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Abstract
Coronaviruses, such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) responsible for the coronavirus disease 
2019 (COVID-19) pandemic, present a significant threat to human health by inflicting a wide variety of health complications 
and even death. While conventional therapeutics often involve administering small molecules to fight viral infections, small non-
coding RNA sequences, known as microRNAs (miRNAs/miR-), may present a novel antiviral strategy. We can take advantage 
of their ability to modulate host–virus interactions through mediating RNA degradation or translational inhibition. Investigations 
into miRNA and SARS-CoV-2 interactions can reveal novel therapeutic approaches against this virus. The viral genomes of 
SARS-CoV-2, severe acute respiratory syndrome coronavirus (SARS-CoV), and Middle East respiratory syndrome coronavirus 
(MERS-CoV) were searched using the Nucleotide Basic Local Alignment Search Tool (BLASTn) for highly similar sequences, to 
identify potential binding sites for miRNAs hypothesized to play a role in SARS-CoV-2 infection. miRNAs that target angiotensin-
converting enzyme 2 (ACE2), the receptor used by SARS-CoV-2 and SARS-CoV for host cell entry, were also predicted. Several 
relevant miRNAs were identified, and their potential roles in regulating SARS-CoV-2 infections were further assessed. Current 
treatment options for SARS-CoV-2 are limited and have not generated sufficient evidence on safety and efficacy for treating 
COVID-19. Therefore, by investigating the interactions between miRNAs and SARS-CoV-2, miRNA-based antiviral therapies, 
including miRNA mimics and inhibitors, may be developed as an alternative strategy to fight COVID-19.
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Key Points 

MicroRNAs (miRNAs) regulate host–virus interactions 
through direct interactions with the viral genome or by 
altering the host’s cellular microenvironment.

RNA and miRNA-based antiviral therapeutics are evolv-
ing and represent a promising therapeutic option.

In this study, we utilized available computational and 
miRNA target prediction tools and databases to identify 
key miRNAs that may have a role in modulating severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection.

1 � SARS‑CoV‑2 and the COVID‑19 Pandemic

The newly emerged human coronavirus (HCoV), named 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), is the etiologic agent responsible for the ongo-
ing coronavirus disease 2019 (COVID-19) pandemic and 
has infected ~ 100 million people and caused ~ 2 million 
deaths worldwide at the time of submission [1, 2]. While 
some COVID-19 patients remain asymptomatic or pre-
sent with mild flu-like symptoms, others develop severe 
respiratory distress, cardiac complications, renal failure, 
septic shock, and other long-term health complications [3]. 
Despite global efforts to control the spread of the virus, 
many countries are now facing a second rise in COVID-19 
cases with uncontrolled SARS-CoV-2 spreading in popula-
tions, leading to a need for effective antiviral treatments 
and vaccine developments [2].

Coronaviruses are enveloped single-stranded RNA 
viruses and are divided into four genera, Alpha-, Beta-, 
Gamma- and Deltacoronavirus, with Alpha- and Betac-
oronavirus being the only genera infecting humans [4, 5]. 
HCoVs originate from animal hosts, and SARS-CoV-2 is 
now the third highly pathogenic Betacoronavirus to cross 

http://orcid.org/0000-0002-4233-8945
http://crossmark.crossref.org/dialog/?doi=10.1007/s40265-021-01474-5&domain=pdf


518	 C. Hum et al.

the species barrier, along with the previously identified 
severe acute respiratory syndrome coronavirus (SARS-
CoV) and Middle East respiratory syndrome coronavirus 
(MERS-CoV) [4–7]. SARS-CoV-2 presents high sequence 
homology with SARS-CoV (around 80%) and similar cell 
tropism in the lower respiratory tract, infecting pulmonary 
epithelial alveolar type II cells [8, 9]. Notably, both SARS-
CoV-2 and SARS-CoV use the angiotensin-converting 
enzyme 2 (ACE2) as their functional receptor and gain 
access to the cell cytoplasm after the specific interaction 
of their Spike glycoprotein with ACE2 and subsequent 
viral membrane–host membrane fusion in the endosomal 
compartment [10]. In addition to the cell receptor, several 
membrane proteins have been shown to facilitate SARS-
CoV-2 cell entry such as the transmembrane protease 
serine 2 (TMPRSS2), the lysosomal cathepsins B/L, and 
neuropilin-1 [10–12]. Moreover, SARS-CoV-2 acquired a 
furin cleavage site between the S1 and S2 subunits of its 
Spike protein, leading to the proteolytic pre-activation of 
the glycoprotein, a feature necessary for viral entry, and 
could explain the high pathogenicity of the virus given the 
ubiquitous expression of the furin protease combined with 
the large distribution of ACE2 outside of the lungs [10].

Following entry, the viral genome is released into the 
cell cytoplasm to start the replicative cycle. SARS-CoV-2 
possesses a large single-stranded, positive-sense RNA 
genome (29.9 kb), organized in 11 open reading frames 
(ORF) surrounded by a 5′ and 3′ untranslated region 
(UTR) and coding for 16 non-structural, four structural, 
and six accessory proteins [13, 14]. The viral replication 
machinery comprises several viral proteins (replicase, 
helicase, RNA-dependent RNA polymerase complex, 
and endoribonuclease) that are synthesized as large poly-
proteins called PP1a and PP1ab, encoded by ORF1a and 
ORF1b, and cleaved into individual proteins by the viral 
proteases PLpro and 3CLpro [15].

