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The aim of this study was to explore the role and regulatory mechanism of microRNA-298 (miR-298) in myocardial
ischemic injury. H9c2 cardiomyocytes were cultured under hypoxia (3 % O,) conditions to induce myocardial isch-
emic injury. Subsequently, the effects of miR-298 overexpression and suppression on hypoxia-induced myocardial
damage in H9c2 cells were investigated. Moreover, the target of miR-298 was identified in H9c2 cells and the
relationship between miR-298 and the activation of PTEN/PI3K/AKT signaling pathway was explored. miR-298
was upregulated in hypoxia-stimulated H9c2 cells. Overexpression of miR-298 distinctly aggravated hypoxia-in-
duced myocardial damage in hypoxia-treated H9c2 cells, whereas inhibition of miR-298 alleviated hypoxia-induced
injury. Moreover, miR-298 negatively regulated the expression of cyclin D1, and cyclin D1 was a target of miR-298
in H9c2 cells. Suppression of cyclin D1 significantly reversed the effects of suppression of miR-298 on hypoxia-in-
duced myocardial damage. Lastly, inhibition of miR-298 activated the PTEN/PI3K/AKT signaling pathway, and this
effect could be reversed after suppression of cyclin D1. Our results reveal that miR-298 may exacerbate myocardial
ischemic injury by targeting cyclin D1 and regulating the activation of PTEN/PI3K/AKT signaling pathway. miR-298

may serve as a promising targets for reducing myocardial ischemic injury.

1. Introduction

Myocardial ischemic injury is caused by severe impairment of
coronary blood supply (Buja 2005) and results in a spectrum of
myocardial dysfunctions, such as cardiac dysfunction and myocyte
death (Martindale and Metzger 2014). Myocardial infarction
is considered as a major cardiovascular disorder resulting from
myocardial ischemia (Lindsey et al. 2018), which is a leading
cause of death around the world (Do et al. 2015). The therapeutic
strategies that protect against myocardial ischemia-reperfusion
(I/R) injury can prevent acute myocardial infarction (Hausenloy
and Yellon 2013; Ruiz-Meana and Garcia-Dorado 2009). To reduce
myocardial ischemic injury, it still imperative to explore the crucial
mechanisms underlying myocardial ischemia.

MicroRNAs (miRNAs) are small (about 22 nt) noncoding single-
stranded RNAs that downregulate gene expression through
binding to 3’-untranslated region (UTR) of target genes (Bartel
2004; Mirzamohammadi et al. 2014). Accumulating studies
have reported that miRNAs function as key regulators in modu-
lating myocardial I/R injury (Sala et al. 2014; Ye et al. 2010).
For instance, miR-155 is shown to aggravate I/R injury through
regulating inflammatory cell recruitment and the generation of
reactive oxygen species of macrophages (Eisenhardt et al. 2015).
In patients with acute myocardial ischemia, miR-30b can protect
myocardial cell function by targeting plasminogen activator inhib-
itor-1 (Li et al. 2018). However, the crucial miRNAs involving in
myocardial ischemia have not been fully investigated.
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Fig. 1:

Hypoxia induced injury in H9c2 cells. A: MTT assay showed cell viability after hypoxia treatment; B: Flow cytometry showed cell apoptosis after hypoxia treatment, and

western blot showed the expression of apoptosis-related proteins; C-D: Transwell assay showed cell migration and invasion after hypoxia treatment. All experiments were

repeated three times. ** P < 0.01 and *** P < 0.001 compared to control.
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MiR-298 can improve the cardiac function and reduce myocardial
apoptosis after myocardial infarction (Zhang et al. 2018). Moreover,
miR-298 is found upregulated in the rat model of post-infarction
heart failure (Liu et al. 2016). Therefore, we hypothesized that there
is the association between dysregulation of miR-298 and myocar-
dial ischemia injury. To verify this, H9c2 cells were cultured under
hypoxic conditions to construct a model of myocardial ischemia
injury. Subsequently, the effects and regulatory mechanism of
miR-298 dysregualtion on hypoxia-induced myocardial damage in
HO9c2 cells were explored. Our study will provide a new insight for
better understanding of the process of myocardial ischemic injury.

