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Abstract: Skin cancer is a prevalent and heterogenous disease with several subtypes, such as melanoma, basal 

cell carcinoma, and squamous cell carcinoma. Among them, melanoma is the most aggressive subtype, with a 

higher propensity to spread compared to most solid tumors. The application of OMICS approaches has 

revolutionized the field of melanoma research by providing comprehensive insights into the molecular 

alterations and biological processes underlying melanoma development and progression. This review aims to 

offer an overview of melanoma biology, covering its transition from primary to malignant melanoma, as well 

as the key genes and pathways involved in the initiation and progression of this disease. Utilizing online 

databases, we extensively explored the general expression profile of genes, identified the most frequently 

altered genes, and gene mutations, and examined genetic alterations responsible for drug resistance. 

Additionally, we studied the mechanisms responsible for immune checkpoint inhibitors resistance in 

melanoma. 
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1. Introduction 

Skin cancer is a major challenge to public health globally and the growing burden of the disease 

might have a significant impact on the global economy and manpower [1]. The epidermis and dermis 

are the two main layers that make up the skin. Melanocytes, Keratinocytes, Merkel cells, and 

Langerhans cells are found in the epidermis, which is the top layer of skin. Any irregularity in this 

layer can result in several skin injuries, including cancer.  

The etiology of skin cancer is complex and heterogenous due to the involvement of 

environmental, phenotypic, and genetic risk factors. Ultraviolet radiations (UVR) are the most 

common environmental risk factor for skin cancers which induces breaks in the DNA causing its 

damage. This could happen due to oxidative stress, pyrimidine dimer production, gene mutations, 

photoproducts, inflammation, and immunosuppression, all of which favor the carcinogenic process 

[2]. 

Skin cancers are commonly divided into 2 main types: melanoma (cancers resulting from 

melanocyte malfunction) and non-melanoma skin cancers (NMSC) (from cells generated from the 

epidermis) [3]. According to GLOBOCAN 2020, NMSC accounts for over one million new cases and 

64,000 deaths globally and has an incidence that is approximately twice as high for men as for women 

[4]. NMSC also referred to as keratinocyte carcinoma, are the most common, comprising about 95% 
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of the total skin cancers. They are classified into 2 types: Basal Cell Carcinoma (BCC) and Squamous 

Cell Carcinoma (SCC). On the contrary, melanoma accounts for over 1.7% of all cases and an 

anticipated 0.57% of deaths [4]. Melanoma, the most aggressive type of skin cancer, has a higher 

propensity to spread than most solid tumors. Studies have revealed that UV is the causative agent 

for nearly 65% of melanoma and 90% of NMSC. The World Health Organization (WHO) 2018 

classified melanoma into different types based on sun exposure or sun damage (Figure 1 and Table 

1) [5].  

 

Figure 1. Classification of melanoma in association with sun-exposure as per WHO 2018. The 2018 

classification by WHO has categorized melanoma into different types based on sun exposure or sun 

damage. 

Table 1. WHO 2018 classification of melanoma [5]. 

Melanoma Subtype Location 

Melanomas arising in sun exposed skin 

Low-CSD* melanoma/ Superficial spreading melanoma trunk or extremities 

High-CSD* melanoma (including lentigo maligna 

melanoma and high-CSD* nodular melanoma) 
Head and neck region 

Desmoplastic melanoma Head and neck, trunk, or extremities 

Melanomas developing at sun shielded areas or without known etiological associations with UV radiation 

exposure 

Malignant Spitz tumor (Spitz melanoma) Head and neck, trunk, or extremities 

Acral melanoma Acral sites 

Mucosal melanoma Mucosae 

Melanoma arising in congenital nevus 
Trunk and proximal parts of the limbs, scalp, or 

neck 

Melanoma arising in blue nevus Scalp, extremities, or trunk 

Uveal melanoma Eyes 

*Cumulative sun damage. 
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The American Joint Committee on Cancer (AJCC) developed a set of guidelines that are used to 

grade melanoma after diagnosis to direct patient care and prognosis. Patients with melanoma can be 

divided into five separate stages, ranging from 0 to IV, with the prognosis getting worse as the stage 

rises [6]. Melanoma in situ is referred to as stage 0 and metastatic melanoma is referred to as stage IV. 

To categorize early-stage melanoma from late-stage, AJCC criteria uses many permutations of the 

TNM (Tumor, Node, Metastasis) system. It provides a standardized way to describe the extent of the 

cancer based on tumor size, lymph node involvement, and the presence of distant metastasis. Early 

in situ diagnosis of melanoma is crucial for its prognosis and survival as the 5-year survival rate of  

primary melanoma is 99% while that of metastatic melanoma is only 27% [7]. 

The "era" of personalised medicine has seen a significant evolution in the treatment and care of 

individuals with metastatic melanoma. Patients with advanced-stage melanoma have benefited from 

immunotherapy and have shown improved life expectancy [8]. However, considering the (still) high 

proportion of patients who do not respond to treatments or experience adverse side effects, there are 

still a lot of advancements to be achieved. In this scenario, the significance of precision medicine 

becomes apparent as it plays a crucial role in identifying the most suitable treatment approach for 

individual patients and exerting an impact on the decisions made. In the recent years, OMICS 

approach has gained prominence in health care and research as it involves the study of various 

biological components on a large scale, such as genomics, transcriptomics, proteomics, and 

metabolomics. By integrating data from various OMICS-based approaches, researchers aim to gain a 

comprehensive understanding of the molecular mechanisms underlying skin cancer. This knowledge 

can lead to the development of personalized treatment strategies and the discovery of novel 

therapeutic targets for improved patient outcomes. 

This article provides an overview of the key OMICS approaches and their applications in 

advancing our understanding of melanoma, with major focus on the genes involved and the mutation 

spectrum, associated pathways, gene mutations or signatures unique to certain geographic areas and 

the immunotherapy of melanoma.  

