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Simple Summary: This review article displays the recent available therapies and the ones in development for 
advanced cutaneous melanoma therapy. 

Abstract: Advanced cutaneous melanoma is considered the most aggressive type of skin cancer with variable 
rates of treatment response. Nowadays, there are available some classes of immunotherapy and target therapy 
for its treatment. Immunotherapy can inhibit tumor growth and its recurrence by triggering host’s immune 
system, while targeted therapy acts inhibiting specific molecules or signaling pathways. However, melanoma 
response to these treatments are highly heterogenous, and frequently become resistant. Epigenome 
(DNA/histone modification) contribute to cancer initiation and progression. Epigenetic alterations are divided 
into four levels of gene expression regulation: DNA methylation, histone modification, chromatin remodeling 
and non-coding RNAs regulation. The deregulation of lysine methyltransferase enzymes is associated with 
tumor initiation, invasion, development of metastases, changes in immune microenvironment and drug 
resistance. The study of lysine histone methyltransferase (KMT) inhibitors is important to cancer epigenetic 
mechanisms understanding and to biological processes. In addition to immunotherapy and target therapy, the 
research and development of KMT inhibitors is ongoing. Many studies are exploring the therapeutic 
implications and possible side effects of these compounds, besides their adjuvant potential to the approved 
current therapies. Importantly, as with any drug development, safety, efficacy, and specificity are crucial 
considerations when developing KMT inhibitors for clinical applications. 

Keywords: advanced melanoma 1; immunotherapy 2; target therapy; 3 lysine histone methyl 
transferase inhibitors 4; UNC0642 5 

 

1. Introduction 

Cutaneous melanoma is the skin cancer that originates from melanocytes or their precursors, 
melanoblast or melanocyte stem cells. Melanoma is considered the most aggressive type of skin 
cancer due to its ability to fast spread through the body [1]. Endogenous risk factors such as genetic 
susceptibility, are accountable for 8 to 10% of the cases, being the cyclin-dependent kinase inhibitor 
2A (CDKN2A) the main high-risk gene for melanoma [2]. Alternatively, excessive exposure to the 
sun ultraviolet radiation (modifiable factor) is its main exogenous risk factor for cutaneous melanoma 
development. This includes prolonged exposure to the sun without adequate protection, as well as, 
the use of tanning beds, which emits sun-like radiation [1]. Yet, random errors in DNA replication 
(unmodifiable factor) will contribute as an intrinsic risk factor for the disease development [2]. 
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Here, we will review therapies and their mechanisms for advanced cutaneous melanoma, from 
immunotherapies to lysine histone methyl transferase inhibitors. Disease early detection is essential 
for the successful treatment of cutaneous melanoma independent of the treatment type. 

2. Advanced Melanoma Treatments 

2.1. Immunotherapy 

Immunotherapy can inhibit tumor growth and its recurrence by triggering host’s immune 
system or improving the anti-tumor response. Thus far, several immunotherapy drugs, mainly the 
blockade of negative immune checkpoints, have been approved by the FDA (Food and Drug 
Administration) for metastatic melanoma [3]. Currently, immunotherapy has achieved remarkable 
results in the treatment of advanced cutaneous melanoma. Some patients experience a lasting 
response, with tumors significantly decreasing in size or even disappearing completely [4–7]. 

Three classes of immune checkpoint inhibitors are available for clinical use: the inhibitors of the 
CTLA4 (Cytotoxic T-Lymphocyte Associated Protein 4) receptors (Ipilimumab), inhibitors of the PD-
1 (Programmed Cell Death-1) co-receptor (Nivolumab, Spartalizumab, Pembrolizumab, 
Toripalimab) or inhibitors of their ligand PD-L1 (Atezolizumab), and inhibitors of the LAG3 
(Lymphocyte-Activation Gene 3) transmembrane protein (Relatlimab) or the combination of anti-PD-
1 with anti-LAG3 (Opdualag). These proteins are mainly expressed by T cells, PDL1 can also be 
expressed by tumor cells or other cells in the tumor environment (Figure 1a). 

