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ABSTRACT

Background:microRNAs are crucial for cardiovascular development and are associated with congenital heart dis-
ease (CHD). Recent studies have shown that microRNAs play a role in heart development and is closely related to
CHD. The present study investigated the underlying mechanism of microRNA-208a (miR-208a) in “simple”
CHD. Material and Methods: Reverse transcription-quantitative PCR (RT-qPCR) demonstrated miR-208a
expression levels in children with CHD (n = 27) compared with normal controls (n = 29), in cardiomyocytes from
embryo 10 (E10) to post-birth (P7) and organs in adult rats in healthy rats. Apoptosis of H9c2 cells after trans-
fection with miR-208a detected by TUNEL assay. B-cell lymphoma (Bcl)-2, an anti-apoptotic gene, was detected
by RT-qPCR, as well as Gata4. After 48h overexpression of miR-208a, GATA4 was detected via western blotting.
Dual luciferase reporting system was used to identify the binding sites of miR-208a to Gata4. Results: Expression
of miR-208a was upregulated in the CHD group via the control group (p < 0.01). At P7, miR-208a had the highest
expression (p < 0.01), and which was highest in myocardiocytes via other organs or tissues (p < 0.01) in adult rats.
The number of apoptotic cells increased significantly post-transfection with miR-208a (p < 0.01), while decreased
with the miR-208a inhibitor via the control group (p < 0.01). Compared with the control group, there was no
significant difference in the expression level of Bcl-2 after miR-208a overexpression (p > 0.05). The present study
proved that miR-208a binds directly to the 3´-UTR of Gata4 at site 1,363-1,369 bp. Expression of GATA4
decreased after miR-208a overexpression (p < 0.01), but increased following transfection with a miR-208a inhi-
bitor via the control group (p < 0.05). Conclusions: Our study demonstrated that miR-208a downregulates Bcl-2
by directly targeting GATA4, which may cause CHD. miR-208a may become a new biomarker or therapeutic tar-
get for CHD in the future.
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1 Introduction

“Simple” CHD involves only cardiovascular malformations and no congenital anomalies in other
systems. It accounts for 70%–80% of the total number of CHD cases [1]. Genetic factors play important
roles in CHD pathogenesis, accounting for 55%–65% of cases in 2008 [2–5]. Deletion of Dicer in
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cardiomyocytes [6] and in vascular smooth muscle [7], as well as deletion of DiGeorge syndrome critical
region gene 8 (Dgcr 8) [8] leads to death during pregnancy and post-natal events, which suggests that
microRNA (miRNA or miR) is essential for cardiomyocyte development. Dicer [6,9] can specifically
cleave and phosphorylate long non-coding RNA and act on miRNA. DGCR 8 is an important protein
involved in the synthesis and maturation of miRNA, and regulates the generation of miRNA, which in
turn affects the regulatory effect of miRNA on genes [8].

miRNAs are a class of small endogenous non-coding RNAs. They negatively regulate expression of
target genes at the post-transcriptional level to achieve gene silencing by binding to the 3'-UTR [10]. It
has been suggested that miRNA is closely associated with atrioventricular septal defects (ASD), ventricle
formation, arrhythmia, hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM) and
remodeling after myocardial damage [4,9,11–13]. miR-208a encoded by intron 29 of myosin heavy chain
6 (Myh 6) and co-transcribed with its host gene. Upregulation of miR-208a in myocardial cells leads to
cardiac hypertrophy [14]. However, whether it plays a role in CHD and what its target gene is remains to
be elucidated. According to the database TargetScan GATA4 may be a target gene of miR-208a.
GATA4 is involved in embryogenesis and in myocardial differentiation and function. Numerous studies
have demonstrated that mutations in this gene have been associated with CHD [15,16]. Low
GATA4 expression in embryonic cardiomyocytes can cause myocardial hypoplasia, and even abortion
[17]. Considering the model of miRNAs regulating target genes, miRNA(s) may participate in CHD [18]
pathogenesis by regulating the expression of GATA4, which indicates that mir-208a plays a role in CHD
development through regulation of GATA4.

In the present study, overexpression of miR-208a promoted H9c2 cardiomyocyte apoptosis by targeting
GATA4. Above all, miR-208a may play a critical role in CHD pathogenesis.

