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ABSTRACT
The present study was designed to investigate whether and how lncRNA-GAS5 regulates cardio-
myocyte apoptosis in MI. MI rat model was established by the left anterior descending (LAD)
coronary artery ligation. MI model was further evaluated by biomarkers detection and TUNEL, HE
and Masson staining. The roles of lncRNA-GAS5 on hypoxia/reoxygenation (H/R)-induced cardio-
myocytes survival, cell cycle arrest, and apoptosis were examined by MTT and flow cytometry in
rat heart-derived H9c2 cells. Western blot was used to determine the effect of GAS5 on the
expression of apoptosis-associated proteins and PI3 K/AKT signaling pathway. The direct bindings
of GAS5 to miR-21 and miR-21 to PDCD4 were measured by dual-luciferase reporter assay or RNA
immunoprecipitation. Decreased expressions of GAS5 and PDCD4 as well as increased miR-21
level were observed in the hearts of MI-modeled rat, accompanying with morphologically myo-
cardial cell injury, as well as collagen deposition and fibrosis, and elevated levels of cTnl, CK, CK-
MB and LDH. In the cell model, the knockdown of GAS5 promoted cell survival, prevented cell
cycle arrest and inhibited cell apoptosis while the overexpression of GAS5 showed the opposite
effects. GAS5 was found to downregulate miR-21 and the effects of GAS5 were attenuated by miR-
21 mimics. GAS5 positively regulated PDCD4 expression by functioning as a sponge of miR-21 in
H/R model. Moreover, GAS5 stimulated PDCD4 and suppressed PI3 K/AKT signal pathway.
LncRNA-GAS5 regulates PDCD4 expression to mediate MI-induced cardiomyocyte apoptosis via
targeting miR-21, suggesting that GAS5 could be a therapeutic target for MI.
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Introduction

Myocardial infarction (MI) is themajor cause of mor-
bidity andmortality worldwide. Themagnitude ofMI
determines left ventricular remodeling and heart fail-
ure. Current therapies for MI largely focus on anti-
platelet and antithrombotic treatments and coronary
anatomy where necessary [1]. Despite that, ischemic
heart disease remains a major global cause of death
anddisability and alternative strategy is required.MI is
accompanied with cardiomyocytes death during the
acute ischemic stage and the loss of surviving cells
during the subacute and chronic stages, which are
mainly contributed from cardiomyocytes apoptosis
[2]. In this case, cardiomyocytes are replaced with
fibroblasts and fibrous tissue, which essentially regu-
late heart function and the development of heart fail-
ure and determine the size, shape, and wall thickness
of ventricles [3–5]. Thus, the inhibition of cardiomyo-
cytes apoptosis could be a promising therapeutic
approach for the treatment of MI.

MicroRNAs (miRNAs) are small endogenous
non-coding RNAs that regulate gene expression
[6]. Mounting evidences show that miRNAs play
roles in the regulation of various cancers and neuro-
degenerative disorders and the effects of miRNAs in
the cardiac pathophysiology are increasingly appre-
ciated [7,8]. MiR-21 is a well-known cardioprotec-
tive miRNA that promotes cardiac fibrotic
remodeling and fibroblast proliferation [9,10].
MiR-21 was revealed to be up-regulated in the
infracted zone after MI and promote cardiac fibrosis
in vivo [11]. Besides, it can target genes involved in
cell growth, proliferation and apoptosis [12,13].
Programmed cell death 4 (PDCD4) is a tumor sup-
pressor gene that modulates cell transformation, cell
growth, and cell apoptosis [14–16]. MiR-21 can
directly target PDCD4 [17,18] and negatively regu-
late PDCD4 expression [17].

Long non-coding RNAs (lncRNAs) are the
transcripts longer than 200 nucleotides without
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protein-coding capacity [19]. Recently, lncRNAs
have been shown to be dysregulated in the heart
failure. For example, lncRNA metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) was
highly expressed in MI process and promoted
myocardial apoptosis through enhancing phospha-
tase and tensin homolog (PTEN) deleted on chro-
mosome 10 expression by sponging miR-320 in
mouse acute myocardial infarction (AMI) [20].
Moreover, hypoxia stimulated the expression of
lncRNA THRIL and the inhibition of THRIL
showed a protective effect against hypoxia-
induced injuries by up-regulating miR-99a expres-
sion, suggesting the negative effect of THRIL in
MI development [21]. The growth arrest-specific 5
(GAS5) is a single-strand non-coding RNA largely
accumulated in growth-arrested cells [22]. It is
involved in biological processes including cell
growth arrest, cell proliferation, and apoptosis
[23–25]. A previous study revealed a negative cor-
relation between GAS5 and miR-21 [26]. However,
whether and how lncRNA-GAS5 regulates cardio-
myocytes apoptosis in MI process is unclear.

