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Background: Oxidative stress, inducing cardiomyocyte apoptosis or myocardial ischemia, is the major denominator of many
cardiac diseases. In this study, we intended to explore the regulatory function of microRNA-137 (miR-137) in
oxidative stress-induced cardiomyocyte apoptosis.

Material/Methods: Cardiomyocytes were extracted from newborn C57BL/6 mice and cultured in vitro. Apoptosis was induced by
H,0,, and evaluated by TUNEL assay. The effect of cardiomyocyte apoptosis on gene expression of miR-137
was evaluated by qRT-PCR. Lentivirus was used to stably down-regulate miR-137, and the subsequent effects
of miR-137 down-regulation on cardiomyocyte apoptosis, its targeted gene CDC42, and caspase pathway were
evaluated by TUNEL assay, dual-luciferase reporter assay, and Western blot assay, respectively. Finally, CDC42
was down-regulated by siRNA and its effect on miR-137-mediated cardiomyocyte apoptosis protection was
examined.

Results: H,0, induced significant apoptosis and up-regulated miR-137 in cardiomyocytes, whereas lentivirus-mediat-
ed miR-137 down-regulation protected against apoptosis. CDC42 was the direct target gene of miR-137 and
proteins of CDC42, caspase-3, and caspase-9 were all regulated by miR-137 down-regulation in cardiomyo-
cyte apoptosis. SIRNA-mediated CDC42 down-regulation reversed the protection of miR-137 down-regulation
against cardiomyocyte apoptosis.

Conclusions: Our work demonstrated miR-137 and CDC42 are critical regulators in cardiomyocyte apoptosis. It may help to
identify the molecular targets to prevent myocardial injury in human patients.
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Background

Oxidative stress is one of the major molecular denominators in
cardiovascular disease [1]. In acute myocardial infarction (AMI),
commonly known as heart attack, oxidative stress induces the
generation of large amounts of reactive oxygen species and in-
creases blood vessel permeability, severely damaging vessel tis-
sues and cardiomyocytes [1,2]. Although tremendous progress
has been made in understanding the underlying mechanisms
of AMI and developing efficient treatments, it still remains the
major cause of cardiovascular disease and contributes signifi-
cantly to cardiac-related mortality [3—6]. Thus, understanding
the intricate underlying mechanisms and exploring biomark-
ers or molecular targets of oxidative stress-induced AMI is key
to the battle against cardiovascular disease.

MicroRNAs (miRNAs) are families of small (~20 nucleotides
long), non-coding RNAs that mediate posttranscriptional gene
expression by binding the 3’-untranslated regions (UTRs) of
target genes, thus inhibiting protein translation or inducing
gene degradation [7]. Many of the miRNA families are impor-
tant regulators in AMI, playing protective or negative roles
in regulating myocardial injury [8]. For example, miR-24 was
shown to protect against heart degradation and cardiomyo-
cyte apoptosis by maintaining the L-type Ca?* channels-ryano-
dine receptor tandem and suppressing apoptotic Bim signal-
ing pathway [9,10]. Conversely, the miR-15 family was shown
to promote cardiomyocyte apoptosis by down-regulating NAD-
dependent protein deacetylase sirtuin-1 (SIRT1) [11-13]. Among
the many cardiac miRNAs, miR-137 was identified to be dif-
ferentially expressed in cardiomyocytes at different develop-
mental stages [14]. However, little is known about wheth-
er miR-137 has regulatory mechanisms in myocardial injury.

Therefore, the aim of our study was to evaluate the molecu-
lar profile and functional mechanism of miR-137 in oxidative
stress-induced myocardial injury. In addition, the possible mo-
lecular targets of miR-137 during the process of cardiomyocyte
apoptosis regulation were explored. The results of our work
could expand understanding of miRNA regulation in myocar-
dial injury, and help identify biomarkers to predict or prevent
heart attack.

