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Abstract

:

Skin cancer represents the most common type of cancer among Caucasians and presents in two main forms: melanoma and non-melanoma skin cancer (NMSC). NMSC is an umbrella term, under which basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and Merkel cell carcinoma (MCC) are found along with the pre-neoplastic lesions, Bowen disease (BD) and actinic keratosis (AK). Due to the mild nature of the majority of NMSC cases, research regarding their biology has attracted much less attention. Nonetheless, NMSC can bear unfavorable characteristics for the patient, such as invasiveness, local recurrence and distant metastases. In addition, late diagnosis is relatively common for a number of cases of NMSC due to the inability to recognize such cases. Recognizing the need for clinically and economically efficient modes of diagnosis, staging, and prognosis, the present review discusses the main etiological and pathological features of NMSC as well as the new and promising molecular biomarkers available including telomere length (TL), telomerase activity (TA), CpG island methylation (CIM), histone methylation and acetylation, microRNAs (miRNAs), and micronuclei frequency (MNf). The evaluation of all these aspects is important for the correct management of NMSC; therefore, the current review aims to assist future studies interested in exploring the diagnostic and prognostic potential of molecular biomarkers for these entities.
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1. Introduction


Skin cancer is currently the most common type of cancer among Caucasians [1]. It is estimated that approximately 1 in 5 Americans will develop skin cancer at some point in their lives by the age of 70 [2]. Unfortunately, in spite of immense efforts being made in public health awareness and primary prevention campaigns, a steady increase in skin cancer rates is observed [3,4,5]. In fact, non-melanoma skin cancer (NMSC) is the most common type with a relative incidence increase of up to 10% per annum, with 2–3 million new cases each year globally [6]. Skin cancer includes several distinct subtypes which can be divided in two main categories, malignant melanoma, and NMSC, with the latter being further divided into basal cell carcinoma (BCC), cutaneous squamous cell carcinoma (cSCC), Bowen disease (BD), actinic keratosis (AK), and Merkel cell carcinoma (MCC) each of which has a different biological behavior, etiology, and prognosis [6]. From these five distinct entities, BCC, SCC, and MCC stand out, given their potential to invade into deeper layers and metastasize [7,8].



BD is in nature an in situ SCC, while AK is a precancerous lesion acting as precursor to SCC. Even though they both exhibit a close association with SCC, they present different histopathological findings [8]. BCCs are more benign lesions having an almost absent metastatic potential, whereas SCCs exhibit a metastatic risk between 0.1–13.7% [9]. Given the fact that the global population is aging, an increase in the associated morbidity and local recurrence rates is to be expected. This in hand creates a great burden on national healthcare systems and economies. Accounting for 70–80% of all skin cancer cases, BCC is ranked among the most common types of cancer [10]. However, given the benign nature of BCCs and the ease of treatment in a doctors’ office, the majority of cases are not recorded in most national cancer registries [11]. BCC preferentially arises from stem cells within hair follicles and mechanosensory niches [12]. Generally, BCC is a slow-growing tumor which rarely gives rise to distant metastases. However, if left untreated, it can grow invasively, destroying underlying tissues. It has been shown that patients with BCC face a 10-fold risk of developing another BCC compared to the general population [13]. Nonetheless, given its benign character, no long-term follow-up is required following a complete resection of the primary tumor [14]. SCC is the second most frequent type of skin cancer [3]. As already mentioned, SCC usually occurs on sun-exposed areas of the skin, such as the head, face, earlobe, lips, or torso. Nonetheless, it can also arise from the surrounding skin of the anus and genitalia, or even from skin with chronic inflammation, such as a scar or chronic wound [15]. If left untreated, an in situ SCC (AK or BD) may evolve into an invasive SCC with a great risk of metastasizing or relapsing [16].



MCC is a rare type of NMSC arising from Merkel cells. Epidemiological findings have identified UV radiation, old age, male sex, and Caucasian descent as strong risk factors contributing to the surprising increase in incidence rates by 95% between 2000 and 2013 [17]. In cases with immunosuppression in particular, an aggressive form is exhibited with mortality rates exceeding 30% [18,19,20,21]. However, the pathophysiology of MCC development is not yet fully understood. Under poorly understood circumstances, Merkel cells produce the neuroendocrine lesion termed MCC. From its early discovery in 1972 by Toker [22], MCC has changed several names some of which are “cutaneous neuroendocrine carcinoma”, “cutaneous trabecular carcinoma”, and “small cell primary cutaneous carcinoma” [23]. Various mechanisms have been suggested to induce Merkel cell carcinogenesis. such as cellular senescence, immunosuppression, and the potential oncogenic pathways induced by UV exposure (UV-specific mutations in the p53 gene) [24]. Recently, Feng et al. found that a novel type of polyoma virus may attribute to MCC formation [25], highlighting the increased complexity of this entity. Being a multifactorial disease, NMSC remains a challenge for clinicians and researchers, not only to understand its biological behavior, but also to develop better tailored and personalized treatment plans [26]. Fortunately, as proven from various national cancer registries, the majority of NMSC cases exhibit an excellent 5-year survival rate ranging from 100% for BCC to 95% for SCC [27,28] with local recurrence rates being < 5% [29,30]. It is clear that the early diagnosis of primary and relapsed tumors in addition to carefully tailored treatments will be greatly assisted from the introduction of appropriate biomarker panels into everyday clinical practice. Thus, the present brief review aims not only to introduce the clinical significance of using biomarkers for NMSC, but also to pinpoint novel biomarkers worthy of further research. From the great number of molecular biomarkers under research, we choose to present those which are most likely to be introduced into everyday clinical practice in the near future, such as the miRNAs, and those which according to the current literature are most promising candidates requiring further investigation.




2. Etiology


According to the current knowledge on NMSC development, a constellation of factors are found to be implicated such as environmental exposure to UV light (regions closer to the equator suffer from higher rates of NMSC) [5,31], radiotherapy [32], viral infections (mostly β-HPV) [3], immunosuppression (based primarily upon the increased incidence exhibited in organ transplant recipients and the twofold higher incidence rate among HIV+ patients where SCCs is positively correlated with immunosuppression) [33,34], and genetic predisposition [35].



2.1. Ultraviolet (UV) Light


UV light exposure has been found to result in DNA mutations by inducing covalent bonding between adjacent pyrimidines (from UVB) and the formation of reactive oxygen species (from UVA) [36]. In detail, NMSCs formation has been positively associated to recreational UV light exposure with 2.5- and 1.5-fold increase in the risk of developing SCC and BCC, respectively [37]. Moreover, prolonged sunlight exposure during childhood and adolescence has been found to be responsible for BCCs, while chronic UV exposure is SCC formation in more advanced ages [1]. Notably, UV light may have a carcinogenic effect via immunosuppression. In detail, it has been described that a cellular modulation of immune cells is evoked, as evidenced by the concomitant depletion of Langerhans cells from the epidermis, altered antigen presentation in the lymph nodes, a shift towards Th2 responses and the development of tumor antigen-specific T regulatory cells, resulting in blocked immune surveillance and tumor outgrowth [38,39,40].




2.2. Genetic Background


Genetic predisposition is neither present nor uniform across all NMSCs. Most BCCs lack any pre-existing genetic background while SCCs may arise from a genetically predisposed clonal cell growth. Genetic damage accumulates, leading first to precursor lesions of AK or BD and subsequently to SCC [6] allowing even for multifocal development of SCCs (field cancerization) [41,42]. Several tumor suppressor genes and proto-oncogenes have been found to be implicated in BCC pathogenesis, such as components of the Sonic Hedgehog pathway (PTCH1 and SMO), the TP53 tumor suppressor gene, and members of the RAS family. In fact, it seems that the improper activation of the Sonic Hedgehog pathway is the key component pathway in BCC carcinogenesis [43,44]. SCCs are also driven by several mutated genes [45]. In detail, several mutations of the tyrosine kinase receptors (epidermal growth factor receptor-EGFR and fibroblast growth factor receptors—FGFRs) [46], certain cell cycle regulatory genes (TP53-the most common somatic mutation, CDKN2A/RB1, CCDN1, and MYC) [47,48], the RAS/MAPK and PI3K signaling pathways [46], genomic loci implicated in squamous cell fate determination (TP63, SOX2, and NRF2) [49,50,51], and squamous differentiation network (Notch and Fat1) [52,53] have been found.




2.3. Infectious Agents


An increasing body of evidence highlights the oncogenic potential of certain viruses such as the HPV, EBV, and the recently discovered Merkel Cell Polyomavirus (MCPyV) for NMSCs. HPV produces the E6 and E7 oncoproteins which have the potential to integrate into the hosts’ keratinocytes genome [54,55]. It is worth noting that HPV-positive NMSC presents a more benign clinical behavior than HPV-negative NMSC. Even though the reason behind this remains undetermined, it may be due to the fact that the majority of the HPV-positive NMSCs tend to express wild-type TP53. On the counterpart, the majority of the HPV-negative cases exhibit mutated TP53 with or without accompanying mutations in other genomic loci [45]. On the contrary, EBV-induced carcinogenesis results from a multistep process, where the effect from a chronic EBV infection augments the results driven from genetic and epigenetic (methylation of several genomic sites and modulators) changes in the keratinocytes’ genome [56]. In 2008, Feng et al. identified the MCPyV [25]. Ever since, epidemiological studies using serological tests have estimated that 60% to 80% of the population is infected with MCPyV [57,58]. Interestingly, the majority of MCC cases (approximately 75%) are linked to MCPyV infection [59,60,61]. Even though p53 is considered to be a hallmark for NMSCs, Sihto et al. demonstrated that the upregulation of p53 is not a mandatory step for Merkel cell carcinogenesis. In fact, they found p53 to be overexpressed only in 7% of the MCPyV-positive MCC samples suggesting that MCPyV-associated carcinogenesis does not rely on the p53 pathway [62]. Based on the current literature, the proposed mode of MCPyV-induced carcinogenesis relies on at least two critical steps; integration of viral DNA into the cells’ genome and loss of its ability to replicate due to accumulated mutations. Following these two steps, the virus produces two main carcinogenic proteins; large T-antigen (LTAg) and small t-antigen (STAg) [62,63,64,65]. It has been shown that LTAg specifically binds to tumor suppressor proteins, including p53 (TP53) and members of the Rb family (RB1, RBL1, and RBL2) [66,67,68].





3. Current Molecular Biomarkers for NMSC


3.1. Telomere Length (TL)


Telomeres are repetitive nucleotide sequences (5′-TTAGGG-3′) added on the ends of eukaryotic chromosomes by an enzyme, the telomerase. Combined with specific proteins, telomeres form complexes guarding chromosomic ends from degradation induced by repetitive cell divisions [69] and oxidative stress [70] (Figure 1). Telomerase is an enzyme complex consisting of the catalytic subunit, the human telomerase reverse transcriptase (hTERT) and an RNA template-hTR (human telomere RNA), the telomerase RNA component (TERC), which serves as a template for directing the appropriate telomeric sequences onto the 3′ end of a telomeric primer [71]. Given the well-established knowledge that shorter telomeres contribute to cellular senescence [72], both tTL and telomerase activity (TA) have been the subject of research on cancer-related biomarkers. In fact, an increasing body of evidence supports the potential of both serving as diagnostic and prognostic biomarkers for various cancers [73,74]. The underlying hypothesis is that when cellular senescence is combined with excessive environmental burden (for instance UV exposure), the cell may be led to apoptosis. Thus, in theory, it would be reasonable to expect neoplastic cells to possess longer telomeres. On the contrary though, shorter telomeres would render cellular DNA prone to mutations due to replication errors, leading to chromosomal instability and subsequent chromosomal aberrations and therefore, cancer [75]. Nonetheless, from what has been found, it seems that both scenarios may be true for the pathogenesis of NMSC [76], which could be the reason why such a great heterogeneity has been found in association studies [77].



