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Abstract. – OBJECTIVE: The mesenchymal
stem cells (MSCs), which were distributed in the
bone marrow stroma, become ideal progenitor
cells in bone tissue engineering because of their
convenient isolation, small injury when obtained,
and strong osteogenic capacity. The osteogenic
differentiation of MSCs, which is indicated by the
increased alkaline phosphatase (ALP) activity
and the enhanced accumulation of collagen,
could be induced by a strong osteogenic capaci-
ty biological factor termed bone morphogenetic
protein-7 (BMP-7). Although the chemically syn-
thesized BMP-7 was widely applied to study the
osteogenic differentiation of MSCs, transferring
and expressing BMP-7 gene in target cells is
more desirable, especially for gene therapy, giv-
en the advantages and convenience on the sta-
ble expression of BMP-7. The aim of this study
was to determine whether recombinant BMP-7-
expressing MSCs would induce bone formation
in vitro.

MATERIALS AND METHODS: BMP-7 gene
was cloned from human placental tissue to con-
struct a recombinant eukaryotic expression
plasmid carrying BMP-7 gene by conjugating
with eukaryotic expression vector pcDNA3.1.
MSCs were isolated from rabbit bone marrow
and cultured in vitro. Then they were divided into
3 groups: pcDNA3.1-BMP-7-transfected, pcD-
NA3.1-transfected, and untransfected. Human
healthy fresh placental tissue was provided by
the Department of Gynaecology and Obstetrics,
Second Affiliated Hospital of Harbin Medical Uni-
versity. Written informed consent was obtained
from the women. One healthy male New Zealand
rabbit was provided by the Laboratory Animal
Center, Harbin Medical University.

RESULTS: A significant increase of ALP activ-
ity was detected in the supernatant of pcD-
NA3.1-BMP-7 transfected MSCs, and the en-
hanced collagen accumulation, which was in-
ferred by the increased hydroxyproline content
and RT-PCR.

CONCLUSIONS: These results implied that
BMP-7 gene was expressed in MSCs sufficiently
and was involved in inducing differentiation of
MSCs into osteoblast.
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Introduction

The bone marrow mesenchymal stem cells
(MSCs) are widely used as progenitor cells in
bone tissue engineering studies1. The MSCs were
distributed in the bone marrow stroma, and were
progenitors of different cell lineages such as car-
tilage, bone, and adipocytes2. The osteogenic po-
tential of MSCs is well known as evidenced by
bone formation following transplantation of
MSCs in vivo. Because of the feasibility in cell
isolation and cultivation3-6, the multipotent MSCs
have been widely investigated as a therapeutic
agent in tissue engineering and gene therapy7,8. In
vitro experiment has also shown that, under the
stimulation of ascorbic acid, osteogenesis supple-
ment, and beta-glycerophosphate, the cultivated
MSCs were able to differentiate into osteoblast
lineage cells9, which was indicated by an in-
creased alkaline phosphatase (ALP) activity and
accumulated collagen10.

Bone morphogenetic protein-7 (BMP-7) has
been shown to possess strong osteoinductive
properties11-15. BMP-7 has been demonstrated to
trigger the development of osteoblasts from
MSCs16-19. BMP-7 gene therapy plays an impor-
tant role in modulating bone regeneration20-21.
However, more efficient and safe delivery vectors
must be obtained before clinical trials can be car-
ried out successfully. Previous work of recombi-
nant pcDNA3.1 vector for gene therapy has
shown some outstanding advantages and has
made it an attractive candidate for clinical trials
in recent years22-24.
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human BMP-7 cDNA (1.3 kb) into the restriction
sites between Kpn I and Bam I of the multiple
cloning site. The recombinant eukaryotic expres-
sion plasmid pcDNA3.1-BMP-7 was constructed
using the fragments of pcDNA3.1 and BMP-7
treated by the enzymes (Kpn, BgI, Bam, and T4
DNA, Shang Hai Sangon Biotech, Shanghai,
China).

