
REVIEW

Epigenetic alterations and genetic variations
of angiotensin-converting enzyme 2 (ACE2) as a functional receptor
for SARS-CoV-2: potential clinical implications

Anvarsadat Kianmehr1,2 & Isabella Faraoni3 & Omer Kucuk4 & Abdolkarim Mahrooz5,6

Received: 5 December 2020 /Accepted: 27 April 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Receptor recognition is a crucial step in viral infection and is a critical factor for cell entry and tissue tropism. In several recent
studies, angiotensin-converting enzyme 2 (ACE2) has been demonstrated to be the cellular receptor of SARS-CoV-2 as it was
previously well known as the receptor of SARS-CoV. SARS-CoV-2 can bind with high affinity to human ACE2 and engages it
as an entry receptor. It seems that the genetic, notably epigenetic variations of ACE2 are less known in different populations,
indicating the need for its further investigation. These variations have the potential to affect its contribution to the pathogenicity of
COVID-19. The contribution of epigenetics in the interindividual variability of ACE2 merits more attention because epigenetic
processes can play important roles in ACE2 alterations in various tissues and different people and populations. Analyzing
different DNAmethylation patterns and microRNAs, contributing to the ACE2 modulation in the lungs will have a high priority.
The epigenetic and genetic variations of ACE2 become even more important when considering that some people have mild
clinical symptoms despite having COVID-19. The pathogenicity of SARS-CoV-2 infection is complex; therefore, a better
understanding of the underlying pathobiology, especially binding the virus to its receptors, could help improve therapeutic
and preventive approaches. This review aims to highlight the importance of evaluating both the epigenetic and genetic variations
of ACE2 as a receptor for the deadly SARS-CoV-2.
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Introduction

The novel coronavirus disease 2019 (COVID-19) pandemic
has become the most extraordinary global public health crisis
since the pandemic influenza outbreak of 1918 [1]. Various
aspects of this pandemic remain unknown. The outbreak of
severe acute respiratory syndrome (SARS) in 2002–2003 un-
covered the human body’s Achilles’ heel for SARS coronavi-
rus (SARS-CoV), angiotensin-converting enzyme 2 (ACE2).
Similarly, ACE2 is gaining importance for its identical role as
the port of entry through which SARS-coronavirus 2 (SARS-
CoV-2), also called the novel coronavirus 2019 (2019-nCoV),
enters and hijacks cellular types of machinery for reproducing
and debilitating the body's critical biological systems [2, 3].
While expressed in numerous tissues, the ACE2 is abundantly
present in kidneys, liver, and cardiovascular system as well as
the esophagus, stomach, intestines, bladder, testis, and brain;
notably, the type II alveolar cells (AT2) in the lower respira-
tory tract possess the highest concentration of the ACE2 re-
ceptors [4–7]. This is consistent with the clinical outcomes of
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SARS-CoV-2 infection affecting and impairing these organs,
sometimes to the extent of irreversible damage with eventual
death [8, 9]. The new virus’s zoonotic origin highlights the
hidden viruses in wild animals and their potential to occasion-
ally spill over into humans [10].

ACE2 is a known negative regulator of the renin-
angiotensin system (RAS), playing an essential part in blood
pressure homeostasis and also a validated contributor in the
pathogenesis of acute lung injury. ACE2 is the homolog of
ACE whose function is to counterbalance ACE2 in the bio-
chemical setting of RAS. While ACE cleaves angiotensin I
(Ang I) into Ang II, a potent vasoconstrictor, ACE2 hydro-
lyzes Ang II into angiotensin- [1–7], a peptide with opposing
effects [3, 11]. The ACE2 missing ACE2 knockout mice are
severely impaired in cardiac functions, resulting in high blood
pressure, irregular cardiac contractility, and cardiac hypertro-
phy or fibrosis [12, 13]. Besides, the ratio of ACE to ACE2
could be a potential prognostic indicator wherein their imbal-
ance could result in hypertension [14, 15]. ACE2 has also
been indicated to regulate other pathways such as the kinin-
kallikrein system that plays an essential part in regulating in-
flammation and coagulation [16].

Intriguingly, the state of cell differentiation appears to af-
fect the ACE2 surface expression, i.e., the more the cell’s
differentiation, the higher the ACE2 expression [17].
Therefore, both the expression level and expression pattern
of human ACE2 in various tissues may result in varied sus-
ceptibility, symptoms, and severity of SARS-CoV-2 infection.
The evidence is further supported by the fact that far less or no
pathogenicity was observed in SARS-CoV-2 infection in pe-
diatric and teenage age groups, in contrast to the middle age
and elderly with well-differentiated somatic cells [18].

Of note, the protective role of ACE2 expression against
lung injury is downregulated by SARS-CoV-Spike (S). This
executes ACE2 attenuation by modulating TNF-α-converting
enzyme (TACE)-dependent shedding of the ACE2
ectodomain [19, 20]. There appears to be a likely scenario
played out by the SARS-CoV-2-S for ACE2 downregula-
tion in COVID-19. In addition, several lines of investiga-
tion suggested that the ACE2 receptor is the essential
element for SARS-CoV infectivity and pathogenicity
[21–23]. Also, they highlighted that the affinity between
the viral receptor binding domain (RBD) and the host
ACE2 during viral attachment is critical to dictate the
range of hosts susceptible to SARS-CoV infection
[23–25]. Importantly, research using various bat species
provided evidence for varying genetic diversity of ACE2
gene as being the source of deciding which bats are likely
to be the SARS-CoV host. The findings indicated that bat
ACE2 receptor affinity to the RBD of SARS-CoV S pro-
tein and its efficiency could be modified by altering
ACE2 crucial residues that were mostly consistent with
structural modeling predictions [26].

