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Circular RNA mmu_circ_0005019 inhibits 
fibrosis of cardiac fibroblasts and reverses 
electrical remodeling of cardiomyocytes
Na Wu1†, Chengying Li1†, Bin Xu1, Ying Xiang1, Xiaoyue Jia1, Zhiquan Yuan1, Long Wu1, Li Zhong2† and 
Yafei Li1*† 

Abstract 

Background:  Circular RNA (circRNA) have been reported to play important roles in cardiovascular diseases including 
myocardial infarction and heart failure. However, the role of circRNA in atrial fibrillation (AF) has rarely been investi-
gated. We recently found a circRNA hsa_circ_0099734 was significantly differentially expressed in the AF patients atrial 
tissues compared to paired control. We aim to investigate the functional role and molecular mechanisms of mmu_
circ_0005019 which is the homologous circRNA in mice of hsa_circ_0099734 in AF.

Methods:  In order to investigate the effect of mmu_circ_0005019 on the proliferation, migration, differentiation into 
myofibroblasts and expression of collagen of cardiac fibroblasts, and the effect of mmu_circ_0005019 on the apopto-
sis and expression of Ito, INA and SK3 of cardiomyocytes, gain- and loss-of-function of cell models were established in 
mice cardiac fibroblasts and HL-1 atrial myocytes. Dual-luciferase reporter assays and RIP were performed to verify the 
binding effects between mmu_circ_0005019 and its target microRNA (miRNA).

Results:  In cardiac fibroblasts, mmu_circ_0005019 showed inhibitory effects on cell proliferation and migration. In 
cardiomyocytes, overexpression of mmu_circ_0005019 promoted Kcnd1, Scn5a and Kcnn3 expression. Knockdown of 
mmu_circ_0005019 inhibited the expression of Kcnd1, Kcnd3, Scn5a and Kcnn3. Mechanistically, mmu_circ_0005019 
exerted biological functions by acting as a miR-499-5p sponge to regulate the expression of its target gene Kcnn3.

Conclusions:  Our findings highlight mmu_circ_0005019 played a protective role in AF development and might 
serve as an attractive candidate target for AF treatment.
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Background
Atrial fibrillation (AF) is the most common arrhythmia. 
The estimated prevalence is 1–2% in the general popu-
lation, increasing with the age [1]. It is responsible for 

an increased risk of strokes, heart failures and all-cause 
mortality [2]. However, there are clinical dilemma of 
treatment for AF patients. Antiarrhythmic drugs have 
only modest efficacy at maintaining sinus rhythm over 
the long term and are associated with serious side effects 
[3]. AF relapse following electrical cardioversion is also 
associated with increased mortality [4]. AF ablation is a 
well established but imperfect procedure with efficacy 
varying from 30 to 80% [5]. Therefore, the routine treat-
ment of AF including antiarrhythmic drugs, electrical 
cardioversion and ablation have limitations.
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The upstream therapy which refers to modify the atrial 
substrate to reduce susceptibility or progression of AF, 
may be a promising strategy for developing new thera-
peutic targets [6]. The precise mechanism of AF is the 
basis of upstream therapy. But the exact mechanism of 
AF is still unclear. Classical mechanisms which devel-
oped since the early twentieth century still form the 
framework for understanding of the AF pathophysiology. 
AF maintenance requires an appropriate substrate and 
a trigger. Ectopic activity can provide the trigger, while 
structural and electrical remodeling provide the substrate 
for AF perpetuation [7]. Atrial fibrosis is the hallmark of 
structural remodeling. In addition, cardiomyocyte apop-
tosis, increased connective tissue and inflammatory cells 
infiltration are also present during structural remodeling 
[8]. The change of some transmembrane ionic currents 
such as transient outward potassium current (Ito), inward 
sodium current (INA) and small conductance calcium-
activated potassium channel current (SK) are key deter-
minants of electrical remodeling [9–11]. Ito plays a major 
role in early (phase 1) repolarization. INA initiates the car-
diac action potential. SK current contributes significantly 
to the repolarization process.

