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Abstract

Cardiovascular diseases are considered the leading cause of death worldwide. Myocardial ischaemia/reperfusion (I/R) injury
is recognized as a critical risk factor for cardiovascular diseases. Although increasing advances have been made recently in
understanding the mechanisms of I/R injury, they remain largely unknown. In this study, we found that the expression
of circPAN3 (circular RNA PAN3) was decreased in a mouse model of myocardial I/R. Overexpression of
circPAN3 significantly inhibited autophagy and alleviated cell apoptosis of cardiomyocytes, which was further verified
in vivo by decreased autophagic vacuoles and reduced myocardial infarct sizes. Moreover, miR-421 (microRNA-421) was
identified as a downstream target involved in circPAN3-mediated myocardial I/R injury. Additionally, miR-421 could
negatively regulate Pinkl (phosphatase and tensin homologue-induced putative kinase 1) via a direct binding relationship.
Furthermore, the mitigating effects of circPAN3 overexpression on myocardial I/R injury by suppressing autophagy and
apoptosis were abolished by knockdown of Pink1. Our findings reveal a novel role for circPAN3 in modulating autophagy
and apoptosis in myocardial I/R injury and the circPAN3-miR-421-Pink1 axis as a regulatory network, which might provide

potential therapeutic targets for cardiovascular diseases.

Introduction

Cardiovascular diseases (CVDs), such as myocardial infarc-
tion, stroke, rheumatic heart disease and coronary heart dis-
ease, affect millions of patients and are considered the leading
cause of death worldwide [1]. Ischaemia/reperfusion (I/R)
injury is the tissue damage caused by the initial ischaemia and
subsequent injury as a result of reperfusion, which is closely
associated with several CVDs, including myocardial infarc-
tion, leading to increased morbidity and mortality [2, 3].
Myocardial ischaemia is caused by the obstruction of blood
flow to the heart, generally due to coronary thrombosis, ste-
nosis or vasospasm, resulting in the imbalance of myocardial
oxygen demand and supply [4]. Myocardial ischaemia can
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give rise to serious and fatal complications, including myo-
cardial infarction, cardiac failure and arrhythmia. Myocardial
ischaemia can be treated with medications, such as aspirin and
nitrates, and surgery including angioplasty and stenting to
improve blood flow to the heart [5]. However, these treat-
ments might cause I/R injury to patients. Although increasing
advances have been made recently in understanding the
mechanisms of I/R injury, such as oxidative stress and the
inflammatory response [6, 7], they still remain largely
unknown. Therefore, elucidating the pathological mechan-
isms for the occurrence and development of I/R injury is
extremely important for developing novel and effective ther-
apeutic strategies to control I/R injury.

Autophagy, a highly conserved self-digesting cellular
process, refers to lysosomal degradation of intracellular
components such as damaged organelles and pathogenic
proteins in response to various stresses and has been cate-
gorized into three types: microautophagy, macroautophagy
and chaperone-mediated autophagy [8]. Autophagic cell
death differs from apoptosis and necrosis [9]. Autophagy
plays important roles in regulating multiple physiological
processes, including cell growth, differentiation, death and
survival, and maintaining cellular homoeostasis [8, 10], and
its dysregulation has been implicated in diseases such as
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cancers and neurodegenerative and infectious diseases
[11, 12]. It has also been demonstrated that autophagy is
associated with various CVDs [13]. For instance, Valentim
et al. [14] reported that suppression of beclin expression, a
pro-autophagic gene, reduced I/R-induced autophagy and
enhanced cardiomyocyte survival. Although autophagy has
been well recognized to play a crucial role in CVDs, there
are still no very effective therapies targeting autophagy
in CVD treatment. Therefore, a better understanding of
the mechanisms of autophagy in CVDs might yield novel
cellular therapeutic targets.

Unlike the better known linear RNAs, circular RNA
(circRNA), a single-stranded non-coding RNA that is
abundant and evolutionarily conserved, forms a closed
circle by the covalent linkage between its 5 and 3’ ends
and is produced via back-splicing circularization across
introns, exons or both [15]. Growing evidence indicates
that circRNAs act as a microRNA (miRNA) sponge that
sequester miRNAs to regulate gene expression and play
important roles in human diseases [16—18]. Although it
has become a research focus since 2012, the expression
patterns and molecular mechanisms of circRNAs in I/R
injury are still largely unknown. Our study focused on
circPAN3, originating from the Pan3 transcript, which
regulates the self-renewal of intestinal stem cells [19] and
facilitates the drug resistance of acute myeloid leukaemia
by modulating autophagy [20]. miR-421 is a well-studied
miRNA, and it has been reported that miR-421 is asso-
ciated with heart function [21] and human cancers
[22, 23]. Moreover, Wang et al. demonstrated that E2F1
(E2F transcription factor 1)-activated miR-421 promoted
mitochondrial fragmentation, apoptosis and myocardial
infarction by suppressing the translation of Pinkl [24], a
regulator of autophagy in cardiomyocytes [25], indicating
the role of miR-421 in CVDs. However, whether cir-
cPAN3 is involved in CVD pathogenesis and its potential
mechanisms remain elusive.

