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Synergistic Inhibition of Endochondral Bone
Formation by Silencing Hif1a. and Runx2
in Trauma-induced Heterotopic Ossification
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Angiogenesis and osteogenesis are tightly coupled during
bone development. We studied the effect of inhibition
of Hifloo and Runt-related protein 2 (Runx2) on the for-
mation of heterotopic ossification (HO). We constructed
lentivirus vectors expressing Hif1o. small interfering RNA
(siRNA) and Runx2 siRNA. The inhibition of Hif1a func-
tion impaired osteoblast proliferation while osteoblasts
differentiated normally. Osteoblasts lacking Runx2 pro-
liferated normally while the differentiation was impaired.
The osteoblast differentiation was significantly inhibited
by co-Runx2 and Hifla siRNA treatment. The formation
of HO by inhibiting Runx2 and HifTa in an animal model
induced by Achilles tenotomy was investigated. The
results showed that lacking of Runx2 and Hif1lo could
inhibit HO formation. Inhibition of Hifla prevented HO
formation only at the initial step and inhibition of Runx2
worked both at the initial step and after chondrogenesis.
Angiogenesis and the expressions of osteogenic genes
were downregulated in the Hif1o siRNA group. We found
synergistic inhibition of endochondral bone formation
by silencing Hiflow and Runx2. Our study provided new
insight into the roles of Hif1o. and Runx2 during the pro-
cesses of endochondral bone formation, and had impor-
tant implications for the new therapeutic methods to
inhibit HO or to enhance bone formation.
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INTRODUCTION
Heterotopic ossification (HO) is characterized by pathologic endo-
chondral bone formation at nonskeletal sites and can lead to dev-
astating consequences. The clinical spectrum of HO is wide, and it
often results from traumatic injury. Additionally there is the rare
hereditary form known as fibrodysplasia ossificans progressive.! The
histological features of developing HO are inflammation followed
by woven bone formation, which later remodels to form lamellar
bone. The exact etiology for acquired HO remains unclear.

During endochondral bone development chondrocytes undergo
proliferation, hypertrophic differentiation, mineralization of the

surrounding matrix, death, blood vessel invasion, and finally replace-
ment of cartilage with bone. Angiogenesis and osteogenesis are tightly
coupled during bone development.? The hypoxia-inducible factor 1o
(Hiflo) pathway has been identified as a key component in this pro-
cess.> Mesenchymal cells in the developing stroma elicit angiogenic
signals to recruit new blood vessels into bone. Hiflot is necessary to
maintain differentiation of hypoxic prechondrogenic cells during early
skeletogenesis by regulating Sox9.* Dilling et al. found that vessel for-
mation is induced before the appearance of cartilage in bone morpho-
genetic protein 2 (BMP2)-mediated HO, and suggested that vascular
remodeling and growth may be essential to modify the microenviron-
ment and enable engraftment of the necessary progenitors to form
endochondral bone.* Hypoxia is able to upregulate BMP2 in osteo-
blasts via the activation of Hif1c. signaling pathway.®

In the process of osteoblasts differentiation a set of bone-
specific genes (e.g., alkaline phosphatase (ALP) and osteocalcin
genes) are activated. Runt-related protein 2 (Runx2) is a key regu-
lator of osteocalcin and ALP gene promoters and cooperates with
BMP-specific R-Smads.” Runx2 is shown to be a master regula-
tor of osteoblastic differentiation and is considered as a molecular
switch in osteoblast biology.** Furthermore, disruption of Runx2
by antisense oligonucleotides in osteoblast cultures inhibited
expression of osteoblastic differentiation markers and formation
of mineralized nodules.'® Our previous study showed that Runx2-
specific small interfering RNA (siRNA) partially inhibits the for-
mation of HO by inhibition of osteogenesis.'>'?

