
ISSN 0026-8933, Molecular Biology, 2022, Vol. 56, No. 2, pp. 166–181. © Pleiades Publishing, Inc., 2022.
Russian Text © The Author(s), 2022, published in Molekulyarnaya Biologiya, 2022, Vol. 56, No. 2, pp. 227–243.

REVIEWS
UDC 577.2:616.13.002.2-004.6
miRNA Regulome in Different Atherosclerosis Phenotypes
M. S. Nazarenkoa, b, *, I. A. Korolevaa, A. A. Zarubina, and A. A. Sleptcova

a Research Institute of Medical Genetics, Tomsk National Research Medical Center,
Russian Academy of Sciences, Tomsk, 634050 Russia

b Siberian State Medical University, Tomsk, 634050 Russia
*e-mail: maria.nazarenko@medgenetics.ru

Received July 29, 2021; revised August 25, 2021; accepted August 26, 2021

Abstract—Dysregulation of microRNA (miRNA) expression is associated with a susceptibility to many dis-
eases, including atherosclerotic lesions of the coronary and carotid arteries and the development of clinical
complications such as coronary heart disease, myocardial infarction, chronic cerebral ischemia, ischemic
stroke. Recently, more and more studies analyze the miRNA regulome including a network of regulatory ele-
ments for the expression of miRNAs themselves and targets under their control. The review summarizes the
data from articles concerned miRNA expression and changes in DNA methylation in the miRNA genes in
human atherosclerotic arteries, as well as with the analysis of the association between single nucleotide poly-
morphisms and copy number variations in the miRNA genes with clinical complications of atherosclerosis.
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INTRODUCTION
Atherosclerosis is a complex, chronic inflamma-

tory disease with a progressive course. It characterizes
by remodeling of the arteries, atherosclerotic plaques
formation with luminal stenosis of the arteries and the
development of ischemia, thrombosis or embolism of
target organs, in particular the heart, brain, etc.
Pathological changes in the arteries include endothe-
lial cell dysfunction, oxidized lipoproteins deposition
and arterial wall infiltration by monocytes/macro-
phages with their transformation into foam cells, as
well as intimal thickening, smooth muscle cells
(SMCs) migration and proliferation, trans-differenti-
ation of the cell phenotype, calcification, angiogene-
sis, formation of a fibrous plaque with a lipid-necrotic
core and its subsequent destabilization [1–3].

Almost all stages of atherosclerosis development—
from early endothelial dysfunction to erosion or rup-
ture of an unstable atherosclerotic plaque—involve
microRNAs (miRNAs) that are small regulatory evolu-
tionarily conserved non-coding RNAs of 16–27 nucleo-
tides in length [4–8]. The expression of miRNAs in leu-
kocytes and arterial wall cells at each stage of athero-
sclerosis development is controlled by various stimuli,
and miRNAs themselves regulate multiple signaling
pathways involved in atherosclerotic plaque formation
and destabilization [5, 6].

The mechanism of miRNA action mainly involves
the negative regulation of gene expression through
mRNA degradation or repression of target mRNA

translation in cell cytoplasm [9–11]. However, in the
cell nucleus, individual miRNAs can activate gene
transcription, acting as enhancer triggers [11].

According to miRBase v. 22.1 online database
(updated in October 2018), more than 2,600 miRNAs
have been found in human tissues [12], and these
miRNAs can regulate the expression of more than
60% of all protein-coding genes, thereby participating
in all major biological processes [9, 12, 13]. The tran-
scription of miRNA genes localized in the intergenic
space is controlled by their own regulatory elements,
while miRNAs located in the region of protein-coding
genes often share a common promoter with the host
gene [14, 15]. Nevertheless, approximately 50% of
intragenic miRNAs have their own promoter [16].

It is believed that miRNA genes correspond to
about 1–5% of the nucleotide sequence of all human
genes [11, 17]. MiRNA genes can be located either in
the region of protein-coding genes (exon or intron), or
in intergenic regions [14, 18]. According to the
miRIAD database [19], among 1881 miRNAs, 169 (9%)
miRNAs are exonic, 988 (52.5%) miRNAs are
intronic, and 724 (38.5%) miRNAs are intergenic.

The Human microRNA Disease Database (HMDD
v3.2, updated March 27, 2019) [20] contains informa-
tion on 116 different experimentally validated miRNAs
associated with atherosclerosis, 26 miRNAs associ-
ated with carotid atherosclerosis and 67 miRNAs associ-
ated with ischemic stroke, as well as 85 miRNAs associ-
ated with coronary artery disease and 60 miRNAs
166



miRNA REGULOME IN DIFFERENT ATHEROSCLEROSIS PHENOTYPES 167
associated with acute coronary syndrome and myo-
cardial infarction.

The aim of this review is to summarize the results of
the study of the miRNA regulome, which includes a
network of regulatory elements of the expression of
miRNAs themselves and target molecules under
miRNA control in atherosclerosis of carotid and coro-
nary arteries.

