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Abstract. In our previous study, the upregulation of 
microRNA (miR)‑29c was identified in the mother of a fetus 
with a congenital heart defect. However, the functional and 
regulatory mechanisms of miR-29c in the development of the 
heart remain to be elucidated. In the present study, the role and 
mechanism of miR-29c inhibition in heart development were 
investigated in an embryonic carcinoma cell model. Inhibition 
of miR-29c promoted proliferation, and suppressed the apop-
tosis and differentiation of P19 cells. It was also demonstrated 
that Wingless-related MMTV integration site 4 (Wnt4) was a 
target of miR-29c, determined using bioinformatic analysis 
combined with luciferase assays. The inhibition of miR-29c 
stimulated the WNT4/β-catenin pathway, promoting prolif-
eration of the P19 cells, but suppressing their differentiation 
into cardiomyocytes. Furthermore, the inhibition of miR-29c 
promoted the expression of B cell lymphoma-2 and inhibited 
cell apoptosis. These results demonstrate the significance of 
miR-29c in the process of cardiac development and suggest 
that miR-29c dysregulation may be associated with the occur-
rence of CHD. Thus, miR-29c may have therapeutic potential 
in the future.

Introduction

Congenital heart defects (CHDs) represent the most 
common category of birth defect, with a prevalence of 
8-12/1,000 births (1,2). This number can be substantially 
higher if the 30% of embryos or fetuses lost prior to birth 
due to heart malformations are included (3). The causes of 
CHDs are complex, with environmental and genetic factors 
being of importance (4). In twins, higher levels of concordance 
are observed in monozygotic twins, compared with dizygotic 
twins, suggesting a more significant etiological contribution by 
genetic, rather than environmental factors (5). The process of 
heart development requires precise temporal-spatial regulation 
of gene expression, in which the highly conserved regulatory 
networks of transcription factors and genes accurately control 
the signaling pathways required for normal heart morphogen-
esis.

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs, which critically modulate gene expression at a 
post-transcriptional level by interacting with the 3' untrans-
lated regions (UTRs) of specific mRNA targets, inhibiting 
protein translation or promoting the degradation of cognate 
target mRNAs (6). miRNA profiling studies have demon-
strated their important roles in biological processes, including 
cell proliferation and death (7), differentiation (8), intracellular 
signaling and cell movement (9,10). Previous investigations 
have implicated miRNAs as having a ʻfine tuningʼ effect in 
cardiac development (11). The miR-1/miR-133 clusters are the 
most abundantly expressed miRNAs in the heart (12), and were 
the first and are the most extensively investigated miRNAs 
among all cardiac development‑specific miRNAs (13). The 
overexpression of miR-1 leads to a thin ventricular wall and 
embryonic fatality at E13.5 (14), and the deletion of miR-1-2 
results in embryonic fatality at E15.5 (12), each, in part, due 
to defective ventricular myocyte proliferation. Similarly, 
gain- and loss-of function studies of miR-133 a indicate that 
miR-133 a negatively regulates cardiomyocyte proliferation 
during heart development (15,16). By contrast, in vitro studies 
have suggested that miR-1 and miR-133 promote cardiomyo-
cyte differentiation from embryonic stem (ES) cells. Although 
other miRNAs, which exert importance effects on cardiac 
development are rapidly emerging, current understanding 
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remains limited. The identification of additional regulatory 
components may provide a more detailed and complete under-
standing, and efforts to identify additional cardiac‑specific 
miRNAs is required.

Our previous studies revealed that miR-29c is signifi-
cantly upregulated in pregnant women with fetal CHD (17). 
This finding indicates that miR-29c may act as another 
heart morphogenesis-specific miRNA. However, inves-
tigations on miR-29c have focused predominantly on 
tumors. Nguyen et al (18) found that low levels of miR-29c 
were associated with the progression of melanoma, and 
Wang et al (19) identified an inhibitory role in hepatocellular 
carcinoma. Other investigations have revealed that miR-29c 
is involved in leukemia (20), glioma (21), bladder cancer (22) 
and nasopharyngeal (23) and gastric carcinoma (24). Taken 
together, it has become apparent that a common feature 
of tumorigenesis is the downregulation of miR-29c, and 
that the presence of miR-29c inhibits tumor cell growth, 
which may be indicative of improved prognosis. In addition,  
the downregulation of miR-29c may be associated with 
aberrant cardiac morphogenesis, although reports on the 
involvement of miR-29c in heart development are limited. The 
present study investigated the effects of miR-29c on cardiac 
development by manipulating the expression levels of miR-29c 
in murine P19 embryonic carcinoma cells (ECCs), which can 
be induced to differentiate into cardiomyocytes with dimeth-
ylsulfoxide (DMSO). The present study also used an miRNA 
‘sponge’ technique to establish prolonged miR-29c loss of 
function. The aim of the present study was to examine the 
role and mechanism of miR-29c inhibition in the regulation of 
heart development.

