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ABSTRACT

Background: Sox9 is an operon that positively regulates the transcription of type Il collagen. The generation of type Il collagen
plays a critical role in the healing process of the bone-tendon junction (BTJ).

Materials and Methods: Sox9 was injected into an established bone-tendon healing model in order to observe its effect on
the healing by determining the biomechanical properties of the BTJ. In addition, the recombinant adenovirus Sox9 was used to
transduce the animal model samples and in vivo observations of the effect of the adenovirus-mediated Sox9 transduction as well
as its promotion of the healing properties were made.

Results: Sox9 was not only able to promote the healing, but also increased the biomechanical strength. The recombinant Sox9
delivered by adenoviral vector can be expressed at a high level in the damaged tissues of the bone-tendon junction, which can
stimulate the production of type Il collagen and improve the healing of the BTJ.

Conclusions: Based on the results of this study, we considered that gene therapy may be applicable in the healing process of
the bone-tendon junction.
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INTRODUCTION fibrocartilage zone.*The short transition distance between
the soft and hard tissues results in a slower rate of recovery.
one-tendon junction injuries are common problem  Furthermore, the recovery of the fibrocartilage zone has to
Bin athletes. Due to a change in lifestyle, there has  be taken into consideration.
been an increase in the occurrence of bone-tendon
junction (BTJ) injuries like patellar tendinitis, lateral ~ The fibrocartilage zone connecting the bone to the tendon
epicondylitis, rotator cuff injury and the rupture of the  at the BTJ plays an important role in the repair and
Achilles tendon in recent years.'® As a result, there has  reconstruction of the BTJ. The successful reconstruction
been a rising interest in the research of BTJ-related injuries. ~ of the fibrocartilage zone will allow for an improvement
The BTJ generally consists of four groups of tissue, namely ~ in the histological and mechanical recovery of the BTJ.
fibrous tissue, uncalcified fibrocartilage (UF), calcified =~ However, related studies have shown that the reconstruction
fibrocartilage (CF), and bone. Based on the properties  of the fibrocartilage zone is extremely slow and difficult.>¢
of the bone-tendon tissues, it can also be categorized  There are several traditional treatments for BTJ injuries.
into fibro-tissues and bone, with a spacing known as the ~ In recent years, non-invasive techniques or therapies like
low intensity pulsed ultrasound (LIPUS), extracorporeal
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and thus lead to abnormal skeletal development. As a
transcriptional activator, the Sox9 gene is able to co-regulate
the proliferation and differentiation of the chondrocytes
together with other signal pathways through direct or
indirect means.!®!! This can be achieved through the
combination with the chondrocytes-specific enhancer
type II collagen gene (Col2al) and L-Sox5, Sox6.

Currently, main treatments for bone-tendon healing
include surgical treatment and conservative therapy.
However, there are obvious limitations to these
treatments.'? Gene therapy involves the use of gene
transfer techniques to replace a mutated gene with an
exogenous gene that encodes a therapeutic protein in
order to treat certain diseases!® Previous studies have
confirmed that the target genes of Sox9 promote the
healing of bone and cartilage damage.'3'* Therefore, the
synthesis of various matrix components can be regulated
by the insertion or transformation of the therapeutic gene
Sox9. The gene therapy should ideally provide a precise
transference of the target gene to target cells to achieve
an efficient, specific, and controllable expression.!®
However, at present, the transfers of such genes have
poor tissue specificity, which leads to problems like low
transfer efficiency and difficulties in gene expression.
There is an extensive use of adenovirus in current gene
therapies due to advantages such as susceptibility to
infection, effective expression, high stability, high genome
capacity, propensity to proliferate and purification and
high viral titer.'®

In this study, we injected Sox9 into an established
bone-tendon healing model and aimed to observe its effect
on the healing of the BTdJ by determining the biomechanical
properties of the junction.

MATERIALS AND METHODS

48 adult New Zealand white rabbits (18 weeks old), weighing
between 2.0 and 2.9 kg, were randomly divided into four
equal groups: A, B, C, and D. The research protocol was
approved in accordance with the institutional guidelines of
the Animal Care and Use Committee at Wuhan University.

