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Abstract: Cutaneous melanoma shows a high metastatic potential based on its ability to overcome
the immune system’s control. The mechanisms activated for these functions vary extremely and are
also represented by the production of a number of extracellular vesicles including exosomes. Other
vesicles showing a potential role in the melanoma progression include oncosomes and melanosomes
and the majority of them mediate tumor processes including angiogenesis, immune regulation, and
modifications of the micro-environment. Moreover, a number of epigenetic modifications have been
described in melanoma and abundant production of altered microRNAs (mi-RNAs), non-coding
RNAs, histones, and abnormal DNA methylation have been associated with different phases of
melanoma progression. In addition, exosomes, miRNAs, and other molecular factors have been used
as potential biomarkers reflecting disease evolution while others have been suggested to be potential
druggable molecules for therapeutic application.

Keywords: melanoma; extracellular vesicles; epigenetic modifications; miRNAs

1. Introduction

Cutaneous melanoma (CM) develops from the malignant transformation of neural crest-derived
melanocytes and its incidence has progressively increased worldwide. In recent decades, remarkable
progress has been made in understanding the molecular landscape of CM and revealing a crucial
pathogenic role of the BRAF mutation and aberrant activation of the mitogen-activated protein kinase
(MAPK) pathway as major mechanisms driving melanomagenesis [1]. Several additional alterations,
however, co-operate in melanoma progression, including the intercellular trafficking of extracellular
vesicles (EVs) and epigenetic rearrangements [2].

The spreading of melanoma cells from the primary site to metastatic tissues is regulated by a
complex sequence of events mostly activated within the tumor microenvironment as a consequence of
the interplay between tumor and immune cells as well as other components of the stroma. Apart from
the direct cell-to-cell contact and the indirect effect exerted by soluble factors and cytokines, recent
studies also suggested an alternative way for intercellular communication based on the continuous
shedding of EVs into the tumor bed [3]. These vesicles are delimited by a lipid bilayer showing
variable sizes and endosomal/cytosolic derivation, whose active cargo reveals specific functions in
modulating intracellular signalling and gene expression. Particularly, exosomes (Exo) are nano-sized
EVs that have been largely investigated in melanoma [4]. Exosomes show the ability to drive a number
of specialized functions implicated in the control of proliferation, epithelial-mesenchymal transition
(EMT), immune-evasion, and pre-metastatic niche formation [5,6].
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In this complex scenario, the progressive accumulation of molecular defects along
melanomagenesis also depends on the epigenetic regulation of several oncogenes and oncosuppressor
genes, mostly ruled by DNA methylation, histone, and chromatin modifications as well as non-coding
RNA deregulation [7–9]. The understanding of these processes paves the way for alternative diagnostic
tools and novel therapeutic approaches, which are also favored by the overwhelming improvements of
technology and bioinformatics.

In this paper, we review recent studies on the role of EVs and epigenetic defects in promoting
melanoma development and propagation of malignant cells toward metastatic sites.

2. Extracellular Vesicles and Melanoma

2.1. Classification and Biogenesis

The International Society for Extracellular Vesicles (ISEV) has recently updated the nomenclature
and classification guidelines for EVs, including particles naturally released by cells that are delimited
by a lipid bilayer and cannot replicate [10]. These vesicles are further classified in large (L) and small
(S)-EVs based on their diameter (Figure 1), respectively, which is larger or smaller than 200 nm. The
L-EVs generally include microvesicles or ectosomes (>0.5 µm), apoptotic bodies (0.8–5 µm), and
large oncosomes (1–10 µm), while melanosomes (>0.5 µm) are melanin-containing organelles that
are specifically produced by melanocytes. On the other hand, S-EVs are mostly represented by Exo
(50–130 nm), although other S-EVs have been described including non-membranous nanoparticles
named “exomeres” (~35 nm) [11].
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Figure 1. Extracellular vesicles (EVs) can be defined as large (L) or small (S) based on their diameter and
include: micro-vesicles (>0.5 µm), apoptotic bodies (0.8–5 µm), oncosomes (1–10 µm), and exosomes
(50–130 nm). Large-EVs are generated from the plasma membrane by direct gemmation. Exo may
be produced and released through either a “classical” or a “direct” pathway. Exosomes have been
shown to support melanoma progression through several mechanisms, including participation in
the “immune escape”, neo-angiogenesis, extracellular matrix (ECM) remodelling, and pre-metastatic
niches formation.

L-EVs originate by direct gemmation of the plasma membrane following activation of signal
transduction pathways and, therefore, may play a role in intercellular communication in physiological
as well as in pathological conditions. Recent studies in prostate cancer revealed the existence of a
particular class of very large EVs (1–10 µm), which are known as “oncosomes”, resulting from the
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shedding of non-apoptotic blebs unique to cancer cells [12]. Although these vesicles have not yet been
demonstrated in melanoma, the release of these large vesicles has been mostly correlated with the
aberrant expression of several oncoproteins, such as MyrAkt1, HB-EGF, and caveolin-1, which suggests
that oncosomes may be a hallmark of cancer cells [13]. Proteins enriched in oncosomes, moreover,
include enzymes involved in glucose, glutamine, and amino acid metabolism, which support a direct
role of these EVs in the regulation of cancer cell metabolism [14].

Exosomes are particularly enriched in cholesterol and sphingomyelin in their lipid bilayer and
express typical EV-related tetraspanins (CD9, CD63, and CD81), proteins derived from the endosomal
compartment (e.g., Alix, TSG101, and Heat Shock Protein 90), as well as major histocompatibility
complex (MHC) molecules exerting functional antigen presentation to T-cells [11]. Moreover, tumor
cell-derived Exo resemble the antigenic repertoire of the producing cells. Exo isolated from metastatic
melanoma patients were found enriched in Caveolin-1, Melan-A, gp100, beta-catenin, chondroitin
sulfate peptidoglycan-4, and VLA4 [15,16] whose expression is variably correlated with prognosis and
metastatic extension [17,18].

The mechanisms implicated in the Exo formation include both classical and direct pathways. The
first one produces Exo by inward budding of the plasma membrane and includes the Endosomal
Sorting Complex Required for Transport (ESCRT)-dependent and the ESCRT-independent pathways.
The activation of ESCRT complexes is required for the formation of multivesicular bodies (MBVs)
encapsulating early Exo and their loading with a number of active molecules [19,20]. This machinery
produces mature Exo that are released in the extracellular space by fusion of MVBs with the cell
membrane [21]. By contrast, the ESCRT-independent pathway involves the ceramide protein that is
relevant for the formation of a cone-shaped structure promoting the spontaneous negative curvature of
the inner layer of the plasma membrane [22]. An alternative direct pathway depends on the outward
budding of the cell plasma membrane and it was previously described for Exo originating from T-cells,
which allows the rapid generation and release of nanovesicles into the extracellular space [23].

2.2. Role of Exo in Melanoma Progression

Increasing interest in past years has been devoted to understanding the role of Exo in melanoma
progression since they are considered relevant intercellular communicators supporting the survival
and proliferation of malignant cells as well as the propagation of pro-metastatic signals. Although EVs
were originally considered to be cellular waste products, it is now well accepted that they have a key
role in intercellular communication, depending on the delivery of active cargos, including proteins,
coding-RNAs and non-coding RNAs, and DNA fragments, from donor to distant cells [24,25]. For
example, a reciprocal cross-talk mediated by EVs between normal melanocytes and keratinocytes
has been described: (i) melanocytes normally release melanosomes, a specific class of large vesicles,
which transfer the pigment melanin to nearby keratinocytes in response to ultraviolet exposure [9].
On the other hand, (ii) Exo are normally secreted by keratinocytes and interact with melanocytes,
which enhances their melanin synthesis by increasing both the expression and activity of melanosomal
proteins [26].

Relatively to melanoma, Exo from highly invasive cells support melanoma progression and
metastasis by stimulating the proliferation and invasiveness of nearby tumor cells. In a similar manner,
tumor-derived Exo are able to conditionate the organotropism of melanoma cells as recently reported
by our group using an in vitro model of bone metastasis [8,27]. Moreover, Exo facilitate the EMT of
melanoma cells consisting of the acquisition of the mesenchymal phenotype and pro-invasive behavior
by up-regulating Let7a, Let7i, and miR-191, which, in turn, down-regulate E-cadherin and activate the
expression of vimentin, ZEB2, and SNAIL2 [28]. In addition, Exo may also vehiculate pro-angiogenic
molecules that promote the neo-angiogenesis and extracellular matrix (ECM) remodelling, such as
interleukin (IL)-6, vascular endothelial factor (VEGF), and different metalloproteinase (MMPs) [29].
The formation of a new vascular network and the remodelling of the extracellular space are crucial
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for the detachment of melanoma cells from the primary site, which represents the first steps of the
metastatic cascade.

Lunavat et al. have recently demonstrated that the inhibition of BRAFV600E melanoma cells with
vemurafenib is associated with an increase in the release of EVs, which result in specific RNA [30].
The authors have correlated these adaptations with a mechanism of acquired resistance to BRAF
inhibitors and suggested that intercellular communication mediated by such EVs is likely to be
important for melanoma progression. Similarly, another group found that Exo produced by melanoma
cells pre-treated with alkylating drugs can induce in vivo chemoresistance through the up-regulation
of genes involved in DNA damage repair and cell survival, which promotes tumor growth after
treatment [31]. Therefore, these results indicate that treatment of melanoma cells may cause significant
changes in the protein and RNA cargo of the EVs that they excrete, which contributes to drug resistance
and melanoma progression.

