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miR-10a inhibits cardiac hypertrophy after myocardial 
infarction in mice by targeting HDAC4
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Abstract: Objective: Growing evidence indicates that microRNAs (miR) have been shown to regulate cardiac hyper-
trophy in animal models of myocardial infarction (MI). This study aimed to evaluate the role of the miR-10a in cardiac 
hypertrophy after myocardial infraction. Methods: The expression of miR-10a was compared in sham-operation and 
MI surgery. Then, the cell surface area and the cardiac hypertrophy gene expression were analyzed under miR-10a 
overexpression in primary cardiomyocytes. In addition, the luciferase assay and western blot were used for deter-
mine the target gene regulated by miR-10a. Lastly, the effect of miR-10a in cardiac hypertrophy was determined 
by in vivo overexpression of miR-10a in MI surgery group. Results: We found that miR-10a was down-regulated in 
cardiac hypertrophy both in vitro and in vivo. In vitro overexpressing of miR-10a inhibits cardiomyocytes hypertrophy. 
Then we identified a novel target gene of miR-10a, HDAC4. In contrast to miR-10a, HDAC4 was up-regulated during 
cardiac hypertrophy. Moreover, in vivo overexpressing miR-10a effectively attenuated myocardial infarction-induced 
cardiac hypertrophy through decreased the expression of HDAC4. Conclusion: Our results show that miR-10a is 
a key regulator or cardiac hypertrophy, thus offering a new therapeutic strategy of myocardial infarction-induced 
cardiac hypertrophy.

Keywords: miR-10a, myocardial infarction, HDAC4, cardiac hypertrophy

Introduction

Pathological cardiac hypertrophy is a major 
cause for heart failure and many heart ailments 
which might lead to human morbidity and mor-
tality, especially the old [1-3]. However, the 
molecular mechanisms that drive the develop-
ment of pathological cardiac hypertrophy 
remain abstruse. Myocardial infraction (MI) 
was happened when coronary artery occluded, 
which leading to myocardial hypertrophy in 
none-infracted zone [4, 5]. After myocardial 
infraction, hypertrophic growth of none-infract-
ed tissues would results in heart failure [6]. 

Recent studies have proved that some microR-
NAs (miRNAs or miRs) are involved in cardiac 
hypertrophy process: some promotes cardiac 
hypertrophy (like miR-155, miR-221, miR-328 
etc.); whereas some inhibit cardiac hypertrophy 
(like miR-133, miR-21-3p, miR-378 etc.) [7-12]. 
Lately, miR-10a was found down-regulated dur-

ing cardiac hypertrophy [13]. For its high con-
servation and genomic localization, the miR-
10a genes functions as an important regulator 
in several diseases [14, 15]. Yet, the roles of 
miR-10a genes in cardiac hypertrophy remain 
unclear and worth studying.

In this research, we further study the functional 
role of miR-10a in myocardial infarction mouse 
model and found that miR-10a is associated 
with histone deacetylase 4 (HDAC4) and modu-
late in cardiac hypertrophic signal pathway [16]. 
Our results revealed the positive regulation 
functions of miR-10a in cardiac hypertrophy 
and might provide an opportunity for develop-
ment of new therapies for heart diseases.

Methods and materials

Animal experiment

All mice were in C57BL/6J background and 
were males aged 8-14 weeks. All mice were 
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maintained in a specific pathogen free facility 
under a 12-h dark/light cycle. Myocardial 
infarction (MI) surgery or sham operation was 
performed as previously mentioned [34]. In 
brief, mice were mice were anesthetized by 
intraperitoneal injection of chloral hydrate. 
Then, the left anterior descending coronary 
artery (LAD) was permanently ligated. Chemi- 
cally modified agomirs were used for miR-10a 
overexpression in vivo. C57BL/6J male mice 
received agomir at doses of 80 mg/kg body-
weight through tail injection for every 5 days 
after 4 weeks recovery from MI surgery. Tissues 
were harvested and store at -80°C for analysis. 
All experimental procedures involving the care 
and use of mice in this study were reviewed and 
approved by the Ethics Committee of the 
Second Affiliated Hospital of Zhengzhou Uni- 
versity.

