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Abstract
Circular RNAs (circRNAs) are covalently closed single-stranded RNAs with regulatory activity and regarded as new types of 
therapeutic targets in diseases such as cancers. By means of RNA-Seq technology, numerous cardiac circRNAs were discovered. 
Although some candidates were detected to involve in heart disease in murine model, relative low sequence conservation and 
expression level of their human homologs might result in an insignificant, even distinct effect in the human heart. Therefore, 
the therapeutic significance of circRNAs should be more strictly considered. It is also necessary to discuss which circRNA is 
suitable for being applied in heart disease treatment. Here, we are willing to introduce a ~ 1830 nt circular transcript generated 
from single exon of sodium/calcium exchanger 1 (ncx1) gene (also called solute carrier family 8 member A1, slc8a1), usually 
named circNCX1 or circSLC8A1, which is gradually coming into our view. circNCX1 is one of the most cardiac-enriched 
circRNAs. It is widely existent in vertebrate and relatively conserved, indicating its indispensability during the evolution of 
species. Indeed, circNCX1 was shown to involve in heart development by some expression analysis. It was further revealed that 
the dysregulation of circNCX1 is one of the key pathogeneses of heart diseases including ischemic cardiac injury and hyper-
trophic cardiomyopathy. To make the significance of circNCX1 in the heart clear, we comprehensively dissected circNCX1 in 
the aspects of its parental gene structure, conservation, biogenesis and expression profiles, function, molecular mechanisms, 
and clinical application in this review. New medicine or therapeutic schedules based on circNCX1 are expected in the future.
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Abbreviations
Ago2	� Argonaute 2
CELF1	� CUGBP Elav-like family member 1
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HIF1α	� Hypoxia-inducible factor 1α
HDAC	� Histone deacetylase
hnRNAs	� Heterogeneous nuclear RNAs

hESCs	� Human embryonic stem cells
iPSC	� Induced pluripotent stem cells
I/R	� Myocardial ischemia–reperfusion
MI	� Myocardial infarction
MBNL1	� Muscleblind-like protein 1
ncx1	� Sodium/calcium exchanger 1
ORF	� Open reading frame
PTBP1	� Polypyrimidine tract-binding protein 1
PD	� Parkinson’s disease
RBP	� RNA-binding protein
slc8a1	� Solute carrier family 8 member A1
SEs	� Super enhancers
SINEs	� Short interspersed repeat segments
SRSF	� Serine-/arginine-rich splicing factor

Introduction

Heart disease has been the most lethal events of human 
beings for a long time. In cellular level, the dysregula-
tion of cell differentiation, proliferation, metabolism, 
and death in the heart lead to a series of heart diseases. 
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Essentially, aberrant gene expression results in the dis-
ruption of cellular homeostasis. Therefore, molecular 
mechanisms of cardiac developmental, physiological, and 
pathological processes are always being studied aiming to 
fully understand the pathogenesis and discover effective 
therapeutic schedules of heart diseases. It has been known 
that gene expression is regulated in various stages includ-
ing chromatin activation (histone chemical modification 
and DNA methylation), transcription (transcription acti-
vation and inhibition), and post-transcription (RNA splic-
ing, RNA degeneration, protein translation, and protein 
degradation). Evidence showed that defect in each step in 
cardiac cells could disorder cardiac physiology and cause 
heart disease [1–5].

In 2013, a new type of RNA classified as circRNA 
was broadly identified in vertebrates [6, 7]. circRNAs are 
generated from back-spliced exons of precursor mRNAs 
(pre-mRNAs) or intronic lariats which escape from deg-
radation [8]. Distinct covalently closed circular structure 
makes circRNAs stable and tolerates RNase digestion [9]. 
Hence, circRNAs could be active in a relatively longer 
term. Functionally, exonic circRNAs localized in the 
cytoplasm are able to interact with RNA-/DNA-binding 
proteins to modulate their subcellular localization, stabil-
ity. or cofactor association [10–12]. Nevertheless, miRNA 
sponge is the more widely known function of circRNA. 
The degradation or translation repression of mRNA 
modulated by miRNA can be inhibited by the interaction 
of circRNA and miRNA [7, 13]. Intronic circRNAs can 
directly regulate parental gene transcription [14, 15]. In 
addition, a handful of circRNAs have coding ability and 
act via encoded proteins or peptides [16–23]. Versatile 
mechanisms make circRNAs defined as key regulator of 
gene expression.

The expression of circRNAs is spatio-temporal specific 
[6, 24, 25]. According to high-throughput RNA-Seq tech-
nology, thousands of circRNAs were detected in murine 
and human hearts [26, 27]. More and more candidates were 
demonstrated to function in the murine heart and affect gene 
expression in various levels during cardiac physiological and 
pathological processes [28–30]. However, whether these 
candidates involved in human heart disease need to be fur-
ther determined. The back-splicing events are quite different 
among species [6, 7, 31, 32], suggesting some murine cir-
cRNAs might not be expressed in the human heart. In addi-
tion, some circRNAs with low absolute cellular concentra-
tion were just screened out due to their differential changed 
expression level in murine heart disease model. They might 
not show significant activities in the human heart without 
artificial intervention because of the low probability of inter-
acting with target molecules [33].