Exosomes from melanoma cells also take part in the immune-escape, either directly inhibiting
immune effector cells or indirectly stimulating regulatory cells. The direct modulation of immune
cells largely occurs in response to melanoma Exo-related inhibitory or pro-apoptotic signals and
are mostly related to the exosomal expression of PD-L1 [32], while the indirect way involves the
up-regulation of PD-1 by tumor accessory cells, such as mesenchymal stem cells (MSCs), which engulf
the tumor microenvironment and restrain T-cell activation [33]. Moreover, Bland et al. have recently
discovered an alternative mechanism of melanoma derived-Exo, which affect the epigenetic landscape
and mitochondrial respiration of cytotoxic T-cells. This results in their reduced activation [34]. Studies
in different types of cancer also demonstrate that tumor-derived EVs restrain the expansion and
differentiation of myeloid-derived suppressor cells (MDSCs) and T-regulatory cells (Treg) [35,36] as
well as reduce the cytotoxic activity of natural killer (NK) cells by down-regulating NKG2D, NKp30,
NKP46, and NKG2C receptors [37].

Lastly, Exo from melanoma cells migrate toward distant tissues to prepare the pre-metastatic
niche. In this regard, Exo enter the lymphatic vessels and are captured into the lymph nodes
where it induces the expression of pro-angiogenic factors, including tumor necrosis factor (TNF)-α,
VEGF, hypoxia-inducible factor (HIF)-1, and a urokinase plasminogen activator, which enhances
the subsequent trapping and growth of melanoma cells [38,39]. Peinado et al. demonstrated that
Exo may also prime bone-marrow-derived cells (BMDCs) to acquire a pro-vasculogenic phenotype
through the horizontal transfer of tyrosine kinase receptor MET, which enhances recruitment into
future metastatic sites to establish a suitable milieu for efficient homing and out-growth of circulating
melanoma cells [40]. Proteomic analyses of Exo isolated from different tumors revealed that distinct
patterns of integrin expression correlate with specific organotropism like up-regulation of α6β4 and
α6β1, which are mostly linked to lung tropism, while αvβ5 is mostly linked to the liver [41].

3. Epigenetic Modifications and Melanoma Progression

Epigenetic classically refers to the study of inherited gene expression modifications without
alterations of the genotype. It has been previously defined as a “stably heritable phenotype resulting
from changes in a chromosome without modifications of the DNA sequence” [42]. Alteration of
the epigenetic control of gene expression has been linked with a variety of pathological conditions,
including neurological, metabolic, and autoimmune disorders as well as cancer. Besides the well-known
role of driver mutations along the cancerogenesis, several epigenetic mechanisms co-participate in the
neoplastic cellular transformation, primarily depending on the chromatin structure reorganization
with consequent aberrant or repressed gene expression [43].

Relatively to melanoma, its complex genetic landscape was partly defined by extensive data
from The Cancer Genome Atlas (TCGA) project that demonstrated the high occurrence of somatic
mutations and the prevalent activation of the mitogen-activated protein kinase (MAPK) cascade [44].
Moreover, recent technological progress was based on the use of high-throughput methods for
DNA-sequencing that allowed us to globally study the details of the epigenome, which revealed
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aberrant DNA methylation in melanoma at specific gene promoters, histone modifications, alterations
in chromatin regulators, and miRNA rearrangement [45,46]. Therefore, these epigenetic aberrations
may contribute to the neoplastic transformation of melanocyte, and support the immune-escape of
melanoma, the development of metastasis, and both innate and acquired drug resistance (Figure 2).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 15 
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3.1. DNA Methylation

Methylation of DNA is the most investigated mechanism of epigenetic regulation and refers to
the addition of a methyl group to the 5-carbon position of cytosine, generally occurring in specific
regions of DNA (CpG sites), where a cytosine nucleotide is followed by a guanine in a repeated
tandem of 300–3000 base pairs (CpG islands). The CpG islands are located throughout the genome
and cover approximately 40–60% of gene promoters, whose hypermethylation status functions as a
down-regulator of gene transcription [47].

The hypermethylation of specific tumor suppressor gene promoters has been described in
melanoma and prevalently affects those genes involved in the cell cycle regulation, intracellular
signalling, and apoptosis, including phosphatase and tensin homolog (PTEN), retinoic acid receptor (RAR)-β2,
and cyclin-dependent kinase Inhibitor 2A (CDKN2A) [46,48]. This modality of transcriptional inactivation
has also been seen in different tumors involving other DNA repair systems, including genes regulating
the nucleotide excision repair (NER) [49], mismatch excision repair (MMR) [50], and homologous
recombination (BRACA1/2) [51]. Epigenetic inactivation through gene promoter hypermethylation
of another important enzyme repairing DNA alkylation damage, namely O6-methylguanine-DNA
methyltransferase (MGMT), has been previously demonstrated in metastatic specimens of cutaneous
melanoma, as compared to primary tumors, and was present in approximately one-third of cases [52].

A minority of melanomas are characterized by a “CpG island methylator phenotype” (CIMP),
which classically refers to tumors with elevated levels of global DNA methylation rather than specific
gene promoter hypermethylation status. Of note, it was recently demonstrated that CIMP is prevalent in
melanoma patients with specific genetic alterations, including NRAS, ARID2, and IDH1 mutations [44].
Particularly, ARID2 and IDH1 genes are involved in chromatin remodelling, which suggests a direct
connection between somatic mutations and epigenetic dysfunction in melanoma. Similarly, the
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BRAFV600E in cutaneous melanoma is associated with hypermethylation of suppressor gene promoters,
while hypomethylation affects specific oncogene promoters, such as FGD1 and HMGB2, which plays a
direct role in both proliferation and inhibition of apoptosis [53,54]. A possible explanation is that the
BRAF cascade may affect the expression of genes involved in maintaining the correct methylation status,
such as the DNA methyltransferase (DNMT)-1, namely a negative regulator of DNA-methylation at
CpG sites [54]. However, further mechanisms regulating the de-methylation of DNA remain to be
elucidated. These speculations seem to be confirmed by recent discoveries obtained in murine models
bearing the BRAF mutated colorectal cancer that proved that the persistent oncogenic BRAF signalling
is sufficient to induce a progressive widespread DNA methylation [55].

Although data in melanoma are still limited, a previous observation in different cancer models
revealed that alterations in the DNA methylation status also take part in the impaired tumor
immunogenicity and immune recognition by inhibiting the expression of key molecules required for
the interaction of cancer cells with the host’s immune system [56]. These epigenetic modifications
may affect all phases of the antigen process, including the suppression of tumor-associated antigen
expression and processing [57], the reduced synthesis of MHC class I molecules [58], and the impaired
expression of accessory/co-stimulatory surface proteins [59]. Comprehensively, these data support
the use of DNA hypomethylating agents (DHAs) in combination with immunotherapy to improve
the antitumor activity, particularly in the context of poorly immunogenic tumors that still represent a
major therapeutic challenge.

3.2. Histone Modifications

Eukaryotic cells package their DNA molecules in highly systematic chromatin structural units
such as nucleosomes that are wrapped around an octamer of histone proteins organized in double
sub-units, named H2A, H2B, H3, and H4. Histones can undergo post-transcriptional modification
(PTMs), including acetylation and methylation of histone lysine residues that influence the chromatin
structure. These kinds of ‘chromatin marks’ typically affect the N-terminal tails of histones and
influence the nucleosomal stability and the accessibility of RNA-polymerases to DNA, which regulates
gene transcription [60]. Globally, histone acetylation is associated with gene expression activation,
whereas histone methylation correlates to either activation or repression of gene transcription. Given
the important role of histone PTMs in epigenetics, it is not surprising that aberrant patterns of these
chromatin marks are found in cancer.

In this context, the acetylation of the histone H3 protein at the 27th lysine residue (H3K27ac) was
recently described as an important mechanism regulating the microphtalmia gene (MITF) expression,
which confers an increased metastatic potential to melanoma cells [61]. Histone hypoacetylation
is also involved in the progression of melanoma cells since the reversible deacetylation by histone
deacetylases (HDAC) can down-regulate several onco-suppressor genes, such as CDKN1A and
phosphatidylinositol-4,5-biphosphate 5-phosphatase A (PIB5PA) [62,63]. These observations lead to a
pre-clinical evaluation of HDAC inhibitors in melanoma, which demonstrated a transient effect on
arresting the cell cycle in G2/M phases through the accumulation of dephosphorylated retinoblastoma
(RB) protein, which supports a potential application as anticancer treatment [64].

On the other hand, alterations of histone methylation may play a direct role in the transformation
of melanocytes to melanoma cells. Histone methylation may occur on lysine and/or arginine residues,
even though lysine methylation is most common and depends on stepwise addition of one-to-three
methyl groups at various positions along the histone N-terminal tail [64]. This stepwise conversion
from a not-methylated to a tri-methylated lysine residue is facilitated by histone methyltransferases
(HMTs), while the reverse process known as demethylation is catalyzed by histone demethylases
(HDTs). As largely described in previous studies, the defect of these enzymes in melanoma corresponds
to histone methylation deregulation with consequent aberrant gene expression, including SOX2,
INK4b-ARF-INK4a, and ERK [65]. In addition, different HDTs play a direct role in melanoma as well as
in other tumor transformations while the hyper-activation of H3K4 and H3K9 demethylases may affect



Int. J. Mol. Sci. 2020, 21, 52 7 of 16

cell differentiation, senescence, and stemness potential [66–68]. Of note, two different types of H3K9
demethylases (LSD1 and JMJD2C) were found to disable the oncogenic MAPK-induced senescence by
enabling the expression of several E2F target genes, such as the CDK2, CCND2, CNE1, and DHFR [68].
Lastly, more complex regulations of gene expression during melanomagenesis depend on histone
variants, such as non-allelic isoforms of the conventional histones that are generally coded by distinct
genes [69]. Apart from histone H4, the others include a number of variants, and those reported to
correlate with melanoma progression are the histone H2A and the macroH2A (mH2A) as well as
H2A.Z and H2A.Z.2 variants [70]. Comprehensively, aberrant expression of these histone variants
in melanoma cells was correlated with the transcription of key genes implicated in the regulation of
affecting cell-cycle dysregulation, increased migratory capacity, and metastatic propensity [71–74].

