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Melanoma, the deadliest form of skin cancer, presents a significant clinical challenge due to its high metastatic potential

and resistance to conventional therapies. It originates from melanocytes and is increasingly prevalent. Melanoma, a highly

aggressive skin cancer, is characterized by rapid progression and high mortality. Recent advances in molecular

pathogenesis have shed light on genetic and epigenetic changes that drive melanoma development.
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1. Introduction

Melanoma’s incidence surged by 320% from 1975 to 2018, influenced by risk factors such as sun exposure, indoor

tanning, family history, and the number of nevi . This type of skin cancer is responsible for nearly 90% of skin cancer

deaths, despite constituting a small fraction of skin cancer cases . The disease impacts both older and younger

populations, though the increase in incidence is particularly notable among older individuals . The primary cause of

death from melanoma is metastatic spread, first to the lymph nodes and, most commonly, to the lungs . Early-stage

melanoma (I–II) can be effectively treated with complete surgical excision, boasting an excellent 5-year survival rate of

99.4% . However, the prognosis worsens significantly in advanced stages, with 5-year survival rates dropping to 68% for

stage III and 29.8% for stage IV melanoma .

The clinical burden of melanoma is growing alongside its rising global incidence, which has been increasing by

approximately 3% annually in certain regions . Projections for 2023 estimate 97,620 new cases and 7990 deaths in the

United States alone . Meanwhile, the International Agency for Research on Cancer reported an estimated 324,635 new

diagnoses and 57,043 deaths from melanoma globally in 2020 . These statistics highlight the critical need for the

rational and evidence-based selection of therapies in the treatment of melanoma.

The progression from benign melanocytic nevi to malignant melanoma and metastasis involves an interplay of genetic

factors and UV-induced damage. Melanocytic nevi, typically benign, can evolve into melanoma through mutations,

primarily BRAFV600E in common nevi and various mutations in MAPK signaling, the TERT promoter, and CDKN2A in

dysplastic nevi . The progression is marked by additional mutations, such as in NRAS, and is influenced by the

activation of the WNT signaling pathway, which is important for metastasis. Genes such as ARID2 and ARID1A are also

implicated in melanoma’s progression .

2. WHO Classification and Molecular Diversity of Melanoma

The 2018 WHO classification of melanocytic lesions provides a refined understanding of melanoma’s molecular diversity,

categorizing melanomas based on CSD. This system divides melanomas into:

1. Low-CSD melanomas: these include superficial spreading melanomas, typically associated with less sun damage.

They often arise on the trunk and proximal areas of the extremities and primarily feature BRAFV600E mutations. Other

mutations in these melanomas include the TERT promoter and CDKN2A, with PTEN and TP53 mutations observed in

more advanced stages .

2. High-CSD melanomas: comprising lentigo maligna and desmoplastic melanomas, these usually develop on heavily

sun-damaged skin, particularly in older individuals. They can have a high mutation load, including NRAS, BRAF non-

V600E, or NF1 mutations, and they frequently present TERT promoter mutations, CDKN2A, and occasionally KIT
mutations. The mutation count in these melanomas increases with the degree of CSD, with desmoplastic melanomas

showing the highest tumor mutation burden .
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3. Non-CSD-associated melanomas: this category contains Spitz melanomas, acral melanomas, mucosal melanomas,

melanomas arising from congenital or blue nevi, and uveal melanomas. These subtypes are typically devoid of BRAF,

NRAS, and NF1 mutations (triple wild-type), but can feature KIT mutations, gene amplifications, and structural

rearrangements, especially of the CCND1 gene and SF3B1. Acral and mucosal melanomas are biologically distinct from

their cutaneous counterparts in sun-exposed areas. Spitz melanomas show tyrosine kinase or serine-threonine kinase

fusions, and melanomas in blue nevi and uveal melanomas often contain GNA11 or GNAQ mutations .

This classification not only segregates melanomas based on CSD, but also correlates the types with specific molecular

alterations, providing crucial insights into the varied molecular pathways and risk factors associated with different

subtypes of melanoma.

In addition to these classifications, WHO has introduced the concept of „intermediate” lesions in its latest melanocytic

tumor classification, acknowledging the diagnostic challenges of melanocytic tumors. This approach shifts away from

viewing melanocytic tumors as simply benign or malignant, suggesting a more nuanced understanding by providing nine

categories/pathways, each marked by specific genetic drivers .