Current therapeutic strategies to treat COVID-19 patients 
rely on the management of the disease’s most severe symp-
toms and on the administration of the antiviral drug rem-
desivir in the most severe cases [16]. Among the current 
efforts to fight COVID-19, some notable approaches include 
finding entry and replication inhibitors and repurposing 
existing antiviral drugs [17]. To date, over 2000 COVID-
19 clinical trials have been registered worldwide, ranging 
from small molecule approaches (including drugs such as 
lopinavir-ritonavir) to convalescent plasma and stem cell 
therapies [18]. As of January 2021, several COVID-19 vac-
cines have been authorized for use by different regulatory 
bodies around the world. However, despite the development 
of effective vaccines, continued investigations on all thera-
peutic approaches remains crucial, especially in the context 
of emerging SARS-CoV-2 variants and potential vaccine-
resistant strains. Herein, we evaluate microRNA (miRNA/

miR-)-based approaches for their potential use therapeuti-
cally against SARS-CoV-2 and emerging coronavirus vari-
ants of concern for global human health.

2 � MicroRNAs as an Antiviral Therapeutic 
Approach

Another relevant SARS-CoV-2 antiviral strategy could come 
from the host’s natural antiviral response. Host cells can 
develop different antiviral strategies against RNA viruses, 
and one effective strategy is RNA interference. RNA inter-
ference includes a group of RNA molecules known as 
miRNA, which are non-coding RNA molecules, typically 
20–25 nucleotides in length, that regulate gene expression, 
cell signaling, and the host cell environment [19]. Acting 
as post-transcriptional gene regulators, miRNAs base-pair 
with the 3′-UTR of complementary mRNA sequences to 
mediate their degradation or inhibit their translation [20]. 
Non-canonical miRNA–mRNA interactions, such as those 
that interact with the 5′-UTR or coding regions of target 
genes, have also been reported to be functional [21]. Given 
that approximately 2000 human miRNAs have been identi-
fied (miRBase 22), and they have been predicted to regulate 
over 60% of all human protein-coding genes [22], miR-
NAs serve as a plausible avenue for therapeutic investiga-
tion, especially for the modulation of proteins that cannot 
be targeted by other small molecules [23]. There are two 
general approaches for developing miRNA-based thera-
peutics (Fig. 1). The first one is based on the development 
of miRNA antagonists or inhibitors to increase or rescue 
the expression of specific proteins that are downregulated. 
The second approach consists of the use of miRNA mim-
ics to downregulate the expression of proteins abnormally 
induced. In recent years, several miRNA-based treatments 
have showed therapeutic promise in clinical trials [24, 25]. 
For example, the experimental drug known as miravirsen, 
developed by Santaris Pharma A/S, was the first miRNA-
based drug that successfully completed a phase 2 clinical 
trial. Serving as an miR-122 antagonist, this treatment for 
hepatitis C virus (HCV) infection reduces viral RNA levels 
by sequestering miR-122 away from the viral genome, where 
it is normally used by the virus to enhance its propagation 
[26, 27].

It has also been reported that miRNAs have a role in 
interrogating host–virus interactions during viral infec-
tion. Whether it be through direct interactions with the viral 
genome or by inducing antiviral cellular responses in the 
host, miRNAs serve as critical regulators of viral pathogen-
esis (Fig. 2). More specifically, viruses have been shown to 
create specific microenvironments that facilitate the viral 
life cycle through alterations in host miRNA expression [19, 
28–30]. This cross-talk between host miRNAs and viruses 
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can alter the host’s transcriptome and indirectly regulate 
viral infections through modulation of cellular host path-
ways, resulting in overall pro- or antiviral effects. For exam-
ple, one study found that elevated miR-155 expression in 
Epstein-Barr virus (EBV)-infected lymphocytes contrib-
uted to an overall proviral cellular state by simultaneously 
downregulating nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) signaling, which is impor-
tant for cytokine production and cell survival, and sup-
pressing innate immune responses to viral infection [31]. 
In fact, miRNAs have been shown to regulate the host’s 
innate immune response to viral infections by a variety of 
mechanisms, including by altering the lipid microenviron-
ment, promoting cellular signaling pathways that lead to the 
expression of interferon (IFN)-inducible antiviral genes, or 
by enhancing the expression of immune response regula-
tors [32–34]. Moreover, another study identified miR-24, 
miR-124, and miR-744 as broad-spectrum antiviral miRNAs 
against influenza A virus (IAV) and respiratory syncytial 
virus (RSV) [35]. By targeting the p38 mitogen-activated 
protein kinase (MAPK) signaling pathway, these miRNAs 
regulate the production of cytokines involved in the immune 
response, as well as viral entry and propagation, contributing 
to an overall antiviral phenotype [36, 37]. With respect to 
HCV infection, IFN-induced antiviral miRNAs have been 
shown to target viral RNA and inhibit its replication [38], 
while other miRNAs, such as miR-135a, have been found 
to enhance viral replication through antagonism of cellular 
antiviral pathways [39]. Evidently, as established by many 
reports, miRNA-virus interactions are extensive and com-
plex and possess the ability to enhance or suppress viral 
replication.

Host miRNAs can also interact directly with the viral 
genome to regulate viral infections. In order to enhance 
viral replication, some viruses use host-derived miRNAs 
to stabilize their genome and prevent degradation [40, 41]. 
One example of this includes the aforementioned proviral 
miR-122, which directly binds to the 5′-UTR of HCV and 
effectively stabilizes the RNA to promote viral replication. 
Interestingly, the HCV genome can also act as a “sponge” 
to sequester miR-122 away from its cellular targets, thereby 
providing another mechanism to enhance its infective poten-
tial [42]. Other viruses, such as some herpesviruses, also 
use this miRNA sequestering method to derepress cellular 
targets as a viral strategy to modulate the host cell [43]. In 
contrast, it has also been suggested that cellular miRNAs 
can interact with the viral genome to inhibit replication. For 
example, in human immunodeficiency virus 1 (HIV-1) infec-
tion, a cluster of cellular miRNAs was found to induce viral 
latency through interactions with the 3′ ends of viral RNA 
[44]. In addition to host-derived miRNAs, viral-encoded 
miRNAs (or viral miRNAs) have also been identified in 
several viruses, including the human EBV [45]. By exploit-
ing the host’s cellular miRNA machinery, viral miRNAs can 
be expressed to modulate both host and viral RNA targets, 
with some even helping the virus to evade the host’s immune 
response [46, 47]. Overall, by making the host cell more 
amenable to viral infection or through direct interactions 
with the virus, miRNAs serve an important role in regulat-
ing viral infections and can be explored for developing novel 
antiviral therapeutics.