In the present study, we revealed that lncRNA-
GAS5 was down-regulated in MI and promoted H/
R-induced cardiomyocytes apoptosis by targeting
miR-21. GAS5 positively regulated PDCD4 expres-
sion and negatively modulated phosphatidylinositide
3-kinases (PI3 K)/protein kinase B (AKT) signal path-
way, suggesting that lncRNA-GAS5 could mediate
MI-induced cardiomyocytes apoptosis via targeting
miR-21-targeted PDCD4 and inactivating PI3
K/AKT signal pathway. Thus, lncRNA-GAS5 could
be a potential target for the treatment of MI, the novel
viewpoints obtained from the present research are of
great importance to provide a supplemented thought
for the prevention, treatment and prognosis of MI
disease.

Materials and methods

Experimental animals and MI rat model

All animal experiments were compliant and
approved by Animal Care and Ethics of the First
Hospital of Lanzhou University. The left anterior
descending (LAD) coronary artery ligation was
performed to establish MI model as previously
reported [27]. Briefly, rats were adaptively raised

for a week and randomly divided into two groups:
MI group and sham group, followed by
a modeling operation. In MI group, the rats pri-
marily anesthetized with pentobarbital sodium
were ventilated with a small ventilator and sub-
jected to a left-sided thoracotomy. The LAD was
encircled and ligated using a 7/0 silk suture. In
addition, the sham-operated rats were treated
similarly to the rats in MI group without ligation.
The successful model was preliminarily deter-
mined with the left ventricular becoming white.
During the experiments, there were 15 rats in each
group, and among them, five rats were used to
conduct the qPCR analysis and the others to per-
form the TTC staining and TUNEL staining, etc.

2,3,5-triphenyltetrazole chloride staining and
terminal-deoxynucleotidyl transferase/(TdT-)
mediated nick end labeling assay

After 3 or 7 days’ ligation, the hearts were col-
lected and fixed in 4% paraformaldehyde over-
night for TTC staining according to a previous
study [28]. In short, the heart tissues were cut
into small pieces, which were further placed into
the 2% of TTC staining solution. After incubation
at 37°C for 30 min, the MI area was observed.
Moreover, the apoptosis of cardiomyocytes in
heart tissues was measured by the TUNEL assay
using a detection kit (Roche, Basel, Switzerland)
following the manufacturer’s instruction. The
heart sections were digested using the proteinase
K solution for 15 min and then immersed in PBS,
which next covered and immersed in a stop
reagent for terminating the enzymatic reaction.
Rinsing with PBS was used to treat the sections.
The incubation with streptavidin-horseradish per-
oxidase solution was performed for 30 min in the
condition without light. After washed, the slides
were exposed to 3,3ʹ-diaminobenzidine and hema-
toxylin. Lastly, the numbers of TUNEL positive
and total cells were counted.

Hematoxylin-eosin (HE) staining

The collected heart tissues fromMI rats or sham rats
were fixed by immersion of formalin. After
a normative pruning, heart tissues mass was received
the dehydration by gradient concentrations of
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alcohol and hyalinization by dimethylbenzene. The
tissues then were placed into the melted paraffin and
cut into thin sections about 5 μm. Also, they were
dehydrated and hyalinized with the mentioned
reagents above, respectively. Hematoxylin and
eosin were successively stained the sections. After
gum sealing, the heart tissue sections were observed
under a light microscope.

Masson staining

The pre-treatment of tissues were basically the same
as the operation of HE staining. Next, the slices were
stained with Bouin solution at room temperature
overnight, and then rinsed with running water.
Celestine blue staining solution was dripped to the
slices for staining. After washed slightly, hematoxylin
staining solution was next dripped for staining.
Washed slightly, the acid ethanol differentiation
solution was used, followed by a rinse with running
water for 10 min. Lichunhong fuchsin staining solu-
tion and phosphomolybdic acid solution were used
to treat the slices for 10 min, respectively. Then, they
were stained with aniline blue dye for 5 min, prior to
dehydration, hyalinization, neutral gum sealing.
Finally, the morphology was observed under a light
microscope.

Enzyme-linked immunosorbent assay (ELISA)
assay

The fresh blood from rats was harvested and cen-
trifuged at the speed of 500 g for 10 min at 4°C for
extracting the serum. The content of cardiac tro-
ponin I (cTnI) was determined using the ELISA kit
(Abcam, Cambridge, MA, USA), according to the
detailed introduction provided by the manufac-
turer. Briefly, after conducted the reaction with
related reagents, the absorbance of each well was
quantified by a microplate reader. At the same
time, various standard cTnI reagents were used
to build a standard curve under the same reaction
condition. Then, the content of cTnI in each well
was calculated according to the standard curve.

Biochemical detection

The activities of creatine kinase (CK), lactate dehy-
drogenase (LDH) and creatine kinase-muscle/brain

(CK-MB) in rat serum were determined by the com-
mercial CK and LDH detection kits (Solarbio,
China) and CK-MB detection kit (Sigma-Aldrich,
USA) according to the provided instructions. The
detection methods were all based on the colorimetry.

Cell culture and in vitro H/R

Rat heart-derived cells, H9c2 cell line, purchased
from the American Type Culture Collection
(ATCC, Rockville, MD, USA) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with
supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. The H/R model of cells was
established by inducing hypoxia as previously
reported [29]. H9c2 cells were cultured in an anae-
robic chamber maintained at 37°C with humidified
atmosphere of 5% CO2, 10% H2, and 85% N2 for the
required time (4–20 h) followed by reoxygenation
with the normal culture condition for 3 h.

