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ABSTRACT. Osteoporosis poses a major public health threat in aging 
societies. Adipose-derived stem cells (ADSCs) are multipotent adult 
stem cells that have the ability to yield mesenchymal stem cells, and 
have the potential to undergo osteogenesis and bone regeneration. Bone 
morphogenetic proteins (BMPs) have been demonstrated to upregulate 
bone gene expression after mechanical injury and to improve bone injury 
repair. This study aimed to produce BMP-2 expression in ADSCs by 
using lentiviral vectors. Subcutaneous adipose tissue from 4-week-old 
male Sprague-Dawley rats was used. Oil red O staining was used to detect 
adipocyte formation from ADSCs. Induction of ADSC osteogenesis was 
confirmed with Alizarin red S staining. The recombinant lenti-hBMP-2/
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neo was constructed to infect ADSCs, BMP-2 expression was measured 
by immunoblotting analysis, and cellular alkaline phosphatase levels 
were examined. We found that >70% of ADSC cells could be induced to 
differentiate into osteocytes or adipocytes. Under osteogenic induction, 
ADSCs showed increased intracellular calcium deposition, the formation 
of calcium tubercles, and the disappearance of cellular structures in 
calcium tubercles. After infection of ADSCs by lenti-hBMP-2/neo, 
BMP-2 was expressed after doxycycline induction. We, thus, conclude 
that ADSCs maintain vigorous growth ex vivo and possess stem cell-
like properties. When infected with lenti-hBMP-2/neo, ADSCs can be 
induced to promote BMP-2 expression.

Key words: Bone morphogenetic protein 2; Adipose-derived stem cells; 
Osteogenic differentiation; Osteoporosis; Bone defect

INTRODUCTION

In China, almost 70 million people over the age of 50 have osteoporosis, and the dis-
ease results in approximately 687,000 hip fractures each year (China CHPFWP, 2008). Over 
the last decade, estrogen replacement therapy has been a common treatment for osteoporosis 
in women; however, prolonged estrogen therapy has been found to increase the risk of breast 
and endometrial cancers, coronary heart disease and strokes, and venous thromboembolic dis-
eases. Autologous and homologous bone grafts have been used to treat fractures and traumatic 
bone defects, which is associated with compromised vascularity and osteoporosis, and has 
yielded only modest outcomes (Colterjohn and Bednar, 1997; Gamradt and Lieberman, 2003). 

Tissue-engineering strategies for bone defect repair have been widely studied using 
resorbable biomaterial scaffolds, stem cells of various origins, and biologically active mol-
ecules such as cytokines or growth factors (Hubbell, 2003). In particular, adult stem cells 
such as bone marrow-derived mesenchymal stem cells (BMSCs) have been studied for this 
purpose. The proliferation and osteogenic differentiation of BMSCs are associated with bone 
healing in osteoporotic bone. Osteoblasts originate from BMSCs, which have the potential to 
differentiate into several different lineages including osteoblasts, chondroblasts, adipocytes, 
and myoblasts. Of these lineages, the osteogenic and adipogenic lineages are closely related. 

A successful cell-based therapy for bone defect repair requires an appropriate cell 
source that is easily accessible, abundant, non-immunogenic, and which possesses osteogenic 
potential. Compared with osteocytes, BMSCs have higher yields and are more readily acces-
sible, and have therefore been studied as a source of osteogenic cells for bone defect repair, 
and as an alternative to autologous primary osteocytes. However, BMSCs are difficult to iso-
late, and expansion of BMSCs ex vivo is a time-consuming process that is prone to contamina-
tion. In addition, BMSCs may yield inadequate numbers of stem cells from bone marrow, and 
their differentiation potential decreases with increasing age of the donor (Banfi et al., 2002; 
Stenderup et al., 2003).

