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ABSTRACT

To date, proposed therapies and antiviral drugs have been failed to cure coronavirus disease 2019
(COVID-19) patients. However, at least two drug companies have applied for emergency use
authorization with the United States Food and Drug Administration for their coronavirus vaccine
candidates and several other vaccines are in various stages of development to determine safety
and efficacy. Recently, some studies have shown the role of different human and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) microRNAs (miRNAs) in the pathophysiology of
COVID-19. miRNAs are non-coding single-stranded RNAs, which are involved in several physiolo-
gical and pathological conditions, such as cell proliferation, differentiation, and metabolism. They
act as negative regulators of protein synthesis through binding to the 3" untranslated region (3’
UTR) of the complementary target mRNA, leading to mRNA degradation or inhibition. The
databases of Google Scholar, Scopus, PubMed, and Web of Science were searched for literature
regarding the importance of miRNAs in the SARS-CoV-2 life cycle, pathogenesis, and genomic
mutations. Furthermore, promising miRNAs as a biomarker or antiviral agent in COVID-19 therapy
are reviewed.

ARTICLE HISTORY
Received 26 November 2020
Revised 16 December 2020
Accepted 18 December 2020

KEYWORDS

MicroRNA; virus;
patogenecity; SARS-CoV-2;
COVID-19

1. Introduction distress syndrome (ARDS), ultimately terminating
in death [4,5]. Although numerous medicines have
claimed to treat the infection, no remedy or vac-
cine for treatment/prevention of COVID-19 has
been approved in the United States or the
European Union [6-8]. However, Pfizer and
BioNTech are the first companies to file for an
emergency use authorization with the United
States Food and Drug Administration for their
coronavirus vaccine candidate. It is anticipated
that several other companies are close to filing
for similar authorization in the United States and
elsewhere.

It has been demonstrated that microRNAs
(miRNAs) play a crucial role in the host antiviral
responses and the viral pathogenesis in cases of the
herpes virus, polyomavirus, retroviruses, pesti-
virus, and hepacivirus, as well as coronavirus
[9,10]. miRNAs are non-coding single-stranded
RNAs of 6-8 nm long with 19-28 nucleotides
that regulate gene expression and protein synthesis

The global pandemic of coronavirus disease 2019
(COVID-19) caused by a highly contagious and
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) emerged on 31 December 2019, in
Wuhan city, Hubei province, China [1].
Subsequently, infection by the virus has led to
high morbidity and mortality rates [2]. SARS-
CoV-2 is a positive-sense, single-stranded envel-
oped ribonucleic acid (+ssRNA) virus that belongs
to the genus Betacoronavirus and the family
Coronaviridae [3]. COVID-19 infection presents
with a myriad of complications from symptoms
of the common cold (such as fever, chills, cough-
ing, fatigue, headache, sore throat, or unusual
symptoms (loss of smell or taste), breathing pro-
blems to gastrointestinal symptoms including nau-
sea, vomiting, diarrhea, and abdominal pain. The
condition can progress to life-threatening issues
such as severe pneumonia and acute respiratory
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at the translational level. As a negative regulator of
mRNA, gene silencing is accomplished by
miRNAs through direct binding to the 3’ untrans-
lated region (3" UTR) of the target mRNA and
induction of mRNA degradation or translation
suppression. It also has been reported that
miRNAs can interact with other regions of the
mRNA sequence such as 5" UTR, gene promoters,
and coding sequences [11]. Furthermore, miRNAs
have been shown to activate gene expression and
transcription by targeting enhancer regions under
certain conditions [12]. miRNAs participate in
many physiological processes and pathophysiolo-
gical stages such as proliferation, metabolism, dif-
ferentiation, and apoptosis, and miRNAs can
modulate innate and adaptive immunity by affect-
ing protein levels. miRNAs can be encoded by the
genome of eukaryotic organisms and some viruses
[13,14]. Moreover, host miRNAs expression
changes during viral infections, involving various
signaling pathways, modulation of host-virus
interactions, regulation of viral infectivity, and
transmission and activation of antiviral immune
responses. On the other hand, the viral genome
can express its miRNAs and can even hijack
human miRNAs to the repertoire of the infected
cells [15,16].

