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Abstract. - OBJECTIVE: To investigate wheth-
er microRNA-489 could promote cardiomyocyte
apoptosis through targeting inhibition of SPIN1,
thus participating in the development of myocar-
dial ischemia-reperfusion injury.

MATERIALS AND METHODS: MicroRNA-489
expression in H9c2 cells induced with hypoxia/
reoxygenation (H/R) was determined by quanti-
tative real-time polymerase chain reaction (QRT-
PCR). With microRNA-489 overexpression in
H/R H9c2 cells, activities of lactate dehydro-
genase (LDH), methane dicarboxylic aldehyde
(MDA), superoxide dismutase (SOD) and gluta-
thione peroxidase (GSH-PX) were detected us-
ing relative commercial kits, respectively. The
regulatory effect of microRNA-489 on the pro-
liferation and apoptosis of H/R H9c2 cells was
assessed through cell counting kit-8 (CCK-8)
assay and flow cytometry (FCM), respectively.
Through conducting a dual-luciferase reporter
gene assay, we evaluated the binding condition
between microRNA-489 and SPIN1. Protein ex-
pressions of apoptotic genes in H/R H9c2 cells
with microRNA-489 overexpression were deter-
mined by Western blot. Finally, the regulatory
role of microRNA-489 in PI3BK/AKT pathway was
detected through Western blot.

RESULTS: QRT-PCR data showed that microR-
NA-489 was highly expressed in H/R H9c2 cells
than those in normoxic control. Overexpression
of microRNA-489 in H/R H9c2 cells increased
the activities of LDH, MDA and GSH-PX, while
decreased the activities of SOD. MicroRNA-489
overexpression markedly inhibited the prolifera-
tive rate but accelerated apoptosis of H/R H9c2
cells. Western blot results indicated that protein
expressions of pro-apoptotic genes Bax and cy-
tochrome C upregulated, whereas anti-apop-
totic gene Bcl-2 downregulated after overex-
pression of microRNA-489 in H/R H9c2 cells.
We confirmed that microRNA-489 could target
to SPIN1 and inhibit its expression. After over-
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expression of microRNA-489 in H/R H9c2 cells,
PIBK/AKT pathway was inhibited, which was
further reversed by PISBK/AKT pathway agonist
SC79. Besides, SC79 treatment also reversed
the regulatory effect of overexpressed microR-
NA-489 on cellular behaviors of H/R H9c2 cells.

CONCLUSIONS: MicroRNA-489 inhibits the
proliferation and accelerates apoptosis of car-
diomyocytes after MIRI by targeting inhibition
of SPIN1 via inactivating PISBK/AKT pathway. Mi-
croRNA-489 may be a potential therapeutic tar-
get for MIRI.
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Introduction

Blood reperfusion in the ischemic myocardi-
um further aggravates cardiomyocyte damage
or even necrosis, which is well known as myo-
cardial ischemia-reperfusion injury (MIRI).
Ischemia is a pathological manifestation of in-
sufficient blood supply due to blood supply dis-
orders. Ischemic diseases can occur in various
tissues and organs®. Reperfusion is to restore
blood supply after tissue ischemia. Ischemia is
not only the pathogenic factor of diseases, but
also the condition of reperfusion’. Free radical
damage, calcium overload, myocardial energy
metabolism disorder, endothelial cell antioxidant
system damage, related cytokines, and apopto-
sis are considered to be the reasons for IRI*’.
Particularly, apoptosis is a major cause of IRI,
which is a complex process. Accumulation of
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free radicals and intracellular Ca*" elevation are
the leading causes of cardiomyocyte apoptosis
induced by ischemia-reperfusion. Endogenous
antioxidants are inactivated or deficient due to
the hypoxic ischemic environment. The accumu-
lation of adenosine triphosphate (ATP) metabo-
lites in ischemic and hypoxic myocardial tissue,
thereafter, produces a large number of oxygen
free radicals®. Extremely unstable oxygen free
radicals immediately lead to glucose and lip-
id peroxidation, protein denaturation, enzyme
inactivation, thus resulting in DNA strand bro-
ken and apoptosis. MicroRNAs (miRNAs) are
small, endogenous, single-stranded, non-coding
RNAs, consisting of approximately 22 nucleo-
tides. They are involved in the regulation of gene
expressions’. MiRNAs are considered to be neg-
ative regulators in gene expressions by comple-
mentary pairing with the 3’UTR of target mR-
NAZ. About one-third of genes are currently reg-
ulated by miRNAs’. Recent studies have shown
that some miRNAs are highly expressed in the
cardiovascular diseases, showing a certain reg-
ulatory function, which may be utilized as ther-
apeutic targets'®"’. MicroRNA-489 is a recently
discovered gene that is associated with tumori-
genesis. It has been found that microRNA-489
is lowly expressed in various malignancies, such
as colon cancer, non-small cell lung cancer, and
breast cancer'*'®. MicroRNA-489 exerts an an-
ti-cancer effect through regulating tumor cell
proliferation, migration, epithelial-mesenchymal
transition (EMT), and chemotherapy resistance.
Overexpression of microRNA-489 induced
apoptosis of glioma cells'”. However, the specific
role of microRNA-489 in cardiomyocytes after
MIRI has not been well elucidated. This study
investigated the potential influence of microR-
NA-489 on biological behaviors of H/R-induced
cardiomyocytes and its underlying mechanism.

