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ABSTRACT. Bone morphogenetic protein-7 (BMP-7) and SOX9 are
important transcription factors in chondrogenesis. In this study, we
examined the biological function of the adeno-associated virus (AAV)-
mediated BMP-7 and SOX9 double gene in vitro co-transfection of
nucleus pulposus cells of human degenerative intervertebral disc.
Human intervertebral disc nucleus pulposus cells were cultured in
vitro and subcultured for 5 generations. Using rAAV-BMP-7 and
rAAV-SOX9 AAV2-type AAV viruses, the cells were divided into 4
groups: blank normal, BMP-7 transfection, SOX9 transfection, and
BMP-7 and SOX9 co-transfection. After 48 h, expression of type 11
collagen and its mRNA in nucleus pulposus cells was determined.
The expression of type II collagen in BMP-7 transfection, SOX9
transfection, and co-transfection groups was up-regulated to varying
degrees compared to the blank control group. The type II collagen
mRNA level expression in the co-transfection group was significantly
higher than in other groups (P < 0.05). AAV-mediated BMP-7 and
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SOX9 in vitro co-transfection can promote the synthesis of type
IT collagen in nucleus pulposus cells in the human degenerative
intervertebral disc. Double-gene therapy has a synergistic effect in
the treatment of intervertebral disc degeneration.

Key words: Adeno-associated virus; Bone morphogenetic protein-7;
SOXO9; Type II collagen

INTRODUCTION

Lumbar disc degeneration is an important cause of low back pain, and the delay and
reversal of degenerative intervertebral disc is a key factor in research of spine surgery (Boren-
stein, 2000). With continuous improvement of treatment methods involving gene therapy, the
reversal of the degenerative intervertebral disc has received increasing attention. Thus far, en-
couraging results have been achieved (Wang et al., 1999). Wehling et al. (1997) first proposed
the transgenic reversal of intervertebral disc degeneration, and successfully achieved trans-
fection of a target gene into in vitro cultured cartilage cells of cartilage endplate in a bovine
intervertebral disc. Sai et al (2007) used transforming growth factor (TGF)-B1, 3 as a target
gene and adenovirus as vector to transfect rabbit intervertebral disc nucleus pulposus cells,
which showed increased type II collagen and proteoglycan synthesis. Wallach et al. (2003)
successfully constructed recombinant adenovirus vector adenovirus-tissue inhibitor of metal-
loproteases (TIMPs) carrying TIMPs and in vivo transfected them into human intervertebral
disc cells, which showed increased proteoglycan synthesis.

Although single-gene transfection of intervertebral disc cells has shown good results,
a large quantity of viral vectors is needed, which increases the risk of cytotoxicity and the
induction of an immune response (Lohr et al., 2001). Co-transfection of 2 or more factors
into intervertebral disc cells has been examined to reduce the dosage of viral vectors required
and to produce improved biological effects. Xi et al. (2013b) constructed adeno-associated
virus (AAV)-hVEGF, . and AAV-TGF-B1 for transfection or co-transfection, respectively, of
intervertebral disc cells. The results showed that the expression quantity of type II collagen
of AV-hVEGF . and AAV-TGF-B1 double-gene co-transfection of annulus fibrosus cells sig-
nificantly increased compared with single-gene transfection. Wallach et al. (2003) combined
TGF-B1, bone morphogenetic protein (BMP)-2, and insulin-like growth factor 1 for transfec-
tion of intervertebral disc cells. The combination of these 3 factors showed clear biological
effects compared to the use of 1 or 2 factors.

In this study, we used AAV-mediated BMP-7 and SOX9-double gene for in vitro co-
transfection of nucleus pulposus cells of the human degenerative intervertebral disc using
SOX9 to promote matrix expression function and BMP-7 to promote the synthesis of mar-
row stromal cell components and up-regulate the expression function of SOX9. The effect of
double-gene therapy on human intervertebral disc degeneration was determined.

MATERIAL AND METHODS
Culture of human degenerative intervertebral disc nucleus pulposus cells

Intervertebral disc nucleus pulposus cells from an aborted fetus were placed in F12 cul-
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ture medium containing 20% fetal bovine serum and the cells were incubated at 37°C with 5%
CO, for culture. After fusion, the cells were subcultured by digestion with 0.25% trypsin. The
multi-subculture method was used to produce degenerative intervertebral disc cells by dediffer-
entiation. The entire experimental process complied with the ethical standards of the institution.

