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ABSTRACT 

Cutaneous melanoma represents one of the deadliest forms of skin cancer due to its 

high invasiveness and metastatic tendency. Despite recent advances in screening 

programs and the development of innovative therapeutic strategies (e.g. targeted 

therapy and immunotherapy) have allowed to ameliorate the management of cancer 

patients, melanoma incidence and mortality rates are constantly increasing 

worldwide highlighting the need for novel diagnostic and prognostic biomarkers, 

as well as new potential therapeutic targets. In this regard, a growing number of 

studies have recently highlighted that the development of cutaneous melanoma is 

not only associated with gene mutations but also with epigenetic alterations, which 

may induce the dysregulation of oncogenes and tumor suppressor genes, as well as 

the activation of different signaling pathways involved in cancer initiation and 

progression. Among the epigenetic alterations, DNA methylation is the most 

characterized playing a critical role in the regulation of cancer-related genes. As 

widely reported in the literature, promoter hypomethylation is strictly associated to 

activation of oncogenes. Similarly, intragenic DNA methylation seems to be 

actively involved in transcriptional regulatory processes; however, its functional 

role has not been completely elucidated yet. Of note, several studies reported that 

tumor microenvironment-related genes are epigenetically regulated by DNA 

methylation, including the Gelatinase-Associated Lipocalin (NGAL) and its 

receptor Solute Carrier Family 22 Member 17 (SLC22A17) that are involved in iron 

trafficking mediating either the iron influx or efflux through the cell membrane.  

On these bases, the present study aimed to investigate the role of DNA methylation 

in the regulation of SLC22A17 gene expression in cutaneous melanoma, as well as 

the involvement of NGAL/SLC22A17 axis in iron homeostasis and ferroptosis.  

To this purpose, bioinformatic analyses were conducted by using The Cancer 

Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets to evaluate 

the SLC22A17 expression and DNA methylation profiling in cutaneous melanoma 

and identify putative methylation hotspots as diagnostic and prognostic biomarkers. 

In addition, in vitro functional studies were conducted on different melanoma cell 

lines to assess the correlation between DNA methylation and expression of 

SLC22A17 by 5-azacytidine (5-Aza) treatment, whereas ammonium iron (III) 



 
 

citrate, 1S,3R-RSL 3, and Erastin treatments allowed to explore the role of 

NGAL/SLC22A17 axis in iron trafficking and ferroptosis. In particular, the effect of 

ferroptosis activators was assessed in A375 cells transfected with NGAL and 

SLC22A17 variants 1, 2, and 3. Validation study was also conducted analyzing the 

methylation levels of the in silico identified cg17199325 hotspot in FFPE 

melanoma and nevi samples by the custom Methylation-Sensitive Restriction 

Enzyme-droplet digital PCR (MSRE-ddPCR) assay to evaluate its clinical 

relevance as epigenetic biomarker for cutaneous melanoma. 

The computational analyses showed a significant downregulation of SLC22A17 in 

melanoma patients compared to healthy controls, suggesting that SLC22A17 could 

act as a tumor suppressor gene. Moreover, a strong positive correlation was 

observed between SLC22A17 gene/variants expression and intragenic DNA 

methylation. The bioinformatic results were further confirmed by the in vitro study 

on 5-Aza treated melanoma cells, which demonstrated that SLC22A17 expression 

is strictly regulated by the DNA methylation status of both promoter and body 

regions. Interestingly, the MSRE-ddPCR analysis revealed that the DNA 

methylation levels of the in silico identified cg17199325 hotspot were higher in 

FFPE melanoma samples compared to nevi and related to disease progression. 

Finally, the A375 cells overexpressing SLC22A17 variant 3 (A375Empty/SLC22A17Var3) 

acquired resistance to iron overload and 1S,3R-RSL 3 treatment. However, the 

baseline sensitivity was restored by the concomitant overexpression of NGAL 

(A375NGAL/SLC22A17Var3), indicating that NGAL/SLC22A17 axis could play a critical 

role in ferroptosis of melanoma cells. 

Overall, the results of this study indicated that the cg17199325 hotspot could 

represent a promising diagnostic biomarker of cutaneous melanoma, highlighting 

the regulatory role of DNA methylation on the SLC22A17 gene expression. 

However, the results obtained so far need to be clinically validated in a larger cohort 

of melanoma patients. In addition, the involvement of SLC22A17 variant 3 in 

ferroptosis resistance could pave the way to the development of novel effective 

strategies for the treatment of melanoma patients.   
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1. INTRODUCTION 

Cutaneous melanoma is one of the most common skin cancers, which is 

characterized by the malignant transformation of melanocytes. Of note, melanoma 

incidence rates have rapidly increased worldwide over the last decades, especially 

among fair-skinned populations of European ancestry. Moreover, it represents an 

important leading cause of cancer death due to its high metastatic potential and 

aggressiveness. However, early screening and diagnosis are generally associated 

with good prognosis (Lopes J et al., 2022; Rashid S et al., 2023). Therefore, 

awareness of the risk factors together with increased surveillance are essential to 

prevent metastasis and reduce mortality rate.  

As widely reported in the literature, melanocyte neoplastic transformation is 

triggered by both modifiable and non-modifiable risk factors. Exposure to 

ultraviolet (UV) radiation, fair skin, nevus count, ethnicity, age, genetic 

predisposition, lifestyle, and suppressed immune system are well established risk 

factors (Leonardi GC et al., 2018). In particular, chronic and intermittent exposure 

to UV rays is associated to the development of approximately 70% of melanoma 

cases. Indeed, several studies reported that UV rays may induce oxidative stress-

related DNA damage, stimulating the production of reactive oxygen species (ROS) 

and DNA photoproducts (Sample A and He YY., 2018). In this context, melanin 

plays a controversial role. Although it protects skin cells against UV-induced 

damage, increased melanin synthesis may lead to the overproduction of intracellular 

ROS, playing a pivotal role in the pathogenesis of cutaneous melanoma (Jenkins 

NC and Grossman D., 2013; Obrador E et al., 2019; Strashilov S and Yordanov A., 

2021).  

Besides UV radiation, the accumulation of genomic alterations represents another 

important risk factor related to melanoma initiation and progression. Notably, both 

germline and somatic mutations may lead to the overactivation of different 

signaling transduction pathways and loss of regulatory processes controlling cell 

cycle, proliferation, differentiation, senescence, and apoptosis (Paluncic J et al., 

2016; Motwani J and Eccles MR., 2021). 

Besides the established gene mutations, a growing body of studies highlighted that 

epigenetics is also involved in the development of several cancer types, including 
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melanoma (Sarkar D et al, 2015; Giunta EF et al., 2021; Karami Fath M et al., 

2022). Among the epigenetic regulatory mechanisms, DNA methylation represents 

the most well-studied, whose aberration may induce silencing of tumor suppressor 

genes or activation of oncogenes (Micevic G et al, 2017). Recently, it has been 

reported that DNA methylation status also plays a critical role in the modulation of 

Tumor Microenvironment (TME). In particular, accumulating evidence showed 

that aberrant DNA methylation significantly affects the expression levels of TME-

related genes involved in the regulation of cell cycle, cell growth, proliferation, and 

migration, as well as differentiation, apoptosis, and molecules trafficking (Xie Z et 

al., 2023; Yang J et al., 2023). Therefore, investigating the role of DNA methylation 

in the regulation of such genes could provide novel diagnostic and prognostic 

biomarkers, as well as potential drug targets for the treatment of cutaneous 

melanoma. 

 

1.1 Clinicopathological features of cutaneous melanoma  

Cutaneous melanoma is a malignant form of skin cancer arising from melanocytes, 

which are melanin-producing dendritic cells mainly localized in the basal epidermis 

but also found in hair follicles, uvea, mucosal surfaces, and meninges (Long GV et 

al., 2023). The melanocytes are responsible for the production of the melanin 

pigment through the hydroxylation of the amino acid tyrosine catalyzed by 

tyrosinase, which occurs inside specific organelles called melanosomes (Ostrowski 

SM and Fisher DE., 2021). Once synthesized, melanin is transported from 

melanocytes’ dendrites to neighboring keratinocytes. The synthesis and release of 

melanin are induced by the melanocyte-stimulating hormone (MSH) that is 

produced by skin keratinocytes in response to UV radiation exposure (Leonardi GC 

et al., 2018). Indeed, melanin determines the skin, hair, and iris pigmentation and 

acts as a redox UV-absorbing agent, thus preventing DNA damage of epidermal 

cells. In addition, melanin shows antioxidant properties acting as an indirect 

scavenger of ROS induced by UV radiation (Solano F., 2020). 

Cutaneous melanoma represents the most lethal type of cancer among skin tumors 

due to its aggressiveness and high metastasis rate. Historically, cutaneous 

melanoma has been classified into four subtypes based on the clinical and histologic 
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manifestations: superficial spreading melanoma (SSM), nodular melanoma (NM), 

lentigo maligna melanoma (LMM), and acral lentiginous melanoma (ALM) (El 

Sharouni MA et al., 2020). SSM is the most common subtype of melanoma 

accounting for more than 70% of all lesions and is often diagnosed in middle-aged 

people (Ostrowski SM and Fisher DE., 2021). SSM can develop on any site of the 

body, especially affecting the body regions exposed to intense and intermittent 

sunlight (e.g. trunk and extremities). Lesions are often asymmetrical and present 

irregular or unclear borders, diverse shades of brown/black, and increased 

dimensions. After an initial phase of radial growth, which is slow and prolonged, 

the tumor enters a vertical growth phase causing dermal invasion, nodule 

development, and ultimately bleeding and ulceration (Trindade FM et al., 2021). 

NM subtype mainly develops on the trunk, head, and neck but may also occur in 

other body regions. NM accounts for ~ 10-15% of all melanoma cases and is 

associated with poorer prognosis and a higher fatality rate compared to the other 

subtypes. Indeed, NM is generally characterized by a symmetric nodule that only 

shows a vertical growth phase and spreads quickly. Therefore, this melanoma 

subtype is often diagnosed at an advanced stage (Dessinioti C et al., 2021). LMM 

represents a less common form of melanoma (7-15% of all cases) and generally 

affects the head, neck, and hands in elderly people after years of sun exposure. The 

main features of this subtype include large dimensions, irregular margins, and 

lesions generally black or brown (Connolly KL et al., 2015). Finally, ALM 

represents only 2-3% of melanomas in Caucasians, while it is more frequently 

diagnosed in Asian and African subjects accounting for 35% of cases. ALM mainly 

affects elderly people, in which usually appears as a pigmented macule on the 

palms, soles, and under the nail bed (Goydos JS and Shoen SL., 2016). 

  

1.2 Worldwide epidemiological data of cutaneous melanoma  

Nowadays, cutaneous melanoma represents a global public health issue. Overall, it 

is the fifth most frequent tumor in men (5% of all cancer cases) and the seventh in 

women (4% of all cancer cases) (Sung H et al., 2021). The incidence has risen 

drastically in fair-skinned populations since the 1930s probably due to changes in 

tanning attitudes and increased exposure to UV radiation (Martin JM et al., 2009). 
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Despite the rise in incidence, the melanoma mortality rate has remained almost 

unchanged (Hartman RI and Lin JY., 2019). Indeed, the global incidence rate of 

cutaneous melanoma was 1.6% of all new cancer cases in 2018, with a mortality 

rate of 0.6% (Bray F et al., 2018). However, according to the GLOBOCAN 

database, there was only an increase in incidence (1.7%) in 2020, while there was 

a stabilization in the mortality rate. Worldwide, 324,635 new cases of melanoma 

and 57,043 deaths of melanoma occurred in 2020 for both sexes (Sung H et al., 

2021). In particular, the vast majority of diagnosed cases in 2020 were patients older 

than 50 years old (79.7%) and males, since 174,000 cases were registered in males 

and 151,000 cases in females (Arnold M et al., 2022). Of note, the incidence rate is 

significantly affected by several factors, including geographic area, ethnicity, 

socioeconomic conditions, sex, and age of patients. Notably, among all the 

melanoma cases registered in 2020, the largest number occurred in Europe (46.4%), 

followed by North America (32.4%) (Arnold M et al., 2022). Conversely, 

melanoma incidence is low in African and Asian countries (2.1% and 7.3% of all 

cases, respectively), indicating that pigmented skin of non-Caucasian population is 

more protected compared to fair skin phototypes (Fajuyigbe D and Young AR., 

2016). Interestingly, melanoma is the fifth most frequent tumor in the United States, 

where the incidence rate has continued to rise since 1975 growing over 300% 

(Saginala K et al., 2021).  

Similarly, this malignant neoplasm represents one of the most common cancer in 

Italy, with a total of 14,900 new cases (8,100 men vs 6,700 women) and 2,065 

deaths (1,193 men vs 872 women) occurred in 2020. Notably, the epidemiological 

data in Italy showed a similar trend to that recorded globally; indeed, the incidence 

rate of cutaneous melanoma increased both in men and women between 2008 and 

2016, whereas the mortality rate remained stable with a total of 49,312 deaths 

recorded from 1982 to 2016. In addition, five-year survival rate is higher in women 

than in men (89% and 85%, respectively) with a total of 89,800 women living in 

Italy after a diagnosis of cutaneous melanoma compared to 80,100 men, indicating 

that the melanoma mortality rate in Italy is higher in elderly men (Briatico G et al., 

2022).  
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1.3 Melanoma-associated risk factors 

Although the exact causes of cutaneous melanoma have not been fully elucidated 

yet, several risk factors have been associated with the occurrence of this malignant 

tumor (Jitian Mihulecea CR and Rotaru M., 2023). Of note, the identified critical 

factors promoting melanoma development can be classified into three groups 

(genetic, epigenetic, and environmental), further divided into modifiable (UV 

radiation, lifestyle, and nutritional factors) and non-modifiable ones (phototype, 

genetic predisposition and heredity, atypical nevi, and immunodeficiency) (Figure 

1) (Serman N et al., 2022). 

 

 

Figure 1. Main modifiable and non-modifiable risk factors related to melanoma 

 

1.3.1 Modifiable risk factors 

As widely reported in the literature, solar UV exposure represents one of the most 

important modifiable risk factors for cutaneous melanoma. Of note, UV radiation 

may be classified into three main types according to its wavelength: UVA (315-400 

nm), UVB (280-315 nm), and UVC (<280 nm). Among these, UVA and UVB are 

the most dangerous and may induce carcinogenic skin damage, while UVC 

radiation is not dangerous since UVC is unable to penetrate earth’s atmosphere 

(Sample A and He YY., 2018; Conforti C and Zalaudek I., 2021). Specifically, UVA 
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(95% of solar UV radiation) may penetrate deep into the dermis and cause indirect 

DNA damage, stimulating ROS production and increasing oxidative stress, which 

lead to DNA double strand breaks (DSBs) and interstrand crosslinks (ICLs) (Karran 

P and Brem R., 2016). Conversely, UVB (5-10% of solar UV radiation) is more 

genotoxic than UVA radiation and induces direct DNA damage through the 

formation of cyclobutane pyrimidine dimers and 6−4 photoproducts due to the 

cycloaddition of the C5–C6 double bonds and the addition of a covalent bond 

between C6-C4 of adjacent pyrimidines, respectively (Sample A and He YY., 2018). 

Under physiological conditions, ROS-induced toxic effects and DNA 

photoproducts are recognized and repaired; however, any alteration of these 

pathways may significantly increase the risk of cutaneous melanoma (Karran P and 

Brem R., 2016; Khan AQ et al., 2018) 

Although previous evidence reported that chronic solar UV exposure was strictly 

associated to melanoma development, an increasing number of recent studies 

highlighted that intermittent solar UV exposure may be more damaging to exposed 

cells, inducing the accumulation of genetic mutations (Pinault L and Fioletov V., 

2017; Arisi M et al., 2018). Notably, repeated sunburns due to intermittent sun UV 

exposure during childhood significantly raise the risk of skin cancer, while tanning 

seems to play a protective role against genotoxic effects induced by UV radiation 

(Behrens CL et al., 2013; Wu S et al., 2016). 

Besides solar UV radiation, artificial sources of UV rays also play a critical role in 

melanoma development due to the higher emission of UVA compared to natural 

exposure (Zhang M et al., 2012). Of note, World Health Organization (WHO) has 

recently classified tanning beds as potentially carcinogenic since their widespread 

use among young people led to an increase of melanoma cases in the last few years 

(Dessinioti C and Stratigos AJ., 2022). In this field, primary prevention strategies 

should be enhanced to reduce the exposure to these risk factors, especially among 

younger individuals. For instance, the use of protective creams with high sun 

protection factor (SPF), hats, and sunglasses represent a valuable strategy to limit 

sunburns. Similarly, avoid sun UV exposure during midday hours and the use of 

tanning beds may significantly contribute to reduce the risk of cutaneous melanoma 

(Lagacé F et al., 2023; McKenzie C et al., 2023). 
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Other well-defined modifiable risk factors are represented by lifestyle and dietary 

habits. Of note, numerous studies reported that a diet rich in fruits, vegetables, 

whole grains, and legumes significantly reduces melanoma risk since these foods 

are characterized by a high content of antioxidants, vitamins, minerals, fibers, and 

phytochemicals (Yang K et al., 2018; Malagoli C et al., 2019). In this regard, 

Mediterranean diet may be considered a typical example of balanced diet with 

beneficial effects on health status. Notably, several studies highlighted that a regular 

intake of fatty fish, an important source of omega-3 fatty acids, as well as olive oil, 

may contribute to skin health (Noel SE et al., 2014; Mahamat-Saleh Y et al., 2020). 

Conversely, daily lifestyle based on tobacco smoking, heavy alcohol consumption, 

poor physical activity, diets high in red meats and refined carbohydrates is 

associated with an increased risk of skin cancers (Sawada Y and Nakamura M., 

2021). Although both obesity and high body mass index (BMI) are important 

cancer-associated risk factors, their role in cutaneous melanoma development has 

not been fully elucidated yet. Interestingly, previous studies showed that 

overweight/obese people (> 50 years old) are exposed to a higher risk of melanoma 

compared to healthy weight individuals (Dobbins M et al., 2013; De Giorgi V et al., 

2017). More recently, it has been reported that obesity and high BMI are positively 

associated with clinical outcomes of melanoma patients, termed as “obesity 

paradox”. Specifically, the overall survival (OS) of obese patients was 2-fold higher 

than melanoma patients with normal BMI (Hayes AJ and Larkin J., 2018; Smith 

LK et al., 2020). Therefore, additional studies should be undertaken to provide a 

better understanding of the interplay between obesity and cutaneous melanoma. 

 

1.3.2 Non-modifiable risk factors 

Skin pigmentation is a major non-modifiable risk factors for cutaneous melanoma. 

In this regard, Fitzpatrick Scale was developed in 1972 to classify phototypes based 

on skin color and tendency to burn or tan following solar UV exposure, as well as 

hair and eye color (Gupta V and Sharma VK., 2019). Specifically, this classification 

system includes six different skin phototypes of which I-IV skin types refer to 

people with fair skin, whereas V and VI subtypes for people with dark skin (Table 

1). 
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Table 1. Skin phototypes according to Fitzpatrick classification 

Type Characteristics Sunburn potential 

I Pale/freckled skin, red/blond hair, blue/green/grey eyes Always burns, never tans 

II Fair skin, blond/brown hair, all eye colors Burns easily, sometimes tans 

III Light brown skin and hair, brown/grey eyes Tans easily, sometimes burns 

IV Olive skin, dark brown hair, brown eyes Tans easily, rarely burns 

V Medium brown skin, dark brown/black hair, brown eyes Tans easily, rarely burns 

VI Dark skin, black hair, dark brown eyes Tans easily, never burns 

 

Of note, subjects belonging to phototypes I and II with fair skin, red/blond hair, 

blue/green eyes, and freckles are more exposed to genotoxic effects caused by sun 

UV radiation and risk of skin cancers compared to phototypes V and VI (Grigore 

M et al., 2018). Indeed, differences in skin pigmentation and response to UV 

radiation are strictly related to melanin pigment and its relative composition 

(eumelanin/pheomelanin ratio). Specifically, fair skin phototypes are characterized 

by high pheomelanin content, which is phototoxic and unable to adequately protect 

against UV rays. Conversely, eumelanin pigment of dark skin phototypes (types V 

and VI) shows antioxidants properties, protecting skin from UV damage and 

reducing ROS levels (Maresca V et al., 2015; Ito S et al., 2018). 

Besides skin phototype, the number and anatomical location of melanocytic nevi 

are predictive factors of melanoma risk (Alendar T and Kittler H., 2018; Jayasinghe 

D et al., 2022). Notably, recent studies highlighted that subjects with more than 100 

melanocytic nevi are exposed to a 6-fold increased risk of melanoma compared to 

people with less than 15 nevi (Rastrelli M et al., 2014; Bhatt M et al., 2016). 

Although the presence of melanocytic nevi on skin surface may be considered a 

pivotal risk factor, it is important to note that only 20%-40% of melanomas derive 

from preexisting nevi, while the remaining 60%-80% of cases may originate de 

novo (Saida T., 2019).  

