second high-risk melanoma susceptibility gene identified. CDK4 is an
oncogene and encodes for a member of the Ser/Thr kinase family. It is active during cell cycle G1
phase and, physiologically, is negatively regulated p16™%4* Both CDKN24 and CDK4 mutations
affect the same cellular pathway. CDK4 was found mutated in several melanoma-prone families and,
in all of them, the mutation interested the same amino acid, namely Arginine 24, which is localized

in its p16™%4A binding domain. This mutation leads to escape from p16™NK44

inhibition and to promote
the progression of the cell cycle. In families carrying CDKN2A4 or CDK4 mutations, there are no
particular differences in phenotypic characteristics, such as age at diagnosis and number of

melanomas [39,40].

TERT (Chr5p15.33) encodes for an enzyme that plays an important role in cellular senescence. This
enzyme has a reverse transcriptase activity that maintains the telomere ends by addition of the
telomere repeat TTAGGG. The principal mutation is a transversion T to G in the gene promoter,
which was first identified in familial melanomas using high-throughput sequencing [41]. Interestingly,
this specific mutation appears to be associated to a high-risk to develop early onset melanoma and

other cancers.

BAPI (Chr3p21) is considered a tumor suppressor gene and it is a deubiquitylase that participates in
regulation of cell cycle, cell differentiation, cell death, gluconeogenesis and in DNA damage response

[42]. BAPI germline mutations seem be associated with tumor predisposition syndrome, which is

10



3. INTRODUCTION - Cutaneous Melanoma

associated with various cancers, including CM, uveal melanoma, mesothelioma, renal cell carcinoma,
atypical spitz tumors, atypical intradermal tumors and multiple basal cell carcinomas [43,44]. In
melanoma, BAPI germline mutations appear to be related with the presence of little pink or tan
papules and nodules termed melanocytic BAP1-mutated atypical intradermal tumors (MBAITS)
[44,45]. The inactivation of BAPI contributes to a small proportion of cutaneous melanoma, about 5%

[46].

Copy number variants (CNV) analysis has allowed to identify a duplicated region on 4ql3 that
segregates with melanoma in one melanoma-prone family. There are 10 genes in this duplicated
region, and most of them belong to a family of CXC chemokines, such as melanoma growth-
stimulating activity a (CXCL1) and interleukin 8 (/L-8). CXCL1 and IL-8 promote melanoma growth

in vitro and in vivo [47].

Some melanoma susceptibility genes play a role in telomere maintenance. Telomeres consist of
tandem nucleotide repeats, namely TTAGGG, and are located at the ends of chromosomes. Telomeres
shorten both with age and exposures associated with cancer risk, such as smoking and UV irradiation

[48]. Cancer cells tend to implement processes to maintain telomere [49].

A germline mutation in the promoter of TERT was identified in a melanoma-prone family. TERT
(Chr5p15) encodes for the catalytic subunit of the telomerase, which is the ribonucleoprotein complex

that maintains telomere length [41].

POTI (Chr7q31.33) belongs to the complex of Shelterin (also known as Telosome) that controls
telomeres length and protects chromosome extremities from illegitimate recombination and abnormal
chromosome segregation [50]. The majority of mutations are in the oligonucleotide/oligosaccharide-
binding (OB) fold domains, which are crucial for its binding to telomeric single-strand DNA [51].
One of them is a Tyr89Cys variant of the N-terminal OB domain. 4% of melanoma families negative

for CDKN2A4 and CDK4 mutations present alterations in POT1 [52].

Other germline mutations in two genes of the shelterin complex, namely ACD and TERF2IP, have
been described in melanoma-prone families. The principal germline mutations of ACD and TERF2IP
are associated with an earlier age of melanoma diagnosis, specifically, with a peak in the second
decade [53]. Overall, the germline mutations in these four telomere maintenance genes may explain

around 1% of familial melanomas [27].

e Moderate-risk genes

The role of the moderate-risk MC/R in melanoma susceptibility has been widely studied. MCIR

(Chr16q24) encodes for the receptor for the o melanocyte-stimulating hormone and is one of the
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master regulator genes in human pigmentation. MCIR is a highly polymorphic gene in the Caucasian
population, and some variants have been associated with an increased risk of developing melanoma
[54]. When the function of this gene is highly compromised, the red hair color phenotype (RHC) is
usually observed. The most common MCIR variants are classified based on their association with
RHC in r variants (p.V60L, p.V92M, p.R163Q) and in R variants (p.D84E, p.R142H, p.R151C,
p.I155T, p.R160W, p.D294H). The r variants are slightly associated, while R variants are highly
associated to RHC phenotype [55,56]. R variants are the most implicated variants in melanoma
susceptibility: melanoma risk given by R variants is 2 times higher in the general population, and is
increased to 3 times in familial melanoma. However, also a r variant, namely p.R163Q, has been
associated with a higher risk of melanoma in geographic areas with high sun exposure [57]. Moreover,
this r variant has been associated to a specific melanoma subtype linked to chronic sun damage,
namely the lentigo maligna melanoma [58]. The presence of MCIR variants increases the melanoma

penetrance in CDKN2A carriers [59].

MITF (Chr3pl13) is considered a moderate-risk gene and it encodes for a basic-helix-loop-helix-
leucine zipper transcription factor. MITF is a major regulator of melanocytes development and it has
a crucial role in melanoma oncogenesis [60]. In melanoma, there is a recurrent germline mutation in
MITF, namely the substitution of glutamic acid at position 318 with lysine, called MITF E318K. This
mutation is a gain of function mutation and increases melanoma risk. M/TF E318K mutation has been
associated with a particular phenotype, which includes non-blue eye color, increased number of nevi

and multiple primary melanomas [61,62].
e Low-risk genes

There are also gene variants that slightly increase melanoma risk, but no variant alone can reach a
two-fold melanoma risk [63]. Low-risk genes can be classified based on their role: genes involved in
the nevi count and pigmentation (agouti signaling protein (4SIP), Tyrosinase (TYR), Tyrosinase-
related protein 1 (TYRP1), Oculocutaneous albinism II (OCA2), Methylthioadenosine phosphorylase
(MTAP), and paired box 3 (PAX3)) [64,65]; genes involved in the immunologic system (interleukins
such as IL-10, IL-1p, tumor necrosis factor alpha (TNF-a), human leukocyte antigen (HLA) class 11
genes, and interferon regulatory factor 4 (IRF'4)) [66,67]; genes involved in metabolism (cytochrome
P450 family 2 (CYP2D6), Glutathione S-Transferase Mu 1 (GSTM1), Glutathione S-Transferase
Theta 1 (GSTTI), Glutathione S-Transferase Pi 1 (GSTPI), fat mass and obesity associated (F70)
gene, and Vitamin D receptor (VDR)) [68]-[69], and gene associated to chromatin (Poly ADP-ribose
polymerase 1 (PARPI)) [67].
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Familial melanoma has been associated to the presence of multiple cases of melanoma in different
generations on one side of the family, to an early onset the disease, to the predominance of specific

mutations, and often to the presence of multiple primary melanomas in the same person [70].
3.1.2.4. Multiple Primary Melanoma

A personal history of melanoma increases the risk of developing other tumors, and particularly other
melanomas and non-melanoma skin cancers. Specifically, the frequency to develop at least one more
primary melanoma is range between 0.2 and 10% of all diagnosed melanomas [29,71-74]. Multiple
Primary Melanoma (MPM) refers to a patient that has developed at least two primary cutaneous
melanomas in its lifetime. The highest risk is in the first year following the diagnosis of the primary

melanoma; but the risk remains increased for at least 20 years [75].

The occurrence of MPM seems to be related to a genetic susceptibility and also to environmental
factors, such as UV radiation exposure across geographical regions. The risk to develop the second
melanoma is increased to 19% for melanoma patients with a positive family history. However, in
MPM patients, the presence of the germline mutations associated to familial melanoma is lower than

expected [29,76-79].

The germline mutations in CDKN2A are present in 8-15% of patients diagnosed with MPM without
familial history and up to 40% in patients with familial melanoma [29,77,79-82]. Interestingly, the
probability to found CDKN2A4 mutations is about 1% in sporadic melanoma patients without personal
and/or familial history of melanoma [83]. An increased risk of MPM is also associated with nonsense
germline mutations in ACD and TERF2IP genes [53]. In addition, the presence of dysplastic nevi (DN)
increases up to 3 times the risk to have a second melanoma compared to melanoma patients without

DN [84].

MPM patients represent a model of high-risk CM occurrence. However, there is a debate about the

prognosis of MPM [85,86].
3.1.3. Melanoma onset and progression

Melanoma derives from the malignant proliferation of melanocytes. Melanocytes cells
embryologically derive from neural crest cells that differentiate into melanocytes with the cooperation
of several transcription factors, including Forkhead Box D3 (FOXD3), SRY-Box Transcription
Factor 10 (SOX10), PAX3 and MITF. Melanocytes produce the brown-black skin pigment, know as
melanin, and provide this pigment to keratinocytes. They are characterized by a low proliferative rate.

UV radiation promotes both proliferation and melanin production of the melanocytes. However, the
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acquisition of somatic mutations and alteration in specific pathways is associated with malignant

transformation of melanocyte, namely melanoma [87].
3.1.3.1. Somatic genetic alterations in melanoma

The majority melanoma cases are attributable to randomly acquired genetic mutations, which can
contribute to cancer development and metastasis progression. Somatic mutations often occur in genes
implicated in the activation of the mitogen-activated protein kinases (MAPK) pathway, affecting cell
proliferation, differentiation and survival [88], and in phosphoinositol-3-kinase/ protein kinase B
(PI3K/Akt) pathway, affecting metabolism, proliferation, cell survival, growth and angiogenesis [89].
Both MAPK and PI3K/Akt pathways are frequently influenced by aberrations that are pivotal players
in biology of different types of cancer, including melanoma [90]. In melanoma, somatic mutations are
often located in the following genes: B-Raf Proto-Oncogene (also known as v-Raf murine sarcoma
viral oncogene homolog B, BRAF), neuroblastoma RAS viral oncogene homolog (NRAS),
Neurofibromin 1 (NF'1), proto-oncogene receptor tyrosine kinase (K/7) and Phosphatase and Tensin

homolog (PTEN). Somatic alterations are also found in genes already described, such as MITF gene.

BRAF (Chr7q34) encodes for a serine/threonine-protein kinase. Up to 50% of the UV-induced
somatic mutations are present on BRAF gene, and 71-75% of melanomas showed at least a mutation
in this gene [91]. BRAF mutations are usually gain-of-function. The most frequent is a missense
mutation, namely an amino acid substitution at position 600: a hydrophobic valine is replaced by
hydrophilic glutamic acid. This mutation is named BRAF V600E and it covers up to 90% of all BRAF
mutations [92]. With BRAF V600E mutation, the kinase becomes constitutively active and insensitive
to negative feedback mechanisms, inducing angiogenesis, evading apoptosis and promoting invasion
and metastasis [93,94]. BRAF V600E mutation is also present is common nevi and atypical nevi [95-
97]. Its rate is even higher in benign nevi compared to melanoma [98]. These findings shed light on
the probable role of BRAF V600E as an early step in melanocytic transformation. However, in

precursor benign lesion, this mutation alone is not relevant in promoting tumor progression [99].

In addition, there are other point mutations in the same position, such as V600K, V600D, V600R,
which increase BRAF kinase activity. Mutations in other sites are less than 1% [92]. Patients with
BRAF-mutated melanoma are often younger than other melanoma patients in term of diagnosis of
primary melanoma and metastasis, and they frequently develop tumors with superficial spreading or

nodular histology [100].

NRAS (Chrlp13.2) encodes for a small GTP binging protein of the RAS family that is involved in the
MPAK pathway. NRAS mutations are associated with chronical sun exposure [101]. NRAS mutations
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are found in about 15-30% of melanomas [102] and are often missense mutations, especially in exon
2 at codon 61, known as Q61-. These mutations account 80% of the NRAS mutations in melanoma
and consist in substitution of the glutamine with a lysine (Q61K) or an arginine (named Q61R) or a
leucine (Q61L). Q61- mutations impair GTP hydrolysis [103,104]. The constitutive activation of
NRAS drives MAPK and PIK3/Akt pathways promoting cell-cycle dysregulation, pro-survival

mechanisms, and cellular proliferation [105].

NRAS mutated melanoma are frequently lesions located at the extremities, and with lower rate of
ulceration, thicker Breslow thickness and higher rate of mitosis compared to BRAF mutated
melanoma [106]. Generally, NRAS and BRAF mutations are mutually exclusive in melanoma [107].
Patients with NRAS Q61- mutations tend to be older (>55 years) than patients with BRAF V600E
mutation [106]. NRAS mutations are an independent adverse prognostic factor that leads to a shorter
overall survival (OS) in comparison to BRAF mutated melanoma when the diagnosis occurs in
advanced stage of disease [102,108]. On the other hand, in early stage of disease, NRAS mutations have

no impact on OS [109].

NF1 (Chrl17ql1.2) is a tumor suppressor gene that encodes for a protein that inactivates the
RAS/MAPK pathway by catalyzing the hydrolysis of active RAS-GTP to inactive RAS-GDP. The
loss of function of NF1 induces a hyperactivation of RAS proteins and a promotion of both MAPK
and PIK3/Akt pathways [110]. NFI mutations are the 3™ most common driver mutations in CM and
they are reported in about 14% of melanomas [111]. NF'/-mutated melanomas present higher tumor
mutational burden (the amount of gene mutation that occurs in the genome of a cancer cell) that other
subtypes and a robust UV-derived mutational signature. NF'/ mutations can co-occur with BRAF or

NRAS mutations in melanoma [112].

KIT (Chr4ql2) encodes for a transmembrane receptor with tyrosine kinase activity [113]. Frequent
mutations are L576P (lysine to proline substitution on 576 codon) localized to exon 11 and K642E
(methionine to glutamic acid substitution on 642 codon) localized to exon 13 [114]. These mutations
induce gain of function of the protein, leading to a constitutive activation of kinase activity and a
promotion of both MAPK and PI3K/Akt pathways [113]. Mutations in K/7 gene occur in 1-3% of all
melanomas, and are mutually exclusive with BRAF and NRAS mutations [115]. Mutated-KIT is

especially found in 15% of acral and mucosal subtypes of melanoma [114,116].

PTEN (Chr10g23.31) is a tumor-suppressor gene that encodes for a key regulator of the PI3K
signaling pathway. The partial or complete loss of gene function in tumoral cells promotes melanoma
development by increasing Akt activity, stimulating mitogen signaling and decreasing apoptosis [117].

PTEN mutations are often frameshift or chromosomal deletion and they occur in up to 30% of
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cutaneous melanoma [118]. PTEN mutations seem to be more prevalent in invasive and metastatic
melanomas than in primary tumors [119]. PTEN mutations often co-exist with BRAF mutations and
contribute to activate PI3K/Akt pathway, but they are mutually exclusive with NRAS mutations,
which independently activate the same pathway [119,120]. PTEN is also regulated by epigenetic

mechanisms [121].

MITF gene is interested also by somatic mutations, which can generate different isoforms. M-MITF
is the central isoform in melanocyte development and carcinogenesis: it is found in about 80% of
melanomas and is present at different stages of tumor progression [122]. MITF is important for the
progression of BRAF V600E mutated melanomas [123]. Finally, mutations in MITF gene have been

detected in 20% of metastatic melanomas [113].

3.1.3.2. Melanoma onset and progression models

For melanoma progression, two principal models have been described: one linear and one nonlinear.
e Linear model

The linear model for melanoma progression is known as the Clark model and consists in 6 lesional

steps [124] (Figure 1):

1. the acquisition of a melanocytic nevus

2. the evolution in melanocytic nevus with lentiginous melanocytic hyperplasia (aberrant
differentiation)

3. the progression in melanocytic nevus with aberrant differentiation and melanocytic nuclear
atypia (melanocytic dysplasia)

4. the onset a primary melanoma with radial growth phase (RGP)

5. the acquisition of vertical growth phase (VGP) of primary melanoma

6. the progression in metastatic melanoma.
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Progression of cutaneous melanoma
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Figure 1. Progression of cutaneous melanoma. According to Clark model, melanoma progression starts from
the transformation of normal melanocytes to benign nevi, which can proliferate to a pre-malignant lesion,
namely dysplastic nevus. In the radial growth phase (RGP), melanoma cells proliferate toward the epidermis,
followed by the invasion of the dermis in the vertical growth phase (VGP). The last stage consists in the
formation of metastatic melanoma, which spreads in the bloodstream to invade other organs. Other models
postulate that malignant cutanecous melanomas can arise directly as RGP/VGP tumors from a single
transformed melanocyte (Figure from “Pathophysiology roles and translational opportunities of miRNAs in
Cutaneous Melanoma”, MicroRNA in Human Malignancies edited by Massimo Negrini, George Calin, Carlo
Croce, in press).

The most recent discoveries have been significantly improved this model. The first stage is the
formation of a benign nevus (BN), which results from the benign proliferation and aggregation of
melanocytes. However, some of them are described as dysplastic nevi or atypical moles, because they
present altered growth pattern. The transition from benign nevi to DN can be due to mutations in

BRAF gene or to activation of Akt [7].

The over-proliferation of these cells causes their penetration into the epidermal/dermal junction.
When the melanocytes proliferate remaining confined within the epidermal layer of the skin and do
not invade the underlying dermis and deeper tissues, the neoplastic lesion is named melanoma in situ.

This phase is characterized by altered apoptosis and cellular survival, which is may due to mutations
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or epigenetic silencing with consequent inactivation of CDKN2A and impair of pl6M™K4A

retinoblastoma (Rb) pathway [125], amplification of Cyclin D1 (CCND1), and inactivation of p53.

The next step consists in the invasion within the dermis by RGP that results in the formation of
melanoma. It seems that melanocytes acquired an immortal phenotype with the activation of the
TERT [126]. In the last stages of melanoma progression, there is a VGP, which allows to invade deep
into the dermis to develop metastasis as final phase. The loss of epithelial (E)-cadherin and the
aberrant expression of neural (N)-cadherin and a V3 integrin have been involved in the progression
from RGP to VGP [127]. The last step of the linear model requires alterations that could repress
apoptosis, allowing the survival far from the keratinocytes, such as mutations in NRAS, KIT, PTEN,
CDKN2A, MITF [7].

e Nonlinear model

This model supposed that malignant melanoma, namely melanoma that develop metastases, can
originate from each of the step described in the linear model, without necessary passing through all
of them. This model is supported by the fact that melanoma stem cells are involved in melanoma
origin, progression and metastasis [128]. Specifically, it seems that alterations in melanoma stem cells

can promote the transformation in melanoma cells with RGP or VGP, or directly in metastatic cells

[7].

The increasing knowledge and the discoveries of epigenetic, genetic and transcriptomic mechanisms
that affect cancer development, suggest a more complex picture of melanoma onset, progression and

metastasis.
3.1.4. Melanoma classification

Similarly to the majority of tumors, cutaneous melanoma is traditionally divided into primary and
metastatic. Primary melanoma is further classified in melanoma in situ, namely when tumor cells are

limited to the epidermis, and invasive melanoma, when tumor cells invade into the dermis.

According to the clinical and histopathological characteristics, invasive melanoma has been classified
into four major histological subtypes: superficial spreading melanoma (SSM), nodular melanoma

(NM), lentigo maligna melanoma (LMM) and acral melanoma (AM) [129] (Figure 2).
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Subtypes of Cutaneous Melanoma
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Figure 2. The four major histological subtypes of cutaneous melanoma: Superficial spreading melanoma
(SSM), Nodular melanoma (NM), Lentigo maligna melanoma (LMM) and Acral melanoma (AM). Figure
created with Biorender.com

e Superficial spreading melanoma

SSM is the more frequent subtype, and accounts for 41% of melanomas. Both melanoma in sifu and
SSM consist in a pigmented macule with irregular borders that can evolve into a papule or plaque.
Differently from melanoma in situ, SSM is an invasive melanoma that penetrates into the superficial
dermis. In fact, SSM presents first an RGP, where SSM growth in the epidermis or in the papillary
dermis, and then a VGP, where SSM invades the deeper dermis [130].

SSM may arise de novo or in association with a nevus [131]. The major histologic property of SSM is
the presence of tumor cells scattered throughout the epidermis in a reminiscent pattern of pigmented
mammary Paget disease. The major clinical property of SSM is a spreading lesion that changes over
time [132]. SSM localized often in sites prone to intense, sporadic sun-exposure, such as the trunk and
extremities. SSM usually shows an irregularly shaped cutaneous macule > 6mm in size with
variegation of colors [133].
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e Nodular melanoma

NM accounts 16% of melanomas and it is characterized by an exophytic/nodular, brown-to-black,
often eroded tumor. NM is often symmetric, elevated, small in diameter, and amelanotic and has a
single color. NM localized mostly on the head and neck, and is commonly observed in men older
than 50 years. Nodular subtype constitutes nearly half of the melanomas ticker than 2mm. Compared
to the other subtypes, nodular melanoma possesses a more rapid growth rate, more biologically
aggressive behavior, and an increased number of mitoses. NM seems to lack an initial RGP and rather

begins with VGP [134].
e Lentigo maligna melanoma

In the elderly, lentigo maligna is defined as melanoma in situ localized on chronically sun-damaged
skin, confined to the epidermis. On the other hand, if the lesion becomes invasive, the tumor is known
as LMM. LMM ranges from 2.7 to 15% of melanomas. LMM consists in an irregular brown macule
on chronically sun-damaged skin, such as the head and neck. UV radiation, particularly cumulative
lifetime UV exposure, is the major risk factor for developing LM/LMM. Differently from SMM and
NM that are associated with intense intermittent UV exposure, LM and LMM are associated with
chronic UV exposure. The chronic UV exposure leads to a high mutation rate in this subtype. The
prognosis for LM and LMM is excellent, in fact, the 5-year and 10-year disease-specific survival are

100% and 97.1%, respectively [135].
e Acral melanoma

AM is less frequent compared to the other subtypes; it is about 1-5% of melanomas. Despite its rarity,
AM is the most common type of melanoma diagnosed in darker skin color people. Its most common
subtype is the acral lentiginous melanoma (ALM). AM can be a macule/plaque or a nodule that grows
slowly and localizes on the extremities with poorly circumscribed pigmentation. The typical CM risk
factors, such as sun exposure, fair skin type, family or personal history of melanoma, and pre-existing
melanocytic nevi, are not applicable to AM. The mechanical stress has been suggested as a risk factor
for the development of AM [136]. AM has a poor prognosis that can be due to advanced stage at
presentation. In fact, it seems that the reduced survival is primarily attributable to a delay in diagnosis

and to a biologically aggressive behavior [137].
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3.1.4.1. Genomic classification

Melanomas can be classified into four genomic subtypes based on the pattern of the most prevalent
significantly mutated genes: mutant BRAF, mutant RAS (N,H,K), mutant NF'/, and Triple-wild type
(Triple-WT). The first subgroup presents mutated-BRAF and MITF amplification. Patients are
generally younger compared to the other subgroups. The mutated-RAS subgroup is characterized by
MAPK activation and RAC-gamma serine/threonine-protein kinase (Akt3) overexpression. Patients
from mutant NF'/ subgroup are older and with higher mutation burden. Finally, the triple wild-type
subgroup is enriched of KI7 mutations, focal amplifications and complex structural rearrangements.

In addition, it lacks UV signature and manifests more copy number changes [138] (Figure 3 from

[138]).

N=67 H Primary | N=266 H Metastatic
& melanoma & melanoma

|L H Normal t H Normal
samples samples

Copy Whole = Pathology mMiRNA/RNA  Protein
Number genome Review Expression = Expression

Identification of Genomic Subtypes

BRAF Triple wild-type

Patients younger T™MAPK activation Patientsolder  Lacks UV signature

Mutation

BRAF, MITF and AKT3 'mutation burden 1~ copy number and
amplifications overexpression complex
rearrangements

Figure 3. Identification of genomic subtypes of cutaneous Melanoma. The study represents the largest
integrative analysis of cutaneous melanoma (331 patients) and establishes a framework for melanoma genomic
classification: BRAF, RAS, NF1, and Triple-WT. Figure from graphical abstract of [138].

3.1.5. Pathological staging

The American Joint Committee on Cancer (AJCC) developed the TNM classification system for CM
in according to the last World Health Organization (WHO) classification of melanoma [139]. It takes
into consideration some relevant elements related to the different clinical staging of the tumor,
including Breslow thickness, ulceration, metastases [140]. Clinical stage of tumor is defined after

biopsy and/or clinical assessment of regional lymph nodes.
3.1.5.1. T category

T category refers to the measure of the thickness of the melanoma as defined by Dr. Alexander

Breslow (from T1 to T4), and the definition of the ulceration status (a or b). Tumor thickness, known
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also as Breslow thickness (BT), is measured from the top of the granular layer to the deepest invasive
cell across broad base of the tumor (in the dermis or subcutis) [140]. Frequently, higher values of BT
corresponds to poorer prognosis [141,142]. Ulceration status is defined by the total absence of an intact
epidermis, in particular of the stratum corneum and basement membrane of dermo-epidermal junction
and the presence of an associated host reaction (with fibrin deposition, neutrophils) above the primary

melanoma [140,143].

Classification based on T category is reported in Table 1 [1]. A cut-off of 0.8mm has been introduced
to separate T1 melanomas with ulceration (T1a and T1b), because it was observed that patients with
a thickness < 0.8mm have a different prognosis compared to patients with a melanoma > 0.8 or >

1.0mm, specifically a better prognosis [144].

Table 1. T classification in melanoma

T Category Thickness Ulceration status Note
X - - Primary tumor thickness cannot be assessed
No evidence of primary tumor (unknown
TO - - primary tumor or completely regressed
melanoma)
Transformed melanocytes proliferate
Tis i ) remaining confined within the epidermal layer
(Melanoma in situ) of the skin and do not invade the underlying
dermis and deeper tissues
Tl < 1.0mm unknown or unspecified
Tla <0.8mm without ulceration
T1b <0.8mm with ulceration
0.8-1.0mm with or without ulceration
T2 > 1.0-2.0mm unknown or unspecified
T2a > 1.0-2.0mm without ulceration
T2b > 1.0-2.0mm with ulceration
T3 > 2.0-4.0mm unknown or unspecified
T3a >2.0-4.0mm without ulceration
T3b >2.0-4.0mm with ulceration
T4 > 4.0mm unknown or unspecified
T4a >4.0mm without ulceration
T4b >4.0mm with ulceration

3.1.5.2. N Category

The N category indicates the number of tumor-involved regional lymph nodes (N1-3). In addition,
there is a sub-classification (a-c) that reflects the presence or absence of in-transit, satellite, and/or
microsatellite metastases. To investigate the presence of tumor cells, the sentinel lymph node (SLN)

biopsy is performed. N classification is reported in Table 2 [1].

Table 2. N classification
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Presence of in-transit,

N Number of tumor-involved regional lymph node satellite, and/or
category . s
microsatellite metastases

Regional nodes not assessed (e.g., SLN biopsy not performed, regional

NX nodes previously removed for another reason). Exception: pathological N no
category is not required for T1 melanomas, use Cn.
NO No regional metastasis detected no
N1 One tumor-involved node or in-transit, satellite, and/or microsatellite
metastases with no tumor-involved nodes
Nla One clinical occult (e.g., detected by SLN biopsy) no
N1b One clinical detected no
Nlc No regional lymph node disease yes
Two or Three tumor-involved node or in-transit, satellite, and/or
N2 . . . .
microsatellite metastases with one tumor-involved nodes
N2a Two or three clinical occult (e.g., detected by SLN biopsy) no
N2b Two or three, at least one of which was clinically detected no
N2c¢ One clinically occult or clinically detected yes
Four or more tumors-involved node or in-transit, satellite, and/or

microsatellite metastases with two or more tumors-involved nodes, or
N3 . o . .

any number of matted nodes without or with in-transit, satellite, and/or

microsatellite metastases

N3a Four or more clinical occult (e.g., detected by SLN biopsy) no

Four or more, at least one of which was clinically detected, or presence
N3b no

of any number of matted nodes

N3c Two or more clinically occult or clinically detected and/or presence of yes

any number of matted nodes

3.1.5.3. M category

M category shows the absence or presence of distant metastasis (0-1), and the site(s) of development
of metastasis (a-d). The latest melanoma classification has also maintained the analysis of serum
Lactate dehydrogenase (LDH) levels as a classification feature, and it reported using the following

suffix for M category: (0) LDH not elevated, (1) LDH elevated. M classification is described in Table

3[1].
Table 3. M classification
M category Anatomic site LDH level
MO No evidence of distant metastasis Not applicable
Ml Evidence of distant metastasis
Mla DI ) . i ludi o and/ Not recorded or unspecified
Mla (0) istant metastasis ;(; rslr ég,l Oslcl)ai ;;s;l;ehlgz dlle ing muscle and/or Not elevated
Mila (1) Elevated
MIlb Not recorded or unspecified
MI1b (0) Distant metastasis to lung with or without M 1a sites of disease Not elevated
M1b (1) Elevated

Distant metastasis to non-CNS visceral sites with or without M1a

Mlc or M1b sites of discase Not recorded or unspecified
Milc (0) Not elevated
Milc (1) Elevated
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Distant metastasis to CNS with or without M1a, M1b or M1c sites
of disease

M1d (0) Normal
Mld (1) Elevated
Suffix for M category: (0) LDH not elevated, (1) LDH elevated. No suffix is used if LDH is not recorded or unspecified

Mld Not recorded or unspecified

3.1.5.4. Stage groups

Melanoma staging is based on the degree of disease spread: localized (stage I and II), regional (stage
IIT) and distant (stage IV). Stage 0 corresponds to melanoma in situ, namely Tis. All Stage I and II
are NO and MO. Therefore, their stage changes depending on the T value. In addition, all Stages III
have no metastasis (MO0). Finally, stage IV includes any T, any N and distant metastasis (M1). The

correspondence between stage and TNM classification can be found in Table 4 [1].

Table 4. TNM Pathological Staging Overview

Stage Tumor Node Metastasis
0 Tis NO MO
IA Tlaor Tlb NO MO
1B T2a NO MO
A T2b or T3a NO MO
113 T3b or T4a NO MO
1108 T4b NO MO
1A Tla/b or T2a Nla or N2a MO
TO Nl1bor Nlc
1B Tla/b or T2a N1b/c or N2b MO
T2b or T3a Nla/b/c or N2a/b
TO N2b/c or N3b/c
Tla/b or T2a/b or T3a N2c or N3a/b/c
e T3b or T4a Any N>N1 MO
T4b Nla/b/c or N2a/b/c
111D T4b N3a/b/c MO
v Aby T, Tis Any N Ml

3.1.5.5. Other histologic features

There are two other important histologic features in tumor prognosis, namely regression and the

presence of Tumor-Infiltrating Lymphocytes (TILs).

Regression indicates the loss of the thickness of the lesions with scarring fibrosis and the presence of
inflammation between an apparently separate nodule and the primary tumor (rather than normal
stroma). When these findings are present, the nodule is considered to be an extension of the primary
tumor and not a micro-metastasis. Relationship between regression and prognosis is controversial

[145,146]. Finally, the histopathologic classification of TILs divided melanoma in three groups:
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- absent TIL infiltrate: no lymphocytes are present or, if present, they do not interact with
the tumor cells;

- non-brisk TIL infiltrate: focal areas of lymphocytic infiltration in the tumor (isolated,
multifocal or segmental);

- brisk TIL infiltrate: TIL infiltration covers the entire base of the tumor.
3.1.6. Diagnosis and prognosis

The early detection of melanoma can considerably increase the chance of survival. Therefore, the
recognition, detection and treatment are crucial. The cutaneous localization of melanoma is a great

advantage, in fact, it allows a non-invasive skin exam for the early diagnosis [147].

Before the ‘80s, the diagnosis was performed with the identification of clinically macroscopic
features. Successively, ABCDE criteria were introduced: ABCDE is acronym for Asymmetry, Border
irregularity, Color variegation, Diameter, Evolving. These criteria are a simply, objective and
adequate tool for morphological diagnosis, which allows to evaluate and differentiate common nevi
from cutaneous lesions most suspected to develop in melanoma. The increment of the sensitivity of

skin examination from 57% to 90% is due to the use of ABCDE criteria [148].

In the last years, the use of Dermoscopes (or Dermatoscopes, epiluminescent microscope) has been
introduced, which are high resolution devices that allow increasing accuracy in melanoma detection.
Dermoscope is a non-invasive technique, a handheld optical device that is enabled to show structures

that are not visible to naked eye [149].

Also 3D technologies can be used to perform a correct screening, because it is possible to obtain total-
body images through a system of many cameras that take photos of the entire body and to retrieve
images in a digital 3D model. The advantage of this technique is to show every nevus or spot on the
body, and to monitor every minimal change in the early stage of melanoma. It is particular useful for
patients with high-risk to develop melanoma due to their personal or family history or those with

multiple dysplastic nevi [150].

The development of many non-invasive in vivo techniques, such as Ultrasound, Confocal Scanning
Laser Microscopy, Magnetic Resonance Imaging and Optical Coherence Tomography, has improved

the diagnostic accuracy and sensitivity for skin tumors [151].

The gold standard for diagnosis remains the histological examination. An expert pathologist analyzed
the biopsy and evaluated architectural and cytologic aspects of the melanoma to define diagnosis,

staging and prognosis [152].
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Molecular biomarkers can be used to the detection of melanoma. The immunohistochemistry (IHC)
is especially useful for the interpretation of difficult cases. IHC detected biomarkers expressed in or

on the surface of tumor cells [153].

For melanoma diagnosis, the most used biomarkers are melanocytic markers, which are used to
determine if an ambiguous lesion has a melanocytic origin and if the lesion expresses proteins
involved in melanosomes biogenesis, melanin synthesis or melanocyte differentiation. Common
melanocytic markers used for melanoma diagnosis include Melanoma antigen recognized by T-cells
1 (MLANA), Glycoprotein 100 (gp100), S100 protein, MITF, Tyr and SOX10 [154]. Melanocytic
markers are useful, but they stain all melanocytes and thus they do not discriminate between

melanoma and benign melanocytes [154].

Other molecular biomarkers are proliferative markers that are used for diagnosis and prognosis of
melanoma. Proliferative markers evaluate the cell cycle activity in a lesion, specifically, they
determine the number of proliferating cell in the cell cycle: benign melanocytic lesion has a less
proliferative rate, while malignant melanoma has a high proliferative index. The most common
proliferative biomarkers are Ki-67 and phosphohistone H3 (PHH3). The limitation of these

biomarkers is their lack of specificity for melanocytes [154].

As prognostic biomarkers, there are also some biomarkers detected in patient blood, plasma or serum.
Among them, there is LDH, an independent prognostic indicator for malignant melanoma, used in
the AJCC melanoma staging system. Elevated LDH is recognized as an adverse prognostic indicator

for patients with stage IV melanoma [155].

