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Abstract: Objective: Myocardial infarction (Ml) has gained widespread interest due to its high death and disability
rate worldwide. Some miRNAs are markers of heart disease. Therefore, it is necessary to understand the mecha-
nism for repairing Ml injury. Methods: Here, we evaluated the relative expression levels of miR-199a-3p in mouse
and human myocardial cell models of injury, and its effect on myocardial cells viability using Cell Counting Kit-8
(CCK-8) assay, 5-ethynyl-2’-deoxyuridline (EdU) assay, and flow cytometry assay as well as western blot in vitro.
Furthermore, we performed bioinformatic online analysis to investigate the role that miR-199a-3p plays in cardio-
myocyte injury, measured by dual-luciferase reporter assay. Results: The results showed that miR-199a-3p signifi-
cantly increased the growth rate of cardiomyocytes after treating them with hydrogen peroxide (H,0,). miR-199a-3p
also acted as an inhibitor that directly targeted NACC2, resulting in a higher NACC2 expression level in the injury
model of cardiomyocytes than normal myocardial cells and thus preventing miR-199a-3p-induced proliferation pro-
motion in model cardiomyocytes. Conclusion: Our results demonstrate that miR-199a-3p may be a prognostic bio-
marker in myocardial injury.
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Introduction

Myocardial infarction (Ml), mainly resulting from
coronary artery disease, has been a leading
cause of death in industrialized countries.
Although a series of effective treatments for
myocardial infarction have been developed, the
high mortality rate and complications, such as
arrhythmias and myocardial damage are still
inevitable. On the other hand, the increase in
long-term survivors of AMI means that the bur-
den of disease to society and families has gen-
erally increased [1].

miRNAs, a type of small non-coding single-
stranded RNA, inhibit the translation of mMRNAs
or degrade them at post-transcriptional level by
directly binding to their 3'UTR [2-4]. miRNAs are
commonly considered as significant regulatory
factors of gene expression in numerous biologi-
cal and pathological processes, e.g. cell growth,
apoptosis, and stress response [5, 6]. Recently,

miRNA in the pathophysiological process of car-
diovascular disease has aroused tremendous
interest. For example, Pasquale et al. showed a
significant change in miRNAs expression in car-
diac myocytes, providing potential therapeutic
targets against heart disease, followed by acute
ischemic diseases [7]; Meder and his coworker
also showed that some miRNAs were markers
of heart disease [8].

Notably, it has been identified that expression
of specific miRNA is associated with the recov-
ery activity of myocardial cells after Ml in which
enhanced or reduced miRNA expression result
in cardiac repair in pigs [9]. Hathaway et al.
found that miRNA-378a played a pivotal role in
cardiovascular health [10]. MiRNA-21 has been
proven to effectively repair cardiac function
after localized injection in myocardial infarction
[11]. miR-199a-3p is one of the most well-
known miRNAs that are thought to play a bene-
ficial role in improving cardiac function [12].
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However, the precise mechanism of miR-199a-
3p in human myocardial infarction is still
unclear.

The protein NACC2, containing BTB and BEN
domains, acts as a transcriptional regulator
and induces apoptosis by sensitizing cells to
DNA damage and suppressing cell proliferation
[13]. The BTB domain, a conserved protein-pro-
tein interaction motif, is widely involved in criti-
cal biologic and pathologic processes, includ-
ing development, apoptosis, and oncogenesis
[14-16]. For example, in chromatin organization
and transcription steps, the BEN motif regu-
lates protein-DNA and protein-protein interac-
tions [17].

Here, we explain the role that miR-199a-3p
plays in myocardial damageing to provide novel
insight into mechanisms and clues in diagnosis
and thus new therapeutic methods in MIl. We
explore the roles of miR-199a-3p in Ml and fur-
ther investigate the mechanism by which miR-
199a-3p may be a regulator of myocardial cell
growth by targeting the NACC2 gene.

