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Summary

MicroRNAs are emerging as important regulators of cardiac
function. This study investigated the role of microRNA-24
(miR-24) in ischemic cardiomyocytes, based on the observation
that miR-24 expression was significantly enhanced in the
ischemic myocardium of rats. Using primary cultured rat
cardiomyocytes, cell injury was induced by ischemic conditions,
and the cells were evaluated for changes in lactate
dehydrogenase (LDH) release, cell viability, apoptosis and
necrosis. The results showed that miR-24 was increased in
myocytes exposed to ischemia. When miR-24 was further
overexpressed in ischemic myocytes using the mimic RNA
sequence, LDH release was reduced, cell viability was enhanced,
and apoptosis and necrosis rates were both decreased. By
contrast, a deficiency in miR-24 resulted in the largest LDH
release, lowest cell viability and highest apoptosis and necrosis
rates in normal and ischemic myocytes, with significant changes
compared to that of non-transfected myocytes. Additionally, the
mRNA and protein levels of the pro-apoptotic gene, BCL2L11,
were down-regulated by miR-24 overexpression and up-regulated
by miR-24 deficiency. The luciferase reporter assay confirmed
BCL2L11 to be a target of miR-24. Overall, this study showed a
protective role for miR-24 against myocardial ischemia by
inhibiting BCL2L11, and may represent a potential novel

treatment for ischemic heart disease.
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Introduction

Coronary disease is one of the most prevalent
diseases afflicting humans (He et al. 2005). The major
consequences of coronary disease are myocardial
ischemia (cell damage) and myocardial infarction (cell
death and apoptosis), either of which can develop when
blood

Myocardial infarction is a complex process for which the

supply to the myocardium decreases.
regulatory mechanisms remain to be understood. Recent

studies have indicated the active involvement of
microRNAs (miRNAs) in numerous heart diseases,
including myocardial infarction (Latronico et al. 2007,
Van Rooij ef al. 2007, Ye et al. 2011).

MiRNAs are a class of endogenous, small non-
coding single-stranded RNAs, about 22 nucleotides in
length, with highly conserved sequences among species
(Bartel 2004). There are approximately 500 known
mammalian miRNAs, and each miRNA may regulate
hundreds of protein-coding genes (Lewis et al. 2005).
MiRNAs regulate gene expression mainly through
interaction with the 3'-untranslated region (UTR) of the
target mRNA, resulting in mRNA degradation or the

inhibition of protein translation (Filipowicz et al. 2008).
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Accumulative data suggest that miRNAs are extensively
involved in the pathological processes of the heart,
including cardiac hypertrophy (Car¢ et al. 2007, Song et
al. 2010), heart failure (Thum et al. 2007), arrhythmia
(Yang et al. 2007) and myocardial ischemia and
reperfusion (Dong et al. 2009, Hu et al. 2010, Qian ef al.
2011). However, due to the multiplicity of miRNAs and
their potential regulation of a large proportion of target
genes, the function of most of these miRNAs is scarcely
known. We identified an aberrantly expressed miRNA,
miR-24, in the ischemic myocardium of intact rats, based
on a miRNA array analysis (Fang et al. 2011). The
present study investigated the role of miR-24 in
myocardial ischemia.

Materials and Methods

Rat model of acute myocardial ischemia

The rat model of myocardial ischemia was
prepared as we described previously (Lin et al. 2002).
Briefly, male Sprague-Dawley rats (260-330 g) were
anesthetized with sodium pentobarbitone (60 mg/kg,
intraperitoneally), and a tracheotomy was performed to
maintain a patent airway. One femoral artery was
cannulated to monitor arterial blood pressure (BP) and
the left ventricle was cannulated to record left ventricular
pressure (LVP). A standard limb lead I electrocardiogram
(ECG) was continuously monitored. A left thoracotomy
was performed and artificial respiration was carried out at
a stroke volume of 1.5 ~ 2 ml/100 g and a rate of
60 strokes/min to maintain arterial PCO,, PO, and pH
within the normal range. The heart was exposed, a 6/0
braided silk suture was placed around the initial segment
of the left anterior descending coronary artery (LAD),
and then tied off after 15 min stabilization to induce LAD
occlusion. Myocardial ischemia was confirmed by
profound decreases in BP and LVP, changes in ECG, and
visual cyanosis of the topical heart. After 4h of
occlusion, the ischemic tissue was dissected and
processed to determine miR-24 expression levels.

