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CircRNA MFACR Is Upregulated in Myocardial Infarction
and Downregulates miR-125b to Promote Cardiomyocyte
Apoptosis Induced by Hypoxia

Shujuan Wang, BD, Long Li, BD, Weijie Deng, BD, and Minhua Jiang, BD

Abstract: Circular RNA (circRNA) MFACR promotes cardiomyo-
cyte death that leads to myocardial infarction (MI). This study aimed
to explore the role of MFACR in MI. T-qPCRs were performed to
measure the expression levels of MFACR and miR-125b in plasma
samples from both MI patients (n = 61) and healthy controls (n =
61). MFACR or miR-125b was overexpressed in AC16 cells (car-
diomyocytes) to explore the interaction between them. Methylation
of miR-125b gene in cells with the overexpression of MFACR was
detected by methylation-specific PCR. Cell apoptosis after transfec-
tions was detected by cell apoptosis assay. MI model was con-
structed to further demonstrate the effect of MFACR in vivo. We
found that MFACR was upregulated in MI and inversely correlated
with miR-125b. In AC16 cells, hypoxia treatment increased the
expression levels of MFACR and decreased the expression levels
of miR-125b. In AC16 cells, overexpression of MFACR decreased
the expression levels of miR-125b and increased the methylation of
miR-125b gene. Under hypoxia treatment, overexpression of
MFACR increased AC16 cell apoptosis, and overexpression of
miR-125b decreased cell apoptosis. In addition, overexpression of
miR-125b reversed the effects of overexpression of MFACR on cell
apoptosis both in vivo and in vitro.
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INTRODUCTION

Myocardial infarction (MI), commonly known as heart
attack, is a clinical disorder caused by reduced or ceased
blood supply to the heart.! MI can cause severe heart muscle
damages, and the symptoms mainly include chest pain and
discomforts in the shoulder, back, arm, neck, or jaw.>3 It is
estimated that the mortality rate of MI is about 30%, and more
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than half of the deaths occur before hospitalization.*> Even
worse, about 10% of the survivors die within 1 year after
discharge.*> MI patients are usually treated with beta block-
ers and aspirin, which are antiplatelet drugs.® However, there
are no available approaches to reverse the heart damages
(myocardial scar).® Therefore, novel therapeutic approaches
are still needed. Besides, apoptosis of cardiomyocytes can
easily lead to ML.7 Therefore, it is of great therapeutic signif-
icance to explore the molecular mechanisms of cardiomyo-
cyte apoptosis to find effective targets for the treatment of MI.

Molecular factors play critical roles in the progression
of MI.3° These molecular players participate in MI mainly by
regulating inflammatory responses and cell apoptosis.!®!! In
effect, some molecular pathways have been shown potentials
in novel anti-MI therapies, such as targeted therapies that
suppress MI by regulating gene expression.!? A recent study
reported that KLF5 could possibly induce cell and tissue
damage in MI through downregulation of miR-27a, which
may provide novel insights into the treatment of MIL!3
Circular RNAs (circRNAs) have no protein-coding capacity
but play critical roles in human diseases by regulating gene
expression.!415 It was reported that circRNA POSTN pro-
moted Ml-induced myocardial injury and cardiac remodel-
ing.'® Another study has also shown that mitochondrial
fission and apoptosis-related circRNA (MFACR) regulated
mitochondrial fission and apoptosis in the heart, which was
related to ML'# MiRNAs are small ncRNAs that are 19-22
nucleotides in length and play critical roles in various biolog-
ical processes.! 720 It has been demonstrated that miRNAs are
involved in the regulation of MI.7-!%2! Our microarray anal-
ysis results revealed an inverse correlation between the
expression of MFACR and miR-125b, which played protec-
tive roles in cardiac dysfunction by suppressing cell apopto-
sis. However, the relationship between MFACR and miR-
125b in MI is unknown. This study was conducted to explore
the crosstalk between MFACR and miR-125b in ML

METHODS

MI Patients and Controls

A total of 61 MI patients (acute phase) and 61 healthy
controls were enrolled at the Third People’s Hospital between
May 2018 and June 2020. This study was approved by the
ethics committee of this hospital. The patients who were
diagnosed with MI underwent percutaneous coronary inter-
vention (PCI). MI was diagnosed by ECG (pathologic Q
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waves and ST segment elevation) and serum biomarkers
(increased troponin T or I, and CK-MB). Patients complicated
with other severe clinical disorders or with initiated therapy
were excluded. All healthy controls were enrolled at the phys-
iological heath center of the aforementioned hospital. Healthy
control participants with a history of MI were excluded. All
participants signed the informed consent. The characteristics
of MI patients were listed in Table 1.

