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Abstract
Skin cancer incidence is rapidly growing over the last decades and is generally divided into malignant melanoma and non-melanoma (NMSC) with the latter being subdivided into squamous (SCC) and basal cell carcinoma (BCC). Among them, melanoma is the most aggressive type with high mortality rates. On the other hand, aberrant gene expression is a critical step towards malignant transformation. To this end, epigenetic modifications like changes in DNA methylation patterns and miRNA expression profile as well as histone modifications are all capable of inducing an altered gene expression profile involved in various cellular cascades including cell cycle, proliferation and apoptosis. In general, there is an interest about the beneficiary effect of various phytochemicals in the prevention and treatment of skin malignancies. Among them, glucosinolates are an important type of compounds, abundant in cruciferous vegetables, which are hydrolysed by an endogenous enzyme called myrosinase to a range of bioactive compounds including isothiocyanates (ITCs). These are the major biologically active products capable of mediating the anti-cancer effect of cruciferous vegetables. Their chemo-preventive action is mainly attributed to a plurality of anti-cancer properties including regulation of the epigenetic machinery. Current evidence supports the view that ITCs are potent compounds in interacting with the epigenome in order to restore the normal epigenetic landscape in malignant cells. This review article summarizes the current state of knowledge on the epigenetic modifications that lead to malignant transformation and the role of ITCs with respect to their ability to restore the epigenetic landscape that contributes to skin carcinogenesis.    
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Abbreviations
A375: Malignant Melanoma Cells
AITC: Allyl Isothiocyanate
BCC: Basal Cell Carcinoma
BITC: Benzyl Isothiocyanate
CPD: Cyclobutane Pyrimidine Dimer
DNMT: DNA methyltransferase
DNMT1: DNA methyltransferase 1
DNMT3A: DNA methyltransferase 3A
DNMT3B: DNA methyltransferase 3B
EZH2: Enhancer of zeste homolog 2
GLs: Glucosinolates
H3K27: Lysine 27 of Histone 3
HAT: Histone Acetyltransferases 
HDAC: Histone deacetylases
HT-29: Human Colorectal Adenocarcinoma Cell Line
IBN: Iberin
ITCs: Isothiocyanates
mi-RNA: micro RNA
MMPs: Matrix Metalloproteinases
NF-κB: Nuclear Factor kappa Beta
NMSC: Non-Melanoma Skin Cancer
NQO1: NAD(P)H dehydrogenase [quinone] 1
Nrf2: Nuclear factor erythroid-derived 2-like 2 
PA: Plasminogen Activator
PEITC: Phenethyl Isothiocyanate
RASSF1A: Ras-association domain family 1 isoform A
ROS: Reactive Oxygen Species 
SCC: Squamous Cell Carcinoma 
UV: Ultraviolet
UVA: Ultraviolet Radiation A
UVB: Ultraviolet Radiation B
UVR: Ultraviolet Radiation
VEGF: Vascular Endothelial Growth Factor













1. [bookmark: _Toc511334857]Introduction
Skin cancer is considered one of the most common types of cancer worldwide with its rates increasing rapidly over the years (Diepgen & Mahler, 2002; Nguyen & Ho, 2002; Gordon, 2013). There are three main types: i) basal and ii) squamous cell cancer (BCC and SCC respectively both of which arise from keratinocytes) as well as iii) melanoma (which originate from melanocytes) (Erb, et al., 2008). BCC and SCC together are known as non-melanoma skin cancer (NMSC) with BCC being the most common type accounting for about 80% of the disease’s incidence (Madan, et al., 2010; Baxter, et al., 2012). In general, NMSCs have a good prognosis, especially if diagnosed at an early stage in contrast to malignant melanoma which is more aggressive and lethal. Finally, BCCs usually grow locally and rarely metastasize whereas SCCs are more likely to spread to distant areas (Gordon, 2013).
In recent years, a number of genes (involved in several cellular pathways) were shown to be deregulated and thus contribute to the induction, promotion, progression and metastatic stages of the disease (Bosserhoff, 2006; Greinert, 2009; Hocker, et al., 2008). For instance., BCC is strongly associated with the deregulation of the sonic hedgehog signalling pathway (Athar, et al., 2014) whereas mutations in the p53-regulated pathways are of particular importance for the initiation of SCC (Emmert, et al., 2014). Other genes may also contribute in SCC development including RAS and pl6INK4a although mutations in these genes are observed at a lower frequency than p53 (Emmert, et al., 2014; Xie, 2008). In malignant melanoma, various signalling pathways have been shown to be deregulated with the most important one being the RAS-ERK (Dahl & Guldberg, 2007; Ko & Fisher, 2011; Shtivelman, et al., 2014). In particular, mutations in the BRAF gene are the most common lesions among melanoma patients (Shtivelman, et al., 2014). 
On the other hand, epigenetic modifications can contribute to malignant transformation by means of altering gene expression responsible for abnormal cell proliferation (Sigalotti, et al., 2010). Because epigenetic modifications are reversible (in contrast to genetic mutations) there is a growing interest in identifying agents with the potential to interact with the cancer epigenome and thus restore its “normal” state. In this context, various dietary phytochemicals have been shown to exhibit a plurality of biological properties (e.g. anti-inflammatory, anti-proliferative, anti-mutagenic, anti-oxidant, anti-cancer, etc.) in addition to their capacity of regulating gene expression by means of modulating the epigenetic response (Fitsiou, et al., 2016a; Fitsiou, et al., 2016b; Fitsiou, et al., 2018; Spyridopoulou, et al., 2017; Issa, et al., 2006; Johnson, 2007; Li, et al., 2014; Nohynek, et al., 2006; Ziech, et al., 2012; Li, et al., 2016; Rupasinghe, et al., 2016; Supic, et al., 2013). Among the various types of phytochemicals, isothiocyanates (ITCs) are found abundant in cruciferous vegetables of the Brassicaceae family (e.g. cauliflower, cabbage, broccoli, Brussels sprouts, etc.) and have been shown to contribute to cancer prevention through a wide range of mechanisms including modulation of the epigenetic response (Abdull, et al., 2013; Fahey, et al., 1997; Murillo & Mehta, 2001; Sahu & Srivastava, 2009; Talalay & Zhang, 1996; Zhang & Talalay, 1994; Zhang, et al., 1992; Li, et al., 2016).
In this review article, we discuss the current state of knowledge regarding the epigenetic landscape of skin cancer and the importance of such epigenetic alterations in the initiation and progression of the disease. Finally, we discuss the underlying mechanism(s) by which ITCs interact with the skin cancer epigenome in order to restore its normal function. 

