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Severe acute respiratory syndrome coronavirus-2 is a positive-sense RNA virus, a causal agent of ongoing
COVID-19 pandemic. ACE2R methylation across three CpG sites (cg04013915, cg08559914, cg03536816)
determines the host cell’s entry. It reqgulates ACE2 expression by controlling the SIRT1 and KDM5B activity.
Further, it regulates Type | and Il IFN response by modulating H3K27me3 and H3K4me3 histone mark.
SARS-CoV-2 protein with bromodomain and protein E mimics bromodomain histones and evades from
host immune response. The 2’-O MTases mimics the host’s cap1 structure and plays a vital role in immune
evasion through Hsp90-mediated epigenetic process to hijack the infected cells. Although the current
review highlighted the critical epigenetic events associated with SARS-CoV-2 immune evasion, the detailed
mechanism is yet to be elucidated.
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The advent of budding infectious agents like COVID-19 has resulted in a remarkable impact on the discrepancy of
human resources, lifestyle, economy, and longevity in the modern era. COVID-19 infections have been associated
with respiratory dysfunction that contributed to substantial alterations in the clinical manifestation and has
become a significant public health concern [1]. The severe acute respiratory syndrome coronavirus (SARS-CoV-2),
B-enveloped, segmented, positive-sense RNA belong to Orthocoronavirinae subfamily. Mostly attacks mammals and
could cause potentially fatal respiratory dysfunctions. The previous form regarded as 2019-nCoV, the COVID-
19 has transmitted rapidly throughout China and received tremendous attention worldwide (2. However, the
SARS-CoV incidence was in 2002 followed by Middle East respiratory syndrome coronavirus (MERS-CoV) in
2012, followed by the subsequent entry of highly pathogenic large-scale epidemic coronavirus, COVID-19 as
observed in the 21st century in the human population. Recent data as of 1 January 2020, indicates, a total of
82,579,768 cases globally, with mortality of 1,811,849 cases affecting 213 countries.

Out of the whole affected population, Bharat (India) accounts for 10,305,778 confirmed cases with a mortality
of 149,218 cases [1]. Although the actual evidence regarding the virus’ origin remains unclear, several studies indicate
that the bat population in Wuhan city’s seafood market in China is the potential reservoir [3]. Population genetic
analysis revealed that the virus’s L-type strain is more aggressive and contagious than the S strain [4]. The genome
sequencing approach’s results indicate that COVID-19 shares 96.2% overall genomic similarity with Bat-CoV-
RaTG13 suggests a typical ancestral relationship [s]. According to recent Lancet findings, Acute Respiratory Distress
Syndrome is the most common pathological event of COVID-19 characterized by cytokine storm, resulting from
the massive secretion of pro-inflammatory cytokines and chemokines during the infection by immune effectors
cells (6. Immunocompromised populations associated with several genetic and nongenetic diseases are highly
vulnerable to infection and acts as the potential risk factor modulating the clinical severity. Evidence suggests
persistent viral attacks associated with altering host epigenetic machinery, thus paving a way to evade and subvert
the immune system for a successful infection strategy [7-9). Therefore, it is highly crucial to understand the host-cell
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Figure 1. Epigenetic approach to viral infection.

chromatin dynamics to regulate the expression of specific genes adapted by COVID-19-host confrontation during
its infection. Here, we provide a brief insight on possible epigenetic changes associated with coronavirus and other
viruses to evade host immunity.

Host epigenetic architecture

Despite the Mendelian inheritance, which emphasizes the transmission of genes associated with a particular trait,
discovery in several high throughput technologies contributed significant advancement to epigenetics. Epigenetics
elucidates gene expression regulation and silencing events without any change in the DNA sequence. Although the
changes instigated by this are stable, reversible modifications in the DNA sequences could induce a dramatic change
in parent and progeny phenotypes. The consequences may persist for a lifelong period affecting cellular behavior [10].
Deciphering the fine-tuning mechanisms associated with an epigenetic signature could lead to identifying a potential
target that will be suitable for identifying severity markers of a particular disease. Understanding the host-viral
functional network is crucial to control the virus’ pathogenesis and infectivity (Figure 1). More recently, epigenetic
has become an emerging field in controlling the host innate and adaptive immune system induced by viral
pathogenesis. Being originated by environmental stimuli, the field encompasses two major events methylation and
acetylation, which play a crucial role in altering the chromatin packaging and position of regulatory elements like
promoter or enhancers. These methylation and acetylation processes are being carried out by DNMTs and HDACs,
which have varying expression levels in different cells under different conditions. In addition to this, other histone
biochemical modifications includes phosphorylation, sumoylation, ubiquitination. Histone modification enzymes
portray their role in coordination with other chromatin regulators like ATP-dependent chromatin remodeling
complexes and the contrasting effects of the polycomb group and trithorax group genes [10]. Normal functional cells
with transcriptionally active genes characterized by unmethylated promoter CpG islands, histone hyperacetylation,
H3 lysine 4 (H3K4) di- and tri-methylation and H3K79 methylation. In addition to this, the transcriptionally
repressed genes are discerned with promoter CpG island methylation, histone hypoacetylation and H3K9, H3K27
methylation [11].