Blood Extraction and Plasma Preparations

Before therapy, blood (3 mL) was drawn from both
healthy controls and MI patients. To prepare plasma samples,
blood was mixed with citric acid (1:10), followed by
centrifugation at 1200g for 15 minutes to collect the super-
natant (plasma). Plasma samples were kept in liquid nitrogen
before the subsequent assays.

Cardiomyocytes

AC16 cardiomyocyte cells (Sigma-Aldrich, St. Louis,
MO) were used in this study. AC16 cells were cultivated in
Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen-Gibco,
Thermo Fisher Scientific, Waltham, MA) supplemented with
12% FBS and 1% penicillin and streptomycin (Sigma-Aldrich).
AC16 cells were cultivated in an incubator at 37°C with 95%
humidity and 5% CO,. Under hypoxic conditions (1% O,, 5%
CO,, and 94% N,), AC16 cells were cultivated for another 96
hours. The changes of the expression levels of MFACR and
miR-125b were detected at 0, 24, 48, 72, and 96 hours.

Transfections

For cell transfection, AC16 cells were precultured
overnight until 50% confluence and then transfected with
MFACR expression vector (Invitrogen) or mimic of miR-
125b (Sigma-Aldrich) using lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. Negative control

TABLE 1. The Characteristics of Ml Patients

Variable Value
Age (yr) 559 7.1
Gender

Male 45.85%

Female 64.15
Diabetes, % 16.21%
Hypertension, % 55.35%
Hyperlipidemia, % 68.03%
Prior myocardial infarction, % 21.57%
Body mass index (kg/m?) 29.7 + 4.1
Systolic blood pressure (mm Hg) 124 = 22
Diastolic blood pressure (mm Hg) 82 * 14
ST-elevation myocardial infarction, 47.12%
%
Serum total cholesterol, mg/dL 120 £ 67
Serum high density lipoprotein, 25 =26
mg/dL
Serum low density lipoprotein, 87 £ 40
mg/dL
Serum triglycerides, mg/dL 110 = 70

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

(NC) experiments (NC miRNA- or empty vector-transfected
cells) and Control (C) experiments (control cells with no
transfections) were included in each experiment. The follow-
ing experiments were performed at 48 hours post-transfection.

RNA Preparations

Total RNAs were extracted from AC16 cells and
plasma samples using Ribozol reagent (VWR biotech).
RNA samples were incubated with DNase I (Invitrogen) at
37°C for 85 minutes to remove genomic DNA. RNA samples
were separated using 5% urea-PAGE gels to check RNA
integrity. RNA purity was determined by measuring the OD
260/280 ratio of the RNA samples.

RT-qPCR

SS-IV-RT (Invitrogen) was used to reverse transcribe
RNA samples with satisfactory integrity and OD values close
to 2.0 into cDNA samples. With cDNA samples as the
templates, qPCRs reactions were prepared using SYBR Green
Real-Time PCR Master mix (Toyobo). The expression levels
of MFACR were determined with 18S rRNA as the internal
control. The expression of mature miR-125b was determined
through the following steps: 1) poly (A) addition; 2) miRNA
reverse transcriptions; 3) qPCRs. All-in-One miRNA qRT-
PCR Detection Kit (GeneCopoeia) was used to complete all
the steps. The 2722CT method was used to normalize Ct
values of target genes to corresponding internal controls.
U6 was used as an internal control for the expression of
circRNA MFACR and miR-498.

