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Downregulation of long non‑coding 
RNA H19 promotes P19CL6 cells proliferation 
and inhibits apoptosis during late‑stage cardiac 
differentiation via miR‑19b‑modulated Sox6
Yu Han1†, Hongdang Xu2†, Jiangtao Cheng2*, Yanwei Zhang1, Chuanyu Gao2, Taibing Fan1, Bangtian Peng1, 
Bin Li1, Lin Liu3 and Zhaoyun Cheng4

Abstract 

Background:  Regulating cardiac differentiation to maintain normal heart development and function is very impor-
tant. At present, biological functions of H19 in cardiac differentiation is not completely clear.

Methods:  To explore the functional effect of H19 during cardiac differentiation. Expression levels of early cardiac-spe-
cific markers Nkx-2.5 and GATA4, cardiac contractile protein genes α-MHC and MLC-2v were determined by qRT-PCR 
and western lot. The levels of lncRNA H19 and miR-19b were detected by qRT-PCR. We further predicted the binding 
sequence of H19 and miR-19b by online softwares starBase v2.0 and TargetScan. The biological functions of H19 and 
Sox6 were evaluated by CCK-8 kit, cell cycle and apoptosis assay and caspase-3 activity.

Results:  The expression levels of α-MHC, MLC-2v and H19 were upregulated, and miR-19b was downregulated 
significantly in mouse P19CL6 cells at the late stage of cardiac differentiation. Biological function analysis showed that 
knockdown of H19 promoted cell proliferation and inhibits cell apoptosis. H19 suppressed miR-19b expression and 
miR-19b targeted Sox6, which inhibited cell proliferation and promoted apoptosis in P19CL6 cells during late-stage 
cardiac differentiation. Importantly, Sox6 overexpression could reverse the positive effects of H19 knockdown on 
P19CL6 cells.

Conclusion:  Downregulation of H19 promoted cell proliferation and inhibited cell apoptosis during late-stage car-
diac differentiation by regulating the negative role of miR-19b in Sox6 expression, which suggested that the manipu-
lation of H19 expression could serve as a potential strategy for heart disease.
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Background
The heart comes into being by undergoing many devel-
opmental events such as determination of the cardiac 
field in the mesoderm, differentiation of cardiac pre-
cursor cells into cardiomyocytes, and morphogenesis 
of the chambered heart [1]. Moreover, a series of gene 

expressions take part in the formation of the mature 
vertebrate heart with separated chambers and valves 
[2]. Large numbers of genes play key roles in cardiac 
morphogenesis, though their precise function and their 
interaction with other cardiac regulators are not well 
known [3]. Many embryonic researches have indicated 
the mechanisms of how and where these steps occur dur-
ing embryonic development period [4]. However, there 
is little understanding of the molecular mechanisms that 
modulate these induced events in the process of the heart 
formation. P19CL6, a euploid and multipotent mouse cell 
line, are derived from P19 embryonal carcinoma cells, 
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and DMSO treatment makes P19CL6 differentiate effi-
ciently into cardiac myocytes with obviously spontane-
ous heartbeat within 10 days [5]. P19CL6 is considered to 
be a helpful model in vitro to investigate cardiomyocyte 
differentiation [6].

LncRNAs are a type of approximately 200-nucleo-
tide (nt)-long RNA molecules without protein-coding 
potential and stably exist in the plasma and urine, and 
have the characteristics of disease and tissue specificity 
[7]. Growing research has indicated that lncRNAs are 
often abnormally expressed in many cancers and play a 
variety of biological functions in cell proliferation, apop-
tosis, or invasion [7, 8]. LncRNAs modulate gene expres-
sion at multiple levels such as epigenetic, transcriptional 
and post transcriptional regulation [9]. H19, the first 
imprinted lncRNA to be defined, is conserved across lin-
eages [10]. Gabory et al. demonstrated that H19−/−mice 
presented an overgrowth phenotype, while overexpress-
ing H19 in transgenic mice caused postnatal growth 
reduction [11]. It is important for understanding the car-
diac development to illuminate the mechanisms of gene 
regulation. However, the precise function of H19 in car-
diac differentiation is yet unascertained.

microRNAs (miRNAs) are endogenous regulatory 
RNAs, having important effects on heart development 
and pathogenesis [12]. miR-19b is part of the miR-17-92 
group which encodes miR-17, miR-18a, miR-19a, miR-
19b, miR-20a and miR-92a-1, and promotes the devel-
opment of heart, lung, blood vessel and immune system 
[13]. Cardiogenesis is seriously inhibited in mice lacking 
miR-17-92, indicating its vital role in cardiac develop-
ment [13]. A previous study showed that miR-19b over-
expression promoted cell proliferation and suppressed 
apoptosis of mouse embryonic carcinoma cells (P19 cells) 
[14]. Thus, miR-19b may functionally be connected with 
cardiogenic processes, although its exact role remains 
poorly understood.