On the other hand, adipose-derived stem cells (ADSCs) are multipotent adult stem 
cells that are capable of angiogenesis and osteogenesis (Philippe et al., 2010). They contain 
stem cells similar to BMSCs (Zuk et al., 2002; Guilak et al., 2006) and have the ability to yield 
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mesenchymal stem cells with the potential to undergo osteogenesis and bone regeneration. 
Additionally, ADSCs are easily accessible, abundant, easily expandable, non-immunogenic, 
and harvesting is minimally invasive (Zuk et al., 2002; Guilak et al., 2006). For example, 
6 x 108 ADSCs can easily be obtained from adipose tissue and rapidly expanded ex vivo; 
by contrast, only approximately one BMSC can be obtained per 105 bone marrow stromal 
cells. Additionally, ADSCs are among the fastest growing stem cells and do not require 
immortalization. Halvorsen et al. (2001) showed that ADSCs growing under osteogenic 
induction expressed osteoblast-related genes and proteins such as alkaline phosphatase, type I 
collagen, osteocalcin, connexin 43, RunX-1, receptors for bone morphogenetic protein (BMP) 
I and II, and receptors for parathyroid hormone. ADSCs can also be induced to produce 
mineralized substrates when cultured under osteogenic conditions in vitro (Leong et al., 
2008). It has also been shown that human ADSCs inoculated into mice with severe combined 
immunodeficiency could form bones in vivo (Hong et al., 2006).

Lentiviruses, which are based on the human immunodeficiency virus, have been used 
as delivery systems to insert genetic information into the DNA of host cells. BMSCs express-
ing keratinocyte growth factor via an inducible lentivirus have been shown to protect against 
bleomycin-induced pulmonary fibrosis (Aguilar et al., 2009). In the present study, we engi-
neered BMP-2 expression in rat ADSCs in vitro using lentiviral vectors expressing BMP-2, 
and investigated the osteogenic properties of ADSCs infected with BMP-2-expressing lentivi-
ruses growing under osteogenic conditions.

MATERIAL AND METHODS

The study protocol was approved by the local Institution Review Board and all animal 
experiments were performed according to the guidelines of the Institutional Animal Care and Use 
Committee of the Second Affiliated Hospital of Harbin Medical University. All of the procedures 
were conducted in accordance with the Declaration of Helsinki and relevant policies in China.

Isolation and characterization of ADSCs

Subcutaneous adipose tissues (5 cm3) were removed from the nape of the neck of 
4-week-old male Sprague-Dawley rats, which were purchased from the Experimental Animal 
Center of the Second Affiliated Hospital of Harbin Medical University, Harbin, Heilongjiang, 
China. The animals were housed in environmentally controlled conditions (22°C in a 12-h 
light/dark cycle with the light cycle from 6:00 to 18:00) with ad libitum access to standard 
laboratory rat chow.

The isolated adipose tissue was minced and digested with 0.1% type II collagenase 
(Invitrogen, Carlsbad, CA, USA) at 37°C for 40 min, and resuspended in a red blood cell lysis 
buffer at room temperature for 15 min. The digest was then filtered through 200 x 50-mm 
mesh and centrifuged at 600 g for 5 min to produce a pellet. The cells were then resuspended, 
and 2 x 106 cells were cultured in Dulbecco’s modified Eagle’s medium with 10 mM glucose 
(DMEM-HG) (Gibco BRL, Grand Island, NY, USA) containing 5% fetal bovine serum at 
37°C in a humidified 5% CO2 incubator. Isolated ADSCs were characterized for cell surface 
markers by flow cytometry as described previously (Donnenberg et al., 2007). CD34 (stem 
cell marker) and CD90 (progenitor cell marker) (Beckman Coulter, San Jose, CA, USA) were 
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used to examine the ADSCs for stem cell-like features, CD44 for mesenchymal cell origin 
(CD44 is expressed by most mesenchymal cells and other cell types including adipocytes, 
fibroblasts, macrophages, and ADSCs), CD45 (hematopoietic marker; BD Biosciences, San 
Jose, CA, USA), and CD11b (T-lymphocyte marker; BD Biosciences).

Induction of ADSC differentiation

To explore the potential of isolated ADSCs for osteogenic differentiation, ADSCs 
were seeded at 1 x 104 cells/cm2 on 10-cm culture dishes, and were grown under osteogenic 
induction conditions in DMEM supplemented with 0.1 mM dexamethasone, 50 mM ascorbate, 
and 10 mM b-glycerophosphate sodium. Mineralization of ADSCs was determined by Aliza-
rin red S staining at day 16 or 21 post-drug treatment as previously described (Gregory et al., 
2004). Alizarin red S concentrations were calculated by comparison with an Alizarin red S 
dye standard curve, and are reported as nmol/mL after normalization against the total cellular 
protein and as nmol/mg protein.

For induction of adipocyte differentiation, post-confluent cells, designated at day zero, 
were treated with 100 nM insulin, 500 mM 3-isobutyl-1-methylxanthine (cAMP phosphodies-
terase inhibitor), and 250 nM dexamethasone for 48 h. Cells were subsequently incubated in 
DMEM supplemented with 10% calf serum and 100 nM insulin for 8 days. Oil red O staining 
was performed as previously described (Schwarz et al., 1997).

