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INTRODUCTION

ABSTRACT

Melanocytic nevi, dysplastic nevi, and melanoma are all derived from the
pigment-producing cells, namely melanocytes. Concerning the clinical spectrum,
cutaneous melanoma is the most aggressive skin cancer with a low survival rate, while
nevi are the most common benign lesions in the general population, and dysplastic nevi
place in between nevi and melanoma. Ultraviolet (UV) radiation is a well-recognized
extrinsic risk factor for all three. BRAFV®"F is a well-recognized driver mutation
that activates the RAS-BRAF-mitogen-activated protein kinase (MAPK) signaling
pathway among 40%—60% of melanoma cases. Interestingly, BRAFV®*® mutation is
detected even more in acquired nevi, approximately 80%. However, in nevi, several
tumor suppressors such as p53 and phosphatase and tensin homolog (PTEN) are intact,
and senescence factors, including pl15™&%® p16™K4 119 and senescence-associated
acidic B-galactosidase, are expressed, leading to cell senescence and cell cycle arrest.
Although loss of p53 function is rarely found in melanoma, decreased or loss of PTEN
with an activated PI3k/Akt signaling pathway is common in nevi, which may abolish
senescence status and allow further progression into dysplastic nevi or melanoma.
At present, mouse models closely resembling human nevi are used for investigating
these phenomena. Melanocortin 1 receptor deficiency, an intrinsic risk factor for
melanomagenesis, is related to the production of procarcinogenic pheomelanin and
the inhibition of PTEN function. Immune response escape via programmed cell
death-1/programmed cell death ligand-1 interaction plays further roles in monitoring
the spectrum. Here, we review the current literature on the molecular and immune
mechanisms involving the transition from benign nevi to malignant melanoma.

KEYWORDS: Dysplastic nevi, Melanocortin 1 receptor, Melanoma, Nevi, Programmed
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CLINICAL CLASSIFICATION AND CHARACTERISTIC
OF MELANOMAS

Mélanocytes are neural crest-derived melanin-producing
cells, which are located in several organs, including
the skin, inner ears, eye, bone, and leptomeninges.
Cutaneous melanoma (the most malignant skin cancer),
melanocytic nevi (the most common benign skin tumor),
and dysplastic nevi (in between nevi and melanoma)
all result from melanocytes and share similar features
including risk factors such as ultraviolet (UV) exposure and
melanocortin 1 receptor (MCI1R) deficiency, phenotypes on
skin, and common gene mutations. Here, we introduce the
clinical features of melanoma, nevi, and dysplastic nevi
and review the molecular mechanisms and immune status
which play critical roles in the transition from benign nevi to
malignant melanoma.
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According to the WHO Classification of Skin Tumors (2018),
melanomas are classified into cutancous, mucosal, and uveal
melanomas, based on the body part of origin [1]. Based on
clinical morphology, cutaneous melanoma may be categorized
as superficially spreading melanoma that grows slowly through
outer skin layers into deeper layers; nodular melanoma which
is extremely aggressive and grows quickly in the form of a
blue or black lump; and lentigo maligna melanoma considered
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as in situ or stage 0 melanoma which appears as flat, brown
patches on the skin and is the most treatable subtype. Based
on the degree of cumulative solar damage (CSD) determined
via histopathology, melanomas are also divided into low-CSD
superficial spreading melanoma, high-CSD lentigo maligna
melanoma, and desmoplastic melanoma. Melanomas not
associated with CSD include Spitz, acral, mucosal, and uveal
melanoma and those arising from congenital or blue nevi.
Acral lentiginous melanoma is a specific type that appears on
the palms, soles, and under nails, which is the most common
type in Taiwan and Asian countries [2].

The percent S-year survival rate for cutaneous malignant
melanoma in Taiwan approximates 39%—46%, where low
prognostic factors included distance metastasis, older age,
male gender, and Breslow thickness exceeding 4 mm [2].
Melanomas exhibit symptoms such as Asymmetry, Border
irregularity, Color variation, Diameter greater than 6 mm,
and Evolving (a new or changing lesion), that are identified
via “ABCDE” rules [3-5]. Melanomas are categorized into
four prognostic stages based on tumor, node, and metastasis,
including “Stage I” for low-risk primary melanoma, “Stage
IT” indicating high risk for recurrence, “Stage III” involving
metastases into regional lymph nodes, and “Stage IV”
involving distance metastasis [6]. Early diagnosis increases the
survival rate of melanoma.