In this study, we detected the expression levels of Nkx-
2.5, GATA4, α-MHC, MLC-2v and H19 in P19CL6 cells 
at indicated time points. Then we defined the biological 
effect of H19 in regulating cell proliferation and apopto-
sis during cardiac differentiation by modulating miR-19b. 
Moreover, we examined the link between H19 and Sox6 
in regulating cell proliferation and apoptosis during car-
diac differentiation.

Methods
Cell culture and differentiation
P19CL6 mouse embryonic carcinoma cells were grown 
in Minimum Essential Medium, Alpha Medium (a-MEM; 
GIBCO, Carlsbad, CA, USA) containing 10% fetal bovine 
serum (FBS; GIBCO). 293T cells (ATCC; Manassas, 
VA, USA) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; GIBCO) containing 10% FBS. The cells 
were kept at 37 °C in a humidified incubator with 5% CO2 
atmosphere.

To induce P19CL6 cells to differentiate into car-
diomyocytes, P19CL6 cells were seeded at a density of 
3.5 ×  105 cells/well in a six-well plate with the culture 
medium containing 1% dimethyl sulfoxide (DMSO; 
Sigma, St. Louis, MO, USA). The conditioned medium 
was replaced with 2 ml of fresh medium containing 1% 
DMSO every 2  days. The days of differentiation were 
numbered consecutively following the first day of the 
DMSO treatment (day 0).

Generation of a stable cell line and transfection
Recombinant lentiviruses harboring sh-NC, shH19, H19, 
si-NC, si-Sox6 or Sox6 were purchased from the Gene-
Chem Company (Shanghai, China). To construct the 
stable cell line, P19CL6 cells were transfected with lenti-
viruses and then puromycin (2 µg/ml) was used to select 
the stable cell line for a week. miR-NC, miR-19b mimics, 
miR-NC and anti-miR-19b were chemically synthesized 
by Genechem Company. Briefly, each oligonucleotide 
was transiently transfected into P19CL6 cells by means 
of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) 
at 20  nM according to the manufacturer’s instructions. 
Samples were collected for qRT-PCR, western blot, cell 
viability assay or flow cytometry at the indicated time 
points.

RNA isolation and quantitative real‑time PCR
For mRNA analysis, total RNA was extracted from 
P19CL6 cells using TRIzol reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA). The reverse-transcription 
reactions were carried out using a TaqMan™ microRNA 
assay kit (Applied Biosystems, Foster City, CA, USA) and 
a Prime Script™ RT reagent kit (Takara, Shiga, Japan) 
according to the instructions from the respective manu-
facturers. Quantitative PCR was carried out in a final 
volume of 20  μl containing 1  μl cDNA, 0.5  μl primers 
(2.5 μM) and 10 μl SYBR premix exTaq (TaKaRa, Dalian, 
China) following the manufacturer’s instructions.

CCK‑8 assay
Cell viability was detected using Cell Counting kit-8 
(CCK-8; Dojindo, Kumamoto, Japan) following the 
manufacturer’s instructions. P19CL6 cells transfected 
with H19, shH19, Sox6 or si-Sox6 were plated in 96-well 
plates and maintained in α-MEM containing 10% FBS, 
100 U/ml penicillin and 100  μg/ml streptomycin for 4, 
6, 8, and 10 d. Briefly, the CCK-8 solution (10% of the 
medium, 10 µl) was added to each well and incubated for 
4 h prior to analysis. Then the absorbance at 450 nm was 
measured.
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Flow cytometry analysis of apoptosis and cell cycle
For apoptosis analysis, cultured cells were trypsinized 
and washed with phosphate-buffered saline (PBS). Cells 
from each sample were processed with the Annexin 
V-FITC/PI apoptosis detection kit (BD Biosciences, San 
Jose, CA, USA) as the manufacturer’s instructions at 
indicated times.

For cell cycle analysis, collected cells were washed 
twice with PBS and fixed in 75% ethanol at −20 °C over-
night. Then cells were harvested and resuspended in 
500 µl PBS containing 0.1% RNase (Sigma, St. Louis, MO, 
USA) for RNA digestion. Finally, cells were stained with 
500 µl propidium iodide (PI) solution (50 µg/ml, Sigma) 
for 15  min at room temperature in the dark. Cell cycle 
distribution of the cells was then analyzed using FACS 
Calibur (BD Biosciences) at indicated times.

Caspase‑3 assay
Caspase-3 activity in P19CL6 cells was analyzed by 
means of Caspase-3 Colorimetric Assay kit (KeyGen, 
Nanjing, China) following the manufacturer’s instruc-
tions. In brief, cells were lysed in ice bath for 1  h and 
vortexed every 20 min. Then the tissue lysates were cen-
trifuged for 10  min at 12,000g at 4  °C. The supernatant 
were diluted to 50 µl using cell lysis buffer, incubated with 
5 µl of substrate at 37 °C for 4 h in dark and a microplate 
reader (DNM-9602; Beijing Perlong Medical Instrument 
Ltd, Beijing, China) was used to determine the absorb-
ance of the samples at 405 nm to quantify the caspase-3 
activity.