All animal procedures were approved by the
Second Military Medical
accordance with the Guide for Care and Use of
published by the US NIH

University, China, in
Laboratory Animals
(publication No. 96-01).

Mimic ischemia in cultured cardiomyocytes
A primary culture of ventricular myocytes from
neonatal Sprague-Dawley rats was prepared, as we

described previously (Pan et al. 2007). Briefly, the heart
ventricles were dissected and digested with 0.2 % trypsin
(Amresco, Solon, OH, USA). Cells were filtered through
a nylon mesh, resuspended in Dulbecco’s Modified Eagle
Medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA)
containing 0.45 % glucose, 10 % neonatal bovine serum
and 10 % fetal bovine serum, pre-plated for 30 min,
seeded at the concentration of 5x10° cells/ml, and
cultured in a humidified atmosphere of 5 % CO, at 37 °C.
After 3-4 days of culture, the myocytes were serum-
deprived for 12 h to synchronize the growth, and then
exposed to mimic ischemia (1% O,, 0.1 % glucose,
serum-free) for a further 24 h. The control myocytes were
incubated in regular serum-free DMEM containing
0.45 % glucose under normoxia.

Real-time RT-PCR detection of miR-24 and its potential
target genes

Total RNA was extracted from rat myocardium
and cultured cardiomyocytes with Trizol (Invitrogen,
USA) according to the manufacturer’s instructions. One
microgram of total RNA was reverse-transcribed using
M-MLYV reverse transcriptase with oligo-dT for mRNAs
and a special stem-loop primer for miR-24 (5°-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC
TGGATACGACCTGTTC-3’), as we  described
previously (Song et al. 2010). Real-time quantitative
PCR was performed on a Rotor-Gene 3000 real-time
DNA detection system (Corbett Research, Sydney,
Australia) using SYBR Green (Qiagen, Shanghai, China).
The relative expression levels of miR-24 and its potential
target genes were determined by the standard curve
method, and normalized to U6 and GAPDH,
respectively. The PCR primers
5’-CTGAGTGGCTCAATTCAGCA-3' (forward) and
5’-GTGCAGGGTCCGAGGT-3" (reverse) for miR-24,
5’-CTCGCTTCGGCAGCACA-3' (forward) and
5’-AACGCTTCACGAATTTGCGT-3' (reverse) for U6,
5’-GCTACCAGATCCCCACTTTTCA-3' (forward) and
5’-CCGGGCTCCTGTCTGTGT-3' (reverse) for
BCL2L11, and 5’-AACGACCCCTTCATTGACCTC-3'
(forward) and 5’-CCTTGACTGTGCCGTTGAACT-3'
(reverse) for GAPDH.

were:

MiRNA transfection experiments
knock down miR-24
expression, cultured cardiomyocytes were incubated with

To overexpress or

miR-24 mimic or inhibitor for 24 h before the onset of
serum-deprivation and the following ischemia. The
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mimic of miR-24 was a duplex RNA, in which the sense
sequence (5’-uggcucaguucagcaggaacag-3’) was

miR-24,
(5’-guuccugcugaacugagecauu-3’) had 2-nt 3'-overhangs
and 2-nt 5’-trims. The of miR-24

(5’-cuguuccugcugaacugageca-3’) was a single RNA

the same as and the antisense sequence

inhibitor

sequence exactly complementary to miR-24. The
transfection was performed using siPORT™ NeoFX™
transfection agent (AM4511, Applied Biosystems Inc.,
USA). Mock-transfection (transfection without RNA) and
non-targeting negative control sequences (for mimic:
antisense

sense 5’-uucuccgaacgugucacgutt-3’,

5’-acgugacacguucggagaatt-3’; for inhibitor:
5’-caguacuuuuguguaguacaa-3’) were used as controls.
All of the above sequences were custom-synthesized by

Shanghai GenePharma Co., Ltd, China.