Methylation-specific PCR (MSP)

Genomic DNA was extracted from AC16 cells using
conventional methods. DNA samples were converted using
Methylation-Gold kit (ZYMO RESEARCH). Taq 2X master
mix (NEB) was used to perform both routine PCRs and
methylation-specific PCRs.

Cell Apoptosis Assay

Cells were cultivated in 6-well plates with 12,000 cells
in 2 mL medium per well. Three replicate wells were set for
each experiment. Under hypoxic conditions (1% O,, 5% CO,,
and 94% N,), AC16 cells were cultivated for another 48
hours, followed by washing with ice-cold PBS. After that,
AC16 cells were resuspended in binding buffer, followed
by staining with Annexin V-FITC and propidium iodide
(PI) (Dojindo, Japan). Next, flow cytometry was used to
detect cell apoptosis.

MI Model

Male C57BL/6 mice (8 weeks old) were housed with
free access to food and water under standard conditions
with an alternated 12 h/12 hours light/dark cycle. To
construct the MI model, mice were anesthetized with
sodium pentobarbital (50 mg/kg) by intraperitoneal injec-
tion to receive MI introduction. MI introduction was
performed by permanent ligation of the left anterior
descending (LAD) artery. Mice in the control group
received a sham operation with the same surgical proce-
dures as the experimental ones, except that the LAD artery
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was not ligated. At indicated time points, mice were
euthanized and heart tissues were collected for further
experiments. The cardiac infarction was assessed by
Masson staining. All animal experiments were performed
in accordance with the Animal Management Rules of the
Chinese Ministry of Health (document No. 55, 2001) and
approved by the Animal Care Committee of the Third
People’s Hospital.

TUNEL Staining

To evaluate the apoptosis rate of cell apoptosis in heart
tissues of MI mice, TUNEL staining was performed using the
TUNEL Kit (Roche, Switzerland) following the manufac-
turer’s instructions. The prepared paraffin sections were taken
and TUNEL staining was performed according to the steps of
tissue repair, TUNEL working fluid drip, DAB staining, and
nuclear re-staining. The positive-staining was observed under
a fluorescence microscope (Nikon, Japan) and the apoptosis
rate was calculated as the following: TUNEL positive nuclei/
DAPI-stained nuclei x 100%.

Western Blot Analysis

Total proteins were isolated from frozen ventricle
tissues and the primary cardiomyocytes using RIPA lysis
buffer (Beyotime). BCA kit (Sangon) was used to quantify
protein samples. After separated by electrophoresis with 10%
SDS-PAGE, proteins were transferred to PVDF membranes,
which were then blocked in 5% nonfat milk at room
temperature for 1 hour. After that, anti-GAPDH (ab37168,
Abcam, 1:1300) and anti-cas-3 (ab184787, Abcam, 1:1000)
rabbit primary antibodies were added to incubate with the
membranes at 4°C for 12 hours, followed by incubation with
HRP (IgG) (1:1000; ab6721; Abcam) goat secondary anti-
body at 24°C for 1 hour. Signals were developed using
ECL (Sigma-Aldrich). Image J v1.46 software was used to
analyze data.

Statistical Analyses
Data were expressed as the mean = SD of at least 3
independent experiments. MI and the control groups were
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FIGURE 3. Overexpression of MFACR decreased the expression levels of miR-125b through methylation in AC16 cells. To study
the effects of crosstalk between MFACR and miR-125b, AC16 cells were transfected with either MFACR expression vector or miR-
125b mimic, followed by checking the overexpression of MFACR and miR-125b every 24 hours until 96 hours (A). The effects of
overexpression of MFACR on the expression of miR-125b (B), and the effects of overexpression of miR-125b on the expression of
MFACR (C) were analyzed by RT-gPCR. MSP was performed at 96 hours post-transfection to analyze the effects of the over-
expression of MFACR on the methylation of miR-125b gene (D).M, methylation; U, un-methylation; *P < 0.05.

compared by unpaired ¢ test. Shapiro Wilk normality test was
performed to asses normal distribution, and ANOVA Tukey’s
test was used to analyze the differences among multiple trans-
fection groups. Pearson’s analysis was used for correlation
analysis. GraphPad 8 software was used to analyze data. P
< 0.05 was considered as statistically significant.

