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ARTICLE INFO ABSTRACT

Keywords: Background: Coronavirus disease 2019 (COVID-19) caused by a novel betacoronavirus named severe acute res-
COVID-19 piratory syndrome coronavirus 2 (SARS-CoV-2) has attracted top health concerns worldwide within a few
SA.RS'COV'Z months after its appearance. Since viruses are highly dependent on the host small RNAs (microRNAs) for their
E:Er(;l;NA replication and propagation, in this study, top miRNAs targeting SARS-CoV-2 genome and top miRNAs targeting
miR-21 differentially expressed genes (DEGs) in lungs of patients infected with SARS-CoV-2, were predicted.

Methods: All human mature miRNA sequences were acquired from miRBase database. MiRanda tool was used to
predict the potential human miRNA binding sites on the SARS-CoV-2 genome. EdgeR identified differentially
expressed genes (DEGs) in response to SARS-CoV-2 infection from GEO147507 data. Gene Set Enrichment
Analysis (GSEA) and DEGs annotation analysis were performed using ToppGene and Metascape tools.

Results: 160 miRNAs with a perfect matching in the seed region were identified. Among them, there was 15
miRNAs with more than three binding sites and 12 miRNAs with a free energy binding of —29 kCal/Mol. MiR-29
family had the most binding sites (11 sites) on the SARS-CoV-2 genome. MiR-21 occupied four binding sites and
was among the top miRNAs that targeted up-regulated DEGs. In addition to miR-21, miR-16, let-7b, let-7e, and
miR-146a were the top miRNAs targeting DEGs.

Conclusion: Collectively, more experimental studies especially miRNA-based studies are needed to explore
detailed molecular mechanisms of SARS-CoV-2 infection. Moreover, the role of DEGs including STAT1, CCND1,
CXCL-10, and MAPKAPK2 in SARS-CoV-2 should be investigated to identify the similarities and differences
between SARS-CoV-2 and other respiratory viruses.

1. Introduction

The COVID-19 disease, resulting from a novel coronavirus, is
currently a global threat leading to considerable disease and mortality
worldwide. Since November 1, 2020, a total of 46,493,580 confirmed
cases, as well as 1,203,902 deaths from COVID-19 in 215 countries and
territories have been reported [1]. The Severe Acute Respiratory Syn-
drome Coronavirus-2 (SARS-CoV-2) is a close relative of SARS-CoV with
45-90% sequence similarity, which has resulted in the severe acute
respiratory syndrome in over 8000 confirmed cases and about 800
deaths in 2003 [2,3].

Coronaviruses are a diverse family of viruses associated with

multiple respiratory diseases with different severity, like common cold,
pneumonia, and now COVID-19 [4]. With a single-stranded pos-
itive-sense RNA genome with genome sizes of 26-32 kilobases (kb) in
length, they have the largest known genomes among all known RNA
viruses [5]. The virus genome possesses a 5’ cap structure together with
a 3’ poly(A) tail, like an mRNA to translate its proteins. About two-thirds
of the genome at 5’ end is occupied by the replicase gene, which encoded
two polyproteins, ORFla and ORF1b. These polyproteins are further
processed to generate the non-structural proteins (nsp). ORFla is
contributed to produce the nspl-nspll, while the rest of nsps
(nspl2-nspl6) are originated from ORF1b [6]. Additionally, the viral
structural proteins comprise surface (S), envelope (E), membrane (M),

* Corresponding author. Physiology Research Center, Jihad Boulevard, Ebne-Sina Avenue, Postal code: 7619813159, Kerman, Iran.

E-mail address: Morteza.hadizade@gmail.com (M. Hadizadeh).

https://doi.org/10.1016/j.ncrna.2020.11.005

Received 13 August 2020; Received in revised form 2 November 2020; Accepted 12 November 2020

Available online 21 November 2020

2468-0540/© 2020 Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Morteza.hadizade@gmail.com
www.sciencedirect.com/science/journal/24680540
https://www.sciencedirect.com/journal/non-coding-rna-research
https://doi.org/10.1016/j.ncrna.2020.11.005
https://doi.org/10.1016/j.ncrna.2020.11.005
https://doi.org/10.1016/j.ncrna.2020.11.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ncrna.2020.11.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Jafarinejad-Farsangi et al.

and nucleocapsid (N) proteins encoded by the one-third of genome at 3’
end [6,7].

