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A B S T R A C T   

CircRNAs are a class of single-stranded RNAs characterized by covalently looped structures. Emerging advances 
have promoted our understanding of circRNA biogenesis, nuclear export, biological functions, and functional 
mechanisms. Roles of circRNAs in diverse diseases have been increasingly recognized in the past decade, with 
novel approaches in bioinformatics analysis and new strategies in modulating circRNA levels, which have made 
circRNAs the hot spot for therapeutic applications. Moreover, due to the intrinsic features of circRNAs such as 
high stability, conservation, and tissue-/stage-specific expression, circRNAs are believed to be promising prog
nostic and diagnostic markers for diseases. Aiming cardiovascular disease (CVD), one of the leading causes of 
mortality worldwide, we briefly summarize the current understanding of circRNAs, provide the recent progress 
in circRNA functions and functional mechanisms in CVD, and discuss the future perspectives both in circRNA 
research and therapeutics based on existing knowledge.   

1. Introduction 

Circular RNAs (circRNAs) are ubiquitous, highly stable, and evolu
tionarily conserved RNA molecules among eukaryotes [1]. Structurally, 
circRNAs are more resistant to exonucleases than linear RNAs because 
the lack of 5′ to 3’ ends with covalently looped structures [2]. This 
unique structure suggests that circRNA may more stably exert its func
tions inside the cells and deliver biological messages in cell-cell com
munications [3]. The expression of circRNAs is tissue- and cell 
type-specific and is specifically regulated during normal physiology 
and disease progression [4]. In the past decade, circRNAs have contin
uously been found to function in multiple physiopathological processes 
through multiple mechanisms [5–8]. 

For decades, circRNAs were considered to be by-products of RNA 
splicing or so-called “scrambled exons” in humans [9,10]. However, 
advanced next-generation sequencing techniques in the early 2010s and 
circRNA-specific bioinformatics algorithms have been developed to 
preserve non-polyadenylated RNAs, which revealed that thousands of 
ubiquitously expressed and covalently closed noncoding RNAs were 
systematically detected in many species, including human, mouse and 
rat [5,11–13]. Further studies confirm that circRNAs exhibit disease- 

and tissue-specific expression patterns, multiple functions to participate 
in disease pathogenesis, and extraordinary potential for therapeutic 
applications [14,15]. 

In this review, we present an overview of recent advances in circRNA 
biology and strategies to study circRNAs, and highlight the current 
knowledge of their functional roles in several major cardiovascular 
diseases. We also outline the perspectives for the therapeutic and diag
nostic potential of circRNAs. 

2. Overview of circRNAs 

2.1. Classes of circRNAs and the biogenesis 

CircRNAs are derived from linear precursor mRNAs (pre-mRNAs) 
transcribed by RNA polymerase II, which endows them with a unique 
closed continuous ring structure site [2,16,17]. CircRNAs can be 
generated via multiple mechanisms (Fig. 1). For example, flanking 
intron pairing [18], RNA-binding protein (RBP) [19], and lariat across 
introns [20] can facilitate circRNA biogenesis by bringing the distal 
flank of back-spliced exons into proximity. Based on different subcel
lular localization and sequence composition, circRNAs can be divided 
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into four categories: exonic circRNAs (EcircRNAs) that are predomi
nantly localized in the cytoplasm [21], intronic circRNAs (ciRNAs) [22] 
and exon-intron circRNAs (EIcircRNAs) in the nucleus [23], 
mitochondria-encoded circRNAs (mecciRNAs) that are encoded by 
mitochondrion genome generated via a splicing-independent mecha
nism [23,24]. Several factors may influence the alternative splicing and 
biogenesis of circRNAs [6]. Abundant circRNAs tend to be derived from 
genes with highly active promoters [25,26]. Epigenetic modifications 
within histones and gene bodies may also affect circRNA biogenesis 
[27], and circRNAs may directly affect the epigenetic status of host gene 
promoter regions [28]. 

2.2. CircRNA nuclear transport and subcellular localization 

Although some circRNAs are retained in the nucleus (e.g. EIciRNAs 
and ciRNAs), most circRNAs are localized in the cytoplasm [29]. They 
are generated in the nucleus and are exported to the cytoplasm for the 
function via certain mechanisms. The nuclear export of mature RNA 
transcripts is critical for their proper biological functions. In the past 
decade, limited evidence indicates how circRNAs are exported from the 
nucleus such as length-dependent nuclear export [30], m6A-mediated 
nuclear export [31,32], and intercellular transport of circRNAs via 
extracellular exosomes [33]. For example, relatively long circRNAs 
(>800-nucleotide) require DExH/D box RNA helicase Hel25E for nu
clear export in Drosophila cells [30]. Recently, we have provided lines of 
evidence for the evolutionarily conserved Exportin 4 (XPO4) in the 
nuclear export of EcircRNAs. Depletion of XPO4 leads to nuclear accu
mulation of EcircRNAs which generates R-loop formation and DNA 
damage, leading to fertility defects and neurological disorders [34]. The 
nuclear export patterns of these circRNAs are still under investigation, 
and future studies should provide critical insight into whether unbal
anced circRNA subcellular localization and inappropriate nuclear export 
play a role in cellular fitness and homeostasis, as described in cancer 
[35,36]. 

Several approaches have been applied in the determination of 
circRNA subcellular localization. Initially, circRNA localization can be 
determined by nucleocytoplasmic fractionation followed by RT-qPCR 
and droplet digital PCR, which can also be used for absolute quantifi
cation of circRNAs and scored as positive or negative based on the 
fluorescence signal [37]. For high-throughput circRNA quantification, 
NanoString Technologies’ nCounter platform can be used, which is 
based on digital single-molecule counting using an automated fluores
cence microscope [38]. RNA fluorescence in situ hybridization (FISH) 

can quantify circRNAs and display the cellular localization of circRNAs 
using DNA probes targeting circRNA junction sites [39,40]. Ribosome 
profiling (RIBO-seq) uses deep sequencing of ribosome-protected mRNA 
fragments to monitor translation with speed, accuracy, and scale un
matched by mRNA-level monitoring methods [41]. As RIBO-seq ad
vances, more circRNAs are being found to be translated in different 
organisms, and a subset of them can produce functional polypeptides 
[42]. Additionally, cytoplasmic and nuclear circRNAs can be biochem
ically isolated in different proportions and subsequently analyzed for 
different circRNA species on a genome-wide level using high-throughput 
approaches. For example, CeFra-seq was used to localize RNAs across 
multiple cell fractions [43], while APEX-seq examined extensive pat
terns of localizing different categories of circRNAs at multiple subcel
lular locations [44]. In addition, several databases have been established 
to provide a genome-wide summary of the subcellular localization of 
circRNAs, including CircVIS [45], MNDR v3.0 [46], and RNALocate 
[47]. Several artificial intelligence (AI) techniques were also developed 
to predict circRNA subcellular localization, including Circ-LocNet [48], 
mRNALoc [49], and RNAlight [50]. 

2.3. Biological functions for circRNAs 

CircRNAs have been suggested to have multiple functions. Nuclear 
circRNAs modulate gene expression by regulating transcription or 
binding to protein factors [40], while cytoplasmic circRNAs function in 
various organisms such as acting as microRNA sponges or competing 
endogenous RNA (ceRNA) [51], and even translation templates [21]. 
Furthermore, the exceptional tertiary structure of circRNAs provides 
them with significant flexibility for RNA-binding protein (RBP) binding 
[52]. Additionally, circRNAs can also bind to mRNAs for the regulation 
of mRNA stability and translation [53]. This mode of action enables the 
regulation of mRNA translational adaptability, which in turn affects 
gene expression in various physiological processes [54]. Some circRNAs 
have been identified as transcripts capable of cap-independent trans
lation [55]. The need for further research and application of circRNA in 
disease treatment is emphasized by the growing understanding of the 
complex functions of circRNA. 