An epigenetic cause may play crucial roles in struc-
tural and electrical remodeling. Most of human genome 
sequences (about 85%) are transcribed into non-coding 
RNA. Circular RNAs (circRNAs) is a special novel type 
of non-coding RNA and gained much attention recently 
[12]. Recent works have suggested that circRNAs may 
play important roles in the initiation and development of 
some cardiovascular diseases including atherosclerosis, 
myocardial infarction and heart failure [13–15]. But the 
role of circRNA in AF has rarely been investigated. We 
recently found the expression level of a human circRNA 
hsa_circ_0099734 (chr13_100368574_100301460_-67114) 
was significantly higher in the atrial tissues of AF patients 
compared to paired controls [16]. Therefore, in this study 
we further investigated the functional role and molecular 
mechanisms of mice mmu_circ_0005019 in AF which is 
the homologous circRNA of human hsa_circ_0099734.

Methods
Cell culture and treatment
HL-1 atrial myocytes which were derived from the adult 
mouse atria, was obtained from Zeye Biotech (Shang-
hai, China), cultured in RPMI-1640 (HyClone, Logan, 
UT, USA) supplemented with 10% fetal bovine serum 
(HyClone) and 1% 1X Penicillin–Streptomycin Solution 
(Beyotime, Shanghai, China). The myocytes were incu-
bated at 37 °C in a 5% CO2 atmosphere.

Cardiac fibroblasts were isolated from 10-day-old neo-
natal mice C57BL/6 (from the animal laboratory center of 
the Army Medical University). The mice were euthanized 

by cervical dislocation after sodium  pentobarbital  anes-
thesia. The operator had been trained on anesthetized 
and dead animals. Whole hearts were obtained from neo-
natal mice, cut into pieces and washed using phosphate-
buffered saline (PBS) twice. The tissues was transferred 
to a tube with 0.08% trypson (HyClone) and incubated at 
37  °C for 3  min. The solution containing the cells were 
collected. The rest of tissue was then placed in 0.08% col-
lagenase II digestion buffer (Gibco, CA, USA) and incu-
bated at 37 °C for 5 min. The digestion/collection process 
was repeated 3 times. Then the cells were filtered and 
centrifuged at 1000  rpm, 4  °C for 8  min. Cardiomyo-
cytes were isolated from adherent fibroblasts after incu-
bation for 1.5  h. 0.25% trypson-EDTA and Phenol Red 
(Gibco, CA, USA) were used in fibroblasts passage. The 
cardiac fibroblasts were incubated at 37  °C in a 5% CO2 
atmosphere.

No humans were involved in this study, although the 
human homologous circRNA of mmu_circ_0005019 was 
identified by RNA sequencing from the atrial tissues of 
patients in our previous study [16].

Plasmid construction and cell transfection
To construct plasmids expressing mmu_circ_0005019, 
the full-length human mmu_circ_0005019 were syn-
thesized and subcloned into the pcDNA3.1 vector (Inv-
itrogen, CA, USA). The plasmid was verified by Sanger 
sequencing. The plasmids were transfected using Lipo-
fectamine 2000 Reagent (Invitrogen). For gene knock-
down, 100  pmol small interfering RNA (siRNA) were 
transfected into cells with Lipofectamine 2000 (Invitro-
gen) in six-well plates. Mmu_circ_0005019 siRNA was 
designed and synthesized by GenePharma (Shanghai, 
China), and its sequence is shown in Additional file  1: 
Table  S1. MiR-499-5p, miR-374c-3p and miR-29b-1-5p 
mimics and inhibitors were purchased from GenePharma 
(Additional file 1: Table S1).

Real‑time quantitative polymerase chain reaction 
(qRT‑PCR) analysis
Total RNA was isolated from cells using TRIzol rea-
gent (TaKaRa, Dalian, China). For circRNA and mRNA, 
cDNA was synthesized from total RNA using Prime-
Script™ RT reagent Kit with gDNA Eraser (TaKaRa). 
For miRNA, cDNA was synthesized from total RNA 
using stem-loop RT-PCR with miRNA RT reagent Kit 
(Sangon Biotech, Shanghai, China). Real-time PCR was 
performed using the SYBR Premix Ex Taq (TaKaRa) 
following the manufacturer’s instructions. Housekeep-
ing gene β-actin was used for circRNA and mRNA as 
an internal standard control. U6 snRNA was used for 
miRNA as an internal control. All reactions were per-
formed at least in triplicate. Primers sequences used were 
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provided in Additional file 1: Table S2. For the validation 
of circRNA, The RNase R (Epicenter, CA, USA) digestion 
reaction was performed following previously published 
procedures with a ratio of 8U enzyme/8 ng RNA.

