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The induction of nuclear factor (erythroid-derived 2)-like 2 (Nrf2)- antioxidant 

response elements (ARE)-mediated antioxidant enzymes provides a cellular defense 

against oxidative stress, a major drive of human diseases such as the tumor. 

Phytochemicals in folk medicine are widely being used as natural sources to develop 

novel therapeutics. Astaxanthin (AST) with potent antioxidant activity in 

combination with omega-3 fatty acid docosahexaenoic acid (DHA) or 

eicosapentaenoic acid (EPA) at low concentration showed synergistic defense 

against oxidative stress via Nrf2-ARE pathway. The three natural chemicals alone 

and in combination elevated cellular GSH level, increased total antioxidant activity, 

induced mRNA expression of Nrf2 and its downstream genes in human HepG2-C8 
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cells. In addition, AST significantly decreased the methylation of GSTP1 promoter 

region and restored the expression of GSTP1, which is involved in detoxification 

and metabolism to prevent genome damage and cancer initiation. It suggests a 

correlation between the DNA methylation and GSTP1 expression in human prostate 

LNCaP cells. AST reduced protein expression and enzyme activity of the DNA 

methyltransferases (DNMTs). Moreover, we demonstrated that Nrf2 shows 

protective role in epidermis against inflammation and extracellular matrix (ECM) 

damage induced by the UVB-irradiation. As compared with the wildt-ype (WT) 

mice, Nrf2 knockout (KO) mice showed the increased protein expression of 

inflammatory markers, including P53, macrophage inflammatory protein-2 (MIP-2), 

and pro-matrix metalloproteinase-9 (pro-MMP-9). The protective effects of Nrf2 in 

response to the UVB-irradiation were mediated by increased HO-1 protein 

expression. Moreover, we conducted genome-wide analysis of DNA methylation in 

UVB- and DMBA-TPA induced mouse skin tumor models to identify genes and 

pathways with significant changes. The top-ranked genes and pathways will provide 

insight into the discovery of key genes in skin tumor initiation and progression so as 

to provide potential preventive biomarkers. Furthermore, we demonstrated that 

ursolic acid (UA), and sulforaphane (SFN) reduced in vivo skin carcinogenesis 

induced by UVB-irradiation. In conclusion, dietary natural chemicals alone or in 

combination attenuate oxidative stress, inflammation and even carcinogenesis 
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through modulation of genetic and epigenetic events, and provide promising insights 

into cancer prevention.  
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PREFACE 

This thesis is for the Degree of Doctor of Philosophy in Pharmaceutical Science 

at Rutgers, The State University of New Jersey. It serves as documentation of my 

research work carried out between January 2013 and October 2017 under the 

supervision of Dr. Ah-Ng Tony Kong in the Department of Pharmaceutics. This 

work is original, except where suitable references are made to previous work. 

The thesis consists of seven chapters. These seven chapters contain papers that 

are published or intended to be submitted to a journal indexed by PubMed Central. 

Chapter 1 is published in Current Topics Medicinal Chemistry as a review article. 

Chapter 2 is published as a research article in Food Chemical Toxicology. Chapter 3 

is published as a research article in AAPS J. Chapter 4 is published as a research 

article in Cell Biosciences. Chapter 5 is published as a research article in Life 

Sciences. Chapter 6 is intended to be submitted as part of research articles.  

Chapter 1 summarized recent studies focusing on the importance of natural 

compound-derived epigenetic regulators targeting epigenetic readers, writers, and 

erasers, which provides more insights into the potential application of 

phytochemicals for further development of the preventive and therapeutic strategy. 

Chapter 2 illustrated synergistic antioxidant effects of astaxanthin with omega-3 

fatty acids in the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)- antioxidant 

response elements (ARE) pathway. Chapter 3 investigated the epigenetic modifying 

effects of AST on the methylation status of GSTP1 and Nrf2 in human prostate 
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LNCaP cells. Chapter 4 investigated the role of Nrf2 in protecting against 

UVB-irradiation related to the inhibition of extracellular matrix (ECM) degradation. 

Chapter 5 focused on the genome-wide DNA methylation profiles of skin cancers 

induced by UVB-irradiation or DMBA/TPA using methylated DNA 

immunoprecipitation (MeDIP) followed by next-generation sequencing. Chapter 6 

focuses on the effects of ursolic acid and sulforaphane on the epigenetic alterations 

in in vivo UVB-induced inflammation and carcinogenesis.  

These chapters covered various aspects of the pharmaceutical effects of key 

dietary phytochemicals with a focus astaxanthin, sulforaphane, and ursolic acid in 

cancer prevention, Nrf2 activation, anti-inflammatory and pro-apoptotic effects, 

epigenetic modulation and future directions in cancer research. 

 

Yuqing Yang 

October 2017 
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1 Introduction of natural compound-derived epigenetic regulators
123

 

1.1 Introduction 

The classical definition of epigenetics was initially proposed by Conrad 

Waddington as heritable changes of a phenotype without alterations in the DNA 

sequence [1]. Recently, epigenetic studies have been frequently applied to chromatin 

biology. These types of epigenetic alterations have been identified during the stages 

of carcinogenesis by specific patterns and characteristics [2]. Heritable epigenetic 

changes in gene expression are transmitted through both mitosis and meiosis without 

any change in the nucleotide sequence of the DNA [3]; however, this concept 

remains contentious. In addition, abnormal epigenetic modifications have been 

                                                 
1
 Part of this chapter has been published in Current Topics in Medicinal Chemistry as a review paper: 

Yang, A. Y., Kim, H., Li, W., & Kong, A. N. (2016). Natural compound-derived epigenetic 

regulators targeting epigenetic readers, writers and erasers. Curr Top Med Chem, 16(7), 697-713. 

2
 Keywords: Epigenetics, post-translational modification, histone modifications, readers, 

writers, erasers. 

3
 Abbreviations: AM, allyl mercaptan; AML, acute myeloid leukaemia; BA, boswellic acid; BET, 

bromodomain and extraterminal  family of proteins; BRD, bromodomain-containing protein; BRDT, 

bromodomain testis-specific protein; CDDO, 2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid; 

DADS, Diallyl disulfide; DNMT, DNA methyltransferase; DOT1L, DOT1-like histone H3K79 

methyltransferases; EZH2, enhancer of zeste homolog 2; FDA, Food and Drug Administration; 

FoxO1, forkhead box O1; HAT, histone acetyltransferase; GSTP1, glutathione S-transferase Pi 1; 

GNATs, Gcn5-related N-acetyltransferases; HDAC, histone deacetylase; HDM, histone demethylases; 

HMT, histone methyltransferase; KMT, lysine methyltransferase; HSP, heat shock proteins; LSD1, 

lysine-specific demethylase 1; MR, mineralocorticoid receptor; MBD, methyl CpG-binding domain; 

MeCP2, methyl CpG binding protein 2; OA, Oleanolic acid; PEITC, Phenethyl isothiocyanate; PHD, 

plant homeodomain; PRMTs, protein arginine methyltransferases; PTM, post-translational 

modification; PRC2, polycomb repressive complex 2; PDCD4, programmed cell death 4; SCFAs, 

short-chain fatty acids; VPA, valproic acid; SAM, S-adenosylmethionine; SAMC, 

S-allylmercaptocysteine; SFN, Sulforaphane; TSA, trichostatin A; TET, Ten-eleven translocation 

enzymes; UA, ursolic acid. 
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identified in various diseases, including different types of cancers. It is important to 

understand the epigenetic mechanisms underlying states from tumor initiation to 

heritability to define epigenetic transmission and understand how the misreading, 

miswriting and mis-erasing of chromatin contribute to oncogenesis and progression 

[4, 5]. In this review, we will focus on the link between oncogenesis and epigenetic 

aberrations. We will also discuss natural compound-derived epigenetic regulators as 

potentially novel pharmaceutical candidates targeting epigenetic readers, writers, 

and erasers with the current preclinical and clinical uses of these compounds (Figure 

1.1).  

1.2 Epigenetics and chromatin biology 

Generally, epigenetic changes can be categorized into several major biochemical 

mechanisms, including changes in DNA methylation, histone tail modification and 

non-coding RNA functions. In this review, we will focus on DNA methylation and 

histone tail modification. 

1.2.1 DNA methylation 

DNA methylation is a heritable modification of the DNA structure that involves 

adding a methyl group to the carbon 5 of cytosine (5mC) within the CpG 

dinucleotide. Regions of CpGs undergo methylation singularly or in clusters, 

so-called CpG islands [6]. Gene silencing is usually due to the methylation of the 

promoter regions of the silenced genes [7]. The hypermethylation of the CpG islands 

in gene promoter regions has been commonly identified in cancer cells, resulting in 
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the silencing of tumor suppressor genes [8, 9]. However, the overall 

hypomethylation of DNA has been reported in association with tumor progression. 

A balance of widespread hypomethylation and regional hypermethylation may be 

the key to human neoplasia [10]. The methylation of DNA is regulated by DNA 

methyltransferase (DNMT), including DNMT1, DNMT3a, and DNMT3b. The 

DNMT3 family methylates the CpG dinucleotide through de novo pathways [11], 

and the DNMT1 family is reported to maintain the methylation during replication 

[8]. Additionally, methylated DNA can recruit members of the methyl CpG-binding 

domain (MBD) family, including methyl CpG-binding protein 2 (MeCP2) and 

MBD1 - 4 [12]. The MBD proteins can recruit histone deacetylases (HDACs), 

which act with DNA methylation to silence gene expression [13]. Discovery of 

Ten-eleven translocation (TET) enzymes helps to shed light on the mechanism of 

DNA demethylation. TET enzymes are dioxygenases which are dependent on 

2-oxoglutarate (2OG) and Fe(II) to oxidize 5mC into 5-hydroxymethylcytosine 

(5hmC) [14-16]. 

1.2.2 Histone modifications 

In addition to DNA methylation, epigenetic alterations also include histone 

modifications [17]. The mechanism by which epigenetic alterations are translated 

into meaningful biological signals is important; therefore, the identification of 

factors involved in creating, reading and removing epigenetic modifications has 

received increasing attention. For example, changes in DNA packaging, which can 
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result from epigenetic changes, affect gene expression directly [18]. Chromatin is 

the scaffold for packaging the genome, which contains heritable materials as a 

macromolecular complex of DNA and histone proteins. One of the primary 

functions of chromatin is to recruit epigenetic regulators. Chromatin modifications 

affect non-covalent interactions among histones or between histones and DNA. A 

histone octamer is composed of an H3/H4 tetramer and two H2A/H2B dimers, 

which are wrapped with DNA to form the nucleosome. The major histone 

modifications include acetylation, methylation, phosphorylation, ubiquitination, and 

sumoylation (addition of small ubiquitin-like modifiers) [19, 20]. In histone 

modification, there are various histone-modifying enzymes involved, including 

histone acetyltransferases (HATs), histone methyltransferases (HMTs), HDACs and 

histone demethylases (HDMs). These enzymes have different functions regarding 

the histone tails: HATs add acetyl groups; HMTs add methyl groups; HDACs 

remove acetyl groups; and HDMs remove methyl groups [21, 22]. Those histone 

modifications can either activate or repress transcription, depending on their location 

and type. Histone modifications play a key role in maintaining the highly folded 

chromatin structure, which is closely linked to gene expression [23-25]. 

1.2.3 microRNA 

MicroRNAs (mi-RNAs or miRs) are single-stranded small RNA molecules (~19–

22 nucleotides long) involved in posttranscriptional gene regulation by either 

inhibition of translation or mRNA degradation [26, 27]. miRNAs have created new 
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opportunities for the development of diagnostics, prognostics and targeted 

therapeutics in different cancer types including lung cancer [26],  melanoma [27], 

prostate cancer [28] and others. These reviews have summarized recent advances 

and approaches for identification of candidate miRNAs and their target genes in 

different types of cancers. For example, increased expression of enhancer of zeste 

homolog 2 (EZH2), an HMT of increasing importance, was associated with 

melanoma progression and overall patient survival and miRNA-31 overexpression 

resulted in down-regulation of EZH2. Down-regulation of miR-31 expression was 

also a result of epigenetic silencing by DNA methylation, and via EZH2-mediated 

histone methylation [29]. It appears that studying how epigenetic alterations 

involving DNA methylation, histone modifications, and miRNA expression could 

provide a new opportunity for the development of diagnostics, prognostics and 

targeted therapeutics in different cancer types. 

1.3 Epigenetic readers, writers, and erasers in the use of epigenetic 

modifications as therapeutic targets in cancer 

Epigenetic modification is a dynamic process involving “epigenetic readers,” 

“epigenetic writers” and “epigenetic erasers”. In this review, we will focus on these 

effectors of epigenetic modification and introduce recent advances regarding their 

mechanisms of action, as well as their potential as chemopreventive and therapeutic 

targets of small molecules and natural compound-derived epigenetic regulators 

(Table 1.1).  
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1.3.1 Epigenetic readers 

Epigenetic readers, also known as “chromatin readers”, possess specialized 

domains that recognize specific covalent modifications of the nucleosome and 

respond to upstream signals [30]. Mutations in chromatin reader domains abolish the 

chromatin-reading capacity of certain epigenetic regulators in various diseases, 

including cancers [31]. In addition, these epigenetic readers can identify different 

modified amino acids as well as the same amino acid in various states. For example, 

as mentioned before, lysine residues can undergo different covalent modifications, 

including acetylation, methylation and phosphorylation. To add more complexity, 

the same lysine residue can have several degrees of methylation: monomethylation, 

dimethylation and trimethylation. Epigenetic readers have several types of 

methyl-lysine-recognizing motifs, including tumor domains, chromodomains and 

the plant homeodomain (PHD), within proteins. Each type is in a family of proteins 

with varying specificities and preferred binding sites. The PHD finger is capable of 

detecting methylated histones. For instance, the PHD fingers of the proteins BHC80 

and DNMT3L detect and bind unmethylated lysine residues [32, 33].  

By contrast, if a lysine residue undergoes acetylation, it will dock to proteins 

with acetyl-lysine-binding residues such as bromodomains [34]. Bromodomains are 

highly conserved motifs that form a scaffold to facilitate DNA-templated processes. 

The knockout of particular bromodomain-containing proteins in mice induces 

embryonic lethality [35]. The bromodomain and extraterminal (BET) family of 
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proteins includes four members: bromodomain-containing protein 2 (BRD2), BRD3, 

BRD4, and bromodomain testis-specific protein (BRDT). These proteins regulate 

transcription and cell growth, and the dysregulation of BET proteins has been 

demonstrated in cancers. For example, BRD2 is overexpressed in the lymphocytes 

of B-cell lymphoma patients [36]. BRD3 and BRD4 have been identified as drivers 

of proliferation in the malignancy NUT midline carcinoma [37]. These reports 

suggest that BET proteins may be therapeutic targets in certain types of cancers 

using BET inhibitors, for example, the recently reported small molecules that 

specifically inhibit the BET family of proteins [37-39]. 

BET protein inhibitors are designed to block the interaction of the bromodomain 

with the acetylated residue by assembling a functional protein complex at the gene 

locus. The BET protein inhibitors developed to date include JQ1, I-BET151, and 

many others. For example, JQ1 can displace the aberrant fusion protein BRD4-NUT 

responsible for NUT midline carcinoma [37]. In addition, JQ1 prevents the binding 

of BRD4 to the upstream region of the MYC promoter region and subsequently 

reduces the expression of key oncogenes in myeloma cell lines [40, 41].  

MBD proteins recognize methylated CpGs and bind to them to trigger 

methylation of H3K9, resulting in transcriptional repression [42]. Currently, the 

combination of 5- azacitidine and HDAC inhibitors have been used to treat 

hematological malignancies [43]. However, 5- azacitidine is a nonspecific 

demethylating agent, and it may have the potential of demethylating promoter of 
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silenced oncogenes and activate them to induce global hypomethylation. MBD1 

appears to be a better candidate for cancer therapy. MBD1 recognizes methylated 

DNA and induces chromatin remodeling, regulating transcription by decoding 

methylated DNA. MBD protein has been reported to be involved in specific genes in 

different types of cancer. For instance, Imke et al. analyzed the involvement of 

MBDs and histone modifications on the regulation of CD44, Cyclin D2, GLIPR1 

and PTEN in the prostate cancer cells DU145 and LNCaP, and the breast cancer 

cells MCF-7 [44]. Comparison of the different promoters shows that MeCP2 and 

MBD2a repress promoter-specific Cyclin D2 in all cell lines, whereas in MCF-7 

cells MeCP2 repressed cell-specific all methylated promoters [44]. However, the 

underlying mechanisms remain to be elucidated. If the abnormal DNA methylation 

cannot be recognized with inhibition of MBD proteins, the aberrant effect of DNA 

methylation status would be reduced to be less meaningful. Recently, Wyhs et al. 

have developed and compared fluorescence polarization and time-resolved 

fluorescence resonance energy transfer based high-throughput screening assays to 

identify small-molecule inhibitors of MBD2 and other DNA-protein interactions 

[45]. This includes two known DNA intercalators, mitoxantrone and idarubicin, and 

two other inhibitory compounds, NF449 and aurintricarboxylic acid. They are 

reported to be nonspecifically inhibited the binding of a transcription factor to a 

methylated oligonucleotide [45]. 
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1.3.2 Epigenetic writers  

Epigenetic writers are proteins that are capable of adding modifications to DNA 

or histones. These proteins include DNMTs, HATs, HMTs and others. The 

epigenetic writers operate on the chromatin platform and introduce rapid, dynamic 

modifications in response to the environment.  

DNMTs are actively involved in the modification of cytosines mostly in the 

context of CpG dinucleotides. It is a potential cancer therapeutic approach by 

reversing the hypermethylation of DNA promoter and gene silencing. There are two 

major DNA demethylating drugs, decitabine (DAC) and its analog azacitidine, as 

irreversible inhibitors of DNMT1 and DNMT3 [46, 47]. Efficacy of azacitidine has 

been applied in the treatment of higher-risk myelodysplastic syndromes (MDS) as a 

randomized, open-label, phase III study [48]. Transient exposure of DNA methylation 

inhibitors decitabine and azacitidine at a low dose decreased genome-wide DNA 

promoter methylation without immediate cytotoxicity such as DNA damage, 

apoptosis, and cell-cycle arrest [49]. 

HATs transfer an acetyl group from acetyl coenzyme A (acetyl-CoA) to the 

ε-amino group of lysine residues to form ε-N-acetyl-lysine in histones, thereby 

opening the chromatin. HATs are classified as type A or type B. Type A HATs are 

located in the nucleus and acetylate histones and chromatin-associated proteins. 

There are three families of enzymes, including Gcn5-related N-acetyltransferases 

(GNATs) and MYST (named after the four founding members, Sas3, Sas2, 
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and Tip60). Type B HATs (comprising only HAT1) operate in the nucleus and 

cytoplasm to acetylate cytoplasmic histones, facilitating the translocation of these 

histones to the nucleus and subsequent deposition onto DNA [50]. HATs require the 

presence of actyl-CoA for catalytic activity. HAT inhibitors include bisubstrate 

HAT inhibitors, natural product HAT inhibitors, and low-molecular-weight HAT 

inhibitors [51]. 

HMTs are classified as protein arginine methyltransferases (PRMTs) and 

protein lysine methyltransferases (KMTs). These enzymes transfer a methyl group 

from the cofactor S-adenosylmethionine (SAM) to arginine or lysine residues. The 

KMTs include DOT1-like histone H3K79 methyltransferase (DOT1L) containing 

the SET domain, a conserved catalytic domain also present in the PRMTs [52]. 

DOT1L is a key protein and an increasingly interesting therapeutic target in 

mixed-lineage leukemia (MLL)-rearranged leukemia. Daigle et al. reported that 

EPZ004777 acts as a selective inhibitor of the DOT1L H3K79 methyltransferase by 

imitating the cofactor SAM. EPZ004777 has anti-proliferative effects by blocking 

the expression of leukemogenic genes, with selectivity to kill cells bearing the MLL 

gene translocation [53]. However, the poor pharmacokinetic properties of this 

inhibitor limit its further application. Therefore, EPZ-5676, a second-generation 

DOT1L inhibitor, is undergoing clinical trials (ClincalTrials.gov identifier: 

NCT01684150) [54]. 

http://en.wikipedia.org/wiki/KAT5
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Another HMT of increasing importance is EZH2. EZH2 is the catalytic 

component of the polycomb repressive complex 2 (PRC2), and these factors are 

critically responsible for the methylation of H3K27, silencing various genes and 

altering biological processes [55]. This HMT is overexpressed in different types of 

cancers, including prostate, breast, kidney and lung cancers [56-59], which 

highlights the importance of developing methylation inhibitors targeting H3K27. For 

example, 3-deazaneplanocin A (DZNep), a molecule derived from SAM, decreases 

H3K27 methylation and induces apoptosis in cancer cells as an EZH2 inhibitor [60]. 

DZNep can reactivate silenced genes in cancer cells and selectively inhibit the 

trimethylation of H3K27me3 and H4K20me3 [61]. Most recently, several EZH2 

inhibitors have been discovered with highly potent selectivity for EZH2 in vivo and 

in vitro, including EPZ-6438, GSK126 and EPZ005687 [62-64]. EPZ-6438 has 

already been utilized in clinical trials to treat patients with B-cell lymphoma 

(ClincalTrials.gov identifier: NCT01897571) and is the first EZH2 inhibitor that has 

been applied to solid malignant rhabdoid tumors [65].  

1.3.3 Epigenetic erasers  

Epigenetic erasers are proteins that are capable of removing modifications to 

DNA or histones that were produced by epigenetic writers to regulate gene 

expression. Epigenetic erasers include TET enzymes, HKMs and HDACs, targeting 

histones or other non-histone proteins.  
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TET family proteins help to uncover the mechanism of DNA demethylation, by 

limiting DNMT1’s recognition to 5-hmc, so DNMT1 will not be able to perform the 

methylation of the DNA strand to maintain methylation status. The methylation is 

lost gradually in dividing cells in a passive manner [66]. Abnormal patterns of 

cytosine methylation have been observed in melanoma in association with tumor 

progression and downregulation of the TET family genes [67]. However, TET 

mutation is rare in solid tumors, and acquired mutations are missense mutations 

without certain consequences on TET protein in many cases [68, 69]. 

Histone lysine methylation (HKM) is a dynamic modification regulated by the 

recruitment of methyltransferases and demethylases [70, 71]. Recently, several 

histone demethylases were identified as being overexpressed in some human tumors. 

There are two well-studied families, including the lysine-specific demethylase (LSD) 

[72] and JmjC domain-containing lysine demethylase families [73, 74]. Members of 

the LSD family of proteins include the histone demethylase LSD1 (KDM1A) and 

the histone demethylase LSD2 (KDM1B). These proteins have oxidase-like domains, 

which have catalytic activities to remove the methyl group from histone lysines [75]. 

The LSD enzymes are highly expressed and could be valuable therapeutic 

biomarkers in prostate, breast and colorectal cancers [76-78]. Tranylcypromine, an 

enzyme monoamine oxidase (MAO) inhibitor, also inhibits LSD1 because of the 

similarity in the sequences of the catalytic domains of the LSD proteins and MAO 

enzymes [79, 80]. However, this non-selective characteristic reduces the application 
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of this drug due to notable potential side effects. Therefore, derivatives of 

tranylcypromine have been developed. For example, ORY-1001 is in clinical trials 

for the treatment of relapsed or refractory acute leukemia (EudraCT Number: 2013–

002447-29). Other studies have investigated a weak but selective LSD1 inhibitor 

that has in vitro and in vivo activity [81]. The JmjC domain-containing lysine 

demethylase family can remove methyl groups from mono-, di- and trimethylated 

lysines, in contrast to the LSD demethylases [74, 82]. GSK-J1, another promising 

compound, is an inhibitor of the JMJD3 subfamily. GSK-J1 binds competitively to 

the 2-oxoglutarate cofactor and chelates the metal in the active site [83]. 

HDACs are enzymes that remove the acetyl group from lysine residues in 

histones. Histone deacetylation causes transcription repression in the chromatin. 

HDACs are categorized as class I (HDAC1, HDAC2, HDAC3, and HDAC8), class 

IIa (HDAC4, HDAC5, HDAC7, and HDAC9), class IIb (HDAC6 and HDAC10), 

class III (SIRT1 to SIRT7) or class IV (HDAC11). SIRT1 to SIRT7, the seven 

sirtuins share a conserved NAD-binding and catalytic core domain but with different 

N- or C-terminal extensions. They are involved in transcription regulation, 

metabolic regulation, cell survival and many other biological pathways [84]. SIRT1 

to SIRT7 could be promising therapeutic targets to treat cancers because many 

sirtuin inhibitors have been reported to have anticancer activities [85]. Hu et al. have 

summarized different classes of sirtuin inhibitors based on their structural categories 

and mechanisms of action [85]. For example, nicotinamide inhibit SIRT1 to SIRT3, 
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SIRT5 and SIRT6. It has shown that nicotinamide can inhibit growth, promote 

apoptosis in leukemic cells and human prostate cancer cells [86-89]. Specific SIRT1 

inhibitor cambinol can reduce tumorigeneisis in TH-MYCN transgenic mice by 

suppressing cancer cell proliferation [90]. 

In addition to histones, these HDACs can deacetylate non-histone proteins as 

well. For example, the tumor suppressor P53 protein is deacetylated by class I 

HDACs [91]. Recently, evidence has emerged indicating that HDAC expression has 

been altered in cancer cells and tumor tissues [92-94]. Therefore, HDACs are 

important targets for manipulating epigenetic modifications in cancer cells as a 

novel treatment strategy. 

HDAC inhibitors bind to the catalytic site of HDACs and prevent these 

enzymes from binding to a substrate (histone or DNA). These HDAC inhibitors 

affect several biological processes, such as cell cycle arrest in the G1 stage, the 

inhibition of cell growth [95], cell differentiation and apoptosis [96], and HDAC 

inhibitor LBH589 (Panobinostat) induced sensitivity in combination with 

chemotherapeutic agents [97, 98].  

HDAC inhibitors have been classified into four major classes based on their 

structures and different specificities for HDACs as follows: cyclic peptides, 

hydroxamates, short-chain fatty acids (SCFAs) and benzamides. For example, 

romidepsin (Isodax
®
) is a cyclic peptide that is isolated as a prodrug from 

Chromobacterium violaceum, a Gram-negative, anaerobic, non-sporing 
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coccobacillus. Romidepsin is an HDAC-selective inhibitor that binds to the Zn
2+

 in 

the active site of HDACs. Romidepsin induces cell-cycle arrest and apoptosis, and 

this drug was approved by the US FDA to treat refractory cutaneous T-cell 

lymphoma in 2009 [99, 100] and peripheral T-cell lymphoma in 2011 [101, 102]. 

Cyclic peptides target human cancer cell lines in vitro and could be precursors for 

developing new drugs [103]. Hydroxamic acids are another important structural 

group, which includes trichostatin A (TSA) and others. TSA was the first compound 

found to inhibit HDACs [104] and has been reported to have a wide range of 

anti-cancer effects [105, 106]; however, TSA has been removed from clinical trials 

due to side effects. In 2006, vorinostat, suberoylanilide hydroxamic acid (SAHA), 

was approved by the FDA to treat cutaneous T-cell lymphoma [107] as a specific 

inhibitor of HDAC1, HDAC2, HDAC3 and HDAC6 [108].  