Epigenetic basis of viral immune evasion

Many DNA and RNA viruses harbor epigenetic marks to maintain their persistency and latency. A previous study
by Shamay et al. (121, revealed LANA expressed by Kaposi’s sarcoma-associated virus (KSHV or HHV8) could
interact with cellular DNMTs [13]. Recruitment of DNMT3A by LANA and initiation of DNA methylation in B
cell lymphoma have been also reported [14]. Mechanically, LANA interacts with the gene promoter of TGF-§ Type
II receptor (TGF-BRII) inducing DNA methylation and causes transcriptional silencing [14]. It was also evident that
promoters of several IFNy-regulated genes with STAT1 binding sites are the potential target for KSHV associated
with repression of IFNy-induced gene activation [7]. Interaction of KSHV polyadenylated nuclear RNA with
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host nuclear regulators, like PRC2 and IRF4, also shown to modulate the expression of several cytokines [14]. In
particular, an increase in DNMT is crucial in regulating the viral latency by modifying the epigenetic reprogramming
of infected cells. Furthermore, it was elucidated that trimethylation of H3K27 probably through PRC2 is associated
with CpG methylation of the tumor suppressor gene, as shown in Epstein—Barr virus (EBV) latency in B cells [15]. As
evident, Epstein—Barr-virus encodes a LMP1 and LMP2A, leading to activation of downstream signaling molecules
like JNK, AP-1 and STAT3 causing upregulation of the host DNMTT1 [16]. Besides, the role of oncoprotein E7
of human papillomavirus in modulating the DNMT1 and H3K27 methyltransferase EZH2 activity in cervical
cancer has been reported earlier (8. Furthermore, the modulation of host epigenome by simian vacuolating virus
40, adenoviruses, HIV and human T cell virus-1, paramecium bursaria chlorella virus, provides significant insight
into the virus controls host epigenetic integrity and machinery for its efficient propagation by modulating gene
repression [9].

Thus far, the most comprehensive evidence of the modification of chromatin at specific gene locus as observed
in some viruses that play a crucial role in regulating host epigenetic and immune evasion. Interference in the
Th-1 cell immune response stimulated by the respiratory syncytial virus infection, upregulates H3K4 demethylase
KDMS5B, results in Type 1 interferon and cytokine responses. As evidence elucidates the association of hepatitis
B and C virus with hepatocellular carcinoma and their positive correlation with the host genome’s aberrant DNA
methylation [17-19]. DNA methylation-dependent repression of IL-4 receptor was observed during hepatitis B virus
infection, mediated by the recruitment of DNMT3A by HBX [20]. Recent results indicate the HIV encoded tat
protein regulates RNA polymerase II activity and fine-tune the expression of early response genes and makes the host
cellular environment hospitable for the virus [21]. Furthermore, the association of HIV infection with upregulated
DNA methylation event at CpG site of FOXOP3 locus leading to decreased production of TGF-f and increased
production of interleukin IL-4, thus alters the Treg cell function [22].

Notably, epigenetic processes are incredibly crucial in controlling the viral DNA-based processes like genome
replication, DNA damage response, a temporal cascade of transcription provides a footprint for understanding
and targeting the viral pathogenesis and infection [23). Certain viruses develop a common strategy where the
early proteins of viruses target the cellular processes by binding the cellular regulatory factors. As observed in
DNA tumor viruses; polyomaviruses, adenoviruses and papillomaviruses propagate their productive infection and
cell transformation by binding to the p53 gene and regulating the cell cycle [241. For instance, adenovirus ela
protein binds the host acetyltransferase, p300/CBP promoting viral replication by disrupting histone acetylation.
Late-expressed protein VII binds host chromatin and sequesters the danger signaling HMGB proteins in chromatin
resulting in downregulation of HMGB-induced immune response [25]. Further evidence showed that ela blocks
hBRel ubiquitin ligase complex formation required for ISGs in response to adenovirus infection [26].

Besides this, miRNAs role derived from RNA and DNA viruses plays a prominent role in immune evasion.
miRNA derived from RNA viruses have been shown to play a significant role in controlling host immunity.
miRNA from several human herpesviruses, polyomavirus JC and murine cytomegalovirus provide subtle evidence
of miRNA’s potential role in host immune evasion [27,28]. Ebola virus (EBOV/EBV) miRNA overexpression (EBOV-
miR-1-5p) causes inhibition of importin-alpha5, leading to immune evasion from the host interferon response [29].
SV-40 encoded miRNA also regulates the viral gene expression and decreases the susceptibility to regulatory T
cells [30]. Viral miRNA derived from the KSHV, herpes simplex virus 1, human cytomegalovirus shown to modulate
the host innate and adaptive immune response (31]. Evasion from the adaptive response was observed from the
miRNA derived from SV40 and murine polyomavirus by negatively regulating the early gene expression [32].
Similar results were observed in the KSHV and EBV virus (33]. Furthermore, miR-146a dampen the host IFN-f
production-mediated by TRAF6, thus increasing the replication and infectivity ability of dengue virus [34].

Whether in cell culture or mouse model, epigenetic drugs are currently the potential candidates that act as
prominent antiviral drugs. More recently, the HDAC inhibitors like panobinostat (NCT01680094), vorinostat
(NCT01319383) and romidepsin (NCT02092116, NCT01933594), VPA (NCT00289952) are used in combina-
tion with antiretroviral therapy. However, this attribute is limited by the incomplete latency reversal or insufficient
clearance of latency-reactivated cells, which further seeks immune enhancement treatments [35,36]. Interestingly,
some HDAC inhibitors like arginine butyrate and ganciclovir could induce lytic phase gene expression that acts as
a potent sensitizer observed in EBV-associated lymphoma [36,571. DNMT inhibitor azacytidine has been observed
to reverse the dense CpG methylation and induces gene re-expression in patients with EBV tumors 38]. The
previous study has explained the potential role of DNMT?2 in retrotransposon silencing, and the results revealed
overexpression of DNMT?2 altered several genes associated with viral infection [39].
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The cross-talk between host and viral infection could be exemplified by the potential miRNA specific to the
viral infection that could be used for the post-transcriptional regulation of target gene expression. Upadhya ez 4/,
2014 highlighted the association of CpG methylation as a genomic signature for large DNA viruses infecting
invertebrates [40]. Further study also revealed the promoter hypermethylation as possible indicators of human
papillomavirus-infected patients with head and neck squamous carcinomas [41]. Significant correlation of EBV
oncoprotein EBNA3C and its positive association with transcriptional activation of autophagy genes by recruiting
active epigenetic marks like H3K4mel, H3K4me3, H3K9ac and H3K27ac has been elucidated previously [421.
Furthermore, the prospective regulatory role of hsa-miR-374b-5p miRNA on Type 1 interferon expression in
Japanese encephalitis virus-infected microglial cells was also reported earlier [43-45]. Immune metabolic findings
show that viral protein ICPO is an attenuator of TLR signaling inhibiting innate response to herpes simplex virus [46].