miRNAs are known to play a role in the corro-
boration or contravention of other coronaviruses
pathogenesis, such as SARS-CoV and the middle
east respiratory syndrome coronavirus (MERS-
CoV) that caused epidemic outbreaks in 2003
and 2012, respectively [17,18]. Since the outbreak
of COVID-19, the significance of miRNAs in the
pathophysiology of COVID-19 has been postu-
lated. Understanding the role of miRNAs during
SARS-CoV-2 infection may lead to the discovery
of novel mechanisms that could help with the
diagnose of the disease, combat the virus patho-
genesis, and potentially blocking the virus RNA
entry, replication, and invasion. We searched the
scientific databases in Google Scholar, Scopus,
PubMed, and Web of Science to obtain relevant
studies published in this context through
November 2020. Based on the retrieved articles,
the role of human and viral miRNAs in different
stages of the SARS-CoV-2 life cycle and

pathogenesis and genomic mutations are reviewed.
miRNAs induction as a promising biomarker or
antiviral agents in COVID-19 is suggested.

2. Virus and human miRNAs in SARS-CoV-2
life cycle

The SARS-CoV-2 life cycle includes attachment
and entry, replication/translation/protein synth-
esis, and release and invasion of the virus.
Transmembrane serine protease 2 (TMPRSS2)
activates the spike protein subunits of SARS-CoV
-2 to bind to the host cell angiotensin-converting
enzyme 2 (ACE2) surface receptor [19]. Then,
membrane fusion and virus endocytosis is
initiated. The RNA genome of the virus is released
following proteolysis and uncoating, using the host
cell replication and protein translation machinery
to make structural proteins such as spikes (S),
envelopes (E), membranes (M), nucleocapsides
(N), and nonstructural and accessory proteins.
After packaging and viral assembly, SARS-CoV-2
is released by exocytosis to invade and infect other
cells [20,21]. The SARS-CoV-2 genome consists of
11 open reading frames (ORF) such as ORFlab,
encoding 16 nonstructural proteins, followed by
encoding structure proteins, including S, E, M,
and N proteins, as well as six accessory proteins,
including 3a, 6, 7a, 7b, 8, and 10 [22].

Viral miRNAs encoded by the SARS-CoV-2 gen-
ome can target several host genes. In one study, 3377
human target genes were predicted as unique targets
of 170 mature miRNAs from SARS-CoV-2.
Additionally, many human miRNAs were suggested
as potential targets for viral genes involved in the
SARS-CoV-2 life cycle, such as the genome of S, M,
N, and E proteins and ORFlab, ORF3a, ORFS,
ORF7a, ORF10, and ORF6. The S glycoprotein and
ORF1lab gene are known to be targeted by 67 and 369
different human miRNAs, respectively.
Furthermore, 10 human miRNAs have been identi-
fied to possess binding sites across the SARS-CoV-2
genome. These host cellular miRNAs, by targeting
the SARS-CoV-2 genome, produce antiviral effects
[23-25]. In another study, miRNAs in human lung
epithelium were predicted to have potential binding
sites in the SARS-CoV-2 genome; 128 human



miRNAs had a very low level of expression in lung
epithelia, and six of 128 miRNAs exhibited differen-
tial expression upon in vitro infection with SARS-
CoV-2. It was hypothesized that the endogenous or
therapeutic upregulation of these miRNAs would
effectively boost the protective capacity of the
respiratory epithelial cells against COVID-19. The
important virus and human miRNAs involved in
different stages of the SARS-CoV-2 life cycle are
reviewed in the following sections.

2.1. Attachment and entry

The virus-encoded MR147-3p has been shown to
induce TMPRSS2 gene expression in the gut [26].
TMPRSS2 is involved in the activation of the
S protein of the virus binding to ACE2 on
human cells [27]. The gastrointestinal symptoms
of COVID-19 might be mediated by virus-derived
MR147-3p which facilitates effective evasion of the
virus into gut cells. has-miR-8066 and has-miR
-5197-3p are associated with mucin-type
O-glycan biosynthesis, which is important in
SARS-CoV-2 § protein synthesis. has-miR-3934-
3p is involved in the biosynthesis of heparin sul-
fate/heparin proteoglycans, which can provide
binding sites for SARS-CoV-2 [28].