Biophysical and structural evidence has shown that the
binding capacity of SARS-CoV-2 spike binds ACE2 is much
stronger than that of SARS-CoV spike [27, 28]. The SARS-
CoV-2 spike glycoprotein binds to the peptidase domain (PD)
of ACE2 with a Kd of ~ 15 nM, which is approximately 10- to
20-fold greater than the SARS-CoV-S protein does [27]. This
high-affinity SARS-CoV-2 for human ACE2 is in agreement
with the efficient transmission of SARS-CoV-2 in humans
reported to date [29]. In other words, ACE2-binding affinity
can be one of the most important determinants of SARS-CoV
infectivity; thus, SARS-CoV-2 has evolved the capability to
infect humans and to transmit among humans [23].

Variations in symptoms and incubation times and polymor-
phic severity could reflect both evolving mutant strains of
SARS-CoV-2 and host genetic factors blended with environ-
mental ones [30]. According to genetic evidence, up to 67% of
the variability in circulating ACE2 concentrations may be
explained by heritable factors [5]. Studies in different races
and ethnicities showed that genetic variants of ACE2 were
associated with hypertension, coronary heart disease, and
some other cardiovascular events [31]. It was also demonstrat-
ed that higher nasal expression of transmembrane serine pro-
tease 2 (TMPRSS2) used by SARS-CoV-2 for S protein prim-
ing might be involved in the higher burden of COVID-19 in
Black people [32]. Furthermore, epigenetics’ contribution in
the intraindividual and interindividual variability of ACE2
may require more attention because epigenetic processes, in
particular DNA methylation, can play an important role in
ACE2 alterations in various tissues as well as different peo-
ples. The importance of the epigenetic and genetic variations
of ACE2 as the SARS-CoV-2 receptor becomes even more
evident when considering that some people exhibit mild clin-
ical symptoms despite having COVID-19. A better under-
standing of this new virus’s underlying pathobiology, notably
its binding to the human receptors, can help efficiently im-
prove therapeutic and preventive approaches. This review
aimed to evaluate the epigenetic and genetic variations of
ACE2 as a receptor for SARS-CoV-2 to provide insights into
the molecular mechanisms that affect ACE2 levels and its
potential clinical implications (Fig. 1).

Protein-protein interaction between ACE2
and SARS-CoV-2

ACE2 is a type I membrane protein of 805 amino acids com-
posed of an N-terminal PD and a C-terminal Collectrin-like
domain (CLD) that ends with a single transmembrane helix
and a ~ 40-residue intracellular segment [11, 33]. In mammals,
ACE2 is highly conserved in terms of the peptide sequence;
that is, in all mammals, its protein exhibits a homology of 70%
ormore [34]. This protein is a zincmetallopeptidase. The active
site of ACE2 contains the His-Glu-Met-Gly-His zinc-binding
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motif, which its residues are highly conserved [4]. The zinc-
binding motif repeats twice in ACE and once in ACE2. ACE2
catalyzes enzymatic reactions by utilizing zinc ions, coordinat-
ed by conserved histidines within the motif [35].

Coronavirus entry into host cells is mediated by the enve-
lope S glycoprotein, which is crucial for determining host
tropism and transmission capacity. The spike protein of
coronaviruses comprises two functional domains responsible
for binding to the host cell receptor (S1 domain) and cell
membrane fusion (S2 domain) [10, 29]. The S1 domain con-
tributes to the stability of the prefusion state of the membrane-
anchored S2 domain that contains the fusion machinery [29].
The receptor-binding domain (RBD) of beta coronaviruses is
commonly located in the C-terminal domain of S1 [10]. The
RBD of S1 directly binds to the PD of ACE2 [11]. When S1
binds to ACE2, another cleavage site on S2 is exposed and
cleaved by host proteases, a critical process for viral infection
[11]. It was shown that the new virus does not exploit other
coronavirus receptors such as aminopeptidase N and
dipeptidyl peptidase 4 [36]. Although the lengths of most of
the proteins encoded by SARS-CoV-2 and related viruses
were similar, a considerable difference was a longer spike
protein encoded by SARS-CoV-2 (1273 amino acids) com-
pared with bat-SL-CoVZC45 (1246 amino acids), bat-SL-
CoVZXC21 (1245 amino acids), SARS-CoV (1255 amino
acids), and MERS-CoV (1270 amino acids) [10].

The genome of SARS-CoV-2 shares about 80% identity to
that of SARS-CoV [11]. Their spike proteins have 76.5%
identity in amino acid sequences, and, importantly, these pro-
teins have a high degree of homology [36]. The remarkable
structural similarity and sequence conservation between the
SARS-CoV-2 S and SARS-CoV S glycoproteins indicates
the close relationship between these two viruses recognizing
hACE2 to enter target cells [29]. Based on a comparative
model for the ACE2-RBD interactions in SARS-CoV RBD
and SARS-CoV-2 RBD, Wan and colleagues [23] suggested
that SARS-CoV-2 has gained some capability to transmit
from human to human.

