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Abstract:
Melanoma is a highly aggressive skin cancer with high incidence worldwide. There is growing
evidence that aberrantly expressed non-coding RNAs (ncRNAs) play a role in the
development, progression and dissemination of melanoma tumor cells. Among the many
types of ncRNAs described in this review, the functions of micro- and long non-coding RNAs
are described and related to the six hallmarks of cancer. Recently, ncRNAs discovered in
body fluids have become known as one of the most promising groups of oncological
biomarkers for use in non-invasive diagnosis, prognosis or therapeutic response prediction.
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1. Introduction
Melanoma is the deadliest form of skin cancer. The prognosis remains favorable for those
diagnosed with early stage disease, where surgical therapy is the mainstay of treatment. However,
treatment rarely succeeds if begun in the advanced stages of disease, although survival of latestage disease has considerably improved in recent years [1, 2].
Interest in the identification of molecular pathways that contribute to melanoma development
and progression has grown significantly over the last few years, revealing new insights for
development of targeted melanoma therapies such as BRAF (B-Raf proto-oncogene,
serine/threonine kinase) kinase inhibitor or MEK (mitogen-activated protein kinase kinase 1/2)
inhibitor [3, 4]. Concurrently, the manipulation of the immune system [5] (e.g., through the
blocking of immune checkpoints or through adoptive cell transfer) has become an important
strategy for controlling disease progression during advanced melanoma stages. Although these
therapies show promising clinical results, primary or acquired resistance to therapy is common
and clinical outcomes for metastatic disease still remain poor.
Recently, epigenetic modifications have also been implicated in the pathogenesis of many
human diseases, including melanoma. The most widely accepted definition of epigenetics includes
stably inherited modulations in the expression of genes that do not involve changes in their DNA
sequences. In this view, gene expression can vary due to effects exerted by RNA molecules.
Specifically, increasing emphasis is being placed on the roles of non-coding RNAs (ncRNAs) to
modulate gene expression through their functions as epigenetic modifiers [6]. Since ribosomal
RNAs (rRNAs) and transfer RNAs (tRNAs) were discovered in the 1950s [7, 8], numerous other
classes of RNAs located within the nucleus or cytoplasm have joined their ranks, including ncRNAs
[9]. The two most described classes of ncRNAs are micro-RNAs (miRNAs) and the very large group
of long ncRNAs (lncRNAs). Micro-RNAs, ncRNAs that are 19-22 nucleotides in length, modulate
gene expression through mRNA silencing or degradation [10]. Notably, a single miRNA has the
capacity to inhibit several different mRNA targets; this feature explains how miRNAs are such
powerful regulators of gene expression. Moreover, they are variably expressed by cells and
control many pathways that participate in cell metabolism, proliferation, differentiation and
apoptosis [11]. Indeed, various studies have demonstrated that more than 60% of human genes
are regulated by miRNAs [12] that may act as tumor suppressors (TS-miR) or oncogenes (oncomiR)
depending on tissue, cellular context and target genes [13, 14]. The non-coding genome is also
transcribed into many thousands of lncRNAs that are >200 nucleotides in length [15]. In contrast
to miRNAs, which mainly negatively regulate gene expression, lncRNAs may either induce or
repress gene expression and are more specific in terms of species, tissue and tumor type.
The objective of this review is to present information with regard to selected micro-RNAs and
long non-coding RNAs in melanoma and relate their functions to the six hallmarks of cancer
proposed by Hanahan and Weinberg in 2000 [16]. In that work, they suggested that cancer cells
are characterized by six essential physiological alterations that are conducive to malignant growth:
i) sustaining proliferative signaling; ii) evading growth suppressors; iii) enabling replicative
immortality; iv) activating invasion and metastasis; v) inducing angiogenesis and vi) resisting cell
death. This is the first review that relates short and long non-coding RNAs to current knowledge
with regard to the six cancer hallmarks of cutaneous melanoma.
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2. Non-Coding RNAs Maintain Proliferative Signaling in Melanoma Cells
To maintain a proliferative state, cancer cells often produce their own growth factors (GF) while
concomitantly overexpressing GF receptors. Subsequently, GF bind to over-expressed GF
receptors to induce autocrine proliferative stimulation, thus reducing their dependency on the
external microenvironment for stimulation. Melanoma cells can also constitutively activate their
own receptors via signals that are transduced within the tumor cells by activation of MAPK
(mitogen-activated protein kinase) or NOTCH pathways (Figure 1). Such growth-signaling pathways
in cancer cells have been linked to deregulation of the normal activities of non-coding RNA [17].