In this study, RNA interference technology was used to silence
the expression of Hif1at and Runx2 in vitro and in vivo. We studied
the effects of lacking of Hiflo. and Runx2 on the formation of HO
at different phases by inhibition of angiogenesis and osteogenesis
in animal model. And we attempted to outline the related cellular
and molecular processes.

RESULTS

Efficient inhibition of Runx2 and Hif 1o expression

by lentivirus-mediated transduction of siRNA against
Runx2 and Hifla in primary osteoblasts

Real-time reverse-transcription (RT)-PCR and western blot anal-
ysis revealed Runx2 siRNA and Hiflo siRNA led to remarkable
suppression of Runx2 and Hiflo expression, whereas no change
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was observed after lentivirus containing scrambled siRNA trans-
fection (Figure 1a,b). The inhibition effects persisted for at least
4 weeks after transduction. These results indicated that lentivirus-
mediated transduction of siRNA into primary osteoblastic cells
was feasible.

Inhibition of Runx2 and Hif1a affects osteoblast
differentiation in vitro

To evaluate the effects of inhibiting Runx2 and Hifla expres-
sion on osteoblast differentiation, we examined the expression
of osteoblast phenotypic genes. The expression levels of Runx2,
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Figure 1 The effects of small interfering RNAs (siRNAs) express-
ing against runt-related protein 2 (Runx2) and Hif1o. on Runx2 and
Hif e expression in primary osteoblasts. (a) The results of real-time
reverse-transcription (RT)-PCR analysis of Runx2 and Hif1o expression.
(b) Corresponding western blot analysis for Runx2 and Hif 1o expression.
The inhibition effects persisted for at least 4 weeks after transduction.
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osterix, and osteocalcin were clearly downregulated in the cells
transduced with Runx2 siRNA, and were similar in scramble
siRNA and Hiflo siRNA transduced cells (Figure 2a). We also
examined the osteoblast proliferation to evaluate the effect of
inhibition of Runx2 and Hiflo expression on the cells. The
inhibition of Hiflo expression was associated with impaired
osteoblast proliferation, as BrdU incorporation was significantly
decreased in Hifloo siRNA transfected osteoblasts compared
with controls. However, osteoblasts lacking Runx2 prolifer-
ated normally (Figure 2b).We measured the ALP activity and
mineralized bone nodule formation in primary osteoblasts.
The results showed that ALP activity increased as cells pro-
gressed through differentiation in control cells on days 7 and 14.
However, this increase was blocked by Runx2 siRNA treatment,
and no effects were found in scramble siRNA and Hiflo siRNA
treatment (Figure 2c). Osteoblast terminal differentiation was
determined by von Kossa staining and the results showed that
mineralization was significantly suppressed in the presence of
Runx2 siRNA, and no effects were found in scramble siRNA and
Hiflo siRNA treatment (Figure 2d). The inhibition of Hiflo
function impaired osteoblasts proliferation while osteoblasts
differentiated normally. Osteoblasts lacking Runx2 proliferated
normally while the differentiation was impaired. The osteoblast
differentiation was significantly inhibited by co-Runx2 and
Hiflo siRNA treatment.

The affects on HO after Achilles tenotomy

by inhibition of Runx2 and Hif1o

To evaluate the roles of Runx2 and Hiflo in the development of
endochondral bone formation, we investigated the formation of
HO by inhibiting Runx2 and Hiflo. in an animal model induced
by Achilles tenotomy. This model was used for the study of HO
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Figure 2 The effects of small interfering RNAs (siRNAs) against runt-related protein 2 (Runx2) and Hiflo on osteoblast differentiation in
primary osteoblasts. (@) The results of real-time reverse-transcription (RT)-PCR of Runx2, osterix, and osteocalcin expression on day 0, 7, and 14.
(b) The effects of lacking of Runx2 and Hif1a expression on the osteoblast proliferation. (c) Alkaline phosphatase (ALP) activity in the cell lysate was
measured on days 7 and 14. ALP activity was significantly decreased by Runx2 siRNA treatment. (d) The terminal differentiation was determined by
von Kossa staining. The results showed that mineralization was significantly suppressed in the presence of Runx2 siRNA on day 21. The inhibition of
Hif1a function impaired osteoblast proliferation whereas osteoblasts differentiated normally. Osteoblasts lacking Runx2 proliferated normally whereas
the differentiation was impaired. The osteoblast differentiation was significantly inhibited by co-Runx2 and Hif1o siRNA treatment.
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Table 1 Animals treated with Runx2 siRNA and the results
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Volume of heterotopic ossification?