2. Genetics of melanoma 

Melanoma has the maximum mutational burden of all cancers due to UV-induced DNA damage 

and/or errors in DNA replication [7]. All these variants accelerate the transition from primary to 

metastatic melanoma. In the breakthrough phase or the initial phase, a normal melanocyte develops 

an initial driver mutation causing melanocyte hyperplasia and production of a melanocytic nevi. 

BRAF and NRAS mutations are the most common mutations found in melanocyte nevi with the latter 

found mostly in congenital nevi [9–11]. In the subsequent step called the expansion phase, certain 

melanocytic nevi advance into intermediate lesions that develop TERT promoter mutations and 

eventually develop into melanoma in situ [12]. Once the primary melanoma has accumulated several 

mutations in CDKN2A, TP53, PTEN, and other genes, it enters the invasive phase and transforms into 

malignant melanoma [11,13]. This is the phase with a high number of genetic variants and a high 

mutational burden.  

Specific genomic alterations play a crucial role in the initiation and progression of melanoma. 

These alterations could be either somatic or germline. Somatic mutations, undergo erratic cell 

division and proliferation and can be the causative of melanoma. The hereditary or family 

melanomas are caused by germline mutations, which are less frequent and occur within genes 

associated with an increased susceptibility to melanoma in the germline [14]. 

A single incidence of melanoma can have many genes altered, but only a small number of these 

mutations-either gain-of-function (GOF)/activating or loss-of-function (LOF)/deleterious mutations – 

are true “drivers” of the tumor. Melanoma may exhibit mutations in reported oncogenes, which make 

melanoma cells hyperactive thus enabling uncontrolled tumor growth. Similarly, tumor suppressor 

genes, which regulate cell development, are also susceptible to mutations, which when altered, cease 

to function. As a result, their inactivation may activate the downstream growth pathways, enabling 

unregulated tumor growth [15]. 
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In the recent years, many genetic variants have been catalogued comprising both GOF and LOF 

variants which includes copy number variants (CNVs) and single nucleotide variants (SNVs) which 

could be either somatic or germline mutations [14]. GOF mutations usually occur in the oncogenes. 

By exploring UALCAN, the expression pattern of the genes in melanoma is obtained. We found that 

the most frequently altered oncogenes include BRAF and NRAS. Furthermore, GOF mutations have 

also been identified in CDKN2A, CDK4, RAC1, KIT, TERT, MAP2K1, MAP2K2, GNAQ, GNA11, IDH1, 

ERBB2/4, KRAS, SF3B1. LOF/deleterious mutations occur in the tumor suppressor genes such as NF1, 

PTEN, TP53, and RASA2 (Figure 2) [16,17].  

 

Figure 2. Expression profile of genes associated with melanoma in melanoma patients obtained from 

UALCAN-UAB database [17]. The Y-axis represents the major genes associated with melanoma and 

the X-axis represents the tumor type – Primary tumor or Metastatic tumor.  The blue colour 

represents low expression while the red colour represents high expression. From the above plot, it is 

observed that RAC1, MAP2K2 and CDK4 are consistently showing high expression in all the patients, 

while TERT and ERBB4 are showing low expression. The expression profile of the other genes is 

varying in each patient. 

The most recurrent somatic mutations occur in genes that regulate central cellular processes, 

such as proliferation, growth and metabolism, resistance to apoptosis, and cell cycle control genes. 

These genetic variations lead to the abnormal activation of their respective signaling pathways. A 

summary of the most frequently altered genes in somatic and germline mutations in melanoma and 

the pathway involved is listed in Table 2 [15,18]. 
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Table 2. Most frequently altered genes in melanoma [15,18]. 

Gene Name Gene Symbol Frequency (%) Pathway Function 

Somatic GOF/Activating mutations 

Braf Proto-Oncogene, 

Serine/Threonine Kinase 
BRAF 50-70 MAPK signaling 

Cell proliferation and 

survival 

Neuroblastoma RAS Viral 

Oncogene Homolog 
NRAS 15-30 

MAPK/PI3K 

signaling 

Cell proliferation, 

differentiation, and 

survival 

Ras-related C3 Botulinum 

Toxin Substrate 1 
RAC1 ~9 MAPK signaling 

Cell proliferation and 

migration 

KIT proto-oncogene receptor 

tyrosine kinase 
KIT 5-15 

MAPK/PI3K and 

JAK/STAT 

signaling 

Cell proliferation and 

survival 

Telomerase reverse 

transcriptase 
TERT 14 

Telomerase 

activity 
Cell survival 

Mitogen-Activated Protein 

Kinase 1 and 2 
MAP2K1/2 ~8 MAPK signaling Cell proliferation 

G Protein Subunit Alpha Q 

and 11 
GNAQ/11 Rare MAPK signaling Cell proliferation 

Isocitrate Dehydrogenase 1 IDH1 ~5 
Metabolism of 

isocitrate 

Cell proliferation and 

impaired 

differentiation 

Erb-b2 Receptor Tyrosine 

Kinase 2/4 
ERBB2/4 1/19 

Tyrosine kinases 

signaling 

Cell proliferation and 

survival 

Kirsten Rat Sarcoma Viral 

Oncogene Homolog, GTPase 
KRAS ~2 GTPase activity 

Cell proliferation and 

survival 

Splicing Factor 3b Subunit 1 SF3B1 33 
Alternative 

splicing 
Tumorigenesis 

Somatic LOF/deleterious mutations 

Neurofibromin 1 NF1 10-15 
MAPK/PI3K 

signaling 

Cell proliferation, 

differentiation, and 

survival 

Phosphatase and tensin 

homolog 
PTEN 14 PI3K signaling 

Apoptosis, cell survival 

and immune evasion 

Tumor protein p53 TP53 15 

Caspase3, FAS 

and CTL 

mediated 

apoptotic 

pathways 

Cell-cycle progression, 

DNA repair and 

apoptosis 

RAS P21 Protein Activator 2 RASA2 ~5 RAS signaling 
Cell proliferation and 

migration 

Germline LOF/deleterious mutations 

Cyclin-dependent kinase 

inhibitor 2A 
CDKN2A 20-40 RB pathway 

Apoptosis and cell 

survival 

Cyclin-dependent kinase 4 CDK4 NA 
G1/S phase cell 

cycle checkpoint 
Cell-cycle progression 

According to the estimates, the occurrence of cutaneous melanoma is higher in Caucasians when 

compared to Hispanic, African American, Indo-American, and Asian population groups [19]. Based 

on the evaluation of various literature sources it was found that the following genetic mutations or 

gene signatures have been found specifically in certain geographic areas. The presence of NRAS (12%) 
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and KIT gene mutations is associated with melanoma subtype and location in Australian patients 