Similarly, dysplastic nevi with ill-defined borders, uneven color, and larger than 7 

mm are associated to a high risk of melanoma (Shreberk-Hassidim R et al., 2023). 

In particular, dysplastic nevi are mainly localized on anatomical regions not 

exposed to sunshine (e.g. scalp, buttocks, and breasts) and may be considered as a 
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continuum between common nevi and melanoma (Goldstein AM and Tucker MA., 

2013). In this field, since dysplastic nevi could represent precancerous lesions 

evolving into melanoma, screening campaigns are important to monitor any 

changes in skin lesions over time, as well as to identify new suspected lesions 

(Weyers W., 2018; Becevic M et al., 2021). 

Among non-modifiable risk factors, genetic predisposition may also play a pivotal 

role in melanoma pathogenesis. Of note, individuals having a first-degree relative 

with melanoma are exposed to a 2-fold increased risk compared with those without 

a family history (Read J et al., 2016; Soura E et al., 2016). In this regard, several 

germline mutations have been associated to melanoma development over the years, 

especially mutations affecting Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A), 

Melanocortin 1 Receptor (MC1R), and Cyclin-Dependent Kinase 4 (CDK4) (Law 

MH et al., 2012; Toussi A et al., 2020). Moreover, germline mutations may also 

occur in DNA repair genes, including Microphthalmia-associated Inducing 

Transcription Factor (MITF), Telomerase Reverse Transcriptase (TERT), and 

BRCA1 associated protein-1 (BAP1) (De Simone P et al., 2017; Stolarova L et al., 

2020). As recently reported, individuals with a family history of melanoma 

inheriting such germline mutations are exposed to 70% increased lifetime risk of 

skin cancers (Wei EX et al., 2019).  

Similarly, melanoma risk is enhanced in subjects with a previous diagnosis of 

Familial Atypical Multiple Mole Melanoma (FAMMM) syndrome, an autosomal 

dominant genodermatosis characterized by multiple melanocytic nevi on skin 

surface with variable size and color. Notably, 50%-80% of FAMMM patients 

develop melanoma before 40 years old, especially those with more than 50 

dysplastic nevi (Lynch HT and Shaw TG., 2016). In addition, Li-Fraumeni 

syndrome represents another autosomal dominant syndrome strictly related to an 

increased risk of developing melanoma (Sandru F et al., 2022). 

Human Immunodeficiency Virus (HIV) infection has been also described as a 

potential risk factor for cutaneous melanoma. In particular, recent studies reported 

that HIV-positive patients had a 2-fold increased risk of skin cancers compared to 

uninfected subjects, especially elderly people chronically exposed to UVB radiation 

(Olsen CM et al., 2014; Marra A et al., 2017). Although the incidence rate of 
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melanoma among HIV-positive patients seems to be associated with impaired 

immune response, further studies are mandatory to better clarify the potential 

relationship between HIV infection and skin cancer risk (Facciolà A et al., 2020). 

Other non-modifiable risk factors are associated to melanoma, including age, sex, 

and ethnicity. Of note, recent evidence showed that males are more likely to be 

affected by skin cancer than females (2.5-fold increased risk of melanoma) (Collier 

V et al., 2021); however, sex disparity in cancer risk changes by age. In particular, 

women aged between 18-50 years old and men over 60 are at higher risk for 

cutaneous melanoma compared to the opposite-sex groups (Schwartz MR et al., 

2019). In addition, it has been reported that fair-skinned Caucasian individuals are 

more exposed to melanoma risk compared to African and Asian subjects (Ward-

Peterson M et al., 2016).  

 

1.4 Classification and management of cutaneous melanoma 

The current classification of cutaneous melanoma refers to the American Joint 

Committee on Cancer (AJCC) system, which is periodically updated to reflect 

advances in understanding of disease. The AJCC staging system is based on the 

following TNM scoring parameters: primary tumor size and extent (T), lymph node 

involvement (N), and presence of metastases (M). The combination of these 

parameters allows to distinguish cutaneous melanoma into different groups. 

Specifically, stages I and II include melanomas localized to epidermis (< 1 mm and 

1-4 mm thick, respectively), stage III refers to melanoma cases with lymph node 

involvement, while stage IV patients are characterized by distant metastases to other 

organs, including brain, lungs, liver, bones, and gut (Figure 2) (Garbe C et al., 

2022). 
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Figure 2. Schematic representation of cutaneous melanoma staging 

 

Of note, the staging of cutaneous melanoma is also based on other important 

parameters, such as Clark’s level and Breslow thickness. Briefly, Clark’s level, a 

classification system developed by Wallace H. Clark Jr. in 1969, refers to the 

epidermal invasion to evaluate melanoma severity and aggressiveness. Notably, the 

Clark scale consists of five invasion levels, of which the highest levels represent 

negative prognostic factors for melanoma patients (Table 2) (Clark WH Jr et al., 

1969). 

 

Table 2. Clark’s classification system 

Level Histological features 

I Lesion is limited to the epidermis (Melanoma in situ)  

II Cancer cells invade the papillary dermis 

III Tumor invades the junction of the papillary and reticular dermis 

IV Cancer cells penetrate the reticular dermis 

V Melanoma extends beyond the dermis into the subcutaneous tissue 

 

Breslow’s index, introduced by the pathologist Alexander Breslow in 1970, 

represents another critical parameter to assess the thickness of cancer lesions. In 
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particular, tissue biopsy analysis is based on the measurement of the vertical 

distance between the epidermis surface and the deepest point of cancer cell 

invasion. This classification method is composed of four different stages typically 

expressed in millimeters (Table 3) (Breslow A., 1970). 

 

Table 3. Breslow’s classification system and related survival percentage of melanoma 

patients 

Level Breslow’s depth 5-year survival 

I ≤ 0.75 mm (equivalent to Clark level II) 80% - 90% 

II 0.76 mm – 1.50 mm (equivalent to Clark level III) 70% - 80% 

III 1.51 mm – 4 mm (equivalent to Clark level IV) 60% - 70% 

IV ≥ 4 mm (equivalent to Clark level V) ≤ 50% 

 

Interestingly, melanoma patients with larger Breslow thickness are associated with 

a high risk of metastasis and poor prognosis due to the infiltration of subcutaneous 

tissue and vessels (Table 3) (Rashed H et al., 2017). In addition to Clark’s level and 

Breslow’s depth index, other important parameters for melanoma staging are 

ulceration, presence of mitotic figures, vascular invasion, and tumour-infiltrating 

lymphocytes (TILs) (Scolyer RA et al., 2020). 

 

1.4.1 Available strategies for the diagnosis of cutaneous melanoma 

Cutaneous melanoma is frequently diagnosed at advanced stages due to lack of 

early symptoms and clinical signs during its development. In this field, the early 

detection of precancerous lesions, as well as the identification of new cancer-related 

biomarkers, could significantly enhance the prognosis of melanoma patients and, 

consequently, reduce the mortality rate. 

Currently, the available guidelines for diagnosis of cutaneous melanoma are based 

on different non-invasive or minimally invasive approaches, including skin self-

exam and clinical examination performed by a dermatologist. Since dysplastic nevi 

and early melanomas are mainly localized on the epidermis surface, skin 

examination of the suspected lesions may be performed using non-invasive 

methods. In this regard, the so-called “ABCDE” criteria were introduced since 1985 
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to evaluate typical morphological signs of suspicious lesions. Specifically, the 

acronym “ABCDE” is based on the evaluation of lesion’s macroscopic features, 

such as asymmetry (A), border irregularity (B), color variation (C), diameter > 6 

mm (D), and evolution rate of lesion (E) (Duarte AF et al., 2021). Besides 

“ABCDE” criteria, “EGF” acronym represents an important parameter for the 

detection of aggressive nodular melanoma. In particular, “E” (Elevated) refers to 

the raised appearance of nodule-like lesion on cutaneous surface, “F” (Firm) 

indicates the fibrous consistency of lesion to the touch, while “G” (Growth) refers 

to the rapid and progressive growth of lesion (García-Lozano JA et al., 2019). Of 

note, Glasgow 7-point checklist (7PCL) is another method to distinguish a benign 

pigmented skin lesion from early melanoma assigning a score based on the presence 

or absence of specific criteria. Briefly, 7PCL is composed of seven criteria, of which 

three main parameters focusing changes in size, shape, and color, and four 

additional criteria referred to diameter > 7 mm, inflammation, crusting or bleeding, 

and sensory changes (Walter FM et al., 2013). However, 7PLC is not widely used 

due to its complexity compared to the aforementioned criteria.  

Although the reported criteria play a critical role in primary prevention, the gold 

standard strategy for diagnosis of cutaneous melanoma is represented by 

dermatological examination. In this field, dermoscopy, also known as 

dermatoscopy or epiluminescence microscopy, is a non-invasive diagnostic 

technique used by trained dermatologists to identify potential skin lesions. Notably, 

dermoscopy involves use of a handheld device (i.e. polarized and non-polarized 

dermatoscopes), which provides a magnified and illuminated view of skin's surface 

(Holmes GA et al., 2018). This non-invasive method allows detecting 

morphological alterations and skin lesion features, including pigment networks, 

streaks, irregular dots/globules, and vascular patterns. In addition, digital 

dermoscopy represents a valuable strategy for monitoring changes of existing 

lesions over time (Thomas L and Puig S., 2017). Notably, baseline snapshot of nevi 

may be collected and compared to regular dermoscopic examinations to detect any 

signs of malignant transformation. Dermoscopy shows both high sensitivity and 

sensitivity for the early detection of cancerous lesions and significantly reduces the 

number of false-negative diagnoses in melanoma screening (Davis S et al., 2020).  
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Other non-invasive techniques for the early diagnosis of melanoma are Total Body 

Photography (TBP), Reflectance Confocal Microscopy (RCM), and Optical 

Coherence Tomography (OCT). In particular, TBP is a high-resolution imaging 

technique used to obtain a detailed visual record of the patient’s skin surface. TBP 

is a valuable tool for monitoring skin lesions and significantly improves the 

diagnostic accuracy of melanoma, especially in high-risk individuals (Hornung A 

et al., 2021). Similarly, RCM is an advanced imaging technique able to provide real-

time and high-resolution images of the skin at the cellular level. RCM is more 

sensitive and specific than conventional dermoscopy, showing a great potential for 

the assessment of lesions difficult to diagnose (Dinnes J et al., 2018). Finally, OCT 

is a laser-based imaging methodology that may be employed to retrieve cross-

sectional 2-D and 3-D images of the skin, allowing to define lesion depth and 

borders. However, OCT is not typically used as primary strategy for melanoma 

diagnosis due to its low sensitivity in detecting early cases (Rajabi-Estarabadi A et 

al., 2019).  

The reported non-invasive methodologies represent valuable diagnostic strategies; 

however, the accurate diagnosis of cutaneous melanoma is mainly based on the 

analysis of biopsy specimens to evaluate the histological features of melanocytic 

cells and establish their malignant potential. In this regard, complete excisional 

biopsy is the gold standard method for defining the clinical stage since it resects the 

lesion beyond its margins (1-2 mm) (Pavlidis ET and Pavlidis TE., 2022). Other 

biopsy techniques include incisional, punch, and shave biopsy. In particular, 

incisional biopsy allows removing a small part of suspected lesion and is generally 

indicated for large lesions (> 2 cm in diameter) localized on the face. Conversely, 

punch biopsy is performed using a circular cutting tool to retrieve a small portion 

of lesion, while shave biopsy (superficial or deep scallop) allows to obtain a thin 

layer of suspected lesion by shaving (Ahmadi O et al., 2021; Greenwood JD et al., 

2022). However, punch and shave biopsy are less commonly used and may 

potentially due to partial sampling and underestimation of the lesion that may lead 

to misdiagnosis (Shellenberger RA et al., 2020). Interestingly, Sentinel Lymph 

Node (SLN) biopsy is another diagnostic procedure to detect if cancer cells have 

spread to nearby lymph nodes. Briefly, SLN biopsy is based a radioactive tracer to 
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identify and remove the SLNs that have received drainage from the primary tumor 

(Dogan NU et al., 2019). 

Currently, different cancer-related biomarkers are used in clinical practice for the 

early diagnosis of cutaneous melanoma, as well as to predict patient prognosis and 

guide treatment decisions. Specifically, serum S100 calcium-binding protein B 

(S100B) and lactate dehydrogenase (LDH) levels are promising biomarkers for 

melanoma relapse (Gassenmaier M et al., 2021; Janka EA et al., 2021). In addition, 

gene mutation detection and gene expression profiling provide key information 

regarding tailor treatment plans and clinical outcomes of melanoma patients (Yang 

K et al., 2020; Naik PP., 2021). Interestingly, a number of recent studies focused on 

circulating tumor DNA (ctDNA) and DNA methylation hotspots to evaluate their 

potential as diagnostic and prognostic biomarkers; however, further studies are 

mandatory to validate their application in clinical practice for the early diagnosis of 

cutaneous melanoma (Aleotti V et al., 2021; Tivey A et al., 2022).  

 

1.4.2 Therapeutic approaches for the treatment of cutaneous melanoma 

Treatment and management of cutaneous melanoma may vary depending on 

patient’s health status and age, stage, extent of the disease, genetic mutations, and 

potential side effects associated with treatment options. Currently, surgery 

represents the first-line treatment strategy for stage I melanomas by wide local 

excision to remove lesion beyond its margins (1-2 mm of normal skin) (Burke EE 

and Sondak VK., 2018). Of note, surgical excision of early-stage melanomas 

significantly reduces the recurrence risk, enhancing 5-years OS rate of cancer 

patients (Conic RZ et al., 2018). However, surgery is ineffective for advanced and 

metastatic melanomas due to the extension of the tumor bulk that is difficult to 

remove completely (Testori AAE et al., 2019). Therefore, advanced melanoma 

patients generally undergo other therapeutic approaches, including chemotherapy, 

targeted therapy, immunotherapy, or radiotherapy. 

Until the last decade, chemotherapy represented the only therapeutic strategy for 

treatment of advanced melanoma. Notably, the cell cycle alkylating agents 

dacarbazine and temozolomide were the most used chemotherapy drugs for 

malignant metastatic melanoma due to their cytotoxic effects on cancer cells (Luke 
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JJ and Schwartz GK., 2013). However, it has been widely demonstrated that 

melanoma is not highly responsive to standard chemotherapy (response rate < 

20%). Currently, chemotherapy is generally used as palliative care for melanoma 

cases with no effective treatment options (Wilson MA and Schuchter LM., 2016). 

Over the years, standard chemotherapy has been substituted by targeted therapy, 

especially for treatment of melanoma patients harboring BRAF and MEK mutations. 

Several recent studies highlighted that targeted therapy drugs are effective to block 

molecular pathways driving cancer cells growth and proliferation. Moreover, it has 

been reported that targeted therapy-related side effects are more manageable than 

chemotherapy (Kee D and McArthur G., 2014; Wong DJ and Ribas A., 2016). 

Approved targeted therapy drugs for cutaneous melanoma are represented by BRAF 

inhibitors and MEK inhibitors. Specifically, BRAF inhibitors include Vemurafenib, 

Dabrafenib, and Encorafenib and are used for the treatment of cancer patients with 

BRAF-mutant melanoma, whereas the most common MEK inhibitors are 

Cobimetinib, Trametinib, and Binimetinib (Grimaldi AM et al., 2017; Proietti I et 

al., 2020). Interestingly, combination therapies based on BRAF and MEK inhibitors 

(Vemurafenib + Cobimetinib and Dabrafenib + Trametinib) significantly improved 

clinical outcomes and quality life of melanoma patients. Similarly, Encorafenib + 

Binimetinib combined therapy also showed higher effectiveness and lower toxicity 

than monotherapy (Eroglu Z and Ribas A., 2016; Subbiah V et al., 2020). 

Furthermore, recent studies focused on PIK3CA-mutant melanoma to explore 

potential effectiveness of combination therapies based on BRAF/MEK inhibitors 

and PI3K inhibitors in reducing treatment resistance (Aasen SN et al., 2019; 

Candido S et al., 2022a). 

Recently, immunotherapy has completely revolutionized treatment and 

management of advanced melanoma patients. In particular, immunotherapy drugs 

are designed to stimulate immune response against cancer cells, targeting specific 

molecules or pathways involved in immune activity inhibition (Ralli M et al., 2020). 

Of note, immune checkpoint inhibitors (ICIs) are the most used to bind and block 

inhibitory checkpoint receptors expressed by both cancerous cells and immune 

cells. The approved ICIs for treatment of cutaneous melanoma include anti-

Programmed Cell Death Protein 1 (PD-1) and anti-Cytotoxic T-Lymphocyte-
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associated Antigen 4 (CTLA-4) monoclonal antibodies (Seidel JA et al., 2018). 

Ipilimumab represents the first Food and Drug Administration (FDA)-approved 

CTLA-4 blocking antibody for treatment of melanoma, while Nivolumab and 

Pembrolizumab are the most used anti-PD-1 monoclonal antibodies (Jain S and 

Clark JI., 2015; Ivashko IN and Kolesar JM., 2016). Interestingly, recent studies 

reported that combined anti-PD-1 and anti-CTLA-4 checkpoint blockade was more 

effective than monotherapy for treatment of metastatic melanoma patients, resulting 

in a significant increase of OS rate (> 55%) (Willsmore ZN et al., 2021; Wong JSL 

et al., 2021).  

Vaccine therapy is another type of immunotherapy aiming to stimulate immune 

response against cancer cells. At this regard, Slingluff and colleagues reported that 

6-Melanoma Helper Peptide (6-MHP), a peptide-based vaccine designed to induce 

the helper T cell responses to melanoma antigens, induced immune response in a 

large percentage of melanoma patients, enhancing their progression free interval 

(PFI) (Slingluff CL Jr et al., 2013). Therefore, multi-peptide vaccines findings 

encourage further studies to validate their application combined with other 

available therapies. 

Radiotherapy, also known as radiation therapy (RT), may be considered a valuable 

treatment option for cutaneous melanoma. Specifically, RT uses high-energy X-rays 

or photons to damage and kill cancer cells. RT is generally employed as adjuvant 

therapy after surgery to reduce recurrence risk. Moreover, RT may be also used as 

palliative care for advanced melanoma patients with brain and bone metastases 

(Dabestani PJ et al., 2021). Interestingly, the combination of RT and ICIs showed 

promising results, improving clinical outcome of cancer patients (Tagliaferri L et 

al., 2022). However, large and well-designed clinical trials should be undertaken to 

confirm such evidence. 

Finally, photodynamic therapy (PDT) is a minimally invasive therapeutic strategy 

for superficial spreading melanoma and precancerous lesions. Briefly, PDT is a 

topic treatment based on a photosensitizing agent activated by laser light. Followed 

the absorption of photosensitizing agent by cancer cells, the treated area is exposed 

to a wavelength of light activating photosensitizer to produce ROS and destroy 
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cancer cells. However, PDT may require multiple sessions depending on the extent 

of melanoma (Baldea I et al., 2018; Naidoo C et al., 2018). 

 

1.5 Signaling pathways and genetic alterations involved in melanoma 

development 

Over the years, several studies highlighted that neoplastic transformation of 

melanocytes is due to progressive accumulation of genetic alterations, which lead 

to aberrant gene expression and activation of different molecular pathways 

associated with melanoma initiation and development. Of note, both germline and 

somatic mutations play a critical role in tumorigenesis, inducing the up-regulation 

of oncogenes or down-regulation of tumor suppressor genes and, consequently, 

alteration of signaling pathways involved in cell proliferation and apoptosis 

regulation, especially the Mitogen-Activated Protein Kinase (MAPK) and 

Phosphoinositide 3 Kinase / Protein Kinase B / Mammalian Target of Rapamycin 

(PI3K/Akt/mTOR) pathways (Amaral T et al., 2017; Chamcheu JC et al., 2019).  

 

1.5.1 MAPK and PI3K/AKT/mTOR pathways 

The MAPK and PI3K/Akt/mTOR pathways are essential signaling pathways in 

cutaneous melanoma oncogenesis, whose constitutive activation leads to abnormal 

proliferation of pre-malignant melanocytes (Leonardi GC et al., 2018). The MAPK 

pathway is one of the most well-characterized signal transduction pathways 

regulating different of biological processes. Briefly, the MAPKs cascade 

(Ras/Raf/MEK/ERK) is activated by extracellular ligands, including Epidermal 

Growth Factor (EGF), which bind to their receptors (e.g. EGF receptor) and induce 

the tyrosine kinase activity of the cytoplasmic domain, resulting in receptor 

dimerization and transphosphorylation on tyrosine residues. Then, the activated 

receptor recruits Growth factor receptor-bound protein 2 (Grb2), which in turn 

binds guanine nucleotide exchange factors (GEFs) (e.g. Son of Sevenless, SOS) by 

Sequence homology 2 (SH2) (Braicu C et al., 2019; Ullah R et al., 2022). Ras 

activation is induced by GEFs, mediating the conversion of inactive Ras-Guanosine 

diphosphate (GDP) to active Ras-Guanosine triphosphate (GTP). Consequently, 

activated Ras serves as a molecular switch by recruiting Raf serine/threonine 
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kinases (e.g. Raf-1, A-Raf, and B-Raf), whose phosphorylation activates the 

signaling cascade of downstream proteins, such as MEK1/2 and Extracellular 

signal-regulated kinase 1/2 (ERK1/2) (Savoia P et al., 2019). Finally, activated ERK 

translocates into the nucleus to phosphorylate various nuclear transcription factors 

(TFs) and other targets, resulting in the up-regulation or down-regulation of specific 

genes involved in the regulation of cell growth and proliferation, differentiation, 

migration, survival, apoptosis, and other cellular processes (Figure 3) (Guo YJ et 

al., 2020).  

