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Chapter 7
Epigenetics and Medical Biotechnology

Mumtaz Anwar, Samia Rashid, and Zeenat Farooq

Abstract  The field of epigenetics deals with the study of processes that lead to 
changes in gene expression without changing the underlying DNA sequence. These 
processes include DNA methylation, post-translational modifications of histones as 
well as non-coding RNAs. This field has undergone enormous progress over the 
years, especially during the last two decades with the introduction of high-throughput 
sequencing and computational biology. This magnitude of progress has enabled 
research in the area that uncovered its role in various key cellular processes and 
disease conditions alike. Epigenetics is increasingly being pursued as a discipline of 
study to understand diseases like diabetes, cancer, neurological abnormalities and 
physiological process like circadian rhythms, behaviour and homeostasis. This 
chapter discusses the role of epigenetics in various aspects of medical biotechnology. 
It includes sections on different techniques used in epigenetics, their application in 
medical biotechnology and role of epigenetics in various diseases.
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7.1 � Introduction to Epigenetics

7.1.1 � Epigenetics: Background

Transmission of characters in a stable manner from one cell generation to another is 
governed by the macromolecule DNA which contains all the information necessary 
for synthesis of cellular proteins and hence controls all the vital cellular processes. 
The sequence of amino acids in the proteins is dictated by the sequence of nucleo-
tides within DNA. This DNA, if measured from end to end in a typical human cell, 
measures about 2 m. Therefore, cells have developed efficient mechanisms to com-
pact the DNA inside the small nuclear space. This compaction is achieved by the 
association of negatively charged DNA with the positively charged proteins called 
as histones. These are small, basic proteins (~12–17 kDa in size) which bind to 
DNA to neutralise its charge and therefore ensure efficient packaging. Various 
classes of histone proteins have been identified so far [1, 2]. Various other proteins 
also play a role in DNA compaction but those remain less well-characterised.

The prokaryotic cells do not have the same level of orderly arrangement of 
DNA–protein complexes as eukaryotes. They, however, contain a less organised 
DNA–protein complex called “nucleoid”.

During the earlier part of the century, a pre-dominant concept among the 
researchers was that the complexing of DNA with histones only occurs for accom-
modation into the tiny nucleus. However, it was later realised that the complex is 
much more structured and organised than initially anticipated. This organisation 
allows for what later came to be known as the “differential patterns of gene 
expression”.

7.1.2 � History and Definition of Epigenetics

The term Epigenetics was coined by Waddington in 1953 to describe “changes in 
the gene expression that occur independently of the changes in the sequence of 
DNA”. These “changes” are propagated by covalent histone modifications, covalent 
DNA modifications and micro-RNAs.

The original concept behind this definition has its roots in the studies carried out 
much earlier in the nineteenth century in cell biology and embryology. These stud-
ies laid the foundation for our present day understanding of gene expression and 
transmission of characters [3].

There is a long history behind the discovery of Epigenetics and in all the years 
that followed since its discovery, the definition has evolved a lot. Our present defini-
tion of the term reflects the understanding that although the nature of DNA is the 
same in many different cell types in an organism, the difference in epigenetics has 
the potential to give each cell type its own identity, pattern of gene expression and 
the power for vertical transmission. This understanding has led to a very interesting 
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“working definition” of the term epigenetics as “the study of mitotically and/or mei-
otically heritable changes in gene function that cannot be explained by changes in 
DNA sequence” [4].

7.1.3 � Evolution of the Definition of Epigenetics: Insights 
from Research Involved

Following the discovery of chromosomes by the German Biologist Walther 
Flemming in 1879, strong evidence were provided by many investigators about 
developmental program being governed by chromosomes. The most significant 
demonstration was provided by Thomas Hunt Morgan in 1911 about the “genetic 
linkage” of several Drosophila genes to the X-chromosome [5]. Rapid progress fol-
lowed in the aftermath of this discovery in creating linear chromosome maps of 
Drosophila in which various gens were assigned specific positions linearly on the 
chromosome with respect to each other [6]. The discovery that chromosomes con-
tained both nucleic acids and proteins sparked the debate about the contribution of 
both these biomolecules in carrying genetic information. Furthermore, evidence 
from Drosophila genetics suggested the occurrence of changes in phenotype with-
out similar changes observed in genotype which apparently supported the notion 
that “cytoplasm” also plays a role in dictating “developmental plans”. However, this 
debate was silenced by the discovery of DNA as the primary carrier of genetic infor-
mation. Nevertheless, with advancements in technology which permitted cutting 
edge research into molecular genetics and development, the role of the “non-DNA” 
elements in governing development became more and more apparent and obvious. 
Today, each of the two elements of chromatin “DNA and proteins” is known to play 
key respective roles in dictating “epigenetic and developmental landscapes”.