Establishment of animal model and grouping

The animals received an intravenous injection of 2.5%
pentobarbital sodium (0.5 mL) and 10% ketamine
hydrochloride (0.5 mL/kg) into the marginal ear vein before
the surgery. Establishment of animal model was reported in
previous report.!” During our study, we found that simply
injecting Sox9 gene resulted in low transcript and using
adenovirus vector could improve this situation to a certain
level. In our study, we constructed recombinant adenovirus
vector Sox9, AdSox9, and it was used to treat BTJ. Sox9

was injected into the BTJ of rabbits in group A and AdSox9
was transfected into the BTJ of rabbits in group C. Rabbits in
group B served as control and did not receive any injection
during surgery. Rabbits in group D were transfected with
adenovirus and served as a control for group C. For the
rabbits in group A, the seam between the bone and tendon
was injected with a concentration of 200 ng/ml Sox9 that was
dissolved in 0.9% sodium chloride (Sigma, MDL number:
MFCDO03097288, Product number: S4444). The BTJs
of the rabbits in group C were injected with AdSox9 that
had been previously diluted to a titer of 3.0 x 10° pfu/mL.
The epidermis of the right lower limb of the rabbits in all
groups was sutured after the incision and they served as
false-positive groups. The operated limbs were fixed with
plaster casts and the rabbits received 400,000 U/kg/d of
penicillin via intramuscular injection 3 days after surgery.
The surgical incision and blood supply in the limbs were
observed. The plaster casts were removed 4 weeks later
and the rabbits were allowed to roam freely within the cage.

Four groups of rabbits were sacrificed 4 weeks, 8 weeks, and
12 weeks after surgery. After the rabbits in group A were
sacrificed, two were selected for biomechanical testing and
two for histological examinations. After the biomechanical
testing, samples were used for the histological examination.
The BTJ of the rabbits in group C were divided into two
parts: One part was subjected to biomechanical testing (two
samples) and the other part was subjected to histological
examinations (two samples). After the biomechanical testing
was conducted, the samples were collected and used for
mRNA detection.

Histological examination

The experimental samples were collected from different
groups of animals.The experimental limb was extracted
whole from the quadriceps femoris to the tibia while muscles
and other tissues from the attachment points were detached.
Next, the distal patellar tendon was removed from the tibial
tubercle and the patella and patellar ligament were kept
intact. The structure, comprising of the patellar ligament
and the patella with some quadriceps femoris attached,
was sliced along the middle in a vertical axis. We then
conducted a preliminary observation of the specimen’s
healing progress. The structure was later fixed with 10%
formaldehyde for 24 hours and decalcified with 10%
formic acid for 4 weeks. It was subsequently dehydrated
with progressively concentrated amounts of ethanol, treated
with clearing and infiltration agents and then embedded
in paraffin. A 5um thick incision in the sagittal plane of
the specimen was made. The specimen was stained using
the hematoxylin and eosin stain (H and E stain) and the
morphology of the BTJ osteocytes, chondrocytes, and
tendon tissue ground substance were observed under a
light microscope.
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Biomechanical testing

The connective tissues and sutures from the surgery
surrounding the knee of the specimen were first removed.
Using a vernier caliper, triplicate measurements of the
thickness, width, and cross section of the healing surface
from the end of the quadriceps femoris to the proximal
tibial osteotomy were made to obtain mean readings for
statistical analysis. The end of the distal quadriceps femoris
and the proximal tibial osteotomy were secured on a fixture
and a 10° anteversion angle between the tibia and the load
bearing axis was created. The structure was then pulled at a
velocity of 20 mm/min using a dynamometer with the force
of 2 KN and the breaking load was recorded. The rupture
surface created during experiment was examined.

RT-PCR analysis of mRNA expression

Total RNA was extracted from 100 mg of BTJ tissues and
the RT-PCR was used to identify the Sox9 gene expression.
Each sample was tested in triplicates.

Statistical analysis

All data were expressed as mean + SD. Statistical analysis
was performed with 4 X 2 factorial analysis of variance
between the treatment and control groups using the SPSS
13.0 statistical software. Statistical significance was set at
the P < 0.05 level.