Determination of cell injury and viability

Cell injury was determined by the release of
lactate dehydrogenase (LDH) from cardiomyocytes. LDH
activity in the culture medium was determined using an
automatic biochemical analyzer (model 7150, Hitachi,
Japan) according to the manufacturer’s instructions. Cell
viability was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazonium bromide (MTT) assay based on
the formation of formazan from MTT by metabolically
active cells, as described in our previous work (Pan et al.
2007, Zheng et al. 2010). MTT (Amresco, USA) was
added to the medium at a final concentration of
0.5 mg/ml for the last 12 h of the experiment. The
resulting formazan crystals were dissolved in dimethyl
sulfoxide and the optical absorbance was measured on a
microtitre plate reader (Bio-Rad 550, USA). Cell viability
was presented as a percentage of the control absorbance
(untreated cells) after

subtracting the background

absorbance of culture medium without cells.

Analysis of cell apoptosis

Cell apoptosis was detected by Hoechst
33258 dye  staining  (Hoechst 33258  kit,
Beyotime, Jiangsu, China) and Annexin

V-FITC/propidium iodide (AV/PI) dual staining with a
commercial kit (Bender MedSystems, USA), as we
reported previously (Zheng et al. 2010). Both staining
procedures were performed in accordance with the
manufacturers’ instructions.

In the Hoechst staining procedure, cultured
cardiomyocytes were fixed with paraformaldehyde,
stained with Hoechst 33258, a membrane-permeable

nuclear dye, and examined under an Olympus

fluorescence microscope (Olympus, Tokyo, Japan).

Apoptotic cells were identified based on nuclear
condensation and fragmentation, and the percentage of
apoptotic cells versus total cells was calculated.

In the AV/PI staining procedure, the cultured
cardiomyocytes were digested with trypsin, washed, dual-
stained with AV and PI according to the manufacturer’s
instructions, and then analyzed by flow cytometry on a
BD FACSCalibur (Becton Dickinson Co., Becton
Dickinson Co., Franklin Lakes, NJ, USA). This dual
staining can discriminate intact cells (AV7/PI), early
apoptotic/apoptotic cells (AV'/PI'), late apoptotic/
necrotic cells (AV'/PI"), and necrotic cells (AV/PI").

Western blot analysis of the potential target genes of
miR-24

Protein levels of HIF-1a, a subunit of HIF-1 that
putatively activates the promoter of miR-24-1 gene, and
of BCL2L11, a potential target gene of miR-24, were
determined by western blotting. Briefly, primary cultured
cardiomyocytes were lysed with RIPA buffer (Beyotime,
Jiangsu, China), sonicated on ice, and the protein
concentration determined using the bicinchoninic acid kit
(Beyotime, Jiangsu, China). Total protein (20 pg) were
electrophoresed on a 10% (w/v) SDS-PAGE gel,
transferred onto a nitrocellulose membrane and blocked
with 5% (w/v) non-fat dried milk. Membranes were
probed with the primary antibody against HIF-la or
BCL2L11 CA, USA),
followed by the appropriate peroxidase-conjugated

(Santa Cruz Biotechnology,

secondary antibody. Protein signal was visualized by
chemiluminescence reagents under a GeneGnome Bio
Imaging System (Syngene, MD, USA). The amount of
protein in each blot was quantified by densitometry and
normalized to GAPDH, an internal standard.

