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Malignant melanoma is the most lethal form of skin cancer. While new therapeutic approaches have improved

survival in patients with metastatic melanoma, responses are rarely sustained due to the high degree of

heterogeneity at the inter- and intra-metastatic levels. The development of reliable biomarkers to monitor

therapeutic response and disease progression is critical. Many aberrantly methylated genes play a role in cell cycle

control, apoptosis, and cell invasion, as well as in melanoma progression. Longitudinal monitoring of DNA

methylation via liquid biopsy can provide real-time information on the behavior and stage of melanoma.
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1. DNA Methylation at a Glance

DNA methylation, along with histone modifications and non-coding RNAs (ncRNAs), is classified as an epigenetic

modification. Epigenetic modifications are defined as heritable alterations in gene expression that occur without

modifying the DNA sequence . As is the case with several other physiological mechanisms, when improperly

activated or silenced, it can affect the expression of oncogenes or tumor suppressor genes (TSGs), resulting in

tumor initiation, development, and progression . DNA methylation consists of the covalent addition of a methyl

group (-CH3) to the fifth position of the pyrimidine ring of the cytosine nucleotide (5-methylcytosine, 5-mC) .

DNA methylation can putatively occur at any cytosine nucleotide in the genome, but its distribution is not random

and is mostly restricted to the so-called CpG dinucleotides. CpGs are more abundant at gene promoters, where

they tend to congregate and form CGIs . Two main enzyme families are involved in a balanced and regulated

manner in DNA methylation and demethylation processes . DNA methyltransferases (DNMTs), which establish

and maintain methylation patterns , and ten-eleven translocation (TET) methylcytosine dioxygenases, which are

involved in the demethylation pathway (Figure 1) . Under normal conditions, DNA methylation encompasses

the entire genome, with the exception of short unmethylated regions within the CGIs . The deregulation of DNA

methylation mechanisms, characterized mainly by hypermethylation of CGIs in TSG promoters or global loss of

DNA methylation, is common in cancer. CGI hypermethylation in promoter regions has been shown to affect genes

involved in the regulatory circuits that control cell proliferation and homeostasis, enabling malignant cells to sustain

their abnormal growth . Cancer-associated promoter hypermethylation may affect between 5–10% of promoters

containing CGIs . Global loss of DNA methylation leads to molecular consequences that are advantageous to

tumor development, including the generation of chromosomal instability , the loss of genomic imprinting ,

and the reactivation of transposable elements such as LINE-1  .
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Figure 1.  Schematic mechanism of DNA methylation and demethylation. In the DNA sequence, unmethylated

cytosines are converted to 5’-methylcytosines (addition of the -CH3 group) by DNMTs. This event encompasses

the CpG islands enriched in gene promoters and is generally associated with gene silencing. This reaction is

potentially reversible due to the activity of TET enzymes, resulting in the loss of DNA methylation

(hypomethylation). The white circles indicate unmethylated CpG sites, and the red circles denote methylated CpG

sites. The crossed arrow on the left indicates the absence of transcription after DNA promoter methylation. The

thick arrow on the right indicates the start of gene transcription as a consequence of promoter demethylation.

Abbreviations: DNMTs, DNA methyltransferases; TETs, ten-eleven translocation methylcytosine dioxygenases. The

above diagram was created using BioRender (https://biorender.com/ (accession date 8 October 2021)).

2. DNA Methylation in Melanoma Development

Confined hypermethylation at CpG islands and global hypomethylation are epigenetic hallmarks of melanoma, both

of which influence tumor behavior . Melanoma initiation and progression have been associated with loss of

tumor suppressors and oncogene activation . Indeed, many TSGs are known to be aberrantly regulated via

inactivation caused by specific methylation in the promoter region . These genes appear to be involved in

various signaling pathways, which are frequently altered during melanoma development and evolution. These

pathways encompass the protein kinase activated by mitogen (MAPK), the phosphoinositide 3-kinase (PI3K), the

tumor suppressor retinoblastoma (pRb), and the p53 protein pathways  (Figure 2). Since they can act

synergistically or independently to control growth and apoptosis, their prolonged and uncontrolled activation is

linked to proliferation, invasion, and metastasis. A gradual gain in DNA hypermethylation has been observed to

increase in parallel with tumor aggressiveness and is known as the CpG island methylator phenotype (CIMP). It

has been suggested that the genes involved in this increasing hypermethylation pattern form the melanoma CIMP

. Although less studied, DNA hypomethylation is equally important in the initiation and progression of melanoma.
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As previously stated, hypomethylation promotes tumor progression by causing genome instability via the

demethylation of transposons and pericentromeric repeats, as well as the activation of specific oncogenes .

