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Summary

MicroRNAs (miRNAs) are important gene regulators in both biological and pathological
processes, including myocardial ischemia/reperfusion (I/R) injury. This study investigated
the effect of miR-613 on I/R-induced cardiomyocyte apoptosis and its molecular mechanism
of action. Hypoxia/reoxygenation (H/R) significantly increased the release of lactate
dehydrogenase (LDH), levels of malondialdehyde (MDA), and cardiomyocyte apoptosis, but
these effects were attenuated by an miR-613 mimic. Programmed cell death 10 (PDCD10) was
identified as a target gene of miR-613. miR-613 significantly increased the phosphorylation of
Akt (p-Akt). An miR-613 mimic lowered the level of expression of pro-apoptotic proteins, C/
EBP homologous protein (CHOP), and phosphorylated c-Jun N-terminal kinase (p-JNK), and
it up-regulated the expression of the anti-apoptotic protein B-cell lymphoma-2 (Bcl-2). All of
these effects were reversed by restoration of PDCD10. Taken together, the current findings
indicate that miR-613 inhibits I/R-induced cardiomyocyte apoptosis by targeting PDCD10 by
regulating the PI3K/AKT signaling pathway.
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1. Introduction

Myocardial ischemia/reperfusion (I/R)-induced cardiac
injury after myocardial ischemia, cardiac surgery, or
cardiac arrest leads to a high mortality rate in humans
with coronary heart disease. I/R injury causes local
myocardial inflammation and apoptosis, resulting in
irreversible damage to the myocardium (/). Several
mechanisms underlying myocardial I/R injury have
been elucidated, including formation of oxygen
free radicals, intracellular Ca" overload, neutrophil
activation, and vascular endothelium damage (2).
However, the complete profile of molecular pathways
associated with myocardial I/R injury is not yet fully
understood.
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MicroRNAs (miRNAs) are highly conserved, small,
noncoding RNAs that can regulate cell proliferation,
migration, differentiation, apoptosis, and immune
response at the post-transcriptional level. Recent
studies have reported that miRNAs play an important
role in myocardial I/R injury and may become potential
targets for diagnosis and therapy. As an example, miR-
93 inhibits I/R-induced cardiomyocyte apoptosis by
targeting PTEN (3). miR-17 attenuates apoptosome
formation and cardiomyocyte apoptosis by regulating
apoptotic protease activation factor 1 (4).

Mounting evidence has indicated that miR-613 is
involved in multiple processes, including tumorigenesis,
metastasis, lipogenesis, and lipoprotein metabolism (5-
8). However, the role of miR-613 in myocardial I/R
injury has not been examined. The current study found
that miR-613 suppresses cardiomyocyte apoptosis
induced by hypoxia/reoxygenation (H/R) in H9c2
cells. PDCD10 was identified as a direct target of miR-
613. This study also examined the level of expression
of p-Akt and downstream signaling proteins such as
CHOP, p-JNK, and Bcl-2. miR-613 was found to affect
I/R-induced cardiomyocyte apoptosis by regulating the
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PI3K/Akt signaling pathway. Together, these findings
reveal part of the miR-613/PDCD10 /PI3K/Akt pathway
that mediates I/R-induced cardiomyocyte apoptosis.

2. Materials and Methods
2.1. Cell culture and miRNA transfection

HO9c2 cells were cultured in DMEM containing 10%
fetal bovine serum (FBS) at 37°C with 5% CO,.
An miR-613 mimic, an miR-613 inhibitor, and a
corresponding control (miR-NC) were synthesized
by GenePharma (Shanghai, China). H9¢c2 cells were
cultured in six-well plates and transfected with an
miR-613 mimic, an miR-613 inhibitor, or miR-NC
using Lipofectamine 2000 reagent according to the
manufacturer's instructions (Invitrogen, USA).

2.2. Construction of vectors

The EGFP coding region from the pEGFP-N2 vector
was subcloned into pcDNA3. The 3'-UTR of wild-
type or mutant-type PDCD10 was then cloned into a
pcDNA3-EGFP vector. A PDCD10 expression plasmid,
pcDNA3-PDCD10, was constructed by cloning the
coding sequence of PDCD10 into a pcDNA3 vector.