Using Q-FISH for the determination of TL in neoplastic epidermal cells, Yamada-Hishida et al. found that TL was decreased in BD and AK (both had relatively close TL) in relation to BCC and SCC, suggesting that TL estimation in NMSC reflects its biological behavior, such as the metastatic and invasive potential. Moreover, the authors suggested that SCC precursor lesions exhibit a different TL from those of SCC [78]. On the contrary, Wainwright et al. examined BCC and TL in relation to normal skin and reported that telomeres from BCC samples had a variable range of TL (out of the 20 samples they examined 13, had an increased mean TL, while 7 had a shorter TL) [79]. A possible explanation for this variability may be the sampling variability. In other words, the fact that when testing TL from neoplastic cells, one has to bear in mind that cells at one point will differ from those at another despite their relative distance. A solution to this problem was indicated by Han et al., who presented that TL in peripheral blood lymphocytes (PBLs) can be indicative of the skin neoplastic burden and can thus be used as a biomarker. Of note, they found that there was no clear association between TL and the risk of SCC development. By contrast, a shorter telomere length was shown to be associated with an increased risk of BCC [80]. Another study supporting these results was published by Anic et al., who evaluated the relative risk of NMSC development in relation to TL in PBLs. They found that longer telomeres were negatively-associated with BCC and SCC formation (particularly in males), regardless of age [81]. In contrast to the above-mentioned studies, Liang et al. in an equally large series of NMSC cases, reported that there was no association between TL in PBLs and the risk of developing NMSC [82].



A rather interesting finding reporting the potential use of TL as a promising indicator of the underlying genetic background giving rise to SCC and the rest of the NMSC was published in the study by Leukfe et al. In detail, they presented that TL distribution is able to differentiate between two types of genetically distinct skin SCCs. The first type exhibits a short/homogeneous TL profile, while the other one a long/heterogeneous TL profile. According to the authors, these findings point out the possibility of two co-existing carcinogenic mechanisms. The first scenario suggests an epidermal stem cell that from some point exhibited accelerated telomere loss which was then passed to his daughter-cells. On the contrary, in the second scenario, which may be the case for the majority of skin SCC cases, a multifocal carcinogenic process occurs with variable proliferation rates at each site, which in hand give rise to variable TLs. In addition, this scenario may explain the profound genetic heterogeneity seen among cancer cells even from the same lesion [76]. This is also important for the determination of the high-risk precursor lesions whose TL resembles that of SCC. Recognizing such lesions would be important for the application of closer monitoring protocols, given that they are more likely to metastasize or recur.




3.2. Telomerase Activity (TA)


As mentioned above, telomerase is composed of two subunits: The catalytic subunit named human telomerase reverse transcriptase (hTERT) and the telomerase RNA component (TERC) for the de novo synthesis of telomeric DNA sequences. The TERT gene, located on the chromosomal area 5p15.33, is the primary regulator of TA via its core promoter region and numerous binding sites which all together serve as transcription regulators. In fact, the main regulatory checkpoint of TA is at its transcription [44]. However, following the genes’ pathway upstream, it can be seen that TERT expression is regulated by a number of transcription factors, including c-Myc, Mad1, estrogen receptor, progesterone receptor, AP-1, NF-kB, Rb/E2F factors, CEBP-alpha, and CEBP-beta [83,84] with the Wnt/beta-catenin pathway and the KLF4 being promising candidates as well [85,86]. Of note, it has been shown that TA decreases at the late stages of in utero life, while during ex utero life, it is almost diminished, namely in adult somatic cells [84]. However, an increasing body of evidence supports the notion that most types of cancer cells, among which are skin cancer cells, exhibit an increased TA, mainly due to TERT promoter mutations [87]. Surprisingly, it has also been described that mutations of the TERT gene are of paramount importance for cancer cells derived from tissues with low rates of cellular regeneration [88]. Studying the various TA profiles in skin cancer, Parris I reported that patients with skin cancer exhibited a higher TA than the healthy controls, regardless of the type of cancer. Moreover, a difference in TA was witnessed between the various subtypes of NMSC. In detail, TA was increased in the majority of BD, AK and BCC cases, whereas only in a small number of SCC patients (25%, 3/12). Another interesting finding was the gradual increase in TA in pre-cancerous lesions (42% of AK and BD cases, 11/26) to confirmed cancers (77% of the BCC patients, 10/13) [89]. On the contrary, Boldrini et al. examined a small series of SCCs and BCCs found that SCCs exhibited a higher TA than BCCs, while a close association between hTERT expression and TA was also found. That is of utmost importance, given the relative simplicity of RT-PCR in contrast to TRAP-ELISA, which is the test mostly used for the determination of TA [90]. In a series of 66 patients with NMSC (32 with BCC and 34 with SCC), Griewank et al. found that approximately 50% of both groups had TERT promoter mutations accompanied by significant UV damage in their DNA, with no statistically significant association found with clinicopathologic parameters [91]. In accordance with these findings, Scott et al. reported that TERT promoter mutations were present in 18/23 sporadic BCCs (78%), 13/19 BCCs with nevoid basal cell carcinoma syndrome (68%), 13/26 SCCs (50%), and 1/11 BDs (9%) from a total of 18, 4, 19, and 11 patients, respectively, while being absent in their control group [92]. A finding that has to be noted is that each lesion bears its own genetic fingerprint. That is of utmost importance in cases with multiple lesions where an error in a sampling test should be avoided.




3.3. Epigenetic Modifications


Eukaryotic cells may be subsequent to heritable and non-heritable genomic alterations. Heritable genomic alterations that are not produced by changes in the genomic DNA sequence are summarized as epigenetics [93]. Epigenetic modifications include DNA methylation of the C-5 position of the cytosine ring within the promoter’s CpG island, histone methylation and acetylation, and miRNA-mediated gene regulations. Separately and combined, these alterations regulate the chromatin formation and packaging and thus regulate gene transcription by modifying their accessibility [94]. It is accepted that epigenetic modifications reflect the environmental burden of an organism through its exposure to various toxicants and carcinogens [95].



3.3.1. CpG Island Methylation (CIM)


DNA methylation is one the most important regulatory mechanisms for gene expression. In normal cells, it assures the proper regulation of gene expression and stable gene silencing. This is achieved through the recruitment of DNA methyltransferases (DNMTs) in order to introduce methyl groups in cytosine within CpG dinucleotides by creating covalent bonds between them. In fact, CpG dinucleotides may appear in large clusters known as CpG islands (Figure 1). Intense research in cancer biology has identified global genomic hypomethylation as one of the leading factors for genomic instability and oncogene activation, whereas a number of tumor suppressor genes are silenced due to hypermethylated CpG islands [96], while global hypomethylation of lamina-associated domains (LAD) may be another aspect of the deregulated methylome [97]. In cutaneous melanoma, it was demonstrated that promoter hypomethylation and intragenic hypermethylation of specific genes are associated with tumor aggressiveness due to the alteration of extracellular matrix components and the upregulation of matrix metalloproteinases [98,99,100]. This highlights the clinical potential of deregulated methylation status as a hallmark for carcinogenesis, allowing the recognition of various methylation patterns as biomarkers for diagnosis and prognosis [101] (Table 1). Methylation studies focusing on cSCC, have demonstrated various patterns. For instance, numerous promoters have been found to be hypermethylated, among which are the cell cycle regulator CDKN2A [102], cadherin CDH1 [103,104] and CDH13 [105], transcription factor FOXE1 [106], modulators of Wnt signaling SFRPs [107] and FRZB [108], positive regulators of apoptosis ASC [109], G0S2 [110], DAPK1 [111], and miRNA-204 [112], as well as the hypomethylation of the DSS1 gene [113]. Hervás-Marín et al. compared low-risk and high-risk SCC and succeeded in identifying specific modifications of the methylation status using genome-wide DNA methylation profiling. In detail, they demonstrated a differential methylation status between the two pathological stages, with low-risk SCCs being hypomethylated and high-risk SCCs hypermethylated. According to the authors, this finding may suggest a sequential approach of SCC formation, where UV-exposure leads to hypomethylation and thus foretells the premalignant and low-risk stages of cSCC, while advanced stages of SCC present a hypermethylated status [101]. As regards the evaluation of the methylation status of BCC, Goldberg et al. presented the FHIT promoter to be hypomethylated [114], while Heitzer et al. found the hypermethylated PTCH promoter only in a small number of cases [115]. Darr et al. examined metastatic BCCs and SCCs compared to their non-metastatic counterparts. They found that both metastatic entities exhibited a differential methylation status from the non-metastatic ones with pronounced global hypomethylation, as well as at tumor suppressor genes and PRC2 target genes. Moreover, MYCL2 was specifically found to be demethylated in metastatic cases. Of note, the authors highlighted the resemblance between the methylation pattern of metastatic BCC and cSCC regardless of the metastatic capacity [108]. Greenberg et al., studying a series of MCCs, demonstrated that the tumor suppressor p14-ARK was hypermethylated [116]. Moreover, hypermethylated promoters have also been found in DUSP2, CDKN2A, and members of the RASSF family [117]. The concomitant analysis of overexpressed proteins derived from methylated genes and hallmark mutations of skin cancers through high-sensitive molecular techniques is representing a promising strategy for the early diagnosis of tumors and to define the prognosis of patients [118].




3.3.2. Histone Methylation and Acetylation


Histones are a family of five basic proteins (H1/H5, H2A, H2B, H3, and H4) whose role is to react with DNA strands in the nucleus assisting its dense packaging into chromatin and chromosomes. Histones H2A, H2B, H3, and H4 form a reel of dimers (the octameric nucleosome core) around which DNA is wrapped, while histones H1/H5 link nucleosomes together, allowing for an even higher degree of density (Figure 1). A key feature of histones is the presence of the N-terminal tail regions, which are rich in lysine residues. The histone tails can undergo extensive modifications, including methylation, acetylation, phosphorylation, sumoylation, and uquitinylation [119,120]. However, acetylation and methylation are the most well-studied aspects of histone modification, particularly in the setting of cancer. The acetylation and deacetylation of lysine residues modifies the net positive charge (decreasing or increasing it accordingly). Furthermore, the introduction of acetyl-groups induces a decreased affinity between histones and DNA, allowing for various transcription factors to reach regulatory areas such as gene promoters, while deacetylation has the opposite effect on gene expression by increasing the affinity between DNA and the histone complex [116]. Histone acetylation and deacetylation are catalyzed by the specific enzymes, histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs), respectively. Histones are mainly methylated on the lysine and arginine residues of H3 and H4 tails [93]. The introduction of methyl-groups increases the hydrophobicity of histone proteins, inducing their tighter packing and thus inhibiting DNA transcription. Notably, it has been described that the restoration of normal histone density (reduction of DNA methylation and increase of histone acetylation) allows for the reactivation of the silenced tumor suppressor genes Cip1/p21 and p16 [121]. Rao et al. investigated the activation status of EZH2 (a histone methyltransferase of the polycomb repressive complex 2) and its related proteins in the context of aggressive BCCs. EZH2 is closely associated with the Sonic Hedgehog pathway [122]. According to their findings, EZH2 was upregulated (as in other studies [123]), allowing for a stratification between pathological stages. On the contrary, upregulated H3K27me3 and 5hmC were positively associated with a more benign phenotype. Finally, the authors were able to discriminate BCCs from non-malignant epidermal cells through the upregulated levels NSD2, MOF, H3K27me3, and 5hmC [124]. Harms et al. investigated a series of MCCs and found that EZH2 was deregulated, inducing gene silencing via histone H3 lysine 27 trimethylation and was thus associated with unfavorable characteristics, such as disease progression and a poorer prognosis [117,125]. However, even though histone methylation/acetylation has been extensively investigated in melanoma [116,126], research on NMSCs is limited. Indeed, it was recently demonstrated that the methylation of H3K4 is associated with the neoplastic transformation of melanocytes that evolve into cutaneous melanoma [127]. These results suggest that the epigenetic modification of histones’ methylation status could represent a promising epigenetic therapy for melanoma and other tumors [126].