2 Materials and Methods

2.1 Ethical Approval of the Study Protocol
The study protocol was approved by the Ethics Committee of the General Hospital of ShenyangMilitary

Region Shenyang, China.

2.2 Subjects
2.2.1 Plasma from Human

Plasma from 27 children with CHD (12 males and 15 females) and 29 normal controls (13 males and
16 females) without CHD were provided by the General Hospital of Shenyang Military Region. The
characteristics of these two groups are presented in Tab. 1. The diagnosis was confirmed by color
Doppler ultrasound and/or surgery. All subjects were aged 1–18 years. All human samples were anti-
coagulated with ethylenediamine tetra-acetic acid and centrifuged immediately at 1,600 × g for 15 min to
separate the plasma.

2.2.2 Organ and Tissue Acquisition from Rats
Adult Wistar rats were purchased from the Experimental Animal Center of China Medical University,

and the experimental process complied with animal protection regulations. 90 to 110-day-old male rats and
80 to 100-day-old female rats were caged together overnight. The next morning, the vaginal secretions of
female rats were observed using a light microscope. If sperm were observed, it was considered to be
E0.5 pregnant. Pregnant at E10 and E14 rats were sacrificed and the embryos were removed, at last the
heart tissue of fetal rats were removed. Hearts of newborn and P7 rats were removed also. The heart,
lung, liver, skeletal muscle, small intestine and stomach of adult rats were harvested too after rats were
euthanized.
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Table 1: Clinical findings of patients with CHD and controls

Case Age(year) Gender Diagnosis

Patients with CHD

1 7 M VSD

2 1 M F4

3 9 M F4, ASD

4 1 M F4

5 13 M VSD

6 2 M ASD

7 3 M AVSD

8 3 F ASD

9 1 F Pulmonary stenosis

10 5 M VSD, PDA, PFO

11 4 M VSD

12 7 M Double-outlet right ventricle

13 3 F VSD

14 12 F VSD

15 6 F ASD

16 2 F PDA

17 4 F ASD

18 8 F ASD

19 6 F VSD

20 1 F VSD

21 14 M Aortic stenosis

22 18 F ASD

23 18 F Aortic stenosis

24 11 F VSD

25 15 M ASD

26 10 F ASD

27 8 F VSD

Controls

1 1 F Rubella

2 14 F Viral influenza

3 4 M Infection of the upper aspiratory tract

4 3 M Infection of the upper respiratory tract

5 5 F Infection of the upper respiratory tract

6 6 M Infection of the upper respiratory tract
(Continued)
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2.3 Methods
2.3.1 miRNA Extraction, Reverse Transcription (RT) and RT-qPCR

miRNAs in plasma were extracted using an miRNA extraction kit (Tiangen, Beijing, China). Stem-loop
RT was performed with a reverse transcription kit (TaKaRa, Dalian, China) using the RT primer 5'-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAAGCTT-3' in a 20 μl reaction system
following the program: 16°C for 30 min, 42°C for 30 min and 85°C for 5 min. Expression of miR-208a
was analyzed using the ABI Prism 7500 system following amplification with Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) in a 20 μl reaction system following the
program: 95°C for 30 sec, 40 cycles of 95°C for 5 sec and 60°C for 34 sec, 9°C for 15 sec, 60°C for
60 sec, and 95°C for 5 sec. The internal reference was U6. PCR products were confirmed by 1.5%
agarose gel electrophoresis. Each sample was repeated three times and an average value was taken. The
primers sequences are listed in Tab. 2.

Table 1 (continued).

