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ABSTRACT 

Cutaneous melanoma represents the most aggressive skin cancer due to its high 

invasive and metastatic behavior. Despite the adoption of novel screening 

programs and the development of new pharmacological treatments, the incidence 

and mortality rates of cutaneous melanoma are constantly increasing highlighting 

the need for novel diagnostic and prognostic biomarkers as well as new therapeutic 

targets for the management of this pathology. Recently, several studies have 

demonstrated that the development of cutaneous melanoma is not only prompted 

by gene mutations affecting key oncogenes but is also associated with several 

epigenetic modifications responsible for the alterations of different cellular and 

molecular processes underlying the neoplastic transformation of melanocytes. 

Among the epigenetic alterations, DNA methylation represents the non-structural 

modification of DNA mainly involved in the alteration of the expression levels of 

genes potentially responsible for the loss of apoptotic processes and uncontrolled 

cell proliferation responsible for the onset and progression of tumors. It was also 

hypothesized that DNA methylation could represent an early event of neoplastic 

transformation and that the identification of DNA methylation hotspots could be 

used as a promising strategy for the early diagnosis of cutaneous melanoma. 

On these bases, the aim of the present study was to evaluate the overall DNA 

methylation status in cutaneous melanoma in order to identify DNA methylation 

hotspots involved in the development and progression of this tumor. Particular 

attention was paid to the study of DNA methylation phenomena affecting genes 

involved in melanocyte differentiation and epithelial to mesenchymal transition. 

For these purposes, a bioinformatics analysis was first performed using the 

EpiMethEx R-package to evaluate the correlation between DNA methylation and 

gene expression data contained in The Cancer Genome Atlas (TCGA) and GTEx 

databases thus identifying genes whose methylation status correlated positively or 

negatively with gene expression. Subsequently, Gene Ontology analyses were 

performed to establish the functional role of these genes and to identify a subgroup 

of transcription factors involved in embryonic development and neural crest 

formation as well as in the melanocytic differentiation potentially involved in the 

development of melanoma. Through these computational analyses, it was possible 



 

  

to identify a set of DNA methylation hotspots affecting dysregulated genes 

involved in the development and progression of cutaneous melanoma. Among 

these genes, DNA methylation hotspots affecting RARB and ISL1 were selected 

for the validation analyses performed on melanoma cell lines and melanoma FFPE 

samples. 

In particular, the expression and methylation levels of these two transcription 

factors were evaluated in five melanoma cell lines, A375, A2058, M14, MeWo 

and SK-23-MEL. The expression levels of both RARB and ISL1 were evaluated 

by using droplet digital PCR (ddPCR) while the methylation levels of the DNA 

methylation hotspots computationally identified were assessed using a custom 

protocol developed by the Laboratory of Experimental Oncology of the University 

of Catania defined Methylation Sensitive Restriction Enzyme droplet digital PCR 

(MSRE-ddPCR). The in vitro findings were further validated in a pilot cohort of 

melanoma patients through the analysis of the methylation levels of the DNA 

methylation hotspots of RARB and ISL1 detected in FFPE melanoma tissues and 

normal controls. 

The in vitro and clinical evaluations of RARB and ISL1 methylation levels 

confirmed the bioinformatic results obtained through EpiMethEx demonstrating a 

negative correlation between RARB promoter methylation and gene expression 

and a positive correlation between ISL1 intragenic methylation and gene 

expression. Therefore, the bioinformatics and experimental data obtained in this 

study demonstrate the high predictive value of the analyzes performed with the 

EpiMethEx tool as well as the reproducibility of the results obtained by the highly 

sensitive MSRE-ddPCR methylation analysis protocol here developed. 

Overall, the findings of this study pave the way for the development of novel 

strategies for the identification of diagnostic and prognostic melanoma 

biomarkers. The results obtained so far need to be clinically validated in a series 

of patients with cutaneous melanoma, healthy individuals and individuals at risk 

for this pathology. 
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1. INTRODUCTION 

Cutaneous melanoma is a malignant tumor originating from the neoplastic 

transformation of melanocytes present in the skin layer. Due to its aggressiveness 

and high metastatic power, cutaneous melanoma represents the leading cause of 

death related to skin tumors. Different risk factors are associated with the 

development of cutaneous melanoma; among these, solar UV exposure, family 

history, age and artificial tanning represent the most important ones (Fechete O 

et al, 2019; Bourneuf E, 2017).  

Of note, the development of cutaneous melanoma is associated with the 

accumulation of different somatic mutations as a consequence of DNA damages 

occurring in melanocytes (Testa U et al, 2017). 

Despite melanoma is one of the cancers with the highest mortality rates, a 

diagnosis in the early stages of the disease is associated with a good prognosis 

in 80% of patients who have undergone surgical treatment. On the other hand, 

in patients with a diagnosis of advanced or metastatic melanoma, the prognosis 

is often poor (Pejkova S et al, 2016). In particular, patients with a diagnosis of 

advanced melanoma often develop drug resistance with low overall survival. 

However, in recent years, the development of new targeted therapy strategies 

and the application of new immunotherapy treatments has significantly 

improved patients’ life expectancy (Leonardi GC et al, 2020; Retseck J et al, 

2018). 

From a pathogenetic point of view, cutaneous melanoma originates from the 

abnormal proliferation of melanocytes in the basal layer of the epidermis which 

normally produce melatonin with a protective function towards UV-mediated 

DNA damages (Emri G et al, 2018). In particular, several studies have shown 

how UV rays are able to induce important modifications of the structure of 

different proteins and of the DNA double helix through direct mechanisms or 

indirectly through the production of Reactive Oxygen Species (ROS) (Candido 

S et al. 2014; Zhang M et al. 2012; Hodis E et al. 2012). 

The malignant transformation of melanocytes and the metastatic potential of 

melanoma are related to their embryogenic origins. Indeed, melanocytes 
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originate from the cells of the neural crest. These are multipotent cells that, 

following a cellular process called Epithelium-Mesenchymal Transition (EMT), 

move away from the neural tube to invade the embryo along the vertebral axis 

and migrate to various anatomical sites (Kulesa PM and Gammill LS, 2010). 

EMT is an embryonic mechanism according to which epithelial cells lose most 

of their characteristics and acquire the typical phenotype of mesenchymal cells. 

This process is also involved in the growth and proliferation of tumors (Lambert 

AW et al, 2017; Roche J, 2018). A fundamental hallmark of the EMT process is 

represented by the alteration of the expression levels of transcription factors 

involved in the regulation of genes associated with cell cycle progression, 

proliferation, cell survival (apoptosis).  

Besides genetic alterations, EMT is prompted by several epigenetic 

modifications, of which DNA methylation represents the most studied and 

involved in tumor progression. Therefore, the over-expression of transcriptional 

factors involved in EMT can be also due to DNA methylation phenomena 

affecting these genes. On these bases, the cellular plasticity driven by embryonic 

transcription factors that are reactivated in advanced tumors can be related to 

both genetic and epigenetic alterations and is responsible for the high metastatic 

power of cutaneous melanoma. In this context, DNA methylation is the most 

studied epigenetic modification characterized by the addition of methyl groups 

at the level of the cytosines adjacent to the guanines, the so-called CG sites also 

called CpG islands (Pastushenko I et al, 2018; Nieto MA et al, 2016). As widely 

explained in the following paragraphs, DNA methylation is strongly involved in 

the development and progression of cutaneous melanoma, therefore, studying 

the global DNA methylation status of this tumor and identifying key genes 

affected by DNA methylation could give important diagnostic and prognostic 

information for a better management of this tumor. 

1.1 Cutaneous Melanoma 

Cutaneous melanoma is a malignant tumor that mainly originates from the 

melanocytes of the skin, of the mucous membranes, from those placed in 

extracutaneous areas (such as meninges, inner ear, etc.). In 85% of cases, 

cutaneous melanoma affects the skin. It accounts for 3-5% of all skin cancer, 
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however, it represents the most aggressive tumor among all skin cancers due to 

its invasiveness and high rate of metastasis (Russo AE et al, 2009). According to 

the Globocan cancer observatory of the International Agency for Research on 

Cancer (IARC), in 2020 the number of new melanoma diagnoses for both sexes 

and all ages was about 324,500 with over 57,000 deaths (Sung H et al, 2021). In 

Italy, cutaneous melanoma is the third most common malignancy in young 

people of both sexes. There are several risk factors associated with the 

development of cutaneous melanoma; these are divided into two categories, i.e. 

endogenous risk factors related to intrinsic characteristics of individuals, and 

exogenous factors, mainly related to the environmental and modifiable risk 

factors.  

Except for rarer amelanotic forms (achromic melanoma), cutaneous melanoma 

appears as a pigmented neoformation, expanding on the surface or in-depth of 

skin with a tendency to late ulceration and metastasis formation by lymphatic 

and blood routes. It can arise on healthy skin or on an acquired or congenital 

melanocytic nevus; in rare cases, the onset is metastatic without any evident 

primitive lesions. 

1.1.1 Epidemiology 

As already mentioned, melanoma is a tumor characterized by high mortality 

rates. The incidence of malignant melanoma has increased worldwide during the 

last years as a consequence of different bad habits including excessive tanning 

and the use of tanning beds. Therefore, cutaneous melanoma now represents a 

socio-economic health problem of great importance in different Countries 

(Meyle KD and Guldberg P, 2009). Substantial differences in the incidence rates 

worldwide depend on the geographical area considered as well as taking into 

account ethnicity, sex and age of individuals. In particular, several studies have 

shown that latitude represents a risk factor among individuals of the same ethnic 

group. Indeed, the incidence of cutaneous melanoma increase in decreasing 

latitude due to a difference in atmospheric incidence and absorption of solar UV 

rays (Liu-Smith F et al, 2017). The presence of a “latitude gradient” of cutaneous 

melanoma incidence was already observed in 1956 where higher incidence rates 

for skin melanoma were observed near the equator (Lancaster HO, 1956). This 
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gradient was also evident in the geographical areas adjacent to the equator 

(Aitken JF et al, 2018; Curchin DJ et al, 2018). At present, the “latitude gradient” 

theory was revised as it was observed a reverse gradient in the Countries 

belonging to the temperate zone areas such as Europe, where high incidence rates 

are recorded in Scandinavian countries, while in southern Europe the melanoma 

incidence is lower (Ferlay J et al, 2015). Since the 1960s, the incidence of skin 

cancer has increased in Caucasian populations, so it is clear that melanoma has 

become one of the most common cancers in populations with fair skin 

phototypes (Caini S et al, 2009). Indeed, skin pigmentation plays a protective 

role in the non-Caucasian population (Fajuyigbe D and Young AR, 2016). In the 

United States, melanoma is the fifth most common cancer in men and the sixth 

most frequent in women (Markovic SN et al, 2007). From the U.S. Surveillance, 

Epidemiology and Result Program (SEER), it has been estimated that there are 

approximately 793,283 men and women in the United States with a history of 

invasive melanoma (Rigel DS, 2010). About 80% of cutaneous melanomas that 

arise annually in the world affect the populations of Oceania, North America and 

Europe. As already mentioned, cutaneous melanoma is the third most frequent 

tumor in both sexes in young individuals in Italy (Table 1). As better discussed 

in the following chapter, the risk of onset is linked to genetic, environmental and 

phenotypic factors.  

Table 1. Cutaneous melanoma epidemiological data in Italy (AIRTUM 2020) 

 

1.1.2 risk factors 

Several studies have demonstrated that several individual and environmental 

factors are associated with a higher risk of the development of cutaneous 

melanoma (Kulichová D et al, 2014). Among these risk factors, excessive sun 

Prevalence

In 2020 were provided about 14.900 new diagnosis of skin melanoma.
(Men = 8.100; Women = 6.700)

2.065 deaths, 1193 in men and 872 in women 

85% in men, 89% in women

There are 169.900 people living in Italy after a diagnosis of skin melanoma.
(men = 80.100; women = 89.800) 

Incidence

Mortality

Five-year survival rate

Ten-year survival rate

Cutaneous Melanoma

90% in men, 91% in women
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exposure can cause DNA damage due to the damaging effects of UV rays able 

to directly or indirectly induce genetic alterations. In particular, UV rays play a 

fundamental role in the etiology of melanoma determining the formation of free 

radicals that in turn induce the modification of the DNA and protein structure 

(Candido et al, 2014; Zhang et al, 2012; Hodis et al, 2012). 

Melanoma risk factors can be distinguished into two different categories that are 

“Acquired and Environmental risk factors” and “Host-related risk factors”. 

These latter can be also divided into “Demographic and Phenotype risk factors” 

and “Familial, genetic and epigenetic risk factors” (Figure 1) (Azoury SC and 

Lange JR, 2014). 

Figure 1. Schematic representation of melanoma risk factors (From Azoury SC and 

Lange JR, 2014). 

Among the host-related individual risk factors, the most important are 

represented by the number of melanocytic nevi, fair phototype, genetic 

susceptibility and family history. It was widely demonstrated that the number of 

nevi is the most important predisposing factor for melanoma development 

independently from their size and anatomical distribution. Indeed, a considerable 

percentage of cutaneous melanoma (about 20-25%) origins from preexisting 

nevus (Alendar T and Kittler H, 2018). In particular, the risk of melanoma 

increases proportionally to the increment of the number of nevi as well as their 

the size and shape (İyidal AY et al, 2016; Pergoli L et al, 2014; Goldstein AM 

and Tucker MA, 2013). A broad review of the literature revealed that the 

presence of more than 100 melanocytic nevi or 5 atypical nevi is associated with 

Risk Factors for Cutaneous Melanoma

Acquired &
Environmental

Phenotype &
Demographic

Host-Related
Risk Factor

Familial, genetic
and epigenetic

Sun Exposure Obesity

Artificial
UV radiation

Weakened
immune system

Age >65 &
male sex

Number
of nevi

Ethnicity Fair-skin

miRNA Mutation

Family History
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a 7-fold and 6-fold increment of melanoma risk. A similar increment in the risk 

of melanoma development is associated with the presence of a single atypical 

nevus or larger and giant nevi (>5 mm and >20 mm) (Rastrelli M et al, 2014). 

Another individual risk factor is represented by the family history, i.e. the 

presence of a close relative with a past diagnosis of melanoma. Although the 

reasons behind a higher risk of melanoma development in individuals with a 

family history are not fully understood, recent studies showed that melanoma 

inheritance may be linked to a clear pattern of autosomal dominant mutation and 

polymorphisms. Among the germline mutations mostly associated with the 

development of cutaneous melanoma, inherited mutations affecting the 

CDKN2A, CDK4 and MC1R were frequently found in melanoma (Udayakumar 

D et al, 2010). Other mutations affect genes involved in the DNA repair 

mechanisms and in the regulation of the cell cycle including the breast cancer 1 

(BRCA1), BRCA1-associated protein 1 (BAP1), and telomerase reverse 

transcriptase (TERT) (De Simone P et al, 2017). Overall, the inherited cutaneous 

melanoma accounts for about the 10% of all melanomas. Individuals with a 

relative with a previous diagnosis of melanoma have a 2-fold higher risk of 

developing the same tumor (Soura E et al, 2016). Familiar melanoma generally 

occurs at a younger age with multiple primary lesions.  

Inherited melanoma can be also associated with different genetic syndromes 

such as Lynch syndrome, RB1 defects, and Li-Fraumeni syndrome (Bruno W et 

al, 2016; Curiel-Lewandrowski C et al, 2011). Finally, a melanoma-specific 

syndrome is the Familial Atypical Multiple Mole Melanoma (FAMMM) 

syndrome characterized by the onset of numerous atypical moles. Individuals 

with FAMMM are a 15-fold increased risk of developing melanoma, especially 

in presence of more than ten atypical nevi (Lynch HT and Shaw TG, 2016). 

Other individual risk factors are phenotypic features including red and blond 

hair, blue or green eyes, fair skin, freckles and sun sensitivity. All these 

characteristics determine the so-called lower skin phototype associated with an 

increased risk of melanoma (Grigore M et al, 2018). In particular, a sensitive 

skin is more susceptible to sunburn and genotoxic damages induced by UV rays 

(Pinault L and Fioletov V, 2017). In these individuals frequent dermatological 
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screenings are needed in order to early detect atypical nevi thus preventing the 

neoplastic transformation of nevi. 