Eventually, it became both convenient and useful to define epigenetics as the 
mechanisms which propagate heritable changes without changing the sequence of 
DNA itself.

Quite often, the epigenetic and non-epigenetic components are intertwined and 
hence a clearer description of individual epigenetic carriers is useful to understand 
the entire concept (Fig. 7.1).

7.1.4 � Histones and Nucleosomes

Five major classes of histone proteins have been identified. These are known as H1, 
H2A, H2B, H3 and H4. Two copies, each of histones H2A, H2B, H3 and H4 come 
together and are wrapped by ~147 bp of DNA to give rise to “nucleosome”. Presence 
of H2A, H2B, H3 and H4 inside the nucleosome core lends the name core histones 
to these proteins [7, 8]. Nucleosome structure is the fundamental unit of chromatin 
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Fig. 7.1  Effect of genetic and epigenetic factors on phenotype. The figure shows the difference 
between the mechanism behind propagation of genetic and epigenetic factors in the effect on phe-
notype. (a) Shows that genetics affects the phenotype through mutations which alter DNA 
sequence, while epigenetics affects phenotype without changing DNA sequence. (b) Shows how 
genetics and environment come together to regulate epigenetics to affect phenotype. Most promi-
nent mechanisms of epigenetic progression (DNA methylation, histone modifications and non-
coding RNAs) are also depicted

organisation identified so far [9]. Histone H1 binds at the intervening DNA between 
adjacent nucleosomes (known as entry and exit sites) and is therefore known as the 
linker histone. H1 ensures further compaction of chromatin beyond nucleosomes 
into higher order structures like beads on a string (30 nm fibre), etc. Linker histone 
found in aves is known as H5 (Fig. 7.2).

7.1.5 � Post-translational Modifications of Histones

In their 3-dimensional structure, histone proteins consist of a globular domain at 
C-terminus and an unstructured tail at their N-terminus. The globular domain is 
responsible for DNA–DNA and DNA–protein interactions and the tail acts as a site 
for different covalent modifications, collectively and famously known as histone 
modifications. These modification marks are mostly found in histones H3 and H4 
[10]. Till date, more than 100 different types of modifications have been described, 
including acetylation, methylation, ubiquitination, phosphorylation, crotonylation, 
sumoylation [10]. In 2011, the graph of known histone modifications was raised 
by about 70% through identification of 67 previously uncharacterised histone 
modifications in a single report. Interestingly, eight of these were found to be 
“short-chain lysine acylations” (propionylation, butyrylation, 
2-hydroxyisobutyrylation, succinylation, malonylation, glutarylation, crotonyl-
ation and β-hydroxybutyrylation) [11].

We shall describe the most prominent class of histone modifications in the next 
section in some more detail, which are
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Fig. 7.2  Organisation of a nucleosome. The figure shows a nucleosome composed of two units of 
each core histone wrapped by 147 bp of DNA to form a nucleosome. The DNA between adjacent 
nucleosomes is bound by linker histone H1

•	 Phosphorylation of serine (S) and threonine (T) residues.
•	 Methylation of lysine (K) and arginine (R) residues.
•	 Acetylation of lysine (K) residues and.
•	 Ubiquitination of lysine (K) residues [11].

These modifications can act in various ways to either increase accessibility to 
DNA and gene expression or to decrease it.

	1.	 Alterations in the charge of histone to change the electrostatic (negative: posi-
tive) attractions between DNA and histones, respectively. For example, acetyla-
tion neutralises the positive charge of histones, thereby decreasing DNA–histone 
interactions. This leads to an increase in the accessibility of DNA for processes 
like replication, transcription, etc.

	2.	 Some modifications act as a signal (docking molecule) for other proteins to bind 
chromatin. This can influence chromatin structure and gene expression in 
two ways.

	(a)	 Modifications that act as signalling platform for proteins which promote 
chromatin condensation. For example, methylation on histone H3 on lysine 
9 residue (H3K9) acts as a docking site for the binding of heterochromatin 
protein (HP1) which increases heterochromatinisation.

	(b)	 Modifications that act as signalling platform for proteins which promote 
chromatin de-condensation. For example, acetylation of H4K16 acts as a 
binding platform for BRD2. This protein is a transcriptional co-activator and 
hence enhances transcription at the de-condensed chromatin regions created 
by H4K16 acetylation.
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We will talk about each of these modifications and their function in slightly more 
detail in the next section.