No. of

mice Group Control limb Treated limb Control limb (cm®) Treated limb (cm3?) Reduction of volume
5 1 100l 1 x 10° pfu scramble siRNA 100 pl 1 x 10° pfu Runx2 siRNA 0.321 £0.009 0.044 £ 0.002 86%

5 2 100l 1 x 10° pfu scramble siRNA 100 pl 1 x 10° pfu Runx2 siRNA 0.314£0.012 0.210 £ 0.005 37%

Abbreviations: Groups 1, siRNA injected at 48 hours postoperation; groups 2, siRNA injected at 5 weeks postoperation; pfu, plaque-forming unit; Runx2, runt-related

protein 2; siRNA, small interfering RNA.

aThe formation of heterotopic ossification was significantly different between the treatment and control limbs. The difference was also significant between groups 1

and 2. The values were given as the mean and the SD.

Table 2 Animals treated with Hif1o siRNA and the results

Volume of heterotopic ossification®

No. of

mice Group Control limb Treated limb Control limb (cm3) Treated limb (cm?®) Reduction of volume
5 1 100l 1 x 10° pfu scramble siRNA 100l 1 x 10° pfu Hiflol siRNA 0.319£0.024 0.121 £0.007 62%

5 2 100l 1 x 10° pfu scramble siRNA 100 ul 1 x 10° pfu Hiflor siRNA 0.337£0.018 0.298 £ 0.012 11%

Abbreviations: Groups 1, siRNA injected at 48 hours postoperation; groups 2, siRNA injected at 5 weeks postoperation; pfu, plaque-forming unit; siRNA, small

interfering RNA.

aThe formation of heterotopic ossification was significantly different between the treatment and control limbs in group 1, and no significant difference was found in
group 2. The difference was also significant between groups 1 and 2. The values were given as mean and the SD.

Table 3 Animals treated with Runx2 and Hif1o siRNA and the results

Volume of heterotopic ossification?

No. of
mice  Group Control limb Treated limb Control limb (cm3) Treated limb (cm3®) Reduction of volume
5 1 100l 1 x 10° pfu scramble siRNA 50l 1 x 10° pfu Runx2 siRNA 0.299 £0.008 0.059 £0.007 98%
+50l 1 x 10° pfu Hiflo siRNA
5 2 100l 1 x 10° pfu scramble siRNA 50l 1 x 10° pfu Runx2 siRNA 0.319£0.012 0.152 +0.008 52%

+50ul 1 x 10° pfu Hiflow siRNA

Abbreviations: Groups 1, siRNA injected at 48 hours postoperation; groups 2, siRNA injected at 5 weeks postoperation; pfu, plaque-forming unit; Runx2, runt-related

protein 2; siRNA, small interfering RNA.

“The formation of heterotopic ossification was significantly different between the treatment and control limbs. The difference was also significant between groups 1

and 2. The values were given as mean and the SD.

and the expressions of bone- and cartilage-related genes were
found during the formation of new bone.” At different phases of
HO development, 48 hours (at the initial step) and 5 weeks (after
chondrogenesis) after Achilles tenotomy, each Achilles site was
injected with 100-pl lentivirus vectors.

