
RESEARCH ARTICLE

Effect of miR-20b on Apoptosis,
Differentiation, the BMP Signaling Pathway
and Mitochondrial Function in the P19 Cell
Model of Cardiac Differentiation In Vitro
Shasha Zhu1, Xiaoshan Hu2, Zhangbin Yu2, Yuzhu Peng2, Jingai Zhu2, Xuehua Liu2,
Mengmeng Li2, Shuping Han2*, Chun Zhu2*

1 Department of Cardiology, The First Affiliated Hospital of Soochow University, Suzhou 215006, China,
2 State key Laboratory of Reproductive Medicine, Department of Pediatrics, Nanjing Maternity and Child
Health Care Hospital Affiliated to Nanjing Medical University, Nanjing 210004, China

* shupinghan@126.com (SPH); zhifangxibao@163.com (CZ)

Abstract

Objective

To explore the effect of miR-20b on apoptosis, differentiation, the BMP signaling pathway

and mitochondrial function in the P19 cell model of cardiac differentiation in vitro.

Methods

AmiR-20b over-expression vector, a miR-20b silencing vector and their corresponding

empty vectors were constructed and transfected into P19 cells, separately. Stably miR-20b

overexpressing and silenced P19 cell lines were successfully selected by blasticidin and

puromycin, separately. The cells were induced to undergo apoptosis in FBS-free-α-MEM.

The induced cells were examined by flow cytometry and measurement of their caspase-3

activities. Quantitative real-time reverse transcription polymerase chain reaction (qRT-

PCR) was used to evaluate the relative expression of marker genes of cardiomyocytes dur-

ing differentiation, such as cTnT, GATA4 and ANP. QRT-PCR was also used to detect the

mitochondrial DNA (mtDNA) copy number. We investigated the cellular ATP production

using a luciferase-based luminescence assay. The reactive oxygen species (ROS) was de-

termined by DCFDA (2’, 7’-Dichlorofluorescein diacetate) and the mitochondrial membrane

potential (MMP) was elucidated by a JC-1 fluorescent probe, both using fluorescence mi-

croscopy and flow cytometer. The expression of BMP signaling pathway-related proteins

were analyzed by Western blotting.

Results

Stably miR-20b overexpressing and silenced P19 cell lines were successfully obtained.

MiR-20b overexpression increased apoptosis and promoted differentiation in P19 cells by

promoting the activation of the BMP signaling pathway. In addition, miR-20b
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overexpression induced mitochondrial impairment in P19 cells during differentiation, which

was characterized by lower MMP, raised ATP synthesis and increased ROS levels. The ef-

fects of miR-20b silencing were the exact opposite to those of overexpression.

Conclusion

Collectively, these results suggested that miR-20b was very important in apoptosis, differ-

entiation and mitochondrial function of P19 cells. MiR-20b may represent a new therapeutic

target for congenital heart diseases and provide new insights into the mechanisms of cardi-

ac diseases.

Introduction
The vertebrate heart is the first functional organ to form during embryonic development, and
is derived from the mesodermal cells that are enriched cardiomyocytes and endocardial cells in
early embryos [1]. The formation of a mature healthy heart, having four chambers, relies on
the sequential expression of many genes, a variety of signaling pathways, such as the BMP sig-
naling pathway, the Wnt signaling pathway, and a series of important morphological changes,
including cell migration and differentiation [2,3]. Many studies have shown that cardiac mal-
formation occurs if mutations or deletions exist in any part of the above procedures [4–6], with
a prevalence of approximately eight in every 1000 newborn infants [7], which places a heavy
burden on families and society.

Congenital heart diseases (CHDs), which account for about 40% of perinatal deaths and
more than one fifth of deaths in the first month of life, have been studied intensively by the in-
ternational community and much progress has been made in recent years; however, the molec-
ular mechanisms remain unclear [8]. The majority of CHDs are related to gene deletions and
mutations [9,10]. Thus, genetic studies are the key to the prevention and treatment of CHDs.

MicroRNAs (miRNAs), a 19-23nt non-coding small RNA, are recently discovered to be ac-
tive in CHDs. To date, more than 800 miRNAs have been identified in animals, and involved
in cell proliferation, apoptosis, growth and differentiation [11–13]. The mature miRNA is in-
corporated into an RNA-induced silencing complex (RISC) by binding to a target messenger
RNA (mRNA), to suppress or reduce the expression of post-translational protein [14,15]. An
association between miRNAs and cardiogenesis and heart diseases has been confirmed [16,17].
For example, knockout of miRNA-1-2 led mice to develop a ventricular septal defect, pericardi-
al edema and even death at embryonic day 15.5 (E15.5) [4]. MiR-423-5p, miR-208a and miR-1
all played important roles in acute myocardial infarction and stable coronary heart disease
[18,19]; the abnormal cardiomyocyte development and ventricular dysfunction in zebrafish
happened because of the lack of miR-138 [5], etc.

