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 Activation of oncogenes or the deactivation of tumor suppressor genes has long been established as the funda-
mental mechanism leading towards carcinogenesis. Although this age old axiom is vastly accurate, thorough
study over the last 15 years has given us unprecedented information on the involvement of epigenetic in cancer.
Various biochemical pathways that are essential towards tumorigenesis are regulated by the epigenetic phenom-
enons like remodeling of nucleosomeby histonemodifications, DNAmethylation andmiRNAmediated targeting
of various genes. Moreover the presence of mutations in the genes controlling the epigenetic players has further
strengthened the association of epigenetics in cancer. This merger has opened up newer avenues for targeted
anti-cancer drug therapywith numerous pharmaceutical industries focusing on expanding their research andde-
velopment pipelinewith epigenetic drugs. The information provided here elaborates the elementary phenomena
of the various epigenetic regulators and discusses their alteration associatedwith the development of cancer.We
also highlight the recent developments in epigenetic drugs combining preclinical and clinical data to signify this
evolving field in cancer research.
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1. Introduction

Cancer is a group of disease that varies extensivelywith respect to its
origin. As a result, the key hurdles associated with its treatment consist
of inappropriate diagnosis leading to recurrences and drug resistance. In
relation to this, one of the emerging therapeutic class of antineoplastic
agent is aimed at targeting gene expression owing to the fact that irreg-
ularities in the expression pattern of a gene is a key feature in the devel-
opment of cancer (Cavalieri, 1996). To accommodate the entire length
of several meters of human DNA in the nucleus of a cell, DNA is coiled
around histone proteins forming a complex called nucleosome, the
basic unit of chromatin (Annunziato, 2008). In addition, post-transla-
tional modifications of histone tail alter the structure of chromatin lead-
ing to a change in gene expression which is an element of epigenetic
regulation. With our improved understanding about cancer, it is now
established that malignant growth is associated with both genetic and
epigenetic abnormalities (Sadikovic, Al-Romaih, Squire, & Zielenska,
2008). In particular, epigenetic alterations occur early during neoplastic
growth and finally develop into amalignant tumor. Although epigenetic
modifications are inherited in somatic cells, yet these modifications are
possibly reversible indicating that epigenetic alterations can be a prom-
ising therapeutic target to explore. Undoubtedly, the fast growing field
of therapeutic epigenetic is being continually expanded by integrating

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pharmthera.2017.02.011&domain=pdf
http://dx.doi.org/10.1016/j.pharmthera.2017.02.011
mailto:mallik.rao@manipal.edu
Journal logo
http://dx.doi.org/10.1016/j.pharmthera.2017.02.011
http://www.sciencedirect.com/science/journal/01637258
www.elsevier.com/locate/pharmthera


119S. Biswas, C.M. Rao / Pharmacology & Therapeutics 173 (2017) 118–134
laboratory results with clinical data suggesting us how epigenetic ther-
apy can be best utilized for the benefit of patient. In this reviewwe take
a comprehensive look at the various epigenetic players, their involve-
ment in the development of cancer and the drugs employed in altering
those mechanisms.

2. Epigenetic phenomenon

The termEpigeneticswas coined by C.H.Waddington in 1942 as “the
causal interaction between genes and their products, which bring the
phenotype into being”. However with our increasing knowledge in mo-
lecular biology the definition has evolved as “the study of changes in
gene function that are mitotically and/or meiotically heritable and that
do not involve a change in the sequence of DNA” (Dupont, Armant, &
Brenner, 2009). The manner in which chromatin structure is preserved
and ordered is crucial in understanding the origin of epigenetic alter-
ation. Certainly, each cell type in the body is genetically identical i.e.
they share the same set of genes but needs to differentiate phenotypi-
cally into diverse type of cells and tissues to endure a normal function-
ing human body. This is controlled by highly synchronized regulatory
mechanism which involves epigenetics. Epigenetic changes regulate
gene expression by hindering the availability of transcription factors to-
wards DNA. These modifications occur at different regions encircling
the genome. The fundamental of epigenetic regulation of gene expres-
sion takes into account the manner in which DNA is wrapped around
nucleosome and also considers the way in which each nucleosome are
positioned throughout the genome. With our increased understanding
about the biology of cancer attributed by the rapid advances in technol-
ogy, it is now well established that cancer cell harbor global epigenetic
alterations beside various genetic mutations representing a complex in-
terplay between these players (Sadikovic et al., 2008). This phenome-
non was evident from gene expression and DNA methylation studies
providing the initial clues linking epigenetics with cancer. Emerging
data are now strengthening our outlooks of the genome wide role of
epigenetics. At present, themost studied epigenetic alterations associat-
ed with neoplastic phenotype are variation in DNA methylation, alter-
ation in the structure of histone proteins and gene regulation by small
noncoding microRNAs.

2.1. DNA methylation

Adenine, Thymine, Cytosine and Guanine are the key nitrogenous
bases which are found in eukaryotic organisms. These bases usually
comprise the majority of sequence found in eukaryotic DNA. Apart,
from these four major bases, the existence of a fifth base i.e 5-
methylcytosine, is one of themajor covalentmodification of DNA. In eu-
karyotes, DNAmethylation is a common epigenetic alteration and these
epigenetic marks are typical of heterochromatin. DNA methylation
plays an important role inmaintaining the stability of genome, genomic
imprinting, inactivation of X-chromosome in females, regulation of
transcription and also in the developmental process of an organism
(Robertson & Jones, 2000). Methylated DNA is present primarily in re-
petitive genomic regions (including satellite DNA, like micro and
mini-satellites), within centromeres and parasitic elements such as
short interspersed transposable elements (SINEs) and long interspersed
transposable elements (LINEs)where they function to silence genes and
non-coding genomic regions. The 5th carbon of cytosine residues are
highly prone to methylation compared to other nitrogenous bases and
consist of approximately 1% of the total nucleotides. Moreover, the ma-
jority of DNAmethylation occurring on cytosine residue is present in the
CpG dinucleotide distributed throughout the genome and is also dense-
ly found in regions known as CpG islands (Jones & Takai, 2001). These
CpG islands overlap the promoter regions of approximately 60-70% of
human gene. In normal cells, the promoter regions of genes, especially
those preceded by CpG islands are usually unmethylated, allowing tran-
scription factors and other associated proteins to interact with the gene
and facilitate their expression. In contrast, the genomes of gametes and
cells whose promoter regions are less enrichedwith CpG islands are fre-
quently methylated during early development. However, we should
bear in mind that these genes exhibit a distinct expression control dur-
ing development and are always tissue specific.

The conversion of cytosine into 5-methyl cytosine (5mC) is carried
out by the catalytic activity of a group of enzymes called DNA methyl-
transferases (DNMTs). These enzymes use S-adenosyl methionine
(SAM) as a key methyl group donor which transfers methyl group to
cellular elements like DNA, lipids and proteins. SAM is converted into
S-adenosyl homocysteine (SAH) after the transfer of methyl group by
DNMTs. There are two major categories of the DNMTs in mammalian
cells, a maintenance methyltransferase and a de novo methyltransfer-
ase. The original DNAmethylation pattern in a cell is greatlymaintained
by the catalytic activity of DNMT1,which prefers hemi-methylated DNA
in place of non-methylated DNA as a substrate during replication, most
likely with the support of UHRF1 (Ubiquitin like with PHD and ring fin-
ger domain 1)which also recognizes hemi-methylated sites, suggesting
a role in maintaining the methylation patterns during cell division (Qin
et al., 2015). In contrast, new DNA methylation pattern are established
in the developmental phase of a cell utilizing DNMT3A and DNMT3B,
which are expressed all over the cell cycle and shows equal preference
for both hemi and unmethylated DNA making them de novo methyl-
transferase. Another enzyme, DNMT3L has been identified which is de-
ficient in the conserved catalytic domain commonly associated with
DNA methyltransferase. Although it is accepted that DNA methyltrans-
ferase are specific in their functions and non-overlapping, yet recent ev-
idence suggests the overlapping role of de novomethyltransferaseswith
maintenance methyltransferase (Walton, Francastel, & Velasco, 2011).

DNA methylation silence gene expression directly by impeding the
binding of various transcription factors and indirectly by enrolling
methyl-CpG binding domain (MBD) proteins. The MBD family contains
five core proteins which include MBD1, MBD2, MBD3, MBD4 and the
methyl cytosine binding protein 2 (MECP2). Apart from these, other
MBD containing proteins are MBD5/6, SETDB1/2 and BAZ2A/B. The
MBD protein employs histone modifying enzymes and chromatin re-
modeling complexes in methylated sites and facilitates transcriptional
repression. Chromatin remodeling complex like NuRD binds with
MBD2 protein and methylate DNA (Du, Luu, Stirzaker, & Clark, 2015).
These mechanisms play a central role in establishing the critical role of
DNA methylation in epigenetic gene regulation.

Although enzymes catalyzing DNA methylation has been well
established, recent research has also identified mechanisms involved
with the removal of methyl group. The discovery of ten-eleven translo-
cation (TET) [which derives its name based on a recurrent chromosomal
translocation t(10;11)(q22;q23)] and activation-induced cytidine de-
aminase (AID) family of enzymes has provided unprecedented informa-
tion in our understanding of DNA demethylation (Scourzic, Mouly, &
Bernard, 2015). DNA demethylation can be achieved by two processes
involving passive and active demethylation. Passive demethylation oc-
curs by the failure of maintenance DNMT enzyme to methylate DNA
after replication. Whereas, active DNA demethylation utilizes TET and
AID family of enzymes to hydroxylate, oxidize or deaminate 5mC.
Three TET family members have been identified so far including TET1,
TET2 and TET3 and each of themare involved in distinct cellular process.
Hydroxylation of 5mC by TET proteins produces 5-hydroxy
methylcytosine (5hmC) and its subsequent conversion into 5-
formylcytosine (5-fC) and 5-carboxylcytosine (5caC) followed by de-
amination and entry into the subsequent base excision repair pathway
(Fig. 1) (Zhao & Chen, 2013).