 

 

Figure 3. The MAPK and PI3K/Akt/mTOR signaling transduction pathways 

 

Under physiological conditions, the MAPK pathway is regulated through a negative 

feedback phosphorylation by ERK1/2 to produce the correct biological response 

(Lake D et al., 2016). However, its dysregulation may lead to uncontrolled cell 
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growth and development of different cancer types, including melanoma. Of note, 

BRAF and N-Ras activating mutations are the most common genetic alterations 

affecting melanoma patients (50%-70% and 15%-30% of melanoma cases, 

respectively), which lead to the constitutive activation of the MAPK pathway 

driving cancer cell proliferation and survival (Wellbrock C and Arozarena I., 2016). 

In this regard, targeted therapy based on BRAF/MEK inhibitors allowed obtaining 

striking clinical response in melanoma patients harboring these genetic mutations 

(Yaeger R and Corcoran RB., 2019).  

The PI3K/Akt/mTOR pathway, also known as PI3K/Akt pathway, represents 

another important signaling pathway involved in the regulation of different 

biological functions in response to extracellular stimuli (Ersahin T et al., 2015). 

Under physiological conditions, Receptor Tyrosine Kinases (RTKs) are activated 

by extracellular signals (e.g. growth factors, cytokines, and hormones), whose 

activity induces the conversion of Phosphatidylinositol [4,5]-bisphosphate (PIP2) 

into Phosphatidylinositol [3,4,5]-trisphosphate (PIP3) by PI3K (Fruman DA et al., 

2017). PI3K is a lipid kinase enzyme composed of two regulatory subunits (p85 and 

p55) and a catalytic subunit (p110). Of note, PI3Ks may be divided into three 

classes based on their structure and substrate. Among these, class I PI3K contains 

different catalytic subunits (e.g. p110α produced from Phosphatidylinositol 3-

kinase, PI3KCA) involved lipid phosphorylation by converting PIP2 into PIP3, a 

key secondary messenger for the activation of different signaling proteins, such as 

Akt and Phosphoinositide-dependent kinase-1 (PDK1) (Yang J et al., 2019). 

Notably, phosphorylated Akt activates the serine/threonine kinase mTOR, which 

acts in two functionally distinct complexes (mTORC1/2) regulating various cellular 

processes. Specifically, mTORC1 is a central regulator of cell growth, proliferation, 

autophagy inhibition, and protein synthesis, while mTORC2 primarily regulates 

cell survival, cytoskeletal organization, and glucose metabolism (Figure 3) 

(Karagianni F et al., 2022). The PI3K/Akt pathway is tightly regulated by the tumor 

suppressor gene Phosphatase and Tensin Homolog (PTEN), which prevents 

inappropriate signaling by dephosphorylating PIP3 to PIP2 (Haddadi N et al., 

2018). Dysregulation and constitutive activation of the PI3K/Akt pathway may be 

induced by several genetic mutations, including deletion mutations with PTEN loss 
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of function, PI3KCA activating mutations (e.g. H1047R, E542K, and E545K), as 

well as mutations affecting Akt (Cho JH et al., 2015; Cabrita R et al., 2020; Candido 

S., 2022a). In this regard, PI3K inhibitors have been recently developed to target 

this pathway with promising results by decreasing cancer cell proliferation. 

However, further studies are needed to explore the potential benefits of such 

therapeutic approach (Lo Russo PM., 2016). 

Overall, the evaluation of molecular alterations characterizing melanoma patients 

is important to define the correct classification of cutaneous melanoma and 

establish patient-specific treatment strategy. 

 

1.5.2 Somatic and germline mutations 

Over the years, several genetic mutations have been associated to increased risk of 

cutaneous melanoma. Of note, somatic mutations are generally due to UV radiation 

exposure, which induces DNA damages by ROS production. Specifically, UVA and 

UVB rays may lead to the formation of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-

oxodGuo), causing G → T transversion mutations during DNA replication (Loras 

A et al., 2022). Other mutational hotspots associated to UV rays may be induced by 

the formation of pyrimidine dimers and 6-4 photoproducts, as well as the 

methylation of cytosine residues, which lead to DNA fragmentation. Somatic 

mutations generally affect Tumor Protenin 53 (TP53), a tumor suppressor gene 

involved in the regulation of cellular homeostasis, apoptosis, and DNA repair 

processes (Sample A and He YY., 2018). UV-induced somatic mutations may also 

affect other genes involved in the regulation of cellular processes, including BRAF, 

N-Ras, Neurofibromin 1 (NF1), KIT Proto-Oncogene - Receptor Tyrosine Kinase 

(c-KIT), Melanocyte Inducing Transcription Factor (MITF), and Telomerase 

Reverse Transcriptase (TERT) (Day CP et al., 2017; Khan AQ et al., 2018; Loras A 

et al., 2022). 

The BRAF gene encodes for a cytoplasmatic serine/threonine kinase protein (766 

amino acids) composed of two regulatory domains and a catalytic domain, which 

play a critical role in the MAPK signaling transduction pathway. Of note, activated 

BRAF induces the phosphorylation of downstream proteins MEK1/2 and ERK1/2, 

activating the MAPK signaling cascade and, consequently, enhancing the 
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expression levels of genes involved in the regulation of cell growth and 

proliferation (Alqathama A., 2020). BRAF mutations cause the constitutive 

activation of the MAPK pathway, leading to the abnormal proliferation of pre-

malignant melanocytes. Interestingly, BRAF mutations have been detected in 50%-

70% of melanomas, of which the most common missense mutation BRAFV600E 

(90% of BRAF mutations). Specifically, the BRAFV600E mutation is due to 

substitution of the amino acid valine for glutamic acid in codon 600 of exon 15 

(nucleotide 1799 T > A; codon GTG > GAG) (Candido S et al., 2014; Ottaviano M 

et al., 2021). Besides BRAFV600E, another common activating mutation (5%-10% 

of BRAF mutations) is BRAFV600K, in which the amino acid valine is replaced by 

lysine (GTG > AAG). Other less frequent mutations (< 5% of BRAF mutations) are 

characterized by substitution of the amino acid valine for arginine (GTG > AGG) 

or aspartic acid (GTG > GAT), known as BRAFV600R and BRAFV600D, 

respectively (Kong BY et al., 2016). Although BRAF mutations have been detected 

in a large percentage of melanoma cases and other cancer types (e.g. colorectal, 

ovarian, thyroid, and lung cancers), BRAF activating mutations alone are 

insufficient for tumorigenesis since other driver and passenger mutations are 

necessary for malignant phenotype and cancer development (Castellani G et al., 

2023). 

NRAS is another frequently mutated gene in cutaneous melanoma patients. 

Specifically, NRAS is a member of the RAS gene family encoding for a monomeric 

GTPase protein involved in different signaling transduction pathways, including the 

MAPK and PI3K/Akt pathways (Randic T et al., 2021). Interestingly, NRAS 

mutations have been detected in 15%-30% of all melanoma cases, of which the 

most frequent mutations occur at codon 61; other less frequent mutations may be 

found at codon 12 and 13 (Muñoz-Couselo E et al., 2017). These mutations 

generally lead to the constitutive activation of the NRAS protein due to the loss of 

its GTPase activity, resulting in the activation of the MAPK and PI3K/Akt signaling 

pathways and, consequently, aberrant cell growth and proliferation. As widely 

reported in the literature, UV radiation exposure represents an important risk factor 

for both BRAF and NRAS activating mutations (Leonardi GC et al., 2018). In this 

regard, previous studies reported that the NRAS and BRAF mutations were mutually 
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exclusive in melanoma patients; however, it has been recently demonstrated that 

both mutations may be simultaneously detected in the same melanoma specimens 

(Chiappetta C et al., 2015; Uguen A et al., 2016). 

Although NF1 mutations are mainly related to the development of 

neurofibromatosis type 1, NF1 inhibiting mutations have been also detected in 

12%-18% of melanomas (Philpott C et al., 2017). Notably, the NF1 tumor 

suppressor gene encodes for neurofibromin, a GTPase-activating protein (GAP) 

that plays a critical role in regulating cell growth and proliferation. Briefly, 

neurofibromin negatively regulates Ras activation pathways, enhancing the 

hydrolysis of the active Ras-GTP form to the inactive Ras-GDP form (Bergoug M 

et al., 2020). Inhibitory mutations affecting the NF1 gene are nonsense, missense, 

and frameshift mutations, which lead to the production of a truncated and 

nonfunctional neurofibromin protein. Recent studies showed that NF1 loss of 

function mutations significantly increased drug resistance to BRAF inhibitors in 

vitro and in vivo (Manzano JL et al., 2016; Zhong J et al., 2022). Interestingly, it 

has been also reported that non-overlapping genetic mutations in NF1, BRAF, and 

NRAS are detected in at least 80% of metastatic melanoma patients (Panning A et 

al., 2023). 

c-Kit is another gene found to be highly mutated in different melanoma subtypes, 

especially ALM, mucosal melanoma, and melanoma arising on sun-damaged skin. 

The protein product of the proto-oncogene c-Kit belongs to the RTKs family, whose 

activation is mediated by its ligand Stem Cell Factor (SCF). The SCF/c-Kit 

interaction leads to the activation of signaling transduction pathways involved into 

cell growth, differentiation, migration, and survival (Pham DDM et al., 2020). 

Under physiological conditions, the activation of c-Kit signaling pathway occurs 

during embryogenesis; however, c-Kit somatic mutations induce signaling pathway 

reactivation, promoting tumor invasion, metastases, and loss of the apoptotic 

process. Of note, recent studies also demonstrated that c-Kit protein levels are up-

regulated in a large percentage of advanced melanoma patients (Ponti G et al., 2017; 

Meng D and Carvajal RD., 2019; Delyon J et al., 2020).  

Other sun-induced somatic mutations have been associated to the development of 

cutaneous melanoma, including those affecting the TERT and c-Met genes. TERT 
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encodes a rate-limiting catalytic subunit of telomerase, which plays a pivotal role 

in maintaining chromosome ends by adding telomeric DNA repeats (TTAGGG 

repeats) (Nagore E et al., 2019). Under physiological conditions, telomerase 

silencing in somatic cells leads to senescence and apoptosis, while genetic 

mutations induce its aberrant expression promoting cell immortalization and cancer 

progression. Indeed, TERT promoter mutations have been detected in 65% of 

primary and metastatic melanoma cases (Hugdahl E et al., 2018). Similarly, sun-

induced somatic mutations affecting the oncogene c-Met lead to the constitutive 

activation of the c-Met RTK, inducing aberrant cell proliferation and migration. 

However, c-Met activating mutations are relatively rare in cutaneous melanoma 

patients (Czyz M., 2018; Zhou Y et al., 2019). 

Besides the reported somatic mutations, several germline mutations have been 

associated to melanoma development, including germline mutations affecting the 

CDKN2A and CDK4 genes (Aoude LG et al., 2020; Stolarova L et al., 2020). 

Specifically, CDKN2A encodes for the INK4/p16 and ART/p14 proteins, which 

induce cell cycle arrest inhibiting phosphorylation of the Retinoblastoma (Rb) 

protein by CDK4/CDK6 complex and ubiquitination of p53 by Mouse double 

minute 2 homolog (MDM2), respectively. CDKN2A inhibiting mutations have been 

detected in a large percentage of FAMMM and in 40% of melanomas (Chan SH et 

al., 2021). Although most mutations affecting the CDKN2A gene are germline 

mutations, it is important to underlie that CDKN2A mutations may be also 

accumulated during the lifetime by somatic cells (Ming Z et al., 2020). CDK4 is 

another cell cycle regulator gene encoding for the homonymous protein CDK4 that 

form a cyclin-CDK complex with its functional homologue CDK6 to promote cell 

cycle transition from G1 to S phase (Guo L et al., 2020). Of note, several studies 

reported that CDK4 germline mutations enhancing the CDK4/CDK6 complex 

activity, coupled with CDKN2A loss of function mutations, are related to 50% 

increased risk of melanoma development (Kollmann K et al., 2019; Sargen MR et 

al., 2020).  

Other germline mutations may affect genes involved in DNA repair mechanisms, 

such as BAP1, MC1R, and MITF. In particular, the BAP1 tumor suppressor gene 

encodes for an enzyme belonging to the deubiquitinase superfamily that regulates 
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several biological processes, including DNA replication and repair, cell death, and 

metabolism (Carbone M et al., 2020). Of note, BAP1 inhibiting mutations cause the 

increase of BRCA1 ubiquitination, leading to ineffective DNA repair and 

progressive accumulation of genetic mutations. BAP1 germline mutations are 

frequently detected in uveal melanoma patients (47% of all cases), while somatic 

mutations occur in only 5% of sporadic primary melanomas (Kumar R et al., 2015; 

Uner OE et al., 2021). MC1R plays a critical role in determining skin and hair color 

by regulating melanin production. In this regard, recent studies reported that MC1R 

gene variants are associated to increased risk of cutaneous melanoma (Tagliabue E 

et al., 2018; Manganelli M et al., 2021). Similarly, the MITF gene is involved in 

melanocyte development, differentiation, and melanin production. As reported in 

the literature, both germline and somatic mutations induce MITF overexpression 

and, consequently, increased melanin production and cell proliferation, contributing 

to the pathogenesis of melanoma (Hartman ML and Czyz M., 2015; Gelmi MC et 

al., 2022). 

 

1.6 Alteration of epigenetic regulatory mechanisms in cancer pathogenesis 

The term epigenetics, from the Greek “ἐπί” (above) and “γεννητικός” (relative to 

family inheritance), was first introduced in 1942 by embryologist Conrad H. 

Waddington to define a new field of genetics that studies the causal interactions 

between genes and their cellular products leading to phenotype production 

(Deichmann U., 2016). Currently, epigenetics is defined as a branch of biology that 

investigates the stable changes in gene expression or cellular phenotype with no 

alterations in DNA sequence. In particular, epigenetic modifications play a crucial 

role in embryonic development by inducing cell differentiation and regulating gene 

expression levels (Tronick E and Hunter RG., 2016).  

Over the years, different epigenetic modifications have been described, including 

DNA methylation, histone modifications, and non-coding RNAs (ncRNAs) (Berger 

SL et al., 2009; Skvortsova K et al., 2018). Briefly, DNA methylation consists of 

the transfer of a methyl group (-CH3) to the DNA strand itself, generally to the 

carbon-5 position of the cytosine base within the cytosine-guanine (CpG) 

dinucleotide, forming 5-methylcytosine (5mC) (Angeloni A and Bogdanovic O., 
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2021). As widely reported in the literature, DNA methylation play a pivotal role in 

the regulation of gene expression, determining genomic imprinting and recruiting 

gene expression-associated proteins or silencing genes in a tissue-specific manner 

via the inhibition of TFs binding to DNA sequence (Ehrlich M and Lacey M., 2013; 

Moore LD et al., 2013). Histone modifications represent another important 

epigenetic regulatory mechanism, which significantly contribute to chromatin 

condensation or decondensation influencing gene transcription (Klemm SL et al., 

2019). Interestingly, the N-terminal amino acid residues of histone proteins may 

undergo a variety of covalent modifications (e.g. methylation, acetylation, 

citrullination, phosphorylation, ubiquitination, SUMOylation, crotonylation, and 

ADP-ribosylation) that are mediated by specific enzymes (Zhang Y et al., 2021). 

Similarly, gene expression levels and chromatin remodeling may be also modulated 

by ncRNAs, a class of RNA molecules that are transcribed from DNA but do not 

serve as templates for protein synthesis (Patty BJ and Hainer SJ., 2020). 

Specifically, ncRNAs include different RNA molecules depending on their length, 

including small interfering RNAs (siRNAs, 20-25 nt), long ncRNAs (lncRNAs, 

200-10,000 nt), circular RNAs (circRNAs, 200-1,000 nt), small nuclear RNAs 

(snRNAs, 100-300 nt), small nucleolar RNAs (snoRNAs, 60-300 nt), and micro 

RNAs (miRNAs, 18-24 nt) (Statello L et al., 2021). In particular, microRNAs have 

recently attracted growing interest as potential cancer biomarkers and 

pharmacological targets since miRNAs are able to affect gene expression either 

promoting the complete degradation of target mRNAs or inhibiting protein 

translation (Morales S et al., 2017; Ali Syeda Z et al., 2020). 

These potentially reversible modifications, also known as “epimutations”, may 

occur during the lifestyle due to the exposure to various environmental factors (e.g. 

diet, pollution, and stress). Moreover, epimutations can be transmitted from one 

generation to the next via cell division. Notably, when epigenetic marks affecting 

germ cells (ova and spermatozoa) are inherited by offspring, epimutations may have 

a long-lasting impact on gene expression and phenotype (Lacal I and Ventura R., 

2018; Xavier MJ et al., 2019). In this regard, several studies highlighted that 

alteration of epigenetic regulatory mechanisms is strictly associated with several 

pathological conditions. Of note, epigenetic alterations have recently emerged as 
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key contributors of aberrant gene expression by enhancing cell sensitivity to DNA 

damage, cell cycle progression, as well as transcription or silencing of cancer-

related genes (Ilango S et al., 2020; Recillas-Targa F., 2022; Davalos V and Esteller 

M., 2023). Among the reported epimutations, DNA methylation is the most well-

studied epigenetic regulatory mechanism, whose alteration is related to increased 

risk of different tumor types, including cutaneous melanoma (Lakshminarasimhan 

R and Liang G., 2016; Skvortsova K et al., 2018). 

 

1.6.1 DNA methylation and its functional role in tumorigenesis 

DNA methylation is one of the most well-characterized epigenetic processes in 

physiological and pathological conditions. Of note, DNA methylation is required in 

mammalian early embryonic development to regulate parental allele-specific 

expression of imprinted genes, in which occurs at Imprinting control regions (ICRs) 

harboring differentially methylated regions (DMRs) (Elhamamsy AR et al., 2017). 

Moreover, X-chromosome inactivation (XCI) is associated with specific DNA 

methylation patterns (Sharp AJ et al., 2011). DNA methylation is also essential to 

guarantee preservation of genome stability and integrity by inhibiting transposable 

elements activation, as well as the maintenance of DNA replication timing precision 

(Du Q et al., 2021). Conversely, aberrant DNA methylation represents an epigenetic 

hallmark associated with tumor initiation and progression, leading to reduced gene 

expression of tumor suppressor genes and activation of oncogenes (Saghafinia S et 

al., 2018; Chen C et al., 2022). 

Mechanistically, DNA methylation is due to the transfer of -CH3 group to DNA 

sequence by using S-adenosyl-L-methionine (SAM) as donor provided by the 

methionine cycle (Jones PA., 2012). The reversible addition or removal of -CH3 

groups is catalyzed by specific enzymatic families, defined as “writers” and 

“erasers”. Interestingly, DNA methyltransferases (DNMTs) are a large group of 

proteins involved in de novo methylation and maintenance, whereas Ten-eleven 

translocation (TET) dioxygenases have a primary role in DNA demethylation 

(Guibert S and Weber M., 2013). Specifically, DNMT3 family (DNMT3A, 

DNMT3B, DNMT3C, and DNMT3L) is involved in de novo methylation during 

embryonic processes. In particular, DNMT3A and DNMT3B, both highly 
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expressed in embryonic stem cells, are the canonical DNMTs that catalyze the 

establishment of methylation marks on genomic DNA. DNMT3L has no catalytic 

function and is just an accessory protein that facilitates the methyltransferase 

activity of DNMT3A/B, DNMT3C has been only identified in rodents as a tandem 

copy of DNMT3B, while the maintenance of methylation status during DNA 

replication is regulated by DNMT1, which preferentially catalyzes the methylation 

of the hemimethylated DNA (Lyko F., 2017; Chen Z and Zhang Y., 2020). 

Conversely, DNA demethylation is regulated by TET family proteins (TET1, TET2, 

and TET3), which catalyze the sequential oxidation of 5mC into 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine 

(5caC). In addition, passive DNA demethylation may be related to loss of function 

of DNMT1 during DNA replication (Wu X and Zhang Y., 2017; Ross SE and 

Bogdanovic O., 2019).  

