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Abstract: Background: Cardiomyocyte hypoxia causes cardiac hypertrophy and other major myocardial injuries. We
investigated the molecular mechanism of microRNA-26b (miR-26b) in regulating hypoxia-induced apoptosis in rat
neonatal cardiomyocytes. Methods: Neonatal rat cardiomyocytes was prepared in vitro and hypoxia was induced.
Apoptotic cardiomyocytes were examined by TUNEL staining and the expression of miR-26b were monitored by qRT-
PCR. The effect of mir-26b downregulation on hypoxia-induced apoptosis, or expression of PTEN in cardiomyocytes
was monitored. PTEN was knocked down in cardiomyocytes by siRNA to further investigate its association with miR-
26b. Results: Hypoxia induced severe apoptosis and upregulated miR-26b in neonatal rat cardiomyocytes in vitro.
Down-regulation of miR-26b markedly ameliorated hypoxia-induced apoptosis and up-regulated PTEN. Luciferase
reporter assay confirmed PTEN was directly targeted by miR-26b, and knocking down PTEN reduced cytotoxicity
induced by miR-26b upregulation. Conclusion: Downregulation of miR-26b protected cardiomyocytes from hypoxia-

induced apoptosis, and the protective effect was very likely to be associated with PTEN regulation.
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Introduction

Human cardiovascular disease (CVD) is one of
the major causes of death among both children
and adults in the world. In the United States
alone, around 80 million adults (1 in 3) have
one or more types of CVD and about 8 millions
are estimated to have an acute myocardial
infarction [1, 2]. The current clinical treatment
of acute myocardial infarction is trying to
restore coronary blood flow as soon as possi-
ble. Unfortunately, myocardial reperfusion
often leads to further cardiac damage of myo-
cardial ischemia or reperfusion (I/R) injury [3,
4], and the apoptosis of cardiomyocytes was
the major mechanism in the development of
cardiac injury induced by myocardial ischemia
[5-7]. Therefore, inhibition of myocardial apop-
tosis may reduce I/R damage and finding new
therapeutic target for the treatment of I/R inju-
ry could certainly benefit large population of
CVD patients.

MicroRNAs (miRNAs) are groups of short
sequence noncoding RNAs that silencing tran-

scription through suppressing or degrading
messenger RNAs [8]. They are important regu-
lators of gene expression, participating in both
normal heart development and cardiovascular
diseases [9-11]. Recent studies demonstrated
that the family of microRNA 26, including miR-
26a and miR-26b was actively involved in the
development of cardiac hypertrophy [12], and
Atrial fibrillation [13].

In our current study, we cultured neonatal rat
cardiomyocytes in vitro and introduce hypoxia
to re-produce the in vivo I/R injury. Based on
this model, we investigated the effect of hypox-
ia on cardiomyocyte apoptosis and the expres-
sion of miR-26b. In order to elucidate the under-
lying mechanisms of miR-26b during hypoxia,
we applied antisense oligonucleotide of miR-
26b to down-regulate miR-26b in cardiomyo-
cytes and examined its effect on cardiomyocyte
apoptosis and explored its molecular associa-
tion with PTEN pathway. The results of our
experiments would help seeking novel treat-
ment strategy to prevent myocardial ischemia
in patients suffered from CVD.
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Figure 1. Apoptosis and aberrant expression of miR-
26b in rat cardiomyocytes by hypoxia. The cultured
cardiomyocytes extracted from P2 rats were either
treated with N2 to induce hypoxia or with O2 (as nor-
mal condition) for 48 hours. Apoptosis among car-
diomyocytes were examined with TUNEL staining (A)
(scale bar: 20 m). The percentages of TUNEL positive
cells were compared between hypoxia and normal
conditions (B) (*, P < 0.05). The expression levels
of miR-26b were measured and compared between
hypoxia and normal conditions (C) (*: P < 0.05).

Materials and methods

Rat cardiomyocyte culture and model of hy-
poxia

In vitro culture of neonatal rat cardiomyocytes
and induction of hypoxia were performed
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according to the method described in previous
study [14]. Briefly, postnatal 2 to 4 days old
Sprague-Dawley rats were anesthetized and
decapitated. The ventricles were quickly ex-
tracted and minced into pieces in Hanks’ bal-
anced salt solution and digested with 1% colla-
genase (Sigma, USA) in an incubator with 5%
CO, at 37°C for 15 minutes. The floating cells
were collected and pre-plated in DMEM supple-
mented with 5% fetal bovine serum to purify
and enrich cardiomyocytes. Cardiomyocytes
were further cultured in DMEM with 10% fetal
bovine serum and 1 microM Ara C for another
24 to 72 hours before hypoxia treatment. Then,
to induce severe hypoxia, the cultured rat car-
diomyocytes was treated with 95% N, and 5%
CO, gas induction for 48 hours and subsequent
6 hours of re-oxygenation followed by further
procedures.