Comparison of the amino acid identities between hACE2
and ACE2s of Chinese horseshoe bats, civet, swine, and
mouse has indicated that mouse ACE2, which cannot be
utilized by SARS-CoV-2, has higher similarity to hACE2
than those of Chinese horseshoe bats and swine, which can
be used by SARS-CoV-2, showing that whole amino acid
sequence identities cannot be a good criterion for predicting
engaging capability by SARS-CoV-2 [37]. It was found
that that the SARS-CoV-2 RBD sequence from 329 to
521 shares 93% identity with pangolin SARS-like CoV
SRR10168377. Accordingly, it has been proposed that the
pangolin′s virus has a higher probability of infecting
humans [28]. Furthermore, aligning hACE2 with that of
other species indicated that Lys31, Glu35, Asp/Glu38,

Fig. 1 An overview of the
epigenetic and genetic variations
of angiotensin-converting en-
zyme 2 (ACE2) as a functional
receptor for SARS-CoV-2. The
epigenetic and genetic variations
of ACE2 need to be considered
together to better understand the
various factors that contribute to
regulating this crucial enzyme
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and Lys353 are conserved and probably involved in
forming salt bridges [38].

The overall interface between SARS-CoV-2 and ACE2 is
similar to that between the SARS-CoV and ACE2, which
seems to be mediated mainly through polar interactions. The
RBD of the surface S glycoprotein of SARS-CoV-2 is recog-
nized by the PD of ACE2 primarily through polar residues.
Structural studies suggested that two S protein trimers can
simultaneously bind to an ACE2 homodimer so that each
PD accommodates one RBD [11].

Crucial amino acids in the binding of spike protein to
ACE2

The modeling of the three-dimensional structure of the SARS-
CoV-2 receptor-binding domain using the Swiss-Model pro-
gram showed that, like other beta coronaviruses, the RBDwas
composed of a core and an external subdomain [10]. In par-
ticular, the external subdomain of the SARS-CoV-2 RBDwas
more similar to SARS-CoV. Lu et al. reported that key resi-
dues that account for the SARS-CoV RBD binding to the
ACE2 receptor were variable in the SARS-CoV-2 RBD.
These residues in the receptor-binding site of the SARS-
CoV-2 RBD include Asn439, Gly485, Phe486, Gln493, and
Asn501 [10]. Like these findings, Wan et al. [23] indicated
that Asn501 and Phe486 of SARS-CoV-2 RBD enhance viral
binding to human ACE2. Moreover, according to the structur-
al models of Liu and colleagues [28], SARS-CoV-2 S protein
may bind to ACE2 through Leu455, Phe486, Gln493,
Asn501, and Tyr505. In the external subdomain of SARS-
CoV, residues Leu472, Asn479, and Thr487 are the promi-
nent interacting positions. Residues Asn479 and Thr487 in
SARS-CoV correspond to Gln493 and Asn501 in SARS-
CoV-2, respectively [28].

Detailed analysis of the interface between RBD and ACE2
by Yan et al. revealed that the PD of ACE2 mainly engages
the α1 helix to recognize the RBD. The researchers divided
the contact region between RBD andACE2 into three clusters.
At the amino terminus of α1, Gln498, Thr500, and Asn501 of
the RBD form a network of hydrogen bonds with Tyr41,
Gln42, Lys353, and Arg357 on ACE2. In the middle cluster,
there was an interaction between Lys417 and Tyr453 of the
RBD with Asp30 and His34 of ACE2, respectively. At the
carboxyl terminus ofα1, Gln474 of RBD is hydrogen-bonded
to Gln24 of ACE2, while Phe486 of RBD interacts with
Met82 of ACE2 through van der Waals forces [11].

Noteworthy, a closer look at the above studies shows that
the residues Phe486 and Asn501 and as well as Gln493 have
commonly been identified as key amino acids in the binding
of the SARS-CoV-2 RBD to the hACE2 receptor and will
therefore play a vital role in this binding.

Interestingly, certain significant changes occurring in the
mouse and/or rat ACE2 in comparison to the human ACE2

may partially explain why mouse ACE2 does not mediate
SARS-CoV-2 infection [38]. These data may also reveal what
amino acids can be key in hACE2 to bind to SARS-CoV-2.
The Asn31 (Lys31 in human), Ser82 (Met82 in human), and
His353 (Lys353 in human) in mouse ACE2 may not form
favorable interactions with SARS-CoV-2. Therefore, these
changes may prove important in the binding affinity of S
protein to ACE2. The changes into Asn31 and His353 in
mouse ACE2 may affect the salt bridge formation as Lys31,
and Lys353 do in hACE2. Also, the change into Ser82 with its
hydrophilic property in mouse ACE2 may prevent the hydro-
phobic interaction of the original Met82. Consequently, these
findings explain, in part, why mouse ACE2 does not mediate
SARS-CoV-2 infection [38].

It is worth noting that finding the point mutations that affect
the binding affinity between SARS-CoV-2 and hACE2 can be
valuable. In this context, Korber et al. identified a crucial
SARS-CoV-2 variant in the spike protein (D614G). They re-
ported that more viruses circulating in the human population
globally are the G614 form of the spike protein versus the
D614 form that was initially identified from the first human
cases in Wuhan, China. G614-bearing viruses have signifi-
cantly higher infectious titers in vitro than their D614 form
[39]. Wan et al. also reported that a single N501T mutation
(corresponding to the S487T mutation in SARS-CoV) might
significantly increase the binding affinity between SARS-
CoV-2 RBD and human ACE2 [23].