Material and Methods

Ethic statement

All protocols and experimental procedures were approved by
the Ethics Committee and Animal Research Study Board at
the Second Hospital of Jilin University (Protocol # 14-04-562).
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Cardiomyocytes culture

Newborn cardiomyocytes were prepared from mice (C57BL/6,
postnatal 1-3 days) based on the method described previ-
ously [15]. Briefly, mice were sacrificed and the hearts were
quickly extracted into ice-cold phosphate-buffered saline (PBS,
Invitrogen, USA). Right-side ventricles were cut and minced into
small pieces. The cardiomyocytes were dissociated by tritura-
tion in 0.05% trypsin-EDTA (Invitrogen, USA) for 10 min. After
centrifuging, supernatant was discard and the cardiomyocyte
pellets were resuspended in DMEM/F12 (1:1) medium sup-
plemented with 10% fetal calf serum (FBS, Invitrogen, USA),
penicillin (100 U/ml), and streptomycin (100 mg/ml), 2 mM |-
glutamine (Invitrogen, USA), 0.1 mM nonessential amino ac-
ids (Invitrogen, USA), and 3 mM sodium pyruvate (Invitrogen,
USA). Cells were incubated in 95% 0,/5% CO, at 37°C over-
night. The floating cardiomyocytes were removed and re-plat-
ed in 6-well plates at a density of 5x10° cells/well. The culture
medium was replenished every 2 or 3 days. To induce apopto-
sis, culture cardiomyocytes were incubated with 100 pM hy-
drogen peroxide (H,0,) for 24 h, based on the methods de-
scribed previously [16,17].

Apoptosis assay

A terminal deoxyribonucleotidyl transferase (TDT)-mediated
dUTP-digoxigenin nick end labeling (TUNEL) assay (Roche
Diagnostics, USA) was used to evaluate cardiomyocyte apop-
tosis according to manufacturer’s instruction. Briefly, after
washing the cultured cardiomyocytes with ice-cold PBS, the
cells were fixed with 4% PFA for 1 h at RT. Cardiomyocyte nu-
clei were then immune-stained with DAPI antibody (blue), and
apoptotic cells stained with TUNEL (green). Images were then
taken on a Zeiss LSM 710 confocal microscope with 100x ob-
jective (Zeiss, Germany). For quantification, the percentages
of non-apoptotic cardiomyocyte were evaluated by counting
DAIP-positive but TUNEL-negative cardiomyocytes against all
DAIP-positive cardiomyocytes.

RNA isolation and quantitative real-time PCR (qRT-PCR)

The cultured cardiomyocytes were suspended and collected.
Total RNA was extracted using a Trizol Kit (Invitrogen, USA) ac-
cording to manufacturer’s instructions. Reverse transcription
was then performed with a TagMan Reverse Transcription Kit
(Qiagen, USA). To detect gene expression, quantitative real-
time PCR (qRT-PCR) was performed using an iCycler iQ System
with the iQ SYBR Green Super Mix (BioRad, USA) according to
manufacturer’s instructions. GAPDH and U6 snRNA were used
as internal controls. Gene fold changes were calculated using
(2-AACt) method [18].
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Lentiviral transfection

The murine mature miR-137 inhibitor lentivirus (miR-137-In)
and its negative control lentivirus (miR-C) were commercially
obtained from SunBio Biotech (SunBio Medical Biotechnology,
Shanghai, China). Lentiviral transfection was performed us-
ing Lipofectamine 2000 (Qiagen, USA) according to manufac-
turer’s instructions. Culture medium was replenished 24 h af-
ter transfection.

Luciferase reporter assay

The wild-type 3’-UTR of cell division control protein 42, CDC42
(CDC42-WT) was amplified from mouse cDNA library, and cloned
into a pGL3-basic firefly luciferase reporter vector (Promega,
USA) according to manufacturer’s instruction. The putative
mmu-miR-137 binding site on CDC42 3’-UTR was mutated us-
ing a QuickchangeXL mutagenesis kit (Strategene, USA), then
cloned into firefly luciferase reporter vector (CDC42-MU). In
HEK293T culture, mouse miR-137 mimic lentivirus (miR-137,
SunBio Biotech, China) and its negative control lentivirus (miR-
NC) were co-transfected with either CDC42-WT or CDC42-MU
luciferase reporter vector. Twenty-four hours after transfec-
tion, a Dual Luciferase Reporter Assay System (Promega, USA)
was performed according to manufacturer’s instruction. The
relative luciferase activities were normalized to the value with
CDC42-MU and miR-NC co-transfection.

