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ABSTRACT 
 

Epigenetic modifications and alterations in chromatin structure and function contribute to the cumulative changes 

observed as normal cells undergo malignant transformation. These modifications and enzymes (DNA 

methyltransferases, histone deacetylases, histone methyltransferases, and demethylases) related to them have been 

deeply studied to develop new drugs, epigenome-targeted therapies and new diagnostic tools. Epigenetic modifiers 

aim to restore normal epigenetic modification patterns through the inhibition of epigenetic modifier enzymes. Four 

of them (azacitidine, decitabine, vorinostat and romidepsin) are approved by the U.S. Food and Drug 

Administration. This article provides an overview about the known functional roles of epigenetic enzymes in cancer 

development.  
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INTRODUCTION 
 

Conrad Waddington coined the term ‘epigenetics’ 

as to explain why genetic variations sometimes 

did not lead to phenotypic variations and how 

genes might interact with their environment to 

yield a phenotype
 
(Waddington 1942). The term 

currently, however, refers specifically to the study 

of mitotically and/or meiotically heritable changes 

in gene expression that occur without changes in 

the DNA sequence (Bird 2002). Two of the most 

studied epigenetic phenomena are DNA 

methylation and histone tail modifications.  

The development of cancer is controlled by both 

genetic and epigenetic changes. Accumulation of 

genetic defects such as translocations, mutations, 

deletions and amplification are the major cause of 

transformation of normal cell to cancerous cell. 

On the other hand, epigenetics encompasses the 

wide range of heritable changes in gene 

expression that do not result from an alteration in 

the DNA sequence itself. Chromatin is a highly 

dynamic structure that must be modified to allow 

the binding of transcriptional machinery when 

gene expression is required, to allow DNA repair 

mechanisms, or for DNA replication. DNA 

methylation and histone modification, as 

epigenetic mechanisms, regulate the access of the 

transcription machinery to their target genes, 

modulating transitions from the condensed 

heterochromatin to relaxed euchromatin and vice 

versa. These mechanisms work synergistically to 

regulate the chromatin structure and to achieve the 

required degree of gene expression, required for 

normal physiological cell functions and a wide 

variety of biological processes (Siedel et al. 2012). 

Studies during the past decade have shown that 

epigenetics play a key role in carcinogenesis and 

tumour progression. Epigenetic modifications are 

reversible, and therefore, are being increasingly 

studied to find out the biomarkers for the early 

detection of cancer or to explore novel therapies to 

treat cancer by reversing these effects. This article 

will discuss the epigenetic modifications and how 
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these are linked to cancer; give a brief overview of 

the clinical use of epigenetic drugs, epigenetics as 

biomarkers and its limitations. 

 

DNA METHYLATION 

DNA methylation takes place at the 5′ position of 

the cytosine ring within CpG dinucleotides by 

DNA methyltransferase, which leads to the 

silencing of genes and noncoding genomic 

regions. CpG sites are concentrated either in CpG 

islands (short CpG-rich DNA regions) that are 

located in approximately 60% of human gene 

promoters or in large repetitive sequences (for 

example, centromeres, gene bodies and 

retrotransposon elements) (Bird 2002b). There are 

three main DNA methyltransferases (DNMTs) 

that transfer a methyl group from the methyl 

donor molecule S-adenosyl-L-methionine to the 

carbon 5 of the cytosine: DNMT1 (maintenance 

enzyme), which maintains the existing 

methylation patterns following DNA replication 

whereas DNMT3A and DNMT3B (de novo 

enzymes) target previously unmethylated CpGs. 

Methylation in the normal cell usually occurs in 

these repetitive regions that are involved in 

chromosomal stability, non-coding regions (i.e., 

enhancer regions and miRNAs), and gene bodies 

(silencing alternative transcription start sites) 

whereas the majority of CpG islands remain 

unmodified during the development and in 

differentiated tissues (Suzuki and Bird 2008). 5-

methylcytosine can be further converted into 5-

hydroxymethyl-2-deoxycytidine by the Ten-

Eleven-Translocation (TET) family enzymes 

(Tahiliani et al. 2009). The function and 

significance of 5-hydroxymethylation are still 

unclear and under investigation. 

 

 

 
 

Figure 1 - Methylation pattern in normal and tumor state. Hypo- and hypermethylation in the promoter leads to 

disease in the cell. (a) Repitative/oncogenic sequences are normally hypermethylated preventing their expression 

and chromosomal instability. Hypomethylation in these sequences make them transcriptionally active which leads 

to cancer. (b) CpG islands at tumor suppressor genes are normally unmethylated. Methylation of these sites by 

DNMTs suppresses their expression either by Direct Silencing where the TF are not able to bind at promoter region 

or by Indirect Silencing where MBDs come and bind at the methylated CpG sites and block the binding of RNA 

Polymerase.MBD- Methyl binding protein, TF- Transcription factors, DNMT- DNA Methyltransferase. 
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HISTONE MODIFICATION 

The mammalian genome is compacted in a 

hierarchical structure that involves highly 

conserved basic proteins, known as histones. DNA 

is wrapped around a core of eight histones to form 

nucleosomes, which is called the smallest 

structural unit of chromatin. A nucleosome is 

composed of an octamer consisting of core histone 

proteins, i.e., a H3/H4 tetramer and two H2A/H2B 

dimers, and 147 bp of DNA wrapped around it. 