Other factors that correlated with the prognosis are BT, ulceration, presence of metastases in regional
lymph node or distant sites metastases [156-158]. BT usually increases with tumor progression [159].
Ulceration on microscopic melanoma sections is an adverse prognostic finding, in fact, the presence
of ulceration has been associated with a reduction of the 5-year survival rate. In addition, ulcerated
melanomas are thicker and more likely to have a nodular growth pattern [160]. On the other hand, the
presence of TILs is an index of a favorable prognosis [120,161,162]. Beyond the classic evaluation of
the biopsy, the sentinel lymph node biopsy is associated with tumor prognosis [163]. In fact, regional
lymph nodes are the most common site of initial metastasis in CM patient. The process of mapping
SLN is minimally invasive but it allows to find metastases also in patient with clinically occult
disease. The presence of metastases or micro metastases in sentinel lymph node provides prognostic

information needed by clinicians to decide the treatment plan [164].
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3.1.7. Treatment

The treatments for melanoma include surgical resection, chemotherapy, targeted therapy and
immunotherapy. Single agents or combined therapy can be used based on health of the patient, and
stage and location of the tumor. Early-stage melanomas, namely stage [ and II, are treated by surgery.
Treating metastatic melanoma still remains an important challenge. The efficiency of the treatment

can be impaired by the onset of drug resistance [165].
3.1.7.1. Surgery and radiotherapy

After the complete excision of an early-stage melanoma, radiotherapy can be used as adjuvant therapy
to reduce the risk of local recurrence in high-risk clinical situations. Radiotherapy led to good

outcome in metastatic melanoma, however it does not affect survival [166].

Stage III melanomas can be treated surgically in combination with adjuvant treatment, such as
targeted therapy and immunotherapy, to obtain a better response to the treatment. In fact, BRAF-
mutated (V600E and V600K) melanomas have improved survival outcomes thanks to adjuvant-
targeted therapy with BRAF inhibitors (BRAFi), such as dabrafenib and trametinib. Adjuvant
immunotherapy with Programmed cell death 1 (PD-1) inhibitors, such as nivolumab and
pembrolizumab, increases relapse-free survival. Immunotherapy with high-dose of Cytotoxic T-
lymphocyte protein 4 (CTLA-4) inhibitor, named ipilimumab, improves overall survival [167]. Due
to high number of metastases or to low accessibility and difficult of detecting small metastatic lesions,

it is unlikely that surgery completely cures metastatic melanoma [154].
3.1.7.2. Chemotherapy

Surgical treatment alone is not curative for melanoma patients with progressive, refractory, or
relapsed diseases, and so drug therapies need to be used. Until recently, the chemotherapy was the
only available treatment for patients with metastatic melanoma. Chemotherapeutic agents commonly
used are temozolomide (TMZ) and dacarbazine (DTIC), alkylating agents, which block or slow cell
proliferation by inhibiting DNA synthesis. These agents have been used alone or in combination [168].
The prognosis for patients with metastatic melanoma has been greatly improved by the discovery of
new drugs. Nowadays, chemotherapy is only used after and when more effective treatments, such as

target therapy and immunotherapy, fail [169].
3.1.7.3. Targeted Therapy

MAPK pathway is often altered and constitutively activated in melanoma, and its components are

frequently mutated in melanoma cells. This provided the base for targeted therapies in melanoma.
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Targeted therapy includes the use of BRAFi and mitogen-activated protein kinase kinase 7 (MEK,
also known as MAP2K?7) inhibitors (MEKi). Among the most effective BRAFi, there are vemurafenib
and dabrafenib, which were approved for the treatment of metastatic and unresectable BRAF-mutated
melanomas in 2011 and 2013, respectively [154]. In addition to BRAF, targeted therapy can be
addressed against another component of the MAPK pathway, namely MEK. It was observed that
MEKi act by inhibiting the growth and inducing apoptosis in BRAF- and NRAS-mutant melanoma
cell lines. MEKi therapy is used in combination with BRAFi. Moreover, the combination of BRAFi
and MEK{ is more effective and less toxic than treatment with BRAFi alone, and it is the standard-
of-care for patients with BRAF-mutated melanoma. Specifically, the MEKi trametinib has been
approved in combination with the BRAFi dabrafenib, while the MEKi cobimetinib has been approved

in combination with BRAFi vemurafenib [170].

The continuous use of BRAFi and MEKIi agents has been associated with drug resistance [171]. There
is a novel treatment option available for patients with BRAF-mutant melanomas, namely the
combination of a new generation of BRAFi (Encorafenib) and MEKi (Binimetinib). The new
combined treatment has similar response rate but a longer duration of response compared to

dabrafenib and trametinib combination [172].
3.1.7.4. Immunotherapy

At the beginning of the “90s, the first immune therapy for metastatic melanoma based on interleukein-
2 (IL-2) treatment was approved. This interleukin is a T-cell growth factor, which promotes expansion

of anti-melanoma CD8+ T-cells but is also highly toxic [154].

To date, immune checkpoint inhibitors, namely antibodies against PD1, programmed death-ligand
1/2 (PD-L1/2) and CTLA-4, are the most effective immunotherapy in metastatic melanoma. The most
immune checkpoint inhibitors used for melanoma treatment are ipilimumab (anti-CTLA-4 antibody),
nivolumab and pembrolizumab (anti-PD-1 antibodies) [173], and atezolizumab (anti-PD-L1
antibodies). The combination of ipilimumab and nivolumab is preferred than the treatment with only
one immune checkpoint inhibitor, but it leads to an increase of drug-related toxicity [174]. The side
effects are usually immune-related inflammatory conditions of the skin, gastrointestinal system, and
endocrine organs, that lead to the end of the treatment [175]. Moreover, many patients develop drug

resistance.

Comparing immunotherapy with targeted therapy, the immunotherapy with anti-PD-1 drugs leads to
lower response rates but longer response duration if compared to BRAFi/MEKi. For patients with

stage IV melanoma, the combination of targeted therapy and immunotherapy is suggested: BRAFi
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and MEKi combined with anti-PD-1 agents can improve the antitumor activity [176,177]. Results
showed that the use of both targeted and immunotherapy therapies has improved the survival for most

patients, and these therapies are now preferred for patients with metastatic melanoma.
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3.2. MICRORNA

MicroRNAs (miRNAs) are small non-coding RNAs and are about 22 nucleotides (nts) in length.
MiRNA are transcribed from DNA into primary miRNAs (pri-miRNAs) and processed into precursor
miRNAs (pre-miRNAs) and mature miRNAs.

MiRNAs function as guide molecules in RNA silencing. Specifically, miRNAs can interact with
different portions of target messenger RNAs (mRNAs), including 3’ untranslated region (UTR), 5’
UTR, coding sequence, and gene promoters, to repress mRNA translation into protein and/or to
induce mRNA degradation by cleavage [178,179]. Moreover, under certain conditions, miRNAs have
been shown to activate gene expression [180]. Finally, it has been suggested that miRNAs can be
transferred between different subcellular compartments to control the rate of translation and

transcription [181].

MiRNAs are fundamental in all development and biological processes [182]. Many human diseases,

including tumors, have been associated with aberrant expression of miRNAs [183-185].

It was observed that miRNAs can be secreted into extracellular fluids, and extracellular miRNAs
serve as signaling molecules to mediate cell-cell communications and can be used as potential

biomarkers [186-188].
3.2.1. miRNA biogenesis

miRNA biogenesis is under tight temporal and spatial control. miRNA genes are transcribed by RNA
polymerase II (Pol II) in long primary transcripts, which have a local hairpin structure where miRNA
sequences are embedded [178]. About half of all currently identified miRNAs are intergenic, namely
they are transcribed independently of a host gene and regulated by their own promoters. The other
half of miRNAs are intragenic and processed mostly from introns and relatively few exons of protein
coding genes [189,190]. Some miRNAs can be transcribed as one long transcript called clusters. For
this reason, these miRNA can show similar seed regions, and in this case, they are considered a family
[191]. The biogenesis of miRNA has been classified into canonical and non-canonical pathways [192]

(Figure 4 from O’Brein et al. [192]).
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Figure 4. MiRNA biogenesis and mechanism of action. Canonical miRNA biogenesis begins with the
generation of the pri-miRNA transcript. The microprocessor complex, comprised of Drosha and DGCRS,
cleaves the pri-miRNA to produce the pre-miRNA. The pre-miRNA is exported to the cytoplasm in an
Exportin5/RanGTP-dependent manner and processed to produce the mature miRNA duplex. Finally, either the
5p or 3p strands of the mature miRNA duplex is loaded into the Argonaute (AGO) family of proteins to form
a miRNA-induced silencing complex (miRISC). In the non-canonical pathways, small hairpin RNA (shRNA)
are initially cleaved by the microprocessor complex and exported to the cytoplasm via ExportinS/RanGTP.
They are further processed via AGO2-dependent, but Dicer-independent, cleavage. Mirtrons and 7-
methylguanine capped (m7G)-pre-miRNA are dependent on Dicer to complete their cytoplasmic maturation,
but they differ in their nucleocytoplasmic shuttling. Mirtrons are exported via Exportin5/RanGTP while m7G-
pre-miRNA are exported via Exportinl. All pathways ultimately lead to a functional miRISC complex. In most
cases, miRISC binds to target mRNAs to induce translational inhibition, most likely by interfering with the
elF4F complex. Next, GW182 family proteins bound to Argonaute recruit the poly(A)-deadenylases PAN2/3
and CCR4-NOT. PAN2/3 initiates deadenylation while the CCR4-NOT complex completes the process,
leading to removal of the m7G cap on target mRNA by the decapping complex. Decapped mRNA may then
undergo 5'—3' degradation via the exoribonuclease XRN1 [192].

3.2.1.1. The canonical pathway of miRNA biogenesis

The dominant pathway by which miRNAs are processed is known as the canonical biogenesis
pathway. Pol II transcribes the pri-miRNA from its genes Then, pri-miRNA is processed and cleaved

into pre-miRNA by the microprocessor complex, consisting of an RNA binding protein DiGeorge
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Syndrome Critical Region 8 (DGCRS8) and a ribonuclease III enzyme, named Drosha [193].
Specifically, the role of DGCRS is to recognize some motifs within the pri-miRNA, including an N6-
methyladenylated GGAC sequence [194], while Drosha acts by cleaving the pri-miRNA duplex at the
base of the characteristic hairpin structure of pri-miRNA. This leads to the formation of a 2nt 3’
overhang on pre-miRNA [195]. After the formation of the pre-miRNA, this precursor is exported to
the cytoplasm by exportin 5 (XPOS5)/RanGTP complex. In the cytoplasm, pre-miRNA is processed
by the RNase III endonuclease known as Dicer [193,196], which removes the terminal loop resulting
in the generation of a mature miRNA duplex [197]. The name of the mature miRNA form is
determined according to the directionality of the miRNA strand: the 5p strand derives from the 5’ end
of the pre-miRNA hairpin while the 3p strand arises from the 3" end. In an ATP-dependent manner,
5p and 3p strands of the mature miRNA duplex are loaded into the Argonaute (AGO) family of
proteins (AGOI1-4 in humans) to form a miRNA-induced silencing complex (miRISC) [198].
Depending on the cell type or cellular environment, the proportion of AGO loaded 5p or 3p strand

varies greatly ranging from near equal proportions to predominantly one or the other [199].

In most of the cases, the strand with lower 5’ stability or 5' uracil is preferentially loaded into AGO,
and is named the guide strand, while the unloaded strand is called the passenger strand. The passenger
strand of miRNA that contains no mismatches compared to the guide strand is cleaved by AGO2 and
degraded by cellular machinery resulting in a strong strand bias. If miRNA duplexes have central

mismatches or if they are not loaded into AGO2, they are passively unwound and degraded [178].

After the formation of a functional miRISC complex, miRISC binds to target mRNAs to induce
translational inhibition, most likely by interfering with the eukaryotic initiation factor 4F (elF4F)

complex [192].
3.2.1.2. Non-canonical miRNA biogenesis pathways

Multiple non-canonical miRNA biogenesis pathways have been proposed. Generally, non-canonical
miRNA biogenesis can be classified into Drosha/DGCR8-independent and Dicer-independent
pathways.

The Drosha/DGCR8-independent pathway produces pre-miRNAs that look like Dicer substrates. In
this group, there are mirtrons and 7-methylguanosine (m’G)-capped pre-miRNA. Mirtrons are
produced from the introns of mRNA during splicing and exported into the cytoplasm via
XPO5/RanGTP [200,201]. m’G-capped pre-miRNAs are directly exported to the cytoplasm through

exportin 1 without the need for Drosha cleavage. In this case, there is a strong 3p strand bias most
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likely due to the m7G cap preventing 5p strand loading into Argonaute [202]. However, both mirtrons

and m’G-capped pre-miRNA are dependent on Dicer to complete their cytoplasmic maturation.

The second group of non-canonical pathways includes miRNAs that did not need Dicer to become
mature miRNAs. Dicer-independent miRNAs are processed by Drosha from endogenous short
hairpin RNA (shRNA) transcripts and exported to the cytoplasm via XPO5/RanGTP. To complete
their maturation within the cytoplasm, these pre-miRNAs require AGO2, because they are of
insufficient length to be Dicer-substrates [203]. The entire pre-miRNA is loaded into AGO2, which

cleaves 3p strand. The 3'-5" trimming of the 5p strand completes their maturation [204].
Also in non-canonical miRNA biogenesis pathways, there is the formation of the miRISC complex.
3.2.2. Mechanisms of miRNA-mediated gene regulation

miRNAs can bind different sequences of their mRNA targets, and according to the portion they bind,
the effects are different. Generally, the binding of miRNA to 3’UTR, 5' UTR or coding regions leads
to deadenylation and decapping of mRNA target resulting in silencing effects on gene expression
[205-209]. On the other hand, when miRNA interacts with promoter region, an induction of the

transcription is observed [210].
3.2.2.1. MiRNA-mediated gene silencing via miRISC

MiRISC consists of the guide strand and AGO protein [211]. The target specificity of miRISC is due
to its interaction with complementary sequences on target mRNA, known as miRNA response
elements (MREs). When the complementarity between miRISC and MRE is total, there is the
induction of the AGO2 cleavages mRNA target [212]. This cleavage destabilizes the association
between AGO and the 3’ end of the miRNA promoting its degradation [213,214].

However, generally, the interaction between miRISC and MRE is not fully complementary. In fact,
most of MREs contain at least a central mismatch to their guide miRNA. Even though base pairing
of miRNA and its target mRNA does not match perfect, the interaction occurs via the 5' seed region,
namely the sequence of the residues 2-8 in the 5’ termini of the miRNA [207,215]. Moreover, additional
paring at the 3’ end aids in the stability and specificity of the miRNA-target interaction [179]. A not
fully complementary prevents the AGO2 endonuclease activity leading AGO2 to act as a mediator of
RNA interference (RNA1). The formation of a silencing miRISC complex starts with the recruitment
of the GW182 protein family, which binds to Argonaute to recruit the poly(A)-deadenylases PAN2/3,
which initiates deadenylation, and Carbon Catabolite Repression—Negative On TATA-less (CCR4-
NOT), which completes the process, leading to removal of the m’G cap on target mRNA by the
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decapping complex [216-218]. Finally, decapped mRNA undergoes to 5'—3' degradation via the
exoribonuclease XRN1 [219].

3.2.2.2. MiRNA-mediated translational activation

Some studies have reported upregulation of gene expression mediated by miRNAs. In serum starved
cells, AGO2 and Fragile-x-mental retardation related protein 1 (FXR1), which is a protein related to
the miRNA-protein complex (microRNP), were associated with AU-rich elements (AREs) at 3' UTR
to activate translation [220]. AGO2 and FXR1 are involved in the miRNA-mediated activation of

translation [221].

Several miRNAs, such as let-7, were found to be associated with these two proteins with a role of
activator of the translation during cell cycle arrest. However, these miRNAs inhibit translation in
proliferating cells [220]. During amino acid starvation, it was observed gene activation promoted by
miRNAs, which bind to the 5" UTR of mRNAs of ribosomal proteins [222]. Also in quiescent cells,
including oocytes, upregulation of gene expression by miRNAs was observed [221,223]. These results

suggest that miRNAs can mediated the upregulation of gene expression under specific conditions.
3.2.2.3. MiRNA-mediated transcriptional and post-transcriptional gene regulation within the nucleus

The interaction of human AGO2 with TNRC6A (a GW182 family protein), which contains a nuclear
localization and export signal, allowed AGO2 to be shuttle between the nucleus and cytoplasm
through Importin-8 or Exportin-1 [224]. The nuclear localization of miRISC regulates both
transcriptional rates and post-transcriptional levels of mRNA [224-226]. In addition, miRISC can
associate with euchromatin at gene loci with active transcription [227]. When and how miRNAs exert

their functions in the nucleus is still not understood.

Although the mechanism behind this is unclear, it seems that miRISC with low molecular weight can
interact with mRNAs within the nucleus and induces nuclear mRNA degradation [224,226,228]. AGO
and Drosha have been found involved in mRNA splicing [229,230]. In the nucleus of senescent
fibroblasts, AGO2 interacted with miRISC and Rb to suppress the transcription of proliferation-
promoting genes regulated by Rb/ transcription factor E2F (E2F). Moreover, let-7f binds to MREs
localized in the promoters of two E2F target genes, Cell Division Cycle Associated 8 (CDCAS8) and
Cell division control protein (CDC2), in an AGO2-dependent manner [225]. AGO2 was found to co-
immunoprecipitate with euchromatin [225]. It was observed that nuclear miR-522 interacts with a
DNA cruciform structure (a stem-loop on sense and antisense DNA strands) within the promoter of

Cytochrome P450 Family 2 Subfamily E Member 1 (CYP2E1) and suppresses its transcription [231].
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The role of miRISC in the regulation of chromatin state and structure and transcriptional control

remain to be defined, however these data suggest a transcription factor-like role.
3.2.3. Role of miRNAs in human tumors

Several studies have demonstrated an important role of miRNAs in human cancer [232-234].
MiRNAs act as regulators, providing a direct interaction between the cancer cells and the surrender
microenvironment [235]. Their deregulated (up and/or down) expression is fundamental for
carcinogenesis [236]. Based on their targets, miRNAs can play different role in tumor onset and
progression: they can act as oncogenes, named oncomiRs, when they repress tumor suppressor
genes expression and sustain cancer development; or they act as tumor suppressor genes, namely
they downregulate oncogenes or stimulate tumor suppressor factors, carrying out a protective role
against tumor progression.

3.2.3.1.Mechanisms of miRNA dysregulation in cancer

miRNA expression is found dysregulated in human malignancies. The dysregulation can be due to
chromosomal abnormalities, transcriptional control changes, epigenetic changes and defects in the

miRNA biogenesis machinery [237].
e Amplification or deletion of miRNA genes

Alterations in genomic miRNA copy numbers and gene locations, including amplification, deletion
or translocation, have been often associated with an abnormal miRNA expression in malignant cells
compared to normal cells. The first discovery of miRNA gene location change was observed in B-
cell chronic lymphocytic leukemia patients. These patients frequently present a deletion in
chromosome 13q14, and this specific deletion was associated with downregulation of two miRNAs,
namely miR-15a-5p and miR-16-5p. In fact, the miR-15a/16-1 cluster gene localized in chromosome
13q14 [238]. Another example has been found in lung cancer, where the 5933 region harboring miR-
143-3p and miR-145-5p is often deleted, leading a decreased expression of both miRNAs [239].

On the other hand, the miR-17-92 cluster gene, which locates in a region of 800bp in the non-protein-
coding gene C13o0rf25 at 13q31.3 [240], was observed amplificated in B-cell lymphomas [241] and
lung cancers [242], while the translocation of this cluster gene was observed in T-cell acute
lymphoblastic leukemia [243]. Amplification and translocation result in overexpression of these
miRNAs in these malignancies. High-resolution array-based comparative genomic hybridization in
human ovarian cancer, breast cancer and melanoma has confirmed the high frequency of genomic

alterations in miRNA loci [244].
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Many miRNA genes located in cancer-associated genomic regions have been found in genome-wide
investigations. These cancer-associated genomic regions could be a region of amplification, which
might contain oncogenes; a region of loss of heterozygosity, which could harbor tumor suppressor
gene; or fragile sites or common breakpoint regions [245]. These discoveries suggest that dysregulated
expression of miRNAs in malignant cells could derive from the amplification or deletion of specific

genomic regions containing miRNA genes.
e Transcriptional control of miRNAs

Several transcription factors control the expression of miRNAs, therefore, the dysregulation of some
key transcription factors in cancer, such as c-Myc protein (c-Myc) and p53, can lead to abnormal

expression of miRNAs.

c-Myec is frequently upregulated in many tumors and regulates cell proliferation and apoptosis. It was
found that c-Myc can activates the transcription of the oncogenic miR-17-92 cluster through its
binding to E-box elements in miR-17-92 promoter [246], while it suppresses transcriptional activity

of tumor suppressive miRNAs such as mir-15a, miR-26, miR-29, mir-30 and let-7 families [247].

In hepatocellular cancer, there are disruptions of the reciprocal regulation of c-Myc and some tumor
suppressor miRNAs, such as miR-122-5p, miR-148a-5p and miR-363-3p. c-Myc blocks tumor
suppressor miRNA expression by binding to their promoters, while miR-122 indirectly inhibits c-
Myc transcription by targeting Transcription Factor Dp-2 (Tfdp2) and E2fl [248], miR-148a-5p
directly targets and inhibits c-Myc expression, and miR-363-3p destabilizes c-Myc by directly
targeting ubiquitin-specific protease 28 (USP28) [249].

Another example of how transcriptional factor regulates miRNA expression to mediate tumor
suppressive function is the p53-miR-34 regulatory axis [250]. Gene TP53 is one of the most commonly
mutated genes in human cancers and encodes for the tumor suppressor protein p53. p53 regulates the
expression of many genes, including miRNA genes to regulate cell-cycle progression and apoptosis.
miR-34 family (miR-34a/b/c) acts similarly to p53 in the same regulatory pathway. This miRNA
family promotes cell-cycle arrest, cell senescence and apoptosis in cancer [251]. pS3 promotes the
expression of miR-34a to trigger apoptosis through direct binding to its promoter, while miR-34a
induces p53 expression by targeting NAD-dependent protein deacetylase sirtuin-1 (SIRT1), a
negative regulator of p53 via deacetylation [252-254]. p53 also regulates the expression of several

miRNAs, including miR-605-5p [255], miR-1246 [256] and miR-107 [257].
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e Dysregulated epigenetics change

Similar to protein-coding genes, also miRNA can be susceptible to epigenetic alteration, including
DNA hypomethylation, aberrant DNA hypermethylation and disruption of the histone modification

patterns [258,259].

AMLI/ETO, a common AML-associated fusion protein, epigenetically silenced miR-223 expression
through CpG methylation [260]. After simultaneous treatment with DNA methylation and histone
acetylation inhibitors in T24 bladder cancer cells, several miRNAs have been found upregulated more
than three folds. Among these miRNAs, there was miR-127-3p, which is embedded in a CpG island
and is not expressed in cancer cells. Its upregulation due to the treatment was associated with the
downregulation of proto-oncogene B-cell lymphoma 6 protein (BCL6), suggesting that DNA
demethylation and histone deacetylase inhibition can activate the expression of miRNAs that may act

as tumor suppressors [261].

The miRNA cluster of miR-148a and miR-34b/c undergoes to a specific hypermethylation-associated
silencing in cancer cells, and the restoration of these miRNAs inhibits cancer cells motility, reduces
tumor growth and inhibits metastasis formation in vivo [262]. Also miR-9-1, miR-124a and miR-145-
5p are downregulated by DNA hypermethylation in breast, lung and colon carcinomas, respectively

[263-265].
e Defects in miRNA biogenesis machinery

Mutation and aberrant expression of any components of the miRNA biogenesis machinery, such as

Drosha, Dicer, DGCRS8, AGO proteins and XPOS5, could lead to an abnormal expression of miRNAs.

Drosha and Dicer are dysregulated in certain tumors. Drosha and DGCRS present single-nucleotide
substitution or deletion mutations in 15% of Wilms tumors, resulting to significantly downregulated
expression of let-7a and miR-200 family [266]. In colorectal cancer cells, the impairment of Dicerl
promotes tumor initiation and metastasis [267]. In ovarian cancer, high mRNA levels of Dicer and
Drosha have been correlated with increased median survival [268], while the decreased Dicer
expression has been significantly associated with a reduction of patient survival [269,270]. In lung
cancer patients, lower Dicer mRNA levels has been associated to reduced let-7 expression resulting

in unfavorable postoperative survival [271].

Similarly to Dicer and Drosha, also human EIF2C1/hAgol gene is often lost in Wilms tumors of the
kidney [272]. In primary gastric cancer and corresponding lymph node metastases, AGO2 expression

levels are significantly higher than that in healthy controls [273]. Lower AGO2 expression and
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consequent reduction of RNAIi efficiency has been found in melanoma compared with primary

melanocytes [274].

XPOS5 gene presents inactivating mutations in a subset of human tumors with microsatellite
instability. In colorectal cancer cells, the insertion of an ‘A’ in exon 32 generates a truncated version
of the protein, which loses the function to export pre-miRNAs. Pre-miRNAs localized therefore in
the nucleus, leading in reduced miRNA processing. It was observed that the restoration of XPOS5

reverses the impaired export of pre-miRNAs and has tumor suppressor action [275].
3.2.3.2.Significance of the altered miRNA expression in tumors

The hallmarks of human cancer consist of biological abilities acquired by the tumor cells during tumor
development: sustainment of proliferative signaling and evasion from growth suppressors, resistance
to cell death, activation of invasion and metastasis and induction of angiogenesis. Dysregulated
miRNAs can affect the cancer hallmarks to promote tumor initiation and progression. Based on their

target genes, miRNA could act as oncogene or tumor suppressor [276].
e Proliferation and cell cycle regulation

Cell proliferation is the most important hallmark of cancer and its alteration is the leading cause of
carcinogenesis. Altered and uncontrolled proliferation can result from cell cycle dysregulation, in
which there is an unbalance between promoting and suppressing cell proliferation signals. Some
miRNAs take part into critical cell proliferation pathways, and their dysregulation is responsible for

evading growth suppressors and sustaining proliferative signaling in cancer cells [237].

Several studies have found that miRNAs participate in regulation of E2F expression, which is a
critical regulator of cell proliferation in a cell-cycle-dependent manner and induces target gene
transcription during the G1 to S transition [277]. Among them, there are miRNAs of the miR-17-92

cluster [246,278,279].

miRNAs can also affect cell-cycle progression, which is regulated by different cyclins, cyclin-
dependent kinases (Cdks) and their inhibitors. Cyclin D1 and CDK4 expression is blocked by
miRNA-545-3p in lung cancer cells, resulting in cell-cycle arrest [280]. In addition to affect the
expression of Cdks and cyclins, miRNAs are also regulators of Cdk inhibitors expression. Among
them, there is miR-221/222 that has been identified to directly target the Cdk inhibitor p27Kipl in

several cancer cell lines and primary tumor samples [281-284].
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e Apoptosis

Uncontrolled cell growth is strongly connected with programmed cell death. Apoptosis can be
activated by external signals (extrinsic pathway). Ligands bind death receptors that activate initiator
caspases proteins, which activate effector caspases that induce apoptosis. On the other hand, there are
also internal signals (intrinsic pathway), such as DNA damage, endoplasmic reticulum stress, hypoxia
and metabolic stress. These signals stimulate proteins that induce mitochondrial outer membrane
permeabilization (MOMP) resulting in the release of cytochrome c. Cytochrome c¢ mediates

apoptosome assembly, which activates caspase proteins to induce apoptosis [285].

The ways to evade apoptosis include mostly the loss of p53 tumor suppressor function, suppression
of other proapoptotic factors, upregulation of anti-apoptotic regulators, and inhibition of death
pathway induced by extrinsic ligands. miRNAs participate in the regulation of death pathways,
including in the regulation of proapoptotic factors, such as BCL2-associated X protein (BAX), Bcl-
2-like protein 11 (BCL2LI11, also known as Bim) and p53 upregulated modulator of apoptosis
(PUMA), and anti-apoptotic regulators, including B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma
extra-large (Bcl-xL)[237].

miR-192-5p, miR-194-5p and miR-215-5p are positive regulators of p53 in multiple myeloma [286].
MiR-221/222 block cell death by targeting the proapoptotic gene PUMA in human glioma cells [287].
Bcl-2 has been found regulated by miR-15a-5p, miR-16-5p [288], miR-204-5p [289], miR-148a-3p
[290] and miR-365-3p [291]. miR-491-5p promotes apoptosis in ovarian cancer cells by directly
inhibiting Bcl-xLL expression and by inducing Bim accumulation [292]. MiR-21-5p represses the
expression of Apoptotic protease-activating factor 1 (Apaf-1), which is an important component of
the intrinsic mitochondrial apoptotic pathway, and it decreases protein levels of Fas ligand that is a

key initiator of the extrinsic apoptotic pathway [293].
e Invasion and metastasis

Metastasis development is a multistep and dynamic biological event. During tumor progression, cells
acquire new abilities, including the capacity to migrate and go through a de-differentiation program
called epithelial-mesenchymal transition (EMT), which is considered an early and key step in the
metastatic cascade. EMT is characterized by loss of cell adhesion through repression of E-cadherin

and activation of genes associated with motility and invasion [294].

miR-155-5p promotes EMT by targeting an important regulator of cellular polarity tight junction
formation and stability, namely RhoA GTPase [295]. Also miR-10b positively regulates cell migration
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and invasion [296]. miR-9-5p promotes EMT by reducing the expression of E-cadherin in breast

cancer cells via directly binding to its 3'-untranslate region [297].

In the mesenchymal cells, miR-200c-3p increases expression of E-cadherin and promotes an
epithelial phenotype by inducing Hepatocyte growth factor receptor (MET) [298,299]. miR-203a-3p
represses tumor cell invasion in vitro and lung metastatic colonization in vivo [300,301], while miR-
212-3p inhibits colorectal cancer cell migration and invasion in vitro and pulmonary metastasis in

vivo [302].
e Angiogenesis

Angiogenesis is a process to develop new blood vessels from pre-existing ones in response to
starvation and hypoxia, which often occur in tumor tissues due to the significantly lower food and

oxygen concentration compared to the surrounding normal tissues.

Vascular endothelial growth factor (VEGF) is an important angiogenic factor, which directs
endothelial cells to build new vessels upon binding to its receptor. In addition, Hypoxia-inducible
factor (HIF) is a key transcription factor that functions in response to hypoxia [303]. miRNAs can

affect angiogenesis by targeting VEGF and HIF.

The most consistently and significantly induced miRNA during hypoxia is miR-210-3p [304-307].
MiR-424-5p is induced by hypoxia in endothelial cells to promote angiogenesis in vitro and in vivo
[308]. miR-21-5p promotes angiogenesis by activating MAPK/Akt signaling pathways, resulting in
high expression of HIF1a and VEGF [309].

On the other hand, there are miRNAs that inhibit angiogenesis, including miR-20b-5p, miR-509¢-3p
and miR-107. miR-20b-5p and miR-519¢-3p negatively regulate angiogenesis by targeting VEGF
and/or HIFla [310,311]. miR-107 represses the expression of HIFIP, so low levels of miR-107

promotes tumor angiogenesis under hypoxic conditions [257].
3.2.4. miRNAs in melanoma

In melanoma, miRNAs are involved in several biological processes, including melanoma genesis,
proliferation and cell cycle, apoptosis, invasion and metastasis, immune response [312], hypoxia and
metabolism, and drug resistance. All these mechanisms are associated with the unbalance of an
extensive pool of up and/or downregulated miRNAs [185,236]. In addition, miRNAs can be release in

the bloodstream, known as circulating miRNAs. and they can be used as melanoma biomarkers.
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3.2.4.1.miRNAs in melanogenesis and melanoma genesis

The pigment melanin is produced in melanosomes by melanocytes through a process named
melanogenesis. MITF is a master regulator of melanogenesis and melanocyte development [313]. It
regulates many genes, including pigmentation genes, anti-apoptotic genes, cell cycle promoting
genes, genes involved in cell cycle arrest, motility and invasion genes and genes associated to
melanocyte metabolism [314,315]. MITF has been found amplificated or mutated in both familial and
sporadic melanomas [314]. Depending on the fine balance between proapoptotic and proliferative
effects, MITF acts in a cancer-promoting or cancer-suppressing manner [316]. MITF regulates the

expression of some miRNAs and many miRNAs have been found to target MITF [312] (Figure 5).

miR-211-5p is one of the most important melanocytic lineage-specific miRNA regulated by MITF.
miR-211-5p represses MITF expression by inhibiting the MAPK pathway [317]. In melanocytes,
MITF controls the transcription of miR-211-5p and its host gene, namely transient receptor potential
cation channel subfamily M member 1 (TRPM1) gene. miR-211-5p is one of the most differentially
expressed miRNAs between normal human melanocytes and melanoma cell lines and tumors [318-

320].

Several miRNAs have been found as involved in MITF regulation including miR-101-3p [321], miR-
137-3p [322-324], miR-148a-3p [323], miR-148b-3p [325], miR-155-5p [326], miR-182-5p [327], miR-
218-5p [328], miR-26a-5p [329], and miR-340-5p [330].
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Figure 5. MicroRNAs in melanogenesis. MITF is a master regulator of melanocyte development and
melanogenesis, and regulates genes involved in melanocyte differentiation, pigmentation, cell cycle, apoptosis,
proliferation and survival, metabolism and invasion. The expression of MITF is regulated by several
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microRNAs (violet box) (Figure from “Pathophysiology roles and translational opportunities of miRNAs in
Cutaneous Melanoma”, MicroRNA in Human Malignancies edited by Massimo Negrini, George Calin, Carlo
Croce, in press).

3.2.4.2.miRNAs in proliferation and cell cycle regulation

Melanomas with high growth rate are considered high-risk tumors [331]. miRNAs can regulate
melanoma proliferation by inducing proliferative signals or by repressing growth-suppressive targets.
Moreover, there are several miRNAs that modulate the cell cycle regulators thus affecting the

proliferation [312,332] (Figure 6).

Among the miRNAs that promote the proliferation, there are: miR-10b-5p [333], miR-106b-5p
[334,335], miR-135a-5p [336], miR-146a-5p [337], miR-19b-3p [338], miR-20a-5p [339], miR-21-5p
[340], miR-221 family (miR-221-3p and miR-222-3p) [341], miR-25-3p [342,343], miR-4286 [344],
miR-519-3p [345], miR-532-5p [346] and miR-675-3p [347].