Luciferase assay
The wild-type H19-3′UTR (WT), mutant H19-3′UTR 
(MUT), wild-type Sox6-3′UTR (WT) and mutant Sox6-
3′UTR (MUT) containing the putative binding site of 
miR-19b were established and cloned in pmirGLO dual 
luciferase miRNA reporter vectors (Promega, Madison, 
WI, USA). The reporter vectors and miR-19b mimics or 
miR-NC were co-transfected into 293T cells using Lipo-
fectamine 2000 (Invitrogen). After 36  h of incubation, 
cells were collected and lysed for luciferase activity detec-
tion (Promega).

Antibodies and western blot analysis
Total protein was extracted from cells and protein con-
centration was analyzed by a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Delaware, USA). For 
western blot analysis, 50  µg of proteins were separated 
and transferred onto polyvinylidene difluoride membrane 
(PVDF; Millipore, Billerica, MA, USA). Following block-
ing for 1  h in PBS with 0.1% Tween 20 (PBST) and 5% 
BSA, the membranes containing proteins of interest were 
incubated overnight with specified primary antibody 

at 4  °C. PVDF membranes were washed in TBST and 
incubated with secondary antibodies labeled with HRP 
and detected by ECL (Pierce, Rockford, IL, USA). Anti-
bodies used in this study are Nkx-2.5 (1:500; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), GATA4 (1:500; 
Santa Cruz Biotechnology), α-MHC (1:500; Santa Cruz 
Biotechnology), MLC-2v (1:500; Santa Cruz Biotechnol-
ogy), Sox6 (1:10,000; CST, Inc., Danvers, MA, USA), and 
β-actin (1:10,000; CST, Inc.).

Statistical analysis
Data were presented as mean  ±  SD of at least three 
experiments. The differences between different groups 
were analyzed using student’s t test and analysis of vari-
ance (ANOVA). P  <  0.05 was considered statistically 
significant.

Results
H19 was highly expressed in the late stage of cardiac 
differentiation in P19CL6 cells
We treated P19CL6 cells with 1% dimethyl sulfoxide 
(DMSO) to induce differentiation. qRT-PCR was carried 
out to detect the expression levels of early cardiac-spe-
cific markers (GATA4 and Nkx-2.5), cardiac contractile 
protein genes (α-MHC and MLC-2v) in P19CL6 cells at 
indicated time points. The results showed that mRNA 
and protein levels of GATA4 and Nkx2.5 were very low 
at day 0, but increased significantly at day 4 and day 6, an 
early stage of differentiation (Fig. 1a and b). mRNA and 
protein levels of α-MHC and MLC-2v in P19CL6 cells 
were significantly higher at day 10 and 12 (an late stage 
of differentiation) than those in P19CL6 cells at day 8 
(Fig. 1c and d). In order to define the temporal expression 
profile of H19 during cardiomyocyte differentiation, we 
carried out qRT-PCR for H19. The expression of H19 was 
low at day 0, 4 and 6, but elevated significantly from day 
8 to day 12 (Fig. 1e). Moreover, the level of miR-19b was 
significantly reduced from day 8 to day 12, suggesting 
that H19 and miR-19b might play some biological roles 
during the late stage of cardiac differentiation of P19CL6 
cells (Fig. 1f ).

Knockdown of H19 promoted P19CL6 cell proliferation 
and inhibits apoptosis
Given that H19 might participate in the cardiac dif-
ferentiation of P19CL6 cells, P19CL6 cells were trans-
fected with the shH19 or pcDNA-H19. qRT-PCR results 
showed that H19 expression was significantly decreased 
in P19CL6 cells transfected with shH19 and H19 expres-
sion was significantly increased in P19CL6 cells trans-
fected with pcDNA-H19 (Fig. 2a).

CCK-8 assay showed that cell viability was sig-
nificantly enhanced in P19CL6 cells with shH19 and 
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significantly reduced in P19CL6 cells with pcDNA-
H19 at day 8 and 10, with no significantly difference at 
day 4 and 6 (Fig.  2b). Flow cytometry showed that the 
percentage of (S + G2/M)/(G0 + G1) was significantly 
increased in P19CL6 cells with shH19 and significantly 
decreased in P19CL6 cells with pcDNA-H19 at day 8 

and 10, with no significantly difference at day 4 and 6 
(Fig.  2c). These results suggested that that H19 over-
expression significantly inhibited cell proliferation and 
H19 knockdown significantly promoted cell prolifera-
tion in the late stage of differentiation but not in the 
early stage.