The basic amino-terminal tails of histones protrude 

out of the nucleosome and are subject to 

posttranslational modifications, which include 

acetylation by histone acetyltransferases 

(HATs)/deacetyltransferases (HDACs), histone 

methylation by histone lysine methyltransferases 

(HMTs)/ demethylation (HDM), phosporylation, 

ubiquitylation and sumoylation. These 

modifications influence how tightly or loosely the 

chromatin is compacted, and thus plays a 

regulatory role in gene expression (Annunziato 

2008). 

In humans, eighteen different HDACs have been 

identified and divided into two families on the 

basis of their catalytic mechanism of action and 

sequence homology. The classical HDAC family 

consists of proteins with a highly conserved 

catalytic domain that require a zinc cation for 

catalytic activity. The HDACs catalyze removal of 

acetyl groups from lysine residues in the histones. 

These proteins are divided into five classes as 

shown in Table 1 (Ruijter et al. 2003). 
 

Table 1 - Classification table for HDAC. 

Classification HDACs Size (aa*) Subcellular Location 

Class I HDAC 1 483 Nucleus 

HDAC 2 488 Nucleus 

HDAC 3 423 Nucleus 

HDAC 8 377 Nucleus 

Class IIa HDAC 4 1084 Nucleus/Cytoplasm 

HDAC 5 1122 Nucleus/Cytoplasm 

HDAC 7 855 Nucleus/Cytoplasm 

HDAC 9 1011 Nucleus/Cytoplasm 

   Class IIb HDAC 6 1215 mainly cytoplasm 

HDAC 10 669 mainly cytoplasm 

Class III SIRT 1 747 nucleus 

SIRT 2 373 mainly cytoplasm 

SIRT 3 399 mitochondria 

SIRT 4 314 mitochondria 

SIRT 5 310 mitochondria 

SIRT 6 355 nucleus 

SIRT 7 400 nucleolus 

Class IV HDAC11 347 Nucleus/Cytoplasm 
*aa= amino acids 

 

 

EPIGENETIC MODIFICATIONS IN CANCER 

Epigenetic changes are increasingly recognized as 

a major characteristic of human cancers. This was 

first shown by the biochemical analyses of tumor 

DNA, which revealed a 20% reduction in global 

DNA methylation levels (Feinberg et al. 1988). 

Later studies have shown that the most recognized 

epigenetic disruption in human tumors is the CpG 

island promoter hypermethylation– associated 

silencing of tumor suppressor genes, such as genes 

involved in DNA repair (BRCA1, MGMT and 

MLH1), signal transduction (RASSF1A), cell cycle 

regulation (p16INK4a), apoptosis (DAPK and 

TMS1) and angiogenesis (THBS1) (Esteller 2002; 

Esteller 2007; Esteller 2008). Aberrant DNA 

hypomethylation can also account for the 

activation of some protooncogenes and lead to the 

loss of imprinting, such as IGF2 gene (encoding 

insulin-like growth factor-2) in Wilms’s tumor 

(Ogawa et al. 1993), HOX-11 in leukemia (Watt et 

al. 2000).  

DNMT3A deletion may promote cancer 

progression, whereas DNMT3B deletion may 

inhibit oncogenesis by liberating previously 

silenced tumor-suppressor genes. DNMTs 

cooperate to silence genes and promote cell 

survival in at least some human cancers and 

overexpression of DNMT1/3A/3B is common in 

the lung, prostate and breast cancer and in many 

other malignancies (Ganesan et al. 2009). Patients 
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with DNMT3A-mutated AML have an inferior 

survival when treated with standard-dose 

anthracycline induction therapy (Sehgal et al. 

2015). 

Disruption of normal patterns of covalent histone 

modifications is another hallmark of cancer. One 

of the most characteristic examples is the global 

reduction of the trimethylation of H4K20 

(H4K20me3) and acetylation of H4K16 

(H4K16Ac), along with DNA hypomethylation at 

repetitive sequences in many primary tumors 

(Fraga et al. 2005). In cancer, histone 

modifications can be deregulated by over-

expression, mutations and/or chromosomal 

translocations of any of the histone 

acetylation/deacetyaltion (HAT/HDAC) and 

methylation/demethylation (HMT/HDM or 

sirtuins) enzymes (Seligson et al. 2005). Histone 

lysine methyltransferases (SETD1 and 2) are 

found as novel tumor suppressors. Downregulation 

of SETD2 promotes both initiation and progression 

in leukemia (Zhu et al. 2014), whereas hSETD1A 

controls tumor metastasis by activating MMP 

expression (Salz et al. 2014). An upregulation of 

EZH2 (Enhancer of Zeste 2, a histone 

methyltransferase) has been observed in a wide 

variety of tumors, such as prostate cancer, 

lymphomas, colorectal and gastric cancer, and 

bladder and breast cancer. It was suggested that 

EZH2 could be an oncogene (Liang et al. 2013). 