2. Investigations and results

2.1. Hypoxia induced injury in H9c2 cells

In this study, we firstly investigated whether hypoxia induced
injury in H9c2 cells. In relation to control, hypoxia treatment
significantly inhibited cell viability (Fig. 1A), promoted apoptosis
(Fig. 1B), and decreased the abilities of migration (Fig. 1C) and
invasion (Fig. 1D) in H9¢c2 cells (P < 0.01). These data indicated
that hypoxia induced injury in H9¢2 cells.

2.2. Suppression of miR-298 alleviated hypoxia-induced
myocardial damage

After hypoxia treatment, the expression of miR-298 was remarkably
upregulated (P < 0.01, Fig. 2A). Moreover, miR-298 was further
dysregulated in H9c2 cells to investigate the effects of miR-298
on hypoxia-induced myocardial damage. As presented in Fig. 2B,
miR-298 was successfully overexpressed in H9c2 cells after trans-
fection with miR-298 mimic (P < 0.001), and that was significantly

suppressed after transfection with miR-298 inhibitor (P < 0.01).
Subsequently, we found that overexpression of miR-298 distinctly
aggravated hypoxia-induced myocardial damage in hypoxia-treated
HO9c2 cells by further decreasing cell viability (Fig. 2C), promoting
cell apoptosis (Fig. 2D), and decreasing the abilities of migration
(Fig. 2E) and invasion (Fig. 2F) (all P < 0.05). However, inhibition
of miR-298 alleviated hypoxia-induced myocardial damage in
hypoxia-treated H9¢2 cells (all P < 0.05, Fig. 2C-F).

2.3. MiR-298 negatively regulated cyclin D1 expression,
and cyclin D1 was a target of miR-298

Previous studies have shown that cyclin D1 is a crucial regulator in
cell cycle that plays a key role in regulating cardiomyocyte prolif-
eration and cardiac regeneration (Mohamed et al. 2018). Therefore,
we further investigated that whether cyclin D1 was a potential target
of miR-298. As shown in Fig. 3A, the binding sequence of miR-298
and cyclin D1 was predicted by Tagetscan online tool. Moreover,
luciferase reporter assay revealed that miR-298 could target the
cyclin D1 3°UTR (Fig. 3B). Furthermore, miR-298 mimic signifi-
cantly decreased the expression of cyclin D1 at mRNA and protein
levels, whereas miR-298 inhibitor had opposite effects (P < 0.05,
Fig. 3C-D). These data indicated that miR-298 negatively regulated
cyclin D1 expression, and cyclin D1 was a target of miR-298.

2.4. Suppression of miR-298 alleviated hypoxia-induced
myocardial damage by negative upregulation of cyclin D1

Cyclin D1 was further knocked down in H9c2 cells, as a result,
the expression of cyclin D1 at mRNA and protein levels were
significantly down-regulated in H9c2 cells after transfection
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Fig. 2: Overexpression of miR-298 aggravated hypoxia-induced myocardial damage in hypoxia-treated H9c2 cells, whereas inhibition of miR-298 alleviated this injury. A: gPCR
showed the expression of miR-298 after hypoxia treatment; B: gPCR showed the dysregulation of miR-298 after transfections. C: MTT assay showed cell viability after
different treatments; D: Flow cytometry showed cell apoptosis after different treatments, and western blot showed the expression of apoptosis-related proteins; E-F: Transwell
assay showed cell migration and invasion after different treatments. All experiments were repeated three times. * P < 0.05, ** P <0.01, and *** P <0.001 compared to control.

with si-cyclin D1 (P < 0.01, Fig. 4A). Subsequently, the results
showed that the effects of inhibition of miR-298 alone on hypox-
ia-induced myocardial damage in hypoxia-treated H9c2 cells were
significantly reversed after inhibition of miR-298 and suppression
of cyclin D1 concurrently, as cell viability was further decreased
(P < 0.05, Fig. 4B), cell apoptosis was promoted (P < 0.01, Fig.
4C), and the abilities of migration and invasion was inhibited
(P < 0.05, Fig. 4D-E). These data indicated that suppression of
miR-298 alleviated hypoxia-induced myocardial damage by nega-
tive upregulation of cyclin D1.

