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Abstract—The pandemic of coronavirus disease 2019 (COVID-19) warrants the identification of factors that
may determine both risk and severity of infection. The factors include microRNAs that have a wide regulatory
potential and hence are particularly interesting. The review focuses on the potential roles of human microRNAs
and the viral genome as well as microRNAs in SARS-CoV-2 infection and clinical features of COVID-19.
The review summarizes the information about the human microRNAs that are thought to specifically bind
to the SARS-CoV-2 genome and considers their expression levels in various organs (cells) in both healthy
state and pathologies that are risk factors for severe COVID-19. Potential mechanisms whereby SARS-CoV-
2 may affect the clinical features of COVID-19 are discussed in brief. The mechanisms include blocking of
human microRNAs and RNA-binding proteins, changes in gene expression in infected cells, and possible
epigenetic modifications of the human genome with the participation of coronavirus microRNAs.
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INTRODUCTION

The spread of coronavirus disease 2019 (COVID-19)
due to SARS-CoV-2 respiratory infection caused a
pandemic in 2020. COVID-19 affects people of vari-
ous ages, and its clinical course varies from asymp-
tomatic to severe or critical [1, 2]. As was noted in sys-
tematic reviews that summarized the data on the risk
factors and clinical signs and symptoms of COVID-19,
a severe disease course and a higher risk of fatal out-
come are characteristic of individuals over 60 years of
age and patients with certain concomitant disorders,
such as hypertension, diabetes mellitus, cardiovascu-
lar disorders, and chronic respiratory diseases [3, 4].
In addition, COVID-19 acts as a risk factor for several
pathologies, such as virus pneumonia, respiratory
insufficiency, kidney failure, sepsis [5], inflammatory
damage to blood vessels, damage to the myocardium,
arrhythmia [6], thrombotic complications (including
acute limb ischemia, abdominal and thoracic aortic
thrombosis, myocardial infarction, venous thrombo-
embolism, acute cerebrovascular accident, and dis-
seminated intravascular coagulation) [7], and neuro-
logical disorders [8]. It is therefore necessary to iden-
tify the endogenous factors that facilitate infection or
a severe course of the disease caused by SARS-CoV-2.
MicroRNAs attract particular attention as markers of
the functional state of the body and molecules with
therapeutic potential [9, 10].
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MicroRNAs are noncoding RNAs of approxi-
mately 19—24 nt in length [11, 12]. MicroRNAs are
specified as miR-3p or miR-5p depending on what
region (3' or 5') of a double-stranded hairpin precursor
gives origin to the respective mature single-stranded
sequence [11, 13]. As for the mechanism of action,
microRNAs complementarily bind to their target
mRNAs to suppress translation or to induce mRNA
degradation [14].

MicroRNAs are involved in regulating expression
of more than 60% of all protein-coding genes in mam-
mals and play a role in all main biological and patho-
logical processes, including the antivirus response [12,
15]. A large body of evidence has accumulated to date
to indicate that the spectrum and level of microRNA
expression depend on the functional state of the body
with alteration in disease [16, 17]. Host cellular
microRNAs can bind to the coding regions of genome
of RNA viruses (e.g., HIV, hepatitis C virus, dengue
virus, and influenza virus), thus exerting an antivirus
effect [2, 12, 14, 18]. Coronaviruses are also RNA
viruses, and it cannot be excluded that microRNAs
play a certain role together with many other factors
that affect the risk of infection and the severity of the
disease in the presence of various comorbidities.

SARS-CoV-2, which causes COVID-19, belongs
to the betacoronavirus genus together with SARS-CoV
(the causal agent of severe acute respiratory syn-
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drome) and MERS-CoV (the causal agent of Middle
East respiratory syndrome). Outbursts of SARS-CoV
and MERS-CoV infections occurred in 2002—2003
and 2012, respectively, but did not become pandemics.
A phylogenetic analysis showed up to 79% similarity
between the SARS-CoV-2 and SARS-CoV genomes
and up to 50% similarity between the SARS-CoV-2
and MERS-CoV genomes [18, 19].

The SARS-CoV-2 is a positive-sense single-
stranded RNA virus. The reference SARS-CoV-2
genome sequence deposited in the NCBI database
(NC _045512.2) is approximately 29.9 kb. The poly-
protein genes ORFla and ORFIb take in approxi-
mately two-thirds of the genome at its 5' end. Virus
polyproteins are cleaved by proteases to produce non-
structural proteins (Nsps), which form a replication—
transcription complex. The other one-third of the
SARS-CoV-2 genome harbors genes for structural
proteins: a spike (S) glycoprotein and membrane (M),
envelope (E), and nucleocapsid (N) proteins. In addi-
tion, there are 5'- and 3'-untranslated regions (5'-UTR
and 3'-UTR) in the SARS-CoV-2 genomic RNA [12,
19-22].

The spike glycoprotein (S protein) facilitates virus
entry into the cell by binding with angiotensin-con-
verting enzyme 2 (ACE2) [21]. The E protein forms
the virus envelope and is involved in forming hydro-
philic pores in cell membranes. The M protein deter-
mines the shape of the virus envelope and serves as a
central organizer of coronavirus assembly [15, 23].
The N protein binds with the coronavirus genomic
RNA and Nsp3, which is a nonstructural protein of
the replication—transcription complex and plays a role
in genome packaging in virions [20].

SARS-CoV-2 is an intracellular pathogen and uti-
lizes host cell machinery for its function and replica-
tion. The efficiency of cell infection therefore depends
on the functional state of the host cell (the ratio of the
factors that are favorable or unfavorable for the pro-
cess) and the possibility of quickly rearrange the
molecular physiology of the cell and the total body to
ensure virus reproduction and spreading (e.g., the
possibility to evade the immune control of the body).
MicroRNAs targeting the S, M, N, E, and ORFlab
genes might suppress SARS-CoV-2 invasion into the
cell and limit its replication, while lower levels of these
microRNAs are favorable for cell infection and coro-
navirus replication [15]. Apart from human cell
microRNAs, SARS-CoV-2 microRNAs might also
play a role in the COVID-19 pathogenesis. The virus
genome is potentially capable of producing microRNAs,
which may be involved in epigenetic processes in
infected cells [19]. In addition, human microRNAs
may exert opposite effects to suppress infection or to
act as a pro-viral factors [19, 24], and infection with
SARS-CoV-2 changes the microRNA expression pat-
tern in human cells [11]. A higher level of infection
with SARS-CoV-2 compared with other coronavi-

ruses makes it possible to assume that structural differ-
ences in specific regions of the coronavirus genome
determine their effects on the risk of infection and the
course of COVID-19. Structural features of the corona-
virus genome may lead to the formation of various targets
for human microRNAs and thus determine the disease
scenarios in the presence of comorbidities that change
the spectrum and expression levels of microRNAs.