Other risk factors are represented by sex, age and ethnicity. In particular, male 

Caucasian individuals over the age of 65 and of Caucasians are the most 

predisposed to the development of melanoma (Ward-Peterson M et al, 2016; 

Kosary CL et al, 2014). 

Interestingly, several studies have demonstrated how epigenetic alterations can 

be responsible for the development of melanoma. In particular, it was 

demonstrated how some miRNA and DNA methylation phenomena may be used 

as indicators for the assessment of melanoma risk (Shen J et al, 2017; Varamo C 

et al, 2017; Gomez-Lira M et al, 2015). Finally, another risk factor of 

fundamental importance for melanoma development is represented by somatic 

mutations, which will be extensively discussed in the next section. 

Besides all these host-related unmodifiable risk factors, the development of 

melanoma is strongly associated with a plethora of environmental risk factors 

that if recognized could be corrected thus reducing the risk of developing 

melanoma. Among the environmental risk factors, solar UV exposure is the most 

important risk factor and the first recognized for the development of melanoma 

(Elwood JM and Lee JA, 1974). 

A growing body of evidence has demonstrated the close relationship between 

UV exposure and melanoma development due to the genotoxic effects induced 

by these radiations (Martens MC et al, 2018; Reichrath J and Rass K, 2014). 

More recently, it was demonstrated that intermittent sun exposure is more 

harmful compared to chronic sun exposure as tanning protects the skin from UV 

rays. On the contrary, sunburns due to intermittent and acute sun exposure are 

able to induce several genetic damages to exposed cells (Pinault L and Fioletov 

V, 2017; Behrens CL et al, 2013).  

Besides solar UV exposure, since the 1970s another unhealthy habit has 

worsened the damages induced by UV rays. Indeed, due to the use of tanning 

beds, which use artificial sources of UV rays to tan the unprotected skin, the 

incidence of cutaneous melanoma increased significantly in this population 

(Boniol M et al, 2012). At present, the UV rays of tanning beds are considered a 
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recognized risk factor for the development of melanoma and exposed individuals 

have a 75% increased risk of contracting melanoma (IARC, 2007). It has also 

been shown that the risk of developing cutaneous melanoma increases with the 

increase in the number of sunbed tanning sessions (Boniol M et al, 2012). 

As environmental factors, chronic and/or intermittent solar UV exposure and the 

use of tanning beds are modifiable risk factors, therefore primary prevention 

campaigns could reduce these risk factors especially in young individuals with 

15-50 years old. In this context, the use of protective creams represents an 

effective strategy to reduce sunburns and in turn the risk of the development of 

melanoma.  

UV rays are also able to compromise the immune system through indirect 

mechanisms. Primary or secondary immune deficiencies are also considered risk 

factors for tumors, including cutaneous melanoma; in patients treated with 

chemotherapy or who experienced organ transplant, excessive sun exposure or 

infectious or chronic diseases (HIV/AIDS or lymphoma), the risk of melanoma 

is increased (Robbins HA et al, 2015). Behind this increased risk, 

immunosuppression induces a lower cancer control towards dysplastic cells, 

therefore, aberrating cells are not eliminated and accumulate genomic mutations 

acquiring a neoplastic behavior. Some studies have demonstrated that 

immunosuppression due to organ transplantation leads to an increased risk of 

development of cutaneous melanoma many years later the transplantation 

(Ascha M et al, 2017; Fattouh K et al, 2017).  

Other modifiable risk factors are represented by obesity and body mass index 

(BMI) already associated with the development of different tumors (Stone TW 

et al, 2018). As regards cutaneous melanoma, the role of obesity has not been 

fully clarified yet. In a well-detailed meta-analysis, Sergentanis et al. revealed 

that high BMI increases the risk of melanoma in both sexes especially in male 

individuals (Sergentanis TN et al, 2013). Mor recently, another study refused the 

results obtained by Sergentanis and colleagues demonstrating that obesity and 

high BMI correlates with positive outcomes in male patients with metastatic 

melanoma receiving immunotherapy and targeted therapy, while patients treated 

with standard chemotherapy have a worse prognosis when obese. For female 
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patients the BMI was irrelevant in predicting the therapeutic efficacy of targeted 

therapies and immunotherapy (Hayes AJ and Larkin J, 2018; Fang S et al, 2017). 

1.2 Clinical and Molecular Features of Cutaneous Melanoma 

The classification of cutaneous melanoma is based on the observation of 

different morphological and clinical characteristics. From a macroscopic and 

morphological point of view, cutaneous melanoma can be divided into flat or 

nodular melanoma. Flat melanoma is a pigmented lesion with an irregular shape 

and well-defined but irregular margins. The color is often inhomogeneous color 

ranging from pink to dark brown or blue color and dimensions over 6 mm. The 

spreading of this form of melanoma is often horizontal maintaining the flat 

thickness and invading only the epidermis. These tumors are often in the limbs 

of women and in the trunk of men, although melanoma can be found in both 

sexes in each anatomical site. At present, flat melanoma is the most diagnosed 

in the population thanks to the screening programs and the informative 

campaigns against skin cancers (Miller AJ et al, 2006; Russo A et al, 2014).  

As regards nodular melanoma, also defined as raised melanoma, they form 

nodular lesions raised above the skin layer. This kind of tumor could be 

pigmented or achromatic with a smooth surface that often can be ulcerated or 

present squamous crust. It is often diagnosed in male individuals (Russo A et al, 

2014). 

Considering the histological and clinical features, cutaneous melanoma can be 

divided into 4 categories: superficial spreading melanoma, lentigo maligna 

melanoma, acral melanoma and nodular melanoma (Shain AH and Bastian BC, 

2016):  

- Superficial Spreading Melanoma (SSM) represents about 70% of all melanoma 

diagnoses and it is often diagnosed at an early stage. This form of melanoma is 

directly associated with acute and intermittent sun exposure. The clinical 

presentation of SSM is a flat lesion of different colors (brown, black, violet, gray 

and in some cases blue). It is often diagnosed in the legs of women and or backs 

of men (Greenwald HS et al, 2012). In general, the prognosis of SSM is good 

when the lesion is diagnosed in a non-advanced stage as the surgical resection 
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followed by pharmacological treatment is curative in the majority of cases 

(Carrera C et al, 2017). 

- Lentigo Maligna Melanoma (LMM) is a rare form of melanoma accounting for 

about 7-15% of cutaneous melanomas. This lesion is often diagnosed in elderly 

patients as a result of chronic and prolonged sun exposure. From a clinical point 

of view, this cancer shows a variety of colors including black or brown on a tan 

background and it is the result of the neoplastic transformation of pigmented 

cells within the papillary dermis occurring in long periods of 20-30 years. LMM 

is characterized also by large dimensions and irregular margins which can extend 

on the whole face or neck of the patients. The malignant proliferation is often 

localized in the basal layers of the epidermis (Markovic SN et al, 2007).  

- Acral Lentiginous Melanoma (ALM) is less frequent compared to SSM, 

however, it is often diagnosed in Asian, Hispanic and African patients compared 

to those of Caucasian ethnic group who often develops SSM or nodular 

melanoma. ALM is often diagnosed in elderly patients, especially in women. It 

is mainly found in the extremities of upper and lower limbs, in the skin adjacent 

digits, palms and soles; it usually involves the nail bed of the great toe or thumb 

(Nakamura Y and Fujisawa Y, 2018; Myles ZM et al, 2012).  

- Nodular Melanoma (NMM) is the most aggressive form of melanoma. It 

accounts for 5% of all melanomas frequently affecting the trunk and limbs of 

patients aged between 50 and 60 years of male individuals. It affects 

preferentially males than women. When diagnosed in an advanced stage, NMM 

is often and could invade the basal layers of skin and is characterized by a 

vertical growth phase (Ciarletta P et al, 2011). From a morphological point of 

view, NMM is a nodular formation of dark brown or blue-black color. The 

morphological features vary from a smooth surface to ulcerated polyps o with 

irregular margins. Similar to SSM, also nodular melanomas are associated with 

acute intermittent UV sun exposure (Green AC et al, 2018). This form of tumor 

is characterized by an intraepidermal growth through the invasion of the skin 

layers until the blood and lymphatic vessels which facilitate the metastatic 

dissemination of cutaneous melanoma (Erkurt MA et al, 2009). 
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Another uncommon form of melanoma is represented by balloon cell melanoma, 

myxoid melanoma, osteogenic melanoma, rhabdoid melanoma and desmoplastic 

melanoma (Rongioletti F and Smoller BR, 2005). This latter form is diagnosed 

in elderly patients> 65 years old and it is often diagnosed on the head and neck 

or mucosal sites. The main characteristic of desmoplastic melanoma is the 

amelanotic structure. This form of melanoma can also invade nerves and it is 

characterized by a high relapse rate due to its perineural invasion (Khan F et al, 

2017). 

1.2.1 Staging and classification of cutaneous melanoma 

At present, the American Joint Committee on Cancer (AJCC) staging system is 

the most used classification method worldwide. This system is constantly 

updated adding novel molecular and clinical findings obtained in recent years, 

such as the presence of activating mutations affecting the BRAF gene. The AJCC 

system classifies cutaneous melanoma according to the TNM scoring parameters 

that are tumor size (T), lymph node involvement (N) and presence of metastases 

(M) (Keung EZ and Gershenwald JE, 2018). This system classifies melanoma 

into four groups according to tumor dimensions and. More recently, the AJCC 

classification added two important parameters useful to assess the invasiveness 

of melanoma that are the Clark’s level and the Breslow depth index (Keung EZ 

and Gershenwald JE, 2018). 

More in detail, the Clark's Level is a staging system that is used to measure the 

epidermal invasion of melanoma determining the skin thickness invaded. This 

index is used together with the Breslow's depth index. Clark’s system was 

formulated in the early 1960s by Wallace H. Clark Jr. and is currently adopted 

(Clark WH Jr. et al, 1969). According to this staging system, there are 5 levels 

of invasion where the higher levels correlate with a worse prognosis:  

Level 1. Melanoma in situ limited to the epidermis surface; 

Level 2. Invasion of the papillary dermis; 

Level 3. Invasion to the junction of the papillary and reticular dermis 

Level 4. Invasion into the reticular dermis 

Level 5. Invasion into the subcutaneous fat. 
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As regards the Breslow’s depth index, it was developed by Alexander Breslow 

in 1970 (Breslow A, 1970). The Breslow’s depth measures the tumor thickness 

by evaluating the entire melanoma bulk after an excisional biopsy. According to 

the tumor thickness, there are 5 different stages of Breslow’s depth: 

Stage I. less or equal to 0.75mm; 

Stage II. 0.76 mm - 1.50mm; 

Stage III. 1.51 mm - 2.25mm; 

Stage IV. 2.26 mm - 3.0mm; 

Stage V. greater than 3.0 mm. 

As described for the Clark’s levels, a higher stage is related to higher tumor size 

and a worse prognosis due to the infiltration of the subcutaneous tissues as well 

as vessels. Therefore, higher Breslow’s depth index correlates with a worse 

prognosis for patients and could be predictive of the development of metastasis 

(Stiegel E et al, 2018; Breslow A, 1970). 

1.2.2 Molecular alterations in cutaneous melanoma 

For the correct classification of cutaneous melanoma, it is also important to 

evaluate the molecular alterations harbored by neoplastic cells that could be 

useful to clinicians to establish the prognosis of patients and to define the 

therapeutic schedule.  

Of note, the malignant transformation of melanocytes is sustained by the 

accumulation of several genetic alterations affecting different cellular and 

molecular pathways involved in the regulation of cell cycle and apoptosis 

(Jackett LA and Scolyer RA, 2019; Palmieri G et al, 2015). 

As already mentioned, the DNA damages accumulated by melanocytes are often 

driven by UV rays exposure able to alter the double-strand structure of DNA 

(Schuch AP et al, 2013; Petersen B et al, 2014). Such damages can be direct or 

indirect. In particular, UVA and UVB radiations are able to induce the formation 

of pyrimidine dimers or the methylation of cytosine residues that lead to the 

fragmentation of the DNA molecule. Such mutations affect often TP53 gene 

involved in the maintenance of cellular homeostasis and DNA repair 

mechanisms (Choi YS and Fisher DE, 2014).  
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Solar UV radiations are also responsible for the development of single-strand 

breaks (Cadet J et al, 2015), DNA oxidative damages with the formation of 8-

oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) (Ravanat JL et al, 2014) and 

protein-DNA crosslinks (Nakano T et al, 2016).  

All these UV-induced mutations can alter the structure of several genes involved 

in melanoma development. Among the most frequently mutated genes there are 

those belonging to the MAPK and PI3K/Akt pathways as well as genes involved 

in the Kit receptor signaling pathway (Leonardi GC et al, 2018; Hodis E et al, 

2012).  

Numerous studies on the genomic 'landscape' of cancer (Hodis E et al, 2012; 

Zhang T et al, 2016) and more recent data from The Cancer Genome Atlas 

(TCGA) project have revealed that cutaneous melanoma has a very high 

frequency of somatic mutations produced by UV radiation's mutagenic effects. 

As regards activating mutations affecting the MAPK pathway, the most common 

mutation is that affecting BRAF gene. About 60% of cutaneous melanoma 

harbor an activating mutation affecting the BRAF gene leading to the 

constitutive activation of the MAPK pathway and consequently to the abnormal 

proliferation of pre-malignant melanocytes (Wellbrock C, 2014; Fowles JS et al, 

2015). More in detail, BRAF is a serine/threonine kinase regulated by RAS, 

which is involved in the regulation of cell proliferation. Mutations affecting 

BRAF are responsible for the constant activation of RAS and RAF proteins and 

in turn to the activation of different transcription factors including MEK and 

ERK (Russo AE et al, 2015). BRAF mutations are involved in the development, 

and progression of tumors and represents early events of neoplastic 

transformation, however, BRAF mutations alone are not sufficient for the 

development of tumors as also benign nevi often harbor this kind of mutations 

(Kanitakis J et al, 2010). For the development of melanoma other driver and 

passenger mutations are needed to have a malignant phenotype (Dhomen N and 

Marais R, 2007). 

As mentioned above, about 60% of melanomas have an activating mutation of 

BRAF mutation (Ruiz-Garcia E et al, 2018), More than 90% of these mutations 

affect the 600 codon codifying for valine, this mutation is known as 
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BRAFV600E mutation (1799 T>A; codon GTG>GAG) leads to a Valine-

Glutamic Acid change. Another common mutation affecting BRAF is the 

BRAFV600K, accounting for 5-6% of BRAF mutations, where Valine is 

substituted with Lysine. This mutation represents about 5-6 % (GTG > AAG) of 

all BRAF mutations (Long GV et al, 2011; Ascierto PA et al, 2012) (Figure 2). 

Figure 2. Frequency of BRAF mutations in cutaneous melanoma. 

The mechanisms behind the development of BRAF mutations are not clearly 

understood. Indeed, different studies hypothesized a possible involvement of 

solar UV rays, however, recently it was demonstrated that such mutations are 

mostly observed in patients with intermittent sun exposure and not in individuals 

with chronic UV exposure (Candido S et al, 2014). Other studies demonstrated 

that BRAF positive melanoma was highly represented in patients with a history 

of high UV exposure (Thomas NE et al, 2007) while no BRAF mutation was 

detected in UV-protected mucosal melanoma (Edwards RH et al, 2004). All these 

studies highlighted a potential correlation between chronic and intermittent sun 

exposure and mutations in the BRAF gene, however, further studies are needed 

to elucidate the precise molecular mechanisms.  

Based on the pivotal role of BRAF mutations in the development of melanoma, 

several targeted therapies have been developed to target overactivated BRAF. 

The currently adopted targeted therapies are that of Dabrafenib and Vemurafenib 
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that are effective in the treatment of advanced melanoma, however, a significant 

fraction of tumors often develops drug resistance mechanisms that lead to 

therapeutic failure. These drug resistance mechanisms are related to the 

accumulation of other driver mutations affecting key genes involved in the 

PI3K/Akt pathway responsible for the alteration of the cell cycle and the further 

proliferation of cancer cells (Figure 3). These different routes of cancer 

progression represent important molecular targets for the development of 

combined targeted therapies to be used for the treatment of different neoplasms 

(Deken MA et al, 2016; McCubrey JA et al, 2012). 

