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Abstract—Circular RNAs (circRNAs) are a large class of endogenous single-stranded covalently closed RNA mol-
ecules. High-throughput RNA sequencing and bioinformatic algorithms have identified thousands of eukaryotic
circRNAs characterized by high stability and tissue-specific expression pattern. Recent studies have shown that
circRNAs play an important role in the regulation of physiological processes in the norm and in various diseases,
including cardiovascular disorders. The review presents current concepts of circRNA biogenesis, structural fea-
tures, and biological functions, describes the methods of circRNA analysis, and summarizes the results of studies on
the role of circRNAs in the pathogenesis of hypertrophic cardiomyopathy, the most common inherited heart disease.
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INTRODUCTION

Circular RNAs (circRNAs) are a large class of sin-
gle-stranded covalently closed RNA molecules. Viroids,
exogenous infectious agents of plants, were the first cir-
cRNA molecules discovered more than 40 years ago [1].
Several years later, endogenous circRNAs were found
in the cytoplasmic fraction of eukaryotic HeLa cells by
electron microscopy [2]. For a long time, they had been
considered as a “junk” resulting from aberrant RNA
splicing [3], with the only exception for the circRNA
transcript of the testis-determining gene Sry with a pre-
sumable specific function in the mouse testes [4].

However, a large body of evidence has been accu-
mulated suggesting that circRNAs (traditionally clas-
sified as non-coding RNAs) serve as transcription and
translation regulators [5] and play an important role
in both healthy organism and various pathologies. Due
to the stability of the closed ring structure, they have
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attracted attention as promising biomarkers of both
diseases and therapy efficacy [6].

In recent years, thousands of eukaryotic circRNAs
with tissue-specific gene expression patterns have
been identified in fungi, protists, plants, worms, fish,
insects, and mammals using high-throughput RNA se-
quencing (RNAseq) and bioinformatics algorithms [7].
According to the circAtlas 2.0 database (updated in
March 2020), humans have more than 420 thousand
circRNAs [8]. Unfortunately, current circRNAs data-
bases remain incomplete and disconnected. Despite
the efforts made by several research groups to stream-
line the information on circRNAs, these databases
use different variants of nomenclature to annotate
circRNAs. Typically, the identification number of a
circRNA refers to a biological species and contains a
numerical code unique to each database. Thus, the cir-
cRNA for the human CAMSAPI gene encoded by the
chr9:138773478-138799005 (hgl19) locus is designat-
ed as hsa_circ_0001900 in the circBase (the first ma-
jor database) [9] and as HSA_CIRCpedia_63397 in the
CIRCpedia database [10]. Some databases, e.g., circ-
Bank [11], suggests a more convenient nomenclature
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that uses the name of a gene from which circRNA is
transcribed (e.g., hsa_circCAMSAP1_006). The issue of
circRNA nomenclature standardization remains un-
resolved, which hinders comparison of experimental
data by different research groups.

It has been increasingly clear that circRNAs play
an essential role in the pathogenesis of cardiovas-
cular diseases in humans [6]. Left ventricular hyper-
trophy (LVH) is a common risk factor for developing
heart failure, arrhythmia, and sudden cardiac death,
i.e., diseases that hold the first place among the causes
of morbidity and mortality worldwide. In most cases,
the so-called secondary LVH emerges as an adaptive
response to the long-term increased hemodynamic
pressure or blood overload in the left ventricle (LV),
e.g., in the case of hypertension or heart defect. Less
commonly, primary LVH develops due to the intrinsic
cardiomyocyte abnormality, namely, mutation in one
of the genes coding for the sarcomere proteins. Hyper-
trophic cardiomyopathy (HCM) is a hereditary disease
that develops because of the primary LVH. The mech-
anisms underlying the primary and secondary LVHs
and the relevant treatments differ significantly despite
some common elements in their pathogenesis. Study-
ing the role of circRNAs as regulators of biological pro-
cesses in LVH of various origin is an important and
promising field of scientific research.

Here, we present current concepts on the biogen-
esis, degradation, and major functions of circRNA, as
well as methods for their analysis. The data of yet not
numerous studies on the role of circRNAs in patholog-
ical process are discussed in detail with regard to the
LVH development, as well as a potential use of circRNAs
as therapeutic targets and biomarkers in HCM.