Construction of luciferase reporter plasmid and analysis
of luciferase activity

To examine whether miR-24 regulates the
expression of BCL2L11, the dual luciferase psiCheck2
reporter plasmid (Promega, Madison, WI, USA) was used
to generate the reporter plasmid harboring BCL2L11
3'-UTR, as we described previously (Fang et al. 2011).
Briefly, a 329-bp fragment of BCL2L11 (NM_138621)
3'-UTR containing the putative miR-24 binding site was
amplified from rat genomic DNA by PCR, using the
primers  5-ACAATTGTCTGCCGTTTCCC-3"  and
5-GAGTGGGAGACAGGGATGTT-3’, and cloned into
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the multiple cloning region located at the 3’-UTR of the
synthetic Renilla luciferase gene within the psiCheck2
plasmid, which also contains a synthetic firefly luciferase
gene that serves as the transfection control.

The psiCheck2 vector containing BCL2L11
3’-UTR was co-transfected with miR-24 mimic into 293T
cells using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA), or with non-targeting negative control RNA
as control. The cells were harvested after 24 h
transfection, and measured with luciferase activity using
a dual luciferase reporter assay kit (Promega, Madison,
WI, USA) on a luminometer.

Statistical analysis

All data are expressed as the mean + S.D. and
were analyzed with one-way ANOVA followed by the
Fisher’s least significant difference (LSD) test to
determine the differences between groups. SAS 9.0
statistical software (SAS Institute Inc., USA) was used
for data analysis. Two-tailed (P<0.05) was considered
statistically significant.

Results

A HIF-lo-dependent increase of miR-24 expression in
ischemic cardiomyocytes

As we reported recently (Fang et al. 2011), the
expression level of miR-24 in the ischemic myocardium
after 4 h of LAD occlusion in intact rats, as detected by
miRNA microarray analysis, was significantly up-
regulated by 1.96-fold compared with that of the sham-
operated control rats. The real-time RT-PCR analysis
showed an increase of 1.76-fold for miR-24 in the
ischemic myocardium (Fig. 1A).

In primary cultured rat cardiomyocytes exposed
to mimic ischemia, miR-24 expression also significantly
increased by 1.49-fold after 12 h, by 1.93-fold after 24 h,
and by 1.64-fold after 48 h (Fig. 1B). Since the level of
miR-24 reached the highest after 24 h, all of the other
experiments were performed in cardiomyocytes exposed
to 24 h of mimic ischemia.

To explore the mechanism for miR-24 up-
regulation, we examined the regulation of miR-24
expression by hypoxia-inducible factor (HIF), a key
transcription factor activating the transcription of genes
involved in adaptation to hypoxia. HIF is a heterodimer
consisting of one of the three a-subunits (HIF-1a, HIF-2a
and HIF-3a) and the constitutively expressed B-subunit
HIF-1B (Berra et al. 2003). The o-subunit is oxygen

Vol. 61
A 30 rat myocardium
- E | ww
_5 E 2.0 T
&
T 4
Qo
23 w =
0.0
sham control ischemia
B _ .
3.0 cultured cardiomyocytes
= % %k e
z £ 20T B 7
<+ S il
9%
24
E2 10 f =
0.0
control 12h 24h 48h
ischemia
C Control Ischemia
vehicle 2ME2 vehicle 2ME2
r 1 r 1 r 1 r 1
HIF-1a — ~—— ——  am—— | —
GAPDH s b TP el -El» GEED S e

4 r DOHIF-1a OmiR-24

v

T

expression level (fold of control)
~

tt
1 - T I 4 I * I ’-L[LI
0
_ vehicle 2ME2 ) _Vvehicle 2ME2 ,
Control Ischemia

Fig. 1. (A) Increased miR-24 levels in ischemic rat myocardium
after 4 h of LAD occlusion, as determined by real-time RT-PCR.
(B) Increased miR-24 levels in primary cultured neonatal rat
cardiomyocytes exposed to mimic ischemia (1% O,, 0.1 %
glucose, serum-free). (C) Representative western blot images for
HIF-1a and GAPDH in cultured cardiomyocytes pretreated with
20 uM of 2-methoxyestradiol (2ME2) for 30 min prior to ischemic
exposure for 24 h. (D) Quantitative data of HIF-1a protein levels
determined by western blot (C) and miR-24 levels determined by
real-time RT-PCR in cardiomyocytes receiving 2ME2. Values are
means + S.D. (n=4 for each group). **P<0.01 vs. control;
'P<0.05, "P<0.01 vs. ischemia.