Figure 1 Differential non-coding RNA expression in normal and melanoma cells
influences growth signals. Normal cells regulate their growth by modulating the
activity of MAPK pathways and of the NOTCH signaling pathway. In tumor cells,
aberrant expression of several micro-RNAs and long non-coding RNAs cause
deregulation of these pathways and of cell proliferation. LFNG: LFNG O-fucosylpeptide
3-beta-N-acetylglucosaminyltransferase; NUMB: numb homolog; PTEN: phosphatase
and tensin homolog; JNK: mitogen-activated protein kinase 8; ERK: elk-related tyrosine
kinase; TGFβ: transforming growth factor beta; BANCR: BRAF-activated non-protein
coding RNA; SAMMSON: survival associated mitochondrial melanoma-specific
oncogenic non-coding RNA.
Non-coding RNAs can be categorized into two groups. The first group encompasses ncRNAs
that normally function as tumor suppressors, but which are down-regulated and therefore not
effectively present in cancer cells. For example, in non-tumor cells miR-31 targets kinases such as
MET (proto-oncogene receptor tyrosine kinase), RAB27 (Ras-related protein in brain) and NIK
(NFKB inducing kinase) to block signaling and inhibit cell proliferation [18]. Expression of each of
these kinases is often enhanced in melanoma cells, due to the frequent deletion of the miR-31
gene [19]. Another ncRNA, miR-204, also plays a central role in maintaining a non-proliferative
state in noncancerous cells by down-regulating the NOTCH signaling pathway.
Conversely, other non-coding RNAs that act as oncogenes are over-expressed in melanoma
cells. The miRNA miR-21 [20] and lncRNAs RMEL3 [21] and BANCR (BRAF-activated non-coding
RNA) [22, 23] activate the MAPK signaling pathway to induce cell proliferation even in the absence
of GF. Indeed, up-regulation of miR-21 in melanoma is associated with worse prognosis [20, 24,
25]. This over-expression could be induced by environmental factors such as ultraviolet (UV)
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exposure that contribute to melanomagenesis [26, 27]. Likewise, RMEL3 has been described as an
enriched lncRNA in melanoma tumors [21, 28], while BANCR stimulates MAPK pathways and the
NOTCH cascade by sequestering miR-204 so that it is no longer able to repress NOTCH2 [22].
Meanwhile, miR-146a also participates in the regulation of this cascade by targeting LFNG (LFNG
O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase) and the protein encoded by NUMB
(numb homolog) [29, 30]. Finally, tumor cell proliferation is also enhanced in melanoma cells by
the lncRNA SAMMSON (survival associated mitochondrial melanoma-specific oncogenic noncoding RNA) that confers a growth advantage to melanoma cells. SAMMSON mainly localizes to
the cytoplasm and to a lesser degree to mitochondria, where it interacts with p32, a protein
implicated in mitochondrial metabolism [31]. However, SAMMSON functions and downstream
growth enhancement mechanisms are largely unknown.
3. Non-Coding RNAs Increase Melanoma Cell Insensitivity to Growth Suppressor Signals
Another hallmark of tumor cell development lies in cell evasion of control by growth inhibitors,
resulting in sustained proliferative signaling. The principal antigrowth factor, or growth inhibitor, is
TGFβ (transforming growth factor beta). TGFβ and other antigrowth factors bind to
transmembrane cell surface receptors coupled to intracellular signaling pathways (Figure 1),
leading to regulation of the cell cycle clock specifically via cyclins and kinases that govern cell cycle
transit through the G1 phase (Figure 2).
Several ncRNAs that target proteins of the cell cycle are significantly down-regulated in
melanoma cells compared to normal melanocytes, whereas in the latter they act as tumor
suppressor ncRNAs. The miRNA most differentially expressed between normal melanocytes and
primary melanomas, miR-211 [32- 36], targets TGFβ [35] to stop the advancement of the cell cycle
[32, 33, 37]. Another TS-miR that is under-expressed in melanomas and in a variety of other
cancers, miR-206, inhibits translation of cyclin-dependent kinases such as CDK4 (cyclin-dependent
kinase 4), cyclin D1 or cyclin C to induce G1 arrest in noncancerous cells [38]; similar effects are
also achieved by miR-let-7b and miR-193b [39-41]. Likewise, tumor suppressor proteins such as
those encoded by CYLD (cylindromatosis) [42-44] are down-regulated by at least two miRNAs that
are over-expressed in melanoma cells, miR-767 [45] and miR-186 [46].
Conversely, two ncRNAs acting as a pair, miR-221 and miR-222, have been reported to drive
oncogenesis of melanomas and many types of malignancies through their dynamic roles in
removing inhibitory controls of proliferation and progression [47-49]. For example, both miR-221
and miR-222 have been shown to target p27, another important cell cycle regulator that induces
cell cycle arrest when it binds to and blocks the function of cyclin D1 [48, 50]. Besides these
miRNAs, the focally amplified lncRNA on chromosome 1 (FALEC) has been identified as an
oncogenic lncRNA in melanoma [51] in addition to PVT1 [52-54] and UCA1 (urothelial cancer
associated 1) [55]. FALEC affects p21 expression in melanoma by acting upon EZH2 (enhancer of
zeste 2 polycomb repressive complex 2 subunit) [51], whereas PVT1 enhances cell proliferation
through the regulation of cyclin D1 [52] and sequestration of miR-26b [53]. The interplay between
lncRNAs and miRNAs is also illustrated by the activity of the ncRNA pair UCA1 and miR-507. The
experimental depletion of UCA1 in melanoma cell lines induces G0/G1 cell cycle arrest with
increased expression of miR-507, suggesting that miR-507 directly binds UCA1. Moreover, the
transcription factor forkhead box protein M1 (FOXM1), an essential effector of G2/M phase
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transition, is also a direct target of miR-507. In melanoma, the elevated amount of UCA1
sequesters miR-507, rendering the latter unable to repress FOXM1 [55].