Case Age(year) Gender Diagnosis

7 8 M Infection of the upper respiratory tract

8 12 M Rubella

9 1 F Trauma

10 9 F Trauma

11 6 M Trauma

12 14 M Infection of the upper respiratory tract

13 5 F Infection of the upper respiratory tract

14 6 M Viral influenza

15 1 M Viral influenza

16 11 M Viral influenza

17 10 F Infection of the upper respiratory tract

18 14 M Infection of the upper respiratory tract

19 9 F Infection of the upper respiratory tract

20 13 F Infection of the upper respiratory tract

21 12 F Infection of the upper respiratory tract

22 2 M Infection of the upper respiratory tract

23 12 M Trauma

24 3 M Rubella

25 11 M Enteritis

26 12 F Enteritis

27 8 F Infection of the upper respiratory tract

28 14 M Infection of the upper respiratory tract

29 5 F Infection of the upper respiratory tract
Note: M: male, F: female. VSD: Ventricular Septal Defect, F4: Tetralogy of Fallot, ASD: Atrial Septal Defect, AVSD: Atrioventricular Septal Defect,
PDA: Patent Ductus Arteriosus, PFO: Patent Foramen Ovale.
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2.3.2 Organ and Tissue Acquisition from Rats, miRNA Extraction, Reverse Transcription and RT-qPCR
ThemiRNA of tissues and organs extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA). After

homogenization, 0.2 ml chloroform was added and vortexed for 15 s. Centrifugation was performed at 9,000 ×
g for 15 min at 4°C, then 0.5 ml of isopropanol was added to the supernatant and mixed well. Centrifugation
was performed at 6,500 × g at 4°C for 12 min and 1% of 75%DEPC-treated ethanol was added to rinse. Further
centrifugation was performed for 4 min at 2,000 × g for 5 min and dissolved in 0.01% DEPC-treated water.
Total RNA was stored at –70°C. The processes of miRNA reverse transcription and miR-208a in real-time
PCR protocol were the same as those aforementioned, but the reverse transcription primer was 5'-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCTTTTTG -3' instead. Other primers are
listed in Tab. 2.

2.3.3 Construction of miR-208a Eukaryotic Expression Vector
Rat cDNA was obtained using TRIzol®. Pre-miR-208a was amplified by PCR (upstream 191 bp;

downstream 101 bp; full-length 378 bp). The primers were 5'-AGGGATCCACCATGGGCTGCT-
3'(BamHI) and 5'-CTGAATTCCCAACACCCCCTGC-3'(EcoRI), underline indicating the restriction sites.
A 25 μl reaction system was treated using the following program: 94°C for 60 sec, 35 cycles of 98°C for
5 sec, 72°C for 5 sec and 58°C for 5 sec; 72°C for 10 min, and 4°C for use. Then, 2.0 μl of the DNA
fragment was ligated with 2.0 μl of pMD18T SIMPLE vector and subsequently transformed, enriched,
sequenced and extracted. After double-digestion of the plasmid with BamHI and EcoRI, the DNA
fragment was ligated with eukaryotic expression vector pcDNA 3.1(+) (Promega, Fitchburg, WI, USA) to
construct the miR-208a expression vector.

2.3.4 Cell Culture and Gene Transfection
H9c2 cells (Biosciences Cell Resource Center, Shanghai, China) were cultured in high-glucose

Dulbecco’s modified Eagle’s medium with 5% CO2 and saturated humidity at 37°C. Cells were
transfected as three groups: i) miR-208a group, cells were transfected with miR-208a expression vector.
10 μl Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) and 6 μg miR-208a vector were transfected
together; ii) Inhibitor group, 10 μl Lipofectamine® 2000 and transfected with 80 nmol miR-208a inhibitor
(GenePharma, Shanghai, China); iii) Control group, treated with Lipofectamine® 2000 only. The
procedure according to the manufacturer’s instructions of Lipofectamine® 2000.

Table 2: PCR primers for the genes

Target/control gene Primer sequence (5′-3′) Amplicon size

miR-208a(human) F: 5′- ACACTCCAGCTGGGATAAGACGAGCAAAAA -3′

miR-208a(rat) F: 5′- ACACTCCAGCTGGGATAAGACGAGCA -3′ 44 bp

miR-208a(human and rat) R: 5′-TGGTGTCGTGGAGTCG-3′ 44 bp

U6 F: 5′-AACGCTTCACGAATTTGCGT-3′ 96 bp

R: 5′-CTCGCTTCGGCAGCACA-3′

Bcl-2 F: 5′-CCGGGAGAACAGGGTATGATAA-3′ 81 bp

R: 5′-CCCACTCGTAGCCCCTCTG-3′

Gata 4 F: 5′-CACTATGGGCACAGCAGCTCC-3′ 186 bp

R: 5′-TTGGAGCTGGCCTGCGATGTC-3′

Gapdh F: 5′-TGCTGAGTATGTCGTGGAGT-3′ 289 bp

R: 5′-AGTCTTCTGAGTGGCAGTGAT-3′
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2.3.5 Construction of GATA4 Wide-3′-UTR-pGL3 and GATA4 del-3′-UTR-pGL3 Vector
The Gata4 wide-3'-UTR was amplified by PCR. The primers were 5'-TAGCTAGCACCCCCTTCCC-