2. [bookmark: _Toc511334858]Skin cancer aetiology and pathophysiology 
2.1. [bookmark: _Toc511334859]Risk factors 
Skin cancer incidence is multifactorial and its development is based on innate predisposition, inheritable traits, environmental agents and geographical origin all of which play an important role in the disease susceptibility (Chang, et al., 2010; Martin-Gorgojo, et al., 2017; Moan, et al., 2015; Narayanan, et al., 2010). Briefly, ultraviolet radiation (UVR) is considered as the main cause of skin cancer formation and increases the risk of all three main types (Pfeifer & Besaratinia, 2012). People with fair skin, sun sensitivity, red hair, freckles and/or a large number of naevi are more susceptible in addition to those who regularly visit tanning salons. Both the type and extent of exposure are important factors that affect disease type, onset and progression (Armstrong & Kricker, 2001; Diepgen & Mahler, 2002; Martin-Gorgojo, et al., 2017; Moan, et al., 2015; Ting, et al., 2007). At higher risk are also those individuals with a poor immune response due to transplantation and/or are under medication. Moreover, chemical carcinogens (such as those found in tobacco) in addition to medical conditions like chronic ulcers, human papillomavirus infection, immune-suppression and a range of genetic syndromes (e.g. Xeroderma Pigmentosum, Albinism, Gorlin Goltz, Epidermodysplasia verruciformis, etc.) have been associated with an increased risk of NMSC and especially SCC (Devine, et al., 2017; Diepgen & Mahler, 2002).

2.2. [bookmark: _Toc511334860]The role of UVR
UV irradiation shows a distinct mutation pattern (found very often in skin cancer patients) where adjacent pyrimidines are more sensitive to UV light than other nucleotide combinations (Wikonkal & Brash, 1999). The most commonly observed UVB-induced DNA lesions are the cyclobutane pyrimidine dimer (CPD) and the pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs) both of which have been shown to be mutagenic and lead to tumour development by causing C to T and/or CC to TT substitutions (also known as “UV signature mutations”) (Goto, et al., 2015; Kim, et al., 2013; Wikonkal & Brash, 1999). In general, CPDs occur more frequently than 6-4 PPs and are more mutagenic (Ichihashi, et al., 2003). On the other hand, UVA spectrum has an indirect effect on DNA through generation of reactive oxygen species (ROS) which can cause oxidative damage in guanine molecules thus leading to the formation of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG) photoproducts (Madan, et al., 2010; Sage, et al., 2012; Pfeifer & Besaratinia, 2012; Rünger, 2008; Seebode, et al., 2016). In turn, their existence has been strongly associated with loss of action of p53 (in SCCs) in addition to other UV-induced mutations in genes like PTCH1 and CDKN2 in BCC and melanoma respectively (Freije, et al., 2014; Luo, et al., 2001; Ziegler, et al., 1993; Brash, 2015). 
UVR is also a potent modulator of skin immune responses and hence potentially contributing to skin cancer development. More specifically, exposure to UVR is strongly associated with damage to Langerhans cells thus leading to an improper presentation of antigens and consequently to the induction of a Th2 (but not Th1) response in addition to stimulation of UV-induced antigen-specific T regulatory cells (Schwarz, et al., 2010; Welsh, et al., 2011; Yu, et al., 2014). In addition, UV exposure also strongly contributes to immunosuppression via the induction of pro-inflammatory immunosuppressive cytokines, such as interleukin-10 and tumour necrosis factor α (TNFα) (Kanavy & Gerstenblith, 2011; Norval & Halliday, 2011). The release of such pro-inflammatory factors contributes to the induction of an inflammatory response around sun-burned areas. UV-induced inflammation is characterized by leukocyte infiltration of the skin leading to ROS formation and potentially cause further cellular damage, genomic instability and suppression of DNA repair pathways (Halliday, 2005; Meeran, et al., 2008). 

3. [bookmark: _Toc511334861]Glucosinolates and Isothiocyanates 
3.1. [bookmark: _Toc511334862] Myrosinase - Glucosinolate system
Cruciferous vegetables are rich sources of glucosinolates (GLs) which are hydrolysed by myrosinase (Andréasson & Jørgensen, 2003). Inside the plant, the enzyme is physically isolated from their substrates thus allowing the degradation of GLs only when the plant is under stress conditions like pathogen attack or tissue disruption (Andréasson, et al., 2001; Martinez-Ballesta & Carvajal, 2015; Koroleva, et al., 2000). Chewing or cutting leads to the release of the enzyme which comes in contact with GLs and catalyses their hydrolysis (Angelino & Jeffery, 2014; Polat, 2010). Activation of the myrosinase-glucosinolate system (also known as mustard oil bomb) results in the formation of biologically active compounds, such as indoles, nitriles and ITCs (Barba, et al., 2016; Grubb & Abel, 2006) (Figure 1). ITCs are the major biologically active products capable of mediating the anti-cancer effect of cruciferous vegetables. A variety of GLs have been identified giving rise to chemically different ITCs, upon their hydrolysis, including sulforaphane (SFN), iberin (IBN), allyl-ITC (AITC), benzyl-ITC (BITC) and phenethyl-ITC (PEITC) (Figure 2) all of which have been studied for their unique chemo-protective properties (Dinkova-Kostova & Kostov, 2012; Higdon, et al., 2007; Wagner, et al., 2013). 
The efficiency of conversion of GLs to ITCs is key in controlling their health-promoting properties. Briefly, the consumption of raw vegetables leads to the hydrolysis of GLs as opposed to vegetables cooked for a long time where no GL hydrolysis occurs due to myrosinase being heat-inactivated (Verkerk & Dekker, 2004; Oliviero, et al., 2018). Moreover, consumption of shortly cooked vegetables could be of greater health benefit than consumption of raw vegetables (Matusheski, et al., 2004; Oliviero, et al., 2018). Also, acidic and alkaline conditions as well as water dilution (as part of cooking preparations) can lead to achieving higher ITC concentrations (Hanschen, et al., 2017; Oliviero, et al., 2018). Finally, the role of various food components on ITCs bioavailability has been the subject of intense research. More specifically, ITCs can react with specific functional groups of proteins (e.g. free amino groups and sulfhydryl side chains) and thus reduce their accessibility (Kroll, et al., 1994; Oliviero, et al., 2018). However, ITC absorption can be up to 5-fold higher in a meal-containing meat compared to one without (Rungapamestry, et al., 20017; Oliviero, et al., 2018) which, in turn, relates to the presence of fat that increases the absorption of lipophilic compounds (Ippoushi, et al., 2013; Ippoushi, et al., 2014; Oliviero, et al., 2018). Furthermore, dietary fiber can also impact the bioavailability of ITCs by means of encapsulating (and postponing their absorption) and/or changing their “digesta rheology” (Howarth, et al., 2001; Oliviero, et al., 2018).  
On another note, the gastrointestinal microflora can also convert GLs to ITCs and thus acts as a significant factor (either limiting or augmenting) for the health-promoting benefits associated with the consumption of cruciferous vegetables. Overall, the bioavailability of ITCs from GLs is relatively constant but could vary substantially between individuals. Only recently ITC conversion rates were shown to be significantly higher during the day than at night, an observation that leads to an association between diurnal cycles of gut microbial metabolism and daily cycling of enzymes involved in carcinogenesis like DNA repair. If so, it may be that circadian rhythmicity may have significant impact in cancer prevention (Fahey, et al., 2012; Oliviero, et al., 2018).