Liposome Mediated pcDNA3.1-BMP-7
Transfection into Rabbit MSCs

When the third passage of MSCs reached 80%
confluence, pcDNA3.1-BMP-7 plasmid, blank
vector was respectively transfected into the
MSCs using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). G418 (300 g/mL) was
added in the culture medium for the cells for
screening at 24 hours after the transfection. The
untransfected cells were cleaned out by the
G418, and MSCs successfully transfected by
plasmid survived in the G418 screening. Two
weeks later, G418-resistant cell clones were col-
lected and then cultivated with normal medium.
Three groups were set: cells transfected with
pcDNA3.1-BMP-7, cells transfected with pcD-
NA3.1, and untransfected cells.

Detecting BMP-7 Expression
Using RT-PCR

To identify BMP-7 mRNA expression of cells,
total RNA was extracted 72 hours after transfec-
tion using TRIzol Reagent (Promega, Madison,
WI, USA). RT-PCR was performed as above 5 L
of reverse transcription products and a foremen-
tioned specific primer were taken for PCR ampli-
fication of BMP-7 gene.

Detection of Alkaline Phosphatase (ALP)
activity

Cells were inoculated into a 24-well plate at a
density of 2×104/well. Four parallel wells were
set for each group. Supernatant was taken at 0, 2,
4, 6, 8, and 10 days to detect ALP activity using
ALP assay kit (Nanjing Jiancheng Bioengineer-
ing Institute, Jiangsu, China).

Detection of Hydroxyproline Content by
Chloramine-T Method

Two weeks later, cells were inoculated into a
24-well plate at a density of 2×104/well. Four par-
allel cells were set in each group. Hydroxyproline
content was detected using hydroxyproline assay
kit (Wuhan Boshide Bioengineering Institute,
Hubei, China). The formula to calculatehydrox-

In order to test the effect of BMP-7 gene trans-
fection and the feasibility in induction of the
MSCs, the DNA fragment encoding BMP-7 was
recombined into the eukaryotic expression vector
(pcDNA3.1 plasmid), which was subsequently
transfected into the MSCs of New Zealand rab-
bit. The effect of the BMP-7 transfection on the
MSCs was evaluated by analyzing the ALP activ-
ity and collagen accumulation. This study pro-
vides fundamental understanding and a platform
for future applications of pcDNA3.1-BMP-7 lo-
cal gene therapy.

Materials and Methods

Isolation and Culture of Rabbit MSCs
Following anesthesia by injection of 2% sodi-

um pentobarbital (35 mg/kg) into ear vein and
skin preparation and povidone iodine steriliza-
tion, 2 mL bone marrow was taken from
medullary cavity and anti-coagulated using 200
units of heparin. Subsequently, bone marrow was
mixed with lymphocyte separating medium, cen-
trifuged at 2500 r/min for 5 minutes first, and
then at 800 r/min for 5 minutes. All cells were
cultured with Dulbecco’s modified Eagle’s medi-
um containing 12% fetal bovine serum at 37°C in
5% CO2-enriched environment. The isolated cells
were plated at a density of 2×105/2.5 cm2 flask
and the medium was renewed every 3 days.

Construction of pcDNA3.1- BMP-7 Plasmid
Cloning of human BMP-7 gene: the BMP-7

cDNA was cloned by reverse transcription-poly-
merase chain reaction from fresh placental tissue
cells of healthy human using the following set of
primers:

Forward: 5’-gtggtaccgatgcacgtgcgctcactg-3’;
Reverse: 5’-agaagatctctcggaggagctagtggcag-3’.

(Introduced Kpn I and BgI II restriction sites
were underlined).

PCR was performed by 33 cycles of predenat-
uration (94, 4 minutes), denaturation (94°C, 45
seconds), annealing (62°C, 1 minute), and exten-
sion (72°C, 1.5 minutes), followed by a final ex-
tension of 10 minutes at 72°C. The PCR products
were separated by 1% agarose gel electrophore-
sis. Construction of recombinant pcDNA3.1-
BMP-7 eukaryotic expression vector and identifi-
cation: the recombinant plasmid pcDNA3.1-
BMP-7 was constructed by inserting full-length
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yproline content was: Hydroxyproline (mg/L) =
Absorbancedetected tubes/ Absorbancestandard tubes × con-
centration of standard tubes × diluted times.

RT-PCR of the Type I Collagen and
ββ-actin mRNA

Two weeks after the adding of the mineraliza-
tion solution in the medium, Total RNA of the
different groups of MSCs was extracted as previ-
ously described. After the first strand synthesis,
the expression of type�collagen and �-actin was
detected using RT-PCR. The photodensity ratio
of type�collagen/�-actin mRNA was used in the
analysis, and 3 replicates were conducted.

