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Abstract Cutaneous melanoma is a common cancer and cases have steadily increased since
the mid 70s. For some patients, early diagnosis and surgical removal of melanomas is life-
saving, while other patients typically turn to molecular targeted therapies and immunother-
apies as treatment options. Easy sampling of melanomas allows the scientific community to
identify the most prevalent mutations that initiate melanoma such as the BRAF, NRAS, and
TERT genes, some of which can be therapeutically targeted. Though initially effective, many
tumors acquire resistance to the targeted therapies demonstrating the need to investigate
compensatory pathways. Immunotherapies represent an alternative to molecular targeted
therapies. However, inter-tumoral immune cell populations dictate initial therapeutic
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response and even tumors that responded to treatment develop resistance in the long term. As
the protocol for combination therapies develop, so will our scientific understanding of the
many pathways at play in the progression of melanoma. The future direction of the field
may be to find a molecule that connects all of the pathways. Meanwhile, noncoding RNAs have
been shown to play important roles in melanoma development and progression. Studying non-
coding RNAs may help us to understand how resistance e both primary and acquired e de-
velops; ultimately allow us to harness the true potential of current therapies. This review
will cover the basic structure of the skin, the mutations and pathways responsible for trans-
forming melanocytes into melanomas, the process by which melanomas metastasize, targeted
therapeutics, and the potential that noncoding RNAs have as a prognostic and treatment tool.
Copyright ª 2022, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Cutaneous melanoma is a skin neoplasm resulting from the
transformation and uncontrolled proliferation of melano-
cytes in the stratum basale of the skin.1 The global inci-
dence of melanoma is rising faster than any other solid
tumor.2 In the United States alone, nearly 100,000 new
cases are expected in 2022. More than 7000 of those pa-
tients are expected to die. What makes cutaneous mela-
noma more dangerous than other skin cancersdsuch as
squamous cell carcinoma and basal cell carcinomadis its
ability to metastasize. As a fairly common cancer, mela-
noma is relatively easy to sample given its location. Having
such easy access to patient samples has helped the scien-
tific community really learn a lot about the disease and its
process.

This review will cover the structural elements of the skin
with their cellular components in order to highlight how
melanoma progresses from initial transformation to
metastasis. There is a clinical correlation between melanin
production and developing melanoma. Thus, this review
will also cover the epidemiological causes and risk factors
associated with melanoma in addition to the role that
melanin production plays in protecting patients from
particular subtypes of the disease. More recently, the
clinical classification of melanoma has been updated. So,
we will cover those updates as well as the molecular
pathways responsible for melanocyte transformation and
metastasis. Several tools have been developed to treat
melanoma. However, many of those treatments lack long
term clinical efficacy. This review will explore the molec-
ular undermining of why classical treatments fail while also
suggesting novel components to target.

Biological characteristics and organization of
the skin

Structural elements of the skin

The skin is divided into three layers: the epidermis, the
dermis, and the hypodermis (Fig. 1A).3 The hypodermisdthe
deepest of the three layersdis comprised of major branches
of the skin’s circulatory system, sweat glands, and the
adipose tissue that is responsible for the production of
vitamin D and triglycerides. Superficial to the hypodermis is
the dermis. The deep layer of the dermisdalso known as the
reticular dermisdcontains hair follicles and is comprised of a
dense, irregular network of collagen and elastin, which is
responsible for giving skin its strength and elasticity. Cellular
components of the reticular dermis include fibroblasts,
macrophages, and adipocytes. The papillary dermis rests
superficial to the reticular dermis and is comprised of a loose
connective tissue network and numerous capillaries. Though
the papillary dermis represents about 20% of the dermis, it
hosts all of the Meissners corpuscles (touch receptors) and
free, non-myelinated nerve endings (temperature re-
ceptors). Sebaceous glands in the papillary dermis secrete
sebum which helps keep skin flexible and prevents both
excessive loss of and absorption of water on its surface. In
thicker sections of skin, the apical layer of the dermis folds to
form finger like projections known as dermal papillae, which
improve nutrient delivery and adhesion to the more superfi-
cial epidermis. The epidermis is the most superficial layer of
the skin and itself is comprised of four sublayers; the deepest
of whichdand themajor focus of this reviewdis the stratum
basale. The stratum basale is a single layer of cells that is
comprised of keratinocytes, melanocytes, and Merkel cells.

Cellular components of the skin

Keratinocytes make up the majority of cells in this single
layer and as they proliferate and mature they give rise to
the more superficial sublayers of the epidermis (Fig. 1A).
Melanocytes produce melanindthe dark pigment respon-
sible for skin colordand transport it to keratinocytes via
special organelles known as melanosomes.4 Exogenously
activated melanin production can be further stimulated by
ultraviolet light (UV) exposure. Superficial to the stratum
basale is an eight to ten cell thick layer known as the
stratum spinosum. The stratum spinosum is characterized
by an abundance of desmosomes anchoring neighboring
cells to one another. The stratum granulosum is the three to
five cell layer in which cells begin to produce lipid-rich
granules and lose their nuclei. Cells in the most superfi-
cial layer of the skindknown as the stratum corneumdare
flattened, dead scales filled with densely packed keratin.
This layer is the protective sublayer responsible for water
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Figure 1 The structure and major components of the skin and gross melanoma lesions. (A) The skin consists of the cellular
components of the three main layers, in addition to the five sublayers of the epidermis. Melanocytes are located in the stratum
basale. (B) The locations and representative gross lesions of the three major subtypes of melanoma.
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loss regulation. Altogether, the different layers of the skin
work together to serve four major purposes: providing
sensation, thermoregulation, protection, and metabolism.

