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Abstract: Epigenetics is the study which involves the modifications in gene expression without changes in DNA
nucleotide sequences. Methylation of DNA and chromatin remodeling through histone proteins are believed to
be the most crucial epigenetic changes. Micro RNAs (miRNAs) are also shown to mediate the epigenetic gene
regulation in mammals.DNA methylation can activate or inhibit the differentiation of stem cells by affecting the
regulatory regions of its developmental genes like Oct4, Nanog and Sox2. In cancer, mutations in genetic as
well as epigenetic elements play a vital role. The epigenetic changes in cancer are distinct in that they can be
therapeutically reversed more easily. Aberrant DNA methylation (hypomethylation, hypermethylation) has its
role at the molecular level in a number of cancers. This review will provide an insight into the epigenetic
mechanisms involved in the regulation of stem cell specific genes Oct4, Sox2 and Nanog, alongwith the
epigenetic modifications leading to cancer.
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l. Introduction

Somatic cells in an individual multicellular organism have basically identical genomes, but each of these cells
has a distinct structure and function. This is due to the different uses of genes on the genome, that is, epigenetics
[1]. Epigenetics is defined to consist of the changes that are heritable but without the involvement of DNA
nucleotide sequences. It refers to the stably altered potential of gene expression, arising during development and
proliferation [2]. Epigenome consist of three distinctive and entangled mechanisms which includes histone
modifications, DNA methylation and post transcriptional gene regulation by non-coding microRNAs (miRNAS).
The affect of these processes are chromatin compaction, transcript stability, nucleosome positioning, DNA
folding and ample nuclear association of the heritable material [3].

Disease development can be certainly triggered by the disruption of the epigenome. Therefore complex
interplay between genetic benefaction and epigenetic marks imprinted on a genome by endogenous and
exogenous factors results in disease susceptibility [4]. Epigenetics might be a very promising and attractive
avenue from a clinical point of view due to the reason that epigenetic alterations are potentially reversible unlike
genetic variations (mutations, deletions, etc). Therefore unlike mutations, that exist whole life, restoration of
epigenetically modified genes is possible for example, demethylation of methylated silenced genes can be
acheived and histone complexes can be transcriptionaly activated by modification of acetylation and
methylation of various histones via nutrients, drugs and other dietary interventions [5].

1. Mechanisms of Epigenetics

Epigenetic mechanisms are distinctive in nature and comprise histone modifications, DNA methylation and
regulation by miRNAs. Diverse histone modifications may influence chromatin structure and direct methylation
of DNA that may play an important role in tumorigenesis and gene regulation. The function of histone
modification can include the regulation of significant cellular processes such asreplication, transcription and
repair [9]. It can either activate or repress the gene depending on the residues involved and the type of
modification existing, for example lysine acetylation results in transcriptional activation and its methylation
results in transcriptional activation or repression considering the specific lysine modified [5]. Research has also
been done in finding linkages between DNA methylation and histone modifications [10]. There may be various
groups of enzymes that supplement or eliminate covalent modifications to histone proteins. Histone
methyltransferases (HMTs) and histone acetyltransferases (HATS) supplement methyl and acetyl groups
correspondingly, whereas histone demethylases (HDMs) and histone deacetylases (HDACS) remove methyl and
acetyl groups correspondingly [5].

The major epigenetic adaptation in mammals is DNA methylation of cytosines at CpG dinucleotides
[5] while it is revealed that methylation of cytosines that precede a base other than G (particularly CpA) occurs
to a lesser extent [6]. By the addition of a methyl group at the C5 position of the pyrimidine ring, 5-
Methylcytosine has been found to be distinguished from cytosine. The enzyme S-adenosyl-methionine catalyzes
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this reaction as a methyl group donor and also DNA methyltransferases (DNMT) play role in it [7]. DNA
methylation, in alliance with histone adaptation is an indispensable constituent of the epigenetic mechanism,
which controls gene expression and chromatin building. Throughout the human genome, CpG dinucleotides are
not homogeneously distributed, but are frequently found in the promoter areas of genes, as well as in the large
repetitive sequences like centromeric repeats, Long Interspersed Nuclear Element (LINE) and ALU
retrotransposon components [8]. ‘CpG islands’’ have also been denoted to short CpG-rich areas, which are
present additionally in 50% of human gene promoters [5, 7].