Figure 2.  Pathways and genes involved in melanoma development. Aberrantly methylated genes and signal

transduction pathways frequently altered during melanoma development and/or progression. (a) Shows the MAPK

and PI3K-Akt pathways; while (b) depicts the p53, Rb, retinoic acid signaling, and DNA repair pathways.

Hypermethylated TSGs are marked with a red dot; the alteration induced in the downstream pathway by TSG

hypermethylation is represented by a red cross. The diagrams were created by means

of https://biorender.com/ (accession date 8 October 2021).

3. DNA Methylation in Melanoma Liquid Biopsies

In this era of “personalized medicine,” much attention is being paid to different approaches that provide repeatable

and safer insights into tumor evolution and heterogeneity. Since cutaneous melanoma is characterized by extreme

heterogeneity and high tumor mutation burden (TMB) , the early detection of tumor-related changes such as

chromosomal rearrangements, copy number variation, or mutations in oncogenes and tumor suppressor genes, is

mandatory for the choice and adjustment of targeted therapy, treatment monitoring, and detection resistance . In

the last decade, the so-called “liquid biopsy” , which refers to a test of body fluids (i.e., blood, urine, and saliva),

has emerged as a novel biomarker with significant application in translational research due to its ability to provide

comparable (or more detailed) information than the conventional tissue biopsy . Indeed, the analysis of

circulating tumor cells (CTCs), cell-free circulating nucleic acids (cfDNA and cfRNA), and extracellular vesicles

(EVs) via a minimally invasive blood draw has opened new avenues for cancer diagnostics, enhancing risk

assessment, real-time monitoring of therapeutic efficacy, early detection of relapse, and monitoring of tumor

evolution (Figure 3) . Like all circulating tumor cells, Circulating Melanoma Cells (CMCs) are released

into the bloodstream by the primary tumor and/or metastases . Due to their high heterogeneity and rarity in

the bloodstreams of metastatic melanoma patients , the continuous improvement of even more sensitive

methods to detect and characterize them is of paramount importance. On the other hand, cell-free circulating DNA

is produced from physiological functions such as apoptosis, necrosis, or secretion. Moreover, cancer patients have

higher amounts of cfDNA than healthy controls . Thus, the fraction of cfDNA that originates from tumor cells,
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called circulating tumor DNA (ctDNA), has been extensively studied as a putative disease marker, both in terms of

quantity and composition. Indeed, the identification and monitoring of ctDNA using mutation-detection techniques

(i.e., droplet digital PCR (ddPCR) and targeted next-generation sequencing (NGS) panels) has been well

documented, and its potential as a promising biomarker for diagnosis, evaluation of treatment effectiveness, and as

a tracker of tumor evolution has been well assessed in many cancers, including melanoma .

Finally, EVs actively participate in intercellular communication by taking part in the transfer of lipids, proteins, and

RNA, thus suggesting a putative active role in cancer development . Moreover, they have enormous potential

as biomarkers, given that their tumor-derived cargo may be used for different applications, i.e., tumor burden

estimation and survival prediction . All things considered, the search for reliable biomarkers capable of

tracking the disease evolution and heterogeneity in real-time may be successful in liquid biopsy, which is the sum

of systemic disease. Since the use of targeted therapies and immunotherapy has significantly altered the natural

history of melanoma, it is critical to closely monitor its genetic landscape to ensure its success. As previously

stated, aberrant methylation of gene promoters can be a characteristic of cancer , and, as a result, the analysis

of methylated DNA in liquid biopsy is an emerging field of interest . It has already been demonstrated that

hypermethylation of the promoters of certain selected genes can be used to distinguish melanoma patients from

healthy individuals , demonstrating its utility as a diagnostic marker. Notably, DNA methylation patterns can

change during melanoma progression; thus, longitudinal monitoring of DNA methylation in a non-invasive manner

via liquid biopsy can provide real-time information about the behavior and stage of melanoma .
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Figure 3. Liquid biopsy in cancer patients. Circulating tumor cells (CTCs), circulating cell-free tumor DNA (ctDNA),

circulating cell-free RNA (cfRNA), and extracellular vesicles (EVs) can be isolated simultaneously from the same

blood sample. Their analysis provides real-time information on tumor progression, minimal residual disease,

treatment response, and resistance. Abbreviations: CTCs, circulating tumor cells; ctDNA, circulating cell-free tumor