2.2. Histone modifications

The nucleosome core particle which is the basic element of chroma-
tin wraps 147 base pair of DNA around an octamer of four core histone
proteins in a 1.7 left handed super helical turn. The inherent positive



Fig. 1. Modification of cytosine residue. Cytosine residue present in DNA can be methylated at C5 position to form 5mC by the enzyme DNA methyltransferase (1). 5mC can be
subsequently oxidized by TET1-3 enzymes (2) to form 5hmC. Over-activity of TET enzymes (3,4) can further oxidize 5hmC into 5fC and 5caC. The enzyme Thymine-DNA glycosylase
(5) removes the carboxyl group from 5caC following which base excision repair pathway (5) converts it into unmodified cytosine.
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charge of the basic histone proteins provides efficient bindingwith neg-
atively charged DNA. The four core histone comprise of H2A, H2B, H3
andH4which are present as H2A-H2B dimer andH3-H4 tetramer in as-
sociation with a linker histone H1 which joins nucleosomes together.
The sequence of amino acids comprising the histone proteins vary sub-
stantially among different species, however, the histone proteins are
made up of a common structural domain called the histone fold. These
folds comprises of a long central helix linked with two helix-strand-
helix motifs at the opposite ends. The N-terminal tails of these proteins
are highly flexible and are rich in lysine and arginine residueswhich can
be extensively modified by a large number of cellular systems (Fig. 2)
(Ramakrishnan, 1997).

A plethora of post-translational modifications on histone proteins
are observed in the regions of transcriptionally active and inactive chro-
matin. The pioneering work carried out by Vincent Allfrey in the 1960s
has given us valuable information about histones and their modifica-
tions (Allfrey, Faulkner, & Mirsky, 1964). Although, present research
has provided a lot of information on chromatin structure we are still
not assured whether all histone tail modifications directly regulate
chromatin compaction. Because of the ubiquitous nature of chromatin,
various DNA process such as repair, replication and recombination are
also affected by these modifications. It is interesting to understand
that although polymerase enzymes do not interactwith histones direct-
ly, a modification in them alters the DNA wrapping style and influence
gene expression.

Probably themost studied histonemodifications include acetylation
and methylation of lysine residues on the N-terminal tails of histone.
Acetylation of lysine residue of histone tails is highly prevalent and
their levels associate with transcriptionally active chromatin. Acetyla-
tion removes the net positive charge on the histone proteins by
acetylating the ε-amino group of lysine residues using acetyltransfer-
ases (HATs) which utilizes acetyl-CoA as the acetyl group donor.
These enzymes are generally categorized into two different types:
Type A, which are found in the nucleus and Type B, which are found
in the cytoplasm (Brownell & Allis, 1996). However, evidence has sug-
gested various functions of HAT which are beyond these classifications
(Ruiz-García et al., 1998). Nucleosomal histones within the nucleus
are acetylated by TypeAHAT,whereas housekeeping role are associated
with Type B HAT where they are involved in acetylating newly synthe-
sized histones present in the cytoplasm (Ruiz-Carrillo,Wangh, & Allfrey,
1975). The major families of histone acetyltransferases include GNAT
family (Gcn5-related N-acetyltransferases), with a specificity towards
H3K9, H3K14, H3K36 histones, MYST family with a specificity towards
H4K5, H4K8, H4K12, H4K16, H3K14, H3K23 histones and CBP/p300
(cAMP response element binding protein) family with a specificity to-
wards H2AK5, H3K9, H3K23, H3K56. Apart from these families the gen-
eral transcription factor HATs include TFIID subunit TAF250 and the
nuclear hormone related HATs like steroid receptor coactivator-1
(SRC1) and ACTR. HATs are associated with various protein complexes
to perform their catalytic activity among which SAGA, TFTC, NuA4,
Rtt109-Vps75 complexes are widely studied. The acetylated lysine on
the histone tails are recognized by an evolutionary conserved motif
called the bromodomain which are found in many transcriptional acti-
vators. Most of the nuclear HATs contain bromodomain as a catalytic
component (Losson, 1997). The bromodomain motif contains 110
amino acids which are arranged in four left handed α helix connected
with ZA and BC loops (Dhalluin et al., 1999). Very high degree of speci-
ficity for an acetylated target is obtained with the interaction of individ-
ual bromodomian with other structural elements within a protein. A
classic example of this is the acetylated lysine on H4K12 which is
found to interact selectively with the bromodomain protein Brd2 to ini-
tiate transcription. On the contrary, the bromodomain motif associated
with TAF(II)250 and P/CAF bind to various acetylation sites on histone
protein other than H3K14. For more information the readers are



Fig. 2.Histonemodifications. Nucleosomes are the basic unit of DNA packaging in eukaryotes. Each nucleosome core particle consists of an octamer of histone proteins includingH2A, H2B,
H3 and H4. It is assembled as a tetramer of two copies of H3 and H4 and a dimer of two H2A and H2B. The linker histone H1 keeps the DNA in place that is wrapped around the histone
octamer. Histone N-terminal tail plays a crucial role inmodulating nucleosome structure and function. Variousmodifications on the different residues of histone tail are being shownhere
where S, T, K and R represent Serine, Threonine, Lysine and Arginine respectively. Other possible modifications are also present which are not displayed.
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suggested to go through the following excellent reviews on
bromodomains proteins (Filippakopoulos & Knapp, 2014; Mujtaba,
Zeng, & Zhou, 2007). Methylation of histone proteins is generally
found on arginine and lysine residues, however unlike acetylation
there is no alteration in the charge of the histone protein. Furthermore
it should be kept in mind that this type of modification has a different
level of intricacy. Three different forms of methylation have been ob-
served on the lysine residues viz. mono-, di- and tri-methyl whereas ar-
ginine can be mono-methylated and symmetrically or asymmetrically
di-methylated (Bedford & Clarke, 2009). A wide range of information
is available because of the multiple methylation states associated with
lysine and arginine. For example, H3K4me3 i.e. trimethylation of lysine
4 on histone H3 is abundant at active gene promoter, whereas
H3K9me3 is associatedwith transcriptionally repressed genepromoters
(Kouzarides, 2007; Liang et al., 2004). Histone methylation is catalyzed
by three distinct families of enzymes namely, the SET-domain contain-
ing protein family, the non-SET domain protein family and the PRMT1
(protein arginine methyltransferases) family. Most of the enzymes
with SET-domain methylate lysine present on H3 and H4. It is interest-
ing to understand that although, SET 7/9 enzyme is only involved in
monomethylating lysine 4 on H3 histone, a mutation in its amino acid
can alter this specificity which is evident from the mutation of Tyr
3053 to Phe in SET 7/9. This kind of mutation transforms SET 7/9 into
a dimethyltransferase. The SET and MYND domain containing protein
2 (SMYD2) is known to methylate H3K36 and H3K4 and acts as a tran-
scriptional activator (Derissen, Beijnen, & Schellens, 2013). The histone
methyltransferase EZH2 utilizes its SET domain to dimethylate and
trimethylate lysine 27 on histone H3 (H3K27me2/3). Another histone
methyltransferase SUV39H1 contain the SET domain protein which is
involved in methylating H3K9 in the three different states. Evidence
has also suggested that subset of Suv39h1 coexist in a megacomplex
for performing its demethylating activities (Fritsch et al., 2010). Studies
have identified a mammalian HATase G9a which plays a major role in
methylating H3 lysine 9 (Constantinides, Jones, & Gevers, 1977). More-
over an important protein complex that is involved in methylating ly-
sine-4 of histone H3 is the MLL1 protein complex which contains
ASH2L, HCFC2/HCF1, WDR5 and RbBP5 as the core components (Avdic
et al., 2011). Non SET domain containing protein also takes part in
methylating histone proteins among which DOT1L is extensively stud-
ied. DOT1L is involved in methylating H3K79 and also in a number of
vital processes including DNA damage response and cell cycle progres-
sion (McLean, Karemaker, & van Leeuwen, 2014). Although lysine
methylation plays an important role inmodifying the structure of chro-
matin, enzymes that methylate peptidyl arginine residues has been
widely studied. Protein arginine methyltransferase (PRMTs) adds
mono or dimethyl groups on the terminal guanidino nitrogen of the ar-
ginine residues. Recent advances have helped us in establishing the
structure of PRMTs, categorizing it into various classes and stating its
various functions (Yang & Bedford, 2013).

There is no doubt that apart from acetylation and methylation vari-
ous othermechanisms prevail tomodify histone tails and it is widely ac-
cepted that phosphorylation plays a major role in amending protein
structures. The amino acids serine, threonine and tyrosine residues on
the histone tails are prone to phosphorylation. It has been observed

Image of Fig. 2
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that phosphorylation of serine 139 on histone variant H2AX plays a
major role in generating the initial stages of DNA damage response
(DDR). Although phosphorylation of threonine is a less common phe-
nomenon, it contributes a major portion in epigenetic control of chro-
matin structure. Studies have demonstrated the phosphorylation of
threonine 119 on H2A by nucleosomal histone kinase-1 which plays a
major role in cell cycle progression (Aihara et al., 2004). Phosphoryla-
tion of H3S10, S28 and T11 is widely studied and it is associated with
transcriptional activation. Studies have shown that H3S10 phosphoryla-
tion encourages acetylation of H3K14 (Lo et al., 2000). Phosphorylation
of serine 1 of histoneH4 is involved in the later stages of DDR and also in
stabilizing new nucleosome structure by preventing their acetylation
(Rossetto, Avvakumov, & Côté, 2012). The enzymes involved in phos-
phorylating the serine residues belong to the kinase family of enzymes
amongwhich Ribosomal S6 kinase (RSKs), Mitogen and stress activated
protein kinase 1 and 2 (MSK1 andMSK2) and Aurora kinases arewidely
studied (Rossetto et al., 2012). They play a major role in phosphorylat-
ing various serine residues on histone H3.

Addition of ubiquitin and small ubiquitin-related modifier protein
(SUMO) on specific lysine residues is another prominent histone post-
translational modification. Ubiquitination of lysine 119 of Histone
H2A and lysine 120 of H2B is one of the most important observations
made in recent years (Jason, Moore, Lewis, Lindsey, & Ausió, 2002). It
is seen that for dimethylation and trimethylation of H3K4 and H3K79
to occur ubiquitination of H2B is mandatory and therefore considered
as a gene activating mark (Cole, Clifton-Bligh, & Marsh, 2015). On the
contrary, ubiquitination of H2A is associated with transcriptional si-
lencing with the involvement of two different E3 ubiquitin ligases,
Ring1B and 2A-HUB (Spivakov & Fisher, 2007). Although
ubiquitinaiton of a protein is generally directed towards proteasomal
degradation the above role of ubiquitin on histone proteins suggests
its epigenetic role. Almost analogous to ubiquitination on the basis
of reaction mechanism and the class of enzymes used, sumoylation
adds SUMO peptides to all the four core histone proteins. An impor-
tant feature associated with sumoylation is its primary target which
is lysine. Although lysines are the targets of various other modifica-
tions, sumoylation is usually related with repression of target genes
(Nathan, Sterner, & Berger, 2003).

