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ABSTRACT. The biological effects of transfection of an adeno-associated
virus (AAV) vector with bone morphogenetic proteins 4 and 7 (BMP-4/7)
fusion gene (AAV-BMP-4/7) were determined in rabbit bone marrow
stromal cells (BMSCs). BMP-4 and BMP-7 genes were obtained through
one-step reverse transcriptase polymerase chain reaction from human
placental cells. The BMP-4/7 fusion gene was then generated through
recombination. Rabbit BMSCs were transfected with the recombinant
AAV vectors carrying AAV-BMP-4/7 with multiplicity of infection values.
Cell growth curves were drawn to evaluate the biological effects of AAV-
BMP-4/7 on cell activity. The transfection efficiency was measured using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
The ossification of cells was evaluated by observing alkaline phosphatase
(ALP) and osteocalcin (OC) activity after transfection for 7 and 14 days.
The cells were then transfected with AAV-BMP-4/7 and AAV-enhanced
green fluorescent protein. We successfully constructed the recombinant
adeno-associated virus with the BMP-4/7 fusion gene. The transfection
efficiency of AAV-BMP-4/7 was approximately 72% without significant
biological effects on cell activity. Cell ossification was significant after
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transfection with AAV-BMP-4/7. The 1 x 10° vg/cell multiplicity of
infection value of transfection efficiency was more than 5 x 10* vg/cell
(59.38%). Significantly higher ALP and OC activity occurred in the AAV-
BMP-4/7 transfection groups than in the AAV-enhanced green fluorescent
protein groups (¢, , = 896.88, P < 0.001; 7. = 543.24, P < 0.01). The

AAV-BMP-4/7 fusion gene can highly efficient transfect rabbit BMSCs
cultured in vitro and it has significant ossification activity.

Key words: Bone tissue engineering; Bone morphogenetic protein;
Fusion gene; Adeno-associated virus; Bone marrow stromal cells

INTRODUCTION

Bone morphogenetic proteins (BMPs) can induce bone marrow stromal cells (BMSCs)
to differentiate into ossification or chondroblasts and promote the formation of new bone. At
present, the BMP family has more than 20 members, of which BMP-2, BMP-4, and BMP-7 have
the strongest activity and can promote the formation of cartilage and new bone. Promoting the
fusion of bone and spine has been successfully undertaken (Woo and Morrey, 1982; Mahoney
and Pellicci, 2003). In these experiments, BMP-4 and BMP-7 have been shown to play various
roles in promoting the fusion of bone and spine (Berry et al., 2004; Meek et al., 2006). The
BMPs in the human body (hBMPs) are mostly homodimers, but a few, such as BMP-2/7 and
BMP-4/7, are heterodimers. The literature reports that the activity of BMP heterodimers is 20
times that of homodimers (Kelley et al., 1998; Sanchez-Sotelo and Berry, 2001; Sultan et al.,
2002; Forsythe et al., 2007).

The adeno-associated virus (AAV) is capable of the efficient transfection of target cells and
long-term stable expression of foreign genes; it is also safe (National Joint Registry for England and
Wales; http://www.njrcentre.org.uk). We constructed an AAV of the BMP-4/7 fusion gene (AAV-
BMP-4/7) and observed the effects of its transfection on the biological behavior of rabbit BMSCs.
The aim of this study was to determine whether a BMP-4/7 fusion gene promotes osteogenic activity
in rabbit BMSCs and could provide a new treatment strategy for bone tissue engineering.

MATERIAL AND METHODS
Rabbit BMSC culture

Thirteen healthy male New Zealand rabbits were provided by the Central Laboratory of
the First Hospital of Harbin Medical University. The rabbits weighed approximately 20 kg and
were 2.5 months old. Rabbit BMSCs were isolated and cultured using the bone marrow method
for primary culture. After the cells reached confluence into a monolayer for digestion and pas-
sage, third-generation cells that exhibited robust growth were collected for use in the experiment.

