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											Abstract

											
												 
												Over recent decades, systemic cancer therapy has undergone significant transformations due to breakthroughs in understanding cancer biology, immunology, and genetics. Consequently, patients with advanced-stage cancers are experiencing unprecedented survival rates. Personalized cancer therapy aims to optimize clinical outcomes by tailoring drug therapies to individual patients based on their tumor genetics and/or epigenetics, thereby minimizing the toxicity associated with ineffective treatments. Progress in genetic sequencing and molecular cytogenetics has revealed oncogenic driver mutations and epigenetic anomalies, paving the way for the development of targeted molecular therapies. This review article elucidates the successful advancement of molecular targeted therapies in malignant melanoma, showcasing the paradigm of personalized cancer therapy.
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										Introduction

										
											In recent decades, cancer treatment has evolved significantly, driven by advances in cancer genetics and immunology. While chemotherapy remains vital for many metastatic cancers, molecular targeted therapies and checkpoint inhibitors have revolutionized treatment, improving tumor control and extending survival in advanced malignancies. These targeted therapies inhibit key molecules and proteins crucial for tumor growth, resulting in cell death, tumor regression, and prolonged patient survival.
										

										
											Effective targeted therapy depends on the presence of specific oncogenic molecules in tumor cells. For example, HER2 gene amplification is found in 15-20% of breast cancers, resulting in a functional HER2 receptor that promotes cell growth and inhibits apoptosis [1,2]. Trastuzumab, a monoclonal antibody targeting the extracellular domain of the HER2 receptor, is effective in breast cancer with HER2 overexpression and/or amplification but not in patients without HER2-positive breast cancer.
										

										
											In chronic myelogenous leukemia (CML), the BCR-ABL gene translocation leads to an overactive tyrosine kinase, driving proliferation and survival [3]. Imatinib, an inhibitor of BCR-ABL, KIT, and PDGF receptor-alpha, is effective in treating CML [4].
										

										
											In advanced renal cell carcinoma (RCC), drugs targeting VEGF or VEGF receptor are used due to Von Hippel Lindau (VHL) gene deficiency, activating the VEGFR pathway in most RCCs [5].
										

										
											This article will review molecular targeted therapies in malignant melanoma, exemplifying personalized cancer therapy.
										

										Melanoma

										
											Skin cancer represents the most prevalent form of malignancy in the United States, with melanoma being the most lethal variant among skin cancers. Over recent decades, there has been a significant and steady increase in melanoma incidence [6]. In 2023, it is estimated that approximately 97,610 individuals will be diagnosed with melanoma in the United States, and 7,990 are projected to succumb to the disease [7]. However, there has been a notable decline in mortality since 2016, when over 10,000 deaths were anticipated. This decrease in mortality is largely attributable to the introduction of novel therapeutic agents, including checkpoint inhibitors and molecular targeted drugs.
										

										
											Substantial evidence from numerous large-scale randomized clinical trials has demonstrated that the overall survival (OS) of patients with advanced, metastatic melanoma has improved with these innovative treatments compared to traditional cytotoxic chemotherapy. Notably, a significantly higher proportion of patients are now achieving a 5-year survival in the unresectable metastatic setting. For instance, the 5-year survival rate for patients with advanced, metastatic melanoma was approximately 10% in 2009 [8]. In contrast, the 5-year survival rates with checkpoint inhibitors and/or inhibitors of BRAF and MEK kinases currently range between 34% and 52% [9-11]. These statistics underscore the profound impact of recent advances in melanoma therapy, marking a significant milestone in the management of this aggressive cancer.
										

										
											Melanoma's genetic underpinnings, particularly in cutaneous melanoma, predominantly involve mutations in the mitogen-activated protein (MAP) kinase signal transduction pathway. This pathway activates the extracellular signal-regulated kinase (ERK), which plays a crucial role in the proliferation, survival, invasion, and metastasis of melanoma cells. Notably, approximately 50% of cutaneous melanomas exhibit a single base substitution mutation in the BRAF gene, and around 20% possess a mutation in the NRAS gene [12-14]. These mutations in the BRAF and NRAS genes are predominantly mutually exclusive and lead to the activation of the MAP kinase pathway.
										

										
											Contrastingly, non-cutaneous melanomas present a distinct genetic profile. In acral lentiginous and mucosal melanoma, the frequency of BRAF and NRAS mutations is significantly lower. However, oncogenic mutations in the KIT gene are more prevalent, occurring in 11-21% of cases [15]. In uveal melanoma, mutations in the GNAQ or GNA11 gene are present in about 80% of cases, while mutations in the BRAF and NRAS genes are rare [16,17].
										