The overwhelming majority of cells in the epidermis are
keratinocytes.Thenewest cells undergomitosis in the stratum
basale. As cell division increases at the deepest level of the
epidermis, thosecells exerta forceonoldercells pushing them
toward the surface of the skin. As keratinocytes move super-
ficially, they begin to interlock at their protruding processes
via desmosomes linked together with keratin. When this 8 to
10 cell layer is stained they exhibit a “spiny” phenotypewhich
iswhy that sublayer of cells is known as the stratum spinosum.
Superficial to this layer, keratinocytes adopt a slightly
different phenotype. Thoughmetabolically active, these cells
are in the process of apoptosis and begin to flatten out. They
allowskin to serveas awaterproofbarrier. Thenext superficial
layer of 3e4 keratinocytes are even flatter and more densely
packed with keratin. Most of the cells in this layer have
completed apoptosis. The dead cells no longer have nuclei or
organelles, but the left behind keratin and cell membranes
contribute to the protective quality of the epidermis.

Melanocyte, melanogenesis and skin pigmentation

Located in the stratum basale, melanocytes are neural
crest derived cells responsible for the production of two
distinct pigments, eumelanon and pheomelanin, via mela-
nogenesis.5 Basal melanogenesis is responsible for skin
pigmentation.6 Active melanogenesis is often initiated by
exposure to UV radiation; most commonly through intense
sun exposure. The purpose of such an increase in melano-
genesis is a protective one. Melanin absorbs the UV light
thereby preventing it from causing DNA damage to cells in
the hypodermis. In both cases, melanin is produced in the
melanocyte, packaged in the melanosome, and transported
to keratinocytes where the melanin is exocytosed into the
cytoplasm. Each melanocyte has an estimated 30 to 40
dendrites that allow for the transfer of melanosomes to
keratinocytes.7 The phenotypic differences in skin
pigmentation can be explained by the size and number of
melanosomes, the amount and distribution of the types of
melanin, and the distraction of keratinocytes.

Changes to skin pigmentation that take place immediately
following exposure to intense UV radiation are due to
oxidation of previously existing melanin.8 Whereas, longer
term changes to skin pigmentation are due to increased
eumelanin production. Melanosomes are strategically
distributed in keratinocytes with increased UV exposure in
order to efficiently protect those cells from UV exposure.
Though UV based DNA damage has the ability to induce ma-
lignant transformation of melanocytes, only a small per-
centage of melanomas are related to extrinsic UV radiation.
Figure 2 The epidemiology of melanoma. (A) The schematic
representation of the breakdown percentage of clinical cases
for each subtype of melanoma. (B) The anatomical locations of
primary melanomas in men (a) and women (b). The illustra-
tions were inspired by BioRender.
Subtypes, classifications and epidemiology of
melanoma

Subtypes of melanoma

Melanoma is a skin neoplasm resulting from the trans-
formation and uncontrolled proliferation of melanocytes in
the stratum basale of the skin (Fig. 1A).1 There are four main
subtypes of cutaneous melanoma: superficial spreading
melanoma, lentigo melanoma, acral lentiginous melanoma,
and nodular melanoma (Fig. 1B).9 Superficial spreading
melanoma accounts for about 70% of melanoma cases and is
characterized by a slowly growing patch of dark skin
(Fig. 2A).10 This subtype usually occurs in fairer skinned pa-
tients and is typically found on the torso which is related to
excessive UV exposure be it from the sun or tanning beds.10

When patients under 40 develop melanoma, it is usually the
superficial spreading subtype.11 The next subtype, lentigo
melanoma, typically develops in older patients with sun
damaged skin on the face, ears, or neck. Acral lentiginous
melanoma is typically found in patients of color and presents
as a dark spot on the sole of the foot or palms. Acral lenti-
ginous melanoma has its own subcategory called subungual
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melanoma that presents as dark vertical streaks under the
nail beds of fingers and toes.12 It is the rarest form of mela-
noma and the only melanoma not associated at all with sun
exposure.12 Nodular melanoma is the second most common
form of melanoma making up about 15% of all cases.13 It is
considered themost aggressive of all the subtypes because it
grows the fastest.13 Furthermore, the anatomical locations of
primary melanomas are quite different in men vs. women
(Fig. 2B, panel a vs. b). Though it can occur in people of all
ages and races, nodular melanoma is most common in fair-
skinned patients over 65 who spend a lot of time in the sun
or in tanning beds.14 It usually presents as a firmbumpor node
on the surface of the skin.
Clinical classification of melanoma

Melanomas are clinically classified using scoring parameters
set by the American Joint Committee on Cancer (AJCC)
(Table 1).15 The thickness of the primary tumor (T) is scored
from T0 which is the score given to an unidentified or
completely regressed primary tumor to T4 which is the
score give to a primary tumor with a thickness greater than
4 mm. Within the tumor thickness category is the subcat-
egory of ulceration. Ulceration is the absence of an intact
epithelium on the surface of the melanoma. Regional lymph
node involvement (N) is determined using a combination of
sentinel lymph node mapping and biopsy. Slightly different
is the category of distant metastases (M). Distant metas-
tasis scores range from M1a signifying metastatic lesions to
superficial skin, subcutaneous lesions, or lymph node sites.
On the other end of the spectrum, M1d tumors have
metastasized to the central nervous system. The distant
metastasis score is divided into two subcategories: low
serum lactate dehydrogenase (LDH) levels (0) and elevated
serum LDH levels (1).

