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Abstract: Background: Epigenetic alterations comprise key regulatory events that dynamically alter
gene expression and their deregulation is commonly linked to the pathogenesis of various diseases,
including cancer. Unlike DNA mutations, epigenetic alterations involve modifications to proteins and
nucleic acids that regulate chromatin structure without affecting the underlying DNA sequence, altering
the accessibility of the transcriptional machinery to the DNA, thus modulating gene expression. In can-
cer cells, this often involves the silencing of tumor suppressor genes or the increased expression of
genes involved in oncogenesis. Advances in laboratory medicine have made it possible to map critical

ARTICLE HISTORY  epigenetic events, including histone modifications and DNA methylation, on a genome-wide scale. Like
the identification of genetic mutations, mapping of changes to the epigenetic landscape has increased

Received: October 24,2018 our understanding of cancer progression. However, in contrast to irreversible genetic mutations, epige-
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DOL- going studies are evaluating the use of epigenetic drugs in chemotherapy sensitization and immune
10.2174/1874467212666190215112915  system modulation. With the preclinical success of drugs that modify epigenetics, along with the FDA

approval of epigenetic drugs including the DNA methyltransferase 1 (DNMT1) inhibitor 5-azacitidine
@ CrossMark and the histone deacetylase (HDAC) inhibitor vorinostat, there has been a rise in the number of drugs

that target epigenetic modulators over recent years.

Conclusion: We provide an overview of epigenetic modulations, particularly those involved in cancer,
and discuss the recent advances in drug development that target these chromatin-modifying events,
primarily focusing on novel strategies to regulate the epigenome.
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1. INTRODUCTION the nucleus [1]. Histones are highly abundant in the basic
amino acids lysine and arginine, which facilitate their bind-
ing and interaction with the negatively charged DNA. Eu-
karyotic DNA and the histone proteins together form the
macromolecular chromatin complex in higher organisms. In
1974, Roger Kornberg described the basic structural unit of
chromatin and termed it the nucleosome. The nucleosome
core is comprised of 147 base pairs of DNA wrapped 1.65
times around four core histone proteins (H2A, H2B, H3 and
H4) [2]. Histone HI1, the linker histone, facilitates DNA
compaction by stringing the bead-like nucleosomes together,
leading to higher-order chromatin structures [3]. Histone H5
is another variant form of linker histone that assists in con-
densation of nucleosome chains [4]. The protruding N-
terminal tails of histones are subject to several post-
translational modifications that can significantly alter chro-
matin architecture by affecting their interaction with DNA

[5].
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Conrad Waddington coined the term ‘epigenetics’ to de-
scribe heritable changes in phenotype that were independent
of the changes in DNA sequence. More recently, epigenetics
refers to chromatin-based events that regulate gene expres-
sion through biological mechanisms that involve changes to
chromatin structure. Deregulation of these chromatin-
modifying processes is central to the genesis of various dis-
eases, including cancer. The eukaryotic genome is highly
complex and is composed of 23 pairs of chromosomes that
encode approximately 20,000 genes. The extended length of
eukaryotic DNA measures about 2 meters in length. In order
for it to fit inside the nucleus of human cells, the diameter of
which is merely 5-10 pm, the DNA needs to be tightly and
efficiently packaged. Histones are positively charged scaf-
folding proteins that are required for DNA packaging within

1874-4702/19 $58.00+.00 © 2019 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/1874467212666190215112915&domain=pdf

216 Current Molecular Pharmacology, 2019, Vol. 12, No. 3

Kaur et al.

Table 1. DNA and Histone modifications and their functions.
Chromatin Modification Residues Modified Enzymes Function
DNA Modifications
5-methylcytosine Cytosine DNA methyltransferases Transcription [30]
5-hydroxymethylcytosine Cytosine Ten-eleven translocation enzymes Transcription, self-renewal of stem cells [32]
5-formylcytosine Cytosine Ten-eleven translocation enzymes Transcription [30]
5-carboxylcytosine Cytosine Ten-eleven translocation enzymes Transcription [30]
Histone Modifications
Acetylation K-ac HATI, CBP/p300, PCAF/GCNS, TIP60 Transcription, repair, replication, condensa-
HBO1, ScSAS3 tion [65]
ScSAS2 (SpMST2)
ScRTT109
Methylation K-mel, K-me2, K-me3, SirT2 (ScSir2), SUV39H1, SUV39H2 Transcription, repair [81]
R-mel R-me2a R-me2s G9a, ESET/SETDBI
EuHMTase/GLP, CLL8
SpClr4, MLL1, MLL2,
MLL3, MLL4, MLLS5,
SET1A, SET1B, ASH1,
Sc/Sp SET1, SET2, (Sc/Sp SET2), NSD1,
SYMD2, DOT1, Sc/Sp DOT1, Pr-SET 7/8,
SUV4 20H1, SUV420H2, SpSet 9,
EZH2,RI1Z1,LSD1/BHC110, JHDM1a, JHDM1b,
JHDM2a, JHDM2b,
JMID2A/JHDM3A, IMID2B, JMJD2C/GASCI1,
JMJD2D, CARMI, PRMT4, PRMT5
Phosphorylation S-p, T-p, Y-p Haspin, MSK 1, MSK2, CKII Transcription, repair, condensation
Mstl, JAK2, EGFR 1, 16,1631
Ubiquitylation K-ub Bmi/Ringl A, RNF20/RNF40 Transcription, repair [99]
Sumoylation K-su SAE1/SAE2, UBCY, PIAS family proteins, RanBP2, Transcriptional repression, repair [103]
Pc2
Neddylation K-ned UBA3/NAEIL, UBE2F, RNF111 Transcription, repair [112]
ADP ribosylation E-ar PARPI, SIRT4 Transcription, repair [92]
Deimination R > Cit Protein arginine deiminases Transcription and decondensation [92]

Proline isomerization P-cis > P-trans ScFPR4 Transcription [92]
Formylation K-fo DNA binding [163]
Hydroxylation Y-OH IMJD6 Chromatin demethylation [163]

O-GlcNAcylation

S-GlcNAc, T-GIcNAc

O-Linked N-acetylglucosamine transferase

Transcription [163]

Butyrylation K-bu p300, CBP Transcription [163]
Propionylation K-pr MYST family Not known [163]
Crotonylation K-cr p300 Transcription [163]
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histone modifications known to date. Biological processes
like DNA replication and transcription require DNA binding
factors to access the appropriate regions on DNA to faith-
fully carry out their functions. This access is extremely lim-
ited due to the tightly-packed nano-architecture of chroma-
tin. DNA and histone modifications can dictate the chroma-
tin assembly by altering the non-covalent interactions be-
tween the nucleosomes. The altered chromatin structure can
then either serve as a docking site for transcription factors or
can hinder the binding of these factors to the chromatin. His-
tone post-translational modifications and DNA methylation
are thus important regulators of nucleosome dynamics,
thereby impacting gene regulation [6]. Epigenetic repression,
in general, is attributed to a more compact topology of chro-
matin and is directly governed by DNA and histone methyla-
tion and nucleosome aggregation by the cohesin and
polycomb complexes. Conversely, epigenetic activation is a
result of a more open conformation of chromatin structure,
also called a nucleosome free region (NFR), that is facili-
tated by histone post-translational modifications such as ace-
tylation or the incorporation of histone variants [7].