labile, but rapidly stabilized in response to low oxygen
tension. HIF-1 was previously described to robustly
activate the promoter of miR-24-1 (there are two genomic
loci encoding miR-24, miR-24-1 and miR-24-2) in a
cancer cell line, as shown by luciferase reporter assays
(Kulshreshtha et al. 2007). In the present study, we
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treated cardiomyocytes with 2-methoxyestradiol (2ME2),
a small molecule that inhibits HIF-la formation
(Mabjeesh et al. 2003), and observed that the protein
level of HIF-la was significantly reduced by 2ME2 in
both control and ischemic myocytes, and a lower level of
HIF-1a was accompanied by a lower level of miR-24
(Fig. 1C,D). The ischemia-induced increase in miR-24
was totally abolished by 2ME2 (Fig. 1D), suggesting that
the induction of miR-24 expression by ischemia was
dependent on HIF-1.
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Fig. 2. miR-24 expression levels determined by real-time RT-PCR
in primary cultured neonatal rat cardiomyocytes transfected with
the miR-24 mimic (A) or inhibitor (B). The transfection was
performed with the aid of transfection agent for 24 h. Mock-
transfection (transfection without RNA) and non-targeting
negative control RNAs were used as controls. Data are presented
as means + S.D. from four independent experiments. **P<0.01
vs. blank.

miR-24 expression was regulated by its mimic and
inhibitor

In cultured myocytes, transfection of miR-24
mimic or inhibitor significantly increased or decreased
the level of miR-24, respectively. Neither the mock nor

affected miR-24
expression. A concentration of 100 nM was identified to

negative  control transfections
be optimal for both the mimic and inhibitor of miR-24,
with the mimic RNA upregulating miR-24 by 6.04-fold
(P<0.01), and the inhibitor RNA downregulating miR-24

to 0.23-fold of the control level (P<0.01) (Fig. 2).

Protective role of miR-24 against ischemia-induced
injury in cultured cardiomyocytes

In normal cultured cardiomyocytes, the level of
LDH release was low (0.14+0.03 U/mgpro), and
transfection of the control RNA or miR-24 mimic did not
affect the released amount. However, transfection of the
miR-24 inhibitor significantly increased LDH release
(0.25+£0.02 U/mg-pro, P<0.01 vs. control), indicating
damage to the cell membrane integrity. In the myocytes
exposed to 24 h ischemia, LDH release was greatly
increased (0.46+0.05 U/mg-pro, P<0.01 vs. control),
which was attenuated by the miR-24 mimic (0.24+0.03
U/mg-pro, P<0.01 vs. ischemia), whereas enhanced by
the miR-24 inhibitor (0.754+0.05 U/mg-pro, P<0.01 vs.
ischemia) (Fig. 3A).

As determined by the MTT assay (Fig. 3B),
overexpression of miR-24 using the miR-24 mimic did
not affect cell viability in normal culture. However,
transfection of the miR-24
decreased the viability of normal cultured cells to
772449 % of the control value (P<0.01). In the
myocytes exposed to 24 h ischemia, cell viability was
decreased to 53.749.1 % of normal control values
(P<0.01). Transfection of the miR-24 mimic enhanced

this post-ischemic cell viability to 75.3+5.4 % of normal

inhibitor significantly

control values (P<0.01 vs. ischemia). By contrast,
transfection of the miR-24 inhibitor further decreased cell
viability to 33.5+5.2 % of normal control values (P<0.01
vs. ischemia). These results indicated the protective role
of miR-24 in reducing cell damage and enhancing cell
viability under ischemic conditions.