3. Role of circRNAs in cardiovascular disease 

Cardiovascular disease (CVD) is the leading cause of mortality 
globally [56,57]. CVDs are commonly referred to as a class of diseases in 
the heart or blood vessels [58], including, coronary artery diseases (e.g. 

Fig. 1. CircRNA biogenesis and subclasses. Nuclear genome-derived circRNAs comprise three groups: Exonic circRNAs (EcircRNAs), which are generated by 
backsplicing and localized predominantly in the cytoplasm, Exon-intron circRNAs (EIciRNAs), which are circularized with intronic sequences retained between the 
backspliced exons and localized predominantly in the nucleus, and Intronic circRNAs (ciRNAs), which are derived from intronic lariat RNA precursors and localized 
in the nucleus. MecciRNAs are circRNAs encoded by the mitochondria, which are distributed in the mitochondria and in the cytosol. 
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angina, heart attack), strokes, hypertension, cardiomyopathy, 
arrhythmia, valvular diseases et al. [56,58]. A large amount of circRNAs 
have been identified in the hearts of humans, rats, and mice [59,60]. 
Lines of evidence have revealed the important roles of circRNAs in the 
pathophysiology of cardiovascular disease [61–89] (Fig. 2; Table 1). 

3.1. Atherosclerosis and myocardial infarction 

Atherosclerosis is a chronic disease in which plaque buildup on the 
inner wall of an artery leads to a narrowing of the artery [90]. Athero
sclerosis could lead to heart attack and stroke with a high risk of death 
[90]. Pathogenic causes of atherosclerosis are complicated, and it is 
commonly accepted that aberrant proliferation of vascular smooth 
muscle cells (VSMCs) promotes plaque formation [91]. Increased 
low-density lipoprotein (LDL), hypertension, obesity, and diabetes will 
increase the morbidity of atherosclerosis [92]. Both promoting and 
inhibiting roles of circRNAs in the atherosclerosis process have been 
reported. circANRIL which is transcribed from the CVD risk locus on 
chromosome 9p21 has been reported as a suppressor of atherosclerosis. 
The expression of circANRIL is increased in peripheral blood mono
nuclear cells (PBMC) and plaque of coronary artery disease (CAD) pa
tients with 9p21 atheroprotective genotype. CircANRIL binding to 
pescadillo homologue (PSE1), a key regulator of 60S ribosome biogen
esis rRNA, prevents ribosomal RNA (rRNA) maturation, induces 

nucleolar stress, and eventually results in increased apoptosis and pro
liferation inhibition [63]. CircCHFR is reported aberrantly overex
pressed in the oxidized-LDL (ox-LDL)-induced VSMCs. CircCHFR 
enhances Cyclin D1 expression by sponging miR-370 and increases 
transcription factor FOXO1 (a miR-370 target) levels. 
CircCFHR/miR-370/FOXO1/Cyclin D1 pathway promotes the prolifer
ation and migration of VSMCs and facilitates atherosclerosis [64]. 

Myocardial infarction (MI), known as heart attack colloquially, is 
one of the leading causes of death worldwide [93]. MI is defined path
ologically as cardiac muscle death due to prolonged ischemia [94]. 
CircRNAs have been well-studied in the pathophysiologic progression 
after infarction including infarct healing and cardiac remodeling [95]. 
Myocardial infarction-associated circular RNA (MICRA, also known as 
circZNF609) is identified as a prognostic biomarker for predicting left 
vehicle (LV) dysfunction after MI. Blood levels of MICRA are lower in MI 
patients compared to healthy volunteers. Patients with a lower level of 
MICRA are at higher risk of LV dysfunction [71]. CircFndc3b has been 
reported to promote cardiac repair after MI. CircFndc3b is significantly 
down-regulated in heart tissues from post-MI mice and ischemic car
diomyopathy patients. Intra-myocardial injection of 
circFndc3b-expressing AAV9 viral in post-MI mice enhances angiogen
esis and improves cardiac functions after MI. Mechanistically, 
circFndc3b elevates the expression of vascular endothelial growth 
factor-A (VEGF-A) by interacting with fused in sarcoma (FUS) [72]. 

Fig. 2. Graphical demonstrates the representative circRNAs in cardiovascular diseases.  
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CircNfix is conserved among human, rat, and mouse, and is highly 
abundant in cardiomyocytes. CircNfix represses the expression of cyclin 
A2 and cyclin B1 by promoting ubiquitination degradation of Y-box 
binding protein 1 (Ybx1). Loss of circNfix promotes angiogenesis and 
cardiomyocyte proliferation in mice [73]. At the cellular level, mito
chondrial reactive oxygen species (ROS) are generated during the MI, 
especially after reperfusion. Cardiomyocytes under oxidative stress and 
excessive ROS induces cardiomyocyte damage and even apoptosis [74]. 
Thus targeting mitochondria-derived ROS has become a novel thera
peutic strategy [96]. Mitochondria-localized circSamd4, selectively 
expressed in fetal and neonatal cardiomyocytes, is found to participate 
in antioxidant response in cardiomyocytes. AAV9-mediated circSamd4 
overexpression reduces ROS injury and preserves LV functions in mice 
post-MI [97]. 

3.2. Cardiomyopathy and heart failure 

Cardiomyopathies are multi-cause diseases and frequently present as 
the syndrome of heart failure (HF) [98,99]. The main types of cardio
myopathies include dilated cardiomyopathy (DCM), hypertrophic car
diomyopathy (HCM), restrictive cardiomyopathy (RCM), and 
arrhythmogenic right ventricular dysplasia (ARVC) [98,99]. DCM and 
HCM are the two most common types of cardiomyopathies. HCM is most 

often inherited and caused by pathogenic sarcomere variants, while 
DCM can be developed from genetic and non-genetic inducements [56]. 
A series of studies have demonstrated that circRNAs participate in car
diac fibrosis, cardiomyocyte functions, and cardiac functions during the 
development of cardiomyopathy. Hundreds of circRNAs are found dys
regulated in heart tissues from DCM patients [78,81,82], indicating a 
potential functional role of circRNAs in DCM. CircSLCA8A1 (also known 
as circNCX1) is identified as a highly expressed circRNA in car
diomyocytes and is abnormally upregulated in DCM patients [78–82]. 
CircSLCA8A1 is multifunctional and involved in many pathophysiolog
ical processes of heart diseases [80]. Mouse circSlc8a1 functions as a 
microRNA sponge with 10 potential target sites for miR-133a which is a 
key regulator of cardiac hypertrophy [80,100]. Downregulation of 
circSlc8a1 attenuates pressure overload-induced cardiac hypertrophy in 
mice with transverse aortic constriction (TAC) [80]. 
CircSlc8a1-miR133a axis is implicated in regulating DCM as 
AAV9-mediated overexpression of circSlc8a1 in vivo or miR-133a defi
cient induces cardiac dilatation and heart failure [101]. Moreover, a 
potential role in ischemia injury of circSlc8a1 is reported, in which 
circSlc8a1 expression is increased by ROS response in rat cardiomyocyte 
cells and the elevated circSlc8a1 promotes cardiomyocyte apoptosis by 
sponging miR-133a-3p [79]. Collectively, an aberrantly high level of 
circSLCA8A1 seems to be related to diverse heart diseases, and 

Table 1 
circRNAs in cardiovascular disease.  

circRNA cardiovascular 
disease 

Function Molecular mechanism Species Ref 

circANRIL Atherosclerosis Atheroprotective function through increasing apoptosis 
and inhibiting proliferation of vascular smooth muscle cells 
(VSMCs) in atherosclerotic plaques 

Prevents ribosomal RNA (rRNA) 
maturation by binding to PSE1 

Human 
Rat 

[63] 

circCHFR Atherosclerosis Promotes the proliferation and migration of VSMCs and 
facilitates atherosclerosis 

Increases Cyclin D1 by sponging miR-370 
and increasing FOXO1 levels. 

