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Background: Cardiac hypertrophy is induced by diverse patho-physiological stimuli and
indicates an increase in cardiomyocyte size. Circular RNAs (circRNAs) and microRNAs
(miRNAs), members of noncoding RNAs, are involved in several biological processes and
cardiovascular diseases (CVD). Here, we investigated the potential role of circHIPK3, which
is produced by the third exon of the HIPK3 gene in cardiac hypertrophy.

Methods: qRT-PCR and Sanger sequencing were conducted to identify the expression and
characteristics (head-to-tail structure, stability, and location) of circHIPK3 in cardiac hyper-
trophy; Immunostaining of a-SMA was performed to evaluate the size of the cardiomyo-
cytes; Transverse aortic constriction (TAC) induced hypertrophy models of mice were
established to investigate the effect of circHIPK3 in vivo. Bioinformatics analysis and
luciferase reporter assays, RNA immunoprecipitation, and fluorescence in situ hybridization
(FISH) experiments were conducted to investigate the mechanism of circHIPK3-mediated
cardiac hypertrophy.

Results: circHIPK3 is circular, more stable, and mainly located in the cytoplasm. Silencing
of circHIPK3 inhibited the TAC induced cardiac hypertrophy, and reversed the effect of TAC
on the echocardiograph parameters, such as left ventricular end-diastolic pressure
(LVEDPS), left ventricular fraction shortening (LVFS), left ventricular ejection fraction
(LVEF), and left ventricular systolic dysfunction (LVSD), and also the heart weight to tibial
length (HW/TL). Angiotensin II (Ang II) Ang II-treated cardiomyocytes showed larger size
of cardiomyocyte and upregulation of fetal genes, biomarkers of cardiac hypertrophy, peptide
hormones, atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), and myo-
filament protein, f-myosin heavy chain (f-MHC). These effects were reversed by circHIPK3
knockdown. Mechanically, circHIPK3 sponges miR-185-3p. In addition, miR-185-3p targets
CASR. The rescue experiments confirmed the interaction between circHIPK3 and miR-185-
3p as well as miR-185-3p and CASR.

Discussion: Our data suggested that circHIPK3 serve as a miR-185-3p sponge to regulate
cardiac hypertrophy revealing a potential new target for the prevention of TAC- and Ang-II
induced cardiac hypertrophy.

Keywords: cardiac hypertrophy, circHIPK3, angiotensin II, transverse aortic constriction,
TAC, miR-185-3p, calcium signaling receptor

Introduction

The heart is a dynamic organ and responds to several internal and external patho-
physiological hemodynamic overloads such as hypertension, valve disease, myocardial
infractions, or regular physical activity and chronic exercise training which lead to
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cardiac hypertrophy, eventually causing heart failure, respon-
sible for sudden death worldwide."? Cardiac hypertrophy
causes an upregulation in the expression of cardiac fetal
genes, such as ANP, BNP and -MHC, increase in the protein
content, and assembly of sarcomeres.'*

Circular RNAs (circRNAs) are dynamic, abundant, evo-
lutionarily conserved, stable, structurally specific noncoding
RNAs having a remarkable continuous closed loop structure
by covalently joining 3’ and 5’ ends;* due to their diverse
presence in the body fluids, such as blood, exosomes,
saliva, and seminal plasma, they have been functionally
associated with different physiological and pathological
processes, including autophagy, apoptosis, cell cycle, and
proliferation. They are widely present in humans, rats, and
mice hearts.” circRNAs are multifunctional, acting as
miRNA sponges and protein sponges, and regulate alterna-
tive transcriptional

splicing, and post-transcriptional

regulation.® Emerging evidence suggests the role of
circRNAs in many diseases, such as neurologic diseases,
cardiovascular diseases, cancers, immune diseases, aging,
diabetes, digestive diseases, skin, muscle and bone diseases,
hepatopathy, and hypertension.® Circular RNAs play
a pivotal role in cardiovascular diseases.” The first evidence
suggesting the role of circRNA in regulating heart physiol-
ogy and pathology came from studies of heart-related
cirRNAs (CRHR) which act as an endogenous sponge of
miR-223, thereby inhibiting the miR-223-induced cardiac
hypertrophy and heart failure in mice.*’ Microarray ana-
lyses of dysregulated circRNAs indicate detection of 1,163
circRNAs, out of which 63 circRNAs are differentially
expressed in heart tissue of mice with myocardial infarc-
tion-induced heart failure.'” Recently, circRNAs act as
biomarkers in the detection of acute myocardial injury."
circRNAs sequencing reveals 401 circRNAs are dysregu-
lated, with 303 circRNAs upregulated and 98 circRNA
downregulated in the isoproterenol hydrochloride-induced
cardiac hypertrophy.'> One of the most abundant circRNA
which has been studied extensively is circRNA homeodo-
main-interacting protein kinase 3 (circHIPK3)." circHIPK3
is abundant in heart, lungs, liver, etc; its dysregulation is
involved in a number of biological processes, including
cardiovascular diseases."*

