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ABSTRACT. The aim of this study was to investigate the expression 
of bone morphogenetic protein-2 (BMP-2) in bone marrow stromal 
stem cells (BMSCs) and the in vivo and in vitro osteogenic activity 
of BMSCs transfected with the adenovirus plasmid, Ad-GFP-hBMP-2. 
The Ad-GFP-hBMP-2 plasmid was packaged and transfected into rabbit 
BMSCs to determine the transfection rate. The alkaline phosphatase 
(ALP) activities of Ad-GFP-hBMP-2-transfected BMSCs (experimental 
group) and untransfected BMSCs (control group) were detected. In 
situ hybridization of type I collagen and Western blot were used to 
determine the BMP-2 gene and protein expressions. The transfected 
and untransfected BMSCs were respectively inoculated into nude mice 
to observe in vivo osteogenesis. The decalcified bovine cancellous bone 
scaffold was respectively combined with transfected and untransfected 
BMSCs and implanted into ulnar defects in rabbits to repair the bone. 
The adenovirus titer was 1.2 x 1010 pfu/mL. Green fluorescent protein 
expression appeared 48 h after transfection with the adenovirus plasmid, 
and the transfection rate was 71.1%. The ALP activity was higher in 
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the experimental group than the control group at each time point after 
transfection. The gene and protein expressions of BMP-2 were higher 
in the experimental group than the control group. The positive rates of 
in vivo osteogenesis in the experimental and control groups were 90% 
and 40%, respectively. The bone defect repair effects differed markedly 
between the two groups. The BMP-2 gene can be highly expressed in 
BMSCs to successfully induce osteogenic differentiation. BMSCs can 
be used as seed cells for bone tissue engineering.

Key words: Bone morphogenetic protein; Bone marrow stromal stem cells; 
Bone tissue engineering

INTRODUCTION

Bone defect repair is a difficult problem in the medical field, and progress in tissue 
engineering technology has provided a new way for solving this problem (Xynos et al., 2000; 
Pérez-Sánchez et al., 2010; Amini et al., 2012), in which seed cells, carrier material, and growth 
factors are essential (Liu et al., 2010a). Ideal seed cells should have the following characteris-
tics: 1) easy to obtain with minimal injury to the body; 2) high proliferation ability in in vitro 
culture, with easy and stable expression into the osteoblast phenotype; 3) tolerance to body 
immunity, with ability of continued and rapid osteogenesis; 4) no tumorigenicity (Kumar et 
al., 2010; Liu et al., 2010b; Neman et al., 2012a). Bone marrow stromal cells (BMSCs) have 
these advantages and have therefore received more and more research attention recently (Por-
ter et al., 2009). The differentiation of seed cells relies on the surrounding microenvironment. 
Many growth factors can induce the differentiation of BMSCs into osteoblasts, of which bone 
morphogenetic protein (BMP) has been shown to have a clear osteogenesis inducing effect 
(Meinel et al., 2006; Menendez et al., 2011). However, individual BMP molecules will rapidly 
diffuse after implantation in the body, are easily degraded by proteases, and cannot effectively 
act on more target cells in an efficient manner. Therefore, the osteogenesis inducing activity of 
BMP cannot be fully exerted, which greatly limits its clinical application. In tissue engineering 
technology, the exogenous BMP-2 gene is transfected into seed cells to express BMP-2, which 
induces the differentiation of seed cells into osteoblasts. This method can overcome the various 
disadvantages of the in vivo growth of exogenous growth factors, and has become a new treat-
ment strategy. In this study, using adenovirus as a mediator, the BMP-2 and green fluorescent 
protein (GFP) genes were transfected into BMSCs, and the feasibility of constructing tissue-
engineered bone with BMSCs transfected by this Ad-GFP-hBMP-2 plasmid was investigated. 

MATERIAL AND METHODS

Adenovirus packaging
 
The ultra-pure plasmid Ad-GFP-hBMP-2 (previously prepared in the Central Labora-

tory of the First Affiliated Hospital of Liaoning Medical University) was digested with PacI 
restriction enzyme, and the large fragments were extracted and purified. Under the media-
tion of Lipofectamine 2000 (Invitrogen Corp., USA), they were transfected into HEK293A 
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cells (previously prepared in the Central Laboratory of the First Affiliated Hospital of Liaon-
ing Medical University) for 7 days of packaging. The transfection effect was observed. After 
freezing and thawing 3 times, the adenovirus solution was obtained, and the virus titer was 
detected using the plaque assay, followed by preservation at -80°C until subsequent use.