In this study, we demonstrated for the first time that
circPAN3 ameliorates myocardial I/R injury by absorbing
miR-421 as a competing endogenous RNA (ceRNA) and
regulating Pink1-mediated autophagy. Our investigation not
only revealed the vital roles of the circPAN3/miR-421/
Pinkl axis in I/R injury but also provided potential diag-
nostic markers of I/R injury and promising therapeutic tar-
gets for patients with I/R injury.

Methods
Mouse model of myocardial I/R injury

The mouse model of myocardial I/R injury was established
as previously described [24, 26]. Briefly, 100 male C57BJ/
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6L mice at the age of 10—12 weeks (purchased from Charles
River, Beijing, China) were first fed a mouse diet and given
tap water in a temperature-controlled room (12/12 h light/
dark cycle). Then, mice (n = 10 per group) were randomly
separated into five groups: (1) a sham group; (2) an I/R
group; (3) an I/R + vector group; (4) an I/R + circPAN3
group; and 5) an I/R + circPAN3 + siPink1 group. Before
the thoracotomy, mice were anaesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg). The heart was
exposed, and the left anterior descending artery (LAD) was
located with a dissection microscope. Then, a 6-0 silk suture
was passed around the LAD, and a loose knot was made at
the inferior border of the left auricle. A PE10 tubing was
placed between the knot and the vessel. The LAD was
occluded by tightening the loop for 45 min of ischaemia.
After ischaemia, the loop was untied, and the PE10 tubing
was removed for 3 h of reperfusion. The knot was left in
place for subsequent triphenyl tetrazolium chloride (TTC)
staining. The procedure for the sham group was the same
except that the knot was untied. Hearts were excised from
mice and processed for subsequent assays. All animal
procedures were approved by the Institutional Animal Care
and Use Committee of Xiangya Hospital of Central South
University and conducted in accordance with the National
Institutes of Health guidelines.

For gene modification in vivo, circPAN3 and Pinkl
cDNA were cloned into the Adeno-X expression system
(Clontech, Mountain View, CA, USA). The adenoviruses
harbouring siRNAs against Pinkl (siPinkl) were con-
structed using the pSilencer adeno 1.0-CMV System
(Ambion, Grand Island, NY, USA). Mice were adminis-
tered 5.0 x 10'° plaque-forming units (pfu) of circPAN3,
circPAN3/Pinkl or circPAN3/siRNA adenoviruses in the
tail vein. Five days after adenovirus administration, mice
were subjected to I/R treatment.

Cell culture, treatment and transfection

Primary human cardiac myocytes (HCMs) and embryonic
kidney 293 (HEK293) cells were purchased from Promo-
Cell (Heidelberg, Germany) and the American Type Culture
Collection (ATCC, Manassas, VA, USA), respectively.
Cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% foetal bovine serum at 37
°C in a cell incubator with 5% CQO,. All of the above cell
culture reagents were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). For hypoxia/reoxygenation
(H/R) treatment, HCMs were cultured in an anaerobic
chamber containing 95% N, and 5% CO, for 0, 8, 16 or 24
h and then reoxygenated for 12 h.

For cell transfection, HCMs were seeded in six-well plates,
cultured to approximately 80% confluency and transfected
with the circPAN3 overexpression vector (circPAN3), empty
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vector, miR-421 mimics, mimics control (miR-NC), miR-421
inhibitor (anti-miR-421) or inhibitor control (anti-miR-NC).
Then, the cells were harvested for subsequent analysis. miR-
421 mimics, mimics control, miR-421 inhibitor and inhibitor
control were ordered from GenePharma (Shanghai, China).

Enzyme activity measurement

For the measurement of enzyme activity, including lactic
dehydrogenase (LDH), creatine kinase(CK) and creatine
kinase MB isoenzyme (CK-MB), serum samples were pre-
pared from mice in the I/R injury or sham group, and 10 pL.
of serum was used for the measurement. The measurement
was performed following the manufacturer’s instructions. For
CK-MB activity detection, an anti-M subunit polyclonal
antibody was used to block the M subunits of CK-MB and
CK-MM (creatine kinase MM isoenzyme). The absorbance
at 450nm for LDH and 340nm for CK and CK-MB
was measured. Kits were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Echocardiographic assessment

After 1 week of the I/R procedure or sham operation, mice
were subjected to transthoracic echocardiography as pre-
viously described [27]. The following echocardiographic
parameters were recorded: left ventricular end-diastolic
dimension (LVEDD), end-systolic diameters (LVESD),
end-diastolic pressure (LVEDP, which was calculated by
subtracting the gradient across the aortic valve at the end of
diastole from the diastolic blood pressure with the online
calculator: https://e-echocardiography.com/page/page.php?
UID=175716901), ejection fraction (LVEF, which was
calculated by subtracting the LV volume in systole from the
LV volume in diastole and then dividing the difference by
the LV volume in diastole), systolic pressure (LVSP, which
was estimated from mitral valve regurgitation velocity using
the simplified Bernoulli equation), systolic internal diameter
(LVIDs) and diastolic internal diameters (LVIDd). Frac-
tional shortening of left ventricular diameter (LVFS) was
calculated with the following formula: LVFS = [(LVIDd/
LVIDs)/LVIDd] x 100%.

