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Abstract

Introduction and Purpose: Melanoma, an aggressive malignancy from melanocytes, has a poor prognosis.
Despite advances in targeted therapies and immunotherapies, drug resistance remains a challenge. This review
examines the molecular pathways involved in melanoma and therapeutic strategies targeting them, aiming to
improve patient outcomes and overcome treatment resistance by understanding genetic alterations and signaling

cascades driving melanoma progression.

State of Knowledge: Melanoma arises from genetic predisposition and UV radiation exposure, involving
mutations in pathways like RAS/RAF/MAPK and PI3K/AKT. Targeted therapies, such as BRAF and MEK
inhibitors, are effective, especially in BRAF-mutant patients. However, resistance mechanisms, including
alternative pathway activation and immune evasion, limit their long-term success. Combination therapies with
immunotherapies show promise in overcoming resistance. Emerging targets like NRAS, c-KIT, and c-MET offer
new treatment possibilities. Ongoing challenges include identifying biomarkers for patient stratification and

managing treatment-related toxicity.

Conclusions: Understanding the molecular mechanisms of melanoma is crucial for advancing therapies. Targeted
therapies and combination approaches have improved outcomes, especially in advanced cases. However,
challenges like treatment resistance and toxicity require ongoing research. By exploring signaling pathways and
new targets, treatment efficacy and durability can be enhanced. Continued research and clinical trials are essential

to translate these advancements into practice, improving survival rates and quality of life for melanoma patients.
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1. Introduction

Melanoma is a type of cancer with a steadily rising incidence rate. While it represents just 4%
of all malignant skin cancers, it is responsible for 79% of the fatalities associated with these
cancers [1]. Melanoma arises from DNA damage caused by UV or radiation exposure, leading
to the malignant transformation of melanocytes [2]. Most melanomas have mutations in the
RAS/RAF/MAPK and PI3K/AKT cellular regulatory pathways [3,4]. Currently, melanoma is
among the most common cancers in fair-skinned individuals, particularly those with blonde or
red hair and light-colored eyes. Unlike other solid tumors, it primarily affects young and
middle-aged people [5-7]. Host risk factors, including the number of congenital or acquired
nevi, genetic predisposition, and a family history of melanoma, are significant for the
development of melanoma. Approximately 25% of cutaneous melanomas originate from a
nevus [8]. Although dacarbazine and surgical resection can effectively manage early stages of
melanoma, they prove ineffective in treating metastatic melanoma, leading to poor survival
rates among patients [9]. However, the treatment options for unresectable stage Il and IV
melanoma have been transformed by immunotherapies and targeted therapies, leading to
significantly enhanced survival rates compared to traditional chemotherapy regimens [10].
Molecularly targeted tyrosine kinase inhibitors (TKIs) that target specific components of the
RAS/RAF/MAPK and PI3K/AKT pathways demonstrate efficacy in treating metastatic
melanoma [3, 11]. The combination of tyrosine kinase inhibitors (TKIs) and immunotherapies
aimed at key proteins within the oncogenic RAS/RAF/MAPK or PI3K/AKT pathways has
demonstrated the ability to postpone the development of resistance, leading to enhanced
progression-free survival in patients with metastatic melanoma [12, 13]. In this review, we will
describe the specific therapeutic efficacy and the combinatory potential of agents targeting
BRAF, MEK, NRAS, KRAS, HRAS, c-Kit, c-MET, and PI3K/AKT in detail

2. BRAF

BRAF serine/threonine kinase (BRAF) is a cellular controller of growth and survival, with mutations occurring in

over 60% of cases of cutaneous melanoma. The BRAF V600E missense mutation, involving a substitution of