Materials and methods

‘Sponge’ design and construction of miR‑29c inhibition plas‑
mids. The present study utilized a previously reported miRNA 
‘sponge’ technique, using duplex oligonucleotides (25). Sense 
and antisense oligonucleotides, containing two miR-29c 
binding sites (MBSs), were separated by a four nucleotide spacer 
sequence. Each MBS had a central mismatch between posi-
tions 9-12 of miR-29c, to create a bulge to prevent rapid turnover 
of the sponge by endonucleolytic cleavage (26) and to achieve 
sustained inhibition of miR-29c. A negative control sponge was 
used, which had a similar design, but with a randomly-scram-
bled sequence between nucleotides 2-8. The two sponges were 
separately digested using endonuclease SanDI, and a pGLV3 
vector containing the SanDI recognition site was introduced, 
resulting in miR-29c-sequestering and negative control plas-
mids. To identify and acquire the miR-29c-inhibited cells for 
use in subsequent experiments, green fluorescent protein (GFP) 
and puromycin-coding sequences were cloned downstream 
of the MBS. The pGLV3 vector contained the GFP gene and 
puromycin-resistance gene and was designed by GenePharma 
(Shanghai, China). Oligonucleotides that contained the endo-
nuclease SanD site (GGGT/ACCC) were also chemically 
synthesized by GenePharma.

Cell culture and dif ferentiation. Murine P19 ECCs 
(5x106 cells/ml) were obtained from American Type Culture 
Collection (Manassas, VA, USA). The P19 cells (2x106 cells/ml) 

were cultured in α-mimimal essential medium (α‑MEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml strepto-
mycin (complete medium; (HyClone; GE Healthcare Life 
Sciences, Little Chalfont, Buckinghamshire, UK). For the 
induction of P19 cell differentiation, DMSO (Sigma-Aldrich, 
St. Louis, MO, USA) was diluted in the culture medium to a 
final concentration of 1.0%. The P19 cells aggregated over the 
following 4 days to form embryoid bodies (EBs), during which 
time the medium was replenished every 24 h. On day 4, the EBs 
were transferred to a 6-well plate and cultured in DMSO-free 
medium to allow adherent growth of the P19 cells. The culture 
medium was refreshed every 48 h during the ensuing course of 
differentiation. Images of the morphologies of the derived EBs 
and differentiated cell patches were captured microscopically 
(Primovert-ZM300FL; Carl Zeiss, Göttingen, Germany).

Establishment of a stable cell line of miR‑29c inhibition. 
The miR-29c inhibition and negative control plasmids 
were transfected into P19 cells at 70‑80% confluence using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). A total of 2x106 cells were transfected with 4 µg plasmid 
in serum-free α-MEM, according to the manufacture's 
protocol. Complete medium replaced the serum-free α-MEM, 
and images were captured under fluorescent microscopy 
to identify transfected cells exhibiting GFP luminescence. 
Subsequently, the cells were filtered in medium containing 
2 µg/ml puromycin (Sigma-Aldrich) and the expression levels 
of miR‑29c were quantified by reverse transcription‑quantita-
tive polymerase chain reaction (RT-qPCR). Cells were stably 
miR-29c inhibited and every experiment was performed 
within 2 weeks

Cell proliferation and cell cycle. A Cell Counting Kit-8 
(Dojindo Molecular Technologies, Inc., Rockville, MD, USA) 
assay was used to evaluate the proliferation rate of the P19 
cells. Briefly, 2,000 cells/well were seeded into 96-well plates 
and monitored every 24 over 4 days. According to the manu-
facturer's protocol, 10 µl of CCK-8 reagent (1 mg/ml) was 
added to the medium, and the cells were maintained for 3 h at 
37˚C in an incubator containing 5% CO2. The numbers of cells 
were assessed by measuring the optical density (OD)450 using 
a microplate reader (Synergy H4 Hybrid; Bio-Tek Instruments, 
Inc., Winooski, VT, USA).

