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Abstract. Ectopic expression of defined sets of genet-
ic factors can reprogramme somatic cells to induced 
pluripotent stem cells (iPSCs) that closely resemble 
embryonic stem cells. However, the low reprogram-
ming efficiency is a significant handicap for mecha-
nistic studies and potential clinical application. In 
this study, we used human bone marrow-derived 
mesenchymal stem cells (hBMMSCs) as target cells 
for reprogramming and investigated efficient iPSC 
generation from hBMMSCs using the compounds of 
p53 siRNA, valproic acid (VPA) and vitamin C (Vc) 
with four transcription factors OCT4, SOX2, KLF4, 
and c-MYC (compound induction system). The syn-
ergetic mechanism of the compounds was studied. 
Our results showed that the compound induction 
system could efficiently reprogramme hBMMSCs to 
iPSCs. hBMMSC-derived iPSC populations expres
sed pluripotent markers and had multi-potential to 
differentiate into three germ layer-derived cells. p53 
siRNA, VPA and Vc had a synergetic effect on cell 
reprogramming and the combinatorial use of these 
substances greatly improved the efficiency of iPSC 
generation by suppressing the expression of p53, de-
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creasing cell apoptosis, up-regulating the expression 
of the pluripotent gene OCT4 and modifying the cell 
cycle. Therefore, our study highlights a straightfor-
ward method for improving the speed and efficiency 
of iPSC generation and provides versatile tools for 
investigating early developmental processes such as 
haemopoiesis and relevant diseases. In addition, this 
study provides a paradigm for the combinatorial use 
of genetic factors and molecules to improve the effi-
ciency of iPSC generation.

Introduction
Induced pluripotent stem cells (iPSCs) can be gener-

ated from somatic cells by introducing four reprogram-
ming factors (OCT4, SOX2, and KLF4/c-MYC or 
NANOG/LIN28) in mouse and human (Takahashi and 
Yamanaka, 2006; Takahashi et al., 2007; Okita et al., 
2007; Yu et al., 2007). iPSCs closely resemble embry-
onic stem cells (ESCs) in morphology, gene expression, 
epigenetic signature and functional pluripotency. The 
genetic reprogramming approach has opened up tre-
mendous opportunities to study the mechanism of de-
velopment and to generate patient-specific cells for 
disease modelling as well as potential therapeutic ap-
plications without the controversies associated with 
conventional ESCs. However, iPSC reprogramming is 
an inefficient and slow process. The low efficiency of 
iPSC generation is a significant handicap for mechanis-
tic studies and potential clinical transplantation (Scheper 
and Copray, 2009; Hanna et al., 2010; Okita and Yama
naka, 2011; Unternaehrer and Daley, 2011). 
Recently, histone deacetylase (HDAC) inhibitor valp-

roic acid (VPA) (Huangfu et al., 2008a), p53 short-inter-
fering RNA (siRNA) (Zhao et al., 2008; Hong et al., 
2009) and vitamin C (Vc) have been in succession re-
ported to promote iPSC generation (Esteban et al., 
2010). VPA regulates chromatin epigenetic modification 
by inhibiting HDACs and improves reprogramming ef-
ficiency (Huangfu et al., 2008b). Functional analysis of 
p53-regulated genes demonstrates that the p53-p21 
pathway serves as a barrier in iPSC generation and p53 
siRNA suppresses it to avoid cell apoptosis (Zhao et al., 
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2008; Hong et al., 2009). Vc improves iPSC generation 
by alleviating cell senescence, accelerating gene expres-
sion changes, and promoting the transition of pre-iPSC 
colonies to a fully reprogrammed state (Esteban et al., 
2010). It is known that several critical networks of sig-
nalling pathways exert functions harmoniously in cell 
reprogramming, making cells acquire immortalization 
and multi-potential, although the mechanism is unclear. 
Therefore, we hypothesized that p53 siRNA, VPA and 
Vc, combined to influence cell immortalization, chro-
matin modification, cell senescence and gene expres-
sion, might exert a synergetic effect on cell reprogram-
ming and might have greater efficiency for iPSC 
generation than they did respectively by modulating 
several key signalling pathways during the cell repro-
gramming. 