Particular gene involved in tumor suppression and 

cell growth regulation that are known to be 

silenced through HDAC mediated epigenetic 

mechanisms include p21, p27, p16, p19, among 

many others (Atadja 2011). 

Considering the importance of DNA methylation 

 

and histone acetylation in the initiation and 

progression of human cancer, these mechanisms 

are identified as novel therapeutic targets. By 

inducing demethylation of DNA and histone 

acetylation, these compounds can reverse the 

epigenetic silencing of tumor suppressor genes, 

resulting in reactivation of these genes in tumor 

cells and restoration of crucial cellular pathways. 

 

CANCER EPIGENETICS THERAPY 

DNA Methylation Inhibitors: Demethylating 

agents are relatively new class of anticancer drugs 

that alter DNA methylation through DNMT 

inhibition. These drugs can be divided into two 

major structural groups – nucleoside and non-

nucleoside analogs (Table 2).  

Table 2 - Classification of DNMT inhibitors. 

Nucleoside 

Analogues 

Non-Nucleoside Analogues 

Azacytidine Natural Compunds: Flavonoids 

Decitabine Psammaplin A 

NPEOC-DAC Curcumin 

SGI-110 Synthetic Compunds: Procaine 

CP-4200  (-)-Epigallocatechin-3-galate 

5.6-Dihydro-

azacytidine 
Mythramycin A 

5-Fluoro-2-

deoxycytidine 
Nanomycin A 

Zebularine RG-108 

 SGI-1027 

 NSC-14778 

 NSC-106084 

 PRIMA-1 
 

 

Nucleoside analogues have a modified cytosine 

ring that is attached to either a ribose or 

deoxyribose moiety. The most extensively studied 

nucleoside analogs, 5-azacytidine (VidazaR) and 

5-aza-2’-deoxycytidine or decitabine (DacogenR), 

have been approved by the FDA and EMA for the 

treatment of myelodysplastic syndrome (MDS). 

They have also shown promising results in the 

patients with acute myeloid leukemia (AML) and 

chronic myelomonocytic leukemia (CMML) in 

several clinical studies. 5-azacytidine and 5-aza-

2’-deoxycytidine (decitabine) are two cytidine 

analogs in which carbon atom in position 5 is 

replaced by a nitrogen atom and linked to a ribose 

or a deoxyribose, respectively (Portela and Esteller 

2010). It has been reported that 5-azacytidine and 

decitabine can induce apoptosis in the neoplastic 

mast cells through re-expression of Fas receptor 

(Ghoshal et al. 2005). It has also been shown that 

5-azacytidine treatment leads to apoptosis of both 

myeloid precursor PC-MDS cells and leukemia 

K562 cells, mainly through the induction of Bak 

mRNA expression (Ghanim et al. 2012). Dihydro-

5-azacytidine (DHAC) is hydrolytically more 

stable (Beisler et al. 1977) and less cytotoxic 

(Presant et al. 1981) than 5-Aza-CR, and has been 

proved to be an inhibitor of DNA methylation in 

human lymphoid and leukaemia cell lines, as well 

as in tumour-bearing mice (Antonsson et al 1987; 

Powell and Avramis 1988; Kees and Avramis 

1995). Human prostate cancer invasion could be 

suppressed by 5-Aza-2′-deoxycytidine, which can 

inhibit the TGF-β induced DNMT by 

demethylation of the TGF-ß receptors gene 

promoters (Zang et al. 2014). 5-fluoro-2′-

deoxycytidine (5-F-CdR) is another cytosine 
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analogue with antitumour and demethylating 

properties and is currently undergoing Phase I 

studies. It has been shown that FCdR inhibits the 

colon cancer cell line at G2/M stage by activating 

the DNA damage response pathway (Zhao et al. 

2012). Zebularine or 1-β-d-ribofuranosyl-2(1H)-

pyrimidinone has been shown to be less toxic than 

the 5-aza-nucleosides in the cultured cells. 

However, zebularine’s near millimolar dose 

requirement, mutagenicity, and limited 

bioavailability in rodents and primates (Holleran et 

al. 2005) prevent it to directly enter into the 

clinical phase. Future work should focus on the 

development of a zebularine pro-drug that 

overcome these limitations. Zebrularine has been 

reported to inhibit tumorigenesis in various cancer 

cell lines, such as colorectal cancer, breast cancer, 

hepatic carcinoma, pancreatic adenocarcinoma 

(Jonathan et al. 2004; Billam et al. 2010; Kazuaki 

et al. 2013). 