Very recently, the HDAC inhibitors LBH589 (Panobinostat) and PXD101 

(Belinostat) received FDA approval for patients with multiple myeloma and 

peripheral T-cell lymphoma, respectively. On July 3, 2014, the FDA granted 

accelerated approval for belinostat (BELEODAQ®; Spectrum Pharmaceuticals, 

Inc.), an HDAC inhibitor, for patients with relapsed or refractory peripheral T-cell 

lymphoma [109]. Novartis has developed oral and intravenous formulations of 

panobinostat (Farydak®), an HDAC inhibitor, for the treatment of cancer [110]. 
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1.4 Natural compounds alter epigenetic modifications via epigenetic readers, 

writers, and erasers - therapeutic targets 

In this section, we will summarize and discuss certain epigenetic readers, 

writers, and erasers associated with cancer development and how newly discovered 

natural compounds and their derivatives could interact with these targets potentially 

resulting in cancer prevention and or treatment. 

1.4.1 Phenolic compounds  

There are various dietary polyphenolic phytochemicals with chemopreventive 

and chemotherapeutic effects due to the anti-oxidant and anti-inflammatory effects 

of these compounds in immune and cancer cells [111]. Based on their structures, 

phenolic compounds can be divided into two main classes: flavonoids and 

nonflavonoids. Phenolic compounds are commonly found in soybeans, spices and 

other sources. Currently, these natural dietary polyphenols, including curcumin and 

genistein, have been shown to reverse adverse epigenetic modifications that act on a 

chromosomal level. Phenolic compounds can reportedly reverse abnormal 

epigenetic modifications by regulating the activity of HDACs, HATs, HMTs, HDMs 

and DNMTs in cancer cells. 

1.4.1.1 Curcumin 

Curcumin is a well-characterized natural HAT inhibitor and a major active 

component from the rhizome of Curcuma longa. Curcumin has shown high efficacy 

in chemoprevention and as a chemotherapeutic in head, neck and lung cancers [112, 
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113]. Recently, it has been shown that curcumin decreased the expression of DNMTs 

and HDAC subtypes (HDAC4, 5, 6, and 8) and upregulated deleted in lung and 

esophageal cancer 1 (DLEC1), a tumor suppressor gene, in HT29 cells [114]. In 

leukemia cells, curcumin downregulated HDAC6, a class IIb deacetylase, as well as 

heat shock proteins (HSPs), and resulting in cell cycle arrest and apoptosis [115]. In 

addition, treatment with derivatives of the curcumin-like curcumin analog C66 

attenuated diabetes-related increases in histone acetylation, HAT activity, and 

p300/CBP HAT expression [116]. In addition, treatment with derivatives of the 

curcumin-like curcumin analog C66 attenuated diabetes-related increases in histone 

acetylation, HAT activity, and p300/CBP HAT expression [116]. Treatment of 

curcumin significantly inhibited the HAT activity human hepatoma Hep3B cells, but 

not HDACs, contributing to the histone hypoacetylation [117].  

1.4.1.2 EGCG  

Epigallocatechin-3-gallate (EGCG) is one of the well-studied green tea 

polyphenols with many health beneficial biological effects including cancer 

chemoprevention and chemotherapy in prostate cancers [118], gastroenterological 

cancers [119] and others. Green tea polyphenols can activate p53 by inhibiting class 

I HDACs, resulting in acetylated Lys373 and Lys382 residues and inducing cell 

cycle arrest and apoptosis in LNCaP human prostate cancer cells [120, 121]. In 

addition, among these green tea polyphenols, EGCG has been identified as an 

inhibitor of HAT, whereas other polyphenol derivatives have lower HAT inhibitory 
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effects, including catechin, epicatechin, and epigallocatechin [122]. EGCG is with 

more specificity for HATs but less specificity for other epigenetic writers, including 

HMTs; the inhibition of HAT by EGCG reduced NF-κB activity and decreased the 

binding of p300 to the IL-6 promoter, subsequently suppressing pro-inflammatory 

response [122]. EGCG treatment decreased global DNA methylation levels, and 

HDAC activity in human skin cancer A431 cells with reactivation of silenced tumor 

suppressor genes, Cip1/p21 and p16INK4a [123]. The combination of EGCG with 

the HDAC inhibitor, TSA, showed a synergistic effect of reactivation of ERα 

expression in ERα-negative breast cancer cells. EGCG is reported to remodel the 

chromatin structure of the ERα promoter leading to ERα reactivation [124]. The 

combination of EGCG with cisplatin significantly inhibited proliferation, and 

induced cell cycle arrest in G1 phase in non-small-cell lung cancer A549/DDP cells. 

They are reported to inhibit DNMT activity and HDAC activity, reversal of 

hypermethylated status and downregulated expression of GAS1, TIMP4, ICAM1 

and WISP2 genes [125]. Very recently, EGCG is reported to reverse the expression 

of various tumor-suppressor genes (TSGs) by inhibiting DNMTs and HDACs in 

human cervical cancer cells [126]. 

In addition, EGCG has impacts on Bmi-1 and enhancer of zeste homolog 2 

(Ezh2), two key PcG proteins as epigenetic regulators of chromatin. It is reported that 

EGCG reduced Bmi-1 and Ezh2 level in SCC-13 cells. Also, a global reduction in 

histone H3 lysine 27 trimethylation was reported to be associated with a reduction in 
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survival [127].   EGCG with or without 3-deazaneplanocin A (DZNep) co-treatment 

in skin cancer cells reduce the level of PcG proteins including Ezh2, Bmi-1, and 

others. In addition, HDAC1 is also reduced, associated with increased tumor 

suppressor expression and reduced cell survival rates [128]. In a most recent report, 

green tea polyphenols (GTP) and EGCG induced TIMP-3 mRNA and protein levels 

by epigenetic silencing mechanism(s) involving increased EZH2 activity and class I 

HDACs in breast cancer cells [129]. In skin cancer cells, Bmi-1 is observed with 

increased expression contributing to skin cancer cells survival. EGCG treatment 

suppressed skin cancer cells survival [130]. 

1.4.1.3 Genistein 

Genistein is a phytoestrogen derived from soybeans and other sources. This 

compound has been reported to play a major role in the post-translational 

modification of histones. In LNCaP human prostate cancer cells, genistein inhibited 

HDAC6, a heat shock protein Hsp90 deacetylase, which in turn decreased the level 

of the androgen receptor (AR) by regulating the ability of the HDAC6-Hsp 

chaperone to stabilize the AR protein [131].  

Quercetin is a dietary polyphenol derived primarily from buckwheat and citrus. 

Quercetin inhibited HAT activity and subsequently reduced the recruitment of 

cofactors to the chromatin associated with pro-inflammatory genes in epithelial cells 

[132]. In addition, quercetin inhibited the expression of the epigenetic markers 
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HDAC-1 and DNMT1 to induce cell cycle arrest and apoptosis, thereby blocking 

invasion and angiogenesis [133]. 

1.4.1.4 Resveratrol 

Resveratrol is a polyphenol derived from plants such as blueberries, cranberries, 

and grapes. Resveratrol has exhibited anti-inflammatory and other effects via the 

regulation of pathways such as the cell cycle, apoptosis, angiogenesis and tumor 

metastases [134]. Recent studies show that resveratrol can downregulate 

metastasis-associated protein 1 (MTA1), which inactivates PTEN in prostate cancer 

cells. In addition, resveratrol could also activate the nicotinamide adenine 

dinucleotide (NAD+)-dependent deacetylase SIRT1 as one of the key features. 

Resveratrol activates sirtuins, as the class III HDAC. It’s reported that resveratrol 

could induce cell cycle arrest in the G1 phase and it inhibits gastric cancer in an 

SIRT1-dependent manner [135]. In silico docking models were used to study 

resveratrol’s interaction with different types of HDACs [136]. In vitro analyses of 

solid tumor cell lines showed that resveratrol inhibited all eleven human HDACs of 

class I, II and IV in a dose-dependent manner. Resveratrol promotes acetylation and 

reactivation of PTEN via inhibition of the MTA1/HDAC complex, resulting in 

inhibition of cell survival pathway such as the Akt pathway [137]. 
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1.4.2 Organosulfur compounds 

Organosulfur compounds are organic compounds that contain a variety of sulfur 

functional groups, such as C-S double and triple bonds, thioethers, disulfides, 

polysulfides, sulfonic acids, esters, amides, sulfuranes and persulfuranes [138]. 

Many organosulfur compounds have been investigated for roles in epigenetic 

regulation. For example, sulforaphane (SFN) has been widely proven to be involved 

in global DNA demethylation, HDAC inhibition, and mi-RNA modulation 

[139-142]; phenethyl isothiocyanate (PEITC) inhibits both HDAC and CpG 

methylation in various genes [143-145]; and diallyl disulfide (DADS) enhances 

histone acetylation by inhibiting HDAC [146, 147]. 

1.4.2.1 SFN 

SFN is an organosulfur compound containing an isothiocyanate group and can be 

found in many cruciferous vegetables. SFN has proapoptotic and antiproliferative 

properties [148]. Its diverse biological effects also include anticancer effects, cell 

cycle arrest, and the induction of heme oxygenase and phase-2 detoxifying enzyme 

[149]. SFN mediates its anticancer effects primarily via epigenetic mechanisms 

[149], which may include the inhibition of HDAC, which increases global and local 

histone acetylation [150, 151], the induction of demethylation [139] and the 

modulation of miRNA [142].  

When tested in human embryonic kidney 293 cells, SFN was found to inhibit 

HDAC activity, increase histone acetylation, and increase the number of acetylated 
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histones bound to the P21 promoter, thus increasing p21 (Cip1/Waf1) expression 

[152]. SFN has been demonstrated to prevent the TPA-induced neoplastic 

transformation of mouse epidermal JB6 (JB6 P+) cells by inhibiting the activity of 

HDACs, especially HDAC1, HDAC2, HDAC3 and HDAC4 [140]. In a clinical 

study, after the consumption of 68 g of broccoli sprouts containing approximately 

105 mg of SFN, HDAC activity was significantly decreased in the peripheral blood 

mononuclear cells of all three subjects [153].  

SFN has demonstrated DNMT-inhibiting effects. Meeran et al. first reported that 

SFN inhibits DNMT1 and DNMT3A in MCF-7 and MDA-MB-231 human breast 

cancer cells [154]. SFN was found to regulate the MSTN signaling pathway in 

porcine satellite cells by significantly inhibiting HDAC activity and DNMT1 

expression [155]. SFN was observed to inhibit proliferation in MCF-7 and 

MDA-MB-231 breast cancer cells and to downregulate DNMT1 by 0.75-fold, 

DNMT3A by 0.0185-fold, and DNMT3B by 1.174-fold [156]. 

Recent studies have revealed the role of SFN in modulating miRNA. SFN was 

found to inhibit DCIS stem cell signaling by increasing exosomal miR-140 and 

decreasing exosomal miR-21 and miR-29 [142]. By inducing miR-200c, SFN 

inhibits the epithelial-mesenchymal-transition and metastasis [157]. In a Chip-Seq 

assay, SFN was found to reduce miR-29B-1 expression [158]. 
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1.4.2.2 PEITC 

Similar to SFN, PEITC contains an isothiocyanate functional group and is widely 

found in a variety of cruciferous vegetables. PEITC exhibits the dual functions of 

HDAC inhibition and CpG demethylation in various genes [143-145].  

Generally, PEITC acts as an HDAC inhibitor. In the LNCaP cell line, PEITC 

upregulated p21 gene expression by significantly enhancing histone acetylation via 

the inhibition of HDAC activity and by inducing histone methylation modifications, 

resulting in chromatin remodeling [159]. Wang LG et al. also found that PEITC 

increases histone acetylation in LNCaP cells by decreasing the activity of HDACs, 

especially HDAC1 [160]. 

Moreover, PEITC demethylates the promoter and restores the expression of 

glutathione S-transferase Pi 1 (GSTP1) in both androgen-dependent and 

androgen-independent LNCaP cancer cells [160]. PEITC has also been 

demonstrated to have hypomethylation potential in vivo. In TRAMP mice that were 

given an oral dose of 15 µmol of PEITC daily for 13 weeks, prostate tumorigenesis 

was significantly retarded due to the demethylation of the MGMT promoter [145].  

1.4.2.3 DADS 

DADS, a dietary disulfide, is found at high concentrations in garlic. DADS have 

been shown to enhance histone acetylation [146, 147]. Bioinformatics research 

suggests that both DADS and SFN have structural features compatible with HDAC 

inhibition [161]. 
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After metabolic conversion, DADS is gradually converted to its main active 

metabolites, S-allylmercaptocysteine (SAMC) and allyl mercaptan (AM) [162, 163]. 

DADS and SAMC were found to induce the differentiation of erythroleukemic cells 

by enhancing histone acetylation [164]. In vitro, AM was a more potent inhibitor of 

HDAC than the precursor compounds DADS and SAMC, leading to the 

hyperacetylation of H3 and H4, enhancement of the association of ac-H3 with the p21 

promoter and upregulation of p21 [165]. DADS treatment can induce transient histone 

hyperacetylation, p21 induction and apoptosis in various types of cancer cells [166]. 

In Caco-2 and HT-29 cells, 200 μM DADS was found to significantly inhibit HDAC 

activity, inducing histone hyperacetylation and increasing p21
waf1/cip1

 expression [167]. 

In in vivo experiments, the injection of DADS (200 mg/kg b.w.) into male rats was 

reported to result in increased histone acetylation in normal hepatocytes and 

colonocytes [168]. 

1.4.3 Triterpenoids 

Triterpenoids, which are synthesized by the cyclization of squalene, are 

metabolites of isopentenyl pyrophosphate [169]. At least 20,000 triterpenoids exist 

in nature. To date, many natural fruits and medicinal plants such as apples, ballon 

flower, bearberry, blueberries, boswellia, cranberries, figs, ginseng, holy basil, 

lavender, mango, onions, olives, reishi, and rosemary, among others, have been 

found to be rich natural sources of triterpenoids [170]. Increasing evidence 

demonstrates that triterpenoids are involved in a variety of biological activities, with 
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anti-proliferative, pro-apoptotic, anti-oxidative, anti-inflammatory, anti-allergic, 

anti-microbial, anti-viral, anti-pruritic, anti-angiogenic, anti-invasive, and anti-tumor 

properties [170-172]. Nonetheless, it is not well understood whether triterpenoids act 

on epigenetic regulators and/or how triterpenoids interact with epigenetic regulators 

to exert their biological functions. We herein summarize some studies that illustrate 

the potential of triterpenoids to produce epigenetic alterations that protect against a 

variety of human diseases, including cancer.  

1.4.3.1 Oleanolic acid 

Oleanolic acid (OA, 3β-hydroxyolean-12-en-28-oic acid) is a pentacyclic 

triterpenoid that can be obtained from approximately 1,600 different plants [173]. Of 

note, OA is used as the backbone for a new synthetic oleanane triterpenoid, 

2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid (CDDO) and its derivatives, 

such as CDDO-methyl ester (CDDO-Me) and CDDO-imidazole (CDDO-Im) [173, 

174]. OA is a typical triterpenoid that exerts protective effects on the liver, heart, 

and stomach and functions as an anti-viral, anti-oxidative, anti-inflammatory, and 

anti-cancer agent [174, 175]. A very recent report revealed that miR-122 is a 

potential target in cancer prevention [176]; miR-122 has anti-tumor activity, and its 

promoter is hypermethylated in liver cancer cells [177, 178]. OA treatment 

enhanced miR-122 expression, thereby suppressing the growth of lung cancer cells 

and lung cancer xenografts in mice. OA displays anti-diabetic activity by reducing 

hyperglycemia [179]. Zhou and his colleagues determined the hypoglycemic 
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mechanisms of OA in a mouse model of type 2 diabetes [180]. The administration of 

OA to diabetic mice increased phosphorylation and acetylation at lysines 259, 262, 

and 271 in Forkhead box O1 (FoxO1). These modifications of FoxO1 were 

accompanied by an increase of HAT1 and the inhibitory phosphorylation of HDAC4 

and HDAC5. Notably, the effect of OA lasted up to 4 weeks after suspending OA 

treatment. 

1.4.3.2 Ursolic acid 

As an isomer of OA, ursolic acid (UA; 3b-hydroxy-12-urs-12-en-28-oic acid), is 

present in a variety of fruits and medicinal herbs, including apple peels, cranberry, 

bearberry, lavender, peppermint leaves, and holy basil [181]. UA has been used only 

as an emulsifying agent in pharmaceutics, cosmetics, and food and thus has not 

historically attracted much attention; however, robust studies have been performed 

since the discovery that UA protects against inflammation from carrageen-induced 

paw edema [182]. To date, UA has been found to be useful in treating various 

pathological conditions, including oxidative stress, DNA damage, hyperlipidemia, 

and inflammation [181-183]. UA is one of the triterpenoids exhibiting anti-cancer 

activity through diverse signaling pathways,  such as the apoptotic pathway [184]. 

In a study identifying the effect of UA on human acute myeloid leukemia HL-60 

cells, the cytotoxicity of UA was attributed to increased acetylation of histones H3, 

H3K18, and H3K9 and decreased expression of HDAC 1, 3, 4, 5, and 6 [185]. In 

human glioma cells, UA induced apoptosis by decreasing levels of miR-21, which is 
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regulated by DNA methylation [186, 187]. The reduction in miR-21 activated a cell 

death pathway via caspase-3 and programmed cell death 4 (PDCD4). 

1.4.3.3 CDDO and its derivatives 

CDDO is a synthetic oleanane triterpenoid (SO) and the most potent triterpenoid 

with activity in the nanomolar and/or picomolar range. CDDC was developed by the 

chemical modification of three sites in OA, the C-28 carboxyl group, the C-12-C-13 

double bond, and the C-3 hydroxy group [188]. Moreover, additional changes at the 

C17 of CDDO have yielded several types of derivatives, such as a methyl ester 

(CDDO-Me), imidazolides (CDDO-Im), amides (methyl amide, CDDO-MA; ethyl 

amide, CDDO-EA; trifluoroethyl amide, CDDO-TFEA), and a dinitrile (di-CDDO) 

[188, 189]. In addition to the use of SOs for treating cancer, a growing list of in vitro 

and in vivo data demonstrate that they are involved in a broad spectrum of biological 

mechanisms, including differentiation, proliferation, growth arrest, apoptosis, and 

inflammation [190]. After SOs were first synthesized in the late 90s [191], the role 

of SO in epigenetic modulation was quickly discovered. Treatment of acute 

promyelocytic leukemia ATRA-sensitive NB4 and resistant MR2 cells with CDDO 

and all-trans-retinoic acid (ATRA) increased H3-Lys9 acetylation in the RARβ2 

promoter. This histone acetylation induced expression of the peroxisome 

proliferator-activated receptor-γ (PPARγ), resulting in enhanced apoptosis and 

differentiation [192]. CDDO-Me has stronger anti-cancer potency than CDDO [193]. 

An investigation demonstrated that CDDO-Me inhibits proliferation and induces 
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apoptosis in human pancreatic cancer cells by downregulating hTERT expression, 

which was mediated through a decrease in DNMT1 and DNMT3a, the 

demethylation of CpGs in the hTERT promoter, and a reduction in acetylated 

H3-Lys9, acetylated H4, dimethyl-H3-Lys4, and trimethyl-H3-Lys9 at the hTERT 

promoter [194]. 

1.4.3.4 Boswellic acid 

Boswellic acid (BA), the most abundant exudate from the gum resin of Boswellia 

serrate, has been used in India to treat inflammatory disorders such as arthritis and 

inflammatory bowel disease because of its potent anti-oxidative capacity [195, 196]. 

Based on these positive effects, clinical trials have been conducted using BA to treat 

Crohn’s disease, chronic colitis, ulcerative colitis, and brain tumors [197]. BA 

consists of four components, β-boswellic acid (β-BA), acetyl-β-boswellic acid 

(ABA), 11-keto-boswellic acid (KBA), and 11-keto-β-acetyl-11-keto-β-boswellic 

acid (AKBA) [198]. KBA and AKBA are among the main compounds responsible 

for the pharmacologic effects of BA. AKBA has been found to have anti-tumor 

effects in several forms of cancers in the brain, bone marrow, colon, liver, pancreas, 

and prostate [199, 200]. The mechanism for AKBA’s cytotoxicity to cancer cells 

seems in part to be epigenetic modulation. Human colorectal cancer SW48 cells that 

have undergone AKBA-induced growth inhibition and apoptosis exhibit a loss of 

methylation in a large number of CpG sites [201]. In addition, AKBA treatment 

caused two tumor suppressor genes, SAMD14 and SMPD3, to be demethylated and 



29 

 

 

DNMT activities to decrease in SW48 and SW480 cells. The same group also 

demonstrated that AKBA increased let-7b, let-7i, miR-200b, and miR-200c in 

human colorectal cells and nude mice transplanted with HCT116 cells, leading to 

the inhibition of cell growth, proliferation, and migration, as well as the induction of 

apoptosis in colorectal cancer [202]. 

1.4.4 Ginsenosides 

Ginseng (Panax ginseng C.A. Meyer) is a very common medicinal herb and food 

supplement in Asia, particularly in China, Japan, and South Korea, and is even 

currently used in Western countries [203, 204]. Ginseng has long been used to 

maintain physical health and combat aging and is the main ingredient in traditional 

medicine. Ginsenosides are triterpenoid saponins, the primary active components of 

ginseng [205]. Diverse structural modifications classify ginsenosides into three 

groups: i) the oleanolic acid group (Ro); ii) the 20(S)-protopanaxadiol group (e.g., 

Ra, Rb, Rc, Rd, Rg3, Rh2 and Rs); and iii) the 20(S)-protopanaxatriol group (e.g., 

Re, Rf, Rg1, Rg2 and Rh1) (G-6, 7). Each ginsenoside plays a unique role in human 

disease. As part of a chemopreventive and anti-cancer regimen, ginsenosides have 

many advantages, including fewer side effects, low rates of recurrence, and a 

reduction in cancer-related symptoms [206]. As a result, such regimens increase the 

cure rate in cancer patients.  

Rh2 is a member of the 20(S)-protopanaxatriol group of ginsenosides. The 

treatment of human non-small cell lung cancer A549 cells with Rh2 upregulated 44 
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miRNAs, including let7 and miR-196, and downregulated 24 miRNAs, such as 

miR-193 [207]. Because let-7, miR-196, and miR-193 are miRNAs regulated by 

epigenetic mechanisms, these results suggest that Rh2 may modulate epigenetic 

alterations in lung cancer cells. Indeed, Rh2 increased HDAC4 expression in human 

liver carcinoma HepG2 cells [206]. The increased HDAC4 caused the repression of 

AP-1 and MMP3 expression, leading to reduced survival and migration. Rg2 may 

affect the epigenetic regulation of genes, as seen from a study of brain tumors. 

Human glioma cells treated with Rg2 displayed growth inhibition and apoptosis 

through increased miR-128 expression [208]. The repression of miR-128 induces 

upregulation of Bim-1, which is highly expressed in cancer cells [209]. 

Unlike Rh2, the relevance of Rg1 to epigenetic pathways has been confirmed 

through its effects on angiogenesis. Rg1 is another bioactive member of the 

20(S)-protopanaxatriol ginsenosides. In human umbilical vein endothelial cells 

(HUVECs), Rg1 repressed the expression of miR-214, accelerating eNOS 

expression and angiogenesis [210]; however, miR-214 is a negative regulator of 

EZH2, which is elevated in cancers [211]. Lately, it has been proposed that miR-15b 

inhibits 5-hydroxymethylcytosine (5hmc) by decreasing TET3 [212]. The levels of 

5hmc are low [213, 214] during tumor progression but are high in low-grade brain 

tumors and liver cancer patients with high survival rates and low recurrence rates 

[215, 216]. Notably, Rg1 downregulated miR-15b, which is involved in 

angiogenesis in HUVECs [217]. 
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Compound K, a metabolite of 20(S)-protopanaxadiol ginsenosides, impaired the 

RUNX3 re-expression-induced growth of human colorectal cancer HT-29 cells 

through the demethylation of RUNX3 promoter, which is known to be 

hypermethylated in colon cancer cells and patients. The decrease in RUNX3 

methylation was associated with the decreased expression and activity of DNMT1. 

In addition, an IC50 concentration of Compound K acetylated the RUNX3 promoter 

with diminished HDAC1 expression and HDAC activity, and increased the 

acetylation of histones H3 and H4, which arrested the cell cycle at the G0/G1 phase 

[218]. 

Two stereoisomers of Rg3, 20(S)-Rg3 and 20(R)-Rg3, are members of the 

protopanaxadiol group [219]. Recently, it was found that Rg3 acts as an HDAC3 

inhibitor in melanoma cells [220]. The treatment of human melanoma A375 and 

C8161 cells with Rg3 produced cell cycle arrest at the G0/G1 phase through 

decreased HDAC3 expression and increased acetylation of p53 on Lysine-373 and 

Lysine-382. These epigenetic events led to a reduction in PRB, cyclin E, cyclin D1, 

CDK2, and CDK4 and the induction of p21 expression. In these studies, Rg3 

administration to nude mice inoculated with A375 cells conferred lower expression 

levels of HDAC3 and higher levels of acetylation of p53 (Lys-373/Lys-382), which 

resulted in reduced xenograft tumor volume and tumor weight. 
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1.4.5 Other phytochemicals and their derivatives 

1.4.5.1 3, 3’-Diindolylmethane 

3, 3’-Diindolylmethane (DIM) is a byproduct of the digestion of 

indole-3-carbinol (I3C), which is found in cruciferous vegetables, including broccoli, 

cabbage, kale and Brussels sprouts. DIM acts as an anticancer agent by inducing cell 

cycle arrest and apoptosis and is undergoing clinical trials [221]. DIM can 

selectively inhibit class I HDACs by inducing their proteasome-mediated 

degradation, revealing the potential of DIM as a chemoprevention agent [222]. Both 

DIM and I3C counteract the effects of enterotoxin B (SEB)-induced activation of T 

cells in mice as inhibitors of class I HDACs, but not class II HDACs [223]. Notably, 

DIM, but not I3C, specifically decreases HDAC2 activity in LNCaP and PC-3 

prostate cancer cells [224]. Recently, the effects of DIM and SFN on genome-wide 

promoter methylation have been tested in normal prostate epithelial cells and 

prostate cancer cells, and the results indicated that DIM reversed abnormal 

methylation in cancer-associated genes [225]. All of these investigations suggest 

that DIM can exert cancer preventive and even therapeutic effects via the reversal of 

abnormal epigenetic alterations.  

1.4.5.2 Valproic acid  

SCFAs are produced from the fermentation of dietary fiber in the colon [226]. 

SCFAs can be categorized based on the number of lipids and include butyric and 

valeric acid. Valproic acid (VPA) was first synthesized in 1882 by Burton as an 
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analog of valeric acid. VPA has been shown to be an HDAC inhibitor in several 

clinical studies when used in combination with all-trans retinoic acid to treat acute 

myeloid leukemia (AML) patients with intensive chemotherapy [227]. VPA has 

been reported to show anti-leukemic effects in combination with other 

demethylating agents such as decitabine and 5-azacitidine (5-AZA) [228]. In 

addition, VPA is in phase III clinical trial as an HDAC inhibitor in solid tumors 

[229]. Those trials illustrate the emerging importance of targeting epigenetic erasers 

in the classical standard combination chemotherapy [229]. Recently, VPA has been 

shown to attenuate cardiac hypertrophy and fibrosis by inhibiting HDACs to 

acetylate the mineralocorticoid receptor (MR) in spontaneously hypertensive rats 

[230]. Amide derivatives of valproate are being considered as potential follow-up 

compounds, including valproyl glycinamide, 3-methylbutanamide or isovaleramide 

and SPD421 (DP-valproate) [231, 232]. 