Beside that, human bone marrow-derived mesenchy-
mal stem cells (hBMMSCs) have been delivered to treat 
diseases since 1956 (Thomas et al., 1959) and to date, 
hBMMSC-mediated cell therapies have rescued thou-
sands of patients (Parekkadan and Milwid, 2010). The 
cell therapies have been proved to be a safe and effec-
tive treatment for various degenerative diseases and tis-
sue injuries and their exploitation becomes a fast-grow-
ing field (Parekkadan and Milwid, 2010; Jung et al., 
2012). Although being easily expanded in vitro and 
holding multipotency to differentiate into several line-
ages such as osteoblasts, adipocytes and chondrocytes 
(Pittenger et al., 1999), hBMMSCs are impeded by lim-
ited lifespan and limited differentiation potential for 
their further clinical application where the cells are cul-
tured in vitro (Jung et al., 2012). However, iPSCs gener-
ated from hBMMSCs (hBMMSC-iPSCs) may have 
greater application potential for their pluripotency of 
forming three germ layers, indefinite passages and im-
munological compatibility, and may also have more vir-
tues than other types of cell-derived iPSCs in disease 
treatment and regenerative medicine applications (Jung 
et al., 2012). 

In this study, we used hBMMSCs as target cells for 
reprogramming and investigated whether the efficiency 
of iPSC generation could be greatly improved by com-
pounds of p53 siRNA, VPA and Vc, together with the 
mechanism relevant for such improvement. 

Material and Methods

Cell culture 

ICR mice (purchased from SLAC LABORATORY 
ANIMAL, Shanghai, China) were used for feeder cell 
preparation. Non-obese diabetic/severe combined im-
munodeficient (NOD/SCID) mice (purchased from 
SLAC LABORATORY ANIMAL) were used for tera-
toma formation. All animal investigations were ap-
proved by the institutional animal care committee of 
Zhejiang University. hBMMSCs were used as target 
cells for reprogramming. hBMMSCs were obtained from 
bone marrow of healthy adult donors after informed 

consent. Samples were separated by Lymphocyte Sepa
ration Medium (human) (Haoyang Biological Manu
facture Co. Ltd, Tianjin, China) and the mononuclear 
cells were collected and cultured in a flask at a density 
of 107 cells per 75 cm2 in DMEM (Invitrogen, Shanghai, 
China) supplemented with 10 % foetal bovine serum 
(FBS) (Invitrogen), 50 U/ml penicillin, 50 μg/ml strep-
tomycin (Invitrogen) at 37 °C in 5% CO2 atmosphere. 
hBMMSCs were trypsinized (0.25% trypsin-EDTA; 
Invitrogen) at 90% confluence and the passages 2–4 
were used for iPSC generation. hBMMSCs were identi-
fied before iPSC induction.

Retroviral production
Retroviral supernatants were prepared as described 

previously (Takahashi et al., 2007) with some modifica-
tions. Briefly, each pMXs-based retroviral vector con-
taining the human complementary DNAs (cDNAs) of 
OCT3/4, SOX2, c-MYC and KLF4 (Addgene: http://
www.addgene.org) was transduced into 293T cells 
with a mixture of two helper plasmids: pCMV-G and 
pCMV-GP (a gift from Associate Professor Weiyan 
Zheng of Zhejiang University) using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s in-
structions. Viral supernatants of 24–72 h after transfec-
tion were harvested, centrifuged at 400 g for 20 min and 
filtered through a 0.45 μm filter. hBMMSCs were trans-
duced with an OCT3/4 : SOX2 : c-MYC : KLF4 = 1 : 1 : 
1 : 1 mixture of viral supernatants.

Generation and maintenance of induced 
pluripotent stem cells

hBMMSCs at passage 2–4 were seeded at 0.1 million 
cells per well in 6-well culture plates. Retroviruses with 
cDNAs encoding the four transcription factors were 
used to infect hBMMSCs for iPSC generation. To im-
prove the reprogramming efficiency, p53 siRNA (Seg
ment, Shanghai, China) was transduced to hBMMSCs 
together with the four transcription factors according to 
the manufacturer’s instructions. The viral supernatant 
was changed to DMEM supplemented with 10% FBS, 
2 μM VPA (Sigma, Shanghai, China) and 25 μg/ml Vc 
(Sigma) after the transduction for 6 h. Five days later 
(d6), cells were seeded onto the feeder layers of mito-
mycin C-treated ICR mouse embryonic fibroblasts 
(MEFs) in human ESC culture medium consisting of 
DMEM/F12 (Invitrogen), 20% KnockOut Serum Re
placement (Invitrogen), 2 mM GlutaMAX (Invitrogen), 
0.1 mM β-mercaptoethanol (Invitrogen), 1% nonessen-
tial amino acids (NEAA, Invitrogen), 50 U/ml penicil-
lin, 50 μg/ml streptomycin, and 4 ng/ml basic fibroblast 
growth factor (bFGF, Invitrogen). VPA and Vc were still 
supplemented into the medium. Cultures were main-
tained at 37 °C, 5% CO2 with daily medium changes. 
VPA was added for 7 days and Vc was supplemented 
until colonies were carried out for detection. The modi-
fied protocol of iPSC generation is shown in Fig. 1A. 
During the reprogramming, colonies were observed 
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with an inverted microscope (Olympus, Shanghai, 
China) every day. About three weeks after the initial 
transduction, colonies with human ESC-like morpholo-
gy were picked up for alkaline phosphatase (AP) stain-
ing to examine the efficiency of the induction system 
according to manufacturer’s recommendations or for 
expansion culture. For maintenance of undifferentiated 
cells, hBMMSC-derived iPSCs and human ESCs (H1, 
obtained from WiCell research institute, Madison, WI) 
were cultured in human ESC medium on mitomycin 
C-treated ICR MEFs at 37 °C, in 5% CO2. Medium was 
changed every day.