Non-nucleoside analogues are also being studied. 

Procainamide and its ester analog procaine have 

shown DNMT inhibitory effects in various 

cancers. Other synthetic compounds, such as 

RG108 and SGI-1027 inhibit DNMT1, 3A and 3B, 

and thus show the antitumor activities. Recently, 

RG108 has been shown as an effective tumor 

growth suppressor in most prostate cancer cell 

lines. This effect is due to the reversion of aberrant 

DNA methylation that affects the epigenetically 

silenced cancer related-genes in prostate cancer 

(Graca et al. 2014). MG98 is an antisense 

oligonucleotide that specifically inhibits DNMT1 

mRNA and that has been tested in the clinical 

trials (Gros et al. 2012). Some patents have also 

shown new progress in the area of non-nucleoside 

DNMT inhibitors like (L)-S-adenosyl-L-

homocysteine (L-SAH) and its derivatives have 

been designed and synthesized as inhibitors of 

human DNMT enzymes (Isakovic et al. 2009). 

PRIMA-1 (p53 reactivation and induction of 

massive apoptosis) induced global DNA 

demethylation in p53 mutant cells by inhibiting the 

expression of DNA methyltransferase DNMT 1, 3a 

and 3b, which dramatically increased the 

expression of the ten-eleven translocation (TET) 

family (Wei et al. 2014), particularly TET1. As 

none of the described non-nucleoside inhibitors 

have entered clinical development yet, there is still 

a long way to go before the identification of novel, 

selective, non-nucleoside DNMT inhibitors. 

Several natural compounds have also been shown 

to exert the DNA demethylating effects, such as 

some flavonoids, psammaplin A, curcumin. One of 

the most studied flavonoids with DNMT inhibitory 

activity is epigallocatechin- 3-O-gallate (EGCG), 

the main polyphenol of green tea with established 

preventive antitumor properties. EGCG treatment 

decreased global DNA methylation levels in A431 

cells in a dose-dependent manner. It also lowers 

down the levels of 5-methylcytosine, DNA 

methyltransferase (DNMT) activity, messenger 

RNA (mRNA) and DNMT1, DNMT3a and 

DNMT3b protein levels (Nandakumar et al. 

2011).  
 

Histone Modification Inhibitors 

Cancer cells are characterized by the dysregulation 

of histone methyltransferases/ demethylases and 

overexpression of histone deacetylases (HDACs). 

HDAC inhibitors includes both natural and 

synthetic compounds that can be divided into four 

chemically distinct classes based on their 

structure: short-chain fatty acids (e.g., sodium n-

butyrate (NaB), phenylacetate, phenylbutyrate, 

valproate); hydroxamic acids (e.g., trichostatin A, 

vorinostat (SAHA), panobinostat, belinostat); 

cyclicpeptides (romidepsin (formerly FK-228)) 

and benzamide derivatives (MS-275 (or 

entinostat), MGCD-0103). All the HDAC 

inhibitors have a metal-binding domain that block 

substrate-Zn chelation at the HDAC active sites 

(Keppler and Archer 2008). The main anticancer 

effects of HDAC inhibitors are cell cycle arrest at 

G1 or G2-M stage and induction of differentiation 

and apoptosis. They can also inhibit angiogenesis 

and metastasis, as well as enhance the sensitivity 

to chemotherapy (Marchion and Münster 2007).  

Sodium butyrate was the first HDACi reported to 

induce the acetylation (Riggs et al. 1977); later on 

trichostatin (TSA) and valproic acid (a widely 

used antiepileptic) were identified. Several 

HDACi are being tested in phase II-III trials as 

shown in Table 3 (Tan et al. 2010). Vorinostat and 

romidepsin are the first FDA and EMEA approved 

agents for the treatment of progressive or recurrent 

cutaneous T cell lymphoma (CTCL) (Raffoux et 

al. 2010), but convincing clinical evidence of these 

agents against other cancer types is still lacking 

(Witta et al. 2012). In the non-small-cell lung 

cancer, a number of HDACi such as Pivanex, 

entinostat, vorinostat and CI-994 are in early 

phases of clinical development (Gridelli et al. 

2008). However, it appears that HDACi may need 

rational combinations to counterbalance the 

inherent potential of these compounds to reactivate 
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the tumor-progression genes. Histone 

acetyltransfersae PCAF enhances Akt1 

acetylation, which helps in proliferation of human 

glioblastoma, suggesting a novel target for clinical 

application (Zhang et al. 2014). 

 

Table 3 - List of HDACs in clinical trials. 

