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Introduction: Myocardial infarction is coronary artery-related heart disease, and the lead-
ing cause of mortality globally. Circular RNAs (circRNAs) are a new type of regulatory
RNAs and participate in multiple pathological cardiac progression.

Methods: However, the function of circFoxo3 in Ml-induced myocardial injury remains
obscure.

Results: Significantly, we identified that circFoxo3 was downregulated in the MI rat model
and the overexpression of circFoxo3 ameliorated MI-induced cardiac dysfunction and atte-
nuated Ml-induced autophagy in rat model. Meanwhile, the overexpression of circFoxo3
repressed oxygen—glucose deprivation (OGD)-induced autophagy, apoptosis, inflammation,
and injury of cardiomyocyte in vitro. Mechanically, we identified that the expression of
KAT7 was reduced by circFoxo3 overexpression in cardiomyocytes. Meanwhile, the expres-
sion of HMGB1 was repressed by the depletion of KAT7 in cardiomyocytes. The enrichment
of histone H3 lysine 14 acetylation (H3K14ac) and RNA polymerase II (RNA pol II) on
HMGBI1 promoter was inhibited by the knockdown of KAT7. Moreover, the overexpression
of circFoxo3 suppressed HMGBI1 expression and KAT7 overexpression rescued the expres-
sion of HMGBI in cardiomyocytes. The enrichment of KAT7, H3K14ac, and RNA poly 11
on HMGBI1 promoter was decreased by circFoxo3 overexpression, while the overexpression
of KAT7 could reverse the effect. The overexpression of KAT7 or HMGBI1 could reverse
circFoxo3-attenuated cardiomyocyte injury and autophagy in vitro. Thus, we conclude that
circular RNA circFoxo3 relieved myocardial ischemia/reperfusion injury by suppressing
autophagy via inhibiting HMGBI1 by repressing KAT7 in MIL.

Discussion: Our finding provides new insight into the mechanism by which circFoxo3
regulates Ml-related cardiac dysfunction by targeting KAT7/HMGBI axis.
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Introduction

Myocardial infarction' is a coronary artery-related cardiac disease, which ranks the
leading cause of mortality globally® and is commonly caused by an insufficient
blood supply in heart, which causes ischemia and hypoxia of myocardial tissues,
inflammatory response, death of cardiomyocytes, finally the myocardial injury.>*
Among the Ml-induced cardiomyocytes reactions, cell death plays a central role
during the pathogenesis of MI and could be achieved by three major mechanisms
including cell apoptosis, necrosis, and autophagy.” Although accumulating evidence
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have unraveled the pathogenesis of MI, the incidence of
MI remains steadily increasing, and exploration of effec-
tive therapeutic manners is urgent.®

CircRNAs are covalently closed noncoding RNA loops
that are highly conserved and abundant, featured by higher
stability in physical conditions in comparison with the linear
RNAs.” Accumulating studies have disclosed the participa-
tion of circRNAs in pathogenesis of various diseases, includ-
ing MIL® CircFoxo3 is a newly discovered circRNA that
derives from FoxO3 gene, and functions as tumor activator in
cancers including gastric cancer and glioblastoma.'*"!
Recent studies also disclosed the participation of circFoxo3
in progression of coronary artery diseases.'>'"> CircFoxo3
was also reported to protect cardiomyocytes against radia-
tion-induced cardiotoxicity.'* Nevertheless, the function of
circFoxo3 in MI remains unclear. Noteworthy, circRNAs
mainly function through sponging microRNA (miRNA) or
directly with targeted proteins.” For example, circRHOT]
epigenetically regulates lung cancer progression via recruit-
ing KATS5."> Importantly, the previous studies have identified
the critical function of circRNAs in the regulation of MI
circCDYL,
circFnde3b.5'%!7 Moreover, high mobility group box 1
(HMGBI1) belongs to non-histone DNA-binding protein
that participates in regulation of gene expression, including

progression, including  circTtc3, and

DNA replication, gene transcription, as well as nucleosome
assembly.'® Studies have indicated the functions of KAT7 in
various diseases, such as cancers, sepsis, atherosclerosis,
collagen disease, acute lung injury arthritis, epilepsy, as
well as myocardial infarction.' !

