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Abstract. Previous studies have investigated the role of 
microRNAs (miRs) in heart development to reveal the miRNA 
mechanism of action in congenital heart disease (CHD) in 
children. The present study aimed to investigate the role of 
miR‑1 in heart development in P19 cells. The mRNA level for 
miR‑1 in P19 cells was detected before or after cardiomyo-
cyte differentiation, using reverse transcription‑quantitative 
polymerase chain reaction analysis. Expression of cardio-
myocyte differentiation markers was also analyzed. The 
effect of miR‑1 overexpression on the viability and apoptosis 
of differentiated P19 cells was assessed using MTT and 
Annexin V‑FITC assays, respectively. Furthermore, the effects 
of miR‑1 on expression of markers of cell proliferation and 
apoptosis were also analyzed in differentiated P19 cells using 
western blotting. The results demonstrated that P19 cells were 
successfully differentiated into cardiomyocytes, and that 
endogenous miR‑1 expression was significantly decreased in 
differentiated P19 cells compared with undifferentiated P19 
cells. Overexpression of miR‑1 resulted in increased viability 
in differentiated P19 cells and decreased apoptosis, compared 
with the normal control. In addition, expression of heart and 
neural crest derivatives expressed transcript 2 (Hand2) was 
increased in differentiated cells with miR‑1 overexpressed 
compared with normal cells, while caspase‑3 cleavage was 
decreased by miR‑1 overexpression. In conclusion, the present 
study suggested that miR‑1 upregulation may be important in 
regulating cell proliferation and apoptosis in P19 differenti-
ated cardiomyocytes by increasing Hand2 expression and 
suppressing caspase‑3 cleavage. The present study aimed to 
provide a theoretical basis for the explanation of the mechanism 

of CHD and investigate miR‑1 as a potential therapeutic target 
for its clinical treatment.

Introduction

Congenital heart disease (CHD) is one of the most common 
birth defects in humans worldwide, occurring in ~7‑8% of 
infants born annually (1). Improved surgical treatments have 
decreased the mortality of children with CHD, but not all 
infants with CHD survive to adulthood (2,3). The mechanism 
of heart development is complex, and involves multiple genetic 
and environmental factors in its regulation  (4). Therefore, 
investigations of relevant target genes and microRNAs 
(miRNAs) are important to fully comprehend the mechanism 
of heart development and to provide therapeutic targets for 
treatment of CHD in children.

miRNAs are endogenous non‑coding RNAs of 20‑22 nucle-
otides in length that have diverse functions in biological 
processes at the transcriptional or post‑transcriptional level, 
by targeting the 3'‑UTR of genes (5). Previous studies have 
revealed that miRNAs are involved in the development of the 
heart, including cardiomyocyte differentiation, cell cycle and 
the conducting system of the heart (6,7). The muscle‑specific 
miR‑1 has been reported to be important in heart development. 
For example, miR‑1 transcription is affected by the regulation 
of myogenic differentiation  1 (MyoD), myocyte enhancer 
factor (Mef), and serum response factor (SRF) (8). High levels 
of miR‑1 expression in mice lead to cardiomyocyte cell cycle 
arrest at an early stage and attenuated cell proliferation (9,10). 
The mouse teratoma‑derived P19 cells are pluripotent, and 
thus can be differentiated into cardiomyocytes, skeletal muscle 
cells and neurons, allowing the application of P19 cells in cell 
replacement therapy and myocardial tissue engineering (11,12). 
Although several studies have reported significant roles of 
miR‑1 in regulating heart development in mice and in human 
cells, few have explored the possible role of miR‑1 in regu-
lating the heart development in P19 cells.

The present study aimed to investigate the role of miR‑1 
in heart development and to reveal a possible mechanism 
of action. Endogenous expression of miR‑1 was assessed in 
P19 cells, as was the effect of miR‑1 overexpression on the 
biological processes of P19 differentiated cardiomyocytes. In 
addition, the effect of miR‑1 overexpression on cell viability 
and cell apoptosis‑related protein expression was examined.
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Materials and methods

Cell culture and cell differentiation. P19 cells (American 
Type Culture Collection, Manassas, VA, USA) were cultured 
in Gibco α‑modified Eagle's medium (α‑MEM; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
Gibco fetal bovine serum (FBS; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin, and 100 µg/ml streptomycin at 37˚C 
in 5% CO2.