This review focuses on the studies of the molecular
mechanisms of atherosclerosis through miRNA dys-
regulation in cells and organs that are the target of the
disease in humans, i.e. atherosclerotic plaques, in
contrast to reviews, that characterized the patients
with acute vascular events and searched for biomarkers
through the detection of miRNA expression in plasma
or blood serum [21].

The association of miRNAs with atherosclerosis is
reviewed at several levels: miRNAs expression,
changes in DNA methylation of miRNA genes, and
DNA polymorphisms in the miRNA genes. Compari-
son of the data obtained will characterize the miRNA
regulome in different phenotypes of atherosclerosis in
humans (coronary artery disease, myocardial infarc-
tion, chronic cerebral ischemia, ischemic stroke),
which will help in more accurate planning of experi-
ments with cell cultures and model animals aimed at
understanding the function of miRNAs and molecular
mechanisms of regulation of their functional activity.

EXPRESSION OF miRNAs IN CORONARY 
AND CAROTID ARTERIES 

IN ATHEROSCLEROTIC LESIONS
To date, there are several dozen studies that ana-

lyzed changes in miRNA expression in whole human
arteries damaged by atherosclerosis using various
groups of comparison and various methods. Most
studies analyzed the expression of candidate miRNAs
in the arteries using real-time PCR [22–33]. More-
over, the expression of miRNA was compared between
atherosclerotic plaques of coronary or carotid arteries
and intact vessels using microarrays [34–40].

In particular, the pioneering microarray study of
Raitoharju E. et al. (2011) revealed 58 miRNAs that dif-
ferentially expressed between atherosclerotic plaques of
various arteries and non-atherosclerotic left internal tho-
racic arteries [34]. The up-regulated expression of five
miRNAs (miR-21, -34a, -146a, -146b-5p, and -210)
in atherosclerotic plaques was confirmed on the larger
samples of the arteries using real-time PCR. The
expression of 187 mRNAs of these miRNA target
genes was down-regulated in atherosclerotic plaques.
The protein products of these genes are involved in
signal transduction, the regulation of transcription
and vesicular transport.

The Table 1 shows 31 miRNAs with statistically
significantly expression changes in coronary and
carotid atherosclerotic plaques compared with intact
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
vascular tissues, or between unstable (symptomatic)
and stable (asymptomatic) atherosclerotic plaques in
two or more studies [22–24, 26–41].

In total, in coronary and carotid atherosclerotic
plaques expression changes of 31 miRNAs were regis-
tered (Table 1). The miRNAs up-regulated in athero-
sclerotic plaques compared to controls (miR-19b, -22,
-34a, -100, -125a, -127, -133a, -133b, -146a, -155)
were prevalent in the carotid arteries. The expression
of let-7f, miR-1, and miR-92a was down-regulated in
carotid atherosclerotic plaques. Conflicting results
have been reported in different studies for miR-21, -29b,
-143, -145, -221.

In contrast, coronary arteries were characterized by
a large number of down-regulated miRNAs (let-7f,
miR-1, -19a, -22, -24, -34a, -106b, -125a, -133b, -143,
-145) and multidirectional changes of miRNA expres-
sion across studies (miR-9, -10a, -10b, -16, -19b, -21,
-25, -29b, -29c, -92a, -100, -155, -486, -497). In cor-
onary atherosclerotic plaques miR-146a, -150, -221,
-223 were up-regulated.

In the coronary and carotid arteries, unidirectional
expression changes were revealed for miR-146a (up-
regulation), miR-1, and let-7f (down-regulation),
while the miR-21 and miR-29b in different studies
were either up- or down-regulated.

In the carotid arteries, the expression of miR-21,
-100, -125a, -127, -133a/b, -143/-145, -221 was asso-
ciated with atherosclerotic plaque instability [22, 27,
29, 33, 38, 42]. Unstable plaques are characterized by
up-regulation of most miRNAs (miR-100, -127, -133a/b,
-145) and down-regulation of miR-21 and miR-143.
Conflicting results were obtained for miR-221. In the
coronary arteries, the down-regulation of miR-24 is
associated with atherosclerotic plaque instability [26].

The expression of miRNA was evaluated in biopsy
specimens of carotid atherosclerotic plaques obtained
during endarterectomy. Most studies used the clinical
criteria of atherosclerotic plaque instability; patients
with symptomatic carotid artery stenosis who had an
acute cerebrovascular event (transient ischemic
attacks/ipsilateral stroke) less than 6 months before
surgery considered as having an unstable plaque.
However, in some studies, the time from an acute
cerebrovascular event to surgery varied from less than
5 days to 3 months [27, 33, 38]. Only in limited studies
miRNA expression was determined in macrophages
taken from areas of histologically unstable (low-calci-
fied) plaques or in plaques with thinned (<200 μm)
and ruptured fibrous cap [33].

