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Abstract

Myocardial infarction (MI) causes most of the mortality worldwide. Coronary obstruction—caused myocardial ischemic injury
leads to permanent loss of the myocardium. Subsequent compensatory myocardial remodeling and heart failure would result
in arrhythmia and even sudden death. The molecular mechanisms of these pathological processes remain to be thoroughly
revealed. Circular RNAs (circRNAs) are special types of non-coding RNAs which can durably regulate gene expression
and modulate cell fate. They had been reported to mediate ischemic myocardial injury and myocardial remodeling. circR-
NAs can be loaded into extracellular vesicles and released into extracellular space. More recently, it was uncovered that the
extracellular circRNAs can regulate intercellular communications, similar to “first messengers.” The cross-talk mediated
by extracellular circRNAs had been demonstrated to play important roles in pathological processes. Here, we would like to
review the modulation of extracellular circRNAs in ischemic myocardial injury and myocardial remodeling. We believe the
extracellular circRNAs can bring new strategies of MI treatment.
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Introduction

MI is one of the most lethal diseases. Under continuous
myocardial ischemia, the cardiomyocytes would die from
hypoxia and nutritional deficiency. Losing excess of car-
diomyocytes causes cardiac arrest [1]. So far, thrombolysis
is the only efficient therapy to treat MI. However, reperfu-
sion of the occluded coronary artery can induce ischemia/
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reperfusion (I/R) damage of the myocardium, which further
increases the mortality [2]. Even though the acute crisis
described above was resolved, the patients would be still in
danger during the process of myocardial remodeling: The
necrotic myocardium would trigger inflammation, which
might cause further cardiac damage. Moreover, the dead
cardiomyocytes cannot be supplemented, because mature
mammalian cardiomyocytes have negligible proliferative
ability. The cardiac fibroblasts without contraction would
replace the lost myocardium and form scar tissue. Cardiac
fibrosis can maintain structural integrity of the heart, while
excessive fibrosis can also lead to decrease of heart function.
More seriously, cardiac fibrosis could cause arrhythmia,
even sudden death [3, 4]. On the other hand, the surviving
cardiomyocytes would become hypertrophic to increase their
contractive ability and adapt to the hemodynamic change.
Continuous pressure overload induces death of the hyper-
trophic cardiomyocytes, then gives rise to further myocardial
fibrosis, dilated ventricle, and eventual heart failure (HF).
At the terminal stage of HF, the patients have rather weak
cardiac function and may die from retard of circulation [5,
6]. Therefore, to alleviate ischemic myocardial injury and
the following myocardial remodeling, the intracellular signal
pathways of programmed cardiomyocyte death, cardiomyo-
cyte hypertrophy, and cardiac fibroblast proliferation should
be illuminated.
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circRNA is a type of special non-coding RNA. circRNAs
are covalently closed single-stranded RNA circles which are
generated through pre-mRINA back-splicing or intronic lari-
ats escaping from degradation. circRNAs have long half-
life. They can act as microRNA (miRNA) sponge, protein
sponge, protein scaffold, and transcriptional activator to last-
ingly regulate gene expression [7]. They not only function in
parental cells, but also exist in extracellular space to medi-
ate cell cross-talk. In this review, we purposed to introduce
the significant extracellular circRNAs involved in MI and
myocardial remodeling, as well as coronary atherosclero-
sis, the primary cause of MI. Their molecular mechanisms,
especially the potential roles in intercellular communication,
were summarized.