3.2. [bookmark: _Toc511334863]Biological activities
ITCs exert a plurality of biological properties including anti-microbial, anti-inflammatory, anti-carcinogenic, etc. For instance, many studies have shown that ITCs exert both bacteriostatic and bactericidal potencies thus resulting in a wide range of usages like natural antibiotic agents, additives in foods and/or pesticides (Drobnica, et al., 1967; Freitas, et al., 2013; Kaiser, et al., 2017; Park, et al., 2013; Tierens, et al., 2001; Zou, et al., 2013; Ko,  et al., 2016; Kurepina, et al., 2013; Luciano & Holley, 2009; Manyes, et al., 2015). In addition, they have shown to exert a protective effect against pathogens including disruption of cell membrane(s), deregulation of respiratory and enzymatic processes as well as induction of heat shock proteins and oxidative stress (Dufour, et al., 2015).  
Moreover, various studies reported that ITCs modulate the activity of antioxidant enzymes through activation of the nuclear factor erythroid-derived 2-like 2 (Nrf2) pathway (Hu, et al., 2006; Johnson, et al., 2017; Keum, et al., 2003; McWalter, et al., 2004; Xu, et al., 2006). To this end, a recent study has documented that ITCs increased the expression of GSTA1/2 (glutathione S-transferase alpha class A1/2), GSTA3 (glutathione S-transferase alpha class 3), GSTM1/2 (glutathione S-transferase alpha class 1/2) and NQO1 (NAD(P)H dehydrogenase [quinone] 1) in wild-type (but not Nrf2-knockdown) mice as well as in various mouse cell lines (McWalter, et al., 2004). As such, various cellular pathways have been identified to contribute to ITC-induced activation of Nrf2, including those of ERK, JNK and Akt all of which can lead to Nrf2 phosphorylation and induction of the transcriptional activity of the antioxidant response element (ARE) (Cheung & Kong, 2010; Ernst, et al., 2011; Jakubíková, et al., 2005; Xu, et al., 2006b). 
Moreover, ITCs have been reported to mediate an anti-inflammatory response mainly by modulating the NF-κB pathway which regulates the expression of pro-inflammatory molecules like COX-2 and iNOS as well as the anti-apoptotic proteins Bcl-Xl, Bcl-2 and Bcl-3 (Shan, et al., 2012; Surh & Na, 2008; Del Prete, et al., 2011). To this end, AITC has been shown to exhibit a potent anti-inflammatory activity by significantly decreasing the levels of TNFα, interleukin-1β, inducible nitric oxide synthase (iNOS), p65 (a nuclear protein subunit of the transcription factor NF-κB) and miRNA-155 in addition to increasing the levels of Nrf2 and heme-oxygenase 1 in murine RAW264.7 macrophages (Wagner, et al., 2012). Currently, a number of other studies have proposed the involvement of Nrf2 and macrophage migration inhibitory factor (MIF) pathways as novel targets of ITC-induced anti-inflammatory responses (Greaney, et al., 2016; Crichlow, et al., 2012; Qu, et al., 2015; Yang, et al., 2016; Spencer, et al., 2015).

3.3. [bookmark: _Toc511334864]Anti-cancer activity and cancer chemoprevention
Chemo-prevention refers to the usage of synthetic, natural and/or biological agents to reverse, suppress and/or prevent the multi-stage process of carcinogenesis (Kang, et al., 2011; Weng & Yen, 2012). The ability of ITCs to act as chemo-preventive agents is documented in a number of cancer studies including breast (Pledgie-Tracy, et al., 2007; Xiao, et al., 2008; Xiao, et al., 2006; Xie, et al., 2017), prostate (Cho, et al., 2016; Khurana, et al., 2017; Zhang, et al., 2016), brain (Chou, et al., 2015), colon (Liu, et al., 2017; Pappa, et al., 2006) and skin (Abel, et al., 2013; Kerr, et al., 2018; Mantso, et al., 2016). In addition, many in vitro and in vivo studies have shown evidence of the mechanistic basis underlining the potential of these compounds to act as chemo-protective agents including: i) modulation of phase I and phase II enzymes, ii) induction of cell cycle growth arrest and cell death, iii) prevention of metastasis and angiogenesis as well as iv) regulation of the epigenetic machinery (Figure 3). 
In general, it has been proposed that ITCs modulate the detoxification process by down-regulating the phase I cytochrome P450 enzymes in order to inhibit carcinogen activation while up-regulating phase II enzymes such as glutathione S-transferases (GSTs), UDP-glucuronosyl transferase and NADPH quinine reductases in order to further enhance detoxification and prevent ROS-induced cellular damage  (Keum, et al., 2004; Munday, 2002; Talalay & Fahey, 2001; Telang & Morris, 2010; von Weymarn, et al., 2006). The effect of ITCs in regulating the activity of the detoxifying enzymes has been documented in several other studies by showing their increased activation in acute myeloid leukaemia (Gao, et al., 2010), breast carcinoma (Wang, et al., 2005), lung adenocarcinoma (Tan, et al., 2010), hepatocellular carcinoma (Basten, et al., 2002) and skin cancer (Dinkova-Kostova, et al., 2006). Finally, the Nrf2 pathway plays an important role in the ITC-induced detoxification process by targeting phase II detoxifying enzymes, among other proteins (Hu, et al., 2006).
On another note, it is well-established that ITCs exert their cytotoxic effects by inducing cell cycle arrest and apoptosis as documented in various in vivo and in vitro studies (Bhattacharya, et al., 2010; Boreddy, et al., 2011a; Cho, et al., 2016; Srivastava, et al., 2003; Chen, et al., 2012; Cheng, et al., 2016; Parnaud, et al., 2004; Stan, et al., 2014; Tsai, et al., 2012; Xiao, et al., 2006, Mantso, et al., 2016). For example, AITC can induce the ERK pathway resulting in the activation of the intrinsic apoptotic pathway, growth arrest in G2/M phase, mitochondrial depolarization and deregulation of mitochondrial-associated proteins (Tsai, et al., 2012). In line with these observations, PEITC also effectively inhibits squamous carcinoma growth through cell cycle growth arrest and apoptosis, stimulation of mitochondria-dependent pathway(s), ROS production and Ca2+ accumulation (Chen, et al., 2012). Overall, these and other studies support that ITCs-induced anti-proliferative effect is mediated by i) various signalling cascades including PI3K/AKT, MAPKKs and mTOR (Cheung, et al., 2008; Mondal, et al., 2016; Tsai, et al., 2012; Xu, et al., 2006a), ii) increased generation of ROS (de Oliveira, et al., 2014; Lee & Lee, 2011; Wu, et al., 2011), iii) inhibition of heat-shock proteins (Sarkar, et al., 2012) and iv) mitochondrial dysfunction (Chen, et al., 2012; Rudolf, et al., 2009; Sehrawat, et al., 2016). All of these pathways modulate the expression of genes that are important regulators of cell cycle control and apoptotic cell death.
ITCs can also modulate the metastatic and angiogenic processes by regulating the levels of expression of various metalloproteinases (MMPs), plasminogen activators (PAs) and pro-angiogenic factors like the vascular endothelial growth factor (VEGF) (Aras, et al., 2013; Boreddy, et al., 2011b; Gupta, et al., 2013; Thejass & Kuttan, 2007a). In addition, various signalling cascades also play an essential role in the regulation of the above-mentioned proteins (Milkiewicz, et al., 2011; Sehrawat, et al., 2012; Wang, et al., 2015). For example, inactivation of the MAPK pathway contributes to the anti-metastatic potential of AITC by down-regulating MMPs -2 and -9 in human colorectal adenocarcinoma (HT-29) cells (Lai, et al., 2014). Moreover, treatment of these cells with BITC decreased cell growth and altered cell metastatic potential by reduction in the expression of MMPs -2 and -9 as well as urokinase-type plasminogen activator (u-PA) both of which are mediated by the PKC and/or MAPK pathways (Lai, et al., 2010). Furthermore, BITC’s-induced anti-angiogenic effect was also shown to be accompanied by changes in the expression of several micro-RNAs including up-regulation of miR-144, miR-122 in addition to down-regulation of miR-181b, miR-9 thus inhibiting the adhesion and invasion of human glioma (U87MG) cells (Zhu, et al., 2014). 
Finally, growing evidence also supports the involvement of ITCs in regulating the epigenetic response by interfering with all the components of the epigenome including histone deacetylases (HDACs), DNA methyltransferases (DNMTs) and mi-RNAs. ITCs have been documented to act as potent inhibitors of HDACs thereby resulting in changes in the carcinogenic activity of various xenobiotics through Nrf2-mediated induction of phase II detoxification enzymes, induction of cell cycle growth arrest and apoptosis (Batra, et al., 2010; Rajendran, et al., 2013; Su, et al., 2014; Wang, et al., 2008; Yuanfeng, et al., 2015). Similarly, ITCs also exert inhibitory effects on DNMTs suggesting that they can act as modulatory epigenetic agents capable of inhibiting both DNA hyper-methylation and histone de-acetylation (Hsu, et al., 2011; Wong, et al., 2014; Meeran, et al., 2010; Su, et al., 2014; Zhang, et al., 2013). This is best-illustrated in the case of the Ras-association domain family 1 isoform A (RASSF1A) gene which was shown to be reactivated after treatment with PEITC (through changes in the activity of both DNMTs and HDACs) leading to apoptotic induction in LNCaP cells (Boyanapalli, et al., 2016). Another significant aspect of ITCs interaction with the epigenome is their modulatory effect on levels of mi-RNAs in a wide range of malignancies including colon (Slaby, et al., 2013), osteosarcoma (Yan, et al., 2012), bladder (Shan, et al., 2013) and glioblastoma (Lan, et al., 2015).

