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Modulation of host epigenome by coronavirus
infections and developing treatment modalities
for COVID-19 beyond genetics
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Abstract. - The recent Severe Acute Respira- made available, and vaccination drive is in prog-
tory Syndrome Coronavirus-2 (SARS-CoV-2) out- ress to immunize a larger population; still the risk
break has resulted in coronavirus disease 2019 of SARS-CoV-2 infection and related mortality is
(COVID-19) pandemic worldwide, affecting mil- persistent amid threats of the third wave of the
lions of lives. Although vaccines are presently ongoing pandemic. In the scenario of unavailabil-
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ity of robust and efficient treatment modalities, it
becomes essential to understand the mechanism
of action of the virus and deeply study the molec-
ular mechanisms (both at the virus level and the
host level) underlying the infection processes.
Recent studies have shown that coronaviruses
(CoVs) cause-specific epigenetic changes in the
host cells to create a conducive microenviron-
ment for replicating, assembling, and spreading.
Epigenetic mechanisms can contribute to vari-
ous aspects of the SARS-CoV-2 multiplication cy-
cle, like expressing cytokine genes, viral recep-
tor ACE2, and implicating different histone mod-
ifications. For SARS-CoV-2 infection, viral pro-
teins are physically associated with various host
proteins resulting in numerous interactions be-
tween epigenetic enzymes (i.e., histone deacetyl-
ases, bromodomain-containing proteins). The in-
volvement of epigenetic mechanisms in the virus
life cycle and the host immune responses to con-
trol infection result in epigenetic factors recog-
nized as emerging prognostic COVID-19 biomark-
ers and epigenetic modulators as robust thera-
peutic targets to curb COVID-19. Therefore, this
narrative review aimed to summarize and discuss
the various epigenetic mechanisms that control
gene expression and how these mechanisms are
altered in the host cells during coronavirus infec-
tion. We also discuss the opportunities to exploit
these epigenetic changes as therapeutic targets
for SARS-CoV-2 infection. Epigenetic alterations
and regulation play a pivotal role at various levels
of coronavirus infection: entry, replication/tran-
scription, and the process of maturation of viral
proteins. Coronaviruses modulate the host epig-
enome to escape the host immune mechanisms.
Therefore, host epigenetic alterations induced by
CoVs can be considered to develop targeted ther-
apies for COVID-19.
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Introduction

Coronaviruses (CoVs) can infect both humans
and animals. Several past outbreaks have been
due to the emergence of CoVs, such as Se-
vere Acute Respiratory Syndrome Coronavirus
(SARS-CoV) and Middle East Respiratory Syn-
drome Coronavirus (MERS-CoV) strains. Most
recently, the SARS-CoV-2 outbreak originated
in Wuhan, China, in December 2019. SARS-
CoV-2 is a highly contagious resulting in a range
of clinical symptoms causing coronavirus dis-
ease-19 (COVID-19), affecting multiple organs
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and systems of the body'*. Due to high transmis-
sion rates, it spread in almost all the countries in
the world with more than 225 million cases of
COVID-19 and over 4.6 million loss of lives, as
of September 12, 2021, as reported by the World
Health Organization (WHO)’. Being a devastat-
ing pandemic of the 21* century, rapid advances
in research paved the way in developing various
kinds of effective COVID-19 vaccines by using
different vaccine platforms, and vaccination pro-
grams are currently in progress for immunizing
the global population at large, while other vac-
cines are also in the pipeline®’. Few challenges,
such as vaccine hesitancy, diplomacy, equitable
access of vaccines to all the countries, the risks
posed by emerging SARS-CoV-2 variants in af-
fecting vaccine efficacy adversely and vaccinated
people being infected despite vaccination are
needed to be addressed appropriately'*-'2.

Apart from these issues, the animal spillover
events, cross-species jumping, zooanthroponotic
potential and zoonotic concerns of SARS-CoV-2
need thorough investigations along with one health
approach to be strengthened to tackle ongoing
COVID-19 pandemic and future pandemics''".
Though various drugs, therapies, and immuno-
modulatory agents have been recognized for use
in emergency conditions to ameliorate the severi-
ty of COVID-19 in patients, the choice of curative
drugs and medicines is yet to be discovered]"'#-2!,
It was found that SARS-CoV-2 has 96.2% sim-
ilarity with the genetic formation of Bat-CoV-
RaTG13 and this analogous property indicates the
ancestral relevance between them?2’. Emerging
evidence suggests that the SARS-CoV-2 infection
involves an interplay of genetic and epigenetic
modulation in the host cells favoring the estab-
lishment and spread of the infection. Epigenetic
alterations and regulations of the chromatin are
important in maintaining cellular homeostasis by
controlling the expression of the genes temporal-
ly and spatially. Epigenetic alterations have been
reported to play essential roles in viral infections.
Post-translational modifications at different chro-
matic, DNA, and RNA levels are the epigenetic
modulation and control of gene expression. These
post-translational modifications include methyla-
tion, acetylation, phosphorylation, ubiquitination,
and sumoylation. The epigenetic changes occur at
the gene locus without modifying the nucleotide
sequence of the gene.