3.3.3. MicroRNAs (miRNAs or miRs)


miRNAs are small single-stranded non-coding RNAs of 18–25 nucleotides length. Their discovery in 1993 from two research groups working on Caenorhabditis elegans proved to be a milestone of what is now considered a true breakthrough in molecular biology [128,129]. However, for a number of years, the properties miRNAs remained poorly understood. Surprisingly, miRNA production is a refined, multi-step process, where specific DNA transcripts produce primary miRNAs (pri-miRNAs), which are processed into precursor miRNAs (pre-miRNAs) and then into mature miRNAs. Mature miRNAs have the potential to target specific mRNAs, leading to their degradation or inhibiting their translation into proteins. This is possible either through an interaction with the 3′-untranslated region (3′ UTR) of the target mRNA (in which case its expression is inhibited) [130] or through binding with other regions, such as the 5′-untranslated region (5′ UTR), coding sequence and gene promoters [131]. Of note however, miRNAs are able to regulate not only protein translation, but also gene expression. In detail, miRNAs have been found to be able to positively regulate gene expression under certain conditions [132]. This is possible as miRNAs are able to move through different cellular compartments [133] (Figure 1). However, miRNAs are not restricted to the cytosol. A number of studies have demonstrated the presence of miRNAs in the extracellular compartment, both in a free state and packed in various carriers, such as high density lipoprotein particles, apoptotic bodies, and others [134]. Indeed, in addition to their small size and hairpin-loop structure, they are unreachable to the various free RNases, allowing them to maintain their structural integrity [135]. Thus, isolating them from a variety of clinical specimens is possible. Lastly, it has been well established that miRNAs are actively secreted by a variety of cancer cells into the circulation [73]. However, each type of cancer expresses different miRNAs; thus, in this manner, each type of cancer creates its own molecular profile. This is of utmost importance when considering miRNAs as biomarkers for monitoring cellular activity and the genomic/proteomic status. Even though miRNAs can be isolated both from tissue samples and from biological fluids (serum, plasma, and urine), circulating miRNAs are the first choice in the clinical setting. This is due to the fact that tissue miRNA sampling is an invasive technic lacking the ability to provide reproducible results regardless of the operator and area of sampling [136]. At present, several studies have identified sets of miRNAs specific for different tumors, including lung cancer, mesothelioma, bladder cancer, colorectal cancer, glioblastoma multiforme, oral cancer, uveal melanoma, hematological malignancies, etc. [137,138,139,140,141,142,143,144].



Regarding NMSCs, owing to the dominance of BCCs among all other tumor types, numerous studies have focused on the identification of potential miRNA markers. Sand et al. used next-generation sequencing of the basal cell carcinoma miRNome and succeeded in identifying a number of upregulated miRNAs, of which the 10 most increased were hsa-miR-223-3p, hsa-miR-197-3p, hsa-miR-342-3p, hsa-miR-505-3p, hsa-miR-204-5p, hsa-miR-941, hsa-miR-145-5p, hsa-miR-301b-3p, hsa-miR-452-5p, and hsa-miR-191-5p [145]. Yi et al. found that miR-203, a specifically expressed miRNA in the epidermis [146], is consistently downregulated in cases of BCC. Moreover, they proved that c-JUN suppressed miR-203, while miR-203 also targeted c-JUN, creating an inhibitory loop. In addition, miR-203 was further suppressed by the synergistic oncogenic activity of the Sonic Hedgehog and EGFR pathways. It is rather interesting that various studies have identified c-JUN as a potent oncogene, mediating its action downstream of the Sonic Hedgehog pathway [147]. Thus, a simultaneous activation of the Sonic Hedgehog and EGFR pathways, in addition to a potential crosstalk between them may result in BCC formation. Given the inhibitory effect of miR-203 c-JUN, researchers have investigated the therapeutic potential of miR-203 administration. Indeed, high levels of miR-203 have been shown to result in a decreased c-JUN and p63 expression, indicating the effective suppression of target genes [148]. Hu et al. examined 86 patients with BCC in order to explore the association between the expression level of miR-34a in serum and the clinical prognosis. According to their findings, patients with BCC exhibited lower miR-34a levels compared to healthy controls. Data analysis further revealed that miR-34a was upregulated in cases with a larger tumor diameter, the absence of lymph node infiltration and non-invasive disease. Moreover, miR-34a was positively associated with various survival parameters, such as median progression-free survival, median overall survival, and the overall survival rate. However, no association was found with pathological staging or the primary site. On the contrary, cases with a profound downregulation of miR-34a presented a poor prognosis [149].



In SCC, numerous miRNAs have been found to be dysregulated. Some of these (namely miR-21, miR-205, miR-365, miR-31, miR-135b, miR-424, miR-320, miR-222, miR-15a, miR-142, and miR-186) have been shown to possess carcinogenic properties by targeting key genetic modulators, such as the PTEN, PDCD4, GRHL3, HOXA9, and RhoBTB genes or the AKT/mTOR pathway [150,151]. There is sufficient evidence to indicate that these genes are involved in crucial carcinogenic steps, such as tumor growth, invasion, migration, the maintenance of stem cell properties and the evasion of apoptosis [151]. On the contrary, there is a wide panel of carcinoprotective miRNAs (miR-20a, miR-203, miR-181a, miR-125b, miR-34a, miR-148a, miR-214, miR-124, miR-204, and miR-199a), which have been found to regulate genes, such as HMGB1, SIRT6, MMPs, MAP kinases, KRAS, LIMK1, c-MYC, SHP2, CD44, BCAM, FZD6, DDR1, and ERKs. The potential action is described to be via the regulation of the cell cycle, epithelial–mesenchymal transition, and stemness, while they have also been found to promote cellular apoptosis and senescence [152]. A number of studies have evaluated the association of various miRNAs with clinocopathological features. miR-205 has exhibited an association with various pathological features of a poor prognosis, such as desmoplasia, perineural invasion and infiltrative patterns, while clinically it has been linked to local recurrence [153,154]. Recently, Gong et al. described that miR-221 also has carcinogenic properties. This is achieved as miR-221 has been found to interact with PTEN, which is a key oncogene. Notably, the authors pinpointed the potential development of anti-miR-221 antibodies, assisting both diagnosis and treatment [155]. On the contrary, miR-203 expression was shown to be associated with a favorable prognosis, as it was primarily found in well-differentiated zones only and rarely in the invasion front [153]. Zhang et al. found that SCC patients with low miR-20a levels exhibited a significantly poorer overall survival than those with a high miR-20a expression. Moreover, miR-20a expression was closely associated with the TNM stage, as it was proven that a low level of miR-20a expression was more frequently exhibited in tumors with an advanced TNM stage [156]. Several studies have also examined the expression profiles of various miRNAs in MCC. Ning et al. used next-generation sequencing of small RNA libraries on tissue samples and identified the MCC miRNome. In total, eight miRNAs were overexpressed (miR-502-3p, miR-9, miR-7, miR-340, miR-182, miR-190b, miR-873, and miR-183) and three miRNAs were suppressed (miR-3170, miR-125b, and miR-374c) in contrast to other forms of NMSCs. In situ hybridization further proved that miR-182 was abundant within cancer cells. The concomitant evaluation of the expression profiles of four miRNAs (miR-182, miR-183, miR-190b, and miR-340) in the MCPyV-negative cell line, MCC13, proved that they were downregulated. Thus, they proposed the possible diagnostic use of this miRNA panel in cases of MCPyV-positive MCC [157]. Veija et al. compared the miRNAome between MCPyV-positive and MCPyV-negative MCCs. According to their findings, miR-30a, miR-34a, miR-142-3p, and miR-1539 were overexpressed (2.5 to 5 times) in MCPyV-positive MCCs, while miR-181d exhibited a 3.5-fold higher expression in MCPyV-negative MCCs [158]. Renwick et al. used miRNA FISH in formalin-fixed paraffin-embedded tissues and succeeded in correctly discerning BCC from MCC, based on the overexpression of miR-205 and miR-375, respectively [159]. An important finding also derived from the study by Moens et al. who evaluated the secretion of various miRNAs in exosomes using RT-PCR. They succeeded in identifying the presence of miR-30a, miR-125b, miR-183, miR-190b, and miR-375 in exosomes [160]. This finding highlights the clinical potential of circulating miRNAs as biomarkers for MCC. In this context, the analysis of circulating tumor DNA and circulating miRNAs has been translated into clinical practice to predict the clinical-pathological features of tumors thus ameliorating the diagnostic and therapeutic strategies available for cancer patients [161]. However, solid evidence for the clinical relevance of extracellular miRNAs is still lacking. Moreover, despite the fact that numerous studies emerge daily, enriching the MCC-related miRNA panel, only a few of these have compared the expression profiles between malignant and non-malignant Merkel cells, and even fewer have tested the clinical or pathological relevance of these profiles [160,162]. miRNAs are recognized also as important biomarkers for the management of cutaneous melanoma. In this context, several studies have identified sets of miRNAs strictly associated to the development and progression of melanoma. In particular, Tao and colleagues (2019) have identified five miRNAs (miR-25, miR-204, miR-211, miR-510, and miR-513c) associated with survival of melanoma patients [163]. In the same manner, Hanniford et al. have identified a 4-miRNA signature (miR-150–5p, miR-15b-5p, miR-16–5p, and miR-374b-3p) predictive for the development of melanoma brain metastases [164]. Notably, some miRNAs, in particular the miR-510, are associated with both melanoma clinical features. A summary of the various miRNA expressions patterns and their clinical significance for NMSCs is presented in Table 2.






4. Biomarkers under Evaluation


Micronuclei Frequency (MNf)


Micronuclei (MN), or Howell–Jolly bodies, are small cytoplasmic formations unsheathed in a nuclear envelope. In nature, they represent acentric chromatid/chromosome fragments (as a result of DNA damage) or whole chromatids/chromosomes (due to mitotic spindle failure, kinetochore damage, centromeric DNA hypomethylation and defects in the cell cycle control system) that are not included in the nucleus during telophase. Instead, they form small DNA-containing structures that are just a fraction of the size of the nucleus [165,166]. A large number of studies have indicated the promising potential of MN frequency (MNf) as a biomarker for diagnostic, prognostic and predictive use in various types of cancer, among which are those of the lung, bladder, and colorectal cancer [167,168]. However, both melanoma and NMSC have not been extensively studied with regards to their MNf status. Nonetheless, there is evidence that in premalignant cell lines (for example keratinocytes), MNf is higher than in normal skin lines [169], while chromosomal aberrations due to UVA and UVB skin exposure also result in an increased MNf [170,171]. Taking all these findings into consideration, it can be hypothesized that MNf as part of a wider panel of biomarkers, can be used not only for the diagnosis of NMSC, but also for a close and convenient monitoring for the early detection of tumor regression or progression.