7.1.5.1 � Histone Methylation

In this process, a methyl group is added to histones by the enzymes known as his-
tone methyltransferases, using S-adenosyl methionine as the methyl group donor. 
Histone methylation is a neutral modification. Being non-polar in nature, methyla-
tion enhances the hydrophobic interactions inside chromatin. Methylation is the 
most complex histone modification because lysine can undergo three degrees of 
methylation (mono, di or trimethylation) and arginine can undergo two degrees 
(mono and dimethylation). Also, it is the most stable modification with the slowest 
turnover. Methylation acts as a binding site for various proteins which promote dif-
ferent functions, depending upon the residue being methylated and the enzyme 
involved. Histone methylation takes place on lysine and arginine residues on the 
histones H3 and H4. Methylation on H3K4, H3K36 and H3K79 plays role in gene 
activation and on H3K9, H3K27 and H4K20 play role in gene silencing [7, 12, 13].

7.1.5.2 � Histone Acetylation

It is the most well-studied histone modification which involves addition of an acetyl 
group from acetyl-CoA to histones with the help of histone acetyltransferase 
enzymes. The negative charge on the acetyl group neutralises the positive charge on 
histone and hence decreases histone–DNA interactions [14]. Therefore, acetylation 
is involved in chromatin de-condensation and gene expression. For this reason, vari-
ous transcriptional activator complexes contain histone acetylation enzymes as 
members of the complex like the CBP 300 and TAF II 250 [15].

7.1.5.3 � Histone Phosphorylation

Phosphorylation of histones involves addition of a phosphate group on histone with 
the aid of enzymes known as kinases (phosphotransferases) which transfer a phos-
phate group from ATP to the hydroxyl side chain of the amino acid residues serine, 
threonine, tyrosine and histidine. Phosphorylation adds sufficient negative charge 
on chromatin and disrupts histone:DNA interactions to promote gene expression. In 
fact, various transcriptional up regulators contain phosphor-binding domains [16, 
17]. However, histone phosphorylation is a versatile modification. For example, the 
same modification might be involved in transcriptional upregulation in one context 
and with condensation in another. This is best exemplified by H3Ser10 phosphory-
lation which performs a dual role of activation on the one hand and of chromosome 
condensation and segregation on another [18]. Phosphorylation status changes 
dynamically with the gene expression profile [19]. Phosphorylation is reversed by 
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another class of enzymes known as phosphatases. Phosphorylation is a very promi-
nent post-translational protein modification mark, and it plays a role in various cel-
lular signalling pathways by employing phosphorylation–de-phosphorylation 
switches like mTOR pathway, p53 signalling pathway, ISR pathway, etc. In fact, 
phosphorylation (including that beyond histones) is the most well-studied cellular 
post-translational protein modification. In non-histone proteins, phosphorylation 
mostly takes place on serine residues.

7.1.5.4 � Histone Ubiquitination

It is a process in which ubiquitin molecules are added to lysine residues of histones. 
Monoubiquitination is the major form of ubiquitination in histones. However, his-
tones H2A and H2B can also be modified by polyubiquitination. The first ubiquiti-
nated histone to be identified was H2A [20]. H2A and H2B also hold the distinction 
of being the most abundantly ubiquitinated proteins in the nucleus [20, 21]. In addi-
tion, H3, H4 as well as H1 have been reported to be modified by ubiquitin but the 
biological function of these ubiquitinations has not been well characterised [22, 23]. 
Histone ubiquitinations perform several important nucleosomal functions. 
Chromatin immunoprecipitation (ChIP) experiments have revealed enrichment of 
monoubiquitinated H2A (H2Aub) in the satellite regions of genome and of H2Bub 
in transcriptionally active genes [24, 25].

Histone ubiquitination involves addition of the 76-amino acid protein ubiquitin 
to the lysine residues of histones with the help of enzymes known as ubiquitin 
ligases. Unlike other histone modifications, ubiquitination is the only modification 
in which the substrate is a protein rather than an inorganic molecule. 
Polyubiquitination was well known before the discovery of histone ubiquitination 
as a mechanism behind proteasomal protein degradation. However, histones are 
generally modified by mono-ubiquitination. In this case, this “mark” acts as a sig-
nalling platform for further modifications or downstream chromatin effector func-
tions rather than as a “signal” for degradation. Histone ubiquitination mostly takes 
place on H2A and H2B. Histones H1, H3 and H4 have also been reported to be 
modified by ubiquitin, with the roles of these modifications being less well charac-
terised [20–23] (Table 7.1).