In the Runx2 siRNA-treated limbs less HO was observed
with 86% reduction in group 1 and 37% reduction in group 2.
The results were summarized in Table 1. In the Hiflo siRNA-
treated limbs less HO was observed with 62% reduction in group
1 and 11% reduction in group 2. The results were summarized
in Table 2. We further evaluated the ability of cotransduction
of siRNA against Runx2 and Hiflo to inhibit HO after Achilles
tenotomy. Significantly less HO was observed with 98 and 52%
reduction, respectively. The results were summarized in Table 3.
The representative three-dimensional computerized tomography
scans and histological examinations were shown in Figure 3.
When treated siRNAs were administered at 5 weeks postopera-
tion in group 2 (after chondrogenesis) after Achilles tenotomy the
volumes of HO were not decreased as much as those treated at
48 hours postoperation (at the initial step) in group 1. Inhibition
of Hiflo prevented HO formation only at the initial step and
inhibition of Runx2 worked both at the initial step and after
chondrogenesis.

1428

Changes of bone- and cartilage-related gene
expressions and angiogenesis by inhibition

of Runx2 and Hiflo

Our previous study showed that the expressions of BMP2, Hifla,
Sox9, and Runx2 were presented within the HO tissues.”® These
cytokines expressions were also examined by immunohistochem-
ical staining in the present study. All of the cytokines expressions
were presented in the Hifla siRNA-treated tissues, and stained
weakly compared with the control tissues at 5 weeks postoperation
(Figure 4a). The mRNA expressions of BMP2, vascular endothelial
growth factor (VEGF), Hiflo, Sox9, and Runx2 were downregu-
lated confirmed by real-time RT-PCR in the Hiflo. siRNA-treated
tissues (Figure 4b). The expressions of BMP2, Hifla, Sox9 in
Runx2 siRNA-treated groups were not significantly different com-
pared with the control group (Figure 4b).

Angiogenesis in the ectopic bone formation was investigated
using immunohistochemistry for CD31, a specific tissue marker
of endothelial cells." Angiogenesis was less active in the tissues
of the Hiflo. siRNA group than in those of the control and Runx2
siRNA group at 7 days postoperation. Representative photos were
shown in Figure 5. By 14 days postoperation, more extensive cap-
illary network was formed in the control and Runx2 siRNA group
compared with those in the Hiflo siRNA group. Representative

www.moleculartherapy.org vol. 19 no. 8 aug. 2011
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Figure 3 Micro-computerized tomography (CT) scans and histological examination demonstrated the effects of small interfering RNA (siRNAs)
against Runt-related protein 2 (Runx2) and Hiflo on heterotopic ossification formation in animal models by 10 weeks. (a) Representative
three-dimensional CT scans showed the results of siRNA injection at 48 hours postoperation. When treated siRNAs were administered at 5 weeks
(after chondrogenesis) after Achilles tenotomy the volumes of HO were not decreased as much as those treated at 48 hours (data not shown).
(b) Hematoxylin and eosin (HE) staining for the heterotopic ossification formation (magnification x20). (a) Control limb. (b) Hif1o siRNA-treated
limb. (c) Runx2 siRNA-treated limb. (d) co-Runx2 and Hif1c. siRNA-treated limb.
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Figure 4 The changes of bone- and cartilage-related genes expressions by inhibition of runt-related protein 2 (Runx2) and Hifla. (a) The
expressions of BMP2, Sox9, Runx2, and Hif1o were presented in the Hif1a siRNA-treated tissues, and stained weakly compared with the control tis-
sues at 5 weeks postoperation. (b) The mRNA expressions of BMP2, vascular endothelial growth factor (VEGF), Hif1o, Sox9, and Runx2 were down-
regulated confirmed by real-time reverse-transcription (RT)-PCR in the Hif1o siRNA-treated tissues.

photos were shown in Figure 5. The angiogenesis between Runx2
and control group was not significantly different. At 10 weeks post-
operation, angiogenesis in all groups subsided (data not shown).