										
											These genetic alterations, primarily the kinase-activating mutations, present substantial opportunities for the development of molecularly targeted therapeutic drugs. Currently, effective targeted drugs are available for treating patients with cutaneous melanoma harboring a BRAF mutation and those with acral or mucosal melanoma exhibiting KIT mutations.
										

										BRAF-Mutant Melanoma

										BRAF inhibitors

										
											BRAF, a serine-threonine kinase in the MAP kinase pathway, is critically involved in melanoma cell biology. Approximately 50% of melanomas exhibit oncogenic mutations in BRAF, predominantly at codon 600, with V600E and V600K mutations constituting 80% and 15% of these, respectively [14]. These V600 BRAF mutations lead to continuous activation of the MEK and ERK proteins in the MAP kinase pathway, fostering melanoma cell proliferation, invasion, and survival [14].
										

										
											Inhibition of the V600 BRAF kinase disrupts MEK and ERK activation, suppressing the MAP kinase pathway and inducing cell growth arrest. Initial attempts to target the BRAF kinase in melanoma with sorafenib, an RAF kinase inhibitor, were unsuccessful [18]. Likewise, a phase III study combining sorafenib with carboplatin and paclitaxel did not demonstrate improvement in progression-free survival (PFS) or overall survival (OS) compared to chemotherapy alone [19]. This was attributed to sorafenib's inability to adequately inhibit the mutated BRAF-driven MAP kinase pathway, as it more effectively inhibits wild type BRAF and CRAF proteins, causing significant toxicity in patients with V600 BRAF-mutant melanoma.
										

										
											The ineffectiveness of sorafenib in treating melanoma led to intensified efforts to develop more specific inhibitors targeting mutant BRAF kinase. Vemurafenib emerged as the inaugural selective inhibitor for V600 BRAF mutant melanoma in clinical trials. It was specifically engineered to target the V600E BRAF mutation more effectively than the wild type, using a scaffold-based crystallographic approach, resulting in a higher affinity for V600 BRAF (IC50 31 nM/L) compared to wild type BRAF (IC50 100 nM/L) [20,21]. In a phase I study, 32 advanced melanoma patients with the V600E BRAF mutation treated with vemurafenib showed an 81% overall response rate [22]. Rapid metabolic responses were detected within two weeks in many patients.
										

										
											In a phase III trial involving 675 treatment-naive patients with advanced melanoma carrying the V600E BRAF mutation, including 19 patients with the V600K mutation, the group receiving vemurafenib exhibited a marked improvement in progression-free survival (PFS) and overall survival (OS) compared to those treated with dacarbazine (HR 0.26 [95% CI, 0.20-0.33, p < 0.001] for PFS; HR 0.37 [95% CI, 0.26-0.55, p < 0.001] for OS) [23]. The median PFS durations were 5.3 months for vemurafenib and 1.6 months for dacarbazine, with response rates of 48% and 5%, respectively. Due to these substantial PFS and OS benefits, vemurafenib received FDA approval in the United States in 2011.
										

										
											Dabrafenib, another selective V600 BRAF inhibitor, was evaluated in a phase III study with 250 treatment-naive patients with unresectable metastatic melanoma. Compared to dacarbazine, dabrafenib significantly improved PFS (HR 0.30 [95% CI 0.18-0.51; p < 0.0001]), and had a higher response rate (50% versus 6%) [24]. Median PFS was 5.1 months for dabrafenib versus 2.7 months for dacarbazine. In addition, there was substantial prolongation of overall survival in the dabrafenib arm (HR of 0.77 [95% CI 0.52-1.13]) [25]. This led to its FDA approval in 2013 for advanced V600E/K BRAF-mutant melanoma.
										

										
											Encorafenib, distinct for its longer dissociation half-life from V600E-mutant BRAF, directly compared against vemurafenib in the COLUMBUS trial. This randomized phase III trial, which also assessed a combination of encorafenib and binimetinib, a selective MEK inhibitor, showed superior PFS (HR 0.68 (95% CI, 0.52-0.88, 2-sided p = 0.0038)) and OS (HR 0.76 (95% CI 0.58-0.98, two-sided p = 0.033)) for encorafenib compared to vemurafenib [26,27].
										

										MEK inhibitors

										
											An alternative strategy to direct inhibition of mutant BRAF kinasein the MAP kinase pathway is the targeting of its downstream substrate. MEK kinase, the only known substrate downstream of BRAF, was also extensively tested for the treatment of V600 BRAF mutant melanoma. Initial efforts with early MEK inhibitors like CI-1040 and PD0325901 were unsuccessful due to intolerable toxicity and/or lack of clinical efficacy [28]. However, the development of trametinib, a specific inhibitor of MEK1 and MEK2 proteins, marked a turning point. Promising clinical activity of trametinib was observed in phase I and II studies [29,30].
										