In this work, we evaluated the role of circFoxo3 during
MI progression, found a cardioprotective function of
circFoxo3 in both in vitro and in vivo MI model, deci-
phered the molecular mechanism that circFoxo3 sup-
pressed the expression of HMGB1 and cardiomyocytes
autophagy via KAT7/HMGBI axis. Our findings may pro-

vide a novel therapeutic method for MI.

Materials and Methods

Cell Culture and Transfection

Rat cardiomyocytes H9c¢2 was purchased from the
American Type Culture Collection (ATCC, USA), and
cultured in DMEM (Thermo, USA) supplemented with
10% FBS (Gibco, USA) plus 1% penicillin/streptomycin
at a 37°C humidified incubator that filled with 5% COs,.
The overexpressing vectors of circFOXO3, KAT7 and
HMGBI, the small interfering RNA targeting KAT7 and

HMGBI, and the control oligonucleotides were purchased
from Gene Pharma (Shanghai, China). The oligonucleo-
tides (50 nM) were mixed with Lipofectamine 2000
(Invitrogen, USA), and cultured with cells for 48 hours
following the manufacturer’s protocol.

Establishment of Ml Rat Model

All animal experiments were authorized by the Animals
Ethics Committee of the First Affiliated Hospital of China
Medical University, and were carried out in accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. SD
rats aged 8-weeks old (n = 6 for each group) were pur-
chased from the Charles River laboratory (USA). To estab-
lish the in vivo MI model, we performed left anterior
descending (LAD) ligation with 6-0 silk suture according
to a previously reported protocol.** Rats in treatment group
were administrated with injection of indicated oligonucleo-
tides (80 mg/kg in 100 pL. PBS). While the rats in sham
group received operation without ligation. One week after
operation, the transthoracic two-dimensional (2D) echocar-
diography (Vevo 2100) ultrasound system was used to
detect heart function. Left ventricular ejection fraction
(LVEF), left ventricular fractional shortening (LVFS), left
ventricle anterior wall thickness in diastole (LVAWd), and
left ventricular posterior wall end diastole (LVPWd) were
monitored. Then the rats were sacrificed, and heart tissues
were collected for subsequent studies.

Enzyme Linked Immunosorbent Assay
(ELISA)

The levels of inflammatory factors (IL-6 and IL-10) in rat
serum, heart, and H9c2 cell culture medium were deter-
mined by ELISA assay (Invitrogen, USA) in accordance
with manufacturer’s protocols.

Histological Analysis

The collected heart tissues were subjected to fixation in
4% paraformaldehyde (PFA), and made into paraffin-
embedded 5-pum slices. To observe tissue damage, the
samples were stained with hematoxylin and eosin (H&E),
and photographed under a microscope (Leica, Germany).
For triphenylterazolium chloride (TTC) staining, the aorta
was isolated from rats and perfused with saline, followed
by staining with Evans Blue solution (0.3%) (Sigma).
Subsequently, the cardiac ventricle was sectioned and
stained with TCC (1%).
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Immunofluorescence

HOc2 cells were seeded on glass coverslips overnight, followed
by fixation and permeabilization by ice-cold 100% methanol
for 5 min at room temperature. After that, the cells were
washed with PBS and blocked with 2% BSA in TBS buffer
for 1 hour. The specific primary antibody against LC3 (Cell
Signaling technology, USA) (1:100) in blocking solution was
then used to hatch with the samples at 4°C overnight. Next day,
the cells were incubated with Alexa fluor 633 secondary anti-
body for 1 hour at room temperature, followed by staining with
DAPI for 10 minutes and mounted on slides. Cells were then
imaged on a SP8 confocal microscope (Leica, Germany).