DISCUSSION

The physiological steps of bone formation in HO are similar with
that during endochondral bone formation. In both cases, bone
formation is a two-stage mechanism: first chondrocytes shape a
template, on which osteoblasts then differentiate to form bone.®

Molecular Therapy vol. 19 no. 8 aug. 2011

Our findings demonstrated that inhibition of Hiflo prevented the
HO formation induced by Achilles tenotomy at the initial step.
Lacking of Runx2 inhibited the HO formation at initial steps
and after chondrogenesis. More importantly, our results showed
that inhibition of Hifloo and Runx2 acted synergistically to pre-
vent HO formation. The mechanisms of inhibition HO by lack-
ing of Hiflow could lie in the antiangiogenic (vessel formation)
and antiosteogenic (bone-and cartilage-related genes, BMP2 and
Runx2) pathways.
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Figure 5 Angiogenesis in the ectopic bone formation. (a,b) Angiogenesis was less active in the tissues of the Hif1o. small interfering RNA (siRNA)
group than in those of the control group at 7 days postoperation. (c,d) By 14 days postoperation, more extensive capillary network was formed in
the control group compared with those in the Hif1a siRNA group. The angiogenesis between Runx2 and control group was not significant difference.
Histomorphometry demonstrated that the relative capillary density was significantly lower in Hif1o. siRNA group than control group at 14 days. At 10

weeks postoperation, angiogenesis in all groups subsided (data not shown).

Hiflo is believed to play an important roles in endochondral
ossification which coincides both spatially and temporally with
capillary in-growth and angiogenesis. Evidences have shown that
invoke a critical role for angiogenesis in the increased bone volume
observed when the Hifla/VEGF pathway is upregulated.”” Several
studies showed that VEGF improved BMPs induce bone formation
and bone healing through modulation of angiogenesis.'*” Over
expression of Hifl in mature osteoblasts through disruption of the
von Hippelb-Lindau (Vhl) protein profoundly increases angiogen-
esis and osteogenesis; these processes appear to be coupled by cell
nonautonomous mechanisms involving the action of VEGF on the
endothelial cells. Mice lacking Hifla in osteoblasts had the reverse
skeletal phenotype: long bones were significantly thinner and less
vascularized than those of controls.>"® Our study showed that lack-
ing of Hif1a impaired the proliferation of osteoblast while osteoblasts
differentiated normally in vitro. The VEGF expression was downreg-
ulated and angiogenesis was less active in the tissues of HO animal
model treated with Hiflo siRNA group. We believe that antiangio-
genesis may be a primary reason for inhibition of HO formation.

The chondrogenesis evoked by chondrogenic growth fac-
tors is further enhanced by hypoxia. And hypoxia also increased
Akt phosphorylation and this was associated with a downstream
increase in nuclear translocation and transactivation of Hiflo.
The hypoxia-induced enhancement of chondrogenesis was abol-
ished by siRNA-mediated knockdown of Hifla." Hypoxia expo-
sure increased BMP2 expression in cultured osteoblastic cells in
a Hif-dependent manner involving activation of the ILK/Akt/
mTOR pathway.® Our study confirmed that the expressions of
BMP2, Hifla, Sox9, and Runx2 were downregulated in the Hiflol
siRNA-treated tissues compared with the control tissues. So less
expression of bone and cartilage-related genes could be one of fac-
tors for inhibition of HO.
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Runx2, a runt-related transcription factor, is essential for
osteoblast differentiation and regulates the expression of sev-
eral osteoblastic genes including type I collagen, osteopontin,
bone sialoprotein, and the skeletal-specific osteocalcin gene.””'°
Runx2~'~ calvarial cells can not differentiate into osteoblasts both
in vitro and in vivo, even in the presence of BMP2.** Runx2~'~
chondrocytes also spontaneously differentiated into adipocytes.?!
Inhibition of Runx2 expression did not affect the angiogenesis in
the HO formation. Our results demonstrated that Runx2 siRNA
is capable of inhibiting the formation of HO induced by Achilles
tenotomy, further confirmed that Runx2 is a master regulator of
osteoblastic differentiation and a molecular switch in osteoblast
biology.