2.3. Detection of LDH and MDA

Lactate dehydrogenase (LDH) and malondialdehyde
(MDA) commercial kits were purchased from Sangon
Biotech (Shanghai, China). LDH and MDA were
measured according to the manufacturer's instructions.

2.4. In vitro hypoxia/reoxygenation (H/R) model

Cardiomyocytes were perfused in normal Hank's solution
with a gas mixture of 95% 0O,-5% CO, at 37°C, pH 7.4.
To simulate an ischemic environment, cardiomyocytes
were perfused in Hank's solution at a pH of 7.4 at 37°C
without glucose or calcium. Cells were then exposed
to a gas mixture of 95% N,-5% CO,. To simulate a
reperfusion environment, cells were again perfused
in normal Hank's solution with a gas mixture of 95%
0,-5% CO, at 37°C, pH 7.4 (9). Cells in a normoxic
environment served as the corresponding control.

2.5. Analysis of apoptosis

Cell apoptosis were detected using the Annexing
V-FITC/propidium iodide (PI) apoptosis detection
kit (BD Biosciences, Shanghai, China). Cells were
harvested and collected after centrifugation for 5 to
10 minutes at 2,000 rpm. Cells were then washed with
phosphate-buffered saline (PBS) and suspended in 300
pL of Binding Buffer. An Annexin V-FITC solution
(5 uL) was added to the cell suspension, which was

incubated for 15 min in the dark. Five pL of PI was
then added to the suspension.

Cell apoptosis was analyzed with a flow cytometry
system (BD Bioscience, Shanghai, China). Healthy living
cells are denoted as FITC-/PI- cells, early apoptotic cells
are denoted as FITC+/PI- cells, and necrotic and late
apoptotic cells are denoted as FITC+/PI+ cells.

2.6. Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

Total RNA and microRNA were extracted using Trizol
reagent (Invitrogen) and the mirVana miRNA isolation
kit (Ambion, Austin, TX, USA). RNA integrity was
verified with agarose gel electrophoresis. cDNA was
obtained using the Tagman® RNA reverse transcription
kit. cDNA was then subjected to RT-qPCR using SYBR
Premix Ex Taq (TaKaRa, Dalian, China) to measure
the relative level of miR-613 and PDCD10 mRNA
expression. B-actin and U6 served as corresponding
controls. The relative level of gene expression was
analyzed using the 2**“ method.

2.7. Western blot analysis

Cell protein was extracted with the RIPA lysis buffer
(BLKW Biotechnology, Beijing, China). Equal amounts
of protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to nitrocellulose membranes. The
membranes were blocked with 5% skim milk for 2 h
and then incubated with primary antibodies that were
purchased from Cell Signaling Technology. The primary
antibodies used were as follows: PDCDI10 (1:500),
p-AKT (1:1,000), glucose-regulated protein (GRP) 78
(1:500), caspase-12 (1:500), CHOP (1:1,000), p-JNK
(1:1,000), and Bcl-2 (1:500). Goat anti-rabbit secondary
antibody was added and cells were incubated at room
temperature for 2 h. Bands were visualized with an
enhanced chemiluminescence (ECL) regent (Santa Cruz
Biotechnology, CA, USA). Glyceraldehyde phosphate
dehydrogenase (GAPDH) served as the internal control.

2.8. EGFP reporter assay

Cells were transfected with an miR-613 mimic, an miR-
613 inhibitor, or a reporter plasmid carrying a wild-type
or mutant PDCD10-3"UTR. Fluorescence intensity was
detected with an F-4500 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan). An RFP expression vector
served as a reporter control. The relative fluorescence
intensity of EGFP was determined with respect to the
RFP intensity.

2.9. Statistical analysis

The statistical software Graphpad 5.0 was used to
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analyze data. Data are expressed as the mean + standard
deviation (mean + S.D.). One-way ANOVA was
used to compare differences among groups. A two-
tailed Student's 7-test was used to compare differences
between two groups. A p-value of less than 0.05 was
considered statistically significant.

3. Results

3.1. miR-613 was down-regulated in H9c2 cells after
H/R

To explore the potential role of miR-613 in myocardial
I/R injury, the expression of miR-613 was detected in
HO9c2 cells after 10 h in a hypoxic environment and
2 h of deoxygenation. Data indicated that miR-613
expression was reduced by almost 43% in H9c2 cells
after H/R treatment compared to cells under normoxia.
This result suggested that miR-613 may play a role in
the H/R injury of H9¢2 cells (Figure 1).