Alkaline phosphatase and immunofluorescence 
staining

Reprogramming efficiency was calculated as the 
number of iPSC colonies formed per number of infected 
cells seeded. iPSC colonies were identified based on 
ESC-like morphology and AP staining. AP staining was 
carried out with an alkaline phosphatase detection kit 
(Millipore, Beijing, China) according to the manufac-
turer’s instructions. For immunoflurescence analysis, 
colonies were fixed with 4% paraformaldehyde at room 
temperature for 15 min. When nuclear proteins were de-
tected, colonies were permeabilized with 0.1% Triton 
X-100 in PBS and then blocked with normal goat serum 

for 1 h at room temperature. Staining was performed 
using the following antibodies (Santa Cruz, Shanghai, 
China): anti-Oct4 (1 : 100), anti-Nanog (1 : 100), anti-
SSEA-4 (1 : 100) and anti-Tra-1-81 (1 : 100) overnight 
at 4 °C. Secondary antibodies conjugated to FITC or 
Cy3 (Boster, Wuhan, China) were used for fluorescence 
detection followed by counterstaining with DAPI 
(Boster) to reveal the nuclei. Images were obtained us-
ing a confocal microscope (LSM 510 Meta, Carl Zeiss, 
Hangzhou, China). 

RT-PCR analysis 
The primer sets for reverse transcription RT-PCR 

analysis of expression of the endogenous pluripotent 
genes were designed using Primer Premier 5 software as 
shown in Table 1. Total RNA was prepared using Trizol 
(Invitrogen) according to the manufacturer’s protocol. 
Total RNA (1 μg) was used for cDNA synthesis, using a 
ReverTra Ace-α kit (Toyobo Bio-Technology, CO., 
LTD, Shanghai, China) and oligo(dT) 20 primers. 
GAPDH was used as an endogenous control. PCR was 
performed in a 20 µl mixture containing 1× PCR buffer, 
0.5 U of Taq DNA polymerase, 0.2 mM of each dNTP, 
1.5 mM MgCl2, 0.2 µM of each primer and 2 µl of each 
RT product as a template. The following programme 
was carried out: initial denaturation for 4 min at 94 °C, 
35 cycles of 94 °C for 15 sec, 51 °C for c-myc, Nanog, 

Efficient Generation of iPSCs from hBMMSCs

Fig. 1. Compound induction system improving iPSC generation from hBMMSCs. (A) Protocol for iPSC induction with 
the compounds of p53 siRNA, VPA and Vc along with the retroviral transduction encoding the four genes. d, day. ESC, 
embryonic stem cell. (B) The reprogramming efficiency was calculated by comparison of AP-positive colonies in differ-
ent treatments. Representative hBMMSC-iPSC colonies (C) and AP staining (D) shown on the morphology and AP stain-
ing of human ESCs (E and F). No ESC-like and AP-positive colonies were observed in the control cultures of hBMMSCs 
(G and H).
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Rex1, 53 °C for GAPDH, 55 °C for Oct4, Klf4, 58 °C for 
hTERT, 68 °C for Sox2 for 35 sec, and 72 °C for 1 min; 
and followed by 72 °C for 10 min. cDNA from 
hBMMSCs was used as negative control, while that 
from ESCs served as positive control. 

DNA methylation analysis
For analysis of the methylation status of CpG sites 

on the promoters of OCT4 and NANOG, genomic DNA 
of hBMMSC-iPSCs, ESCs and hBMMSCs was res
pectively isolated using a QIAamp DNA Mini Kit 
(QIAGEN, Shanghai, China), and then processed for 
conversion of unmethylated cytosines to uracil with EZ 
DNA Methylation-Gold KitTM (ZYMO, Beijing, China) 
according to the protocol of the manufacturer. Converted 
DNA (50 ng) was amplified by PCR with OCT4-specific 
primers and NANOG-specific primers (Table 1). The 
conditions for PCR were 35 cycles, consisting of dena-
turing at 95 °C for 1 min, annealing and extension at 
60 °C for 1 min, 72 °C for 1 min and followed by 72 °C 
for 10 min after the initial denaturing at 95 °C for 1 min. 
PCR products were collected with gel electrophoresis 
and purified with Gel Extraction kit (QIAGEN), then 
subcloned into bacteria using the TOPO TA Cloning Kit 
(Invitrogen) to be sequenced. The correlation between 
hBMMSC-iPSCs, ESCs and hBMMSCs was examined 
by Pearson correlation coefficients.