Evidently, miRNAs can regulate a wide variety of viral 
infections, including respiratory infections such as HCoVs. 
For example, a study conducted by Mallick et al. found that 

Figure 1   Potential therapeu-
tic applications of miRNAs. 
Through miRNA enhancement, 
mRNA expression and transla-
tion that is upregulated during 
viral infection can be repressed. 
In contrast, through miRNA 
suppression, mRNA expression 
and translation that is downreg-
ulated during viral infection can 
be restored. miRNA microRNA, 
RISC RNA-induced silencing 
complex, AGO argonaute, TRBP 
trans-activation response RNA-
binding protein, PACT​ protein 
kinase RNA activator
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the SARS-CoV viral proteins N and S downregulated miR-
223 and miR-98, respectively, in order to modulate host 
cell differentiation and induce pro-inflammatory responses 
such as increased inflammatory chemokine activation [48]. 
While interactions between miRNAs and SARS-CoV have 
been established, the ability of miRNAs to regulate SARS-
CoV-2 is yet to be fully understood. With that said, sev-
eral groups have recently conducted computational inves-
tigations on miRNA targets in the SARS-CoV-2 genome 
[49–52]; however, further experimental validation is still 
required to validate these predictions and determine their 
downstream cellular effects. This gap in knowledge, cou-
pled with the limited treatment options for SARS-CoV-2, 
highlights the importance for further investigation on 
miRNA and SARS-CoV-2 interactions. Here, we used the 
Nucleotide Basic Local Alignment Search Tool (BLASTn) 
for highly similar sequences, to identify potential miRNA 
binding sites in the viral genomes of SARS-CoV-2, SARS-
CoV, and MERS-CoV. We identified miRNAs with 100% 
seed site complementarity to the viral genome and then 
conducted further literature investigations on their poten-
tial roles in SARS-CoV-2 infection.

While studies on the interactions between host miRNAs 
and viral genomes are vital, they merely reflect an initial 
step in the development of miRNA-based antiviral therapies. 
Despite the increasing advancements in miRNA technolo-
gies, there remain challenges, namely the unstable nature of 
RNA molecules and the requirement for targeted delivery 
based on its site of action [53], that complicate the direct 
translatability of this approach for the current COVID-19 
pandemic. However, with the emergence of mRNA-based 
vaccines being used as a frontline method for SARS-CoV-2 
management, other RNA-based therapeutics are expected to 
also emerge as alternatives to disease management. Thus, 
miRNA approaches undoubtedly present a promising thera-
peutic avenue for future antiviral applications.

3 � Identification of MicroRNAs with Potential 
Roles in SARS‑CoV‑2 Infection

Based on the established potential for miRNAs to influ-
ence viral infections (either with pro- or antiviral effects), 
we sought to investigate the interactions between human 

Figure 2   Potential interactions between miRNAs and viral infection. 
Host-derived miRNA transcripts can serve as substrates for the endo-
nuclease Dicer to produce mature miRNA, which can complex with 
the RISC. The miRNAs can be sequestered by the viral genome to 
derepress cellular targets or stabilize the genome for replication (a), 
induce degradation or translational inhibition of viral RNA (b), or 

host mRNA to modulate cellular pathways relevant for the viral infec-
tion (c). The virus can also interact directly with the host genome to 
alter the transcriptome and modulate miRNA expression to induce 
pro- or antiviral cellular effects (d). Some viruses can also encode 
viral miRNAs that can target both host and viral RNA (e). miRNA 
microRNA, RISC RNA-induced silencing complex
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miRNAs and the SARS-CoV-2 genome in order to gain 
insight and direct the development of miRNA-based 
therapeutics (Fig. 3a). In our approach, we opted to look 
at the most commonly expressed miRNAs in tissue and 
cell types often targeted by the virus, as a way to identify 
miRNAs that may modify the host’s cellular microenvi-
ronment to be more favorable for viral infection. Here, 
we used the NCBI Nucleotide database to obtain the 
viral genome sequences for SARS-CoV-2 (MN908947.3) 
[54], SARS-CoV (NC_004718.3) [55], and MERS-CoV 
(NC_019843.3) [56]. Using the mimiRNA database [57], 
we focused on the 20-30 most significantly expressed miR-
NAs in A549 lung epithelial cells, heart, hepatoma (liver), 
and small intestine tissues as a starting point for our analy-
sis; however, further computational analysis needs to be 
done to screen through all the miRNAs found in these 
tissue types. From these results, the top 12 miRNAs that 
were present in all cell types and highly abundant in lung 
epithelial A549 cells were selected for further investiga-
tion. Additional miRNAs were identified through a litera-
ture review of miRNAs shown to have roles in regulating 
metabolism, the immune response, and other viral infec-
tions (Table 1) [28, 32, 35, 40, 46, 48, 58–65].

3.1 � Prediction of Binding Sites

Guide strand sequences for the human (hsa) miRNAs identi-
fied for investigation were obtained from miRBase [66–71]. 
For each miRNA, the seed site (nucleotides 2–8) and its 
corresponding complementary sequence were determined. 
BLASTn for highly similar sequences was used to search for 
matches between the viral genome sequences (SARS-CoV-2, 
SARS-CoV, and MERS-CoV) and the complementary 
miRNA seed sequences. Potential miRNA binding sites were 
predicted at locations with 100% complementarity. Imper-
fect seed site complementarity was not considered in this 
analysis. Binding sites predicted in the SARS-CoV genome 
were cross-referenced with the ViTa database using SARS-
CoV Strain TWH [72]. For each potential binding site, the 
location and corresponding region in the viral genome was 
identified.