A group of small non-coding RNAs, almost 19-24 base pairs in
length, named microRNAs (miRNAs) plays a key role in the modulation
of a wide range of biological processes, including development, immune
system response, and cell death through gene expression regulation [8].
In addition, various aspects of the viral replication and proliferation,
including host antiviral responses and viral pathogenesis can be influ-
enced by miRNAs. MiRNAs mediate their regulatory function through
direct binding to the target transcript. Perfect pairing in the seed region
(position 2 to 8 from 5’ end) has an important impact on the regulatory
function of a miRNA. MiRNAs play a negative or positive role in
virus-related processes in three ways: direct binding to the viral genome,
binding to the viral transcripts, or binding to the host transcripts [9].
Host miRNAs may promote viral RNA stability, replication, and infec-
tion or conversely, reinforce host antiviral responses against viruses.

However, the position, number, and distance between binding sites
and point mutations in the seed region of a miRNA, can alter its target
specificity and its subsequent impact [9-11]. It has been reported that in
the samples infected with H5N1 influenza, miR-485 directly targets the
viral PB1 gene coding an RNA-dependent RNA polymerase that is
essential for virus replication [12]. Moreover, the induction of host
immunity pathway like the interferon pathway upon viral infection can
result in the enhanced expression of certain miRNA, including miR-155
to regulate the corresponding pathway [13]. For MERS-CoV genome, a
total of 13 host miRNAs affecting the virus genome has been recognized,
hence, their application as the appropriate therapeutics against viral
infection appear promising as microRNAs are very specific in selecting
the target regions [14]. Considering the current COVID-19 pandemic, it
would be of great importance to investigate miRNAs involved in the
host-SARS-CoV-2 interface. In this study, top miRNAs targeting
SARS-CoV-2 genome and top miRNAs targeting differentially expressed
genes (DEGs) in lungs of patients infected with SARS-CoV-2, were
predicted.

2. Materials and methods
2.1. Prediction of the miRNA binding sites on the SARS-CoV-2 genome

The complete genome sequence of virus strain isolated in Wuhan,
China (NC_045512.2) was downloaded from the National Center for
Biotechnology Information (NCBI) database and considered as the
reference viral sequence. In addition, the complete genome sequence of
SARS-CoV-2 viruses isolated in the various geographical zones,
including the United States (MT322413.1), Spain (MT359865.1), France
(MT470137.1), Japan (LC529905.1), South Africa (MT324062.1), India
(MT415321.1), Brazil (MT350282.1), Australia (MT007544.1), South
Korea (MT304475.1), and Kazakhstan (MT428554.1) were obtained
from the NCBI database. All human mature miRNA sequences were also
acquired from miRBase database version 22.1. miRanda tool (version
3.3a) was used to predict the potential human miRNA binding sites on
the SARS-CoV-2 genome sequence [15]. For this purpose, the thermo-
dynamic folding energy and alignment score threshold values of —20
and 150 kcal/mol were set for miRanda tool; the strict alignment in the
seed region was also considered with including the strict parameter.

2.2. Gene expression analysis

The gene count data derived from RNA sequencing in the lung tissue
of COVID-19 patients (GSM4462415 and GSM4462416) and healthy
individuals (GSM4462413 and GSM4462414) were obtained from the
Gene Expression Omnibus (GEO) database with the accession number of
GSE147507. Gene expression analysis was performed by edgeR package
version 3.30.3 and genes with logs fold change > |1| and adjusted p-
value (Benjamini-Hochberg procedure) threshold of 0.05 was consid-
ered as a significantly differentially expressed value.
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Table 1
MiRNAs with more than three binding sites on the SARS-COV-2 reference
genome.

