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circRNA Hipk3 Induces Cardiac Regeneration
after Myocardial Infarction in Mice
by Binding to Notch1 and miR-133a
Xiaoyun Si,1,2,6 Hao Zheng,1,6 Guoquan Wei,1 Mengsha Li,1 Wei Li,2 Houmei Wang,3 Haijun Guo,2 Jie Sun,4

Chuling Li,1 Shenrong Zhong,1 Wangjun Liao,5 Yulin Liao,1 Senlin Huang,1 and Jianping Bin1

1Department of Cardiology, State Key Laboratory of Organ Failure Research, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China; 2Department of

Cardiology, Guizhou Medical University, Affiliated Hospital, Guizhou 550004, China; 3Department of Obstetrics and Gynecology, Guizhou Medical University, Affiliated

Hospital, Guizhou 550004, China; 4Department of Cardiology, Zhongshan People’s Hospital, Zhongshan 528403, China; 5Department of Oncology, Nanfang Hospital,

Southern Medical University, Guangzhou 510515, China
The synergism between cardiomyogenesis and angiogenesis is
essential for cardiac regeneration. Circular RNAs (circRNAs)
play pivotal roles in cell growth and angiogenesis, but their
functions in cardiac regeneration are not yet known. In this
study, we investigated the role and underlying mechanisms of
circRNA Hipk3 (circHipk3) in both cardiomyogenesis and
angiogenesis during cardiac regeneration. We found that
circHipk3 was overexpressed in the fetal or neonatal heart of
mice. The transcription factor Gata4 bound to the circHipk3
promoter and increased circHipk3 expression. Cardiomyocyte
(CM) proliferation in vitro and in vivo was inhibited by circH-
ipk3 knockdown and increased by circHipk3 overexpression.
Moreover, circHipk3 overexpression promoted coronary vessel
endothelial cell proliferation, migration, and tube-forming ca-
pacity and subsequent angiogenesis. More importantly, circH-
ipk3 overexpression attenuated cardiac dysfunction and
decreased fibrotic area after myocardial infarction (MI).
Mechanistically, circHipk3 promoted CM proliferation by
increasing Notch1 intracellular domain (N1ICD) acetylation,
thereby increasing N1ICD stability and preventing its degrada-
tion. In addition, circHipk3 acted as a sponge for microRNA
(miR)-133a to promote connective tissue growth factor
(CTGF) expression, which activated endothelial cells. Our
findings suggested that circHipk3 might be a novel therapeutic
target for preventing heart failure post-MI.
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INTRODUCTION
The stimulation of endogenous cardiac regeneration is a promising
approach to replace the lost myocardium after injury or diseases,
such as myocardial infarction (MI), myocarditis, and primary cardio-
myopathy.1 Recently, therapeutic strategies involving the transfer of
cardiogenic factors, including transcription factors,2 growth factors,3

extracellular matrix,4 microRNAs (miRNAs), and long noncoding
RNAs (lncRNAs),5,6 to the ischemic myocardium have been found
to induce the dedifferentiation and proliferation of pre-existing cardi-
omyocytes (CMs), thereby reducing the scar area and promoting the
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functional recovery of the heart after MI. The involvement of CM
proliferation in endogenous cardiac regeneration has been extensively
investigated, but the role of angiogenesis in mediating functional re-
covery after MI has been largely neglected. Recent experiments
confirmed that the synergy between CM proliferation and angiogen-
esis is required and essential for structural and functional repair dur-
ing cardiac regeneration.7,8 Several regulators, including the Erbb2
and Azin2 splice variants, have been shown to induce both myogen-
esis and angiogenesis after myocardial injury.3,7 Interestingly, these
regulators significantly improved the functional recovery and
outcome after MI, suggesting that they are promising candidates
for regenerative medicine in the heart. Despite their clinical signifi-
cance, these regulators are easily degraded and have relatively poor
tissue specificity, which might limit therapeutic efficacy and future
clinical application.

Noncoding RNAs (ncRNAs) are showing increasing potential to
induce CM proliferation and angiogenesis during cardiac regenera-
tion due to their important roles in regulating cardiac development,
endothelial activation, and cell proliferation.9–11 Circular RNAs
(circRNAs) are a new class of ncRNAs that adopt a covalently closed
loop structure, lack a 30 terminus, and are resistant to RNA exonucle-
ases. Thus, compared to linear RNAs, circRNAs have extraordinary
stability and longer durations of action.12,13 Moreover, circRNAs
are more likely than their parent linear transcripts to be expressed
in a tissue-specific manner, indicating their promise as therapeutic
The Authors.
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targets for regenerative medicine.14 Of all of the identified circRNAs,
circRNA Hipk3 (circHipk3) is a highly abundant, conserved
mammalian circRNA that plays important roles in regulating cell
growth and viability. Emerging evidence shows that circHipk3 regu-
lates the proliferation of multiple cancerous and noncancerous cells
by sponging miRNAs.15–18 circHipk3 is involved in endothelium
activation and angiogenesis through the inhibition of microRNA
(miR)-30a-3p activity.19 Importantly, high-throughput RNA
sequencing recently revealed that circHipk3 is highly expressed in
the neonatal heart, suggesting that circHipk3 likely participates in
heart regeneration.20 Therefore, circHipk3 might induce myogenesis
and angiogenesis after MI via sponging relevant miRNAs.

In line with our hypotheses, this study was designed to investigate the
potential role of circHipk3 on CM proliferation and angiogenesis
both in vitro and in vivo. The underlying mechanism of circHipk3
regulating cardiac regeneration was also explored.

RESULTS
circHipk3 Is Highly Expressed in Fetal and Neonatal Hearts

Previous reports characterize one abundant circRNA derived from
exon2 of the Hipk3 host gene, named circHipk3.15 The circRNA
ID numbers of circHipk3 from human and mouse genome in circ-
Base are hsa_circ_0000284 and mmu_circ_0001052, respectively.
The sequence of circHipk3 was highly conservative among human,
rat, and mouse (Figure S1). With the use of a transcriptomic dataset
reported in a previous study,20 we found that the circHipk3 expres-
sion level was significantly higher in the neonatal (postnatal day 1
[P1]) rat heart than in the adult rat heart (Figure 1A). qRT-PCR as-
says further confirmed that circHipk3 expression in the mouse heart
and in CMs was significantly decreased during cardiac development
(Figures 1B and 1C). Moreover, we detected circHipk3 expression in
different tissues of neonatal mice and found that circHipk3 was
highly expressed in the fetal heart (Figure 1D). We also ascertained
the circHipk3 expression profile in the main cell types of the
neonatal and adult heart and found that circHipk3 was highly ex-
pressed in CMs in myocardial tissue (Figures 1E and 1F). We
then investigated the stability of this circRNA by RNase R digestion
and actinomycin D (an inhibitor of transcription) treatment. It was
shown that circHipk3 was resistant to RNase R digestion, whereas
the associated linear transcript was easily degraded (Figure 1G). A
qRT-PCR analysis revealed that circHipk3 was highly stable, with
Figure 1. circHipk3 Is Highly Expressed in the Neonatal Heart

(A) Conserved circRNAs were differentially expressed in the adult and neonatal rodent

reads). Dashed lines indicate the interval of 2-fold change, n = 3. (B) circHipk3 expres

circHipk3 expression in CMs isolated from P1, P7, and adult mice; *p < 0.05 versus adult

heart, n = 6. (E) circHipk3 expression in different cell types within the P1 neonatal heart; *

circHipk3 expression in different cell types within the adult heart; *p < 0.05 versus CM. (G

*p < 0.05 versus RNase� treatment, n = 6. (H) circHipk3 and Hipk3 mRNA expression le

time point, n = 5. (I) The effect of different siRNAs on circHipk3 expression; *p < 0.05 ve

circHipk3 abundance in the mouse hearts by ISH; *p < 0.05, n = 6. (K and L) qRT-PCR (K