Epigenetic modifiers are broadly classified into three
groups. Epigenetic “writers” are a dedicated group of en-
zymes that add modifications to histones or DNA. Methyla-
tion (DNA methylation, protein arginine methylation, his-
tone lysine methylation) and acetylation (histone acetylation)
are among the most widely studied modifications catalyzed
by these enzymes. The chemical modifications added by
epigenetic writers are recognized by a set of proteins called
epigenetic “readers” that mediate the effects of these modifi-
cations on to the transcription machinery. Epigenetic readers
(DNA methylation readers, histone methylation readers and

Epigenetic writers
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histone acetylation readers) contain specialized domains that
can efficiently detect and bind to the modifications added
onto the DNA and histones and can assist in the recruitment
of transcriptional activators or repressors. The post-
translational modifications laid down by epigenetic writers
can be reversed by another set of enzymes called epigenetic
“erasers” (DNA demethylases, histone demethylases and
histone deacetylases) [8]. The addition and removal of the
chemical tags can be dictated by the cell’s response to its
environment or internal homeostasis, as per its requirement,
and results in modification of gene expression through
changes in DNA accessibility and the recruitment of proteins
that activate or repress gene transcription. While these three
classes of proteins are involved in gene regulation under
normal cellular conditions, deregulation of the expression
and activity of these epigenetic regulators has been fre-
quently implicated in human disease, including the develop-
ment and progression of cancer. The dynamic and reversible
nature of these enzymatic epigenetic modifications makes
them ideal targets for drug discovery and cancer therapeutics

(Fig. 1).

The epigenetic machinery is extremely complex and het-
erogeneous, particularly in disease states, where changes in
expression and activity of chromatin modifying enzymes can
greatly influence changes in chromatin structure and gene
expression. Due to advances in laboratory technology (see
below), we can now precisely profile epigenetic mechanisms
involved in the progression of cancer and can develop epige-
netic inhibitors to combat the disease. Expanding literature
has clearly established the prevalence of mutations in read-
ers, writers and erasers apart from the ones found in chroma-
tin remodeling proteins. Almost 20% of all cancers display a

Enzymes that can imprint the chemical tags on histones or DNA

* DNMTs
* HKMTs
* PRMTs
* HATs

Epigenetic readers

Proteins with domains that can identify and interpret
modifications on histone or DNA

* PHDs
e Chromodomain
e Tudor
°* MBDs
* Bromodomains

Epigenetic erasers |\

Enzymes that remove the chemical tags from the histones or

* HKDMs
* HDACs

Fig. (1). Epigenetic readers, writers and erasers.
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mutation in the mammalian SWItch/Sucrose Non-
Fermentable (SWI/SNF) chromatin-remodeling complex [9].
Such a high mutation rate allows cancer cells to re-wire the
transcriptional machinery in order to adapt to environmental
changes. A variety of epigenetic drugs have been approved
by the FDA against cancer. Methylation inhibitors such as
Azacytidine and Decitabine were approved in 2004 and
2006, respectively, for leukemia and myelodysplastic syn-
dromes and histone deacetylase inhibitors like Vorinostat,
Romidepsin, Panobinostat and Belinostat were approved for
lymphoma [10]. The last decade has witnessed the develop-
ment of novel targeted therapies specifically designed
against the epigenetic components, i.e. readers, writers and
erasers. The ones that made it to clinical trials include JQ1
(BET bromodomain protein inhibitor), LSD1 (lysine-specific
histone demethylase—1) inhibitors, mutant IDH1 and IDH2
inhibitors, EZH2 (enhancer of zeste 2) inhibitors, PRMTS
(protein arginine methyltransferase 5) and DOT1L (disruptor
of telomeric silencing—1-like) inhibitors [11].

Having highlighted the significant impact of chromatin
remodeling on the regulation of molecular activities within a
cell, here we discuss various epigenetic factors and muta-
tions responsible for modifying the topology of chromatin
and the role of these factors during progression of the dis-
eased condition, especially, but not limited to, cancer. We
further discuss the progress achieved in the development of
pharmacological inhibitors against the deregulated epigenetic
factors.

2. MUTATIONS IN EPIGENETIC MEDIATORS

Regulated changes in chromatin structure and gene ex-
pression act to maintain cellular homeostasis. Perturbations
in normal gene expression form the basis of many human
diseases, including cancer. Epigenetics is a major determi-
nant of the normal genetic program and its dysregulation
plays a pivotal role in the development and progression of
tumorigenesis, allowing for suppression of tumor suppressor
genes and the increased expression of oncogenes. Addition-
ally, changes in chromatin structure have a multifaceted
function in regulating the enzymes involved in carcinogene-
sis. Comprehensive analysis of the genetic mutations in
chromatin reveals that they are sufficient to fuel cancer pro-
gression. Findings from cancer genome sequencing projects
suggest that 50% of cancers harbor mutations in the chroma-
tin or chromatin-associated proteins [12]. Such mutations
can reprogram epigenetic signaling and result in abnormal
gene expression, which results in diseases like cancer, neu-
ropsychiatric disorders and autoimmune diseases [13].

The frequent occurrence of mutations in chromatin regu-
latory proteins establishes that pervasive epigenetic dysregu-
lation promotes cancer initiation and development. The
Polycomb (PcG) and Trithorax (Trx) complexes are amongst
the most commonly mutated epigenetic proteins in cancer
[14]. PcG and Trx essentially act opposite to each other. PcG
aids in tri-methylation at histone H3 lysine 27 (H3K27), a
marker of repressed genes, whereas Trx catalyzes methyla-
tion of histone H3 Lys4 (H3K4), which is a modification that
is strongly associated with active promoters [15]. Mutation
in the TrxG member MLL1 by chromosomal translocation
has been documented in childhood mixed-lineage leukemias
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(MLLs) [16]. Point mutations in EZH2 (Y641), the enzy-
matic subunit of the PcG complex, are frequently observed
in non-Hodgkin lymphoma [17]. EZH2 Y641 expressing
cells show an increase in the methylation levels at
H3K27me3 [18-19]. In addition to Y641, other EZH2 acti-
vating mutations such as A677G [20] and A687V [21] have
also been reported. These studies encouraged the develop-
ment of EZH2 inhibitors for cancer therapy. GSK126, a
small molecule inhibitor of EZH2, has been shown to spe-
cifically inhibit the proliferation of B-cell lymphomas that
contain activating EZH2 mutations [22]. Pre-clinical studies
with CPI-1205, a potent selective and reversible EZH2 in-
hibitor, showed advanced anti-proliferative effects in lym-
phoma and prostate cancer cell models and in patients with
non-Hodgkin lymphoma [23]. Another first-in-class selective
EZH2 inhibitor, tazemetostat, has been investigated for
safety and clinical activity in patients with relapsed or refrac-
tory B-cell non-Hodgkin lymphoma and advanced solid tu-
mors. Tazemetostat was found to exhibit a suitable safety
profile and significant anti-cancer activity in patients and is
now being tested in phase 2 studies [24].