7.1.6 � DNA Modifications

In addition to histones, covalent modifications also take place on DNA itself, 
expanding the horizon of “epigenetic programming” of nuclear functions. DNA can 
be modified by addition of hydroxy-methyl cytosine and methylcytosine. However, 
hydroxymethylation remains a less significant modification, with only being identi-
fied in limited circumstances [29]. 5′ cytosine methylation involves transfer of a 
methyl group from S-adenosylmethionine to the 5′ position of cytosine residues in 
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Table 7.1  Outline of the major histone modifications and their effects

Modification Charge

Effect on 
gene 
expression

Major 
histone 
modified Major functions References

Methylation Neutral Increases or 
decreases

H3, H4 Heterochromatin 
organisation, gene 
silencing

[26, 27]

Acetylation Negative Increases H3, H4 Gene activation [15, 28]
Phosphorylation Negative Increases H2A, H3 DNA repair, gene 

activation
[16, 17, 
19]

Ubiquitination Neutral Variable H2A, H2B Satellite DNA binding, 
transcriptional activation

[20–24]

A more detailed review of histone modifications has been done elsewhere

DNA and is the most well-understood DNA modification and one of the most prom-
inent epigenetic events. This modification has been shown to play important roles in 
various cellular processes like genome integrity, genome imprinting, X-chromosome 
inactivation, development [30, 31] and diseases like CVD and chronic kidney 
disease [29, 32–34].

5′ cytosine methylation of DNA is carried out by two groups of enzymes.

	1.	 De novo methyltransferases. This group involves the enzymes DNMT 3a and 3b. 
These enzymes methylate cytosine on the 5′ position, without utilisation of a 
template to copy the methylation pattern, hence the name. Therefore, these 
enzymes display high level of expression during embryogenesis and gradually 
diminish in adult tissues [35]. Studies performed in mice shown that mice 
deficient in DNMT 3b are embryonic lethal and in DNMT 3a survive for only up 
to 4 weeks [36].

	2.	 Maintenance methyltransferases. This group involves the enzyme DNMT1 
which methylates hemi-methylated DNA by utilising methylation pattern infor-
mation of parent DNA strand to copy the same on daughter DNA strand follow-
ing DNA replication. In this manner, it helps in the “maintenance” of “DNA 
methylation signature” following cell division. DNMT1 is ubiquitously 
expressed and is critically important for mammals as mice deficient in DMNT1 
display embryonic lethality [36].

7.2 � Epigenome and Diseases

7.2.1 � Role of DNA Methylation in Diseases

DNA methylation is a long-term, relatively stable, epigenetic trait that contributes 
to maintaining the cellular homeostasis and mis-regulations in which can lead to 
diseases. DNA methylation predominantly takes place in the context of concen-
trated regions of CG dinucleotides, known as CpG islands. These islands are found 
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in the promoters of many genes and mostly remain unmethylated to allow gene 
expression (e.g., promoters of housekeeping genes like glyceraldehyde 3′ phosphate 
dehydrogenase (GAPDH) are rich in CpG islands in their promoters) and methyla-
tion of cytosine decreases the expression of the associated downstream genes. There 
are two ways in which CpG methylation reduces transcription.

	1.	 The presence of methyl group blocks the binding of some transcription factors. 
For example, sp1 and sp3 transcription factors and Hif1 transcription factor in 
hypoxia [31, 35, 36].

	2.	 Methyl DNA binding factors promote the binding of silencing factors. For exam-
ple, MeCP2 binds methyl DNA and recruit histone deacetylases (HDACs) which 
promote chromatin condensation and decrease gene expression [29, 37, 38].

7.2.2 � DNA Methylation and Human Diseases

Alterations in DNA methylation are responsible for a large number of human dis-
eases, including cancer (see Table 7.2). These alterations take place as a result of the 
mechanisms described below.

Change in DNA methylation status. Disturbances in DNA methylation can typically 
lead to either overexpression of some genes like oncogenes or reduced expres-
sion of some others like tumour suppressor genes (see Fig. 7.3). A large number 
of mis-regulations in DNA methylation have been identified in various forms 
of cancer.