 
Figure 1. How immunotherapy works (a) immune checkpoint inhibitors: Molecules designed to 
block immune checkpoints (Ex: CTLA4, PD-1, PD-L1 or LAG3) interactions with the specific ligands, 
(b) mRNA Vaccines: Encapsulated mRNA that target immune cells, leading to protein translation 
intending their processing and presentation to T cell via MHC class I and II aiming a subsequent 
immune response, (c) Tumor infiltrating Lymphocytes: A tumor fragment is removed from patient 
and cultured in Laboratory to a logarithmic expansion of the infiltrating T cell, intending to return 
them to the patient. 

Clinical studies in other types of immunotherapies as therapeutic mRNA vaccines, wich induces 
the production of tumoral immunogenic proteins by antigen presenting cells and leads to T cells 
stimulation (Figure 1b), or tumor-infiltrating lymphocytes (TILs), that are removed from inside 
tumors and “in vitro” expanded, to return to pacients activated and in very higher numbers (Figure 
1c). Both treatments point to be promising modalities for advanced cutaneous melanoma, alone or in 
combination with other therapies [3,8–11]. 
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Other forms of treatment, such as interleukins and oncolytic viruses, also work by stimulating 
the immune system. Interleukins are proteins that can boost the immune system by inducing T 
lymphocytes activation. Interleukin-2 (IL-2, Aldesleukin, Proleukin) are sometimes used in patients 
with melanoma, and target the T lymphocytes activation enhancing the activation-induced cell death 
(AICD)[12,13]. 

Some viruses can be modified in the laboratory to infect and destroy cancer cells. Talimogene 
laherparepvec, also known as T-VEC, is an example of an oncolytic virus that can be used to treat 
melanomas and is injected directly into tumors [14]. 

The response to immunotherapy varies from person to person, and not all patients experience 
the same results. Around 60% of patients develop resistance to immunotherapy treatment and their 
disease return to progresses [15]. In addition, it is important to highlight that immunotherapy can 
also be associated with significant side effects, as it activates the immune system more intensely. 
These side effects can range from mild symptoms such as fatigue and nausea to more serious immune 
reactions that can affect specific organs. Therefore, proper administration and monitoring are 
essential during these type of treatment [16–18]. 

2.2. Target therapy 

Targeted therapy is another important approach for the treatment of advanced cutaneous 
melanoma. This therapy inhibits specific molecules or signaling pathways, the mitogen-activated 
protein kinase (MAPK) cascade is an intracellular signaling pathway which is implicated in the cell 
proliferation and survival regulation (Figure 2a) [19–21]. Several different mutations, involving BRAF 
or NRAS, display an oncogenic effect by activating the MAPK pathway (Figure 2b), resulting in an 
increased tumor cell proliferation [22]. 

 
Figure 2. How Target Therapy works (a) MAPK pathway normal signaling. The BRAF and MEK 
pathway initiates signaling through extracellular RTK domain. RAS family members are activated 
through a RTK ligand domain, and activation of RAS proteins bind BRAF isoforms leading to 
activation of BRAF, followed by MEK, and the final step of phosphorylation of ERK. The net effect 
leads to increased cell survival and decreased apoptosis, (b) BRAF or N-RAS mutant pathway. In the 
presence of an activating BRAFV600E mutation, BRAF no longer requires dimerization with RAS, and 
therefore remains constitutively active, similarly to NRAS mutations, maintaining this pathway 
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constitutively activated leading an enhanced tumor cells proliferation with apoptosis abrogation (c) 
Inhibition of BRAF or N-RAS mutant pathway. The target therapy inhibits mutant BRAF or MEK, 
thereby stopping downstream activation of the MAPK pathway, decreasing cellular proliferation, and 
inducing apoptosis. Abbreviations: ERK, extracellular signal regulated kinase; MAPK, mitogen-
activated protein kinase; BRAF, rapidly accelerated fibrosarcoma B type; RAS, rat sarcoma virus 
monologue; RTK, receptor tyrosine kinases. 

