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Abstract. Our previous studies identified that the expres-
sion of microRNA-29c (miR-29c-3p) was significantly 
increased in the serum of pregnant women carrying fetuses 
with congenital heart disease (CHD) compared with in that 
of normal pregnant women. However, the mechanism by 
which miR-29c-3p affects development of the embryonic 
heart remained unclear. The aim of the present study was to 
investigate the effect and potential molecular mechanism of 
miR-29c-3p overexpression on P19 cell proliferation, apoptosis 
and differentiation. miR-29c-3p-overexpression and protein 
kinase Bγ (Akt3)-knockdown cell lines were constructed 
using transfection technology. The function of miR-29c-3p 
and Akt3 in cardiomyocyte development was investigated by 
determining the proliferation, apoptosis and differentiation 
of P19 cells, which can differentiate into cardiomyocytes 
induced by dimethylsulfoxide. Bioinformatic analysis and 
luciferase assays were performed to explore the association 
between Akt3 and miR-29c-3p. The results of the present 
study revealed that miR-29c-3p overexpression and Akt3 
knockdown suppressed proliferation, and promoted apoptosis 
and differentiation in P19 cells. Akt3 was also demonstrated 
to be a target of miR-29c-3p. Therefore, overexpression of 
miR-29c-3p may inhibit proliferation, and promote apoptosis 
and differentiation in P19 cells by inhibiting the expression of 
Akt3. miR-29c-3p may be a potential therapeutic target for the 
treatment of CHD.

Introduction

Congenital heart disease (CHD) is the most common congen-
ital defect globally (1-3). The incidence of neonatal morbidity 
is 0.8-1.0% (4), and 30% of newborns with CHD succumb 
without radical treatment. Therefore, further investigation into 
CHD prevention and treatment is of vital importance. The 
heart is the first organ to become functional during embryo-
logical development. Its developmental process is complex and 
disturbed easily, involving the precise regulation of a number 
of gene signals. The minor errors during development can lead 
to the lesion of the atrium, ventricle, valve and other heart 
structures, which results in the occurrence of CHD.

microRNAs (miRNAs/miRs) are a type of non-coding 
single-stranded RNA of ~22 nucleotides in length, which have 
important regulatory functions within cells (5). In recent years, 
miRNAs have received increasing attention in the field of heart 
development (6‑8). We previously identified that miR‑29c‑3p 
in serum from patients with CHD, and that its expression was 
significantly increased in the serum of pregnant women carrying 
fetuses with CHD compared with in that of normal pregnant 
women (9). Although miR-29c-3p may be associated with 
the development of CHD, the majority of current miR-29c-3p 
research focuses on cancer, with few studies describing its 
function in heart development. Shu et al (10) identified that the 
expression of miR‑29c‑5p was significantly downregulated in 
gallbladder carcinoma and was markedly associated with lymph 
node metastasis. Han et al (11) identified that loss of miR‑29c‑3p 
expression was an early event in the initiation of gastric 
carcinogenesis. Other studies have revealed that miR-29c-3p 
was associated with lung cancer (12), nasopharyngeal carci-
noma (13), acute myeloid leukemia (14) and breast cancer (15).

The phosphoinositide 3-kinase (PI3K)/protein kinase Bγ 
(Akt3) signaling pathway serves an important function in 
cardiac development and disease occurrence. The PI3K/Akt3 
signaling pathway is involved in heart ischemia/reperfusion 
injury (16), myocardial hypertrophy (17) and myocardial cell 
reshaping (18), but it can also affect normal heart develop-
ment (19) by regulating cardiac progenitor cell proliferation. 
As an important factor in the PI3K/Akt3 signaling pathway, 
Akt3 was selected for investigation in the present study.

The P19 cell line is derived from the CH3/He mouse 
teratocarcinoma and can differentiate into three germ layers: 
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Endodermal phenotype, mesodermal phenotype and neuronal 
phenotype (20). At low concentrations of dimethylsulfoxide 
(DMSO), P19 cells aggregate and are induced to differen-
tiate into cardiomyocytes (21-24). Therefore, P19 cells are 
used widely as a myocardial cell model of cardiomyocyte 
differentiation in vitro (25,26).

The aim of the present study was to investigate the func-
tion of miR-29c-3p and Akt3 in the occurrence of CHD. 
Transfection technology was used to research the effect of 
miR-29c-3p overexpression on the function of P19 cells, which 
are a classic model of embryonic heart development.