Alterations or mutations in histones themselves can act to
reprogram the epigenome and promote cancer progression.
For instance, in pediatric glioma, mutations at two critical
positions in histone H3.3, K27M and G34R/V, have been
shown to be strongly associated with glioblastoma (GBM)
pathogenesis [25]. Tumors which possess H3K27M mutation
exhibit lower levels of H3K27me3 [26]. Use of a H3K27M
transgene or peptide showed a reduction of endogenous
H3K27me2/3 through a mechanism involving an inhibition
of the PRC2 complex via interaction with EZH2 [27],
whereas H3G34R/V mutations do not necessarily affect
H3K27me?2/3 levels but they do inhibit H3K36me exclusive
to the HA-tagged H3.2/3 purified oligonucleosomes [27].
Apart from histone H3, histone H1 can also be mutated in
cancer conditions. Histone Hl mutant H1S102F shows re-
duced capacity to associate with chromatin [28], suggesting
that this mutant histone could result in local changes in
chromatin structure, although this mutation requires further
investigation. These reports collectively establish the asso-
ciation between the mutations in regulatory components of
chromatin and the potential for cancer development.

3. EPIGENETIC MODIFICATIONS TO DNA

DNA methylation is one of the best-described epigenetic
events that controls gene expression and is dysregulated in
diseases like cancer. It is generally considered to be a media-
tor of silencing gene expression and usually occurs at cyto-
sine residues, forming 5-methylcytosine. Methylation of cy-
tosine residues occurs predominantly in the CpG islands
within the genome. DNA methyltransferases (DNMTs) are
the group of enzymes that establish and maintain methyla-
tion patterns in the CpG islands throughout the genome by
catalyzing the transfer of a methyl group to a cytosine resi-
due within DNA, with additional methylation of RNA mole-
cules. DNMTs 1 and 3 localize to the nucleus, while
DNMT?2 localizes to the cytoplasm [29]. DNMT3a and 3b
(also known as de novo methyltransferases) can methylate an
unmethylated DNA and are particularly important in germ
cells and embryonic development. DNMT1 maintains
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methylation patterns after DNA replication, showing a pref-
erence for hemimethylated DNA, helping to maintain methy-
lation at most targeted CpG sites in dividing cells [30].
DNMT?2 acts as an RNA methyltransferase [29]. DNA meth-
ylation can go beyond the methyl-additive DNMTs. Ten-
eleven translocation (TET) proteins have been shown to
convert 5-methylcytosine (5SmC) to 5-hydroxymethylcy-
tosine (ShmC) in cultured cells [31], which may serve as a
means of demethylation of cytosine residues or may be in-
volved in other functional roles [32]. Moreover, hydrolytic
deamination of cytosine or 5-methylcytosine by cytidine
deaminases results in mutation to thymidine, changing the
genetic code if not repaired. DNA methylation at sites other
than CpG sites has also been reported [33]. Cells with
methylated non-CpG sites show lower DNA methylation at
protein binding sites and enhancers.

DNA methylation is frequently observed to be deregu-
lated in various cancer types and is an important mechanism
for gene silencing, particularly of tumor suppressor genes,
genes involved in DNA repair and those that help to main-
tain the epithelial phenotype. Suppression of gene expression
due to changes in methylation patterns can occur in cancer
types within the same tissue. For example, different subtypes
of breast cancer display different patterns of DNA methyla-
tion. This abnormal hypermethylation of DNA is more
prominent in luminal ERa positive breast cancer compared
to ERa negative subtypes [34]. Notably, various genes that
are essential for DNA repair are hypermethylated in colon
cancer. Promoter methylation of the DNA mismatch repair
gene MutL homolog 1 (MLH1) in sporadic primary colorec-
tal cancers results in loss of protein expression and a loss of
mismatch repair function [35-36]. In prostate cancer, hyper-
methylation of promoters of epithelium-specific genes and
hypomethylation of epithelial to mesenchymal transition
(EMT) markers are observed, resulting in EMT and stemness
[37]. In these cells, methylation of CpG islands by
DNMT3A was shown to play an important role in the ob-
served phenotype. The expression of various tumor suppres-
sor genes is repressed by promoter hypermethylation, which
contributes to tumor initiation and progression. Hypermethy-
lation of the cyclin-dependent kinase inhibitor 2A
(CDKN2A) gene, which codes for pl6-INK4a, was one of
the earlier observations of a tumor-promoting role of DNA
hypermethylation [38]. Other genes encoding CDK inhibi-
tory proteins, including pl15/CdkN2B [39] and p57KIP1
[40], have also been shown to be repressed through hyper-
methylation. Hypermethylation of the BRCA1 gene, which
promotes homologous recombination and is considered to
play a pivotal role in DNA repair by maintaining genome
integrity, has been demonstrated in multiple cases of breast
and ovarian cancers [41, 42]. Another methyltransferase,
EHMT2 (Euchromatic Histone Lysine Methyltransferase 2),
is involved in the methylation of histone H3 on Lysine 9.
This methylation event is also associated with transcriptional
repression and, like DNMTs, EHMT?2 protein expression and
activity is increased in human tumors [43-45]. Inhibition of
EHMT2 expression inhibits cancer cell proliferation and
tumor metastasis, demonstrating the importance of Histone
H3 methylation in cancer progression [43, 44, 46].

Given the reversible nature of methylation patterns in the
repression of genes that act to inhibit cancer development
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and progression, various DNMT]1 inhibitors/ hypomethylat-
ing drugs have been developed and tested for cancer treat-
ment (Table 2). 5-Azacytidine, a potent DNMT inhibitor,
and its derivatives are the most successful epigenetic drugs
to date and are currently used to treat leukemia and myelo-
dysplastic syndromes (MDS). Initially considered as a cyto-
toxic agent, azacytidine was later found to possess hy-
pomethylation activity as it incorporates into the DNA of
rapidly dividing cancer cells [47]. 5-Aza is transported into
the cells by the human concentrative nucleoside transporter 1
(hCNT1) [48], where it is phosphorylated by kinases to con-
vert it into its active triphosphate form, which is then incor-
porated in DNA or RNA. Incorporated azacytidine restricts
the methylation of DNA by DNMT due to the replacement
of C5 of cytosine with N5 of the modified pyrimidine of
azacytidine and directs DNMT towards proteasomal degra-
dation [49]. Apart from DNMT disruption through DNA
incorporation, 5-Aza can also incorporate within RNA and
induce ribosomal disassembly, which then hinders the trans-
lation of tumor promoting proteins [50]. Decitabine (5-Aza-
2’deoxycytadine), the deoxy form of 5-Aza, incorporates
more efficiently into DNA than does 5-Aza. Decitabine was
recently shown to restore the levels of the transcription factor
Sox2 accompanied by a decrease in invasive and migratory
potential of various head and neck cancer cell lines [51].
Instability of azacytidine and decitabine in the human
physiological environment is the major limitation of these
inhibitors. Guadecitabine, decitabine linked to a deoxy-
guanosine, is a more stable analog and shows improved
bioavailability and stability [52]. Guadecitabine clinical trials
involving 93 patients with acute myelogenous leukemia
(AML) or MDS showed favorable results [53]. A recent ad-
vance has come in the identification of a compound that in-
hibits both DNA and histone methylation. A first in class
dual DNMT/EHMT?2 inhibitor, CM272, promotes apoptosis
and hinders cell proliferation in vitro and in xenografts of
hematological neoplasias, including AML, acute lym-
phoblastic leukemia (ALL) and diffuse large B-cell lym-
phoma (DLCBL) [54].