BIOGENESIS AND DEGRADATION of circRNAs

Biogenesis of circRNAs. The majority of circRNAs
are transcriptional products of thousands of pro-
tein-coding genes [12]. As of today, exonic circRNAs,
intronic circRNAs, and exon—intron circRNAs are con-
sidered as the most common types of circRNAs, while
circRNAs transcribed from the 3'- and 5'-untranslated
regions are less common [5]. Exonic and exon-intron
circRNAs can consist of either one or several exons,
which indicates their generation by alternative splic-
ing [13]. In some cases, circRNAs can be transcribed
from the antisense DNA strand (antisense circRNASs)
or intergenic regions (intergenic circRNAs) [14, 15].
The most studied among circRNAs are exonic cir-
cRNAs that account for >80% of all known circRNAs.
The structural diversity of circRNAs is determined by
different mechanisms of their formation (see below).

The canonical mechanism for the eukaryotic
mRNA maturation is splicing of the precursor mRNA

(pre-mRNA) with the involvement of the spliceosome,
when the donor splicing site (5'-end of the intron) con-
nects to the acceptor splicing site (3-end of the same
intron) followed by the lariat formation and its removal.
Spliced mature mRNA can contain all exons of the
pre-mRNA or only some of them in different combina-
tions (in the case of alternative splicing), although the
linear order of exons is always preserved. In contrast
to canonical splicing, most circRNAs are formed via
another mechanism (backsplicing), in which circRNA
exons are linked in reverse order compared to the ca-
nonical mechanism [16].

Backsplicing is a type of pre-mRNA splicing in
which the splicing donor site located closer to the
pre-mRNA 3-end (downstream) connects to the ac-
ceptor site located closer to the 5-end (upstream) [12].
We will keep this, in our opinion, the most appropriate
definition of backsplicing, although one can find other
definitions of this process, often contradictory, in pub-
lished articles. Backsplicing can result in the forma-
tion of a closed loop containing a single exon (exonic
circRNASs) or several exons interspersed with intron(s)
(exon-intron circRNAs). Exon-intron circRNAs can then
lose introns via canonical splicing and become ex-
onic circRNAs. The presence of long introns in the
transcript increases the probability of backsplicing,
because such introns often contain complementary
inverted repeats, such as Alu sequences capable of
forming antiparallel double-stranded RNA structures
(“stalks”) that bring the backsplicing sites closer to
each other [17-19]. There are also RNA-binding pro-
teins, such as Quaking, Muscleblind, and Fused in sar-
coma, whose monomers can bind to specific sequences
in the upstream and downstream introns, respectively,
dimerize, and bring the splice sites closer to each oth-
er, thus promoting circRNA formation [20].

Because backsplicing and canonical splicing are
catalyzed by the same spliceosome-dependent mecha-
nism [21], they directly compete with each other [22].
Depletion of the spliceosome components, such as
SF3a and SF3b, can shift the balance toward the back-
splicing [23]. The processing efficiency of the most
circRNAs is very low; nevertheless, circRNAs can accu-
mulate in the cells in relatively high quantities due to
their resistance to degradation by exonucleases [24].
For some genes, circRNAs represent dominant tran-
scription products [22]. Biogenesis of circRNA can start
with splicing by the canonical mechanism. The result-
ing RNA fragment containing both exons and introns
is excised with the formation of the lariat, which is
then processed by backsplicing with the generation of
exonic circRNAs and sometimes exon-intron circRNAs
[25]. Moreover, some introns excised from the precur-
sor mRNA during canonical splicing do not degrade,
but instead close into intronic circRNAs [26]. Figure 1
shows the splicing events leading to the emergence
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Fig. 1. Formation of mature mRNA and various circRNAs from the precursor mRNA. Backsplicing results in the generation of
exonic circRNA bearing exon 2 via the head-to-tail junction between the 5’ splice site of intron 2 and 3’ splice site of intron 1.
Alternative backsplicing can result in the excision of exons 2 and 3 and intron 2, while subsequent intron removal via canonical
splicing generates exonic circRNAs consisting of exons 2 and 3. Canonical splicing can result in both linear mRNA and circRNAs
(via removal of the “tail” from the lariat-intron 4 sequence). Alternative canonical splicing forms an exon-intron lariat that is
processed by backsplicing with the generation of exon-intron circRNA. Excision of intron 3 from the exon-intron circRNA by
the canonical pathway leads to the formation of exonic circRNA consisting of exons 3 and 4. Exons and introns are depicted as
multi-colored rectangles and black lines, respectively; green dashed line, canonical splicing, green dash-dotted line, alternative
canonical splicing; red dashed line, backsplicing; red dash-dotted line, alternative backsplicing. The convergence of the flanking
introns due to the dimerization of RNA-binding proteins (RBPs) (purple pentagons) and interaction of inverted complementary
sequences (blue rectangles) are shown on gray background.