In this review, we propose to introduce a circRNA 
which has therapeutic potency on heart disease treatment. 

This circRNA is usually named circNCX1 or circSLC8A1 
and generated from the second ~ 1830 nt exon of ncx1 
(also called slc8a1) gene. circNCX1 had been detected 
in vertebrates including primate, murine, pig, chicken, 
rabbit, amphibian, and teleost and rather conserved [26, 
27, 34–38]. It is also a most abundant circRNA in murine 
and human hearts [26, 27]. Studies demonstrated that 
circNCX1 is involved in ischemic myocardial injury and 
cardiac hypertrophy [39, 40]. Evidence also suggested 
possible roles of circNCX1 in heart development [41–44]. 
We will comprehensively characterize circNCX1 in each 
aspect to reveal its therapeutic value in heart disease 
treatment.

circNCX1 Is an Evolutionary Conserved 
circRNA Transcribed from ncx1 Gene

Ncx1 gene, also named slc8a1, encodes a transmembrane 
protein which modulates cellular Ca2+ homeostasis and 
Ca2+ involved processes [45], which is predominantly 
expressed in the myocardium regulating heart excita-
tion–contraction [46–49]. circNCX1 is just generated 
from the ~ 1830 nt single exon (normally the second exon 
of most NCX1 transcripts) of NCX1 pre-mRNA. Multi-
ple alignment of ncx1 genomic locus by PhyloP reveals 
that this circularized region is remarkably conserved in 
mammals [39]. High conservation among the species 
indicates similar target molecules and functions. This is 
important for medical studies involving circRNAs which 
used non-primates as experimental animals. Nowadays, 
murine is the most frequently used animal model for car-
diac circRNA research. However, if the murine circRNAs 
were not conserved or not spliced into the same isoform, 
even not existing in human, the therapeutic and clinical 
value of the results would be discounted. For instance, cir-
cRNA ACR (tagged as mm9_circ_006636 in database [7]) 
was demonstrated to protect the heart from I/R injury by 
attenuating cardiomyocyte autophagy in mice [29], but its 
homolog has not been detected in human so far. CDR1as, 
the first circRNA characterized as a miRNA sponge, was 
found to aggravate cardiomyocyte apoptosis in mice myo-
cardial infarction (MI) [50]. Although CDR1as homologs 
had been identified in both human and mouse, their lengths 
are quite distinct (human CDR1as, hsa_circ_0001946, 
1485nt. Mouse CDR1as, mmu_circ_0001878, 2927nt). 
Whether it causes functional difference is unknown. circ-
NCX1 is not only expressed in human and rodent heart, 
but also detected by RNA-Seq or accurately identified 
in various classes of vertebrates including pig, chicken, 
toad, and zebrafish [26, 27, 34–38], suggesting its evolu-
tional importance. Alignment of mammal circNCX1 locus 
sequence by MegAlign showed high sequence identity. It 
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means that conserved miRNA- or RNA-binding protein 
(RBP)-interacting motifs are reserved during the process 
of animal evolution. Similar regional secondary structure 
or tertiary structure of circNCX1 can also be formed to 
interact with similar group of molecules due to conserved 
primary structure among the species. Importantly, miR-
133a-3p-binding region in circNCX1 is conserved. It had 
been demonstrated in murine heart that circNCX1 primar-
ily works as a miR-133a-3p sponge (it will be discussed 
in detail in the following section) (Fig. 1). Therefore, it 
could be inferred that in other species, circNCX1 would 
also function through a miR-133a-dependent way.

What Makes circNCX1 the Most Abundant 
circRNA in the Heart: the Expression Profile 
of circNCX1 and Its Upstream Regulators

circNCX1 is the most abundant circRNA in murine and 
human hearts as revealed by multiple RNA-Seq data [26, 
27, 38]. To well understand the underlying mechanisms 
of cardiac enrichment of circNCX1, we should first talk 
about how circRNAs are generated. At present, the main-
stream view believes that both circRNAs and mRNAs 
originate from pre-mRNAs (or heterogeneous nuclear 
RNAs, hnRNAs) [8]. Therefore, factors transcription-
ally regulated the parental genes of circRNAs including 

Fig. 1   Sequence comparison of circNCX1. Genomic conservation of 
human, monkey, mouse, rat, pig, and rabbit circNCX1 was analyzed 
by MegAlign. The diverse sites were marked by dots. The sequence 

identity and distance were calculated. Conserved miR-133a binding 
sites predicted by RNAhybrid were shown
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cis-acting elements, trans-acting factors, DNA methyla-
tion, and histone modification, also affecting the expres-
sion pattern of circRNAs. ncx1 is the parental gene of circ-
NCX1. The NCX1 mRNA transcripts are enriched in the 
heart, showing similar tissue-specific expression pattern 
with circNCX1 [47–49]. Moreover, the expression level 
of NCX1 mRNA is positively correlated with circNCX1 
[43]. It could be inferred that the heart-specific expression 
pattern of circNCX1 might be mediated by some transcrip-
tion regulatory factors.