1.4.5.3 Anacardic acid 

Anacardic acid, a bioactive phytochemical found in the shell of nuts from 

Anacardium occidentale, is a non-competitive inhibitor of p300, PCAF, and Tip60 

[233]. Anacardic acid is structurally related to salicylic acid. Anacardic acid still has 

limited applications, similar to most natural compounds, because of its low cell 

permeability [234]. In contrast to anacardic acid, garcinol is a highly permeable but 

non-specific HAT inhibitor that is extracted from the rinds of the Garcinia indica fruit 
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[235]. This non-specific nature of garcinol increases toxicity; therefore, more specific, 

less toxic HAT inhibitors, LTK14 and LTK15, were derived from garcinol [236].  

1.5 Conclusions and perspectives  

Individual phenotypes appear to be a complex record of interactions with the 

environment, that is, lifelong exposure to stimuli and the consequential reactions of 

the genome and epigenome. Recently, understanding how epigenetic mechanisms 

record environmental changes within individuals and contribute to the development 

of various types of diseases including cancers has gained increasing importance. 

These studies enhance our understanding and ability to manipulate the epigenome, 

especially to reverse abnormal epigenetic modifications and restore normal 

biological function.  

Natural compounds in the diet or herbal medicinal phytochemicals are promising 

epigenome modifiers targeting epigenetic readers, writers and erasers resulting in 

diseases prevention including cancer chemoprevention or chemotherapeutic 

treatment. In addition to these characteristics as epigenetic regulators, natural 

compounds are generally characterized by low toxicity and easy access in daily life.  

All these advantages have placed bioactive natural compounds as important health 

beneficial and potential diseases prevention agents including cancer 

chemoprevention. Our current review provides a brief insight into some selected 

dietary phytochemicals on their potential epigenetic targets. A summary of these 

alterations is provided in Table 1.1, which includes accumulating evidence of 
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dietary chemopreventive compounds’ role in preventing and reversing these 

abnormal epigenetic modifications in cell culture or animal model systems. 

Understanding the potential differences in different cell types and organs will be 

crucial in designing future personalized dietary strategy in diseases prevention 

including cancer. Furthermore, a combination of some of these selective epigenetic 

regulators with more targeted epigenetic drugs could potentially yield synergistic 

effects in cancer prevention and therapy. For instance, butyrate, an HDAC inhibitor, 

in combination with a dietary vitamin A derivative, is used in the treatment of acute 

promyelocytic leukemias [237]. Some epigenetic drugs are currently used in 

combination with cancer chemotherapeutic agents in reversing transcriptional 

resistance mechanisms in cancers [238]. In addition, although miRNA and long 

non-coding RNA are not the focus of this review, they have been important targets 

of many natural dietary compounds, including polyphenols [239].  

In conclusion, it is important to fully understand the biological functions and 

detailed mechanisms of action of chromatin proteins. Further exploration of natural 

compounds alone or in combination is promising to move forward to evidence-based 

clinical trials using them as modifiers targeting epigenetic readers, writers and 

erasers resulting in cancer chemoprevention or even chemotherapeutic treatment.  
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1.6 Figures and Tables  

 

Figure 1.1 Natural compound-derived epigenetic regulators targeting epigenetic 

readers, writers and erasers 
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Table 1.1. Natural dietary compounds and derivatives with targets at epigenetic 

writers, readers, and erasers in cancers. 
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Compound Epigenetic targets Phase Cancer types Reference 

Curcumin 
Decrease expression of DNMTs, 

HDACs 
Preclinical 

Colon, leukemia, 

head, neck and lung 
[112-116] 

EGCG 

Decrease expression of class I 

HDACs and HATs; decrease EZH2 

protein level; decrease DNMT 

activity 

Preclinical 
Prostate, skin, breast 

and cervical cancers 

[121, 

123-127] 

Genistein Decrease expression HDAC6 Preclinical Prostate [131] 

Quercetin 
Decrease expression of HDAC1 and 

DNMT1; decrease HAT activity 
Preclinical Prostate [132, 133] 

Resveratrol Inhibit the MTA1/HDAC complex Preclinical Prostate [134, 137] 

Sulforaphane 
Decrease HDACs and DNMTs 

activity 
Preclinical Breast and skin 

[140, 

153-156] 

Phenethyl 

isothiocyanate 

Decrease HDACs and CpG 

methylation 
Preclinical Prostate, colon, 

[143-145, 

162-168] 

Oleanolic acid 

Increase HAT1 activity; decrease 

phosphorylation of HDAC4 and 

HDAC5 

Preclinical type 2 Diabetes [180] 

Ursolic acid 
Decrease expression of HDAC 1, 3, 

4, 5, and 6 
Preclinical 

human acute 

myeloid leukemia 
[185] 

Boswellic acid 

 

Loss of methylation in lots of CpG 

sites; decrease DNMTs activities 
Preclinical 

human colorectal 

cancer 
[201, 202] 

Ginsenosides 

Rh2 

Rh2 increased HDAC4 expression 

 
Preclinical 

human liver 

carcinoma HepG2 

cells 

[206] 

Ginsenosides 

Rg1 

Rg1 repressed expression of 

miR-214 and miR-214 is a negative 

regulator of EZH2 

Preclinical 

human umbilical 

vein endothelial 

cells 

[210, 211] 

Compound K 
Decrease HDAC1 and DNMT1 

activities 
Preclinical 

human colorectal 

cancer cells 
[218, 230] 

3,3’-Diindolyl

methane 
Decrease HDACs activities Preclinical 

Prostate cancers 

cells 
[222] 

Valproic acid Decrease HDACs activities 
Phase III 

clinical trial 
solid tumors [229] 

Anacardic acid Inhibit p300, PCAF, and Tip60 Preclinical Breast [233] 

Garcinol Decrease HAT activities Preclinical 
Hepatocellular 

carcinoma 
[240] 

LTK14, LTK 

15 
Decrease HAT activities Preclinical  [236] 
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2 Astaxanthin and omega-3 fatty acids individually and in combination 

protect against oxidative stress via the Nrf2–ARE pathway
456

 

2.1 Introduction 

Oxidative stress is involved in the pathogenesis of many diseases, including 

cancer. The biochemical processes involved in the chemoprotective effects of agents 

against oxidative stress have not been completely discovered; however, part of the 

beneficial action results from the induction of phase II detoxifying/antioxidant 

enzymes [241, 242]. These enzymes detoxify many harmful substances by 

converting them into hydrophilic metabolites that are readily excreted. Phase II 

detoxifying/antioxidant enzymes, such as glutathione S-transferase (GST), heme 

oxygenase-1 (HO-1), and NAD(P)H dehydrogenase, quinone 1 (NQO1), are highly 

inducible in animals and humans [243], and there is a strong inverse relationship 

between their tissue levels and the susceptibility of tissue to chemical-induced 

carcinogenesis [241, 244]. The coordinated induction of phase II 
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detoxifying/antioxidant enzymes is mediated by cis-regulatory DNA sequences 

located in promoter and enhancer regions known as antioxidant response elements 

(AREs). The ARE transcription factor nuclear factor (erythroid-derived 2)-like 2 

(Nrf2) plays a central role in the induction of detoxifying/antioxidant genes [241]. 

Astaxanthin (AST; Figure 2.1), a red dietary carotenoid, is found in microalgae, 

such as Haematococcus pluvialis and Chlorella zofingiensis [245], and aquatic 

animals. AST possesses various pharmacological activities, including antioxidative 

activity [245-248], antitumor effects [249-251], hepatoprotective effects [252], and 

antidiabetic [253] and anti-inflammatory properties [254]; the antioxidant properties 

of AST could explain its health-promoting activities. AST has beneficial effects both 

in vivo and in vitro, suggesting its potential use in the prevention of various diseases, 

including cancer [255] and Parkinson’s disease [256]. Thus far, few studies have 

specifically investigated the role of Nrf2 in mediating the antioxidant effects of AST, 

excluding recent reports on cyclophosphamide-induced oxidative stress in rats [257] 

and K562 human immortalized myelogenous leukemia cells [258] and on 

MPP+-induced oxidative stress in PC12 cells [256]. Recently, the beneficial effects 

of AST in improving oxidative stress biomarker levels in overweight and obese 

adults have been reported [259]. Interestingly, it has also been recently reported that 

an AST-related compound, fucoxanthin, was more effective at attenuating weight 

gain in mice in combination with fish oil than as a single agent [260]. Moreover, the 

combinations of AST or fucoxanthin with docosahexaenoic acid (DHA) or 



41 

 

 

eicosapentaenoic acid (EPA), two active components in fish oil, are sold over the 

counter as dietary supplements. It has been reported that AST in combination with 

fish oil enhances the immune response by improving the glutathione-based redox 

balance in rat plasma and neutrophils [261]. However, whether synergism occurs 

between AST and DHA or EPA (Figure 2.1) and the involvement of the Nrf2/ARE 

pathway in this potential synergism have not been confirmed. Therefore, it is of 

scientific interest and clinical significance to examine the antioxidant effects of AST 

alone and in combination with DHA or EPA. 

DHA and EPA are omega-3 polyunsaturated fatty acids (PUFAs); they are 

important nutritional essentials found in fish oil. They possess benefits in terms of 

cardiovascular protection [262, 263] and anti-inflammatory effects [264, 265]. They 

have potential as potent anti-inflammatory agents because they decrease the 

production of inflammatory eicosanoids, cytokines, and reactive oxygen species 

[266]. The benefits of PUFAs have been demonstrated in clinical trials in patients 

with advanced lung cancer [267] and colorectal cancer [268]. Our group previously 

reported that Nrf2 plays a role in the anti-inflammatory activities of DHA and EPA 

by comparing Nrf2-knockout and wild-type macrophages [265]. The inhibition of 

lipopolysaccharide-induced cyclooxygenase 2, inducible nitric oxide synthase, 

interleukin 1-beta, interleukin 6, and tumor necrosis factor alpha was attenuated in 

Nrf2-knockout macrophages compared with the inhibition in Nrf2 wild-type 

macrophages. Potential crosstalk between Nrf2 and anti-inflammatory pathways has 
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been reported [241, 269, 270]. Taken together, these studies suggest a possible link 

between the Nrf2 signaling pathway and the activity of AST, DHA, and EPA. 

Therefore, we hypothesized that the induction of Nrf2 involves the activation of the 

ARE transcription system. We also hypothesized that AST would synergize with 

DHA and EPA. In this study, we demonstrated the synergistic antioxidant effects of 

AST, DHA, and EPA at low concentrations. The Nrf2/ARE pathway was involved 

in the antioxidant effects induced by AST, DHA, and EPA in HepG2-C8 cells that 

stably expressed an ARE-luciferase reporter gene [271]. These findings provide 

valuable information for the development of novel therapeutics with beneficial 

antioxidant activities. 

2.2 Materials and Methods 

2.2.1 Chemicals  

AST was obtained from Santa Cruz Biotechnology, Inc. (catalog no. sc-202473, 

Lot #C1810; Santa Cruz, CA, USA). cis-4,7,10,13,16,19-Docosahexaenoic acid 

(DHA, catalog no. D2534, ≥98%), cis-5,8,11,14,17-eicosapentaenoic acid (EPA, 

catalog no. E2011, ≥99%), and 2′,1,1-diphenyl-2-picrylhydrazyl radical (DPPH, 

catalog no. D913-2) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Quercetin was used as the standard in the DPPH scavenging assay (catalog no. 

152003; MP Biomedicals Inc., Solon, OH, USA). Sulforaphane (SFN, catalog no. 

S8044) was purchased from LKT Laboratories, Inc. (St. Paul, MN, USA).  
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2.2.2 Cell culture 

The HepG2 immortalized human hepatoma cell line was purchased from 

American Type Culture Collection and transfected with pARE-TI-luciferase 

(provided by Dr. William Fahl, University of Wisconsin) using FuGENE 6 [272]. 

Twenty-four hours after the transfection, the cells were incubated in fresh medium 

containing 0.8 mg/mL G418. Clonal cells were selected for growth in the presence 

of G418 by limiting dilution, and the induction of the ARE-reporter gene by SFN 

was confirmed [273, 274]. The selected cell line, HepG2-C8, was used in our studies. 

HepG2-C8 cells were maintained in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal bovine serum (FBS) and antibiotics (10 U/mL 

penicillin G and 100 μg/mL streptomycin) at 37°C in a humidified 5% CO2/95% air 

incubator. To treat the cells, AST, DHA, and EPA were prepared in medium 

supplemented with 1% FBS.  

2.2.3 Free radical scavenging activity (RSA): The DPPH method 

The DPPH RSAs of AST, EPA, and DHA were determined according to the 

method reported by Chan et al. [275] with certain modifications to perform the assay 

in a microplate. Different concentrations of the three compounds (5–200 µM) were 

prepared in a 96-well plate. The samples were mixed with 5 µL of a 2 mM 

methanolic DPPH solution and adjusted to a final volume of 200 µL with methanol. 

Methanol was used for the baseline correction. The control was 50 µM methanolic 

DPPH solution. The absorbance was measured at 517 nm at different time points, 
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including 5, 10, 15, 20, 30, 40, 50 and 60 min. Changes in the optical density (OD) 

of the samples were measured, and these changes indicated the percent inhibition of 

DPPH radical formation. The results were expressed as a percentage using the 

following equation 2: 

% RSA = [(Control OD−Sample OD)/control OD] ×100             (2) 

where sample OD is the absorbance of the solution containing AST, DHA, or 

EPA and the control OD is the absorbance of the control DPPH solution. The 

background absorbance of methanol was subtracted from the absorbance of both the 

control and the sample ODs. A minimum of three independent experiments was 

performed. As the standard in the DPPH scavenging assay, quercetin was tested at 

the same concentrations as AST, DHA, and EPA.  

2.2.4 Cell viability test MTS assay 

The cell viability assay was based on the ability of cells to convert a tetrazolium 

compound (MTS) into a colored formazan product. The bioconversion is 

presumably accomplished by NADPH or NADH, which is produced by 

dehydrogenase enzymes in metabolically active cells. The cells were seeded in 

96-well plates overnight at the density of 1×10
4
 cells/well in 100 µL of medium 

containing 1% FBS and allowed to adhere to the plates. CellTiter 96
®
 AQueous One 

Solution (20 μL; Promega, Madison, WI, USA) was added to the cells 24 h after the 

cells were treated with the test compounds (3.13–100 µM). The negative control 

cells were treated with 0.1% dimethyl sulfoxide (DMSO). The 96-well plate was 
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incubated for 3 h at 37°C in a humidified 5% CO2 atmosphere. The absorbance was 

monitored at 490 nm using a spectrophotometer (μQuant Biomolecular 

Spectrophotometer, Bio-Tek Instruments Inc., Winooski, VT, USA). The cell 

viability was calculated as a percentage based on the following equation: 

(absorbance in treated sample/absorbance in control) × 100%.  

2.2.5 Intracellular glutathione (GSH) measurement 

HepG2-C8 cells were seeded in a 96-well plate at a density of 1×10
4
 cells/well in 

100 µL of medium containing 1% FBS and allowed to adhere to the plate overnight. 

The cells were treated with various concentrations of AST, DHA, or EPA alone or 

with the combination of 12.5 µM AST and 12.5 µM DHA or EPA for 24 h. The 

intracellular GSH concentration was measured using a Glutathione Assay Kit 

(Oxford Biomedical Research, Inc., Oxford, MI, USA). All of the procedures were 

performed according to the manufacturer’s instructions with modifications for the 

use of a 96-well plate. 

2.2.6 Total antioxidant power colorimetric assay 

HepG2-C8 cells were seeded in 12-well plates at a density of 1×10
5
 cells/well in 

1 mL of medium containing 1% FBS overnight. The cells were treated with different 

concentrations of AST, DHA, or EPA alone or with the combination of 12.5 µM 

AST and 12.5 µM DHA or EPA for 24 h. The antioxidant capacity was measured 

using the Colorimetric Assay for Total Antioxidant Power Kit (Oxford Biomedical 
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Research, Inc.). All of the procedures were performed according to the 

manufacturer’s instructions with modifications for the use of a 96-well plate.  

2.2.7 Luciferase reporter activity assay 

HepG2-C8 cells were plated in 12-well plates at a density of 1×10
5
 cells/well in 1 

mL of medium containing 1% FBS overnight. The cells were treated with the test 

agents individually or in combination following the same treatment procedures 

described for the MTS assay. The luciferase activity was determined according to 

the manufacturer’s protocol (Promega). After treatment, the cells were washed once 

with ice-cold phosphate-buffered saline and then harvested in reporter lysis buffer. 

The homogenates were centrifuged at 13,400 × g for 1 min at 4°C. A 10-μL aliquot 

of supernatant was used to measure the luciferase activity using a Berthold 

luminometer (Berthold Detection System GmbH, Pforzheim, Germany). The 

luciferase activity was normalized to the protein concentration and expressed as the 

fold induction relative to 0.1% DMSO. 

2.2.8 Investigating the synergistic effects of AST and DHA or EPA using the 

combination index (CI) 

Investigating the synergism between AST and DHA or EPA involved plotting 

the dose responses for AST, DHA, and EPA individually and for the different drug 

combinations. Combination drug effect analysis based on the Loewe additivity 

model, which was first introduced by Chou et al. [276], was used to examine the 
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drug-drug interactions. The CI, which characterizes the drug-drug interaction, is 

defined in Equation 1 as follows: 

Equation 1 

   
  

    
  

  

    
                    

where d1 and d2 represent the concentrations of drug 1 (AST) and drug 2 (DHA 

or EPA), respectively, in the combination treatment that produce an effect x, 

whereas Dx,1 and Dx,2 represent the concentrations of drug 1 (AST) and drug 2 (EPA 

or DHA), respectively, which produce the same effect x when administered 

individually. When the CI is equal to, less than, or greater than 1, the combination is 

additive, synergistic, or antagonistic, respectively. The Loewe additivity model is 

one of the best general reference models for evaluating potential drug interactions 

[277]; therefore, we used it in previous studies of chemopreventive compounds, 

including DHA and EPA, and successfully identified various combinations that 

exhibited synergism [264, 278]. 

2.2.9 RNA isolation and quantitative reverse-transcriptase polymerase chain 

reaction (qRT-PCR) 

HepG2-C8 cells were treated with particular concentrations of the test 

compounds alone or in combination. The cells were treated with AST, DHA, or EPA 

alone at concentrations of 3.13, 6.25, and 12.5 µM as well as with the combination 

of 12.5 µM AST and 12.5 µM DHA or EPA. After 6 h, total RNA was extracted 

using an RNeasy Micro Kit (Qiagen, Valencia, CA, USA). RNA concentrations 
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were determined using a NanoDrop 2000 (Thermo Scientific, Rockford, IL, USA). 

For each sample, 2 mg of total RNA was reverse-transcribed to single-stranded 

cDNA using TaqMan1 Reverse Transcription reagents (catalog no. N808-0234, 

Applied Biosystems Inc., Foster City, CA, USA). qRT-PCR was performed on the 

cDNA aliquots using SYBR Green PCR Master Mix (catalog no. 4309155, Applied 

Biosystems Inc.) to quantitatively detect the gene expression of Nrf2, HO-1, NQO1, 

GSTm2, and glyceraldehyde 3-phosphate dehydrogenase (the internal standard) on 

an Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems 

Inc.). The primer pairs were designed using the Primer Quest Oligo Design and 

Analysis Tool (Integrated DNA Technologies Inc., Coralville, IA, USA), and the 

sequences have been previously reported [278]. All of the assays were subjected to 

melt curve analysis to confirm the presence of a single PCR product.   

2.2.10 Data presentation and statistical analysis 

At least three independent experiments were performed for each analysis. The 

results are presented as the mean ± standard error of the mean (SEM) for each group, 

unless otherwise specified. The differences between the controls and the treated 

groups were evaluated using Student’s t-test.  

2.3 Results  

2.3.1 Free RSA using the DPPH Method 

Figure 2.2 depicts the dose-response (Figure 2.2A) and temporal-response 

(Figure 2.2B) curves for the free RSAs of AST, DHA, EPA and the standard 
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quercetin. The results are expressed as a percentage of the ratio of the decrease in 

absorbance at 517 nm to the absorbance of DPPH at 517 nm. Typically, at equal 

concentrations, all compounds had greater RSA at 60 min than at 30 min, and 

excluding quercetin concentrations exceeding 5 M, there was a linear increase in 

the RSA from 30 to 60 min (Figure 2.2A & B). At 160 μM, AST exhibited greater 

than 75% RSA for the stable DPPH free radical at 60 min (Figure 2.2B). Under the 

same conditions, DHA and EPA displayed 23 and 46% activity, respectively. The 

RSA of AST was superior to those of DHA and EPA at equal concentrations; the 

scavenging effect of AST at 60 min ranged from 30 to 75% at a concentration of 5–

200 M (Figure 2.2B). However, quercetin was the best DHHP scavenger; at the 

lowest tested concentration of 5 M, quercetin effectively scavenged 70–80% of the 

DHHP at 30 and 60 min. 

2.3.2 Non-toxic effects of AST, DHA, and EPA in HepG2-C8 cells  

To determine the effects of AST, DHA, and EPA alone and the combination of 

12.5 µM AST and 12.5 µM DHA or EPA on cell viability, HepG2-C8 cells were 

plated in 96-well plates overnight and treated with the compounds. Figure 2.3 

presents the percent cell viability after 24 h of drug treatment. AST was relatively 

non-toxic at a concentration of 100 μM compared with the toxicity of DHA and 

EPA. The cell viability in the presence of DHA or EPA decreased with increasing 

compound concentrations, resulting in 55.3 (DHA) and 56.0% (EPA) cell death at 

100 µM. Excluding the highest concentration of DHA or EPA (100 μM), all other 
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concentrations were non-toxic compared with the toxicity of 0.1% DMSO. 

Therefore, non-toxic concentrations of AST, DHA, and EPA were selected for 

further studies to determine the chemopreventive antioxidant properties of each 

compound. 

2.3.3 Antioxidant capacity based on the GSH and total antioxidant power assays  

To test our hypothesis that there is synergism between AST and DHA or EPA, 

cells were treated with 12.5 µM AST in combination with 12.5 µM DHA or EPA, 

and the GSH and total antioxidant power assay results were compared with those 

obtained from single-compound treatments. 

Non-toxic concentrations of each compound were utilized to determine cellular 

GSH levels (Figure 2.4). The GSH levels in HepG2-C8 cells treated with AST at 

non-toxic concentrations exhibited a dose response from 3.13 to 100 µM. DHA at 50 

µM induced a 170% increase in the GSH concentration compared with the effects of 

0.1% DMSO. EPA at 50 µM resulted in a 1.42-fold increase in the GSH 

concentration compared with the effects of 0.1% DMSO. These data clearly 

indicated that AST significantly increased the cellular GSH levels compared with 

DHA or EPA. The combination treatments did not have stronger effects on the GSH 

concentration than 12.5 µM AST alone; however, the combinations were superior to 

12.5 µM DHA or EPA alone. 

It has been hypothesized that the concentrations of drugs used in combinations 

affect synergism and that drugs are more likely to display synergism at lower 
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concentrations. Therefore, low concentrations of AST, EPA, and DHA (3.13, 6.25, 

and 12.5 µM) and the combination of 12.5 µM AST and 12.5 µM DHA or EPA 

were tested in the total antioxidant power assay. The total antioxidant capacity of the 

combination of 12.5 µM AST and DHA or EPA was not significantly different from 

that of 12.5 μM AST, DHA, or EPA alone (Figure 2.5). However, some 

enhancements of total antioxidant capacity were observed compared with the effects 

of 12.5 µM AST, DHA, or EPA alone.  

2.3.4 Concentration-dependent induction of an ARE by AST, DHA, and EPA 

alone as well as synergism with the drug combinations  

HepG2-C8 cells were incubated with different concentrations of AST, DHA, or 

EPA alone or with the combination of 12.5 µM AST and 12.5 µM DHA or EPA for 

24 h. The luciferase activity increased in a concentration-dependent manner in 

response to each compound. The maximum fold induction (4.5-fold) occurred in 

cells treated with 100 μM AST (Figure 2.6). The DHA and EPA concentrations 

ranged from 3.13 to 50 μM, which were relatively non-toxic concentrations as 

determined by the MTS assay (Figure 2.3). At 50 μM, DHA more strongly induced 

the ARE than EPA (Figure 2.6). The combination of 12.5 µM AST and 12.5 µM 

DHA or EPA was synergistic as evidenced by the increased fold induction (Figure 

2.6).  
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2.3.5 Synergism identified by the CI 

The CI was calculated using equation 1 in the Materials and Methods. Table 2.1 

presents the CI data for the combination of 12.5 μM AST and 12.5 μM DHA or EPA, 

which synergistically induced the ARE (Figure 2.6). Three independent studies of 

the CI were performed. When the CI equals 1.00, the combination is additive. If the 

CI is greater than 1.00, then the combination is antagonistic. The CI values of the 

combination of 12.5 μM AST and 12.5 μM DHA or EPA were less than 1.00, 

indicating that these combinations were synergistic. Statistical analyses revealed that 

the CI values were both significantly less than 1 (P < 0.05). 

2.3.6 Modulation of Nrf2, HO-1, NQO1, and GSTm2 mRNA expression by AST, 

DHA, or EPA alone or in combination 

The mRNA expression levels of Nrf2, HO-1, NQO1, and GSTm2 were 

quantified by qRT-PCR in cells treated with the compounds alone or in combination 

(Figure 2.7). AST, DHA, and EPA alone induced Nrf2 expression (Figure 2.7A). 

The expression levels of HO-1 (Figure 2.7B) and NQO1 (Figure 2.7C) in 

EPA-treated cells increased in a concentration-dependent manner, with maximal 

induction observed with 12.5 μM EPA. Cells treated with AST, DHA, or EPA 

exhibited the highest Nrf2 mRNA expression at the concentration of 6.25 μM; the 

expression levels were slightly lower at 12.5 μM. The same expression pattern was 

observed for HO-1 in response to AST or DHA and for NQO1 in response to AST. 

In all cases, treatment with 12.5 μM AST in combination with 12.5 μM DHA or 
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EPA resulted in a greater fold induction in the mRNA expression of Nrf2, HO-1, 

NQO1, and GSTm2 compared with the effects of 12.5 μM AST, DHA, or EPA 

alone. 