Lentiviral preparation and infection of ADSCs

Recombinant lentiviruses (lenti-rtTA/puro, lenti-emGFP/hygro, or lenti-hBMP-2/neo) 
were prepared by transfecting the plasmid along with packaging plasmids (Cyagen Gwen Zhou, 
China) into human Hek293T cells used to facilitate optimal lentivirus production. The cells were 
inoculated at a multiplicity of infection of 25, and incubated at 37°C in a humidified incubator 
containing 5% CO2. Following incubation for 16 h, the medium was aspirated and the cells 
were washed with phosphate-buffered saline (PBS) twice and were then incubated as indicated. 
Lentiviruses were concentrated by centrifuging the lentiviral supernatant at 20,000 g at 4°C for 
2 h. The pellet was resuspended in PBS with 0.1% bovine serum albumin, aliquoted, and stored 
at -80°C. ADSCs were plated at 1 x 105 cells per well onto 12-well plates, and after an overnight 
incubation at 37°C, were infected with lenti-emGFP/hygro or lenti-hBMP-2/neo with or without 
osteogenic conditions. The ADSC-emGFP cell line was a lentiviral vector carrying a green-
fluorescent protein, which served an infected control of ADSCs vs lenti-hBMP-2/neo.

Immunoblotting studies and enzyme-linked immunosorbent assays (ELISA)

Induced BMP-2 levels from ADSCs after infection with lenti-emGFP/hygro or lenti-
hBMP-2/neo under osteogenic conditions was determined by immunoblotting and ELISA. 
Cells were rinsed with ice-cold PBS and lysed using RIPA lysis buffer containing 50 mM 
Tris-HCl, pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.5 mM phenylmeth-
ylsulfonyl fluoride, and 1 mM EDTA. The cell lysates were then sonicated for 30 s. Cell debris 
was removed by centrifugation at 12,000 g for 10 min. The cell lysates were resolved by 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene 
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fluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA). The blots were incubated in 5% 
PBS for 5 min, and then the PVDF membranes were blocked with 5% nonfat dry milk in Tris 
borate saline containing 1% Tween-20 (TBST) for 1 h and incubated overnight with anti-BMP-2 
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody at 4°C with gentle shak-
ing. The blots were extensively washed with TBST, and were then incubated with horseradish 
peroxidase-conjugated secondary antibody in TBST for 1 h at room temperature. The blots 
were then washed, and the signals were visualized by chemiluminescence and quantified and 
analyzed with the Quantity-One package (Bio-Rad). α-GADPH was used as a loading control.

The content of BMP-2 in the cell culture medium and cell lysates was measured us-
ing commercially available ELISA kits, following manufacturer instructions (Boster Biological 
Technology). The BMP-2 content was normalized against the total cellular protein content and is 
reported as ng/mg protein. These experiments were performed at least three times independently.

Assay for lentiviral-infected ADSC proliferation

To determine the growth status of ADSCs after infection with lentiviral lenti-emGFP/
hygro or lenti-hBMP-2/neo under osteogenic conditions, cells were seeded at 1 x 105 per 
well on 6-well plates and cell viability was assessed by the tetrazolium-based semi-automated 
colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduc-
tion assay. Absorbance was read at 490 nm using a microtiter plate reader (KHB Labsystems 
Wellscan K3, Finland).

Alkaline phosphatase activity and mineralization of lentiviral-infected ADSCs

Alkaline phosphatase activity of ADSCs after infection with lentiviral lenti-emGFP/
hygro or lenti-hBMP-2/neo under osteogenic conditions was determined by measuring p-nitro-
phenyl phosphate using a commercially available kit (Nanjing Jiancheng Bioengineering In-
stitute, Nanjing, China) as previously described (Li et al., 2003), and was normalized against 
total cellular protein content. The experiment was performed at least three times independently. 
Mineralization of ADSCs was determined by Alizarin red S staining at day 21 post-drug treat-
ment as described.

Statistical analysis

Data are reported as means ± standard deviation of three or more independent experi-
ments. Statistical significance was estimated by one-way analysis of variance (ANOVA) with 
Bonferroni’s correction for multiple comparisons, and the Student Newman-Keuls post hoc 
ANOVA (comparisons between two groups) was used where appropriate. A value of P < 0.05 
was considered to indicate statistical significance.