Target therapy is frequently used in melanoma that display mutations in the NRAS and BRAF 
gene. The BRAF mutations are mainly in BRAFV600E (~80%) and BRAFV600K (~5 to 30%), which 
cause alteration in the protein, that participates in the MAPK/ERK signaling pathway (Figure 2b-c) 
[22]. Nevertheless, there is no specific targeted therapy for NRAS-mutant melanomas. Selective MEK 
inhibitors denote a new therapeutic alternative, having been shown to inhibit growth and induce cell 
death in both BRAF and NRAS mutant melanoma cell lines (Figure 2c) [23]. 

There are two mains targeted therapy in cutaneous melanoma, and they are most frequently 
used in combination: BRAF inhibitors (Vemurafenib, Dabrafenib and Encorafenib) and MEK 
inhibitors (Trametinib, Cobimetinib and Binimetinib). Unfortunately, most patients respond well 
initially, but later the response is abrogated due to the development of resistance mechanisms by the 
tumor. The association of immunotherapy with targeted therapy is widely used to overcome 
resistance [24]. 

In addition, studies revealed the correlation of melanoma with several somatic driver mutations, 
including alterations in KIT, a proto-oncogene encoding for a receptor tyrosine kinase (RTK). 
Although accounting for only 3% of all melanomas, mutations in c-KIT are mostly derived from acral, 
mucosal, and chronically sun-damaged melanomas [25]. Target therapy drugs such as Imatinib and 
Nilotinib can block the proliferation of these tumor cells. 

2.3. Lysine histone methyl transferase inhibitors 

2.3.1. Methyltransferases 

Methyltransferases are essential enzymes for several biological processes, including regulation 
of gene expression, modulation of chromatin structure, and cell signaling. These enzymes catalyze 
the transfer of methyl groups (-CH3) from methyl donors to specific targets such as proteins, nucleic 
acid, or other molecules. The two most important classes are DNA and protein methyltransferases. 

2.3.2. DNA methyltransferases 

DNA methylation is catalyzed by a group of proteins known as DNA methyltransferases 
(DNMTs). DMNTs s are enzymes that add methyl groups to nitrogenous bases (Figure 3a), which 
has a significant impact on the regulation of gene expression, since DNA methylation can silence 
gene activity. Hypermethylation of gene promoter regions can lead to inhibition of gene transcription 
and is associated with pathological processes, including cancer [26]. 
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Figure 3. Methyltransferases (a) DNA methyltransferase (DNMT) – An enzyme that transfer radical 
methyl to DNA nucleotides, (b) Protein methyltransferase (PMT) - An enzyme that transfer radical 
methyl to protein aminoacids. (c) Histone methyltransferase (HMT) - An enzyme that transfer radical 
methyl to histones. (d) G9a – G9a is histone methyltransferase responsible for histone H3 lysine 9 
(H3K9) mono- and dimethylation. 

2.3.3. Protein methyltransferases 

Protein methyltransferases (PMT) are enzymes that add methyl groups into amino acid 
residues,, which is principally observed in lysine and arginine residues (Figure 3b). This can affect 
the structure and function of proteins by regulating enzymatic activity and protein-protein 
interactions. A well-known example is the methylation of arginine in histones, proteins that help 
organize DNA into chromatin [26]. 

2.3.4. Histones and Histone methylation 

Histones are proteins that provide structural support to a chromosome and can undergo a series 
of post-translational modifications, including acetylation, methylation, phosphorylation, 
ubiquitination, and sumoylation. 

Histone methylation, analogous to DNA methylation, has been associated to gene repression 
[28]. However, several lysine methylation patterns can indicate expressed genes, such as tri-
methylated H3K4, or H3K9 mono-methylation [29]. 
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Histones are methylated by histone methyltransferases (HMT) and methylation is removed by 
histone demethylases (HDM). 