2.5. Inhibition of miR-298 activated PTEN/PI3K/AKT
signaling pathway via targeting cyclin D1

The downstream mechanism of miR-298/cyclin D1 in regu-
lating hypoxia-induced myocardial damage was investigated. As
shown in Fig. 4F, hypoxia treatment significantly increased the
expression of PTEN and decreased the expression of p-PI3K/t-
PI3K and p-AKT/t-AKT in H9c2 cells. Moreover, inhibition of
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miR-298 remarkably decreased PTEN expression and increased
the expression levels of p-PI3K/t-PI3K and p-AKT/t-AKT in
hypoxia-treated H9¢c2 cells (all P < 0.05), indicating that inhi-
bition of miR-298 significantly activated the PTEN/PI3K/AKT
signaling pathway. However, suppression of cyclin D1 at the same
time clearly reversed the effects of inhibition of miR-298 on the
expression changes of these proteins in hypoxia-treated H9¢2 cells
(all P < 0.05). These data indicated that inhibition of miR-298 acti-
vated PTEN/PI3K/AKT signaling pathway via targeting cyclin D1.

3. Discussion

Recently, the mechanism of I/R has been explored intensively, but
it is still largely unknown. In this study, we studied the role and
mechanisms of miR-298 on the hypoxia-induced myocardial injury
in H9¢2 cells. We found that miR-298 was upregulated in hypox-
ia-stimulated H9c2 cells. Overexpression of miR-298 distinctly
aggravated hypoxia-induced myocardial damage in hypox-
ia-treated H9c2 cells, whereas inhibition of miR-298 alleviated
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Fig. 3: MiR-298 negatively regulated cyclin D1 expression, and cyclin D1 was a target of miR-298. A: The predicted binding sequence of miR-298 and cyclin D1 by Tagetscan
online too; B: Luciferase reporter assay revealed that miR-298 could target the cyclin D1 3’UTR; C-D: qPCR and western blot showed the mRNA and protein expression
levels of cyclin D1 after dysregulation of miR-298 by transfection. All experiments were repeated three times. * P < 0.05 and ** P < 0.01 compared to control.
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Fig.4 Suppression of miR-298 alleviated hypoxia-induced myocardial damage by negative upregulation of cyclin D1. A: qPCR and western blot showed the mRNA and protein
expression levels of cyclin D1 after transfection with si-cyclin D1 and si-NC. B: MTT assay showed cell viability after different treatments; C: Flow cytometry showed
cell apoptosis after different treatments, and western blot showed the expression of apoptosis-related proteins; D-E: Transwell assay showed cell migration and invasion
after different treatments. F: The protein expression of PTEN/PI3K/AKT signaling pathway-related proteins after hypoxia, inhibition of miR-298 and/or suppression of
cyclin D1. All experiments were repeated three times. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared to control.
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hypoxia-induced injury. Moreover, miR-298 negatively regulated
the expression of cyclin D1, and cyclin D1 was a target of miR-298
in H9¢2 cells. Suppression of cyclin D1 significantly reversed the
effects of suppression of miR-298 on hypoxia-induced myocardial
damage. Lastly, inhibition of miR-298 activated PTEN/PI3K/AKT
signaling pathway, and this effect could be reversed after suppres-
sion of cyclin D1. These data indicate that miR-298 may play a key
role in hypoxia-induced myocardial damage.

In previous studies, miR-298 is found to be involved in the pathological
process of many diseases, such as diverse cancers (Bao et al. 2012; Cao
etal. 2018; Yan et al. 2016). In a recent study, miR-298 is shown to play
a key role in regulating apoptosis of cardiomyocytes after myocardial
infarction (Zhang et al. 2018). Moreover, it is reported that miR-298
exacerbates I/R Injury following ischemic stroke (Sun et al. 2018). In
this study, miR-298 was upregulated in hypoxia-stimulated H9¢2 cells.
Overexpression of miR-298 distinctly aggravated hypoxia-induced
myocardial damage in hypoxia-treated H9¢c2 cells, whereas inhibition
of miR-298 alleviated hypoxia-induced injury. We thus speculate that
miR-298 can aggravate myocardial ischemic injury.