This complex staging system sheds light on the
complexity of melanoma tumor biology. The aforemen-
tioned parameters are used to classify melanomas into four
pathologic or surgical stages (Table 2). Stage 1 melanomas
are marked by limited to low risk primary tumors with no
evidence of regional or distant metastasis with dis-
tinguishing factors including tumor thickness and presence
(or absence) of ulceration. Stage 4dthe most advanced
tumorsdare marked by the most aggressive TMN parame-
ters most notably the presence of distant metastasis to the
Table 1 American Joint Committee on Cancer (AJCC) TNM stag

T
Designation

Primary Tumor Thickness
(mm)

N
Designation

Regional Lym

Tis n/a Nx lymph node
assessed

T1 �1.0 N1 1 lymph nod

T2 1.0e2.0 N2 2-3 lymph n
T3 2.0e4.0 N3 4þ lymph n
T4 �4.0
central nervous system (Fig. 3). Mitotic rate, age, and
gender are also valuable prognostic factors. Tumors with
high mitotic rates are associated with poor outcomes; as is
advanced age. However, younger patients tend to have
tumors with more aggressive features. Women tend to have
tumors with lower T scores and lower rates of ulceration.

Epidemiological causes

The two main causes of melanoma are extrinsic UV expo-
sure and genetic predisposition. Early intermittent sun
exposure in childhood is thought to cause DNA damage via
UV irradiation that eventually manifest as melanomas on
the thighs and trunk in adulthood. On the other hand,
chronic sun exposure post childhood with accompanying
damage to the skin (sunburn) is associated with melanomas
developing on the arms, neck, and face. About 10% of
melanoma cases are due to an inherited mutated gene.16

Risk factors

Having lighter skin is a risk factor for melanoma because
skin cells produce less melanin, which is a protective
pigment against UV damage. Additional phenotypical risk
factors include having freckles and lighter colored hair.
Some patients have several benign nevi (moles) which are
typically harmless. However, the more nevi a patient has
the more likely that patient is to develop melanoma in the
future. It is important for those with multiple risk factors to
undergo routine physical examinations to locate and track
suspicious nevi.

Major mutations and the affected signaling
pathways in melanoma development

BRAF mutations

Aberrant activation of the BRAF kinase occurs in w50% of
melanomas.17 Over 90% of those mutations are due to point
mutations at codon 600 that result in the substitution of
glutamic acid for valine.18 This constitutively active BRAF is
not only implicated in tumor cell proliferation and survival
through downstream MAPK effector proteins (Fig. 4), but it
is also associated with increased tissue invasion, cell
ing of melanoma.

ph Node M
Designation

Distant Metastasis

cannot be M0 no metastasis

e M1a skin, cutaneous, distant lymph
node

odes M1b lung
odes M1c other visceral sites

M1d central nervous system



Table 2 Pathologic or surgical (0 - IV) staging of
melanoma.

Stage Primary
Tumor (T)

Regional Lymph
Nodes (N)

Distant
Metastasis (M)

0 Tis N0 M0
I T1a - T2a N0 M0
II T2b - T4b N0 M0
III T0 - T4b N1a - N3c M0
IV any T any N M1

Notes:
Tis: the melanoma cells are only in the very top layer of the skin
surface. It is called melanoma in situ.
T0: no melanoma cells can be seen where the melanoma star-
ted (primary site).
T1: the melanoma is 1 mm thick or less. It is split into T1a and
T1b.
T1a: the melanoma is less than 0.8 mm thick and the skin over
the tumour does not look broken under the microscope (not
ulcerated).
T1b: either: the melanoma is less than 0.8 mm thick but is ul-
cerated, or the melanoma is between 0.8 mm and 1.0 mm and
may or may not be ulcerated.
T2: the melanoma is between 1 mm and 2 mm thick.
T3: the melanoma is between 2 mm and 4 mm thick.
T4: the melanoma is more than 4 mm thick.
T2 and T4 melanoma is further divided into a and b depending
on whether it is ulcerated or not. A means without ulceration, b
means with ulceration.
N0: there are no melanoma cells in the nearby lymph nodes.
N1: there are melanoma cells in one lymph node or there are in-
transit, satellite or microsatellite metastases.
N2: there are melanoma cells in 2 or 3 lymph nodes or there are
melanoma cells in one lymph node and there are also in-transit,
satellite or microsatellite metastases.
N3: there are melanoma cells in 4 or more lymph nodes or there
are melanoma cells in 2 or 3 lymph nodes and there are in-
transit, satellite or microsatellite metastases or there are
melanoma cells in any number of lymph nodes and they have
stuck to each other (matted lymph nodes).
M0: the cancer hasn’t spread to another part of the body.
M1: the cancer has spread to another part of the body. M1 can
be further divided depending on which parts of the body the
cancer has spread to and whether there are raised levels of a
chemical in the blood called lactate dehydrogenase (LDH).
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migration, metastasis, and evasion of the immune
response.17 Furthermore, these mutations tend to be found
in tumors that arise on skin that has not experienced
chronic sun induced damage.

