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Background: Coronary artery disease (CAD) leads to the highest mortality worldwide,
seriously threatening human health. Tanshinone IIA (Tan IIA), which could be extracted
from Danshen, is applied in the treatment of cardiovascular and cerebrovascular diseases.
MicroRNAs (miRNAs, miRs) play pivotal roles in cell proliferation and cell apoptosis of the
cardiovascular system. The aim of the present study was to explore the role of Tan IIA in
CAD in vitro and the underlying molecular mechanism.

Methods: Real-time polymerase chain reaction (RT-PCR) and Western blot were used for
the detection of miRNA/mRNA and protein, respectively. Target genes of miR-133a-3p were
searched in TargetScan, and the targeting relationship was verified by dual-luciferase reporter
assay. Cell proliferation was determined using a Cell Counting Kit-8 (CCK-8) and EdU
labeling. Cell apoptosis was detected by flow cytometry and TUNEL staining.

Results: In the present study, lower miR-133a-3p level and higher epidermal growth factor
receptor (EGFR; the target of miR-133a-3p) level were found in H,O,-induced H9¢2 cells. In
addition, Tan IIA upregulated miR-133a-3p and downregulated EGFR expression. Moreover,
Tan ITIA promoted cell proliferation and suppressed apoptosis and enhanced G0/G1, which
was reversed by miR-133a-3p inhibitor, while siRNA-EGFR abolished the effects induced by
miR-133a-3p in H,O,-induced H9¢2 cells.

Conclusion: Tan IIA reversed H,O,-induced cell proliferation reduction, cell apoptosis
induction, and GO0/G1 arrest reduction in H9c2 cells by miR-133a-3p/EGFR axis. The
findings suggested a potential molecular basis of Tan IIA in treating patients with CAD.
Keywords: tanshinone IIA, coronary artery disease, miR-133a-3p, EGFR

Introduction

Coronary artery disease (CAD) leads to the highest mortality globally, which
seriously threatens human health.! Meanwhile, CAD remains the leading cause of
cardiovascular deaths (CVD) worldwide.> The mortality of CAD has been mounted
in the past decades, which is estimated to cause >80% new cases in underdevelop-
ment and developing countries,” and accounts for 11.1 million deaths in 2020
globally.* The onset of CAD is correlated with age, tobacco/meat consumption
and obesity.” Myocardial cell apoptosis is the common characteristic during the
pathological processes of cardiovascular diseases, with the underlying molecular
mechanisms remaining to be expounded.® Consequently, medical therapies aiming
to preserve heart function by mitigating myocardial cell apoptosis are needed to be
further intensively investigated.
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Tanshinone ITA (Tan IIA; C;9H;305) is a compound that
isolated from a Traditional Chinese Medicine (TCM) —
Danshen (the root of Salviae miltiorrhizae).”® In East Asia,
Tan IIA is widely applied in treating cardiovascular and
cerebrovascular diseases, such as myocardial infarction,
hypertension, acute ischemic stroke, etc.”'' Moreover, Tan
ITA exerts numerous biological activities in the cardiovascu-
lar system, possessing anti-apoptotic, anti-oxidant and anti-
coagulant properties.'>"? Despite the cardioprotective roles
of Tan IIA have been explored for multiple years, the under-
lying molecular mechanisms remain to be complicated.

miRNAs (miRs) are a group of small non-coding
RNAs (20-23 nucleotides), which are highly conserved
and widely expressed in eukaryotes.'* miRs degrade target
mRNAs or inhibit the translation of target mRNAs by
binding to there 3'UTR.'® In the cardiovascular system,
miRs regulate the biological and cellular processes includ-
ing cell proliferation and cell apoptosis.'® Tan IIA was
reported to protect H9¢2 cells from apoptosis by elevating
miR-133 level.!”-'® However, the molecular mechanism
underlying miR-133 is still unclear.