Three binding site

hsa-miR-770-5p, hsa-miR-103a-3p, hsa-miR-4772-3p, hsa-miR-624-5p, hsa-miR-
3130-3p, hsa-miR-497-5p, hsa-miR-6715b-5p, hsa-miR-761, hsa-miR-320b & hsa-
miR-107

Four binding site

hsa-miR-6838, hsa-miR-29¢-3p & hsa-miR-21-3p

Five binding site

hsa-miR-29a-3p

Table 2
MiRNAs that bind to the SARS-COV-2 reference genome with a free energy (AG)
less than —29 kCal/Mol.

One binding site

hsa-miR-4436a, hsa-miR-3154, hsa-miR-1226-3p, hsa-miR-518c-5p, hsa-miR-1292-
3p, hsa-miR-6754-3p, hsa-miR-8066, hsa-miR-602, hsa-miR-4761-5p & hsa-miR-
4661-3p.

2.3. Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) is a useful approach for
interpreting gene expression data based on the functional annotation of
the differentially expressed genes (DEGs). In this study, ToppGene tool
(https://toppgene.cchmc.org/) [16] was used to identify the enriched
biological pathways, gene ontology (GO), and micRNAs that targeted
DEGs. The FDR (Benjamini-Hochberg procedure) cutoff of 0.05 was
considered significant. For annotation for DEGs, Metascape (https://m
etascape.org/gp/index.html#/main/stepl), an online web tool to
equip a comprehensive gene list annotation and analysis resource for
experimental biologists, was used. Metascape simplifies and summarizes
some results via bar graph colored according to p-values [17]. Finally,
Cytoscape software version 3.7.2 was used to visualize miRNA-mRNA
network and important GO term.

3. Results
3.1. Host human MiRNAs-SARS-CoV-2 genome interaction

Among the 2654 human mature miRNAs, 444 miRNAs were identi-
fied with direct binding site on different positions along with the coro-
navirus 2 reference genome (Table S1). It was focused on the
interactions with perfect matching in the seed region and 160 miRNAs
were sorted out. Among them, there was 15 miRNAs with more than
three binging sites (Tables 1 and 2) and 12 miRNAs bound to the
coronavirus 2 reference genome with a free energy (AG) less than —29
kCal/Mol (Tables 2 and 3).

According to the results, miR-29 family (miR-29a, miR-29b, and
miR-29c¢) had the most binding sites (11 sites) and miR-3175 had the
least AG (—35 kCal/Mol). The position of binding sites on the SARS-
CoV-2 for miRNAs with more than three binding sites or AG less than
—29 kCal/Mol was also explored and ORFlab, nucleocapsid, spike,
ORF3a, membrane, and ORF7a coding regions with high capability for
binding to host human miRNAs were found (Fig. 1). ORFlab, nucleo-
capsid, and spike sequences had the most binding sites. Among the
miRNAs, miR-29 exhibited various binding sites on ORFlab, nucleo-
capsid, and spike sequences. MiR-21 had binding sites on ORF1ab, spike,
and ORF3a. The spike region, which encodes the spike protein, is
necessary for viral entry and is a promising target for antiviral therapy.
Eight binding sites for miR-29a-3p, miR-29¢-3p, miR-21-3p, miR-761,
miR-3130-3p (2 sites), miR-3167, and miR-3175 were recognized on the
spike coding region (Fig. 1). In particular, the binding pattern of miRNAs
among genome sequences released from 10 different geographical
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Table 3
Pairing schemes of miRNA-target mRNA interactions are shown. The miRNA seed region is screened in the red box.
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miR-320a-5p
miR-761
miR-6715b-5p
miR-497-5p
miR-624-5p
miR-4772-3p
miR-103a-3p
miR-770-5p
miR-7157-5p
miR-4521
miR-200b-3p
miR-214-3p
miR-3935

Fig. 1. Schematic representation of human miRNA-binding sites on the SARS-CoV-2 genome (29903 bp). Different parts of the genome including untranslated
regions (UTRs) (gray), coding sequences (different colors), stem loops (red), and miRNAs that bind to them are shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

locations was explored and no mutation and 100% similarity were

found.

3.2. Enrichment analysis of SARS-CoV-2 induced differentially expressed

genes (DEGs)

stimulated genes were significantly enriched and DEGs involved in

L13a-mediated silencing of ceruloplasmin expression, translation initi-
ation complex formation, and signaling by interleukins were signifi-

cantly depleted in response to SARS-CoV-2 infection.