Differentiation potential in vitro and in vivo
To assess the in vitro differentiation potential, 

hBMMSC-iPSCs were cultured without the feeder lay-
ers and bFGF in DMEM supplemented with 10% FBS 
until embryoid bodies (EBs) appeared. Cells in EBs 
were cultured on 0.1% gelatin-coated culture dishes 
for differentiation in vitro. For teratoma formation, 
hBMMSC-iPSCs were collected and injected subcuta-
neously into the limbs of 5-week-old NOD/SCID mice 
(1 x 107 cells per injection site). After 8–10 weeks, tera-
tomas were formed. For histological assay, teratomas 
were harvested and fixed with 4% paraformaldehyde, 
and then dehydrated, embedded in paraffin and serially 

sectioned at 6–8 μm thickness. After being processed 
with haematoxylin-eosin staining, their histology was 
studied to investigate the development of cells and tis-
sues of the three germ layers.

Western blot analysis 
To examine the influence of combination treatment 

on the expression of P53, we performed Western blot to 
monitor P53 protein changes during hBMMSC repro-
gramming. For the effects on cell senescence, we se-
lected samples treated with p53 siRNA transduction or 
VPA or Vc supplement as controls to assess the com-
pounds of p53 siRNA,VPA and Vc on the expression of 
P53. The procedure was carried out as previously de-
scribed (Hong et al., 2009) with a little modification. 
Briefly, cells were lysed in M-PER/M-PER protein ex-
traction solution (Pierce, Hangzhou, China) to isolate 
total proteins after the substance treatments for three 
days. Proteins were quantified using a BCA kit (Pierce) 
and separated in 10% SDS-PAGE and then transferred 
to a PVDF membrane. After being blocked with 5% 
skim milk in Tris-buffered saline (TBS) containing 
0.1% Tween 20 (TBST; 20 mM Tris-HCl, pH 7.2–7.5, 
150 mM NaCl, and 0.1% Tween-20), the membranes 
were incubated with primary antibodies anti-P53 (1 : 
200) (Santa Cruz) and anti-β-actin (1 : 200) (Santa Cruz) 
at 4 °C overnight. Following several washes in TBST, 
membranes were subsequently incubated for 1 h with 
horseradish peroxidase-conjugated goat anti-mouse IgG 
antibody (Boster) diluted 1 : 1,000 in blocking buffer. 
The membrane was washed three times with TBST. The 
signals were detected by the enhanced chemilumines-
cence reagents (ECL+, Pierce) and exposed to X-ray 
film. Relative expression of P53 was analysed using 
Image J software (National Institutes of Health) and 
β-actin values were used for control. Samples were ana-
lysed in triplicate.

Flow cytometry
hBMMSCs were transduced with virus containing the 

four transcription factors with or without the combined 

Table 1. Primer sets for RT-PCR of the pluripotent genes and bisulphite-sequencing PCR for promoter assay of Oct4 and 
Nanog

Genes	 Size (bp)	 Sequence (5′ to 3′) F	 Sequence (5′ to 3′) R

Primer sets for pluripotent gene RT-PCR
Oct4	 484 bp (55°)	 TTCAGCCAAACGACCATC	 GGAAAGGGACCGAGGAGTA
Sox2	 190 bp (68°)	 AAACAGCCCGGACCGCGTCAA	 TCGCAGCCGCTTAGCCTCGT
Klf4	 402 bp (55°)	 CCACCGTGTCCTCGTCA	 CAGGGCTGCCTTTGCT
c-myc	 357 bp (51°)	 GCTGCCAAGAGGGTCA	 CGCACAAGAGTTCCGTAG
Nanog	 168 bp (47°)	 CCTATGCCTGTGATTTG	 AGAAGTGGGTTGTTTGC
Rex1	 492 bp (48°)	 GGCAAAGACAAGACACC	 GCAAATTCTGCGAGCT
hTERT	 200 bp (59°)	 CAGAGGTCAGGCAGCATCG	 CGCCCGCTCGTAGTTGA
GAPDH	 220 bp (53°)	 AAGGTCGGAGTCAACGG	 GGAAGATGGTGATGGGATT

For bisulphite-sequencing PCR
Oct4	 221 bp	 Oct4-mF3	 ATTTGTTTTTTGGGTAGTTAAAGGT
		  Oct4-mR3	 CCAACTATCTTCATCTTAATAACATCC
Nanog	 164 bp	 Nanog-mF3	 TTAATTTATTGGGATTATAGGGGTG
		  Nanog-mR3	 AAACCTAAAAACAAACCCAACAAC
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treatment of p53 siRNA, VPA and Vc as described in the 
above section on the generation and maintenance of in-
duced pluripotent stem cells. After culture for 7 days, 
the samples were collected for flow cytometry analysis. 
Cells (x106) were fixed in 70% ice-cold ethanol over-
night and treated with 100 µg/ml RNase A (Sigma) for 
15 min and then incubated with 50 μg/ml propidium io-
dide (PI) in the dark. Flow cytometric analysis was per-
formed using a BD FACSCalibur flow cytometer 
(Becton Dickinson, Hangzhou, China). 

