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ABSTRACT: This review article focuses on the field of epigenetics. Since its inception in the 20th century, there have been
several major developments which induced the change in what the word “epigenetics” actually meant. In this review, the discoveries
made so far are summarised and the potential applications of these new discoveries are discussed. Some things to keep in mind
are that the field of epigenetics is relatively young compared to many other fields of research, so there are bound to be areas in
which the understanding of the topic is lacking. Despite this, and partly due to recent advances in technology, several epigenetic
therapeutics, some of which have already been approved for use, have been developed.
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B |Introduction epigenetics and the mechanisms of epigenetic modalities and
Epigenetics is a relatively new field. Up until the 1950s, the how they are linked to health and disease are explored.
word was used to define the biological processes starting from How is epigenetics different from traditional genetics?:
the fertilization of the zygote to the mature organism." Conrad The name of epigenetics can be split up into two parts, “epi-”
Waddington who introduced the term ‘epigenetics’in the early and “genetics”. The “epi-"part of the word is a Greek prefix that
1940s defined it as “the branch of biology which studies the denotes the meaning “above”. Together, the word “epigenetics”
casual interaction between genes and their products, which denotes the meaning of “above” genetics, something added on
bring the phenotype into being.” This definition is now out of top of genes. Epigenetics is different from traditional genetics
date due to various new discoveries. The discovery of DNA as in two respects. Firstly is that it involves changes that do not
the main carrier of genetic information prompted the creation directly change the DNA base sequence. Secondly, these
of a new definition, which separates epigenetics from genetics. changes are reversible. Epigenetics does not involve any direct
Currently, it is defined as “the study of changes in gene function alterations of the DNA sequence itself. As a result, although
that are mitotically and/or meiotically heritable and that do not all cells in the body will contain the same genetic information;
entail a change in DNA sequence.”? The redefining process has genetic expressions mediated by epigenetic alterations give
also helped to deepen our understanding of the subject.’ rise to the magnitude of diverse applications of somatic cells
During the early 20t century, evidence for the presence of (Figure 1).
epigenetic modifications slowly accumulated from different o Sys—
experiments. One such experiment was carried out by Rollin meteere 'ci
D. Hotchkiss where the separation of purines, pyrimidines, and I

nucleosides lead to one of the earliest descriptions of covalent
modifications on DNA nucleotides.> Further information

accumulated when studies of the processes showed how [///,’\l

Epigenetic
modifications

phenotypic variations could be passed down by dividing cells.! [ Mo

Recently, there has been an explosion of knowledge associated CE o

with epigenetics, thanks to advancements in both technology l/\l

and the rapid accumulation of knowledge in the past decade. st aomatn i ||

Since the discovery of chemical agents (e.g., nucleoside — |—l—‘
analogue 5-azacytidine (5-aza-CR), that could reverse DNA s s
methylation in late 1970’s by Jones and Taylor*), therapeutics

that involve epigenetic alterations have been studied extensively Figure 1: A flowchart showing how epigenetic alterations may cause

with many of them in clinical trials. The increase in epigenetic changes to the expression of DNA sequences. Created with BioRender.com
research has led scientists to see how cancer is caused not only Types of epigenetic modifications :

by mutations in genes, but also by epigenetic alterations.” This There are three major types of epigenetic alterations that can
has given humanity a new direction to work on and may, in the be carried out to either silence or express a gene. The most
near future, give rise to many previously unseen possibilities studied type to date is DNA methylation where methyl groups
of treatment in regard to cancer. In this review, the fields of are added directly onto the DNA base sequence. Other
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modifications can be added to the histone proteins or to RNA
molecules.

DNA methylation:

DNA methylation is the addition of a methyl group to the
DNA. This includes the addition of methyl groups at the C5
and N4 positions on cytosine, N6 positions on adenine and
the O° position on guanine. Currently, research around DNA
methylation is focused specifically on the methylation of the
C5 position on cytosine bases.®®

'This methylation forms 5-methylcytosine (5SmC) and the
process is regulated by the family of DNA methyltransferase
enzymes.*” DNA methylation is important for its role as a
gene suppressor. In the human genome, DNA methylation can
occur at any cytosine site available, but a study shows that more
than 98% of DNA methylation occurs on the CpG dinucleo-
tide.” Furthermore, ~ 70% of cytosine in CpG dinucleotides in
the human genome are methylated.’® CpG islands are a chain
of nucleotides where there is a higher occurrence of CpGs.
These islands are often 1000 base pairs long, about 70% of all
gene promoters within the human body reside in CpG islands.
As a result, the methylation of CpG islands results in stable si-
lencing of promoter activity (Figure 2). The regulation of CpG
islands carried out by methylation is particularly important for
the establishment of genomic imprinting, in which the pater-
nal or the maternal allele of a gene is expressed. Furthermore,
methylation of CpG islands also regulates genetic expression
during development and differentiation of cells.®