We also used miRDB [73], DIANA microT-CDS [74], 
and TargetScan [75] prediction software to predict miR-
NAs that target the 3′-UTR of the ACE2 receptor in humans 
(NM_021804.3) in order to explore whether miRNAs might 
be good targets for treatment of SARS-CoV-2 infection [76]. 
Searches included both highly and poorly conserved sites, as 

Figure  3   Overview of the proposed miRNA-based antiviral thera-
peutic approach against SARS-CoV-2 infection. Flowcharts outlining 
the strategies used to identify miRNAs that bind to the SARS-CoV-2 
viral genome (a) or the ACE2 receptor (b) for the development of 
miRNA-based therapeutics are presented. ACE angiotensin-convert-

ing enzyme, BLASTn Nucleotide Basic Local Alignment Search Tool, 
MERS-CoV Middle East respiratory syndrome coronavirus, miRNA/
miR- microRNA, SARS-CoV severe acute respiratory syndrome coro-
navirus, SARS-CoV-2 severe acute respiratory syndrome coronavirus 
2, UTR​ untranslated region
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Table 1   Selection of miRNAs with potential relevance to SARS-CoV-2 infection

Human (hsa) miRNAs that were identified to be highly abundant in lung epithelial A549 cells and/or to have roles in metabolism, the immune 
response, or other viral infections are presented. miRNAs are listed in decreasing order of the total number of binding sites predicted in the 
SARS-CoV-2 genome
ACE angiotensin-converting enzyme, EV71 enterovirus 71, H5N1 highly pathogenic Asian avian influenza A virus, HCV hepatitis C virus, HIV-
1 human immunodeficiency virus 1, IAV influenza A virus, MCMV murine cytomegalovirus, miRNA/miR- microRNA, RSV respiratory syncytial 
virus, SARS-CoV severe acute respiratory syndrome coronavirus, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, UTR​ untrans-
lated region, VSV vesicular stomatitis virus

hsa-miRNA Potential interest related to SARS-CoV-2 infection

miR-16 Abundant in A549 cells, suppresses viral replication in EV71 infection, regulation of apoptosis [58]
miR-29 Abundant in A549 cells
miR-30 Abundant in A549 cells, upregulated in RSV exosomes [59]
miR-186 Indirect regulation of HIV-1 infection [60]
miR-130 Downregulated in HCV infection [40]
miR-27 Abundant in A549 cells, role in MCMV and HCV infection [40]
miR-595 Repressed in RSV infected A549 cells [61]
miR-182 Upregulated in RSV exosomes [59], miR-183 cluster regulation of innate antiviral response [32]
miR-199 Proviral functions in HCV infection [46]
miR-20 Abundant in A549 cells
miR-93 Potential target site in VSV genome [40]
miR-218 Role in NF-κB signaling pathway [46]
miR-23 Abundant in A549 cells, upregulated in RSV exosomes [59]
miR-203 Upregulated IAV infection, inhibits viral replication [62]
miR-320 Upregulated in HCV infection, proviral functions [46], upregulated in RSV exosomes [59]
miR-135 Role in immune response [63]
miR-19 Role in type I interferon signaling pathway, antiviral effects [46], upregulated in RSV exosomes [59]
miR-122 Role in type I interferon signaling pathway, antiviral effects [46]
miR-520 Role in immune response [62], induced in RSV infected A549 cells [61]
miR-21 Abundant in A549 cells, NF-κB signaling pathway [46], upregulated in RSV exosomes [59]
miR-26 Role in immune response [63]
miR-125 Abundant in A549 cells, regulation of apoptosis [46]
miR-92 Abundant in A549 cells
miR-155 Role in type I interferon signaling pathway, antiviral effects [46]
miR-183 miR-183 cluster regulation of innate antiviral response [32]
miR-224 Tumor suppressive functions [64]
miR-200 Upregulated in H5N1 infection, targets the 3′-UTR of ACE2 [65]
miR-24 Upregulated in RSV exosomes [59], abundant in A549 cells, antiviral in IAV and RSV infection [35]
miR-198 Repressed in RSV infected A549 cells [61]
let-7 Abundant in A549 cells, involved in NF-κB signaling and inflammation [46]
miR-223 Downregulated in RSV exosomes [58], role in SARS-CoV infection [48]
miR-98 Role in immune response [62], role in SARS-CoV infection [48]
miR-337 Induced in RSV infected A549 cells [61]
miR-146 Role in NF-κB signaling pathway, proviral functions [46], downregulated in RSV exosomes [59]
miR-185 Regulation of host metabolic pathways and HCV infection [28]
miR-744 Antiviral functions against RSV and influenza viruses [46]
miR-192 Abundant in A549 cells
miR-127 Upregulated in M2 macrophages, downregulated by inflammation [64]
miR-187 Anti-inflammatory effects [64]
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well as 6mer, 7mer, 8mer, and 9mer binding sites. The top 
hits generated here will provide an ideal starting point for 
further miRNA-ACE2 expression analysis which in turn, can 
help direct the development of antiviral miRNA therapies 
(Fig. 3b).

4 � Potential Roles and Binding Sites 
of MicroRNAs in the SARS‑CoV‑2, 
SARS‑CoV, and MERS‑CoV Genomes

