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Abstract
Recent advancements in genome-wide analyses and RNA-sequencing technologies led to the discovery of small noncoding RNAs, 
such as microRNAs (miRs), as well as both linear long noncoding RNAs (lncRNAs) and circular long noncoding RNAs (circRNAs).  The 
importance of miRs and lncRNAs in the treatment, prognosis and diagnosis of cardiovascular diseases (CVDs) has been extensively 
reported.  We also previously reviewed their implications in therapies and as biomarkers for CVDs.  More recently, circRNAs have 
also emerged as important regulators in CVDs.  CircRNAs are circular genome products that are generated by back splicing of 

pathophysiological functions.  CircRNAs have been shown to be key regulators of CVDs such as myocardial infarction, atherosclerosis, 

biomarkers for CVDs.  In this review, we summarize the current state of the literature on circRNAs, starting with their biogenesis and 
global mechanisms of actions.  We then provide a synopsis of their involvement in various CVDs.  Lastly, we emphasize the great 
potential of circRNAs as biomarkers for the early detection of CVDs, and discuss several patents and recent papers that highlight the 
utilization of circRNAs as promising biomarkers.
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Introduction
Cardiovascular disease (CVD) is a major killer of the human 
population in the USA and the world.  It is estimated that 
approximately 100 million American adults (>1 in 3) have 

million) have been diagnosed with heart disease.  By the 

some form of CVD
advancements in disease management have been directed 

development of platforms for early detection and the possible 

biomarkers have been discovered and utilized in clinical set
tings.  According to the American Association for Clinical 

used in the clinic are cardiac troponin and creatine kinase 

(CK).  Cardiac troponin diagnoses myocardial infarction; its 

.  CK is mostly used 
to diagnose a second myocardial infarction occurring shortly 

injury occurs .
With the advancements in technology and the development 

regulate the function of genes and therefore modulate a vast 
number of physiological and pathological processes.  Based 

–
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.  tRNAs were dis
covered to transfer amino acids to ribosomes during protein 
synthesis.  rRNAs are ribosome components and are directly 
involved in protein synthesis.  snRNAs process mRNA precur

ration.  snoRNAs mediate chemical modifications of other 
RNAs.  gRNAs participate in RNA editing.  piRNAs play roles 

tary target mRNAs.  miRs negatively regulate target genes 
by translational inhibition or promoting mRNA degradation.  

through epigenetic mechanisms to regulate chromatin remod
eling.  circRNAs regulate alternative splicing and parental 

enous RNAs or miR sponges .  Among the multiple noncod

have been extensively studied in various pathophysiological 

est of a large group of researchers and health providers for 
their tremendous potential as future therapeutics and disease 
biomarkers.

.  We have also published multiple reviews on the 

roles of lncRNAs in CVDs  and another review summarizing 
the literature on the crosstalk between lncRNAs and miRs in 
health and disease .

Viereck et al also extensively reviewed the literature and 
provided the current state of knowledge on circulating non
coding RNAs as biomarkers for cardiovascular disease and 
injury.  Even though the authors mainly focused on miRs and 

as biomarkers for CVDs

literature showing their involvement in cardiovascular health 

functions and diseases has been increasingly reported .  For 
et al

ing on human and mouse hearts as well as on cardiomyocytes 

circRNAs in the heart .  CircRNAs have also been shown to 

than other noncoding RNAs because their circularization 
protects them from endonuclease activities .  Many review 
articles including the three described above  have sum

that identify circRNAs as potential therapies and biomarkers 
for CVDs; we will also report on the importance of crosstalk 
between circRNAs and miRs in CVDs.

Circular RNAs as potential therapies and biomarkers for 
cardiovascular diseases
Circular RNA biogenesis and mechanisms of actions
Biogenesis of circular RNAs

genomic order and releasing the intronic lariat .

of back splicing and the formation of circRNAs are not clearly 

Figure 1.  Biogenesis of circular RNAs.  Different from linear mRNAs, which are formed by canonical splicing and cutting away introns of the pre-mRNAs 
using small nuclear ribonucleoproteins (snRNPs), circRNAs are formed by back splicing of the pre-mRNAs and circularization of the cut segment, where 
the 5’ end joins the 3’ end.
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.

tional back splicing attributed to the following two reasons: 
 and (ii) a change in 

the ratio of linear mRNAs to circRNAs for individual genes 

Pol II .  Although it is not very well understood what could 

proposed: (i) Back splicing is associated with Alu elements 

.  (ii) More 

.

which prevents them from being degraded by RNA exonucle
ases
circRNAs play regulatory roles by acting as miR sponges .  

mRNAs and regulate the transcription of parental genes .  

roles of circRNAs and how they regulate cardiovascular 
pathology.

Global mechanisms of circular RNA function
MiRNA sponge:
Cytoplasmic circRNAs are shown to contain binding sites for 

enous RNAs (ceRNAs) .  Because of the ability of circRNAs 
.  

lated.  CircRNAs can possess MREs for multiple miRNAs 
and can also possess multiple binding sites for an individual 

.