In addition, host miRNAs might block attach-
ment and entry of SARS-CoV-2 because several
miRNA families were found to target ACE2 and
TMPRSS2 genes in different tissues. In an in vitro
study, hsa-miR-98-5p was demonstrated to directly
target the 3° UTR of TMPRSS2 gene transcription,
both in human lung microvascular endothelial cells
(HMVEC-L) and human umbilical vein endothelial
cells (HUVEC) [29]. The hsa-let-7e/hsa-mir-125a
and hsa-mir-141/hsa-miR-200 miRNA families inhi-
bit ACE2/TMPRSS2 gene transcription. To be more
exact, hsa-miR-125a-5p together with miRNAs from
the miR-200 family targets 3" UTR of ACE2 mRNA
while hsa-let-7e-5p targets 3' UTR of TMPRSS2 [30].
hsa-miR-4661-3p binds to the 3" UTR of the S gene
and downregulates its expression [26]. hsa-miR-23b
and hsa-miR-98, by cleaving VPI and interferon
(IFN)-B genes, target the S protein of SARS-CoV-2
[31]. hsa-miR-510-3p, hsa-miR-624-5p, and hsa-
miR-497-5p have been reported to target RNA

CELLCYCLE (&) 145

S glycoprotein of SARS-CoV-2 sequence [32]. In
addition, hsa-miR-622, hsa-miR-761, miR-A3r, hsa-
miR-15b-5p, miR-A2r, and has-miR-196a-5p have
been shown to target the S protein gene [33]. miR-
338-3p, miR-4661-3p, miR-4761-5p, hsa-miR-4464,
hsa-miR-1234-3p, hsa-miR-7107-5p, and hsa-miR
-885-5p have been shown to bind to the receptor-
binding region of the S gene [25]. The CLEC4M gene
is also related to the expression of S glycoprotein
[34], and it was reported that CLEC4M could be
suppressed by hsa-miR-4462 and hsa-miR-5187-5p.
Similarly, the ACE2 receptor was suppressed by tar-
geting its 3° UTR gene by hsa-miR-23b-5p and hsa-
miR-769-5p [35]. 31 miRNAs and 29 miRNAs can
downregulate hypothalamic ACE2 and TMPRSS2
gene expression, respectively, suggesting that they
might be useful in treating SARS-CoV-2 neuroinva-
sion, by blocking virus entry [36]. In another study,
miR-200 ¢ suppressed ACE2 mRNA and protein
expression in rat primary cardiomyocytes and
human-induced pluripotent stem cell-derived cardi-
omyocytes, suggesting a promising strategy to treat
SARS-CoV-2 cardiovascular complications [37].

Acute renal injury and nephropathy are addi-
tional challenging complications in COVID-19
patients [38]. Several miRNAs are upregulated in
nephropathies, such as miR-18 or miR-125b, and
both are reported to act as an ACE2 gene enhan-
cer. Therefore, they may contribute to ACE2
related kidney injuries following SARS-CoV-2
infection. AntimiR-18 and antimiR-125b have
also been reported to be efficient against nephro-
pathy associated with COVID-19 [39].

2.2. Viral genomic replication and translation
and protein synthesis

It is well known that viral genomic replication,
translation, and protein synthesis require the tran-
scription and translation machinery of the host
cells [40]. SARS-CoV-2 miRNAs, therefore, should
play a role somewhere in this machinery. Viral
miRNAs, by suppression of some mRNA dead-
enylases such as subunits of the CCR4-NOT tran-
scription complex (CNOT4, CNOT10, and
CNOTS6L), protect the SARS-CoV-2 mRNA from
turnover and degradation in human cells. Viral



146 (&) F. ABEDIET AL.

miRNAs also prevent RNA polymerase II attach-
ment to promoters of host genes at the initiation
step by targeting transcriptional regulators
involved in both basal transcription machinery
elements including basal transcription factors
(TAF4, TAF5, and TAF7L), site-specific transcrip-
tion factors (MAFG, TCF4, TFDP2, TRPSI, BRF1,
and SOXI11), and components of the human med-
iator complex (MEDI1, MED9, MEDI2L, and
MED19) [24].