Genetic variations of ACE2

In humans, located on chromosome Xp22, the ACE2 gene
contains 18 exons spanning approximately 40 kb of genomic
DNA coding for a protein of 805 amino acids [5, 11]. As one
of the evolutionary sources for shaping genes and genomes,
variations in the genomic structure of mammals have evolved
during their complicated coexistence with viruses that alter
interfaced proteins [40]. Therefore, since the interactions be-
tween the ACE2 receptor and the S-protein RBD domain of
SARS-CoV-2 are critical for the virus’s cellular entry, ACE2
variations may decrease or increase its affinity to the S-protein
RBD that may protect or render individuals more susceptible
to the virus. Based on heritability analyses, the Leeds Family
Study, Rice et al. [41] disclosed that genetic factors accounted
for 67% of the phenotypic variation in circulating ACE2,
while the amount was 24.5% for ACE. Genetic variations,
therefore, in the gene encoding ACE2 can be a strong candi-
date for diversities in ACE2 function and its receptor role for
SARS-CoV-2. Accordingly, Cao et al., by comparing the al-
lele frequencies of the 15 variants of unique expression quan-
titative trait loci (QTL) among different populations, reported
that the genotypes of ACE2 gene polymorphism might influ-
ence the expression levels of ACE2 in the populations. They
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also proposed that according to the differences in the allele
frequencies of ACE2 coding variants among different pop-
ulations, the genetic variations might influence ACE2 func-
tions in populations. The researchers identified a singleton
truncating variant of ACE2 (Gln300X) in the ChinaMAP.
Furthermore, they introduced seven hotspot variants, in-
cluding Lys26Arg, Ile468Val, Ala627Val, Asn638Ser,
Ser692Pro, Asn720Asp, and Leu731Ile/Leu731Phe in dif-
ferent populations [42].

The role of regulatory elements in ACE2 expression

Given the factors and characteristics involved in regulating
ACE2 expression, Kuan et al. reported a DNA sequence ele-
ment, -516/-481, upstream of the ACE2 gene as a likely pro-
tein binding domain, which appears to be required for Ang II-
activated transcription. They also claimed to discover a regu-
latory sequence, ATTTGGA, within the -516/-481 region of
the ACE2 gene and suggested a role for the sequence to play
in regulating ACE2 expression [43]. Also, using the human
embryonic kidney cell line (HEK293), hepatocyte nuclear fac-
tor 1beta (HNF1β) was found to promote ACE2 transcription
since it has functional HNF1β binding sites in its promoter
region [44]. Pedersen et al. [45] further elaborate on the reg-
ulatory structure and functions of the ACE2 promoter in terms
of its expression at the level of mRNA, protein, and enzymatic
activity. They found three HNF1 binding motifs within the
proximal ACE2 promoter region highly conserved among
mammalian species. Both HNF1α and HNF1β indicated
binding affinity to these three conserved elements acting co-
operatively to mediate their promoting impact on ACE2 ex-
pression. Besides, neither HNF1α nor HNF1β displayed af-
finity to the distal promoter region, while a GATA binding
motif was found in the distal promoter region. Since the distal
promoter region could not act autonomously, its role was sug-
gested to be in conjunction with the proximal promoter region
to form a single functional domain to act on ACE2 gene.

The upstream promoter region of the human ACE2 gene
has two distinct parts, -454/-1 and -1509/-928, conserved in
placental mammals. The bipartite ACE2 promoter consists of
distal and proximal regions separated with an Alu element in
humans and short interspersed elements in the mouse. Yet,
these two regions in ACE2 promoters of other placental mam-
mals are adjoining [45]. Interestingly, the ACE2 gene, both in
humans and mice, has at least two transcription start sites;
hence, there exist two types of ACE2 mRNAs: (I) ACE2
mRNA with transcriptional initiation in the proximal promot-
er region yielding proximal promoter transcripts (PPT) and
(II) ACE2 mRNA with transcriptional initiation in the proxi-
mal promoter region yielding distal promoter transcripts
(DPT) both of which produce the same ACE2 polypeptide.
Moreover, tissues expressing ACE2 display unbalanced con-
centrations of DPT and PPT. While both forms prevail in the

kidney, pancreas, heart, and brain, PPT is more abundant than
DPT in these organs, at least 2-fold.

On the contrary, only in the lung is the DPT expressed
more than PPT [45]. In another study, Pedersen et al. identi-
fied other conserved cis-regulatory elements at positions -153/
-144 and -101/-79 of the human ACE2 promoter that appears
required for basal transcription. The forkhead box (FOX) tran-
scription factor, FOXA2, was suggested to attach the -153/-
144 motif, thereby inducing ACE2 transcription. Yet, the au-
thors stressed the possibility of additional factors affecting
both ACE2 and FOXA2 expression [46]. This is in line with
the possible estrogen-induced ACE2 expression and elevated
ACE2 enzymatic activity in female mice than males, even
though it’s presumably cell and tissue-specific [47, 48].
Furthermore, the gene dosage effect is possibly a strong factor
as the ACE2 gene is located on the X chromosome.

ACE2 polymorphisms related to SARS and SARS-CoV-2
infection

A pathogen receptor/ligand is a molecule through which it
interacts with its cognate receptor/ligand on the host cell at
an initial step of infection and thus is an indispensable factor
for infection. Besides, the host cell’s viral receptor or co-
receptor is a determinant factor in viral infection. On the other
hand, different mice strain studies have suggested that genetic
factors strongly affect the host’s response to pathogens and
human studies illustrated by racial and familial differences in
susceptibility to infection [49]. As a case in point, a mutant
allele of genetic polymorphism in chemokine receptor 5
(CCR5), co-receptor of human immunodeficiency virus-1
(HIV-1), results in a dysfunctional protein which consequent-
ly renders host cells resistant to HIV-1 infection and thus
changes its clinical course [50]. Moreover, it’s reported that
the mouse hepatitis virus (MHV) receptor expressed inMHV-
susceptible BALB/c mice exhibited approximately 10 to 30
times more binding affinity than that expressed on MHV-
resistant mice cells [51]. Therefore, by analogy with the pre-
ceding findings, it is of foremost importance to consider the
genetic variations and polymorphisms of ACE2 since they
may potentially affect SARS-CoV-2 infection.