Cell counting kit‑8 assay
Cell proliferation was assessed using the cell counting 
kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) 
on days 1, 2, 3, 4 and 5 after transfection. 10 μL of CCK-8 
solution was added to each well, the plates were incu-
bated at 37  °C for 2  h, and the absorbance of each well 
was read at 450 nm using a microplate reader. All of the 
experiments were performed in triplicate. The cell prolif-
eration curves were plotted using the absorbance at each 
time point.

Cell migration
For the migration assays, at 48 h post transfection, 1 × 105 
and 5 × 104 cells in serum free media were placed into the 
upper chamber of an insert (8-μm pore size; Millipore, 
Billerica, MA, USA) for the effect of mmu_circ_0005019 
overexpression and inhibition on cardiac  fibroblasts 
migration, respectively. Medium containing 10% fetal 
bovine serum was added to the lower chamber. After 
incubation for 12 h, cells that had migrated through the 
membrane were stained with methanol and 0.1% crystal 
violet. All experiments were conducted three times in 
triplicate.

Apoptosis analysis
The cell apoptosis was detected by Annexin V-FITC assay 
kit (Beyotime, Shanghai, China). The cells were centri-
fuged and 195 μL of Annexin V-FITC binding solution 
was added. After mixed with 5 μL Annexin V-FITC and 
10 μL propidium iodide staining solution, the cells were 
incubated in an ice bath for 10–20 min, and then for flow 
cytometry.

RNA fluorescence in situ hybridization
Mmu_circ_0005019 head-to-tail probe was synthesized 
by GenePharma (Shanghai, China). RNA fluorescence 
in  situ hybridization (FISH) was performed using RNA 
FISH kit (GenePharma) following the manufacturer’s 
instructions. U6 snRNA and 18S rRNA probes were pur-
chased from GenePharma and were used as nuclear and 
cytoplasmic localization controls, respectively.

Luciferase reporter assay
To evaluate the mmu_circ_0005019 and miR-499-5p 
interaction by luciferase reporter assay, the miR-
499-5p binding sites of mmu_circ_0005019 were 
inserted into the pmirGLO Dual-Luciferase vector 
(GenePharma). The reconstituted plasmid was named 

mmu_circ_0005019-WT. The miR-499-5p target site 
mutations were introduced and inserted into the pmir-
GLO Dual-Luciferase vector (GenePharma), which was 
named mmu_circ_0005019-MU. The plasmid construc-
tion was performed by GenePharma Corporation. HL-1 
cells were seeded into 24-well plates (2 × 104 cells per 
well) in triplicate for each group. After overnight incuba-
tion, cells were co-transfected with reconstituted plasmid 
and miR-499-5p mimics. Firefly and Renilla luciferase 
activities were measured 48 h after transfection using the 
Dual-Luciferase Assay System (Promega, Madison, WI, 
USA). The relative luciferase activity was calculated using 
Firefly/Renilla luciferase activity.

RNA immunoprecipitation (RIP)
RIP was performed using an EZ-Magna RIP Kit (Mil-
lipore, Billerica, MA, USA) according to the manufac-
turer’s protocol. HL-1 myocytes were lysed using the 
RIP lysis buffer. Magnetic beads coupled with anti-
immunoglobulin G (IgG) or anti-Argonaute 2 (AGO2) 
were employed to incubate cell lysates. The expression of 
mmu_circ_0005019 and miR-499-5p in immunoprecipi-
tated RNAs were assessed by qRT-PCR assay.

Statistical analysis
To test the differences between two groups, student’s 
t-test was used if the data were normally distributed, 
otherwise Mann–Whitney U-test was used. All sta-
tistical analyses were performed using SPSS statistical 
software (version 19.0; SPSS Inc., Chicago, IL, USA). A 
two-sided P value < 0.05 was considered to be statistically 
significant.