In our previous trials, the highly conserved miR-20b was found to be differentially expressed
in the aborted embryonic heart tissues of ventricular septal defect (VSD) in the second trimes-
ter using a microarray. We have validated the results by real-time PCR (Fig 1). Mmu-mir-20b,
a member of the miR-17 microRNA precursor family, is expressed in embryonic hearts of
many organisms, such as zebrafish, rat and mouse, etc [20,21]. Therefore, we hypothesized that
miR-20b may be associated with cardiogenesis. Mir-20b could induce B7-H1 gene overexpres-
sion by inhibiting PTEN in advanced colorectal cancer [22]. In MCF-7 breast cancer cells,
miR-20b regulated vascular endothelial growth factor (VEGF) by acting on HIF-1α and
STAT3 [23]. In addition, the distribution of miR-20b affected breast cancer metastasis and
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heterogeneity [24]. Although, miR-20b is involved in the pathogenesis and development of a
variety of cancers, the mechanism of miR-20b’s involvement in cardiogenic processes remains
poorly understood.

Bone morphogenetic proteins (BMPs), members of the transforming growth factor –β
(TGF-β) superfamily, contain a highly homologous conserved domain and play critical roles in
cardiac cell differentiation [25–28]. It has been shown that the BMP signaling pathway promot-
ed P19CL6 (a cloning derivative of P19 cell) differentiation into cardiac cells. In addition, over-
expression of BMP could reverse the failure of P19-deficient cells differentiation [26]. BMPs
combined with Alk3 and BMPR2 to regulate the expression of GATA4 and Nkx2.5, ultimately
resulting in cardiac differentiation [27,28]. BMP and activin membrane-bound inhibitor
(Bambi) is a highly evolutionarily conserved transmembrane glycoprotein. Its structure is simi-
lar to BMP receptors; therefore, it is considered as a pseudo-receptor of BMP that can also bind
with BMPs to form aggregates. Bambi lacks the intracellular kinase fragment; therefore, the
downstream proteins cannot be phosphorylated to improve the activity of the BMP signaling
pathway [29–31]. Bioinformatics analysis showed that Bambi was a potential target gene of
mmu-miR-20b. Thus, we presumed that the effect of miR-20b on Bambi might alter the activi-
ty of the BMP signaling pathway and be associated with cardiac malformations.

P19 cells, isolated from an experimental embryo-derived mouse teratocarcinoma, are plu-
ripotent stem cells cultured in vitro, which have the ability to self-replicate and differentiate
[32,33]. P19 cells, which can differentiate into cardiomyocytes at low concentrations of dimeth-
yl sulfoxide (DMSO), are used widely in cardiogenesis as a myocardial cell model [34].

In this study, we explored the effects of miR-20b on apoptosis, differentiation, BMP signal-
ing pathway and mitochondrial function in the P19 cell model of cardiac differentiation in
vitro. We analyzed the molecular mechanisms of miR-20b during myocardial differentiation to
provide new clues and a theoretical basis for the cause of cardiac malformations, and to discov-
er new targets for the early prevention and treatment interventions of CHD.

Fig 1. The relative expression of miR-20b in ventricular septal defect. VSD: ventricular septal defect
group; control: healthy group.

doi:10.1371/journal.pone.0123519.g001
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Materials and Methods

Cell Culture and Induction of Differentiation
The mouse embryonic carcinoma (P19) cells used in this study were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA). The cells were maintained in α-
minimal essential medium (α-MEM, Gibco BRL, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS, Gibco BRL), 100U/ml penicillin, and 100ug/ml streptomycin at
37°C in a 5% CO2 atmosphere. To induce cardiac differentiation, P19 cells were cultured as ag-
gregates for 4 days in the presence of α-MEM containing 10% FBS and 1% dimethyl sulfoxide
(DMSO, Sigma, St. Louis, MO, USA) on 10-cm bacterial dishes at 37°C in an atmosphere of
5% CO2 in air. The medium was replaced every 2 days. The embryoid bodies (EBs) were trans-
ferred to 6-well cell culture plates on day 4. The medium was replaced with α-MEM only sup-
plemented with 10% FBS for an additional 6 days. We harvested the cells at differentiation day
0, 4, 6, 8 and 10. The morphological changes during the differentiation of P19 cells into cardio-
myocytes were observed under an inverted microscope (Nikon ECLIPSE TP300, Tokyo, Japan)
equipped with phase-contrast objectives and a digital camera (Nikon E4500). To examine
whether P19 cells differentiated into cardiomyocytes, we identified the expression of cardiac
troponin T (cTnT) by western blotting using a monoclonal rabbit anti-cTnT antibody
(SANTA, USA) during differentiation, which would be described later.