 

Figure 3. Ras-Raf-MEK-ERK and PI3K/PTEN/AKT/mTOR signal transduction 

pathway involved in melanoma. 

Another gene frequently mutated in cutaneous melanoma is NRAS. This gene is 

involved in different signaling pathways including that of MAPK and PI3K/Akt 

(Leonardi GC et al, 2018). Sun exposure is recognized as a well-established risk 
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factor for NRAS mutation at codon 61 through the fusion of two residues of 

thymine in dipyrimidine sites after the exposure to direct UV rays (Curtin JA et 

al, 2005; Keijzer W et al, 1989). Often NRAS mutations are found in patients 

with xeroderma pigmentosum both at dipyrimidine sites or in neighboring 

regions always after UV sun exposure further highlighting the pathogenetic role 

of chronic and intermittent sun exposure for skin diseases (Laughery MF et al, 

2020). 

As mentioned, RAS proteins are involved in the regulation of the MAPK 

pathway through the regulation of the Ras-Raf-MEK-ERK axis. However, RAS 

proteins are also involved in the indirect regulation of collateral signaling 

pathways like the PI3K/Akt pathway. In particular, RAS could activate the 

catalytic subunit of PI3Ks inducing their activation (McCubrey JA et al, 2012). 

Phosphatidylinositol-3-kinase (PI3K) is a heterodimeric protein with an 85-kDa 

regulatory subunit and a 110-kDa catalytic subunit (PIK3CA) (McCubrey JA et 

al, 2011; Steelman LS et al, 2011). Notably, PI3K is involved in several cell 

regulatory mechanisms through PIP2>PIP3 phosphorylation leading to a signal 

transduction cascade that activates several proteins, such as protein kinase AKT. 

PI3Ks are divided into three classes of which the most studied and expressed in 

humans is the class I PI3K which is often altered in different pathologies 

including that of cancer. Alterations affecting class I PI3K are responsible for the 

constitutive activation of AKT and in turn to abnormal proliferation of cancer 

cells and loss of apoptosis (Hafsi S et al, 2012; Cui W et al, 2014). More in detail, 

AKT act as a transcription factor for genes involved in the proliferation, survival 

and cell growth. Among the PI3K mutations, these affecting the PIK3CA 

catalytic subunit are the most widely associated with cancer development or with 

patients’ worse prognosis (Fang WL et al, 2016; Davis NM et al, 2014). The most 

frequent mutations are the PIK3CA H1047R, E542K and E545K, all mutations 

involved in the onset of drug resistance mechanisms in cutaneous melanoma 

(Russo A et al, 2014). In particular, such mutations are associated with the 

development of BRAF inhibitor drug resistance, therefore combined treatments 

using both BRAF and PIK3CA inhibitors are currently under investigation 

(Sweetlove M et al, 2015; Van Allen EM et al, 2014). Contrary to the previously 
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described mutations, there are no studies demonstrating the correlation between 

sun exposure and the development of PIK3CA mutations, therefore, these 

mutations could be the results of adaptative survival mechanisms played by 

tumor cells under treatments. Another mutation within the PI3K/Akt pathway is 

that of PTEN. In this case, PTEN mutations lead to a loss of function and 

consequently to the inactivation of this protein. In 62% of cases, PTEN 

dysfunction can be due to epigenetic alterations like promoter hypermethylation 

(Cabrita R et al, 2020). In general, mutation affecting BRAF are mutually 

exclusive with other mutations affecting master genes like PTEN or NRAS. 

Other mutations can be found in the KIT gene. It encodes for a tyrosine kinase 

transmembrane receptor able to recognize stem cell growth factor SCF. The 

constitutive activation of c-KIT due to gene mutation is responsible for the 

constitutive activation of this intracellular signaling pathway which induces cell 

proliferation and cell growth as well as promotes tumor invasion, metastasis and 

the loss of the apoptotic processes. This signaling pathway is normally active 

during embryogenesis and in particular during the migration of the embryonic 

folds and the migration of cells. In tumors, including cutaneous melanoma, c-

KIT is reactivated in more than half of early-stage melanomas when the tumor 

cells are ready to migrate and form distant metastases. After the formation of 

metastases, mutations of c-KIT are lost. Finally, c-KIT is involved in the 

activation of several signaling pathways and in particular the PI3K/Akt pathway 

(Pham DDM et al, 2020). 

Besides all these somatic mutations occurring during the life of individuals, there 

are also several germline mutations predisposing for the development of 

cutaneous melanoma. Among these mutations, those affecting the CDKN2A and 

CDK4 are of particular importance as these two genes are strongly involved in 

cell proliferation, therefore, they are found in dysplastic nevi or melanoma 

occurring in young people (Udayakumar D. et al, 2010). More in detail, 

CDKN2A favors the expression of several proteins, including INK4/p16, which 

prevents RB phosphorylation by CDK4 and CDK6, thereby preventing 

promotion of the G1-S transition (Karim RZ et al, 2009; Soto JL et al, 2005). 

CDKN2A induces also the overexpression of ARF/p14, which in turn binds 
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MDM2 preventing ubiquitination of p53 by MDM2 and its subsequent 

degradation (Lewis JM et al, 2002). Therefore, such germline mutations 

inactivate the INK4/p16 tumor suppressor axis predisposing cells to neoplastic 

transformation. In 20-40% of melanoma cases, these mutations are germline 

mutations, however, in the majority of cases, CDKN2A mutations can be 

accumulated during the lifetime by somatic cells. More in detail, the activation 

of p53 is the first step in the process of melanin production following sun 

exposure. The over-expression of TP53 exerts protective mechanisms towards 

cells. Therefore, a decrement of p53 protein levels due to the inactivation of 

CDKN2A and the consequent over-expression of MDM2 is often observed in 

melanoma. In addition, also TP53 inactivation due to genetic mutations or 

epigenetic deregulation is observed in melanoma (Lu M et al, 2014; de Polo A 

et al, 2017). 

Other germline mutations affect genes involved in DNA repair mechanisms. 

Among these genes, BAP1 mutations are associated with higher rates of BRCA1 

ubiquitination; therefore, degraded BRCA1 leads to a dysregulation of the DNA 

repair mechanisms and consequently to the accumulation of different mutations 

(Jensen DE et al, 1998). BAP1 mutations are frequently observed in cutaneous-

ocular melanoma (Njauw CN et al, 2012). 

In some melanomas, it was demonstrated the presence of somatic activating 

mutations affecting TERT gene, which encodes the catalytic subunit of 

telomerase that is involved in the immortalization of cancer cells and in the 

reduction of cell senescence due to telomerase loss. Often TERT mutations are 

found in individuals with chronic or intermittent sun exposure (Demenais F et 

al, 2010). 

In addition, many germline mutations occur in melanin biosynthetic genes. 

MCR1 encodes a G-protein receptor that activates adenyl cyclase, which in turn 

binds a melanocyte-stimulating hormone and increases MITF expression 

(Microphthalmia-associated Transcription Factor) (Sturm RA et al, 2014; Davies 

JR et al, 2012). In particular, MITF is involved in the transcription of different 

genes responsible for the correct differentiation of melanocytes protecting 

melanoblasts from UV-mediated DNA damages and regulating the migration of 
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cells during embryogenesis (Yokoyama S. et al, 2011; Bertolotto C. et al, 2011). 

In the pathogenesis of melanoma, MITF may be mutated at the germline and 

somatic levels. 

Finally, other molecular alterations frequently associated with melanoma 

aggressiveness are related to the alteration of the expression levels of several 

factors, and in particular of matrix metalloproteases (MMPs), i.e., zinc-

dependent endopeptidases primarily involved in extracellular matrix remodeling 

(Napoli S et al, 2020). Among MMPs, the most involved in melanoma 

progression are MMP-2 and MMP-9 whose expression correlates positively with 

higher invasion rates and metastatic spread and in turn to lower survival (Salemi 

R et al, 2018). In particular, MMP-9 expression is increased during the horizontal 

growth phase of melanoma therefore it is one of the first dysregulated factors 

identified in early melanoma. In addition, MMP-9 overexpression is often 

correlated with the presence of activating mutations affecting the PI3K/Akt 

pathway (Bertolotto C, 2013; Garg M., 2013). More recently, it was also 

demonstrated how epigenetic phenomena are able to alter the expression levels 

of MMPs and in particular MMP-9. Among these alterations the dysregulation 

of several miRNAs can lead to the dysregulation of MMPs (Napoli S et al, 2020); 

similarly, hypermethylation phenomena occurring in the intragenic portion of 

MMP9 are responsible for its overexpression and a more aggressive tumor 

phenotype (Falzone L et al, 2016). Based on these mutational patterns, cutaneous 

melanoma could be divided into three main molecular subgroups (Table 2). 

Table 2. Molecular subtypes of cutaneous melanoma. 
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1.2.3 Diagnosis of cutaneous melanoma 

The survival rates of melanoma patients are strongly correlated with the time of 

the diagnosis and the dimension of tumors. The early identification of 

precancerous lesions or stage I melanoma is associated with a good prognosis as 

the surgical resection of the lesion is curative in the majority of cases. In the case 

of early diagnosis, the surgical and pharmacological treatments are able to 

significantly improve the 5-year survival of patients. The diagnosis of cutaneous 

melanoma is relatively easy due to the exterior presentation of the lesions in the 

external skin layers. Therefore, dysplastic nevi or early melanoma can be easily 

detected by using non-invasive or less-invasive approaches. Thanks to the 

surveillance strategies and several preventive campaigns against melanoma, 

especially in summer, at present there is a better awareness of this disease thus 

people started to skin self-examination and use protective systems like sun 

creams. Although skin self-examination is of particular importance, the clinical 

examination performed by a dermatologist still represents the gold standard for 

the diagnosis of melanoma. 

As regards skin self-examination, it represents the most simple and convenient 

screening method for the early identification of melanoma (Rigel DS et al, 2010). 

Self-examination is of particular importance as before the prevention campaigns 

cutaneous melanoma was often diagnosed in an advanced stage or when 

metastases were already present. However, in the last years, a growing number 

of individuals are able to recognize morphological signs suspicious for the 

development of cutaneous melanoma thus requiring a clinical visit made by a 

dermatologist (Rigel DS et al, 2010). At the basis of the self-examination there 

is the so-called ABCDE self-diagnosis system developed in 1985. This system 

is useful to evaluate five different morphological or clinical signs typical of 

precancerous lesions. In particular, “A” means asymmetry, “B” means the shape 

of the border, “C” means color, “D” means diameter and finally “E” stands for 

evolution of the lesion (Tsao H et al, 2015; Abbas Q et al, 2013). The ABCDE 

self-diagnosis system is particularly useful for people or clinicians specialized 

in non-dermatological areas in order to discriminate benign nevi from potentially 
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malignant lesions and to send patients to specialists to begin the most appropriate 

therapeutic strategy in a timely manner. 

Another self-diagnosis method is the Glasgow 7-point checklist including three 

main criteria about the size, shape and color of nevi plus four additional minor 

criteria about the diameter of 7 mm or greater, the presence of inflammation, 

sensory change and the presence of crust or blood (Glazer AM et al, 2017). 

However, this system is not widely used by the general population as it is most 

difficult to learn compared to the ABCDE method. 

Besides these self-examination strategies, the gold-standard method to correctly 

diagnose a cutaneous melanoma is represented by a dermatological examination 

performed by a trained dermatologist. Melanoma diagnosis is mainly based on 

the use of light beams and optical instruments to better display the features of 

nevi. In particular, dermoscopy is a non-invasive diagnostic technique for the 

external observation of the skin. This technique is based on the use of 

dermatoscope or epiluminescent microscopes used for the direct observation of 

the skin lesions to magnify and better observe the details of the lesion for a 

correct and timely diagnosis of cutaneous melanoma (Mataca E et al, 2018). 

Extending the use of dermatoscopy to the whole body it is possible to obtain a 

total-body map of nevi collecting different images. This strategy is particularly 

useful to monitor the evolution of suspicious lesions during the time thus early 

identifying normal nevi that progress to precancerous lesions or melanomas. 

Another recent strategy used for the early diagnosis of melanoma is represented 

by Reflectance Confocal Microscopy (RCM) which is used to evaluate the 

progression of melanocytic nevi over the time. This strategy uses a laser and 

gives more accurate images of the structure of the nevi. Overall, the advantages 

obtained thanks to these non-invasive imaging tools are the improvement of 

diagnostic accuracy, the selection of lesions that should be biopsied in vivo and 

the assessment of the surgical area (Mataca E et al, 2018). 

Besides these non-invasive diagnostic strategies, the correct diagnosis of 

cutaneous melanoma is performed also by the pathologist who evaluates the 

histological features of melanocytes thus establishing their malignant potential. 

However, no effective humoral biomarkers are available for the effective 



 

 22 

diagnosis of this tumor or to define the prognosis of the patients. Some studies 

have tried to identify biomarkers for this pathology, however, inconclusive 

results were obtained. Among the currently used biomarkers there is the S100B 

protein, used in immunohistochemistry to highlight malignant melanoma cells. 

S100B, together with LDH, has been recently used as prognostic serum 

biomarkers (Wagner NB et al, 2018). Other studies have tried to evaluate the 

diagnostic and prognostic significance of circulating tumor DNA and circulating 

mutations, however, these studies need further validation (McEvoy AC et al, 

2019; Salemi R et al, 2018). 

1.2.4 Therapeutic approaches for cutaneous melanoma 

The therapeutic strategies adopted for the treatment of cutaneous melanoma 

depend on different clinical-pathological features of patients including age and 

health status as well as the type of tumor, the site of origin and the stage of the 

disease. The surgical treatment represents the most effective treatment and the 

first therapeutic choice in almost all cases. However, for advanced or metastatic 

melanoma often it is not possible to remove the tumor bulk. Anyway. After 

surgical removal of melanoma the patients often undergo photodynamic therapy, 

chemotherapy, radiotherapy or targeted therapy and immunotherapeutic 

protocols to ensure complete removal of tumor cells (Figure 4). 
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Figure 4. Targeted therapies and immunotherapy for the treatment of cutaneous 

melanoma. 

As already stated, surgical excision represents the gold-standard treatment for 

the cure of skin cancer. Dermatological excision is frequently used also to 

remove suspected lesions performing excisional or incisional biopsies that are 

subsequently evaluated through histopathological analyses. In case of large skin 

resection, plastic surgery can be also used to reconstruct the wound with skin 

flaps or grafts. Plastic surgery is also used in case of surgery of the eyelids, lips 

or nose in order to repair these tissues for both aesthetic and functional purposes 

(Campagnari M et al, 2017). 
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Major surgery is mainly performed for the treatment of melanoma with big 

dimensions or that have invaded the subcutaneous tissues. In these cases, the 

primary tumor and the sentinel lymph nodes are removed and, when indicated, 

also the distal metastases that limit vital functions are removed. In presence of 

neoplastic cells within the sentinel lymph node all the other loco-regional lymph 

nodes are removed. The presence of positive lymph nodes or distant metastases 

represents a negative prognostic factor for patients and further pharmacological 

treatments are needed (Ciarrocchi A et al, 2017). 

The pharmacological strategies for the treatment of cutaneous melanoma are 

based on the use of different drugs that can be used depending on the type of 

tumor, its biological and molecular features the involvement or absence of lymph 

nodes and/or metastases in other organs (Leonardi GC et al, 2018). 

The use of standard antiblastic chemotherapeutic agents was considered the 

standard pharmacological approach until 2010. Chemotherapy is based on the 

use of substances with cytotoxic effects towards cancer cells, and to a lesser 

extent towards normal cells. These are very toxic agents acting mainly on with 

a high turn-over including that of the bone marrow and gastric and intestinal 

mucosa. At present, standard chemotherapy is rarely used for the treatment of 

melanoma because the low chemosensitivity of malignant melanocytes and only 

local-regional treatments are used to treat particular neoplasms (e.g. limbs or 

extremities of limbs) to increase the concentration of the drugs in these sites 

(Falzone L et al, 2018). 

