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Abstract: Objective: To observe the effect of Cbfa1 on biological characteristics of marrow mesenchymal stem cells 
under hypoxia. Methods: The second passage of the MSCs were transfected with Cbfa1 and then cultured in 20% O2 
and 3% O2 condition individually. The biological features of the cultured MSCs were assessed by the Real-time PCR. 
Results: After transfected with Cbfa1, the morphology of MSCs was no significant difference between two oxygen 
concentrations; The RT-PCR examination revealed that the expression of Cbfa1, BMP, OPN and VEGF in MSCs was 
higher than those before Cbfa1 transfection (P<0.05), especial the expression of Cbfa1 (P<0.05). Conclusion: After 
transfected with Cbfa1, cell morphology or growth cycle of MSCs was not significantly affected, but its osteogenic 
differentiation potential enhanced, particularly its osteogenic differentiation potential under hypoxia enhanced.
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Introduction

Avascular necrosis of femoral head (ANFH) is a 
common disease in the Department of 
Orthopedics and has high disability. Currently, 
surgical and non-surgical interventions have 
limited effectiveness for ANFH. In recent years, 
numerous basic studies have shown that mes-
enchymal stem cells (MSCs) may provide seed 
cells for the repair of injured femoral head and 
favorable environment for the osteogenesis 
[1-3]. In addition, some clinicians have applied 
MSCs in clinical treatment of ANFH achieving 
favorable effectiveness [2, 4, 5].

Our in depth studies showed MSCs have limited 
efficacy in the treatment of ANFH. This might be 
explained as that severe ischemia/hypoxia is 
present in the injured femoral head after ANFH, 
and focal oxygen concentration is at a very low 
level (about <1%), which significantly compro-
mises the survival osteogenic differentiation of 
MSCs [6-8]. Currently, the influence of hypoxia 
on the biological activity of MSCs is still contro-
versial. Some investigators propose that hypox-
ia is beneficial for the maintenance of charac-

teristics of stem cells and may inhibit the 
differentiation of these stem cells into osteo-
blasts [6, 8-11], and oxygen at the concentra-
tion of <0.02% may even cause the loss of dif-
ferentiation of MSCs into osteoblasts [12]. 
However, other investigators postulate that 
hypoxia may inhibit the aging of MSCs, promote 
the proliferation of these cells and enhance 
their differentiation into osteoblasts [13-15]. 
This discrepancy is attributed to multiple fac-
tors including difference in oxygen concentra-
tions (0.02%~5%) [12, 16, 17], different time of 
cell culture (0 h~28 d) [8, 12, 18], the genera-
tion of cells (primary, secondary or multiple) [8], 
difference in cell sources (mouse, rat, human, 
etc) [8], and incomplete hypoxia during the cell 
culture (such as during medium refreshing and 
passaging) [18]. However, most studies confirm 
that moderate gene modification may enhance 
the tolerance of MSCs against ischemia/hypox-
ia. For example, modification of hemeoxygen-
ase-1 (HO-1), Akt1 or HIF-1α may significantly 
increase the survival rate and prolong the sur-
vival time of MSCs under ischemia/hypoxia 
conditions [11].
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Core binding factor alpha l (Cbfa1) is one of 
members in Cbfa family and a determinant in 
the differentiation of MSCs into osteoblasts. 
Cbfa1 is the first and unique osteogenesis-spe-
cific transcription factor and can regulate the 
osteogenesis specific genes (such as OCN, 
BSP, OPN and type I collagen). Studies have 
shown that Cbfa1 is closely related to the 
growth and development of the bone [19-22]. 
In vitro studies demonstrate that Cbfa1 gene 
modification may promote the secretion of 
Cbfa1 by MSCs, elevate the ALP activity and 
increase the expressions of OCN, BSP and 
OPN, which facilitate the differentiation into 
osteoblasts and increase the calcium deposi-
tion in the extracellular matrix [23, 24]. In vivo 
studies reveal that Cbfa1 gene modification 
may promote the repair of injured bones and 
has favorable prospect of clinical application 
[23-25]. However, few studies have been con-
ducted to investigate the survival of MSCs with 
Cbfa1 gene modification. In the present study, 
the survival, proliferation and osteogenic differ-
entiation of MSCs with Cbfa1 gene modification 
were investigated under the hypoxia condition, 
which may provide evidence for future treat-
ment of ANFH with MSCs after Cbfa1 gene 
modification.