[20]. Furthermore, it has been discovered that there is an association between the prevalence of BRAF 

gene mutations in melanoma patients and the populations of Brazil, Australia, Italy, the United 

States, Sweden, and Japan, with prevelance being 70%, 48%, 46%, 47%, 71%, and 68% respectively 

[20]. Several studies have also focused on the co-occurrence of the BRAF and NRAS mutations 

suggesting that the concurrent presence of these mutations may complicate treatment options, as they 

may have distinct responses to targeted therapies [21,22]. Recent study focused on the positional 

identity linked to the anatomical location is a determining factor for transformation potential for 

oncogenes in Melanoma. Compared to melanocytes from other anatomic regions, acral melanocytes 

were more vulnerbale to CRKL transformation [23].   

3. Understanding the Genetic Changes that fuel treatment resistance: The Melanoma Code 

RAS functions as a molecular switch that becomes activated by extracellular signals, 

subsequently triggering downstream signaling through MAP kinase pathways (Supplementary 

Figure S1) [24]. The RAS family of proteins comprises NRAS and BRAF, both integral in governing 

cell development, differentiation, and survival processes. Controlling cell survival, differentiation, 

and proliferation depends on the functionality of MAPK pathway, which interfaces multiple 

transcription factors and is triggered by receptor tyrosine kinases (RTKs) to turn on transcription of 

several genes (Figure 3). In melanoma, the MAPK pathway frequently activated due to mutations in 

genes like BRAF and NRAS. BRAF mutations cause the pathway to be permanently activated, leading 

to unchecked cell growth and proliferation. MAPK inhibitors, like BRAF inhibitors, block BRAF 

activity, blocking downstream kinases, causing cell death and suppressing growth and proliferation.  

 

Figure 3. Ras activation mechanism: of the RAS pathway. This figure demonstrates downstream effect 

of RAS signaling effector pathway. Ras activation involves the conversion of cytosolic GDP to GTP, 

thereby initiating a shift from an inactive GDP-bound state to an active GTP-bound state. This 

interaction leads to the activation of Ras. Subsequently, Ras triggers downstream signaling pathways, 

crucial for the proliferation and metastasis of melanoma. (Created with BioRender.com). 
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There are several gene mutation which drive the progression of melanoma post treatment. These 

encompass BRAF (V600E) mutations, NRAS mutations (G12, G13, Q61) and NF1 LOF mutations. 

These mutations contribute to the development of melanoma and trigger the activation of MAPK 

signalling pathway [25]. One of the distinguishing characteristics of melanoma is the activation of the 

BRAF mutation, prominently seen in cases of malignant melanoma. A recurrent missense mutation, 

c.1796T>A in exon 15 of BRAF gene causes a change in valine (V) to glutamic acid (E) – V600E, thereby 

resulting in a non-functional protein. Assocaition between BRAF missense mutation and early 

resistance to the treatment in melanoma is depicted below (Figure 4). 

 

Figure 4. Association between BRAF missense mutation and early drug resistance in melanoma. The 

dot plot showing BRAF mutation triggering early resistance. The early resistance is higher post 

treatments leading to subsequent disease. These mutations are oncogenic drivers that cause 

progression and metastasis. The data represented from the TCGA dataset using c-BioPortal. 

A classification scheme for cutaneous melanomas was created by the cancer genome atlas 

(TCGA) based on the existence of NF1, RAS (N/H/KRAS), or BRAF oncogenic mutations. MAPK co-

alterations were seen in 30% of NF1 mutants, most frequently BRAF non-V600, despite the fact that 

NF1 was classified as a genomically distinct subgroup. BRAF alterations have been divided into three 

classes in more recent functional analyses, on the basis of class 1 (all V600 variations) is dimer- and 

RAS-independent; class 2 is dimer-dependent; and class 3 is dimer- and RAS-dependent, albeit it 

frequently necessitates the activation of RAS via co-alteration before MAPK activation can occur [26]. 

These molecular information imply that the classification of the TCGA driver subgroups may require 

improvement. There are additional melanoma-related genes, including NF, NRAS, and CDKN2A that 

may be influenced (either of these genes gets primarily mutated). These melanomas frequently 

exhibit distinct gene alterations from melanomas that arise in sun-exposed regions, such as variations 

in the gene C-KIT (commonly KIT). Changes in tumour suppressor genes like CDKN2A (p16) or CDK4 

which prevents from performing their usual function. This could also inevitably cause cancer [27]. 

The primary resistance of melanoma to targeted therapy mainly stems from the heterogeneity 

and plasticity of the tumor. This diversity in cell populations is largely attributed to the presence of 

numerous UV-induced mutations in melanoma cells. Apart from the genetic diversity inherent to 

melanoma, the resistance to BRAF inhibitors can also arise due to influences from the tumor 

microenvironment and epigenetic alterations [28–33]. 
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Understanding these mutations opens up new opportunities, improves melanoma management, 

and offers new insights for tailored medicines. Using cBioPortal, we observed non significant 

correlation between fraction of genome alteration and mutation count in melaonoma (Figure 5). 

 

Figure 5. The plot describes the correlation between set of fraction genome altered (x-axis) and the 

mutation count (y-axis). No significant correlation between fraction of genome alteration and 

mutation count is observed. The data represented from the TCGA dataset using c-BioPortal. 