miRNAs are single stranded, endogenous, small (~22
nucleotides) non-coding RNAs;'? they are key regulators of
their
deregulations are associated with several diseases; they are

post-transcriptional ~ gene  expression  and

used as potential diagnostic and prognostic biomarkers of
cardiovascular diseases.'® miRNA can target many mRNAs,

and a unique mRNA can be the target of multiple miRNAs."”
miRNAs can positively or negatively regulate cardiomyocyte
hypertrophy. For example, miR-1,"® miR-133,"® miR-208a
and miR-208b,2%?! miR-212/132 family,”* and miR-23a*
are involved in the progression of hypertrophy.

The underlying molecular mechanism of cardiac hyper-
trophy remains largely unknown. The present work
enhanced our understanding on the role of circHIPK3 in
cardiac hypertrophy by sponging miR-185-3p and target-
ing the downstream signaling molecule CaSR. We have
produced conclusive evidence which might support the
potential role of the circHIPK3/miR-185-3p/CaSR axis in
cardiovascular physiology and pathophysiology.

Materials and Methods
The Establishment of Cardiac

Hypertrophy Model

Male C57BL/6 mice (8-10 weeks old) were anesthetized
with 2% isoflurane and subjected to thoracotomy to estab-
lish the cardiac hypertrophy model using transverse aortic
constriction (TAC) method. A 6.0 silk suture was placed
across the aorta with a 26G blunt needle to obtain the aorta
constriction of 0.46 mm in diameter. Mice in the sham
group underwent similar surgery, but without ligation. All
animal experiments were approved by the Animal
Research Ethics Committee of the First Affiliated
Hospital, Nanjing Medical University, China, and were
performed according to the Guide for the Care and Use
of Laboratory Animals published by the United States
National Institute of Health, USA.

The mice were randomly assigned to the following
groups: sham, TAC, and TAC+si-circHIPK3. The adeno-
virus (Biocobio, Tianjin, China) of circHIPK3 was
injected into the left ventricle myocardium 1 week before
the TAC surgery. Heart tissues were collected for further
detection after 4 weeks of TAC treatment.

Cell Culture and Transfection

Neonatal C57BL/6 mice were anesthetized with 5% iso-
flurane, and mice were sacrificed by cervical dislocation
until they lost their righting reflex. The left ventricular
tissues were isolated and minced into 1-3 mm® pieces.
Primary neonatal mouse cardiomyocytes (NMCMs) were
separated from the tissues with digestion of 0.05% col-
lagenase II (Invitrogen, CA, USA) and 0.5% trypsin
(Gibco, USA). HEK-293T cells were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
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China). NMCMs and HEK-293T cells were maintained at
37°C with 5% CO,in Dulbecco’s Modified Eagle Medium
(DMEM, Hyclone Laboratories, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Grand
Island, NY, USA).

When cells reached confluence, NMCMs were removed
by trypsin-EDTA and plated in 6-well plates. Adenovirus
mediated knockdown of circHIPK3 (ad-si-circHIPK3) and
miR-185-3p (ad-si-miR-185-3p), as well as overexpression
of CaSR (ad-CaSR) were added to cells for 24 hours, then the
culture medium was replaced for an additional 48 hours in
the presence of 1 uM angiotensin II (Ang II, Sigma, USA) to
induce cardiomyocyte hypertrophy.

Bioinformatics Analysis
The circinteractome software (https://circinteractome.nia.

nih.gov/) was used to predict the target gene of circHIPK3.
The
was used to predict the target gene of miR-185-3p.

targetscan7.2  (http://www.targetscan.org/vert 72/)

Luciferase Reporter Assay

The wild type or mutated sequence of circHIPK3 and
CASR containing the predicted binding site of miR-185-
3p was amplified and inserted into the luciferase reporter
vector pMIR-Report (Promega, Madison, WI, USA).
HEK-293T cells were co-transfected with luciferase repor-
ter constructs, as well as internal control pRL-TK
(Promega) and miR-185-3p or miR-control by using
Lipofectamine 2000 (Invitrogen). At 48 hours post-
transfection, cells were harvested and luciferase activity
was measured using a dual-luciferase Reporter Assay
System (Promega). The relative luciferase activity was
normalized to renilla luciferase activity.