Hydralazine and procainamide are two non-nucleoside
based DNMT inhibitors that have been tested for their poten-
tial therapeutic effect in solid tumors. Hydralazine, a widely-
used vasodilator for the treatment of high blood pressure,
blocks DNA methyltransferase activity by interaction of its
nitrogen residues with the Lys-162 and Arg-240 residues of
DNMT [55]. Procainamide, a sodium channel blocker used
for the treatment of arrhythmias, acts as a competitive inhibi-
tor of methyltransferase activity by binding to DNMTs. Al-
though these non-nucleoside DNMT inhibitors exhibit lower
cytotoxicity, they are not as potent as hypomethylating
agents as is 5-Aza [56]. Other strategies used for DNMT
inhibition are briefly described in Table 2.

Although genomic hypermethylation in cancer has gath-
ered immense attention, little is known about cancer
associated global hypomethylation. Human cancers, includ-
ing prostate metastatic tumors, leukocytes from B-cell
chronic lymphocytic leukemia, hepatocellular carcinomas
and cervical cancer exhibit global genomic hypomethylation
as compared to their respective normal tissues [57-60]. Re-
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Chemical Name

Mechanism of Action

Cancer Type

Clinical Stage

5-Azacytidine

Cytosine analog

High-risk myelodysplastic syndromes (MDS)

FDA approved for treatment of MDS

(48]
5-Aza-2’- Cytosine analog (MDS) FDA approved for treatment of MDS
deoxycytidine [48]
SGI-110 Cytosine analog Acute myelogenous leukemia (AML) and MDS Phase III clinical trial in AML [53]
5-Fluro-2’- Cytosine analog Refractory Solid Tumors Phase II clinical trial in refractory solid
deoxycytidine tumors [161]
Zebularine Cytosine analog Human bladder cancer, AML cell lines and primary Preclinical [161]
AML samples
CP-4200 Cytosine analog MDS Preclinical [161]
RG108 Small molecule inhibitor Endometrial cancer Preclinical [161]

Nanaomycin A Small molecule inhibitor

A549, HL60, and HCT116 cancer cell lines

Preclinical [161]

Procainamide Antiarrythmic drug

Cloned T-cell lines

Preclinical [55]

Hydralazine Antidiuretic

Cloned T-cell lines

Preclinical [55]

Valproic acid Antiepileptic and mood

stabilizer

AML or MDS

Preclinical [76]

cently PRMT6, a protein arginine methyltransferase that
demethylates histone H3 arginine 2 (H3R2me2a), has been
shown to induce global hypomethylation in breast cancer
cells [61]. The chromatin signature of DNA hypomethylated
sequences is more profound at genomic regions that are
marked with a repressive H3K9me3 histone mark [62]. Thus
it is reasonable to propose that both localized hypermethyla-
tion and global hypomethylation play an important role in
cancer progression.

4. HISTONE MODIFICATIONS

Proteins of the histone family are some of the most abun-
dant and conserved alkaline proteins in eukaryotes and play
pivotal roles in DNA packaging and gene regulation. The
DNA strand is wrapped around the histone octamer, which is
composed of two copies of each of the core histones (H3,
H2A, H2B and H4). Histone H1 is a linker histone and helps
secure the DNA wound around the nucleosome [63]. The N-
termini of histone is amenable to various post-translational
modifications including, but not limited to, methylation, ace-
tylation, sumoylation, ubiquitylation, neddylation, phos-
phorylation and ADP ribosylation. Post-translational modifi-
cations to histones can alter the accessibility of DNA to pro-
teins and transcription factors. An open euchromatin struc-
ture is more amenable to binding of transcription factors and
is casually linked with gene activation, whereas a closed
heterochromatin structure is more restrictive and is a marker
of repressed genes. This circuitry involving post-translational
modifications of histones is thus considered crucial for the
regulation of gene expression. Apart from the canonical his-
tones, the epigenetic landscape also consists of histone vari-
ants which determine nucleosome stability. Histone variants
are more commonly descendants of HI, H2A and H3 fami-

lies. Their sequences and structures vary from the core his-
tones and are subjected to distinct post-translational modifi-
cations. Emerging evidence suggests a role for core histones,
histone variants and their PTMs as potential drivers of cancer
[64]. Thus multiple small molecule inhibitors of these epige-
netic events are currently being evaluated in the clinic for
cancer treatment and are discussed below.

4.1. Histone Acetylation

Histone acetylation is largely associated with active tran-
scription and is mainly localized at enhancer regions, pro-
moters and the gene body. Addition of a negatively charged
acetyl group to a histone tail results in charge neutralization
of the positively charged histone. This positive charge neu-
tralization weakens the electrostatic interaction between his-
tones and the negatively charged DNA, resulting in an open
conformation of chromatin that is more accommodating to
transcription factors. Histone acetylation is catalyzed by his-
tone acetyltransferases (HATs) which include the members
of the GNAT family (GenS-related N-acetyltransferases) that
specifically target H3K9, H3K14, H3K36 histones, the
MYST family that acetylate H4KS5, H4KS8, H4K 12, H4K 16,
H3K 14, H3K23 histones and the CBP/p300 (cAMP response
element binding protein) family that is responsible for acety-
lating H2AKS, H3K9, H3K23, H3K56 residues [65]. The
acetylation reaction mainly involves the transfer of an acetyl
group from the acetyl-coenzyme A (acetylCoA) cofactor to
the e-amino nitrogen of lysine residues. Besides charge neu-
tralization, lysine acetylation also supports the binding of
proteins with bromodomains (readers), which identify this
modification and aid in the recruitment of transcriptional
activators [66]. Thus acetylated lysines can serve as docking
sites for regulatory factors to bind to their target sequences
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and guide the recruitment of additional transcription factors
that stimulate gene expression.

Given the diverse role of histone acetylation in regulation
of various downstream biological processes, it is not surpris-
ing that deregulated histone modification is commonly
linked with the genesis of various diseases. A number of
reports describe the link between over-expressed histone
deacetylases (HDACs) and cancer progression or clinical
poor outcome [67]. HDAC inhibitors have been successfully
used in combination with DNA-damaging agents, taxanes,
death receptor agonists and hormonal therapies [68]. Re-
cently, it was established that paclitaxel-resistant non-small
cell lung cancer (NSCLC) cells exhibited increased HDAC
expression and activity, which augmented the rate of cell
proliferation. HDAC inhibition in these cells led to paclitaxel
sensitization and the induction of apoptosis [69]. In epider-
mal growth factor receptor (EGFR)-mutant lung cancer cells,
the HDAC inhibitor suberoylanilide hydroxamic acid
(SAHA, vorinostat) markedly reduced cell proliferation and
reduced tumor growth in a xenograft model by causing cell
cycle arrest in the G2/M phase [70]. Similarly, in multidrug
resistant colorectal cancer, inhibition of HDAC7 using
trichostatin A (TSA) relieved the histone hypoacetylation at
CNT2, which is a transporter of natural nucleosides and nu-
cleoside-derived drugs [71]. HDAC inhibitors have also been
shown to restore the expression of tumor suppressor genes,
such as tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Death Receptor 5 (DRS), which are fre-
quently involved in the induction of cellular apoptosis. Al-
ternatively, they have also been shown to inhibit the expres-
sion of pro-survival genes such as B-cell lymphoma 2
(BCL2). HDAC inhibitors can also enhance immune re-
sponses and upregulate major histocompatibility complex
class (MHC) I and II proteins and co-stimulatory molecules
such as CD80 and CD86 [72]. To date, three HDAC inhibi-
tors, vorinostat, romidepsin and panobinostat (LBH-589,
PS), have been FDA approved and are used for the treatment
of T-cell lymphoma and multiple myeloma.