For cell cycle analysis, the cells were synchronized by 
serum-starvation for 24 h and placed in complete medium 
for the subsequent 24 h, during which cells were harvested 
at 6 h intervals. The adherent and non-adherent cells were 
centrifuged at 4˚C, 100 x g for 5 min. The sedimented cells 
were washed twice with phosphate-buffered saline (PBS) at 
4˚C and were resuspended in 70% ethanol at ‑20˚C overnight. 
The cells were then washed once with PBS and resus-
pended in 500 µl propidium iodide/RNase staining buffer 
(BD Biosciences, San Diego, CA, USA) for 15 min at room 
temperature. Subsequently, 1x104 cells were analyzed by flow 
cytometry using a FACSCalibur (BD Biosciences) instrument, 
and the proportion of cells in each cell-cycle phase were 
determined according to DNA content using FlowJo software 
(version 7.6.1; Tree Star, Inc., Ashland, OR, USA).
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Cell apoptosis and Hoechst staining. Molecular and cellular 
techniques were used to evaluate the apoptotic status of the 
P19 cells. The cells were cultured in 6-well plates at a density 
of 2x105 cells/well. Complete medium was then replaced 
with serum-free α-MEM for 24 h, when the cells reached 
70% confluence, to induce apoptosis. The adherent cells were 
liberated by trypsin digestion (1 mg/ml; Gibco; Thermo Fisher 
Scientific, Inc.) and were pooled with the non‑adherent cells. 
Collectively, 1x105 cells were centrifuged at 4˚C, 100 x g for 
5 min. Following aspiration of the supernatant, 100 µl of 
1X assay buffer and 5 µl Annexin V-APC/7-AAD (Nanjing 
KeyGen Biotech Co., Ltd., Nanjing, China) were added to the 
cells, which were resuspended. The samples were analyzed 
using flow cytometry, as described above. For each sample, 
20,000 gated events were analyzed.

Hoechst staining was used to observe the apoptotic cells, 
characterized by pyknotic and fragmented nuclei, emitting 
intense fluorescence. Apoptosis of the cells was induced, as 
described above, and the cells were stained with Hoechst 33258 
dye (Beyotime Institute of Biotechnology, Shanghai, China), 
which fluoresces blue on interaction with double-stranded 
DNA. Analysis of f luorescence was performed using 
microscopy under ultraviolet (UV) excitation at 348 nm and 
emission at 480 nm. A total of five microscopic fields were 
randomly-selected, and images were captured of each experi-
mental group of cells.

RNA extraction and RT‑qPCR. For miRNA extraction, an 
miRNeasy Mini kit (Qiagen, Austin, TX, USA) was used, 
according to the manufacturer's protocol. RNA concentrations 
were determined using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Inc., Rockland, DE, 
USA) cDNA synthesis was performed using a TaqMan® 
MicroRNA Reverse Transcription kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). RT-qPCR was performed 
using an Applied Biosystems 7500 Fast Real-time PCR cycler 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). U6 was 
used as an internal control. The primers for miR-29c and U6 
were purchased from Applied Biosystems (Thermo Fisher 
Scientific, Inc.). TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used for the extraction of total RNA. 
Aliquots of 1 µg RNA were used to synthesize cDNA using 

a Thermo Scientific RevertAid First Strand cDNA Synthesis 
kit (Thermo Fisher Scientific, Inc.). qPCR, using SYBR Green 
(Invitrogen; Thermo Fisher Scientific, Inc.), was performed, 
according to the manufacturer's protocol. Briefly, the samples 
were incubated at 95˚C for 10 min for initial denaturation, 
and then subjected to 40 PCR cycles, each consisting of 95˚C 
for 15 sec and 60˚C for 60 sec. Gapdh served as an internal 
mRNA control. The relative mRNA expression levels were 
calculated using the 2-∆∆Cq method (27). The sequences of the 
primers used are presented in Table I.