Materials and methods

Cell culture and differentiation. Murine P19 embryonal 
carcinoma cells were obtained from Nanjing Maternity and 
Child Health Care Hospital Affiliated to Nanjing Medical 
University (Jiangsu Province, China). Cells were cultured in 
α-minimal essential medium with 10% fetal bovine serum 
(both from Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin 
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) 
at 37˚C in an incubator containing 5% CO2. To induce P19 
cell differentiation, DMSO (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) was added to the culture medium at a 
final concentration of 1.0% (27‑29). 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 into a 6-well plate and cultured in 
DMSO-free medium to allow adherent proliferation of P19 
cells. The culture medium was refreshed every 48 h during 
the ensuing differentiation. The P19 cells were confirmed to 
be successfully induced into cardiomyocytes when the beating 
cardiomyocytes were observed under a microscope. Images 
of the EBs and differentiated cell patches were captured 
microscopically using a Primovert ZM300FL fluorescence 
microscope (Carl Zeiss AG, Oberkochen, Germany).

Transfection of miR‑29c‑3p mimic and small interfering RNA 
(siRNA). At 1 day before transient transfection, P19 cells were 
plated in 6-well plates at a density of 2x104 cells/well and incu-
bated at 37˚C. A miR‑29c‑3p mimic (forward, 5'‑UAG CAC 
CAU UUG AAA UCG GUU A‑3'; reverse, 5'‑UAA CCG AUU 
UCA AAU GGU GCU A‑3'; 100 nM) synthesized by Guangzhou 
RiboBio Co., Ltd. (Guangzhou, China) was used to produce 
miR-29c-3p-overexpressing cells, 100 nM si-Akt3 (5'-GCT 
CAT TCA TAG GCT ATA A‑3'; Guangzhou RiboBio Co., Ltd.) 
was transfected for Akt3 knockdown, whereas scrambled oligo-
nucleotides served as negative controls. Transfection of cells at 
30‑40% confluence was achieved using Lipofectamine® 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. Briefly, two mixtures were prepared 
separately: Mixture A [125 µl Opti‑MEM (Gibco; Thermo 
Fisher Scientific, Inc.) and 5 µl Lipofectamine 3000] and 
mixture B (125 µl Opti-MEM and 10 µl mimic). si-Akt3 and 
negative control mixtures were prepared in the same manner. 
The two mixtures were left to stand at room temperature for 
5 min, then mixed and left for a further 30 min. The mixture 
was then added to each well of the 6-well plate. At 48 h after 
transfection, the transfection efficiency was determined. 

miR‑29c‑3p fluorescence was determined using fluorescence 
microscopy, whereas miR-29c-3p and Akt3 mRNA expression 
were determined using the reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR), and Akt3 protein 
levels were determined by western blotting.

Cell proliferation and cell cycle assays. A Cell Counting Kit-8 
(CCK‑8; Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan) assay was used to determine the proliferation rate of 
P19 cells. P19 cells at a density of 1x103 cells/well were plated 
in 96-well plates. Following incubation for 24 h, transfec-
tion of the miR-29c-3p mimic/si-Akt3/negative control was 
performed as aforementioned. Following a further 24 h, 10 µl 
CCK-8 reagent was added to each well, according to the manu-
facturer's protocol, and the cells were maintained at 37˚C for 
2 h under 5% CO2. The cell proliferation was determined by 
measuring the optical density (OD) at 450 nm using a Multiskan 
GO microplate reader (Thermo Fisher Scientific, Inc.). Cells 
were monitored every 24 h over the following 4 days.

For cell cycle analysis, P19 cells were plated in 6-well 
plates at a density of 2x104 cells/well and were transfected as 
aforementioned after 24 h. When the cells had adhered, trypsin 
digestion was used to harvest them at 24-h intervals. Pelleted 
cells were washed twice with PBS at 4˚C, and resuspended in 
70% ethanol at ‑20˚C overnight. The cells were then washed 
once with PBS and resuspended in 300 µl DNA staining solu-
tion and 3 µl permeabilization solution [Cell Cycle Staining 
kit; Multisciences (Lianke) Biotechnology LLC, Hangzhou, 
China] for 20 min at room temperature. Subsequently, cells 
were analyzed by flow cytometry using a FACSCalibur 
(BD Biosciences, Franklin Lakes, NJ, USA) instrument, and 
the proportion of cells in each phase of the cell cycle was 
determined according to the DNA content using FlowJo soft-
ware (version 7.6.1; Tree Star, Inc., Ashland, OR, USA).