of various circRNA types. As seen from the figure, the The products of linear RNA splicing can become com-
same gene locus can generate several different cir- ponents of circRNAs; moreover, some circRNAs contain
cRNAs due to the use of alternative backsplicing sites. exons absent in the linear transcripts [27].
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Fig. 2. Main circRNA functions: microRNA binding (a), direct binding and modulation of host genes by the R-loop formation (b),
binding to the transcriptional regulators (c), cap-independent circRNA translation followed by peptide production (d).

In general, biogenesis of circRNAs is a multi-stage
process that depends on many factors, including position
of inverted repeats and binding sites for proteins that
mediate the looping or, conversely, prevent backsplicing.

Despite the lack of poly(A) tail and cap, the ma-
jority of emerging exonic circRNAs are transported to
the cytosol, whereas intronic circRNAs and exon-in-
tron circRNAs reside in the nucleus [7]. The mecha-
nism of circRNA export from the nucleus to the cytosol
depends on the sequence length: shorter circRNAs are
transported with the help of ATP-dependent RNA he-
licase URH49, while the export of longer circRNAs is
mediated by the spliceosomal RNA helicase UAP56 [28].

Degradation of circRNAs. Normal functioning of
cellular circRNAs requires a balance between their for-
mation and degradation [29, 30]. However, the mecha-
nisms and underlying conditions of circRNA degrada-
tion have not yet been fully clarified. Because circRNAs
are extremely stable and resistant to the cleavage by
exonucleases due to the lack of free ends [5, 18, 31], the
major role in the circRNA degradation belongs to en-
donucleases. For instance, AGO2 endonuclease cleaves
circRNAs via a microRNA-regulated mechanism [32].
There is also an alternative N°-methyladenosine (mSA)-
related pathway for the endonuclease-mediated cir-
cRNA cleavage: m°A-containing circRNAs are cleaved
by endonuclease P in a complex with the multidrug
resistance protein (RNase P/MRP). The complex inter-
acts with the m°A-binding protein YTHDF2 through the
adapter protein HRSP12[33]. Several other proteins
have been described that perform specific functions in
the degradation of circRNAs [23, 34, 35].

circRNAs are often found in exosomes and ex-
tracellular vesicles, which presumably participate in
their clearance or act as intermediaries in the circRNA-
mediated cell-cell communication [36-38].

FUNCTIONS of circRNA

Currently, circRNAs are believed to perform di-
verse biological functions by acting as transcriptional
regulators and templates for protein synthesis. Some
circRNAs serve as protein decoys, scaffolds, and re-
cruiters by recognizing specific amino acid sequences
in proteins (Fig. 2).

Recent studies have revealed that circRNAs are en-
riched in microRNA-binding sites and act as “sponges”
by binding microRNAs and blocking their inhibitory
effect on the target genes [39], resulting in the upregu-
lated expression of the latter (Fig. 2a). This competition
for microRNAs with the mRNAs of the target genes al-
lows to consider circRNAs as the intracellular compet-
itive endogenous RNAs (ceRNAs) that affect the func-
tional activity of both microRNAs and target genes [40].
Because circRNAs are actively expressed in cells, show
high stability, and bear many microRNA-binding sites,
they might be as efficient microRNA sponges as IncRNAs
(other non-coding molecules with the same function)
[39, 41].

It was shown that nuclear circRNAs can directly
modulate expression of the own (host) genes by form-
ing a hybrid with the complementary DNA strand
(R-loop structure) to pause or terminate their tran-
scription (Fig. 2b). Formation of the circRNA-DNA hy-
brid loop can also contribute to the upregulated ex-
pression of truncated transcripts or transcripts with
skipped exons resulting in the production of phenotyp-
ically defective gene products [42]. circRNAs can also
promote expression of the host genes, as it was shown
for some nuclear exon-intron circRNAs (e.g., circEIF3]
and circPAIP2), by recruiting spliceosomal small nu-
clear ribonucleoprotein U1 and RNA polymeraseII to
their promoters [43]. Under certain physiological and
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pathological conditions, circRNAs act as protein de-
coys, scaffolds, and recruiters (Fig. 2c). Depending on
the conditions, the same circRNA can bind to a partic-
ular protein or interact with multiple proteins [44].