P7 CMs. (M) ChIP analysis for H3K27ac modifications and Gata4 occupancy at the c

scription start site of the Hipk3 gene. The y axis represents the intensity of ChIP-seq read

(O) The effect of Gata4 knockdown on circHipk3 and linearHipk3 expression in P0 CM
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a transcript half-life exceeding 24 h (Figure 1H). By contrast, the
linear Hipk3 (linearHipk3) mRNA exhibited a half-life of <12 h.
To knock down circHipk3 expression in CMs, we designed three
small interfering (si)RNAs: one siRNA targeting the backsplice
sequence, another siRNA targeting a sequence only in the linear
transcript, and a third siRNA targeting a sequence in a circularized
exon shared by both linear and circular species (Figure S2). As ex-
pected, si-circHipk3 and si-both, but not si-Hipk3, decreased the
expression of a circular transcript (Figure 1I). These results further
confirmed the circular form of circHipk3. Then, we performed in
situ hybridization (ISH) for circHipk3 expression in mouse myocar-
dial tissue. In accordance with our expectations, circHipk3 expres-
sion was significantly higher in the fetal heart than that in the adult
heart (Figure 1J). Additionally, fluorescence ISH (FISH) and qRT-
PCR assays showed that circHipk3 was enriched in the cytoplasm
of 7-day-old (P7) CMs (Figures 1K and 1L).

Next, we explored the upstream mechanism regulating circHipk3
expression in CMs. Histone modification is known to be associated
with chromatin-dependent processes, including transcription. Previ-
ous studies revealed that H3K27ac is one of histone modifications
that is necessary to predict gene expression accurately.21,22 In accor-
dance with the expression profile, chromatin immunoprecipitation
sequencing (ChIP-seq) showed that the levels of H3K27ac at the
circHipk3 promoter were markedly reduced in the adult heart
compared to the embryonic heart (Figure 1M). Previous studies
have reported that circRNA expression is regulated by the binding
of transcription factors to their promoters.19,23 Thus, we utilized
ChIP-seq to map the genome-wide occupancy of Gata4, a transcrip-
tion factor responsible for CM proliferation and cardiac regeneration.
Interestingly, we found a notable peak overlapping with the circHipk3
promoter, indicating the important role of Gata4 in regulating circH-
ipk3 expression (Figure 1M). Furthermore, electrophoretic mobility
shift assays (EMSAs) confirmed the direct interaction between
Gata4 and the circHipk3 promoter (Figure 1N). qRT-PCR assays
further confirmed the Gata4-mediated regulation of circHipk3
expression (Figure 1O). We also explored the effect of Gata4 knock-
down linearHipk3 mRNA expression, which shared the same pro-
moter with circular transcript. It was observed that Gata4 knockdown
had no significant effect on linearHipk3 mRNA expression (Fig-
ure 1O). Our results demonstrated the regulatory role of Gata4 on
circHipk3 expression.
heart. The expression level of circRNA is shown in RPM (reads per million mapped

sion in the heart of P1, P7, and adult mice; *p < 0.05 versus adult mice, n = 6. (C)
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circHipk3 Overexpression Promotes CM Proliferation In Vitro

We assessed the effect of circHipk3 downregulation on P0 CM prolif-
eration using short hairpin RNA (shRNA) targeting the backsplice of
circHipk3 and showed that circHipk3 knockdown significantly
decreased the percentage of P0 CMs expressing EdU, Ki67, and
pH3 (Figures 2A–2C). To determine the function of circHipk3 in
CM proliferation, we then increased circHipk3 expression in P7
CMs by transfection with adenovirus (ADV) carrying vectors ex-
pressing circHipk3 (ADV-circHipk3). As expected, circHipk3 over-
expression significantly increased the ratio of P7 CMs expressing
EdU, Ki67, pH3, and Aurora B (Figures 2D–2G). Moreover, we found
that P7 CMs underwent cell division after circHipk3 overexpression,
whereas almost none of these cells divided after control treatment
(Figure 2H, Video S1). In addition, flow cytometry assays further
showed that circHipk3 overexpression increased the percentage of
P7 CMs accumulating in the S and G2/M phase and reduced the per-
centage in G0/G1 (Figure 2I). To explore the role of circHipk3 on CM
apoptosis, we detected a TUNEL+ signal in ADV-circHipk3- and
ADV-vector-transfected CM after H2O2 treatment. Expectedly, our
results showed that circHipk3 overexpression led to the decreased
number of TUNEL+ CM after H2O2 treatment (Figure S3), suggesting
that circHipk3 overexpression could repress CM apoptosis.

circHipk3 Maintains Coronary Artery Endothelial Cell (CAEC)

Function

Next, we assessed the role of circHipk3 in CAECs using human
CAECs (HCAECs). We used shRNAs targeting the backsplice of
circHipk3 to decrease circHipk3 expression without affecting the
linear transcript in HCAECs. HCAEC proliferation, as evidenced us-
ing EdU incorporation assays, increased upon circHipk3 overexpres-
sion but decreased after circHipk3 knockdown (Figures S4A and
S4B). Matrigel tube formation and cell scratch assays showed that
HCAEC tube formation and migration were promoted by circHipk3
overexpression (Figures S4C and S4E) but inhibited by circHipk3
knockdown (Figures S4D and S4F). Additionally, coculture of CMs
and HCAECs was performed to explore whether circHipk3 will be
transferred from CMs to cardiac ECs. We found that coculture of
HCAECs and ADV-circHipk3-transfected CMs has no effect on the
HCAEC proliferation, suggesting there might be no transfer of circH-
ipk3 between mouse CMs and ECs (Figures S5A–S5C). Moreover, we
found that when cocultured with mouse, CM/EC has no effect on the
circHipk3 expression level of EC/CM, respectively (Figures S6A and
S6B). We further extracted exosome, an important secretion factor of
cell-to-cell communication, from the supernatant of CM and EC. The
Figure 2. circHipk3 Regulates CM Proliferation In Vitro

(A) Detection of Ki67+ P0 CMs after transfection with si-circHipk3 or si-NC. Ki67+ CMs

EdU+ P0 CMs after transfection with si-circHipk3 or si-NC. EdU+ CMs are indicated by

after transfection with si-circHipk3 or si-NC. pH3+ CMs are indicated by arrows; n = 50

circHipk3 or ADV-vector infection; n = 500 CMs, *p < 0.05, scale bars, 50 mm. (E) Dete

indicated by arrows; n = 500 CMs, *p < 0.05 versus, scale bars, 50 mm. (F) Detection of E

by arrows; n = 500 CMs, *p < 0.05, scale bars, 50 mm. (G) Detection of pH3+ P7 CMs a

500 CMs, *p < 0.05, scale bars, 50 mm. (H) Quantification and representative images of

n = 250 CMs, scale bars, 50 mm. The arrows indicate the dividing CM. (I) Flow cytometry

versus vector group in each stage.
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PCR assays showed that circHipk3 was hardly expressed in exosome
isolated from CM or EC (Figure S6C). Additional cell functional
studies showed that coculture with the exosome from circHipk3 over-
expressing CM/EC had no effect on EC/CM proliferation, respec-
tively (Figures S6D and S6E). These results further indicated that
circHipk3 may not be involved in CM/EC crosstalk by modulating
the secretion factors.

To establish the specificity of the function of circHipk3, we investi-
gated the association between EC and CM proliferation and the other
three circRNAs, which are also highly expressed in neonatal hearts
(Figure S7A). We used siRNAs targeting the backsplicing site of these
circRNAs to decrease their expression specifically in HCAECs and
CMs (Figure S7B). We found that silencing the circRNA expression
has no significant effect on HCAEC or CM proliferation (Figures
S7C and S7D), suggesting the specificity of circHipk3 function.