Epigenetic approach of coronavirus immune evasion

Epigenetic alterations of ACE2R determines SARS-CoV entry into the host cell

Maintaining a latency stage inside the host, mimicking the host immune system requires manipulation of chromatin
and heterochromatin assembly by viruses. It has become clear that the coronavirus’ spike protein facilitates its entry
into the target cells mostly by the surface unit s1 of S protein upon S protein priming. The molecular affinity
between the ACE2 receptor, mostly expressed on the Type—II lung epithelial cells, is crucial in the viral entry (47-501.
Spike protein and receptor affinity is a crucial determinant of tissue tropism, which plays a vital role in the disease’s
etiopathogenesis. Therefore, it is crucial to understand the epigenetic signature of the ACE2 gene for controlling
the initial step of entry and fusion of the virus.

The genome-wide DNA methylation array and chip methylation pipelines study indicates the varied degree
of DNA methylation of the ACE2 gene in different tissue subtypes. The lowest ACE2 gene methylation across
three CpG sites (cg04013915, cg08559914, cg03536816) was predominant in lung epithelial cells compared
with other tissues [51]. A subsequent study shows that ACE2 gene hypo-methylations are mostly confined to
the females compared with the male, suggesting angiotensin II metabolism and its association with hormonal
differences or genetic differences in chromosome dosage [521. Moreover, transcriptomic analysis shows a lack
of possible association of ACE2 with race, age and gender. However, Asian smoker population exhibits higher
ACE2 than the nonsmokers suggesting an epigenetic impact on ACE2 activity in the respiratory system [53-55].
However, the validation of the approach necessitates proteomic data. Previous evidence also highlighted hypo-
methylation mediated overexpression of ACE2 and its association with the onset of severity in the patients of
systemic lupus erythematosus, an autoimmune disease upon infection of SARS-CoV-2 with peripheral blood T
cells [s6]. Inconsistent with this, further study shows the prospective role of TNF-a in the regulation of ACE gene
transcription and pathological complexity in endothelial cells. The results indicate that TNF-a enhances DNA
methylation in the ACE promoter by decreasing the activity of DNMTs, DNMT3a and DNMT3b and TET1 [571.
Transcriptomic and system biology approach revealed the significant association of higher expression of ACE2 with
RAB1A, HAT1, HDAC2 and KDM5B in patients with other comorbidities like hypertension, diabetes and chronic
obstructive lung disease [58]. Also, the role of NAD+ dependent histone deacetylase, SIRT1 in the induction of
ACE2 activity by stimulating the ACE2 promoter was reported during energy stress indicates SIRT1 could be a
target for epigenetic drugs in context to COVID-19 infection [54]. Pathway enrichment analysis also revealed the
potential role of KDM5B in regulating the expression of several genes associated with ACE2 possibly by acetylation
and methylation epigenetic marks like H3K4mel and H3K4me3, as well as H3K27ac [s6). Although the literature
is scanty about the COVID-19 ACE2 epigenetic pattern, the molecular mechanism regulating the ACE2 activity
cannot be undermined so far as the current pandemics and pathogenesis are concerned. A recent study has observed
that SARS-CoV-2 cross-reactive CD4™1 T cells are still present in 70% convalescent patients even after 5 months
of the infection [57].

Coronavirus induces epigenetic modulation of immune cells, alters antigen presentation &
interferon response

It is apparent that the generation of useful anti-inflammatory cytokines and chemokines inhibit viral replication
and enhances antigen presentation [57-59]. The ISG response plays a prominent role in controlling the viral infection
for efficient immune function. Type 1 IFN induces a cascade of signaling events which causes transcription of
several ISG [60,61]. Although evidence is scanty from SARS-CoV-2 in this perspective, studies from influenza and
other RNA respiratory viruses provide significant insight. SARS-CoV-2 and MERS-CoV viruses are found to delay
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ISG expression significantly. Transcriptomics and proteomics findings in Calu3 cells revealed diverse virus-specific
ISG expression signatures. SARS-CoV-2 infection of Calu3 cells revealed a strong induction of ISG effectors, but
the response was significantly delayed with peak expression at 48 h post-infection. In 2012, the newly emerged
MERS-CoV showed a dramatic delayed ISG released with effects visible at 18 h post-infection, for the decreased
expression of potential ISG subsets [62].

Further evidence supports the notion that downregulation of ISGs is not due to any impairment in the signaling
cascade, but by histone modification like methylation and acetylation induced by a pathogen. Upon viral infection
like SARS-CoV-2, the host produces Type I and IIT IFN, which induces histone modulation complex, which
renders removal of repressive histone mark (H3K27me3) inducing activating mark like H3K4me3. This conversion
of inactive chromatin to active chromatin allows the binding of several transcription factors like STAT1 and IRF7
thus inducing the ISG expression [63,64]. However, incorporating repressive histone modifications like H3K27me3
and removing active mark H3K4me3 could impose a more condensed state of chromatin which prevents binding
of transcription factor and thus reduces ISG expression. Additionally, inhibition or downregulation of an H3K79
methylase, Dot1L enzyme associated with decreased antiviral response and facilitates viral replication, suggests its
crucial role in antiviral response [65].