3.3. Chromatin Remodelling

Chromatin remodelling consists of the rearrangement of chromatin from a condensed state to a
transcriptionally accessible one and depends on the activity of the polycomb group (PcG) proteins,
which assemble in variable chromatin remodelling complexes. These complexes provide the mechanism
for modifying chromatin by allowing transcription factors and other DNA binding proteins to access
the DNA strand and control gene expression [75]. In this context, the abnormal function of polycomb
repressive complex 2 (PRC2) was found to be associated with the initiation of a transcriptionally
repressed state by the tri-methylation of H3 at lysine 27 (H3K27me3). Noteworthy, the enhancer
of zeste homolog 2 (EZH2) is the core subunit of PRC2 endowed with methyltransferase activity,
which is up-regulated in melanoma with respect to benign naevi [76]. The increased expression
of EZH2 in melanoma results in the hyper-activation of PRC2 with consequent tri-methylation of
H3K27, silencing of CDKN2A and CDKN1A tumor suppressor genes, and is associated with thicker
primary melanomas, aggressive metastatic behavior, and a poor prognosis [77]. Noteworthy, the
H3K27-mediated downregulation of CDKN1A, which is normally under the control of p53 protein,
substantially contributes to evade the major mechanisms regulating cell cycle arrest and induction
of a senescence phenotype [75]. In addition to EZH2 activation, other PcG proteins are frequently
deregulated in melanoma, including the chromatin remodelling complex SWI/SNF [78] and the
chromatin assembly factor-1 (CAF-1) [79]. The importance of chromatin remodelling deregulation
in melanoma brought to investigate EZH2 inhibitors in EZH2-enriched tumors reveals promising
pre-clinical activities [80].

3.4. Non-Coding RNAs

Non-Coding RNAs (ncRNAs) are classified into two groups, such as long (lncRNAs) and
small (sncRNAs) that are differentiated in relation to the number of bps longer or smaller than 200.
Small ncRNAs are further classified in micro- (miRNAs), piwi-interacting- (piRNAs), and small
nucleolar-RNAs (snoRNAs). However, other ncRNAs in this group with less characterized activity
have also been described [81]. In recent decades, the increasing interest in melanoma epigenetics
has been particularly devoted to studying the deregulation of lncRNAs and miRNAs. The major
mechanism involved with the epigenetic control exerted by lncRNAs depends on the recruitment of
histone-modifying complexes (e.g., PRC) or other regulatory proteins at specific DNA target regions,
which silences or activates gene promoters [82,83]. By contrast, miRNAs (19–22 bps) block the gene
expression at the post-transcriptional level mostly by interfering with the 3′UTR region of mRNAs [84].
A class of lncRNAs has been recently described to exert a role as decoys or sequesters of miRNAs,
while others also act by stabilizing the translational ribosomal machinery [10,85,86].

Several lncRNAs have been described and found to be deregulated in melanoma. The
BRAF-activated ncRNA (BANCR) has been identified as a putative regulator of melanocyte
transformation, which affects both cell proliferation and the migratory attitude by activating the
ERK1/2 and MAPK pathways [87,88]. The HOX transcript antisense RNA (HOTAIR) is another lncRNA
particularly enriched in melanoma metastasis, while being poorly expressed in primary lesions [89].
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Its role in the pro-metastatic process has been widely investigated and it was demonstrated that
HOTAIR interacts with the PRC2 favoring the tri-methylation of H3K27 at specific target genes with
anti-metastatic activity. Thus, epigenetic processes silence their expression [90]. Another lncRNA
(SPRY4-IT1) was identified as a regulator of both apoptosis and differentiation in melanoma [91], while
further study in non-small cell lung cancer (NSCLC) also revealed a possible role in the activation of the
EMT machinery by regulating both E-cadherin and vimentin expression [92]. Lastly, the SAMMSON
(survival associated mitochondrial melanoma-specific oncogenic lncRNA) is considered one of the major
lncRNA implicated in melanomagenesis, whose expression occurs in more than 90% of melanomas [93].
The most relevant activity of SAMMSON is the activation of the mitochondrial p32 protein, which is a
critical regulator of tumor metabolism via maintenance of oxidative phosphorylation and mitochondrial
homeostasis [94]. The role of this lncRNA in melanoma has promising therapeutic implications since
the combination of inhibitors of both BRAF and SAMMSON in pre-clinical models apparently exert a
synergistic anti-tumor effect [93].

The role of miRNAs in melanoma is very tangled and, therefore, we recently reviewed this topic
in detail [95]. In particular, miRNAs influence the progression of melanoma and impair the immune
system activity as well as prepare the formation of the pre-metastatic niche. An area of interest in this
context is the biological relevance of melanoma-related miRNAs in the propagation of pro-tumoral
signals, which affects the tumor microenvironment and immune system cells. In this regard, the
cargo of miRNAs via melanoma-derived Exo has a pivotal role in tumor progression as described for
miR-9, whose exosomal transfer into endothelial cells can activate their migratory and pro-angiogenic
potential by prompting the signal transducer and activator of transcription 3 (STAT3) pathway [4,96]. A
similar perturbation of the JAK/STAT pathway in melanoma cells depends on the exosomal transfer of
miR-24-3p, miR-891a, miR-106a-5p, miR-20a-5p, and miR-1908, which co-participate in the generation
of an immunosuppressive milieu by promoting the Th1-polarization of CD4+ cells as well as the
expansion of T-regulatory cells (T-regs) and myeloid-derived suppressor cells (MDSCs) [97].

The altered miRNA profile of melanoma cells was also correlated with their metastatic potential.
In this context, high expression of miR-214 was found to be implicated in cell motility and increased
migratory propensity, which drives the spreading of melanoma cells from the primary lesion to
metastatic sites through the modulation of adhesion molecules and metalloproteases [98]. The miR-200
family, moreover, is considered of particular relevance for the metastatic process of melanoma cells,
since it drives the EMT process by negatively influencing the zinc finger E-box-binding homeobox 1
(ZEB1) and E-Cadherin, while stimulating the expression of N-Cadherin and vimentin [99].

A very interesting area of research is progressively exploring the possible connections between
deregulation of ncRNAs in melanoma and their propagation toward distant cells as well as
pre-metastatic organs. In this context, it is conceivable that EVs, and particularly Exo, may play a pivotal
role since they are optimal vectors carrying proteins and miRNAs and were found to dynamically
modify their “epigenetic” cargos in adaptation to different microenvironmental conditions or drug
pressures [100].

In conclusion, it is conceivable that epigenetic modifications occur in melanoma and prompt the
metastatic potential that stimulates a critical mechanism regulating the spreading of melanoma cells
from primary to secondary sites. Therapeutic strategies aimed to restrain the epigenetic defect in
combination with targeted agents and/or immunotherapy could be planned in future investigative
clinical trials.

4. Clinical Applications of Extracellular Vesicles and Melanoma Epigenetics

The recent acquisitions in the field of EVs and epigenetics allowed the development of novel
strategies with a potential translation in the clinical setting. The isolation and characterization of
melanoma-derived EVs are an attractive tool for both diagnostic and prognostic purposes, while
new therapeutic approaches include the use of epigenetic drugs and engineered nanocarriers loaded
with ncRNAs.
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(i) Circulating biomarkers. Both tumor-derived RNAs and DNAs are packaged within the
phospholipidic bilayer of EVs and are protected from degradation by serum ribonucleases and DNases.
Therefore, the analysis of exosomal miRNAs has been widely investigated as an innovative strategy
for a liquid biopsy. The liquid biopsy is emerging as a helpful alternative to conventional tissue
biopsy, which provides a non-invasive approach for the detection and real-time measuring of cancer
biomarkers by simple drown of blood procedures as well as other biological fluids including urine,
saliva, or ascites [101]. In this context, increased levels of exosomal miR-17, miR-19a, miR-21, miR-126,
and miR-149 were measured in the plasma of patients with sporadic metastatic melanoma as compared
to a healthy control and proposed as possible biomarkers in the clinical setting [102,103].

Moreover, exosomal DNA has been sequenced to detect the presence of BRAFV600, while high levels
of Exo-miR-211 was correlated with reduced sensitivity to BRAF inhibitors in metastatic melanoma,
which supports molecular analyses of Exo to predict the responsiveness to targeted agents [30,104].
A potential and very useful application of circulating Exo concerns the isolation of EVs originating
from the immune cells. As we recently demonstrated, T-cell-derived Exo are a bona fide representation
of the immune system health, which reflects the intrinsic propensity of the immune system to be
reactivated by immune-checkpoint inhibitors [105].

(ii) Novel therapeutic strategies. Melanoma is a highly immunogenic tumor and immunotherapy
becomes a backbone for the treatment of this cancer since a monoclonal antibody directed against
the Cytotoxic T-Lymphocyte Antigen-4 (CTLA4) receptor demonstrated its effectiveness in a limited
number of metastatic patients [106]. Other immune-checkpoint inhibitors and their combination
have dramatically raised the percentage of patients that benefit from immunotherapies, even though
alternative strategies are still needed to improve the efficacy of these drugs, especially in poorly
immunogenic cancers.