3.3. miRNAs that target DEGs following SARS-CoV-2 infection

RNA-sequencing (RNA-seq) data (GSE 147507) of the lung tissues

from two postmortem men infected with SARS-CoV-2 compared with
those of two healthy controls were analyzed and 781 DEGs were found.
329 genes were up-regulated and 452 genes were down-regulated. The
results of enrichment analysis of DEGs (Fig. 2) revealed that the genes
involved in cytokine-mediated signaling pathway, response to virus,
influenza A, NF-kB signaling, and antiviral mechanisms by INF-
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According to the results of enrichment analysis by ToppGene, top
miRNAs targeted a large number of DEGs were identified (Fig. 3A and
3B). Among top miRNAs, miR-16 targeted 23 (10% of DEGSs) up-
regulated genes (Fig. 3A) as well as 100 (14% of the DEGs) down-
regulated genes (Fig. 3B). MiR-615-5p (97 up-regulated DEGs, 13%),
let-7b-5p (23 down-regulated genes, 10%), and miR-155 (22 down-
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Fig. 2. Gene set enrichment analyses. GO and KEGG pathway analysis of all up- (A) and down-regulated (B) genes in response to SARS-COV-2 infection.

regulated DEGs, 10%) occupied the next ranks for targeting SARS-CoV-
2-induced DEGs (Fig. 3A and 3B). Among top miRNAs, miR-615-3p,
miR-193b-3p, miR-186-5p, miR-93-5p, and miR-20a-5p were pre-
dicted to target only down-regulated DEGs (Fig. 3B), and miR-155-5p,
miR-146a-5p, miR-24-3p, and miR-21-5p were predicted to target only
up-regulated DEGs (Fig. 3B). MiR-16-5p, miR-484, let-7b-5p, miR-17-
5p, miR-106b-5p, let-7e-5p, and miR-320a targets were from both up-
and down-regulated DEGs. Analysis of DEGs targeted by miRNAs
demonstrated that GO terms and biological pathways related to response
to virus, influenza A, antiviral INF-stimulated genes, and positive
regulator of NF-kB signaling were significantly enriched (Fig. 3E).
However, the pathways and GO terms related to eukaryotic translation
initiation and signaling by interleukins were significantly depleted
(Fig. 3F). miRNA-mRNA network for up- and down-regulated DEGs in
response to SARS-CoV-2 infection is illustrated in Fig. 4A and 4B,
respectively. SARS-CoV-2-induced DEGs related to viral processes were
also sorted out and top miRNAs, which target them were explored
(Fig. 3C and D). According to the results, it was identified that 38 up-
regulated (11%) and 77 (17%) down-regulated DEGs were enriched in
viral processes. MiR-146a-5p, miR-203a-3p, and miR-24-3p, which were
predicted to target 26%, 10%, and 10% of the up-regulated DEGs, were
respectively involved in viral processes (Fig. 3C). Otherwise, 32% and
31% of the down-regulated DEGs involved in viral processes, were tar-
geted by miR-615-3p and miR-16, respectively (Fig. 3D). MiRNA-mRNA
network for miRNAs that target SARS-CoV-2-induced DEGs involved in
viral processes are depicted in Fig. 5.

4. Discussion

Viral proteins have been broadly considered as targets for antiviral
therapies, but the problem arises when the selective pressure results in
the emergence of a new antiviral drug resistance lineage. Therefore,
host-coded factors and particularly, microRNAs seem to be a better
strategy [18]. miRNAs as antiviral targets is so important that the first
clinical trial of miRNAs relates to their involvement in viral processes
[19]. MiR-122, which is highly expressed in liver, binds directly to the 5
untranslated region of the hepatitis C virus (HCV) and protects viral
genome from pyrophosphatase and exonuclease activities and facilitates
viral genome translation through structural modification [20,21].