Plasmid construct and transfection

Rat GAS5, PTEN, and PDCD4 fragment was ampli-
fied using PCR and cloned into the psiCHECK-2
vector. Cloning of GAS5 with mutations at the puta-
tive miR-21 binding site was constructed using the
PhusionTM site-directed mutagenesis kit (Thermo
Fisher Scientific). For the measurement of luciferase
activity, the prepared constructs were co-transfected
with miR-21 mimics or negative control (NC) into
H9c2 cells using Lipofectamine 2000 (Thermo Fisher
Scientific) following the manufacturer’s instruction.
For the investigation of the effect of GAS5, miR-21
or PDCD4, cells were transfected with shGAS5, GAS5
over-expression vector (OE-GAS5), shPDCD4 or
miR-21 mimics. The shGAS5, shPDCD4, miR-21
mimics and their negative control ones were synthe-
sized by GenePharma (China, Suzhou).

Dual luciferase reporter assay

The wild-type GAS5 (GAS5-WT), mutant GAS5
(GAS5-MUT), and wild-type or mutant of PDCD4-
3′UTR were synthesized and subsequently load into
pMIR-GLO™ Luciferase vectors (Promega, WI,
USA). Cells were seeded into a 96-well plate. To
demonstrate the relationship between GAS5 and
miR-21, the vectors containing the GAS5-WT or
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GAS5-MUT and miR-21 mimics or miR-NC were
transfected into cells using Lipofectamine 2000
reagent. In addition, the vectors of PDCD4 plus
miR-21 were also transfected to cells using
Lipofectamine 2000 reagent to determine the corre-
lation of PDCD4 and miR-21. At 48 h post-
transfection, luciferase activities were determined
using a Dual-Glo Luciferase Assay System
(Promega) following the manufacturer’s protocol.
Firefly luciferase activity was normalized to Renilla
luciferase activity. Luciferase activities were deter-
mined using the Dual-Luciferase Reporter Assay
System.

RNA immunoprecipitation (RIP)

RNA immunoprecipitation was performed
using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit according to the man-
ufacturer’s protocol (Millipore). Cell lysate was
immunoprecipitated with IgG or AGO2 anti-
body (Cell Signaling Technology). After the
antibody was recovered by protein A + G
beads, qPCR was performed to detect GAS5
and miR-21 in the precipitates.

3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay

Cell survival was measured using the MTT assay
according to the reported protocol with modifica-
tion [30]. H9c2 cells were seeded into a 96-well
plate with a density at 1 × 104/well. After appro-
priate treatments, MTT solution (5 mg/mL, in
PBS) was added, followed by the incubation for
4 h. After removal of medium, dimethyl sulfoxide
(DMSO) was added to dissolve the formed forma-
zan crystal. The absorbance was measured at
490 nm.

Cell cycle assay

The cell cycle phase distribution was assessed
using flow cytometry. Cells were seeded into
a 6-well plate at 1 × 106 and transfected accord-
ingly. After 36 h, cells were trypsinized and
washed twice with ice-cold phosphate buffer saline
(PBS) followed by centrifugation. Cell pellet was
resuspended in 50 μL of ice-cold PBS and 450 μL

of ice-cold methanol for 1 h at 4°C followed by
centrifugation, washing, and resuspension in PBS
with RNAase (20 μg/mL). After incubation at 37°C
for 30 min, cells were chilled over ice for 10 min
and stained with propidium iodide (PI) (50 μg/
mL) for 1 h. The analysis was performed using
Calibur (BD Biosciences).

Cell apoptosis assay

For the determination of cell apoptosis, cells were
seeded into a 6-well plate at 1 × 106. After 48 h of
transfection, cells were dissociated, washed, and
resuspended in 1× binding buffer (BD Biosciences).
They were then stained with AnnexinV-fluorescein
isothiocyanate (FITC) and PI by adding 5 μL of each
solution into 100 μL of cell suspension according to
the manufacturer’s instruction (BD Biosciences).
Following incubation at room temperature in the
dark for 15 min, cell apoptosis was evaluated by
fluorescence-activated cell sorting (FACS) analysis
using Calibur (BD Biosciences).

Real-time quantitative polymerase chain
reaction (qPCR)

The fresh infarcted areas of myocardium and trans-
fected cells were harvested for qPCR analysis. Total
RNA was extracted by TRIzol reagent according to
the introduction (Sigma-Aldrich, St. Louis, MO,
USA). Reverse transcription was performed using
random hexamer primer and MMLV Reverse
Transcriptase (Promega). The qPCR for the quanti-
fication of gene transcripts was performed with
2 × HotStart SYBR Green qPCR Master Mix
(TransGen Biotech) using a Stratagene Mx3000P
(Agilent Technologies). The mRNA level was calcu-
lated relative to internal control using 2−ΔΔCt method
using a real-time PCR system. The primers used in
this study are as follows:

lncRNA-GAS5, forward:5ʹ-ATCTGGTGGAA
TCTCACAGGC-3ʹ, reverse: 5ʹ- AGCTTGCCA
TGCCTTCAGTTA-3ʹ;

miR-21, forward:5ʹ-CGCGCTAGCTTATCAG
ACTGA-3ʹ, reverse: 5ʹ- CGGCCCAGTGTTCA
GACTAC-3ʹ;