TSA, an antifungal agent, has been shown to possess
reversible HDAC inhibitory activity that regulates apoptosis,
angiogenesis and cell differentiation. TSA promotes histone
H4 acetylation and results in increased expression of the
cyclin-dependent kinase inhibitor p21, which is associated
with G1 phase arrest [73]. The mechanism of anti-cancer
activity of vorinostat is quite similar to TSA. Vorinostat re-
presses telomerase activity by up-regulating p21. Valproic
acid (VPA), long-used as an anti-epileptic agent due to its
blockage of sodium channels in the brain, also acts as an
HDAC inhibitor [74] and has been shown to enhance the
sensitivity of lung cancer cells to cisplatin [75]. Combination
therapy of VPA with the CDK inhibitor P276-00 demon-
strated an enhanced therapeutic effect on NSCLC cell lines
[76]. Belinostat, a pan-histone deacetylase inhibitor, has
been FDA approved for the treatment of relapsed or refrac-
tory peripheral T-cell lymphoma (PTCL). Yet another
HDAC inhibitor, Panobinostat, was recently shown to sensi-
tize EGFR-mutated and wild-type NSCLC cells to the anti-
proliferative activity of the EGFR inhibitor erlotinib by en-
hancing the acetylation of histone H3 [77].
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Apart from targeting the aberrant expression of HDACs,
various strategies targeting bromodomain (BRD) and extra-
terminal domain (BET) proteins have been actively explored
over the past several years. BRD-containing proteins are the
readers of acetyl marks on histone tails which on interaction
with acetylated chromatin results in recruitment of regulatory
factors that influence gene expression. Their druggable na-
ture has encouraged the development of targeted therapies in
recent years. Two small-molecule inhibitors of BET proteins,
JQI and I-BET, have shown favorable results in pre-clinical
studies and are currently being tested in clinical trials [78].
JQ1 binds particularly well to BRD4 and inhibit the tran-
scription of the MYC oncogene [79], which is known to
promote hematological cancers such as acute myeloid leu-
kemia, B cell acute lymphoblastic leukemia and diffuse large
B cell lymphoma. A comprehensive review describing the
discovery and uses of bromodomain inhibitors was recently
published [80].

4.2. Histone Methylation

Methylation is one of the most complex and well-studied
PTMs of the histone. Histone tails can be methylated at ly-
sine and arginine residues, but the fact that these amino acids
can be mono-, di- or tri-methylated adds additional layers of
complexity to the functional responses to these modifica-
tions. Histone methylation is catalyzed by enzymes which
can be classified into three distinct families of proteins —the
SET-DOMAIN-containing protein family, the non-SET-
domain proteins DOT1/DOTIL and the protein arginine
methyltransferases (PRMT1) family. The SET-domain con-
taining protein methyltransferase superfamily includes mem-
bers that can methylate lysines in histone tails. Alternatively,
DOT1 family members methylate K79 in the globular region
of histone H3 and are structurally different from SET-
domain proteins. PRMTs catalyze the transfer of methyl
groups from S-adenosyl-L-methionine (SAM) to the gua-
nidino nitrogens of arginine residues.

Histone lysine methylation has been reported to occur at
H3 and H4. In contrast to lysine acetylation, which is usually
a mark of gene activation, lysine methylation can result in
either gene activation or repression, depending upon the site
being methylated [81]. Classically, H3K27me and H3K9me
are considered to depict a silent or compressed chromatin
whereas H3K4me, H3K36 and H3K79 are implicated in ac-
tivation of transcription. H3K27me is the most well
characterized modification and is catalyzed by the PcG pro-
tein and SET-domain containing histone methyltransferase
EZH2. EZH2 forms a complex with EED and SUZI2 in or-
der to methylate H3K27. The tri-methylation mark imparted
by EZH2 represents transcriptional repression; however, the
mechanism underlying this transcriptional downregulation is
still poorly understood. In contrast to acetylation, histone
methylation does not result in charge alteration, but instead
promotes the recruitment of regulatory factors which ulti-
mately results in gene suppression. Studies have shown that
EZH2 is required for recruitment of DNMT to its target gene
promoters and subsequent methylation of DNA [82]. These
studies also highlight the interconnectivity between DNA
and histone methylation. EZH2 has been frequently found to
be overexpressed in breast, prostate, lung and blood cancers
[83]. GSK126 is an EZH2 inhibitor with a Ki value of 0.5-3



222 Current Molecular Pharmacology, 2019, Vol. 12, No. 3

nM against wild-type EZH2 and all mutant forms. GSK126
has shown potent anti-proliferative activities in diffuse large
B-cell lymphomas that contain EZH2 activating mutations
[83]. Various other EZH2 inhibitors are currently under
clinical trials and many other inhibitors of mutant EZH2 are
currently being developed.

DOTIL (disruptor of telomeric silencing 1-like) methy-
lates H3K79, which can initiate an active transcriptional
state. Various reports have suggested a direct correlation
between DOTIL and breast cancer malignancy. Apart from
breast cancer, DOT1L plays an important role in the progres-
sion of lung cancer. Knockdown of DOTIL using siRNA
blocked the proliferation of both A549 and NCI-H1299 cells
[84]. DOTIL is also a target for mixed lineage leukemia
(MLL). EPZ004777 is a DOTIL inhibitor which exhibits
selective antitumor activity against MLL [85].

Similar to lysine methylation, arginine methylation can
either represent active or repressive chromatin. Arginine
methylation is difficult to detect in vivo; nevertheless, the
prevalence of a number of PRMTs suggests that this is a
relatively widespread modification. Extended literature dem-
onstrates increased levels of PRMTs in cancer progression.
Recently, higher expression of PRMTS was reported in lym-
phoma, leukemia and solid tumors [86]. A selective inhibitor
of PRMTS5 enzymatic activity, EPZ015666 (GSK3235025),
exhibits potent anti-proliferative effects in both in vitro and
in vivo models of MCL [87]. In NSCLC patients, PRMT1
and CARMI1 have been observed to be overexpressed.
PRMT1 promotes NSCLC progression and metastasis by
methylating the transcription factor Twistl, which further
represses CDH1 (E-cadherin), promoting EMT [88]. In
breast cancer, PRMT7 supports EMT and metastasis by in-
hibiting CDH1 expression [89]. Together, these reports sug-
gest that the development of inhibitors to arginine methyla-
tion could have an impact on several cancer types.