RNA Extraction and Real-Time PCR
Analysis

Total RNA were isolated from heart tissues and cultured
cardiomyocytes using Trizol (Invitrogen). Reverse tran-
scription were performed using a EasyScript First-Strand
cDNA Synthesis SuperMix kit (Transgen, Beijing, China)
according to the manufacturer’s instructions. qRT-PCR
were carried out using SYBR Green Master Mix (Thermo
Fisher Scientific) in Light Cycler®480 System (Roche). The
relative abundance of mRNA was calculated according to
the 272" method. GAPDH or U6 was used as an internal
reference for the mRNAs and miRNAs, respectively. The
primers used in RT-PCR were shown as follows: forward:

CACAGATCTGATGGATTTCAAGA and reverse: CCTC
ATCTTCTACCGGCATC for ANP; forward: GTCAGTC
GTTTGGGCTGTAAC and reverse: AGACCCAGGCAGA
GTCAGAA for BNP; forward: CCGAGTCCCAGGTCAA
CAA and reverse: CTTCACGGGCACCCTTGGA for B-
MHC; forward: ATCCATAGCAGCGGATCGACT and
reverse: CAGGATAGCATGCAGACTTAGC for circHIP
K3; forward: ACTCCACTCACGGCAAATTC and reverse:
TCTCCATGGTGGTGAAGACA for GAPDH; forward: C
ACAGATCTGATGGATTTCAAGA and reverse: CCTCAT
CTTCTACCGGCATC for U6.

RNase R Digestion and Actinomycin

D Treatment

RNA samples were degraded using RNase R (TAKARA,
Dalian, China) for 20 minutes at 37°C and then subjected
to gPCR. In addition, the cardiomyocytes were treated with
20 ng/mL Actinomycin D (Amresco, USA) to block new
RNA synthesis, and then, total RNA was extracted at the time
point of 1,2, 4, 8, and 16 hours for the further qPCR analysis.

RNA Pull Down

The experiment was performed using RNA pull down kit.
RNA pull-down was carried out using a specific biotiny-
lated probe that hybridized with target RNA (mRNA or
miRNA). It can then be pulled down, reversely transcribed
to cDNA, and identified by qRT-PCR.

Immunostaining

Cells for immunostaining were fixed with 4% paraformalde-
hyde for 20 minutes and permeabilized with 0.5%Triton
X-100 for 15 minutes, and then blocked with 3% BSA for
30 minutes. Cells were incubated with the primary antibody
(a-SMA, Abcam, Cambridge, UK) at 4 °C overnight. After
washing thrice, the blots were incubated with Alexa Fluor-
labeled secondary antibody (Invitrogen) for 2 hours followed
with DAPI staining for another 10 minutes (Olympus, Japan).

Histological Analysis

Heart tissues fixed with paraformaldehyde were embedded
with paraffin and cut into slices of 4 um. The size and
morphologic alterations of the heart was assessed by
hematoxylin/eosin (HE) staining and Masson trichrome
staining. Sections were mounted and scanned with
a fluorescent microscope (Olympus, Japan).
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Echocardiography for Mice

Echocardiography of the left ventricle in mice with TAC for
4 weeks was performed using the Vevo 2100 Imaging
System. Briefly, mice were anesthetized with 2% isoflurane
then maintained under anesthesia with 1.5% isoflurane and
examined. The mouse was placed chest up on an examina-
tion board and wiped clean to remove all hair in the area of
interest. The M-mode measurements of left ventricular (LV)
dimensions were conducted using the scan head and calcu-
lated from more than three heart cycles. Left ventricular
inner diameters during diastole and systole were determined
from M-modes along with heart rate. Diastolic and systolic
volumes were acquired by applying Simpson’s rule of discs
to the serially acquired short axis images. Stroke volume
was calculated as: diastolic volume-systolic volume.
Ejection fraction was calculated as: (stroke volume/diastolic
volume)x100%. Cardiac output was determined by: stroke
volumexheart rate.

Western Blot Assay

Cell lysates were prepared and the level of protein expres-
sion was measured using Bradford method. Forty micro-
grams of protein was loaded to the SDS-PAGE for
electrophoresis. Then the proteins were transferred to the
PVDF membrane and blocked with 5% milk in TBS-T for
1 hour and then incubated with specific primary antibodies
(anti-CASR, Abcam, UK; anti-GAPDH, Abcam) at 4°C
overnight and secondary antibodies conjugated with horse-
radish peroxidase at room temperature for 1 hour, respec-
tively. The signals on the membrane were detected using
nitrocellulose membrane (NCM) in a chemiluminescence
imaging system (Tanon, Beijing, China).