3.2. MiR-613 alleviated H/R-induced cardiomyocyte
injury

Since the release of LDH is an important sign of cell
injury, the release of LDH by H9c2 cells was examined.
Results indicated that H/R treatment significantly
increased the release of LDH. The miR-613 mimic
decreased the release of LDH by approximately 49%
while the miR-613 inhibitor increased the release of
LDH by almost 1.3-fold in response to H/R in H9¢2 cells
(Figure 2A).

MDA is a key index of membrane lipid peroxidation.
Levels of MDA were also measured. As shown in Figure
2B, levels of MDA in cells increased significantly after
H/R treatment in comparison to levels in control cells.
Similarly, miR-613 decreased an H/R-induced increase
in MDA levels by 52% while inhibition of miR-613
increased MDA levels by almost 1.4-fold (Figure 2B).

Relative miR-613 expression

control H/IR

Figure 1. miR-613 was down-regulated in H9c2 cells after
H/R. RT-qPCR was used to detect the expression of miR-613 in
HO9c2 cells after H/R or under normoxia. Cells under normoxia
served as the control group. The level of miR-613 expression in
the control group was normalized to 1. U6 served as a loading
control. *p <0.05.

3.3. miR-613 suppressed H/R-induced cardiomyocyte
apoptosis in vitro

The above results suggested that miR-613 expression
decreased in H9¢2 cells after H/R, so the question was
then whether or not miR-613 protected cardiomyocytes
from H/R-induced injury by affecting cell apoptosis.
The effect of miR-613 on cardiomyocyte apoptosis
was detected using flow cytometry. Data indicated that
overexpression of miR-613 significantly reduced the rate
of apoptosis during H/R. However, inhibition of miR-
613 markedly increased the rate of apoptosis compared
to that in cells treated with H/R alone (Figure 3A).

To further explore the potential molecular mechanism
of action of miR-613, expression of apoptosis-related
proteins such as GRP78, caspase-12, cytochrome c,
Bax, and caspase-3 was examined. Results suggested
that H/R markedly increased the level of expression of
these proteins, but that increase was reversed by miR-
613 overexpression. In contrast, inhibition of miR-
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Figure 2. miR-613 alleviated H/R-induced cardiomyocyte
injury. (A), Release of LDH. (B), Levels of MDA. *p < 0.05,
**p <0.01. (Note: H/R+miR-613: H9c2 cells were transfected
with an miR-613 mimic after H/R treatment; H/R+miR-613
inhibitor: H9c2 cells were transfected with an miR-613
inhibitor after H/R treatment. Data are expressed as the mean
+S.D.)
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Figure 3. miR-613 suppressed H/R-induced cardiomyocyte apoptosis in vitro. (A) The rate of cell apoptosis was detected with an
Annexin V/Propidium iodide apoptosis assay after transfection with an miR-613 mimic or inhibitor. (B), Western blot analysis of the
level of GRP78, caspase-12, cytochrome ¢, Bax, and caspase-3 proteins with or without transfection of miR-613 after H/R treatment.
Levels of protein expression in the control group were normalized to 1. GAPDH served as the internal control. (C), Statistical
analysis of levels of protein expression. The histogram shows the mean + S.D. for normalized GAPDH. *p < 0.05, **p < 0.01.
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Figure 4. miR-613 directly targeted PDCD10 by binding to its 3’-UTR. (A) The potential binding site for miR-613 in the 3'-
UTR of PDCD10 mRNA. (B) EGFP reporter analysis was performed to detect relative EGFP activity after a wild-type or mutant-
type reporter plasmid was co-transfected with an miR-613 mimic, an miR-613 inhibitor, or miR-NC control in H9¢2 cells. Relative
EGFP intensity was determined as the ratio to the RFP intensity. (C) RT-qPCR was used to detect the level of PDCD10 mRNA in
transfected cells. B-actin was used as the corresponding control. (D) The level of PDCD10 protein was detected with Western blot
analysis in transfected H9¢2 cells. Normalization was performed using GAPDH. **p < 0.01.
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613 significantly increased the level of expression of
apoptosis-related proteins (Figure 3B and 3C).