In accordance, two separate studies investigated and found
several single nucleotide polymorphisms (SNPs) in the
ACE2 gene concerning SARS infection, even though they
ruled out the link between common genetic variants in the
ACE2 gene and susceptibility to SARS. Chiu et al. identi-
fied 103 SNPs in the ACE2 gene, of which two were locat-
ed within the coding regions, rs4646116 and rs4646179.
The remaining ones were spotted within the introns of
ACE2, and SNP validation confirmed sequence variations
at five SNP loci that all were noncoding, rs2106809,
rs2285666, rs4646142, rs714205, and rs2074192.
Comparing the frequencies of these five polymorphisms
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among SARS patients and healthy controls of Chinese eth-
nicity, no significant difference was reported between the
female and male controls in terms of allele distributions,
between the SARS patients and controls, between SARS
patients with poor outcomes and controls, together with
pairwise gender-based comparisons [52]. A year later,
Itoyama et al. published their investigation as to the previ-
ously known SNPs and their own newly found SNPs. They
identified one novel non-synonymous substitution N638S
plus 18 noncoding SNPs, of which 13 were new polymor-
phisms, and 3 out of 13 were located in 3′UTR. Taken
together, no evidence was found concerning ACE2 poly-
morphism and SARS infection or its clinical course [50].
However, given the results which failed to establish a link
between ACE2 polymorphisms and SARS infection, we
should have thought of some points to consider: (1) likely
insufficient sample size in these studies, (2) extending stud-
ies to explore variations in regulatory elements of ACE2,
(3) paying attention to the stronger affinity between the
spike protein of SARS-CoV-2 and ACE2 compared with
the case in SARS and ACE2, and ultimately (4) in the con-
text of COVID-19 and SARS-CoV-2, there is a co-receptor,
TMPRSS2, which requires further genetic polymorphism
studies coupled with ACE2.

Epigenetic regulation of ACE2

Epigenetics is the study of heritable changes in gene expres-
sion in the absence of DNA sequence changes [53].
Epigenetic mechanisms provide a molecular explanation to
bridge the gap between the genome and environment, medi-
ated by DNA methylation, histone modifications, noncoding
RNA alterations such as long noncoding (lnc) RNAs and
microRNAs (miRNAs, miRs), and chromatin folding pro-
teins, which collectively, enable the cells to quickly respond
to environmental stimuli [53, 54]. Epigenetics can create a
new framework contributing to the search for etiological fac-
tors in complex diseases and could thus lead to targeted ther-
apies. Epigenetic processes describe how a number of cells
with the same genome can be differentiated into distinct cell
types with different phenotypes. The increasing knowledge of
epigenetics is altering our understanding of biology and med-
icine [55].

ACE2 and DNA methylation

DNA methylation is the addition of methyl groups to the cy-
tosine residues in CpG dinucleotides. The majority of CpG
dinucleotides in the mammalian genome are constitutively
methylated. However, short interspersed DNA sequences di-
verge significantly from the average genomic pattern by being
GC-rich, CpG-rich, and predominantly non-methylated,

namely, the CpG islands [56, 57]. The risk factors of diseases
can impose aberrant DNAmethylation patterns, which change
the methylation pattern in sequences normally hyper-, hypo,
or un-methylated [58].

Of interest, CpG dinucleotide levels can be an essential
factor for both the virus and the host antiviral defense.
Different hosts or host tissues providing various antiviral ac-
tivities may alter RNA modification signatures found in the
viral RNA genome. The zinc-finger antiviral protein (ZAP)
responsible for recognizing and binding CpG dinucleotides in
viral genomes is able to recruit accessory proteins and degrade
the targeted viral genomes. Indeed, increasing the CpG con-
tent of a viral genome, which evolved as a low CpG genome,
could abort viral replication and subsequent virulence in re-
sponse to ZAP activity. Interestingly, however, SARS-CoV-2
having the most extreme CpG deficiency among
Betacoronavirus genomes may direct its host organism or tis-
sue inhabitation in terms of ZAP activity to provide an envi-
ronment with the highest selecting pressure against CpG.
Thus, it seems critical to focus on its original hosts to figure
out their specific selective milieu and viral defenses [59].

DNAmethylation can be one of the important mechanisms
of ACE2 regulation; however, it has not been fully addressed.
In a study, Corley et al. analyzed four available genome-wide
DNA methylation human datasets. They showed that DNA
methylation among three CpGs of the ACE2 gene was lowest
in lung epithelial cells than the other tissue cell types, suggest-
ing that transcription and expression were highest in the lung/
respiratory system. The findings of these researchers in air-
way epithelial cells indicated that DNA methylation near
the transcription start site of the ACE2 gene was signifi-
cantly associated with biological age [60]. Moreover,
DNA methylation analysis at a CpG the ACE2 gene re-
vealed a large degree of variability in both men and women.
The effects of sex on ACE2 methylation were also shown
by Fan et al. [61]. They analyzed the five CpG sites in the
ACE2 promoter and revealed that CpG2 methylation was
higher in males than in females, and conversely, CpG5
methylation was lower in males. In other words, sex may
influence ACE2 methylation, which in turn may affect
ACE2 levels. Also, according to the results by Cardenas
et al., nasal ACE2 DNA methylation reflects differences
by sex, race/ethnicity, and biological aging. They conclud-
ed that differences in nasal ACE2 DNA methylation could
involve understanding COVID-19 severity and disparities
reflecting upstream environmental and social effects [62].
In addition, Fan and colleagues reported that the methyla-
tion of some CpG sites in the ACE2 promoter might affect
essential hypertension [61].