Contrarily, many known human miRNAs have
been shown to target and inhibit viral genes involved
in replication, translation, and protein synthesis.
miR-1307-3p and miR-3613-5p were predicted to
prevent virus replication by targeting 3° UTR of the
virus genome [41]. Some human miRNAs target
ORFlab which encodes enzymes for virus replica-
tion and translation [26]. ORFlab and ORF3a have
been reported to be targeted by hsa-miR-203b-3p
which suppresses viral replication in the case of
influenza A [24]. hsa-let-7a and hsa-miR-101 have
been shown to target nonstructural protein synthesis
in SARS-CoV-2, by cleaving IFN-f and ATP5B
genes, respectively [31]. hsa-miR-497-5p, hsa-miR
-21-3p, and hsa-miR-195-5p are widely expressed
in respiratory epithelial cells, have a high target
score against the SARS-CoV-2 genome, and are pre-
dicted to be effective against the virus through
nucleotide deletion in the coding regions of the
viral ss-RNA [32].

Complimentary miRNAs (cc-miRNA) have been
utilized to target viral genes and inhibit their post-
transcriptional expression [42]. The cc-miRNAs
(modified to 25-27 nucleotides), namely, cc-miRlc,
cc-miR2¢, cc-miR3c¢, cc-miR4c, cc-miR5c¢, cc-miRéc,
and cc-miR7¢c, are formed on the basis of
ID02510.3p-miRNA, ID00448.3p-miRNA, miRNA
3154, miRNA 7114-5p, miRNA 5197-3p,
ID02750.3p-miRNA, and ID01851. 5p-miRNA has
shown a strong binding with the SARS-CoV-2 viral
genome. In this study, human miRNAs including
miR-1273a, miR-1273d, miR-1272, miR-1292-5p,
miR-3143, miR-1226-5p, and miR-7161-3p were
reported to interact with the RNA of SARS-CoV-2
as part of the RNA-induced silencing complex
(RISC) [43]. In another study, miR-5197-3p inter-
acted effectively and without competition with the

mRNA genome of SARS-CoV-2. miR-5197-3p did
not target human coding genes, which implies the
absence of side effects of this cc-miRNA on the
translation of human mRNAs [44]. In another
study, 12 cc-miRNAs were reported to target the
SARS-CoV-2 genome [33]. These cc-miRNAs had
previously been reported to efficiently inhibit HIV
(Human Immunodeficiency Virus)-1 replication,
without any reported off-target effects [45].
Together, cc-miRNAs might be efficient agents
against SARS-CoV-2 infection.

2.3. Release and invasion

Targeting and upregulation of human genes by
viral miRNAs may support SARS-CoV-2 release
and escape from human cells and their invasion
into other tissues. MR359-5p via inducing the
overexpression and activity of MYH9 (non-
muscle myosin heavy chain 9) facilitates virus
invasion, trafficking within the cell, and release
[26]. MYH9 has been reported to bridge between
the attachment of virus particles to cell surface
receptors and subsequent the uncoating event
required for genomic release into the host cell
[46]. Integrin (-5 gene expression was also
enhanced by MR369-5p [26]. Integrin B-5 is
related to cell skeleton-related functions such as
actin filament-associated processes and actin
cytoskeleton organization. The actin cytoskeleton
is critical for viral replication at different stages of
the virus life cycle, and viruses can subvert the
force-generating and macromolecular scaffolding
properties of the actin cytoskeleton to propel
viral surfing, internalization, and migration within
the cell [47,48].

Human miRNAs might prevent SARS-CoV-2
release and invasion. The N glycoprotein is an
important antigen of SARS-CoV-2 which partici-
pates in the genomic package and virus particle
release [49]. ORF9 encodes N protein [50]. A mix
of antisense miRNAs targets 3> UTR, 5° UTR, and
ORF9 regions hypothesized to inhibit virus trans-
lation process and particle assembly [51]. hsa-miR
-126 and hsa-miR-378 inhibit virus N protein
synthesis via translation suppression and cleavage
of the IFN-P gene, respectively [31].



3. The role of miRNAs in pathogenicity of
SARS-CoV-2

SARS-CoV-2 proliferation and invasion in human
cells especially the lungs more often than not will
result in inflammation, pathological damage, and
disruption of cellular signaling pathways and
metabolism. Furthermore, human antiviral defen-
sive mechanisms ie. the immune system and
apoptotic activities are suppressed by the virus,
increasing viral susceptibility [52,53]. The role of
miRNAs in inducing inflammation and pathologi-
cal damages, immunosuppression, and reducing
host cell apoptosis is review below.