The study was carried out in compliance with 
the ARRIVE guidelines [17].

Results
Mmu_circ_0005019 overexpression inhibits 
cardiac fibroblasts proliferation and migration
To evaluate the functional role of mmu_circ_0005019 
in fibrosis, we established gain-of-function cell models 
by transfecting pcDNA3.1-mmu_circ_0005019 express-
ing vectors into the cardiac fibroblasts (Fig.  1A). We 
examined the effects of mmu_circ_0005019 overexpres-
sion on cell proliferation, migration, differentiation into 
myofibroblasts and expression of collagen. CCK-8 assays 
showed that overexpression of mmu_circ_0005019 sig-
nificantly inhibited the proliferation of cardiac fibroblasts 
(Fig.  1B). The transwell assays indicated that overex-
pression of mmu_circ_0005019 significantly inhibited 
the migration of cardiac fibroblasts compared with vec-
tor control (Fig.  1C). For the role in differentiation into 
myofibroblasts and expression of collagen, the rela-
tive expression of Acta2, Vim, Col1a1 and Col3a1 were 
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determined using qRT-PCR. The test showed that over-
expression of mmu_circ_0005019 had no effect on the 
expression of Acta2, Vim, Col1a1or Col3a1 (Fig. 1D).

Mmu_circ_0005019 knockdown promotes 
cardiac fibroblasts migration
We examined the effects of mmu_circ_0005019 knock-
down on cell proliferation, migration, differentiation 
into myofibroblasts and expression of collagen. Two 
independent single-strand siRNAs were transfected 
to knockdown the expression of mmu_circ_0005019 
(Fig.  2A). CCK-8 assays indicated that knockdown of 
mmu_circ_0005019 had no effect on the proliferation of 
cardiac fibroblasts (Fig.  2B). In contrast to the gain-of-
function cell models, the transwell assays showed that 
knockdown of mmu_circ_0005019 significantly pro-
moted the migration of cardiac fibroblasts (Fig. 2C). The 
relative expression of Col1a1 decreased after knockdown 
of mmu_circ_0005019. The expression of Acta2, Vim and 
Col3a1 were not significantly altered (Fig. 2D).

Mmu_circ_0005019 overexpression promotes expression 
of Kcnd1, Scn5a and Kcnn3
To evaluate the functional role of mmu_circ_0005019 
in cardiomyocytes, we established gain-of-function cell 
models by transfecting pcDNA3.1-mmu_circ_0005019 
expressing vectors into the HL-1 cardiomyocytes. 
Annexin V-FITC assay showed that overexpression of 
mmu_circ_0005019 decreased the cardiomyocytes apop-
tosis, but the change was not significant (Fig. 3A).

Kcnd1 and Kcnd3 encoded Ito. Scn5a and Kcnn3 
encoded INA and SK3, respectively. The relative expres-
sion of Kcnd1, Kcnd3, Scn5a and Kcnn3 increased after 
overexpression of mmu_circ_0005019, but only the 
increase of Kcnd1, Scn5a and Kcnn3 were significant 
(Fig. 3B).

Mmu_circ_0005019 knockdown inhibits expression 
of Kcnd1, Kcnd3, Scn5a and Kcnn3
Knockdown of mmu_circ_0005019 had no effect on the 
cardiomyocytes apoptosis after two independent siRNAs 
transfection (Fig. 4A). The relative expression of Kcnd1, 

Fig. 1  Effect of mmu_circ_0005019 overexpression on the proliferation, migration, differentiation into myofibroblasts and expression of collagen 
in cardiac fibroblasts. A Overexpression of exogenous mmu_circ_0005019 in cardiac fibroblasts were identified by qRT-PCR (Student’s t-test). n = 3. 
B Growth curves of cardiac fibroblasts after transfection with mmu_circ_0005019 or vector control were examined by CCK-8 assays (Student’s 
t-test). n = 3. C Migration of cardiac fibroblasts transfection with mmu_circ_0005019 or vector control were determined by transwell assays (Mann–
Whitney U test). n = 10. D Relative expression of Acta2, Vim, Cola1 and Col3a1 of cardiac fibroblasts transfection with mmu_circ_0005019 or vector 
control were determined by qRT-PCR (Student’s t-test). n = 3. The results are expressed as the mean ± sem. *mmu_circ_0005019 vs. vector control, 
P < 0.05



Page 5 of 12Wu et al. BMC Cardiovasc Disord          (2021) 21:308 	

Kcnd3, Scn5a and Kcnn3 significantly decreased after 
knockdown of mmu_circ_0005019 (Fig. 4B).