Materials and methods

Main reagents and instrument

L-DMEM, fetal bovine serum (FBS), Trizol (Gibco, 
USA), AMV reverse transcription kit (Promega, 
USA), SYBR® Premix Ex Taq™ II (Tli RNaseH 
Plus) (TAKARA, Japan), tetracycline hydrochlo-
ride (Sigma, USA), alkaline phosphatase kit 
(Beijing Zhongshan Biotech, China), Methylthia- 
zolyldiphenyl-tetrazolium bromide (MTT, Beijing 
Tongbaoda Technique Center, China), primers 
(Shanghai Sangon Biotech Co., Ltd, China), low 
temperature centrifuge (Sigma, USA), electro-
phoresis tank (Beijing Liuyi Instrument Factory, 
China), CO2 incubator, three-gas incubator 
(FORMA, USA), 2100 centrifuge (KUBOTA, 
Japan), inverted phase contrast microscope 
(LEICA, Germany), YJ-875 Clean Bench (Beijing 
Changping purification equipment factory, 
China) and culture plates and flasks (NUNC, 
Sweden) were used in the present study.

Construction of Ad-Cbfa1 expressing plasmids

The target gene Cbfa1 with 1015 bp-2559 bp in 
length was synthesized in Beijing Aoke Biotech 

Co., Ltd and cloned into Teasy vectors. Cbfa1 
gene carrying XhoI and BglII restriction sites 
was amplified by PCR and cloned into pShuttle-
CMV vectors. The resulting vectors were pShut-
tle-CMV-Cbfa1 which was confirmed by diges-
tion with restriction enzyme and sequencing. 
pShuttle-CMV-Cbfa1 was digested with PmeI 
for linearization followed by dephosphorylation. 
Then, extraction and purification were done 
with phenol-chloroform. The linearized plas-
mids (1 μg) were used to infect competent 
BJ5183-Adeasy cells (100 μl). LB-kanamycin 
agar plates were employed to screen positive 
colonies, which were confirmed by digestion 
with PacI. After digestion with PacI, Ad5-pSh-
CMV-Cbfa1 was extracted with phenol-chloro-
form and its purity and concentration were 
determined. Purity was calculated as follow: 
OD260 nm/OD280 nm = 1.8652, and concen-
tration was 425 ng/μl. Then, Ad5-pSh-CMV-
Cbfa1 (0.8 μg and 1.2 μg) was used to transfect 
HEK293 cells in the presence of liposomes. 
The transfected cells were then observed: pres-
ence of phagocytizing plaques on day 7 and 
complete destruction on day 10.

Separation, culture, identification and obser-
vation of cells

The separation, culture and identification of 
MSCs were done as previously described [26]. 
In brief, bone marrow was collected from the 
upper terminal of right tibia of adult rabbits 
aged 6 months. MSCs were separated by gradi-
ent centrifugation with Percoll, and then seed-
ed into 6-well plate at a density of 3 × 104/well 
in low glucose - DMEM containing 10% FBS, 
100 U/ml penicillin and 100 U/ml streptomycin 
followed by incubation at 37°C in an environ-
ment with 5% CO2 and 100% humidity. The 
medium was refreshed 3 days later and then 
once every two days. When the cell confluence 
reached 85%, cells were passaged. MSCs of 
the second passage were seeded into 6-well 
plate and maintained an incubator with 3% O2. 
Cells grown in normal condition (37°C, 5% CO2, 
95% air, 100% humidity) served as controls. 
The morphology of MSCs was observed under 
an inverted microscope 16 days later. Rabbits 
(6 months old, body weight 2.5-3.2 kg) were 
provided by the Animal Facility of the Chinese 
Academy of Military Medical Sciences (Lenience 
No. SCXK Beijing 2007-0003), China. This study 
was approved by the Ethics Committee of our 
university.
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Ad-Cbfa1 infected MSCs