The review considers various aspects of the role
that microRNA may play in the pathogenesis of
COVID-19. Our sources included the PubMed data-
base and web resources with data on microRNA
expression in human tissues and cells and microRNA
roles in various human disorders (TissueAtlas [25],
FANTOMS [26], and Human MicroRNA Disease
Database (HMDD) [16]).

HUMAN microRNAs SPECIFIC
FOR THE SARS-CoV-2 GENOME

A PubMed search using the terms microRNA,
miRNA, SARS-CoV-2, and COVID-19 in various
combinations as queries yielded 16 publications (as of
the end of 2020) that include information about
microRNAs potentially capable of binding with the
SARS-CoV-2 genome. The number of such microRNAs
in different publications varied from three to more
than 1000 because of the differences in databases, ana-
lytic tools, microRNA sample size, and SARS-CoV-2
genomic sequences used (Table S1, see Supplementary
Materials at http://www.molecbio.ru/downloads/
2022/1/supp_Kucher rus.pdf). Certain microRNAs
with targets in the SARS-CoV-2 genome are addition-
ally capable of binding to the SARS-CoV and MERS-
CoV genomes and, in single cases, with the genomes of
low pathogenic human coronaviruses that cause mild
acute respiratory infections. These microRNAs were
excluded from further analysis to identify the
microRNAs that might determine the high pathoge-
nicity for SARS-CoV-2 only. Another inclusion criterion
used to select the SARS-CoV-2-specific microRNAs for
the analysis was that a microRNA should be identified
as specific in at least two publications (in order to
reduce the probability of erroneously describing
microRNA as potentially significant for cell infec-
tion). As a result, we selected 39 microRNAs that met
the above criteria (Table 1).

It should be noted that different mature microRNAs
originating from a common precursor may differ in the
efficiency of binding to the genomes of different coro-
naviruses. For example, hsa-miR-195-3p binds only
to the SARS-CoV-2 genome, while hsa-miR-195-5p
additionally binds to the genomes of SARS-CoV and
other coronaviruses [2, 34]. The microRNA (-3p or -5p)
that had been studied consequently received special
attention whenever possible in considered studies.
However, studies where the microRNA type (-3p or -5p)
had not been specified were also included in the anal-
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Table 1. Human microRNAs potentially capable of binding to various SARS-CoV-2 genes
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MicroRNA MIMAT, number in miRBasé Target gene Source
hsa-miR-16-2-3p MIMAT0000069 Not specified [2, 11]
. ORFS§ [15, 19]
hsa-miR-23b-5p MIMAT0004587 —
Not specified [27]
hsa-miR-34c-3p MIMAT0004677 Not specified [2, 14]
. S protein gene [19]
hsa-miR-125a-3p MIMAT0004602 —
Not specified [2, 11]
. ORFlab [28]
hsa-miR-141-3p MIMAT0000432 —
Not specified [2, 11]
hsa-miR-142-3p MIMAT0000434 Not specified [9, 11]
. M protein gene [28]
hsa-miR-193b-5p MIMAT0004767 —
Not specified [11]
. ORFlab, S [28]
hsa-miR-195-3p MIMAT0004615 —
Not specified [2, 11, 29]
Nsp3, ORFla [30]
hsa-miR-197-5p MIMAT0022691 ORFlab [19]
Not specified [11]
. S protein gene [28]
hsa-miR-203a-5p MIMAT0031890 —
Not specified [2, 14]
N protein gene [15, 19]
hsa-miR-208a-5p MIMAT0026474 ORFlab [28]
Not specified [2]
. ORFlab [28]
hsa-miR-208b-5p MIMAT0026474 —
Not specified [2, 14]
M protein gene [15]
hsa-miR-325 MIMAT0000771 ORFlab [28]
Not specified [2]
. ORFlab [19]
hsa-miR-378¢c MIMAT0016847
Not specified 2,27, 31]
ORFlab [15, 28]
hsa-miR-548ag MIMAT0018969 S protein gene [15]
Not specified [2]
ORFlab [19, 28]
hsa-miR-549a-3p MIMAT0003333 ORF3a [15]
Not specified [2]
) ORFlab [28]
hsa-miR-605-5p MIMAT0003273 —
Not specified [2, 28]
) ORFlab [19, 28]
hsa-miR-628-3p MIMAT0004809 —
Not specified 2]
) 5'-UTR [18]
hsa-miR-668-3p MIMAT0003881 —
Not specified [2, 14]
ORF3a [15]
hsa-miR-1246 MIMATO0005898
Not specified [11]
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Table 1. (Contd.)
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MicroRNA MIMAT, number in miRBasé Target gene Source
3'-UTR [22]
hsa-miR-1293 MIMATO0005883 ORFlab [28]
Not specified [2, 11]
. ORFlab/ORF7a/N protein gene |[15]
hsa-miR-1910-3p MIMAT0026917 —
Not specified [11]
hsa-miR-2392 MIMAT0019043 ORF8 [15, 19]
. ORFlab [19]
hsa-miR-3120-5p MIMAT0019198 —
Not specified [31]
. ORF3a [19]
hsa-miR-3132 MIMAT0014997 —
Not specified [11]
hsa-miR-3135b MIMATO0018985 ORF7a [15, 19]
. N protein gene [15, 19]
hsa-miR-3155a MIMATO0015029 —
Not specified [2]
ORFlab [15, 19]
. ORFS§ [15]
hsa-miR-3190-3p MIMAT0022839 -
S protein gene [28]
Not specified [2]
. ORFlab [19, 28]
hsa-miR-3914 MIMATO0018188 —
Not specified [31]
. ORF3a [15]
hsa-miR-4510 MIMAT0019047 -
S protein gene [19]
ORF7a [19]
hsa-miR-4684-3p MIMAT0019770 N protein gene [28]
Not specified [2]
. ORFlab [28]
hsa-miR-5087 MIMAT0021079 —
Not specified [2, 32]
ORF7a [15]
hsa-miR-5590-3p MIMAT0022300 ORFlab [28]
Not specified [2]
. ORFlab [19]
hsa-miR-6736-5p MIMAT0027373 —
Not specified [11]
N protein gene [15]
hsa-miR-6741-5p MIMAT0027383 ORFlab [19]
Not specified [29]
hsa-miR-6751-5p MIMAT0027402 ORF3a [15, 19]
ORFlab [19]
hsa-miR-6837-3p MIMAT0027577 5'-UTR [18]
Not specified [2]
) N protein gene [15, 19]
hsa-miR-8066 MIMAT0030993 —
Not specified [12, 31]
. ORFlab [15]
hsa-miR-12119 MIMAT0049013 -
N protein gene [19]
*Data were retrieved from miRBase [33].
MOLECULAR BIOLOGY Vol. 56 No. 1 2022
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ysis (microRNAs are hereafter designated as in the
respective original articles).