TUNEL assay

The apoptotic cardiomyocytes in vitro was
detected by terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick-end labeling (TUNEL)
assay according to manufacturer's protocol
(Molecular Probes, USA). Briefly, cultured car-
diomyocytes were washed with PBS and fixed
in 4% paraformaldehyde for 15 min and further
fixed in ice cold ethanol mix of acetic acid (2:1)
for additional 5 min at -20°C. After antoher
wash with PBS, the cells were incubated with
the reaction mixture of TUNEL for 1.0 hat 37°C
in a humidified box. The percentage of cardio-
myocytes was determined by counting cells
nuclei (DAPI stained) in 500-um? spaces in trip-
licate plates.

Quantitative real-time reverse transcription-
PCR (qRT-PCR)

Total RNA or miRNA fractions were extracted
from rat cardiomyocytes with Trizol reagent
according to manufacturer’s protocol (Invitro-
gen, USA). Total RNA concentrations were mea-
sured with a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, USA) at 260
and 280 nm (A260/280), and examined with
an Agilent 2100 Bioanalyzer (Agilent Techno-
logies, uSA). Quantitative real-time reverse
transcription-PCR (qRT-PCR) assays were done
using the TagMan miRNA Assay according to
manufacturer’'s protocol (Applied Biosystems,
USA). The amplification conditions were 38
cycles of 15 s at 94°C and 1 min at 62°C. The
expression levels of miR-26b and PTEN were
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Figure 2. Downregulation of miR-26b rescued hypox-
ia-induced apoptosis and up-regulated PTEN in rat
cardiomyocytes. A. Cardiomyocytes were transfect-
ed with 100 nM miR-26b antisense inhibitor (miR-
26b-as) and its non-specific miRNA (miR-NC) for 24
hours, followed by gRT-PCR to measure the efficiency
of miRNA transfection (*: P < 0.05). B. Twenty-four
hours after miRNA transfection, hypoxia was induced
in cultured rat cardiomyocytes for 48 hours. TUNEL
staining was conducted to compare apoptotic car-
diomyocytes between miR-26-as and miR-NC treat-
ments. C. After miRNA transfection and hypoxia in-
duction, gRT-PCR was conducted to compare the the
expression levels of PTEN between miR-26-as and
miR-NC treatments.
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normalized by the expression level of house
keeping gene U6 and GAPDH, respectively.
Experiments were performed in triplicate.

miRNA transfection

Cardiomyocytes were re-plated in six-well
plates and transfected with 100 nM miR-26b
antisense inhibitor (miR-26b-as), miR-26b mim-
ics (miR-26b-mimics) or scrambled non-specific
control miRNA (miR-NC) (Ambion, Inc, USA),
using a Lipofectamine™ RNAIMAX Transfection
Reagent according to manufacturer’s instruc-
tion (Invitrogen, USA). Subsequent experiments
or analyses, including hypoxia induction, RNA
extraction amd qRT-PCR were performed 24
hours after miRNA transfection.

miRNA target prediction

Three commonly used bioinformatics databas-
es were used to predict the putative miRNA-
gene targets, including TargetScan version 5.2
(http://www.targetscan.org/index.html), miRB-
ase (http://microrna.sanger.ac.uk) and miRan-
da (http://www.microrna.org).

Luciferase reporter assays

Regular PCR was performed on the cardiomyo-
cytes to amplify PTEN wild-type (WT) 3-UTR
and mutant (MUT) 3’-UTR according to predict-
ed rat miR-26b binding site (rno-miR-26-b,
Figure 3A). The WT 3-UTR and MUT 3-UTR
sequences of PTEN were then constructed into
a luciferase reporter vector (pmiR-REPORT,
Ambion, USA) to generate constructs of Luc-
PTEN and Luc-PTEN-mu (verified by DNA seq-
uencing). The pmiR-REPORT control vector
(Luc-control), along with and Luc-FOXC1, Luc-
FOXC1-mu were co-transfected with [-gala-
ctosidase and rat miR-26b into HEK293 cells in
12-well plates with a Lipofectamine 2000
transfection kit according to the manufactur-
er's protocol (Invitrogen, USA). The luciferase
activity was examined in 24 hours. The signals
were normalized to the B-galactosidase activity
of Luc-control.