										
											In a pivotal phase III study involving 322 patients with metastatic V600E or V600K BRAF-mutant melanoma, participants were randomized to receive either trametinib or cytotoxic chemotherapy [31]. The study's primary and secondary endpoints were progression-free survival (PFS) and overall survival (OS), respectively. Results showed that patients in the trametinib arm experienced significantly longer PFS (HR 0.45 [95% CI, 0.33-0.63] P < 0.001) and higher response rates (22% versus 8%) compared to those receiving cytotoxic chemotherapy. The median PFS was 4.8 months for trametinib versus 1.5 months for chemotherapy. Additionally, trametinib was associated with a superior OS, with a hazard ratio of 0.54 (95% CI 0.32-0.92, p 0.01). The 1-year and 2-year OS rates were 60.9% and 32.0%, respectively, in the trametinib arm, compared to 49.6% and 29.4% in the chemotherapy arm [32]. Based on these findings, trametinib received FDA approval in 2013 for the treatment of V600E or K BRAF-mutant advanced melanoma.
										

										
											It is noteworthy that trametinib exhibits limited clinical activity in patients with V600 BRAF mutant melanoma who have experienced disease progression on prior BRAF inhibitor therapy. A phase II study of trametinib in this patient cohort revealed no responses among 40 participants previously treated with a selective BRAF inhibitor [30]. These results suggest a preference for selective BRAF inhibitors over trametinib as the initial targeted therapy for V600 BRAF mutant melanoma, despite the absence of a direct head-to-head comparison between these two drug classes.
										

										Combination of BRAF inhibitor and MEK inhibitor

										
											While selective BRAF inhibitors have substantially improved clinical responses and overall survival in melanoma patients, most individuals eventually experience disease progression. This resistance arises from various mechanisms, including the development of new kinase-activating mutations in the NRAS gene, alternative splicing of BRAF, amplification of BRAF and/or CRAF, acquisition of new MEK mutations, or overexpression of COT protein [33-37]. These alterations can circumvent the inhibitory effects of BRAF inhibitors on V600 BRAF kinase.
										

										
											Interestingly, about 70% of resistance mechanisms involve reactivation of the MAP kinase pathway despite ongoing BRAF inhibitor treatment. No new BRAF gene mutations have been reported in the context of treatment resistance. Preclinical studies have shown that combining a MEK inhibitor with a BRAF inhibitor delays resistance in V600E BRAF-mutant melanoma cells.
										

										
											Three combination regimens of MEK and BRAF inhibitors have been clinically investigated: Dabrafenib with trametinib, vemurafenib with cobimetinib, and encorafenib with binimetinib. In separate large phase III trials, these combinations demonstrated higher response rates and prolonged PFS and OS compared to vemurafenib alone [38-40]. The hazard ratios (HRs) for PFS with these regimens ranged from 0.51 to 0.61, with median PFS durations of 11 to 14.9 months, versus 7.2 to 7.3 months with vemurafenib. The HRs for OS were between 0.61 to 0.70, with median OS durations of 22.3 to 33.6 months, compared to 16.9 to 18.0 months with vemurafenib.
										

										
											Following the significant PFS and OS benefits observed, each of these combination regimens received FDA approval for treating advanced V600 BRAF-mutant melanoma: Dabrafenib and trametinib in 2013, vemurafenib and cobimetinib in 2015, and encorafenib and binimetinib in 2018.
										

										BRAF-targeting therapy versus checkpoint inhibitor immunotherapy

										
											Following improvements in clinical outcomes, including overall survival, with targeted combination regimens for melanoma, researchers began to investigate the optimal sequence of targeted therapy and anti-PD1 antibody-based checkpoint immunotherapy in patients with advanced V600 BRAF-mutant melanoma. To explore this, a randomized phase III study was conducted, comparing a combination of dabrafenib and trametinib with nivolumab and ipilimumab in the first-line treatment of patients with unresectable, metastatic V600 BRAF-mutant melanoma [41-44]. In this study, patients initially receiving targeted therapy were switched to immunotherapy upon disease progression, and vice versa.
										

										
											Despite slow patient enrollment, likely due to clinician preferences for specific treatment modalities, the study achieved its primary objective. It demonstrated a significant clinical benefit of checkpoint immunotherapy over the targeted therapy regimen, with a 2-year overall survival rate of 71.8% [95% CI, 62.5 to 79.1] compared to 51.5% [95% CI, 41.7 to 60.4; log-rank P = 0.010]. Consequently, the combination checkpoint immunotherapy has become the standard first-line treatment for patients with advanced V600 BRAF-mutant melanoma. However, in patients with comorbidities where immunotherapy is contraindicated, targeted therapy regimens remain the recommended first-line treatment. Additionally, targeted therapy may be considered for patients whose disease recurs during or shortly after completing adjuvant PD1 antibody.
										

