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Abstract
Objective: Bone morphogenetic protein 4 (BMP4) and basic fibroblast growth factor (bFGF) play important roles in 
embryonic heart development. Also, two epigenetic modifying molecules, 5ˊ-azacytidine (5ˊ-Aza) and valproic acid 
(VPA) induce cardiomyogenesis in the infarcted heart. In this study, we first evaluated the role of BMP4 and bFGF in 
cardiac trans-differentiation and then the effectiveness of 5´-Aza and VPA in reprogramming and cardiac differentiation 
of human adipose tissue-derived stem cells (ADSCs).  

Materials and Methods: In this experimental study, human ADSCs were isolated by collagenase I digestion. For cardiac 
differentiation, third to fifth-passaged ADSCs were treated with BMP4 alone or a combination of BMP4 and bFGF with 
or without 5ˊ-Aza and VPA pre-treatment. After 21 days, the expression of cardiac-specific markers was evaluated by 
reverse transcription polymerase chain reaction (RT-PCR), quantitative real-time PCR, immunocytochemistry, flow 
cytometry and western blot analyses.  

Results: BMP4 and more prominently a combination of BMP4 and bFGF induced cardiac differentiation of human 
ADSCs. Epigenetic modification of the ADSCs by 5ˊ-Aza and VPA significantly upregulated the expression of OCT4A, 
SOX2, NANOG, Brachyury/T and GATA4 but downregulated GSC and NES mRNAs. Furthermore, pre-treatment with 
5ˊ-Aza and VPA upregulated the expression of TBX5, ANF, CX43 and CXCR4 mRNAs in three-week differentiated 
ADSCs but downregulated the expression of some cardiac-specific genes and decreased the population of cardiac 
troponin I-expressing cells. 

Conclusion: Our findings demonstrated the inductive role of BMP4 and especially BMP4 and bFGF combination in 
cardiac trans-differentiation of human ADSCs. Treatment with 5ˊ-Aza and VPA reprogrammed ADSCs toward a more 
pluripotent state and increased tendency of the ADSCs for mesodermal differentiation. Although pre-treatment with 
5ˊ-Aza and VPA counteracted the cardiogenic effects of BMP4 and bFGF, it may be in favor of migration, engraftment 
and survival of the ADSCs after transplantation.
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Introduction

Cardiovascular diseases are the most common causes 
of deaths worldwide (1). Despite the great advances in 
medical and surgical therapies, functional recovery of 
the infarcted heart remains elusive. A novel strategy 
for the treatment of advanced myocardial infarction 
is transplantation of stem cells or stem cell-derived 
cardiac progenitor cells into the damaged heart with 
the expectation that these cells can produce or stimulate 
generation of new cardiomyocytes and blood vessels in 
the injured tissue (2). 

Adipose tissue has been considered as a valuable source 
of autologous mesenchymal stem cells for heart tissue 
engineering and cardiac repair. Beneficial role of adipose 
tissue-derived stem cells (ADSCs) in regeneration of 
ischemic heart disease is emanated from several properties, 

including differentiation to cardiomyocytes, endothelial 
cells and smooth muscle cells (3, 4), secretion of several 
angiogenic and anti-apoptotic factors (3, 5) and recruitment 
of endogenous stem cells into the damaged area (6). 
Although accumulating evidence has shown the capability 
of ADSCs for differentiation into cardiomyocytes and 
improvement of ventricular function in animal models 
of myocardial infarction (7-9), a highly efficient protocol 
for cardiac differentiation of human ADSCs is yet to be 
reported. Further studies are required to develop optimal 
media formulations which generate a large number of 
functional cardiomyocytes for embryology, toxicology, 
pharmacology and transplantation therapy purposes. In 
this regard, better understanding of the role of cardiogenic 
growth factors and small molecules which can reprogram 
somatic cells toward a more undifferentiated state is of 
utmost importance. 
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Bone morphogenetic protein 4 (BMP4) and basic 
fibroblast growth factor (bFGF) signaling play 
important roles in embryonic heart development (10, 
11). A combination of bFGF and BMP2/4 has been 
shown necessary to induce Nkx2.5 expression and 
contractile phenotype in non-precardiac mesoderm of 
chicken embryos (12). In fact, BMPs and FGFs have 
complementary roles in cardiac development; BMP 
induces the specification of non-precardiac mesoderm 
cells to cardiac cell lineage, while FGF supports 
terminal differentiation of cardiomyocytes (13, 14). 

5ʹ-azacytidine (5ʹ-Aza) and valproic acid 
(VPA) are two small molecules which regulate 
chromatin remodeling through inhibition of DNA 
methyltransferases and histone deacetylases, 
respectively (14). The positive role of 5ʹ-Aza and VPA 
in cardiac differentiation has been demonstrated by 
different groups (14-16), although contradictory results 
have also been reported (17, 18). In an attempt by 
Thal and colleagues (14), treatment of the endothelial 
progenitor cells with 5ʹ-Aza and VPA significantly 
upregulated the expression of pluripotency and cardiac-
specific genes and increased the cardiogenic potential 
of the reprogrammed cells. However, this should be 
kept in mind that reactivation of previously silent 
genes by epigenetic modifiers like 5ʹ-Aza and VPA 
is not limited to pluripotency-associated or cardiac-
specific genes but is rather indicative of a global gene 
transcription. So, an appropriate culture condition is 
necessary to direct the fate of reprogrammed cells 
towards a cardiogenic lineage (14). 

Despite the available evidence demonstrating the 
inductive role of BMP4 and bFGF growth factors (10-
12) as well as small molecules like 5ʹ-Aza and VPA (14-
16) in cardiac differentiation, there is no report regarding 
the impact of these factors on cardiac differentiation of 
hADSCs. We previously showed that BMP4 treatment 
induces the expression of cardiac-specific markers in 
mouse ADSCs (19). In the current study, we first evaluated 
the role of BMP4 individually, and then in combination 
with bFGF in cardiac trans-differentiation of human 
ADSCs and finally examined the impact of 5ʹ-Aza and 
VPA on reprogramming and cardiac differentiation of the 
ADSCs.

Materials and Methods

Isolation and culture of human adipose tissue-derived 
stem cells

In this experimental study, adipose tissue samples 
were harvested from five 40-45 years old women 
undergoing elective abdominoplasty after obtaining 
informed consent. The study was approved by the Ethics 
Committee of National Institute of Genetic Engineering 
and Biotechnology (7-8-93/NIGEB). 

Isolation and characterization of the ADSCs was 
performed as described previously (20). Briefly, adipose 
tissue was minced and digested by 2 mg/ml collagenase 
I (Thermo Fisher Scientific, USA) in PBS containing 2% 
bovine serum albumin (BSA, Sigma Aldrich, USA). The 
stromal vascular fraction (SVF) was plated at 5×104 cells/
ml in tissue culture flasks. Growth medium contained 
Dulbecco’s Modified Eagle’s Medium (DMEM), 20% 
fetal bovine serum (FBS), 100 U/ml penicillin and 100 
µg/ml streptomycin (all from Gibco, Thermo Fisher 
Scientific, USA). Medium was changed every other day, 
and the cells were subcultured after reaching 80-90% 
confluency. 