One day before infection, cells of the second 
generation were passaged and counted. The 
cell count was higher than 106, and then fur-
ther maintained. Cells were infected with 
Ad-Cbfa1 at an MOI of 80% in an environment 
with 5% CO2 and 100% humidity at 37°C One 
day later, cells in 5 randomly selected fields 
were counted in each well, and the transfection 
efficiency was determined as follow: transfec-
tion efficiency = cells expressing GFP/total cells 
× 100%. Cells were further cultured, and detec-
tion was done when the cell confluence reached 
80%.

Detection of cell proliferation by MTT assay

The growth of MSCs was detected under nor-
moxia and hypoxia conditions before and after 
Cbfa1 transfection. Curve was delineated with 
time as horizontal axis and optical density (OD) 
as vertical axis. In brief, single layer cells were 
digested with 0.25% trypsin and cell suspen-
sion was prepared with L-DMEM containing 
10% FBS. These cells were then seeded into 
96-well plate at a density of 1.5 × 104 per well 
(200 µl per well). Cells were incubated under 
the hypoxia or normoxia condition for 1, 2, 4, 6, 
8, 10 and 12 d. Then, cells in 3 wells were col-
lected and incubated with 5 mg/ml MTT at 
37°C for 4 h. The supernatant was removed 
and cells were treated with 150 µl of DMSO for 
10 min under continuous shaking. The optical 
density (OD) was detected at 490 nm in a 
microplate reader.

Detection of ALP activity

The ALP activity was measured according to 
manufacturer’s instructions. The supernatant 
of transfected and untransfected MSCs was 
collected for the detection of ALP activity. 
Briefly, the working solution containing 16 
mmol/L nitrophenylphosphate, 350 mmol/L 
2-amino-2- methyl-1-propanol buffer (30°C, pH 
0.9) and 2 mmol/L MgCl2 was prepared before 
detection. Then, 1.00 ml of working solution 
was mixed with 0.02 ml of supernatant followed 
by incubation at 30°C for 60 s. OD was mea-
sured at 405 nm, which was done once every 
60 s for a total of 4 times. The mean change in 
OD in 1 min was calculated as (ΔA), and the ALP 
activity was calculated according to the follow-
ing formula: ALP (U/L) = ΔA × 0.665.

Labeling of MSCs with tetracycline

MSCs of the second passage were seeded into 
4 6-well plates at a density of 3 × 104/well. 
Cells in two plates were maintained under the 
hypoxia or normoxia condition, and cells in one 
of plates under the hypoxia or normoxia condi-
tion were transfected with Ad-Cbfa1. Once cells 
formed nodules in these plates, tetracycline at 
100 µg/ml was added followed by incubation 
for 30 min. The medium was refreshed followed 
by further incubation for 30 min. Cells were 
washed with Hank’s solution and then fixed in 
absolute ethanol for 15 min. These cells were 
observed under a fluorescence microscope.

Detection of mRNA expressions of Cbfa1, OPN, 
BMP and VEGF

Primer synthesis was done according to previ-
ously described by Halvorsen et al [7]. The gene 
sequences of rabbit Cbfa1, OPN, BMP and 
VEGF were identified in NCBI, according to 
which the corresponding primers were designed 
with Premier 5. The primers were synthesized 
in Shanghai Sangon Biotech Co., Ltd. The prim-
ers were as follows: Cbfa1: 5’-cccagccacctt-
tacctaca-3’ (forward), 5’-tatggagtgctgctggtctg- 
3’ (reverse); BMP: 5’-cttggaggagaagcaaggtg-3’ 
(forward), 5’-gctgtttgtgtttcgcttga-3’ (reverse); 
VEGF: 5’-cgagaccttggtggacatct-3’ (forward), 
5’-tatggagtgctgctggtctg-3’ (reverse); OPN 5’- 
aggatgaggacgatgaccac-3’ (forward), 5’-cacggc-
cgtcgtatatttct-3’ (reverse); β-actin: 5’-TCACCC- 
ACACTGTGCCCCATCTACGA-3’ (forward), 5’-CAG- 
CGGAACCGCT CATTGCCAATGG-3’ (reverse). 
After incubation under the hypoxia or normoxia 
condition for 72 h, the mRNA expressions of 
Cbfa1, OPN, BMP and VEGF were determined.