Cell apoptosis. P19 cells were plated in 6-well plates at a density 
of 2x104 cells/well and were transfected as aforementioned 
after 24 h. After 48 h, the medium was removed and 0.5 ml 
paraformaldehyde was added to each well for 10 min, then 
removed. Following washing with PBS, cells were stained with 
0.5 ml Hoechst 33258 (Beyotime Institute of Biotechnology, 
Haimen, China) per well for 5 min. Fluorescence was analyzed 
using a fluorescence microscope at a magnification of x100.

Flow cytometry was used to evaluate the apoptotic status of 
P19 cells. Cells were transfected as aforementioned, harvested 
using trypsin and washed twice in ice-cold PBS. Cells were 
centrifuged at 100 x g for 5 min at 4˚C, resuspended in 200 µl 
1X binding buffer [10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, 140 mM NaCl, 1 mM MgCl2, 5 mM 
KCl and 2.5 mM CaCl2], and 5 µl Annexin V-fluorescein 
isothiocyanate and 5 µl propidium iodide (Cell Cycle Staining 
kit) were added immediately. Samples were analyzed using 
flow cytometry.

RNA isolation and extraction. When P19 cells achieved 
80‑90% confluence, total RNA was isolated using an RNAiso 
Plus kit (Takara Bio, Inc., Otsu, Japan). RNA concentrations 
were determined using a NanoDrop ND-1000 spectrophotom-
eter (NanoDrop Technologies; Thermo Fisher Scientific, Inc., 
Wilmington, DE, USA).
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Determination of miR‑29c‑3p expression by RT‑qPCR. 
miR-29c-3p was converted into cDNA using a PrimeScript™ 
RT Reagent kit (Takara Bio, Inc.), according to the manufac-
turer's protocol, from 1 µg total RNA isolated as aforementioned. 
RT-qPCR was performed using an ABI 7500 Fast real-time 
PCR cycler (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). U6 was used as an internal control. The primers for 
miR-29c-3p and U6 were purchased from Realgene (Nanjing, 
China). Amplification was performed with the SYBR® Premix 
Ex Taq™ (Takara Bio, Inc.), according to the manufacturer's 
protocol. Primer sequences were as follows: miR-29c-3p 
forward, 5'‑GCG CGC GTA GCA CCA TTT GAA AT‑3'; 
miR‑29c‑3p reverse, 5'‑ATC CAG TGC AGG GTC CGA GG‑3'; 
U6 forward, 5'‑CTC GCT TCG GCA GCA CATA TAC T‑3'; U6 
reverse, 5'‑ACG CTT CAC GAA TTT GCG TGT C‑3'; and RT 
primer, 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG ACT AAC CG-3'.

RT‑qPCR analysis of Akt3, B‑cell lymphoma‑2 (Bcl‑2), Bcl‑2‑
associated X protein (Bax), α‑myosin heavy chain (aMHC), 
cardiac troponin T (cTnT), myocyte enhancer factor 2c (Mef2c) 
and GATA‑binding protein 4 (GATA4) transcripts. RT of 1 µg 
RNA isolated from P19 cells into cDNA was performed using 
the PrimeScript™ RT Reagent kit, according to the manufac-
turer's protocol. qPCR was performed using a SYBR-Green kit 
(Takara Bio, Inc.)-based detection system. The thermocycling 
conditions (30) were as follows: 95˚C for 180 sec, then 40 cycles 
of 95˚C for 10 sec, 60˚C for 30 sec, 70˚C for 10 sec; melting 
curve analysis: 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 
15 sec. Results were analyzed using the 2-ΔΔCq method (31). 
GAPDH primers were used for normalization. All primers were 
purchased from Realgene (Table I).