AAV transfection and determination of transfection rate

rAAV-BMP-7 and rAAV-SOX9 were provided by Shenzhen Biowit Technologies Ltd.
(Shenzhen, China). In accordance with the multiplicity of infection of 1 x 10, rAAV2-EGFP
was mixed with serum-free F12 culture fluid; the final volume just covered the surface of the
cells. This solution was added to the cultured cells washing with phosphate-buffered saline,
followed by incubation at 37°C for 10-30 min. Next, the serum-free F12 culture medium was
used to wash the cells 3 times to remove the unadsorbed rAAV2-EGFP. F12 culture liquid con-
taining 21% fetal bovine serum was added, followed by culturing of the cells at 37°C in 5%
CO,. After transfection for 72 h, EGFP expression in cells was observed under a fluorescence
microscope. Cells showing green fluorescence were considered to be positive. The percentage
of positive cells of 100 cells was considered to be the transfection rate.

rAAV2-BMP-7 and rAAV2-SOX9 co-transfection of degenerative intervertebral
disc nucleus pulposus cells

The 5th generation of nucleus pulposus cells was inoculated onto a 12-well plate. After
24 h, the cells were well adherent to the wall, and transfection was started. In accordance with
the multiplicity of infection of 1 x 10%, the rAAV2-SOX9, rAAV2-BMP-7 and double-gene mix-
ture (1:1) were mixed with F12 culture liquid not containing the double antibody, respectively,
and then was added to the culture well, followed by culturing at 37°C and under 5% CO,. After
10 h, the liquid was removed, and F12 culture medium containing 10% fetal bovine serum was
added, followed by continued culture. The experiments were divided into 4 groups: blank con-
trol; BMP-7 transfection; SOX9 transfection; BMP-7 and SOX9 co-transfection.

Determination of type II collagen mRNA

The 5th generation of nucleus pulposus cells was inoculated onto a 12-well plate.
rAAV2-BMP-7, rAAV2-SOX9 and double-gene transfection were performed as described above
(experimental groups). Third-generation nucleus pulposus cells that had not been subjected to
transfection were used as controls. After 48 h, the culture medium was removed and the cells
were collected. Total RNA in each group was extracted using TRIzol, and the purity and concen-
tration of the RNA were measured. The type II collagen mRNA expression level was detected
using fluorescence quantitative PCR. All primers were constructed in accordance with the prin-
ciple of primer design, and were determined to be specific based on Blast comparison (Table 1).

Determination of type II collagen
Degenerative intervertebral disc nucleus pulposus cells from each group were

collected and cell lysate solution was added. After centrifugation at 22,500 g for 5 min; 100 uLL
supernatant was removed and 20 pL sodium dodecyl sulfate buffer was added. After boiling
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the samples in a water bath for 10 min to denature the protein, 10 and 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis were performed. After separation, the proteins
were transferred to a cellulose nitrate membrane, followed by blocking for 30 min. At 37°C,
primary antibody (anti-type II collagen, 1:500) and second antibody (anti-human IgG) were
added for hybridization, followed by 3,3'-diaminobenzidine coloration. The digital gel imager
Chemilmager 4000 was used to scan the strips, and the gray value of the strips was analyzed
using the Quantity one v4.62 software (Bio-Rad, Hercules, CA, USA).

Table 1. Specific primer sequences.

Primer Sequence

F-type II collagen 5'-ATGACAATCTGGCTCCCAAC-3'
R-type II collagen 5'-ATCCTTCAGGGCAGTGTACG-3'
Upstream B-actin 5'-CACGATGGAGGGGCCGGACTCATC-3'
Downstream [B-actin 5'-TAAAGACCTCTATGCCAACACAGT-3'
RESULTS

Results of cell culture

After multi-subculture, adherent growth of nucleus pulposus cells was observed to
be in the shape of a polygon. Cell division and proliferation was clear. Because of the low
density of the cells, sporadic cells showed a cluster-like distribution. At the 5th generation of
subculture, dedifferentiation of cells could be observed and the cell morphology had changed
from a round and a polygonal shape to short-shuttle shape, indicating the degeneration stage
of cells (Figure 1A, B, C).

Figure 1. Results of cell culture (200X). A. Intervertebral disc nucleus pulposus cells; B. after 3 days of passage;
C. cultured to the 5th generation.

AAV-EGFP transfection efficiency

After transfection with AAV-EGFP, nucleus pulposus cells showed green fluorescence
under a microscope. The transfection efficiency was low, and the positive cells accounted for
15% of the total cells (Figure 2).
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Figure 2. AAV-EGFP tansfection efficiency (200X).

Transfection results

As shown in Figure 3, after transfection, the SOX9 gene showed red fluorescence, the
BMP-7 gene showed green fluorescence, and the double gene showed a mixture of the two colors.

B C

Figure 3. Transfection results. A. SOX9 transfection; B. BMP-7 transfection; C. double-gene co-transfection.

Expression of type II collagen mRNA

After transfection for 48 h, the expression of type II collagen mRNA in the double-gene
transfection group was significantly different from that in other groups (P < 0.05). There was no
significant difference between the BMP-7 transfection group and SOXO transfection group. This
indicated that BMP-7 and SOX9 double-gene co-transfection up-regulated the expression of
type II collagen mRNA in human intervertebral disc nucleus pulposus cells. Double-gene ther-
apy had a synergistic effect on lumbar intervertebral disc degeneration (Figure 4 and Table 2).
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M A B C D

Figure 4. PCR results. Lane M = marker; lane A = blank control; lane B = BMP-7; lane C = SOX9; lane D =
BMP-7+S0OX9.

Table 2. Expression of type II collagen mRNA.