At present, standard chemotherapy is widely substituted by targeted therapy 

which represents the gold-standard pharmacological method for the treatment of 

cutaneous melanoma. Targeted therapy is used for the treatment of melanoma 

harboring specific molecular alterations used as pharmacological molecular 

targets. The use of targeted drugs towards these mutated proteins is very effective 

in reducing the growth and proliferation of cancer cells with lower side effects 

compared to standard chemotherapy (Long GV et al, 2017). Notably, targeted 

therapy can be used only if the tumor is positive for certain gene mutations, 

therefore, before starting the treatment it is fundamental to perform biomolecular 

investigationstoo establish which mutations are present in the tumor bulk. 
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The use of novel targeted therapies for the treatment of advanced melanoma has 

significantly improved the prognosis of patients with melanoma as well as their 

quality of life (Long GV et al, 2017). As regards the currently approved targeted 

therapies for the treatment of melanoma, these selective inhibitors towards the 

mutated forms of BRAF and MEK. In particular, two selective inhibitors of 

BRAF have revolutionized the effectiveness of melanoma anticancerr 

treatments, i.e. Dabrafenib, Vemurafenib and Encorafenib, used for the treatment 

of patients harboring the BRAFV600E mutation (Leonardi GC et al, 2018; Long 

GV et al, 2017). In addition to these two drugs, in cases of advanced melanoma 

combined treatments with both BRAF and MEK inhibitors are used. Among 

these latter, the most used are Trametinib, Cobimetinib and Binimetinib which 

have shown an increment of the percentage of patients who respond positively 

to therapies (Leonardi GC et al, 2018; Long GV et al, 2017). In addition, 

currently ongoing clinical trials are trying to evaluate the efficacy of novel 

combined therapies using BRAF and PIK3CA inhibitors or MEK and PIK3CA 

inhibitors (Falzone L et al, 2018). 

In the last 5-10 years, immunotherapy, another type of treatment, has been used 

for cutaneous melanoma. In particular, immunotherapy can stimulate the 

immune system to react against cancer cells through the binding and inhibition 

of immune-suppressive molecules. The most used immunotherapies are those 

based on the administration of monoclonal antibodies defined immune 

checkpoint inhibitors (ICIs) able to bind several molecules which inhibit the 

immune system thus favoring the tumor development and progression. Among 

the currently approved ICIs for the treatment of cutaneous melanoma, there are 

ICIs against the inhibitory checkpoint receptors PD-1 and CTLA-4 (Christofi T 

et al, 2019; Flynn M et al, 2018). 

The first approved ICI was the anti-CTLA-4 antibody Ipilimumab which gained 

approval for the treatment of melanoma in 2011 (Cameron F et al, 2011). 

Ipilimumab acts by blocking the immuimmune-suppressiveecule CTLA-4 

expressed by tumor cells which inhibits the cross-activation of lymphocytes 

through the inhibition of the CD80/86 receptors. Ipilimumab was effective in 

reducing the risk of recurrence of melanoma as well as prolonging the overall 
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survival of melanoma patients, lung cancer patients and renal cell carcinoma 

patients (Chen L et al, 2018). Ipilimumab can be used alone or in combination 

with other ICIs demonstrating a good efficacy for different cancers (Christofi T 

et al, 2019, Larkin J et al, 2015). 

Other ICIs are the PD-1 inhibitors Nivolumab and Pembrolizumab that were 

recently approved for the treatment of melanoma, lung cancer (NSCLC), kidney 

cancer, bladder, etc. (Christofi T et al, 2019). Both these ICIs are able to block 

the binding between programmed death-ligand 1 (PD-L1) and programmed cell 

death protein 1 (PD-1) responsible for the suppression of the immune system 

and the progression of cancer due to immune surveillance escape. Several 

clinical trials showed the benefits of the PD-1 inhibitors and encourage the use 

of these treatments also for other cancer types (Leonardi GC et al, 2020; Spain 

L et al, 2017). 

Besides all these pharmacological treatments, radiation therapy represents an 

important supportive care especially for the treatment of brain metastases and 

against local recurrence. Radiotherapy uses x-rays or photons to induce genetic 

damages in cancer cells inducing their death. Radiotherapy is characterized by 

fewer side-effects as directed towards tumor cells only; therefore, it is a non-

invasive and painless intervention administered daily for 4-8 weeks depending 

on the size of tumor and its anatomical site (Shi W, 2015). As already mentioned, 

radiotherapy is often used for the treatment of bone and brain metastases 

(Chicas-Sett R et al, 2017).  

Another non-invasive treatment is photodynamic therapy, a treatment based on 

photochemical reactions. Photodynamic therapy can be used only on some types 

of skin tumors and is less effective in melanoma. It consists on the application 

of a non-active substance on the skin lesion. This substance is metabolized by 

tumor cells into a photoactive substance that when stimulated with light exerts 

toxic effects killing the tumor cells (Kawczyk-Krupka A et al, 2013). 

1.3 Melanocyte Differentiation and Melanomagenesis 

The clinical characteristics and the aggressive behavior of cutaneous melanoma 

can be explained by taking into account the embryogenic origins of melanocytes 

and the mechanisms leading to the neoplastic transformation of these cells.  
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Melanocytes take their origin from the migration of neural crest cells during the 

formation of the embryo. Neural stem cells are a population of cells located in 

the outer part of the neural folds between the neuroepithelium and the ectoderm 

(Bronner ME and LeDouarin NM, 2012). During the development of the 

embryo, these transient cells migrate from the dorsal neural tube to distant sites 

after the stimulation mediated by some glycoproteins of the WNT pathway, 

which interact with the c-Kit receptor tyrosine kinase in melanocytes and 

melanoblasts and the growth factors BMP, whose signal transduction leads to the 

mobilization of members of the SMAD proteins family (Costin GE and Hearing 

VJ, 2007) (Figure 5).  

 

Figure 5. Molecular pathways involved in the differentiation of melanocytes and in 

melanogenesis. 

Both WNT and BMP stimulate the over-expression of different transcription 

factors called neural plate border specifiers (Pax3/7), which in turn, regulate 

different genes involved in the so-called epithelial to mesenchymal transition 

(EMT) process. In particular, Pax3/7 are able to induce the expression of Snail, 

Sox9, FoxD3 and Sox10, which regulate the migration and differentiation of 

cells as well as their survival in distant sites. All these EMT genes are also 

responsible for the regulation of other transcription factors involved in the 

differentiation of cells of which MITF is the main player of the cytoskeletal 
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modifications occurring in melanocyte progenitors. Another transcription factor 

involved in the migration of neural cells and in the formation of melanocytes is 

the Rho GTPase which is responsible for the switch of N-cadherin to II cadherin 

or E- to N-cadherin type (Bertolotto C, 2013; Molina-Vila MA et al, 2015). Also 

metalloproteinases act an important role in this process as these proteinases 

regulate the adhesion and proliferation of neural cells favoring their migration 

through the degradation of the extracellular matrix (Napoli S et al, 2020). 

The EMT processes occurring during the maturation of the neural tube allow 

neural crest cells to acquire a mesenchymal migratory phenotype and migrate to 

distant sites. Subsequently, neural crest cells invade the space between the 

epidermal and mesodermal layers and subsequently split into different pathways. 

Cells leading to the ventromedial pathway become spinal ganglia, sympathetic 

ganglia and ganglia surrounding the aorta, while cells leading to the dorsolateral 

pathway begin to express the melanocyte specification factor MITF, which 

regulates the expression of genes for melanin synthesis.  

The EMT processes are indispensable for the correct development of individuals 

during embryogenesis, however, the same processes are reactivated during the 

neoplastic transformation of cells and are responsible for the de-differentiation 

of cells and their invasion and migration in other tissues. Indeed, the acquisition 

of a mesenchymal phenotype is associated with a greater ability of cancer cells 

to invade and migrate to sites far from the site of origin, thus initiating the 

process of metastasis (Tang Y et al, 2020). Melanoma is particularly efficient in 

this process, as transformed melanocytes have been shown to have antigens 

similar to those of endothelial cells (Braeuer RR et al, 2014). 

As mentioned above, the EMT processes are sustained by different stimulating 

factors. Besides these factors, other mechanisms are responsible for the 

development of EMT in melanocytes and consequently their malignant 

transformation. Among these mechanisms, gene mutations affecting EMT genes 

can be associated with a most aggressive tumor phenotype. However, gene 

mutations affecting these genes are rare (Li FZ et al, 2015).  

More frequently, EMT processes are prompted by epigenetic modifications 

responsible for the reactivation of EMT genes and the acquisition of a metastatic 
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phenotype. In particular, it was demonstrated that hypoxia is able to alter the 

acetylation status of histones through the activation of the TGF-β signaling 

pathway. In particular, hypoxia-induced EMT is able to alter the expression 

levels of chromatin modifiers histone deacetylase 3 (HDAC3) which in turn 

modify the histone structure of EMT genes like CDH1 and VIM (Lin YT et al, 

2020). 

Another study revealed that malignant melanoma metastases are sustained by 

EMT processes induced by the down-regulation of ten-eleven translocation 

(TET) enzymes involved in the conversion of 5-methylcytosine (5mC) to 5-

hydroxymethyl cytosine (5-hmC). In particular, the silencing of TET2 and TET3 

by DNA methylation phenomena is associated with the EMT-like phenotype in 

melanoma cells. On the contrary, the over-expression of TET2 after 

demethylation phenomena is associated with the reduction of tumor growth and 

cell migration in vitro and in vivo through the TGF-β pathway (Gong F et al, 

2017). 

Therefore, it is evident how epigenetic modifications are important processes 

underlying not only the development of cutaneous melanoma but also the 

progression of tumors and the formation of metastasis. In this context, it is of 

fundamental importance to widely investigate the epigenetic alterations inducing 

an increased risk of melanoma development through the study of omics data 

collected in the last years about the expression levels of non-coding RNAs, the 

methylation of DNA and the alteration of histone. 

1.4 Epigenetic Alterations in Oncology 

Epigenetics (from the Greek ἐπί, epì, "above" and γεννητικός, gennetikòs, 

"relating to family inheritance") is a branch of genetics that investigate the 

mechanisms responsible for the modification of the phenotype without any 

changes in the DNA sequence or the genotype of individuals. There are several 

mechanisms of epigenetic modification including modifications of DNA 

(methylation) and histone proteins that can be subjected to methylation, 

phosphorylation, acetylation and ubiquitination phenomena (etc.). These 

alterations are also called “epimutations” and originate during the lifetime as a 

consequence of exposure to several environmental factors. In addition, such 
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epigenetic modifications can be transmitted to the other cells through cell 

division (Bird A, 2002). If epigenetic alterations affect germinal cells (ova or 

spermatozoa), such modifications can be inherited by the next generation 

(Chandler VL, 2007).  

Several studies have demonstrated that epigenetic alterations are involved in 

both physiological and pathological processes (Esteller M, 2007). From a 

functional point of view, epigenetic modifications related to the alterations of 

histone proteins contribute to condensation or decondensation of chromatin that 

in turn alter the transcription of those genes with histone modifications. Another 

important epigenetic modification is mediated by the modification of the 

methylation status of DNA. In particular, different enzymes are able to induce 

hyper-methylation or hypomethylation in specific DNA sites adding a methyl 

group to the cytosine nucleotide of a 5'-cytosine-guanine-3 ' dinucleotide (CpG) 

forming 5’-methylcytosine (5-MeC) (Levenson VV, 2010). The first association 

between DNA methylation and gene silencing in cancer was observed in 1989 

where it was observed that p16INK4a, a tumor suppressor gene, was down-

regulated in retinoblastoma as a consequence of methylation phenomena 

occurring at the promoter level. At present, it was widely demonstrated that 

methylation occurring in specific genomic portions is associated with the 

dysregulation of gene expression and consequently to human pathologies 

(centromeric instability, immunodeficiency and dimorphisms) (Maunakea AK et 

al, 2010). Therefore, it is evident how gene expression is strongly influenced by 

the covalent modifications of histone proteins, by DNA methylation, and the 

alteration of the expression levels of non-coding RNAs, including microRNAs 

(miRNAs), by the insertion of histone variants and by the remodeling of 

nucleosomes able to modify the structural organization of chromatin (Jaenisch 

R and Bird A, 2003). 

1.4.1 Histone modifications and tumors  

In eukaryotes, DNA is complexed with basic proteins called histones, which 

form repeated units called nucleosomes. Specifically, these latter consist of a 

protein core composed of eight histone proteins wrapped in a double strand of 

DNA of about 146 bp; each nucleosome consists of two H2A histones, two H2B 
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histones, two H3 histones and two H4 histones (Luger et al., 1997). Nucleosomes 

have the function of condensing the DNA to allow cells to store it in a restricted 

volume and to regulate the interaction between transcription factors and 

regulatory sequences of DNA (Jiang C and Pugh BF, 2009). Genome-wide 

studies allowed to define a map of the distribution of the nucleosomes to easily 

identify their localization around the promoters of the genes. In general, the 

position of the nucleosome is fundamental for the regulation of gene 

transcription; when altered, its localization in the site of initiation of transcription 

regulation implies the repression of gene expression (Schones DE et al, 2008), 

while histone modifications upstream the site of transcription is strongly 

correlated to the activation of gene transcription (Shivaswamy S et al, 2008; Lin 

JC et al, 2007). Some regions at the 5 'and 3' ends of the genes, called 

nucleosome-free regions (NFRs), are modulated by ATP-dependent protein 

complexes capable of moving nucleosomes in order to determine chromatin 

remodeling and in turn alteration of gene transcription (Smith CL and Peterson 

CL, 2005). 

Different histone variants such as H3.3 and H2A.Z, are able to influence the 

localization of nucleosomes, protect genes from methylation and influence the 

stability of the nucleosome itself (Santenard A and Torres-Padilla ME, 2009; 

Sarma K and Reinberg D., 2005). Normal histones can undergo post-

translational modifications such as methylation, SUMOylation, ubiquitination, 

citrullination, phosphorylation, acetylation and ADP-ribosylation which 

influence critical cellular processes such as transcription, replication and repair 

of genetic material (Azevedo H et al, 2020). Several enzymes are responsible for 

adding or removing covalent groups; the addition of methyl groups is mediated 

by the enzyme histone methyltransferase (HMT), while the addition of acetyl 

groups occurs through the action of histone acetyltransferase (HAT); on the 

contrary, histone demethylase (HDM) and histone deacetylase (HDA) are 

respectively responsible for the removal of methyl or acetyl groups (Haberland 

M et al, 2009; Shi Y et al, 2007).  

The alteration of histones is associated with the development of different 

diseases, including tumors, when the aforementioned modifications occur in 
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genes coding for oncogenes or tumor suppressor genes (Shanmugam MK et al, 

2017; Audia JE and Campbell RM, 2016). For example, histone hypoacetylation 

is associated with the silencing of proapoptotic proteins, belonging to the Bcl-2 

family and regulators of the PI3K/AKT pathway. Similarly, euchromatic histone 

lysine methyltransferase 2 (EHMT2) can drive melanoma growth and promote 

an immunosuppressive microenvironment by activating the WNT pathway 

(Kato S et al, 2020). Deregulation of histone demethylases leading to abnormal 

histone methylation patterns has also been linked to melanomagenesis (Roesch 

A et al, 2010). 

1.4.2 non-coding RNAs (ncRNAs) and microRNAs 

Gene expression is profoundly modulated by non-coding RNAs (ncRNAs), i.e. 

RNA molecules that are transcribed but not translated into proteins. Of note, 

ncRNA molecules include long non-coding RNAs (lncRNA from 200 

nucleotides to 100 kb), short interfering RNAs (siRNA less than 25 bp), circular 

RNA (circRNA) in length and microRNAs (miRNA) of 20-25 nucleotides in 

length (Wapinski O and Chang HY, 2011; Costa FF, 2006; Bartel DP, 2009). 