3.1. Inflammation and pathological damages

Activation of the immune system and inflamma-
tion are observed following proliferation and inva-
sion of SARS-CoV-2 in human cells; these events
cause tissue damage and organ dysfunction, espe-
cially in the respiratory tract, the gastrointestinal
tract, brain, liver, and kidneys [54,55].

The work of Khan et al. (2020) showed that
SARS-CoV-2 miRNAs participate in these compli-
cations. For example, brain development, heart
development, and insulin signaling pathway were
predicted to be targeted by the virus miRNAs.
Patients with underlying disorders like cardiovas-
cular diseases, diabetes, or breathing complications
are more susceptible to SARS-CoV-2 infection,
which suggests an epigenetic modulatory role of
virus miRNAs and even targeting host miRNAs
[23]. Host miRNAs targeted by the virus are regu-
lated vital functions such as kidney and heart
development, neuronal processes, metabolic pro-
cesses, fatty acid metabolism, insulin resistance,
glucagon signaling pathway, and peroxisome pro-
liferator-activated (PPAR) signaling. In COVID-19
patients, dysregulation of these processes follows
inhibition of human miRNAs, overcomplicating
the condition especially in individuals with comor-
bidity [23].

SARS-CoV-2 miRNAs have been shown to inhibit
ribosomal translation of some key human proteins,
via hybridizing their mRNAs [56]. These proteins
include hemoglobin subunit beta and gamma-globin
2, IFN 1, and olfactory receptor proteins. Marked
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perturbation of oxygen distribution in vital organs,
immune response, and dysosmia in COVID-19
patients have been suggested to result from virus
miRNA-like inhibition [56]. Some host miRNAs
alteration, mediated by SARS-CoV-2, were strongly
associated with comorbidities. hsa-miR-3611 was
associated with high severity of sensitivity toward
viral respiratory infections in opioid addicts. hsa-
miR-1307-3p, hsa-miR-8066, hsa-miR-5197-3p,
and hsa-miR-3691-3p were shown to be associated
with transforming growth factor (TGF)-f pathways,
inflammatory response, cytokine-cytokine receptor
interaction, and oxidative stress, all hallmarks of
pulmonary damage [28]. In addition, hsa-miR
-1468-5p was reported to mediate similar damage
in cardiac tissues [28].

The results of one study showed that target genes
of six SARS-CoV-2 miRNAs, including miR-1-5p,
miR-2-5p, miR-3-5p, miR-4-5p, miR-5-5p, and
miR-6-5p, were directly/indirectly involved in the
upregulation of the immune response and the che-
mokine signaling pathway. It was concluded that
SARS-CoV-2 miRNAs are critical in cytokine
storm events of COVID-19 [57].

Computational identification of SARS-CoV-2
miRNAs in different tissues was reported by Liu
et al. (2020). In the lung, SARS-CoV-2-encoded
miRNAs were suggested to increase inflammation
by inducing the chemokine signaling pathway. The
putative enhancer region of arrestin beta-2 and CXC
chemokine ligand 16 (CXCLI16), two pro-
inflammatory cytokines, may be targets of MR147-
5p. MR66-3p was indicated to target the transcrip-
tion enhancer of TNF-a, an important cytokine in
the inflammatory response, in the spleen [26].

Virus-encoded MR345-5p was reported to bind to
the 5 UTR of the TGF-P receptor 3 (TGFBR3) gene
and enhance its expression [26]. TGFBR3 function
leads to the activation of the innate and adaptive
immunity system by controlling regulatory T-cells
and promoting Thl differentiation [58]. The virus-
encoded miRNAs were also predicted to contribute to
the pathological damage. MD2-5p, MR359-5p, and
MR345-5p may contribute to liver dysfunction by
targeting the FOXO3, ADIPOQ, and ADIPORI genes
involved in the biological processes of cellular
response to peptide hormone stimulus and regulation
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of fatty acid metabolic processes [59,60]. In the liver,
MR198-3p acts on the enhancer region of adenosine
deaminases acting on the RNA (ADARs) gene.
ADARSs mainly regulate genes involved in the function
of actin filament severing and regulation of cellular
protein metabolic processes [61] resulting in the acti-
vation of FOXO3, ADIPOQ, ADIPORI, and ADAR
genes by the virus miRNAs, suggesting a possible
mechanism of liver damages observed in COVID-19
patients [26].