Histones are also modified by the vitamin Biotin which is catalyzed
by the enzymes holocarboxylase synthetase (HCS) and biotinidase. Spe-
cifically, lysine residues are targeted by this system and arewidely prev-
alent in repeat regions of the genome, contributing to genomic stability.
Studies have identified that lysine on position 9, 13 and 129 onH2A; po-
sition 4, 9 and 18 onH3; position 8 and12onH4are the sites of biotinyl-
ation (Camporeale, Shubert, Sarath, Cerny, & Zempleni, 2004; Sarath et
al., 2004). Although studies are being conducted to explore more about
this modification, evidence suggests a decrease in biotinylation of lysine
residueswith acetylation of adjacent lysines.Whereas, an enhancement
in biotinylation of lysine residues are observed when the arginine resi-
dues are dimethylated (Martinez-Zamudio & Ha, 2012).

The consequence of histone ADP-ribosylation is not widely
discussed however studies have established their role in regulating
chromatin structure. In particular, with the identification of specific ly-
sine residues on histone which acts as acceptor site for ADP-ribose sug-
gests an equal importance with respect to other modifications. One of
the best substrate for poly (ADP-ribose) polymerase is histone H1.
Apart from that all core histones are alsoADP ribosylated. The linker his-
tone and the core histones are ADP ribosylated during various phases
which include shortly after their synthesis in the cytoplasm or during
their transport into the nucleus. Many reports suggest that alteration
in chromatin structure is associated with the ADP-ribosylation of H1
histones. Recent evidence has also identified enzymes that reverse
ADP-ribosylation belonging to two different classes which are ADP-
ribosylhydrolases (ARHs) and PAR glycohydrolases (PARGs). Three
ARHs (ARH1-3) and one PARG enzyme has been identified in humans.
Although it is clear that the activities of these degrading enzymes
determine the pattern of ADP-ribose modification we still lack a de-
tailed understanding about the mechanism of these enzymes.

2.3. MicroRNAs (miRNAs)

Recent studies have identified a key player in epigenetic regulation
and gene expression with the discovery of microRNAs. These are
endogenous molecules consisting of small non-coding RNAs. miRNAs
are approximately 16 to 22 nucleotide long RNAmolecule that are tran-
scribed by RNA polymerase II leading to the formation of primary
miRNAs. These primary miRNAs are then acted upon by RNase III
Drosha andDGCR8 (components of themicroprocessor complex) inside
the nucleus to form the precursor miRNAs. The precursor miRNAs gen-
erated in the nucleus are imperfect in their structure usually having a
hairpin like organization, so they are exported out into the cytoplasm
by forming a complex with exportin-5 and RAN-GTP for further pro-
cessing. In the cytoplasm, RNase III Dicer processes the precursor
miRNAs into a functional double strandedmiRNAs. Themature miRNAs
modulate gene expression by incorporatingwith a complex called RNA-
induced silencing complex (RISC) whereas the other strand is likely to
be degraded. In most cases the mature miRNA interacts with the 3′-
UTR of the target mRNAs leading to their degradation and inhibition
of translation (Fig. 3) (Garzon, Fabbri, Cimmino, Calin, & Croce, 2006).

The expression ofmiRNA is quite analogous to that of protein-coding
genes as they are regulated by both genetic and epigeneticmechanisms.
Recent research has mapped the presence of miRNA genes in the com-
mon breakpoint regions of oncogenes and tumor suppressor genes
and fragile regions of the genome which are preferential site for dele-
tion, translocation or amplification suggesting their involvement in
driving the behavior of tumor growth. In addition studies have found
a link between epigenetics and miRNA, for example various miRNAs
are able tomodulate the activity of epigenetic modifying enzymes asso-
ciated with carcinogenesis (Guil & Esteller, 2009). miRNA serves as a
part of the regulatory network which takes part in silencing gene ex-
pression by methylation and modifying the structure of chromatin. Al-
though a number of miRNA has been identified till date, mir-127 was
the first epigenetically regulated microRNA associated with cancer
(Saito et al., 2006).

Indeed with the progress in the field of micro RNA it was possible
to come across numerous microRNAs that are regulated by the epige-
netic machinery viz. DNA methylation and histone modificaiton. One
of themost common epigenetic alterations includes DNAmethylation
and it has been observed that numerous microRNA genes are
hypermethylated resulting in miRNA silencing. Among them miR-9,
mir-148, miR-124, miR-137, miR-34, miR-127, miR-512 are frequent-
ly reported to be silenced in various types of cancer. Apart frommeth-
ylation, histone modifications have also been associated with miRNA
expression. Studies have identified a link between histone modifica-
tions (especially H3K27 and H3K9) and miR-212 gene contributing
towards the development of lung cancer (Incoronato et al., 2011).

On the other hand a different outlook of miRNA has also been
established in controlling DNA methylation and histone modification
i.e. they are capable of targeting genes that regulate the epigenetic path-
way creating a highly organized feedback pathway (Denis, Ndlovu, &
Fuks, 2011). An abnormal expression of these microRNAs, called epi-
miRNAs has been associated with various diseases. Studies have identi-
fied numerous miRNA that control chromatin structure by altering his-
tone deacetylase enzymes and polycomb group related genes (Sato,
Tsuchiya, Meltzer, & Shimizu, 2011). For instance, miR-1 and miR-140
are involved in targeting HDAC4 isoenzyme whereas miR-449a binds
to the HDAC1 and regulates their expression pattern (Chen et al.,
2006; Noonan et al., 2009). Also noted is the fact that the expression
of EZH2 a catalytic subunit of the polycomb repressive complex 2
(PRC2) is altered by the epi-miRNA miR-101(Varambally et al., 2008).
Moreover, a family of miRNAs (miR-29) regulates the expression of
maintenance DNA methyltransferases DNMT3a and DNMT3b. Studies



Fig. 3.miRNA biogenesis. Most miRNA are transcribed by the enzyme RNA polymerase II to form the initial transcript which is known as primary microRNA (pri-miRNA). The primary
miRNA contains an imperfect structure with a long sequence extending from the 5′ and 3′ end. The pri-miRNA is processed by microprocessor complex containing DROSHA and
DGCR8 to form the precursor miRNA (pre-miRNA). The pre-miRNA is exported into the cytoplasm by Exportin 5 in association with Ran-GTP. The pre-miRNA is further processed by
DICER in the cytoplasm which removes the stem loop to generate a double stranded RNA of 20-25 nucleotide long. The double stranded RNA cleaves to form a mature miRNA which
associates with RNA induced silencing complex (RISC). The mature miRNA guides RISC to recognize the target mRNA leading to mRNA degradation or translation repression.
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have established that by repressing the activities of DNA methyltrans-
ferases, miR-29 suppresses tumorigenesis by altering the existing DNA
methylation pattern in a cell (Morita et al., 2013). Taken together the
role of epi-miRNA in epigenetic control of gene expression is enormous
and a lot remains to be uncovered.

3. Epigenetic alterations in cancer

3.1. Aberrant DNA methylation in cancer

Alteration in DNA methylation pattern is very closely associated
with the initiation and progression of cancer and itwas also thefirst epi-
genetic alterations to be identified. Two seemingly opposing pattern of
DNAmethylation are observed in cancer cells which includes increased
methylation of CpG islands and an overall decrease in global DNAmeth-
ylation pattern (Feinberg & Vogelstein, 1983). Although the fundamen-
tal mechanisms leading to these alterations arewidely investigated, it is
fairly clear that minute changes occur early in the architecture of DNA
leading to cancer initiation (Feinberg, Ohlsson, & Henikoff, 2006). For
instance, a recent study investigated the prevalence of early DNAmeth-
ylation changes associated with the development of breast cancer,
where they confirmed frequent DNA methylation changes in pro-
moters, far-upstream regions, introns, LINE-1 and satellite 2 DNA re-
peats (Rauscher et al., 2015).

Numerous reports have established the role of hypermethylated
CpG islands in cancer development including the nature of genes
involved (Esteller, 2002). Moreover, recent data have contributed to
the fact that increased methylation are observed in promoter CpG
islands of normally unmethylated genes specially the tumor suppressor
genes in cancerous cells (Smiraglia et al., 2001). In this regard the gene
CDKN2A, which is involved in cyclinD-Rb pathway for keeping the ret-
inoblastoma protein in its active state is worth mentioning. This gene
encodes a cyclin dependent kinase inhibitor p16INK4A which is critical
in cell cycle progression. Promoter hypermethylation of p16INK4A leads
to uncontrolled cell cycle progression which is commonly observed in
almost all tumors (Herman et al., 1995). Furthermore, hypermethyla-
tion of p16INK4A gene in patients suffering from non-small cell lung can-
cer (NSCLC) and colorectal cancer (CRC) have a poor overall survival
rate (Xing et al., 2013). Not only tumor suppressor gene, promoter
hypermethylation is also connected with other genes that are strongly
involved with tumorigenesis. The gene p73, which is closely related
with p53 is found to be hypermethylated in various cases of lymphomas
(Pei et al., 2011). Similarly p15INK4A, a gene related to p16INK4A is
hypermethylated in numerous haematological malignancies (Quintás-
Cardama et al., 2012). Moreover, silencing of the tissue inhibitor of me-
talloproteinase-3 (TIMP-3) gene, a negative regulator of angiogenesis
leads to malignant growth. A recent study by Guan and colleagues
(Guan, Zhang, Song, & Dai, 2013) suggested that hypermethylation of
promoter region of TIMP3 gene was associated with the development
of gastric cancer and it has also been demonstrated by Lin H and col-
league (Lin et al., 2012) that the levels of TIMP-3were significantly de-
creased in colorectal cancer tissue. Although DNA hypermethylation