On the other hand, there are several miRNAs that can inhibit proliferation and/or induce cell cycle
arrest by downregulating multiple components of the cell cycle machinery [332], including let-7
family (let-7a-5p and let-7b-5p) [329,348], miR-101-3p [321], miR-124-3p [349,350], miR-125a-5p [351],
miR-125b-5p [352], miR-126-3p/126-5p [353], miR-136-5p [354], miR-137-3p [324,355,356], miR-138-
5p [3571,[358], miR-145-5p [359,360], miR-155-5p [361,362], miR-193b-3p [363,364], miR-194-5p [365],
miR-199a 5p [366], miR-200 family (miR-200a-3p, miR-200b-3p, miR-200c-3p, miR-429) [367-371],
miR-203a-3p [372,373], miR-205-5p [374-376], miR-206 [377], miR-218-5p [378], miR-22-3p [379],
miR-26a-5p [329,380], miR-29a-3p [381,382], miR-30a 5p [383], miR-31-5p [384], miR-33a-5p [385,386],
miR-338-3p [387], miR-34 family [388], miR-340-5p [389], miR-342-3p [390], miR-365a-5p [391], miR-
485-5p [392], miR-524-5p [393], miR-605-5p [394], miR-675-5p [395] and miR-9-5p [396].
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Figure 6. MicroRNAs in proliferation and cell cycle. A) Proliferation is induced by several cellular
pathways, including Wnt-p-catenin, MAPK and PI3K/Akt pathways. microRNAs can promote or repress the
, by acting as oncomiRs (orange box) or tumor suppressor
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expression of proteins involved in cell proliferation

of cell cycle, including pl5, pl6, pl8, pl8, p21,

by Massimo Negrini, George Calin, Carlo Croce, in press).
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3.2.4.3.miRNAs in apoptosis, autophagy and ferroptosis

miRNAs play an important role in the regulation of the apoptosis by targeting anti-apoptotic proteins,
including BCL2 and BCL2-like 1, or by regulating positively or negatively p53 [397,398]. miRNAs
that act as anti-apoptotic agents include miR-15b-5p [399], miR-182-5p [327], miR-21-5p [340,400] and
miR-4286 [344]. On the other hand, miRNAs with a pro-apoptotic action include miR-124-3p [349],
miR-125b-5p [352], miR-137-3p [324], miR-155 [361,362], miR-18b-5p [401], miR-205-5p [376], miR-
26a-5p [329,380,402], miR-29a-3p [382], miR-365a-5p [391] and miR-485-5p [403] (Figure 7).
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Figure 7. MicroRNAs in programmed cell death. Apoptosis can be activated by extrinsic or intrinsic signals.
The extrinsic pathway is induced when death ligands bind death receptors, which lead to the activation of
initiator caspases, such as caspase 8, and consequent activation of effectors caspases, such as caspase 3,9, thus
promoting apoptotic cell death. The intrinsic pathway induces mitochondrial outer membrane permeabilization
(MOMP) resulting in the release of cytochrome c from mitochondria. The formation of the apoptosome
promotes caspase 9 activation, which actives caspase 3 to induce cell death. microRNAs can act as oncomiRs,
i.e. protecting from apoptosis (orange box), or tumor suppressor, i.e. stimulating the apoptosis (green box).
(Figure from “Pathophysiology roles and translational opportunities of miRNAs in Cutaneous Melanoma”,
MicroRNA in Human Malignancies edited by Massimo Negrini, George Calin, Carlo Croce, in press).

In response to stressful condition as hypoxia or starvation for the maintenance of metabolic
homeostasis and viability, tumor cells activate a survival program known as autophagy [404]. A
dysregulation in autophagy process can lead to programmed cell death. In cancer, autophagy can be

pro- or anti-tumorigenic. Currently, it believed that autophagy has a tumor suppressive role in the
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early stages of cancer, while a tumor-promoting action in established tumors [405]. So, miRNAs are
divided in pro-autophagic, such as miR-216b-5p [406], and anti-autophagic, including miR-290-295
cluster [407].

Some miRNAs affect both apoptosis and autophagy, specifically miR-27a-3p [408] and miR-638 [409]
that inhibit apoptosis and autophagy, while miR-24-1-5p promotes apoptosis and autophagy [410].

Erastin-induced ferroptosis, which is an iron-dependent cell death driven by small molecules or
conditions that promote lipid-based ROS accumulation, is promoted by the downregulation of miR-

137-3p [411]. In addition, ferroptosis is regulated by miR-9-5p in melanoma [412].
3.2.4.4.miRNAs in EMT and angiogenesis

During melanoma progression, tumor cells acquire the capacity to migrate and go through the de-
differentiation program known as EMT. For the development of metastasis, EMT process is
fundamental: EMT has been reported to occur in melanoma cells, where it promotes the metastatic
phenotype of malignant melanocytes [413]. In melanoma, several miRNAs have been associated to
EMT (Figure 8A) with a promoting action, such as miR-10b-5p [333], miR-106b-5p [414], miR-1246
[415], miR-1908-5p[416], miR-17-5p [417], miR-182-5p [327,418], miR-199a-5p[416], miR-199a-3p
[416], miR-214-3p [418,419], miR-21-5p upregulation [340,418,420], miR-221/222 family [341], miR-
224/miR-452 cluster (miR-224-5p and miR-452-5p[421], miR-25-3p [342,343], miR-30b-5p [422],
miR-30d-5p [422], miR-373-3p [423], miR-519-3p [345], miR-576-5p [418,424], and miR-638 [409].

Several miRNAs that inhibit EMT, invasion and metastasis have been identified, including let-7a-5p
[425], miR-101-3p [321,418], miR-124-3p [349,350], miR-126-3p/5p [418,426], miR-137-3p [324,427],
miR-138-5p [357,428], miR-145-5p [429], miR-148b-3p [419,430], miR-150-5p [431],[432], miR-153-3p
[433], miR-193b-3p [424]. miR-194-5p [434], miR-200 family (miR-200a-3p, miR-200b-3p, miR-
200c-3p and miR-429) [367,369-371], miR-205-5p [375], miR-203a-3p [372,435], miR-211-5p
[318,320,436,437], miR-218-5p [378]. miR-30c-1-3p [424], miR-22-3p [379,438,439], miR-29a-3p [382],
miR-30a-5p [383,440], miR-30c-1-3p [424], miR-338-3p [387], miR-339-3p [418], miR-34 family (miR-
34a-5p, miR-34b-3p, miR-34c-5p) [441,442], miR-340-5p, [389], miR-342-3p [390], miR-376a-3p [443],
miR-378a-3p (upon adenosine-to-inosine (A-I) editing) [444], miR-455-5p (upon A-I editing) [445],
miR-485-5p [392],[403], miR-524-5p [393], miR-542-3p [446], miR-625-5p [447], miR-675-5p [395],
miR-7-5p [448], and miR-9-5p [396,449].

Angiogenesis plays an important role in many tumors, including melanoma where it leads to
melanoma growth and metastasis dissemination [450]. Malignant melanoma cells and endothelial cells

present on their surface several growth factors receptors that lead to the promotion of angiogenesis
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[451]. Also for this biological process, some miRNAs have been identified. In details, there are some
pro-angiogenesis miRNAs, including miR-1908-5p [416], miR-199a-5p [416] and miR-378a-5p [452],
while miR-23b-3p is an anti-angiogenic miRNA [453] (Figure 8B).
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Figure 8. microRNAs in melanoma migration, invasion and angiogenesis. A) Melanoma cells activate the
epithelial to mesenchymal transition (EMT) pathway to promoted migration, invasion and metastasis. Several
proteins, including Wnt p-catenin, PI3K/Akt, MAPK and TGF, regulate EMT. By targeting proteins from
these pathways, miRNAs promote (orange box) or suppress (green box) migration and invasion of melanoma
cells, acting as oncomiRs and tumor suppressors miRNAs, respectively. B) Angiogenesis is a fundamental
hallmark for melanoma progression and dissemination. Malignant melanoma cells and endothelial cells
presents on their surface growth factors receptors that promote angiogenesis and are regulated by miRNAs.
Some miRNAs are implicated in angiogenesis with a promoting (orange box) or suppressor role (green box).
(Figure from “Pathophysiology roles and translational opportunities of miRNAs in Cutaneous Melanoma”,
MicroRNA in Human Malignancies edited by Massimo Negrini, George Calin, Carlo Croce, in press).

3.2.4.5.miRNAs and melanoma microenvironment

The role of the immune system in melanoma has been intensely studied. The immune surveillance,
especially T-cell activity, acts against melanoma. miRNAs can regulate immune system members by

affecting the activity of key elements of both innate and adaptative immunity [454].

Melanoma cells escape from immune surveillance with mechanisms, which were recently targeted
by immune checkpoint inhibitors, such as anti-CTL.A4 and anti-PD1 [455]. miRNAs can regulate the
expression of immune checkpoints, including miR-146-5p, miR-17-5p [456] and miR-28-3p [457].

miRNAs can regulate immune responses mediated by natural killer (NK) cells, macrophage, and
myeloid-derived suppressor cell (MDSC), and they can present an immune evasive or suppressive
activity [458], such as miR-21-5p, miR-29a-3p, miR-142-3p, miR-223-3p [459], miR-376a-3p [460],
miR-34a-5p/34c¢c-5p, miR-499a/c [461], miR-155-5p [326,462] and miR-494-3p [463].

miRNAs can affect adaptive immunity network by regulating T cell activity, thus acting as
immunosuppressive miRNAs, such as miR-30b-5p and miR-30d-5p [422]. Melanoma can impair T

cell functionality by upregulated miR-101-3p and miR-26a-5p in effector T cells [464].

Immune escape can be promoted also by hypoxic microenvironment [465]. HIF-induced miR-210-3p
expression results in escape from cell lysis by antigen-specific cytotoxic T lymphocytes (CTL or

CD8+ T cells) [466].

UVR-induced inflammation can promote immune-evasion [105] and leads to a downregulation of

miR-193b-3p, miR-342-3p, miR-186-5p, miR-130a-3p and miR-146a-5p [467].
3.2.4.6.miRNAs in hypoxia and metabolism

In order to survive, tumor cells need to acquire the ability to adapt and survive in a hostile
microenvironment, such as in hypoxia condition and starvation. Hypoxia affects cell metabolism: it

mediates metabolic switch from an oxidative to a glycolytic metabolism, known as Walburg effect
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[468]. An important miRNA involved in the hypoxia is miR-210-3p that promotes cell cycle and tumor

growth in absence of oxygen [469].

There are several other miRNAs involved in the regulation of hypoxia and metabolism. High
expression of HIF1a leads to the downregulation of tumor suppressor miRNAs, such as miR-138-5p
[428], miR-340-5p [470], miR-33a-5p and miR-18b-5p [386,471]. 138-5p also reduces glucose
consumption and lactic acid production inhibiting glycolysis [357]. Let-7a-5p favors oxidative
phosphorylation and induces oxidative stress [472]. miR-150-5p reduces glycolysis and increasing
oxygen consumption rate (OCR) [432]. Also miR-625-5p inhibits glycolysis [473]. miR-211-5p
increases oxygen consumption [474] and promotes the switch from glycolysis to oxidative

phosphorylation through PGC1a and mitochondrial biogenesis [317].

Targeting glutamine metabolism sensitizes melanoma cells to TNF-related apoptosis-inducing ligand
(TRAIL)-induced death [475]. Glutamine catabolism is inhibited by miR-137-3p [411,476] and miR-
605-5p [477].

3.2.4.7.miRNAs as modulators of therapeutic response in melanoma

The expression of specific miRNAs in melanoma cells could affect the response to targeted therapy:
some of them are able to induce drug resistance, while others are able to restore drug sensitivity

(Figure 9).

Some miRNAs are associated with drug resistance or sensitivity in the contest of BRAFi and
BRAFi/MEKi. MiR-34a-5p, miR-100-5p and miR-125b-5p block apoptosis and promote drug
resistance [478]. miR-514a-3p affects the sensitivity of BRAFi conferring resistance to these inhibitors

[479]. miR-1246 significantly reduces the antiproliferative effects of the BRAFi [480].

On the other hand, miR-126 3p [426], miR-199b-5p [481], miR-200c-3p [482], miR-524-5p [483], miR-
550a-3-5p [484], miR-579-3p [485] and miR-7-5p [486] confer sensitivity to BRAFi. It was observed
that the combination of miR-32-5p and vemurafenib is more effective than either vemurafenib or
miR-32-5p treatment alone [487]. miR-216b-5p promotes the antitumor activity of vemurafenib in

BRAF(V600E) melanoma cells [406].

Metastatic melanoma can be treated with immunotherapies, and miRNAs can regulate directly or
indirectly the expression of immune checkpoints, acting on tumor cells or immune cells, respectively
[488]. Some miRNAs have been found associated with immunotherapy. The expression of miR-222-
3p in melanoma was significantly lower in responsive patients to ipilimumab than patients that have
no clinical benefit from treatment [489]. Anti-PD-1 treatment increases miR-155-5p expression in

CD8+ T-cells [490]. A set of miRNAs (miR-146a-5p, miR-155-5p, miR-125b-5p, miR-100-5p, let-
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7e-5p, miR-125a-5p, miR-146b-5p, miR-99b-5p) has been associated with MDSCs and resistance to

treatment with immune checkpoint inhibitors in melanoma patients [491].
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Figure 9. MicroRNAs in targeted therapy and immunotherapy. A) Melanoma with mutated and activated
BRAF can be treated with targeted therapy, including BRAF and/or MEK inhibitors. Some miRNAs affect the
inhibitors activity by promoting their efficacy (green box, in the left) or impairing efficacy and inducing drug
resistance (orange box). However, drug sensitivity in drug resistant cells, can be restored by the action of
specific miRNAs (green box, in the right). B) Immunotherapy is based in the blockage of T cell receptors, such
as PD1 or CTLA4, resulting in the activation of CD8+ T cells against the tumor. The treatment with immune
checkpoint inhibitors is effective in melanoma but leads to the acquisition of immunotherapy resistance. The
response to treatment and acquisition of immunotherapy resistance in melanoma can be regulated by miRNAs.
(Figure from “Pathophysiology roles and translational opportunities of miRNAs in Cutaneous Melanoma”,
MicroRNA in Human Malignancies edited by Massimo Negrini, George Calin, Carlo Croce, in press).

miRNAs affect also other types of treatment of melanoma, and miRNAs expression can be induced
by the treatment. The miRNA expression has been analyzed in pre-treatment and post-treatment with
the Serine/threonine-protein kinase mTOR (mTOR) inhibitor, namely Temsirolimus, and the anti-
VEGF antibody, namely Bevacizumab, in human metastatic melanoma tissue samples. 15 miRNAs
have been found upregulated in the post-treatment (miR-125b-5p, miR-320a-5p, miR-320b, miR-
320c, miR-320d, miR-320e, let-7b-5p, let-7c-5p, miR-10b-5p, miR-29¢-3p, miR-100-5p, miR-145-
5p, miR-140-3p, miR-99a, miR-4328), and twelve of these fifteen are known tumor suppressor
miRNAS [492].
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In melanoma, miR-30a-5p enhances chemoresistance to cisplatin [493]. On the contrary, miR-31-5p
functions as protective miRNA, in fact it increases chemosensitivity [384]. The overexpression of
miR-211-5p can restore cisplatin susceptibility in cisplatin-resistant cells [494]. The overexpression
of miR-203a-3p sensibilizes malignant melanoma cells to temozolomide chemotherapy [495]. In
melanoma patients treated with carboplatin/paclitaxel, miR-659-3p has been found to be positively

associated with progression-free survival [496].
3.2.4.8.Circulating miRNAs as melanoma biomarkers

The tumor can release cell free miRNAs in the bloodstream, where they remain stable and are resistant
to RNAse activity. A fraction of cell-free miRNAs is bound to macromolecular complexes, such as
cholesterol and lipoproteins, Argonaute 2 proteins and extracellular vesicles (EVs). EVs, can also

carry miRNAs inside and are one of the main sources of miRNAs in the blood [497].

Liquid biopsy allowed to measured miRNA levels in a non-invasive way approach. Dysregulated
miRNA levels have been observed in the serum and plasma of cancer patients compared to healthy
controls, suggesting that circulating miRNAs could be used as diagnostic biomarkers [498], as well as

markers of prognosis [499].

The management of melanoma depends greatly on early diagnosis: melanoma is almost 100% curable
by surgical resection when it is detected at early, non-metastatic stages. Therefore, it is essential to
identify diagnostic biomarkers, including miRNAs. Another promising application of circulating
miRNAs is the early detection of recurrence. Table 5 reports the main studies on diagnostic and

prognostic cell-free miRNA biomarkers in melanoma (Durante et al., manuscript submitted).

Table 5. Circulating miRNA as biomarkers in melanoma

miRNA/miRNA signature Type of biomarker Expression Sample Reference
16 miRNA signature (miR-
186-5p, let-7d-3p, miR-18a-
3p, miR-145-5p, miR-99a-5p, dysregulated in
miR-664a-3p, miR-501-5p, metastatic melanoma
miR-378a-5p, miR-29¢-5p, diagnostic patients (stages III and 33 W:r(r)llelbIOOd [500]
miR-1280*, miR-365a-3p, IV) vs. healthy control sampres
miR-1249-3p, miR-328-3p, individuals
miR-422a, miR-30d-5p, miR-
17-3p)

downregulated in

miR-145-5p, miR-10b-5p, . . . 226 whole blood [501]
MiR-155-5 diagnostic melanoma patients vs. sambles
p healthy controls P
upregulated in
. . . melanoma vs. other 207 plasma [502]
miR-320a-3p diagnostic tumors and healthy samples
controls
miR-15b-5p, miR-149-3p, o upregulated in 62 plasma [503]
. diagnostic melanoma patients vs.
miR-150-5p samples

healthy controls
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downregulated in

miR-193a-3p, miR-524-5p diagnostic melanoma patients vs. 62 plasma [503]
samples
healthy controls
dysregulated in
miR-185-5p, miR-1246 diagnostic metastatic patients vs. 119 plasma [504]
samples
healthy controls
19 miRNAs of the MEL38
signature (miR-301a-3p, miR-
424-5p, miR-27a-3p, miR-
34a-5p, miR-497-5p, miR-
299-3p, miR-152-3p, miR- upregulated in
1910-5p, miR-181b-5p, miR- diagnostic melanoma patients vs. 488;1137221 [503]
548a-5p, miR-454-3p, miR- healthy controls p
4532* miR-1537-3p, miR-
1258, miR-431-5p, miR-
450a-5p, miR-2682-5p, miR-
337-5p, miR-154-5p)
19 miRNAs of the MEL38
signature (miR-205-5p, miR-
5481, miR-1269a, miR-624-
3p, miR-138-5p, miR-1-5p,
miR-3928-3p, miR-3131, downregulated in
miR-1973, miR-520d-3p, diagnostic melanoma patients vs. 488;1137221 [305]
miR-548ad-3p, miR-553, healthy controls p
miR-764, miR-1302, miR-
522-3p, miR-1264, miR-
1306-5p, miR-219a-2-3p,
miR-4787-3p)
downregulated in
. . . . metastatic melanoma 48 serum [506]
miR-29c¢c-5p, miR-324-3p diagnostic patients (stage IV) vs, samples
healthy controls
upregulated in
miR-122-5p, miR-3201 diagnostic melanoma patients vs. 126 serum [507]
samples
healthy controls
miR-17-5p, miR-19a-3p, upregulated in 26 plasma-
. . . . metastatic sporadic derived [508]
miR-21-5p, miR-126-3p, diagnostic .
miR-149-5p melanoma patients vs. €Xosomes
healthy controls samples
downregulated in 46 serum-derived
. . . advanced melanoma [509]
miR-125b-5p diagnostic . exosomes
patients vs. healthy samples
controls p
downregulated in
miR-15b-5p, miR-33a-5p prognostic melanoma patients with >0 serum [310]
. . samples
high-risk of recurrences
MEL18 signature (miR-152-
3p, miR-1537-3p, miR-154-
>p, miR-27a-3p, miR-299-3p, dysregulated in non-
miR-301a-3p, miR-337-3p, metastatic (stage I/IT)
miR-4787-3p, miR-199b-5p, . ag 48 plasma [505]
. : prognostic and metastatic (stage
miR-660-5p, let-7e-5p, miR- 1II/IV) melanoma samples
652-3p, miR-331-3p, miR- atient
105-5p, miR-127-5p, miR- Patienis
521, miR-1180-3p, miR-
3127-5p)
miR-150-5p, miR-199a-5p, rognostic melaﬁgfﬁul:gei::with >0 serum [510]
miR-424-5p prog p samples

high-risk of recurrences
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miR-150-5p, miR-9-5p, miR-

dysregulated in
metastatic melanoma

145-5p, miR-155-5p, miR- prognostic patients vs. non- Zszrierll:;l [511]
203a-3p, miR-205-5p metastatic melanoma p
patients
miR-150-5p, miR-30d-5p, . associated with 283 serum [512]
. . prognostic recurrence-free and
miR-15b-5p, miR-425-5p . samples
overall survival
positively correlated
. . with lymph node 115 serum [513]
miR-10b-5p prognostic metastasis, advanced samples
clinical stage
upregulated in 207 plasma
. . melanoma patients vs.
miR-21-5p dlagnostlg / healthy controls: samples (8), 56 [502,514]
prognostic . . plasma samples
associated with tumor (79)
burden
upregulated in
. . melanoma patients vs.
miR-210-3p dlagnostlc.: / healthy controls; high 264 plasma [513]
prognostic . samples
expression correlates
with poor prognosis
downregulated in
melanoma patients vs.
healthy controls;
o 1o . . . negatively correlated 240 serum [516]
miR-16-5p diagnostic/prognostic with ulceration, tumor samples
thickness, AJCC stage;
positively correlated
with patient survival
downregulated in
. . melanoma patients vs.
miR-206 dlagnostlg / healthy controls; low 90 serum [517]
prognostic . samples
expression correlates
with poor prognosis
upregulated in 114 serum
melanoma patients vs.
miR-221-3p diagnostic/prognostic healthy controls, Sa%pngGEijf] ’ [S18][519]

positively correlated

samples [519]

with BT
2 miRNAs of MELmiR-7 & tic/ . negatively correlated 385 serum [520]
(miR-16-5p, miR-211-5p) 1agnosticiproghostic with samples
5 miRNAs of MELmiR-7 downregulated in
(miR-4487, miR-4706, miR- diagnostic/prognostic =~ melanoma patients vs 385 serum [520]
4731, miR-509-3p, miR-509- ' samples
5p) healthy controls
upregulated in 60 serum-derived [521]
miR-532-5p, miR-106b diagnostic/prognostic =~ melanoma patients vs. exosomes
healthy controls samples

* Later removed from miRBase

3.2.5. miRNA isoforms (isomiRs)

Next Generation Sequencing (NGS) technologies identified several miRNA variants of
heterogeneous lengths and/or sequences. These variants, named miRNA isoforms (isomiRs), were

initially ascribed as sequencing errors/artifacts, while now they are considered non-canonical variants
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that originate from physiological processes. The discovery of isomiRs underlined the complexity of
the small RNA transcriptional landscape in several diseases, including cancer. Although isomiRs
abundance, biological activity, and function are not completely understood, their analysis and study
are of great interest due to their high frequency in the human miRNome, to their presumed functions
in cooperating with the canonical miRNAs, and to the potential for exhibiting novel functional roles

[522].
3.2.5.1.From the Canonical miRNASs to the discovery of isomiRs

miRNAs are characterized by specific sequences. In fact, for each miRNA, miRBase, namely the
database for miRNAs, reports a unique sequence, which is named canonical miRNA [523]. In 2007, a
small RNA sequencing experiment performed in 26 different organ systems and cell types from
humans and rodents identified miRNA variants in approximately 20% of clone sequences [524]. Also
miRNAs from human embryonic stem cells showed sequence variations from their canonical form.

The term isomiR was coined to refer to these miRNA isoforms/variants [525].

Initially, isomiRs were attributed to post-transcriptional modifications or PCR/sequencing technical
errors. However, NGS technologies and sophisticated analysis algorithms demonstrated that these
newly discovered variants cannot be considered as technical artifacts. In fact, isomiRs are considered

molecules with in vivo functional and evolutionary importance [526,527].
3.2.5.2.Classification and nomenclature of isomiRs

IsomiRs are heterogeneous molecules characterized by different nucleotide sequences and/or lengths

with respect to their canonical counterparts.

Depending on the modification, five classes of isomiRs have been described: (1) isomiRs with
alterations at the 5’ end; (2) isomiRs with alterations at the 3' end; (3) isomiRs with alteration at both
5’ end and 3’ end, (4) isomiRs with polymorphisms within the sequence, without any difference in

length; (5) isomiRs with polymorphism and 5" and/or 3' changes.

IsomiRs with alterations at 5° and 3” ends can be extensive classify in isomiRs with addition or
deletion of nts at 5 and 3 ends. Depending on the correspondence of the added nucleotides with the
flanking precursor sequence, the addition of nts can be further defined as template or non-template

[528].
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Loher et al. developed an annotation system to label isomiRs with 5 end and/or 3 end alterations
[529]. This nomenclature indicates the name of the canonical miRNA, 5° end (start site), 3’end (end-
site) and the eventual insertion of uracil in the 3” end of the isomiR compared to the canonical
miRNA. In details, to define the start-site and end-site, zero indicates the same terminus of the
canonical miRNA, while positive sign (+) or negative sign (-) followed by the number indicates the
isomiR nucleotide shift in the 3” or 5” direction, respectively, when compared with canonical miRNA

(Figure 10).

Mature microRNA nomenclature
hsa-miR-143 stem loop
5' GCGCAGCGCCCUGUCUCCCAGCCUGAGGUGCAGUGCUGCAUCUCUGGUCAGUUGGGAGUCUGAGAUGAAGCACUGUAGCUCAGGAAGAGAGAAGUUGUUCUGCAGC 3
I S v
hsa-miR-143-5p * hsa-miR-143-3p
GGUGCAGUGCUGCAUCUCUGGU / UGAGAUGAAGCACUGUAGCUC
Mature microRNA identifier Sequence Type

miR-143-3p|0|0 TGAGATGAAGCACTGTAGCTC canonical miRNA
miR-143-3p|-1|0 CTGAGATGAAGCACTGTAGCTC start-site isomiR
miR-143-3p|-1|-1 CTGAGATGAAGCACTGTAGCT - shifted isomiR
miR-143-3p|0|-1 TGAGATGAAGCACTGTAGCT - end-site isomiR
miR-143-3p|0|+1 TGAGATGAAGCACTGTAGCTCA end-site isomiR
miR-143-3p|0|0(+1UV) TGAGATGAAGCACTGTAGCTCT 3' non-templated addition isomiR
miR-143-3p|-1|0(+1UV) CTGAGATGAAGCACTGTAGCTCT mixed isomiR: start-site + 3’ non-templated addition
miR-143-3p|0|+1(+1U) TGAGATGAAGCACTGTAGCTCAT |mixed isomiR: end-site + 3’ non-templated addition
[miR-143~3p |0]-1(+1V) TGAGATGAAGCACTGTAGCT-T mixed- isomiR: end-site + 3’ non-templated addition

Figure 10. Example of mature microRNA nomenclature of miR-143-3p. miR-143 stem loop originates two
canonical miRNAs, namely miR-143-5p and miR-143-3p. 9 mature microRNAs (canonical miRNA +
isomiRs) of miR-143-3p were detected. The table reports nomenclature, sequence and type of mature
microRNA. Nucleotides in bold correspond to additional nucleotides compared to the canonical sequence; “-
“ indicates the deletion of a nucleotide compared to the canonical sequence (Figure from Broseghini et al.,
[530]).

IsomiR were named depending on the change from the canonical miRNA:

- start-site isomiRs: isomiRs that change in the 5° end with deletion or addition of nts that match
with stem loop;

- end-site isomiRs: isomiRs that change in the 3” end, with deletion or addition of nts that match
with stem loop;

- 5’ non-templated addition isomiRs: isomiRs with addition of nts at the 5’end, which do not
match with stem loop sequence;

- 3’ non-templated addition isomiRs: isomiRs with addition of nts at the 3° end that do not
match with stem loop sequence. In the majority of cases, there is the addition of one or more
uracils;

- shifted isomiRs: start-site and end-site are both shifted to 5° or to 3’ direction, but the length
of the isomiR is identical to the canonical miRNA;

- mixed 1somiRs: isomiRs with more than one of the above variations.
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3.2.5.3.Biogenesis of isomiRs

The isomiR biogenesis has not been completely clarified yet. It seems that isomiRs can arise from
different and not completely understood mechanisms, such as alternative Drosha and/or Dicer
cleavage of the precursor miRNAs [531], post-transcriptional modifications made by nucleotidyl
transferase, which adds nucleotides to the pre-miRNA or mature miRNA ends [532-534], and editing
of RNA and single nucleotide polymorphisms (SNPs) [522] (Figure 11 from van der Kwast et al.
[535].

microRNA biogenesis isomiR formation RNA modifications
H n‘mlR A-to-l
: caling ADARIE]

alternative cleavage
1 (5"~ & 3"-isomiRs)

potentially functional
RNA modifications

pre-miR exonucleases and W :
nucleotidyl transferases !

(3-isomiRs) : — |

‘nucleus i it v E2’OMe Fibrillarin
cytoplasm i & others | .
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AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA CrETIEmES 1 s [TRWTeer)!
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Figure 11. MiRNA biogenesis and alterations that induce isomiR formation or microRNA nucleotide
modifications. Transcription of the miRNA containing gene forms the pri-miR. Drosha cleaves the pri-miR
to generate the pre-miR. The pre-miR cleaved by Dicer in the cytoplasm yielding the miRNA duplex. Either
side of the duplex can be incorporated into the RNA-induced silencing complex (RISC) to become a functional
mature microRNA. IsomiRs can be formed during miRNA biogenesis when Drosha or Dicer cleave in
alternative locations, or when exonucleases or nucleotidyl transferases remove or add nucleotides to the 3'-end
of the pre-miR or the mature microRNA. RNA nucleotide modifications with known or potential functional
implications on miRNA biogenesis or functioning are shown in red with their ‘writers’ next to them [535].

e Drosha/Dicer Non-Canonical Cleavage

In the canonical biogenesis pathway, Drosha and Dicer enzymes cleavage sequentially the primary
transcript at 5" and 3' termini to generate miRNAs [531]. Drosha/DGCRS8 complex performs a cleavage
at the level of specific positions with respect to the basal (approximately 11 nts away) and the apical
(approximately 22nts away) junctions of the pri-miRNA to generate pre-miRNA. Then, Dicer
recognizes the pre-miRNA termini via the PAZ domain and cuts the short hairpin pre-miRNA in a

site located approximately 22nts away from the 5'/3" ends. Thus, the terminal loop is removed and
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the duplex miRNAs is generated, which contains guide and passenger strands [178] (Figure 12 from

Zelli et. al [522]).
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Figure 12. miRNAs and possible isomiRs biogenesis through sequential cleavages mediated by Drosha

and Dicer enzymes [522].

Experimental models suggest that modification of the pri-miR loop size, or alterations of the stem
length or the single-stranded sequences at its base, are all related to Drosha cleavage imprecision.
Similarly, Dicer cleavage imprecision appears to be dependent on pre-miR structure and sequence
[536]. These cleavage imprecisions can be responsible of the generation of new 5" and 3’ variants [537-
539]. Germline and somatic mutations in genes involved in miRNA biogenesis, such as DROSHA,
DGCRS, DICERI, and XPO5 genes can represent another mechanism responsible for the isomiRs
generation and different expression levels in several diseases, including cancer [522]. By analyzing
cancer somatic mutations in miRNA biogenesis genes, it was suggested that DICERI hotspot

mutations could impact the expression levels of some isomiRs [540].
e Exoribonucleases and Nucleotidyl Transferases

In Drosophila melanogaster, it was found an exoribonuclease, named 3'-to-5' Nibbler, that was able
to induce 3’ end trimming in more than 25% of Drosophila miRNAs, after AGO1 loading. Trimming
of miRNA 3’ ends can take place as a final step in miRISC assembly and is possible required to
improve target mRNA repression. The depletion of Nibbler exoribonuclease leads to the formation

of miRNAs intermediates longer than 22nts, resulting in developmental defects [541].
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Uridyl or adenosyl-transferases are nucleotidyl transferases, namely template-independent
polymerases able to add nucleotides at the 3'-terminus of RNAs. miRNA stability and performance
can be affected by nucleotide additions, which are conserved in animals, occur at certain loci, and are

catalyzed by enzymes involved also in the regulation of other RNAs [532,542,543].
e Editing of RNA and SNPs

Adenosine-Inosine (A-I) substitution is mediated by the adenosine deaminases ADARSs [544,545] and
can occur in the processing of pri-miRNA and pre-miRNA. If the A-I change is within the seed
sequence, given the identification of I as G, RNA editing can affect the role of the miRNA, resulting

for example in the regulation of new target genes [546,547].

SNPs occur at 1% frequency in the human genome and are involved in determining the inter-
individual diversity and susceptibility to diseases. SNPs have been found also in miRNAs where they
are responsible of defects in miRNAs maturation and of alterations in miRNA:mRNA interactions in
cancer [522]. For example, the SNP r$s2910164 in the pre-miRNA of miR-146a-5p has been linked to

the risk of developing cervical cancer [548].
3.2.5.4.Significance of isomiR Functions

IsomiRs seem to play a role either in supporting [527] or competing [549] their canonical counterparts.
The majority of isomiRs presents 3' variations, leaving the 5’ end and the seed region unmodified
[526]. Nevertheless, it has been observed that 3' end is important because it can reinforce and maintain
stability and specificity during miRNA-MRE interaction, especially when there are mismatches
within the seed region [179,550,551]. Thus, also 3' variations could have a functional impact. Both
variations at the level of the 5' end, namely addition and deletion, lead to a seed shifting with
consequent functional effects [552], resulting in a possible gain or loss of function in terms of target

recognition [553].

Many human miRNAs can associate with all AGO proteins, although several of them are preferably
loaded into specific AGO proteins [554]. It was observed that also isomiRs can interact with AGO
proteins [555,556] and some miRNA alterations seem to determine the preference to a different AGO

protein loading [557], suggesting that isomiRs could affect miRISC function.
e isomiRs Detection and Quantification

To date, there are not available commercial kits able to detect isomiRs. However, some methods have
been developed for the detection and quantification of isomiRs expression, including NGS and qRT-

PCR approaches.
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NGS is the methodology of choice for the detection and quantification of miRNAs and isomiRs,
particularly for the discovery of new isoforms. A limitation of this approach is the lack of standardized
data analysis protocols and normalization methods [528]. In addition, there is a possible

overestimation of isomiRs detected [558].

The most common techniques for the analysis of small RNAs are based on poly(A) and stem-loop
gRT-PCR. The advantages of these methods are their high level of specificity and the relatively low
impact in terms of experimental times and costs [559]. On the other hand, limitations include the need
to know the sequence and the limited precision in the discrimination of sequences that differ by only
one/few nucleotides, especially if poorly represented in the sample, as often occurs for isomiRs. In

addition, there is the impossibility of discovering new molecules [560,561].

For the analysis of isomiRs expression, some PCR-based methods were developed, such as
Dumbbell-PCR [562,563], two-tailed RT-qPCR [564] and Multiplex Single Base Primer Extension
Assay [565].

e Resources and Tools for isomiR Analysis

In 2016, a database was created with 308,919 isomiRs derived from 4706 mature miRNAs
(https://mcg.ustc.edu.cn/bsc/isomir/) [566]. There are two database with the aim of describing the
polymorphisms in miRNAs and their target sites, namely PolymiRTS database
(https://compbio.uthsc.edu/miRSNP/) [567] and miRNASNP-v3
(http://bioinfo.life.hust.edu.cn/miRNASNP/) [568].

The Tumor Isomir Encyclopedia (TIE, https://isomir.ccr.cancer.gov/) database has been recently
created to compare isomiR expression across more than 11,000 tumor samples from The Cancer
Genome Atlas (TCGA) [569]. Other resources for the analysis of isomiRs can be further found at

https://tools4mirs.org/software/isomirs_identification/.
3.2.5.5.IsomiRs in Cancer

IsomiRs can differ in abundance, stability, and role from canonical miRNAs, and they can be
functionally redundant or discrepant compared to their canonical counterparts. Some isomiRs are
ubiquitous in expression, while others present tissue-specific expression and abundance [570].
IsomiRs seem to play an important role in the pathogenesis and progression of several cancers and
they could also contribute to cancer molecular heterogeneity. IsomiRs can also be promising cancer
diagnostic and prognostic biomarkers. In fact, a panel of 50 5" end isomiRs was able to effectively
classify more than thirty different tumor types [571]. Compared to miRNAs expression, isomiRs

expression was proven to be superior in the classification of these different cancer types [570,572].
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There are two studies that analyzed isomiRs in melanoma. Kozubek et al identified a specific isomiR
arising from miR-144/451a cluster, namely miR-451a.1, which is the most abundant isomiR of miR-
451a [573]. The same isomiR (miR-451a.1) expression was found upregulated in normal skin, with a
progressive decrease in melanoma and dysplastic nevi compared to common nevi. In addition high
levels of mature miR-451a.1 has been associated with a significant reduction of cell migration and

inhibition of invasion [574].