RESULTS

ADSCs show stem cell-like properties

We grew the ADSCs under osteogenic or adipogenic conditions. Flow cytometric 
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analysis showed that these cells were 99.81% CD44 positive, 99.89% CD90 positive, 0.64% 
CD34 positive, 0.36% CD11b positive, and 0.08% CD45 positive (Figure 1A). We further 
demonstrated that >70% of the cells could be induced to differentiate into osteocytes or adipo-
cytes. Oil red O staining revealed fat droplets in the induced ADSCs, indicating the formation 
of adipocytes (Figure 1B). Furthermore, Alizarin red S assays revealed that ADSCs under 
osteogenic induction (Figure 1C) exhibited increased intracellular calcium deposits, the for-
mation of calcium tubercles, and the disappearance of cellular structures in calcium tubercles 
compared with non-osteogenic induced ADSCs (Figure 1D).

Figure 1. Characteristics of isolated adipose-derived stem cells (ADSCs). A. Flow cytometric analysis of ADSCs 
with antibodies against cell surface markers CD34 and CD90 (stem/progenitor marker), CD44 (mesenchymal 
marker), CD45 (hematopoietic marker), and CD11b (T-lymphocyte marker). B. Adipose formation of ADSCs after 
adipogenic induction for 12 days (Oil red O, 100X). C. Osteogenic differentiation of ADSCs after 16 days of 
induction (Alizarin red S, 100X). D. ADSCs without osteogenic induction (Alizarin red S, 100X).
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Inducible BMP-2 was detected in ADSCs infected with lenti-hBMP-2/neo

We investigated whether lenti-hBMP-2/neo-infected ADSCs expressed higher levels 
of BMP-2. There were 10 lentiviral transduced colonies obtained, and three of them were ran-
domly selected for further polymerase chain reaction confirmation and assays. Immunoblotting 
analysis revealed that lenti-hBMP-2/neo-infected ADSCs, in which induction was induced by 
the addition of doxycycline, produced noticeable levels of BMP-2, whereas BMP-2 was not 
produced in non-infected ADSCs or lenti-hBMP-2/neo-infected ADSCs without doxycycline 
induction (Figure 2A). Furthermore, the level of BMP-2 by ADSCs, as measured by ELISA in 
the supernatant and lysates of lenti-hBMP-2/neo-infected ADSCs, was 0.41 ng/mL in the ab-
sence of doxycycline; with doxycycline induction, the BMP-2 content increased by 234.15% to 
1.37 ng/mL, suggesting a potent induction of BMP-2 production by doxycycline (Figure 2B). 
In order to determine if lenti infection would interfere with ADSC growth, we further studied 
ADSCs infected with lenti-hBMP-2/neo. The results showed a similar growth pattern as the 
control ADSCs with viral vector infection only or with no infection. However, MTT assays 
indicated that the infected ADSCs in vitro exhibited similar, but relatively slow, rates of cellular 
proliferation (Figure 2C).

Lentiviral-mediated expression of BMP-2 potentiated the osteogenic differentiation 
of ADSCs

We further examined alkaline phosphatase activity, an early marker of osteogenic dif-
ferentiation of ADSCs. We found that alkaline phosphatase levels in ADSCs were 7.31, 8.53, 
and 6.46 U/L at weeks 1, 2, and 3 of osteogenic induction, respectively (Figure 3A). Further-
more, we found that alkaline phosphatase levels in lenti-hBMP-2/neo-infected ADSCs were 

Figure 2. Bone morphogenetic protein 2 (BMP-2) induction from adipose-derived stem cells (ADSCs) infected with 
lenti-hBMP-2/neo. A. BMP-2 determination by Western blotting. Lane 1 = SD ADSC; lane 2 = SD ADSC-emGFP/
Dox+; lane 3 = SD ADSC-emGFP; lane 4 = SD ADSC-BMP-2/Dox+; lane 5 = SD ADSC BMP-2. The SD ADSC-
emGFP cell line is a lentiviral vector carrying a green-fluorescent protein serving as the infected control of ADSCs vs 
lenti-hBMP-2/neo infection. The internal control for lanes 1-5 was GAPDH in accordance with R1-R5 of individual 
treatments. B. Quantification of BMP-2 expression by ELISA. aIndicates a statistically significant difference between 
the indicated group and the SD ADSC group. bIndicates a statistically significant difference between the indicated 
group and the SD ADSC/GFP group. cIndicates a statistically significant difference between the indicated group and 
the SD ADSC/GFP/Dox+ group. dIndicates a statistically significant difference between the SD ADSC/BMP-2 group 
and the SD ADSC/BMP-2/Dox+ group. Pairwise multiple comparisons between groups were determined using the 
Student-Newman-Keuls method. Experiments were performed at least three times independently. C. Representative 
growth pattern of ADSCs after infection with lenti-hBMP-2/neo. SD = Sprague-Dawley rats.
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6.40, 8.31, and 9.21 U/L at weeks 1, 2, and 3 of osteogenic induction, respectively. There were 
no significant differences in alkaline phosphatase levels between lenti-hBMP-2/neo-infected 
ADSCs and the non-infected ADSCs (P > 0.05). On the other hand, induction of the expres-
sion of BMP-2 by doxycycline in lenti-hBMP-2/neo-infected ADSCs greatly increased alka-
line phosphatase levels at weeks 1, 2, and 3 of osteogenic induction, which were 5.68, 7.23, 
and 16.02 U/L, respectively. This clearly demonstrated that osteogenic induction of ADSCs 
was associated with increased alkaline phosphatase activity.