ENVIRONMENTAL FACTOR (ULTRAVIOLET
EXPOSURE) AND GENETIC FACTOR
(MELANOCORTIN 1 RECEPTOR DEFICIENCY) IN
MELANOMA

UV exposure is an environmental risk factor for melanoma.
UV is divided into UVA (320-400 nm), UVB (280-320 nm),
and UVC (<280 nm) depending on wavelength. Among these,
UVC is almost completely absorbed by the ozonosphere.
Protection of human skin from UV is based on epidermal
melanocyte units, each of which is a functional unit composed
of one melanocyte and 36 keratinocytes. Melanocytes contain
dendrites that deliver melanosomes to keratinocytes within the
unit. UVB is mostly absorbed by the epidermis, whereas UVA
is mostly absorbed by the dermis. DNA is the main target of
UVB- and UVA-induced skin carcinogenesis.

UVB exerts obvious effects on the epidermal layer of
the skin, including burning and skin cancer. It also emits
the UV wavelength that is most effective in inducing DNA
photoproducts. The three major types of photoproducts are
cyclobutane  pyrimidine dimers, pyrimidine-pyrimidone
64 photoproducts (64 PPs), and Dewar valence
isomers (DEWSs), which act as premutagens that disrupt the
nucleotide excision repair (NER) system. Genes significantly
involved in melanomagenesis include phosphatase and tensin
homologs (PTEN), CDKN24 and BRAF, as well as those
associated with proliferation-related pathways such as NRAS,
KIT, and NF1 [7]. BRAF"®E is the most recognized driver of
mutation.

UVA reaches deep into skin causing photoaging and
wrinkling. UVA is mainly absorbed by chromophores and

triggers mutagenic oxidative reactions. While energy is
directly transferred to DNA in type I reactions, in type II
reactions, energy is transferred to molecular oxygen and then
to reactive oxygen species, which damage DNA. Mutagenic
7,8-dihydro-8-oxoguanosine (8-0xoG) is an oxidative DNA
lesion caused by type II reactions, which are repaired by the
base excision repair (BER) mechanism. Mutated genes cause
abnormal cell proliferation and differentiation as a part of the
carcinogenesis process.

UV-induced tanning is dependent on p53, which stimulates
transcriptional upregulation of proopiomelanocortin, which
encodes  o-melanocyte-stimulating  hormone  (a-MSH).
Secreted a-MSH binds to the MCIR on melanocytes,
thus producing eumelanin, which is transported back to
keratinocytes as part of the protective tanning response to UV
radiation [8]. MCIR, a member of G protein-coupled receptor
family, is expressed in melanocytes and leukocytes, thereby
activating UV protection and the anti-inflammation signaling
pathway, respectively.

There are two aspects to the relationship between MCIR
and melanomagenesis: pheomelanin/eumelanin ratio and
PTEN/Akt pathway activation. MCIR shows polymorphism
in the human population, and this mutation, which results in
receptor inactivation, is caused by the substitution of cysteine
residues with glycine or alanine [9]. MCIR loss of function
results in synthesis of procarcinogenic pheomelanin rather
than UV protective eumelanin. Populations with MCIR
deficits present with fair skin, red hair, and increased risk
of melanoma and non-melanoma skin cancers due to UV
induced free radical production or PI3K/Akt signaling pathwat
hyperactivation [10,11].

PTEN is protected from proteasomal degradation by
activated MCIR in melanocytes, which inactivates Akt and
suppresses melanomagenesis [10]. This explains individuals
carrying the MCIR mutation exhibiting a higher risk for
nevi-derived melanoma due to BRAF-activated mutation as
well as PTEN degradation. MCIR variation was strongly
associated with BRAF mutation, suggesting that MCIR
mutation may play a critical role in the development of
melanoma via UV exposure [12,13].