DNA methylation is also important for the silencing of
transposable and viral elements, where it stops them from
being able to jump between different parts of the human
genome. Roughly 45% of the human genome is made up of
transposable elements and ~ 8% is made up of viral elements.
Transposable viral elements can cause mutations while moving
around the genome, the mutation can be silent, but it could
also be detrimental. The probability of having a malignant mu-
tation is very high as over 50% of the entire human genome
is made up of these “jumping genes”. The mutations caused by
the L1 transposon can be used to demonstrate this point. A
study carried out by Kazazian et al in 1988 showed that the
insertion of L1 into Factor VIII caused hemophilia;'! in 1992,
Miki ez al showed that L1 transposons are present in a mutated
form of the APC gene which causes colon cancer.'>*?
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The methyl group prevents the RNA polymerase
from binding to the DNA strand, hence silencing

DNA methylation occurs on the the gene.

cytosine nucleotide only.

Figure 2: A schematic illustration shows the site of DNA methylation
on the cytosine molecule and the general method of action. Created with
BioRender.com.

Regulation of DNA methylation:
DNA methylation is regulated through DNA methyltrans-

ferases (DNMTs) that catalyse DNA methylation. These
enzymes consist of a family of five DNMTs: DNMT1, 2, 3A,

3B, and 3L. Of note, the enzyme DNMT3L does not ap-
pear to have any inherent enzymic activities, instead, it acts by
binding to DNMT3A2 to increase its catalytic speed by up to
20-fold.*®**> The DNMT1 enzyme primarily works to main-
tain current existing methylations (i.e. transferring existing
methylation patterns onto newly synthesised, hemimethylated
DNA) and DNMT3A and DNMT3B preferentially methyl-
ates unmethylated DNA, acting as “de novo" enzymes. Instead
of methylating DNA, DNMT?2 specifically methylates “cyto-
sine-38 in the anticodon loop of aspartic acid transfer RNA.”
according to Jin B. ez al. Despite the separation of the func-
tions of DNMTs, there is also clear evidence of functional
overlapping between de novo DNA methylation and DNA
methylation maintenance."

Histone modification:

The study of histone modifications was pioneered by Vin-
cent Alfred in the 1960’s when he discovered that histones
were modified at post-translational levels.”® There has been
an ever increasing amount of research dedicated to the study
of histone modifications since the 2000%s,'® resulting in a
large number of known different histone post-translational
modifications (PTMs), including but not limited to histone
acetylation, histone phosphorylation and histone methylation
(Figure 3). Histone octamers are made up of eight core histone
molecules. From each core histone molecules, protrude histone
tails, which are either highly basic or acidic depending on their
terminal group and play an important role in nucleosome in-
teraction and gene expression. Most modifications occur on
these histone tails and these modifications can affect the chro-
matin in a variety of different ways. It can change the shape
of nucleosomes; furthermore, it may also affect transcription,
replication, repair, and recombination.

No longer attracted to
DNA molecules due to
change in charge.

This methylation =
deactivated the gene ®
associated with this "
histone protein. Significant negative charge
creats a more open chromatin
\\’ structure, exposing the DNA
Histone (His) modifications include:
1) His. acetylation; 2) His. phosphorylation; 3) His. 2 9 9 9

methylation. DNA can now be accessed easily.

Key: Act = acetylation; P = Phosphorylation; Lys
= Lysine;

Figure 3: Cartoon depicts three main types of histone modifications:
histone acetylation, histone phosphorylation, and histone methylation.
Created with BioRender.com.