In a recent study, Sawalha et al. [63] provided evidence that
ACE2 overexpression in the T cells of lupus patients is medi-
ated through DNA methylation and may increase the risk of
SARS-CoV-2 infection. The researchers introduced ACE2 as
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a methylation-sensitive gene located on the X chromosome.
Based on whole-genome DNA methylation data, they found
the hypomethylation of the ACE2 gene, which was mediated
through several CpG sites located in the ACE2 promoter re-
gion proximal to the transcription start site, the 5’-UTR, and
the 3’-UTR. Of interest, oxidative stress induced by viral in-
fections can strengthen the DNA methylation defect in lupus,
leading to further ACE2 hypomethylation and enhanced vire-
mia. Therefore, hypomethylation and overexpression of
ACE2 in T cells (and possibly other cells expressing ACE2)
will facilitate T cell viral infections and viral distribution,
which will contribute to susceptibility to COVID-19. Their
findings propose that epigenetic dysregulation might elevate
the risk and severity of SARS-CoV-2 infection in lupus pa-
tients [63].

ACE2 and histone modifications

The core histones in the nucleosomes are densely packed;
however, histone-modifying enzymes can modify their tails.
The counterbalancing works of various enzymes make epige-
netic modifications reversible. Enzymes such as histone ace-
tyltransferases (HATs) are balanced by histone deacetylases
(HDACs), and histone methyltransferases (HMTs) are
counteracted by histone demethylases (HDMs) in maintaining
the epigenome [64, 65].

It was reported that silent information regulator T1
(SIRT1), a histone deacetylase, may be involved in the tran-
scriptional regulation of ACE2 expression, and this role may
be related to the protective role of SIRT1 against cellular stress
[66]. In this context, the role of non-steroidal anti-inflamma-
tory drugs as the inhibitors of SIRT1 deacetylase activity may
also be considered [67]. Furthermore, drug-induced epigenetic
changes should be noted in the Regulation of ACE2. For
instance, based on the findings of Tikoo et al. [68] in high
cholesterol diet rabbits, atorvastatin can upregulate ACE2
through promoter-specific histone modifications, which occur
in a tissue-specific manner.

Recently, Pinto et al. [69] expressed that elevated ACE2
expression in the lungs of patients with comorbidities associ-
ated with severe COVID-19 may be due to genes related to
histone modifications, such as HAT1, ADAC2, and lysine
demethylase 5B (KDM5B). The authors reported that epige-
netic marks in the ACE2 locus were compatible with those
promoted by KDM5B. KDM5B can influence chromatin ac-
cessibility by removing active chromatin marks such as di-
and tri-methylation from the lysine 4 of histone H3 (H3K4),
contributing to gene transcription regulation and DNA repair.
KDM5B inhibition in breast cancer cells was found to trigger
an interferon response resulting in DNA and RNA viruses’
resistance to infection. This proposes that KDM5
demethylases may be potential targets for COVID-19 preven-
tion [69].

It is worth noting that some natural compounds such as
curcumin may induce epigenetic silencing of the ACE2 gene,
showing a preventive potential towards COVID-19 infection
[70]. It was also found that genistein treatment increased
HAT1 expression, and as a result, this soy isoflavone may
play a role in modulating ACE2 [71].

The microRNA regulation of ACE2

The role of microRNAs in the gene regulation of ACE2 is also
worth considering. Fortunately, there has recently been grow-
ing documentation on the role of miRNAs in the Regulation
of the ACE2 gene. miRNAs are a class of small, noncoding,
and single-strand RNA molecules that work by post-
transcriptionally inhibiting the expression of a large num-
ber of target genes in various organisms ranging from vi-
ruses to higher eukaryotes. These small RNAs work
through complementary binding to the 3′-UTR and occa-
sionally to the 5′-UTR or the coding regions of target
mRNAs [72–74]. The miRNAs have been identified as
prominent biomarkers and sometimes detectable several
years before the disease appears [75]. The contribution of
miRNAs in host-pathogen interactions during infection
may also be important. Better clarification of these interac-
tions might provide a more in-depth understanding of viral
pathogenesis and the development of efficient antiviral
therapies as previously indicated in several viruses, includ-
ing herpesvirus, enterovirus, and hepatitis C. The impor-
tance of miRNAs becomes more apparent when noting that
small miRNA-like small RNAs are produced during viral
infections, as reported in H5N1 Influenza, Ebola virus, and
HIV-1 [76].