In the present study, we aimed to investigate whether
there are molecules that can be targeted by miR-133 and
regulated by Tan IIA in CAD. We found Tan ITA will
attenuate CAD through miR-133a-3p/EGFR axis in vitro
experiment. The findings may provide a theoretical basic
for Tan ITA treatment of CAD.

Materials and Methods

RT-qPCR
Total RNA was extracted from H9c2 cells by TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). RNA concentra-
tion was detected by NanoDrop2000 spectrophotometer.
Afterwards, RNA was subjected to reverse transcribed to
obtain complementary deoxyribose nucleic acids (¢cDNAs)
by Primescript RT Reagent (TaKaRa, Otsu, Shiga, Japan).
cDNA was amplified by qPCR with SYBR®Premix Ex
Taq™ (TaKaRa) following the conditions as listed: 94°C
for 30 s, 55°C for 30 s and 72°C for 90 s, for 40 cycles.
Relative levels of genes were quantified by 2744¢
method."” Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and U6 were used as internal references for
mRNA and miRNA, respectively.

Western Blot
Total protein was extracted from H9c2 cells by radioim-
munoprecipitation assay (RIPA, Roche, Shanghai, China).

Protein concentration was determined by the method of
bicinchoninic acid (BCA, Beyotime, Shanghai, China).
Then, protein (20 pg) was separated by 8% electrophor-
esis, followed by transferring onto polyvinylidene difluor-
ide (PVDF) membranes (Millipore, Billerica, MA, USA).
After blocking with 5% skimmed milk at room tempera-
ture for 2 h, the PVDF membranes were incubated with
primary antibodies (Cell Signaling Technology, Danvers,
MA, USA) at 4°C overnight and secondary antibody at
room temperature for 1 h, successively. Protein bands were
exposed by enhanced chemiluminescence (ECL) and
quantified by Image Software (NIH, Bethesda, MD,
USA). The information of primary antibodies were
showed as follows: anti-EGFR (#4267; 1:1000); anti-p21
(#2947; 1:1000); anti-p53 (#9282; 1:1000); anti-cleaved
caspase-3  (#9661; 1:1000); anti-caspase-3  (#9662;
1:1000); anti-Bax (#2774; 1:1000); anti-Bcl-2 (#4223;
1:1000); anti-cyclin D1 (#2922; 1:1000); anti-CDK4
(#12790; 1:1000) and anti-B-actin (#8457; 1:1000). The
secondary antibody is anti-rabbit IgG, HRP-linked anti-
body (#7074; 1:2000; Cell Signaling Technology).

Cell Culture

293T cells were obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). Cardiac H9c2
cells are obtained and authenticated by the American Type
Culture Collection (ATCC). 293T and H9c¢2 cells were incu-
bated in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco)
and 1% penicillin/streptomycin  (Sigma-Aldrich) in
a humidified incubator at 37°C with 5% COs,.

H9c2 cells were starved of serum in DMEM supple-
mented with 1% FBS for 24 h at 37°C, followed by
treatment with H,O, (400 pM), Tan IIA (3 pM), or in
combination for 24 h at 37°C prior to the subsequent
experiments.

Cell Transfection

HOc2 cells (10’cells/mL) in the logarithmic growth phase
at 70-80% confluence were seeded into 6-well plates and
subjected to transfection. miR-NC inhibitor, miR-133a-3p
siRNA-NC or siRNA-EGFR (100 pM,
GenePharma, Shanghai, China) and Lipofectamine™
2000 (5 puL, Invitrogen, Carlsbad, CA, USA) were added
into Opti-MEM (250 pL, Gibco). After incubation for 20
min, the mixture was added into each well and incubated

inhibitor,

for another 24 h at 37°C prior to the subsequent
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experiments. The transfection efficiency was determined
by using RT-qPCR.

Target mRNA Prediction
The target mRNAs of miR-133a-3p were searched and
selected in TargetScan (https://www.targetscan.org) for

the further functional and mechanistic verification in the
present study.