Regions of the SARS-CoV-2 genome differ in the
number of microRNAs capable of binding to them.
The greatest number of microRNAs (22) was
described for ORFIab and the genes coding for the S
and N proteins (Table 1). This generally agrees with
the sizes of the respective genes (although the S pro-
tein-coding gene is several times larger than the N
protein-coding gene) [35]. One to three SARS-CoV-2
genes were described as microRNA targets, but the
localization of microRNA targets was not specified in
several cases (Table 1). It is unknown now whether the
efficiency of infection is affected by what particular
SARS-CoV-2 gene is targeted by microRNAs of the
host cell, although the presence of several targets for
different microRNAs can be assumed to facilitate bet-
ter protection from virus infection. This is related to
the fact that the SARS-CoV-2 genome can acquire
new mutations, which may lead to a loss of a target or
generate a new target for the same microRNA or pro-
duce targets for other microRNAs, which had no tar-
get in the coronavirus genome earlier. In particular,
this situation was observed when the binding profiles
of 24 microRNAs were compared for 67 different
SARS-CoV-2 genomes found in 24 countries [19].
The set contained four microRNAs included in our anal-
ysis: hsa-miR-23b-5p, -378c, -549a-3p, and -12119;
their targets were lost in 2, 1, 11, and 2 SARS-CoV-2
genomes, respectively. It is noteworthy that certain
microRNA clusters based on the profiles of binding to
the SARS-CoV-2 genome proved associated with
higher mortality from COVID-19 in the countries
where they had been revealed [19], indicating that
both host microRNAs and features of the coronavirus
genome are of importance for the COVID-19 clinical
course. In this context, ORFlab is the most vulnerable
SARS-CoV-2 gene because the greatest number of
microRNAs are capable of binding to it. The greatest
protective effect can be expected for hsa-miR-1910-3p
and hsa-miR-3190-3p, which target at least three
genes each in the coronavirus genome (Table 1).

The potential to protect the host cell depends not
only on the presence of targets in the SARS-CoV-2
genome, but also on the microRNA expression level.
Protection against SARS-CoV-2 may be affected by
the microRNA expression level in cells of the organs
that the virus uses to enter the body, while the risk of
complications may be affected in other organs. As is
well known, microRNA expression is characterized by
tissue and cell specificity, sensitivity to environmental
factors, and dependence on the functional state of the
body. We therefore analyzed the data on microRNA
expression in organs (and cells) of healthy individuals;
the data were downloaded from online available data-
bases (TissueAtlas [25] and FANTOMS [26]). Then
we summarized the data on how the expression levels
of these microRNAs change in certain diseases that
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are of importance for the clinical course of COVID-19
(PubMed, Human MicroRNA Disease Database [16]).

EXPRESSION OF microRNAs POTENTIALLY
CAPABLE OF BINDING TO THE SARS-CoV-2
GENOME IN HUMAN CELLS AND TISSUES

To choose the tissues, organs, and cells for analysis
of the microRNAs that are potentially capable of bind-
ing to the SARS-CoV-2 genome, we considered the
results of epidemiological studies that described their
sensitivity to the coronavirus or the rate at which they
are affected in COVID-19 [3—8]. In total, 16 tissues
(Fig. 1) and 20 cell types from various organs (Fig. 2)
were analyzed.

Scarce data are available for microRNA expression
levels in tissues and organs of healthy humans: samples
from only one individual who died naturally are
described in TissueAtlas [25]. Expression of 22 of the
39 microRNAs under study was detected in the lung,
various regions of the brain, organs of the digestive
tract, the heart, arteries, the kidney, and the prostate
(16 organs in total) (Fig. 1). Three microRNA clusters
were identified. One included five microRNAs that are
expressed to relatively high levels in tissues of all organs
(hsa-miR-197-5p, -1246, -3135b, -2392, and -125a-3p);
the second cluster included seven microRNAs with a
moderate expression level (hsa-miR-3132, -605-5p,
-142-3p, -193b-5p, -3190-3p, -195-3p, and -141-3p);
and the third included 12 microRNAs with a low
expression level. Expression was demonstrated for
only one of the two microRNAs that have the greatest
number of targets in the SARS-CoV-2 genome, hsa-
miR-3190-3p (Table 1), but its expression level is rel-
atively low (lower than average) (Fig. 1). Tissue speci-
ficity of microRNA expression is also observed within
the clusters. Depending on the microRNA expression
level, the tissues also form three clusters (Fig. 1). In
the lung hsa-miR-197-5p, -1246, and -3135b have the
highest expression levels (>10 log,(quantile-normal-
ized expression (QNE)), and these microRNAs are
possible to consider as potentially significant for limit-
ing SARS-CoV-2 infection.

Because tissues have a heterogeneous cell compo-
sition, at the second step we analyze the expression
specifics of the 39 selected microRNAs in various cell
types, retrieving data from FANTOMS [26]. In partic-
ular, epithelial cells of various organs, blood cells, and
other cell types were considered (Fig. 2). Data on
expression in the cell types chosen for the analysis
were available for 36 out of the 39 microRNAs.
Expression of 11 out of the 36 microRNAs was not
detected in the cell types under study. These are hsa-
miR-3135b, -8066, -6741-5p, -6736-5p, -5590-3p,
-5087, -4684-3p, -3914, -3132, -208a-5p, and -208b-5p;
data on these microRNAs are not shown in Fig. 2.
Expression of six other microRNAs (hsa-miR-548ag,
-3120-5p, -4510, -1246, -2392, and -6751-5p) is



34

KUCHER et al.

o

10.44| 9.76 |10.89| 9. 9.36 | 3.04

10.68/10.0611.02 9.44 288

10.65| 9.96 |11.06 8.75

11.8411.10/10.93 9.42 32018301}

12.08/11.02/10.58| 9. 9.49 3.31 3.06

, log>(QNE)
4.114.07 | 4.49 |3.97 3.40 | 5.03 | 4.36 | 5.06 | 6.77 | 7.00 | Cerebral cortex, frontal lobe
12
4.08 | 4.05 | 4.20 | 3.82 3.24 | 5.00 | 4.43 | 5.11|7.19 | 7.10 | Cerebral cortex, temporal lobe 10
3.91 | 4.21|4.09 | 3.80 3.51 | 4.95 | 4.56 | 5.01 | 6.72 | 6.74 | Cerebral cortex, occipital lobe 8
3.08 4.16 | 3.65  3.98 4.07 | 5.05 | 4.91 | 4.96 | 5.83 | 6.39 | Myocardium 6
3.48 |3.01 12,94 3.58 | 5.81 | 4.99 | 4.52 | 4.33 | 5.25 | 7.57 | Stomach