Figure 3. Lentiviral expression of bone morphogenetic protein 2 (BMP-2) potentiated the osteogenic differentiation 
of adipose-derived stem cells (ADSCs). A. Alkaline phosphatase levels of ADSCs. aIndicates a statistically 
significant difference between the indicated group and the SD ADSC/BMP-2+Dox group at each time point. 
bIndicates a statistically significant difference between the indicated group and the SD ADSC/BMP-2-Dox group. 
*Indicates a statistically significant within group difference between the given time point and the week 1. +Indicates 
a statistically significant within group difference between weeks 2 and 3. Pairwise multiple comparisons between 
groups were determined using the Student-Newman-Keuls method. Experiments were performed at least three 
times independently. B. Alizarin red S assay for detecting the degree of the mineralization (calcium content) of 
lentiviral infected ADSCs after BMP-2 stimulation. Representative photos of lenti-hBMP-2/neo-infected ADSCs 
with doxycycline and osteogenic induction (a), osteogenic induction only (b), and no doxycycline or osteogenic 
induction (c). C. Measurement of calcium content. Mineralization of likely biological significance began 
approximately 16 days after osteogenic induction. SD = Sprague-Dawley rats.

Using the Alizarin red S assay, we further studied whether BMP-2 could stimulate 
the mineralization of ADSCs. Representative images are shown in Figure 3B including len-
ti-hBMP-2/neo-infected ADSCs with doxycycline and osteogenic induction (a), osteogenic 
induction only (b), and no doxycycline or osteogenic induction (c). The calcium content in 
lenti-hBMP-2/neo-infected ADSCs was 0.78 ng/mL in the absence of doxycycline, which in-
creased by 20.25% to 1.18 ng/mL with BMP-2 induction by doxycycline (Figure 3C). Thus, 
mineralization began approximately 16 days after osteogenic induction.
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DISCUSSION

In this study, we demonstrated that osteogenesis of primary rat ADSCs could be ef-
fectively induced ex vivo, demonstrating that these cells could be expanded to provide a ready 
source of early-passage primary ADSCs. We further showed that the ADSCs could be induced 
to differentiate into adipocytes and chondrocytes, demonstrating their multipotent differentia-
tion potential.

ADSCs are regarded as putative osteoblast progenitors and can be induced to differ-
entiate into osteoblasts in vitro (Yang et al., 2004). Bone remodeling underlies the process of 
bone repair or osteogenesis in many bone disorders. Defective osteogenesis is characterized by 
reduced bone mass and deteriorated bone microstructures, which is associated with a noticeably 
increased risk of bone fractures, and may contribute to osteoporosis. Therefore, inducing dif-
ferentiation of ADSCs may provide the basis for an alternative therapy for bone disorders that 
involve ongoing bone remodeling.