Cardiovascular circRNAs Mediate
Progression of Ml and Cardiac Remodeling
In Situ

Since abundant circRNAs had been characterized in heart
by RNA deep sequencing techniques [8], critical circR-
NAs, which regulate the processes of ischemic myocardial
injury and cardiac remodeling, are gradually identified: In
the period of pre-MI, circRNAs affect the coronary athero-
sclerosis via regulating viability of vascular smooth mus-
cle cells and endothelial cells. For instance, circ ANRIL
retards ribosome maturation by binding pescadillo homo-
logue 1. Overexpression of circANRIL inhibits prolifera-
tion and causes apoptosis of vascular smooth muscle cells
[9]. circGNAQ acts as a miR-146a-5p-sponge to inhibit
endothelial cell senescence [10]. circRNAs were reported
to affect myocardial injury by regulating various types of
programmed cardiomyocyte death, including apoptosis,
necrosis, and autophagy. For instance, up-regulation of
circSLC8A1 in MI and I/R promotes cardiomyocyte apop-
tosis by restraining miR-133a [11]. circRNA ACR acti-
vates the expression of PINK1 to suppress cardiomyocyte
autophagy [12]. circRNA CNEACR protects cardiomyo-
cyte from necrosis by modulating HDAC7/Foxa2/RIPK3
axis [13]. In addition to directly affecting cardiomyocytes,
circRNAs including circFndc3b can also protect myocar-
dium from ischemic injury by promoting angiogenesis
in the infarcted area. Mechanistically, circFndc3b binds
to FUS to increase the expression of VEGF, resulting in
enhanced viability of cardiac endothelial cells [14]. Some
circRNAs were shown to involve in post-MI cardiac remod-
eling. For example, circSLC8A1 not only promotes cardio-
myocyte apoptosis but also induces cardiac hypertrophy
and fibrosis [11, 15]. circRNA HRCR controls cardiomyo-
cyte hypertrophy by targeting miR-223 [16]. circYAP can
block actin polymerization in cardiomyocyte and cardiac
fibroblast by interacting with TMP4 and ACTG, leading to

inhibition of cardiac hypertrophy and fibrosis [17]. circN-
Ign is translatable and encodes a nuclear peptide Nlgn173.
Nlgn173 decreases cardiomyocyte survival and increases
fibroblast proliferation via activating transcription of ING4
and SGK3 [18]. In summary, most of the significant car-
diac circRNAs, including the above-mentioned ones, are
expressed in the cytoplasm of cardiac cells. They can con-
trol intracellular homeostasis of parental cells by regulating
expression of genes involved in cell cycle, metabolism,
motility, morphology, death, etc. However, when the car-
diac cells were under abnormal conditions, dysregula-
tion of these circRNAs would cause aberrant expression
or activity of downstream molecules, resulting in cardiac
injury and cardiac remodeling.

Extracellular Vesicle-Delivered circRNAs
Stably Exist in Extracellular Fluids
and Mediate Cell Communications