Western blot analysis. The proteins were extracted from 
frozen P19 cell samples using radioimmunoprecipitation 
assay lysis buffer (Beyotime Institute of Biotechnology) and 
protein concentrations were quantified using a Bicinchoninic 
Acid Protein Assay kit (Beyotime Institute of Biotechnology). 
Subsequently, 20 µg of denatured protein was loaded onto 
10% SDS-PAGE gels, electrophoretically resolved and trans-
ferred onto polyvinylidene-fluoride membranes (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). The membranes 
were then blocked at room temperature with 5% non-fat 
milk for 2 h, washed in Tris-buffered saline containing 
0.1% Tween® 20 (TBST), and then incubated at 4˚C over-
night with monoclonal rabbit anti-mouse Bcl-2 antibody (cat. 
no. ab32124; Abcam, Cambrige, UK), monoclonal rabbit 
anti‑mouse Bax antibody (cat. no. ab32503; Abcam), mono-
clonal rabbit anti‑mouse GAPDH antibody (cat. no. ab37168; 
Abcam), monoclonal rabbit anti-mouse cTnT antibody (cat. 
no. ab92546; Abcam), polyclonal rabbit anti‑mouse Mef2c 
antibody (cat. no. ab78888; Abcam) and polyclonal rabbit 
anti‑mouse GATA4 antibody (cat. no. sc‑9053; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA). The membranes 
were then washed with TBST and incubated with horse-
radish peroxidase‑conjugated polyclonal goat anti-rabbit 
IgG secondary antibody (1:5,000 dilution; cat. no. ab97200; 
Abcam) for 2 h at room temperature. Following a further 
three washes with TBST, the blots were visualized using 
ECLPlus reagents (Beyotime Institute of Biotechnology). 
For Western blot analysis, GAPDH was used as an internal 
control. Protein expression levels were quantified using 
ImageJ2x software (version 2.1.4.5; Rawak Software, Inc., 
Stuttgart, Germany).

Table I. Primer sets used for reverse transcription-quantitative polymerase chain reaction analysis.

Gene Forward primer (5'-3') Reverse primer (5'-3')

Bcl‑2 CAGACATGCACCTACCCAGC GTCGCTACCGTCGTGACTTC
Bax CCAGCCCATGATGGTTCTGAT CCGGCGAATTGGAGATGAACT
Gata4 CCAACTGCCAGACTACCAC GGACCAGGCTGTTCCAAGA
cTnT GGAGTACGAGGAGGAACAGG  GTCCACTCTCTCTCCATCGG
Mef2c CAGCACTGACATGGATAAGG CTGCCAGGTGGGATAAGAACG
Wnt4 TGTGCAAACGGAACCTTGAG ATGCCCTTGTCACTGCAAAG
β‑catenin AGACAGCTCGTTGTACTGCT GTGTCGTGATGGCGTAGAAC
Gapdh AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC

Bcl‑2, B cell lymphoma‑2; Bax, Bcl‑2‑associated X protein; Gata4, GATA binding protein 4; cTnT, cardiac troponin T; Mef2c, myocyte 
enhancer factor 2c; Wnt4, Wingless-related MMTV integration site 4.
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miR‑29c target prediction and luciferase assays. To further 
examine the miR-29c regulatory mechanisms in cardiac 
development, the present study accessed online resources 
to investigate the potential gene network targets. In brief, 
miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/index.php) 
was used to predict potential target genes. The outcome of this 
process identified Wingless-related MMTV integration site 4 
(Wnt4) as a likely target of miR-29c. To further validate this 
prediction, functional Luciferase assays were performed. To 
determine whether miR-29c can bind to the 3'UTR of Wnt4, 
wild-type (wt), Wnt4 3'UTR sequence (pGL3-Wnt4 3'UTR-wt) 
and pGL3-Wnt4 3'UTR-mutant (mut) sequence (comprising the 
Wnt4 3'UTR sequence with a number of mutations), Luciferase 

reporter plasmids were used (Promega Corporation, Madison, 
WI, USA). A total of 1x105 cells were seeded, in triplicate, 
in 48-well plates for 24 h, and then transfected with 50 ng of 
the Luciferase reporter plasmids and 10 nM miRNA using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). At 48 h post-transfection, the cells were lysed and 
Luciferase activity was assayed using a Dual-Luciferase 
Reporter Assay system (Promega Corporation).