Fig. 1  The expression levels of GATA4, Nkx-2.5, α-MHC, MLC-2v and H19 are significantly upregulated and miR-19b was downregulated at indicated 
time points. a mRNA levels of early cardiac-specific markers (GATA4 and Nkx-2.5α-MHC) were increased significantly in P19CL6 cells at day 4 and 6. b 
Protein levels of GATA4 and Nkx-2.5α-MHC were augmented significantly in P19CL6 cells at day 4 and 6. c mRNA levels of cardiac contractile protein 
genes (α-MHC and MLC-2v) were increased significantly in P19CL6 cells at day 10 and 12. d Protein levels of α-MHC and MLC-2v were elevated 
significantly in P19CL6 cells at day 10 and 12. e Level of H19 was augmented significantly from day 8 to day 12. f Level of miR-19b was dropped 
significantly from day 8 to day 12. **P < 0.01, ***P < 0.001
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Cell apoptosis assay showed that shH19 significantly 
reduced the apoptotic rate of cells (Fig. 2d) and the cas-
pase-3 activity (Fig.  2e) at day 8 and day 10, and the 

opposite effect was observed in pcDNA-H19 cells. There-
fore, these results indicated that H19 overexpression sig-
nificantly promoted cell apoptosis and H19 knockdown 

Fig. 2  The effect of H19 knockdown and H19 overexpression on P19CL6 cell proliferation and apoptosis. a Transfecting P19CL6 cells with shH19 
and pcDNA-H19 efficiently down- and up-regulated the H19 level at day 10, respectively. b CCK-8 assay showed that shH19 resulted in an increase 
in cell viability at day 8 and 10, whereas pcDNA-H19 had an opposite effect. c Flow cytometry suggested that shH19 significantly increased the 
cell number in S phase at day 8 and 10, and pcDNA-H19 significantly decreased the cell number. d shH19 significantly reduced the apoptotic rate 
of P19CL6 cells at day 8 and day 10, whereas pcDNA-H19 had an opposite effect. e Caspase-3 assay indicated that the activity of caspase-3 was 
significantly reduced in P19CL6 cells transfected with shH19 and significantly increased in cells transfected with pcDNA-H19. *P < 0.05, **P < 0.01, 
***P < 0.001
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significantly inhibited cell apoptosis during the late stage 
of differentiation but not in the early stage.

H19 inhibited miR‑19b expression
Online software starBase v2.0 predicted H19 contains 
binding sequences complementary to miR-19b seed 
regions, as shown in Fig. 3a. Furtherly, the luciferase report 
assay indicated that miR-19b mimics inhibited lucif-
erase activity of the wild type H19 reporter (H19-WT), 
but no change was observed for the luciferase activity in 
the mutant reporter (H19-Mut) (Fig.  3b). Moreover, the 
expression level of miR-19b was significantly increased in 
cells transfected with shH19, whereas significantly reduced 
in cells with pcDNA-H19. These results indicated that H19 
negatively modulated miR-19b expression.

H19 targets miR‑19b to regulate the expression of Sox6
Bioinformatics analysis using online software Tar-
getScan indicated that miR-19b may bind to 3′UTR 
of Sox6 (Fig.  4a). In addition, luciferase reporter assay 
indicated that miR-19b significantly suppressed lucif-
erase expression of the wild type Sox6 reporter (Sox6-
WT) but not the mutant reporter (Sox6-Mut) (Fig. 4b), 
confirming that Sox6 was a target of miR-19b. West-
ern blot was used to detect the expression of Sox6 in 
the cell differentiation and the results indicated that 

the protein level of Sox6 was very low from day 0 to 
day 6, but increased significantly from day 8 to day 12 
(Fig.  4c). Then we transfected P19CL6 cells with miR-
19b mimics, miR-NC, anti-miR-19b or anti-miR-NC. 
The results showed that the protein level of Sox6 was 
significantly down-regulated in P19CL6 cells trans-
fected with miR-19b and significantly up-regulated in 
P19CL6 cells transfected with anti-miR-19b (Fig.  4d). 
Furthermore, we transfected H19-knockdown P19CL6 
cells with miR-19b mimics or anti-miR-19b. The result 
showed that knockdown H19 inhibited the Sox6 expres-
sion significantly, while miR-19b enhanced the inhibi-
tory effect of knockdown H19 on Sox6 expression, and 
anti-miR-19b reversed the influence of knockdown H19 
on Sox6 expression (Fig. 4e). All these results suggested 
that knockdown of H19 inhibited the Sox6 expression 
by modulating miR-19b.