DNA methylation involves adding methyl
groups to the C-5 position of the cytosine ring
in the DNA. DNA methylations are carried out
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by a special class of methyltransferases called
DNA methyltransferases (DNMTs). The DNA
methyltransferase family includes five members:
DNMTI1, DNMT2, DNMT3A, DNMT3B and
DNMT3L. DNMTI acts on the hemimethylated
DNA (important in DNA replication) while DN-
MT3A and DNMT3B act on unmethylated CpG
dinucleotides (important in de novo methyla-
tion)®. Increased level of DNA methyltransferase
is keenly involved with viral latency regulation,
which functions by altering host cells’ epigenetic
structure’?. DNA methylation is pivotal in cellular
developmental processes, ageing, gene imprint-
ing, X chromosome inactivation, gene silencing,
and most importantly, maintaining genomic sta-
bility*2*. The DNA molecule is packed inside
the nucleus by the histone proteins to form the
chromatin fiber surrounded by histone proteins
(nucleosomes). Post-translational modifications
on the histones of the nucleosomes regulate the
accessibility of the chromatin to the transcription
factors and other regulators of gene expression
and hence control the gene expression levels2>%.
Besides DNA and histone proteins, RNA al-
so undergoes chemical modifications to regulate
gene expression®”32, These modifications in the
RNA are the basis of RNA interference®, and
show a tissue-specific distribution, resulting in
a new field of RNA-epigenetics or epitranscrip-
tomics*. RNA modification/epitranscriptomics
have pivotal roles in the study of viral infections.
Recently, a high-resolution map of SARS-CoV-2
has been published by the Korea Centres for
Disease Control and Prevention (KCDC)®. They
have identified about 41 RNA modifications sites
on the viral transcripts. The most frequent motif
was AAGAA present throughout the viral ge-
nome. This internal modification to the poly(A)
tail may increase the stability of the viral RNA
and the efficiency of translation of viral structur-
al and non-structural proteins. This mechanism
may help the virus in invading the host immune
mechanism?>-,

Viruses have utilized epigenetic modifications
in the host cells to establish an infection and/or to
escape the host immunity. As obligatory intracel-
lular parasites, viruses can develop many ways
of taking over cellular processes to complete
their life cycle and thus evading the immunity
responses of host cells. Viruses causing persistent
infectious diseases are mainly benefited from
inherited epigenetic manipulations in host tran-
scription, which generate an environment for the
persistent state without continuous expression of

initiating effectors®’. The host response genes for
cell cycle development, survival, senescence, im-
munity, and inflammation are major target candi-
dates for such kind of epigenetic regulation and
control*®. The present narrative review discusses
the various epigenetic alterations that occur in the
host cells due to coronavirus infections and how
these modifications can be targeted to develop
treatment modalities for COVID-19.

Epigenetic Mechanisms: the Key Players

Epigenetics involves the study of phenotyp-
ic changes caused without any alterations in
the DNA nucleotide sequence. The fundamental
mechanism of epigenetic is that gene expression
initiates through the chemical composition alter-
ation of DNA bases and modification in the chro-
mosomal construction, which takes place within
the DNA¥. In recent years, epigenetics has ad-
vanced tremendously, and researchers deciphered
the dynamics of epigenetic regulations that affect
the chromatin structure and function, leading to
alterations in the host gene expression patterns.

Epigenetic regulations play pivotal roles in
modulating cellular pathways critical in several
physiological and developmental processes, such
as embryonic development, memory function,
immunity, and various diseases***'. Unlike mu-
tations that alter the nucleotide sequence, epi-
genetic changes alter the chromatin structure
without altering the nucleotide sequences/genetic
codes. Therefore, epigenetic modifications are
reversible and result from the gene-environment
interactions suggesting that changes in the phe-
notypes are due to mutations and interaction
between genes and the environment®. Recent
years** have witnessed rapid development in
epigenetic research, which has gained importance
in studies related to cancer biology, immunity,
and infectious diseases. Studies have confirmed
that several DNA viruses and some RNA viruses
alienate the regulatory mechanism of the host
epigenome, resulting in changes in the host ge-
nome expression profiles to create a conducive
environment for the life cycle of the virus in the
host (virus replication and spread)*. In a recent
study, it was found that correspondence of T cell
with the environmental state in both steady and
diseases condition is vigorously provoked by the
gene regulatory system. On the other hand, DNA
methylation was quite different in the children
compared to the aged people, suggesting the as-
sociation of ageing with T cell epigenomes®.

In the past years, the techniques for studying
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epigenetics have seen dramatic advancements.
Therefore, these techniques can be utilized to
study and understand the exact role of epigene-
tic changes underlying developmental processes,
immunity, oncological processes, and infectious
diseases*®*’. A detailed map of the human ge-
nome and epigenome was available to the re-
search community with the completion of the
human genome project in 2003*. This followed
revolutions in sequencing techniques and the
evolution of next-generation sequencing (NGS)
technology. Epigenetic studies utilized the NGS
platforms and principles to refine epigenetic tech-
niques, such as ChIP-Seq, RNA-Seqand MeDIP-
Seq**%. These techniques can be used to study
the epigenetic changes at the genome level, such
as alterations in DNA methylation, histone mod-
ificationand DNA-protein interactions. These
epigenetic techniques, such as Epigenome-wide
association studies (EWAS), have enabled the
study of the association of epigenetic changes
with disease phenotypes®. EWAS studies®>? can
provide novel epigenetic markers associated with
disease phenotypes and various pathological and
non-pathological conditions*. It is important to
understand the genomic organization in eukary-
otic cells to understand how viruses modulate the
host epigenetic machinery for establishment of
the infection and escape host immunity,

Chromatin

Chromosomes and mitochondrial DNA store
the genomic information in the nucleotide se-
quences. The formation is based on interplay
between two vital criteria, namely polymer bio-
physics and biochemical interactions®. Chromo-
somes are found in highly condensed deoxyribo-
nucleoprotein complexes called chromatin in the
nucleus. Chromatin exists in two forms: euchro-
matin and heterochromatin. Heterochromatic re-
gions are stained dark with Giemsa stain and are
tightly packed and transcriptionally less active.
On the other hand, euchromatin is highly stained
with Giemsa, loosely packed, and transcription-
ally more active™.