Enhancer is a regulatory DNA sequence classified as 
one type of cis-acting element which can be recognized 
by specific transcription factors. These transcription 
factors would promote transcription of the enhancer-
regulated genes and endow them with tissue- or cell-
type-specific expression pattern [51, 52]. A fraction of 
enhancers are localized in cluster and extend for long 
range in genome. Generally, they are featured by high 
level of histone modification, particular sensitivity 
to Dnase I and intensive binding site of multiple tran-
scription activators. This class of enhancers being able 
to strongly stimulate cell-type-specific gene expression 
and decide cell fate is defined as super enhancers (SEs) 
[53]. Transcription of ncx1 had been demonstrated to be 
regulated by histone deacetylase (HDAC) and homeobox 
protein Nkx-2.5 which is a core transcription co-activator 
in the differentiation of the myocardial lineage [54–56]. 
According to data of chromatin immunoprecipitation and 
sequencing (ChIP-seq) collected in the SE database, it 
could be found that heart-specific SEs with enrichment 
of H3K27ac modification are localized in human and 
mouse ncx1 locus (hg17, chr2:40,530,157–40,742,603, 
mm9, chr17:82,124,844–82,140,852) [57, 58], suggest-
ing the heart-specific SEs might regulate transcription 
of ncx1 and further result in heart-specific abundance 
of circNCX1. The analysis by Huang et al. also inferred 
that circNCX1 was a predominant SE-regulated circRNA 
which play significant roles in the heart [59].

However, it was observed that some other circRNAs 
generated from ncx1 are not highly expressed in the heart 
(Table 1). It means that post-transcriptional mechanisms 
probably involve in the heart-specific regulation of circ-
NCX1. We have known that exonic circRNAs originate 
from some special single exons or adjacent several exons 
(sometimes containing the introns in between) which can be 
circularized through so-called pre-mRNA back-splicing. The 
back-splicing is triggered by pairing of the introns flanking 
the circularized exons. Intron pairing makes the branch-
point in the upstream intron attacks the 5′ splicing site in the 
downstream intron and results in covalent ligand of 5′ and 3′ 
end of the exon. Specific elements such as short interspersed 
repeat segments (SINEs) distributed in the flanking introns 
could recruit RBPs and guide the bridging of upstream and 

downstream introns [6, 60, 61]. Therefore, the tissue-specific 
expression of circRNAs is also determined by RBPs dur-
ing back-splicing. For example, the production of circRNAs 
from titin gene is regulated by heart-specific RBP-RBM20. 
In dilated cardiomyopathy (DCM) and hypertrophic car-
diomyopathy (HCM), the expression of titin circRNAs was 
disturbed by the dysregulation of RBM20 [62]. Remarkably, 
circNCX1 has extremely long flanking introns in various 
species, especially in primate and murine (Table 2). The 
overlength introns harbor numerous SINEs and provide 
capacious platforms for RBPs binding. By means of RBP-
map [63], it can be observed that binding motifs of RBPs 
which affect heart development or potentially involve in 
circRNA biogenesis including polypyrimidine tract-binding 
protein 1 (PTBP1), muscleblind-like protein 1 (MBNL1), 
CUGBP Elav-like family member 1 (CELF1), serine/argi-
nine-rich splicing factor (SRSF) 3, and 5 are densely dis-
tributed in the flanking introns of human circNCX1 (Fig. 2). 
PTBP1 regulates alternative splicing of pre-mRNA and 
plays a role in exon exclusion during muscle cell differentia-
tion [64]. It was further reported to correlate with circRNA 
expression. In glioma endothelial cells, PTBP1 positively 
affected the level of circRNA_001160 [65]. Knockdown of 
PTBP1 would downregulate circRNA_001160 expression. 
Both of MBNL1 and CELF1 can mediate the alternative 
splicing of cardiac-specific troponin-T (TNNT2) [66, 67]. It 
was notable that the homolog of MBNL1 in fruit fly named 
muscleblind was demonstrated to process the production 
of its isogeneic circRNA [68]. Whether MBNL1 involved 
in the biogenesis of circRNAs remains to be verified. Ser-
ine–arginine (SR) proteins were early discovered to control 
circRNA expression in fruit fly [69]. Recently, SR proteins 
were also found to be correlated with circRNA production 
in human cell line. Naqvi et al. reported in a preprint that 
SRSF3 not only regulated mRNA splicing, but also affected 
circRNA generating in P493-6 cell [70]. These evidence 
implied that the RBPs mentioned above might mediate the 
back-splicing process of NCX1 pre-mRNA in the heart. It 
is notable that several binding motifs of CELF1, MBNL1, 
PTBP1, and SRSF5 were also predicted to locate in circ-
NCX1 locus. Cytoplasmic circRNA could retain the nucleic 
proteins bound with it in the cytoplasm and inhibit their 
function [11, 17]. circNCX1 predominately locates in the 
cytoplasm, if circNCX1 interacted with these RBPs and 
simultaneously was regulated by these RBPs at back-splic-
ing stage; a feedback loop might be formed that circNCX1 
would detain the excessed RBPs to keep circNCX1 expres-
sion level in a certain range, resembling circMBL in fruit fly 
[68]. In brief, transcriptional and post-transcriptional regula-
tory mechanisms both determine the expression profile of 
circNCX1 (Fig. 3).
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Table 1   circRNAs transcribed from ncx1 gene

Circbase ID Coordinate Length (nt) Number of exons Detected 
in Werfel’s 
work?

