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Abstract

Epigenetics is one of the most rapidly expanding fields in biology that refers to the
somatically heritable differences in gene expression that are not coded in the DNA
sequence itself and work with genetic mechanisms to determine transcriptional
activity. Aberrant epigenetic modifications including, DNA methylation, histone
modifications, and small noncoding microRNAs (miRNA), probably occur at a very
early stage in neoplastic development, and they are widely described as important
players in cancer progression. However, the reversible nature of epigenetic
alternations has encouraged the development of pharmacologic inhibitors as anti-
cancer therapeutics. In this case, histone deacetylase inhibitors and DNA
methylation inhibitors have been FDA-approved for several years and are clinically
successful. In this article, we review the mechanisms of each epigenetic modification
in both normal and tumor cells. Also, the potential of epigenetic alternations as a
new emerging target in cancer therapy has been discussed.
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Introduction

The term ‘epigenetics’ defines all heritable changes in gene expression and
chromatin organization that is not coded in the DNA sequence itself (Egger et al.,
2004). Recent progresses have highlighted the key role of epigenetic mechanisms in
ensuring the appropriate control of biological processes, such as imprinting, X
chromosome inactivation, or the establishment and maintenance of cell identity
(Altucci & Minucci, 2009). Epigenetic inheritance is an essential mechanism that
allows the stable propagation of gene activity states from one generation of cells to
the next (Herceg, 2007). Methylation of DNA, chemical modification of the histone
proteins, and RNA-dependent regulation have been investigated as important
mechanisms of epigenetic regulation.
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Traditionally, cancer has been viewed as a genetic disease, and it is now becoming
apparent that the onset of cancer is preceded by epigenetic abnormalities. All critical
changes in every aspect of tumor biologies such as cell growth and differentiation,
cell cycle control, DNA repair, angiogenesis, and migration, are caused not only by
genetic but also by epigenetic mechanisms (Sharma et al., 2010). The genetic origin
of cancer is widely accepted; however, recent studies suggest that epigenetic
alterations may be the key initiating events in some forms of cancer. These findings
have led to a global initiative to understand the role of epigenetics in the initiation
and propagation of cancer.

In addition, epigenetic alternations, unlike genetic mutations, with changeable nature
can be restored to their normal state (Jones & Martienssen, 2005; Yoo & Jones,
2006). They are reversible by pharmacological manipulation of the enzymes
responsible for chromatin modification: indeed, epigenetic drugs (histone
deacetylase inhibitors and DNA demethylating agents) are currently on the market,
inducing proliferative arrest and death of tumor cells (Altucci & Minucci, 2009). In
this review, we take a comprehensive look at the current epigenetic mechanisms in
normal cells and their comparative aberrations that occur during carcinogenesis. We
also discuss the great potential lies in the development of epigenetic therapies for
some malignancies.

1- Epigenetic features

Chromatin is organized by repeating units of nucleosomes, which consist of 145 147
base pairs of DNA wrapped around an octamer of two copies of each histone protein
(H3, H4, H2A, and H2B) (Luger et al., 1997). Despite the stability of the
nucleosome and the high degree of compactness of the nucleus, chromatin is
astonishingly dynamic. Epigenetic modifications include DNA methylation, histone
modifications, and non-coding RNAs such as microRNAs (miRNAs) can be
modified chromatin structure. The N-terminal tails of the histone proteins are
protruding out from the nucleosomal core particles, and these tails serve as
regulatory registers onto which epigenetic signals can be written. (Lund & van
Lohuizen, 2004). Due to their impact on the genome, epigenetic modifications are
involved in the regulation of many pathways including apoptosis, cell proliferation,
and differentiation (Miceli et al., 2014; Sharma et al., 2010). Additionally, epigenetic
aberrations, including global hypomethylation and miRNA deregulation, as well as
promoter hypermethylation and deacetylation have been displayed in many human
cancer types (Taby & Issa, 2010).
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1.1. DNA methylation