2.4 Discussion and Conclusions 

We hypothesized that AST, DHA, and EPA would activate the ARE 

transcription system and that the combination of AST and DHA or EPA would be 

synergistic. The concentration of drugs used in combination can affect whether the 

drug-drug interaction is additive, synergistic, or antagonistic. Synergism is usually 

observed at low concentrations of drugs in combination. Synergism is clinically 

significant when low concentrations of drugs produce better efficacy with less 

toxicity than either drug alone. The concentrations of AST, DHA, and EPA reflected 

the dietary consumption levels as potential chemoprevention supplements. The daily 

intake of 5 or 20 mg of AST for 3 weeks resulted in final plasma concentrations of 

0.34 or 0.67 µM, respectively, without adverse effects [259]. In a recent 

pharmacokinetic study of DHA in 48 subjects consuming fish once or twice a month, 

the plasma concentrations of DHA and EPA were determined to be approximately 

60 (182 µM) and 10 g/mL (33 µM), respectively [279]. The concentrations of 

DHA and EPA utilized in the combination treatments in the present study were 

lower than those used in the aforementioned pharmacokinetic clinical study [279]. 

The low AST concentration used in combination with DHA or EPA in the present 

study provided promising evidence for the potential for synergistic antioxidant 
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effects in human trials. Synergism was observed for the combination of AST and 

DHA or EPA in various antioxidant models in the current study, including 

synergistic effects on the GSH concentration (Figure 2.4), total antioxidant power 

(Figure 2.5), ARE induction (Figure 2.6), CI calculations (Error! Reference source 

not found.), and the mRNA expression of Nrf2 and related genes (Figure 2.7). 

Antioxidant activity involves a complex process that is regulated by several 

mechanisms. Because of its complexity, more than one assay must be performed 

when evaluating the antioxidant activity of pure compounds or extracts [280]. In this 

work, excluding the DPPH assay performed in a test tube, GSH levels, and total 

antioxidant power were assayed in vitro to determine the antioxidant capacity. The 

DPPH assay provided information regarding the ability of the tested compounds to 

scavenge DPPH free radicals. The GSH levels indicated that AST, DHA, and EPA 

alone and the combination of 12.5 µM AST and 12.5 µM DHA or EPA have 

antioxidant power. Radical scavengers protect cells and tissues from free radicals, 

thereby preventing diseases such as cancer. Although it is unclear whether AST, 

DHA, and EPA are active against free radicals after being absorbed and metabolized, 

radical-scavenging assays have gained acceptance for their ability to rapidly screen 

materials of interest. 

Our current study demonstrates that AST, DHA, and EPA alone and in 

combination protected cells by inducing antioxidant activity via the Nrf2 signaling 

pathway in HepG2-C8 cells. The Nrf2 signaling pathway has been reported to 
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mediate the anti-oxidative stress protection induced by AST in the 

cyclophosphamide-induced oxidative stress model [257]. Without an oxidative 

insult, we confirmed the involvement of Nrf2 and its related genes in HepG2-C8 

cells (Figure 2.7). The induction of NQO1 and HO-1 has been established as a 

strong cellular defense against oxidative stress; our findings agree with this 

observation. We also observed increased intracellular GSH levels (Figure 2.4) and 

total antioxidant power (Figure 2.5) in response to AST treatment.  

Low concentrations of AST, DHA, and EPA alone and in combination (12.5 

μM AST and 12.5 μM DHA or EPA) are potentially physiologically attainable 

according to the clinical trials of AST, DHA, and EPA. Therefore, it is conceivable 

that lower concentrations of AST, DHA, and EPA alone and in combination may 

achieve optimal Nrf2-mediated anti-oxidative protection. In conclusion, we 

demonstrated that the combination of low-concentration AST and DHA or EPA 

synergize as antioxidants. The Nrf2/ARE pathway was involved in mediating the 

antioxidant effects of AST, DHA, and EPA alone and in combination in HepG2-C8 

cells.  
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2.5 Figures and Tables  

 

Figure 2.1. The chemical structures of (A) astaxanthin (AST), (B) docosahexaenoic 

acid (DHA), (C) eicosapentaenoic acid (EPA), and (D) sulforaphane (SFN). 
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Figure 2.2. The free radical scavenging activity of AST, DHA, EPA, and quercetin 

at different concentrations using the DPPH method at (A) 30 min and (B) 60 min. 

Quercetin was included as the positive control. The results are expressed as the 

mean ± SEM of three independent assays. 

  

(A)

(B)
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Figure 2.3. Cell viability measured by MTS assay. 

HepG2-C8 cells treated with different concentrations of AST, DHA, or EPA for 24 

h. The results are expressed as the mean ± SEM. * P < 0.05, ** P < 0.01 compared 

with cells treated with 0.1% DMSO (negative control). A, AST; D, DHA; E, EPA. 
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Figure 2.4. Antioxidant activity by cellular GSH concentration. 

HepG2-C8 cells treated with AST, DHA, EPA or 12.5 μM AST in combination with 

12.5 µM DHA or EPA for 24 h. The GSH concentration in HepG2-C8 cells was 

normalized to that in cells treated with 0.1% DMSO (negative control). Each value 

represents the mean ± SEM.  * P < 0.05, ** P < 0.01 compared with cells treated 

with 0.1% DMSO. SFN (5 µM) was used as the positive control. A, AST; D, DHA; 

E, EPA. 
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Figure 2.5. Total antioxidant activity. 

HepG2-C8 cells treated for 24 h with AST, DHA, EPA or AST in combination with 

DHA or EPA at different concentrations. The total antioxidant activity in HepG2-C8 

cells was normalized to cells treated with 0.1% DMSO (negative control). Each 

value represents the mean ± SEM. * P < 0.05 compared with cells treated with 0.1% 

DMSO. A, AST; D, DHA; E, EPA. 

 

  

*
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Figure 2.6. ARE induction measured by luciferase reporter assay. 

The concentration-dependent induction of luciferase reporter activity by AST, EPA, 

DHA, or 12.5 µM AST in combination with 12.5 µM DHA or EPA after 24 h in 

HepG2-C8 cells. HepG2 cells stably transfected with an ARE-luciferase construct 

were selected as described in the Materials and Methods. The synergism of the 

combination of 12.5 µM AST and 12.5 µM DHA or EPA was confirmed by 

calculating the CI for the ARE assays (please refer to Table 1). The luciferase 

activity was determined 24 h after treatment and normalized to the protein 

concentration. The luciferase activity induced by each treatment was normalized to 

the activity in HepG2-C8 cells treated with 0.1% DMSO and expressed as the fold 

induction. Each value represents the mean ± SEM. * P < 0.05, ** P < 0.01 

compared with the cells treated with 0.1% DMSO. A, AST; D, DHA; E, EPA. 
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Figure 2.7. Expression of Nrf2 targeted genes at mRNA level. 

HepG2-C8 cells treated for 6 h with AST, DHA, EPA, or the combination of 12.5 

μM AST and 12.5 μM DHA or EPA. The induction of Nrf2 (A), HO-1 (B), NQO1 

(C), and GSTM2 (D) was normalized to the negative control (0.1% DMSO) and 

expressed as the fold induction. Each value represents the mean ± SEM. * P < 0.05, 
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** P < 0.01 compared with cells treated with 0.1% DMSO. A, AST; D, DHA; E, 

EPA. 

Table 2.1. The Combination Index (CI) calculated from the combination treatments 

that induced ARE activity in HepG2-C8 cells. 

The data are presented as the mean ± SEM. * P < 0.05, ** P < 0.01 compared 

with cells treated with 0.1% DMSO. A, AST; D, DHA; E, EPA. 

 A 12.5 + D 12.5 A 12.5 + E 12.5 

CI 0.78 ± 0.09* 0.68 ± 0.06** 
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3 Epigenetic CpG methylation of the promoter and reactivation of the 

expression of GSTP1 by astaxanthin in human prostate LNCaP cells
789

 

3.1 Introduction  

Prostate cancer (PCa) is the most prevalent type of cancer in men; there are more 

than 3.3 million men living with prostate cancer, with an additional 180,000 cases 

expected to be diagnosed in 2016 [281]. Age is one of the major risk factors because 

the majority of prostate cancer survivors (64%) are age 70 years or older [281]. In 

addition to age, abnormal epigenetic changes have been correlated with an 

increasing incidence of prostate cancer. DNA methylation is one of the most 

investigated epigenetic alterations in PCa. DNA methylation-based gene silencing is 

common in stages of prostate carcinogenesis and tumor progression from normal 

cells to pre-initiated cells. Glutathione-S-transferases (GSTs) are a family of 

polymorphic phase II metabolic enzymes that are involved in the detoxification of 

carcinogenic and cytotoxic substances by catalyzing their conjugation with reduced 

                                                 
7
 Part of this chapter has been published as an original research paper: Yang, Y., Fuentes, F., Shu, 

L., Wang, C., Pung, D., Li, W., Zhang, C., Guo, Y., & Kong, A. N. (2017). Epigenetic CpG 

Methylation of the Promoter and Reactivation of the Expression of GSTP1 by Astaxanthin in Human 

Prostate LNCaP Cells. AAPS J, 19(2), 421-430. 

8
 Keywords: astaxanthin, GSTP1, prostate cancer, epigenetics, DNA methylation 

9
 Abbreviations: ARE, antioxidant response element; AST, astaxanthin; 5-aza, 

5-Aza-deoxycytidine; TSA, trichostatin A; DMSO, dimethyl sulfoxide; DNMT, DNA 

methyltransferases; HDAC, histone deacetylase; EPA, eicosapentaenoic acid; FBS, fetal bovine 

serum; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; GSTs, Glutathione-S-transferases; 

GSTP1, glutathione S-transferase pi 1; GSH, glutathione; GSTM2, glutathione S-transferase M2; 

PCa, Prostate cancer; HO-1, heme oxygenase-1; NQO1, NAD(P)H: quinone oxydoreductase 1; Nrf2 

or NFE2L2, nuclear factor (erythroid-derived 2)-like 2; qRT-PCR, quantitative reverse-transcriptase 

polymerase chain reaction; RSA, radical scavenging activity; SFN, sulforaphane; SETD7, SET 

Domain Containing Lysine Methyltransferase 7. 
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glutathione [282, 283]. There are four major classes of GSTs: alpha, mu, pi, and 

theta. The glutathione S-transferase pi 1 gene (GSTP1), a polymorphic gene 

encoding GSTP1 variant proteins, is reported to repress the expression of antioxidant 

and detoxifying enzymes. GSTP1 has been implicated in a large variety of 

detoxification and metabolism reactions and is involved in the prevention of genome 

damage and cancer initiation [284, 285]. The GSTP1 gene is characterized as a 

tumor suppressor gene and is located on chromosome 11q13 [286]. An aberrant 

methylation pattern of GSTP1 has been noticed in different cancer types, including 

those of the liver, prostate, and breast cancers [287, 288]. GSTP1 is commonly 

down-regulated in prostate tumor progression and is correlated with the DNA 

methylation status [289, 290]. However, the exact biological trigger of GSTP1 gene 

silencing in prostate cancer remains to be elucidated.  

Erythroid 2p45 (NF-E2)–related factor 2 (NFE2L2 or Nrf2) is a basic-region 

leucine zipper (bZIP) transcription factor that regulates the expression of many 

phase II detoxifying enzymes, including GSTs. Thus, Nrf2 protects against oxidative 

stress and electrophilic challenges to maintain cellular chemical homeostasis [291]. 

An in vivo study showed that Nrf2-deficient mice exhibit significantly lower 

expression levels of cellular defense-related genes in various tissues, as summarized 

in reviews [292, 293], and they are at greater risk of developing colorectal [294] and 

skin cancers [295-298]. Nrf2 and members of the GST family have been reported to 

be decreased in human prostate cancer [299]. The absence of GSTP1 gene 
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expression has been reported in high-grade prostate intraepithelial neoplasias, and 

the methylation of its promoter region has been identified in 90% of cancer samples 

and 70% of prostate intraepithelial neoplasia samples [300].  

DNA hypermethylation represents increased CpG island methylation in normally 

unmethylated promoter regions of cancer-associated genes, and GSTP1 

hypermethylation is the most intensely investigated gene-specific hypermethylation 

in PCa [301]. In a meta-analysis, GSTP1 was methylated in 82% of PCa cases and 5% 

of controls [301] making it a promising PCa marker. GSTP1 methylation alterations 

can also be detected in histologically negative biopsy samples and can be used to 

improve the sensitivity of the standard histology workup for prostate cancer 

detection [302]. These findings suggest that epigenetic alterations in histologically 

negative biopsy samples may serve as potential markers of PCa diagnosis after a 

biopsy [303].  

To date, as efforts are made to target tumor-specific abnormal DNA methylation, 

natural dietary compounds have shown beneficial effects in reversing these 

abnormal epigenetic changes. Astaxanthin (AST, Astaxanthin; Figure 3.1) is a red 

dietary carotenoid that is commonly found in microalgae, such as Haematococcus 

pluvialis and Chlorella zofingiensis [245], and aquatic animals. AST possesses 

various pharmacological activities, including antioxidative activity [245-248], 

antitumor effects [249-251], hepatoprotective effects [252], antidiabetic effects [253] 

and anti-inflammatory properties [254]. In vivo and in vitro results suggest that AST 
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has health-promoting activities, suggesting its potential use in the prevention of 

various diseases, including cancers [255] and Parkinson’s disease [277]. Our lab 

previously reported that astaxanthin shows synergistic antioxidant effects with 

polyunsaturated fatty acids at low concentrations via the Nrf2/ARE pathway, 

producing anti-oxidative effects [304]. Recently, it was reported that AST increased 

chromosomal stability and normalized the epigenetic modifications in oocyte 

maturation [305]. Therefore, the aim of this study is to investigate the role of AST in 

restoring the expression of Nrf2 and GSTP1 through epigenetic modification in 

human prostate LNCaP cells.  

3.2 Materials and methods 

3.2.1 Chemicals and reagents 

Astaxanthin (AST) was purchased from Sigma-Aldrich, Inc. (Catalog No., 

SML0982, St. Louis, MO, USA). The MTS 

[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te

trazolium, inner salt)] test using CellTiter 96® AQueous One Solution was 

purchased from Promega (Madison, WI, USA). 5-Aza-deoxycytidine (5-aza) and 

trichostatin A (TSA) were obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA). 

Fetal bovine serum (FBS), Roswell Park Memorial Institute (RPMI) 1640 medium, 

and trypsin-EDTA solution were purchased from Gibco Laboratories (Waltham, MA, 

USA). 
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3.2.2 Cell culture and treatment 

LNCaP (androgen-dependent prostate cancer cell line from the American Type 

Culture Collection VA, USA) cells were maintained in RPMI-1640 with 10% FBS 

and grown at 37°C in a humidified 5% CO2 atmosphere. LNCaP cells were plated 

on 10 cm plates for 24 hours and then treated with either 0.1% dimethylsulfoxide 

(DMSO), 2.5 μM 5-aza, or different concentrations of AST in 1% FBS-containing 

RPMI 1640 medium for a total of five days. The medium was changed every two 

days. On the fourth day, 500 nM TSA was added to the medium with the 5-aza at 

2.5 µM for another 18 hours before the cell harvest. Cells were then harvested for 

the extraction of DNA, RNA, and protein.   

3.2.3 Cell viability test: MTS assay 

The cell viability assay was based on the ability of cells to convert a tetrazolium 

compound (MTS) into a colored formazan product. This bioconversion is 

presumably accomplished by NADPH or NADH, which are produced by 

dehydrogenase enzymes in metabolically active cells. Cells were seeded in 96-well 

plates overnight at the density of 1 × 10
4
 cells/well in 100 μL of medium containing 

10% FBS and allowed to adhere to the plates. CellTiter 96® AQueous One Solution 

(20 μL; Promega, Madison, WI, USA) was added to the cells after the cells were 

treated with AST at 3.13–100 μM in 1% FBS medium for three days or five days. 

The negative control cells were treated with 0.1% DMSO. The 96-well plate was 

incubated for 2 h at 37ºC in a humidified 5% CO2 atmosphere. The absorbance was 
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monitored at 490 nm using a spectrophotometer (Infinite® 200 PRO series, Tecan 

Systems, Inc., USA). The cell viability was calculated as a percentage compared to 

the 0.1% DMSO group as the control.  

3.2.4 DNA extraction and bisulfite genomic sequencing 

Genomic DNA was isolated from the treated cells using the QIAamp DNA Mini 

Kit (Qiagen, Valencia, CA). Bisulfite conversion of genomic DNA was performed 

using the EZ DNA Methylation Gold Kit (Zymo Research Corp, Irvine, CA) 

according to the manufacturer's instructions, as previously described [306]. Genomic 

DNA and sodium bisulfite-converted genomic DNA were obtained from 0.1% 

DMSO-, 5-aza+TSA- or AST-treated LNCaP cells using the same procedures as 

described above. The converted DNA was amplified by PCR using Platinum PCR 

SuperMix (Invitrogen, Carlsbad, CA) with bisulfite genomic sequencing primers for 

the Nrf2 gene promoter region spanning methylated CpG sites from −1530 to −1143, 

with the translational start site (TSS) referenced as +1, as previously described [307]. 

For the GSTP1 gene (Homo sapiens chromosome 11, GRCh37.p13), bisulfite 

genomic sequencing primers covered the CpG island region spanning methylated 

CpG sites from +882 to +1116, with the TSS referenced as +1. The primers were 

designed using the MethPrimer program [308]. The sequences of the primers used 

were: GSTP1 sense 5’ GGA GTA TGT GTT TGG TAG GGA A 3’ and anti-sense 5’ 

TCC TTC CAA CTC TAA CCC TAA T 3’. The following PCR amplification 

conditions were used: 3 minutes at 94°C; 30 seconds at 94°C, 45 seconds at 70/55°C 
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and 1 minute at 72°C for 15 cycles; 30 seconds at 94°C, 45 seconds at 60°C and 1 

minute at 72°C for 25 cycles; and 5 minutes at 72°C for 1 cycle. The PCR products 

were cloned into the pCR4 TOPO vector using a TOPO TA Cloning Kit (Invitrogen, 

Carlsbad, CA). Plasmid DNA from at least 10 colonies from each treatment was 

prepared using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA) and 

sequenced by Genwiz® [309]. 

3.2.5 RNA isolation and reverse transcription PCR 

Total RNA was extracted from treated LNCaP cells using the RNeasy Mini Kit 

(Qiagen, Valencia, CA). First-strand cDNA was synthesized from 1 µg of total RNA 

using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, 

Carlsbad, CA) according to the manufacturer's instructions. The cDNA was used as 

the template for real-time PCR (Applied Biosystems ViiA 7 Real-Time PCR 

System). GAPDH was used as an internal loading control. The sequences of the 

primers used for cDNA amplification are shown in Table 3.1. 

3.2.6 SETD7 knockdown in LNCaP cells 

Lentivirus-mediated short hairpin RNAs were used to establish stable mock 

(scramble control, sh-Mock) and SET Domain Containing Lysine Methyltransferase 

7 (SETD7) knockdown (sh-SETD7) LNCaP cells. The shRNA clone sets were 

obtained from Genecopoeia (Rockville, MD, USA), and lentiviral transduction was 

performed according to the manufacturer’s manual. After selection in RPMI 1640 

medium supplemented with 10% FBS and 2 mg/mL puromycin for 3 weeks, the 
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sh-Mock and sh-SETD7 cells were further used to evaluate the functional role of 

SETD7. Total RNA was extracted from the cells treated with 0.1% DMSO or AST 

for 24 hours using the RNeasy Mini Kit (Qiagen, Valencia, CA). First-strand cDNA 

was synthesized from 1 µg of total RNA using the SuperScript III First-Strand 

Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. The cDNA was used as the template for real-time PCR 

(Applied Biosystems ViiA 7 Real-Time PCR System). GAPDH was used as an 

internal loading control. The sequences of the primers used for cDNA amplification 

are shown in Table 3.1.  

3.2.7 Preparation of protein lysates and western blotting 

The treated cells were harvested using radioimmunoprecipitation assay (RIPA) 

buffer supplemented with a protein inhibitor cocktail (Sigma). The protein 

concentrations of the cleared lysates were determined using the bicinchoninic acid 

(BCA) method (Pierce, Rockford, IL), and 25 µg of the total protein was resolved by 

4% to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

(Bio-Rad, Hercules, CA). After electrophoresis, the proteins were electrotransferred 

to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). The 

PVDF membrane was then blocked with 5% bovine serum albumin (BSA) in 

phosphate buffered saline (PBS)-0.1% Tween 20 and then sequentially incubated 

with specific primary antibodies and horseradish peroxidase (HRP)-conjugated 

secondary antibodies. The blots were visualized with the Super Signal enhanced 
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chemiluminescence detection system and documented using the Gel Documentation 

2000 system (Bio-Rad, Hercules, CA). The antibodies were purchased from the 

following sources: anti-Nrf2 from Epitomics Inc.; anti-NQO1, anti-GSTP1, and 

anti-β-actin from Santa Cruz Biotechnology; antibodies of DNA methyltransferases 

(DNMTs) including anti-DNMT1, anti-DNMT3a, and anti-DNMT3b from 

IMGENEX (San Diego, CA, USA). 

3.2.8 DNMT and HDAC activity assays 

DNMT activity and histone deacetylase (HDAC) activity assays were conducted 

using a DNMT activity/inhibition assay kit (Epigentek, Farmingdale, NY) and an 

HDAC activity/inhibition direct assay kit (Epigentek, Farmingdale, NY), 

respectively, following the manufacturer’s protocol. The nuclear protein fraction 

was extracted by the NEPER Nuclear and Cytoplasmic Protein Extraction Kit 

(Thermo Scientific, Pittsburgh, PA), and the relative DNMT activity was calculated 

based on the ratio of the AST treatment group to the control after normalization to 

the protein amount.   

3.2.9 Data presentation and statistical analysis 

At least three independent experiments were performed for each analysis. The 

results are presented as the mean ± standard error of the mean (SEM) for each group 

unless otherwise specified. The differences between the controls and the treated 

groups were evaluated using Student's t-test. 
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3.3 Results  

3.3.1 AST is cytotoxic to LNCaP cells 

The MTS assay was used to examine the cytotoxicity of AST. AST treatment 

decreased the cell viability in dose- and time-dependent manners from 3-day to 

5-day treatment (Figure 3.2). Three-day treatment with AST was less toxic 

compared to 5-day treatment. AST (< 25 µM) resulted in viability greater than 70%. 

These doses were selected for further studies of AST’s effects on epigenetic 

modifications and the expression of the GSTP1 and Nrf2 genes. AST increased Nrf2 

and GSTP1 mRNA expression but did not affect the protein expression significantly 

in LNCaP cells 

To examine whether AST has any effect on the expression of Nrf2 and GSTP1, 

the mRNA and protein levels of Nrf2 and GSTP1 were determined, as shown in 

Figure 3.3. The combination of 5-Aza (2.5 µM) and TSA (500 nM) increased the 

mRNA expression levels of Nrf2 and GSTP1. AST treatment increased the Nrf2 

mRNA expression level at 6.25 µM but not at 12.5 µM. Compared to Nrf2 mRNA 

expression, AST treatment increased the GSTP1 mRNA expression level at 12.5 µM 

but not at 6.25 µM. Then, western blotting was conducted to analyze the protein 

expression of Nrf2, NQO1, and GSTP1. As shown in Figure 3.4, treatment with 

AST slightly increased the protein expression of Nrf2, NQO1, and GSTP1, but the 

increase was not significant.  
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3.3.2 AST decreased the methylation status of the GSTP1 gene promoter region 

but had no effect on the methylation status of the Nrf2 gene promoter region 

Bisulfite sequencing was performed to determine the methylation status of the 

GSTP1 gene and Nrf2 promoter regions (Figure 3.5 and Figure 3.6). We previously 

reported that 5-aza and TSA in combination decreased the CpG methylation levels 

of the Nrf2 gene promoter region in murine prostate cancer TRAMP C1 cells and in 

human prostate cancer LNCaP cells [306, 307]. As shown in Figure 3.5, 5-aza and 

TSA combination treatment over 5 days in LNCaP cells significantly (P = 0.008) 

reduced the methylation level of these selected CpG sites (- 1530 to -1143) from 58% 

to 38%. However, AST treatment at 6.25 µM and 12.5 µM did not significantly 

reduce the CpG methylation level of the Nrf2 gene promoter region, as in shown in 

Figure 3.5.  

In Figure 3.6, LNCaP cells treated with 0.1% DMSO showed hypermethylation 

of GSTP1 at twenty-one CpG sites with 88% methylation. The methylation level 

was decreased to 81% with the co-treatment of 5-aza (2.5 µM) and TSA (500 nM) 

(Figure 3.6A). AST at 12.5 µM reduced the methylation level to 82% of twenty-one 

CpG sites, as shown in Figure 3.6. AST at 12.5 µM and 5-aza+TSA significantly 

decreased the methylation ratio of 21 CpG sites of the GSTP1 gene (Figure 3.6B).  

3.3.3 AST significantly affected the mRNA expression of DNMT3a  

DNMTs are the major enzymes that transfer and maintain a methyl group at the 

fifth carbon of cytosine residues within CpG islands in DNA [310]. DNA 
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methylation, as one of the key epigenetic modifications, regulates gene expression in 

eukaryotes. AST at 12.5 µM decreased the mRNA expression of DNMT1, DNMT3a, 

and DNMT3b with 5-day treatment. However, AST at 6.25 µM significantly 

increased the mRNA expression of DNMT3a (P < 0.05) in Figure 3.7A. 

The histone-lysine N-methyltransferase SETD7 was initially described to 

modulate the monomethylation of histone H3 at lysine 4 [311]. For now, numerous 

non-histone targets have been reported for SETD7, including DNMT1 [312]. 

Lentivirus-mediated short hairpin RNAs were used to establish stable mock 

(scramble control, sh-Mock) and SETD7 (SETD7) knockdown (sh-SETD7) LNCaP 

cells. Total RNA was extracted from treated sh-Mock and sh-SETD7 cells with 0.1% 

DMSO or AST for 24 hours to study the effects of AST with or without SETD7. As 

shown in Figure 3.7B, mRNA expression of SETD7 was reduced in sh-SETD7 

LNCaP cells compared to the scramble control, sh-Mock LNCaP cells. AST (6.25–

25 µM) increased the mRNA expression of NQO1 in sh-mock LNCaP cells but not 

in sh-SETD7 LNCaP cells (Figure 3.7B). 

3.3.4 AST reduced protein expression and activity of the DNMT enzymes in 

LNCaP cells 

We then carried out western blotting to analyze the protein expression levels of 

DNMTs in LNCaP cells. In Figure 3.8, AST at 6.25 µM and 12.5 µM could reduce 

the protein expression levels of DNMT3b but not DNMT1 or DNMT3b. The 

combination of 5-aza (2.5 µM) and TSA (500 nM) significantly reduced the protein 
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expression levels of DNMT1, DNMT3a, and DNMT3b. In addition, treatment with 

AST significantly inhibited DNMTs activity; AST at 25 µM significantly reduced 

DNMT activity to 65.2% (Figure 3.9). Another key epigenetic modification is 

histone modification, which can affect chromatin structure [313]. There were no 

significant differences in the protein expression of HDAC1–HDAC5 or HDAC8 

when comparing the control and AST treatment (data not shown). Interestingly, 

AST at a low dose (6.25 µM) significantly increased the HDAC activity to 104.0% 

compared to the control; However, AST at higher doses (12.5 µM and 25 µM) 

significantly decreased HDAC activity to 87.4% and 83.4%, respectively.  

3.4 Discussion and conclusions 

AST, a red dietary carotenoid, has been reported to possess anti-oxidative activity 

[245-248], anti-cancer effects [249-251] and anti-inflammatory properties [254]. 