Human [64] 

circRSF1 Atherosclerosis Inhibits apoptosis and inflammation of human umbilical 
vein endothelial cells (HUVECs) 

Increases HDAC1by sponging miR-135b- 
5p 

Human [65] 

circRNA-0044073 Atherosclerosis Increases the proliferation and invasion of VSMCs and 
HUVECs 

Sponges miR-107 and activates the JAK/ 
STAT pathway 

Human [66] 

circRNA ZNF609 Vascular 
dysfunction 

Promotes vascular dysfunction Sponges miR-615-5p and increases 
MEF2A expression 

Human 
Mouse 

[67] 

hsa_circ_0124644 
hsa_circ_0098964 

Coronary artery 
disease 

Diagnostic biomarkers Peripheral blood circRNAs Human [68] 

hsa_circ_0001445 Coronary artery 
disease 

Diagnostic biomarker Plasma circRNA Human [69] 

circEsyt2 Atherosclerosis, 
hypertension 

Enhances Vascular remodeling Binds to PCBP1 and regulating its 
intracellular localization 

Mouse [70] 

circRNA MICRA 
(circZNF609) 

Myocardial 
infarction (MI) 

Prognostic biomarker for predicting left vehicle (LV) 
dysfunction after MI 

Patients with a lower level of MICRA are 
at higher risk of LV dysfunction 

Human [71] 

circFndc3b MI promote cardiac repair after MI Elevates the expression of VEGF-A by 
interacting with FUS 

Human 
Mouse 

[72] 

circNfix MI Loss of circNfix promotes angiogenesis and cardiomyocyte 
proliferation in mice 

Represses the expression of cyclin A2 and 
cyclin B1 by promoting ubiquitination 
degradation of Ybx1 

Human 
Mouse 
Rat 

[73] 

circSamd4 MI Preserves LV functions in mice post-MI Participates in antioxidant response in 
cardiomyocytes 

Human 
Mouse 

[74] 

circPostn MI Promotes MI-induced myocardial injury and cardiac 
remodeling 

Sponges miR-96-5p Human 
Mouse 

[75] 

circRNA FEACR MI Suppressed MI and improves cardiac function FEACR-NAMPT-Sirt1-FOXO1-FTH1 axis Mouse [76] 
Cdr1as MI Promotes MI Sponges miR-7a Mouse [77] 
circSLCA8A1 

(circNCX1) 
Heart failure (HF) Involves in many pathophysiological processes of heart 

diseases 
Sponges miR-133a-3p Human 

Mouse 
Rat 

[78–82] 

circRNA DICAR 
(mm9_circ_008009) 

HF Inhibit the pyroptosis in diabetic cardiomyopathy (DCM) Mediates DICAR-VCP-Med12 degradation Mouse [83] 

circSnx12 HF Involves in ferroptosis during heart failure Sponges miR-224-5p Mouse [84] 
circRNA HRCR HF Inhibits cardiac hypertrophy and HF Sponges miR-223 Mouse [85] 
circ-Foxo3 HF Downregulated circ-Foxo3 attenuates doxorubicin (DOX)- 

induced cardiomyopathy 
Regulates subcellular locations of ID1, 
E2F1, FAK, and HIF1a 

Human 
Mouse 

[86] 

Circ-INSR HF Protective role against DOX-induced cardiotoxicity Interacts with mitochondrial SSBP1, and 
stabilizes mitochondrial DNA 

Human 
Mouse 

[87] 

circ-Amotl1 HF Reduces DOX-induced cardiomyocyte death Binds to AKT and activates its 
phosphorylation 

Human 
Mouse 

[88] 

circITCH HF Alleviates DOX cardiotoxicity Sponges miR-330-5p Human 
Mouse 

[89]  
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downregulating circSLCA8A1 might be a potential therapeutic strategy. 

3.3. Anti-cancer therapy-induced cardiotoxicity 

The incidence of cancer is rising globally, and the survival time of 
patients after diagnosis and treatment has increased due to the devel
opment of cancer therapy [102]. However, long-term cancer therapies 
unintentionally bring a series of cardiovascular complications 
[103–105]. Anthracyclines such as doxorubicin (DOX), are the most 
frequently mentioned cardiotoxic anti-cancer drugs [106,107]. The 
cardiotoxicity of DOX is extensively studied. DOX accumulates in the 
mitochondria and leads to cardiomyocyte dysfunction by increasing 
mitochondrial ROS. Excessive mitochondrial ROS induces the opening 
of the mitochondrial transient permittable pore (mPTP) and the sus
tained opening of mPTP leads to depolarization of the mitochondrial 
membrane. Cardiomyocytes with impaired mitochondria are subject to 
apoptosis [106–108]. Circ-Foxo3 is highly expressed in the aging hearts 
of mice and patients which induces cardiomyocyte senescence. Mecha
nistically, circ-Foxo3 interacts with proteins that are involved in cell 
senescence (ID1 and E2F1) and anti-stress response (FAK and HIF1a), 
and regulates their subcellular locations. Downregulating circ-Foxo3 
attenuated DOX-induced cardiomyopathy in mice [109]. A protective 
function of circ-Amotl1 under DOX cardiotoxicity is also reported by the 
same research group as circ-Foxo3. circ-Amotl1 reduces Dox-induced 
cardiomyocyte death by binding to AKT and activating AKT phosphor
ylation [88]. MicroRNA sponge such as circITCH, alleviates DOX car
diotoxicity by sponging miR-330-5p [89]. Circ-INSR plays a protective 
role against DOX-induced cardiotoxicity by interacting with mitochon
drial single strand binding protein 1 (SSBP1), stabilizing mitochondrial 
DNA (mtDNA). Circ-INSR is decreased in the hearts of DOX-treated 
patients and mice. Overexpression of circ-INSR via AAV9 viral in 
DOX-treated mice reverses DOX-induced cardiotoxicity [87]. 

Radiation treatment-induced cardiotoxicity is being increasingly 
concerned. Free radicals generated by radiation cause damage to the 
heart [105,110]. Radiation leads to endothelial injury and triggers an 
inflammatory response, raising the risk of atherosclerosis and myocar
dial ischemia [105]. Radiation also results in fibrosis of the myocardium 
and epicardium [105]. CircFOXO3 decreases apoptosis in car
diomyocyte cell lines under radiation, indicating a protective role under 
radiation-induced cardiotoxicity [86]. However, only a limited number 
of studies focus on circRNA in radiation-induced cardiotoxicity. 
Considering dysfunction of the heart itself being the final consequence, 
the circRNAs mentioned above may also serve as therapeutic targets in 
radiation-induced cardiac diseases. 

