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RNA interference in vertebrates acts as an antiviral mechanism only in undifferentiated
embryonic stem cells and is mediated by microRNAs. In somatic cells, host microRNAs also
bind to the genomes of RNA viruses, regulating their translation and replication. It has
been shown that viral (+)RNA can evolve under the influence of host cell miRNAs. In more
than two years of the pandemic, the SARS-CoV-2 virus has mutated significantly. It is quite
possible that some mutations could be retained in the virus genome under the influence of
miRNAs produced by alveolar cells. We demonstrated that microRNAs in human lung tissue
exert evolutionary pressure on the SARS-CoV-2 genome. Moreover, a significant number of
sites of host microRNA binding with the virus genome are located in the NSP3-NSP5 region
responsible for autoproteolysis of viral polypeptides.
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RNA interference has emerged in plants and inver-
tebrates as an antiviral mechanism that fights viral
infections by degrading viral RNA after interacting
with small interfering RNAs of an infected cell [1].
In vertebrates, RNA interference acts as an antivi-
ral mechanism in undifferentiated embryonic stem
cells only and is realized through miRNAs [2]. In
differentiated somatic cells of vertebrates, type I [FNs
respond to viral infection [3]. The vertebrate RNA
interference system regulates mRNA activity through
tissue- and cell-specific miRNA expression. These
molecules can specifically bind to mRNA and regulate
their translation in cells they are produced by and
in neighbouring cells after entering them as part of
exosomes [4,5]. Host miRNAs can also bind to the
genomes of RNA viruses, regulating their translation
and replication and changing the pathogenesis of
viral infections [6-8]. There are two main effects of
the interaction between the viral RNA genome and
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miRNA of the host cell: inhibition of virus translation
and slowing down of its replication or stabilization
of viral RNA and increase in the rate of virus repli-
cation. Moreover, the slowdown in viral replication is
associated primarily with the interaction of microR-
NA with the 3-untranslated region of the virus [9],
and the stabilization of viral RNA is associated with
interaction with the 5-untranslated region of the
virus [10]. Nevertheless, the influence of microRNA
interaction with the protein-coding regions of viruses
is still poorly understood.

It has been shown that (+)RNA viruses can evolve
under the influence of host cell miRNAs [11]. Many
works have been published on predicting the interac-
tion of the SARS-CoV-2 single-stranded (+)RNA virus
with human microRNAs [12-15]. However, these stud-
ies did not take into account the ability of the SARS-
CoV-2 virus to mutate and, accordingly, to change the
sequence of binding regions with human microRNA
seed regions.

It should be noted that SARS-CoV-2 primarily
multiplies in type 2 alveocytes of the lung tissue,
which narrows the diversity of microRNAs interacting
with it from 2000-3000 to 200-300 types characteristic
of this tissue [16].
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For more than two years of the pandemic, the
SARS-CoV-2 virus has significantly mutated, and not
all of its mutations have led to changes in the se-
quence of viral proteins due to the degeneracy of the
genetic code [17]. These mutations could stay in the
virus genome under the influence of miRNAs produced
by alveolar cells.

Within the framework of our study, we tested the
hypothesis of the evolutionary pressure of microRNAs
characteristic of human lung tissue on the genome of
the SARS-CoV-2 virus.

MATERIALS AND METHODS

On September 5, 2022, 12,962,156 RNA sequences of
the SARS-CoV-2 virus genome were uploaded from the
GISAID sequencing database [18]. The resulting se-
quences were annotated using Pangolin [19] (program
version: 4.1.2, data version: 1.14). Among 2520 sequenc-
es related to Moscow and Moscow region, variants of
key strains of SARS-CoV-2 were selected that meet the
following conditions: the percentage of unrecognized
nucleotides in the virus RNA belongs to the interval
(0%, 0.01%); the virus RNA length differs from the
Wuhan reference strain (GIASID: EPI_ISL_402125) by
less than 5%. The 273 sequences of the RNA genome
of the virus selected for analysis are dated from
March 19, 2020 to August 8, 2022.