Materials and methods
Cell lines and culture

Suckling mice (Guangdong Medical Laboratory
Animal Center, China) were anesthetized with
sodium pentobarbital (80 mg/kg). Mice were
killed by cervical dislocation. The hearts were
quickly dissected and washed with D-Hanks
solution. The preserved apex of the heart was
digested using trypsin (Gibco, USA) and then
treated with an enzyme solution containing col-
lagenase Il (Gibco, USA). Repeated digestion
and collection of supernatant was performed
to isolate single myocardial cells [18]. AC16
(Human cardiomyocytes) was purchased fr-
om ATCC (Rockville, MD) and incubated in
DMEM/F-12 medium (Gibco, USA) supplement-
ed with 10% fetal calf serum (FBS, Gibco, USA)
and 1% penicillin-streptomycin (Gibco, USA).
Cells were cultured in an incubator at 37°C,
containing 5% CO,,.

Cell transfection

MiRNA-mimic, miRNA-inhibitor, siRNA, and plas-
mid transfection were performed using Lipo-
fectamine 3000 transfection reagent (Ther-
moFisher, USA). Mouse primary myocardial
cells and AC16 cells were seeded into a 6-well
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plate at an appropriate quantity per well. After
12 hours, cells were transfected with miRNA-
mimic, miRNA-inhibitor, siRNA, or plasmid res-
pectively by the manufacturer’s instructions.
After 24-48 hours, cells were used for the next
experiments.

Total RNA extraction and real-time quantitative
PCR (qPCR)

RNA was extracted from mouse primary myo-
cardial cells and AC16 cells using TRIzol reagent
(Invitrogen, USA). The extracted total RNA was
reversely transcribed into cDNA by using the
M-MLV Reverse Transcriptase (Promega, USA).
RT-gPCR analysis was performed in triplicate
for each sample with SYBR Green Master Mix
(Vazyme, China). The gPCR cycling sections
were used as follows: 95°C for 5 min, 40 cycles
of 95°C for 10 s, and 60°C for 30 s. GAPDH
served as the endogenous control for target
mMRNA, and U6 RNA served as the endogenous
control for detecting miRNA. Primers were as
follows: miR-199a-3p RT: GTCGTATCCAGTGC-
AGGGTCCGAGGTATTCGCACTGGATACGACT-
AACCA, U6-F: CTCGCTTCGGCAGCACA, UG6-R:
AACGCTTCACGAATTTGCGT, miR-199a-3p-F: GT-
CACAGTAGTCTGCACAT, miRNA Universal-R: GT-
GCAGGGTCCGAGGT, H-GAPDH-F: CCCACTCCT-
CCACCTTTGAC, H-GAPDH-R: CATACCAGGAAAT-
GAGCTTGACAA, H-NACC2-F: ACGCTGTGAAAT-
TGTACTGTC, H-NACC2-R: CAGCATGGACTTGAT-
CTTGG, Mus-NACC2-F: CTGCACATCGAGATCC-
CCAA, Mus-NACC2-R: GGCAGCTCGAATGCAC-
TCTT, Mus-GAPDH-F: GGAGAGTGTTTCCTCGTC-
CC, Mus-GAPDH-R: ACTGTGCCGTTGAATTTGCC.

CCK-8 assay

Approximately 2x102 cardiomyocytes/well were
seeded in a 96-well plate, and 100 pL corre-
sponding culture medium was added into each
well. The plate was placed in the incubator at
37°C, 5% CO, overnight. The treatment was
accomplished in the following days. 10 uL
CCK-8 (Dojindo, Kyushu, Japan) solution was
added to the plates and the absorption of
the cardiomyocytes was detected according to
the manufacturer’s instruction. All experiments
were repeated three times.

EdU assays

Cells were incubated in 24-well plates and
treated with the corresponding reagent. Ten yM
EdU reagent was then added per well at room
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temperature for 6 h. After that, it was fixed with
4% paraformaldehyde, followed by permeabiliz-
ing with 0.3% TritonX-100 at room temperature
for 20 min. Next, cells were washed with 1x
PBS, and incorporated EdU was explored with
the kFluor4d88-EdU reagent (KeyGEN, China) at
room temperature for 30 min. Subsequently,
Hoechst-33342 was used to stain for 20 min,
and images were captured by fluorescence
microscope.