4. Future directions and conclusion 

CircRNAs are featured by their characteristics such as high stability, 
long half-life, low immunogenicity, translatability, tissue- and devel
opmental stage-specificity, which renders circRNAs as promising ther
apeutic molecules in early prevention, diagnosis, clinical intervention, 
and even prediction of response to therapies of diseases including CVD. 
Despite significant progress in identifying and characterizing circRNAs, 
further studies are needed to address the crucial unknown factors and 
limitations in research investigating circRNAs’ biological processes. A 
question in point is that circRNAs often exert their functions through one 
or multiple molecular mechanisms in many tissues and diseases, and the 
factors determining circRNA behaviors are multifactorial. Despite the 
vast majority of studies focused on the roles of circRNAs functioning as 
competitive endogenous RNAs in diseases including CVD, the actual 
number of circRNAs that are able to effectively contribute to disease 
progression by miRNA sponges is far lower than previously proposed 
[111,112]. miRNA binding sites of circRNAs and the capability to 
sponge miRNAs are not positively correlated, and some circRNAs with 
only one miRNA binding site could also function [112]. As many 
circRNAs are expressed with low levels, the ratio of circRNA/miRNA, as 

well as the relationship between the miRNA binding sites of circRNAs 
and the mRNA target sites of miRNAs, may be critically required for the 
target de-repression through ceRNA mechanism as most physiological 
changes in circRNA do not affect miRNA activity [111,113,114]. 
Necessary assessments of the accurate copy numbers and circRNA/
miRNA ratio under both physiological and pathological conditions in 
cells and tissues are fundamental to understanding circRNAs acting as 
miRNA sponges. Another frequently reported functional mechanism for 
circRNAs in CVD is circRNA-protein interactions, which refers to one 
circRNA may exclusively bind to a single protein or a complex of pro
teins under specific pathological conditions, or multiple circRNAs may 
form a circRNA-protein complex [115]. However, circRNAs seem to 
possess lower RBP binding density than their linear counterparts [116], 
which calls for novel and efficient algorithms for the assessment of po
tential circRNA binding. Additionally, circRNA functions in different 
diseases seem to vary with multiple modes, suggesting their contribution 
to a specific disease phenotype is likely to be context-dependent [117]. 
For example, circCcnb1 may exert distinct roles under different p53 
backgrounds [118]; circCCAC1 plays dual roles in CCA cells and endo
thelial monolayer cells by sponging miR-514a-5p and redistributing 
protein, respectively [119]. Appropriate controls and rescue experi
ments remain crucial to validate circRNA functions and to rule out the 
false positive effects. As progress in investigating circRNA functions was 
made mainly in tumor progression and repression, similar approaches of 
investigation can also be applied to extensive areas such as cardiovas
cular research and even panvascular diseases (PVD) [120]. 

Several approaches have been developed to modulate circRNA levels 
and target circRNAs for therapeutic applications. Specific siRNAs or 
shRNAs that target the back-splicing junctions of circRNAs, coupled 
with lipid-based polymers, are the most widely used circRNA knock
down strategies both in vitro and in vivo. CRISPR/Cas9-mediated editing 
systems have also been utilized in modulating circRNA levels. CRISPR/ 
Cas9 system targets the flanking intronic complementary sequences of 
circularizing exons or gene loci to disrupt circRNA biogenesis [121]. For 
example, knockout of circNfix by CRISPR/Cas9 system within car
diomyocytes both in vitro and in vivo, which increased the proliferation 
of HL-1 cardiomyocytes leading to cardiac regeneration after MI [73]. 
Meanwhile, the CRISPR/Cas13 system, unlike CRISPR/Cas9, targets the 
back-splicing junctions of circRNAs and shows high specificity and ef
ficiency of knockdown, with fewer effects on their corresponding linear 
mRNA [122]. In vitro or chemically synthesized circRNAs are also used 
to enhance circRNA expression, usually as miRNA sponges [123]. 
However, obstacles remain such as off-target gene silencing, nonspecific 
tissue or cell type targeting, toxicity of gold nanoparticles, synthetic 
circRNA immunogenicity, etc [124], manifesting a large gap between 
basic science and clinical practice. 

Highly efficient delivery systems are key to circRNA-based thera
peutics, as circRNAs cannot cross cell membranes by nature and are 
prone to sequester within endosomal compartments when internalized. 
Lipid nanoparticles (LNPs) are the most widely used nanocarrier for 
RNAs, including circRNAs [125]. Once endocytosed, LNPs destabilize 
the endosomal membrane and release circRNAs into the cytoplasm 
[126]. Lentiviral and adenoviral vectors are effective approaches used to 
deliver and overexpress circRNAs in vivo. For example, adeno-associated 
viruses (AAVs) were reported to deliver circRNAs in improving cardio
vascular function in transverse aortic constriction (TAC) mice [127]. 
AAV9 vector-based overexpression of the conserved circITCH partly 
prevented doxorubicin-induced cardiotoxicity in mice [89]. Addition
ally, in vitro synthesized circRNAs combined with nanoparticle delivery 
facilitate bioimaging and development for therapeutic drugs [128,129]. 
Exosomes from various sources are delivery vehicles for RNA transport 
and RNA level modulation [124,130]. One of the advantages of 
exosome-mediated delivery is exosomes protect RNAs from degradation 
and promote cellular uptake without triggering immune responses, 
which provides additional options for future in vivo studies [131]. 

Some circular RNAs have been uncovered with protein-coding 
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capacity [55,132,133]. An engineered circRNA with an internal ribo
somal entry site (IRES) can be translated in vivo [55,132]. Due to the 
covalently closed ring structure, circRNAs can be resistant to exonu
clease and are more stable than linear RNAs in cells and human fluid 
[21]. A longer half-life time allows circRNA to contiguously produce 
more significant amounts of proteins [134]. Circular RNA vaccines 
against SARS-CoV-2 have demonstrated effective protection in mice and 
monkeys [135]. This breakthrough provides a new insight into CVDs 
medicine design that engineering a circRNA translation tool expressing 
pharmaceutical proteins in patients. 

The development of specific and effective approaches is key to the 
future of circRNA-based therapeutics. Silencing of an oncogenic circRNA 
or overexpression of circRNAs that protect from diseases provides 
therapeutic strategies for clinical treatments. Druggable circRNAs that 
rely on in vitro or chemical synthesis are also promising molecules for 
drug design, despite this approach is often limited by the production of 
circRNAs on a large scale. Future investigations are expected to focus on 
the safety and efficacy of nanoparticles and exosomes. More practical 
approaches that target or deliver circRNAs in vivo would promote the 
therapeutic use of circRNA-based therapeutics. 

CVD is responsible for morbidity and mortality worldwide, with an 
increasing focus on efficient early diagnosis and targeted therapy. 
Despite the recent advances in research, novel diagnostic approaches 
and therapeutic interventions are still needed for clinical management. 
The landscape of circRNA expression in the human heart has been 
investigated in which the full spectrum of cardiac circRNA expression 
corresponding to their cognate cardiac-expressed linear protein-coding 
and non-coding genes were demonstrated with a high-abundance of 
specific cardiac-expressed circRNA was revealed [59]. Considering the 
complexity of cardiovascular research as compared to cancer research, 
experimental approaches and animal models need to be optimized. For 
example, the use of heart tissue and the crucial function of the individual 
make cardiovascular research not easily accessible. Despite the potential 
of circRNA as non-invasive CVD biomarkers is enormous, a huge amount 
of bioinformatics data with experimental validation are required before 
clinical trials. More detailed experiments with patient samples, such as 
biofluid, and exosomes, in the context of clinical research should be 
implemented corroborating with preliminary animal models. Further
more, AI-assisted diagnosis with other high-quality data helps identify 
shared and unique characteristics in various pathological contexts, 
especially for early detection of CVD. Some disease-related databases 
such as circRNADisease v2.0 are powerful tools for predicting the as
sociations of circRNAs and diseases [136]. Evolutionarily conserved 
circRNAs are gaining increasing attention [137–139]. Of note, a com
parison of human and mouse circRNA datasets showed that 15% of 
circRNAs are conserved splice sites in orthologues genes, and as much as 
10% of circRNAs are evolutionarily conserved in human, mouse and rat 
hearts [60,140,141], which facilitates the translational research from 
animal model discoveries into human CVD research. These 
CVD-associated circRNAs, together with exosome circRNAs easily ob
tained from serum collected, are therefore believed to be pioneers in 
paving the road for drug development. 