59



4. AIMS

4. AIMS

The main aim of this study is to analyze the role of non-coding RNA alterations in melanoma,
specifically the contribution of miRNAs to melanoma pathogenesis and their use as disease

biomarkers.
Specific objectives are:

e The investigation of the association between specific miRNAs and clinical and
histopathological features of melanoma, to study miRNA expression in reference to BT
assessment defining the prognostic role of specific miRNAs in melanoma;

e The identification and validation of a miRNA panel able to discriminate between single and
multiple primary melanoma, and between the first and subsequent melanomas from the same
patient to unravel the role of miRNA network in multiple primary melanoma pathogenesis;

e The identification and functional characterization of miRNA isoforms that could explain the

heterogeneity of melanoma and contribute to understand melanoma pathogenesis.
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5. MATERIALS AND METHODS

5.1. Samples
5.1.1. Clinical samples

Clinical samples were provided by the Melanoma center of the Dermatology Unit at Bologna
University Hospital. The study was approved by Comitato Etico Indipendente di Area Vasta Emilia
Centro—CE-AVEC, Emilia-Romagna Region (number 417/2018/Sper/AOUBo). Tumor and nevi
samples were formalin-fixed, paraffin-embedded (FFPE) samples. For each sample, five to six tissue
sections on glass slides were obtained. One section was stained with hematoxylin-eosin and was
examined by an expert pathologist to select the tumor/nevus area, which was macrodissected before

RNA extraction.
e Pilot group for Small RNA Sequencing

The 24 histopathologic specimens were evaluated by two dermato-pathologists and classified into
benign nevi (n=3) and melanomas (n=21). BN includes patients with no prior diagnosis of CM or
non-melanoma skin cancer and a follow-up of at least 10 years. CM includes 11 patients with SSM
(stage I, Breslow range = 0.3-0.8mm), and one patient with NM (stage II, Breslow = 2.5mm). The
group of melanomas was further classified in single primary CM (n=4) and multiple primary
melanoma (n=17). Single primary CM derived from CM patients with no history of prior CMs and a
follow-up of at least 10 years. MPM samples are from 8 patients with prior diagnosis of >2 CMs and
consist of eight 15 MPM, eight 2" MPM and one 3" MPM. Three of 8 patients had a family history

of melanoma.
e Samples for miRNA-associated Breslow analysis

For miRNA-associated Breslow analysis, we start from small-RNA sequencing data from 3 BN and
20 CM. For the validation analysis, we collect 115 samples obtained from the Dermatopathology unit
of the University of Bologna, Bologna, Italy (78 cases) and Pathology Unit at the University of Turin,
Torino, Italy (37 cases). Confirmed primary cutaneous SSMs and NMs were included in this study.
Clinical data are reported in Table 6 [575]. Histopathologic subtype other than SSM or NM (acral
lentiginous melanoma, lentigo maligna melanoma), melanoma in sifu, regressed melanoma were

exclusion criteria.
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Table 6. Clinical and tumor features of patients with cutaneous SSM and NM

SSM (n=90) NM (n=45)
Gender
Male 60 (66.7%) 20 (80%)
Female 30 (33.3%) 5 (20%)
Age of diagnosis
Mean (y) 56.03 (24-85) 56.53 (18-81)
Location of the primary tumor
Head and neck 5 (5.6%) 1 (4%)
Trunk 56 (62.2%) 12 (48%)
Limbs 29 (32-2%) 12 (48%)
Breslow tumor thickness (mm)
<0.8 53 (57.4%)
0.8-1 15 (16.7%) 3 (12%)
>1-2 13 (14.4%) 10 (40%)
>2-4 8 (8.9%) 11 (44%)
>4 1 (1.1%) 1 (4%)
Mean (BT) 0.897 mm (0.2-4.8) 2.29mm (0.8-4.3)
Mitosis
>1/mm? 27 (30%) 23 (92%)
<1/mm? 63 (70%) 2 (8%)
TIL
Brisk 19 (21.2%) 2 (8%)
Not brisk 36 (40.0%) 3 (12%)
No 35 (38.9%)
Not evaluated 20 (80%)
Regression
Yes 44 (48.9%) 7 (28%)
No 25 (27.8%) 5 (20%)
Not identified 21 (23.3%) 13 (52%)
Metastases
Absent 80 (88.9%) 9 (36%)
Present 10 (11.1%) 16 (64&)
- sentinel lymph node 1 (1.1%) 8 (32%)
- visceral 9 (10%) 8 (32%)
Outcome
Mean follow-up 41 40
Death 5(5.6%) 12 (48%)

Abbreviations: BT, Breslow thickness; NM, nodular melanoma; TIL, tumor-infiltrating lymphocytes; SSM, superficially
spreading melanoma

e Samples for MPM study

For MPM study, we use small-RNA sequencing data from 3 BN, 4 single primary CM and 17 MPM.
For the validation analysis, retrospective case series of 47 samples from 29 patients was collected and
was classified into three groups: 3 BN, 9 single primary CM, and 35 MPM (17 patients). Clinical

characteristics are reported in Table 7 [576].

62



5. MATERIALS AND METHODS

Table 7. Patient characteristics of MPM study

Multiple Primary Melanoma

Benign Nevi Cutaneous (MPM)
(BN) Melanoma (CM) MPM 1% MPM 21 Nglr’i\/[
Gender (n;%)
Male 0 (0%) 3 (33.3%) 13 (76.5%)
Female 3 (100%) 6 (66.7%) 4 (23.5%)
Total 3 9 17
Histology (n;%)
Compound melanocytic nevus 2 (66.7%) - - - -
Dermal nevus 1 (33.3%) - - - -
Superficial spreading melanoma - 4 (44.5%) 15 16 !
' (88.2%) (94.1%)  (100%)
Superficial spreading melanoma with N o
vertical growth phase i 3 (33.3%) 1(3.9%) ) )
Nodular melanoma - 2 (22.2%) 1 (5.9%) - -
Nevus-associated melanoma - 0 - 1 (5.9%) -
Age at diagnosis (n;%)
1
0 0 V) 0,
<50 3 (100%) 7 (77.8%) 8 (47%) 7 (41.2%) (100%)
10
0 0, 0, -
>50 0 (0%) 2 (22.2%) 9 (53%) (58.8%)
53 (30- 55 (31-
Mean (range) 31(27-39) 59 (29-85) 80) 83) 36
Localization (n; %)
Trunk 3 (100%) 6 (66.7%) 13 14 !
’ e (76.5%)  (82.4%)  (100%)
Limbs - 2 (22.2%) 3(17.6%) 3 (17.6%) -
Head and neck - 1(11.1%) 1 (5.9%) - -
Breslow thickness (n;%)
12 17 1
_ o
< 0.8 mm 1(1.1%) (70.6%)  (100%)  (100%)
> 0.8 mm - 8 (88.9%) 5(29.4%)  0(0%) -
Family history of melanoma (n;%)
Yes - - 3 (17.6%)
No - - 14 (82.4%)

e Samples for isomiR study

For isomiR analysis, we start from small-RNA sequencing data from 3 BN and 20 CM. For the

validation analysis, 11 SSM melanoma samples from the MPM study cohort were used.

5.1.2. Melanoma cell line

SK-Mel-28 melanoma cells were obtained from the ATCC. SK-Mel-28 were cultured in RPMI

medium with 10% fetal bovine serum, 1% L-Glutamine and 1% Penicillin-Streptomycin (10,000

U/mL).
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5.1.3. TCGA datasets
o TCGA 32 cancers

For TCGA analysis regarding miR-125a-5p and its isomiR, short RNA-seq aligned BAM files were
downloaded from the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/) for all 32

cancer types.
e TCGA SKCM Cohort

Mutation status of BRAF, NRAS and NF'I and small-RNA sequencing data were collected from 323
melanoma fresh-frozen samples from TCGA, including 63 primary CM and 260 melanoma

metastases.

In TCGA database, "metastatic melanoma” refers to the metastatic tissue and not to the primary
melanoma that have metastasized. To avoid misunderstanding, we preferred to refer to this group as

melanoma metastasis (MM), instead of metastatic melanoma.

Most of CM are II or III stage (37 samples are stage II, 19 are stage III, 3 are stage IV, and for four
of them the stage was not reported). The biopsy site includes: 58% lymph nodes, 21% connective,

subcutaneous and other soft tissues, 17% Skin and 4% other.

For 66 melanomas, the NF/ mutation gene status was available, in details, 51 samples have at least
one mutation, and 15 are the wild type. BRAF mutation gene status was available for 187 melanomas,
namely 168 have at least one mutation, 19 are wild type. Finally, NRAS mutation gene status was

available for 111 melanomas, including 85 with at least one mutation and 26 wild type.

All detailed data of this melanoma dataset are available on National Cancer Institute GDC Data Portal

site (https://portal.gdc.cancer.gov, accessed on 1 June 2021).
5.2 RNA extraction
5.2.1. FFPE samples

RNA was isolated from five 10um-thick FFPE sections using miRNeasy FFPE kit (Qiagen) according
to the manufacturer’s instructions. Deparaffinization was performed with xylene, followed by an
ethanol wash. RNA was eluted in 30ul of RNAse-free water. RNA yield and quality were assessed
with NanoGenius Spectrophotometer (ONDA Spectrophotometer). No samples were excluded owing

to insufficient RNA quantity. RNA samples were stored at —80 °C.
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5.2.2. Melanoma cells

RNA was isolated from 10°® melanoma cells (SK-Mel-28) using miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. RNA was eluted in 30ul of RNAse-free water. RNA
yield and quality were assessed with NanoDrop 2000/2000c Spectrophotometers (Thermofisher).
RNA samples were stored at —80 °C.

5.3.  Small-RNA sequencing
5.3.1. Small-RNA sequencing

We analyzed 3 BN and 21 melanomas, which include 4 single CM and 17 MPMs from 8 different
patients. Libraries were generated using TruSeq Small RNA Library PrepKit v2 (Illumina, RS-200-
0012/24/36/ 48), according to manufacturer’s indications. Briefly, 35ng of purified RNA was ligated
to RNA 3° and 5’ adapters, converted to cDNA and amplified using Illumina primers containing
unique indexes for each sample. High Sensitivity DNA (HS-DNA) kit (Agilent Technologies,
USAS5067-4626) was adopted for library quantifications using Agilent Bioanalyzer (Agilent
Technologies) and the 24 DNA libraries were combined in equal amount to generate a libraries pool.
Pooled libraries underwent to size selection employing magnetic beads (Agencourt, Beckman
Coulter) and amplicons with a length in the 130-160bp range were recovered. 20pM of pooled
libraries were quantified using the HS-DNA Kit, and were denatured, neutralized, and combined with
a Phix control library (standard library normalizator). A final concentration of 1.8pM of the pooled
libraries (obtained by dilution with a dedicated buffer as described in Illumina protocol guidelines)
was obtained and sequenced using Next-Seq500/550 High Output Kit v2 (75 cycles) (Illumina, FC-
404-2005) on the Illumina NextSeq500 platform. Raw base-call data were demultiplexed using

[llumina BaseSpace Sequence Hub and converted to FASTQ format.
e miRNA identification

After a quality check with FastQC tool [577], the adapter sequences were trimmed using Cutadapt
[578], which was also used to remove sequences shorter than 16 nucleotides and longer than 30
nucleotides. Reads were mapped using the STAR algorithm [579]. Only reads that mapped
unambiguously to the reference genome retrieved from miRBase 21 database (at least 16 nucleotides
aligned, with 10% mismatch allowed) were used for the downstream analyses. Raw counts from
mapped reads were obtained using the HTseq-count script from the HTSeq tools [580]. Counts were
normalized using DESeq2 Bioconductor package [581]. The small-RNA sequencing raw data
(FASTQ format) are available through European Nucleotide Archive (ENA) with the following
accession number: PRJEB35819.
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e [somiR identification and labelling
= isomiR identification

IsoMiRmap tool was used for mapping of sequence reads and isomiR quantification [582]. isoMiRmap
pipeline identifies and quantifies all isomiRs through the direct processing of short RNA-sequencing
dataset. Briefly, for each short RNA-sequence dataset, the sequence reads were quality trimmed using
the Cutadapt tool [578], keeping only those reads between 18 and 26 nts in length. Each resulting read
is subsequently compared to a “lookup” table containing all possible isomiRs from miRbase release
22 hairpin sequences. All sequences are required to have exact matches to the isomiR lookup table,
after which they are then counted and quantified in read per million (RPM). Only reads that passed
quality trimming and filtering, and could be aligned exactly to miRNA arms were used in the
denominator of this calculation. This approach identifies 5’-isomiRs, 3’-isomiRs, 5’-and-3’ mixed
isomiRs, as well as 3 and 5° non templated post-transcriptional additions. This approach was used

for all datasets, the one generated here and those samples represented in TCGA.
= JsomiR labelling and classification

To simplify the labeling of the isomiRs, we used the annotation system developed by Loher et al [529].
Nomenclature specifies the name of the canonical miRNA, 5° end (start-site), 3’end (end-site) and
the eventual insertion of uracil of the isomiR compared to the canonical miRNA sequence found in
miRBase database. In details, to define the start-site and end-site, zero indicates the same terminus of
the canonical miRNA, while positive sign (+) or negative sign (-) followed by the number indicates
the isomiR nt shift in the 3° or 5° direction, respectively, when compared with miRBase miRNA

sequence.

Depending on the change from the canonical miRNA, isomiRs have been classified in six different
group: start-site isomiRs (those isomiRs that vary in the start-site with deletion or addition of nts that
match with stem loop), end site isomiRs (those isomiRs that vary in the end-site, with deletion or
addition of nts that match with stem loop), 5° non-templated addition isomiRs (isomiRs with addition
of nts at the 5° end, which do not match with stem loop), 3* non-templated addition isomiRs (isomiRs
with addition of nts at the 3°that do not match with stem loop sequence), shifted isomiRs (start-site
and end-site are both shifted to 5° or to 3” direction, but the length of the isomiR is identical to the

canonical miRNA), and mixed isomiRs (isomiRs with more than one variation).
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5.4 RNA quantification
5.4.1. miRNA quantification
e miRCURY assay

miRCURY assay allows the quantification of the sum of canonical miRNA and 5- isoforms. RNA
extracted from FFPE samples was converted to cDNA using miRCURY LNA RT kit (Qiagen, catalog
number 339340). Reverse-transcription (RT) reaction was performed as follows: 2ul miRCURY RT
Reaction Buffer, 4.5ul RNase-free water, 1ul miRCURY RT Enzyme Mix, 0.5ul UniSp6 spike-in,
and 2pl template RNA (5ng/ul). RT cycling protocol consisted in 60min at 42°C, Smin at 95°C, and
cooling at 4°C. cDNA samples were stored at-20°C.

RT-quantitative PCR (qPCR) was performed using miRCURY LNA SYBER Green PCR kit (Qiagen,
catalog number 339346) and primers from miRCURY LNA miRNA PCR Assays (Qiagen, catalog
number 339306): hsa-miR-146a-5p (catalog number YP00204688), hsa-miR-21-5p (catalog number
YP00204230), hsa-miR-125a-5p (catalog number YP00204339), hsa-miR-125b-5p (catalog number
YP00205713), hsa-miR-149-5p (catalog number YP00204321), hsa-miR-200b-3p (catalog number
YP00206071), hsa-miR-205-5p (catalog number YP00204487), hsa-miR-211-5p (catalog number
YP00204009), hsa-miR-25-3p (catalog number YP00204361) and hsa-miR-92b-3p (catalog number
YP00204384). For Breslow analysis, SNORD44 (catalog number YP00203902) and SNORD48
(catalog number YP00203903) were used as reference genes. For MPM analysis, hsa-miR-16-5p
(catalog number YP00205702) was used as reference miRNA due to its stability across samples in

NGS experiment.

For each miRNA target, cDNA was diluted at the ratio of 1:80 with the exception of miR-92b-3p, for
which cDNA was diluted 1:4. Cycling program consisted in 10 min at 95 °C and 2-step cycling (40
cycles) of denaturation (10 s at 95 °C), and combined annealing/extension (60 s at 60 °C). Each assay
was tested in triplicate. Raw Cq values were obtained from BioRad CFX software. Interplate
calibrators were used to standardize miRNA Cq values across plates. The calculation of relative

expression was performed using 272“' methods.
e miSCRIPT assay

miSCRIPT assay allows the quantification of the sum of canonical miRNA, 5- and 3-isoforms. RNA
from 39 samples, including 5 CMs and 34 MPMs, was reverse transcribed using miSCRIPT HiSpec
Buffer from miSCRIPT II RT kit (Qiagen, catalog number 218161) according to the manufacturer’s

instructions. In details, RT reaction was prepared in a total reaction volume of 10ul with 2ul miScript
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HiSpec Buffer, 1ul miScript Nucleics Mix, 4ul RNase-free water, 1l miScript Reverse Transcriptase
Mix, and 2pl template RNA (5ng/pl). RT cycling protocol consisted in 60min at 37°C, Smin at 95°C,
and cooling at 4°C. cDNA samples were stored at —20°C.

RT-qPCR was performed using miSCRIPT SYBER Green PCR kit (Qiagen, cod. number 218073)
and primers from miSCRIPT Primer Assays (Qiagen, catalog number 218300): hsa-miR-125a-5p
(cod. number MS00003423) and RNA U6 (RNU6) (cod. number MS00033740). Reaction mix was
prepared with 10ul QuantiTect SYBR Green PCR Master Mix, 2ul miSCRIPT Universal Primer, 2l
miScript target Primer, 3ul RNase-free water, and 3ul ¢cDNA template (1:40). Cycling program
consisted in 15min at 95°C and a 3-step cycling (40 cycles) of denaturation (15s at 94°C), annealing
(30s at 55°C), and extension (30s at 70°C). Each assay was tested in triplicate. Raw Cq values were
obtained from BioRad CFX software. Small nuclear RNU6 was used as reference gene. The

calculation of relative expression was performed using 272" methods.
5.4.2. isomiR quantification
e Db-ddPCR

Dumbbell based droplet digital PCR assay (Db-ddPCR) is based on Dumbbell-PCR [563]. This
method consists in three steps: adapter ligation, reverse transcription and quantification with droplet
digital PCR (ddPCR). Table 8 reports sequences of adapters (3’-Db-adapter), reverse transcription
primer (RT primer), ddPCR primers (Forward and Reverse primers) and TagMan MGB probes for
the quantification of canonical miR-125a-5p and for its shorter 3’isoform, namely miR-125a-5p|0|—
2. The 3’-Db-adapters, RT primer, Forward and Reverse primers were designed and then provided
by Integrated DNA Technologies IDT. TagMan MGB probes (cat number 4316034) were designed
with 5°’dye (FAM) and 3°quencer (MGBNFQ); and then ordered by Thermofisher. In addition, Table
8 reported also synthetic oligonucleotides sequences of canonical and isomiR, which were used to

test and optimize the protocol (ordered by IDT).

Table 8. Sequences of adapters, primers and probes for Db-ddPCR assay

Adapter/ Sequence (5’->3’, for detection of Sequence (5’->3’, for detection of isomiR
primer/oligonucleotide canonical miR-125a-5p) 125a-5p)
3 _Db-adapter /5Phos/CTCAGTGCAGGGTCCGAGGTA  /5Phos/CTCAGTGCAGGGTCCGAGGTA
° P TTCGCACTGAGTCACAG/3InvdT/ TTCGCACTGAGACAGG/3InvdT
RT primer CTCAGTGCGAATACCTCGGACCCT Same as left
Forward primer GCAGTCCCTGAGACCCT GCAGTCCCTGAGACCC
Reverse primer CGAATACCTCGGACC Same as left
TaqMan probe 6FAMCTGTGACTCAGMGBNFQ 6FAMACCTGTCTCAGMGBNFQ
Synthetic P-

oligonucleotides UCCCUGAGACCCUUUAACCUGUGA. T UCCCUGAGACCCUUUAACCUGU
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= Adapter Ligation

Adapter ligation is the first step of Db-based ddPCR. For cell samples, we used 20ng of total RNA in
lul, while for FFPE samples we used 10ng of total RNA in lul. Cellular total RNA (1ul) was mixed
with 20pmol of the 3'-adapter (1pul) in a 1.5ml centrifuge tube that was incubated at 90°C for 3min,
and immediately 0.5ul of 10X Annealing buffer (composed with 50mM TrisHCI pH8, SmM EDTA,
100mM MgCl,) was added. The mixture was incubated at 37°C for 20min to allow annealing and
hybridization. Then, 1ul 10X Ligase buffer, 0.1ul T4 RNA Ligase 2, 0.5ul MgCl, 100mM, 2ul 50%
PEG8000 and 3.9ul RNase-free water were added. Ligation cycling protocol consisted in 60min at
37°C, Smin at 80°C, and cooling at 4°C.

= Reverse Transcription

CDNA conversion was performed with Superscript III reverse transcriptase (cat number18080044,
Thermofisher). 10ul of ligated RNA was mixed with 1ul RT Primer 5uM, 0.5u1 ANTP Mix (10mM
each, cat number R0O192, Thermofisher) and 2.5u1 RNase-free water. The reaction tube was incubated
2min at 90°C, 5min at 65°C, and placed for 1min in ice. Subsequently, 4pul 5X First strand Buffer,
Iul 100 mM DTT, 0.5pu] RNasin Ribonuclease Inhibitor (cat number N2111, Promega) were added
to the reaction. Reverse transcription cycling protocol consisted in 60min at 66°C, 15min at 70°C,

and cooling at 4°C. cDNA were stored at -20°C.
= ddPCR

ddPCR was performed using ddPCR Supermix for Probes (no dUTP) assay (Biorad, cat number
1863024) for droplet generation in the QX200 Droplet Digital PCR Systems (Biorad), according to
the manufacturer’s instructions. Components for the preparation of the ddPCR reaction to be load in
the QX200 Droplet Generator (Bio-Rad, cat number 1864002) include: 10ul 2X ddPCR Supermix
for Probes (no dUTP), 0.3ul TagMan MGB Probe 10uM, 0.3ul Forward primer 10uM , 0.3ul Reverse
primer 10uM, 4.1ul RNase-free water and Sul cDNA sample. cDNA was diluted according to the
sample type: cDNA was diluted 1:500 for miRNA or isomiR transfected cells, 1:5 for untransfected

cells, scramble transfected cells and FFPE sample.

Upon completion of droplet generation, the droplets were carefully transferred to a 96-well PCR plate
(Eppendorf, HO030128605). The plate was heat-sealed with a pierceable aluminum foil and placed in
a thermal cycler. Thermal cycling conditions are: Enzyme activation (10min at 95°C), 3-step cycling
(40 cycles) of denaturation (30s at 94°C), annealing (15s at 45°C), and extension (45s at 60°C),
enzyme deactivation (10min at 98°C) and cooling at 4°C. In every step, we used a ramping rate of

2°C/second.
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When ddPCR was completed, plate was transferred into the plate holder of the QX200 Droplet Reader
(Bio-Rad, cat. no. 1864003). At the end of the plate reading, the resulting data were analyzed with

QuantaSoft software v1.7.
5.4.3. mRNA quantification

RNA was converted in cDNA with iScript Reverse Transcription Supermix for RT-qPCR (cat number
1708840, Biorad). RT reaction was performed as follows: 2l iScript RT Supermix, 6ul RNase-free
water and 2ul template RNA (10ng/ul). RT cycling protocol consisted in Smin at 25°C, 20min at
46°C, Imin at 95°C and cooling at 4°C. cDNA samples were stored at-20°C.

RT-qPCR was performed using SsoAdvanced Universal SYBR Green Supermix (cat number
1725271, Biorad) and primers PrimePCR SYBR Green Assay (cat number 10025716): SMARCE1
(human, cat number qHsaCEDO0042335) and beta-Actin (human, cat number qHsaCED0036269).
Reaction mix was prepared with 10ul 2X SsoAdvanced Universal SYBR Green Supermix, 1ul 20X
PrimePCR SYBR Green Assay, 8l RNase-free water, and 1pl cDNA template (undiluted). Cycling
program consisted in 10 min at 95 °C and 2-step cycling (40 cycles) of denaturation (10 s at 95 °C),
and combined annealing/extension (60 s at 60 °C). Each assay was tested in triplicate. Raw Cq values
were obtained from BioRad CFX software. Interplate calibrators were used to standardize miRNA

Cq values across plates. The calculation of relative expression was performed using 22! methods.
5.5.Target analysis and validation
5.5.1. Transfection

Transfection was performed using Lipofectamine 2000 DNA Transfection Reagent (cat number
11668019, Thermofisher) according to manufacturer’s instructions. There were the following
conditions: cells transfected with canonical miR-125a-5p mirVana miRNA mimic (cat number
MIMATO0006181, Thermofisher), cells transfected with isomiR miR-125a-5p|0|-2 mirVana miRNA
mimic (cat number MIMAT0035923, Thermofisher), cell transfected with a scramble oligonucleotide
(MISSION miRNA, Negative Control 2, Sigma-Aldrich) and untransfected cells.

Briefly, at day zero, in each well (6-well plate), 10® SK-Mel-28 cells were seeded in 2ml of medium.
At day 1 (transfection day), we prepared two dilution mixes. The first mix consists in 150ul of
OptiMEM medium and 9ul of Lipofectamine 2000 DNA Transfection Reagent. The second one
includes 150ul of OptiMEM medium and 3pl of mimic. 150ul of each mix were put together
(miRNA-lipid complex mix) and incubate for Smin. Then, in each well, we added 250ul of the
miRNA-lipid complex mix. Cells were collected at 4 different time points: 24h, 48h, 72h and 96h

after the transfection.
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For each condition and time point, we used two wells of a 6-well plate: one well has been used for
RNA extraction to calculate mRNA target expression, while one well has been used for protein

extraction.
5.5.2. Protein quantification
o Cell lysis

In an Eppendorf tube, pellet of 10° SK-Mel-28 cells was resuspended with 100ul of RIPA buffer
(10ml RIPA with 1 protease inhibitors tablet). After an incubation of 30 min in ice, the tube was
centrifuged at 14000g for 15 min at 4°C. Supernatant phase was collected and stored at -80°C.

e Bradford protein assay

Bovine serum albumin (BSA) was diluted in water to generate the standard curve: 1000ug, 500ug,
250ug, 125ug, 62.5ng and Opg. Sul of protein samples were diluted in 35ul water (1:8 dilution). In
each well of a 96 well clear plastic plate we add 5ul of diluted samples or standards and 250pul of
Bio-Rad Protein Assay Dye Reagent (diluted 1:4 in water). After incubation of S5min, the absorbance
(A=595nm) was measured on plate reader with Gen5 software (Agilent Technologies). Standards
absorbance values were used to calculate a standard curve. Absorbance values of unknown protein
samples have been then interpolated onto the formula for the standard curve to determine their

concentrations.
e Western blot

2-Mercaptoethanol was diluted 1:10 in 4x Laemmli Sample Buffer (cat number 1610747, Biorad) to
obtain sample buffer. In an Eppendorf tube, we added 30ug of protein, 12.5ul of samples buffer and
water to get a final volume of 50ul. Samples were heated at 100°C for 8 min and then placed in ice.
Samples were loaded in 4-15% Mini-PROTEAN TGX Precast Protein Gel (Biorad) and run at 100V
for 1h. Transfer was performed with nitrocellulose membrane at 100V for 1h. Membrane was blocked
with blocking buffer (5% nonfat dry milk blocker, Biorad) for 1h. Primary Antibody staining was
performed overnight at 4°C with: SMARCE1 1:1000 (rabbit, cat number ab70540, Abcam),
Cyclophilin A 0.1ug/ml (goat, cat number AF3589, R&D system). Secondary antibodies, namely
irDye800CW anti rabbit (LI-COR Biosciences) and in irDy800CW donkey anti goat (LI-COR
Biosciences) were diluted 1:10 000 and incubated for 1h at room temperature. All antibodies were
diluted in 5% nonfat dry milk blocker. Membrane acquisition was performed with the 800nm channel

of Odyssey Imaging Systems (LI-COR Biosciences)
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5.6.Statistical Analysis
5.6.1. small-RNA sequencing

Normalized sequencing data were imported and analyzed in GeneSpring GX software (Agilent
Technologies). For the comparison of the global miRNA profile between thin vs. thick melanomas,

we used a fold-change >1.5 filter and a moderate t-test (p value <0.05).

Differentially expressed miRNAs were identified using a fold-change >1.5 filter and moderated t-test
(false discovery rate 5% with Benjamini-Hochberg correction) in CM vs. MPM comparison, and
using fold-change >1.2 and paired t-test (p value < 0.05) in first vs. second MPM comparison. Cluster
analysis was performed using Manhattan correlation as a similarity measure. Principal component
analysis (PCA) was performed on 24 samples using all human miRNAs detected by NGS analysis (n
=1629).

Differentially expressed mature miRNAs (canonical miRNAs + isomiRs) were identified using a fold
change (FC) > 2 filter and moderated t-test (FDR 5% with Benjamini-Hochberg correction) in benign
nevi vs. melanoma comparison (small RNA-seq data). For TCGA SKCM data, we applied a fold-
change > 1.5 and t-test unpaired (FDR 5% with Benjamini-Hochberg correction) in primary
melanoma vs. melanoma metastasis comparison. To analyze the association between isomiR and the
melanoma-linked mutations, we performed an unpaired t-test with unequal variance (Welch

correction) (FDR 5% with Benjamini-Hochberg correction).
5.6.2. miRNA association with clinicopathologic characteristics

Continuous variables were reported through median and interquartile range, whereas categorical
variables were described through frequency distribution. Time to relapse was defined as the time
elapsed between diagnosis and relapse. OS was defined as the time elapsed between diagnosis and

death from any cause or the last follow-up.

Individual and combined miRNA expression and BT were tested in univariate models by Cox
regression with 95% CI. The survival curves were estimated by the Kaplan-Meier method, and the
log-rank test was performed to test differences between the survival curves. The association between
miRNA expression (normalized on two reference genes) and BT was investigated with Pearson’s
correlation (r) and linear regression analysis. A value of two-sided p value < 0.05 was considered

significant.
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5.6.3. mRNA association with survival

e MPM study

Association of gene expression with overall survival in TCGA SKCM cohort was obtained using

Oncolnc website (http://www.oncolnc.org) and log rank test was used to calculate the p value.
e isomiR study

Association of gene expression with overall survival in TCGA SKCM cohort was obtained using

Human Protein Atlas (https://www.proteinatlas.org).

Based on the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) value of each
gene, patients were classified into two expression groups, namely low" (under cut off) or "high" (over
cut off), and the correlation between expression level and patient survival was examined. The
prognosis of each group of patients was analyzed with Kaplan-Meier survival estimators, and the
survival outcomes of the two groups were compared by log-rank tests. The best expression cut-off
refers the FPKM value that yields maximal difference with regard to survival between the two groups

at the lowest log-rank p value.
5.6.4. Graphpad Prism 6

Graphpad Prism 6 (GraphPad Software) was used for statistical analyses. The association between
BT and miRNA categorical groups and relapse events was investigated with Fisher’s exact test or

Mann-Whitney U test.

Group comparison (BN, CM and MPM) was performed using unpaired t-test, when data had a normal
distribution, with or without Welch’s correction according to the significance of the variance test.
Data that did not present a normal distribution were compared using Mann-Whitney non-parametric
test. Paired t-test was used to compare miRNA expression level in the 1% and 2" melanomas from

the same patient. Two-tailed p values were used in text and figures.

Graphpad Prism 6 was also used to perform specific isomiR comparisons using the Mann-Whitney

non-parametric test.
5.6.5. MetaCalc software

MetaCalc software was used for survival analyses, namely association of BT value and miRNA
combined (average expression of miR-21-5p and miR-146a-5p) with overall survival and time to

relapse.
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5.7.Pathway analysis
5.7.1. Enrichment analysis

Pathway and network analyses of differentially expressed miRNAs, miR-125a-5p isomiR and
canonical miRNA, and their targets were investigated using the web-based software MetaCore

(Clarivate). A p-value of 0.05 was used as a cut-off to determine significant enrichment.
5.7.2. Target prediction

IsomiR targets were predicted using the RNA22 algorithm [583]. Targets were allowed to be present
in the 5'-UTR, coding sequence, and 3'-UTR of the candidate mRNA. We selected only those targets
that had a p-value < 0.01 and a predicted binding energy < —16 kcal/mol, while also allowing G : U

wobbles and bulge’s within the seed region.
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6. RESULTS

6.0. Pilot study: small RNA sequencing of benign nevi and melanoma

We obtained the global miRNA expression profile of melanomas and normal tissues (benign nevi) to
investigate the contribution of small non-coding RNA alterations in melanoma pathogenesis. In
particular, we focused on a specific group of melanoma patients, namely those that in their lifetime

have developed two or more primary melanomas, the so-called multiple primary melanomas [576].

For this purpose, we selected a pilot group to perform a small RNA seq with the [llumina platform.
We collect RNA from 3 benign nevi, 4 single cutaneous melanomas, and 17 multiple primary
melanomas (8 patients). All melanomas are classified as early-stage melanomas. The MPM group
includes 3 patients with familial melanoma and 5 patients without melanoma familiarity. For 7 MPM
patients, we collected RNA from the first and the second melanomas, while for one patient also the
third melanoma was provided. A total of 24 samples were used for small RNA seq, and we identified
1629 miRNAs expressed in melanoma and nevus cells. The obtained small RNA seq data have been

used as starting point for the following analysis:

. Study of the association between specific miRNAs and clinical and histopathological
features of melanoma
. Identification and validation of a miRNA profile of multiple primary melanoma

. Identification and functional characterization of isomiRs.
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6.1. Defining the prognostic role of miRNAs in Cutaneous Melanoma

Breslow thickness measures how far melanoma cells invaded the skin layer and it is the main
prognostic feature in melanoma staging: a ticker BT is associated with a worst prognosis [140]. We
investigated the role of miRNAs in melanoma prognosis, specifically, looking to the association of
miRNA expression with BT, number of mitosis, regression, overall survival, and time to relapse [575].
For this specific analysis, single and multiple melanomas were included in the same group. However,
to perform the association analysis, melanomas were classified based on their subtype: superficial

spreading melanoma and nodular melanoma.

6.1.1. Comparison of global miRNA profile in thin and thick melanomas identified

candidate prognostic miRNAs

We used small-RNA sequencing data of 20 melanomas (19 SSM and 1 NM), which were further
classified in two groups according to their Breslow thickness (BT): 15 thin melanomas (BT <0.8mm)
and 5 thick melanomas (BT > 0.8mm). The comparison of the global miRNA profile of these two
groups identified miRNAs that potentially correlating with BT. A list of 50 miRNA differentially
expressed between the two groups (FC >2, p value <0.05) was obtained, and it included 22
downregulated miRNA and 28 upregulated miRNA in thick melanomas compared to thin melanomas

(Table 9).