Under both normal and pathological conditions, multiple local and systemic signals de-
rived from hormones, growth factors, and other agents control different aspects of bone remodel-
ing. BMP-2 and insulin growth factor-1 have been shown to modulate the proliferation and dif-
ferentiation of mesenchymal stem cells (Rumalla and Borah, 2001; Fukumoto et al., 2003; Presta 
et al., 2005; Toh et al., 2007). BMPs belong to the transforming growth factor-beta (TGF-β) 
superfamily of polypeptides, including TGF-β, activins/inhibins, and BMPs. Specifically, BMP-
2 has been demonstrated to induce the differentiation of ADSCs into osteocytes, promote osteo-
genic differentiation, upregulate bone gene expression after mechanical injury, and improve bone 
repair after injury (Seong et al., 2010). BMPs bind to specific transmembrane type I and type II 
receptors and stimulate the intracellular mediators Smad-1, -5, and -8 (Herpin and Cunningham, 
2007), which transmit the BMP signal into the nucleus to regulate target gene transcription (Lian 
et al., 2006). BMP-2 and BMP-7 (OP1) have been shown to promote bone healing in long bone 
defects in human studies (Yasko et al., 1992; Cook et al., 1994a,b, 1995; Zabka et al., 2001) 
and in animal models of spinal arthrodesis (Sandhu et al., 1997; Boden et al., 1998; Wang et 
al., 2003). Currently, BMP-2 is approved by the Food and Drug Administration in the United 
States for spinal fusion in degenerative disc disease and tibial fractures, and OP1 is approved as 
an alternative to autograft in recalcitrant long bone unions and in lumbar spinal fusions. In this 
study, we showed that lentiviral expression of BMP-2 could promote the proliferation and po-
tentiate the osteogenesis of ADSCs. Furthermore, alkaline phosphatase levels increased slowly. 
Although our results indicated a statistical difference in alkaline phosphatase levels at 1 and 2 
weeks, it was only at 3 weeks that an obvious difference of likely biological significance was 
noted. Thus, ADSCs initiated mineralization about 16 days after osteogenic induction.

Viruses derived from adeno-associated virus, such as adenovirus and lentivirus, are among 
the most successful viral vectors, and show great promise as viral vectors for gene transfer. Lenti-
viruses are also able to transduce a wide variety of cells, including non-dividing cells, and can inte-
grate into the genome to provide sustained gene expression. With respect to bone growth, Miyazaki 
et al. (2008) showed that BMP-2-producing rat bone marrow cells created through lentiviral gene 
transfer induced sufficient spinal fusion in rats. Zhang et al. (2002) reported that lentiviral vectors 
were able to transduce human bone marrow-derived stromal cells through many cell divisions and 
during differentiation into adipocytes. Importantly, Hsu et al. (2007) found that lentiviral-mediated 
BMP-2 gene transfer enhanced the healing of segmental femoral defects in a rat model.
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In the present study, we showed that lenti-hBMP-2/neo-infected ADSCs under doxy-
cycline induction produced noticeable levels of BMP-2, whereas BMP-2 was not produced in 
non-infected ADSCs or lenti-hBMP-2/neo-infected ADSCs without doxycycline induction. 
Doxycycline has been successfully used in tetracycline-controlled transcriptional activation 
to regulate transgene expression in vivo and in cell cultures (Samtani et al., 2009). A prior 
study showed that a doxycycline-regulated lentiviral vector system with a novel tetracycline 
reverse transactivator rtTA2 (S)-M2 exhibited a tight control of gene expression in vitro and in 
vivo (Koponen et al., 2003). Tang et al. (2009) used a doxycycline-inducible gene expression 
system to establish a cell line that regulated the expression of the hepatitis B virus X protein. 

There are some limitations of this study that should be considered. We did not exam-
ine if the expression of BMP-2 potentiated the adipogenic differentiation of ADSCs because 
the main purpose of this study was to explore the effect of BMP-2 on the chondrogenesis of 
ADSCs using an inducible lentiviral system. Secondly, we did not confirm the involvement 
of BMP-2 expression in the observed potentiation of osteogenic differentiation by the use of 
direct BMP-2 inhibitors (such as antibodies against the growth factor) or by inhibiting the 
BMP-2-mediated signal transduction pathways.

In conclusion, we have here demonstrated that ADSCs maintain vigorous growth ex 
vivo and possess stem cell-like properties. When infected with lenti-hBMP-2/neo, ADSCs can 
be induced to promote BMP-2 that increased the osteogenic differentiation of ADSCs. Nota-
bly, BMP-2 promotes chondrogenesis of adipose-derived stem cells with a lentiviral system in 
rats. This finding suggests that lentiviral-based gene therapy systems offer a clinical alterna-
tive to treat osteoporosis and resulting bone defects.

ACKNOWLEDGMENTS

Research supported by grants from the Heilongjiang Provincial Education Depart-
ment (#12511205), the Heilongjiang Provincial Health Department (#2011-062), and the Na-
tional Natural Science Foundation of China (#30325042).

Conflicts of interest

The authors declare no conflict of interest.