For the cardiac differentiation assay (13), 1x106 cells/ml P19 
cells were plated onto 10 cm bacterial dishes in 15 ml α‑MEM 
containing 1% dimethyl sulphoxide (DMSO; Sigma‑Aldrich; 
Merck Millipore, Darmstadt, Germany), 10% FBS, 100 U/ml 
penicillin, and 100 µg/ml streptomycin at 37˚C in 5% CO2. 
Following 96 h of incubation, cells were transferred onto 6 cm 
bacterial dishes and cultured in α‑MEM containing 10% FBS 
for another 6 days of incubation.

Cell transfection. The miRNA mimic (Gene ID: 100314077; 
Sangon Biotech Co., Ltd., Shanghai, China) was transfected 
into the differentiated P19 cells using the Lipofectamine® 2000 
protocol (Thermo Fisher Scientific, Inc.). Cells transfected with 
the scrambled RNA (catalog no. CS7005; Sangon Biotech, Co., 
Ltd.) were used as the control.

Cell proliferation assay. Cell proliferation ability was assessed 
using the 3‑(4,5‑dimethyl‑2‑thiazolyl)‑2,5‑diphenyltetrazo-
lium bromide (MTT) assay, as previously described  (14). 
Briefly, following transfection for 24  h, 5x103 cells were 
seeded into 96‑well plates. Following 24 h of incubation, cells 
cultured at 37˚C were centrifuged at 4,000 x g for 5 min, and 
the supernatant was removed. MTT (20 µl) was added into the 
cells and then cultured for another 4 h. Finally, 150 µl DMSO 
was mixed with the cells for 10 min to stop the reaction at room 
temperature. Absorbance of cells in each well was observed 
at 570 nm with an absorption spectrophotometer (Olympus 
Corporation, Tokyo, Japan).

Cell apoptosis assay. Apoptotic cells were measured using 
flow cytometry following staining with the Annexin V‑FITC 
apoptosis kit (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Briefly, following 
transfection for 36 h, cells were cultured in fresh serum‑free 
α‑MEM medium for 12 h. Then total cells were harvested and 
washed 3 times with PBS buffer, followed by resuspension in 
the kit staining buffer. Then, 5 µl of Annexin V‑FITC and 5 µl 
of propidium iodide (PI) were added into the cells at room 
temperature for 10 min. Mixtures were analyzed using FACS 
can flow cytometry (BD Biosciences, Franklin Lakes, NJ, 
USA). The number of early‑stage apoptotic cells (Annexin V+ 
and PI‑ cells) was then analyzed.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Extraction of total RNA from cells was 
performed using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. The 
extracted RNA was treated with RNase‑free Dnase I (Promega 
Corporation, Madison, WI, USA) to remove the contaminating 
DNA, and concentration and purity were measured using SMA 
400 UV‑VIS (Merinton, Shanghai, China). Purified RNA 

dissolved in nuclease‑free water at a concentration of 0.5 µg/µl 
was used for cDNA synthesis with the PrimerScript 1st Strand 
cDNA Synthesis kit (Invitrogen; Thermo Fisher Scientific, 
Inc.). Expression of targets was analyzed using an ABI 7900 
(PE Applied Biosystems; Thermo Fisher Scientific, Inc.) and 
the SYBR ExScript RT‑PCR kit (Takara Biotechnology Co., 
Ltd., Dalian, China). GAPDH was selected as the internal 
control for target gene expression, U6 small nuclear RNA (U6) 
was used as the internal control for the miRNA expression. 
Primers used for target amplification are listed in Table I (15).