Detection of Osteocalcin Production
Two weeks later, cells were inoculated into a

24-well plate at a density of 2×104/well. Four
parallel cells were set in each group. Supernatant
was taken for detection of osteocalcin by ra-
dioimmunoassay.

Statistical Analysis
The statistical analyses were processed using

SPSS 10.0 software (SPSS Inc, Chicago, IL,
USA). ALP activity, the hydroxyproline content,
and photodensity ratio of different groups were
compared using t test. The level of significance
was set at p < 0.05.

Results

Successful Construction of pcDNA3.1-
BMP-7 Plasmid

Gel electrophoresis showed the fragment of
BMP-7 was 1.3 kb, plasmid pcDNA3.1-BMP-7
was 6.6 kb, the fragments treated by restriction en-
donuclease Kpn I and Bam I were 5.3 kb and1.3
kb, respectively, which met physical map, demon-
strating that BMP-7 cDNA sequence had been
correctly inserted into pcDNA3.1 (Figure 1).

Cell Changed to Polygonal Shape After
pcDNA3.1-BMP-7 Transfection

Initially the rabbit MSCs were round-shaped.
After inoculation of 48 hours, MSCs became
long spindle shape gradually (Figure 2). The
G418 screening was performed after 24 h of
transfection, and nearly 80% of the cultivated
MSCs were killed in the next week. Two weeks
after the G418 screening of the transfected
MSCs, the pcDNA3.1-BMP-7 plasmid transfect-
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Figure 1. Electrophoresis of the reconstructed pcDNA3.1-
BMP-7 plasmid. Lane 1: pcDNA3.1-hBMP-7; Lane M:
DNA marker. The length of the marker was also shown.

Figure 2. The Long, spindle-shaped MSCs BMP-7 -trans-
fection (× 100).

ed MSCs formed colonies, and these transfected
G418-resistant MSCs had polygonal shape,
which was similar to the osteoblasts (Figure 3).
In contrast, the MSCs transfected by blank vec-
tors and the untransfected MSCs were still in
long spindle shape.

BMP-7 Expressed in the pcDNA3.1-BMP-7
Transfected MSCs

After 72-hours transfection, RT-PCR clearly
demonstrated the mRNA expression of BMP-7 in
pcDNA3.1-BMP-7-transfected cells. A 1.3 kb
fragment was seen in pcDNA3.1-BMP-7-
transfected cells, but not seen in pcDNA3.1-trans-
fected cells and untransfected cells (Figure 4). 
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Increased ALP Activity in Rabbit MSCs
Transfected by pcDNA3.1-BMP-7

ALP activity in the pcDNA3.1-BMP-7-
transfected group significantly increased at 2
days after transfection, peaked at 8 days, and still
increased at 10 days. ALP activity in the pcD-
NA3.1-transfected, and untransfected groups was
basically unchanged (Figure 5). At each time
point, ALP activity was significantly higher in
the pcDNA3.1-BMP-7-treated group than in the
pcDNA3.1-transfected, and untransfected groups
(p < 0.05).

Increased Collagen Accumulation for
pcDNA3.1-BMP-7 Transfected MSCs

In order to study the type I collagen accumula-
tion of the cultured MSCs, mineralization solu-
tion was added to the culture medium and culti-
vated the MSCs for two weeks. Then the accu-
mulation of the type I collagen was examined by
estimating the hydroxyproline content in the cul-
ture medium. The hydroxyproline content was
significantly higher in the pcDNA3.1-BMP-7

Figure 3. The polygonal-shaped MSCs before after BMP-
7 -transfection (× 200).

Figure 4. RT-PCR analysis of BMP-7 gene expression
Lane M: DNA marker; Lane A: pcDNA3.1-BMP-7-
transfected cells; Lane B: pcDNA3.1-transfected cells; Lane
C: untransfected cells.