Dual-Luciferase Reporter Assay

The EGFR 3'UTR (forward, 5'-CCgTCTAgATCTTTTgCT
CTCTCTTgCTCTC-3'; reverse, 5-AgCTCTAgAACggA
TAAACAgTAgCACCAA-3") was cloned into the Xbal
site of the luciferase reporter pGL3 plasmid (Promega,
Madison, WI, USA). The EGFR mutant (MUT) was
obtained by the QuikChange Site-Directed Mutagenesis
Kit (Stratagene, California, USA). As for the reporter
assay, miR-133a-3p mimics or miR-NC mimics and repor-
ter plasmids (pGL3-EGFR-WT or pGL3-EGFR-MUT)
were co-transfected into 293T cells by lipofectamine
2000 (Life Technologies, Darmstadt, Germany). The rela-
tive activity was measured by the Dual-Luciferase Report
Assay System (Promega). Luciferase activity was normal-
ized to Rellina luciferase activity.

Cell Proliferation Assay

HO9c¢2 cell proliferation was detected by Cell Counting Kit-
8 (CCK-8;
Kumamoto, Japan). In brief, cells were cultured in 96-
well plates for 24 h. Afterward, CCK-8 reagent (10 pL)
was added to each well and incubated for another

Dojindo Molecular Technologies, Inc.,

2 h. Thereafter, the cell proliferation rate was detected by
a VICTOR X multi-label reader (PerkinElmer, Inc.,
Waltham, MA, USA) with a wavelength of 450 nm.

EdU Labeling

HO9c2 cells were plated into a 12-well plate and recovered
overnight in a humidified incubator at 37°C with 5% CO,,
followed by serum starvation for 24 h in the same incuba-
tion condition. Afterward, cells were exposed to serum for
24 h, during which cells were treated with EAU (20 uM)
from the Click-iT EdU Alexa Fluor 488 Imaging Kit (Life
technologies, Carlsbad, CA) at the last 3 h. After then,
cells were fixed and permeabilized by 4% PFA and 0.5%
Triton-X, followed by incubation with Click-iT reaction
cocktail (including CuSO4 and Alexa Fluor Azide), and
nuclear staining by DAPI. Images were captured by
a fluorescence microscope (Magnification: x40; Leica,

Leica Microsystems GmbH), and data were analyzed by
ImagelJ software (NIH).

Flow Cytometry

At 48 h after transfection, H9c2 cells were harvested, re-
suspended in 500 pL binding buffer (1x10%mL), and
incubated with Annexin V-FITC (5 pL, fluorescein iso-
thiocyanate) and Propidium lodide (5 uL, PI) from a FITC
Annexin-V Apoptosis Detection Kit I (Becton-Dickinson
Biosciences, San Jose, CA, USA) for 30 min in the dark at
room temperature. For cell cycle, Cycletest PLUS DNA
Reagent Kit (Becton-Dickinson Biosciences) was used.
Cell apoptosis and cyclin were determined by FACScan
flow cytometer (Becton-Dickinson Biosciences) and ana-
lyzed by Cell Quest
Biosciences).

software  (Becton-Dickinson

TUNEL Staining

The H9c2 cell apoptosis was detected by TUNEL staining. In
brief, at 24 h after transfection, cells were harvested and fixed
with 4% PFA for 30 min at room temperature. Afterward,
cells were incubated by terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick-end labeling assay kit (Roche,
Switzerland). Nuclei were stained by DAPI at 37°C for 15
min. Next, the apoptotic cells were captured by a confocal
microscope (Magnification: x40; Leica) and digitized by LAS
AF Lite software (versions 2.0; Leica). The apoptotic cells
were exerted to be green color, while the nuclei were blue.

Statistics

Results were obtained from at least three independent
experiments. Data were analyzed by GraphPad Prism 6
and expressed as mean + standard deviation (SD). The
Student’s ¢-test was used for the analysis of the difference
between 2 groups. One-way analysis of variance (ANOVA)
followed by Turkey’s multiple comparisons test was used for
the analysis of differences among 3 or more groups. P<0.05
was considered a statistically significant difference.