TdT-Mediated dUTP Nick End Labeling
(TUNEL) Assay

The cell apoptosis in heart tissues was detected by One
Step TUNEL Apoptosis Assay Kit (Beyotime, China) in

accordance with the manufacturer’s description. In brief,

the paraffin-embedded heart tissues were dewaxed, reacted
with detective reagents in 37°C for 60 minutes. The
nucleus was then stained with DAPI for 10 minutes. The
fluorescence was observed under a microscope (Leica).

Statistical Analysis

The statistical analyses were realized by using SPSS software
(USA). The statistical significance of the differences was
determined by using Student’s t-test or one-way ANOVA
method. The P value less than 0.05 was defined as statistically
significant.

Results

The Overexpression of circFoxo3
Attenuates Ml-Induced Cardiac
Dysfunction in Rat Model

To identify the role of circFoxo3 in MI-induced abnormal
cardiac function, we established a MI rat model and
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Figure | The overexpression of circFoxo3 attenuates Ml-induced cardiac dysfunction in rat model. (A—-H) The MI Rat model was established and treated with injection of
circFoxo3 vectors or control vectors surrounding the infarcted region. (A) Relative level of circFoxo3 RNA in heart tissues was detected by qRT-PCR. (B) HE staining of
inflammatory cell infiltration in heat tissues three days after surgery. (C—G) Infarcted size,?” left ventricular fractional shortening (LVFS) (D), Left ventricular ejection fraction
(LVEF) (E), left ventricle anterior wall thickness in diastole (LVAWA) (F), and left ventricular posterior wall end diastole (LVPWd) (G) were measured. (H) The apoptosis
was detected by TUNEL staining. **p < 0.01.
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administrated circFoxo3 treatment in Ml-infarcted protective role of circFoxo3 in MI (Supplementary

regions. We revealed that circFoxo3 was reduced in MI
rats and the effectiveness of circFoxo3 overexpression
was validated in the model (Figure 1A). We observed
inflammatory cell infiltration in MI heart tissues compar-
ing with the sham group, and this infiltration was impeded
by circFoxo3 overexpression (Figure 1B), along with
decreased infarction size (Figure 1C). Echocardiography
analysis showed that MI decreased the LVEF and LVFS,
and upregulated LVAWd and LVPWd, whereas the admin-
istration of circFoxo3 overexpression could notably coun-
teract the altered levels of LVEF, LVFS, LVAWd and
LVPWd in MI rats (Figure 1D-G). Meanwhile, MI-
induced apoptosis was attenuated by the overexpression
of circFoxo3 in the rats (Figure 1H). These results demon-
strated the successfully established MI rat model, and the
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Material).

The Overexpression of circFoxo3
Represses MI-Induced Autophagy and

Inflammation in Rat Model

Then, we were interested in the function of circFoxo3
in autophagy and inflammation in MI rat model. We
found that the expression of LC3 and Beclin-1 was
induced and p62 expression was reduced in MI rats,
in which the overexpression of circFoxo3 reversed the
phenotype (Figure 2A—D). The levels of IL-6 and IL-
10 were enhanced in MI rats, while the overexpression
blocked the rats

of circFoxo3 levels in the

(Figure 2E-H).
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Figure 2 The overexpression of circFoxo3 represses Ml-induced autophagy and inflammation in rat model. (A—H) The Ml Rat model was established and treated with
injection of circFoxo3 vectors or control vectors surrounding the infarcted region. (A) The levels of LC3 were measured by immunofluorescence. (B-D) The expression of
Beclin-1, p62, and LC3 was detected by Western blot analysis. (E-H) The levels of IL-6 and IL-10 were analyzed by ELISA in heart tissues and serum. **p < 0.01.
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The Overexpression of circFoxo3
Attenuates OGD-Induced