Several studies have predicted possible binding sites for miRNAs on
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the SARS-CoV-2 genome from the beginning of the COVID-19 pandemic
[22-26]. Arisan et al. (2020) identified seven miRNAs including
miR-8066, miR-5197, miR-3611, miR-1307-3p, miR-3691-3p,
miR-3934-3p, and miR-1468-5p, which bind to SARS-CoV-2 genome
[25]. In another study by D. McLellan et al. (2020), ten microRNAs
expressed in the SARS-CoV-2 target cells were filtered according to da-
tabases and published data and mutations within the binging sites of
these miRNAs on the SARS-CoV-2 genome were investigated [26]. They
identified eight mutations and hypothesized that these mutations might
affect the host miRNA antiviral defenses. Eight of ten miRNAs
(miR-197-5p, miR-3935-5p, miR-18b-5p, miR-3154, miR-4761-5p,
miR-338-3p, miR-4661-3p, and miR-4436a) reported by them were
found on the list (Table S1) reported in the present study with one
binding site on the SARS-CoV-2 genome. However, in this study, it was
focused on miRNAs with more than three binding sites on the
SARS-COV-2 reference genome. Top miRNAs, which target host-related
DEGs involved in viral processes in response to SARS-CoV-2 infection,
were also predicted. In the present study, the number of binding sites,
AG > —20 kCal/Mol, and perfect complementarity in the seed region
were considered.

Among covid-19-binded miRNAs, miR-29 family had the greatest
number of interactions (11 sites). miR-29 family consists of three
members, namely, miR-29a, miR-29b, and miR-29c. In previous studies,
the impact of host miR-29s on the regulation of viral processes depended
on whether they directly bind to the viral genome or to the host tran-
scripts [27-29].

Direct binding of miR-29a to the 3’ UTR region of the HIV genome,
increased the transport of virus to p-bodies and reduction of HIV repli-
cation. Ahluwalia et al. (2008) also reported that the inhibitory impact
of miR-29a on HIV infection is mediated through binding to the acces-
sory viral protein negative factor (Nef), which is critical for viral
persistence and release [30]. Therefore, miR-29a has been considered as
a potential therapeutic target for HIV eradication [29]. According to the
results of the present study, five miR-29s binding sites were predicted in
the spike and nucleocapsid coding regions of SARS-CoV-2. Spike pro-
teins protruded from the viral envelope are responsible and critical for
host-receptor binding and viral entry. Nucleocapsid proteins specifically
bind to the viral genome and facilitate viral entry, replication, and
release. Both spike and nucleocapsid proteins were considered as targets
for SARS-CoV-2 antiviral drug development. MiR-29s also targeted
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involved in viral biological processes, respectively.

sequences in the ORF1lab region, which is the largest part of the genome
and encoded for 16 nsps [31]. Despite having a large number of direct
binding sites on the SARS-CoV-2, no miR-29s was found among the top
miRNAs targeting host DEGs. However, in previous studies, direct
binding of miR-29s to the host A20/TNFAIP3 transcript in response to
influenza A and JEV infections, and subsequently, modulation of anti-
viral and pro-inflammatory responses have been reported [27].
Considering the high levels of miR-29s in the lungs of healthy adults and
better response of these people to SARS CoV-2 compared to those with
respiratory diseases with low levels of miR-29s, the probable role of
miR-29s in modulating SARS-CoV-2 infection was suggested.

MiR-21, another SARs-CoV-2 binding microRNA, had four binding
sites on the SARS-CoV-2 genome. miR-21 is one of the best known
miRNAs whose expression increases in many pathological conditions
including asthma, pulmonary fibrosis, and viral infection [32,33]. There
is no report about direct binding of miR-21 on human viral genomes, and
current reports about the involvement of miR-21 in viral infections are
limited to modulating host transcripts. For example, the positive role of
miR-21 in influenza A replication has been attributed to miR-21-host
HDACS interaction [34]. In addition, it has been shown that miR-21
reduced the antiviral NF-KB pathway through binding to IRAK1 and
TRAF6 transcripts in HIV and HCV infections [35,36]. According to the
results of the present study, miR-21 had two binding sites on the spike
coding regions. In addition, miR-21 was one of the top miRNAs which
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targeted up-regulated host-DEGs in response to SARS-CoV-2. One of the
miR-21 targets is CXCL-10 that is a biomarker for viral, bacterial, fungal,
and parasitic contamination [37]. In the present study, high levels of
CXCL-10 in the lungs of COVID-19-infected patients compared to
healthy ones were observed. Due to the fact that miR-21 targets are
among up-regulated DEGs, the expression of miR-21 can be reduced in
SARS-CoV-2 infection. However, experimental validation of miR-21
involvement in both binding to the SARS-CoV-2 genome and modu-
lating host transcriptome are suggested.

