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Melanoma develops from malignant transformations of the pigment-producing melanocytes. If located in the basal layer of
the skin epidermis, melanoma is referred to as cutaneous, which is more frequent. However, as melanocytes are be found
in the eyes, ears, gastrointestinal tract, genitalia, urinary system, and meninges, cases of mucosal melanoma or other
types (e.g., ocular) may occur. The incidence and morbidity of cutaneous melanoma (cM) are constantly increasing
worldwide.
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| 1. Introduction

The term melanoma was first used in 1812 by René Laennec to describe a case of metastatic dissemination of the
disease . Cutaneous melanoma (cM) develops from malignant transformations of pigment-producing melanocytes in the
basal layer of the skin epidermis. Non-cutaneous melanoma arises from malignantly transformed melanocytes in the uvea
[28] gastrointestinal tract BI&!, genitalia €, urinary system Bl meninges LY etc. The incidence and morbidity of cM
are constantly increasing worldwide. Australia and New Zealand are world leaders in this regard with a morbidity rate of
54/100,000 and a mortality rate of 5.6/100,000 for 2015 12,

| 2. Pathogenesis of Cutaneous Melanoma
2.1. MAPK Pathway

The mitogen-activated protein kinase (MAPK) cascade regulates cell proliferation, growth, and migration and is activated
in almost all types of melanomas. This pathway is active under normal conditions, but in the cases of melanoma it is
associated with excessive activation X2, It is activated after binding of growth factors to tyrosine kinase receptors.
Stimulation of these receptors activates Ras family proteins—monomeric G proteins (NRAS)—causing the cascade
activation of serine/threonine kinases (BRAF) and results in the activation of ERK kinase (also known as MAPK).
Serine/threonine kinase activates transcription factors, thereby intensifying the transcription of genes involved in cell
growth, proliferation, and migration (Figure 1).
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Figure 1. MAPK pathway. NRAS—Neuroblastoma RAS viral oncogene homolog. BRAF—v-Raf murine sarcoma viral
oncogene homolog B. MEK—Mitogen-activated protein kinase kinase. MAPK—Mitogen-activated protein kinase.

2.2. BRAF

BRAF is a serine/threonine kinase that is activated directly by RAS and is strongly expressed in melanocytes, neural
tissue, testes, and hematopoietic cells. BRAF has been found in phosphorylate and activates MEK (a kinase component
of the MAPK pathway), which in turn activates ERK (MAPK) by phosphorylation and thus stimulates growth and
transformation. This is crucial for the pathogenesis of melanomas 2415116l The conversion of thymidine to adenine (T -
A) is the most common mutation in the BRAF gene (~70%). It results in the substitution of valine with glutamate (V600E)
in the protein molecule, resulting in the activation of its kinase domain. These mutations indirectly results in BRAF
activation by disrupting the normal intramolecular interactions that hold BRAF in inactive configurations 2417, Mutations
in the BRAF gene (V600E) are more common in melanoma that develops in parts of the body that are exposed to solar
radiation. Although BRAF mutations may be associated with sun exposure, the transversion (T — A), as mentioned
earlier, is not classically related to UV exposure 1418l Other amino acid substitutions in the protein are possible, such as
those observed in V600K mutations (representing ~20% of BRAF mutations in melanoma). They are mainly found in
melanoma patients exposed to chronic sun exposure. BRAF V600 mutations represent an early event in the development
of melanoma. They are less common in its initial stages—in 10% of the cases with radial growth—and in 6% of in situ
melanomas. However, they are very common in metastatic melanoma. These mutations occur in approximately 80% of
the benign and the dysplastic nevi, but they alone are not sufficient for the development of cutaneous melanoma L4,