Originally, circRNAs had been classified as non-
coding RNAs; however, it was demonstrated that some
of them encode peptides with yet unknown functions
[45,46] (Fig. 2d). Some circRNAs contain an internal
ribosome entry site (IRES) ensuring a cap-indepen-
dent initiation of translation and an open reading
frame; they bind to polyribosomes and are translat-
ed into short peptides or proteins [47,48]. Certain
circRNAs are translated via another cap-independent
mechanism mediated by the methylation of nitrogen
at position 6 in adenosine (N®-methyladenosine, m°A).
The presence of a single m°A-induced ribosome engage-
ment site (MIRES) in the 5-untranslated region pro-
motes selective translation of circRNAs under stress
conditions via direct binding of the translation initia-
tion factor eIF3 [49, 50].

METHODS FOR circRNA ANALYSIS

The studies of circRNAs had been limited for a
long time because of the difficulties in the identifi-
cation of circRNAs caused by the size variability and
lack of free ends in these molecules. Indeed, circRNAs
cannot be separated from other RNAs by gel electro-
phoresis and detected with classical molecular biology
techniques, such as reverse transcription of poly(A)-
rich RNAs or rapid amplification of cDNA ends (RACE).
Moreover, the sequences of circRNAs and mRNAs en-
coded by the host genes are identical, which further
complicates their differentiation.

High-throughput circRNA analysis. The last de-
cade has been characterized by a significant progress
in the development of RNA sequencing techniques,
including various ribosomal RNA depletion strategies,
methods allowing increased read lengths and greater
sequencing depth, and new algorithms for alignment
of genomic reads. These advancements have resulted
in the identification of splice variants of mRNAs and
non-polyadenylated RNAs, including circRNAs. The fact
that the ends of circRNAs molecules are joined in a
head-to-tail manner provides a unique opportunity
for their detection [51]. Thus, preparation of circRNA
samples for sequencing includes various procedures
for destruction of linear RNAs, such as the poly(A)
RNA depletion, treatment with 3’5" exoribonuclease R
(RNase R), and RPAD (RNase R Treatment, Polyadenyla-
tion, and Poly(A)+ RNA Depletion), aimed to enrich
the total RNA pool with circRNAs [52, 53]. However,
since circRNAs can be formed by alternative (other
than backsplicing) mechanisms, such as trans-splicing,
tandem duplication, or reverse transcriptase template
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switching [13, 52], complete elimination of linear RNA
sequences, including the products of their cyclization,
remains a serious issue.

RNAseq data are aligned to the genome sequenc-
es using standard tools, such as STAR and BWA [54,
55]. The algorithms for further circRNA identification
are continuously advanced; the most common among
them are ACSF, CIRCexplorer2, CIRI2, DCC, KNIFE, and
Uroborus [7]. Unfortunately, one of the negative conse-
quences of such diversity of the data processing tools
is the difficulty in the interpretation and comparison
of data provided by different research teams.

Due to the advances in the sequencing technolo-
gies and bioinformatics tools for the annotation and
identification of circRNAs, the identified types of cir-
cRNAs and their biological functions have been contin-
uously expanding, making circRNAs quite competitive
candidates for novel disease biomarkers.

Another step in the studies of circRNAs was de-
velopment of DNA microarray platforms for detection
and quantification of validated circRNAs [51]. Unlike
RNAseq, microarrays utilize probes for identifying
the regions of the head-to-tail junctions in known cir-
cRNAs. The first commercial microchips were manu-
factured by Arraystar Inc. (https://www.arraystar.com/
circular-rna-array-service/); they contained more than
10,000 circRNAs selected based on the published data.
Because the sequences of the microarray probes are
similar to the sequences of linear RNAs, RNase R pre-
treatment of the total RNA pool can improve the spec-
ificity of detection of circular molecules. In contrast to
RNAseq, DNA microarrays are limited by the number
of probes for the validated circRNAs and do not allow
to identify mature (post-splicing) circRNAs or to deter-
mine the ratio between the circRNA and linear RNA
for the same gene. However, compared to RNAseq,
the microarray data are much easier to process.