Although DNA methylation generally involves the C5 of cytosine within the 

palindromic CpG dinucleotides to form 5mC, it may also occur at N4 of cytosine, 

N7 of guanine, and N6 of adenine (Smith ZD and Meissner A., 2013). The CpG 

dinucleotides are short interspersed DNA sequences (~ 200-1000 bp), known as 

CpG islands, whose guanine and cytosine (GC) content is > 50%. CpG islands are 

not homogenously distributed throughout the genome and may be found at 

significantly higher densities in gene-rich compared to gene-poor areas (Han L et 

al., 2008; Deaton AM and Bird A., 2011). Specifically, CpG islands are typically 

located within and close to transcription start sites (TSS) of the promoter region 

(1,000 bp upstream of the TSS to 300 bp downstream of the TSS). Moreover, CpG 

islands may be also found in non-promoter regions, such as intragenic CpG islands, 

which are located between 300 bp downstream of TSS and 300 bp upstream of 

transcription termination site (TTS), 3’-end CpG islands (300 bp upstream of TTS 

to 300 bp downstream of TTS), and intergenic CpG islands (300 bp downstream of 

TTS to 1,000 bp upstream of TSS) (Maunakea AK et al., 2010; Rivera CM and Ren 

B., 2013). Under physiological conditions, CpG islands methylation status depends 

on specific-related gene, cell type, and environmental conditions (Angeloni A and 

Bogdanovic O., 2021).  
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As widely reported in the literature, aberrant DNA methylation represents one of 

the most important epigenetic alterations occurring during tumorigenesis, which 

may affect gene expression of tumor suppressor genes and oncogenes. Of note, the 

addiction of -CH3 groups at promoter region results in gene silencing of tumor 

suppressor genes due to the inhibition of TFs binding to DNA motifs (Esteller M., 

2007; Yamashita K et al., 2018; Bouras E et al., 2019). Moreover, Methyl CpG-

binding domain proteins (MBPs) also play a critical role in the alteration of gene 

expression by recognizing and recruiting 5mC, which lead to condensed and closed 

chromatin reducing access to TFs and inhibiting transcription (Parry L and Clarke 

AR., 2011; Fournier A et al., 2012; Du Q et al., 2015). Conversely, hypomethylation 

of the promoter region may induce activation of proto-oncogenes (Figure 4) 

(Sizemore ST et al., 2014; Du X et al., 2019; Fu Y et al., 2021).  

 

 

Figure 4. Promoter DNA methylation and regulation of gene expression 

 

Although the involvement of promoter DNA methylation in gene expression 

regulation has been widely demonstrated over the years, the functional significance 

of intragenic DNA methylation has not been completely elucidated yet. In this field, 

a growing body of recent studies highlighted that intragenic DNA methylation could 

be actively involved in transcriptional regulatory processes (Hunt BG et al., 2013; 

Mendizabal I et al., 2017; Cain JA et al., 2022). Of note, the methylation levels of 

intragenic CpG islands are higher than promoter CpGs during embryonic and adult 

development, suggesting their role in tissue-specific reprogramming (Auclair G et 
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al., 2014). In particular, the methylation status of intragenic CpG islands positively 

affects gene expression, acting as enhancer and influencing transcriptional 

elongation and alternative splicing. Furthermore, gene body methylation may act as 

a repressor of transcription initiation from alternative transcription start sites 

(Figure 5) (Shenker N and Flanagan JM., 2012; Jeziorska DM et al., 2017; Neri F 

et al., 2017).  

 

 

Figure 5. Intragenic DNA methylation and regulation of gene expression 

 

Moreover, it has been reported that body methylation levels are strictly associated 

to replication timing. Specifically, early replicating genes showed high methylation 

levels within the body region, confirming the positive correlation between 

intragenic methylation status and transcriptional regulation (Kulis M et al., 2013). 

Collectively, these epigenetic hallmarks represent an attractive starting point for 

new tumor-related biomarkers, as well as potential targets for personalized 

therapies, whose application in clinical practice could enhance both the early 

diagnosis and management of cancer patients. 

 

1.6.2 Aberrant DNA methylation in cutaneous melanoma 

As previously reported, aberrant DNA methylation represents a specific hallmark 

of cancer, which results in up- or down-regulation of several genes that regulate cell 

growth and proliferation, DNA repair, apoptosis, transcription, and other cellular 
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processes (Jankowska AM et al., 2015; Pan Y et al., 2018). Interestingly, several 

recent studies also demonstrated the relationship between DNA methylation status 

and TME, a dynamic and complex microenvironment composed of tumor cells, 

immune cells (e.g. macrophages, T cells, B cells, and natural killer cells), and non-

immune cells (e.g. fibroblasts, stromal cells, and endothelial cells) that plays a 

pivotal role in promoting tumor invasion and metastasis. Notably, accumulating 

evidence showed that aberrant DNA methylation may affect behavior of fibroblasts, 

as well as stromal and immune cells, promoting tumor phenotype and TME 

remodeling (Zhang MW et al., 2017; Xie Z et al., 2023; Yang J et al., 2023). 

In this field, a growing body of studies investigated the role of DNA methylation in 

cutaneous melanoma development to identify new DNA methylation hotspots as 

potential diagnostic/prognostic biomarkers and therapeutic targets. For instance, 

Falzone and colleagues focused on the MMP9 gene, whose overexpression is 

related to extracellular matrix degradation, tumor invasiveness, and metastasis. 

Specifically, the authors demonstrated that MMP9 expression levels were positively 

correlated with the methylation status of the CpG2 island in different melanoma 

cell lines, highlighting that hypermethylation of MMP9 intragenic region could play 

a critical role in melanoma development and progression (Falzone L et al., 2016). 

Interestingly, Jørgensen et al. investigated in vitro the modulation of DNA 

methylation as potential treatment option for malignant melanoma. Specifically, the 

authors noted that inhibition of DNA methylation through 5-aza-2'-deoxycytidine 

(5-aza-dC) enhanced the expression levels of Human Leukocyte Antigen (HLA)-G, 

an immune checkpoint molecule with therapeutic potential, indicating that targeting 

DNA methylation by DNMT inhibitors could enhance immunotherapy response of 

melanoma patients (Jørgensen N et al., 2020). Recently, Hoffmann et al. evaluated 

the correlation between DNA methylation status and gene expression of 

Programmed Lell Death 1 Ligand 2 (PD-L2), an immune checkpoint receptor 

ligand involved in immune response regulation. Notably, the researchers found that 

PD-L2 expression was negatively regulated by promoter methylation status both in 

cancer cell lines and melanoma patients, suggesting that PD-L2 promoter 

hypomethylation and mRNA overexpression may predict a better PFI and 

prolonged OS in melanoma patients receiving anti-PD-1 immunotherapy 
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(Hoffmann F et al., 2020). Similarly, Niebel and colleagues demonstrated that DNA 

methylation is implicated in the regulation of T cell immunoreceptor with Ig and 

ITIM domains (TIGIT) gene expression, a “second generation” immune checkpoint 

under investigation as potential therapeutic target for cutaneous melanoma. 

Notably, the authors highlighted that TIGIT methylation status could serve as 

predictive biomarker in melanoma patients undergoing immunotherapy (Niebel D 

et al., 2022). 

Although several studies explored impact of aberrant DNA methylation patterns on 

expression of key regulatory genes, the precise relationship between hyper- and 

hypo-methylation of the promoter/body regions and gene expression levels have 

not been completely elucidated yet and further studies are mandatory to better 

clarify the functional role of DNA methylation in tumorigenesis. In this field, high-

throughput technologies, including Next Generation Sequencing (NGS) and 

microarray, has drastically enhanced the knowledge of DNA methylation status in 

cancer patients, providing novel insights regarding the functional role of aberrant 

DNA methylation. In particular, these technologies allowed the generation of large-

scale data to define the whole methylome and are often publicly available for in 

silico studies aimed to identify novel DNA methylation hotspots as potential cancer 

biomarkers and therapeutic targets. Moreover, DNA methylation markers could 

provide valuable information for clinicians in assessing the disease severity and 

tailoring personalized treatment strategies (Barros-Silva D et al., 2018; 

Nikolouzakis TK et al., 2020; Merkel A and Esteller M., 2022). 

 

1.7 Role of tumor microenvironment in cancer development and progression 

The term “tumor microenvironment” (TME) refers to the complex and 

dynamic ecosystem surrounding a tumor with a critical role in its development and 

progression. Indeed, cancer cells establish myriad heterotypic interactions with 

non-cancerous cells and factors within TME to generate a tumor-supportive 

environment (Xiao Y and Yu D., 2021; De Visser KE and Joyce JA., 2023). Besides 

tumor cells, TME consists of a wide range of non-cancerous cells, depending on the 

specific tissue and tumor type. In this regard, TME hallmark features are immune 

cells, endothelial and stromal cells, cancer associated fibroblast (CAFs), pericytes 
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and other cell types (e.g., adipocytes and neurons), as well as non-cellular 

components, including the extracellular matrix (ECM) and released products (e.g. 

growth factors and extracellular vesicles), blood and lymphatic vessels (Figure 6) 

(Anderson NM and Simon MC., 2020).  

 

 

Figure 6. Cellular and extracellular components of TME 

 

Immune cells represent one of the principal components of TME. Notably, there are 

two types of immune cells within TME: tumor-antagonizing and tumor-promoting 

immune cells (Lei X et al., 2020). Tumor-antagonizing immune cells include CD8+ 

cytotoxic T cells, effector CD4+ T cells, natural killer (NK) cells, dendritic cells 

(DCs), inflammatory M1 macrophages and N1-polarized neutrophils. At early 

stages of tumorigenesis, tumor-antagonizing immune cells are involved in cell-

mediated targeting and killing of malignant cells; however, cancer cells may escape 

from immune surveillance through various mechanisms, including upregulation of 

immune checkpoint molecules, tumor-antigen loss, secretion of 

immunosuppressive cytokines and chemokines, as well as the release of regulatory 

T cells (Tregs) and Myeloid-Derived Suppressor Cells (MDSCs) (Dong Y et al., 

2021). Notably, Tregs and MDSCs are the main tumor-promoting immune cells of 

TME, which tend to promote T-cell dysfunction and tumor development. The 

balance between these immune cell populations and their activity within TME is a 
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dynamic process that may change during cancer development and treatment, 

affecting clinical outcome of cancer patients (Qayoom H et al., 2023). 

Another component of TME is represented by the endothelial cells, which foster 

tumor initiation and progression via angiogenesis. As tumor increases in size, 

cancer cells release several pro-angiogenic factors, including Platelet-Derived 

Growth Factor (PDGF), Vascular Endothelial Growth Factor (VEGF), and 

angiopoietins, which induce an angiogenic switch in endothelial cells. The 

formation of new blood vessels allows satisfying oxygen, macromolecules, and 

nutrient demands of malignant cells to sustain tumor growth (Sobierajska K et al., 

2020; Al-Ostoot FH et al., 2021). Interestingly, the newly formed blood vessels 

show unique structural and functional features compared to normal vasculature. 

Indeed, blood vessels of tumor vasculature are generally immature, irregular, 

tortuous, dilated, and leaky (Ebeling S et al., 2023; Wang Q et al., 2023). Beyond 

angiogenesis, emerging literature data suggest that tumor endothelial cells are key 

regulators of immune functions within TME. Specifically, endothelial cells may 

induce tumor immunosuppression by reducing the recruitment of immune cells in 

TME and downregulating cancer cells antigen presentation (Nagl L et al., 2020; 

Fang J et al.,2023). 

As widely reported in the literature, CAFs are the most dominant components in 

tumor stroma. Notably, CAFs derive from the recruitment and activation of 

different cell types, including resident fibroblasts, tumor-infiltrating mesenchymal 

stem cells (MSCs), and even differentiated epithelial cells undergoing the 

Epithelial-to-Mesenchymal Transition (EMT). Once activated, CAFs contribute to 

the remodeling of TME and sustain tumor development through several 

mechanisms (Liu T et al., 2019; Wright K et al., 2023). In particular, CAFs may 

secrete pro-angiogenic and immunosuppressive factors to inhibit immune cells 

activity. Moreover, CAFs are implicated in promoting cancer cell proliferation and 

survival, as well as resistance to cancer therapies (Lavie D et al., 2022). 

Interestingly, a growing body of studies recently reported that CAFs are involved 

in ECM remodeling. Specifically, CAFs may cause excessive ECM proteins 

deposition, including collagen and fibronectin, as well as the activation and 

overexpression of Matrix Metalloproteinases (MMPs) that play a critical role in 
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ECM degradation (Belhabib I et al., 2021; Yuan Z et al., 2023). ECM is a complex 

network of macromolecules composed of proteoglycans, glycoproteins, and various 

growth factors that form a physical scaffold for cellular components (Eble JA and 

Niland S., 2019). During tumorigenesis, ECM composition and density alterations 

are due to high levels of ECM proteins and collagen deposits, which result in 

increased ECM stiffness and degradation. Altered ECM, in turn, induces various 

physical signals that are mechanically transmitted to tumor cells, enhancing tumor 

invasiveness and metastatic dissemination (Huang J et al., 2021; Yuan Z et al., 

2023). 

Over the years, numerous studies have highlighted the pivotal role of TME in many 

cancer features, including cancer cell growth and proliferation, tumor invasiveness 

and immune escape, metastasis, and drug resistance. In this field, various molecules 

may be involved in the modulation of TME during tumorigenesis. For instance, it 

has been recently reported that the Neutrophil Gelatinase-Associated Lipocalin 

(NGAL) and Matrix Metallopeptidase-9 (MMP-9) significantly contribute to 

establishment and remodeling of TME, favoring tumor invasiveness and metastasis. 

Specifically, NGAL, also known as Lipocalin 2 (LCN2), forms a complex with 

MMP-9 (NGAL/MMP-9 complex) that increases MMP-9 stability and gelatinolytic 

activity, leading to ECM degradation and cancer cell invasion (Candido S et al., 

2016; Huang H., 2018; Crescenzi E et al., 2021). Moreover, MMP-9 showed 

immunosuppressive effects by modulating the expression levels of inflammatory 

cytokines and chemokines and antagonizing T cell–mediated anti-tumor responses 

(Juric V et al., 2018). Interestingly, NGAL is also involved in iron trafficking by 

regulating either the uptake of extracellular iron or removal of intracellular iron, 

with different effects depending on TME context. In particular, the iron homeostasis 

is mediated by the interaction between NGAL and NGAL receptor (NGALR), better 

known as Solute Carrier Family 22 member 17 (SLC22A17) (Xiao X et al., 2017; 

Crescenzi E et al., 2023).  

 

1.7.1 SLC22A17  

The SLC superfamily represents a large group of over 450 membrane transport 

proteins organized into more than 65 families, which play a critical role in the 
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molecular trafficking of organic ions and biomolecules by either passive facilitative 

or secondary active transport mechanisms (Zhang Y et al., 2019; Pizzagalli MD et 

al., 2021). Interestingly, recent studies reported that SLCs may be involved in 

tumorigenesis by acting as oncogenes or tumor suppressor genes, depending on 

cancer type. Notably, the overexpression of tumor promoting SLCs seems to be 

associated with cancer immune escape, EMT, drug resistance, and angiogenesis. 

Conversely, downregulation of tumor suppressor SLCs may enhance cancer cell 

growth and proliferation (Rashid K et al., 2021). In addition, SLCs have been 

described to support cancer cell metabolism, which is characterized by high glucose 

consumption and subsequent lactate production even in the presence of oxygen 

(Warburg effect) (Song W et al., 2020). 

In this field, recent evidence highlighted that dysregulation of the SLC22A17 gene 

(previous name 24p3R) is implicated in development, progression, and drug 

resistance of several tumor types (Liu F et al., 2018; Wei J et al., 2020; Candido S 

et al., 2022b; Lavoro A et al., 2023). As previously reported, SLC22A17 mediates 

iron homeostasis via the interaction with NGAL, resulting in NGAL/SLC22A17 

complex internalization by receptor-mediated endocytosis, while complex 

recycling is involved in iron efflux. Interestingly, different SLC22A17 variants may 

be implicated in iron trafficking regulation. In particular, SLC22A17 variants 1 and 

2 have been described as bilateral iron transporters mediating both extracellular iron 

uptake and removal of intracellular iron, while SLC22A17 variant 3 could 

exclusively mediate iron influx (Candido S et al., 2016; Xiao X et al., 2017). 

Notably, the SLC22A17 variant 3 is characterized by an internal deletion of 125 

nucleotides and producing a 207 amino acid protein with four putative membrane-

spanning domains. This alternative spliced variant is mainly co-localized with 

NGAL protein at the cell membrane, playing a pivotal role in intracellular iron 

delivery. Interestingly, Fang and colleagues reported that SLC22A17 variant 3 

expression is strictly associated with esophageal cancer development, indicating 

that its overexpression could promote malignancy (Fang WK et al., 2007).  

In this regard, many studies reported that NGAL/SLC22A17 targeting induces 

intracellular iron overload and significantly increases the vulnerability of cancer 

cells to ferroptosis inducers (Liu J et al., 2021; Yao F et al., 2021). Similarly, 
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Chaudhary and colleagues investigated the relationship between ferroptosis and 

NGAL/SLC22A17 complex, highlighting that NGAL contributes to reduce iron-

induced oxidative stress by decreasing iron intracellular concentration in colorectal 

cancer cells (Chaudhary N et al., 2021). Recently, our research group conducted a 

multi-cancer in silico study on the LCN2/SLC22A17/MMP-9 axis to evaluate the 

role of DNA methylation in TME remodeling. Interestingly, we reported that the 

expression levels of LCN2 and MMP-9 were upregulated in most tumor types, 

whereas the SLC22A17 gene was downregulated (66.7% of tumors), suggesting that 

SLC22A17 could have a tumor suppressor potential. Moreover, we demonstrated 

that the LCN2, SLC22A17, and MMP-9 expression levels were negatively 

correlated with promoter DNA methylation status, whereas intragenic 

hypermethylation was strictly related to SLC22A17 and MMP-9 overexpression 

(Candido S et al., 2022b). Although NGAL and MMP9 role in the modulation of 

TME has been widely investigated, the exact involvement of SLC22A17 in cancer 

development has not been completely elucidated yet. Therefore, further studies are 

mandatory to clarify the relationship between SLC22A17 and iron metabolism, 

whose imbalance either promotes tumor growth or induces oxidative stress–

mediated ferroptosis. Moreover, the identification of underlying genetic and 

epigenetic regulatory mechanisms could provide novel epigenetic cancer hallmarks 

with diagnostic and prognostic values and suitable for epi-drug targeting. 

 

1.8 Ferroptosis as a potential treatment option for cutaneous melanoma 

Ferroptosis is defined as a non-apoptotic cell death process due to the iron-

dependent accumulation of lipid peroxides, which ultimately leads to cell damage 

and death (Yan HF et al., 2021). Compared to other programmed cell death forms 

(e.g. apoptosis, necrosis, pyroptosis, and autophagy), cells undergoing ferroptosis 

show no swelling of the cytoplasm and organelles, nor rupture of the cell 

membrane. Moreover, ferroptotic cells are not characterized by alterations in 

nuclear size, chromatin condensation, or the formation of apoptotic vesicles, which 

are the typical hallmarks of apoptosis (Li J et al., 2020). Conversely, distinctive 

features observed in ferroptotic cells are represented by morphological changes in 
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mitochondria, including smaller mitochondria, increased mitochondrial bilayer 

density, and loss of mitochondrial cristae (Battaglia AM et al., 2020). 

Functionally, ferroptosis is regulated by different pathways. Of note, iron 

metabolism (e.g. iron uptake, storage, utilization, and efflux) is an essential part of 

driving intracellular lipid peroxidation and ferroptosis. In particular, iron 

accumulation may lead to the formation of highly reactive hydroxyl free radicals 

(HO-) and subsequent ROS production through the well-known Fenton reaction, in 

which free Fe2+ ions react with hydrogen peroxide (H2O2) to form Fe3+ ions and 

hydroxyl radicals, leading to DNA oxidative damage and ferroptosis (Chen X et al., 

2020; Rochette L et al., 2022). Moreover, iron trafficking (iron influx and efflux) is 

also mediated by NGAL/SLC22A17 complex, whose dysregulation may lead to 

intracellular iron accumulation, sensitizing cells to ferroptosis (Chaudhary N et al., 

2021; Yao F et al., 2021). 

Besides iron metabolism, the cystine/glutamate antiporter (System Xc-), glutathione 

(GSH), and glutathione peroxidase 4 (GPX4) (System Xc-/GSH/GPX4 axis) are 

other key regulators of ferroptosis. Specifically, the System Xc- is a chloride-

dependent and sodium-independent antiporter of cystine and glutamate, consisting 

of catalytic subunit xCT/Solute Carrier Family 7 Member 11 (SLC7A11), a 

transmembrane transporter with an essential role in maintaining oxidative 

homeostasis. Similarly, GSH and GPX4 are closely related in protecting cells 

against oxidative stress. Notably, GSH plays a pivotal role as a co-factor for GPX4, 

which converts GSH into oxidized glutathione (GSSG) to reduce lipid 

hydroperoxides and protect cells from oxidative damage. Conversely, the inhibition 

of the System Xc-/GSH/GPX4 axis may induce the accumulation of lipid peroxides 

and drives the cells toward ferroptotic cell death (Li FJ et al., 2022; Zhang XD et 

al., 2023). 