Lung miRNA sequencing data were downloaded
from the LUAD collection of the GDC portal (https://
portal.gdc.cancer.gov/). By the attached clinical sum-
mary, 46 samples were selected from the sequencing
data of 510 samples, classified as “adjacent healthy
tissue”. Normalization of sequencing libraries followed
by removal of low-expressed fragments was performed
using the edgeR-TMM algorithm [20]. Of the 316 types
of microRNAs obtained, the most represented were
selected, accounting for 95% of all microRNAs in lung
tissue. The mean number of reads per million (CPM-
scale) taken from previously selected 46 samples was
considered as miRNA expression.

For each of the selected miRNAs and variants
of SARS-CoV-2, regions of viral RNA were identi-
fied that are reverse complementary to the region
from 2 to 7 nucleotides of the 5-end of the mature
microRNA (the so-called seed region). Following the
widely accepted classification [21], such binding re-
gions are called 6mer. The interaction of the corre-
sponding miRNA with them leads to the suppression
of translation and degradation of the target mRNA.
To determine whether the 6mer belongs to the re-
gions encoding proteins of the SARS-CoV-2 virus,
the binding positions were pairwise aligned relative
to the reference sequence of the Wuhan strain us-
ing the MAFFT algorithm [22]. After alignment, the
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coordinates of the beginning of the binding regions
were brought to the coordinates on the RNA of the
Wuhan strain.

The significance of differences was compared us-
ing the Mann—Whitney U test. Statistical analysis of
the results was carried out in the R environment.

RESULTS

Among more than 129 million SARS-CoV-2 sequences,
we selected 273 sequences reflecting the key strains
and their variants circulating in Moscow and the Mos-
cow region from the beginning of the pandemic until
September 2022 (Fig. 1). The selected variants were
chronologically divided into two groups: the “early
strains” group included the Alpha (5 variants) and
Delta (52 variants) strains circulating in the Mos-
cow region from the beginning of the epidemic until
January 2022; the “Omicron strains” group included
216 variants of the Omicron strain. It turned out that
the obtained groups have a similar quality of RNA
reading: the dominance hypothesis for the distribu-
tions of the shares of unrecognized nucleotides be-
tween the two groups was rejected (p,=0.5).

Analysis of sequencing results of the lung tis-
sue samples made it possible to identify more than
300 microRNA species. At the same time, only 32 ac-
counted for more than 95% of all microRNA molecules
in this tissue. Highly represented microRNAs and their
proportion in the total pool of all microRNA molecules
in the lung tissue are shown in Figure 2. In addition,
for highly expressed microRNAs, regions of viral RNA
were identified that are reverse complementary to
their seed region.

To test the hypothesis about the evolutionary
pressure of miRNAs characteristic of human lung
tissue on the genome of the SARS-CoV-2 virus, the
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Fig. 2. Deviation of the number of binding regions for each highly expressed miRNA in each of the analyzed virus variants from the
Wuhan strain per 30,331 nucleotides (Wuhan strain length). MicroRNAs are ordered by their expression in lung tissue. Next to the
name of microRNASs, their share of the total number of microRNA molecules in the tissue is indicated.

change in the number of binding regions between
comparison groups was assessed. First, the number
of binding regions for each SARS-CoV-2 variant with
highly expressed miRNAs was averaged, taking into
account their presence in the lung tissue (Fig. 3). To
eliminate the influence of viral RNA length, the re-
sulting weighted average was normalized to the RNA
length and adjusted to the length of the Wuhan strain
(30,331 nucleotides). In the “early strains” group, the
weighted mean is statistically significantly lower than
in the “Omicron strains” group (p,=0.0002). Thus, later

mutations in SARS-CoV-2 RNA lead to a possible loss
of microRNA regulatory activity.

Analysis of the contribution of individual miRNAs
to this decrease (Fig. 2) showed that it is primarily
associated with miR-21-5p, miR-30a/e-3p, and miR-
451a. It should be noted that the effect of miR-24-3p
increased in the Omicron strains group.