Methods for circRNA analysis based on PCR and
Northern blotting. Since both high-throughput RNAseq
and DNA microarrays can generate false-positive re-
sults, alternative approaches, such as reverse tran-
scription-polymerase chain reaction (RT-PCR), Sanger
sequencing of PCR products, and Northern blotting,
are recommended for verification and more accurate
quantification of identified circRNAs. Thus, PCR-based
identification and quantification of circRNAs have be-
come widely used due to their speed and convenience.

Specific circRNAs can be amplified by PCR using
divergent primers flanking the head-to-tail junction
sequence [56]. Because such primers do not amplify
linear RNAs, no RNase R treatment of the total RNA
is required for the PCR-based detection and quantifi-
cation of circRNAs. The backsplicing sequence in the
obtained PCR products can be verified by Sanger se-
quencing with divergent primers. However, this meth-
od is unable to obtain the full-length sequence of
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a circRNA or to distinguish between multiple circRNAs
derived from the same gene region.

Recently, a new approach to detecting the full-
length circRNA sequences named circRNA-RCA
(circRNA-rolling circle amplification) was developed
based on the primers complementary to the head-to-
tail junction [57]. The number of circRNA copies ob-
tained in the RCA reaction is determined by the initial
number of molecules in the sample and their length,
which significantly complicates normalization of re-
sults and their comparison for different circRNAs and
their splicing variants. Hence, circRNA-RCA can identify
circRNA variants with the same backsplicing junction
sequences qualitatively but not quantitatively [13, 52].

Recently, it was demonstrated that circRNAs can
be successfully quantified by the droplet digital PCR.
Compared to RT-PCR, droplet digital PCR produces
more accurate data due to the absence of prolonged
incubation step [58]. Several alternative approaches
(SplintQuant, NanoString) have been developed as well
for accurate quantification of endogenous circRNAs
[59, 60].

Northern blotting is recognized as a gold stan-
dard for the analysis of circRNAs, although it re-
quires additional sample treatment with RNaseR and
RNase H [53]. Northern blotting also has a number of
drawbacks, such as the need for very large quantities
of RNA and use of radioactively labeled probes [7].

Online databases for the analysis of circRNAs.
Several specialized circRNA databases containing
information on the circRNA expression in tissues,
evolutionary conservatism, association with diseas-
es, and interactions with RNA-binding proteins and
microRNAs are available for in silico analysis. Most of
them provide the data on human circRNAs, but some
have information on monkey, mouse, rat, chicken, and
yeast circRNAs. The data on the expression levels for
various circRNAs in different types of cells and tissues
can be found in TSCD [61], CSCD [62], CIRCpedia [10],
circBase [9], circAtlas [8], circMine [63], PanCircBase
[64]. Several databases, such as CSCD [62], circAtlas [8],
circInteractome [65], circNet [66], starBase [67] and
circFunBase [68], have been developed for predicting
the functions of circRNAs and their interactions with
microRNAs and RNA-binding proteins. Other databases,
including circAtlas [8], circInteractome [65], circBank
[11], circRNADDb [46], and riboCIRC [69], contain the
information on the circRNA translational potential.
All these resources provide predictive data about cir-
cRNAs that have to be experimentally verified.

circRNAs IN MYOCARDIAL HYPERTROPHY

The studies of molecular mechanisms underlying
LVH and identification of therapeutic targets in this dis-

ease have recently attracted an increasing attention of
researchers. Several circRNAs involved in the regula-
tion of the pathological processes associated with LVH
of various origin have been identified that were consid-
ered as potential diagnostic or therapeutic targets.

The association between circRNAs and secondary
myocardial hypertrophy was discovered by RNAseq
in the heart tissue of mice subjected to transverse
aortic constriction (TAC). Almost 700 deregulated cir-
cRNAs were identified compared with the control
animals [70]. Other studies revealed that the cardiac-
specific circRNAs mm9-circ-012559 (circ-HRCR) that
acts as an endogenous sponge for miR-223, counter-
acted hypertrophy induced by isoproterenol and TAC.
Using a cardiac-specific transgenic mouse model, it
was shown that miR-223 promotes LVH development
in heart failure, whereas one of its targets, apoptosis
repressor with a CARD domain (ARC), alleviates myo-
cardial hypertrophy. Therefore, circ-HRCR attenuates
hypertrophy invivo by suppressing the activity of
miR-223 and promoting the action of ARC [71].