PTEN siRNA transfection

The specific PTEN siRNA (PTEN-siRNA, 50 nM)
and its non-specific scramble siRNA (NC_
siRNA, 50 nM) were purchased from Stanta
Cruz (Santa Cruz Biotechnology, USA), and the
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and then transferred to a film
and incubated with primary
antibody against rat PTEN
(1:250, Santa Cruz Techno-
logy, Santa Cruz, CA). Horse-
radish peroxidase-ECL meth-
od was using for X-ray film
exposure and the measure-
ment of PTEN protein expres-
sion levels. GAPDH was the
internal control.

Lactate dehydrogenase (LDH)
assay

P A cytotoxicity detection kit

was used to measure the lev-
el of lactate dehydrogenase
(LDH) released by cultured rat
cardiomyocytes according to
manufacturer’s protocol (Ro-
che Applied Sciences, USA).
The absorbance at 490 nm
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Figure 3. miR-26b targeted PTEN to rescue hypoxia-induced apoptosis in
rat cardiomyocytes. A. The predicted binding site of rat miR-26b (rno-miR-
26-b) on wild type 3’-UTR of PTEN (PTEN 3’UTR WT), along with mutated
3’-UTR of FOXC1 (PTEN 3’UTR MUT) were shown. B. HEK 293T cells were
transfected with the pmiR-REPORT control construct (Luc-control), mutant
3’-UTR PTEN (Luc-PTEN-mu) or wild-type 3’-UTR PTEN (Luc-PTEN), along with
B-galactosidase and miR-26b. After 24 hours, cells were examined by a lu-
ciferase assay and the signals were normalized to B-galactosidase activity of
control vector. (*: P < 0.05). C. Rat cardiomyocytes were transfected with siR-
NA targeting PTEN (PTEN-siRNA, 50 nM), or its non-specific SiIRNA (NC-siRNA,
50 nM), followed by western blotting analysis of PTEN. D. Rat cardiomyocytes
were treated with miR-NC plus NC-siRNA, miR-26b-mimics plus NC-siRNA or
miR-26b-mimics plus PTEN-siRNA. LDH essay was applied to measure the

was examined by a microplate
reader and presented as arbi-
trary unit of optical density
(0.D.).

Statistical analysis

All data were presented as the
mean * SD and evaluated
with a Student’s t test in SPSS
software (version 11.0). Sta-
tistically significance was de-
termined if P < 0.05. All exper-
iments were repeated at least
three times.

cytotoxicity level among cardiomyocytes (*: P < 0.05).

transfection of siRNAs was performed for 48
hours with a Lipofectamine 2000 transfection
kit according to manufacturer’'s recommended
protocol. The efficiency of siRNA on knocking
down PTEN was also examined by western blot-
ting analysis.

Western blotting analysis

The cardiomyocytes were suspended and the
lysis was collected. The protein concentration
was determined using a BCA kit. Total amount
of 20 pg protein was used to run on a 9% SDS-
PAGE gel after electrophoresis at 70 V for 4 h,
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Results

Hypoxia induced apoptosis
and up-regulated miR-26b in cultured rat car-
diomyocytes

We cultured neonatal cardiomyocytes from
postnatal 2 days old (P2) rats and treated those
cells with 95% N_/5% CO, to induce hypoxia
and apoptosis [14]. After 48 hours of culture,
TUNEL positive cardiomyocytes were evident
under hypoxia condition whereas little or no
TUNEL signals were detected under normal
condition with hypoxia induction (Figure 1A).
Quantitative measurement demonstrated that
the percentage of TUNEL positive cardiomyo-
cytes with hypoxia treatment was significantly
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higher than the percentage without hypoxia
treatment (Figure 1B, P < 0.05). Through qRT-
PCR, we found that the expression level of miR-
26b was subsequently upregulated in hypoxia-
induced cardiomyocytes (Figure 1C, P < 0.05).

Down-regulation of miR-26b rescued hypoxia-
induced apoptosis in cardiomyocytes and up-
regulated PTEN

Since miR-26b was upregulated by hypoxia in
cardiomyocytes, we then sought to investigate
whether down-regulating miR-26b would pro-
tect the apoptotic effect of hypoxia. First, we
examined the efficiency of miRNA knocking
down by transfecting the cultured rat cardio-
myocytes with miR-26b antisense inhibitor
(miR-26b-as) and measuring the corresponding
change of miR-26b mRNA levels. Parallel trans-
fection of non-specific miRNA (miR-NC) was
also conducted as control. The gRT-PCR result
showed that 100 nM miR-26b-as was sufficient
to significantly reduce the endogenous expres-
sion level of miR-26b in cardiomyocytes (Figure
2A). Then, the protective effect of miR-26b on
hypoxia-induced apoptosis was examined by
transfecting cultured rat cardiomyocytes with
miR-26b-as for 24 hours, followed by 48 hours
of hypoxia treatment. After that, TUNEL staining
demonstrated that the number of apoptotic
cardiomyocytes was markedly reduced in car-
diomyocytes transfected with miR-26b-as than
the number in cardiomyocytes transfected with
miR-NC (Figure 2B).