Cardiac differentiation of human adipose tissue-
derived stem cells

For cardiac differentiation, third to fifth-passaged 
ADSC were seeded into 0.1% gelatin-coated 6-well tissue 
culture plates with a density of 105 cell/ml (2 ml per each 
well). After 24 hours, the cells were induced for cardiac 
differentiation with 10 ng/ml bFGF (Sigma-Aldrich, 
USA) and 20 ng/ml BMP4 (Thermo Fisher Scientific, 
USA) for four days. After the induction stage, growth 
factors were omitted completely and differentiation of the 
cells was continued in 10% FBS-containing medium up to 
three weeks. The ADSCs that were cultured in the same 
medium without bFGF and BMP4 treatment were used as 
the control group. 

To investigate the impact of DNA methyltransferase and 
histone deacetylase inhibitors on cardiac differentiation 
of ADSCs, the cells were pre-treated with 10 µM 
5ʹ-Azacitidine (Sigma-Aldrich, USA) and 500 nM VPA 
(Sigma-Aldrich, USA) for 24 hours and then were treated 
with 10 ng/ml bFGF and 20 ng/ml BMP4 as described 
above. 

Gene expression analysis

Total RNAs were extracted from three-week 
differentiated ADSCs using High Pure RNA Isolation 
Kit (Roche Applied Science, Germany). Briefly, 
cDNA was synthesized from 1 µg of total RNA 
using cDNA Synthesis Kit (Thermo Fisher Scientific, 
USA). PCR amplification on the cDNA samples 
was performed using PCR master mix (Ampliqon, 
Denmark) and specific primers, as described in Table 
S1 (See Supplementary Online Information at www.
celljournal.org). 

RealQ PCR Master (Ampliqon, Denmark) were used 
for quantitative assessment of gene expression by real-
time polymerase chain reaction (qPCR) on a Rotor-
GeneTM 6000 (Corbett Research, Australia) real-time 
analyzer. β2 microglobulin (B2M) and β-actin (ACTB) 
were used as the internal reference genes. The size 
of the qPCR products were assessed both by melting 
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curve analysis and also by agarose gel electrophoresis.

Comparative quantification was performed using 
REST 2009 (Relative Expression Software Tool, 
Qiagen) based on Pair Wise Fixed Reallocation 
Randomization Test® (21). At least, three biological 
replicates of each group were included in the qPCR 
experiments, and B2M and ACTB were used to 
normalize the quantitative data.

Immunocytochemistry 

Since cell density of three-week differentiated 
ADSCs was too high, the cells were dissociated using 
trypsin-EDTA (Gibco, USA) and cultured at half 
the density in gelatin-coated 4-well tissue culture 
plates. After 24 hours, the cells were fixed using 4% 
paraformaldehyde and permeabilized with 0.2% Triton 
X-100. 10% goat serum was used to block non-specific 
binding sites. Next, the cells were incubated with 
the primary monoclonal antibodies against α-actinin 
(Sigma-Aldrich, USA) and cardiac troponin I (Santa 
Cruz Biotechnology, USA) and then with goat anti-
mouse FITC-conjugated IgG (Sigma-Aldrich, USA). 
The stained cells were observed by a fluorescence 
microscope (Nikon, Japan).

Flow cytometry analysis 

Three-week differentiated cells were dissociated 
using trypsin-EDTA and fixed in cold 70% ethanol. 
The cells were permeabilized with 0.2% Triton X-100. 
After washing, the cells were incubated with the 
primary antibody against cardiac troponin I (Santa 
Cruz Biotechnology, USA) and then with fluorescein 
isothiocyanate (FITC)-conjugated goat anti-mouse IgG 
(Sigma-Aldrich, USA). Some cells were only stained 
with the secondary antibody and were used as the 
negative control. Flow cytometry was performed using 
an Attune® Acoustic Focusing Cytometer (Applied 
Biosystems, Thermo Fisher Scientific, USA). FlowJo 
vX.0.6 software (Tree Star Inc., Ashland, USA) was 
used for analysis of the results.

Western blot analysis

For protein analysis by western blot, three-week 
differentiated ADSCs were homogenized in ice-cold 
Radioimmunopercipitation assay (RIPA) lysis buffer 
and were centrifuged at 13000 g for 15 minutes at 4˚C. 
After collecting the supernatant, protein concentration 
was determined by Bradford assay. For each sample, 
50 µg of protein was separated using sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride 
(PVDF, Roche) membranes. Blocking of non-specific 
binding sites was achieved by 5% non-fat dried milk 
in Tris-buffered saline containing 0.1% Tween-20 
(TBST). After blocking, the membranes were 

incubated with the diluted primary antibodies against 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 
Sigma-Aldrich, G8795), α-actinin (Sigma-Aldrich, 
USA), desmin (Sigma-Aldrich, USA) and connexion 
43 (Sigma-Aldrich, USA) overnight at 4˚C. Then, 
the membranes were incubated with goat anti-mouse 
horseradish peroxidase (HRP)-conjugated secondary 
IgG for 1 hour at room temperature. Enhanced 
chemiluminescence (ECL) kit (Najm Biotech Co., 
Iran) was used to detect the immunoreactive bands.

Results

Isolation, culture and differentiation of human adipose 
tissue-derived stem cells

Within 3-4 hours, the ADSCs attached to the 
growth surfaces of tissue culture plates. The ADSCs 
proliferated rapidly and were passaged 2-3 times a 
week. The undifferentiated cells showed a fibroblast-
like morphology (Fig.1A). The mesenchymal stem cell 
feature and multipotential differentiation capability of 
the ADSCs was determined as described previously by 
our team (20, 22, 23). Third-passaged ADSCs expressed 
cardiac transcription factors, GATA4, MEF2C and 
TBX5, and cardiac-specific genes, MLC2A/MYL7 and 
MLC2V/MYL2 (Fig.1B) which possibly indicate the 
capability of these cells for cardiac differentiation.

After three weeks cardiac differentiation in different 
experimental groups, including control (no treatment, 
Fig.1C), BMP4 alone (Fig.1D) and a combination of 
bFGF and BMP4 with or without pre-treatment with 
5-Aza and VPA (Fig.1E, F, respectively), differentiating 
ADSCs showed an elongated morphology.

BMP4 induces cardiac trans-differentiation of human 
adipose tissue-derived stem cells 

We previously showed that BMP4 induces the expression 
of cardiac-specific genes in mouse ADSCs (19). In the 
current study, treatment of human ADSCs with 20 ng/
ml BMP4 upregulated the expression of GATA4, TBX5, 
MEF2C, MLC2A and MLC2V mRNAs by 4.31, 1.88, 
1.63, 2.03 and 3.4 folds compared to the control group, 
respectively (Fig.2A).  