Among ncRNAs, miRNAs are the most studied and their dysregulation was 

associated with different diseases including tumors. In particular, miRNAs are 

able to bind specific messenger RNA (mRNA) through a homolog sequence of 

4-6 nucleotides called seed region. In case of a perfect match between miRNA 

and the targeted mRNA the RNA-induced silencing complex (RISC) complex 

binding the miRNA is able to induce the complete degradation of the mRNA, 

while if a partial match between miRNA and mRNA exists the RISC complex 

operates a transient block of targeted mRNA translation (He L and Hannon GJ, 

2004). miRNAs are able to influence other mechanisms of epigenetic regulation 

through the modulation of mRNA coding for different methyltransferases 

(DNMTs) responsible for DNA methylation or other enzymes such as those 

responsible for histone modifications (Fabbri M et al., 2007; Friedman JM et al, 

2009). Notably, some miRNAs located in the proximity of methylated genes are 

over-expressed or silenced as a consequence of DNA methylation phenomena, 

therefore the expression of miRNAs could be regulated by other epigenetic 

mechanisms (Saito Y et al, 2006). 
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In cancer, several alterations in the expression levels of specific miRNAs have 

been observed; in particular, miRNAs are differentially expressed in tumors 

compared to normal tissues thus representing good diagnostic and prognostic 

biomarkers (Falzone L et al, 2019, Falzone L et al, 2020, Giambò F et al, 2021). 

miRNAs can be also distinguished into tumor suppressor miRNAs directed 

against oncogenic factors and oncogenic miRNAs directed against mRNAs with 

tumor suppressor functions. In 2006 it was shown that an increase in methylation 

is related to a decrease in miRNA levels. Some examples are represented by 

miR-15 and miR-16, both tumor suppressors miRNAs able to target BCL2, 

which appear to be down-regulated- in chronic lymphatic leukemia due to 

hypermethylation of the regulatory regions at 5' (Lujambio A et al, 2008; Toyota 

M et al, 2008; Zhang B et al, 2007; Ventura A and Jacks T, 2009). However, other 

studies revealed that other miRNAs, such as miR-7a, are decreased in melanoma 

cells compared to healthy melanocytes; this leads to an increase in its targets, 

such as the RAS oncogene and the β3 integrin, causing an increase in the 

invasive capacity of neoplastic cells (Varamo C et al, 2017). On the contrary, 

miRNAs with an oncogenic function, have an opposite trend; indeed these 

miRNAs, like miR-221 and miR-222 able to target the p27 protein, appear to be 

increased in different types of cancer (Galardi S et al, 2007; Mercatelli N et al, 

2008) including melanoma, inducing abnormal cell proliferation (Varamo C et 

al, 2017). As regards cutaneous melanoma, miR-200c is significantly down-

regulated in both primary and metastatic melanoma (Liu S et al, 2012). Other 

studies demonstrated how miR-149 and miR-21 are associated with inhibition of 

apoptosis and are over-expressed in melanoma (Satzger I et al, 2012; Jin L et al, 

2011). Therefore, it is essential to know the molecular mechanisms and specific 

targets of the different miRNAs in order to develop personalized anticancer 

therapies or evaluate the expression levels of miRNAs for both diagnostic and 

prognostic purposes. 

1.4.3 DNA methylation in cancer 

Among the epigenetic modifications, DNA methylation is the most studied. 

DNA methylation phenomena are operated by a family of enzymes, called DNA 

methyl-transferases (DNMT), consisting of 5 classes: DNMT1, DNMT2, 
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DNMT3A, DNMT3B and DNMT3L (Goll MG and Bestor TH, 2005). These 

enzymes operate the transfer of a methyl group from the S-adenosyl-L-

methionine (SAM) to the carbon in the 5' position of cytosine that precedes 

guanine thus forming a 5-methyl-cytosine (5me) (Moor LD et al, 2012). In 

particular, DNMT3A and DNMT3B, activated by DNMT3L, are responsible for 

the de novo methylation occurring during embryonic development (Kaneda M 

et al, 2004; Okano M et al, 1999). These enzymes have an equal affinity for both 

hemimethylated DNA strands and non-methylated ones. On the other hand, 

DNMT1 is responsible for the maintenance of the methylation status, a 

fundamental process for the preservation of the epigenetic pattern during the 

replication of DNA. In particular, DNMT1 binds the hemimethylated double 

strand of the DNA thus re-establishing the correct methylation pattern in the 

newly replicated strand of the DNA (Figure 6). 

 

Figure 6. Enzymes involved in the methylation of DNA through the addition of a CH3 

methyl group. 

As already mentioned, the addition of methyl groups occurs at the level of the 

so-called CG dinucleotides or CpG sites. These sites are not uniformly 

distributed throughout the genome but are concentrated in specific regions of the 

genome containing highly repeated sequences such as retrotransposons or 

centromeres and in small areas of DNA of at least 200 bp called CpG islands 

(Bird A et al, 2002; Takai D and Jones PA, 2002). Commonly, CpG islands are 

found at the 5' end of genes and represent about 60% of the promoters of tissue-

specific and housekeeping genes (Wang Y and Leung FC, 2004). Methylation 
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phenomena occurring in CpG sites are able to inhibit or induce gene 

transcription. As regards methylation-dependent transcriptional inhibition, it can 

occur in two different ways; in the first case the methyl group represents an 

obstacle for the binding of transcription factors to the DNA sequence, such as c-

Myc and MLTF (Prendergast GC and Ziff EB., 1991; Watt F and Molloy PL, 

1988); in the second case, specific proteins called mCpG binding proteins 

(MBPs) recognize methylated CpG sites and recruit other protein complexes 

capable of repressing DNA transcription, such as histone deacetylase (Figure 7). 

 

Figure 7. Gene regulatory mechanisms mediated by DNA methylation phenomena 

affecting the gene promoter. 

As regards the over-expression of genes, it was demonstrated that intragenic 

methylation phenomena could be responsible for increased transcription of 

methylated regions. In particular, intragenic methylation induces an over-

expression of the methylated gene through the activation of sequence enhancers 

that lead to greater expression of that gene (Falzone L et al, 2016; Singer M et 

al, 2015) (Figure 8). 

 

Figure 8. Gene regulatory mechanisms mediated by intragenic DNA methylation. 
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As mentioned in the previous chapters (1.4.2 non-coding RNAs (ncRNAs) and 

microRNAs) DNA methylation affects large regions of non-coding DNA, this 

results in a late replication of a large part of the genome of the most evolved 

organisms, with the formation of inactive chromatin (Antequera F and Bird A, 

1993). This process could represent a protective mechanism against cellular 

damage resulting from the transcription of elements such as inserted viral 

sequences, repeated sequences and transposons that may alter the structure of 

genes within the genome. In 2010, a map of the main DNA methylation sites was 

created in order to investigate the influence of intragenic methylation in tumor 

progression and the onset of pathologies. From the further analysis it was 

possible to divide the CpG islands into four different classes: 

1. promoter islands: starting 1000 bp upstream from the transcription starting 

site and ending 300 bp downstream from the transcription start site of a gene; 

2. intragenic islands: starting 300 bp downstream from the transcription start site 

of a gene and ending 300 bp upstream from the transcription end site of the gene; 

3. islands in the transcription region 3': starting 300 bp upstream from the end-

of-transcription site and ending 300 bp downstream from the end-of-

transcription site; 

4. intergenic islands: starting 300 bp downstream from the transcription end site 

of a gene and ending 1000 bp upstream of the contiguous gene start site 

(Maunakea et al. 2010). 

The omics data collected in recent years about the methylations status in tumors 

have demonstrated that some genes are more susceptible to epigenetic 

phenomena of methylation. In these genes, rich CpG portions have been 

identified and called "hotspots". These DNA methylation hotspots are often 

detected in cancer cells and not in normal cells, therefore, these hotspots could 

be used for the diagnosis of tumors. It has emerged from several studies that the 

intragenic portions have a greater number of CpG islands than the promoters and 

that these sequences are highly conserved in plants and other animals. In 

particular, intragenic methylation is "positively correlated" to the expression of 

the same gene and "negatively correlated" to the majority of histone 

modifications in the hypermethylated region, therefore associated with non-
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condensed chromatin regions (Falzone L et al, 2016; Singer M et al, 2015). The 

methylation pattern of tumor cells is largely modified by hypomethylation which 

mainly affects gene promoters with low CpG density (Rodriguez J et al, 2006). 

Furthermore, in tumor cells, site-specific hypermethylation phenomena can also 

be observed, which determines the silencing of tumor suppressor genes involved 

in processes such as: apoptosis, cell adhesion, angiogenesis, DNA repair 

mechanisms and cell cycle which, once altered, facilitate tumorigenesis (Jones 

PA and Baylin SB, 1999). As DNA methylation represents the most studied 

epigenetic alteration, the involvement of this modification in cutaneous 

melanoma will be treated separately in the following chapter. 

1.5 DNA Methylation in Cutaneous Melanoma 

As already mentioned, the genesis of tumors is favored by the hypermethylation 

of some CpG islands present in the promoter sites which prevents the 

transcription of tumor suppressor genes (Sigalotti L et al, 2010). In particular, 

hypermethylated tumor suppressor genes in melanoma are those involved in 

transcription, apoptosis, cell cycle regulation, DNA repair, etc. (Muthusamy V 

et al, 2006; Koga Y et al, 2009). Recent studies have shown that intragenic 

methylation correlates positively with gene expression and negatively with most 

of the histone modifications. Specifically, it is believed that methylation in the 

body of the gene could allow intragenic activation, alternative splicing and 

transcriptional elongation (Singer M et al, 2015). Melanoma is a tumor 

characterized by its great ability to metastasize and be invasive. Its diffusion is 

associated with the degradation of the extracellular matrix mediated by the 

overexpression of specific metalloproteinases including MMP-9 (Napoli S et al, 

2020). In this context, previous studies conducted by the research group of the 

experimental oncology laboratory of the University of Catania have highlighted 

an active role of DNA methylation in the over-expression of the MMP-9 gene, 

underlining how intragenic methylation of the CpG2 island of MMP-9 plays a 

key role in the over-expression of this tumor-promoting protein which is 

involved in melanoma invasiveness and metastasis (Candido S et al, 2019; 

Falzone L et al, 2016). 
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Starting from these preliminary observations, the interest of several researchers 

about the role of intragenic and promoter methylation in melanoma, and in 

tumors in general, was increased. For this purpose, several consortia collected 

DNA methylation as well as gene expression data of tumors and related control 

samples in order to identify potential methylation hotspots involved in the 

dysregulation of oncogenes and tumor suppression genes thus representing 

reliable diagnostic or prognostic biomarkers for melanoma patients. 

Although several studies have investigated the effects of DNA methylation in 

both gene promoter or intragenic regions towards the expression of the 

methylated genes, the precise patterns of correlation between hyper- and hypo-

methylation in gene regions with the expression of genes have not been fully 

clarified yet. In this context, the use of high-throughput technologies and 

bioinformatics analyses provided novel useful information to clarify the 

functional effects of DNA methylation in tumors (Kagohara LT et al, 2017). 

Overall, it was established that that methylation in certain CpG regions may have 

effects on transcriptional elongation, enhancement of intragenic activation and 

alternative splicing (Mendizabal I et al, 2017; Li S et al, 2017; Zlotorynski E, 

2017). Therefore the understanding and identification of the mechanisms 

underlying the alteration of gene expression after methylation phenomena can 

lead to the identification of novel biomarkers. In this regard, several 

bioinformatics tools have been developed in order to easily analyze the huge 

amount of bioinformatics omics data collected and to correlate DNA methylation 

levels to gene expression. Among these tools, there are FEM and MethylMix as 

well as EpiMethEx developed during the research activities of this Ph.D. 

program (Candido S et al, 2019; Gevaert O, 2015; Jiao Y et al, 2014). 
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2. AIM OF THE STUDY 

The epidemiological data and clinical characteristics of cutaneous melanoma 

described in the previous paragraphs highlight how the management of this 

tumor is particularly complex from a diagnostic, prognostic and therapeutic 

point of view. Indeed, the diagnosis of cutaneous melanoma is still often 

formulated when the tumor has already invaded the subcutaneous layer and is at 

an advanced stage thus limiting the survival rates of the patients. An explanation 

of the late diagnosis of cutaneous melanoma is related to the lack of effective 

diagnostic and prognostic biomarkers. Therefore, the identification of novel 

factors capable of predicting the risk of the onset of cutaneous melanoma and its 

aggressiveness is essential to better manage this tumor. 

Based on these premises, the aim of the present project was to evaluate the global 

status of DNA methylation in cutaneous melanoma in order to identify potential 

DNA methylation hotspots associated with the alteration of gene expression 

responsible for the development of cutaneous melanoma, associated with the 

therapeutic response of patients as well as their prognosis. Particular attention 

was paid to the study of methylation phenomena and consequent alteration of 

gene expression affecting transcription factors involved in embryonic 

development, tumor cell proliferation and development of metastases. 

For these purposes, a bioinformatics analysis was first conducted using the 

EpiMethEx bioinformatics tool developed during the first year of the Ph.D. 

program by the research group of the Experimental Oncology Laboratory. This 

tool was used to computationally identify a panel of DNA methylation hotspots 

affecting key genes potentially associated with the development and progression 

of cutaneous melanoma. The bioinformatic results highlighted a potential 

diagnostic role of two transcription factors, RARB and ISL1, whose methylation 

and expression levels were validated on a panel of five melanoma cell lines by 

using a novel DNA methylation assay (MSRE-ddPCR) and droplet digital PCR, 

respectively. In addition, the methylation levels of RARB and ISL1 DNA 

methylation hotspots were also validated in a case series of FFPE melanoma and 

control samples by using the innovative technique MSRE-ddPCR developed 

during the Ph.D. program.  
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The identification and validation of the methylation hotspots identified in this 

study through the computational and experimental approaches described in the 

following chapter will represent a promising strategy for the identification of 

new diagnostic and prognostic biomarkers for a better management of cutaneous 

melanoma patients. 
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3. MATERIALS AND METHODS 

3.1 Computational Identification of DNA Methylation Hotspot in 

Cutaneous Melanoma: EpiMethEx 

EpiMethEx is a bioinformatics tool developed by the Experimental Oncology 

laboratory of the University of Catania together with the Bioinformatics unit of 

the same University. The tool was developed using the R language in order to 

create a script capable of processing both expression data and methylation data 

stored in public databases such as The Cancer Genome Atlas (TCGA) and Gene 

Expression Omnibus DataSets (GEO DataSets). Through cyclical correlation 

analyses performed between the expression data and methylation data of the 

same gene, EpiMethEx is able to identify single portions of the DNA (hotspot) 

where methylation phenomena are present, but also to study large genomic 

regions whose methylation is associated with the modulation of the expression 

levels of the codifying genes by combining the methylation data of multiple 

contiguous hotspots obtained through the analysis of multiple adjacent CG 

probsets. The processing of expression and methylation data carried out by 

EpiMethEx takes place following three main steps: i) Gene expression analysis, 

ii) CG probsets pre-processing and iii) CG probsets grouping and analysis. A 

further additional data filtering step is added to these three analytical phases in 

order to select only statistically significant data. For the correct execution of the 

EpiMethEx analysis, the data have to be previously ordered into pre-established 

columns containing, respectively, the levels of gene expression, the levels of 

methylation, the genomic region of the probset CG for each sample. This will 

allow EpiMethEx to understand which CG probset maps the specific gene in 

order to compare gene expression data and methylation data in a gene-specific 

manner (Figure 9). 
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Figure 9. Analytical workflow of EpiMethEx. Step 1 is represented by gene expression 

analysis; step 2 consists of CG methylation probsets preprocessing and step 3 deals with 

CG probsets grouping and analysis (From Candido S. et al, BMC Bioinformatics 2019). 