valine with glutamic acid, is responsible for over 80% of all BRAF mutations. The V600K and V600D mutations
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constitute the majority of the remaining 20% [14]. Dabrafenib, a BRAF inhibitor, received FDA approval in 2013
and has been widely employed as a primary treatment for advanced melanoma harboring the BRAF V600E
mutation, both on its own and in combination with other therapies [15]. . Dabrafenib, combined with trametinib, a
MEK inhibitor, is one of the main therapeutic options. The combination of dabrafenib and trametinib led to 11.4
months of progression-free survival without added toxicity compared to 7.3 months in the monotherapy cohort
[16]. In 2014, the FDA granted approval for the utilization of this combination therapy in metastatic and
unresectable melanoma with BRAF V600E/K mutations, and in 2018, this approval was expanded to include stage
I11 melanoma [17]. The FDA granted approval for encorafenib, the latest BRAF inhibitor designed for advanced
V600-mutated melanoma, in June 2018 [18]. Analyzed trial data evaluated the combination of encorafenib with
binimetinib, an MEK inhibitor, and demonstrated that this combination enhanced overall survival rates in
melanoma patients when compared to encorafenib alone [19]. In particular, incorporating binimetinib into the
treatment regimen enables the administration of higher doses of encorafenib, leading to a more pronounced
improvement in response rates. However, this escalation in efficacy is also linked with an elevated occurrence of
adverse events [19-20]. The selected molecularly targeted treatment methods described above, correlated with
immunotherapy, offer new therapeutic opportunities for melanoma. These methods require more detailed research

regarding patient profiles for whom such therapy could be directed.

3. MEK

The majority of patients diagnosed with melanoma possess mutations in their oncogenes that control signaling
pathways within the mitogen-activated protein kinase (MAPK) pathway. Patients with metastatic melanoma
harboring the BRAF V600 mutation, which constitutes 40-50% of melanoma cases, receive treatment with MEK
inhibitors like trametinib, cobimetinib, selumetinib, and binimetinib. As previously mentioned, various
combinations of BRAF/MEK inhibitors, such as dabrafenib/trametinib have demonstrated superior effectiveness
compared to BRAF inhibitors alone in the treatment of BRAF V600 mutant melanoma [21]. Another promising
treatment regimen is MEK inhibitors in conjunction with cyclin-dependent kinase (CDK) 4/6 inhibitors or MEK
inhibitors paired with an anti-PD-1/PD-L1 antibody [22].

4. NRAS

NRAS mutations are frequently observed across various cancers and play a significant role as oncogenic drivers
in melanoma [23]. Melanoma characterized by a significant NRAS burden is linked to thicker tumors, increased
mitotic activity, and a poorer prognosis [24-26]. As of now, there hasn't been approval for any targeted therapy
specifically aimed at NRAS. However, multiple inhibitors targeting the MAPK pathway and several combination
therapies have been explored for NRAS-mutant melanoma. For instance, MEK inhibitors combined with other
inhibitors are commonly under investigation. A preclinical study demonstrated that concurrent inhibition of both
MEK, which is downstream of Ras, and CDK4/6, could trigger tumor regression in NRAS-mutant melanoma [27].
Melanoma cell lines carrying NRAS mutations at codon 61 were subjected to treatment with Amgen Compd A (a
pan-RAF inhibitor) and trametinib (a MEK inhibitor) to synergistically inhibit cell growth. Cell lines responsive
to this combination exhibited increased phosphorylated MEK levels, suggesting a high reliance on the MAPK
pathway for cell proliferation. Cyclin D1, regulated by the MAPK pathway and interacting with CDKA4/6 to initiate
5



G1-to-S phase transition, emerged as a crucial mediator for cell growth in these responsive cell lines. This
investigation revealed that targeting RAF and MEK could effectively curb cell growth in NRAS-mutant melanoma
cell lines reliant on the MAPK pathway. Furthermore, it underscores the importance of addressing alternative
pathways since resistant cell lines may activate pro-survival mechanisms independent of MAPK [28]. In response
to drug resistance to MEK inhibitors, recent preclinical studies have explored combination therapies aimed at
overcoming resistance to MEK inhibitors (MEKIi). One study revealed that concurrent inhibition of MEK and
ERKS, an alternative pathway activated as a compensatory response to MEKi, possibly through the receptor
tyrosine kinase PDGFRp, effectively suppressed the growth and progression of NRAS-mutant melanoma cells
both in vitro and in xenograft models [29]. These approaches, while still in the early stages of research, have the
potential to address resistance and improve the effectiveness of inhibitors directed at the MAPK pathway. There
are numerous studies and proposed therapies for melanomas with NRAS mutation. To date, there hasn't been any

advancement in combination therapy specifically tailored for NRAS-mutant melanoma.