5. Conclusions


NMSC is the most common type of cancer worldwide, representing an immense burden for both patients and healthcare systems. However, if diagnosed in an early stage, a great number of these cases will probably have a definitive care. Moreover, the vast majority of NMSC cases have well-studied causative factors, allowing for the establishment of screening protocols meant for high-risk groups. On the contrary, it is suggested that the macroscopic examination of the skin largely fails to assist secondary prevention improvement. Thus, the introduction of more sensitive and specific modes of diagnosis is required. The present review aimed to systematically suggest that molecular biomarkers are able to achieve this goal. In fact, molecular biomarkers seem to be promising candidates, not only for early detection, but also for the achievement of the corner stone of effective care which is personalized medicine. Despite the fact that NMSCs are distinct entities, they have been proven to share some common features to a certain extent. The hypermethylated E-cadherin (CDH1) promoter and the deregulated expression profile of miR-203 are some of the BCC/SCC shared biomarkers. However, as presented above, even if current literature suggests the possible clinical significance of various molecular targets (micronuclei frequency, extracellular miRNAs, histone methylation/acetylation) solid evidence on this topic is still missing. This highlights the need for further validation first through in vivo and then through large cohort studies where panels of sensitive and specific biomarkers will be evaluated both for their ability to detect and for their availability to foretell the prognosis. Unfortunately, a great disadvantage of NMSC biomarkers is the inability to specifically locate a lesion that has not made itself clinically/macroscopically evident yet. Thus, research for biomarkers has to create panels that will be not only disease-sensitive/specific but also site-sensitive/specific and therefore being able to discern between different body regions or between skin and mucous membrane cancers.
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	NMSC
	non-melanoma skin cancer



	BCC
	basal cell carcinoma



	SCC
	squamous cell carcinoma



	MCC
	Merkel cell carcinoma



	BD
	Bowen’s Disease



	AK
	Actinic Keratosis



	UV
	Ultraviolet



	β-HPV
	β-Human papilloma virus



	UVB
	ultraviolet B



	UVA
	Ultraviolet A



	EGFR
	epidermal growth factor receptor



	FGFR
	fibroblast growth factor receptors



	EBV
	Epstein–Barr virus



	MCPyV
	Merkel Cell Polyomavirus



	LTAg
	large T-antigen



	STAg
	small t-antigen



	TL
	Telomere length



	hTERT
	human telomerase reverse transcriptase



	hTR
	human telomere RNA



	TERC
	telomerase RNA component



	TA
	telomerase activity



	PBL
	peripheral blood lymphocytes



	CIM
	CpG island methylation



	DNMTs
	DNA methyltransferases



	LAD
	lamina-associated domains



	HATs
	acetyltransferases



	HDACs
	histone deacetyltransferases



	pri-miRNAs
	primary miRNAs



	pre-miRNAs
	precursor miRNAs



	3′ UTR
	3′-untranslated region



	5′ UTR
	5′-untranslated region



	MN
	Micronuclei



	MNf
	Micronuclei frequency







References


	



Leiter, U.; Eigentler, T.; Garbe, C. Epidemiology of skin cancer. In Advances in Experimental Medicine and Biology; Springer: New York, NY, USA, 2014; Volume 810, pp. 120–140. [Google Scholar]

	



Rigel, D.S.; Friedman, R.J.; Kopf, A.W. Lifetime risk for development of skin cancer in the U.S. population: Current estimate is now 1 in 5. J. Am. Acad. Dermatol. 1996, 35, 1012–1013. [Google Scholar] [CrossRef]

	



Apalla, Z.; Nashan, D.; Weller, R.B.; Castellsagué, X. Skin Cancer: Epidemiology, Disease Burden, Pathophysiology, Diagnosis, and Therapeutic Approaches. Dermatol. Ther. 2017, 7, 5–19. [Google Scholar] [CrossRef] [PubMed]

	



Lomas, A.; Leonardi-Bee, J.; Bath-Hextall, F. A systematic review of worldwide incidence of nonmelanoma skin cancer. Br. J. Dermatol. 2012, 166, 1069–1080. [Google Scholar] [CrossRef] [PubMed]

	



Smith, H.; Wernham, A.; Patel, A. When to suspect a non-melanoma skin cancer. BMJ 2020, 368, m692. [Google Scholar] [CrossRef] [PubMed]

	



Samarasinghe, V.; Madan, V. Nonmelanoma skin cancer. J. Cutan. Aesthet. Surg. 2012, 5, 3. [Google Scholar] [CrossRef] [PubMed]

	



Grabowski, J.; Saltzstein, S.L.; Sadler, G.R.; Tahir, Z.; Blair, S. A comparison of Merkel cell carcinoma and melanoma: Results from the California Cancer Registry. Clin. Med. Oncol. 2008, 2, 327–333. [Google Scholar] [CrossRef]

	



Yanofsky, V.R.; Mercer, S.E.; Phelps, R.G. Histopathological Variants of Cutaneous Squamous Cell Carcinoma: A Review. J. Skin Cancer 2011, 2011, 210813. [Google Scholar] [CrossRef]

	



Kim, R.H.; Armstrong, A.W. Nonmelanoma Skin Cancer. Dermatol. Clin. 2012, 30, 125–139. [Google Scholar] [CrossRef]

	



Wong, C.S.M. Basal cell carcinoma. BMJ 2003, 327, 794–798. [Google Scholar] [CrossRef]

	



Dacosta Byfield, S.; Chen, D.; Yim, Y.M.; Reyes, C. Age distribution of patients with advanced non-melanoma skin cancer in the United States. Arch. Dermatol. Res. 2013, 305, 845–850. [Google Scholar] [CrossRef]

	



Peterson, S.C.; Eberl, M.; Vagnozzi, A.N.; Belkadi, A.; Veniaminova, N.A.; Verhaegen, M.E.; Bichakjian, C.K.; Ward, N.L.; Dlugosz, A.A.; Wong, S.Y. Basal cell carcinoma preferentially arises from stem cells within hair follicle and mechanosensory niches. Cell Stem Cell 2015, 16, 400–412. [Google Scholar] [CrossRef] [PubMed]

	



Kwasniak, L.A.; Garcia-Zuazaga, J. Basal cell carcinoma: Evidence-based medicine and review of treatment modalities. Int. J. Dermatol. 2011, 50, 645–658. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Vigil, T.; Vázquez-López, F.; Perez-Oliva, N. Recurrence rates of primary basal cell carcinoma in facial risk areas treated with curettage and electrodesiccation. J. Am. Acad. Dermatol. 2007, 56, 91–95. [Google Scholar] [CrossRef]

	



Habif, T.P. Clinical Dermatology: A Color Guide to Diagnosis and Therapy; Elsevier: St. Louis, MO, USA, 2016; ISBN 9780323266079. [Google Scholar]

	



Yan, W.; Wistuba, I.I.; Emmert-Buck, M.R.; Erickson, H.S. Squamous Cell Carcinoma—Similarities and Differences among Anatomical Sites. Am. J. Cancer Res. 2011, 1, 275–300. [Google Scholar] [PubMed]

	



Paulson, K.G.; Park, S.Y.; Vandeven, N.A.; Lachance, K.; Thomas, H.; Chapuis, A.G.; Harms, K.L.; Thompson, J.A.; Bhatia, S.; Stang, A.; et al. Merkel cell carcinoma: Current US incidence and projected increases based on changing demographics. J. Am. Acad. Dermatol. 2018, 78, 457–463. [Google Scholar] [CrossRef] [PubMed]

	



Schadendorf, D.; Lebbé, C.; Zur Hausen, A.; Avril, M.-F.; Hariharan, S.; Bharmal, M.; Rgen, J.; Becker, C.; Bharmal, M.; De, J.B.-H.; et al. Merkel cell carcinoma: Epidemiology, prognosis, therapy and unmet medical needs. Eur. J. Cancer 2017, 71, 53–69. [Google Scholar] [CrossRef] [PubMed]

	



Lunder, E.J.; Stern, R.S. Merkel-cell carcinomas in patients treated with methoxsalen and ultraviolet a radiation. N. Engl. J. Med. 1998, 339, 1247–1248. [Google Scholar] [CrossRef]

	



Aw, D.; Silva, A.B.; Palmer, D.B. Immunosenescence: Emerging challenges for an ageing population. Immunology 2007, 120, 435–446. [Google Scholar] [CrossRef]

	



Engels, E.A.; Frisch, M.; Goedert, J.J.; Biggar, R.J.; Miller, R.W. Merkel cell carcinoma and HIV infection. Lancet 2002, 359, 497–498. [Google Scholar] [CrossRef]

	



Toker, C. Trabecular carcinoma of the skin. Arch. Dermatol. 1972, 105, 107–110. [Google Scholar] [CrossRef]

	



Coggshall, K.; Tello, T.L.; North, J.P.; Yu, S.S. Merkel cell carcinoma: An update and review: Pathogenesis, diagnosis, and staging. J. Am. Acad. Dermatol. 2018, 78, 433–442. [Google Scholar] [CrossRef] [PubMed]

	



Duprat, J.P.; Landman, G.; Salvajoli, J.V.; Brechtbühl, E.R. A review of the epidemiology and treatment of Merkel cell carcinoma. Clinics 2011, 66, 1817–1823. [Google Scholar] [CrossRef] [PubMed]

	



Feng, H.; Shuda, M.; Chang, Y.; Moore, P.S. Clonal integration of a polyomavirus in human Merkel cell carcinoma. Science 2008, 319, 1096–1100. [Google Scholar] [CrossRef] [PubMed]

	



Clark, C.M.; Furniss, M.; Mackay-Wiggan, J.M. Basal cell carcinoma: An evidence-based treatment update. Am. J. Clin. Dermatol. 2014, 15, 197–216. [Google Scholar] [CrossRef]

	



Bromfield, G.; Dale, D.; De, P.; Newman, K.; Rahal, R.; Shaw, A. Canadian Cancer Statistics 2015 Special Topic: Predictions of the Future Burden of Cancer in Canada; Canadian Cancer Society, Government of Canada: Toronto, ON, Canada, 2015.

	



Non-Melanoma Skin Cancer Mortality Statistics | Cancer Research UK. Available online: https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/non-melanoma-skin-cancer/mortality#heading-Two (accessed on 21 March 2020).

	



Chren, M.M.; Torres, J.S.; Stuart, S.E.; Bertenthal, D.; Labrador, R.J.; Boscardin, W.J. Recurrence after treatment of nonmelanoma skin cancer: A prospective cohort study. Arch. Dermatol. 2011, 147, 540–546. [Google Scholar] [CrossRef]

	



Chren, M.M.; Linos, E.; Torres, J.S.; Stuart, S.E.; Parvataneni, R.; Boscardin, W.J. Tumor recurrence 5 years after treatment of cutaneous basal cell carcinoma and squamous cell carcinoma. J. Investig. Dermatol. 2013, 133, 1188–1196. [Google Scholar] [CrossRef]

	



Kaldor, J.; Shugg, D.; Young, B.; Dwyer, T.; Wang, Y.G. Non-melanoma skin cancer: Ten years of cancer-registry-based surveillance. Int. J. Cancer 1993, 53, 886–891. [Google Scholar] [CrossRef]

	



Didona, D.; Paolino, G.; Bottoni, U.; Cantisani, C. Non melanoma skin cancer pathogenesis overview. Biomedicines 2018, 6, 6. [Google Scholar] [CrossRef]

	



Silverberg, M.J.; Leyden, W.; Warton, E.M.; Quesenberry, C.P.; Engels, E.A.; Asgari, M.M. HIV infection status, immunodeficiency, and the incidence of non-melanoma skin cancer. J. Natl. Cancer Inst. 2013, 105, 350–360. [Google Scholar] [CrossRef]

	



Chew, M.H.; Yeh, Y.T.; Toh, E.L.; Sumarli, S.A.; Chew, G.K.; Lee, L.S.; Tan, M.H.; Hennedige, T.P.; Ng, S.Y.; Lee, S.K.; et al. Critical evaluation of contemporary management in a new Pelvic Exenteration Unit: The first 25 consecutive cases. World J. Gastrointest. Oncol. 2017, 9, 218–227. [Google Scholar] [CrossRef]

	



Nikolaou, V.; Stratigos, A.J.; Tsao, H. Hereditary Nonmelanoma Skin Cancer. Semin. Cutan. Med. Surg. 2012, 31, 204–210. [Google Scholar] [CrossRef] [PubMed]

	



Samarasinghe, V.; Madan, V.; Lear, J.T. Focus on Basal cell carcinoma. J. Skin Cancer 2011, 2011, 328615. [Google Scholar] [CrossRef] [PubMed]

	



Smeets, N.W.J.; Kuijpers, D.I.M.; Nelemans, P.; Ostertag, J.U.; Verhaegh, M.E.J.M.; Krekels, G.A.M.; Neumann, H.A.M. Mohs’ micrographic surgery for treatment of basal cell carcinoma of the face—Results of a retrospective study and review of the literature. Br. J. Dermatol. 2004, 151, 141–147. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, M.M.; Karagas, M.R.; Kuriger, J.K.; Houseman, A.; Spencer, S.K.; Perry, A.E.; Nelson, H.H. Genetic Determinants of UV-Susceptibility in Non-Melanoma Skin Cancer. PLoS ONE 2011, 6, e20019. [Google Scholar] [CrossRef]

	