2.3. RAS

Mutations, leading to increased RAS activity in melanomas also increase cell proliferation, but this occurs significantly less
frequently than in other solid tumours 18!, The Q16R mutation is the most common NRAS mutation in melanoma. Somatic
NRAS gene mutations may cause increased activity of the NRAS protein, which cannot “shut down”. This results in a
serial activation of serine/threonine kinases, stimulating cell cycle progression, cell transformation, and cell survival. The
cascade of events can also be caused by overexpression and/or hyperactivation of various growth factor receptors such
as c-Met, epidermal growth factor receptor (EGFR), and c¢c-KIT as well as the functional loss of neurofibromatosis type 1
(NF1) tumour suppressor gene, which suppresses NRAS signalling 1819 Activating RAS mutations were observed in
only 10-20% of melanomas (mostly in amelanotic nodular subtypes), with NRAS mutations being the most common.
BRAF mutations only activate the MAPK signalling pathway, while activating NRAS mutations simultaneously activates
the MAPK and PI3K pathways 1819 NRAS and BRAF mutations have been found to rarely co-occur, indicating that a
mutation in one of the two genes is sufficient to activate the MAPK pathway. Activating BRAF mutations are more common
in nevus cells (70-80% of dysplastic nevi). NRAS mutations are rare in nevi and are most common in congenital ones.
NRAS mutations are often associated with Spitz nevi (18],



The uncontrolled activation of the MAPK signalling pathway in melanomas may be caused by overexpression or
hyperactivation of growth factor receptors such as c-Met, ¢c-KIT, and epidermal growth factor receptor (EGFR) [,

2.4. c-KIT

c-KIT (tyrosine kinase receptor) and its ligand (stem cell factor) play an essential role in melanocyte development (151201,
c-KIT mutations cause insufficient pigmentation. The results of numerous immunohistochemical studies indicate that the
transition from a benign condition to primary or metastatic melanoma is associated with a loss of ¢c-KIT expression. The
activating mutations and amplification of KIT genes have been observed in cutaneous melanomas in areas exposed to
chronic sun exposure as well as in acral melanomas (of the hands, feet, and nail bed). KIT mutations can activate multiple
signalling pathways and the PI3K-AKT pathway in particular. The presence of point mutations in the KIT gene has also
been observed in gastrointestinal stromal tumours (GIST). The functional characteristics of these mutations are clinically
significant as KIT inhibitors are effective in melanomas, but with a much lower degree of clinical response (10-30%)
compared with GIST (>70%) (17129

2.5. c-MET and HGF

Overexpression of another tyrosine kinase receptor c-MET and its ligand HGF (hepatocyte growth factor) correlates with
melanoma progression. c-MET is known to control a variety of biological functions such as propagation, survival, motility,
and invasion. Tumours can grow and metastasize due to dysregulation caused by aberrant c-MET activation. It should be
noted that c-MET (tyrosine kinase receptor) may be overactivated in the event of the excessive secretion of its HGF ligand
produced by tumour cells or the tumour microenvironment of melanoma. This paracrine effect activates the PI3K-AKT
pathway in tumour cells and leads to resistance to MAPK inhibitors 121124,

2.6. Other Factors

Neurofibromatosis type 1 (NF1) tumour suppressor gene and the negative RAS regulator are other driving factors in the
process. NF1 mutations were identified in 5 of 21 tumours without BRAF and NRAS mutations. In the context of BRAF
(V600E) mutations, NF1 has been observed to disrupt normal MAPK and PI3K pathways by inhibiting the development
and the metastatic spread of melanoma. Inactivating mutations of neurofibromatosis tumour suppressor gene 2 (NF2)
have been observed in some melanomas. Initial mutations in NF1 and NF2 genes are associated with hereditary
neurofibromatosis. Other somatic mutations of the melanoma cells in MAPK downstream effectors have been identified,
such as MAP3K5, MAP3K9, MEK1, and MEK?2 [181[22],

2.7. PIBK/IPTEN/AKT Pathway (Phosphatidylinositol 3-kinase Pathway)
PI3K-AKT is another critical signalling pathway in the cell. It is involved in the regulation of cell survival, growth, and

apoptosis 131231 (Figure 2).
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Figure 2. PI3K/PTEN/AKT pathway. NRAS—Neuroblastoma RAS viral oncogene homolog. PI3—Phosphoinositol-3-
kinase. PIP2—Phosphatidylinositol 4,5-bisphosphate. PIP3—Phosphatidylinositol (3,4,5)-trisphosphate. PTEN—



Phosphatase and tensin homolog deleted on chromosome 10. AKT—Protein kinase B. mnMTOR—The mechanistic target of
rapamycin. BCL-2—B-cell lymphoma-2. BAD—proapoptotic protein.