Statistical Analysis

All data are presented as the means+standard deviation
(SD). The statistical analyses were performed using one-
way ANOVA and Student’s test. The data were analyzed
using GraphPad Prism 5.0, and P<0.05 was considered to
be statistically significant. Data are expressed as means
+SD from three independent experiments.

Results

Identification and Validation of circHIPK3
in Cardiomyocyte

CircHIPK3 are widely present in humans, rats, and mice

hearts (Werfel et al, 2016; Wang et al, 2019). CircBase
retrieval revealed that 907 bp of CircHIPK3 was derived

from the exon 9-13 of the HIPK3 gene. Sanger sequencing
further confirmed the head-to-tail splicing of this product
(Figure 1A). As we know, circRNAs are stable as they are
a ring structure. In order to evaluate the stability of
circHIPK3, we evaluated the amount of circHIPK3 in
cardiomyocytes under RNase R treatment. The amount of
linear mRNA of HIPK3 decreased drastically under the
RNase R treatment (Figure 1B). However, no alteration
was found in circHIPK3 under the digestion of RNase
R. The half-life of the linear and circular HIPK3 was
evaluated under Actinomycin D treatment. Our results
indicated that circular HIPK3 is much more stable than
the linear form of HIPK3 (Figure 1C). Furthermore, cDNA
and gDNA were extracted separately from cardiomyocytes
and subjected to nucleic acid gel electrophoresis detection.
The results indicated that circHIPK3 could be detected in
cDNA but not in gDNA (Figure 1D). qRT-PCR analysis of
nuclear and cytoplasmic RNAs further showed that
CircHIPK3 is mainly localized in the cytoplasm of cardi-
omyocyte (Figure 1E). Similarly, RNA FISH further con-
firmed that circHIPK3 was mainly localized in the
cytoplasm (Figure 1F).

circHIPK3 Up-Regulation Was Observed
in Mice with Cardiac Hypertrophy

HE staining revealed that TAC treated hearts have a larger
size, suggesting cardiac hypertrophy (Figure 2A). Masson
staining showed that TAC treatment significantly induced
myocardial fibrosis (Figure 2B). Furthermore, echocardio-
graphic parameters of the mice, including LVEDP, LVFS,
LVEF, and LVESD were evaluated with an ultrasound sys-
tem which further indicated that the cardiac function of the
mice subjected to TAC treatment was impaired (Figure 2C).
The ratio of heart weight to tibial length (HW/TL) was
increased after TAC treatment (Figure 2D). In addition, an
in vitro hypertrophy model was established by treating
cardiomyocytes with Ang II; immunofluorescence with
alpha-smooth muscle actin (a-SMA) displayed larger size
of cardiomyocytes treated with ang II as compared to the
sham ones (Figure 2E). The levels of fetal genes like ANP,
BNP, and f-MHC are used to evaluate the extent of myo-
cardial hypertrophy; the three fetal genes showed upregula-
tion under Ang II treatment (Figure 2F). Real-time PCR
analysis revealed that circHIPK3 expression was increased
in cardiomyocytes after treatment with Ang Il compared to
that in the control group (Figure 2G). Furthermore, the level
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Figure | The identification of circHIPK3 in cardiomyocytes. (A) circHIPK3 was back-spliced by exons 9—13 of HIPK3 gene as the black arrow showed. The existence of circHIPK3
was confirmed by Sanger sequencing, the red arrow shows the head-to-tail splicing junction site of circHIPK3. (B) qRT-PCR analysis of linear mRNA HIPK3 and circHIPK3 after
RNase R treatment. (C) qRT-PCR analysis of circHIPK3 and HIPK3 mRNA after treatment with Actinomycin D. (D) qRT-PCR validation of the existence of circHIPK3. Divergent
primers amplified circHIPK3 in cDNA but not in genomic DNA (gDNA). (E) gRT-PCR assay was performed to evaluate the location of circHIPK3. (F) FISH was conducted to
indicate the assay with location of circHIPK3. *P<0.05 vs mock group. Scale bar=50 pm. Data are expressed as means+SD from three independent experiments.
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Figure 2 Ang Il and TAC upregulated the expression of circHIPK3 in cardiomyocyte and myocardium, respectively. (A) The morphology and size of cardiomyocyte subjected to
TAC treatment or without TAC treatment were shown using Hematoxylin&eosin (HE) staining. (B) Masson staining was performed to evaluate the myocardial fibrosis. (C)
Echocardiographic parameters of the mice, including LVEDP, LVFS, LVEF, and LVESD were measured with a ultrasound system. (D) Quantification of heart weight-to-tibial length
ratio was carried out. (E) The morphology and size of cardiomyocyte was detected by immunofluorescence. (F) qRT-PCR analysis was done to evaluate the level of three cardiac
fetal genes ANP, BNP, and B-MHC in cardiomyocytes. (G, H) qRT-PCR analysis detected the expression level of miR-185-3p in Ang ll-treated cardiomyocytes and TAC-treated
myocardium. *P<0.05 vs sham or control group. Scale bar=50 um. Data are expressed as means+SD from three independent experiments.

of circHIPK3 was upregulated in cardiac tissue of TAC mice
as compared to the sham ones (Figure 2H).

circHIPK3 Silencing Suppresses Cardiac
Hypertrophy Induced by TAC and Ang Il

Adenovirus vector was used for knocking down circHIPK3
to determine the functional effects of circHIPK3 silencing.