Saijo, S.; Kodari, E.; Kripke, M.L.; Strickland, F.M. UVB irradiation decreases the magnitude of the Th1 response to hapten but does not increase the Th2 response. Photodermatol. Photoimmunol. Photomed. 1996, 12, 145–153. [Google Scholar] [CrossRef]

	



Morison, W.L.; Bucana, C.; Kripke, M.L. Systemic suppression of contact hypersensitivity by UVB radiation is unrelated to the UVB-induced alterations in the morphology and number of Langerhans cells. Immunology 1984, 52, 299–306. [Google Scholar]

	



McGillis, S.T.; Fein, H. Topical treatment strategies for non-melanoma skin cancer and precursor lesions. Semin. Cutan. Med. Surg. 2004, 23, 174–183. [Google Scholar] [CrossRef]

	



Christensen, S.R. Recent advances in field cancerization and management of multiple cutaneous squamous cell carcinomas [version 1; referees: 2 approved]. F1000Research 2018, 7. [Google Scholar] [CrossRef]

	



Reifenberger, J.; Wolter, M.; Knobbe, C.B.; Köhler, B.; Schönicke, A.; Scharwächter, C.; Kumar, K.; Blaschke, B.; Ruzicka, T.; Reifenberger, G. Somatic mutations in the PTCH, SMOH, SUFUH and TP53 genes in sporadic basal cell carcinomas. Br. J. Dermatol. 2005, 152, 43–51. [Google Scholar] [CrossRef]

	



Pellegrini, C.; Maturo, M.G.; Di Nardo, L.; Ciciarelli, V.; Gutiérrez García-Rodrigo, C.; Fargnoli, M.C. Understanding the molecular genetics of basal cell carcinoma. Int. J. Mol. Sci. 2017, 18, 2485. [Google Scholar] [CrossRef]

	



Dotto, G.P.; Rustgi, A.K. Squamous Cell Cancers: A Unified Perspective on Biology and Genetics. Cancer Cell 2016, 29, 622–637. [Google Scholar] [CrossRef] [PubMed]

	



Lawrence, M.S.; Sougnez, C.; Lichtenstein, L.; Cibulskis, K.; Lander, E.; Gabriel, S.B.; Getz, G.; Ally, A.; Balasundaram, M.; Birol, I.; et al. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature 2015, 517, 576–582. [Google Scholar]

	



Freed-Pastor, W.A.; Prives, C. Mutant p53: One name, many proteins. Genes Dev. 2012, 26, 1268–1286. [Google Scholar] [CrossRef] [PubMed]

	



Muller, P.A.J.; Vousden, K.H. Mutant p53 in cancer: New functions and therapeutic opportunities. Cancer Cell 2014, 25, 304–317. [Google Scholar] [CrossRef] [PubMed]

	



Crum, C.P.; McKeon, F.D. p63 in Epithelial Survival, Germ Cell Surveillance, and Neoplasia. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 349–371. [Google Scholar] [CrossRef] [PubMed]

	



Weina, K.; Utikal, J. SOX2 and cancer: Current research and its implications in the clinic. Clin. Transl. Med. 2014, 3, 19. [Google Scholar] [CrossRef]

	



Schäfer, M.; Werner, S. Nrf2—A regulator of keratinocyte redox signaling. Free Radic. Biol. Med. 2015, 88, 243–252. [Google Scholar] [CrossRef]

	



Kopan, R.; Ilagan, M.X.G. The Canonical Notch Signaling Pathway: Unfolding the Activation Mechanism. Cell 2009, 137, 216–233. [Google Scholar] [CrossRef]

	



Sadeqzadeh, E.; De Bock, C.E.; Thorne, R.F. Sleeping Giants: Emerging Roles for the Fat Cadherins in Health and Disease. Med. Res. Rev. 2014, 34, 190–221. [Google Scholar] [CrossRef]

	



Doorbar, J. Molecular biology of human papillomavirus infection and cervical cancer. Clin. Sci. 2006, 110, 525–541. [Google Scholar] [CrossRef]

	



Biliris, K.A.; Koumantakis, E.; Dokianakis, D.N.; Sourvinos, G.; Spandidos, D.A. Human papillomavirus infection of non-melanoma skin cancers in immunocompetent hosts. Cancer Lett. 2000, 161, 83–88. [Google Scholar] [CrossRef]

	



Arbiser, J.L. Implications of Epstein-Barr Virus (EBV)-induced carcinogenesis on cutaneous inflammation and carcinogenesis: Evidence of recurring patterns of angiogenesis and signal transduction. J. Investig. Dermatol. 2005, 124, xi. [Google Scholar] [CrossRef] [PubMed]

	



Tolstov, Y.L.; Pastrana, D.V.; Feng, H.; Becker, J.C.; Jenkins, F.J.; Moschos, S.; Chang, Y.; Buck, C.B.; Moore, P.S. Human Merkel cell polyomavirus infection II. MCV is a common human infection that can be detected by conformational capsid epitope immunoassays. Int. J. Cancer 2009, 125, 1250–1256. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.; Hedman, L.; Mattila, P.S.; Jartti, T.; Ruuskanen, O.; Söderlund-Venermo, M.; Hedman, K. Serological evidence of Merkel cell polyomavirus primary infections in childhood. J. Clin. Virol. 2011, 50, 125–129. [Google Scholar] [CrossRef] [PubMed]

	



Varga, E.; Kiss, M.; Szabó, K.; Kemény, L. Detection of merkel cell polyomavirus DNA in merkel cell carcinomas. Br. J. Dermatol. 2009, 161, 930–932. [Google Scholar] [CrossRef]

	



Sastre-Garau, X.; Peter, M.; Avril, M.F.; Laude, H.; Couturier, J.; Rozenberg, F.; Almeida, A.; Boitier, F.; Carlotti, A.; Couturaud, B.; et al. Merkel cell carcinoma of the skin: Pathological and molecular evidence for a causative role of MCV in oncogenesis. J. Pathol. 2009, 218, 48–56. [Google Scholar] [CrossRef]

	



Duncavage, E.J.; Zehnbauer, B.A.; Pfeifer, J.D. Prevalence of Merkel cell polyomavirus in Merkel cell carcinoma. Mod. Pathol. 2009, 22, 516–521. [Google Scholar] [CrossRef]

	



Sihto, H.; Kukko, H.; Koljonen, V.; Sankila, R.; Böhling, T.; Joensuu, H. Merkel cell polyomavirus infection, large T antigen, retinoblastoma protein and outcome in Merkel cell carcinoma. Clin. Cancer Res. 2011, 17, 4806–4813. [Google Scholar] [CrossRef]

	



Wendzicki, J.A.; Moore, P.S.; Chang, Y. Large T and small T antigens of Merkel cell polyomavirus. Curr. Opin. Virol. 2015, 11, 38–43. [Google Scholar] [CrossRef]

	



Verhaegen, M.E.; Mangelberger, D.; Harms, P.W.; Eberl, M.; Wilbert, D.M.; Meireles, J.; Bichakjian, C.K.; Saunders, T.L.; Wong, S.Y.; Dlugosz, A.A. Merkel cell polyomavirus small T antigen initiates merkel cell carcinoma-like tumor development in mice. Cancer Res. 2017, 77, 3151–3157. [Google Scholar] [CrossRef]

	



Cheng, J.; Rozenblatt-Rosen, O.; Paulson, K.G.; Nghiem, P.; DeCaprio, J.A. Merkel cell polyomavirus large T antigen has growth-promoting and inhibitory activities. J. Virol. 2013, 87, 6118–6126. [Google Scholar] [CrossRef] [PubMed]

	



Shuda, M.; Feng, H.; Kwun, H.J.; Rosen, S.T.; Gjoerup, O.; Moore, P.S.; Chang, Y. T antigen mutations are a human tumor-specific signature for Merkel cell polyomavirus. Proc. Natl. Acad. Sci. USA 2008, 105, 16272–16277. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, J.; DeCaprio, J.A.; Fluck, M.M.; Schaffhausen, B.S. Cellular transformation by Simian Virus 40 and Murine Polyoma Virus T antigens. Semin. Cancer Biol. 2009, 19, 218–228. [Google Scholar] [CrossRef] [PubMed]

	



Spurgeon, M.E.; Lambert, P.F. Merkel cell polyomavirus: A newly discovered human virus with oncogenic potential. Virology 2013, 435, 118–130. [Google Scholar] [CrossRef] [PubMed]

	



Telomere Shortening—An Overview | ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/neuroscience/telomere-shortening (accessed on 25 March 2020).

	



Richter, T.; von Zglinicki, T. A continuous correlation between oxidative stress and telomere shortening in fibroblasts. Exp. Gerontol. 2007, 42, 1039–1042. [Google Scholar] [CrossRef]

	



Nakamura, T.M.; Morin, G.B.; Chapman, K.B.; Weinrich, S.L.; Andrews, W.H.; Lingner, J.; Harley, C.B.; Cech, T.R. Telomerase catalytic subunit homologs from fission yeast and human. Science 1997, 277, 955–959. [Google Scholar] [CrossRef]

	



Tsatsakis, A.; Tsoukalas, D.; Fragkiadaki, P.; Vakonaki, E.; Tzatzarakis, M.; Sarandi, E.; Nikitovic, D.; Tsilimidos, G.; Alegakis, A.K. Developing BIOTEL: A Semi-Automated Spreadsheet for Estimating Telomere Length and Biological Age. Front. Genet. 2019, 10, 84. [Google Scholar] [CrossRef]

	



Nikolouzakis, T.K.; Vassilopoulou, L.; Fragkiadaki, P.; Sapsakos, T.M.; Papadakis, G.Z.; Spandidos, D.A.; Tsatsakis, A.M.; Tsiaoussis, J. Improving diagnosis, prognosis and prediction by using biomarkers in CRC patients (Review). Oncol. Rep. 2018, 39, 2455–2472. [Google Scholar] [CrossRef]

	



Shi, Y.; Zhang, Y.; Zhang, L.; Ma, J.L.; Zhou, T.; Li, Z.X.; Liu, W.D.; Li, W.Q.; Deng, D.J.; You, W.C.; et al. Telomere Length of Circulating Cell-Free DNA and Gastric Cancer in a Chinese Population at High-Risk. Front. Oncol. 2019, 9, 1434. [Google Scholar] [CrossRef]

	



Bailey, S.M.; Murnane, J.P. Telomeres, chromosome instability and cancer. Nucleic Acids Res. 2006, 34, 2408–2417. [Google Scholar] [CrossRef]

	



Leufke, C.; Leykauf, J.; Krunic, D.; Jauch, A.; Holtgreve-Grez, H.; Böhm-Steuer, B.; Bröcker, E.B.; Mauch, C.; Utikal, J.; Hartschuh, W.; et al. The telomere profile distinguishes two classes of genetically distinct cutaneous squamous cell carcinomas. Oncogene 2014, 33, 3506–3518. [Google Scholar] [CrossRef] [PubMed]

	



Caini, S.; Raimondi, S.; Johansson, H.; De Giorgi, V.; Zanna, I.; Palli, D.; Gandini, S. Telomere length and the risk of cutaneous melanoma and non-melanoma skin cancer: A review of the literature and meta-analysis. J. Dermatol. Sci. 2015, 80, 168–174. [Google Scholar] [CrossRef] [PubMed]

	



Yamada-Hishida, H.; Nobeyama, Y.; Nakagawa, H. Correlation of telomere length to malignancy potential in non-melanoma skin cancers. Oncol. Lett. 2018, 15, 393–399. [Google Scholar] [CrossRef] [PubMed]

	



Wainwright, L.J.; Rees, J.L.; Middleton, P.G. Changes in mean telomere length in basal cell carcinomas of the skin. Genes Chromosom. Cancer 1995, 12, 45–49. [Google Scholar] [CrossRef]

	



Han, J.; Qureshi, A.A.; Prescott, J.; Guo, Q.; Ye, L.; Hunter, D.J.; De Vivo, I. A prospective study of telomere length and the risk of skin cancer. J. Investig. Dermatol. 2009, 129, 415–421. [Google Scholar] [CrossRef]