5. HRAS and KRAS

KRAS stands out as one of the most frequently mutated oncogenes in human cancers. It encodes a GTPase within
the RAS/MAPK pathway, which fosters cell growth and proliferation. KRAS mutations are predominantly
observed at the G12 position, often involving glycine-to-cysteine alterations. These point mutations tend to favor
the active conformation of the KRAS protein (GTP-bound). Elevated KRAS activity prompts uncontrolled cell
growth and proliferation in cancer. While KRAS inhibitors are mainly investigated in non-small cell lung cancer
and colorectal cancer, some clinical trials are exploring their application in other advanced or metastatic solid
tumors. KRAS mutations are detected in about 1% of melanomas [30]. HRAS is the least commonly mutated
GTPase compared to the other two Ras isoforms, and its transcriptional regulation varies from that of NRAS and
KRAS. Mutations in HRAS are found in only 1.5% of all melanoma cases, and increased HRAS expression is
associated with reduced survival rates in patients with cutaneous melanomas [31-32]. HRAS isn't commonly used
as a mutation marker in clinical settings for melanoma patients, and its significance in solid tumors has been
relatively understudied. In a preclinical study, the effectiveness of ASN007, an ERK1/2 inhibitor, was assessed in
cell lines carrying mutated RAS, including HRAS. ASNO007 demonstrated strong antitumor activity, which was
further potentiated by the addition of the PI3K inhibitor copanlisib [33].

6. c-KIT

Alterations in ¢c-KIT can impact diverse cancer types, affecting processes like metastasis, tumor expansion, and
cell proliferation. c-KIT mutations are linked to conditions such as gastrointestinal stromal tumors (GIST),
leukemia, lung cancer, and melanoma [34-36]. Additionally, KIT mutations are linked with older age, chronic sun
damage, and occur more frequently in mucosal and acral melanomas [37]. Imatinib, a tyrosine kinase inhibitor
targeting c-abl, bcr-abl, and platelet-derived growth-factor receptor (PDGFR), has been extensively investigated
for its ability to inhibit c-KIT in various malignancies, such as human mast cell leukemia and gastrointestinal
stromal tumors (GIST). Its therapeutic efficacy has also demonstrated promising results in treating metastatic
melanoma [38-39]. Several other c-KIT inhibitors, including dasatinib, sunitinib, sorafenib, and masitinib, have
been investigated as potential therapeutic agents for melanoma. However, additional studies are required to assess
6



their clinical effectiveness. Numerous clinical trials are evaluating the effectiveness of combining c-KIT inhibitors
with other tyrosine kinase inhibitors or immunotherapies, as patients with c-KIT mutant melanoma frequently
develop resistance to tyrosine kinase inhibitors alone [40]. The above-mentioned are examples of molecularly
targeted therapy combined with immunotherapy or tyrosine kinase inhibitors, these are potential treatment

regimens for melanoma with c-KIT mutation, but require thorough research.

7.c-MET

c-MET, a tyrosine kinase receptor encoded by the MET proto-oncogene, binds to hepatocyte growth factor (HGF)
and activates the PISBK-AKT, STAT, SRC, and MAPK signaling pathways. This activation leads to tumor cell
proliferation, invasion, and metastasis [41, 42]. Therefore, c-MET is a critical target, as its downregulation can
silence multiple pathways involved in tumorigenesis [43]. HGF is usually produced by mesenchymal cells when
needed and interacts with its receptor, c-MET, in a paracrine manner in skin cells. However, in melanoma cells,
there is continuous autocrine production of HGF, leading to the activation of the c-MET receptor beyond
mesenchymal cells [44]. Currently, several tyrosine kinase inhibitors (TKIs) targeting c-MET are under
investigation. However, their effectiveness against melanoma has been diminished due to the development of
resistance, and the mechanisms behind this resistance need further exploration [45]. The c-MET tyrosine kinase
inhibitor SU11274 was associated with an elevation in phosphorylation of c-MET, mTOR, p70S6K, and active f3-
catenin, along with upregulation of GATA-6. Upon developing resistance, upregulation of the mTOR pathway
and Whnt signaling was observed, potentially leading to resistance to c-MET inhibitors. However, combining the
mTOR inhibitor everolimus and the Wnt inhibitor XAV939 with SU11274 led to a significant 95% reduction in
tumors in melanoma cell lines [46]. Uveal melanoma (UM) represents the most prevalent form of eye cancer,
comprising approximately 5% of all melanomas. In cultures of uveal melanoma (UM) cells, it was discovered that
HGF serves as one of the factors contributing to resistance to treatment [47,48]. Recent in vitro research has
demonstrated that LY2801653, a type Il kinase inhibitor targeting c-Met, plays a role in overcoming HGF-
mediated resistance in uveal melanoma (UM) cell lines treated with trametinib, a MEKZ1/2 inhibitor. Significant
reductions ranging from 64% to 81% in cancer cell survival rates were observed [47]. Moreover, combining MEK
inhibitors with AKT inhibitors, PI3K inhibitors, or c-MET inhibitors holds promise for enhancing the clinical
effectiveness of these drugs in metastatic uveal melanoma. However, MEK-based treatments are typically