Chromatin Organization

Histone proteins (H) are basic proteins that
help in the condensation of the DNA into nucle-
osomes. Histone proteins play a vital role in the
systemic and utilitarian aspect of conducting the
altering operation between the activated and de-
activated chromatin state®. The nucleosome is a
tightly-packed histone octamer consisting of two
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H3, H4, H2A , and H2B copies at the core. There
are three types of H3 histones, namely H3.3,
H3.2 and H3.4, that play a significant regulatory
role in the case of histone formation. H4 histones
are highly conserved. H2A has a large number of
variants that are mainly associated with the re-
pair of damaged DNA. H2b histone also helps to
organize the DNA of eukaryotic organisms®. Ap-
proximately 165 base pairs of DNA are wrapped
around histone proteins’ octamer, giving beads
on a thread-like structure. The nucleosome struc-
ture is important as it provides stability to the
DNA molecule by tight packaging with histone
proteins, regulates DNA replication, distributes
daughter cells during cell division, and regulates
the binding of transcription factors and regula-
tory proteins with the DNA to regulate the gene
expression®®,

Post-translational modifications in the N-ter-
mini of the histone proteins (lysine acetylation,
lysine and arginine methylation, serine and thre-
onine phosphorylation, lysine ubiquitination and
sumoylation) result in epigenetic conformational
changes in the chromatin and altered the expres-
sion of associated genes5%". According to the
“Histone Code” reported in 2001 there exists a
specific coding pattern in the chromatin-mediat-
ed by chemical alterations in the histone tails®®.
Different modifications in the histone tails, in-
dicating the C or N-terminal regions that flank
the histone core, result in binding with different
chromatin-associated and other regulatory pro-
teins, thus playing a pivotal role in chromatin
signalling®*®. Any change in the histone code
brought about by chemical alterations in the his-
tone tails affect the recruitment of chromatin-as-
sociated proteins, leading to differential expres-
sion of associated genes. These changes at the
chromatin level in histone modifications regulate
several vital cellular processes, such as transcrip-
tion, replication, post-translational changes and
state of tissue differentiation®-2.

Epigenetic Regulation/Modulation of
Host Response

The innate immune system of the body re-
sponds to various stimuli differently. The dif-
ferential response is mediated by changes in the
expression levels of multiple genes of the immune
response mechanisms in a cell and tissue-spe-
cific manner®-%. In this cascade of an immune
response, epigenetic regulation of the expression
of the genes involved is now a fact. Epigenetic
factors are actively involved in the activation and
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execution of the immune responses. The epigen-
etic regulation of the immune response involves
regulating the expression and recruitment of tran-
scription factors, regulating the expression of the
mediators, and controlling the secondary gene
programs6>°,

Interferons (IFNs) and tumor necrosis factors
(TNF) are the most important genes that play
pivotal roles in the innate immune system. These
genes have poised promoters and are rapidly
induced in response to a stimulus. The presence
of CpG islands in the promoters of these genes
makes them defiant to DNA methylation and
histone tail modification. These epigenetic mod-
ifications are widespread in the promoters of
highly active genes and have higher RNA Pol II
recruitment®®. However, the IFN stimulated genes
show low levels of histone modifications, such
as H3K4me3, H4Ac, and the promoters of these
genes show low levels of RNA Pol II recruit-
ment®”. Therefore, these genes need additional
transcription factors and chromatin remodelers,
such as ATP-dependent chromatin remodelling
complex SWltch/sucrose non-fermentable (SW1/
SNF) to get activated and transcribed**®*.

Dendritic cells and macrophages are the criti-
cal sensors of antigenic signals. Upon activation
by the stimulus, these cells initiate a temporal and
spatial response. The signals released from these
cells should be highly specific for the cell types
to make sure that the activation and initiation of
the immune response are cell and stimulus-spe-
cific. The cell-specific signals released from the
dendritic cells and macrophages are mediated
by the expression and secretion of IFN and TNF.
The capacity of the epigenome of these cells to
quickly change according to the stimulus is es-
sential for the activation and persistence of the
host immune response. H3K9me2 histone modi-
fication has been shown to be associated with the
levels of IFN in vitro. H3K9me2 induces DNA
methylation and heterochromatinization and in-
hibits acetylation of histone tails by recruiting a
transcriptional repressor of the heterochromatin
protein 1 family®®. The levels of H3K9me2 pro-
moter methylation in the type I interferon genes
are inversely associated with the expression of
IFN specific genes in the dendritic cells. This
observation reinforces the role of histone modifi-
cations in regulating the IFN response®®®.

H3K4me3 histone modifications are enriched
in the promoters of actively expressed TLRs. It
has been shown that post one hour of lipopoly-
saccharide (LPS) induced stimulation of dendrit-

ic cells and macrophages; there was a marked
increase in the overall histone acetylation and
polymerase II (Pol II) recruitment at the specific
promoters™. These findings signify the vital role
of histone modifications in activating and execut-
ing innate immune responses.

Epigenetic Alterations by Coronaviruses

Epigenetic mechanisms can contribute to a
number of different aspects of the SARS-CoV-2
multiplication cycle, like expressing cytokine
genes, viral receptor ACE2, and implicating dif-
ferent histone modifications in COVID-19. Over
the SARS-CoV-2 infection duration, proteins are
physically associated with various host proteins,
resulting in many interactions between epigenetic
enzymes and virus proteins®®. Affinity purifica-
tion mass spectrometric analysis was carried out
to study 26 SARS-CoV-2 proteins to inspect the
protein interactions between host enzyme and
virus proteins®. Precisely, 332 human proteins
were found as binding partners for proteins of
SARS-CoV-2. Among these, eight are considered
epigenetic modulating agents. Notable interac-
tions were demonstrated between human BRD2-
BRD4 and viral E protein, human HDAC2 and
viral NSP5, and human CUL2 complex and viral
ORF10°".