TCTTC-3'(Nhe I) and 5'-CAGCTAGCACCATTTGATCCAC-3'(Nhe I). A 25 μl reaction system was treated
the following program: 94°C for 30 sec, 35 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 90 sec;
72°C for 10 min, and 4°C for ready. DNA fragment was ligated with pGL3-control (Promega, Fitchburg, WI,
USA), double-digested of the plasmid with Xba I to construct GATA4 wide-3′-UTR-pGL3 vector. Using a
Quick-Change kit (Stratagene, LJ, CA, USA), the Gata4 del-3’-UTR-pGL3 vector was constructed as follows.
The primers were 5'-CCTCCACAACCCGTTAACATTAGGTGAAATGGCT-3' and 5'-AGCCAT-
TTCACCTAATGTTAACGGGTTGTGGAGG-3'. A 25 μl reaction system was treated using the following
program: 95°C for 120 sec, 35 cycles of 95°C for 20 sec, 60°C for 10 sec, and 6°C for 150 sec; 72°C for
10 min, and 4°C for use. In del-3′-UTR-pGL3 vector, the site at 1,363-1,369 bp of GATA4 3′-UTR was deleted.

2.3.6 Dual Luciferase Reporter System
When cells reached 50%–60% conluency, 2 μg reporter plasmid pGL3-control and 0.1 μg control

plasmid pRL-TK (Promega, Fitchburg, WI, USA) were transfected using Lipofectamine® 2000. A total of
100 μl LAR II was added to the fluorimeter tube together with 20 μl cell lysate, then the luminescence
apparatus was put in, luciferase activity was measured in the pGL4, which was read as M1. Next, 100 μl
Stop&Glo reagent to stop the reaction. Determination of Renilla fluorescence activity in the internal
reference plasmid pRL-TK, reading as M2. M1/M2 was the relative activity of luciferase.

2.3.7 Apoptosis
The parameters of late apoptosis were measured using a TUNEL assay (Biyuntian, Shanghai, China). At

72 h post-transfection, H9c2 cells were fixed with 4% formaldehyde solution for 25 min at 4°C, rinsed three
times with PBS at room temperature, and treated with 0.2% Triton X-100. After incubation buffer was added
cells were incubated for 60 min at 37°C. Then, cells were immersed with 3 ml of 2 × sodium chloride-sodium
citrate buffer. The reaction was terminated 15 min later. Unbound fluorescein-12-dUTP was washed away
with PBS. After addition of 3 ml of propidium iodide (1 μg/ml) was added for 5 min later, and cells were
counterstained with hematoxylin and eosin. Finally, TUNEL-positive cells were counted using a microscope.

2.3.8 Expression of Gata4, Bcl-2 and miR-208a from H9c2 Cells Detected RT-qPCR
After transfection for 48h, H9c2 cells were harvested. Total RNA was extracted from transfected cells

using TRIzol 48h post-transfection and then reverse-transcribed using a RT-qPCR kit (TaKaRa, Dalian,
China). Gata4 and Bcl-2 were detected using qPCR, Gadph was used as an internal reference. A 20-μl
reaction system was treated using the following program: 95°C for 30 s, 40 cycles of 95°C for 5 s and
60°C for 34 s, 95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s. The protocol of miR-
208a detection was the same as that used for the rat cells. Primers are listed in Tab. 2.

