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A B S T R A C T

Melanoma has a high mortality rate and metastatic melanoma is highly resistant to conventional therapies.
“Omics” fields such as proteomics and microRNA and exosome studies have provided new knowledge to com-
plement the information generated by genomic studies. This work aimed to review the current status of bio-
marker discovery for melanoma through multi-“omics” platforms. A few sets of novel microRNAs and proteins
are described, some of them with important implications in suppressing melanoma at different stages.
Upregulation of genes involved in angiogenesis, immunosuppressive factors, modification of stroma, capture of
melanoma cells in lymph nodes and factors responsible for tumour cell recruitment have been identified in
exosomes, among molecules with other functions. A remarkable series of proteins involved in epithelial-me-
senchymal/mesenchymal-epithelial transitions, inflammation, motility, proliferation and progression processes,
centrosome amplification, aneuploidy, inhibition of CD8+ effector T-cells, and metastasis in general were
identified. Genomic and protein-protein interactions or metabolome levels were not analysed.

Proteomics tools such as Orbitrap shotgun mass spectrometry or deep mining proteomic analysis utilizing
high-resolution reversed phase nanoseparation in combination with mass spectrometry are also discussed. The
application of these tools together with bioinformatics approaches applied to the clinical setting will enable the
implementation of personalized medicine in the near future.

1. Introduction

Melanoma has an overall mortality rate of 20% and metastatic
melanoma is highly resistant to conventional therapies. Several factors
are involved in the development of melanoma at the environmental,
genetic, and individual level [1].

Within the “omics”, genomics is one of the most advanced ap-
proaches, allowing the determination of genome amplifications and
deletions, as well as gene fusions. Next-generation sequencing and
array-based comparative genomic hybridization (Array-CGH) are two
of the most-used techniques, and the latter is an accessible, reliable, and
economical tool. One of the first uses of Array-CGH was reported in
mouse melanoma to study the chromosomal aberrations in melanomas
with the same phenotype [2].

One of the important genes for melanoma formation is the v-Raf
murine sarcoma viral oncogene (BRAF), which is mutated in 50–60% of
melanomas and whose product acts at the level of several mitogen-

activated protein kinases (MAPK) pathways, causing cell proliferation
and triggering mechanisms of apoptosis evasion [3]. This protein is not
tumorigenic on its own and is used as a prognostic marker [4,5]. An-
other gene involved in melanoma is the tumour suppressor gene Cyclin-
dependent kinase inhibitor 2 A (CDKN2A), which is mutated in 16–41%
of melanomas [6,7]. One of the products of this gene is the p16INK4A

protein that activates the retinoblastoma (RB) protein [8]. Amplifica-
tion of the microphthalmia-associated transcription factor (MITF) locus
is found in 20–30% of tumours and is usually accompanied with mu-
tations in the BRAF gene and by the loss of p16INK4A [9]. Another gene
associated with melanomas is Cyclin-dependent kinase 4 (CDK4), which
together with CDKN2A, is involved in cell cycle control, affecting the
G1/S phase checkpoint [10,11].

Melanoma metastasis is linked to the activation of certain pathways
responsible for embryogenesis [12]. Among these routes are the MAPKs
that activate extracellular signal-regulated kinases 1 and 2 (ERK1 and
ERK2), which in turn regulate several transcription factors, leading to
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cell proliferation [13].
Another pathway commonly altered in melanoma is WNT signal-

ling, which may be canonical or non-canonical depending on whether
β-catenin is involved [14]. The canonical pathway contributes to mel-
anoma formation, and the non-canonical pathway is involved in the
metastatic process [15]. The canonical WNT pathway acts synergisti-
cally with the MAPK cascade, favouring melanoma formation and de-
velopment [16]. In addition, the WNT5A protein involved in the non-
canonical pathway induces the release of exosomes from tumour cells,
which contain proangiogenic and immunosuppressive factors [17].
There is also evidence that the family of G-protein-coupled receptors
(GPCRs) plays an important role in tumorigenesis and melanoma pro-
gression [18]. The RAS oncogene is known to stimulate the phospha-
tidylinositol-3-kinase (PI3K) pathway [19]; PI3K phosphorylates phos-
phatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
trisphosphate (PIP3), which entails phosphorylation of the serine-
threonine-specific kinase (AKT) [20]. p-AKT acts as an oncogenic signal
that promotes tumour progression [21] (Fig. 1).

