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Abstract
The osteophyte associated with osteoarthritis (OA) is a bony outgrowth formed at the margins of the
affected joint through endochondral ossification-like processes. However, the mechanism of
osteophyte formation and its pathogenesis are unclear. Perlecan (Hspg2), a heparan sulfate
proteoglycan, is expressed in many extracellular tissues and plays critical roles in skeletal
development and diseases. The aim of the present study is to identify the role of synovial perlecan
in osteophyte formation using perinatal lethality rescued perlecan-knockout mice (Hspg2−/−-Tg)
wherein perlecan expression is lacking in the synovial and other tissues, except for cartilage. We
analyzed the development of osteophytes in joints of Hspg2−/−-Tg mice in two different animal
models: the surgical OA model, in which the medial collateral ligament was transected and the medial
meniscus was resected, and the TGF-β-induced osteophyte formation model. In the surgical OA
model, the osteophyte size and maturation were significantly reduced in the OA joints of Hspg2−/−-
Tg mice compared with control mice, while OA developed on the medial side of the knee joints with
no differences in the cartilage degradation score or synovitis score between control and Hspg2−/−-
Tgmice. The reduced osteophyte formation in Hspg2−/−-Tg mice was associated with reduced cell
proliferation and chondrogenesis. In the TGF-β model, the osteophyte size and maturation were also
significantly reduced in Hspg2−/−-Tg mice compared with control mice. Our findings suggest that
synovial perlecan plays an important role in osteophyte development in OA, and they provide insights
that may facilitate the development of OA therapy.
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1. Introduction
Osteoarthritis (OA) is a disease characterized primarily by cartilage degradation (Wieland et
al., 2005). Synovitis and osteophyte formation were considered secondary phenomena in OA,
as degenerated articular cartilage affects subchondral bone and synovial membrane. In
synovitis, the synovial membrane produces proteases and cytokines, which enhance cartilage
degradation. In addition, while synovitis occurs throughout the affected joint in rheumatic
arthritis, synovitis occurs locally and more mildly in OA (Ayral et al., 2005; Goldring and
Goldring, 2007; Liu et al., 2010; Ning et al., 2011).

The osteophyte is a bony outgrowth that forms at the margins of the affected joint. Osteophytes
that develop from the periosteum and synovium are located on the outside of the cortical bone
in the joint. Mesenchymal stem cells (MSCs) in the periosteum and synovium are stimulated
to proliferate by various triggers, such as mechanical factors and cytokines (van der Kraan and
van den Berg, 2007). Cells inside the developing osteophyte undergo chondrogenesis and
differentiate to mature hypertrophic chondrocytes where vascular invasion occurs.
Chondrocytes are subsequently replaced with osteoblasts to form bone with marrow cavities.
These developmental processes in the osteophyte are similar to those seen during endochondral
ossification in the growth plate (van der Kraan and van den Berg, 2007).

Growth factors are expressed in osteophytes of humans and animals (van der Kraan and van
den Berg, 2007). Factors such as transforming growth factor beta (TGF-β) (Uchino et al.,
2000; Blaney Davidson et al., 2006; van der Kraan and van den Berg, 2007), bone
morphogenetic proteins (BMPs) (Blaney Davidson et al., 2006), fibroblast growth factors
(FGFs) (Jingushi et al., 2006), and insulin-like growth factor 1 (IGF-1) (Okazaki et al., 1999)
have all been implicated in osteophyte developmental processes. After repeated injections into
normal mouse joints, BMP-2 and TGF-β1 have been shown to induce chondrogenesis at
specific sites (van Beuningen et al., 1994, 1998). Osteophytes induced by BMP-2 are found
predominantly in the region where the growth plates meet the joint space, while those triggered
by TGF-β1 are located on the outside of the cortical bone in the margins of the joint where
osteophytes were usually found in OA (van Beuningen et al., 1994, 1998). These reports
suggest that TGF-β plays a particularly important role in osteophyte formation. However, the
molecular mechanisms that regulate osteophyte formation are still largely unknown.