Materials and Methods

Cell Culture and H/R Induction

Embryonic rat cardiac-derived H9c2 cells
were obtained from ATCC (American Type Cul-
ture Collection) (Manassas, VA, USA). These
cells were cultured in DMEM (Dulbecco’s Mod-
ified Eagle’s Medium, Sigma-Aldrich, St. Louis,
MO, USA) containing 10% FBS (fetal bovine
serum, Invitrogen, Carlsbad, CA, USA). For
H/R induction, H9¢2 cells were placed in a hu-
midified chamber equilibrated with 5% CO, and

95% N, for 4 h, followed by reoxygenation with
5% CO, and 95% air for 3 h in DMEM contain-
ing 10% FBS. After 24 h of reoxygenation, cells
were harvested for the following use. H9¢c2 cells
under the normoxic environment were collected
as control.

Transfection

Cells with a good viability were seeded in
6-well plates and incubated in 1.5 mL of se-
rum-free medium with 500 pL of Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) for 24-48
h. Transfection plasmids (microRNA-489 mim-
ics, siRNA-SPIN1 and negative control) and
PI3K/AKT pathway agonist SC79 were provided
by GenePharma (Shanghai, China).

RNA Extraction

Cells were lysed in 1 mL of TRIzol (Invitro-
gen, Carlsbad, CA, USA) and thoroughly mixed
with chloroform. After centrifugation at 4°C,
12,000 rpm for 10 minutes, the precipitate was
incubated with isopropanol for another centrifu-
gation. Finally, the precipitate was washed with
75% ethanol, air-dried and dissolved in diethyl
pyrocarbonate (DEPC) water (Beyotime, Shang-
hai, China). RNA sample was quantified, purified
and preserved in a -80°C refrigerator.

Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

The extracted RNA was reversely transcribed
on ice to obtain complementary deoxyribose nu-
cleic acid (cDNA). The reverse transcript tem-
plate was diluted to a final concentration of 10
ng/pL in DEPC water. QRT-PCR was carried out
in accordance with the instructions of the SYBR
Green PCR Kit (TaKaRa, Dalian, China) with
a total reaction system of 10 pL. Parameters of
qRT-PCR were: Pre-denaturation at 95°C for 15
min, followed by 40 cycles of denaturation at
94°C for 15 s, annealing at 55°C for 30 s and
extension at 72°C for 30 s. Primers of microR-
NA-489, SPINI, glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) and U6 were as follows:
MicroRNA-489, F: 5-ACACTCCAGCTGGG-
GTGACATCACATA-3, R: 5- TGGTGTCGT-
GGAGTCG-3’; SPINI, F: 5-GCAATGGCCCT-
GTTACCCA-3, R: 5-TGTCCGCTAAGTGTG-
CATCG-3; GAPDH, F: 5-GGAATCCACTGG-
CGTCTTCA-3, R: 5-GGTTCACGCCCATCA-
CAAAC-3; U6, F: 5-ACACTCCAGCTGGG-
GTGCTCGCTTCGGCAGCACA-3', R: 5-AGG-
GTCCGAGGTATTC-3".
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Determination of Levels of Lactate
Dehydrogenase (LDH), Methane
Dicarboxylic Aldehyde (MDA,
Superoxide Dismutase (SOD) and
Glutathione Peroxidase (GSH-PX)

Commercial LDH, MDA, SOD and GSH-PX
determination kits were obtained from Sangon
Biotech (Shanghai, China). Transfected cells were
harvested for determining these levels based on
the manufacturer’s recommendations.