3. Key Genetic Mutations in Melanoma

3.1. BRAF Mutations

BRAF mutations are found in approximately 50% of melanomas and play a crucial role in the disease’s pathogenesis

(Figure 1). These mutations are predominantly observed in cutaneous melanomas and are frequently associated with UV

radiation exposure. This link is evidenced by the high levels of UV radiation signatures, especially C > T substitutions,

found in these tumors . Notably, patients with BRAF mutations tend to be younger than those with other melanoma

subtypes . The mutation patterns related to UV exposure highlight the interplay between environmental factors and the

genetic landscape of melanoma, emphasizing the importance of considering both of them in understanding melanoma

development.

Figure 1. Genetic mutations in melanoma.

The presence of BRAF mutations, particularly V600E, leads to the activation of the MAPK/ERK signaling pathway, a key

driver of cell proliferation and survival in melanoma. This understanding has led to the development of targeted therapies

such as vemurafenib and dabrafenib, which specifically inhibit the BRAFV600E mutation and have shown significant

efficacy in treating patients harboring this genetic alteration.
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In clinical practice, the detection of BRAF mutations is a critical factor in treatment decisions, particularly for metastatic

melanoma. Testing for the BRAFV600 mutation is recommended for patients with distant metastases, non-resectable

regional metastases, or high-risk stage III melanoma post-surgery . Performing this test on metastatic tissue samples is

ideal, due to the high concordance of BRAF mutation status in primary and metastatic lesions. The result of this testing

significantly informs therapeutic decision-making, underscoring the role of genetic profiling in the personalized treatment

of melanoma.

3.2. NRAS Mutations

NRAS mutations, which are found in 15–20% of melanoma cases, are significant drivers of the disease, affecting

melanoma development through a distinct pathway . These mutations activate the MAPK pathway, albeit through a

mechanism different from that of BRAF mutations. NRAS mutations are typically mutually exclusive of BRAF mutations,

reinforcing their unique role in melanoma’s molecular pathology . The identification of NRAS mutations is not only

essential for understanding melanoma’s genetic diversity, but also plays an important role in clinical decision-making,

particularly in cases without BRAF mutations. Despite not being direct targets of current therapies, the presence of NRAS
mutations guides the selection and tailoring of treatment strategies. So far, targeted therapies specifically addressing

NRAS-mutated melanoma have shown limited success . However, this area remains a significant focus of ongoing

research, especially in the context of advanced melanoma that has not responded to standard immunotherapies, including

anti-CTLA4 and anti-PD1 antibodies. The development of more effective treatment options for NRAS-mutated melanoma

is a key objective of current clinical investigations, reflecting the continuous effort to improve therapeutic outcomes for this

challenging subset of melanoma patients.

3.3. c-KIT Mutations

c-KIT mutations, while less common than BRAF and NRAS mutations, play a significant role in certain melanoma

subtypes, particularly mucosal and acral melanomas. These mutations are predominantly found in melanomas arising

from mucosal, acral, and chronically sun-damaged skin, representing a distinct subset within the broader spectrum of

melanoma .

In the clinical setting, it is recommended to initially test for BRAF and NRAS mutations in acral and mucosal melanomas

. If those tests return negative, a further analysis for c-KIT mutations is advised . This stepwise approach to genetic

testing ensures a precise and targeted strategy for managing these specific melanoma subtypes.

Therapies targeting c-KIT mutations, although not yet formally approved, have shown promising results in treating

melanomas harboring these genetic alterations. Clinical benefits from c-KIT inhibitors have been observed in selected

patients, underscoring the importance of these mutations in the therapeutic landscape of melanoma . The ongoing

research and development of treatments targeting c-KIT mutations are pivotal in enhancing care and outcomes for

patients with these specific melanoma subtypes.

3.4. GNAQ/GNA11 Mutations

GNAQ/GNA11 mutations, commonly identified in uveal melanomas , represent a distinct genetic subgroup within

melanoma. Despite the current limitations of available treatments, these mutations are under active study for targeted

therapy options, reflecting a growing interest in developing specific treatments for these subtypes.

In non-uveal melanomas, GNAQ/GNA11 mutations display a unique genetic profile characterized by a lower tumor

mutational burden and fewer UV signature mutations than are common in cutaneous melanomas . This suggests

significant differences in the genetic landscape of these tumors compared with both cutaneous and uveal melanomas.