Image of Fig. 3
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can directly induce gene silencing, there are certain indirect ways by
which hypermethylation can silence genes leading to tumorigenesis.
These include silencing of DNA repair genes and various transcription
factors. Alteration in DNA repair genes leads to the accumulation of
DNA damage eventually promoting cancer development (Lahtz &
Pfeifer, 2011). Hypermethylation occurring in DNA repair genes like
BRCA1 (Homologous Recombination Repair pathway),MGMT gene (Di-
rect repair), MLH1 and MSH2 gene (Mismatch repair), ERCC1 gene
(Non-homologous end joining) are some of the widely studied genes
associated with cancer development. A recent study by Zhu and col-
leagues (Zhu et al., 2015) suggested that promoter hypermethylation
of BRCA1 gene decreases the overall survival of patients and can be
used as a biomarker for triple negative breast cancer. Also, aberrant
hypermethylation ofMLH1 promoter is highly common in endometrial
carcinoma which is associated with microsatellite instability (Esteller,
Levine, Baylin, Ellenson, & Herman, 1998). For more details readers
are suggested to go through the excellent review by Esteller (2000). It
has also been observed that silencing transcription factors such as
RUNX3, GATA-4, GATA-5 by hypermethylation leads to the inactivation
of their downstream targets which are involved in various cellular pro-
cess. RUNX3 belongs to the family of transcription factors that plays a
vital role in TGF-β signalling pathway. Evidence suggests that in lung
cancer cell lines and primary lung cancer specimen, RUNX3 is
inactivated by aberrant DNA hypermethylation (Li et al., 2004). Similar-
ly the GATA family of transcription factors are associated with gastroin-
testinal development, and it has been observed that in colorectal cancer
promoter hypermethylation leading to transcriptional silencing of
GATA-4 and GATA-5 are very frequent (Akiyama et al., 2003).

Global hypomethylation of DNA plays a key role in tumor
formation and are found at various genomic locations including
retrotransposons, CpG poor promoters, repeat sequence and
numerous other sites (Rodriguez et al., 2006). Themost common phe-
nomenon associated with hypomethylation is the overexpression of
proto-oncogenes and growth factors which are responsible for various
hallmarks of cancer (Szyf, Pakneshan, & Rabbani, 2004). Hypomethy-
lation of retrotransposable elements leads to their activation which
leads to genomic instability. Moreover studies have demonstrated
that in non-small cell lung cancer genomic instability due to
retrotransposable element hypomethylation is very closely related
(Daskalos et al., 2009). Similarly hypomethylation of repeat sequence
is also associated with genomic instability and is highly prevalent be-
tween various cancer types (Ross, Rand, & Molloy, 2010). The most
characterized feature of genomic instability is demonstrated in pa-
tients with immunodeficiency, centromeric region instability and fa-
cial anomalies (ICF) syndrome. This is a unique DNA methylation
deficiency disease with a germ line mutation in DNMT3B enzyme
leading to chromosomal anomalies and is observed in many cancers
(Ehrlich, Jackson, & Weemaes, 2006). In addition, cancer associated
hypomethylation also affects gene regionswhich can express aberrant
protein products. For instance, the gene encoding urokinase type plas-
minogen activator (PLAU/uPA) is hypomethylated and leads to tumor
progression in breast and prostate cancer (Ehrlich, 2009). The expres-
sion of uPA is strongly correlated with its hypomethylated status with
studies reporting the overexpression of uPA and its receptor uPAR in
malignant brain tumor (MacDonald, DeClerck, & Laug, 1998). They
play a major role in the migration and invasion of gliomas. Similarly
various growth factors are affected by hypomethylation. For example,
Insulin-like growth factor 2 (IGF-2) has a monoallelic expression pat-
tern in non-malignant cells, however loss of imprinting due to hypo-
methylation is observed in the second allele of malignant cells
because of which biallelic expression of the growth factor takes
place leading to uncontrolled tumor cell proliferation (Leick, Shoff,
Wang, Congress, & Gallicano, 2012). Recent findings implicate that
in certain cancer various genes harbour DNA hypomethylation in
their gene body. For example the Alu repeat of TGFB2which is present
in the intronic region of the gene is hypomethylated in some cancer
cell line. Another hypomethylation is observed in the region overlap-
ping a CpG island in the exon of PRDM16 gene in cancer cell lines
(Ehrlich & Lacey, 2013). Although the exact reasons bridging hypome-
thylation and cancer is still unclear, it is anticipated that deficiency of
numerous enzymesmight play a role. Also it should be taken into con-
sideration that how specific genes are hypomethylated in cancer and
others are spared is still unclear, providing unexplored areas for future
research in this direction.

3.2. Alterations of Histone proteins in Cancer

Extensive findings have suggested that variation in the organization
of histone PTMs is widely allied with cancer. These aberrations add a
higher level of complexity in understanding tumorigenesis. Advance-
ment in sequencing technology has facilitated the mapping of chroma-
tin changes in the development of cancer. Moreover, it is also clear that
alterations in histone proteins are found to be present globally across
the genomic DNA and also at a specific locus of a gene (Bannister &
Kouzarides, 2011).

The incorporation of acetyl group at a lysine residue of histone tail
has the potential to alter the compaction state of chromatin and can
also regulate the intracellular pH. Recent studies have identified that
many tumors have low intracellular pH along with a reduction in the
level of histone acetylation (McBrian et al., 2013). In addition, alteration
in the global level of histone acetylation especially loss of lysine 16 acet-
ylation on H4 histone (H4K16ac) and trimethylation of lysine 20 on H4
histone (H4K20me3) has been linked to a variety of cancer (Fraga et al.,
2005). Acetyl groups are incorporated into the lysine tail of histone pro-
teins by histone acetyltransferases. With the over-activity of these en-
zymes hyperacetylation occur leading to the activation of proto-
oncogenes whereas tumor suppressor genes are silenced because of
hypoacetylation. There exist a balance between histone acetylation
and histone deacetylation which is very often altered in cancer cells.
The HAT Gcn5 plays a pivotal role in regulating cell cycle, DNA damage,
cell proliferation and regulating transcription suggesting that an anom-
alous activity in this enzyme can lead to cellularmalfunction resulting in
malignant growth. It was observed that Gcn5 along with a transcrip-
tional adapter protein Ada3 plays a key role in breast cancer cell prolif-
eration (Germaniuk-Kurowska et al., 2007). Moreover, a recent study
demonstrated the role of Gcn5 in lung cancer where Chen and col-
leagues observed that Gcn5 potentiates non-small cell lung cancer
growth with the involvement of E2F1 and various cell cycle regulatory
proteins (Chen et al., 2013). A bulk of literature suggests the involve-
ment of Tip60, MOZ, MORF in the development of cancer. These en-
zymes facilitate the activation of various proteins which in turn steers
the cell towards malignant growth. Human Tip60 is associated with
NuA4 complex and establishes connection with other subunit of the
complex which seems to play a role in oncogenesis (Judes et al.,
2015). The monocytic leukemia zinc finger protein (MOZ) is found to
be fused with other transcription factors which are critical towards leu-
kemogenesis (Timmermann, Lehrmann, Polesskaya, & Harel-Bellan,
2001). Especially the fusion of MOZ-TIF2 is associated with the gain of
function of MOZ leading to AML in murine bone marrow (Deguchi et
al., 2003). Mis-sense point mutation in the p300 gene was observed in
colon and gastric adenocarcinoma and was associated with the loss of
the wild-type allele (Iyer, Özdag, & Caldas, 2004). Moreover, in diffuse
large B-cell lymphoma the HAT activity of p300/CBP are disabled due
to point mutation and non-sense mutation (Haery, Lugo-Picó, Henry,
Andrews, & Gilmore, 2014). Methylation of lysine residue on histone
has been extensively studied for cancer formation. The Lysine methyl-
transferase SUV39H1 function to maintain genome stability and ap-
pears to play a tumor-suppressive role. However, in acute myeloid
leukemia, tumor suppressor genes such as p15INK4B are silenced because
of SUV39H1 mediated H3K9me (Lakshmikuttyamma, Scott, DeCoteau,
& Geyer, 2010). EZH2, the enzymatic subunit of PRC2 is extensively
linked with the metastasis of various cancers. Lysine 27 at histone H3
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is methylated by EZH2, however it is not clear whether methylation of
H3K27 drives the tumorigenic action of EZH2 (Kim & Roberts, 2016).
Methylation of H3K79 is catalysed by DOT1Lwhich causes transcription
elongation and is associated with mixed lineage leukemia (MLL).
McLean and colleagues suggested that MLL fusion proteins like AF9,
AF10 recruit DOT1L to increase H3K79methylation leading to the irreg-
ular expression of genes contributing to leukemia (McLean et al., 2014).
H3K36 methylation is catalysed by SMYD2 and its levels are raised in
various cancer including esophageal squamous cell carcinoma. In addi-
tion, a recent study identified the growth promoting role of SMYD2 in
pancreatic cancer (Reynoird et al., 2016).

The activation of genes such as c-fos and c-jun has been linked with
the phosphorylation of H3S10 (Nowak& Corces, 2004). It is noteworthy
that these are proto-oncogenes and are involved in cell cycle progres-
sion, apoptosis and cellular proliferation linking histone phosphoryla-
tion with malignant transformation. The phosphorylation of H3S10 is
mainly carried out by Aurora B kinase and it has been observed that in
several cancers like glioblastoma, hepatocellular and colorectal cancer
the levels of Aurora B are increased (Ota et al., 2002; Tanaka et al., 2008).

Impairment in DNA damage repair machinery leads to a higher risk
of cancer development. The K63 linked polyubiquitination on H2A and
H2AX is catalysed by the DNA damage response regulator RNF8 and
RNF168 (Huen et al., 2007). Studies have suggested that loss of function
of histone ubiquitination enzyme weakens DSB associated
polyubiquitination of H2A and H2AX and increases ionizing radiation
associated cell damage (Pandita et al., 2013). Monoubiquitinaiton of
H2B at lysine 120 plays a crucial role in transcription, DNA damage re-
sponse and it has been observed that inmany cancers like lung, colorec-
tal and breast levels of H2Bub1 are very low or absent (Cole et al., 2015).
Moreover, USP22 an ubiquitin hydrolase is highly expressed in malig-
nant cancer and it catalyses the removal of ubiquitin from
monoubiquitinated histones H2A and H2B. The involvement of DSB to-
wards genomic instability and cancer development is very well
established and studies have suggested that a deficiency in the biotinyl-
ation of K12H4 is the initial signalling episode in response to DSB.

