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Abstract

Objective—Activation of PI3K/AKkt signaling protects the myocardium from ischemia/
reperfusion injury. MicroRNAs have been demonstrated to play an important role in the regulation
of gene expression at the post-transcriptional level. In this study, we examined whether miR-130a
will attenuate cardiac dysfunction and remodeling after myocardial infarction (MI) via PI3K/Akt
dependent mechanism.

Approaches and Results—To determine the role of miR-130a in the proliferation and
migration of endothelial cells, HUVECs were transfected with miR-130a mimics before the cells
were subjected to scratch-induced wound injury. Transfection of miR-130a mimics stimulated the
migration of endothelial cells into the wound area and increased phosphor-Akt levels. To examine
the effect of miR-130a on cardiac dysfunction and remodeling after MI, Lentivirus expressing
miR-130a (LmiR-130a) was delivered into mouse hearts seven days before the mice were
subjected to MI. Cardiac function was assessed by echocardiography before and for up to 21 days
after MI. Ejection fraction (EF%) and fractional shortening (FS%) in the LmiR-130a transfected
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MI hearts were significantly greater than in LmiR-control and untransfected control MI groups.
LmiR-130a transfection increased capillary number and VEGF expression, and decreased collagen
deposition in the infarcted myocardium. Importantly, LmiR-130a transfection significantly
suppressed PTEN expression and increased the levels of phosphorylated Akt in the myocardium.
However, treatment of LmiR-130a-transfected mice with LY294002, a PI3K inhibitor, completely
abolished miR-130a-induced attenuation of cardiac dysfunction after MI.

Conclusions—miR-130a plays a critical role in attenuation of cardiac dysfunction and
remodeling after MI. The mechanisms involve activation of PI3K/Akt signaling via suppression of
PTEN expression.

Myocardial infarction; microRNA-130a; angiogenesis; PTEN; PI3K/Akt signaling

Introduction

Cardiovascular disease is the number one killer in the United States. Each year, an estimated
785,000 Americans will have a new coronary attack, 470,000 will have a recurrent attack
and 195,000 Americans will have “silent” myocardial infarctions [1].

Acute myocardial ischemia results in increases in the production of reactive oxygen and
activation of deleterious cellular signaling that enhances the expression of proinflammatory
cytokines and chemokines in endothelial cells, leading to the infiltration of inflammatory
cells to the infarcted region [2]. The death of cardiac myocytes and loss of capillaries in and
near the infarcted area promote progressive remodeling of the remaining active
myocardium. Furthermore, left ventricular remodeling induces fibrosis, and causes left
ventricular dilatation, resulting in heart failure. Importantly, insufficient myocardial
capillary density after myocardial infarction (MI) has been identified as a critical event in
the remodeling process.

Activation of phosphatidylinositol 3-kinase mediated Akt (PI3K/Akt) dependent signaling
plays an important role in the induction of angiogenesis [3], cell proliferation and survival as
well as anti-apoptosis [4]. We have previously reported that activation of PI3K/Akt
signaling improved cardiac function, reduced infarct size, and decreased myocardial
apoptosis following myocardial ischemia/reperfusion (I/R) injury [5-7]. Phosphatase and
tensin homologue deleted on chromosome ten (PTEN) is a tumor suppressor gene that
negatively regulates PI3K/Akt signaling [8]. PTEN suppression has been reported to
attenuate myocardial ischemic injury via activation of PI3K/Akt signaling [9]. In addition,
PTEN/PI3K/Akt signaling also plays a critical role in the induction of angiogenesis [3].

MicroRNAs (miRs) are 21 to 23 nucleotide non-protein-coding RNA molecules, which have
been identified as novel regulators of gene expression at the post-transcriptional level by
binding to target messenger RNAs (MRNAS) [10, 11]. Recently published data indicates that
several miRs are involved in ischemic heart disease [12-16]. MiR-130a has been reported to
down-regulate PTEN expression [17] and suppress the expression of anti-angiogenic genes
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GAX and HoxAb5 in endothelial cells [18]. However, the role of miR-130a in MI-induced
cardiac dysfunction has not been investigated.

In the present study, we demonstrated that increased expression of miR-130a by transfection
of lentivirus expressing miR-130a (LmiR-130a) into the myocardium significantly
attenuates cardiac dysfunction and improves remodeling after MI. The mechanisms involve
activation of PI3K/Akt signaling via suppression of PTEN expression.

Materials and Methods

Animals

C57BL/6 male mice were purchased from The Jackson Laboratory (Indianapolis, IN). The
mice were maintained in the Division of Laboratory Animal Resources at East Tennessee
State University (ETSU). The experiments described in this manuscript conform to the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health (Publication, 8th Edition, 2011). All animal care and experimental protocols were
approved by the ETSU Committee on Animal Care.

gPCR assay of microRNAs

MicroRNAs were isolated from heart tissues or cultured cells using the mirVanaTM miR
isolation kit (Ambion) in accordance with the manufacturer's protocol and as described
previously [19, 20]. Quantitative real-time PCR (gPCR) was conducted using a 4800 Real-
time PCR machine (Bio-Rad). MicroRNA levels were quantified by gPCR using specific
Tagman assays for miR (Applied Biosystems, USA) and Tagman Universal Master Mix
(Applied Biosystems). Specific primers for miR-130a were obtained from Applied
Biosystems [primer identification numbers: 000454 for hsa-miR-130a and 001973 for U6
small nucleolar RNA (snRUG)]. MicroRNA-130a levels were quantified with the 2(-AAct)
relative quantification method that was normalized to the snRUG.