Results
miR-133a-3p Targeted EGFR 3'-UTR

To explore the underlying molecular mechanisms, we car-
ried out bioinformatics analysis and dual-luciferase reporter
assay. Binding sites for miR-133a-3p were found at EGFR
3'-UTR (Figure 1A). Moreover, compared with miR-133a-
3p mimics NC, miR-133a-3p mimics significantly decreased
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Figure 1 miR-133a-3p targets EGFR 3'-UTR. There were binding sites for miR-
133a-3p on EGFR 3’-UTR (A). miR-133a-3p mimics significantly decreased the
luciferase activity when co-transfected with pGL3-EGFR-WT (B). **p<0.01.

the luciferase activity of reporter plasmid for EGFR-WT 3'-
UTR but not EGFR-MUT 3'-UTR (Figure 1B, p<0.01).

miR-133a-3p Was Decreased and EGFR
Was Increased in H,O,-Induced H9c2 Cells

Compared with the control group, miR-133a-3p level was
significantly decreased by H,O,, which was reversed by
Tan ITA in H9c2 cells (Figure 2A, p<0.001). Inversely,
compared with the control group, the EGFR level was
significantly increased by H,0,, which was reduced by
Tan IIA in H9¢2 cells (Figure 2B, p<0.001).

miR-133a-3p Inhibitor Increased the
Expression of EGFR, and Rescued the
Downregulation of EGFR Level Caused by
Transfection of siRNA-EGFR in H9c2 Cells

Compared with the control group, there was no significant
difference in miR-133a-3p level in the miR-NC inhibitor
group, which was significantly inhibited by miR-133a-3p
inhibitor (Figure 3A, p<0.001). Additionally, compared
with the control group, the expression of EGFR was signifi-
cantly reduced by transfection of siRNA-EGFR-1 and
siRNA-EGFR-2 at mRNA or protein level, especially in
siRNA-EGFR-2 group. Therefore, siRNA-EGFR-2 was
used in the subsequent experiments (Figure 3B, p<0.001).
Furthermore, compared with miR-NC inhibitor group, there
was a significant increase expression of EGFR due to inhibi-
tion of miR-133a-3p at both mRNA (Figure 4A, p<0.01) and
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Figure 2 miR-133a-3p was decreased and EGFR was increased in H,O5-induced
H9c2 cells. Compared with control group, miR-133a-3p level was significantly lower
in H,O, group, which was reversed by Tan IIA (A). Compared with control group,
EGFR level was significantly increased by H,O,, which was reduced by Tan lIA in
H9¢c2 cells (B). **p<0.001.

protein (Figure 4B, p<0.01) levels. However, EGFR expres-
sion was deceased in miR-133a-3p inhibitor +siRNA-EGFR
group, compared with miR-133a-3p inhibitor group (Figure
4 A and B, mRNA: p<0.01; protein: p<0.05). As compared to
miR-133a-3p inhibitor +siRNA-EGFR group, the downre-
gulation of EGFR expression was found by the transfection
of siRNA-EGFR (Figure 4 A and B, p<0.01).
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Figure 3 The successful transfection of miR-133a-3p inhibitor and siRNA-EGFR.
Compared with control group, miR-133a-3p level was significantly inhibited by miR-
133a-3p inhibitor but not miR-NC inhibitor (A). Compared with control group,
EGFR level was significantly reduced by siRNA-EGFR-land siRNA-EGFR-2 but not
siRNA-NC (B). #*p<0.001.

Tan IIA Improved Cell Viability in H9c2
Cells Subjected to H,O,-Induced Injury
by Regulating miR-133a-3p/EGFR Axis
Next, cells were divided into 5 different groups: A,
Control group; B, H,O,; C, Tan IIA+ H,0,; D, Tan
I[IA+miR-133a-3p inhibitor+ H,0,; E, Tan IIA+miR-
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Figure 4 miR-133a-3p inhibitor negatively regulated and siRNA-EGFR positively
regulated the expression of EGFR. Compared with miR-NC inhibitor group,
a significant increase of mRNA level of EGFR was found in miR-133a-3p inhibitor
group, which was reversed by siRNA-EGFR (A). Compared with miR-NC inhibitor
group, protein level of EGFR was upregulated by inhibition of miR-133a-3p, which
was reversed by siRNA-EGFR (B). *p<0.01, *p<0.05.