These beneficial effects occur both in vivo and in vitro, suggesting AST’s potential 

use in the prevention of various diseases, especially in cancer [255]. Recently, AST 

was reported to increase chromosomal stability and normalize the epigenetic 

modifications in oocyte maturation [305]. In addition, we previously reported that 

AST shows synergistic antioxidant effects with polyunsaturated fatty acids at low 

concentrations via the Nrf2/ARE pathway [304]. However, there is a lack of 

experimental evidence that shows the epigenetic effects of AST in prostate cancer 

cells. Therefore, the aim of this study was to further elucidate the molecular 

mechanism of AST in epigenetic regulation by investigating the role of AST in 
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restoring the expression of Nrf2 and GSTP1 through epigenetic modification in 

human prostate LNCaP cells.  

Previous findings have demonstrated that Nrf2 regulates the expression of 

antioxidant and phase II detoxifying enzymes, including NQO1, HO-1, and GSTs, to 

induce cytoprotective effects [269]. In addition, deficiency in Nrf2 is correlated to 

increased susceptibility to carcinogenesis; the induction of cytoprotective enzymes 

is one important approach to preventing cancers [314]. Therefore, the control of the 

transcriptional activation of Nrf2 and its target genes appears to be involved in an 

important mechanism that protects against cellular injuries from oxidative stress, 

especially via GSTs [269]. The down-regulation of Nrf2 appears to be responsible 

for the reduced GST expression, elevated oxidative stress and DNA damage in 

prostate tumorigenesis [299]. GST genes are down-regulated in primary tumors but 

not in metastatic tumors; GSTP1 silencing is mediated by promoter DNA 

hypermethylation in TRAMP tumors [315]. However, the 5’ regions of GST genes 

showed no significant differences between normal prostatic epithelial cells and 

prostate tumors in TRAMP mice by MassARRAY Quantitative DNA Methylation 

Analysis (MAQMA) [315]. In our previous study, we showed that the epigenetic 

reactivation of Nrf2 results in the inhibition of the transformation of JB6 P+ cells 

[140]. Nrf2 and members of the GST family are decreased in human prostate cancer 

[299]. The absence of GSTP1 gene expression has been reported in high-grade 

prostate intraepithelial neoplasia, and the methylation of its promoter region has 
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been identified in 90% of cancer samples and 70% of prostate intraepithelial 

neoplasia samples [300]. Among extensively studied mechanisms, epigenetic 

changes, including DNA methylation and chromatin modifications, have been found 

to play an important role in tumorigenesis [316]. Dietary phytochemicals with 

chemopreventive effects, including curcumin [317] and genistein [318], have been 

demonstrated to regulate epigenetic activity. Natural dietary compounds have shown 

beneficial effects in reversing these abnormal epigenetic changes to target 

tumor-specific abnormal DNA methylation. 

In this study, we investigated the effects of AST on epigenetic modification 

enzymes and whether AST could restore the abnormal epigenetic changes of Nrf2 

and GSTP1 genes. AST treatment increased Nrf2 and GSTP1 expression at the 

mRNA level (Figure 3.3). Treatment with AST did not affect the protein expression 

levels of Nrf2, NQO1 or GSTP1 significantly in LNCaP cells (Figure 3.4). Bisulfite 

sequencing is more specific in identifying the CpG methylation status of Nrf2 and 

GSTP1. The role of CpG methylation in the suppression of Nrf2 and GSTP1 

expression and activation was tested by treatment with 5-aza and TSA in LNCaP 

cells. AST significantly decreased the methylation of twenty-one CpG sites of 

GSTP1, suggesting a correlation between methylation and increased GSTP1 

expression.  

In conclusion, this study shows for the first time that AST demethylated the 

hypermethylation of CpG sites in GSTP1 but not the Nrf2 CpG island region in vitro 
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and reactivate their mRNA expression levels in human LNCaP prostate cancer cells. 

Epigenetic regulation is considered to be more amenable than restoring genetic 

mutations [319]. Further studies of the methylation profiles from a large number of 

primary tumor samples will provide important information on the role of the 

methylation of the CpG islands of Nrf2 and GSTP1, which could be used as 

preventive and therapeutic targets to treat prostate cancer in future clinical trials. In 

addition, our current study suggests that AST can demethylate some promoters of 

specific genes and may promote the stability of the entire chromatin structure; it will 

be interesting to study AST’s effects on the methylation status of the whole genome.  
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3.5 Figures and Tables  

  

 

Figure 3.1. Schematic diagram of the structure of AST and its mechanism of action.  

(A) Chemical structure of AST. (B) Effects of AST on DNA methylation and 

activation of Nrf2/ARE pathway. 

(A)

(B)
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Figure 3.2. Cell viability of LNCaP cells after treatment with AST. 

Cells were treated with various concentrations of AST for three or five days as 

described in the Materials and Methods section. Cell viability was determined by 

the MTS assay. The data are presented as the mean ± SEM. 
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Figure 3.3. Effects of AST on the mRNA expression of Nrf2 and GSTp1 in LNCaP 

cells. 

Cells were treated with various concentrations of AST (6.25 µM and 12.5 µM) or 

5-aza (2.5 µM) in combination with TSA (500 nM) for five days. The data are 

expressed as the mean ± SEM. GAPDH was used as an endogenous housekeeping 

gene. 
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Figure 3.4. Effects of AST on the decreased protein expression of Nrf2 and the 

downstream proteins NQO1 and GSTP1.  

LNCaP cells were treated with various concentrations of AST or 5-aza + TSA for 

five days as described in the Materials and Methods section. (A) Representative 

figure of the protein expression levels of Nrf2, NQO1 and GSTP1 determined by 

western blotting, with β-actin as a loading control. (B) Quantification by 

densitometry from at least three independent experiments. The results are presented 

as the mean ± SEM. 

  

β-Actin
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Figure 3.5. Effects of AST on the methylation status of the Nrf2 promoter region in 

LNCaP cells. 

Genomic DNA was extracted from cells treated with various concentrations of AST 

or 5-aza in combination with TSA for 5 days. The methylation patterns of the three 

CpG sites located at positions –1576 to –1165 from the TSS (defined as position 1) 

in the Nrf2 promoter, were determined by bisulfite genomic sequencing, as 
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described in the Materials and Methods section. (A) A representative figure of 15 

clones to show the methylation profile of these three CpG sites. Filled dots represent 

methylated CpGs, and open circles represent unmethylated CpGs. (B) To estimate 

the total percentage of methylated CpG sites, the number of methylated dots was 

counted and divided by the total number of dots. At least 10 clones from each 

replicate and at least three independent replicates were analyzed. The data are 

expressed as the mean ± SEM. ***, P < 0.001 compared to the control group. 

Student’s t-test was used to calculate the significance of differences compared to the 

control. 
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Figure 3.6. Effects of AST on the methylation of GSTP1 in LNCaP cells. 

Genomic DNA was extracted from cells treated with various concentrations of AST 

or 5-aza in combination with TSA for 5 days. The methylation patterns of the 21 

CpG sites located at positions +882 to +1116 from the TSS (defined as position 1) in 
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the GSTp1 promoter were determined by bisulfite genomic sequencing as described 

in the Materials and Methods section. (A) A representative figure of 10 clones to 

show the methylation profile of these 21 CpG sites. Filled dots represent methylated 

CpGs, and open circles represent unmethylated CpGs. To estimate the percentage of 

methylated CpGs, the number of methylated CpGs from these ten representative 

sequences was counted and divided by the total number of dots for five CpG sites. 

(B) To estimate the total percentage of methylated CpG sites, the number of 

methylated dots was counted and divided by the total number of dots. At least 10 

clones from each replicate and at least three independent replicates were analyzed. 

The data are expressed as the mean ± SEM. Student’s t-test was used to calculate the 

significance of differences compared to the control.  
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Figure 3.7. Effects of AST on the relative endogenous mRNA expression of DNMTs, 

SETD7, Nrf2 and NQO1 in LNCaP cells. 

(A) RNA was extracted from cells treated for 5 days with various concentrations of 

AST or 5-aza in combination with TSA for five days in LNCaP cells, as described in 

the Materials and Methods section. (B) Lentivirus-mediated short hairpin RNAs 

were used to establish stable mock (scramble control, sh-Mock) and SETD7 

(SETD7) knockdown (sh-SETD7) LNCaP cells. Total RNA was extracted from 

treated sh-Mock and sh-SETD7 cells with 0.1% DMSO or AST for 24 hours. The 

data are expressed as the mean ± SEM. GAPDH was used as an endogenous 

housekeeping gene.  
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Figure 3.8. Effects of AST on decreasing the protein expression of DNMTs. 

LNCaP cells were treated with various concentrations of AST or 5-aza+TSA for 5 

days. (A) Representative figure of the protein expression levels of DNMT1, 

DNMT3a and DNMT3b determined by western blotting, with β-actin as a loading 

control. (B) Quantification by densitometry from at least three independent 

experiments. The results are presented as the means ± SEM. Student’s t-test was 

used to calculate the significance of difference compared to the control. *, P < 0.05; 

**, P < 0.01.  
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Figure 3.9. Effects of AST on decreasing the activity of DNMTs and HDACs. 

The DNMT and HDAC activities were calculated following the manufacturer’s 

protocol and were based on the ratio of the AST treatment group to the control. The 

results are presented as the mean ± SEM. Student’s t-test was used to calculate the 

significance of differences compared to the control. *, P < 0.05; **, P < 0.01; #, P 

< 0.001. 
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Table 3.1. The primer set for qPCR 

 Primer                   Sequence (5’→ 3’)  

NRF2 F 

NRF2 R 

SETD7 F 

SETD7 R 

NQO1 F 

NQO1 R 

GSTP1 F 

GSTP1 R 

DNMT1 F 

DNMT1 R 

DNMT3a F 

DNMT3a R 

DNMT3b F 

DNMT3b R 

GAPDH F 

GAPDH R 

CAAAAGGAGCAAGAGAAAGCC 

TCTGATTTGGGAATGTGGGC 

TCACGGAGAAAAGAACGGACG 

ATCATCCACATAATACCCCTCCA 

TCACCGAGAGCCTAGTTCC 

TCATGGCATAGTTGAAGGAACG 

CCCTACACCGTGGTCTATTTCC 

CAGGAGGCTTTGAGTGAGC 

AGGCGGCTCAAAGATTTGGAA 

GCAGAAATTCGTGCAAGAGATTC 

CCGATGCTGGGGACAAGAAT 

CCCGTCATCCACCAAGACAC 

AGGGAAGACTCGATCCTCGTC 

GTGTGTAGCTTAGCAGACTGG 

ACATCGCTCAGACACCATG 

TGTAGTTGAGGTCAATGAAGGG 

 

  



93 

 

 

4 Nrf2 null enhances UVB-induced skin inflammation and extracellular 

matrix damages in C57/BL6 mice
101112

 

4.1 Introduction 

The incidence of non-melanoma skin cancer has steadily increased, and 

ultraviolet (UV) light is one of the major causes of non-melanoma skin cancer. In 

fact, UV-induced non-melanoma skin cancer is the most common type of cancer in 

the US and worldwide [320, 321]. UVB is the most potent form of UV radiation; 

exposure to UVB radiation both burns the skin and drives the initiation, promotion, 

and progression of skin carcinogenesis [322]. UV irradiation induces the delayed 

expression of UV-responsive genes such as matrix metalloproteinases (MMPs), 

which degrade macromolecular components of the extracellular matrix (ECM), and 

these changes represent a hallmark of carcinogenesis and aging [323]. Moreover, 

altered ECM metabolism has been implicated in various diseases [324]. Oxidative 

stress, such as that caused by excessive reactive oxygen species (ROS), is caused by 

UVB damage to DNA, protein, and lipids and can lead to inflammation, gene 

mutation, and immunosuppression [292, 325]. Due to the critical role of ROS in 

                                                 
10

 Part of this chapter has been published as an original research paper: Saw, C. L., Yang, A. Y., 

Huang, M. T., Liu, Y., Lee, J. H., Khor, T. O., Su, Z. Y., Shu, L., Lu, Y., Conney, A. H., & Kong, A. 

N. (2014). Nrf2 null enhances UVB-induced skin inflammation and extracellular matrix damages. 

Cell Biosci, 4(1), 39. 

11
 Keywords: Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or Nrf2), Ultraviolet, 

Inflammation, p53, pro-MMP-9, MIP-2, ECM 

12
 Abbreviations: DMBA, 7,12-dimethylbenz(a)anthracene; ECM, extracellular matrix; HO-1, 

heme oxygenase-1; MMP, matrix metalloproteinases; MIP-2, macrophage inflammatory protein-2; 

NFE2L2 or Nrf2, nuclear factor erythroid-2 (NF-E2)-related factor 2; NF-κB, nuclear factor kappa B; 

ROS, reactive oxygen species; TPA, 12-O-tetradecanoylphorbol-13-acetate; UV, ultraviolet. 
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UVB-induced photo-carcinogenesis, ROS detoxification mechanisms have emerged 

as effective approaches for cancer prevention [326]. Nuclear factor erythroid-2 

(NF-E2)-related factor 2 (Nrf2), a member of the cap ‘n’ collar family of 

redox-sensitive bZIP (basic leucine zipper) proteins, is the major transcriptional 

regulator of the expression of genes encoding phase II detoxifying/antioxidant 

enzymes, including heme oxygenase-1 (HO-1) [292]. HO-1 exhibits broad 

cytoprotective effects in various inflammatory diseases [327] and was shown to play 

a critical protective role in limiting oxidative damage in a UVB-induced model 

[328]. MMP-9 was reported to be upregulated in angiogenic dysplasias and invasive 

cancers of the epidermis in a mouse model of multistage tumorigenesis. Notably, 

MMP-9 is predominantly expressed in neutrophils, macrophages, and mast cells 

rather than oncogene-positive neoplastic cells [329]. It has also been reported that 

the disruption of Nrf2 enhanced the up-regulation of key inflammatory transcription 

factors, such as nuclear factor kappa B (NF-κB) and MMP-9 [330], and increased 

expression of macrophage inflammatory protein-2 (MIP-2), a neutrophil 

chemotactic factor, was observed in response to 

12-O-tetradecanoylphorbol-13-acetate (TPA)-induced epidermal hyperplasia in mice 

[331]. The p53 tumor suppressor gene plays an important role in protecting cells 

against DNA damage and strand breaks [332], and the impact of UVB on p53 has 

been experimentally verified [333]. Moreover, p53 is known to be activated by DNA 

damage [332], oxidative stress [334], and inflammation [335, 336].  
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We previously reported the critical role of nuclear Nrf2 in the classical 2-stage 

model of skin carcinogenesis induced by the chemical carcinogen 

7,12-dimethylbenz(a)anthracene (DMBA) and the tumor promoter TPA in Nrf2 

knockout (Nrf2 KO) and wild-type (WT) mice [297]. We also recently reported that 

Nrf2 plays an important role in the SFN-mediated protective effects against 

UVB-induced inflammation [296]. To explore the potential impact of Nrf2 on 

UVB-induced inflammatory ECM damage in the skin, we studied the potential 

biomarkers involved in ECM degradation and inflammation in Nrf2 KO and WT 

mice, as these markers may be relevant to human skin carcinogenesis and 

photoaging [326, 337-340]. Based on this context, our current study aimed to 

ascertain the role of Nrf2 in UVB-induced ECM damage by focusing on 

inflammation and DNA repair in Nrf2 KO and Nrf2 WT mice.  

4.2 Materials and Methods 

4.2.1 Animals  

Male and female Nrf2 KO and WT C57BL/6 mice were obtained as previously 

described [297]. The offspring of the eighth generation of Nrf2 KO mice on the 

C57BL/6 background were used in this study. The genotype of each animal was 

confirmed using DNA extracted from the tail and analyzed by PCR. Nrf2 WT mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were 

housed at the Rutgers Animal Facility, maintained under 12-h light/dark cycles, and 
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provided ad libitum access to food and water. All animal procedures were approved 

by the Institutional Animal Care and Use Committee.  

4.2.2 UV lamps 

To induce skin inflammation, animals received a single dose of UVB light (300 

mJ/cm
2
) as previously described [296, 341]. These UV lamps (FS72T12-UVB-HO; 

National Biological Corp., Twinsburg, OH, USA) emit little or no radiation < 280 

nm and > 375 nm. The lamps emit UVB (280-320 nm; 75-80% of total energy) and 

UVA (320-375 nm; 20-25% of total energy), as described in our previous studies 

[296, 341]. The dose of UVB was quantified using a UVB Spectra 305 dosimeter 

(Daavlin Co., Bryan, OH, USA). The radiation was calibrated with an IL-1700 

research radiometer/photometer (International Light Inc., Newburyport, MA, USA). 

4.2.3 Experimental design 

Experiments were performed in Nrf2 WT and KO mice to determine whether a 

single dose of 300 mJ/cm
2
 UVB irradiation would be sufficient to induce 

inflammatory reactions in the skin. Seven days after UVB irradiation, ear punches (6 

mm in diameter) were obtained and weighed. Two sets of experiments were 

conducted in Nrf2 WT and KO mice after UVB exposure (at 8 h and 8 days). For 

each experiment, 4 groups of mice were evaluated: (1) no UVB in Nrf2 WT mice; (2) 

UVB in Nrf2 WT mice; (3) no UVB in Nrf2 KO mice; and (4) UVB in Nrf2 KO 

mice. A minimum of three animals was included in each group. The hair on the 

dorsal region of each mouse was removed 2 days before UVB irradiation, as 
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previously described [296]. At the end of the experiment, the mice were sacrificed 

by cervical dislocation, and the skin samples were frozen in liquid nitrogen and 

stored at -80ºC.   

4.2.4 Preparation of skin specimens and histological examination 

Skin samples were obtained from the dorsal area of the mouse and were placed 

in 10% phosphate-buffered formalin at room temperature overnight. The samples 

were then dehydrated in increasing concentrations (80, 95, and 100%) of ethanol, 

cleared in xylene, and embedded in Paraplast Plus (Fisher Scientific, Pittsburgh, PA, 

USA). Four-micrometer serial sections were cut from the skin block, deparaffinized, 

rehydrated, and stained with hematoxylin and eosin (H&E). The H&E sections were 

examined under a light microscope (Nikon Eclipse E600, Japan). 

4.2.5 ELISA for pro-inflammatory proteins and p53 

The protein levels of pro-inflammatory cytokines and p53 were determined 

using two-site sandwich enzyme-linked immunosorbent assays (ELISAs). Dorsal 

skin tissues were homogenized in phosphate-buffered saline (PBS) containing 0.4 M 

NaCl, 0.05% Tween-20, 0.5% bovine serum albumin, 0.1 mM 

phenylmethylsulphonyl fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA, 

and 200 KIU aprotinin per mL. The homogenates were centrifuged at 12,000 ×g for 

15 min at 4ºC. The supernatant was used for the determination of cytokines levels. 

Pro-matrix metalloproteinase-9 (pro-MMP-9; DY909), macrophage inflammatory 
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protein-2 (MIP-2; DY452), and p53 (DYC1746-2) kits were purchased from R&D 

Systems, Inc. (Minneapolis, MN, USA).  

4.2.6 Western blotting  

The protein samples were prepared as described above for the ELISAs. The 

protein concentration was measured using Bio-Rad protein assay reagent (Hercules, 

CA, USA). Equal amounts of protein (20 µg) from each sample were loaded onto a 

homemade 10% Tris/glycine SDS-polyacrylamide gel containing 0.1% SDS and run 

at 200 V for 1 h. The proteins were transferred to a nitrocellulose membrane by 

electroblotting using a Bio-Rad semidry transfer blotting apparatus over 1.5 h at 90 

V (Bio-Rad, Hercules, CA, USA). The membrane was blocked with blocking buffer 

(Odyssey system, LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room 

temperature. The primary antibodies were diluted in the same blocking buffer and 

were added to detect the target proteins. After an overnight incubation at 4ºC, the 

membrane was washed with TBST (Tris-buffered saline and 0.05% Tween-20) and 

then incubated with the secondary antibody. Finally, the target protein bands were 

visualized with an Odyssey infrared imager. Antibodies against β-actin and HO-1 

were purchased from Santa Cruz Biotechnology, Inc. (CA, USA). Densitometry was 

performed using the Image J software (version 1.44, National Institute of Health, 

USA). The relative protein expression was obtained by first calculating the relative 

intensity compared to the control (no UVB treatment) sample on the same blot and 

then normalizing this value to the intensity of β-actin from the same sample. 
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4.2.7 Data presentation and statistical analysis 

The data are presented as the mean ± standard error of the mean (SEM), except as 

otherwise stated. Student’s t-test was used to determine statistically significant 

differences between groups. A p value < 0.05 was considered statistically significant. 

4.3 Results  

4.3.1 A single dose of 300 mJ/cm
2
 UVB significantly increased the ear biopsy 

weight, and Nrf2 KO mice were more susceptible to UVB-induced skin edema 

To determine the effect of Nrf2 on UVB-induced trauma to mouse skin, we 

irritated mouse skin with a single dose of UVB (300 mJ/cm
2
) and measured the ear 

biopsy weight 1 week after exposure. In the untreated group, the average ear weights 

of the Nrf2 WT and KO mice were 7.28 ± 0.23 mg and 6.57 ± 0.36 mg, respectively. 

In the UVB-treated group, these weights increased to 8.45 ± 0.48 mg in Nrf2 WT 

mice and to 13.13 ± 0.08 mg in Nrf2 KO mice (Figure 4.1A). UVB exposure 

significantly increased the ear biopsy weight in Nrf2 KO mice by nearly 100%, 

whereas there was only a 16% increase observed in Nrf2 WT mice. The ear biopsy 

weight ratio indicated that Nrf2 KO mice were more susceptible to UVB-induced 

skin edema (Figure 4.1B). These data demonstrated that a single dose of UVB (300 

mJ/cm
2
) was sufficient to cause UVB-induced inflammatory damage to mouse skin, 

especially in Nrf2 KO mice. This single dose of UVB was used in all the following 

experiments. 
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4.3.2 The absence of Nrf2 gene expression increased the UVB-induced skin 

thickness 

To determine the effect of Nrf2 in mouse skin exposed to UVB irritation, we 

treated the dorsal skin area with a single dose of UVB (300 mJ/cm
2
) and took a skin 

biopsy 8 days later. Nrf2 KO mice exhibited a significant increase in skin thickness 

8 days after UVB irradiation (Figure 4.2), and a single dose of UVB (300 mJ/cm
2
) 

led to a greater increase in skin thickness in Nrf2 KO mice compared to Nrf2 WT 

mice (Figure 4.2).  

4.3.3 Nrf2 KO mice were significantly more susceptible to UVB-induced 

inflammation and ECM degradation 

To characterize the UVB-induced inflammatory damage to the ECM, we 

measured the expression of biomarkers related to inflammation (MIP-2) and ECM 

degradation (pro-MMP-9) 8 h after UVB exposure. A single dose of UVB (300 

mJ/cm
2
) significantly upregulated the protein expression of MIP-2 and pro-MMP-9 

in both Nrf2 WT and KO mice (Figure 4.3A and C). However, after UVB irradiation, 

these biomarkers were more significantly upregulated in Nrf2 KO mice compared to 

WT mice (Figure 4.3B and D).  

4.3.4 Nrf2 KO mice were more susceptible to UVB-induced upregulation of p53 

To evaluate sustained DNA damage, we examined p53 protein expression 8 h 

after UVB irradiation. In both Nrf2 WT and KO mice, a single dose of UVB (300 

mJ/cm
2
) significantly increased p53 protein expression compared to untreated skin 
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(Figure 4.4). However, there was a greater increase in p53 expression in Nrf2 KO 

mice compared to Nrf2 WT mice. 

4.3.5 UVB increased expression of the Nrf2 target HO-1, an antioxidant biomarker, 

in Nrf2 WT mice compared to Nrf2 KO mice 

To elucidate the mechanism responsible for the photo-protective effect of Nrf2 

in UVB-exposed mice, Nrf2 WT and KO mice were exposed to UVB irradiation and 

sacrificed 8 h later. We measured the expression of HO-1, an anti-oxidative enzyme 

downstream of Nrf2, in Nrf2 WT and KO mice and compared these levels to those 

observed in untreated control Nrf2 WT and KO mice. Compared to untreated WT 

mice, HO-1 protein expression was significantly increased in UVB-treated Nrf2 WT 

mice (P < 0.05), whereas HO-1 expression was not significantly altered in Nrf2 KO 

mice (Figure 4.5). In particular, UVB exposure increased HO-1 expression by 43% 

in Nrf2 WT mice, which was much higher than the 24% increase observed in Nrf2 

KO mice. 

4.4 Discussion and Conclusions 

In the present study, we investigated the photo-protective role of Nrf2 in 

inflammation-mediated ECM damage induced by UV, and our results indicated that 

Nrf2 KO mice were more susceptible to UVB radiation. Erythema has long been 

used as an indicator of UV-induced inflammation [342] and has been characterized 

as a reliable, reproducible and quantitative measurement of the degree of 

UV-induced inflammation [343]. Thus, measuring the weight or thickness of 
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irritated skin is a reliable indicator of inflammation [296, 344]. The results presented 

here demonstrated that UVB exposure significantly increased the ear biopsy weight 

in Nrf2 KO mice by almost 100%, whereas the ear biopsy weight only increased by 

16% in Nrf2 WT mice. Moreover, the ratio of ear biopsy weights suggested that 

Nrf2 KO mice were more susceptible to UVB-induced skin edema (Figure 4.1). In 

addition, Nrf2 KO mice exhibited a greater increase in skin thickness after UVB 

exposure (Figure 4.2), which suggested that the loss of Nrf2 resulted in increased 

sensitivity to UVB radiation, thereby implying that there was more active 

inflammation in Nrf2-deficient mice. Therefore, we performed various biological 

assays to demonstrate that the observed UVB-induced responses were related to 

inflammation, ECM stability, and DNA damage. It has been reported in in vivo 

studies of human skin that UV irradiation significantly affects the coordinated 

regulation of various MMPs; after a single exposure to UV, MMP-9 activity 

increased 4-fold compared to non-UV irradiated human skin in a time-dependent 

manner [345]. MIP-2, a key mediator of neutrophil recruitment, is involved in the 

early infiltration of neutrophils into UVB-exposed skin [346]. In our study, UVB 

irradiation significantly enhanced the expression of MIP-2 in both Nrf2 WT and KO 

mice (Figure 4.3A). However, the increase in MIP-2 expression was much greater in 

Nrf2 KO mice compared to WT mice (Figure 4.3B). These MIP-2 findings correlate 

with those of a previous study in which MIP-2 expression was increased in mice 

after UVB irradiation [346]. Photoaged skin displays prominent alterations in the 
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collagenous ECM of connective tissue [345], and the detrimental effects of ECM 

degradation include diminished structural integrity, impaired wound healing, loss of 

cell viability, and cancer metastasis [347]. There is growing interest in 

understanding the role of aberrant ECM modifications, especially regarding the 

“cancer stem cell niche” and the “metastatic niche” during key stages of cancer 

progression [292, 348]. Pro-MMP-9 expression was increased significantly in Nrf2 

KO mice compared to WT mice (Figure 4.3C and D), and these results indicated that 

the absence of Nrf2 augmented the expression of matrix-degrading proteinases, 

including pro-MMP-9, in response to UVB irradiation. Furthermore, many ECM 

fragments that are created via degradation by various MMPs act as chemotactic 

factors that cause endothelial and inflammatory cells to migrate into areas of active 

tumor cell proliferation and growth [349]. Thus, the photo-protective effect of Nrf2 

was mediated by a reduction in MMP-9 expression. The p53 tumor suppressor gene 

is typically activated by DNA damage [332], oxidative stress [334], and/or 

inflammation [335, 336], and we observed that both of Nrf2 WT and KO mice 

exhibited increased p53 expression in response to UVB exposure, although the p53 

expression was higher in KO mice. Regarding the role of p53 in DNA repair, 

increased p53 expression correlates with increased DNA damage, suggesting that 

the loss of Nrf2 may fail to protect DNA but could enable abundant p53 to repair the 

DNA damage. Indeed, a previous study showed that the extent of DNA damage 

correlates with the amount of UV exposure in various skin cells and models [350]. 
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In our study, the higher p53 expression observed in Nrf2 KO mice after UVB 

exposure could be an indicator of more sustained DNA damage in need of repair. 