Flow cytometry

Cell apoptosis was assessed using the Cell
Apoptosis Flow Cytometry Analysis Kit (Beyo-
time, China) according to the manufacturer’'s
instructions.

Western blot analysis

Total proteins were isolated from mouse prima-
ry myocardial cells and AC16 cells using RIPA
lysis buffer supplemented with PMSF and pro-
teinase inhibitor. The concentration of all pro-
teins was detected by the BCA protein assay kit
(Beyotime, China). Total proteins were separat-
ed by SDS-polyacrylamide gel (4%-15%) electro-
phoresis and transferred to PVDF membranes
(Millipore, USA). PVDF membranes were then
blocked in 5% BSA (BioFroxx, Germany) and
incubated with primary detection antibodies
against NACC2 (1:1000, ThermoFisher, PA5-
40941, USA), or GAPDH (1:10000, ab8245,
Abcam, USA) at 4°C overnight and were wash-
ed in TBST three times. After that, specimens
were incubated with anti-mouse or anti-rabbit
secondary antibodies for 1 hour at room tem-
perature, and the expression of proteins was
measured using BeyoECLPIlus (Beyotime, Jiang-
su, China). GAPDH was used as a loading
control.

Luciferase reporter assay

The NACC2 3'UTR, containing wild-type or
mutant fragment of the predicted binding sites
of miR-199a-3p, was subcloned in the dual-
luciferase vector psiCHECK2 (Promega, USA).
The luciferase reporter plasmids were trans-
fected into mouse primary myocardial cells
and AC16 cells with miR-199a-3p mimics or
control mimics. The relative luciferase activity
was detected using the Dual-Luciferase Re-
porter Assay System (Promega, USA) after 24
hours.
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Statistical analysis

Statistical analysis was performed using the
appropriate statistical methods, including St-
udent’s t-test (between two groups), one-way
ANOVA (more than three groups), and chi-
square test in SPSS software (version 16.0).
Data were shown as mean * SD of three sepa-
rate experiments with GraphPad Prism (version
8.0) and normalized to the control group.
Significance was set at *P < 0.05, **P < 0.01,
***p < 0.001.

Results

miR-199a-3p attenuated myocardial cell viabil-
ity in vitro

To explore the function of miR-199a-3p in regu-
lating MI, we first established a myocardial
infarction model in vitro after treating MPC and
AC16 cells with H,0, in different doses or times,
respectively. CCK8 assay was applied to verify
the cell viability of MPC and AC16 cells during
treatment with H,0, at different doses (Figure
1A) or times (Figure 1B). We demonstrated that
viability of MPC and AC16 cells decreased with-
in 24 h after H,0, treatment, with a peak at the
dose of 100 uM and at 24 h. We also detected
the proliferation of myocardial cells using an
EdU assay (Figure 1C). When compared to the
control treatment, cell viability significantly
decreased in H,O.-induced cell lines. These
data indicated that 100 uM H,O, effectively
downregulated viability in MPC and AC16 cells
within 24 hours.

gPCR was used to confirm RNA expression lev-
els of miR-199a-3p after treatment with differ-
ent doses of H,0, (Figure 2A) and at different
time points (Figure 2B). The results showed
that the relative expression of miR-199a-3p
was gradually downregulated with the progr-
ession of myocardial infarction in vitro (Figure
2A, 2B). Then, we transfected miR-199a-3p-
mimics or miR-199a-3p-inhibitor into MPC and
AC16 cells. gPCR was used to verify the trans-
fection efficiency of miR-199a-3p. The result
showed that miR-199a-3p-mimics significantly
increased the expression of miR-199a-3p in
MPC and AC16 cells (Figure 2C), while miR-
199a-3p-inhibitor decreased the expression of
miR-199a-3p in MPC and AC16 cells (Figure
2D). The effects of miR-199a-3p on MPC and
AC16 cell viability were evaluated with CCK8