Construction of lentiviral expressing miR-130a

MicroRNA-130a was constructed into the lentivirus expression vector using a lentivirus
expressing system (Invitrogen corporation) as described previously [19, 20]. Briefly, the
oligonucleotides for miR-130a were synthesized at Integrated DNA Technologies, annealed
and ligated into pcDNATM6.2-GW/EmGFP-miR. The pcDNATM6.2-GW/EmGFP-miR
cassette was subsequently transferred to pPDONR221TM and final pLenti6/\VV5-DEST by two
sequential Gateway BP and LR recombination. The lentiviral control vector contains a non-
sense miR sequence that allows formation of a pre-miRNA hairpin predicted not to target
any known vertebrate gene (Invitrogen Corporation). The viral particles were produced by
third-generation packaging in 293FT cells and Lentiviral stocks were concentrated using
ultracentrifugation [19, 20].

In vitro experiments

Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial basal
medium-2 (EBM-2) supplemented with EGM-2 SingleQuots Kit (Lonza) and 20% fetal
bovine serum (FBS). H9C2 cardiomyoblasts were cultured in DMEM medium
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supplemented with 10% fetal bovine serum (FBS) and penicillin (Gibco) [19, 20]. When
ECs and HI9C2 cells reached 70-80% confluence, they were transfected with miR-130a
mimics (40 nmol; invitrogen), scrambled-miR mimics (40 nmol; invitrogen), and anti-
miR-130a mimics (80 nmol; invitrogen) using Lipofectamine RNAIMAX reagent
(invitrogen). Scramble-miR mimics served as miR-control. Forty-eight hours after
transfection, the HUVECS and H9C2 cells were harvested for isolation of microRNAs. The
expression of miR-130a in HUVECs and HI9C2 cells was examined by gPCR.

Twenty-four hours after transfection, the HUVECs and H9C2 cells were incubated with
hypoxic medium at 37°C with 5% CO, and 0.1% O in a hypoxia chamber (Pro-Ox Model
C21, BioSpherix Ltd., Redfield NY) for 4 hours, and then the HUVECs and HI9C2 cells
were exposed to reoxygenation with normal medium for 24 hours in an incubator at 37°C
with 5% CO» [19, 20]. The cells (HUVECs and H9C2) that were not subjected to hypoxia/
reoxygenation (H/R) were incubated at 37°C with 5% CO, and served as control
(normoxia). The cellular proteins were prepared for Western blot.

Endothelial cell migration capacity was determined by the scratch assay after 24 hours of
transfection. HUVECs were scratched with 200 pl tips and cells were photographed at 0, 12,
24 hours after injury. The percent closure of the wound was analyzed by an image analyzer
(Image J, NIH).

In vivo transfection of lentivirus expressing miR-130a into mouse hearts

Mice were intubated and anesthetized with mechanical ventilation using 5% isoflurane.
Anesthesia was maintained by inhalation of 1.5-2% isoflurane in 100% oxygen. Body
temperature was maintained at 37°C by heating pad. Following the skin incision, the right
common carotid artery (CCA) and the right external carotid artery (ECA) were carefully
exposed. Microvascular aneurysm clips were applied to the right CCA and right ECA. A
micro-catheter was introduced into the right external carotid artery and positioned into the
aortic root. One hundred microliters of LmiR-130a (1 x 108 PFU) or LmiR-control were
injected through the micro-catheter [19, 20]. The micro-catheter was gently removed and the
external carotid artery was tightened before the skin was closed. Seven days after
transfection, the hearts were harvested for isolation of microRNAs. The expression of
miR-130a in heart tissues was examined by gPCR.

Induction of myocardial infarction

Myocardial infarction was induced as previously described [21]. Briefly, mice (28-30g)
were anesthetized by 5.0% isoflurane, intubated, and ventilated with room air using a rodent
ventilator. Anesthesia was maintained by inhalation of 1.5-2% isoflurane driven by 100%
oxygen flow. Body temperature was regulated at 37°C by heating pad. Following the skin
incision, the hearts were exposed through a left thoracotomy in the fourth intercostal space.
The left anterior descending (LAD) coronary artery was permanently ligated with an 8-0 silk
ligature. The skin was closed, anesthesia was discontinued, and the animals were allowed to
recover in pre-warmed cages.

In separate experiments, mice were treated with Pam3CSK4 (Catalog number: tirl-pms,
InvivoGen; 2mg/Kg body weight) or CpG-ODN (Catalog number: ODN 1826, InvivoGen;
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0.4mg/Kg body weight) by i.p injection immediately after permanent ligation of LAD
coronary. Twenty-four hours after ligation of LAD artery, hearts were harvested and
ischemic areas were collected for isolation of microRNAs. MiR-130 levels were measured
by gPCR.