HO-1 is a downstream antioxidant enzyme that is regulated by Nrf2 and has a broad 

cytoprotective effect in various inflammatory diseases and UVB irradiation [327, 

328]. In our study, UVB exposure enhanced HO-1 expression by 43% in Nrf2 WT 

mice and by 24% in Nrf2 KO mice (Figure 4.5), which indicated that the 

photo-protective effect of Nrf2 was mediated by HO-1.  

UVB irradiation induces aberrant biological responses, such as increased skin 

erythema and thickness, up-regulated expression of inflammatory and 

ECM-degrading enzymes, and augmented DNA damage. According to our results, 

these biological responses were milder in WT mice compared to Nrf2 KO mice. In 

addition, our UVB-induced mechanistic study revealed that the protective effect of 

Nrf2 was mediated by HO-1, and these findings suggest that Nrf2 plays a key role in 

protecting against UVB irradiation. Moreover, our study is the first to demonstrate 

that the photo-protective effect of Nrf2 is closely related to the inhibition of ECM 

degradation and inflammation through the overexpression of HO-1. 
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4.5 Figures and Tables  

 

Figure 4.1. Ear biopsy weights in Nrf2 WT and KO mice after UVB exposure. 

Nrf2 WT and KO mice were treated with or without a single dose of UVB (300 

mJ/cm
2
). The mice were sacrificed 1 week after UVB irradiation. Ear punches (6 

mm in diameter) were taken and weighed. (B) The ratio of the ear punch weight in 

UVB-treated versus control skin suggested that Nrf2 significantly protected against 

the UVB-induced increase in ear punch weight (P < 0.05). The data are presented as 

the mean ± SEM.  
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Figure 4.2 Skin thickness in Nrf2 WT versus Nrf2 KO mice after UVB exposure. 

H&E staining was performed in skin samples 8 days after treatment with a single 

dose of UVB (300 mJ/cm
2
). WT mice were treated (A) without UVB or (B) with 

UVB. KO mice were treated (C) without UVB or (D) with UVB. The horizontal line 

represents 200 m, and the broken lines indicate the skin thickness. Original 

magnification, ×400. The Nrf2 KO mice exhibited more edema and inflammatory 

changes, such as increased skin thickness, whereas the Nrf2 WT mice demonstrated 

A B

C D
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fewer changes; these data correlated with the ear punch weights (Figure 4.1) and 

other biomarkers (Figure 4.3, Figure 4.4 and Figure 4.5). 
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Figure 4.3. MIP-2 and Pro-MMP-9 expression in Nrf2 WT versus Nrf2 KO mice 

after UVB exposure. 

Nrf2 WT and KO mice were irradiated with a single dose of UVB (300 

mJ/cm2). After 8 h, (A) the MIP-2 expression and (B) the Pro-MMP-9 expression in 

WT and Nrf2 KO mice; (C) the ratios of MIP-2 protein levels and (D) the ratios of 

Pro-MMP-9 protein levels in UVB-treated versus control skin (No UVB-treated) 

were determined; Nrf2 significantly protected against UVB-induced the MIP-2 and 

pro-MMP-9 expression (P < 0.05). The data are presented as the mean ± SEM.  
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Figure 4.4. p53 expression in Nrf2 WT versus KO mice after UVB exposure. 

Nrf2 WT and KO mice were irradiated with a single dose of UVB (300 mJ/cm
2
). 

p53 protein levels increased in WT and KO mice 8 h after UVB irradiation; however, 

there was a greater increase in p53 expression in Nrf2 KO compared to WT mice. 

The data are presented as the mean ± SEM. 
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Figure 4.5. Nrf2-targeted antioxidant biomarkers in Nrf2 WT versus KO mice after 

UVB exposure. 

Nrf2 WT and KO mice were irradiated with a single dose of UVB (300 mJ/cm
2
). 

Expression of the Nrf2-regulated antioxidant protein HO-1 was measured in the skin. 

β-Actin served as the endogenous housekeeping protein. Protein samples (50 µg) 

were subjected to western blotting, and the relative intensity was calculated by 

dividing the intensity of the protein band in the control sample by that in the 

UVB-treated sample and then normalizing against the intensity of β-actin on the 

same membrane. After UVB irradiation, HO-1 expression was increased in WT 

mice but decreased in KO mice. 
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5 Genome-wide analysis of DNAmethylation in UVB- and 

DMBA/TPA-induced mouse skin cancer models 
131415

 

5.1 Introduction 

Accumulating evidence suggests that epigenetic DNA alterations play a crucial 

role in cancer initiation and development. Specifically, aberrant DNA methylation at 

the 5′-position of cytosine in CG dinucleotides in the cancer genome is postulated to 

be the most relevant epigenetic change in cancer [351]. DNA methylation affects 

gene expression and therefore regulates a wide range of biological processes, 

including proliferation, cell death, mutation and cancer 

initiation/promotion/progression [352, 353]. Both global hypomethylation and 

regional hypermethylation are characteristics of tumorigenesis [354, 355]. DNA 

hypermethylation at promoter regions is a predominant epigenetic mechanism for 

reducing the expression of tumor suppressor genes. Epigenetic silencing of tumor 

suppressor genes has been reported in mouse models of malignant tumors [356, 357]. 

Thus, the present study aimed to profile the global DNA methylation changes that 

occur during carcinogenesis. To address this aim, we conducted global profiling of 

                                                 
13
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Hart, R. P., & Kong, A. N. (2014). Genome-wide analysis of DNA methylation in UVB- and 

DMBA/TPA-induced mouse skin cancer models. Life Sci, 113(1-2), 45-54. (
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DNA methylation changes in two representative skin carcinogenesis models, 

ultraviolet B (UVB)-exposed SKH-1 hairless mice and DMBA/TPA-induced 

carcinogenesis in CD-1 mice.  

Ultraviolet irradiation has been reported to induce epigenetic alterations, which 

may contribute to the development of skin cancer [358]. However, the precise 

mechanism by which UV irradiation is related to melanomagenesis remains unclear. 

In addition, a method for screening epigenetically modified genes in melanoma 

patients needs to be established [359, 360]. Mutations in oncogenes and tumor 

suppressor genes have been reported in melanoma. However, most of these 

mutations are not present in non-melanoma skin cancer [361], suggesting a specific 

role for UV irradiation in melanomagenesis. In skin tumors, UV irradiation has been 

reported to induce epigenetic modifications and may contribute to the development 

of skin cancer. Epigenetic changes, such as DNA methylation and histone 

modification, may play a crucial role in the initiation and development of certain 

types of cancer [362]. Epigenetic alterations generally represent the interface 

between the environment and the genome [363].  

The multistage skin carcinogenesis model is established by applying a 

sub-threshold dose of the carcinogen DMBA followed by repetitive treatments with 

the tumor promoter TPA. With three well-defined stages—initiation, promotion, and 

progression—this model is similar to natural human tumor development. This model 

has been widely used to investigate the anti-tumor efficacy of chemicals and the 
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molecular events that occur during each stage of tumor development. Several 

genetic alterations identified in human skin cancer patients have also been described 

in the mouse multistage skin carcinogenesis model, such as changes in cyclin D1 

[364], TP53 [365], CDKN21 [366] and PTEN [367]. The underlying similarity in 

the biology of cancer between mice and humans implies that genes related to mouse 

tumor development may also be relevant to human tumor development.  

In the present study, we used methylated DNA immunoprecipitation (MeDIP) 

coupled with next-generation sequencing to profile the whole genome DNA 

methylation patterns from the UVB and DMBA/TPA models. The MeDIP-Seq 

results were evaluated by Ingenuity® Pathway Analysis (IPA) to investigate genetic 

crosstalk and signal/function overlap. The present study included an initial 

assessment of genes with a modified methylation profile and the identification of 

interacting molecular networks in skin carcinogenesis models.  

5.2 Materials and methods 

5.2.1 Chemicals and antibodies 

The chemicals used in the current study were as follows: 

7,12-dimethylbenz(a)anthracene (DMBA; Sigma-Aldrich, MO, USA) and 

12-O-tetradecanoylphorbol-1,3-acetate (TPA; Alexis Co., CA, USA). The 

5-methylcytidine monoclonal antibody was purchased from Eurogentec., Belgium.  
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5.2.2 Mice and skin cancer induction 

Two representative skin carcinogenesis models were utilized in the present 

study. SKH-1 hairless female mice, 7-8 weeks old, were treated with UVB (30 

mJ/cm
2
) twice a week for 36 weeks. The UV lamps (FS72T12-UVB-HO; National 

Biological, Twinsburg, OH) emitted UVB (280-320 nm; 70-80% of the total energy) 

and ultraviolet A (320-375 nm; 20-75% of the total energy). The dose of UVB was 

quantified using a UVB Spectra 305 dosimeter (The Daavlin Company, Bryan, OH). 

The radiation was further calibrated using a research radiometer/photometer (model 

IL-1700; International Light Inc., Newburyport, MA). The mice were assessed twice 

weekly for the appearance of papillomas and carcinomas. Skin papilloma and 

carcinoma samples were collected, frozen in liquid nitrogen and stored at −80 °C. 

The epidermises of age-matched untreated mice were isolated from fresh skin as a 

control group.  

Six-week-old female CD-1 mice were used for the DMBA/TPA-induced 

multistage carcinogenesis model. One day before treatment, the backs of the mice 

were shaved. For tumor initiation, 200 nmol DMBA in 200 µL of acetone was 

injected into the back skin of the mice. Three days after DMBA treatment, 5 nmol 

TPA in 200 µL of acetone was applied three times a week for 11 weeks to induce 

tumor promotion and progression.  

5.2.3 Global analysis of methylated DNA  

Genomic DNA (gDNA) was extracted from UV irradiation-induced tumor 
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samples from 3 female mice and from non-irradiated epidermis samples from 3 

female age-matched SKH-1 mice; from female CD-1 mice in the 

DMBA/TPA-induced carcinogenesis model for the MeDIP-Seq assay. gDNA was 

extracted using a DNeasy Kit (Qiagen, Valencia, CA) according to the manufacturer’s 

protocol. The gDNA was electrophoresed on an agarose gel, and the OD ratios were 

determined to confirm the purity and concentration of the gDNA prior to 

fragmentation by Covaris (Covaris, Inc., Woburn, MA USA). Fragmented gDNA was 

evaluated for size distribution and concentration using an Agilent Bioanalyzer 2100 

and a NanoDrop spectrophotometer. 

5.2.4 MeDIP-Seq 

MeDIP was performed to analyze genome-wide methylation. MeDIP was 

performed using a MagMeDIP Kit from Diagenode according to the manufacturer's 

instructions. Methylated DNA was recovered by immunoprecipitation with 

antibodies specific to methylated cytosine used to separate methylated DNA 

fragments from unmethylated fragments, and Illumina libraries were created from 

the captured gDNA using NEBNext reagents (catalog# E6040; New England 

Biolabs, Ipswich, MA, USA). Enriched libraries were evaluated for size distribution 

and concentration using an Agilent Bioanalyzer 2100. The samples were then 

sequenced on an Illumina HiSeq2000 machine, which generated paired-end reads of 

90 or 100 nucleotides (nt). The results were analyzed for data quality and exome 

coverage using the platform provided by DNAnexus (DNAnexus, Inc., Mountain 
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View, CA, USA). Samples were sent to Otogenetics Corporation (Norcross, GA) for 

Illumina sequencing and alignment with the genome. The resulting BAM files were 

downloaded for analysis.  

MeDIP alignments were compared with control samples using Cuffdiff 2.0.2 

with no length correction [368]. Briefly, a list of overlapping regions of sequence 

alignment common to both the immunoprecipitated and the control samples was 

created and used to judge the quantitative enrichment in MeDIP samples over 

control samples using Cuffdiff; statistically significant peaks at 5% FDR and a 

minimum 4-fold difference using the Cummerbund package in R were selected 

[368]. Peaks were matched with adjacent annotated genes using ChIPpeakAnno 

[369].  

5.2.5 Functional and pathway analysis by Ingenuity Pathway Analysis 

We analyzed lists of genes with significant fold changes (based on the P values; 

UV-induced tumor vs. control and DMBA/TPA treatment vs. control) in the 

methylation pattern (increases and decreases) ascertained in the MeDIP-Seq 

experiment using Ingenuity® Pathways Analysis 4.0 (IPA 4.0, Ingenuity Systems, 

www.ingenuity.com). IPA utilized gene symbols that were identified as neighboring 

enriched methylation peaks by ChIPpeakAnno used for all of the analyses. IPA 

mapped 6,003 genes in the UVB group and 5,424 genes in the DMBA/TPA group 

with a ≥ 2-fold change compared with the control correspondingly. Based on these 

fold change data, IPA identified biological functions and canonical pathways related 
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to UVB-induced cancer. The list of genes within canonical pathways was ranked 

using the ratio of the number of genes mapped to each pathway to the total number 

of genes in the corresponding pathway, which is presented as observations/total in 

Table 5.6. 

5.3 Results 

5.3.1 MeDIP-Seq results  

Skin samples were collected from the UVB- and DMBA/TPA-induced mouse 

skin cancer models, and gDNA was isolated from each sample. A whole-genome 

DNA methylation analysis was performed on the DNA samples using the described 

MeDIP-Seq method. The results were analyzed in a paired manner comparing the 

tumor to the normal skin tissue samples for each model.  

In the UVB group, 6,003 genes were identified in the two samples with a ≥ 2-fold 

change in methylation and an increase or decrease in gene expression. Compared 

with the control, 4,140 genes exhibited increased methylation, and methylation was 

decreased in 1,863 genes (Figure 5.1). However, in the DMBA/TPA treatment group, 

5,424 genes were identified with a ≥ 2-fold change in peak reads between the tumor 

and the normal skin samples. Among these 5,424 genes, the methylation pattern was 

up-regulated in 3,781 genes and down-regulated in 1,643 genes. To prioritize those 

changes, we ranked the top 50 up-regulated (+, Table 5.1 and Table 5.2) and 

down-regulated (−, Table 5.3 and Table 5.4) genes based on the log2 fold change 

from highest to lowest, all with P values less than 0.05.  
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5.3.2 Pathway analysis by IPA 

To ascertain the significance of the methylation changes, 6,003 genes in the 

UVB group and 5,424 genes in the DMBA/TPA group with a greater than 2-fold 

change in methylation were analyzed using the Ingenuity® Pathway Analysis (IPA) 

software package. The top 5 canonical signaling pathways were categorized (Table 

5.5) based on the ratio of the number of input genes to the total number of genes in 

the corresponding pathway in the Ingenuity® Pathway Analysis software. Fisher’s 

exact test was used to calculate P values to determine the significance of the 

associations of the input genes with the canonical pathways.  

IPA identified more than 50 signaling pathways containing genes with 

significantly up-regulated and down-regulated methylation. The interleukin-6 

(IL-6)-related signaling pathway was mapped by IPA to the UVB group (Figure 5.1); 

the methylation profile is presented in red (up-regulation) and green 

(down-regulation). Figure 5.2 and Table 5.7 lists the genes involved in the IL-6 

signaling pathway that exhibited altered methylation (14 up-regulated and 30 

down-regulated) as mapped by IPA. It has been reported that IL-6 protein 

expression is induced by UV irradiation [370]. Correspondingly, the MeDIP-Seq 

data revealed that IL-6 up-regulated methylation by 3.252-fold (log2). Based on the 

IPA functional pathways, skin cancer belongs to the category of the mechanism of 

cancer. The top 5 genes related to skin cancer based on IPA are ranked by fold 
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change in Table 5.6. This list includes genes with increased methylation and genes 

with decreased methylation that are related to skin cancer pathways by IPA. 

5.4 Discussion and Conclusions 

It was previously reported that hypermethylation of CpG islands in tumor 

suppressor genes occurs in human squamous cell carcinoma cell lines and primary 

skin tumor tissues. Similar changes in DNA methylation patterns were observed in 

the multistage mouse skin cancer model. In addition, loss of global genomic 

methylation has been shown to be associated with increased aggressiveness of 

mouse skin cancer cell lines. However, the precise mechanism by which UV 

irradiation promotes melanoma remains unclear. Furthermore, there is no method for 

screening potential epigenetically modified genes involved in promoting skin 

cancers [360, 371-373]. Long-term exposure to UV irradiation is considered a major 

etiologic risk factor for the development of melanoma and non-melanoma skin 

cancers. Epigenetic alterations are generally considered to represent the interface 

between the environment and the genome [363]. Ultraviolet irradiation has been 

reported to induce epigenetic alterations, which may contribute to the development 

of skin cancer. In the present study, we performed global genome methylation 

screening using MeDIP-Seq to identify genomic loci with aberrant methylation 

patterns in cancer tissues. 

One of the adverse effects of UV irradiation that has been observed in skin 

tumor development is a chronic and sustained inflammatory response. The 
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relationship between inflammation and epigenetic modifications in cancer is under 

active investigation [374-376]. In this study, a UV irradiation-induced abnormal 

inflammatory response was suggested based on the IPA mapped IL-6 pathways, 

which included the methylation profiles of pro-inflammatory cytokines, receptors 

and mitogen-activated protein kinases. Higher levels of pro-inflammatory cytokines 

are associated with tumor development and progression [377, 378]. Interleukins (ILs) 

have different systemic functions and are involved in inflammation. Nile et al. 

reported that the methylation of CpGs in the promoter region of IL-6 affected the 

mRNA levels in mononuclear cells [374]. Tekpli et al. reported that the methylation 

of CpGs near the IL-6 transcriptional start site is significantly higher in non-small 

cell lung cancer cells and is associated with lower IL-6 mRNA expression [375]. 

Our study demonstrated that IL-6 gene methylation was significantly higher in UV 

irradiation-induced skin tumors.  

IL-6-Jak-Stat3 inflammatory signaling is also involved in cell survival and 

provides a proliferative advantage in the two-stage chemical carcinogenesis model 

using DMBA as the tumor initiator and TPA as the promoter. Phosphorylated-Stat3 

overexpression in a papilloma cell line leads to enhanced cell migration and invasion 

[379]. Transgenic mice with constitutive Stat3 expression have a shorter latency 

period and increased tumor incidence compared with non-transgenic littermates after 

DMBA/TPA treatment [380]. Moreover, mice with constitutively activated Stat3 

bypassed the premalignant stage and were initially diagnosed with carcinoma in situ, 
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which rapidly progressed to squamous cell carcinoma. In our present study, we 

found 34 genes with altered DNA methylation in total 124 genes involved in the 

IL-6 pathway in the UV group. Among these genes with altered methylation, the 

SOCS1 (suppressor of cytokine signaling 1) gene, which encodes a suppressor in the 

IL-6-Jak-Stat3 loop, was hypermethylated in the tumor samples.  

The top-ranked hypermethylated and hypomethylated genes could enable the 

discovery of key genes in skin cancer development. For example, RBFOX1 is the 

top up-regulated gene in terms of methylation status change in UV-irradiated tumors 

compared with normal epidermis by IPA (Figure 5.1). RBFOX1 is an RNA-binding 

protein that is highly expressed in the cytoplasm. RBFOX1 mutations were 

identified in colorectal cancer cell lines (CRC), and RBFOX1 deletion was observed 

in a significant proportion of CRC cases (106/419) [381, 382]. However, the role of 

RBFOX1 in skin cancer development is unclear. Surprisingly, tumor tissues from 

the DMBA/TPA group exhibited a unique profile in terms of the top 50 genes with 

up- or down-regulated methylation compared with the profile in the UVB group. 

Cell adhesion molecule 2 (CADM2) was one of the top methylated genes in 

DMBA/TPA tumors. CADM2 belongs to a protein family that participates in 

maintaining cell polarity and that has been considered to be a novel category of 

tumor suppressors [383]. Clinically, low CADM2 expression predicts a high risk of 

recurrence in patients with hepatocellular carcinoma after hepatectomy [384]. It has 

also been reported that aberrant promoter hypermethylation and loss of CADM2 
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expression are associated with human renal cell carcinoma tumor progression [385]. 

Our study is the first report to suggest that CADM2 methylation is involved in skin 

carcinogenesis. Moreover, we identified changes in the methylation patterns of 

several genes encoding microRNAs, which are also involved in epigenetic 

regulation. This observation indicates that epigenetic changes may occur at multiple 

levels with complex crosstalk in skin cancer development and progression.  

The genes identified in this study demonstrated significant alterations in 

response to UV irradiation-induced inflammation and skin cancer development. 

Although IPA revealed some overlapping signaling changes in response to both UV 

irradiation and DMBA-TPA treatment and certain highly affected targets were 

common (including, GRIA1 and TNS1), the top-ranked genes based on fold change 

differed markedly between the two treatments, indicating that distinct epigenetic 

mechanisms trigger cancer after exposure to UV or the DMBA carcinogen. 

In this study, a comprehensive analysis of the DNA methylation patterns in the 

UVB or DMBA/TPA induced tumors compared with age-matched normal skin was 

completed. Genes coding for inflammatory cytokines were identified by IPA to 

exhibit altered methylation profiles and may be associated with increased 

susceptibility to tumor development. Specifically, based on changes in methylation, 

molecular networks were identified that included genes encoding inflammatory 

cytokines. Additional studies with a particular emphasis on epigenetic alterations, 
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such as DNA methylation, may lead to the development of new strategies for the 

prevention of skin cancer and inflammation-related skin disease. 
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5.5 Figures and Tables  

Table 5.1. Top 50 annotated genes with up-regulated methylation ranked by log2 

fold change in the UVB group. (B) DMBA/TPA group. 

Ran

k 

Symbol Gene Name Log2 

Fold 

Change 

(UVB/ 

Control) 

Location Type(s) 

1 RBFOX1 RNA binding protein, 

fox-1 homolog (C. 

elegans) 1 

5.457 Cytoplasm other 

2 IMPG2 interphotoreceptor 

matrix proteoglycan 2 

5.367 Extracellula

r Space 

other 

3 DGKK diacylglycerol kinase, 

kappa 

5.31 Cytoplasm kinase 

4 MAD1L1 MAD1 mitotic arrest 

deficient-like 1 (yeast) 

5.252 Nucleus other 

5 EVX2 even-skipped 

homeobox 2 

5.19 Nucleus transcription 

regulator 

6 PAN3 PAN3 poly(A) specific 

ribonuclease subunit 

homolog (S. cerevisiae) 

4.989 Cytoplasm other 

7 AAMP angio-associated, 

migratory cell protein 

4.837 Plasma 

Membrane 

other 

8 ARHGAP18 Rho GTPase activating 

protein 18 

4.837 Cytoplasm other 

9 ACAA2 acetyl-CoA 

acyltransferase 2 

4.574 Cytoplasm enzyme 

10 OLFM1 olfactomedin 1 4.574 Cytoplasm other 

11 TGS1 trimethylguanosine 

synthase 1 

4.574 Nucleus enzyme 

12 DYM dymeclin 4.525 Cytoplasm other 

13 Hspg2 heparan sulfate 

proteoglycan 2 

4.474 Extracellula

r Space 

other 

14 Kcnip2 Kv channel-interacting 

protein 2 

4.474 Plasma 

Membrane 

other 

15 TNS1 tensin 1 4.474 Plasma 

Membrane 

other 
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16 AGAP1 ArfGAP with GTPase 

domain, ankyrin repeat 

and PH domain 1 

4.367 Cytoplasm enzyme 

17 CCDC180 coiled-coil domain 

containing 180 

4.367 Other other 

18 EDN1 endothelin 1 4.367 Extracellula

r Space 

cytokine 

19 FOXE1 forkhead box E1 

(thyroid transcription 

factor 2) 

4.367 Nucleus transcription 

regulator 

20 KCNN4 potassium 

intermediate/small 

conductance 

calcium-activated 

channel, subfamily N, 

member 4 

4.367 Plasma 

Membrane 

ion channel 

21 LOXHD1 lipoxygenase homology 

domains 1 

4.367 Extracellula

r Space 

other 

22 DCP2 decapping mRNA 2 4.252 Nucleus enzyme 

23 DET1 de-etiolated homolog 1 

(Arabidopsis) 

4.252 Nucleus other 

24 DSC3 desmocollin 3 4.252 Plasma 

Membrane 

other 

25 HOXD11 homeobox D11 4.252 Nucleus transcription 

regulator 

26 MAML2 mastermind-like 2 

(Drosophila) 

4.252 Nucleus transcription 

regulator 

27 MYO1E myosin IE 4.252 Cytoplasm enzyme 

28 PCBD1 pterin-4 

alpha-carbinolamine 

dehydratase/dimerizatio

n cofactor of 

hepatocyte nuclear 

factor 1 alpha 

4.252 Nucleus transcription 

regulator 

29 WNT3 wingless-type MMTV 

integration site family, 

member 3 

4.252 Extracellula

r Space 

other 

30 CENPF centromere protein F, 

350/400kDa 

4.126 Nucleus other 

31 Dos downstream of Stk11 4.126 Other other 

32 FBXO11 F-box protein 11 4.126 Cytoplasm enzyme 

33 GPR37 G protein-coupled 4.126 Plasma G-protein 
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receptor 37 (endothelin 

receptor type B-like) 

Membrane coupled 

receptor 

34 HPCA hippocalcin 4.126 Cytoplasm other 

35 LIMS2 LIM and senescent cell 

antigen-like domains 2 

4.126 Cytoplasm other 

36 LRRC8B leucine rich repeat 

containing 8 family, 

member B 

4.126 Other other 

37 LTA4H leukotriene A4 

hydrolase 

4.126 Cytoplasm enzyme 

38 MEMO1 mediator of cell 

motility 1 

4.126 Cytoplasm other 

39 mir-221 microRNA 221 4.126 Cytoplasm microRNA 

40 mir-802 microRNA 802 4.126 Cytoplasm microRNA 

41 Olfr1323 olfactory receptor 1323 4.126 Plasma 

Membrane 

G-protein 

coupled 

receptor 

42 PLN phospholamban 4.126 Cytoplasm transporter 

43 PTPN23 protein tyrosine 

phosphatase, 

non-receptor type 23 

4.126 Cytoplasm phosphatase 

44 SLC7A9 solute carrier family 7 

(amino acid transporter 

light chain, bo,+ 

system), member 9 

4.126 Plasma 

Membrane 

transporter 

45 VRK1 vaccinia related kinase 

1 

4.126 Nucleus kinase 

46 ZBTB34 zinc finger and BTB 

domain containing 34 

4.126 Nucleus other 

47 ZNF622 zinc finger protein 622 4.126 Nucleus other 

48 SMYD2 SET and MYND 

domain containing 2 

4.082 Cytoplasm enzyme 

49 DYSF dysferlin, limb girdle 

muscular dystrophy 2B 

(autosomal recessive) 

3.989 Plasma 

Membrane 

other 

50 Ear2 

(includes 

others) 

eosinophil-associated, 

ribonuclease A family, 

member 2 

3.989 Cytoplasm enzyme 
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Table 5.2. Top 50 annotated genes with up-regulated methylation ranked by log2 

fold change in the DMBA/TPA group. 