On the other hand, some of the host miRNAs such
as hsa-miR-17-5p, hsa-miR-20b-5p, and hsa-miR
-323a-5p have a preventive role against the inflamma-
tory cascade and reduce acute lung injury and other
organ damages seen in SARS-CoV-2 infection [23].
The NF-kB p65 (transcription factor p65) subunit is
a protein encoded by the RELA gene and mediates
immune responses, inflammation, and apoptosis [62].
hsa-miR-516b-3p, hsa-miR-3529-3p, and hsa-miR
-6749-3p by targeting 3* UTR of the RELA could
suppress its expression and alleviate COVID-19 [35].
Application of specific antagomiRs against miRNAs
involved in the inflammatory process including miR-
21, miR-125b, miR-199a, miR-211, miR-138, miR-
211, miR-146a, and miR-146b have been proposed
to attenuate the cytokine storm and to decrease acute
lung damage in COVID-19 patients [63].

3.2. Immunosuppressive activity

Virus miRNAs can evade components of the
immune system, resulting in the attenuated or
abnormal activity of the immune system mechan-
isms. As a result of SARS-CoV-2’s escape from the
immune response, the virus prolongs its latency
period inside human cells and therefore, less tran-
sition in lytic viral replication occurs [64].
SARS-CoV-2 miRNAs were found to downregulate
some immune-signaling pathways, such as IFN-I sig-
naling and autophagy [23]. Virus-encoded MR328-5p
has been shown to activate the retinoid X receptor a
(RXRa) gene. RXRa over-expression attenuates host
immunity response by suppressing the IFN1 response
[26]. Other genes targeted by SARS-CoV-2 miRNAs
are STATI and STAT5B. The STAT family transcrip-
tion factors are signal transducers activated by cyto-
kine-induced stimuli and regulate the IFN response.

So, targeting the STAT family by viral miRNAs could
lead to deregulation of the IFN response [24]. SARS-
CoV-2 matures miRNA MD241-3P targets and sup-
presses the morphogenetic protein receptor type 2
(BMPR2) gene in bone. Since BMPR?2 is involved in
the TGF-P signaling pathway and plays a role in
pulmonary vascular homeostasis, its inhibition
reduces the antiviral response of the body and might
induce respiratory lung disease [65].

SARS-CoV-2 has been reported to hijack some
human miRNAs involved in the suppression of the
immune system and therefore, the host miRNAs are
employed as proviral factors that contribute to SARS-
CoV-2 pathogenesis. For example, the genes of hsa-
miR-146b and hsa-miR-939, two key modulators of
immunity responses, were reported to be hijacked by
the SARS-CoV-2 genome [26]. Highly expressed and
functionally crucial miRNAs in immune cells titrated
by the virus resulted in post-transcriptional dysregula-
tion of genes of the immunity system and modulation
of the propagation of SARS-CoV-2 infection [66].

The genes of several host miRNAs were also
induced during COVID-19. Some significant immune
pathways and proinflammatory cytokines such as
IFN-y signaling, TGF-P signaling, interleukin (IL)
signaling, IGF1 (insulin-like growth factor 1) signal-
ing, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) signaling, and toll-like receptors
(TLRs) were shown to be downregulated by these
human miRNAs, leading to host’s immune suppres-
sion [23]. In another study, 22 human miRNAs were
reported to be titrated by the SARS-CoV-2 genome,
leading to altered and dysregulated post-
transcriptional events in the infected cells, including
CDS8'T, CD4"T, natural killer (NK), CD14, and mast
cells [67]. Noncoding SARS-CoV-2 RNAs by acting as
host miRNA sponges may dysregulate and repress
human miRNA levels, including miR-376a-3p, miR-
99b-5p, miR-10a-5p, miR-376a-3p, miR-548av-5p,
and miR-99b-5p which are involved in immune
responses [68].