In this context, epigenetic drugs including DHAs have been explored in pre-clinical models
demonstrating their ability to potentiate immune recognition through the up-regulation of the human
leukocyte antigen (HLA) class I and accessory/co-stimulatory molecules, the modulation of Th1
polarization, and the promotion of CD8+ T-cell activation and proliferation [58]. Despite previous
approvals for the treatment of certain haematological malignancies, the efficacy of first-generation
DHAs (e.g., azacytidine and decitabine) in patients with solid tumors has been disappointing [107].
Next-generation DHAs, however, demonstrated promising immune-modulatory and anti-tumor
activity in clinical trials [56]. In this continuously evolving scenario, the phase 1b NIBIT-M4
study recently confirmed the tolerability and safety of guadecitabine associated with ipilimumab in
unresectable stage III/IV melanoma, which shows a unique objective response rate of 26% [108].

Other innovative approaches aimed at restoring effective anti-tumor immune responses exploit
Exo derived from dendritic cells (Dex) to induce an antigen-specific T-cell activation. Early phase
clinical trials were designed to verify the potential use of autologous Dex pulsed with tumor peptides
for the immunization of stage III/IV melanoma patients as cell-free anti-melanoma vaccines [109,110].
Despite these studies demonstrating the feasibility of large-scale production of Dex and the safety
administration, further validation of their anti-tumor efficacy is still needed. The selective delivery of
active drugs using nanovesicles is also a possible strategy. To this, Van Woensel et al. recently proposed
anti-Galectin-1 siRNA-loaded chitosan-nanoparticles in mice with glioblastoma, which demonstrates
increased CD4+ and CD8+ T-cell activation following their administration and potential anti-tumor
activity [111]. The combination of these agents with other treatments aims to improve the efficacy
of chemotherapy and immunotherapy, such as the administration with temozolomide and anti-PD1
immunotherapy. Finally, a major unmet issue in melanoma is targeting mutated forms of NRAS
kinases, which are still considered undruggable. Thus, alternative strategies including siRNAs and
artificial-miRNAs (amiRs) have been proposed for directly inhibiting the downstream transduction of
specific RAS point-mutations [112,113]. Innovative nano-carriers are currently under investigation as a
possible system for the selective delivery of these molecules into cancer cells [114,115].
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5. Conclusions and Future Perspective

Recent acknowledgment in the molecular landscape of melanoma has brought impressive results
in terms of overall survival in metastatic disease. However, the prognosis of a number of patients
remains particularly poor and resistance to therapy is still a challenge. Recent studies, nonetheless,
showed the relevant role of EVs and epigenetic deregulation in melanoma progression and opened
new strategies for both diagnosis and treatment. Moreover, a high number of epigenetic modifications
add further layers of complexity to this system and have been associated with peculiar biological
aggressiveness or activation of specific pathways. In this context, DNA methylation as well as histones
and chromatin remodeling are potentially druggable targets whose investigation is rapidly proceeding
from pre-clinical studies into clinical trials. The potential interactions between melanoma epigenetics
with both MAPK signaling and immune system activity require further efforts to better qualify the
possible role of epigenetic drugs in overcoming drug resistance as well as potentiating the anti-cancer
effects of new immune checkpoint inhibitors.

Many efforts in past years have been devoted to investigate tumor-derived Exo as circulating
biomarkers or possible druggable targets, particularly due to their link with intercellular communication
and epigenetic deregulation of cancer cells. However, although EVs seem very promising for their
structural and pharmacological properties, their translation into the clinical arena seems far from a
direct application. In addition, a previous study investigating a possible use as an anti-melanoma
vaccine failed to demonstrate a real benefit by adopting this approach. Future directions include the
development of intelligent nanoparticle systems for selective gene therapy approaches as innovative
treatment modalities.

Author Contributions: F.M. and M.C. wrote the manuscript. F.S. and M.T. supervised the manuscript. S.D., L.S.S.,
and G.R. worked on figures, literature, and edited the text. All authors have read and agreed to the published
version of the manuscript.

Funding: AIRC (Italian Association of Cancer Research), grant number IG©17536 and Apulia Project ‘Precision
Medicine’, funded this research.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Long, G.V.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F.; Larkin, J.; Garbe, C.; Jouary, T.;
Hauschild, A.; Sileni, V.C.; et al. Combined BRAF and MEK inhibition versus BRAF inhibition alone in
melanoma. N. Engl. J. Med. 2014, 371, 1877–1888. [CrossRef] [PubMed]

2. Ahmed, F.; Haass, N.K. Microenvironment-Driven Dynamic Heterogeneity and Phenotypic Plasticity as a
Mechanism of Melanoma Therapy Resistance. Front. Oncol. 2018, 8, 173. [CrossRef] [PubMed]

3. Weidle, U.H.; Birzele, F.; Kollmorgen, G.; Rüger, R. The Multiple Roles of Exosomes in Metastasis. Cancer
Genom. Proteom. 2016, 14, 10077. [CrossRef] [PubMed]

4. Tucci, M.; Mannavola, F.; Passarelli, A.; Stucci, L.S.; Cives, M.; Silvestris, F. Exosomes in melanoma: A role
in tumor progression, metastasis and impaired immune system activity. Oncotarget 2018, 9, 20826–20837.
[CrossRef] [PubMed]

5. Isola, A.L.; Eddy, K.; Chen, S. Biology, Therapy and Implications of Tumor Exosomes in the Progression of
Melanoma. Cancers 2016, 8, 110. [CrossRef]

6. Isola, A.L.; Chen, S. Exosomes: The Link between GPCR Activation and Metastatic Potential? Front. Genet.
2016, 7, 56. [CrossRef]

7. Mo, M.-H.; Chen, L.; Fu, Y.; Wang, W.; Fu, S.W. Cell-free Circulating miRNA Biomarkers in Cancer. J. Cancer
2012, 3, 432–448. [CrossRef]

8. Mannavola, F.; Tucci, M.; Felici, C.; Passarelli, A.; D’Oronzo, S.; Silvestris, F. Tumor-derived exosomes
promote the in vitro osteotropism of melanoma cells by activating the SDF-1/CXCR4/CXCR7 axis. J. Transl.
Med. 2019, 17, 230. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1406037
http://www.ncbi.nlm.nih.gov/pubmed/25265492
http://dx.doi.org/10.3389/fonc.2018.00173
http://www.ncbi.nlm.nih.gov/pubmed/29881716
http://dx.doi.org/10.21873/cgp.20015
http://www.ncbi.nlm.nih.gov/pubmed/28031234
http://dx.doi.org/10.18632/oncotarget.24846
http://www.ncbi.nlm.nih.gov/pubmed/29755693
http://dx.doi.org/10.3390/cancers8120110
http://dx.doi.org/10.3389/fgene.2016.00056
http://dx.doi.org/10.7150/jca.4919
http://dx.doi.org/10.1186/s12967-019-1982-4


Int. J. Mol. Sci. 2020, 21, 52 11 of 16

9. Dror, S.; Sander, L.; Schwartz, H.; Sheinboim, D.; Barzilai, A.; Dishon, Y.; Apcher, S.; Golan, T.; Greenberger, S.;
Barshack, I.; et al. Melanoma miRNA trafficking controls tumour primary niche formation. Nat. Cell Biol.
2016, 18, 1006–1017. [CrossRef]

10. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.;
Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [CrossRef]

11. Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.;
Bojmar, L.; et al. Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric
flow field-flow fractionation. Nat. Cell Biol. 2018, 20, 332–343. [CrossRef] [PubMed]

12. Vagner, T.; Spinelli, C.; Minciacchi, V.R.; Balaj, L.; Zandian, M.; Conley, A.; Zijlstra, A.; Freeman, M.R.;
Demichelis, F.; De, S.; et al. Large extracellular vesicles carry most of the tumour DNA circulating in prostate
cancer patient plasma. J. Extracell. Vesicles 2018, 7, 1505403. [CrossRef] [PubMed]

13. Di Vizio, D.; Kim, J.; Hager, M.H.; Morello, M.; Yang, W.; Lafargue, C.J.; True, L.D.; Rubin, M.A.; Adam, R.M.;
Beroukhim, R.; et al. Oncosome formation in prostate cancer: Association with a region of frequent
chromosomal deletion in metastatic disease. Cancer Res. 2009, 69, 5601–5609. [CrossRef] [PubMed]

14. Minciacchi, V.R.; You, S.; Spinelli, C.; Morley, S.; Zandian, M.; Aspuria, P.-J.; Cavallini, L.; Ciardiello, C.;
Sobreiro, M.R.; Morello, M.; et al. Large oncosomes contain distinct protein cargo and represent a separate
functional class of tumor-derived extracellular vesicles. Oncotarget 2015, 6, 11327–11341. [CrossRef] [PubMed]

15. Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; Iessi, E.; Logozzi, M.;
Molinari, A.; et al. Microenvironmental pH is a key factor for exosome traffic in tumor cells. J. Biol. Chem.
2009, 284, 34211–34222. [CrossRef]

16. Felicetti, F.; Parolini, I.; Bottero, L.; Fecchi, K.; Errico, M.C.; Raggi, C.; Biffoni, M.; Spadaro, F.; Lisanti, M.P.;
Sargiacomo, M.; et al. Caveolin-1 tumor-promoting role in human melanoma. Int. J. Cancer 2009, 125,
1514–1522. [CrossRef]

17. Lazar, I.; Clement, E.; Ducoux-Petit, M.; Denat, L.; Soldan, V.; Dauvillier, S.; Balor, S.; Burlet-Schiltz, O.;
Larue, L.; Muller, C.; et al. Proteome characterization of melanoma exosomes reveals a specific signature for
metastatic cell lines. Pigment Cell Melanoma Res. 2015, 28, 464–475. [CrossRef]