Cell culture, transfection and cell surface area 
measurement

Primary neonatal mice cardiomyocytes were 
isolated from 1-day-old mouse as described 
previously. Isolated cardiomyocytes cells (ATCC) 
were culture in Dulbecco’s modified Eagle’s 
medium supplemented with 10% Fetal bovine 
serum (FBS), 1 mM glutamine, 100 units/ml 
penicillin, and 100 mg/ml streptomycin. 

Lipofectamine 2000 was used for cell transfec-
tion, 50 μmol/L phenylephrine (Sigma-Aldrich) 
or an equal volume of PBS was added 48 hours 
after transfection. Cells were harvested 48 
hours after stimulation.

Cell surface area of α-actin stained cells or 
unstained cells was measured as described 
previously [17]. 200-300 cardiomyocytes in 
20-50 fields were examined in each experi-
ment. Image J software was used to measure 
the area of cells.

Plasmid, RNA oligo and Luciferase assay

For construction luciferase reporter plasmids, 
the 3’UTR fragment of HDAC4 was amplified 
from mouse cDNA and inserted into pRL-TK 
reporter plasmids. MicroRNA double-stranded 
mimics and antagomir were purchased from 
Genepharma.

Cardiomyocytes were planted into plates then 
co-transfected with miR-24 mimics or negative 
control, pRL-TK-HDAC4-3’UTR and pGL3-basic. 

48 hours after transfection, cells were lyszed 
and relative luciferase activities were mea-
sured on a luminometer (Promega) with the 
Dual Luciferase Reporter Assay System (Pro- 
mega).

Real-time-PCR and Western blot

RNA was isolated using Trizol reagent from cells 
and tissues,  0.5 μg of RNA was reverse-tran-
scribed into cDNA using the polyA RT system. 
Real Time PCR was performed on ABI Step One 
Real Time PCR system. The following primers 
were used in this study:

miR-10a: TACCCTGTAGATCCGAATTTGTG; miR-
uni: CGAATTCTAGAGCTCGAGGCAGG; HDAC4-F: 
CTGCAAGTGGCCCCTACAG; HDAC4-R: CTGCTCA- 
TGTTGACGCTGGA; ANF-F: GCTTCCAGGCCATA- 
TTGGAG; ANF-R: GGGGGCATGACCTCATCTT; β- 
MHC-F: ACTGTCAACACTAAGAGGGTCA; β-MHC- 
R: TTGGATGATTTGATCTTCCAGGG.

Cells or tissues were lysed in RIPA lysis buffer 
(10 mM Tris-HCl (pH 7.5), 1% SDS, 1 mM 
Na3VO4, 10 mM NaF and protease inhibitor 
cocktail). Then protein samples (25 μg) were 
separated by SDS PAGE gel according to stan-
dard protocols. Anti-HDAC4 (Cell Signalling), 
α-actin (Sigma-Aldrich) and anti-GAPDH (Sigma-
Aldrich) were used for western blotting. 

Statistical analysis

All results are expressed as mean ± S.D. Sta- 
tistical analysis was performed using Student’s 
t test by GraphPad Prism 5.0. Statistical signifi-
cance was considered at P<0.05.

Results

miR-10a is downregulated in MI-and PE-in-
duced cardiac hypertrophy

A total of 10 male mice were used for this study. 
Five of these underwent myocardial infarction 
surgery through artificial occluded descending 
left coronary artery. After MI treatment for 4 
weeks, the cross section of non-infarcted zone 
of left ventricular showed an increase in cell 
size and interstitial fibrosis (Figure 1A), sug-
gesting the MI hypertrophic model were estab-
lished successfully. We explored the expres-
sion profile of miR-10a in MI-induced ventricle 
samples by performing RT-PCR and found it 
decreased (Figure 1B). Similar decrease of 
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miR-10a expression was fou- 
nd in the primary cardiomyo-
cytes treated with phenyleph-
rine (PE) (Figure 1C), which 
has been proved to induce 
cardiac hypertrophy [17, 18]. 
These results indicated that 
the expression of miR-10a 
was downregulated in the pro-
cess of myocardial remodel 
cardiac hypertrophy and the 
miR-10a expression might 
likely play a critical role in  
cardiac hypertrophy suppre- 
ssion.