REFERENCES

Aguilar S, Scotton CJ, McNulty K, Nye E, et al. (2009). Bone marrow stem cells expressing keratinocyte growth factor via 
an inducible lentivirus protects against bleomycin-induced pulmonary fibrosis. PLoS One 4: e8013.

Banfi A, Bianchi G, Notaro R, Luzzatto L, et al. (2002). Replicative aging and gene expression in long-term cultures of 
human bone marrow stromal cells. Tissue Eng. 8: 901-910.

Boden SD, Martin GJ Jr, Horton WC, Truss TL, et al. (1998). Laparoscopic anterior spinal arthrodesis with rhBMP-2 in a 
titanium interbody threaded cage. J. Spinal. Disord. 11: 95-101.

China CHPFWP (2008). Osteoporosis, a Summary Statement. China Osteoporosis Foundation, Hong-Kong.
Colterjohn NR and Bednar DA (1997). Procurement of bone graft from the iliac crest. An operative approach with 

decreased morbidity. J. Bone Joint Surg. Am. 79: 756-759.
Cook SD, Baffes GC, Wolfe MW, Sampath TK, et al. (1994a). Recombinant human bone morphogenetic protein-7 induces 

healing in a canine long-bone segmental defect model. Clin. Orthop. Relat. Res. 301: 302-312.
Cook SD, Baffes GC, Wolfe MW, Sampath TK, et al. (1994b). The effect of recombinant human osteogenic protein-1 on 

healing of large segmental bone defects. J. Bone Joint Surg. Am. 76: 827-838.



8630

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (4): 8620-8631 (2014)

H.L. Fu et al.

Cook SD, Wolfe MW, Salkeld SL and Rueger DC (1995). Effect of recombinant human osteogenic protein-1 on healing 
of segmental defects in non-human primates. J. Bone Joint Surg. Am. 77: 734-750.

Donnenberg VS, Landreneau RJ and Donnenberg AD (2007). Tumorigenic stem and progenitor cells: implications for the 
therapeutic index of anti-cancer agents. J. Control Release 122: 385-391.

Fukumoto T, Sperling JW, Sanyal A, Fitzsimmons JS, et al. (2003). Combined effects of insulin-like growth factor-1 and 
transforming growth factor-beta1 on periosteal mesenchymal cells during chondrogenesis in vitro. Osteoarthritis 
Cartilage 11: 55-64.

Gamradt SC and Lieberman JR (2003). Bone graft for revision hip arthroplasty: biology and future applications. Clin. 
Orthop. Relat. Res. 417: 183-194.

Gregory CA, Gunn WG, Peister A and Prockop DJ (2004). An Alizarin red-based assay of mineralization by adherent cells 
in culture: comparison with cetylpyridinium chloride extraction. Anal. Biochem. 329: 77-84.

Guilak F, Lott KE, Awad HA, Cao Q, et al. (2006). Clonal analysis of the differentiation potential of human adipose-
derived adult stem cells. J. Cell. Physiol. 206: 229-237.

Halvorsen YD, Franklin D, Bond AL, Hitt DC, et al. (2001). Extracellular matrix mineralization and osteoblast gene 
expression by human adipose tissue-derived stromal cells. Tissue Eng. 7: 729-741.

Herpin A and Cunningham C (2007). Cross-talk between the bone morphogenetic protein pathway and other major 
signaling pathways results in tightly regulated cell-specific outcomes. FEBS J. 274: 2977-2985.

Hong L, Peptan IA, Colpan A and Daw JL (2006). Adipose tissue engineering by human adipose-derived stromal cells. 
Cells Tissues Organs 183: 133-140.

Hsu WK, Sugiyama O, Park SH, Conduah A, et al. (2007). Lentiviral-mediated BMP-2 gene transfer enhances healing of 
segmental femoral defects in rats. Bone 40: 931-938.

Hubbell JA (2003). Materials as morphogenetic guides in tissue engineering. Curr. Opin. Biotechnol. 14: 551-558.
Koponen JK, Kankkonen H, Kannasto J, Wirth T, et al. (2003). Doxycycline-regulated lentiviral vector system with a 

novel reverse transactivator rtTA2S-M2 shows a tight control of gene expression in vitro and in vivo. Gene. Ther. 
10: 459-466.

Leong DT, Nah WK, Gupta A, Hutmacher DW, et al. (2008). The osteogenic differentiation of adipose tissue-derived 
precursor cells in a 3D scaffold/matrix environment. Curr. Drug Discov. Technol. 5: 319-327.