The INFs mainly mediate the establishment
of an antiviral state in the host by initiating the
virus-mediated host immune response by activat-
ing the IFN stimulated genes”'’?. Many viruses
have evolved various antagonistic mechanisms
to escape or fight the IFN specific gene effec-
tors”. The IFN pathway and the innate immune
response mechanism are controlled by epigenetic
regulation mediated by epigenetic modifications
such as histone methylations, manipulation of the
enzymes involved in histone modification, DNA
methylation, and chromatin remodelling. Viruses
interfere with these epigenetic processes and en-
code specific viral proteins that directly interact
with modified histones of the host®-™.

The H3N2 influenza A virus establishes the
infection by inhibiting the host innate immune
response initiation by modifying the epigenetic
regulation of host gene expression. It uses the
histone mimicry tool to manipulate the host
immune response. It has been reported’’ that the
carboxy terminus of the viral H3N2 nonstruc-
tural protein NSI has sequence homology with
the host amino terminus of the histone H3 tail.
Therefore, the viral NS1 protein mimics the H3
histone tail and thereby lures the transcription
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complex and inhibits its docking to the H3K4,
consequently inhibits the initiation of INF stim-
ulated genes’"’8.

Alterations in the expression pattern of IFN
stimulated genes by pathogenic influenza virus-
es and coronaviruses have been reported in a
human airway epithelial cell line (Calu3 cells)”.
The Calu3 cells showed several virus-specific
IFN stimulated gene expression signatures up-
on infection with different respiratory viruses.
The pathogenic HSN1 avian influenza A (HPIA)
virus altered the expression pattern of the IFN
stimulated genes even after 7 hours of infection.
However, the 2009 pandemic HINT strain did not
modulate the [FN stimulated gene expression and
the infected Calu3 cells induced an antiviral state
at 3 hours post-infection. SARS-CoV infected
Calu3 cells showed elevated expression of IFN
stimulated genes, but the response was delayed
and observed at 24 to 48 hours post-infection.
MERS-CoV infection also showed considerable
inhibition, and a delayed IFN stimulated genes
expression was observed at 18 hours post-infec-
tion”. These observations indicate that the virus
employs an antagonistic mechanism to epige-
netically manipulate the INF-mediated antiviral
innate host immune response and establishes a
successful infection®.

It has been shown that the promoters of the
IFN stimulated genes have higher H3K4me
marks (activating) compared to the repressive
H3K27me3 marks that favor euchromatinization
and active transcription of IFN stimulated genes
during HIN1-2009 and SARS-CoV infection®.
However, HPAI and MERS-CoV infected Calu3
cells have shown elevated levels of H3K27me3
and decreased levels of H3K4me3 in the promot-
ers specific IFN stimulated genes; hence, their
expression is repressed. This demonstrates that
these viruses utilize antagonistic mechanisms to
manipulate the IFN mediated host innate immu-
nity®'. DNA methylation process corresponding
to 44 CpG positions was found to have an associ-
ation with the clinical emergency of COVID-19,
and 23 of them were located in 20 annotated
coding genes. While studying these genes, it was
identified that a few of them, including the in-
flammasome component, were missing in Mela-
noma-2 and the major histocompatibility complex
class 1 molecule and caused disruption to the im-
mune response by intervening in the regulation
of interferons®. Another study® found that two
of the genes, namely HSPAIL and ULBP2, were
associated with upregulation in AZA-treated lung
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epithelial cells and immune cells, which indicates
their epigenetic regulation during the respiratory
infection caused by SARS-CoV-2.

Epigenetic Alterations at
Host Cell Entry Level

ACE?2 is the surface molecule present on the
host cells and mediates the interaction of the viral
spike protein with the host cells, enabling the en-
try of SARS-CoV-2 in the host cells. Since ACE2
is expressed in a vast population of cells, such as
the cells of the lower respiratory tract, oesopha-
gus, kidney, bladder urothelial cells, absorptive
enterocytes, cardiomyocytes, and cholangiocytes,
the SARS-CoV-2 infection is not restricted to the
respiratory system but also results in illnesses
in other organ systems®. Sirtuins are a family
of deacetylases that help in the maintenance of
cellular homeostasis®. Silent information regu-
lator T1 (SIRT1), an HDAC class III molecule,
has been reported to regulate ACE2 expression
levels by binding to its promoter®. It has not
been shown that SIRTI increases the entry of
SARS-CoV-2 into the host cells by increasing
ACE2 expression. However, it has been observed
that COVID-19 patients expressing higher lev-
els of ACE2 show a better prognosis, probably
because of decreased hyper inflammation®*. It
has been reported that SIRT1 affects the entry of
SARS-CoV and HCoV-NL63 into the host cells.
These viruses utilize ACE2 for entry into the host
cells™.

Recently, T cells of lupus patients have been
reported to upregulate ACE2, which is tight-
ly regulated by DNA methylation. This may
lead to the poor prognosis of the SARS-CoV-2
infection. Moreover, the genetic sequence ACE2
encoding gene on the X chromosome was prone
to epigenetic changes. The epigenetic changes
in the ACE2 gene were mediated by multiple
CpG sites situated in the ACE2 promoter re-
gion upstream of the transcription start site.
Intriguingly, oxidative damage associated with
viral infections can exacerbate DNA meth-
ylation deficiency, resulting in greater ACE2
hypomethylation and increased viremia. As a
result, hypomethylation and overexpression of
ACE2 in T cells may enhance viral infections
and viral dispersion, increasing vulnerability
to COVID-19. According to their findings, epi-
genetic imbalance may increase the likelihood
and morbidity of SARS-CoV-2 infection in
lupus patients®'.