Perlecan (Hspg2) is a heparan sulfate proteoglycan found in all basement membranes and in
cartilage (Noonan et al., 1991; Iozzo, 1994). Perlecan interacts with extracellular matrix
molecules, growth factors, and receptors and is implicated in cell growth, differentiation, and
signaling (Whitelock et al., 2008). Perlecan knockout (Hspg2−/−) mice develop dwarfism with
short limbs and die at birth (Arikawa-Hirasawa et al., 1999; Costell et al., 1999; Ishijima et al.,
2012). Perlecan-deficiency in humans also causes lethal chondrodysplasia, dyssegmental
dysplasia, and Silverman–Handmaker type dyssegmental dysplasia (Arikawa-Hirasawa et al.,
2001). Thus, perlecan is essential for normal cartilage development in humans and mice.

In the synovial joint, perlecan is expressed in not only cartilage but also synovium (Dodge et
al., 1995). The synovium from patients with OA expresses perlecan, and primary synovial cells
upregulate the expression of perlecan in response to TGF-β (Dodge et al., 1995). However, the
role of synovial perlecan, either in normal synovial functions or in pathological conditions like
osteophyte formation in OA, has not been established.

In the present study, we examined the role of synovially-expressed perlecan in knee OA, using
perinatal lethality rescued perlecan gene knockout mice (Hspg2−/−-Tg), in which perlecan
expression is lacking in the synovium and other tissues except for cartilage (Xu et al., 2010;
Ishijima et al., 2012).
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2. Results
2.1. Perlecan is expressed in cartilage but not in the synovium of Hspg2−/−-Tg mice

We first examined perlecan expression in knee joints in Hspg2−/−-Tg mice. In these mice, the
perinatal lethality of perlecan knockout (Hspg2−/−) mice (Arikawa-Hirasawa et al., 1999) was
rescued to allow survival by expressing recombinant perlecan specifically in cartilage under
the control of the Col2a1 collagen promoter and enhancer (Hspg2−/−; Col2a1-Hspg2Tg/−) (Xu
et al., 2010; Ishijima et al., 2012). Safranin-O and fast green staining of the knee joint showed
no significant histological abnormalities in Hspg2−/−-Tg mice when compared to control
heterozygous Hspg2+/−-Tgmice (Fig. 1A). Immunostaining revealed that perlecan was
expressed in the articular cartilage of the joints of both mouse types (green, arrows in Fig. 1B),
as expected. RT-PCR analysis also showed that there was no significant difference between
the levels of perlecan mRNA in articular cartilage of control and Hspg2−/−-Tg mice
(Supplemental Fig. 1). Perlecan was expressed in the synovium of control mice, which covers
the whole joint internally along with the fibrous capsule (Cooper, 1964) (arrowhead, Fig. 1B).
In contrast, perlecan was not expressed in the synovium of Hspg2−/−-Tgmice (arrowhead, Fig.
1B). The absence of perlecan was also demonstrated by immunostaining of the synovium,
which was isolated from Hspg2−/−-Tg mice (Fig. 1C). Similarly, synovial cells were prepared
from the synovium of Hspg2−/−-Tg mice, using the method we recently reported (Futami et
al., 2012), and this showed no perlecan expression in culture. Synovial cells from control mice,
however, expressed perlecan (data not shown).

2.2. Inhibition of osteophyte formation of Hspg2−/−-Tg mice in the surgical OA model
We performed surgery to induce OA. In this surgical OA model (Kamekura et al., 2005), the
medial collateral ligament was transected, and the medial meniscus was resected on the left
knee of Hspg2−/−-Tg (n=10) and control mice (n=9). All mice developed OA in the knee joints
by 4 weeks after surgery (OA in Fig. 2A). The OA operation side for control and Hspg2−/−-
Tg mice showed increased areas of fibrillation or partial cartilage loss, and lacked Safranin-O
staining and synovitis (arrows in Fig. 2Ba,b) when compared to the sham-operation side,
confirming OA induction. In contrast, osteophyte formation, which is also one of the
characteristics of OA, was substantially inhibited in Hspg2−/−-Tg mice compared to control
mice (arrow lines, Fig. 2Bc).