2.3.9 GATA4 Detected via Western Blotting
At 48 h post-transfection, proteins were extracted with Whole Protein Extraction Kit (KeyGen Biotech,

Nanjing, Jiangsu, China). Proteins were separated via 10% SDS-PAGE and blotted onto PVDF membranes.
The membranes were soaked in Tris-buffered saline. Following the addition of GATA4 antibody (1:500;
sc-9053, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and alkaline phosphatase-labeled goat anti-
rabbit secondary antibody (1:4,000; ZN1981-EUL; BalbBiomart, Bejing, China), PVDF membranes were
developed and photographed. GAPDH (1:500; AB-P-R001, GoodHere, Hangzhou, Zhejiang, China) was
used as the internal reference.

2.4 Statistical Analysis
Data are presented as the mean ± standard deviation. The clinical data of the two groups were

compared by the rank sum test. Data were analyzed via Kruskal-Wallis and Student’s t-test. SPSS v19.0
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(SPSS, Inc., Chicago, USA.) and Graphpad Prism 7 were used for analyses. p < 0.05 was considered to
indicate a statistically significant result.

3 Results

Expression of miR-208a in cardiomyocytes in the CHD group is elevated compared with that in the
control group. The present study examined the expression levels of miR-208a in plasma samples from
27 patients with CHD and 29 normal individuals in order to validate the miR-208a participate in CHD.
As demonstrated by real-time PCR, miR-208a was upregulated in the CHD group when compared with
the control group, suggesting that miR-208a plays a role in CHD (p < 0.01; Fig. 1).

Expression of miR-208a shows a temporal dependence in myocardiocytes development and specificity
in cardiomyocytes. Expression of miR-208a increased from E10 to P7 and decreased after adulthood (Fig. 2).
At P7, miR-208a had the highest expression (p < 0.01; Fig. 2B). In addition, the expression level of miR-
208a was highest in myocardiocytes when compared with other organs or tissues (p < 0.01; Fig. 2C).
This evidence indicated that miR-208a is essential for the development and function of myocardiocytes.

miR-208a overexpression promotes apoptosis and expression of bcl-2 decreased. H9c2 cells underwent
transfection in three transfection groups, miR-208a, miR-208a inhibitor and control in order to investigate the
biological function of miR-208a. Cell apoptosis was promoted in cells with miR-208a compared with the
control group, as measured via TUNEL assay. miR-208a inhibitor significantly inhibited cells apoptosis.
The number of apoptotic cells increased significantly at 72 h post-transfection in the miR-208a group
compared with the control group (p < 0.01). The number of apoptotic cells decreased 72 h after
transfection with the miR-208a inhibitor when compared with the control group (p < 0.01). These results
suggested that miR-208a promoted apoptosis (Fig. 3A).

Figure 1: miR-208a expression in plasma of children with CHD and normal group. (A): miRNAs were
extracted from plasma, and the reverse-transcribed miR-208a was confirmed by gel electrophoresis after
real-time PCR. miR-208a was 44 bp in length. U6 was the internal reference and 96 bp in length. (B): As
revealed by real-time PCR, there was a significant difference in miR-208a expression in plasma between
CHD Group and Normal Group. Normal Group: control. Lane 1: miR208a; Lane 2: represents DL2000;
Lane 3: U6. The dots represent the expression level of miR-208a in CHD Group and the squares
represent the expression level in the control. ** p < 0.01 vs. control
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Figure 2: Expression of miR-208a in the heart of rat at different life stages and in various organs or tissues
after adulthood. (Aa-1): E10 rat embryo, 32×, arrow for the cardiomyocytes. (Aa-2): E14 rat embryo, 25×,
arrow for the cardiomyocytes. (Aa-3): E10 rat cardiomyocytes, 90×. (Aa-4): E14 rat cardiomyocytes, 50×.
(B): Relative miR-208a expression ratio to E10 in cardiomyocytes of different embryo stage detected by real-
time PCR. miR-208a expression increased gradually in the embryo period and to a peak at P7, but decreased
after born. (C): Expression of miR-208a was at the highest in heart, though hardly expressed in other organs
or tissues. ** p < 0.01 vs. Heart
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Bcl-2, an anti-apoptosis gene, was analyzed after the gene was transfected at 24 h and 48 h by real-time
PCR. Compared with the control group, there was no significant difference in the expression level of Bcl-2
24 h after miR-208a overexpression (p > 0.05), but a significant decrease of expression at 48 h was noted
(p < 0.01). There was no significant difference in the expression of Bcl-2 24 h after transfection with
miR-208a inhibitor (p > 0.05), but a significant increase at 48 h was documented (p < 0.01; Fig. 3B).
These results indicate that miR-208a may promote cell apoptosis by regulating Bcl-2, but there was no
evidence to prove that miR-208a regulates Bcl-2 directly.