Statistical analysis
All data were presented as mean ± S.D. Differences 

between group means were assessed by analysis of vari-
ance using SPSS t-test (SPSS 16.0). Values of P < 0.05 
were considered significant.

Results

Compound induction system improving iPSC 
generation from hBMMSCs
We cultured hBMMSCs to passage 2–4 before in

duction of reprogramming. hBMMSCs were positive 
for CD29, CD44, CD105, and CD166 and negative 
for CD34, CD45, CD14, HLA-DR. Multipotency of 
hBMMSCs into osteoblasts, adipocytes and chondro-
cytes was also demonstrated (data not shown). The pro-
tocol for hBMMSC reprogramming with the compound 
induction system was devised as shown in Fig. 1A ac-
cording to the relevant reports (Takahashi et al., 2007; 
Huangfu et al., 2008a; Esteban et al., 2010). 

We retrovirally transduced hBMMSCs with cDNAs 
encoding four transcription factors (4TFs) together with 
p53 siRNA transduction according to the manufac
turer’s protocol. VPA and Vc were supplemented to the 
culture. In the study, we used p53 siRNA or VPA or Vc 
treatment alone together with 4TFs to investigate the ef-
ficiency of the compounds of p53 siRNA, VPA and Vc 
on the iPSC generation. On day 18 after induction, we 

performed AP staining to assess the induction efficiency 
of the different systems or disaggregated ESC-like co
lonies into parts of cell aggregates and reseeded them 
onto the feeder layers of mitomycin C-treated MEFs for 
expansion. In the compound induction system, some 
ESC-like colonies were observed 12–14 days after the 
transduction, while in the other induction systems, about 
15– 22 days were needed to obtain ESC-like colonies. 
As for AP staining analysis, 132 ± 8 AP-positive colo-
nies were observed in the compound induction system 
when we started with 1 × 105 hBMMSCs and its ef
ficiency was higher than for the other treatments 
(Fig. 1B), while only 12 ± 3 AP-positive colonies were 
observed in the group induced with 4TFs only. Some 
ESC-like colonies exhibited AP activity (Figs. 1C and 
1D) comparable in strength to ESCs (Figs. 1E and 1F), 
whereas hBMMSCs displayed weak AP activity, show-
ing no ESC-like colony (Figs. 1G and 1H). When colo-
nies were cultured for expansion, we observed many 
secondary colonies which were similar to ESC colonies 
in morphology. ESC-like colonies were expanded in 
subculture every 5 to 7 days using the standard ESC cul-
ture protocol.
After expansion up to passage 10, ESC-like colonies 

were characterized by standard procedures. Immuno
cytochemistry revealed that ESC-like colonies expres
sed pluripotency markers including OCT4 (Figs. 2A and 
2B), NANOG (Figs. 2C and 2D), SSEA-4 (Figs. 2E and 
2F), Tand RA-1-81 (Figs. 2G and 2H). Using RT-PCR 
we verified the expression of the pluripotent genes such 
as Nanog, Oct4, Sox2, hTERT, Rex1 and we compared it 
with the levels in ESCs and hBMMSCs. The results 
showed that ESC-like colonies expressed typical pluri-
potent ESC genes at consistent levels with ESC, where-
as hBMMSCs did not express these genes or expressed 
them at lower levels (Fig. 3A). There was no significant 
difference in the expression levels of Oct4, Nanog and 
hTERT between ESC-like colonies and ESCs. Next, we 
performed bisulphite genomic sequencing to analyse the 
methylation levels in the promoter regions of Oct4 and 

Fig. 2. Analysis of the marker expression of hBMMSC-iPSCs. Immunoassay of hBMMSC-iPSC colonies expressing 
ESC-specific markers OCT4 (A and B), NANOG (C and D), SSEA-4 (E and F) and TRA-1-81 (G and H). 4, 6-Diami
dino-2-phenylindole (DAPI) staining was used to reveal the nuclei (B, D, F and H). Scale bar, 100 μm.