circSlc8al has attracted a lot of attention be-
cause of its high abundance in cardiomyocytes. This
circRNA serves as a sponge for miR-133a [72], which
inhibits myocardial hypertrophy [73]. The knockdown
of circSlc8al in mice reduced the LVH caused by the
TAC-induced pressure overload, whereas experimen-
tal upregulation of circSlc8al expression in cardio-
myocytes resulted in heart failure [72]. Moreover, it
was shown that circSlc8al also regulates the targets
of miR-133a, including serum response factor (Srf),
connective tissue growth factor (Ctgf), beta-1 adrener-
gic receptor (Adrb1), adenylate cyclase 6 (Adcy6), and
transcription factors interacting with these proteins.
Hence, this study provided a compelling evidence that
the circSlc8al-mediated inhibition of miR-133a could
be used to treat myocardial hypertrophy.

Li et al. [74] found that the circ-000203 aggravat-
ed LVH in angiotensin II-infused mice. By acting as a
ceRNA, circ-000203 blocked suppression of the target
Gata4 gene via binding specifically to miR-26b-5p and
miR-140-3p [74]. Previously, it was shown that upregu-
lation of the GATA4 expression promoted development
of hypertrophy both in vivo and in vitro [75]. It can be
speculated that hsa-circ-0036167 (a homolog of mouse
circ-000203) plays a similar role in humans, so that de-
creasing its level can result in the myocardial hyper-
trophy regression.

The profiling of cardiac circRNAs in isoprotere-
nol-treated (myocardial hypertrophy model) vs.
control mice revealed 401 differentially expressed
circRNAs [76]. Based on the Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes pathways, the
host genes of differentially expressed circRNAs belong
to the pathways involved in the circulatory system
activity and development of cardiovascular diseases.
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Moreover, it was also shown that the circRNAs wwp1l
decreased myocardial hypertrophy by regulating the
levels of atrial natriuretic factor (ANF) and miR-23a.

Using the mouse models of TAC-induced myocar-
dial hypertrophy and angiotensin II-stimulated mouse
cardiomyocytes to mimic this pathological process, it
was found that myocardial hypertrophy is regulated by
the circNfix and circHIPK3 [77, 78]. The used myocardial
hypertrophy models were characterized by the reduced
circNfix expression, while an increase in the circNfix
content attenuated LVH induced by the pressure over-
load by regulating the miR-145-5p/ATF3 axis [77].
In contrast, expression of circHIPK3 in the heart was
significantly increased in cardiac hypertrophy [78].
The knockout of circHIPK3 inhibited development
of the TAC-induced myocardial hypertrophy and im-
proved the echocardiography parameters. The silenc-
ing of circHIPK3 in cardiomyocytes markedly reduced
the size of these cells and decreased the content of hy-
pertrophy markers, such as the ANF, brain natriuretic
peptide, and B-myosin heavy chain. It was shown that
circHIPK3 regulates cardiac hypertrophy via binding
to miR-185-3p followed by the modulation of expres-
sion of the target calcium-sensing receptor (CaSR) gene
[78]. On the other hand, circ_0001052 transcribed from
the Hipk3 gene also exhibited the prohypertrophic ef-
fect in angiotensin II-stimulated cardiomyocytes [79]
by sponging miR-148a-3p and miR-124-3p and thereby
restraining their suppressive effect on the Hipk3 gene
expression, as well as by recruiting Srsfl to stabilize
Hipk3 [79].