Knockdown of Sox6 promoted P19CL6 cell proliferation 
and inhibits apoptosis
We transfected P19CL6 cells with pcDNA-Sox6 or si-Sox6. 
CCK-8 viability assay showed pcDNA-Sox6 significantly 
inhibited cell viability and si-Sox6 significantly promoted 
cell viability at day 8 and 10 (Fig.  5a). Flow cytometer 
showed found that pcDNA-Sox6 reduced the number of 
cells in S phase and si-Sox6 increased the percentage of 

Fig. 3  H19 targets and inhibits miR-19b expression. a The sketch map of the mmu-miR-19b-3p site in H19 3′-UTR. b Luciferase activity assay was 
performed in 293T cells at 48 h after transfection. miR-19b mimics were capable of significantly inhibiting luciferase expression of H19-WT reporter 
plasmid but not the H19-Mut reporter plasmid. c miR-19b levels were significantly up- or downregulated in P19CL6 cells transfected with shH19 or 
H19, respectively. **P < 0.01, ***P < 0.001
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cells in (S + G2/M)/(G0 + G1) at day 8 and 10 (Fig. 5b). As 
shown in Fig. 5c and d, si-Sox6 significantly decreased the 
percentage of apoptotic cells and the activity of caspase-3 

at day 8 and 10, while pcDNA-Sox6 significantly enhanced 
the percentage of apoptotic cells and the activity of cas-
pase-3 compared with the control group. All these results 

Fig. 4  miR-19b targets Sox6 gene and inhibits its expression. a The sketch map of the mmu-miR-19b-3p site in Sox6 3′-UTR. b Luciferase activity 
assay was performed in 293T cells at 48 h after transfection. The reporter assay indicated that miR-19b mimics were capable of significantly inhibit-
ing luciferase expression of the Sox6-WT reporter plasmid but not the Sox6-Mut reporter plasmid. c Western blot showed that protein level of Sox6 
was low from day 0 to 6, and was significantly upregulated from day 8 to 12. d The Sox6 protein levels were significantly down- and up-regulated 
respectively in P19CL6 cells transfected with miR-19b and anti-miR-19b at day 10. e shH19 inhibited the Sox6 expression significantly, but miR-19b 
enhanced the inhibitory effect of shH19 on Sox6 expression and anti-miR-19b reversed the influence of shH19 on Sox6 expression at day 10 after 
transfection. *P < 0.05, **P < 0.01, ***P < 0.001
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indicated Sox6 knockdown promoted P19CL6 cells prolif-
eration and inhibited apoptosis.

Sox6 reversed the proliferation and anti‑apoptosis effects 
of of H19 knockdown on P19CL6 cell
To further testify the link between H19 and Sox6, 
we transfected shH19 or shH19  +  pcDNA-Sox6 into 
P19CL6 cells to investigate their effects on cell prolifera-
tion and apoptosis. CCK-8 assay indicated that shH19 
significantly promoted the viability of P19CL6 cells at 
day 6, 8 and 10, but pcDNA-Sox6 attenuated the effect of 
shH19 on cell viability (Fig. 6a). Cell cycle assay indicated 
that shH19 markedly increased the percentage of cells in 
(S + G2/M)/(G0 + G1), while pcDNA-Sox6 overturned 
the effect (Fig. 6b). Futhermore, we found that the rate of 
apoptosis and caspase-3 activity were obviously reduced 
in cells treated with shH19, however, pcDNA-Sox6 
reversed the anti-apoptosis effect of shH19 on P19CL6 
cells (Fig.  6c and d). All of the data suggested that H19 

regulated P19CL6 cell proliferation and apoptosis by 
modulating Sox6 expression.

Discussion/conclusion
It is necessary for heart development that a regular pro-
cess essentially exists during cardiac differentiation. 
Furthermore, cardiac differentiation has been compre-
hensively investigated. In our study, our aim was to define 
the connection between H19 and miR-19b and its bio-
logical effect on P19CL6 during late-stage cardiomyocyte 
differentiation. One study showed that H19 had an inhib-
itory effect on the proliferation of fetal liver cells during 
liver developments [15]. Similarly, the results presented 
by Gabory et  al. confirmed that H19 played a negative 
role in cell proliferation [11]. Lately, it was reported that 
knockdown of H19 accelerated differentiation of par-
thenogenetic embryonic stem cells (p-ESCs) to cardio-
myocytes [16, 17]. Nevertheless, little is known about the 
precise molecular mechanisms of H19 in cardiomyocyte 

Fig. 5  The effect of Sox6 knockdown and overexpression on P19CL6 cell proliferation and apoptosis. a CCK-8 assay showed that pcDNA-Sox6 
significantly inhibited cell viability at day 8 and 10, and si-Sox6 significantly promoted cell viability at day 8 and 10. b Cell cycle analysis found that 
pcDNA-Sox6 significantly decreased the cell number in S phase at day 8 and 10, and si-Sox6 obviously increased the cell number. c Flow cytom-
etry showed that si-Sox6 significantly reduced the percentage of apoptotic cells from day 6 to 10. However, pcDNA-Sox6 played an opposite role 
in apoptosis at day 8 and 10. d Activity of caspase-3 was significantly reduced in cells transfected with si-Sox6 and significantly enhanced in cells 
transfected with pcDNA-Sox6. *P < 0.05, **P < 0.01, ***P < 0.001
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differentiation. In this study, upregulated expression of 
H19 in P19CL6 cells was observed at the late stage of 
differentiation (day 8, 10 and 12). Then, further experi-
ments were performed to detect the roles of knockdown 
of H19 in cell proliferation and apoptosis existing in car-
diomyocyte differentiation. Indeed, knockdown of H19 
promoted cell proliferation and inhibited apoptosis at the 
late stage of differentiation, but not the early stage.