By exploring UALCAN, BRAF expression in melanoma metastasized to lymph node was 

monitored. We observed that the BRAF expression in the normal cells is negligible when compared 

to those of nodal metastases (Figure 6). BRAF expression in N0 and N1 are matching. While N0 

represents no metastasis to the lymph nodes, N1 represents melanoma being metastasized to 1 to 3 

axillary lymph nodes. BRAF expression was high in N2 nodal metastasis, where the melanoma was 

metastasized to 4 to 9 axillary lymph nodes. However, the expression is reduced in the N3 nodal 

metastasis where 3-10 axillary lymph nodes have the metastatic melanoma (Figure 6).   
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Figure 6. BRAF expression profile status of nodal metastasis in skin cutaneous melanoma. The BRAF 

expression profiles data is obtained using UALCAN portal. It is evident from the above figure that 

the BRAF expression is high in N2, while the expression is low in N3 nodal metastasis. The statistical 

analysis for the differential expression is represented in the Table 3. 

Table 3. Statistical analysis based on the BRAF expression on nodal metastasis status. 

Comparison  Statistical Significance 

N0 vs N1 7.717400E-01 

N0 vs N2 2.674800E-01 

N0 vs N3 7.441600E-02 

N1 vs N2 2.294600E-01 

N1 vs N3 1.707820E-01 

N2-vs-N3 2.955700E-02 

Gene effect scores derived from CRISPR knockout screens were released by the broad's achilles 

and sanger's SCORE projects [34]. We monitored the gene effect score for BRAF in skin cancer cell 

lines. Negative results suggest gene knockout-induced cell growth inhibition and/or death of cell. 

The scores are normalised so that independently determined common requirements have a median 

value of -1 and nonessential genes have a median score of 0 (Supplementary Figure S2). 

3.1. Acquired gene mutations 

Gene mutations associated with melanoma typically occur within one's lifetime and are not 

handed on to one's descendants. On rare occasions, these acquired mutations in a cell seem to develop 

randomly and for no apparent reason. There are several mutations such as missense mutations, 

truncating mutation which acts as a putative driver alteration that takes place in gene which alters 

its functions (Supplementary Figure S3). Among all the different mutation BRAF mutation is 

predominant mutations (Supplementary Figure S3).  
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We generated a cascade diagram to illustrate the activation of the specific pathway, particularly 

the RTK-RAS pathway using cBioPortal database's analysis of data from the TCGA Pan-cancer Atlas. 

We found that melanoma resistance is significantly influenced by the RTK-RAS pathway. 

Importanly, RTK or N-RAS activation was observed to confer resistance to B-RAF (V600E) 

suppression in melanomas (Figure 7). Upon inhibition of the ERK pathway, the regulation of RAS  

activity is halted, resulting in partial RAS activity, which subsequently causes RAS hyperactivation 

and the development of melanoma. Receptor tyrosine kinases (RTKs) play a crucial role in the evasion 

of cancer cells from BRAF inhibition, constituing a crucial mechanism in this RTK-mediated process. 

The most important mechanism contributing to resistance against BRAF/MEK inhibition is the 

reactivation of MAPK pathway [35]. 

 

Figure 7. RTK-RAS Pathway regulates the MAPK signalling in melanoma by activating RAS, RAF 

and MEK leading to melanoma development. The data represented from the TCGA dataset using c-

BioPortal. 

Because of its prevalent NRAS and BRAF mutations, the system exhibits an overactive RAS-

ERK1 and ERK2 pathway, which promotes cell growth and survival. This leads to translocation of 

RAF to the plasma membrane, where it triggers the activatation of serine/threonine kinases within 

the RAF family. Consequenlty, this activation cascades to MEK and subsequently activates ERK1 and 

ERK2. Mutations in BRAF and NRAS are not UVR signature variations but rather mutational 

pathways, regardless of their significance in melanoma. The activation of ERK1 and ERK2 results in 

cell-cycle arrest and senescence. While the interaction between BRAF  and NRAS affects optimal 

results, but BRAF inhibitors triggers a paradoxical activation of ERK1 and ERK2. The progression of 

melanomas is initiated by an accumulation of mutations synergizing with factors like BRAF-V600E8 

[36]. In the context of BRAF-mutant or NRAS-mutant cells, ERK1 and ERK2 are hyperactivated 

leading to growth suppression. 

3.2. Drugs that attack cells with altered BRAF gene 

The mutations in the BRAF gene affect half of all melanoma cases, resulting in altered BRAF 

proteins that aid growth. Among thes mutations, the V600E mutation stands out, as it results in the 

constant activation of the BRAF protein within the MAPK pathway [37]. This particular mutation is 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2023                   doi:10.20944/preprints202309.0120.v1

https://doi.org/10.20944/preprints202309.0120.v1


 11 

 

found in approximately 40-50% of melanomas. Drugs that trap the BRAF or MEK proteins (BRAF 

inhibitors or MEK inhibitors) are unlikely to be effective against melanomas with a unaltered BRAF 

gene. The combined application of both these drugs generally more effective compared to using 

either one in isolation. As a part of targeted therapy for patient with a BRAF mutation, it's customary 

to administer both a BRAF and a MEK inhibitor, given their complementary effects. 

Three specific medications directly target the BRAF protein: encorafenib (Braftovi), dabrafenib 

(Tafinlar), and vemurafenib (Zelboraf) (Figure 8). Some patients with advanced or incurable 

melanoma may benefit from these medications because they can minimize or halt the growth of 

tumors [38]. In melanoma patients (stage III), who have had surgery, dabrafenib is administered (in 

addition to trametinib, an MEK inhibitor) to help minimize the probability of the tumour returning 

[39]. In a study, researchersidentified a subsequent BRAF L505H mutation in melanoma, which 

conferred resistance to vemurafenib treatment. This suggest that the BRAF L505H mutation may play 

a substantial role in therapy resistance [40]. Patients with metastatic BRAF(V600)-mutant melanoma 

develop resistance to selective RAF kinase inhibitors, which results in changes to the MAPK pathway 

that confer resistance. Additionally, the RAF inhibitor therapy results in a variety of genetic resistance 

mechanisms, most notably the reactivation of the MAPK pathway [41]. There are several mechanisms 

by which BRAF inhibitors can acquire resistance. There are multiple ways that BRAF inhibitors can 

develop resistance. Additional mutations in the MAPK pathway, specifically in the MEK1 and MEK2 

genes, are one of the most frequent. Even in the presence of the BRAF inhibitor, these alterations can 

result in reactivation of the pathway, enabling the cancer cells to proliferate and advance [42]. 