Comparing with linear RNAs such as mRNAs, long non-
coding RNAs (IncRNAs), and PIWI-interacting RNAs
(piRNAs), circRNAs can tolerate degradation by exonu-
clease and be retained for a prolonged time [19]. There-
fore, circRNAs are found to be stable and abundant in
extracellular space [20]. Until now, they have been widely
detected in body fluid including plasma [21], saliva [22],
gastric juice [23], bile [24], seminal fluid [25], urine [26],
and milk [27]. It is clear that circRNAs are delivered into
extracellular fluids by extracellular vesicles (EVs). EVs
are extracellular lipid bilayer vesicles and typically classi-
fied into the subtypes including exosomes, microvesicles,
and apoptotic bodies according to their sizes [28-30].
Exosomes are the smallest type of EVs with diameters
ranging 30 to 100 nm. They are initially formed as intra-
luminal vesicles in multivesicular bodies. Fusion of
multivesicular bodies with the plasma membrane makes
intraluminal vesicles be released into extracellular space
and transformed into exosomes. Exosomes are the most
widely studied and well-understood EVs. They are syn-
thesized by all types of cells. Exosomes contain cargos of
parental molecules, such as proteins, lipids, and nucleic
acids. Functionally, exosome can regulate intercellular
communication. The exosomes distributed in extracellu-
lar fluid are absorbed by recipient cells via endocytosis
or fusing with plasma membrane of recipient cells. The
exosome cargos are together delivered into the cytoplasm
of recipient cells and play regulatory roles [31]. Most of
the extracellular circRNAs were reported to be localized in
exosomes. Comparing with other linear types of non-cod-
ing RNAs which exist in EVs and regulate cell communi-
cation [32-34], circRNAs have a significant advantage of
higher stability. The ratio of circRNA level to linear RNA
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level in exosomes was extremely higher than that in paren-
tal cells, suggesting the predominant roles of exosomal
circRNAs in intercellular cross-talk [20]. Although the
exosomal circRNAs derive from parental cells and show
tissue or cell-type specificity, landscape of circRNAs in
exosomes is different from that in parental cells, implying
that there might be some mechanisms of selectively sort-
ing circRNAs into exosomes [20]. Until now, the mecha-
nisms are still unclear. It had been reported that transport
of other types of non-coding RNAs into exosomes was
modulated by RNA-binding proteins (RBPs). The RBPs
recognize specific motifs in RNAs and facilitate RNA sort-
ing [35-38]. RBP is also shown to be involved in pack-
ing circRNAs into exosomes. For instance, hnRNPA2B1
is the RBP which can transport RNAs into exosomes. It
binds to circNEIL3 in glioblastoma multiforme, which is
a type of glioma. Knockdown of hnRNPA2B1 in glioblas-
toma multiforme resulted in up-regulation of circNEIL3
in cells and down-regulation of circNEIL3 in exosomes
[39]. However, it still remains to be widely verified the
roles of RBPs in sorting exosomal circRNAs. In some
cases, circRNAs were more highly enriched in EVs than
parental cells [20]. The variety and abundance of cargos
in EVs are also affected by physiological and pathologi-
cal conditions. Cell stress was reported to enhance exo-
some secretion in a p53-dependent manner [40]. The
level of extracellular circRNAs was obviously changed

O circRNA

Y miRNA

Fig. 1 General regulatory mechanism of extracellular circRNAs. cir-
cRNAs are transported into EVs and released into extracellular space
by parental cells. The EVs distributed in extracellular space are inter-
nalized by recipient cells via endocytosis or fusing with plasma mem-
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in some diseases. Therefore, the dysregulated circRNAs
in exosomes can serve as a new type of biomarkers in
disease diagnosis [41, 42]. Actually, EV circRNAs have
already been widely reported to affect the progression of
diseases, including various types of cancers [43], diabe-
tes, diabetic complications [44, 45], intervertebral disc
degeneration (IDD) [46], and stroke [47, 48]. The type
of recipient cells can either be the same with or different
from the parental cells of EVs. Mechanistically, EV cir-
cRNAs primarily function as miRNA sponge in recipient
cells. The internalized EV circRNAs can target comple-
mentary cytoplasmic miRNAs in recipient cells, resulting
in destabilization or inactivation of these miRNAs. The
expression of miRNA-targeted genes can be up-regulated
by EV circRNAs [44-46, 48]. EV circRNAs can also bind
to proteins in recipient cells, affecting the protein interac-
tion, stability, and downstream regulatory network [39,
49]. In addition, EV circRNAs have also been reported
to interact with specific phosphorylated site in protein
and maintain the protein phosphorylation, activating
the downstream signal pathway [50]. In short, circulat-
ing EV circRNAs are internalized by recipient cells and
regulate proliferation, metabolism, migration, and death
of the recipient cells by affecting gene expression, protein
interaction, and signal transduction (Fig. 1). It can be con-
cluded that EV-delivered circRNAs function as a new type
of “first messenger.” For example, the cross-talk between
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brane of recipient cells. The internalized circRNAs can either target
miRNAs to regulate the expression of downstream genes, or target
proteins to affect interaction or stability of proteins in recipient cells
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vascular pericytes and endothelial cells can mediate vascu-
lar homeostasis in a cPWWP2A-dependent way. Uptake of
pericyte-derived cPWWP2A by endothelial cells prevents
vascular dysfunction by inhibiting the activity of miR-579.
The interaction between cPWWP2A and miR-579 results
in up-regulation of angiopoietin 1, occludin, and SIRT1
in endothelial cells [44]. Glioma-derived circNEIS3 can
promote macrophage infiltration into the tumor microen-
vironment and immunosuppressive polarization of mac-
rophage, leading to gliomagenesis. circNEIS3 is highly
expressed in glioma and can be packaged into exosomes.
Exosomal circNEIS3s are internalized by macrophages in
the tumor microenvironment and bind to IGF2BP3 in mac-
rophages, inhibiting ubiquitin-dependent degradation of
IGF2BP3 [39]. Glioma-derived exosomal circGLIS3 was
also reported to promote glioma progression by mediat-
ing the communication between glioma and endothelial
cell. circGLIS3 can cover the phosphorylated site T567
in Ezrin and maintain phosphorylation level of this site in
endothelial cells, promoting angiogenesis of glioma [50].