Cells were transfected with ad-si-circHIPK3 by intrave-
nously injecting them with ad-si-circHIPK3. We first eval-
uated the efficiency of the adenovirus and our results
indicated that the level of circHIPK3 was significantly
reduced both in the myocardium and cardiomyocytes
under ad-si-circHIPK3 transduction (Figure 3A and B).
circHIPK3 knock down also led to a decrease in the ratio
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Figure 3 Knockdown of circHIPK3 released Ang Il- and TAC-induced cardiac hypertrophy. (A, B) gRT-PCR analysis was used to evaluate the efficiency of the adenovirus
mediated knockdown of circHIPK3, and circHIPK3 level was significantly reduced in cardiomyocyte and myocardium. (C) Quantification of heart weight-to-tibial length ratio
was calculated. (D) Hematoxylin and eosin staining was performed to evaluate the size of the heart under TAC, TAC+ad-nc, and TAC+ad-si-circHIPK3 treatment. (E)
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MHC. *P<0.05 vs Ang ll+ad-nc group or TAC+ad-nc group. Scale bar=50 pm. Data are expressed as meansxSD from three independent experiments.

of heart weight to tibial length as compared to the sham cardiac function in TAC-induced cardiac hypertrophy
ones (Figure 3C). As expected, HE staining also revealed (Figure 3D). In addition, echocardiogram parameters were
that circHIPK3 knockdown reduced the size of hearts and  detected; reduction of LVEDd and LVESd and elevation of
subsequently reduced the cardiac hypertrophy, protecting LVFS and LVEF under circHIPK3 knockdown (Figure 3E).
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Afterwards, our in vitro experiments revealed that the car-  showed that circHIPK3 overexpression significantly reduced
diomyocytes size was significantly decreased in the ad-si- the miR-185-3p level in cardiomyocytes while circHIPK3
circHIPK3 group suggesting that circHIPK3 knockdown knockdown notably increased the miR-185-3p level (Figure
has a protective role and recovered the Ang Il-induced 4C). Next, we performed FISH to determine whether
cardiomyocyte phenotype (Figure 3F). Moreover, we circHIPK3 and miR-185-3p colocate in cardiomyocytes.
found significantly reduced levels of mRNA of ANP, BNP, The results revealed that circHIPK3 and miR-185-3p colo-
and f-MHC under ad-circHIPK3 transfection as compared  calize in the cytoplasm of cardiomyocytes (Figure 4D). RNA
to the sham ones (Figure 3G). pull down assay was further carried out indicating that a miR-

185-3p probe enriched the expression of circHIPK3 com-

CircHIPK3 Act as a miR-| 85_3P Sponge pafed to the c.ontrol pro‘t.)e group (Flgure. 4E). Pearson cor.re-
in Cardiac H " h lation coefficient analysis showed an existence of a negative
in Cardiac Hypertrophy

correlation between circHIPK3 and miR-185-3p (Figure 4F).
To explore the underlying mechanism of circHIPK3 in car-

These results demonstrated that circHIPK3 acts as a sponge
diac hypertrophy, we investigated its potential interacting of miR-185-3p in cardiomyocytes.
miRNAs by bioinformatics prediction analysis. We found

that the circHIPK3 contains a highly conserved miR-185- . . .

3p seed sequence (Figure 4A). To validate the prediction, we Silenci ng of miR-185-3 P Reversed the

cloned the wild-type or mutant sequence containing the pre- Effect of circHIPK3 Knockdown on

dicted targeting region and dual luciferase assay was carried Cardiac Hypertrophy

out. Compared to the control mimic group, the mir-185-3p  To further investigate the correlation between circHIPK3
significantly reduced the luciferase activity of pRL-TK-  and miR-185-3p, we detected whether silencing of miR-
circHIPK3 vector but did not affect the luciferase activities  185-3p could reverse the effect of circHIPK3 knockdown.
of the mutant vectors (Figure 4B). To further confirm the = qRT-PCR was used to evaluate the miR-185-3p expres-
correlation between miR-185-3p and circHIPK3, we vali-  sion. The results indicated a significant down-regulation of
dated the expression of miR-185-3p in response to miR-185-3p in cardiomyocytes subjected to Angll treat-
circHIPK3 overexpression or knockdown. The qPCR results  ment; similarly, circHIPK3 knockdown elevated the level