To exclude the effect from Hipk3 mRNA, we detected Hipk3 mRNA
expression after circHipk3 knockdown using shRNAs targeting the
circHipk3 backsplicing site. Expectedly, we found that circHipk3
knockdown has no effect on Hipk3 mRNA expression in CMs or car-
diac ECs (Figure S8A). Moreover, we found that only Hipk3 mRNA
knockdown did not significantly increase the percent of proliferative
CM or cardiac EC compared to the control (Figures S8B and S8C).
These results suggested that the Hipk3 linear transcript was not asso-
ciated with CM or cardiac EC proliferation. Furthermore, we con-
structed the vector to overexpress the circHipk3 sequence without
circularization and investigated its effect on CM and EC proliferation
(Figures S9A and S9B). It was found that the overexpressed circHipk3
sequence without circularization did not significantly increase the
rate of CM or EC proliferation, demonstrating that the circularized
form is essential for circHipk3 (Figures S9C and S9D).

circHipk3 Overexpression Induces Cardiac Regeneration in

Adult Mice

To determine the function of circHipk3 overexpression in vivo, ad-
eno-associated virus 9 (AAV9)-circHipk3 was delivered to adult
mice, and proliferating CMs were detected. Green fluorescent protein
(GFP)-based assays and qRT-PCR assays indicated effective vector
transduction (Figures S10A and 10B). Consistent with the in vitro
findings, circHipk3 overexpression significantly increased the ratio
of CMs expressing Ki67, pH3, and Aurora B (Figures 3A–3C). More-
over, we performed ex vivo studies by isolating CMs from adult mice
to further determine the effect of circHipk3 on CM proliferation. The
are indicated by arrows; n = 500 CMs, *p < 0.05, scale bars, 50 mm. (B) Detection of

arrows; n = 500 CMs, *p < 0.05, scale bars, 50 mm. (C) Detection of pH3+ P0 CMs

0 CMs, *p < 0.05, scale bars, 50 mm. (D) Detection of Aurora B+ P7 CMs after ADV-

ction of Ki67+ P7 CMs after ADV-circHipk3 or ADV-vector infection. Ki67+ CMs are

dU+ P7 CMs after ADV-circHipk3 or ADV-vector infection. EdU+ CMs are indicated

fter ADV-circHipk3 or ADV-vector infection. pH3+ CMs are indicated by arrows; n =

24 h time-lapse videos of P7 CMs transfected with ADV-circHipk3. *p < 0.05 versus;

analysis of P7 CMs 48 h after ADV-circHipk3 or ADV-vector transfection; *p < 0.05
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ratio of Ki67+ CMs was significantly higher in the AAV9-circHipk3
group than in the AAV9-vector group (Figure 3D). Wheat germ
agglutinin (WGA) staining showed that circHipk3 overexpression
had no effect on CM hypertrophy (Figure 3E).

Furthermore, using an MI mouse model, we investigated whether
circHipk3 overexpression might be a therapeutic strategy for MI by
inducing regenerative repair. We injected AAV9-circHipk3 and
AAV9-vector into the peri-infarcted area of mice withMI. The results
showed that compared to control, circHipk3 overexpression signifi-
cantly increased the population of Ki67+ and pH3+ CMs and
decreased that of TUNEL+ CMs in the peri-infarcted area at
14 days post MI (Figures 3F–3H).

We also measured effective vector transduction for EC in mouse
hearts after injection of AAV9-circHipk3-GFP by immunofluores-
cence assay. It was found that GFP could be expressed in cardiac
ECs (Figure S10C). We also isolated ECs from hearts, 4 weeks after
injection of AAV9-circHipk3-GFP. By detection of GFP signals, we
found that the transduction efficiency of ECs for AAV9-circHipk3-
GFP reached about 70% (Figure S10D). Moreover, qRT-PCR assays
revealed that injection of AAV9-circHipk3 significantly increased
circHipk3 expression in cardiac ECs compared to the controls (Fig-
ure S10E). We subsequently investigated the effect of circHipk3 on
angiogenesis post-MI. Antibodies against von Willebrand factor
(vWF) and integrin b2 (IB4) were used to label vessels in the peri-
infarcted and infarcted zone. As expected, the vessel density was
markedly higher in the infarcted and border zone in the AAV9-circH-
ipk3 group than in the AAV9-vector group at 14 days post-MI in
adult mice (Figures 4A–4D and S11). Moreover, we used alpha-
smooth muscle actin (a-SMA) and cluster of differentiation 31
(CD31) double-staining to detect arterioles. Consistently, we found
that circHipk3 overexpression significantly increased arteriole density
in the infarcted and border zone (Figures 4E and 4F).

Next, we investigated whether circHipk3 overexpression improves
cardiac function afterMI. Echocardiography showed that the left ven-
tricular ejection fraction (LVEF) and fractional shortening (FS) values
were significantly higher in mice injected with AAV9-circHipk3 than
in mice injected with AAV9-vector after MI (Figure 5A). Addition-
ally, positron emission tomography (PET)/computed tomography
(CT) was used to detect myocardial perfusion after MI. circHipk3
overexpression markedly increased the myocardial perfusion score
compared to control (Figure 5B). Moreover, Masson trichrome and
Figure 3. circHipk3 Overexpression Promotes CM Proliferation In Vivo

(A) Detection of Ki67+ adult CMs, 2 weeks after AAV9-circHipk3 or AAV9-vector injectio

(B) Detection of pH3+ adult CMs, 2 weeks after AAV9-circHipk3 or AAV9-vector injectio

(C) Detection of Aurora B+ adult CMs, 2 weeks after AAV9-circHipk3 or AAV9-vector inje

50 mm. (D) Detection of Ki67+ ex vivo CMs isolated from adult mouse hearts, 2 weeks

50 mm. (E) WGA staining of the adult mouse heart, 2 weeks after AAV9-circHipk3 or AAV9

2 weeks after MI. Ki67+ CMs are indicated by arrows; n = 4,000 CMs, *p < 0.05, scal

indicated by arrows; n = 4,000 CMs, *p < 0.05, scale bars, 50 mm. (H) Detection of TUN

CMs, *p < 0.05, scale bars, 50 mm.
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triphenyltetrazolium chloride (TTC) staining showed that circHipk3
overexpression after MI significantly decreased the scar size
compared to control (Figures 5C and 5D). Additionally, we investi-
gated the effect of circHipk3 on fibrocyte (FC) in vitro. The result
of Ki67 immunostaining showed that circHipk3 overexpression had
no significant effect on FC proliferation in vitro (Figure S12).

circHipk3 Is Required for Neonatal CM Proliferation In Vivo

To investigate whether circHipk3 is essential for endogenous cardiac
regeneration, we treated P0mice with ADV expressing shRNA target-
ing circHipk3 (ADV-shcircHipk3) or negative control (NC) shRNA
(ADV-shNC). qRT-PCR assays demonstrated that ADV-shcircHipk3
significantly decreased circHipk3 expression in P0 neonatal mouse
hearts compared to ADV-shNC (Figure S10F). We found that circH-
ipk3 knockdown significantly reduced the number of CMs expressing
Ki67, pH3, and Aurora B in P4 neonatal mouse hearts (Figures 6A,
6B, and 6E). When ADV-shcircHipk3 or ADV-shNC was injected
into the infarcted border zone of neonatal MI mice, the ratio of
Ki67+ and pH3+ CMs was much lower in the peri-infarcted zone
of the ADV-shcircHipk3 group than that of the ADV-shNC group
(Figures 6C and 6D). Additionally, circHipk3 downregulation signif-
icantly increased the number of TUNEL+ CMs in the peri-infarcted
zone (Figure 6F). WGA staining indicated that circHipk3 knockdown
had no effect on CM size in P0 neonatal mouse hearts (Figure 6G).
We also investigated the effect of circHipk3 downregulation on car-
diac function of P0 neonatal mouse hearts after MI. As expected,
circHipk3 knockdown significantly reduced the LVEF of P0 neonatal
mouse hearts after MI (Figures 6H and 6I). Masson staining showed
that circHipk3 knockdown increased the scar area in P0 neonatal
mouse hearts after MI (Figures 6J and 6K).