The association of miRNA expression in carotid
atherosclerotic plaques with atherosclerosis risk
factors (arterial hypertension and diabetes mellitus
type 2) has been shown for miR-145 and the let-7
family [25, 43].

A systematic review by Sharma et al. (2013)
revealed that 155 miRNAs detected in the human
blood serum or plasma are associated with coronary
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Table 1. The expression of miRNAs in coronary and carotid atherosclerotic plaques

miR

Carotid arteries Coronary arteries

ReferencesAtherosclerotic plaque vs. intact vascular 
tissues/unstable vs. stable atherosclerotic plaque

Atherosclerotic plaque vs. intact 
vascular tissues/unstable vs. stable 

atherosclerotic plaque

-1† ↓ ↓ [37–39]

let-7f† ↓ ↓ [38, 39]

-9
ND ↑ [37]

ND ↓ [39]

-10a
ND ↑ [37]

ND ↓ [40]

-10b
ND ↑ [37]

ND ↓ [40]

-16†
ND ↑ [37]

ND ↓ [40]

-19a ND ↓ [37, 40]

-19b
↑ ↑ [37–39]

ND ↓ [40]

-21†

↑ ↑ [28, 34, 38, 39]

↓ C (≤6 weeks) ↓ [37, 38]

↓ C (>14 days), H (thin fibrous cap, rupture) ND [33]

-22 ↑ ↓ [37–39]

-24†
ND ↓ H [26]

ND ↓ [37]

-25
ND ↑ [37]

ND ↓ [40]

-29b†
↑ ↑ [34, 39]

↓ ↓ [37, 38]

-29c
ND ↓ [37]

ND ↑ [36]

-34a ↑ ↓ [34, 37]

-92a
↓ ↓ [34, 37]

ND ↑ [39]

-100
↑ C ↑ [22, 29, 36]

ND ↓ [37]

-106b† ND ↓ [37, 40]

-125a ↑ C ↓ [29, 41]

-127 ↑ C ND [22, 29]

-133a† ↑ C ND [22, 29]

-133b
↑ C ↓ [22, 37]

↑ H (low-calcified plaques) ND [42]
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
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artery disease, acute coronary syndrome, myocardial
infarction, ischemic and hemorrhagic strokes [21]. Of
these, 33 miRNAs have been found in more than one
study. Comparison of these miRNAs in blood
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022

Fig. 1. Interaction between miRNAs and their target genes in cor
which are regulated by five or more miRNAs; (b) interaction bet
v. 11.0 tool was used for visualization [48].

EGFR

VEGFA

NFAT5

NOTCH2

IGF1R

SP1

CCND1

MYC

BRI3BP

ABI2

(a)
hsa-miR-133a-5phsa-miR-133a-5phsa-miR-133a-5p

hsa-miR-16-5phsa-miR-16-5phsa-miR-16-5p

hsa-miR-1-3phsa-miR-1-3phsa-miR-1-3p

hsa-miR-155-5phsa-miR-155-5phsa-miR-155-5p

hsa-miR-21-5phsa-miR-21-5phsa-miR-21-5p

hsa-miR-145-5phsa-miR-145-5phsa-miR-145-5p

hsa-miR-146a-5phsa-miR-146a-5phsa-miR-146a-5p

hsa-miR-106b-5phsa-miR-106b-5phsa-miR-106b-5p

hsa-miR-29b-1-5phsa-miR-29b-1-5phsa-miR-29b-1-5p hsa-miR-24-1-5phsa-miR-24-1-5phsa-miR-24-1-5p

hsa-miR-486-5phsa-miR-486-5phsa-miR-486-5p
serum/plasma and in tissues of coronary/carotid ath-
erosclerotic plaques revealed 13 shared miRNAs (let-
7f, miR-1, -16, -21, -24, -29b, -106b, -133a, -145,
-146a, -155, -223, -486; Table 1). It appears that these
Unstable atherosclerotic plaque: clinically (C) or histologically (H). ND, no data. † miRNAs detected in the blood serum/plasma of
individuals with CAD, acute coronary syndrome, myocardial infarction, ischemic and hemorrhagic stroke (according to [21]).

-143

↓ ↓ [34, 37, 39]

↑ ND [38]

↓ C (≤6 weeks) ND [38]

-145†
↓ ↓ [23, 37]

↑ C ND [22, 29]

-146a† ↑ ↑ [28, 34, 37]

-150 ND ↑ [32, 37]

-155†
↑ ↑ [24, 34, 36]

ND ↓ [41]

-221
↑ C ↑ [24, 29, 31, 36, 37]

↓ C (<5 days) ND [24]

-223† ND ↑ [37, 39]

-486†
ND ↑ [37]

ND ↓ [40]

-497
ND ↑ [36]

ND ↓ [37]

miR

Carotid arteries Coronary arteries

ReferencesAtherosclerotic plaque vs. intact vascular 
tissues/unstable vs. stable atherosclerotic plaque