In melanoma, cellular metabolism is altered; tumour cells bypass
mitochondrial oxidative phosphorylation and depend on cytoplasmic
aerobic glycolysis (Warburg effect) [3]. One of the key regulators of the
switch to aerobic glycolysis is hypoxia inducible factor 1α (HIF1α),
whose effects can be offset by peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC1-α). Activation of the MAPK
pathway via BRAFV600E, negatively regulates MITF, thus suppressing
the effect of PGC1-α, and increasing the expression of HIF1α through
mTOR stimulation [3].

Melanoma cells can reverse their original phenotype through a
process called the mesenchymal-epithelial transition (MET). E-cadherin
downregulation is accompanied by an increase in N-cadherin, which
alters cell adhesion and favours cell migration [22]. Decreased E-cad-
herin during tumour development correlates with a poor disease
prognosis [23].

There are many other molecules that can be related to melanoma
pathogenesis. One such molecule is p53 (associated with exposure to
UV radiation), whose inactivation or low expression is found in 90% of
tumours [24]. p53 reactivation together with BRAFV600E inhibition
causes apoptosis and suppresses melanoma growth [24]. Another

molecule that is involved is c-KIT, which is a receptor tyrosine kinase
for stem cell factor (SCF) [25]. Mutations in c-KIT are involved in
melanocyte development, migration, and survival processes; its ex-
pression is lost when the disease reaches the metastatic stage [26].
Another molecule linked to melanoma development is the tumour an-
tigen melanotransferrin (MFI2) [27]. If MF-12 expression in tumour
cells is silenced, cell proliferation, migration, and DNA synthesis,
among other processes, are greatly reduced in mice [28]. Mutations in
NRAS are present in 15–30% of melanomas [29,30], and lead to ab-
normal proliferation and melanocyte survival [31]. Other genes whose
mutation can lead to melanoma are heterotrimeric G protein α-subunit
(GNAQ) and G protein subunit alpha 11 (GNA11) [32,33], Rac family
small GTPase 1 (RAC1, associated with chronic exposure to sunlight)
[34], phosphatidylinositol-3,4,5-trisphosphate dependent Rac exchange
factor 2 (PREX2) [35], telomerase reverse transcriptase (TERT, mutated
in 85% of metastatic melanomas) [36], and phosphatase and tensin
homolog (PTEN, which is lost in 25–30% of melanomas and favours cell
survival and apoptosis inhibition) [37]. Fig. 2 depicts an action scheme
for some of these biomarkers in melanoma progression.

Melanoma stage is evaluated using criteria such as lactate dehy-
drogenase (LDH) levels, sentinel node biopsy, or imaging tests. Surgical
resection is the choice treatment for early-stage melanomas, but those
in advanced stages require treatment with chemotherapeutic agents
(dacarbazine alone or combined with vinblastine or cisplatin, high
doses of interferon α-2b, etc.) [38,39].

Regarding treatments for melanoma, neither administration of cy-
tokines like IL-2, nor dacarbazine improved the survival rate of patients
prior to 2011 [40]. Since then, the FDA has approved several anti-tu-
mour agents, but only vemurafenib is effective against cells harbouring
the BRAFV600E mutation [41].

Dabrafenib is another BRAF inhibitor that has improved progres-
sion-free survival (PFS) compared to dacarbazine [42], as does trame-
tinib (a MEK1/2 inhibitor) [43]. Imatinib is a c-KIT inhibitor that is
currently in phase II and III clinical trials for patients with metastatic
melanoma [44]. However, resistance to these treatments has appeared
over time, and it has been suggested that a combination with several of
these treatments may be of benefit to patients [45].

Other therapeutic targets are the immune checkpoint inhibitors

Fig. 1. Overview of receptor tyrosine kinase
(RTK) networks and Bcl-2 interacting mediator of
cell death (Bim) checkpoint blockade. RTK sig-
nalling cascades are responsible for coordinating
intracellular signalling in response to various
stimuli such as growth factors, chemokines, and
other extracellular stimuli in order to control
fundamental biological processes such as cell
proliferation, metabolism, and survival. Bim ap-
pears to have an important role in cancer; its
upregulation has a negative effect on the survival
of patients with melanoma. Melanoma cells have
developed mechanisms that suppress Bim ex-
pression to promote tumour progression and
metastasis. Therefore, this process has become a
new target that could help many patients who
were previously considered untreatable.
Abbreviations: c-Kit, a receptor tyrosine kinase;
HGF, hepatocyte growth factor; IGF, insulin-like
growth factor.
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