3.4. miR-613 directly targeted PDCD10 by binding to
its 3'-UTR

miRNAs act by regulating target genes. To investigate
the exact mechanism by which miR-613 affects cell
apoptosis induced by H/R, TargetScan, miRanda, and
PicTar were used to predict the potential target genes of
miR-613. PDCD10 was chosen for further study along
with genes that may be responsible for cell apoptosis.
Bioinformatic analysis revealed that the 3'-UTR of
PDCD10 contains a putative binding region of miR-
613 (Figure 4A). To determine whether or not miR-613
directly targets PDCD10, an EGFP reporter analysis was
performed. EGFP reporter vectors carrying the 3'-UTR
of wild-type or mutant-type PDCD10 were transfected
into H9¢2 cells when miR-613 was over-expressed or
inhibited. When miR-613 was overexpressed, the level of
expression of the 3'-UTR of the wild-type decreased by
almost 55%, while inhibition of miR-613 increased the
the level of expression of the 3'-UTR of the wild-type by
approximately 1.8-fold (Figure 4B). However, the level
of expression of the 3'-UTR of the mutant-type was not
affected by a change in miR-613 expression.

RT-gPCR and Western blot analysis suggested that
the miR-613 mimic decreased the level of expression
of PDCD10 mRNA and PDCD10 protein; when miR-
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Figure 5. miR-613 suppressed I/R-induced cardiomyocyte
apoptosis by regulating the PI3K/Akt signaling pathway.
(A) Western blot analysis of the level of p-Akt, CHOP,
p-JNK, and Bcl-2 proteins when an miR-613 mimic was
transfected into H9c2 cells. (B) Statistical analysis of levels of
protein expression. The histogram shows the mean + S.D. of
normalized GAPDH. *p < 0.05, **p <0.01.

613 was inhibited, however, PDCD10 expression was
up-regulated (Figure 4C and 4D). All of these findings
indicated that miR-613 down-regulates PDCD10
expression by directly binding to its 3'-UTR.

3.5. miR-613 affected I/R-induced cardiomyocyte
apoptosis by regulating the PI3K/Akt signaling pathway

PI3K/Akt is an intracellular signaling pathway that is
associated with cardioprotection (/0). To further explore
whether or not miR-613 also protected cardiomyocytes
from I/R-induced injury by regulating the PI3K/Akt
pathway, the level of expression of marker proteins such
as p-Akt, the level of expression of the pro-apoptotic
proteins CHOP and p-JNK, and the level of expression
of the anti-apoptotic protein Bcl-2 were detected. Results
suggested that miR-613 reduced the level of CHOP
expression by 42% and that of p-JNK by 52% while it
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Figure 6. Restoration of PDCD10 counteracted the effect
of miR-613 on the release of LDH, levels of MDA, and
H/R-induced cardiomyocyte apoptosis. (A) Western blot
analysis was performed to detect PDCD10 protein expression
in H9¢2 cells with or without restored PDCD10. (B) Ectopic
expression of PDCD10 neutralized inhibition of the release
of LDH by miR-613. (C) Ectopic expression of PDCD10
neutralized inhibition of MDA levels by miR-613. (D)
Ectopic expression of PDCD10 counteracted inhibition of
cardiomyocyte apoptosis by miR-613. (E) Restoration of
PDCD10 counteracted the effect of miR-613 on the PI3K/Akt
pathway. *p < 0.05, **p <0.01.
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increased the expression of p-Akt by 1.8-fold and the
expression of Bcl-2 by 1.5-fold (Figure 5).

3.6. miR-613 affected I/R-induced cardiomyocyte
apoptosis by directly targeting PDCD10

The data above indicate that miR-613 down-regulates the
expression of PDCDI10 at both the mRNA and protein
levels. To further determine whether or not PDCD10
was the functional target gene, a rescue experiment was
performed. miR-613 and a PDCD10 expression plasmid
without the 3'-UTR were transfected into H9¢c2 cells,
and results indicated that overexpression of PDCD10
neutralized the decrease in PDCD10 expression induced
by miR-613 (Figure 6A). Restoration of PDCD10
counteracted the effect of miR-613 on the release of
LDH, levels of MDA, H/R-induced cardiomyocyte
apoptosis, and PI3K/Akt signaling pathways (Figure
6B-6D). These findings suggest that miR-613 acts on I/
R-induced cell apoptosis by directly regulating PDCD10.