Histological staining

Hearts were harvested from mice with I/R injury and the sham
group, fixed in 3.7% (v/v) formaldehyde, dehydrated and
embedded in paraffin and were then cut into five-micron
tissue sections. For haematoxylin and eosin (H&E) staining,
sections were deparaffinized and stained with haematoxylin
and eosin. Images were captured with an Olympus BX51
microscope (Tokyo, Japan). For terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL), the TUNEL

Colorimetric IHC Detection Kit was ordered from Thermo
Fisher Scientific (Waltham, MA, USA). The TUNEL assay
was performed following the manufacturer’s recommenda-
tion. In brief, sections were deparaffinized, fixed, permeabi-
lized and subjected to TdT and Click-iT™ reactions. Then,
sections were washed, dried and mounted. Sections were
imaged with an Olympus BX51 microscope.

TTC staining

After the sham procedure or I/R surgery, hearts were
exposed, rapidly excised, frozen and cut into slices of 1
mm. Then, the slices were incubated with 2% TTC solu-
tion for 40 min at 37 °C. The stained slices were fixed
again in 10% formaldehyde overnight and imaged. TTC-
stained and non-TTC-stained areas were analysed with
Image-Pro Plus image analysis 6.0 software. The ratio of
infarcted myocardium to the risk region was calculated as
the whole myocardial tissues (infarct area/whole heart
area) X percentage.

Transmission electron microscopy (TEM)

Hearts were excised from mice with I/R surgery or sham
operation and immediately fixed in 3% glutaraldehyde
overnight. Samples were then washed, post-fixed, dehy-
drated, embedded in EMbed 812 resin (VWR, Radnor, PA)
and cut into 80-nm-thick sections, which were placed on
200 mesh copper grids for TEM (Sigma-Aldrich). Uranyl
acetate and lead citrate were used to stain the grids. Samples
were viewed with a Krios transmission electron microscope
(FEI, Hillsboro, OR, USA).

Immunofluorescence assay

HCMs were plated on chamber slides, treated with H/R and
transfected as indicated. Then, myocytes were washed,
fixed in 4% formaldehyde for 15 min at room temperature
and permeabilized with 0.2% Triton X-100 for 10 min at
room temperature. After permeabilization, cells were
washed, blocked and incubated with anti-human LC3 (light
chain 3) antibody (Cell Signaling Technology, Boston, MA,
USA) at 4 °C overnight. The next day, the cells were probed
with an Alexa Fluor 488-conjugated goat anti-rabbit IgG
(immunoglobulin G) secondary antibody, stained with
DAPI (4',6-diamidino-2-phenylindole) and mounted. Slides
were imaged with a Nikon confocal microscope.

TUNEL assay
The TUNEL assay was performed following the manu-
facturer’s instructions. HCMs were plated on chamber

slides, treated with H/R and transfected as indicated. Cells
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were washed, fixed in 4% paraformaldehyde for 15 min and
permeabilized in 0.25% Triton X-100 for 20 min at room
temperature. Then, cells were subjected to the TdT (term-
inal deoxynucleotidyl transferase) reaction followed by the
Click-iT reaction, stained with DAPI and mounted. Slides
were imaged with a Nikon confocal microscope.

Caspase 3 activity analysis

The caspase 3 activity colorimetric kit was purchased from
Clontech Laboratories (Palo Alto, CA, USA). Caspase 3
activity analysis was performed according to the manu-
facturer’s protocol. Briefly, HCMs with the indicated
treatment and transfection were collected and lysed with
lysis buffer. Fifty microlitres of cell lysates (a total of 20 ug
protein) was transferred into a new well. Then, 50 pL of
reaction buffer and 5 pL of caspase 3 substrate were added.
Samples were incubated at 37 °C for an hour. The absor-
bance was read at 405 nm with a microplate reader.

Vector construction

The circPAN3 sequence along with the 1kb upstream
flanking sequence was synthesized by Sangon Biotech
(Shanghai, China) and inserted into pcDNA3.1. Then, the
upstream flanking sequence was inserted in an inverted
orientation downstream. Adenoviruses harbouring circPAN3
or Pinkl siRNA constructs were generated with the Adeno-
X™ Expression System (Clontech Laboratories) or pSilencer
adeno 1.0-CMV System (Thermo Fisher Scientific), respec-
tively, following the manufacturer’s instructions.

Real-time quantitative reverse transcription-PCR
(RT-gPCR)

Total RNA was extracted from mouse heart tissues and
HCMs with TRIzol reagent (Thermo Fisher Scientific) and
reverse-transcribed into cDNA. miR-421 was reverse tran-
scribed using a TagMan microRNA reverse transcription kit
(Thermo Fisher Scientific). The relative expression levels of
circPAN3, miR-421 and Pinkl were analysed with SYBR
Green QPCR Master Mix (Toyobo, Osaka, Japan) using a
7500 Real Time PCR System (Thermo Fisher Scientific).
The results were normalized to GAPDH (glyceraldehyde 3
phosphate dehydrogenase) or U6 snRNA using the 2744
method. The primers for miR-421, circPAN3 and U6 snRNA
were purchased from RiboBio (Guangzhou, China). Other
primers are listed in Table 1.