Mmu_circ_0005019 serves as a sponge for miR‑499‑5p 
by targeting Kcnn3
We next investigated the potential molecular mech-
anisms of mmu_circ_0005019 regulating Kcnn3 
expression in cardiomyocytes. To evaluate whether 
mmu_circ_0005019 might function as natural miRNA 
sponges to prevent miRNA from binding their tar-
get mRNA, we first screened the possible target can-
didate miRNAs. We selected miRNAs which were 
negatively correlated with mmu_circ_0005019 expres-
sion in our previous miRNA and circRNA databases 
of RNA sequencing [16], and were predicted to target 
mmu_circ_0005019 using the miRanda algorithm. Then 
miR-374c-3p was selected according to this criteria. In 
addition, we selected miRNAs which were reported to 
associated with AF in previous studies and were pre-
dicted to target mmu_circ_0005019 using the miRanda 

algorithm. Then miR-499-5p and miR-29b-1-5p were 
selected (Fig. 5A) [18, 19]. Subsequently, we investigated 
the expression levels of mmu_circ_0005019 after knock-
down or overexpression of miR-374c-3p, miR-499-5p 
and miR-29b-1-5p. Among these three miRNAs, only 
the transfection of miR-499-5p inhibitors significantly 
increased mmu_circ_0005019 expression levels, whereas 
the miR-499-5p mimics significantly down-regulated 
mmu_circ_0005019 in HL-1 myocytes (Fig. 5B). We then 
detected the expression of miR-374c-3p, miR-499-5p 
and miR-29b-1-5p in HL-1 cardiomyocytes with mmu_
circ_0005019 overexpression or knockdown. And we 
found that after overexpression or knockdown of mmu_
circ_0005019 in HL-1 cardiomyocytes, only miR-499-5p 
was significantly down-regulated or upregulated, respec-
tively (Fig.  5C). For further confirmation, a luciferase 
reporter assay was performed and the results showed 
that overexpression of miR-499-5p significantly reduced 
the luciferase activities of the mmu_circ_0005019-WT 
reporter vector but not the mmu_circ_0005019-MUT 

Fig. 2  Effect of mmu_circ_0005019 knockdown on the proliferation, migration, differentiation into myofibroblasts and expression of collagen in 
cardiac fibroblasts. A Knockdown of exogenous mmu_circ_0005019 in cardiac fibroblasts were identified by qRT-PCR (Student’s t-test). n = 3. B 
Growth curves of cardiac fibroblasts after transfection with mmu_circ_0005019 siRNAs or negative control si-NC were examined by CCK-8 assays 
(Student’s t-test). n = 3. C Migration of cardiac fibroblasts transfection with mmu_circ_0005019 siRNAs or negative control si-NC were determined 
by transwell assays (Mann–Whitney U test). n = 10. D Relative expression of Acta2, Vim, Cola1 and Col3a1 of cardiac fibroblasts transfection with 
mmu_circ_0005019 siRNAs or negative control si-NC were determined by qRT-PCR (Student’s t-test and Mann–Whitney U test). For Col1a1 after si-1 
transfection, n = 5; for Acta2 after si-1 transfection, n = 4; for the others, n = 3. The results are expressed as the mean ± sem. *si-1 or si-3 vs. si-NC, 
P < 0.05
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reporter vector (Fig. 6A, B). In addition, RIP assay dem-
onstrated that mmu_circ_0005019 and miR-499-5p were 
significantly enriched in the Ago2 IP fraction in compari-
son to the IgG control fractions (Fig.  6C). Functionally, 
mmu_circ_0005019 could promote the expression of 
Kcnn3, and overexpression of miR-499-5p partially res-
cue the effect of mmu_circ_0005019 on Kcnn3 in HL-1 
cardiomyocytes (Fig. 6D). Kcnn3 has been validated to be 
miR-499-5p target gene in a previous study [18]. These 
results implied that mmu_circ_0005019 serves as a miR-
499-5p sponge to regulate the expression of its target 
gene Kcnn3.