ResuLts

The healing effect of Sox9 on BTJ was observed through
the histological changes and detection of the biomechanical
properties of the junction. After the surgery, varying degrees
of swelling to the surgical incisions were observed in the
animals. They were given symptomatic treatments like
antibiotics and none of them succumbed to infection.

General examination

According to observations made on the samples collected
from group A 4 weeks after surgery, fibrous tissue
hyperplasia could be seen on the dorsal surface of the
patella with no obvious adhesions on the skin. In addition,
the cut surface of the surgery was unclear and the surface
of the bone-tendon showed trends of fusion. The dorsal
surface of the patella of group B, which was treated with
0.9% sodium chloride, had smaller amounts of fibrous
tissue hyperplasia than that of group A. A certain degree of
adhesion could be seen between the incision tissues and the
skin. The cut surface in group B was clearer in comparison
to that of group A. There was a notable increase of fibrous
tissue hyperplasia in group A animals that were sacrificed
8 weeks after the surgery, compared to those sacrificed
after 4 weeks. The articular surface was flexible and there
was a loss of glossiness. There was an increase in the fusion

in the BTJ region and the cut surface was quite unclear.
For the corresponding group B, fibrous tissue hyperplasia
could be seen and there were fewer adhesions between the
incision tissues and the skin. However, the cut surface was
clear and animals in group A still healed faster than those
in group B. In the case of the specimens from Group A that
were collected 12 weeks after the surgery, most of the BTJ
had fused, the granulation tissues were clearer and neatly
arranged, and the cut surface could not be distinguished.
In contrast, the patella and the dorsal surface of the patellar
tendon of the corresponding control group had a little
fibrous tissue hyperplasia, the granulation tissues were
unclear and arranged irregularly, and the cut surface was
a little unclear.

Results of histological observation

The morphological changes of the osteocytes, chondrocytes,
and tendon tissue ground substance of the BTJ at different
times were observed under the light microscope after
H and E staining [Figure 1]. Large amounts of fibroblasts
and chondrocyte-like cells could be found in the Sox9
group 4 weeks after the surgery. There was an obvious
increase in fibroblasts and part of the cells and collagen
were aligned along the vertical axis of the bone-tendon.
There was a disorder in the arrangement of a large
portion of the cells and newly formed cancellous bones
that grew from the cut surface toward the distal patellar
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Figure 1: Histological observations of bone tendon junction healing in
group A and B treated with Sox9; a and b (4 weeks); c and d (8 weeks);
e and f (12 weeks). The arrow in Figure 1a shows the fibrous connective
tissue, while the arrow in Figure 1b shows the chondrocyte-like cells,
(H and E, x10).

Indian Journal of Orthopaedics | January 2014 | Vol. 48 | Issue 1

90



Zhu, et al.: Sox9 gene therapy in healing of bone-tendon junction

tendon. Some chondrocyte-like cells that displayed a focal
distribution could be seen in the bone-tendon contact
area. A large amount of fibrous connective tissue cover
was seen on the dorsal surface of the patella and patellar
tendon [Figure 1a]. In the corresponding group B, there
was a lower proliferation rate in chondrocyte-like cell and
fibroblasts.The cut surface of the patellar and patellar
tendon was fairly clear and new bone growth could still
be found in the BTJ [Figure 1b].

Fibroblast proliferation could also be seen in samples
collected from group A 8 weeks after the surgery. The
formation of the transition zone of the chondrocytes on the
contact surfaces of the patellar tendon and cancellous bone
was not obvious. Chondrocyte-like cell proliferation with a
regular arrangement could be found. New cancellous bone
could be seen growing towards the inside of the patellar
tendon at the distal end of the BTJ. Part of the patellar
tendon and cancellous bone showed a fusion trend and the
cut surface was unclear [Figure 1c]. Fibroblast proliferation
could be seen and the formation of the transition zone of
the chondrocytes on the contact surfaces of the patellar
tendon and cancellous bone was not obvious in the
corresponding control group. The chondrocyte-like cells
showed a regular arrangement and new cancellous bone
in the residual distal patella was seen growing toward the
inside of the patellar tendon. Part of the patellar tendon and
cancellous bone showed a fusion trend and the cut surface
was unclear [Figure 1d].