Interestingly, ferroptosis inducers have attracted growing interest as a novel 

therapeutic approach for cancer treatment (Chen Z et al., 2023). Notably, Erastin 

showed great potential for cancer therapy, inducing ferroptosis in cancer cells via 

inhibition of System Xc- (Shibata Y et al., 2019; Zhao Y et al., 2020). Similarly, it 

has been reported that 1S, 3R-RSL 3 (RSL-3)-based treatment could represent a 

valuable anticancer option to induce ferroptosis via GPX4 inhibition with 



39 
 

promising results in several tumor types (Sui X et al., 2018; Li S et al., 2021). 

Moreover, perturbation of iron metabolism by supplying exogenous iron with 

ammonium iron (III) citrate significantly reduced cancer cell proliferation and 

invasion by triggering ferroptosis process (Wu W et al., 2021; Yuan Y et al., 2021).  

In this context, recent studies also investigated the pharmacological induction of 

ferroptosis in cutaneous melanoma as a potential therapeutic target.  

For instance, Luo and colleagues focused on miRNA-mediated ferroptosis in 

melanoma, investigating the role of miRNA-137. Of note, the authors demonstrated 

that the knockdown of miRNA-137 significantly enhanced the expression levels of 

Solute Carrier Family 1 member 5 (SLC1A5) glutamine transporter, sensitizing 

melanoma cells to Erastin- and RSL-3-induced ferroptosis (Luo M et al., 2018). 

Recently, miRNA-130b-3p and miRNA-21-3p have been also identified as key 

regulators of ferroptosis, suggesting that miRNAs targeting could represent a 

valuable strategy to induce ferroptosis and increase the efficacy of immunotherapy 

for melanoma treatment (Liao Y et al., 2021; Guo W et al., 2022). Interestingly, Leu 

et al. investigated the molecular mechanisms of ferroptosis sensitivity in cutaneous 

melanoma, highlighting that inhibition of V-Erb-B2 Avian Erythroblastic Leukemia 

Viral Oncogene Homologue 3 (ErbB3) increased the efficacy of ferroptosis inducers 

(Leu JI et al., 2022).  Similarly, Wang and colleagues found that 

Calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) was another 

negative regulator of ferroptosis in melanoma by regulating the AMP-activated 

protein kinase/Nuclear factor erythroid 2–related factor 2 (AMPK/NRF2) pathway. 

Specifically, the researchers reported that CAMKK2 targeting could enhance 

ferroptosis sensitivity and, consequentially, improve response to anti-PD-1 

immunotherapy in melanoma patients (Wang S et al., 2022). 

Collectively, the reported studies highlight that ferroptosis-based nanodrug 

targeting strategies may represent a valuable treatment option to suppress 

melanoma progression; however, further investigations are mandatory to elucidate 

the relationship between ferroptosis and melanoma. 
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2. AIM OF THE STUDY 

The development of novel therapeutic strategies, such as targeted therapy and 

immunotherapy, has significantly improved the management of melanoma patients. 

However, current epidemiological data indicate that incidence and mortality rates 

are still increasing worldwide due to the lack of clinical symptoms at early stages 

of disease. Indeed, melanoma diagnosis is often formulated at advanced stage when 

cancer cells have already infiltrated the subcutaneous layer, reducing treatment 

options and survival rate of cancer patients. Therefore, the identification of new 

cancer-related biomarkers, as well as potential pharmacological targets, is 

mandatory to enhance the early diagnosis and clinical outcome of melanoma 

patients. In this field, previous studies demonstrated that the TME-related genes 

NGAL and its membrane receptor SLC22A17, both involved in iron trafficking, are 

modulated by DNA methylation status, representing an attractive starting point for 

novel epigenetic biomarkers and promising therapeutic targets. 

Based on these premises, the present study aimed to evaluate the role of DNA 

methylation in the regulation of SLC22A17 expression in cutaneous melanoma to 

identify novel methylation hotspots as potential cancer biomarkers. Moreover, the 

involvement of SLC22A17 in iron homeostasis and ferroptosis of melanoma cells 

was also explored. To this purpose, in silico study was first performed to analyze 

the SLC22A17 gene/variants expression and DNA methylation profile in melanoma 

by using The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) 

datasets. Secondly, in vitro studies were conducted on different melanoma cell lines 

to validate bioinformatic results, which highlighted a significant correlation 

between SLC22A17 expression and DNA methylation levels. Moreover, DNA 

methylation levels of the SLC22A17 downstream promoter hotspot (cg17199325) 

were also analyzed in a case series of FFPE melanoma and nevi samples by the 

custom MSRE-ddPCR assay to evaluate the translational relevance of the in silico 

and in vitro results. Finally, the role of SLC22A17 in ferroptosis was also 

investigated by a functional study on A375 cells as melanoma cell model.  

Overall, the results of the present study could pave the way for novel 

diagnostic/prognostic biomarkers, as well as potential pharmacological targets for 

effective therapeutic strategies in cutaneous melanoma treatment.  



41 
 

3. MATERIALS AND METHODS 

3.1 Omics data collection from public repositories 

The differential analyses of SLC22A17 expression and DNA methylation status 

between melanoma samples and normal tissues (nevus) were performed by 

consulting the GEO public database (https://www.ncbi.nlm.nih.gov/geo/). 

Specifically, the GSE112509 dataset was used to retrieve expression data (Illumina 

HiSeq 2000) of 57 primary melanoma samples and 23 melanocytic nevi, while the 

GSE120878 dataset was analyzed to obtain DNA methylation levels (Illumina 

Infinium HumanMethylation450 BeadChip array) of 89 primary invasive 

melanomas and 73 nevi. 

The UCSC Xena Functional Genomics Explorer platform was consulted to perform 

SLC22A17 gene/variants expression and DNA methylation profile using the cohort 

TCGA Pan-Cancer (PANCAN) melanoma (SKCM) (N = 470) 

(https://xenabrowser.net/). Briefly, gene expression RNAseq - TOIL RSEM fpkm 

and transcript expression RNAseq - TOIL RSEM fpkm datasets were used to 

retrieve expression data, while DNA methylation levels of CG probesets were 

obtained from DNA methylation (Methylation450K) dataset. Moreover, UCSC 

Xena tool was used to retrieve OS and PFI data from the TCGA PANCAN SKCM 

cohort. 

 

3.2 Cell cultures 

To validate the results obtained from bioinformatics analyses and confirm the 

correlation between DNA methylation and SLC22A17 gene/variants expression, the 

methylation status of three DNA methylation hotspots belonging to the 

upstream/downstream promoter and body regions, as well as SLC22A17 

gene/variants expression levels, were evaluated on seven melanoma cell lines 

available at the cell biobank of the Laboratory of Experimental Oncology of the 

University of Catania. Notably, A375, A2058, M14, SK-MEL-23, SK-MEL-28, and 

WM115 melanoma cell lines were cultured in RPMI 1640 medium (Cat. No. 10-

040 - Corning® Life Sciences), while MeWo cell line was cultured in EMEM 

medium (Cat. No. 15-010 - Corning® Life Sciences). Both culture media were 
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supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine, 100 IU 

penicillin, and 100 μg/mL streptomycin (Cat. No. 35-079, Cat. No. 25-005, Cat. 

No. 30-001 - Corning® Life Sciences). Each cell line was seeded in 100 mm cell-

culture dishes (Qiagen, Hilden, Germany) at the density of 1 x 106 cells in 10 mL 

of complete culture medium and grown until 80% confluency in a humidified 

incubator at 37°C and 5% CO2. Cell pellets were then collected by scraping cell 

cultures in cold Phosphate-Buffered Saline (PBS) (Cat. No. 21-040 - Corning® Life 

Sciences) and frozen at -80 °C until the subsequent phase of genomic DNA and 

total RNA extraction. 

 

3.3 Collection of FFPE melanoma and nevi samples  

The analysis of the SLC22A17 methylation hotspot (cg17199325), belonging to the 

downstream promoter region, was performed on a cohort of 32 melanoma patients 

(median age 60.5; range 32 - 88) and 15 healthy controls (median age 37; range 18 

- 55). The patients and controls were enrolled at the National Cancer Institute 

“Fondazione G. Pascale” (Naples, Italy) and had similar ethnic backgrounds. 

Specifically, ten Formalin-Fixed Paraffin-Embedded (FFPE) sections of 5-8 μm 

were collected for each sample by using standard procedures. The study was 

conducted by the guidelines of the Declaration of Helsinki and approved by the 

Institutional Review Board of the National Cancer Institute “Fondazione G. 

Pascale” (Naples, Italy).  

The socio-demographic and clinical-pathological features of the subjects enrolled 

in the study are reported in Table 4. 
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Table 4. Socio-demographic and clinical characteristics of melanoma patients and healthy 

controls 

 Melanoma Nevi 

 N. (%) N. (%) 

Samples 32  (68.1%) 15  (31.9%) 

Age (years)   

< 45 6  (18.8%) 10  (66.7%) 

45 – 60 10  (31.2%) 5  (33.3%) 

> 60 16  (50%) 0  (0%) 

Gender   

Male 19  (59.4%) 5  (33.3%) 

Female 13  (40.6%) 10  (66.7%) 

Stage   

pT0 0  (0%)  

pT1 2  (6.3%)  

pT2 4  (12.5%)  

pT3 10  (31.2%)  

pT4 15  (46.9%)  

Missing 1  (3.1%)  

Breslow (mm)   

0 - 2 5  (15.6%)  

2 - 4 11  (34.4%)  

> 4 14  (43.7%)  

Missing 2  (6.3%)  

Clark level   

I 0  (0%)  

II 1  (3.1%)  

III 1  (3.1%)  

IV 24  (75%)  

V 3  (9.4%)  

Missing 3  (9.4%)  

BRAF Status   

Wild type 5  (15.6%)  

Mutated 11  (34.4%)  

Missing 16  (50%)  

Number of Mitosis   

0 - 1 5  (15.6%)  

2 - 4 12  (37.5%)  
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5 - 10 10  (31.2%)  

> 10 2  (6.3%)  

Missing 3  (9.4%)  

TILs   

Absent 3  (9.4%)  

No Brisk 15  (46.9%)  

Brisk 10  (31.2%)  

Missing 4  (12.5%)  

Vascular Invasion   

Negative 23  (71.9%)  

Positive 5  (15.6%)  

Missing 4  (12.5%)  

Ulceration   

Negative  11  (34.4%)  

Positive 20  (62.5%)  

Missing 1  (3.1%)  

 

3.4 Genomic DNA and total RNA extraction 

Genomic DNA was extracted from melanoma cell lines by using the PureLink™ 

Genomic Mini Kit (Cat. No. K1820-01 - Invitrogen, Thermo Fisher ScientificTM, 

Waltham, MA, United States) according to the manufacturer's instructions. 

Specifically, cell pellets were resuspended in 200 μL PBS (Cat. No. 21-040 - 

Corning® Life Sciences) and transferred to a sterile tube containing 20 μL 

Proteinase K provided with the extraction kit. Then, 20 μL RNase A were added to 

the sample, and the reaction mix was briefly vortexed and incubated at room 

temperature (RT) for 2 min. Following the incubation, 200 μL PureLinkTM Genomic 

Lysis/Binding Buffer were added to the sample, and the digestion mix was 

incubated at 55°C for 10 min to promote protein digestion. Then, 200 μL BioUltra 

Ethanol for molecular biology ≥ 99.8% (Cat. No. 51976 - Sigma Aldrich) were 

added to the sample, and the digestion mix was briefly vortexed to obtain a 

homogeneous solution. The lysate (~ 640 μL) was transferred to the PureLinkTM 

Spin Column provided with the kit and centrifuged at 10,000 x g at RT for 1 min. 

Then, 500 μL of Wash Buffer 1 were added to the column, and the sample was 

centrifuged at maximum speed for 1 min at RT to wash the genomic DNA blocked 

by the silica membrane. The wash step was repeated by using 500 μL of Wash 
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Buffer 2. Finally, genomic DNA was eluted by adding 50 μL PureLink™ Genomic 

Elution Buffer, and the sample was centrifuged at maximum speed for 1 min at RT. 

The extracted genomic DNA was stored at -20°C until further analyses. 

Total RNA was extracted from each melanoma cell line using the TRIzolTM Reagent 

(Cat. No. 15596018 - Invitrogen, Thermo Fischer ScientificTM, Waltham, MA, 

United States) according to the manufacturer’s protocol. Briefly, 1 mL TRIzolTM 

Reagent was added to cell pellet, and the sample was incubated at RT for 5 min to 

obtain nucleoproteins complex dissociation. Then, 200 μL of chloroform (Cat. No. 

3955301 - SERVA Electrophoresis GmbH) were added to the sample, and the 

reaction mix was incubated for 2 min at RT. Following the incubation, the sample 

was centrifuged for 15 min at 12,000 x g at 4°C, and the aqueous phase containing 

RNA was recovered and transferred to a new tube. Then, 500 μL of isopropanol 

were added to the aqueous phase and the sample was incubated for 10 min at RT 

before centrifugation at 12,000 x g at 4°C for 10 min. after removing the 

supernatant, cell pellet was resuspended in 1 mL of 75% ethanol before a second 

centrifugation at 7,500 x g at 4°C for 5 min. Finally, the RNA pellet was 

resuspended by adding 30 μL of DNase/RNase-free distilled water (Cat. No. 10977-

035 - Invitrogen, Thermo Fischer ScientificTM, Waltham, MA, United States) and 

the obtained total RNA was stored at -80 until the downstream analyses.  

Genomic DNA from FFPE tissues was extracted using the QIAamp DNA FFPE 

Tissue Kit (Cat. No. 56404 - Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol. Specifically, 1 mL xylene was added into a 

microcentrifuge tube containing eight FFPE sections (5–10 μm thick) and the 

sample was centrifuged at maximum speed for 2 min at RT. After removing the 

supernatant, cell pellet was resuspended with 1 mL of BioUltra Ethanol for 

molecular biology ≥ 99.8% (Cat. No. 51976 - Sigma Aldrich) to remove residual 

xylene, and the sample was centrifuged. Then, the supernatant was removed, and 

the opened tube was incubated at RT for 10 min until ethanol has completely 

evaporated. Following the incubation, 180 μl Buffer ATL and 20 μl proteinase K 

were added to the tube, and the sample was incubated at 56°C for 1 h and 90°C for 

1 h. Following the incubation, 200 μl Buffer AL and 200 μl BioUltra Ethanol for 

molecular biology ≥ 99.8% (Cat. No. 51976 - Sigma Aldrich) were added to the 
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reaction mix, and the sample was vortexed to obtain a homogeneous solution. The 

lysate was transferred to the QIAamp MinElute column provided with the kit and 

centrifuged at 6,000 x g at RT for 1 min. Then, 500 μL of Buffer AW1 were added 

to the column, and the sample was centrifuged at 6,000 x g for 1 min at RT to wash 

the genomic DNA blocked by the silica membrane. The wash step was repeated by 

using 500 μL of Buffer AW 2. Following an additional centrifuge to remove residual 

ethanol, genomic DNA was eluted by adding 50 μL Buffer ATE to the center of the 

membrane, and the sample was centrifuged at maximum speed at RM for 1 min. 

Finally, the extracted genomic DNA was stored at -20°C until further analyses. 

Nanodrop-1000 (Thermo Fischer ScientificTM) was used to assess the amount and 

quality of genomic DNA and total RNA extracted from melanoma cell lines, as well 

as genomic DNA derived from melanoma and nevi FFPE samples. 

 

3.5 Bisulfite conversion and Sanger sequencing 

The DNA methylation profiling of melanoma cell lines was performed by bisulfite 

conversion followed by PCR amplification and Sanger sequencing. In particular, 

the EpiTect Plus DNA Bisulfite Kit (Cat. No. 59124 - Qiagen, Hilden, Germany) 

was used to perform bisulfite conversion of genomic DNA obtained from each 

melanoma cell line. Briefly, bisulfite reaction was prepared by mixing 1,200 ng of 

genomic DNA, 85 μL of Bisulfite mix, 35 μL DNA protect buffer, and RNase-free 

water up to a final volume of 140 μL. The bisulfite reaction mix was incubated 

according to the following thermal cycler conditions: 95°C for 5 min, 60°C for 25 

min, 95°C for 5 min, 60°C for 85 min, 95°C for 5 min, and finally 60°C for 175 

min. Then, the amplification of bisulfite-converted DNA samples was executed 

preparing a reaction mix containing 100 ng of bisulfite-converted DNA, 10 µL of 

2X ddPCR Supermix for Probes (No dUTP) (Cat. No. 1863024 - Bio-Rad 

Laboratories Inc, Hercules, CA, United States), 10 µM (final concentration) of 

forward and reverse primers for each target, and H20 molecular biology grade up to 

a final volume of 20 µL.  

The Bisulfite Primer Seeker (https://www.zymoresearch.eu/) was used to design 

bisulfite primers. PCR thermal conditions and primer sequences are reported in 

Table 5. 
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Table 5. Primer sequences and amplification conditions used for the amplification of 

SLC22A17 targets starting from bisulfite-converted DNA 

Primer ID Sequence Ampl. conditions 

Prom1 Fw 5’-TTAGGGTTTAGGGGAGGGAG-3’ 

95°C for 10 min, 

followed by 40 cycles 

of 94°C for 30 s, 55°C 

for 1 min, and finally 

98°C for 10 min 

Prom1 Rev 5’-CTACCTAAACTAACTACTATCCTTCAA-3’ 

Prom2 Fw 5’-GTGATTTTTATAGTGTTGTYGATTTT-3’ 

Prom2 Rev 5’-CTACAAAACTACAAAACRAAATCTCTTC-3’ 

Prom3 Fw 5’-GTGAGTATAGGAAGGTTATTATAGTTTT-3’ 

Prom3 Rev 5’-TAACTAAAAACAACCTCCCAATAC-3’ 

Prom4 Fw 5’-ATATTAGATTTTATTGGGGATGTGAGAA-3’ 

Prom4 Rev 5’-AAAACTATAATAACCTTCCTATACTCAC-3’ 

Body1 Fw 5’-GGATTTTTAGGGTTTTGAGATTTTTTTA-3’ 

Body1 Rev 5’-AATCAATAATAAAAATAACCAAAATCAA-3’ 

Body2 Fw 5’-TTTGTTTAGGTTTTTTTGAAGAATTTAG-3’ 

Body2 Rev 5’-TACTATCAAAAAAATAACACCTTATTCC-3’ 

Body3 Fw 5’-GGGTTAGGTTAGTAGTTGGAAT-3’ 

Body3 Rev 5’-ACRAATAACATAAACAATAAAACTATAAAA-3’ 

3’UTR1 Fw 5’-TTTTYGGTAGTAGTATAATGTTGAGAAT-3’ 

3’UTR1 Rev 5’-AACCTAAACCTAATCATAACTCTAAAAA-3’ 

3’UTR2 Fw 5’-GTTATAGYGGGTAGGGGGTG-3’ 

3’UTR2 Rev 5’-ATTCTCAACATTATACTACTACCRAA-3’ 

 

PCR products were cleanup using the PureLink PCR Purification Kit (Cat. No. 

K310001 - Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United States) 

according to the manufacturer’s protocol. Specifically, 80 µL of Binding Buffer 

were added to the PCR product (20 µL), and the sample was transferred to the 

PureLink® Spin Column provided with the kit and centrifuged at 10,000 x g for 1 

min at RT. After removing the flow through, 650 μL of Wash Buffer were added to 

the column, and the sample was centrifuged at 10,000 x g for 1 min at RT. Then, 50 

μL of Elution Buffer were added to the center of column to eluting DNA, and the 

sample was centrifuged at maximum speed for 1 min. The amount and quality of 

purified PCR products were assessed by Nanodrop-1000 (Thermo Fischer 

ScientificTM). Finally, the purified PCR products were sequenced with the Mix2Seq 

Kit (Eurofins Genomics Germany GmbH, Ebersberg, Germany) according to the 

manufacturer’s procedure. Chromas Lite software (version 2.6.6) was used to 

perform the analysis of DNA sequences. 
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3.6 Standard Methylation-sensitive restriction enzyme assay 

To evaluate the DNA methylation levels of the SLC22A17 methylation hotspots, 

Standard Methylation-sensitive restriction enzyme (MSRE) assay was performed 

for DNA samples derived from each melanoma cell line. In particular, three 

different reaction tubes were prepared by mixing 200 ng of genomic DNA, 1X 

CutSmart Buffer (Cat. No. B7204), and 20 UI of HpaII enzyme (Cat. No. R0171S) 

for tube 1 [Mix HpaII], 20 UI of MspI enzyme (Cat. No. R0106S) for tube 2 [Mix 

MspI], no enzyme for tube 3 [Mix (-)], and H20 molecular biology grade up to a 

final volume of 10 µL (all the reagents were purchased from New England Biolabs, 

Germany). Then, the reaction tubes were incubated at 37°C for 1 h and stopped with 

Proteinase K (final concentration 1 mg/mL) (Cat. No. EO0491 - Invitrogen, Thermo 

Fisher ScientificTM, Waltham, MA, United States), incubating the samples at 55°C 

for 30 min and 95°C for 10 min. Of note, the MspI enzyme was used in standard 

MSRE to test digestion efficiency. Following the MSRE digestion, 1 μL of each 

digested sample (20 ng/μL) was used for the downstream MSRE-qPCR 

amplification. 