The circHipk3-miR-133a-Connective Tissue Growth Factor

(CTGF) Axis Regulates HCAEC Function and Angiogenesis after

MI

circHipk3 was reported to regulate retinal EC function by miRNA
sponging.19 Herein, we investigated whether circHipk3 regulates
coronary vessel ECs by acting as a miRNA sponge. The Segal
Lab bioinformatic tools predicted that several miRNAs may bind
to circHipk3 (Table S3). We investigated the effect of circHipk3
overexpression on miRNAs that have more than one binding
site on the circHipk3 sequence and are associated with cardiac
protection. It was found that circHipk3 overexpression signifi-
cantly decreased the expression of miR-133a, suggesting that
miR-133a is the target of circHipk3 (Figure 7A). miR-133a, which
n. Ki67+ CMs are indicated by arrows; n = 4,000 CMs, *p < 0.05, scale bars, 50 mm.

n. pH3+ CMs are indicated by arrows; n = 4,000 CMs, *p < 0.05, scale bars, 50 mm.

ction. Aurora B+ CMs are indicated by arrows; n = 3,200 CMs, *p < 0.05, scale bars,

after AAV9-circHipk3 or AAV9-vector injection; n = 300 CMs, *p < 0.05, scale bars,

-vector injection; n = 400 CMs, scale bars, 50 mm. (F) Detection of Ki67+ adult CMs,

e bars, 50 mm. (G) Detection of pH3+ adult CMs, 2 weeks after MI. pH3+ CMs are

EL+ adult CMs, 2 weeks after MI. TUNEL+ CMs are indicated by arrows; n = 4,500
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has been found to be essential for heart development and protec-
tion, has two conserved binding sites in circHipk3 (Figure S13A).
Next, we constructed pGL3 luciferase reporters harboring the
entire circHipk3 sequence (LUC-circHipk3) or a mutant circHipk3
sequence without the miR-133a binding sites (LUC-circHipk3
mutant). miR-133a mimics significantly reduced LUC-circHipk3
activity but did not affect LUC-circHipk3 mutant activity (Fig-
ure 7B). Moreover, RNA FISH experiments in HCAECs showed
overlap between circHipk3 and miR-133a (Figure 7C). To further
determine the interaction between circHipk3 and miR-133a, RNA
pulldown assay was performed using the probe targeting circHipk3
backsplice. The following qRT-PCR assay demonstrated the direct
interaction between circHipk3 and miR-133a (Figure S13B). More-
over, we also measured miR-133a expression after transfection of
vectors overexpressing linearHipk3 in ECs. It was shown that lin-
earHipk3 overexpression had no significant effect on miR-133a
expression (Figure S13C). miR-133a has been reported to regulate
EC proliferation and migration.19 We found that miR-133a mimic
treatment significantly decreased the ratio of EdU+ HCAEC,
which could reverse the effect of circHipk3 on HCAEC prolifera-
tion (Figure 7H). The results suggest that miR-133a is the main
downstream effector of circHipk3 in HCAEC.

It was reported that CTGF, a growth factor closely associated with
angiogenesis, is the target gene of miR-133.24,25 We found that the
miR-133a binding site in the CTGF 30 UTR is highly conserved across
multiple species (Figure S13D). In our study, luciferase assays showed
that miR-133a directly bound to the CTGF 30 UTR in HCAECs (Fig-
ure 7D). Furthermore, we found that circHipk3 overexpression could
significantly increase CTGF expression (Figure 7E), and CTGF
expression was reduced by miR-133a mimics and increased by
miR-133a inhibitors (Figure 7F). Moreover, the circHipk3-induced
effect on CTGF expression could be abolished by miR-133a mimic
transfection (Figure 7G). Thus, CTGF might be the common target
of miR-133a in coronary vessel ECs.

To determine the association between circHipk3 and miR-133a, we
coinjected AAV9-circHipk3 and AAV9-miR-133a to mouse heart af-
ter MI. We found that AAV9-miR-133a effectively diminished circH-
ipk3-induced miR-133a downregulation (Figure S13E). As expected,
AAV9-miR-133a significantly reversed circHipk3-induced angiogen-
esis and CM proliferation (Figures 7I and 7J). More importantly,
AAV9-miR-133a diminished the effect of circHipk3 overexpression
on fibrosis reduction and cardiac function improvement after MI
(Figures 7K and 7L). These results suggested that miR-133a-induced
angiogenesis is essential for the function of circHipk3 during cardiac
regeneration.
Figure 4. circHipk3 Overexpression Promotes Angiogenesis in Adult Mice afte

(A) vWF staining in the peri-infarcted zone in the shcircHipk3 and shNC groups, 14 days

the shcircHipk3 and shNC groups, 14 days after MI, *p < 0.05, n = 6, scale bars, 50 m

14 days after MI, *p < 0.05, n = 6, scale bars, 50 mm. (D) IB4 staining in the infarcted zon

50 mm. (E) a-SMA and CD31 costaining in the peri-infarcted zone in the shcircHipk3 and

CD31 costaining in the infarcted zone in the shcircHipk3 and shNC groups, 14 days a
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circHipk3 Induces CM Proliferation by Increasing Notch1

Intracellular Domain (N1ICD) Stability

Next, we explored the mechanism by which circHipk3 induces CM
proliferation. Unexpectedly, the expression level of miR-133a was
not changed in circHipk3-overexpressing CMs, and the miR-133a
mimic has no effect on circHipk3-induced CM proliferation (Fig-
ure S13F and S13G). The relative low abundance of miR-133a in
CMs might result into the irrelevant circHipk3/miR-133a interaction
in CMs (Figure S13H). Moreover, RNA immunoprecipitation (RIP)
assays showed that circHipk3 did not bind to Ago2, which mediates
miRNA-dependent RNA silencing in CMs (data not shown). These
results suggest that circHipk3 acts independent of miRNA sponging
in CMs.

Because several circRNAs have a protein-binding capacity, we
subsequently performed RNA pulldown assays to identify potential
circHipk3-binding proteins in CMs. Biotinylated probes against the
circHipk3 backsplice sequence were used, and the precipitants were
analyzed by mass spectrometry, which led to the identification of
an important regulator of CM proliferation, Notch1 (Figures 8A
and S14A; Table S4). The RNA-Protein Interaction Prediction
(RPISeq) program predicted that circHipk3 and N1ICD are likely
to interact (Figure S14B). This interaction between N1ICD and
circHipk3 was confirmed by western blotting after RNA pulldown
(Figure 8A).

Then, we investigated the effect of the interaction between circHipk3
and N1ICD. We found that N1ICD protein expression was signifi-
cantly decreased by circHipk3 knockdown, which could be reversed
by the MG132 treatment (Figure 8B). However, circHipk3 had no
effect on Notch1 mRNA expression (Figure S14C). We next explored
whether circHipk3 regulates N1ICD protein expression by affecting
its stability and half-life. We found that circHipk3 overexpression
increased, whereas circHipk3 knockdown decreased the half-life
of N1ICD (Figure 8C). MG132 treatment reversed the effect of
circHipk3 knockdown on the N1ICD half-life (Figure 8C). Further-
more, we found that circHipk3 promoted N1ICD nuclear transloca-
tion, suggesting that circHipk3 affects the transcriptional activity
of N1ICD (Figure 8D). A previous study indicated that N1ICD
acetylation is associated with its stability and function during CM
proliferation.26 Consistently, we also found that circHipk3 knock-
down decreased N1ICD acetylation using immunoprecipitation
(IP) assays (Figures 8E and S14D). We further found that Notch1
knockdown blocked circHipk3-induced Ccnd1 overexpression and
CM proliferation (Figures 8F and 8G). Collectively, these results
indicated that the effect of circHipk3 on CM proliferation might be
achieved by modulating N1ICD stability.
r MI

after MI, *p < 0.05, n = 6, scale bars, 50 mm. (B) vWF staining in the infarcted zone in

m. (C) IB4 staining in the peri-infarcted zone in the shcircHipk3 and shNC groups,

e in the shcircHipk3 and shNC groups, 14 days after MI, *p < 0.05, n = 6, scale bars,

shNC groups, 14 days after MI, *p < 0.05, n = 6, scale bars, 50 mm. (F) a-SMA and

fter MI, *p < 0.05, n = 6, scale bars, 50 mm.
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In addition, we performed RIP assay to detected the interaction be-
tween circHipk3 and N1ICD protein in ECs. We found that circH-
ipk3 was likely not to interact with N1ICD in HCAEC (Figure S14E).
Moreover, we detected N1ICD expression after circHipk3 knock-
down in HCAECs. Western blotting assays showed that circHipk3
knockdown had no effect on N1ICD expression in HCAECs (Fig-
ure S14F). These results suggest that circHipk3 and N1ICD interac-
tion is not relevant in cardiac ECs.