Determination of myocardial infarct size induced by myocardial ischemia/reperfusion (I/R)

injury

Myocardial infarct size was measured as described previously in a myocardial I/R model [5,
6, 22]. Briefly, mice were anesthetized by 1.5-2% isoflurane with 100% oxygen flow. The
hearts were subjected to ligation of the left anterior descending (LAD) coronary artery with
an 8-0 silk ligature. Forty-five min after ligation, the coronary artery was reperfused by
pulling on the exteriorized suture to release the knot. The skin was closed, anesthesia was
disconnected, and the animals were allowed to recover in the pre-warmed cages. Twenty-
four hours after reperfusion, the hearts were harvested and infarct size was measured by
TTC (triphenyltetrazolium chloride, Sigma-Aldrich) staining as described previously [5, 6,
22].

Echocardiography

Seven days after transfection of LmiR-130a or LmiR-control, the mice were subjected to
permanent ligation of LAD coronary artery (MI). Cardiac function was examined by
echocardiography before (Baseline) and after Ml (1, 3, 7, 14, and 21 days). M-mode tracings
were used to measure LV wall thickness, LV end-systolic diameter, and LV end-diastolic
diameter. Percent fractional shortening (FS%) and ejection fraction (EF%) were calculated
as described previously [5, 6].

Examination of cardiac fibrosis

Cardiac fibrosis was determined by Masson's trichrome stain. In brief, mice were transfected
with LmiR-130a or LmiR-control 7 days before induction of MI. Three weeks after Ml,
hearts were harvested and sliced horizontally. One slice below the ligation site was
immersion-fixed in 4% buffered paraformaldehyde, embedded in paraffin, and cut ata 5 mm
thickness. The sections were stained by trichrome stain (Masson) kit (Sigma-Aldrich)
according to the manufacturer's protocol, as described previously [23]. The stained-sections
were examined using 12.5 x magnification Microscope and analyzed by an image analyzer
(Image J, NIH).

In situ apoptosis assay

Myocardial apoptosis was examined as described previously [5, 6, 22] using the in situ cell
death detection kit, fluorescein (Roche, USA). Briefly, hearts were harvested and sliced
horizontally. One slice below the ligation site was immersion-fixed in 4% buffered
paraformaldehyde, embedded in paraffin, and cut at a 5 mm thickness. The sections were
incubated at 37°C for 1 hour with the commercially prepared labeling mixture supplied by
the manufacturer. The nuclei of living and apoptotic cells were stained with ProLong Gold
Antifade Reagent with DAPI (Invitrogen). Fields of the border areas were randomly
evaluated for the percentage of apoptotic cells. The images were viewed on an EVOS-fl
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digital inverted fluorescent microscope (Advanced Microscopy Group, Bothell, WA). Total
cells were counted in each field, and apoptotic cells are presented as the percentage of total
cells counted.

Western blot

Western blot was performed as described previously [19, 20]. Briefly, the cellular proteins
were extracted from ischemic hearts and cultured cells. The protein concentrations were
determined by BCA protein assay kit (Thermo Scientific). The cellular proteins were
separated by SDS—polyacrylamide gel electrophoresis and transferred onto Hybond ECL
membranes (Amersham Pharmacia, Piscataway, NJ, USA). The ECL membranes were
incubated with the appropriate primary antibody, including anti-PTEN, anti-phospho-Akt,
anti-Bax, (Cell Signaling Technology, Inc, Danvers, MA), anti-Akt, anti-Bcl-2,anti-VEGF,
anti-HOXADS (Santa Cruz Biotechnology), respectively, followed by incubation with
peroxidase-conjugated secondary antibodies (Cell Signaling Technology, Inc.) and analysis
by the ECL system (Amersham Pharmacia, Piscataway). To control for lane loading, the
same membranes were probed with anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase, Biodesign, Saco, Maine). The signals were quantified using the G: Box gel
imaging system by Syngen (Syngene, USA, Fredrick, MD, USA).

Immunohistochemistry staining

Immunohistochemistry was performed as described previously [5, 24]. Briefly, one slice
below the ligation site was immersion-fixed in 4% buffered paraformaldehyde, embedded in
paraffin, and cut at 5 um sections. The sections were stained with specific anti-CD31
antibody (1:50 dilution, Abcam, ab28364) and treated with the ABC staining system (Santa
Cruz Biotechnology). Three slides from each block were evaluated, counterstained with
hematoxylin, and examined with bright-field microscopy. Four fields on each slide were
examined at the infarct areas using a defined rectangular field area with 40 x magnification.

Caspase-3/7 and caspase-8 activities Assay

Caspase-3/7 and caspase-8 activities were measured using a Caspase-Glo assay kit
(Promega) according to the manufacturer's protocol as described previously [5].

Statistical analysis

Results

The data are expressed as mean + SEM. Comparisons of data between groups were
performed using either student t-test or analysis of variance (ANOVA), and the least
significant difference procedure for multiple-range tests was performed. P< 0.05 was
considered to be significant.