3.4. [bookmark: _Toc511334865] ITCs in skin cancer chemoprevention
Evidence supports the protective effect of ITCs against both UV- and chemically-induced skin carcinogenesis (Dinkova-Kostova, et al., 2010; Dinkova-Kostova, et al., 2007; Dinkova-Kostova, et al., 2006; Talalay, et al., 2007; Gills, et al., 2006; Xu, et al., 2006). More specifically, topical treatment with SFN in mouse skin enhances synthesis of glutathione (GSH) and glutathione S-transferase 4 (GST4) while it blocks chemically-induced skin mutagenesis (Abel, et al., 2013) by involving Nrf2-dependent mechanism(s) (Saw, et al., 2011; Xu, et al., 2006). It is noteworthy that SFN’s mode of action was shown to be different in normal epidermal keratinocytes compared to skin cancer cells. For instance, although SFN induces apoptosis in cancer cells it only slows the proliferation of normal keratinocytes, an effect which appears to be mediated by p53 (Chew, et al., 2012). 
On another note, a large number of studies support a protective role of ITCs against the initiation, progression and metastatic stages of malignant melanoma by mediating various signal transduction pathways, generation of oxidative stress and mitochondrial disruption (Hamsa, et al., 2011; Huang, et al., 2012; Huang, et al., 2014; Rudolf, et al., 2014). Moreover, treatment of human malignant melanoma (A375) cells with SFN, BITC and PEITC exerted a cytotoxic effect via multiple apoptotic pathways (e.g. intrinsic, extrinsic and endoplasmic reticulum-based) as shown by increased expression and activity levels of various relevant caspases (Mantso, et al., 2016). In addition, ITCs have also shown to induce an anti-angiogenic effect that appears to be mediated by reduced levels of TNFα, NO and VEGF (Thejass & Kuttan, 2007; Thejass & Kuttan, 2007a). Finally, in support to these observations, a number of in vivo studies have documented an anti-melanoma effect during which intraperitoneal injection of ITCs had significantly decreased the size and weight of tumours in A375.S2 xenograft rodent models  (Sahu, 2015; Thejass & Kuttan, 2007; Thejass & Kuttan, 2007b; Ni, et al., 2014; Ni, et al., 2013).
4. [bookmark: _Toc511334866]Overview of epigenetic mechanisms and their role in cancer development
The term “epigenetics” refers to heritable and reversible changes in gene expression patterns that are independent from the DNA sequence itself (Probst, et al., 2009). These changes are established early in life and contribute to the differentiation of cells via modifications in DNA and histone proteins (Margueron & Reinberg, 2010). In addition, the epigenetic machinery also plays an important role in many physiological processes including genomic imprinting (Ferguson-Smith & Surani, 2001; Li, et al., 1993; Reik & Walter, 2001), X chromosome inactivation (Avner & Heard, 2001; Panning & Jaenisch, 1998) and development of the embryo and the placenta, (Hemberger, 2007; Maltepe, et al., 2010; Santos, et al., 2002). Deficiency to maintain the normal epigenetic state of cells results in a deregulated gene expression profile involved in signalling cascades leading to disease development including carcinogenesis (Egger, et al., 2004; Ziech, et al., 2010; Anestopoulos, et al., 2015). Thus, an extensive deregulation of normal epigenetic marks could potentially be associated with cancer initiation and progression (Sandoval & Esteller, 2012; Franco et al., 2008; Ziech et al., 2011). 
The most important epigenetic mechanisms include DNA methylation, histone modifications and  non-coding RNAs (Golbabapour, et al., 2011; Bonasio, et al., 2010). These post-translational modifications act in a coordinative and complex manner causing chromatin conformational changes that, in turn, regulate the genetic information accessed by transcription factors (Golbabapour, et al., 2011). Numeral evidence shows that cancer cells accumulate various gene mutations as well as epigenetic alterations both of which can contribute to tumour development and progression. Finally, given that epigenetic alterations are reversible modifications they can, in principle, act as potential targets for therapeutic intervention (Brien, et al., 2016; Panayiotidis, 2014).