Western blot analysis. Protein was extracted from P19 
cell samples using the Whole Cell Lysis assay (Nanjing 
KeyGen BioTech Co., Ltd., Nanjing, China), and protein 
concentrations were determined using the Bicinchoninic 
Acid Protein assay kit (Beyotime Institute of Biotechnology). 
Subsequently, 50 µg denatured proteins were separated by 
SDS-PAGE (10% gels) and transferred onto polyvinylidene 
fluoride membranes (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). The membranes were then blocked at room 

temperature with 5% bovine serum albumin suspended in 
Tris-buffered saline containing 0.1% Tween-20 (TBST) 
for 2 h, washed in TBST, and incubated at 4˚C overnight 
with monoclonal rabbit anti-mouse Bax antibody (1:1,000 
dilution; cat. no. WL01637; Wanleibio Co., Ltd., Shanghai, 
China), monoclonal rabbit anti-mouse Bcl-2 antibody 
(1:1,000 dilution; cat. no. WL01556; Wanleibio Co. Ltd.), 
monoclonal rabbit anti-mouse Akt3 antibody (1:500 dilu-
tion; cat. no. 4059; Biogot Technology, Co., Ltd., Nanjing, 
China) or monoclonal mouse anti-mouse β-actin antibody 
(1:2,000 dilution; cat. no. ab8226; Abcam, Cambridge, UK). 
The membranes were washed with TBST and incubated with 
horseradish peroxidase-conjugated polyclonal goat anti-rabbit 
immunoglobulin G (IgG) secondary antibody [1:3,000 dilu-
tion; cat. no. 85‑11‑4839‑81; Multisciences (Lianke) Biotech 
Co., Ltd.] or horseradish peroxidase-conjugated polyclonal 
goat anti‑mouse IgG secondary antibody (1:3,000 dilution; 
cat. no. 70‑GAM001; Multisciences (Lianke) Biotech Co., 
Ltd.) for 2 h at room temperature. Following a further three 
washes with TBST, the blots were visualized using Enhanced 
Chemiluminescence Plus reagents [Multisciences (Lianke) 
Biotech Co., Ltd.]. For western blot analysis, β-actin was 
used as an internal control. Protein expression levels were 
quantified using ImageJ2x software (version 2.1.4.5; Rawak 
Software, Inc., Stuttgart, Germany).

Luciferase reporter assays. To further investigate the 
miR-29c-3p regulatory mechanisms in cardiac development, 
miRTarBase (www.mirbase.org), TargetScan (www.targetscan.
org) and miRNApath (snf-515788.vm.okeanos.grnet.gr) were 
used to predict potential target genes. Akt3 was identified as 
a likely target of miR-29c-3p, as the same result was obtained 
across all platforms. To validate this prediction, functional 
luciferase assays were performed. To determine whether 
miR-29c-3p was able to bind to the 3'-untranslated region (UTR) 
of Akt3, wild-type (wt), Akt3 3'-UTR sequence (Pgl3-Akt3 
3'-UTR-wt) and pGL3-Akt3 3'-UTR-mutant (mut) sequence 
(comprising the Akt3 3'-UTR sequence with a number of 
mutations) luciferase reporter plasmids were used (Promega 
Corporation, Madison, WI, USA). A total of 1x105 cells was 
seeded in triplicate in 48-well plates for 24 h, then transfected 
with 100 ng luciferase reporter plasmid and 100 nM miRNA 

Table I. Primer sequences for the quantitative polymerase chain reaction.

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

GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC
Akt3 TGGCGGAGAGCTGTTTTTCC GGCCATCCTTATCTAGCATCAAA
Bax AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG
Bcl-2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC
cTnT GGAGTACGAGGAGGAACAGG GTCCACTCTCTCTCCATCGG
αMHC ACCAACCTGTCCAAGTTCCG GTCGTGCATCTTCTTGGCAC
Mef2c TGTCCAGCCATAACAGTTTGG CCTTGTGAACATGAAGTCCTCTT
GATA4 CCAACTGCCAGACTACCAC GGACCAGGCTGTTCCAAGA

Akt3, protein kinase Bγ; Bcl‑2, B‑cell lymphoma‑2; Bax, Bcl‑2‑associated X protein; cTnT, cardiac troponin T; αMHC, α‑myosin heavy chain; 
Mef2c, myocyte enhancer factor 2c; GATA4, GATA‑binding protein 4.
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using Lipofectamine 3000. At 48 h after transfection, the 
cells were lysed and luciferase activity was assayed using a 
Dual-Luciferase Reporter assay system (Promega Corporation). 
The following primers were used: mmu-miR-29c-3p, 5'-UAG 
CAC CAU UUG AAA UCG GUUA‑3'; Akt3 wt, 5'‑TTC AGA 
TTA ACC CTT TGG TGC TA‑3'; and Akt3 mut, 5'‑TTC AGA 
TTA ACC CTT ACC ACG AT-3'.