Among the 39 miRNAs investigated, 29 were predicted to 
have binding sites within the SARS-CoV-2 genome based 
on seed site complementarity (Table  2, supplementary 
Table S1—see the electronic supplementary material). A 
large number of these binding sites were predicted in the 
ORF1ab, as it is the largest region of the genome, span-
ning about 21 kb in length, and encodes for numerous viral 
proteins. No miRNA binding sites were predicted in the 
SARS-CoV-2 and SARS-CoV UTRs. This suggests that the 
miRNAs investigated in this study may not directly bind to 
the viral genome to stabilize or promote viral RNA degrada-
tion; however, the binding sites in the coding regions may 
still be functional. Since only one genomic sequence was 
used to assess each virus, variations in the viral genomes 
that may allow for additional miRNA binding sites were 
not captured. Also, the fact that miRNA binding sites in the 
viral genomes were defined as locations with 100% seed site 
complementarity is quite restrictive as miRNAs are known 
to be able to bind to sites imperfectly [77]. This leads us to 
believe that other potential binding sites may not have been 
represented. Furthermore, these cellular miRNAs, both with 
or without binding sites in the viral genome, may still have a 
role in regulating inflammatory or signaling pathways in the 
host, as seen with other viral infections (Table 1). In terms 
of the MERS-CoV genome, miR-92 was predicted to target 
the 3′-UTR, while miR-130 and miR-199 were predicted 
to target the 5′-UTR. While host miRNA-mediated regula-
tion of MERS-CoV is not well explored, it is interesting to 
note that miR-199a has been previously identified to regu-
late TMPRSS2 expression in the liver, stomach, and uterine 
corpus, as this protease is critical for SARS-CoV-2, SARS-
CoV, and MERS-CoV entry into cells [78]. Therefore, upon 
further analysis and experimental validation to determine 
whether these are true miRNA binding sites, the roles of 
these miRNAs in modulating MERS-CoV infection, along 
with other related viruses, can be explored.

The relative number and locations of potential miRNA 
binding sites in the genome can also provide some insight 
into the roles these miRNAs may play during viral infections. 
From our analysis, miR-16 was found to have the highest total 

number of binding sites in all three viral genomes, with 21 
binding sites in the SAR-CoV genome, 15 binding sites in 
the SARS-CoV-2 genome, and 14 binding sites in the MERS-
CoV genome (Table 2, Fig. 4). The fact that the high number 
of miR-16 binding sites is common among all three HCoVs 
could indicate that these viruses have evolved proviral mech-
anisms that use this miRNA to enhance their propagation, 
as previously observed in HCV [79]. Similarly, miR-29 and 
miR-30 were also found to have a large number of potential 
binding sites, with ten binding sites each predicted in the 
SARS-CoV-2 genome. In terms of SARS-CoV-2 infection, 
we further identified miR-200 and miR-24 to be of particular 
interest as they have been shown to be linked to the regulation 
of ACE2 and Furin, respectively (Fig. 5).

5 � MicroRNAs Regulating the Expression 
of the ACE2 Receptor

In addition to miRNAs that directly interact with the viral 
genome, host miRNAs that target ACE2 can also be involved 
in the regulation of SARS-CoV-2 infection. As ACE2 is the 
viral receptor that facilitates SARS-CoV-2 entry into cells, 
an understanding of which miRNAs modulate its expression 
can provide insight for prospective antiviral miRNA-based 
therapeutics. In this study, we identified numerous miRNAs 
that target the 3′-UTR of ACE2 in humans (Fig. 6). A total 
of six miRNAs (miR-362-5p, miR-421, miR-500a-5p, miR-
500b-5p, miR-3909, and miR-4766-5p) were predicted by all 
three online miRNA prediction tools. Interestingly, miR-421 
has also been previously identified as a potential ACE2 regu-
lator [80], making this a plausible target for further thera-
peutic investigation against SARS-CoV-2.

6 � Abundant MicroRNAs Whose 
Normal Function may be Modulated 
by SARS‑CoV‑2

In most cases, miRNAs regulate target gene expression by 
binding to the 3′-UTR of mRNAs; however, viral genomes 
are significantly larger than normal mRNA, so their regula-
tion and interactions with miRNAs can be more compli-
cated. It has been shown that miRNA binding sites in the 5′- 
and 3′-UTRs and coding regions can all be functional [21, 
81]. While no binding sites were predicted in the 3′-UTR 
of the SARS-CoV-2 genome in our analysis, we identified 
three miRNAs with predicted binding sites in SARS-CoV-2 
coding regions (miR-16, miR-200, and miR-24) and will fur-
ther discuss their putative functions in the context of SARS-
CoV-2 infection.
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Table 2   Potential miRNA binding sites in the SARS-CoV-2, SARS-CoV, and MERS-CoV genomes

hsa-miRNA Seed site 
sequence 
(5′–3′)

SARS-CoV-2 SARS-CoV MERS-CoV

Number of 
potential bind-
ing sites

Location in 
genome (number 
of sites in the 
region)

Number of 
potential bind-
ing sites

Location in 
genome (number 
of sites in the 
region)

Number of 
potential bind-
ing sites

Location in genome 
(number of sites in 
the region)

miR-16 AGC​AGC​A 15 ORF1ab (7), S 
(2), ORF3a, M, 
N (4)

21 ORF1ab (13), S 
(3), sars3a, M, 
sars7a, N (2)

14 ORF1ab (10), S, 
N (3)

miR-29 AGC​ACC​A 10 ORF1ab (8), S, N 9 ORF1ab (7), S, M 11 ORF1ab (10), S
miR-30 GUA​AAC​A 10 ORF1ab (8), M, 

ORF8
7 ORF1ab (7) 3 ORF1ab (2), S

miR-186 AAA​GAA​U 7 ORF1ab (5), S, 
ORF7a

4 ORF1ab (2), S, N 6 ORF1ab (6)

miR-130 AGU​GCA​A 6 ORF1ab (3), S, 
ORF3a, ORF7a

4 ORF1ab (3), S, M 5 5’-UTR, ORF1ab 
(3), ORF5

miR-27 UCA​CAG​U 6 ORF1ab (4), S, N 2 ORF1ab, N 2 ORF1ab (2)
miR-595 AAG​UGU​G 5 ORF1ab (4), S 3 ORF1ab, S, 

sars7a
2 ORF1ab

miR-182 UUG​GCA​A 4 S (3), N 4 ORF1ab (3), N 5 ORF1ab (4), S
miR-199 CCA​GUG​U 4 ORF1ab (2), S, 