Group Example Target Current Status 

Short Chain Fatty 

Acid 

Valproic acid (VPA) HDAC class I, IIa phase II CT 

Phenyl butyrate HDAC class I, IIa phase II CT 

Pivanex (AN-9) HDAC class I, IIa phase II CT 

Hydroxamic acids Vorinostat (SAHA, Zolinza) HDAC class I,II,IV FDA Approved 

Panobinostat (LBH589) HDAC class I,II,IV phase III CT 

Belinostat (PXD101) HDAC class I,II phase II CT 

Abexinostat (PCI24781) HDAC class I,II phase II CT 

Resminostat (RAS2410) HDAC class I,II phase II CT 

Givinostat (ITF2357) HDAC class I,II phase II CT 

Dacinostat (LAQ824, NVP-LAQ824) HDAC class I,II phase II CT 

Pracinostat (SB939) HDAC class I,II phase II CT 

Cyclic 

Tetrapeptide 

Romidepsin (Depsipeptide, FK228) HDAC 1, 2 FDA Approved 

Apicidin HDAC 2, 3 phase II CT 

Trapoxin A HDAC 1, 4, 11 No Data 

Benzamide Mocetinostat (MGCD0103) HDAC 1, 2, 11 phase II CT 

Entinostat (MS-275, SNDX-275) HDAC 1, 9, 11 phase II CT 

Rocilinostat (ACY-1215) HDAC 6 phase II CT 
 

 

HAT p300 inhibitor C646-induced growth 

inhibition on AE (AML1-ETO fusion protein) -

positive AML cells is associated with the reduced 

global histone H3 acetylation and declined c-

kit and bcl-2 levels, which makes C646 a potential 

candidate for treating the AE-positive AML (Gao 

et al. 2013). Aberrant JAK/STAT signaling is 

involved in the oncogenesis of several cancers. 

Trichostatin A (histone deacetylase inhibitor) 

suppresses JAK2/STAT3 signaling via inducing 

the promoter-associated histone acetylation 

of SOCS1and SOCS3 in human colorectal cancer 

cells, and thus helps in preventing cancer (Xiong 

et al. 2012). Other compounds such as givinostat 

(ITF2357) have been shown to selectively target 

cells harboring the JAK2 V617F mutation 

(Guerini et al. 2008). Panobinostat (LBH589) has 

shown its positive results in Hodgkin’s lymphoma 

patients, which relapsed or was refractory to 

autologous transplantation (Younes et al. 2012) 

but showed limited activity in myelodysplastic 

syndrome (MDS) (Dimicoli et al. 2012). However, 

in solid tumors its results as monotherapy or in 

combination with other agents were rather 

disappointing (Strickler et al. 2012; Wang et al. 

2012). Second generation HDACi, for example, 

ACY-1215 are more selective and have recently 

entered into clinical trials (Santo et al. 2012). It 

would be really interesting to see the efficacy and 

safety profile of such compounds. 

Sirtuins (SIRT 1-7) in mammals are a family of 

NAD+-dependent enzymes, which catalyze protein 

mono-ADP-ribosylation or deacetylation of 

histone and non-histone proteins (Finkel et al. 

2009). Sirtuins are an emerging class of enzymes 

for cancer treatment, although they act as both 

tumor suppressors and tumor promoters depending 

upon the SIRT protein and cancer type. For 

instance, SIRT 1 exert antitumor activity by 

deacetylating β-catenin, and thus suppress the 

transcription activation and induce cell 

proliferation, whereas SIRT 3 contribute for the 

survival of human melanoma cells in vitro (George 

et al. 2014). According to their role, SIRT 

inhibitors and activators are used for cancer 

therapy. 

Nicotinamide inhibited SIRT 1 and showed 

anticancer activity in many different cancers, such 

as B-cell CLL (Audrito et al. 2011) but it had low 

therapeutic potential (Bruzzone et al. 2013). The 

anticancer activity of suramin has been studied in 

clinical trials. It is widely used in combination 

with cytotoxic agents against prostate, 

hepatocellular carcinoma and breast cancer cells 

(Borges et al. 2014; Fei et al. 2014). Resveratrol 

arrest G1 phase, and thus reduces the proliferation 

of gastric cells (Yang et al. 2013). Lamin A (a 

major nuclear matrix protein) directly binds with 

and activates SIRT1. Resveratrol activates SIRT1 

by increasing its binding with lamin A, thus aiding 
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in the nuclear matrix (NM) localization of SIRT1 

(Ghosh et al. 2013). 

Chaetocin, 3-Deazaneplanocin A (DZNep) and 

BIX-01294 are the most commonly and widely 

used HMT inhibitors. DZNep depletes the cellular 

levels of PRC2 components (EZH2, EED and 

SUZ12), and consequently reduces methylation at 

various histone sites. It reduces the H3K27me3 

levels in many cancers and induces apoptosis like 

in breast cancer, colorectal cancer, lung cancer, 

chondrosarcomas (Tan et al. 2007; Miranda et al. 