PDCD4, forward:5ʹ-AACGAAGTCGCGGAG
ATGTT-3ʹ, reverse: 5ʹ- TCTCGGAGTGTCCAA
GGCTA-3ʹ;
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PTEN, forward:5ʹ-ATTCCCAGTCAGAGGCG
CTA-3ʹ, reverse: 5ʹ- TCACCTTTAGCTGGCA
GACC-3ʹ;

U6, forward:5ʹ-CTCGCTTCGGCAGCACA-3ʹ,
reverse: 5ʹ- AACGCTTCACGAATTTGCGT-3ʹ;

GAPDH, forward:5ʹ-AGCCCAAGATGCCCTT
CAGT-3ʹ, reverse: 5ʹ- CCGTGTTCCTACCCC
CAATG A-3ʹ;

Western blot

The transfected H9c2 cells were lysed with radio-
immunoprecipitation assay (RIPA) buffer contain-
ing 0.01% protease and phosphatase inhibitors. The
samples were then centrifuged at 12,000 × g for
15 min at 4°C and the supernatants were collected.
The protein concentration in the supernatant was
measured by a bicinchoninic acid (BCA) Protein
Assay Kit (Thermo Fisher Scientific). Protein lysates
were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto nitrocellulose membranes
which were then blocked with 5% nonfat milk in
t-butyldimethylsilyl (TBS) containing 0.1% Tween-
20 for 2 h at room temperature. Subsequently, mem-
branes were incubated with relevant antibodies,
anti-cleaved caspase-9 (1:1,000, Cell Signaling
Technology), anti-B-cell lymphoma-2 (BCL-2)
(1:1,000, Abcam), anti-BCL2-associated X protein
(BAX) (1:1,000, Abcam), anti-PDCD4 (1:1,000,
Abcam), anti-PI3 K (1:1,000, Abcam), anti-AKT
(1:1,000, Cell Signaling Technology), anti-p-AKT
(1:1,000, Cell Signaling Technology) and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAP
DH) (1:1,000, Cell Signaling Technology) as
a loading control at 4°C overnight. Following the
incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody, membranes were
incubated with ECL substrate and subjected for
X-ray film exposure in the dark room.

Statistical analysis

All data were presented as mean ± standard devia-
tion (SD) from at least three independent experi-
ments. Data were analyzed by GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, CA).
Statistical differences were performed using
unpaired two-tailed t-test for comparison between

two groups and one-way analysis of variance
(ANOVA) followed by Tukey post hoc test for
multiple comparison. The p value less than 0.05
was considered statistically significant. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

Results

Decreased expression of GAS5, PDCD4 and PTEN
and increased miR-21 level in tissues from MI
model

The MI rat model was established using LAD
coronary artery ligation. The TTC staining showed
a larger infarcted zone with the white area in the
heart in MI group than sham group with the time
of 3 or 7 days (Figure 1(a)). TUNEL staining
revealed more apoptotic cells in MI group
(Figure 1(b,c)). At the level of morphology, myo-
cardial cell injury, collagen deposition and fibrosis
were observed in the MI animal model, and the
morphological damage degree in 7 days was more
severe than that in 3 days (Figure 1(d)). Moreover,
we found elevated levels of cTnl, CK, CK-MB and
LDH in the MI model (Figure 1(e,f)). Taken
together, these suggested that the MI model was
established more successfully after 7 days. Under
this circumstance, the mRNA levels of GAS5,
PDCD4, and PTEN were significantly decreased
while miR-21 largely was induced in the rat after
MI compared to the sham group (Figure 1(g)). All
these suggested that MI can cause cardiomyocytes
apoptosis, suppress GAS5, PDCD4, and PTEN
expression, and elevate miR-21 level.

LncRNA GAS5 regulates H/R-induced
cardiomyocytes proliferation and apoptosis

The cell model was established by inducing hypoxia
for 4–20 h followed by reoxygenation for 3 h in H9c2
cells cultured without glucose. Data showed that
hypoxia induced the decrease of GAS5, PDCD4,
and PTEN expression and increased miR-21 level
in a time-dependent manner with maximum effect
at 16 h (Figure 2(a)). Hypoxia for 16 h followed by
reoxygenation for 3 h was then used throughout the
following experiments. To investigate the effect of
GAS5 on cardiomyocytes apoptosis, the vectors of
overexpression GAS5 (OE-GAS5) and shGAS5
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plasmids were made and transfected into H9c2 cells.
The results showed the successful overexpression or
knockdown GAS5 in H9c2 cells (Figure 2(b)). MTT
assay was performed to determine the effect of GAS5
on cell survival in both sham and H/R groups. Data
presented that the overexpression or knockdown of
GAS5 did not significantly change the survival rate
in sham-treated cells (Figure 2(c)). However, the
reduction of GAS5 level promoted but overexpres-
sion GAS5 decreased the survival rate of H/R-treated
cells (Figure 2(c)). Flow cytometry assay was further
performed to investigate the role of GAS5 on cell
cycle. It was found that the overexpression of GAS5
arrested the cell cycle at G1 phase (Figure 2(d)). Cell
apoptosis was thenmeasured and data demonstrated
that the overexpression of GAS5 promoted cell
apoptosis while the knockdown showed the opposite

effect (Figure 2(e)). Moreover, the GAS5 overexpres-
sion caused increased expression of cleaved caspase-
9 and BAX but reduced BCL-2 expression. Inversely,
knockdown of GAS5 suppressed cleaved caspase-9
and BAX level but promoted BCL-2 expression
(figure 2(f)).