4
i

12.30/10.08 8.81 3.74 1312 3.14 3.53 | 4.78

4.55

9.54 | 4.65 | 4.99 | 4.83 | 5.09 | 5.69 | 6.0:

N}

Adrenal glands

12.03/10.65 8.89 3H16H 3:30 3.46  2.93

2.99

590 |5.27 | 4.96 | 4.81 | 6.28 | 5.52 | 5.68 | Kidney, cortex

11.90/10.58/10.02| 8.84 3.44 | 4.42 | 317 3.33 3,01 5.38 | 5.77 [4.95 [4.75 | 5.15 | 5.41 | 5.63 | Kidney
11.96/10.80| 9.42 | 8.89 3.20/( 3.29 [§3100% 229 317 5.58 | 5.44 | 4.82 | 4.96 | 4.97 | 5.85 | 5.47 | Kidney, medulla
12.24/10.84| 8.91 | 8.84 293 3.08 331 3.41 321 309 5.83|4.38|4.91|4.77 | 4.89 | 6.23 | 6.55 | Colon
10.37| 9.40 | 9.04 3.88 | 2.91 3.44 5.58 | 5.06 | 4.88 | 471 | 4.03 | 6.17 | 5.78 | Jejunum
T 10.37| 9.47 | 8.91 3.29|3.85 2,94 350 | 3.41 2.96| 7.61 | 4.74 | 5.11 | 4.60 | 6.40 | 5.08 | 5.81 | Lung
10.02(11.02| 9.81 3.243.77  3.09 3.00 3.32 7.27 5.08 | 4.96 | 4.92 | 4.60 | 4.55 | 5.29 | Duodenum
11.73/10.54| 9.44 | 8.63 3.04 315 3.04 3.07 3.10 | 3.89|3.73 | 2.95 6.46 |5.27 |5.18|3.99|9.67 | 5.18 | 6.65 | Pancreas
12.13/11.52|11.02| 8.73 | 7.85 [ 3.21 3.25 3.20 2.86 3.55|4.50 |3.96 7.02|3.83 | 4.99 | 5.04 | 4.62 | 5.83 | 6.12 | Prostate
11.34) 9.28 | 8.24 | 9.21 3.61 311 3.99 | 3.11 4.20 | 3.50 | 3.24 | 4.51 4.05|4.62 | 5.04 | 6.89 | 6.25 | 583 | Artery
@ =R O \n;? ﬂﬂigﬂﬁ) 52 & 6@0 y«)\%w ) \ap < % ?fo“’Q wq@i@i ww«%)h%@
SSEISIEE @Qf@%\b@“‘ S E S <z~b &
@,&“X\%‘b&é; ‘b'& ‘&{b %”"&\\c"(b “éb w (y‘& 6\\\%% =~ %q’/&e‘b&%‘b&%‘b&fb’ LSRNt &
& A N «Q“v AN SRS SRV ‘(\

Fig. 1. Heatmap that shows expression of microRNAs potentially capable of binding to the SARS-CoV-2 genome in tissues of
various human organs (according to TissueAtlas [25]). Expression levels are shown as logarithmic quartile-normalized expression

(log,(QNE)).

extremely low (<1.0 log,(CPM)) in single types of
cells. The remaining 19 microRNAs are expressed at
higher levels (>1.0 log,(CPM)), which vary among
different cell types. The microRNA hsa-miR-16-2-3p
was the only microRNA that is expressed at a moder-
ate (and much the same) level in all cell types under
discussion (5.71-7.91 log,(CPM)). None of the
microRNAs that have at least three targets in the
SARS-CoV-2 genome (Table 1) belongs to the cate-
gory of microRNAs highly expressed in the cell types
under study (Fig. 2).

Expression levels of certain microRNAs are spe-
cific for different cell types: hsa-miR-142-3p is highly
expressed (>10 log,(CPM)) in blood cells and shows
only minor, if any, expression in the other cell types;
hsa-miR-141-3p is expressed at a high level in epithe-
lial cells of the respiratory and digestive tracts and
prostate and B cells, a moderate level in other blood
cells, and a low level in all other cell types. The hsa-
miR-125a-3p expression level is low in blood cells and
moderate in the other cell types. Expression levels of
the other microRNAs similarly depend on the cell
type, but are generally low (<4.0 log,(CPM) in the
majority of cases). Based on the above data on
microRNA expression in various cell types of healthy

subjects (Fig. 2), it is possible to conclude that the
most promising candidates for a role in SARS-CoV-2
infection and the clinical course of COVID-19 are
hsa-miR-16-2-3p, -125a-3p, -141-3p, -142-3p, and,
to a lesser extent, hsa-miR-378, -628-3p, -1293, -23b-
5p, -34c-3p, -193b-5p, -668-3p, and -195-3p. These
microRNAs have targets in the SARS-CoV-2 genome,
and their high expression can be expected to decrease
the risk of infection or severe COVID-19. The hsa-
miR-141-3p holds a special place in the set because its
expression is high in epithelial cells of lower airways
and the digestive tract, which provide the first barrier
to SARS-CoV-2 infection.

EXPRESSION OF microRNAs POTENTIALLY
CAPABLE OF BINDING TO THE SARS-CoV-2
GENOME IN VARIOUS DISEASES

Because the microRNA expression level depends
on the functional state of the body and may change in
pathology [16, 17] and because certain diseases and
comorbid conditions act as a risk factor for severe
COVID-19 [3, 4, 36], changes in expression profiles in
various diseases were analyzed for the microRNAs
specific for SARS-CoV-2. Relevant information was
available for 16 microRNAs (Table 2). Unfortunately,
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Fig. 2. Heatmap that shows expression of microRNAs potentially capable of binding to the SARS-CoV-2 genome in primary cul-
tures of human cells (according to FANTOMS [26]). Normalized expression levels are shown as log,(CPM), where CPM is
counts per million; # is the number of samples with data available from FANTOMS.

the set did not include the microRNAs that were iden-
tified above as potentially significant for risk of SARS-
CoV-2 infection and the clinical course of COVID-19,
such as hsa-miR-1910-3p, hsa-miR-3190-3p (each
having at least three targets in the SARS-CoV-2
genome (Table 1)), and hsa-miR-3135b (high-level
expression in various organs (Fig. 1)).

Based on HMDD data [16], the majority of
microRNAs specific for SARS-CoV-2 show changes
in concentration in the blood and affected organs in
various diseases, including respiratory and cardiovas-
cular disorders (especially hypertension), diabetes
mellitus and its complications, autoimmune disorders
(Table 2), etc. Unfortunately, it was not indicated in
many studies which strand gives origin to a regulated
microRNA; and microRNA families, rather than indi-
vidual microRNAs, were considered in some studies.
However, they were not excluded from our analysis.