Furthermore, one important finding of our study was cyclin D1
was a target of miR-298 in H9¢c2 cells. It has been revealed that the
impairment of nuclear expression of cyclin D1 is one of the obsta-
cles to cell cycle in cardiomyocytes (Mimi et al. 2003). Toyoda et
al. (2003) demonstrated that cyclin D1 was involved in regulation of
cardiac cell proliferation. Moreover, cyclin D1 is shown to regulate
the effects of hypoxia-induced miR-191 on hepatic I/R injury (Pan
et al. 2019). In this study, suppression of cyclin D1 significantly
reversed the effects of suppression of miR-298 on hypoxia-induced
myocardial damage. It can therefore be speculated that miR-298
may exacerbate myocardial ischemic injury via targeting cyclin D1.
Strikingly, we also found that inhibition of miR-298 activated
PTEN/PI3K/AKT signaling pathway, and this effect could be
reversed after suppression of cyclin D1. PTEN is shown to play
a crucial role in regulating myocardial I/R injury by inhibiting
anti-apoptotic survival signals (Ruan et al. 2009). Moreover, PTEN
is a major antagonist of PI3K activity (Siddall et al. 2008), which
can activate the PI3K activity and attenuate cardiac injury after /R
(Keyes et al. 2010). Moreover, it is shown that the activation of the
PI3K/AKT pathway induced by insulin can not only reduce cardio-
myocyte apoptosis but also improve cardiac function (Yao and Han
2014). Furthermore, Kong et al. (2016) revealed that HSPA12B
could alleviate acute myocardial I/R injury through a PI3K/Akt/
mTOR-dependent mechanism. Wang et al. (2018) confirmed that
shikonin prevented hypoxia/reoxygenation injury in H9¢2 cardio-
myocytes via activation of PI3K/Akt signaling pathway. Given the
key role of PTEN/PI3K/AKT signaling pathway in myocardial
I/R injury, we speculate that miR-298 may exacerbate myocardial
ischemic injury via suppressing the activation of this pathway.

In conclusion, our results reveal that miR-298 may exacerbate
myocardial ischemic injury via targeting cyclin D1 and regulating
the activation of PTEN/PI3K/AKT signaling pathway. miR-298 may
serve as a promising targets for reducing myocardial ischemic injury.

4. Experimental

4.1. Cell culture and treatment

The H9¢2 cardiac muscle cell line was cultured in Dulbecco’s modified Earl’s
medium (DMEM) containing 10 % fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin at 37 °C in an incubator with 5 % CO,. To simulate
hypoxia, H9¢c2 cells were then maintained in a hypoxic incubator containing 1 % O,,
94 % N,, and 5 % CO,.

4.2. Quantitative PCR (qPCR)

Total RNA was extracted from different treated H9c2 cells using Trizol reagent
(Life Technologies Corporation, Carlsbad, CA, USA) and then subjected to reverse
transcription for cDNA synthesis. To test the expression of miR-298, real-time
qPCR was conducted using the Tagman MicroRNA Reverse Transcription Kit and
Tagman Universal Master Mix II with the TagMan MicroRNA Assay of miR-298
and U6 (Applied Biosystems, Foster City, CA, USA). U6 was used as the internal
control. To determine gene expression, real-time qPCR was conducted using the One
Step SYBR® PrimeScript®PLUS RT-RNA PCR Kit (TaKaRa Biotechnology, Dalian,
China), and GAPDH served as the inference. Finally, fold changes of gene expression
were calculated by relative quantification (2-**Y method.
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4.3. Cell transfection

Cells transfection was performed using Lipofectamine® RNAIMAX Transfection
Reagent (Life technologies, Carlsbad, California, USA). In brief, 1x10° H9¢2 cells
were transfected with miR-298 mimic, mimic, miR-298 inhibitor, inhibitor control
(Life technologies), small interfering RNA (siRNA) against cyclin D1 (si-cyclin D1)
or negative control (si-NC) (Life technologies) for 72 h.

4.4. Cell viability assay

For cell viability assay, 1x10° cells were seeded in duplicate in 60-mm dishes. After
different treatments, H9c2 cells were washed, and live cell numbers were determined
by trypan blue exclusion.