Western blot

Cardiomyocytes were lysed in 50mM Tris-HC| (Sigma-Aldrich,
USA), and denatured to shear DNA (5 min, 100°C). The pro-
teins were resolved in 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and transferred to poly-
vinylidene difluoride (PVDF) membranes (Sigma-Aldrich, USA).
After blocking treatment of 1% BSA for 1 h, the membrane was
washed 3 times in PBS-0.05% Tween (Sigma-Aldrich, USA), and
incubated with primary antibodies against CDC42, Caspase-3,
and Caspase-9 (Santa Cruz Biotechnology, Santa Cruz, USA) at
4°C overnight. After another 3 washes, the blot membrane was
incubated with LI-COR Odyssey secondary antibodies (1:10,000,
Bio-Rad, USA) at room temperature for 1 h. The blotting was
visualized using an Odyssey infrared imager (Bio-Rad, USA).

SiRNA transfection

Gene down-regulating siRNA against mouse CDC-42 (CDC42-
siRNA) and its negative control siRNA (C-siRNA) were com-
mercially obtained from RiboBio (RiboBio, China). The trans-
fection of siRNA into cardiomyocytes was performed using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. Twenty-four hours after transfection, culture medium
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Statistical analysis

All experiments were performed in triplicate, and results are
shown as mean +S.E.M. Statistical analysis was performed us-
ing a 2-tailed, unpaired Student’s t-test in EXCEL (Microsoft,
USA). Significant difference was marked at P<0.05.

Results

H,0, induced cardiomyocyte apoptosis and miR-137
upregulation

We first examined the effect of H,0, on cardiomyocyte apop-
tosis and miRNA regulation. Newborn C57BL/6 mice were sac-
rificed and cardiomyocytes were cultured in vitro. To induce
apoptosis, we took advantage of an established in vitro mod-
el to culture cardiomyocytes with 100 pM H,0, for 1 h [16,17].
After culture medium was replenished, cardiomyocytes were
cultured for another 24 h, followed by a TUNEL assay to ex-
amine apoptosis. The results showed that 100 uM H,0, in-
duced significant apoptosis, whereas no TUNEL positive cells
were seen under control condition (without H,0, treatment)
(Figure 1A). Quantitative evaluation showed that the averaged
percentage of healthy or non-apoptotic cardiomyocytes was
reduced to ~35% by H,0, treatment (Figure 1B, * P<0.05). We
then evaluated the gene expression levels of miR-137 upon
H,0,-induced apoptosis in cardiomyocytes. The results showed
that miR-137 was significantly upregulated by 100 uM H,0,
(Figure 1C, * P<0.05).

MiR-137 down-regulation inhibited H,0,-induced
cardiomyocyte apoptosis

As we discovered that miR-137 was upregulated by H,0,-
induced cardiomyocyte apoptosis, we wondered whether miR-
137 had a functional role in it. We infected cardiomyocytes
with miR-137 inhibitor lentivirus (miR-137-In). In control car-
diomyocytes, we infected them with a negative control miRNA
lentivirus (miR-C). We found that 24 h after lentiviral infection,
the endogenous gene expression level of miR-137 was signif-
icantly down-regulated by miR-137-In as compared to miR-C
(Figure 2A, * P<0.05). Then, the effect of miR-137 down-regula-
tion on H,0,-induced cardiomyocyte apoptosis was examined
by treating the cardiomyocytes with 100 uM H,0, (24 h) follow-
ing lentiviral infection. The results of TUNEL staining showed
that significantly fewer cardiomyocytes had apoptosis, while
miR-137 was down-regulated (Figire 2B). Quantitative evalua-
tion further confirmed that miR-137 down-regulation inhibited
H,0,-induced cardiomyocyte apoptosis (Figure 2C, * P<0.05).
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Figure 1. The effect of H,0, on cardiomyocyte apoptosis and gene expression of miR-137. Cardiomyocytes were extracted from P1-P3
mice and incubated with 100 pM H,0, for 24 h. (A) Cardiomyocyte apoptosis was evaluated by a TUNEL assay (green). The
nuclei were stained with DAPI (blue). (B) The percentages of non-apoptotic cardiomyocytes (DAPI-positive/TUNEL-negative)
were compared between Control and H,0, treatment (* P<0.05). (C) The gene expression levels of miR-137 were also
compared between Control and H,0, treatment (* P<0.05).
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Figure 2. The effect of miR-137 down-regulation on H,0, -induced apoptosis in cardiomyocytes. Cardiomyocytes were transfected
with lentiviruses of mmu-miR-137 inhibitor (miR-137-In) or its negative control miRNA (miR-C). (A) Twenty-four hours after
lentiviral transfection, gRT-PCR was performed to measure the efficacy of lentiviral infection (* P<0.05). (B) Cardiomyocytes
were then treated with 100 uM H,0, for another 24 h, followed by a TUNEL assay to evaluate the effect of miR-137 down-
regulation on cardiomyocyte apoptosis. (C) The percentages of non-apoptotic cardiomyocytes (DAPI-positive/TUNEL-negative)
were compared between the cardiomyocytes transfected with miR-C and the ones transfected with miR-137-In (* P<0.05).