Plasmid construction

The primers of hBMP-4 and hBMP-7 genes were designed according to the mature
peptide sequence. The BMP-4 primers were P1, 5'-CGGAATTCAACTTAATGAGGGAGG-
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3'and P2, 5'-TTGGATCCGCTGCGGGAAGC-3'. The BMP-7 primers used were P1, 5'-TAG
GATCCGCCGCGGGAGGATCCACG-3" and P2, 5'-AACTGCAGTAACTAGTGGCAG-3'.
The EcoRI and BamHI sites were introduced upstream and downstream of the hBMP-4 gene.
The BamHI and Pstl sites were inserted upstream and downstream of the hBMP-7 gene. The
complementary DNA (cDNA) sequences of hBMP-4 and hBMP-7 were amplified through
one-step reverse transcriptase polymerase chain reaction (PCR) from placental tissue and
were cloned into the pGEM-T vector to produce the recombinant plasmids pGEM-BMP-4 and
pPGEM-BMP-7, respectively. The 2 plasmids were digested with EcoRl/BamHI and BamHI/Pst1
enzymes and then ligated with T4 ligase at 16°C overnight. Transformation into Escherichia
coli DH5a followed to screen for positive clones, which were identified using EcoRl/BamHI
and BamHI/Pstl double-enzyme digestion, 1.5% agarose gel electrophoresis, and sequencing.

The BMP-4 and BMP-7 gene fragments were ligated to produce the BMP-4/7 fusion
gene, which was then cloned into the pGEM plasmid indentified through sequencing. The
BMP-4/7 fusion gene was cleaved from pGEM-BMP-4/7, the recombination was completed
in E. coli, and recombinant AAV (Vector Gene Technology Company Limited, China) was
produced in 293 cells. To conduct EcoRI, BamHI, and Pstl enzyme digestion identification
and analysis, we transformed the AAV-BMP-4/7 plasmid into DH5a. A large number of AAV
plasmids were extracted, Lipofectamine 2000 (Promega, USA) was used to transfect the 293
cells according to manufacturer instructions, and G418 selection and culture were conducted
to obtain a drug-resistant cloned cell line.

Cell morphology

After digestion with 0.25% trypsinase at 10° cells on a 24-well plate, third-generation
cells in good state were selected and inoculated. The cells were then cultured until 70% conflu-
ence and inoculated with the virus. Four groups with different multiplicity of infection (MOI)
values of AAV transfection - namely 5 x 104, 1 x 10%, 5 x 10°, and 1 x 10° vg/cell - were se-
lected for the experiment. Each group contained 6 wells. Based on the MOI values of the cells,
the required amount of virus and serum Dulbecco’s modified Eagle’s medium were added into
each well. The virus solution was aspirated 2 h after transfection and added to ordinary Dul-
becco’s modified Eagle’s medium for conventional culture. The cell changes were observed
every 24 h after transfection.

Cell proliferation activity

Rabbit BMSCs (transfected group) were transfected for 2 h with the virus at 1 x 10°
vg/cell MOI. The untransfected BMSCs were used as the control group. The cells were inocu-
lated on a 96-well plate at 1 x 10*cells/well after digestion and were collected after inoculation
for 12, 24, 48, 72, and 96 h to determine cell activity using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (A =630 nm). A cell growth curve was constructed, and the
cell proliferation states in the 2 groups were compared to observe the effect of AAV-BMP-4/7
transfection on cell proliferation.

The cells from the AAV-BMP-4/7-transfected group and AAV-EGFP (enhanced green fluo-
rescent protein-transfected group), which was provided by VGTC Gene Technology Company Ltd.,
Beijing, China, were collected. After transfection for 7 and 14 days, the cells were observed under an

Genetics and Molecular Research 11 (3): 3105-3114 (2012) ©FUNPEC-RP www.funpecrp.com.br



S.H. Yuan et al. 3108

inverted phase contrast microscope. Seven days after transfection, the cell morphology had changed
significantly. The cell distribution was uneven, showing partial intensive and local porosity. The
cells were polygonal, and under high-power magnification, brown particles were seen in the cyto-
plasm, which indicated a significant osteogenic change. After 14 days, the cells showed multiple-
layer growth, and the brown particles in the cytoplasm were more evident, which indicated calcium
nodule formation in the cell. The AAV-EGFP group showed only cell contraction with irregular
margins but no changes specific to osteogenic cell differentiation.