A combination of BMP4 and bFGF augments cardiac 
trans-differentiation of human ADSCs

To investigate the synergistic effect of BMP4 and 
bFGF in cardiac differentiation of human ADSCs, third 
to fifth-passaged ADSCs were simultaneously treated 
with 10 ng/ml bFGF and 20 ng/ml BMP4 for the first 
four days of differentiation. The expression levels of 
GATA4, MEF2C, MLC2A and MLC2V mRNAs were 
upregulated respectively by 10.46, 2.09, 4.16 and 4.21 
folds in the BMP4 and bFGF combination treatment 
group compared to the BMP4 treatment alone (Fig.2B). 
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Fig.1: The undifferentiated and three-week differentiated ADSCs. A. Third-passaged ADSCs showed a fibroblast-like morphology, B. Expressed some 
cardiac-specific genes, C. After cardiac differentiation in the control (no treatment), D. BMP4 alone, E, and F. A combination of bFGF and BMP4 with or 
without pre-treatment with 5-Aza and VPA, differentiating ADSCs showed an elongated morphology (scale bar: 50 µm). ADSCs; Adipose tissue-derived 
stem cells, BMP4; Bone morphogenetic protein 4, bFGF; basic fibroblast growth factor, 5ˊ-Aza; 5ˊ-azacytidine, and VPA; Valproic acid (scale bar: 50 µm).

Fig.2: Quantitative analysis of some cardiac-specific genes by comparative method. A. The expression level of each gene in the control group (untreated 
ADSCs) has been assumed 1 (indicated by the red line) and its expression in BMP4 treatment group was compared to that and B. The expression level 
of each gene in the BMP4 treatment group has been assumed 1 (indicated by the red line) and its expression in BMP4 plus bFGF treatment group was 
compared to that. *; P<0.05, **; P<0.01, ***; P<0.001 (Pair Wise Fixed Reallocation Randomization Test® performed by REST 2009 software), ADSCs; 
Adipose tissue-derived stem cells, BMP4; Bone morphogenetic protein 4, and bFGF; Basic fibroblast growth factor.
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Treatment of the ADSCs with 5ʹ-Aza and VPA 
upregulated the expression of some pluripotency and 
mesodermal genes

24 hours treatment of the undifferentiated ADSCs with 
5ʹ-Aza and VPA upregulated the expression of OCT4A, 
SOX2 and NANOG by 1.69 (P=0.009), 1.6 (P=0.015) 
and 1.93 folds (P=0.029), respectively. Goosecoid 
(GSC) and Nestin (NES) were downregulated by half 
after 5ʹ-Aza and VPA treatment. Brachyury/T and 
GATA4 expression in the ADSCs treated with 5ʹ-Aza 
and VPA were respectively 18.33 folds and 1.95 folds 
higher than the untreated ADSCs, while the expression 
of MEF2C and TBX5 was not changed significantly 
(Fig.3). 

Fig.3: Quantitative analysis of some genes involved in the maintenance 
of pluripotency or early development by comparative method; the 
expression level of each gene in the control ADSCs has been assumed 
1 (indicated by the red line) and its expression in the ADSCs treated 
with 5ʹ-Aza and VPA was compared to that. *; P<0.05, **; P<0.01, ***; 
P<0.001 (Pair Wise Fixed Reallocation Randomization Test® performed by 
REST 2009 software), ADSCs; Adipose tissue-derived stem cells, 5ˊ-Aza; 
5ˊ-azacytidine, and VPA; Valproic acid.

Pre-treatment with 5ʹ-Aza and VPA affected cardiac 
differentiation of human ADSCs 

To elucidate the influence of DNA methyltransferase 
and histone deacetylase inhibitors on cardiac 
differentiation of human ADSCs, the cells were pre-
treated with 10 µM 5ʹ-Aza and 0.5 µM VPA for 24 
hours and then were induced with 10 ng/ml bFGF and 
20 ng/ml BMP4 in 10% FBS-containing medium. As 
revealed by qPCR analysis, pre-treatment with 5ʹ-Aza 
and VPA downregulated the expression of GATA4, 
MEF2C, MLC2A and MLC2V by mean factors of 0.5, 
0.35, 0.34 and 0.66, respectively. However, TBX5, 
ANF, CX43 and CXCR4 were upregulated after pre-
treatment with 5-Aza and VPA by 1.3, 5.4, 1.94 and 

2.6 folds, respectively (Fig.4).

Fig.4: Quantitative analysis of some cardiac-specific genes by 
comparative method. The expression of each gene in the group 
with BMP4 and bFGF treatment but without 5-Aza and VPA pre-
treatment has been assumed 1 (indicated by the red line) and gene 
expression levels in the group with 5-Aza and VPA pre-treatment was 
compared to that. *; P<0.05, **; P<0.01 (Pair Wise Fixed Reallocation 
Randomization Test® performed by REST 2009 software). BMP4; Bone 
morphogenetic protein 4, bFGF; basic fibroblast growth factor, 5ˊ-Aza; 
5ˊ-azacytidine, and VPA; Valproic acid.

Protein expression analysis

BMP4 treatment group and the groups which 
received a combination of BMP4 and bFGF with or 
without 5ʹ-Aza and VPA pre-treatment were assessed 
for the expression of α-actinin and cardiac troponin 
I as two cardiac-specific proteins. As revealed by 
immunocytochemistry, after trypsinization and 
re-plating the differentiated cells, ADSC-derived 
cardiomyocyte-like cells tend to form aggregations 
which showed positive immunostaining for α-actinin 
(Fig.5A-F) and cardiac troponin I (Fig.5G-L) 
proteins. 

Western blot analysis demonstrated the expression 
of α-actinin, desmin and connexin 43 proteins in the 
differentiated cells. α-actinin and connexin 43 showed 
their maximum expression in the cells pre-treated with 
5-Aza and VPA and followed by BMP4 and bFGF 
treatment (Fig.6A). Based on flow cytometry analysis, 
about 21% of the cells in the BMP4 treatment group, 
39% of the cells which treated with BMP4 and bFGF 
combination without 5-Aza and VPA pre-treatment and 
18% of the cells pre-treated with 5-Aza and VPA and 
induced with BMP4 and bFGF combination showed 
positive staining for cardiac troponin I protein. In 
the control group, about 1.5% of the cells expressed 
cardiac troponin I protein (Fig.6B). 
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Fig.5: Immunocytochemical staining of three-week differentiated ADSCs. A-C. Immunostaining for α-actinin in the BMP4 treatment group 
and the groups which received a combination of BMP4 and bFGF with or without 5ʹ-Aza and VPA pre-treatment, D-F. Phase contrast 
images of A to C, respectively, G-I.  Immunostaining for cardiac troponin I in the BMP4 treatment group and the groups which received a 
combination of BMP4 and bFGF with or without 5ʹ-Aza and VPA pre-treatment, and J-L. Phase contrast images of G to I, respectively (scale 
bar: 50 µm).
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Fig.6: Western blot and flow cytometry analyses. A. Western blot analysis for the expression of α-actinin, desmin and connexin 43 proteins and B. Flow 
cytometry analysis for the expression of cardiac troponin I protein in three-week differentiated ADSCs of the control group, BMP4 treatment group and 
the groups which received a combination of BMP4 and bFGF with or without 5ʹ-Aza and VPA pre-treatment. ADSCs; Adipose tissue-derived stem cells, 
BMP4; Bone morphogenetic protein 4, bFGF; basic fibroblast growth factor, 5ˊ-Aza; 5ˊ-azacytidine, and VPA; Valproic acid.