Discussion
In this study, we found that mmu_circ_0005019, the 
homologous circRNA in mice of hsa_circ_0099734, could 
inhibit cardiac  fibroblasts proliferation and migration. 
It also could promote the expression of Kcnd1, Scn5a 

and Kcnn3 which encoded Ito, INA and SK3, respectively 
in  vitro. Mechanistically, mmu_circ_0005019 exerted 
biological functions by acting as a miR-499-5p sponge to 
regulate the expression of its target gene Kcnn3. There-
fore, it might play a protective role in AF development. 
The exact mechanisms underlying AF remains unclear. 
But it is well recognized that structural and electri-
cal remodeling provide the substrate for AF perpetua-
tion. Fibrosis is a hallmark of arrhythmogenic structural 
remodeling, and cardiac fibroblasts play crucial roles 
in fibrosis due to their ability to synthesize and break-
down the extracellular matrix (ECM) [20]. Tissue fibro-
sis results from an accumulation of fibrillar collagen 
(mainly types I and III) which is mainly produced by car-
diac fibroblasts [21]. Myofibroblasts which are not part 
of normal cardiac tissue but differentiate from cardiac 
fibroblasts also play important role in fibrosis. Their abil-
ity to synthesize collagen is stronger than that of cardiac 

Fig. 3  Effect of mmu_circ_0005019 overexpression on the apoptosis and expression of transient outward potassium channel (Ito), voltage-gated 
sodium channel (INA) and small conductance calcium-activated potassium channel current 3 (SK3) in cardiomyocytes. A Apoptosis of 
cardiomyocytes transfection with mmu_circ_0005019 or vector control were determined by Annexin V-FITC staining flow cytometry (Mann–
Whitney U test). n = 3. B Relative expression of Kcnd1, Kcnd3, Scn5a and Kcnn3 of cardiomyocytes transfection with mmu_circ_0005019 or vector 
control were determined by qRT-PCR (Student’s t-test and Mann–Whitney U test). For Scn5a after mmu_circ_0005019 transfection, n = 5; for the 
others, n = 3. The results are expressed as the mean ± sem. *mmu_circ_0005019 vs. vector control, P < 0.05
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fibroblasts, and are highly responsive to chemokines 
released [22]. For detection of myofibroblast differentia-
tion, α-smooth muscle actin (α-SMA; gene ACTA) and 
vimentin (gene VIM) expression are common key ele-
ments [23].

In this study, we found that mmu_circ_0005019 could 
inhibit cardiac  fibroblasts proliferation and migration 

in vivo, indicating that mmu_circ_0005019 could inhibit 
fibrosis. However, both overexpression and knockdown of 
mmu_circ_0005019 had little effect on Col1a1or Col3a1 
which encode collagen types I and III, respectively. 
Therefore, the role mmu_circ_0005019 plays in inhibiting 
fibrosis is limited. Several studies have explored the func-
tional role circRNAs in fibrosis. CircRNA_000203 could 

Fig. 4  Effect of mmu_circ_0005019 knockdown on the apoptosis and expression of transient outward potassium channel (Ito), voltage-gated 
sodium channel (INA) and small conductance calcium-activated potassium channel current 3 (SK3) in cardiomyocytes. A Apoptosis of 
cardiomyocytes transfection with mmu_circ_0005019 siRNAs or negative control si-NC were determined by Annexin V-FITC staining flow cytometry 
(Student’s t-test). n = 3. B Relative expression of Kcnd1, Kcnd3, Scn5a and Kcnn3 of cardiomyocytes transfection with mmu_circ_0005019 siRNAs or 
negative control si-NC were determined by qRT-PCR (Student’s t-test and Mann–Whitney U test). For Kcnd1 after si-1 transfection, n = 6; for Kcnd3 
and Scn5a after si-1 transfection, n = 4; for the others, n = 3. The results are expressed as the mean ± sem. *si-1 or si-3 vs. si-NC, P < 0.05
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enhance the expressions of Col1a2, Col3a1 and α-SMA 
in cardiac fibroblasts. Mechanically, circRNA_000203 
sponged miR-26b-5p to derepress the downstream tar-
gets of Col1a2 and CTGF [24]. CircRNA_010567 was 
found to promote myocardial fibrosis via suppressing 
miR-141 by targeting TGF-beta1 [25]. CircNFIB could 
attenuate cardiac fibrosis by sponging miR-433 [26].