We further evaluated of the ability of cotransduction of siRNA
against Runx2 and Hiflo to inhibit HO after Achilles tenotomy.
Significantly less HO was observed. TNP-470 is an antiangiogenic
agent that strongly inhibits neovascular formation in vivo. Mori et
al. showed that TNP-40 inhibits the biological activity of BMP2 in
early stage of bone induction.?? BMP signals have pivotal roles in
cartilage and bone development. BMP antagonists have been used
to interrupt BMP signals to explore new methods for HO treat-
ment. Small molecule inhibition of BMP type I receptor activity
has been found to reduce HO.? In the present study, combination
inhibition of angiogenesis and osteoblast differentiation by Hiflow
siRNA and Runx2 siRNA leads to dramatically prevent the forma-
tion of endochondral bone formation.

HO after tenotomy is usually occurred in rats and mice. It is
not possible to decide the origin of the cartilage cells in this study.
Damage of the capillary and haematoma may cause low oxygen
tension in the impaired Achilles tendon. These factors combined
most likely contribute to reduce oxygen tension in this model sys-
tem and then upregulate Hiflo.. Vascular invasion of the growth

www.moleculartherapy.org vol. 19 no. 8 aug. 2011
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plate has been well documented to precede the recruitment of
osteoblast progenitors to form the new bone.*** However, recruit-
ment from the surrounding tissue is equally likely. Kaplan et al.
showed local stem and progenitor contribution to heterotopic
bone formation in a murine model of stem cell transplantation,
and this process may require new vessel formation for establish-
ment of these cells.”® Inhibition of Hiflo leads to reduce vessel
formation, which may fail migration of host mesenchymal stem
cells to the bone regeneration site. In this study, inhibiting Hiflo
after chondrogenesis did not show significant reduction of HO.
There are two possible reasons: (i) partial inhibition the expres-
sion of Hifla by siRNA, (ii) the existing of the formed vessels in
the initial step of endochondral ossification.

Lentiviral vectors can infect both dividing and nondividing
cells, be produced in high titers and efficiently integrate into target
cells, thus allowing the therapeutic genes to be expressed perma-
nently.”” The formation of HO in animal model used in this study
is a long period of 10 weeks. So, we chose lentiviral vectors for
siRNA production in animal study. In clinical applications, len-
tiviral vectors must meet a higher safety standard. It is feasible to
use lentivirus vectors in animal models, but it is a long way to go
for clinical applications.

In summary, angiogenesis and osteogenesis are tightly coupled
in endochondral bone formation. Angiogenic factor Hiflo and
osteogenic factor Runx2 are essential for vessel and bone develop-
ment, respectively. In this study, we found synergistic inhibition
of endochondral bone formation by silencing Hiflo and Runx2
in trauma-induced HO. These results allow us to design more tar-
geted therapies to reduce HO or enhance the bone formation.

MATERIALS AND METHODS

Construction of lentiviral vectors expressing HiflosiRNA and Runx2
siRNA. The siRNA sequences specifically targeting rat Hif1 o (accession no.
NM024359) and Runx2 (accession no. NM053470) were designed through
siRNA Target Finder (Ambion, Austin, TX) and the target site was at 407
427 for Hiflo and at 1057-1077 for Runx2.'>** Scrambled siRNA was used
as the negative control. Packaging, purification, and titer determination of
the lentivirus were performed as described previously.*"** All recombinant
lentiviruses were produced by transient transfection of HEK293T cells
according to standard protocols. Briefly, HEK293T cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (HyClone, Logan,
UT) and penicillin/streptomycin (100 U/ml; North Pharmaceutical,
Beijing, China). The subconfluent cells in a 10-cm culture dish were co-
transfected with lentiviral vector (101g), and the lentiviral packaging vec-
tors pRSV-REV (2ug), pMDLg/pRRE (5g), and the vesicular stomatitis
virus G glycoprotein expression vector pMD2G (3g). The viruses were
collected from the culture supernatants on days 2 and 3 post-transfection,
concentrated by ultracentrifugation for 1.5 hours at 25,000 r.p.m., and
resuspended in phosphate-buffered saline (PBS). Titers were determined
by infecting HEK293T cells with serial dilutions of concentrated lentivi-
rus and counting enhanced green fluorescent protein-expressing cells after
48 hours under fluorescent microscopy. For a typical preparation, the titer
was ~10 x 10® infectious units/ml.