Fig2 circRNAs differentially
expressed in peripheral fluids
of patients with MI or cardiac
remodeling
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Potency of Differentially Changed
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Accumulated studies have uncovered the expression pro-
files of circRNAs in human and murine heart samples with
ischemic cardiac injury or cardiac remodeling [8, 51-53]. To
better explore the underlying mechanisms of circRNAs in
heart disease, the extracellular circRNAs in peripheral fluid
had also been studied (Fig. 2).

In 2016, Vausort et al. firstly reported a myocardial
infarction—associated circular RNA (MICRA), which is
transcribed from zinc finger protein 609 (ZNF609) gene.
They analyzed peripheral blood samples of 642 patients
with acute myocardial infarction (AMI). The level of
MICRA was significantly reduced in AMI samples and eval-
uated to highly correlated with LV dysfunction [54]. The
following researches further thoroughly tested circRNAs
in blood samples of MI patients. In the study performed
by Yang et al., the expression of circRNAs in peripheral

Heart failure

\

circRNA_104761
circRNA_068655

circRNA_104765
CDR1as
circPostn

circACAP2
MFACR

Dilated cardiomyopathy

@ Springer



448

Journal of Cardiovascular Translational Research (2022) 15:444-455

blood of 4 AMI patients and 4 mild coronary artery stenosis
patients were detected by microarray. Comparing with mild
samples, 64 circRNAs were up-regulated and 90 circRNAs
were down-regulated in AMI samples, respectively. Overall,
down-regulated circRNAs were more frequently detected.
Among the down-regulated circRNAs, circRNA_068655,
circRNA_104761, and circRNA_104765 were screened out
to be potential biomarkers for AMI diagnosis due to their
stable expression in blood and significant decrease in AMI
samples. Especially, the level of circRNA_104761 (a cir-
cular transcript of UBAP2 gene) showed more significant
decrease in larger scale of blood samples. It was evaluated
to have high sensitivity and specificity for AMI diagno-
sis. Moreover, circRNA_104761 is localized in cytoplasm
of AC16 human cardiomyocyte and protects cardiomyo-
cyte from hypoxia-induced apoptosis. The expression of
circRNA_104761 in cardiomyocyte can be depressed by
hypoxia [55]. Zhao et al. analyzed the circRNAs in coronary
blood samples of 3 AMI patients and 3 participants without
AMI. The expression profiles of circRNAs in AMI samples
are quite different from that in control samples. Altogether,
89 up-regulated and 53 down-regulated circRNAs in AMI
samples were identified [56]. Another circRNA profiling by
microarray identified 13,804 circRNAs in plasma of 3 AMI
patients and 3 healthy subjects. In total, 650 circRNAs were
differentially expressed in AMI plasma and control plasma.
Among these circRNAs, 535 circRNAs were up-regulated
and 115 circRNAs were down-regulated in AMI samples
[57]. These profiles of circRNAs in AMI blood samples pre-
sented by different groups were not consistent. It might be
caused by individual difference, sampling locations, sample
size, diagnostic criteria, RNA quality, and detection meth-
ods. Hemocytes in whole blood samples would also affect
the result. Nevertheless, the difference between circRNAs
in fluids of AMI patients and control fluids was likely to
depend on dysregulation of EV-delivered circRNAs. Ge
et al. specifically isolated EVs from mice hearts which were
subjected to I/R. It was observed that the amount of EVs in
heart was increased at the first 24-h post-reperfusion. The
result of RNA sequencing identified 119 down-regulated
and 66 up-regulated circRNAs in EVs of I/R heart [58].