Histone acetylation:

Histone acetylation is the process through which an ace-
tyl group is attached to a lysine residue on the histone tails.
'This modification controls the expression of genes. Generally,
acetylation of histone N-terminal tails leads to the activation
of the gene, on the contrary, de-acetylation leads to repression
of gene expression. There are cases however, where this might
not be true, a 2003 paper suggests that histone acetylation
may recruit SUMO-conjugating enzymes which will on the
contrary, repress the expression of genes.'” The acetylation of
histone tails is regulated by two different enzymes. Histone
acetyltransferases (HATSs) and histone deacetylases (HDATS).
HATS attach acetyl groups to target €-amino group of a target
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lysine with the aid of acetyl CoA, this action neutralises the
positive charge of lysine and as a result will cause disruptions
to the electrostatic interaction between DNA and histones.®

There are two types of HATS, types A and B. Type-B is pre-
dominantly cytoplasmic; hence their main role is to acetylate
newly synthesised histones. Type-B more specifically acetyl-
ates the K5 and K12 sites on the H4 histone and certain sites
on H3 as well, such as at Lys 9, 14, 18, and 23. These acetyla-
tions are important in terms of the deposition of these histones
in place, after which the sites are deacetylated. Type-A HATs
are a more diverse group of HATs compared to Type-Bs. The
type-A HATs can be further separated into three subcatego-
ries depending on the amino acid sequence-homology and
conformational structure. The three types are GNAT, MYST
and CBP/p300 families. These three enzymes can catalyse a
wide range of acetylations on multiple locations on histone
N-terminal tails. Other than the acetylation of histone tails,
these enzymes also play a role in the acetylation of the globular
histone cores themselves. The HATS are often associated with
in large protein complexes, similar to other histone-modifying
enzymes. The way in which the enzymes are associated with
other proteins plays an important role in determining the ac-
tion of the enzyme. For example, purified scGCNS5 acetylases
free histones whereas scGCNS5 present in SAGA complexes
can effectively acetylate nucleosomal histones.'®

To deacetylate histones, HDAC enzymes are recruited.
There are 4 different classes of HDAC, class I through to
class IV. The deacetylation of the lysine amino acid restores its
positive charge and hence stabilises the positive histone struc-
ture. This makes it harder for DNA transcription to happen
hence causing an effect opposing DNA acetylation. HDAC
enzymes generally have a relatively low substrate specificity; a
single enzyme can deacetylate multiple sites within histones.
Determination of which HDAC deacetylates which site is
still under research as HDACs are often present with other
HDAC:S in multiple distinct complexes. There is one recently
discovered histone modification that is very similar to histone
acetylation - lysine crotonylation. This modification has com-
peting sites with histone acetylation. Lysine crotonylation has
a similar effect on histones in that it also neutralise the positive
charge of the €-amino group of the lysine side chain, but there
is increasing evidence that it is functionally distinctive from
histone acetylation."?°

Histone methylation:

Unlike acetylation and phosphorylation, histone meth-
ylation does not change the charge of the histone proteins.
Histone methylation occurs on lysine and arginine. The lysine
may be mono-, di- or tri-methylated, whereas arginines may
be mono-, symmetrically, or asymmetrically di-methylated.
Histone lysine-methyltransferase (HKMT) are the enzymes
which carry out histone lysine methylation. They catalyse the
reaction which transfers a methyl group from a S-adenosyl-
methionine (SAM) group to a lysine’s €-amino group. The
HKMTs tend to be very specific enzymes, both in terms of
the sites which they target but also the degree to which they
methylate the histones.™

The degree to which histones are methylated is determined
by a key residue within the active site. This residue limits
the size to which the substrate can “grow” when methylated,
hence preventing the methylation of the substrate past a cer-
tain point. There are several positions where once methylated,
can lead to activation of the genes or deactivation of genes.
H3K9, H3K27, and H4K20 are examples of inactivation
markers once methylated. H3K4 and H3K36 are considered
to be activation markers due to their position on the histone
protein.’®?! Protein arginine methyltransferases (PRMT) are
a family of enzymes that methylates arginine in histone pro-
teins. There are two classes of them, type-1 and type-2; they
both transfer a methyl group from the universal donor SAM
to the w-guanidino group.'®
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Figure 4: Schematic illustrating the mechanism through which a methyl
group is added. The KMT transfers a methyl group to the lysine residue
from the universal methyl group donor SAM. Created with BioRender.com.

Like DNA methylation, arginine methylation plays im-
portant roles in DNA damage repair pathways. For example,
PRMTs methylates transcription factor Krippel-like factor 4
(KLF4). KLF4 is important in its role in regulating diverse
cellular processes such as cell growth, proliferation and dif-
ferentiation. In DNA damage response pathways, KLF4 is
important in its role as part of the DNA repair mechanism.?