 

3.7 MSRE-qPCR and RT-qPCR 

SYBR green-based real time PCR was performed with the Applied Biosystem 7500 

Real-Time PCR System to assess the DNA methylation levels of three SLC22A17 

methylation hotspots mapped in the upstream promoter (chr14:23,821,982-

23,822,182 - GRCh37/hg19), downstream promoter (chr14:23,821,211-23,821,359 

- GRCh37/hg19), and body (chr14:23,816,960-23,817,116 - GRCh37/hg19) 

regions. Specifically, the amplification of MSRE-digested DNA samples obtained 

from melanoma cell lines was performed by preparing a reaction mix containing 10 

μL of Luminaris Color HiGreen qPCR Master Mix - high ROX (Cat. No. K0361 - 

Invitrogen, Thermo Fischer Scientific™, Waltham, MA, United States), 10 μM 

(final concentration) of forward e reverse primers for each target, 1 μL of MSRE-

digested DNA (20 ng/μL) and H20 molecular biology grade up to a final volume of 

20 μL. Of note, DNA methylation percentage was computed by using the formula: 

100 x 2−(Ct of undigested sample−Ct of HpaII digested sample). PCR thermal conditions 
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and primer sequences are reported in Table 6. All the experiments were performed 

in triplicate. 

 

Table 6. Primer sequences and thermal conditions used for MSRE-qPCR amplification 

Primer ID Sequence Ampl. conditions 

MSRE UpP Fw 5’-AAGGATGCGCTGTCCTCTG-3’ 
50°C for 2 min and 95°C 

for 10 min, followed by 

40 cycles of 95°C for 10 

s, 60°C for 30 s, and 72°C 

for 30 s 

MSRE UpP Rev 5’-AGAGCGGGATCTCTTCGAGC-3’ 

MSRE DownP Fw 5’-GAGGCAATGGTTGAAGTCCG-3’ 

MSRE DownP Rev 5’-CTAATGCCTCTGGCTGGGAG-3’ 

MSRE Body Fw 5’-AGCAACGAACAGAGCCTGAA-3’ 

MSRE Body Rev 5’-ATCCTGGGCTTCACCAAGTG-3’ 

 

To evaluate the SLC22A17 all variants and variants 1, 2, and 3 expression levels in 

melanoma cell lines, reverse transcription was carried out using SuperScript IV 

Reverse Transcriptase (Cat. No. 18090010 - Invitrogen, Thermo Fisher 

ScientificTM, Waltham, MA, United States). Briefly, the reaction mix was prepared 

by mixing 1,500 ng of total cellular RNA, 1 μL of random examers (100 μM final 

concentration), 1 μL of Deoxynucleotide Triphosphates (dNTPs) (100μM final 

concentration), and DEPC-treated water up to a final volume of 14 μL. The samples 

were incubated at 65°C for 5 min and on ice for 1 min. Following the incubation, 6 

μL of RT reaction, containing 4 μL of 5x SSIV Buffer, 1 μL of DTT (100mM final 

concentration), and 1 μL of SuperScript IV Reverse Transcriptase (200 UI/μl), were 

added to each sample. Finally, the samples were incubated at 23°C for 10 min, 55°C 

for 10 min, and 80°C for 10 min. The amplification of obtained cDNA was 

performed with the Applied Biosystem 7500 Real-Time PCR System by preparing 

an amplification mix containing 10 μL of Luminaris Color HiGreen qPCR Master 

Mix - high ROX (Cat. No. K0361 - Invitrogen, Thermo Fischer Scientific™, 

Waltham, MA, United States), 10 μM (final concentration) of forward e reverse 

primers for each target, 1 μL of cDNA (25 ng/μL) and H20 molecular biology grade 

up to a final volume of 20 μL. The ΔΔCt relative quantification method was 

performed to assess the expression of SLC22A17 all variants and variants 1, 2, and 

3 using Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) signal value as 
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control reference. Primers and amplification conditions are reported in Table 7. All 

the experiments were performed in triplicate. 

 

Table 7. Primer sequences and thermal conditions used for RT-qPCR amplification 

Primer ID Sequence Ampl. conditions 

All Var Fw 5’-TGGTTTGTTCCTGGAGTCCG-3’ 

50°C for 2 min and 95°C 

for 10 min, followed by 

40 cycles of 95°C for 10 

s, 60°C for 30 s, and 72°C 

for 30 s 

All Var Rev 5’-GCATGGGCAATGAAGTTGGT-3’ 

Var1 Fw 5’-GGTCACCGTGGACCGATTT-3’ 

Var1 Rev 5’-TTGGGGTTCCCTTGTTGAGC-3’ 

Var2 Fw 5’-ATTGGCGATTCCTACAGCGA-3’ 

Var2 Rev 5’-AGCCTCGTTCAGATAATCCCAC-3’ 

Var3 Fw 5’-GGTGTCTACCTGATGCCGAAT-3’ 

Var3 Rev 5’-CGGTTTCGCTCAGCCAGGAT-3’ 

GAPDH Fw 5’-AGAAGGCTGGGGCTCATTTG-3’ 

GAPDH Rev 5’-AGGGGCCATCCACAGTCTTC-3’ 

 

3.8 Methylation-sensitive restriction enzyme - droplet digital PCR assay 

The analysis of the in silico identified SLC22A17 methylation hotspot 

(cg17199325) was performed on FFPE melanoma and nevi samples by using the 

custom Methylation-sensitive restriction enzyme – droplet digital PCR (MSRE-

ddPCR) assay, previously developed by our research group.  

Of note, the MSRE-ddPCR assay consists of one-tube reactions in which 

methylation-sensitive restriction enzymes (e.g. HpaII) directly digest DNA targets 

in the ddPCR reaction mix. Moreover, a synthetic DNA methylation control 

(methCTRL) is used to assess digestion efficiency of the restriction enzymes. 

Specifically, methCTRL is an artificially demethylated exogenous DNA fragment 

generated by PCR amplification of a sequence of the fluorescent protein Clover 

(210 bp), which contains 1 CCGG restriction site. To generate methCTRL, 10 ng 

of pcDNA3.1-CLOVER plasmid (Plasmid #40259 - Addgene) was amplified using 

the Phusion High-Fidelity DNA Polymerase kit (Cat. No. F-530XL - Thermo Fisher 

ScientificTM, Waltham, MA, United States) according to the manufacturer’s 

protocol. PCR thermal conditions and primer sequences are reported in Table 8. The 

PCR product was subsequently treated with 1 µL DpnI (Cat. No. FD1703 - Thermo 

Fisher ScientificTM, Waltham, MA, United States) at 37°C for 15 min and then the 
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enzyme was inactivated at 80°C for 20 min. Finally, the PCR product was purified 

using the PureLink PCR Purification Kit (Cat. No. K310001 - Thermo Fisher 

ScientificTM, Waltham, MA, United States) and quantified with Nanodrop-1000 

(Thermo Fischer ScientificTM). Since the methCTRL is completely degraded by the 

HpaII enzyme, the detection of the copies/µL following ddPCR amplification 

represents a direct measurement of digestion efficiency. 

 

Table 8. Primer sequences and thermal conditions used for the generation of methCTRL 

Primer ID Sequence Ampl. conditions 

T7 Fw 5’-TAATACGACTCACTATAGGG-3’ 98°C for 20 s, followed by 35 

cycles of 98°C for 1 s, 72°C for 

15 s, and finally 72°C for 1 min 
EGFP-N bis Rev 5’-CTTGCCGTTGGTGGCATCGC-3’ 

  

To perform MSRE-ddPCR assay, two different amplification mixes were prepared 

for each sample, one containing HpaII and the other with no enzyme as undigested 

control. Briefly, each amplification mix (final volume 22 μL) was prepared by 

mixing 11 μL of 2X ddPCR Supermix for Probes (No dUTP) (Cat. No. 1863024 - 

Bio-Rad Laboratories Inc, Hercules, CA, United States), 900 nM (final 

concentration) of forward and reverse primers and 450 nM (final concentration) of 

FAM/HEX probes for SLC22A17 target and methCTRL. Probe and primer 

sequences, as well as amplification conditions, are reported in Table 9. Up to 20 ng 

of DNA sample and 10-6 ng of methCTRL (final volume 5 µL) were added to each 

MSRE-ddPCR mix along with 10 UI of HpaII restriction enzyme (Cat. No. R0171S 

- New England Biolabs, Germany) in the HpaII mix, while DNase/RNase free H2O 

was added to the undigested control mix to reach a final volume of 22 μL. 

Amplification mixes were then incubated at 37°C for 30 min before droplet 

generation.  
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Table 9. Primer and probe sequences and amplification conditions for MSRE-ddPCR 

amplification 

Primer ID Sequence Ampl. conditions 

MSRE DownP Fw 5’-GAGGCAATGGTTGAAGTCCG-3’ 

95°C for 10 min, 

followed by 40 cycles 

of 94°C for 30 s, 55°C 

for 1 min, and finally 

98°C for 10 min (ramp 

rate 2°C/s) 

MSRE DownP Rev 5’-CTAATGCCTCTGGCTGGGAG-3’ 

MSRE DownP probe 
[FAM]5’-GCCGCTGCACGAGGGGTCGG-

3’[BHQ1] 

methCTRL Fw 5’-CACTATAGGGAGACCCAAG-3’ 

methCTRL Rev 5’-AACTTGTGGCCGTTTAC-3’ 

methCTRL probe 
[HEX]5’-CTGTTCACCGGGGTGG-

3’[BHQ1] 

 

Following the enzymatic digestion, droplet generation was performed by loading 

20 μL of each ddPCR amplification mix in DG8 Cartridges along with 70 μL of 

Droplet Generation Oil (Cat. No. 1863005 - Bio-Rad Laboratories, Inc., USA) 

within the sample and oil wells, respectively. Then, the cartridge was covered with 

Gasket (Cat. No. 1863009 - Bio-Rad Laboratories, Inc., USA) and transferred into 

Droplet Generator QX100 (Bio-Rad Laboratories Inc, Hercules, CA, United States) 

for droplet generation according to the manufacturer’s instructions. The droplet 

mixture was recovered from the cartridge and transferred into a 96-well plate (Cat. 

No. 12001925 - Bio-Rad Laboratories, Inc., USA) to perform PCR amplification 

by the C1000 Touch Thermal Cycler (Bio-Rad Laboratories Inc, Hercules, CA, 

United States). Finally, the QX200 Droplet Reader (Bio-Rad Laboratories, Inc., 

USA) was used for droplet quantification. Absolute quantification (copies/µL) was 

retrieved by using QuantaSoft software (version 1.7.4 - QuantaSoft, Prague, 

Czechia). The fluorescence amplitude of droplets was also considered to evaluate 

efficiency of the amplification reaction. 

The DNA methylation percentage of the SLC22A17 target was retrieved by 

considering the ratio between ddPCR absolute quantification of the SLC22A17 

DNA methylation in HpaII mix and the undigested control mix (CTRL mix) for 

each sample by the following formula: 

 

% of methylation = (
HpaII mix 

CTRL mix
)

 target

× (1 − (
HpaII mix

CTRL mix 
)

MethCTRL

) × 100 
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Of note, to overcome the bias in DNA methylation percentage estimation due to the 

inhibition of the enzymatic digestion, data normalization was performed by using 

an enzymatic digestion coefficient computed by reciprocal ratio between the 

methCTRL absolute quantification in HpaII and the CTRL mix. 

 

3.9 A375 cell transfection and retroviral transduction 

To evaluate the role of the NGAL/SLC22A17 complex in iron trafficking and 

ferroptosis, A375 melanoma cell line was used to induce overexpression of NGAL 

and SLC22A17 variants 1, 2, and 3 (Figure 7). 

 

 

Figure 7. Schematic representation of A375 cell transfection and transduction 

 

Regarding cell transfection, pcDNA3.1 (+) NEO containing NGAL wild type 

construct and relative empty vector backbones were kindly provided by Prof. James 

A. McCubrey of the East Carolina University (North Carolina, USA). Briefly, A375 

cells were first seeded in 6-well plate at the density of 2.4 x 105 cells per well in 2 

mL of complete RPMI-1640 medium and incubated at 37°C and 5% CO2 for 24h. 

The next day, the transfection mix containing 4.5 μL Attractene transfection reagent 

(Cat. No. 301004 - Qiagen, Hilden, Germany), 1,200 ng of plasmid DNA 

(pcDNA3.1-Empty, pcDNA3.1-NGAL wild type, and pcDNA3.1-CLOVER) and 
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100 μL Opti-MEMTM Reduced Serum Medium (Cat. No. 31985-062 - Invitrogen, 

Thermo Fisher ScientificTM, Waltham, MA, United States) was incubated at RT for 

15 min and then added to each well after replacing the culture medium (2 mL). The 

pcDNA3.1 (+) NEO - CLOVER (Plasmid #40259 - Addgene), also available in our 

lab, was used to evaluate transfection efficiency by fluorescence detection. 

Following 24h of incubation, clonal selection was performed by using Neomycin 

(Geneticin - G418) (Cat. No. 10131-035 - Invitrogen, Thermo Fisher ScientificTM, 

Waltham, MA, United States) at final concentration of 600 μg/mL.  

The retroviral transduction was performed by using retroviral transfer plasmid 

pLenti (+) PURO (Plasmid #39481 - Addgene) to clone the coding sequence (CDS) 

of SLC22A17 variants 1, 2, and 3 (NCBI Reference Sequence: NM_020372.4, 

NM_016609.7, and NM_001289050.1, respectively). The CDS of SLC22A17 

variants 1, 2, and 3 were obtained by PCR using first strand cDNA isolated from 

Human Pulmonary Fibroblast (HPF) cell line, also available in our lab. In particular, 

PCR amplification was first performed to obtain fragment 1 (813 bp for SLC22A17 

variants 1 and 2, 688 bp for SLC22A17 variant 3) and fragment 2 (907 bp for 

SLC22A17 variant 1, 853 bp for variants 2 and 3). Specifically, PCR amplification 

of fragments 1 and 2 was executed by PhusionTM Plus DNA Polymerase kit (Cat. 

No. F630l - Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United States) 

preparing the following amplification mix: 0.2 μL Phusion plus master mix, 4 μL 

5X Buffer, 0.4 μL dNTPs (10 μM final concentration), 1 μL forward and reverse 

primers (10 μM final concentration) for each fragment, 50 ng DNA, and H20 

molecular biology grade up to final volume of 20 μL. PCR thermal conditions and 

primer sequences are reported in Table 10.  

PCR products were separated by agarose gel electrophoresis and isolated using 

GeneJET Gel Extraction Kit (Cat. No. K0691 - Invitrogen, Thermo Fisher 

ScientificTM, Waltham, MA, United States) according to manufacturer’s protocol. 

Briefly, gel slices containing DNA fragments were excised using a razor blade and 

transferred into 2 mL tube. Then, 1:1 volume of Binding buffer was added to each 

tube, and the gel mixtures were incubated at 60°C for 10 min. Following the 

incubation, the solubilized gel solution was transferred to the GeneJET purification 

column provided with the kit and centrifuged at 12,000 x g for 1 min. After 
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removing the flow through, 700 μL of Wash Buffer were added to the column, and 

the sample was centrifuged. Finally, 50 μL of Elution Buffer were added to the 

center of column to eluting DNA, and the sample was centrifuged at maximum 

speed for 1 min. The amount and quality of purified fragment 1 and 2 were assessed 

by Nanodrop-1000 (Thermo Fischer ScientificTM).  

 

Table 10. Primer sequences and amplification conditions used for SLC22A17 variants 

amplification  

Primer ID  Sequence  Ampl. conditions  

Fragment 1 Fw  5’-GGTGCTCTTCGTGGCTCTG-3’  
98°C for 30 s, followed 

by 35 cycles of 94°C 

for 10 s, 60°C for 10 s, 

72°C for 40 s, and 

finally 75°C for 5 min  

Fragment 1 Rev  5’-CGGTTTCGCTCAGCCAGGAT-3’  

Fragment 2 Fw  5’-ATCCTGGCTGAGCGAAACCG-3’  

Fragment 2 Rev  5’-CCCGATCTTCTTGCCACCTT-3’  

Assembly Fw  5’-GTAGGAATTCATGGCCTCGGACCCCATCTT-3’  

Assembly Rev  5’-GTAGGAATTCTCAGAGGGCAGGGTTGGGGGT-3’  

 

The purified DNA fragments 1 and 2 were then used to perform Assembly PCR and 

obtain the CDS of SLC22A17 variants 1, 2 and 3 (1720 bp, 1666 bp, and 1541 bp, 

respectively). As above reported, PCR amplification was performed by PhusionTM 

Plus DNA Polymerase kit (Cat. No. F630l - Invitrogen, Thermo Fisher ScientificTM, 

Waltham, MA, United States) using 1 ng for each purified DNA fragment (see Table 

10 for primer sequences and thermal conditions). Finally, PCR products were 

separated by agarose gel electrophoresis and isolated using the GeneJET Gel 

Extraction Kit (Cat. No. K0691 - Invitrogen, Thermo Fisher ScientificTM, Waltham, 

MA, United States) according to manufacturer’s protocol. 

The obtained CDS of the SLC22A17 variants 1, 2, and 3 were cloned via EcoRI 

(Cat. No. ER0271 - Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United 

States) in transfer plasmid pLenti (+) PURO (Plasmid #39481 - Addgene). To this 

purpose, ligation reaction mix was prepared as follows: 1U T4 DNA Ligase (Cat. 

No. EL0011 - Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United 

States), 2 μL 10x T4 DNA Ligase Buffer, 50 ng transfer plasmid DNA pLenti (+) 

PURO, insert DNA (3:1 molar ratio over vector), and DNase/RNase-free H2O up 

to final volume of 20 μL. Following the incubation at 22°C for 10 min, 5 μL of 

ligation mix was used for transformation of chemically competent cells by One 
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ShotTM Stbl3TM Chemically Competent E. coli kit (Cat. No. C737303 - Invitrogen, 

Thermo Fisher ScientificTM, Waltham, MA, United States).  

The PureLinkTM HiPure Plasmid Filter Maxiprep Kit (Cat. No. K210016 - 

Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United States) was then 

used to isolate plasmid DNA from bacterial culture. Specifically, the Stbl3-based 

overnight culture was first centrifuged at 4,000 x g for 10 min. After medium 

removing, 10 mL of Resuspension Buffer and 10 mL of Lysis Buffer were added to 

cell pellet. Following the incubation at RT for 5 min, 10 mL of Precipitation Buffer 

were added to the mixture and the sample was centrifuged. The supernatant was 

transferred into the equilibrated HiPure Filter Maxi Column provided with the kit, 

leaving the lysate to filter through the column by gravity flow. After column wash, 

15 mL Elution Buffer were added to the column to recover the purified DNA. Then, 

10.5 mL isopropanol were added to the eluate, and the sample was centrifuged at 

12,000 x g for 30 min at 4°C. After supernatant removing, 5 mL 70% ethanol were 

added to pellet, and the tube was centrifuged for 5 min. Finally, 200 μL of TE Buffer 

were added to the air-dry pellet, and the obtained plasmid DNA was stored at -20°C. 

Insert orientation and sequence were verified by PCR and Sanger sequencing, 

respectively. 

Retroviral particles were obtained by using the packaging HEK 293T cells, 

available in our lab. Briefly, HEK 293T cells were first seeded in 6-well plate at the 

density of 5 x 105 cells per well in 2 mL of complete DMEM medium (Cat. No. 10-

017-CV) supplemented with 10% FBS (Cat. No. 35-079), 2 mM L-glutamine (Cat. 

No. 25-005), 100 IU penicillin - 100 μg/ml streptomycin (Cat. No. 30-001) (all 

purchased from Corning® Life Sciences) and grown at 37°C and 5% CO2. The next 

day, HEK 293T cells were transduced with the pLenti-Empty, pLenti-

SLC22A17Var1, pLenti-SLC22A17Var2, pLenti-SLC22A17Var3, and pLenti-

CLOVER retroviral vectors using Attractene transfection reagent (Cat. No. 301004 

- Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Specifically, 

lentiviral packaging mix was prepared as follows: 2.19 μL pRRE, 1 μL pREV, 1.44 

μL pVSVg, plasmid DNA for each transfer vector, 4.5 μL Attractene, and 100 μL 

Opti-MEMTM Reduced Serum Medium (Cat. No. 31985-062 – Invitrogen, Thermo 

Fisher ScientificTM, Waltham, MA, United States). The transfer plasmid pLenti-
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CLOVER, already available in our lab, was also used to test transduction efficiency. 

The next day, the culture medium was replaced, and HEK 293T cells were 

maintained in a humified incubator (37°C and 5% CO2) for 24h. Then, the 

conditioned medium was filtered through a 0.45 μm filter and an equal volume of 

complete RPMI-1640 medium, supplemented with polybrene solution (4 μg/mL 

final concentration), was added to each filtered supernatant. Finally, lentiviral 

mixture (4 mL) was added to previously transfected A375 cells growing overnight 

in 6-well plate, and spinfection was performed by centrifugation at 12,000 x g for 

60 min. The next day, the culture medium was replaced, and the transducted A375 

cells were selected by using Puromycin Dihydrochloride (Cat. No. A1113803 - 

Invitrogen, Thermo Fisher ScientificTM, Waltham, MA, United States) at final 

concentration of 1 μg/mL. 