Atherosclerotic plaque vs. intact 
vascular tissues/unstable vs. stable 

atherosclerotic plaque

Table 1.  (Contd.)
onary and carotid atherosclerosis. (a) miRNAs and target genes,
ween the protein products of miRNA target genes. The STRING

EGFR

VEGFA

NFAT5

NOTCH2

IGF1R
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MYC
BRI3BP

ABI2

(b)

hsa-let-7f-5phsa-let-7f-5phsa-let-7f-5p

hsa-miR-223-5phsa-miR-223-5phsa-miR-223-5p
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miRNAs seem to be of particular interest not only as
biomarkers of the complicated course of atherosclero-
sis, but also as therapeutic targets of this disease.

As a rule, individual miRNA is analyzed separately
in expression profiling studies of human coronary and
carotid atherosclerotic plaques. Taking into account
the complex and long-term process of atherosclerotic
plaque development, that characterized by high cellu-
lar heterogeneity, we can assume that different miR-
NAs may change their expression together and form
coexpression modules during the development of ath-
erosclerosis or changes in the cellular composition of
arteries. However, many aspects of the relationship
between these molecules and the regulation of
mRNAs of their target genes remain poorly under-
stood. Bioinformatic approaches, tools and databases
that allow functional annotation of miRNAs and their
target genes provide a significant help in solving this
problem [44, 45].

For example, the characterization of the 13 afore-
mentioned differentially expressed miRNAs (let-7f,
miR-1, -16, -21, -24, -29b, -106b, -133a, -145, -146a,
-155, -223, -486) in the coronary/carotid plaques and
detected in the blood serum/plasma of individuals
with clinical complications of atherosclerosis, using
the miRTargetLink 2.0 [44] and miEAA 2.0 [46] tools
and the miRTarBase database [47] allows us to identify
10 target genes (EGFR, ABI2, IGF1R, NFAT5,
BRI3BP, VEGFA, CCND1, SP1, MYC, NOTCH2),
which are regulated by five miRNAs or more (Fig. 1a).
The EGFR and CCND1 genes are targets for seven
miRNAs, and their protein products interact with
IGF1R, VEGFA, SP1, MYC, NOTCH2 and control
angiogenesis (Fig. 1b). Activation of the immune
response is associated with the protein product of the
NFAT5 gene, migration and cell adhesion is associated
with the ABI2 and apoptosis is associated with the
BRI3BP.

It should be noted that methodological approaches
of microarray and real-time PCR analysis of miRNA
expression in arterial tissues damaged by athero-
sclerosis are associated with certain disadvantages,
as researchers had analyzed only already known
miRNAs. In addition, there are difficulties in com-
paring the results obtained in different studies, due to
the incomparability of different microarray platforms
or groups of comparison. Massively parallel sequenc-
ing of miRNA (miRNA-seq) is free from such disad-
vantages, but at the moment this approach has not
been used to study the whole human arteries or ath-
erosclerotic plaques; it has been used only to analyze
miRNA expression in plasma or in whole blood of
patients with CAD [49].
DNA METHYLATION OF miRNA GENE 
REGIONS IN CORONARY AND CAROTID 

ARTERIES IN ATHEROSCLEROTIC LESIONS
Despite the fact that miRNAs are involved in the

epigenetic regulation of the functional activity of many
genes, these molecules can be targets for epigenetic
modifications themselves. The expression of miRNA
is controlled, among other things, by such epigenetic
mechanisms as methylation of CpG islands (clusters
of CpG dinucleotides) overlapping the promoter
regions of genes or located near to the miRNA tran-
scription start site [15, 50]. CpG islands are usually
hypomethylated, and their excessive hypermethyla-
tion suppresses gene transcription and hence down-
regulated the expression of the corresponding genes
[51–53].

DNA methylation is more typical for down-regu-
lation of the expression of miRNA genes, than pro-
tein-coding genes. According to various studies, 11–
30% of miRNA genes and only 1–2% of protein-
coding genes are methylated [15, 50, 54]. In addition,
approximately 50% of miRNA genes harbor CpG
islands and, therefore, can be regulated via DNA
methylation [55, 56].

However, the regulation of miRNA expression
through DNA methylation also occurs outside the
CpG islands [55]. In particular, the expression of
intronic miRNAs can be controlled by modification of
their own promoter regions in tissue- and cell-specific
manner. The own promoters of intronic miRNAs are
genome regions with low CpG dinucleotide content,
enriched with TATA-boxes and various transcription
factors binding sites [16]. In addition, the changes of
DNA methylation in the enhancers can also modulate
miRNA expression [57].

When examining atherosclerotic plaques of various
arteries, researchers mainly focus their attention on
the analysis of DNA methylation in the promoter
region of protein-coding genes. Only a few studies
have revealed changes in DNA methylation level of
miRNA genes in atherosclerotic plaques [58–63].