Table 9. List of microRNAs differentially expressed in thick and thin melanomas

microRNA p value ([thick] Vs [thin]) Regulation ([thick] Vs FC ([thick] Vs
[thin]) [thin])

hsa-miR-100-5p 0.0009 down -2.05
hsa-miR-1247-5p 0.0128 down -2.09
hsa-miR-125a-5p 0.0009 down -2.13
hsa-miR-125b-5p 0.0003 down -2.15
hsa-miR-144-3p 0.0070 down -5.14
hsa-miR-149-5p 0.0001 down -2.81
hsa-miR-193b-5p 0.0074 down -2.57
hsa-miR-195-3p 0.0014 down -2.16
hsa-miR-200b-3p 0.0016 down -2.45
hsa-miR-200b-5p 0.0053 down -2.93
hsa-miR-224-5p 0.0048 down -2.01
hsa-miR-320b 0.0133 down -2.57
hsa-miR-375 0.0054 down -3.69
hsa-miR-4662a-5p 0.0095 down -3.19
hsa-miR-485-5p 0.0044 down -3.12
hsa-miR-486-5p 0.0129 down -2.85
hsa-miR-6510-3p 0.0068 down -2.85
hsa-miR-6511b-3p 0.0062 down -2.94
hsa-miR-654-5p 0.0102 down -2.48
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hsa-miR-6821-5p 0.0153 down -2.92
hsa-miR-885-5p 0.0141 down -2.16

hsa-miR-96-5p 0.0431 down -2.06
hsa-miR-1287-5p 0.0133 up 2.08

hsa-miR-1303 0.0380 up 2.00
hsa-miR-142-3p 0.0011 up 3.31
hsa-miR-142-5p 0.0086 up 2.38
hsa-miR-146a-5p 0.0347 up 2.27
hsa-miR-146b-5p 0.0036 up 2.29
hsa-miR-150-3p 0.0215 up 2.52
hsa-miR-150-5p 0.0264 up 2.20
hsa-miR-155-5p 0.0014 up 4.06
hsa-miR-181a-3p 0.0001 up 2.25
hsa-miR-185-5p 0.0314 up 2.14
hsa-miR-20b-5p 0.0190 up 2.15
hsa-miR-212-3p 0.0120 up 2.78

hsa-miR-21-3p 0.0003 up 3.06

hsa-miR-21-5p 0.0009 up 2.80
hsa-miR-223-5p 0.0484 up 2.08

hsa-miR-301b 0.0308 up 2.67

hsa-miR-31-5p 0.0231 up 3.90
hsa-miR-3614-5p 0.0000 up 2.71
hsa-miR-363-3p 0.0329 up 3.10
hsa-miR-424-3p 0.0463 up 2.35
hsa-miR-424-5p 0.0181 up 3.16

hsa-miR-4454 0.0437 up 2.20
hsa-miR-501-5p 0.0062 up 2.43
hsa-miR-510-5p 0.0044 up 3.26
hsa-miR-542-5p 0.0118 up 3.19
hsa-miR-584-5p 0.0357 up 2.52
hsa-miR-887-3p 0.0307 up 2.26

We focused on upregulated miRNAs and we performed a correlation analysis between normalized
expression of miRNA (>5) and BT (mm). Person’s r correlation index and two tailed p value of the
five significant better correlated BT/miRNA pair were reported in Table 10. The correlation between
the expression of the first two miRNAs, namely miR-21-5p and miR-146a-5p, with the BT was

analyzed in a larger cohort.

Table 10. miRNAs significantly correlating with Breslow thickness in 20 primary melanomas

miRNA Pearson r 95% confidence interval R square p value (two-tailed)
BT vs. hsa-miR-146a-5p 0.7424 0.4347 to 0.8949 0.5511 0.0003
BT vs. hsa-miR-21-5p 0.7369 0.4248 to 0.8924 0.543 0.0003
BT vs. hsa-miR-181a-3p 0.7287 0.4101 to 0.8888 0.5309 0.0004
BT vs. hsa-miR-21-3p 0.7254 0.4043 to 0.8873 0.5262 0.0004
BT vs. hsa-miR-155-5p 0.6165 0.2252 to 0.8365 0.38 0.0049
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6.1.2. Validation of miR-146a-5p and miR-21-5p as prognostic biomarkers in superficially

spreading melanoma

We measured the expression of miR-21-5p and miR-146a-5p in 90 archive FFPE SSM and 25 NM
samples from two independent cohorts. Individual and combined miRNA expression of miR-21-5p
and miR-146a-5p was correlated with BT and the strong positive correlation was confirmed only in
SSM histologic subtype. Specifically, miR-21-5p and miR-146a-5p showed both a p value < 0.0001
and a Pearson’s rof 0.79 and 0.62, respectively. However, the highest and most significant correlation
index is provided by the combination of miR-21-5p and miR-146-5p normalized expression
(Pearson’s r=0.8) (Figure 13). The correlation between individual and combined expression of these
two specific miRNAs was linear and evident also when considering tumors with thickness < 2mm

(Figure 13).
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Figure 13. Correlation of miRNA expression with BT in SSMs. (a) Distribution of paired miR-21-5p and
BT values in 90 SSMs (upper panel) and focus on <2-mm-thick tumors (lower panel). Simple linear regression
is shown. (b) Distribution of paired miR-146a-5p and BT values in 90 SSMs (upper panel) and focus on <2mm
thick tumors (lower panel). Simple linear regression is shown. (c) Distribution of miRNA average (miR-21-
5p and miR-146a-5p) and BT values in 90 SSMs (upper panel) and focus on <2mm-thick tumors (lower panel).
Simple linear regression is shown. BT, Breslow thickness; miRNA, microRNA; SSM, superficially spreading
melanoma.

On the other hand, results showed no correlation between individual and combined expression of

miR-21-5p and miR-146a-5p and BT in nodular melanomas (Figure 14).
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Figure 14 Correlation of miRNA expression with BT in NMs. Distribution of paired miR-21-5p, miR-146a-
5p and miRNA average (miR-21-5p and miR-146a-5p) and BT values in 25 NMs. The correlation is not
significant. BT, Breslow thickness; miRNA, microRNA; NM, nodular melanoma.

6.1.3. miR-146a-5p and miR-21-5p expression is associated with outcome and prognostic

features in superficially spreading melanoma

On univariate analysis for OS, NM associated with worse outcomes when compared with SSM,
including SSM with BT >0.8 mm (Figure 15). Overall, NM prognosis was poor (12 of 25 deceased

patients).
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Figure 15 Kaplan-Meier plots for OS in SSM and NM. The plots show a significant difference in OS curves
between patients with SSM with BT > 0.8 mm versus BT < 0.8 mm and patients with NM melanomas. BT,
Breslow thickness; NM, nodular melanomas; OS, overall survival; SSM, superficially spreading melanoma.

The combined expression of miR-21-5p and miR-146a-5p was used on univariate analysis for OS
and for time-to-relapse (TTR). Significant differences were observed between group of patients with

miRNA combined expression>1.5 and <1.5. Specifically, patients with combined miRNA expression
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lower than 1.5 had a better outcome than those with miRNA expression >1.5 (p value = 0.0021 for
OS and p value < 0.0001 for TTR). Moreover, the association of combined miRNA expression with
outcomes was most significant than BT (p value = 0.0330 for OS and p value= 0.0030 for TTR)
(Figure 16).
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Figure 16. Kaplan-Meier plots for OS and TTR. The plots show significantly different OS and TTR curves
in patients with BT> 0.8mm versus those with BT < 0.8 mm (upper panels) and patients with miRNA
expression >1.5 versus those with miRNA < 1.5 (lower panels). BT, Breslow thickness; miRNA, microRNA;
OS, overall survival; TTR, time-to-relapse.

We examined the association between miR-21-5p and miR-146a-5p combined expression and SSM
prognostic molecular characteristics, namely regression, mitosis, and presence of TILs. The presence
of regression did not impact miRNA expression. On the other hand, combined miRNA expression is
associated with mitosis and with the presence of TILs. Specifically, the presence of higher mitotic

rate (mitotic index > 1/mm?) and TILs-positive tumors, independently from the type of lymphocyte
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infiltration, are related to higher level of combined miRNA expression (p value <0.0001 and p value

=0.049, respectively) (Figure 17).
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Figure 17. Scatter plot distribution of miRNA expression in melanoma prognostic groups. Association
of the combined miR-21-5p and miR-146a-5p expression with melanoma prognostic molecular characteristics:
regression, T-lymphocyte infiltrate that are further classified in brisk and not-brisk; and mitosis. *p value <
0.05 at Mann-Whitney U test; ***p value < 0.0001 at Mann-Whitney U test. miRNA, microRNA.

6.1.4. miR-146a-5p and miR-21-5p combined expression can complement BT in patient

prognostication

We analyzed the use of BT and combined miRNA expression cut-off (0.8mm and 1.5, respectively)
as prognostic marker to detect high risk patients, namely relapsing patients. In this analysis, we
included 89 out of 90 patients, because one patient had a previous tumor in another site (lymphoma).
Among the SSM patients, 79 patients were free from metastasis, while 9 patients have developed
metastasis. In addition, there was a patient who presented a positive sentinel lymph node, so he had
undergone to a total right axillary lymphadenectomy. This patient was included in the high-risk group,
despite he did not relapse.

Relapsing and non-relapsing patients were categorized among group with BT above or below 0.8mm
and relapsing and non-relapsing patients were grouped by with miRNAs combined expression >1.5
and <1.5. Evaluating these two parameters, we observed that both 0.8mm BT and 1.5 combined
miRNA expression cut-offs successfully identified all the 9 relapsing patients. The patient who have
undergone to lymphadenectomy but did not develop metastasis, was not identified in the high-risk
group. When compared to BT, 1.5 miRNA expression value reduced the number of subjects in the
high-risk group that did not have metastasized (24 vs 35). This result suggested that the combined
expression of miR-21-5p and miR-146a-5p could effectively add to BT evaluation in patient
prognosis (Table 11).
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Table 11. Association Table of BT and miRNA expression with outcome

BT
>0.8 <0.8 Total
Relapse 9 1 10
No relapse 26 53 79
Total 35 54 89

Two-miRNA combination

>1.5 <1.5 Total
Relapse 9 1 10
No relapse 15 64 81
Total 24 65 89

Abbreviation: BT, Breslow thickness; miRNA, microRNA. 'The two-tailed p value equals 0.0008 at Fisher’s exact test.
’The two-tailed p value is less than 0.0001 at Fisher’s exact test.
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6.2. Unraveling the role of miRNA network in multiple primary

melanoma pathogenesis

During their lifetime about 8% of patients with single melanoma will develop multiple primary
melanomas. This risk is higher in the first year after the first diagnosis and remained increased for
several years. Patients affected by MPM could have a genetically determined susceptibility, though
germline mutations in hereditary melanoma genes are rarely detected. Since data about the role of
miRNAs in multiple primary melanoma are limited, we decided to analyze and compare miRNA

expression in CM vs MPM, and in 1% vs 2" melanomas in MPM patients [576].
6.2.1. The miRNA profile of multiple primary melanoma

From small RNA-seq data, we obtained the global miRNA profile of 17 MPM samples belonged to
8 MPM patients. For each patient, we analyzed the 1% and 2" melanoma, in addition, for one patient,

also the 3™ one. Among the MPM patients, three of them had a family history of melanoma.

Comparing the global miRNA profile between familial and nonfamilial MPM, we observed
similarities and a great overlapping in miRNA profile (Figure 18A). Moreover, a statistical
comparison between familial and nonfamilial MPMs did not show any significant difference.
Therefore, familial and nonfamilial MPMs were considered as a unique group in all subsequent

analyses.

The global miRNA profile of 17 MPMs was also compared to 4 single melanomas and 3 benign nevi.
We performed an unsupervised PCA of all 1629 detected miRNAs, which revealed that the MPM
miRNA profile is different form single melanomas and benign nevi (Figure 18A). Specifically, it
seems that MPMs showed a miRNA profile intermediated between single CM and BN. Comparing
the miRNA profile in MPM and CM, we obtained a list of 22 miRNAs differentially expressed
(adjusted p value < 0.05), which confirmed the separation between MPM and CM in a cluster analysis

(Figure 18B,C) (Table 12).

First and second melanomas of MPM patients showed some differences in miRNA profile, in fact,
evaluating miRNA expression using paired statistical analysis, we obtained 37 miRNAs that are
differentially expressed between the 1%t and 2" MPM (paired t-test, p value < 0.05), whose expression
clearly separate the groups in the cluster analysis (Figure 18B,D) (Table 13).
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Figure 18. Single and multiple melanoma classification based on the miRNA profile. A) Unsupervised
principal component analysis (PCA) of 24 samples based on the expression profile of all the miRNAs detected
at NGS analysis. Familial (yellow) and non-familial (cyan) multiple primary melanomas display a similar
microRNA profile, which is different from single cutaneous melanoma (red) and benign nevi (gray). B)
Volcano plot showing the differentially expressed miRNAs at the selected p value and fold-change
combinations. C) Cluster analysis and heatmap representation of multiple and single melanoma based on the
expression of 22 differentially expressed miRNAs (moderated t-test, adjusted p value < 0.05). Red and green
color represent the increased or reduced expression across samples. D) Cluster analysis and heatmap
representation of the first and second melanomas from the same patient based on the expression of 37
differentially expressed miRNAs (paired t-test, p value < 0.05). Red and green color represent the increased
or reduced expression across samples.

Table 12. List of microRNAs differentially expressed in multiple vs. primary melanoma

microRNA adjusted p-value Regulation MPM vs. CM Fold change
hsa-let-7i-5p 0.0153 down -2.7
hsa-miR-106b-3p 0.0347 down -2.3
hsa-miR-132-3p 0.045 down -1.8
hsa-miR-146a-5p 0.025 down -4.8
hsa-miR-15a-5p 0.0314 down -2.3
hsa-miR-181a-3p 0.0153 down -2.7
hsa-miR-181c-5p 0.036 down -2
hsa-miR-21-3p 0.0153 down -4.7
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hsa-miR-21-5p 0.0205 down -4.3
hsa-miR-25-3p 0.0084 down 2.2
hsa-miR-29a-3p 0.0205 down -1.7
hsa-miR-340-5p 0.0341 down -2.4
hsa-miR-3614-5p 0.0135 down -3.2
hsa-miR-532-5p 0.0341 down 2.1
hsa-miR-584-5p 0.0167 down -6.3
hsa-miR-651-5p 0.0275 down -1.7
hsa-miR-941 0.0318 down -1.8
hsa-miR-125b-2-3p 0.0314 up 2.1
hsa-miR-125b-5p 0.0398 up 24
hsa-miR-149-5p 0.0205 up 32
hsa-miR-205-5p 0.0344 up 2.1
hsa-miR-99a-5p 0.0314 up 24

Table 13. List of microRNAs differentially expressed in paired multiple melanomas from the same
patient

microRNA p-value (paired) Regulation 1%t vs 2" MPM Fold change
hsa-let-7d-3p 0.0174 down -1.8
hsa-let-7e-5p 0.0153 down -2
hsa-miR-1226-3p 0.0345 down -3.1
hsa-miR-1249 0.0338 down -1.8
hsa-miR-125a-5p 0.0063 down -1.9
hsa-miR-1269b 0.0254 down -2
hsa-miR-145-3p 0.0313 down -1.7
hsa-miR-149-5p 0.0157 down -1.7
hsa-miR-200b-3p 0.0134 down -1.8
hsa-miR-224-5p 0.0135 down -1.8
hsa-miR-320b 0.0243 down -2
hsa-miR-328-3p 0.0103 down -1.9
hsa-miR-330-5p 0.006 down -1.5
hsa-miR-365a-5p 0.0398 down -1.6
hsa-miR-375 0.0166 down -1.8
hsa-miR-433-3p 0.0019 down -2.2
hsa-miR-4423-3p 0.009 down -2
hsa-miR-505-3p 0.0194 down -1.8
hsa-miR-6511b-3p 0.0299 down -2
hsa-miR-671-3p 0.0431 down -1.6
hsa-miR-8058 0.0334 down -2.2
hsa-miR-877-5p 0.016 down 2.1
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hsa-miR-92a-1-5p 0.0464 down -1.6
hsa-miR-92b-3p 0.01 down -1.6
hsa-miR-96-5p 0.0062 down -2.6
hsa-miR-98-3p 0.0246 down -1.8
hsa-miR-99b-5p 0.0054 down -1.6
hsa-miR-1248 0.0423 up 3.4
hsa-miR-223-3p 0.0458 up 1.8
hsa-miR-2392 0.0362 up 23
hsa-miR-3607-5p 0.0308 up 3.1
hsa-miR-3609 0.0028 up 2.5
hsa-miR-4286 0.0071 up 1.9
hsa-miR-4466 0.019 up 2
hsa-miR-7641 0.0129 up 2.1
hsa-miR-887-3p 0.0441 up 2
hsa-miR-99a-3p 0.0342 up 1.6

6.2.2. Validation of miRNA differential expression in single melanomas, multiple primary

melanomas, and in benign nevi

We selected nine miRNAs for an independent validation in 47 samples including 3 benign nevi, 9
CM and 35 MPMs by using quantitative RT-PCR. We selected six miRNAs differentially expressed
between CM and MPM, including 3 upregulated (miR-21-5p, miR-25-3p, and miR-146a-5p) and 3
downregulated (miR-125b-5p, miR-149-5p, and miR-205-5p) in CM compared to MPM. Among the
downregulated miRNAs, there were two, namely miR-205-5p, miR-149-5p, that are differently
expressed in the comparison between 1%t and 2" MPM, in particular they are upregulated in 2"¢ MPM
compared to 1% MPM. In addition, we included other two miRNAs that are upregulated in the 2"
MPM compared to 1% MPM (miR-200b-3p, miR-92b-3p). Finally, we decided to analyze the
expression of miR-211-5p whose genetic locus is located inside the melastatin-1/TRPM1 gene and
whose expression is particularly high in benign nevi, while, according to our small RNA-seq results,
the expression has a borderline statistical significance when compared to CM or MPM. As reference

gene, we used miR-16-5p since its expression is invariant among NGS samples.

Figure 19 showed the expression distribution of these 9 miRNAs in BN, CM and MPM samples.
MiR-21-5p expression was confirmed to be significant upregulated in CM compared to MPM (p value
= 0.0005). We observed a statistically significant miR-25-3p downregulation in CM and MPM
compared to BN (p values =0.0357 and 0.0154 respectively), while miR-146a-5p was downregulated
in MPM compared to BN and CM (p value= 0.0005 and p value< 0.0001, respectively). miR-125b-
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5p show a similar expression level in CM and BN, and a trend toward increased expression in MPM.
MiR-200b-3p, miR-205-5p, and miR-149-5p are significantly upregulated in MPM compared to CM
(p values =0.0176, 0.0004 and 0.0003, respectively). miR-92b-3p is significantly downregulated in
MPM compared to BN (p value < 0.0001). Finally, miR-211-5p is progressively downregulated in
multiple and single melanomas (p values = 0.0009 and 0.0182, respectively) (Figure 19).
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Figure 19. Differential microRNA expression in benign nevi (BN), cutaneous melanoma (CM), and in
multiple primary melanoma (MPM). Box and whiskers graph representation of nine microRNAs
differentially expressed in single and multiple primary melanomas (p value < 0.05). MPM shows higher
expression levels of miR-205-5p, miR-200b-3p, and miR-149-5p compared to CM, and higher expression of
miR-92b-3p compared to BN. MPM downregulates miR-21-5p compared to CM and miR-146a-5p compared
to CM and BN. BN upregulates miR-25-3p and miR-211-5p compared to CM and MPM. Each miRNA was
tested in triplicate by quantitative RT-PCR. Relative miRNA expression was normalized on invariant miR-16-
5p. The bar shows minimum and maximum values; superimposed points represent all individual values.

The expression distribution of miR-149-5p, miR-92b-3p, miR-200b-3p, and miR-205-5p between
paired 1% and 2" melanomas from the same MPM patient is represented in Figure 20. The significant
upregulation observed in NGS data for miR-149-5p, miR-92b-3p, miR-205-5p, and miR-200b-3p in
2 MPM tumor was confirmed in this larger validation group of samples (p values= 0.0484, 0.0035,
0.0084 and 0.0029, respectively) (Figure 20).
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Figure 20. Differential microRNA expression in first vs. second melanoma from the same patient.
Before-after plot showing the paired expression of 4 selected microRNAs in 17 multiple primary melanoma
(MPM) patients. miR-92b-3p, miR-205-5p, miR-200b-5p, and miR-149-5p are significantly downregulated in
the first melanoma compared to the second melanoma. Each miRNA was tested in triplicate by quantitative
RT-PCR. Relative miRNA expression was normalized on invariant miR-16-5p. Paired t-test p value is
reported.

6.2.3. Functional annotation of multiple primary melanoma miRNA signature

The list of 22 miRNAs obtained from the comparison between MPM vs CM from NGS data (Table
12) was upload in MetaCore software in order to identify the pathways that are significantly regulated

by these miRNAs (Table 14) and the most significant miRNAs/targets networks (Figure 21A).

Table 14. Pathway enrichment analysis of 22 microRNAs differentially expressed in CM vs. MPM
Enrichment by Pathway Maps

In Network Objects from
Maps pvalue FDR Total
Data Active Data
microRNA 125b,
microRNA 15a, microRNA
microRNA in Prostate Cancer 3.1729E-10 8.884E-09 51 6 205, microRNA 106b,
microRNA 21, microRNA
146a
Development MicroRNA-dependent miR-205-5p, miR-205-3p,
1.0715E-05  0.000144 24 3
regulation of EMT microRNA 205
miR-146a-3p, microRNA
Brcal in ovarian cancer 1.5429E-05 0.000144 27

146a, miR-146a-5p
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NRSF-dependent transcription

microRNA 29a, microRNA

4.7521E-05 0.0003326 39
deregulation in Huntington's Disease 132, miR-132-3p
Suppression of p53 signaling in multiple miR-181a-5p, miR-25-3p,
PP P s s P 0.00010059 0.0004694 50 P P
myeloma miR-106b-5p
TGF-beta signaling via microRNA in miR-181a-5p, microRNA
0.00010059 0.0004694 50
breast cancer 21, miR-21-5p
PR action in breast cancer: stimulation
) 0.00060342 0.0024137 20 microRNA 29a, miR-29a-3p
of metastasis
Signal transduction_Angiotensin II/
AGTRI signaling via TGF-beta 1 and 0.0026682  0.0093387 42 microRNA 21, miR-21-5p
SMADs
Anti-apoptotic action of ErbB2 in breast ) ]
0.00391176  0.0121699 51 miR-15a-5p, microRNA 15a
cancer
MicroRNAs in melanoma 0.00486402 0.0128091 57 miR-205-5p, miR-532-5p
Hyaluronic acid/ CD44 signaling in
0.00503213 0.0128091 58 microRNA 21, miR-21-5p
cancer
Regulation of microRNAs in colorectal
0.00573111 0.0133726 62 microRNA 21, miR-21-5p
cancer
ErbB2-induced breast cancer cell
0.00666379 0.0143528 67 microRNA 21, miR-21-5p
invasion
Hypertrophy of asthmatic airway
0.0072544  0.0145088 70 miR-25-3p, microRNA 25
smooth muscle cells
Stem cellsHypothetical role of
microRNAs in fibrosis development 0.04686304 0.0874777 26 miR-21-5p
after myocardial infarction
Upregulation of MITF in melanoma 0.06432291 0.1125651 36 miR-340-5p
Development Regulation of lung
0.07293794 0.1140681 41 miR-106b-5p
epithelial progenitor cell differentiation
Transcription targets of Androgen
0.07465184 0.1140681 42 microRNA 125b
receptor involved in Prostate Cancer
Signal transduction Angiotensin 11/
0.0797754  0.1140681 45 microRNA 21
AGTRI signaling via JAK/STAT
K-RAS signaling in lung cancer 0.08147723  0.1140681 46 microRNA 21
EGFR signaling pathway in lung cancer  0.09330618 0.1244082 53 microRNA 21
Role of microRNAs in cell migration,
survival and angiogenesis in colorectal ~ 0.11652929 0.1458437 67 miR-21-5p
cancer
Role of microRNAs in cell proliferation
0.11980016 0.1458437 69 miR-21-5p

in colorectal cancer
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Figure 21. MetaCore miRNA/targets network analysis of 22 miRNAs differently expressed in multiple
primary melanoma (MPM) compared to cutaneous melanoma (CM). A) The maps obtained using
MetaCore network analysis illustrate the genes involved in MPM specific biology. miRNA downregulated in
MPM vs. CM are shown as blue circles, upregulated as red circles. B) Differentially expressed miRNAs result
in the dysregulation of three target hubs: TLR4, ITGA6 and BTG2, whose expression is associated with a
better prognosis in TCGA SKCM cohort (low expression n=229, low expression n=229, total n=458).

EMT-associated miRNAs, such as miR-149-5p, miR-200 family, and miR-205-5p, were found
upregulated in MPM compared to single CM and even nevi (Figure 20). Specifically, MPM has
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higher expression of miRNA involved in the inhibition of EMT pathway, in fact, they targets EMT-
promoted genes: miR-149-5p inhibits Forkhead Box M1 (FOXMT) [584], whereas miR-200 family
and miR-205-5p target Zinc Finger E-Box Binding Homeobox 1 (ZEBI) and Zinc Finger E-Box
Binding Homeobox 2 (ZEB2) genes [585,586]. Therefore, EMT pathway appears to be specifically

activated in single melanomas (Figure 22).
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Figure 22. MetaCore pathway analysis showing the involvement of differently expressed miRNAs in
epithelial-mesenchymal transition (EMT). EMT pathway representation with regulating miRNAs. Log ratio
of miRNA expression level in CM/BN (1), MPM/BN (2), and MPM/CM (3) is visualized on the maps as a
thermometer-like figure. Upward thermometers have a red color and indicate upregulated signals, and
downward (blue) ones indicate downregulated expression level of specific microRNAs. “M” indicates
microRNA binding (regulation of gene expression by binding of microRNA to target mRNA), whereas “TR”
indicates Transcription regulation (physical binding of a transcription factor to target gene’s promoter). MPM
showed higher expression levels of microRNAs involved in the inhibition of epithelial-mesenchymal transition
(EMT), including miR-205-5p and miR-200b-3p. (BN, benign nevi; CM, cutaneous melanoma; MPM multiple
primary melanoma).

The MetaCore network analysis identified three hub genes (Toll-like receptor 4 (TLR4), Integrin
alpha-6 (ITGA6), and BTG Anti-Proliferation Factor 2 (BTG?2)) targeted by multiple miRNAs, either
up- or downregulated in multiple melanomas. When we evaluated the association of TLR4, ITGA®6,
and BTG2 gene expression with melanoma prognosis, we found that their higher expression (median
cut-off) was significantly associated with a worse overall survival in TCGA SKCM cohort of 458
samples (Figure 21B).
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6.3. Exploring the role of a miRNA variant of miR-125a-5p

6.3.1. IsomiR analysis revealed that a miR-125a-5p isoform is dysregulated in multiple

primary melanoma

NGS data showed that miR-125a-5p was upregulated in the 2" melanoma compared to 1% melanoma
in MPM patients. However, miR-125a-5p differential expression in MPM was not confirmed during
validation by qPCR technology and we wondered about a possible explanation. We observed that the
reads generated by the NGS experiment and attributed to mature miR-125a-5p following the standard
matching pipelines were actually shorter by 1 (lack of A at the 3° end), or most frequently 2
nucleotides (lack of GA at the 3-end) in all samples (Figure 23).
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Figure 23. The -2nt shorter isoform of miR-125a-5p is more represented than the conventional form in
our NGS data from benign nevi (BN), cutaneous melanoma (CM) and multiple primary melanoma
(MPM). Sequence and chromosomal position of conventional and -2nt shorter isoform of miR-125a-5p. IGV
representation of miR-125a-5p sequencing reads in exemplary BN, CM MPM samples shows that the reads
for the conventional miR-125a-5p (24nt) are few or absent in comparison to the shorter isoforms (22-23nt).

We used the term “canonical” to refer to the sequence of a miRNA reported on miRBase, while all
the miRNA variants were called isomiRs. We analyzed and classified all canonical miRNAs and
isomiRs in our NGS data by using isoMiRmap tool. For the nomenclature of isomiRs, we used the
one proposed by Loher et al. [529]. We calculated the average expression in all sequenced samples
and the ratio between each miR-125a-5p isomiR and the canonical form. miR-125a-5p|0|-2, namely
the isomiR of miR-125a-5p that lacks two nucleotides at the 3” end, is the most expressed isomiR of

miR-125a-5p with a ratio isomiR/canonical miRNA of 13.56.
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Looking at NGS data, quite peculiarly, canonical miR-125a-5p and miR-125a-5p|0|—2 isoform

showed opposite expression trends in nevi, single primary melanomas, and MPMs (Figure 24).

miR-125a-5p
12+

104

[0
S .

T

0

2

g
2 O cMm
o — MPM
m MPM
. | ond

2
hsa-miR-125a-5p(0|0  hsa-miR-125a-6p|0]-2

Figure 24 Comparison of miR-125a-5p isomiR expression in benign nevi (BN), cutaneous melanoma
(CM), and multiple primary melanoma (MPM). Floating bar chart of miR-125a-5p isomiR expression.
Canonical miR-125a-5p (hsa-miR-125a-5p|0]|0) shows a lower expression level and opposite expression trend

in BN, CM, and MPM if compared to its shorter isomiR (hsa-miR-125a-5p|0|—2). Bars represent min-max and
median values.

We tested two different technical approaches in all samples for isomiR quantification based on
commercial RT-qPCR kits, namely miRCURY LNA and miSCRIPT. Specifically, miRCURY LNA
assay design was used to quantify the canonical form (including the 5° isoforms, which are not
abundant/detected in our NGS data), while miSCRIPT assay was used to detect all the isoforms, as a

consequence of the use of an universal reverse primer during miRNA amplification (Figure 25).
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Figure 25. miRCURY LNA and miSCRIPT assay. Differences between miRCURY LNA and miSCRIPT
assay designs (Qiagen) allowed the quantification of the miR-125a-5p canonical form (24nt) and 5’ isoforms
or the quantification of all miR-125a-5p isoforms, respectively. The presence of a miRNA-specific reverse
primer in miRCURY LNA assay allows to amplify and quantify only the canonical form of the miRNA, while
the presence of a universal reverse primer in miSCRIPT Assay allows to amplify and quantify all miRNA
isoforms, with different sequences at the 3” end.
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Since miRCURY did not quantify the predominant isomiR of miR-125a-5p, NGS data could not be
validated, in fact, results revealed a lack of variation between single and multiple melanomas, and a

higher expression in the 1 vs 2" melanoma.

Since the predominance of miR-125a-5p|0}-2 compared to the canonical miRNA and the other
isomiRs, we assumed that the miSCRIPT assay could provide a bona fide quantification of this
specific isomiR. As expected, higher expression level of miR-125a-5p in MPMs vs. CMs and in the

2™ ys 1 tumor from the same patient was observed (Figure 26).
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Figure 26 Comparison of miR-125a-5p isomiR expression in cutaneous melanoma (CM), and multiple
primary melanoma (MPM) with two different assays. Box and whiskers graph representation of canonical
miR-125a-5p expression assessed with miRCURY LNA assay and overall expression of all miR-125a-5p
isoforms, detected using miSCRIPT assay. Results show that the combined expression of miR-125a-5p
isoforms of levels is higher in MPM compared to CM. The bar shows minimum and maximum values;
superimposed points represent all individual values. Before-after plot of canonical miR-125a-5p expression
(miRCURY LNA assay) and all miR-125a-5p isoforms (miSCRIPT assay) show an opposite trend in the first
and second melanoma from the same patient.
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6.3.2. miR-125a-5p|0|-2 isomiR is highly expressed in many different tumors

As a further confirmation of our findings, we analyzed the expression of hsa-miR-125a-5p|0|—-2
(isomiR, 22nt long) and 0|0 (canonical miRNA, 24nt long) isoforms across all TCGA tumor types.
We discovered an overall higher expression of the isomiR in human cancers and a specifically altered

isomiR/canonical miR-125a-5p ratio in SKCM (CM cohort), which shows the largest variation

(Figure 27).
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Figure 27. Canonical hsa-miR-125a-5p|0|0) and hsa-miR-125a-5p|0|-2 isomiR expression across 32
TCGA tumor types. miR-125a isomiR is most expressed in many cancer types. Box and whiskers graphs of
canonical and shorter isoform of miR-125a-5p show variable expression levels, represented here as log2
RPKM data, across 32 different cancer type. miR-125a-5p isoform is most abundant in many cancer types and
shows a specifically high canonical/isoform ratio in the melanoma (SKCM) group. The bar shows 1-99
percentile values. TCGA abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma;
BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical
adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm
diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell
carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO,
mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma;
SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ
cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma;
UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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6.3.3. Optimized Dumbbell- based ddPCR based assay allowed to quantify isomiR in

melanoma cell lines and FFPE samples

To date, there are no commercial kits able to quantify a specific variant of a miRNA. Recently, Honda
et al. described the Dumbbell-PCR (Db-PCR), which is a TagMan RT-PCR-based method able to
distinctively quantify a specific small RNA variant with single-nucleotide resolution at terminal
sequences. The main advantage of this methods is to perform a quantitative analysis of RNA terminal

heterogeneity without performing NGS [563].

We used and optimized the Db-PCR for the quantification of canonical miR-125a-5p and miR-125a-
5p|0]-2 isomiR by using synthetic oligonucleotides to verify the specificity of the assay. In order to
have a more sensitive method able to also quantify few copies of isomiRs, we decided to replace the
last step (QPCR quantification) with a droplet digital PCR (ddPCR) quantification. In addition, we
introduced some variations in order to be able to use a lower RNA amount, since the amount of RNA
supplied by patient samples is often limited. To simplify the annotation, we named our optimized

method: Dumbbell based droplet digital PCR assay (Db-ddPCR) (Figure 28).
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Figure 28.Dumbbell based droplet digital PCR (Db-based ddPCR). A Schematic representation of Db-
based ddPCR, which consists in 4 steps: annealing of a specific 3’Db-adapter, the ligation, the reverse
transcription and the quantification by ddPCR. B IsomiR specific assay uses specific 3’adapter and TagMan
probe. Box plot shows that the assay is specific for the detection of the isomiR, and the presence of the miRNA
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did not affect the isomiR quantification. CB Canonical miRNA specific assay uses specific 3’adapter and
TagMan probe. Box plot shows that the assay is specific for the detection of the canonical miRNA, and the
presence of the isomiR did not affect the canonical miRNA quantification. Figure created with Biorender.com.