 

Figure 8. The oncogenic BRAF signalling pathway in melanoma is targeted using specific drugs that 

blocks MAPK pathway. Diagram illustartes influcence of oncogenic BRAF signaling on cell 

proliferation and survival and the effect of BRAF inhbitors on oncogenic BRAF signaling (Created 

with BioRender.com). 
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In addition to MAPK pathway, PI3K signalling cascade is activated by the activation of RTKs, 

attracts PI3K either directly or through adaptor proteins. PI3K then phosphorylates PIP2 to produce 

PIP3, which activates AKT and a host of other effectors that control important cellular processes in 

cancer cells. PTEN controls this process adversely by dephosphorylating PIP3 (Figure 9) [43]. All the 

significant components of this signalling axis gets frequently altered in cancer. Tumor growth and 

development are encouraged by the PI3K/Akt pathway, which is abnormally active in malignancies 

and crucial for many cellular processes. By examining the upstream and downstream nodes of this 

pathway (Supplementary Figure S4), it may be feasible to fully comprehend its function [44]. 

Furthermore, the emergence of treatment resistance occurs along with this pathway activation [45]. 

Abnormal PI3K/AKT/NF-B and PI3K/AKT/mTOR pathways are linked to MDR activation. 

According to a number of studies, the network with the highest frequency of mutations in human 

malignancies was the PI3K/AKT route. The two main mutant pathways associated with MDR are 

PI3K/AKT/NF-B and PI3K/AKT/mTOR, which have been linked to cancer and apoptosis, respectively 

[46]. 

 

Figure 9. Tumor growth and development supported by the PI3K/Akt pathway. Figure depicts PI3K 

pathway in cancer cell growth. The BRAF gene encodes member of the RAF family proteins 

(serine/threonine kinase). These proteins are a component of the RAF/MEK/ERK serine threonine 

kinase cascade, which controls a number of cellular processes. RAF inhibitor resistance is connected 

to numerous of activation methods of the PI3K pathway, including as PTEN loss and AKT activation. 

RTKs are receptor tyrosine kinases, while PI3K is phosphoinositide 3-kinase (Designed with 

BioRender). 

MEK inhibitors 

Given the collaborative nature of the MEK and BRAF genes, drugs that hinder MEK proteins can 

be beneficial in addressing BRAF gene alterations present in melanomas. Notably, MEK inhibitors 

such as Trametinib (Mekinist), cobimetinib (Cotellic), and binimetinib (Mektovi) have been 

developed for this purpose. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2023                   doi:10.20944/preprints202309.0120.v1

https://doi.org/10.20944/preprints202309.0120.v1


 13 

 

These medications are effective in treating melanoma that has spread or that cannot be entirely 

removed. Stage III melanoma patients can also take trametinib in addition to dabrafenib following 

surgery to lessen the chance of the tumour recurring. An MEK inhibitor and a BRAF inhibitor together 

is once more the most typical strategy compared to using either type of medicine alone, this appears 

to decrease tumours for a longer period of time. With the combination, some negative effects—like 

the emergence of further skin cancers—are actually less frequent [47,48]. 

A major barrier in the therapy of melanoma is the emergence of drug resistance. Melanoma cells 

can become resistance to therapy through a number of methods, including: 

Activation of alternative signalling pathways: Melanoma cells can activate alternative signalling 

pathways to bypass the inhibition of the primary pathway targeted by the treatment. The MAPK 

pathway is routinely targeted while treating melanoma, however if Resistance may develop if other 

mechanisms, such as the PI3K/AKT pathway, are active [33,49]. 

1. Genetic mutations: Melanoma cells may gain mutations in genes that impact drug metabolism or 

the treatment's intended target. For instance, BRAF gene alterations result in resistance to BRAF 

inhibitors. 

2. Epigenetic changes: Epigenetic changes that alter gene expression and lead to treatment 

resistance may occur in melanoma cells. Modifications to histone or DNA methylation may affect, 

for example, the expression of genes related to how the body reacts to treatment or how drugs 

are metabolised. 

3. Tumour microenvironment: The tumour microenvironment may promote immune evasion and 

cell survival, which could aid in the formation of resistance. For instance, immune cells that target 

melanoma cells may become dormant in the presence of immunosuppressive cells or cytokines 

in the tumour microenvironment [50] 

In clinical trials, BRAF and MEK inhibitors increased overall and progression-free survival rates 

in patients with advanced melanoma. The majority of patients do, however, eventually become 

resistant. A few of the processes that could cause this resistance include the development of 

additional MAPK pathway mutations and the upregulation of genes necessary for cell survival and 

proliferation. PI3K/AKT pathway activation can result in resistance to MAPK inhibitors. The 

PI3K/AKT pathway is essential for a different processes, including cell growth, metabolism, and 

survival. Resistance to MAPK inhibitors has been associated with activation of this pathway. 

Upregulation of anti-apoptotic proteins, which enhance cell survival and shield cells from death 

brought on by MAPK inhibitors, is one way the PI3K/AKT pathway can result in resistance (Table 4). 