Blank BMP-7 SOX9 BMP-7+SOX9
B-actin 17.30878 17.95138 18.18228 19.39261
COL2A1 30.19162 30.42282 30.35106 29.97781
At 12.88284 12.47144 12.16878 10.58521
AAt 0 -0.41139 -0.71405 -2.29763
2-44 1 1.579115 2.859406 4.328647
At=Ct, - Ct AN 0, = Degan, - At

sample B-actin® COL2A1 blank®

Expression of type II collagen

After transfection for 48 h, the expression of type Il collagen in the BMP7-transfection
group, SOXO9 transfection group, and double-gene transfection group were significantly higher
than in the blank control group (P <0.05). The expression level in the double-gene transfection
group was significantly higher than in the BMP-7 transfection group and SOX9 transfection
group (P < 0.05). This suggested that BMP-7 and SOX9 could promote the synthesis of type
II collagen, and this promotion effect with the double gene was more pronounced (Figure 5).

A B C D
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Figure 5. Western blotting results. Columns: A = blank control; B=BMP-7; C = SOX9; D = BMP-7+S0X0.

Mean COL2A1 number
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DISCUSSION

Intervertebral disc degeneration is a common cause of low back pain. It has serious
impact on the physical and mental health of patients and increases the social burden. A series
of scientific conservative and surgical strategies are available for the subsequent treatment
of diseases resulting from intervertebral disc degeneration. However, these measures cannot
slow down or stop intervertebral disc degeneration. With the development of molecular biol-
ogy techniques, gene therapy has become the dominant method of biological treatment of
intervertebral disc degeneration, which promotes the synthesis of major matrix components
such as type II collagen and polysaccharide, and decreasing their degradation and for prevent-
ing and reverting intervertebral disc degeneration (Xi et al., 2013a). The most common genes
targeted for treatment of intervertebral disc degeneration include TGF-f (Nishida et al., 1999),
SOX9, TIMP (Haro et al., 2000), BMP, and insulin-like growth factor-1 (Osada et al., 1996).
Related studies have confirmed that a combination of 2 or more growth factors has a larger
effect on the treatment of degenerative intervertebral disc compared with single-gene therapy.
Multi-gene co-transfection has a stronger ability for biological control over nucleus pulposus
cells in the intervertebral disc (Moon et al., 2008).

BMP-7, also known as osteogenic protein-1 (OP-1), belongs to the TGF superfamily.
As an important factor promoting bone fusion, it has been approved by the Food & Drug Ad-
ministration and is widely used in clinical practice. Takegami et al. (2002) examined the effect
of BMP-7 on the rabbit intervertebral disc. Masuda et al. (2006) found that recombinant human
OP-1 can stimulate type II collagen and proteoglycan synthesis as well as increase the expres-
sion of proteoglycan and collagen type Il mRNA in a dose-dependent manner. Chubinskaya et
al. (2007) injected OP-1 into the rat degenerative intervertebral disc; immunohistochemistry
studies confirmed that OP-1 increased the extracellular matrix in the degenerative interverte-
bral disc, altering the cell to have a normal morphology. Shintani and Hunziker (2007) studied
the regulatory effect of BMP-7 on chondrogenesis and found that BMP-7 positively regulated
the expression of the key chondrogenesis factor SOX9 and type II collagen gene in interverte-
bral disc cells in a dose-dependent manner.

SOXO9 is an important transcription factor in the process of chondrogenesis; it promotes
expression of gene products by activating a series of signal transduction pathways. Sive et al.
(2002) applied reverse transcription-PCR, Western blotting, and immunological methods to
detect SOX9 and type II collagen gene expression in intervertebral disc nucleus pulposus cells
at different time points. The expression of SOX9 mRNA in the intervertebral disc nucleus
pulposus cells decreased in patients with severe intervertebral disc degeneration. The decreased
amplitude of SOX9 was consistent with that observed for type II collagen. This suggests that
intervertebral disc degeneration is related to decreased SOX9 expression and that SOX9 plays
an important role in the positive regulation of type II collagen synthesis. Paul et al. (2003) found
that in adenovirus-mediated SOX9 in vitro transfection of degenerative intervertebral disc cells,
SOX9 and type II collagen expression increased. When an adenovirus vector containing SOX9
was injected into a fiber ring acupuncture preparation of a rabbit intervertebral disc degenera-
tion model, the cells in the virus injection group better retained the chondrocyte phenotype than
did the control group. Lefebvre et al. (1997) found that a minimum of DNA element in intron [
of the type II collagen gene may induce the expression of cartilage-specific cells in transgenic
mice. This element may have been a cartilage cell-specific enhancer in the transient transfection
experiments. Expression of type II collagen gene is closely related to high expression of SOX9
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RNA and protein in cartilage cells, and this minimum type II collagen enhancer is the target se-
quence of SOX9. Ren et al. (2013)used SOX9 and OP-1-double gene for in vivo co-transfection
of rabbit degenerative intervertebral disc and achieved encouraging results.

In conclusion, therapy using AAV-mediated BMP-7 and SOX9 double gene had a
remarkable effect on intervertebral disc degeneration, and even reversed degeneration. This
synergistic therapeutic effect is superior to that observed using a single gene. This study has
provides a foundation for the further application of double-gene therapy for treating human
intervertebral disc degeneration.
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