Respiratory disorders associated with changes in
expression of human microRNAs specific for the
SARS-CoV-2 genome are of particular interest.
Changes in expression of seven SARS-CoV-2-specific
human microRNAs were observed in COPD, pulmo-
nary hypertension, bronchial asthma, and bacterial
pneumonia (Table 2). Three of these microRNAs
(hsa-miR-125a-3p, -197-5p, and -1246) belong to the
category of microRNAs highly expressed in various
organs, including the lung (Fig. 1).
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The levels of SARS-CoV-2-specific microRNAs
were assayed in lung tissue or blood samples from
patients or animal (mouse) models with various disor-
ders of the respiratory system. Downregulation of var-
ious microRNAs was observed in lung disorders in the
majority of studies. An increase in SARS-CoV-2-spe-
cific microRNAs in human lung tissue was not
observed in the respiratory disorders under study
(Table 2).

A decrease in hsa-miR-203 was detected in bron-
chial epithelial cells in bronchial asthma [43] and in
lung tissues of smokers with COPD as compared with
healthy individuals, both smokers and nonsmokers
[40]. However, the hsa-miR-203 Ievel in the blood of
the same COPD patients was higher than in nonsmok-
ers, but somewhat (nonsignificantly) lower than in
healthy smokers [40]. It is possible to assume that
smoking is an important factor that affects the hsa-
miR-203 expression level and that higher levels of this
microRNA in smokers are responsible for the fact that
smoking is not identified as a risk factor for COVID-19 in
some studies [77].

The hsa-miR-203 normally has a low level of
expression in respiratory epithelial cells (Fig. 2), and
its lower content in lung tissue in COPD may act as an
unfavorable factor with respect to COVID-19. How-
ever, higher levels of hsa-miR-203 in white blood cells
may prevent the infection process from spreading out-
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Table 2. Expression regulation in various diseases for microRNAs that are potentially capable of binding to the SARS-CoV-2

genome
Pathology MicroRNA source MicroRNA Change in microRNA level Reference
Respiratory disorders
COPD Pulmonary artery miR-197 las compared with nonsmokers [37]
Blood plasma miR-628-3p || as compared with smokers and [38]
nonsmokers
Blood serum miR-1246 | in patients after 10 years; emphy- | [39]
sema in 75% of cases
COPD, smokers Blood miR-203 Tas compared with nonsmokers, but | [40]
lower (nonsignificantly) than in
smokers
Lung tissue miR-203 las compared with smokers and
nonsmokers
Pulmonary hypertension White blood cells miR-1246 l [41]
miR-23b | T
Severe pulmonary hyperten- | White blood cells miR-208b | T as compared with control and
sion moderate pulmonary hypertension
Pulmonary hypertension Hypoxic lung tissue miR-125a T [42]
in mice Circulating microRNAs | miR-125a |{
Bronchial asthma Bronchial epithelium miR-203 l [43]
LPS-induced pneumonia Lung tissue miR-203 T increases reaches maximum within [44]
in mice 5 days
Cardiovascular disorders
Hypertension and heart failure| Peripheral blood mono- | miR-208b T as compared with hypertension [45]
nuclear cells without heart failure
Hypertension with left ventric-| Blood plasma miR-208 T [46]
ular hypertrophy
Hypertension, including that | Peripheral blood mono- |miR-208 T [17, 47]
with left ventricular hypertro- | nuclear cells
phy
Hypertensive nephrosclerosis | Kidney tissue miR-141 T [48]
Heart failure, stage C or D Blood serum miR-197-5p | T [49]
Heart failure Blood plasma miR-193b-5p l [50]
Heart failure with reduced left | Blood plasma miR-193b-5p| L [50]
ventricular ejection fraction
Ischemia during surgery Right atrial myocardium |miR-195 l [51]
Ischemic and nonischemic Blood plasma miR-195-3p | T [52]
heart failure
Coronary artery disease Blood plasma miR-208a | T [53]
Obstructive coronary artery Blood plasma miR-3135b |T [54]
disease
Left ventricular myocardial Left ventricular myocar- | miR-23 T [55]
hypertrophy, mice dium miR-195 T
Left ventricular myocardial Left ventricular myocar- | miR-195 T [56]
hypertrophy dium
Hypertrophic cardiomyopa- | Blood serum miR-1246 T [57]
thy in cats
MOLECULAR BIOLOGY Vol. 56 No. 1 2022



MicroRNAs AS THE POTENTIAL REGULATORS OF SARS-CoV-2 INFECTION 37
Table 2. (Contd.)
Pathology MicroRNA source MicroRNA Change in microRNA level Reference
Atrial fibrillation Atrial myocardium miR-208a | as compared with sinus rhythm [58]
Chronic atrial fibrillation Myocardium miR-208b | T [59]
Myocardial infarction Blood plasma miR-195-3p T after 8 h (maximal value) and 12 h | [60]
after infarction
Myocardial infarction Myocardium miR-208 T [61]
Angina pectoris Blood plasma miR-208a |Tas compared with control and [62]
myocardial infarction
Myocardial diastolic dysfunc- | Blood plasma miR-1246 |1 [63]
tion
Stable compensated dilated Blood plasma miR-142-3p d [63]
cardiomyopathy (systolic +
diastolic dysfunction); decom-
pensated congestive heart fail-
ure secondary to dilated
cardiomyopathy
Coronary artery aneurysm in Blood serum exosomes miR-1246 las compared with healthy or infec-| [64]
children with Kawasaki disease tion with Epstein—Barr or Aujeszky
disease virus
Persons with high risk of car- | Blood serum miR-23b T [65]
diovascular disorders
Diabetes mellitus and its complications
Type 2 diabetes mellitus Blood plasma miR-197 l [66]
Type 1 or 2 diabetes mellitus | Peripheral blood miR-23b l [67]
Prediabetes Blood serum miR-193b T [68]
Diabetic nephropathy Blood serum exosomes miR-1246 | T as compared with control and dia- | [69]
betes without nephropathy
Ischemic diabetic cardiomy- | Left ventricular myocar- | miR-23b d [70]
opathy dium
Proliferative diabetic reti- Vitreous body miR-142-3p | T [71]
nopathy
Autoimmune disorders
Ulcerative colitis, active phase | Inflamed colon miR-378¢c T during anti-TNF therapy com- [72]
pared with other therapies
Systemic lupus erythematosus | Kidney tissue miR-23b d [73]
Rheumatoid arthritis Joint synovial tissue miR-23b l [73]
Crohn’s disease, ulcerative Blood serum miR-1246 T as compared with control and inac- | [74]
colitis, active phase; rheuma- tive form of the disease (for Crohn’s
toid arthritis disease and ulcerative colitis)
Cutaneous lupus erythemato- | Blood serum miR-1246 |1 [75]
sus, subacute and discoid
lesions
Cutaneous lupus erythemato- | Blood serum miR-23b d [75]
sus, subacute lesion
Graves’ disease Peripheral blood mono- | miR-23b-5p | T in remission compared with refrac-| [76]

nuclear cells

tory form

Arrows (T and J/) indicate an increase and a decrease in microRNA level, respectively, as compared with a control, if not indicated oth-

erwise.
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side the lung. A lower level of hsa-miR-203 in the
bronchial epithelium in asthma must also favor
COVID-19 development (Table 2), but asthma is not
considered to be a risk factor for COVID-19 [78, 79].