18. Sharma, P.; Ludwig, S.; Muller, L.; Hong, C.S.; Kirkwood, J.M.; Ferrone, S.; Whiteside, T.L.
Immunoaffinity-based isolation of melanoma cell-derived exosomes from plasma of patients with melanoma.
J. Extracell. Vesicles 2018, 7, 1435138. [CrossRef]

19. Greening, D.W.; Xu, R.; Gopal, S.K.; Rai, A.; Simpson, R.J. Proteomic insights into extracellular vesicle
biology-defining exosomes and shed microvesicles. Expert Rev. Proteom. 2016, 14, 69–95. [CrossRef]

20. Vlassov, A.V.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their composition,
biological functions, and diagnostic and therapeutic potentials. BBA-Gen. Subjects 2012, 1820, 940–948.
[CrossRef]

21. Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA: Trafficking, sorting,
and function. Gen. Physiol. Biophys. 2015, 13, 17–24. [CrossRef]

22. Marsh, M.; van Meer, G. Cell biology. No ESCRTs for exosomes. Science 2008, 319, 1191–1192. [CrossRef]
[PubMed]

23. Ventimiglia, L.N.; Alonso, M.A. Biogenesis and Function of T Cell-Derived Exosomes. Front. Cell Dev. Biol.
2016, 4, 84. [CrossRef] [PubMed]

24. Record, M.; Carayon, K.; Poirot, M.; Silvente-Poirot, S. Exosomes as new vesicular lipid transporters involved
in cell-cell communication and various pathophysiologies. Biochim. Biophys. Acta 2013, 1841, 108–120.
[CrossRef] [PubMed]

25. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol.
2009, 21, 575–581. [CrossRef] [PubMed]

26. Lo Cicero, A.; Delevoye, C.; Gilles-Marsens, F.; Loew, D.; Dingli, F.; Guéré, C.; André, N.; Vié, K.; van Niel, G.;
Raposo, G. Exosomes released by keratinocytes modulate melanocyte pigmentation. Nat. Commun. 2015, 6,
7506. [CrossRef] [PubMed]

27. Tucci, M.; Ciavarella, S.; Strippoli, S.; Brunetti, O.; Dammacco, F.; Silvestris, F. Immature dendritic cells
from patients with multiple myeloma are prone to osteoclast differentiation in vitro. Exp. Hematol. 2011, 39,
773–783. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncb3399
http://dx.doi.org/10.1080/20013078.2018.1535750
http://dx.doi.org/10.1038/s41556-018-0040-4
http://www.ncbi.nlm.nih.gov/pubmed/29459780
http://dx.doi.org/10.1080/20013078.2018.1505403
http://www.ncbi.nlm.nih.gov/pubmed/30108686
http://dx.doi.org/10.1158/0008-5472.CAN-08-3860
http://www.ncbi.nlm.nih.gov/pubmed/19549916
http://dx.doi.org/10.18632/oncotarget.3598
http://www.ncbi.nlm.nih.gov/pubmed/25857301
http://dx.doi.org/10.1074/jbc.M109.041152
http://dx.doi.org/10.1002/ijc.24451
http://dx.doi.org/10.1111/pcmr.12380
http://dx.doi.org/10.1080/20013078.2018.1435138
http://dx.doi.org/10.1080/14789450.2017.1260450
http://dx.doi.org/10.1016/j.bbagen.2012.03.017
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1126/science.1155750
http://www.ncbi.nlm.nih.gov/pubmed/18309064
http://dx.doi.org/10.3389/fcell.2016.00084
http://www.ncbi.nlm.nih.gov/pubmed/27583248
http://dx.doi.org/10.1016/j.bbalip.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24140720
http://dx.doi.org/10.1016/j.ceb.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19442504
http://dx.doi.org/10.1038/ncomms8506
http://www.ncbi.nlm.nih.gov/pubmed/26103923
http://dx.doi.org/10.1016/j.exphem.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21569821


Int. J. Mol. Sci. 2020, 21, 52 12 of 16

28. Xiao, D.; Barry, S.; Kmetz, D.; Egger, M.; Pan, J.; Rai, S.N.; Qu, J.; McMasters, K.M.; Hao, H. Melanoma
cell-derived exosomes promote epithelial-mesenchymal transition in primary melanocytes through
paracrine/autocrine signaling in the tumor microenvironment. Cancer Lett. 2016, 376, 318–327. [CrossRef]

29. Ekström, E.J.; Bergenfelz, C.; von Bülow, V.; Serifler, F.; Carlemalm, E.; Jönsson, G.; Andersson, T.;
Leandersson, K. WNT5A induces release of exosomes containing pro-angiogenic and immunosuppressive
factors from malignant melanoma cells. Mol. Cancer 2014, 13, 88. [CrossRef]

30. Lunavat, T.R.; Cheng, L.; Einarsdottir, B.O.; Bagge, R.O.; Muralidharan, S.V.; Sharples, R.A.; Lässer, C.;
Gho, Y.S.; Hill, A.F.; Nilsson, J.A.; et al. BRAFV600 inhibition alters the microRNA cargo in the vesicular
secretome of malignant melanoma cells. Proc. Natl. Acad. Sci. USA 2017, 114, E5930–E5939. [CrossRef]

31. de Sousa Andrade, L.N.; Otake, A.H.; Cardim, S.G.B.; da Silva, F.I.; Sakamoto, M.M.I.; Furuya, T.K.; Uno, M.;
Pasini, F.L.; Chammas, R. Extracellular Vesicles Shedding promotes Melanoma Growth in Response to
chemotherapy. Sci. Rep. 2019, 9, 14482. [CrossRef] [PubMed]

32. Xie, F.; Xu, M.; Lu, J.; Mao, L.; Wang, S. The role of exosomal PD-L1 in tumor progression and immunotherapy.
Mol. Cancer 2019, 18, 146. [CrossRef] [PubMed]

33. Gyukity-Sebestyén, E.; Harmati, M.; Dobra, G.; Németh, I.B.; Mihály, J.; Zvara, Á.; Hunyadi-Gulyás, É.;
Katona, R.; Nagy, I.; Horváth, P.; et al. Melanoma-Derived Exosomes Induce PD-1 Overexpression and
Tumor Progression via Mesenchymal Stem Cell Oncogenic Reprogramming. Front. Immunol. 2019, 10, 2459.

34. Bland, C.L.; Byrne-Hoffman, C.N.; Fernandez, A.; Rellick, S.L.; Deng, W.; Klinke, D.J., II. Exosomes derived
from B16F0 melanoma cells alter the transcriptome of cytotoxic T cells that impacts mitochondrial respiration.
FEBS J. 2018, 285, 1033–1050. [CrossRef] [PubMed]

35. Wieckowski, E.U.; Visus, C.; Szajnik, M.; Szczepanski, M.J.; Storkus, W.J.; Whiteside, T.L. Tumor-derived
microvesicles promote regulatory T cell expansion and induce apoptosis in tumor-reactive activated CD8+ T
lymphocytes. J. Immunol. 2009, 183, 3720–3730. [CrossRef]

36. Bretz, N.P.; Ridinger, J.; Rupp, A.-K.; Rimbach, K.; Keller, S.; Rupp, C.; Marmé, F.; Umansky, L.; Umansky, V.;
Eigenbrod, T.; et al. Body fluid exosomes promote secretion of inflammatory cytokines in monocytic cells via
Toll-like receptor signaling. J. Biol. Chem. 2013, 288, 36691–36702. [CrossRef]

37. Szczepanski, M.J.; Szajnik, M.; Welsh, A.; Whiteside, T.L.; Boyiadzis, M. Blast-derived microvesicles in sera
from patients with acute myeloid leukemia suppress natural killer cell function via membrane-associated
transforming growth factor-beta1. Haematologica 2011, 96, 1302–1309. [CrossRef]

38. Hood, J.L.; San, R.S.; Wickline, S.A. Exosomes released by melanoma cells prepare sentinel lymph nodes for
tumor metastasis. Cancer Res. 2011, 71, 3792–3801. [CrossRef]

39. Hood, J.L. Melanoma exosomes enable tumor tolerance in lymph nodes. Med Hypotheses 2016, 90, 11–13.
[CrossRef]

40. Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.;
Bromberg, J.F.; Kang, Y.; et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer
2017, 17, 302–317. [CrossRef]

41. Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.;
Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329. [CrossRef] [PubMed]

42. Berger, S.L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A. An operational definition of epigenetics. Genes
Dev. 2009, 23, 781–783. [CrossRef] [PubMed]

43. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
44. Lu, J.-S.; Cao, J.; Li, Y.-F.; Zhou, S. Genomic Classification of Cutaneous Melanoma. Cancer Lett. 2015, 161,

1681–1696.
45. Moran, B.; Silva, R.; Perry, A.S.; Gallagher, W.M. Epigenetics of malignant melanoma. Semin. Cancer Biol.