Western blotting. Cells were lysed with radioimmunopre-
cipitation assay buffer at 4˚C for 5 min (RIPA; Sangon Biotech 
Co., Ltd.) containing phenylmethylsulfonyl fluoride (PMSF; 
Sigma‑Aldrich; Merck Millipore), and then were centrifuged 
at 4,000 x g at 4˚C for 10 min. Protein concentration was 
detected using a bicinchoninic acid assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). For western blotting, total protein 
(30 µl) was subjected to 12% SDS‑PAGE, followed by transfer 
onto a polyvinylidenefluoride (PVDF) membrane. The PVDF 
membranes were blocked with TBS/0.1% Tween‑20 (TBST) 
buffer containing 5% non‑fat milk at room temperature for 1 h. 
Then the membranes were incubated with rabbit primary anti-
bodies against heart and neural crest derivatives expressed 2 
(Hand 2; 1:100; catalog no.  ab10131; Abcam, Cambridge, 
MA, USA), caspase‑3 (1:100; catalog no.  ab2171), cleaved 
caspase‑3 (1:100; catalog no.  ab13585) or GAPDH (1:100; 
catalog no. ab8245) obtained from Invitrogen; Thermo Fisher 
Scientific, Inc., overnight at 4˚C, then horseradish‑peroxidase 
labeled goat anti‑rat secondary antibody (catalog no. ab7097; 
1:1,000; Abcam) at room temperature for 1 h. Finally, the 
PVDF membranes were washed 3 times with TBST buffer for 
10 min each wash. Signals were detected following incubation 

Table I. Primers used for target amplification.

Gene target	 Sequence (5'‑3')

GAPDH	 F‑GGGTGGAGCCAAACGGGTC
	 R‑GGAGTTGCTGTTGAAGTCGCA
GATA4	 F‑CCTGCGGCCTCTACATGA
	 R‑AGGGTCTCACCAGCAGGA
Nkx2‑5	 F‑CCTGCGGCCTCTACATGA
	 R‑AGGGTCTCACCAGCAGGA
Hand2	 F‑TACCAGCTACATCGCCTACCT
	 R‑TCACTGCTTGAGCTCCAGGG
Caspase‑3	 F‑TACCCTGAAATGGGCTTGTGT
	 R‑GTTAACACGAGTGAGGATGTG
miR‑1	 F‑GTAGGCACCTGAAATGGAA
	 R‑TTGATGGTGCCTACAGTACAT
U6	 F‑CGCTTCACGAATTTGCGTGTCAT
	 R‑AACGCTTCACGAATTTGCGT

F, forward; R, reverse; GATA4, GATA binding protein 4; Nkx2‑5, 
NK2 homeobox 5; Hand2, heart and neural crest derivatives expressed 
transcript 2; miR‑1, microRNA‑1; U6, U6 small nuclear RNA.
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with a chromogenic substrate using an enhanced chemilu-
minescence kit (Sigma‑Aldrich; Merck Millipore). GAPDH 
served as the internal control.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation of 3 independent replicates. Statistical analysis 
between two groups was performed using a t‑test, whereas 
the multiple comparisons were analyzed by post‑hoc tests 
that followed one‑way analysis of variance. All significant 
differences were analyzed using SPSS 19.0 statistical software 
(IBM SPSS, Armonk, NY, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Cell differentiation of P19 cells. Firstly, successful differ-
entiation of P19 cells into cardiomyocytes was established. 
Following treatment with DMSO, mRNA expression levels 
of the cardiomyocyte differentiation markers GATA binding 
protein 4 (GATA4; Fig. 1A) and NK2 homeobox 5 (Nkx2‑5; 
Fig. 1B) were analyzed. The results demonstrated that the 
relative mRNA expression levels for GATA4 and Nkx2‑5 in 
the cells increased in a time‑dependent manner for the whole 
duration of the 10 days of differentiation treatment, compared 

with that at day 0 (Fig. 1). However, their levels in the undif-
ferentiated P19 cells were not significantly different to t=0 at 

Figure 1. Cell differentiation for P19 cells. mRNA expression levels for 
(A) GATA4 and (B) Nkx2‑5 were measured at 0, 5 and 10 days following 
differentiation treatment in P19 cells by reverse transcription‑quantitative 
polymerase chain reaction, with GAPDH as an internal control. Untreated, 
undifferentiated cells were used as a control. **P<0.01 and ***P<0.001, with 
comparisons indicated by lines. GATA4, GATA binding protein 4; Nkx2‑5, 
NK2 homeobox 5; ns, no significant difference.