CRediT authorship contribution statement 

Xu Liu: Writing – review & editing, Writing – original draft, Funding 
acquisition, Conceptualization. Xuelin Yao: Writing – review & editing, 
Writing – original draft, Methodology. Liang Chen: Writing – review & 
editing, Writing – original draft, Funding acquisition, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The work of L.C. is supported by the National Key R&D Program of 
China (2019YFA0802600), and the National Natural Science Founda
tion of China (32270590). The work of X.L. is supported by the National 
Natural Science Foundation of China (32000438). 

References 

[1] L.S. Kristensen, T. Jakobsen, H. Hager, J. Kjems, The emerging roles of circRNAs 
in cancer and oncology, Nat. Rev. Clin. Oncol. 19 (2022) 188–206. 

[2] L.L. Chen, The expanding regulatory mechanisms and cellular functions of 
circular RNAs, Nat. Rev. Mol. Cell Biol. 21 (2020) 475–490. 

[3] L. Szabo, J. Salzman, Detecting circular RNAs: bioinformatic and experimental 
challenges, Nat. Rev. Genet. 17 (2016) 679–692. 

[4] T. Krausgruber, N. Fortelny, V. Fife-Gernedl, M. Senekowitsch, L.C. Schuster, 
A. Lercher, et al., Structural cells are key regulators of organ-specific immune 
responses, Nature 583 (2020) 296–302. 

[5] J. Salzman, C. Gawad, P.L. Wang, N. Lacayo, P.O. Brown, Circular RNAs are the 
predominant transcript isoform from hundreds of human genes in diverse cell 
types, PLoS One 7 (2012) e30733. 

[6] W.R. Jeck, J.A. Sorrentino, K. Wang, M.K. Slevin, C.E. Burd, J. Liu, et al., Circular 
RNAs are abundant, conserved, and associated with ALU repeats, RNA 19 (2013) 
141–157. 

[7] D.B. Dudekula, A.C. Panda, I. Grammatikakis, S. De, K. Abdelmohsen, Gorospe 
M. CircInteractome, A web tool for exploring circular RNAs and their interacting 
proteins and microRNAs, RNA Biol. 13 (2016) 34–42. 

[8] G.J. Goodall, V.O. Wickramasinghe, RNA in cancer, Nat. Rev. Cancer 21 (2021) 
22–36. 

[9] J.M. Nigro, K.R. Cho, E.R. Fearon, S.E. Kern, J.M. Ruppert, J.D. Oliner, et al., 
Scrambled exons, Cell 64 (1991) 607–613. 

[10] C. Cocquerelle, B. Mascrez, D. Hétuin, B. Bailleul, Mis-splicing yields circular 
RNA molecules, FASEB (Fed. Am. Soc. Exp. Biol.) J.: official publication of the 
Federation of American Societies for Experimental Biology 7 (1993) 155–160. 

[11] S. Memczak, M. Jens, A. Elefsinioti, F. Torti, J. Krueger, A. Rybak, et al., Circular 
RNAs are a large class of animal RNAs with regulatory potency, Nature 495 
(2013) 333–338. 

[12] K.M. Broadbent, J.C. Broadbent, U. Ribacke, D. Wirth, J.L. Rinn, P.C. Sabeti, 
Strand-specific RNA sequencing in Plasmodium falciparum malaria identifies 
developmentally regulated long non-coding RNA and circular RNA, BMC Genom. 
16 (2015) 454. 

[13] J.U. Guo, V. Agarwal, H. Guo, D.P. Bartel, Expanded identification and 
characterization of mammalian circular RNAs, Genome Biol. 15 (2014) 409. 

[14] S. Aufiero, Y.J. Reckman, Y.M. Pinto, E.E. Creemers, Circular RNAs open a new 
chapter in cardiovascular biology, Nat. Rev. Cardiol. 16 (2019) 503–514. 

[15] L. Kumar, Haque R. Shamsuzzama, T. Baghel, A. Nazir, Circular RNAs: the 
emerging class of non-coding RNAs and their potential role in human 
neurodegenerative diseases, Mol. Neurobiol. 54 (2017) 7224–7234. 

[16] S. Starke, I. Jost, O. Rossbach, T. Schneider, S. Schreiner, L.H. Hung, et al., Exon 
circularization requires canonical splice signals, Cell Rep. 10 (2015) 103–111. 

[17] L.L. Chen, The biogenesis and emerging roles of circular RNAs, Nat. Rev. Mol. Cell 
Biol. 17 (2016) 205–211. 

[18] X.O. Zhang, H.B. Wang, Y. Zhang, X. Lu, L.L. Chen, L. Yang, Complementary 
sequence-mediated exon circularization, Cell 159 (2014) 134–147. 

[19] M.C. Kramer, D. Liang, D.C. Tatomer, B. Gold, Z.M. March, S. Cherry, et al., 
Combinatorial control of Drosophila circular RNA expression by intronic repeats, 
hnRNPs, and SR proteins, Genes Dev. 29 (2015) 2168–2182. 

[20] X. Li, C.X. Liu, W. Xue, Y. Zhang, S. Jiang, Q.F. Yin, et al., Coordinated circRNA 
biogenesis and function with NF90/NF110 in viral infection, Mol. Cell 67 (2017) 
214–227. 

[21] L. Chen, G. Shan, CircRNA in cancer: fundamental mechanism and clinical 
potential, Cancer Lett. 505 (2021) 49–57. 

[22] Y. Zhang, X.O. Zhang, T. Chen, J.F. Xiang, Q.F. Yin, Y.H. Xing, et al., Circular 
intronic long noncoding RNAs, Mol. Cell 51 (2013) 792–806. 

[23] Z. Li, C. Huang, C. Bao, L. Chen, M. Lin, X. Wang, et al., Exon-intron circular RNAs 
regulate transcription in the nucleus, Nat. Struct. Mol. Biol. 22 (2015) 256–264. 

[24] X. Liu, X. Wang, J. Li, S. Hu, Y. Deng, H. Yin, et al., Identification of mecciRNAs 
and their roles in the mitochondrial entry of proteins, Sci. China Life Sci. 63 
(2020) 1429–1449. 

[25] Y. Enuka, M. Lauriola, M.E. Feldman, A. Sas-Chen, I. Ulitsky, Y. Yarden, Circular 
RNAs are long-lived and display only minimal early alterations in response to a 
growth factor, Nucleic Acids Res. 44 (2016) 1370–1383. 

[26] L.S. Kristensen, T.L.H. Okholm, M.T. Venø, J. Kjems, Circular RNAs are 
abundantly expressed and upregulated during human epidermal stem cell 
differentiation, RNA Biol. 15 (2018) 280–291. 

[27] D.L. Bentley, Coupling mRNA processing with transcription in time and space, 
Nat. Rev. Genet. 15 (2014) 163–175. 