Cross talk between genetic and epigenetic mechanism. Another way in which CpG 
methylation can contribute to disease is through single nucleotide polymorphism 
(SNP) in CpG sites. This change links a genetic mechanism with an epigenetic 
mechanism and in consequence can lead to a drastic alteration of the normal 
function of an associated gene. For example, the gene encoding for the respiratory 

Table 7.2  Changes in DNA methylation of different genes in different forms of cancer

S. No. Gene name Cancer type
Gene expression 
change

DNA methylation 
change

1. P16 Renal, lung, colorectal, oral, 
head and neck, hepatic

Decrease Increase

2. P cadherin Hepatic, breast, pancreatic, 
salivary gland, lung

Decrease Increase

3. Hmlh1 and 
hMSH2

Colorectal, renal Decrease Increase

4. Cyclin D2 Gastric Decrease
5. P15 Oral carcinoma Decrease Increase
6. APC Lung, colorectal Decrease Increase
7. FHIT Lung Decrease Increase

Adapted with permission from Zeenat et al. (DOI: 10.5772/intechopen.97379) [40–44]
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Fig. 7.3  Schematic of role of DNA methylation in cancer progression through two pathways. 
Hypermethylation of tumor suppressor genes allows unchecked growth and accumulation of dam-
aged cells to generate cancer phenotype. Hypomethylation of proto-oncogenes favours uncon-
trolled proliferation of cells to generate cancer cell mass. Adapted and modified from Zeenat et al. 
(DOI: 10.5772/intechopen.97379)

chain protein NDUFB6 is a target of SNPs in a CpG site in its promoter. This gene 
has reduced levels of expression in type 2 diabetes. The level of expression of 
this gene is also found to be inversely correlated with the degree of promoter 
methylation in muscle biopsy samples from elderly patients [39].

7.2.3 � High-Throughput Methylome Sequencing

This technique involves identification of DNA methylation pattern on a genome 
wide level. There are many variant techniques available to perform it but two of 
these techniques are the most widespread.

7.2.3.1 � Bisulphite Sequencing

In essence, this technique involves treatment of DNA with a bisulphite reagent 
which converts non-methylated cytosine residues to uracil and leaves methylated 
cytosine unaltered. After performing PCR on the bisulphite converted DNA, the 
uracil is subsequently replaced by thymine (T) from dNTPs. Thus, by comparing 
the sequence of converted DNA with original DNA, the position of methylated 
cytosine residues on DNA can be determined. This technique is either performed on 
a single gene level, employing bisulphite treatment followed by PCR or at the 
genome wide level, employing bisulphite treatment followed by high-throughput 
sequencing.
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Table 7.3  Shows a comparison of the variant genome sequencing techniques which employ 
bisulphite conversion of DNA

S. No.
Bisulphite sequencing 
variant Procedural steps involved

Input DNA 
requirement 
(μg)

Coverage 
(%)

1. Whole genome 
bilsulphite sequencing 
(WGBS)

Sonication of DNA, library 
preparation, gel-size selection, 
bisulphite treatment, library 
amplification

1–5 ~95

2. Methyl binding domain 
(MBD) cap sequencing

Sonication of DNA, capture 5mC 
by MBD, library preparation
Gel-size selection, library 
amplification

0.2–1.0 ~17.8

3. Reduced representation 
bisulphite sequencing 
(RRBS)

Digestion with MspI, library 
preparation, gel-size selection
Bisulphite treatment, library 
generation

0.01–0.03 ~3.7

An outline comparison of steps involved, DNA requirement and sequence coverage has been shown

This is the only technique with a single base resolution and therefore represents 
the gold standard of studying cytosine methylation. However, the bisulphite treat-
ment is a harsh chemical procedure which heavily degrades DNA and makes recov-
ery difficult. A number of variants of the technique have been developed like HELP, 
COBRA, bisulphite pyrosequencing, etc. A comparison of some of the most com-
monly used variants of bisulphite sequencing is presented in the Table 7.3 [45, 46].

Methylated DNA immunoprecipitation sequencing (MeDIP seq). This technique 
involves immunocapture of methylated DNA fragments, utilising an antibody 
against 5′ methyl cytosine. In this way, DNA fragments containing methylated cyto-
sines become enriched and can be analysed either by quantitative PCR for a single 
gene or by high-throughput sequencing for the entire genome. This technique is 
analogous to chromatin immunoprecipitation (ChIP). Although the resolution of 
this technique is low compared to bisulphite sequencing, it is more versatile and 
reproducible (Fig. 7.4).

7.2.4 � Role of Methylome Sequencing in Diseases Prognosis 
and/or Diagnosis

Many diseases have been documented in which cytosine methylation remains a 
major reason for the problem. In most of these conditions, single gene methylation 
changes have been reported behind the problem. However, methylome sequencing 
could serve as an even more useful tool that yields high quality genome wide results 
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Fig. 7.4  Shows the major steps of methylated DNA immunoprecipitation. DNA is extracted from 
a sample followed by shearing and denaturation to generate small, single stranded DNA fragments 
(200–600 bp). This is followed by pull down of methylated DNA fraction with the help of anti-
body. Both the input DNA (a fraction of total genomic DNA used for normalisation) and immuno-
precipitated (IP) DNA are purified, end-repaired (and ligated with adaptors for sequencing) and 
analysed after performing qPCR or sequencing

when comparing two different conditions side by side. For example, cytosine meth-
ylation of a normal versus tumour sample. This can give us an idea of the role of 
DNA methylation in imparting the particular disease and hence could lead to better 
ways of understanding the diseases and development of therapeutics [45, 47–49].
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7.2.5 � Chromatin Immunoprecipitation