Construction of Expression Plasmids
The mature sequence of mouse miR-20b (mmu-miR-20b) was amplified and cloned into the
vector pPG/miR/eGFP/Blasticidin (GenePharma, Shanghai, China) using EcoRI and AgeI as
the specific restriction enzyme to construct a miR-20b overexpression vector. The mature se-
quence of mmu-miR-20b was: CAAAGTGCTCATAGTGCAGGTAG. The sense strand was:
(50-30) ACCAATTCGCAAAGTGCTCATAGTGCAGGTAGGTTTTGGCCACTGACTGACC
TACCTGCACTGAGCACTTTGCA; and the antisense strand was: (50-30) GCCCCGGTGC
AAAGTGCTCAGTGCAGGTAGGTCAGTCAGTGGCCAAAACCTACCTGCACTATGAG
CACTTTGCG (restriction enzyme sites are shown in bold face).

We used Targetscan software to analyze the potential miRNA target sites in the 30UTR of
mouse Bambi. We inserted the fragment including the 30UTR (or mutant 30UTR) regions of
Bambi into XhoI/NotI-digested vector psiCHECK-2 (GenePharma, Shanghai, China) contain-
ing a firefly and renilla luciferase reporter gene. The mutant sites were shown in boldface in the
following sequences: 30UTR region of Bambi: GTTCTGCTGACAGGAGCACTTTT; mutant
30UTR region of Bambi: GTTCTGCTGACAGGACGTGAAAT.

In the study, we used a novel miRNA interference technique, “miRNA sponge”, to suppress
endogenous expression of miR-20b. The miRNA sponge silenced miR-20b at the presence of a
plurality of complementary antisense sequences. A fragment, containing four antisense se-
quences of mmu-miR-20b-5p, was linked to BamHI/EcoRI-digested vector pGLV3/H1/GFP/
Puro (GenePharma, Shanghai, China). The antisense sequence of mmu-miR-20b-5p was
CTACCTGCACTATGAGCACTTTG.

MiRNA Transfection and Establishment of Stable Cell Lines
The overexpression vector, the silencing vector and their corresponding empty vectors were
transfected into P19 cells by Lipofectamine-2000 (Invitrogen, USA) when the cells were about
50% confluent. The stable cell lines overexpressing miR-20b were screened with 60μg/mL Blas-
ticidin S HCl (Invitrogen, Carlsbad, CA, USA) and maintained in culture with 300μg/mL of
Blasticidin. Cells stably maintaining the silencing construct were selected on 2μg/mL
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puromycin (Invitrogen, Carlsbad, CA, USA) and maintained in culture with 1μg/mL of puro-
mycin. The establishment of miR-20b overexpressing cells and miR-20b-silenced cells were
confirmed by qRT-PCR and luciferase assay, respectively (see below).

Flow Cytometry and Measurement of Caspase-3 Activity: Apoptosis
Assay
Cells were cultivated in serum-free α-MEM for 24h to induce apoptosis, and then harvested by
trypsin/EDTA (Gibco BRL, USA) and washed with phosphate-buffered saline (PBS, Gibco
BRL). The cells were centrifuged and resuspended in 1mL binding buffer, and stained with 5μL
Annexin V-APC and 5μL 7-AAD at room temperature for 15 min (Biovision, CA, USA). Flow
cytometry was then used to analyze the cells immediately.

A Caspase 3 Activity Detection Kit (Biovision, CA, USA) was used to analyze the cells in
which apoptosis had been induced, according to the manufacturer’s instructions. An ELISA
reader measured the absorbance values at 400–405nm. The difference among these values was
used as the optical density (OD).

Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA, including miRNAs, was exacted from miR-20b overexpressing cells and their con-
trols using a miRVana PARIS Kit (Ambion, Foster City, USA), according to the manufacturer's
protocols. RNA was detected by a NanoDrop2000 Spectrophotometre (NanoDrop Tech.,
Rockland, De, USA) to assess its quality and quantity, and stored at -80°C. A Taqman Micro-
RNA Reverse Transcription Kit and miRNA-specific stem-loop primers (Life Tech., USA) on a
PCR system (Bio-Rad, USA) were then used to reverse transcribe the total RNA into cDNA.
We used U6 as an internal reference. Real-time PCR (Taqman method) was conducted in
96-well plates on the ABI 7500 Real-time PCR system (Applied Biosystems, USA). The primer
IDs of miR-20b and U6 were shown in Table 1.