There have been some reports that miRNAs can pro-
mote cardiac development and be used as new biomark-
ers and therapeutic targets for coronary heart disease 
(CHD) [18]. The results presented by Joost et  al. [19] 
showed that upregulation of miR-1 and -499 inhibited 
cardiomyocyte progenitor cell (CMPC) proliferation 
and promoted differentiation into cardiomyocytes in 
human CMPCs and embryonic stem cells, possibly by 
inhibition of histone deacetylase 4 or Sox6. CAI et  al. 
found that miR-124 was down-regulated in bone mar-
row-derived mesenchymal stem cells (BMSCs), targeted 
STAT3 and in turn influenced the levels of ANP, TNT, 
a-MHC, and GATA-4 for the first time. [20]. Recently, 

other investigators showed that miR-10a could target and 
inhibit effectively GATA6 expression, which reduced the 
proliferation of hCMPCs during heart development [21]. 
Therefore, miRNAs play a vital role in heart develop-
ment, but the specific mechanism is not completely clear. 
In this study, H19 suppressed the expression of miR-19b. 
Furthermore, we also confirmed that miR-19b could tar-
get directly Sox6 and inhibited its expression.

Sox6, a member of Sox transcription-factor family, 
is a multi-faceted transcription factor participating in 
the terminal differentiation of many different cell types 
in vertebrates [22]. Sox6 without the transactivation or 
transrepression domain is different from the majority of 
transcription factors, but interacts with other cofactors 
to collaboratively regulate target genes [23]. It is reported 
that Sox6 plays a tumor-suppressive role in cancers [24, 
25]. The results presented by Qin et al. showed that Sox6 
suppressed cell proliferation by upregulating expres-
sion levels of p53 and p21 and down-regulating expres-
sion levels of cyclin D1/CDK4, cyclin A, and β-catenin in 
esophageal cancer [26]. Recently, investigators reported 

Fig. 6  Sox6 reversed the proliferation and antiapoptosis effects of H19 knockdown on P19CL6 cells. a CCK-8 assay indicated shH19 boosted the 
viability of P19CL6 cells at day 8 and day 10, and pcDNA-Sox6 reversed the effect. b Cell cycle assay found that shH19 increased the percentage of 
cells in the S phase at day 8 and 10, whereas pcDNA-Sox6 attenuated the effect. (c and d) The rate of apoptosis and caspase-3 activity were signifi-
cantly decreased in cells treated with shH19 at day 8 and 10, and pcDNA-Sox6 overturned the effect. *P < 0.05, **P < 0.01, ***P < 0.001
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that Sox6 played vital roles in cell differentiation and pro-
liferation [27, 28]. In agreement with this, our result indi-
cated that Sox6 down-regulation significantly decreased 
the percentage of apoptotic cells and promoted cell pro-
liferation during late stage of cardiomyocyte differentia-
tion, whereas overexpression of Sox6 played the opposite 
roles. Importantly, Sox6 overexpression reversed the 
effects of H19 knockdown on P19CL6 growth and apop-
tosis during late stage of cardiomyocyte differentiation.

In conclusion, we defined that H19 knockdown pro-
moted P19CL6 cells proliferation and inhibited apoptosis 
by modulating miR-19b. Furthermore, Sox6, as a miR-
19b target, could inhibit P19CL6 cells proliferation and 
promoted apoptosis. Thus, our data indicated that H19 
could inhibit miR-19b expression, and miR-19b targets 
Sox6, regulating cell proliferation and apoptosis during 
late stage of cardiomyocyte differentiation. This study 
provides a theoretical basis for the research on lncRNA 
in the heart development.

Abbreviations
BMSCs: bone marrow-derived mesenchymal stem cells; CCK-8: cell counting 
kit-8; FBS: fetal bovine serum; DMEM: Dulbecco’s modified Eagle’s medium; 
DMSO: dimethyl sulfoxide; PVDF: polyvinylidene difluoride membrane; PBS: 
phosphate-buffered saline; p-ESCs: parthenogenetic embryonic stem cells; 
CHD: coronary heart disease; CMPC: cardiomyocyte progenitor cell.

Authors’ contributions
YH, HDX and JTC conceived the concept and designed the experiments. YWZ, 
CYG, TBF and BTP conducted the experiments. BL, LL and ZYC analyzed the 
data. Both authors read and approved the final manuscript.