MiR-130a levels were decreased following Myocardial infarction

The role of miR-130a in myocardial infarction has not been investigated. We examined
whether myocardial miR-130a expression would be altered following MI. As shown in
Figure 1A and B, the levels of miR-130a were not significantly altered 24 hours after M.
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However, miR-130a expression was significantly decreased ({47.6%) three days after Ml
(Figure 1C), indicating that miR-130a may require protection against cardiac injury
following myocardial infarction. We have previously reported that the TLR2 ligand
(Pam3CSK4) [5] or a TLR9 ligand (CpG-ODN) [7] induces protection against myocardial
ischemia/reperfusion (I/R) injury via activation of PI3K/Akt signaling. We then examined
whether the TLR ligands increased miR-130a expression after MI. Mice were treated with
either TLR2 ligand or TLR9 ligand before induction of MI. MiR-130a expression in the
myocardium was assessed by gPCR. Figure 1A and B shows that administration of
Pam3CSK4 significantly increased myocardial miR-130a levels in the absence (195%) or
presence (191%) of MI. Similarly, CpG-ODN treatment also markedly increased miR-130a
levels in the myocardium by 127% in sham control and by 72% in M1 hearts. This data
indicates that miR-130a may play a protective role in the myocardial ischemic injury
through activation of PI3K/Akt signaling.

Transfection of lentivirus expressing miR-130a attenuates cardiac dysfunction after Ml

To evaluate the role of miR-130a in cardiac function following MI, we constructed a
lentivirus expressing miR-130a (LmiR-130a) and transfected it into the myocardium seven
days before the hearts were subjected to MI. Lentivirus expressing scrambled miR served as
control (LmiR-control). Figure 2A shows that Ml resulted in a significant decrease in the
expression of miR-130a (| 47.6%) compared with sham control. However, transfection of
LmiR-130a significantly increased the levels of miR-130a in sham control (1133%) and in
infarcted hearts (1315%), when compared with respective LmiR-Con controls. Figures 2B
and C show that transfection of LmiR-130a into the myocardium markedly attenuated MI-
induced cardiac dysfunction. M1 markedly decreased ejection fraction (EF%) (B) and
fractional shortening (FS%) values (C) in the untransfected hearts from day one up to day 21
after MI, when compared with the baseline. In contrast, the values of EF% and FS% in
LmiR-130a transfected hearts were significantly greater than in the untransfected group at
all the time points measured after MI. Transfection of LmiR-control did not prevent the M-
induced decrease in EF% and FS% values. There were no significant differences in baseline
of cardiac function between untransfected, LmiR-control transfected, and LmiR-130a
transfected hearts.

Increased expression of miR-130a decreases infarct size following myocardial ischemia/
reperfusion (I/R) injury

We examined the effect of increased expression of miR-130a on myocardial infarct size in a
model of myocardial I/R injury. LmiR-130a was transfected into the myocardium 7 days
before the hearts were subjected to ischemia (45 min) followed by reperfusion (24 h). The
infarct size was evaluated by Tetrazolium Chloride (TTC) staining. Figure 2D shows that
I/R induced myocardial infarction in the untransfected mice. However, the infarct size in
LmiR-130a transfected hearts was markedly reduced ({53%) compared with the LmiR-
control group. Transfection of LmiR-control did not affect I/R-induced infarct size. There
was no significant difference in the ratio of risk area/left ventricle (RA/LV), which reflects
the position of the coronary artery ligation, among the three groups.
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Increased expression of miR-130a decreases collagen deposition in the myocardium
following Ml

Myocardial infarction induces collagen deposition, i.e. fibrosis in the myocardium which
contributes to cardiac dysfunction?3. Figure 2E shows that, 21 days after MI, fibrosis
occurred in the infarcted area as evidenced by Masson's Trichrome staining of collagen in
the heart tissue sections. In LmiR-130a transfected hearts, the percentage of fibrotic area
was significantly reduced by 44.3% compared with the LmiR-control group. There was no
significant difference in MI-induced fibrosis deposition between LmiR-control and
untransfected M1 groups.

Increased expression of miR-130a attenuates MI-induced increase in the expression of
matrix metalloproteinase-2 (MMP-2) in the myocardium

Matrix metalloproteinase-2 (MMP-2) plays an important role in collagen degradation
following M1 [27, 28]. We examined the effect of miR-130a on the expression of MMP-2 in
the myocardium following MI. Figure 2F shows that MMP-2 levels were significantly
increased (1105%) after M1, compared with sham control. In contrast, transfection of
LmiR-130a into the myocardium markedly attenuated MI-induced increases in the
expression of MMP-2 (141.5%), when compared with LmiR-control MI group. Transfection
of LmiR-control did not alter MI-increased MMP-2 expression in the myocardium.

Transfection of LmiR-130a attenuates myocardial apoptosis following Ml

Myocardial apoptosis plays a role in cardiac dysfunction following MI[29]. We examined
the effect of miR-130a on MI-induced myocardial apoptosis. As shown in Figure 3A, Ml
induced myocardial apoptosis, as evidenced by TUNEL positive staining heart sections,
when compared with sham control (17.1+1.8 vs 0.7£0.4). Ml also induced increases in
caspase-3/7 and caspase-8 activities by 105.6% and 71.3% respectively, compared with the
sham control (Figure 3B and C). In LmiR-130a transfected hearts, the TUNEL positive
apoptotic cells were markedly reduced by 44% (9.9+1.5 vs 17.742.3) and caspase-3/7 as
well as caspase-8 activities were reduced by 22.9% and by 30.8% compared with LmiR-
control group (Figures 3B and C). Bcl2 is an anti-apoptotic protein while Bax is a pro-
apoptotic protein[30]. Figure 3D shows that MI induced an increase in the levels of Bcl2 in
the myocardium compared with sham control. However, the Bcl2 levels in LmiR-130a
transfected MI hearts were significantly greater by 82.5% than in LmiR-control Ml group.
MI markedly increased the levels of Bax by 118.6%, when compared with sham control
(Figure 3E). In contrast, LmiR-130a transfection prevented MI-induced increases in Bax
levels. Transfection of LmiR-control did not alter MI-induced apoptosis, caspase-3/7 and -8
activities, Bcl2 and Bax levels (Figures 3A-E).