Greater part of the CpG dinucleotides, that are not linked with CpG islands are found chiefly
methylated, in the mass of the genome. In disparity, the cytosines surrounded by CpG islands, particularly those
coupled with promoter areas, are generally unmethylated. It has been declared that, if the suitable transcription
factors are available, and the chromatin configuration permits contact to them, this deficit of methylation in
promoter-associated CpG islands allows elucidation of the gene [11]. The exemption to this unmethylated status
of CpG islands engross the silenced gene alleles for imprinted genes and genes include inside expanse of X-
chromosome amelioration, and this point towards the stretched alliance of promoter DNA methylation and
transcriptional silencing throughout ordinary mammalian maturity [7, 12].

Hypermethylation of CpG islands within gene promoters can silence gene, while promoters of actively
transcribing genes stay hypomethylated [13]. By either preventing or promoting the recruitment of regulatory
proteins to DNA, its methylation can silence the gene. For example it blocks access of transcription factors to
binding sites (e.g. c-myc) and thus inhibits activation of transcription [14]. It can offer binding sites for methyl-
binding domain proteins in other instances, which can direct the gene repression by histone modifying enzymes
[5].

Presently, 40 imprinted genes have been reported to be regulated by DNA methylation. Even though,

about 100 genes are in general predicted to be imprinted there appears to be more number of genes with
epigenetic marks by DNA methylation [15].Demethylating agents such as 5-aza-20deoxycytidine (5-aza-CdR)
and its homologues or valproic acid (VPA) have been found very precious for the analysis of DNA methylation
[16].
Mirnas might be emerging as key mediators of epigenetic gene regulation in mammals besides DNA
methylation and histone modifications. Expression of miRNA can be regulated by DNA methylation.
Deregulation of miRNA recommends that its deregulation during carcinogenesis has an important suggestion for
cancer regulation. Additionally, in tumour and normal cells the expression of miRNAs can be different [5].

1. Components involved in epigenetic mechanisms
The molecular mechanism of epigenetic gene silencing is apt to entail the synchronized accomplishments of
DNA methyltransferases, HDACs, HMTs and supplementary chromatin modifying proteins, as a consequence
(Figure 1) [17]. DNA methyltransferases (DNMTS), binding methyl-CpG-binding proteins (MBPs), HDAC,
HATs, HMT, and Polycomb-group (PcG) proteins have been found to be involved in epigenetic ruling [18].

The alteration at 5-methylcytosine has been found to be impelled by diverse DNA methyltransferases
(DNMTSs). Three main DNMTs have been reported DNMT1 [N19], DNMT3a and DNMT3b [5]. MBP family of
proteins has been found to be fit in to methyl- CpG-binding protein 2 (MeCP2) and methyl-CpG-binding
domains 1-4 (MBD1, MBD2, MBD3, and MBD4) [3].Rest of the proteins (HATs, HDACs, and HMTSs) have
their role in chromatin remodeling [20].In neoplastic development, PcG proteins have been found to be the
epigenetic chromatin modifiers. Two distinct multiprotein PcG complexes have been identified [21] namely
polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2 (PRC2) [18].
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Figure.l. Epigenetic regulation of gene expression involves molecular links between DNA methylation
and chromatin modifying proteins.
V. DNA methylation and stem cells
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4.1. Stem cells

Stem cells play the main role in the progression and tissue homeostasis. The main characteristics ofstem cells
are the self-renewal and the ability of differentiation into different lineages that are required for the tissue
function and integrity [22].

4.2, ESC and HESC
Embryonic stem cells (ESCs) have been reported to be derived from the inner cell mass (ICM) of the early
embryo and are capable to give rise to any cell kind (pluripotent cells) and in normal differentiate,during
embryonic development, into three germ layers namely ectoderm, mesoderm and endoderm. On the other side,
Adult stem cells have been studied as a small population of undifferentiated cells found in specific adult tissues
andthey are lineage or tissue specific (multipotent). As an example, all blood lineages and mature blood
elements are derived from hematopoietic stem cells (HSC) in bonemarrow. Adult stem cells have been found in
many othertissues such as retina, liver, brain, epithelium, epiderm and follicule, nevertheless, it is very likely
that stem cells arepresent in any tissue that go through renewal process[22].

ESCs have called as promising source of cells for regenerative treatment. Because of this, human ESCs
(hESCs) have acknowledged substantial consideration ever since their beginning [23]. There have been found
numerous sources of human stem cells with varying degrees of developmental strength. Immunosurgery has
been used for the majority of reported hES derivations [24]. The main widespread technique for conventionally
cultivated hES cells is vitrification of microdissected colonies in open or closed straws [25].