The cut surface of samples in group A collected 12 weeks
after the surgery was found to be almost completely fused
and a large amount of new and actively proliferating
cancellous bone could be seen. There was a notable increase
in collagen fibers, which had an orderly arrangement along
the vertical axis [Figure 1le]. Part of the cut surface had
fused for samples in group B that were collected 12 weeks
after the surgery. There were fewer chondrocyte-like cells
in a bead-like arrangement and collagen fibers had a more
regular pattern compared to that of samples from 4 weeks
after surgery. The tidemark line was yet to form on the cells
and collagen fibers that were arranged along the vertical
axis [Figure 1f].

Results of biomechanical test

The results of comparison of the cross-sectional area,
breaking load, and ultimate tensile strength of the BTJ of
group A and B are shown in Table 1 and Figure 2. The
cross-sectional areas of group A at 4, 8, and 12 weeks
after the surgery are 24.38 + 4.53, 18.65 = 3.49, and
14.82 = 1.57 mm?, respectively. The cross-sectional
areas for control group are 33.42 + 7.25, 22.12 + 452,
and 20.81 = 4.14 mm?, respectively. The results of the
comparison of the cross-sectional areas between group A

and B for 4 and 12 weeks after the surgery had a statistical
significance (P < 0.05). The breaking load of group A
at 4, 8, and 12 weeks after the surgery were found to be
112.23 = 21.29, 165.31 + 18.32, and 359.25 = 28.31
N, respectively. In contrast, the breaking load of group B
at 4, 8, and 12 weeks after the surgery were much smaller
than in group A, at 64.76 + 12.84, 114.92 + 18.46,
and 268.32 + 23.29 N, respectively. Results showed
that the breaking load of the three samples in group A
are significantly higher than those of samples from
group B (P < 0.05). The results showed that there were
significant differences (P < 0.05) between group A and B
at4, 8, and 12 weeks after the surgery. The ultimate tensile
strength values (MPa) of group B at 4, 8, and 12 weeks after
the surgery were shown to be 2.72 + 2.43, 4.53 + 3.21,
and 14.54 + 4.65 MPa, respectively. These values are
much lower than the corresponding values of group A
at 9.79 = 4.66, 13.89 = 5.78, and 26.72 = 12.54 MPa,
respectively.

Results of general observations in groups treated with
AdTrack-Sox9 at different times

In comparison to the adenovirus group D, observations
of the samples in group C at 4 weeks after the surgery
showed fibrous tissue hyperplasia on the dorsal surface
of the patella, with no obvious adhesions on the skin.
The articular surface was glossy and the cut surface was
unclear. There was a notable increase in the fibrous tissue
in group C samples collected 8 weeks after the surgery
compared to those collected after 4 weeks. The articular
surface was flexible and there was a loss of glossiness. In
addition, there was an increase in the fusion in the BTJ
region and the cut surface was quite unclear. In the case
of the samples of Group C collected 12 weeks after the
surgery, most of the BTJ had fused, the granulation tissues
were clearer and neatly arranged, and the cut surface could
not be distinguished.

Results of H and E, staining of specimen in
groups treated with AdTrack-Sox9 at different times

Table 1: Results of biomechanical test of group A and group B
at different time after the surgery

4 weeks 8 weeks 12 weeks
Cross-sectional
areas (mm?)
Group A 24.38+4.53  18.65+3.49, 14.82+1.57
Group B 33.4247.25 22.12+4.52 20.81+4.14
Breaking load (N)
Group A 112.23421.29 165.31+£18.32 359.25+28.31
Group B 64.76£12.84 114.92+18.46 268.32+23.29
Ultimate tensile
strength values (MPa)
Group A 9.79+4.66 13.8915.78  26.72+12.54
Group B 2.72+2.43 4.53+3.21 14.54+4.65
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Figure 2: A comparison of the cross-sectional area (a) breaking load (b) and ultimate tensile strength (c) of the samples in group A (Sox9) and
group B (control) at 4, 8, and 12 weeks after the surgery. *Indicates a significant difference at P < 0.05

Large amounts of fibroblasts and chondrocyte-like cells
could be found in the AdTrack-Sox9 group 4 weeks after
surgery. Part of the cells and collagen were aligned along
the vertical axis of the bone-tendon and most of the cells
had a disordered arrangement while a portion was arranged
in a regular pattern. Newly formed cancellous bone was
seen and some chondrocyte-like cells that displayed a focal
distribution were also seen in the bone-tendon contact area.