Efficient Generation of iPSCs from hBMMSCs
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Fig. 3. Analysis of the gene expression and multi-potential of hBMMSC-iPSCs. (A) RT-PCR analysis of endogenous 
pluripotent gene mRNA expression in hBMMSC-iPSCs. Total RNA was isolated from two hBMMSC-iPSC lines, ESCs 
and hBMMSCs. (B) Analysis of the methylation status of the OCT4 and NANOG promoters in hBMMSC-iPSCs sub-
clones using bisulphite sequencing. Open and filled circles mean unmethylated and methylated CpG sites, respectively. 
(C-D) Pluripotency assay of hBMMSC-iPSCs. EBs were formed (C a) and spontaneously differentiated into many types 
of cells during the in vitro potential assay (C b). (D) Haematoxylin and eosin staining of teratoma sections of hBMMSC-
-iPSCs (10X). The amount of 1 x 107 of hBMMSC-iPSCs was injected subcutaneously into the limbs of NOD/SCID mice. 
Teratomas were obtained after 8–10 weeks. Ectoderm, epithelial-like and neural-like tissue (D a, b). Mesoderm, muscle-
-like and adipose-like tissue (D c, d). Endoderm, intestinal-like epithelium (D e, f).

Fig. 4. Compounds of p53 siRNA, VPA and Vc synergized to improve the efficiency of the iPSC generation from hB-
MMSCs. (A-B) P53 protein levels were determined in the different induction systems. (A) Western blot analysis demon-
strated that the expression of P53 was suppressed in the induction systems treated with the compounds or p53 siRNA or 
Vc alone, and the compound induction system was more efficient than the other systems. The induction system treated 
with VPA alone had no obvious effect on the expression of P53. (B) Relative expression of P53 in different treatments was 
analysed using gray-scale value assay and mean values ± standard deviation (S.D.) were shown for three independent 
experiments. (C-D) Detection of the pluripotent gene OCT4 by RT-PCR and fluorescence intensity assays in the different 
induction systems. (C) RT-PCR analysis demonstrated that the expression of OCT4 was activated in the different induc-
tion systems, and the compound induction system was more efficient than the other systems. (B) Relative expression of 
pluripotent gene OCT4 in the different treatments was analysed using fluorescence intensity assay and mean values ± S.D. 
were shown for three independent experiments.
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Nanog. The results confirmed that the promoter regions 
were largely unmethylated in the colonies and ESCs, but 
methylated in hBMMSCs (Fig. 3B). To determine the 
differentiation potential of ESC-like colonies, we per-
formed EB spontaneous differentiation in vitro and as-
sessed teratoma formation in vivo. After suspension cul-
ture for 7 days, ESC-like colonies formed cell aggregates 
of typical EBs (Fig. 3C a). When EBs were seeded onto 
0.1% gelatin-coated dishes for 7–14 days, spontaneous 
differentiation was observed (Fig. 3C b). When ESC-like 
colonies were injected subcutaneously into NOD/SCID 
mice, after 8–10 weeks teratomas were formed. Histolo
gical examination of the tumours revealed tissues repre-
sentative of the three germ layers: epithelial- or neural-
like tissue (ectoderm) (Figs. 3D a and b) (10X), muscle- or 
adipose-like tissue (mesoderm) (Figs. 3D c and d) (10X) 
and gut- or intestinal-like epithelium (endoderm) (Figs. 
3D e and f) (10X). These findings indicated that ESC- 
-like colonies had the multi-potential to differentiate 
into various cell types both in vitro and in vivo.

Collectively, ESC-like colonies generated in the 
compound induction system were bipotent and held 
the typical ESC properties, and therefore we made the 
conclusion that iPSCs derived from hBMMSCs 
(hBMMSC-iPSCs) were efficiently generated using the 
compound induction system. 

Compound induction system down-regulating 
the expression of P53

Previous studies have shown that cell senescence is a 
main roadblock for reprogramming (Zhao et al., 2008; 
Hong et al., 2009) and we observed a similar phenome-
non in the retrovirus transduction. In our study we em-
ployed the compounds of p53 siRNA, VPA and Vc to 
treat the target cells. p53 siRNA or VPA or Vc treatment 
alone served as controls. Western blot analysis was car-
ried out for the expression of P53 in the different induc-
tion systems. The results showed that the expression of 
P53 was markedly suppressed in the compound induc-
tion system (Fig. 4A). The treatments with p53 siRNA 
or Vc alone also reduced the expression of P53 to some 
extent, and the treatment with VPA had no significant 
effect on the expression of P53 as shown in Fig. 4A. The 
relative expression of P53 was calculated with Imag J as 
shown in Fig. 4B compared with the expression of β-actin. 
The results demonstrated that the compound treatment 
was more efficient in suppressing the expression of P53 
than p53 siRNA or Vc treatment alone. The treatment 
with VPA showed no obvious change in the expression 
of P53. Values of P were assessed by analysis of vari-
ance in the different induction systems using SPSS t-test 
(SPSS 16.0) and the result was shown in Fig. 4B. 