4.1. [bookmark: _Toc511334867]DNA methylation and cancer development
The addition of methyl groups in cytosine residues can occur in CpG dinucleotide sequences, dispersed across the genome, leading to the formation of 5-methylcytosine (5mC) (Kulis & Esteller, 2010; Tsai & Baylin, 2011). Such DNA methylation is catalysed by a class of enzymes known as DNA methyltransferases (DNMTs) the most important of which include DNMT1, DNMT3A and DNMT3B. More specifically, DNMTs 3A and 3B show a preference in catalysing the addition of methyl groups on non-methylated cytokines as opposed to DNMT1 which recognizes hemi-methylated DNA. In addition, DNMTs are involved in chromatin conformational changes by mediating the recruitment of methyl binding domain proteins (MBDs), histone modifying enzymes and other effector proteins and enzymes all of which can result in inducing changes in gene expression patterns (Fuks, et al., 2003; Klose & Bird, 2006).
Malignant cells have an altered developmental program in comparison to their normal counterparts thus reflecting the importance of the epigenetic machinery during cancer development. The first reports on the epigenetic involvement in tumorigenesis came from observations of altered DNA methylation patterns in various human cancers (Feinberg & Vogelstein, 1983). In general, cancer is characterized by global hypo-methylation together with site-specific hyper-methylation (Kulis & Esteller, 2010; Sharma, et al., 2010). To this end, genome-wide hypo-methylation can lead to the activation of oncogenes while promoter-specific hyper-methylation results in a compressed chromatin conformation and consequently transcriptional inactivation of tumour suppressor genes (Gokul & Khosla, 2013). Furthermore, DNA hypo-methylation enhances genomic and chromosomal instability through aberrant activation of various proto-oncogenes and translocation of transposons respectively (Berdasco & Esteller, 2010; Eden, et al., 2003; Sharma, et al., 2010). In addition, aberrant methylation of tumour suppressor genes contributes to oncogenesis through their suppressed expression. The first tumour suppressor gene to be reported as being inactivated due to promoter-specific hyper-methylation was the Retinoblastoma (RB) gene, an epigenetic event strongly associated with the occurrence of both sporadic and hereditary types of retinoblastoma (Greger, et al., 1989). Since then, a wide variety of genes have been found to be epigenetically silenced including those important for the maintenance of cell homeostasis and cell cycle regulation (Moison, et al., 2014). Finally, hyper-methylation can modulate gene transcription by mediating changes in the organization of chromatin through the recruitment of methylated-binding proteins and HDACs to the methylated sites thus blocking the access of transcription factors and consequently inducing the formation of repressive chromatin structures (Costello & Plass, 2001; Gokul & Khosla, 2013).  

4.2. [bookmark: _Toc511334868]Histone modifications and cancer development
Chromatin is characterized by multiple levels of regulation where various histone modifications mediate unique cellular responses (Berger, 2007; Martin & Zhang, 2005). More specifically, histone proteins can undergo various modifications, in their N-terminal, which directly affect the state of chromatin compression and include those of methylation, acetylation, phosphorylation, ubiquitination, poly(ADP-ribosylation) and symoylation (Dawson & Kouzarides, 2012; Berger, 2007; Rice & Allis, 2001). Specifically, histone acetylation results in gene activation whereas histone methylation can lead to either activation or repression of genes according to the site of modification (Yan & Boyd, 2006). The enzymes which catalyze histone acetylation are called histone acetyltransferases (HATs) while those catalyzing histone methylation are known as histone methyltransferases (HMTs) (Wang, et al., 2009). Finally, the spacing of nucleosome can be regulated by ATP-dependent chromatin regulators which use ATP hydrolysis to induce alterations in nucleosome positioning or alternatively may facilitate nucleosome exchange for the incorporation of histone variants (Kim, et al., 2009; Li, et al., 2007).
Overall, modifications in histone proteins are dynamic and the deregulation of the pattern of histone marks is considered as an important event during carcinogenesis (Sawan & Herceg, 2010). These modifications are co-ordinately regulated and reversed by opposing enzymes and thus, an imbalance in their function disrupt transcriptional activity consequently leading to inappropriate gene expression (Hassler & Egger, 2012). More specifically, global loss of acetylation on lysine 16 along with the loss of tri-methylation at lysine 20 of histone H4 (H4K20me3) were among the first deregulated marks to be reported in various cancers (Füllgrabe, et al., 2011). Furthermore, modifications in the methylation pattern of histone 3 at lysines 4 (H3K4), 9 (H3K9) and 27 (H3K27) have been shown to occur during carcinogenesis (Chakravarthi, et al., 2016). 
Finally, HDACs were shown to be over-expressed in various cancers in addition to HMTs which were also shown to be deregulated in various tumours (Kanwal & Gupta, 2012; Albert & Helin, 2010). For example, enhancer of zeste homolog 2 (EZH2; which catalyses the methylation of H3K27) is over-expressed in various cancers and as such, methylation levels of H3K27 are associated with gene inactivation and often represent a common epigenetic marker in cancer (McCabe, et al., 2012; Anestopoulos, et al., 2016).  

4.3. [bookmark: _Toc511334869]mi-RNAs and cancer development 
MicroRNAs (miRNAs) are functional RNA molecules, about 21-26 nucleotides in length, transcribed from DNA as non-coding primary miRNA (pri-miRNA) transcripts. The pri-miRNAs are processed into precursor miRNA (pre-miRNA) and finally into the mature and functional miRNA under the enzymatic activity of Drosha and Dicer respectively. They play a critical role in regulating gene expression by binding to the 3' untranslated region (UTR) of their target mRNAs and subsequently either suppress their translation or cleave their targets (Shukla, et al., 2011; Valencia-Sanchez, et al., 2006). In general, it is known that their localization, regulation, processing and control are all implicated in the carcinogenic process (Farazi, et al., 2011; Ohtsuka, et al., 2015).
mi-RNAs are important regulators of the transcriptional activity of genes involved in malignant transformation (Malumbres, 2013). Evidence from numerous studies examining the differential expression of mi-RNAs in cancer cells have revealed various alterations in their expression profile (Lu, et al., 2005; Volinia, et al., 2006). For instance, oncogenic mi-RNAs have been shown to be over-expressed while tumour suppressor ones are silenced. In addition, others have a dual role in tumorigenesis by acting both as tumour suppressors as well as oncogenes according to their target genes (Jansson & Lund, 2012; Li, et al., 2010). Interestingly, mi-RNA expression seems to be deregulated through interaction with other components of the epigenetic machinery, especially DNA methylation and histone modifications (Baer, et al., 2013; Malumbres, 2013).

4.4. [bookmark: _Toc511334870] Role of epigenetics in skin cancer
4.4.1. [bookmark: _Toc511334871] Methylation and skin cancer
The involvement of the epigenetic machinery in epidermal carcinogenesis has been extensively studied during the last years with most studies being focused on melanoma (Penta, et al., 2018). Changes in DNA methylation patterns are considered as a hallmark in epidermal carcinogenesis and are generally associated with the initiation, progression and metastasis of the disease (Greenberg, et al., 2014). Reduction in genomic 5mC content and hyper-methylation of tumour-related genes are usually observed in early as well as advanced stages of skin cancer (Saha, et al., 2013). For example, in SCC, the promoter region of tumour suppressor genes like MLT-1 (Mucosa-associated lymphoid tissue lymphoma translocation protein 1), Snail (Zinc finger protein SNAI1) and MGMT (O-6-methylguanine-DNA methyltransferase) are hyper-methylated and therefore silenced during the early and late stages of the disease (Fraga, et al., 2004; Murao, et al., 2006; Wu, et al., 2014). Promoter hyper-methylation appears to be the most common mechanism for silencing both p16INK4a and p14ARF cell cycle regulators which is an important event in SCC and BCC pathogenesis (Brown, et al., 2004; D'Arcangelo, et al., 2017; J. Wu, et al., 2014). Moreover, increased DNMTs’ activity was reported to accompany the high methylation levels observed in SCC tumours when compared to normal skin (Nandakumar, et al., 2011). In general, increased activation of DNMTs seems to play an essential role in the development of NMSC with DNMT3A being primarily up-regulated in BCCs while DNMT3B is usually up-regulated in SCCs (D'Arcangelo, et al., 2017). In melanoma, promoter-specific hyper-methylation has been reported to mediate the expression of several genes involved in the malignant transformation and progression of the disease (Tanemura, et al., 2009) (Table 1). One of the most important genes implicated in melanoma development is CDKN2A, which has been reported to be hyper-methylated in about 19% of melanoma patients. Its methylation has been associated with increased tumour proliferation and poor prognosis (Straume, et al., 2002). In addition, both MGMT (essential in DNA repair) and the estrogen receptor α (ER-α; a transcriptional activator) were also shown to be over-expressed in advanced stages of melanoma (Kohonen-Corish, et al., 2006; Mori, et al., 2006). 
On another note, excessive loss of methylation is also a major characteristic of cancer development which is associated with transcriptional activation (Schinke, et al., 2010). For example, the over-expression of the melanoma antigen, MAGE, is associated with down-regulation of DNMT1 (Loriot, et al., 2006; Tellez, et al., 2009). Recently, an important role in malignant transformation has been proposed for 5-hydroxy-methylcytosine (5hmC) which is the product from the oxidation of 5mC by the Ten-Eleven Translocation (TET) family proteins during the active de-methylation process (Fu, et al., 2017). Reduced levels of 5hmC have been identified in melanoma samples possibly suggesting an important diagnostic and prognostic value. Although the exact mechanism is not yet fully understood, it has been proposed that decreased expression of isocitrate dehydrogenase 2 (IDH2) and TET proteins might contribute to the observed loss of 5hmC in melanoma pathogenesis (Lian, et al., 2012). 