[28] N. Chen, G. Zhao, X. Yan, Z. Lv, H. Yin, S. Zhang, et al., A novel FLI1 exonic 
circular RNA promotes metastasis in breast cancer by coordinately regulating 
TET1 and DNMT1, Genome Biol. 19 (2018) 218. 

[29] K.E. Tan, W.L. Ng, C.K. Ea, Y.Y. Lim, Detection of cytoplasmic and nuclear 
circular RNA via RT-qPCR, Bio-protocol 13 (2023) e4798. 

X. Liu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S2468-0540(24)00022-2/sref1
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref1
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref2
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref2
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref3
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref3
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref4
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref4
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref4
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref5
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref5
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref5
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref6
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref6
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref6
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref7
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref7
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref7
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref8
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref8
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref9
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref9
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref10
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref10
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref10
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref11
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref11
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref11
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref12
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref12
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref12
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref12
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref13
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref13
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref14
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref14
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref15
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref15
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref15
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref16
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref16
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref17
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref17
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref18
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref18
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref19
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref19
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref19
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref20
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref20
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref20
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref21
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref21
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref22
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref22
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref23
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref23
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref24
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref24
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref24
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref25
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref25
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref25
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref26
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref26
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref26
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref27
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref27
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref28
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref28
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref28
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref29
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref29


Non-coding RNA Research 9 (2024) 429–436

435

[30] C. Huang, D. Liang, D.C. Tatomer, J.E. Wilusz, A length-dependent evolutionarily 
conserved pathway controls nuclear export of circular RNAs, Genes Dev. 32 
(2018) 639–644. 

[31] I.A. Roundtree, G.Z. Luo, Z. Zhang, X. Wang, T. Zhou, Y. Cui, et al., YTHDC1 
mediates nuclear export of N(6)-methyladenosine methylated mRNAs, Elife 6 
(2017). 

[32] R.X. Chen, X. Chen, L.P. Xia, J.X. Zhang, Z.Z. Pan, X.D. Ma, et al., N(6)- 
methyladenosine modification of circNSUN2 facilitates cytoplasmic export and 
stabilizes HMGA2 to promote colorectal liver metastasis, Nat. Commun. 10 
(2019) 4695. 

[33] L. Fan, L. Yao, Z. Li, Z. Wan, W. Sun, S. Qiu, et al., Exosome-based mitochondrial 
delivery of circRNA mSCAR alleviates sepsis by orchestrating macrophage 
activation, Adv. Sci. 10 (2023) e2205692. 

[34] L. Chen, Y. Wang, J. Lin, Z. Song, Q. Wang, W. Zhao, et al., Exportin 4 depletion 
leads to nuclear accumulation of a subset of circular RNAs, Nat. Commun. 13 
(2022) 5769. 

[35] M. An, H. Zheng, J. Huang, Y. Lin, Y. Luo, Y. Kong, et al., Aberrant nuclear export 
of circNCOR1 underlies SMAD7-mediated lymph node metastasis of bladder 
cancer, Cancer Res. 82 (2022) 2239–2253. 

[36] C.X. Liu, L.L. Chen, Circular RNAs: characterization, cellular roles, and 
applications, Cell 185 (2022) 2016–2034. 

[37] D. Tsitsipatis, I. Grammatikakis, R.K. Driscoll, X. Yang, K. Abdelmohsen, S. 
C. Harris, et al., AUF1 ligand circPCNX reduces cell proliferation by competing 
with p21 mRNA to increase p21 production, Nucleic Acids Res. 49 (2021) 
1631–1646. 

[38] M. Dahl, I. Daugaard, M.S. Andersen, T.B. Hansen, K. Grønbæk, J. Kjems, et al., 
Enzyme-free digital counting of endogenous circular RNA molecules in B-cell 
malignancies, Lab. Invest. 98 (2018) 1657–1669. 

[39] Y. Liang, J. Cen, Y. Huang, Y. Fang, Y. Wang, G. Shu, et al., CircNTNG1 inhibits 
renal cell carcinoma progression via HOXA5-mediated epigenetic silencing of 
Slug, Mol. Cancer 21 (2022) 224. 

[40] X. Yao, H. Liu, Z. Wang, F. Lu, W. Chen, Q. Feng, et al., Circular RNA EIF3I 
promotes papillary thyroid cancer progression by interacting with AUF1 to 
increase Cyclin D1 production, Oncogene 42 (2023) 3206–3218. 

[41] G.A. Brar, M. Yassour, N. Friedman, A. Regev, N.T. Ingolia, J.S. Weissman, High- 
resolution view of the yeast meiotic program revealed by ribosome profiling, 
Science 335 (2012) 552–557. 

[42] C.K. Chen, R. Cheng, J. Demeter, J. Chen, S. Weingarten-Gabbay, L. Jiang, et al., 
Structured elements drive extensive circular RNA translation, Mol. Cell 81 (2021) 
4300–4318. 

[43] L.P. Benoit Bouvrette, N.A.L. Cody, J. Bergalet, F.A. Lefebvre, C. Diot, X. Wang, et 
al., CeFra-seq reveals broad asymmetric mRNA and noncoding RNA distribution 
profiles in Drosophila and human cells, RNA 24 (2018) 98–113. 

[44] F.M. Fazal, S. Han, K.R. Parker, P. Kaewsapsak, J. Xu, A.N. Boettiger, et al., Atlas 
of subcellular RNA localization revealed by APEX-Seq, Cell 178 (2019) 473–490. 

[45] Y.C. Lin, Y.C. Wang, Y.C. Lee, H.H. Lin, K.L. Chang, Y.C. Tai, et al., CircVIS: a 
platform for circRNA visual presentation, BMC Genom. 22 (2022) 921. 

[46] L. Ning, T. Cui, B. Zheng, N. Wang, J. Luo, B. Yang, et al., MNDR v3.0: mammal 
ncRNA-disease repository with increased coverage and annotation, Nucleic Acids 
Res. 49 (2021) D160–D164. 

[47] T. Zhang, P. Tan, L. Wang, N. Jin, Y. Li, L. Zhang, et al., RNALocate: a resource for 
RNA subcellular localizations, Nucleic Acids Res. 45 (2017) D135–D138. 

[48] M.N. Asim, M.A. Ibrahim, M. Imran Malik, A. Dengel, Ahmed S. Circ-LocNet, 
A computational framework for circular RNA sub-cellular localization prediction, 
Int. J. Mol. Sci. 23 (2022) 8221. 

[49] A. Garg, N. Singhal, R. Kumar, M. Kumar, mRNALoc: a novel machine-learning 
based in-silico tool to predict mRNA subcellular localization, Nucleic Acids Res. 
48 (2020) W239–W243. 

[50] G.H. Yuan, Y. Wang, G.Z. Wang, L. Yang, RNAlight: a machine learning model to 
identify nucleotide features determining RNA subcellular localization, Briefings 
Bioinf. 24 (2023). 

[51] T.B. Hansen, T.I. Jensen, B.H. Clausen, J.B. Bramsen, B. Finsen, C.K. Damgaard, et 
al., Natural RNA circles function as efficient microRNA sponges, Nature 495 
(2013) 384–388. 

[52] A. Huang, H. Zheng, Z. Wu, M. Chen, Y. Huang, Circular RNA-protein 
interactions: functions, mechanisms, and identification, Theranostics 10 (2020) 
3503–3517. 