The first step of the EpiMethEx processing of data consists in the analysis of 

gene expression data. For this step, the data is stored and filtered to eliminate 

those genes that have null or incorrectly annotated values. Next, the expression 

levels of the various genes for each sample are sorted in descending order (for 

each gene a different sequence of samples could be obtained) and the samples 

are stratified into three groups based on the expression levels (up, medium and 

down). At this point, EpiMethEx performs the differential analysis between two 

of the three different expression groups (Up vs Medium, Up vs Down and 
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Medium vs Down), expressing the differential expression as Fold Change (FC) 

value, i.e. how many times the expression levels have increased or decreased 

between the groups. This step is useful to identify the difference in the average 

expression levels between two different groups. Furthermore, this step takes into 

account the nature of the data, if expressed in linear or logarithmic form, by 

applying a normalization factor. In particular, if the data are expressed on 

logarithmic scale, the FC values are converted into linear values. After that, the 

Student T-Test (T-test) is applied by grouping the matrices in pairs (Up vs 

Medium, Up vs Down, Medium vs Down). 

In the second step (CG probset pre-processing) EpiMethEx assigns each CG 

probset to the corresponding gene, identifying also the position within the 

assigned gene region and its position within the CpG islands, including the 

proximal regions (Shore and Shelf) according to the Infinium 

HumanMethylation450 BeadChip (440k) platform annotation (GPL13534). The 

data is first processed to have a unique “location-ID-gene-CG” match as 

different probes can map to various regions of the same gene and overlapping 

genes can have identical CG probes. The methylation levels of the various 

probsets for each gene analyzed in the first step are obtained from the obtained 

CG probe matrix thanks to the SKCM DNA methylation (Methylation450k) 

dataset (https://genome-cancer.ucsc.edu/). The probsets are grouped to the 

corresponding gene taking into account the order of genes obtained from the 

expression analysis performed in step 1. 

In the third step, defined CG probset grouping and analysis, the previously 

obtained data are used to calculate the median values of the methylation levels 

for each of the Up, Medium and Down gene expression groups, the value of β-

difference (i.e. the variation of methylation levels in the three different 

expression groups Up, Medium and Down) and p-value for each level of 

methylation of the CG probset analyzed between the groups compared two by 

two (Up vs Medium, Up vs Down and Medium vs Down) and the Pearson 

correlation and p-value between gene expression levels and relative methylation 

levels of probset CG. EpiMethEx also allows to perform the analysis according 
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to the CG methylation groups grouped according to the levels of gene expression 

in Up, Medium and Down following their position according to certain criteria: 

- All CG probsets that are part of the same gene region, for each gene, are 

grouped with the respective level of methylation and classified according to the 

levels of gene expression in order to create a CG probset matrix; 

- All the CG probset existing in the same methylation island and in the adjacent 

Shore and Shelf regions of a single gene are grouped together; they are also 

sorted together with their methylation level, according to gene expression levels 

in order to create a CG probset matrix; 

- All probsets that identify the same gene are grouped in order to determine the 

effects that global methylation has on the regulation of gene expression. 

Also in this case, for each gene, the CG probset methylation data are divided into 

three groups based on their levels (Up, Medium and Down); the β-difference is 

calculated as the difference between the medians of each group towards the 

others. After that, Pearson's correlation analysis is carried out to statistically 

validate the relationship between the methylation state of a specific gene portion 

and the variation in the gene expression of that gene. 

Six different filters can be applied to the data obtained by EpiMethEx in order 

to evaluate the biological value of the methylation hotspots involved in the 

mechanisms of gene expression regulation: 

- With the first filter, the median values of the methylation levels can be ordered 

in an increasing or decreasing manner; 

- With the second filter it is possible to extract those data that have β-difference 

values greater than or equal to a value established by the user between the 

methylation groups; 

- With the third filter it is possible to extract those data with a p-value lower than 

or equal to a threshold value calculated between the various methylation groups 

(Up vs Medium, Up vs Down, etc.); 

- The fourth filter is applied to display only the data relating to genes with FC 

values greater than or equal to a threshold value, displaying the corresponding 

methylation values; 
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- The fifth filter allows the user to select the data based according to the p-values 

obtained by T-test analyses between the gene expression levels (Up vs Down, 

Up vs Medium or Medium vs Down) in order to select only those presenting a 

statistically significant difference (for example p <0.01); 

- The sixth filter uses the result obtained from the Pearson correlation. A 

threshold value is set in order to identify all data that have a statistically 

significant correlation (positive or negative) between gene expression and 

methylation levels (Candido S et al, 2019). 

To identify methylation probsets and areas of possible biological significance, 

all filters are run sequentially. The correlation analysis performed with 

EpiMethEx allows us to obtain four different data matrices (.csv format) named 

“CG_by_position”, “CG_Individually”, “CG_of_genes” and “CG_Island” 

containing r-correlation coefficient, p-value, β-difference and fold change values 

obtained by different statistical tests. 

In this study, EpiMethEx was used to analyze the bioinformatics data contained 

in the TGCA SKCM database which collects methylation and gene expression 

data of cutaneous melanoma patients and the data contained in the GTEx 

database which collects methylation and gene expression data related to normal 

skin or normal nevi.  

The application of EpiMethEx to these bioinformatics data allowed the 

identification of a set of DNA methylation hotspots affecting different genes and 

genomic regions whose expression levels were altered as a consequence of the 

DNA methylation phenomena. The data obtained through EpiMethEx were 

further analyzed using other bioinformatics software such as DAVID Functional 

Annotation Bioinformatics Microarray Analysis (https://david.ncifcrf.gov) in 

order to establish the gene ontology of the genes whose methylation status was 

correlated with the change of the expression levels.  

3.2 Cell Culture 

In order to validate the bioinformatics findings obtained through EpiMethEx and 

confirm the negative correlation existing between promoter methylation and 

gene expression and the positive correlation existing between intragenic 

methylation and gene expression, the methylation of four selected DNA 
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methylation hotspots affecting RARB and ISL1 genes as well as the expression 

levels of these two genes were evaluated on five different melanoma cell lines 

available at the cell biobank of the Laboratory of Experimental Oncology of the 

University of Catania. In particular, the melanoma cell lines A375, A2058, M14, 

SK23MEL were cultured in RPMI 1640 medium (Cat no. 10-040 - Corning® 

Life Sciences) while the MeWo cell line was cultured in EMEM medium (Cat 

no. 15-010 - Corning® Life Sciences) at a constant temperature of 37°C and 5% 

CO2. Both culture media were supplemented with 2 mM L-glutamine, 100 IU 

penicillin, 100 μg/ml streptomycin and 10% fetal bovine serum (FBS) (Cat no. 

25-005, Cat no. 30-001, Cat no.35079 - Corning® Life Sciences). The media of 

the flasks containing cells were checked every two days to remove the exhausted 

medium and replace it with fresh medium as needed. All cell lines were cultured 

until 80% confluency in order to collect 5x106 cells useful for the subsequent 

phase of genomic DNA and RNA extraction. 

3.3 Collection of Melanoma FFPE Samples and Normal Controls 

The analysis of the methylation levels of the computationally identified RARB 

and ISL1 DNA methylation hotspots was performed on 15 Formalin-Fixed 

Paraffin-Embedded (FFPE) melanoma samples and 15 FFPE benign nevi 

provided by the Pathology Unit of the Ospedale Policlinico Vittorio Emanuele 

of Catania. For each melanoma or benign nevus sample, ten FFPE sections of 5-

8 µm were collected to obtain nucleic acids for the molecular analyses. 

The socio-demographics and clinical-pathological features of the melanoma 

patients enrolled in the study are reported in Table 3. 
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Table 3. Socio-demographic and clinical features of 15 patients with melanoma. 

 

3.4 Nucleic Acid Extraction 

Genomic DNA and total RNA were extracted from both melanoma cell lines and 

FFPE samples by using the following protocols.  

For the extraction of genomic DNA from melanoma cell lines the PureLinkTM 

Genomic DNA Mini Kit (Thermo Fisher Scientific, Cat no. K1820-01) was used. 

In summary, for each cell line, 5x106 cells were collected, resuspended in 200 

μL PBS (Cat. No. 21-031 - Corning®, Life Sciences) after removal of all traces 

of growth medium and transferred to a sterile microcentrifuge tube containing 

20 μL proteinase K. Then, 20 μL of RNase A was added to the sample and the 

mix was vortexed and incubated for 2 minutes at room temperature. Then 200 

μL of PureLinkTM Genomic Lysis/Binding Buffer provided by the kit was added 

to the sample. To allow proper protein digestion, the digestion mix was 

homogenized and incubated at 55°C for 10 minutes. 

After a 10-minute incubation, 200 μL of 96-100% BioUltra ethanol, molecular 

biology grade ≥ 99,8% (Sigma Aldrich, Cat. No. 51976) was added to the lysate, 

and the whole digestion reaction was vortexed to obtain a homogeneous solution. 

 
All 

Cancer progression Vital status 

 No Yes Alive Dead 

 n (%) n (%) n (%) n (%) n (%) 

Sex           

Man 8 (53.3) 2 (40.0) 6 (60.0) 2 (25.0) 6 (75.0) 

Woman 7 (46.7) 3 (60.0) 4 (40.0) 2 (28.6) 5 (71.4) 

Fisher test   p=1.000 p=1.000 

Age at treatment initiation (years)        

<45 4 (26.7) 2 (40.0) 2 (20.0) 1 (55.6) 3 (27.3.) 

45-59 5 (33.3) 1 (20.0) 4 (40.0) 2 (11.1) 3 (27.3) 

≥60 6 (40.0) 2 (40.0) 4 (40.0) 1 (33.3) 5 (45.4) 

Fisher test   p=0.824 p=0.195 

Stage           

M1a 5 (33.3) 2 (40.0) 3 (30.0) 1 (55.6) 4 (36.4) 

M1b 3 (20.0) 1 (20.0) 2 (20.0) 2 (11.1) 1 (9.1) 

M1c 7 (46.7) 2 (40.0) 5 (30.0) 1 (33.3) 6 (54.5) 

Fisher test   p=0.502 p=0.726 
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This lysate was loaded into the PureLinkTM Spin Columns supplied with the kit. 

Subsequently, the columns were centrifuged at 10,000 g for 1 minute. The flow-

through was then discarded and the genomic DNA blocked by the silica 

membrane was washed with two different wash buffers. Finally, genomic DNA 

was eluted by adding 50 μL of PureLinkTM Genomic Elution Buffer to the 

column membrane and centrifuged at maximum speed for 1.5 minutes. The 

purified genomic DNA was stored at -20°C until further analysis. 

To evaluate the expression levels of both RARB and ISL1, the total RNA of 

melanoma cell lines was extracted using TRIzol™ Reagent (Thermo Fisher 

Scientific, Cat. No. 15596018) according to the protocol provided by the 

manufacturer. Briefly, for each cell line, 400 μL of TRIzol™ reagent was added 

to 5x106 cells. After a 5-minute incubation, 200 μL of chloroform molecular 

grade (SERVA Electrophoresis GmbH, Cat. No. 39553.01) was added and the 

reaction mix was incubated for additional 2 minutes was performed. The sample 

was then centrifuged at 12,000 x g at 4°C for 15 minutes to obtain a lower 

phenol-chloroform phase, an interphase and an upper aqueous phase containing 

RNA. In order to collect, the aqueous phase was transferred into a new tube and 

500 μL of isopropanol was added to precipitate the RNA; the sample was 

incubated at room temperature for 10 minutes. After centrifugation, the 

supernatant was discarded, and the pellet was resuspended in 1 mL of 75% 

ethanol. A second centrifugation at 7,500 x g for 5 minutes at 4°C was performed 

to wash the RNA pellet and the supernatant was discarded to obtain a pure RNA 

pellet. Finally, the RNA was resuspended by adding 50 μL of molecular grade 

water (UltraPureTM Distilled Water DNase/RNase Free, Cat. No. 10977-035 - 

Invitrogen from Thermo Fisher Scientific). The RNA obtained was stored at -

80°C until the next use. 

As regards the extraction of DNA from FFPE samples, the QIAamp DNA FFPE 

Tissue Kit (Qiagen Cat. No./ID: 56404) was used following the manufacturer's 

protocol. 
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3.5 Reverse Transcription and Analysis of Gene Expression Levels by 

ddPCR 

The RNA obtained from melanoma cell lines was reverse transcribed into cDNA 

using the SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific, Cat. 

No. 18090010) according to the manufacturer’s protocol in order to evaluate the 

expression levels of both RARB and ISL1. A reaction mix containing random 

hexamers, RNA template and dNTPs was incubated at 65°C for 5 minutes and 

then incubated on ice for 2 minutes. Then, the SuperScript IV reverse 

transcriptase was added and the reaction was incubated at 55°C for 10 minutes 

to reverse transcribe the RNA and at 80°C for 10 minutes to stop the reaction. 

The obtained cDNA was analyzed by using the droplet digital PCR high-

sensitivity amplification system with EvaGreen chemistry.  

Briefly, the amplification reaction was prepared using 11 μL of ddPCR QX200 

™ ddPCR ™ EvaGreen Supermix (Cat no. 186-4034 - Bio-Rad Laboratories, 

Inc.), 0.055 μL of the forward and reverse primers at a concentration of 100 μM, 

0.6 μL of cDNA (10 ng/μL) and RNAse/DNAse-free H2O to a final volume of 

22 μL.  

Subsequently, 20 μL of the reaction mix was loaded into a cartridge containing 

70 μL QX200™ Droplet Generation Oil for EvaGreen (Cat. No. 1864006 - Bio-

Rad Laboratories, Inc.), and droplets were generated using the QX200 Droplet 

Generator. 

The obtained droplets were loaded into a PCR plate and amplified using C1000 

Touch Thermal Cycler (Bio-Rad Laboratories, Inc.) using the following thermal 

conditions: an initial phase of hot-start Taq polymerase activation at 95°C for 5 

minutes; 40 cycles consisting of a denaturation step at 95°C for 30 seconds and 

an annealing and elongation step at 60°C for 1 minute; a signal stabilization 

phase consisting of a step at 4°C for 5 minutes and one at 90°C for 5 minutes. A 

ramp rate of 1.6°C/s was used to avoid thermal stress and the rupture of the 

droplets during the amplification steps.  

After PCR amplification, the fluorescent signals of positive and negative 

droplets were detected using the QX200 Droplet Reader (Bio-Rad Laboratories, 

Inc). The results were then analyzed using QuantaSoft software, version 1.7.4 
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(QuantaSoft, Prague, Czech Republic), to obtain the absolute quantification of 

targets expressed as copies/μL.  

For our analysis, beta-actin was used as the reference housekeeping gene. The 

primers used for each target are listed in Table 4 (Table 4). 

Table 4. Lists of primers used for the MSRE-ddPCR assay. 

Fwd RARB 5’-TTT CTC AGA CGG CCT TAC CC-3’ 

Rev RARB 5’-CAC GCT CTG CAC CTT TAG CA-3’ 

Fwd ISLI 5’-TTC CCA CTT AGC CAC AGC TC-3’ 

Rev ISLI 5’-ATT TGA TCC CGT ACA ACC TGA-3’ 

Fwd beta-actin 5’-CTG GGA CGA CAT GGA GAA AA-3’ 

Rev beta-actin 5’-AAG GAA GGC TGG AAG AGT-3’ 

3.6 Analysis of DNA Methylation Hotspots through MSRE-ddPCR 

The analysis of the methylation levels of the DNA methylation hotspots 

identified through EpiMethEx was performed by using a novel assay developed 

during the research activities of the Ph.D. program and called Methylation-

Sensitive Restriction Enzyme (MSRE) assay and ddPCR amplification (MSRE-

ddPCR). This custom protocol is based on the use of methylation-sensitive 

restriction enzyme (MSRE) followed by ddPCR amplification in a one-step 

protocol. More in detail, a first restriction reaction using the methylation-

sensitive enzyme HpaII is performed to discriminate between methylated and 

non-methylated DNA sequences. Unlike other existing methods, in the MSRE-

ddPCR protocol the digestion and amplification reactions take place in the same 

tube. Therefore, this approach allows a one-step analysis to evaluate the 

percentage of methylation by reducing the potential errors of a multi-step 

method, such as the MSRE method, thus reducing the cost and volumes of the 

reaction.  