THE ROLE OF BRAF"5%E MUTATION IN
MELANOMAGENESIS: THE INITIATION STAGE

BRAF mutation is carried by 40%-60% of melanoma
cases [14]. Mutated BRAF protein increases kinase activity
and NIH-3T3 cell transformation [15]. BRAF, which is at
chromosome 7q34 locus, encodes BRAF, a Ras-regulated
serine/threonine protein kinase. Binding of extracellular growth
factor to receptor tyrosine kinase (RTK) activates BRAF, which
subsequently triggers the RAS-BRAF-MAPK/extracellular
signal-regulated kinase (ERK) signaling pathway, leading to
cell growth, proliferation, anti-apoptosis, and angiogenesis,
among other processes [16,17].

Approximately 90% of BRAF mutations in non-CSD
melanomas result from substitution of T by A at the 1799"
nucleotide in exon 15, giving rise to valine (V) — glutamic
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acid (E) mutation at the 600" amino acid of BRAF. This
causes an acidic change in the BRAF kinase domain, thereby
increasing its kinase activity compared with wild-type
BRAF, by mimicking phosphorylation in the activation
segment [15,18]. Thus, the gain-of function mutation,
BRAF""E plays a critical role in tumorigenesis and is detected
in several types of cancer cells including those of colorectal
cancers, gliomas, lung cancers, sarcomas, ovarian carcinomas,
breast cancers, and liver cancers. The high frequency of
BRAF"E seen in melanoma cells also indicated that activation
of downstream molecules such as ERK may play an important
role in melanomagenesis. Apart from BRAF"*"E, other BRAF
mutations, such as BRAF"  BRAF%%  and BRAF'%,
which also activate downstream ERK, have been reported in
some melanoma cases [15].

Inhibition of the BRAF pathway provides a strategy for
melanoma therapy. Two BRAF inhibitors, vemurafenib and
dabrafenib, as well as an MEK inhibitor, trametinib, were
approved as drugs for melanoma treatment by the Food and
Drug Administration in 2012 and 2013, respectively [19,20].
However, manifestation of several side effects of vemurafenib,
such as rashes, photosensitivity, photoaging, actinic keratosis,
basal cell carcinoma, or cutaneous squamous cell carcinoma,
due to loss of function of mismatch repair, BER or NER,
especially under UVA exposure following vemurafenib
treatment, have been reported [21]. Furthermore, UVB
exposure following vemurafenib treatment causes DNA
damage such as the formation of pyrimidine dimers [22].

THE ROLE OF P53 AND PHOSPHATASE
AND TENSIN HOMOLOGS MUTATION IN
MELANOMAGENESIS: THE ADVANCED STAGE

As opposed to that of BRAF, mutations of p53 and PTEN
both arise later in primary melanoma [23,24]. Interestingly,
p53 is not commonly associated with melanoma development.
Evidently, 80%-95% of melanoma cases carry wild-type p53,
which acts as a tumor suppressor leading to apoptosis, cell
cycle arrest, and cell senescence. However, inactivation of
other tumor-suppressor genes such as pl6™%* or p14%" leads
to low ratio, unnecessary p53 mutations in melanoma [25].
The pS53/retinoblastoma protein (pRB) apoptosis pathway is
frequently downregulated in melanoma cases [26]. Although
mechanisms underlying the inactivation of wild-type p53
is poorly understood, the expression levels of MDMx,
TA-p63, and/or ANp63 isoform and iASPP, which inhibit p53
transactivation activity, leading to apoptosis, were enhanced in
melanoma cases carrying wild type p53 [27]. Moreover, loss
of expression of p53 apoptosis targets, APAF-1 and PUMA,
was also detected in melanoma [28]. Restoration of p53, via
the inhibition of MDM2 or iASPP phosphorylation, reduced
melanoma progression as well as metastasis, and increased
survival in mouse models. This may provide a further avenue
for developing new melanoma therapies [29].