The previous study’s prospective interleukin role in regulating the epigenetic signature has been provided (66]. The
author revealed that treatment with IL-1 induces STAT-6 activity; a major transcription factor for IL-4 mediated
signaling that binds to the H3K27 demethylase Jmjd3 promoter. An elevated level of Jmjd3 decreases H3K27
dimethylation and trimethylation (H3K27me2/3), leading to transcriptional activation of the M2 marker gene.
The significant association of H3K9me2 as a suppressor of IFN inducible antiviral response has been elucidated
by Fang et al. (2012) [67,68. However, inactivation of lysine methyltransferase G9a an inducer of H3K9me2
resulted in high IFN production, suggesting that methyltransferase could be an ideal therapeutic epigenetic target
challenge the viral invasion. Interestingly, results of Menachery ¢¢ al. (2018) revealed a possible association of
H3K27me3 global methylation with downregulation of ISG and DNA methylation of antigen presentation gene
upon MERS-CoV and H5N1VN1203 (66]. The possible association of TNF-ot and H3K4me3 in the induction of
trained innate immunity in monocytes and DCI antigen presentation and TH1/TH17 immunity upon infection
has been described previously [67,69]. Mechanistically, it was observed that an increase in either TNF-a or IFN-y is
sufficient to induce the MLL1 activity which stimulates H3K4 methylation and is required for DC stabilization [67].
Further evidence by Liu e a/. supported the potential role of influenza virus NS1 in modulating the JAK-STAT
signaling by facilitating the export of DNMT3b from the nucleus to the cytoplasm and its subsequent degradation
by K48-linked polyubiquitination. Promoter demethylation leads to the expression of specific JAK-STAT signaling
suppressors such as SOCS1, SOCS3, PIASI and induces inhibition of interferon signaling in an autocrine or
paracrine manner [68].

Acetylation and deacetylation of histones play a significant role in macrophage activation and survival. HDAC
mediates the regulation of non-histone proteins involved in mechanisms crucial for cellular functions like DNA
repair, replication, P53 signaling, HIF-1a,, STAT3 or p65. HDAC macrophages display a pro-inflammatory function
by producing pro-inflammatory cytokines like TNF-o, MCP-1, IL-1a, IL-1B and IFN-y and are a potential target
for HDAC inhibitors [69]. The role of HDAC2 in modulating the NF-kB activity plays a significant role in the
immune evasion strategy of SARS-CoV-2. Nuclear localization of HDAC2 makes it convenient to inhibit the
NF-«B activity, thus altering the monocyte and macrophage function (70]. Overexpression and knockdown study
with HDACS, a Type II HDAC indicates the subsequent activation of TNF-a and MCP-1 in macrophages
contributing to the inflammatory response. Respiratory dysfunctions associated with COVID-19 infection are
exacerbated by inflammatory response stimulated by monocyte and macrophages. Monocytes play a crucial role
in innate immune response, which migrated to the affected areas and differentiated into macrophage and plays a
defensive role by producing pro-inflammatory cytokines like IL-18, TNF-a, IL-6 and chemokines that facilitate
migration [71. HDACS5 localized in the nucleus and participated in the inflammatory response. However, drugs
that could activate the HDAC2 and facilitate nuclear export of HDAC5 could be a novel strategy to control
the inflammatory response associated with COVID-19. Current evidence indicates methylxanthine theophylline,
macrolide antibiotics, the tricyclic antidepressant nortriptyline, the volatile anaesthetics isoflurane, the phenolic
compounds gallic acid and curcumin as well as the plant bioactive molecule andrographolide have the potential to
induce the HDAC?2 activity by inhibiting PI3K-8 signaling (Figure 2) (72-75).
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Figure 2. Interaction of coronavirus and modulation of host epigenetic machinery. (1) ACE2R hypomethylation across CpG sites in lung
epithelial cells/other cell types is the first step for entering the coronavirus. DNA methylation in the ACE promoter regulated is under the
strict regulation by DNMTs, DNMT3a and DNMT3b, TET1, MAX, KDM5B, HDAC2. (2) Virus fuses taking advantage of host cell membrane
endocytic pathway. Upon the SARS-CoV entry, the positive strand RNA releases to the cytoplasm and serves as a template for negative
strand, which subsequently produces more positive stand and mRNA leading to viral protein synthesis. The Nsp5 protein interacts with
both TRMT1 and HDAC2 and prevents their nuclear entry. (3) The protein E of SARS-CoV-2 shares similarity with histone 2A and prevents
its interaction with BRD2 leading to evasion from host defense. (4) Infection with SARS-CoV-2, host, produces Type | and Il IFN by
removing the repressive histone mark (H3K27me3) and activating H3K4me3, induces chromatin in an open state and permits the binding
of transcription factors like STAT1, IRF7 leading ISG expression. However, the incorporation of repressive histone marks like H3K27me3
could impose a more condensed state of chromatin which prevents binding of transcription factor and thus reduces ISG expression
inducing immune evasion. (5) IDP or IDR derived from SARS-CoV-2 or NL63 coronavirus interacts with host SLiMs proteins that share
certain residues of histone proteins play an important role in modulating gene expression histone mimicry. SLiMs are also a potent target
for binding of epigenetic readers. This contributes to viral pathogenicity and suppresses antiviral response. (6) Nuclear localization of
HDACS a Type Il HDAC induces pro-inflammatory cytokines and controls inflammatory response. In response to SARS-CoV infection,
HDAC2 activity increases, leading to NF-kB activity inhibition, altering monocyte and macrophage function and modulating host cell
response. (7) SARS-CoV-2 uses Hsp90, which hijacks infected cells and causes autophagy by regulating SMYD2 and mTOR/p70S6K
signaling. (8) Ifit1, an interferon-induced RNA binding protein, binds to viral RNA lacking 2’-O-methylation at their 5 end and preventing
RNA translation. ORF1 of viral RNA translated into polyproteins consists of Nsp13, Nsp14, Nsp16. Nsp16 possess methyltransferase
(2’-O-MT) activity, nsp13 function as 5’ triphosphatase and helicase activity, nsp14 exhibits N7MT activity. Viral Nsp16 with 2’-O MTases
and mimics c.

IDR: Intrinsically disordered region; SARS-CoV: Severe acute respiratory syndrome coronavirus.

SARS-CoV-2 protein 3b as an epigenetic modulator

Characterization of viral protein components and their host interacting partners could provide novel insight to
understand the molecular basis of immunomodulation strategy. Recent evidence indicates the potential role of
SARS-CoV-2 protein 3b an accessory protein component, has been observed to interacts with the host protein ma-
chinery like RUNX1b. Given that RUNX1b stimulates transcription of genes involved in definitive hematopoiesis
and T cell differentiation cytokines and chemokines including IL-2, IL-3, GM-CSE MIP-1a, CSFR, etc. [74,75].
In response to SARS-CoV-2 infection protein, 3b stimulates phosphorylation of RUNX1b in an ERK-dependent
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manner and activates IL-2 promoter [74]. This high degree of molecular linkage of RUNXI is thought to be
mediated by HDAC recruitment and T cell cytotoxic response [76]. The evidence supports the notion that efficient
T cell function or exaggerated immune response might be epigenetically controlled.