Discussion
In the current study, we first examined the influence of 

BMP4 on cardiomyocyte trans-differentiation of human 
ADCSs. BMPs are members of TGFβ superfamily 
with essential roles in both mesoderm induction and 
embryonic heart development (11). While increasing 
evidence support the inductive role of BMPs in cardiac 
differentiation, some studies point to the temporally 
and spatially regulated expression of BMPs and BMP 
antagonists during heart development (24). BMP2 and 
BMP4 inhibit cardiomyogenesis during gastrula stage of 
chicken embryos (25). In mouse, noggin show a transient 
but strong expression in the anterolateral plate mesoderm 
and has a critical role in cardiac differentiation (26). 
Similar contradictory results have been obtained during 
cardiac differentiation of embryonic and adult stem 
cells. As reported by Yuasa et al. (26), inhibition of BMP 
signalling in a period between the undifferentiated state 
and early phase of embryoid body formation increases 
the incidence of beating EBs and the expression of 
cardiac transcription factors. We showed previously 
that BMP4 treatment inhibits cardiac differentiation of 
mouse embryonic stem cells (ESCs) in serum-containing 
media (27), although the complete removal of serum is 
not in favour of cardiomyocyte development (28). Some 
other investigators have demonstrated the inductive role 
of BMP4 in cardiac differentiation of human ESCs in a 
serum-based condition (29). Treatment of human bone 
marrow-derived mesenchymal stem cells (BM-MSCs) 
with BMP4 shifts the fate of cells toward a cardiac 

phenotype rather than the skeletal-like myocytes (30). 
We previously showed that BMP4 treatment of mouse 
ADSCs, especially in a knockout serum replacement 
(KoSR)-containing medium, induces the expression of 
cardiac-specific markers (19). In the current study, we 
examined the effect of BMP4 on cardiac differentiation of 
human ADSCs and showed that treatment of the ADSCs 
with 20 ng/ml BMP4 increases the expression of GATA4, 
MEF2C, TBX5, MLC2A and MLC2V mRNAs.  

bFGF is a paracrine FGF with significant roles in 
development and pathophysiology of the heart (10). 
Barron et al. (12) showed that treatment of non-precardiac 
mesoderm of stage 6 chicken embryos with a combination 
of bFGF and BMP2/4 is necessary to induce Nkx2.5 
expression and to promote contractile phenotype. In fact, 
both BMPs and FGFs act as cardiac specification factors; 
BMP specifies non-precardiac mesoderm cells to cardiac 
lineage (12), while FGF functions as a survival factor 
and supports their terminal differentiation (13). Here we 
examined the role of bFGF-BMP4 combination in cardiac 
differentiation of human ADSCs and showed that except 
for TBX5 all tested cardiac markers, including GATA4, 
MEF2C, MLC2A and MLC2V mRNAs and CX43 and 
α-actinin proteins, were upregulated. Also, combined 
application of bFGF-BMP4 increased the population 
of cardiac troponin I-expressing cells to about 37% 
compared to 21% in BMP4 treatment alone.

In this study, TBX5 was downregulated in the ADSCs 
treated with bFGF-BMP4 combination compared to BMP4 

A B
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alone. In human, TBX5 transcription factor is expressed 
in all developing heart chambers, but its expression in 
the atria is significantly higher than the ventricles (31). 
Also, ventricular expression of TBX5 decreases at late 
embryonic stage and after birth (32). The known target 
genes for TBX5 are atrial natriuretic factor (ANF) and 
connexin 40 (CX40) which are normally expressed in the 
atria and trabeculae (33). Therefore, lower expression of 
TBX5 in the cells treated with bFGF-BMP4 combination 
than the BMP4-treated cells may be due to a reduction in 
atrial specification of myocytes.

Previous human clinical trials demonstrate the safety 
and efficacy of ADSCs for regeneration of myocardial 
infarction (34). However, a significant portion of this 
reparative function is emanated from secretion of 
several angiogenic and anti-apoptotic factors (3, 5) and 
recruitment of endogenous stem cells into the injury site 
(6). ADSCs rarely differentiate into cardiomyocytes in 
vivo (35), and even when collected from aged patients, 
they have a diminished capability for proliferation and 
differentiation (36). Epigenetic modification of ADSCs 
by small molecules may reprogram ADSCs towards a 
more pluripotent state, enhance their functional properties 
and improve their functionality after transplantation. In 
this study, we examined effectiveness of two epigenetic 
modifying molecules, 5ʹ-Aza and VPA, for reprogramming 
of human ADSCs towards a more undifferentiated 
state. 5ʹ-Aza and VPA, which are inhibitors of DNA 
methyltransferases and histone deacetylases respectively, 
have been used in generation of induced pluripotent stem 
cells (iPSCs) to improve reprogramming efficiency (37).

24 hours treatment of the undifferentiated ADSCs 
with a combination of 5ʹ-Aza and VPA upregulated 
the expression of some pluripotency transcription 
factors, including OCT4A, SOX2 and NANOG. Also, 
treatment of the ADSCs with 5ʹ-Aza and VPA resulted 
in downregulation of definitive endoderm marker GSC 
and early neuroectoderm marker NES, and upregulation 
of mesendodermal marker Brachyury/T and cardiac 
transcription factor GATA4. Altogether, these findings 
suggest a delicate alteration in gene expression profile of 
the ADSCs and tendency of the reprogrammed cells for 
differentiation towards mesodermal lineages.     

We assessed the influence of 5ʹ-Aza and VPA on 
cardiac differentiation of human ADSCs. It has been 
shown that both chemical factors remodel chromatin to 
allow expression of transcriptionally inactivated genes 
and to induce differentiation toward cardiomyocytes 
(15, 16). In 2012, Thal et al. (14) showed that epigenetic 
reprogramming of endothelial progenitor cells with 
5ʹ-Aza and VPA improves repair of infarcted hearts by 
both cardiomyogenesis and vascularization. In contrast, 
we showed here that pre-treatment with a combination 
of 5ʹ-Aza and VPA downregulated the expression of 
GATA4, MEF2C, MLC2A and MLC2V which indicates 
the suppressive impact of these combination on cardiac 
differentiation of human ADSCs. Flow cytometry analysis 
for cardiac troponin I protein supports this conclusion 