DNA; cfRNA, cell-free circulating RNA; EVs, extracellular vesicles. Diagram created by means of Biorender

(https://biorender.com/ (accession date 8 October 2021)).

3.1. DNA Methylation in Circulating Melanoma Cells

To date, the CTC count as a prognostic/predictive marker is well established for several malignancies for which the

cut-off has already been validated . For others, melanoma included, the process is still ongoing. In any

case, this biomarker has garnered considerable attention due to the type of information that its genetic

characterization could offer, and more recently, the DNA methylation profile has attracted significantly more

attention. However, the study of CTC methylome remains largely unexplored due to the lack of adequate

investigation techniques. One of the first studies examined the simultaneous detection of CMCs, inferred by the

identification of specific mRNAs in the blood and specific methylated genes. More in detail, Koyanagi and

colleagues identified a correlation between the number of melanoma markers (MART-1, GalNAc-T, and MAGE-A3
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mRNAs), detected in the blood through quantitative real-time reverse transcription-PCR assay, the presence of

circulating methylated RASSF1A  and RAR-β2  genes (MSP detection), and patient outcome. Patients with both

CMCs and methylated genes showed a significantly poorer response to biochemotherapy, as well as a shorter PFS

and OS . Salvianti and colleagues conducted a similar study, focusing on methylated cfDNA and CMCs as two

complementary liquid biopsy biomarkers that can be combined to enhance the possibility of disease monitoring .

Indeed, they compared RASSF1A promoter methylation tracked in cfDNA by real-time qPCR with the presence of

CMCs in both healthy controls and patients at different melanoma stages (in situ, invasive, and metastatic). They

found that the percentage of cases with methylated RASSF1A promoter was higher in melanoma patients than in

healthy subjects (46% vs. 10%), thus indicating RASSF1A promoter methylation as a good predictor of disease

(AUC of 0.905). However, when they checked the presence of CMCs in the three different patient categories, they

found no significant association with methylated RASSF1A tracked in cfDNA .

Currently, no studies have been conducted to determine the methylation status of CMCs. However, the few studies

that have investigated CTC methylation in other cancers are very interesting. Recent publications have focused on

finding the optimal technique for studying CTC methylome in lung , breast , and colon cancer . More in

detail, Zhao and colleagues developed an approach called LCM-µWGBS that combines laser capture

microdissection (LCM) CTC capture and whole-genome bisulfite sequencing (µWGBS), enabling the analysis of a

small number of CTCs to obtain information on their DNA methylation landscape . They defined the DNA

methylome of CTCs from lung cancer patients and compared it to the global DNA methylation of normal tissues.

Interestingly, they found a progressive decrease in global DNA methylation from normal tissue to primary tumors

and CTCs, suggesting a gradual loss of DNA methylation during tumorigenesis. Moreover, they observed a

tendency toward the increased methylation of several TSG promoters in CTC-DNA compared to the primary tumor.

In a very recent study, Chen and colleagues, by means of single-cell bisulfite sequencing (scBS-seq), provided an

important analysis of the single-cell DNA methylome in CTCs, characterizing tumor heterogeneity and the evolution

of the tumor cell methylome during cancer progression . Seventeen cancer patients covering six different types

of cancers (lung adenocarcinoma, small-cell lung cancer, breast, colon, gastric, and prostate cancer) were tested

to assess the methylation level in single CTCs . Firstly, they observed that CTCs, similar to primary tumors,

exhibit lower methylation levels than those in normal cells. They also observed that these cells show inter- and

intra-patient heterogeneity in terms of promoter methylation. Interestingly, they also investigated the dynamic

methylome changes, which occur during cancer metastasis, in the promoter regions of 20 known tumor-associated

genes of primary, metastatic tissues, CTCs, and white blood cells of gastric cancer patients accompanied by

abdominal ovarian metastasis. For instance, they observed that the methylation level of the  LTF  gene, often

reported down-regulated in tumors, increased with cancer progression. The methylation level of several genes

expressed in the ovaries, such as  1orf35,  DENND6A, and  ZNF285, decreased transiently. Furthermore, the

methylation level of genes involved in oncogenic transformation- and cell adhesion-associated pathways