miR-10a inhibits cardiomyo-
cytes hypertrophy

It has been identified that several hallmarks, 
including atrial natriuretic factor (ANF) and 
β-myosin heavy chain (β-MHC), increasing 
along with the development of pathological car-
diac hypertrophy [18-21]. To further explore the 
roles of miR-10a in hypertrophic signalling 
pathway, we analyzed the mRNA expression 
levels of ANF and β-MHC in primary cardiomyo-
cytes transfected with miR-10a mimics, taking 
non-sense oligos as negative control (NC). 
Intriguingly, we observed the expression levels 
of both ANF and β-MHC were significantly sup-
pressed in cardiomyocytes with miR-10a mim-
ics (Figure 2A). We then stimulated the primary 
cardiomyocytes with PE or PBS, and as expect-
ed, the cell surface area of cardiomyocytes 
with miR-10a mimics was less than that with 
negative control. These results, taken together, 
demonstrated that miR-10a inhibited cardio-
myocytes hypertrophy.

HDAC4 is a direct target of miR-10a in cardio-
myocytes

Based on the previous studies, we hypothe-
sized that miR-96 could target key regulators in 

Figure 1. miR-10a is downregulated in MI- and PE-induced cardiac hyper-
trophy. A. Representative of H&E staining of cross section of non-infarcted 
zone of left ventricular samples after MI surgery (n=5). B. RT-PCR analysis of 
miR-10a expression in MI-induced ventricle samples. C. RT-PCR analysis of 
miR-10a expression in PE-induced primary cardiomyocytes. Means ± SD are 
shown. *P<0.05; **P<0.01.

Figure 2. miR-10a inhibits cardiomyocytes hypertro-
phy. A. RT-PCR analysis of ANF and β-MHC mRNA 
levels in primary cardiomyocytes transfected with 

miR-10a mimics or negative 
control oligos (NC). B. Primary 
cardiomyocytes were transfected 
with miR-10a mimics or negative 
control oligos (NC), and 48 hours 
later, 50 μmol/L phenylephrine 
(PE) or equal volume of PBS was 
added, then cell surface area was 
analyzed. Means ± SD are shown. 
*P<0.05; **P<0.01.
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cardiomyocytes hypertrophy. Interesting, we 
found that HDAC4, a key regulator of cardiomy-
ocytes hypertrophy [22, 23], might be a poten-
tial target of miR-10a through TargetScan 
across species (Figure 3A). We analyzed HDAC4 
of primary cardiomyocytes in both protein and 
mRNA level. As can be seen in Figure 3B, the 
HDAC4 protein expression decreased in cardio-
myocytes with miR-10a mimics but increased 
in ardiomyocytes with miR-10a antagomir (Ant-
10). The mRNA expression HDAC4 was consis-
tent with its protein expression (Figure 3C). In 
addition, the luciferase activity of reporter plas-
mids containing the 3’UTR of HDAC4 was deter-
mined in primary cardiomyocytes transfected 
different amount of miR-10a mimics. Results 
showed that increasing amount of miR-10a 
mimics expression gradually weakened the 
luciferase activity of HDAC4 (Figure 3D). These 
findings raise the possibility that HDAC4 might 

Figure 3. HDAC4 is a direct target of miR-10a in cardiomyocytes. A. Sequence alignment of miR-10a and the HDAC4 
3’-UTR from various species. B. Western blot analysis of HDAC4 in primary cardiomyocytes transfected with miR-10a 
mimics, negative control oligos (NC), miR-10a antagomir (Ant-10) or anti-scramble (Ant-NC). GAPDH was used as a 
loading control. C. RT-PCR analysis of HDAC4 expression in primary cardiomyocytes transfected with miR-10a mim-
ics, negative control oligos (NC), miR-10a antagomir (Ant-10) or anti-scramble (Ant-NC). D. The luciferase activity of 
reporter plasmids containing the 3’UTR of HDAC4 was determined in primary cardiomyocytes transfected different 
amount of miR-10a mimics. Means ± SD are shown. *P<0.05; **P<0.01.

Figure 4. HDAC4 promotes cardiac hypertrophy. A. 
Western analysis of HDAC4 expression in Sham-op-
erated or MI-treated mice (n=5). GAPDH was used 
as a loading control. B. Primary cardiomyocytes were 
transfected with miR-10a mimics or negative control 

oligos (NC), or co-transfected with HDAC4 plasmid, 
and 48 hours later, 50 μmol/LPEor equal volume of 
PBS was added, then cell surface area was analyzed. 
Means ± SD are shown. *P<0.05; **P<0.01.
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be a direct target of miR-10a in cardiomyo- 
cytes. 