Electrical remodeling involving ionic channel is 
another important basis for AF initiation and mainte-
nance. The transient outward current (Ito) plays a major 
role in early (phase 1) repolarization. The heterologous 
expression of K+  channel α-subunits, including Kv4.3 

and Kv4.1 results in rapidly activating and inactivating 
K+  currents [10]. Ito current, Kcnd3 and Kcnd1 mRNA 
expression decreased in AF [9]. The voltage-gated cardiac 
sodium channel, SCN5A, conducts the inward sodium 
current (INA) that initiates the cardiac action potential. 
Mutations or rare variants in  SCN5A  may predispose 
patients with AF. INA current density and SCN5A expres-
sion reduced in AF [27, 28]. KCNN3 encodes the small 
conductance calcium-activated potassium channel 3 
(SK3). The SK channel family consists of three members, 
SK1 (KCa2.1), SK2 (KCa2.2), and SK3 (KCa2.3) encoded 
by three distinct genes, KCNN1, KCNN2, and KCNN3. 

Fig. 5  mmu_circ_0005019 target candidate miRNAs. A MiRanda algorithm was used to predict which miRNAs might have binding sites with 
mmu_circ_0005019. B Mmu_circ_0005019 expression levels in cardiomyocytes after transfection with miR-374c-3p, miR-499-5p and miR-29b-1-5p 
mimics or inhibitors (Student’s t-test). For miR-29b-1-5p mimics transfection, n = 6; for miR-374c-3p and miR-29b-1-5p inhibitors transfection, n = 5; 
for the others, n = 3. C miR-374c-3p, miR-499-5p and miR-29b-1-5p expression levels in cardiomyocytes after overexpression or knockdown of 
mmu_circ_0005019 (Student’s t-test). n = 3. The results are expressed as the mean ± sem. *P < 0.05
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SK current contributes significantly to the repolarization 
process. It has been revealed that different channel subu-
nits can heteromultimerize, and genetic variation in one 
isoform may affect the function of other isoforms and the 
overall SK current [11]. Genome-wide association studies 
(GWAS) identified KCNN3 was strongly associated with 
AF [29, 30]. The gene-targeted animals overexpress the 
SK3 channel show a significant shortening of the action 

potential duration (APD). Conversely, treatment with 
dietary doxycycline results in a significant prolongation 
of APD [31].

In this study, we found that overexpression of mmu_
circ_0005019 significantly increased Kcnd1, Scn5a and 
Kcnn3 expression level, while knockdown of mmu_
circ_0005019 significantly decreased Kcnd1, Kcnd3, 
Scn5a and Kcnn3. Since previous studies showed that 

Fig. 6  mmu_circ_0005019 functions as a sponge for miR-499-5p. A Schematic of mmu_circ_0005019-WT (wild-type) and mmu_circ_0005019-MUT 
(mutant) pmirGLO Dual-Luciferase luciferase vectors. B Luciferase assays of cardiomyocytes cells co-transfected with mmu_circ_0005019-WT or 
mmu_circ_0005019-MUT reporter and miR-499-5p mimics or negative control (NC) mimics. n = 3. *Student’s t-test, P < 0.05; # Student’s t-test, 
P > 0.05. C mmu_circ_0005019 and miR-499-5p levels were determined by qRT-PCR after Ago2 or IgG RIP assay. n = 3. *Student’s t-test or Mann–
Whitney U test, P < 0.05. D Relative expression of Kcnn3 of cardiomyocytes after co-transfection with mmu_circ_0005019 or control vector and 
miR-499-5p mimics or NC mimics. n = 3. * Student’s t-test, P < 0.05. The results are expressed as the mean ± sem
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decreased Kcnd1, Kcnd3, Scn5a and Kcnn3 expression 
levels were associated with AF [9, 18, 32], our results 
indicated that mmu_circ_0005019 might inhibit electri-
cal remodeling in  vivo. To our knowledge, there were 
no studies investigating the association of circRNA with 
genes encoding ionic channels. Jiang et  al. predicted 
that circRNA_100612 might regulate the expression of 
KCNIP1 and JPH2 through binding miR-133b according 
to circRNA microarray [33]. But no experiments were 
performed to validate this proposal.