4.3. Oct 4, Sox 2, Nanog in ESC and HESC

The LIF and BMP signaling pathways have a central role in the preservation of a pluripotent stem cell
phenotype. In addition these signaling pathways, transcription factors (TFs) are also vital for the specification of
undifferentiated ES cells state [26].Oct4, Sox2 and Nanog are the core part of regulatory network, governing
ESC pluripotency. They regulate common downstream genes that encourage pluripotency and self-renewal,
whilst inhibiting differentiation processes [27].

Oct4 is found fundamental for pluripotency, self-renewal and embryogenesis[27].During the early
stages of embryonic development,an essential role is played by Oct4 in establishing pluripotency [25].Oct4 is
encoded by Pou5fl and is a POU homeodomain transcription factor that is expressed in the pluripotent cells of
the ICM, epiblasts and primordial germ cells. Although Oct4 was reported to be a crucial factor in first
differentiation, its overexprssion leads to pluripotency loss as cells differentiate into primitive endoderm and
mesoderm lineages [28].

Nanog has the ability to maintain pluripotency in human and mouse ESCs, in the absence of feeder
layer and LIF respectively [29, 30].Nanog is expressed in the ICM and epiblast, and is down-regulated when
cell differentiation occurs. Over-expression of Nanog in human ESCs leads to increased expression of primitive
ectoderm markers [17].

Sox2 is another important pluripotency regulator in ESCs and its expression is not restricted to
pluripotent cells, unlikeOct4 and Nanog.Sox2 is detected in inner cell mass (ICM), epiblast and germ cells and
also in primitive ectoderm and neural ectoderm[17]. As loss-of-function of Sox2 leads to defective epiblast and
multiple lineage differentiation, therefore it is considered as an important pluripotency regulator and early cell-
fate [31].To regulate its own expression Sox2 complexes with Oct4 [32] and downstream mark genes such as
FGF4[23].

Oct4, Sox2 and Nanog occupy about 353 genes in human embryonic stem cells. Up till now it is not
clearly known that how these three stemness factors activate and repress the target genes but there is a
possibility that they might be controlled by additional cofactors and by posttranslational modifications [27].

4.4, DNA methylation in ESC and HESC
In stem cells there are genomic regions that are methylated during the process of differentiation and are
correlated with the gene repression. In most of the cells Oct4 CpG rich promoter is methylated leading to its
repression, while in the ICM of blastocyst it is not methylated and hence expressed[33].1t is suggested that
changes in status of methylation and the chromatin structure occur before the lineage is specified [34]. Hence
DNA methylation can activate or inhibit stem cell differentiation and is dependent on the cell type[16].

A number of developmental genes are silenced in ES cells by methylation of histone H3 lysine-4 and
H3 lysine-27, while on the other hand the H3 lysine-4 methylation allows gene expression. Therefore these
regions are called ‘bivalent domains’, as they carry both activating and repressing marks [35-37]. Due to these
domains, the genes acquire the dual potential to become either actively transcribing or repressed depending on
lineage specification. Current studies have shown that during tumourigenesis, these developmental genes show
the tendency to acquire aberrant DNA methylation[38].
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V. Epigenetics of cancer

5.1. Cancer and its hallmarks

It has been documented for many years that tumorigenesis is a multi-step procedure concerning manifold
genetic modifications that donate to the continuing renovation of ordinary cells proceeding a malevolent
phenotype [7].More lately, numerous features or ‘trademarks’ have been recognized that are common to all
cancers. These consists of inattentiveness to anti-growth indicators, self-sufficiency in escalation signals,
avoidance of apoptosis, immeasurable prospective for duplication, and possession of the mechanisms mandatory
for tissue incursion, metastasis, and angiogenesis [39].

5.2. Epigenetic mechanisms in cancer

It is now well understood that cancer is contributed both by DNA mutations and epigenetic mechanisms [12].
There are few epigenetic mechanisms that are linked to cancer development, like DNA methylation (
hypermethylation or hypomethylation), loss of genetic imprinting (LOI) and histone modifications. DNA
methylation and histone modifications are the main players of the three, when considering the epigenetics of
cancer in mammals [40]. It has been anticipated that aberrant methylation of cytosine residues, inside these CpG
islands, is the solitary most widespread abrasion in cancer cells even when evaluated to the overall rate of both
mutations and cytogenetic deformitities. Aberrant methylation initiates at approximately 1.4% of 45,000 CpG
islands in the human genome, and may continue to as many as 10% of these islands during development of
tumor [41]. A distinct feature of an epigenetic change in cancer is that it can be easily reversed by using
therapeutic interventions while genetic change cannot be reversed [42].