3 mimic nc 3 vector B si-nc
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Figure 4 circHPIK3 act as a miR-185-3p sponge in cardiomyocytes. (A) Schematic representation of target site between circHIPK3 and miR-185-3p. (B) Luciferase reporter
assay was carried out to verify whether miR-185-3p targets circHIPK3 in cardiomyocytes. (C) gRT-PCR analysis was used to detect the expression of miR-185-3p in different
groups. (D) FISH assay with specific probes targeting miR-185-3p and circHIPK3 was performed to detect the co-localized miR-185-3p (red) and circHIPK3 (green) in
cardiomyocytes. (E) RNA pull down assay with the specific probe of miR-185-3p was used to confirm the interaction between circHIPK3 and miR-185-3p. (F) Pearson
correlation coefficient analysis indicated a negative correlation between circHIPK3 and miR-185-3p. #P<0.05 vs mimic nc, vector or biotin-nc group; #P<0.05 vs si-nc group.
Scale bar=50 um. Data are expressed as meansSD from three independent experiments.
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of miR-185-3p. Adenovirus knockdown of miR-185-3p
obviously reduced the level of miR-185-3p (Figure 5A).
Next, assessment of cardiomyocyte size and the expression
of hypertrophic genes including ANP, BNP, and f-MHC
were performed. The results demonstrated that the miR-
185-3p silencing reversed the effect of circHIPK3 on
cardiomyocyte size and the expression of ANP, BNP, and
[-MHC (Figure 6C). These findings further confirmed the
interaction between miR-185-3p and circHIPK3.

Regulatory Effect of miR-185-3p on CaSR
miRNAs bind and suppress the expression of their target
genes to participate in the regulation of pathological
process (Kim et al, 2015). To explore the precise mechan-
ism of circHIPK3 and miR-185-3p, we investigated the
potential targets of miR-185-3p. Bioinformatics analysis
was carried out to determine the potential target of miR-
185-3p and it was found to be CaSR (Figure 6A). To
validate the bioinformatics prediction analysis, we cloned
the wild-type or mutant sequence containing the pre-
dicted targeting region into the luciferase reporter gene
system. miR-185-3p significantly reduced the activity of
LUC-CaSR, while no change was noticed in the mutant
(Figure 6B). To further confirm the correlation between
miR-185-3p and CaSR, we validated the expression of
CaSR in response to miR-185-3p overexpression or
knockdown. The qPCR results showed a dramatic down-
regulation of CaSR under circHIPK3 overexpression in
cardiomyocytes. On the contrary, circHIPK3 knockdown
notably increased the level of miR-185-3p (Figure 6C).
RNA pull down assay was carried out which indicated

that the miR-185-3p probe enriched the expression of
circHIPK3 as compared to the control probe (Figure
6D). Pearson correlation coefficient analysis showed
a negative correlation between miR-185-3p and CaSR
and a positive correlation between circHIPK3 and
CASR (Figure 6E and F). Together, these data indicated
that miR-185-3p CASR in
cardiomyocytes.