An increase in miR-203 in lung tissue was observed in
animal models with lipopolysaccharide (LPS)-induced
pneumonia [44]. Higher levels of hsa-miR-203 were
detected in nasal mucosa samples from newborns
infected with the respiratory syncytial virus [80]. It
should be noted that concomitant infections with bac-
teria, viruses, or fungi are detected in the overwhelm-
ing majority of COVID-19 patients [81].

It is of interest that a lower serum level of hsa-miR-
1246 correlates with a longer COPD in patients and
that pulmonary emphysema develops in three-fourths
of the patients with low levels of this microRNA [39].
A decrease in hsa-miR-1246 in white blood cells was
additionally observed in pulmonary hypertension [41].
The hsa-miR-1246 belongs to the category of microRNAs
expressed at a high levels in various organs (Fig. 1), but
its level in lung tissue is decreased in smokers. Note
that hsa-miR-1246 regulates expression of ACE?2,
which codes one of the key receptors for SARS-CoV-2
[21, 82]. Lower levels of hsa-miR-1246 may conse-
quently favor SARS-CoV-2 infection in the lung and
other organs by increasing ACE2 expression.

The opposite effects that smoking exerts on the lev-
els of SARS-CoV-2-specific human microRNAs (in
particular, miR-1246 and miR-203) makes it difficult
to establish the factor that regulates expression of dif-
ferent microRNASs (an exogenous factor or pathology)
and, therefore, to identify the conditions that determine
the risk of infection and the course of COVID-19.
Moreover, different changes in microRNA expression
may occur in different tissues in the same disorder
(Table 2), as is the case with miR-125a, which
increased in lung tissue and decreased in the blood in
mice with pulmonary hypertension [42].

Thus, several SARS-CoV-2-specific microRNAs
are regulated in respiratory disorders. Opposite
changes in expression may be observed, a microRNA
may be expressed at a different levels in different tis-
sues (the lung and the blood), and expression levels
may be modified by environmental factors (in partic-
ular, smoking and bacterial infection).

Changes that arise in the levels of SARS-CoV-2-
specific human microRNAs in other disorders may
affect the risk of COVID-19 complications. Blood
cells and exosomes were most often tested for expres-
sion levels of these biomolecules in various disorders,
while affected organs were examined less frequently
(Table 2).

Cardiovascular disorders are thought to be a risk
factor for COVID-19 complications [3, 4, 83]. How-
ever, expression of SARS-CoV-2-specific microRNAs
was found to increase in the majority of studies (Table 2)
and should exert a protective effect against COVID-19.

The following considerations are important to take
into account here.

First, an increase in SARS-CoV-2-specific human
microRNAs often reflects the severity of a pathologi-
cal process (Table 2). For example, the serum hsa-
miR-197-5p level increases in heart failure and cor-
relates with myocardial fibrosis and adverse cardiac
events in patients [49]. In other words, higher levels of
certain microRNAs reflect the severity or advanced
stage of the main disease, and this may provide a more
significant prognostic factor of a health condition or
an outcome of the concomitant disease and COVID-19
than the possibility to block the spreading of SARS-
CoV-2 in the body.

Second, the respiratory system acts as a site of
SARS-CoV-2 entry, and the gene expression pattern
(including microRNA genes) may change in the lung
and other organs after infection [9, 84].

Third, only three microRNAs that showed changes
in expression in cardiovascular disorders (hsa-miR-
197-5p, -3135, and -1246) belong to the category of
highly expressed microRNAs, and one (hsa-miR-141)
is expressed to a moderate level (Figs. 1, 2). The
microRNA expression level may be of importance for
suppression of virus spreading in the body at the vire-
mia stage, and the process certainly depends on the
virus load in the total body.

Only five microRNAs were found to decrease in
expression in cardiovascular disorders (Table 2): hsa-
miR-193b-5p decreases in the blood plasma in heart
failure [50], hsa-miR-195 decreases in the myocar-
dium in ischemia during surgery [51], hsa-miR-208a
decreases in the myocardium in atrial fibrillation [58],
hsa-miR-142-3p decreases in the blood plasma in sys-
tolic and diastolic dysfunction secondary to dilated
cardiomyopathy [63], and hsa-miR-1246 decreases in
blood serum exosomes in coronary artery aneurysm in
children with Kawasaki disease [64].

It is of interest that multisystem inflammatory syn-
drome is sometimes observed in children and adults
infected with SARS-CoV-2 and is similar in clinical
picture to Kawasaki disease [85—87]. When the level of
hsa-miR-1246 decreases as a result of its binding to the
SARS-CoV-2 genome, the decrease may not only pro-
mote coronavirus entry into the cell by upregulating
expression of the virus receptor (ACE2), but also
modulate the other metabolic pathways that deter-
mine the pathogenesis of Kawasaki-like multisystem
inflammation and certain autoimmune disorders,
which are detected at an increasing rate in epidemio-
logical studies [88]. The hsa-miR-142-3p level in the
whole blood is additionally reduced in patients with
moderate or severe COVID-19. The hsa-miR-142-3p
is thought to provide a biomarker of severe COVID-19
and a potential therapeutic target because its downreg-
ulation promotes the inflammatory process [9].

Type 2 diabetes mellitus. Changes in expression of
SARS-CoV-2-specific microRNAs were observed in
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other disorders associated with a higher risk of severe
COVID-19 (Table 2), including diabetes mellitus,
liver disorders, etc. [89, 90]. For example, patients
with type 2 diabetes mellitus have lower blood plasma
levels of hsa-miR-197 [66] and hsa-miR-23b [67].
The level of the latter microRNA in the left ventricular
myocardium decreases in ischemic diabetic cardiomy-
opathy [70] (Table 2), and its decreasing is possible to
consider as a risk factor for COVID-19 complications
and agrees with epidemiological observations [3, 4, 36].