NRAS mutations

Mutations in NRASda small GTPasedare found in around
20% of all melanomas with wild type BRAF. 80% of those
mutations are point mutations at position 61 that result in a
glutamineeleucine substitution. Mutations at positions 12
and 13 are also prevalent though less so than the mutation
at position 61. This leads to defective GTPase activity,
accumulation of RAS-GTP, and insensitivity to physiological
regulation by guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs) (Fig. 4).19 Mela-
nomas that harbor NRAS mutations tend to be associated
with more aggressive tumors and poor health outcomes.
This might be related to the fact that melanomas with NRAS
mutations are more likely to have early initiation of the
vertical growth phase.19 Patients with this variety of mel-
anoma tend to be older (>55 years) and have a history of
chronic UV exposure; though the UV exposure association is
not as strong. Histologically, the lesions tend to be thicker
and have higher mitotic activity with much lower rates of
ulceration. However, there are higher rates of lymph node
metastasis which may be related to increased cell motility
and higher rates of epithelial mesenchymal transition (EMT)
in NRAS mutated tumor cells.

Activation of MAPK pathway

MAPK signaling in NRAS mutated melanomas is slightly
different than MAPK signaling through BRAF mutated mel-
anomas (Fig. 4). NRAS mutated melanomas are reliant upon
CRAF signaling instead of BRAF signaling.20 This occurs
through two different mechanisms. The first mechanism
involves BRAF inactivation via a negative feedback loop in
which ERK limits BRAF signaling via phosphorylation. The
second mechanism prevents CRAF inactivation by dereg-
ulating PKA via increased expression of phosphodiesterase
IV. In spite of relying on a different RAF isoform, the
downstream effectors MEK and ERK remain the same. The
combination therapies mentioned in the BRAF section do
show efficacy in NRAS mutated melanomas though, some-
what paradoxically, the impact is limited.

TERT promoter mutations

The aforementioned mutations in melanoma are in protein
coding genes that are associated with the MAPK signaling
pathway. Mutations in TERT are different because the mu-
tations are found in a promoter gene. In fact, TERT muta-
tions are found in around 70% of melanomas.21 The
mutationsdlikely directly induced by UV dam-
agedgenerate binding motifs for the ETS transcription
factors that increase TERT transcriptional activity any-
where from two to fourfold. The increase in transcriptional
activity essentially results in an increase in telomerase
production. Though insufficient in bypassing oncogene-
induced senescence, aberrant TERT activation may
contribute to immortality in transformed melanocytes.
Histologically, melanomas with TERT mutations tended to
have thicker lesions with high mitotic activity and all of
these characteristics were found in tumors of older pa-
tients. Interestingly enough, TERT mutations alone were
not associated with tissue invasion rates, tumor ulceration,
tumor necrosis, primary tumor location, or reduced sur-
vival.22 In one study, TERT mutations were associated with
wild type BRAF, but the association was not statistically
significant. One hypothesis is that TERT mutations allow
neoplastic cells to survive long enough to develop other
more important driver mutations as the disease progresses.



Figure 3 The progression and pathologic staging of melanoma. Melanoma originates from its initial location in the stratum basale
in Stage 0/1 disease and progresses to distant metastatic sites like the lungs in Stage 4 disease. The illustrations were inspired by
BioRender.
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TERT expression is significantly higher in tumor cells than
it is in normal cells, it is a promising therapeutic target.23

However, targeting telomerase proves to be a difficult task.
Some of the challenge can be attributed to the fact that
there is a very long lag time in order for such treatments to
take effect. That lag time allows other mutations such as
BRAF or NRAS to take over and drive carcinogenesis.
Metastatic program of melanoma

Biological characteristics of metastatic melanoma

Metastasis is a multistep process involving the progression
from normal melanocytes to metastatic melanoma via the
accumulation of genetic and epigenetic changes. In the Clark
model, metastasis occurs late in the disease and metastatic
cells emerge in a distant site.24 However, in the parallel
progression model of metastasis,25,26 abnormal cells can
spread earlier during primary tumor formation and can
persist and subsequently transform to overt metastatic tu-
mors in distant sites.27,28 The early mutations, such as
BRAFV600E or NRASQ61 K/R/L, can play an important role in the
dissemination of epithelial cells. In the parallel progression
model, it is suggested that genetic and epigenetic signatures
are distinct in metastases and primary tumors of individual
patients. Prior studies have compared the DNA sequence of
matched metastatic and primary melanomas and revealed
both relative homogeneity29,30 and heterogeneity.31 These
observations suggest that early dissemination with parallel
progression and late dissemination with limited evolution at
distant sites are both pathways with potential to give rise to
clinically meaningful metastatic disease.