A general view of the RAS signalling pathway which regulates membrane trafficking, survival, 

calcium signalling, and cell apoptosis (Figure 10). The activation of compensatory signalling 

pathways that avoid the MAPK pathway's inactivation constitutes a second mechanism. For instance, 

the MAPK pathway's reactivation and activation of the PI3K/AKT pathway may lead to the 

development of resistance to MAPK inhibitors, which can elevate the expression of the 

RAS/RAF/MEK/ERK network's genes. However, the activation of other signalling pathways, such as 

the PI3K/AKT pathway, might result in resistance to MAPK inhibitors. Various cytokines and growth 

factors that activate the PI3K/AKT pathway are crucial for regulating cell survival and growth. The 

MAPK pathway can be reactivated and become resistant to MAPK inhibitors if the PI3K/AKT 

pathway is engaged, which can promote the production of genes implicated in the process. The 

MAPK pathway is upstream of the RAS/RAF/MEK/ERK pathway is capable of being stimulated by 

activation of the PI3K/AKT pathway. For RAF, MEK, and ERK to be activated, one of these genes, 

RAS, must be present. RAS and RAF activity can override the MAPK pathway's inhibition by BRAF 

inhibitors and revive it, leading to resistance [51]. 
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Figure 10. Overview of the RAS Signaling Pathway: The RAS signaling pathway, encompassing the 

RAS superfamily of small GTPases, such as RAS itself, governs crucial cellular processes, including 

membrane trafficking and signaling. Notably, cancer cells exploit the inherent functions of these small 

GTPases to promote invasion, metastasis, and propagation (Created using Biorender). 

The Figure 11. depicts the PI3K/Akt, RAS/MAPK, JAK/STAT signalling pathways, govering 

pivotal processes like cell growth, angiogenesis, and cell migration. Activation of the PI3K/AKT 

pathway not only regulates gene expression that promote cell survival but also protect cell death 

induced by MAPK inhibitors [46]. In melanoma cells, the activation of the RAS pathway encourages 

uncontrolled cell proliferation. Dysregulated signalling through oncogenic BRAF, a crucial 

constituent of the RAS pathway, causes ongoing activation of downstream effectors involved in cell 

cycle progression, leading to an increase in cell division and tumour growth. Moreover, this RAS 

activation promotes enhanced cell survival and heightened resistance to apoptosis. Melanoma cells 

can avoid the cell death mechanism owing to the dysregulated signalling through the MAPK 

pathway, which enables them to endure and develop. Additionally, induction of angiogenesis further 

feeds the developing tumour with nutrition and oxygen, thereby aid in its survival and growth. 

Furthermore, the increased invasion and metastasis observed in melanoma cells may be caused by 

dysregulated RAS signalling. Small GTPases can be turned against themselves to encourage invasion 

and metastasis. The epidermal growth factor receptors (EGFR) which is closely associated in 

melanoma reoccurrence & progression. Further, by elevating protein synthesis and glucose 

metabolism, the PI3K/AKT pathway can support cancer cells' survival and development [52]. 

Table 4. Genetic mutations causing resistance mechanism to BRAF inhibitors. 

Mutation Mechanism 

BRAF gene amplification 

and splicing 

The BRAF gene was amplified, which significantly increased the 

expression (BRAF protein) and prompted the reactivation of ERK when 

BRAF inhibitors were present. The production of shortened BRAF 

proteins, which contain the kinase domain but lack the RAS-binding N-
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terminus region, can result through alternative splicing and form 

homodimers that are resistant to BRAF inhibitors [53]. 

BRAF secondary 

mutations 

Patients who were resistant to BRAF inhibitors showed secondary 

mutations in L505H or the single-nucleotide alteration V600E. The 

V600E mutation raises BRAF kinase activity and results in MEK 

inhibitor cross-resistance [33]. 

MEK1/2 mutations 
Without BRAF activation, MEK1/2 mutations could restart downstream 

ERK signaling [33,53]. 

Receptor interaction 

proteins, RTKs, or 

membrane receptors are 

upregulated 

Through the stimulation of parallel pathways or by directly inducing 

the RAS pathway, overexpression or hyperactivation of membrane 

receptors/RTKs, which is partially mediated by MITF copy gain, may 

promote acquired resistance [33]. 

Inconsistencies with in 

PI3K-AKT cascade 

PI3K and AKT-activating mutations enhance AKT signalling by 

promoting anti-apoptotic signals and elevating expression of essential 

proliferative genes, enabling survival signals independent of BRAF [33]. 

 

Figure 11. Overview of PI3K/Akt, RAS/MAPK, and JAK/STAT signalling pathways. In melanoma 

cells, activation of the RAS pathway encourages unchecked cell proliferation, cell survival and 

apoptosis resistance (Designed using BioRender). . 

4. Immune Therapy/ Checkpoint Inhibitors 

Cancer cells can manipulate the PD-1/PD-L1 pathway to evade immune recognition. CTLA-4 

(cytotoxic T lymphocyte–associated antigen-4) and PD-1 (anti-programmed cell death protein 1) are 

T cell surface receptors associated with immune suppression and dysfunction. Currently, 7 immune 

checkpoint inhibitors (ICIs) have been approved by U.S. FDA (1 CTLA-4 inhibitor (ipilimumab), 3 

PD-1 inhibitors (nivolumab, pembrolizumab, and cemiplimab) and 3 PD-L1 (ligand for PD-1 

receptor) inhibitors (atezolizumab, durvalumab, and avelumab) have received U.S. Food and Drug 
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Administration approval. ICIs have changed the treatment of numerous cancer types. Particularly in 

certain melanoma patients, ICIs produce a good response, however, the most of patients show no 

response to the treatment. The underlying mechanism for the resistance remains elusive [54–56]. 

4.1. Mechanisms of Resistance 

The major concern with ICIs is to decipher the intricate resistance mechanisms and to develop 

novel drug combinations to optimize treatment approaches to overcome the resistance. The resistance 

mechanism can be primary or acquired. Primary resistance is an inherent lack of response to the 

treatment and acquired resistance emerges during the course of the treatment. The mechanism of 

resistance is categorized as intrinsic or extrinsic to tumor cells. Intrinsic resistances are related to the 

mechanism that is specific to the tumor cells involved in immune responses, cell signaling, gene 

expression, and DNA damage response. Extrinsic resistances are associated externally to the tumor 

cells throughout the T-cell activation [54]. 