GATA4 is a target gene of miR-208a. From the bioinformatics analysis with Targetscan (http://www.
targetscan.org), miR-208a binds directly to the 3´-UTR of GATA4. The present study deleted the predicted
binding site (1,363-1,369 bp) as del-3´-UTR (Fig. 4A). In the Dual Luciferase reporter system, miR-208a
decreased the luciferase activity together with wide-Gata4-3´-UTR, but had no effect on the luciferase
activity of del- Gata4-3´-UTR (p < 0.01; Fig. 4B). RT-qPCR and western blotting analysis were performed
in order to further measure the effect of miR-208a on GATA4 expression (Figs. 4C and 4D). Expression of
GATA4 decreased after miR-208a overexpression (p < 0.01), but increased following transfection with a
miR-208a inhibitor when compared with the control group (p < 0.05) (Fig. 4D). These findings suggested
that miR-208a regulates GATA4 expression by directly targeting the GATA4 3´-UTR region negatively.

Figure 3: miR-208a promotes apoptosis by target bcl-2. (A): Apoptosis of H9c2 cells after transfection with
miR-208a detected by TUNEL assay. Cells stained after transfection (400×). (Aa-1): MiR208a Group:
Transfected with miR-208a; arrows indicate apoptotic cells. (Aa-2): Inhibitor Group: Transfected with
miR-208a inhibitor. (Aa-3): Control Group: No transfection. (Ab): Statistical analysis of apoptotic cells.
The number of apoptotic cells was increased significantly in MiR208a Group as compared with the
Control Group; and the number of apoptotic cells was decreased after transfection with miR-208a
inhibitor as compared with the Control Group. (B): The expression of bcl-2 determined by real-time PCR
after transfection. Compared with Control Group, there was a significant decrease detected in MiR208a
Group (p < 0.01), while a significant decrease detected in Inhibitor Group after 48 h (p < 0.01). After
24 h, either in MiR208a Group or Inhibitor Group, the expression of bcl-2 was no significant compared
with the Control Group (p > 0.05). “MiR208a Group”: Transfected with miR-208a vector; “Inhibitor
Group”: Transfected with miR-208a inhibitor; “Control Group”: Without transfection. ** p < 0.01, ns:
p > 0.05 vs. Control Group
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4 Discussion

Studies have shown that miRNA play an important role in cardiomyocyte fate by suppressing their target
genes [11,13,19–26]; particularly in cell apoptosis, resulting in the development of diseases [27–31]. miR-
208a promotes apoptosis in ischemic cardiomyocytes to alter cardiac function [32]. miR-208a, encoded by
intron 29 ofMyh6 [14,33], is a highly conserved sequence in precursor and mature forms [34] that encodes α-
cardiac muscle myosin heavy chain (α-MHC) [14,23,33]. These findings demonstrate that miRNA is critical

Figure 4: Gata4 is a direct target of miR-208a. (Aa-1): Predicted binding site miR-208a to Gata 4 3´-UTR.
(Aa-2): Sequence fragment of Gata 4 3´-UTR. The box showed the target predicted biding site of miR-208a.
(Aa-3): The arrow showed that the predicted biding site was deleted. (B): Pre-miR-208a expression vector
transfected H9c2 cells with Gata4 wide-3´-UTR and del-3´-UTR respectively. The luciference of MiR208a
Group was significantly lower than Control Group. (C): Gata4 expression decreased in MiR208a Group, but
increased in Inhibitor Group after 208a transfected 48 h vs. Control Group. (D): Western blotting analysis of
GATA4 expression levels in H9c2 cells. A significant decrease was detected at 48 h by transfected with miR-
208a (p < 0.05). There was a significant increase 48 h after transfection with miR-208a inhibitor. “MiR208a
Group”: Transfected with miR-208a vector; “Inhibitor Group”: Transfected with miR-208a inhibitor.
“Control Group”: Without transfection. ** p < 0.01, *: p < 0.05, ns: p > 0.05
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for cardiovascular development and cardiovascular diseases. However, little is currently known about the
function of miRNAs, or miR-208a in CHD.