Potency of Differentially Changed
Extracellular circRNAs in Cardiac
Remodeling

The circRNAs in blood samples of patients with cardiac
hypertrophy were also profiled. Guo et al. analyzed the
transcriptomes in plasma of 15 patients with hypertrophic
cardiomyopathy (HCM) and 7 healthy controls. Comparing
with controls, there are 391 circRNAs being up-regulated
and 384 circRNAs being down-regulated in HCM samples

@ Springer

[59]. Sonnenschein et al. screened 3 circRNAs which are
abundant in peripheral blood, including circDNAJC6, circ-
MBOAT?2, and circTMEMS56. Their levels in serum of 64
patients with HCM and 3 healthy individuals were com-
pared. The result showed that all these three circRNAs
were decreased in HCM samples. Remarkably, the level of
these circRNAs in serum was negatively correlated with
left ventricular outflow tract gradient and interventricular
septum thickness in HCM patients [60]. It was noteworthy
that circDNAJC6 and circMBOAT?2 had been reported in
more previous studies. Down-regulation of circDNAJC6
in heart samples with dilated cardiomyopathy (DCM) had
been observed [53]. In addition, the level of circMBOAT?2
in plasma was also shown to significantly decrease after
cardiac endurance training, indicating the correlation with
physical exercise parameters. CircMBOAT? is expressed in
types of cardiac cells, including endothelial cells, smooth
muscle cells, induced pluripotency stem cell-derived car-
diomyocytes, and cardiac fibroblasts, but mostly enriched in
cardiac fibroblasts [61]. Maybe circMBOAT?2 was involved
in cardiac stress adaption. The exact function and molecular
mechanism of circDNAJC6 and circMBOAT?2 remain to be
explored.

Persistent atrial fibrillation (PSAF) is mainly caused by
cardiac fibrosis. To explore the regulatory roles of circR-
NAs in persistent atrial fibrillation, Gao et al. tested circRNA
expression in peripheral blood plasma of paroxysmal atrial
fibrillation and PsAF patients by microarray. In total, 92 dif-
ferently expressed circRNAs in PsAF were identified. After
further validation, 7 circRNAs were selected as the signifi-
cantly changed candidates. According to functional predic-
tion, 5 of these 7 circRNAs were annotated to involve in
MAPK and TGF-f signaling pathways, which are critical in
progression of cardiac fibrosis. Among the 5 circRNAs, the
level of hsa_circ_0004104 in plasma of PsAF patients were
significantly down-regulated and negatively correlated with
TGF-f1 level. In addition, hsa_circ_0004104 was predicted
to target miRNAs involved in cardiac fibrosis, implying its
cardiac fibrosis-related function [62].

Dilated cardiomyopathy (DCM) is a transitional stage from
MI to HF. Costa et al. analyzed the expression profiles of cir-
cRNAs in plasma samples of 130 subjects, including patients
with idiopathic DCM, ischemic DCM or familial DCM, as
well as healthy controls. The level of hsa_circ_0089762 was
specifically elevated in ischemic DCM, which discriminated
ischemic DCM from other types of DCM and healthy indi-
viduals. Moreover, the plasmic level of hsa_circ_0089762
was negatively associated with diastolic blood pressure
and left ventricular ejection fraction. Prediction showed
that hsa_circ_0089762 possibly targeted numerous miR-
NAs, including hsa-miR-21, hsa-miR-183, hsa-miR-361-3p,
hsa-miR-384, hsa-miR-873, hsa-miR-938, hsa-miR-1249,
and hsa-miR-1283, as well as 128 proteins related to actin
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cytoskeleton, endoplasmic reticulum-nuclei signaling path-
ways and pre- and post-Golgi vesicle transportation [63].