Cell Proliferation Assay

Cells in the logarithmic growth phase were
cultured in a 96-well plate at a density of 4x10%/
mL with 100 pL per well. Five replicate wells
were set in each group. Viability was tested at
0 h, 24 h, 48 h, and 72 h after seeding, respec-
tively. Two hours before the test, 10 puL of cell
counting kit-8 (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan) solution was added to each
well and incubated at 37°C for 1 h. The wave-
length at 450 nm was detected by a microplate
reader. The absorbance values of each well
were measured for three independent tests and
the proliferation curve was plotted.

Flow Cytometry (FCM)

Transfected H9¢2 cells for 48 h were digested,
washed and resuspended in 240 pL of 1xBinding
buffer. Cell density was adjusted to 2x10>/mL. A
total of 5 pL of Annexin V-APC and 10 pL of
7-AAD were added and cells were maintained in
dark for 30 min. Before cell apoptosis determina-
tion using FCM, cells were diluted in 260 pL of
1xBinding buffer.

Dual-Luciferase Reporter Gene Assay

SPIN1 3’UTR containing the wild-type or
mutant-type sequences of the microRNA-489
target binding sites was cloned into the lu-
ciferase reporter vector, respectively. It was
co-transfected with microRNA-489 mimics in
H9c2 cells, followed by luciferase activity de-
termination.

Western Blot

Total protein was extracted from cell lysis,
quantified and electrophoresed. After transferring
on polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA), they were incu-
bated with primary antibodies at 4°C. At the other
day, membranes were incubated with the corre-
sponding secondary antibody for 2 h. Bands were
exposed with the enhanced chemiluminescence.

Integral optical density was analyzed by gel im-
aging analysis system (Thermo Fisher Scientific,
Waltham, MA, USA).

Statistical Analysis

Data were analyzed by using Statistical Prod-
uct and Service Solutions (SPSS) 20.0 statisti-
cal software (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 5 (GraphPad Software Inc., La
Jolla, CA, USA). Quantitative data were repre-
sented as mean + standard deviation (X + s5) and
analyzed by the #-test. p<0.05 was considered as
statistically significant.

Results

MicroRNA-489 Was Highly Expressed in
H/R H9cZ Cells

QRT-PCR data showed that microRNA-489
was highly expressed in H/R H9c2 cells than that
in normoxic control (Figure 1A). Subsequent-
ly, microRNA-489 expression was found to be
markedly upregulated in H/R H9¢2 cells trans-
fected with microRNA-489 mimics, suggesting
the sufficient transfection efficacy (Figure 1B).
By transfection of microRNA-489 mimics, activ-
ities of LDH, MDA and GSH-PX elevated, while
activities of SOD decreased in H/R H9c2 cells,
showing the aggravated myocardial injury (Fig-
ure 1C-1F).

Overexpression of microRNA-489
Inhibited Viability But Accelerated
Apoptosis of H/R H9c2 Cells

We overexpressed microRNA-489 in H/R
HO9c¢2 cells and examined the effect of microR-
NA-489 on cell proliferation. CCK-8 assay results
showed that cardiomyocyte proliferation was sig-
nificantly attenuated after transfection of microR-
NA-489 mimics (Figure 2A). Meanwhile, FCM
data showed a higher apoptotic rate of H/R H9c2
cells after microRNA-489 overexpression (Figure
2B). Expressions of apoptotic genes were deter-
mined at both mRNA and protein levels. Identi-
cally, pro-apoptotic genes Bax and cytochrome C
increased, whereas anti-apoptotic gene Bcl-2 de-
creased in those transfected with microRNA-489
mimics (Figure 2C). Protein levels of Bax, cy-
tochrome C and Bcl-2 yielded the same changes
as their mRNA levels (Figure 2D). Those results
showed that overexpression of microRNA-489 in
H/R H9¢2 cells inhibited cell proliferation and in-
duced apoptosis.
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Figure 1. MicroRNA-489 was highly expressed in H/R H9c2 cells. 4, MicroRNA-489 was highly expressed in H/R H9c2 cells. B,
Transfection efficacy of microRNA-489 mimics in H/R H9¢2 cells. C, LDH level in H/R H9¢2 cells transfected with microRNA-489
mimics. D, MDA level in H/R H9¢2 cells transfected with microRNA-489 mimics. E, SOD level in H/R H9¢2 cells transfected with
microRNA-489 mimics. F, GSH-PX level in H/R H9c2 cells transfected with microRNA-489 mimics. *p<0.05, ***p<0.001.
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Figure 2. Overexpression of microRNA-489 inhibited viability but accelerated apoptosis of H/R H9¢2 cells. 4, CCK-8 assay showed
that microRNA-489 overexpression inhibited proliferation of H/R H9¢2 cells. B, FCM data showed that microRNA-489 overexpression
accelerated apoptosis of H/R H9¢2 cells. C, The mRNA levels of apoptotic genes in H/R H9¢c2 cells transfected with microRNA-489
mimics. D, The protein levels of apoptotic genes in H/R H9c2 cells transfected with microRNA-489 mimics. *p<0.05.
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MicroRNA-489 Inhibited
SPIN1 Expression