133a-3p inhibitor +siRNA-EGFR + H,0,. Results of
CCK-8 (Figure 5A) and EdU (Figure 5B and C) stain-
ing exhibited that, compared with the control group,
HO9c2 cell proliferation was significantly decreased by
H,0, (p<0.01), which was rescued by Tan IIA

(p<0.05). In addition, the effect of Tan IIA on
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Figure 5 Tan IIA reversed H,O,-induced H9c2 cell proliferation reduction by miR-133a-3p/EGFR axis. Results of CCK-8 (A) analysis showed Tan IIA reversed H,O,-
induced H9¢2 cell proliferation reduction, which was partially attenuated by miR-133a-3p inhibitor but not miR-133a-3p inhibitor+siRNA-EGFR (A). *p<0.05 and **p<0.01.
Results of EdU staining showed that Tan lIA reversed cell proliferation decreased in H,O,-induced H9¢2 cells, which was partially rescued by miR-133a-3p inhibitor but not
in miR-133a-3p inhibitor+siRNA-EGFR group (B). Quantified results of B (C). *p<0.05 and **p<0.01. Western blot analysis indicated that the expressions of p2| and p53
showed the opposite trends (D). Quantified results of D (E). *p<0.01 and **p<0.001.

proliferation was partially attenuated by miR-133a-3p  (p<0.05). Consistently, the expressions of p2l and
inhibitor (p<0.05), while knockdown of EGFR abol- p53 showed the opposite trends to cell proliferation
ished the effects induced by inhibiting miR-133a-3p  (Figure 5D and E, p<0.01 or p<0.001).
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Figure 6 Flow cytometry results showed Tan IIA protected H,O,-induced H9c2 cells from apoptosis by miR-133a-3p/EGFR axis. Results of FCM analysis showed Tan IIA
protected H,O5-induced H9¢2 cells from apoptosis, which was partially attenuated by miR-133a-3p inhibitor but not miR-133a-3p inhibitor+siRNA-EGFR. *p<0.05, **p<0.01.

Tan A Protected H9c2 Cells from H,O,
-Induced Apoptosis and GO/G| Phase
Arrest Reduction by Regulating
miR-133a-3p/EGFR Axis

Results of flow cytometry (Figure 6) and TUNEL staining
(Figure 7) exhibited that, compared with the control group,
HO9c2 cells apoptosis was significantly increased by H,O,,

which was reversed by Tan IIA. In addition, cell apoptosis
was attenuated by miR-133a-3p inhibitor in Tan IIA treated
cells, compared with Tan IIA alone treatment group, which
was rescued by EGFR knockdown. The expression of cleaved
caspase-3 and Bax was similar to that of cell apoptosis, while
Bcl-2 showed the opposite trends to cell apoptosis (Figure 8).

However, the expression level of caspase-3 was not affected
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Figure 7 Tunnel staining results showed Tan IIA protected H,0O,-induced H9c2
cells from apoptosis by miR-133a-3p/EGFR axis. Results of TUNNEL analysis
showed Tan IIA protected H,0O,-induced H9c2 cells from apoptosis, which was
partially attenuated by miR-133a-3p inhibitor but not miR-133a-3p inhibitor
+siRNA-EGFR. *p<0.01, ***p<0.001.