Transfection
 
Four milliliters bone marrow were drawn from the right tibial plateau of clean grade, 

2-3 month-old Japanese white rabbits weighing 1.9 kg, which were provided by the Experi-
mental Animal Center of Liaoning Medical University. After separation, purification, and cul-
ture, third generation BMSCs were obtained and were transfected with the adenovirus solution 
described above, with a multiplicity of infection (MOI) of 100. The transfection effect was 
observed under an inverted fluorescence microscope.

Transfection rate 

Single cell suspensions of 106 cells/mL Ad-GFP-hBMP-2-transfected BMSCs were 
prepared. After removal of cell clusters by filtration with a 150-mesh gauze, flow cytometry 
was performed with a 488 nm excitation light and a 530 nm receiving light. The results were 
analyzed using the Cellquest software, and are represented as the transfection rate (percentage 
of GFP-positive cells) and the mean fluorescence intensity of GFP-positive cells. 

Alkaline phosphatase (ALP) activity 

Ad-GFP-hBMP-2-transfected and untransfected BMSCs (experimental and control 
groups, respectively) were inoculated into 96-well plates, respectively, at a 2000 cells/
well density. After cell adherence, BMSCs were transfected by adenovirus solution (MOI 
= 100) followed by routine culture. At the 3rd, 6th, 9th, and 12th days after transfection, 
the supernatant of each well was removed, followed by washing with phosphate-buffered 
saline (PBS). Then, 100 μL 0.1% Triton100 was added to each well for overnight cleavage 
at 4°C. The ALP activity was detected using an ALP kit (Upstate Biotechnology Inc.; Mas-
sachusetts, USA) according to manufacturer instructions. Using the continuous monitoring 
method for 3 min, the absorbance change per minute (ΔA/min) was detected at a 405 nm 
wavelength. The actual concentration of ALP was calculated according to the formula: 
ALP (U/L) = ΔA/min x 2757. 

BMP-2 gene expression
 
Expression of the BMP-2 gene in Ad-GFP-hBMP-2-transfected and untransfected 

BMSCs were determined by in situ hybridization of type I collagen. The slide was placed in 
a 2-well plate, and 1 x 104 BMSCs were added to each well. After cell adherence, BMSCs 
were transfected with adenovirus solution (MOI = 100), followed by routine culture for 2 
weeks. The mRNA fragments were exposed, and in situ hybridization of type I collagen was 
conducted (Upstate Biotechnology Inc.), followed by slide mounting with neutral gum. In the 
control group, BMSCs were not transfected by Ad-GFP-hBMP-2.
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Western blot

Total protein of Ad-GFP-hBMP-2 transfected and untransfected BMSCs was extract-
ed from the cell lysates, respectively, followed by determination of protein expression using 
polyacrylamide gel electrophoresis on 5% stacking gel and 8% separation gel at 60 V for 30 
min and 150 V for 1 h. After electrophoresis, the separation gel was washed with PBS three 
times, followed by transmembrane (100 mA for 30 min). Then, primary antibody (1:1500; 
Santa Cruz Biotechnology, Inc., USA) was added, followed by incubation at 4°C overnight. 
After washing the membrane, secondary antibody (Santa Cruz Biotechnology, Inc.) and de-
veloping solution were added, followed by incubation for 30 min at room temperature in the 
dark. The coloration was terminated by washing with PBS three times. The optical density 
(OD) values of internal reference target bands were analyzed using a gel imaging system. Each 
determination was repeated three times.

Osteogenesis experiment

The in vivo osteogenesis experiment was conducted using 24 nude mice 8 weeks of age 
with an average weight of 22.5 g from the Experimental Animal Center of China Medical Uni-
versity. This study was carried out in strict accordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal 
use protocol was reviewed and approved by the Institutional Animal Care and Use Committee 
(IACUC) of Liaoning Medical University. Suspensions of 2.5 x 107 cells/mL Ad-GFP-hBMP-
2-transfected and untransfected BMSCs were prepared, respectively. The 5 x 106 cell suspen-
sion was injected into the posterior buttock muscle of mice (left side, experimental side; right 
side, control side). The animal response after injection was observed. At the 12th postoperative 
week, X-ray examination was performed. Then the nude mouse was executed, and bone tissue 
specimens were taken, followed by hematoxylin and eosin (HE) staining and observation.