LncRNA GAS5 directly targets miR-21

To verify whether miR-21 is the direct target of
GAS5, the starbase (http://starbase.sysu.edu.cn/)
and targetscan (http://www.targetscan.org/) are per-
formed to predict the binding site (Figure 3(a)).
H9c2 cells were transfected with control miR (miR-
NC) or miR-21 mimics followed by the introduction
of GAS5-WT or GAS5-MUT dual luciferase reporter
plasmid. Data of dual luciferase reporter assay

Figure 1. Decreased expression of GAS5, PDCD4 and PTEN and increased miR-21 level in tissues from MI model. (a) The
representative images of TTC staining of sham- or MI-treated rat heart tissues. (b and c) The TUNEL assay of the tissue apoptosis
in the rat heart. (d) The images of HE staining and Masson staining of sham- or MI-treated rat heart tissues. (e) ELISA detection of
cTnl content in sham- or MI-treated rat serum. (f) The activities analysis of CK, CK-MB and LDH in sham- or MI-treated rat serum. (g)
The expression levels of lncRNA-GAS5, miR-21, PDCD4 and PTEN in sham- or MI-treated rat heart tissues. *p < 0.05 and **p < 0.01.
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Figure 2. GAS5 regulates H/R-induced cardiomyocyte proliferation and apoptosis. (a) The qPCR analysis of expressions of lncRNA-
GAS5, miR-21, PDCD4 and PTEN in H9c2 cells induced by hypoxia for 4–20 h followed by reoxygenation for 3 h. (b) The qPCR analysis
of lncRNA-GAS5 expression after overexpression of GAS5 (OE-GAS5) or knockdown of GAS5 (shGAS5). (c) Cell survival assessed by
MTT method in H9C2 cells. (d) Cell cycle detection by flow cytometry. (e) Cell apoptosis analysis by flow cytometry under different
conditions. (f) Representative images of western blot showing the protein expressions of cleaved caspase-9, BCL-2 and BAX in the
cells under different conditions. GAPDH was used as a loading control. Data are presented as the mean ± SD from at least three
independent experiments. OE-GAS5: overexpression of GAS5; OE-NC: overexpression of empty plasmid; shGAS5: knockdown of GAS5
with shRNA; shNC: shRNA negative control. *P < 0.05, **P < 0.01 and ***P < 0.001.
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revealed that miR-21 mimics inhibited the luciferase
activities of GAS5-WT but not GAS5-MUT
(Figure 3(b)), suggesting that GAS5 can target miR-
21. Since AGO2 is a key component of the RNA-
induced silencing complex (RISC), connecting
miRNAs and their binding sites for mRNA. The
associated miRNA and mRNA can be obtained by
the proper immunoprecipitation of AGO2. The RIP
of AGO2 was performed here and the data showed
that GAS5 and miR-21 were enriched in the AGO2
pellet (Figure 3(c)). The effect of GAS5 on the
expression of miR-21 was then determined by either
overexpression or knockdown of GAS5. The qPCR
results presented that the overexpression of GAS5
induced the reduction of miR-21 level, while the
knockdown of GAS5 generated the opposite effect
(Figure 3(d)). Taken these results, GAS5 can directly
regulate miR-21 in H9c2 cells.

MiR-21 is involved in the cardiomyocytes
apoptosis inducing by lncRNAGAS5

We then determined whether GAS5 could regulate
the survival of H/R-induced cardiomyocytes via tar-
geting miR-21. The results of MTT showed that miR-
21 mimics increased cell survival and the effect of
GAS5 on decreasing cell survival was reversed by the
miR-21mimics (Figure 4(a)). Consistent with the data
in Figure 2, on the contrary to miR-21 mimics, GAS5
overexpression arrested cell cycle, which was attenu-
ated by the co-transfection with miR-21 mimics.
Moreover, GAS5 repressed miR-21-mediated cell
cycle promotion (Figure 4(b)). Furthermore, miR-21
mimics inhibited cell apoptosis while the overexpres-
sion of GAS5 facilitated cell apoptosis, which was also
reduced by the co-transfection with miR-21 mimics
(Figure 4(c)). The role of GAS5 and miR-21 on the