In carcinomas, this pathway can be genetically driven by activating mutations (e.g., PIK3CA and AKT1) or by functional
loss of some of the components of this pathway (e.g., PTEN). PI3 kinases (phosphatidylinositol 3-kinase-lipid kinases) are
triggered directly by tyrosine kinase receptor activation or indirectly by RAS. They cause phosphorylation of PIP2 to PIP3
and subsequent phosphorylation of AKT 1423 pTEN lipid phosphatase plays an essential role as an agent antagonizing
this pathway by converting PIP3 back to PIP2 1241, Phosphorylation of AKT (serine/threonine protein kinase) results in the
phosphorylation of multi-factor proteins that regulate cellular processes (proliferation, survival, motility, angiogenesis, and
metabolism). m-TOR is one of these proteins found to be activated in 73% of human melanoma cell lines and very rarely
in nevus cells. Increased activation of PI3K signalling is observed in a large number of melanomas, usually triggered by
mutations, deletions, and promoter methylation of the coding genes of the PTEN inhibitor (23],

2.8. MITF Signalling

Microphthalmia-associated transcription factor (MITF) is a key regulator that is required for melanocyte differentiation,
which may affect malignancy in some melanomas. The most common MITF genetic alteration is amplification, which
occurs in 15-20% of melanomas (more common in metastatic melanomas) 2311281, These changes are thought to occur
later in disease progression and are associated with lower 5 year survival 24, MITF increases the gene expression
involved in the cell cycle progression, the cell proliferation, and the cell survival. It is a transcription factor for cellular
cyclin-dependent kinase (CDK2), CDK inhibitors pl16INK4a, and p21 as well as for the antiapoptotic mitochondrial
membrane protein BCL-2 (B-cell lymphoma 2) 28129, piTF expression is triggered by the activation of the melanocortin 1-
receptor (MC1R), which in turn is activated by the binding of melanocortins (ACTH and a-MSH) 28, This induces
adenylate cyclase activation and the production of c-AMP, which activates protein kinase A (PKA). In turn, PKA activates
CREB (cAMP protein-binding response element), which acts as a transcription factor and enhances MITF expression.
MITF signalling is also closely related and regulated by MAPK signalling. It has been observed that the mutated oncogene
BRAF can regulate MITF expression, thus ensuring protein levels compatible with the proliferation and survival of
melanoma cells. Importantly, MITF may also act as an anti-proliferative transcription factor that induces cell cycle arrest.
In melanocytes, MITF expression occurs after the binding of the melanocyte-stimulating hormone (MSH) to the
melanocortin 1 receptor (MC1R). In this process, MITF targets the genes involved in the regulation of differentiation and
pigmentation, distribution, and survival 221[28],

2.9. p53

p53 is the primary tumour suppressor gene, associated with apoptosis. The p53 protein encoded is a major transcription
factor and bears crucial responsibility for various stresses such as DNA damage, genome instability, hypoxia, and
oncogenic aberrations B9, Disorders in the control of the cell cycle, genomic instability, and abnormal proliferation are
observed during the transformation of melanocytes into melanoma cells. Mutations or deletions of p53 are observed in
more than 50% of carcinomas. In melanomas, they occur in only 1-5% of primary melanomas and in 11-25% of
metastatic melanomas B, The expression of the p53 protein in melanomas is variable B233] \while it is often absent in
nevi. Melanoma often results in the overexpression of this protein than when compared to other tumours. Despite the high
expression of p53, melanoma cells are highly resistant to apoptosis. This can be explained by the impaired functionality of
the p53 apoptotic pathway 24,