Statistical analysis for OA severity showed that the structure score (Fig. 2Ca), proteoglycan
depletion score (Fig. 2Ca), and synovitis score (Fig. 2Cb) were significantly increased in
control and Hspg2−/−-Tg mice in the OA operation side compared with the sham operation
side (Fig. 2Ca,b). No significant differences were observed in these scores between control
and Hspg2−/−-Tg mice (Fig. 2Ca,b). Osteophyte size and maturity were also increased in the
OA operation side compared to the sham operation side in control and Hspg2−/−-Tg mice (Fig.
2Cc). However, the osteophyte size and maturity levels in the OA operation sides were
significantly reduced in Hspg2−/−-Tg mice compared to control mice (Fig. 2Cc).

2.3. Comparison of osteophyte development between 4 and 8 weeks after OA surgery
Next, we compared osteophyte formation at 4 and 8 weeks after the surgery. In control mice,
osteophytes developed in 4 weeks (arrow lines in Fig. 3A, left panel) as shown in Fig. 2. At 8
weeks after surgery, the osteophyte maturity and size were increased compared to that at 4
weeks after surgery in control mice (Fig. 3A, right panel, and Fig. 3C). In contrast, in
Hspg2−/−-Tg mice, the osteophyte maturity and size did not significantly change during 4 to
8 weeks after surgery (Fig. 4B and C). These results indicate that osteophyte size in control
mice increased in the first 4 weeks and continued to mature during 8 weeks after surgery. In
contrast, the osteophyte growth in Hspg2−/−-Tg mice was significantly inhibited.
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2.4. Perlecan deficiency reduced chondrocyte differentiation, cell proliferation, and Smad2
phosphorylation in osteophyte developmental processes

Next, we analyzed chondrogenic processes by immunostaining type II collagen (COLII), a
marker of proliferative chondrocytes, and type X collagen (COLX), a marker of hypertrophic
chondrocytes in surgically induced knee OA (Fig. 4B, C). COLII (brown) and COLX (green)
expression were reduced in osteophytes of Hspg2−/−-Tg mice compared to control mice (Fig.
4A, B, C). Perlecan expression (green) was detected in synovial cells and chondrocytes of
osteophytes with higher expression levels in hypertrophic chondrocytes of control mice (Fig.
4D, left panel). In Hspg2−/−-Tg mice, perlecan expression was absent in osteophytes but was
detected in COLII-expressing chondrocytes (Fig. 4D, right panel), because these cells
expressed the Hspg2-transgene driven by the Col2a1 promoter/enhancer (Xu et al., 2010;
Ishijima et al., 2012). We examined the effects of perlecan deficiency on synovial cell
proliferation by staining tissue sections of the joints for proliferating cell nuclear antigen
(PCNA). Fewer PCNA-positive cells were detected in osteophytes in Hspg2−/−-Tg mice than
in control mice (Fig. 4E). Quantitative analysis showed that cell proliferation in osteophytes
was significantly reduced in Hspg2−/−-Tg mice compared with control mice (Fig. 4G). To
further elucidate the molecular mechanisms, Smad2 phosphorylation in osteophytes was
examined because TGF-β/Smad signaling is upregulated during osteophyte development
(Blaney Davidson et al., 2006). Phosphorylated Smad2 (p-Smad2) staining was reduced in
Hspg2−/−-Tg mice compared with control mice (Fig. 4F). Quantitative analysis confirmed the
significant reduction of p-Smad2 in the osteophytes of Hspg2−/−-Tg mice (Fig. 4H).