miR-24  inhibited
necrosis in cultured cardiomyocytes

Nuclear staining with Hoechst 33258 (Fig. 4)
showed only about 6 % of the nuclei in normal cultured

ischemia-induced apoptosis and

cardiomyocytes had manifested apoptotic characteristics,
including nuclear condensation and fragmentation. By
contrast, a greater percentage of apoptotic nuclei were
observed in cells cultured under ischemic conditions
(22.0£3.0 % vs. 6.3+2.1 %, P<0.01). Transfection of the
miR-24 mimic significantly reduced the apoptosis rate to
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Fig. 3. Lactate dehydrogenase (LDH) release into media (A) and
cell viability (B) in primary cultured rat cardiomyocytes
transfected with 100 nM of the miR-24 mimic or inhibitor after
24 h of mimic ischemia (1 % O,, 0.1 % glucose, serum-free).
Values are means + S.D. (n=5 for each group). *P<0.05,
**P<0,01 vs. control; 'P<0.05, ""P<0.01 vs. ischemia.

15.242.1 % (P<0.01 vs. ischemia); however, the miR-24
inhibitor did not change the rate
(24.7£2.2 %, P > 0.05 vs. ischemia).

As determined by the Annexin V/PI dual
staining (Fig. 5), a large percentage of AV/PI" cells
(95.0£1.6 %), and a small percentage of AV'/PI
(1.9£1.6 %), AV'/PI" (22+0.5 %) and AV/PI'
(0.9£0.6 %) cells were observed in normal cardiomyocyte

of apoptosis

cultures. After 24 h of ischemia, the percentage of AV”
/PI" cells greatly decreased to 70.3+1.3 % (P<0.01 vs.
control), whereas the percentages of AV'/PI, AV'/PI'
and AV/PI" cells significantly increased to 12.9+1.1 %
(P<0.01 vs. control), 14.3£1.5 % (P<0.01 vs. control) and
2.5+¢0.9 % (P<0.05 vs. control), respectively, indicating
significant apoptosis and necrosis. In normal cultures,
transfection of the miR-24 mimic did not change the
proportions of AV/PI, AV'/PI, AV'/PI' or AV/PI'
cells. However, under ischemic conditions, the miR-24
mimic significantly reduced the percentage of both

11
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Fig. 4. Apoptotic cardiomyocytes detected by Hoechst 33258 dye
staining after 24 h of mimic ischemia (1 % 0,, 0.1 % glucose,
serum-free). (A) Representative images of fluorescent staining
with Hoechst 33258 (magnification 200x). Arrows indicate typical
apoptotic myocytes. (B) Percentage of apoptotic cells versus
total cells. Values are means + S.D. (n=3 for each group).
*P<0.05, **P<0.01 vs. control; 'P<0.05, "'P<0.01 vs. ischemia.

AV'/PT" and AV'/PI" cells to 6.9+1.4 % (P<0.01 vs.
and 7.5£0.5% (P<0.01 vs.
respectively, indicating reduced apoptosis and necrosis.

ischemia) ischemia),
In myocytes transfected with miR-24 inhibitor, increased
rates of both AV'/PI" (8.2+1.5 %, P<0.01 vs. control) and
AV'/PI" (11.4£3.4 %, P<0.01 vs. control) cells were
detected under normal conditions, with further increases
in both rates detected under ischemia (AV'/PI
17.045.4 %, AV'/PI" 18.742.4 %, both P<0.05 vs.
ischemia). These results showed that miR-24 inhibited
ischemia-induced  apoptosis and  necrosis  in
cardiomyocytes, again providing support for a protective
role of miR-24 in the heart.
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Fig. 5. Apoptosis and necrosis
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miR-24 inhibited the expression of the pro-apoptotic
gene, BCL2L11

To investigate the mechanism through which
miR-24 inhibited ischemic injury, we examined how
miR-24 affects the expression of the pro-apoptotic gene
BCL2L11, a potential target gene of miR-24 as predicted
by bioinformatic algorithms (Fig. 6A).