2017, 51, 80–88. [CrossRef]
46. Sarkar, D.; Leung, E.Y.; Baguley, B.C.; Finlay, G.J.; Askarian-Amiri, M.E. Epigenetic regulation in human

melanoma: Past and future. Epigenetics 2015, 10, 103–121. [CrossRef]
47. Micevic, G.; Theodosakis, N.; Bosenberg, M. Aberrant DNA methylation in melanoma: Biomarker and

therapeutic opportunities. Clin. Epigenetics 2017, 9, 34. [CrossRef]
48. Lian, C.G.; Xu, Y.; Ceol, C.; Wu, F.; Larson, A.; Dresser, K.; Xu, W.; Tan, L.; Hu, Y.; Zhan, Q.; et al. Loss of

5-hydroxymethylcytosine is an epigenetic hallmark of melanoma. J. Am. Coll. Surg. 2012, 150, 1135–1146.
[CrossRef]

http://dx.doi.org/10.1016/j.canlet.2016.03.050
http://dx.doi.org/10.1186/1476-4598-13-88
http://dx.doi.org/10.1073/pnas.1705206114
http://dx.doi.org/10.1038/s41598-019-50848-z
http://www.ncbi.nlm.nih.gov/pubmed/31597943
http://dx.doi.org/10.1186/s12943-019-1074-3
http://www.ncbi.nlm.nih.gov/pubmed/31647023
http://dx.doi.org/10.1111/febs.14396
http://www.ncbi.nlm.nih.gov/pubmed/29399967
http://dx.doi.org/10.4049/jimmunol.0900970
http://dx.doi.org/10.1074/jbc.M113.512806
http://dx.doi.org/10.3324/haematol.2010.039743
http://dx.doi.org/10.1158/0008-5472.CAN-10-4455
http://dx.doi.org/10.1016/j.mehy.2016.02.018
http://dx.doi.org/10.1038/nrc.2017.6
http://dx.doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
http://dx.doi.org/10.1101/gad.1787609
http://www.ncbi.nlm.nih.gov/pubmed/19339683
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/j.semcancer.2017.10.006
http://dx.doi.org/10.1080/15592294.2014.1003746
http://dx.doi.org/10.1186/s13148-017-0332-8
http://dx.doi.org/10.1016/j.cell.2012.07.033


Int. J. Mol. Sci. 2020, 21, 52 13 of 16

49. Peng, B.; Hodge, D.R.; Thomas, S.B.; Cherry, J.M.; Munroe, D.J.; Pompeia, C.; Xiao, W.; Farrar, W.L. Epigenetic
silencing of the human nucleotide excision repair gene, hHR23B, in interleukin-6-responsive multiple
myeloma KAS-6/1 cells. J. Biol. Chem. 2005, 280, 4182–4187. [CrossRef]

50. Wang, Y.C.; Lu, Y.P.; Tseng, R.C.; Lin, R.K.; Chang, J.W.; Chen, J.T.; Shih, C.M.; Chen, C.Y. Inactivation of
hMLH1 and hMSH2 by promoter methylation in primary non-small cell lung tumors and matched sputum
samples. J. Clin. Invest. 2003, 111, 887–895. [CrossRef]

51. Lee, M.N.; Tseng, R.C.; Hsu, H.S.; Chen, J.Y.; Tzao, C.; Ho, W.L.; Wang, Y.C. Epigenetic inactivation of the
chromosomal stability control genes BRCA1, BRCA2, and XRCC5 in non-small cell lung cancer. Clin. Cancer
Res. 2007, 13, 832–838. [CrossRef] [PubMed]

52. Hoon, D.S.B.; Spugnardi, M.; Kuo, C.; Huang, S.K.; Morton, D.L.; Taback, B. Profiling epigenetic inactivation
of tumor suppressor genes in tumors and plasma from cutaneous melanoma patients. Oncogene 2004, 23,
4014–4022. [CrossRef] [PubMed]

53. Jin, S.-G.; Xiong, W.; Wu, X.; Yang, L.; Pfeifer, G.P. The DNA methylation landscape of human melanoma. J.
Am. Coll. Surg. 2015, 106, 322–330. [CrossRef] [PubMed]

54. Hou, P.; Liu, D.; Dong, J.; Xing, M. The BRAF (V600E) causes widespread alterations in gene methylation in
the genome of melanoma cells. Cell Cycle 2012, 11, 286–295. [CrossRef]

55. Bond, C.E.; Liu, C.; Kawamata, F.; McKeone, D.M.; Fernando, W.; Jamieson, S.; Pearson, S.-A.; Kane, A.;
Woods, S.L.; Lannagan, T.R.M.; et al. Oncogenic BRAF mutation induces DNA methylation changes in a
murine model for human serrated colorectal neoplasia. Epigenetics 2018, 13, 40–48. [CrossRef]

56. Maio, M.; Covre, A.; Fratta, E.; Di Giacomo, A.M.; Natali, P.G.; Coral, S.; Sigalotti, L. Molecular Pathways: At
the Crossroads of Cancer Epigenetics and Immunotherapy. Clin. Cancer Res. 2015, 21, 4040–4047. [CrossRef]

57. Siebenkäs, C.; Chiappinelli, K.B.; Guzzetta, A.A.; Sharma, A.; Jeschke, J.; Vatapalli, R.; Baylin, S.B.; Ahuja, N.
Inhibiting DNA methylation activates cancer testis antigens and expression of the antigen processing and
presentation machinery in colon and ovarian cancer cells. PLoS ONE 2017, 12, e0179501. [CrossRef]

58. Luo, N.; Nixon, M.J.; Gonzalez-Ericsson, P.I.; Sanchez, V.; Opalenik, S.R.; Li, H.; Zahnow, C.A.; Nickels, M.L.;
Liu, F.; Tantawy, M.N.; et al. DNA methyltransferase inhibition upregulates MHC-I to potentiate cytotoxic T
lymphocyte responses in breast cancer. Nat. Commun. 2018, 9, 248. [CrossRef]

59. Yang, H.; Bueso-Ramos, C.; DiNardo, C.; Estecio, M.R.; Davanlou, M.; Geng, Q.R.; Fang, Z.; Nguyen, M.;
Pierce, S.; Wei, Y.; et al. Expression of PD-L1, PD-L2, PD-1 and CTLA4 in myelodysplastic syndromes is
enhanced by treatment with hypomethylating agents. Leukemia 2014, 28, 1280–1288. [CrossRef]

60. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395.
[CrossRef]

61. Verfaillie, A.; Imrichova, H.; Atak, Z.K.; Dewaele, M.; Rambow, F.; Hulselmans, G.; Christiaens, V.;
Svetlichnyy, D.; Luciani, F.; Van den Mooter, L.; et al. Decoding the regulatory landscape of melanoma
reveals TEADS as regulators of the invasive cell state. Nat. Commun. 2015, 6, 6683. [CrossRef] [PubMed]

62. Zheng, S.; Lin, H.K.; Lu, B.; Williams, A.; Datar, R.; Cote, R.J.; Tai, Y.-C. 3D microfilter device for viable
circulating tumor cell (CTC) enrichment from blood. BioMed. Microdevices 2010, 13, 203–213. [CrossRef]
[PubMed]

63. Flørenes, V.A.; Skrede, M.; Jørgensen, K.; Nesland, J.M. Deacetylase inhibition in malignant melanomas:
Impact on cell cycle regulation and survival. Melanoma Res. 2004, 14, 173–181. [CrossRef] [PubMed]

64. Martin, C.; Zhang, Y. The diverse functions of histone lysine methylation. Nat. Rev. Mol. Cell. Biol. 2005, 6,
838–849. [CrossRef]

65. Orouji, E.; Utikal, J. Tackling malignant melanoma epigenetically: Histone lysine methylation. Clin.
Epigenetics 2018, 10, 145. [CrossRef]

66. Zhang, X.; Lu, F.; Wang, J.; Yin, F.; Xu, Z.; Qi, D.; Wu, X.; Cao, Y.; Liang, W.; Liu, Y.; et al. Pluripotent stem cell
protein Sox2 confers sensitivity to LSD1 inhibition in cancer cells. Cancer Lett. 2013, 5, 445–457. [CrossRef]

67. Roesch, A.; Mueller, A.M.; Stempfl, T.; Moehle, C.; Landthaler, M.; Vogt, T. RBP2-H1/JARID1B is a
transcriptional regulator with a tumor suppressive potential in melanoma cells. Int. J. Cancer 2007, 122,
1047–1057. [CrossRef]

68. Yu, Y.; Schleich, K.; Ji, S.; Lohneis, P.; Kemper, K.; Silvis, M.R.; Qutob, N.; van Rooijen, E.; Werner-Klein, M.;
Li, L.; et al. Targeting the Senescence-Overriding Cooperative Activity of Structurally Unrelated H3K9
Demethylases in Melanoma. Cancer Cell 2018, 33, 322–336. [CrossRef]

http://dx.doi.org/10.1074/jbc.M412566200
http://dx.doi.org/10.1172/JCI15475
http://dx.doi.org/10.1158/1078-0432.CCR-05-2694
http://www.ncbi.nlm.nih.gov/pubmed/17289874
http://dx.doi.org/10.1038/sj.onc.1207505
http://www.ncbi.nlm.nih.gov/pubmed/15064737
http://dx.doi.org/10.1016/j.ygeno.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26384656
http://dx.doi.org/10.4161/cc.11.2.18707
http://dx.doi.org/10.1080/15592294.2017.1411446
http://dx.doi.org/10.1158/1078-0432.CCR-14-2914
http://dx.doi.org/10.1371/journal.pone.0179501
http://dx.doi.org/10.1038/s41467-017-02630-w
http://dx.doi.org/10.1038/leu.2013.355
http://dx.doi.org/10.1038/cr.2011.22
http://dx.doi.org/10.1038/ncomms7683
http://www.ncbi.nlm.nih.gov/pubmed/25865119
http://dx.doi.org/10.1007/s10544-010-9485-3
http://www.ncbi.nlm.nih.gov/pubmed/20978853
http://dx.doi.org/10.1097/01.cmr.0000129576.49313.26
http://www.ncbi.nlm.nih.gov/pubmed/15179185
http://dx.doi.org/10.1038/nrm1761
http://dx.doi.org/10.1186/s13148-018-0583-z
http://dx.doi.org/10.1016/j.celrep.2013.09.018
http://dx.doi.org/10.1002/ijc.23211
http://dx.doi.org/10.1016/j.ccell.2018.01.002