Figure 2 Non-coding RNAs in cell cycle control of normal and melanoma cells. Cyclindependent kinases (CDK) trigger the transition from G1 to S phase and from G2 to M
phase by phosphorylating distinct sets of substrates. Cyclin D family members and
CDK4,6 regulate events in the G1 phase, cyclin E/CDK2 triggers the S phase, cyclin
A/CDK2 regulates the completion of the S phase and cyclin B/CDK1 is essential for
driving cells into mitosis. In melanoma cells, aberrant expression of micro- and long
ncRNAs activates mainly the cyclin D/CDK4,6 pair of ncRNAs, leading to progression
from G1 to S phase. FOXM1: forkhead box M1; FALEC: focally amplified long noncoding RNA in epithelial cancer; PVT1: Pvt1 oncogene; CYLD: cylindromatosis; UCA1:
urothelial cancer associated 1.
4. Non-Coding RNAs Enable Replicative Immortality by Circumvention of Senescence in
Melanoma Cells
Uncontrolled cellular proliferation is a defining feature of cancer. In contrast, cellular
senescence is a state of irreversible growth arrest which can be triggered by various stimuli such
as telomere shortening, DNA damage, oxidative stress or oncogene activation (Figure 3). E2F
family members are critical barriers to senescence induction that allow a cell to avoid senescence
either through activation or inhibition of cell replication.
Some ncRNAs promote senescence in normal cells under selective stimuli, such as miR-205 [56]
or miR-377 [57]. In normal cells, these ncRNAs target E2F family members and induce a
senescence phenotype with elevated expression of p16INK4A, while both are down-regulated in
melanoma cells [56, 57]. UCA1, previously described in the regulation of the cell cycle, is also able
to induce senescence by sequestering hnRNPA1 (heterogeneous nuclear ribonucleoprotein A1)
and by increasing p16INK4A mRNA stability to prevent its degradation [58]. Conversely, Montes et
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al. identified in melanoma patients a negative correlation between the lncRNA MIR31HG (MIR31
host gene) and p16INK4A [59]. Meanwhile, other studies suggest that p16INK4A could be also
regulated by ANRIL (CDKN2B antisense RNA 1) through the recruitment of chromatin remodeling
factors to its gene locus [60-62].