A luciferase reporter fused with BCL2LI11
3’-UTR that contains miR-24 binding sites was co-
transfected with miR-24 mimic into 293T cells for 24 h.
The luciferase activity assay showed that miR-24 mimic
significantly decreased the activity of the luciferase
reporter by 36 % (Fig. 6B), suggesting the inhibition of
miR-24 on BCL2L11 expression through its 3’-UTR.

The measurements of BCL2L11 mRNA level
showed an increase of 3-fold in cultured myocytes
exposed to ischemia (P<0.01 vs. control, Fig. 6C).

Transfection of the miR-24 inhibitor further enhanced the
expression of BCL2L11 to 4.6-fold of the control level
(P<0.01 vs. ischemia, Fig. 6C). By contrast, the miR-24
mimic significantly reduced the expression of BCL2L11
to 2.0-fold of the control level (P<0.01 vs. ischemia,
Fig. 6C).

In accordance with the mRNA changes, similar
changes in the protein levels of BCL2L11 were observed
in response to miR-24 mimic or inhibitor transfection.
The protein level of BCL2L11 was increased by 2.5-fold
under 24 h ischemic treatment (P<0.01 vs. control,
Fig. 6D,E), and was further increased to 3.4-fold of the
control level by miR-24 inhibitor (P<0.05 vs. ischemia,
Fig. 6D,E). By contrast, the miR-24 mimic significantly
reduced BCL2L11 protein amount to 1.8-fold of the
control level (P<0.01 vs. ischemia, Fig. 6D,E).
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Discussion

miRNAs are powerful new regulators of gene
expression, potentially regulating more than 30 % of
protein-coding genes (Lewis et al. 2005). Previous

Fig. 6. Potential target genes of miR-24.
(A) The potential binding sites between
miR-24 and the mRNA 3’ untranslated
region (UTR) of BCL2L11 (source:
www.targetscan.org). (B) Luciferase
activity determined 24 h after
cotransfection of luciferase reporter
plasmid containing BCL2L11 3’-UTR with
miR-24 mimic into 293T cells. (C) The
mRNA levels of BCL2L11 determined by
real-time RT-PCR in normal and
ischemic cardiomyocytes transfected
with 100 nM of the miR-24 mimic or
inhibitor (n=4 for each group).
(D) Representative western blot images
for BCL2L11 and GAPDH in normal and
ischemic cardiomyocytes transfected
with the miR-24 mimic or inhibitor.
(E) Quantitative data of BCL2L11
protein levels determined by western
blot (n=3 for each group). Values are
means = S.D. *P<0.05, **P<0.01 vs.
control; P<0.05, ""P<0.01 vs. ischemia.

studies have indicated that a variety of miRNAs are

involved in myocardial ischemia (Dong et al. 2009, Hu et

al. 2010, Qian et al. 2011). Using miRNA microarray
technology, we found that the expression of miR-24 was
significantly increased in rat myocardium after 4 h of
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ischemia (Fang et al. 2011). The upregulation of miR-24
in ischemic myocardium was confirmed by quantitative
RT-PCR. Also, we observed the upregulation of miR-24
in primary cultured rat cardiomyocytes exposed to
ischemia. When miR-24 was further overexpressed by its
mimic sequence, a significant decrease in the rates of
apoptosis and necrosis of ischemic myocytes was
observed, as well as inhibited LDH release, and enhanced
the absence of miR-24
stimulated LDH release, reduced cell viability and

cell viability. Contrarily,

increased apoptosis and necrosis in normal and ischemic
myocytes.