In particular, using the Illumina Infinium Human
Methylation27 BeadChip, a decrease in the methyla-
tion level of the CpG island (located in the region of
the HOXD4 gene promoter), which harbor the coding
region of the MIR10B gene, was found in the cells of
coronary and carotid atherosclerotic plaques, as well
as in peripheral blood leukocytes of patients with
advanced atherosclerosis compared to intact internal
thoracic arteries and great saphenous veins [58, 62].

It should be noted that miR-10b expression is
altered in whole human arteries affected by athero-
sclerosis [37, 40]. Mir10b knockout mice were resis-
tant to experimental atherosclerosis after high-fat-
high-cholesterol diet and partial carotid artery ligation
[64]. As shown in cell cultures, the up-regulation of
miR-10b in endothelial cells (ECs) acts through the
target genes LTBP1 and HOXD10 and leads to an
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
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increased ECs migration and angiogenesis, as well as
to decreased anti-proliferative ability of type II ECs
against SMCs. Increased expression of miR-10b in
macrophages through the target genes ABCA1 and
ABCG1 leads to decreased cholesterol eff lux and con-
sequently reverse cholesterol transport, and this
miRNA effect to the target gene TIP30 increases the
proliferation of SMCs [64–67].

Researchers from China evaluated the DNA meth-
ylation level, miRNA and mRNA expression in
pooled post mortem coronary artery samples of
advanced atherosclerotic plaques and intact arteries
using the arrays GoldenGate Methylation Cancer
Panel I (Illumina, USA), 22K human genome array
chip (CapitalBio Corp, USA) and miRCURY LNA
Array (Exiqon, USA). They identified not only genes,
cellular processes and signaling pathways previously
considered as involved in atherosclerosis, but also
miR-519d [59].

Another study compared the methylation level of
individual CpG sites in aortic and carotid atheroscle-
rotic plaques with intact aortic tissues using Illumina
HumanMethylation450 BeadChip microarray. Aortic
samples were taken post mortem from the same indi-
viduals, and the carotid arteries were obtained during
endarterectomy. All plaques were stable, classified as
types III-VI according to the American Heart Associ-
ation classification. The MIR23B gene was identified
among the differentially methylated gene between ath-
erosclerotic plaques and intact aortic tissues. Alter-
ations in both the DNA methylation level in the
MIR23B region and its expression in arteries have been
confirmed by alternative methods [60].

The researchers from Finland evaluated the level
and pattern of DNA methylation in atherosclerotic
plaques of femoral arteries and intact internal thoracic
arteries using the methyl-cytosine dependent DNA
precipitation followed by next-generation sequencing.
They also compared the results with the data from the
expression microarrays [61]. More than 140 regions of
miRNA genes were hypomethylated in atherosclerotic
plaques, including atherosclerosis-related miRNAs
(miR-10b, -27b and -758). Significant hypomethyla-
tion has been detected at imprinted 14q32 locus which
contains a large cluster of miRNA genes. Increased
expression of this miRNA cluster (miR-127, -136,
-410, -431, -432 and -433) has also been shown in ath-
erosclerotic plaques. Thus, this is one of the first stud-
ies established an association between DNA methyla-
tion and miRNA expression in atherosclerotic
plaques.

However, a recent study revealed significant differ-
ences in the expression of the 14q32 miRNA cluster
between healthy tissues of blood vessels of various
localizations (n = 109). The DNA methylation level of
the three CpG dinucleotide regions (differentially
methylated regions—DMRs) at this locus is also
highly variable between different vessels and associ-
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
ated with their pathological changes, independently of
the primary or mature miRNA expression [68].

Ehrlich et al. used whole-genome bisulfite sequenc-
ing of three aortic samples and revealed hypermethyla-
tion of the CARMN (MIR143HG) enhancer region,
26 kb in length, in the aorta affected by atherosclerosis
compared to the intact aorta and other tissues. They
also found a potential association of changes in DNA
methylation in the analyzed region with miR-143 and
miR-145 expression [63].

At the same time, the analysis of the association of
283 miRNAs expression with methylation of more
than 400000 CpG sites in whole blood cells obtained
from 3565 patients with CAD in the Framingham
Heart Study revealed an association of differential
methylation of 227 CpG sites (cis-eQTM) with
expression of 40 nearby miRNAs at the level of signif-
icance p < 0.01 [69]. Most frequently, cis-eQTMs were
located in the promoter and polycomb-repressed
regions; and 60% of them were inversely associated
with the expression of a miRNA nearby. The Mende-
lian randomization analysis additionally identified
58 of cis-miR-eQTMs-miRNA pairs, in which case
changes in DNA methylation appear to affect miRNA
expression. These cis-eQTMs include cg18089426,
which affects the miR-127 expression. However,
increased cis-eQTM methylation levels in the “body”
regions of miRNA genes resulted in enhanced tran-
scription. Notably, a positive association of DNA
methylation and miRNA expression was observed for
cg06000878 and miR-100, as well as for cg11682508
and miR-133a [69].