4.5. Apoptosis assay

After different treatments, H9c2 cells were washed in PBS and then fixed in 70 %
ethanol. Subsequently, fixed cells were subjected to propidium iodide (PI) and fluores-
cein isothiocynate (FITC)-conjugated Annexin V staining in the presence of 50 pg/ml
RNase A (Sigma-Aldrich) for 1 h at room temperature in the dark. The apoptotic cells
were then detected by flow cytometry using a FACS can (Beckman Coulter, Fullerton,
CA, USA), and the obtained data were analyzed using FlowJo software.

4.6. Migration assay

Cell migration was assessed using a modified two-chamber migration assay. Briefly,
after different treatments, H9¢c2 cells suspended in 200 pl of serum-free medium
were plated into the upper compartment of 24-well Transwell culture chamber
(8 uM pore size; BD Biosciences). The lower compartment was then added with
600 pl of complete medium. After incubation for 48 h at 37 °C, non-migrated cells
were removed with a cotton swab. Finally, the migrated cells on the lower side of the
filter were fixed, stained with crystal violet, and counted microscopically.

4.7. Invasion assay

Cell invasion was determined using 24-well Millicell Hanging Cell Culture inserts
with 8 mm PET membranes (Millipore, Bedford, Massachusetts, USA). Briefly, after
different treatments, 5.0 x 10* cells suspended in 200 pl serum-free DMEM medium
were plated onto BD BioCoat™ Matrigel ™ Invasion Chambers (8 uM pore size poly-
carbonate filters; BD Biosciences). Meanwhile, the complete medium was also added
to the lower chamber. After incubation for 48 h, the non-invading cells were removed
with a cotton swab. The invading cells were fixed in 100 % methanol, stained with
crystal violet, and counted microscopically.

4.8. Luciferase reporter assay

To construct the reporter vector cyclin D1-wild-type (cyclin D1-WT), the fragment
from cyclin D1 containing the predicted miR-298 binding site was amplified and then
cloned into a pmirGlO Dual-luciferase miRNA Target Expression Vector (Promega,
Madison, WI, USA). To form the reporter vector cyclin DI-mutated-type (cyclin
DI1-MUT), the sequence of putative binding site of miR-298 in the cyclin D1 was
mutated. Subsequently, HEK 293T cells were co-transfected with the reporter vectors
and miR-298 mimics, and the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) were applied to determine the luciferase activity.

4.9. Western blot

Total protein was extracted from cells using RIPA lysis buffer (Beyotime Biotech-
nology, Shanghai, China) that was prepared by supplement with protease inhibitors
(Roche, Guangzhou, China). The protein quantification was then performed using
the BCA™ Protein Assay Kit (Pierce, Appleton, WI, USA). The western blot system
was established using a Bio-Rad Bis-Tris Gel system. Primary antibodies were
purchased from Abcam (Cambridge, UK) and prepared in 5 % blocking buffer at a
dilution of 1:1,000. The Polyvinylidene Difluoride (PVDF) membranes were probed
with primary antibodies at 4°C overnight, and then incubated with horseradish
peroxidase-marked secondary antibody for 1 h at room temperature. After rinsing,
the membranes were transferred into the Bio-Rad ChemiDoc™ XRS system, and the
protein signals were revealed by incubation with 200 ul Immobilon Western Chemilu-
minescent HRP Substrate (Millipore, MA, USA). Finally, the intensity of the protein
bands was quantified using Image Lab™ Software (Bio-Rad, Shanghai, China).

4.10. Statistical analysis

All experiments were repeated three times. Statistical analyses for data were
performed using Graphpad 6.0 statistical software. The data obtained from multiple
experiments are presented as the meanzstandard deviation (SD). The data between
different groups were compared using a one-way analysis of variance (ANOVA) and
P < 0.05 was defined as a statistically significant result.

Conflict of interests: None declared.

References

Bao L, Hazari S, Mehra S, Kaushal D, Moroz K, Dash S (2012) Increased expression
of P-glycoprotein and doxorubicin chemoresistance of metastatic breast cancer is
regulated by miR-298. Am J Pathol 180: 2490-2503.

Pharmazie 74 (2019)



ORIGINAL ARTICLES

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116: 281-297.