Transfection efficiency

Third-generation cells in good state were selected and, after 2 h of transfection with
the virus at 1 x 10° vg/cell MOI, green fluorescence was detected through flow cytometry and
the transfection efficiency of the cells was calculated (repeated six times). An MOI value of 5
x 10* vg/cell was used as the control.

Osteogenic activity

Cells were cultured for 7 and 14 days after transfection with AAV-BMP-4/7 for 2 h
(experimental group). Morphological cellular changes and osteogenic differentiation were ob-
served with an inverted phase contrast microscope. AAV-EGFP was used as the control group
(6 samples each). Approximately 7 and 14 days after transfection, the supernatants from the
2 groups of cells were collected. Following manufacturer instructions on the alkaline phos-
phatase (ALP) assay kit (Boster Company, China), we conducted colorimetric determination
(520-mm, 1-cm light path colorimetry), and the ALP content was measured in the supernatant.
The supernatants of the 2 groups of cells were collected at 7 and 14 days after transfection,
respectively. The osteocalcin (OC) values were tested according to manufacturer instructions
(Immune Technology Institute of East Asia, Beijing, China). Approximately 100 pL of the cell
culture medium was mixed with 100 uL '*I-labeled OC antibodies and kept at 4°C for 24 h.
Separated agent was then added and mixed to the solution, which was placed at room tempera-
ture and centrifuged at 4°C. The radiation dose of the detected precipitation in the supernatants
was discarded, and the average OC content of each group was calculated (repeated 6 times).

Statistical analysis
The data were analyzed using SPSS 11.5 and are reported as means + SD. The differ-

ences between groups were analyzed by the ¢-test, which represented the independent samples
of the 2 groups. A P value of <0.05 was considered to be statistically significant.

RESULTS
Plasmid construction
The pPGEM-BMP-4 and pGEM-BMP-7 plasmids were extracted and identified through

agarose gel electrophoresis and PCR primer expansion identification. Two bright bands of 374
and 451 bp were found. The sequencing result was consistent with the report in GenBank
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(Nos. NM_001202.3 and BC008584.1) and the size of the mature peptide gene sequences of
BMP-4 and BMP-7.

AAV-BMP-4/7 was successfully obtained. A band of 826 bp was observed through
double-enzyme digestion. Two bright bands of approximately 374 and 451 bp on the agarose
gel appeared after EcoR1, BamHI, and Pstl identification and PCR primer expansion (Figure
1), which indicated that the fusion gene of BMP-4 and BMP-7 was successfully obtained. The
AAV plasmid carrying the BMP-4/7 fusion gene was generated after recombination.

Figure 1. Adeno-associated virus (AAV) vector with bone morphogenetic proteins 4 and 7 (AAV-BMP-4/7)
plasmid identification enzyme digestion. Lane I = ADNA molecular weight standard; /ane 2 = EcoRI and Pstl
enzyme digestion; lane 3 = BamHI and Pstl enzyme digestion; lane 4 = EcoRI and BamHI enzyme digestion; lane
5 = BMP-7 polymerase chain reaction-amplified fragment; /ane 6 = BMP-4 polymerase chain reaction-amplified
fragment; lane M = DNA marker.

Cell morphology

Rabbit BMSCs were transfected with the virus at various MOI values. Approximately
24 h later, the cell morphology changed in each group, with long spindle cells contracting into
irregular margins. The changes became significant after 72 h, and some cells lost the typical
cell morphology of BMSCs. The cells began to show irregular arrangement in the form of
polygons and random rectangles. These changes became more obvious with increasing MOI
value. The 5 x 10* vg/cell group did not significantly change, the 1 x 10’ vg/cell group changed
minimally, and the 1 x 10¢ vg/cell group exhibited the most evident effect, in which some cells
disintegrated (Figure 2).