Thus, DNA methylation changes in the region of
miRNA genes (miR-10b, miR-23b, 14q32 locus
(miR-127, -136, -410, -431, -432 and -433), miR-143
and miR-145) in atherosclerotic plaque cells have
been analyzed in the few studies performed on whole
and differently localized vessels. The specificity of the
DNA methylation profile in atherosclerotic plaques of
various vascular beds remains unclear, including pro-
file of miRNA genes, as well as association with the
cellular composition of arteries and clinical traits of
atherosclerosis. Moreover, the assessment of the role
of DNA methylation changes of miRNA genes in
human atherosclerotic plaques is complicated by the
dynamic nature of the disease, as well as high cellular
heterogeneity of vascular tissues. Therefore, the use of
animal models and cell cultures is an obligatory addi-
tion to such studies.

DNA POLYMORPHYSM IN THE miRNA GENE 
REGIONS IN THE ATEROSCLEROSIS-

ASSOCIATED DISEASES

Genome-wide association studies have shown that
most of the single nucleotide polymorphisms (SNPs)
that associated with atherosclerosis are localized in
non-coding DNA regions and/or in regulatory ele-



172 NAZARENKO et al.
ments [70]. Considering that genetic predisposition
plays an important role in the risk of atherosclerosis-
associated diseases, polymorphism in the miRNA
genes (in their regulatory regions, in pri- and pre-
miRNAs, in the regions of mature miRNA nucleotide
sequence), genes of miRNA biogenesis and miRNA
target genes may have a functional significance for
pathology formation [71].

It is expected that the number of polymorphic vari-
ants in the miRNA genes and, especially, in the
miRNA biogenesis gene is smaller than in miRNA
target genes, since miRNAs are conservative and
short in length. In the nucleotide sequence of 1075
pre-miRNAs, 2257 SNPs have been identified and
246 SNPs have been found in the target mRNA recog-
nition regions (seed-region) of 207 miRNAs [72]. At
the same time, about 180000 SNPs are located in the
3'UTR region of protein-coding genes, so, theoreti-
cally, a large number of these genetic variants can be
associated with miRNAs through mRNAs [73].

Associations of DNA polymorphisms in the
miRNA gene regions with clinical complications of cor-
onary and carotid atherosclerosis, such as CAD and
myocardial infarction, ischemic stroke, and coronary
artery restenosis have been studied to date (Table 2).
The majority of studies are devoted to rs2910164:G>C
(MIR146A) and rs3746444:A>G (MIR499A; MIR499B).

The association of the rs2910164:G>C (MIR146A)
polymorphism with coronary artery atherosclerosis
was studied mainly in Chinese population (Table 2).
The separate studies have found an increased risk of
CAD and ischemic stroke in carriers of the CC geno-
type and the C allele of this polymorphism. However,
a meta-analysis of the results obtained in Asian popu-
lations has revealed interpopulation differences in the
association of this polymorphism with different
pathological phenotypes of coronary and carotid ath-
erosclerosis [77, 79, 80, 86]. It is also possible that
there is a difference in the molecular genetic mecha-
nisms of the development of atherosclerotic plaque in
the coronary and carotid arteries.

The only study that examined European popula-
tion (in Germany) showed the association of CC gen-
otype of rs2910164 with the risk of coronary artery
restenosis rather than the coronary atherosclerotic
lesions [81]. Since restenosis is a well-defined pheno-
type that differs from atherosclerosis by a rapid rate of
development, it is assumed that epigenetic mecha-
nisms may be more closely involved in the pathogene-
sis of restenosis compared to atherosclerosis. On the
other hand, given the lower frequency of the C allele of
rs2910164 in Europeans than in Asians (0.22 vs. 0.39 in
ExAC database [98]), the result obtained may be asso-
ciated with insufficient statistical power of the study.

The G allele and the GG genotype of
rs3746444:A>G (MIR499A; MIR499B) was associ-
ated with the risk of MI and IS in the Chinese Han,
South Korean and Iranian populations (Table 2).
However, in Turkey the risk of coronary, carotid, and
peripheral artery atherosclerosis was higher in carriers
of A allele of rs3746444. The contradictions in the
findings of the studies can be related to many factors,
including, first of all, a small sample size and insuffi-
cient statistical power (in the latter study), as well as
differences in the ethnic origin of individuals and their
burden of comorbid diseases.

The functional consequences of polymorphic vari-
ant will depend on its localization in the miRNA gene.
A proportional change in the total number of miRNAs
and, consequently, in the expression of their target
genes occurs when SNPs are localized in the genes of
miRNA biogenesis. However, to date, there are no
large-scale studies analyzed the associations of DNA
polymorphism in the genes of miRNA biogenesis with
atherosclerosis-associated cardiovascular diseases.