Higher expression in the blood serum was observed
for hsa-miR-1246 in diabetic nephropathy [69] and
hsa-miR-193b in prediabetes [68]. In the former case,
a high microRNA level and microRNA sequestration
via binding to the SARS-CoV-2 genome cannot exert
a protective effect because a decrease in hsa-miR-
1246 increases the ACE?2 level and thus favors virus
entry into the cell, as mentioned above. As for hsa-
miR-193b, an increase in its expression was observed
in prediabetes, but not in diabetes [68]. Second, the
increase was unstable, and factors that normalize met-
abolic parameters (e.g., regular physical exercise)
returned the microRNA content to its initial level in
patients with prediabetes and in mice with glucose
intolerance. The finding indicates again that various
factors can modify the microRNA level. In total, it is
possible to assume that low levels of hsa-miR-197
(which is normally expressed at a high level in various
organs, Fig. 1) and hsa-miR-23b (which is normally
expressed at a low level, Fig. 1) in type 2 diabetes mel-
litus may facilitate COVID-19 complications.

Autoimmune disorders and microRNA regulation
in these conditions are of interest to consider as factors
that may affect the risk of SARS-CoV-2 infection and
determine the clinical course of COVID-19 and the
development of autoimmune disorders as its compli-
cations. The pathophysiology of intestinal autoim-
mune disorders (such as Crohn’s disease and ulcer-
ative colitis) and the presence of SARS-CoV-2 in
intestinal cells create the conditions that promote
SARS-CoV-2 infection. However, there is no evidence
that COVID-19 affects patients with inflammatory
disorders of the intestine more often than the general
population, the fact being possibly related to the spe-
cifics of therapy for these disorders [91]. Moreover,
drugs used to treat autoimmune disorders are consid-
ered as a means to treat COVID-19 [92]. Yet there is
no consensus of option about the risk of COVID-19
complications in patients with autoimmune disorders.

A lower risk of COVID-19 and its complications is
possible to assume for certain treatments used in auto-
immune disorders because expression of SARS-CoV-2-
specific hsa-miR-378c in inflamed colon tissues of
ulcerative colitis patients who receive TNF inhibitors
is higher than in patients who receive other treatments
and in healthy individuals [72]. Elevated blood serum
levels of hsa-miR-1246 were additionally observed in
patients with active ulcerative colitis, Crohn’s disease,
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and rheumatoid arthritis [74], and hsa-miR-23b-5p is
increased on blood mononuclear cells of patients with
Graves’ disease in remission as compared with
patients who have a severe course of the disease [76].
It is possible that the severity of the disease or the
extent of its compensation determine the risk of severe
COVID-19 in patients with autoimmune disorders.

On the other hand, the SARS-CoV-2-specific
microRNAs hsa-miR-1246 and hsa-miR-23b show
decreased blood serum contents in patients with vari-
ous forms of systemic lupus erythematosus [75]. Auto-
immune disorders, including systemic lupus erythe-
matosus and Guillain—Barre syndrome, were found to
develop after COVID-19 in a number of patients [93].
Thus, opposite changes in hsa-miR-1246 observed in
different autoimmune disorders possibly indicate that
the risk of coronavirus infection and COVID-19 may
differ, depending on the particular disorder.

The above data demonstrate that expression of
SARS-CoV-2-specific microRNAs changes differ-
ently in different human disorders. It should be noted
additionally that SARS-CoV-2 infection also affects
the functional state of the cell, in particular, by modu-
lating gene transcription.

SARS-CoV-2 AS A SOURCE OF microRNAs
AND A REGULATOR OF HOST
microRNA EXPRESSION

As is known, virus infection can change expression
of genes, including microRNA genes, in host cells
[94—96]. For example, differences in expression of 20
microRNAs in the blood serum were observed
between healthy individuals and hepatitis C patients.
In particular, hsa-miR-23b, which specifically binds
to the SARS-CoV-2 genome, showed a difference,
occurring at a lower level in hepatitis C [96].

In vitro, human enterovirus 71 (HEV71), which is
thought to be a leading cause of virus encephalitis in
children in the majority of Asian countries, was shown
to regulate expression of 69 microRNAs, including
hsa-miR-1246, in neuroblastoma cells [94]. HEV71-
induced hsa-miR-1246 was found to regulate expres-
sion of DLG3, which is associated with neurological
disorders [94]. DLG3 is expressed in various tissues,
including the frontal cortex of the brain [97], and is
necessary for learning [98]. A conclusion was made in
view of these data that hsa-miR-1246 is potentially
involved in the pathogenesis of HEV71-induced virus
encephalitis HEV71 [94].

Neurological disorders were observed in COVID-19
patients, including headache, dizziness, encephalopa-
thy, delirium, cerebrovascular accidents, Guillain—
Barre syndrome, acute transverse myelitis, and acute
encephalitis [99]. It is therefore possible that SARS-
CoV-2 regulates the level of hsa-miR-1246, which is
often changed in various diseases, including those that
affect the course of COVID-19 (Table 2).
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The effect of SARS-CoV-2 on gene expression was
studied in infected cells. Infection with SARS-CoV-2
was found to regulate expression of 327 genes in
human bronchial epithelial cells. The products of
these genes are involved, in particular, in the inflam-
matory response and metabolic regulation [100].

Infection of primary epithelial cells of the human
lung with MERS-CoV and SARS-CoV-2 caused at
least a twofold change in expression of 127 and 50
genes (out of 44556 genes tested), respectively. Only
eight of these genes were common for two infections
and showed similar changes in both cases [101]. The
finding indicates again that SARS-CoV-2 has specific
interactions with human cells as compared with other
coronaviruses.

When microRNAs were studied in blood samples
from patients with moderate or severe COVID-19,
four microRNA groups differing in expression level
were isolated and found to potentially provide bio-
markers of COVID-19 development [9]. The first
group included hsa-miR-146a-5p, hsa-miR-21-5p,
and hsa-miR-142-3p, which are always suppressed.
The second group included the microRNAs (such as
hsa-miR-3605-3p) that are always activated. The third
group included the microRNAs that are activated only
in severe COVID-19: in particular, hsa-miR-15b-5p,
hsa-miR-486-3p, and hsa-miR-486-5p. The fourth
group included the microRNAs that are suppressed only
in severe infection: in particular, hsa-miR-181a-2-3p,
hsa-miR-31-5p, and hsa-miR-99a-5p. Four of the
microRNAs—hsa-miR-146a-5p, hsa-miR-21-5p, hsa-
miR-142-3p, and hsa-miR-15b-5p—were identified
as potential factors involved in the pathogenesis of the
infectious disease caused by SARS-CoV-2. Some of
the findings agree with observations by other research-
ers. For example, the hsa-miR-146a-5p level in the
blood was lower in patients who did not respond to
tocilizumab used to treat COVID-19, and the lowest
levels were observed in patients with unfavorable out-
comes of coronavirus infection [84].