Bone defect repair experiment
 
The decalcified bovine cancellous bone scaffold (Central Laboratory of the First Af-

filiated Hospital of Liaoning Medical University) was pretreated and dried. Suspensions of 
2.5 x 107 cells/mL Ad-GFP-hBMP-2-transfected and untransfected BMSCs were dripped into 
the scaffold at 5 x 106 cells/scaffold, followed by culture for 2 days. One-centimeter bone 
defects in the bilateral middle ulna were made in 24 Japanese white rabbits (left side, experi-
mental side; right side, control side). On the experimental side in the experimental and control 
groups, the defect area was implanted with the scaffold with Ad-GFP-hBMP-2-transfected 
and untransfected BMSC complexes, respectively. The control sides in the two groups were 
not implanted with any material. The postoperative animal response was observed. At the 12th 
postoperative week, X-ray examination on the ulna was performed. Then, the rabbits were 
executed, and the ulna specimens were taken, followed by HE staining and observation.

Statistical analysis
 
Statistical analysis was performed using the SPSS 17.0 statistical software. Measurement 
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data are reported as means ± SD, and the Student t-test was used to analyze differences between 
the two groups. The chi-square test or the exact probability test was performed for comparing 
enumeration data between the two groups. P < 0.05 was considered to be statistically significant. 

RESULTS

Transfection 

After 48 h from transfection with the adenovirus plasmid, HEK293A cells began to 
detach from the wall. The green fluorescent cells were visible under fluorescence microscope. 
At the 7th day, all of the cells had detached. There were many green fluorescent cells in the 
full field of view, suggesting successful packaging of the adenovirus (Figure 1A). Results of 
the plaque assay showed that the titer of Ad-GFP-hBMP-2 was 1.2 x 1010 PFU/mL. At the 
24th h after transfection, the fluorescent cells began to appear. At the 48th h, the number of 
fluorescent cells increased significantly (Figure 1B). Results of flow cytometry showed that 
the percentage of GFP-positive cells was high, suggesting a high transfection rate of 71.1% 
(Figure 1C).

Figure 1. Transfection results. A. Observation of HEK293A cells after 7 days from transfection (100X). B. 
Observation of BMSCs 48 h after transfection (100X) C. Results of flow cytometry (M1 represents the transfection 
rate of 71.1%).
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ALP activity 

As shown in Table 1, the ALP activity in the experimental group and the control group 
gradually increased with increasing culture time, with significant differences observed among 
time points (P < 0.01). At each time point, the ALP activity in the experimental group was 

Group 3rd day 6th day 9th day 12th day

Experimental   4.33 ± 3.51   8.26 ± 3.57 16.54 ± 6.75 20.08 ± 8.38
Control 20.48 ± 9.79 48.05 ± 9.40 74.44 ± 9.28 86.65 ± 8.70
t   4.235   4.844   5.484   5.624
P <0.001 <0.001 <0.001 <0.001

Table 1. ALP activity at each time point in two groups (U/L).

higher than that in the control group (P < 0.01). 

Western blot 

At the 12th day after transfection of Ad-GFP-hBMP-2 into BMSCs, in the experi-
mental group, the in situ hybridization was positive, with many brown particles observed 
in the cytoplasm (Figure 2A). In the control group, the in situ hybridization was nega-
tive or only weakly positive, with less or no brown particles apparent in the cytoplasm 

Figure 2. Results of in situ hybridization of type I collagen (100X).

(Figure 2B).

The Western blot results showed that at the 4th and 8th days after transfection, there 
was obvious BMP-2 expression in the experimental group, whereas there was no BMP-2 ex-
pression observed in the control group at these times (Figure 3).

In vivo osteogenesis 



4462

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (2): 4456-4465 (2014)

G.X. Wang et al.

X-ray examination results showed that at the 12th week after implantation of BM-
SCs, on the experimental sides of the experimental group, 7, 2, and 1 sides showed high-
density shadows, slightly high-density shadows, and no high-density shadow, respectively; 
the positive rate was 90%. In the control group, there were 4 sides with high-density shad-
ows (uneven density), with the remaining 6 sides showing no high-density shadow; the 
positive rate was 40% (Figure 4A). Histological observation results showed that on the 
experimental sides of the experimental group, there was increased formation of mature 
bone tissue, with green fluorescence apparent under the fluorescence microscope. In the 
control group, there was partially immature bone tissue and cartilage tissue in the muscle 

Figure 3. BMP-2 expressions in the two groups.

Figure 4. Results of in vivo osteogenesis. A. X-ray examination of the ulna (12 weeks). B. Histological observation 
of an ulna specimen on the experimental side of an animal of the experimental group (100X). C. Histological 
observation of an ulna specimen on the control side of an animal of the experimental group (100X). D. Fluorescent 
microscopy of an ulna specimen on the experimental side of an animal of the experimental group (100X).

tissue (Figure 4B-D). 