There was a notable increase in the fibrous tissue hyperplasia
in group C specimens collected 8 weeks after the surgery.
The generation of the transition zone of the chondrocytes
on the contact surfaces of the patellar tendon and cancellous
bone was visible. There was also a tremendous growth of
chondrocyte-like cells with a relatively regular arrangement.
New cancellous bone could be seen growing toward the inside
of the patellar tendon at the distal end of the BTJ. Part of the
patellar tendon and cancellous bone showed a fusion trend.

In the case of samples collected 12 weeks after surgery, the

cut surface had fused and a large amount of new cancellous
bone had formed.

Results of mRNA expression of specimen in groups
treated with AdTrack-Sox9 at different times

The nucleus pulposus of the animals which was injected
with AdTrack-Sox9 after 1 week was used for PCR
analysis. The PCR results showed that the product size of
the transcription of the Sox9 gene was between 400 and
500 bp (base-pairs), which is in accordance with the length
of the design.

The relative level of the mRNA expression of the Sox9
gene was measured through a quantitative analysis of the
PCR product 4 weeks after the surgery. After injecting the
Sox9 vector that was transfected with the recombinant
adenovirus 8 weeks after the surgery for group C, there
was an obvious improvement of 532% and 205% in the
expression level for Sox9 and type Il collagen mRNA,
respectively (P < 0.05). The corresponding values for
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group D were lower in comparison to that of group C,
at 76% for Sox9 and 69% for type Il collagen mRNA
[Table 2 and Figures 3 and 4].

Results of the biomechanics of specimen in
groups treated with AdTrack-Sox9 at different times
The cross-sectional area, breaking load, and ultimate
tensile strength of the samples in groups C and D were

Table 2: The gene expression in the nucleus pulposus tissues
after the BT] was injected with Sox9 that was transduced with
the recombinant adenovirus vector after Surgery

Gene 4 weeks 8 weeks
Transduced Control
Group C Group D
Sox9 1.00 (0.86-1.21) 5.32(4.14-7.34) 0.76 (0.66-0.84)
Type Il 1.00 (0.83-1.12) 2.05(1.57-2.36) 0.69 (0.59-0.84)
collagen
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Figure 3: A comparison of the cross-sectional area, breaking load and
ultimate tensile strength of group A and B at 4, 8, and 12 weeks after
the surgery. *Indicates a significant difference at P < 0.05

determined [Table 3]. The results showed a significant
difference (P < 0.05) in the cross-sectional area of group C
compared to that of group D. The cross-sectional areas of
samples in group C collected at 4, 8, and 12 weeks after
the surgery were found to be 20.62 + 4.17, 15.43 = 2.87,
and 13.56 + 1.92 mm?, respectively.

The breaking load values of the samples in group C that
were treated with AdTrack-Sox9 at 4, 8, and 12 weeks
after the surgery were 123.14 + 25.32, 206.57 + 32.87,
and 341.52 + 34.65 N, respectively. There was a
statistical significance (P < 0.05) in relation to the values
collected from the control group. The ultimate tensile
strengths of the samples in group C that were treated with
AdTrack-Sox9 at 4, 8, and 12 weeks after the surgery
were found to be 7.56 = 3.43, 14.82 = 6.32, and
28.62 + 8.32 MPa, respectively. There was also a statistical
significance (P < 0.05) in relation to the values from the
control group [Figure 5].