In brief, MSCs were seeded into 6-well plates at 
a density of 2 × 105 cells/well. On the second 
day, MSCs were infected with Ad-cbfa1 at a 
MOI of 150, and cells without infection served 
as a control. Two days later, cells were collected 
and total RNA was extracted and stored at 
-80°C for use. Then, 2.0 μg of RNA was used for 
reverse transcription with cDNA first strand 
synthesis kit (Promega). The products were 
stored at -20°C. mRNA expression was detect-
ed by Real-time PCR. The reaction mixture (30 
μl) included 15 μl of PCR reaction solution, 1 μl 
of forward primer, 1 μl of reverse primer, 1 μl of 
cNDA template, and 12 μl of sterilized water. 
The reaction conditions were as follows: 41 
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cycles of 50°C for 2 min, 95°C for 2 min, 95°C 
for 3 s and 60°C for 30 s. The mRNA expres-
sion of target genes was determined and nor-
malized to that of β-actin.

Statistical analysis

All the data were expressed as mean ± stan-
dard deviation (SD), and analysis of variance 
was employed for comparisons. A value of 

P<0.05 was considered statistically significant. 
Statistical analysis was done with SAS 6.12.

Results

Morphology of MSCs

At 6~12 d after culture, MSCs presented with 
rapid growth, were spindle-shaped and had 
thick and big processes. A few cells were trian-

Figure 1. MSCs under an inverted microscope. A, C, E: 9 days after culture under a normoxia condition; B, D, F: 9 
days after culture under a hypoxia condition; C-F: 9 days after Cbfa1 gene transfection; E, F: MSCs under a fluores-
cence microscope. MSCs after incubation under hypoxia condition were similar to those under normoxia condition. 
Cbfa1 gene transfection had no influence on the morphology of MSCs.
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gular or polygonal. The nucleus located in the 
center and 1-2 nuclei were present in one cell. 
Colonies were presented within about 12 d. 
Two weeks after culture, cells merged into a 
single-layer, and the spindle-shaped processes 
were elongated. These cells arranged in a direc-
tion and in a whirlpool, network or radiation 
manner. Hypoxia and Cbfa1 gene transfection 
had no influence on the morphology of MSCs 
and the time of MSCs merging into a single-
layer (Figure 1).

condition was significantly higher than that 
under the hypoxia condition. In addition, the 
ALP activity of Cbfa1 transfected MSCs was 
markedly increased when compared with non-
transfected MSCs.

Labeling with fluorescent tetracycline

Tetracycline hydrochloride is a specific marker 
of new bones because it can selectively bind to 
calcium and deposit in bone like tissues. Under 

Figure 2. Cell growth curve. As shown in figure, hypoxia significantly changed the 
proliferation of MSCs, prolonged the doubling time and increased their proliferation 
rate. However, Cbfa1 gene transfection had no influence on the doubling time and 
proliferation rate of MSCs.

Figure 3. ALP activity in different groups. As shown in figure, the ALP activity was 
increasing within 14 days of culture. After 14-day culture, the ALP activity began to 
increase. The ALP activity of MSCs under the normoxia condition was significantly 
higher than that under the hypoxia condition. In addition, the ALP activity of Cbfa1 
transfected MSCs was markedly increased when compared with non-transfected 
MSCs.