Western blotting

Total protein was extracted from HCMs or heart tissues
using radioimmunoprecipitation assay lysis buffer (Abcam)
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Table 1 The primers used in this study.

circPAN3 Forward: 5-GTGGGTCTGTCCCGCTGC-3/
Reverse: 5'-TGGCTGATGAACTCCGAC-3’

miR-421 Forward: 5-ATCAACAGACATTAATTGGGC-3’
Reverse: 5-GTGCAGGGTCCGAGGT-3’

Pink1 Forward: 5-CTGTCAGGAGATCCAGGCAATT-3/
Reverse: 5-GCATGGTGGCTTCATACACAGC-3’

GAPDH Forward: 5-CTGACTTCAACAGCGACACC-3/

Reverse: 5-GTGGTCCAGGGGTCTTACTC-3’
18[6} Forward: 5-CTCGCTTCGGCAGCACA-3’
Reverse: 5'-AACGCTTCACGAATTTGCGT-3/

and quantified with a BCA protein quantitation kit (Thermo
Fisher Scientific). Forty micrograms of cell lysates were
loaded, electrophoresed and transferred to polyvinylidene
fluoride membranes (GE Healthcare, Pittsburgh, PA, USA).
Membranes were blocked and probed with primary anti-
bodies against LC3 (human, 1:1000; mouse 1:800), Beclinl
(Bcl-2-interacting myosin-like coiled-coil protein, human
and mouse, 1:1000), P62 (human and mouse, 1:500), Bcl-2
(B-cell lymphoma 2, human, 1:500; mouse, 1:1000), Bax
(BCL2-associated X protein, human, 1:1000; mouse,
1:500), pro-caspase 3 (human and mouse, 1:1000), cleaved
caspase 3 (human and mouse, 1:1000) and GAPDH (human
and mouse, 1:5000) for 2h at room temperature. All pri-
mary antibodies were ordered from Cell Signaling Tech-
nology (Boston, MA, USA). Blots were then rinsed and
incubated with HRP (horseradish peroxidase)-conjugated
secondary antibodies (Abcam) and visualized with
enhanced chemiluminescence western blotting substrate
(Thermo Fisher Scientific). The relative band intensity was
analysed with Image] software (NIH).

Dual-luciferase reporter assay

The predicted binding sites of miR-421 in circPAN3 (cir-
cPAN3-WT) and Pinkl (Pink1-WT) and the corresponding
mutated sequences (circPAN3-MUT and Pink1-MUT) were
separately cloned into the pmirGLO vector (Promega,
Madison, WI, USA). HEK293 cells were co-transfected
with the above constructs and miR-421 mimics or miR-421
NC and harvested. Then, the firefly and Renilla luciferase
activities were examined with the Dual-Glo® Luciferase
Assay System (Promega) following the manufacturer’s
instructions. The relative firefly luciferase activity was
normalized to Renilla luciferase activity.

RNA pull-down assay

RNA pull-down was performed as previously described
[28]. The biotinylated circPAN3 probe was specifically



CircPAN3 ameliorates myocardial ischaemia/reperfusion injury by targeting miR-421/Pink1 axis-mediated. ..

designed to bind to the junction area of circPAN3, and the
oligo probe was used as the negative control. The circPAN3
probe (Tsingke, Wuhan, China) was incubated with strep-
tavidin magnetic beads (Life Technologies, USA) at room
temperature for 2 h to generate probe-coated beads, which
were then added to the cell lysates at 4 °C overnight. Then,
the beads were washed, and the bound miRNA was
extracted using TRIzol reagent and analysed by qRT-PCR.

For the biotinylated miR-421 probe, briefly, HCMs were
transfected with biotinylated miR-421 mimics or mimics
control and harvested for cell lysis on ice for 30 min. The
cell lysates were incubated with magnetic streptavidin beads
for 20 h at 4 °C. Then, the bound RNA was recovered and
analysed by RT-PCR. GAPDH was used as a negative
control. The biotinylated miR-421 mimics or mimics con-
trol were synthesized by Sangon Biotech.

Statistical analysis

All data in this study were analysed and graphed using
Prism 6.0 software (GraphPad Software, San Diego, CA,
USA) and expressed as the mean =+ standard deviation of at
least three independent experiments. Student’s t-test for
comparing two independent groups and one-way analysis of
variance (ANOVA) for multiple group comparisons were
performed for statistical analyses. A value of P <0.05 was
considered statistically significant.