In contrast to low-frequency p53 mutations, PTEN
mutations play an important role in melanoma as well as
in most human cancers. It is a later-stage factor than the
BRAF mutation [30]. In 1997, it was first reported that

approximately 43% of melanoma cell lines harbored the PTEN
mutation [31], indicating that PTEN alterations contributed
to the tumorigenesis of melanoma. PTEN, which is located
on chromosome 10q, is also known as a tumor-suppressor
gene that causes a high-frequency loss of heterozygosity
in dysplastic lesions and several cancer types including
melanoma cases which also carried the BRAFY"E mutation.
Of the lipid and protein phosphatase functions of PTEN,
lipid phosphatase plays a more pivotal role in tumorigenesis
by reducing PIP, levels and downstream Akt activity, leading
to cell cycle arrest at the G1/S phase by upregulating the
cyclin-dependent kinase inhibitor, p27. In addition, stimulation
by PTEN induces apoptosis via the upregulation of caspase
and BID and the downregulation of anti-apoptosis factors,
such as Bcl2. Overexpression of PTEN inhibited colony
formation in melanoma, indicating the tumor-suppressor role
played by PTEN [32].

THE CLINICAL AND MOLECULAR
CHARACTERISTICS OF NEVI AND DYSPLASTIC NEVI

Similar to melanoma, melanocytic nevi also originate via
melanocyte clonal proliferation. However, nevi are benign
and form nest-like clusters within the lower epidermis,
dermis, or both. These are known as junctional, intradermal,
or compound nevi, respectively. Moreover, nevi may also be
classified into congenital nevi, acquired nevi, blue nevi, and
Spitz nevi, according to clinical and histologic characteristics.
Congenital melanocytic nevi and blue nevi frequently harbor
NRAS mutations and GNAQ mutations, respectively, while
Spitz and atypical Spitz tumors often exhibit HRAS and
kinase rearrangements [33]. Compared with congenital nevi
that form at birth, the majority are acquired nevi, which
usually form within the first 20 years of life. Acquired nevi
are very common among people of European ancestry and less
common among people of Asian or African heritage [34]. In
regard to dermoscopic features, benign nevi exhibit regular
shape, uniformity, aggregated morphology, and homogenous
brown-to-black pigmentation [35]. Although both originate via
melanocyte proliferation, nevus cells remain in senescence,
as opposed to malignant melanoma [7]. Common and
atypical nevi decrease significantly with age [36]. However,
approximately 30% of nevi associated with BRAF or NRAS
mutations are at risk for transforming into melanoma [37].
The exact mechanisms leading to the development of eruptive
melanocytic nevi are unknown. UVB exposure or sunburn,
light skin or hair color, inherited traits with a family history
of skin cancer [33] or patients receiving bone marrow
transplantation or immunosuppressive medications have been
reported with increased risk of nevogenesis [34-36].

Approximately 80% of nevi harbor BRAF mutations and
the BRAF-driven RAS-RAF-MAPK/ERK signaling pathway
plays a pivotal role in triggering both benign nevogenesis
and malignant melanomagenesis [33]. Although BRAF"*"*
mutation is found in most nevi, several senescence markers or
tumor suppressors, such as p53, p15™%® p16™K4“ and pl9, as
well as senescence-associated acidic [-galactosidase are also
present, resulting in cell cycle arrest at the GO/G1 phase in nevi
cells, regardless of the BRAF""F mutation [28,38]. However,
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one-third of melanomas are derived from nevi, implying
that nevi, considered as melanocytes during the senescence
stage, may be transformed to melanoma due to subsequent
abnormalities in other genes, such as UV-induced PTEN,
MCIR, or p53 mutations, or immunosuppression [39,40].
A small portion of nevi possesses the ability to proliferate
and retain mitosis occasionally [7]. UVB exposure may
enhance the expression of several proliferation markers,
such as HMB-45, PCNA, Ki67, and topoisomerase Ilo [39],
and UVB may activate nevi in senescence stage, resulting in
transformation to melanoma [4].

In addition to common nevi, dysplastic nevi, also known
as atypical moles, were defined as intermediates between
acquired nevi and melanoma cells. Clinical characteristics
of dysplastic nevi include irregular shape, color variation,
and a diameter >5 mm. Dysplastic nevi exhibit a 2—12-fold
risk of transforming into melanoma [41,42]. Dysplastic
nevi were found in 34%-59% of patients with a history of
melanoma [43,44]. Due to the overlap between features of
common nevi and melanoma, dysplastic nevi lack predictive
markers and are difficult to diagnose [45].