Cells from the AAV-BMP-4/7-transfected group and AAV-EGFP-transfected group
were collected. After transfection for 7 and 14 days, the cells were observed under an inverted
phase contrast microscope. Seven days after transfection, the cell morphology changed signifi-
cantly. The distribution of the cells was uneven, showing partial intensive and local porosity,
and the cells were polygonal. Under high-power magnification, brown particles were seen
in the cytoplasm, indicating significant osteogenic change. After 14 days, the cells showed
multiple-layer growth, and the brown particles in the cytoplasm were more evident, indicating
that calcium nodules had formed in the cells. The AAV-EGFP group showed only cell contrac-
tion and irregular margins and no specific changes of osteogenic cell differentiation (Figure 3).
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Figure 2. Cell changes after transfection with AAV-BMP-4/7 for 72 h. A. The 5 x 10*vg/cell group. B. The 1 x 10°
vg/cell group. C. The 5 x 10° vg/cell group. D. Some cells in the 1 x 10°vg/cell group (200X).

A

Figure 3. Cell morphological changes after transfection with AAV-BMP-4/7 under an inverted phase contrast
microscope. A. Seven hours after transfection. B. Cells 14 days after transfection (200X). C. Cells in the AAV-
enhanced green fluorescent protein-transfected group.

A
C
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Cell proliferation activity

After inoculation for 12, 24, 48, 72, and 96 h, transfected and untransfected cells were
assessed for activity using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
method (A =630 nm). A cell growth curve was drawn. The result showed that the multiple prolif-
eration periods of the 2 groups of cells both appeared at 24 h, and the activity of the transfected
group was slightly lower than that of the untransfected group. However, the cell proliferation
was active, which suggests that AAV had little effect on the cell growth curve (Figure 4).
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Figure 4. Growth curve of cells in the transfected and untransfected groups after inoculation for 12, 24, 48, 72, and 96 h.

Transfection efficiency

Third-generation cells in good state were selected, and after transfection by virus with
an MOI value of 1 x 10° vg/cell, the transfection efficiency was calculated with flow cytom-
etry. The average transfection efficiency was 72%. The MOI value of 1 x 10° vg/cell had a
relatively minimal effect on cell morphology, but the transfection efficiency was more than
that of cells transfected with virus having an MOI value of 5 x 10*vg/cell (59.38%; chi-square
=15.58, P <0.01; Figure 5).
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Figure 5. Transfection efficiency of bone marrow stromal cells transfected with AAV-BMP-4/7. A. Transfection with a
multiplicity of infection value of 1 x 10°vg/cell. B. Transfection with a multiplicity of infection value of 5 x 10*vg/cell.

Genetics and Molecular Research 11 (3): 3105-3114 (2012) ©FUNPEC-RP www.funpecrp.com.br



S.H. Yuan et al. 3112

ALP content determination

Two groups of cells were selected for transfection. The cell supernatants were collected
after 7 and 14 h to detect ALP concentration. The contents of the AAV-BMP-4/7 group was
67.2 £ 8.4 and 106.5 £ 12.1 Kim units, respectively, whereas the contents of the AAV-EGFP
group were 10.1 £ 2.7 and 23.6 + 4.8 Kim units, respectively. The difference between ALP
contents of the AAV-BMP-4/7 group and the AAV-EGFP group was statistically significant (¢
=896.88, P <0.001).

OC content determination

Two groups of cells were selected for transfection. We collected the cell supernatants
after 7 and 14 h to calculate OC contents. The concentrations of the AAV-BMP-4/7 group
were 0.289 +0.014 and 0.363 + 0.076 ng/mL, respectively, whereas those of the untransfected
group were 0.011 = 0.007 and 0.017 + 0.010 ng/mL, respectively. The OC content difference
between the transfected and the untransfected groups was statistically significant (¢ = 543.24,
P <0.01).

DISCUSSION

BMPs play a key role in the process of cell growth and bone formation; hence, they
have been the focus of much research (Berry et al., 2005; Sanchez-Sotelo et al., 2006; Kung
and Ries, 2007). The bone induction abilities of BMP-2, BMP-4, and BMP-7 (especially that
of BMP-4) are the strongest among those of more than 20 BMPs. Recent studies have con-
firmed that the role of recombinant hBMP-4 in promoting spinal fusion is more prominent
than that of recombinant hBMP-2, as its required dose is only one-tenth that of recombinant
BMP-2, with the osteogenic volume being positively correlated with the dose (Aspenberg,
1998; Sundfeldt et al., 2006). Considering that BMP heterodimers have higher activity than
that of homodimers in vivo, we selected BMP-4 and BMP-7 as target genes. The 2 mature
peptide cDNA sequences were successfully cloned, and DNA recombinant technology was
used to fuse the mature peptide cDNA of the BMP-4 and BMP-7 genes. The fusion gene was
successfully cloned into a shutter plasmid, and the AAV-BMP-4/7 plasmid was obtained after
recombination in E. coli.