As previously highlighted, distant metastasis is associ-
ated with the worst health outcome for melanoma. In order
for distant metastasis to occur the following steps are
required: 1) tumor cells must dissociate from the primary
tumor mass; 2) those cells must survive being transported
to a new niche; and 3) the cells must respond to growth and
proliferation signaling in the new niche in order to develop
into a metastatic mass.32 Accomplishing those steps is no
small feat and requires coordination of gene expression.
Many of those genes, located on chromosome 6, were
highlighted for their ability to suppress metastasis.33

Knockout of Kiss-1 resulted in neoplastic proliferation
after the tumor cells seeded themselves in the metastatic



Figure 4 The components of the mitogen activated protein kinase (MAPK) pathway. The signaling cascade begins with the binding
of a mitogen or growth signal on a cell surface receptor. This binding process allows RAS to exchange GTP for GDP, thus continuing
the phosphorylation cascade in the cytoplasm until ERK translocates into the nucleus. The illustrations were inspired by BioRender.
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niche.34 This is a significant gene because proliferation in the
new niche is arguably themost important step ofmetastasis.
As the sizeof the tumor increases, Kiss-1expression generally
decreases. Researchers are exploring the use of pharma-
ceuticals to prevent Kiss-1 secretion in order to suppress
metastasis. However, a complex process like metastasis re-
quires several genes.With the silencing of Pten,melanocytes
undergo transformation and subsequentmetastasis; thereby
making Pten silencing a molecular marker for metastatic
melanoma.35 The clinical impact of losing another tumor
suppressor is huge as the 10-year survival rate for patients
with metastatic melanoma can be less than 10%.36 The fact
that tumor cells take residence in several different meta-
static niches makes targeting metastasis with a pharmaceu-
tical particularly challenging in spite of having direct
molecular events associated with the process.
Metastatic progression of melanoma requires
secondary genetic drivers

The metastatic progression of melanoma can also be guided
by secondary genetic or phenotypic drivers (Fig. 5). For
example, there is an increase in the TERT promoter muta-
tions in metastases compared to primary melanomas, which
represents an independent prognostic factor.21,37,38 A
phenotypic driver of metastasis includes the stage-
dependent regulation of anti-apoptotic proteins, such as
the expression of BCL-2, which progressively decreases from
the radial tumor growth phase to the vertical tumor growth
phase while the expression levels of MCL1, BCL-XL, survivin
(also known as BIRC5) and XIAP increase.39 The role of dif-
ferentiation factors in metastasis is largely controlled by
microphthalmia-associated transcription factor (MITF) and
canonicalWNTsignaling.MITF is a transcription factor central
to melanocyte survival, proliferation, and melanin-pigment
production.40 MIFT amplification has been found in 21% of
metastases compared to 10% of primary melanomas.41 The
WNT signaling through b-catenin promotes melanocytic dif-
ferentiation through direct transcriptional upregulation of
MIFT.42 Oncogenic b-cateninmutations are thought to lead to
constitutive activation of the canonical WNT pathway.43e46

Recent studies suggest MITF and WNT signaling can display
either protumorigenic or antitumorigenic properties
depending on the microenvironment.47

The mitogen-activated protein kinase (MAPK)/extracel-
lular-signal-regulated kinase (ERK) pathway is the most
mutated pathway in melanoma, with BRAF and NRAS being
the most mutated components (Fig. 5).48 Epidemiologic ob-
servations from human melanomas suggest there is no



Figure 5 Crosstalk of major signaling pathways in melanoma metastasis. The interactions of several different signaling pathways,
such as RAS/BRAF/MAPK pathway, PI3K/AKT/mTOR pathway, and b-catenin pathway are frequently involved in melanoma
metastasis. Several of the components of the MAPK signaling pathway that is responsible for the transformation of melanocytes also
play key roles in the melanoma metastasis. The illustrations were inspired by BioRender.
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difference in rates of metastasis between BRAF and NRAS
mutant melanomas,49,50 though both may exhibit higher
rates of metastasis compared to RAS/RAF wild type mela-
nomas.51 The PI3K/AKT pathway is also frequently constitu-
tively activated in melanoma through genetic or epigenetic
inactivation of PTEN tumor suppressor52,53 and copy number
gains or overexpression of AKT3 (Fig. 5).54,55 The loss of PTEN
and subsequent activation of PI3K/AKT pathway drives the
metastasis of melanomas initiated by activating RAS and RAF
mutations.56,57 In thesemodels, activationof PI3K/AKT is also
critical in primary tumor formation, which makes it chal-
lenging to infer its specific role in metastasis (Fig. 5). Other
genetic changes that have beenmore commonly identified in
metastases compared to primary tumors include loss-of-
function of CDKN2A mutations and chromosome 1 deletions
causing loss of Kiss-1.50,58

A recent studybyDenget al showed theexpressionofWnt-
inducible signaling protein 1 (WISP1), a downstream effector
of theWnt/b-catenin pathway, is increased inmelanoma and
associated with reduced overall survival in patients diag-
nosed with primary melanoma.59 WISP1 is a soluble signal
released by melanoma cells to reshape their microenviron-
ment, enhanced tumor invasion, and metastasis by promot-
ing an EMT-like process. WISP1 specifically upregulates EMT
transcription factors and mesenchymal markers and re-
presses E-cadherin and MITF. The role of WISP1 in melanoma
has been previously studied in the context of fibroblasts and
Notch signaling.60 It is suggested that WISP1 is a downstream
target of Notch signaling, an intercellular signaling cascade
that is activated in humanmelanoma cells and is essential for
their growth and metastasis. Prior studies have concluded
that Notch interacts with Wnt/b-catenin signaling in syner-
gistic or antagonistic ways depending on the context.60