In the LVH cell model, angiotensin II-induced LVH
was found to be associated with the increased expres-
sion of circ-TLR4 and its host gene TLR4 [80] coding
for the Toll-like receptor 4 (TLR4). TLR4 is critical in
the regulation of inflammatory response and cardiac
hypertrophy. The knockdown of circ-TLR4 attenuated
angiotensin II-induced hypertrophy of cardiomyocytes.
Moreover, circ-TLR4 upregulated expression of the
TLR4 gene by recruiting the DNA/RNA binding protein
FUS to stabilize the TLR4 mRNA. In a similar LVH cell
model, expression of another circRNA, circ_0018553,
was upregulated, and this circRNA was highly abun-
dant in the exosomes derived from endothelial pro-
genitor cells [81]. It was shown that circ_0018553 acts
as a sponge for miR-4731, which, in turn, represses ex-
pression of the longevity protein sirtuin 2 (SIRT2), one
of the essential regulators of the cell response to DNA
damage. Therefore, exosomal circ_0018553 derived
from endothelial progenitor cells protects against an-
giotensin II-induced LVH by modulating the miR-4731/
SIRT2 signaling pathway. Another member of the sir-
tuin family regulated by circRNAs, SIRT1, is also in-
volved in the LVH development. Thus, circ-SIRT1/
circ-Sirtl transcribed from the SIRT1 gene alleviated
angiotensin II-induced heart failure and induced au-
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tophagy in H9c2 cells and human cardiomyocytes de-
rived from induced pluripotent stem cells [82]. It was
found that circ-SIRT1 upregulated SIRT1 expression at
the post-transcriptional level by lowering the content
of cellular miR-3681-3p/miR-5195-3p and stabilizing
SIRT1 protein by recruiting ubiquitin-specific pepti-
dase USP22 for its deubiquitination. Hence, circ-SIRT1
restrains the development of heart failure via activa-
tion of the SIRT1-dependent autophagy.

The synthesis of circRNAs for the capture of pro-
hypertrophic microRNAs has become one of the topic
research areas in the therapy of myocardial hypertro-
phy. For instance, the circmiR sponge was created to
target miR-132 and miR-212 [83] and stimulate cardio-
myocyte growth [84]. CircmiRs containing 12 microRNA-
binding sites were found to be the most efficient;
when delivered in vivo into cardiomyocytes, they re-
duced the LVH and preserved the cardiac function in
the mouse model of TAC-induced HCM. Compared with
endogenous circRNAs, circmiRs have more advantages
due to the flexibility of their design, long half-life, and
possibility of application in low doses. These data evi-
dence a high potential of engineered circRNAs as new
therapeutic agents for HCM.

circRNAs IN HCM

HCM is the most common hereditary heart disease
with the incidence rate of at least 1:500 in general
population [85, 86]. HCM is defined as the LV hypertro-
phy unexplained by other hemodynamic causes [87].
In young people, HCM is related mainly to the risk of
sudden cardiac death; in older individuals, it is associ-
ated with progressive heart failure, atrial fibrillation,
and embolic strokes. HCM is a socially highly signifi-
cant diseases because of the difficulties with its early
diagnostics due to the asymptomatic onset and con-
comitant diseases that might result in the development
of secondary LVH, as well as the absence (until recent-
ly) of treatment. HCM has a poorly predictable clinical
course: a large portion of patients live a normal or al-
most normal life, whereas some persons develop com-
plications for yet-unknown reasons. Individual clinical
features of HCM can be explained by a significant ge-
netic heterogeneity of the disease. Currently, pathoge-
netic variants (mutations) in various genes encoding
sarcomere proteins or other related proteins are ver-
ified only in a half of HCM patients (genotype-positive
patients). However, a substantial number of familial
HCM cases are observed among genotype-negative in-
dividuals, which promotes further search for new dis-
ease-related genes and inheritance mechanisms. In re-
cent years, a new hypothesis has emerged stating that
some patients have a non-Mendelian polygenic inheri-
tance of HCM [88]. External factors can also contribute



S8 BAULINA et al.

CircRNAs-microRNA-mRNA networks participating in the development of myocardial hypertrophy

Network participants
References
circRNA microRNA mRNA
miR-29a-3p, miR-29c¢-3p,
circ_0036248, miR-125a-5p, miR-125b-5p,
circ_0043762, miR-214-3p, miR-338-3p, GRID1, NMNAT1, PSMD9, SETDB2 [61]
circ_0071269 miR-512-3p, miR-654-3p,
miR-1276
HRK, FRMD5, MYH9, SLC9A3R1, KLF4, STK38L,
PDGFRB, LDHA, DPYSL4, CSNK1D, RCN1, BCL6,
circ_0079270, . . FRMD4A, SEMA4B, OSGIN2, HRASLS, ZNF664,
circ_0044237 MIR-34¢-5p, MIR-346 PLA2G15, NFE2L1, EXTL1, PTPRM, PDGFRA, (1]
FAM107A, MAP2K1, SLC39A1, SCN2B, CSF1R,
KLHL3, PVR, MYADM