[53] C. Fan, H. Qu, F. Xiong, Y. Tang, T. Tang, L. Zhang, et al., CircARHGAP12 
promotes nasopharyngeal carcinoma migration and invasion via ezrin-mediated 
cytoskeletal remodeling, Cancer Lett. 496 (2021) 41–56. 

[54] N. Wu, Z. Yuan, K.Y. Du, L. Fang, J. Lyu, C. Zhang, et al., Translation of yes- 
associated protein (YAP) was antagonized by its circular RNA via suppressing the 
assembly of the translation initiation machinery, Cell Death Differ. 26 (2019) 
2758–2773. 

[55] Y. Yang, X. Fan, M. Mao, X. Song, P. Wu, Y. Zhang, et al., Extensive translation of 
circular RNAs driven by N(6)-methyladenosine, Cell Res. 27 (2017) 626–641. 

[56] C.W. Tsao, A.W. Aday, Z.I. Almarzooq, C.A.M. Anderson, P. Arora, C.L. Avery, et 
al., Heart disease and stroke statistics-2023 Update: a report from the American 
Heart Association, Circulation 147 (2023) e93–e621. 

[57] M. Amini, F. Zayeri, M. Salehi, Trend analysis of cardiovascular disease mortality, 
incidence, and mortality-to-incidence ratio: results from global burden of disease 
study 2017, BMC Publ. Health 21 (2021) 401. 

[58] H. Thomas, J. Diamond, A. Vieco, S. Chaudhuri, E. Shinnar, S. Cromer, et al., 
Global atlas of cardiovascular disease 2000-2016: the path to prevention and 
control, Global Heart 13 (2018) 143–163. 

[59] W.L. Tan, B.T. Lim, C.G. Anene-Nzelu, M. Ackers-Johnson, A. Dashi, K. See, et al., 
A landscape of circular RNA expression in the human heart, Cardiovasc. Res. 113 
(2017) 298–309. 

[60] S. Werfel, S. Nothjunge, T. Schwarzmayr, T.M. Strom, T. Meitinger, S. Engelhardt, 
Characterization of circular RNAs in human, mouse and rat hearts, J. Mol. Cell. 
Cardiol. 98 (2016) 103–117. 

[61] Y. Devaux, E.E. Creemers, R.A. Boon, S. Werfel, T. Thum, S. Engelhardt, et al., 
Circular RNAs in heart failure, Eur. J. Heart Fail. 19 (2017) 701–709. 

[62] R.Y. Pan, C.H. Zhao, J.X. Yuan, Y.J. Zhang, J.L. Jin, M.F. Gu, et al., Circular RNA 
profile in coronary artery disease, Am. J. Tourism Res. 11 (2019) 7115–7125. 

[63] L.M. Holdt, A. Stahringer, K. Sass, G. Pichler, N.A. Kulak, W. Wilfert, et al., 
Circular non-coding RNA ANRIL modulates ribosomal RNA maturation and 
atherosclerosis in humans, Nat. Commun. 7 (2016) 12429. 

[64] L. Yang, F. Yang, H. Zhao, M. Wang, Y. Zhang, Circular RNA circCHFR facilitates 
the proliferation and migration of vascular smooth muscle via miR-370/FOXO1/ 
Cyclin D1 pathway, Mol. Ther. Nucleic Acids 16 (2019) 434–441. 

[65] X. Zhang, J. Lu, Q. Zhang, Q. Luo, B. Liu, CircRNA RSF1 regulated ox-LDL induced 
vascular endothelial cells proliferation, apoptosis and inflammation through 
modulating miR-135b-5p/HDAC1 axis in atherosclerosis, Biol. Res. 54 (2021) 11. 

[66] L. Shen, Y. Hu, J. Lou, S. Yin, W. Wang, Y. Wang, et al., CircRNA-0044073 is 
upregulated in atherosclerosis and increases the proliferation and invasion of cells 
by targeting miR-107, Mol. Med. Rep. 19 (2019) 3923–3932. 

[67] C. Liu, M.D. Yao, C.P. Li, K. Shan, H. Yang, J.J. Wang, et al., Silencing of circular 
RNA-ZNF609 ameliorates vascular endothelial dysfunction, Theranostics 7 
(2017) 2863–2877. 

[68] Z. Zhao, X. Li, C. Gao, D. Jian, P. Hao, L. Rao, et al., Peripheral blood circular RNA 
hsa_circ_0124644 can be used as a diagnostic biomarker of coronary artery 
disease, Sci. Rep. 7 (2017) 39918. 

[69] D. Vilades, P. Martínez-Camblor, A. Ferrero-Gregori, C. Bär, D. Lu, K. Xiao, et al., 
Plasma circular RNA hsa_circ_0001445 and coronary artery disease: performance 
as a biomarker, FASEB (Fed. Am. Soc. Exp. Biol.) J. 34 (2020) 4403–4414. 

[70] X. Gong, M. Tian, N. Cao, P. Yang, Z. Xu, S. Zheng, et al., Circular RNA circEsyt2 
regulates vascular smooth muscle cell remodeling via splicing regulation, J. Clin. 
Investig. (2021) 131. 

[71] M. Vausort, A. Salgado-Somoza, L. Zhang, P. Leszek, M. Scholz, A. Teren, et al., 
Myocardial infarction-associated circular RNA predicting left ventricular 
dysfunction, J. Am. Coll. Cardiol. 68 (2016) 1247–1248. 

[72] V.N.S. Garikipati, S.K. Verma, Z. Cheng, D. Liang, M.M. Truongcao, M. Cimini, et 
al., Circular RNA CircFndc3b modulates cardiac repair after myocardial 
infarction via FUS/VEGF-A axis, Nat. Commun. 10 (2019) 4317. 

[73] S. Huang, X. Li, H. Zheng, X. Si, B. Li, G. Wei, et al., Loss of super-enhancer- 
regulated circRNA Nfix induces cardiac regeneration after myocardial infarction 
in adult mice, Circulation 139 (2019) 2857–2876. 

[74] M. Hori, K. Nishida, Oxidative stress and left ventricular remodelling after 
myocardial infarction, Cardiovasc. Res. 81 (2009) 457–464. 

[75] N. Cheng, M.Y. Wang, Y.B. Wu, H.M. Cui, S.X. Wei, B. Liu, et al., Circular RNA 
POSTN promotes myocardial infarction-induced myocardial injury and cardiac 
remodeling by regulating miR-96-5p/BNIP3 axis, Front. Cell Dev. Biol. 8 (2020) 
618574. 

[76] J. Ju, X.M. Li, X.M. Zhao, F.H. Li, S.C. Wang, K. Wang, et al., Circular RNA FEACR 
inhibits ferroptosis and alleviates myocardial ischemia/reperfusion injury by 
interacting with NAMPT, J. Biomed. Sci. 30 (2023) 45. 

[77] H.H. Geng, R. Li, Y.M. Su, J. Xiao, M. Pan, X.X. Cai, et al., The Circular RNA 
Cdr1as promotes myocardial infarction by mediating the regulation of miR-7a on 
its target genes expression, PLoS One 11 (2016) e0151753. 

[78] K. Dong, X. He, H. Su, D.J.R. Fulton, J. Zhou, Genomic analysis of circular RNAs 
in heart, BMC Med. Genom. 13 (2020) 167. 

[79] M. Li, W. Ding, M.A. Tariq, W. Chang, X. Zhang, W. Xu, et al., A circular transcript 
of ncx1 gene mediates ischemic myocardial injury by targeting miR-133a-3p, 
Theranostics 8 (2018) 5855–5869. 