Expression in 
heart samples of 
Werfel’s work 
(RPM)

Detected 
in Werfel’s 
work?

Expression in heart 
samples of Wer-
fel’s work (Raw 
junctions)

hsa_
circ_0000994 
(circNCX1)

Hg19: 
chr2:40,655,613–
40,657,444

1832 1 Yes 11.81 Yes 2030.42

hsa_
circ_0054225

Hg19: 
chr2:40,366,541–
40,366,816

276 1 No - Yes 0.17

hsa_
circ_0120047

Hg19: 
chr2:40,342,512–
40,405,633

995 9 No - No -

hsa_
circ_0120048

Hg19: 
chr2:40,366,541–
40,392,124

507 3 No - No -

hsa_
circ_0120049

Hg19: 
chr2:40,366,540–
40,397,489

576 4 No - No -

hsa_
circ_0054226

Hg19: 
chr2:40,366,541–
40,404,995

713 7 No - No -

hsa_
circ_0120050

Hg19: 
chr2:40,366,541–
40,405,633

737 8 No - No -

hsa_
circ_0120051

Hg19: 
chr2:40,387,905–
40,397,489

300 3 No - No -

hsa_
circ_0120052

Hg19: 
chr2:40,387,905–
40,404,995

437 6 No - No -

hsa_
circ_0054227

Hg19: 
chr2:40,387,905–
40,405,633

461 7 No - No -

hsa_
circ_0120053

Hg19: 
chr2:40,391,994–
40,405,633

361 6 No - No -

hsa_
circ_0054228

Hg19: 
chr2:40,402,400–
40,657,444

1960 3 No - No -

hsa_
circ_0120054

Hg19: 
chr2:40,543,761–
40,543,898

138 1 No - No -

hsa_
circ_0120055

Hg19: 
chr2:40,580,510–
40,580,836

327 1 No - No -

hsa_
circ_0120056

Hg19: 
chr2:40,586,994–
40,587,125

132 1 No - No -

hsa_
circ_0120057

Hg19: 
chr2:40,595,005–
40,595,202

198 1 No - No -

hsa_
circ_0120058

Hg19: 
chr2:40,655,613–
40,673,788

18,176 Exon–intron No - No -

hsa_
circ_0120061

Hg19: 
chr2:40,655,714–
40,656,626

913 1 No - No -
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circNCX1 Is a Key Regulator Associated 
with miR‑133a in Cardiomyopathies

Some circRNAs had been identified to affect the activity 
of factors associated with death, differentiation, prolif-
eration, or stress by directly binding or indirectly regula-
tion. The dysregulation of these circRNAs might trigger 
cell aberration and aggravate the pathological processes. 
Artificially modified cellular circRNA level would rescue 
the status [71]. The core circRNA related to heart disease 
remains to be screened out. circNCX1 had been detected 
as a highly abundant circRNA in the human heart. It 

also has a relatively large molecular size among the cir-
cRNA group. The length of circNCX1 is ~ 1830 nt, while 
the average length of circRNAs calculated by Jeck et al. 
is ~ 690 nt [6]. The supernormal expression level and size 
allow circNCX1 to serve as a broad platform for molecu-
lar interacting. An argonaute 2 (Ago2)-ribonucleoprotein 
immunoprecipitation (RIP)-Seq in rat cardiac myocytes 
performed by Werfel et al. suggested that circNCX1 has 
the highest Ago2 affinity and might act as a significant 
miRNA sponge [26].

Our previous work and Lim et al. predicted that there 
are abundant putative miR-133a binding sites in circNCX1 
sequence. The interaction of circNCX1 and miR-133a was 
further solidly verified by RNA pull-down assays, lucif-
erase assay, and fluorescence in situ hybridization [39, 40]. 
Moreover, Lim et al. uncovered that miR-133a is one of the 
miRNAs which were most highly enriched in the endog-
enous circNCX1-captured fraction in cardiomyocyte among 
the total 752 miRNAs [40]. miR-133a is a myocardium and 
skeletal muscle-specific miRNA. In skeletal myoblast and 
myocardium, miR-133a regulates cell proliferation and 
differentiation [72–74]. On the other hand, as a cardiac-
enriched miRNA, miR-133a plays key roles in DCM, HCM, 
and ischemic cardiac injury [75]. For instance, in adult heart, 
miR-133a can protect cardiomyocyte from hypertrophy by 

Table 1   (continued)

Circbase ID Coordinate Length (nt) Number of exons Detected 
in Werfel’s 
work?

Expression in 
heart samples of 
Werfel’s work 
(RPM)

Detected 
in Werfel’s 
work?