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Differences among groups were analyzed using 
one-way analysis of variance, and the Student-Newman-Keuls 
method was used for further multiple comparisons. P-values in 

Figure 1. Expression of miR‑29c in P19 cells and promotion of P19 cell proliferation by miR‑29c. Transfection efficiency was determined by the expression of 
green fluorescent protein using fluorescence microscopy. (A) (a) miR‑29c inhibition and (b) control plasmids were successfully transfected and expressed. No 
significant differences in transfection efficiency were found between the (c) miR‑29c‑inhibited and (d) control groups (magnification, x100). (B) Confirmation 
of the expression of miR-29c by reverse transcription-quantitative polymerase chain reaction analysis. Data are presented as the mean ± standard deviation 
of three experiments. miR‑29c was significantly downregulated in the miR‑29c inhibition group, compared with the control‑ and no‑vector P19 cell group 
(*P<0.05). Expression levels of miR-29c were similar between the control- and no-vector P19 cell groups, indicating the vector itself exerted no effect. 
(C) Cell proliferation was monitored over 4 days consecutively using a Cell Counting Kit-8 assay, performed three times with six replicates in each group. 
Representative proliferation curves are shown (*P<0.05 and **P<0.01). (D) Cell cycle analysis of the P19 cells was performed using flow cytometry to detect 
proliferation. Data are presented as the mean ± standard deviation of three experiments (*P<0.05). Results from the two assays indicated that miR-29c inhibi-
tion promoted P19 cell proliferation. miR, microRNA.
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the present study were two-sided, and P<0.05 was considered 
to indicate a statistically significant difference. Analyses were 
performed using SPSS software (v.13.0, SPSS, Inc., Chicago, 
IL, USA).

Results

miR‑29c suppression in P19 cells. Continuous low expres-
sion of miR-29c was a precondition of the present study. At 
2 days following transfection of with the miR-29c-inhibitory 
or negative-control plasmids, the P19 cells were observed 

using fluorescent microscopy. Under bright field illumination, 
the transfected cells were culture-vessel adherent, and their 
morphological characteristics exhibited few differences from 
the normal P19 cells. Under dark‑field imaging, the majority 
of the cells exhibited GFP fluorescence when subjected to UV 
light, indicative of successful plasmid transfection (Fig. 1A). 
Subsequently, the present study examined whether the plas-
mids functioned as intended in suppressing the activity of 
miR-29c. Using RT-qPCR, the expression levels of miR-29c 
were quantified. In the miR-29c-inhibited cells, the levels 
of target miRNA were significantly reduced, whereas no 

Figure 2. miR‑29c inhibition suppresses P19 cell apoptosis. Apoptosis was detected using flow cytometry in three independent experiments. Representative 
results are shown in the (A) (a) miR-29c inhibition group and (b) control group. (B) Apoptotic cell frequency is shown, and the magnitude of the inhibition 
of apoptosis by miR‑29c was significant, comparison with that of the control group. Hoechst staining was performed to evaluate apoptosis in terms of cell 
morphology. (C) Following serum starvation, apoptosis of the cells began and the apoptotic rate was lower in the miR-29c inhibition group, compared with 
the control group (magnification, x200). Bcl‑2 gene family members were detected using (D) reverse transcription-quantitative polymerase chain reaction 
and (E) Western blot analyses. The results showed that the expression levels of survival‑promoting Bcl‑2 were significantly higher in the miR‑29c inhibited 
group. Protein expression levels of cell death-promoting Bax were not affected (*P<0.05). miR, microRNA; Bcl‑2, B cell lymphoma 2; Bax, Bcl‑2‑associated 
X protein; Quad, quadrant.
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statistical difference was observed between the control and the 
non-targeted groups (Fig. 1B; P<0.05).

Inhibition of miR‑29c promotes P19 cell proliferation. For 
each treatment group in the presents tudy, six replicates were 
used to estimate the variance caused by random factors. 
From the OD values, it was found that the level of random 
error was so minor that error bars were almost indiscern-
ible (Fig. 1C). As culture duration increased, the numbers of 
cells in the miR-29c inhibition group and the control vector 
group increased exponentially, and differences in proliferation 
rate became apparent at 48 h, and further diverged at 72 and 
96 h. The OD values of the miR-29c inhibition group were 
significantly higher, compared with those of the control group 
at 48, 72 and 96 h (Fig. 1C; P<0.05 and P<0.01). Cell cycle 
analysis reinforced the results obtained from cell proliferation 
analysis. The number of cells in each of the three cell cycle 
stages were counted using flow cytometry. No difference was 
observed initially, however, 18-24 h following cell seeding, a 
high number of cells in the miR-29c inhibition group were in 
the S phase (Fig. 1D; P<0.05). This result suggested that cell 

proliferation in the miR-29c inhibition group was stimulated 
to a greater extent, compared with the control group.