Figure 3 Regulation of cell senescence by non-coding RNAs in normal and melanoma
cells. In normal cells responding to several signals, tumor suppressors p19ARF and
p16INK4A are activated to prevent abnormal cell proliferation. In melanoma cells,
p16INK4A is up-regulated by the expression of lncRNAs MIR31HG and ANRIL and upon
down-regulation of miR-205, miR-377 and UCA1. p19ARF: cyclin-dependent kinase
inhibitor 2A; Mdm2: MDM2 proto-oncogene, E3 ubiquitin protein ligase; UCA1:
urothelial cancer associated 1; p16INK4A: cyclin-dependent kinase inhibitor 2A;
hnRNPA1: heterogeneous nuclear ribonucleoprotein A1; CDK: cyclin-dependent kinase;
Rb: retinoblastoma; MIR31HG: MIR31 host gene; ANRIL: CDKN2B antisense RNA 1.
5. Non-Coding RNAs Promote Melanoma Invasion and Metastasis
Melanoma cells are characterized by genetic instability and invasiveness through acquisition of
migratory capacity. Several classes of proteins implicated as cell-cell adhesion molecules have
been shown to be involved, such as immunoglobulin family members, calcium-dependent
cadherin proteins or integrins, the latter of which link cells to the extracellular matrix. The
metastatic capabilities of melanoma cancer cells also involve extracellular proteases such as MMP
(matrix metallopeptidase) family members that are implicated in the breakdown of the
extracellular matrix (Figure 4).
All of these pathways are regulated by ncRNAs. Indeed, miR-137 is down-regulated in
melanoma cells [63-65] and represses transcription of the gene for E-cadherin by targeting the
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transcription factor TBX3 (T-box transcription factor 3) [66]. Meanwhile, integrin-dependent
pathways that are regulated by miR-let-7a are also down-regulated in malignant melanoma cells
[67]. Moreover, MMP proteins are regulated by the lncRNA GAS5 (growth arrest-specific 5) [68]
and are also down-regulated in melanoma tissues [69], resulting in inhibition of their effects.
Conversely, numerous ncRNAs increase cell invasion by targeting the same pathways that
function in cell migration. Thus, miR-21 (previously described in the first hallmark) targets TIMP3
(TIMP metallopeptidase inhibitor 3), a protein that inhibits MMP synthesis and activity [37, 70].
MMP family members are also regulated by the lncRNA SLNCR1 (steroid receptor RNA activator 1like non-coding RNA) through their interactions with Brn3a (brain-specific homeobox protein 3a)
and AR (androgen receptor) transcription factors [71]. Metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), first discovered in lung cancer, is also up-regulated in melanoma tumors
[72]. MALAT1 similarly regulates extracellular proteases, while also inducing migration by
sequestering miR-22 [73] and miR183 [74] through respective targeting of MMP14 and IGTB1
(Integrin β1). In addition to MALAT1 regulation, integrin pathways are also controlled by the
ncRNA pair miR-221/miR-222 through enhancement of cellular migration via activation of the
Akt/PI3K signaling pathway [50].