2009; Nicolas et al. 2014). DZNep lacks 

specificity and acts more as a global histone 

methylation inhibitor, underscoring the need for 

further development of histone methylation 

inhibitors. Recently, it has been shown that 

DZNep, upregulates the expression of TXNIP, 

which thereby increases ROS production, leading 

to apoptosis of leukemia cells in AML (Kim et al. 

2013). BIX-01294, a diazepine-quinazolineamine 

derivative transiently reduces the global H3K9me2 

levels in several cell lines. BIX induces the 

intracellular autophagy mediated cell death via 

EHMT2/G9a dysfunction and intracellular ROS 

production in breast and colon cancer (Zhou et al. 

2011).  
 

 

Table 4 - Compounds active against Sirtuin. 

Chemical Class Componds Specificity Action 

Nicotinamide Nicotinamid

e and NAD+ 

analogues 

Sirtuin inhibitor inhibit SIRT activity through its 

binding to the C pocket of enzymes. 
 

Suramin Suramin SIRT 1, SIRT 2 inhibitor inhibits SIRT activity by binding the C 

pocket, B pocket and part of the 

substrate-binding site of the enzyme. 
 

Hydroxynaphthaldehyde 

derivatives 

Cambinol SIRT 1, SIRT 2 inhibitor inhibit SIRT activity through its 

binding to the C pocket of SIRT 1 and 

2. 
 

Indoles EX-527 SIRT 1, SIRT 2, SIRT 3 

inhibitor 

inhibits SIRT 1 at nM concentrations 

and is less active against SIRT 2 and 

SIRT 3. 
 

Polyphenol Resveratrol SIRT 1 activator indirect activation, do not bind to SIRT 

1 for its activation. 

 

 

Histone methyltransferase and demethylase 

enzymes are generally more specific than HDACs 

in that they target fewer residues. However, like 

HDACs, lysine and arginine methyltransferase 

enzymes also methylate the proteins other than 

histones (Geneviève et al. 2012). A new class of 

oligoamine analogs was found that acted as potent 

inhibitors specifically for lysine-specific 

demethylase-1 (LSD1). LSD1 targets H3K4 

mono- or dimethylation mark and H3K9 

dimethylation (H3K9me2) mark when complexed 

with the androgen receptor (Metzger et al. 2005); 

it can also demethylate DNMT1, resulting in 

destabilization and loss of global maintenance of 

DNA methylation (Wang et al. 2009). LSD1 

inhibited the proliferation of pluripotent cancer 

cells, including teratocarcinoma, embryonic 

carcinoma, seminoma or embryonic stem cells that 

express the stem cell markers Oct4 and Sox2, and 

colon cancer cells (Wang et al. 2011). Treatment 

of the colon cancer cells with LSD1 inhibitors 

(such as SL11144) increases methylation at H3K4, 

decreases H3K9 methylation, and restores the 

expression of SFRP2, indicating the specificity of 

LSD1 and its inhibitors (Huang et al. 2009). Its 

inhibition in neuroblastoma results in decreased 

proliferation in vitro and reduced xenograft growth 

(Schulte et al. 2009). The ability of LSD1 to affect 

both histone and DNA methylation makes it a 

promising target for epigenetic therapy. Although 

drugs that target histone methylases and 

demethylases have considerable potential, more 

studies are necessary to determine their 

specificities and stabilities of the changes they 

make.  

Natural molecules are also being tested for their 

anti-cancer properties. Three naturally occurring 

HAT inhibitors include curcumin, garcinol and 

anacardic acid. Curcumin reduces p53 acetylation 

by specifically inhibiting the EP-300 and 
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CREBBP (Balasubramanyam et al. 2004). 

Garcinol and anacardic acid are both EP300 and 

KAT2B HAT inhibitors. Antitumor activities of all 

the three molecules in a wide variety of cancers 

include interefernce with different cell signaling 

pathways, like cell cycle (cyclin D1 and cyclin E), 

apoptosis (activation of caspases and down-

regulation of antiapoptotic gene products), 

proliferation (HER-2, EGFR, and AP-1), survival 

(PI3K/AKT pathway), invasion (MMP-9 and 

adhesion molecules), angiogenesis (VEGF), 

metastasis (CXCR-4) and inflammation (NF-κB, 

TNF, IL-6, IL-1, COX-2, and 5-LOX) (Anand et al. 

2008; Wu et al. 2011; Ahmad et al. 2012). Green 

tea polyphenols suppresses class I histone 

deacetylases, and thus causes cell cycle arrest and 

apoptosis in prostate cancer (Thakur et al. 2012). 
 

Combination Therapy 

The recognition that a subset of tumor suppressor 

genes are silenced by a combination of CpG 

hypermethylation and histone hypoacetylation has 

prompted several trials that are in progress. In 

pretreated metastatic non-small-cell lung cancer 

patients, the combination of azacytidine and 

entinostat produced positive clinical responses and 

four of 19 treated patients had positive therapeutic 

responses to further agents given immediately 

after the epigenetic therapy (Juergens et al. 2011). 