4. Discussion

Recent animal experiments and clinical studies have
indicated that cell apoptosis is closely related to
myocardial I/R-induced injury. Thus far, numerous
miRNAs have been reported to be associated with
myocardial I/R injury by regulating target genes,
including miR-451, miR-133a, and Lin28a (//-13). The
current study investigated the potential role of miR-
613 in myocardial I/R injury and results indicated that
the level of miR-613 expression decreased by 43%
in H9c2 cells after H/R treatment in comparison to
the level of expression in the controls. This finding
suggests that miR-613 may play a role in I/R injury to
cardiomyocytes.

The specific effects of miR-613 were determined.
Results indicated that an miR-613 mimic decreased
an H/R-induced increase in the release of LDH, levels
of MDA, and cardiomyocyte apoptosis. Furthermore,
several apoptosis-related proteins were significantly up-
regulated as a result of H/R injury, but this increase was
reversed by overexpression of miR-613. These findings
indicate that miR-613 suppressed cardiomyocyte
apoptosis and it protected cardiomyocytes from H/
R-induced injury.

To further illustrate the molecular mechanism
by which miR-613 functions, its target genes were
predicted and eventually verified. PDCD10 is also
known as cerebral cavernous malformation 3 (CCM3),
and it plays an important role in regulating apoptosis,
neoangiogenesis, and certain tumor signaling pathways
(14-16). Mounting evidence indicates that PDCD10
plays a pivotal role in regulating cell survival and death.
In different type of cells, PDCDI10 is reported to be both
pro-apoptotic (/7) and anti-apoptotic (/8), suggesting
that apoptosis by PDCD10 is context-dependent.

Bioinformatic analyses suggested that PDCD10 is
a potential target of miR-613. This prediction was
confirmed by an EGFP reporter assay. Moreover, miR-
613 down-regulated the expression of PDCD10 at both
the mRNA and protein levels. A rescue experiment was
performed to further explore whether or not PDCD10
is a target gene of miR-613. A PDCD10 expression
plasmid without the 3'-UTR and an miR-613 mimic
were co-transfected into H9c2 cells. Results showed that
restoration of PDCD10 counteracted the effect of miR-
613 on the release of LDH, levels of MDA, H/R-induced
cardiomyocyte apoptosis. That is, miR-613 acts in I/
R-induced cardiomyocyte apoptosis by directly targeting
PDCD10.

The PI3K/Akt signaling pathway is a major signaling
that promotes cell survival and proliferation (/9). When
PI3K is activated, it acquires the ability to phosphorylate
PIP2 into PIP3 and leads to activation of Akt. Activated
Akt then translocates from the cell membrane to the
cytoplasm and nucleus and can activate or suppress
many downstream proteins to regulate cellular functions
(20). Phosphorylated PI3K/Akt inhibits pro-apoptotic
substrates, such as CHOP and p-JNK, while it promotes
the anti-apoptotic substrate Bcl-2 (27). Recent evidence
suggests that PDCD10 is associated with the activation
of Akt signaling protein (22). The current study found
that miR-613 significantly increased the level of p-Akt
and Bcl-2 expression; when miR-613 was overexpressed,
however, the level of expression of the pro-apoptotic
proteins CHOP and p-JNK decreased significantly.
Furthermore, ectopic expression of PDCD10 restored
the effect of miR-613 on the PI3K/Akt signaling
pathway. These findings indicate that miR-613 can
inhibit I/R-induced cardiomyocyte apoptosis by targeting
PDCD10 by regulating PI3K/Akt signaling pathways.

Taken together, the current findings are the first
to show that miR-613 can suppress I/R-induced
cardiomyocyte apoptosis by down-regulating PDCD10
and activating PI3K/Akt pathways. PDCDI10 is a direct
target gene of miR-613. The current results reveal
the molecular mechanism by which miR-613 affects
I/R-mediated apoptosis, and this finding may help
facilitate the treatment of myocardial I/R injury.
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