There are several other host cell receptors,
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such as aminopeptidase N (APN), dipeptidyl pep-
tidase 4 (DPP4), and 9-O-acetylated sialic acid
used by HCoV-229E, MERS-CoV, HCoV-OC43
and HCoV-HKUI, respectively®>**. Promoter hy-
permethylation causes downregulation of APN
gene expression, and its expression is increased
by azacitidine (5-azaC)*>%. The HDAC inhibitor
CHR3996 and the APN inhibitor tosedostat syn-
ergistically activate NF-kB in melanoma cells”’.
Glucocorticoids upon binding to the promoter
have been reported to epigenetically upregulate
DPP4 gene expression in macrophages®™. There-
fore, these molecules can be tested as epigenetic
treatment strategies to control the cell surface
receptors for SARS-CoV-2.

Epigenetic Alterations During Viral
Replication and Transcription
Coronaviruses, like any other virus, employ
a multi-enzyme unit for replication. The RdRp/
Nspl2 enzyme and its co-factors Nsp7 and Nsp8
play an essential role in viral RNA replication and
transcription of SARS-CoV-2%. This is brought
about by the interaction of Nsp7 with the 7SK
small nuclear ribonucleoprotein (7SK snRNP)
complex. The 7SK snRNP complex consists of
La-related protein (LARP7), methyl-phosphate
capping enzyme (MEPCE), and hexamethylene
bisacetamide inducible protein (HEXIMI). The
7SK snRNP complex has been reported to se-
quester positive transcription elongation factor
(P-TEFb), which plays an important role in viral
replication'®®!%!, Another co-factor, the Nspl4,
an exonuclease, is also vital for coronavirus
RNA synthesis'®. Nspl4 regulates several met-
abolic pathways by interacting with SIRTS. It
has deacetylase, desuccinylaseand demalonylase
activities'®. The Nspl3 helicase/triphosphatase
helps release nascent RNA strand, followed by the
generation of new viral particles'®. Nspl13 might
be under the control of coactivator proteins such
as p300, which is under the control of HDACs'?.
Therefore, the inhibition of HDACs might inhibit
the coronavirus replication by inhibiting p300
and ultimately inhibiting the Nspl3 essential in
releasing the newly synthesized RNA. Nsp4, an-
other molecule in the viral RNA replicationalso
interacts with HDAC?2; thus, epigenetic therapies
targeting the inhibition of HDAC2 can control the
viral RNA replication by modulating the func-
tions of Nsp4'°. Nspl6 plays an important role in
the post-transcriptional modification of the viral
RNA. Methyltransferase inhibitors can be used
to inhibit the Nspl6 methyltransferase activity,

thereby regulating the viral RNA post-transcrip-
tional modification'"”. A thorough study on HIV-1
revealed that CD4" T cell increases the expres-
sion of DNMT and initiate hypermethylation of
individual cellular promoters. On the contrary,
demethylation of FOXP3 promoter was observed
on the sample of blood mononuclear cells and
colon cells associated with the downregulation
of DNMT!%,

Epigenetic Alterations During
Coronavirus Protein Maturation

The 3C-like protease (3CLP™) and the papa-
in-like protease (PLP®) are the important en-
zymes that mediate the cleavage of the newly
synthesized viral polyproteins'®. These enzymes
cut the polyprotein at different cleavage sites,
resulting in 16 Nsps in the virus (SARS-CoV
and MERS-CoV)". Nsp5 is a non-structural
protein produced by SARS-CoV-2, which has the
function of cleaving viral polyprotein''*. HDAC2
is a protein found in the human, which activates
the immune system to act against viral particles.
HDAC?2 contains a binding site for Nsp5, which
inactivates the protein and causes deactivation of
immune responses''!. HDAC2 and tRNA meth-
yltransferase 1 (TRMT]I) are actively cleaved by
3CLpro'*. This signifies that the 3CLpro acts
as a molecular mimic of HDAC?2 inhibitor and,
therefore, it can regulate the gene expression in
the infected cells in response to viral infection.
The tRNA modifications induced by TRMT]I are
essential for ensuring protection against oxidative
stress in the cells'?. Since TRMT] is cleaved by
3CLre, an important enzyme of SARS-CoV-2,
3CLr™ might cause an imbalance in the cellu-
lar redox homeostasis. There are several drugs,
including lopinavir, that can inhibit 3CLpPe'3,
Besides these crucial enzymes, SARS-CoV-2 has
several structural viral proteins such as NP, M,
Eand S that help generate new infectious viri-
ons. Resveratrol treatment activates SIRTI in
the infected cells, resulting in decreased viral
replication'*. Two different strategies can be em-
ployed to block the maturation of SARS-CoV-2
structural proteins: by using SARS-CoV-2 pro-
tease inhibitors to inhibit the cleavage of viral
polyprotein by 3CLP™ and PLpro using epigenetic
treatment strategies to decrease the expression
level and activity of structural proteins'>'". In
addition to that, 9654 number of mutations are
observed in the spike protein compared to refer-
ence spike protein sequences'®,
Epigenetic Regulation of ACE-2 and
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TMPRSSZ2: Effect on the Expression
of These Receptors