In principle, chromatin immunoprecipitation is a technique in which chromatin is 
cross-linked with the help of formaldehyde followed by its isolation from the cells. 
This cross-linking covalently links chromatin associated proteins (like histones) to 
DNA. This is followed by immunoprecipitation of the sheared chromatin fragments 
using the antibody of interest to enrich these fragments. For example, to study meth-
ylation status of lysine residue 9 on histone H3 (known as H3K9me), crosslinked 
and sheared chromatin is immunoprecipitated with anti-H3K9me antibody to enrich 
the fragments containing this modification versus the fragments which do not. 
Subsequently, the level of H3K9me of an individual gene can be observed by per-
forming quantitative PCR on that gene. This can be better understood by taking the 
example of the tumour suppressor gene X. In this situation, we want to study H3K9 
methylation on two different tissue samples, normal and tumour for gene X. We 
begin by isolating chromatin from each sample and performing H3K9me 
ChIP.  Following immunoprecipitation, we perform qPCR in both tissues for 
the gene X.

To study the effect of any chromatin modification on a genome wide level, 
Chromatin immunoprecipitation can also be followed by high-throughput sequenc-
ing (ChIP Seq) (Fig. 7.5).

7.2.6 � Use of ChIP in Diagnostic and Prognostic Applications

In recent years, chromatin immunoprecipitation has been used in varied clinical 
applications for diagnostic, prognostic and research purposes. Some of the most 
exciting clinical applications of the technique are listed below.

	1.	 Chromatin immunoprecipitation in cell free ChIP (cf ChIP).
This technique relies on immunocapturing and sequencing of cell free chro-

matin fragments from different cells. In this technique, chromatin fragments 
released into the bloodstream from different cells are immunocaptured in the 
plasma. After washing and purification of DNA fragments isolated after diges-
tion of chromatin, libraries are created and sequenced. Cell free (cf) chromatin 
maps generated for various chromatin modifications are rich in important 
information and such sequences are available, with plasma obtained from vari-
ous volunteer donors. These maps can vary between healthy and diseased con-
ditions and hence can serve as good molecular indicators for disease conditions. 
These maps can not only be used to identify differences in chromatin associ-
ated modifications (e.g., histone post-translational modifications) in different 
genes, but can also be used to compare similar modifications in other genomic 
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Fig. 7.5  Shows the major steps of chromatin immunoprecipitation. Chromatin is extracted from a 
sample followed by shearing and denaturation to generate small fragments (200–600 bp). This is 
followed by pull down of chromatin fragments containing the modification against which antibody 
is used. Both the input DNA (a fraction of total genomic DNA used for normalisation) and immu-
noprecipitated (IP) DNA are purified, end-repaired (and ligated with adaptors for sequencing) and 
analysed after performing qPCR or sequencing

regions like promoters and enhancers. Use of cell free (cf) chromatin offers a 
non-invasive method of patient analysis and molecular diagnosis. During the 
years to come, more and more cf ChIP seq libraries, corresponding to different 
chromatin marks would become available. This would mark a huge leap into 
the future of molecular diagnosis, especially epigenetic diagnosis and “epi-
therapy” [50].
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	2.	 Study of cell type specific chromatin modifications.
It is very useful in obtaining important information about the epigenetic status 

of each different cell type in tissue under different conditions (like normal versus 
disease). For example, studies of chromatin modifications of β-cells of pancreas 
in normal and diabetic individuals using ChIP can yield important information 
about the precise role of the said modification in β-cells in imparting and propa-
gating type 2 diabetes [51].

7.3 � Chromatin Structure and Genome Organisation

As mentioned previously, genome inside eukaryotic cells does not exist as a linear 
molecule but instead exists as a hierarchically packed compact structure with mul-
tiple levels of organisation. Therefore, Genome Organisation refers to the arrange-
ment of genomic elements (DNA and proteins) in the 3-dimensional (3D) space 
within the nucleus. The order in which genomic elements are distributed into differ-
ent chromosomes also contributes to genome organisation. Other structural genomic 
elements which are quintessential to this organisation are chromosome territories, 
compartments, topologically associating domains. The macro-scale elements 
termed as topologically associated domains (TADs) are demarcated by architectural 
proteins like cohesion and CTCF (CCCTC-binding factor) and interact through 
chromatin loops. The 3D genome organisation is of particular significance in 
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processes like replication, transcription, recombination, gametogenesis, mitosis, 
meiosis, development, stem cell differentiation and pluripotency maintenance [52]. 
In this section, we shall briefly discuss about the role of genome organisation in 
maintaining chromatin architecture and alterations in 3D genome in the aetiology of 
diseases.