ORF3a
5 ORF1ab (4), 

sars3a/3b
3 5’-UTR, N, N/

ORF8b
miR-20 AAA​GUG​C 4 ORF1ab (3), S 4 ORF1ab (3), S 4 ORF1ab (3), S
miR-93 AAA​GUG​C 4 ORF1ab (3), S 4 ORF1ab (3), S 4 ORF1ab (3), S
miR-218 UGU​GCU​U 4 ORF1ab, S (2), 

ORF3a
3 ORF1ab, sars3a, 

N
2 ORF1ab (2)

miR-23 UCA​CAU​U 4 ORF1ab (4) 2 ORF1ab (2) 2 ORF1ab, S
miR-203 UGA​AAU​G 3 ORF1ab, ORF7a, 

ORF8
7 ORF1ab (2), S 

(3), sars3a, 
sars7a

1 ORF5

miR-320 AAA​GCU​G 3 ORF1ab (3) 4 ORF1ab (4) 3 ORF1ab (3)
miR-135 AUG​GCU​U 3 ORF1ab (3) 1 ORF1ab 0 none
miR-19 GUG​CAA​A 2 S, ORF7a 4 ORF1ab (2), S, 

sars7a
4 ORF1ab (2), S, 

ORF5
miR-122 GGA​GUG​U 2 ORF1ab (2) 3 ORF1ab (2), M 4 ORF1ab (3), S
miR-520 UCC​AGA​G 2 ORF1ab (2) 2 ORF1ab (2) 2 ORF1ab, S
miR-21 AGC​UUA​U 2 ORF1ab (2) 2 ORF1ab (2) 1 ORF1ab
miR-26 UCA​AGU​A 2 ORF1ab (2) 3 ORF1ab (3) 0 none
miR-125 CCC​UGA​G 2 ORF1ab, S 0 none 0 none
miR-92 AUU​GCA​C 1 S 2 ORF1ab, S 6 ORF1ab (4), E,
miR-155 UAA​UGC​U 1 ORF1ab 5 ORF1ab (3), S (2) 1 ORF5
miR-183 AUG​GCA​C 1 N 4 ORF1ab (3), S 2 ORF1ab (2)
miR-224 CAA​GUC​A 1 ORF7a 4 ORF1ab (3), 

sars8a
1 ORF1ab

miR-200 AAU​ACU​G 1 ORF1ab 0 none 2 ORF1ab, S
miR-24 GGC​UCA​G 1 S 1 S 1 S
miR-198 GUC​CAG​A 1 ORF1ab 1 ORF1ab 0 none
let-7 GAG​GUA​G 0 none 3 ORF1ab (3) 2 ORF1ab, ORF4a/b
miR-223 GUC​AGU​U 0 none 2 ORF1ab, N 3 ORF1ab (2), ORF5
miR-98 GAG​GUA​G 0 none 3 ORF1ab (3) 2 ORF1ab, ORF4a/b
miR-337 UCC​UAU​A 0 none 2 ORF1ab, S 2 3′-UTR​
miR-146 GAG​AAC​U 0 none 1 S 2 ORF1ab (2)
miR-185 GGA​GAG​A 0 none 0 none 2 ORF1ab, 

ORF1ab/S
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6.1 � Functions and Pathways of miR‑16 that may be 
Perturbed During SARS‑CoV‑2 Infection

The high number of miR-16 binding sites predicted in all 
three HCoV genomes suggests that the viral RNA may act as 
a “sponge” to sequester miR-16, thereby decreasing its abun-
dance in infected cells leading to a derepression of its targets 
in the host [82]. As determined from previous studies, one 
function of miR-16 is to induce apoptosis by downregulating 
survival factor BCL2 [83]. Apoptosis has been indicated as 
an important part of the innate antiviral immune response 
in some viral infections. For example, in influenza-infected 
mouse cells, apoptosis was found to be induced with the 
apoptotic cells subsequently being targeted by macrophages 
and neutrophils for phagocytosis [84]. By downregulating 
miR-16, viruses such as SARS-CoV-2 may evade this innate 
immune mechanism by suppressing host cell apoptosis.

The suppression of miR-16 has also been shown to 
increase mitochondrial reactive oxygen species (ROS) pro-
duction and toll-like receptor 4 (TLR4) expression [85, 86]. 
This is of particular interest as both ROS production and 
TLR4 expression can have negative effects on lung cells 
and even cause lung damage, something which is pertinent 
in respiratory viruses such as SARS-CoV-2 and SARS-CoV. 
ROS production triggers a reaction through the TLR4-TRIF 
signaling pathway that ultimately increases cytokine pro-
duction in lung macrophages causing inflammation and 
damage in the lungs [86]. The redox imbalance resulting 
from SARS-CoV infection and increased ROS production 
have also been shown to induce transforming growth factor 
beta 1 (TGF-β1) expression, a profibrogenic cytokine that 
further increases ROS production, and has been linked to 
the development of damaged and scarred lung tissue, com-
monly referred to as pulmonary fibrosis [87, 88]. Due to 

the similarities and high homology between SARS-CoV-2 
and SARS-CoV, it is not surprising that these phenomena, 
namely the increased cytokine production and pulmonary 
fibrosis, are also evident in some severe COVID-19 cases 
[89–91]. Taken together, these observations suggest that the 
viral suppression of miR-16 may contribute to lung damage 
in severe COVID-19 cases as a result of increased produc-
tion of ROS and TLR4. Therefore, upregulation of miR-16, 
perhaps in the form of an miRNA mimic, may be a plausible 
option to combat the detrimental symptoms of COVID-19. 
It will be interesting to see if further studies show that the 
predicted binding sites are indeed functional and if sponging 
of miR-16 by SARS-CoV-2, SARS-CoV, and MERS-CoV 
occurs in vivo. Finally, it is important to note that miR-16 is 
highly conserved among mammals, indicating that miR-16 
may be involved in a mechanism of SARS-CoV-2 regulation 
that exists in humans as well as other mammals, such as 
bats, which can be infected by homologous bat CoVs [92]. 
If these HCoVs have indeed evolved a mechanism that takes 
advantage of the regulatory potential of miR-16 in their host, 
developing therapeutics that antagonize this interaction, such 
as miRNA inhibitors to prevent miR-16 interactions with the 
SARS-CoV-2 genome, is another plausible antiviral strategy.