Cell growth curve

During the culture un- 
der a hypoxia condition 
within 12 days, the 
absorbance increased. 
At 4 days after culture, 
the absorbance was si- 
gnificantly higher than 
that after culture under 
a normoxia condition. 
Under a normoxia con-
dition, the proliferation 
rare of MSCs began to 
reduce after culture for 
10 days. However, un- 
der the hypoxia condi-
tion, the proliferation 
rate was still increasing 
after culture for 14 
days. In addition, the 
absorbance of Cbfa1 
transfected cells was 
slightly higher than that 
of non-tranfected cells 
(Figure 2).

ALP activity

The ALP activity is relat-
ed to the amount of 
deposited minerals, 
and thus ALP activity 
may indirectly reflect 
the osteogenic ability of 
MSCs. As shown in 
Figure 3, the ALP activ-
ity increased gradually 
within 14 days of cell 
culture. After 14-day 
culture, the ALP activity 
began to reduce. The 
ALP activity of MSCs 
under the normoxia 
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a fluorescence microscope, the tetracycline 
hydrochloride labeled bone-like tissues present 
with yellow and green fluorescence. After cul-
ture of MSCs, the extracellular matrix may form 
nodules in which a lot of calcium-containing 
compounds lie. Thus, these compounds may 
also present with yellow and green fluores-
cence after labeling with tetracycline hydro-
chloride under a fluorescence microscope. The 
amount of extracellular matrix can be deter-
mined according to the area of fluorescence, 
which indirectly reflects the osteogenic ability 
of MSCs. As shown in Figure 4, the fluores-
cence area of MSCs after culture under a nor-
moxia condition was significantly larger than 
that after culture under a hypoxia condition. In 
addition, the fluorescence area of Cbfa1 trans-
fected cells was markedly larger than that of 
non-transfected cells. This suggests that 
hypoxia may inhibit the differentiation of MSCs 
into osteoblasts, and Cbfa1 transfection pro-

motes the differentiation of MSCs into 
osteoblasts.

Osteogenic differentiation of MSCs

As shown in Figure 5, under the normoxia con-
dition, the mRNA expressions of Cbfa1, OPN, 
BMP and VEGF were significantly higher than 
those under the hypoxia condition (P<0.05). As 
shown in Figure 6, the Cbfa1 mRNA expression 
in Cbfa1 transfected MSCs was markedly 
increased and about 9 folds of that before 
transfection. The mRNA expressions of BMP 
and OPN were slightly higher than those before 
transfection, but the VEGF mRNA expression 
was slightly reduced when compared with that 
before trasnfection. In addition, after Cbfa1 
gene trasnfection, the MSCs had increased 
mRNA expressions of Cbfa1, OPN, BMP and 
VEGF under the hypoxia condition, and the 
maximal increase was observed in Cbfa1 mRNA 
expression (P<0.05).

Figure 4. Labeling with tetracycline hydrochloride fluorescence. A, B: MSCs under the normoxia condition; C, D: 
MSCs under the hypoxia condition; A, C: Non-transfected cells; B, D: Cbfa1 transfected cells. The fluorescence area 
of MSCs under normoxia condition was significantly larger than that under hypoxia condition. The fluorescence area 
of Cbfa1 transfected MSCs was markedly increased when compared with non-transfected cells.
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Discussion

MSCs have potent self-renewal and multi-lin-
eage differentiation potentials and have been 
used as common seed cells in the treatment of 
some refractory diseases such as ischemic 
heart diseases, cerebral diseases, limb necro-
sis, bone fracture and bone necrosis. In some 
diseases, local hypoxia or even anoxia is pres-
ent. Studies have shown that the oxygen con-
centration at focal lesions is as low as 1% [27], 
and in vitro culture of cells is done at the oxy-

protein (BSP), Osterix, Cbfa1 and ALP (markers 
of osteoblasts) reduced significantly [6, 9, 13, 
29]. Our results showed, under the hypoxia 
(3%) and normoxia conditions, the morphology 
and growth curve remained unchanged, but the 
expressions of Cbfa1 and BMP (two determi-
nants of osteogenesis) were markedly inhibited 
under the hypoxia condition. Although expres-
sions of OPN and VEGF (two proteins related to 
osteogenesis) were also reduced, the extent of 
reduction was lower than that in the expres-
sions of Cbfa1 and BMP. This suggests that the 

Figure 5. mRNA expressions of BMP, Cbfa1, OPN and VEGF. Under the normoxia con-
dition, the mRNA expressions of Cbfa1, OPN, BMP and VEGF were significantly higher 
than those under the hypoxia condition (P<0.05).