RESULTS

MFACR was Upregulated in Ml and Inversely
Correlated with miR-125b

RT-qPCRs were performed to measure the expression
levels of MFACR and miR-125b. Compared with the control
group, MFACR was significantly upregulated (Fig. 1A, P <
0.001), and miR-125b was significantly downregulated
(Fig. 1B, P < 0.001) in the MI group. Pearson’s correlation
coefficient analysis showed that the expressions of MFACR
and miR-125b were significantly and inversely correlated
across MI (Fig. 1C) and control samples (Fig. 1D).
Therefore, a crosstalk may exist between MFACR and miR-
125b.

Hypoxia Treatment Altered the Expression of
MFACR and miR-125b in AC16 Cells

AC16 cells were cultivated under hypoxic conditions
for 24, 48, 72, and 96 hours, followed by measurement of the
expression levels of MFACR and miR-125b by RT-qPCRs. It

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

151
o *
(o))
8 *
§ *
5 ' T
& ok
©
(8]
()
"'§ 54 —F 1 % T
o
o
< —
0 ] 1 ] - 1 1 1
V) A & \] »
«{@““P0$P$ o pC* AP '?‘@6
60 Qo 6\\ 0?3(“\\

R\

FIGURE 4. Overexpression of MFACR increased AC16 cell
apoptosis induced by hypoxia through miR-125b. Under
hypoxic conditions, the role of MFACR and miR-125b in reg-
ulating the apoptosis of AC16 cells was analyzed by cell apo-
ptosis assay. *P < 0.05.
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MFACR+miR-125b

FIGURE 5. Overexpression of MFACR promoted the progression of Ml through miR-125b in vivo. Masson staining was used to
explore the effect of MFACR on Ml-related myocardium injuries (A) and infarct size (B). *P < 0.05.
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FIGURE 6. Overexpression of MFACR increased cardiomyocyte apoptosis through miR-125b in Ml model. In the MI model, the

role of MFACR and miR-125b in regulating the apoptosis of cardiomyocyte was analyzed by TUNEL staining assay (A); statistical
analysis of TUNEL staining (B). *P < 0.05.
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was observed that hypoxia treatment increased the expression
levels of MFACR (Fig. 2A, P < 0.05) and decreased the
expression levels of miR-125b (Fig. 2B, P < 0.05) in
AC16 cells.

Overexpression of MFACR Decreased the
Expression Levels of miR-125b Through
Methylation in AC16 Cells

To study the effects of crosstalk between MFACR and
miR-125b, ACI16 cells were transfected with MFACR
expression vector or miR-125b mimic, followed by confirm-
ing the overexpression of MFACR and miR-125b every 24
hours until 96 hours. It was observed that MFACR and miR-
125b were significantly overexpressed between 24 hours and
96 hours (Fig. 3A, P < 0.05). Overexpression of MFACR
decreased the expression levels of miR-125b between 24
hours and 96 hours (Fig. 3B, P < 0.05), whereas overexpres-
sion of miR-125b did not affect the expression of MFACR
(Fig. 3C). To study the effects of overexpression of MFACR
on the methylation of miR-125b gene, MSP was performed at
96 hours post-transfection. MFACR expression vector trans-
fection significantly increased the methylation of miR-125b
(Fig. 3D). Therefore, MFACR may downregulate miR-125b
through methylation.

Overexpression of MFACR Increased AC16
Cell Apoptosis Induced by Hypoxia through
miR-125b

Cell apoptosis under hypoxic conditions was detected.
Overexpression of MFACR increased AC16 cell apoptosis,
and overexpression of miR-125b decreased cell apoptosis. In
addition, overexpression of miR-125b reversed the effects of
overexpression of MFACR on cell apoptosis (Fig. 4, P <
0.05).