Int J Clin Exp Pathol 2023;16(3):57-66



MiR-199a-3p targets NACC2 for repairing myocardial infarction

A 150 mm OpM = 50uM 100uM
3.‘100-

E

8 . i
>

— 50+

[

O

AC16
MPC
DAPI

MERGE

B

Cell viability (%)

150 mmm Oh = 12h 24h

100+ I I

AC16

[4)]
(=]
1

AC16
DAPI

MERGE

Figure 1. Construction of myocardial infarction model in mouse primary cardiomyocytes (MPC) and human cardio-
myocytes (AC16). A. MPC and AC16 cells were treated with different doses of H,0, for 24 h and relative cell viability
was detected by CCK8 assay. B. MPC and AC16 cells were treated with 100 uM H202 and relative cell viability was
detected at different points (12 h and 24 h) using CCK8 assay. C. MPC and AC16 cells were treated with 100 uM
H,O, for 24 h. EdU assay was performed to measure the cell viability. Magnification is 40 x. Scale bar = 100 ym.

***pP < 0.001.

assay. As shown in Figure 2D, the overexpres-
sion of miR-199a-3p significantly reduced cell
viability of MPC and AC16 cells, while co-treat-
ment of both miR-199a-3p and H,0, counter-
acted their effects. These trends were further
confirmed by the relative expression level of
increased anti-apoptosis proteinmarker BCL-2
and decreased expression of pro-apoptosis
markers, BAX and c-Caspase 3 by miR-199a-
3p in the H,0_-induced MPC and AC16 cells
(Figure 2E). These results showed that miR-
199a-3p could reduce the damage to MPC and
AC16 cells.

miR-199a-3p downregulated NACC2 expres-
sion

To evaluate how miR-199a-3p regulates myo-
cardial infarction in vitro, we performed online
bioinformatic analysis to screen underlying tar-
get genes of miR-199a-3p. NACC2, an impor-
tant transcriptional regulator for cell prolifera-
tion [19], was found to conjugate with miR-
199a-3p. The predicted binding sequences are
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shown in Figure 3A. To further confirm the pre-
dicted binding site, we performed the dual-
luciferase reporter assay. As expected, miR-
199a-3p-mimics transfection significantly re-
duced the reporter activity of wild-type NACC2,
but did not markedly decrease the luciferase
activity of vector containing the mutant NACC2
in both MPC and AC16 cells (Figure 3D).
Furthermore, gPCR and western blot confirm-
ed that miR-199a-3p down-regulated NACC2
expression both in mRNA (Figure 3C) and pro-
tein (Figure 3B) levels of NACC2 and in MPC
and AC16 cells. These results suggested that
miR-199a-3p significantly reduced the expres-
sion of NACC2.

Up-regulation of NACC2 suppresses myocar-
dial cell growth

As NACC2 expression was significantly inhibit-
ed by miR-199a-3p over-expression, we further
investigated its function on H, O -treated MPC
and AC16 cells. We treated MPC and AC16 cells
with different doses of H,0, for 24 h or with

Int J Clin Exp Pathol 2023;16(3):57-66
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Figure 2. Quantitative data analysis for miR-199a-3p expression in different models. A. Relative miR-199a-3p

expression level in MPC and AC16 cells was detected using real-time PCR after treatment with different doses of
H,0.,. B. Relative miR-199a-3p expression level in MPC and AC16 cells was detected using real-time PCR after treat-
ment with 100 uM H,0, at different points. C. miR-199a-3p expression level in miR-199a-3p mimic-transfected or
inhibitor-transfected MPC and AC16 cells was evaluated by qPCR. D. The relative cell viability in MPC and AC16 cells
treated with H,0, was measured by CCK8 assay. E. Relative protein level of BCL-2, Bax, and c-Caspase 3 in MPC and

AC16 cells. n = 3 per group. * P < 0.05, **P < 0.01, ***P < 0.001.