Bone defect repair 

At the 12th week after transplantation of the scaffold and BMSCs complex, the 
experimental group showed continuous bone callus formation on each experimental side. 
In the control group, 3 sides showed continuous bone callus formation and 3 sides had 
obvious fracture lines. The density of the defect area was higher on the experimental side 
than the control side (Figure 5A, B). Histological observation results showed increased 
bone tissue on the experimental side in the experimental group compared to the control 
group, with bulky bone trabecula. In the control group, the bone trabecula was slender 
with evident cartilage formation (Figure 5 C, D). On the experimental sides of the experi-
mental group, green fluorescence of the bone tissue was apparent under the fluorescence 
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microscope (Figure 5E). 

DISCUSSION

Figure 5. Results of bone defect repair. A. X-ray examination of the bone defect area on the experimental side of 
an animal of the experimental group (12 weeks). B. X-ray examination of the bone defect area on the experimental 
side of the control group (12 weeks). C. Histological observation of the bone defect area on the experimental side of 
the experimental group (12 weeks, 100X). D. Histological observation of the bone defect area on the experimental 
side of the control group (12 weeks, 100X). E. Fluorescent microscopy of the bone defect area on the experimental 
side of an animal of the experimental group (100X).
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Seed cells are one of the three basic elements for bone tissue engineering (Neman et 
al., 2012b). BMSCs are stable, and are easily obtained. In addition, BMSCs have potential 
osteogenic differentiation characteristics, with little injury to the body. Therefore, they have 
been widely used in tissue engineering, and have become a hotspot in research of seed cells 
(Chang et al., 2009; Ciapetti et al., 2012; Kang et al., 2012). Due to their undifferentiated state, 
BMSCs have strong proliferative activity but weak osteogenic activity. They can only become 
true seed cells after induction. Transgenic engineering can achieve the expression of target 
genes and related growth factors that have such induction effects. In this study, using adenovi-
rus as a vector, the BMP-2 gene was transfected into BMSCs. The objective was to verify the 
expression of BMP-2 in BMSCs, its in vitro and in vivo osteogenesis inducing effect, and to 
provide an experimental basis for the application of this new type of seed cell.

Recently, the transfection rate and cytotoxicity of adenovirus have received more and 
more attention. Increasing the MOI can not only improve the transfection rate, but also in-
crease the cytotoxicity. In this study, according to results of our preliminary experiments and 
previous studies, the MOI was set at 100. This was sufficient to resolve the conflict between 
the transfection rate and cytotoxicity, and yielded a transfection rate of more than 70%, which 
is in accordance with the results of a previous study (Liu et al., 2013). 

In order to facilitate the detection of gene expression after transfection into seed cells 
and the in vivo osteogenic activity, the reporter molecule gene GFP is transfected into seed 
cells. Compared with using a single vector to carry reporter genes or target genes, the simul-
taneous transfection of two kinds of genes into seed cells provides a convenient way to detect 
genetically engineered seed cells in in vitro culture and in vivo osteogenesis (Misteli and Spec-
tor, 1997; Chen et al., 2009; Salunkhe et al., 2010). After transfection of Ad-GFP-hBMP-2 
into BMSCs, the target gene and reporter gene could be expressed at the same time. The gene 
transfection and expression were determined by observing the GFP expression. The reliability 
of this molecular marker has been confirmed in animal experiments. 

Due to congenital developmental defects and immature lymphocyte development, 
nude mice have no immunological competence. Therefore, they are widely used to construct 
models of tumor cell transplantation (Jin et al., 2010). The adenovirus used in this study is a 
type of modified adenovirus, which cannot escape the immune attack from the host. Applica-
tion of nude mice can ensure the in vivo expression of the adenovirus-carried gene, without it 
being removed. In addition, whether the adenovirus has antigenicity in cells and whether the 
adenovirus skeleton gene itself can be expressed remain unclear. In this study, the adenovirus 
transfected BMSCs combined with decalcified bovine cancellous bone successfully repaired 
the long segment defect of rabbit ulnae, and the repair effect of the experimental group was 
better than that of the control group. This indicates that the antigenicity of seed cells trans-
fected by the adenovirus is weak, and it did not affect the osteogenic activity. At the same time, 
this result also provides evidence for the potential role of decalcified bovine cancellous bone 
in bone tissue engineering. BMSCs have the characteristic of adherent growth, and the demin-
eralized bovine cancellous bone can provide adherence support. The combination of BMSCs 
and decalcified bovine cancellous bone is a classic model for constructing tissue-engineered 
bone, and has provided a new method for bone defect repair. 
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