Figure 4 Role of non-coding RNAs in cell invasion and migration. In a melanoma cancer
cell, integrin binding to ligands in the extracellular matrix triggers multiple signals
leading to changes in gene expression and cell migration. The loss of the epithelial cellcell adhesion molecule E-cadherin also participates by inducing cell migration. PI3K:
phosphatidylinositol-4, 5-bisphosphate 3-kinase; Akt: v-akt murine thymoma viral
oncogene homolog; TBX3: T-box 3; MMP: matrix metallopeptidase; GAS5: growth
arrest-specific 5; TIMP3: TIMP metallopeptidase inhibitor 3; HOTAIR: HOX transcript
antisense RNA; MALAT1: metastasis-associated lung adenocarcinoma transcript 1.
Overall, HOX transcript antisense RNA (HOTAIR) promotes melanoma cell invasion and
migration by regulating the epithelial-to-mesenchymal transition (EMT) through sequestration of
miR-152-3p [75]. HOTAIR can also regulate target gene expression by acting as a guide for PRC2
(polycomb repressive complex 2), leading to the epigenetic silencing of metastasis suppressor
genes [76]. Notably, HOTAIR levels are elevated in melanoma cells and are associated with poor
prognosis [75, 77].
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6. Non-Coding RNAs Induce Angiogenesis in Melanoma Tumors
Oxygen and nutrients supplied by the vasculature are crucial for tumor cell development and
proliferation. The formation of new blood vessels is important for tumors to obtain an adequate
supply of oxygen and nutrients and to evacuate metabolic waste and undergo metastatic
processes (Figure 5). The principal regulator of this vascularization process is vascular endothelial
growth factor (VEGF), a protein that is up-regulated by hypoxia and oncogenic signaling pathways.
Few non-coding RNAs have been described in melanoma angiogenesis; most of them target,
either directly or indirectly, hypoxia inducible factor α (HIF1α) [78, 79]. It has been suggested that
because miR-21 is highly expressed in melanoma cells [25], it may target PTEN (phosphatase and
tensin homolog) to activate MAPK signaling. In this way, PTEN may thereby enhance HIF1α
expression and VEGF transcription, as observed in prostate cancer cells [79]. Similarly, Mir-21 may
also enhance angiogenesis via its target TIMP3 [80], while a previous study showed that miR-424
enhances VEGF expression by down-regulating cullin 2 (CUL2), a protein that stabilizes HIFα within
a sequestered cytoplasmic complex [81].

Figure 5 Role of micro-RNAs in angiogenesis. In the melanoma cell under normal
oxygen conditions, HIF1α is degraded. Under hypoxia, HIF accumulates in the
cytoplasm and moves to the nucleus to activate the production of proteins implicated
in angiogenesis, including growth factor VEGF. Two micro-RNAs facilitate protein
production by activating transcription of H1F1A and its accumulation in the cytoplasm.
PTEN: phosphatase and tensin homolog; HIF1A: hypoxia inducible factor 1, alpha
subunit; CUL2: cullin 2; VEGF: vascular endothelial growth factor A; ILK: integrin-linked
kinase; PI3K: phosphatidylinositol-4, 5-bisphosphate 3-kinase.
7. Non-Coding RNAs Allow Evasion of Programmed Cell Death of Melanoma Cells
The ability of tumor cells to proliferate also stems from their resistance to programmed cell
death. Apoptosis is dependent upon sensors which control the intra- and extracellular
microenvironment, such as cell surface receptors and effectors which trigger cell death.
Intracellular signals of apoptosis converge to act within mitochondria, where Bcl-2 family
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members play their anti- or pro-apoptotic roles through preventing or promoting the release of
cytochrome C, respectively, with the latter leading to the activation of effector caspases. At least
three TS-miRNAs, miR-219 [82], miR-15b [83, 84] and miR-181a [85], enhance apoptosis by
targeting Bcl-2. All of these TS-miRNAs are down-regulated in melanoma cells.
Overall, the lncRNA GAS5 regulates apoptosis in melanoma via its interaction with the DNA
binding domain of GRs (glucocorticoid receptors) by preventing binding of GRs to glucocorticoid
response elements (GREs) in the genome. This suppresses the induction of several response genes
implicated in apoptosis [86].Finally, SPRY4-IT1 (SPRY4-IT1 intronic transcript 1) is over-represented
in melanoma cells [87, 88] and may block apoptosis by modulating lipid metabolism and
lipotoxicity [89].