Histone mimicry as a basis for modulation of gene expression & immune evasion

Coronavirus is enveloped single-stranded positive RNA viruses with a genome size ranging from 26.2 to 31.7 kb. The
large capped polyadenylated genome constitutes a set of conserved genes arranged in a particular order: 5’ORF1la-
ORF1b-S-ORF3-E-M-N-3'. Among these ORF; ORF1la/b exhibits two-thirds of the genome and produces an
mRNA (mRNA1) which encodes different structural and functional protein components. The structural proteins
include: S, E, M and N. The N proteins of CoV-2 consist of three conserved domains: N terminal domain (NTD),
C terminal domain (CTD) separated by intrinsically disordered regions (IDR) or RNA binding domains. It was
observed that the NTD preferentially binds the 3" end of viral RNA by electrostatic interaction which stabilizes
RNA structure and acts as a chaperone and helps in replication. The CTD plays a vital role in the dimer-dimer
association, protein interaction and stress response [77]. The NTD and CTD are separated by IDR or IDP which lack
3D shape in their native conformation. These domains play a crucial role in DNA, RNA and protein binding and
enhance the RNA binding activity of NTD and CTD. It was also pointed out that these IDPs play a predominant
role in viral adaptation, evasion from the host immune system. Regulation of viral protein synthesis managing the
economical use of genetic material via alternative splicing, overlapping genes and antisense transcription [78]. It is
surprising to note that the human coronavirus NL63 has 7.3% of these disordered residues [79]. The IDP or IDR
are also observed in the mammalian proteome characterized by a predominant hydrophilic amino acid with a low
abundance of bulky hydrophobic amino acids. Post-translational modification and sharing of the particular motif
of eukaryotic proteins like SLiMs make them ideal for regulating the host defensive strategy. Short linear motifs
commonly known as SLiMs, also the components of eukaryotic linear motifs. SLiMs are observed to be a part of
histone proteins and acts as a binding target for readers. As the binding affinity and specificity of SLiMs reside
in 2-5 residues, it makes it easy to mimic the host SLiMs. It was observed that the presence of histone H3 like
sequence within the C-terminal portion of NS1 of the H3N2 subtype of influenza virus [so].

The role of NS1 protein in suppressing Type I IFN response during infection has been described previously.
NS1 protein consists of a sequence of 226-ARSK-229 which resembles the first four amino acids (1-ARTK-4) of
histone H3. The tails of influenza may contain PDZ ligand (PL) motifs whereas, SUMOylation sequence in the
NSI tail of HINT strain [81]. The PL motif observed in ESEV and EPEV within the NSI tails of avian-derived
influenza strain are significantly associated with pathogenicity and could suppress the antiviral response. The PL
motif can attenuate the apoptosis of infected cells and increases the viral load [s2).

Furthermore, the histone mimicking ability of NSI of influenza virus and its modulation of host epigenome
has been well explained (80). The study revealed carboxy-terminus of the H3N2 protein NS1 and tail of histone
H3 shares homologs sequence. The NS1 protein interacts with the human PAF1 transcription elongation complex
(hPAF1C) and decreases the PAF1-mediated antiviral response in a host. Furthermore, the binding affinity of
histone H3 tail and H3N2 NS1 tail to PAF1 has been explained previously, contributing to RNA elongation co-
transcriptional process [80). Interaction between CHD1 and PAF1 in the regulation of transcriptional elongation has
been elucidated previously. WDRS5 a core subunit of the human MLL and SET1 histone H3K4 methyltransferase
complex and is highly important for global H3K4 methylation and HOX gene activation in human cells. Human
CHDI1 preferentially binds to H3K4me3 a hallmark of actively transcribed chromatin. Recently, it was reported
the CHD1 and WDRS5 are a potential target for NS1 protein of influenza A H3N2 subtype possess a histone
H3K4 like sequence at its CTD and adapts antiviral response (83].

The bromodomain (BRD) is a conserved structural module of chromatin-associated proteins, and histone
acetyltransferases play a dynamic role in regulating chromatin-based gene transcription. BRD specifically binds
to the acetylated histones and regulates gene expression [84]. Recent affinity purification-based-mass spectrometry
results indicate the interaction of E protein of SARS-CoV-2 with BRD-containing proteins BRD2, BRD4 disrupting
the activity of BRD histones binding by mimicking histone structure. The N terminus of histone 2A shares local
sequence similarity over an alpha helix about 15 residues some of which are in the transmembrane segment of
protein E, which suggests mimicking protein E’s action on histone which disrupts its interaction with BRD2, thus
evading from host immune defense. Interaction analysis revealed the affinity of Nsp5 (C145A) with TRMTT1 and
wild-type Nsp5 with TRMT1 and HDAC?2. Taking both wild-type and catalytic dead constructs (C145A) of Nsp5
of SARS-CoV-2 indicates, wild-type Nsp5 exhibits high confidence interaction with epigenetic regulator HDAC2
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predicted a cleavage site between the nuclear localization sequence and HDAC domain and suggested an inhibitory
effect of Nsp5 on HDAC2 transport into the nucleus. Furthermore, Nsp5 removes zinc finger and the nuclear
localization signal of TRMT1 mediates mitochondrial localization (Figure 2) (83]. Fascinating results obtained by
the same study from chemoinformatics data indicate valproic acid and the preclinical candidate apicidin possess
HDAC2 inhibitory activity with an affinity of 5 and 120 nM, clinical compounds like ABBV-744 and CPI-0610
on BRD2 and BRD4 with affinities of 2 and 39 nM, respectively.