DNA methylation was the first epigenetic modification found in humans in the early
1980s (Cooper, 1983). DNA methylation, the covalent addition of a methyl group to
the cytosine base in DNA, has been recognized as a critical regulatory mechanism
during development, cellular differentiation, and tissue homeostasis. It has been
connected to different physiological and pathological processes, including genomic
imprinting, X chromosome inactivation in females, tissue-specific gene expression,
chromosome stability, and a number of abnormalities, including cancer (Bernstein
et al., 2007; Hathaway et al., 2012; Kanwal & Gupta, 2010). In humans, DNA
methylation occurs in the C° position of cytosines that precede guanines (CpGs)
which are catalyzed by DNA methyltransferases (DNMTs) using S-adenyl
methionine (SAM) as the methyl donor (Herman & Baylin, 2003; Ohm et al., 2007).
Three enzymes are involved in the generation and maintenance of DNA methylation
patterns. DNMTT1 has a strong preference for hemimethylated CpG dinucleotides,
thus can methylate CpG in a newly synthesized DNA strand based on the presence
of methylation in the complementary template (Roberti et al., 2019) and Dnmt3a and
Dnmt3b, defined as a de novo methyltransferase, show no preference for
hemimethylated target sites and are present mainly in the early development stages
and germ cells, whereas they are largely suppressed in the differentiated somatic
cells (Wang & Shen, 2004) The majority of CpG dinucleotide are concentrated
within CpG-rich DNA regions known as “CpG islands” that have been evolutionarily
conserved to promote gene expression by regulating the chromatin structure and
transcription factor binding (Bennett & Licht, 2018; Ramirez-Carrozzi et al., 2009).
The methylation of CpG islands results in stable silencing of gene expression. During
gametogenesis and early embryonic development, CpG islands undergo differential
methylation and regulate gene expression during development and differentiation.
As CpG islands are associated with the control of gene expression, it would be
expected that CpG islands might display tissue-specific patterns of DNA methylation
(Meissner et al., 2008; Moore et al., 2013). Fully methylated CpG islands in the
silenced allele for specific imprinted autosomal genes and multiple silenced genes
on the female inactivated X chromosome and deacetylation of histone proteins is the
first step in the recruitment of methyltransferase to the CpG islands, resulting in
hypermethylation of the promoter, which are two critical roles of DNA methylation
that have been reported (Verma & Srivastava, 2002).

A vast amount of knowledge has been gained in the last few years about altered
methylation patterns, both hyper- and hypo-methylation, in many different types of
cancers including prostate, breast, gastric, liver, lung, glioblastoma, and leukemia
(Park & Han, 2019). There are two types of general changes in DNA methylation
that occur in tumor cells in comparison to normal cells of the same tissue type:
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demethylation within many regions of the genome in coordination with de novo
methylation of select CpG islands. Much of the hypomethylation is concentrated
within broad late-replicating Lamin-associated domains that make up about 40% of
the genome and contain many repetitive sequences. More striking is
hypermethylation of a wide range of CpG islands that are usually unmethylated in
every tissue that this occurs widely at promoters of tumor suppressor genes that cause
uncontrolled growth cancerous cells (Klutstein et al., 2016; Siegfried et al., 1999).
Tumor-specific methylation changes in different genes have been identified and
documented. Despite no evidence of clearly identified actors in DNA demethylation,
alteration of global DNA methylation patterns in cancer is often associated with an
over-expression of DNMTs as described in various tumors (Akhavan-Niaki &
Samadani, 2013). The exact degree of overexpression of DNMTs in tumors remains
unclear but a low-level over-expression seems to be common (Delpu et al., 2013).
Current studies have shown that the duplication of the DNMT3b gene in different
cancer cell lines where copy number correlates to increased mRNA and protein
levels, also, DNMT3Db over-expression occurs through the stabilization of its mRNA
in human colorectal carcinoma (Lopez de Silanes et al., 2009; Simo-Riudalbas et
al., 2011)

1.2. Histon Modifications

Histones are highly conserved small basic proteins that are found exclusively in
eukaryotic cells, predominantly in the nucleus. Histones —and especially their N-
terminal “tails” are recognized as being dynamic regulators of gene activity that
undergo many post-translational chemical modifications, including acetylation,
methylation, phosphorylation, ubiquitylation, and sumoylation. Histone
modifications have been linked to a number of chromatin-dependent processes,
including X chromosome inactivation, genome stability, and meiotic chromosome
dynamics (Esteller, 2007; Goll & Bestor, 2002; Xhemalce et al., 2006). Given the
number of sites and the variety of possible modifications, the combinatorial
possibilities are extremely large and it is tempting to believe that histone
modification has a regulatory role (Lagger et al., 2002). It has been found that
individual modifications can be associated with transcriptional activation or
repression. Acetylation and phosphorylation generally accompany transcription,
methylation, and ubiquitination are implicated in both activation and repression of
transcription (Karli¢ et al., 2010).