Results

Enhanced autophagy and downregulation of
circPAN3 were observed in a mouse model of
myocardial I/R injury

To investigate the roles of circPAN3 in myocardial I/R
injury, a mouse model of myocardial I/R injury was suc-
cessfully established as previously described [24, 26].
Compared with the sham group, mice with I/R injury
showed increased bleeding and neutrophil infiltration, dis-
ordered arrangement of myocardial bundles (Fig. 1a) and
enhanced myocardial infarct (Fig. 1b). In addition, we
found increased autophagic vacuoles (Fig. 1c) and an
enhanced ratio of LC3II/LC3I expression (Fig. 1d), indi-
cating that autophagy was significantly promoted in mice
with I/R treatment. The enhanced activity of LDH, CK and
CK-MB (Fig. le) and abnormal echocardiographic para-
meters, including LVEDD, LVESD, LVEDP, LVEF, LVSP
and LVFS (Fig. 1f), implied that heart function was
severely impaired upon I/R injury. Intriguingly, the
expression of circPAN3 was significantly downregulated in
mice with I/R injury compared with the sham group
(Fig. 1g). These results raised the possibility that circPAN3

and autophagy might be associated with myocardial I/R
injury.

Overexpression of circPAN3 ameliorated myocardial
I/R injury in vivo

To further study the relationship of circPAN3, autophagy
and myocardial I/R injury, circPAN3 was overexpressed in
mice with I/R treatment. Compared with the vector control,
the overexpression of circPAN3 markedly alleviated the
structural damage of myocardial tissue and reduced the
myocardial infarct size (Fig. 2a, b) caused by I/R treatment.
Moreover, the number of autophagic vacuoles, the area
occupied by autophagic vacuoles and the expression of
LC3II were decreased upon circPAN3 overexpression
(Fig. 2c, d), indicating that circPAN3 might regulate
autophagy in myocardial I/R injury. The enhanced activity
of LDH, CK and CK-MB caused by I/R treatment was
inhibited (Fig. 2e), and heart function assessed by echo-
cardiography was also restored by circPAN3 overexpression
(Fig. 2f). The overexpression of circPAN3 in mice with I/R
injury was validated using the RT-qPCR assay (Fig. 2g).
These results demonstrated that circPAN3 might regulate
autophagy to exert positive effects on myocardial I/R injury.

Overexpression of circPAN3 alleviated H/R-induced
cardiomyocyte damage by suppressing autophagy
and apoptosis in vitro

As I/R injury is mainly due to hypoxia and reoxygenation
[29], HCMs were treated with H/R as the in vitro cell model
of myocardial I/R injury. The expression of circPAN3 was
analysed using RT-qPCR. We found that along with the
increase in H/R treatment time (0, 8, 16 and 24h), the
expression of circPAN3 was significantly inhibited consistent
with its expression pattern in mice with I/R injury (Fig. 3a).
As expected, H/R treatment increased the expression of
LC3II and its recruitment to autophagosomal membranes,
whereas this induction was abolished by overexpression of
circPAN3 (Fig. 3b). As autophagy is closely associated with
cell apoptosis [30], we analysed the expression of LC3,
Beclinl, P62, Bcl-2, Bax and Caspase 3. Compared with
controls, H/R treatment promoted the expression of autop-
hagy markers (LC3II and Beclinl) and pro-apoptotic factors
(Bax and cleaved caspase 3) and suppressed the expression of
P62 and the anti-apoptotic factor Bcl-2, which were reversed
by the overexpression of circPAN3 (Fig. 3c). The TUNEL
assay and the measurement of caspase 3 activity also showed
increased apoptosis after H/R treatment, and apoptosis was
suppressed by circPAN3 overexpression (Fig. 3d, e). These
observations demonstrated that circPAN3 might alleviate
cardiomyocyte damage by inhibiting autophagy and apopto-
sis in myocardial I/R injury.
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Fig. 1 Enhanced autophagy and downregulation of circPAN3
were observed in the mouse model of myocardial I/R injury.
a H&E staining of heart sections from I/R-treated mice and the sham
group. b TTC staining of heart sections from I/R-treated mice and
the sham group (n = 10). ¢ The examination of autophagic vacuoles
by TEM in heart tissues from I/R-treated mice compared with the
sham group (n=10). d Western blot analysis was performed to
assess the level of LC3II/I. e Cardiac enzyme measurement in serum
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from I/R-treated mice compared with the sham group (n=10).
f Echocardiographic assessment of heart function in I/R-treated mice
compared with the sham group (n=10). g Quantitative RT-PCR
analysis of circPAN3 (n = 10). GAPDH was used as a normalization
control in western blot analysis and quantitative RT-PCR analysis.
All data were from at least three independent experiments. *P <
0.05, **P <0.01 and ***P <0.001.
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Fig. 2 Overexpression of circPAN3 alleviated myocardial I/R
injury and inhibited autophagy. a H&E staining of heart sections
from sham, I/R-treated mice (I/R), I/R-treated mice with empty vector
transfection (I/R 4 vector) and I/R-treated mice with circPAN3
expression vector transfection (I/R + circPAN3). b TTC staining of
heart sections from the indicated mice (n = 10). ¢ The examination of
autophagic vacuoles by TEM in heart tissues from the indicated mice
(n=10). d Western blot analysis of LC3II/I in the indicated mice.