Besides prediction of binding-miRNAs, top miRNAs including miR-
16, let-7 family, and miR-146a, which were predicted to target host
DEGs in response to the SARS-CoV-2, were also identified. MiR-16 was
predicted to target the largest number of host DEGs in response to the
SARS-CoV-2. Previously, RNA sequencing data from miR-16/15 defi-
cient T cells revealed the inhibitory role of miR-16/15 family on T cell
survival, differentiation, and proliferation, which is critical for host or
mediated antiviral responses [38]. In addition, high levels of miR-16
expression have been reported in influenza A and RSV infections.
Given that the majority of miR-16 targets were down-regulated in
response to SARS-CoV-2, the expression of miR-16 might be increased in
the lungs of COVID-19 patients. Zheng et al. (2017) showed that miR-16
suppressed cell cycle and prevented EV71 replication through
decreasing CCND1 level, which is an important protein in G1 to S phase
transition during cell cycle processes [39]. In the present study,
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decreased level of CCND1 in the lungs of patients infected with
SARS-CoV-2 was observed, which seems to be not as effective as its
reduction in EV1 infection, because the studied patients died from
COVID-19.

Let-7e and let-7b, two let-7 family members, were also among the top
miRNAs targeting host DEGs in SARS-CoV-19. The association between
Let-7 family and several viral infections including RSV, influenza A, and
hMPV has been demonstrated [40,41]. Similar to miR-16, Let-7 family

also targets CCND1 [42]. In contrast to EV71 infection, the decreased
level of CCND1 is an effective factor for influenza A replication. It seems
that CCND1 reduction in the lungs of patients infected with SARS-CoV-2
has a positive effect on the virus replication, similar to what happens for
influenza A.
MiR-146a is predicted to target 21 up-regulated genes in SARS-CoV-2
infection. The increased level of miR-146a in a wide range of viral in-
fections including HCV, HBV, influenza A, HIV, HIN1, H3N2, and EBV
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has been previously reported [43]. MiR-146a protects the virus against
the host through targeting and inhibiting STAT1 protein. In other words,
miR-146a is a negative regulator of NF-kB signaling pathway. Consid-
ering the increased level of STAT1 and other targets of miR-146a in the
lungs of patients infected with SARS-CoV-2, miR-146a can be decreased
in SARS-CoV-2 infection. The preventive role of STAT1 against
SARS-CoV replication has been previously reported [43]. In order to
retaliate, SARS-CoV encodes a STAT1 antagonist (ORF6) to escape from
eradication [44]. Although in this study, increased levels of STAT1 were
observed in the lungs of patients infected with SARS-CoV-2 but it did not
lead to an effective antiviral response. It may be, at least in part, due to
an antagonizing strategy by SARS-CoV-2 similar to SARS-CoV.

In addition to STAT1, mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAPK2 or MK2) is the other altered gene which
reveals the difference between SARS-CoV-2 and other viral infections.
McCaskill et al. (2017) suggested that the reduction of MK2 by miR-24,
miR-124, and miR-744 lead to a broad-spectrum inhibition of influenza
and RSV infection [18]. According to the results of this study, MK2
which was predicted to be targeted by miR-16-5p, miR-615-3p, and
miR-193b-3p, reduced in the lungs of SARS-CoV-2 patients. It seems that
the reduction of MK2 in SARS-CoV-2 is not as effective as that in
influenza and RSV infections.

Collectively, COVID-19 infection seems complicated and more
experimental studies especially miRNA-based ones are needed to
explore detailed molecular mechanisms of SARS-CoV-2 infection to
clarify the similarities and differences between SARS-CoV-2 and other
respiratory viruses.
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