Cardiomyocyte Injury in vitro

We evaluated the expression of canonical and back-
spliced forms of Foxo3 by agarose gel electrophoresis
assays and PCR in H9c2 cells in the presence or
absence of RNase R supplementation. The circFoxo3
in cDNA, but not gDNA, was detectable using divergent
primers with the treatment of RNase R (Figure 3A). We
next explored the protective role of circFoxo3 in vitro.
The expression of circFoxo3 was repressed in OGD-
treated H9c2 cells and the effectiveness of circFoxo3
overexpression was validated in the cells (Figure 3B).
CircFoxo3 overexpression facilitated cell viability
(Figure 3C) and suppressed cell apoptosis (Figure 3D)
under OGD stimulation. Besides, OGD treatment led to
downregulated secretion of inflammatory cytokine IL-6
and IL-10 and the overexpression of circFoxo3 reversed

the phenotypes (Figure 3E and F). These findings

testified the in vitro protective effects of circFoxo3 in
ischemic cardiomyocytes.

The Overexpression of circFoxo3 Relieves
OGD-Induced Autophagy in vitro

Next, we explored the effect of circFoxo3 on autophagy in
OGD-treated H9c2 cells. Our data revealed that the
expression of LC3 and Beclin-1 was induced and p62
expression was reduced in OGD-treated H9c2 cells, in
which the overexpression of circFoxo3 reversed the phe-
notype (Figure 4A-D).

The Overexpression of circFoxo3 Relieves
OGD-Induced Autophagy in vitro

Next, we explored the effect of circFoxo3 on autophagy in
OGD-treated H9c2 cells. Our data revealed that the
expression of LC3 and Beclin-1 was induced and p62
expression was reduced in OGD-treated H9c2 cells, in
which the overexpression of circFoxo3 reversed the phe-
notype (Figure 4A-D).
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Figure 3 The overexpression of circFoxo3 attenuates OGD-induced cardiomyocyte injury in vitro. (A) The back-spliced and canonical forms of Foxo3 expression was
detected by agarose gel electrophoresis assays and PCR in H9c2 cells in the presence or absence of RNase R supplementation. (B—F) H9c2 cells were treated with OGD
along with transfection of circFoxo3 overexpressing vectors (OE circ) or empty vectors (NC) for 48 hours. (B) Relative level of circFoxo3 RNA was detected by qRT—PCR.25
Cell viability was determined by CCK-8 assay. (D) Cell apoptosis was determined by flow cytometry. (E) The levels of IL-6 and IL-10 in culture medium were checked by

ELISA assay. **p < 0.01.
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Figure 4 The overexpression of circFoxo3 relieves OGD-induced autophagy in vitro. (A-D) H9c2 cells were treated with OGD along with transfection of circFoxo3
overexpressing vectors (OE circ) or empty vectors (NC) for 48 hours. (A) The levels of LC3 were measured by immunofluorescence. (B—-D) The expression of Beclin-1,

p62, and LC3 was detected by Western blot analysis. **p < 0.01.

CircFoxo3 Reduces HMGBI Expression
by Inhibiting KAT7

Then, we explored the potential mechanism underlying
circFoxo3-mediated cardiomyocyte injury. We observed
that the expression of KAT7 was reduced by circFoxo3 over-
expression in H9c2 cells (Figure 5A). Meanwhile, the
expression of HMGB1 was repressed by the depletion of
KAT7 in H9¢c2 cells (Figure 5B). The enrichment of histone
H3 lysine 14 acetylation (H3K 14ac) and RNA polymerase 11
(RNA pol II) on HMGBI1 promoter was inhibited by the
knockdown of KAT7 (Figure 5C and D). Moreover, the
overexpression of circFoxo3 suppressed HMGBI1 expression
and KAT7 overexpression rescued the expression of
HMGBI in H9c2 cells (Figure SE). The enrichment of
KAT7, H3K14ac, and RNA poly II on HMGB1 promoter
was decreased by circFoxo3 overexpression, while the over-
expression of KAT7 could reverse the effect (Figure SF-H).