DISCUSSION
In the current study, circHipk3 was identified as a novel regulator of
the synergism between cardiomyogenesis and angiogenesis during
cardiac regeneration, resulting in reduced scar size and improved car-
diac function after MI. Moreover, we found that circHipk3 promoted
CMproliferation by increasing Notch1 acetylation and induced endo-
thelial activation by inhibiting miR-133a. The cardiac transcription
factor Gata4 bound to the circHipk3 promoter and regulated its
expression through an upstream mechanism. Our findings suggest
that circHipk3 might be a valuable therapeutic target for inducing
cardiac regeneration and improving prognosis after MI.

In this study, we demonstrated that circRNAs control the synergism
between cardiomyogenesis and angiogenesis, as circHipk3 promoted
both CM proliferation and endothelial activation during cardiac
regeneration. Our study confirms a crucial role of circHipk3 in cor-
onary angiogenesis, since circHipk3 promoted HCAEC prolifera-
tion, migration, and tube-forming capacity and increased the capil-
lary density in the peri-infarcted area. These results are consistent
with those of a previous study that reported that circHipk3 is
involved in diabetes-induced retinal microvascular dysfunction.19

In addition to its role in coronary angiogenesis, the important
role of circHipk3 in endogenous cardiac regeneration was also
shown in this study. We found that circHipk3 overexpression
increased the ratio of CMs expressing proliferation-related markers
and undergoing cell division both in vitro and in vivo. Our data
indicated that circHipk3 also directly controls CM proliferation by
regulating cell-cycle re-entry. We further demonstrated that the
regulation of both cardiomyogenesis and angiogenesis by circHipk3
is valuable for facilitating cardiac repair after MI. In our study, miR-
133a overexpression acted as an angiogenesis inhibitor and
decreased the positive effects of circHipk3 in hearts with MI, indi-
cating that circHipk3-induced revascularization is required and
essential for the induction of CM proliferation. Moreover, the
circHipk3-induced improvement in cardiac function post-MI sug-
gests that modulating the synergism between CM proliferation
and coronary angiogenesis by targeting circHipk3 might have a
therapeutic benefit. In addition, the RNase digestion experiments
revealed that circHipk3 is more stable than its corresponding
Figure 5. circHipk3 Overexpression Improves Cardiac Function after MI

(A) Cardiac function measured by echocardiography after MI. Time interval, 33 ms. Qua

(FS). *p < 0.05 versus sham group, dp < 0.05 versus vector group, n = 8. (B) PET-CT of

versus vector group, n = 6, scale bars, 0.8 mm. (C) Masson trichrome staining of mouse

scale bars, 1 mm. (D) TTC staining of mouse heart cross-sections at 2 and 4 weeks af
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linear transcripts, suggesting that circHipk3 might have a longer
duration of function. We also found that circHipk3 is highly ex-
pressed in neonatal mouse hearts. These excellent characteristics
of circHipk3 make it a potentially ideal candidate for improving
prognosis post-MI.

circHipk3 has been shown in previous studies to exert its function by
sponging relevant miRNAs.17,19 Herein, we extended knowledge of
the mechanism of action of circHipk3 by showing that circHipk3
also functions by regulating protein modification; specifically, circH-
ipk3 promoted Notch1 acetylation and stability in CMs. The bio-
informatic tools showed that circHipk3 was enriched for miRNA
seed sequences. However, the expression levels of miRNAs with the
most predicted circHipk3 binding sites were not altered in circH-
ipk3-overexpressing CMs, indicating that circHipk3 acts indepen-
dently of miRNA sponging. Next, we performed RNA affinity purifi-
cation assays and identified Notch1 as an RNA-binding protein that
binds circHipk3 and potentially participates in cardiac regeneration.
Notch1 signaling plays an essential role in maintaining CM prolifer-
ation and differentiation and chamber formation during embryonic
heart development.26–28 Our study showed that the interaction be-
tween circHipk3 and N1ICD increased the acetylation and protein
stability of the N1ICD. Consistent with our results, previous studies
showed that N1ICD is acetylated by (Sirt1) in CMs and thus, has
increased stability, and these processes are involved in CM prolifera-
tion and cardiac regeneration.26 We speculate that the interaction of
N1ICD with circHipk3 might change the conformation of N1ICD
and thus, prevent exposure of its concealed acetylation sites to
Sirt1. Moreover, Notch1 expression was found to be associated with
Ccnd1s, further indicating its role in regulating CM cell-cycle pro-
gression. Therefore, Notch1 might be downstream of circHipk3 and
involved in the regulation of CM proliferation.

This study also showed that circHipk3 expression was regulated by
the transcription factor Gata4 in CMs. circRNA expression is
controlled by interactions between transcription factors and pro-
moters. With the use of EMSAs and ChIP-seq assays, we confirmed
that Gata4 bound to specific sites in the circHipk3 promoter and posi-
tively regulated circHipk3 expression levels. Previous studies have
demonstrated that Gata4 is a core transcription factor in the cardiac
regulatory network.29 Recently, Gata4 was found to participate in em-
bryonic CM proliferation and activation of the endogenous cardiac-
regenerative response after injury.30,31 In this study, we further re-
vealed that circHipk3 downregulation could repress the effect of
Gata4, suggesting that circHipk3 might be an important downstream
effector of Gata4 during CM proliferation. Elucidation of the Gata4/
circHipk3/Notch1 regulatory axis provides novel insight into CM
proliferation and endogenous cardiac regeneration.
ntitative analysis of left ventricular ejection fraction (LVEF) and fractional shortening

the mouse heart at 2 and 4 weeks after MI. *p < 0.05 versus sham group, dp < 0.05

heart cross-sections at 2 and 4 weeks after MI. *p < 0.05 versus vector group, n = 8,

ter MI. *p < 0.05 versus vector group, n = 6, scale bars, 0.8 mm.
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Cell-to-cell communication is believed to be critical on the synergism
between cardiomyogenesis and angiogenesis.32 In our study, we also
investigated the role of circHipk3 on regulating CM/EC crosstalk.
Unexpectedly, the CM/EC coculture system failed to find out the
role of circHipk3 on cell-to-cell communication between CM and
EC in vitro. The study on exosome further indicated that circHipk3
may not be involved in CM/EC crosstalk by modulating the secretion
factors. Actually, there are multiple means by which cells communi-
cate to each other.33 Herein, we prostrated that circHipk3 expressed
in EC regulated CM proliferation in vivo by inducing revasculariza-
tion and then providing nutrient and oxygen to regenerative tissue.
circHipk3 might also be involved in CM/EC communication by addi-
tional means in vivo, either by direct cell interactions through mem-
brane receptors and ligands or by releasing soluble molecules, such as
growth factors, cytokines, and chemokines.33 These ways of CM/EC
communication should be explored by future studies.