We also examined the effect of miR-26b on
apoptosis associated pathway and found that
PTEN was specifically up-regulated by miR-26b
during hypoxia induction (Figure 2C).

miR-26b modulated hypoxia-induced apopto-
sis cardiomyocytes through PTEN

We then sought to investigate whether the reg-
ulation of miR-26b on hypoxia-induced apopto-
sis in rat cardiomyocytes were through PTEN.
Through bioinformatics prediction softwares
including TargetScan, miRBase and miRanda,
we discovered that PTEN was very likely to be
the direct target of rat miR-26b (rno-miR-26-b)
(Figure 3A). We then use a luciferase reporter
essay to confirm that miR-26b was directly act-
ing on PTEN in rat cardiomyocytes (Figure 3B).

Based on these findings, we suspected that
PTEN was directly involved in the modulation of
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miR-26b in cardiomyocytes and decided to use
siRNA to genetically knock down PTEN in rat
cardiomyocytes in vitro. The efficiency of siRNA
transfection was evaluated by a western blot-
ting assay and the result demonstrated that
PTEN siRNA (PTEN-siRNA) was efficient in
down-regulating PTEN protein in cardiomyo-
cytes (Figure 3C). Then, we pre-treated rat car-
diomyocytes with either miR-NC or miR-26b
mimics (miR-26-mimics), followed by transfec-
tion of either NC_siRNA or PTEN_siRNA. The
result demonstrated that the cytotoxicity level
was significantly elevated in cardiomyocytes by
miR-26b-mimics, but rescued by PTEN_siRNA,
suggesting that knocking down PTEN exerted
similar protective mechanisms on rat cardio-
myocytes as down-regulating miR-26b (Figure
30).

Discussions

In recent decades, microRNAs have emerged
as new genetic regulators or even therapeutic
candidates for various cardiovascular diseas-
es, including ischemic heart disease [15-17].
Although family of miR-26 had been suggested
to play role in cardiac hypertrophy [12] or atrial
fibrillation [13], there has been no evidence
showing miR-26b was directly modulated or
actively participating in the process of cardiac
apoptosis induced by I/R injury.

For the first time ever, in the present study, we
demonstrated that miR-26b was upregulated
during the process of hypoxia, in close associa-
tion with apoptosis in cultured rat neonatal car-
diomyocytes. More importantly, through the
experiment of genetic manipulation, we showed
that down-regulation of miR-26b could amelio-
rate hypoxia-induced apoptosis in cardiomyo-
cytes. Thus, the above experiments strongly
indicated an active role of miR-26b in regulat-
ing I/R injury and supported the notion that
miR-26b might be a novel molecular target for
cardiovascular diseases.

In the current study, we also explored the pos-
sible pathways that might be targeted by miR-
26b in regulating hypoxia-induced apoptosis in
cardiomyocytes. We found that PTEN, a tumor
suppressor gene involved in various aspects of
cardiovascular diseases [18-20], was a direct
target of miR-26b. Down-regulating miR-26b
under the condition of hypoxia subsequently
up-regulated PTEN in neonatal cardiomyocytes.
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In addition, we used siRNA to genetically silence
endogenous PTEN in cardiomyocytes. The
results showed that knocking down PTEN exert-
ed similar protective effect as down-regulating
miR-26b by reducing the cytotoxicity in cardio-
myocytes induced by over-expressing miR-26b.
The meaning of these findings is two folds.
First, it presented direct evidence demonstrat-
ing that in cardiomyocytes, miR-26b negatively
regulates PTEN expression during I/R injury.
Second, as PTEN was the direct target of miR-
26b during the regulation of I/R injury, it dem-
onstrated that miR-26b could be activating
similar down-stream targets and closely associ-
ated with other apoptotic pathways, such as
AKT/PI3K pathways during the process of I/R
injury.

In summary, our findings demonstrated that
miR-26b played an important role in PTEN-
associated protective effect against hypoxia-
induced apoptosis in cardiomyocytes. Although
the study was performed in animal models and
the experimental results may not be directly
related to human study, the findings certainly
brought attention for further investigation to
evaluate whether miR-26b regulation could be
extrapolated in future clinical practice.
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