In the last decade, large scale approaches have been
undertaken to identify metastasis regulators in melanoma.
Functional assays have confirmed the pro-invasive proper-
ties of MET, ASPM, AKAP9, IMP3, PRKCA, RPA3, and
SCAP2.61,62 Another study comparing metastatic and
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primary melanomas from an inducible mouse melanoma
model identified gains in chromosome 6p and over-
expression of NEDD9 in metastatic tumors. Functional as-
says have confirmed the overexpression of NEDD9 in tumors
with activating BRAF or RAS mutations increased invasive-
ness in vitro and in vivo compared to BRAF or RAS mela-
nomas lacking NEDD9 overexpression.63 Further studies are
necessary to further explore the role of these genes and
their interactions with other metastasis regulators.

Targeted therapies for melanoma

Targeting mutant BRAF

Inhibitors of BRAF (BRAFi) are the prototype targeted
therapies that have met clinical successes, but also
hampered by acquired resistance (Fig. 6A).64 The BRAFV600E

mutation is associated with sensitivity to a class of agents
that block hyperactive BRAFV600E activity. The most clini-
cally effective BRAFi’s are vemurafenib and dabrafenib.
Although their significant clinical success is well docu-
mented, acquired resistance invariably occurs in most pa-
tients. Clinical data show acquired resistance develops as
early as 2 months and as late as 18 months into treatment.
It has been shown that resistance mechanism often involves
reactivation of MAPK signaling. Though, BRAFV600E muta-
tions account for more than 90% of BRAF mutations in
melanoma, the drug that targets that mutant protein drives
resistance by increasing activity of mutant BRAF monomers,
increasing expression of PDGF receptors on the cell surface,
increasing upstream NRAS mutations, and by increasing
tumor cell sensitivity to HGF secreted by proximate stromal
cells.65,66

Targeting mutant NRAS

In spite of being the first oncogene identified in melanoma,
treating melanomas with NRAS mutations has been
extremely difficult. Farnesyl transferase inhibitors were
designed to prevent post translational modification of RAS
and its insertion into the plasma membrane thereby pre-
venting RAS activation. Non-specificity might have
contributed to such a low impact on NRAS mutated tumors
because so many membrane bound proteins are farnesy-
lated. Salirasib is a small molecule that disrupts RAS
localization at the plasma membrane resulting in death of
RAS transformed cells.19 This occurs via blocking RAS-GTP
from binding galactin 1 on the plasma membrane. Salir-
asib has shown some promise at the preclinical level,
though further investigation is required. Interfering RNAs
are another tool used to target NRAS mutated melanomas.
The approach has been validated in preclinical models, but
delivery is a significant challenge due to the instability of
nucleic acids in circulation.

Targeting the activated MAPK pathway

Targeting downstream components of the MAPK signaling
pathway with MEK inhibitors decreased resistance, but only
in the short term (Fig. 6B). Although MEK acts downstream
of RAF, there is a relatively low incidence of MEK mutations
in human cancers.67 MEK inhibitorsdlike trametinibdthat
allosterically bind both MEK1 and MEK2 increased progres-
sion free survival in most patients.68 However, acquired
resistance to combination therapy eventually emerges. This
suggests that tumor cells escape combination therapy
downstream via ERK or upstream via the RAS-PI3K axis.
Immune checkpoint inhibitors and
immunotherapies in melanoma treatment

In the early 1900s Paul Ehrlich suggested that cancer rates
would be higher were it not for the immune system.69,70

More than a half century later, the immunosurveillance
theory that suggested that the adaptive immune system is
responsible for preventing cancer in immunocompetent
hosts came to be. Since then, the hypotheses about how
the role the immune system plays in cancer have become
more developed and with that development came the
advent of immunotherapy (Fig. 7); the most effective of
which are checkpoint inhibitors.71 Generally speaking,
checkpoint inhibitors are ligands that bind receptors that
trigger signaling pathways that prevent or dampen an im-
mune response to a pathogen.

First antibodies blocking CTLA-4 were developed
(Fig. 7). The next generation of checkpoint inhibitors were
PD-1 and PD-L1 monoclonal antibodies (Fig. 7). Generally
speaking, checkpoint inhibitors were extremely effective at
unlocking the ability of effector T cells to reduce tumor
burden. In early clinical trials, treatment with ipilimumab,
the CTLA-4 blockade molecule, resulted in 1- and 2-year
survival rates of 46% and 24%, respectively. Treatment
with PD-1 resulted in even better results. About 20% of
melanoma patients treated with anti-PD-1 antibodies with
and without the addition of anti-CTLA-4 antibodies expe-
rience complete remission. It is even understood that
treatment can end after 6 months of therapydthereby
reducing side effectsdbecause the chance of relapse is
estimated as less than 5% over 5 years.