The AAV genome can be integrated into the DNA of the genome of the host cell,
which ensures the long-term stable expression of foreign genes. The transcription elements
in the AAV terminal repeated sequence do not fuse into the host DNA, and the likelihood of
insertional mutagenesis is very small. The virus can also be integrated into cells during the di-
vision and nondivision phases and has a wide range of hosts (Robertsson et al., 1997; Alberton
et al., 2002). Therefore, AAV can be used as a relatively suitable virus vector, which solves
the problem of recombinant genes obtaining sustained expression through gene-engineering
techniques. Currently, AAV is the basis of gene therapy and is one of the commonly used vec-
tors in clinical research.

The difference in the MOI value of AAV-transfected cells was very large, ranging
from 1 x 10*to 1 x 10°vg/cell. This result showed that an MOI of 1 x 10°vg/cell has little effect
on cell morphology and has no obvious impact on cell proliferation activity. Its transfection
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efficiency is 72%, significantly higher than the transfection efficiency of the general liposome
at 20-30%. The MOI value of 5 x 10*vg/cell can achieve good transfection efficiency (55-
65%), and its effect on cell proliferation activity is minimal (Paterno et al., 1997; Mahoney
and Pellicci, 2003; Kwon et al., 2006). However, the results showed that an MOI of 1 x 10°
vg/cell had higher transfection efficiency than that of an MOI of 5 x 10* vg/cell. The former
can be used as the MOI of routine selection, which not only guarantees a certain amount of
transfected virus but also ensures good transfection efficiency. The difference between our
results and the transfection efficiency in the literature report was not statistically significant (P
> 0.05) (Dong et al., 2007).

BMSCs are osteogenic stem cells that have the potential to differentiate into various
cell lines. BMSCs can achieve cross-system differentiation under certain external environment
and stimulating factors, are convenient to obtain and easy to culture, and are good sources of
seed cells for tissue engineering (Amlie et al., 2010). AAV-BMP-4/7 was used to transfect the
BMSCs, and the cell morphology changed from spindle to polygonal and cubic forms, show-
ing obvious osteogenic changes. With extension of the transfection time, the changes in the
features were more significant, and the difference was more dramatic compared with that in
the control group. This finding indicated that the BMP-4/7 fusion gene had osteogenic activity
and was positively correlated to transfection time.

BMPs play important roles in the osteogenic process - namely, the promotion of cell
chemotaxis, mitosis, and cell differentiation (Hedlundh et al., 1996; Kelley et al., 1998; Bartz
et al., 2000; Mahoney and Pellicci, 2003). The complicated process of BMSC differentiation
into mature osteogenic cells occurs through the interactions of many system, paracrine, and
autocrine factors. BMPs are added to the cultured BMSCs for induction. When the process
of osteogenesis is induced, differentiation into osteogenic cells occurs. The cell synthesis and
secretion express the osteogenic proteins and extracellular matrix components, such as ALP
and OC, which are commonly used indicators of induction. The cell morphology showed
that the cells transfected with AAV-BMP-4/7 had osteogenic activity after they were induced
in the culture for 7 and 14 days. The activity gradually increased, whereas the AAV-EGFP
control group showed no significant osteogenic activity. After transfection, AAV-BMP-4/7
was conducted and induced in the culture for 7 and 14 days. The ALP and OC contents in the
supernatants both increased significantly with longer induced culture time. However, the ALP
and OC contents in the AAV-EGFP control group did not increase significantly, so the results
confirmed that the protein expressed by the BMP-4/7 fusion gene induced osteogenic activity
after transfection via AAV.

In conclusion, we successfully constructed an AAV expression vector that contained
a BMP-4/7 fusion gene. The results showed that the BMP-4/7 fusion gene was efficiently
expressed in target cells via AAV and promoted the transformation of BMSCs to in vitro cells
promoting bone formation.
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