3.3. miRNA and cancer

An increasing amount of literature has suggested that miRNAs are
epigenetically regulated and deregulation of miRNAs in cancer has
been extensively studied.Most of themiRNAs are involved in regulating
cell cycle progression, apoptosis, differentiation and other crucial pro-
cess in the cell and alterations in them through epigenetic pathways
are implicated in numerous cancer types (Kunej et al., 2011). Recent re-
searchhas clearly documented the role ofmiRNAs in all the hallmarks of
cancer. For example miR-15 and miR-16 was identified at the chromo-
some location 13q14.3 which is frequently deleted in chronic lympho-
cytic leukemia leading to an aberrant expression of anti-apoptotic
genes (Calin et al., 2002). Although studies have identified the overex-
pression of miR-9 in brain (Nass et al., 2009), hypermethylation of
miR-9 loci is evident in numerous tissue including colon, neck and
lung carcinoma (Bandres et al., 2009; Kang et al., 2013; Liu, Chen, Yu,
Xia, & Zhou, 2009). Moreover, the locus of miR-9-1 is heavily methylat-
ed both in invasive ductal carcinoma and the intra-ductal component of
invasive ductal carcinoma of breast (Lehmann et al., 2008). In addition,
recent study has indicated that CpG island methylation of miR-9 gene
was considerably higher in gastric cancer tissue (Li et al., 2014). Further-
more, role ofmiR-9 in themetastasis of esophageal squamous cell carci-
nomahas been established via repressing E-cadherin (Song et al., 2014).

Members of miR-148/152 family consisting of miR-148a, miR-148b
andmiR-152 play a significant role in the development of cancer. Grow-
ing evidence has identified miR-148/152 family members as potential
oncogenes and tumor suppressor genes. Studies have reported the up-
regulation of miR-148a in the plasma of multiple myeloma patients
leading to poor survival (Huang, Yu, Li, Liu, & Zhong, 2012). Moreover
up-regulation of miR-148b was also observed in hepatocellular
carcinoma (Yuan et al., 2012). On the other hand studies have indicated
the anti-tumor effect of miR-148a especially in breast cancer where it
was able to halt the proliferation and migration of breast cancer cells
by targeting MMP-13 (Xue, Chen, Gu, Zhang, & Zhang, 2016). The ex-
pression ofmiR-148/152 familymembers is reduced due tomethylation
occurring at the CpG islands of miR-148/152 family member genes. Lit-
erature suggests that in gastric cancer overexpression of DNMT1 caused
hypermethylation of miR-148a gene leading to its inactivation (Xia,
Guo, Yan, & Deng, 2014).Moreover TGFβ signalling pathway pays a cru-
cial role in carcinogenesis and is a target of miR-148 family members.
Epigenetic inactivation of miR-148 family by DNA methylation leads
to enhanced signalling of TGFβ leading to tumor growth andmetastasis
(Neuzillet et al., 2015).

miR-34a controls the production of various target proteins associat-
ed with cell cycle progression and apoptosis. miR-34a is inactivated by
DNAmethylation occurring in the CpG island next to its transcriptional
start site which is a frequent observation in various malignancies
(Lodygin et al., 2008). In addition, Kwon and colleagues demonstrated
that expression of miR-34a is epigenetically silenced in human cholan-
giocarcinoma cells suggesting its tumor suppressive role (Kwon et al.,
2016). Also in soft tissue sarcomas (STS), hypermethylation of miR-
34b/c is very frequently observed in its late clinical stages (Xie et al.,
2015).

Downregulation of miR-137 by CpG islandmethylation has been ob-
served in several cancers (Balaguer et al., 2010; Deng et al., 2011; Zhao
et al., 2012). Accumulating evidence has established that ectopic ex-
pression of miR-137 significantly lowered Cdc42 and Cdk6 levels lead-
ing to cell cycle arrest at G1 phase in lung cancer cells (Zhu et al.,
2013). miR-124 is the most prevalent miRNA in the brain and an aber-
rant expression leads to central nervous system related malignancies.
Diversemodes of miR-124 expression have been observed in numerous
cancers including glioblastomas (Karsy, Arslan, & Moy, 2012). Recent
report suggests that miR-124 acts as a tumor suppressor and might be
useful in treating human glioblastoma by targeting STAT3 (Li et al.,
2016). Moreover studies have identified that DNMT1 induction by Hep-
atitis C virus (HCV) led to the suppression of miR-124 in HCV related
intrahepatic cholangiocarcinoma (Zeng et al., 2012). A greater frequen-
cy in the hypermethylation of miR-124-1 gene was observed in non-
Hodgkin’s lymphoma (Wong et al., 2011).

miR-200 is recognized as a cell’s autonomous suppressor of epitheli-
al to mesenchymal transition (EMT) and metastasis. Reports suggest
that Zinc finger E-box binding homeobox transcription factor 1 (ZEB1)
is involved in EMT and an overexpression of ZEB1 has been identified
in numerous cancer (Liu, El-Naggar, Darling, Higashi, & Dean, 2008).
Studies have identified that miR-200 overexpression inhibited ZEB1
mediated metastasis in colorectal cancer cells (Sun, Ding, Zhi, & Chen,
2015). Indeed it has been demonstrated that miR-200 silencing by
CpG island hypermethylation causes the transition between EMT and
vice versa leading to tumorigenesis (Davalos et al., 2012).

4. Epigenetic drugs for cancer

4.1. Drugs altering DNA methylation:

An amplified level of DNA methylation due to the over-activity of
DNMTs, occurring in the CpG island of tumor suppressor genes leads
to silencing of gene expression. Because of the reversibility of this type
of modification, inhibition of DNMTs is considered an interesting thera-
peutic strategy as it may lead to the restoration of tumor suppressor
gene activity. Advancement in the field of epigenetic research has led
to the development of numerous DNMT inhibitors that are well catego-
rized and tested in clinical trials. The DNMT inhibitors are divided into
two broad classes: nucleoside and non-nucleoside analogues. The nu-
cleoside analogues were initially designed as antimetabolites but only
after 1977 their hypomethylating properties came to surface
(Constantinides et al., 1977). Azacytidine (5-azacytidine) and
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Decitabine (5-aza-2′-deoxycytidine) are the two oldest nucleoside ana-
logue that gets intercalatedwith theDNAduring S phase of the cell cycle
where they are recognized by the DNMTs. These analogues then acts as
a suicide inhibitor forming a covalent irreversible complex with the en-
zyme, ultimately leading to its proteasomal degradation. The toxic pro-
file of the older nucleoside analogues has been addressed by the
development of Zebularine and 5-fluoro-2′-dexoycytidine which are
more effective nucleoside DNMT inhibitors. Even though Zebularine is
used at a much higher dose compared with the suicide analogues to at-
tain the same demethylation levels in the cell it is associated with less
cytotoxicity at that concentration. Promising data from numerous clini-
cal trials have led the approval of nucleoside analogues Azacitidine and
Decitabine by FDA for the management of myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML) (Derissen et al., 2013). Al-
though Zebularine was found to have better anti-cancer profile com-
pared to Decitabine and Azacitidine its limited oral bioavailability and
incompetent metabolism has hindered its clinical use (Holleran et al.,
2005; Yang, Lay, Han, & Jones, 2010). Ongoing studies have led to the
development of various new nucleoside inhibitors. NPEOC-DAC a 5
azacytidine derivative has been developed which gets converted into
Decitabine by carboxylesterase 1 (Fahy, Jeltsch, & Arimondo, 2012). Al-
though promising its use as a drug candidate has not been reported. RX-
3117 is another nucleoside analogue with an ability to inhibit DNMT1
(Choi et al., 2012). Studies have also identified its anti-cancer effect in
vivo (Yang et al., 2014). A nucleoside analogue that has currently under-
gone Phase I clinical trial for the treatment of MDS and AML is SGI-110
(Issa et al., 2015). It is a newhypomethylating agent that is derived from
decitabine and is a promising candidate for MDS and AML. The investi-
gational drug CP-4200, an elaidic acid ester of azacitidine works as a
pro-drug and has demonstrated better therapeutic profile than
azacitidine (Brueckner et al., 2010). A research teamat the Southern Re-
search Institute has investigated the potential of thiocytidine analogues
as DNMT inhibitors. They have identified two analogues 4′-thio-2′-
deoxycytidine and 5-aza-4′-thio-2′-deoxycytidine that can inhibit
DNMT1 in both cancer cell lines and animal models of cancer
(Thottassery et al., 2014).