4.3. Histone Phosphorylation

Apart from acetylation and methylation, histone phos-
phorylation has also been long known to be involved in cel-
lular responses, especially after DNA damage and during cell
division. Serine, threonine and tyrosine are the amino acids
on histone tails that are prone to phosphorylation. Phos-
phorylation of the histone variant H2A. X at Ser 139 after
DNA damage identifies the site of impaired DNA in the
chromatin [69, 90]. Phosphorylation of histone H3 at S10 is
an exclusive histone mark associated with cellular transfor-
mation [91]. In mammalians, MSK1/2 and RSK2 are the two
kinases that have been shown to target H3S10. This modifi-
cation has been shown to be important for the activation of
NFKB-regulated genes [92]. H3S10 phosphorylation is also
widely known to aid transcriptional activation by promoting
H3K14 acetylation and altering the conformation of chroma-
tin. During mitosis, H3S10 can be phosphorylated by Aurora
B kinase which results in displacement of heterochromatin
protein 1 (HP1) from H3K9me, which is commonly associ-
ated with compressed chromatin [93]. Recently, Aurora B
kinase has also been shown to phosphorylate S31 of histone
H3.3 [94]. Other sites of phosphorylation linked to gene ac-
tivation are S28 and T11 [65]. Threonine phosphorylation
has not been demonstrated rigorously; nevertheless, H2A
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threonine 119 phosphorylation by nucleosomal histone
kinase-1 has been shown to play a pivotal role in cell cycle
progression [95]. Some studies suggest a plausible link be-
tween histone phosphorylation and acetylation. One school
of thought suggests that both these PTMs are spatially linked
but are independent of each other, whereas another presumes
that the two PTMs co-exist due to simultaneous recruitment
of kinases and histone acetyltransferases [96].

4.4. Histone Ubiquitination

The 76 amino acid protein Ubiquitin (Ub) is ubiquitously
distributed and highly conserved throughout eukaryotic organ-
isms. Ub is known to regulate diverse molecular processes
including the targeting of proteins for degradation by the 26S
proteasome, activation of stress responses, cell-cycle regula-
tion, protein trafficking, endocytosis signaling and transcrip-
tional regulation [97]. Ub conjugates to its substrate proteins
via a 3 step enzymatic cascade involving a ubiquitin activating
enzyme (E1), which is followed by its conjugation to a ubig-
uitin-conjugating enzyme (E2) through a thioester bond. The
final step involves transferring ubiquitin from the E2 enzyme
to a target lysine residue in the substrate protein by a RING
(Really Interesting New Gene) E3 ubiquitin ligase, or through
direct transfer of the ubiquitin to a catalytic cysteine in the E3
ubiquitin ligase, the latter occurring with HECT (Homologous
to E6 AP Carboxyl Terminus) and RBR (RING-Between-
RING) ligases. These latter E3 ubiquitin ligases then directly
transfer the Ub onto the target substrate. Protein targets can
either be monoubiquitinated with a single Ub on a lysine, or
polyubiquitinated through the stepwise addition of a ubiquitin
chain. Histone H2A was the first protein identified as a target
of ubiquitination, with modification at lysine 119 [98]. In
mammals the majority of H2A and H2B is monoubiquitinated,;
Lys-119 (UbH2A) and H2B at Lys-120 (UbH2B) [99]. His-
tone ubiquitination is associated with cellular processes such
as DNA repair, transcriptional regulation and genome stabil-
ity. Histone ubH2A mediates transcriptional silencing via
polycomb proteins. Other core histones H3 and H4 can also be
monoubiquitinated in response to DNA damage [100]. H2B
ubiquitination plays an essential role in both transcriptional
activation and tumor suppression [101]. A number of studies
have shown lower H2Bub1 expression in gastric, parathyroid
and colorectal tumors [102].

4.5. Histone Sumoylation

Small ubiquitin-related modifier (SUMO) has been well-
characterized as a ubiquitin-like protein frequently involved
in post-translational modifications which impinges on vari-
ous biological processes [103]. Three members of the SUMO
family have been characterized: SUMO-1, SUMO-2 and
SUMO-3. A fourth member of this family was later identi-
fied (SUMO-4) which, like the other members, regulates
subcellular localization and stability of target proteins. Con-
jugation of SUMO to target proteins involves a similar set of
enzymatic reactions as ubiquitination (E1 activating enzyme,
E2 conjugating enzyme, E3 protein ligase). Various sumoy-
lation substrates have been described to date, some of which
are: p53 [104], MDM2 [105], PML [106], etc. Histone H4
has also been reported to be modified by SUMO. Histone H4
sumoylation (suH4) results in gene repression mediated by
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histone deacetylases and HP1 [107]. Recently it was shown
that suH4 stimulated the activity of lysine-specific demethy-
lase 1 (LSD1) which represses eukaryotic gene expression
by demethylating mono- and dimethylated Lys4 in histone
H3 [108]. Apart from histones, SUMO can modify histone
modifying enzymes such as HDACs, EZH2 and KDM5B
[109]. Sumoylated proteins have also been shown to be im-
portant for the DNA damage repair response. In human cells,
histone variant H2A.Z-2 is SUMOylated by PIAS4, which is
essential for its exchange at the DNA damage sites [110].
Increased expression of SUMO proteins has been linked with
cancer development; therefore, SUMO proteins could be
novel targets for cancer therapeutics [111].

4.6. Histone Neddylation

Protein neddylation is carried out by addition of the
NEDDS protein, which shares a high degree of structural simi-
larity to Ub. NEDDS8 addition to proteins utilizes similar
chemical reactions as ubiquitination; however, NEDDS conju-
gated proteins are more prevalent in the nucleus than in the
cytoplasm [112]. Cullin, a vital subunit in the SCF E3 Ub li-
gase complex, is the most widely-studied neddylation sub-
strate. NEDDS conjugates to and introduces a conformational
change in cullin which promotes its binding to an E2 Ub con-
jugase that ultimately results in protein ubiquitination and deg-
radation [113]. In neuroendocrine tumors, increased neddyla-
tion of cullin has been positively correlated with tumor pro-
gression [114]. Elevated levels of neddylation enzymes (e.g.
NEDDS E1, NAE1/UBA3 and NEDD8 E2, UBE2M/UBE2F)
have been reported in lung cancer, liver cancer, colorectal
cancer, glioblastoma, nasopharyngeal carcinoma and esophag-
eal squamous cell carcinoma, as compared to normal tissues
[115]. Higher expression of these enzymes has also been asso-
ciated with lower overall survival in patients [116]. Histone
H4 and H2A have recently been identified as NEDDS target
proteins. Interestingly, neddylation of H2A suppresses its
ubiquitination and thus interferes with DNA damage repair
[117]. On the contrary, NEDD8 conjugation to N-terminal
lysine residues of H4 in response to DNA damage results in
recruitment of factors that facilitate the amplification of the
Ub cascade and thus assist in DNA damage repair [118].
Given the role of NEDD in cancer progression, neddylation
appears to be a promising therapeutic target. MLN4924
(pevonedistat), developed by Millennium Pharmaceuticals, is
a small molecule inhibitor of the E1 NEDD8-activating en-
zyme and is currently in phase I/II clinical trials. MLN4924
inactivates the first step of the neddylation cascade [119].
MLN4924 interferes with cullin neddylation and blocks CRL
activation, which results in accumulation of various CRLs
substrates. This further triggers various cell death pathways in
cancer cells. MLN4924 has also been used in combination
with other anti-cancer drugs. Combination of MLN4924 and
azacytidine in patients with AML (NCT01814826) exhibited
promising clinical effects in phase 1b. The combination ther-
apy resulted in 33% and 22% complete and partial responses,
respectively, which was superior to azacitidine or MLN4924
alone response [120].