Among the microRNAs that showed a changed
blood content in COVID-19 patients [9], one
microRNA, hsa-miR-142-3p, was assigned to the
SARS-CoV-2-specific category (Table 1). Opposite
changes in its level were observed in diseases (Table 2).
Lower levels of hsa-miR-142-3p were detected in cer-
tain heart pathologies [63], while its higher levels were
observed in complications of diabetes mellitus [71].
The following conclusion stems from the data. Even
when targets for microRNAs are found in the SARS-
CoV-2 genome, the pathogenetic significance of these
molecules is important to evaluate with due regard to
what functions they perform in the body and how
favorable the conditions created with their involve-
ment are for infection. It is possible to assume that a
lower level of hsa-miR-142-3p is favorable for SARS-
CoV-2 infection. In addition, the role (protective,
unfavorable, or neutral) of particular microRNAs in

COVID-19 development may change depending on
the disease stage and clinical features.

Coronaviruses, including SARS-CoV-2, can mod-
ify the microRNA profiles of host cells by acting as
human microRNA sponges to facilitate virus replica-
tion or to evade the host immune response [29, 102].
This is possible because the regions of SARS-CoV-2
genome are complementary to several human
microRNAs and because the virus RNA content in the
cell is rather high, varying from 0.1 to 50% of total cell
RNA [102], while the portion of host microRNAs is as
low as approximately 0.01% (cited according to [29]).

Acting as a sponge, the SARS-CoV-2 genome can
block not only human microRNAs, but also RNA-
binding proteins, which play an important role in
posttranslational regulatory networks of human cells
[100]. The interaction with RNA-binding proteins of
human cells is thought to help the SARS-CoV-2
genome to evade the host RNA degradation mecha-
nisms, including those that involve human microRNAs
[22]. In other words, the SARS-CoV-2 genome
excludes the microRNA, mRNA, or protein mole-
cules that are potentially significant for the response to
infection from the physiological processes occurring
in the infected cell and thus creates the conditions that
favor its propagation and spreading in the human
body. In particular, to explain excess expression of
CSFI in alveolar and bronchial epithelial cells after
infection with SARS-CoV-2, it was assumed that the
coronavirus genome (and the S protein gene in partic-
ular) competes with hsa-miR-1207-5p, which has tar-
get sites in the CSFI mRNA [103]. High-level CSF1
expression in epithelial cells presumably contributes to
uncontrollable inflammation in the most severe
COVID-19 cases [103].

RNA viruses are capable of producing viral
microRNAs (v-miRNAs, also termed small viral
RNAs (svRNASs)) and thus play a role in the epigenetic
regulation of the genome function in infected cells [ 10,
15, 19, 95, 104]. SARS-CoV svRNAs that originate
from the nsp3 genome region and the N protein gene
(svRNA-N) and are 18—22 nt in size had a pathoge-
netic significance because in vivo inhibition of
svRNA-N substantially decreased damage to the lung
and expression of proinflammatory cytokines in mice
infected with SARS-CoV [95]. It is noteworthy that
svRNA biogenesis depended on the extent of virus
replication.

In silico data are accumulating to indicate that the
SARS-CoV-2 genome has regions that can produce
microRNAs with a potential to epigenetically regulate
the human genome. Khan et al. [19] found that the
SARS-CoV and SARS-CoV-2 genomes can produce
126 and 170 mature v-miRNAs, respectively. SARS-
CoV and SARS-CoV-2 v-miRNAs target 5292 and
6369 human genes, respectively, and only 2992 genes
are common for the two sets. SARS-CoV-2 v-miRNAs
target not only the genes that help the virus to evade
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the host immune response, but also the genes whose
products are involved in heart and brain development,
the insulin signaling pathway, etc. [19]. Their interac-
tions presumably contribute to the clinical features of
patients with cardiovascular, endocrine, and other
comorbidities.

In another study [15], 29 regions of the SARS-
CoV-2 genome were identified as potential precursors
of v-miRNAs capable of targeting 1367 human genes.
The targets of these v-miRNAs included the mRNAs
of proteins involved in important cell processes, such
as transcription, metabolism, cell defense, and Wnt
and EGFR signaling pathways. For example, 96 target
genes of v-miRNAs are involved in transcriptional
regulation in human cells. The set includes genes for
components of the Mediator complex (MEDI1, MED?Y,
MEDI2L, and MED19), general transcription factors
(TAF4, TAFS, and TAF7L), site-specific transcription
factors (STATI), etc.

Only six putative v-miRNAs are considered as key
factors in the development of cytokine storm; these
v-miRNAs target the genes related to proliferation,
differentiation, signaling, cell aging, and regulation of
the immune response (the TNF and chemokine sig-
naling pathways) [10]. These v-miRNAs are highly
conserved and are therefore promising for vaccine
development.

Experimental studies indicate that mature
microRNA-like molecules can indeed be produced by
SARS-CoV-2 to affect gene expression in infected
cells. For example, Merino et al. [105] experimentally
confirmed (by RNA sequencing) the expression of
eight such molecules in cultured Calu-3 human lung
cancer cells infected with SARS-CoV-2. It is notewor-
thy that the v-miRNAs structurally differed from
known human microRNAs, but potentially targeted
109 genes that were differentially expressed after infec-
tion with SARS-CoV-2, and 28 of these genes were
suppressed in virus-infected cells.

To summarize, although studies in the field started
not long ago, data are accumulating to suggest or
demonstrate that human microRNAs as well as the
SARS-CoV-2 genome and microRNAs play a role in
infection and the clinical course of COVID-19. The
data indicate that microRNAs that are critical for the
processes are difficult to identify. Tens of microRNAs
were found to be potentially capable of binding to the
SARS-CoV-2 genome. Opposite changes in their
expression were observed in various disorders, includ-
ing those that affect the risk of SARS-CoV-2 infection
and the severity of COVID-19.

microRNAs expression changes observed in
pathological conditions are not always possible to
unequivocally identify as favorable or unfavorable fac-
tors in the risk and course of COVID-19. It is neces-
sary to consider the functional role of each particular
microRNA (including a role in creating favorable con-
ditions for SARS-CoV-2 infection) and the process
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that the given microRNA marks (a normal physiological
state, a stage of a pathological process, disease severity,
drug response, etc.). It is important to note that SARS-
CoV-2 is also capable of affecting the function of
infected cells and the total body; modulating the gene
expression levels in the cell; and producing v-miRNAs,
which have a potential to contribute to the epigenetic
regulation of the genome in infected cells.
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