There are some limitations of the current study. First, our study
demonstrated that circHipk3 overexpression triggered both CM pro-
liferation and angiogenesis during cardiac regeneration and that
circHipk3 expression in CMs was regulated by binding of the tran-
scription factor Gata4 to the promoter. To better understand the roles
of circHipk3 in ECs, the upstreaming mechanisms regulating circH-
ipk3 expression in ECs need to be defined in the future. Second, we
confirmed that circHipk3 was involved in CM proliferation and
endothelial activation both in vivo and in vitro, and the related mech-
anisms were also investigated in vitro. CM- and EC-specific knockout
mice might be helpful in dissecting the underlying molecular mecha-
nisms by which circHipk3 overexpression reduces infarct size and im-
proves survival rates.

In conclusion, circHipk3, which is regulated by the transcription factor
Gata4, triggers CMproliferation and angiogenesis by activatingNotch1
signaling and inhibiting miR-133a activity, respectively. Overexpres-
sion of circHipk3 induced cardiac regeneration and angiogenesis and
reduced the infarct size after MI, which significantly restored cardiac
function. These findings suggest that circHipk3 might be an effective
therapeutic target for preventing heart failure after MI.

MATERIALS AND METHODS
MI Model Establishment

C57BL/6 mice were obtained from Guangdong Medical Laboratory
Animal Center. All animal experiments were approved by the Animal
Figure 6. circHipk3 Knockdown Impairs Regenerative Repair in the Neonatal M

(A) Detection of Ki67+ CMs, 4 days after ADV-shcircHipk3 or ADV-shNC injection. Ki6

Detection of pH3+CMs, 4 days after ADV-shcircHipk3 or ADV-shNC injection. pH3+CM

of Ki67+ CMs, 1 week after MI. Ki67+ CMs are indicated by arrows; n = 3,000 CMs, *p <

indicated by arrows; n = 3,000 CMs, *p < 0.05 versus the ADV-shNC group, scale bars,

injection. Aurora B+CMs are indicated by arrows; n = 3,000CMs, *p < 0.05, scale bars, 5

arrows; n = 2,800 CMs, *p < 0.05, scale bar, 50 mm. (G) WGA staining of the neonatal mo

bars, 50 mm. (H and I) Cardiac function measured by echocardiography, 1 week post M

sham group, dp < 0.05 versus shNC group. (J and K) Masson trichrome staining of the ne

6, *p < 0.05 versus shNC group, scale bars, 0.2 mm.
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Research Committee of Southern Medical University and performed
in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Briefly, adult male mice (56–70 days old) were anesthetized by an
intraperitoneal injection of 3% pentobarbital sodium (40 mg/kg).
The left anterior descending (LAD) coronary artery was ligated
with a silk suture, 1 mm from the ascending aorta. In sham-operated
animals, an analogous surgical operation was performed without oc-
clusion of the LAD. All mice were sacrificed by cervical dislocation at
the indicated time points.

Cardiac function was detected by transthoracic echocardiography us-
ing a Vevo 2100 high-resolution imaging system equipped with a 30-
MHz transducer (RMV-707B; VisualSonics, Toronto, ON, Canada).

Myocardial perfusion was detected by PET-CT using a NanoScan
PET/CT system. Fluorodeoxyglucose (18F-FDG; 15 MBq) in
100 mL 0.9% saline was injected intravenously, 1 h before each
scan. List-mode data were detected for 15 min and subsequently re-
constructed into a single image with a volume of 110 � 60 �
60 mm3 and a voxel size of 0.4 � 0.4 � 0.4 mm3.

Cell Isolation and Culture

Neonatal CMs were isolated from P1 and P7 C57BL/6 mice, as previ-
ously described.34 Briefly, after the heart was removed from a
neonatal mouse, it was split and digested with 0.25% trypsin (Sigma)
at 4�C overnight. Then, tissue fragments were incubated in a mixture
of type II collagenase (Roche), bovine serum albumin (BSA; Sigma),
and phosphate-buffered saline (PBS) at 37�C for 15 min. The cell sus-
pensions were collected after centrifugation and removal of the super-
natant and resuspended in DMEM/F12 medium (Life Technologies),
supplemented with 10% fetal bovine serum (FBS). Then, the cells
were placed for 2 h in cell-culture incubators at 37�C in 5% CO2

and a humidified atmosphere to separate CMs and fibroblasts based
on their different adhesion properties. The supernatant containing
nonadherent CMs was then collected, and the cells were pelleted, re-
suspended in the aforementioned culture medium, and plated at the
appropriate density. The neonatal CMs prepared using this procedure
consistently had a purity of approximately 90%.

Adult mouse CMs were isolated from 10-week-old adult mice using a
modified protocol as described.35 Briefly, when the adult mouse was
ouse Heart after MI

7+ CMs are indicated by arrows; n = 3,600 CMs, *p < 0.05, scale bars, 50 mm. (B)

s are indicated by arrows; n = 3,600CMs, *p < 0.05, scale bars, 50 mm. (C) Detection

0.05, scale bars, 50 mm. (D) Detection of pH3+ CMs, 1 week after MI. pH3+ CMs are

50 mm. (E) Detection of Aurora B+ CMs, 4 days after ADV-shcircHipk3 or ADV-shNC

0 mm. (F) Detection of TUNEL+CMs, 1 week after MI. TUNEL+CMs are indicated by

use heart, 1 week after ADV-shcircHipk3 or ADV-shNC injection; n = 400 CMs, scale

I (H). Time interval, 33 ms. Quantitative analysis of LVEF (I); n = 8, *p < 0.05 versus

onatal mouse heart at 1 week after MI (J). Quantitative analysis of fibrosis area (K); n =
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anesthetized, the heart was rapidly excised andmounted on a Langen-
dorff apparatus. Then, the heart was perfused with calcium-free
perfusion buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4,
0.6 mM Na2HPO4, 1.2 mM MgSO4, 10 mM Na-HEPES, 12 mM
NaHCO3, 10 mM KHCO3, 0.032 mM phenol red, 30 mM taurine,
10 mM 2,3-butanedione monoxime [BDM], and 5.5 mM glucose)
for 5 min, followed by the addition of 50 mL digestion buffer
composed of 15,000 U of type II collagenase (Roche) and 50 mM
CaCl2 for 10 min. The heart was subsequently cut into small pieces,
which were vigorously disrupted with a Pasteur pipette to obtain in-
dividual cells. Then, the cells were centrifuged at low speed, and the
supernatant was removed. The adult mouse CMs were plated onto
culture slides coated with laminin (10 mg/mL�1; Life Technologies;
23017015) and incubated in F12 medium containing 10% FBS.

ECs and FCs of mouse hearts were isolated according to previous
studies.36–39 Briefly, mouse hearts were dissociated into suspension
with a heart dissociation MACS kit (Miltenyi Biotec). Then, the sus-
pension was filtered with MACS SmartStrainer (Miltenyi Biotec) and
added with anti-CD31 Microbeads (Miltenyi Biotec) for EC or anti-
CD90 Microbeads (Miltenyi Biotec) for FC. Afterward, ECs were iso-
lated by separation over a LS MACS Column. Purity of the ECs and
FC was tested by immunofluorescence assay using the CD31 antibody
and CD90 antibody, respectively.

siRNA, ADV, AAV9, and Vector Transfection

siRNAs andmiR-133amimics and inhibitorswere obtained fromRibo-
Bio (Guangzhou, China). A scrambled siRNAwas used as a NC. Trans-
fections were performed with the LipoFilter kit (MicroAire) according
to the manufacturer’s instructions. siRNAs and miR-133a mimics and
inhibitors were transfected at a final concentration of 50 nM. Subse-
quent experiments were performed 48 h after transfection.