The TRIzol reagent (Invitrogen, USA) was used to isolate total RNA, whose concentration
was measured as above. A High Capacity cDNA Reverse Transcription Kit (Life Tech.) was
then used to synthesize cDNA. Real-time PCR (Taqman method) were initiated at 95°C for
10min, followed by 40 cycles of 95°C for 15s and 60°C for 1min. The Taqman Assay IDs were
also shown in Table 1. β-actin was chosen as an internal control to measure the relative expres-
sion of cardiac marked genes (cTnT, ANP, GATA4), which was determined with the compara-
tive cycle threshold (CT) (2-ΔCT) method, in which ΔCT = CT genes - CT β-actin.

Real-time PCR was used to detect the mitochondrial DNA (mtDNA) copy number, as de-
scribed previously [35]. We used a DNA Exaction Kit (QIAGEN, Dusseldorf, Germany) to
exact DNA from differentiated cells. Two primer sets (listed in Table 2) were used for PCR
analysis (SYBR Green method). A 110-nt mtDNA fragment within the cytochrome B gene
(CYTB) was used to quantify mtDNA. Previously, we inserted the PCR product into plasmid
pMD-T18, which was confirmed by DNA sequencing. A log-linear standard curve was

Table 1. Taqman assay IDs of genes used in Taqman qPCR.

Gene Taqman Assay ID

mmu-miR-20b 00104

U6 001973

cTnT Mm01290256_m

ANP Mm01255747_g1

GATA4 Mm00484689_m1

β-actin Mm00607939_s1

doi:10.1371/journal.pone.0123519.t001
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generated from the plasmid standards of known copy number, through which the CYTB copy
numbers of the samples could be determined by real-time PCR conducted on the ABI 7500 Se-
quence Detection System. We used a 291-bp region of nuclear gene for 28S as a normalization
standard. The copy number of mitochondrial per cell was reflected by the ratio of mtDNA to
nuclear DNA.

Luciferase Assay
The psiCHECK-2 vectors, containing 30UTR regions or mutant 30UTR regions of Bambi, were
transfected into miR-20b overexpressing and miR-20b silenced cells, and their controls, sepa-
rately. Twenty-four hours later, the Dual Luciferase Reporter Assay System (Promega, USA)
was used to measure the firefly and renilla luciferase activities according to the manufacturer's
protocols.

Antibodies andWestern Blotting
Anti-cTnT and anti-β-actin antibodies both purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), anti-GATA4 and anti-Nkx 2.5 antibodies were both from Affinity BioRea-
gents (Affinity, USA). Anti-Bambi and anti-Alk3 antibodies were bought from Proteintech
Group (Proteintech, USA). All these antibodies were monoclonal rabbit antibodies. The lysis
buffer provided in the Total Protein Extraction Kit (KeyGen, inc., China) was used to break the
differentiated cells. We obtained the lysate supernatant after centrifugation at 14000×g for
30min at 4°C. Subsequently, the concentration of the protein was analyzed by a BCA Protein
Detection Kit (KeyGen) according the manufacturer’s protocol. Western blotting was per-
formed as previously described [36].

Measurement of Cellular ATP Production
A Luciferase-Based Luminescence Assay Kit (Biyutian, Nantong, China) measured cellular
adenosine triphosphate (ATP) on the 10th day of differentiation. Briefly, we homogenized the
stable P19 cells in an ice-cold ATP-releasing buffer, 20μl of which was assayed in a single-tube
luminometer (Turner, Biosystems, CA) together with 100μl ATP detection buffer. A standard
curve of ATP concentration (1 nM–1μM) was drawn from a known amount of ATP. The pro-
duction of ATP was normalized to protein concentration.

Fluorescence microscopy and flow cytometry: Assessment of
Intracellular Oxidation Level and Mitochondrial Membrane Potential
(MMP)
The generation of ROS was measured by a DCFDA probe (Sigma, St. Louis, MO, USA) [37],
while MMP was assessed using a JC-1 fluorescent probe from the Mitochondrial Membrane
Potential Detection Kit (Biyutian, China). The cells, washed twice with phosphate-buffered sa-
line (PBS) buffer, were incubated in 1ml of JC-1 and 5μM of DCFDA for 30min at 37°C to
stained, washed three times with pre-warmed PBS again, and then viewed under a fluorescence
microscopy, respectively. For flow cytometry, following trypsinization and centrifugation, the

Table 2. Sequences of primer used in SYBRGreen qPCR.