Cell culture and transduction. Primary osteoblasts were isolated from the
calvariae of 21-day fetal rats as previously described.”? In brief, cells were
obtained from the calvariae (the dura and periosteum removed) by five
sequential digestions of 10min at 37°C in PBS containing 0.05% collage-
nase. Cells from the forth and fifth digests were used in the present study.

Molecular Therapy vol. 19 no. 8 aug. 2011
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Cells were suspended in Dulbeccos modified Eagle’s medium (DMEM;
Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(Hyclone), penicillin/streptomycin (100 units/ml) at 37°C in a humidified
atmosphere of 5% carbon dioxide and 95% air. Osteogenic differentiation
was initiated by adding 50 tg/ml ascorbic acid and 10 mmol/l -glycerol
phosphate. For lentiviral transduction, the cells were transduced at differ-
ent multiplicity of infection in the presence of polybrene (8 mg/ml; Sigma,
Carlsbad, CA). The target cell transduction efficiency was monitored and
analyzed under fluorescent microscopy as described previously.*

Osteoblast proliferation. Osteoblast proliferation was assessed by flow
cytometry as described previously." Briefly, osteoblasts were plated in
6-well plates at 5,000 cells/cm? and cultured in DMEM containing 1%
fetal bovine serum for 48 hours. BrdU (10 mmol/l) was added to the
medium for the last 24 hours before harvesting the cells. The cells were
stained with anti-BrdU-APC and 7-amino-actinomycin D and analyzed
by FACSCalibur (BD Biosciences, San Jose, CA). Twenty thousand events
were collected for each sample, and the results were analyzed.

Quantitative real-time RT-PCR analysis. Total RNA of the specimens was
extracted with Trizol reagent (Invitrogen, Carlsbad, CA) and quantified by
UV spectroscopy at assigned time points postinduction. Complementary
DNA synthesis was performed using total RNA (1ug) as a template by
oligo(dT) priming using the Superscript First Strand Synthesis System for
RT-PCR (Invitrogen). Real-time RT-PCR was performed with an optional
continuous fluorescence detection system (M] Research, Waltham,
MA). One micro liter of reverse transcribed product and 1x SYBR green
(Molecular Probes, Eugene, OR) were included in 25-ul reaction mix-
ture (10mmol/l Tris-HCI, pH 8.3, 50mmol/l KCL, 1.5mmol/l MgCl,
200 umol/l of ANTP mix, 0.2 umol/l of each primer and 1 unit of Taq DNA
polymerase). Oligonucleotide primers (Supplementary Table S1) were
designed using Oligo 6 primer analysis software. mRNA levels were nor-
malized to GAPDH using the comparative cycle threshold (CT) method."

Western blotting analysis. The harvested medium was collected on the
indicated days. Protein concentration was measured by BCA protein assay
kit (Pierce Biotechnology, Rockford, IL) using bovine serum albumin as the
standard. Proteins were run on SDS-PAGE gels and electrotransferred to
nitrocellulose membrane at 4°C for 2 hours. The blots were probed with
anti-Runx2 (Santa Cruz, CA) and Hiflo (Abcam Limited, Cambridge, UK)
at 1:500 dilutions overnight at 4°C. The proteins were detected by chemilu-
minescence according to manufacture’s recommendations (ECL, Amersham
Arlington Heights, IL). GAPDH was used as an internal control.