e Cardiac enzyme measurement in serum from the indicated mice (n =
10). f Echocardiographic assessment of heart function in the indicated
mice (n=10). g Quantitative RT-PCR analysis of circPAN3 in the
indicated mice (n = 10). GAPDH was used as a normalization control
in western blot analysis and quantitative RT-PCR analysis. All data
were from at least three independent experiments. *P <0.05, **P <
0.01 and ***P <0.001.
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Fig. 3 CircPAN3 relieved H/R-induced myocardial damage
and suppressed autophagy and apoptosis. a Quantitative RT-PCR
analysis of circPAN3 in HCMs treated with H/R for the indicated
times (n = 3). b Immunofluorescence staining of LC3I/Il in HCMs in
response to control treatment (Con), H/R treatment (H/R), H/R treat-
ment plus empty vector transfection (H/R + vector) and H/R treatment
plus circPAN3 expression vector transfection (H/R + circPAN3).
¢ Western blot analysis of LC3I/II, Beclinl, P62, Bax, Bcl-2 and

SPRINGER NATURE

Relative protein levels
o =
o o
T 9
— =l
%
H
H
H
*
%

H/IR H/R+Vector

H/R+circPAN3

{8~ 1 control

= HR

Il H/R+Vector
104 &= e Bl H/R+circPAN3

*
— *k

Relative protein levels

A I]m i I[

T
Bcl-2 Bax cCaspase

/tCaspase

H/R+Vector H/R+circPAN3

br\
S5
2
2o
E
83!
=
0 &
&L N S é(b
Oé R A‘Z’o Q?“
O & c.}@
X &
s

cleaved caspase 3 in HCMs with the indicated treatment. d TUNEL
staining of HCMs with the indicated treatments (n=3). e The
assessment of caspase 3 activity in HCMs with the indicated treat-
ments (n = 3). GAPDH was used as a normalization control in western
blot analysis and quantitative RT-PCR analysis. All data were
from at least three independent experiments. *P < 0.05, **P <0.01 and
%P <(0.001.
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Fig. 4 CircPANS3 acts as a sponge of miR-421. a The predicted binding
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miR-421, circPAN3-WT/miR-NC, circPAN3-MUT/miR-421 or cir-
cPAN3-MUT/miR-NC. ¢ Quantitative RT-PCR analysis of miR-421 in
HCMs transfected with vector only or the circPAN3 vector (n = 3). U6
RNA was used as a normalization control. d CircPAN3 in HCM lysates
was pulled down and enriched with a circPAN3-specific probe and then

CircPAN3 acts as a sponge of miR-421

Since circPAN3 generally acts as a ceRNA to absorb
miRNAs, we predicted its downstream target by bioinfor-
matics analysis and identified a highly likely binding site
for miR-421 (Fig. 4a). The luciferase reporter assay showed
that luciferase activity was markedly reduced upon
cotransfection with miR-421 mimics and the wild-type
circPAN3 construct but unaffected by the mutated cir-
cPAN3 construct (Fig. 4b), implying that miR-421 is a
functional direct target of circPAN3. We found that the
expression of miR-421 was significantly decreased in the
circPAN3-overexpressing HCMs (Fig. 4c). Subsequently,
we performed a biotin-labelled probe pull-down assay to
investigate whether circPAN3 could directly bind miR-421.
First, the biotin-labelled probe was verified to pull down
circPAN3 in HCMs (Fig. 4d). Next, biotin-labelled miR-
421 was used to confirm its direct binding relationship, and
the results showed that biotin-labelled miR-421 captured
more circPAN3 than the negative control (Fig. 4e). We also
analysed miR-421 expression in mice and found that miR-
421 was upregulated upon I/R treatment compared with

Relative expression
level of circPAN3

examined by semi-quantitative RT-PCR assay. GAPDH was used as a
control. e Biotin-labelled miR-421 was transfected into HCMs, and
circPAN3 levels were quantified by quantitative RT-PCR (n=3).
f Quantitative RT-PCR analysis of miR-421 in I/R-treated mice and
sham mice (n=10). GAPDH was used as a normalization control.
g Pearson correlation analysis of circPAN3 and miR-421. All data were
from at least three independent experiments. *P <0.05, **P <0.01 and
##%P < 0.001.

sham treatment (Fig. 4f). In addition, the expression of
circPAN3 and miR-421 was negatively correlated in mice
with I/R injury (Fig. 4g). These data demonstrated that
circPAN3 might directly target miR-421 to exert its roles in
myocardial I/R injury.

miR-421 reversed circPAN3-mediated protective
effects on H/R-induced cardiomyocyte damage