Due to the cytotoxic property of the nucleoside analogues several
non-nucleoside inhibitors of DNMTs are being developed with the
idea that these compounds can bind at the catalytic site of the enzymes
without directly incorporating into the DNA (Song, Han, & Bang, 2011).
Studies conducted in 2009 reported a quinoline derivative SGI-1027
with an ability to inhibit DNA methyltransferase (Datta et al., 2009). It
is a lipophilic quinoline derivative that can inhibit DNMT1, 3A and 3B
and because of its basic property it binds weakly with the AT rich region
of DNA. Recent studies have indicated it to be more selective towards
human DNMT3A compared to human DNMT1 (Rilova et al., 2014). Al-
though promising, very few reports are available establishing it as a clin-
ical drug candidate. A quinone antibiotic nanaomycin A which was
isolated from a strain of Streptomyces initially demonstrated to be a
DNMT1 inhibitor from virtual screening (Kuck, Singh, Lyko, &
Medina-Franco, 2010; Umezawa et al., 1975). However, biochemical
analysis conducted using nanaomycin A suggested its selectivity to-
wards DNMT3B enzyme and was able to reactivate silenced tumor sup-
pressor genes in human cancer cells (Kuck, Caulfield, Lyko, & Medina-
Franco, 2010). Further studies are vital to determine its potential in clin-
ical trials. A phthalimido-L-tryptophan derivative RG108was developed
as a DNMT inhibitor through in silico drug design. Recent study demon-
strated that RG108 induced the expression of E-cadherin in
promyelocytic leukaemia cells given alone or in combination with
HDAC inhibitors (Savickiene, Treigyte, Jazdauskaite, Borutinskaite, &
Navakauskiene, 2012). Moreover studies have also indicated that
RG108 was able to protect retinal pigment epithelial cells from oxida-
tive stress by up-regulating methylated silenced genes involved in pro-
ducing antioxidant enzymes (Tokarz, Kaarniranta, & Blasiak, 2016).
Naturally occurring compounds, especially polyphenols have been
widely studied for their DNMT inhibitory activity (Busch et al., 2015).
The flavan-3-ol Epigallocatechin-3-gallate which is profuse in green
tea inhibits DNMT1 enzyme directly (Yiannakopoulou, 2015). Studies
have shown that flavonoids like Quercetin, Myricetin and Fisetin
inhibited DNMT1 enzyme in a dose dependent manner
(Subramaniam, Thombre, Dhar, & Anant, 2014). Moreover flavones
and flavanones like apigenin and hespertin are also been proved to in-
hibit DNMT enzyme in human cancer cell lines (Fang, Chen, & Yang,
2007). Hydralazinewhich is indicated for themanagement of hyperten-
sion has been studied for its potential as a DNMT inhibitor. Graca and
colleagues demonstrated that in prostate cancer cells hydralazine treat-
ment lowered the production of DNMT1, DNMT3a and DNMT3b mRNA
suggesting its potential in reducing the malignant growth through epi-
genetic alterations (Graça et al., 2014). Evidence also suggests that com-
bining hydralazine with the HDAC inhibitor valproic acid would be a
more effective treatment option in the epigenetic therapy of cancer
(Dueñas-Gonzalez et al., 2014). The antiarrhythmic drug procainamide
has been studied for its ability to alter the epigenentic machinery of a
cell. Work carried out by Lee and colleagues suggested that procain-
amidewas able to hinder the hemimethylase activity of DNMT1without
much alteration in the activity of DNMT3a and DNMT3b (Lee,
Yegnasubramanian, Lin, & Nelson, 2005). Studies have reported that
the expression of tumor suppressor genes like p16INK4a, RAR-β, GSTP1
was restored by procainamide treatment (Ren et al., 2011). The ester
analogue of procainamide i.e. procaine also has the ability to hinder
the levels of DNA methylation in a cell. Studies have suggested that it
has a more affinity towards CpG rich sites and acting partially towards
DNMT enzymes (Amatori, Bagaloni, Donati, & Fanelli, 2010). Treatment
with procaine caused a reduction in 5-methylcytosine content in breast
cancer cell line suggesting it as a promising DNA demethylating agent
(Villar-Garea, Fraga, Espada, & Esteller, 2003). An antisense oligonucle-
otide designed to bindwith the 3′ untranslated region of DNMT1mRNA
and hindering with its transcription is MG98. It is a second generation
DNMT inhibitor specifically inhibiting DNMT1 without altering
DNMT3 expression (Amato, 2007). Clinical study has been carried out
with MG98 in combination with Interferon for the treatment of meta-
static renal cell carcinoma andwas proven to be safe at a particular dos-
age (Amato et al., 2012). However further studies needs to be carried
out to market it as a drug candidate. Table 1 highlights the various
DNMT inhibitors used in preclinical and clinical setup.

4.2. Drugs altering histone modification

Various posttranslational modifications of histone protein are car-
ried out using numerous enzymes that are involved in the addition or
deletion of several covalent attachments at specific histone residues. Al-
teration or deregulation in the functions of these enzymes is involved
with malignant growth. Thus, the development of newer therapies di-
rected towards these enzymes can be beneficial for the treatment of
cancer. Currently histone deacetylase inhibitor is the only approved epi-
genetic therapy in clinics altering histone proteins. However, continu-
ous efforts are being made for the development of specific inhibitors
to target various other enzymes involved in the alteration of histone
proteins. Fig. 4 summarizes the various epigenetic drug targets.

4.2.1. Histone methyltransferases inhibitor
Histone methyltransferases (HMT) are linked with gene regulatory

complex and affect the pattern of gene expression. Histone lysinemeth-
yltransferases modify lysine residues generating various degrees of
methylation. The overexpression of these enzymes is observed in nu-
merous types of cancer suggesting them to be a potential therapeutic
target (Wagner & Jung, 2012). The lysine methyltransferase DOT1L is
a distinctive HMT that does not contain the SET domain andmethylates
H3K79 in the globular domain. DOT1L has an S-adenosyl methionine
(AdoMet) binding domain and based on this EPZ004777was developed
by a team of researchers (Daigle et al., 2011). In vitro selectivity of
EPZ004777 was observed against DOT1L enzyme in MLL cells and



Table 1
DNA methylation inhibitors (DNMTi).

DNA methylation inhibitors

Category Compound Development stage Tumor type Developer/Marketer References

Nucleoside analogues

Azacytidine Approved MDS Celgene Derissen et al. (2013)
Decitabine Approved MDS Otsuka, Janssen Derissen et al. (2013)
Zebularine Preclinical Solid tumors NCI Yang et al. (2010)
RX-3117 Clinical Pancreatic, Bladder Rexahn Pharmaceuticals Yang et al. (2014)
SGI-110 Clinical MDS, AML Astex Pharmaceuticals Issa et al. (2015)
CP-4200 Preclinical MDS Clavis Pharma Brueckner et al. (2010)

Non-nucleoside analogues

SGI-1027 Preclinical Solid tumors SuperGen, Inc. Rilova et al. (2014)
Nanaomycin A Preclinical Lung, colon, leukemia GCRC Kuck, Caulfield, et al. (2010), Kuck, Singh, et al. (2010)
RG 108 Preclinical leukemia GCRC Savickiene et al. (2012)
Polyphenols Preclinical Solid tumor, leukemia Naturally occurring Busch et al. (2015)
Hydralazine Clinical Solid tumor Known molecule Graça et al. (2014)
MG98 Clinical Renal Methylgene Inc. Amato et al. (2012)

Various experimental and clinical molecules serving as DNAmethylation inhibitors are shown here. Apart from the compounds highlighted here numerous experimental compounds are
being tested for theirDNMT inhibitory properties.MDS-Myelodysplastic syndrome, NCI—National Cancer Institute, AML—Acutemyeloid leukemia, GCRC—German Cancer Research Center
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decreased H3K79 methylation. Moreover a new DOT1L inhibitor EPZ-
5676 was found to inhibit H3K79 methylation leading to the reduction
in MLL-fusion gene expression. In addition in vivo studies in xenograft
model of MLL-translocated leukemia EPZ-5676 proved to be effective
in reducing tumor growth without any significant toxicity (Daigle et
al., 2013). A study conducted by Klaus and colleagues demonstrated
that EPZ-5676 displayed synergistic antiproliferative effect in combina-
tion with cytarabine or daunorubicin in MLL-rearranged leukemia cells
Fig. 4. Epigenetic targets. Modification of histone proteins on the nucleosome core is carried o
epigenetic targets with numerous inhibitors already approved by the FDA and many underg
explored for the development of epigenetic drugs. Apart from the targets shown here other po
(Klaus et al., 2014). The core component of PRC2 includes EZH2 and it is
associated with themethylation of H3K27 leading to repression of gene
expression. Overexpression of this enzyme is found in numerous can-
cers including B-cell lymphoma, prostate and breast cancer (Volkel,
Dupret, Le Bourhis, & Angrand, 2015; Zhou et al., 2015). Targeting the
degradation of EZH2 utilizing S-adenosyl-L-homocysteine hydrolase in-
hibitor DZNep has been effective in inducing apoptosis and inhibiting
metastasis in chondrosarcoma cells (Girard et al., 2014). Direct inhibitor
ut by various enzymes including HAT, HDAC, KMT and KDMs. All these enzymes serve as
oing clinical trials for the same. The enzyme DNA methyltransferases (DNMT) are also
ssible epigenetic targets for drug development are also available.

Image of Fig. 4
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of EZH2, EPZ005687 has been developed by a team of researchers at
Epizyme, Inc., with the ability to lower H3K27 methylation in lympho-
ma cells (Knutson et al., 2012). Another selective inhibitor of EZH2,
EPZ-6438 was developed by Knutson and colleagues which was found
to be superior to the previous molecule. This compound was effective
in reducing tumor growth in EZH2mutant non-Hodgkin lymphoma xe-
nograft bearing mice model of cancer prompting further studies in pa-
tients (Knutson et al., 2014). The lysine methyltransferase, SMYD2
methylates lysine residues on Histone H2B, H3 and H4 apart from
non-histone targets. A selective inhibitor of SMYD2, AZ505 was devel-
oped by a team of structural chemist at Astra Zeneca and reported the
crystal structure of SMYD2 where AZ505 was bound at the peptide
binding site of SMYD2 (Ferguson et al., 2011). However, few reports
are available depicting further studies. Another selective inhibitor of
SMYD2 is LLY-507 which is reported to inhibit the proliferation of sev-
eral cancer cell lines including liver and breast cancer cell lines
(Nguyen et al., 2015). These data warrants further in vivo studies to as-
sess it potential in preclinical studies. A recent study was conducted by
Sweis et al. where they analyzed the critical binding sites of AZ505
(Sweis et al., 2015). In modifying the structure they came up with A-
893, a compound with increased potency for SMYD2. They predicted
its increased activity due to the presence of hydroxyl group capable of
forming hydrogen bond with lysine pocket. Preliminary in vitro data
with the compound was encouraging portraying the development of
new SMYD2 inhibitors.Methylation of H3K9 is catalyzed by themethyl-
transferase G9a. G9a is up-regulated in numerous cancer and a specific
inhibitor of G9a would be beneficial. BIX-01294 was identified with the
potential to selectively impair G9a activity after screening thousands of
other compounds. In vitro studies demonstrated that the compound
was able to lower H3K9 methylation levels in various cell lines
(Kubicek et al., 2007). Another inhibitor of G9a UNC0638 was highly ef-
fective in in vitro setup (Vedadi et al., 2011). Recently a peptide-compet-
itive inhibitor of G9a, A-366 was developed that was effective against
leukemic cell lines (Pappano et al., 2015). Set 7/9 methylates H3K4
and is also associated in methylating the estrogen receptor. An X-ray
crystal structure of an inhibitor bound to Set 7/9 domain has been re-
ported. Recently cyproheptadine was identified as an inhibitor of Set
7/9 in breast cancer cell regulating estrogen-dependent gene expression
(Takemoto et al., 2016). Table 2 shows various HMT inhibitors at differ-
ent stage of development.