Expression in heart 
samples of Wer-
fel’s work (Raw 
junctions)

hsa_
circ_0120062

Hg19: 
chr2:40,656,488–
40,656,605

118 1 No - No -

hsa_
circ_0120063

Hg19: 
chr2:40,656,539–
40,656,717

179 1 No - No -

hsa_
circ_0120064

Hg19: 
chr2:40,762,099–
40,787,973

25,875 Exon–intron No - No -

mmu_
circ_0000823 
(circNCX1)

Mm9: 
chr17:82,047,149–
82,048,978

1830 1 Yes 0.88 Yes 132.2

mmu_
circ_0007050

Mm9: 
chr17:81,788,149–
81,844,933

995 9 No - No -

mmu_
circ_0007051

Mm9: 
chr17:81,807,406–
81,832,114

507 3 No - No -

mmu_
circ_0007052

Mm9: 
chr17:81,807,406–
81,844,933

737 8 No - No -

mmu_
circ_0007053

Mm9: 
chr17:81,907,335–
81,909,676

2341 Exon–intron No - No -

Table 2   The length of flanking introns of circNCX1 in representative 
mammals

Species Length of 
upstream intron 
(nt)

Length of down-
stream intron (nt)

Corresponding 
transcript

Human 82,044 250,617 NM_001112802.2
Monkey 185,772 239,919 NM_001032861.1
Mouse 88,670 202,215 NM_001112798.2
Rat 43,461 203,123 XM_008764432.2
Pig 17,899 256,834 XM_021088305.1
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suppressing stress-related genes. Knockdown of miR-133a 
would cause cardiac hypertrophy [76]. miR-133a also inhib-
its oxidative stress-induced cardiomyocyte apoptosis and 
attenuates ischemic myocardial injury [39]. Genetic deple-
tion of miR-133a will also cause significant apoptosis in the 
heart [73].

As an effective sponge of miR-133a, circNCX1 is rea-
sonable to involve in ischemic cardiac injury and cardiac 
hypertrophy by regulating miR-133a (Fig. 4). Oxidative 
stress will increase circNCX1 level in rat cardiomyocytes 

and mice myocardium. The excessive circNCX1 shows 
pro-apoptotic activity both in vitro and in vivo. Silencing 
of circNCX1 can inhibit cardiomyocyte apoptosis induced 
by H2O2 and hypoxia–reoxygenation (H/R) or decrease 
I/R caused by myocardial infarction size [39]. A lasted 
published data also showed that circNCX1 was mark-
edly upregulated in ischemic myocardium tissues [38]. 
The upregulation of circNCX1 under oxidative stress 
is likely due to the mechanisms in the transcriptional 
level. Both hypoxia-inducible factor 1-alpha (HIF1α) and 

Fig. 2   The distribution of RBP binding motifs in flanking introns 
of human circNCX1. The conserved binding motifs of CUGBP, 
MBNL1, PTBP1, SRSF3, and SRSF5 were calculated by RBPmap 

using high stringency and conservation filter. One colorized line rep-
resents one RBP binding motif. Longer line means higher reliability

Fig. 3   The expression of circNCX1 is regulated in ➀ transcriptional and ➁ post-transcriptional level
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histone deacetylases (HDACs) had been demonstrated to 
be induced in I/R and regulate the transcription of ncx1 
[77, 78]. Whether circNCX1 being affected by post-tran-
scriptional ways under oxidative stress is uncertain. The 
expression of pro-apoptotic cell death-inducing protein 
(CDIP1) is elevated by overexpressed circNCX1, whereas 
miR-133a level is not affected because the sequence of 
miR-133a and circNCX1 is not perfectly complementary. 
Therefore, circNCX1 is only able to inhibit miR-133a tar-
geting CDIP1 mRNA and not lead to miR-133a decay [39].

On the other hand, knockdown of circNCX1 in the 
heart could attenuate transverse aortic constriction (TAC)-
induced cardiac hypertrophy and heart failure in vivo. 
The overexpression of circNCX1 will lead to rat neonatal 
cardiomyocyte hypertrophy. Noticeably, cardiac-specific 
overexpression of circNCX1 in day 1 postnatal (P1) rats 
causes mortality. Significant ventricle dilation and heart 
failure were observed in the rest alive rats. The miR-133a 

targets related with cardiac stress were upregulated with-
out significant change of miR-133a level [40]. This phe-
notype is approximately coincident with miR-133a-KO 
mice. miR-133a-KO was also partially lethal. Dilated 
ventricles were developed in the survivals with falling 
cardiac function [73]. It can be concluded that circNCX1 
affects process of cardiomyopathy and cardiac injury by 
mediating miR-133a predominately. However, postnatal 
overexpression of circNCX1 did not result in myocardial 
fibrosis which was observed in miR-133a-KO heart. Per-
haps, genetic abolish of miR-133a disrupted the cardiac 
development and function in embryonic stage.