Increased cardiomyocytes apoptosis were observed in 
the atrial tissues of AF patients and animal models [34]. 
Several studies have reported that some circRNAs could 
promote cardiomyocytes apoptosis including circRNA 
MFACR and circNCX1 [35, 36], while some could inhibit 
apoptosis including circ-Ttc3 [37]. In this study, overex-
pression or knockdown of mmu_circ_0005019 had no 
effect on apoptosis.

It has been elucidated that circRNAs can function as 
miRNA sponges, as target-RNA decoys by binding to 
RBPs, as regulators of splicing and transcription by bind-
ing snRNA and enhancing Pol II activities, and as protein 
scaffolds and modifiers of parental gene expression [38]. 
At present, the most widely studied function is compet-
ing endogenous RNAs or miRNA sponges. Therefore, we 
firstly explored that whether mmu_circ_0005019 could 
function as a natural miRNA sponge to regulate Kcnn3 
expression. We screened miRNAs which were reported 
to be associated with AF in previous studies and pre-
dicted to target mmu_circ_0005019, then miR-499-5p 
was selected. A previous study has verified experimen-
tally that miR-499 binds to the 3’UTR of KCNN3 mRNA, 
and could regulated KCNN3 expression [18]. In this 
study, according to luciferase reporter and RIP assay we 
found that mmu_circ_0005019 could function as a natu-
ral sponge for miR-499-5p, regulating the expression of 
the miR-499-5p target gene, Kcnn3. Overexpression of 
miR-449-5p could partially rescue the promoting effect 
of mmu_circ_0005019 on Kcnn3. Since previous studies 
showed that decreased KCNN3 expression levels were 
associated with AF [18], our results indicated that mmu_
circ_0005019 might inhibit electrical remodeling in vitro, 
which was consistent with the role mmu_circ_0005019 
played in regulating Kcnd1, Kcnd3 and Scn5a. But fur-
ther studies are needed to explore the molecular mecha-
nisms of that mmu_circ_0005019 inhibited fibroblasts 
proliferation, migration, expression of collagen, cardio-
myocytes apoptosis, and altered expression of Kcnd1, 
Kcnd3 and Scn5a.

How hsa_circ_0099734 was expressed in different 
stages of AF development and progression remained 
unknown. In our previous study, we found that the 
expression level of hsa_circ_0099734 was significantly 

higher in the atrial tissues of AF patients compared 
to paired controls [16]. The increased level of hsa_
circ_0099734 in AF might due to a compensative mech-
anism. Structural and electrical remodeling triggers a 
redistribution of hsa_circ_0099734 in atria. These find-
ings indicated that hsa_circ_0099734 was necessary to 
maintain a correct balance of cardiac function.

Several limitations of this study should be considered 
when interpreting our results. Firstly, although mmu_
circ_0005019 is the homologous circRNA in mice of hsa_
circ_0099734, we did not validate the functional role and 
mechanism of hsa_circ_0099734 in human cardiomyo-
cytes, and the external validity of this study is limited. 
Secondly, the protein expressions were not evaluated by 
western blot. Finally, we did not perform experiments on 
ionic currents, action potential, intracellula/extracellular 
ion density to investigate the electrical remodeling of car-
diomyocytes comprehensively.

Conclusions
This study demonstrates that mmu_circ_0005019 which 
is the mice homologous circRNA of has_circ_0099734 
could inhibit fibrosis and reverse electrical remodeling of 
Ito, INA and SK3. Mmu_circ_0005019 could function as a 
natural sponge for miR-499-5p, and regulate the expres-
sion of the miR-499-5p target gene, Kcnn3.

These findings provide a basis for further understand-
ing of the aetiology underlying. It is of great significance 
to find new therapeutic targets, improve the diagnosis 
and prognosis of AF.
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