(FBP2,  HIVEP3,  PTPN21, and  CEACAM5  genes) decreased, suggesting a role for these pathways in tumor

progression.
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Since CTCs can be found in patient blood as single CTCs or CTC clusters, Gkountela and colleagues found that

CTC clusters are distinguishable from single CTCs based on their methylation status, assessed by single-cell

whole-genome bisulfite sequencing. They observed that in CTC clusters, hypomethylated regions are associated

with key regulators of stemness and metastasis (OCT4,  NANOG,  SOX2, and  SIN3A), while hypomethylated

regions in single CTCs are independent of the pluripotency network .

3.2. Methylation in Circulating Melanoma DNA

Several recent studies have focused on ctDNA methylation screening and its potential clinical application, in

addition to genomic and/or expression analyses . Furthermore, most recent studies have focused on the

analysis of ctDNA rather than FFPE samples in an attempt to overcome the limitations associated with the poor

quality of the FFPE genetic material. In one of the first studies, based on real-time MSP detection, Hoon and

colleagues examined the presence of hypermethylated TSG promoters in the serum of melanoma patients .

They observed that the incidence of TSG hypermethylation increased during tumor progression and

that MGMT, RASSF1A, and DAPK hypermethylation were significantly lower in primary melanomas compared to

metastatic ones. On the other hand, the frequency of hypermethylated RAR-ẞ2 was similar in both primary and

metastatic melanomas .

A subsequent study by Mori and colleagues highlighted the utility of detecting circulating methylated tumor-related

genes in serum (MSP analysis) as a predictive marker of response to biochemotherapy and OS. Among the most

frequently hypermethylated genes in melanoma, they discovered a significant correlation between the

hypermethylation of RASSF1A  and RAR-ẞ2, the response to biochemotherapy, and OS . Interestingly, this

correlation with treatment response was not observed when analyzing the MGMT methylation status .

A recent study by Liu and colleagues focused on assessing the feasibility of using cfDNA methylation profiles in

advanced cancer patients for the detection of metastatic disease . They developed an NGS targeted methylation

sequencing assay to measure the methylation status of more than 9000 CpG sites, selected according to TCGA

data, and parallel classify the presence of advanced cancer, being also able to predict tumor origin (i.e., melanoma,

colorectal cancer, NSCLC, and breast cancer). The authors demonstrated that plasma cfDNA methylation scores

detected the presence of cancer in 83.8% of cancer patients with 100% specificity and predicted cancer type in

78.9% of cases. Focusing on melanoma, Diefenbach and colleagues developed an efficient ctDNA methylation

analysis workflow using an amplicon-based NGS panel performed on bisulfite-treated DNA. They confirmed the

hypermethylation of seven genes (GJB2, HOXA9, MEOX2, OLIG3, PON3, RASSF1, and TFAP2B), known to be

hypermethylated in metastatic melanoma patients but not in healthy individuals . Moreover, in contrast to

previous studies on cfDNA methylation, they were able to examine the methylation of symmetrical CpG sites in

both DNA strands to accurately quantify the level of gene methylation .

Some studies have explored the potential of methylation pattern tracking in early-stage tumors. In this regard, the

clinical validity of a targeted methylation-based Multi-Cancer Early Detection (MCED) test using cfDNA sequencing

has been investigated in several cancer types, including melanoma . This new approach aims to provide the
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tools to detect tumors at an earlier stage, thus reducing cancer mortality by identifying the cancer signal origin

(CSO) . The MCED test demonstrated a specificity of 99.5% (false-positive rate of 0.5%) and an overall

sensitivity of 51.5% for cancer signal detection. The authors suggested to use this test either in combination with

other single-cancer screening tests (for the detection of breast, colorectal, cervical, lung, and prostate cancers) or

as a screening for those cancers for which tests are not yet available in the United States. However, the high costs

of this type of analysis could represent an obstacle for its application in the clinical setting .