Downregulation of ACE2 is associated with acute lung
injury or acute respiratory distress syndrome (ARDS) induced
by the avian influenza virus, SARS-CoV, and respiratory syn-
cytial virus [73]. Interestingly, the downregulation of ACE2
protein expression may be mediated by miRNAs [73]. Based
on Lu et al.’s findings, ACE2mRNA andACE2 protein levels
were inhibited by miR-200c in both rat primary
cardiomyocytes and, importantly, in human-induced pluripo-
tent stem cell-derived cardiomyocytes [77]. Liu et al. found
that viral RNA of avian influenza virus can induce the upreg-
ulation of miR-200c-3p, which in turn downregulates ACE2
protein expression. They also found markedly increased plas-
ma concentrations of miR-200c-3p in severe pneumonia pa-
tients. Therefore, it seems that blocking the function of this
miRNA may be a potential therapeutic target. In human lung
epithelial cells, the downregulation of a lncRNA (lncGAS5)
reduces ACE2 expression via enhancing miR-200c-3p, con-
tributing to promoting the progression of ARDS [78]. The
contribution of the ALT1 lncRNA in the regulation of
ACE2 was reported by Li and colleagues [79]. Accordingly,
the knocking-down of ALT1 and ACE2 as its direct target
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gene could efficiently diminish the expression of cyclin D1. It
was also shown that KDM5B could indirectly influence

ACE2/TMPRSS2 expression by reducing transcription of
let-7e/mir-125a and mir-141/miR-200 miRNA families [80].

Table 1 Summary of studies on epigenetic alterations and genetic variations of angiotensin-converting enzyme 2 (ACE2) as the port of entry for
SARS-CoV-2

Study Main findings Ref.

Rice et al. Genetic factors accounted for 67% of the phenotypic variation in circulating ACE2, while the amount was 24.5% for ACE [41]

Cao et al. The researchers identified a singleton truncating variant of ACE2 (Gln300X) in the ChinaMAP. Furthermore, they introduced
seven hotspot variants, including Lys26Arg, Ile468Val, Ala627Val, Asn638Ser, Ser692Pro, Asn720Asp, and
Leu731Ile/Leu731Phe in different populations

[42]

Kuan et al. They reported a DNA sequence element, -516/-481, upstream of the ACE2 gene as a likely protein binding domain. The
researchers also claimed to discover a regulatory sequence, ATTTGGA, within the -516/-481 region of the ACE2 gene, and
suggested a role for the sequence to play in regulating ACE2 expression

[43]

Pedersen et al. The study presented a detailed regulatory structure and function of the ACE2 gene. ACE2 promoter has a bipartite structure
consisting of proximal and distal elements

[45]

Pedersen et al. They identified conserved cis-regulatory elements at positions -153/-144 and -101/-79 of the humanACE2 promoter that appears
required for basal transcription

[46]

Itoyama et al. They identified one novel non-synonymous substitution N638S plus 18 non-coding SNPs, of which 13 were new polymor-
phisms. No evidence was found concerning ACE2 polymorphism and SARS infection or its clinical course

[50]

Chiu et al. They identified 103 SNPs in the ACE2 gene, of which twowere located within the coding regions, rs4646116 and rs4646179. No
significant difference was reported between the SARS patients and controls, also between SARS patients with poor outcomes
and controls

[52]

Xia et al. The author suggests SARS-CoV-2 may have evolved within new hosts or new host tissues with high zinc-finger antiviral protein
(ZAP) activity to develop higher CpG deficiency leading to evasion from the zap-mediated antiviral defense

[59]

Corley et al. Using genome-wide DNAmethylation array data, the study found a relationship between variable ACE2 methylation in terms of
age, gender, tissue and cell type, and susceptibility risk for COVID-19

[60]

Fan et al. The authors analyzed the five CpG sites in the ACE2 promoter and concluded that sex may influence ACE2 methylation,
affecting ACE2 levels

[61]

Cardenas et al. They concluded that differences in nasal ACE2 DNA methylation could involve understanding COVID-19 severity and dis-
parities reflecting upstream environmental and social effects

[62]

Sawalha et al. Authors suggest that hypomethylation in ACE2 gene promoter, as well as its overexpression in lupus patients, makes them more
susceptible to SARS-CoV-2 infection. They also found that oxidative stress induced by viral infections causes further

the DNA hypomethylation in lupus

[63]

Clarke et al. The study suggests that silent information regulator T1 (SIRT1), serving as a protective histone deacetylase, is a key regulator of
ACE2 levels through binding to its promoter

[66]

Tikoo et al. Authors reported that atorvastatin could somehow lead to epigenetic up-regulation of ACE2 via histone H3 acetylation [68]

Pinto et al. The lung transcriptome samples of COVID-19 patients with comorbidities manifested increased ACE2 expression. Network
analyses shed light on potential regulators of ACE2 in human lungs being genes involved in histone modifications such as
histone acetyltransferase 1, histone deacetylase 2, and lysine demethylase 5B

[69]

Pruimboom The author reports that curcumin may induce epigenetic silencing of the ACE2 gene, showing a preventive potential towards
COVID-19 infection

[70]

Liu et al. The study indicates that avian influenza virus H5N1and bacterial LPS result in miR-200c-3p upregulation via NF-kB, which in
turn causes suppressed ACE2 expression and resulting lung injury

[73]

Lu et al. They showed that ACE2 mRNA and ACE2 protein levels were inhibited by miR-200c in both rat primary cardiomyocytes and,
importantly, in human-induced pluripotent stem cell-derived cardiomyocytes

[77]

Li et al. Downregulation of lncRNA GAS5 lowers ACE2 expression via increasing miR-200c-3p. This has been shown to promote
apoptosis in human lung epithelial cell A549 resulting in ARDS progression

[78]

Nersisyan et al. The knocking-down of the ALT1 lncRNA and ACE2 as its direct target gene could efficiently diminish the expression of cyclin D1 [80]

Lambert et al. ACE2 expression has been post-transcriptionally regulated by mir-421 [81]

Trojanowicz
et al.