Coronavirus modulates innate epigenetic signaling
The potential role of the pathogen-related receptor (PRR) and pathogen-associated molecular pattern, toll-like
receptor (TLR), JAK-STAT, NF-kB signaling in orchestration against the viral pathogenesis was previously known.
TLR2 mRNA was observed to increase in patients with SARS infection. Previous evidence indicates an increase
in NF-kB signaling in response to the TLR2 signaling in monocytes in iz vitro conditions [84]. Spike proteins of
SARS-CoV are cleaved by cathepsin L, factor Xa and trypsin which cleaves the spike protein into S1 and S2 and
permits viral entry into the cytoplasm [85]. In epithelial and fibroblast cells displaying ACE2 receptor induces IL-8
production in response to S protein via the AP-1 pathway (86]. Subsequent evidence indicates crucial roles of specific
accessory proteins encoded by MERS-CoV antagonize NF-kB signaling to evade the host defense. Transport of
NF-kB into the nucleus is stimulated by the destruction of IkBs, where NF-kB induces activation of cytokine genes.
Upon viral infection activation of TLR and retinoic acids inducible gene like receptors (RLRs) and nucleic acid
sensors recognize the pathogen-associated molecular pattern. The role of R/G-1 and MDA-5 via MAVS in priming
IkB ubiquitination by recruiting TRAF and TAK1 which induces NF-kB activation [87]. However, previous evidence
indicates the viral origin of different proteins and proteases causes inactivation of these adaptor molecules leading
to silencing of the NF-kB paving the way for immune evasion [88]. A recent infection experiment of coronavirus
with 229E cells indicates that p65 chromatin recruitment is highly crucial in NF-kB and its target gene induction.
P65 occupying regions are enhancers elements, promoter-transcription start site regions characterized by increased
acetylation of H3 and H4 histones which are stimulated by the activity of transcription factor induced after
CoV-2 infection and leads to expression of genes associated with antiviral response [89]. Activation of NF-kB allows
the synthesis of the A20 protein required for efficient viral replication [89). Historically, recruitment of inducible
transcription factors to the enhancer region has H3K4mel and H3K27ac and increases the acetylation of H3K36
and H4KS5 in the chromatin structure near the promoter region determines virus-induced host cell response in a
nuclear transcription-dependent mechanism. The possible interaction of viral protein components with different
DNMTs have been well established [61,90]. The potent role of IL-32 in exerting its antiviral response is confined to
its ability by inducing the pro-inflammatory cytokines and differentiation of monocytes into macrophages.
Demethylation in the CREB binding site increases the binding of CREB to the promoter followed by /L-32
transcriptional activation in influenza A virus-infected cells. Influenza virus activates /L-32 expression by activating
NF-«B and CREB with site-specific demethylation of CRE in the /L-32 promoter region. Inactivation of DNMT1
and DNMAT3b causes hypomethylation of /L-32 promoter in response to influenza virus infection, indicating a
host’s protective mechanism in preventing viral replication (91]. Similar findings were reported by Fang ez al. (2012),
where the downregulation of DNMT3a and DNMT3b, but not that of DNMT]1, involves a COX2 dependent
IFN-)\1 production by increase NF-kB signaling. The result of this study indicates increased activity of miRNA
(mir29) in A549 cells and PBMC derived from the influenza patients induces PKA-mediated phosphorylation
of CREBI and inhibition of DNMTs activity and contributes to COX2 and PGE2 expression [62]. Mechanistic
evidence indicates infection with influenza virus induces an increase in the expression of the host methyltransferase
Setdb2, which mediates trimethylation of histone H3 Lys9 (H3K9) at the Cxc/l/ promoter and make the host
susceptible to superinfection with Streptococcus pneumonia [92]. The epigenetic alterations associated with CoV-2
infection are summarized in Table 1.

The epigenetic mechanism controls viral RNA replication

Extracellular vesicles trigger epigenetic reprogramming in the host cell. Virally induced vesicle formation can trigger
the multiplicity of infection. CoV-2 Nsp-3, -4 and -6 play a fundamental role in the rearrangement of the host cell
membrane and required for the establishment of replication-transcription complexes, called replication organelles,
which are nothing but the double-membrane vesicles are characteristic features of all RNA viruses including CoV-2
for making stable infection in the host [101,102]. The marginalization of host cell chromatin, a proliferation of
nuclear membrane are the prime events during herpes virus infection. However, such molecular events in CoV-2
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Table 1. Epigenetic alterations associated with COVID-19 infection.

Viral components Host machinery Epigenetic change Response
Protein 3b RUNX1b Recruitment T cell function cytokine response
Covid19 NF-xB HDAC2, HDAC5 Inflammation
TNF-a
MCP-1
Nsp16 2/-O-MT activity
Nsp13 5'-triphosphatase and helicase Methylation and mimic of Cap1 Immune evasion from interferon response by
activity structure protecting of viral RNA from 5'-3’ exonuclease
Nsp14 N7MT activity activity
CoV infection Hsp90 induced mTOR pathway SMYD2 (Lysine Autophagy
methyltransferase)
CoV infection p65 induced NF-kB activity H3H4 acetylation Antiviral response
Cov Infection BRD2 Mimics H2A histone Host immune evasion
Nsp5 TRMT1 TRMT1 Prevents HDAC2 transport to nucleus
HDAC2 HDAC2 induces mitochondrial localization of HDAC2
NL63/ IDP or IDR Host SLiM protein Mimics Histone H3 Immune evasion by surpassing Interferon
response
MERS-CoV TNF-« Interferon H3K27me3 Antagonizes antigen presentation immune
evasion
Spike protein ACE2R Methylation at CpG site Viral entry and pathogenesis

IDR: Intrinsically disordered region; MERS-CoV: Middle East respiratory syndrome coronavirus.

vesicle are not reported. Vesicle fusion with other cellular components and chromatin disassembly in a GTPase Ran
mediated manner was also described in the previous report [103].