associated with toxicity and are not suitable for long-term therapy [49].

8. PIBK/AKT

While mutations of the phosphatidylinositol 3-kinase (PI3K) itself are uncommon in melanomas, the PI3K/AKT
pathway is often implicated through alternative activation mechanisms. One such mechanism involves loss-of-
functional mutations in the NF1 tumor suppressor gene, observed in approximately 10-15% of melanoma cases.
Consequently, the NRAS protein becomes hyperactive, leading to the activation of both the MAPK and PI3K
pathways [50]. Several PI3K inhibitors are currently undergoing investigation in clinical trials. One study aimed
to establish the maximum tolerated dose (MTD) of two experimental drugs, pimasertib (MSC1936369B, a
mitogen-activated protein extracellular signal-regulated kinase (MEK) inhibitor), and voxtalisib (SAR245409, a

PI3K inhibitor), when administered in combination. Both drugs were given orally with escalating doses in 21-day
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cycles until the MTD was determined. The MTD was defined as intolerable toxicity, the decision of the investigator
to halt treatment, or withdrawal of consent by the subject. Following the determination of the MTD, participants
were divided into tumor-specific expansion cohorts, including breast cancer, non-small cell lung cancer (NSCLC),
melanoma, and colorectal cancer. In the melanoma cohort, one out of fifteen patients exhibited a complete tumor
response to the drugs, while one showed a partial response. Four patients experienced progressive disease, seven
had stable disease, and one patient was not evaluated [51]. Other PI3K inhibitors, such as selective PI3K-beta
inhibitor GSK2636771 and the PI3K-gamma inhibitor IP1-549 are still under investigation.

9. Conclusions

In this comprehensive review, we've outlined the diverse molecular pathways implicated in melanoma progression
and the targeted therapies designed to counteract them. Melanoma, though representing a small fraction of skin
cancers, disproportionately accounts for the majority of skin cancer-related fatalities. Its development is intricately
linked to mutations in key signaling pathways like RAS/RAF/MAPK and PI3K/AKT, often triggered by UV or
radiation exposure. Current therapeutic strategies include both targeted therapies and immunotherapies, offering
significant advancements in managing advanced stages of melanoma. Targeted therapies directed at BRAF, MEK,
NRAS, c¢-KIT, and ¢c-MET have shown promising results in clinical trials, often in combination with
immunotherapies or other targeted agents. For instance, BRAF inhibitors like dabrafenib, when paired with MEK
inhibitors such as trametinib, have demonstrated improved progression-free survival rates in patients harboring
BRAF mutations. However, challenges such as drug resistance and toxicity remain significant hurdles in long-
term treatment. Strategies like combining MEK inhibitors with AKT inhibitors or PI3K inhibitors aim to enhance
therapeutic efficacy while mitigating adverse effects. Additionally, understanding the interplay between different
pathways, such as the cross-talk between MAPK and PI3K/AKT pathways, is crucial for developing effective
combination therapies. Furthermore, emerging research on less common mutations like HRAS and KRAS
highlights the need for tailored therapeutic approaches for specific molecular subtypes of melanoma.
Investigational drugs targeting these mutations hold promise but require further validation in clinical trials. In
conclusion, the evolving landscape of targeted therapies and combination regimens offers renewed hope for
improved outcomes in melanoma patients. Continued research into novel therapeutic targets and optimization of

existing treatment strategies are essential for further advancements in melanoma therapy.
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