To assess whether miR-421 is the mediator of circPAN3
exerting its effects in I/R injury, H/R-treated HCMs were
transfected with miR-421 mimics alone or co-transfected with
miR-421 mimics and the circPAN3 expression vector.
Overexpression of circPAN3 dramatically impaired the acti-
vation of autophagy induced by H/R treatment, while this
inhibitory effect was reversed by miR-421 mimics (Fig. 5a).
Consistent with autophagy, apoptosis was also increased by
upregulation of miR-421, but this effect was reversed by
circPAN3 transfection (Fig. 5b, c), suggesting that circPAN3
might regulate autophagy and apoptosis by targeting miR-421
in I/R injury. Indeed, the expression of miR-421 was
increased in HCMs with H/R treatment alone and further
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Fig. 6 Pinkl was a direct target of miR-421. a Quantitative RT-PCR
analysis of miR-421 in HCMs with H/R treatment for the indicated
times (n=3). U6 RNA was used as a normalization control.
b Quantitative RT-PCR analysis of Pinkl in HCMs in response to
Con, H/R, H/R plus anti-miR-421 NC transfection (H/R + NC) and H/
R plus anti-miR-421 transfection (H/R + anti-miR-421) (n=3). U6
RNA was used as a normalization control. ¢ Western blot analysis of
Pinkl in HCMs with the indicated treatment. GAPDH was used as a
normalization control. d The predicted binding site of miR-421 in the

enhanced by miR-421 overexpression but inhibited by cir-
cPAN3 overexpression compared with that in the H/R treat-
ment group (Fig. 5d). Similarly, the effect of H/R treatment
on the protein expression of LC3, Beclinl, P62, Bcl-2, Bax
and Caspase 3 was strengthened by miR-421 overexpression
and decreased by circPAN3 transfection (Fig. 5e). These
results demonstrated that circPAN3 directly absorbed miR-
421 to regulate autophagy in myocardial /R injury.

Pink1 was a target of miR-421

Along with the extension of H/R treatment time (0, 8, 16
and 24h), the expression of miR-421 was significantly
increased (Fig. 6a). As it has been reported that miR-421
facilitates cardiomyocyte apoptosis and myocardial

5'UTR of Pinkl. e Analysis of the relative luciferase activity (n = 3).
HEK293 cells were transfected with Pink1-WT/miR-421, Pink1-WT/
miR-NC, Pink1-MUT/miR-421 or Pink1-MUT/miR-NC. f Quantita-
tive RT-PCR analysis of miR-421 in HCMs transfected with miR-NC,
miR-421, anti-miR-421 NC or anti-miR-421 (n=3). g Quantitative
RT-PCR analysis of Pink1 in I/R-treated mice and sham mice (n = 10).
GAPDH was used as a normalization control. h Pearson correlation
analysis of miR-421 and Pinkl. All data were from at least three
independent experiments. *P < 0.05, **P <0.01 and ***P <0.001.

infarction by suppressing the expression of Pinkl [24], we
analysed Pinkl expression and found that the mRNA and
protein levels of Pinkl were inhibited by H/R treatment and
that this effect was largely reversed by miR-421 inhibitor
transfection (Fig. 6b, c). The potential binding of miR-421
and Pinkl was predicted by bioinformatics analysis
(Fig. 6d). Luciferase activity was obviously suppressed
upon cotransfection with miR-421 mimics and the wild-
type 5'UTR of Pinkl but was unaffected by the mutated
Pinkl construct (Fig. 6e), indicating that Pinkl was the
functional direct target of miR-421 (Fig. 6e). The expres-
sion of Pinkl was reduced by miR-421 mimics but pro-
moted by the miR-421 inhibitor (Fig. 6f). In addition, Pink1
was upregulated upon I/R treatment (Fig. 6g), and the
expression of Pinkl and miR-421 was negatively correlated
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in mice with I/R injury (Fig. 6h). These data demonstrated
that miR-421 directly bound Pink1 to negatively regulate its
expression in myocardial I/R injury.

CircPAN3 regulated myocardial I/R injury by
targeting miR-421/Pink1 axis-mediated autophagy

To verify whether Pinkl was the functional target of
circPAN3/miR-421 in myocardial I/R injury, mice were
infected with adenovirus harbouring circPAN3 or
Pink1 siRNA. We found that circPAN3 could obviously
alleviate the structural damage of myocardial tissue and
myocardial apoptosis caused by I/R treatment; however, the
synchronous knockdown of Pinkl completely reversed
these effects (Fig. 7a). The reduced myocardial infarct size
and autophagy upon circPAN3 overexpression were totally
abolished by knockdown of Pinkl, suggesting that cir-
cPAN3 might regulate autophagy by modulating Pinkl
expression (Fig. 7b, c). Pinkl was upregulated upon cir-
cPAN3 overexpression and knocked down by Pink1 siRNA
(Fig. 7d). Moreover, the effect of circPAN3 overexpression
on the protein expression of LC3, Beclinl, P62, Bcl-2, Bax
and Caspase 3 was completely abolished by knockdown of
Pink1 in mice with I/R injury (Fig. 7e). Taken together, our
results demonstrated that circPAN3 might ameliorate
myocardial I/R injury by regulating the miR-421/Pink1 axis
and Pinkl-mediated autophagy.