to the development and clinical picture of primary
LVH. Finally, many studies aimed at unraveling the
mechanisms of HCM clinical heterogeneity investi-
gate the impact of epigenetics and non-coding RNAs.
The remaining large gap in the understanding of the
mechanisms implicated in manifestation of various
genetic defects and formation of the HCM phenotype
hinders timely diagnostics, prediction of the disease
course, and development of personalized treatment.
One of the most urgent tasks in modern medicine
is the search for available biomarkers for the differ-
ential diagnostics between the primary and second-
ary LVH, as well as biomarkers of the HCM compli-
cations. Currently verified biochemical markers that
are universal for all cardiovascular diseases and can
be assessed in the peripheral blood (e.g., troponin
and N-terminal fragment of the brain natriuretic pep-
tide) may be of prognostic value in HCM [89] because
they indicate progressive structural alterations in the
myocardium (however, they do not reflect molecular
events typical to this genetically determined disease).
circRNAs might become effective and convenient HCM
biomarkers due to their stability and ability to be re-
leased into the bloodstream where they can freely cir-
culate. The level of circRNAs in the circulation chang-
es in HCM, reflecting differential gene expression and
subsequent splicing of the corresponding pre-mRNAs in
the myocardium, might expand our understanding of
the underlying pathological mechanisms. However, the
active studies in this research field have just started.
One of the first works investigating the role of
circRNAs in HCM showed that the levels of circDNAJC6,
circMBOAT2, and circTMEM56 were significantly re-
duced in the serum from HCM patients vs. control
subjects [90]. When assessed individually or together,
these circRNAs demonstrated a capacity to discrim-
inate between the HCM patients (including patient
subgroups with obstructive and non-obstructive HCM)

and control subjects (AUC, 0.722 to 0.949). The levels
of two circRNAs, circTMEMS56 and circDNAJC6, showed
a strong correlation with the extent of LV obstruction
and interventricular septum thickness and, therefore,
can serve as indicators of disease severity in patients
with obstructive HCM.

Various bioinformatics algorithms have been used
to construct circRNA-microRNA-mRNA interaction net-
works and to reveal the key endogenous RNAs among
circRNAs involved in the development of primary LVH
by competing with mRNAs for the binding to the comple-
mentary region in microRNAs (table). For example, the
authors of [61] used open data sets to analyze the plasma
levels of circRNAs in HCM patients and volunteers and
to build a network of ceRNAs, included three circRNAs
(circ_0036248, circ_0043762, and circ_0071269). Func-
tional analysis revealed that these circRNAs participate
in the modulation of the calcium release channel ac-
tivity and muscle filament sliding and, therefore, may
be the key regulators involved in HCM pathogenesis.
Another study analyzed open datasets on the levels of
circRNAs, microRNAs, and mRNA in HCM to construct a
similar network with circ_0079270 and circ_0044237 as
its key components [91]. The authors confirmed down-
regulation of the circ_0079270 expression and changes
in the expression of identified microRNAs and 18
mRNAs in the cell model of HCM. It was also shown
that circ_0079270 is generated by reverse transcription
and partial splicing of the ACTB gene-encoded sequence
with the formation of a circular structure containing
exons 2 and 5. Another mechanism of the ACTB-me-
diated development of HCM involving circRNAs was
proposed by Feng et al. [92]. Based on comprehensive
bioinformatics analysis, it was found that expression
of circFN1 is decreased in HCM. According to the data
of in vitro experiments, this circRNA can competitively
bind to miR-206, thereby upregulating expression of the
target ACTB gene, which promotes HCM development.
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CONCLUSION

circRNAs has been well-established as RNA regu-
lators of transcription and translation with essential
in vivo functions. Recent studies suggest that circRNAs
can be used as diagnostic markers and therapeutic
agents in various pathologies, including myocardial
hypertrophy, the cause of the common hereditary dis-
ease HCM. However, regardless of the methods used
(experimental or bioinformatics), the data on the role
of circRNAs in myocardium hypertrophy remain scat-
tered and often controversial. This is not surprising,
as the studies on the involvement of circRNAs in this
pathology has only started, while the small size and
heterogeneity of samples, different methods used for
sample collection and isolation, and different algo-
rithms and approaches for circRNA detection compli-
cate interpretation of the obtained data. Nevertheless,
the studies described in this review undoubtedly will
lay the foundation for future advances in this research
field.
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