Additionally, non-uveal melanomas with GNAQ/GNA11 mutations tend to metastasize lymphatically, similar to cutaneous

melanoma, rather than the hematogenous metastasis typically seen in uveal melanoma . These findings underline the

urgent need for novel therapeutic approaches because non-uveal melanomas with GNAQ/GNA11 mutations respond

poorly to existing systemic therapies, including immune checkpoint inhibitors (ICIs) . The rarity and distinct behavior of

GNAQ/GNA11 mutant non-uveal melanomas highlight the importance of ongoing research to develop effective treatments

for this unique melanoma subgroup.
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4. Molecular Pathways

4.1. MAPK/ERK Pathway

The MAPK/ERK pathway is central to melanoma, with alterations in this pathway often driving tumorigenesis . This

pathway, which includes RAS, RAF, ERK, and mitogen-activated extracellular signal-regulated kinase (MEK), is crucial for

regulating cellular proliferation . The discovery of activating NRAS mutations in melanoma in the mid-1980s and the

subsequent identification of BRAF mutations in 2002 have been significant milestones in understanding melanoma’s

molecular pathology . Both of these mutations lead to the overactivation of the MAPK/ERK pathway, promoting

melanoma cell proliferation and survival.

The exploration of the MAP kinase pathway as a therapeutic target began with responses observed from MEK inhibitors.

However, the development of potent and selective inhibitors such as vemurafenib, dabrafenib, and encorafenib, which

target mutated BRAF, has been the major breakthrough in melanoma treatment . The late 2000s saw a pivotal shift with

the introduction of these targeted therapies. The initial use of drugs such as sorafenib paved the way for more effective

and selective BRAF inhibitors .

Combination therapies of BRAF/MEK inhibitors have significantly improved the efficacy of melanoma treatments, with

reduced toxicity and longer progression-free survival (PFS) times compared with monotherapies . These advances

highlight the significance of the MAPK/ERK pathway in melanoma’s molecular pathology and response to therapy,

underscoring the importance of understanding the influence of these mutations when developing effective treatments.

4.2. PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway plays a central role in melanoma development, affecting cell survival, proliferation, and

metastasis. Its activation, often driven by genetic mutations and signaling imbalances, underscores the need for targeted

therapeutic interventions. The constitutive activation of this pathway is a hallmark of melanoma’s aggressiveness and

contributes to resistance against standard treatments by influencing key cellular processes such as autophagic cell death

and cell cycle regulation .

A range of targeted therapies focusing on inhibitors of PI3K, AKT, and mTOR is under investigation and showing

promising results in clinical trials, both as individual treatments and in combination with other drugs, such as BRAF and

MEK inhibitors . The exploration of natural compounds, repurposed drugs, and novel synthetic molecules targeting this

pathway, along with the emerging role of miRNA in modulating this pathway, presents new opportunities for treatment and

underscores the pathway’s significance for the development of novel, effective, and personalized melanoma therapies .

5. Melanogenesis and Neuroendocrine Regulation in Melanoma
Progression

Recent studies have highlighted the complex roles of melanin and melanogenesis in melanoma, revealing their protective

effects against UV radiation and their potential to promote malignant transformation . The synthesis of eumelanin and

pheomelanin, influenced by environmental and hormonal factors, offers both defense and risks, with the instability of

pheomelanin contributing to a mutagenic environment . This duality affects melanoma’s

development and response to treatments, with advanced melanomas showing a negative correlation between

pigmentation and survival, indicating melanin’s dual impact . Inhibiting melanogenesis could, therefore,

enhance therapeutic outcomes, highlighting melanin’s intricate influence on melanoma behavior.

Moreover, melanoma’s ability to influence both local and systemic physiological responses through the secretion of

neuroendocrine factors, including proopiomelanocortin (POMC) peptides, corticotropin-releasing hormone (CRH), and

glucocorticoids, underscores its complex role in the body’s regulatory systems . POMC peptides, including melanocyte-

stimulating hormone (MSH), are immunosuppressive, and an increased expression of POMC peptides was noted during

the progression of melanomas to advanced stages . This capability of melanoma to manipulate

the neuroendocrine and immune responses contributes to its survival and progression, altering homeostasis in favor of

the tumor . Such interactions necessitate the exploration of therapeutic strategies aimed at targeting these pathways,

offering potential to improve treatment outcomes and patient prognosis.
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