SPIN1 was the downstream target of microR-
NA-489 through bioinformatics prediction and
function analyses. QRT-PCR results demonstrated
alower expression of SPIN1 in H/R H9¢2 cells than
that in normoxic control (Figure 3A). The binding
condition was then verified by dual-luciferase re-
porter gene assay (Figure 3B). Overexpression of
microRNA-489 downregulated SPIN1 expres-
sion in H9¢2 cells, showing a negative correlation
between them (Figure 3C). To further elucidate
the potential role of SPINI in MIRI regulated by
microRNA-489, siRNA-SPIN1 was constructed
and verified its transfection efficacy (Figure 3D).

Through CCK-8 assay and FCM, we found that
knockdown of SPIN1 inhibited the cell viability
but induced apoptosis of H/R H9c2 cells (Figure
3E and 3F). Similarly, knockdown of SPIN1 upreg-
ulated Bax and cytochrome C, and downregulated
Bcl-2 at both mRNA and protein levels (Figure 3G
and 3H). All the above results indicated that mi-
croRNA-489 may exert its biological effects by in-
hibiting the expression of SPINI.

MicroRNA-489 Inhibited
PI3K/AKT Pathway

Previous studies have shown that microR-
NA-489 exerted its biological effects through
activating the PI3K/AKT pathway'®. We found
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Figure 3. MicroRNA-489 inhibited SPIN1 expression. 4, SPIN1 was lowly expressed in H/R H9¢c2 cells. B, Dual-luciferase
reporter gene assay confirmed the binding between microRNA-489 and SPIN1. C, Expression level of SPIN1 in H/R H9¢2 cells
transfected with microRNA-489 mimics. D, Transfection efficacy of siRNA-SPIN1 H/R H9c2 cells. E, CCK-8 assay showed
that SPIN1 knockdown inhibited proliferation of H/R H9¢c2 cells. F, FCM data proved that SPIN1 knockdown accelerated
apoptosis of H/R H9¢2 cells. G, The mRNA levels of apoptotic genes in H/R H9c2 cells transfected with siRNA-SPINI. H,
The protein levels of apoptotic genes in H/R H9¢2 cells transfected with siRNA-SPIN1. *p<0.05, **p<0.01.
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that the expression levels of p-AKT and p-mTOR
remarkably decreased after overexpression of mi-
croRNA-489 by Western blot (Figure 4A). We
suggested that the PI3K/AKT pathway was inhib-
ited by overexpression of microRNA-489. Sub-
sequently, H/R H9c2 cells were transfected with
PI3K/AKT pathway agonist SC79. Interestingly,
SC79 reversed the regulatory effects of microR-
NA-489 on apoptosis and the proliferation (Figure
4B and 4C). SC79 treatment in H/R H9¢c2 cells
transfected with microRNA-489 mimics upregu-
lated Bcl-2, and downregulated Bax, cytochrome
C, cleaved caspase-3 and cleaved caspase-9 at
both mRNA and protein levels, respectively (Fig-
ure 4D and 4E). These results demonstrated that
microRNA-489 inhibits the cell proliferation and
induces apoptosis of H/R-induced cardiomyo-
cytes through inhibiting PI3K/AKT pathway.