Successively, we test the optimized Db-PCR in biological samples, namely in a melanoma cell line,
SKMEL-28 cells. Finally, we used the Db-ddPCR assay to quantify canonical and isomiR expression
level in 11 FFPE melanoma samples. We compared the expression of miRNA and isomiR with a
paired t test. Results showed that the expression of the miR-125a-5p|0}-2 isomiR is statistically higher

compared to the canonical form (p value = 0.0469) with a mean ratio of 1.27 (Figure 29).
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Figure 29. Differential expression of canonical miR-125a-5p and isomiR miR-125a-5p|0|-2 in SSM
melanomas. Before-after plot showing the differential expression of canonical and isomiR of miR-125a-5p in
11 superficial spreading melanomas (SSM). isomiR is significant upregulated compared to the canonical
miRNA (p value =0.0469). miRNA and isomiR expression was quantified with Db-ddPCR.
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6.3.4. Functional analysis of a specific isomiR of miR-125a-5p in melanoma
6.3.4.1.  miR-125a-5p miRNA and isomiR regulated different target genes

In order to investigate the role of miR-125a-5p|0|-2, we ran a bioinformatics analysis to predict the
impact of the lack of 2nts in target gene binding. We used RNA22 algorithm to obtain the list of
putative pairing sites for miR-125a-5p canonical form (N = 1342) and its miR-125a-5p|0|—2 isomiR
(N =971) (Supplementary Table 4 from Dika et al. [576]). miR-125a-5p|0|-2 loses the ability to bind
a fraction of canonical miR-125a-5p|0|0 targets (Supplementary Table 5 from Dika et al. [576]). The
list of predicted target genes was submitted for enrichment analysis to MetaCore software. We
identified the significantly enrichment pathways and networks for common and specific targets of
canonical and isomiR (Supplementary Table 6 from Dika et al. [576]). We observed that miR-125a-
5p|0|—2 lost target genes involved in nervous system development, neurogenesis, and neuronal
differentiation. In addition, the isomiR form no longer targets key genes involved in cell adhesion
and migration (Ephrin receptors, Netrin 1) or intracellular signaling (Phosphatidylinositol-4-

Phosphate 3-Kinase Catalytic Subunit Type 2 Beta (PIK3C2B)).
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Unexpectedly, we observed that isoform showed new 5 targets, which were not in common with
canonical miR-125a: T Cell Leukemia Homeobox 1 (TLXI, also known as HOX11), Glycine-N-
Acyltransferase Like 1 (GLYATLI1), SWI/SNF Related, Matrix Associated, Actin Dependent
Regulator of Chromatin, Subfamily E, Member 1 (SMARCEIL. also known as BAF57),
Trimethyllysine Hydroxylase, Epsilon (TMLHE) and Claudin 2 (CLDN?2). Interestingly, three of the
specific targets of the miR-125a-5p isoform are involved also in nervous system processes (TLX11,
SMARCE] and TMLHE). The other two specific targets of the isoform of miR-125a-5p are not

components of nervous system development, but there are linked to cancer.

We analyzed the mRNA expression of these five genes in melanoma and the correlation with the
survival on Human Protein Atlas. Melanoma patients (n=102) were divided based on level of
expression into one of the two groups "low" (under cut off) or "high" (over cut off): for SMARCEI
there were 43 patients with low expression and 59 with high expression (cut-off=4.93), for TLX1
there were 43 patients with low expression and 59 with high expression (cut-off=0.0041), for CDL2
there were 71 patients with low expression and 31 with high expression (cut-off=0.03), for GLYATL1
there were 47 patients with low expression and 55 with high expression (cut-off=0.0044), and for
TLMHE there were 52 patients with low expression and 50 with high expression (cut-off=2.07).
Fragments Per Kilobase of transcript per Million mapped reads (FRKM) average expression were
reported for all targets: 5.5 for SMARCE], 0.1 for TLX1, <0.1 for CDL2 and GLYATL1 and 2.1 for
TMLHE. We observed that patients with lower expression of SMARCE1, TLX1 and GLYATLI have
a better survival, while a low expression of TMLHE and CLDN?2 is associated with a worst survival.
Specifically, only SMARCE1 and TLX1 show a significant difference between high and low
expression, with p value =0.022 and p value=0.021, respectively (Figure 30).
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Figure 30. Association of isomiR predicted target mRNA expression in melanoma and overall survival.
Kaplan-Meier plots summarize results from analysis of correlation between mRNA expression level
(SMARCEI, TLX1, CDL2, GLYATL1 and TMLHE) and patient survival. Melanoma patients (n=102) were
divided based on level of expression into one of the two groups "low" (under cut off) or "high" (over cut off).
X-axis shows time for survival (years) and y-axis shows the probability of survival, where 1.0 corresponds to
100 percent. FRKM average was reported for all targets. FRKM= Fragments Per Kilobase of transcript per
Million mapped reads.
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6.3.4.2. SMARCE]I is specifically targeted by the isomiR form of miR-125a-5p

Since the protein level of TLX1 was very low in melanoma, we decided to study and focus on
SMARCEI1. We analyzed the expression of SMARCEI] in a melanoma cell line, namely SKMEL?2S.
We examined the target in terms of mRNA and protein after 24h, 48h, 72h, and 96h of isomiR and
canonical miRNA transfection. SMARCE mRNA did not change between the different conditions.
On the other hand, we observed a reduction of the protein level after 48h of the isomiR transfection.
These results suggested that SMARCE]1 could be a specific target of the isomiR vs the canonical
miRNA (Figure 31).
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Figure 31. Validation of SMARCEI as specific target of isomiR miR-125a-5p|0|-2. A) Bar graph reported
canonical miR-125a-5p transfection efficiency in SK-Mel-28 cell at four time points: 24h, 48h, 72h and 96h.
B) Bar graph reported isomiR miR-125a-5p|0]-2 transfection efficiency in SK-Mel-28 cell at four time points:
24h, 48h, 72h and 96h. C) Bar graph showed mRNA expression level of SMARCE1 (normalized with beta
actin expression) in SK-Mel-28 cell at four time points after transfection: 24h, 48h, 72h and 96h. D) Figure
show western blot membrane and normalized SMARCE]1 protein level (SMARCE1/Cyclophilin A) in SK-
Mel-28 cell at four time points after transfection: 24h, 48h, 72h and 96h. A reduction of SMARCE] level are
observed in SK-Mel-28 cell in 48h after isomiR transfection.
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6.4. MiRNA isoforms contribution to melanoma pathogenesis

The identification and the study of miR-125a-5p|0|-2 isoform suggested that the analysis of canonical
miRNAs and their isomiRs could give new and more complete information about melanoma, instead
to focus only on canonical miRNA. We decided to investigate all isomiRs in melanoma in order to
find the isomiR contribution to melanoma pathogenesis. For this purpose, we analyzed our NGS data
with the isoMiRmap pipeline to find differential expressed isomiRs in melanoma compared to benign
nevi. In addition, to identify isomiRs potentially associated with tumor progression, we used SKCM
cohort of TCGA database, which collects clinical and molecular data from fresh-frozen tissues,
including small RNA-seq data, to compare isomiR profile in primary melanoma and melanoma

metastasis [530].

In what follows, the sum of canonical miRNAs, namely the sequence of the miRNA reported in
miRBase, and their isomiRs, namely all the miRNA variants-isoforms, has been grouped and called

“mature miRNAs”.

6.4.1. Mature miRNA profile and miRNA variants characterization in early-stage

melanoma samples

We investigated the global mature miRNA (canonical and isomiR) profile of 23 FFPE samples,
namely 3 BN and 20 early-stage CM, by using isoMiRmap. We identified 494 mature miRNAs,
including 130 canonical miRNAs and 364 miRNA isoforms that passed quality trimming and
filtering. Precisely, we found 90 canonical miRNAs with at least one isomiR, for a total of 324
isomiRs with a detectable canonical form. On the other hand, 40 expressed canonical miRNAs did
not have any isomiR in our data. In addition, some canonical miRNA sequences were not detected in
our dataset for about 11% of the identified. In this case, the corresponding isomiRs are called

“orphan” isomiRs.

IsomiRs were classified into five categories according to their variation from the canonical sequence:
start-site isomiR, end-site isomiR, 3’ non-templated addition isomiR, shifted isomiR and the
remaining “mixed” isomiR. The first and second groups exhibit nts addition or deletion respectively
at the 5° and at the 3” end of the canonical sequence. In these two groups, added nucleotides “match”
with stem loop sequence. On the contrary, when the added nucleotides in 5° or 3’ end differ from
those in the stem loop sequence, the isomiRs were defined 5° non-templated addition and 3’ non-
templated addition, respectively. No 5’ non-templated addition isomiR was identified in our dataset.
Among the 3° non-templated additions, the most frequent consists in uridylation, namely addition of

one or more uracils. Shifted isomiRs are long as the canonical sequence, but their start-sites and,
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consequently, their end-sites are shifted to the left (in 5 direction) or to the right (in 3” direction) to
one or more positions. Finally, the mixed isomiR group includes miRNA variants that manifest at

least two of these differences compared to the canonical counterpart (Table 15).

Table 15. Mature microRNA classification in 23 formalin-fixed paraffin-embedded (FFPE) samples
Mature miRNAs from small RNA-seq

Type Sub-type Total
miRNA with isomiR 90 (18.2%)
"canonical" miRNAs 130 (26.3%)
miRNA without isomiR 40 (8.1%)
isomiR with canonical miRNA 324 (65.6%)
isomiRs 364 (73.7%)
orphan isomiR 40 (8.1%)
Total 494 (100%)

Classification miRNAs with isomiRs

Groups Sub-groups Total
miRNAs with 1 isomiR 25 (27.8%)

25 (27.8%)

2 isomiRs 14 (15.6%)
miRNA with 2-3 isomiRs 27 (30.0%)
3 isomiRs 13 (14.4%)
4 isomiRs 10 (11.1%)
miRNA with 4-5 isomiRs 21 (23.3%)
5 isomiRs 11 (12.2%)
6 isomiRs 6 (6.7%)
7 isomiRs 2 (2.2%)
8 isomiRs 2 (2.2%)
miRNA with 6-13
o 9 isomiRs 3 (3.4%) 17 (18.9%)
1somiRs
10 isomiRs 2 (2.2%)
11 isomiRs 1 (1.1%)
13 isomiRs 1 (1.1%)
Total 90 (100%)
Classification isomiRs with canonical miRNA
Groups Sub-groups Total
End-site isomiRs 199 (61.4%) 199 (61.4%)
Start-site isomiRs 19 (5.9%) 19 (5.9%)
Shifted isomiRs 9 (2.8%) 9 (2.8%)
3’ non-templated addition
o 43 (13.2%) 43 (13.2%)
isomiRs
End-site + start-site 13 (4.0%)
End-site + 3 non-templated addition 34 (10.5%)
Mixed isomiRs 54 (16.7%)
Start-site + 3’ non-templated addition 6 (1.9%)
Shifted + 3’ non-templated addition 1 (0.3%)
Total 324 (100%)
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6.4.2. End-site isomiRs are the most abundant and expressed isomiRs in FFPE samples

The most represented class of isomiR is the end-site class (61.4%). Looking at the normalized
expression of all isomiRs in the early-stage melanomas, we observed that they can vary between 5-6
to over 2300. We selected the isomiR with a normalized expression > 20 and obtained a list of 126
isomiRs (Supplementary Table S2 from Broseghini et al. [530]). Among them, the majority of isomiRs
(about 75%) belong to the end-site group. The ten most expressed isomiRs include 9 end-site isomiRs
(hsa-miR-10b-5p|0|-1, hsa-miR-205-5p|0[+1, hsa-miR-27b-3p|0|-1, hsa-miR-125a-5p|0|-2, has-miR-
10a-5p|0}-1, hsa-miR-181a-5p|0|-1, hsa-miR-30d-5p|0[+2, hsa-miR-143-3p|0|-1, hsa-let-7a-5p|0}-1)
and one 3’ non-template addition isomiR (hsa-miR-143-3p|0|0(+1U)) (Table 16).

Table 16. List of ten isomiRs more expressed in 20 early-stage melanoma samples

isomiR expression in melanoma

IsomiR name isomiR group (average, n=20)
hsa-miR-10b-5p|0|-1 end-site 2368.09
hsa-miR-205-5p|0]+1 end-site 1221.77
hsa-miR-27b-3p|0|-1 end-site 845.19
hsa-miR-125a-5p|0]-2 end-site 623.96
hsa-miR-10a-5p|0|-1 end-site 594.23
hsa-miR-181a-5p|0]-1 end-site 546.38

hsa-miR-143-3p|0|0(+1U) 3’ non-templated addition 509.64
hsa-miR-30d-5p|0+2 end-site 462.00
hsa-miR-143-3p|0]-1 end-site 382.90

hsa-let-7a-5p|0|-1 end-site 321.81

6.4.3. Enrichment of isomiRs belonging the cancer-related miRNA family in BN and CM

samples

We calculated the average expression of each isomiR in all sequenced samples (BN and CM) and the
ratio between each isomiR and its canonical miRNA. We focused on highly expressed isomiRs that
could potentially affect the target gene regulation of the canonical miRNA. A panel of 17 isomiRs
that are 3- to 10-fold more abundant than their canonical forms is reported in Table 17. We observed
an enrichment of isomiRs belonging to three important miRNA families, namely miR-30 family,

miR-200 family, and miR-10 family.

Table 17. IsomiRs most represented in melanoma and nevi small RNA-sequencing data

IsomiR
Canonical miRNA Ratio isomiR/canonical

IsomiR Type expression
expression (mean) miRNA

(mean)
hsa-miR-141-3p|0}-1  end-site isomiR 200.33 8.65 23.15
hsa-miR-222-3p|0+3  end-site isomiR 154.64 9.05 17.08
hsa-miR-30a-5p|0+2  end-site isomiR 211.95 13.33 15.9
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hsa-miR-125a-5p|0j-2  end-site isomiR 765.69 56.46 13.56
hsa-miR-30d-5p|0[+2  end-site isomiR 416.87 41.32 10.09
hsa-miR-10b-5p|0|-1  end-site isomiR 2950.88 357.98 8.24
hsa-miR-27a-3p|0}-1  end-site isomiR 167.78 30.55 5.49
hsa-miR-30a-5p|0}-2  end-site isomiR 72.12 13.33 5.41
hsa-miR-222-3p|0[+4  end-site isomiR 46.98 9.05 5.19
hsa-miR-19b-3p|0|-1  end-site isomiR 52.06 11.59 4.49
hsa-miR-30c-5p|0j+1  end-site isomiR 151.53 34.28 4.42
hsa-miR-26b-5p|0|+1  end-site isomiR 172.47 39.32 4.39
hsa-miR-222-3p|0[+2  end-site isomiR 36.83 9.05 4.07
hsa-miR-10a-5p|0j-1  end-site isomiR 636.58 184.52 3.45
hsa-miR-30a-5p|0j+1  end-site isomiR 45.68 13.33 3.43
hsa-miR-30d-5p|0j+1  end-site isomiR 140.07 41.32 3.39
hsa-miR-200b-3p|0]+1 end-site isomiR 44.86 13.26 3.38

We analyzed the expression of isomiRs and canonical forms for each family member (Figure 32-34).

The most representative miR-30 family isomiRs are 3’ isoforms with the addiction of 1 and 2 nts

(Figure 32). miR-200 family presented highly expressed 3’ isoforms, with addiction or deletion of

nts (Figure 33). Finally, the most expressed miR-10 family isomiRs are shorter 3'-isoforms (deletion

of 1 or 2 nts in the 3’ end) (Figure 34).

miR-30 family
B

A chr1 (+) — miR-30e — MiR-30c-1 —
isomiR/canonical
Narne Sequence R R
hsa-miR-30e-5p [0]0 # TGTAAACATCCTTGACTGGAAG
hsa-miR-30e-5p|0]-1 TGTAAACATCCTTGACTGGAA -
hsa-miR-30e-5p |0]-2 TGTAAACATCCTTGACTGGA - -
hsa-miR-30e-5p [0]+1 TGTAAACATCCTTGACTGGAAGC
hsa-miR-30e-5p |0]+2 TGTAAACATCCTTGACTGGAAGLET
hsa-miR-30e-5p |0]+2{+1U) TGTAAACATCCTTGACTGGAAGCTT
hsa-miR-30e-5p|+1]+2 - GTAAACATCCTTGACTGGAAGET
hsa-miR-30e-3p |0]0 CTTTCAGTCGGATGTTTACAGC
hsa-miR-30c-5p |0 |0 TGTAAACATCCTACACTCTCAGC
hsa-miR-30c-5p|0[+1 TGTAAACATCCTACACTCTCAGCT 4.419753371

chré () — miR-30a — miR-30¢-2 —

Name

Sequence

isomiR/canonical

hsa-miR-30d-5p |0|+2

TGTAAACATCCCCGACTGGAAGCT

10.08334175

hsa-miR-30d-5p|0|0(+1U)
hsa-miR-30d-5p| 0| +2(+1U)

TETAAACATCCOCCGACTGGAAGT
TETAAACATCCCCGACTGGAAGCTT

0351083754
0.251441458|

hsa-miR-30d-3p |0]0 #

CUUUCAGUCAGAUGUUUGCUGC

miRNA Ratio
hsa-miR-30a-5p|0]0 TGTAAACATCCTCGACTGGAAG
hsa-miR-30a-5p|0]-1 TGTAAACATCCTCGACTGGAA - 2.11398921
hsa-miR-30a-5p[0|-2 TGTAAACATCCTCGACTGGA - - 5411779755
hsa-miR-30a-5p 0] +1 TGTAAACATCCTCGACTGGAAGT 3.427772113 %
hsa-miR-30a-5p|0]+2 TGTAAACATCCTCGACTGGAAGCT 15.90352778 ]
hsa-miR-30a-5p |0| 0f+1U} TGTAAACATCCTCGACTGGAAGT 0.788466371] -
hsa-miR-30a-5p[+1|+2 - GTAAACATCCTCGACTGGAAGCT 0.546994708|
hsa-miR-30a-3p|0]0 CTTTCAGTCGGATGTTTGLAGC
hsa-miR-30¢-2-3p |00 # CTGGGAGAAGGCTGTITACTCT
chrg (-) — miR-30b — miR-30d —
N . isomiR/cananical
ame. Eanmee miRNA Ratio
hsa-miR-30b-5p [0]0 TGTAAACATCCTACACTCAGCT
hsa-miR-30b-5p 0] -1 TGTAAACATCCTACACTCAGC - 0.552310527
hsa-miR-30b-3p[0]0 # CTGGGAGGTGGATGTTTACTTC
&

hsa-miR-20d-5p 0|0 TGTAAACATCCCCGACTGGAAG k-
hsa-miR-30d-5p|0|-1 TGTAAACATCCCCGACTGGAA - 200625 2
hsa-miR-30d-5p|0|-2 TGTAAACATCCCCGACTGGA - 1745275673
hsa-miR-30d-5p 0] +1 TGTAAACATCCCCGACTGGAAGC 338084638

isomiRs

miR-30c-5p|0|+1

miR-30¢c-5p isomiRs

miR-30a-5p|0]-1
miR-30a-5p|0]-2
miR-30a-5p|0|+1
miR-30a-5p|0]+2
miR-30a-5p|0|0(+1U}

isomiR / canonical miRNA

miR-30a-5p isomiRs

miR-30a-5p|+1]+24

miR-30b-5p isomiRs

miR-30b-5p[0}-1

5 10
isomiR / canonical miRNA

miR-30d-5p] 01—
mMiR-30d-5p]0]-2-—

isomiRs

20

miR-30d-5p isomiRs

MiR-30d-5p|0]+1-N—

mIR-30d-5p10] 2
miR-30d-splojo+1 U
miR-30d-Spjop+2(+1WH

0.0 0.5 1
C ‘canonical MiRNA

0 1

s
isomiR f canenical miRNA
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Figure 32. Representation of miR-30 family isoforms in all samples from small RNA-seq data. A) miR-
30 family contains 5 members and 6 mature microRNA molecules encoded by 6 genes distributed on three
different chromosomes: miR-30e and miR-30c-1 (chrl), miR-30a and miR-30c-2 (chr6), miR-30b and miR-
30d (chr8). Tables report the canonical microRNAs and all detected isomiRs, their sequences and the
expression ratio between each isomiR and the canonical miRNA (if the sequence was detected). #: the
canonical miRNA is not detected in our small RNA-seq data. B) Expression ratio of each isomiR/miRNA is
illustrated with bar chart. The most expressed isoform is a longer 3’ isomiR for miR-30c-1, miR-30a and
miR30d. miR-30b isomiR is less expressed if compared to the canonical miRNA (ratio < 1). miR-30c-2 and
miR30e canonical miRNAs were not detected in these samples. miR-30e isomiRs can be considered “orphan
isomiRs” in this dataset.

miR-200 family
A B
miR-200b-3p isomiRs
chr1 (+) — miR-200b — miR-200a — miR-429 — miR-200b-3p|0/+1
g
e : £
A P, ISDH:;RNI?:::;:EI H miR-200b-3p[0]+1(+1U}
hsa-miR-200b-5p| 0|0 # CATCTTACTGGGCAGCATTIGGA miR-200b-3p|+1|+1(+1U)
hsa-miR-200b-3p| 0]0 TAATACTGCCTGGTAATGATGA 0 - 1 7 . _RNISA 4
hsa-miR-200b-3p |0 |+1 TAATACTGCCTGGTAATGATGAC 3.384096919 TSR
hsa-miR-200b-3p | 0] +1{+1U) TAATACTGCCTGGTAATGATGACT 2.493702431 RS isamis
hsa-miR-200b-3p | +1 | +1(+1U) _ AATACTGCCTGGTAATGATGACT 1.058009474] At AR RROmY
hsa-miR-200a-5p |00 # CATCTTACCGGACAGTGCTGGA
8 hsa-miR-200a-3p|0|-1
hsa-miR-200a-3p |00 TAACACTGTCTGGTAACGATGT €
hsa-miR-200a-3p|C|-1 TAACACTGTCTGGTAACGATG - 0.796067898| 2
hsa-miR-200a-3p |0 +1 TAACACTGTCTGGTAACGATGTT 1.26819502 hsa-miR-200a-3p[0]+1
hsa-miR-429(0]0 # TAATACTGTCTGGTAAAACCGT b = P o)
hsa-miR-429|0]|-1 TAATACTGTCTGGTAAAACCG - isomiR / canonical miRNA
chr12 (+)— miR-200c — miR-141 — MiR-200¢-3p isomiRs
isomiR/canonical
Name Sequence
1 mIRNA Ratio 2
hsa-miR-200c-5p|0]0 # CGTCTTACCCAGCAGTGTITGG § miR-200¢-3p{0]-1
hsa-miR-200c-3p|0]0 TAATACTGCCGGGTAATGATGGA
hsa-miR-200¢-3p]0]-1 TAATACTGCCGGGTAATGATGG - (.516753753 2 isomiR/ aanonical miRNA
hsa-miR-141-5p[0]0 # CATCTTCCAGTACAGTGTTGGA mif:141:3p IsomiRs
- miR-141-3p|0]-1
hsa-miR-141-3p[0]0 TAACACTGTCTGGTAAAGATGG 2
hsa-miR-141-3p|0]-1 TAACACTGTCTGGTAAAGATG - 23.15295859) £ miR-141-3p(0}+1
hsa-miR-141-3p|0|+1 TAACACTGTCTGGTAAAGATGGC 1.946459168 -
hsa-miR-141-3p|0|+2 TAACACTGTCTGGTAAAGATGGCT 0.779214083 miR-141-3pj0/+2 ]
1 5 0 15 20
isomiR / canonical miRNA

Figure 33. Representation of miR-200 family isoforms in all samples from small RNA-seq data. A) miR-
200 family contains 5 mature microRNA molecules encoded by 5 genes distributed on two different
chromosomes: miR-200b, miR-200a and miR-429 (chr1), miR-200c and miR-141 (chr12). Tables report the
canonical microRNAs and all detected isomiRs, their sequences and the expression ratio between each isomiR
and the canonical miRNA (if the sequence was detected). #: the canonical miRNA is not detected in our small
RNA-seq data. B) Expression ratio of each isomiR/miRNA is illustrated with bar chart. The most expressed
isoform is a longer 3’isomiR for miR-200b and miR200a, while a shorter 3’isomiR for miR-141. miR-200c
isomiR is less expressed if compared to the canonical miRNA (ratio < 1). miR-429 canonical miRNA was not
detected in these samples, and its isomiR can be considered “orphan isomiRs” in this dataset.
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chr2 (+) — miR-10b —

miR-10 family

hsa-miR-10b-3p 010 #

ACAGATTCGATTCTAGGGGAAT

chr17 ()— miR10a —

isomiR/canonical

Name Sequence mikNA Ratio
hsa-miR-10a-5p|0]0 TACCCTGTAGATCCGAATTTGTG
hsa-miR-10a-5p|0]-1 TACCCTGTAGATCCGAATTTGT - 3.449971606
hsa-miR-10a-5p|0]-2 TACCCTGTAGATCCGAATTIG - - 0.355502235
hsa-miR-10a-5p |03 TACCCTGTAGATCOGAATTT - - - 0.046098744| 1
hsa-miR-10a-5p |0 +1 TACCCTGTAGATCCGAATTTGTGT 0.157362231| E
hsa-miR-10a-5p|+1]0 - ACCCTGTAGATCCGAATTTGTG 0.545937807| 9
hsa-miR-10a-5p | +1]-1 - ACCCTGTAGATCCGAATTTGT - 0.398349692|
hsa-miR-10a-5p|+1]-2 - ACCCTGTAGATCCGAATTTG - - 0.053228581
hsa-miR-10a-5p|+1]+1 - ACCCTGTAGATCCGAATTTGTGT 0.121973562
hsa-miR-10a-3p |00 # CAAATTCGTATCTAGGGGAATA
chr21 (+)— miR-99a — miR-125b-2 —
isomiRfcancnical
Naine Seduené miRNA Ratio
hsa-miR-99a-5p 8]0 AACCCGTAGATCCGATCTIGTS
hsa-miR-99a-5p |0-1 AACCCGTAGATCCGATCTTGT - 1.945391233
hsa-miR-99a-5p |0]-2 AACCOGTAGATCCGATCTTG - - 0.372019295 &
E

hsa-miR-99a-3p |0]0 # CAAGCTCGCTTCTATGEETCTG 2
hsa-miR-125b-2-5p| 0|0 # TCCCTGAGACCCTAACTTGTGA
hsa-miR-125b-2-3p| 00 # TCACAAGTCAGGCTCTTGGGAC
hsa-miR-125h-7-3p| +2|+2 - - ACAAGTCAGGCTCTTGGGACCT
hsa-miR-125b-2-3p] +2|0(+1U) - ACAAGTCAGGCTCTTGGGACT

miR-10a-5p|0|-1
miR-10a-5p|0|-2
miR-10a-5p|0|-3
miR-10a-5p|0[+1
miR-10a-5p|+1[0
miR-10a-5p|+1]-1
miR-10a-5p|+1|-2
miR-10a-5p|+1]|+1

isomiR/canonical iR v H &
A Name Sequence riRNA Ratlc B miR-10b-5p isomiRs

hsa-miR-105-5p1010 TACCCTGTAGAACCGAATTTETG .
hsa-miR-106-5p |0]-1 TACCCTGTAGAACCGAATTTGT - 8243111121 miR-10b-5p|0|-1
hsa-miR-10b-5p[0]-2 TACCCTGTAGAACCGAATTTE - - 0.631004086 miR-10b-5p|0|-2 -
hsa-miR-10b-5p|0]-3 TACCCTGTAGAACCGAATTT - - - 0.079517362 miR-10b-5p|0|-31
hsa-miR-10b-5p |0]-4 TACCCTGTAGAACCGAATT -- -- 0.031344452 !E miR_10b_5p|n|_4_
hsa-miR-10b-5p |C+1 TACCCTGTAGAACCGAATTTGTGT vazraeasis| € mIR-10b-5p[0+1
hsa-miR-10b-5p |0]-1(+1U) TACCCTGTAGAACCGAATTTGTT 0.022470045| @ P
hsa-miR-10b-5p[+1]0 - ACCCTGTAGAACCGAATTTGTG 044027128 miR-10b-5p|0[-1{+1U}
hsa-miR-10b-5p|+1|-1  ACCCTGTAGAACCGAATTTGT - 0.434415976 miR-10b-5p|+1|-1-
hsa-miR-10b-5p |+1]-2 - ACCCTGTAGAACCGAATTTG - - 0.047235608 miR-10b-5p|+1|-2+
hsa-miR-10b-5p|+1]+1 - ACCCTGTAGAACCGAATITGTGT (.267104387 miR_1 0b_5p|+1 |+1 -

i}

12 4 &
isomiR / canonical miRNA

miR-10a-5p isomiRs

0 1 2 3 4

miR-99a-5p|0]-1

miR-99a-5p[0]-2

isomiR f canonical miRNA

miR-99a-5p isomiRs

0.0

05 1 1.5 20 25
isomiR / canonical miRNA

chr11 ()= miR-125b-1 = miR-100 —

Name

Sequence

IsomIR/canonical
mMiRNA Ratio

hsa-miR-125b-5p | 0| O

TCCCTGAGACCCTAACTTGTGA

hsa-miR-125b-5p|0|-1

TCCCTGAGACCCTAACTTIGTG -

0.057800772

hsa-miR-125b-5p | 0]-2
hsa-miR-1256-5p | 0[-3
hsa-miR-125b-5p | 0] +1

TCCCTGAGACCCTAACTTGT - -
TCCCTGAGACCCTAACTTG - -~
TCCCTGAGACCCTAACTTGTGAT

0.227944814
0.060843979
0.044618218|

hsa-miR-135b-5p |0 -1(+1U)

TCCCTGAGACCCTAACTTGTGT

0.066853391

hsa-miR-125b-5p |00 #

ACGGGUUAGGCUCUUGGGAGCU

hsa-miR-100-5p [0|0
hsa-miR-100-5p |0]-1

AACCCGTAGATCCGAACTTIGTG
AACCCGTAGATCLGAACTTGT -

1.584251518)

hsa-miR-100-5p |0|-2

AACCCGTAGATCCGAACTTG - -

0.150426432

hsa-miR-100-5p [D]+1
hsa-miR-100-5p | 0| 0{+1U)

AACCCGTAGATCCGAACTTIGTGG
AACCCGTAGATCCGAACTTGTGT

0.049727825
0.269018059

hsa-miR-100-3p |D]|0 #

CAAGCUUGUAUCUAUAGGUAUG

chr19 (+)— miR-99b — miR-125a —

Name

Sequence

isomiR/canonical
miRNA Ratio

hsa-miR-99b-5p| 0|0
hsa-miR-99b-5p|0]-1

CACCCGTAGAACCGACCTTGCG
CACCCGTAGAACCGACCTTGC -

0.950900861 |

hsa-miR-99b-5p|0|-2

CACCCGTAGAACCGACCTTG - -

©.193450333|

hsa-miR-99b-5p |0 0{+1U}

CACCCGTAGAACCGACCTTGCGT

0.101782133

hsa-miR-99b-3p 0|0 H

CAAGCTCGTGTCTGTGGGTCCG

hsa-miR-1253-5p |00

TCCCTGAGACCT AACCTGTGA

hsa-miR-125a-5p |0 -1
hsa-miR-125a-5p|0|-2

TCCCTGAGACCC AACCTGTG -
TCCCTGAGACCC AACCTGT - -

0.836560091]
13.56277003

hsa-miR-125a-5p|0|-3

TCCCTGAGACCC AACCTG - - -

1.707617427

hsa-miR-125a-5p|0|-4
hsa-miR-125a-5p [ 0|-2{+1U)

TCCCTGAGACCCTTTAACCT - - - -
TCCCTGAGACCC AACCTGTT -

0.25539644]
0281816291

hsa-miR-125a-5p|0|-1(+1U)

TCCCTGAGACCC AACCTGTGT

0.187693016]

hsa-miR-125a-3p[0[0 #

ACAGGTGAGGTTCTTGGGCAGCC

miR-125b-5p isomiRs

miR-125b-5p|0|-1

isomiRs

miR-125b-5p]0|-2
miR-125b-5p|0|-3

miR-125b-5p|0[+1

miR-125b-5p|0]-1{+1U)

miR-1

miR-1

isomiRs

miR-100-5p|0[+1

miR-100-5p(|0]0(+1U)

0.0 0.5
isomiR / canonical miRNA

miR-100-5p isomiRs

00-5p|0]-1

00-5p|0]-2

0.0 2.0
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Figure 34. Representation of miR-10 family isoforms in all samples from small RNA-seq data. A) miR-
10 family consists of miR-10a and miR-10b (encoded in Hox clusters, chr17 and chr2 respectively), and the
more distantly related miR-99a/b, miR-100 and miR-125 (chr21, chrl1 and chr19). Tables report the canonical
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microRNAs and all detected isomiRs, their sequences and the expression ratio between each isomiR and the
canonical miRNA (if the sequence was detected). #: the canonical miRNA is not detected in our small RNA-
seq data. B) Expression ratio of each isomiR/miRNA is illustrated with bar chart. The most expressed isoform
is a shorter 3” isomiR for miR-10a, miR-10a, miR-99a, miR-100, miR-125a. miR-125b and miR-99b isomiRs
are less expressed if compared to the canonical miRNA (ratio < 1). miR-125b-2 canonical miRNA was not

detected in these samples, and its isomiRs can be considered “orphan isomiRs” in this dataset.

6.4.4. Identification of isomiRs more expressed than the canonical form in early-stage

melanoma

We focused on isomiRs that showed a higher or an equal expression level than the corresponding
canonical mRNA form in melanomas to identify the most relevant isomiRs specifically in early-stage
melanomas. The expression ratio between all isomiRs and canonical miRNA was calculated,
excluding miRNAs without isomiRs and orphan isomiRs. We used the average expression of the
selected 412 mature miRNAs in 20 early-stage melanomas and calculated the expression ratio for
each isomiR obtaining a wide set of ratios: from 3000 times less expressed than the canonical

miRNAs to 50 times more expressed. 39 isomiRs with a ratio isomiR/miRNA >1 were obtained

(Figure 35A).
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Figure 35. Expression of mature microRNAs in FFPE samples. A) [somiR/canonical miRNA expression
in 20 FFPE melanoma samples. Bar graph representing isomiR/miRNA ratios in 20 FFPE early-stage
melanoma samples greater than 1 for isomiR with an average normalized expression >20 (n = 39). B) List of
55 mature microRNAs differently expressed in 20 FFPE early-stage melanoma compared to 3 FFPE benign
nevi samples. Interleaved bar charts showing the average log FC in CM vs. BN. We identified 10 upregulated

(in red) and 45 downregulated mature microRNAs with FC >2 and adjusted p value < 0.05.
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Interestingly, many of these isomiRs belonged to the same miRNA family: 9 isomiRs belong to miR-
30 family (3 to miR-30a-5p, 1 to miR-30c-5p, and 3 to miR-30d-5p); 5 isomiRs belong to miR-
221/222 family (3 to miR-221-3p and 2 to miR-222-3p); 4 isomiRs belong to miR-10 family (1 to
miR-10a-5p, 1 to miR-10b-5p, and 2 to miR-125a-5p) 3 isomiRs belong to miR-101 family (all to
miR-101-3p), 3 isomiRs belong to miR-200 family (1 to miR-141-3p and 2 to miR-200b-3p), and 3
isomiRs belong to miR-27 family (1 to miR-27a-3p and 2 to miR-27b-3p).

6.4.5. Benign nevi and early-stage melanoma present a different mature miRNA expression

profile

Mature miRNA expression profile of 3 BN and 20 early-stage CM was analyzed and compared. 55
mature miRNAs (18 canonical and 37 isomiRs) were identified as differentially expressed between
early-stage CM and BN (adjusted p value < 0.05, Figure 35B): 45 are downregulated in melanoma,
while 10 are upregulated (Table 18).