Rank Symbol Gene Name 

Log2 Fold 

Change 

(DMBA-TPA

/ Control) 

Location Type(s) 

1 FAM135A 
family with sequence 

similarity 135, member A 
5.974 Other enzyme 

2 CADM2 cell adhesion molecule 2 5.231 
Plasma 

Membrane 
other 

3 VWC2L 

von Willebrand factor C 

domain containing protein 

2-like 

4.877 
Extracellular 

Space 
other 

4 PTH2R 
parathyroid hormone 2 

receptor 
4.708 

Plasma 

Membrane 

G-protein 

coupled 

receptor 

5 NPY neuropeptide Y 4.515 
Extracellular 

Space 
other 

6 TNS1 tensin 1 4.408 
Plasma 

Membrane 
other 

7 PHYHIPL 

phytanoyl-CoA 

2-hydroxylase interacting 

protein-like 

4.408 Cytoplasm other 

8 COX7C 
cytochrome c oxidase 

subunit VIIc 
4.408 Cytoplasm enzyme 

9 CMYA5 
cardiomyopathy associated 

5 
4.408 

Plasma 

Membrane 
other 

10 HELB helicase (DNA) B 4.351 Nucleus enzyme 
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11 WDR63 WD repeat domain 63 4.292 Other other 

12 SIPA1L2 

signal-induced 

proliferation-associated 1 

like 2 

4.292 Other other 

13 let-7 microRNA let-7a-1 4.292 Cytoplasm microRNA 

14 DSEL 
dermatan sulfate 

epimerase-like 
4.292 

Extracellular 

Space 
enzyme 

15 ZNF521 zinc finger protein 521 4.167 Nucleus other 

16 TMTC2 

transmembrane and 

tetratricopeptide repeat 

containing 2 

4.167 Cytoplasm other 

17 OTOL1 otolin 1 4.167 Other other 

18 
METTL21

A 
methyltransferase like 21A 4.167 Other enzyme 

19 INTU 
inturned planar cell 

polarity protein 
4.167 Cytoplasm other 

20 DHCR7 
7-dehydrocholesterol 

reductase 
4.167 Cytoplasm enzyme 

21 
Cyp2a12/C

yp2a22 

cytochrome P450, family 

2, subfamily a, polypeptide 

12 

4.167 Cytoplasm enzyme 

22 CTSC cathepsin C 4.167 Cytoplasm peptidase 

23 CHORDC1 

cysteine and histidine-rich 

domain (CHORD) 

containing 1 

4.167 Other other 

24 CBLN1 cerebellin 1 precursor 4.167 Cytoplasm other 

25 THAP1 THAP domain containing, 

apoptosis associated 

4.029 Nucleus other 
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protein 1 

26 RYBP 
RING1 and YY1 binding 

protein 
4.029 Nucleus 

transcription 

regulator 

27 NDUFA12 

NADH dehydrogenase 

(ubiquinone) 1 alpha 

subcomplex, 12 

4.029 Cytoplasm enzyme 

28 
Mug1/Mug

2 
murinoglobulin 1 4.029 

Extracellular 

Space 
transporter 

29 MFSD10 

major facilitator 

superfamily domain 

containing 10 

4.029 Other transporter 

30 KIF16B 
kinesin family member 

16B 
4.029 Cytoplasm enzyme 

31 GRID2 
glutamate receptor, 

ionotropic, delta 2 
4.029 

Plasma 

Membrane 
ion channel 

32 

Gm4836 

(includes 

others) 

predicted gene 4836 4.029 Cytoplasm other 

33 FOXN3 forkhead box N3 4.029 Nucleus 
transcription 

regulator 

34 
Cyp4f16/G

m9705 

cytochrome P450, family 

4, subfamily f, polypeptide 

16 

4.029 Cytoplasm enzyme 

35 CXorf22 
chromosome X open 

reading frame 22 
4.029 Other other 

36 Pag1 

phosphoprotein associated 

with glycosphingolipid 

microdomains 1 

3.955 
Plasma 

Membrane 
other 

37 MSH6 mutS homolog 6 3.923 Nucleus enzyme 
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38 ZFAT 
zinc finger and AT hook 

domain containing 
3.877 Nucleus other 

39 

Vmn1r188 

(includes 

others) 

vomeronasal 1 receptor 

217 
3.877 

Plasma 

Membrane 

G-protein 

coupled 

receptor 

40 TYW3 

tRNA-yW synthesizing 

protein 3 homolog (S. 

cerevisiae) 

3.877 Other other 

41 TPO thyroid peroxidase 3.877 
Plasma 

Membrane 
enzyme 

42 TLR4 toll-like receptor 4 3.877 
Plasma 

Membrane 

transmembran

e receptor 

43 THSD7B 
thrombospondin, type I, 

domain containing 7B 
3.877 Other other 

44 SPINK5 
serine peptidase inhibitor, 

Kazal type 5 
3.877 

Extracellular 

Space 
other 

45 SLC9A8 

solute carrier family 9, 

subfamily A (NHE8, 

cation proton antiporter 8), 

member 8 

3.877 Cytoplasm transporter 

46 SEC23A 
Sec23 homolog A (S. 

cerevisiae) 
3.877 Cytoplasm transporter 

47 RPS4Y1 
ribosomal protein S4, 

Y-linked 1 
3.877 Cytoplasm other 

48 PPP1R1C 

protein phosphatase 1, 

regulatory (inhibitor) 

subunit 1C 

3.877 Cytoplasm phosphatase 

49 PARP8 

poly (ADP-ribose) 

polymerase family, 

member 8 

3.877 Other other 
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50 NLRP4 
NLR family, pyrin domain 

containing 4 
3.877 Cytoplasm other 
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Table 5.3. Top 50 annotated genes with down-regulated methylation ranked by log2 

fold change in the UVB group. 

  Symbol Gene Name Log2 Fold 

Change 

(UVB/ 

Control) 

Location Type(s) 

1 Nrxn3 neurexin III -4.543 Plasma 

Membrane 

other 

2 SYN2 synapsin II -4.378 Plasma 

Membrane 

other 

3 Mup1 

(includes 

others) 

major urinary protein 1 -4.333 Extracellular 

Space 

other 

4 KRT86 keratin 86 -4.24 Cytoplasm other 

5 SULT1C3 sulfotransferase family, 

cytosolic, 1C, member 3 

-4.24 Cytoplasm enzyme 

6 ATP1A3 ATPase, Na+/K+ 

transporting, alpha 3 

polypeptide 

-4.191 Plasma 

Membrane 

transporter 

7 CHORDC1 cysteine and 

histidine-rich domain 

(CHORD) containing 1 

-4.191 Other other 

8 NRXN1 neurexin 1 -4.191 Plasma 

Membrane 

transporter 

9 Htr6 5-hydroxytryptamine 

(serotonin) receptor 6, G 

protein-coupled 

-4.141 Plasma 

Membrane 

G-protein 

coupled 

receptor 

10 PAM peptidylglycine 

alpha-amidating 

monooxygenase 

-4.141 Plasma 

Membrane 

enzyme 

11 SERPINB3 serpin peptidase inhibitor, 

clade B (ovalbumin), 

member 3 

-4.141 Cytoplasm other 

12 TDRD3 tudor domain containing 

3 

-4.141 Nucleus transcriptio

n regulator 

13 Olfr1153 olfactory receptor 1153 -4.088 Plasma 

Membrane 

G-protein 

coupled 

receptor 

14 WFIKKN2 WAP, follistatin/kazal, 

immunoglobulin, kunitz 

-4.088 Other other 



134 

 

 

and netrin domain 

containing 2 

15 ABAT 4-aminobutyrate 

aminotransferase 

-4.034 Cytoplasm enzyme 

16 ARHGAP6 Rho GTPase activating 

protein 6 

-4.034 Cytoplasm other 

17 AUH AU RNA binding 

protein/enoyl-CoA 

hydratase 

-4.034 Cytoplasm enzyme 

18 CEP70 centrosomal protein 

70kDa 

-4.034 Cytoplasm other 

19 DGKH diacylglycerol kinase, eta -4.034 Cytoplasm kinase 

20 GRIA1 glutamate receptor, 

ionotropic, AMPA 1 

-4.034 Plasma 

Membrane 

ion channel 

21 SLC4A7 solute carrier family 4, 

sodium bicarbonate 

cotransporter, member 7 

-4.034 Plasma 

Membrane 

transporter 

22 SLITRK1 SLIT and NTRK-like 

family, member 1 

-4.034 Other other 

23 Speer4a 

(includes 

others) 

spermatogenesis 

associated glutamate 

(E)-rich protein 4a 

-4.034 Nucleus other 

24 CETN1 centrin, EF-hand protein, 

1 

-3.977 Nucleus enzyme 

25 CYLC1 cylicin, basic protein of 

sperm head cytoskeleton 

1 

-3.977 Cytoplasm other 

26 HS3ST5 heparan sulfate 

(glucosamine) 

3-O-sulfotransferase 5 

-3.977 Cytoplasm enzyme 

27 Ott 

(includes 

others) 

ovary testis transcribed -3.977 Other other 

28 Scg5 secretogranin V -3.977 Cytoplasm other 

29 CHM choroideremia (Rab 

escort protein 1) 

-3.918 Cytoplasm enzyme 

30 Clvs2 clavesin 2 -3.918 Cytoplasm other 

31 MRPS30 mitochondrial ribosomal 

protein S30 

-3.918 Cytoplasm enzyme 

32 Olfr1010 olfactory receptor 1010 -3.918 Plasma 

Membrane 

G-protein 

coupled 

receptor 
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33 PPP1R12A protein phosphatase 1, 

regulatory subunit 12A 

-3.918 Cytoplasm phosphatas

e 

34 ZMYND11 zinc finger, MYND-type 

containing 11 

-3.918 Nucleus other 

35 ADCY10 adenylate cyclase 10 

(soluble) 

-3.857 Cytoplasm enzyme 

36 Agtr1b angiotensin II receptor, 

type 1b 

-3.857 Plasma 

Membrane 

G-protein 

coupled 

receptor 

37 APAF1 apoptotic peptidase 

activating factor 1 

-3.857 Cytoplasm other 

38 AQP1 aquaporin 1 -3.857 Plasma 

Membrane 

transporter 

39 CDH10 cadherin 10, type 2 

(T2-cadherin) 

-3.857 Plasma 

Membrane 

other 

40 CHRM3 cholinergic receptor, 

muscarinic 3 

-3.857 Plasma 

Membrane 

G-protein 

coupled 

receptor 

41 GCNT2 glucosaminyl (N-acetyl) 

transferase 2, I-branching 

enzyme (I blood group) 

-3.857 Cytoplasm enzyme 

42 GNAI1 guanine nucleotide 

binding protein (G 

protein), alpha inhibiting 

activity polypeptide 1 

-3.857 Plasma 

Membrane 

enzyme 

43 SELENBP

1 

selenium binding protein 

1 

-3.857 Cytoplasm other 

44 SP110 SP110 nuclear body 

protein 

-3.857 Nucleus other 

45 TMEM5 transmembrane protein 5 -3.857 Plasma 

Membrane 

other 

46 XIRP2 xin actin-binding repeat 

containing 2 

-3.857 Other other 

47 ZKSCAN2 zinc finger with KRAB 

and SCAN domains 2 

-3.857 Nucleus transcriptio

n regulator 

48 1700009N

14Rik 

RIKEN cDNA 

1700009N14 gene 

-3.793 Other transporter 

49 AGPAT9 1-acylglycerol-3-phospha

te O-acyltransferase 9 

-3.793 Cytoplasm enzyme 

50 ASCL1 achaete-scute complex 

homolog 1 (Drosophila) 

-3.793 Nucleus transcriptio

n regulator 
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Table 5.4. Top 50 annotated genes with down-regulated methylation ranked by log2 

fold change in the DMBA/TPA group. 

Ran

k 
Symbol Gene Name 

Log2 Fold 

Change 

(DMBA-TP

A/ Control) 

Location Type(s) 

1 EBPL 
emopamil binding 

protein-like 
-5.292 Cytoplasm enzyme 

2 PANX1 pannexin 1 -5.247 
Plasma 

Membrane 
transporter 

3 HES5 
hairy and enhancer of split 

5 (Drosophila) 
-4.632 Nucleus other 

4 LHX4 LIM homeobox 4 -4.247 Nucleus 
transcription 

regulator 

5 GSG1L GSG1-like -4.247 
Plasma 

Membrane 
other 

6 PBX1 
pre-B-cell leukemia 

homeobox 1 
-4.199 Nucleus 

transcription 

regulator 

7 
LRRC8

B 

leucine rich repeat 

containing 8 family, 

member B 

-4.199 Other other 

8 ASAH2 

N-acylsphingosine 

amidohydrolase 

(non-lysosomal ceramidase) 

2 

-4.199 Cytoplasm enzyme 

9 
ALKBH

3 

alkB, alkylation repair 

homolog 3 (E. coli) 
-4.199 Nucleus enzyme 

10 
ZNF518

zinc finger protein 518B -4.100 Other other 
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B 

11 
MAN1

A1 

mannosidase, alpha, class 

1A, member 1 
-4.100 Cytoplasm enzyme 

12 TOX3 
TOX high mobility group 

box family member 3 
-3.993 Other other 

13 LSM11 
LSM11, U7 small nuclear 

RNA associated 
-3.936 Nucleus other 

14 TCEA3 
transcription elongation 

factor A (SII), 3 
-3.877 Nucleus 

transcription 

regulator 

15 OR7D2 
olfactory receptor, family 7, 

subfamily D, member 2 
-3.877 

Plasma 

Membrane 

G-protein 

coupled 

receptor 

16 
KIAA0

947 
KIAA0947 -3.877 Other other 

17 CBLB 
Cbl proto-oncogene B, E3 

ubiquitin protein ligase 
-3.877 Nucleus other 

18 
NOS1A

P 

nitric oxide synthase 1 

(neuronal) adaptor protein 
-3.816 Cytoplasm other 

19 MACC1 
metastasis associated in 

colon cancer 1 
-3.816 Nucleus other 

20 ZNF277 zinc finger protein 277 -3.752 Nucleus 
transcription 

regulator 

21 Sp100 nuclear antigen Sp100 -3.752 Nucleus 
transcription 

regulator 

22 KCNA6 

potassium voltage-gated 

channel, shaker-related 

subfamily, member 6 

-3.752 
Plasma 

Membrane 
ion channel 

23 
C19orf1

0 

chromosome 19 open 

reading frame 10 
-3.752 

Extracellular 

Space 
cytokine 
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24 
TMEM

17 
transmembrane protein 17 -3.685 

Extracellular 

Space 
other 

25 
FAM92

B 

family with sequence 

similarity 92, member B 
-3.650 Other other 

26 
TBC1D

5 

TBC1 domain family, 

member 5 
-3.646 

Extracellular 

Space 
other 

27 Nrg1 neuregulin 1 -3.614 
Extracellular 

Space 

growth 

factor 

28 
GORAS

P1 

golgi reassembly stacking 

protein 1, 65kDa 
-3.614 Cytoplasm other 

29 AHRR 
aryl-hydrocarbon receptor 

repressor 
-3.614 Nucleus other 

30 
ADOR

A2A 
adenosine A2a receptor -3.614 

Plasma 

Membrane 

G-protein 

coupled 

receptor 

31 
RAB11

A 

RAB11A, member RAS 

oncogene family 
-3.540 Cytoplasm enzyme 

32 
ISY1-R

AB43 
ISY1-RAB43 readthrough -3.540 Nucleus other 

33 GNE 

glucosamine 

(UDP-N-acetyl)-2-epimeras

e/N-acetylmannosamine 

kinase 

-3.540 Cytoplasm kinase 

34 
FAM98

A 

family with sequence 

similarity 98, member A 
-3.540 Other other 

35 ENPP4 

ectonucleotide 

pyrophosphatase/phosphodi

esterase 4 (putative) 

-3.540 Other enzyme 

36 
CCDC4 coiled-coil domain 

-3.540 Other other 
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3 containing 43 

37 
ARHGE

F10 

Rho guanine nucleotide 

exchange factor (GEF) 10 
-3.540 Cytoplasm enzyme 

38 
TARSL

2 

threonyl-tRNA 

synthetase-like 2 
-3.462 Other enzyme 

39 
SCARB

1 

scavenger receptor class B, 

member 1 
-3.462 

Plasma 

Membrane 
transporter 

40 
RAB27

A 

RAB27A, member RAS 

oncogene family 
-3.462 Cytoplasm enzyme 

41 
L3MBT

L3 
l(3)mbt-like 3 (Drosophila) -3.462 Nucleus other 

42 Higd1a 
HIG1 domain family, 

member 1A 
-3.462 Cytoplasm other 

43 GRIA1 
glutamate receptor, 

ionotropic, AMPA 1 
-3.462 

Plasma 

Membrane 
ion channel 

44 GPC5 glypican 5 -3.462 
Plasma 

Membrane 
other 

45 CLGN calmegin -3.462 Cytoplasm peptidase 

46 CHKA choline kinase alpha -3.462 Cytoplasm kinase 

47 ASGR1 
asialoglycoprotein receptor 

1 
-3.462 

Plasma 

Membrane 

transmembr

ane receptor 

48 
AMY2

A 

amylase, alpha 2A 

(pancreatic) 
-3.462 

Extracellular 

Space 
enzyme 

49 
C1orf10

9 

chromosome 1 open 

reading frame 109 
-3.444 Other other 

50 CADPS 
Ca

++
-dependent secretion 

activator 
-3.430 

Plasma 

Membrane 
other 
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Table 5.5. Top 5 altered canonical pathways determined using Ingenuity Pathways 

Software in the UVB and DMBA/TPA groups. The shared pathways are shown in 

bold. 

Rank Name Ratio Observation

/Total 

p-value 

UVB/Control    

1 cAMP-mediated signaling  0.478 108/226 1.27E-09 

2 G-Protein Coupled Receptor Signaling 0.442 122/276 5.24E-09 

3 Molecular Mechanisms of Cancer 0.371 144/388 9.86E-07 

4 PTEN Signaling  0.42 58/138 5.21E-06 

5 Role of Osteoblasts, Osteoclasts and 

Chondrocytes in Rheumatoid Arthritis 

0.388 97/250 5.58E-06 

DMBA-TPA/ Control    

1 Protein Kinase A Signaling 0.352 144/409 5.5E-06 

2 Molecular Mechanisms of Cancer 0.325 126/338 4.57E-05 

3 Xenobiotic Metabolism Signaling 0.351 101/288 7.59E-05 

4 Regulation of the Epithelial-Mesenchymal 

Transition Pathway 

0.342 67/196 0.0011 

5 Mouse Embryonic Stem Cell Pluripotency 0.394 39/99 0.0013 
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Table 5.6. Top 5 genes with altered methylation in skin cancers. 

These up-regulated or down-regulated genes are related to skin cancer using IPA 

Software Functional and Diseases analysis module in the UVB and the DMBA/TPA 

groups. Shared genes are shown in bold. 

 

Rank Mapped Genes 
Log2 Fold 

Change 

UVB/Control   

Up-regulated   

1 RBFOX1 5.457 

2 LOXHD1 4.367 

3 EDN1 4.367 

4 DYSF 3.989 

5 NPSR1 3.837 

Down-regulated   

1 SULT1C3 -4.24 

2 ABAT -4.034 

3 GRIA1 -4.034 

4 PCSK1 -3.726 

5 SCN2A -3.655 

      

DMBA-TPA/Control   

Up-regulated   

1 GRID2 4.029 

2 NLRP4 3.877 

3 EMR1 3.877 

4 IL15 3.877 

5 PCDH18 3.708 

Down-regulated   

1 GRIA1 -3.462 

2 CADPS -3.43 

3 BCL2L11 -3.292 

4 ACVR1C -3.292 

5 GRM3 -3.292 
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Table 5.7. List of genes mapped to the IL-6 pathway by IPA. 

 

Log2 Fold 

Change 

(UVB/Control) 

Symb

ol 
Gene Name 

Down-

regulated   

1 -3.421 
IL1RA

PL2 

interleukin 1 receptor accessory 

protein-like 2 

2 -3.24 HSPB3 heat shock 27kDa protein 3 

3 -3.141 
MAPK

10 
mitogen-activated protein kinase 10 

4 -3.141 
PIK3C

2G 

phosphatidylinositol-4-phosphate 

3-kinase, catalytic subunit type 2 gamma 

5 -3.141 
SOCS

1 
suppressor of cytokine signaling 1 

6 -2.918 
PIK3R

1 

phosphoinositide-3-kinase, regulatory 

subunit 1 (alpha) 

7 -2.793 IL1RL1 interleukin 1 receptor-like 1 

8 -2.793 
MAP3

K7 

mitogen-activated protein kinase kinase 

kinase 7 

9 -2.655 CRP C-reactive protein, pentraxin-related 

10 -2.503 ABCB1 
ATP-binding cassette, sub-family B 

(MDR/TAP), member 1 

11 -2.503 IL1R2 interleukin 1 receptor, type II 

12 -2.333 IL36B interleukin 36, beta 

13 -2.141 
MAP2

K1 
mitogen-activated protein kinase kinase 1 

14 -2.034 
PIK3R

4 

phosphoinositide-3-kinase, regulatory 

subunit 4 

Up-reg

ulated   

1 3.667 AKT3 
v-akt murine thymoma viral oncogene 

homolog 3 

2 3.667 
PIK3C

G 

phosphatidylinositol-4,5-bisphosphate 

3-kinase, catalytic subunit gamma 

3 3.667 
PTPN1

1 

protein tyrosine phosphatase, 

non-receptor type 11 

4 3.474 
PIK3C

3 

phosphatidylinositol 3-kinase, catalytic 

subunit type 3 

5 3.252 
COL1A

1 
collagen, type I, alpha 1 
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6 3.252 IL6 interleukin 6 (interferon, beta 2) 

7 3.252 RELA 
v-rel avian reticuloendotheliosis viral 

oncogene homolog A 

8 3.169 IL1RL2 interleukin 1 receptor-like 2 

9 2.989 
IL1RA

P 
interleukin 1 receptor accessory protein 

10 2.989 
MAP2

K6 
mitogen-activated protein kinase kinase 6 

11 2.989 
RRAS

2 

related RAS viral (r-ras) oncogene 

homolog 2 

12 2.989 SRF 

serum response factor (c-fos serum 

response element-binding transcription 

factor) 

13 2.915 NFKB2 
nuclear factor of kappa light polypeptide 

gene enhancer in B-cells 2 (p49/p100) 

14 2.667 A2M alpha-2-macroglobulin 

15 2.667 AKT1 
v-akt murine thymoma viral oncogene 

homolog 1 

16 2.667 
CSNK

2A1 
casein kinase 2, alpha 1 polypeptide 

17 2.667 HSPB1 heat shock 27kDa protein 1 

18 2.667 IL6ST 
interleukin 6 signal transducer (gp130, 

oncostatin M receptor) 

19 2.667 
MAP2

K4 
mitogen-activated protein kinase kinase 4 

20 2.667 
NFKBI

A 

nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor, alpha 

21 2.474 
PIK3C

2A 

phosphatidylinositol-4-phosphate 

3-kinase, catalytic subunit type 2 alpha 

22 2.252 FOS 
FBJ murine osteosarcoma viral 

oncogene homolog 

23 2.252 IL1R1 interleukin 1 receptor, type I 

24 2.252 LBP lipopolysaccharide binding protein 

25 2.252 
MAPK

1 
mitogen-activated protein kinase 1 

26 2.252 
MAPK

8 
mitogen-activated protein kinase 8 

27 2.252 
MAPK

13 
mitogen-activated protein kinase 13 

28 2.252 NFKB1 
nuclear factor of kappa light polypeptide 

gene enhancer in B-cells 1 

29 2.252 SOS1 son of sevenless homolog 1  
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30 2.252 SOS2 son of sevenless homolog 2  
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Figure 5.1. Total number of significantly up-regulated and down-regulated genes 

based on the changes in methylation (≥ 2-fold change) in the UVB and DMBA/TPA 

groups. 

 

  

4140

1863

3781

1643

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Up-regulated Down-regulated

N
u

m
b

er
 o

f 
p

ro
b

e 
se

ts
 

(T
re

at
m

en
t/

co
n

tr
o

l)
 

Log2 Fold-Change

UVB

DMBA-TPA



146 

 

 

  



147 

 

 

Figure 5.2. Genes mapped to the IL-6 pathway by IPA Software. Red, increased 

methylation; green, decreased methylation; UVB irradiated vs. control. 
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6 Effects of ursolic acid and sulforaphane on the epigenetic alterations in 

UVB-induced inflammation and carcinogenesis in vivo
16

 

6.1 Introduction 

There are 1 million skin cancer cases increasing annually in the United States 

including basal cells carcinomas (BCCs), squamous cell carcinomas (SCCs), and 

melanomas. BCCs and SCCs are non-melanoma skin cancers (NMSCs), which are 

96% of all skin cancers. Surgical management is the traditional treatment strategy 

for NMSCs, but it is disfiguring and costly. Hence, it is important to develop a safe 

and effective strategy to prevent initiation and progression of NMSCs. 

Exposure to ultraviolet B (UVB) is one of the major causative factors for 

NMSCs. Long-term exposure to UVB radiation induces inflammation, oxidative 

stress, DNA mutation, and damage, which are involved in initiation, promotion and 

progression of NMSCs [386]. The early UV-exposure induces inflammatory 

responses with the increased blood flow, vascular permeability, expression of 

cyclooxygenases-2 (COX-2), and production of prostaglandin (PG) metabolites 

[377]. UVB-induced inflammation is an important event in all three stages of 

NMSCs [377], showing the importance of controlling the UVB-induced 

inflammation to prevent the skin cancer risk.  

Oxidative stress coupled with chronic inflammation was found to drive 

carcinogenesis. Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or Nrf2) is a 

                                                 
16

 Part of this chapter is intended to be submitted as a research article.  
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critical transcription factor that regulates the anti-oxidative stress and inflammation 

responses [241, 387]. It is involved in the protection against the development and 

progression of various types of skin cancers [388]. Our previous study has 

demonstrated that Nrf2 knockout mice (Nrf2 -/-) mice are more susceptible to 7, 

12-Dimethylbenz(a)anthracene (DMBA) - induced skin tumorigenesis, with 

decreased cellular defense system against oxidative stress and inflammation [297]. 