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

CYTB TTTTATCTGCATCTGAGTTTAATCCTGT CCACTTCATCTTACCATTTATTATCGC

28S GGCGGCCAAGCGTTCATAG AGGCGTTCAGTCATAATCCCACAG

doi:10.1371/journal.pone.0123519.t002
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stained cells were washed and resuspended cells in 300μl PBS buffer. We analyzed the fluores-
cence with a FACScan flow cytometer with the CellQuest software (BD Biosciences, San Joes,
CA, USA).

Statistical Analysis
All statistical analysis was performed using the Student’s t-test or one-way analysis of variance
(ANOVA) with SPSS software version 13.0 (SPSS, Inc, Chicago, USA). P-values less than 0.05
were considered statistically significant, and all the data were expressed as the mean ± the stan-
dard deviation (SD) from at least three independent experiments.

Results

Validation of stable miR-20b overexpression and silencing in P19 cells
and appraisal of the target gene (Bambi)
After the overexpression vector, the silencing vector of mmu-miR-20b and their corresponding
empty vectors were transfected into P19 cells, respectively, the GFP expression was observed
under a fluorescence microscope. The results indicated that the transfection efficiencies were
similar (Fig 2A). As shown in Fig 2B and Fig 2 coverexpression of miR-20b was confirmed by
qPCR and constant during the differentiation condition (day 10) (��: P<0.01, �: P<0.5).

We identified Bambi, which is involved in cell differentiation, as a potential target gene of miR-
20b by a variety of online gene analysis software (Targetscan 5.1, miRanda and DIANA-microT
3.0). Dual Luciferase Reporter, a quick and efficient tool, detected the expression of Bambi in re-
sponse the various miRNA constructs. When miR-20b was bound with the target site, the lucifer-
ase activity of Bambi was inhibited. As results, in the miR-20b overexpression group, the luciferase
activity of the psiCHECK-2-Bambi-30UTR reporter was significantly lowered, whereas that of the
mutated construct was not (mut- psiCHECK-2-Bambi-30UTR), which suggested that Bambi was
indeed the direct target gene of miR-20b (Fig 3A, P<0.001). In the miR-20b silenced cells, the lu-
ciferase activity of Bambi was significantly higher than the control, which suggested that a stable
miR-20b silencing vector was established successfully (Fig 3B, ���: P<0.001). The silencing was
constant during the differentiation condition (day 10) (Fig 3C, ���: P<0.001).

Differentiation of P19 cells cardiomyocytes
P19 cells were differentiated into the cardiomyocytes by 1%DMSO. We used an inverted mi-
croscope to observe the morphological changes during differentiation. As shown in Fig 4A,
P19 cells formed aggregates like balls in suspension from day 0 to day 4. From the fourth day,
the EBs were cultivated in medium without DMSO. At day 8, a large number of fusiform cells
were visible around the EBs, some of which showed a rhythmic beat. The beating cells contin-
ued to increase to day 10.

To examine the differentiation of P19 cells into mature cardiac myocytes, western blotting
was used to investigate the cTnT protein level during differentiation. The expression of cTnT
protein significantly increased in the differentiating P19 cells (Fig 4B).

Effect of miR-20b on Cell Apoptosis
The Annexin V-APC/7-AAD probe and caspase-3 activity were applied to measure cell apo-
ptosis. Both methods indicted that miR-20b overexpression promoted apoptosis, while miR-
20b silencing had the opposite effect (Fig 5).
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Fig 2. The transfection efficiency in P19 cells was similar (a). A: control for miR-20b overexpression. B:
miR-20b overexpression. C: control for miR-20b silencing. D: miR-20b silencing.miR-20b overexpression
confirmed by qPCR. c) miR-20b overexpression constant during the differentiation (day 10) by qPCR
(b). (n = 6, **: P<0.01, *: P<0.5)

doi:10.1371/journal.pone.0123519.g002

Fig 3. Luciferase activity assessed by the Dual Luciferase Reporter Assay System. a) Bambi confirmed as the direct target gene of miR-20b. 20b
+Bambi: the luciferase activity of Bambi in the miR-20b overexpression group; NC+Bambi: the luciferase activity of Bambi in the control; 20b+mut: the
luciferase activity of mutated Bambi in the miR-20b overexpression group. b) miR-20b silencing confirmed. c) miR-20b silencing constant during the
differentiation (day 10) (n = 6, ***: P<0.001)

doi:10.1371/journal.pone.0123519.g003
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Effect of miR-20b on P19 Cell Differentiation
In the miR-20b overexpressing and its control groups, the beat cells both markedly increased at
differentiation day 10, but with no statistical differences. In the miR-20b silenced cells, no beat-
ing cells were visible at day10, or even at day14.