specifically  targets

Restoration of CaSR Reversed the Effect
of circHIPK3 Knockdown on Cardiac

Hypertrophy

To confirm the correlation between circHIPK3 and CaSR,
we carried out the rescue experiments to detect whether
the restoration of CaSR apparently reverses the effect of
circHIPK3 knockdown. qRT-PCR was used to evaluate the
CaSR expression. The results indicated a significant up-
regulation of CaSR in cardiomyocytes subjected to Ang II
treatment; circHIPK3 knockdown suppressed the level of
CASR. Adenovirus overexpressing CaSR notably pro-
moted the expression of CaSR (Figure 7A). Afterwards,
we examined cardiomyocyte size and the expression of
hypertrophic genes including ANP, BNP, and -MHC. The
results demonstrated that the overexpression of CaSR
reversed the effect of circHIPK3 silencing on cardiomyo-
cyte size and the expression of ANP, BNP, and fS-MHC
(Figure 7C). These findings indicated the existence of
a relationship among circHIPK3, competing endogenous
RNA (ceRNA) and CaSR in pressure overload-induced
cardiac hypertrophy and cardiac dysfunction.
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Figure 5 miR-185-3p silencing reversed the effect of circHIPK3 in cardiomyocytes. (A) qRT-PCR analysis was used to evaluate the efficiency of the adenovirus mediated
knockdown of miR-185-3p. (B) The morphology and size of cardiomyocyte treated with control, Ang ll+ad-si-nc, Ang ll+ad-si-circHIPK3, and Ang llI+ad-si-circHIPK3+ad-si-
miR-185-3p. (C) qRT-PCR analysis was used to detect the level of ANP, BNP, and B-MHC. *P<0.05 vs control group, “P<0.05 vs Angll+ad-si-nc group, P<0.05 vs Angll+ad-si-
circHIPK3 group. Scale bar=50 pum. Data are expressed as means+SD from three independent experiments.
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Figure 6 miR-185-3p directly target CaSR in cardiomyocytes. (A) Schematic representation of target site between miR-185-3p and CaSR. (B) Luciferase reporter assay was
carried out to verify whether miR-185-3p targets CASR in cardiomyocytes. (C) knockdown of miR-185-3p to monitor the expression of CASR was detected by Western
blot. (D) Enrichment of CASR. (E, F) Pearson correlation coefficient analysis was performed to investigate the correlation between circHIPK3 and CASR as well as miR-
185-3p and CASR. *P<0.05 vs mimic nc, biotin-nc, miR-nc group, #P<0.05 vs inhibitor-nc group. Scale bar=50 pm. Data are expressed as means+SD from three independent
experiments.
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Figure 7 Restoration of CaSR reversed the effect of circHIPK3 in cardiomyocytes. (A) qRT-PCR was used to evaluate the efficiency of the adenovirus mediated knockdown
of CaSR. (B) The measurement of morphology and size of cardiomyocyte treated with control, Angll+ad-si-nc, Angll+ad-si-circHIPK3, and Ang Il+ad-si-circHIPK3+ad-CASR.
(C) qRT-PCR analysis revealed the levels of ANP, BNP, and B-MHC. *P<0.05 vs control group, #p<0.05 vs Ang ll+ad-si-nc group, &p<0.05 vs Ang llI+ad-si-circHIPK3 group.

Scale bar=50 um. Data are expressed as meansSD from three independent experiments.

Discussion

Cardiac hypertrophy may be due to the physiological or
pathological stimuli and prolonged hypertrophic growth is
associated with adverse cardiac anomalies that conse-
quently lead to heart failure and sudden death
worldwide.'* Our observations indicated that circHIPK3
expression was markedly increased under both TAC and
Ang Il-treated mice hearts. The underlying mechanistic
link showed that circHIPK3 regulates pressure overload
induced cardiac hypertrophy by sponging miR-185-3p and
circHIPK3
attenuates cardiac hypertrophy. Our data suggested that

modulating CaSR. Furthermore, silencing

circHIPK3 might be a potential therapeutic target for treat-
ing cardiac hypertrophy.

CircRNAs sponge miRNAs in cardiac hypertrophy and
other cardiac remodeling. For example, sex-determining
region Y (Syr) circRNA has 16 binding sites for miR-
138,% heart related circRNA (HRCR) act as an endogenous
sponge of niR-223,® Mitochondrial fission and apoptosis-
related circRNA (MFACR) downregulates miR-652-3p-
dependent mitochondrial protein 18 (MTP18) activation,?®
circRNA 000203 sponges miR-26b-5p and specifically
increase the expressions of fibrosis-associated genes, alpha-
smooth muscle actin (aSma), collagen Type I Alpha 2 Chain
(colla2) and collagen Type III Alpha 1 chain (Col3al),?’
circRNAs sodium/calcium exchanger 1 (NCX1) targets miR-
133a-3p, Sodium-calcium exchanger gene derived circular
RNA (circslc8al) mediates miR—133a—3p.28 circHIPK3 is
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one of the most abundant circRNA and sponge miRNA in
cardiac anomalies. However, the underlying mechanism of
circHIPK3 in cardiac hypertrophy is limited. The mechan-
istic link between circHIPK3 and miR-185-3p was required
to be explored. How this is related to CaSR pathway. In the
present investigation, we demonstrated that circHIPK3 pro-
motes cardiac hypertrophy and echocardiograph parameters,
such as left ventricular end-diastolic pressure (LVEDPS), left
ventricular fraction shortening (LVFS), left ventricular ejec-
tion fraction (LVEF), and left ventricular systolic dysfunction
(LVSD), and the heart weight to tibial length (HW/TL) were
found to be impaired in TAC-treated hearts and significantly
enhanced mRNA expression of three standard molecular
markers of cardiac hypertrophy, ANP, BNP, and -MHC
under the Ang II treatment as compared to the sham ones.
Ang II induces cardiac dysfunction by several mechanisms,
including vascular inflammation, oxidative stress, remodel-
ing, and so on.”’ Previously, circHIPK3 aggravates myocar-
dial ischemia-reperfusion injury by sponging mil24-3p;
circHIPK3 sponges miR-124-3p to inhibit proliferation and
enhances apoptosis of cardiomyocyte after myocardial ische-
mia/reperfusion (I/R) injury.*® circHIPK3 is significantly
upregulated during post-myocardial infarction (MI) by
sponging miR-17-3p and regulates the activity of adenylate
cyclase 6 (ADCY6) and also affects the presence of Ca>" in

the cytoplasm.®'