Figure 3. LncRNA GAS5 directly targets miR-21. (a) MiR-21 binding sites in the lncRNA GAS5. Thirteen nucleotides (bold)
mutated in luciferase reporter plasmids carrying GAS5. (b) Dual luciferase reporter assay in H9c2 cells transfected with miR-NC
or miR-21 mimics followed by the introduction of GAS5-WT or GAS5-MUT. (c) RIP analysis of GAS5 and miR-21 immunopre-
cipitated by anti-Ago2. The anti-IgG as a negative control. (d) The qPCR analysis of miR-21 level in the cells transfected with
OE-GAS5 or shGAS5. Data are presented as the mean ± SD from at least three independent experiments. OE-GAS5: over-
expression of GAS5; OE-NC: overexpression of empty plasmid; shGAS5: knockdown of GAS5 with shRNA; shNC: shRNA negative
control. *p < 0.05 and **p < 0.01.
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expression of cell apoptosis-associated proteins was
then measured and the results presented that the
expression of BCL-2 was promoted, while the level
of cleaved caspase-9 and BAX were attenuated by
miR-21 mimics. GAS5 overexpression stimulated
cleaved caspase-9 and BAX expression but suppressed

BCL-2 expression. Further, the effect of miR-21
mimics on the apoptosis-associated proteins expres-
sion was partially recovered by GAS5 overexpression
(Figure 4(d)). All these data illustrated that GAS5
could induce H/R-mediated cardiomyocytes apopto-
sis partly via miR-21.

Figure 4. MiR-21 is involved in cardiomyocytes apoptosis induced by lncRNA GAS5. (a) MTT measurement in control or H/R
(16 h/3 h)-treated H9c2 cells transfected with miR-21 mimics or GAS5 or co-transfected with miR-NC or miR-21 and GAS5.
(b) Cell cycle determination by flow cytometry in the cells treated with OE-NC+H/R, OE-GAS5 + H/R, miR-NC+H/R, miR-21 + H/R, OE-
GAS5+ miR-NC+H/R, OE-GAS5+ miR-21 + H/R. (c) Cell apoptosis analysis by flow cytometry in the cells treated with OE-NC+H/R, OE-
GAS5 + H/R, miR-NC+H/R, miR-21 + H/R, OE-GAS5+ miR-NC+H/R and OE-GAS5+ miR-21 + H/R. (d) Western blot showing the protein
expression of cleaved caspase-9, BCL-2, and BAX in the cells transfected with miR-21 mimics or GAS5 or co-transfected with miR-NC
or miR-21 and GAS5 under H/R (16 h/3 h). GAPDH was used as a loading control. Data are presented as the mean±SD from at least
three independent experiments. OE-GAS5: overexpression of GAS5; OE-NC: overexpression of empty plasmid; *p < 0.05 and
**p < 0.01.
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LncRNA GAS5 positively regulates PDCD4
expression by functioning as a sponge of miR-21
in H/R

It was reported that PDCD4 was one of the potential
targets of miR-21.We further investigated the role of
miR-21 on the expression of PDCD4. Dual luciferase
reporter assay showed that miR-21 mimics signifi-
cantly inhibited the activities of wild type of PDCD4
3ʹUTR while it showed little effect on PDCD4-MUT
(Figure 5(a)), suggesting that miR-21 targeting
PDCD4 in H9c2 cells under H/R condition.
Moreover, the introduction of miR-21 mimics
reduced PDCD4 expression. The overexpression of
GAS5 attenuated the reduction effect of miR-21 and
shPDCD4 on PDCD4 expression (Figure 5(b,d)). In
addition, GAS5 knockdown could inhibit the expres-
sion of PDCD4 (Figure 5(e)). Furthermore, the
knockdown of PDCD4 repressed cell apoptosis and
attenuated GAS5 overexpression-induced cell apop-
tosis (figure 5(f)). Meanwhile, PDCD4 knockdown
significantly inhibited the expression of cleaved cas-
pase-9 and BAX but stimulated BCL-2 expression
and reduced the effects induced by GAS5 overex-
pression on expressions of above apoptosis proteins
(Figure 5(g)).

LncRNAGAS5 positively regulates PDCD4 and
suppresses PI3 K/AKT signal pathway

PDCD4 was revealed to regulate PI3 K/AKT signal
pathway which is a key signal pathway regulating
cell survival and apoptosis [31]. The effect of
GAS5 on PDCD4-mediated PI3 K/AKT signal
pathway was further demonstrated. It was shown
that the expression levels of PI3 K and phosphory-
lated AKT (p-AKT) in cardiomyocytes of H/R was
inhibited by GAS5 overexpression, but up-
regulated by miR-21 mimics or shPDCD4. In
addition, miR-21 mimics or shPDCD4 attenuated
GAS5 overexpression-induced inhibition of PI3 K
and p-AKT expression. Meanwhile, AKT inhibitor
(Palomid 529) also partially rescued the effect of
shPDCD4 on the PI3 K/AKT signal pathway
(Figure 6(a,b)). Moreover, we also added Palomid
529 to the shPDCD4 or miR-21 mimics treatment
groups separately to validate the regulatory role of
PDCD4 or miR-21 on PI3 K/AKT signal pathway.
Figure 6(c,d) showed that the protein levels of

PI3 K and p-AKT in cardiomyocytes of H/R
were promoted by miR-21 mimics or PDCD4
knockdown. Meanwhile, AKT inhibitor can par-
tially rescue the effect of miR-21 mimics or
shPDCD4. Taken together, these results indicated
that GAS5 inactivated PI3 K/AKT signal pathway
through targeting miR-21/PDCD4 axis.