In terminal HF stage, the circulating circRNAs also showed
aberrant expression. The study completed by Han et al. identified
56 significantly changed circRNAs in peripheral blood of patients
with HF. Among these circRNAs, hsa_circ_0097435 was most
obviously up-regulated in peripheral blood as well as plasmic
exosomes of HF patients. Functionally, hsa_circ_0097435 could
promote cardiomyocyte apoptosis, suggesting its contribution to
cardiac damage and HF [64]. Another circRNA microarrays
analysis also depicted the expression of circRNAs in plasma of
three HF patients and three healthy controls. Four hundred sev-
enty-seven up-regulated and 219 down-regulated circRNAs were
detected in HF samples. Among these circRNAs, the increase
of hsa_circ_0112085, hsa_circ_0062960, hsa_circ_0053919,
and hsa_circ_0014010 was significant. Moreover, the level of
hsa_circ_0062960 was highly correlated with that of B-type
natriuretic peptide (BNP) [65].

Extracellular circRNAs Can Transmit
Pro-apoptotic Signal Among
Cardiomyocytes

Dysregulation of extracellular circRNAs in MI and car-
diac remodeling suggested that EV-delivered circRNAs
might be involved in the pathological progression. It is
interesting that the pro-apoptotic circRNAs in cardio-
myocytes were consistently and remarkably increased
in extracellular fluid of MI and cardiac remodeling

Fig.3 Representative cardiac
intercellular communications
mediated by extracellular circR-
NAs. The purple arrow means
releasing, while the green arrow
means receiving
Cardiomyocytes

Mesenchymal
stem cells

Cardiomyocytes

Macrophages

patients, such as circRNA_104761 [52], CDR1as [66,
67], circPostn [68], circACAP2 [69], and MFACR [70,
71]. Perhaps these EV-delivered apoptotic circRNAs
could be released from cardiomyocytes under apoptotic
stress and internalized by the neighboring cardiomyo-
cytes. For instance, circSKA3 was reported to promote
apoptosis of AC16 cardiomyocyte induced by doxo-
rubicin (DOX). The expression of circSKA3 was not
only increased in DOX-treated cardiomyocytes but also
increased in exosomes derived from the DOX-treated
cardiomyocytes. The exosomes delivered by DOX-
treated cardiomyocytes could be internalized by other
cardiomyocytes and increase the level of circSKA3 in
recipient cardiomyocytes [72]. It has been known that
apoptotic cells could suppress inflammation in sur-
rounding tissue via releasing some metabolites [73].
These extracellular pro-apoptotic circRNAs might
induce apoptosis of recipient cardiomyocytes under
ischemia and prevent necrosis, as well as the subsequent
inflammation. It was also possible that these extracel-
lular circRNAs convey signaling to other types of cells
rather than cardiomyocytes during MI. Uptake of these
circRNAs by cardiac cells, such as endothelial cells and
fibroblast, might have an effect independent of apop-
tosis. In brief, the parental cells and recipient cells of
the EV-delivered circRNAs remain to be explored. It
is exciting that intercellular regulatory roles of several
EV-delivered circRNAs in MI and cardiac remodeling
have been uncovered (Fig. 3). The detail will be talked
about in the following sections.

Extracellular space
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Cardiac Protective Potency of Mesenchymal
Stem Cell-Derived EV-circRNAs

Exosomes delivered by mesenchymal stem cells (MSC-EV)
have been demonstrated to have function of cardiac repair-
ing. Utilizing MSC-EVs could reduce myocardial infarc-
tion area and cardiac remodeling level caused by cardiac
ischemia [74, 75]. However, the detailed mechanisms were
unclear. Zhang et al. showed that the protective effect of
human umbilical cord mesenchymal stromal cell-derived
extracellular vesicles (HuMSC-EVs) potentially depended
on circRNAs in HuUMSC-EVs. Incubation of AC16 car-
diomyocytes exposed to hypoxia/reoxygenation (H/R)
with HuMSC-EVs could significantly increase viability
of cardiomyocytes. By means of RNA-seq, 66 differen-
tially expressed circRNAs were detected in HUMSC-EV-
incubated cardiomyocytes, comparing with control cardio-
myocytes. Further validation indicated that 7 of 10 most
significantly increased circRNAs were also abundant in
HuMSC-EVs. GO analysis showed that the up-regulated
circRNAs might be involved in the biological processes of
cellular response to hypoxia, decreased oxygen levels and
oxygen levels. KEGG analysis suggested that they possibly
target genes associated with several biological pathways,
including vascular endothelial growth factor (VEGF), long-
term potentiation and glucagon signaling pathway. Moreo-
ver, the top 10 up-regulated circRNAs were predicted to
target miRNAs involved in VEGF signaling pathway [76].
These results provided potential evidence that circRNAs in
MSC-EVs were cardiac protective.