6.2 � Potential Effects of SARS‑CoV‑2 Interactions 
with miR‑200

miR-200b and miR-200c were predicted by DIANA and Tar-
getScan to bind to a highly conserved region of the ACE2 
3′-UTR (Fig. 6), suggesting that these miRNAs play an 
important role in the regulation of ACE2. This is particu-
larly important in terms of SARS-CoV-2 infection as the 
ACE2 receptor is used by both SARS-CoV-2 and SARS-
CoV for attachment and entry into host cells. ACE2 is also 

Table 2   (continued)

hsa-miRNA Seed site 
sequence 
(5′–3′)

SARS-CoV-2 SARS-CoV MERS-CoV

Number of 
potential bind-
ing sites

Location in 
genome (number 
of sites in the 
region)

Number of 
potential bind-
ing sites

Location in 
genome (number 
of sites in the 
region)

Number of 
potential bind-
ing sites

Location in genome 
(number of sites in 
the region)

miR-744 GCC​CCG​C 0 none 0 none 0 none
miR-192 UGA​CCU​A 0 none 1 ORF1ab 0 none
miR-127 CGG​AUC​C 0 none 0 none 0 none
miR-187 CGU​GUC​U 0 none 0 none 0 none

Binding sites in the genome were predicted at locations with 100% complementarity to the hsa-miRNA seed site sequence using BLASTn. The 
locations of binding sites include coding regions [ORFs, spike glycoprotein (S), matrix protein (M), small envelope protein (E), and nucleocap-
sid protein (N)] and non-coding regions (5′- and 3′-UTR). miRNAs are listed in decreasing order of the total number of binding sites predicted in 
the SARS-CoV-2 genome
BLASTn Nucleotide Basic Local Alignment Search Tool, MERS-CoV Middle East respiratory syndrome coronavirus, miRNA/miR- microRNA, 
ORF open reading frame, SARS-CoV severe acute respiratory syndrome coronavirus, SARS-CoV-2 severe acute respiratory syndrome coronavi-
rus 2, UTR​ untranslated region
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considered to be a negative regulator of lung fibrosis as it 
is responsible for cleaving angiotensin II (Ang II), a pep-
tide hormone that has been linked to the development of 
lung fibrosis through the activation of TGF-β [88]. Previous 
studies have shown that the upregulation of miR-200c-3p 
during avian influenza A virus (H5N1) infection induces a 
decrease in ACE2 levels and can consequently cause lung 

damage [65]. Similar to H5N1 infection, SARS-CoV-2 
and SARS-CoV have been shown to induce a decrease in 
ACE2 expression; however, it is unclear if this is due to 
the binding of the S protein to the receptor or the result of 
upregulated miR-200b/c expression [88, 93]. As such, more 
in vitro and in vivo research would be required to determine 
the expression profile of miR-200b/c during SARS-CoV 
and SARS-CoV-2 infection. Furthermore, ACE2 has been 
identified as an important regulator of heart function, and 
it has been suggested that Ang II accumulation may lead to 
heart disease [94, 95]. Therefore, further research on miR-
200b/c regulation of ACE2 may provide useful insight on 
heart-related risk factors and complications that occur in 
some SARS-CoV-2-infected patients, such as acute coronary 
syndrome, myocarditis, arrhythmias, and, in severe cases, 
cardiac arrest [96].

6.3 � Functions and Pathways of miR‑24 that are 
Susceptible to Modulation by SARS‑CoV‑2

The predicted miR-24 binding site in the viral S protein 
appears to be conserved between the SARS-CoV-2, SARS-
CoV, and MERS-CoV genomes. miR-24 has previously been 
shown to have a notable role in the regulation of furin, a 
serine protease that is important for the proteolytic activa-
tion and host-cell entry of some respiratory viruses, such 
as SARS-CoV-2, MERS-CoV, and H5N1 [97–99]. Often 
abundant in several tissue types, including the lungs, many 
enveloped respiratory viruses make use of furin to cleave 
and modify surface glycoproteins involved in membrane 
binding and fusion, thereby promoting the fusogenic poten-
tial of the virus, which can ultimately lead to effects on cell 
tropism and viral pathogenicity [98, 99]. As there is a furin-
like cleavage site (FCS) in the SARS-CoV-2 S protein that 
is not present in SARS-CoV, there is reason to believe that 
furin may contribute to SARS-CoV-2 infection and patho-
genesis [100, 101]. In fact, this FCS may be responsible 
for the high membrane fusion activity that is specific to 
SARS-CoV-2 [98, 100]. Furin has been shown to activate 
TGF-β1, which, as discussed previously, may be related to 
the development of pulmonary fibrosis in severe COVID-
19 cases [101]. Therefore, the potential downregulation of 
miR-24 during SARS-CoV-2 infection may lead to both 
an increase in furin, resulting in higher infectivity, along 
with an increase in TGF-β1 that can eventually lead to lung 
damage.