3.3. Reducing host cell apoptosis

Host cell apoptosis, a protective mechanism in
cells infected with viruses, plays a critical role in

normal physiological processes and virus



pathogenesis [69]. Although apoptotic defense is
one mechanism to curtail virus spread, SARS-CoV
-2 has been shown to employ sophisticated mole-
cular strategies such as miRNAs to subvert and
neutralize host cell apoptosis [70]. For instance,
two virus-encoded miRNAs, MD2-5p and
MR147-3p, have been hypothesized to repress the
expression of pro-apoptotic elements and cation
transport regulator-like protein 1 (CHACI) and
RADYA genes, respectively [26]. SARS-CoV-2
altered host miRNA MD3-3P has been shown to
target and inhibit the tumor suppressor p53 gene.
p53 is a primary inducer of apoptosis during viral
infection and plays a role in the activation of
innate immunity [65]. SARS-CoV-2 by sponging
and depletion of the human miR-376b-3p could
potentially enhance the mammalian target of rapa-
mycin (mTOR) activity to reduce the autophagy
pathway [68].

On the other hand, some miRNAs are speculated to
efficiently combat SARS-CoV-2 by reducing host cell
apoptosis and invoke a defensive response against the
virus. mTOR is an anti-apoptosis agent that mediates
cell proliferation whereas p53 is involved in cell apop-
tosis. mTOR inactivation and p53 activation could
impede virus replication and proliferation.
Interestingly, p53-dependent miRNAs, including
miR-101, miR-100, miR-99a/b, miR-7, miR-107, let-
7, and miR-199, bind to the 3" UTR of mTOR mRNA
and inactivates it. Furthermore, miR-107, miR-7,
miR-429, miR-200, miR-15/16, miR-223, miR-143/
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145, and miR-17 inactivate the downstream target of
mTOR [71].

An illustration of SARS-CoV-2 life cycle and
pathogenesis with some proviral, hijacked and
therapeutic miRNAs is presented in Figure 1.

4. Discussion

miRNAs are implicated in numerous physiological
and pathological processes. For example, in pre-
clinical studies, it was shown that miRNAs mod-
ulate apoptosis during myocardial ischemia/
reperfusion injury and/or regulate endoplasmic
reticulum stress in myocardial ischemia and car-
diac remodeling [72,73]. Several interventional
clinical trials -phase 1 and 2- on miRNAs are
ongoing to examine the efficacy of miRNAs in
the treatment of polycystic kidney disease, lung
and liver cancer, lymphoma, hepatitis C virus,
wound healing, heart failure, mesothelioma, and
keloid and scar tissue formation [74,75].

The following two reasons may help explain the
clinical importance of understanding the role of
human and viral miRNAs in COVID-19 patho-
genicity: First, miRNAs might be promising bio-
markers in COVID-19 diagnosis. Importantly,
a recent study reported that COVID-19 severity
and mortality in aged patients may have resulted
from defects in and lower abundance of human
miRNAs [76]. The normal function of miRNAs in
the human body is required for the maintenance

Proviral Hijacked Th ti
. e or erapeutic
il'l\ll:\s: °V-2 Deleted human miRNA
miRNA
1 MRI147-3p has-miR-8066 hsa-miR-98-5p
has-miR-5197-3p  miR-200c
2 miR-1307-3p
hsa-miR-195-5p
miR-5197-3p
3 MR359-5p hsa-miR-126
hsa-miR-378
4 miR-1-5p hsa-miR-1307-3p  hsa-miR-17-5p
miR-2-5p hsa-miR-5197-3p  hsa-miR-20b-5p
miR-21
5 MR359-5p
MR345-5p
MR198-3p
6 MR328-5p hsa-miR-146b
MD241-3P hsa-miR-939
7 MD2-5p hsa-miR-376b-3p  miR-99a/b
MR147-3p miR-143/145
MD3-3P