4.4.2. [bookmark: _Toc511334872]Histone modifications and skin cancer
Modifications on the histone epigenetic landscape have been observed and studied in the context of malignant melanoma development (Kamalika Saha, et al., 2013). In general, genome-wide hypo-acetylation is the most common observed modification in melanoma resulting in the repression of tumour-associated gene expression (Sarkar, et al., 2015; van den Hurk, et al., 2012). For example, decreased acetylation of CDKN1A is linked to up-regulation of p21Cip1 cyclin-dependent kinase inhibitor. Also, during melanogenesis, aberrant expression and/or activity levels of both HATs and HDACs lead to down-regulation of pro-apoptotic proteins Bax, Bak, Bim, Caspases 8/9, TNFRSF10A and TNFRSF10B while up-regulate anti-apoptotic proteins such as Bcl-2 and Bcl-xl. This imbalance in pro- and anti-apoptotic signals promotes malignant cell survival (Penta, et al., 2018; Sigalotti, et al., 2010; Boyle, et al., 2005; Facchetti, et al., 2004). In addition to histone acetylation, the methylation status of these proteins has also been implicated in malignant melanoma transformation. For instance, enhanced expression of EZH2 down-regulates the expression of genes involved in the inhibition of cell cycle as well as tumour invasiveness thus reflecting the role of EZH2 in the metastatic potential of the disease (Zingg, et al., 2015). A characteristic example is the inactivation of cyclin dependent kinase inhibitor 1A (CDKN1A) during which decreased activity of p21Cip1 is associated with increased levels of tri-methylated lysine 4 at histone 3 (H3K4me3) and consequently enhanced cell survival (Fan, et al., 2011). Moreover, growing evidence indicates that SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodelling complexes have tumour-suppressive functions, in melanoma, where their decreased activity levels have been observed in primary and metastatic stages of the disease (Becker, et al., 2009). In SCC, silencing of p16INK4a and RASSF1A genes was associated with reduced acetylation on H3 and H4 and recruitment of methyl CpG binding protein 2 (MeCP2) and Methyl-CpG-binding domain protein 1 (MBD1) chromatin remodelling proteins thus resulting in a repressed chromatin structure (Nandakumar, et al., 2011). In this context, only currently, there has been proposed a role for Sirtuin 2 (Sirt-2) deacetylase in tumorigenesis during which its depletion leads to increased acetylation of lysine 16 on histone H4 (H4K16Ac) with subsequent deregulation of cell cycle and thus promotion of malignant transformation (Serrano, et al., 2013). 

4.4.3. [bookmark: _Toc511334873]mi-RNAs and skin cancer
The involvement of non-coding RNAs in skin tumorigenesis is reflected by the aberrant expression of Drosha and Dicer in NMSC (Sand, et al., 2010) as well as a deregulated cell proliferation and other cellular cascades (e.g. MAPK/ERK, PI3K-Akt, etc.) in BCC (Konicke, et al., 2018) and SCC (Sand, et al., 2012). Specifically, an aberrant expression profile of mir-21 and mir-183 were shown to be associated with both BCC (Heffelfinger, et al., 2012) and SCC (Darido, et al., 2011). In addition, down-regulation of miR-124 and miR-214 plays an important role in SCC as their low expression is accompanied with an increased expression of ERK1/2 protein leading to abnormal proliferation (Yamane, et al., 2013). 
In melanoma, mir-221 mediates cell cycle de-regulation while mir-29c impacts the DNA methylation status of several tumour suppressor genes (Nguyen, et al., 2011; Kanemaru, et al., 2011). In addition, mir-137 (Bemis, et al., 2008), mir-148 (Haflidadottir, et al., 2010) and mir-182 (Segura, et al., 2009) have all been shown to interact with microphthalmia-associated transcription factor (MITF) and thus modulating genes like forkhead box O3 (FOXO3) known to be associated with melanoma’s metastatic potential (Segura, et al., 2009). To conclude, a large number of important mi-RNAs has been identified to contribute to skin carcinogenesis by means of being up- (Table 2) and/or down-regulated (Table 3).

4.5. [bookmark: _Toc511334874]The role of ITCs in the epigenetic regulation of skin cancer: The case of SFN  
The anti-cancer effect of ITCs against skin neoplastic transformation has been proposed to be associated with the epigenetic reprogramming of key target genes involved in cellular protection. More specifically, the effect of SFN on the epigenetic regulation of skin cancer cells has been recently focused on the function of the PcG proteins (e.g. Bmi1 and EZH2) by means of blocking tumour progression through their inhibition thus leading to decreased levels of H3K27me3. Such epigenetic modulation has been shown to cause alterations in the expression of proteins important in cell cycle and apoptosis thus suppressing cancer cell survival (Balasubramanian, et al., 2011). Furthermore, in SCC, treatment with SFN inhibits cancer progression and metastasis in vivo via reduction in arginine methylation at H3. Decreased levels of di-methylated arginine 3 at histone 4 (H4R3me2) are mediated by SFN-induced proteosomal degradation of arginine N-methyltransferase 5 (PRMT5) and WD Repeat Domain 77 (MEP50) both of which are responsible for arginine methylation at H3 and H4 respectively (Saha, et al., 2017). Moreover, SFN has been shown to induce Nrf2-dependent expression of detoxification enzymes HO-1, NQO1 and UGT1A1 thus suppressing TPA-induced malignant transformation. Such increased Nrf2 expression was attributed to promoter hypo-methylation through down-regulation of DNMTs and inhibition of overall HDAC activity (Su, et al., 2014).  
On another note, a limited number of studies have shown that ITCs act as epigenetic modulatory compounds to protect against melanoma development. To this end, exposure to SFN inhibits growth and proliferation of B16 and S91 murine melanoma cells whereas intraperitoneal injection of SFN-encapsulated microspheres enhanced its anti-cancer activity in melanoma tumour-bearing C57BL/6 mice through down-regulation of de-acetylation enzymes (Do, et al., 2010). In another study, SFN decreased melanoma cancer stem (MCS) cell survival, metastasis and invasion through inactivation of EZH2, a protein shown to be over-expressed in these cells in vitro (Fisher, et al., 2016). In line with these observations, oral administration of SFN in mice inoculated with A375 melanoma-derived mesenchymal stem (MCS) cells inhibited tumour growth, an effect which was associated with reduced expression levels of EZH2, H3K27me3 and MMP together with increased expression of metalloproteinase inhibitor 3 (TIMP3) and enhanced apoptosis (Fisher, et al., 2016). 