DiscussioN

Although ongoing researches on the improvement to these
techniques are underway, most of them are focussed on
the development of the tissue structure.The joint has to be
immobilized after surgery as the BTJ is situated near the joint.
Long term immobilization gives rise to a range of problems
like joint stiffness, which negatively impacts patient’s daily
work and life.'®1° Therefore, it is important to have early
treatment programs that can provide a quicker healing of
BTJ injuries. Previous research has reported that the injection
of osteoprotegerin into the bone-tendon interface in a BTJ
damage repair model of rabbits can suppress the formation,
differentiation, activation, and resorption of osteoclasts, which
ultimately improves the healing of BTJ injuries.?’ Researchers

Figure 4: The level of mRNA expression of the Sox9 gene that was transduced with recombinant adenovirus vector in the nucleus pulposus
is shown. Lines 1, 3, and 5 represent the mRNA expression of the Sox9 gene that was transduced with adenovirus in group D at 1, 4, and
8 weeks, respectively. PCR results showed that there was no mRNA expression during the treatment period; lines 2, 4, and 6 represent the
mRNA expression of the Sox9 gene that was transduced with AdSox9. PCR results showed that there was a gradual increase in the expression

of Sox9 in group C with time
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used liposomal clodronate on the damage repair model of
Sprague-Dawley rats to diminish macrophage-induced TGF-f3
production, which can promote the rejuvenation of the BTJ.#
Although such literature is relatively abundant, most of it is
focused on the histology of bone-tendon healing.

The main causes of tendon adhesion formation are thought
to be the extrinsic healing mechanism, which is dependent
on the blood supply and repair cells, which originate from the
peritenon tissue adhesions. Biomechanical-based researches,
on the other hand, are less common. Soft tissues such as
tendons and ligaments in BTJ can turn into hard tissues (like
bone) through a range of tissue types in a short distance, the

Table 3: Results of biomechanical test of group C at different
time after the surgery

4 weeks
20.62+4.17

12 weeks
13.56+£1.92

8 weeks
15.43+2.87

Cross-sectional
areas (mm?)

Breaking 123.14+25.32  206.57+32.87  341.52+34.65
load (N)
Ultimate 7.56+3.43 14.8246.32 28.62+8.32

tensile strength
values (MPa)

stress requirements for the BTd are relatively large.?2%* A simple
histology-based treatment of the BTJ cannot satisfy the body’s
needs as the choice of treatment program not only depends
on the histology but also on the patient’s tolerance to stress.

Results have shown that the animals in Sox9-treated groups
had a higher cross-sectional area, breaking load, and ultimate
tensile strength than those in the control groups. Taking
into consideration that the fourth week after surgery is the
inflammatory phase, a large amount of granulation tissue had
filled the BTJ, resulting in an increase in the cross-sectional
area for all groups. However, as the healing of the BTJ in
the control group is slower than that of the Sox9 group,
the cross-sectional area of the Sox9 group is still larger. As
a result of the new bone formation stage that accompanies
the structural formation of the fibrocartilage transition zone,
the regeneration of the woven bone, maturation of the
fibrocartilage node as well as the bone remodeling phase,?+%®
the cross-sectional area of the BTJ of the Sox9 group gradually
became smaller. The breaking load and ultimate tensile
strength for all Sox9 group samples collected over the three
periods were higher than that of the control group. These
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Figure 5: A comparison of the cross-sectional area (a), breaking load (b), and ultimate tensile strength (c) of the samples in group C and group D
at 4, 8, and 12 weeks after the surgery (), n=4. *Indicates a significant difference at P < 0.05
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indicate that the Sox9 can not only improve the healing of
the BTJ, but also increase the biomechanical strength, which
in turn results in the acceleration of the healing process.

The RT-PCR results in the present study demonstrated that
Sox9 can be expressed at a high level in BTJ that had been
injected with AdSox9, thus enhancing the healing process
in the BTJ. The subsequent biomechanical tests showed
that the cross-sectional area, breaking load, and ultimate
tensile strength for the Sox9-treated group samples collected
4, 8, and 12 weeks after the surgery were significantly
higher (P < 0.05) than that of the control group, proving
that AdSox9 can improve the healing of the BTJ.

In this study, we used recombinant adenovirus Sox9
(AdSox9) in this research, the transgenic technology involved
insertion of the Sox9 coding gene into specific target cells and
transfection of the animal model. And then the healing effect
of Sox9 on BTJ was detected. In summary, based on our
findings we considered that gene therapy may be applicable
in the healing process of the bone-tendon junction.
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