Transfection of LmiR-130a increases microvascular density in the myocardium following
Ml
In vitro data indicates that miR-130a promotes endothelial cell proliferation and migration.
We examined whether increased expression of miR-130a would stimulate angiogenesis in
the myocardium following MI. As shown in Figure 4A, the microvascular density in
infarcted hearts was significantly reduced ({67%) compared with sham control. However,
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LmiR-130a transfection markedly enhanced the microvascular density by 44.8% compared
with the miR-control MI group at 21 days after MI. Vascular endothelial growth factor
(VEGEF) is an important pro-angiogenic growth factor[31] while homeobox protein HoxA5
is an antiangiogenic factor[32]. Figures 4B and C show that MI-induced increases in the
levels of VEGF by 142.1% and HoxAS5 by 105.2% respectively, compared with sham
control. However, LmiR-130a transfection further enhanced VEGF levels by 41.5% and
decreased HoxAb5 levels by 41%, when compared with the LmiR-control MI groups
(Figures 4B and C). There was no significant difference in the microvascular densities and
the levels of VEGF as well as HoxA5 between LmiR-control and untransfected groups
following MI.

Increased miR-130a expression promotes endothelial cell migration

Our in vivo data shows that enhanced myocardial angiogenesis by increased expression of
miR-130a is an important factor for improvement of cardiac function and attenuation of
cardiac remodeling after MI [25]. To confirm the role of miR-130a in promoting endothelial
cell proliferation and migration into the wound area, we performed in vitro experiments
using human umbilical vein endothelial cells (HUVECS) that were subjected to scratch-
induced wound area. HUVECs were transfected with miR-130a mimics, scrambled-miR
mimics, and anti-miR-130a mimics respectively, before the cells were subjected to scratch-
induced wound area. Figure 5A shows that transfection of HUVECs with miR-130a mimics
significantly increased the levels of miR-130a (>1,000 fold) compared with the
untransfected cells. Scratch stimulated the migration of endothelial cells into the wound area
by 49.2% at 12 h and by 78.7% at 24 h (Figure 5B). In contrast, the endothelial cells that
were transfected with miR-130a mimics migrated into the wound area by 71.4% at 12 h and
97.4% at 24 h following scratch (Figure 5B). However, treatment of the cells with anti-
miR-130a markedly reduced endothelial cell migration into the wound area 24 h after
scratch. Transfection of miR-control did not stimulate the migration of endothelial cells into
the wound area.

MiR-130a increases Akt phosphorylation, suppresses PTEN expression and enhances
VEGEF levels in endothelial cells

Activation of PI3K/AKkt signaling has been demonstrated to stimulate endothelial cell
proliferation and migration [26]. PTEN is a negative regulator for PI3K activity [3]. We
examined whether miR-130a would suppress PTEN expression, resulting in activation of
PI3K. We observed that miR-130a mimic transfection markedly decreased PTEN levels in
HUVECs under normoxia condition (450.9%) or H/R condition (459.4%), when compared
with respective controls (Figure 5C). We also examined whether miR-130a would induce
Akt phosphorylation in HUVECs. As shown in Figure 5D, miR-130a mimic transfection
significantly increased the levels of phosphorylated Akt by 148.8% in HUVECs that were
cultured under normoxia condition and by 179.2% in HUVECs that were subjected to
hypoxia followed by reoxygenation (H/R), when compared with respective controls.
Transfection of miR-control or anti-miR-130a did not alter PTEN expression or the levels of
Akt phosphorylation in HUVECs under normoxia or H/R condition. In addition, we
examined the effect of miR-130a on VEGF expression in HUVECs under normoxia or H/E
condition. We observed that H/R alone significantly induced VEGF expression by (178%)
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compared with normoxia control (Figure 5E). Transfection of miR-130a also significantly
increased the levels of VEGF in both normoxia (184%) and H/R-treated cells (140%).
Transfection of miR-control did not alter H/R-induced increases in expression of VEGF,
while transfection of anti-miR-130a attenuated H/R-induced increases in the levels of
VEGF.

We also examined whether miR-130a would target PTEN, leading to Akt phosphorylation in
cardiomyaoblasts, HIC2 cells. Figure 5F shows that the levels of miR-130a in HIC2 cells
were significantly increased following transfection of miR-130a mimics. Increased
miR-130a levels suppressed PTEN expression by 49% and enhanced the levels of
phosphorylated Akt by 89% under normoxia condition, when compared with the LmiR-
control (Figures 5G and H). After the cells were subjected to H/R, the levels of PTEN
expression were lower (165%) and phospho-Akt were greater (1178%) in miR-130a
transfected group than in miR-control group (Figures 5G and H). Transfection of miR-
control or anti-miR-130a did not alter PTEN expression and levels of Akt phosphorylation
in HIC2 cells under normoxia or H/R condition.