7.3.1 � Regulation of 3D Genome Organisation

An increase in the complexity and size of genome is observed across species, from 
lower to higher eukaryotes. For example, the size difference between yeast and 
mammalian genomes is approximately 300-fold. The most significant genomic 
elements which undergo a proportional increase with genome complexity are the 
repetitive DNA elements. In mammals, repetitive DNA and non-coding elements 
account for about 96% of the genomic DNA sequences (44% repetitive and 52% 
non-coding sequences) [53]. This leads to a proportional increase in the heterochro-
matic regions since repetitive DNA elements undergo hyper-recombination at 
higher frequencies and are therefore tightly wrapped in highly condensed, hetero-
chromatic regions. Organisation and maintenance of such complex genomes require 
more extensive epigenetic programming and silencing mechanisms. Alternatively, 
study of these mechanisms not only provides opportunities for better understanding 
of genomes and their regulation but also opportunities for targeting epigenetic 
modifications for therapeutic purposes. This concept has immense implications in 
“personalised epigenetic therapy” [54] (Fig. 7.6).

S cerevisiae S pombe A thaliana D melanogaster M musculus H sapiens

Repe��ve DNA elements

Fig. 7.6  The graph represents increase in the percentage of repetitive DNA elements across 
eukaryotic species, from Saccharomyces cerevisiae to humans. This increase is proportional to an 
increase in size and complexity in the 3D genome
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7.3.2 � Non-coding RNAs (ncRNA)

Non-coding RNAs are ribonucleic acid molecules that are not translated into proteins. 
Genomic DNA sequences from which these molecules arise are typically known as 
“RNA genes”. Some of the non-coding RNAs are known for a very long time like 
the transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), both of which play very 
important roles in the process of protein translation. However, with advancements 
in the tools and techniques of molecular biology like “omics” and “computational 
biology” over the past two decades, various classes of non-coding RNAs have been 
identified with diverse range of size and functional roles. In addition to tRNAs and 
rRNAs, other major types of ncRNAs include small and long non-coding RNAs.

Small non-coding RNAs include a size range of 18–200 nucleotides. Major types 
are micro-RNAs (miRNAs), small interfering RNAs (siRNAs), Piwi-interacting 
RNAs (piRNAs), small nucleolar RNAs (snoRNAs), snRNAs.

miRNAs play role in downregulation of gene expression through binding to 3′ 
untranslated regions (3′ UTRs) of mRNAs. A single miRNA can bind and affect 
the expression of several mRNAs through partial sequence complementarity. 
miRNAs have been identified to play various roles in disease like miR 125b in 
type 2 diabetes, miR 206 in oestrogen receptor alpha [55], miR 135a and 135b in 
colorectal cancer [56].

siRNAs are formed by the RNA interference pathway and play role in heterochro-
matin organisation, maintenance and transcriptional gene silencing. These have 
been identified and well characterised in the yeast Schizosaccharomyces 
pombe [8].

piRNAs form RNA–protein complexes with Piwi proteins and play role in transcrip-
tional gene silencing in somatic cells. In germline cells of testes, the Piwi pro-
tein–RNA complexes are linked to transcriptional gene silencing of 
retrotransposons. Unlike siRNAs and miRNAs, Piwi RNAs are formed in a 
dicer-independent manner.

snoRNAs are small RNA molecules found in the nucleolus that mainly participate in 
guiding chemical modifications of rRNAs and tRNAs, thereby assisting in the 
process of translation.

Long non-coding RNAs (lncRNAs) have a size range of approximately 1,000 to 
10,000 residues. These play important roles in gene imprinting and X-chromosome 
inactivation. The most well-studied examples include X inactive (Xist) and homeo-
box (HOX) transcript anti-sense RNA (HOTAIR).

Xist In case of human and other placental mammal females containing two copies 
of X-chromosome, one of the copies remains inactive and heterochromatinised 
(called as inactive X or Xi or Barr-body) through various mechanisms. Xist 
RNAs are transcribed from the X-chromosome and play a prominent role in gene 
silencing and heterochromatinisation of Xi.
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HOTAIR is a 2.2 kb long non-coding RNA, encoded by the HOTAIR gene, located 
within the HOXC cluster, between HOXC11 and HOXC12 on chromosome 12. 
It plays a role in transcriptional downregulation of HOXD gene cluster on chro-
mosome 2. However, the sequence and function of HOTAIR are different in the 
two most well-studied organisms, mice and humans [57].