It has been shown that the expression of ACE2
is controlled epigenetically'’. Techniques follow-
ing RT-qPCR and single-cell RNA sequencing
had divulged multiple tissues associated with
ACE2 expression1?’. Non-ISGs, which are anal-
ogous to IL-6 and ACE2, have been observed to
alter the chromatin accessibility through histone
modifications and accumulation of transcription
factor, such as PU.1, IRF and NF-xB. These
epigenetic changes stigate more increased ACE2
expressionleading to a respiratory and inflamma-
tory response in the context of COVID-19"!. A
recent study'*? has shown that among the studied
cell types, the promoter methylation of ACE2 was
the lowest in the lung epithelial cells. Thus, the
expression levels of ACE2 are high in these cells.
The methylation of ACE2 has been found to cor-
relate well with gender and age and plays a vital
role in COVID-19 disease'**'?*. Another exhaus-
tive study, including 700 lung transcriptome sam-
ples highlighted the overexpression of ACE2 in
lung tissues'?. In another study, ACE2 gene was
hypermethylated in the respiratory tissues of chil-
dren'??. This can explain why older adults are
more susceptible to SARS-CoV-2 infection.

TMPRSS2, an androgen receptor signalling
molecule, also help SARS-CoV-2 to enter into
the host cell and spread the infection. During
SARS-CoV-2 infection, TMPRSS2 primes the vi-
ral spike proteins by inducing their cleavage and
thus help in viral entry by facilitating the fusion
of viral and host cell membranes'**'**. It has been
reported that DNA methylation influences the
expression of TMPRSS2!%6, Tt is highly expressed
in the lung epithelial cells compared to other cell
types of the lung'?’. Therefore, TMPRSS2 can be
targeted epigenetically to inhibit the establish-
ment of SARS-CoV-2 infection.

The epigenetic and genetic variations of ACE2
are crucial to understanding the pathobiology and
developing therapeutic and preventive approach-
es. In this context, Kianmehr and coworkers'??
have highlighted the importance of genetic and
epigenetic variations of the ACE2 receptor for
COVID-19. Acute hyper inflammation is crucial
in COVID-19 disease progression and severity
and is the main reason for COVID-19 related
deaths. In particular, in lung cancer patients,
the COVID-19 severity is significantly observed
and may be due to the commonly involved genes
(TMPRSS2, ACE2, PAI-1 and furin). Moreover,
the overall inflammatory responses are affected

5954

by a series of reversible epigenetic modifications.
Hence, it is highly recommended to understand
the epigenetic regulation of inflammation, which
may help develop potentially novel strategies to
prevent, diagnose and treat such diseases'?®.

In a case-control study using saliva samples,
there was no statistically significant difference
in the methylation and expression levels of ACE2
and TMPRSS2 between the cases and the con-
trols. However, ACE2 expression negatively cor-
related with ACE2 methylation. Also, no sig-
nificant correlation between TMPRSS2 expres-
sionand TMPRSS2 methylation was observed.
There was a positive association between the
expression of ACE2 and TMPRSS2. However,
no association between the methylation status of
ACE2 and TMPRSS2 was seen. Furthermore, no
correlation was observed between the expression
and methylation levels of ACE2 and TMPRSS2

and the clinical outcomes or symptoms'®.

Significance of Epigenetic Alterations in
COVID-19 and Potential in Therapy and
Management

Considering the notable contribution of epi-
genetic mechanisms in regulating many aspects
of COVID-19, epigenetic enzymes can be tar-
geted as prospective therapeutic approaches. Nu-
merous clinical trials have focused on epigenetic
mechanisms for the treatment of COVID-19, and
many trials with other strategies are also in prog-
ress. One clinical trial (NCT04403386) exploits
biomarkers for immune cell profiles, smokingand
DNA methylation patterns. This investigation
determined a high-risk threat from virus-induced
mortality and morbidity experienced by smokers
than that of non-smokers since smoking is like-
ly to change epigenetic signatures"’. Another
study®®' (NCT04411563) comprehends the cor-
relation between the severity of COVID-19 and
related epigenetic biomarkers, such as epigenetic
signatures and microRNAs. Epigenetic research
has provided sufficient evidence that viruses have
evolved mechanisms that antagonize the host
epigenetic regulatory machinery to create a con-
ducive host environment for replicating the viral
genome and spreading the infection. Modulation
of the host epigenetic mechanisms by the virus al-
ters the host cell transcriptome, thereby establish-
ing the viral infection in the host cells**'*2. Genes
are expressed in a time-specific and tissue-spe-
cific manner. It has been reported'**!** that with
advancing age, epigenome changes compromise
host immunity by altering immune cells and
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adaptive host immunity. This compromises the
host defense mechanisms against viral infections.
It is well documented that the coronaviruses
MERS-CoV and SARS-CoV-1 antagonize the
host antigen presentation or activate IFN genes
by altering the host epigenome’™ .

The vulnerability of the aged people to SARS-
CoV-2 infection may be explained by the age-re-
lated epigenetic changes (DNA methylation) in the
host immune cells that enablesthe virus to enter
and establish infections in the elder people!*136,
Several treatment strategies for COVID-19 have
been tried, and some others are under investiga-
tion! 1821106137140 " Several clinical trials'!'*! based
on FDA approved agents that target epigenetic
mechanisms and antiviral and epigenetic drugs,
in combination, are currently being done to es-
tablish important inhibitors of viral replication
and regulate the host immune response. The
fact that antiviral drugs’ pharmacokinetics and
pharmacodynamic characteristics may also be
affected by epigenetic modulation, epigenetics
is much relevant to consider while designing

treatment strategies for SARS-CoV-2 infection'**.