5. EPIGENETICS OF RNA

Modifications to RNA molecules occur rather frequently
and are critical for molecular regulation of biological proc-
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esses. In contrast to DNA, RNA is known to consist of more
than 100 types of modifications resulting in alternative nu-
cleotide forms [121]. This large concoction of RNA nucleo-
tides allows for the diverse catalytic and regulatory func-
tions, apart from its conventional role of translating genetic
code to functional proteins. These nucleotides can alter the
structure and complementarity of RNA and can also render
the RNA molecules more amenable to binding to various
proteins within the cellular machinery. Despite the multi-
functional prowess of RNA molecules, very little is known
about epigenetic modification of RNA and its impact on bio-
logical processes. Here we discuss in brief the recent devel-
opments in epigenetic modifications to RNA.

5.1. RNA Methylation

RNA is composed of purine and pyrimidine rings that
can be chemically altered by addition of various chemical
groups such as acetyl, isopentenyl and threonylcarbamoy]l,
but the most frequently found and extensively studied modi-
fication is the addition of methyl groups. Methylated nucleo-
tides have been identified and studied expansively in rRNAs
and tRNAs, but are lesser known in mRNAs. rRNA modifi-
cations mostly regulate the quality control checkpoints dur-
ing the assembly of ribosomes, whereas tRNA modifications
are associated with tRNA folding and stability [122-123].
Methylation of adenosine at the N6 position (m6A) is con-
sidered to be the predominant mRNA modification and is
also detected in TRNA and tRNA [124-125]. Other known
modifications of mRNA include m5C and 2’0 methylation
[126].

m6A modifications reportedly play a role in biological
processes such as mRNA splicing and stability [127]. Simi-
lar to other epigenetic modifications to histone and DNA,
mo6A is dynamic and reversible. Lin et al. demonstrated the
functional importance of the m6A mRNA modification by
knocking out METTL3 RNA methyltransferase, the enzyme
responsible for N6 adenosine methylation, which resulted in
apoptosis in human lung cancer cells [128]. They showed
that METTL3 promotes translation by interacting with the
translation initiation machinery and is required for growth
and invasion of lung cancer cells. The role of m6A RNA
modification as a positive regulator for cell programming to
pluripotency was also described recently. Other studies have
shown that m6A modification is essential for sustaining the
ground state of human and mouse embryonic stem cells
(ESCs) [129-130]. Increased m6A has been found to have
significant effects on cancer initiation and progression. Post-
translation modifications also play a pivotal role in the repair
of damaged DNA by regulating the access to chromatin and
the recruitment of DNA repair proteins to the damaged sites.
Recently it was shown that UV-induced DNA damage re-
sulted in the accumulation of m6A at the sites of DNA dam-
age. Xiang et al. showed that the catalytic activity of MTTL3
and MTTL14 rapidly increases after UV irradiation, which
further results in polymerase « localization near the damaged
sites. The authors suggest that m6A methylation may be im-
portant for pol k mediated DNA repair [131].

5.2. Non-Coding RNA (ncRNA)

A ncRNA is a functional RNA molecule that is not trans-
lated into polypeptides or protein sequence, but instead regu-
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lates the expression of genes at transcriptional or post-
transcriptional level. ncRNAs can be classified as short
ncRNAs (<30 nucleotides) and long ncRNAs (>200 nucleo-
tides). Short ncRNAs can be further grouped as microRNA
(miRNAs), short interfering (siRNA) and piwi-interacting
(piRNA). Aberrant expression of miRNAs has been fre-
quently associated with cancer development. MiRNAs can
function as tumor suppressors (miR-15a and miR-16-1) as
well as oncogenes (miR-155 or members of the miR-17-92
cluster) [132]. MiRNA can target multiple protein coding
regions and regulate the rate of translation of about 60% of
protein-coding genes [133]. Let7 is one of the most studied
tumor suppressive miRNA and is implicated in tumorigene-
sis of the head and neck, lung, colon, rectum and ovary
[134]. Additionally, some reports suggest that miRNAs can
control the expression of epigenetic regulatory enzymes such
as DNMT, HATs and HMTs [135]. A recent review de-
scribes in detail various small ncRNAs identified as drivers
of oncogenesis in various cancer types [136].

A regulatory role for long ncRNAs in various biological
processes has surfaced over the past decade. The mechanisms
underlying the regulatory roles of Inc RNA is heterogeneous
and primarily depends upon their localization and interacting
proteins. LncRNAs can orchestrate chromatin folding by di-
recting the epigenetic regulators to specific promoters of
protein coding genes. Deregulated IncRNA can have a signifi-
cant effect on the process of tumorigenesis [137]. Various
IncRNAs have been shown to functionally interact with epige-
netic components and control the deposition of histone marks
on the chromatin. X-inactive specific transcript (Xist), a
IncRNA involved in X chromosome inactivation (XCI) in
early female embryonic development, is one of the first known
IncRNAs involved in the formation of a repressive complex
on the chromatin. Xist requires two proteins, hnRNPK (het-
erogeneous nuclear ribonucleoprotein K) and SHARP
(SMRT/histone deacetylase 1 (HDACI1)-associated repressor
protein), for its interaction with PRC2 to maintain the silenced
state during the imprinted phase of X-chromosome inactiva-
tion [138]. HOX transcript antisense RNA (HOTAIR)
IncRNA has also been known to repress gene expression and
its deregulation was shown to promote the epigenetic altera-
tions favorable for tumor growth and metastasis, particularly
in breast cancer. HOTAIR can acquire secondary structure that
favors its association with PRC2 proteins, which can then de-
posit H3K27m3 repressive marks and inhibit transcription
[139]. Various other ncRNAs involved in the pathogenesis of
cancer have been discussed recently [140]. Taken together,
these reports suggest IncRNAs as a lucrative therapeutic target
for cancer therapy.

6. TOOLS TO STUDY THE EPIGENOME

The most common methods used for assessing epigenetic
changes include microarray-based techniques and next-
generation sequencing (NGS). These approaches have been
widely applied to analyze DNA methylation, DNA-protein
interactions and the non-coding RNAs such as miRNAs and
IncRNAs.