The authors found a significant and inverse association between the levels of circulating miR-421 and the ACE2 expression in
leukocytes of patients with chronic kidney disease

[82]

Zhang et al. During hypoxia, let-7b induces ACE2 downregulation directly by targeting its coding sequence [83]

Fernandes
et al.

The study suggested that the exercise enhances ACE2 cardio-protective role via decreasing miR-143 [84]

Huang et al. In HK-2 renal tubular epithelial cells, miR-125b involves high glucose-induced ROS production and apoptosis through targeting
ACE2

[85]

Rizzo et al. They reported an antagomir to miR-145 could represent an alternative approach to increase ADAM17 (A Disintegrin And
Metalloproteases 17) activity. ADAM17, as a metalloprotease significantly expressed in the lungs and heart, is contributed to
promoting the shedding of ACE2, thereby may provide a strategy to interfere with SARS-CoV-2 entry into the cells

[88]
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Lambert et al. [81] identified putative miRNA-binding
sites in the 3′-UTR of the ACE2 transcript using in silico
analysis and showed that miR-421 is a potential regulator of
ACE2. They introduced miR-421 as a novel potential ther-
apeutic target, which could be used to regulate ACE2 ex-
pression in disease. There also is a significant and inverse
association between the levels of circulating miR-421 and
the ACE2 expression in leukocytes of patients with chronic
kidney disease [82]. ACE2 was validated as a target gene of
miR-1246 in the study of Fang et al. This miRNA mediates
lipopolysaccharide-induced pulmonary endothelial dys-
function and apoptosis in vitro and lung inflammation and
permeability in vivo through targeting ACE2. Accordingly,
miR-1246 may be a potential therapeutic target for ARDS
[72].

The altered expression of ACE2 in chronic hypoxia can
occur with the contribution of hypoxia-inducible factor 1α
(HIF-1α) and let-7b. Under hypoxia, HIF-1α upregulates
let-7b, which in turn downregulates ACE2 expression by di-
rectly targeting the coding sequence of ACE2. This process
contributes to hypoxic pulmonary hypertension’s pathogene-
sis by the proliferation and migration of stimulating pulmo-
nary artery smooth muscle cells. It is concluded that let-7b
may serve as a potential clinical target for the treatment of
hypoxic pulmonary hypertension [83]. It was also reported
that let-7c-5p targeted ORF1ab gene in SARS-CoV-2, and it
was contributed to H1N1 influenza A suppression by targeting
its M1 protein [76].

Predicting miRNA–mRNA pairs within the host system at
the infection with SARS-CoV showed that ACE2 is a target
gene of miR-186, miR-93, and miR-200b. Impacts of exercise
training on specific miRNAs targeting RAS genes showed
that it could decrease miR-143 targeting ACE2 in the heart
[84]. It was also reported that miR-125b is a negative regulator
of ACE2 through which mediates high glucose-induced ROS
production and apoptosis in HK-2 renal tubular epithelial cells
[85]. In the mice, miR-429 was indicated to contain a binding
site on 3′-UTR of ACE2 and may play a role in its Regulation
[86]. Analyzing the expression of placental miRNAs in the
different gestation stages indicated that ACE2 could be a tar-
get for several miRNAs such as miR-936, miR-4270, and
miR-144-3p [87].

Recently, Demirci and Adan [76] examined the miRNA-
mediated regulation of SAR-CoV-2 infection by predicting
possible viral genes targeted by cellular miRNAs and host
genes targeted by viral miRNAs. They identified several viral
miRNAs that might target human genes and introduced likely
virulent genes of SARS-CoV-2 targeted by host-cellular
miRNAs. Accordingly, all viral genes, which are mainly re-
sponsible for viral biogenesis, entrance, replication, and infec-
tion, may be potentially targeted by human miRNAs [76].

It is worth noting that several miRNAs contributing to
ACE2 modulation may be candidates to be served as a

potential clinical target in pulmonary disorders, including
miR-1246 [72], miR-200c-3p [73], miR-421 [81], and let-7b
[83]. The role of these miRNAs is most prominent when we
find out that the SARS-CoV-2 causes lung injury in thousands
of patients with COVID-19 worldwide. Successful targeting
of these miRNAs can be a significant challenge in clinical
management. However, the use of antagomirs may be clini-
cally considered. In this context, it was reported that an
antagomir to miR-145 could represent an alternative approach
to increase ADAM17 (A Disintegrin And Metalloproteases
17) activity. This miRNA downregulates ADAM17.
ADAM17, as a metalloprotease significantly expressed in
the lungs and heart, is contributed to promoting the shedding
of ACE2, thereby may provide a strategy to interfere with
SARS-CoV-2 entry into the cells [88] (Table 1).

Furthermore, in addition to the regulation of the ACE2
gene at the mRNA level, other regulation levels such as trans-
lational efficiency, protein modification, folding, or subcellu-
lar localization should be considered [89].

Conclusions

A better understanding of this new virus’s molecular
pathobiology, notably its binding to the human receptors,
can help efficiently improve therapeutic and preventive
approaches. It is of importance to consider epigenetic
marks existing in ACE2 locus in addition to genetic var-
iations since they may affect SARS-CoV-2 infection.
Hypomethylation and overexpression of ACE2 in cells
expressing ACE2, such as T cells, may contribute to sus-
ceptibility to COVID-19. The genes related to histone
modifications such as histone acetyltransferase 1 may
play a role in elevated ACE2 expression in the lungs of
patients with comorbidities associated with severe
COVID-19. miRNAs contributing to ACE2 modulation
may be candidates to be potential clinical targets in the
pulmonary complications of COVID-19.
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