Author details
1 Children’s Heart Center, Henan Province People’s Hospital, Zheng-
zhou 450003, China. 2 Department of Cardiology, Henan Province People’s 
Hospital, No. 7 Weiwu Road, Zhengzhou 450003, China. 3 Department of Ultra-
sonography, Henan Province People’s Hospital, Zhengzhou 450003, China. 
4 Department of Cardiovascular Surgery, Henan Province People’s Hospital, 
Zhengzhou 450003, China. 

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Data availability statement
Please contact author for data requests.

Funding
The work was supported by National Natural Science Foundation of China 
(Grant No. 81273948).

Received: 21 September 2016   Accepted: 9 November 2016

References
	1.	 Nascone N, Mercola M. An inductive role for the endoderm in Xenopus 

cardiogenesis. Development. 1995;121:515–23.

	2.	 Satou Y, Satoh N. Gene regulatory networks for the development and 
evolution of the chordate heart. Genes Dev. 2006;20:2634–8.

	3.	 Olson EN, Srivastava D. Molecular pathways controlling heart develop-
ment. Science. 1996;272:671–6.

	4.	 Monzen K, Shiojima I, Hiroi Y, Kudoh S, Oka T, Takimoto E, Hayashi D, 
Hosoda T, Habara-Ohkubo A, Nakaoka T, Fujita T, Yazaki Y, Komuro I. 
Bone morphogenetic proteins induce cardiomyocyte differentiation 
through the mitogen-activated protein kinase kinase kinase TAK1 and 
cardiac transcription factors Csx/Nkx-2.5 and GATA-4. Mol Cell Biol. 
1999;19:7096–105.

	5.	 Young DA, Gavrilov S, Pennington CJ, Nuttall RK, Edwards DR, Kitsis RN, 
Clark IM. Expression of metalloproteinases and inhibitors in the dif-
ferentiation of P19CL6 cells into cardiac myocytes. Biochem Biophys Res 
Commun. 2004;322:759–65.

	6.	 Habara-Ohkubo A. Differentiation of beating cardiac muscle cells 
from a derivative of P19 embryonal carcinoma cells. Cell Struct Funct. 
1996;21:101–10.

	7.	 Yang F, Xue X, Bi J, Zheng L, Zhi K, Gu Y, Fang G. Long noncoding RNA 
CCAT1, which could be activated by c-Myc, promotes the progression of 
gastric carcinoma. J Cancer Res Clin Oncol. 2013;139:437–45.

	8.	 Yuan JH, Yang F, Wang F, Ma JZ, Guo YJ, Tao QF, Liu F, Pan W, Wang 
TT, Zhou CC, Wang SB, Wang YZ, Yang Y, Yang N, Zhou WP, Yang GS, 
Sun SH. A long noncoding RNA activated by TGF-beta promotes the 
invasion-metastasis cascade in hepatocellular carcinoma. Cancer Cell. 
2014;25:666–81.

	9.	 Gu M, Zheng A, Tu W, Zhao J, Li L, Li M, Han S, Hu X, Zhu J, Pan Y, Xu J, Yu 
Z. Circulating LncRNAs as novel, non-invasive biomarkers for prena-
tal detection of fetal congenital heart defects. Cell Physiol Biochem. 
2016;38:1459–71.

	10.	 Hurst LD, Smith NG. Molecular evolutionary evidence that H19 mRNA is 
functional. Trends Genet. 1999;15:134–5.

	11.	 Gabory A, Ripoche MA, Le Digarcher A, Watrin F, Ziyyat A, Forne T, 
Jammes H, Ainscough JF, Surani MA, Journot L, Dandolo L. H19 acts as 
a trans regulator of the imprinted gene network controlling growth in 
mice. Development. 2009;136:3413–21.

	12.	 Eulalio A, Mano M, Dal Ferro M, Zentilin L, Sinagra G, Zacchigna S, Giacca 
M. Functional screening identifies miRNAs inducing cardiac regeneration. 
Nature. 2012;492:376–81.

	13.	 Boggs RM, Moody JA, Long CR, Tsai KL, Murphy KE. Identification, 
amplification and characterization of miR-17-92 from canine tissue. Gene. 
2007;404:25–30.

	14.	 Qin DN, Qian L, Hu DL, Yu ZB, Han SP, Zhu C, Wang X, Hu X. Effects of miR-
19b overexpression on proliferation, differentiation, apoptosis and Wnt/
beta-catenin signaling pathway in P19 cell model of cardiac differentia-
tion in vitro. Cell Biochem Biophys. 2013;66:709–22.

	15.	 Wang S, Wu X, Liu Y, Yuan J, Yang F, Huang J, Meng Q, Zhou C, Liu F, 
Ma J, Sun S, Zheng J, Wang F. Long noncoding RNA H19 inhibits the 
proliferation of fetal liver cells and the Wnt signaling pathway. FEBS Lett. 
2016;590:559–70.