										
											There has been considerable speculation about whether combining targeted therapy with a checkpoint inhibitor could enhance response rates and extend survival compared to each modality alone. A notable phase III study compared a regimen of vemurafenib, cobimetinib, and atezolizumab against targeted therapy alone in 517 patients with advanced V600 BRAF mutant melanoma [45]. The study achieved its primary objective of improving progression-free survival (PFS) (hazard ratio [HR] 0.78; 95% CI 0.63-0.97; p = 0.025), leading to FDA approval in July 2020 for this treatment in advanced BRAF V600-mutant melanoma. However, there were no significant differences in overall response rates or survival durations between the two treatment arms (HR 0.84 [95% CI 0.66-1.06]; p = 0.14), and the triple combination therapy was associated with more severe adverse events.
										

										
											Another randomized Phase III study, involving 532 patients, compared a combination of spartalizumab (an anti-PD-1 antibody), dabrafenib, and trametinib with a control group receiving dabrafenib, trametinib, and placebo [46]. This study did not meet its primary objective of prolonging PFS (HR 0.82 [95% CI, 0.66 to 1.03]; P = 0.042), although the triple combination showed a slightly higher response rate (69% vs. 64%). The incidence of Grade ≥ 3 adverse events was significantly higher in the triple combination group [47].
										

										
											Additionally, a smaller phase II study evaluating a combination of dabrafenib and trametinib, with or without pembrolizumab, demonstrated an improved PFS with the targeted therapy-checkpoint inhibitor combination, albeit without reaching statistical significance for the planned improvement [48].
										

										KIT-mutant melanoma

										
											While BRAF mutations are predominant in cutaneous melanomas, other subtypes of melanoma are characterized by different genetic aberrations. In acral lentiginous and mucosal melanomas, mutations in the KIT receptor kinase are more prevalent than BRAF mutations. Specifically, KIT mutations are identified in 15-21% of mucosal melanomas and 11% of acral lentiginous melanomas [15,49]. In contrast, V600 BRAF mutations are found in only about 3% of mucosal melanomas, though a higher incidence (13%) of non-V600 BRAF mutations has been reported [49].
										

										
											During the early 2000s, KIT inhibitors garnered considerable attention for the treatment of advanced melanoma, motivated by the frequent overexpression of KIT in these cancers [50]. However, initial phase II trials in the United States and Europe, testing imatinib-a potent oral inhibitor targeting KIT, BCR-ABL, and PDGFR-yielded limited success. Among these trials, which involved 62 melanoma patients treated with imatinib, only a single patient exhibited a clinical response [51-53]. Notably, these studies enrolled patients regardless of their KIT mutation status, indicating that most participants likely did not have melanomas with KIT mutations.
										

										
											However, following revelations about the prevalence of KIT mutations in acral and mucosal melanomas [15], interest in using imatinib to treat KIT-mutant advanced melanoma was rekindled. Later single-arm phase II studies demonstrated response rates ranging from 16% to 29%, with a median progression-free survival (PFS) of 3 to 3.7 months in patients with KIT-mutant advanced melanoma [54-56]. It was observed that patients with mutations in exons 9 or 11 of the KIT kinase were more likely to respond to imatinib. Despite these findings, the limited size of the patient groups in these studies has prevented imatinib from undergoing FDA review for this specific treatment, although it has been incorporated into clinical practice.Nevertheless, the limited size of the patient groups in these studies meant that imatinib has not been subjected to FDA review for the treatment of KIT-mutant melanoma, although it is being used in clinical settings.
										

										Conclusions

										
											The advent of selective BRAF and MEK inhibitors marks a significant milestone in the treatment of V600 BRAF-mutant melanoma, yet it also presents new challenges. While these therapies achieve high response rates and extend tumor control and patient survival, the majority of patients eventually face disease progression and mortality. Similarly, KIT inhibitors offer meaningful clinical benefits in KIT-mutant melanoma, but their overall clinical efficacy remains limited.
										

										
											Advancing targeted melanoma therapies hinges on a deeper understanding of melanoma's molecular biology, which could pave the way for the development of more efficacious and less toxic treatments. Current clinical trials are increasingly incorporating tumor and blood sample collections for biomarker analyses, aiming to uncover novel mechanisms of drug resistance. These endeavors are expected to contribute to enhanced disease control and improved survival rates in melanoma patients.
										

										
											Furthermore, discovering new molecular targets via genetic and epigenetic research is essential. Such discoveries may pave the way for novel targeted therapy classes, especially beneficial for melanoma patients without BRAF or KIT mutations or those who have developed resistance to current treatments. Additionally, comprehending how molecular-targeted drugs affect immune cell activation is critical. It is expected that fine-tuning the sequence of targeted therapy and checkpoint immunotherapy will significantly improve melanoma treatment outcomes.
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