Int. J. Mol. Sci. 2020, 21, 52 14 of 16

69. Bidard, F.-C.; Hajage, D.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.; Cottu, P.; Beuzeboc, P.; Rolland, E.;
Mathiot, C.; et al. Assessment of circulating tumor cells and serum markers for progression-free survival
prediction in metastatic breast cancer: A prospective observational study. Breast Cancer Res. 2012, 14, R29.
[CrossRef]

70. Konstantinov, N.K.; Ulff-Møller, C.J.; Dimitrov, S. Histone variants and melanoma: Facts and hypotheses.
Pigment Cell Melanoma Res. 2016, 29, 426–433. [CrossRef]

71. Vardabasso, C.; Gaspar-Maia, A.; Hasson, D.; Pünzeler, S.; Valle-Garcia, D.; Straub, T.; Keilhauer, E.C.;
Strub, T.; Dong, J.; Panda, T.; et al. Histone Variant H2A.Z.2 Mediates Proliferation and Drug Sensitivity of
Malignant Melanoma. Cancer Lett. 2015, 59, 75–88. [CrossRef] [PubMed]

72. Lei, S.; Long, J.; Li, J. MacroH2A suppresses the proliferation of the B16 melanoma cell line. Mol. Med. Rep.
2014, 10, 1845–1850. [CrossRef]

73. Vardabasso, C.; Hake, S.B.; Bernstein, E. Histone variant H2A.Z.2: A novel driver of melanoma progression.
Mol. Cell. Oncol. 2015, 3, e1073417. [CrossRef] [PubMed]

74. Kapoor, A.; Goldberg, M.S.; Cumberland, L.K.; Ratnakumar, K.; Segura, M.F.; Emanuel, P.O.; Menendez, S.;
Vardabasso, C.; Leroy, G.; Vidal, C.I.; et al. The histone variant macroH2A suppresses melanoma progression
through regulation of CDK8. Nature 2010, 468, 1105–1109. [CrossRef] [PubMed]

75. Di Croce, L.; Helin, K. Transcriptional regulation by Polycomb group proteins. Nat. Struct. Mol. Biol. 2013,
20, 1147–1155. [CrossRef] [PubMed]

76. Fan, T.; Jiang, S.; Chung, N.; Alikhan, A.; Ni, C.; Lee, C.-C.R.; Hornyak, T.J. EZH2-dependent suppression of
a cellular senescence phenotype in melanoma cells by inhibition of p21/CDKN1A expression. Mol. Cancer
Res. 2011, 9, 418–429. [CrossRef]

77. Bachmann, I.M.; Halvorsen, O.J.; Collett, K.; Stefansson, I.M.; Straume, O.; Haukaas, S.A.; Salvesen, H.B.;
Otte, A.P.; Akslen, L.A. EZH2 expression is associated with high proliferation rate and aggressive tumor
subgroups in cutaneous melanoma and cancers of the endometrium, prostate, and breast. J. Clin. Oncol.
2005, 24, 268–273. [CrossRef]

78. Saladi, S.V.; Marathe, H.; de la Serna, I.L. SWItching on the transcriptional circuitry in melanoma. Epigenetics
2010, 5, 469–475. [CrossRef]

79. Mascolo, M.; Vecchione, M.L.; Ilardi, G.; Scalvenzi, M.; Molea, G.; Di Benedetto, M.; Nugnes, L.; Siano, M.;
De Rosa, G.; Staibano, S. Overexpression of Chromatin Assembly Factor-1/p60 helps to predict the prognosis
of melanoma patients. BMC Cancer 2010, 10, 63. [CrossRef]

80. Tiffen, J.; Gallagher, S.J.; Hersey, P. EZH2: An emerging role in melanoma biology and strategies for targeted
therapy. Pigment Cell Melanoma Res. 2014, 28, 21–30. [CrossRef]

81. Jarroux, J.; Morillon, A.; Pinskaya, M. History, Discovery, and Classification of lncRNAs. Adv. Exp. Med. Biol.
2017, 1008, 1–46. [PubMed]

82. Hirota, K.; Miyoshi, T.; Kugou, K.; Hoffman, C.S.; Shibata, T.; Ohta, K. Stepwise chromatin remodelling by a
cascade of transcription initiation of non-coding RNAs. Nature 2008, 456, 130–134. [CrossRef] [PubMed]

83. Brockdorff, N. Noncoding RNA and Polycomb recruitment. RNA 2013, 19, 429–442. [CrossRef] [PubMed]
84. Luo, C.; Weber, C.E.M.; Osen, W.; Bosserhoff, A.-K.; Eichmüller, S.B. The role of microRNAs in melanoma.

Eur. J. Cell Biol. 2014, 93, 11–22. [CrossRef]
85. Wang, J.; Liu, X.; Wu, H.; Ni, P.; Gu, Z.; Qiao, Y.; Chen, N.; Sun, F.; Fan, Q. CREB up-regulates long non-coding

RNA, HULC expression through interaction with microRNA-372 in liver cancer. Nucleic Acids Res. 2010, 38,
5366–5383. [CrossRef]

86. Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA
circles function as efficient microRNA sponges. Nature 2013, 495, 384–388. [CrossRef]

87. Flockhart, R.J.; Webster, D.E.; Qu, K.; Mascarenhas, N.; Kovalski, J.; Kretz, M.; Khavari, P.A. BRAFV600E
remodels the melanocyte transcriptome and induces BANCR to regulate melanoma cell migration. Genome
Res. 2012, 22, 1006–1014. [CrossRef]

88. Li, R.; Zhang, L.; Jia, L.; Duan, Y.; Li, Y.; Bao, L.; Sha, N. Long non-coding RNA BANCR promotes proliferation
in malignant melanoma by regulating MAPK pathway activation. PLoS ONE 2014, 9, e100893. [CrossRef]

89. Tang, L.; Zhang, W.; Su, B.; Yu, B. Long noncoding RNA HOTAIR is associated with motility, invasion, and
metastatic potential of metastatic melanoma. BioMed Res. Int. 2013, 2013, 251098. [CrossRef]

90. Wu, L.; Murat, P.; Matak-Vinkovic, D.; Murrell, A.; Balasubramanian, S. Binding interactions between long
noncoding RNA HOTAIR and PRC2 proteins. Biochemistry 2013, 52, 9519–9527. [CrossRef]

http://dx.doi.org/10.1186/bcr3114
http://dx.doi.org/10.1111/pcmr.12467
http://dx.doi.org/10.1016/j.molcel.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26051178
http://dx.doi.org/10.3892/mmr.2014.2482
http://dx.doi.org/10.1080/23723556.2015.1073417
http://www.ncbi.nlm.nih.gov/pubmed/27308593
http://dx.doi.org/10.1038/nature09590
http://www.ncbi.nlm.nih.gov/pubmed/21179167
http://dx.doi.org/10.1038/nsmb.2669
http://www.ncbi.nlm.nih.gov/pubmed/24096405
http://dx.doi.org/10.1158/1541-7786.MCR-10-0511
http://dx.doi.org/10.1200/JCO.2005.01.5180
http://dx.doi.org/10.4161/epi.5.6.12315
http://dx.doi.org/10.1186/1471-2407-10-63
http://dx.doi.org/10.1111/pcmr.12280
http://www.ncbi.nlm.nih.gov/pubmed/28815535
http://dx.doi.org/10.1038/nature07348
http://www.ncbi.nlm.nih.gov/pubmed/18820678
http://dx.doi.org/10.1261/rna.037598.112
http://www.ncbi.nlm.nih.gov/pubmed/23431328
http://dx.doi.org/10.1016/j.ejcb.2014.02.001
http://dx.doi.org/10.1093/nar/gkq285
http://dx.doi.org/10.1038/nature11993
http://dx.doi.org/10.1101/gr.140061.112
http://dx.doi.org/10.1371/journal.pone.0100893
http://dx.doi.org/10.1155/2013/251098
http://dx.doi.org/10.1021/bi401085h


Int. J. Mol. Sci. 2020, 21, 52 15 of 16

91. Khaitan, D.; Dinger, M.E.; Mazar, J.; Crawford, J.; Smith, M.A.; Mattick, J.S.; Perera, R.J. The
melanoma-upregulated long noncoding RNA SPRY4-IT1 modulates apoptosis and invasion. Cancer
Res. 2011, 71, 3852–3862. [CrossRef] [PubMed]

92. Sun, M.; Liu, X.-H.; Lu, K.-H.; Nie, F.-Q.; Xia, R.; Kong, R.; Yang, J.-S.; Xu, T.-P.; Liu, Y.-W.; Zou, Y.-F.;
et al. EZH2-mediated epigenetic suppression of long noncoding RNA SPRY4-IT1 promotes NSCLC cell
proliferation and metastasis by affecting the epithelial-mesenchymal transition. Cell Death Dis. 2014, 5, e1298.
[CrossRef] [PubMed]

93. Leucci, E.; Vendramin, R.; Spinazzi, M.; Laurette, P.; Fiers, M.; Wouters, J.; Radaelli, E.; Eyckerman, S.;
Leonelli, C.; Vanderheyden, K.; et al. Melanoma addiction to the long non-coding RNA SAMMSON. Nature
2016, 531, 518–522. [CrossRef] [PubMed]

94. Fogal, V.; Richardson, A.D.; Karmali, P.P.; Scheffler, I.E.; Smith, J.W.; Ruoslahti, E. Mitochondrial p32 protein
is a critical regulator of tumor metabolism via maintenance of oxidative phosphorylation. Mol. Cell. Biol.
2010, 30, 1303–1318. [CrossRef]