Figure 2.  Mechanisms of actions of circular RNAs.  CircRNAs exert their functions through different mechanisms of actions.  Some circRNAs bind to 
miRNAs acting as miRNA sponges, while others bind to proteins acting as protein sponges.  Some nuclear circRNAs regulate the transcription of host 
genes.  Lastly, some circRNAs can even code for proteins.  IRES: internal ribosome entry site.
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discuss how they work together to regulate the pathogenesis of 
et al

that the circRNA CDRlas regulated apoptosis by acting as a 

sis

tion against heart failure .  A more recent study showed that 

regulates mitochondrial fission and apoptosis in the heart by 

.

important for cardiac diseases but also play a role in vascular 

.  A recent study 
also showed that circRNAs promote the expression of tran
sient receptor potential cation channel subfamily M member 

ease patients

mRNA network will provide important insights into therapeu
tic and diagnostic targets .

Protein sponge:

possess binding sites for proteins.  When circRNAs bind to 

mRNA alternative splicing.  It is worth noting that there is 
a feedback loop mechanism in this process as proposed by 

et al

.

Transcriptional host gene regulation:
CircRNAs are released into the cytoplasm and even extracel

scription
circRNAs (EIciRNAs) and circular intronic RNAs (ciRNAs).  

sites for the U1 small nuclear ribonucleoprotein (snRNP) in the 

the transcription of their parental genes .

Protein coding:

head  have been recently reported to encode proteins.  Both 
of these circRNAs were able to interact with ribosomes and 

et al

site (IRES) and lead to translation initiation .

Identification of circular RNAs as important regulators of 
cardiovascular development and disease

 and 
were thought to be generated by RNA splicing errors or be 

were revealed to function as molecular sponges for miRs

after miRs and lncRNAs.

Table 1.  Circular RNA-microRNA-target gene axis in cardiovascular diseases.

Disease CircRNA Target Regulation Effect Reference
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Table 2.  Circular RNAs associated with cardiovascular development and disease.

CircRNA Cardiovascular involvement Regulation Reference

 

fied in human and murine hearts

hearts and demonstrated that several circRNAs are involved 
in CVDs
rats (neonatal vs vs transverse aortic con

vs failing) identified over 

.  Even though 
the aforementioned studies are descriptive and somehow 

basis for the discovery of novel circRNAs that could be trans
lated clinically as either disease biomarkers or therapeutic 
agents for CVDs.

et al reported a circRNA database 
(http://circnet.mbc.nctu.edu.tw/)

.  Several 

ing circBase (http://circbase.org/)
starbase.sysu.edu.cn/mirCircRNA.php)

cinteractome.nia.nih.gov)
platforms to facilitate further functional research on circRNAs.  

experimentally validated before pursuing any functional studies.  

junction region.  Quantitative PCR analysis remains the most 

assessed in various CVDs by distinct diseases.

Circular RNAs in cardiac development

network of cardiac development has been studied and demon

strated in multiple studies .  It has been recently shown that 
not only does alternative splicing regulate cardiac develop

development .  A study by Werfel et al
cRNAs are highly expressed during cardiac development using 
cardiac tissues from humans and rats as well as human embry
onic stem cells that were differentiated to cardiomyocytes.  
Even though this study was descriptive in nature and lacked 

that potentially play important roles in cardiac development.  

circRNA rhobtb3 et al showed simi
lar results Slc8a1 is known to be a sodium/
calcium exchanger that is critical for heart development and 
contraction .  Rhobtb3 

the heart .  A study focused on a human induced pluripotent 

ulators in cardiac development and function (eg atxn10, chd7, 
dnajc6 and slc8a1)
study showed that circRNAs play important roles in pathways 

.

Circular RNAs in vascular development

development.  A study by Boeckel et al demonstrated that cir

in vitro silencing of 

.

Roles of circular RNAs in myocardial infarction
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ing of cardiac tissue in response to decreased blood flow in 
coronary arteries.  It is usually predisposed by atherosclerosis 
and leads to the occlusion of coronaries.  MI eventually leads 

.  Since the discov

tial therapeutics for MI et 
al

myocardial tissues compared to failing myocardial tissues due 
et al  reported 

the circRNA CDR1as as a mechanism of action in MI injury 

Roles of circular RNAs in ischemia-reperfusion injury

.  In a study by Mehta 
et al

circRNAs to be expressed at detectable levels from mostly 
exonic regions of genes in the cerebral cortex of sham animals.  

mentally validate the target miRs.