Increased expression of miR-130a LmiR-130a suppresses PTEN expression and increases
the levels of phosphorylated Akt in the myocardium

Activation of PI3K/AKkt signaling has been shown to stimulate endothelial cell proliferation
and angiogenesis [33]. We examined whether increased miR-130a expression by
transfection of LmiR-130a would activate PI3K/Akt signaling in the myocardium following
MI for three days. Figure 6A shows that increased miR-130a expression markedly
decreased the levels of PTEN by 62.4% in sham control and by 44.6% in M1 hearts,
respectively, when compared with LmiR-control groups. LmiR-130a transfection also
significantly increased Akt phosphorylation by 376% in sham control and by 147.5% in Ml
hearts compared with the respective LmiR-controls (Figure 6B). Transfection of LmiR-
control did not alter the levels of PTEN expression and Akt phosphorylation (Figures 6A
and B). The data suggests that increased expression of miR-130a activates PI3K/Akt
activity via suppression of PTEN expression in the myocardium.

PI3K inhibition abolishes the cardioprotective effect of miR-130a following Ml

To determine whether activation of PI3K/Akt signaling plays a critical role in miR-130a-
mediated protection against M, we administered a PI3K specific inhibitor, LYY294002 to
LmiR-130a-transfected mice immediately after induction of MI. Cardiac function was
measured by echocardiography on day 1 and day 3 after MI. Figures 6C and D show that
LY294002 administration completely abolished the cardioprotective effect of LmiR-130a
transfection. The EF% (Figure 6C) and FS% (Figure 6D) values in LY 294002 treated Ml
hearts were significantly decreased on day 1 (35.2% and 39.6%) and on day 3 (41.5% and
45.1%) respectively, when compared with LmiR-130a transfected MI hearts. LY 294002
administration also significantly prevented miR-130a-induced increases in the levels of Akt
phosphorylation (Figure 6E). The data indicates that increased expression of miR-130a-
induced protection after M1 is mediated by a PI3K/Akt dependent mechanism.
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Discussion

The present study demonstrates that miR-130a plays an important role in protection against
myocardial ischemic injury. Specifically, we observed that increased expression of
miR-130a by transfection of a lentivirus expressing miR-130a (LmiR-130a) into the
myocardium significantly improved cardiac function and attenuated remodeling following
myocardial infarction. The mechanisms are involved in activation of PI3K/Akt signaling via
suppression of PTEN expression in the myocardium. PI3K inhibition by administration of
LY294002 abolished the cardioprotective effect of LmiR-130a in the infarcted hearts. The
data suggests that miR-130a serves a protective role in myocardial ischemic injury and that
delivery of miR-130a by an appropriate vector may be a new therapeutic approach for heart
attack patients.

We have previously reported that treatment of mice with Pam3CSK4 (TLR2 ligand) or
CpG-ODN (TLR9 ligand) protects the myocardium from I/R injury through a PI3K/Akt
dependent mechanism [5, 7]. We also reported that the TLR2 ligand, Pam3CSK4 increased
the expression of myocardial miR-146a which suppresses TRAF6-mediated NF-«xB
activation[19]. Interestingly, we observed in the present study that treatment of mice with
either Pam3CSK4 or CpG-ODN markedly increased the levels of miR-130a in the
myocardium in the presence or absence of M, indicating that miR-130a may play a
protective role in myocardial ischemic injury via activation of PI3K/Akt signaling [5, 7].
Indeed, we observed that increased expression of miR-130a attenuates MI-induced cardiac
dysfunction and remodeling. It is well known that angiogenesis is a critical step for the
recovery of cardiac function and attenuation of remodeling after MI. To investigate whether
miR-130a will induce the proliferation and migration of endothelial cells into wound area,
we transfected human umbilical vein endothelial cells (HUVECSs) with miR-130a mimics
and examined the migration of HUVECS into scratch-induced wound area. We observed that
increased miR-130a levels in the HUVECs stimulated the migration of HUVECs into
scratch-induced wound area. In contrast, transfection of HUVECs with anti-miR-130a
mimics markedly decreased the proliferation and migration of HUVECs into the wound area
24 h after scratch, when compared with untransfected HUVECs, indicating that miR-130a is
required for endothelial cell migration into wound area.