by Tan IIA treatment(Figure 8). Moreover, for the cell cycle,
compared to the control group, H,O, significantly decreased
the cellular population at the GO/G1 phase, which was
reversed by Tan IIA. Moreover, the effect of Tan IIA on the
cell cycle was partially attenuated by miR-133a-3p inhibitor
but not miR-133a-3p inhibitor+siRNA-EGFR (Figure 9).
Meanwhile, the expression of CyclinD1 and CDK4 exhibited
the similar trends with that of the cell cycle (Figure 8).
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Figure 8 Tan IIA reversed H,O,-induced changes in the expressions of apoptosis
and cell cycle-related proteins of H9c2 cells by miR-133a-3p/EGFR axis. The
expression profile of cleaved caspase-3 and Bax showed the similar trends to cell
apoptosis; while Bcl-2 showed the opposite trends. The expression profile of
CyclinD| and CDK4 exhibited the similar trends with that of cell cycle. ¥*p<0.01,
*#¥p<0.001.

Discussion

Tan ITA was reported to ameliorate cell apoptosis and
induced cell growth of myocardiocytes by upregulating
miR-133 level.'” In addition, Tan IIA was discovered to
protect H9¢c2 cells from oxidative stress-induced cell death
by upregulating miR-133 level.'"® Consistently, in the
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cells, which was partially attenuated by miR-133 inhibitor but not miR-133a-3p inhibitor +siRNA-EGFR. *p<0.05.

present study, the lower miR-133a-3p level was found in
H,0;-induced H9c2 cells, which was rescued by Tan ITA.

Thereafter, the higher EGFR level was found in H,O,-
induced H9¢2 cells, in line with the reports about the
central role of EGFR in atherosclerosis.”’>** In addition,
EGFR was identified as a target of miR-133a-3p, which

expression was negatively regulated by miR-133a-3p in
H,05-induced H9c2 cells.

Previous studies revealed that activated EGFR was
related to numerous cellular processes, including cell pro-
liferation and cell apoptosis.”>** Consequently, we inves-
tigated whether Tan IIA regulated cell proliferation, cell
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apoptosis and cell cycle of H9¢2 cells by regulating miR-
133/EGFR axis as well. The results indicated that Tan ITA
reversed H,O,-induced cell proliferation reduction by reg-
ulating miR-133a-3p/EGFR axis in H9¢c2 cells. We also
tested the molecules, p53 and p21, which were correlated
with cell proliferation. p53, a tumor suppressor, could be
stabilized and activated by hypoxia stimulation, thus
resulting in cessation of cell proliferation.”® And p21 is

a downstream target for p53.2°

Consistently, our findings
exerted that p53 and p21 expression levels showed the
opposite profile to cell proliferation.

Afterward, Tan ITA was found to reverse H,O,-induced
cell apoptosis induction by regulating miR-133a-3p/EGFR
axis in H9c2 cells. Next, we also explored the molecules
that were correlated with cell apoptosis, for instance,
cleaved caspase-3, Bax and Bcl-2. Bax is a pro-apoptotic
protein, while Bcl-2 is an anti-apoptotic protein. When the
ratio of Bax/Bcl-2 is elevated, the expression of cleaved
caspase-3 might also be elevated, thus suggesting an ele-
vation in cell apoptosis.’’ Consistently, our findings
showed that the expression of cleaved caspase-3 and Bax
was similar to that of cell apoptosis, while Bcl-2 showed
the opposite trends.

Thereafter, Tan IIA was found to reverse H,O,-induced
GO/G1 arrest reduction by regulating miR-133a-3p/EGFR
axis in H9¢2 cells. We also tested the molecules that were
correlated with cell cycle, for instance, CyclinD1 and
CDK4. Cyclin DI is an important promoter for cell
cycle, which could activate CDK4, thus initiating DNA
replication.”® Consistently, our findings demonstrated that
the expression of CyclinD1 and CDK4 exhibited similar
trends with that of the cell cycle.

Taken together, the present study manifested that, Tan
IHA attenuated the progression of CAD in vitro through
promoting cell proliferation, suppressing apoptosis and
increasing GO/G1 arrest by targeting miR-133a-3p/EGFR
axis. These findings provide potential molecular basis for
the application of Tan IIA in the treatment of patients
with CAD.

Data Sharing Statement
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