The primary action of miRNAs is to promote
target mRNA degradation and inhibit protein translation
through interacting with the mRNA 3' UTR (Filipowicz
et al. 2008). To explore the mechanism by which miR-24
protected ischemic cardiomyocytes, we searched for
of miR-24
algorithms, and many genes were included as its potential

potential targets using bioinformatic
targets. Strikingly, among them there were two BCL2
family genes critically involved in apoptosis, the pro-
apoptotic gene BCL2L11 (Bim) and the anti-apoptotic
gene BCL2L2 (Bcl-W). Based on bioinformatic
algorithms (Grimson et al. 2007), miR-24 theoretically
has more potent effects on degrading BCL2L11 mRNA,
since there are two conserved miR-24 binding sites with
relatively favorable context scores in the 3’ UTR of
BCL2L11 mRNA. By comparison, there is only one site
with an unfavorable score (-0.15) in BCL2L2. In
accordance with this, we found that miR-24 reduced both
the mRNA and protein levels of BCL2L11, but did not
affect the mRNA or protein level of BCL2L2 (data not
shown). These results suggest that miR-24 protects
ischemic cardiomyocytes by inhibiting the expression of
the pro-apoptotic gene BCL2L11.

Coincidently, when we were preparing this
manuscript, a new paper addressing miR-24 in mouse
myocardial infarction was published (Qian ez al. 2011). It
reported that in vivo injection of miR-24 mimic along the
border zone of an infarct inhibited cardiomyocyte
apoptosis, reduced the infarct size and improved cardiac
function in the mouse. The miR-24 inhibitor, however,

cultured
coincidently,  the

caused apoptosis in  normal mouse

cardiomyocytes. Even  more
aforementioned study (Qian et al. 2011) also identified
Bim (BCL2L11) as a target of miR-24, but did not
address whether miR-24 regulates the expression of
BCL2L2. Our study further demonstrated the protective

effects of miR-24 against myocardial ischemia by

inhibiting BCL2L11 in rat cardiomyocytes. We observed
that the miR-24 mimic inhibited both apoptosis and
necrosis in ischemic myocytes, whereas the miR-24
inhibitor caused significant apoptosis and necrosis in
normal myocytes, and aggravated apoptosis and necrosis
in ischemic myocytes. Another recent study (Yin et al.
2008)
increases in cardiac miR-24 in mice subjected to

supports our findings, with observations of

cytoprotective heat shock; this suggests a potential
mediating role of miR-24 in cardioprotection.

The present study observed increased miR-24 in
the ischemic area of rats 4 h after LAD ligation, as well
as in cultured myocytes exposed to ischemia, which was
dependent on HIF-1 activation. In addition, another study
also showed miR-24 increased in response to low oxygen
in multiple cancer cell lines via a HIF-1-dependent
mechanism (Kulshreshtha er al. 2007). However, the
study by Qian et al. (2011) observed decreases in miR-24
in the border zone of an infarct at 24 h, 3 days and 1 week
after LAD ligation in mice. Similarly, Dong ef al. (2009)
reported decreases of miR-24 in the infarct area of rat
hearts after 6 h ischemia. Such discrepancies have also
been described for other miRNAs that changed upon
myocardial ischemia, such as miR-1 (Ikeda et al. 2007,
Yang et al. 2007, Dong et al. 2009). These discrepancies
in miRNA expression might be associated with variations
in species, cell types, sample localization and time points
for sampling. The normalization standard used for
miRNA quantification might also be a factor, but not a
definitive factor. The present study and that by Qian ef al.
(2011) used the same standard — U6 — one of the most
commonly used standards for miRNA experiments, and
recently shown to be one of the most stable standards in
ischemic-reperfused rat hearts (Brattelid et al. 2011). The
different levels of miR-24 in ischemic myocardium
between our study and the study by Qian et al. (2011)
cannot be explained by standardization differences.
Irrespective of this discrepancy, both studies showed
miR-24 protected against myocardial ischemia.
miRNAs
important regulators of myocardial ischemia. Our study

In summary, have emerged as
provides more data for the cardioprotective effects of
miR-24 in ischemic injury. It may represent a potential
novel therapeutic approach for treatment of ischemic

heart disease in the future.
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