Statistical analysis. Results are presented as the mean ± stan-
dard deviation. The statistical significance of the results was 
analyzed using one-way analysis of variance, and the least 
significant difference post-hoc test was used for further 
multiple comparisons. P-values were two-sided, and P<0.05 
was considered to indicate a statistically significant difference. 
Analyses were performed using SPSS software (version 18.0; 
SPSS, Inc., Chicago, IL, USA).

Results

Overexpression of miR‑29c‑3p suppresses P19 cell prolifera‑
tion and promotes apoptosis. The expression of miR-29c-3p 
following the transfection of P19 cells with the miR-29c-3p 
mimic was analyzed by fluorescence microscopy (Fig. 1A) 
and was revealed to be significantly increased (Fig. 1B). The 
CCK-8 assay indicated that the standard deviation of the OD 
value at each point was small, and that the cells grew expo-
nentially. Differences in proliferation rates emerged at 48 h 
post-transfection, and became obvious at 72 h. At 72 h, the 
OD value of the miR‑29c‑3p‑overexpression group was signifi-
cantly decreased compared with that of control cells (Fig. 2). 
Flow cytometric results (Fig. 3A and B) indicated that the 
proportion of cells in S phase was significantly decreased in 
miR-29c-3p-overexpressing cells compared with in control 
cells (Fig. 3C).

Hoechst staining revealed an increased number of apop-
totic cells in the miR-29c-3p-overexpression group compared 
with in the control group. Furthermore, the nuclei of these 
cells appeared as fragmented or dense spots, respectively, 
under a fluorescence microscope (Fig. 4A and B). To verify 
the Hoechst staining results, flow cytometry was performed 
(Fig. 5A and B). At 48 h, the apoptotic rate of miR-29c-3p-over-
expressing cells was significantly increased compared with that 
of the negative control cells (Fig. 5C). Furthermore, RT-qPCR 
(Fig. 6A) and western blotting (Fig. 6B and C) indicated that 
expression of the anti-apoptotic Bcl-2 was similar between the 
two groups, but that of the pro-apoptotic Bax was increased 
in the miR-29c-3p-overexpressing cells compared with in the 
negative control cells, a difference that was determined to be 
significant.

miR‑29c‑3p decreases Akt3 expression by targeting the Akt3 
3'‑UTR in P19 cells. Bioinformatics analysis was used to 
identify additional novel targets of miR-29c-3p, and it was iden-
tified that miR‑29c‑3p was able to bind to the 3'‑UTR of Akt3 
mRNA. Therefore, it is possible that miR-29c-3p inhibits Akt3 
by binding directly to its 3'-UTR (Fig. 7A). Luciferase reporter 
assays indicated that P19 cells co-transfected with plasmids 
carrying wild-type Akt3 3'-UTR and miR-29c-3p mimic 
exhibited significantly decreased activity levels compared 
with controls, but that there was no difference in cells carrying 
the mutant construct (Fig. 7B). Western blotting indicated 
that miR-29c-3p overexpression in P19 cells suppressed Akt3 
protein expression (Fig. 7C and D). These results support the 
post-transcriptional regulation of Akt3 by miR-29c-3p.

Knockdown of Akt3 inhibits proliferation and cell cycle 
progression of P19 cells. Akt3 mRNA expression was 
identified to be significantly decreased 48 h after transient 
transfection (Fig. 8A) and the protein level of Akt3 decreased 
similarly (Fig. 8B and C). Continuous 72-h monitoring using 
the CCK-8 assay determined that proliferation was decreased 
in the Akt3-knockdown group compared with that of the 
control group (Fig. 9). At 48 h, the proliferation rate of P19 
cells reached its maximum. In the next phase, the prolifera-
tion rate of si-Akt3 and si-NC decreased possibly because of 
the contact inhibition mechanism. Flow cytometry revealed 
an increased proportion of G1 phase cells and a decreased 

Figure 2. Cell proliferation was continuously monitored for 96 h using the cell 
counting kit-8 (n=3). **P<0.01 vs. miR‑NC. miR, microRNA; NC, negative 
control; OD, optical density.

Figure 1. Transfection efficiency of miR-29c-3p mimic. (A) miR-29c-3p 
mimic was successfully transfected and the expression was observed using 
fluorescence microscopy (magnification, x100). (B) miR-29c-3p expres-
sion in P19 cells with the miR-29c-3p mimic (n=3). **P<0.01 vs. miR-NC. 
miR, microRNA; NC, negative control.
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proportion of S phase cells in the Akt3-knockdown group in 
contrast with the control group (Fig. 10A, B and C).