Compound induction system up-regulating 
the expression of the pluripotent gene Oct4

The critical step in the cell reprogramming was acti-
vation of the endogenous pluripotent genes by forced 

ectopic expression of the exogenous genes. Here, we 
also analysed the expression of endogenous gene Oct4, 
which had a critical function in cell reprogramming, by 
RT-PCR and fluorescence intensity assays. In this analy-
sis, we tested the samples from the compound induction 
system, from the treatment with p53 siRNA and from 
the treatment with VPA and Vc for their effect on the 
cellular epigenetic modification. The results demon-
strated that the gene was activated to expression on day 
9 in the compound induction system but much less in 
the treatment with p53 siRNA and the combination 
treatment with VPA and Vc. The expression was unde-
tectable in the 4TFs induction system. On day 11, the 
expression of Oct4 reached a considerable level in the 
compound induction system, but was still lower in the 
other induction systems. During the process of repro-
gramming, the compound induction system clearly out-
shined the other treatments in the expression of endog-
enous Oct4 (Figs. 4C and 4D). The treatment with p53 
siRNA or the use in combination with VPA and Vc was 
also effective in promoting Oct4 expression; however, 
the efficiency was lower than in the compound induc-
tion system. The relationship between the fluorescence 
intensity of Oct4 expression and the time of induction 
was analysed as shown in Fig. 4D. The results confirmed 
that the gene expression gradually increased in the dif-
ferent induction systems as the reprogramming contin-
ued, and the efficiency of the compound induction sys-
tem was better than the other treatments, even the 
combined use of VPA and Vc.

Compound induction system modifying cell 
cycle of hBMMSCs during reprogramming 

During the reprogramming process, we observed a 
relevant arrest in cellular proliferation. We inferred that 
cell senescence might be one of its reasons and we ad-
ditionally analysed the cell cycle to investigate the cel-
lular changes needed for obtaining the pluripotent state 
using flow cytometry. The samples were collected from 
the treatments of cDNA transduction containing the four 
transcription factors or together with the treatment of 
the compounds of p53 siRNA, VPA and Vc. The results 
showed that nearly 70 % of the cells were in G0/G1 
phase in the compound induction system (Fig. 5A), 
while nearly 21 % of cells were in G0/G1 phase in the 
cDNA transduction system (Fig. 5B). The difference be-
tween the two groups was significant (68.45 % ± 4.36 % 
vs. 23.15 % ± 3.72 %) (P < 0.05). 

Discussion 
Human iPSCs have been generated from various cell 

types even after their terminal differentiation, although 
the efficiencies and the factors used for regeneration are 
being verified (Nakagawa et al., 2008; Kim et al., 2009; 
Warren et al., 2010; Zhou and Ding, 2010; Chou et al., 
2011). hBMMSCs are well-established adult stem cells 
which have the potential to self-renew and to differenti-
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ate into multiple cell types, and have been employed in 
clinical cell therapy for many years (Pittenger et al., 
1999; Parekkadan and Milwid, 2010; Jung et al., 2012). 
Thanks to the well-established features and the great 
clinical potential, hBMMSCs are targeted as a promis-
ing candidate for efficient generation of high-quality 
iPSCs (Jung et al., 2012). Oda et al. (2010) generated 
iPSCs from mesenchymal stromal cells derived from 
human third molars (wisdom teeth) by retroviral trans-
duction. Niibe et al. (2011) generated iPSCs from 
PDGFRα+ Sca-1+ (PαS) adult mouse MSCs and 
PDGFRα– Sca-1– osteo-progenitors (OP cells). They 
found that mouse MSCs had a higher reprogramming 
efficiency compared with OP cells and fibroblasts. 
Ohnishi et al. (2011) generated iPSCs from frozen-
stocked adipose tissue-derived MSCs and bone marrow-
derived MSCs. In our study we used freshly isolated 
bone marrow-derived MSCs as target cells and obtained 
iPSCs successfully. The efficiency of iPSC production 
was greatly improved. The hBMMSC-derived iPSC 
populations showed typical properties of human ESCs 
such as the morphology, expression of pluripotent mark-

ers and the potential to differentiate into three germ 
layer-derived cells. Our data confirmed that bone mar-
row-derived MSCs are an ideal candidate for efficient 
generation of iPSCs.