Figure 6 Role of non-coding RNAs in apoptosis. Apoptosis is induced by the activation
of death receptors (extracellular signals) or intracellular signals, leading to the
activation of Bcl-2 family members. Next, cytochrome c release activates effector
caspases. In the nucleus, most Bcl-2 family genes are regulated by the binding of
glucocorticoid receptor (GR) to their DNA sequences. BIM: BCL2-like 11; PUMA: BCL2
binding component 3; GAS5: growth arrest-specific 5; Bcl-2: B-cell CLL/lymphoma 2.
8. Conclusions
Among more than 3,000 miRNAs [90] and 24,793 annotated lncRNAs that have been identified
within the human genome [91], only a few show deregulations in cutaneous melanoma (Table 1).
Nevertheless, we are only at the beginning of our understanding and identification of ncRNAs;
recent computational analyses using high-throughput expression data, including microarrays and
RNA sequencing, have helped us identify deregulated mRNAs, lncRNAs and pseudogenes in
melanoma [92, 93]. Consequently, the growing body of evidence strongly suggests a role of
pseudogene transcription as a source of endogenous siRNAs that either bind to their cognate wildtype (WT) genes or act as sponges by binding miRNAs targeting their WT genes. The emerging
picture underscores the functional interdependence of coding and non-coding RNAs [94, 95]
whereby all perturbations in these interactions have widespread consequences that can lead to
the malignant phenotypes of cancer cells.
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Table 1 Non-coding RNAs deregulated in melanoma
Name

Functions in tumor

Targets

lncRNA
ANRIL
BANCR
FALEC
GAS5
HOTAIR
MALAT1
MIR31HG
PVT1
RMEL3
SAMMSON
SLNCR1
SPRY4-IT1
UCA1

Senescence
Proliferation
Cell cycle
Invasion / Metastasis / Apoptosis
Invasion / Metastasis
Invasion / Metastasis
Senescence
Cell cycle
Proliferation
Proliferation
Invasion / Metastasis
Apoptosis
Cell cycle / Senescence

p16INK4A
mir-204
p21
MMP, GR
PRC2
miR-22, miR-183
p16INK4A
Cyclin D1, miR-26b

miRNA
miR-137
miR-146a
miR-15b
miR-181a
miR-186
miR-193b
miR-204
miR-205
miR-206
mir-21

Invasion / Metastasis
Proliferation
Apoptosis
Apoptosis
Cell cycle
Cell cycle
Proliferation
Senescence
Cell cycle
Proliferation / Invasion /
Metastasis / Angiogenesis
miR-211
Growth
miR-219
Apoptosis
miR-221 / 222 Cell cycle / Invasion / Metastasis
miR-31
Proliferation
miR-377
Senescence
miR-424
Angiogenesis
miR-767
Cell cycle
miR-let-7a
Invasion / Metastasis
miR-let-7b
Cell cycle

p32
Brn3a, AR
miR-507, hnRNPA1

TBX3
LFNG, NUMB
Bcl-2 family members
Bcl-2 family members
CYLD
CDK4, Cyclin D1, Cyclin C

Up/down-regulated
in melanoma

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

E2F members
CDK4, Cyclin D1, Cyclin C
TIMP3, PTEN

Down
Up
Down
Down
Up
Down
Down
Down
Down
Up

TGFB
Bcl-2 family members
p27, Akt/PI3K
MET, RAB27, NIK
E2F members
CUL2
CYLD
Integrin
CDK4, Cyclin D1, Cyclin C

Down
Down
Up
Down
Down
Up
Up
Down
Down
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A more complete understanding of the cellular biology of ncRNAs, notably lncRNAs, is crucial to
improving early diagnosis, prognosis and treatment. The latter, of course, first requires detailed
knowledge about melanoma-specific lncRNAs functions. However, therapeutic modulation of
cancer- and tissue-specific expression of lncRNAs could have major advantages over other
therapeutics.
We also must consider the timing of action of ncRNAs, since many of the studies described in
this review only investigated ncRNAs present at the time of diagnosis. Further studies need to be
done to determine the variation in ncRNAs levels throughout the disease course to further
evaluate their relevance to survival and treatment.
To conclude, the study of ncRNA effects on melanoma is a very attractive undertaking, since
they participate in numerous cancer processes. Notably, because ncRNAs could be released into
the bloodstream, they may serve as non-invasive biomarkers of melanoma activity.
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