Inhibition of miR‑29c suppresses P19 cell apoptosis. 
Phosphatidylserine is usually only present on the inner 
surface of the cell membrane bilayer. At the onset of apop-
tosis, phosphatidylserine translocates to the outer layer, and 
can be detected using Annexin V and quantified using flow 
cytometry. The results of the present study showed that the 
miR-29c inhibition group had a lower level of apoptosis, 
compared with the control group (Fig. 2A and B). To further 
verify these flow cytometry results, Hoechst staining was 
performed to visualize apoptosis. Following serum starvation, 
a small proportion of cells commenced apoptosis and emitted 
intense fluorescence, indicative of pyknotic and fragmented 
nuclei. An increased number of apoptotic cells were observed 
in the miR-29c inhibition group, compared with the control 
(Fig. 2C). Additionally, the activity of apoptosis-associated 
genes in the two groups of cells using RT-qPCR and Western 
blotting. Data indicated that the gene expression of pro-apop-
totic gene B cell lymphoma-2 (Bcl-2)-associated X protein 

Figure 3. Inhibition of miR-29c-suppresses P19 cell differentiation. (A) Comparison of cell morphology at day 4 between the (a) miR-29c-inhibited and (b) control 
group, and at day 10 in the (c) miR-29c-inhibited and (d) control group. (B) Characteristics of beating P19 cell clusters between days 10 and 14. (C) Expression levels 
of cardiogenesis-associated genes, determined using reverse transcription-quantitative polymerase chain reaction analysis (*P<0.05 and **P<0.01). (D) Expression 
levels of cardiogenesis‑associated proteins, determined using Western blot analysis. miR, microRNA; Bcl‑2, B cell lymphoma‑2; Bax, Bcl‑2‑associated X protein; 
Gata4, GATA binding protein 4; cTnT, cardiac troponin T; Mef2c, myocyte enhancer factor 2c; Wnt4, Wingless‑related MMTV integration site 4.
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(Bax) was almost the same in the two groups, however, the 
anti-apoptotic gene, Bcl‑2, was differentially expressed. The 
expression level in the miR‑29c‑inhibited P19 cells was signifi-
cantly higher, compared with that in the control group (Fig. 2D 
and E; P<0.05).

Inhibition of miR‑29c suppresses P19 cell differentiation. EB 
formation is a key step for P19 cell differentiation into beating 
cardiomyocytes. The results of the present study showed that 
cells in the miR-29c inhibition group formed more irregular 
EBs (Fig. 3Aa and b) when cultured under the same conditions 
as the control group. The cells were also more readily disaggre-
gated when transferred to 6-well culture plates. Furthermore, 
the control cells exhibited more uniform outward prolifera-
tion, centered on the EBs, whereas the miR-29c-inhibited cells 
appeared more disordered (Fig. 3Ac and d). On day 10, beating 
cells were observed in the control group, whereas the cells 
exhibiting miR-29c inhibition were quiescent in comparison. 
Cells were also collected at different time points, in order to 
detect the expression levels of the cardiogenesis-associated 
genes, cardiac troponin T (Ctnt), myocyte enhancer factor 2c.
(Mef2c) and GATA binding protein 4 (Gata4) using RT-qPCR 
(Fig. 3C) and Western blot (Fig. 3D) analyses. The results from 
these two methods were largely concordant. Gene expres-
sion levels were significantly elevated during the course of 
differentiation, peaking at day 6 (Gata4) and day 10 (Ctnt, 
Mef2c), indicative of the success of differentiation, which 
was also identified in the above-mentioned morphological 
analysis. Comparisons were made between the two groups, 
which revealed that cardiogenic gene expression levels in 
miR‑29c‑inhibited cells were significantly lower than those 
in the control group on days 6 and 10 (P<0.05 and P<0.01). 
These results suggested that miR-29c inhibition suppressed 
DMSO-induced myocardial cell differentiation in P19 cells.