The ADV and AAV9 vectors harboring GFP for circHipk3 depletion
or overexpression, linearHipk3 overexpression, and miR-133a over-
expression were synthesized by Vigene (Shandong, China). Neonatal
CMs or ECs were transfected with ADV-circHipk3 for 48 h in order
to overexpress circHipk3. The multiplicity of infection (MOI) ranged
from 10 to 20. qRT-PCR assays were used to determine that circHipk3
expression was successfully upregulated.
Figure 7. circHipk3 Regulates Coronary Angiogenesis by Sponging miR-133a

(A) Changes in miRNA expression after circHipk3 overexpression in HCAECs. *p < 0.05

luciferase-circHipk3-wild type (WT) or luciferase-circHipk3-mutant (Mut). *p < 0.05 vers

colocalization, scale bars, 50 mm. (D) Luciferase activity in HCAECs transfected with lucif

#p < 0.05 versus psi-CTGF + circHipk3, &p < 0.05 versus psi-CTGF + circHipk3 + miR

group. *p < 0.05, n = 5. (F) CTGF protein expression levels in HCAECs after miR-133a m

antagomir (anta)-NC, n = 4. (G) CTGF protein expression levels in HCAECs after circHip

versus ADV-circHipk3 + mimic-NC, &p < 0.05 versus ADV-vector + miR-133a mimics,

0.05 versus ADV-vector + mimic-NC, #p < 0.05 versus ADV-circHipk3 + mimic-NC, &p

staining in the peri-infarcted zone of the corresponding groups, 14 days after MI. *p < 0.

miR-133a, n = 6, scale bars, 50 mm. (J) pH3 staining in the peri-infarcted zone of the corr

AAV9-circHipk3, &p < 0.05 versus AAV9-miR-133a, n = 6, scale bars, 50 mm. (K) Cardia

vector, #p < 0.05 versus AAV9-circHipk3, &p < 0.05 versus AAV9-miR-133a, n = 6. Time

after MI. *p < 0.05 versus AAV9-vector, #p < 0.05 versus AAV9-circHipk3, &p < 0.05 v
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The animal studies were conducted as previously described.35,40

Briefly, adult mice were intramyocardially injected at 3–5 sites with
AAV9 vectors expressing circHipk3 or empty vectors (AAV9-circH-
ipk3 or AAV9-vector) at a dose of 1,011 viral genome particles per
mouse (approximately 30 mL) using an insulin syringe with a 30-
gauge needle. For the infarcted mice, AAV9 was injected intomyocar-
dial tissue close to the infarct zone immediately after the left anterior
descending coronary artery ligation. Myocardial tissues were
collected 28 days after injection. In P0 neonatal mice, ADV vectors
expressing shRNA targeting circHipk3 or empty vectors (ADV-
shcircHipk3 or ADV-NC) were injected into 3 sites in the left
ventricle at a dose of 5 � 109 viral genome particles per animal
(approximately 5 mL) by using an insulin syringe with a 30-gauge nee-
dle. The ADV was also injected in peri-infarcted myocardium imme-
diately after LAD ligation. The hearts of the injected mice were iso-
lated 1 week after ADV injection.

Ad-GFP was used to investigate the distribution of ADV or AAV9
vector in the mouse heart. A Bruker In Vivo FX Pro system (Billerica,
MA, USA) was used to detect GFP in the mouse heart. Quantitative
real-time PCR assays were used to examine circHipk3 expression af-
ter transfection.

Immunofluorescence Analysis

Myocardial tissues were placed a in tissue-freezing medium (Sakura
Finetek USA) and frozen at �20�C. After fixation in 4% polyformal-
dehyde for 30 min, tissue sections and cultured cells were permeabi-
lized with 1% Triton X-100 in PBS for 5min and then incubated in 3%
BSA for 1 h at room temperature. The samples were subsequently
incubated at 4�C overnight with the following primary antibodies
diluted in 3% BSA: anti-Ki67 (1:200, 275R; Cell Marque), anti-pH3
(ab170904; Abcam), anti-cardiac troponin T (cTnT; ab33589; Ab-
cam), anti-Aurora B (ab2254; Abcam), anti-a-SMA (ab7817; Ab-
cam), anti-vWF (ab11713; Abcam), and anti-IB4 (ab181548; Abcam).
A Click-it EdU Imaging Kit (Life Technologies; #C10638) was used to
detect EdU incorporation according to the manufacturer’s instruc-
tion. An In Situ Cell Death Detection Kit (Roche, Shanghai, China)
was used to detect apoptotic cells in samples. After three washes
with PBS, the samples were stained with fluorescent secondary
antibodies (Alexa Fluor 488 and/or 594; Abcam) for 1 h at room
versus si-NC in each group, n = 4. (B) Luciferase activity in HCAECs transfected with

us mimic-NC treatment, n = 6. (C) RNA-FISH detection of circHipk3 and miR-133a

erase-CTGF 30 UTR-WT or luciferase-CTGF 30 UTR-Mut. *p < 0.05 versus psi-CTGF,

-133a, n = 4. (E) CTGF protein expression levels in ADV-circHipk3 and ADV-vector

imic or miR-133a inhibitor treatment. *p < 0.05 versus mimic-NC, #p < 0.05 versus

k3 and miR-133a interference. *p < 0.05 versus ADV-vector + mimic-NC, #p < 0.05

n = 4. (H) EdU staining in HCAECs after circHipk3 and miR-133a interference. *p <

< 0.05 versus ADV-vector + miR-133a mimics, n = 4, scale bars, 50 mm. (I) CD34

05 versus AAV9-vector, #p < 0.05 versus AAV9-circHipk3, &p < 0.05 versus AAV9-

esponding groups, 14 days after MI. *p < 0.05 versus AAV9-vector, #p < 0.05 versus

c function measured by echocardiography, 14 days after MI. *p < 0.05 versus AAV9-

interval, 33 ms. (L) Masson trichrome staining of the corresponding groups, 14 days

ersus AAV9-miR-133a, n = 6, scale bars, 6 mm.
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temperature, followed by 20 min of 40,6-diamidino-2-phenylindole
(DAPI) staining (ab104139; Abcam). Images were captured using
confocal laser-scanning microscopy (Carl Zeiss).

Histological Examinations

Myocardial tissues were fixed with 4% polyformaldehyde for 24 h,
embedded in wax, and sectioned. The sections were subsequently de-
paraffinized through a graded alcohol series, boiled in a pressure
cooker, cooled for 3 h, and processed as indicated.

To evaluate capillary density, specimens were blocked with 4% goat
serum and incubated with anti-vWF antibodies (ab11713; Abcam).
The number of capillaries per unit area in imaged fields at 200�
magnification was determined using an Olympus BX51 microscope.

Masson trichrome (MST 8004; MST Biotechnology) staining was
used to detect the fibrotic area according to the manufacturer’s in-
structions. The area of fibrosis in the infarcted heart was determined
by detecting collagen deposition (blue) using ImageJ software.

The expression levels of circHipk3 in human and mouse heart tissue
were detected by ISH, as described previously.41 Sections were incu-
bated in 3% pepsin, diluted in fresh citrate buffer at 37�C for
30 min, and then prehybridized with prehybridization solution for
2 h at 37�C. Subsequently, sections were incubated with digoxigenin
(DIG)-labeled RNA probes (Biosense Bioscience, Guangzhou, China)
overnight at 37�C. After blocking with 3% BSA for 30 min at 37�C,
the sections were incubated with alkaline phosphatase-conjugated
sheep anti-DIG Fab fragments for 1 h at room temperature.

Real-Time PCR

TRIzol reagent (R6830-01, E.Z.N.A.; Omega Bio-Tek) was used to
extract total RNA from cell or tissue lysates. The nuclear and cyto-
plasmic fractions were isolated by using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Scientific) following the man-
ufacturer’s instructions. Reverse transcription was performed by
using PrimeScript RTMaster Mix (Takara, Dalian, China), and quan-
titative PCR (qPCR) was performed by using SYBR Green PCR Mas-
ter Mix (Takara, Dalian, China) in a LightCycler 480 System (Roche,
Germany). The primers are shown in Table S1.