Methylation of histone take place either at lysine or arginine residues, on histones H3 and H4, 
[30]. Methylation of histones H3K4, H3K36, and H3K79 is related with gene activation [30], while 
methylation on H3K9 or H3K27 is correlated to transcriptional repression. On histone H4, K20 
methylation is a known mark of gene silencing [30]. Similarly, to lysine methylation, arginine 
methylation has been linked to both gene activation (H3R17) and repression (H3R2, H4R3) [31]. 
Lysine can be mono-, di- and trimethylated, whereas arginine can only be mono- or demethylated 
[32]. These modifications regulate the ability of transcription factors to access underlying DNA and 
impact transcription, replication, and chromatin stability [33–35]. Histone modifications are critical 
epigenetic drivers that can alter the chromatin state and are implicated in cancer progression [36]. 

2.3.5. Histone Methyltransferases (HMT) 

Histone methyltransferases (HMT) are a group of enzymes that catalyze the addition of methyl 
groups (-CH3) to specific amino acid residues on histones (Figure 3c). 

HMT are essential for the maintenance of chromatin structure and the regulation of gene 
expression. Dysfunctions in these enzymes can lead to epigenetic changes that are associated with 
several diseases, including cancer. For example, aberrant histone methylation can result in 
inadequate activation or silencing of genes, contributing to the development of tumors [37]. 

2.3.6. Lysine Histone Methyltransferases (KMT) 

Lysine histone methyltransferase (KMT), also known as histone lysine methyltransferases 
(HKMT), are the group of enzymes that catalyze the addition of methyl groups (-CH3) to lysine 
residues on histones. KMT transfers methyl group from a methyl donor (usually a coenzyme S-
adenosylmethionine, SAM) to a lysine residue present on histones. SAM is assembled with 
methionine and ATP, a process that produces phosphate and pyrophosphate. After transfer of the 
methyl group, SAM is converted into S-adenonsyl-homocysteine (SHA) (Figure 4a) [38]. 
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Figure 4. Lysine Histone Methyltransferases (KMT) (a) KMT – Transfer of Methyl from a donor (SAM) 
to the Histone, (b) G9a-GLP complex – The complex G9a-GLP responsible for monomethylation of 
H3K9 histone, but G9a responsible for di and tri methylation of H3K9, (c) G9a activity– G9a under 
normoxia contributes for punctual dimethylation of H3K9 but under hypoxia increases the global 
dimethylation of H3K9 silencing the gene responsible for E-Cadherin expression, affecting the 
adhesion between cells, contributing for metastasis and, also activating Notch-1 signaling pathway 
contributing for cancer cell survival and proliferation. 

The canonical histone lysine methylation found in humans methylates histone 3 and 4, and 
specific lysenes sites as H3K4, H3K9, H3K27, H3K36, H3K79 e H4K20. These modifications are 
generated by a total of 24 different enzymes: 23-SET proteins and one 7βS protein. In general, histone 
KMTs are highly selective, as an enzymes that methylates H3K36 do not methylates a different lysine 
if K36 is mutated. Beyond the canonical sites, many other methylation events have been identified by 
different methods, including mass spectrometry, some only are found during diseases or) [38]. 

The canonical histone lysine methylation is associated with different chromatin states and have 
specific implications in gene regulation. As H3K4 is often associated with more accessible and active 
chromatin regions where gene transcription is more likely to occur. This methylation is generally 
seen as a marker of active genes enhancer and promoter. H3K9 is typically associated with regions 
of compact chromatin and gene silencing. This occurs because H3K9 methylation recruits proteins 
that promote the formation of heterochromatin, a densely packed form of chromatin that tends to 
silence transcription. H3K27 is also associated with gene silencing. It is often found in regions of 
chromatin that regulate cell development and differentiation [39]. 

G9a is a nuclear histone KMT belonging to the Su(var)3-9 family, which mostly catalyzes H3K9 
mono- and dimethylation. G9a SET domain is accountable for the addition of methyl groups on H3, 
whereas the ankyrin repeats have been described to denote mono- and dimethyl lysine binding 
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regions [40]. G9a is thus not only able to methylate histone tails but also able to identify this 
modification, operating as a platform for the recruitment of other target molecules on the chromatin 
[41]. 