Osteoblast differentiation. For ALP activity assay, on days 7 and 14, cell
lysates were harvested and ALP activity was measured using an ALP assay
kit (Zhongsheng Biochemical, Beijing, China). The enzyme activity was
normalized against the protein concentration and expressed as U/g/L
Protein concentration was measured by BAC protein assay kit (Pierce
Biotechnology) using bovine serum albumin as the standard.

In order to determine extracellular matrix mineralization, on day 21 the
cells were fixed for von Kossa silver staining. Briefly, fixed cells were stained
with 5% silver nitrate for 30 min under sunlight, fixed with sodium thiosulfate
for 5 minutes, rinsed with distilled water and mounted for inspection.

Animal experiments. All animal experimental protocols were approved by
the Animal Care and Use Committee of Peking University Third Hospital
and conformed to National Institutes of Health Guidelines.
Sprague-Dawley rats (male, 4 weeks) were randomly divided into
designated groups and underwent bilateral midpoint Achilles tenotomy
through a posterior approach. Incision was routinely closed with an
interrupted 4-0 silk suture. At designated time point (at 48 hours and
5 weeks postoperation, respectively), each Achilles site was injected
with 100 ul lentivirus vectors. The details of each group were shown in
Tables 1-3. The surgeon was blinded with regard to which limb received
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treatment during the surgery. Another four rats in the groups (siRNA
injected at 48 hours postoperation) were used for the analysis of cartilage
and bone-related genes expression at 5 weeks postoperation.

At 10 weeks, the animals were scanned by Siemens Inveon Micro-
computerized tomography (German). Images were obtained using a
30-um isotropic voxel size imaging system with the standard algorithm
with 80kV, 80uA, and 200ms integration time. Three-dimensional
reconstruction and bone volumes were performed with Inveon software
workstation. The gastrocnemius muscles were removed and fixed in 10%
neutral buffered formalin, and then the ossified tissues were decalcified
with decalcifying solution composed 10% HCL and 0.1% EDTA. The
samples were embedded in paraffin and sectioned. The slides were stained
with hematoxylin and eosin.

Immunohistochemical staining analysis for bone and cartilage-related
genes and blood vessels. For immunohistochemical staining, paraffin-
embedded sections were deparaffinated and hydrated through graded alco-
hols. Primary antibodies were diluted in PBS as follows: BMP2 (Abcam)
1:100; BMP4 (Abcam) 1:100; sox9 (Abcam) 1:100; Runx2 (Santa Cruz,
CA) 1:100, HIF1lo. (Abcam) 1:400; CD31 (Dako, Glostrup, Denmark)
1:250. Endogenous peroxidase activity was blocked with 0.3% hydrogen
peroxide in PBS. After blocking with goat serum (1:100) and incubation
with the primary antibody at 4°C overnight, sections were washed with
PBS. After three times of washing, secondary antimouse immunoglobulin
G was added and incubated for 1 hour at 37 °C. The colorization developed
in DAB solution and counterstained by hematoxylin. Control sections
were incubated in PBS without the primary antibody.

Microvessel numbers were counted in six images captured from
Achilles areas using Microlmage v4.5 imaging software (Olympus,
America, Long Island, NY). The number of microvessels was calculated as
the mean of the numbers from the six pictures.*®

Statistical analysis. All comparisons between treated and control limbs
were made in the same animals so that animal-to-animal variations in the
ability to form HO would not affect the results. The significance between
the treated and control limbs was determined with use of a paired two-
tailed test. The significance of multiple comparisons was determined using
the Student-Newman-Keuls test. Data were considered statistically sig-
nificant at P < 0.05.

SUPPLEMENTARY MATERIAL
Table S1. Specific primers used for real-time RT-PCR.
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