Figure 2. Expression of miR‑1 in P19 cells. Expression was analyzed by 
reverse transcription‑quantitative polymerase chain reaction, with U6 small 
nuclear RNA as the internal control. (A) Expression of endogenous miR‑1 in 
differentiated P19 cells relative to undifferentiated cells. (B) Expression of 
miR‑1 in differentiated P19 cells transfected with either scrambled RNA or 
miR‑1 mimics relative to untransfected control cells. *P<0.05, with compari-
sons indicated by lines. miR‑1, microRNA‑1; ns, not significant.

Figure 3. Effects of miR‑1 overexpression on differentiated P19 cell viability. 
Differentiated P19 cells were transfected with either scrambled RNA or miR‑1 
mimics, and cell viability was assessed by MTT assay. miR‑1, microRNA‑1. 
**P<0.01, ***P<0.001 vs. control cells transfected with scramble RNA.
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days 5 and 10 (P>0.05; Fig. 1). These results demonstrated that 
the P19 cells were successfully differentiated into cardiomyo-
cytes in the present study.

miR‑1 expression in differentiated P19 cells. Endogenous 
miR‑1 mRNA expression was significantly decreased in 
differentiated P19 cells compared with undifferentiated cells 
(P<0.05; Fig. 2A). Following transfection of differentiated 
cells with siRNAs, miR‑1 mimic and scramble, for 24  h, 
miR‑1 mRNA expression was analyzed to verify whether the 
transfection experiment was successful. The results demon-
strated that miR‑1 mRNA levels were significantly increased 
following transfection with the miR‑1 mimic, compared 
with both transfected cells and cells transfected with control 
scrambled RNA (P<0.05; Fig. 2B).

miR‑1 overexpression increases P19 cell viability. To assess 
the effect of miR‑1 overexpression on cell viability, viable 

cells were measured by MTT assay (Fig.  3). The results 
demonstrated that the number of viable cells was increased 
in a time‑dependent manner in the P19 cells transfected 
with miR‑1 mimic compared with the cells transfected with 
scrambled RNA control (P<0.01; Fig. 3), suggesting that miR‑1 
overexpression may promote P19 cell proliferation.

miR‑1 overexpression suppresses P19 cell apoptosis. To assess 
the effect of miR‑1 overexpression on cell apoptosis in differ-
entiated P19 cells, apoptotic cells were measured using an 
Annexin V‑FITC labeling assay (Fig. 4). The mean percentage 
of early‑stage apoptotic cells was significantly decreased when 
miR‑1 was overexpressed (6.13%), compared with the untrans-
fected or scrambled RNA‑transfected control cells (14.2 and 
12.3%, respectively; P<0.01; Fig. 4).

Effect of miR‑1 overexpression on Hand2 and caspase‑3 
expression. In order to investigate the possible mechanism of 

Figure 4. Effect of miR‑1 overexpression on apoptosis in differentiated P19 cells. Differentiated P19 cells were untransfected, or transfected with either 
scrambled RNA or with miR‑1 mimics, and apoptosis was measured by Annexin V‑FITC/PI staining and flow cytometry. (A) Representative images from 
the flow cytometry analysis. (B) Quantification of early‑stage apoptotic cells. **P<0.01, with comparisons indicated by lines. miR‑1, microRNA‑1; FITC, 
fluorescein isothiocyanate; PI, propidium iodide.

Figure 5. Effect of miR‑1 overexpression on Hand2 and caspase‑3 protein expression levels. Differentiated P19 cells were untransfected, or transfected with 
scrambled RNA or with miR‑1 mimics. (A) Hand2 protein expression and (B) caspase‑3 protein activity was assessed by western blot, with quantification 
relative to GAPDH. *P<0.05 and **P<0.01, with comparisons indicated by lines. miR‑1, microRNA‑1; Hand2, heart and neural crest derivatives expressed 
transcript 2.
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miR‑1 in cardiomyocytes, expression of Hand2 and caspase‑3 
proteins was analyzed in differentiated P19 cells following 
transfection with miR‑1 mimic and scrambled RNA. Hand2 
protein expression levels were significantly increased by 
miR‑1 overexpression, compared with the untransfected cells 
and cells transfected with scrambled RNA (P<0.01; Fig. 5A). 
By contrast, caspase‑3 cleavage was significantly decreased by 
miR‑1 overexpression, compared with the untransfected cells 
and cells transfected with scrambled RNA (P<0.05; Fig. 5B).