In summary, the role of DNA methylation in melanoma deserves deeper investigation, as its role in tumorigenesis is

only partially understood. Its usefulness as a biomarker could be helpful in defining a precision medicine workflow.

In particular, a suitable and optimal analysis technique should be sought, which is currently lacking. In addition, a

cost-benefit analysis should be conducted. While whole-genome bisulfite sequencing can provide a complete

methylation profile at a very high cost, a PCR-based approach is cheaper but assesses only a small number of

CpG sites . The use of NGS panels, which allows simultaneous analysis of the methylation status of several

tens to hundreds of genes, could be an alternative and, if customized and restricted to a limited number of regions

of interest, might be an excellent compromise to limit costs.

3.3. Methylation in Melanoma Extracellular Vesicle-Derived DNA (evDNA)

In recent years, there has been growing interest in understanding the role of extracellular vesicles (EVs) in

melanoma progression since they are considered to be an alternative means of intercellular communication. EVs

are composed of a heterogeneous group of membrane-delimited nanoparticles, usually classified into exosomes

(30–120 nm), microvesicles (100–1000 nm), and apoptotic bodies (500–4000 nm) based on their size . They

play a key role in the delivery of active cargoes, including DNA fragments, coding and non-coding RNA, proteins,

and lipids, from donor to distal cells, and they are released by normal and cancerous cells into the external

microenvironment . Tumor-derived EVs have been shown to affect the pathophysiology of recipient cells,

modulating a variety of processes involved in cancer progression (increased invasiveness, proliferation rate, and

chemoresistance) .

The study of EV content is emerging as an innovative and helpful strategy to understand tumor processes due to

the fact that the bioactive molecules are packaged and protected within the phospholipid bilayer of EVs. Although

research on EV-derived RNA and proteins has been largely explored, only a few studies have been conducted on

EV-associated DNA (evDNA). Recent evidence suggests that most of the DNA associated with tumor-derived EVs

is double-stranded (dsDNA), representing the entire genome and informing on the mutational status of parental

tumor cells . However, the mechanism of DNA loading onto EVs remains unclear. The main hypothesis is the

encapsulation of cytosolic DNA during EV biogenesis . In recent years, the methylation analysis of evDNA has

attracted attention as a biomarker for the detection of various cancers. The benefit of using evDNA is its stability

and protection from digestive enzymes due to encapsulation in the lipid bilayer of EVs. However, major steps

forward are needed to overcome issues related to the source of evDNA, sample collection, and DNA extraction

methods that appear to affect methylation detection. For example, it is necessary to develop a better strategy for

isolating evDNA without cfDNA contamination because it has been observed that DNA tends to stick to any
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surface, including the lipid envelope of EVs, resulting in the possible co-isolation of cfDNA with the EV during the

purification protocol . In this regard, the digestion of the EV pellet by DNAses may be an optimal strategy to

overcome the co-isolation of nucleic acids with EVs. The DNA extraction efficiency largely depends on which

method of EV isolation and evDNA extraction is used. Moreover, the presence of DNA in exosomes continues to be

controversial. In 2019, while Coffey and colleagues concluded that exosomes do not contain DNA, Yokoi and

colleagues observed genomic DNA and nucleoprotein in them. Perhaps it may depend on an over-strict exosome

isolation strategy that can lead to the loss of evDNA, the levels of which are too low to be detected. Because the

most effective approach for EV isolation has not yet been well established, and different methods of EV isolation

and DNA extraction are currently used, it is mandatory to develop an optimal common strategy for downstream

applications. For example, García-Romero and colleagues compared the most common EV-isolation methods and

found that polyethylene glycol precipitation (PEG) seems to be the most feasible and affordable EV isolation

technique . Moreover, in a study by Kamyabi and colleagues, a microfluidic platform was described as a method

for the rapid isolation of EVs from the plasma of pancreatic cancer patients .