Li X, Cui Q, Kao C, Wang GJ, et al. (2003). Lovastatin inhibits adipogenic and stimulates osteogenic differentiation by 
suppressing PPARgamma2 and increasing Cbfa1/Runx2 expression in bone marrow mesenchymal cell cultures. 
Bone 33: 652-659.

Lian JB, Stein GS, Javed A, van Wijnen AJ, et al. (2006). Networks and hubs for the transcriptional control of 
osteoblastogenesis. Rev. Endocr. Metab. Disord. 7: 1-16.

Miyazaki M, Sugiyama O, Tow B, Zou J, et al. (2008). The effects of lentiviral gene therapy with bone morphogenetic 
protein-2-producing bone marrow cells on spinal fusion in rats. J. Spinal. Disord. Tech. 21: 372-379.

Philippe B, Luc S, Valerie PB, Jerome R, et al. (2010). Culture and Use of Mesenchymal Stromal Cells in Phase I and II 
Clinical Trials. Stem. Cells Int. 2010: 503-593.

Presta M, Dell’Era P, Mitola S, Moroni E, et al. (2005). Fibroblast growth factor/fibroblast growth factor receptor system 
in angiogenesis. Cytokine Growth Factor Rev. 16: 159-178.

Rumalla VK and Borah GL (2001). Cytokines, growth factors, and plastic surgery. Plast. Reconstr. Surg. 108: 719-733.
Samtani S, Amaral J, Campos MM, Fariss RN, et al. (2009). Doxycycline-mediated inhibition of choroidal 

neovascularization. Invest. Ophthalmol. Vis. Sci. 50: 5098-5106.
Sandhu HS, Kanim LE, Toth JM, Kabo JM, et al. (1997). Experimental spinal fusion with recombinant human bone 

morphogenetic protein-2 without decortication of osseous elements. Spine 22: 1171-1180.
Schwarz EJ, Reginato MJ, Shao D, Krakow SL, et al. (1997). Retinoic acid blocks adipogenesis by inhibiting C/EBPbeta-

mediated transcription. Mol. Cell. Biol. 17: 1552-1561.
Seong JM, Kim BC, Park JH, Kwon IK, et al. (2010). Stem cells in bone tissue engineering. Biomed. Mater. 5: 062001.
Stenderup K, Justesen J, Clausen C and Kassem M (2003). Aging is associated with decreased maximal life span and 

accelerated senescence of bone marrow stromal cells. Bone 33: 919-926.
Tang H, Liu L, Liu FJ, Chen EQ, et al. (2009). Establishment of cell lines using a doxycycline-inducible gene expression 

system to regulate expression of hepatitis B virus X protein. Arch. Virol. 154: 1021-1026.
Toh WS, Yang Z, Liu H, Heng BC, et al. (2007). Effects of culture conditions and bone morphogenetic protein 2 on extent 

of chondrogenesis from human embryonic stem cells. Stem Cells 25: 950-960.
Wang JC, Kanim LE, Yoo S, Campbell PA, et al. (2003). Effect of regional gene therapy with bone morphogenetic 

protein-2-producing bone marrow cells on spinal fusion in rats. J. Bone Joint Surg. Am. 85-A: 905-911.
Yang LY, Liu XM, Sun B, Hui GZ, et al. (2004). Adipose tissue-derived stromal cells express neuronal phenotypes. Chin. 

Med. J. 117: 425-429.



8631

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (4): 8620-8631 (2014)

BMP-2 promotes chondrogenesis of rat adipose

Yasko AW, Lane JM, Fellinger EJ, Rosen V, et al. (1992). The healing of segmental bone defects, induced by recombinant 
human bone morphogenetic protein (rhBMP-2). A radiographic, histological, and biomechanical study in rats. J. 
Bone Joint Surg. Am. 74: 659-670.

Zabka AG, Pluhar GE, Edwards RB III, Manley PA, et al. (2001). Histomorphometric description of allograft bone 
remodeling and union in a canine segmental femoral defect model: a comparison of rhBMP-2, cancellous bone graft, 
and absorbable collagen sponge. J. Orthop. Res. 19: 318-327.

Zhang XY, La Russa VF, Bao L, Kolls J, et al. (2002). Lentiviral vectors for sustained transgene expression in human bone 
marrow-derived stromal cells. Mol. Ther. 5: 555-565.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, et al. (2002). Human adipose tissue is a source of multipotent stem cells. Mol. 
Biol. Cell 13: 4279-4295.