1.2.1. Histon acetylation

Among all histone modifications, the status of acetylation and methylation of
specific lysine residues have a crucial role in regulating chromatin structure and gene
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expression (Esteller, 2007). Histone acetylation is catalyzed by a number of enzymes
that act on the four core histones and transfer the acetyl moiety from Acetyl-CoA to
the g-amino group of lysine residues (HATs). Histone acetylation is generally
associated with transcription activation due to destabilizing nucleosomes and
promoting both nucleosomal rearrangements of chromatin remodeling complexes
and binding of a diverse set of DNA-binding factors involved in transcription, DNA
repair, and other processes (Fuchs et al., 2009). On the other hand, histone
deacetylase enzymes (HDACs) are associated with nucleosome stabilization and
repression of remodeling activities so, are generally thought to act in a repressive
manner (Kurdistani & Grunstein, 2003).

More recently, an increasing number of disease processes have been observed to
involve abnormalities of acetylating and deacetylating cellular events. Recent studies
have been illustrated that a decrease in the amount of functionally available HDACs
or an increase of functionally active HAT enzymatic activities affects the
conformation and activity of associated transcription factors. As a consequence,
genes that were previously silenced may now be activated or even overexpressed,
whereas other genes, which were previously expressed, may now secondarily be
repressed (Mahlknecht & Hoelzer, 2000)

1.2.2. Histone Methylation

Histone methylation, perhaps more than any other form of modification, has
demonstrated an essential role in diverse biological processes ranging from
transcriptional regulation to heterochromatin formation (Bannister & Kouzarides,
2005). Histones may be methylated on lysine (K), arginine (R), and/or histidine (H)
residues using S-adenosylmethionine (SAM or AdoMet) as a methyl group donor.
At present, there are 24 known sites of methylation on histones which 17 are lysine
residues and 7 are arginine residues (Kim et al., 2014; Margueron et al., 2005). While
the methylation of histidine is one of the rare histone modifications and has not been
well characterized (Greer & Shi, 2012), Lysine methylation of histones is a
remarkable and complex epigenetic mark that makes up both transcriptionally
silenced and active chromatin domains, depending on which lysine residues are
methylated and the degree of methylation (Greer & Shi, 2012). Lysine methylation
has three methyl additions including mono-(H3K9mel), di-(H3K9me2), and tri-
(H3K9me3) that each level of methylation produces different outcomes (Martin &
Zhang, 2005). Among different types of lysin methylation including histone H3
lysine 4 (H3K4), H3K9, H3K27, H3K36, H3K79, and H4K20, histone H3K9 and
H3K27 methylation is associated with silenced regions, whereas H3K4 and H3K36
methylation is correlated well with active genes (Berger, 2007; Tan et al., 2011).
Arginine is another residue that can be mono(mel) symmetrically dimethylated
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(me2s), or asymmetrically dimethylated(me2a) on their guanidinyl group (Greer &
Shi, 2012).

The steady-state level of a covalent histone modification is controlled by a balance
between enzymes that catalyze the addition and removal of a given modification.
Although this notion is generally true for many histone modifications, an enzyme
capable of removing methyl groups from a methyl-lysine residue has remained
elusive, until recently (Tsukada et al., 2006). Histone demethylases, first described
by Shi et al, have the opposite effect on transcription. The histone demethylase LSD1
is responsible for H3K4 demethylation, which leads to transcriptional inactivation.
However, when LSD1 forms a complex with androgen receptors, it demethylates
H3K9 and activates transcription. Other histone demethylases, such as JHDM1, can
convert active chromatin marks H3K36me2 to an unmodified state (Bartova et al.,
2008).

Aberrant histone modifications are known to play a key role in the pathogenesis of
several human diseases such as cancer (Shanmugam et al., 2018). Promoters carry
on important regulatory sequences for transcription control of their genes. Generally,
the vast majority of deregulation of histone modifications at an individual promoter
is intimately linked to misexpression of the downstream gene, which may have
critical consequences for the cancer phenotype (Kurdistani, 2011). In this case, loss
of trimethylation of H4K20 was identified as one of the common hallmarks of human
cancers (Huang et al., 2017). Also, high levels of H3K27me?2/3, and H3K79me3, as
well as modest levels of H3K9me?2/ 3 are linked to gene repression or silencing
(Kanwal & Gupta, 2010). In addition, altered global levels of histone acetylation,
particularly acetylation of H4K16, have been linked to a cancer phenotype in a
variety of cancers. While gene expression especially in proto-oncogene can be
activated by hyperacetylation, hypoacetylation of tumor suppressors often localizes
to promoters, co-occurring with DNA methylation, causing the genes to be silenced
(Audia & Campbell, 2016).