Discussion

Previous studies'® have found that apoptosis is
the major reason for myocardial ischemia-reper-

fusion injury. As the main terminal cleavage
enzyme during apoptosis, caspase-3 is involved
in DNA repair and basal integrity. It can cleave
PKCd and PKCq, whose overexpression can lead
to apoptosis, fully demonstrating the crucial role
of caspase-3 in apoptosis induction®. Bcl-2 pre-
vents apoptosis through inhibiting mitochondrial
rupture, caspase-3 activation and Bax cytotoxic-
ity?!. Tt is believed that the anti-apoptotic effect
of Bcl-2 may be related to anti-oxidation effect,
inhibition of calcium ion transmembrane flow and
ion channel proteins®?>. Bax, a member of the Bcl-
2 gene family, activates the pro-apoptotic protein
caspase-9 and promotes apoptosis®. Overexpres-
sion of Bax antagonizes the protective effect of
Bcel-2 in breast cells and respiratory epithelial
cells?*. Therefore, the Bax/Bcl-2 ratio accurate-
ly reflects the apoptotic regulatory effect of the
Bcl-2 family®. SPINI belongs to the Spin/Ssty
family and is a meiotic spindle protein. SPIN1
was first found to be highly expressed in ovarian
cancer cells®. It regulates the stability of spindle
tissue and chromosome, and exerts a crucial role
in tumor progression. SPIN1 has been shown to
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Figure 4. MicroRNA-489 inhibited PI3K/AKT pathway. A, Overexpression of microRNA-489 inhibited PI3K/AKT pathway.
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regulate the progression of many cancers. For ex-
ample, microRNA-489 increases chemosensitivi-
ty of breast cancer by inhibiting SPINI1-mediated
PI3K-AKT pathway?’. MiR-409 inhibited the pro-
gression of non-small cell lung cancer by direct
targeting of SPIN1%. SPIN1 promoted the prolif-
eration of ovarian cancer cells through activating
Wnt/TCF-4 pathway, suggesting that SPINI may
play a key role in tumor invasiveness®. In this
study, we found that microRNA-489 was highly
expressed in H/R H9¢2 cells compared with nor-
moxic control. After overexpression of microR-
NA-489 in H/R H9c2 cells, levels of myocardial
injury markers (LDH, MDA, SOD, and GSH-PX)
increased. Subsequently, we observed that mi-
croRNA-489 overexpression inhibited cell prolif-
eration and induced apoptosis of H/R H9¢2 cells.
Besides, expression levels of apoptotic genes Bax
and cytochrome C increased, whereas anti-apop-
totic gene Bcl-2 decreased. Previous studies have
shown that microRNA-489 promotes apoptosis
through inhibiting SPIN1 expression'’. We there-
after suspected that microRNA-489 might al-
so exert a similar function in MIRI through the
same mechanism. SPIN1 was highly expressed in
H/R H9¢2 cells compared with normoxic control.
Meanwhile, SPIN1 was verified to bind to mi-
croRNA-489. However, the expression of SPIN1
was negatively regulated by microRNA-489. Fur-
thermore, knockdown of SPIN1 in H/R H9¢2 cells
inhibited the proliferative potential, but accelerat-
ed apoptosis. At the same time, expression levels
of Bax and cytochrome C upregulated, whereas
Bcl-2 downregulated in H9¢2 cells after knock-
down of SPINI. To elucidate the specific role of
microRNA-489 in regulating biological behaviors
of H9¢2 cells, we detected the changes of PI3K/
AKT pathway. Overexpression of microRNA-489
downregulated p-AKT and p-mTOR, indicating
the inhibited PI3K/AKT pathway. Interestingly,
the PI3K/AKT agonist SC79 reversed the regu-
latory effect of overexpressed microRNA-489 on
the inhibited proliferation and accelerated apop-
tosis of H9c2 cells. Expression changes in Bax,
cytochrome C and Bcl-2 were identically reversed
by SC79 treatment. We may conclude that mi-
croRNA-489 is expected to be a therapeutic target
for myocardial ischemia-reperfusion injury.

Conclusions

We detected in this study that microRNA-489
inhibits the proliferation and accelerates apop-

tosis of cardiomyocytes after MIRI by targeting
inhibition of SPINI via inactivating PI3K/AKT
pathway. MicroRNA-489 may be a potential ther-
apeutic target for MIRI.
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