H,0, for different durations. Western blot
results revealed that the relative expression
of NACC2 was gradually up-regulated with the
progression of myocardial infarction in vitro
(Figure 4A, 4B). The expression of NACC2 in
MPC and AC16 cells after transfection with
si-NACC2 was detected by western blot. We
found that the protein level of NACC2 was
effectively reduced by transfection with si-
NACC2 (Figure 4C). The CCK8 assay demon-
strated that NACC2 knockdown significantly
reversed the impaired MPC and AC16 cell via-
bility, that resulted from H,0, conditions (Figure
4D). These findings were further verified by the
relative expression level of apoptosis protein
markers BCL-2, BAX, and c-Caspase3 (Figure
4E). Additionally, flow cytometry of Annexin V/PI
staining assay was used to evaluate apoptosis
in MPC and AC16 treated with H,0,. Knock-
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down of NACC2 using siRNA markedly reversed
the cell apoptosis caused by H,0, (Figure 4F).
These findings suggested that H,O,-induced
MPC and AC16 cell injury was attenuated by
NACC2 knockdown in these cells.

Viability of myocardial cells was promoted by
miR-199a-3p by down-regulating NACC2

Although the CCK8 assay (Figure 5) confirmed
that the relative cell viability of MPC and AC16
cells in the MI model decreased after treat-
ment with NACC2 overexpression (OE-NACC2),
this was reversed after cells were co-transfect-
ed with OE-NACC2 and miR-199a-3p-mimics
(Figure 5). The data showed that miR-199a-3p
benefited cardiomyocyte repair after treatment
with H,O, through directly suppressing NACC2
expression.
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Figure 3. NACC2 expression downregulated by miR-199a-3p. A. Sequence alignment of NACC2 3’-UTR with wild-type
(WT) and mutant miR-199a-3p targeting sites was showed using bioinformatic online databases, Targetscan. B, C.
Relative NACC2 expression in miR-199a-3p mimic-transfected MPC, AC16 cells, or inhibitor-transfected MPC and
AC16 cells evaluated by western blot and gPCR. D. The dual-luciferase reporter assay was performed to detect the
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0.01, ***P < 0.001.

Discussion

Acute myocardial infarction is a growing prob-
lem [19]. However, major risk elements, diagno-
sis, and therapeutic options in Ml patients
remain to be studied [20, 21]. Therefore, a bet-
ter understanding of the molecular mechanism
of Ml may help the exploration of diagnostic
and therapeutic methods. With the continuous
improvement of high-throughput databases, we
could effectively identify key genes that cause
epigenetic change in myocardial damage [18,
22]. Among them, microRNAs and their down-
stream biomolecules are considered as possi-
ble targets for developing diagnostic biomark-
ers and therapeutic agents for MI. Indeed, stud-
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ies have shown that the control of miRNAs and
MRNAs plays an essential role in the repair of
cardiomyocytes [23].

miR-199a-3p is differentially expressed during
the MI process and acts as a key regulator of
cardiac function. A previous study has revealed
that miR-199a-3p modulates tumor growth by
regulating mTOR and PAK4 pathways in a trans-
genic mouse model of hepatocellular carcino-
ma [24]. Also, it inhibits the expression of
MEF2C, which involves the progress by which
stem cells differentiate into cardiomyocytes
[12]. During ischemia/reperfusion experi-
ments, carvedilol inhibits miR-199a-3p expres-
sion and further lowers the level of ddit4 and
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Figure 4. Downregulation of NACC2 suppresses MPC and AC16 cell growth. A. Relative NACC2 protein expression
level in MPC and AC16 cells was detected using western blot after treatment with different doses of H,0,. B. Relative
NACC2 protein expression level in MPC and AC16 cells was detected using western blot following treatment with 100
pM H,0, at different points. C. MPC and AC16 cells following H,0, injury were transfected with si-NACC2, and the
relative cell viability was measured by CCK8 assay. D. Western blot showing the knockdown efficiency of NACC2 in
cells transfected with si-NACC2. E. Western blot measuring the relative protein levels of BCL-2, Bax, and c-Caspase3
in MPC and AC16 cells following H,O, injury and being transfected with si-NACC2. F. Flow cytometry measuring cell
apoptosis in MPC and AC16 cells following H,0, injury after being transfected with si-NACC2. Data are expressed as
mean + SD of three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