In addition, there is conflict about the expression of 
circNCX1 in DCM and HCM. Actually, NCX1 mRNA 
levels had been detected to be increased with pressure 
overload in feline and mouse model of cardiac hyper-
trophy [79, 80]. As a SE-regulated circRNA, the expres-
sion of circNCX1 should also be stimulated by pressure 

Fig. 4   circNCX1 regulates 
ischemic cardiac injury and car-
diac hypertrophy by interacting 
with miR-133a. Controversial or 
indeterminate step is marked by 
dotted arrow
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overload. qRT-PCR data from Lei et al. and Jakobi et al. 
both revealed that circNCX1 was remarkably increased in 
human HCM and DCM. However, Tan et al. reported that 
the average circNCX1 levels in DCM and HCM samples 
were not obviously higher than that in normal myocardial 
samples [27, 38, 42]. In fact, it can be observed that there 
was a sample with extremely high circNCX1 level in nor-
mal group of the data from Tan et al. which might disrupt 
the results of average expression folds and significance 
calculation [27]. Lim et al. found that circNCX1 abun-
dance was unchanged in mice cardiomyocytes in closer 
detail across different time points post-TAC surgery [40]. 
However, it was also reported that the expression of circ-
NCX1 was increased in the myocardial tissues of rats 
injected with ISO solution [81]. This controversial result 
could be explained by differences in the models and sam-
pling methods used.

circNCX1 Is a Potential Modulator During 
Embryonic Heart Development

As early as 2014, circNCX1 was detected to approximately 
fourfold enriched in the neonatal rat heart samples as heart 
samples derived from adult rats [26]. Mature mammalian 
cardiomyocyte is a type of terminal differentiated cells 
which negligibly proliferate, while neonatal mammalian 
cardiomyocytes still preserve some proliferation ability. 
Therefore, the distinct amount of circNCX1 in neonatal 
heart and adult heart is very intriguing and implied a pos-
sible connection between circNCX1 and cardiomyocyte 
proliferation. If downregulation of circNCX1 was corre-
lated with loss of proliferation ability of mature cardiomy-
ocyte, the overexpression of circNCX1 would rescue the 
proliferation of cardiomyocyte. Unexpectedly, increased 
circNCX1 in cardiomyocytes would induce hypertrophy 
and apoptosis [39, 40].

So another question was raised: whether circNCX1 
involved in earlier biological processes in fetal heart 
development? Actually, the production of circNCX1 in the 
heart was consistently increased during the stage of fetal 
cardiac development [41]. Analysis of circNCX1 level 
during the transformation from human embryonic stem 
cells (hESCs) to cardiomyocytes and transformation from 
induced pluripotent stem cells (iPSC) to cardiomyocytes 
also revealed that circNCX1 was gradually upregulated 
during cardiomyocyte differentiation in vitro [41–44]. 
Intriguingly, miR-133a was shown to be synchronously 
increased with circNCX1 during differentiation from stem 
cells to cardiomyocytes and regulates cardiac differentia-
tion in vitro [74]. Possibly, circNCX1 was a potential regu-
lator via miR-133a. However, it can’t be concluded from 
these data that circNCX1 was involved in cardiomyocyte 

differentiation because circNCX1 might only serve as a 
marker of cardiomyocyte which maintained the feature of 
cardiomyocyte (Fig. 5).

A Pendent Problem of circNCX1: Translatable 
or Non‑coding?

Although most of circRNAs are defined as non-coding 
RNAs because they are lacking 5′ cap and 3′ poly-A tail, a 
few circRNAs are proved to have coding ability. circNCX1 
was proposed to have protein-coding potency when it was 
initially identified at 1999 by Li and Lytton [34]. There is a 
putative ORF stretching across the junction site in human, 
monkey, and rabbit circNCX1 sequences. The ORF was 
able to encode a ~ 600aa protein which was almost com-
pletely overlapping the N-terminal of full-length NCX1. 
Here, we named this hypothetical protein as truncated 
NCX1. Li and Lytton transfected the plasmid containing 
linearized ORF of truncated NCX1 into HEK293 cells and 
successfully obtained a ~ 70 KDa protein, indicating that 
the truncated NCX1 could be folded into correct confor-
mation and showed no cytotoxicity. A protein band corre-
sponding to the molecular weight of the truncated NCX1 
was recognized in rabbit heart by monoclonal antibod-
ies C2C12 (epitope between amino acids 372 and 525 of 
NCX1) while not recognized by 6H2 antibody (epitope in 
the extracellular NH2-terminal 40 amino acids). No cor-
responding band was recognized in LLC-MK2 cells by 
these two antibodies. In fact, whether the truncated NCX1 
could be translated from circNCX1 was not directly dem-
onstrated in this research. It was actually due to techni-
cal and cognitive limitation on circRNAs at 20 years ago. 
What’s more, an antibody raised from truncated NCX1 
should be applied to identify the existence of endogenous 
truncated NCX1. In recent years, technologies involving in 
transcriptomics, epigenomics, and proteomics are rapidly 
developing. The circRNAs with coding potency are charac-
terized one after another [16–23]. The 5′ cap-independent 
translation mechanism in circRNAs had also been revealed. 
Besides ORF, circRNAs need special elements located in 
the UTR such as internal ribosomal entry sites (IRES) or 
N-6-methyladenosine (m6A), to recruit translation initia-
tion factors [82, 83]. Significantly, circNCX1 was detected 
by ribosome sequencing of RNAs in human or mouse heart, 
indicating the association of circNCX1 and ribosome [43, 
84]. However, the peptide fragments of putative truncated 
NCX1 were not identified in human heart by mass spec-
trum analysis [84]. We searched the human-truncated 
NCX1-specific peptide fragment “GGGEDFEDTCGE-
LEFQNDEIVR” in published human proteomics data and 
did not find the matching candidate either [85, 86]. Murine 
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circNCX1 sequences are lacking stop codon to form full 
ORFs. Lim et  al. had further used a mouse circNCX1 
expression vector containing 3 × HA tag and artificially 
C-terminal inserted stop codon TAA to definitely demon-
strate that mouse circNCX1 could not be translated [40]. 
Maybe murine circNCX1 was just a non-coding circRNA. 
But the translation potency of human circNCX1 cannot be 
completely judged yet. Comparing with the detected frag-
ment “GGGEDFEDTCGELEFQNDEIVK” in full-length 
human NCX1, only the last alkaline amino acid residue is 
unmatched. Additionally, the efficiency of cap-independent 
translation is much lower than the canonical translation 
[16]. Therefore, it was also possible that the high sequence 
coverage rate of human-truncated NCX1 with full-length 
NCX1 and relative weak signal strength made it hard to 
detect by mass spectrum. By means of Transcirc database, 
it can be observed that abundant IRES and m6A sites are 
spread in the sequence of human circNCX1, suggesting 
relative high translation possibility [87]. Genetic editing 
in vivo and in vitro cooperated with specific immunologic 