Histone phosphorylation:

Histone phosphorylation takes place on multiple amino
acids including serines, theronines, and tyrosines; like acetyl-
ation, histone phosphorylation mostly affects the N-terminal
histone tails. This modification is carried out by kinases that
add phosphate groups. Phosphatases remove phosphate
groups. All identified kinases remove phosphate groups from
ATP to add to the hydroxyl group of the target amino-acid
side chain; this action adds significant negative charge to the
histone hence causing disruptions within the structure. The
significant negative charge results in a more open structure of
the chromatin, this allows for actions such as DNA damage
repair, DNA transcription, and also chromatin remodeling."’

Otbher histone modifications:

Deamination is another histone modification. This reaction
involves the conversion of an arginine or a mono-methyl argi-
nine (but not poly-methyl arginine) to citrulline. This reaction
is catalysed by the peptidyl deiminase PADI4, which converts
arginine to citrulline. The result of this reaction is the neu-
tralisation of this amino acid location as citrulline is neutral
whereas arginine is positively charged.?

Another modification is the addition of single -N-acetyl-
glucosamine (O-GlcNAc) sugar residues to their serine and
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development of cells, though there remains large gaps in our
understanding of méA and other modifications.*!

Modifications on the tRNA molecule can be split into mod-
ifications outside the anticodon loop and those inside the loop,
but both types carry out the role of quality checkpoints. Modi-
fications outside the tRNA anticodon loop have a more specific
role of maintaining tRNA stability or modulate tRNA folding.
Modifications inside the tRNA anticodon loop have the role
of tuning decoding capacity and to also control decoding accu-
racy.’’ An example of a tRNA modification is the deamination
of the As7 position on the anticodon loop, this modification
has been found to be important in terms of cell viability.**

The modification of RNA molecules is carried out by three
groups of enzymes, “writers”, “erasers” and “readers”. The “writ-
ers” catalyse the reaction to modify specific sites; an example of
this is the METTL3 enzyme which is an m®A-methyltrans-
ferase. This enzyme often complexes with the METTL14
enzyme which is another méA-methyltransferase. The FTO
enzyme was the first m6A “eraser” identified, this enzyme
removes the methyl group through successive oxidation and
produces two intermediates in the process. These two interme-
diates are stable for a few hours before they are converted back
to adenosine. The “readers” recognises and binds to the mod-
ified groups and the binding of these proteins results in the
triggering of one or multiple cellular pathways. One such ex-
ample is the YTHDEF?2 protein that recognises méA-modified
RNA. The binding of YTHDEF2 results in the méA-contain-
ing mRNA to be localised to an mRNA decay site to allow for
mRNA degradation.>*?

Further regulation of epigenetic alterations:

Epigenetic alterations are constantly changing; hence, it is
important to understand the factors affecting these alterations.
As previously discussed, epigenetic alterations are affected by
metabolic actions, namely enzymes and response pathways.
However, there are also other factors. Here two different types,
non-coding RNA molecules and environmental factors, will be
discussed.

Role of RNA molecules in epigenetic regulation:

There are several types of RNA molecules that can regulate
epigenetic expressions, one of them being the long non-coding
RNA. Long non-coding RNAs are not translated into pro-
teins. This group can be roughly divided up into housekeeping
non-coding RNAs and regulatory non-coding RNAs. The

RNA regulators of epigenetic alterations
miRNA siRNA IncRNA PiRNA
'S ™ &
e ﬂ"‘"ﬁ &> ™ /\/
e P
Silences gene expression Silences gene expression Genomic imprinting Transposon repression,
X-chromosome DNA methylation
inactivation
o Size: 19-24bp q Size: 26-31bp
Size: 19-24bp Size: >200bp 5 N
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Figure 7: : Diagram shows the different types of non-coding RNAs and
their regulatory roles in epigenetics. Adapted from Jian ez a/3* Created with
BioRender.com.

regulator non-coding RNAs can be further divided up into
three groups according to their lengths shown in Figure 8.*!

siRNA can lead to transcriptional gene silencing through
DNA methylation and histone modification. One example of
this is the methylation of the CpG dinucleotide through its
silencing of the ezA2 gene. From Figure 8, we can see that the
size of siRNA and miRNA are the same, so they are differenti-
ated through two other differences.?® The siRNA is thought to
have originated from viral infections, hence exogenous, where-
as the miRNA is mainly endogenous, stemming from the
biological gene. The second difference is that miRNA consists
mainly of incomplete double stranded hairpin-shaped double
stranded RNA, on the other hand, siRNA is the product of a
fully complementary, long double-stranded RNA.>*