63 Int J Clin Exp Pathol 2023;16(3):57-66



MiR-199a-3p targets NACC2 for repairing myocardial infarction

MPC

120- — 120-
100+ ,%,& __ 1004
X X
Q 80' Q 80'
3 601 - 3 60-
2 40 = 40-
3 3

204 204

0- 0-
H0: - + + + + H;0,
mimics - - + - + mimics

OE-NACC2 - OE-NACC2

-+ o+

Figure 5. Myocardial cell viability was promoted by miR-199a-3p by down-
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ics together, and the relative cell viability was measured by CCK8 assay. Data
are expressed as mean + SD of three separate experiments. *P < 0.05, **P

<0.01, ***P < 0.001.

ing4 to protect myocardial cells against apopto-
sis [13]. miR-199a-3p is of interest because of
its regulatory function in myocardial cells. In
this study, we showed that the expression level
of miR-199a-3p is lower in damaged cardiomy-
ocytes. By using a H,O, in vitro model, we
revealed that miR-199a-3p promotes cell via-
bility, which may contribute to myocardial cells’
survival resistance to injury.

Most miRNAs exert their effects by direct bind-
ing to their 3'UTR, resulting in the degradation
of mRNAs or translational inhibition of down-
stream target genes [3, 25]. Previous studies
have revealed some of the targets of miR-199a-
3p, including mTOR, c-Met [26], CD44 [27],
ZHX1 [28], and TFAM [29] in cancer cells and
ddit4 [13], MEF2C [12], and Cd151 [30] in
heart cells. However, other targets of miR-
199a-3p regarding Ml are largely unknown. In
this study, we showed a new target of miR-
199a-3p. miR-199a-3p inhibited cell viability by
binding to NACC2.

Nucleus accumbens-1 (NACC1), in the BTB/
POZ gene family, plays an essential role in cell
proliferation and growth [31]. NACC2 also be-
longs to the BTB gene family. Evidence has
shown it acts as a negative transcriptional reg-
ulator in cell proliferation and has a positive
role in inducing apoptosis [14]. NACC2 attracts
our attention because it encodes proteins that
contain BTB and BEN domains. In a previous
study, NACC2 was shown to be upregulated in
very severe obstructive sleep apnea patients
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AC16 with long-term continuous po-
- sitive airway pressure [32].
Existing knowledge of its func-
tion is relevant to the develop-
ment of pediatric solid cancer
[33]. However, its function in
Ml injury remains unknown.
Considering its potential role
in cancer development and
the function of NACC1 in
tumor growth, we suggested
a function of NACC2 in cell
survival during MI injury. We
demonstrated that the NACC2
expression is affected by miR-
199a-3p and that it decreas-
es the expression of NACC2.
Moreover, we suggested that
the decrease in NACC2 ex-
pression was at least partially
caused by the binding of miR-199a-3p to its
3’'UTR. We then verified the function of NACC2
in cardiac cell proliferation. CCK8 and the flow
cytometry of Annexin V/Pl staining assay
showed that NACC2 could strongly inhibit the
viability of the myocardial cells. Our results
extend the knowledge of the miR-199a-3p
downstream target relevant to cell proliferation
in MI. These effects may promote the repair of
cardiomyocyte damage by targeting NACC2.

*

I
* * %

| I | B

Thus, we demonstrate that miR-199a-3p pro-
motes MPC and AC16 cell proliferation by tar-
geting the 3’'UTR of NACC2 mRNA. Our study
provides novel insight on the mechanisms of
Ml involving miR-199a-3p, and these findings
might provide new methods against cardiomyo-
cyte damage for patients.
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