5" OMT as a molecular target plays a crucial role in evasion from the immune system

The exploitation of host synthetic machinery or encoding own proteins to counteract innate immune response
is crucial for establishing a successful infection strategy. Methylation of transcriptome involving different RNAs
like tRNA, mRNA, rRNA and other noncoding RNAs is crucial for regulating gene expression. Mechanistically
eukaryotic mRNA is capped at 2’-O positions (or Nm where N can be any nucleotide) of the 5'-guanosine
cap by methyltransferases (MTases) to distinguish endogenous self-capped RNA from exogenous nonself RNA
encoded by pathogen lacking Nm. This mechanism has been well understood at the molecular level where IFIT1
interferon-induced RNA binding protein mediates this effect by preferentially binding to viral RNAs lacking 2'-O-
methylation at their 5" end and preventing RNA translation. Seminal findings suggest a wide variety of pathogens
like flaviviruses, coronavirus, Japanese encephalitis virus, mouse virus, dengue virus, SARS-CoV virus and vaccinia
virus adopts such strategy for the propagation of successful replication and evasion from interferon response [104].
IFIT1 has been observed to have a higher affinity for RNA lacking 2'-O methylation, IFIT1 can out-compete elF4E
or elF4F for binding, remove cap 0 RNA from the actively translating pool [99]. Surprisingly, specific pathogens
like coronaviruses encode their own viral 2’-O MTases and mimic the host’s capl structure by different distinct
mechanisms rendered them a potential target for drug development [105]. ORFI translated into polyproteins (ppla
and ppllab) which undergoes co- and post-translational modifications and forms 16 nonstructural proteins nsp
1-16. Bioinformatics study revealed SAM-dependent RNA 2'-O-MT activity of nsp16, where nsp13 function as
5'triphosphatase and helicase activity whereas nsp14 exhibits N7MT activity. This 5" cap protects the viral RNA
from degradation by altering 5’-3" exonuclease activity and induces its translation by stimulating the preinitiation
complex formation. Although the exact role of SARS-CoV-2 2’-O-MT is unknown, it plays an integral part in
a viral replicase-transcriptase complex on its interactions with other viral proteins implicated in the formation of
a 3’ terminal protein complex. Recent findings from computational analysis study revealed that dolutegravir and
bictegravir are potential drug candidates to target SARS-CoV2 2'-O-MT activity [100].

Coronavirus uses Hsp90-mediated epigenetic process to hijack the infected cells

Historically, histone modification plays a significant role in the epigenetic silencing of endogenous retroviruses. It
was observed that ZFP809, a member of the KRAB-ZFP family, induces the silencing of endogenous retroviruses
in a sequence-specific manner via recruitment of heterochromatin-inducing complexes. Epigenetic mark involving
Histone 3 Lys9 trimethylation (H3K9me3) in host-associated with tightly inactive repressed chromatin [103].
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ZFP809 binding to proline tRNA primer-binding site used by some retroviruses to prime reverse transcription.
ZFP809 recruits the KRAB domain binding corepressor KAP1 (TRIM28, TIF1b), which induces silencing via
recruitment of histone deacetylases, HP1 and the histone methyltransferase SETDB1 (ESET, KMT1E) (106]. Hsp90
chaperon activity plays a vital role in TRIM28/KAP1-mediated epigenetic silencing of endogenous retroviral
elements [97]. Hsp90 in influenza virus by binding to the PB2 subunit enhances the RNA polymerase activity. In
the poliovirus, Hsp90 is required for proper folding of the capsid protein. Hsp90 enables viruses to hijack the
infected cells through the process of autophagy in targeting the mTOR pathway by inducing the mTOR/p70S6K
pathway [98]. It has also been proposed complex interaction between estrogen, Hsp90 and lysine methyltransferases
(SMYD?2) plays an essential role in autophagy [107]. A similar mechanism might have to go on in SARS-CoV-2-
infected patients. Remarkably, a drug repositioning study suggests geldanamycin and its derivatives as the potential
candidate to target Hsp90 during COVID-19 infection [95].

Conclusion

A viral threat to humanity represents a foremost public health concern and accounts for a significant cause of
morbidity and mortality for decades. Currently, COVID-19 has raised many scientific and clinical questions. A
growing body of evidence indicates an evolutionary arms race and molecular cross-talk between virus and host
epigenetic landscape plays a pivotal role in encouraging the altered immune response. Another question is whether
SARS-CoV2 is evolutionarily adapted to subvert the host replication, transcription and proteome program by
modifying the epigenetic machinery, thus evading host immune response. The evidence summarized and discussed
here clearly demonstrates that RNA viruses like SARS-CoV-2 are equipped with a molecular entity to evade from
host innate immunity by altering epigenetic architecture. Although SARS-CoV-2 modifies the host phenotype
by potent epigenetic types of machinery like ACE2R methylation, interfering with host replication machinery,
altering antigen presentation and interferon response, innate epigenetic signaling and histone mimicry, however,
the mechanistic basis of altered chromatin dynamics and viral antagonism of SARS-CoV-2 is still not thoroughly
investigated. Therefore, future studies should explore and generate a more comprehensive map of important
epigenetic events in the histone induced by SARS-CoV-2. Integration of the epigenetically technological approach
will allow understanding of the epigenetic landscape of immune response induces by SARS-CoV-2 and prediction
of a pharmacological target for therapeutic efficacy.

Future perspective

Evidence from both MERS-CoV and SARS-CoV-2 infection indicate a significant decrease in the peripheral
lymphocytes resulting in lymphopenia, thrombocytopenia, pneumonia and high CRP contributes respiratory
dysfunction. Existing evidence also demonstrated the possible association of pulmonary injury with various immune
cells like neutrophil and macrophage infiltration and concomitant increase in the concentration of interleukins, G-
CSE TNF-q, interferon-gamma IP10, MCP1 and MIP1A, D-dimers, alanine transaminases, lactate dehydrogenase,
creatine kinase, amylase and ferritin [96,108].