RNase R Treatment

RNase R treatment was performed according to a previously
described protocol. Briefly, 2 mg total RNA was treated with or
without 3 U mg�1 RNase R (Sigma) at 37�C for 30 min. The treated
Figure 8. circHipk3 Regulates CM Proliferation by Promoting Notch1 Stability

(A) Protein immunoprecipitated using the probe targeting the circHipk3 backsplice site. (B

circHipk3 knockdown decreased the expression of N1ICD, which could be reversed b

N1ICD protein levels in P0 CMs at the indicated periods of time after 20 mg/mL cyclohe

MG132 versus si-circHipk3, dp < 0.05 si-NC versus si-circHipk3, n = 4. (D) circHipk3 pro

4. (E) Protein immunoprecipitated by an acetylation-specific antibody and detected by w

protein levels in P0 CMs after circHipk3 and Notch1 interference. *p < 0.05 versus circH

interference. *p < 0.05 versus circHipk3 + si-Notch1, n = 4, scale bars, 50 mm.
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RNA was subsequently purified with an RNeasy MinElute Cleanup
Kit (QIAGEN).

Exosome Isolation

Exosome extraction was performed according to previous studies.42,43

Briefly, 30 mL of cell-culture supernatant was centrifuged at 1,000� g
for 5 min to remove cell pellets. The supernatant was transferred to a
sterile vessel, centrifuged at 3,000� g for 15 min and then filtered us-
ing a 0.20-mm syringe filter to remove remaining cells and cell debris.
The resultant supernatant was ultracentrifuged at 200,000 � g for
90 min at 4 �C (SW 41 Ti Rotor). The ultracentrifuged supernatant
was transferred to a fresh tube, and the pellet was suspended using
PBS. This eluate containing exosomes was stored at 4�C overnight
or used immediately for experiments.

Western Blot Analysis

Total protein from cells or tissue lysates was prepared using radioim-
munoprecipitation assay (RIPA) lysis buffer (boster biological tech-
nology [BestBio]) containing Protease Inhibitor Cocktail Set I (Best-
Bio). Proteins were separated in 10% SDS-PAGE gels and transferred
to nitrocellulose membranes. The following primary antibodies were
used: anti-Ccnd1 (ab16663; Abcam), anti-N1ICD (#4147; Cell
Signaling Technology [CST]), and anti-CTGF (ab6992; Abcam). As
a control, we used the mouse anti-Gapdh antibody (1:1,000 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Alexa Fluor 680-
conjugated anti-rabbit immunoglobulin G (IgG; 1:10,000 dilution;
Abcam, USA) was used as the secondary antibody. Signals were
captured by an Odyssey detection system (LI-COR Biosciences,
Lincoln, NE, USA).

RNA-FISH

Cy3-labeled RNA probes targeting the circHipk3 backsplice sequence
and miR-133a were purchased from RiboBio (Guangzhou, China)
and used in RNA-FISH assays, performed as described previously.44

Briefly, cultured cells were washed with PBS, permeabilized with
0.5% Triton X-100, and incubated with RNA probes in hybridization
buffer (RiboBio, Guangzhou, China). Then, cells were incubated with
anti-cTnT (ab33589; Abcam), followed by fluorescent secondary an-
tibodies (Alexa Fluor 594; Abcam) and DAPI staining (ab104139; Ab-
cam). Images were captured using confocal laser-scanning micro-
scopy (Carl Zeiss).

RNA Pulldown Assays

RNA pulldown assays were performed as described previously with
minor modifications. Briefly, cells were washed in ice-cold PBS, lysed
ottom) Notch1 intracellular domain (N1ICD) protein detected bywestern blotting. (B)

y MG132 treatment. *p < 0.05 versus si-NC, n = 4. (C) Western blotting analysis of

ximide treatment. *p < 0.05 circHipk3 versus si-circHipk3, #p < 0.05 si-circHipk3 +

motes N1ICD nuclear translocation after MG132 or DMSO treatment. *p < 0.05, n =

estern blotting using the anti-N1ICD antibody. (F) Western blotting analysis of Ccnd1

ipk3 + si-Notch1, n = 4. (G) Detection of EdU+ P7 CMs after circHipk3 and Notch1
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in coimmunoprecipitation buffer, and incubated at room tempera-
ture for 4 h with 3 mg biotinylated DNA oligo probes targeting the
circHipk3 backsplice sequence. Then, then cells were treated with
50 mL washed streptavidin-coated magnetic beads (SA1004; Invitro-
gen) at room temperature for another hour. RNase-free BSA and
yeast tRNA (Sigma, Shanghai, China) were used to prevent nonspe-
cific binding. RNA bound to beads was isolated by the TRIzol kit,
and bound protein was detected by western blotting. The specific
bands were extracted and analyzed by mass spectrometry.

TTC Staining

TTC assays were performed as previously described.6 Briefly, the
mouse heart was dissected and sectioned using a metal slicer into
3 mm-thick slices. The slices were incubated in 1% TTC (Sigma-Al-
drich) in PBS for 15 min at room temperature. The specimens were
washed with PBS to stop the staining process and then photographed.

Luciferase Reporter Assay

The circHipk3 sequence and the 30 UTR of CTGF were cloned into
the psiCHECK-2 luciferase vector, which was purchased from Sai-
cheng Bio (Guangzhou, China). All constructs were confirmed by
sequencing. For luciferase reporter assays, ADV-circHipk3 or miR-
133a mimics were cotransfected into CMs with the indicated lucif-
erase reporters using Lipofectamine 2000 (Invitrogen, Thermo Fisher
Scientific), 24 h before luciferase reporter transfection. Luciferase ac-
tivity was detected using the Dual Luciferase Reporter Assay System
(Promega, Madison, WI, USA).

EMSAs

EMSAs were performed using an EMSA Kit (Biosense, Guangzhou)
according to previous descriptions.41 Labeled and unlabeled wild-
type Gata4 probes were mixed for 10 min for competition experi-
ments. The BioSens Gel Imaging System (BIOTOP, China) was
used to detect bands. The sequences of the wild-type and mutated
probes are 50-GTAGATTTCTATCTCTCTCTCT-30 and 50-GTA-
GATCGAACGAGACGATTCT-30, respectively.

Time-Lapse Videos

Primary P7 CMs were isolated and cultured in confocal dishes with
culture medium as described above Video S1. Time-lapse videos
were acquired at 40� magnification for 24 h at 10-min intervals by
using a Leica (TCS Sp8) confocal microscope. Then, immunostaining
with an anti-cTnT antibody was used to identify CMs.

CM/HCAEC Coculture

Coculture of CM/HCAEC was performed according to a previous
study’s description.45 We used a double-chamber coculture system
in which CMs were cultured in the upper chamber, and HCAECs
were cultured in the lower chamber.

RIP

RIP experiments were conducted as described previously.35,40 The
N1ICD antibody (#4147; CST) was used to precipitate RNA, and
then PCR assays were used to present the binding.
Data Availability

circRNA expression profiles in adult and neonatal (P1) rat hearts and
conserved sequence identification from datasets were obtained from a
previous study.20 The threshold for up- and downregulated circRNAs
was fold change R 2 and false discovery rate (FDR) <0.05.

The ChIP-seq data are available through the Gene Expression
Omnibus (GEO) using the following accession numbers: E14.5 mouse
heart H3K27ac (GEO: GSM1264374), P0mouse heart H3K27ac (GEO:
GSM1264378), P7 mouse heart H3K27ac (GEO: GSM1264380), P56
mouse heart H3K27ac (GEO: GSM1264384), adult heart Gata4
(GEO: GSM1260008), and fetal heart Gata4 (GEO: GSM1260024).
ChIP data were analyzed as previously described.46

Statistical Analysis

The results were statistically analyzed with SPSS 18.0 software. All
data are presented in graphs as the mean ± SD. For the statistical com-
parison of 2 groups, an unpaired, 2-tailed Student’s t test was used.
One-way ANOVA, followed by the least significant difference post
hoc test, was used for the comparison of R3 groups. The p value
was calculated to determine the significance of each difference, and
p <0.05 was considered to indicate statistical significance.
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