Mechanistically, approximately 58% of dysplastic nevi
carry the BRAF mutation [33]. However, compared with
only one BRAF"E mutation in benign nevi, dysplastic nevi
exhibit other mutations, such as the TERT promoter mutation,
hemizygous substitution of CDKN2A, and other mutations
leading to MAPK activation [7]. NRAS and BRAF"""60E
mutations have also been detected in a few dysplastic nevi
cases. Moreover, the PI3K/Akt pathway, when activated by
either decreased PTEN or increased AKT3 expression, altered
the senescence state of nevi, enabling further transformation
into malignant melanoma. Suppression of the PI3K/Akt
pathway inhibited tumor proliferation and also induced
expression of the tumor suppressor, pl5™4 In addition,
increased PI3K/Akt activity was found in 17% of benign nevi,
43% of dysplastic nevi, 49% of primary melanoma, and 77%
of metastatic melanoma [46,47]. This indicated that mutation
of PTEN may play a crucial role in benign nevi escaping
senescence and transforming into melanoma. However, in
spite of being considered an intermediate between benign nevi
and unequivocal melanoma, dysplastic nevi are also classified
as mild, moderate, or severe, according to the grade as well
as clinical and histological features, but show less association
with melanoma risk, leading to controversy.

THE IMMUNE STATUS IN MELANOMA AND NEVI

During melanoma progression, the tumor microenvironment
interacts with melanoma cells including fibroblasts and
endothelial cells, as well as immune cells such as dendritic
cells, T cells, and monocytes, and also with the extracellular
matrix [48]. Melanoma cells are able to avoid immune response
via the programmed cell death-1/programmed cell death
ligand-1 (PD-1/PD-L1) pathway. PD-1 is highly expressed on
activated T cell surfaces for purposes of immune response,
leading to T cell proliferation and activation. Activated T
cells and tumor-infiltrating lymphocytes are blocked by the
binding of PD-1 with PD-L1 induced by tumor cells, which

act as a negative factor for immunomodulation [49]. Hence,
strategies targeting the PD-1/PD-L1 pathway (anti-PD-1 or
anti-PD-L1) or other immune-checkpoints, such as CTLA4,
have been developed for cancer therapy [50,51]. However, the
effects of anti-PD-1 or PD-1 inhibitors on melanoma patients
were weak. In 2018, Chen ef al. reported that melanoma
secretes exosomes carrying PD-L1 on their surface, which
contribute to immunosuppression by inhibiting CD8" T cell
proliferation. The amount of circulating exosomal PD-LI1
was positively correlated with T helper type 1 (IFN-y) in
metastatic melanoma cases. This indicated that exosomal
PD-L1 may act as a predictor of melanoma, for purposes of
immune therapy [52]. Accordingly, we hypothesized that
immune status may play a role in the transformation of nevi to
dysplastic nevi to melanoma. However, studies directed at this
aspect are still lacking.

The immune microenvironment of dysplastic nevi
displayed strong expression of IFN-y, T helper type 2 (IL3)
cytokines, oncostatin M, and CXCL1, compared with common
nevi. Dual specificity protein phosphatase 3, which negatively
regulates members of the MAPK subfamily, such as MEK or
ERK, was also identified as a distinct factor associated with
senescence between dysplastic nevi and common melanocytic
nevi [53]. Dendritic cells act as antigen-presenting cells that
participate in immune surveillance during tumorigenesis.
Large numbers of CDIc" dendritic cells were detected in
dysplastic nevi specimens, compared with both invasive and
primary melanomas, indicating that CDIc" dendritic cells
showed potential for participating in melanomagenesis [54].

CONCLUSION AND FUTURE PERSPECTIVES

Melanoma, dysplastic nevi, and nevi commonly share the
BRAFYE mutation that triggers the MEK/MAPK pathway,
leading to cell proliferation. The activation of RTK or kit
ligand (KitL)/c-kit is insufficient for melanoma tumorigenesis
due to the expression of several senescence makers, unless
other additional mutations, such as PTEN loss, p53 mutation,
or downregulation of p16, occur [Figure 1].