	



Anic, G.M.; Sondak, V.K.; Messina, J.L.; Fenske, N.A.; Zager, J.S.; Cherpelis, B.S.; Lee, J.H.; Fulp, W.J.; Epling-Burnette, P.K.; Park, J.Y.; et al. Telomere length and risk of melanoma, squamous cell carcinoma, and basal cell carcinoma. Cancer Epidemiol. 2013, 37, 434–439. [Google Scholar] [CrossRef]

	



Liang, G.; Qureshi, A.A.; Guo, Q.; De Vivo, I.; Han, J. No association between telomere length in peripheral blood leukocytes and the risk of nonmelanoma skin cancer. Cancer Epidemiol. Biomark. Prev. 2011, 20, 1043–1045. [Google Scholar] [CrossRef]

	



Daniel, M.; Peek, G.W.; Tollefsbol, T.O. Regulation of the human catalytic subunit of telomerase (hTERT). Gene 2012, 498, 135–146. [Google Scholar] [CrossRef]

	



Akincilar, S.C.; Unal, B.; Tergaonkar, V. Reactivation of telomerase in cancer. Cell. Mol. Life Sci. 2016, 73, 1659–1670. [Google Scholar] [CrossRef]

	



Hoffmeyer, K.; Raggioli, A.; Rudloff, S.; Anton, R.; Hierholzer, A.; Del Valle, I.; Hein, K.; Vogt, R.; Kemler, R. Wnt/β-catenin signaling regulates telomerase in stem cells and cancer cells. Science 2012, 336, 1549–1554. [Google Scholar] [CrossRef]

	



Wong, C.W.; Hou, P.S.; Tseng, S.F.; Chien, C.L.; Wu, K.J.; Chen, H.F.; Ho, H.N.; Kyo, S.; Teng, S.C. Krüppel-like transcription factor 4 contributes to maintenance of telomerase activity in stem cells. Stem Cells 2010, 28, 1510–1517. [Google Scholar] [CrossRef] [PubMed]

	



Burnworth, B.; Arendt, S.; Muffler, S.; Steinkraus, V.; Bröcker, E.B.; Birek, C.; Hartschuh, W.; Jauch, A.; Boukamp, P. The multi-step process of human skin carcinogenesis: A role for p53, cyclin D1, hTERT, p16, and TSP-1. Eur. J. Cell Biol. 2007, 86, 763–780. [Google Scholar] [CrossRef] [PubMed]

	



Ventura, A.; Pellegrini, C.; Cardelli, L.; Rocco, T.; Ciciarelli, V.; Peris, K.; Fargnoli, M.C. Telomeres and telomerase in cutaneous squamous cell carcinoma. Int. J. Mol. Sci. 2019, 20, 1333. [Google Scholar] [CrossRef] [PubMed]

	



Parris, C.N.; Jezzard, S.; Silver, A.; MacKie, R.; McGregor, J.M.; Newbold, R.F. Telomerase activity in melanoma and non-melanoma skin cancer. Br. J. Cancer 1999, 79, 47–53. [Google Scholar] [CrossRef]

	



Boldrini, L.; Loggini, B.; Gisfredi, S.; Zucconi, Y.; Di Quirico, D.; Biondi, R.; Cervadoro, G.; Barachini, P.; Basolo, F.; Pingitore, R.; et al. Evaluation of telomerase in non-melanoma skin cancer. Int. J. Mol. Med. 2003, 11, 607–611. [Google Scholar] [CrossRef]

	



Griewank, K.G.; Murali, R.; Schilling, B.; Schimming, T.; Möller, I.; Moll, I.; Schwamborn, M.; Sucker, A.; Zimmer, L.; Schadendorf, D.; et al. TERT promoter mutations are frequent in cutaneous basal cell carcinoma and squamous cell carcinoma. PLoS ONE 2013, 8, e80354. [Google Scholar] [CrossRef]

	



Scott, G.A.; Laughlin, T.S.; Rothberg, P.G. Mutations of the TERT promoter are common in basal cell carcinoma and squamous cell carcinoma. Mod. Pathol. 2014, 27, 516–523. [Google Scholar] [CrossRef]

	



Penta, D.; Somashekar, B.S.; Meeran, S.M. Epigenetics of skin cancer: Interventions by selected bioactive phytochemicals. Photodermatol. Photoimmunol. Photomed. 2018, 34, 42–49. [Google Scholar] [CrossRef]

	



Smith, Z.D.; Meissner, A. DNA methylation: Roles in mammalian development. Nat. Rev. Genet. 2013, 14, 204–220. [Google Scholar] [CrossRef]

	



Rodríguez-Paredes, M.; Bormann, F.; Raddatz, G.; Gutekunst, J.; Lucena-Porcel, C.; Köhler, F.; Wurzer, E.; Schmidt, K.; Gallinat, S.; Wenck, H.; et al. Methylation profiling identifies two subclasses of squamous cell carcinoma related to distinct cells of origin. Nat. Commun. 2018, 9, 1–9. [Google Scholar] [CrossRef]

	



Rodríguez-Paredes, M.; Esteller, M. Cancer epigenetics reaches mainstream oncology. Nat. Med. 2011, 17, 330–339. [Google Scholar] [CrossRef] [PubMed]

	



Baylin, S.B.; Jones, P.A. A decade of exploring the cancer epigenome-biological and translational implications. Nat. Rev. Cancer 2011, 11, 726–734. [Google Scholar] [CrossRef] [PubMed]

	



Falzone, L.; Salemi, R.; Travali, S.; Scalisi, A.; McCubrey, J.A.; Candido, S.; Libra, M. MMP-9 overexpression is associated with intragenic hypermethylation of MMP9 gene in melanoma. Aging 2016, 8, 933–944. [Google Scholar] [CrossRef] [PubMed]

	



Candido, S.; Parasiliti Palumbo, G.A.; Pennisi, M.; Russo, G.; Sgroi, G.; Di Salvatore, V.; Libra, M.; Pappalardo, F. EpiMethEx: A tool for large-scale integrated analysis in methylation hotspots linked to genetic regulation. BMC Bioinform. 2019, 19, 43–53. [Google Scholar] [CrossRef]

	



Napoli, S.; Scuderi, C.; Gattuso, G.; Di Bella, V.; Candido, S.; Basile, M.S.; Libra, M.; Falzone, L. Functional Roles of Matrix Metalloproteinases and Their Inhibitors in Melanoma. Cells 2020, 9, 1151. [Google Scholar] [CrossRef]

	



Hervás-Marín, D.; Higgins, F.; Sanmartín, O.; López-Guerrero, J.A.; Bañó, M.C.; Igual, J.C.; Quilis, I.; Sandoval, J. Genome wide DNA methylation profiling identifies specific epigenetic features in high-risk cutaneous squamous cell carcinoma. PLoS ONE 2019, 14, e0223341. [Google Scholar] [CrossRef]

	



Brown, V.L.; Harwood, C.A.; Crook, T.; Cronin, J.G.; Kelsell, D.R.; Proby, C.M. p16INK4a and p14ARF tumor suppressor genes are commonly inactivated in cutaneous squamous cell carcinoma. J. Investig. Dermatol. 2004, 122, 1284–1292. [Google Scholar] [CrossRef]

	



Chiles, M.C.; Ai, L.; Zuo, C.; Fan, C.Y.; Smoller, B.R. E-Cadherin Promoter Hypermethylation in Preneoplastic and Neoplastic Skin Lesions. Mod. Pathol. 2003, 16, 1014–1018. [Google Scholar] [CrossRef]

	



Murao, K.; Kubo, Y.; Ohtani, N.; Hara, E.; Arase, S. Epigenetic abnormalities in cutaneous squamous cell carcinomas: Frequent inactivation of the RB1/p16 and p53 pathways. Br. J. Dermatol. 2006, 155, 999–1005. [Google Scholar] [CrossRef]

	



Takeuchi, T.; Liang, S.B.; Matsuyoshi, N.; Zhou, S.; Miyachi, Y.; Sonobe, H.; Ohtsuki, Y. Loss of T-cadherin (CDH13, H-cadherin) expression in cutaneous squamous cell carcinoma. Lab. Investig. 2002, 82, 1023–1029. [Google Scholar] [CrossRef]

	



Venza, I.; Visalli, M.; Tripodo, B.; De Grazia, G.; Loddo, S.; Teti, D.; Venza, M. FOXE1 is a target for aberrant methylation in cutaneous squamous cell carcinoma. Br. J. Dermatol. 2010, 162, 1093–1097. [Google Scholar] [CrossRef]

	



Liang, J.; Kang, X.; Halifu, Y.; Zeng, X.; Jin, T.; Zhang, M.; Luo, D.; Ding, Y.; Zhou, Y.; Yakeya, B.; et al. Secreted frizzled-related protein promotors are hypermethylated in cutaneous squamous carcinoma compared with normal epidermis. BMC Cancer 2015, 15, 641. [Google Scholar] [CrossRef] [PubMed]

	



Darr, O.A.; Colacino, J.A.; Tang, A.L.; McHugh, J.B.; Bellile, E.L.; Bradford, C.R.; Prince, M.P.; Chepeha, D.B.; Rozek, L.S.; Moyer, J.S. Epigenetic alterations in metastatic cutaneous carcinoma. Head Neck 2015, 37, 994–1001. [Google Scholar] [CrossRef] [PubMed]

	



Meier, K.; Drexler, S.K.; Eberle, F.C.; Lefort, K.; Yazdi, A.S. Silencing of ASC in cutaneous squamous cell carcinoma. PLoS ONE 2016, 11, e0164742. [Google Scholar] [CrossRef] [PubMed]

	



Nobeyama, Y.; Watanabe, Y.; Nakagawa, H. Silencing of G0/G1 switch gene 2 in cutaneous squamous cell carcinoma. PLoS ONE 2017, 12, e0187047. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Jiang, M.; Feng, Q.; Kiviat, N.B.; Stern, J.E.; Hawes, S.; Cherne, S.; Lu, H. Aberrant Methylation Changes Detected in Cutaneous Squamous Cell Carcinoma of Immunocompetent Individuals. Cell Biochem. Biophys. 2015, 72, 599–604. [Google Scholar] [CrossRef]

	



Toll, A.; Salgado, R.; Espinet, B.; Díaz-Lagares, A.; Hernández-Ruiz, E.; Andrades, E.; Sandoval, J.; Esteller, M.; Pujol, R.M.; Hernández-Muñoz, I. MiR-204 silencing in intraepithelial to invasive cutaneous squamous cell carcinoma progression. Mol. Cancer 2016, 15, 1. [Google Scholar] [CrossRef]

	



Venza, M.; Visalli, M.; Catalano, T.; Beninati, C.; Teti, D.; Venza, I. DSS1 promoter hypomethylation and overexpression predict poor prognosis in melanoma and squamous cell carcinoma patients. Hum. Pathol. 2017, 60, 137–146. [Google Scholar] [CrossRef]

	



Goldberg, M.; Rummelt, C.; Laerm, A.; Helmbold, P.; Holbach, L.M.; Ballhausen, W.G. Epigenetic silencing contributes to frequent loss of the fragile histidine triad tumour suppressor in basal cell carcinomas. Br. J. Dermatol. 2006, 155, 1154–1158. [Google Scholar] [CrossRef]

	



Heitzer, E.; Bambach, I.; Dandachi, N.; Horn, M.; Wolf, P. PTCH promoter methylation at low level in sporadic basal cell carcinoma analysed by three different approaches. Exp. Dermatol. 2010, 19, 926–928. [Google Scholar] [CrossRef]

	



Greenberg, E.S.; Chong, K.K.; Huynh, K.T.; Tanaka, R.; Hoon, D.S.B. Epigenetic biomarkers in skin cancer. Cancer Lett. 2014, 342, 170–177. [Google Scholar] [CrossRef] [PubMed]

	