4.2.2. Histone demethylase inhibitor
Two classes of histone demethylase (KDMs) inhibitors have been

identified: the amine oxidases like histone demethylases (Lysine-spe-
cific demethylases LSD1/2) belong to KDM1 subfamily and the iron
and α-ketoglutarate dependent jumonji C (JmjC) domain containing
demethylase belonging to larger KDM subfamilies (KDM2-8).

Phenelzine, Tranylcypromine and Pargyline were the initial com-
pounds reported to inhibit LSD1. Prusevich and colleagues reported a
Table 2
Histone methyltransferase inhibitors.

Histone methyltransferase inhibitors

Category Compound Development stage Tumor type

DOT1L inhibitor
EPZ004777 Preclinical Mixed lineage
EPZ-5676 Clinical Hematologica

EZH2 inhibitor
DZNeP Preclinical Colon, Breast
EPZ005687 Preclinical lymphoma
EPZ-6438 Clinical Lymphoma an

SMYD2 inhibitor
AZ505 Preclinical Gastric cance
LLY-507 Preclinical Liver, Breast,
A-893 Preclinical Lung

G9a inhibitor
BIX-01294 Preclinical Neuroblastom
UNC0638 Preclinical Breast
A-336 Preclinical Leukemia

Somepreclinical and clinical compounds acting as histonemethyltransferse inhibitors are being
methyltransferase inhibitory potential which is not displayed here. NCI—National Cancer Instit
novel phenelzine analogue capable of inhibiting LSD1 enzyme com-
pared to LSD2 in vitro.Moreover they also observed a reduction in mul-
tiplication rate of prostate and lung carcinoma cells (Prusevich et al.,
2014). Numerous reports suggests the role of tranylcypromine in
inhibiting LSD1 and researches are continually modifying its structure
to come up with new and better inhibitors of LSD1. Indeed, two new
LSD1 inhibitors based on the structure of tranylcypromine has been de-
veloped and are currently undergoing clinical trials (Zheng et al., 2016).
Recently the LSD1 inhibitor Pargyline has been demonstrated to inhibit
the process of epithelial to mesenchymal transition in prostate cancer
cell lines and delayed the progression of cancer from androgen depen-
dent to independent state (Wang et al., 2015). Polyamine derivatives
were also reported to inhibit LSD1 function with studies highlighting
the role of polyamine analogues 2d or PG11144 in the treatment of
breast cancer. They observed an increase in H3K4 methylation in
MDA-MB-231 cell line with an alteration in the expression pattern of
multiple genes (Zhu et al., 2012). In addition, derivatives of
(bis)guanidines and (bis)biguanides exhibited increase in H3K4 marks
by inhibiting LSD1 in lung cancer cell lines (Sharma et al., 2010).
Namoline, a reversible inhibitor of LSD1, halts its demethylase activity
leading to silencing of gene expression and impairment of androgen de-
pendent proliferation in prostate cancer (Willmann et al., 2012). A re-
cent study proved that inhibition of LSD1 with HCI-2509 reduced the
levels of c-MYC in prostate cancer cell lines and has a potential in doce-
taxel-resistant prostate cancer (Gupta et al., 2016). However all the in-
hibitors described so far has only been evaluated in preclinical models
and few reports are available describing clinical studies with those
compounds.

With our increased understanding about the structure and function
of JmjC domain it has been possible to design and develop novel inhib-
itors for this class of enzymes. N-oxalylglycine (NOG) which is closely
related toα-ketoglutarate was initially found to inhibit prolyl hydroxy-
lase is now known to inhibit JmjC KDMs (Hopkinson et al., 2013). Al-
though promising very few reports are available pertaining to its
clinical use. In the quest for identifying newer analogues directed to-
wards JmjC KDMs, the hydroxamic acid derivative SAHA (vorinostat)
demonstrated KDM4E inhibition (Rose et al., 2008). Screening of a se-
ries of 8-hydroxyquinoline derivative led to the identification of IOX1,
which is a potent inhibitor of many KDM subtypes (Hopkinson et al.,
2013). Similarly reports suggests that pyridine-2,4-dicarboxylic acid is
an inhibitor of several JmjC KDMs and are more stable than NOG. Only
cellular studies on this molecule have been carried out so far using it
as a prodrug (Rose et al., 2008). In addition to all the inhibitors described
so far a number offlavonoids have been shown to inhibitmany subtypes
of JmjC KDMs. Studies carried out onmyricetin, epigallocatechin gallate
and caffeic acid demonstrated their ability to inhibit few subtypes of
KDMs in cell based analysis. For more comprehensive information
about histone lysine demethylases inhibitors readers are suggested to
go through the excellent review by Thinnes (Thinnes et al., 2014),
Developer References

leukemia
Epizyme Inc.

Daigle et al. (2011)
l malignancy Daigle et al. (2013)

NCI Girard et al. (2014)

Epizyme Inc.
Knutson et al. (2012)

d Solid tumors Knutson et al. (2014)
r AstraZeneca Ferguson et al. (2011)
Esophageal Eli Lilly & Company Nguyen et al. (2015)

AbbVie Inc. Sweis et al. (2015)
a Vienna Biocenter Kubicek et al. (2007)

University of North Carolina Vedadi et al. (2011)
AbbVie Inc. Pappano et al. (2015)

highlighted here. Numerous experimental compounds are also being evaluated for histone
ute.



Table 3
Histone demethylase inhibitor.

Histone demethylase inhibitors
Category Compound Development stage Tumor type Developer References

LSD1 inhibitor

Phenelzine analogue Preclinical Lung, Prostate John Hopkins University Prusevich et al. (2014)
Tranylcypromine analogue Clinical Leukemia Oryzon Genomics Zheng et al. (2016)
Pargyline Preclinical Prostate Albert-Ludwigs-University Wang et al. (2015)
Polyamine analogues Preclinical Breast John Hopkins University Zhu et al. (2012)
Bisguanidines Preclinical Lung Wayne State & John Hopkins University Sharma et al. (2010)
Namoline Preclinical Prostate Albert-Ludwigs-University Willmann et al. (2012)
HCI-2509 Preclinical Prostate Huntsman Cancer Institute Gupta et al. (2016)

JmjC domain inhibitor
8-hydroxy quinolines Preclinical Inhibition of target protein University of Oxford King et al. (2010)
Pyridine dicarboxylates Preclinical Inhibition of target protein University of Oxford Rose et al. (2008)
Flavonoids Preclinical Inhibition of target protein Naturally occurring Thinnes et al. (2014)

Various experimental compounds inhibiting the two broad classes of histone demethylase enzymes are being highlighted here. The table only highlights few important histone
demethylase inhibitors in various stages of development.
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Hoffmann (Hoffmann et al., 2012) and McAllister (McAllister et al.,
2016). Table 3 highlights some of the experimental histone
demethylase inhibitors.

4.2.3. Histone acetyltransferase inhibitors
The involvement of histone acetyltransferases in transcriptional reg-

ulation make this groups of enzymes an important target. Numerous
small molecule inhibitors have been described targeting a class of
HAT. Among them isothiazolones consisting of N-alkyl and N-aryl sub-
stituents were proved to inhibit PCAF and p300 HATs causing a reduc-
tion in the proliferation of colon cancer cells (Stimson et al., 2005). In
silico screening for a panel of compounds led to the identification of
C646, which is a competitive inhibitor of p300. Recent study demon-
strated that C646 was able to arrest cell cycle and induce apoptosis in
AML1-ETO-positive acute myeloid leukemia (AML) cells (Gao et al.,
2013). A naturally occurring chemical compound, Anacardic acid was
proven to inhibit a member of theMYST family of HATs in cellular stud-
ies (Sun, Jiang, Chen, & Price, 2006). Based on this, numerous structural
analogs of anacardic acid were being developed with studies reporting
6-alkylsalicylates as selective Tip60 inhibitors (Ghizzoni et al., 2012).
All the above described experimental compounds have established
their HAT inhibitory activity in cellular and biochemical studies, howev-
er very few reports are available with in vivo studies. Recently Gajer and
colleagues revealed two pyridoisothiazolone derivatives PU139 and
PU141 that were able to inhibit Gcn5, PCAF, CBP and p300 in cellular
studies with PU141 displaying more selectivity towards CBP and p300.
The efficacy of these compounds was also established in xenografts
mice where they were able to reduce histone lysine acetylation (Gajer
et al., 2015). Table 4 displays some preclinical HAT inhibitors.

4.2.4. Histone deacetylase inhibitor
The level of histone acetylation in a cell is preserved by the balance

of HAT and HDAC activity. It is widely accepted that genome wide
changes in histone acetylation is associated with cancer development
and aberrant activity of HDAC is linked to oncogenic event. Hydroxamic
acid derivative Vorinostat was the first HDAC inhibitor approved by the
FDA. It is indicated for the treatment of cutaneous T cell lymphoma
(CTCL). Other hydroxamic acid derivatives which are in various phases
of development include Abexinostat, Pracinostat, Resminostat,
Givinostat, Panobinostat. Abexinostat has demonstrated promising
Table 4
Histone acetyltransferease inhibitors.