Currently, there is no evidence that miRNAs directly par-
ticipate in epigenetic modifications, but it has been found that
changes in miRNA expression can indirectly cause changes to
epigenetics through their regulation of histone modifications.
In addition to this, miRNAs can also induce overexpression of
tumour suppressor genes, hence acting as tumour suppressors.
It has been found that piRNAs have the ability to promote eu-
chromatic histone modifications in Drosophila melanogaster.
Furthermore, studies suggest a relationship between piRNA
and chromatin regulation.>*

Long non-coding RNAs (IncRNA) have two different
roles. They can participate both in the process of X chromo-
some inactivation and in the process of genomic imprinting.**
Non-coding RNAs have also been shown to bind directly to
DNA molecules themselves, becoming the epigenetic modi-
fication. These RNAs have been shown to recruit proteins to
bind to DNA promoters and operators, acting as targets for
these proteins and enzymes to bind to. For example, RNA have
been shown to bring with them the histone modifying com-
plex Polycomb complex PRC2, which is involved in chromatin
compaction.35

Epigenetic changes over a lifetime:

Some of the epigenetic changes are programmed into our
DNA. These changes are intrinsic epigenetic modifications.
Intrinsic factors are very important in its role of regulat-
ing epigenetic changes over time. The fact that epigenomes
of monozygotic twins are more similar than dizygotic twins
shows clearly the importance of intrinsic factors. Another
example is the programmed epigenetic mechanisms during fe-
male puberty, recent studies showing that at least in part, the
neuroendocrine pubertal components are mediated by epigen-
etic mechanisms.?

Many studies have shown that environmental pressures
during development in both prenatal and childhood can af-
fect epigenetic developmental programming. Exposure to toxic
compounds and nutritional status are two very important en-
vironmental factors, these effects have given rise to the term
“developmental origin of health and disease”, which is an ap-
proach of medical research where the focus is on the effects of
prenatal and perinatal on the development of diseases during
adulthood. During embryonic development, the two main en-
vironmental influences are the lifestyle of the mother-hence
exposure, and the phenotype of the mother, such as the size of
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the uterus and placenta. This period is especially important for
epigenetics as these changes can be inherited and amplified in
future cells.?

In the adult epigenome, the influence of external factors
highly depends on the type of tissue involved. For example, it
is obvious that UV light will affect skin tissue more than the
lungs. Furthermore, just like in embryos, if a stem cell is affect-
ed, the cells differentiated from it may cause serious problems.
The most important thing is that if the germline was affected,
reproductive disorders might result and these epigenetic alter-
ations may be passed down.”®

Chemical and environmental stressors:

Epigenetic marks can be affected by exposure to metals, air
pollution, organic pollutants, benzene, and electromagnetic
radiation. These chemicals have an amplified effect when an
embryo is exposed to them. This leads to an increase in risk of
developing diseases in the F1, F2, and F3 generations. Envi-
ronmental exposure to a variety of metals such as mercury, lead,
arsenic, and nickel can have severe impacts on the health of
the individual. Many recent studies have shown that exposure
to metal can have a major role in epigenetic changes leading
to disease phenotypes. These metals can be found in most
polluted industrial wastes, sometimes they can also be found
naturally in high quantities, such as arsenic which is present in
rocks, soil, water, insecticides, and many other places.?®

As an example, analysis has found that DNA methyla-
tion changes after exposure to arsenic. Arsenic exposure is
capable of inducing H3Kme3 and H3K9ac enrichment and
H3K27me3 decrease due to its effect on histone-modifying
enzymes. Overexposure to arsenic has also been found to cor-
relate with an increased probability of developing cancer where
there is a DNA hypermethylation of the p76 and RASSF14
gene. Lead is another common heavy metal that it is used in
building construction, batteries, fishing weights among other
consumer goods. Exposure to lead has been found to induce
changes in methylation in genes involved in neurogenetic
pathways, which could lead to a neurodevelopmental deficit in
children. In females, exposure to lead has been found to cor-
relate with COL1A2 promoter hypomethylation.25

Furthermore, exposure to these metals has been found to
affect not only DNA methylation and histone modifications,
but also miRNA profiles. There is an inverse proportionality
between the amount of metals exposed to and the amount of
miRNA present. Air pollutants can cause illness and one fac-
tor contributing to this is its ability to alter the epigenome.
High exposure to particulate matter (PM) in steel workers
have been shown to induce hypomethylation in the nitric oxide
synthase promoter region. Furthermore, black carbon, which
is prevalent in vehicle exhaust, has also been found to cause
aberrant global DNA methylation patterns. There is also evi-
dence that air pollution is linked to the regulation of miRNAs;
both the upregulation and downregulation of several miRNA
caused by diesel exhaust particle (DEP) exposure have been
associated with human airway diseases. Exposure to another
well-known pollutant, asbestos, have also been found to cause
DNA methylation of many tumour suppressor genes such as

APC, CCND2, CDKN24, CDKN2B and many more.?