Though checkpoint inhibitors have shown great clinical
success, the extent of that success is truly found in a mi-
nority of patients. Many patients experience either pri-
mary resistance or acquired resistance to those therapies.
Some of the difference in patient outcomes can be
attributed to variance in the density of immune cells in the
tumor tissue. Patients with hot tumors or tumors with high
immune cell infiltrate tend to respond better to check-
point blockade therapy than patients with cold tumors.
Elevated serum LDH levels are associated with primary
resistance as well. Increased LDH expression in the tumor
microenvironment results in increased activation of
immunosuppressive cell types like myeloid derived sup-
pressor cells and tumor associated macrophages. Much less
is understood about acquired resistance to checkpoint in-
hibitors. One hypothesis is that checkpoint inhibitors act
as a selective pressure.

Treatment eventually results in a tumor cell population
that is resistant to the drugs. One marker of that resistant
population is low beta-2-microglobulin (B2M). B2M is
required for functional MHC-1 expression and MHC-1 is



Figure 6 Targeted therapies and resistance for melanoma. (A) This panel depicts the major players in the MAPK signaling
pathway along with two drugs used to inhibit the pathway. Vemurafenib is a RAF inhibitor, while Trametinib is an MEK inhibitor. (B)
Combination therapy and targeted therapy resistance. BRAF and MEK inhibitors can be used together to overcome the resistance to
BRAF inhibitors. However, tumors can use other mechanisms to escape BRAF/MEK inhibitor treatment, including up-regulating RAS
and/or PI3K-AKT pathways. Some tumor cells have mutations in RAS, RAF, or MEK that allow them to escape canonical BRAF/MEK
inhibitor treatment, while others are able to grow and proliferate due to stromal cells that secrete high levels of HGH (see the
text). The illustrations were inspired by BioRender.
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Figure 7 Molecular immunology of immunotherapies formelanoma. Naı̈ve Tcells can be activated by interacting with dendritic cells
(DC) through T-cell receptor (TCR), which is inhibited by B7/CTLA-4 interaction. Activated T cells launch immune attack on melanoma
cells, which can be inhibited by PD-L1/PD-1 interaction. Therefore, targeted immunotherapeutic antibodies have been developed to
inhibit CTLA-4, PD-L1 and/or PD-1 to treat melanoma and other types of cancer. The illustrations were inspired by BioRender.
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required to present tumor antigen to cytotoxic T cells.
Additionally, acquired resistance can develop as the result
of additional immune checkpoint marker upregulation such
as TIM-3, LAG-3, and HAVCR-2. This type of acquired
resistance shows that blocking one pathway toward immu-
nosuppression might result in activation of other immuno-
suppressive pathways.
Potential roles of noncoding RNAs in melanoma
development and treatment

As previously mentioned, both molecular targeted thera-
pies and immunotherapies are initially quite efficacious
when it comes to treating melanoma. However, acquired
resistance is a major and, often, inevitable obstacle. Given
that an estimated 2% of the genome is transcribed into
mRNA, there is a high likelihood that noncoding RNA plays a
crucial role in the epigenetic landscape of acquired drug
resistance. This is especially significant given that dysre-
gulation of noncoding RNA is linked to all cancers and af-
fects all major cancer hallmarks.72

Noncoding RNAs can be separated into four large cate-
gories: ribosomal RNA, transfer RNA, short noncoding RNA,
and long noncoding RNA.73 Ribosomal RNAs are molecular
building blocks that bind ribosomal proteins resulting in
small and large ribosomal subunits. Transfer RNAs are
responsible for shuttling amino acids to the ribosome in the
protein polymerization process. Long noncoding RNA mol-
ecules are typically longer than 200 nucleotides and make
up the largest class of noncoding RNAs. Long noncoding
RNAs can be divided into the following: long intergenic
ncRNAs, antisense RNAs, pseudogenes, and circular RNAs.
Short noncoding RNA are typically less than 200 nucleotides
and can be divided into the following categories: micro-
RNAs, siRNAs, snoRNAs, and piwi-interacting RNAs.
Together, long and short noncoding RNAs interact with DNA,
RNA, proteins, and micropeptides to induce epigenetic
changes.

It is likely that short and long noncoding RNAs (lncRNAs)
work in tandem to contribute to acquired targeted therapy
resistance in melanoma. The miRNA, miR-211-5p, is the
most differentially expressed miRNA between melanoma
cell lines and normal melanocytes.74 Transformed melano-
cytes down regulate miR-211-5p, which results in decreased
MITF, a transcription factor responsible for transcription of
enzymes specific to melanogenesis. It has been demon-
strated that melanocytes treated with vemurafenib express
less pigmentation and that condition is reversed as the
tumor cells develop resistance. Long noncoding RNAs such
as BANCR further contribute to the development of mela-
noma by increasing cell proliferation via downstream ERK
activation.75 One group demonstrated that inhibition of
SAMMSON in addition to treatment with dabrafenib resulted
in tumor regression in patient derived melanoma xenograft
models.76 The interplay between short and long noncoding
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RNAs demonstrates that targeting both types of molecules
will be necessary to combat acquired molecular targeted
therapy resistance. Though promising, noncoding RNA
therapeutics have familiar clinical obstacles such as trouble
with off target interactions, inefficient delivery, and
tolerability. Low clinical efficacy is the primary reason RNA
cancer therapeutics have been discontinued in clinical
studies.