Discussion

MI is one of the leading causes of death and
disability worldwide, despite much-achieved
advance of its management. Cardiomyocyte apop-
tosis induces progressive cardiomyocyte loss and
the inhibition of cardiomyocyte apoptosis shows
a beneficial effect on post-MI cardiac dysfunction
[32,33]. So, exploration of the action of interactive
molecules such as lncRNA, miRNA and mRNA,
etc., regulating the apoptosis in cardiomyocytes is
beneficial to develop new drugs or therapy method
for MI treatment. The miR-21 plays a critical role
in cardiomyocytes apoptosis in MI process and
GAS5 is known to target miR-21. However, the
effect of lncRNA-GAS5 on cardiomyocytes apop-
tosis in MI process is unclear. The present study
demonstrated that GAS5 and PDCD4 were down-
regulated while miR-21 was up-regulated in an
in vivo model and in vitro model of H/R and
GAS5 promoted PDCD4 expression and regulated
MI-induced cardiomyocytes apoptosis via target-
ing miR-21.

The cTnl, CK, CK-MB and LDH were the bio-
markers of MI [34]. Based on the alterations of
morphological characteristics and indicated bio-
markers, we confirmed the rat MI model was
built successfully and the apoptosis was more sig-
nificant after 7 days. As illustrated in a published
work, PTEN was demonstrated to participate in
the process of MI [35]. Yuan et al. confirmed
a conclusion regarding promotion of miR-21 to
the cardiac fibrosis in MI process [11]. Similarly,
we observed an elevated miR-21 expression level,
and the low levels of PTEN and another apoptosis-
regulated molecule PDCD4 in the tissues samples
of MI. Different expression patterns of various
lncRNAs has been found in MI patients compared
to the healthy, showing its predictive value in the
diagnosis of MI [36]. In the current study, GAS5
was found to express at a low level in MI rats.
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Expectedly, under the condition of H/R model, the
in vitro experiments exhibited the same alteration
trends in GAS5, miR-21, PDCD4 and PTEN, in
comparison with the rat model, which was in

a hypoxia-challenged time-dependent manner.
MI induces cardiac cell death which is mainly
contributed from cell apoptosis. Here, cellular
experiments revealed that the overexpression of

Figure 5. LncRNA GAS5 positively regulates PDCD4 expression by functioning as a sponge of miR-21 in H/R. (a) Dual luciferase
reporter assay in the cells transfected with miR-NC or miR-21 and luciferase reporter plasmids carrying 3ʹ-UTR of PDCD4. (b) qPCR
analysis of PDCD4 in the cells transfected with GAS5, miR-NC, miR-21 mimics or co-transfected with miR-NC or miR-21 mimics and
GAS5 under H/R (16 h/3 h). (c) Western blot showing the protein level of PDCD4 in the cells transfected with GAS5, miR-NC, miR-21
mimics or co-transfected with miR-NC or miR-21 mimics and GAS5 under H/R (16 h/3 h). (d) Western blot was applied to detect the
protein level of PDCD4 in the cells transfected with shPDCD4 or GAS5 or co-transfected with shNC or shPDCD4 and GAS5 under H/R
(16 h/3 h). (e) Western blot was applied to detect the protein level of PDCD4 in the cells of control, H/R, H/R+ shNC or H/R+ shGAS5
groups. (f) Measurement of cell apoptosis by flow cytometry in the cells transfected with shPDCD4 or GAS5 or co-transfected with
shNC or shPDCD4 and GAS5 under H/R (16 h/3 h). (g) Western blot showing the protein expression of cleaved caspase-9, BCL-2, and
BAX in the cells under H/R (16 h/3 h). Data are presented as the mean ± SD from at least three independent experiments. *p < 0.05
and **p < 0.01.
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GAS5 arrested cell cycle and promoted cell apop-
tosis while the knockdown of it showed the oppo-
site effect. The function of GAS5 on the promotion
of cell apoptosis has been widely studied on var-
ious cancer cells including colorectal cancer cells,
breast cancer cells, and bladder cancer cells [37–
39]. However, it was also reported that GAS5
inhibited the apoptosis of cultured female germ-
line stem cells [40]. These suggested that the func-
tion of GAS5 on apoptosis could dependent on cell
type and disease conditions. Furthermore, Bax
belongs to pro-apoptotic Bcl-2 family proteins
and induces cytochrome c release and caspase
activation, leading to cell apoptosis [41,42]. Bcl-2
could suppress Bax-induced apoptosis [41]. It was
reported that Bcl-2 family proteins were involved
in the modulation of cardiomyocyte apoptosis
[43]. Here, we found the high expression level of
GAS5 interfered with the balance between pro-
apoptotic proteins, cleaved caspase-9 and Bax,

and anti-apoptotic protein Bcl-2, thereby deter-
mining cardiomyocytes apoptosis. Thus, GAS5
could contribute to the post-MI pathological pro-
cess and might be a diagnostic or prognostic bio-
marker for MI.