since the population of immunostained cells decreased 
from 39% in the group which only received BMP4 and 
bFGF combination to about 18% in the BMP4 and bFGF 
combination group with 5ʹ-Aza and VPA pre-treatment. 
Of course, these findings do not contradict the stimulatory 
role of 5ʹ-Aza and VPA on cardiac differentiation and may 
just reflect the consequence of using these two agents at 
the same time. Perhaps, if the cells were initially treated 
with VPA for 24 hours and then with 5ʹ-Aza for 24 hours, 
as shown by Thal et al. (14), this might have a positive 
effect on cardiac differentiation. The other concentrations 
of these two small molecules can also be tested. However, 
pre-treatment with 5ʹ-Aza and VPA upregulated the 
expression of TBX5, ANF and CX43 mRNAs and CX43 
and α-actinin proteins. The reason for this discrepancy in 
the expression of cardiac-specific genes is not clear, but it 
is interesting to note that not only the expression of ANF is 
regulated by TBX5 (33) but also CX43 has been identified 
as a target for TBX factors (38). So, the simultaneous 
increase in the expression of these three genes is not far 
from the mind. Altogether, the upregulated expression 
of TBX5 and ANF genes may be due to an increased 
differentiation of atrial myocytes after 5ʹ-Aza and VPA 
pre-treatment. On the other hand, previous studies have 
demonstrated that CX43 increases the survival of MSCs 
after transplantation into the ischemic heart and so may 
improve therapeutic efficacy of transplanted cells (9). 

Stromal cell-derived factor (SDF)-1 and its membrane 
receptor, CXCR4, play pivotal roles in the migration, 
homing and engraftment of multiple stem cell types. At 
the injury site, SDF-1 expression increases and recruits 
circulating CXCR4-expressing MSC. Strategies to 
induce CXCR4 upregulation increases the migration and 
engraftment of MSCs in vivo (39). In the present study, 
pre-treatment with a combination of 5ʹ-Aza and VPA 
significantly upregulated the expression of CXCR4 in 
the ADSCs. This finding is in agreement with previous 
studies showing that 5-Aza and VPA significantly increase 
CXCR4 expression in other types of stem cells (40).   

Conclusion
Our findings demonstrated that cardiac differentiation 

of human ADSCs can be induced by BMP4 but more 
significantly by a combination of BMP4 and bFGF. 
Treatment of the ADSCs with a combination of 5ʹ-Aza and 
VPA, which are respectively DNA methyltransferase and 
histone deacetylase inhibitors, significantly upregulated 
the expression of pluripotency transcription factors which 
indicates reprogramming of the ADSCs towards a more 
undifferentiated state. Downregulation of GSC and NES 
and upregulation of Brachyury/T and GATA4 mRNAs in 
the ADSCs treated with 5ʹ-Aza and VPA suggests improved 
potential of the reprogrammed cells for mesodermal 
differentiation. However, pre-treatment with 5ʹ-Aza and 
VPA compromised the cardiogenic effects of BMP4 and 
bFGF which was determined by downregulation of some 
cardiac-specific genes and a decrease in the population 
of cardiac troponin I-expressing cells. Nevertheless, 
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5ʹ-Aza and VPA upregulated the expression of TBX5, 
ANF, CX43 and CXCR4 mRNAs which may improve 
migration, engraftment and survival of the ADSCs after 
transplantation into the injury site.

Acknowledgements
There is no financial support and conflict of interest in 

this study.

Authors’ Contributions
S.H.; Performed the experiments and wrote the draft. 

A.J.; Performed gene expression and flow cytometry 
analyses and contributed to editing and approving the 
manuscript for submission. A.A.; Contributed to the 
project as co-supervisor and participated in drafting. 
M.F.T.; Designed the study, supervised the project, 
performed western blot analysis and edited and approved 
the final version of manuscript for submission. All authors 
read and approved the final manuscript.

References
1. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang 

AR, Cheng S, et al. Heart disease and stroke statistics-2018 
update: a report from the american heart association. Circula-
tion. 2018; 137(12): e67-e492.

2. Michler RE. Stem cell therapy for heart failure. Methodist De-
bakey Cardiovasc J. 2013; 9(4): 187-194.

3. Miranville A, Heeschen C, Sengenès C, Curat CA, Busse 
R, Bouloumié A. Improvement of postnatal neovascularization 
by human adipose tissue-derived stem cells. Circulation. 2004; 
110(3): 349-355.

4. Miyahara Y, Nagaya N, Kataoka M, Yanagawa B, Tanaka K, Hao 
H, et al. Monolayered mesenchymal stem cells repair scarred 
myocardium after myocardial infarction. Nat Med. 2006; 12(4): 
459-465.

5. Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove 
CJ, Bovenkerk JE, et al. Secretion of angiogenic and antiapop-
totic factors by human adipose stromal cells. Circulation. 2004; 
109(10): 1292-1298.

6. Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells 
for regenerative medicine. Circ Res. 2007; 100(9): 1249-1260.

7. He Y, Guo Y, Xia Y, Guo Y, Wang R, Zhang F, et al. Resis-
tin promotes cardiac homing of mesenchymal stem cells and 
functional recovery after myocardial ischemia/reperfusion via 
the ERK1/2-MMP-9 pathway. Am J Physiol Heart Circ Physi-
ol. 2019; 316(1): H233-H244. 

8. Valina C, Pinkernell K, Song YH, Bai X, Sadat S, Campeau 
RJ, et al. Intracoronary administration of autologous adipose 
tissue-derived stem cells improves left ventricular function, per-
fusion, and remodelling after acute myocardial infarction. Eur 
Heart J. 2007; 28(21): 2667-2677. 

9. Wang D, Shen W, Zhang F, Chen M, Chen H, Cao K. Connex-
in43 promotes survival of mesenchymal stem cells in ischaemic 
heart. Cell Biol Int. 2010; 34(4): 415-423.

10. Itoh N, Ohta H, Nakayama Y, Konishi M. Roles of FGF signals 
in heart development, health, and disease. Front Cell Dev 
Biol. 2016; 4: 110. 

11. van Wijk B, Moorman AF, van den Hoff MJ. Role of bone mor-
phogenetic proteins in cardiac differentiation. Cardiovasc 
Res. 2007; 74(2): 244-255.

12. Barron M, Gao M, Lough J. Requirement for BMP and FGF 
signaling during cardiogenic induction in non-precardiac mes-
oderm is specific, transient, and cooperative. Dev Dyn. 2000; 
218(2): 383-393.

13. Sugi Y, Lough J. Activin-A and FGF-2 mimic the inductive ef-
fects of anterior endoderm on terminal cardiac myogenesis in 
vitro. Dev Biol. 1995; 168(2): 567-574.

14. Thal MA, Krishnamurthy P, Mackie AR, Hoxha E, Lambers E, 
Verma S, et al. Enhanced angiogenic and cardiomyocyte differ-
entiation capacity of epigenetically reprogrammed mouse and 
human endothelial progenitor cells augments their efficacy for 
ischemic myocardial repair. Circ Res. 2012; 111(2): 180-190.

15. Burlacu A, Rosca AM, Maniu H, Titorencu I, Dragan E, Jinga 
V, et al. Promoting effect of 5-azacytidine on the myogenic dif-
ferentiation of bone marrow stromal cells. Eur J Cell Biol. 2008; 
87(3): 173-184.