Other treatment strategies for melanoma

Targeted therapies and immunotherapies have been widely
utilized to treat melanomas of various types and stages.
Other strategies, including surgical resection, chemo-
therapy, radiotherapy, and photodynamic therapy (PDT)
have also been used as treatment.71 The use of these
seemingly alternative treatment strategies has depended
heavily on the features of the melanoma tumors and cells,
including their relative locations, sizes, stages, and
genomic sequences.71 Oftentimes, a combination of these
strategies proves useful in addressing the symptoms of
melanomas and the respective genetic and molecular
causes.

Surgical resection of melanoma

Although the surgical removal of tumors has proved to be
effective in treating melanoma, the success of the surgery
is highly dependent on the stage of the cancer. In the
earlier stages of melanoma, prior to metastasis, the sur-
gical resection of the tumor can be a successful treat-
ment.77 Once the cancer metastasizes, survival rates are
significantly decreased when treated with surgical resec-
tion.77 Prior to the use of immunotherapy, the five-year
survival rate for metastatic melanoma treated with sur-
gical resection was 15e20%.78 Thus, the management of
primary cutaneous melanomas can be handled by surgical
resection whereas more advanced stages require addi-
tional therapeutic remedies.79 Surgery is the optimal
treatment for patients with melanoma tumors in stages
IeIIIB, although procedures for the surgery will differ
depending on the clinical features of the tumors.71

Different excisions and safety margins exist for these
surgeries; 0.5 cm for in situ melanomas, 1 cm for 2 mm
thick tumors, and 2 cm for tumors thicker than 2 mm.71

Sentinel lymph node biopsy is also frequently done on
patients who have melanoma tumors larger than 0.8 mm
thick or thinner and ulcerated.77 In the cases that mela-
noma cells are present in the lymph nodes, the lymph
nodes and surrounding area are often surgically
removed.77 Surgical methodology similarly depends on
clinical features of the tumor, although the use of Mohs
micrographic surgery has been documented for the
treatment of primary cutaneous melanomas.78

Chemotherapy and radiotherapy of melanoma

The use of chemotherapy for the treatment of metastatic
melanoma began in the late 1960s with the use of
melphalan, or 1-phenylalanine mustard.77 Melphalan
proved to be both ineffective and highly toxic and did not
make it past the clinical trials for its treatment of meta-
static melanoma.77 The FDA then approved dacarbazine, or
dimethyltriazeno-imidazole carboxamide, in 1975 and it
has served as both the first and only chemotherapeutic drug
approved by the FDA for melanoma.79 Dacarbazine works as
an alkylating agent that generates methyl isothiocyanate
(MITC) and exerts cytotoxic effects by preventing DNA
replication.79 Other single agent chemotherapies, including
the antimicrotubule agent vindesine, have shown a
response rate of under 20% when used alone.79 The com-
bination of dacarbazine and vindesine, however, have
failed to show an increased response rate in metastatic
melanoma patients.79 More recently, dacarbazine no longer
serves as the standard of care for metastatic melanoma due
to its median survival from 5 to 11 months and 1-year sur-
vival rate of 27%.77 To date, chemotherapy drugs have not
been more effective in terms of survival rates, and none
have been less toxic than dacarbazine.77 Therefore,
chemotherapy use has decreased over time. Similarly, ra-
diation therapy provides little clinical benefit as a treat-
ment modality for melanoma due to the fact that
melanoma is relatively radioresistant.36

Photodynamic therapy (PDT) of melanoma

Photodynamic therapy (PDT) is a relatively novel non-
invasive treatment technique used to treat non-melanoma
skin cancer, breast cancer, lung cancer, and other forms of
cancer.80,81 Its use as a treatment for melanoma is not
completely understood but studies examining the efficacy
of PDT as a treatment for melanoma has proved prom-
ising.80 PDT works by using a non-toxic photoactivatable
drug called photosensitizer to trigger photochemical re-
actions of tumor cells while minimizing the damage to
normal tissues.80,82 In the case of localized and not malig-
nant melanoma, surgery remains important in the treat-
ment of melanoma. For more aggressive malignant tumors,
the use of PDT can be effective due to its minimally invasive
characteristics and relatively low side effect profile.
Further research into PDT is required to determine
efficacy.83

Conclusions and future directions

Melanoma is a fairly common and potentially fatal cancer
that is relatively easy to sample given its location. Having
such easy access to patient samples has helped the scien-
tific community really learn a lot about the disease and its
process. We have managed to identify the most prevalent
mutations that initiate melanoma in BRAF, NRAS, and TERT
genes. Targeted therapies were developed with this in
mind. However, the prevalence of acquired resistance to
those therapies demonstrates that those pathways are not
as simple as we thought. Immunotherapies were supposed
to be the answer to the issues of acquired resistance to
targeted therapies. Arguably, they showed even greater
initial success than targeted therapies. However, immuno-
therapies are successful in a minority of patients but many
patients develop acquired resistance. It appears that
treating melanoma requires combination therapies. As the
protocol for combination therapies develop, so will our
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scientific understanding of the many pathways at play in
the progression of melanoma. Perhaps the basic science
will follow a similar trend. The future direction of the field
may be to find a molecule that connects all of the path-
ways. It has been suggested that noncoding RNA is a strong
candidate for understanding how all of the pathways of
melanoma relate to one another. Studying the networks of
noncoding RNA are particularly useful in understanding how
resistancedboth primary and acquiredddevelops. The
more we understand the role of noncoding RNA in mela-
noma the more we will be able to harness the true potential
of the therapies we already have.
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