Discussion

Previous studies have demonstrated the importance of 
miRNAs in the regulation of heart development, including 
miR‑1 and miR‑133 (16), however, few studies have explored 
the potential role of miR‑1 in P19 differentiated cardiomyo-
cytes. In the present study, expression of miR‑1 was evaluated 
in cardiomyocyte‑differentiated and undifferentiated P19 
cells, and its effect on the viability and apoptosis of cardio-
myocyte‑differentiated P19 cells was examined.

In agreement with previous studies (17‑20), the present 
study confirmed that following treatment of P19 cells 
with DMSO, mRNA expression levels of the GATA4 and 
Nkx2‑5 differentiation markers were significantly increased 
compared with untreated P19 cells (Fig. 1), indicating that 
P19 cells were successfully induced towards cardiomyocyte 
differentiation. When the differentiated P19 cells were exam-
ined, a significant decrease in endogenous miR‑1 expression 
was observed compared with the undifferentiated cells 
(Fig. 2), suggesting an association between miR‑1 expres-
sion levels and P19 cell differentiation state. The expression 
of miR‑1 in P19 cells has not been previously reported. 
However, Thomson et al (21) demonstrated that miR‑1 and 
miR‑133 were involved in the regulation of P19 embryonal 
teratocarcinoma at the post‑transcriptional level. The current 
study suggests that abnormal expression of miR‑1 may be 
associated with the cardiomyocyte differentiation of P19 
cells.

Consequently, the effect of miR‑1 overexpression on cell 
viability and apoptosis in cardiomyocyte‑differentiated P19 
cells was assessed. miR‑1 upregulation in skeletal muscle 
has been demonstrated to be positively correlated with 
muscle proliferation and differentiation (22). By contrast, 
miR‑1 results in suppressed cardiomyocyte apoptosis by 
targeting HSP60 and caspase‑9 (9). Similarly, lung cancer 
cell apoptosis is suppressed by upregulation of miR‑1 (23). 
In the present study, cardiomyocyte‑differentiated P19 cell 
viability was increased while apoptosis was suppressed by 
miR‑1 overexpression, suggesting that miR‑1 may be impor-
tant in cardiac cell development by regulating proliferation 
and apoptosis.

The current study demonstrated that miR‑1 overexpres-
sion resulted in increased Hand2 expression but decreased 
caspase‑3 cleavage in cardiomyocyte‑differentiated P19 cells 
(Fig. 5). Hand2 is asymmetrically expressed in the developing 
ventricular chambers and is important in cardiac morpho-
genesis (24). Yelon et al (25) demonstrated that Hand2 served 
parallel roles to cell proliferation and apoptosis in the heart 
development of zebrafish, and Olson (26) demonstrated that 
Hand2 was preferentially expressed in the derivative of the 

heart field. Hence, it was hypothesized that miR‑1 upregula-
tion may contribute to cardiac differentiation in P19 cells. 
Caspase‑3 is a cell apoptosis executor and its high expres-
sion indicates a high percentage of apoptotic cells (27,28). 
Izarra et al  (16) demonstrated that miR‑1 overexpression 
results in reduced cell apoptosis in pluripotent stem cells 
during cardiac differentiation. In addition, Shan et al (29) 
demonstrated that caspase‑3 levels are decreased by miR‑1 
upregulation in a rat model of myocardial infarction. The 
present study indicates that miR‑1 suppresses cell apoptosis 
in cardiomyocyte‑differentiated P19 cells by decreasing 
caspase‑3 cleavage.

In conclusion, the present study revealed that miR‑1 
regulates heart development through the cell proliferation 
and apoptosis processes, by increasing Hand2 expression and 
suppressing caspase‑3 cleavage in cardiomyocyte‑differenti-
ated P19 cells. The present study may provide a theoretical 
basis for the role of miR‑1 in regulating cardiomyocytes 
development and may indicate miR‑1 as a potential target in 
the therapeutic treatment of CHD in infants. Further experi-
mental studies are required to fully understand the mechanism 
of miR‑1 in the regulation of the P19 cells and the heart 
development.
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