SNPs localized in the seed region of the mature
miRNA have the strongest effect on miRNA binding
to their mRNA targets. These genetic variants lead to
strengthening or weakening of miRNA–mRNA bind-
ing, and can disrupt the binding of miRNAs to their
canonical targets and/or make them bind to new
mRNA target. For example, rs2168518:G>A, that is
located in the seed region of miR-4513, is associated
with different cardiometabolic phenotypes (serum
glucose and lipid levels, blood pressure) and risk of
CAD [97, 99]. It has been shown that the A allele of
rs2168518 polymorphism decreases the level and
activity of miR-4513, thereby up-regulating GOSR2
gene, which product provides protein transport in the
Golgi compartments [97].

The polymorphism in the 3'-UTR of protein-cod-
ing genes results in loss of miRNA binding site on
mRNA and an increase in transcript/protein level or,
conversely, in creation of a new mRNA:miRNA bind-
ing site and a decrease in transcript/protein level.
These SNPs are of interest for disease association
analysis since some variants have high population fre-
quencies or there are strong differences in the fre-
quency of SNPs in different populations.

In particular, the APOC3 gene encodes the apoli-
poprotein C3, which is involved in triglyceride metab-
olism. Decreased APOC3 levels in the blood plasma
of individuals result in lower triglyceride levels and
reduced risk of coronary artery disease. The polymor-
phism rs4225:G>T is located in the 3′-UTR of the
APOC3 gene. According to the 1000 Genomes data-
base, the frequency of T allele is 0.21 in East Asians,
0.61 in Europeans, and 0.07 in Africans [100]. In the
Chinese population, individuals with TT genotype of
rs4225 had lower APOC3 and triglyceride levels in
plasma; this genotype also reduced risk of CAD, since
the T allele is indirectly associated with APOC3 trans-
lation suppression through the interaction of its
mRNA and miR-4271 [101].

The DNA polymorphism in the regulatory region
(promoter, enhancer) of miRNA gene can lead to
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
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impaired expression levels of individual miRNA.
Analysis of genome-wide association studies (GWAS)
data revealed 69 miRNAs located within 100 kb of
SNPs associated with alteration in blood lipid levels.
Functional analysis on model animals confirmed the
association of two miRNAs (miR-128-1 and miR-148a)
with the regulation of lipid metabolism [102].

Genetic variants in pri- and pre-miRNAs affect the
processing of individual miRNAs and, consequently,
alter the level of mature miRNAs and their binding to
target mRNAs. In particular, the polymorphism that
was most actively studied in researches focused on
atherosclerosis and its complication (CAD, MI, IS) is
rs2910164:C>G (Table 2). The rs2910164 polymor-
phism leads to the G>C nucleotide substitution in the
pre-miRNA-coding sequence of MIR146A gene and
then in “passenger chain” of mature miR-146a-3p (or
miR-146a*). As a result, the processing and the con-
formation of pre-miR-146a secondary structure and
its stability are impaired, and the production of mature
miR-146a in the U2OS cell line decreases [103]. It was
shown that CC genotype and the C allele of rs2910164
are associated with a decreased expression of miR-
146a in cells, that increases mRNA levels of its targets
(IRAK1, TRAF6), contributing to the proinflamma-
tory profile and, therefore, the risk of disease. How-
ever, the miR-146a expression is higher in coronary
and carotid atherosclerotic plaques than in intact ves-
sels [28, 34, 37]. The target genes and molecular
mechanisms (proliferation, apoptosis and migration
of SMCs, modulation of immune response) by which
miR-146a acts in atherosclerosis-associated cells are
being actively studied [104, 105].

The rs11614913:C>T (MIR196A2) variant also
belongs to the SNPs in pre-miRNA. The functional
effect of this variant is associated with impaired pro-
cessing of pre-miR-196a2, alteration of the mature
miR-196a2 level and subsequent binding of this
miRNA to target mRNAs. The C allele and CC+CT
genotypes of rs11614913 are associated with the risk of
MI in Russians and with the complicated course of
CAD in the Chinese population [89, 90]. However, a
meta-analysis of South Asian populations showed
that, on the contrary, TT+TC genotypes of rs11614913
are associated with an increased risk of IS in Chinese,
but not in South Koreans [86].

In contrast to SNPs, the association of copy num-
ber variations (CNVs) with the miRNAs and their regu-
latory network almost have not been studied both in nor-
mal condition and in atherosclerotic lesions. A compari-
son of miRNA loci and CNVs revealed 289 miRNA
genes localized in the CNV regions (miRNA-CNVs)
[106]. The functional effect of CNVs in the miRNA
genes consists of a change in their expression – an
increase or decrease, or in the absence of changes in
the gene dosage [107]. However, we found only one
association study of miRNA-CNVs with cardiovascu-
lar diseases [108]. This study showed the association of
MOLECULAR BIOLOGY  Vol. 56  No. 2  2022
CNVs in the miR-93, -122 and -192 genes with CAD
in combination with type 2 diabetes mellitus.