There is also risk related to the exposure to endocrine dis-
ruptors, namely different plastics. It has been shown that the
exposure to bisphenol A (BPA) causes global hypomethylation;
moreover, it has been shown to disrupt the DNA methylation
patterns of many imprinted genes. Electromagnetic radia-
tion has been found to change the epigenetics of cells. Upon
chronic ultraviolet (UV) light exposure, the H3 and H4 his-
tone proteins have been found to have hypermethylation and
hypomethylation in mouse models. Studies which show the in-
activation of the cell apoptotic genes and also the inactivation
of the mitotic control genes and aberrant methylation patterns
in genes such as Cip1/p21 and p16 INK4a upon chronic ex-
posure to UV light further support the notion that important
epigenetic changes are being mediated by the chronic exposure
to UV electromagnetic radiation.>*

Diet and Lifestyle:

The intake of vitamins that cannot be synthesised by the
human body could be a very important factor in the determina-
tion of epigenetics, especially for the intake of folate and other
methyl donor groups. During the prenatal period, the intake of
vitamin B6 is important as it is the cofactor in the synthesis of
the methyl donor group 5-methyltetrahydrofolate, which is in
turn the methyl donor for SAM, a methyl donor group respon-
sible for maintaining methylation levels. Another important
vitamin is the vitamin B9 which is used in the synthesis of
tetrahydrofolate that will become 5-methyltetrahydrofolate. A
lack of these essential vitamins might lead to hypomethylation
and contribute to cancer, which has been demonstrated in an-
imal models. This is true not only during the prenatal period,
but also during adulthood. Folate deficiencies have been linked
to epigenetic statuses in humans; methylation changes in colon
cancer and hyperhomocysteinemia have been related to folate
deficiencies. Another type of dietary habit to effect epigene-
tic alterations is caloric restriction (CR). It has been shown to
reduce oxidative stress and a change in the regulation of meta-
bolic pathways, it has also been shown to attenuate age related
epigenetic changes.zs

Lifestyle choices such as smoking and drinking have been
shown to cause significant changes in epigenetics. Mater-
nal tobacco smoke exposure (MTSE) has been shown to
cause global DNA hypomethylation and an increase in DNA
promoter-specific methylation in newborns. In adults, tobac-
co smoke has been shown to cause an increase in promoter
gene-specific DNA methylation, such as the p16 gene. A more
in-depth research project has revealed that tobacco smoke can
cause changes in DNA methylation of many CpG sites. These
sites are related to “the development and function of cellular,
cardiovascular, detoxification, haematological, immune, tumor-
igenic, and reproductive systems.” Tobacco smoke also affects
histone modifications and the expression of miRNAs. Alcohol
consumption inhibits methionine synthase, which means that
long term consumption of alcohol may lead to a decreased level
of SAM. Alcohol consumption will also affect the regulation
of methylation patterns and miRNA regulation. In addition
to these, ethanol may lead to immune system dysfunction as
ethanol increases histone acetylation.25
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Vaping is a recent addition to the recreational drugs, because
of this, there have not been conclusive research conducted on
the effects of vaping on global epigenetic patterns. In a recent
investigation using 45 human peripheral blood samples in-
cluding exclusive vapers, smokers, and nonusers, significantly
reduced LINE-1 repeats and global hydroxymethylation were
observed in smokers and vapers compared to nonusers. Fur-
thermore, out of the 24 miRNAs affected in smokers and 17
miRNAs affected in vapers, there were 9 overlapping miRNAs
identified, suggesting the presence of similarities between the
effects of smoking and vaping. There are further animal models
showing how vaping alters epigenetics such as DNA methyl-
ation. However, the effects of these epigenetic alterations have
not been fully explored.35

Stress in early life has been reported to induce aberrant DNA
methylation for many genes such as the glucocorticoid receptor
gene. Stress has also been shown to produce changes in histone
modifications, such as increased levels of H3K4me3 and re-
duction of H3K9me3 levels in the dentate gyrus. The benefit
of physical exercise on epigenetics is not very well known, but
epigenetic changes have been observed in germ cells, skeletal
muscle, and the brain following a period of exercise.?”