The regulation of transcription factors plays key roles during cardiomyocytes’ differentia-
tion. Numerous studies have indicated that cTnT, cardiac myosin (α-MHC), GATA4, MEF2C,
ANP and Nkx2.5 are marker genes of cardiomyocyte differentiation. We applied qPCR to iden-
tify the relative expression of cTnT, GATA4 and ANP among the miR-20b differential expres-
sion groups. The relative expression of the three genes was on the rise during differentiation in
the miR-20b overexpressing cells and the controls, whereas there was no obvious change in the
miR-20b silenced cells. In addition, their expressions in the miR-20b overexpressing cells were
significantly higher than those in the empty vector control cells at the same differentiation time
(Fig 6, �: P<0.05, ��: P<0.01, ���: P<0.001). These results suggested that miR-20b

Fig 4. Themorphological changes during P19 differentiation (×10) b) The expression of the cTnT protein during differentiation (a). To investigate
the differentiation of P19 cells into mature cardiomyocytes, we used western blotting to identify the expression of the cTnT protein during differentiation. The
expression of β-actin was used as a internal control.

doi:10.1371/journal.pone.0123519.g004
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overexpression promoted the differentiation of P19 cells into cardiomyocytes, whereas miR-
20b silencing inhibited differentiation.

Effect of miR-20b on the BMP Signaling Pathway
We have validated that Bambi was the direct target gene of mmu-miR-20b. Bambi inhibit the
BMP signal pathway, in which BMP type I receptor ligands (BMPR1a or Alk3) functioned as a
switch, and GATA4 and Nkx2.5 acted as the effector molecule. In the miR-20b overexpression
group, the protein level of Bambi was much lower than in the control, and the levels of
GATA4, Alk3 and Nkx2.5 were much higher, which suggested that miR-20b overexpression in-
creased the activity of the BMP signaling pathway. Compared with the control, the protein ex-
pression of Bambi in the miR-20b silenced was significantly increased, and the levels of the
other three proteins were all significantly decreased, which indicated that miR-20b silencing
suppressed the activation of the BMP signaling pathway (Fig 7).

Fig 5. Effects of miR-20b on cell apoptosis. a) Apoptosis assayed by binding to Annexin V-APC/7-AAD. b) Apoptosis detected by measurement of
Caspase-3 activity. miR-20b-over: miR-20b overexpression cells; miR-20b-in: miR-20b silenced cells. (n = 4, *: P<0.05, **: P<0.01)

doi:10.1371/journal.pone.0123519.g005
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Effect of miR-20b on Mitochondrial DNA Copy Number
Robin et al. indicated that the mtDNA copy number per mitochondrion is generally constant
in most mammalian cell types [38]. The mtDNA copy number is usually used to represent the
relative quantity of mitochondria and reflects mitochondrial function. We monitored the mito-
chondrial and genomic DNA in miR-20b overexpressing, silenced and control cells using real-
time PCR. As shown in Fig 8, there was no significant difference in mtDNA copy number
among the four groups (P>0.05).

Effect of miR-20b on Cellular ATP production
In cardiomyocytes, energy mainly originates from mitochondria, where ATP is generated.
When the function of mitochondrial is impaired, the production of ATP decreases. Here, we
found that the cellular ATP production increased in the miR-20b overexpressing cells, and de-
creased in the miR-20b silenced cells (Fig 9, ��: P<0.01).

Effect of miR-20b on Intracellular ROS Levels
The DCFDA probe could be oxidized into DCF, which has high fluorescence intensity. Hence,
detecting the intensity of DCF monitored the ROS levels, which in turn reflect the mitochon-
drial function. The fluorescence signals in miR-20b overexpressing cells were higher than those
of the control, indicating that miR-20b overexpression increased ROS generation; silencing
miR-20b had the opposite effect (Fig 10, ���: P<0.001).

Fig 6. Effects of miR-20b on differentiation markers by qPCR. a): in the miR-20b overexpression cells; b): in the miR-20b silencing group. (n = 3, *:
P<0.05, **: P<0.01, ***: P<0.001)

doi:10.1371/journal.pone.0123519.g006
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Effect of miR-20b on the MMP
JC-1 is a fluorescent probe that applied widely to detect the MMP. When the MMP is high, JC-
1 aggregates into a polymer to generate a red fluorescence in the mitochondrial matrix. When
the MMP is low, JC-1 produces a green fluorescence without aggregating. In this study, the rel-
ative proportion of red and green fluorescence under fluorescence microscopy and flow cytom-
etry was used to assess MMP. Both methods showed that miR-20b overexpression produced a
decrease in the MMP, while miR-20b silencing resulted in an increase (Fig 11, �: P<0.05).