analysis might be helpful to identify the potential protein 
product of circNCX1. Moreover, if truncated NCX1 could 
be translated from human circNCX1, there should be some 
difference between the biological function of human circ-
NCX1 and murine circNCX1.

Therapeutic Potency of circNCX1

Currently, it has been recognized that excessive cardiac circ-
NCX1 is closely associated with ischemic cardiac injury and 
stress-induced cardiomyopathies. Decreasing of circNCX1 
can be considered as a strategy of heart disease treatment 
because of highly conserved sequence and expression pro-
file of circNCX1. Comparing to supplementing the protec-
tive circRNAs, inhibiting the pathogenic circRNAs is more 
feasible clinically. The main reason is that circRNAs can be 
targeted by small interfering RNA (siRNA) specifically and 
the technologies of siRNA synthesis, modification and deliv-
ery are developing rapidly [88, 89].

Fig. 5   Putative function and 
mechanism of circNCX1 in 
cardiac development. Possibly, 
circNCX1 is involved in the 
differentiation of cardiomyocyte 
from the mesoderm in a miR-
133a dependent way, or it might 
only be a specific marker of dif-
ferentiated cardiomyocyte and 
maintain some basic functions
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Indeed, shRNA carrying cardiac-specific circNCX1 
silencing did not cause any obvious defects, at least in adult 
mice [39, 40]. It indicated that circNCX1-targeted nucleo-
tide drugs is feasible and harmless enough to be brought 
into clinical experiments. Nevertheless, the potential extra-
cardiac effect of circNCX1 should also be considered in case 
decreasing of circNCX1 affected other biological and patho-
logical processes (Table 3). In addition to cardiac devel-
opment and disease, circNCX1 was also suggested to be 
involved in Parkinson’s disease (PD). The substantia nigra 
(SN) is the brain region whose lesion is strongly associ-
ated with PD. Hanan et al. observed that SN samples of PD 
patients had increased circNCX1 expression level compared 
to healthy samples. To further mimic PD-related oxidative 
stress in vitro, oxidative agent Paraquat was used to treat 
human SH-SY neuronal cells. The expression of circNCX1 
was increased by Paraquat treatment, while the protective 
agents Simvastatin and PF-06447475 could reduce circ-
NCX1 level in neuronal cells. Although the exact function 
of circNCX1 in neuronal cells or in PD was not verified, 
a potential target of circNCX1- miR-128 suggested that 
circNCX1 might be correlated with neurodegeneration and 
neuronal aging. All the miR-128-targeted neurodegeneration 
and neuronal aging-related genes were co-upregulated with 
circNCX1 in PD in vivo and under oxidative stress in vitro 
[90]. According to these results, silencing of circNCX1 
seemed not to be harmful to the brain. However, the down-
regulation of circNCX1 was associated with the process of 
bladder cancer. Decreased circNCX1 level was detected in 
both of bladder tumor and bladder cancer cell lines. The 
overexpression of circNCX1 could inhibit the migration, 
invasion, and proliferation of bladder cancer by regulating 
the miR-130b/miR-494-PTEN axis [91]. It implied that blad-
der cancer patients should avoid using the RNAi drugs of 
circNCX1 to treat cardiomyopathy. Moreover, in view of 

circNCX1 might involve in embryonic cardiac development, 
therapy of circNCX1-silencing was not suitable for pregnant 
woman. On the other hand, the RNAi drugs should be safely 
and specifically delivered to the heart. Adeno-associated 
virus (AAV) is a type of ideal delivery vehicle. However, 
a recently published long-term study suggested that AAV 
had potential genotoxicity and oncogenicity [92]. The appro-
priate delivery material of RNAi of circNCX1 needs to be 
cautiously selected.