Lastly, epigenetic changes can be induced by pharmaceutical
drugs. The drug used to prevent pregnancy disorders, diethyl-
stilbestrol (DES), is responsible for the increased risk in breast
cancer, vaginal, and cervical adenocarcinoma. It is suggested
that the reason behind this is the drug’s ability to cause epi-
genetic change. In mice uteruses, synthetic estrogen has been
observed to decrease DNMT expression and alterations in
DNA methylation. DES has also been observed to upregulate
and downregulate multiple miRNAs. There are many other
drugs that have an effect on the epigenetics of cells within the
human body, such as pyrazinamide, a classic antituberculosis
drug.zs

Epigenetic therapeutics

Epigenetic therapeutics in cancer:

There is currently a wide range of epigenetic drugs undergo-
ing clinical trials and seven agents have been approved by the
FDA for use. Among them are 5-azacytidine and 5-Aza-2-de-
oxycytidine which are both methylation inhibitors; FK-228,
SAHA, PXD101, and LBH589 which are all HDAC inhibi-
tors (HDAC); and tazemetostat which is an EZH2 inhibitor.*¢

Methylation inbibiting drugs:

Within methylation inhibiting drugs, there are three dif-
ferent categories or ways of inhibiting the addition of methyl
groups by DNMTs. They are nucleoside-like compounds, an-
tisense oligonucleotides and competitive inhibitors.

Nucleoside-like compounds:

Nucleoside-like compounds are analogues of nucleosides.
An example of this is 5-azacytidine, a drug first synthesised in
1964 by Piskala and Sorm; its cytotoxic properties were tested
and reviewed in the 1970%.37

The drug itself is a cytidine analogue, with a nitrogen atom
in place of the carbon 5. This analogue is incorporated into the
DNA sequence during DNA replication. DNMT1 recogniz-
es the need to add a methyl group to this newly synthesised
sequence, but when the DNMT1 binds to 5-azacytidine, it

forms an irreversible DNMT1-aza linkage. This triggers the
degradation of DNMT1 that in turn leads to the widespread
reduction in methylation. This drug however is toxic, relatively
unstable and cannot be taken orally.*® But there is an analogue
to 5-azacytidine, dihydro-5-azacytidine (DHAC) which is
relatively less toxic. There is a non-FDA approved drug, zebu-
larine, that is also a DNMT inhibitor. It has shown promising
results on mouse models. This drug can be taken orally and is
quite stable in both acidic and aquatic environments. However,
its clinical application is hindered by its bioavailability.*®

Antisense oligonucleotides:

Antisense oligonucleotides (ASO) are small pieces of DNA
or RNA molecules that can bind to specific RNA molecules
which block them from working.** An example is the drug
MG98, which binds to the 3’ untranslated DNMT1 gene.*®
This drug has entered phase I and II clinical trials. However,
some of the most recent published articles seem to be from
2008 and 2009, suggesting a decrease in research-oriented use
of this drug.*>*

Some of the application of ASO drugs include diabetes,
hyperlipidaemias, cardiovascular diseases, neurodegenerative
diseases, and cancer. A recent paper published in 2018 suggests
that ASO drugs may be used for supressing the growth of ad-
vanced prostate cancer.

Competitive Inbibitors:

Competitive inhibitors target DNMT1’s active sites spe-
cifically, preventing the enzyme from being able to carry out
methylation. An example of this type of drug is RG108. When
used 77 vifro on human cancer cell lines, it has been demon-
strated to cause significant demethylation and the re-expression
of p16 tumour suppressor genes. As a result, slower cancer cell
growth has been observed. The nature of these types of drugs
- inhibitors, means that enzyme trapping is not involved (as is
the case of nucleoside-like compounds) and hence there will be
lower drug toxicity.*®

Protein methyltransferase inhibitors:

Protein methyltransferase (PMT) inhibitors are another
class of inhibitors that prevents methylation from being carried
out by PMTs. An example of this type of drug is BIX-01294,
the first selective inhibitor of this type and an inhibitor of the
G9a histone methyltransferase. This drug is highly potent, but
the trade-off is that it is toxic in high concentrations.’**®

Bromodomain Inhibitors:

Bromodomains are structural motifs or features associat-
ed with chromatin-modifying protein; currently, they are the
only protein structure discovered to recognise acetylated lysine
residues. As the recognition of this site is often a prerequisite
for further chromatin modifications, epigenetic therapeutics
may target these sites to control and mediate epigenetic alter-
ations.*®

Bromodomains are present on bromodomain and ex-
tra-terminal (BET) proteins. Many bromodomain inhibitors
currently under clinical trials and undergoing laboratory test-
ing specifically target this family of proteins.***® An example
of this is the first-generation synthetic inhibitor-JQ1, it po-
tently inhibits BRD2, BRD3, BRD4, and the testis-specific

protein BRDT in mammals. However, this drug has shown
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various undesirable side effects such as heightened anxiety and
impaired long-term memories in mouse models.*®

HAT Inbibitors:

Most of the HAT inhibitors are not very selective and target
multiple classes of protein. Although, there has been the dis-
covery of one inhibitor, C646, that is both potent and selective
which makes it a very good candidate for cancer treatments.
This compound can reliably bind to the predicated druggable
pocket of p300 and acts as a cofactor competitor. As discussed
previously, HATs are often present in larger protein complex-
es, so further information regarding these complexes may be
needed for further discoveries of HAT inhibitors.%8

HDAC inhibitors:

HDAC inhibitors (HDACH) reduces histone deacetylation,
and this leads to two results; either the direct induction of cell
death or the sensitization of cancer cells to other drugs. An
example of this type of drug is Vorinostat, however, this drug
induces multiple side effects such as diarrhoea, fatigue, nausea,
and anorexia due to the fact that it has multiple targets.*®

There have been studies that show increased drug cell spec-
ificity and reduced toxic side effects when a combination of
epigenetic drugs are being used.**** An example of this interac-
tion is when vincristine and Vorinostat are being used together.
When administered together, these two drugs demonstrated
synergic antitumour effects.*® Furthermore, studies have also
shown that HDAC: can sensitise breast and ovarian cancer cell
lines to a variety of cytotoxic drugs such as calpeptin, TRAIL,
and telomere homologue oligonucleotides. There are other
combinations where HDAC: is paired with the previously dis-
cussed aza methylation inhibitors. An example of this is the
interaction of aza and entinostat, studies show that this cocktail
is tolerated by a majority of the patients who showed a decrease
in methylation in at least two hypermethylated promoters.*®

Uses in diseases other than cancer:

A reduction in memory loss and neuroprotective effects after
administration of HDACi have been demonstrated in many
studies. When HDAC: have been administered to mice, there
is evidence that memory deficits can be reversed. Although
further investigation is needed, this technique has the poten-
tial to become the cure for neurodegenerative diseases such
as Alzheimer disease. Investigations have also shown that the
administration of valproic acid after cerebral ischaemia signifi-
cantly reduces infarct size and neurological deficit scores. This
gives rise to the possibility of HDACI being used to prevent
permanent brain damage following strokes.*®

Perspectives:

The field of epigenetics has seen an explosion of knowledge
since the 2000s, evidenced by the increased amount of litera-
ture containing the keyword “epigenetics”.** This led to deeper
understanding of epigenetics and its concepts, allowing for a
better understanding of many biological processes. Catalysed
by the recent realization of the role abnormal epigenetic mod-
ifications play in cancer, there has been the development of
many experimental drugs targeting currently untreatable dis-
cases. These discoveries allow for the development of more
specific therapeutics targeting these abnormal modifications,
aiming to either return these abnormalities to the norm or

further alter the epigenetic modifications to make cancer
cells more susceptible to other drugs.” However, the current
available epigenetic therapeutics do not offer astonishing re-
sults and, at the same time, cause side effects for the patient,
so further research must be carried out to discover more ef-
fective compounds. With the development of these improved
compounds, better patient welfare may be achieved. However,
despite the current seemingly immense wealth of knowledge
surrounding epigenetics, what is currently known is only the
tip of the iceberg. Most of the epigenetic alterations currently
present may be mapped out, but at the same time, for many
of alterations, the role which they play within cells is still a
mystery. Many of the mechanisms through which they act
are also still hypotheses rather than having solid experimental
proofs such as the mechanism of ADP-ribosylation. Further-
more, there seems to be a distinctive lack of research focused
on the effects of our diet in recent years despite its inherent
importance being part of our daily life. Hence, there is still a
monumental amount of work to do in order to uncover the
complete facade of epigenetics.
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