16. Morez C, Noseda M, Paiva MA, Belian E, Schneider MD, Ste-
vens MM. Enhanced efficiency of genetic programming toward 
cardiomyocyte creation through topographical cues. Biomateri-
als. 2015; 70: 94-104.

17. Na L, Wartenberg M, Nau H, Hescheler J, Sauer H. Anticon-
vulsant valproic acid inhibits cardiomyocyte differentiation of 
embryonic stem cells by increasing intracellular levels of reac-
tive oxygen species. Birth Defects Res A Clin Mol Teratol. 2003; 
67(3): 174-180.

18. Liu Y, Song J, Liu W, Wan Y, Chen X, Hu C. Growth and dif-
ferentiation of rat bone marrow stromal cells: does 5-azacy-
tidine trigger their cardiomyogenic differentiation? Cardiovasc 
Res. 2003; 58(2): 460-468.

19. Khaleghi M, Taha MF, Jafarzadeh N, Javeri A. Atrial and ven-
tricular specification of ADSCs is stimulated by different doses 
of BMP4. Biotechnol Lett. 2014; 36(12): 2581-2589.

20. Faghih H, Javeri A, Taha MF. Impact of early subcultures on 
stemness, migration and angiogenic potential of adipose tis-
sue-derived stem cells and their resistance to in vitro ischemic 
condition. Cytotechnology. 2017; 69(6): 885-900. 

21. Pfaffl MW, Horgan GW, Dempfle L. Relative expression soft-
ware tool (REST) for group-wise comparison and statistical 
analysis of relative expression results in real-time PCR. Nucleic 
Acids Res. 2002; 30(9): e36.

22. Salehi PM, Foroutan T, Javeri A, Taha MF. Extract of mouse 
embryonic stem cells induces the expression of pluripotency 
genes in human adipose tissue-derived stem cells. Iran J Basic 
Med Sci. 2017; 20(11): 1200-1206. 

23. Soheilifar MH, Javeri A, Amini H, Taha MF. Generation of dopa-
mine-secreting cells from human adipose tissue-derived stem 
cells in vitro. Rejuvenation Res. 2018; 21(4): 360-368. 

24. Yuasa S, Fukuda K. Multiple roles for BMP signaling in cardiac 
development. Drug Discovery Today: Therapeutic Strategies. 
2009; 5(4): 209-214.

25. Ladd AN, Yatskievych TA, Antin PB. Regulation of avian cardiac 
myogenesis by activin/TGFbeta and bone morphogenetic pro-
teins. Dev Biol. 1998; 204(2): 407-419.

26. Yuasa S, Itabashi Y, Koshimizu U, Tanaka T, Sugimura K, Ki-
noshita M, et al. Transient inhibition of BMP signaling by Nog-
gin induces cardiomyocyte differentiation of mouse embryonic 
stem cells. Nat Biotechnol. 2005; 23(5): 607-611.

27. Taha MF, Valojerdi MR, Mowla SJ. Effect of bone morphoge-
netic protein-4 (BMP-4) on cardiomyocyte differentiation from 
mouse embryonic stem cell. Int J Cardiol. 2007; 120(1): 92-101. 

28. Taha MF, Valojerdi MR. Effect of bone morphogenetic protein-4 
on cardiac differentiation from mouse embryonic stem cells in 
serum-free and low-serum media. Int J Cardiol. 2008; 127(1): 
78-87.

29. Takei S, Ichikawa H, Johkura K, Mogi A, No H, Yoshie S, et 
al. Bone morphogenetic protein-4 promotes induction of car-
diomyocytes from human embryonic stem cells in serum-based 
embryoid body development. Am J Physiol Heart Circ Physi-
ol. 2009; 296(6): H1793-H1803.

30. Grajales L, García J, Geenen DL. Induction of cardiac myogen-
ic lineage development differs between mesenchymal and sat-
ellite cells and is accelerated by bone morphogenetic protein-4. 
J Mol Cell Cardiol. 2012; 53(3): 382-391. 

31. Hatcher CJ, Goldstein MM, Mah CS, Delia CS, Basson CT. 
Identification and localization of TBX5 transcription factor dur-
ing human cardiac morphogenesis. Dev Dyn. 2000; 219(1): 90-
95.

32. Misra C, Chang SW, Basu M, Huang N, Garg V. Disruption of 
myocardial Gata4 and Tbx5 results in defects in cardiomyo-
cyte proliferation and atrioventricular septation. Hum Mol Gen-
et. 2014; 23(19): 5025-5035. 