Buja LM (2005) Myocardial ischemia and reperfusion injury. Cardiovasc Pathol 14:
170-175.

Cao N, Mu L, Yang W, Liu L, Liang L, Zhang H (2018) MicroRNA-298 represses
hepatocellular carcinoma progression by inhibiting CTNND1-mediated Wnt/p-cat-
enin signaling. Biomed Pharmacother 106: 483-490.

Do R, Stitziel NO, Won H-H, Jgrgensen AB, Duga S, Merlini PA, Kiezun
A, Farrall M, Goel A, Zuk O, Guella I, Asselta R, Lange LA, Peloso GM,
Auer PL; NHLBI Exome Sequencing Project, Girelli D, Martinelli N, Farlow
DN, DePristo MA, Roberts R, Stewart AF, Saleheen D, Danesh J, Epstein
SE, Sivapalaratnam S, Hovingh GK, Kastelein JJ, Samani NJ, Schunkert H,
Erdmann J, Shah SH, Kraus WE, Davies R, Nikpay M, Johansen CT, Wang
J, Hegele RA, Hechter E, Marz W, Kleber ME, Huang J, Johnson AD, Li M,
Burke GL, Gross M, Liu Y, Assimes TL, Heiss G, Lange EM, Folsom AR,
Taylor HA, Olivieri O, Hamsten A, Clarke R, Reilly DF, Yin W, Rivas MA,
Donnelly P, Rossouw JE, Psaty BM, Herrington DM, Wilson JG, Rich SS,
Bamshad MJ, Tracy RP, Cupples LA, Rader DJ, Reilly MP, Spertus JA, Cresci
S, Hartiala J, Tang WH, Hazen SL, Allayee H, Reiner AP, Carlson CS, Kooper-
berg C, Jackson RD, Boerwinkle E, Lander ES, Schwartz SM, Siscovick DS,
McPherson R, Tybjaerg-Hansen A, Abecasis GR, Watkins H, Nickerson DA,
Ardissino D, Sunyaev SR, O’Donnell CJ, Altshuler D, Gabriel S, Kathiresan S
(2015) Exome sequencing identifies rare LDLR and APOAS alleles conferring
risk for myocardial infarction. Nature 518: 102-106 .

Eisenhardt SU, Weiss JB, Smolka C, Maxeiner J, Pankratz F, Bemtgen X, Kustermann
M, Thiele JR, Schmidt Y, Stark GB (2015) MicroRNA-155 aggravates ischemia—
reperfusion injury by modulation of inflammatory cell recruitment and the respira-
tory oxidative burst. Basic Res Cardiol 110: 32.

Hausenloy DJ, Yellon DM (2013) Myocardial ischemia-reperfusion injury: a
neglected therapeutic target. J Clin Invest 123: 92-100.

Keyes KT, Xu J, Long B, Zhang C, Hu Z, Ye Y (2010) Pharmacological inhibition of
PTEN limits myocardial infarct size and improves left ventricular function postin-
farction. Am J Physiol Heart Circ Physiol 298: H1198-1208.

Kong Q, Dai L, Wang Y, Zhang X, Li C, Jiang S, LiY, Ding Z, Liu L (2016) HSPA12B
Attenuated acute myocardial ischemia/reperfusion injury via maintaining endo-
thelial integrity in a PI3K/Akt/mTOR-dependent mechanism. Sci Rep 6: 33636.

Li B, Hu J, Chen X (2018) MicroRNA-30b protects myocardial cell function in
patients with acute myocardial ischemia by targeting plasminogen activator inhib-
itor-1. Exp Ther Med 15: 5125-5132.

Lindsey ML, Bolli R, Canty JM, Du X-J, Frangogiannis NG, Frantz S, Gourdie RG,
Holmes JW, Jones SP, Kloner R, Lefer DJ, Liao R, Murphy E, Ping P, Przyklenk K,
Recchia FA, Schwartz Longacre L, Ripplinger CM, Van Eyk JE, Heusch G (2018)
Guidelines for experimental models of myocardial ischemia and infarction. Am J
Physiol Heart Circ Physiol 314: H812-838.