Table 18. List of differentially expressed mature microRNAs in primary melanoma (CM) and benign
nevi (BN) samples

Mature miRNAs differently expressed in CM vs BN

Name p value (Corr) Regulation Log FC
canonical miRNAs
hsa-let-7b-5p|0|0 1.0E-02 up 2.73
hsa-miR-205-5p|0|0 9.3E-03 up 2.04
hsa-miR-143-3p|0|0 4.2E-02 up 1.50
hsa-miR-27a-3p|0]0 7.1E-03 down -1.60
hsa-miR-192-5p|0|0 3.9E-02 down -1.61
hsa-miR-99a-5p|0[0 2.1E-02 down -1.77
hsa-miR-99b-5p|0|0 3.6E-02 down -1.94
hsa-miR-28-3p|0|0 1.1E-02 down -1.99
hsa-miR-181a-2-3p|0]0 5.8E-04 down -2.05
hsa-miR-497-5p|0]0 3.4E-04 down -2.27
hsa-miR-148a-3p|0|0 2.7E-03 down -2.29
hsa-miR-30b-5p|0|0 3.3E-03 down -2.47
hsa-miR-199a-3p|0|0 1.5E-05 down -3.07
hsa-miR-101-3p|0|0 4.2E-05 down -3.08
hsa-miR-199a-5p|0|0 8.9E-07 down -3.21
hsa-miR-27b-3p|0|0 3.2E-06 down -3.38
hsa-miR-125b-5p|0/0 9.6E-07 down -3.98
hsa-miR-29a-3p|0/0 8.6E-09 down -6.42
isomiRs
hsa-let-7b-5p|0+1 5.6E-03 up 2.54
hsa-miR-30d-5p|0+2 7.2E-03 up 2.25
hsa-miR-30a-5p|0[+2 1.3E-03 up 2.17
hsa-miR-222-3p|0[+3 9.0E-03 up 2.00
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hsa-miR-143-3p|0/0(+1U) 2.6E-02 up 1.71
hsa-miR-143-3p|0}-1 4.5E-02 up 1.70
hsa-miR-203a-3p[+1|0(+1U) 4.2E-02 up 1.46
hsa-miR-199a-3p|+1|-1 2.0E-02 down -1.19
hsa-miR-30a-5p|0]-1 1.7E-02 down -1.28
hsa-miR-30a-5p|0]-2 4.5E-02 down -1.36
hsa-miR-26a-5p|+3|0 4.3E-02 down -1.44
hsa-miR-103a-3p|0]-1(+1U) 3.2E-02 down -1.57
hsa-miR-27b-3p|0|0(+1U) 5.0E-02 down -1.57
hsa-miR-26a-5p|0|-1 2.0E-02 down -1.64
hsa-miR-148a-3p|0}+1 3.2E-02 down -1.73
hsa-miR-148a-3p|0]+2 1.7E-02 down -1.75
hsa-miR-27b-3p|0]-1 2.7E-02 down -1.78
hsa-miR-23b-3p|+3|-2 6.8E-03 down -1.87
hsa-miR-148a-3p|0|0(+1U) 1.2E-02 down -1.90
hsa-miR-26a-5p|0|0(+2U) 1.6E-04 down -2.06
hsa-miR-27a-3p|0]-2 3.1E-03 down -2.10
hsa-miR-101-3p|0/0(+1U) 2.7E-03 down -2.12
hsa-miR-30e-5p|0}+1 4.8E-04 down -2.35
hsa-miR-141-3p|0]-1 3.8E-03 down -2.36
hsa-miR-30d-5p|0]-1 8.5E-03 down -2.46
hsa-miR-99b-5p|0]-1 1.1E-02 down -2.53
hsa-miR-199a-5p|0]-1 6.1E-06 down -2.79
hsa-miR-27a-3p|0]-1 1.3E-03 down -2.81
hsa-miR-19b-3p|0}-1 2.6E-04 down -3.02
hsa-miR-101-3p|0]+1 3.4E-05 down -3.15
hsa-miR-27b-3p|0]-2 3.4E-05 down -3.23
hsa-miR-100-5p|0]-1 1.3E-03 down -3.50
hsa-miR-27b-3p|0]+1 4.7E-06 down -3.51
hsa-miR-27a-3p|0]-3 9.6E-07 down -3.89
hsa-miR-27b-3p|0}-1(+1U) 1.2E-06 down -3.95
hsa-miR-101-3p|-1]-1 1.2E-06 down -4.70
hsa-miR-29a-3p|0|-1 4.0E-08 down -5.79

10 differentially expressed canonical miRNAs have at least one isomiR in this list of 55 mature
miRNAs ((let-7b-5p, miR-101-3p, miR-143-3p, miR-148a-3p, miR-199a-3p, miR-199a-5p, miR-
27a-3p, miR-27b-3p, miR-29a-3p, miR-99b-5p), while 8 do not have any isomiR in the list (miR-
125b-5p, miR-181a-2-3p, miR-192-5p, miR-205-5p, miR-28-3p, miR-30b-5p, miR-497-5p, miR-
99a-5p). 16 isomiRs do not have the canonical miRNA in the list, meaning that these isomiRs are
differently expressed in early-stage CM vs. BN, but not the corresponding canonical miRNAs. The
other 21 isomiRs have the canonical miRNA in the list. In most cases, isomiRs show the same

expression variation than the canonical miRNA, namely isomiR(s) and the corresponding canonical
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miRNA are all downregulated or upregulated in the CM compared to BN. Despite this, there are
exceptions: some isomiRs of the same canonical miRNA, such as miR-30a-5p and miR-30d-5p,
present opposite trends: miR-30a-5p|0[+2 and miR-30d-5p|0|+2 are upregulated in early-stage CM,
while miR-30a-5p|0|-1, miR-30a-5p|0|-2 and miR-30d-5p|0|-1 are downregulated compared to BN.

Their canonical forms are not differentially expressed between CM and BN.

In the 55 mature miRNA list, there are 16 isomiR with a ratio isomiR/miRNA > 1, namely hsa-miR-
101-3p|0[+1 (ratio = 1.83), hsa-miR-101-3p|0|0(+1U) (ratio = 2.2), hsa-miR-101-3p|-1|-1 (ratio =
1.8), hsa-miR-141-3p|0]-1 (ratio = 30.1), hsa-miR-19b-3p|0|-1 (ratio = 5.31), hsa-miR-203a-
3p[+1|{0(+1U) (ratio = 1.99 ), hsa-miR-222-3p|0+3 (ratio = 53.84), hsa-miR-27a-3p|0}-1 (ratio =
4.08), hsa-miR-27a-3p|0|-2 (ratio = 1.02), hsa-miR-27b-3p|0}-1 (ratio = 2.29), hsa-miR-29a-3p|0|-1
(ratio = 1.57), hsa-miR-30a-5p|0|-1 (ratio = 2.30), hsa-miR-30a-5p|0|+2 (ratio = 22.55), hsa-miR-
30a-5p|0|-2 (ratio = 5.54), and hsa-miR-30d-5p|0|-1 (ratio = 1.15 ), and hsa-miR-30d-5p|0|+2 (ratio
=11.64).

6.4.6. Classification of isomiRs with a potentially relevant role in early-stage melanoma

We selected mature miRNAs showing two characteristics: 1) at least one isoform is differentially
expressed between early-stage CM and BN; ii) at least one isoform is more expressed than the
canonical form. We obtained a list of 10 miRNAs, which were further divided into four classes

(Figure 36):

(a) isomiRs with a similar trend in early-stage CM vs. BN and similar relative abundance;
(b) isomiRs with a similar trend in early-stage CM vs. BN and different relative abundance;
(c) isomiRs with opposite trend in early-stage CM vs. BN and similar relative abundance;

(d) isomiRs with opposite trend in early-stage CM vs. BN and different relative abundance.
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Figure 36. Classification of mature miRNAs based on differential expression in melanoma (CM) and
benign nevi (BN) and on relative abundance.
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6.4.6.1.  IsomiRs with a similar trend in early-stage CM vs. BN and similar relative abundance

miR-19b-3p, miR-27a-3p, miR-29a-3p and miR-222-3p belong to the first class, which includes
canonical miRNAs and corresponding isomiRs with the same trend of variation between early-stage
CM and BN and similar abundance distribution. Canonical miRNAs and the isomiRs of miR-19b-3p,
miR-27a-3p, miR-29a-3p are downregulated in CM, while mature miRNAs of miR-222-3p are
upregulated in CM. Also the relative abundance is similar in CM and BN, in both the most expressed
isomiRs are miR-19b-3p|0}-1, 27a-3p|0|-1, miR-29a-3p|0}- 1 followed by the canonical miR-29a-3p,
and miR-222-3p|0|+3 (Figure 37).
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Figure 37. Group 1: IsomiRs with a similar trend in 20 FFPE CM vs. 3 FFPE BN and similar relative
abundance. (A) Mature microRNA expression in BN and CM. All mature microRNAs are represented in a
separated bar chart (mean + standard deviation). A Mann-Whitney test was performed to compare the
expression level in BN and CM. P values are shown when the difference is statistically significant. (B)
Expression trend of mature microRNAs in BN and primary CM. Before-after blot shown the same expression
trend between mature microRNAs. (C) Mature microRNA abundance distribution microRNAs in BN and CM.
Stacked bar chart illustrates the same mature microRNA abundance distribution between BN and CM. Mature
microRNAs are sorting based on their expression in BN.
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6.4.6.2.  IsomiRs with a similar trend in CM vs. BN and different relative abundance

miR-101-3p and miR-27b-3p belong to the second class, where miRNAs have the same trend of
variation for all their isomiRs in CM vs. BN, but there is different abundance distribution between
CM and BN. Almost all isomiRs and canonical miR-101-3p are significantly downregulated in CM.
However, there is a difference in relative abundance distribution. We observed that the major
expressed isomiR is miR-101-3p|0|0(+1U) in CM and miR-101-3p|-1|-1 in BN. The 9 isomiRs and
canonical form of miR-27b-3p are lower expressed in CM compared to BN with a significant
difference in most of the cases. Looking at the abundance distribution, miR-27b-3p|0}-1 is the most
expressed form in CM, while the canonical miRNA is the most expressed mature miRNA in BN

(Figure 38).
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Figure 38. Group 2: IsomiRs with a similar trend in 20 CM vs. 3 BN and different relative abundance.
(A) Mature microRNA in BN and CM. All mature microRNAs are represented in a separated bar chart (mean).
Bar indicates standard deviation. Mann-Whitney t test was performed to compared expression level in BN and
CM. p values are shown when the difference is statistically significant. (B) Expression trend of mature
microRNAs in BN and CM. Before-after blot shown the same expression trend between mature microRNAs.
(C). Mature microRNA abundance distribution in BN and CM. A stacked bar chart illustrates a different mature
microRNA abundance distribution between BN and CM. Mature microRNAs are sorting based on their
expression in BN.
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6.4.6.3.  IsomiRs with opposite trend in CM vs. BN and similar relative abundance

miR-141-3p is the only miRNA of the third class. miR-141-3p|0-1 is downregulated in CM
compared to BN (p value = 0.0023), while the canonical miRNA and miR-141-3p|0[+1 have a
comparable expression in CM and BN. miR-141-3p|0[+2 is only detectable in CM samples. The
abundance distribution is similar between CM and BN: miR-141-3p|0|-1 is the most expressed mature

miRNA in both groups (Figure 39).
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Figure 39. Group 3: IsomiRs with opposite trends in 20 CM vs. 3 BN and similar relative abundance.
(A) Mature microRNA expression in BN and CM. All mature microRNAs are represented in a separated bar
chart (mean). Bar indicates standard deviation. Mann-Whitney t test was performed to compared expression
level in BN and CM. p values are shown when the difference is statistically significant. (B) Expression trend
of mature microRNAs in BN and CM. Before-after blot shown a different expression trend between mature
microRNAs. (C) Mature microRNA abundance distribution in BN and CM. The stacked bar chart illustrates
the same mature microRNA abundance distribution between BN and CM. Mature microRNAs are sorting
based on their expression in BN.

6.4.6.4.  IsomiRs with opposite trend in CM vs. BN and different relative abundance

Finally, the last class includes three miRNAs, namely miR-30a-5p, miR-30d-5p and miR-203a-3p,
which show different expression trend between isomiRs and the canonical form and a different

1somiRs abundance distribution in CM and BN.

We identified six different isomiRs of miR-30a-5p that are expressed in CM and BN. One isomiR is
upregulated (miR-30a-5p|0[+2), while two are downregulated (miR-30a-5p|0j-1, miR-30a-
5p|0]0(+1U)) in CM. The most expressed mature miRNA in CM is miR-30a-5p|0[+2, while in BN is
miR-30a-5p|0]-2.

Similarly, miR-30d-5p have six detected isomiRs: the canonical form and several isomiRs do not
show differences between CM and BN, and one isomiR is detected only in CM (miR-30d-
5p|0j+2(+1U)). However, there are two isomiRs that have a significant and opposite trend: miR-30d-
5p|0j-1 is downregulated in CM, while miR-30d-5p|0|+2 is upregulated in CM. Furthermore, miR-
30d-5p|0}-1 and miR-30d-5p|0|+2 are also the most expressed isomiR in CM and BN, respectively.
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We found nine isomiRs of miR-203a-3p, but only three of them have different expression. MiR-203a-
3p|0]-1 and miR-203a-3p|0|+1 are under expressed in CM, while miR-203a-3p|+1|0(+1U) is
overexpressed in CM. Moreover, isomiR abundance distribution is different: the most expressed

isomiR in BN is miR-203a-3p|0|+1, while in CM is miR-203a-3p|+1|0(+1U) (Figure 40).
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Figure 40. Group 4: IsomiRs with the opposite trend in 20 CM vs. 3 BN and different relative abundance.
(A) Mature microRNA expression in BN and CM. All mature microRNAs are represented in a separated bar
chart (mean). Bar indicates standard deviation. A Mann-Whitney t test was performed to compared expression
level in BN and CM. p values are shown when the difference is statistically significant. (B) Expression trend
of mature microRNAs in BN and CM. Before-after blot shown a different expression trend between mature
microRNAs. (C) Mature microRNA abundance distribution in BN and CM. The stacked bar chart illustrates a
different mature microRNA abundance distribution between BN and CM. Mature microRNAs are sorting
based on their expression in BN.

6.4.7. IsomiR classification in fresh-frozen primary melanoma and metastasis from TCGA

database

We studied the contribution of the isomiRs in 323 melanoma patients, including 63 primary cutaneous

melanomas (CM), and 260 melanoma metastases (MM), and we analyzed the association of isomiR
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expression with melanoma mutated genes. 3690 mature miRNAs were detected, including 474

canonical miRNAs and 3216 isomiRs (Supplementary Table S4 from Broseghini et al. [530]).

The majority of canonical miRNA (n=389) had at least one co-expressed isomiR, while 85 miRNAs
did not have any detected isomiR. Again, we detected the presence of orphan isomiRs (n = 258),
while 2958 isomiRs present a detectable canonical miRNA. In the isomiRs list, we showed the
presence of 5° non-templated addition group, namely isomiRs with the addition of one or more
nucleotides in the 5° end, which did not match with the stem-loop sequence. End-site type is the most
frequent isomiR group. Finally, we detected four novel miRNAs and three isomiRs of novel miRNAs,

which have been previously detected by examining small RNA-seq samples [587] (Table 19).

Table 19. Mature microRNA classification in 323 fresh-frozen melanoma from TCGA SKCM cohort.

Mature miRNAs from small RNA-seq

Type Sub-type Total
miRNA with isomiR 90 (18.2%)
"canonical" miRNAs 130 (26.3%)
miRNA without isomiR 40 (8.1%)
isomiR with canonical miRNA 324 (65.6%)
isomiRs 364 (73.7%)
orphan isomiR 40 (8.1%)
Total 494 (100%)
Classification miRNAs with isomiRs
Groups Sub-groups Total
miRNAs with 1 isomiR 25 (27.8%) 25 (27.8%)
2 isomiRs 14 (15.6%)
miRNA with 2-3 isomiRs 27 (30.0%)
3 isomiRs 13 (14.4%)
4 isomiRs 10 (11.1%)
miRNA with 4-5 isomiRs 21 (23.3%)
5 isomiRs 11 (12.2%)
6 isomiRs 6 (6.7%)
7 isomiRs 2 (2.2%)
8 isomiRs 2 (2.2%)
miRNA with 6-13 isomiRs 9 isomiRs 3 (3.4%) 17 (18.9%)
10 isomiRs 2 (2.2%)
11 isomiRs 1 (1.1%)
13 isomiRs 1 (1.1%)
Total 90 (100%)
Classification isomiRs with canonical miRNA
Groups Sub-groups Total
End-site isomiRs 199 (61.4%) 199 (61.4%)
Start-site isomiRs 19 (5.9%) 19 (5.9%)
Shifted isomiRs 9 (2.8%) 9 (2.8%)
3’ non-templated addition isomiRs 43 (13.2%) 43 (13.2%)
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End-site + start-site 13 (4.0%)
End-site + 3’ non-templated addition 34 (10.5%)
Mixed isomiRs 54 (16.7%)
Start-site + 3’ non-templated addition 6 (1.9%)
Shifted + 3’ non-templated addition 1 (0.3%)
Total 324 (100%)

6.4.8. Identification of the isomiRs more expressed more expressed than the canonical form

in fresh primary melanoma samples from TCGA

We investigated isomiRs that showed a higher or an equal expression level than canonical mRNA in
primary melanomas from the TCGA SKCM cohort, which includes mostly stage II and stage III fresh
primary melanoma. We calculated the expression ratio between 2958 isomiRs and the corresponding
canonical miRNA in 63 CM and we found 1373 isomiR with a ratio > 1. Among them, there were 21
isomiRs already identified in early-stage FFPE melanomas (mostly stage [ melanomas) (Figure 35A),
confirming the identification of these isomiRs also in fresh melanoma tissue and late-stage
melanomas (Table 20).

Table 20. List of isomiRs with an isomiR/canonical miRNA ratio greater than 1 in 63 fresh-frozen and

20 FFPE primary melanoma samples at different stages
Ratio isomiR/canonical miRNA in Ratio isomiR/canonical miRNA

Mature microRNA name

63 late-stage CM samples in 20 early-stage CM sample
hsa-miR-101-3p|0/0(+1U) 1.21 2.22
hsa-miR-125a-5p|0}-2 2.22 10.35
hsa-miR-141-3p|0}-1 506.45 30.01
hsa-miR-142-5p|-2|-3 137.60 1.28
hsa-miR-146b-5p|0]+1 2.68 1.07
hsa-miR-199a-3p|0}-1 5.22 4.89
hsa-miR-199a-3p|-1}-1 1.14 1.66
hsa-miR-200b-3p|0]+1 241 10.39
hsa-miR-200b-3p|0+1(+1U) 67983.34 7.76
hsa-miR-203a-3p[+1|0(+1U) 16.12 1.99
hsa-miR-203a-3p|0|+1 6.59 1.40
hsa-miR-222-3p|0[+3 3.80 53.84
hsa-miR-222-3p|0[+4 57.90 15.25
hsa-miR-26b-5p|0+1 15.51 4.61
hsa-miR-27a-3p|0}-1 2.53 4.08
hsa-miR-27a-3p|0}-2 1.68 1.02
hsa-miR-27b-3p|0}-1 522.43 2.29
hsa-miR-29a-3p|0|-1 9.61 1.57
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hsa-miR-30c-5p|0[+1 18.70 9.81
hsa-miR-30d-5p|0}-1 1.37 1.15
hsa-miR-30d-5p|0]-2 33.78 1.55

6.4.9. IsomiR expression contributes to distinguish primary melanoma and metastasis

The mature miRNA profiles of 63 fresh-frozen CM and 260 MM samples from the TCGA database
were compared using an unpaired t-test (Benjamini-Hochberg correction, FC > 1.5, adjusted p value
<0.05), and we found 332 mature miRNAs differentially expressed: 211 are upregulated and 121 are
downregulated in MM vs. CM (Supplementary Figure S1, Supplementary Table S6 from Broseghini
et al. [530]). Looking at the type of mature miRNAs, 36 are canonical miRNAs, while the remaining

296 are isomiR variants. The most representative isomiR type is end-site group (n=175).

We found isomiRs that showed opposite trend in CMs and MMs compared to their canonical miRNA.
Specifically, miR-101-3p, miR-146b-3p, miR-148a-3p, miR-15a-5p, miR-16-5p, miR-181a-5p, miR-
181a-2-3p, miR-181b-5p, miR-21-5p, miR-22-3p, miR-23a-5p, miR-23b-3p, miR-24-3p, miR-30e-
5p, miR-361-3p, and miR-500a-3p have at least two variants with opposite trends (Supplementary
Table S5, Supplementary Figure S2 from Broseghini et al. [530]).

Three isomiR variants of miR-101-3p showed three differently expressed isomiRs: miR-101-3p|0]-2
and miR-101-3p|-1|-2 are upregulated, while miR-101-3p|0|0(+2U) is downregulated in MM
compared to CM.

MMs showed high level of miR-146b-3p|0j—1 and a low level of miR-146b-3p|-1|-2 compared to
CM. miR-15a-5p, miR-16-5p and miR-181a-5p have an upregulated isomiR (miR-15a-5p|0}-2, miR-
16-5p|0]-2, miR-181a-5p|0}-3, respectively), and a downregulated isomiR (miR-15a-5p|0[+2, miR-
16-5p|0|+3, miR-181a-5p|0[+2, respectively).

There are several differentially expressed of miR-148a-3p: two are downregulated (miR-148a-
3p|0+2, miR-148a-3p|0|0(+2U)), while five are upregulated: (miR-148a-3p|+1|0, miR-148a-3p|+1|-
1, miR-148a-3p|0j-1, miR-148a-3p|0|-2, and miR-148a-3p|0|-3)) in MM compared to CM. The
majority of the mature miRNAs of miR-181a-2-3p and miR-181b-5p are downregulated in MM (miR-
181a-2-3p/0[+1, miR-181a-2-3p|-1|0, miR-181a-2-3p|-1]-1; miR-181b-5p|0|+1, miR-181b-
5pl0+2(+1U), miR-181b-5p|0|0), while only one is upregulated (miR-181a-2-3p|0]-3, miR-181b-
5p|0}-3).

miR-21-5p, miR-22-3p, miR-24-3p and miR-30e-5p present mostly upregulated isomiRs (miR-21-
5p[+2|0, miR-21-5p|+4|0, miR-21-5p|0[-2, miR-21-5p|0|-3, miR-21-5p|0[-4; miR-22-3p+2|0, miR-
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22-3p|0]-2, miR-22-3p|0}-3, miR-22-3p|0}—4; miR-24-3p|0]-3, miR-24-3p|0|-3(+1U); miR-24-3p|0|—
4, miR-30e-5p[+1|-2, miR-30e-5p|0|-2, miR-30e-5p|0]-3) and only one downregulated (miR-21-
5p|0[+2, miR-22-3p|0[+1(+1U), miR-24-3p|0|0(+2U), miR-30e-5p[+1|+4, respectively) in MM
compared with CM. miR-23a-3p has two downregulated isomiRs (miR-23a-3p|0[+1(+2U), miR-23a-
3p|0[+2(+1U)) and three upregulated isomiRs (miR-23a-3p|+1|-1, miR-23a-3p|0|-2, miR-23a-3p|0|—
3) in MM vs. CM. miR-23b-3p and miR-500a-3p have only one upregulated mature miRNA (miR-
23b-3p|0}—4, miR-500a-3p|-1|-3), while all the others are downregulated in MM (miR-23b-3p|+1]0,
miR-23b-3p|+1]|0(+1U), miR-23b-3p|0|0, miR-23b-3p|0|0(+1U), miR-23b-3p|0|-1(+1U), miR-23b-
3p|0|-1(+2U); miR-500a-3p|0|+1(+1U), miR-500a-3p|-1|+1, miR-500a-3p|-1|0, miR-500a-3p|-1|-
4). Finally, we found two downregulated isomiRs (miR-361-3p[+1[+2, miR-361-3p|0]+2) and two
upregulated isomiRs of miR-361-3p (miR-361-3p|0}-2, miR-361-3p|0|-3) in MM vs. CM.

6.4.10 Identification of isomiRs associated with driver gene mutations in TCGA samples

Mutation status of BRAF, NRAS and NF1 for the melanoma samples was collected from the TCGA
database (Supplementary Table S7 from Broseghini et al. [530]). For BRAF, the most frequent
mutation is the missense mutation V60OE, which is present in 145 samples. Among them, 21
melanomas have also the mutation V600M. For NRAS, there are frequently missense mutations in
Q61- position. Specifically, 33 samples with Q61R, 28 samples with Q61K, 11 samples with Q61L
and five samples with Q61H have been found. There is a wide variety of different mutations and
different types of mutations of NF1, including missense, stop codon, frameshift, and splice mutations.
We investigate the isomiR differential expression in mutated NF1, BRAF and NRAS compared to
wild type (WT) samples.

6.4.10.1. Identification of mature miRNAs associated with mutated NF1

We collected the NF1 mutation status for 66 melanoma samples: 51 with at least one mutation in
NF1, while 15 with wild type NF1. Mature miRNA expression was compared in melanomas with
NF1mut vs. NF1wt (t Test unpaired unequal variance (Welch), adjusted p value < 0.01), and it

emerged that five mature miRNAs were differentially expressed mature miRNAs (Table 21).

Table 21. List of mature microRNAs associated with NF1 mutation in TCGA SKCM samples
Comparison between NF1 mutated and NF1 WT samples

p value
Name Sequence Type Regulation FC
(Corr)
. mixed: shifted +
hsa-miR-378a-3p|— CACTGGACTTGGAGTC
3'non-templated 7.77E-02 down -2.55

1-1(+1U) AGAAGGT adic
addition
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GAGGTAGTAGGTTGCA mixed: start-site +

hsa-let-7d-5p[+1|-1 9.29E-02 up 1.62
TAGT end-site
hsa-miR-148a- GTGCACTACAGAACTTT mixed: start-site +
) 7.77E-02 up 2.04
3p[+31-1 G end-site
hsa-miR-584-5p|-1- ATTATGGTTTGCCTGGG mixed: start-site +
8.38E-02 up 2.75
2 ACTG end-site
ACTCCAGCCCCACAGC
hsa-miR-766-3p|0]-2 CTCA end-site 7.77E-02 up 2.26

6.4.10.2. Identification of mature miRNAs associated with mutated BRAF

TCGA provided BRAF mutation status of 187 melanoma samples: 168 had at least one mutation in
BRAF while 19 are without BRAF mutations. The most frequent mutation of BRAF is in V600-
position (149 patients): V60OE (n= 118), V60OE + V600M (n=21), V60OM + V600G (n=3), V600OE
+ V660V (n=2), V60OE + other mutations (n=5). The association between isomiR expression and
BRAF mutation, comparing mutated vs. wild type BRAF, was assessed and it resulted in a list 44
differentially expressed mature miRNAs. Most of them (n=42) are upregulated in BRAF mutated
melanoma patients, while only two isomiRs are downregulated (hsa-miR-181a-2-3p|0|+1, hsa-miR-

92a-3p|0[+1(+1U)) (Table 22).

Successively, we analyzed mature miRNAs that are specifically altered in BRAF (V600E) melanoma.
Melanomas with exclusively V60OE mutation and melanomas with both V600OE and V600M BRAF
mutations showed a different mature miRNA profile. There are 7 differentially expressed mature
miRNAs: let-7b-3p|0]-1(+1U), miR-100-5p|0|0(+1U), miR-125b-5p|0|0, miR-221-3p|0|-1 are
downregulated, while let-7a-5p|+1|-2, miR-1247-5p|0|-1, miR-219a-1-3p|0|0 are upregulated in
V600E|V600M BRAF mutated melanomas compared to VOOOE BRAF mutated melanomas (Table
22).

Table 22. List of mature microRNAs associated with BRAF mutation in TCGA SKCM samples
IsomiRs differentially expressed in mutated vs. wild type (WT) BRAF melanoma samples

Regu
Name Sequence Type p value (Corr) FC
lation
hsa-miR-181a-2- ACCACTGACCGTTGACTGTA
end-site 2.17E-02 down -1.57
3p|0}+1 CCT
mixed: end-site
hsa-miR-92a- TATTGCACTTGTCCCGGCCT + 3' non-
2.14E-02 down -1.31
3plO[+1(+10) GTGT templated

addition
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mixed: end-site

hsa-let-7d-3p|0|— CTATACGACCTGCTGCCTTT + 3' non-
4.40E-02 up 0.76
2(+20) TT templated
addition
hsa-let-7i-3p|0]-2 CTGCGCAAGCTACTGCCTTG end-site 2.12E-02 up 1.75
mixed: start-site
hsa-miR-100-5p|+1|-1 ACCCGTAGATCCGAACTTGT 2.14E-02 up 1.96
+ end-site
AACCCGTAGATCCGAACTTG
hsa-miR-100-5p|0}-1 T end-site 2.02E-02 up 2.00
mixed: end-site
hsa-miR-100-5p|0}- AACCCGTAGATCCGAACTTG + 3' non-
7.63E-07 up 1.39
1(+2U0) TTT templated
addition
hsa-miR-106b-3p[+1|— mixed: start-site
CGCACTGTGGGTACTTGCTG 4.49E-03 up 0.81
1 + end-site
) ACCCGTCCCGTTCGTCCCCG )
hsa-miR-1247-5p|0]-1 G end-site 2.02E-02 up 0.96
TCCCTGAGACCCTAACTTGT
hsa-miR-125b-5p|0[+1 end-site 2.44E-04 up 0.86
GAG
hsa-miR-1307-3p|0-2 ACTCGGCGTGGCGTCGGTCG end-site 3.05E-02 up 0.80
mixed: end-site
hsa-miR-143-3p|0|- + 3'non-
TGAGATGAAGCACTGTAGT 3.95E-02 up 1.06
3(+10) templated
addition
CTGAGATGAAGCACTGTAGC
hsa-miR-143-3p|-1}-1 T shifted 4.64E-02 up 1.03
mixed: start-site
hsa-miR-143-3p|-1-3  CTGAGATGAAGCACTGTAG 2.59E-02 up 1.21
+ end-site
hsa-miR-146a-5p|0}—4 TGAGAACTGAATTCCATG end-site 3.11E-02 up 0.87
) TAGGTTATCCGTGTTGCCTT )
hsa-miR-154-5p|0|0 G canonical 8.45E-03 up 0.94
) AACATTCAACCTGTCGGTGA )
hsa-miR-181¢-5p|0|0 oT canonical 8.45E-03 up -1.57
hsa-miR-199a-3p|+3|- mixed: start-site
GTAGTCTGCACATTGGTT 4.49E-03 up 1.07
1 + end-site
TTCCCTTTGTCATCCTATGCC
hsa-miR-204-5p|0|0 T canonical 1.91E-02 up 0.82
hsa-miR-204- TTCCCTTTGTCATCCTATGCC  3'non-templated
» 2.46E-02 up 1.95
5p|0j0(+2U) TTT addition
hsa-miR-204-5p|0}-1 = TTCCCTTTGTCATCCTATGCC end-site 1.40E-02 up 0.87
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hsa-miR-204-5p|0|-2 TTCCCTTTGTCATCCTATGC end-site 1.60E-02 up 2.09
GCCTGTCTACACTTGCTGTG
hsa-miR-214-5p|+1|0 c start-site 2.59E-02 up 1.76
hsa-miR-296-3p|0|-2 GAGGGTTGGGTGGAGGCTCT end-site 3.53E-05 up 0.96
mixed: end-site
hsa-miR-29a-3p|0|— + 3'non-
TAGCACCATCTGAAATCGTT 4.15E-03 up 0.98
4(+2U) templated
addition
hsa-miR-30c-2-3p|0-2 CTGGGAGAAGGCTGTTTACT end-site 1.39E-02 up 0.85
TCTCTGGGCCTGTGTCTTAG
hsa-miR-330-5p|0}-1 G end-site 2.54E-02 up 0.72
hsa-miR-342- TCTCACACAGAAATCGCACC  3'non-templated
» 4.49E-03 up 0.78
3pl0j0(+1U) CGTT addition
GGGGTGCTATCTGTGATTGA  mixed: start-site
hsa-miR-342-5p[+11+2 1.09E-02 up 0.70
GG + end-site
) TATACAAGGGCAAGCTCTCT )
hsa-miR-381-3p|0|0 oT canonical 2.52E-02 up 0.61
AGGTTACCCGAGCAACTTTG
hsa-miR-409-5p|0]0 canonical 4.97E-02 up 0.94
CAT
TGAGGGGCAGAGAGCGAGA
hsa-miR-423-5p|0]-2 oT end-site 2.54E-02 up 0.93
mixed: end-site
hsa-miR-432-5p|0|- TCTTGGAGTAGGTCATTGGG + 3' non-
4.64E-02 up 1.06
1(+10) TGT templated
addition
GTCATACACGGCTCTCCTCT
hsa-miR-485-3p|0|0 oT canonical 3.05E-02 up 1.00
TGAAGGTCTACTGTGTGCCA
hsa-miR-493-3p|0|-1 G end-site 9.25E-03 up 0.90
) AAACAAACATGGTGCACTTC )
hsa-miR-495-3p|0|0 T canonical 8.45E-03 up 0.92
) GAAAGCGCTTCCCTTTGCTG )
hsa-miR-518a-3p|0|0 GA canonical 1.91E-02 up 0.89
hsa-miR-519a-5p|-1- ACTCTAGAGGGAAGCGCTTT
shifted 2.44E-04 up 2.55
1 CT
mixed: start-site
hsa-miR-625-3p|+1|- ACTATAGAACTTTCCCCCTC + end-site + 3'
3.90E-02 up 3.59
1(+10) T non-templated

addition
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) TCCGGTTCTCAGGGCTCCAC )
hsa-miR-671-3p|0|0 c canonical 3.95E-02 up 0.85
) GTAAGGGACCGGAGAGTAG )
hsa-miR-6892-5p|0]—-1 G end-site 2.44E-04 up 0.84
) TGGTTGACCAGAGAGCACA  mixed: start-site
hsa-miR-758-5p[+2[+1 ) 1.90E-03 up 0.89
CG + end-site
hsa-miR-937-3p|0]-2  ATCCGCGCTCTGACTCTCTG end-site 6.44E-03 up 0.91
hsa-miR-942-5p|0}-2 TCTTCTCTGTTTTGGCCATG end-site 7.63E-07 up 1.09
Comparison between BRAF V600E and BRAF WT samples
Regu
Name Sequence Type p value (Corr) FC
lation
hsa-miR-181a-2- ACCACTGACCGTTGACTGTA
end-site 0.0241 down -291
3p|0}+1 CCT
hsa-miR-181a-2-3p|- AACCACTGACCGTTGACTGT )
shifted 0.0483 down -2.29
1-1 AC
TGAGGTAGTAGGTTGTGTGG )
hsa-let-7b-5p|0|-1 T end-site 0.0289 up 2.13
hsa-let-7b-5p|0]-2 TGAGGTAGTAGGTTGTGTGG end-site 0.0262 up 2.32
_ mixed: start-site
hsa-miR-100-5p|+1]-1 ACCCGTAGATCCGAACTTGT ) 0.0234 up 4.35
+ end-site
) AACCCGTAGATCCGAACTTG )
hsa-miR-100-5p|0|0 G canonical 0.0262 up 3.62
) AACCCGTAGATCCGAACTTG )
hsa-miR-100-5p|0}-1 T end-site 0.0089 up 4.59
) TCCCTGAGACCCTAACTTGT )
hsa-miR-125b-5p|0/0 GA canonical 0.0323 up 2.70
TCCCTGAGACCCTAACTTGT
hsa-miR-125b-5p|0]-1 G end-site 0.0262 up 3.02
GCCCTGTGGACTCAGTTCTG
hsa-miR-146b-3p|0|0 oT canonical 0.0146 up 2.33
AACATTCAACCTGTCGGTGA
hsa-miR-181¢-5p|0]0 oT canonical 0.0262 up 2.22
) TTCCCTTTGTCATCCTATGCC )
hsa-miR-204-5p|0|0 T canonical 0.0289 up 4.63
Comparison between BRAF V600E-V600M and BRAF V600E samples
p value Regu
Name Sequence Type FC
(Corr) lation
hsa-let-7b-3p|0}- CTATACAACCTACTGCCTTC  mixed: end-site
0.03969 down -2.30
1(+10) CT + 3" non-
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template
addition
hsa-miR-100- AACCCGTAGATCCGAACTTG  3'non-template
i 0.03969 down -4.14
5pl0j0(+1U) TGT addition
) TCCCTGAGACCCTAACTTGT )
hsa-miR-125b-5p|0/0 GA canonical 0.03969 down -2.77
AGCTACATTGTCTGCTGGGT
hsa-miR-221-3p|0}-1 T end-site 0.03969 down -2.29
mixed: start-site
hsa-let-7a-5p|+1|-2 GAGGTAGTAGGTTGTATAG ) 0.03969 up 2.14
+ end-site
ACCCGTCCCGTTCGTCCCCG
hsa-miR-1247-5p|0]-1 G end-site 0.03969 up 4.07
) AGAGTTGAGTCTGGACGTCC )
hsa-miR-219a-1-3p|0[0 G canonical 0.03969 up 1.75

6.4.10.3. Identification of mature miRNAs associated with mutated NRAS

From the TCGA database, we obtained information about NRAS mutation status of 111 melanoma
samples: 85 have at least one mutation in NRAS, while 26 melanomas have wild type NRAS. We
identified six differentially expressed mature miRNAs by the comparison of mature miRNA
expression profile (miR-17-3p|0]0, miR-17-3p|+1|0, miR-19b-3p|0]-1, miR-20a-5p|0}-2, miR-3614-
5p|0}-1, and miR-509-3p|+4|+1) (Table 23).