However, the question of which SARS-CoV-2 cod-
ing regions lose their binding positions remains open.
Alignment of the analyzed virus strains to the Wuhan
strain made it possible to compare the distribution of
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Fig. 3. Weighted mean (for miRNAs, considering their expression) of the number of binding regions for the groups “early strains”
and “Omicron strains” per 30,331 nucleotides (Wuhan strain length).
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Fig. 4. Weighted mean (for miRNAs, considering their expression) of the number of binding regions for the groups “early strains”

and “Omicron strains”.

positions of the binding regions, considering miRNA
expression. Each binding region associated with some
microRNA contributed to the distribution equally to
the expression of that microRNA. To compare the
distributions of the binding regions between the “Omi-
cron strains” and “early strains” groups, the distribu-
tions were averaged over all strains belonging to the
corresponding group. This analysis made it possible
to establish that the binding regions are unevenly
distributed over the coding regions of RNA (Fig. 4).
More detailed analysis of significant changes in
the regulatory contribution of miRNAs for each of the
coding regions is presented in Table 1. In the 5p- and
3p-untranslated regions of the virus RNA, there are
practically no sites for binding to microRNAs in the
lung tissue. The vast majority of microRNA binding
sites were located in four protein-coding regions of
the virus: NSP3, NSP4, NSP12, and NSP14. All of them

belong to ORFlab. The ORFlab gene encodes several
nonstructural proteins responsible for further expres-
sion of structural and accessory proteins and virus
replication [23]. The virus carries out its translation
in the first place. As a result, a polypeptide is synthe-
sized, which, after autoproteolysis, is cut into 16 in-
dividual proteins (NSP1-NSP16) [24]. Autoproteolytic
activity is due to papain-like proteolytic domains in
the multidomain protein NSP3 [24], which, according
to our data, accounts for the largest microRNA-bind-
ing regions of the host cell. This may be due to the
evolutionary adaptation of the virus to the microRNA
environment and its use for epigenetic regulation of
its genome.

Moreover, in the region encoding NSP15, NSS§,
and NSP6, the number of microRNA-binding regions
is significantly reduced in the Omicron strains group
(p<0.01). It was previously shown that the decrease

TABLE 1. Significant Differences in the Number of Binding Regions in the SARS-CoV-2 Genome with Lung Tissue-Associated

microRNAs

Number of binding regions per 100 miRNA molecules
Protein Length, nucleotides

early strains Omicron strains FDR
NSP15 1038 33.72 31.14 0.0000
NS8 366 13.79 14.07 0.0000
NSP6 870 18.60 11.38 0.0000
N 1260 19.54 19.60 0.0000
NSP2 1914 19.15 18.52 0.0000
NSP13 1803 40.21 38.63 0.0000
NSP3 5835 106.36 106.58 0.0037
NSP5 918 32.73 32.70 0.0198
Total virus genome 30331 723.88 711.80 0.0000

Note. FDR (false discovery rate): the significance of differences after adjusting for multiple comparisons.
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in the number of such regions leads to a decrease
in the virulence of the eastern equine encephalitis
virus (EEEV) [9]. Moreover, the NS8 protein (ORF8)
can suppress the maturation of class I MHC molecules
and their translocation to the surface of the infected
cell [25,26].

It can be concluded that the SARS-CoV-2 virus
has practically no binding regions in 5p- and 3p-un-
translated regions with miRNAs characteristic of the
lung tissue. Nevertheless, the virus has many microR-
NA binding sites in the NSP3-NSP5 region responsible
for the autoproteolysis of viral polypeptides and virion
formation. In variants of strain Omicron, there was a
significant decrease in the sites of binding to miRNAs
of the host cells, which could contribute to a decrease
in the virulence of this strain.

The study was supported by a grant from the
Ministry of Science and Higher Education of the Rus-
sian Federation (Agreement No. 075-15-2021-1049).
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