It was also reported that human umbilical cord mesen-
chymal stem cells—derived exosomes (UMSC-exos) prevent
pyroptosis and repair ischemic muscle injury by releasing
circHIPK3. The result of circRNA-seq showed that the
expression level of circHIPK3 was reduced in skeletal mus-
cle tissue of mice lower limb with acute ischemia. Injection
of UMSC-exo can increase circHIPK3 level and promote
recovery of injured muscle. Mechanistically, UMSC-exo-
delivered circHIPK3 were internalized by skeletal muscle
cells, then circHIPK3 can inhibit pyroptosis and inflamma-
tion via regulating miR-421/FOXO03a axis [77]. Although
the effect of UMSC-exo-delivered circHIPK3 has not been
directly tested in ischemic myocardial injury, cardiomyocyte-
delivered circHIPK3 has been reported to promote angiogen-
esis activity of endothelial cells (the detail will be discussed
in the next section) [78, 79]. It is possible that MSC-EVs also
protected myocardium from ischemic injury via circHIPK3.

@ Springer

Cardiomyocyte Regulates Endothelial Cell
via Exosomal circHIPK3

EVs mediate communication between cardiomyocyte and
cardiac endothelial cell. Cardiomyocyte-derived EVs were
discovered to ameliorate MI by inducing angiogenesis
and recovering microcirculation in infarcted area. They
can be internalized by cardiac endothelial cells and pro-
mote proliferation of the recipient endothelial cells [80].
It was suggested that some molecules within EVs might
play important roles. Intracellular circHIPK3 had been
demonstrated to regulate proliferation of endothelial cells
and neonatal cardiomyocytes [81, 82]. The expression of
circHIPK3 in cardiomyocytes could be induced by oxida-
tive stress [83]. CircHIPK3 was also proved to act as a
messenger, which could transmit angiogenesis signal from
cardiomyocyte to endothelial cell post-MI. Uptake of neo-
natal mouse cardiomyocyte-derived exosomal circHIPK3
would increase viability of cardiac microvascular endothe-
lial cells (CMVECs). Cardiomyocytes with hypoxic stimu-
lation—derived exosomes showed higher circHIPK3 level
and stronger protective effect on recipient CMVECs.
Increase of circHIPK3 in CMVECs via internalizing cardi-
omyocyte-derived exosomes could inhibit miR-29a, lead-
ing to activation of IGF-I and VEGFA signal [78, 79]. This
is a possible compensatory mechanism triggering cardiac
angiogenesis, when cardiac tissue undergoes ischemia.