A review! recently summarized the epigenetic

mechanisms having a role in coronavirus infec-
tions and summarized the epigenetic therapeutic
targets. As discussed in earlier sections, sever-
al classes of HDACs regulate the nonstructural
proteins governing the viral life cycle in the host
(viral transcription, replication, and maturation).
These observations indicate that various HDAC
inhibitors (Vorinostat or suberanilohydroxam-
ic acid (SAHA), combined with antivirals) can
be investigated for their potential in interfering
with the viral life cycle'*'*. It is important to
remember that HDAC inhibitors like vorinostat
(SAHA), romidepsin, panobinostatand belinos-
tat have been authorised by the US Food and
Drug Administration as anti-cancer medicines
for certain cancer types. Many more are being
tested for various cancers in the pre-clinical and
clinical phases'*'*. HDAC inhibitors thus have
well-proven therapeutic potential and clinical use.
Hence, it is urgent to explore the therapeutic
potential of available HDAC inhibitors against
COVID-19 (Figure 1).

Since ACE2 expression is under tight epigen-
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Figure 1. Epigenetic changes and possible therapeutic interventions for controlling epigenetic alterations in SARS-CoV-2
infection. Epigenetic markers such as chromatin remodelling, histone modification, DNA, and RNA methylation all have a role in
the immunological response. The figure represents the regulation of various epigenetic changes such as DNA, RNA methylation,
and histone modifications by exploiting inhibitors of HDAC, DNMT, and HMT. Inhibiting certain epigenetic mechanisms reduces
viral replication, making it an important treatment approach for coronavirus infected individuals. Epigenomics is a valuable
approach for discovering new ways to limit, mitigate, or reverse the viral infection. The enzymes that cause epigenetic changes
might be used as prospective candidates for novel antiviral medicines. Abbreviations: HDAC: Histone deacetylases; HAT: Histone
acetyltransferase; HKMT: Histone methyltransferase; DNMT: DNA methyltransferases; RNMT: RNA methyltransferase. The
figure was designed by the Biorender.com program (https://biorender.com/, accessed on 30 June 2021).
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etic regulation by the enzymes, such as DN-
MT1, histone acetyltransferase 1 (HAT1), histone
deacetylase 2, the inhibition of these enzymes by
the specific inhibitors (DNMT1 inhibitors: Azac-
itidine; HAT1 inhibitors: anacardic acid; HDAC2
inhibitors: valproic acid) may be used for con-
trolling coronavirus infections]%613%14-151 (Figure
1). Also, the already established epigenetic drugs
used in cancer treatment can be evaluated for their
anti-inflammatory and antiviral potential'*"'*>. The
polycomb repressive complex 2 (PRC2), which
causes H3K27me3 in the ISGs, is being tested as
pharmacological target for cancer control. Clinical
trials are ongoing to test the pharmacological in-
hibitors of PRC2 in cancer treatment. This can also
be repurposed to manage COVID-19'%,

Cytokine storm characterized by over-expres-
sion of inflammatory mediators is highly impli-
cated in the multi-organ failure and mortality
in COVID-19"#0134 " Decitabine [5-aza-2-deoxy-
cytidine (5-azadC)] is a DNMT inhibitor and
has been reported to cause inhibition of DNA
methylation in macrophages. Thus, Decitabine
suppresses inflammatory responses in the mac-
rophagesl*’. One ongoing clinical trial aims to
evaluate Decitabine as a treatment modality in
ARDS treatment (CTL: NCT04482621).

Studies'*>!5¢ have shown that immune cells
possess an epigenetic memory, called Trained
Immunity (TRIM), for primary infection through
epigenetic reprogramming. The primary infec-
tion/exposure enables the innate immune cells
to develop an epigenetic memory for the infec-
tion and elicit an enhanced immune response
to the second exposure'™. In a study, it has
been observed that B-glucan-driven TRIM in-
volves epigenetic reprogramming. This strategy
can be used in COVIID-19 treatmentl”. In a
recent study, peripheral blood mononuclear cells
from people recovering from COVID-19 and
healthy volunteers were analysed for single-cell
chromatin accessibility and T cell receptors. In
the patients recovering from COVID-19, chro-
matin modification was seen in both innate and
adaptive immune cells. TBET-enriched CDI16+
and IRF1-enriched CD14+ monocytes with suc-
cessive trained and activated epigenomic states
were prevalent in recovered patients compared
to healthy volunteers. The B-cell lineages in
recovered people progressed quickly from im-
mature B cells to antibody-producing plasma
cells. Additionally, combining single-cell T
cell-receptor clonality with the chromatin ac-
cessibility landscape indicated the proliferation
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of potential SARS-CoV-2-specific CD8+ T cells
exhibiting epigenomic profiles, which favour ef-
fector or memory cell development. Overall, the
findings show that immune cells recovering from
COVID-19 have global chromatin accessibility
landscape remodelling, indicating the formation
of immunological memory'*®.