CDC42 and apoptosis pathway were regulated by miR-137 CDC42 3’UTR with modified miR-137 binding site (CDC42-

during H,0,-induced cardiomyocyte apoptosis MU). We transfected HEK293T cells with either CDC42-WT or

CDC42-MU, along with lentivirus containing miR-137 mimics
We then investigated the underlying molecular pathways as- (miR-137) or its negative control lentivirus (miR-NC). Twenty-
sociated with miR-137 in regulating H,0, -induced cardiomyo- four hours after luciferase transfection, we used a dual-lucif-
cyte apoptosis. First, we searched online miRNA target databas- erase reporter assay to examine the relative luciferase activ-
es such as TargetScan, miRBase and miRanda, and found that ities. The results showed that miR-137 significantly reduced
CDC42 was a candidate target gene of miR-137 (Figure 3A). the luciferase activity in HEK293T cells while CDC42-WT was
Second, we constructed firefly Luciferase reporter vectors con- co-transfected, as compared to the cells co-transfected with

taining either wild-type CDC42 3’UTR (CDC42-WT), or mutated CDC42-MU (Figure 3B, * P<0.05), confirming that CDC42 was a
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Figure 3. MiR-137 regulated CDC42 and caspase proteins in H,0, -induced cardiomyocyte apoptosis. (A) The putative binding sites of
murine miR-137 on wild-type (WT) CDC42 3’-UTR was highlighted. A mutated (Mut) CDC42 3’-UTR sequence was generated
for the application of luciferase assay. (B) In a dual-luciferase reporter assay, HEK293T cells were transfected with firefly
luciferase reporter inserted with WT CDC42 3’-UTR (CDC42-WT), or the reporter inserted with Mut CDC42 3’-UTR (CDC42-
WT). Also, cells were co-transfected with either miR-137 mimics or its negative control miRNA (miR-NC). Twenty-four hours
after transfection, relative luciferase activities were evaluated and normalized to the values in cells transfected with CDC42-
MU (* P<0.05). (C) Cardiomyocytes were transfected with either miR-C or miR-137-In lentiviruses for 24 h, followed by
another 24 h treatment of 100 pM H,0,. Western blotting analysis was used to compare the protein expression levels of
CDC42, caspase-3 and caspase-9.
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Figure 4. CDC42 down-regulation reversed the effect of miR-137 on H,0,-induced cardiomyocyte apoptosis. (A) Cardiomyocytes were
transfected with CDC42 specific siRNA (CDC42-siRNA) or its negative control siRNA (C-siRNA) for 24 h. QRT-PCR was used
to evaluate the transfection efficiency (* P<0.05). (B) Cardiomyocytes were transfected with miR-137-In for 24 h, followed
by another 24 h transfection of either CDC42-siRNA or C-siRNA. Then, cardiomyocytes were treated with 100 uM H,0, for
24 h, followed by a TUNEL assay to evaluate the effect of CDC42 down-regulation on cardiomyocyte apoptosis. (C) Western
blotting analysis was ALSO used to compare the protein expression levels of CDC42, caspase-3 and caspase-9.
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direct target of miR-137. We also examined the CDC42 protein
level in cardiomyocytes during the process of miR-137 down-
regulation on H,0,-induced apoptosis. The Western blotting re-
sult demonstrated that down-regulating miR-137 induced the
upregulation of CDC42 (Figure 3C). It also showed that cas-
pase-3 and caspase-9, which are key caspase pathway pro-
teins closely associated with CDC42 regulation, were subse-
quently down-regulated (Figure 3C).