Harms, P.W.; Harms, K.L.; Moore, P.S.; DeCaprio, J.A.; Nghiem, P.; Wong, M.K.K.; Brownell, I. The biology and treatment of Merkel cell carcinoma: Current understanding and research priorities. Nat. Rev. Clin. Oncol. 2018, 15, 763–776. [Google Scholar] [CrossRef] [PubMed]

	



Salemi, R.; Falzone, L.; Madonna, G.; Polesel, J.; Cinà, D.; Mallardo, D.; Ascierto, P.A.; Libra, M.; Candido, S. MMP-9 as a Candidate Marker of Response to BRAF Inhibitors in Melanoma Patients With BRAFV600E Mutation Detected in Circulating-Free DNA. Front. Pharmacol. 2018, 9, 856. [Google Scholar] [CrossRef] [PubMed]

	



Kouzarides, T. Chromatin Modifications and Their Function. Cell 2007, 128, 693–705. [Google Scholar] [CrossRef]

	



Liang, G.; Lin, J.C.Y.; Wei, V.; Yoo, C.; Cheng, J.C.; Nguyen, C.T.; Weisenberger, D.J.; Egger, G.; Takai, D.; Gonzales, F.A.; et al. Distinct localization of histone H3 acetylation and H3-K4 methylation to the transcription start sites in the human genome. Proc. Natl. Acad. Sci. USA 2004, 101, 7357–7362. [Google Scholar] [CrossRef]

	



Nandakumar, V.; Vaid, M.; Katiyar, S.K. (−)-Epigallocatechin-3-gallate reactivates silenced tumor suppressor genes, Cip1/p21 and p 16 INK4a, by reducing DNA methylation and increasing histones acetylation in human skin cancer cells. Carcinogenesis 2011, 32, 537–544. [Google Scholar] [CrossRef]

	



Smits, M.; Van Rijn, S.; Hulleman, E.; Biesmans, D.; Van Vuurden, D.G.; Kool, M.; Haberler, C.; Aronica, E.; Vandertop, W.P.; Noske, D.P.; et al. EZH2-regulated DAB2IP is a medulloblastoma tumor suppressor and a positive marker for survival. Clin. Cancer Res. 2012, 18, 4048–4058. [Google Scholar] [CrossRef]

	



Rao, R.C.; Chan, M.P.; Andrews, C.A.; Kahana, A. EZH2, proliferation rate, and aggressive tumor subtypes in cutaneous basal cell carcinoma. JAMA Oncol. 2016, 2, 962–963. [Google Scholar] [CrossRef]

	



Rao, R.C.; Chan, M.P.; Andrews, C.A.; Kahana, A. Epigenetic markers in basal cell carcinoma: Universal themes in oncogenesis and tumor stratification?—A short report. Cell. Oncol. 2018, 41, 693–698. [Google Scholar] [CrossRef]

	



Harms, K.L.; Chubb, H.; Zhao, L.; Fullen, D.R.; Bichakjian, C.K.; Johnson, T.M.; Carskadon, S.; Palanisamy, N.; Harms, P.W. Increased expression of EZH2 in Merkel cell carcinoma is associated with disease progression and poorer prognosis. Hum. Pathol. 2017, 67, 78–84. [Google Scholar] [CrossRef]

	



Orouji, E.; Utikal, J. Tackling malignant melanoma epigenetically: Histone lysine methylation. Clin. Epigenetics 2018, 10, 145. [Google Scholar] [CrossRef] [PubMed]

	



Raman, A.T.; Rai, K. Loss of histone acetylation and H3K4 methylation promotes melanocytic malignant transformation. Mol. Cell. Oncol. 2018, 5, e1359229. [Google Scholar] [CrossRef] [PubMed]

	



Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993, 75, 855–862. [Google Scholar] [CrossRef]

	



Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 1993, 75, 843–854. [Google Scholar] [CrossRef]

	



Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [Google Scholar] [CrossRef] [PubMed]

	



Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the Seed Supports MicroRNA Targeting Specificity. Mol. Cell 2016, 64, 320–333. [Google Scholar] [CrossRef]

	



Vasudevan, S. Posttranscriptional Upregulation by MicroRNAs. Wiley Interdiscip. Rev. RNA 2012, 3, 311–330. [Google Scholar] [CrossRef]

	



Makarova, J.A.; Shkurnikov, M.U.; Wicklein, D.; Lange, T.; Samatov, T.R.; Turchinovich, A.A.; Tonevitsky, A.G. Intracellular and extracellular microRNA: An update on localization and biological role. Prog. Histochem. Cytochem. 2016, 51, 33–49. [Google Scholar] [CrossRef]

	



O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front. Endocrinol. 2018, 9, 402. [Google Scholar] [CrossRef]

	



Creemers, E.E.; Tijsen, A.J.; Pinto, Y.M. Circulating MicroRNAs: Novel biomarkers and extracellular communicators in cardiovascular disease? Circ. Res. 2012, 110, 483–495. [Google Scholar] [CrossRef]

	



Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513–10518. [Google Scholar] [CrossRef] [PubMed]

	



Doukas, S.G.; Vageli, D.P.; Lazopoulos, G.; Spandidos, D.A.; Sasaki, C.T.; Tsatsakis, A. The Effect of NNK, A Tobacco Smoke Carcinogen, on the miRNA and Mismatch DNA Repair Expression Profiles in Lung and Head and Neck Squamous Cancer Cells. Cells 2020, 9, 1031. [Google Scholar] [CrossRef] [PubMed]

	



Silantyev, A.; Falzone, L.; Libra, M.; Gurina, O.; Kardashova, K.; Nikolouzakis, T.; Nosyrev, A.; Sutton, C.; Mitsias, P.; Tsatsakis, A. Current and Future Trends on Diagnosis and Prognosis of Glioblastoma: From Molecular Biology to Proteomics. Cells 2019, 8, 863. [Google Scholar] [CrossRef] [PubMed]

	



Filetti, V.; Falzone, L.; Rapisarda, V.; Caltabiano, R.; Eleonora Graziano, A.C.; Ledda, C.; Loreto, C. Modulation of microRNA expression levels after naturally occurring asbestiform fibers exposure as a diagnostic biomarker of mesothelial neoplastic transformation. Ecotoxicol. Environ. Saf. 2020, 198, 110640. [Google Scholar] [CrossRef] [PubMed]

	



Falzone, L.; Lupo, G.; La Rosa, G.R.M.; Crimi, S.; Anfuso, C.D.; Salemi, R.; Rapisarda, E.; Libra, M.; Candido, S. Identification of Novel MicroRNAs and Their Diagnostic and Prognostic Significance in Oral Cancer. Cancers 2019, 11, 610. [Google Scholar] [CrossRef]

	



Falzone, L.; Romano, G.L.; Salemi, R.; Bucolo, C.; Tomasello, B.; Lupo, G.; Anfuso, C.D.; Spandidos, D.A.; Libra, M.; Candido, S. Prognostic significance of deregulated microRNAs in uveal melanomas. Mol. Med. Rep. 2019, 19, 2599–2610. [Google Scholar] [CrossRef]

	



Falzone, L.; Scola, L.; Zanghì, A.; Biondi, A.; Di Cataldo, A.; Libra, M.; Candido, S. Integrated analysis of colorectal cancer microRNA datasets: Identification of microRNAs associated with tumor development. Aging 2018, 10, 1000–1014. [Google Scholar] [CrossRef]

	



Falzone, L.; Candido, S.; Salemi, R.; Basile, M.S.; Scalisi, A.; McCubrey, J.A.; Torino, F.; Signorelli, S.S.; Montella, M.; Libra, M. Computational identification of microRNAs associated to both epithelial to mesenchymal transition and NGAL/MMP-9 pathways in bladder cancer. Oncotarget 2016, 7, 72758–72766. [Google Scholar] [CrossRef]

	



Hafsi, S.; Candido, S.; Maestro, R.; Falzone, L.; Soua, Z.; Bonavida, B.; Spandidos, D.A.; Libra, M. Correlation between the overexpression of Yin Yang 1 and the expression levels of miRNAs in Burkitt’s lymphoma: A computational study. Oncol. Lett. 2016, 11, 1021–1025. [Google Scholar] [CrossRef]

	



Sand, M.; Bechara, F.G.; Gambichler, T.; Sand, D.; Friedländer, M.R.; Bromba, M.; Schnabel, R.; Hessam, S. Next-generation sequencing of the basal cell carcinoma miRNome and a description of novel microRNA candidates under neoadjuvant vismodegib therapy: An integrative molecular and surgical case study. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2016, 27, 332–338. [Google Scholar] [CrossRef]

	



Yi, R.; Poy, M.N.; Stoffel, M.; Fuchs, E. A skin microRNA promotes differentiation by repressing “stemness”. Nature 2008, 452, 225–229. [Google Scholar] [CrossRef] [PubMed]

	



Schnidar, H.; Eberl, M.; Klingler, S.; Mangelberger, D.; Kasper, M.; Hauser-Kronberger, C.; Regl, G.; Kroismayr, R.; Moriggl, R.; Sibilia, M.; et al. Epidermal growth factor receptor signaling synergizes with hedgehog/GLI in oncogenic transformation via activation of the MEK/ERK/JUN pathway. Cancer Res. 2009, 69, 1284–1292. [Google Scholar] [CrossRef] [PubMed]

	



Sonkoly, E.; Lovén, J.; Xu, N.; Meisgen, F.; Wei, T.; Brodin, P.; Jaks, V.; Kasper, M.; Shimokawa, T.; Harada, M.; et al. MicroRNA-203 functions as a tumor suppressor in basal cell carcinoma. Oncogenesis 2012, 1, e3. [Google Scholar] [CrossRef] [PubMed]

	



Hu, P.; Ma, L.; Wu, Z.; Zheng, G.; Li, J. Expression of miR-34a in basal cell carcinoma patients and its relationship with prognosis. J. BUON. 2019, 24, 1283–1288. [Google Scholar] [PubMed]

	



Mizrahi, A.; Barzilai, A.; Gur-Wahnon, D.; Ben-Dov, I.Z.; Glassberg, S.; Meningher, T.; Elharar, E.; Masalha, M.; Jacob-Hirsch, J.; Tabibian-Keissar, H.; et al. Alterations of microRNAs throughout the malignant evolution of cutaneous squamous cell carcinoma: The role of miR-497 in epithelial to mesenchymal transition of keratinocytes. Oncogene 2018, 37, 218–230. [Google Scholar] [CrossRef]

	



Yu, X.; Li, Z. The role of miRNAs in cutaneous squamous cell carcinoma. J. Cell. Mol. Med. 2016, 20, 3–9. [Google Scholar] [CrossRef]

	



García-Sancha, N.; Corchado-Cobos, R.; Pérez-Losada, J.; Cañueto, J. MicroRNA dysregulation in cutaneous squamous cell carcinoma. Int. J. Mol. Sci. 2019, 20, 2181. [Google Scholar]

	



Cañueto, J.; Cardeñoso-Álvarez, E.; García-Hernández, J.L.; Galindo-Villardón, P.; Vicente-Galindo, P.; Vicente-Villardón, J.L.; Alonso-López, D.; De Las Rivas, J.; Valero, J.; Moyano-Sanz, E.; et al. MicroRNA (miR)-203 and miR-205 expression patterns identify subgroups of prognosis in cutaneous squamous cell carcinoma. Br. J. Dermatol. 2017, 177, 168–178. [Google Scholar] [CrossRef]

	



Stojadinovic, O.; Ramirez, H.; Pastar, I.; Gordon, K.A.; Stone, R.; Choudhary, S.; Badiavas, E.; Nouri, K.; Tomic-Canic, M. MiR-21 and miR-205 are induced in invasive cutaneous squamous cell carcinomas. Arch. Dermatol. Res. 2017, 309, 133–139. [Google Scholar] [CrossRef]

	



Gong, Z.H.; Zhou, F.; Shi, C.; Xiang, T.; Zhou, C.K.; Wang, Q.Q.; Jiang, Y.S.; Gao, S.F. miRNA-221 promotes cutaneous squamous cell carcinoma progression by targeting PTEN. Cell. Mol. Biol. Lett. 2019, 24, 9. [Google Scholar] [CrossRef]