Overexpression of MFACR Intensified Ml
through Downregulating miR-125b

To identify the effect of MFACR and miR-125b on MI-
induced myocardial infarction and cardiac remodeling
in vivo, the lentiviral vectors of circPostn ShRNA and miR-
125b were injected in the MI mice ventricular chamber, and
the effects of MFACR and miR-125b were validated (Fig. 5).
Masson staining results showed that overexpression of
MFACR significantly promoted MlI-related myocardium
injuries (Fig. 5A) and reduced the infarct size (Fig. 5B, P
< 0.05).

Overexpression of MFACR Increased
Cardiomyocyte Apoptosis in Ml Model by
Downregulating miR-125b

TUNEL staining was performed to evaluate the effect
of MFACR and miR-125b on cell apoptosis in the MI mice.
The results showed that overexpression of MFACR increased
cardiomyocyte apoptosis in MI model whereas miR-125b
reversed the effect of MFACR (Fig. 6A). The date of TUNEL
staining could directly show the trends (Fig. 6B, P < 0.05).
To further verify that MFACR increased cardiomyocyte apo-
ptosis, the expression of apoptosis-related protein was

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

detected by Western blotting analysis (Fig. 7, P < 0.05). It
showed that the expression levels of caspare-3 were increased
in the MI group compared with that in the control group. In
addition, overexpression of miR-125b alleviated cardiomyo-
cyte apoptosis on MI model, whereas overexpression of
MFACR aggravated cardiomyocyte apoptosis.

DISCUSSION

In this study, we investigated the involvement of
MFACR and miR-125b in MI. We found that MFACR was
upregulated, whereas miR-125 was downregulated in ML
Interestingly, MFACR may downregulate miR-125b through
methylation to promote the apoptosis of AC16 cells induced
by hypoxia.

A recent study reported that knockdown of MFACR
reduced the apoptosis of cardiomyocytes and attenuated
mitochondrial fission by increasing the expression levels of
miR-652-3p.?> However, the expression pattern and function
of MFACR in MI are unknown. In this study we showed that
MFACR was upregulated in MI. Interestingly, hypoxia
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FIGURE 7. Overexpression of MFACR increased the expression
levels of Cas-3 of heart tissues in the Ml model through miR-
125b. The expression of Cas-3 of heart tissues in Ml model was
detected by western blotting (A); statistical analysis of the WB
(B). *P < 0.05.
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treatment significantly increased the expression levels of
MFACR in ACI16 cells. Therefore, the upregulation of
MFACR in MI patients is likely induced by the hypoxic
conditions in the heart. Moreover, cell apoptosis analysis
showed that overexpression of MANCR increased the apo-
ptosis of AC16 cells induced by hypoxia. Therefore, hypoxia-
inducible MFACR may promote MI progression by promot-
ing cell apoptosis.

MiR-125b can target TRAF6 to regulate p53-mediated
apoptotic signaling and the activity of nuclear factor KB to
suppress the apoptosis of cardiomyocytes, thereby suppress-
ing the development of cardiac dysfunction.?? It was reported
that miR-652-3p, which was directly targeted and downregu-
lated by MFACR, directly downregulated MTP18 and atten-
uated mitochondrial fission, cardiomyocyte apoptosis, and MI
in vitro and in vivo.?* Consistently, our study observed the
downregulation of miR-125b in MI. Interestingly, hypoxia
treatment decreased the expression levels of miR-125b in
AC16 cells, and overexpression of miR-125b reduced cell
apoptosis under hypoxic conditions. We also observed that
overexpression of miR-125b reversed the promoting effect of
MFACR on MI in vivo. Therefore, overexpression of miR-
125b may serve as a potential therapeutic target for MI.
However, clinical trials are needed to verify our hypothesis.

In this study, we showed that overexpression of
MFACR decreased the expression levels of miR-125b by
increasing the methylation of the miR-125 gene. In addition,
we constructed an MI animal model to further verify our
results. Our study was in the context of the pathophysiology
of MI and the underlying mechanisms still need to be further
explored for potential therapeutic options.

CONCLUSION

In conclusion, MFACR is upregulated in MI and miR-
125b is downregulated in MI. MFACR may downregulate
miR-125b through methylation to promote the apoptosis of
cardiomyocytes to promote the progression of MIL.
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