Inhibiting CDC42 reversed the protection of miR-137
down-regulation on H,0 -induced cardiomyocyte apoptosis

Finally, we investigated whether CDC42 were directly involved
in the regulation of miR-137 on H,0_-induced cardiomyocyte
apoptosis. We used siRNA technology to directly silence CDC42
gene in cardiomyocytes. The gRT-PCR result showed that en-
dogenous CDC42 mRNA was significantly reduced in cardiomy-
ocytes transfected with CDC42-specific siRNA (CDC42-siRNA),
as compared to the cardiomyocytes transfected with a negative
control siRNA (C-siRNA) (Figure 4A, * P<0.05). Then, we trans-
fected the cultured cardiomyocytes with miR-137-In lentivirus
for 24 h, followed by another transfection of either C-siRNA
or CDC42-siRNA for 24 h. After replenishing the culture medi-
um, cardiomyocytes were treated with 100 uM H,0, for a 3"
period of 24 h, followed by TUNEL staining. The results of flu-
orescent imaging demonstrated that knocking down CDC42
increased the apoptosis in cardiomyocytes; even miR-137 was
down-regulated (Figure 4B), suggesting that CDC42 was direct-
ly involved in the regulation of miR-137 on H,0,-induced apop-
tosis by negatively reversing the protective effect of miR-137
down-regulation on cardiomyocyte apoptosis. This was fur-
ther confirmed by Western blot analysis, which showed that
CDC42-siRNA not only down-regulated CDC42 protein produc-
tion, but also up-regulated caspase-3 and caspase-9 to induce
apoptosis in cardiomyocytes (Figure 4C).

Discussion

In our work, we took advantage of an in vitro cardiomyocyte
model to study the molecular mechanisms of miR-137 in reg-
ulating H,0,-induced cardiomyocyte apoptosis. We demon-
strated that incubating neonatal cardiomyocytes with 100 uM
H,0, for 24 h induced significant apoptosis. This is in line with
a previous report showing that 24-h treatment of moderate
concentration H,0, (100 uM) promoted apoptosis but not ne-
crosis in adult cardiomyocytes [17].

Many of the miRNA families have been shown to play critical
roles in myocardial ischemia [17]. A previous report showed
that miR-137 was down-regulated as the cardiomyocyte dif-
ferentiates and proliferates [14], suggesting that miR-137 may

ANIMAL STUDY

play a developmental role in cardiomyocyte. However, there has
been no report on whether miR-137 is differentially expressed
in pathological cardiomyocytes, or if there are any functional
roles of miR-137 in regulating myocardial injury. In this work,
we demonstrated that miR-137 was markedly upregulated in
cardiomyocytes during the process of H,0,-induced apopto-
sis. Most importantly, we showed lentivirus-mediated miR-137
down-regulation reduced apoptosis in cardiomyocytes. Thus,
this is the first report to show differential expression of miR-
137 and the functional role of miR-137 in myocardial injury.

Many of the molecular pathways contribute to apoptosis pro-
tection in postmitotic cells, such as sympathetic neurons,
cardiomyocytes, neurotrophin, and cell cycle genes [19-23].
CDC42, a key cell cycle regulator, is known to play an impor-
tant role in regulating heart development [24-26], as well as
in conditional knockout of CDC42 in heart-induced cardiac
hypertrophy and cardiomyocyte apoptosis [27]. In this work,
we first demonstrated, by dual-luciferase reporter assay, that
CDC42 was the direct target of miR-137. Then, we showed
that CDC42 was upregulated while miR-137 was down-regu-
lated to reduce H,0,-induced cardiomyocyte apoptosis. Also,
we demonstrated that key apoptosis pathway proteins, cas-
pase-3 and caspase-9, were down-regulated during the process
of miR-137 down-regulation-mediated protection against car-
diomyocyte apoptosis. Most importantly, we showed that siR-
NA-mediated CDC42 down-regulation reversed the protection
of miR-137 down-regulation on H,0,-induced cardiomyocyte
apoptosis, suggesting that the underlying molecular pathway
of miR-137 to regulate apoptosis is through the targeting of
CDC42. It is interesting that while CDC42 was down-regulated,
caspase pathway protein caspase-3 and caspase-9 were both
up-regulated. It is known that CDC42 cleavage is the down-
stream product of caspase in Fas-mediated apoptosis [28]. The
result of our work showing up-stream regulation of CDC42 on
caspase-3 and caspase-9 suggests that a very complex apop-
totic signaling pathway may be involved in myocardial injury.

Conclusions

Our work demonstrated, for the first time, a functional role
of miR-137/CDC42 signaling pathway in regulating oxidative
stress-induced cardiomyocyte apoptosis. Although the current
study was limited to an animal model, our results may help
identify novel biomarkers and molecular targets to treat hu-
man heart attack patients in the future.
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