Fig 7. Effects of miR-20b on the BMP signaling pathway, as assessed by by western blotting. a): in the miR-20b overexpression group; b): in miR-20b
silenced group. (n = 3, *: P<0.05, **: P<0.01, ***: P<0.001)

doi:10.1371/journal.pone.0123519.g007
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Discussion
CHDs are the most common major congenital malformation and also the leading cause of in-
fant morbidity and mortality. CHDs comprise numerous structural and functional abnormali-
ties of the heart and great vessels [39, 40]. In humans, 60% of protein-encoding genes were
regulated by miRNAs [41]. Although many miRNAs are correlated with cardiogenesis and re-
garded as new biomarkers and therapeutic targets [42], their specific roles remain unclear.

In the present study, we constructed a stable P19 mmu-miR-20b overexpression line and a
stable miR-20b silenced cell line. MiR-20b silencing cells were achieved by using “MiRNA
sponge”, containing some antisense sequences complementary to miRNA [43,44]. Essentially,
miRNA sponge is mRNA. The presence of several binding sites in the 30UTR, miRNA sponges
can efficiently and persistently inhibit miRNA endogenous expression. More sites, more
efficiently.

Fig 8. Effects of miR-20b on the mitochondrial DNA (mtDNA) copy number.On the 10th day of differentiation, cellular mtDNA content was assessed by
qRT-PCR analysis with primers designed to target theCYTB and 28 S rRNA genes (n = 6). miR-20b-over: miR-20b overexpression cells; miR-20b-in: miR-
20b silenced cells. P > 0.05 in comparison with negative control (NC) cells.

doi:10.1371/journal.pone.0123519.g008

Fig 9. Effects of miR-20b on intracellular ATP levels. Total cellular ATP levels were measured using a luciferase-based luminescence assay kit. The
results are representative of those values obtained from three independent experiments (n = 6). Values represent the mean ± standard deviation (SD). miR-
20b-over: miR-20b overexpression cells; miR-20b-in: miR-20b silenced cells. (**: P< 0.01)

doi:10.1371/journal.pone.0123519.g009
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Their ability to differentiate into cardiomyocytes has led to P19 cells being used widely in
studies of pathological and physiological processes of cardiogenesis. GATA4, cTnT and ANP
are often applied frequently to identify the formation of cardiac cells [45,46]. The relative ex-
pressions of the three genes increased during P19 differentiation, and were significantly higher
in the miR-20b overexpression group, while there was no difference in the miR-20b silenced
cells. This suggested that miR-20b overexpression promoted differentiation, while miR-20b si-
lencing inhibited it. The BMP signaling pathway plays an important role in cardiac differentia-
tion. BMPs promotes the phosphorylation of downstream genes by binding to their receptors,
thereby influencing the expression of key cardiac genes, e.g. GATA4, Nkx2.5. BMP-2 knockout
mice showed embryonic amniotic malformations and cardiac hypoplasia [47]. The mesoderm
was affected in BMP-4 knockout mice [48]. Moreover, Alk3 knockout mice died of endocardial
cushion, trabecular hypoplasia and ventricular septal defect in mid-embryonic development
[49]. Nkx2.5, a homologous gene of the NK-2 class, is mainly expressed in heart tissue and car-
diac precursor cells. Cardiogenesis broke down in the absence of Nkx2.5 [50]. GATA4 belongs
to the cardiogenic GATA subline and plays a key role in the origin and development of heart,
like Nkx2.5. In the previous study, overexpression of BMP-2 in the non-cardiac-derived em-
bryo layer of chickens induced ectopic expression of GATA-4 and Nkx2.5 to promote heart de-
velopment [51]. Numbers of studies have demonstrated that BMP and activin membrane-
bound inhibitor (Bambi), a pseudo-receptor of BMPs, affects the activity of the BMP signaling
pathway by interrupting normal binding to suppress cardiac differentiation [29,30]. We