A G9a-like protein (GLP) has also been recognized, this protein interacts with G9a, forming a 
heterodimeric complex. This heteromeric structure (G9a-GLP) is the main form and represents the 
active stat, of this methyltransferase in vivo [42]. Although the heterodimer appears to be essential 
for G9a–GLP methyltransferase activity, the enzymatic activity of G9a is more important for the in 
vivo function of the complex [28]. 

The H3K9 is initially methylated by G9a-GLP to form active H3K9 monomethylation, which is 
subsequently methylated by G9a to form repressive H3K9 dimethylation (H3K9me2). G9a directly 
contributes to the dimethylation and subsequent trimethylation at H3K9 across the genome (Figure 
4b). Depending on the modified residue position, histone methylation can either suppress (H3K9, 
H3K27) or enhance (H3K4) gene expression [39]. 

During hypoxia, the histone methyltransferase G9a activity increases, leading to an increase in 
global histone H3K9 methylation (Figure 4c), this higher methylation inhibits the expression of cell 
adhesion molecules such as E-cadherin. The correlation between G9a-mediated repression of cell 
adhesion molecules and the increase in their activity during hypoxia strongly supports the direct 
involvement of G9a in the metastatic pathway [39]. 

In addition, G9a enhanced expression is also linked to malignant behaviors of cancer cells as 
aberrant proliferation, metastasis and drug resistance by silencing tumor suppressors or by activating 
epithelio-mesenchymal transition programs [43,44]. Its overexpression is associated with a poor 
prognosis in different types of cancer, including melanoma, by positively regulating the Nocth1 
signaling pathway [40,45,46]. Positive signaling from the Notch1 pathway specifically contributes to 
the development of melanoma, allowing the survival and proliferation of these cells in stressful, 
hypoxic environments [47–50]. 

Consequently, lysine methyltransferase (KMT) can be a target molecules for cancer and 
metastasis treatment, but differently from the therapies discussed before, these therapies are under 
development. The first FDA approval for KMT inhibitor (Tazemetostat for epithelioid sarcoma4 and 
subsequently follicular lymphoma) occurred in 2020, and until now, no current approvals is known 
[51]. 

2.3.7. KMT inhibitors 

KMT inhibitors are a class of compounds that target KMT enzymes. These inhibitors were 
developed aiming to modulate the activity of KMT and, consequently, epigenetic modifications on 
histones. This may have implications for the regulation of gene expression and associated cellular 
processes, including development, cell differentiation, and disease [52]. 

KMT inhibitors can be classified into two main types. 
Selective inhibitors: These inhibitors are designed to target a specific KMT enzyme. This allows 

a precise approach by targeting specific epigenetic modifications at specific histone sites. Examples 
of selective inhibitors include those that target KMT for H3K9 or H3K27 methylations [51]. 

2.3.8. Broad-spectrum inhibitors 

These inhibitors target multiple KMTs in a less specific manner. They affect broader spectrum 
of epigenetic modifications and may have widespread effects in cells. This can be beneficial for 
manipulating gene expression generally, but may also result on off targeting side effects [51]. 
Research into KMT inhibitors is an expanding area with significant implications in basic research, as 
well as, in the development of potential new drugs. However, the complexity of epigenetic regulation 
and the interconnection in cell signaling pathways, is a challenge. Furthermore, specificity is a critical 
aspect, since inappropriate inhibition of a KMT can lead to off target side effects. 

G9a-GLP inhibitors 
G9a and GLP have approximately 80% sequence identity in their conserved catalytic SET 

domains, which imposes a challenge for developing dual selective inhibitors [53]. Several G9a-GLP 
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dual inhibitors have been developed by targeting either the SAM binding site (methyl donor) or the 
substrate binding pocket [54]. 

Currently, three compounds were idenfied as G9a-GLP inhibitors. The compound BIX01294 and 
UNC0638 are being tested in vitro, and UNC0642 alread being tested in vivo in preclinical studies 
with animal models. 