5. [bookmark: _Toc511334875]Concluding remarks 
ITCs are an important class of bio-active dietary agents considered to be of great value in various industries (e.g. food, nutraceutical, cosmetic, pharmaceutical, etc.) due to their wide range of biological properties (e.g. anti-bacterial, anti-inflammatory, anti-aging, anti-cancer, etc.). In the context of their anti-cancer activity, ITCs have been shown to interfere with many cellular pathways (e.g. growth, proliferation, apoptosis, etc.) which are usually found to be deregulated in cancer cells and thus exert their cytotoxicity.
Epigenetic modulations play a central role in both physiological and pathophysiological processes, including carcinogenesis. The most common epigenetic alterations, associated with disease pathophysiology, include alterations in DNA methylation patterns, histone modifications and modulation of mi-RNA expression that lead to the silencing and/or activation of gene-targets through changes in chromatin conformations. For instance, growing evidence support that ITCs interact with the epigenetic machinery to modulate the transcriptional activity of tumour-related genes. As such, their epigenetic modulatory effect poses a great interest to the pharmaceutical industry due to the reversible nature of the epigenetic modifications and the potential of ITCs to develop into more effective therapeutic strategies. To this end, several epigenetic alterations have been reported to play an essential role in the multi-stage process of skin tumorigenesis. Over the last decades, emerging evidence support that ITCs can act on the epigenome and restore normal epigenetic marks in skin cancer cells. Although the current evidence is rather limited, the overall data strongly support the potential of these dietary agents to act as epigenetic modulatory compounds thus contributing to a better understanding of their chemo-prevention particularly in the context of forming new therapeutic strategies in order to deliver a more effective clinical management in these patients. 
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Table 1: Hyper-methylated genes in Squamous Cell Carcinoma (SCC), Basal Cell Carcinoma (BCC) and Melanoma 
	Gene
	Function
	Reference

	Squamous Cell Carcinoma (SCC)

	ASC
	Inflammasome activator, involved in cell proliferation
	Meier, et al., 2016

	ASCL2
	Developmental transcription factor
	Darr, et al., 2015

	DAPK1
	Mediator of apoptosis 
	Murao, et al., 2006

	E-cadherin
	Involved in cell-cell adhesion of epithelial tissues, invasion & metastasis
	Fraga, et al., 2004 
Murao, et al., 2006 
Wu, et al., 2014

	FOXE1
	Regulator of embryogenesis, cell growth & differentiation
	Venza, et al., 2010

	FRZB
	Modulator of Wnt signalling
	Darr, et al., 2015

	G0S2
	Cell cycle regulator
	Nobeyama, et al., 2017

	MGMT
	DNA repair
	Fraga, et al., 2004 
Murao, et al., 2006

	MLT-1
	Snail/Gfi-1 repressor family member
	Fraga, et al., 2004

	P14ARF
	Cyclin-dependent kinase inhibitor
	Brown, et al., 2004 
Murao, et al., 2006 
Wu, et al., 2014

	p16INK4a
	Cell cycle inhibitor
	Brown, et al., 2004 
Murao, et al., 2006

	SFRP1 / 2 / 4 / 5
	Regulators of Wnt signalling
	Liang, et al., 2015

	Snail
	Transcriptional repressor
	Fraga, et al., 2004

	TFAP2C
	Developmental transcription factor
	Darr, et al., 2015

	Basal Cell Carcinoma (BCC)

	14-3-3σ
	Cell cycle inhibitor
	Lodygin, et al., 2003

	APC
	Regulator of the canonical WNT pathway
	Brinkhuizen, et al., 2012

	FHIT
	Pro-apoptotic protein
	Goldberg, et al., 2006

	RASSF1A
	Regulator of mTOR activity
	Brinkhuizen, et al., 2012

	SFRP5
	Regulator of the canonical WNT pathway
	Brinkhuizen, et al., 2012

	SHH
	Regulator of Sonic Hedgehog pathway
	Brinkhuizen, et al., 2012

	Melanoma

	APC
	Regulator of the canonical WNT pathway
	Liu, et al., 2008

	ASC/TMS1
	Caspase-1 activating adaptor
	Guan, et al., 2003 
Liu, et al., 2008

	CDKN1B
	Cell cycle regulator
	Liu, et al., 2008

	CDKN2A
	 Cell cycle regulator
	Liu, et al., 2008 
Straume, et al., 2002

	CLDN11
	An integral membrane
protein & component of tight-junction strands
	Gao, et al., 2014
Walesch, et al., 2015

	COL1A2
	Involved in the maintenance of cellular & tissue integrity
	Koga, et al., 2009 Muthusamy, et al., 2006

	CYP1B1
	Member of the cytochrome P450 family of monooxygenases
	Muthusamy, et al., 2006

	DAPK1
	Mediator of apoptosis
	Hoon, et al., 2004 
Liu, et al., 2008

	DDIT4L
	Inhibitor of cell growth
	Furuta, et al., 2006 
Koga, et al., 2009

	DNAJC15
	Involved in metabolic activation of chemotherapeutic drugs
	Muthusamy, et al., 2006

	E-cadherin (ECAD, CDH1)
	Involved in cell-cell adhesion of epithelial tissues, invasion & metastasis
	Liu, et al., 2008 
Tellez, et al., 2009

	ER-a
	Transcriptional activator
	Mori, et al., 2006 
Tellez, et al., 2009

	GATA4
	Transcription factor
	Tanemura, et al., 2009

	HOXB13
	Regulator of embryonic differentiation 
	Liu, et al., 2008 Muthusamy, et al., 2006

	HOXD13
HOXA9 
HOXD12
	Regulator of embryonic differentiation
	Furuta, et al., 2006

	HSPB6
	Functions as molecular chaperone
	Koga, et al., 2009

	IRF6
	Associated with cells sensitivity to IFN, tumour suppression & cell differentiation
	Nobeyama & Nakagawa, 2017a

	IRF8
	Regulator of the expression of interferon genes
	Liu, et al., 2008

	LOX
	Involved in cell migration, signal transduction & gene regulation
	Liu, et al., 2008

	LXN
	Inhibitor of mammalian carboxypeptidases
	Muthusamy, et al., 2006

	MGMT
	Involved in DNA repair
	Hoon, et al., 2004 
Liu, et al., 2008 
Kohonen-Corish, et al., 2006 
Tellez, et al., 2009

	MINT17 
MINT31
	Create a distinct CIMP pattern
inactivation of tumor suppressor & tumor-related genes (TRG)
	Tanemura, et al., 2009