The Depletion of KAT7 Attenuates
OGD-Induced Cardiomyocyte Injury

in vitro
Next, we analyzed the role of KAT7 in vitro. The expres-
sion of KAT7 was increased in OGD-treated H9¢c2 cells

and the effectiveness of KAT7 depletion was validated in
the cells (Figure 6A). KAT7 depletion promoted cell via-
bility (Figure 6B) and suppressed cell apoptosis
(Figure 6C) under OGD stimulation. Besides, OGD treat-
ment led to reduced secretion of inflammatory cytokine
IL-6 and IL-10 (Figure 6D and E).

The Depletion of KAT7 Attenuates

OGD-Induced Autophagy in vitro

Next, we explored the effect of KAT7 on autophagy in
OGD-treated H9c2 cells. Our data revealed that the
expression of LC3 and Beclin-1 was induced and p62
expression was reduced in OGD-treated H9c2 cells, in
which the knockdown of KAT7 reversed the phenotype
(Figure 7A-D).

CircFoxo3 Attenuates OGD-Induced

Cardiomyocyte Injury and Autophagy by
Targeting KAT7/HMGBI Axis in vitro

We next tried to validate the role of circFoxo3/KAT7/
HMGBI axis in the regulation of cardiomyocyte injury
and autophagy. The overexpression of circFoxo3 enhanced
cell viability (Figure 8A) and suppressed cell apoptosis
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measured by qPCR. (F=H) The enrichment of KAT7, H3K I4ac, and RNA poly Il was measured by ChIP assays. **p < 0.01.

(Figure 8B) under OGD stimulation, while the overexpres-
sion of KAT7 or HMGBI1 could reverse this effect. The
IL-6 and IL-10 secretions were repressed by the overex-
pression of circFoxo3 in OGD-treated H9¢2 cells, in
which the overexpression of KAT7 or HMGBI rescued
the levels of IL-6 and IL-10 (Figure 8C and D). The
expression of LC3 and Beclin-1 was reduced and p62
expression was enhanced by circFoxo3 overexpression in
OGD-treated H9c2 cells, in which the overexpression of
KAT7 or HMGB/lreversed the phenotypes (Figure 8E-G).

Discussion

MI serves as a coronary artery-related heart disease, and
the leading cause of mortality globally.' CircRNAs are
a new type of regulatory RNAs and participate in multiple
pathological cardiac progression. Nevertheless, the role of
circFoxo3 in Ml-induced myocardial injury remains
obscure. In the current study, we discovered the novel
function of circFoxo3 in the modulation of myocardial

ischemia/reperfusion injury.

As a critical pathological modulator, circRNAs are
found to participate in the modulation of MI-related myo-
cardial injury. It has been reported that Circular RNA
CircFndc3b regulates heart repair by FUS/VEGF-A signal-
ing in MI model.® Circular RNA Ttc3 modulates cardiac
dysfunction induced by MI by targeting miR-15b.'® Circular
RNA ACR relieves cardiac ischemia/reperfusion damage by
inhibiting autophagy through modulating the Pinkl/
FAMG65B signaling.>® These reports demonstrate the crucial
roles of circRNAs in the regulation of cardiac ischemia/
reperfusion injury. But the understanding of the function
of circRNAs in Ml-induced cardiac ischemia/reperfusion
injury is still elusive. In this work, we identified that
circFoxo3 was downregulated in the MI rat model and the
overexpression of circFoxo3 ameliorated MI-induced car-
diac dysfunction and attenuated MI-induced autophagy in
rat model. Meanwhile, the overexpression of circFoxo3
deprivation (OGD)-induced
autophagy, apoptosis, inflammation, and injury of cardio-

represses oxygen—glucose

myocyte in vitro. These data present an innovative role of
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for 48 hours. (A) Relative level of KAT7 RNA in heart tissues was detected by qRT-PCR. (B) Cell viability was determined by CCK-8 assay.® Cell apoptosis was determined
by flow cytometry. (D and E) The levels of IL-6 and IL-10 in culture medium were checked by ELISA assay. **p < 0.01.