Roles of circular RNAs in cardiomyopathy

cardium
when the left ventricular myocardium becomes thicker than 

ally leads to heart failure and death.  Dilated cardiomyopathy 

et al
protective effects against myocardial hypertrophy and heart 
failure

Another study by Khan et al  reported abnormal circRNA 

confirmed that 10 exonic calcium/calmodulin-dependent protein 
kinase type II delta (camk2d) and titin circRNAs were associated 
with cardiomyopathy.  Camk2d circRNAs were downregu

titin circRNAs 
were downregulated only in DCM.  A profiling and valida
tion study also provided a comprehensive catalogue of RNase 

important roles in cardiomyopathy .

Cardiac fibrosis is a cardiac pathology characterized by the 

.  

et al
mouse myo9a .  Dia

reported to regulate the expression and function of alpha 

.

Roles of circular RNAs in cardiac senescence

sufficient to overcome cardiac damage once they are dif
ferentiated into their mature forms.  Cardiomyocytes also 
undergo pathological aging termed cardiac senescence.  Du et 
al reported that exonic CircFoxo3 could induce cardiac senes
cence .  Exogenous CircFoxo3 could aggravate heart senes

also provided mechanistic insights showing that CircFoxo3 
promotes cardiac senescence by binding to inhibitor of dif

Roles of circular RNAs in atherosclerosis
Atherosclerosis is a vascular disease caused by injury to the 
vascular endothelium that leads to the accumulation of choles
terol that eventually blocks the vessel.  MI usually occurs when 
a blood clot blocks blood flow to the heart.  Atherosclerosis 
could have a genetic predisposition due to its association with 
the ink4/arf
tumor suppressor genes (p16ink4a p15ink4b and arf) and the 

of anril 
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correlate with atherosclerosis risk et al showed 

forms

results in the inactivation of smooth muscle cells and macro

protective against atherosclerosis.

Circular RNAs as novel biomarkers for cardiovascular diseases

dates as future disease biomarkers for the following reasons.  

circRNAs more stable and abundant in extracellular fluids 

specific circRNAs in human and mouse

cles such as exosomes
of the blood (eg

studies.

relative to samples digested with RNase R to selectively 

rapidly than circRNAs in platelets .  CircRNAs are also 

cRNAs in exosomes is positively correlated with their cellular 
expression .  Many studies have already reported circRNAs 

study by Chen et al
in human gastric cancers et al

hepatocellular carcinoma .  CircRNAs not only serve as dis
ease biomarkers for cancers but can also act as biomarkers for 

a study by Floris et al
regulated in major human neurological disorders .  Another 
study by Iparraguirre et al

anxa2 and downregulated 
in multiple sclerosis .  More recent work by Maass et al also 

.

has been increasing interest in circRNAs as potential biomark
ers for CVDs.  A study by Zhao et al
to be upregulated in the bloodstream in patients with coro

clinical biomarker for coronary artery disease
Another study showed that a circular RNA called myocardial 

ventricular dysfunction after acute MI

than in healthy people.  MI patients with relatively low lev
els of MICRA are considered at high risk of left ventricular 
dysfunction.  A study by Bazan et al also described the role 

 

not many reports on circRNAs as potential biomarkers for 

cantly increase due to their superior stability compared with 
other noncoding RNAs.

Review of recent patents

filed on multiple circRNAs as potential CVD biomarkers.  

expressed circRNAs as well as their utilities for the diagnosis 

used for new types of biomarkers that lead to novel diagnos

that the circRNA transcripts in these patents could serve as 
biomarkers for the diagnosis of cardiovascular disorders.  

effects of these circRNAs on endothelial cell sprouting and 

failure and describes kits designed to diagnose MI using 

one or more anril 

the patent discusses methods for screening for compounds to 
prevent or treat such disorders .
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Table 3.  Patented circular RNAs as potential biomarkers in cardiovascular diseases.

Disease CircRNA Patent Reference

Myocardial Infarction U1-U7 and D1-D9
 EP3054017 A1

  WO2016124655 A1

 

Conclusions and current & future developments
Very little is known about circRNAs and how they function 
and regulate multiple physiological and pathological pro

in the clinical setting until enough knowledge is established 
about them .  All of the previous studies involving human 
subjects contain only a small cohort of patients or healthy 

provide more convincing data on pathophysiological roles of 
circRNAs and their potential utilities as biomarkers.  More

mainly attributed to the absence of standardized methodolo

of circRNAs as biomarkers for CVDs to the clinic somehow 
risky and not currently favorable for FDA approval.

to play important roles in the evolving strategies for tackling 

the tremendous promise of circRNAs in biomarker research.  
Although some circular RNA biomarkers for heart disease 

target effects.  More work is needed to better validate and 

research directions may help deepen our knowledge of the 
roles of circRNAs in CVDs and addressing their value as bio
markers.  (i) A detailed characterization of circRNA biogenesis 

originating tissues for circulating circRNAs are unknown and 

to secondary effects.  (iii) A characterization of the full spec
trum of circulating circRNAs in the bloodstream would guide 
in selecting candidate circRNAs for future biomarker stud

circRNA detection would be needed for developing clinically 

tive approaches between basic scientists and clinicians will be 

ities.
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