Epigenetic deregulation has emerging importance as a hallmark of cancers, 

although cancer research has been focusing on genetic alterations in carcinogenesis 

for many years, but [389, 390]. Epigenetic alterations are recognized to be 

associated with cancer development and provide novel therapeutic targets. Recently, 

FDA has approved drugs inhibiting histone deacetylase (HDACs) and DNA 

methyltransferase (DNMTs) as chemotherapeutics with limited usage due to the 

toxicity [391, 392]. Aberrant epigenetic alterations have been observed in the 

development and progression of skin cancers [393-395]. We recently identified 

extensive gene methylation profiles in skin carcinogenesis by conducting global 

genome-wide epigenome analysis of ultraviolet B (UVB)-irradiated SKH-1 hairless 

mice and DMBA/TPA-treated CD-1 mice [396].  

Many phytochemicals possess chemopreventive effects by modifications of 

epigenetic processes, including triterpenoids (TTPs) and crucifers isothiocyanates 

(ITCs) [397]. Ursolic acid (UA) is a natural pentacyclic TTP enriched in blueberries, 

cranberries, and medicinal plants such as Rosmarinus officinalis. UA induces phase 
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2 enzymes with involvement Nrf2, anti-inflammatory and anti-cancer activities 

[398-401]. Also, UA increased acetylation of histone H3 and inhibition of HDAC 

activity in vitro [402].  

Sulforaphane (SFN) is an important cancer prevention agent and also a Nrf2 

activator with no known side effects. SFN inhibits Nrf2 proteasomal degradation 

and enhances Nrf2 transcriptional activation of ARE genes. SFN suppressed Bmi-1 

and Ezh2 level leading to the reduced H3K27me4 formation in SCC-13, A431, and 

HaCaT cells, and suppress tumor formation in the epidermis [403, 404]. Recently, 

we reported that SFN inhibited TPA-induced JB6 cellular transformation, and 

decreased the methylation level of the CpG sites of Nrf2, and enhanced the 

translocation of Nrf2 into the nucleus. In addition, SFN reduced the protein 

expression of some epigenetic modifying proteins such as DNA methyltransferase 

and histone deacetylases [140]. It has been shown that SFN reduced tumor growth in 

A375 melanoma cell – derived melanoma cancer stem cells in 

immune-compromised mice by reducing Ezh2 level and H3K27me3 formation 

[405].  

Epidemiological studies suggested that these dietary compounds could protect 

against skin cancer, although there is no direct clinical trial of SFN or UA in skin 

cancers. Forte et al. reported that cruciferous-and-leafy-vegetables-rich 

Mediterranean diet protects against cutaneous melanoma [406]. Similarly, the high 

intake of cruciferous vegetables and triterpenoids enriched beans fight against 
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non-melanocytic skin cancer in a case-control study conducted in Melbourne, 

Australia [407]. Hence, it is important to develop a safe and effective strategy using 

phytochemicals to prevent initiation and progression of NMSCs by targeting at 

potential epigenetic and epigenomic biomarkers in skin carcinogenesis. 

In this study, we used the UVB-induced skin cancer mouse models to examine 

the epigenetic and epigenomic changes during different stages of skin cancer from 

imitation, promotion, to later progression. Furthermore, we investigated the roles of 

SFN and UA in reversing the epigenetic changes resulting in the cancer prevention. 

These studies contributed to the development of a safe and efficient strategy using 

natural phytochemicals chemopreventive compounds to prevent skin cancers and to 

identify potential epigenetic and epigenomic biomarkers during skin carcinogenesis 

to provide novel therapeutic strategies. 

6.2 Materials and methods  

6.2.1 Chemicals and reagents 

D, L - Sulforaphane (SFN) was purchased from LKT Laboratories, Inc. (S8044; 

St. Paul, MN, USA) and Toronto Research Chemicals (S699115; Toronto, Ontario, 

Canada). Ursolic acid (UA) was purchased from Sigma-Aldrich (U6753; St. Louis, 

MO, USA). Acetone (HPLC grade) and 10% phosphate-buffered formalin were 

obtained from Fisher Scientific (Hampton, NH, USA). Anti-Nrf2 antibody (ab62352) 

was purchased from Abcam Inc. (Cambridge, MA, USA). Skin Tissue Microarray 

was purchased from Biomax Inc. (SK721 and SK208; Rockville, MD, USA). 
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6.2.2 Animals  

Female Nrf2 knockout mice were obtained as previously described [297]. The 

offspring of the eighth generation of Nrf2 KO mice on the C57BL/6 background 

were used in this study. The genotype of each animal was confirmed using DNA 

extracted from the tail and analyzed by PCR. Nrf2 WT mice were purchased from 

The Jackson Laboratory (Bar Harbor, ME, USA). Female SKH-1 hairless mice were 

purchased from Charles River Laboratories (Wilmington, MA, USA), as described 

in previous studies [408]. Mice were housed at the Rutgers Animal Facility, 

maintained under 12 hours light and dark cycles, and provided ad libitum access to 

food and water. These mice were housed in the animal facility for at least one week 

before experiments. All animal procedures were approved by the Institutional 

Animal Care and Use Committee (IACUCs).  

6.2.3 Experimental design 

6.2.3.1 Short-term effects of UA on UVB-induced inflammation in Nrf2 wild-type 

and knock-out C57BL/6J mice 

Experiments were performed in Nrf2 WT and KO female C57BL/6 mice (6-8 

weeks old) to determine effects of a single dose of 180 mJ/cm
2
 UVB-irradiation. 

Mice were randomly divided into four groups including (1) no UVB in Nrf2 WT 

mice; (2) UVB in Nrf2 WT mice; (3) no UVB in Nrf2 KO mice; and (4) UVB in 

Nrf2 KO mice. Mice were sacrificed at two time-points of one-day and seven-day 

after the last UVB exposure. There were four mice per group per time point. The 

https://www.google.com/search?biw=1536&bih=734&q=Wilmington+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wLLY0VuIEsQ1zjQoqtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAFLbgtRFAAAA&sa=X&ved=0ahUKEwjq8uD7hrnUAhWJ7D4KHa_wA4wQmxMIrQEoATAT
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hair on the dorsal region of each mouse was removed two days before UVB 

irradiation as previously described [296]. At the end of the experiment, mice were 

euthanized and the collected skin samples were frozen in liquid nitrogen 

immediately and then stored at -80ºC, or placed in 10% phosphate-buffered formalin 

at room temperature for 24 hours for further analysis. 

6.2.3.2 Dose-dependent effects of UA and SFN on UVB-induced apoptotic 

sunburn cells in the epidermis from SKH-1 mice 

Female SKH-1 mice (6 weeks old) were used to study the effects of UA and SFN 

at various concentrations in response to one-time UVB irradiation at different 

strengths ranging from 30 to 180 mJ/cm
2
. UA or SFN was prepared in 200 µl 

acetone with various amounts from 0.1 to 2 µmol. 

There were two pilot experiments, including compound (UA or SFN) 

dose-response experiment (Experiment 1) and UVB-dose dependent response 

experiment (Experiment 2). In experiment 1, there were 10 groups (n = 3, per group), 

including (1) Vehicle control without UVB with 200 µL acetone only, (2) UVB 30 

mJ/cm
2
, (3) UA 0.1 µmol with UVB-irradiation, (4) UA 0.5 µmol with 

UVB-irradiation, (5) UA 2 µmol with UVB-irradiation, (6) UA 2 µmol, (7) SFN 0.1 

µmol with UVB-irradiation, (8) UA 0.5 µmol with UVB-irradiation, (9) UA 2 µmol 

with UVB-irradiation, and (10) SFN 2 µmol. Experiment 2, there were 9 groups (n = 

3, per group), including (1) UVB 30 mJ/cm
2
, (2) UA 2 µmol with 30 mJ/cm

2 

UVB-irradiation, (3) SFN 2 µmol with 30 mJ/cm
2 

UVB-irradiation, (4) UVB 90 
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mJ/cm
2
, (5) UA 2 µmol with 90 mJ/cm

2 
UVB-irradiation, (6) SFN 2 µmol with 90 

mJ/cm
2 

UVB-irradiation, (7) UVB 180 mJ/cm
2
, (8) UA 2 µmol with 180 mJ/cm

2 

UVB-irradiation, and (9) SFN 2 µmol with 180 mJ/cm
2 

UVB-irradiation.  

6.2.3.3 Long-term chemopreventive effects of UA and SFN on UVB-induced skin 

carcinogenesis in SKH-1 mice 

The long-term experiment was to examine the effects of UA and SFN on 

UVB-induced skin carcinogenesis in SKH-1 mice. An intermediate UVB dose at 60 

mJ/cm
2
 was used to induce the skin tumor in SKH-1 hairless mice, with topical 

application of UA and SFN (2 µmol in 200 µL acetone) once a day for four days a 

week, and twice UVB-irradiation per week for up to 25 weeks. Skin epidermis, 

dermis, and tumors will be collected to study the molecular mechanis. In this 

experiment, mice were randomly divided into six groups including (1) Vehicle 

control with 200 µL acetone without UVB, (2) 2 µmol UA, (3) 2 µmol SFN, (4) 

UVB + Acetone, (5) UVB + 2 µmol UA, and (6) UVB + 2 µmol SFN. There were 

six time-points, including 2-week, 5-week, 10-week, 15-week, 20-week, and 

25-week. Tumor growth was monitored daily and measured biweekly using a digital 

caliper. Tumor volumes were determined and calculated using the formula V= π/6 × 

Height × Length × Width. Body weight was monitored biweekly to assess the health 

of animals. Mice with more than 15% weight loss were euthanized and removed 

from the study.  
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6.2.4 Exposure of mice to UV lamps 

Female SKH-1 hairless mice or C57BL/6 mice at the age of 6 to 8 weeks old 

were irradiated with UV lamps that emit UVB (280 – 320 nm; 75-80% of total 

energy) and UVA (320-375 nm; 20-25% of total energy), as described in previous 

studies [409]. These UV lamps (FS72T12-UVB-HO; National Biological Corp., 

Twinsburg, OH, USA) emit little or no radiation < 280 nm and > 375 nm. The lamps 

emit UVB (280-320 nm; 75-80% of total energy) and UVA (320-375 nm; 20-25% 

of total energy), as described in our previous studies [296, 341]. The dose of UVB 

was quantified using a UVB Spectra 305 dosimeter (Daavlin Co., Bryan, OH, USA). 

The radiation was calibrated with an IL-1700 research radiometer/photometer from 

International Light Inc. (Newburyport, MA, USA). 

6.2.5 Preparation of skin specimens and histological examination 

Skin samples (25 mm length and 5 mm width) were obtained from the dorsal 

region of mice, and then placed in 10% phosphate-buffered formalin at room 

temperature for 24 hours. These samples were transferred to increasing 

concentrations of ethanol ranging from 70%, 80%, 95% and 100% ethanol, cleared 

in xylene, and then embedded in Paraplast Plus (Fisher Scientific, Pittsburgh, PA, 

USA). Four-µm serial sections were made for hematoxylin and eosin (H&E) 

staining or immunohistological staining. These sections were used for the 

measurement of morphological identification of apoptotic sunburn cells and other 

histological changes. In addition, the number of epidermal cells and the epidermal 
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thickness were measured in the H&E stained skin sections. All histological 

identifications were performed with 200-fold magnification. The H&E sections were 

examined under a light microscope (Nikon Eclipse E600, Japan). Effects of UVB 

were evaluated by the morphological methods after histological H&E staining. This 

method allowed multiple measurements on serial sections. Apoptotic sunburns cells 

were pointed out by the arrows. The number of apoptotic sunburn cells in the 

epidermis was counted in two serial sections per sample to obtain a mean value per 

mouse. The number of apoptotic sunburn cells was normalized by the length of each 

specimen. A minimum of three specimens were counted per group to determine the 

average number per group. 

6.2.6 Tissue Microarray 

Skin Tissue Microarray (TMA) was purchased from Biomax Inc. (Rockville, 

MD, USA). This immunohistochemical (IHC) staining and identification of section 

was performed as published previously [408].  

6.2.7 Data presentation and statistical analysis 

The data are presented as the mean ± standard error of the mean (SEM), except as 

otherwise stated. Student’s t-test was used to determine statistically significant 

differences between groups. A p-value < 0.05 was considered statistically significant. 



157 

 

 

6.3 Results 

6.3.1 Short-term effects of UA in UVB-induced inflammation in Nrf2 wild-type 

and Nrf2 knockout C57BL/6J mice 

To evaluate the effects of UA on Nrf2, we first used the Nrf2 WT and KO mice 

in response to UVB-irradiation induced an inflammatory response. Treatment with a 

single dose of UVB at 180 mJ/cm
2
 increased the number of apoptotic sunburn cells 

after 24 hours (Figure 6.2C). Apoptotic sunburn cells in the epidermis were 

determined morphologically after H&E staining, identified by their intense 

eosinophilia cytoplasm and small, dense nuclei. (Figure 6.2B). Importantly, the 

formation of apoptotic sunburn cells was induced by the four times of topical 

application of UA before the UVB-irradiation in WT mice (Figure 6.2C). However, 

there were no significant differences between the UVB-irradiated groups and the 

UA-treated group with UVB-irradiation in the Nrf2 KO mice (Figure 6.2C). It 

suggested that UA caused a dose-dependent increase in UVB-induced apoptosis 

through Nrf2-dependent mechanism. 

6.3.2 Dose-dependent effects of UA and SFN on UVB-induced apoptotic sunburn 

cells in the epidermis of SKH-1 mice 

Next, we tested effects of UA and SFN in immunocompetent hairless SKH-1 

mice on UVB-induced apoptotic sunburn cells. As shown in Figure 6.3, topical 

application of UA for four consecutive days before the UVB-irradiation did not 

increase the apoptotic sunburn cells in the epidermis in SKH-1 mice. Representative 
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figures of H&E staining are shown in Figure 6.3A and quantification of apoptotic 

sunburn cells was shown in Figure 6.3B. Compared with UA, SFN at 0.1 μmol in 

200 µL acetone significantly inhibited UVB-induced apoptosis, but SFN at 0.5 μmol 

and 2.0 μmol did not significantly influence the apoptosis. 

Conversely, one-time topical application of UA at the dorsal region before 

UVB-irradiation enhanced UVB-induced apoptotic sunburn cells in the epidermis of 

SKH-1 hairless mice (Figure 6.4). That topical application of SFN before the 

UVB-irradiation from 30 mJ/cm
2
 to 180 mJ/cm

2 
showed inhibitory effects on 

UVB-induced increase in the number of apoptotic sunburn cells was likely due to 

the absorption of the UVB-wavelength by SFN (Figure 6.4). Compared to SFN, UA 

at 2 μmol enhanced 30 mJ/cm
2
 UVB-induced apoptosis significantly, but there was 

no significant difference in the topical application before 60 mJ/cm
2
 

UVB-irradiation. In contrast, UA significantly reduced the UVB-induced apoptotic 

sunburn cells when the strength of UVB was increased to 180 mJ/cm
2
 (Figure 6.4). 

6.3.3 Effects of UA and SFN on UVB-induced inflammation and carcinogenesis in 

hairless SKH-1 mice 

These pilot studies provided references such as the doses of UA, SFN and 

UVB-irradiation for our proposed long-term chemoprevention studies (Figure 6.5A). 

SKH-1 hairless mice at the age of 6-week were randomly divided into five groups 

and the tattoo of mouse ID number was placed on a tail of each mouse. 

UVB-irradiation and topical application started at the mouse age of eight week. 
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Topical application of acetone (vehicle), UA or SFN at the dorsal region was right 

after a single dose of UVB-irradiation at the strength of 60 mJ/cm
2
, and at every 

following day. This topical application after UVB-irradiation avoided the potential 

sunscreen effects of UA and SFN. Two times of UVB-irradiation per weeks worked 

as both a tumor initiator and promoter [410, 411]. The body weight of mice was 

monitored biweekly, and we found that it increased steadily with or without 

UVB-irradiation (Figure 6.5B). The health condition was monitored every three 

days, especially the skin condition including UVB-induced epidermal hyperplasia, 

and the actinic keratosis as pre-cancers [412]. The topical application of UA or SFN 

without UVB-irradiation was used as the control to show that the selected dose of 

SFN or UA was safe with mice. Topical application of SFN reduced tumor 

incidence (percentage of tumor bearing mice), average tumor volume, and tumor 

multiplicity (tumor number per mouse) after 24-week treatment (Figure 6.5). 

Compared to SFN, all mice treated with UA were with tumors at the end of 24-week. 

Treatment with UA or SFN reduced the average tumor volume per mouse and 

average tumor number per mouse compared to the groups with topical application of 

acetone with UVB-irradiation (Figure 6.5C-E).  

6.3.4 Nrf2 protein expression is lower in squamous cell carcinoma tissues as 

compared to cancer adjacent normal tissues 

IHC staining of human skin cancer tissue microarray (TMA) shows Nrf2 

expression was reduced in squamous cell carcinomas (SCCs; Figure 6.6A, B and C) 
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as compared to cancer adjacent normal skin tissue (Figure 6.6D, E and F). All 

samples are shown at 400 × magnification. Weak distributed staining of Nrf2 in 

SCCs showed reduced expression of Nrf2 (Figure 6.6A, B and C) as compared to 

scattered cells with stronger staining in the epidermis from the cancer adjacent 

normal skin tissues (Figure 6.6D, E and F). 

6.4 Discussion and conclusions 

UVB-irradiation is critical for the production of Vitamin D. However, it is also 

one of the major environmental causes for the initiation and development of skin 

cancers. We aimed to explore the beneficial effects of phytochemicals which can 

counter the UVB-induced harmful effects such as carcinogenesis but keep the 

benefits of Vitamin D production. The beneficial functions of skin require a 

complex cooperation of molecular signaling pathways. One of the key mechanisms 

is dependent on Nrf2 against oxidative stress. Nrf2 enhances the cell resistance to 

the oxidative stress and inflammation induced by the UVB-irradiation and chemical 

carcinogens, and further reduces malignant transformation and tumor growth [297]. 

Activation of Nrf2 in keratinocytes and melanocytes shows protective role against 

mutations induced by environmental stimulation including UVB and chemicals in 

both genetics and epigenetics. 

This present study will provide unique new insights into epigenetic and genetic 

alterations induced by UVB in initiation, promotion, and progression stages of skin 

inflammation and carcinogenesis. Importantly, we will identify the anti-oxidative 
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stress, anti-inflammation and epigenetic modifying effects of UA and SFN resulting 

in prevention of skin carcinogenesis.  

In these pilot studies, we demonstrated that topical application of UA may 

enhance one dose of UVB-induced apoptosis by a Nrf2-dependent mechanism in 

female Nrf2 KO and WT C57BL/6 mice. However, in another strain SKH-1 hairless 

mice, topical application of UA or SFN before UVB-irradiation reduced the 

UVB-induced apoptotic sunburn cells. This may be caused by the difference of the 

mouse strain, the one-time topical application of UA and SFN before the 

UVB-irradiation, or the sunscreen effects of these compounds. Furthermore, we 

designed a long-term carcinogenesis model induced by the UVB-irradiation to study 

the effects of UA and SFN. We will further examine the global epigenomic 

alterations in different stages of skin carcinogenesis and global epigenetic 

epigenomic response of UA and SFN with the advent of Next Generation 

Sequencing (NGS) technology. These studies contribute to identify potential 

epigenetic and epigenomic biomarkers during skin carcinogenesis to provide novel 

therapeutic strategies. 
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6.5 Figures and Tables  

 

 

Figure 6.1. Chemical Structures of ursolic acid (UA) and sulforaphane (SFN). 

  

Ursolic Acid (UA) 

Sulforaphane (SFN)
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Figure 6.2. Effects of topical application of ursolic acid (UA) on UVB-induced 

apoptotic sunburn cells from the epidermis of wild-type and Nrf2 knockout 

C57BL/6J mice at 24 hours after UVB-irradiation. 
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Shaved female C57/BL6 wild-type (WT) and knockout (KO) mice (6-8 weeks 

old, four mice per group) were given 100 µl acetone (vehicle control), 1 µmol or 2 

µmol ursolic acid in 100 µl acetone topically at the dorsal region once a day for four 

consecutive days. On the fourth day, 0.5 hours after topical application, mice were 

treated with a single dose of UVB (180 mJ/cm
2
) when is the peak of UVB-induced 

apoptosis. The group of mice without UVB-irradiation was served as the negative 

control. All mice were sacrificed at 24 hours after UVB-irradiation. (A) 

Experimental deign. (B) Representative figures of apoptotic sunburn cells were 

identified by their intense eosinophilia cytoplasm and small, dense nuclei, which 

was observed in H&E-stained histological sections of the skin by using light 

microscopy (Magnification 400×). (C) Quantification of apoptotic sunburn cells in 

25 mm length of epidermis. Each value is the mean ± SEM. Student t-test was used 

to compare the treatment group to the UVB group; *P < 0.05, ** P < 0.01. 
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Figure 6.3 Effects of topical application of ursolic acid (UA) and sulforaphane (SFN) 

on UVB-induced apoptotic sunburn cells in the epidermis from wild-type SKH-1 

mice at 6 hours after UVB-irradiation. 

Female SKH-1 mice (6-8 weeks old, three mice per group) were given 200 µl 

acetone (vehicle control), various concentrations of UA or SFN in 200 µl acetone 

topically once a day for four consecutive days. On the fourth day, 0.5 hours after 

topical application, mice were treated with a single dose of UVB (30 mJ/cm
2
) after 6 

hours, when is the peak of UVB-induced apoptosis. Mice without UVB-irradiation 

were served as the controls. All mice were sacrificed at 6 hours after 

UVB-irradiation. The number of apoptotic sunburn cells in 25mm length of 

epidermis was counted and determined as described in "Materials and Methods". (A) 

Representative figures of apoptotic sunburn cells were identified by their intense 

eosinophilia cytoplasm and small, dense nuclei, which was observed in H&E-stained 

histological sections of the skin by using light microscopy (Magnification 400×). (B) 

Quantification of apoptotic sunburn cells. Each value is the mean ± SEM. Student 

t-test was used to compare the treatment group to the UVB group; *P < 0.05, ** P < 

0.01. 
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Figure 6.4. Quantification of apoptotic sunburn cells by UVB-irradiation at 30, 90 or 

180 mJ/cm
2
 after topical application of ursolic acid (UA) or sulforaphane (SFN) at 

the dorsal region of wild-type SKH-1 mice. 

Female SKH-1 mice (6-8 weeks old) were given twice topical application of 200 

µl acetone (vehicle control), UA (2 µmol) or SFN (2 µmol) in 200 µl acetone to 

mice were before a single dose of UVB-irradiation at the strength of 30, 90 or 180 

mJ/cm
2
. Mice were sacrificed at 6-8 hours after UVB-irradiation, when is the peak 

of UVB-induced apoptosis. The number of apoptotic sunburn cells in the epidermis 

was counted and determined as described in "Materials and Methods". Each value is 

the mean ± SEM (n = 3). Student t-test was used to compare the treatment group to 

the UVB alone group; *P < 0.05, ** P < 0.01.  
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Figure 6.5. UA and SFN suppresses UVB-induced carcinogenesis. 

Long-term chemoprevention studies to examine the epigenome/epigenetics 

during in vivo skin cancer development and progression with UVB-induced skin 

carcinogenesis in SKH-1 mice, to examine the cancer preventive efficacy of UA and 
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SFN. (A) Graphic of experimental design. (B) Steady increasing in body weight. (C) 

Percentage of tumor incidence (percentage of tumor-bearing mice). (D) Avearge 

tumor volume per mouse. (E) Tumor multiplicity to show the average number of 

tumors per mouse.  
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Figure 6.6. Immunihistochemical (IHC) staining of Nrf2 in squamous cell carcinoma 

(SCC) and cancer adjacent normal tissues.  

Representative images of in SCCs from three patients (A, B and C) and cancer 

adjacent normal skin from another three subjects (D, E and F). (A, B and C) weak 

distributed staining of Nrf2 in SCCs. (D, E and F) scattered cells with stronger 

staining in the epidermis. All samples are shown at 400 × magnification.  

  

D E F

A B C

N
o

rm
al

SC
C



171 

 

 

7 Summary  

We first reviewed the roles of phytochemicals in cancer chemoprevention 

through the Nrf2-ARE pathway and epigenetic modification. We then demonstrated 

that AST alone and in combination with DHA and EPA showed antioxidant effects 

via the Nrf2-ARE pathway in human HepG2-C8 cells. To further elucidate the 

molecular mechanism, we discovered that astaxanthin induced mRNA expression of 

Nrf2 and its downstream genes including HO-1, NQO1, and GSTM2. In addition, 

we demonstrated that astaxanthin significantly decreased the methylation of 

twenty-one CpG sites of GSTP1 and restored the mRNA expression of GSTP1, 

suggesting a correlation between methylation and GSTP1 expression. Furthermore, 

astaxanthin significantly reduced the protein expression of DNMT3b, and enzyme 

activity of DNMTs and HDACs in human LNCaP cells. In summary, dietary 

phytochemicals attenuate oxidative stress and abnormal epigenetic modification as 

promising drug candidates for cancer prevention. 

The other major part of our studies is on non-melanoma skin cancers. The 

incidence of non-melanoma skin cancer has steadily increased per year, and UVB is 

one of the major courses of non-melanoma skin cancer from the environment. One 

in five Americans will develop skin cancers in a lifetime. Nrf2 shows protective role 

against inflammation-mediated extracellular matrix (ECM) damage induced by the 

UVB-irradiation. Our studies focused on the skin inflammation and epigenetic 

events in initiation and development of skin cancers. We demonstrated that Nrf2 
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together with HO-1 played a vital role in protection against UVB-irradiation via the 

inhibition of ECM damage degradation and inflammation. As compared with the 

WT mice, Nrf2 KO mice showed the increased protein expression of inflammatory 

markers including P53, macrophage inflammatory protein-2 (MIP-2), and 

pro-matrix metalloproteinase-9 (pro-MMP-9). These data suggested that the 

protective effects of Nrf2 in response to the UVB-irradiation were mediated by the 

increased HO-1 protein expression and the inhibition of inflammation-mediated 

extracellular matrix degradation.  

In addition, accumulating evidence suggests that epigenetic DNA alteration 

plays a crucial role in cancer initiation and development. Our genome-wide study 

revealed lists of genes and cell signaling pathways which were altered in response to 

UVB-irradiation or the chemical carcinogen. In this study, we used methylated DNA 

immunoprecipitation (MeDIP) coupled with next-generation sequencing to profile 

the whole genome DNA methylation patterns from the two representative skin 

carcinogenesis models including the UVB-exposed SKH-1 hairless mice and 

multistage skin carcinogenesis DMBA/ TPA model in CD-1 mice. We have used the 

Ingenuity Pathway Analysis (IPA) software to analyze the MeDIP-Seq data to 

identify genes and gene interactions with significant changes in the databases of a 

wide range of biological processes. 6,003 genes in the UVB -induced tumor tissues 

and 5,424 genes in the DMBA/TPA-induced tumor tissues were identified by the 

IPA software with either significantly up-regulated or down-regulated methylation 
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status. These genes and cellular pathways could be applied in diagnosis, prevention 

of inflammation and oxidative stress in cosmetics, even prevention of initiation and 

development of skin cancers. 

In the present study, we demonstrated that targeting epigenetic modification and 

Nrf2-pathway by natural dietary compounds such as astaxanthin is a promising 

approach in cancer prevention. Future study aims to identify the novel inhibitors of 

HDACs, DNMTs and Nrf2-pathway in cancer prevention by virtual screening 

combined with experimental validation.  
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