 

3.10 Cell viability assay and cell treatments 

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay 

was performed to establish the IC50 dose of 5-Azacytidine (5-Aza) (Cat. No. A2385 

- Sigma-Aldrich) for the treatment of A375, WM115, SK-MEL-23, and SK-MEL-

28 cells, as well as to evaluate the IC50 doses of 1S,3R-RSL 3 (Cat. No. SML2234 

– Sigma Aldrich), Erastin (Cat. No. E7781 - Sigma Aldrich), and ammonium iron 

(III) citrate (Cat. No. A11199 - Invitrogen, Thermo Fisher ScientificTM, Waltham, 

MA, United States) in A375 transfected cells. Notably, all the reported melanoma 

cell lines were seeded in 96-well plates at the density of 2 x 103 cells per well in 

100 μL of complete medium, except for WM115 (3 x 103 per well), prior to the 

treatment with serial dilutions of 5-Aza (100 - 10 - 1 - 0.1 - 0.01 - 0.001 μM), 1S,3R-

RSL 3 (100 - 10 - 1 - 0.1 - 0.01 - 0.001 μM), Erastin (10 - 1 - 0.1 - 0.01 - 0.001 - 

0.0001 μM), and ammonium iron (III) citrate (Fe3+) (100 - 10 - 1 - 0.1 - 0.01 - 

0.001 mM). DMSO (Cat. No. D8418 – Sigma Aldrich) was used as vehicle control 

for all the treatments, except for ammonium iron (III) citrate that was resuspended 

in complete RPMI-1640 medium. After 72h of treatment, the culture medium was 

removed and 100 μL of MTT solution (Cat. No. 158990010 - Thermo Fisher 

ScientificTM, Waltham, MA, United States) (MTT + RPMI-1640 ratio 1:10) were 

added to each well, incubating the plate at 37°C and 5% CO2 for 3h. Following the 
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incubation, the MTT solution was removed and 100 μL DMSO (Cat. No. D8418 – 

Sigma Aldrich) were added to each well for the dissolution of formazan crystals. 

Finally, the absorbance of each well was measured at 620 nm by using the Tecan 

SunriseTM microplate reader to retrieve the optical density (OD) values of each well. 

All the experiments were performed in triplicate. 

The A375, WM115, SK-MEL-23, and SK-MEL-28 cell lines were treated with 5-

Aza (Cat. No. A2385 - Sigma-Aldrich) according to the previously computed IC50 

dose (0.75 μM for A375 and WM115, 1.9 μM for SL-MEL-23, and 3.5 μM for SK-

MEL-28) to evaluate the effect of DNA demethylation on SLC22A17 all variants 

and variants 1, 2, and 3 expression. Briefly, each melanoma cell line was seeded in 

standard 100 mm cell-culture dishes (Qiagen, Hilden, Germany) at the density of 1 

x 106 cells in 10 mL of complete medium and treated with the relative IC50 dose of 

5-Aza for five consecutive days. Following the treatment, the medium culture was 

replaced, allowing the cells to grow for 24h/48h. Then, the adherent cells were 

collected by scraping, and cell pellets were obtained by centrifugation and frozen 

at -80 °C until downstream analyses. All the experiments were performed in 

triplicate. Of note, the M14, A2058, and MeWo cell lines were excluded from the 

5-Aza functional study due to low baseline methylation levels of the selected DNA 

methylation hotspots. 

 

3.11 Statistical analyses 

For the in silico study, the differential analyses of the SLC22A17 expression and 

DNA methylation levels were performed by Mann-Whitney test for comparing two 

groups, while the comparison analyses of more than two groups were executed 

through Kruskal-Wallis test and Dunn's multiple comparisons test (GraphPad Prism 

- version 8.0.2, GraphPad Software, San Diego, CA, USA). The difference between 

the comparison groups was reported as Fold Change (FC) computed according to 

the formula: ±2|𝑚𝑒𝑑𝑖𝑎𝑛 1−𝑚𝑒𝑑𝑖𝑎𝑛 2|. Correlation analysis between the SLC22A17 

gene/variants expression and CG probesets DNA methylation levels (TCGA 

PANCAN SKCM) was performed by GraphPad Prism (version 8.0.2) using 

Pearson’s correlation test. OS and PFI analyses of both SLC22A17 gene/variants 

expression and CG probesets methylation levels (TCGA PANCAN SKCM) were 
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performed by Kaplan Meier analysis (GraphPad Prism - version 8.0.2). Chi square 

and p-value were estimated through Log-rank (Mantel-Cox) test and the median 

survival time was calculated for each Kaplan Meier curve.  

Regarding in vitro experiments, statistical analyses of the SLC22A17 all 

variants/variants 1, 2, and 3 expression levels were performed by two tailed T-test 

for two groups comparison, whereas One-way ANOVA test and Tukey's multiple 

comparisons test were used to compare more than two groups. Differential analysis 

of SLC22A17 DNA methylation levels was conducted by Mann-Whitney test for 

two comparison groups, while Kruskal-Wallis test and Dunn's multiple 

comparisons test were used for more than two groups.  

Similarly, the statistical analysis of the cg17199325 DNA methylation hotspot in 

FFPE melanoma and nevi samples was performed by Mann-Whitney test for two 

groups comparison, while Kruskal-Wallis test and Dunn's multiple comparisons test 

were used for more than two groups (GraphPad Prism - version 8.0.2). Moreover, 

the Receiver Operating Characteristic (ROC) analysis was also executed by 

GraphPad Prism (version 8.0.2, GraphPad Software, San Diego, CA, USA) to 

evaluate sensitivity and specificity of the diagnostic test. 
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4. RESULTS 

4.1 Bioinformatic analysis of SLC22A17 gene/variants expression and DNA 

methylation in melanoma and nevi samples 

The differential analysis of SLC22A17 expression and DNA methylation levels 

between melanoma and nevi samples was performed using the GSE112509 and 

GSE120878 datasets, respectively (Figure 8). The obtained results showed that the 

SLC22A17 gene (ENSG00000092096.14) was significantly downregulated in 

melanoma compared to nevi (FC = -2.1, p < 0.01) (Figure 8A). Of note, differential 

analysis of SLC22A17 methylation status showed that the DNA methylation levels 

of both up- and down-stream promoter CG probesets were weakly higher in 

melanoma samples compared to controls (from cg23464698 to cg14920289). 

However, a statistical significance was observed only for the cg17199325 (Beta 

difference = 0.08, p < 0.0001) due to low DNA methylation levels of the promoter 

region in both comparing groups (Figure 8B).  

 

 

Figure 8. In silico analysis of SLC22A17 expression and DNA methylation status in 

melanoma and nevi. (A) The differential analysis of SLC22A17 gene expression 

(ENSG00000092096.14) between melanoma and nevi samples was performed using the 

GSE112509 dataset. The difference between the comparison groups was reported as ratio 

of median values. (B) Differential analysis of DNA methylation levels between melanoma 

and nevi was conducted analyzing the GSE120878 dataset. Beta difference values were 

calculated as difference between medians of each group. Red and blue boxes indicate 

melanoma and nevi samples, respectively. p-value: ** < 0.01, **** < 0.0001. 

 

An opposite trend was observed for the CG probesets of the body and 3'UTR 

regions (from cg24736764 to cg08243827), whose DNA methylation levels were 
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decreased in melanoma compared to nevi samples. Notably, a statistical 

significance was detected for 4 of 7 CG probesets belonging to the body region 

(cg13974427, cg10130460, cg16342550, and cg18177243) (Beta difference = from 

-0.05 to -0.08, p < 0.0001) (Figure 8B). 

Profiling and correlation analyses of SLC22A17 gene/variants expression and DNA 

methylation in melanoma samples were performed using the TCGA Pan-Cancer 

SKCM cohort (Figure 9). Notably, the ENSG00000092096.14, which included all 

the coding, non-coding, and retained intron variants, showed the highest expression 

levels (median log2 = 3.073), followed by the coding variants ENST00000354772.7 

and ENST00000206544.8 (median log2 = 2.4195 and 0.5859, respectively) (Figure 

9A). Regarding DNA methylation status, the profiling analysis revealed that the CG 

probesets of the upstream promoter region (from cg23464698 to cg10058779) were 

hypomethylated (median beta value: from 0.01415 to 0.1087), whereas the 

cg17199325 and cg14920289, belonging to the downstream promoter region, were 

partially methylated (median beta value: 0.209 and 0.2425, respectively). 

Conversely, the CG probesets within the body and 3’UTR (from cg24736764 to 

cg08243827) were all hypermethylated (median beta value > 0.6) (Figure 9B). To 

better understand the regulatory role of DNA methylation considering the relative 

position of CG probesets within the SLC22A17 locus, the expression analysis was 

also performed by stratifying SKCM patients into five groups according to the 

methylation levels (Low: ≤ 0.2; Partially: > 0.2 and < 0.6; High: ≥ 0.6) of all the 

CG probesets pooled in promoter (from cg23464698 to cg14920289) and body 

(from cg24736764 to cg08243827) subgroups. No SKCM patients were included 

into promoter-high/body-partially group and body-low subgroups (Figure 9C). 

Interestingly, the SLC22A17 expression levels were higher in SKCM patients 

belonging to the body-high groups compared to body-partially groups. In particular, 

the highest SLC22A17 expression levels were detected in SKCM patients of the 

promoter-low/body-high group (median log2 = 3.338), while SKCM patients of the 

promoter-partially/body-partially group showed the lowest expression levels 

(median log2 = -1.181), indicating that DNA methylation status of both promoter 

and body regions had a pivotal role in the regulation of SLC22A17 expression 

(Figure 9C). 
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Figure 9. Profiling and correlation analyses of SLC22A17 gene/variants expression 

and DNA methylation in melanoma. (A) Box plot analysis of SLC22A17 gene/variants 

expression in melanoma samples retrieved from the TCGA Pan-Cancer SKCM cohort was 

conducted using TOIL RSEM fpkm normalized data. The cyan boxes indicate that the 

median levels of gene/variants are positive. (B) DNA methylation profiling of the 

SLC22A17 CG probesets (TCGA Pan-Cancer SKCM cohort) was performed using the 

Methylation450K dataset. Red, orange, and yellow boxes indicate methylated (Beta value 

≥ 0.6), partially methylated (0.6 < Beta value > 0.2), and unmethylated (Beta value ≤ 0.2) 

CG probesets, respectively. (C) The expression analysis of the SLC22A17 gene 

(ENSG00000092096.14) was performed by stratifying tumor samples in different groups 

according to the median values of DNA methylation (Low: ≤ 0.2; Partially: > 0.2 and < 

0.6; High: ≥ 0.6) of all promoter CG probesets (from cg23464698 to cg14920289) and the 

CG probesets belonging to the body region (from cg24736764 to cg08243827). FC and p-

value are reported for each comparing group (p-value: * ≤ 0.05, **** < 0.0001). (D) 

Heatmap of correlation levels between SLC22A17 gene/variants expression and DNA 

methylation levels in TCGA Pan-Cancer SKCM. The positive correlation pairs are reported 

in red (Pearson’s r ≥ 0.4, p-value ≤ 0.05). The coding variants of SLC22A17 are labeled in 

blue, the non-coding variants in green, and red was used for variants with retained introns. 

 

The subsequent correlation analysis highlighted that DNA methylation status of all 

the CG probesets belonging to the body and 3’UTR regions (from cg24736764 to 

cg08243827) was positively correlated with the expression levels of 

ENSG00000092096.14, as well as with the coding variants ENST00000354772.7 
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and ENST00000397267.5 (Pearson’s r > 0.4, p ≤ 0.05) (Figure 9D). Moreover, the 

cg24736764 and cg04614700 of the intragenic region also showed a significant 

positive correlation with the SLC2A17 variants ENST00000557699.5, 

ENST00000206544.8, and ENST00000473917.1 (Pearson’s r > 0.4, p ≤ 0.05). No 

significant correlations were observed between the CG probesets of the up- and 

down-stream promoter and SLC22A17 gene/variants expression (Figure 9D). 

 

4.2 OS and PFI analyses of SLC22A17 gene/variants expression and DNA 

methylation in TCGA Pan-Cancer SKCM cohort 

To evaluate the prognostic significance of SLC22A17, Kaplan-Meier analyses were 

performed by stratifying SKCM samples according to the gene/variants expression 

and DNA methylation levels (Figures 10 and 11). Of note, OS Kaplan-Meier 

analyses revealed that SKCM patients with SLC22A17 (ENSG00000092096.14) 

expression levels above the median values computed for all patients showed a better 

OS compared to those with low expression levels (OS time - high expression = 

4,000 days; OS time - low expression = 1,780 days) (Chi square = 17.13; p < 

0.0001) (Figure 10A). Similarly, the expression levels of coding variants 

ENST00000354772.7 and ENST00000206544.8, as well as the retained intron 

variant ENST00000557699.5, were positively associated to OS of SKCM patients 

(OS time - high expression ≥ 3,266 days; OS time - low expression ≤ 1,910 days) 

(Chi square ≥ 5.059; p ≤ 0.0245) (Figures 10B-D).  

As regards SLC22A17 DNA methylation levels, no significant associations were 

observed for CG probesets belonging to the up-/down-stream promoter and body 

regions, except for the intragenic cg16342550, whose hypermethylation (Beta value 

≥ 0.6) represented a favorable prognostic factor for SKCM patients (OS time - CG 

probeset hypermethylation = 2,588 days ; OS time - CG probeset hypomethylation 

= 1,548 days) (Chi square = 3.666; p < 0.05) (Figure 10E). 
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Figure 10. OS Kaplan-Meier analyses of SLC22A17 expression and DNA methylation 

levels in melanoma. (A-D) The TCGA Pan-Cancer SKCM samples were stratified 

according to the SLC22A17 gene/variants expression in high (above median value, red line) 

and low (below median value, line blue) groups to estimate the difference of OS among the 

considered groups. (E) OS analysis of the SKCM samples stratified in hypermethylated 

(Beta value ≥ 0.6, red line) and partially/hypo methylated groups (Beta value < 0.6, blue 

line) according to the methylation levels of the cg16342550 probeset. 

 

Interestingly, a significant positive correlation was found between SLC22A17 

(ENSG00000092096.14) expression levels and PFI of SKCM patients (PFI time - 

high expression = 1,498 days; PFI time - low expression = 866 days) (Chi square = 

10.93; p < 0.0009) (Figure 11A). Moreover, overexpression of different SLC22A17 

variants (ENST00000354772.7, ENST00000557699.5, ENST00000206544.8, and 

ENST00000474774.1) showed a strong association with better PFI of SKCM 

patients (PFI time - high expression ≥ 1,357 days; PFI time - low expression ≤ 986 

days) (Chi square ≥ 4.413; p ≤ 0.0357) (Figures 11B-E). Similar to OS analysis, 

PFI results revealed that just one CG probeset belonging to the body region 

(cg04614700) represented a favorable prognostic factor for SKCM patients, whose 

hypermethylation was positively associated with PFI (PFI time - CG probeset 
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hypermethylation = 1,247 days; PFI time - CG probeset hypomethylation = 757 

days) (Chi square = 4.205; p < 0.0403) (Figure 11F). 

 

 

Figure 11. PFI Kaplan-Meier analyses of SLC22A17 expression and DNA methylation 

levels in melanoma. (A-E) The TCGA Pan-Cancer SKCM samples were stratified 

according to the SLC22A17 gene/variants expression in high (above median value, red line) 

and low (below median value, line blue) groups to estimate the difference of PFI among 

the considered groups. (F) PFI analysis of the SKCM samples stratified in hypermethylated 

(Beta value ≥ 0.6, red line) and partially/hypo methylated groups (Beta value < 0.6, blue 

line) according to the methylation levels of the cg04614700 probeset. 

 

4.3 In vitro evaluation of SLC22A17 expression and DNA methylation profile 

in melanoma cell lines 

SLC22A17 expression levels and DNA methylation status were analyzed in seven 

melanoma cell lines to validate in silico results, which highlighted a strong 

involvement of DNA methylation in the regulation of SLC22A17 expression. 

Specifically, A375, A2058, SK-MEL-28, WM115, MeWo, M14, and SK-MEL-23 

cell lines were used for the relative quantification of SLC22A17 all variants and 

variants 1, 2, and 3 expression by RT-qPCR (Figure 12A). Moreover, three 

SLC22A17 methylation hotspots were also analyzed by MSRE-qPCR to evaluate 

the SLC22A17 DNA methylation status in the reported melanoma cell lines (Figures 
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12B-D). The RT-qPCR analysis revealed that WM115 cells showed the highest 

expression levels of SLC22A17 all variants/variants 1-3, especially for the variant 

3 (Relative expression = All Vars: 7.0; Var1: 5.5; Var2: 6.5; Var3: 7.6). 

 

 

Figure 12. SLC22A17 all variants/variants 1-3 expression and DNA methylation 

profiling in melanoma cell lines. (A) The RT-qPCR analysis of SLC22A17 expression was 

performed amplifying variants 1,2, and 3, as well as all variants combined together, in seven 

melanoma cell lines. The differential analysis between SLC22A17 all variants/variants 1-3 

was performed by using One-way ANOVA test and Tukey's multiple comparisons test. p-

value: * ≤ 0.05, ** < 0.01, *** < 0.001. (B-D) The MSRE-qPCR analysis was performed 

to evaluate DNA methylation levels of three SLC22A17 hotspots mapped in the upstream 

promoter (chr14:23,821,982-23,822,182 - GRCh37/hg19), downstream promoter 

(chr14:23,821,211-23,821,359 - GRCh37/hg19), and body (chr14:23,816,960-23,817,116 

- GRCh37/hg19) regions, respectively. Kruskal-Wallis test was performed to compare DNA 

methylation levels of each SLC22A17 hotspot among the melanoma cell lines. All the 

experiments were performed in triplicate. 

 

A similar trend was observed for A375, SK-MEL-28, and SK-MEL-23 cells, in 

which the expression levels of the SLC22A17 variant 3 were higher compared to 

variants 1 and 2 (Relative expression Var3: 1.2, 2.4, and 1.4, respectively) (Figure 

12A). Conversely, the expression levels of SLC22A17 variant 3 were significantly 

lower compared to SLC22A17 all variants/variants 1 and 2 in A2058 cells (Relative 

expression = All Vars: 1.9; Var1: 2.3; Var2: 3.2; Var3: 0.8). Low expression levels 
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of both SLC22A17 all variants and wariants 1, 2, and 3 were detected in MeWo and 

M14 cell lines (Figure 12A). Regarding DNA methylation status, the MSRE-qPCR 

analysis showed that the SLC22A17 upstream promoter hotspot was partially 

methylated only in SK-MEL-23 cells (42.3%), while low/undetectable methylation 

levels were observed for other melanoma cell lines (≤ 7.9%) (Figure 12B). Of note, 

the SLC22A17 downstream promoter hotspot was hypermethylated in SK-MEL-23 

(91%), partially methylated in A375, WM115, and SK-MEL-28 (58.8%, 32.6%, 

and 59.5%, respectively) and hypomethylated in A2058, MeWo, and M14 cells (≤ 

16.8%) (Figure 12C). Similarly, high methylation levels of the SLC22A17 body 

hotspot were detected in SK-MEL-23, WM115, and SK-MEL-28 (96.9%, 83%, and 

72.5%, respectively), whereas low methylation levels were observed in other cell 

lines (≤ 25.8%) (Figure 12D). 

The bisulfite sequencing was also performed for each melanoma cell line to 

evaluate the relationship between DNA methylation profile and SLC22A17 

expression levels. As reported in the heatmap (Figure 13), higher SLC2A17 all 

variants/variants 1, 2, and 3 expression levels detected in WM115 were associated 

to the upstream promoter hypomethylation (0.7% ± 2.8), as well as downstream 

promoter and body hypermethylation (66.9% ± 20.4 and 75.4% ± 12.5, 

respectively).  

 

 

Figure 13. Heatmap of SLC22A17 gene expression and DNA methylation in melanoma 

cell lines. On the left panel the SLC22A17 expression levels of all variants and variants 1, 

2, and 3 tested by RT-qPCR. The right panel shows the mean methylation levels ± SD 

values of the SLC22A17 promoter (up- and down-stream), body, and 3’UTR regions. DNA 

methylation analysis was performed by bisulfite conversion followed by PCR amplification 

and Sanger sequencing. Red, orange, and yellow boxes indicate methylated (Beta value 

≥0.6), partially methylated (0.6 < Beta value > 0.2), and unmethylated hotspots (Beta value 

≤ 0.2), respectively. SD: standard deviation; ND: not detected.  
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Similarly, intragenic hypermethylation was also observed for SK-MEL-23 and SK-

MEL-28 (body methylation state = 81.4% ± 21.3 and 81.1% ± 27.6, respectively). 