Although the onset of upper acute respiratory symptoms like fever, fatigue, cough and digestive symptoms like
nausea, vomiting, abdominal pain, diarrhoea is typical, however patients with severe phenotypes are characterized
by pneumonia, sepsis, encephalopathy, acute respiratory distress syndrome, acute kidney injury, cardiomyopathy,
pulmonary dysfunction, endothelial injury and coagulation abnormality. Considerable challenges with antimalar-
ial drugs, antiviral agents, antiparasitic agents, immune modulators, anti-inflammatory agents, anti-angiotensin
receptors and traditional herbal remedies have shown to be beneficial [109]. Moreover, till recently, no suitable
US FDA-approved agent has demonstrated therapeutic efficacy in randomized clinical trials. Although cytokine
storm seems crucial in modulating clinical severity, however, due to insufficient data and lack of strong evidence
until recently, it is unknown whether cytokine storm is the major confounding factor modulating pathological
complexity. In contrast, further emerging evidence supports the notion that the phenotype may be manifested due
to endothelial dysfunction and systemic inflammatory response [93,94].

In the battle of nature and host immunity, the role of epigenetic is of tremendous importance elucidating a
scientific heft to the current scenario. Although it was previously experienced that mechanistic underpinnings gov-
erning the epigenetic process are highly deterministic in affecting psychological traits like intelligence, personality,
sexuality, now it is proved that epigenetics plays a significant role in modulating the infectivity and host-pathogen
interaction. A host defense mechanism by manipulating epigenetic process is significant for survival and successful
infection strategy by viruses. The evolution of multiple pathways played by the viruses” structural and accessory
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proteins targeting the epigenetic readers, writers and erasers result in the variable of expression of proteins crucial
for host defense. A viral infection is significantly associated with the exploitation of host cellular immune behavior
and potent cellular signaling process. Although the immune strategy system has developed to tackle the viral attack
from the perspective of the evolutionary point of view, its virus also owns the battle by developing a predominate
strategy to counteract the immune system exaggerated by its adaptation and conducive environment. Epidemiolog-
ical evidence indicates that viral infection and release are associated with several novel strategies induced by a virus
sufficient to evade the host’s innate and adaptive immunity. Intracellular nature, low fidelity of RNA polymerase,
limited genome size, resistance to physical injury make the virus ideal to manipulate the host immune system
renders it to evade the immune control mechanisms [110]. Although the epigenetic mechanism controlling gene
behavior is well established, understanding the primary mechanism responsible for fine-tune the epigenetic target
by coronaviruses and its association with the clinical severity and disease outcome is need to be understood in detail.
COVID-19 has become the primary cause of morbidity and mortality worldwide. Owing to its large extent of
infectivity, lack of sufficient knowledge in understanding the pathogenesis, devoid of ideal potent therapeutic agent,
vaccine and population with asymptomatic phenotype rendered it as an emerging issue in the current scenario.

It is highly crucial to understand the potential cross-talk between viruses and host; for example mechanism of viral
latency, reactivation of viral latency, virus localization to different chromatin sites, recognition of potent epigenetic

Executive summary

Overview

e Currently, COVID-19 is the significant public health concern and exhibits a prominent cause of morbidity and
mortality worldwide.

e Viruses have improved several potent mechanisms to efficiently propagate inside the host by fine-tuning the host
epigenetic program leading to evasion from innate and adaptive immunity.

e Both DNA and RNA viruses regulate the epigenetic players like HAT, DNMTs, HDAC culminating into activation
and repression of the specific genetic mark in the promoter of innate signaling cascade and thus subvert from
host defense.

The epigenetic perspective of SARS-CoV-2:

ACE2R methylation determines SARS-CoV-2 entry into the host cell

e ACE2 gene methylation across three CpG sites (cg04013915, cg08559914, cg03536816) in lung epithelial cells is of
paramount importance SARS-CoV-2 infection.

e SARS-CoV-2 may regulate ACE2 expression by controlling the SIRT1 and KDM5B activity.

SARS-CoV-2 epigenetically alters antigen presentation & Interferon response

e SARS-CoV-2 significantly delayed interferon-stimulated gene expression.

e SARS-CoV-2 may regulate Type | and Il IFN response by modulating H3K27me3 and H3K4me3 histone mark.

e Monocyte and macrophage-mediated inflammatory response associated with COVID-19 are induced by
acetylation and deacetylation of histones.

Histone mimicry as a basis for modulation of gene expression & immune evasion

e SARS-CoV-2 protein with bromodomain and protein E mimics bromodomain histones and evades from host
immune response.

e However, there is a paucity of literature pertinent to this field.

Coronavirus modulates innate epigenetic signaling

e SARS-CoV-2 may regulate NF-kB signaling by p65 chromatin recruitment.

e However, very few works have been conducted in this field.

e SARS-CoV-2, 2'-O MTases mimics the host’s cap1 structure and plays a vital role in immune evasion.

e Coronavirus uses Hsp90-mediated epigenetic process to hijack the infected cells.

Epigenetic tools to study the evasion strategy of SARS-CoV-2

e Several technological approaches have contributed to the understanding of nuclear architecture and chromatin
network substantially.

e Advancement in the single cell-based chromatin analysis approach; microscopy-based single-molecule real-time
imaging for chromatin dynamics, epigenome microarray, chromatin immune precipitation with next-generation
sequencing, will be highly beneficial to understand the dynamism of host chromatin and virus interaction.

Conclusion & future perspective

e Although the current review highlighted some of the critical epigenetic events associated with SARS-CoV-2
immune evasion, the detailed mechanism is yet to be elucidated.

e Future studies should focus on the novel paradigm involved between host and SARS-CoV-2 and the epigenetic
basis of immune evasion to predict pharmacological targets and therapeutic interventions.
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signature as a result of association with different stages of infection and chromatin basis of immune regulatory genes.
In the past few years, significant advancement in several technological approaches has substantially contributed to
understanding nuclear architecture and chromatin network. Advancement in the single cell-based chromatin analysis
approach; microscopy-based single-molecule real-time imaging for chromatin dynamics, epigenome microarray,
chromatin immune precipitation with next-generation sequencing, and FISH approach will be of an immense
requirement to understand the dynamism of host chromatin and virus interaction. It keeps the present alarming
situation in mind; there are no epigenetic drugs with clinical efficacy to control the COVID-19 infection. Therefore,
the future study should focus on the detailed understanding and elucidation of the novel paradigm involved between
COVID-19 and host epigenetic to develop epigenetic agents with potential efficacy.
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