Activation of PI3K/AKkt signaling has been shown to play a critical role in the regulation of
cell growth, proliferation, and survival [8] as well as angiogenesis [33]. Importantly,
induction of angiogenesis has been reported to reduce the progression of MI, decreases
cardiac fibrosis, improves cardiac function, and decreases the risk of cardiac rupture
following M1 [34], while activation of PI3K/Akt signaling has been shown to promote
endothelial cell proliferation and migration [26]. We observed that transfection of miR-130a
mimics significantly suppressed PTEN expression and enhanced the levels of
phosphorylated Akt in HUVECs. Although we did not observe the alteration of PTEN levels
following transfection of anti-miR-130a, the levels of Akt phosphorylation in HUVECs that
were subjected to H/R were markedly reduced following anti-miR-130a transfection. The
data indicates that miR-130a may stimulate angiogenesis through activation of PI3K/Akt
signaling. Indeed, our in vivo data showed that increased expression of miR-130a in the
myocardium significantly increased the numbers of small vessels in the ischemic area and
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VEGF expression, suggesting that miR-130a promoted angiogenesis in vivo after MI. At
present, we do not understand the mechanism by which miR-130a stimulated VEGF
expression in the myocardium following MI. Yun et al. reported that miR-130a suppressed
the expression of the anti-angiogenic genes GAX and Homeobox A5 (HoxAS5) in endothelial
cells [18]. HoxA5 has been demonstrated to play a role in antiangiogenesis [32]. We
observed that HoxA5 expression in the myocardium was markedly suppressed by
LmiR-130a transfection in the presence and absence of MI. Collectively, our invitro and in
vivo data show that miR-130a suppresses PTEN expression, leading to activation of
PI3K/Akt signaling. Therefore, it is possible that miR-130a stimulates angiogenesis by
targeting the 3’-UTR of the antiangiogenic homeobox gene HoxA5[18], leading to VEGF
expression and by suppressing PTEN expression, resulting in activation of PI3K/Akt
signaling which promotes angiogenesis [33].

MI induces apoptosis in the myocardium of humans[35] and experimental animals [36].
Inhibition of myocardial apoptosis has been shown to attenuate cardiac dysfunction and
remodeling after M1 [37, 38]. We observed that transfection of LmiR-130a markedly
decreased myocardial apoptosis in infarcted hearts, which positively correlated with
improved cardiac function following MI. We also found that transfection of LmiR-130a
suppresses MI-induced increases in Bax levels and increases the levels of Bcl2 in the
myocardium. Bcl2 is an anti-apoptotic protein while Bax acts as an antagonist of anti-
apoptotic Bcl2 [30], resulting in increases in mitochondrial membrane permeability and the
release of cytochrome c[39]. It is unclear how miR-130a regulates myocardial apoptosis
following myocardial infarction. However, activation of PI3K/Akt signaling has been shown
to protect against apoptosis induced by ischemic injury [40]. It is possible, therefore, that
inhibition of myocardial apoptosis by transfection of LmiR-130a is mediated through
activation of PI3K/AKkt signaling.

Our in vivo data confirmed that transfection of LmiR-130a significantly increased the levels
of phosphorylated Akt by suppressing PTEN expression in the myocardium in the presence
and absence of myocardial infarction. PTEN is a negative regulator for PI3K activity[3].
Suppression of PTEN expression has been reported to decrease myocardial ischemic injury
via activation of PI3K/Akt signaling[8]. We demonstrated in the present study that increased
expression of miR-130a suppressed PTEN expression in the myocardium in the presence or
absence of MI. Similarly, in vitro transfection of endothelial cells or cardiomyoblasts HOC2
cells with miR-130a mimics suppressed PTEN expression in the presence or absence of
H/R. Suppression of PTEN expression resulted in increases in the levels of phosphorylated
Akt, indicating activation of PI3K/Akt signaling, which positively correlated with improved
cardiac function, increased microvascular density in the myocardium, and attenuated
remodeling following MI. To further confirm that activation of PI3K/AKkt signaling by
LmiR-130a transfection plays a critical role in the protection against myocardial ischemic
injury, we treated LmiR-130a transfected mice with a PI3K specific inhibitor, LY 294002,
immediately after induction of MI and measured cardiac function following MI. We
observed that PI3K inhibition by LY 294002 completely abolished LmiR-130a induced
improvement of cardiac function after myocardial infarction.
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summary, we demonstrated that miR-130a serves a protective role in attenuation of
rdiac dysfunction and remodeling after MI. The mechanisms involved suppression of

PTEN expression, resulting in activation of PI3K/Akt signaling.
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Highlight

1. Increased expression of miR-130a significantly attenuates myocardial
infarction-induced cardiac dysfunction, decreases myocardial infarct size,
reduces fibrosis, and promotes angiogenesis.

2. MiR-130a activates PI3K/Akt signaling by suppression of PTEN expression.

3. PI3Kinhibition abolished miR-130a-induced attenuation of cardiac dysfunction
after MI.

4.  MicroRNA-130a could be a novel approach for the treatment of heart attack
patients.
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TLR ligands increase the expression of miR-130a and MI-induced decreases in the levels of
miR-130a in the myocardium. (A and B) Mice were treated with and without Pam3CSK or
CpG-ODN immediately after permanent ligation of LAD coronary artery. Sham control

mice were also treated with and without Pam3CSK4 or CpG-ODN. Twenty-four hours after