	MT1A
	Associated with the metabolism of trace elements
	Nobeyama & Nakagawa, 2017b

	MT1G
	Involved in several cellular processes
	Koga, et al., 2009

	NPM2
	Involved in several cellular processes
	Koga, et al., 2009

	PRDX2
	Regulator of PDGF mitogenic signalling pathway
	Furuta, et al., 2006

	PTEN
	Regulator of apoptosis
	Mirmohammadsadegh, et al., 2006

	QPCT
	Involved in glutaminyl peptides metabolism
	Muthusamy, et al., 2006

	Rab33A
	Involved in silencing of X-linked genes
	Cheng, et al., 2006

	RAR-beta 2
	Member of the nuclear
retinoid receptor of genes
	Hoon, et al., 2004 
Liu, et al., 2008 
Tellez, et al., 2009

	RASSF1A
	Regulator of apoptotic & cell cycle checkpoint pathways
	Hoon, et al., 2004 
Liu, et al., 2008 
Spugnardi, et al., 2003 Tanemura, et al., 2009 Tellez, et al., 2009

	RIL
	Involved in cell growth & apoptosis
	Tellez, et al., 2009

	SOCS1
	Suppressor of cytokine signalling
	Tanemura, et al., 2009

	SOCS1 / 2
	Suppressor of cytokine signalling
	Liu, et al., 2008

	SYK
	Involved in coupling activated immune receptors to downstream signalling effectors
	Liu, et al., 2008 Muthusamy, et al., 2006

	TFAP2A
	Involved in growth & differentiation of embryonic tissues 
	Hallberg, et al., 2014

	TFPI2
	Involved in growth, invasion, angiogenesis & metastasis
	Liu, et al., 2008
Tanemura, et al., 2009

	TIMP3
	MMP inhibitor
	Liu, et al., 2008

	TNFSF10 C/D/A
	Inducer of apoptosis
	Liu, et al., 2008

	TPM1
	Involved in assembly &
stabilization of actin filaments & control of cell motility
	Liu, et al., 2008

	WIF1
	Antagonist of WNT pathway
	Tanemura, et al., 2009



Table 2: Up-regulated expression of mi-RNAs in skin cancer
	mi-RNA
	Cancer type
	Function
	Reference

	Let-7
	BCC
	Involved in regulating cell
proliferation
	Heffelfinger, et al., 2012

	miR-17
	BCC
	Involved in apoptotic inhibition & increased cell growth
	Sand, et al., 2012

	miR-18a
	BCC
	Involved in apoptotic inhibition & increased cell growth
	Sand, et al., 2012

	miR-18b
	BCC
	Involved in apoptotic inhibition & increased cell growth
	Sand, et al., 2012

	miR-19b-1
	BCC
	Involved in apoptotic inhibition & enhanced cell growth
	Sand, et al., 2012

	miR-21
	BCC 
SCC
Melanoma
	Involved in PTEN & PCDC4 repression
	Heffelfinger, et al., 2012 Darido, et al., 2011 Dziunycz, et al., 2010 Grignol, et al., 2011

	miR-93
	BCC
	Involved in apoptotic regulation through targeting E2F1
	Sand, et al., 2012

	miR-106b
	BCC
	Involved in apoptotic regulation through targeting E2F1
	Sand, et al., 2012

	miR-130a
	BCC
	BCL-2 regulator
	Sand, et al., 2012

	miR-137
	Melanoma
	Regulator of cell growth, maturation, apoptosis & pigmentation
	Bemis, et al., 2008 Haflidadottir, et al., 2010

	miR-148
	BCC Melanoma
	Regulator of cell growth, maturation, apoptosis & pigmentation
	Heffelfinger, et al., 2012 Haflidadottir, et al., 2010

	miR-155
	Melanoma
	Increases cell proliferation & invasion
	Grignol, et al., 2011
Peng, et al., 2017

	miR-181c
	BCC
	Regulator of NOTCH4 and KRAS
	Sand, et al., 2012

	miR-182
	BCC Melanoma
	Regulator of FOXO1, MITF & FOXO3
	Heffelfinger, et al., 2012 Sand, et al., 2012 
Segura, et al., 2009

	miR-183
	BCC
	Inhibitor of invasion & metastasis
	Heffelfinger, et al., 2012

	miR-184
	SCC
	Inducer of cell transformation & carcinogenesis
	Dziunycz, et al., 2010

	miR-221
	Melanoma
	Mediator of cell cycle deregulation
	Kanemaru, et al., 2011



Table 3: Down-regulated expression of mi-RNAs in skin cancer
	mi-RNA
	Cancer type
	Function
	Reference

	miR-29c
	BCC
	Involved in methylation of tumour suppressor genes
	Sand, et al., 2012

	miR-34a
	SCC
	Interacts with SIRT6 to regulate TP53
	Lefort, et al., 2013
Lodygin, et al.,2008

	miR-124
	SCC
	Mediator of abnormal cell proliferation
	Yamane, et al., 2013

	miR-199a
	SCC
	Inhibitor of proliferation & migration 
	Wang, et al.,2014

	miR-199a-5p
	SCC
	Inhibitor of cell invasion & migration
	Wang, et al., 2016 Kim, et al., 2015

	miR-200a
	Melanoma
	Regulator of proliferation & metastasis
	Bustos, et al., 2017

	miR-203
	SCC
	p63 antagonist-involved in cell senescence
	Dziunycz, et al., 2010

	miR-211
	Melanoma
	Regulator of MITF & KCNMA1 activity
	Mazar, et al., 2010

	miR-214
	SCC
	Mediator of abnormal cell proliferation
	Yamane, et al., 2013

	miR-375
	Melanoma
	Regulator of cell proliferation, invasion & motility
	Mazar, et al., 2011





Figure Legends

Figure 1. Hydrolysis of glucosinolates by myrosinase.
Activation of the myrosinase-glucosinolate system, also known as mustard oil bomb, results in the formation of an unstable aglycone intermediate metabolite called thiohydroximate-O-sulfate. A subsequent non-enzymatic reaction and a simultaneous rearrangement of the core structure of GLs produce diverse chemically and biologically distinct compounds, including thiocyanates, isothiocyanates, nitriles and indoles. Usually, a Losen rearrangement occurs that promotes the isothiocyanate formation.

Figure 2. Representative structures of major isothiocyanate (ITC) compounds.

Figure 3. Schematic presentation of the proposed cellular pathways targeted by ITCs.
ITCs chemo-preventive action is mainly attributed to a plurality of anti-cancer properties including i) inhibition of cell growth by causing cell cycle arrest and apoptosis, ii) inhibition of phase I and induction of phase II detoxification enzymes, iii) inhibition of metastasis and angiogenesis and iv) regulation of the epigenetic machinery. The effect of ITCs in cell proliferation is mediated through modulation of diverse regulatory pathways, including various signalling transduction pathways (e.g. PI3K/AKT, MAPKKs, etc.), increased generation of reactive oxygen species (ROS) and mitochondrial dysfunction. 
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Iberin (IBN)

[image: Image result for allyl isothiocyanate]
Allyl-ITC (AITC)
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Benzyl-ITC (BITC)

[image: Image result for phenethyl isothiocyanate]
Phenethyl-ITC (PEITC)
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