[80] T.B. Lim, E. Aliwarga, T.D.A. Luu, Y.P. Li, S.L. Ng, L. Annadoray, et al., Targeting 
the highly abundant circular RNA circSlc8a1 in cardiomyocytes attenuates 
pressure overload induced hypertrophy, Cardiovasc. Res. 115 (2019) 1998–2007. 

[81] D. Siede, K. Rapti, A.A. Gorska, H.A. Katus, J. Altmüller, J.N. Boeckel, et al., 
Identification of circular RNAs with host gene-independent expression in human 
model systems for cardiac differentiation and disease, J. Mol. Cell. Cardiol. 109 
(2017) 48–56. 

[82] W. Lei, T. Feng, X. Fang, Y. Yu, J. Yang, Z.A. Zhao, et al., Signature of circular 
RNAs in human induced pluripotent stem cells and derived cardiomyocytes, Stem 
Cell Res. Ther. 9 (2018) 56. 

[83] Q. Yuan, Y. Sun, F. Yang, D. Yan, M. Shen, Z. Jin, et al., CircRNA DICAR as a novel 
endogenous regulator for diabetic cardiomyopathy and diabetic pyroptosis of 
cardiomyocytes, Signal Transduct. Targeted Ther. 8 (2023) 99. 

[84] H. Zheng, L. Shi, C. Tong, Y. Liu, M. Hou, circSnx12 is involved in ferroptosis 
during heart failure by targeting miR-224-5p, Frontiers in Cardiovascular 
Medicine 8 (2021) 656093. 

[85] K. Wang, B. Long, F. Liu, J.X. Wang, C.Y. Liu, B. Zhao, et al., A circular RNA 
protects the heart from pathological hypertrophy and heart failure by targeting 
miR-223, Eur. Heart J. 37 (2016) 2602–2611. 

[86] Y. Qiu, X. Xie, L. Lin, circFOXO3 protects cardiomyocytes against radiation- 
induced cardiotoxicity, Mol. Med. Rep. 23 (2021). 

[87] D. Lu, S. Chatterjee, K. Xiao, I. Riedel, C.K. Huang, A. Costa, et al., A circular RNA 
derived from the insulin receptor locus protects against doxorubicin-induced 
cardiotoxicity, Eur. Heart J. 43 (2022) 4496–4511. 

X. Liu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S2468-0540(24)00022-2/sref30
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref30
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref30
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref31
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref31
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref31
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref32
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref32
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref32
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref32
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref33
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref33
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref33
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref34
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref34
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref34
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref35
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref35
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref35
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref36
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref36
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref37
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref37
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref37
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref37
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref38
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref38
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref38
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref39
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref39
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref39
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref40
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref40
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref40
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref41
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref41
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref41
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref42
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref42
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref42
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref43
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref43
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref43
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref44
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref44
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref45
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref45
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref46
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref46
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref46
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref47
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref47
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref48
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref48
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref48
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref49
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref49
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref49
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref50
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref50
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref50
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref51
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref51
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref51
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref52
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref52
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref52
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref53
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref53
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref53
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref54
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref54
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref54
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref54
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref55
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref55
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref56
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref56
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref56
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref57
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref57
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref57
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref58
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref58
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref58
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref59
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref59
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref59
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref60
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref60
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref60
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref61
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref61
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref62
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref62
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref63
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref63
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref63
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref64
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref64
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref64
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref65
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref65
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref65
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref66
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref66
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref66
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref67
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref67
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref67
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref68
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref68
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref68
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref69
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref69
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref69
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref70
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref70
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref70
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref71
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref71
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref71
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref72
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref72
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref72
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref73
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref73
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref73
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref74
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref74
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref75
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref75
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref75
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref75
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref76
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref76
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref76
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref77
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref77
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref77
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref78
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref78
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref79
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref79
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref79
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref80
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref80
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref80
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref81
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref81
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref81
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref81
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref82
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref82
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref82
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref83
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref83
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref83
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref84
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref84
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref84
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref85
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref85
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref85
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref86
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref86
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref87
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref87
http://refhub.elsevier.com/S2468-0540(24)00022-2/sref87


Non-coding RNA Research 9 (2024) 429–436

436

[88] Y. Zeng, W.W. Du, Y. Wu, Z. Yang, F.M. Awan, X. Li, et al., A Circular RNA binds 
to and activates AKT phosphorylation and nuclear localization reducing apoptosis 
and enhancing cardiac repair, Theranostics 7 (2017) 3842–3855. 

[89] D. Han, Y. Wang, Y. Wang, X. Dai, T. Zhou, J. Chen, et al., The tumor-suppressive 
human circular RNA circITCH sponges miR-330-5p to ameliorate Doxorubicin- 
induced cardiotoxicity through upregulating SIRT6, Survivin, and SERCA2a, Circ. 
Res. 127 (2020) e108–e125. 

[90] S. Barquera, A. Pedroza-Tobías, C. Medina, L. Hernández-Barrera, K. Bibbins- 
Domingo, R. Lozano, et al., Global overview of the epidemiology of 
atherosclerotic cardiovascular disease, Arch. Med. Res. 46 (2015) 328–338. 

[91] M.R. Bennett, S. Sinha, G.K. Owens, Vascular smooth muscle cells in 
atherosclerosis, Circ. Res. 118 (2016) 692–702. 

[92] S. Xu, I. Ilyas, P.J. Little, H. Li, D. Kamato, X. Zheng, et al., Endothelial 
dysfunction in atherosclerotic cardiovascular diseases and beyond: from 
mechanism to pharmacotherapies, Pharmacol. Rev. 73 (2021) 924–967. 

[93] GBD 2019 Diseases and Injuries Collaborators, Global burden of 369 diseases and 
injuries in 204 countries and territories, 1990-2019: a systematic analysis for the 
Global Burden of Disease Study 2019, Lancet 396 (2020) 1204–1222. 

[94] K. Thygesen, J.S. Alpert, A.S. Jaffe, B.R. Chaitman, J.J. Bax, D.A. Morrow, et al., 
Fourth universal definition of myocardial infarction (2018), Circulation 138 
(2018) e618–e651. 

[95] Z.J. Wen, H. Xin, Y.C. Wang, H.W. Liu, Y.Y. Gao, Y.F. Zhang, Emerging roles of 
circRNAs in the pathological process of myocardial infarction, Mol. Ther. Nucleic 
Acids 26 (2021) 828–848. 

[96] S. Cadenas, ROS and redox signaling in myocardial ischemia-reperfusion injury 
and cardioprotection, Free Radical Biol. Med. 117 (2018) 76–89. 

[97] H. Zheng, S. Huang, G. Wei, Y. Sun, C. Li, X. Si, et al., CircRNA Samd4 induces 
cardiac repair after myocardial infarction by blocking mitochondria-derived ROS 
output, Mol. Ther. : The Journal of the American Society of Gene Therapy 30 
(2022) 3477–3498. 

[98] W.J. McKenna, B.J. Maron, G. Thiene, Classification, epidemiology, and global 
burden of cardiomyopathies, Circ. Res. 121 (2017) 722–730. 

[99] Report of the WHO/ISFC task force on the definition and classification of 
cardiomyopathies, Br. Heart J. 44 (1980) 672–673. 
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