Previously, Nazarenko M.S. et al. revealed an
approximately 39 kb deletion in 3q29 chromosomal
region (chr3:195425875-195464424; GRCh37/hg19
genome assembly) in 5 patients with coronary artery
atherosclerosis in combination with metabolic syn-
drome. This deletion includes the MIR570 and
MUC20 genes. According to the 1000 Genomes Con-
sortium (Phase 3) database, the population frequency
of CNVs in this region varies from 24 to 78% [109].
Moreover, the enlargement of CNVs in this region is
associated with increased relative expression of miR-
570 in blood mononuclear cells of relatively healthy
individuals [110]. In addition, CNV in the miR-570
genomic region is associated with the risk of congeni-
tal heart disease [111]. It is possible that this CNV can
be considered as a candidate for atherosclerotic
lesions.

Thus, most association studies of polymorphism in
the miRNA gene regions (miR-let-7, miR-27a, -146a,
-149, -196a2, -200b, -423, -499, -618, -4513) with
pathological phenotypes of coronary and carotid ath-
erosclerosis has been performed in Asian populations.
The rs2910164:G>C (MIR146A) and rs3746444:A>G
(MIR499A; MIR499B) polymorphisms receive the
most attention. However, the results of these works are
controversial (Table 2). It is possible that, as in other
common diseases, a significant role in the predisposi-
tion to atherosclerotic arterial disease is played by eth-
nic differences, cumulative effect of many genetic
variants, ethnicity and the differences in the comor-
bidity of individuals and in molecular genetic mecha-
nisms of atherosclerotic lesions formation in different
vascular beds.

CONCLUSION

Impairment of miRNA biogenesis, expression and
its regulatory network with target genes is actively
studied, since it will allow to identify miRNAs that
may be selective therapeutic targets or biomarkers for
prediction/prognosis of clinical complications of ath-
erosclerosis, such as coronary artery disease, myocar-
dial infarction, chronic cerebral ischemia, and isch-
emic stroke [8, 112–115]. However, the involvement of
miRNA regulome in the molecular genetic mecha-
nisms of atherosclerosis development in the arteries of
different vascular beds is poorly understood. The study
of miRNA biogenesis, expression and its regulatory
network with target genes in humans in vivo is based on
the analysis of a single molecular level (miRNA expres-
sion, DNA methylation, genetic polymorphism).

The expression of a wide range of miRNAs (miR-
let-7f, miR-1, -16, -21, -24, -29b, -106b, -133a, -145,
-146a, -155, -223, -486) changes in the tissues of the
arteries and blood plasma/serum of individuals with
coronary and carotid atherosclerosis. These miRNAs
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have a large number of target genes, including EGFR,
ABI2, IGF1R, NFAT5, BRI3BP, VEGFA, CCND1,
SP1, MYC, NOTCH2, and protein products of these
genes are involved in angiogenesis, cell migration and
adhesion, apoptosis, and immune response activation.

DNA methylation can control the expression of
many genes, including miRNA genes. The studies
related to the analysis of changes in DNA methylation
levels of miRNA genes (miR-10b, miR-23b, 14q32
locus (miR-127, -136, -410, -431, -432 and -433),
miR-143 and miR-145) in atherosclerotic plaques are
few in number and were performed on whole arteries
of different blood vessels. On the other hand, DNA
polymorphism can affect the function and expression
of miRNA (similar to other regulatory molecules).
The majority of association studies of polymorphism
in miRNA genes (miR-let-7, miR-27a, -146a, -149,
-196a2, -200b, -423, -499, -618, -4513) with patholog-
ical phenotypes of coronary and carotid atherosclero-
sis were performed mainly for individual SNPs in
Asian populations and have contradictory results.

A comprehensive understanding of the molecular
mechanisms of common diseases, including CVD,
can be provided by multi-omics studies that analyze
the interaction of genetic, epigenetic, transcriptomic,
proteomic, metabolomic, and exposome factors [116,
117]. In particular, the epigenome is closely related to
the genome, since genetic variants in the region of
CpG sites alter the DNA methylation profile and tran-
scription factor binding, and those in the miRNA
genes modify their structure or expression. Moreover,
miRNAs themselves can be targets for epigenetic
modifications in the case when the DNA methylation
level changes in the promoter region of miRNA gene,
which leads to alterations in their expression. In turn,
miRNAs are able to regulate the DNA methylation
level by regulating DNA methyltransferases or methyl-
CpG binding proteins. The application of such an
integrative approach to the analysis of common dis-
eases can complement the existing knowledge about
their pathogenesis, as well as generate new ideas,
including identification of biomarkers that are infor-
mative for assessment of disease severity and predict-
ing its complications, as well as for identification of
key therapeutic molecular targets, that will provide the
basis for precision medicine.
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