33. Bruneau BG, Nemer G, Schmitt JP, Charron F, Robitaille L, Ca-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3846071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3846071/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Miranville%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heeschen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sengen%C3%A8s%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Curat%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Busse%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Busse%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bouloumi%C3%A9%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15238461
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monolayered+mesenchymal+stem+cells+repair+scarred+myocardium+after+myocardial+infarction.
https://www.ncbi.nlm.nih.gov/pubmed/?term=He+Y%2C+Guo+Y%2C+Xia+Y%2C+Guo+Y%2C+Wang+R%2C+Zhang+F%2C+et+al.+Resistin+promotes+cardiac+homing+of+mesenchymal+stem+cells+and+functional+recovery+after+myocardial+ischemia%2Freperfusion+via+the+ERK1%2F2-MMP-9+pathway.+American+journal+of+physiology+Heart+and+circulatory+physiology.+2018.
https://www.ncbi.nlm.nih.gov/pubmed/?term=He+Y%2C+Guo+Y%2C+Xia+Y%2C+Guo+Y%2C+Wang+R%2C+Zhang+F%2C+et+al.+Resistin+promotes+cardiac+homing+of+mesenchymal+stem+cells+and+functional+recovery+after+myocardial+ischemia%2Freperfusion+via+the+ERK1%2F2-MMP-9+pathway.+American+journal+of+physiology+Heart+and+circulatory+physiology.+2018.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Intracoronary+administration+of+autologous+adipose+tissue-derived+stem+cells+improves+left+ventricular+function%2C+perfusion%2C+and+remodelling+after+acute+myocardial+infarction.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Intracoronary+administration+of+autologous+adipose+tissue-derived+stem+cells+improves+left+ventricular+function%2C+perfusion%2C+and+remodelling+after+acute+myocardial+infarction.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Connexin43+promotes+survival+of+mesenchymal+stem+cells+in+ischaemic+heart.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roles+of+FGF+Signals+in+Heart+Development%2C+Health%2C+and+Disease.+F
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roles+of+FGF+Signals+in+Heart+Development%2C+Health%2C+and+Disease.+F
https://www.ncbi.nlm.nih.gov/pubmed/?term=van+Wijk+B%2C+Moorman+AF%2C+van+den+Hoff+MJ.+Role+of+bone+morphogenetic+proteins+in+cardiac+differentiation.+Cardiovascular+research.+2007%3B74(2)%3A244-55.
https://www.ncbi.nlm.nih.gov/pubmed/?term=van+Wijk+B%2C+Moorman+AF%2C+van+den+Hoff+MJ.+Role+of+bone+morphogenetic+proteins+in+cardiac+differentiation.+Cardiovascular+research.+2007%3B74(2)%3A244-55.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sugi+Y%2C+Lough+J.+Activin-A+and+FGF-2+mimic+the+inductive+effects+of+anterior+endoderm+on+terminal+cardiac+myogenesis+in+vitro.+Developmental+biology.+1995%3B168(2)%3A567-74.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thal+MA%2C+Krishnamurthy+P%2C+Mackie+AR%2C+Hoxha+E%2C+Lambers+E%2C+Verma+S%2C+et+al.+Enhanced+angiogenic+and+cardiomyocyte+differentiation+capacity+of+epigenetically+reprogrammed+mouse+and+human+endothelial+progenitor+cells+augments+their+efficacy+for+ischemic+myocardial+repair.+Circulation+research.+2012%3B111(2)%3A180-90.
https://www.ncbi.nlm.nih.gov/pubmed/18037191
https://www.ncbi.nlm.nih.gov/pubmed/?term=Na+L%2C+Wartenberg+M%2C+Nau+H%2C+Hescheler+J%2C+Sauer+H.+Anticonvulsant+valproic+acid+inhibits+cardiomyocyte+differentiation+of+embryonic+stem+cells+by+increasing+intracellular+levels+of+reactive+oxygen+species.+Birth+defects+research+Part+A%2C+Clinical+and+molecular+teratology.+2003%3B67(3)%3A174-80.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu+Y%2C+Song+J%2C+Liu+W%2C+Wan+Y%2C+Chen+X%2C+Hu+C.+Growth+and+differentiation+of+rat+bone+marrow+stromal+cells%3A+does+5-azacytidine+trigger+their+cardiomyogenic+differentiation%3F+Cardiovascular+research.+2003%3B58(2)%3A460-8.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu+Y%2C+Song+J%2C+Liu+W%2C+Wan+Y%2C+Chen+X%2C+Hu+C.+Growth+and+differentiation+of+rat+bone+marrow+stromal+cells%3A+does+5-azacytidine+trigger+their+cardiomyogenic+differentiation%3F+Cardiovascular+research.+2003%3B58(2)%3A460-8.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Atrial+and+ventricular+specification+of+ADSCs+is+stimulated+by+different+doses+of+BMP4.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Faghih+H%2C+Javeri+A%2C+Taha+MF.+Impact+of+early+subcultures+on+stemness%2C+migration+and+angiogenic+potential+of+adipose+tissue-derived+stem+cells+and+their+resistance+to+in+vitro+ischemic+condition.+Cytotechnology.+2017.
https://www.ncbi.nlm.nih.gov/pubmed/11972351
https://www.ncbi.nlm.nih.gov/pubmed/11972351
https://www.ncbi.nlm.nih.gov/pubmed/?term=Extract+of+mouse+embryonic+stem+cells+induces+the+expression+of+pluripotency+genes+in+human+adipose+tissue-derived+stem+cells.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Extract+of+mouse+embryonic+stem+cells+induces+the+expression+of+pluripotency+genes+in+human+adipose+tissue-derived+stem+cells.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soheilifar+MH%2C+Javeri+A%2C+Amini+H%2C+Taha+MF.+Generation+of+Dopamine-Secreting+Cells+from+Human+Adipose+Tissue-Derived+Stem+Cells+In+Vitro.+Rejuvenation+research.+2018.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Regulation+of+avian+cardiac+myogenesis+by+activin%2FTGFbeta+and+bone+morphogenetic+proteins.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Transient+inhibition+of+BMP+signaling+by+Noggin+induces+cardiomyocyte+differentiation+of+mouse+embryonic+stem+cells.
https://www.ncbi.nlm.nih.gov/pubmed/17156864
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taha+MF%2C+Valojerdi+MR.+Effect+of+bone+morphogenetic+protein-4+on+cardiac+differentiation+from+mouse+embryonic+stem+cells+in+serum-free+and+low-serum+media.+International+journal+of+cardiology.+2008%3B127(1)%3A78-87.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bone+morphogenetic+protein-4+promotes+induction+of+cardiomyocytes+from+human+embryonic+stem+cells+in+serum-based+embryoid+body+development.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bone+morphogenetic+protein-4+promotes+induction+of+cardiomyocytes+from+human+embryonic+stem+cells+in+serum-based+embryoid+body+development.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grajales%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22709559
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garc%C3%ADa%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22709559
https://www.ncbi.nlm.nih.gov/pubmed/?term=Geenen%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=22709559
https://www.ncbi.nlm.nih.gov/pubmed/?term=Induction+of+cardiac+myogenic+lineage+development+differs+between+mesenchymal+and+satellite+cells+and+is+accelerated+by+bone+morphogenetic+protein-4.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Identification+and+localization+of+TBX5+transcription+factor+during+human+cardiac+morphogenesis.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Disruption+of+myocardial+Gata4+and+Tbx5+results+in+defects+in+cardiomyocyte+proliferation+and+atrioventricular+septation.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Disruption+of+myocardial+Gata4+and+Tbx5+results+in+defects+in+cardiomyocyte+proliferation+and+atrioventricular+septation.


          Cell J, Vol 22, No 3, October-December (Autumn) 2020 282

Reprogramming and Cardiac Differentiation of ADSCs

ron S, et al. A murine model of Holt-Oram syndrome defines 
roles of the T-box transcription factor Tbx5 in cardiogenesis and 
disease. Cell. 2001; 106(6): 709-721.

34. Joo HJ, Kim JH, Hong SJ. Adipose tissue-derived stem cells for 
myocardial regeneration. Korean Circ J. 2017; 47(2): 151-159.

35. Yu H, Lu K, Zhu J, Wang J. Stem cell therapy for ischemic heart 
diseases. Br Med Bull. 2017; 121(1): 135-154.

36. Choudhery MS, Badowski M, Muise A, Pierce J, Harris DT. Do-
nor age negatively impacts adipose tissue-derived mesenchy-
mal stem cell expansion and differentiation. J Transl Med. 2014; 
12: 8. 

37. Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen 
S, et al. Induction of pluripotent stem cells from primary hu-
man fibroblasts with only Oct4 and Sox2. Nat Biotechnol. 2008; 
26(11): 1269-1275.

38. Chen J, Zhong Q, Wang J, Cameron RS, Borke JL, Isales CM, 
et al. Microarray analysis of Tbx2-directed gene expression: 
a possible role in osteogenesis. Mol Cell Endocrinol. 2001; 
177(1-2): 43-54.

39. Jones GN, Moschidou D, Lay K, Abdulrazzak H, Vanleene 
M, Shefelbine SJ, et al. Upregulating CXCR4 in human fe-
tal mesenchymal stem cells enhances engraftment and bone 
mechanics in a mouse model of osteogenesis imperfecta. 
Stem Cells Transl Med. 2012; 1(1): 70-78.