On the contrary, one study found that the FCS and activa-
tion by furin may not be crucial for SARS-CoV-2 infection. 
It was determined that the treatment of infected samples with 
a high concentration of human airway trypsin-like proteases 
(HATs) restored the fusogenic capacity of SARS-CoV-2 
without FCS, indicating that the FCS and presence of furin 
may not be completely necessary for SARS-CoV-2 entry 

SARS-C
oV

-2

SARS-C
oV

M
ERS-C

oV

miR-16
miR-29
miR-30
miR-186
miR-130
miR-27
miR-595
miR-182
miR-199
miR-20
miR-93
miR-218
miR-23
miR-203
miR-320
miR-135
miR-19
miR-122
miR-520
miR-21
miR-26
miR-125
miR-92
miR-155
miR-183
miR-224
miR-200
miR-24
miR-198

let-7
miR-223
miR-98
miR-337
miR-146
miR-185
miR-744
miR-192
miR-127
miR-187 0

5

10

15

20

0

Number 
of 

pred
ict

ed
 

binding s
ite

s

Figure  4   Number of predicted miRNA binding sites in the SARS-
CoV-2, SARS-CoV, and MERS-CoV genomes. A heat map indicat-
ing the number of binding sites predicted in each viral genome is 
presented (values ranging from 0 to 21). Binding sites were predicted 
at locations with 100% complementarity to the hsa-miRNA seed site 
sequence using BLASTn. miRNAs are listed in decreasing order 
of the total number of binding sites predicted in the SARS-CoV-2 
genome. BLASTn Nucleotide Basic Local Alignment Search Tool, 
MERS-CoV Middle East respiratory syndrome coronavirus, miRNA/
miR- microRNA, SARS-CoV severe acute respiratory syndrome coro-
navirus, SARS-CoV-2 severe acute respiratory syndrome coronavirus 
2
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into host cells [100]. Instead, this study suggests that the 
overall structure of the S protein may be responsible for the 
high fusogenic activity of SARS-CoV-2, not the presence of 
the FCS; however, more in vivo evidence would be neces-
sary to support this hypothesis and dismiss the possible role 

of furin in SARS-CoV-2 infection [100]. Regardless, it is 
evident that the interaction between miR-24 and furin dur-
ing SARS-COV-2 infection may provide another avenue for 
antiviral development.

Figure 5   Schematic representation of predicted miRNA binding sites 
in the SARS-CoV-2 genome. The location of potential binding sites 
in the SARS-CoV-2 genome for select miRNA of interest, including 
the top three most abundant miRNAs in lung epithelial A549 cells 

(miR-16, miR-29, and miR-30), miR-24, and miR-200 are presented. 
miRNA/miR- microRNA, ORF open reading frame, SARS-CoV-2 
severe acute respiratory syndrome coronavirus 2, UTR​ untranslated 
region

Figure 6   miRNAs predicted to 
bind to the 3′-UTR of ACE2. 
The miRDB, DIANA microT-
CDS, and TargetScan databases 
were used to predict miRNAs 
that bind to the 3′-UTR of 
ACE2. Searches included both 
highly and poorly conserved 
sites, as well as 6mer, 7mer, 
8mer, and 9mer binding sites. 
miRNAs in bold were predicted 
to have more than one miRNA 
binding site. Numbers in red 
indicate the total number of 
miRNAs predicted in each 
group. ACE2 angiotensin-con-
verting enzyme 2, miRNA/miR- 
microRNA, UTR​ untranslated 
region
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7 � Conclusion and Future Directions

In conclusion, miRNAs represent novel and emerging targets 
for therapeutic intervention, including against SARS-CoV-2. 
The cellular targets of miRNAs can be suppressed by add-
ing miRNA mimics or can be upregulated with the use of 
anti-miRs, of which there are several chemical classes. RNA 
viruses can interact with and suppress the function of endog-
enous miRNAs, regulate miRNAs, or even produce their 
own miRNAs under certain circumstances. Counteracting 
these evolved interactions has been shown to be antiviral 
for other viruses such as HCV, where antagomirs have been 
used successfully in clinical trials. Given the similarities and 
size of the SARS-CoV-2 genome, it is reasonable to hypoth-
esize that such strategies will also be effective in developing 
new therapeutic strategies.

Upon closer examination, several miRNAs were found 
to have potential binding sites in the SARS-CoV-2, SARS-
CoV, and MERS-CoV genomes. Among them, we identi-
fied three that showed promise in modulating SARS-CoV-2 
infection, namely miR-16, miR-200, and miR-24. Many 
human miRNAs may see altered function during acute infec-
tion owing to a sponge effect of the SARS-CoV-2 genome 
and resulting derepression of mRNA targets. It is interesting 
to consider that some of these interactions may have evolved 
as part of virus tropism as a respiratory virus, and thus selec-
tion of virus strains could have occurred to subvert miRNA 
signaling in host cells.

Current and future work is centered on obtaining additional 
evidence to determine if SARS-CoV-2 indeed relies on specific 
miRNAs and through what mechanism. A starting point will 
be to validate the predicted binding sites of specific miRNAs 
in vivo and to determine whether or not these binding sites 
are functionally important to the SARS-CoV-2 life cycle. This 
will likely involve examining additional characteristics such as 
RNA secondary structure, miRNA abundance, and other cellu-
lar interactions. Profiling changes in miRNA expression during 
viral infection (i.e., which miRNAs are up- or downregulated) 
as well as extending our miRNA screening analysis to identify 
miRNAs that target the UTR regions will also be important.

Information on the cellular downstream effects resulting 
from altered miRNA expression can also be useful to under-
stand the complications and symptoms associated with the 
viral infection. It is also important to investigate the con-
servation of miRNA binding sites and regulatory mecha-
nisms among other mammals as CoV infections have been 
observed in mammals other than humans. As some CoV 
can cross species barriers, understanding the miRNA inter-
actions and regulations in these non-human genomes may 
serve to improve our understanding of potential emerging 
HCoV such as SARS-COV-2.

In terms of translating miRNA targets into therapies, it 
is interesting to note that miRNAs can be delivered through 
injection or directly into the lungs using aerosolization 
technologies [102, 103]. Both mimics and inhibitors can 
be delivered in either of these formats. Furthermore, such 
strategies can be used in conjunction with small interfer-
ing RNA (siRNA) technology to directly target the viral 
genome, leading to powerful all RNA-based multicompo-
nent therapies. Other dependencies on and susceptibilities 
to miRNA function may also emerge as antiviral strategies 
against SARS-CoV-2 [104]. Finally, small molecule modula-
tors of miRNA function may be used to recapitulate miRNA 
function [105]. However, the latter cannot be effective with-
out us first understanding the roles of miRNAs as therapeutic 
targets for intervention and treatment of SARS-CoV-2.
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