Studies'®-1®* have proposed that using natural
products and vitamins (e.g., Vitamin D and quer-
cetin) can reduce the expression of ACE2, in-
flammatory response (cytokine storm) and boost
immunity to COVID-19. Curcumin, 8-hydroxy-
quinolones, and sulforaphane are other possible
natural compounds that might cause epigenetic
silencing of the ACE2 gene, thereby preventing
SARS-CoV-2 infection'*>!%2,  Resveratrol, se-
lenium, isothiocyanates, such as sulforafan, tea
polyphenols, curcumin, quercetin, genistein, an-
thocyanins, indole-3-carbinol and withaferin A
might be effective for the treatment of several
diseases through epigenetic mechanisms. These
nutrients and bioactive dietary components may
have an anti-SARS-CoV-2 and epigenetic effect
on COVID-19 patients'®-'%, Thymoquinone is an
active component of black seed oil, and pos-
sesses medicinal (antioxidant, antiviral, antimi-
crobial, anti-inflammatory, anticoagulant, and
immunomodulatory) activities. Thymoquinone
may increase the activity and number of cyto-
kine suppressors, natural killer cells, lymphocytes,
and macrophages. It has antiviral activity against
hepatitis C virus, murine cytomegalovirus, Ep-
stein-Barr virus, human immunodeficiency virus,
and also against the SARS-CoV-2 strain isolated
from Egyptian patients. It is also reported that
thymoquinone can modulate epigenetic machin-
ery (DNA methylation and demethylation, histone
acetylation and deacetylation), and may alter the
genetic expression of non-coding RNAs (miRNA
and IncRNA)1™1¢8 The use of Nigella sativa may
be beneficial for treating COVID-19, which blocks
the virus entry into pneumocytes, improves zinc
intake, and prevents virus replication'®. Moreover,
TaibUVID nutritional supplements may help the
rapid cure of SARS-CoV-2 infection1™.

RNA-based molecular treatment strategies have
also been proposed for COVID-19 treatment1’72,
RNA-based molecular treatment modalities work
by epigenetically modulating the genes required for
viral entry, replication, and maturation. The small
interfering RNAs (siRNAs), microRNAs (miR-
NAs), and locked nucleic acid antisense oligonu-
cleotides (LNA) targeting the S"UTR regions of the
Spike protein are proposed to be effective in both
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preventing and treatment of COVID-192%7173 Re-
cent research sought to anticipate mature miRNA
(microRNA) sequences in the SARS-CoV-2 ge-
nome and their impact on protein-protein interac-
tions in afflicted cells and gene-drug connections
to identify potential therapeutic candidates. VMir
analysis identified a total of 62 potential hairpins.
MiRBoost identified three hairpin structures as
genuine precursor miRNAs. In 100 SARS-CoV-2
viral genomes, five distinct alterations were discov-
ered in precursor miRNA sequences. In precursor
miRNAs, mutations modestly increased MFE val-
ues and entropy. In PANTHER, KEGG, and Wiki
pathway analyses, gene ontology keywords related
to fibrotic pathways and the immune system were
shown to be enriched. A network of 60 genes
was discovered using PPI analysis. SMADI was
identified as a hub gene in the network using Cy-
toHubba analysis. In SARS-CoV-2 infected A549
cells, the anticipated miRNA targets FAM214A,
PPMIE, NUFIP2 and FAT4 were downregulat-
ed. MiRNAs in the SARS-CoV-2 viral genome
have been shown to have a role in developing the
COVID-19 disease by activating pathways linked
to fibrosis in virus-infected cells and regulating
the innate immune system. The SMADI protein,
which plays an important role in TGF signalling',
might connect both pathways. Further, deciphering
these pathways and miRNAs can be exploited to
develop effective therapeutic regimens.
Identifying COVID-19 via epigenetics would
lead to a better knowledge of disease pathogen-
esis and therapeutic interventions*!. Based on
the epigenome-wide association study (EWAS)
the interrelationships between respiratory failure
and DNA methylation have been investigated®.
Epigenetic biomarkers were compared in patients
needing acute oxygen therapy to asymptomat-
ic individuals who did not need oxygen thera-
py. In addition, the authors define EPICOVID,
a DNA methylation-based signature that might
aid in determining illness severity. Patients with
COVID-19 were considered suitable if they did
not have any of the following risk factors and
comorbidities: obesity, diabetes, hypertension,
autoimmune diseases, chronic cardiovascular or
lung diseases, smoking habit, or old age (> 61
years), effectively limiting the EPICOVID sig-
nature’s impact. When it came to ethnicity, the
majority of the patients investigated belonged to
the West-Eurasia group, according to the Human
Origin Project’s demographic stratification. The
study only looked at DNA methylation sites,
which is a restriction. Hence, a broader epigen-

etic approach that included histone acetylation,
phosphorylation, ubiquitinylation, and sumoy-
lation may have provided a complete picture
of COVID-19’s epigenetic landscape. Even with
these biological, clinical, and cohort constraints,
the EPICOVID signature may be beneficial in
developing therapeutic interventions based on
epigenetics'”’.

Conclusions and Future Prospects

In summary, coronaviruses alter the host epig-
enome to establish successful infections and sub-
sequent spread of the infection. Several layers of
epigenetic regulation, like histone modifications
and DNA methylation, play a role in determining
the SARS-CoV-2 infection outcomes. Host cell
mounts epigenetic mechanisms mediated more
robust and effective immune response to eradi-
cate virus infection. The viral particles attempt to
escape from this response and reprogram the cell,
creating an environment that promotes virus pro-
liferation, new viral particles assembly, and re-
production to attack more cells. Epigenetic mech-
anisms are likely to play a role in various aspects
of the SARS-CoV-2 multiplication cycle, like
expressing cytokine genes, viral receptor ACE2,
and implicating different histone modifications.
Coronaviruses modulate the host epigenome to
escape the host immune mechanisms. Several
epigenetic modifications at the DNA, RNA, and
histone levels have been reported that provide
essential targets for therapies against coronavirus
infections. Although vaccines are now available
against COVID-19, they are not fully efficient
against SARS-CoV-2 infection. Therefore, ex-
tensive epigenetic studies should be conducted
to further explore the virus-induced epigenetic
changes and target these epigenetic markers to
develop antivirals for SARS-CoV-2.
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