Transcriptomic analysis from the melanoma patients reveals that responsiveness to the 

pretreatment with anti-CTLA-4 showed a positive correlation with increased tumor mutational 

burden (TMB), increased expression of neoantigen and cytolytic markers in the immune 

microenvironment [57]. In the case of anti-PD-1 pretreatment, responsive melanoma tumor exhibited 

elevated levels of CD8+ T-cell infiltration, and expression of PD-L1 on tumor cells or immune cells, 

thus these particular signatures might act as a potential biomarker for the treatment responsiveness 

[58–60]. In the melanoma mice model, more infiltration of intratumoral follicular Treg cells reduced 

responsiveness to anti-PD1 treatment [61,62]. In melanoma patients, MHC-II expression on tumor 

cells correlates with a more favorable response to anti-PD1/PDL1 treatment [63]. In certain 

individuals due to immunoediting, the immune system selects subclones of tumor cells lacking 

expression of neoantigens causing poor immunogenicity and resistance to ICIs [54]. Altogether, high 

TMB, increased expression of MHC-II and depleted levels of Tregs improve the efficacy of anti-PD1 

treatment [61].  

4.2. Clinical predictors of CTLA-4 blockade in metastatic Melanoma 

For multi-institutional retrospective analysis from 229 melanoma patients, 60 patients (26%) had 

NRASG12/G13/Q61 mutations, 53 patients (23%) had BRAFV600 mutations and 116 (51%) had neither 

NRAS/BRAF mutations were chosen. In response to first-line immune therapy (IL2, Ipilimumab, and 

anti-PD-1/PD-L1), 28% of NRAS-mutant cohort showed complete response/partial response (CR/PR) 

whereas NRAS/BRAF wild type cohort exhibited 16% response (28% vs. 16%, P=0.04) and best 

response to any line of immunotherapy is 32% and 20% response respectively (32% vs. 20%, P=0.07).  

The group of patients with NRAS-mutant melanoma exhibited a heightened response rate and 

experienced clinical benefit from immune therapy (Table 5). This retrospective study indicates that 

advanced melanoma with NRAS mutations exhibit better outcomes in immune-based treatment 

compared with non-NRAS mutations [64]. 

Table 5. Overall response rate and clinical benefit to immune therapy [64]. 

 NRAS mutation  Non-NRAS mutations 

Anti-PD-1/PD-L1 (n=48) 

ORR 

CBR 

 

64% 

73% 

 

30% 

35% 

Ipilimumab (n=169) 

ORR 

CBR 

 

19% 

42% 

 

11% 

19% 

first-line immune therapy 

(Kaplan-Meier analysis)-median 

duration 

PFS  

 

 

4.1 months 

19.5 months 

 

 

2.9 months 

15.2 months 
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OS 

Overall response rate (ORR), CBR; response rate plus stable disease for 24 weeks, overall survival (OS), 

progression-free survival (PFS), first-line immune therapy (IL2, Ipilimumab, and anti-PD-1/PD-L1). 

We evaluated OS and PFS for patients with BRAF mutations from ICI-cohort (Miao_Melanoma-

OS and Miao_Melanoma-PFS datasets) to generate survival curves using Kaplan-Meier analysis. We 

observed an improved OS and PFS trend for patients with BRAF mutations (Figure 12). 

 

 

Figure 12. Kaplan–Meier survival curves for OS and PFS. (A) OS and (B) PFS from ICI-Cohort for 

BRAF (WT) and BRAF-mutant cohorts. Improved OS and PFS trend for patients with BRAF mutations 

were depicted. Data was generated using the CAMOIP tool. 

Besides somatic mutations, copy number variations (CNVs) might also aid in selective response 

to ICIs. Data from small cohorts of melanoma patients treated with ICIs suggest that the integrity of 

A 

B 
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the IFN-γ pathway is essential for the responsiveness to anti-PD1 and anti-CTLA-4 treatment. It 

indicates that loss of IFN-γ signaling in tumor cells may promote resistance to immune checkpoint 
therapies [65,66]. 

High mutational load (nonsynonymous mutations per exome) also exhibited better clinical 

benefit from Ipilimumab treatment. However, mutational load alone is not an effective indicator of 

CTLA-4 blockade therapy response. The therapeutic advantages of ipilimumab were observed in 

correlation with the presence of tumor-specific neoantigens. The tumor-specific expression of somatic 

neoepitopes increased the overall antigenicity trend. Patients with sustained clinical benefits 

demonstrated the expression of a tetrapeptide neoantigen signature. Similarly, the presence of this 

tetrapeptide signature correlated strongly with survival. Mutations resulting in the presentation of 

specific neoepitopes enhance MHC class I binding, eliciting an intensified antitumor response 

augmented by CTLA-4 blockade [67]. 

In a parallel study, transcriptomic analysis of tumor biopsies from 40 melanoma patients reveals 

a connection between improved immune therapy response and factors such as higher mutational 

load, increased neoantigen load, and elevated expression of cytolytic markers within the immune 

microenvironment [57]. Single-cell RNA sequencing and computational analyses on 33 melanoma 

tumors identified a distinct resistance program unique to tumor cells. This program is linked to T-

cell exclusion and immune evasion. CDK4 is one of the key master regulators involved in the 

resistance program. Counteracting this program through CDK4/6-inhibition enhances the 

responsiveness of melanoma tumors to ICIs in mouse models [68]. 

4.3. Predictive features of response to immune checkpoint blockade (ICB) 

Auslander et al., developed an immuno-predictive score (IMPRES), a predictor of ICB response 

in melanoma patients. IMPRES is constructed based on pair-wise relations between the expressions 

of 28 checkpoint genes with co-stimulatory or co-inhibitory effects. In the above study, seven 

immune-related consistently differentially expressed pathways (termed CDPs) that are common in 

all anti-PD-1 datasets and 4 CDPs common across all anti-CTLA-4 datasets were identified. The 

correlation between each IMPRES feature and the expression of each of the CDPs was computed. 