The impact of Akt3 knockdown on the P19 cell apoptotic 
response was assessed by Hoechst staining, flow cytometry 
and the detection of apoptosis-associated genes. As presented 
in Fig. 11A and B, Akt3 knockdown increased cell apoptosis. 
Flow cytometry (Fig. 12A and B) also revealed that the 

knockdown of Akt3 significantly increased the apoptotic 
rate of P19 cells (Fig. 12C). Additionally, Akt3 knockdown 
decreased Bcl-2 mRNA expression and increased Bax protein 
expression in P19 cells compared with in control cells, indi-
cating that Akt3 promotes P19 cell apoptosis; however, there 
was no difference in the expression of Bax mRNA and Bcl-2 
protein between the two groups (Fig. 13A-C).

Figure 3. Flow cytometric assessment of cell cycle distribution. (A) miR-NC. (B) miR-29c-3p mimic group. In (A) and (B), the grey area represents G1 phase, the 
purple area represents S phase and the blue area represents G2 phase. (C) Cell cycle distribution (n=3). *P<0.05 vs. miR‑NC. miR, microRNA; NC, negative control.

Figure 4. Effect of miR‑29c‑3p on cellular morphology detected using Hoechst staining under fluorescence microscopy (magnification, x200). (A) miR‑29c‑3p 
negative control group. (B) miR-29c-3p-overexpression group. miR, microRNA.
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Figure 6. RT-qPCR and western blotting were used to detect the expression of apoptosis-associated genes and proteins. (A) RT-qPCR (n=3). *P<0.05 vs. 
miR‑NC. (B) Western blotting. a, miR‑29c‑3p mimic; b, miR‑NC. (C) Quantification of the western blot analysis (n=3). **P<0.01 vs. miR-NC. RT-qPCR, reverse 
transcription‑quantitative polymerase chain reaction; miR, microRNA; NC, negative control; Bcl‑2, B‑cell lymphoma‑2; Bax, Bcl‑2‑associated X protein.

Figure 5. Apoptosis was assayed by the binding of PI/Annexin V-FITC. (A) miR-NC group. (B) miR-29c-3p mimic group. (C) Flow cytometry was used to 
assess the apoptotic rate (n=3). *P<0.05 vs. miR‑NC. PI, propidium iodide; FITC, fluorescein isothiocyanate; miR, microRNA; NC, negative control.
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Figure 7. miR-29c-3p decreases Akt3 expression by targeting the Akt3 3'-UTR in P19 cells. (A) Subcloning of the predicted miR-29c-3p-3p-binding site 
at position 1585-1592 of the Akt3 3'-UTR into a luciferase construct. Predicted duplex formation between miR-29c-3p-3p and the wild-type or mutant 
miR‑29c‑3p‑3p‑binding site is indicated. (B) Luciferase reporter gene assay verification of the bioinformatics analysis. Akt3 was predicted as a target gene of 
miR-29c-3p (n=3). **P<0.01 vs. miR-NC. (C) Western blotting. (D) Protein expression of Akt3 in P19 cells with miR-29c-3p mimic (n=3). **P<0.01 vs. miR-NC. 
miR, microRNA; Akt3, protein kinase Bγ; UTR, untranslated region; NC, negative control.

Figure 8. Transfection efficiency of si‑Akt3. (A) Akt3 mRNA expression in P19 cells with si‑Akt3 (n=3). *P<0.05 vs. si-NC. (B) Western blotting. (C) Akt3 
protein expression in P19 cells with si-Akt3 (n=3). *P<0.05 vs. si-NC. Akt3, protein kinase Bγ; si, small interfering RNA; si‑NC, siRNA negative control.
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miR‑29c‑3p promotes the differentiation of cardiomyocytes 
by decreasing Akt3 in P19 cells. The process by which 
P19 cells were induced into cardiomyocytes was observed 
using an inverted microscope. P19 cells underwent a series 
of morphological changes (Fig. 14). On day 4, cells in the 
miR-29c-3p-overexpression group and si-Akt3 group formed 
more regular and larger EBs when cultured under the same 

conditions as the control group. Following transfer to 6-well 
culture plates on day 6, cells in the miR-29c-3p-overexpression 
group and si-Akt3 group exhibited more uniform outward 
proliferation, centered on the EBs, whereas control group cells 
appeared more disordered. On day 8, beating cardiomyocytes 
were observed, but the miR-29c-3p-overexpression group and 
si-Akt3 group cells were more active compared with those of 
the control group. On days 0, 4, 6, 8 and 10 of differentiation, 
relative mRNA expression of the myocardial‑specific marker 
genes αMHC, Mef2c, GATA4 and cTnT was determined 
using RT-qPCR (Fig. 15A and B). Gene expression levels were 
significantly increased during the course of differentiation. 
In the miR-29c-3p-overexpression group and si-Akt3 group, 
the expression levels of these marker genes were increased 
compared with in controls.