Fig 10. Effects of miR-20b on intracellular reactive oxygen species (ROS) content in differentiated cells. The ROS levels were measured on the 10th
day of differentiation, using a FACScan flow cytometer (excitation at 488 nm, emission at 530 nm), and then viewed using a confocal laser-scanning
microscope (n = 5). miR-20b-over: miR-20b overexpression cells; miR-20b-in: miR-20b silenced cells. (***: P<0.001)

doi:10.1371/journal.pone.0123519.g010
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Fig 11. Effects of miR-20b onmitochondrial membrane potential (MMP) in differentiated cells. A: control for miR-20b overexpression; B: miR-20b
overexpression; C: control for miR-20b silencing; D: miR-20b silencing. (*: P<0.05)

doi:10.1371/journal.pone.0123519.g011
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showed that miR-20b inhibited the protein expression of Bambi by acting directly on the
30UTR of its mRNA. On the basis of the results, we hypothesized that more active BMPs were
released to bind with BMP receptors because of the suppression of Bambi by miR-20b overex-
pression. Subsequently, the more active BMP signaling pathway increased the protein expres-
sion of Nkx2.5 and GATA4, leading to promotion of cardiac differentiation. By contrast, miR-
20b silencing inhibited differentiation by reducing the activity of the BMP signaling pathway.

Flow cytometry and measurement of caspase-3 activity indicated that apoptosis of P19 cells
with overexpressing miR-20b was significantly upregulated, whereas silencing significantly in-
hibited apoptosis. The molecular mechanism that underlay this effect remained unknown.
Some scientists believed that mitochondrial function influenced transmission and amplifica-
tion of apoptosis signals [52]. It was also suggested that cell apoptosis induced dynamic
changes in the function and structure of mitochondria [53,54]. Therefore, in the present study,
we further explored the effects of miR-20b on mitochondrial function in P19 cells.

MtDNA copy number was generally used to represent the number of mitochondria, as an
indicator reflecting the mitochondrial function [55]. Neither overexpression nor silencing of
miR-20b caused a significant change in mtDNA copy number. In general, the fragile mtDNA
was more vulnerable to damage than nuclear DNA [56]. In addition, 90% of ROS were generat-
ed from mitochondria. When cell apoptosis increased, mitochondria became dysfunctional
and ROS accumulated as an intermediate [57]. Meanwhile, accumulation of ROS promoted
mitochondrial dysfunction [58]. It seemed like positive feedback. We used DCFDA probe to
demonstrate that miR-20b overexpression increased the ROS level of cardiomyocytes, suggest-
ing that miR-20b overexpression might damage mitochondria whereas the silencing had an op-
posite effect. In theory, the deterioration of mitochondrial function caused by increased ROS
would destroy the integrity of the mtDNA, leading to a reduction of the mtDNA copy number.
However, there was no significant difference in mtDNA copy number in fact. We hypothesized
that there were other compensatory mechanisms that protected impaired mitochondria.

The energy of myocardial cells is generated mainly from mitochondrial ATP [59]. When
mitochondria are impaired, the decline in ATP synthesis would lead to an inadequate supply
of cardiomyocyte energy, possibly inducing stagnation of cardiogenesis. In theory, a lower cel-
lular ATP production would be accompanied by an impaired in mitochondrial function. How-
ever, in miR-20b overexpressing cells, the ATP production was increased when the increased
ROS promoted mitochondrial dysfunction. This also suggested the presence of as-yet-un-
known compensatory mechanisms.

The MMP is defined as an electrochemical gradient of protons between the inner and outer
membranes, which can directly reflect mitochondrial function. When mitochondria are im-
paired, the varying permeability of the membranes leads to a decrease in the MMP. In the pres-
ent study, the MMP in miR-20b overexpressing cells was reduced, suggesting that the
mitochondria were damaged. MMP in the silenced was increased, which might be helpful to
maintain normal mitochondrial function. The decreased MMP could cause mitochondria to
swell, changing their permeability. Cytochrome c would then move into the cytoplasm and
some protease systems would be activated, resulting in apoptosis increased [60]. Thus, we con-
cluded that the increased apoptosis in miR-20b overexpressing cells was likely to be associated
with the reduced MMP and impaired mitochondria.

In summary, we demonstrated that miR-20b overexpression increased apoptosis and pro-
moted differentiation in P19 cells by promoting the activation of the BMP signaling pathway.
In addition, miR-20b overexpression induced mitochondrial impairment in P19 cells during
differentiation, which was characterized by lower MMP, raised ATP synthesis and increased
ROS levels. The effects of miR-20b silencing were the exact opposite to those of overexpression.
These findings may provide a new viewpoint into the mechanisms of cardiac abnormalities.
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Furthermore, miR-20b may be a potential new therapeutic target for CHDs. Therefore, the
next step is to confirm whether abnormalities in miR-20b expression contribute to CHD
in vivo.
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