Subsequently, IMPRES was used to predict the response to ICB among melanoma patients. While 

IMPRES can predict all the true responders but miss half of the nonresponders. Additionally, 

elevated IMPRES scores correlate with enhanced OS and PFS in melanoma patients treated with ICB 

[52]. 

Analysis of copy number variations using whole exome sequences (WES) from 469 melanoma 

tumors did not identify any specific recurrent variation to either responders or non-responders to 

immune therapy treatment. BRAC2 with nsSNVs (6 of 21 tumors) are better responders. These BRAC2 

loss-of-function mutations might lead to a defect in homologous recombination and double-strand 

DNA break repair or some unknown effects that add to responsiveness to anti-PD-1 treatment. 

Transcriptomic analysis was performed on anti-PD-1 responding and non-responding tumors to 

analyse the differentially expressed genes (DEGs). 693 genes were differentially expressed, and 

relative gene up-expression events were more in non-responding tumors compared to the 

responding tumors. DEGs that are expressed in higher levels in pre-treatment tumors that do not 

respond encompass genes linked to mesenchymal transition, immunosuppression, chemotaxis of 

monocytes and macrophages, and as well as genes associated with wound healing and angiogenesis. 

Transcriptomic signatures derived from perturbation-based analysis displayed co-enrichment 

patterns (9 of 13 non-responding vs 1 of 15 responding pretreated anti-PD-1 tumors). These collective 

signatures are termed as the innate anti-PD-1 resistance (IPRES) signature. Innately resistant tumors 

exhibit the IPRES, indicating upregulation of events involved in the regulation of mesenchymal 

transition, cell adhesion, remodelling of the extracellular matrix (ECM), wound healing, and 

angiogenesis. Notably, treatment with mitogen-activated protein kinase (MAPK) inhibitors causes 

comparable alterations in residual melanoma tumors. This observation implies that these signatures 

might negatively impact the responsiveness to anti-PD-1 therapy [69]. 
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5. Discussion 

Skin cancer is a potentially life-threatening disease and is responsible for causing significant loss 

to human health across the globe. As discussed, the aetiology of skin cancer is complex and 

heterogenous due to the involvement of environmental, phenotypic, and genetic risk factors however 

the prime factor causing skin cancer is UV radiation which causes breaks in DNA leading to its 

damage. 

Among all malignancies, melanoma has the largest mutational burden because of UV-induced 

DNA damage and/or replication mistakes. All these accelerate the transition of primary to metastatic 

melanoma. Numerous somatic and germline mutations including SNVs and CNVs contribute to the 

formation of melanoma. During the process, the oncogenes attain a GOF mutation while the tumor 

suppressor genes undergo silencing by LOF mutations. UALCAN-UAB is one of the best freely 

available OMICS tools to study the expression of these oncogenes and tumor suppressor genes.  

Various approaches, including immunotherapy, cryotherapy, radiotherapy, and photodynamic 

therapy are used for the management of skin cancer. Owing to various limitations of skin cancer 

treatment and increased severity, a cost-effective, novel, and efficient treatment for skin cancer is 

required. In the past decade, the systemic treatment landscape for metastatic melanoma has 

experienced a profound revival, marked by the emergence of two primary strategies: targeted 

therapy and immunotherapy. 

Notably, the resurgence of interest in this field has been driven by the revelation that BRAF 

mutations are prevalent in approximately 40–50% of melanoma cases. This genetic alteration triggers 

the constitutive activation of the downstream MAPK pathway (RAS/RAF/MEK/ERK proteins), 

providing indispensable support for the proliferation of melanoma tumor cells. The primary 

mutations encompass BRAF (V600E), responsible for approximately 80% of all BRAF mutations. This 

mutation involves a singular nucleotide alteration (GTG to GAG), leading to the substitution of valine 

with glutamate. Furthermore, V600K mutations constitute roughly 16% of BRAF mutations, entailing 

a two-fold nucleotide modification (GTG to AAG), resulting in the replacement of valine with lysine. 

These oncogenic mutations play a pivotal role in initiating and promoting tumor formation and 

metastasis. In response to this understanding, innovative BRAF small molecule inhibitors like 

vemurafenib, dabrafenib, and encorafenib have been developed as therapeutic interventions for 

melanoma treatment. These inhibitors target the aberrant BRAF signaling, offering a promising 

approach to combat this challenging disease. 

The immune system plays a vital role in immune therapy responses in cancer. Importantly, in 

melanomas, ICI treatment exhibited widespread success. However, a large proportion of patients 

exhibit resistance to the treatment. Several transcriptomic studies from melanoma patients reveal that 

differential expression of certain transcripts involved in various cellular processes such as increased 

expression of neoantigen, cytolytic markers, PD-L1, and MHC-II might contribute to resistance to ICI 

treatment.  

Multi-institutional retrospective analysis involving small-cohort suggests that NRAS mutations 

in advanced melanoma exhibit improved response to first-line immunotherapy. In a similar kind of 

analysis, BRAF mutations from ICI-cohort exhibited a better response to the treatment. This indicates 

besides DEGs of certain targets involved in immune responses, mutational load and mutations in 

NRAS and BRAF can serve as a predictive marker for the treatment.   

Recent studies developed methods to predict features that are responsible for improved 

treatment outcomes. One such predictor is IMPRES, a higher IMPRES score indicates improved OS 

and PFS in ICI-treated melanoma patients. IPRES signatures also suggest the impact of treatment 

resistance in melanoma patients. However, due to the complex mechanisms involved in resistance, 

identifying predictive markers with certainty would be challenging. Nonetheless, the identified 

predictive markers need to be validated using large cohorts. 

A better understanding of the tumor microenvironment, its components, biochemical 

composition, and metabolic profile of constituent cells would lead to the evaluation of new treatment 

strategies.  
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Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: The figure depicts the downstream effect of the RAS signaling pathway; 

Figure S2: Gene effect score for BRAF in skin cancer cell lines; Figure S3: Genetic alterations in the context of 

early resistance; Figure S4. Actions of Akt/PKB pathway. 
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