Also, circHIPK3 induces proliferation,
migration, and development of cardiac fibroblast by spong-
ing miR-29b-3p in angiotensin (Angll)-induced cardiac
fibrosis.>> Exosomal circHIPK3 released from hypoxia-
pretreated cardiomyocytes become functionally activated in
the cardiac microvascular endothelial cells (CMVECs) under
oxidative stress conditions and regulate CMVECs via the
miR-29a/Insulin-like growth factor 1 (IGF-1) pathway.*
Presently, the bioinformatics analysis showed the poten-
tial miRNAs that interact with circHIPK3. To identify the
miRNA that interacts with circHIPK3, we have conducted
a dual luciferase reporter assay and validated that miR-185-
3p significantly reduced the activity of LUC-circHIPK3
among those miRNAs. In this study, immunofluorescence
with a-SMA demonstrated larger size of cardiomyocytes
with Ang II treatment than sham ones. Importantly,
circHIPK3 knockdown (ad-si-circHIPK3) increased the
anti-hypertrophic effect of miR-185-3p, but overexpression
of circHIPK3 reversed this activity. In addition, miR-185-3p
silencing abolished the effect of ad-si-circHIPK3. These
observations suggested that circHIPK3 act as a miR-185-
3p sponge to regulate cardiac hypertrophy. Previously, the
several cardiac

miR-185 family was observed in

dysfunctions. In a cardiac specific gene set analysis
(GSA), out of 18 miRNAs, miR-185 plays a pivotal role
in cardiac hypertrophy by negatively targeting multiple
factors of calcium ion signaling, calcium/calmodulin depen-
dent protein kinase II Delta (Camk2d), sodium/calcium
exchanger 1 (Ncx1), and nuclear factor of activated T-Cell
3 (Nfatc3).>* Moreover, miR-185 regulates dilated cardio-
myopathy (DCM) (a leading cause of heart failure) by
reducing the levels of anti-B1-AR antibody and TNF-a
secreting 3 cells; 51 DCM patients are examined. Patients
with high miR-185 at 1-year follow-up showed a drastic
improvement in indexes of cardiac function, such as
improvement in left ventricular ejection fraction, left ven-
end diastolic diameter,
(NT)-proB-type

(NT-proBNP), as well as a significant reduction in cardio-

tricular and a prohormone,

N-terminal natriuretic peptide
vascular mortality and total admission for heart failure
hospitalization as compared to patents with low miR-
185° In another study, miR-185 reduction regulates
hypoxia-induced myocardial infarction by targeting cathe-
psin K (catK), and promotes angiogenesis, as well as accel-
erating cardiac function recovery in mice.*®

In the present report, the bioinformatics analysis
revealed a potential target of miR-185-3p was CaSR and
we further confirmed this association by using dual luci-
ferase reporter assay by knockdown or overexpression of
miR-185-3p. Additionally, Pearson correlation showed
a negative correlation between miR-185-3p and CaSR,
whereas positive regulation was revealed between
circHIPK3 and CaSR. Overexpression of CaSR might
reverse the effect of circHIPK3 on cardiac hypertrophy
which was indicated by the size of cardiomyocyte and the
expression of ANP, BNP, and B-MHC. Previously, it has
been shown that CaSR play a crucial role in cardiac

37739 Moreover, the

physiology and pathophysiology.
expression level of CaSR was markedly increased in car-
diac hypertrophy, which has been confirmed in our study.*’

In conclusion, using in vitro and in vivo hypertrophy
models we have shown that circHIPK3 was up-regulated in
pressure-overload induced cardiomyocytes and inhibition of
circHIPK3 exerts a protective role against cardiac hypertro-
phy through sponging of a miR-185-3p. Furthermore, it was
shown that miR-185-3p in turn targets the calcium sensing
receptor (CaSR) gene in cardiomyocytes and that miR-185-
3p knockdown or CaSR over-expression can reverse the
effect of circHIPK3. Our study has improved our under-
standing of the biological roles of circRNAs and miRNAs
in the physio-pathology of cardiac hypertrophy. circHIPK3/
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miR-185-3p/CaSR axis acts as a potential therapeutic target
for overload-induced cardiac hypertrophy.
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