In previously untreated elderly AML and MDS 

patients, the combination of lenalidomide (an 

immunomodulator drug) and azacytidine is 

currently under investigation (NCT01442714). 

Both the drugs alone (as monotherapy) have 

already shown efficacy in these cancer patients, so 

their combination could be very promising 

(Pollyea et al. 2012). In a Phase I study, decitabine 

was combined with bortezomib for the treatment 

of elderly poor risk AML patients and the 

combination showed good preliminary activity 

since response rates were very encouraging (Blum 

et al. 2012).  

Relevant chemotherapeutic drugs have also been 

tested in combination with DNMT, HDAC and 

SIRT inhibitors. A Phase 2 study combined the 

thrombopoietin mimetic romiplostim with 5-

azacytidine in the patients with myelodysplastic 

syndrome (Kantarjian et al. 2010).  The combined 

treatment such as the  treatment with panobinostat 

with sorafenib demonstrated the highest preclinical 

efficacy in hepatocellular carcinoma models, 

providing the rationale for the clinical studies with 

this novel combination (Lachenmayer et al. 2012). 

Another novel combination treatment using the 

ultraviolet light phototherapy and HDACi 

appeared as a potent radiosensitiser, allowing the 

use of lower radiation doses and minimizing the 

adverse effects of phototherapy (Sung et al. 2014). 

Combining 5-azacytidine with a DNA-methylating 

agent, the methyl donor S-adenosyl methionine 

(SAM), inhibited the global- and gene-specific 

demethylation induced by 5-azaCdR, prevented 5-

azaCdR activation of prometastatic genes uPA and 

MMP2, resulting in inhibition of cell invasiveness, 

while retaining its effects on tumor suppressor 

genes (Chik et al. 2014).  

Natural compounds have also been tested in 

combination with other chemotherapeutic drugs. 

For example, curcumin in combination with 

Paclitaxel, Epigallocatechin-3-Gallate, GRP78 etc 

potentially increases the growth inhibition and 

apoptosis in the breast, colon and other different 

cancers (Zhan et al. 2014; Chang et al. 2014; 

Wang et al. 2014). Thus, epigenetic therapy 

appears as a promising tool to restore/reverse 

hormonal sensitivity. A recent clinical study has 

shown that a combination of vorinostat and 

tamoxifen is well tolerated and exhibits 

encouraging activity in reversing the hormone 

resistance in advanced ER-positive breast cancer 

(Munster et al. 2011). Another study found that 

decitabine and histone HDACi such as trichostatin 

A, scriptaid and entinostat restored the expression 

of ER mRNA and functional aromatase, along 

with the enzymatic activity of aromatase, and thus 

made ER-negative tumors sensitive to endocrine 

therapy (Raha et al. 2011). 

It is also important to determine the epigenome of 

chemotherapy resistant cancer cells in order to 

identify the potential silenced genes, before 

making any epigenetic therapeutic strategies to 

reverse the resistance. For example, in malignant 

melanoma, loss of 5-hydroxymethylcytosine (5-

hmC) has many harmful effects, which leads to 

downregulation of IDH2 and TET family 

enzymes. By reintroducing active TET2 or IDH2, 

melanoma growth is suppressed, which thereby 

increases tumor-free survival in animal models 

(Lian et al. 2012). 
 

LIMITATIONS 

Despite the DNMTi’s FDA approval and their use 

in the clinic for certain malignancies, their poor 

pharmacokinetic properties and short half-life 

represent a major drawback. A major disadvantage 

of 5-azacytidine and 5-aza-2’-deoxycytidine is 
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their instability in neutral aqueous solution and 

poor pharmacokinetic profile, although 5,6-

dihydro-5-azacytidine and 5-fluoro-2’-

deoxycytidine have demonstrated high toxicity in 

several preclinical studies. Another example was a 

phase 1 study, which showed that decitabine 

caused grade 4 neutropenia in most interleukin-2 

inmelanoma and renal cell carcinoma patients 

(Gollob and Sciambi 2007). Myelosuppression 

was also the predominant toxicity observed in a 

study combining decitabine with carboplatin 

(Appleton et al. 2007). However, in a phase II 

trial, low-dose decitabine was found to restore the 

sensitivity to carboplatin in the patients with 

heavily pretreated ovarian cancer, resulting in a 

high response rate (RR) (Matei et al. 2012). In 

both the studies, there was evidence that 

decitabine induced dose dependent demethylation 

in marker genes such as MLH1, RASSF1A, 

HOXA10, and HOXA1.  

HDAC inhibitors only target ~10% of all 

acetylation sites. These inhibitors target global 

acetylation sites and are not histones specific. 

More work is necessary to understand the basis for 

target specification of the global and isoform-

specific HDAC inhibitors. Efforts are being made 

to find new molecules that can selectively inhibit 

specific HDACs, and thus avoid the side effects 

that occur with a global HDAC inhibitor, 

including cardiac toxicity and deficits in 

hematopoiesis and memory formation. 