HDAC4 promotes cardiac hypertrophy

Western blots showed that HDAC4 expression 
drastically increased in MI-treated mice (Figure 
4A), indicating that HDAC4 promotes cardiac 
hypertrophy. Overexpression of miR-10a inhib-
ited cardiomyocytes hypertrophy. However, 
when co-expressed miR-10a and HDAC4 in car-
diomyocytes, no inhibition of cardiomyocytes 

hypertrophy were ever observed, and mean cell 
area increased (Figure 4B). Hence, we con-
firmed that HDAC4 is a direct target of miR-10a 
in cardiomyocytes and elevate the effect of 
myocardial hypertrophy.

Restoration of HDAC4 abolished the action of 
HDAC4 during cardiac hypertrophy

To further understand the relationship between 
miR-10a and HDAC4 in hypertrophic signaling 
pathways, we next evaluated the miR-10a and 

Figure 5. Restoration of miR-10a abolished the action of HDAC4 during cardiac hypertrophy. A. RT-PCR analysis of 
miR-10a and HDAC expression in ventricle samples of Sham-operated mice, MI-treated mice or MI-treated mice with 
ago miR-10a (n=3). B. Western blot analysis of miR-10a and HDAC expression in ventricle samples of Sham-operat-
ed mice, MI-treated mice or MI-treated mice with ago miR-10a (n=3). GAPDH was used as a loading control. C. Rep-
resentative H&E staining images of cross section of non-infarcted zone of left ventricular samples of Sham-operated 
mice, MI-treated mice or MI-treated mice with ago miR-10a (n=3). Means ± SD are shown. *P<0.05; **P<0.01.
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HDAC expression in ventricle samples of Sham-
operated mice, MI-treated mice or MI-treated 
mice with ago miR-10a (Figure 5A). The results 
showed that overexpression of miR-10a signifi-
cantly down-regulated the HDAC4 expression in 
MI-treated mice in mRNA level. Similarly, 
HDAC4 expression in protein level raised in 
MI-treated mice but suppressed in MI-treated 
mice with ago miR-10a (Figure 5B). From the 
representative images of cross section of ven-
tricle samples, we observed a positive control 
of cardiac hypertrophy in miR-10a overex-
pressed sample, that the cell size as well as the 
percentage of interstitial fibrosis reduced 
(Figure 5C). Altogether, our data revealed that 
restoration of miR-10a abolished the action of 
HDAC4 during cardiac hypertrophy. 

Discussion

miRNAs are a primordial mechanism of gene 
expression control that they are crucial to cel-
lular development and nowadays are emerging 
as prominent players in the regulation of the 
biological processes in many diseases as well. 
The regulation functions of miRNAs have been 
identified in not only cardiovascular disease 
but also respiratory, intestinal and liver ones 
[24-27]. There’s still a long way to go to figure 
out the potential functions of these biomarkers 
and provide clinicians with more specific 
guidance.

Cardiac hypertrophy is an early stage of many 
heart diseases. In this study, we first identified 
the functional role of miR-10a mediated with 
HDAC4 in modulating cardiac hypertrophic 
response. Our data showed that miR-10a 
expression was down-regulated in MI-treated 
mouse models which correspond to previous 
microarray study of cardiac hypertrophy [13]. 
Overexpression of miR-10a could suppress car-
diac hypertrophic both in vivo and in vitro, and 
similar positive regulation functions of miR-10a 
has also been found in mouse models of intes-
tinal neoplasia [28]. 

We additionally discovered that HDAC4 is a 
direct target of miR-10a in cardiomyocytes. 
Since it is well-known that the HDAC family, 
which catalyze the removal of acetyl groups 
from proteins, promote cardiac hypertrophic 
and were closely linked with heart failure, 
increasing attentions are paying on developing 
the HDAC-inhibitors that could improve cardiac 

functions in pathological heart conditions [29-
33]. Our findings showed that the expression of 
HDAC4 up-regulated and lead to cardiac hyper-
trophic in MI mouse models, whereas restora-
tion of miR-10a abolished the action of HDAC4 
and alleviated hypertrophy of cardiomyocytes.

In conclusion, our studies reveal that miR-10a 
plays a protective role in cardiac hypertrophy 
and might serve as a novel therapeutic target 
for pathological cardiac hypertrophy and other 
heart diseases.
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