UV  exposure is known as a risk factor for
melanomagenesis. Hence, UV protection is a strategy that
is used to prevent melanoma. Avoidance of mechanical
injuries is important for preventing acral melanoma. Various
sunscreens are used for UV protection, but the efficacy
of commercial sunscreens for skin cancer prevention has
been questioned. A recent publication of ours demonstrated
that inhibition of CKlo, a component of the [B-catenin
degradation complex, stabilized both B-catenin and p53 and
induced p53-dependent KitL expression in keratinocytes.
KitL acts as a paracrine factor, which stimulates
melanocytes into increasing eumelanin production and skin
hyperpigmentation. Eumelanin, induced by CK 1o inhibition,
protects skin from acute sunburn with a resultant decrease
in apoptosis of keratinocytes and reduced pro-inflammatory
cytokine production in mouse models [55]. Therefore,
CKla inhibition may be considered a potential strategy
for UV protection and prevention of UV injury, including
melanoma, especially in MC1R-deficient individuals.
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Figure 1: Schematic summary of the molecular mechanisms involving the formation of nevi, dysplastic nevi and melanoma from a normal melanocyte. In skin, keratinocytes
and melanocytes function together as epidermal melanin unit to respond to ultraviolet irradiation, the well-known environmental risk factor for skin cancers. In normal
skin, ultraviolet induces p53/proopiomelanocortin signaling pathway activation in keratinocytes to stimulate oi-melanocyte-stimulating hormone production, which binding
to melanocortin 1 receptor on melanocytes to enhance eumelanin formation (the natural sunscreen) in one way, and to induce tumor suppressor, phosphatase and tensin
homologs, which inhibits the PI3k/Akt pathway in the other way. Wild-type BRAF in melanocytes can be activated by binding of kit ligand from ultraviolet-irradiated
keratinocytes to receptor c-kit or binding of other growth factors to receptor tyrosine kinase, to promote normal melanocyte growth and proliferation. Therefore,
a-melanocyte-stimulating hormone/melanocortin 1 receptor/phosphatase and tensin homologs signaling pathway plays an important role to counteract BRAF/MEK/ERK
signaling pathway activation induced melanocyte proliferation to prevent melanoma formation. Once the BRAFY*" mutation occurs (mostly with ultraviolet signature),
if p53 is intact, ultraviolet will induce p16 expression which in turn induces melanocyte senescence, that is nevi. If phosphatase and tensin homologs loss or p53 mutated
or p16 suppressed, the BRAFY**! mutation induced proliferation will become exaggerated, that is melanoma. If phosphatase and tensin homologs partial loss, BRAF V6"t
mutated nevi may become dysplastic nevi. Abnormal melanocytes may secret exosome carrying programmed cell death ligand-1, which binding to programmed cell
death-1 receptor on T cells to escape immune surveillance. Therefore, BRAFY*" mutation is frequently detected in nevi, the senescence status and also with the potential
to develop melanoma, if together with melanocortin 1 receptor deficiency, phosphatase and tensin homologs loss, p53 mutation, or p16 suppression. Immune suppression
in endogenous environment may impact a lot on the behavior of nevi, dysplastic nevi or melanoma. CK 1ot inhibition is an ultraviolet-sparing approach to activate p53/kit
ligand/Kit pathway to stimulate eumelanin formation, which may provide a rescue for o-melanocyte-stimulating hormone/melanocortin 1 receptor deficiency associated
with pheomelanin formation

On the other hand, to investigate the molecular mouse models may provide a platform for exploring the
mechanism(s) underlying transformation from nevi to association between BRAF and other oncoproteins or tumor
dysplastic nevi or melanoma, mouse model platforms suppressors in nevogenesis or me]anomagenesis.
have been established. A mouse model that mimics human
nevi was generated. In this model, mutated BRAF""F
was expressed in melanocytes via the endogenous This work is supported by Research Collaboration
melanocyte-specific Tyrosinase promoter under tamoxifen or Project for the Academia Sinica and Tzu Chi
4-hydroxytamoxifen (4-OHT) induction, resulting in nevi-like =~ Foundation (TCAS107-01) granted by Buddhist Tzu
lesions being developed in the dermis and hair follicles [14]. Chi Medical Foundation and Ministry of Science and
In regard to the role of BRAF mutation in nevi or melanoma, Technology (MOST-107-2314-B-303-010-MY3).
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