Figure 5. Effect of BMP-7 gene transfection on ALP activity in bone marrow mesenchymal stem cells. 
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transfected group than that in the pcDNA3.1-
transfected and the untransfected MSCs (p <
0.01, Figure 6). RT-PCR on the type I collagen
mRNA also demonstrated that the expression of
type I collagen was significantly higher in the
pcDNA3.1-BMP-7 transfected MSCs than that in
the pcDNA3.1-transfected and the untransfected
MSCs (p < 0.05, Table I).

Increased Osteocalcin Production 
in Rabbit MSCs Transfected by 
pcDNA3.1-BMP-7 

Two weeks later, osteocalcin production was
significantly greater in the pcDNA3.1-BMP-7-
transfected group than in the pcDNA3.1-transfect-
ed, and untransfected cells (p < 0.05) (Figure 7).

Discussion 

The multipotent MSCs are appropriate seed
cells in tissue engineering because they are easy

to isolate and cultivate. However, enhancing the
differentiation of MSCs into osteoblasts stably
and massively became a key issue in bone tissue
engineering and related gene therapy. Gene trans-
fer technology is to make exogenous gene into
cells and induces its expression in the cell by the
development of molecular biology25-27.  

In this study, rabbit MSCs were transfected
with pcDNA3.1-BMP-7 eukaryotic expression
vector in vitro. Seventy-two hours after the
transfection, BMP-7 gene transcription was de-
tected using RT-PCR. The BMP-7 gene was in-
duced into MSCs through gene transfection to
maintain the osteogenic capacity and the contin-
ued expression of local BMP-7 protein28-30. This
may be an ideal method in treatment of bone re-
generation and bone defects31-32. Before the
gene transfection procedure, it is necessary to
determine whether the BMP-7 gene could be ef-
ficiently transfected into MSCs with eukaryotic
vector. Subsequent studies demonstrated that
pcDNA3.1-BMP-7-transfected MSCs could ex-
press BMP-7 protein in the cytoplasm and se-
crete it into culture medium. ALP and collagen
were regarded as indicator of osteoblastic differ-
entiation33. To further investigate the biological
activities of the generated BMP-7 protein, we
measured the ALP activity and osteocalcin pro-
duction as well as type I collagen accumulation
in MSCs. In the present study, the distinct effects
of pcDNA3.1-BMP-7 on induction of the early
osteogenic marker ALP and late osteogenic
marker type I collagen accumulation with osteo-
calcin were demonstrated in transfected MSCs,
suggesting that these MSCs underwent differenti-
ation into functional osteoblasts. Since osteoblas-

Figure 6. Hydroxyproline production in pcDNA3.1-
hBMP-7-transfected, pcDNA3.1-transfected, and untrans-
fected cells.

Photodensity
MSCs group ratio

Untransfected MSCs .45 ± 0.13
pcDNA3.1-transfected MSCs 1.36 ± 0.12
pcDNA3.1-BMP-7 transfected MSCs 2.78 ± 0.18

Table I. Photodensity ratio of the type I collagen/β-actin
mRNA among different groups (n = 3, mean ± SD). 

The type I collagen/β-actin photodensity ratio was signifi-
cantly higher in the pcDNA3.1-BMP-7 transfected MSCs
than that of pcDNA3.1-transfected MSCs and untransfected
MSCs (p < 0.05).

Figure 7. Osteocalcin production in pcDNA3.1- BMP-7-
transfected, pcDNA3.1-transfected, and untransfected
cells.



tic differentiation was seen exclusively in pcD-
NA3.1-BMP-7- transfected cells and no BMP-7
protein was observed in the untransfected or
pcDNA3.1- transfected cells, we regarded the os-
teogenic stimulus (BMP-7) as the major determi-
nant driving MSCs differentiation into the os-
teogenic lineage.

Conclusions 

In the present study, harvested MSCs were
cultured and transfected with the BMP-7 gene
via eukaryotic vector in vitro and eukaryotic ex-
pression vector of recombinant pcDNA3.1-BMP-
7 was constructed successfully. These results in-
dicated that BMP-7 was expressed in MSCs suf-
ficiently and was involved in inducing differenti-
ation of MSCs into osteoblast. The method
would provide substantial basement for BMP-7
gene therapy. Further studies on the pathways
regulatedby BMP-7, transfecting BMP-7 into
MSCs in vivo, and controlling BMP-7 expression
was needed to facilitate the practical and clinical
application of BMP-7 as gene therapy treatment.
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