Wnt4 is a target of miR‑29c. The involvement of miR-29c 
as an important regulatory factor in the intricate process of 
cardiac development has been reported, but remains to be fully 
elucidated. The present study aimed to identify potential target 
genes through which miR-29c may exert regulatory effects 
on the interactive gene network/s involved in cardiomyocyte 
differentiation. Bioinformatic analysis indicated that Wnt4 
may be a likely target of miR-29c. Luciferase assays were also 
performed, and revealed that luminescent activity was signifi-
cantly reduced by transfection of miR-29c with a wt vector 
carrying the 3'-UTR of Wnt4. Transfection with a mutant 
vector showed no decrease in Luciferase activity (Fig. 4A). 
These results indicated that the 3'-UTR of Wnt4 either contains 
miR-29c binding sites or that Wnt4 is a target of miR-29c.

The well-known canonical WNT signaling pathway, 
acting via its major transducer, β-catenin, was shown to exert 
significant effects on cardiac development. The present study 
detected the protein expression levels of Wnt4 and β-catenin 
during P19 cell differentiation, and found that β-catenin 
exhibited concordance with Wnt4. The expression levels 
at each time point were significantly higher in the miR‑29c 
inhibited group, compared with the control group (Fig. 4B 
and C; P<0.05 and P<0.01). The expression levels of Wnt4 and 
β-catenin remained relatively stable in the miR-29c inhibi-
tion group, but were increased in the control cells during the 

course of P19 cell differentiation. These results suggested that 
the expression levels of Wnt4 are downregulated during early 
differentiation, and that maintenance of the elevated protein 
levels of WNT4 may interfere with normal differentiation. The 
expression levels of Wnt4 were modulated by miR-29c, and 
were involved in the regulation of P19 cell differentiation into 
cardiomyocytes.

Discussion

CHD is the most common type of birth defect and increases 
the burden on families and society, economically, emotionally 
and psychologically. Although it is difficult to discern which 
of the multitude of factors contributing to CHD have the most 
marked effects, for example genetic or environmental, it is 

Figure 4. miR-29c targets Wnt4 and regulates cardiac differentiation 
through the WNT/β-catenin pathway. (A) A Luciferase assay revealed 
Wnt4 as a potential target of miR-29c. Expression levels of (B) Wnt4 and 
(C) β-catenin during P19 cell differentiation were detected using reverse 
transcription-quantitative polymerase chain reaction (*P<0.05 and **P<0.01). 
The results indicated that miR-29c inhibition stimulated the WNT/β-catenin 
pathway and inhibited P19 cell differentiation. miR, microRNA; Wnt4, 
Wingless-related MMTV integration site 4.
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apparent that disentangling genetic factors may be beneficial. 
An improved understanding of cardiac development may 
assist in elucidating the etiology of CHD and, thus, afford 
therapeutic or remedial interventions. In this regard, the EC 
cell culture system provides a suitable in vitro model system 
for the investigation of cardiac cell differentiation and devel-
opment: EC cells are readily maintained in culture and are 
easily amenable to exogenous gene integration and genetic 
manipulation studies (28). Murine P19 EC cells have long 
been used in cardiomyocyte differentiation investigations due 
to their capacity to differentiate into beating cardiomyocytes 
under the induction of agents, including DMSO (10). In the 
past few decades, miRNAs have attracted substantial interest, 
and have prompted significant efforts as a consequence of their 
now-recognized roles in regulating heart development (25). Our 
previous study (15) found that miR-29c is upregulated during 
the gestation of a fetus with a CHD and, in the present study, 
the functions of miR-29c in cardiac development were further 
examined. In gain-and loss-of-function studies involving 
specific miRNAs, loss‑of‑function approaches appear superior 
as they reveal functions at physiological miRNA levels. By 
contrast, the delivery of exogenous miRNAs to biological 
systems can result in the repression of non-physiological target 
mRNAs, as miRNA-target interaction is typically concen-
tration-dependent (29). To investigate the effect of miRNA 
loss-of-function, several approaches have been described in 
the literature, among which the miRNA ‘sponge’ approach 
was selected in the present study to inhibit miR-29c. Natural 
miRNA ‘sponges’ contain multiple high‑affinity MBSs and 
can, thus, efficiently sequester specific miRNAs, thereby mini-
mizing their interaction with endogenous mRNA targets, and 
establishing an endogenous regulatory mechanism (30,31).