1.3. MicroRNAs

MicroRNAs (miRNA) comprise a class of short non-coding RNAs with 18-25
nucleotides in length that can have a profound effect in controlling gene expression
post-transcriptionally (Chuang and Jones, 2007). miRNAs are involved in RNA
interference (RNAi) machinery and they contribute to diverse physiological and
pathophysiological functions, including the regulation of developmental timing and
pattern formation, restriction of differentiation potential, cell signaling, and
carcinogenesis (Sato et al.,, 2011). The transcription of most miRNA genes is
mediated by RNA polymerase II (Pol II) and the primary transcripts (pri-miRNAs)
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are usually several kilobases long and contain local stem-loop structures and are then
processed in the nucleus by the RNase III Drosha and DGCRS into the precursor
miRNAs (pre-miRNAs) (Chuang and Jones, 2007, Kim et al., 2009). Pre-miRNAs
are then processed by the RNAse III Dicer to generate a double-stranded (ds)RNA
approximately 22 nucleotides long. After generation of the miRNA duplex, one
strand (the miRNA-guide strand) is loaded onto the RNA-induced silencing complex
(RISC) that is able to modulate the expression of target protein-coding mRNAs by
base-pairing to partially complementary regions frequently located at the 3’-
untranslated regions (3’-UTR) of the target transcript (Malumbres, 2013; Romero-
Cordoba et al., 2014). It has been investigated that an individual miRNA can
dramatically control the expression of more than one target mRNAs and that each
mRNA may be regulated by multiple miRNAs (Cai et al., 2009). Several studies
have reported links between aberrant miRNA expression and several aspects of
cellular function from proliferation and differentiation to apoptosis (Ha, 2011).

In 2002, the role of miRNAs in cancer was suggested by Croce and colleagues with
the discovery that regions of miR-15 and miR-16 frequently deleted in chronic
lymphocytic

leukemia (CLL). Recently, deregulation of miRNAs has been definitively linked to
the initiation and progression of tumorigenesis and the role-play of miRNAs have
been investigated in many types of human cancer, including breast, colon, gastric,
lung, prostate, and thyroid (Ha, 2011; Hatziapostolou & Iliopoulos, 2011; Reddy,
2015). Recent researches have been illustrated that in different types of cancers,
particular miRNAs may show oncogenic or tumor-suppressive function. For
instance, miR-29 was reported as an oncogene in breast cancer while acting as a
tumor-suppressor gene in lung tumors. Additionally, loss of miRNA-23b caused
migration and invasion in bladder cancer cells while decreasing the expression of
miRNA-23b induced apoptosis and reduced invasive capabilities in renal cell
carcinoma cell lines (Campos-Viguri et al., 2015; Reddy, 2015; Zaman et al., 2012).

In addition, miRNAs can both regulate and be regulated by other epigenetic
mechanisms. In this case, dysregulation of miR-101 leads to reduced H3K27me3
and inhibits cancer cell proliferation. Expression of miR-143 in colorectal cancer
cells and the miR-29 family in lung cancer cells reduces DNMT3A and DNMT3B
levels, respectively, and consequently, cell growth and colony formation were
decreased (Fabbri et al., 2007; Kelly et al., 2010; Ng et al., 2009).

Recently, miRNAs have been recommended as epigenetic biomarkers in the
diagnosis of cancer. For example, miR-199a, miR-200a, miR-146, miR-214, miR-
221, and miR-222 have been investigated to be overexpressed, whereas miR-100 is
down-regulated in human cancers. Furthermore, 27 miRNAs are noticeably related
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to chemotherapy response and consider as possible prognostic and diagnostic
biomarkers (Kanwal & Gupta, 2012; Paranjape et al., 2009; Peter, 2009).