Liu X, Meng H, Chao J, Yang S, Cui F, Ping Y (2016) Differential microRNA expres-
sion and regulation in the rat model of post-infarction heart failure. Plos One 11:
¢0160920.

Pharmazie 74 (2019)

Martindale JJ, Metzger JM (2014) Uncoupling of increased cellular oxidative stress
and myocardial ischemia reperfusion injury by directed sarcolemma stabilization.
J Mol Cell Cardiol 67: 26-37.

Mimi TA, Hiroshi I, Piyamas S, Susumu A, Michiaki H, Masato S, Junya K, Makoto
S, Fumiaki M, Shigetaka K (2003) Critical role of cyclin D1 nuclear import in
cardiomyocyte proliferation. Circ Res 92: e12.

Mirzamohammadi F, Papaioannou G, Kobayashi T (2014) MicroRNAs in cartilage
development, homeostasis, and disease. Curr Osteopor Rep 12: 410-419.

Mohamed TM, Ang Y-S, Radzinsky E, Zhou P, Huang Y, Elfenbein A, Foley A,
Magnitsky S, Srivastava D (2018) Regulation of cell cycle to stimulate adult
cardiomyocyte proliferation and cardiac regeneration. Cell 173: 104-116. e12.

Pan W, Wang L, Zhang XF, Zhang H, Zhang J, Wang G, Xu P, Zhang Y, Hu P, Zhang
XD (2019) Hypoxia-induced microRNA-191 contributes to hepatic ischemia/
reperfusion injury through the ZONAB/Cyclin D1 axis. Cell Death Differ 26:
291-305.

Ruan H, Li J, Ren S, Gao J, Li G, Kim R, Wu H, Wang Y (2009) Inducible and
cardiac specific PTEN inactivation protects ischemia/reperfusion injury. J Mol Cell
Cardiol 46: 193-200.

Ruiz-Meana M, Garcia-Dorado D (2009) Pathophysiology of ischemia-reperfusion
injury: new therapeutic options for acute myocardial infarction. Reva Espan
Cardiol 62: 199-209.

Sala V, Bergerone S, Gatti S, Gallo S, Ponzetto A, Ponzetto C, Crepaldi T (2014)
MicroRNAs in myocardial ischemia: identifying new targets and tools for treating
heart disease. New frontiers for miR-medicine. Cell Mol Life Sci 71: 1439-1452.

Siddall HK, Warrell CE, Yellon DM, Mocanu MM (2008) Ischemia-reperfusion
injury and cardioprotection: investigating PTEN, the phosphatase that negatively
regulates PI3K, using a congenital model of PTEN haploinsufficiency. Basic Res
Cardiol 103: 560-568.

Sun H, Zhong D, Wang C, Sun'Y, Zhao J, Li G (2018) MiR-298 exacerbates ischemia/
reperfusion injury following ischemic stroke by targeting Actl. Cellular Physiol
Biochem 48: 528-539.

Toyoda M, Shirato H, Nakajima K, Kojima M, Takahashi M, Kubota M, Suzukimi-
gishima R, Motegi Y, Yokoyama M, Takeuchi T (2003) Jumonji downregulates
cardiac cell proliferation by repressing cyclin D1 expression. Dev Cell 5: 85-97.

Wang S, Zhu Y, Qiu R (2018) Shikonin protects H9C2 cardiomyocytes against
hypoxia/reoxygenation injury through activation of PI3K/Akt signaling pathway.
Biomed Pharmacother 104: 712-717.

Yan J, Zhang Y, Wang L, Dai H, Li N, Hu W, Cai H (2016) The role of miR-222 and
miR-298 in breast cancer drug resistance. Int J Clin Exp Pathol 9: 9931-9937.

Yao H, Han X (2014) The cardioprotection of the insulin-mediated PI3K/Akt/mTOR
signaling pathway. Am J Cardiovasc Drugs 14: 433-442.

YeY, Perez-Polo JR, Qian J, BirnbaumY (2010) The role of microRNA in modulating
myocardial ischemia-reperfusion injury. Physiol Genom 43: 534-542.

Zhang Q, Yu N, Yu BT (2018) MicroRNA-298 regulates apoptosis of cardiomyocytes
after myocardial infarction. Eur Rev Med Pharmacol Sci 22: 532-539.

373