circRNAs Mediate Cross-Talk Between
Macrophages and Cardiac Fibroblasts

Inflammation plays important roles in myocardial injury
and myocardial fibrosis during MI [4]. There is commu-
nication between macrophages and cardiac fibroblasts. In
the infarcted area of myocardium, infiltrated macrophages
can activate cardiac fibroblasts by secreting transform-
ing growth factor-p (TGF-f) and interleukin-6 (IL-6).
Recently, Wang et al. indicated that M2 macrophage
(M2M) can also mediate cardiac fibrosis via EV-delivered
circRNAs. They observed that EVs released by M2Ms
enhanced cardiac fibrosis post-MI in vivo, as well as pro-
liferation of cardiac fibroblasts in vitro. Comparing with
MO macrophage—secreted EVs, which appeared in early
stage of MI, a series of circRNAs were detected to be up-
regulated in M2M-secreted EVs. Among the circRNAs
in M2M-derived EVs, circUbe3a was most significantly
up-regulated. Uptake of M2M-derived EVs obviously
increased the level of circUbe3a in recipient cardiac fibro-
blasts. The proliferation, migration, and phenotypic trans-
formation of recipient cardiac fibroblasts were promoted
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through circUbe3a/miR-138-5p/RhoC axis [84]. This
study clearly revealed that circRNAs mediate novel com-
munications between macrophages and cardiac fibroblasts.
It also indicated that extracellular circUbe3a transmits
a compensatory signal of promoting cardiac fibrosis to
maintain cardiac structure post-MI.

Extracellular circRNAs in Coronary
Atherosclerosis

Coronary atherosclerosis is the essential cause of cardiac
ischemia. Therefore, it is also necessary to discuss the poten-
tial effect of extracellular circRNAs in coronary atheroscle-
rosis. The levels of circRNAs including hsa_circ_0005540
[85], hsa_circ_0001445 [86], hsa_circ_0001879, hsa_
circ_0004104 [87], and hsa_circ_0124644 [88] were
detected to significantly increase in blood samples or plas-
mic exosomes of patients with coronary artery stenosis.
They showed close correlation with coronary atheroscle-
rosis and coronary artery disease. Hsa_circ_0124644 can
aggravate oxidized low-density lipoprotein-induced endothe-
lial injury by regulating miR-149-5p/PAPP-A pathway in
human vascular endothelial cells [89]. Hsa_circ_0004104
was not only involved in PsAF and cardiac fibrosis [62],
but also showed pro-atherosclerosis potency. Overexpres-
sion of hsa_circ_0004104 in THP-1-derived macrophages
can up-regulate pro-atherosclerosis genes and downregulate
anti-atherosclerosis genes [87]. It might establish a poten-
tial connection between coronary atherosclerosis and cardiac
dysfunction.

Conclusion and Perspective

The extracellular circRNA-mediated intercellular commu-
nications, including cardiomyocyte-cardiomyocyte, cardio-
myocyte-endotheliocyte, and M2M-cardiac fibroblast, have
been shown to play important roles in ischemic myocardial
injury and cardiac remodeling. The EV-delivered circR-
NAs were released from various types of cardiac cells and
received by same or other types of cells, regulating cell
proliferation, migration, and viability like first messengers.
There are numerous circRNAs in extracellular fluids remain-
ing to be further explored. Their changed expression level
suggested that they might involve in cell cross-talk during
ischemic myocardial injury and cardiac remodeling. The
critical ones can not only be selected as biomarkers in diag-
nosis, but also deserved to be developed into drugs. How-
ever, a circRNA might show distinct functions and mecha-
nisms in different types of recipient cells. For instance,
MICRA mentioned above (also called circZNF609) inhib-
its cell migration, tube formation and promote apoptosis in

endothelial cells. The expression of MICRA in endothe-
lial cells is induced by hypoxia stress [90]. MICRA was
also reported to decrease in peripheral blood leukocytes of
patients with coronary artery disease. Overexpression of
MICRA in macrophages showed an anti-inflammatory effect
[91]. Modification of the EV-membrane with specific protein
or peptide will effectively help EVs target specific type of
cell or tissue [92, 93]. In addition, the cross-talk between
heart and other organs also plays non-negligible roles in
ischemic cardiac injury. Extracellular miRNAs have been
reported to mediate the cross-talk between adipose tissue
and ischemic myocardium. For example, exosomal miRNAs
generated by adipose-derived stem cell including miR-146a
and miR-320d can protect cardiomyocyte from hypoxia-
induced apoptosis [94, 95]. On the other hand, miR-1956
derived from ischemic myocardium promotes proliferation
of adipose-derived mesenchymal stem cells [96]. However,
EV circRNA-mediated cross-talk between other organs and
the heart has not been discovered yet. It remains to be further
detected.
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