1.4. Epigenetic Therapy

Unlike stable genetic mutations, epigenetic modifications like DNA methylation and
histone modifications have reversible nature (Ali et al., 2015). This fundamental
difference between genetic and epigenetic alterations makes the epigenome much
more amenable to the development of therapeutic strategies (Altucci & Minucci,
2009). The so-called epi-drugs are an elevating exciting field in anticancer research
and therapy (Miceli et al., 2014). Epigenetic modifier drugs capable of reversing
aberrant DNA methylation and histone acetylation patterns by inhibiting DNMTs
and HDACs have been extensively discovered (Kristensen et al., 2009). The first
successful drugs developed as epigenetic agents were DNA methyltransferase
inhibitors; these were followed by histone deacetylase inhibitors (HDIs) (Yanis
Boumber & Issa, 2011). DNA demethylating drugs, 5-azacytidine (Vidaza), and 5-
aza-2'- deoxycytidine (decitabine) have been approved in 2004 and 2006 for
myelodysplastic syndrome and leukemia (Yang et al., 2006). These small molecules
are analogues of cytidine and they inhibit DNA methylation by the irreversible
inhibition of DNMTs, causing hypomethylation of DNA, and reactivation of
silenced genes (Platzbecker et al., 2012). DNMT inhibitors can be subdivided into
three groups, nucleoside analogue, non-nucleoside analogue, and antisense
oligonucleotides, based on their structures and functions (Peedicayil, 2006). While
the first group of DNMT inhibitors is, S-phase specific drugs, phosphorylated to the
deoxynucleotide triphosphate and then incorporated instead of cytosine into
replicating DNA and inhibit DNMTs (Egger et al., 2004), the non-nucleoside
analogue like RG108 is DNMT inhibitor that designed to target human DNMT]1 at
its active site without high levels of cytotoxicity and affecting the methylation status
of centromeric repeats (Graga et al., 2014). Antisense oligonucleotides as a third
group of DNMT inhibitors can block translation by inactivation of mRNA through
complementary hybridization (Yan et al., 2003).

Histone deacetylase (HDAC) inhibitors belong to a group of small-molecule drugs
that induce a broad range of effects on cancer cells, including cell cycle arrest,
apoptosis, cell differentiation, autophagy, and anti-angiogenic effects (Khan & La
Thangue, 2012). Targeting HDACs is more complex than targeting DNA
methyltransferases because this group of proteins has multiple subclasses with
mechanisms of action still under contention (Azad et al., 2013). However, the HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA) was approved in 2006 for the
treatment of persistent or cutaneous T cell lymphoma (Moufarrij et al., 2019).
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Recently, regarding the parallel function of DNA methylation and histone
modifications, is now being paid to testing combinations of drugs, which may
increase the efficacy of each of the single agents. For example, the combination of
HDACi and DNMTi can elevate the expression levels of tumor suppressor genes
(Jones et al., 2019). Furthermore, combining conventional cancer therapies including
chemotherapy and radiotherapy with the use of epigenetic therapy, reversing the
changes of DNA methylation and histone acetylation patterns, holds a huge potential
for successful treatment of hematological malignancies as well as solid tumors that
may allow for lower dosing which can minimize side effects of treatment improving
quality of life and treatment compliance (Kelly et al., 2010; Kristensen et al., 2009).

However, deeper understandings of the global patterns of these epigenetic
modifications and their corresponding changes in cancer have enabled the design of
better treatment strategies.

Conclusion

The recognition of epigenetics as a significant contributor to normal development
and disease has opened new avenues for drug discovery and therapeutics. In this
paper, we have summarized the complex epigenetic regulatory pathways in normal
cells. Also, the key role of DNA methylation, histone modification, and miRNAs as
epigenetic modifications in cancer progression and therapeutics were reviewed.
Based on the above, epigenetic alterations in comparison with genetic changes are
reversible and are typically acquired in a gradual manner. Given that the epigenetic
changes induced by DNMTs and HDAC: are transient and reversible, a number of
studies are ongoing to help define the optimal doses and treatment schedules for
these agents. Besides their methylation and acetylation, histones can be phospho-
rylated, ubiquitylated, and sumoylated. These modifications, which have been less
well studied in the context of disease, may expand current possibilities for
therapeutic intervention. So, the integration of the latest advances in epigenomic
approaches like whole-genome microarray expression profiling and chromatin
immunoprecipitation-based sequencing (ChIP-seq) methods will be allow mapping
of all types of histones and DNA modification’s state and miRNA levels in the
genome with high accuracy, which will be helpful in the identification of biomarkers
and the development of epigenetic drugs with greater specificity.
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