Therefore, the present study analyzed whether miR-208a plays a role in CHD pathophysiology.
Circulating miRNAs have been proven to be associated with cardiovascular diseases, particularly in CHD
[18], which may become new biomarkers and therapeutic targets of the diseases [35–39]. Thus, the
expression of circulating miR-208a in pediatric patients with CHD was detected first in the present study.
The CHD group included patients in ASD, ventricular septal defect (VSD), F4 (F4Tetralogy of Fallot),
double-outlet right ventricle, atrioventricular septal defect (AVSD), patent ductus arterious (PDA), aortic
stenosis and patent foramen ovale (PFO). The expression of circulating miR-208a was much higher in the
CHD group than in the control group, which suggested that miR-208a may play in atrioventricular
development of the heart, even lead to CHD. Li et al. demonstrated that 8 circulating miRNAs with VSD
were down- or upregulated [40], but miR-208a was not mentioned. The reason may be that the
expression of the miR-208 family showed prominent chamber specificity and was expressed abundantly
in the left atria [38]. While the present study did not group the expression of miR-208a in different types
of CHD, the impact of miR-208a on different types of CHD will be the focus on our future research.

To further clarify the possible role of miR-208a in heart development, we conducted animal experiments
in rats. The present study selected two key time points of the embryonic period: E10 (cardiac tube looped to
right and early chamber formatted) and E14 (separation of atrium and outflow tract formed) [25] in rat. The
cardiomyocytes were obtained from the two time points, as well as newborn, P7, and adult rats in order to
analyze the expression of miR-208a. The expression of miR-208a significantly increased following age, and
peaked to P7, which also showed myocardial expression specificity in adult rats, and has been shown to be
positively correlated in previous studies [14,33]. The present study implied that miR-208a may be associated
with heart cardiomyocyte pathophysiology and even play a key role in heart development.

Then, it was revealed that apoptotic bodies were increased in H9c2 cells when miR-208a was
overexpressed, and Bcl-2, an anti-apoptosis gene, was downregulated. From predicted databases (www.
targetscan.com), miR-208a would not target Bcl-2 but GATA4 directly. Studies showed that
GATA4 decreased apoptosis [41] by upregulating Bcl-2 [42]. To the best of our knowledge, it is not
known whether miR-208a regulates Gata4 directly and decreases Bcl-2. GATA4, as an important
transcription factor, plays a role in cardiovascular development. Mutation in the gene, mutation in its 3´
UTR and SNPs variants, and abnormal expression of GATA4 can all lead to CHD [17,43,44]. Wang et al.
(34) demonstrated that miR-208a negatively regulated GATA4, although the binding site was not noticed.
GATA4 level was elevated while the transcript level was unchanged in a miR-208a -/- mouse heart [33].
In the present study, dual fluorescence reporter experiments suggested that miR-208a negatively regulated
Gata4 by binding the site of 3´UTR at 1363-1369 bp, which is predicted as a “seed region”.
Overexpression of miR-208a inhibited the expression of GATA4 tested by western blotting. Therefore,
the present study speculated that miR-208a plays a role in apoptosis by negatively regulating expression
of GATA4, then downregulated bcl-2. Dysregulated expression of miR-208a during embryonic
cardiovascular development may lead to uncontrolled expression of one or more target genes, then cause
consequent malformation and dysfunction of the heart, thereby resulting in CHD.

5 Conclusions

In conclusion, the present study implied that: i) Circulating miR-208a expression is upregulated in
patients with CHD, ii) miR-208a directly regulates GATA4 expression in cardiomyocytes at the site of
Gata4 3´UTR 1363-1369 bp, and iii) miR-208a promotes H9c2 cell apoptosis by downregulating
GATA4, while the latter is a positive factor of Bcl-2 expression. These findings suggest that miR-208a
may be a new biomarker or therapeutic target for CHD.
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We propose that miR-208a, as a potential therapeutic target and mechanistic biomarker for CHD, may be
one of non-invasive treatment for CHD.
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