In this sense, the compound UNC0642 acts as a competitive inhibitor of G9a activity, connecting 
to its binding poket turning it inaccessible (Figure 5a). This compound is described as a potent 
inhibitor of G9a-GLP, with low toxicity and high selectivity [55,56]. 

UNC0642 studies are more advanced due to its favorable pharmacokinetics, better half-life, high 
selectivity and low cellular toxicity, making it more suitable for preclinical studies [56,57]. 

 
Figure 5. KMT inhibitors (a) UNC0642 – An example of methylation inhibition by competitive block 
of G9a biding pocket, (b) G9a-GLP affected pathways – H3K9 dimethylation inhibit caspase 1 
expression, G9a demethylates p53, inhibiting their activity, and enhancing the expression of polo-like 
kinase 1 (PLK1) implicated in cell proliferation and epithelial mesenchymal transition (EMT). 

G9a-GLP is implicated in several mechanisms and pathways as inhibition of the expression of 
the caspase 1 gene (CASP1) by enhancing H3K9me2 of the promoter region. In addition, G9a is able 
to dimethylate p53, inhibting their activity, and enhancing the expression of polo-like kinase 1 (Plk1), 
which has being implicated in cell proliferation and epithelial–mesenchymal transition (Figure 5b) 
[58]. 

Consequently, G9a-GLP inhibitors can impede tumor growth by blocking the p53 
dimethylation. Active p53 will block cell cycle progression of cells with DNA damages and dimish 
Plk1 expression. Yet, the unblock of caspase 1 expression, will support the cells inflammasomes 
formation and cell death [44,58]. 

Concerning to melanoma, as discussed before the Noch-1 signaling is enhanced in the disease, 
and also by the H3K9 di-trimethylation, which leads to MEK inhibitors resistence [59], and 
microphthalmia-associated transcription factor (MITF) repression, via a competition-based 
mechanism, thereby triggering the critical transit into the invasive melanoma stage [60]. Thus, the 
G9a inhibitors, in addition to impair commom cancer mechanisms, also impari specific mechanisms 
related to melanoma [45]. 

G9a plays significant role in cancer processes, as heterochromatin formation, DNA methylation, 
transcriptional silencing, proliferation, cell death, differentiation, and mobility of tumor cells [61]. 
Thus, G9a is held as an outstanding and novel therapeutic target for anti-cancer agents; therefore, the 
development of novel G9a inhibitors may provide a new option for invasive melanoma treatment. 
Even though, the knowledge about the mechanisms involved in KMT inhibtors are being improved, 
much remain to be answered, and in this sense, experimental research and preclinical studies still 
having plenty to add to the current knowledge. 

A recent preclinical study combining G9a inhibitor (UNC0642) with anti-PD1 showed increased 
immunotherapy efficacy, with increased survival and lower incidence of acquired resistance to 
checkpoint inhibitor in murine melanoma [62]. Clinical studies using KMT inhibitors for advanced 
cutaneous melanoma are still in the early stages. They are being tested alone or in combination with 
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immune checkpoint blockage(anti-CTLA4, anti-PD1) or targeted therapy agents (BRAF/MEK 
inhibitors). It is believed that these drugs can reverse resistance to immunotherapeutics and targeted 
therapy agents making treatment more effective. 

Important to note that and many studies are exploring the therapeutic implicationsof G9a 
inhibitors, but also their possible side effects. Importantly, as with any pharmacological drug 
development, safety, efficacy, and specificity are crucial considerations when developing new grugs 
for aiming clinical aplications. 

4. Conclusions 

Most patients with advanced cutaneous melanoma usually die from the disease. New treatments 
for these patients are necessary. One of the lines of this search for new treatments are epigenetic 
medicines. Lysine methyl transferase inhibitors are being tested alone or in combination with 
immune checkpoint inhibitors or target therapy and are a promise in reducing acquired resistance to 
these treatments. 
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