	16.	 Yin Y, Wang H, Liu K, Wang F, Ye X, Liu M, Xiang R, Liu N, Liu L. Knockdown 
of H19 enhances differentiation capacity to epidermis of parthenoge-
netic embryonic stem cells. Curr Mol Med. 2014;14:737–48.

	17.	 Ragina NP, Schlosser K, Knott JG, Senagore PK, Swiatek PJ, Chang EA, 
Fakhouri WD, Schutte BC, Kiupel M, Cibelli JB. Downregulation of H19 
improves the differentiation potential of mouse parthenogenetic embry-
onic stem cells. Stem Cells Dev. 2012;21:1134–44.

	18.	 Thum T, Catalucci D, Bauersachs J. MicroRNAs: novel regulators in cardiac 
development and disease. Cardiovasc Res. 2008;79:562–70.

	19.	 Sluijter JP, van Mil A, van Vliet P, Metz CH, Liu J, Doevendans PA, Goumans 
MJ. MicroRNA-1 and -499 regulate differentiation and proliferation in 
human-derived cardiomyocyte progenitor cells. Arterioscler Thromb Vasc 
Biol. 2010;30:859–68.

	20.	 Cai B, Li J, Wang J, Luo X, Ai J, Liu Y, Wang N, Liang H, Zhang M, Chen N, 
Wang G, Xing S, Zhou X, Yang B, Wang X, Lu Y. microRNA-124 regulates 
cardiomyocyte differentiation of bone marrow-derived mesenchymal 
stem cells via targeting STAT3 signaling. Stem Cells. 2012;30:1746–55.

	21.	 Liang D, Zhen L, Yuan T, Huang J, Deng F, Wuyahan, Zhang H, Pan L, Liu Y, 
The E, Yu Z, Zhu W, Zhang Y, Li L, Peng L, Li J, Chen YH. miR-10a regulates 
proliferation of human cardiomyocyte progenitor cells by targeting 
GATA6. PLoS One. 2014;9:e103097.



Page 11 of 11Han et al. Cell Biosci  (2016) 6:58 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

	22.	 An CI, Dong Y, Hagiwara N. Genome-wide mapping of Sox6 binding sites 
in skeletal muscle reveals both direct and indirect regulation of muscle 
terminal differentiation by Sox6. BMC Dev Biol. 2011;11:59.

	23.	 Zhang Y, Yang TL, Li X, Guo Y. Functional analyses reveal the essential role 
of SOX6 and RUNX2 in the communication of chondrocyte and osteo-
blast. Osteoporos Int. 2015;26:553–61.

	24.	 Guo X, Yang M, Gu H, Zhao J, Zou L. Decreased expression of SOX6 
confers a poor prognosis in hepatocellular carcinoma. Cancer Epidemiol. 
2013;37:732–6.

	25.	 Li H, Zheng D, Zhang B, Liu L, Ou J, Chen W, Xiong S, Gu Y, Yang J. Mir-208 
promotes cell proliferation by repressing SOX6 expression in human 
esophageal squamous cell carcinoma. J Transl Med. 2014;12:196.

	26.	 Qin YR, Tang H, Xie F, Liu H, Zhu Y, Ai J, Chen L, Li Y, Kwong DL, Fu L, Guan 
XY. Characterization of tumor-suppressive function of SOX6 in human 
esophageal squamous cell carcinoma. Clin Cancer Res. 2011;17:46–55.

	27.	 Li X, Wang J, Jia Z, Cui Q, Zhang C, Wang W, Chen P, Ma K, Zhou C. MiR-
499 regulates cell proliferation and apoptosis during late-stage cardiac 
differentiation via Sox6 and cyclin D1. PLoS ONE. 2013;8:e74504.

	28.	 Ohta S, Misawa A, Lefebvre V, Okano H, Kawakami Y, Toda M. Sox6 up-
regulation by macrophage migration inhibitory factor promotes survival 
and maintenance of mouse neural stem/progenitor cells. PLoS ONE. 
2013;8:e74315.


	Downregulation of long non-coding RNA H19 promotes P19CL6 cells proliferation and inhibits apoptosis during late-stage cardiac differentiation via miR-19b-modulated Sox6
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture and differentiation
	Generation of a stable cell line and transfection
	RNA isolation and quantitative real-time PCR
	CCK-8 assay
	Flow cytometry analysis of apoptosis and cell cycle
	Caspase-3 assay
	Luciferase assay
	Antibodies and western blot analysis
	Statistical analysis

	Results
	H19 was highly expressed in the late stage of cardiac differentiation in P19CL6 cells
	Knockdown of H19 promoted P19CL6 cell proliferation and inhibits apoptosis
	H19 inhibited miR-19b expression
	H19 targets miR-19b to regulate the expression of Sox6
	Knockdown of Sox6 promoted P19CL6 cell proliferation and inhibits apoptosis
	Sox6 reversed the proliferation and anti-apoptosis effects of of H19 knockdown on P19CL6 cell
	Discussionconclusion

	Authors’ contributions
	References