Discussion

miRNAs have recently become a focus of research. Their 
main function is post-transcriptional gene regulation in 
plants and animals (32-34), and studies have increasingly 
focused on their function in heart development (35-37). We 
identified previously that miR‑29c‑3p is upregulated in the 
serum of pregnant women carrying fetuses with CHD (9). 

Figure 9. Cell proliferation was continuously monitored for 96 h in si-Akt3- 
and si-NC-transfected P19 cells using the Cell Counting Kit-8 (n=3). **P<0.01 
vs. si-NC. Akt3, protein kinase Bγ; si, small interfering RNA; NC, negative 
control; OD, optical density.

Figure 10. Flow cytometric assessment of cell cycle distribution at 48 h. (A) si-NC group. (B) si-Akt3 group. In (A) and (B) , the grey area represents G1 phase, 
the purple area represents S phase and the blue area represents G2 phase. (C) Cell cycle distribution at 48 h (n=3). *P<0.05 vs. si-NC. Akt3, protein kinase Bγ; 
si, small interfering RNA; NC, negative control.
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In the present study, the function of miR-29c-3p in cardiac 
development was investigated using transfection technology 
to simulate the internal environment of miR-29c-3p over-
expression. miRNA mimics are a means of simulating and 
enhancing the function of endogenous miRNA (38), whereas 
miRNA inhibitors suppress the function of endogenous 
miRNAs (39).

In the present study, murine P19 cells were used to inves-
tigate cardiac cell differentiation and development. Following 
DMSO induction, P19 cells differentiate into beating cardio-
myocytes. It was identified that miR‑29c‑3p overexpression 
suppressed proliferation, and promoted apoptosis and differ-
entiation of P19 cells, and that Akt3 is a potential binding 
target of miR-29c-3p.

Figure 11. Effect of si‑Akt3 on cellular morphology was detected using Hoechst staining under fluorescence microscopy (magnification, x200). (A) siRNA 
negative control group. (B) si-Akt3 group. si, small interfering RNA.

Figure 12. Apoptosis was assayed by the binding of PI/Annexin V-FITC. (A) si-NC group. (B) si-Akt3 group. (C) Flow cytometry was used to assess the apoptotic 
rate (n=3). **P<0.01 vs. si‑NC. PI, propidium iodide; FITC, fluorescein isothiocyanate; Akt3, protein kinase Bγ; si, small interfering RNA; NC, negative control.
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The proliferation curve indicated that the OD value of 
the miR‑29c‑3p‑overexpression group was significantly lower 
compared with that of the control group at 72 h post-transfection, 
and similar results were obtained for the si-Akt3 group at 
48 h. These results indicate that miR-29c-3p upregulation and 
Akt3 knockdown inhibit the proliferation of P19 cells. The 

differences between the two groups diminished following these 
time points, which may be due to cellular contact inhibition.

The formation of EBs is a key step in the process of P19 cell 
differentiation. Following DMSO induction, EBs were more 
regular and stable in the miR-29c-3p-overexpression group and 
si-Akt3 group compared with the control group. From day 4 

Figure 13. RT-qPCR and western blotting were used to detect the expression of apoptosis-associated genes and proteins. (A) RT-qPCR (n=3). *P<0.05 vs. si-NC. 
(B) Western blotting. a, si‑NC group; b, si‑Akt3 group. (C) Quantification of the western blot analysis (n=3). **P<0.01 vs. si-NC. RT-qPCR, reverse transcrip-
tion‑quantitative polymerase chain reaction; Akt3, protein kinase Bγ; si, small interfering RNA; NC, negative control.