Table 23. List of mature microRNAs associated with NRAS mutation in TCGA SKCM samples
Comparison between mutated NRAS and wild type (WT) NRAS

Name Sequence Type p value (Corr) Regulation FC
hsa-miR-509- TGGTACGTCTGTG  mixed: start-site
4.66E-02 down -2.15
3p[+4+1 GGTAGA + end-site
hsa-miR-17- CTGCAGTGAAGGC
start-site 8.11E-02 up 1.90
3p|+1j0 ACTTGTAG
hsa-miR-17- ACTGCAGTGAAGG
canonical 2.11E-02 up 1.81
3p|0]0 CACTTGTAG
hsa-miR-19b- TGTGCAAATCCAT
end-site 8.11E-02 up 1.73
3p|0]-1 GCAAAACTG
hsa-miR-20a- TAAAGTGCTTATA
end-site 7.26E-02 up 1.80
5p|0}-2 GTGCAGGT
hsa-miR-3614- CCACTTGGATCTG
end-site 8.11E-02 up 1.80
5pl0j-1 AAGGCTGCC
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7. DISCUSSION

7.1. Combined assessment of miR-21-5p and miR-146a-5p expression can be associated with

BT measurement for SSM staging

Cutaneous melanoma is a potentially lethal form of skin cancer, and its incidence is constantly
increasing. SSM and NM remain the two most common histologic subtypes and make up steady rates
of about 65-70% and 20%, respectively, of all primary melanomas diagnosed [133,588]. Histologically,
these two subtypes present relevant differences. On one hand, SSM is characterized by a
predominantly epidermal component with a slow RGP that can be followed by a VGP when the
diagnosis is delayed. On the other hand, NM frequently presents higher BT, lack of clinically

significant intraepidermal involvement, and rapid VGP since onset.

BT is the most important histopathologic factor for primary melanoma staging and is an independent
prognostic factor [589-591], specifically in SSM. In the last edition of AJCC, T1a and T1b subgroups
were established using a BT of 0.8 mm as cut-off [140], in fact, this cut-off value has been accepted
as the optimal value to separate patients with high and low risk in OS. Moreover, the survival rate of
melanoma patients decreases more rapidly at BT ranging from 0.8 to 0.9mm than for BT above
0.9mm. Therefore, the correct evaluation of BT is necessary to obtain disease staging, to determinate
eventual margins of excision, to decide if SNL biopsy should be performed and to guide follow-up

and management of the patient [144].

However, several studies noticed imprecisions in BT measurements and describe significant impact
on staging and patient management [146,592]. The failure to follow standardized thickness
measurement guidelines and the wrong rounding of terminal decimal digits when BT values are
registered, are potential sources of imprecision [592]. The clinical impact of inter-observer variability
in the assessment of the histologic parameters of CM, based on the 7" edition AJCC staging system,
showed discordance rate of 87% in any variable, and specifically 14% rate of discordance in BT
measurement [146]. Another limitation of the exact BT determination in CM specimens is the
sequential serial sectioning that can increase the BT in almost 50% of melanomas [593]. Upon this
evidence, BT measurement can be a limitative parameter in CM staging and potentially leads to
melanoma misclassification and subsequently incorrect or inappropriate management and follow-up

[146].

Moreover, the use of BT is limited for NM. In fact, independently from BT on initial diagnosis, NM
is associated with a worse prognosis. The increased aggressiveness of NM may be due to a different

biological and genetic background compared to SSM: NM are associated with higher rate of
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mutations in NRAS (p value <0.001) and in other NM-specific genes, such as Notch Receptor 4
(NOTCH4), Ankyrin 3 (ANK3) and Zinc Finger Protein 560 (ZNF560). NM histopathologic subtype

has been proved to be an independent risk factor for survival [594].

This study aimed at investigating a molecular parameter with a smaller margin of error to support
tumor stage evaluation. miRNAs expression can represent a valid molecular biomarker with a

predictive role in assessment of tumoral staging that reinforces the BT determination.

We identified two miRNAs, namely miR-21-5p and miR-146a-5p, that display a strong, significant
linear correlation with BT in SSM but not in NM subtype. Correlation between miRNA dysregulation
and melanoma prognosis has been described by several studies [312]. miRNA levels are frequently
compared in primary and metastatic melanoma, and the use of miRNA panels has been proposed in
the general assessment of melanoma prognosis in terms of TTR and/or progression-free survival or
OS. Moreover, a putative role of specific miRNAs in immune or target therapy resistance has been
reported, demonstrating the interaction of these simple molecules in important pathogenetic pathways
[491,595]. Recently, a meta-analysis identified a panel of diagnostic miRNAs able to distinguish
melanoma to benign nevi with a receiver operating characteristic curve of 0.98 [596]. The potential

use of miRNAs as prognostic biomarkers in melanoma is supported also by our data.

We focused on SSM histopathologic subtype to test the performance of a molecular parameter,
namely miRNA expression, that objectively identifies high-risk SSM patients, thus potentially
complementing BT assessment. The correlation between miR-21-5p and miR-146a-5p combined
expression and BT was accurate and highly significant in our dataset of 90 SSMs provided by two
different hospitals in Italy (Torino and Bologna). None of the previously identified high-risk subjects
with BT determination was misclassified using miRNA parameter. Moreover, the miRNA parameter
has shown the potential to reduce the overallocation of patients to the high-risk group. However, this
hypothesis needs to be further confirmed in a larger, multicentric study. In addition, when we
analyzed the OS and TTR of SSM, a significant difference in prognosis was associated with of 0.8mm
BT cut-off value and 1.5 miRNA cut-off value. Patients with combined miRNA expression greater

than 1.5 have a worse prognosis than patients with expression below 1.5.

miR-21-5p and miR-146a-5p were chosen based on their strong linear correlation with BT in a pilot

group of samples. These two miRNAs are known to have a relevant role in melanoma.

miR-21-5p is an important cancer related miRNA. miR-21-5p has been found upregulated in primary
lesions with histological atypia and mitotic activity [597], in melanoma cell lines compared to

melanocytes [598], and in primary melanomas compared to benign nevi [597]. miR-21-5p expression
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is an important prognostic factor in melanoma, in fact, it correlates with advanced clinical stage and
poor survival [400]. miR-21-5p affects several cellular processes, including proliferation, migration,
and apoptosis. In fact, the depletion of miR-21-5p in melanoma cells increases programmed cell death
4 (PDCD4), PTEN and BTG2 expression resulting in inhibition of proliferation and migration and in
promotion of apoptosis [340]. Moreover, miR-21-5p upregulation promotes tumor growth and
invasiveness through the downregulation of the tissue inhibitor of metalloproteinase-3 (TIMP3) [420]
and inhibits apoptosis by affecting BCL-2 and Akt [400]. Consistent with our findings, it has been
shown that miR-21 expression in higher in melanoma with BT > 1mm and advanced clinical stage

[400].

Also miR-146a-5p plays an oncogenic role in melanoma. It was observed that miR-146a is
upregulated by oncogenic BRAF and NRAS, and its overexpression in melanoma cell lines promotes
proliferation and leads to tumor formation in mice [599]. miR-146a-5p induces melanoma cell growth
by directly targeting lunatic fringe (LFNG) and Protein numb homolog (NUMB), which represses the
NOTCH/PTEN/Akt pathway [337]. It was observed that miR-146a-5p can promote cell migration and
invasion in melanoma by directly targeting SMAD Family Member 4 (SMAD4) [600]. Both miRNAs

are largely involved in inflammatory processes [601].

The strong correlation that we observed between these two miRNAs and BT in SSM could be linked
to their role in the promotion of the vertical growth phase. Since the fraction of tumor cells in all
melanoma samples was microscopically estimated to be at least 70%, it is plausible that the increased
expression of miR-21-5p and 146a-5p is an intrinsic feature of the tumor, with the main impact on

tumor depth.

miRNA expression can be extremely useful in cases where the validation is required or where there
is uncertainty surrounding the measurement of BT. miRNAs have shown the ability to replicate the
accuracy of BT in identifying the lesions that subsequently metastasized. An advantage to use a
molecular parameter, such as miRNA expression, is that it is objective and not susceptible to inter-
operator variability or other confounding histopathologic factors, including the presence of
regression. Regression indicates the loss of the thickness of the lesions with scarring fibrosis,
increased vascularity, lymphocytic infiltrate, and accumulation of melanophages (melanin-containing
macrophages found in pigmented skin lesions) [146,602]. Regression is a relatively common event and
has been identified in up to 58% of thin melanomas [603], but its relationship with prognosis is
controversial. The presence of regression can lead to an under or overestimated of BT when measured

conventionally. We did not find any issue in estimating BT in samples with regression, and there was
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not significant difference in miRNA expression between SSM with and without regression, thus

supporting the utility of our molecular parameter in this subgroup of samples.

7.2. Comprehensive characterization of miRNA expression and regulatory network highlights
mechanisms of tumor development and molecular features differentiating MPMs from single

CMs.

Environmental and genetic factors can influence the risk of melanoma development [131]. A family
history of melanoma has been widely correlated with an increased melanoma risk [8]. Also a personal
history of melanoma is an important risk factor to develop CM: during their lifetime about 8% of
patients with single melanoma will develop MPM [29,71-74]. This risk is higher in the first year after
the first diagnosis and remained increased for at least 20 years [75]. Suggested predisposing factors
involved in the development of MPM are high percentage of atypical nevi, family history of

melanoma and an early onset of the disease (young age) [74].

Germline mutations that confer hereditary susceptibility can be present in families with history of
CM, especially families where more than one member develop MPMs [604,605]. However, a very low
prevalence of mutations in CDKN2A4 and CDK4 genes has been reported in MPM patients [76].
Moreover, MPM patients without a family history have also been reported and in these cases germline
mutations in melanoma predisposing genes are rarely detected [29,76,77]. Therefore, there are some
other genetic or epigenetic factors active in MPM that promote multiple events of melanocytic

transformation.

With a small RNA-seq approach, we provide the first comprehensive molecular characterization of
MPMs by analyzing their miRNome. The global miRNA expression profile faithfully reflects the
mRNA expression of cells and tissues, with the advantage to be obtainable also from FFPE samples,
which is the typical available tissue for thin melanomas [606,607]. A specific expression pattern of
MPM tumors were observed when compared to single CM. MPM miRNome is more similar to BN,
thus suggesting a less aggressive and more differentiated phenotype. Family history of melanoma
seems to have no impact in miRNA pattern, in fact, we observed no distinct miRNA pattern in MPMs
with or without a recognized family history of melanoma. We validated a panel of miRNAs
differently expressed between MPM and CM in a larger cohort. In addition, we obtained a panel of

miRNAs differentially expressed in tumors from the same patient.

The prognosis of MPM patients is still controversial with studies stating that developing multiple

melanomas is associated with worse prognosis or the opposite [608-610]. Analyzing with proper
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multivariate statistical analysis, the Surveillance, Epidemiology, and End Results (SEER) data

showed that there is no substantial difference among single CM and MPM patients [611].

From a biological point of view, we observed that MPMs have a less invasive phenotype as pointed
out by the main regulatory pathways activated in these tumors, thus providing further elements of

discussion to support a less aggressive behavior of MPM.

MPMs present higher expression levels of miRNAs known to inhibit EMT (e.g., miR-200 family,
miR-205, miR-149) [584-586] compared to single CM. Tumor cells use EMT to escape from their
microenvironment and migrate to new locations to form metastases [612]. Despite the neural crest
origin of the melanocytes, EMT has been reported in melanoma cells, where it promotes the
metastatic phenotype of malignant melanocytes [413,613]. E-cadherin is generally expressed by
melanocytes and it mediates the adhesion between melanocytes and keratinocytes [614]. However,
many studies in melanoma observed the loss of E-cadherin [615,616], which is the major hallmark of

EMT.

We examined the cellular hubs regulated by specific miRNAs of MPM. We noticed that the main
cellular hubs are centered in ITGA6, BTG2 and TLR4 proteins. The majority of the miRNAs that
regulate these hubs are downregulated in MPM compared to CM, and high expression of these three

genes 1s associated with a better prognosis in TCGA SKCM cohort.

ITGA®6, (also named CD49f) is a transmembrane glycoprotein adhesion receptor that mediates cell-
matrix and cell-cell interactions. ITGA6 is an important stem cell biomarker: it is the only common
gene expressed in embryonic stem cells, neural stem cells, and hematopoietic stem cells [617,618].
More than 30 stem cell populations expressed ITGA6, including cancer stem cells [619]. The role of
ITGA6 in melanoma is not clear. However, our observation point toward its high level in MPMs due

to the miR-25 and miR-29 downregulation.

BTGQG?2 is an anti-proliferative protein of the BTG/TOB family and its expression is p53 dependent
[620]. However, its role can change based on the cell type [621]: BTG2 inhibits proliferation and
migration in gastric cancer cells [622] and in lung cancer cells [623], while it promotes cancer cell
migration in bladder cancer [624]. In B16 melanoma cells, miR-21 induces a metastatic behavior by
suppressing many tumor suppressor proteins, including PTEN, PDCD4, and BTG2 [340]. MPMs
shown downregulated levels of several miRNAs targeting BTG2, including miR-132-3p, miR-146a-
5p and miR-15a-5p and miR-21-5p. Therefore, an upregulation of BTG2 expression is to be expected.

TLR4 plays an important role in inflammation and cancer. According to Human Protein Atlas, TLR4

protein is expressed at very low levels in melanoma cells in vivo. However, TLR4 activation has been
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reported to promote an inflammatory microenvironment and tumor progression in vitro [625]. TLR4
promotes proliferation and migration of melanoma cells [626]. TLR4 also interacts with Tripartite
Motif Containing 44 (TRIM44), which is a negative prognostic factor in melanoma [627]. This
biological role for TLR4 in melanoma is partially in contrast with our observation of a better survival

in MPM patients that have higher TLR4 levels.

7.3 A specific 3’isomiRs of miR-125a-5p is more expressed and presents different target genes

compared to the canonical miRNAs

NGS data show a differential expression of miR-125a-5p between 1 and 2" tumor in MPM patients,
specifically, the expression was higher in the 2™ melanomas. However, qPCR technology did not
confirm expected data. Investigating and observing the reads generated by the small RNA-seq
experiment and referred to miR-125a-5p following the standard matching pipeline, we noticed that
in all samples, most of the reads were shorter by 2nts. This specific isomiR, miR-125a-5p|0]-2 is
highly expressed in our dataset and it is also the most expressed isoform of miR-125a-5p. NGS data
showed a different expression trend in our groups (BN, CM, and MPM) of this isomiR if compared
to its canonical form and resulted to be significantly differentially expressed in MPMs. The higher
expression of the isomiR compared to the canonical form was confirmed in 11 FFPE melanoma
samples by Db-ddPCR assay. This data needs to be further confirmed in a larger cohort. In addition,
the differentially expression of miR-125a-5p|0|-2 between 1 and 2™ tumors in MPM patients need
to be validated with Db-ddPCR assay.

We showed that this isomiR is highly abundant also in other tumors, as we confirmed by analyzing
its levels across 32 tumor types from the TCGA database. This isomiR was also reported as more

expressed compared to the canonical miRNA in colorectal cancer [528].

The bioinformatic analyses showed that miR-125a-5p|0|-2 putatively loses the ability to target and
regulate a group of genes specifically involved in cell adhesion and cell differentiation of the
canonical miRNA. In details, it seems that this 3° shorter isoform loses target genes involved in
neuronal differentiation. Interestingly, miR-125 has specific role in adult nervous system
development and neuronal differentiation [628,629]. The imbalance between major miR-125 variants
in melanocytes could mean that miR-125 has a role in melanocyte development and differentiation
from the neural crest [630], differentiating this lineage from other common ancestor cells.

Consequently, its role can be reflected in melanoma development and progression.

Nevertheless, the isomiR lost many target of the canonical miRNA, miR-125a-5p|0}-2 gains 5 novel
targets, namely TLX1 (HOX11), GLYATL1, SMARCEI (BAF57), TMLHE and CLDN2.
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Interestingly, three of the specific targets of the miR-125a-5p isomiR (SMARCEI1, TLX1 and

TMLHE) are involved also in nervous system processes.

SMARCEI1 (BAF57) is a subunit of the ATP-dependent chromatin remodeling complex SWI/SNF,
which is required to activate gene transcription normally repressed by chromatin [631]. In non-
neuronal cell, it was observed that C-terminus of BAF57 interacts with CoREST to participate in
REST/NRSF-mediated repression of neuronal traits [632]. Kazantseva et al. observed that in neurons
there is an alternative splicing of BAF57 mRNA that led to deletions of exon 3 or exons 3-4 and
results in N-terminally truncated BAF57 (N-BAF57) isoforms. These N-BAF57 isoforms are
exclusively expressed in the brain. Functional studied confirmed that N-BAF57 proteins are
associated with SWI/SNF complex in neuron and it was suggested that their role is to support
neuronal phenotypes by regulating the expression of some neuron restrictive silencer element

(NRSE)-containing genes [633].

Studied showed different roles of SMARCEI in cancer development [634-638]. Interestingly, germline
mutations in SMARCE]1 have been found in uveal melanoma [639,640]. Finally, small interfering RNA

(siRNA) against SMARCEI is able to sensitize melanoma cells to cisplatin at low doses [641].

The second target involved in neurogenesis is the nuclear transcription factor TLX1, also named
HOX11. TLX1 has been shown to be involved in many biological processes, including neurogenesis.
The expression of TLX in adult neural stem cells leads to an undifferentiated and proliferative state
[642,643]. In addition, TLX1 was described as post-mitotic selector gene that promotes with T Cell
Leukemia Homeobox 3 (TLX3) the glutamatergic versus GABAergic cell fates in dorsal spinal cord
during embryogenesis [644]. TLX1 was therefore associated to proliferation and self-renewing of
neural stem cells. However, expression of TLX1 is not exclusive to neural stem cells, in fact, also
rapidly dividing neural progenitor cells in the subventricular zone showed high TLX1 expression
level [645]. It was also demonstrated that TLX1 plays a role also in hippocampal neurogenesis [646].

In addition, several studies support a role of this homeobox gene in oncogenesis [647-649].

TMLHE is a mitochondrial trimehyllysine dioxygenase, it catalyzes the first step of the biosynthesis
of endogenous carnitine. Through an analysis of chromosome X exome, it emerged that TMLHE is
linked to autism spectrum disorders and intellectual disability [650]. In addition, Ferreira et al.
suggested that carnitine play an important role in neuroprotection during the development of the brain
[651]. Melone et al. proposed that one of the main factor in metabolic cancer flexibility to adaption

and survival used by cancer cell is the carnitine system [652].
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The other two specific targets of the isoform of miR-125a-5p are not components of nervous system
development, however they are linked to cancer. GLYATL1 was characterized in prostate cancer,
where it is overexpressed and it is regulated by androgen and transcription factor ETS Variant
Transcription Factor 1 (ETV1) [653]. The critical role of GLYATLI in prostate cancer was confirmed

through a meta-analysis of prostate cancer gene expression data [654].

CLDN2 is a tight junction involved in apical cell-cell adhesion and is fundament for epithelial cell
polarity. It belongs to the group of claudins that are altered in several cancers. In particular, it was
observed that CLDN2 is upregulated in endometrial endometrioid carcinoma, hepatoblastoma (fetal)
and is downregulated in endometrial seropapillary carcinoma and in prostate carcinoma [655]. In
addition, it was observed that CLDN2 is a strong negative prognostic factors in colorectal cancer
[656], where it promotes self-renewal of cancer stem-like cells [657], and in breast cancer, where its
high expression predicts early liver recurrences [658]. In osteosarcoma, CLDN2 seems to have a
protective role, in fact it was suggested that it inhibits metastasis development by downregulating the

afadin/ERK signaling pathway [659].

Human Protein Atlas has been used to investigate the association with these 5 proteins and melanoma
patient survival. Lower expression levels of SMARCEI, TLX1 and GLYATLI are associated with a
better survival, while a low expression of TMLHE and CLDN2 are associated with a worst survival.

However, only SMARCEI1 and TLX1 show a significant difference between high and low expression.

In order to observe a possible effect of the isomiR in the regulation of the candidate target, we chose
the protein associated to survival with the higher expression in melanoma, namely SMARCEI. In
addition, SMARCEI is the only of these five targets already described in melanoma. Interestingly,
our computational analysis suggested that isoform miR-125a-5p targets and binds a nucleotides
sequence located in exon 4 of SMARCE1 mRNA, which is the same exon that is normally removed
in neuronal cells. Preliminary data showed a downregulation of protein level of SMARCEI after 48h
transfection of the isomiR. On the other hand, canonical miRNA seems to do not affect protein level,
suggesting that SMARCEI is a specific target of the 3” isoform miR-125a-5p. These results need to

be validated; however they serve as the basis for further functional studies.

7.4. Non-random dysregulation of specific isomiRs contributes to the understanding of the

complex melanoma pathogenesis

A single mature sequence for each miRNA is provide by miRBase database. This sequence is usually
the sequence with the highest coverage reported in small RNA-seq experiment. According to the

recent observation that isomiRs can discriminate human cancers [570], we detected a relevant number
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of miRNA isoforms in our dataset of melanoma and benign nevi samples, and in primary melanoma
and melanoma metastasis from SKCM TCGA dataset. We expected the canonical miRNAs to be the
most abundant compared to its isomiRs. However, we found that in both FFPE and fresh-frozen
melanoma samples several isomiRs are more abundant than the canonical forms, being up to 50 times

more expressed in FFPE early-stage melanoma samples.

End-site isomiRs are the most represented group in both dataset, in according also with what has been
observed in colon cancer [528]. Most of the highly expressed isomiRs belong to three important
cancer-related miRNA families, namely miR-30 family, miR-200 family, and miR-10 family.
Canonical miRNAs from these family were thoroughly described as key regulators in cancer and
melanoma [660-663], while the functional role of their isomiRs is still unknown. We speculate that
isomiRs could have relevant functional roles, similar to protein-coding gene isoforms, which were
discovered to play an important role in biological diversity and evolution [664]. Cloonan et al.
suggested that canonical miRNA works together with its isomiRs to increase the signal-to-noise ratio

in miRNA-mRNA targeting [527].

Despite there is a concern in the literature about the fact that sequencing and/or mapping artefacts
may result in an overrepresentation of isomiRs [558], it have been shown that isomiRs represent actual
molecules rather than sequencing artifacts. In fact, most categories of isomiRs are detected at levels
above thresholds comparable to their canonical miRNA sequence despite the use of aggressive

filtering. Moreover, isomiRs can show increased levels as compared to the canonical miRNAs [527].

Different tissues present different isomiR profiles: the most abundant isoform does differ across
tissues and disease states, suggesting that isomiR biogenesis may be a regulated process [665].
Sequence library preparation could cause miRNA degradation at the miRNA ends leading to the
identification of miRNA variants. If true, these effects cannot explain the bias of the heterogeneity
between the two miRNA ends in which the 3°-ends are usually more frequent than the 5’-ends [529].
Finally, it was observed that there is a significant number of isomiRs longer and more abundant than
the canonical miRNA. These observations suggest that isomiRs are not experimental artifacts but
rather true biological events. In this study, we used isoMiRmap pipeline, which comprehensively
reports all isomiRs whose sequences exist within known miRNA sequences in a deterministic and

exhaustive manner. This approach can identify also 3’ non-templated isomiRs [582].

In addition to be able to discriminate human cancers, isomiRs could be used as diagnostic and
prognostic biomarkers in several cancers and related subtypes; in fact, they can differentiate between

healthy and non-healthy individuals [666].
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In order to investigate the contribution of isomiRs to melanoma pathogenesis, we compared the
isomiR profile of benign nevi and early-stage primary cutaneous melanoma FFPE samples, and of
primary cutaneous melanoma and melanoma metastasis of fresh-frozen samples. We found 55 mature
miRNAs (including canonical forms and isoforms) that were differently expressed between BN and
early-stage melanoma. In some case, only the isomiR, and not the corresponding canonical miRNA,
was differently expressed. Among these 55 mature miRNAs, we found 16 isomiRs that were more
abundant than their canonical counterpart. These 16 miRNA variants were classified in four groups
according to the expression trend in tumors compared to benign nevi and miRNA/isomiR relative

abundance distribution.

Mature miRNAs with similar expression trends and similar abundance distribution in nevi and early-
stage melanomas, include miR-19b-3p, miR-27a-3p, miR-29a-3p and miR-222-3p. Our data showed
that canonical and isomiR of miR-19b-3p are downregulated in early-stage FFPE melanoma.
However, in vitro study showed that miR-19b-3p expression is higher in most melanoma cell lines
compared to normal melanocytes and promotes cell proliferation [338]. The expression of miR-27a-
3p in melanoma seems to be positively correlated with tumor stage and lymph node metastasis of
melanoma tissues. The downregulation of miR-27a-3p induces autophagy and apoptosis of melanoma
cells [408]. However, there are no data about its differential expression between nevi and melanoma.
We observed lower level of miR-29a-3p in early-stage melanoma, and this data seems in agreement
with the literature that suggests a tumor suppressive role of this miRNA: its overexpression inhibits
proliferation, migration, and invasion, and promotes apoptosis by blocking Wnt/B-catenin and NF-
kB pathways [382]. miR-222-3p belongs to the miR-221 family, which is an important oncogenic
miRNA family involved in the progression of melanoma and has a key role in EMT [341]. According
to the literature, we found higher level of canonical and isomiRs of miR-222-3p in early-stage
melanoma compared to benign nevi suggesting an oncogenic role. For this class of isomiRs, we

hypothesized a cooperative effect of the isomiRs on the target genes.

The second class consists of canonical and isomiRs of miR-101-3p and miR-27b-3p, which have the
same expression trend but different abundance distribution in benign nevi and early-stage melanomas.
All mature miRNAs of miR-101-3p and miR-27b-3p are downregulated in melanoma. Our data
agreed with previous studies describing these two canonical miRNAs as tumor suppressor miRNAs.
miR-101-3p directly targets MITF and Enhancer of zeste homolog 2 (EZH2) leading to inhibition of
invasion and proliferation. In addition, low expression of miR-101-3p has been associated to a poor
survival in stage IV melanoma patients [321]. Canonical miR-27b-3p inhibits the melanoma

development by targeting MYC [667].
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The third class includes only canonical and isomiRs of miR-141-3p. A specific isomiR of miR-141-
3p (miR-141-3p|0|-1) is downregulated in early-stage melanoma, while the canonical miRNA is not
differentially expressed. In both benign nevi and early-stage melanoma, this specific isomiR is the
most abundant variant. This seems to suggest that only this isomiR could have a protective role, and
not the canonical form or the other variants. The canonical miR-141-3p has been found to inhibit the

proliferation of melanoma cells [668].

Finally, the last class includes mature miRNAs of miR-30a-5p, miR-30d-5p and miR-203a-3p. This
group showed different expression trend for at least two isoforms, and a different mature miRNA
prevalence in benign nevi and early-stage melanomas. All these three canonical miRNAs have been

extensively studied in melanoma.

In melanoma, miR-30a-5p acts as tumor suppressor miRNA. In fact, miR-30a-5p is generally
downregulated in melanoma tissues and cell lines. The overexpression of miR-30a-5p results in a
significant inhibition of proliferation, migration, and invasion in vitro. Moreover, overexpression of
miR-30a-5p delays tumor growth [383] and inhibits metastasis [440] in vivo. In our analysis, although
the difference is not statistically significant, canonical miR-30a-5p is more expressed in benign nevi
than early-stage melanomas. We speculate that tumor suppressor effects may derive from the

cumulative activity of all the isoforms.

On the other hand, miR-30d-5p is an oncomiR in melanoma. High level of miR-30d-5p in melanoma
correlates with stage, metastatic potential, shorter time to recurrence, and reduced overall survival.
Moreover, miR-30d-5p promotes metastatic behavior of melanoma cells [422]. In this analysis, BN
and melanomas show similar expression levels of canonical miR-30d-5p, which is probably linked to
the early stages of the melanomas. However, several isoforms of miR-30d-5p are significantly

downregulated in melanoma.

MiR-203a-5p is an important tumor suppressor miRNA in melanoma, which is involved in the
regulation of proliferation, cell cycle, migration, and invasion [372,373]. The expression of canonical
miR-203a-3p is generally downregulated in melanoma, especially in metastatic melanoma. Low miR-
203a-3p expression is associated with poor overall survival [435]. Also in this case, our data shown

BN and melanomas with similar expression levels of canonical miR-203a-5p.

We took advantage of data available from TCGA to study the isomiR contribution to melanoma
progression. TCGA database provides clinical and molecular data from fresh tumor tissues, including
small RNA-seq data from primary melanoma and melanoma metastasis. SKCM cohort includes

mostly advanced stages primary melanomas (stage II and stage III). Primary melanoma and
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melanoma metastasis present strong differences in the isomiR profile: 121 mature miRNAs are
downregulated and 211 are upregulated in melanoma metastases compared with primary melanomas.
Among the differently expressed mature miRNAs there are miR-101-3p, miR-146b-3p, miR-148a-
3p, miR-15a-5p, miR-16-5p, miR-181a-2-3p, miR-181a-5p, miR-181b-5p, miR-21-5p, miR-22-3p,
miR-23a-5p, miR-23b-3p, miR-24-3p, miR-30e-5p, miR-361-3p, and miR-500a-3p that have at least

two variants with opposite trends in primary melanoma and metastasis.

Molecular classification of melanoma is based on presence of mutations in key genes of the
MAPK/ERK pathway, namely NFI, NRAS and BRAF. Many miRNAs are known to affect or to be
affected by the altered activation of MAPK/ERK pathway in melanoma, and some of them are
responsible for drug resistance [488]. In the literature, there is no study that analyzed the isomiR
expression with mutation status of these genes. Thus, we focused on the different isomiR profiles
associated with the mutation status of NF1, BRAF and NRAS. Information on the mutation status of
BRAF, NRAS and NF1 for SKCM TCGA samples have been collected and used to investigate the
association between isomiR expression and the most clinically relevant mutations in melanoma.
Somatic mutations of BRAF are found in almost 47% of sporadic CM, and the most frequent mutation
is the V60OE (56%), while other activating mutation at codons 600 and 601, such as V600K V600R
V600D K601E, were less frequent (20%, 2%, 1%, 2% respectively). NRAS mutations are found in
28% of the melanomas and almost all of them occurred at “hotspot™ codons 12, 13 or 61 (6%, 4%,
86% respectively) [669]. In NF1, BRAF and NRAS mutation groups, several isomiRs differentially
expressed have been identified suggesting that the identified isomiRs could have a suppressive,

promotive or cooperative role in the MAPK pathway.

Several canonical miRNAs of isomiRs that are differently expressed in mutated BRAF samples have
been already associated to BRAF. It was observed that vemurafenib (BRAFi) alters the miRNA
expression in melanoma cells, leading to an upregulation of miR-181a-2-3p [670]. MiR-181c¢c-5p is
associated with the BRAF mutation in thyroid follicular adenomas, where it is found upregulated in
RAS- or BRAF mutated follicular adenomas compared to wild-type tumors [671]. However, its role

in melanoma needs to be established.

Among the miRNAs whose isoforms are associated with BRAF mutations, we found let-7a-5p and
let-7b-5p, which are well known important tumor suppressor miRNAs in melanoma, where they
inhibit proliferation and migration. Their expression is usually downregulated in melanomas [672].
miR-143-3p inhibits migration and proliferation and induces apoptosis in vitro [673]. Similarly, miR-
330-5p, miR-342-5p, and miR-942-5p inhibit cell proliferation and invasion in cutaneous malignant

melanoma [390,674,675]. miR-154-5p represses cell proliferation and metastasis in melanoma [676].
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MAPK/ERK pathway can upregulate miRNAs in melanoma cells, specifically the miR-17-92
miRNA family [677]. We observed a remarkable upregulation of several isomiRs from the miR-17-

92 cluster in NRAS mutant melanomas.
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8. CONCLUSION

In conclusion, this study showed that miR-146a-5p and miR-21-5p expression significantly correlates
with BT in SSM and their measurement in archive samples can complement and support standard BT
assessment. The use of molecular marker as miRNAs may aid pathologists to deal with difficult cases
where the BT is uncertain. Despite our results dataset has showed the potential prognostic role of
miRNA:gs, it is relatively small. To validate these results, a multicentric study should be carried out.
In addition, the correlation between miRNA expression and BT will be verified in other sample types,
including atypical nevi and other histopathologic subtypes of melanoma, thereby broadening the

spectrum of potential applications.

Then, we provide a comprehensive characterization of miRNA dysregulation and regulatory network
in single primary CM and MPMs. A less aggressive phenotype of MPMs is supported by the pattern
of miRNA alterations thus confirming the relevance of small noncoding RNA alterations in this

fascinating—but poorly studied—melanoma subtype.

Focusing only on canonical miRNAs has the risk to overlook and lose important information that
could improve our understanding of cancer pathogenesis. Indeed, we described isomiR dysregulation
in benign nevi, melanoma at different stages and sources, and melanoma metastasis. IsomiRs can be
more expressed than their canonical miRNA and different miRNA variants are modulated in different
and sometimes opposite ways in normal and tumor samples, a fact that was not expected. Preliminary
data confirm the higher expression of a specific isoform of miR-125a-5p compared to the canonical
form. In addition, the results suggest that this isomiR acts differently compared to the canonical
counterpart by targeting different proteins. Our results have provided a prospective functional role
for isomiRs, although functional studies need to be performed for definitive confirmation. We also
reported that isomiRs can be associated with tumor mutation status, sometimes diverging from the
trend of the canonical miRNAs. Our results and observations about a non-random dysregulation of

specific isomiRs in melanoma serve as the basis for further functional studies.
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