40. Gul H, Marquez-Curtis LA, Jahroudi N, Lo J, Turner AR, Janow-
ska-Wieczorek A. Valproic acid increases CXCR4 expression in 
hematopoietic stem/progenitor cells by chromatin remodeling. 
Stem Cells Dev. 2009; 18(6): 831-838.

https://www.ncbi.nlm.nih.gov/pubmed/28382066
https://www.ncbi.nlm.nih.gov/pubmed/28164211
https://www.ncbi.nlm.nih.gov/pubmed/?term=Donor+age+negatively+impacts+adipose+tissue-derived+mesenchymal+stem+cell+expansion+and+differentiation.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huangfu+D%2C+Osafune+K%2C+Maehr+R%2C+Guo+W%2C+Eijkelenboom+A%2C+Chen+S%2C+et+al.+Induction+of+pluripotent+stem+cells+from+primary+human+fibroblasts+with+only+Oct4+and+Sox2.+Nature+biotechnology.+2008%3B26(11)%3A1269-75.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen+J%2C+Zhong+Q%2C+Wang+J%2C+Cameron+RS%2C+Borke+JL%2C+Isales+CM%2C+et+al.+Microarray+analysis+of+Tbx2-directed+gene+expression%3A+a+possible+role+in+osteogenesis.+Molecular+and+cellular+endocrinology.+2001%3B177(1-2)%3A43-54.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Upregulating+CXCR4+in+human+fetal+mesenchymal+stem+cells+enhances+engraftment+and+bone+mechanics+in+a+mouse+model+of+osteogenesis+imperfecta.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Valproic+acid+increases+CXCR4+expression+in+hematopoietic+stem%2Fprogenitor+cells+by+chromatin+remodeling.+Stem+cells+and+development.+2009%3B18(6)%3A831-8.

	_Ref478646043
	_Ref478646181
	_Ref478646238
	_GoBack
	_GoBack
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_39
	_ENREF_40
	_GoBack
	_ENREF_1
	_ENREF_3
	_ENREF_5
	_ENREF_8
	_ENREF_9
	_ENREF_11
	_ENREF_18
	_ENREF_21
	_ENREF_24
	_ENREF_30
	_ENREF_33
	_ENREF_36
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_GoBack
	bbb0135
	OLE_LINK1
	_GoBack
	_GoBack
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_9
	_ENREF_11
	_ENREF_12
	_ENREF_17
	_ENREF_18
	_ENREF_23
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_33
	OLE_LINK12
	OLE_LINK14
	OLE_LINK18
	OLE_LINK11
	OLE_LINK29
	OLE_LINK30
	_GoBack
	OLE_LINK51
	OLE_LINK61
	OLE_LINK62
	OLE_LINK1
	OLE_LINK2
	OLE_LINK19
	OLE_LINK22
	OLE_LINK24
	baidusnap1
	baidusnap9
	OLE_LINK32
	OLE_LINK33
	OLE_LINK3
	OLE_LINK7
	OLE_LINK30
	OLE_LINK31
	OLE_LINK70
	OLE_LINK5
	_Hlk497835445
	OLE_LINK41
	OLE_LINK42
	OLE_LINK40
	OLE_LINK6
	OLE_LINK8
	OLE_LINK37
	OLE_LINK10
	OLE_LINK11
	OLE_LINK153
	_ENREF_1
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_19
	_ENREF_20
	_ENREF_22
	_ENREF_23
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_GoBack
	_Hlk12771307
	OLE_LINK3
	up17
	_ENREF_5
	_ENREF_7
	_ENREF_8
	_ENREF_19
	_ENREF_23
	_ENREF_28
	_ENREF_29
	_ENREF_32
	_GoBack
	_ENREF_25
	_ENREF_2
	_ENREF_40
	_ENREF_43
	_ENREF_44
	OLE_LINK2
	OLE_LINK3
	OLE_LINK12
	OLE_LINK13
	OLE_LINK14
	OLE_LINK15
	OLE_LINK161
	OLE_LINK162
	OLE_LINK25
	OLE_LINK26
	OLE_LINK75
	OLE_LINK76
	OLE_LINK77
	OLE_LINK78
	OLE_LINK79
	OLE_LINK82
	OLE_LINK83
	OLE_LINK86
	OLE_LINK87
	OLE_LINK93
	OLE_LINK94
	OLE_LINK125
	OLE_LINK126
	OLE_LINK141
	OLE_LINK142
	_GoBack
	OLE_LINK73
	OLE_LINK74
	OLE_LINK63
	OLE_LINK64
	OLE_LINK84
	OLE_LINK85
	OLE_LINK69
	OLE_LINK70
	OLE_LINK116
	OLE_LINK117
	OLE_LINK121
	OLE_LINK122
	OLE_LINK118
	_Hlk7082133
	_GoBack
	OLE_LINK91
	OLE_LINK71
	OLE_LINK72
	OLE_LINK2
	OLE_LINK3
	OLE_LINK35
	OLE_LINK36
	_Hlk7338366
	OLE_LINK127
	OLE_LINK128
	_GoBack
	OLE_LINK89
	OLE_LINK5
	OLE_LINK16
	OLE_LINK17
	OLE_LINK7
	_Hlk7286417
	OLE_LINK97
	OLE_LINK56
	OLE_LINK52
	OLE_LINK53
	OLE_LINK131
	OLE_LINK132
	_Hlk536870468
	OLE_LINK20
	OLE_LINK14
	OLE_LINK15
	OLE_LINK10
	OLE_LINK11
	OLE_LINK12
	OLE_LINK13
	OLE_LINK21
	OLE_LINK22
	OLE_LINK23
	OLE_LINK24
	OLE_LINK27
	OLE_LINK28
	OLE_LINK113
	OLE_LINK59
	OLE_LINK60
	_Hlk531031977
	OLE_LINK119
	OLE_LINK120
	OLE_LINK140
	OLE_LINK65
	OLE_LINK66
	_Hlk527730861
	OLE_LINK29
	OLE_LINK30
	OLE_LINK31
	OLE_LINK32
	OLE_LINK33
	OLE_LINK34
	OLE_LINK37
	OLE_LINK38
	OLE_LINK4
	OLE_LINK6
	OLE_LINK18
	OLE_LINK19
	OLE_LINK108
	OLE_LINK8
	OLE_LINK9
	OLE_LINK39
	OLE_LINK40
	_Hlk292078
	OLE_LINK41
	_Hlk360485
	OLE_LINK67
	OLE_LINK68
	OLE_LINK88
	OLE_LINK90
	_Hlk7280100
	OLE_LINK123
	OLE_LINK124
	OLE_LINK150
	OLE_LINK151
	OLE_LINK153
	OLE_LINK154
	OLE_LINK155
	OLE_LINK156
	OLE_LINK157
	_ENREF_12
	_ENREF_15
	_ENREF_17
	_ENREF_18
	_ENREF_29
	_ENREF_30
	_ENREF_37
	OLE_LINK1
	OLE_LINK2
	OLE_LINK3
	OLE_LINK4
	OLE_LINK9
	OLE_LINK7
	OLE_LINK8
	OLE_LINK11
	OLE_LINK27
	OLE_LINK28
	_ENREF_4
	_ENREF_5
	_ENREF_31
	_GoBack