	



Zhang, L.; Xiang, P.; Han, X.; Wu, L.; Li, X.; Xiong, Z. Decreased expression of microRNA-20a promotes tumor progression and predicts poor prognosis of cutaneous squamous cell carcinoma. Int. J. Clin. Exp. Pathol. 2015, 8, 11446–11451. [Google Scholar] [PubMed]

	



Ning, M.S.; Kim, A.S.; Prasad, N.; Levy, S.E.; Zhang, H.; Andl, T. Characterization of the Merkel Cell Carcinoma miRNome. J. Skin Cancer 2014, 2014, 289548. [Google Scholar] [CrossRef] [PubMed]

	



Veija, T.; Sahi, H.; Koljonen, V.; Bohling, T.; Knuutila, S.; Mosakhani, N. miRNA-34a underexpressed in Merkel cell polyomavirus-negative Merkel cell carcinoma. Virchows Arch. 2015, 466, 289–295. [Google Scholar] [CrossRef] [PubMed]

	



Renwick, N.; Cekan, P.; Masry, P.A.; McGeary, S.E.; Miller, J.B.; Hafner, M.; Li, Z.; Mihailovic, A.; Morozov, P.; Brown, M.; et al. Multicolor microRNA FISH effectively differentiates tumor types. J. Clin. Investig. 2013, 123, 2694–2702. [Google Scholar] [CrossRef]

	



Konstatinell, A.; Coucheron, D.H.; Sveinbjørnsson, B.; Moens, U. MicroRNAs as potential biomarkers in merkel cell carcinoma. Int. J. Mol. Sci. 2018, 19, 1873. [Google Scholar]

	



Tuaeva, N.O.; Falzone, L.; Porozov, Y.B.; Nosyrev, A.E.; Trukhan, V.M.; Kovatsi, L.; Spandidos, D.A.; Drakoulis, N.; Kalogeraki, A.; Mamoulakis, C.; et al. Translational Application of Circulating DNA in Oncology: Review of the Last Decades Achievements. Cells 2019, 8, 1251. [Google Scholar] [CrossRef]

	



Xie, H.; Lee, L.; Caramuta, S.; Höög, A.; Browaldh, N.; Björnhagen, V.; Larsson, C.; Lui, W.O. MicroRNA expression patterns related to merkel cell polyomavirus infection in human Merkel cell carcinoma. J. Investig. Dermatol. 2014, 134, 507–517. [Google Scholar] [CrossRef]

	



Lu, T.; Chen, S.; Qu, L.; Wang, Y.; Chen, H.D.; He, C. Identification of a five-miRNA signature predicting survival in cutaneous melanoma cancer patients. PeerJ 2019, 2019, e7831. [Google Scholar] [CrossRef]

	



Hanniford, D.; Zhong, J.; Koetz, L.; Gaziel-Sovran, A.; Lackaye, D.J.; Shang, S.; Pavlick, A.; Shapiro, R.; Berman, R.; Darvishian, F.; et al. A miRNA-based signature detected in primary melanoma tissue predicts development of brain metastasis. Clin. Cancer Res. 2015, 21, 4903–4912. [Google Scholar] [CrossRef]

	



Fenech, M.; Kirsch-Volders, M.; Natarajan, A.T.; Surralles, J.; Crott, J.W.; Parry, J.; Norppa, H.; Eastmond, D.A.; Tucker, J.D.; Thomas, P. Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear bud formation in mammalian and human cells. Mutagenesis 2011, 26, 125–132. [Google Scholar] [CrossRef]

	



Mateuca, R.; Lombaert, N.; Aka, P.V.; Decordier, I.; Kirsch-Volders, M. Chromosomal changes: Induction, detection methods and applicability in human biomonitoring. Biochimie 2006, 88, 1515–1531. [Google Scholar] [CrossRef] [PubMed]

	



Pardini, B.; Viberti, C.; Naccarati, A.; Allione, A.; Oderda, M.; Critelli, R.; Preto, M.; Zijno, A.; Cucchiarale, G.; Gontero, P.; et al. Increased micronucleus frequency in peripheral blood lymphocytes predicts the risk of bladder cancer. Br. J. Cancer 2017, 116, 202–210. [Google Scholar] [CrossRef] [PubMed]

	



Nikolouzakis, T.K.; Stivaktakis, P.D.; Apalaki, P.; Kalliantasi, K.; Sapsakos, T.M.; Spandidos, D.A.; Tsatsakis, A.; Souglakos, J.; Tsiaoussis, J. Effect of systemic treatment on the micronuclei frequency in the peripheral blood of patients with metastatic colorectal cancer. Oncol. Lett. 2019, 17, 2703–2712. [Google Scholar] [CrossRef] [PubMed]

	



Diem, C.; Rünger, T.M. Processing of three different types of DNA damage in cell lines of a cutaneous squamous cell carcinoma progression model. Carcinogenesis 1997, 18, 657–662. [Google Scholar] [CrossRef] [PubMed]

	



Emri, G.; Wenczl, E.; Van Erp, P.; Jans, J.; Roza, L.; Horkay, I.; Schothorst, A.A. Low doses of UVB or UVA induce chromosomal aberrations in cultured human skin cells. J. Investig. Dermatol. 2000, 115, 435–440. [Google Scholar] [CrossRef] [PubMed]

	



Sanford, K.K.; Parshad, R.; Price, F.M.; Tarone, R.E.; Thompson, J.; Guerry, D. Radiation-induced chromatid breaks and DNA repair in blood lymphocytes of patients with dysplastic nevi and/or cutaneous melanoma. J. Investig. Dermatol. 1997, 109, 546–549. [Google Scholar] [CrossRef]








[image: Jcm 09 02868 g001 550] 





Figure 1. Graphic representation of the underlying pathophysiology of NMSC formation. Carcinogenic mechanisms located in the nuclear apartment involve telomere shortening, histone condensation, inactivation of tumor-suppressor promoters by miRNA and/or methylation. Carcinogenic mechanisms located in the cytosol involve inactivation of mRNAs by miRNAs. Me: methylation. 
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Table 1. NMSC-related genomic loci, their methylation status, and their effect on cellular level.
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Gene Target

	
Methylation Status

	
Type of NMSC

	
Cellular Effect

	
Reference






	
CDKN2A

	
Hypermethylated

	
SCC

	
Cell cycle deregulation

	
Brown et al. [102]




	
CDH1

	
Hypermethylated

	
SCC

	
Cellular environment deregulation

	
Chiles et al. [103]

Murao et al. [104]




	
CDH13

	
Hypermethylated

	
SCC

	
Cellular environment deregulation

	
Takeuchi et al. [105]




	
FOXE1

	
Hypermethylated

	
SCC

	
Modulator of Wnt signaling

	
Venza et al. [106]




	
SFRPs

	
Hypermethylated

	
SCC

	
Modulator of Wnt signaling

	
Liang et al. [107]




	
FRZB

	
Hypermethylated

	
SCC

	
Modulator of Wnt signaling

	
Darr et al. [108]




	
ASC

	
Hypermethylated

	
SCC

	
Deregulation of apoptosis

	
Meier et al. [109]




	
G0S2

	
Hypermethylated

	
SCC

	
Deregulation of apoptosis

	
Nobeyama et al. [110]




	
DAPK1

	
Hypermethylated

	
SCC

	
Deregulation of apoptosis

	
Li et al. [111]




	
miRNA-204

	
Hypermethylated

	
SCC

	
Deregulation of apoptosis

	
Toll et al. [112]




	
DSS1

	
Hypomethylation

	
SCC

	
Deregulated post-translational protein modification

	
Venza et al. [113]




	
Global DNA

	
Hypomethylation

	
SCC (benign)

	
Restricted genomic silencing

	
Hervás-Marín et al. [101]




	
Global DNA

	
Hypermethylation

	
SCC (aggressive)

	
Extensive genomic silencing




	
FHIT promoter

	
Hypomethylated

	
BCC

	
Replication stress and DNA damage

	
Goldberg et al. [114]




	
PTCH promoter

	
Hypermethylated

	
BCC (small number of cases)

	
Deactivation of tumor suppressor genes

	
Heitzer et al. [115]




	
MYCL2

	
Hypomethylated

	
BCC (metastatic)

	
Activation of proto-oncogene

	
Darr et al. [108]




	
p14-ARK

	
Hypermethylated

	
MCC

	
Deactivation of tumor suppressor genes

	
Greenberg et al. [116]




	
DUSP2, CDKN2A promoter

	
Hypermethylated

	
MCC

	
Deactivation of tumor suppressor genes

	
Harms et al. [117]
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Table 2. Deregulated microRNA expression profiles and their clinical relevance for NMSC.
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miRNA

	
Expression Status

	
Type of NMSC

	
Possible Significance

	
Reference






	
hsa-miR-223-3p,

	
Upregulated

	
BCC

	
Diagnosis

	
Sand et al. [145]




	
hsa-miR-197-3p,




	
hsa-miR-342-3p,




	
hsa-miR-505-3p,




	
hsa-miR-204-5p,




	
hsa-miR-941,




	
hsa-miR-145-5p,




	
hsa-miR-301b-3p,




	
hsa-miR-452-5p,




	
hsa-miR-191-5p,




	
miR203

	
Downregulated

	
BCC

	
Diagnosis, Therapy

	
Yi et al. [146]




	
miR-34a

	
Downregulated

	
BCC

	
Prognosis

	
Hu et al. [149]




	
miR-21,

	
Upregulated

	
SCC

	
Diagnosis

	
Mizrahi et al. [150],

Yu et al. [151]




	
miR-205,




	
miR-365,




	
miR-31,




	
miR-135b,




	
miR-424,




	
miR-320,




	
miR-222




	
miR-15a,




	
miR-142




	
miR-186




	
miR-20a,

	
Downregulated

	
SCC

	
Diagnosis

	
García-Sancha et al. [152]




	
miR-203,




	
miR-181a, miR-125b, miR-34a,




	
miR-148a, miR-214,




	
miR-124,




	
miR-204,




	
miR-199a




	
miR-205

	
Upregulated

	
SCC

	
Diagnosis, Prognosis

	
Cañueto et al. [153], Stojadinovic et al. [154]




	
miR-221

	
Upregulated

	
SCC

	
Diagnosis, therapy

	
Gong et al. [155]




	
miR-203

	
varied

	
SCC

	
Prognosis

	
Cañueto et al. [153]




	
miR-20a

	
Varied

	
SCC

	
Prognosis

	
Zhang et al. [156]




	
miR-502-3p,

	
Upregulated

	
MCC

	
Diagnosis

	
Ning et al. [157]




	
miR-9,




	
miR-7,




	
miR-340




	
miR-182,




	
miR-190b,




	
miR-873,




	
miR-183




	
miR-3170,

	
Downregulated




	
miR-125b,




	
miR-374c




	
miR-182,

	
Downregulated in MCPyV-negative cell line




	
miR-183,




	
miR-190b,




	
miR-340




	
miR-30a

	
Upregulated

	
MCPyV-positive MCCs

	
Diagnosis

	
Veija et al. [158]




	
miR-190b,




	
miR-142-3p,




	
miR-1539




	
miR-181d

	
MCPyV-negative MCCs




	
miR-375

	
Upregulated

	
MCC

	
Diagnosis

	
Renwick et al. [159]




	
miR-30a,

	
Upregulated

	
MCC

	
Diagnosis

	
Moens group [160]




	
miR-125b,




	
miR-183,




	
miR-190b




	
miR-375












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcm-09-02868


  
    		
      jcm-09-02868
    


  




  





media/file0.png





media/file2.png
Telomere Shortening Cell division

~ NG
. ~ : |
()
>
\\\\\\\\\\\\\\\\\\\\\\\\\

Histone
condensation

/ N\ /N

{ Telomere length

'''''

......
- »

AATCCCAATCCCAATCCC

- -

Gene expression

mIRNA

V. €4h
7,\Y7 Promnote

miRNA

MRNA





media/file1.jpg