Although data on melanoma are still limited, and most of the data are restricted to in vitro experiments, overall

findings suggest that the methylation profile of evDNA shows similarities in methylation profile with that of genomic

DNA (gDNA) in murine melanoma cells . This evidence has also been confirmed in other cancer types, such as

metastatic castration-resistant prostate cancer , diffuse large B-cell lymphoma , and glioblastoma . A new

and interesting approach was recently developed using an electrochemical detection method based on the

differential absorption capacities of different methylation levels of DNA on a gold surface . Using this highly

sensitive microdevice, Sina and colleagues performed exploratory research to develop a method to isolate evDNA

from ctDNA based on methylation-dependent physicochemical properties. They found that evDNA has surface-

based properties similar to cellular gDNA, but not to cfDNA, probably due to the longer size of gDNA. Moreover,

they demonstrated that this method was able to discriminate cancer and normal evDNA, suggesting a potential use

of this device for clinical applications (the adsorption level on the gold surface of patient evDNAs was 20–40%,

whereas that of the normal evDNAs was below 20%) .

In addition, the promoter regions of specific genes in metastatic castration-resistant prostate cancer

(GSTP1, RASSF1A, and SLFN11) and in diffuse large B-cell lymphoma (CDKN2A and CDKN2B) are found to be

methylated in both evDNA and primary tumor tissue or CTCs, respectively . These findings not only highlight

the potential use of evDNA methylation analysis as a biomarker for the detection of cancer but also point toward a

better understanding of the evDNA methylation profile in melanoma cancer, which is poorly understood.

4. Circulating Methylated DNA Biomarkers for Tracking
Response to Therapy and Resistance Onset

The development of treatment resistance is the main limitation to many anti-cancer therapeutic approaches. DNA

methylation has the potential to be used as a biomarker in many clinical situations, including for the prediction of

response to therapies and the monitoring of recurrence . As previously discussed, positive signals for a putative

prognostic role for methylation status, tracked through liquid biopsy, were found in the early 2000s by Koyanagi
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and colleagues, who hypothesized the clinical utility of two different molecular variables (CMC-mRNA and serum

methylated DNA) in a cohort of patients undergoing biochemotherapy . Similarly, Mori and colleagues assessed

the prognostic and predictive significance of detecting specific methylated genes in the serum of melanoma

patients undergoing biochemotherapy : they found that hypermethylation of RASSF1A was the best predictor of

response and OS, thus corroborating previous evidence found in other malignancies of resistance to cisplatin and

tamoxifen associated with RASSF1A  hypermethylation . Moreover, the methylated status of RAR-β2  was

significantly related to survival. As RAR-β2 is involved in the control of cell growth and apoptosis, its expression in

tumor cells susceptible to its mediated apoptosis could be an important biomarker of response to biochemotherapy

. A recent study by de Vos and colleagues involved a large patient cohort with different malignancies from the

Cancer Genome Atlas (TCGA) Research Network to test the value of two hypermethylated genes,  SHOX2,

and SEPT9, as pan-cancer biomarkers . The quantitative methylation analysis of these genes has shown a

correlation with treatment response: when compared to conventional monitoring, cfDNA longitudinal screening

revealed an association between an increase in the methylation score (CMS, cumulative cfDNA methylation score)

and non-responsiveness to treatment with an 80-day advantage.

Nowadays, chemotherapy with two alkylating agents, DTIC or TMZ, is still an alternative in the event of the

development of resistance to immune checkpoint inhibitors (ICI) and/or targeted therapy, or in the case of mutation-

negative melanomas . Therefore, biomarkers capable of identifying the minority of patients who may

benefit from this type of approach would be critical, as they are currently lacking. The effects of methylating agents

have been putatively related to the expression of MGMT. Its overexpression protects against cell death induced by

alkylation. On the other hand, low expression is correlated with a higher possibility of responding to methylating

agents . As melanomas are likely to express low levels of MGMT  , this could explain why they respond

to methylating drugs, including DTIC and TMZ, but not to other anti-cancer drugs. The MGMT methylation status

can thus determine the outcome in melanoma patients treated with methylating drugs. In fact, MGMT  promoter

methylation has been associated with response to single-agent DTIC/TMZ and longer PFS in disseminated

cutaneous melanoma , even if conflicting data have been reported . Melanoma cells appear to be

intrinsically resistant to drugs and/or acquire resistance through different strategies involving multiple other players

. Ultimately, the simultaneous tracking of the MGMT  methylation status and other players could be of great

interest for determining the success of TMZ therapy, and liquid biopsy, as a sum of systemic disease, may be the

optimal source for performing this type of longitudinal screening.
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