7.3.3 � Effect of Non-coding RNAs on Gene Silencing 
and Genome Organisation

Recruitment of chromatin remodelling complexes and deposition of inhibitory 
histone methylation mark H3K27me3 contributes to the gene silencing effect of 
lncRNAs like HOTAIR [58–60]. Recruitment of RNA binding proteins by lncRNAs 
that interfere with binding of transcription factors to gene promoters also contrib-
utes to their function. Non-coding RNAs can also contribute to or propagate DNA 
methylation. In fact, recent findings have shown that siRNA and miRNAs affect 
transcriptional silencing through DNA methylation, histone methylation (H3K9 and 
H3K27), histone deacetylation and recruitment of remodelling complexes [29].

7.3.4 � Chromosome Territories, Compartments and Nuclear 
Lamins in Genome Organisation

Microscopy based studies, chromosome painting, chromosome conformation cap-
ture (3C) and its variants (4C, 5C, HiC) have shown that interphase chromosomes 
preferentially reside in separate chromosome territories. Within each chromosome 
territory, position of individual genomic elements coincides with transcriptional 
activity, with gene-rich, transcriptionally active regions occupying the borders of 
chromosome territories. Also, at a mega-base scale, similar genomic regions inter-
act with one another. Transcriptionally active regions interact with other active 
regions which possess activating chromatin modifications, higher gene density and 
chromatin accessibility. Similarly, inactive regions interact with other inactive 
regions. The boundaries of topologically associated domains (TADs) can also dis-
play interactions. This can be of consequence when we study genes participating in 
same or related functions but belonging to different chromosomes. Overall, nuclear 
compartments containing TAD boundaries (active regions) are frequently found in 
the interior nuclear space and those containing heterochromatinised, gene poor 
TADs occupy nuclear periphery and preferentially associate with nuclear lamina 
(innermost layer of nuclear membrane) through the proteins termed as nuclear lam-
ins [61]. Nuclear lamin A, B and C are mainly responsible for this peripheral locali-
sation of heterochromatin TADs and absence of these proteins can result in 
re-localisation of heterochromatin to nuclear interior [12, 52]. Heterochromatin 
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protein (HP1) is responsible for maintenance of peripheral, constitutive heterochro-
matin. More details about the role of 3D genome organisation have been reviewed 
elsewhere [52].

7.3.5 � Higher Order Genome Organisation and Diseases

Mis-regulations in individual components responsible for maintaining genome 
organisation can result in a large number of human diseases [62] (Table 7.4).

	1.	 CTCF has been implicated in diseases like Huntington’s disease, fragile X men-
tal retardation, Silver-Russell (SRS), Beckwith-Wiedemann syndrome (BWS), 
cancer and myotonic dystrophy [63, 64].

	2.	 Mutations in cohesin are implicated in Cornelia de Lange Syndrome (CLS) and 
Roberts Syndrome [RS] [65, 66].

	3.	 HP1 has been shown in various studies to be involved in different forms of can-
cer [67, 68].

	4.	 Absence of architectural chromatin proteins HP1, KAP-1 or HDAC1/2 hastens 
ATM-mediated repair [69].

	5.	 Alterations in relative chromosome positioning in the 3D genome results can 
result in problems with adipocyte differentiation and cancer [70].

	6.	 Mis-regulations in lamin A are associated with ageing [71].
	7.	 Changes in overall nuclear architecture can affect genome stability [72].

Table 7.4  A list of papers related to some interesting aspects of epigenetics and diseases

S. No Title of the paper PMID

1. The developmental origins of Well-being 15347527
2. Epigenetic differences Arise during the lifetime of monozygotic twins 16009939
3. Epigenetics: Connecting environment and genotype to phenotype and disease 19493882
4. R loops: From physiological to pathological roles 31607512
5. Impact of genetic and epigenetic factors from early life to later disease 18803962
6. The impact of nutrition and environmental epigenetics on human health and 

disease
30388784

7. Recent developments on the role of epigenetics in obesity and metabolic 
disease

27408648

8. Impact of oxidative stress during pregnancy on Foetal epigenetic patterns and 
early origin of vascular diseases

26024054

9. Impact of epigenetic dietary compounds on transgenerational prevention of 
human diseases

24114450

10. DNA methylation: The pivotal interaction between early-life nutrition and 
glucose metabolism in later life

25327140
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