Reprogramming somatic cells into a pluripotent state 
is an inefficient and slow kinetics process. Cell senes-
cence is a main roadblock for reprogramming and the 
chemicals that alleviate cell senescence have been found 
to promote reprogramming (Banito et al., 2009; Ka
wamura et al., 2009; Utikal et al., 2009; Banito and Gil, 
2010; Esteban et al., 2010; Li et al., 2010). A substantial 
reduction in efficiency may also result from incomplete 
reprogramming. In our study, the efficiency of iPSC 
generation was only about 0.01 % using the traditional 
procedure (Takahashi et al., 2007) with the retrovirus 
encoding the four transcription factors. By a combina-
tion treatment of p53 siRNA, VPA and Vc, the efficien-
cy of iPSC generation from hBMMSCs increased more 
than 10-fold compared with the traditional procedure. 
Hong et al. (2009) showed that p53 and p21 suppressed 
iPSC generation. They found that up to 10 % of trans-
duced MEFs lacking p53 became iPSCs, even without 
retroviral c-myc. p53 deletion also promoted induction 
of integration-free mouse iPSCs in plasmid transfection. 
Considering the important role of p53 in reprogram-
ming, we investigated its expression during the iPSC 
induction. Our results showed that p53 siRNA and Vc 
both decreased the expression of P53, and the com-
pounds of p53 siRNA, VPA and Vc had a synergetic ef-
fect on P53 suppression. These results indicated that p53 
siRNA or Vc treatment alone reduced but did not abol-
ish P53 expression, allowing the compounds of p53 
siRNA, VPA and Vc to reduce it further. 

OCT4 is the core regulatory factor of pluripotency 
(Kim et al., 2009), and so far it has been the only factor 
which cannot be replaced in reprogramming. DNA de
methylation in the promoter regions of OCT4 is a neces-
sary step to achieve complete reprogramming of cells 
(Mali et al., 2010). Previous reports indicated that com-
pounds that induce chromatin modifications by affect-
ing either DNA methylation or histone acetylation 
greatly improve reprogramming efficiency of both 
mouse and human somatic cells (Huangfu et al., 2008a; 
Mali et al., 2010). In our induction system, we added the 
combination of HDAC inhibitor VPA with p53 siRNA 
and Vc to directly regulate Oct4 and to ensure the ac-
quirement and maintenance of pluripotency. Our data 
showed that the synergetic capacity of the combination 
to activate and up-regulate the pluripotent OCT4 gene 
was higher than in the traditional procedure culture 
(Takahashi et al., 2007), and therefore prompted iPSC 
generation. 

We further characterized the function of the com-
pounds of p53 siRNA, VPA and Vc on the cell cycle 
during the reprogramming and the results showed that 
the compound induction system reduced hBMMSC pro-
liferation by making them remain in the G0/G1 phase 
and preventing their entry in the S/M phase of the cell 

Fig. 5. Flow cytometry detection of the cell cycle of hB-
MMSCs during the reprogramming. The results showed 
that nearly 70 % of cells were in G0/G1 phase in the com-
pound induction system (A), while nearly 21 % of cells 
were in G0/G1 phase in the 4TFs transduction system (B).
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cycle, and therefore promoted hBMMSC differentiation 
but not proliferation. 

Molecules such as VPA have recently been reported 
to not only enhance reprogramming efficiencies, but 
also substitute for specific reprogramming factors. Mel
ton and colleagues also demonstrated that addition of 
VPA enabled human fibroblasts to be reprogrammed 
with two factors (OCT4 and SOX2) at an efficiency sim-
ilar to three-factor (OCT4, SOX2 and KLF4) reprogram-
ming, thus negating the need for the oncogenes c-MYC 
or KLF4 (Huangfu et al., 2008b). Whether the combina-
tion treatment of p53 siRNA, VPA and Vc can replace 
any of the reprogramming factors needs to be further 
elucidated.

During retrovirus transduction, we observed relevant 
cell senescence in the different induction systems. 
Following this observation, we performed an analysis of 
the effects of the compounds of p53 siRNA, VPA and 
Vc on reprogramming and we found that they, indeed, 
had a regulatory effect on the cell cycle. As demonstrat-
ed in this study, the number of cells in G0/G1 phase was 
significantly higher in the compound induction system 
than in the 4TFs transduction system (P < 0.05). 
Therefore, we suggest that compounds of p53 siRNA, 
VPA and Vc modulated the cell cycle and prevented cell 
entry into S/M phase, and therefore inhibited cellular 
proliferation. However, the mechanism should be fur-
ther explored.

Taken together, our data suggest that the combination 
of p53 siRNA, VPA and Vc regulates hBMMSC repro-
gramming development at multiple levels, suppressing 
the expression of P53 and cell senescence, promoting 
expression of the pluripotent gene OCT4, preventing 
cells from proliferation and favouring their differentia-
tion, and therefore improves the efficiency of iPSC gen-
eration. Our results highlight a straightforward method 
for improving the speed and efficiency of iPSC genera-
tion. In addition, the current study provides a paradigm 
for the combinatorial use of genetic factors and chemi-
cals to improve the efficiency of iPSC generation. 
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