Global DNA hypomethylation is found commonly in cancers and is mainly due to hypomethylation of
repetitive sequences, even though there is mounting evidence for gene-specific modifications as well. A number
of cancers, like thyroid, breast, cervical, prostate, stomach, lung, bladder, esophagus, colorectum and liver
cancers, show global hypomethylation. Promoter hypomethylation is frequently correlated with the global
hypomethylation. Hypomethylation of promoter CpG increases the expression of gene and also activates the
proto-oncogenes [43]. Hypomethylation of repetitive DNA sequences and demethylation of intronic sequences,
are found to be main causes of loss of methylation in cancer. The extent of genomic DNA hypomethylation
increases during neoplasm development, as the lesion progresses from a benign proliferation of cells to
metastatic cell [44].

It is the potential of global hypomethylation to contribute to a malignant phenotype by inducing effects
on the chromosome functional stability, reactivation of transposable elements and loss of normal gene
imprinting patterns [45]. Genome-wide demethylation further favors mitotic recombination with heterozygosity
loss and chromosomal rearrangement promotion. In centromeric DNA, additionally, hypomethylation may
promote aneuploidy in malignant cells [46, 44].

Intragenomic endoparasitic DNA can also be reactivated by DNA hypomethylation, such as L1 (long
interspersed nuclear elements), and Alu (recombinogenic sequence) repeats. These elements can cause
translocations when transcribed causing further genomic disruption. DNA methylation is also inadequately
allied to DNA miss-match repair [44]. Besides global hypomethylation, the cancer cells genomes also show
localized denovo hypermethylation, chiefly in CpG islands of tumour suppressor genes and microRNA
(miRNA) genes. A major event in the cancer origin is the hypermethylation of promoter CpGs leading to
inactivation of tumor suppressor genes. Hypermethylation of CpG islands within promoter regions of key
tumour suppressor genes such as CDKN2A, MLH1, VHL and E-Cadherin shows correlation with their
transcription repression in a few human cancers [44].

In this perspective, it has been suggested that, abnormal hypermethylation of promoter may put forth
the same effects as do the mutation in coding region or deletion in one gene copy and therefore can be regarded
as an additional pathway to contribute to the loss of one or both alleles [47, 7]. Hypermethylation of CpG
islands can also silence the critical regulatory miRNASs in cancer [44].

5.3. Cellular pathways and genes influenced by epigenetic alterations

An epigenetic feature of cancer cells is the co-existence of gene-specific hypermethylation of promoter and
global hypomethylation of genomic DNA. A number of these influenced genes have been recognized as tumor
suppressor genes that are involved in regulation of cell cycle, DNA repair, apoptosis, angiogenesis, invasion,
and achesion [48]. Studies have suggested that activated oncogenes, inactivated tumor suppressor genes,
hormone receptors, cytokine receptors and growth factor receptors that contribute in these pathways, show
regulation by epigenetic mechanisms. For example aberrant CpG methylation of Rb, pl14, p15, p16 and p73
disrupt the cell cycle control. Similarly CpG methylation in BRCA1 and hMLH1 leads to disruption of DNA
damage repair system [18]. Numerous genes have been recognized in different cancers that show regulation by
the epigenetic mechanisms. These genes are involved at diverse stages in the division, differentiation and cell
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proliferation. For example in breast cancer BRCA1, p16 and DAPK are epigenetically regulated and in leukemia
pl15, p73, MGMT, DAPK and CDH1 are regulated by epigenetic mechanisms [42].

VI. Conclusion

In recent years the field of epigenetics has shown explosive growth. But the basic understanding is lacking, that
how the major epigenetic marks function in the genome of eukaryotes. Only 100 or more known epigenetic
marks have been studied for function. One of the most exhilarating area in epigenetic research is to understand
the role of epigenetics in normal and cancer self-renewal. Epigenetic studies can be employed in the design of
therapeutics, as currently being done in cancer therapy area. Genes that are essential for keeping the stem cells
in pluripotent state, like Oct4, Nanog and Sox2, are also under the effect of epigenetic modifications. These
developmental regulators normally remain silent in embryonic stem cells, but must preserve the potential to
become active upon differentiation. Studies of epigenetics in the area of stem cells can be of great advantage and
will provide insights into the regulatory mechanisms involved in differentiation and self renewal of stem cells.
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