Discussion

CVDs are regarded as highly lethal heart diseases world-
wide and are the main cause of mortality in many countries
[31, 32]. As the most common form of CVD, ischaemic
heart diseases, which are characterized by limited blood and
oxygen supply to the heart, can lead to extremely fatal
conditions and heart attack. Reperfusion is the only effec-
tive therapeutic strategy in treating acute ischaemic heart
diseases such as severe myocardial infarction; however, it
might cause additional I/R injury [33]. Growing evidence
has demonstrated that autophagy plays an important role
in myocardial I/R injury. For example, autophagy is sti-
mulated in different ways and might play distinct roles in
ischaemia and reperfusion [34]. Huang et al. [35] reported
that antithrombin III ameliorated I/R injury by suppres-
sing excessive autophagy. A study from Gao et al. [36]
showed that TXNIP (thioredoxin-interacting protein)-
Reddl (regulated in development and DNA damage
responses 1) contributed to I/R injury by enhancing
autophagy. In this study, we are the first to raise the
possibility that circPAN3 might ameliorate myocardial 1/
R injury by inhibiting Pinkl-mediated autophagy. Com-
bined with other studies, our results indicate that targeting
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autophagy in I/R injury might be a potential therapeutic
strategy. However, in future investigations are needed to
elucidate the direct relationship between autophagy and I/
R injury regulated by circPAN3, which was not performed
in this study.

As an important modulator in autophagy, circRNAs have
attracted much attention from researchers since 2012 owing
to their contributions to the regulation of gene expression
and disease development [37, 38]. Abnormal expression of
circRNAs has been demonstrated to be closely related to the
progression and prognosis of various diseases, including
carcinomas [39, 40], diabetes [41], kidney diseases [42] and
CVDs [43]. CircRNAs generally act as ceRNAs to directly
target and absorbs miRNAs to regulate gene expression and
play significant roles in diseases such as myocardial I/R
injury [28, 44]. CircPAN3, the subject of our investigation,
is involved in regulating drug resistance in acute myeloid
leukaemia [20] and the self-renewal of intestinal stem cells
[19]; however, to the best of our knowledge, its role in
myocardial I/R injury has never been reported. In our study,
we found for the first time that circPAN3 was down-
regulated in I/R injury and that its overexpression could
ameliorate I/R injury and suppress autophagy. Similar to
many other circRNAs targeting miRNAs, circPAN3 could
directly target miR-421, a novel target of circPAN3 reported
in this study, and act as a miR-421 sponge to regulate I/R
injury and autophagy.

miR-421 has been previously reported to act as a crucial
modulator in myocardial I/R injury by targeting Pinkl
[24, 45]. We found that miR-421 was upregulated upon I/R
injury. Overexpression of miR-421 enhanced autophagy
and HCM apoptosis in response to H/R treatment, and these
effects were reversed by circPAN3 overexpression. Toge-
ther, previous reports and our data suggest that miR-421 is
the functional target of circPAN3 in relieving myocardial I/
R injury. As a well-known target of miR-421 and one of the
most important regulators in autophagy, Pinkl was con-
firmed as a direct target of miR-421 and was regulated by
circPAN3/miR-421, and knockdown of Pinkl1 reversed the
ameliorating effect of circPAN3 overexpression on myo-
cardial I/R injury in this study. These results demonstrated
that circPAN3/miR-421 might regulate myocardial I/R
injury by modulating Pinkl and autophagy. However, the
detailed regulatory mechanisms of miR-421/Pinkl in I/R
injury and autophagy are still unclear and need further
investigation.

Based on our results, the circPAN3/miR-421/Pink1 axis
could be targeted to treat myocardial I/R injury; however,
targeting circPAN3 or miR-421 might result in multiple
effects, as these molecules can exert different functions in
different systems. Therefore, we still need and plan to
investigate the regulatory mechanisms of circPAN3/miR-421
in myocardial I/R injury to provide more reasonable targets
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Fig. 7 CircPAN3 regulated myocardial I/R injury by targeting the
miR-421/Pink1 axis. a H&E and TUNEL staining of heart sections
from sham mice and mice treated with I/R, I/R + circPAN3 or I/R +
circPAN3 plus Pinkl siRNA (I/R + circPAN3 + siPinkl) (n =10). b
TTC staining of heart sections from the indicated mice (n = 10). ¢ The
examination of autophagic vacuoles by TEM in heart tissues from the

for designing therapeutic strategies. Targeting autophagy and
Pink1 might be a better option for managing I/R injury.

In summary, in this study, we demonstrated for the first
time that circPAN3 might ameliorate myocardial I/R injury
by regulating the miR-421/Pink1 axis and inhibiting Pink1-
mediated autophagy. Our investigation not only emphasized
the important roles of the circPAN3/miR-421/Pink1 axis but

indicated mice (n=10). d Western blot analysis of Pinkl in the
indicated mice. GAPDH was used as a normalization control.
e Western blot analysis of LC3II/I, Beclinl, P62, Bax, Bcl-2 and
caspase 3 in the indicated mice. GAPDH was used as a normalization
control. All data were from at least three independent experiments.
*P <0.05, **P<0.01 and ***P <(.001.

also helped elucidate its regulatory mechanism in myo-
cardial I/R injury. More importantly, our study might pro-
vide potential targets for developing novel strategies for the
treatment of I/R injury.
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