However, SLC22A17 expression levels were lower in SK-MEL-23 and SK-MEL-

28 compared to WM115 cells probably due to partially methylated state of the 

upstream promoter in SK-MEL-23 (48.2% ± 28.2) and downstream promoter in 

SK-MEL-28 (32.4% ± 29.1) (Figure 13). Among other melanoma cell lines, A2058 

showed the highest SLC22A17 all variants/variants 1, 2, and 3 expression levels, 

followed by A375 cells. In particular, A2058 methylation profile was characterized 

by low methylation state of the up- and down-stream promoter regions (12.9% ± 

12.1 and 9.5% ± 14.7, respectively) and medium/low methylation of body (18.5% 

± 21.4), while A375 showed medium/low methylation variance of both up-/down-

stream promoter and body regions (21.4% ± 10.4, 65.4% ± 23.9, and 21.7% ± 31.0, 

respectively) (Figure 13). Finally, the lowest SLC22A17 expression levels detected 

in M14 and MeWo cells were associated to hypomethylation of upstream promoter 

(9.1% ± 13.5 for M14 and 0.8% ± 3.5 for MeWo) and medium/low methylation 

variance of downstream promoter (43.4% ± 23.5 for M14 and 31.0% ± 22.4 for 

MeWo) and body regions (31.7% ± 34.9 for M14 and 61.8% ± 32.3 for MeWo). 

Although the 3’UTR region was hypermethylated (≥ 62.9% ± 24.8) in all melanoma 

cell lines, no relevant association was observed, indicating that the SLC22A17 

expression levels were mainly regulated by DNA methylation status of promoter 

and body regions (Figure 13). 

 

4.4 Epigenetic reprogramming of SLC22A17 expression in melanoma cell lines 

SK-MEL-23, WM115, A375, and SK-MEL-28 cell lines were treated with the 

demethylating agent 5-Aza to further demonstrate the correlation between 

SLC22A17 expression and DNA methylation (Figure 14). In particular, SK-MEL-

23 were treated at concentration of 1.9 μM, WM115 and A375 at 0.75 μM, and SK-

MEL-28 3.5 μM. M14, A2058, and MeWo cells were excluded from 5-Aza 

functional study due to the low methylation state of up-/down-stream promoter and 

body hotspots.  
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Figure 14. Expression and DNA methylation analyses of SLC22A17 in 5-Aza treated 

melanoma cell lines. (A), (C), (E), and (G) DNA methylation analysis of the up-/down-

stream promoter and body methylation hotspots in 5-Aza treated and untreated melanoma 

cell lines. The difference of DNA methylation levels between treated and untreated cells is 

reported as percentage value. (B), (D), (F), and (H) SLC22A17 expression analysis of all 

variants and variants 1, 2, and 3 in treated and control cells. The statistical significance was 

assessed by paired two tailed T-test. p-value: * ≤ 0.05, ** < 0.01, *** < 0.001. 5-Aza 

treatment was performed for five days at: 1.9 μM for SK-MEL-23; 0.75 μM for WM115 

and A375; 3.5 μM for SK-MEL-28. All the experiments were performed in triplicate. 

 

As expected, DNA methylation levels of all three methylation hotspots were 

significantly reduced in treated SK-MEL-23 (from 15.7% to 43.9%, p < 0.01), 
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whereas the expression levels of SLC22A17 all variants and variants 1, 2, and 3 

were increased compared to controls (All Vars: FC = 3.4, p < 0.001; Var1: FC = 2.3, 

p < 0.01; Var2: FC = 5.7, p < 0.001; Var3: FC = 3.5, p < 0.01) (Figures 14A and B). 

Similarly, 5-Aza treatment induced DNA demethylation of downstream promoter 

and body methylation hotspots in WM115 (upstream promoter: 8.6%, p ≤ 0.05; 

body: 48.3%, p < 0.01), as well as significant upregulation of SLC22A17 all 

variants/variants 1, 2, and 3 in treated compared to untreated WM115 cells (FC 

range: from 1.6 to 2.5, p ≤ 0.05 ) (Figures 14C and D). An opposite trend was 

observed for A375 cells, in which SLC22A17 expression levels were significantly 

downregulated (> 50%, p < 0.001) in treated compared to untreated cells probably 

due to low basal methylation status of all the considered DNA methylation hotspots. 

Indeed, no methylation variance was observed, except for downstream promoter 

hotspot (-23.1%) (Figures 14E and F). Moreover, no significant variation was 

detected neither for DNA methylation hotspots nor for the SLC22A17 all 

variants/variants 1, 2, and 3 expression in 5-Aza resistant SK-MEL-28 (Figures 14G 

and H). 

 

4.5 MSRE-ddPCR analysis of the cg17199325 methylation hotspot in FFPE 

melanoma and nevi samples 

To evaluate the translational relevance of in silico and in vitro results, DNA 

methylation levels of the cg17199325 hotspot, belonging to the downstream 

promoter region, were analyzed in 32 melanoma and 15 nevi FFPE samples (Figure 

15).  

To this purpose, the custom MSRE-ddPCR assay was performed on FFPE samples 

demonstrating that DNA methylation levels of the SLC22A17 hotspot were 

significantly higher in melanoma compared to nevi samples (median methylation 

percentage = 33.27% vs 20.90%; p < 0.0001) (Figure 15A). Moreover, ROC 

analysis revealed that the cg17199325 hotspot had a good biomarker performance 

(AUC = 0.85, p < 0.0001, cut off = 24.27%), suggesting its potential application as 

a diagnostic biomarker for cutaneous melanoma (Figure 15B). 
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Figure 15. MSRE-ddPCR analysis of the cg17199325 hotspot in FFPE samples of 

melanoma and benign nevi. (A) DNA methylation levels of the SLC22A17 downstream 

promoter hotspot were analyzed in melanoma tissue samples (N = 32) and benign nevi (N 

= 15) by using the custom MSRE-ddPCR assay. The difference between the comparison 

groups was evaluated by the Mann-Whitney test. p-value: **** < 0.0001. (B) Diagnostic 

test performance was conducted by ROC analysis. 

 

The DNA methylation levels of the cg17199325 hotspot were also evaluated 

stratifying FFPE melanoma and nevi samples according to the available socio-

demographic characteristics (age and gender) but no significant variations were 

observed among the considered groups (Figures 16A and B).  

In addition, FFPE melanoma samples were stratified according to the main clinical-

pathological features, including stage, Breslow thickness, BRAF status, number of 

mitosis, TILs, vascular invasion, and ulceration, as well as one-year Disease Free 

Survival (DFS) and five-year OS (Figures 16C-K).  

Interestingly, DNA methylation levels of the SLC22A17 downstream promoter 

hotspot were increased in advanced melanoma patients. However, a statistical 

significance was observed only for ulcerated melanoma (p = 0.009) (Figure 16I). 

No significance was detected for the other clinical-pathological conditions probably 

due to reduced number of the analyzed FFPE melanoma samples. 

 



72 
 

 

Figure 16. Differential analysis of the SLC22A17 DNA methylation hotspot in FFPE 

samples according to demographic and clinical-pathological features. (A-B) DNA 

methylation levels of the cg17199325 hotspot in FFPE melanoma and nevi samples were 

stratified according to age and gender. (C-K) FFPE melanoma tissues were also stratified 

according to stage, Breslow thickness (mm), BRAF status, number of mitosis, tumor 

infiltrated leucocytes (TILs), vascular invasion, ulceration, disease free survival (DFS), and 

five years overall survival (OS). Mann-Whitney test was used for comparing two groups, 

whereas Kruskal-Wallis test and Dunn's multiple comparisons test were performed for the 

analyses of more than two groups. 
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4.6 NGAL/SLC22A17 axis in ferroptosis regulation of A375 melanoma cell line 

A375 cell transfection and transduction were performed to induce NGAL and 

SLC22A17 variants 1, 2, and 3 overexpression and explore the involvement of 

NGAL/SLC22A17 axis in iron trafficking and ferroptosis (Figure 17).  

In particular, A375 transfected cells were treated with ferroptosis activators 1S,3R-

RSL 3, Erastin, and ammonium iron (III) citrate at different concentrations for three 

days. Of note, cell viability assay revealed that A375Empty/SLC22A17Var3 had a higher 

resistance to 1S,3R-RSL 3 treatment (IC50: 0.99 ± 0.34 μM) compared to A375 

clones with no SLC22A17 variant 3 overexpression (IC50: 0.04 ± 0.01 μM for 

A375Empty/Empty and 0.04 ± 0.02 for A375NGAL/Empty) (p ≤ 0.05) (Figure 17A). 

Moreover, the treatment resistance observed for A375Empty/SLC22A17Var3 was 

significantly reduced by the concomitant overexpression of NGAL in 

A375NGAL/SLC22A17Var3 (IC50: 0.02 ± 0.02 μM) (p ≤ 0.05), restoring baseline sensitivity 

to RSL-3 (Figure 17A).  

 

 

Figure 17. Ferroptosis activators treatment of A375Empty/Empty, A375NGAL/Empty, 

A375Empty/SLC22A17Var3, and A375NGAL/SLC22A17Var3. Cell viability was evaluated by MTT assay 

following 72h of treatment with 1S,3R-RSL 3 (A) and ammonium iron (III) citrate (B) at 

different concentrations (RSL-3: 100 - 10 - 1 - 0.1 - 0.01 - 0.001 μM) (Fe3+: 100 - 10 - 1 - 

0.1 - 0.01 - 0.001 mM). The statistical significance was assessed by paired two tailed T-

test. p-value: * ≤ 0.05, ** < 0.01. All the experiments were performed in triplicate. 

 

Interestingly, A375Emty/SLC22A17Var3 showed increased resistance to ammonium iron 

(III) citrate treatment (IC50: 22.74 ± 0.15 mM) compared to other cell lines (IC50: 
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8.42 ± 0.05 mM for A375Empty/Empty, 12.51 ± 0.71 mM for A375NGAL/Empty, and 11.11 

± 0.81 mM for A375NGAL/SLC22A17Var3) (p ≤ 0.05) (Figure 17B). 

Similar to 1S,3R-RSL 3 treatment, the baseline sensitivity to ammonium iron (III) 

citrate was restored in A375NGAL/SLC22A17Var3. Although the A375 clones 

overexpressing NGAL (A375NGAL/Empty and A375NGAL/SLC22A17Var3) were slightly 

resistant to ammonium iron (III) citrate treatment compared to relative control 

A375Empty/Empty, no statistical significance was observed (Figure 17B). 

The overexpression of SLC22A17 variants 1 and 2 (A375Empty/SLC22A17Var2 and 

A375Empty/SLC22A17Var3) unaffected the resistance to 1S,3R-RSL 3 and ammonium 

iron (III) citrate treatments compared to the relative control (A375Empty/Empty) and 

A375 clones overexpressing NGAL (A375NGAL/Empty, A375NGAL/SLC22A17Var2, and 

A375NGAL/SLC22A17Var3). Moreover, A375 clones overexpressing NGAL and/or 

SLC22A17 variants 1, 2, and 3 showed no significant variation of resistance to 

Erastin treatment compared to A375Empty/Empty (data not shown). 
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5. DISCUSSION AND CONCLUDING REMARKS 

Over the years, several studies demonstrated that both genetic and environmental 

factors are associated to an increased risk of melanoma development. Notably, 

chronic and intermittent exposure to UV radiation represents the main modifiable 

risk factor, leading to accumulation of genetic mutations and neoplastic 

transformation of melanocytes that acquire a tumor-like phenotype characterized 

by abnormal cell proliferation and loss of cellular regulatory processes (Bermudez 

Y., 2014; Emri G et al., 2018; Sun X et al., 2020). Driver and passenger mutations 

may affect genes involved in several signaling transduction pathways, including the 

MAPK and PI3K/Akt/mTOR pathways. In particular, alteration of BRAF and NRAS 

gene expression leads to the constitutive activation of these signaling pathways, 

whose dysregulation is related to cutaneous melanoma initiation and progression 

(Amaral T et al., 2017; Davis EJ et al., 2018; Chamcheu JC et al., 2019).  

Besides genetic mutations, epigenetic regulatory mechanisms have been described 

to be involved in melanoma development. Among epigenetic alterations, DNA 

methylation is the most well-characterized, which play a pivotal role in the 

regulation of cancer-related genes. As widely reported in the literature, promoter 

hypomethylation induces activation of oncogenes, whereas increased DNA 

methylation levels of the promoter region are associated to tumor suppressor gene 

silencing (Moarii M et al., 2015; Nishiyama A and Nakanishi M., 2021). Moreover, 

intragenic DNA methylation seems to be actively involved in multiple gene 

regulation processes, including alternative promoter usage, cryptic transcription 

initiation, regulation of short and long ncRNAs, as well as alternative splicing and 

enhancer activity (Lee SM et al., 2015; Neri F et al., 2017; Wang Q et al., 2022). 

However, the exact role of intragenic DNA methylation in the regulation of gene 

expression has not been completely elucidated yet. Interestingly, a growing number 

of recent studies have also highlighted that aberrant DNA methylation significantly 

influences TME homeostasis, promoting tumor-like phenotype of stromal and 

immune cells (Zhang MW et al., 2017; Yang J et al., 2023; Zhong F et al., 2023).  

In this field, our research group has previously demonstrated the role of DNA 

methylation in the modulation of the NGAL/SLC22A17/MMP-9 network in TCGA 

tumors, whose dysregulation leads to TME remodeling and cancer progression 
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(Candido S et al., 2022b). Interestingly, the activation of NGAL/MMP-9 pathway is 

strictly related to tumor invasiveness, ECM degradation, and metastatic spreading 

of cancer cells (Candido S et al., 2016). On the other hand, the NGAL/SLC22A17 

complex seems to play a critical role in ferroptosis, mediating either uptake of 

extracellular iron or removal of intracellular iron with different effects on tumor 

cells depending on TME context (Xiao X et al., 2017). 

Starting from these observations and our preliminary studies, the present study 

aimed to deeply explore the epigenetic phenomena affecting SLC22A17 expression 

in cutaneous melanoma to identify potential DNA methylation hotspots with 

diagnostic and prognostic values. In addition, the regulatory role of SLC22A17 in 

ferroptosis of melanoma cells was also investigated to provide a starting point for 

novel therapeutic strategies. 

To this purpose, computational analyses were first performed to identify SLC22A17 

expression and DNA methylation profile in melanoma using TCGA and GEO 

datasets. In particular, differential and correlation analyses were carried out to 

evaluate the expression levels of each SLC22A17 variant and the methylation status 

of relative CG probesets. Moreover, OS and PFI analyses were performed to 

investigate the diagnostic and prognostic values of SLC22A17 gene/variants 

expression and DNA methylation hotspots. The in silico results were then validated 

through in vitro functional studies on different melanoma cell lines, which were 

treated with 5-Aza to investigate the epigenetic phenomena involved in the 

regulation of SLC22A17 expression. Moreover, DNA methylation levels of the 

identified SLC22A17 hotspot (cg17199325) were analyzed in FFPE melanoma and 

nevi samples to confirm the translational relevance of the in silico and in vitro 

results obtained in the present study. Finally, the role of NGAL/SLC22A17 complex 

in iron-mediated cell death was also explored by treating A375 transfected cells 

with ferroptosis inductors. 

The bioinformatic analysis showed that SLC22A17 was significantly 

downregulated in melanoma compared to nevi samples, suggesting that SLC22A17 

may act as a tumor suppressor gene. This result was consistent with those previously 

reported in the literature, which demonstrated that SLC22A17 downregulation was 

strictly related to initiation, progression, and drug resistance of different tumor 
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types (Liu F et al., 2018; Wei J et al., 2020; Candido S et al., 2022b; Lavoro A et 

al., 2023). Interestingly, the expression pattern of SLC22A17 appeared to be 

strongly associated with the DNA methylation status of both promoter and body 

regions. In particular, the expression analysis revealed that SKCM samples showing 

promoter hypomethylation and body hypermethylation had the highest SLC22A17 

expression levels compared to other groups. 

These findings were confirmed by correlation analysis, which highlighted strong 

positive correlation between SLC22A17 gene/variants expression and DNA 

methylation of body CG probesets, indicating that intragenic hypermethylation 

synergically contributes to SLC22A17 gene regulation along with promoter 

methylation. In addition, OS and PFI analyses demonstrated that the overexpression 

of SLC22A17 gene (ENSG00000092096.14) and some of its variants 

(ENST00000354772.7, ENST00000557699.5, ENST00000206544.8, and 

ENST00000474774.1), as well as the hypermethylation of CG probesets belonging 

to the intragenic region (cg16342550 and cg04614700), significantly enhanced the 

survival rate of SKCM patients, indicating that both SLC22A17 expression and 

intragenic DNA methylation could represent valuable prognostic biomarkers for 

cutaneous melanoma. 

Then, in vitro functional studies were performed to better investigate the role of 

DNA methylation in the regulation of SLC22A17 expression. In particular, 

SLC22A17 all variants/variants 1, 2, and 3 expression and DNA methylation levels 

of up-/down-stream promoter and body hotspots were evaluated in seven melanoma 

cell lines by RT-qPCR and MSRE-qPCR, respectively. The results of in vitro 

analyses revealed that SLC22A17 expression was strictly associated to 

hypomethylation of promoter region and intragenic hypermethylation. Of note, 5-

Aza treatment of melanoma cells showed that promoter demethylation significantly 

increased SLC22A17 all variants/variants 1, 2, and 3 expression levels, especially 

in SK-MEL-23 and WM115 cell lines. These findings are in agreement with 

aforementioned in silico results, demonstrating that SLC22A17 expression is 

strongly regulated by such epigenetic phenomena. 

Of note, in silico and in vitro results were also validated on FFPE melanoma and 

nevi samples. Notably, the MSRE-ddPCR analysis performed on clinical samples 
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demonstrated that cg17199325 hotspot, belonging to the SLC22A17 downstream 

promoter region, showed higher methylation levels in melanoma compared to 

benign nevi samples. Notably, the positive correlation observed between the 

SLC22A17 DNA methylation hotspot and advanced stages melanoma patients 

highlighted that the cg17199325 could be considered as a promising diagnostic and 

prognostic biomarker for cutaneous melanoma. 

Finally, functional study was performed on A375 transfected cells to explore the 

involvement of NGAL/SLC22A17 axis in iron trafficking and ferroptosis. 

Interestingly, A375 overexpressing SLC22A17 variant 3 (A375Empty/SLC22A17Var3) 

acquired resistance to ammonium iron (III) citrate and 1S,3R-RSL 3 treatments 

compared to A375 overexpressing SLC22A17 variants 1 and 2 and relative controls. 

Conversely, baseline sensitivity to ferroptosis activators was restored by the 

concomitant overexpression of NGAL (A375NGAL/SLC22A17Var3), indicating that the 

overexpression of SLC22A17 variant 3 could play a pivotal role in ferroptosis 

resistance of melanoma cells.  

As previously reported in the literature, dysregulation of SLC22A17 expression 

levels could be related to cancer survival and proliferation by affecting the iron 

metabolism of cancer cells. For instance, it has been reported that aberrant 

SLC22A17 expression inhibited iron efflux from tumor cells, resulting in iron-

dependent proliferation and resistance to ferroptosis (Devireddy LR et al., 2005; 

Hvidberg V et al., 2005; Iannetti A et al., 2008). On the other hand, intracellular 

iron overload induced by SLC22A17 dysregulation could have detrimental effects 

on cancer cell survival, inducing oxidative stress and ferroptosis (Lin X et al., 2020; 

Wu Y et al., 2020). Moreover, recent studies reported that SLC22A17 expression 

levels could be predictive of response to ferroptosis activators, representing a 

potential pharmacological target for novel effective therapeutic strategies against 

different tumor types (Wei J et al., 2020; Wang X et al., 2021; Zhao S et al., 2021). 

Based on this evidence, we may suppose that the targeting of SLC22A17 variant 3 

could sensitize melanoma cells to iron-dependent death. In particular, the 

concomitant overexpression of NGAL could exert a pivotal role in reducing drug 

resistance of melanoma cancer cells. However, further studies are mandatory to 
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clarify if SLC22A17 variant 3 overexpression confers ferroptosis resistance in 

cutaneous melanoma, as well as the role of NGAL in ferroptosis induction. 

Overall, the present study demonstrates that DNA methylation status of both 

promoter and intragenic regions significantly affects SLC22A17 expression levels 

in cutaneous melanoma. In particular, the cg17199325 methylation hotspot as a 

potential epigenetic biomarker may pave the way for novel DNA methylation 

hotspots with diagnostic and prognostic values. Therefore, the MSRE-ddPCR 

analysis of such DNA methylation hotspots in individuals at risk for cutaneous 

melanoma or with a previous diagnosis of melanoma could be valuable to predict 

development risk and prognosis of cancer patients. However, these preliminary 

results should be further validated in a wider cohort of melanoma patients and 

healthy controls to obtain a strong clinical relevance. In addition, functional study 

results highlighting the involvement of SLC22A17 variant 3 in ferroptosis resistance 

could represent an attractive starting point for further investigations on SLC22A17 

role in iron-dependent death of melanoma cells aimed to identify potential targets 

for novel effective therapeutic strategies.  
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