LAD ligation, hearts were harvested for microRNA measurement. (C) MI decreased

expression of miR-130a in the myocardium. Three days after MI, hearts were harvested for
microRNA measurement. N=3 in sham group. N=4 in MI group. *p<0.05 compared with

indicated group.
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Figure 2.
Transfection of lentivirus expressing miR-130a (LmiR-130a) attenuates cardiac dysfunction

and decreases collagen deposition after MI. Mice were transfected with LmiR-130a or
LmiR-con for 7 days before induction of MI. (A) Increased expression of miR-130a in the
myocardium following LmiR-130a transfection. Hearts were harvested at 3 days after Ml,
sectioned and viewed by fluorescent microscopy. Ischemic areas were collected for
miR-130a measurement. (B and C) Cardiac function was examined by echocardiography
before (Baseline) and at 1, 3, 7, 14, and 21 days after MI. Transfection of LmiR-130a
maintained the levels of ejection fraction (EF%) and fractional shortening (FS%). N=24 in
untransfected group. N=11 in LmiR-Control group. N=9 in LmiR-130a group. (D)
LmiR-130a transfection decreases infarct size in myocardial ischemia/reperfusion (I/R)
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injury. Seven days after transfection with LmiR-130a, the mice were subjected to
myocardial ischemia (45 minutes) and followed by reperfusion (24 hours). Hearts were
harvested for measurement of infarct size by TTC staining. Ratios of risk area vs. left
ventricle area (RA/LV) and infarct area vs. risk area (IA/RA) are presented in the graphs.
Photographs of representative heart sections are shown above. N=7 in untransfected and
LmiR-Control group. N=8 in LmiR-130a group. (E) Increased expression of miR-130a
decreases collagen deposition in the myocardium. Three weeks after Ml, hearts were
harvested for analysis of cardiac fibrosis. Representative images of heart sections stained
with Masson's trichrome. N=3 in untransfected and LmiR-Control groups. N=5 in
LmiR-130a group. (F) Increased expression of miR-130a attenuates MI-induced increases in
the levels of MMP-2 (n=5/group). #p<0.05 compared with LmiR-control and untransfected
MI groups at the same time point. *p<0.05 compared with indicated group.
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Figure 3.
Increased expression of miR-130a attenuates myocardial apoptosis following MI. Three

days after MI, hearts were harvested and sectioned for TUNEL assay. (A) TUNEL staining
positive apoptotic cells (green fluorescence). DAPI staining nucleus (blue color). Qualitative
data shows the percent apoptotic cells. (B and C) Increased expression of miR-130a
attenuated MI-induced caspase-3/7 and -8 activities in the myocardium. (D and E)
Transfection of LmiR-130a increased Bcl2 and decreased Bax levels in the myocardium
after MI. N=4 in sham control group. N=6 in MI group. *p<0.05 compared with indicated

group.
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Figure 4.
Transfection of LmiR-130a increases small vascular density following MI. After induction

of Ml for 21 days, hearts were harvested and sectioned for staining with anti-CD31
antibody. (A) Representative images of heart sections stained with anti-CD31 antibody.
Quantification of immunohistochemistry staining with anti-CD31 antibody in the ischemic
zone shows increased numbers of small vessel density following transfection with
LmiR-130a. N=3-5/group. Transfection of LmiR-130a increased VEGF (B) and decreased
HoxAD5 (C) levels in the myocardium. N=4 in sham control group. N=6 in MI group.
*p<0.05 compared with indicated group.
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Figure 5.
MiR-130a promotes endothelial cell migration, suppresses PTEN expression and increases

Akt phosphorylation. HUVECs and H9C2 cardiomyoblasts were transfected with miR-130a
mimics, scrambled miR-control mimics, or anti-miR-130a mimics, respectively. Twenty
four hours after transfection, cells were subjected to hypoxia (4 h) followed by
reoxygenation (24 h). The cells that were cultured at normal condition served as control
(normoxia). (A) Increased miR-130a levels in HUVECs 48 h after transfection of miR-130a
mimics. (B) Transfection of miR-130a mimics promotes HUVEC migration into the wound
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area. Representative images were taken before, 12 and 24 hours after injury (x4
magnification). Dashed line indicates the width of gap. N=3/group. #p<0.05 compared to all
other groups. Transfection of miR-130a mimics suppresses PTEN expression (C), increases
Akt phosphorylation (D) and VEGF expression (E) in HUVECs. Transfection of miR-130a
mimics increases the levels of miR-130a (F), suppresses PTEN expression (G) and increases
Akt phosphorylation (H) in H9C2 cardiomyoblasts . N=3-4 in each group. *p<0.05
compared with indicated group. #p<0.05 compared with other groups.
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Figure 6.
PI3K inhibition abolished the cardioprotective effect of miR-130a following myocardial

infarction. (A and B) Transfection of LmiR-130a suppresses PTEN expression and
increases the levels of Akt phosphorylation in the presence and absence of MI. Three days
after induction of MI, hearts were harvested for analysis of PTEN (A) and phosphorylated
Akt (B) levels in the myocardium. N=4 in sham control group. N=6 in Ml group. (C-E)
PI3K inhibition by LY294004 administration abolished the attenuation of MI-induced
cardiac dysfunction by LmiR-130a transfection. (C) EF% and (D) FS% values following
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MI. N=24 in untransfected group, N=11 in LmiR-Control group, and N=9 in LmiR-130a
transfected group. (E) PI3K inhibition by LY?294002 abolished LmiR-130a-induced increase
in the levels of phosphorylated Akt. N=4-5 in sham control group. N=6 in Ml group. *
p<0.05 compared with indicated group.
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