Histone acetyltransferase inhibitors
Category Compound Development stage Tum

p300 inhibitor C646 Preclinical Inh

Tip60 inhibitor
Anacardic acid Preclinical Bre
6-alkyl salicylates Preclinical Inh

Pyridoisothiazole derivative PU139, PU141 Preclinical Neu

The table highlights some of the experimental compounds developed as Histone acetyltransfer
anticancer activity in preclinical study. Recently report from a phase 1
clinical trial with Abexinostat suggested that patients with follicular
lymphoma were benefited with this drug (Morschhauser et al., 2015).
Furthermore a phase I/II trial with Abexinostat showed that it was
well tolerated and effective in follicular lymphoma (Evens et al.,
2016). Pracinostat is another hydroxamic acid analogue with HDAC in-
hibitory potential. A phase II trial with pracinostat in patients with
myelofibrosis displayed its tolerability with modest clinical activity
(Quintás-Cardama et al., 2012). Recently FDA has approved Pracinostat
with a designation of breakthrough therapy in combination with
azacitidine for the treatment of AML. The HDAC inhibitor Resminostat
(developed by 4SC)was assessed in patients with refractory or relapsed
Hodgkin lymphoma and was found to possess admirable safety profile
(Walewski et al., 2010). Moreover results from the SHELTER study
showed that resminostat in combination with sorafenib can be useful
for advanced hepatocellular carcinoma (Bitzer et al., 2016). Another
novel HDAC inhibitor 4SC-202 was recently evaluated in a phase I trial
in patients with advanced hematological malignancies
(NCT01344707). Givinostat is another hydroxamate derivative with
proven clinical activity in patients with Hodgkin’s lymphoma and mul-
tiple myeloma. A phase II study was carried out with givinostat in com-
bination with hydroxycarbamide (HC) to treat polycythemia vera.
Results from the study proved that combined use of Givinostat and HC
was clinically effective (Finazzi et al., 2013). The HDAC inhibitor
Panobinostat was approved by FDA for the treatment of multiple mye-
loma. Farydak (Panobinostat) is to be taken in combination with
bortezomib and dexamethasone for multiple myeloma. A phase I
study in patients with advanced solid tumor has been carried out with
an oral hydroxamate HDAC inhibitor Quisinostat with the sign of target
modulation and antitumor activity (Venugopal et al., 2013). Recently a
phase II trial was carried out with Quisinostat where it was found to
be active in the treatment of patients with relapsed or refractory CTCL
(Child et al., 2016). Clinical trial of a selective HDAC6 inhibitor
Rocilinostat developed by Acetylon pharmaceuticals has suggested
that rocilinostat alone or in combination with bortezomib and dexa-
methasonemight be a treatment option for relapsed/refractorymultiple
myeloma (Raje et al., 2012). A dual acting HDAC and PI3K inhibitor
CUDC-907 developed by Curis pharmaceuticals was found to be safe
as a monotherapy in patients with relapsed or refractory lymphoma
and multiple myeloma (Younes et al., 2016). Another small molecule
or type Developer References

ibition of target enzyme John Hopkins University Bowers et al. (2010)
ast Naturally occurring Sun et al. (2006)
ibition of target enzyme University of Groningen Ghizzoni et al. (2012)
roblastoma Albert-Ludwigs-Uiversity Gajer et al. (2015)

ase inhibitors. Other experimental compounds are also available which are not shown.
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CUDC-101 which is a multi-target inhibitor of HDAC, EGFR and HER2
was recently evaluated in a phase I study in patients with head and
neck squamous cell carcinoma (Galloway et al., 2015). An orally active
anti-angiogenic drug Tasquinimod which is an allosteric modulator of
HDAC4 has been evaluated clinically for the treatment of castration re-
sistant prostate cancer (Sternberg et al., 2016). Another pan-HDAC in-
hibitor developed by Arno therapeutics (AR-42) which was evaluated
clinically in hematologic malignancies is recently been evaluated in a
phase I trial in patients with advanced solid tumors (NCT01129193).
Benzamide derivatives are another class of HDAC inhibitors among
which mocetinostat, entinostat and CI-994 (tacedinaline) has been
evaluated clinically. Mocetinostat was found to be safe in patients
with Myelodysplastic syndromes and displayed antileukemic activity.
Moreover a phase II trial conducted in patientswith chronic lymphocyt-
ic leukemia demonstrated its efficacy profile. Another benzamide deriv-
ative Entinostat has been evaluated for numerous cancer types in the
clinics. In addition combination of entinostat with erlotinib for NSCLC
patientwas assessed and no significant changewas observed in the out-
come when compared with erlotinib alone (Witta et al., 2012).
Tacedinaline has been evaluated in combination with gemcitabine in
patients with advanced pancreatic cancer and non-small cell lung can-
cer (Richards et al., 2006) (NCT00005093). The short chain fatty acid de-
notes another class of HDAC inhibitors among which Valproic acid and
phenylbutyrate are two well characterized compounds. Phase I clinical
trial with valproic acid (VPA) was conducted in patients with refractory
solid tumors or central nervous system tumors andwas found to bewell
tolerated. Even for the treatment of neuroendocrine tumors VPA was
found to be effective (Mohammed et al., 2011). Various cellular investi-
gations have been carried out with phenylbutyrate with a recent report
suggesting its ability to suppress the growth of glioblastoma cell line
(Kusaczuk, Krętowski, Bartoszewicz, & Cechowska-Pasko, 2016). How-
ever few clinical reports are available suggesting its usage in the clinics.
A plethora of natural compounds have been screened for their HDAC in-
hibitory potential. Among them Amamistatin, isolated from Nocardia
asteroids, the natural cyclopeptide FR235222 isolated from the fermen-
tation broth of Acremonium sp., chlamydocin from Diheterospora
chlamydosporia, apicidin from Fusarium sp. are worth mentioning
(Mottamal, Zheng, Huang, & Wang, 2015). For a more comprehensive
information readers are suggested to refer the excellent reviews
(Manal, Chandrasekar, Priya, & Nanjan, 2016; Mottamal et al., 2015).
Table 5 highlights various approved HDAC inhibitors and some HDAC
inhibitors which are evaluated clinically for various malignancies.

5. Concluding remarks

The widespread belief that cancer is a disease characterized by ge-
netic irregularities has been challenged based on the advancement in
Table 5
Histone deacetylase inhibitors

Histone deacetylase inhibitors
Category Compound Development stage Tumor typ

Hydroxamic acid derivatives

Vorinostat Approved CTCL
Abexinostat Clinical Follicular
Pracinostat Approved AML
Resminostat Clinical HL, HCC
Givinostat Clinical HL, MM, P
Panobinostat Approved Multiple m

Benzamide derivative
Mocetinostat Clinical MDS, CLL
Entinostat Clinical NSCLC

Cyclic Peptides Romidepsin Approved CTCL, PTC

Short chain fatty acids
Phenylbutyrate Clinical Glioblasto
Valproic acid Clinical Solid tum

Various clinical and preclinical compounds having histone deacetylase inhibitory property ha
highlighted here. CTCL—Cutaneous T—Cell Lymphoma, AML—Acute Myeloid Leukemia,
PV—Polycythemia Vera, DMD—Duchenne Muscular Dystrophy, MDS—Myelodysplastic syn
PTCL—Peripheral T-cell lymphoma, CRC—Colorectal carcinoma
genomic technologies which provided us with a bird’s eye view about
the molecular cause of cancer. Although defects in the blueprint of
DNA remains as one of the obvious path leading towards malignant
growth, the participation of epigenetic factors in oncogenesis cannot
be refuted. The extensive alterations of the epigenome including modi-
fication of histone proteins and chromatin remodeling complex are
some of the vital epigenetic changes associated with cancer. Indeed
with the application of next generation sequencing technology re-
searchers were able to identify that in human cancer, genes controlling
the epigenome are highly mutated suggesting having consequence on
multiple pathway relevant to cancer phenotype.

The abundance of genetic mutations occurring in the epigenetic reg-
ulatory complexes and proteins provide a number of fundamental tar-
gets in the field of epigenetic drug discovery. It is beyond the shadow
of a doubt that these targets are some of the most widely studied re-
search topic throughout the globe and has definitely incited its consid-
eration in the R&D sector of the billion dollar pharmaceutical industry.
Having said that, with an estimate of approximately 1.8 billion dollar
(Paul et al., 2010) to bring a new chemical entity into themarket the ef-
ficiency of the pharmaceutical R&D in choosing the target will play a
crucial role. We should move beyond the traditional approach and
delve into newer avenues to achieve maximum benefit in terms of
R&D productivity. As most of these epigenetic targets are enzymes and
with the success in developing effective inhibitors for erasing epigenetic
marks (histone deacetylase enzymes), other targets such as readers of
epigenetic marks and chromatin remodeling complex should be the
contender of choice. Moreover, the presence of genetic mutations
should not solely be the criteria to escort the drug development process,
aswe have seen that FDA has approved HDAC inhibitors which are used
clinically without reports of any genetic alteration occurring in this en-
zyme. Molecular characterization of cancer through the use of high-
throughput genotype/phenotype technologies and the identification of
clinically relevant biomarkers should be a way forward in the drug dis-
covery program.

In spite of the above avowals, there remains a lot to uncover before
we can apply our current knowledge in a clinical setup. The burning
issue of epigenetic drug discovery is that of selectivity. The approved
HDAC inhibitors are non-selective towards the HDAC enzyme leading
to various undesirable effects. Recent attention has been generated to-
wards the development of isoform specific inhibitors with a belief that
it will lead to superior therapeutic drugswith lower toxic profiles. How-
ever, looking at the failure in the drug development program the valid-
ity of this statement can only be accepted once we have selective
isoform inhibitors in the clinics. Moreover, studies have suggested that
hematopoietic malignancies are more vulnerable towards epigenetic
therapies leaving a blind side about their effectiveness in solid tumor.
The use of epigenetic therapies in combination with the conventional
e Developer References

Merck Mann et al. (2007)
lymphoma Pharmacyclics Evens et al. (2016)

MEI Pharma Quintás-Cardama et al. (2012)
4SC Bitzer et al. (2016)

V, DMD Italfarmaco S.P.A. Finazzi et al. (2013)
yeloma Novartis Moore (2016)

Mirati Therapeutics Boumber et al. (2011)
Syndax pharmaceuticals Witta et al. (2012)

L Gloucester pharmaceuticals VanderMolen et al. (2011)
ma, CRC Known molecule Kusaczuk et al. (2016)
ors, CNS tumors Known molecule Mohammed et al. (2011)

s been shown here. Numerous other experimental molecules are available which are not
HL—Hodgkin lymphoma, HCC—Hepatocellular Carcinoma, MM—Multiple Myeloma,
drome, CLL—Chronic Lymphocytic Leukemia, NSCLC—Non-small cell lung carcinoma,
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chemotherapymight be a valid strategy to look forward in treating solid
tumors. These are few out of many other challenges facing epigenetic
drug discovery program.

The road travelled so far in cancer epigenetics have provided un-
precedented information but there is still a long and treacherous way
ahead of us without a map leading towards success. We believe that
the landscape of cancer will continue to evolve in the future and we
hope that the field of cancer epigenetics will evolve with it and surprise
us.
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