95. Mannavola, F.; Tucci, M.; Felici, C.; Stucci, S.; Silvestris, F. miRNAs in melanoma: A defined role in tumor
progression and metastasis. Exp. Rew. Clin. Immunol. 2016, 12, 79–89. [CrossRef] [PubMed]

96. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. J. Neurooncol. 2013, 113, 1–11. [CrossRef]

97. Valenti, R.; Huber, V.; Iero, M.; Filipazzi, P.; Parmiani, G.; Rivoltini, L. Tumor-released microvesicles as
vehicles of immunosuppression. Cancer Res. 2007, 67, 2912–2915. [CrossRef] [PubMed]

98. Penna, E.; Orso, F.; Cimino, D.; Tenaglia, E.; Lembo, A.; Quaglino, E.; Poliseno, L.; Haimovic, A.;
Osella-Abate, S.; De Pittà, C.; et al. microRNA-214 contributes to melanoma tumour progression through
suppression of TFAP2C. EMBO J. 2011, 30, 1990–2007. [CrossRef]

99. Zhong, X.; Zheng, L.; Shen, J.; Zhang, D.; Xiong, M.; Zhang, Y.; He, X.; Tanyi, J.L.; Yang, F.; Montone, K.T.;
et al. Suppression of MicroRNA 200 Family Expression by Oncogenic KRAS Activation Promotes Cell
Survival and Epithelial-Mesenchymal Transition in KRAS-Driven Cancer. Mol. Cell. Biol. 2016, 36, 2742–2754.
[CrossRef]

100. Tubita, V.; Segui-Barber, J.; Lozano, J.J.; Banon-Maneus, E.; Rovira, J.; Cucchiari, D.; Moya-Rull, D.;
Oppenheimer, F.; Del Portillo, H.; Campistol, J.M.; et al. Effect of immunosuppression in miRNAs from
extracellular vesicles of colorectal cancer and their influence on the pre-metastatic niche. Sci. Rep. 2019, 9,
11177. [CrossRef]

101. Palmirotta, R.; Lovero, D.; Cafforio, P.; Felici, C.; Mannavola, F.; Pellè, E.; Quaresmini, D.; Tucci, M.;
Silvestris, F. Liquid biopsy of cancer: A multimodal diagnostic tool in clinical oncology. Ther. Adv. Med.
Oncol. 2018, 10, 1758835918794630. [CrossRef] [PubMed]

102. Mumford, S.L.; Towler, B.P.; Pashler, A.L.; Gilleard, O.; Martin, Y.; Newbury, S.F. Circulating MicroRNA
Biomarkers in Melanoma: Tools and Challenges in Personalised Medicine. Biomolecules 2018, 8, 21. [CrossRef]
[PubMed]

103. Pfeffer, S.R.; Grossmann, K.F.; Cassidy, P.B.; Yang, C.H.; Fan, M.; Kopelovich, L.; Leachman, S.A.; Pfeffer, L.M.
Detection of Exosomal miRNAs in the Plasma of Melanoma Patients. J. Clin. Med. 2015, 4, 2012–2027.
[CrossRef] [PubMed]

104. Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.;
Xiang, J.; et al. Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014,
24, 766–769. [CrossRef]

105. Tucci, M.; Passarelli, A.; Mannavola, F.; Stucci, L.S.; Ascierto, P.A.; Capone, M.; Madonna, G.; Lopalco, P.;
Silvestris, F. Serum exosomes as predictors of clinical response to ipilimumab in metastatic melanoma.
Oncoimmunology 2017, 7, e1387706. [CrossRef]

106. Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;
Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma.
N. Engl. J. Med. 2010, 363, 711–723. [CrossRef]

107. Morel, D.; Jeffery, D.; Aspeslagh, S.; Almouzni, G.; Postel-Vinay, S. Combining epigenetic drugs with other
therapies for solid tumours-past lessons and future promise. Nat. Rev. Clin. Oncol. 2019. [CrossRef]

108. Di Giacomo, A.M.; Covre, A.; Finotello, F.; Rieder, D.; Danielli, R.; Sigalotti, L.; Giannarelli, D.; Petiprez, F.;
Lacroix, L.; Valente, M.; et al. Guadecitabine plus ipilimumab in unresectable melanoma: The NIBIT-M4
clinical trial. Clin. Cancer Res. 2019, 14, 4681. [CrossRef]

http://dx.doi.org/10.1158/0008-5472.CAN-10-4460
http://www.ncbi.nlm.nih.gov/pubmed/21558391
http://dx.doi.org/10.1038/cddis.2014.256
http://www.ncbi.nlm.nih.gov/pubmed/24967960
http://dx.doi.org/10.1038/nature17161
http://www.ncbi.nlm.nih.gov/pubmed/27008969
http://dx.doi.org/10.1128/MCB.01101-09
http://dx.doi.org/10.1586/1744666X.2016.1100965
http://www.ncbi.nlm.nih.gov/pubmed/26505837
http://dx.doi.org/10.1007/s11060-013-1084-8
http://dx.doi.org/10.1158/0008-5472.CAN-07-0520
http://www.ncbi.nlm.nih.gov/pubmed/17409393
http://dx.doi.org/10.1038/emboj.2011.102
http://dx.doi.org/10.1128/MCB.00079-16
http://dx.doi.org/10.1038/s41598-019-47581-y
http://dx.doi.org/10.1177/1758835918794630
http://www.ncbi.nlm.nih.gov/pubmed/30181785
http://dx.doi.org/10.3390/biom8020021
http://www.ncbi.nlm.nih.gov/pubmed/29701682
http://dx.doi.org/10.3390/jcm4121957
http://www.ncbi.nlm.nih.gov/pubmed/26694476
http://dx.doi.org/10.1038/cr.2014.44
http://dx.doi.org/10.1080/2162402X.2017.1387706
http://dx.doi.org/10.1056/NEJMoa1003466
http://dx.doi.org/10.1038/s41571-019-0267-4
http://dx.doi.org/10.1158/1078-0432.CCR-19-1335


Int. J. Mol. Sci. 2020, 21, 52 16 of 16

109. Hao, S.; Bai, O.; Yuan, J.; Qureshi, M.; Xiang, J. Dendritic cell-derived exosomes stimulate stronger CD8+ CTL
responses and antitumor immunity than tumor cell-derived exosomes. Cell Mol. Immunol. 2006, 3, 205–211.

110. Escudier, B.; Dorval, T.; Chaput, N.; André, F.; Caby, M.-P.; Novault, S.; Flament, C.; Leboulaire, C.; Borg, C.;
Amigorena, S.; et al. Vaccination of metastatic melanoma patients with autologous dendritic cell (DC)
derived-exosomes: Results of thefirst phase I clinical trial. J. Transl. Med. 2005, 3, 10. [CrossRef]

111. Van Woensel, M.; Mathivet, T.; Wauthoz, N.; Rosière, R.; Garg, A.D.; Agostinis, P.; Mathieu, V.; Kiss, R.;
Lefranc, F.; Boon, L.; et al. Sensitization of glioblastoma tumor micro-environment to chemo- and
immunotherapy by Galectin-1 intranasal knock-down strategy. Sci. Rep. 2017, 7, 1217. [CrossRef]
[PubMed]

112. Lam, J.K.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. siRNA Versus miRNA as Therapeutics for Gene Silencing.
Mol. Ther. Nucleic Acids 2015, 4, e252. [CrossRef] [PubMed]

113. Acunzo, M.; Romano, G.; Nigita, G.; Veneziano, D.; Fattore, L.; Laganà, A.; Zanesi, N.; Fadda, P.; Fassan, M.;
Rizzotto, L.; et al. Selective targeting of point-mutated KRAS through artificial microRNAs. Proc. Natl. Acad.
Sci. USA 2017, 114, E4203–E4212. [CrossRef] [PubMed]

114. Perepelyuk, M.; Thangavel, C.; Liu, Y.; Den, R.B.; Lu, B.; Snook, A.E.; Shoyele, S.A. Biodistribution and
Pharmacokinetics Study of siRNA-loaded Anti-NTSR1-mAb-functionalized Novel Hybrid Nanoparticles
in a Metastatic Orthotopic Murine Lung Cancer Model. Mol. Ther. Nucleic Acids 2016, 5, e282. [CrossRef]
[PubMed]

115. Dim, N.; Perepelyuk, M.; Gomes, O.; Thangavel, C.; Liu, Y.; Den, R.; Lakshmikuttyamma, A.; Shoyele, S.A.
Novel targeted siRNA-loaded hybrid nanoparticles: Preparation, characterization and in vitro evaluation. J.
Nanobiotechnol. 2015, 13, 61. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1479-5876-3-10
http://dx.doi.org/10.1038/s41598-017-01279-1
http://www.ncbi.nlm.nih.gov/pubmed/28450700
http://dx.doi.org/10.1038/mtna.2015.23
http://www.ncbi.nlm.nih.gov/pubmed/26372022
http://dx.doi.org/10.1073/pnas.1620562114
http://www.ncbi.nlm.nih.gov/pubmed/28484014
http://dx.doi.org/10.1038/mtna.2015.56
http://www.ncbi.nlm.nih.gov/pubmed/26812654
http://dx.doi.org/10.1186/s12951-015-0124-2
http://www.ncbi.nlm.nih.gov/pubmed/26410728
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Extracellular Vesicles and Melanoma 
	Classification and Biogenesis 
	Role of Exo in Melanoma Progression 

	Epigenetic Modifications and Melanoma Progression 
	DNA Methylation 
	Histone Modifications 
	Chromatin Remodelling 
	Non-Coding RNAs 

	Clinical Applications of Extracellular Vesicles and Melanoma Epigenetics 
	Conclusions and Future Perspective 
	References