Covalent closed structure makes circRNAs tolerable 
from nuclease digestion and relatively stable, even sensi-
tively detectable in body fluid. Aberrant cells usually showed 
dysregulation of certain circRNAs. The level of circRNAs 
released into extracellular fluid from the cells was also 
altered with it. Therefore, circRNAs are regarded as new 
types of biomarker in the diagnosis of diseases such as can-
cers, diabetes, and neuropathy. The level of some specific 
circRNA in patients’ peripheral blood was significantly 
changed [93–95]. circRNAs could also be applied to the 
diagnosis of cardiac injury. Under ischemia, toxicity, or 
myocardial remodeling, the processes of expression and 
transportation of circRNAs would both be affected, result-
ing in the alteration of circRNA amount in the peripheral 
blood. For example, a circular RNA of znf-609 gene named 
myocardial infarction-associated circular RNA (MICRA) 
was referred as a biomarker of acute myocardial infarction 
(MI) and predictor of left ventricular dysfunction after acute 
MI. The level of MICRA in blood samples of MI patients 
was decreased comparing with healthy people. MI patients 
with low level of MICRA in the blood showed more serious 
left ventricular dysfunction [96]. circNCX1 was not only 
demonstrated to aggravate ischemic myocardial injury in 
murine, but also detected to be upregulated in human ven-
tricle samples of MI patients [38, 81], indicating its close 
relationship with MI. This cardiac-enriched circRNA was 

Table 3   Roles of circNCX1 in the heart and outside of the heart

Locality Biological/pathological process Expression Function Mechanisms References

Cardiac Embryonic heart development Upregulated Maybe essential for myocardial 
differentiation

Certain post-transcriptional way 26, 41–44

Ischemic myocardial injury Upregulated Pro-apoptotic. Aggravate car-
diac injury

miR-133a sponge. Induce pro-
apoptotic genes

38, 39

Hypertrophic cardiomyopathy Upregulated Pro-hypertrophic. Aggravate 
cardiac hypertrophy

miR-133a sponge. Induce stress-
related genes

38, 40, 42

Dilated cardiomyopathy Upregulated Maybe aggravate dilated cardio-
myopathy

Maybe miR-133a sponge 38, 42

Non-cardiac Parkinson’s disease Upregulated Maybe aggravate PD Maybe miR-128 sponge. 
Positively co-related with 
miR-128-targeted neurodegen-
eration and neuronal aging-
related genes

90

Bladder cancer Downregulated Inhibit bladder cancer miR-130b/miR-494 sponge. 
Induce PTEN expression

91
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also reported to be increased in the peripheral blood of MI 
patients. Li et al. observed that circNCX1 level in MI sam-
ples was approximately twice as that in healthy samples. 
Receiver operating characteristic (ROC) curve analysis 
revealed that the area under the curve (AUC) value reached 
0.8 [97]. These results suggested that blood circNCX1 level 
could be referred in MI diagnosis.

Conclusions and Research Perspective

CircNCX1 is the most abundant and relatively conserved 
circRNAs in vertebrate hearts, implying its evolutional 
indispensability. The cardiac enrichment of circNCX1 is 
attributed to both transcriptional and post-transcriptional 
regulations. Transcriptionally, circNCX1 is regulated by 
super-enhancer. Histone acetylation and Nkx-2.5 affect 
the transcription of circNCX1 pre-mRNA. The extremely 
long flanking introns of circNCX1 harbor numerous bind-
ing motifs of multiple RBPs which mediate RNA splicing 
in the heart. Post-transcriptionally, these RBPs might be 
involved in back-splicing of circNCX1. circNCX1 is dem-
onstrated as a miR-133a sponge. The development of heart 
disease including ischemic cardiac injury, HCM, and DCM 
is closely associated with circNCX1 dysregulation. Under 
pathological conditions such as oxidative stress and pressure 
overload, the expression of circNCX1 is induced by HIF1a 
or HDAC in cardiomyocytes and subsequently upregulate 
miR-133a-targeted stress-related or cell death-related genes. 
circNCX1 is potentially a key regulator of cardiac devel-
opment. Probably, it also modulates the differentiation and 
maturation of myocardium by miR-133a-dependent way. In 
some species, although circNCX1 has the most characters 
of protein-coding circRNA, circNCX1 is very likely a non-
coding RNA. It could be considered to apply AAV with 
siRNA of circNCX1 in heart disease treatment. It might not 
be suitable for cancer patients and pregnant women.

Other miRNAs were also reported to interact with circ-
NCX1 in extra-cardiac tissues [90, 91, 98–100]. Some of 
these miRNAs had been proven to involve in cardiomyopa-
thies. For instance, miR-21, miR-128, and miR-494 could 
protect the myocardium from ischemic injury [101–105]. 
miR-21 and miR-128 also had inhibitory effect on cardiac 
hypertrophy [106]. However, they did not highly enrich in 
circNCX1 pull-down assay in cardiomyocytes [40]. It cannot 
be estimated whether the pro-apoptosis and pro-hypertrophy 
activities of circNCX1 acted through these miRNAs. Per-
haps, forced expression of circNCX1 with disrupted miRNA 
binding sites was necessary to solve this problem. What’s 
more, the RBP sponge potency of circNCX1 remains to 
be explored. Besides the self-restriction mentioned above, 
binding with RBPs was also likely to affect the expression 

of other genes [107, 108], even circRNAs. It needs further 
investigation by some omics analysis.
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