Figure 6. mRNA expressions of BMP, Cbfa1, OPN and VEGF in Cbfa1 transfected 
cells. After Cbfa1 transfection, under the normoxia condition, the MSCs had signifi-
cantly increased Cbfa1 mRNA expression, which was about 9 folds of that before 
transfection. The mRNA expressions of BMP and OPN were slightly increased when 
compared with those before transfection, but the VEGF mRNA expression reduced 
slightly. After Cbfa1 transfection, the mRNA expressions of Cbfa1, OPN, BMP and 
VEGF increased under the hypoxia condition, and the maximal increase was ob-
served in Cbfa1 mRNA expression (P<0.05).

gen concentration of 
20%. In healthy sub-
jects, the oxygen con-
centration is 4%-7% in 
the bone marrow where 
the majority of MSCs 
locate [13]. Thus, to 
maintain the biological 
activity of MSCs col-
lected after in vitro cul-
ture is crucial for the 
treatment of diseases 
with MSCs [11]. There 
is evidence showing 
that hypoxia is benefi-
cial for the cell prolifer-
ation during the in vitro 
culture. Results from 
studies of Ranera [28], 
D’Ippolito [6], Grayson 
[7] and Bosch [8] indi-
cated that the pheno-
type of MSCs remained 
unchanged under the 
hypoxia condition, and 
they still presented 
with undifferentiated 
phenotype, but their 
ability to form colonies 
increased significantly, 
the expressions of 
markers of stem cells 
elevated markedly, and 
the proliferation of 
MSCs was dramatically 
facilitated. On the con-
trary, the osteogenic 
differentiation of MSCs 
is inhibited under the 
hypoxia condition, and 
the expressions of 
osteocalcin, bone sialo-
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hypoxia induced inhibition of differentiation of 
MSCs into osteoblasts is more closely associ-
ated with the reduction of Cbfa1 and BMP 
expressions.

To maintain the osteogenic capability of MSCs 
under the hypoxia condition, MSCs were trans-
fected with Cbfa1 to elevate the osteogenic 
ability of MSCs under the hypoxia condition. 
Cbfa1 is the first and unique osteogenesis-spe-
cific factor. In 1998, Komori et al [30] confirmed 
that Cbfa1 was a determinant transcriptional 
factor in the osteogenic differentiation of MSCs. 
Cbfa1 has 3 isoforms, and Cbfa1/Osf2 is 
expressed in only bone tissues and osteoblasts 
but not in other tissues. In the present study, 
Cbfa1 was transfected into MSCs, which were 
then maintained under the hypoxia or normoxia 
condition. The morphology, time of cell conflu-
ence and proliferation rate were determined. 
Results showed Cbfa1 transfection had no 
influence on the morphology and proliferation 
rate of these cells under the hypoxia and nor-
moxia condition. At the same time, Cbfa1 trans-
fection significantly increased the mRNA 
expressions of Cbfa1, OPN, BMP and VEGF in 
MSCs, especially the Cbfa1 expression. This 
suggests that Cbfa1 transfection may favorably 
increase the osteogenic differentiation of MSCs 
under the hypoxia condition.

Our results showed hypoxia may inhibit the 
osteogenic differentiation of MSCs, and Cbfa1 
transfection can favorably increase the osteo-
genic ability of MSCs under the hypoxia condi-
tion. Our findings provide evidence for the treat-
ment of avascular bone injury (such as ischemic 
bone necrosis and severe bone defects).
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