6.1. DNA Methylation Analysis

DNA methylation can be assessed in a variety of ways. A
commonly explored method involves the use of sodium bi-

Kaur et al.

sulfite to differentially convert unmethylated cytosines to
uracil, while methylated residues are unchanged. The detec-
tion of methylated cytosine residues is then checked either
by PCR or Sanger sequencing to map differentially-
methylated regions in the genome. The sodium bisulfite ap-
proach can also be followed by NGS technology, which al-
lows for robust methylation profiling of the entire genome-
hence the name whole genome bisulfite sequencing (WGBS)
[141]. For qualitative analysis of the methylation pattern
when using sodium bisulfite, high-resolution melt (HRM)
analysis can be carried out. Using this method, uracil-
containing DNA fragments are amplified by PCR and then
subjected to decreasing temperatures. To determine changes
in the methylation profile of a test DNA sample both the
melt temperature and melt curve are compared to a standard
DNA sample [142]. Methylated DNA can also be measured
using commercially available microarrays for specific re-
gions of interest. This represents a fast and cost-effective
technique; it relies on the use of immunoprecipitation beads
coupled to antibodies against 5-methylcytosine to determine
the content of methylated DNA fragments. This approach is
known as Methylated DNA immunoprecipitation or MeDIP.
However, there are several commercial kits that enable the
measurement of methylated DNA in the cell lysate without
prior immunoprecipitation using an enzyme-linked immu-
nosorbent assay (ELISA). It’s a quick, easy, and suitable
technique for the identification of wide changes in global
DNA methylation. Utilizing this method, methylated cyto-
sine content can be accurately assessed using liquid chroma-
tography coupled with tandem mass spectrometry (LC-
MS/MS) [141].

6.2. DNA-Protein Interaction Analysis

Beyond DNA methylation, another widely-explored area
in the epigenetic field involves the study of histones modifi-
cations. The interaction between these proteins and DNA not
only impacts the expression of genes, but also affects the
accessibility and packaging of DNA itself. The gold standard
method for investigating histone-DNA binding is chromatin
immunoprecipitation (ChIP). This technique relies on spe-
cific antibodies directed against the modified histones (usu-
ally methylated or acetylated) followed by DNA analysis
using conventional PCR, qPCR, microarray hybridization or
sequencing. ChIP followed by massive parallel sequencing,
also referred to as ChIP-Seq, is the most recent and com-
monly applied approach to characterize histone-associated
DNA fragments. The objective of ChIP-Seq is to determine
the association between histones or histone modifications
and their specific regions in the genome (for example, tran-
scription factor binding sites). ChIP-Seq also enables the
assessment of the effect of chromatin changes on gene ex-
pression that can be correlated with key regulatory events
important for numerous biological functions [143].

6.3. Chromatin Accessibility Analysis

Chromatin plays a major role in directing gene expres-
sion by controlling the accessibility of DNA to transcription
factors and other regulating proteins. The conformation of
chromatin can be assessed using nucleases that digest the
chromatin in its open state (euchromatin) only while the in-
accessible form (heterochromatin) remains intact. gQPCR can



Targeting Chromatin Remodeling for Cancer Therapy

then be performed to detect any regions in the genome that
are epigenetically silenced by comparing the shift in the
quantity of the PCR product between nuclease treated and
untreated samples. A high throughput approach, such as
NGS, may be applied after the nuclease’s treatment, (exam-
ple: DNase 1-Seq) which enables the analysis of the whole
genome chromatin accessibility and the comparison of DNA-
structural differences between samples on a genome-wide
large scale [144].

6.4. Non-Coding RNAs Analysis

Non-coding RNA measurement can be achieved using
different methods including qPCR, microarrays and sequenc-
ing. There are a variety of kits that enable extracting small
RNAs while preserving their delicate structures. Following
isolation, RNA molecules are reverse transcribed into cDNA
and analyzed by qPCR. More commonly, the cDNA product
is sequenced using an NGS based technology known as
RNA-Seq. This also involves the use of computational ap-
proaches to measure the RNA content in biological samples.
This method offers a significant advantage over hybridiza-
tion-based techniques due to its ability to identify structural
variants and discover new transcript products of gene fusion
and alternative splicing, especially when it is accompanied
by deep RNA-Seq [145]. Alternatively, hybridization-based
technologies allow for the detection of ncRNAs present at
low levels that are not accurately assessed by high through-
put sequencing.

7. EPIGENETIC DRUGS USED FOR TREATING
OTHER DISEASES

Epigenetic deregulation has been reported to play a sig-
nificant role in health conditions other than cancer. In mice,
histone acetylation plays a significant role in memory forma-
tion, such that deregulation of histone H4 lysinel2 (H4K12)
acetylation results in failure of hippocampal gene expression
that is required for memory consolidation. Aged mice treated
with vorinostat show improved memory and re-establish
learning-induced gene expression [146]. In mouse and rat
models, vorinostat has been shown to exhibit anti-rheumatic
activity [147]. Moreover, vorinostat reportedly slows down
the progression of Huntington-like syndrome in mice [148].
Additionally, mice that were deficient in the CBP gene
showed signs of impaired memory [149]. Several reports
highlight the anti-inflammatory and specific immune modu-
latory activity of HDACi [150-151]. Valproic acid has been
tested for treating schizophrenia and Alzheimer's Disease
(AD). VPA has been shown to reduce AP plaque in AD
transgenic mice. VPA inhibits GSK-3B-mediated y-secretase
cleavage of APP which decreases AP production and im-
proves the memory in AD mouse model [152]. HDACi have
also been shown to possess immune suppressive activity.
Regulatory T-cells (Tregs) control transplant tolerance by
suppressing immune reactivity. HDACi regulates the tran-
scription of FOXP3, a transcription factor that plays a pivotal
role in the immunosuppressive function of Treg cells [153].
HDACi have also been implicated in type 2 diabetes.
HDACS regulates a crucial glucose transporter, GLUTA4,
which is frequently deregulated in diabetes [154]. Recently it
was shown that overexpression of HDAC7 in pancreatic is-
lets and clonal beta cells causes beta cell dysfunction and
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treating HDAC7 overexpressing cells with TSA (an inhibitor
of class I and class I HDACs) and MC1568 (an inhibitor of
class I HDACGs) reversed this effect [155]. Another inde-
pendent study describes the effect of HDAC3 on dual speci-
ficity phosphatase 5 (DUSPS5) which results in the initiation
of diabetic cardiomyopathy (DCM) [156].

Additional roles for DNA and histone methylation in
non-oncogenic diseases are also emerging. Increased DNMT
expression is associated with hypermethylation of REELIN,
an extracellular protein involved in neuronal migration and
positioning during brain development and which might be
involved in the development of schizophrenia [157]. The
DNMT inhibitor zebularine disrupts neuro inflammation in
LPS administered mice [158]. Recently it was shown that
DNMT inhibition using 5-aza-2'-deoxycytidine (dAZA) and
zebularine alters the cocaine self-administration capability in
rats [159]. A potential role of DNA methylation in systemic
lupus erythematosus (SLE), an autoimmune disease, has also
been discussed lately [160, 161]. Epigenetic modifications
also play an important role in the pathology of multiple scle-
rosis (MS) [162].

CONCLUSION

In the last two decades, we have witnessed great progress
in understanding the impact of epigenome on pathological
conditions like cancer. Advancements in technological capa-
bilities have allowed us to identify various new histone post-
translational modifications [163] and to visualize high-
resolution maps for the epigenetic modifications on chroma-
tin that can drive cancer progression. In spite of this impres-
sive progress, there are still a lot of ‘not-so-well understood’
epigenetic phenomena. Our current understanding of the
complexity of human epigenetics is still preliminary and
further studies are required to translate the exciting epige-
netic discoveries from the lab into the clinic.
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