In the MSRE-ddPCR protocol a synthetic DNA methylation control is used to 

evaluate the efficacy of the restriction enzyme reaction and custom TaqMan 

probes are used to selectively evaluate the methylation levels of the DNA 

methylation hotspots computationally selected. More in detail, the DNA 

methylation control is an artificially demethylated exogenous DNA fragment 
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obtained cloning a region of the coding sequence for the EGFP protein from the 

pcDNA3 clover plasmid (Addgene - Plasmid # 40259). This 210 bp 

unmethylated control is completely degraded by the HpaII enzyme, therefore, 

the identification of the copies/μL of the control after the ddPCR is a direct 

measurement of the restriction reaction efficacy. This 210 bp control was 

obtained by using the two primers reported in Table 5 (Table 5). 

Table 5. Primers used for the generation of the DNA Methylation Control. 

T7 5’-TAATACGACTCACTATAGGG-3’ 

EGFP-N bis 5’-CTTGCCGTTGGTGGCATCGC-3’ 

(GCGATGCCACCAACGGCAAG) 

The amplification signals for the DNA methylation control are revealed using a 

custom TaqMan probe binding the restriction site in the 210 bp sequence of the 

methylation. As already mentioned, this probe is useful to determine the 

copies/μL of the methylation control and to assess the presence of interference 

in the enzymatic cleavage reaction on the methylation sites. 

The reaction mix of the MSRE-ddPCR assay is prepared as follows: for each 

sample, 20 ng of DNA was analyzed by MSRE-ddPCR using two different 

digestion-amplification mixes, one containing the restriction enzyme HpaII and 

the other containing no restriction enzyme (HpaII-free sample). Both reaction 

mixes contained 2X ddPCR Supermix for Probes (No dUTP), 900 nM (final 

concentration) of each primer and 450 nM (final concentration) of the probe 

specific for the target studied, a known amount of DNA Methylation Control (10 

ng) and 20 IU of the restriction enzyme HpaII or DNAse/RNAse free H2O for 

the HpaII-free sample mix.  

The resulting reaction tubes were first incubated at 37°C for 30 minutes to allow 

enzymatic digestion mediated by HpaII. Subsequently, 20 μL of each digested 

sample was loaded into a cartridge for the generation of droplets as described in 

the previous chapter to generate about 20,000 droplets. 

Subsequently, the generated droplets were transferred to a 96-well plate and 

amplified using a C 1000 Touch Thermal Cycler (Bio-Rad Laboratories Inc, 

Hercules, CA, United States Bio-Rad Laboratories, Inc., USA). The 

amplification protocol consisted of an initial denaturation for 10 minutes at 
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95°C, followed by 40 cycles consisting of 30 seconds of denaturation at 94°C, 1 

minute of annealing and amplification at 55°C, 10 minutes of droplet and signal 

stabilization at 98°C; a ramp rate of 1.6°C/s between each step of the 

amplification was used. 

Finally, the amplification signals were detected using the QX200 Droplet Reader 

(Bio-Rad Laboratories, Inc., USA) and the amplification results were analyzed 

through QuantaSoft software, version 1.7.4 (QuantaSoft, Prague, Czech 

Republic) to determine the exact copies/μL for the RARB and ISL1 genes and 

for the methylation control, used to establish the exact percentage of methylation 

of the analyzed hotspots. 

To establish the percentage of methylation of each target, the following formula 

was used: 

 

% of methylation = (
HpaII

(−)
)

Target

× (1 − (
HpaII

(−)
)

Meth Ctrl

) × 100 

 

In this formula, HpaII and (-) indicate the copies/μL obtained for the target and 

methylation control in each specimen treated or not treated with HpaII. 

The use of MSRE-ddPCR ensures great advantages compared to standard 

protocols for the analysis of DNA methylation (e.g. MSRE or bisulfite 

conversion) as through MSRE-ddPCR protocol it is possible to evaluate the 

methylation levels of DNA of poor quality as that obtained from FFPE tissues or 

liquid biopsy samples which is often degraded or obtained in low concentration. 

The use of MSRE-ddPCR overcomes all these limitations ensuring a reliable 

evaluation of the methylation level of targets without any bias related to an 

inefficient restriction enzyme reaction that is monitored by using the synthetic 

DNA methylation control. 

3.7 Statistical Analyses 

The bioinformatics results obtained through EpiMethEx were already processed 

using different statistical tests as the R script developed already uses rigorous 

statistical calculations for the selection of hotspots whose methylation 

significantly correlates with the expression level of the gene. Indeed, EpiMethEx 



 

 53 

only considers methylation hotspots with correlation levels higher than ± 0.6 

(moderate correlation) with a p-value of p < 0.05. 

As regards the experimental results obtained from melanoma cell lines and FFPE 

samples, the statistical differences between the methylation and expression 

levels observed for RARB and ISL1 in the five cell lines were established using 

the One-way ANOVA test and Tukey’s multiple comparison test. Correlation 

analyses between DNA methylation and gene expression levels of RARB and 

ISL1 in the five cell lines were performed using Pearson’s correlation test. The 

statistical difference between the DNA methylation levels observed in FFPE 

samples of cutaneous melanoma and FFPE samples of normal nevi was 

evaluated by using the Mann-Whitney test. The results were considered 

statistically significant when p<0.05. All statistical analyses were performed by 

using GraphPad Prism v.8. 
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4. RESULTS 

4.1 Analysis of the Global Methylation Status in Cutaneous Melanoma 

and Computational Identification of DNA Methylation Hotspots 

The EpiMethEx analysis performed on the methylation and expression data of 

melanoma patients obtained from the TCGA SKMC database and normal 

samples obtained from the GTEx database allowed the identification of 517 

genes whose methylation status correlated negatively or positively with gene 

expression. 

By analyzing the global methylation status observed in cutaneous melanoma, 

66% of hyper-methylated CG probsets correlated negatively with the expression 

of genes (p<0.05) while 34% of hyper-methylated CG probsets correlated 

positively with gene expression (p<0.05) (Figure 10A). More in detail, the 

majority of the methylated CG probsets positively correlated with gene 

expression fell into intragenic portions (77%) confirming the hypothesis 

according to which intragenic hyper-methylation is associated with the over-

expression of the methylated gene (Falzone L et al, 2016; Singer M et al, 2015) 

(Figure 10B). Conversely, the majority of methylated CG probsets negatively 

correlated with gene expression fell in the promoter regions (79% of all CG 

probstes of which 13% maps the TSS1500 region, 27% maps the TSS200 region, 

22% maps the 5'UTR region and 17% maps the 1stExon). These latter data 

suggest that promoter methylation is associated with the down-regulation of 

gene expression (Figure 10C). 
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Figure 10. Global methylation status in cutaneous melanoma. A) Percentage of CG 

probsets positively or negatively correlated with gene expression; B) Gene region 

distribution of the methylated CG probsets positively correlated with gene expression; 

C) Gene region distribution of the methylated CG probsets negatively correlated with 

gene expression. 

A more in-depth analysis of the functional role of the 517 genes identified 

through EpiMethEx and whose methylation significantly correlated with the 

expression levels performed by DAVID revealed an enrichment of 40 genes 

belonging to the ontological class of transcription factors (GO:0003700). In 

particular, 7% of all the genes identified through EpiMethEx were involved in 

the regulation of gene transcription (Figure 11). 
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Figure 11. Percentage of transcription factors among the 517 genes identified through 

EpiMethEx. 

This result is extremely interesting as it suggests how DNA methylation 

phenomena are able to alter not only the methylated genes but also a plethora of 

genes regulated by transcription factors in an indirect manner. Therefore, the 

epigenetic modification of some transcription factors occurring in melanoma 

could lead to the alteration of a high number of genes associated with these 

transcription factors and involved in various cellular processes, including cell 

proliferation, cell differentiation and apoptosis. 

To better understand the role of these transcription factors in the potential 

development and progression of cutaneous melanoma, a further analysis of the 

molecular pathways and cellular processes in which the 40 transcription factors 

act was carried out. As shown in Figure 12, 28 of the 40 transcription factors 

identified by EpiMethEx (65% of transcription factors) were involved in the 

embryo morphogenesis and differentiation, 33% of these transcription factors 

(14 genes) were involved in the development of the neural tube and 1 

transcription factor (2% of the identified transcription factors) MITF was 

directly involved in melanocyte differentiation (Figure 12). 

By interpolating the lists of transcription factors involved in the three different 

pathways (embryo morphogenesis and differentiation, neural tube development 

and melanocyte differentiation) it was possible to identify 14 transcription 

factors involved both in embryonic morphogenesis and differentiation and in the 

development of the neural tube suggesting how these factors may play a 
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significant role in the development of melanomas but above all in the processes 

of tumor progression that lead to the migration of melanoma cells to distant sites 

of the organism and consequently to the formation of metastases (Figure 12). 

 

Figure 12. Functional role of the 40 transcription factors identified through EpiMethEx 

taking into account molecular pathways potentially involved and dysregulated in the 

development of cutaneous melanoma and in the formation of metastases. 

Of note, also MIFT can be considered a key transcription factor involved in the 

development of melanoma as it is actively involved in the differentiation of 

melanocytes and its dysregulation could be associated with an increased risk of 

developing cutaneous melanoma. Therefore, these initial bioinformatic analyses 

allowed us to identify a set of 15 transcription factors whose expression levels 

are altered in melanoma as a result of hyper- or hypomethylation phenomena, 

which may be involved in various physio-pathological processes related to 

melanoma development and distant metastasis formation. 

4.2 Dysregulation of the 15 Transcription Factors according to 

Different Clinical-Pathological Features of Cutaneous Melanoma 

The dysregulation of the 15 transcription factors identified through EpiMethEx 

and DAVID analyses were analyzed taking into account different clinical-
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pathological data of cutaneous melanoma contained in the TCGA SKCM 

database and normal samples contained in the GTEx database. 

The differential analyses of the expression levels of these 15 transcription factors 

revealed how some genes in cutaneous melanoma compared to normal nevi. For 

example, HOXB13 and LZTS1 showed increased expression levels in the tumor 

compared to normal tissues with FC values of 10.81 and 20.75, respectively 

(Figure 13). By stratifying the melanoma samples contained in the TCGA SKCM 

database according to the Clark level, the presence of skin ulceration, the 

presence of subcutaneous lymph node, Breslow index and distant metastases, 

statistically significant changes in the expression levels of these 15 transcription 

factors were identified. In particular, by stratifying the samples according to the 

Clark level only one transcription factor was found to be down-regulated 

(HHEX) while stratifying by Breslow index nine different transcription factors 

were altered (Figure 13). The further stratifications performed clustering 

samples according to the presence and localization of metastases highlighted 

how many of the transcription factors identified have an altered expression 

(Figure 13). Among these transcription factors, RARB and ISL1 showed altered 

expression levels in almost all the stratifications performed, underlining how 

these two genes can be effectively involved in the progression and metastasis of 

cutaneous melanomas (Figure 13). 
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Figure 13. Alteration of the expression levels of the 15 transcription factors identified 

by EpiMethEx according to different melanoma features. 1) Tumor samples vs healthy 

tissues; 2) Stratification according to Clark levels; 3) Stratification according to the 

presence of skin ulcerations; 4, 5 and 6) Stratification according to the presence and 

localization of metastases; 7) Stratification according to Breslow index. 

A more careful analysis of the correlation between DNA methylation and gene 

expression of these 15 transcription factors highlighted how some of them had a 

high presence of CG probset mapping the entire sequence of the gene and how 

most of these probsets correlated significantly with the gene expression in a 

concordant manner (Figure 14). The most interesting data concern the 

transcription factors RARB and ISL1. Indeed, the data reported in Figure 14 

show that the CG probsets of RARB were located the promoter level and their 

methylation was negatively correlated with gene expression. Conversely, the CG 

probsets of ISL1 map the intragenic portion of the gene and the methylation of 

these probsets were positively correlated with the expression levels of ISL1 

(Figure 14) 
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Figure 14. Correlation between DNA methylation and expression levels of the probsets 

mapping the 15 transcription factors investigated. 

These additional data suggest that RARB and ISL1 represent excellent examples 

of negative correlation between promoter methylation and gene expression and 

of positive correlation between intragenic methylation and gene expression, 

respectively. 

Overall, these data suggest that the methylation phenomena of these two genes 

and the consequent alteration of their expression levels could be related to the 

prognosis of patients with melanoma and therefore they can be used as 

biomarkers for this pathology. Therefore, the DNA methylation levels and 

expression levels of these two genes were validated in a panel of melanoma cell 

lines and in a pilot cohort of melanoma FFPE samples and healthy controls.  
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4.3 In Vitro Validation of the Correlation between DNA Methylation 

and Gene Expression of RARB and ISL1 in Melanoma Cell Lines 

In order to validate the bioinformatic results obtained by EpiMethEx, the 

methylation and expression levels of RARB and ISL1 were analyzed using the 

MSRE-ddPCR and ddPCR method, respectively. Through the precise evaluation 

of the methylation levels of the DNA methylation hotspots identified and the 

respective expression levels of genes it was possible to establish the effective 

correlation between promoter methylation and down-regulation of RARB and 

intragenic methylation and over-expression of ISL1. 

As regards the MSRE-ddPCR methylation analysis performed for the TSS200 

and EX1 DNA methylation hotspots of RARB showed that these hotspots were 

strongly methylated in the A2058 and MeWo melanoma cell lines. On the 

contrary, the same methylation hotspots had methylation rates below 5 % in the 

A375, SK23MEL and M14 cell lines. The subsequent evaluation of the 

expression levels of RARB in all these five cell lines also revealed a greater 

expression of this gene in the hypo-methylated A375, SK23MEL and M14 cells; 

while the expression levels of RARB were down-regulated in the hyper-

methylated A2058 and MeWo cell lines (Figure 15). 
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Figure 15. MSRE-ddPCR and ddPCR analysis of the methylation levels of the TSS200 

and EX1 DNA methylation hotspots and of the expression levels of RARB in melanoma 

cell lines. **** p<0.0001. 

As regards ISL1, the analysis of the methylation levels of the intragenic hotspots 

isl28 and isl53 highlighted higher methylation levels for the isl53 hotspot 

compared to the isl28 hotspot (78.25% vs 44%). In addition, high methylation 

levels were observed for A375, M14 and MeWo cells while slight levels of 

methylation (0.4% to 3.6%) were observed for SK23MEL and A2058 cell lines 

(Figure 16). By analyzing the expression levels of ISL1, normalized according 

to the expression levels of Beta-Actin used as a housekeeping gene, it was 
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possible to observe a direct association between methylation and gene 

expression. Indeed, higher levels of ISL1 were observed for the hyper-

methylated A375 and MeWo cell lines, while the hypo-methylated cell lines 

M14, SK23MEL and A2058 showed a reduced expression of ISL1 (Figure 16). 

 

Figure 16. MSRE-ddPCR analysis of the methylation levels of the isl28 and isl53 

intragenic DNA methylation hotspot of ISL1 and ddPCR analysis of the expression 

levels of the same gene in melanoma cell lines. **** p<0.0001. 

To further evaluate the effective correlation patterns existing between promoter 

methylation and RARB expression and intragenic methylation and ISL1 
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expression, Pearson's correlation analyses were performed between the 

expression levels and methylation observed for the two genes in the five 

melanoma cell lines here analyzed. 

The results of this further analysis further confirmed the effective negative 

correlation between promoter methylation and RARB expression and in 

particular a moderate negative correlation between the methylation levels of the 

TSS200 (r=-0.34) and EX1 (r=-0.55) hotspots with the expression of RARB 

(Figure 17A). Similarly, Pearson's correlation analyses performed between ISL1 

expression and methylation levels highlighted a positive and moderate 

correlation between ISL1 expression and isl28 hotspot methylation (r=0.33) and 

a strong positive significant correlation between ISL1 expression and isl53 

hotspot methylation (r=0.94; p=0.017) (Figure 17B). 

 
Figure 17. Pearson correlation analysis between expression and methylation levels. A) 

Correlation between expression and methylation levels of RARB; B) Correlation 

between expression and methylation levels of ISL1. 

This further data confirmed once again the validity of the prediction 

bioinformatics analysis performed by using EpiMethEx, the validity of the 

MSRE-ddPCR protocol and the negative correlation between promoter 

methylation and gene expression as well as the positive correlation between 

intragenic methylation and expression of the methylated gene. 