circFoxo3 in the inhibition of Ml-induced cardiac dysfunc-
tion, providing crucial evidence for the important function
of circRNAs in MI. Meanwhile, our study is consistent with
the previous investigation that circRNAs play important
roles in the progression of Ml-induced cardiac ischemia/
reperfusion injury.

The previous studies have identified the critical function
of HMGBI in the modulation of MI progression. It has been
identified the inhibition of IncRNA TUGI enhances miR-
142-3p to attenuate myocardial injury during ischemia/reper-
and HMGBI-induced
autophagy.”* Resolvin DI represses MI by targeting
HMGBI pathway in a rodent model.”> TLRY is required
for HMGB/1-regulated post-MI tissue repair by regulating

fusion via targeting Racl-

angiogenesis, cardiac healing, and apoptosis.?® These reports
reveal the important effect of HMGB1 on ML. In this inves-
tigation, we found that the expression of KAT7 was reduced
by circFoxo3 overexpression in cardiomyocytes. Meanwhile,

the expression of HMGBI1 was repressed by the depletion of

KAT7 in cardiomyocytes. The enrichment of histone H3
lysine 14 acetylation (H3K14ac) and RNA polymerase I
(RNA pol II) on HMGBI1 promoter was inhibited by the
knockdown of KAT7. Moreover, the overexpression of
circFoxo3 suppressed HMGBI1 expression and KAT7 over-
expression rescued the expression of HMGBI in cardiomyo-
cytes. The enrichment of KAT7, H3K 14ac, and RNA poly 11
on HMGBI1 promoter was decreased by circFoxo3 overex-
pression, while the overexpression of KAT7 could reverse
the effect. We validated that the depletion of KAT7 attenuates
OGD-induced cardiomyocyte injury and autophagy in vitro.
The overexpression of KAT7 or HMGBI1 could reverse
circFoxo3-attenuated cardiomyocyte injury and autophagy
in vitro. Our mechanism investigation reveals an unreported
role of KAT7 in the MI progression, providing new mechan-
ism of circFoxo3-mediated cardiomyocyte injury and autop-
hagy involving KAT7/HMGBI1 axis. There are some
limitations of current study. We evaluated the effect of
injury

circFoxo3 on myocardial ischemia/reperfusion
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Figure 7 The depletion of KAT7 attenuates OGD-induced autophagy in vitro. (A-D) H9c2 cells were treated with OGD along with transfection of KAT7 shRNA for 48
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Figure 8 CircFoxo3 attenuates OGD-induced cardiomyocyte injury and autophagy by targeting KAT7/HMGBI axis in vitro. (A—-G) H9c2 cells were treated with OGD
along with transfection of circFoxo3 overexpressing vectors, or co-treated with circFoxo3 overexpressing vectors and KAT7 or HMGBI overexpressing vectors. (A) Cell
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in vitro and in vivo but the clinical significance of circFoxo3
in myocardial ischemia/reperfusion injury should be con-
firmed in future investigations. Meanwhile, the KAT7/
HMGBI axis may be just one of the downstream mechan-
isms of circFoxo3-mediated myocardial ischemia/reperfu-
sion injury and other potential mechanisms should be
explored in the future.

In conclusion, we concluded that circular RNA circFoxo3
relieved myocardial ischemia/reperfusion injury by suppres-
sing autophagy via inhibiting HMGBI1 by repressing KAT7
in MI (Figure 8H). Our finding provides new insight into the
mechanism by which circFoxo3 regulates MI-related cardiac
dysfunction by targeting KAT7/HMGBI1 axis.
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