Figure 14. Micrographs presenting the morphological characteristics on days 0, 4, 6 and 8. Magnification, x100. NC, negative control; siRNA, small interfering RNA.
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of differentiation, the expression level of myocardium‑specific 
marker genes was significantly increased compared with that 
in the control group, suggesting that miR-29c-3p upregulation 
and Akt3 knockdown promote the differentiation of P19 cells 
into cardiomyocytes.

Infinite proliferation and universal differentiation are 
typical characteristics of embryonal carcinoma cells. During 
proliferation, cells proliferate at a certain density, whereas 
pluripotent stem cells transform into different tissues in the 
differentiation process (40). These features enable P19 cells to 
transform into cardiomyocytes and develop into beating hearts. 
The results of the present study revealed that miR-29c-3p 
overexpression and Akt3 knockdown inhibit proliferation 
and promote the differentiation of P19 cells. This contributes 
to inefficiency and imbalance in embryonic heart develop-
ment, which is why miR-29c-3p overexpression appears to be 
associated with CHD.

Cardiac morphogenesis is a complex process, during which 
the heart develops from a simple tube into a structure with 

four cavities and a separate outflow tract (41‑43). During this 
process, a number of specific structures emerge and disap-
pear, and apoptosis serves a crucial function. Apoptotic cells 
stained with Hoechst dye emit fluorescence which may be 
observed under a fluorescent microscope. Furthermore, the 
apoptotic cell nucleus is lobulated, fragmented and light blue, 
compared with the round blue normal nucleus with dark blue 
grains. In the present study, significantly more apoptotic cells 
were observed in the miR-29c-3p-overexpression group and 
si-Akt3 group compared with in the control group after 48 h. 
This observation was confirmed by flow cytometry. The apop-
totic rate of the miR-29c-3p-overexpression group and si-Akt3 
group was also significantly increased compared with that in 
the control group.

The Bcl family is one of a number of gene families 
regulating apoptosis (44,45). Bcl-2 and Bax are members 
of this family, but have opposing functions, with Bcl-2 
inhibiting apoptosis and Bax promoting it. Together, they 
regulate the internal balance of apoptosis with other family 

Figure 15. miR-29c-3p promotes the differentiation of cardiomyocytes via the decreased in Akt3 in P19 cells. (A) RT-qPCR analysis of relative αMHC, Mef2c 
and GATA4 mRNA expression during differentiation between the miR-29c-3p-overexpression and control groups (n=3). *P<0.05, **P<0.01. (B) RT-qPCR 
analysis of relative cardiac αMHC, GATA4 and cTnT mRNA expression during differentiation between the si-Akt3 and control groups (n=3). *P<0.05, **P<0.01. 
RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; miR, microRNA; Akt3, protein kinase Bγ; αMHC, α‑myosin heavy chain; Mef2c, 
myocyte enhancer factor 2c; GATA4, GATA‑binding protein 4; cTNT, cardiac troponin T; si, small interfering RNA; NC; negative control.
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members (46). Increased gene expression of Bax was observed 
in the miR-29c-3p-overexpression group compared with in the 
control group, and decreased gene expression of Bcl-2 was 
observed in the si-Akt3 group compared with in the control 
group. Therefore, the pro-apoptotic effect of miR-29c-3p on 
P19 cells may be due to the regulation of apoptosis-associated 
genes.

Previous studies have identified that Akt3 transgenic mice 
have notable cardiac hypertrophy, suggesting that a potential 
function of Akt3 is to promote cardiomyocyte proliferation. 
Cardiac growth at 4 weeks of age was also identified to resemble 
compensated hypertrophy, whereas hypertrophy at 20 weeks 
of age was clearly pathological on the basis of measurements 
of interstitial fibrosis and cardiac performance (17). In the 
early embryo, the Akt3 signal is beneficial for cardiac growth; 
however, the sustained activation of Akt3 signaling may 
have adverse effects and result in maladaptive hypertrophy. 
The results of the present study indicate that Akt3 is a target 
of miR-29c-3p, and that the overexpression of miR-29c-3p 
decreases Akt3 expression levels. Taken together, these results 
suggested that regulating Akt3 expression may be one of the 
ways in which miR-29c-3p affects cardiac development.

The results of the present study revealed that miR-29c-3p 
overexpression decreases proliferation, and promotes apop-
tosis and differentiation in P19 cells. The underlying molecular 
mechanism may involve regulation of the miR-29c-3p target 
gene Akt3. These results may contribute to an improved under-
standing of heart development, and may assist in preventing 
the development of CHD and other serious cardiac disorders.
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