Once established the correlation existing between DNA methylation and gene 

expression, the potential diagnostic role of RARB and ISL1 DNA methylation 

hotspots was validated on FFPE samples obtained by both melanoma patients 

and healthy individuals with benign nevi. 
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4.4 Validation of the Diagnostic Value of RARB and ISL1 DNA 

Methylation Hotspots on FFPE Samples of Melanoma and Benign Nevi 

To evaluate the translational impact of the in silico and in vitro findings obtained 

through EpiMethEx and the MSRE-ddPCR analyses performed on melanoma 

cell lines, the methylation levels of the DNA methylation hotspots of RARB and 

ISL1 were evaluated through MSRE-ddPCR in FFPE tissues obtained from 15 

melanoma patients and 15 individuals with benign nevi.  

The MSRE-ddPCR analyses performed on FFPE tissue samples demonstrated 

that both RARB TSS200 and RARB EX1 methylation hotspots were 

significantly methylated in melanoma samples compared to benign nevi (Figure 

18). The mean percentage of methylation observed for the TSS200 methylation 

hotspot was 37.82% in melanoma samples compared to 16.66% of methylation 

observed in benign nevi (Figure 18A). Similarly, the percentage of methylation 

of RARB EX1 hotspot was significantly higher in melanoma samples compared 

to benign nevi (45.46% vs 20.68%) (Figure 18B). For both RARB promoter 

methylation hotspots, the increment of DNA methylation observed in melanoma 

samples compared to benign nevi was statistically significant (p=0.0049 and 

p<0.0001 for TSS200 and EX1, respectively) (Figure 18). 

 
Figure 18. Methylation levels of RARB promoter methylation hotspots. A) Methylation 

levels of RARB TSS200 methylation hotspot in FFPE melanoma and benign nevi 

samples; B) Methylation levels of RARB EX1 methylation hotspot in FFPE melanoma 

and benign nevi samples. ** p<0.01; **** p<0.0001. 
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isl53 methylation hotspots was observed, the results obtained were not 

statistically significant (Figure 19). In particular, the percentage of methylation 

observed for the isl28 DNA methylation hotspot was 34.95% in melanoma 

samples compared to 26.21% observed in benign nevi. However, such increment 

in the methylation levels observed in melanoma samples was not significant 

(Figure 19A). As regards the methylation levels observed for the DNA 

methylation hotspot isl53, the MSRE-ddPCR results revealed low methylation 

levels in both groups of samples. Also in this case, the slight increment of the 

methylation levels observed in melanoma samples (average methylation 

percentage of 5.36% vs 3.74% observed in benign nevi) was not significant 

(Figure 19B). 

 
Figure 19. Methylation levels of ISL1 intragenic methylation hotspots. A) Methylation 

levels of ISL1 isl28 methylation hotspot in FFPE melanoma and benign nevi samples; 

B) Methylation levels of ISL1 isl53 methylation hotspot in FFPE melanoma and benign 

nevi samples. ns not statistically significant. 

Overall, these further results obtained in clinical samples demonstrated the 

validity of the EpiMethEx bioinformatic prediction analysis for the methylation 

hotspots affecting RARB while the results obtained for ISL1 are controversial. 

Of note, the results obtained in both melanoma cell lines and FFPE samples 

demonstrated the great sensitivity and specificity of the MSRE-ddPCR protocol 

developed by the Experimental Oncology Laboratory of the University of 

Catania during the research activities of the Ph.D. program.  
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5. DISCUSSION 

Cutaneous melanoma represents one of the most aggressive tumors due to its 

high invasive and metastatic potential. It has been widely demonstrated that the 

development and progression of melanomas are mainly due to the accumulation 

of various genetic and epigenetic alterations associated with several risk factors, 

of which chronic or intermittent sun exposure represent the most studied and 

recognized (Candido S et al, 2014). These molecular alterations lead to the 

neoplastic transformation of melanocytes which acquire a tumor-like phenotype 

characterized by abnormal cell proliferation and the loss of cell cycle control, 

senescence and apoptosis. All these processes lead to the accumulation of further 

oncogenic mutation responsible for the invasive properties of melanoma which 

invade surrounding tissues, also infiltrating the blood and lymphatic vessels. 

Among the most frequent molecular alterations observed in cutaneous 

melanoma there are mutations affecting genes involved in various signal 

transduction pathways like the MAPK and PI3K/AKT pathways, which are 

involved in cell proliferation and survival. The dysregulation of these pathways 

also determines the increased expression of proteins that are involved in the 

degradation of the extracellular matrix, favoring the infiltration of the tumor into 

the subcutaneous layers and surrounding tissues (Napoli S et al, 2020). 

The accumulation of both driver and passenger mutations in melanoma cells lead 

also to the stimulation of other cellular and molecular processes involved in the 

formation of melanoma metastases. In particular, the epithelial-mesenchymal 

transition (EMT), i.e. the process of de-differentiation of melanocytes into 

mesenchymal cells, is commonly observed in melanoma cells which have the 

ability to migrate away from the primitive tumor bulk and form distant 

metastases surviving in the bloodstream (Yan S et al, 2016). 

Recently, it was demonstrated that the formation of distant metastases in 

melanoma patients is sustained by the reactivation of transcription factors that 

were active during the embryogenic differentiation of melanocytes (Tang Y et 

al, 2020). Of note, melanocytes originate from cells of the neural crest which, 

following EMT processes, migrate to different locations in the body during 

embryogenesis. Therefore, adult melanocytes that acquire a neoplastic possess 
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embryological traces of the mesenchymal and migratory abilities of neural crest 

cells mediated by transcription factors that if reactivated are responsible for the 

high rate of metastases observed in cutaneous melanoma (Bailey CM et al, 2012; 

Leong HS et al, 2012). The reactivation of these embryological transcription 

factors in melanoma can be related to both genetic and epigenetic alterations. In 

this context, different studies have demonstrated a strong impact of epigenetic 

alterations on the development of cutaneous melanoma (Giunta EF et al, 2021; 

Strub T et al, 2020). Among the epigenetic alterations involved in melanoma 

development, the methylation of DNA is one of the most studied. In particular, 

the methylation of cytosines is responsible for the alteration of gene expression 

levels resulting in genome-wide DNA hypomethylation and more localized 

hypermethylation at CpG-rich genomic loci known as CpG islands (Jones PA 

and Baylin SB, 2002) Recent studies have also shown that DNA methylation is 

actively involved in the development of several cancers, including cutaneous 

melanoma (Akhavan-Niaki H et al, 2013). 

As regards the epigenetic role of DNA methylation, it was demonstrated that 

intragenic DNA methylation is positively correlated with gene expression while 

methylation phenomena affecting gene promoters are negatively correlated with 

the expression of genes in the majority of cases. More in detail, it was speculated 

that intragenic methylation may play a role in the mechanisms of transcription 

elongation, intragenic activation (enhancer), and alternative splicing. (Singer M 

et al, 2015).  

Starting from these observations, our research group has demonstrated that 

intragenic DNA methylation phenomena affecting MMP9 gene are correlated 

with its over-expression suggesting how DNA methylation and epigenetic 

modifications can be involved in the development of melanoma and in the 

aggressive behavior of this tumor (Falzone L et al, 2016). These data obtained 

on MMP9 prompted us to investigate the role of DNA methylation in the 

development and progression of cutaneous melanoma. Therefore, through the 

adoption of both in silico and in vitro evaluations the pathogenetic role of DNA 

methylation was investigated in cutaneous melanoma. 
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Recently, different bioinformatics and computational tools have been developed 

to fasten the analysis of omics data collected on public databases. Through the 

use of these tools, it is possible to predict the global methylation status in specific 

pathologies and to identify potential biomarkers or altered genes responsible for 

the development and progression of tumors. 

Starting from these observations and our preliminary studies on DNA 

methylation and cutaneous melanoma, the aim of the present study was to 

evaluate the global DNA methylation status in cutaneous melanoma in order to 

identify DNA methylation hotspots potentially involved in the development and 

progression of this tumor. For this purpose, a bioinformatics analysis was first 

performed using the bioinformatics tool EpiMethEx, an R-package developed by 

the Experimental Oncology laboratory as part of the research project of the Ph.D. 

program (Candido S et al, 2019). In particular, EpiMethEx was used to evaluate 

the DNA methylation and gene expression data contained in the TCGA SKCM 

and GTEx databases in order to identify genes whose methylation status correlated 

positively or negatively with gene expression. The EpiMethEx analysis revealed 

517 genes whose methylation status significantly alter gene expression. 

Subsequently, a gene ontology analysis performed by using the prediction tool 

DAVID revealed that among these 517 methylated genes 40 belong to the class of 

transcription factors. Of these 40 transcription factors, particular attention was 

paid to the study of DNA methylation phenomena affecting genes involved in 

melanocyte differentiation and epithelial to mesenchymal transition. Overall, the 

bioinformatics analyses allowed the selection of 15 different transcription factors 

strongly involved in embryonic morphogenesis and differentiation and in the 

development of the neural tube suggesting how these factors may play a 

significant role in the differentiation of melanocytes and in the development of 

melanomas as well as in the tumor progression and the underlying mechanisms 

responsible for the migration of melanoma cells and the formation of metastases. 

The in-depth analysis of the methylation and expression levels of these 15 

transcriptions factors revealed as RARB and ISL1 represent excellent examples 

of genes whose, respectively, promoter methylation is negatively correlated with 

gene expression and intragenic methylation is positively correlated with gene 
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expression. Therefore, these two genes were selected for the further in vitro and 

clinical validation analyses performed on melanoma cell lines and FFPE 

samples, respectively. 

As regards RARB and ISL1, these genes appeared dysregulated in melanoma 

taking into account different clinical-pathological features of patients. Of note, 

RARB is involved in the regulation of retinoic acid (RA) function. Several studies 

have demonstrated that (RA) is a key factor involved in embryogenesis and 

organogenesis through the regulation the expression levels of different tissue-

specific genes. RARB is one of the nuclear receptors able to bind RA. In 

particular, RA can bind different nuclear receptors, RAR receptors α, β and γ, 

which are involved in the regulation of the expression levels of different genes 

(Chambon P, 1996; Mangelsdorf DJ et al, 1991). It has been demonstrated that 

RA-signaling is actively involved in the regulatory mechanisms of neural crest 

cells migration during primary neural development. In addition, retinoic acid has 

negative effects on the secretion and expression of MMPs (Nguyen J et al, 2006). 

These data suggest how RA and RARB have a strong anti-tumor effect, therefore 

methylation phenomena affecting RARB promoter could lead to gene silencing 

and consequently promote tumor development or aggression (Xu XC, 2007). In 

this context, some studies have demonstrated that RARB is highly expressed in 

melanocytes of the skin and methylation phenomena at the promoter level could 

alter its expression levels (Boehm N et al, 2004; Fan J et al, 2010). 

As regards ISL1, recently some studies have evaluated its involvement in the 

migration process of cancer cells (Li M et al, 2021). The insulin gene enhancer 

protein (ISL1) is a transcription factor particularly expressed during the 

formation of the neural tube. In particular, ISL1 acts as a signal molecule for 

primary sensory neurons in the dorsal region, the D2 class of dorsal interneurons 

and motor neurons in the ventral region. 

In addition, ISL1 has been shown to be highly expressed in a number of 

malignant tumors promoting cell proliferation and EMT transformation through 

the PI3K/AKT pathway and the upregulating Aurora kinase A protein (Li M et 

al, 2021). Another study demonstrated that ISL1 positively regulates the 

expression of MMP-2 and MMP-9 in A375 cells, suggesting how the over-
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expression of these transcription factors in cutaneous melanoma could be 

considered a negative prognostic factor (Zhu X et al, 2018). 

All these data suggest that methylation phenomena affecting these two 

transcription factors may be involved in the de-differentiation of melanoma cells 

and in the migratory processes responsible for the high metastatic rates observed 

in melanoma patients. 

Based on the functional role of RARB and ISL1 in different tumors, including 

cutaneous melanoma, the methylation and gene expression levels of these two 

factors were validated on melanoma cell lines and clinical samples obtained from 

both melanoma patients and healthy individuals. In particular, in order to 

validate the bioinformatic results obtained by EpiMethEx and establish the 

effective correlation between promoter methylation and down-regulation of 

RARB and intragenic methylation and over-expression of ISL1, the methylation 

levels of two RARB promoter methylation hotspots (TSS200 and EX1) and two 

ISL1 intragenic methylation hotspots (isl28 and isl53) were evaluated in a panel 

of five melanoma cell lines using the innovative method MSRE-ddPCR 

developed by our laboratory. In parallel, the expression levels of both RARB and 

ISL1 were observed by ddPCR. The results of the analysis performed on 

melanoma cell lines confirmed the data obtained through EpiMethEx 

demonstrating the negative correlation existing between RARB promoter 

methylation and its expression and the positive correlation existing between 

ISL1 intragenic methylation and its expression. These in vitro results 

ìdemonstrated the high predictive value of the analyses performed with 

EpiMethEx as well as the reproducibility of the results obtained by the highly 

sensitive MSRE-ddPCR methylation analysis protocol here developed. 

Finally, the in silico and in vitro results were further confirmed on FFPE 

melanoma samples and normal nevi. In particular, the MSRE-ddPCR analyses 

performed on clinical samples demonstrated that the TSS200 and EX1 DNA 

methylation hotspots of RARB are effectively hyper-methylated in melanoma 

samples compared to benign nevi further validating the results obtained on 

melanoma cell lines. However, inconclusive results were obtained as regards 

ISL1 methylation levels as no statistical differences between the methylation 
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levels of isl28 and isl53 methylation hotspots were observed in melanoma 

samples and normal controls. These latter results suggest that the number of 

FFPE samples should be increased to obtain statistically significant data. 

Overall, the results obtained in FFPE samples also demonstrated that the MSRE-

ddPCR protocol is effective in correctly establishing DNA methylation levels 

also in DNA samples of poor quality as those obtained from FFPE tissues. 

Indeed, the DNA obtained from fixed samples is highly fragmented and often 

the methylation levels of this type of sample cannot be analyzed through classic 

MSRE protocols or bisulfite conversion of methylated cytosines.  

On these bases, the results here obtained encourage the adoption of the MSRE-

ddPCR protocol for the effective identification and analysis of DNA methylation 

hotspots in low-quality samples. In this manner, it is possible to evaluate the 

diagnostic potential of all the DNA methylation hotspots identified through 

EpiMethEx this identifying novel potential biomarkers for the management of 

cutaneous melanoma. However, further validation experiments performed on a 

wide cohort of melanoma patients and normal individuals are mandatory to 

confirm these preliminary results. 
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6. CONCLUSIONS 

The computational and molecular results obtained in the present study confirm 

the high predictive value of the analysis performed by EpiMethEx and the 

reproducibility of the results obtained with the innovative MSRE-ddPCR 

methylation assay here developed. 

In particular, here it was demonstrated that methylation phenomena occurring in 

promoter or intragenic regions are significantly correlated with gene silencing 

and over-expression, respectively. Therefore, methylation phenomena occurring 

in melanoma cells could be responsible for the reactivation of transcription 

factors involved in the de-differentiation of melanocytes and in the promotion of 

EMT and metastasis formation processes.  

On these bases, the analysis of DNA methylation levels in individuals at risk for 

the development of melanoma or with a diagnosis of cutaneous melanoma could 

be useful to predict the risk of development of this tumor and the prognosis of 

patients.  

Of note, the preliminary results here obtained need to be further validated in a 

wider cohort of melanoma patients and healthy controls. In particular, the 

analysis of the DNA methylation status of RARB and ISL1, as well as of other 

transcription factors here identified, should be evaluated in a higher number of 

FFPE samples and in liquid biopsy samples of individuals at risk for this tumor 

as well by using the MSRE-ddPCR here developed. In this way, the diagnostic 

and prognostic role of DNA methylation hotspots will be further clarified. In 

addition, besides the evaluation of the methylation levels of the hotspots here 

identified it is important to also evaluate the expression levels of the transcription 

factors in order to establish their diagnostic and prognostic significance in 

cutaneous melanoma patients. 

In conclusion, the results here obtained pave the way for the development of new 

strategies for the identification of diagnostic and prognostic epigenetic 

biomarkers for cutaneous melanoma.  
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