Both DNMTis and HDACis show poor results in 

solid tumors. A major likely reason for the 

disappointing activity of these agents in solid 

tumours is their limited incorporation into cells, 

which are proliferating relatively slowly. Another 

reason is that, agents (e.g., azacytidine) that cause 

global hypomethylation, reactivate expression of 

multiple silenced genes including oncogenes and 

tumour suppressors in different cell types and in 

different cancers. For example, the oncogene 

NT5E is overexpressed in aggressive metastatic 

melanomas, when transcriptionally silenced by 

methylation in breast cancer and shows more 

favorable prognosis (Wang et al. 2012). Third and 

key possible reason of their failure is because of 

their toxicity. A recent clinical trial showed the 

severe gastrointestinal toxicity in which 

combination of paclitaxel, carboplatin and 

vorinostat was used to treat the advanced-stage 

ovarian carcinoma, Epithelial Ovarian, Primary 

Peritoneal, and Fallopian Tube Cancer (Mendivil 

et al. 2013). 

 

Table 5 - Toxic Effects of DNMT inhibitors and HDAC inhibitors 

Inhibitors  Toxic Effects 

DNMT 

Inhibiotors 

Azacytidine Hematological side-effects, gastrointestinal toxicity, erythema 

(Christman 2002) 

 Decitabine Myelosuppression, gastrointestinal toxicity (Derissen et al. 2013) 

 NPEOC-DAC Myelosuppression (Byun et al. 2008) 

 Mithramycin Malaise, Gastrointestinal effects, fever, central nervous system effects, 

stomatitis, epistaxis, 'ecchymoses, hemorrhage (Kennedy, 1970) 

 ECEG Anxiolytic activity, hypoglycemic activity, hypochromic anaemia, 

hepatotoxic effects (Mereles et al. 2011) 

HDAC inhibitors Valproic acid Neurological toxicity (Pilatrino et al. 2005) 

 Sodium 

phenylbutyrate 

Neurological toxicity only at high doses (Gore et al. 2002) 

 AN-9 (butyric 

acid prodrug) 

Monotherapy was well tolerated, whereas a combination treatment 

with docetaxel resulted in severe toxicity and interruption of the study 

(Patnaik et al. 2002) 

 Suberoylanilide 

hydroxamic acid 

(hydroxamic acid 

derivative) 

Mild toxicity, dehydration, fatigue, diarrhoea and anorexia; 

thrombocytopaenia and anaemia were the doselimiting toxicities (Kelly 

et al. 2003) 

 FK-228 (cyclic 

depsipeptide) 

Bone marrow toxicity, reversible cardiac arrhythmia (which seems not 

to be clinically relevant), fatigue, nausea and vomiting (Piekerz et al. 

2001) 

 MS-275 

(benzamide) 

Gastrointestinal toxicities were the dose-limiting toxicities; cumulative 

bone marrow toxicity was also seen (Ryan et al. 2005) 

 



Epigenetic Modifications 

 

 

Braz. Arch. Biol. Technol. v.58 n.4: pp. 526-539, July/Aug 2015 

535 

FUTURE PROSPECTS AND CONCLUSION 

 
Future cancer therapies will surely exploit the 

synergistic effects between the epigenetic drugs or 

between the epigenetic drugs and other 

antitumoral agents. Moreover, epigenetic drugs 

such as HDAC or DNMT inhibitors should 

synergize with DNA-damaging agents because 

they may offer improved access to chromatin. In 

the near future, many interesting combinations 

between epigenetic drugs and cyclin-dependent 

kinase inhibitors (CDKi) or proteasome inhibitors 

or engineered transcriptional factors will also be 

tested as they are capable of selectively 

reactivating the epigenetically silenced tumor 

suppressors.  

Epigenetic mechanisms control the development 

and normal cellular behavior. An important 

priority is to develop the approaches to design new 

agents that are capable of targeting specific 

epigenetic altered/mutated targets, rather than 

affecting global modifications to lower toxicity 

and side effects. In an era of an increasingly 

accurate and personalized medicine/therapy, new 

epigenetic drugs could be developed even against 

different isoforms or mutated variants of particular 

enzymes involved in very specific types of cancer. 

To use the epigenetic drugs for cancer treatment, it 

is important to enhance the knowledge about the 

key issues such as the optimal doses for single and 

combined therapies to avoid the toxicity, the 

sequence of delivery in combined therapies and 

tumoral uptake of therapies. Recent advances in 

high-throughput technologies such as genomewide 

sequencing combined with RNA profiling, 

chromatin immunoprecipitation, bisulfite 

conversion or different quantitative PCR have 

generated large amounts of data that can be used to 

properly understand the epigenetic alterations that 

are common and specific to various disease states 

or to identify the epigenetic alterations that are 

causative and those that are merely correlative. 
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