In the present study, it was found that miR-29c inhibi-
tion promoted the proliferation, inhibited the apoptosis, 
and suppressed the differentiation of murine P19 cells into 
functional cardiomyocytes. Furthermore, Wnt4 mRNA 
was revealed as a target of miR-29c, thereby regulating the 
WNT/β-catenin signaling pathway and modulating cardiac 
development.

Cellular proliferation, for the purposes of cell renewal 
and differentiation into specific cell types, are two intrinsic 
features of EC cells. In this regard, the appropriate regulation 
of proliferation and timely differentiation are important for 
P19 EC cells to successfully differentiate into cardiomyo-
cytes. The results of the present study suggested that miR-29c 
inhibition promoted the self-renewal of P19 cells, but inhibited 
the subsequent differentiation. The results of early studies of 
WNT signaling interactions have been clouded. Activation 
of the WNT/β-catenin pathway in chicken and frog embryos 
was initially reported to suppress cardiac cell specifica-
tion (32), however, the opposite has been demonstrated in 
cultured ES cells (33). In addition, Ueno et al demonstrated 
a biphasic role for WNT/β-catenin signaling in cardiac 
specification, promoting cardiac differentiation prior to 
gastrulation and inhibition of heart formation during gastru-
lation, in vivo and in vitro (34). Qyang et al (35) reported 
that the WNT/β-catenin pathway promotes the renewal and 
expansion of Isl1(+) cardiovascular progenitors, but inhibits 
their differentiation into cardiomyocytes. Based on these 
findings, the present study hypothesized that inhibition of 

miR-29c leads to the overexpression of WNT4, which stimu-
lates the canonical WNT/β-catenin pathway, promoting the 
proliferation (renewal) of P19 cells, but suppressing their 
differentiation into cardiomyocytes. The overwhelming 
majority of biological processes are likely to be regulated by 
more than one signaling pathway, in order for homeostatic 
stability to be maintained. Notch signaling, for example, is also 
involved in cardiac development, which is crucial and at least 
as important as those of the WNT/β-catenin pathway (36). 
However, the Notch and WNT signaling pathways can exert 
paradoxical effects on cell fate decisions, with each pathway 
promoting alternate and opposing outcomes (37). Studies of 
mammary stem cells, have demonstrate that WNT signaling 
promotes the maintenance of stem cell fate, whereas Notch 
signaling induces lineage commitment and differentia-
tion (38). It may be that a delicate balance of WNT and Notch 
signaling is a prerequisite for appropriate and coordinated 
cardiac differentiation, if comparable contrary mechanisms 
exist during normal heart development. This requires further 
investigation.

The regulation of cell fate, including apoptosis, is crucial 
for embryonic development. Cardiac morphogenesis is a 
complex process, during which the nascent heart transforms 
from a single, simple tube into a fully septated heart with 
four chambers and a separated outflow tract (39). Apoptosis 
is indispensable in this process, as the morphology of the 
heart changes progressively, and specific structures emerge 
and dissipate temporally. Apoptosis is governed by two major 
pathways, an extrinsic pathway involving ῾death receptors᾿ 
and an intrinsic pathway involving mitochondria, which is 
regulated by members of the Bcl‑2 gene family (40). Bcl‑2 
and Bax belong to the Bcl gene family, and have opposing 
effects on cell fate, with Bcl‑2 enhancing cell survival and 
Bax promoting cell death. The present study revealed that 
apoptotic rates were significantly reduced in the miR‑29c 
inhibition group, and that the survival-promoting expres-
sion levels of Bcl‑2 were correspondingly elevated in the 
miR-29c-inhibited cells, with no difference in the expression 
levels of Bax.

In conclusion, the present study was a continuation of 
previous investigations, which examined the functions of 
miR-29c in cardiac development by inhibiting the expression 
of miR-29c in the P19 EC cell model, and evaluating the 
effects on cell proliferation, apoptosis and differentiation. 
Preliminary investigations of the mechanisms by which 
miR-29c regulates cardiac development were performed, 
which revealed that Wnt4 was a regulatory interaction target 
of miR-29c. Due to the clinical impact of CHD and other 
serious cardiac disorders, further investigations are warranted 
to clarify the gene network interactions involving miR-29c in 
mammalian cardiogenesis, to determine the potential thera-
peutic benefit.
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