Figure 1. Some important miRNAs in SARS-CoV-2 life cycle and pathogenesis.
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of cellular homeostasis. Host miRNAs targeting
SARS-CoV-2 regulate critical biological processes
and signaling pathways such as biosynthesis,
immune response, circadian rhythm, and cardio-
myopathy among several cellular processes.
Therefore, miRNAs levels should be considered
potential biomarkers of diagnostic value in
COVID-19 patients which may help in the predic-
tion of different stages of the disease. The differ-
ential expression of human miRNAs could
establish the presence of infection and potentially
its severity, especially in patients with comorbid-
ities [77]. For instance, in COVID-19 patients with
diabetes, increased risk of heart failure was shown
to be due to reduced cardioprotective miRNA 133a
[78]. In another study, differential miRNA expres-
sion in peripheral blood samples was observed in
ten COVID-19 patients and four healthy controls
[79]. It also was reported that miR-6501-5p, miR-
16-2-3p, and miR-618 were expressed to a greater
degree in COVID-19 patients than in healthy sub-
jects while miR-144-3p, miR-627-5p, and miR-
183-5p were less expressed in COVID-19 patients.
This study suggested that differential miRNA
expression during SARS-CoV-2 infection might
contribute to virus replication and regulation of
the immune response. It is possible that miR-618
could be both a promising biomarker of and
a therapeutic agent for COVID-19 [79].

Second, miRNAs can be regulated artificially to
treat COVID-19. Here, an important question
remains to be answered: Would such regulated
human and viral miRNAs significantly affect the dis-
ease pathophysiology?

A growing body of evidence suggests that genomic
SARS-CoV-2 mutations influence miRNA expression,
thereby influencing the pathophysiology of diseases.
Mutant type of SARS-CoV-2 might induce a lower
immune response and a weaker cytokine storm. In
other words, mutations in the region overlapped with
viral miRNAs involved in inflammation enhancement
(i.e. MR288-5p and MD202-5p) could disrupt their
activity. Also, hsa-miR-939-5p and hsa-miR-146b-3p
(two inflammatory modulators) were reported not
capable of binding to the mutant SARS-CoV-2 gen-
ome. On the other hand, the wild-type genome by
attracting different batches of host miRNAs might

change the actin filament fragmentation and epithelial
differential regulation to enhance the virus invasion
[26]. The target sequence of miRNA 197-5p lost by
the Nsp3 synonymous C3037U conserved mutation
has been identified [25]. miRNA 197-5p was reported
to be upregulated in cardiovascular patients and
miRNA 197-5p has been suggested as a prognostic
and risk factor of such cardiac events. miRNA 197-5p
also mediates defense against SARS-CoV-2. Thus,
a higher COVID-19 mortality rate and susceptibility
in patients with cardiovascular disease might be
related to the loss of the miRNA 197-5p binding site
across the SARS-CoV-2 genome [25]. A mutation in
the S glycoprotein (A930V (24,351 C > T)) was found
in the Indian SARS-CoV-2 strain. It was the target
location of hsa-miR-27b-3p, which is responsible for
reducing the SARS-CoV-2 entry receptor by down-
regulating ACE2. Therefore, the mutant variant could
cause a more severe condition due to the absence of
the hsa-miR-27b-3p sequence [31]. An amino acid
substation of D614G at the S glycoprotein changed
its miRNA sequence from hsa-miR-4793-5p to hsa-
miR-3620-3p and increased the target score due to the
nucleotide substitution 1841A > G at the SARS-CoV-2
RNA [32]. The artificial regulation of human and viral
miRNAs  could also change COVID-19
pathophysiology.

A major concern about developing miRNA-based
therapies is designing efficient and stable delivery
systems for miRNAs and/or their antagonists. Viral
and non-viral vectors, including exosomes and bac-
teriophages, liposomes, modified micelles, polymers,
conjugates, nanoparticles, intravenous injection,
intranasal, and even oral delivery systems, have
been applied in this context [80,81]. The administra-
tion of the plant MIR2911 in a honeysuckle decoc-
tion (HD) significantly blocked virus replication and
accelerated the negative conversion in patients with
moderate COVID-19. However, HD-MIR2911 failed
to be absorbed from the gastrointestinal tract in
individuals with the SID1 transmembrane family
member 1 polymorphism, but it proposes
a promising insight considering a potential clinical
application of miRNA against COVID-19 [82,83].

In conclusion, human and viral miRNAs play
a determinant role in every stage of the SARS-CoV-2
life cycle, pathogenesis, and genomic mutations.



Among them, some miRNAs have been suggested as
potential biomarkers or antiviral agents, or for predic-
tion and potential treatment of COVID-19. However,
comprehensive preclinical and clinical studies on sui-
table drug delivery systems should be conducted to
develop effective miRNAs-based therapeutics against
COVID-19.
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