The miR-21, an abundant miRNA in cardiomyo-
cytes, shows a cardioprotective effect in MI process
[44], while the underlying mechanism is less clear.
Studies showed that miR-21 could functionally inter-
act with lncRNAs. For example, lncRNA BISPR sti-
mulated progression of thyroid papillary carcinoma
by regulating miR-21-5p and lncRNA MEG3 sup-
pressed proliferation of chronic myeloid leukemia
cells by sponging miR-21 [45]. It was previously
demonstrated that GAS5 and miR-21 formed
a reciprocal repression feedback loop and GAS5
negatively regulated miR-21 expression through the
RISC [26]. Moreover, GAS5 regulated proliferation
and apoptosis in the growth plate by modulating
fibroblast growth factor 1 (FGF1) expression via

Figure 6. LncRNAGAS5 positively regulates PDCD4 and suppresses PI3 K/AKT signal pathway. (a) Representative image of western
blot presenting the protein expression of PI3 K, p-AKT, and AKT in control or H/R(16 h/3 h)-treated cells induced by miR-21 mimics,
OE-GAS5, or shPDCD4 or co-transfected by OE-GAS5 and miR-21 or shPDCD4 without or with the AKT inhibitor (Palomid, 2 μM). (b)
Densitometry performed for quantification of western blot. GAPDH was used as a loading control. (c) Representative image of
western blot presenting the protein expression of PI3 K, p-AKT, and AKT in control or H/R-treated cells or H/R-treated cells induced
by miR-21 mimics or shPDCD4 without or with the AKT inhibitor (Palomid, 2 μM). (d) Densitometry performed for quantification of
western blot. GAPDH was used as a loading control. Data are presented as the mean ± SD from at least three independent
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001.
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mediating miR-21 [46]. In addition to heart disor-
ders, the interaction of GAS5 and miR-21 has been
found in osteoarthritis, atherosclerosis and cancer,
etc. [47–49]. Here we also consistently observed the
direct association between GAS5 andmiR-21 in H/R
model. Additionally, miR-21 reversed the effects of
GAS5 on cell survival, cell cycle arrest, and cell
apoptosis, presenting GAS5 regulated cardiomyo-
cytes apoptosis in MI process via targeting miR-21.

PDCD4, a tumor suppressor gene, inhibits cell
transformation, cell growth, and cell apoptosis. The
mechanism-explored study revealed the possible
inhibitory effect of PDCD4 on PI3 K/AKT/mTOR
which is a key signal pathway regulating cell survival
and apoptosis [31]. A previous study indicated that
miR-21 negatively regulated PDCD4 [17]. We con-
sistently observed that miR-21 directly targeted
PDCD4 in H9c2 cells and down-regulated its expres-
sion in H/R model and therefore GAS5 positively
modulated PDCD4 expression via targeting miR-21.
Moreover, the apoptosis-related regulator PDCD4
was successively controlled by the GAS5 and miR-
21 and the apoptosis alteration in H9c2 cells was in
accordance with the changes in the expression of
PDCD4 modulated by GAS5 and miR-21, which
could be evaluated by the differential levels of anti-
apoptosis protein Bcl-2 as well as pro-apoptosis pro-
teins Bax and cleaved caspase-9. Importantly, the
tight association among GAS5, miR-21 and
PDCD4 were evidently demonstrated in other dis-
orders including atherosclerosis and cancer [48,50].
It was well known that PTEN/PI3 K/AKT pathway
could be affected by the miR-21 in pathological
processes [51]. The PI3 K/AKT and several crucial
proteins such as Bax, cleaved caspase-3 and cleaved
caspase-9 form a pathway to exert pro- or anti-
apoptosis effect [52]. Also, the miR-21 could directly
act on the downstream PDCD4 for playing a crucial
role in the cell apoptosis [53]. We concluded in this
research that PDCD4 modulated PTEN to subse-
quently interfere with the PI3 K/AKT pathway in
H/R model. The stimulation of PI3 K and p-AKT
expression by GAS5 was suppressed by AKT inhibi-
tor, suggesting that GAS5 regulated cardiomyocyte
apoptosis via PDCD4-mediated PI3 K/AKT signal
pathway. Interestingly, in H/R-based cell model, the
relative PI3 K levels of H9c2 cells treated with
shPDCD4 were higher than that with miR-21 over-
expression, and the same result was not exhibited in

p-AKT expression level. Moreover, a recent study
demonstrated that miR-21 regulated PI3 K/AKT/
mTOR signaling by targeting transforming growth
factor-β1 (TGF-β1) during skeletal muscle develop-
ment [54]. Whether GAS5 regulates PI3 K/AKT/
mTOR signal pathway through the modulation of
TGF-β1 is unknown but worth investigation.

Conclusions

To sum up, the present study demonstrated that
the lncRNA-GAS5 is downregulated in MI and
overexpression of it promotes PDCD4 expression
and mediates MI-induced cardiomyocyte apopto-
sis via targeting miR-21, suggesting that GAS5
could be a potential diagnostic biomarker and
a beneficial therapeutic target for MI.
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