2.10. Hypoxia-Induced Factor (HIF)

An essential factor for tumour development and progression is the environment itself. Human skin is generally hypoxic,
which in turn favours melanogenesis 3. The hypoxic response is primarily mediated by HIF. It activates many genes,
associated with angiogenesis, invasion, and metastasis. Hypoxia in the microenvironment of the skin favours melanocyte
transformation and tumour growth induced by the PI3K pathway. Inhibition of the HIF gene reduces this process. Tumour
hypoxia occurs with melanoma growth due to poor vascularization, which increases HIF and stimulates melanogenesis
and melanoma progression, thus being of negative prognostic value 8. Melanomas located in areas of hypoxia possess
the worse prognosis despite treatment [EZ138],

2.11. Notch Signalling Pathway

Notch signalling pathway has a substantial potential for the development and maintenance of tissue homeostasis. It
includes a family of transmembrane receptors and their ligands, negative and positive modifiers, and transcription factors.
In mammals, four receptors and five ligands are known B2, Notch can function as a tumour promoter or suppressor



depending on the type of cells. Its activation through the overexpression of Notch receptor genes 1, 2, and 4 plays a role
in melanoma progression and metastasis, which is a function mediated by B-catenin BQ1U42 Notch 1 signalling pathway
is enhanced in melanoma cells. Along with the AKT pathway and the pathway induced by hypoxia, Notch is involved in the
transformation of a normal melanocyte into a melanoma cell 31,

3.12. Other Factors Important in the Pathogenesis of Melanoma

Telomerase reverse transcriptase (TERT) is a gene located on chromosome 5p15.33 and encodes the catalytic subunit of
telomerase. Telomerase is an enzyme that adds nucleotides to telomeres. In normal cells its activity is low, which leads to
cell aging and death. The promoter’s mutations of the TERT gene are observed in 77% of the pecursor lesions of the
melanoma and in a relatively early stage of their genesis, as well as in a large part of the cells of the melanoma itself. This
leads to high telomerases activity, which prevents cell aging and apoptosis. The melanomas that cells have mutations in
the TERT gene are accompanied with a poor prognosis 241,

Numerous cellular interactions, mediated by their cell adhesion molecules (cadherins and adherents) also play an
important part in the pathogenesis of melanoma. The immune system also plays a significant role in the carcinogenesis of
melanoma. Essential factors for anti-melanoma immunity are two types of immune response: humoral and cell-mediated.
In order to survive, cancer cells can modify the immune response by employing several mechanisms such as reduction or
deactivation of antigen presentation, immunological barriers in the tumour microenvironment, negative regulatory
pathways in T cells, and T cell dysfunction M3l48l47  Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and
programmed cell death protein 1 (PD1) are the two immune checkpoints that regulate immune homeostasis by inhibiting T
cell activation. The development of monoclonal antibodies directed against CTLA-4 (ipilimumab) and PD1 (nivolumab,
pembrolizumab), which eliminates the inhibition of T cell activity and restores the recognition ability of T cells, is a game-
changer in the treatment of this disease; the development provides better treatment response and improved long-term
survival ¥3. These developments have become the gold standard for treatment in most patients with advanced and
metastatic melanoma and are currently used in many other solid cancers and hematological malignancies 2481149,

A distinctive feature of the malignant neoplasms is their ability to disseminate and metastasize. Typically, melanocytes
bind to basal keratinocytes through cell-cell adhesion molecules, such as the transmembrane glycoprotein E-cadherin.
Loss of E-cadherin and upregulation of N-cadherin leads to the separation of melanoma cells from the epidermis and
promotes melanoma invasion. Phosphatase and tensin homologue (PTEN) are suggested as potential regulators in the
cell adhesion process 2450,
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