2.5. Requirement for synovial perlecan in TGF-β-induced osteophyte formation
We further examined the role of synovial perlecan in TGF-β-induced osteophyte development
in knee joints using a TGF-β injection model (van Beuningen et al., 1998; van Lent et al.,
2004). TGF-β induced osteophyte formation in control mice, but the deficiency in synovial
perlecan expression reduced osteophyte formation in the Hspg2−/−-Tg mice (arrow lines, Fig.
5A). Quantitative analysis revealed that the osteophyte size and maturity were reduced in the
joints of Hspg2−/−-Tg mice compared with control mice (Fig. 5B). These results indicate that
perlecan expressed in the synovium is required for TGF-β-induced osteophyte development.

3. Discussion
Osteophyte formation in OA occurs through a series of highly coordinated biological processes
that include MSC proliferation and differentiation, deposition and remodeling of the cartilage
matrix, vascular invasion, and bone marrow formation. In this study, we examined the role of
synovial perlecan in osteophyte formation using synovial perlecan-deficient mice. We
demonstrate that perlecan expression in the synovium is required for osteophyte formation in
a surgical OA model and a TGF-β-induced model.

The osteophyte is developed at the cartilage–synovial junction in the synovial joint, where the
synovium covers the periosteum (Cooper, 1964; van der Kraan and van den Berg, 2007). MSCs
prepared from the synovium and the periosteum are able to differentiate to chondrocytes in
vitro (De Bari et al., 2001, 2004; Sakaguchi et al., 2005; van der Kraan and van den Berg,
2007). However, it is still unclear whether periosteum, synovium, or both are involved in
osteophyte formation (van der Kraan and van den Berg, 2007; Kurth et al., 2011). When
macrophages expressed in synovium are selectively inhibited, osteophyte formation is
inhibited (Bakker et al., 2001; Blom et al., 2004; van Lent et al., 2004). These results suggest
that the synovium plays a role in osteophyte formation.

It remains unclear whether synovitis is involved in osteophyte formation, although less
osteophyte formation is observed in patients with rheumatoid arthritis, wherein synovial
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inflammation plays a crucial role (Cabral et al., 1989). However, our results, which show that
histological synovitis in the OA model of Hspg2−/−-Tg mice are similar in comparison with
control mice (Fig. 2Cb), suggest that synovial perlecan may not affect osteophyte formation
via inflammation, although further study is required.

Perlecan plays a role in neural cell proliferation in the niche in the central nervous system
through modulating signal transduction of growth factors such as FGFs (Park et al., 2003;
Kerever et al., 2007; Soulez et al., 2010). We found that cell proliferation was reduced in
osteophytes of Hspg2−/−-Tg mice (Fig. 4E, G), suggesting that synovial perlecan also
modulates cell proliferation. Perlecan deficiency reduced chondrocyte proliferation (Arikawa-
Hirasawa et al., 1999), disorganized cartilage matrix deposition (Kvist et al., 2006), and
reduced vascular invasion during endochondral ossification (Ishijima et al., 2012) in growth
plates. We showed that synovial perlecan is required for differentiation of the osteophyte, as
type II and X collagen expression in the osteophyte was reduced by the absence of synovial
perlecan expression (Fig. 4B, C, D). These responses are similar to perlecan-deficient responses
seen during early stage of growth plate development (Arikawa-Hirasawa et al., 1999). It is
known that Col2a1 promoter/enhancer-driven transgene expression gradually decreases with
age. Although synovial perlecan primarily contributes to osteophyte formation in OA joints,
it is possible that the reduced perlecan transgene expression in cartilage may secondarily affect
reduced osteophyte formation in Hspg2−/−-Tg mice with age.

TGF-β plays an essential role in initiating chondrogenesis, and BMPs affect the terminal
differentiation of chondrocytes and endochondral ossification during the osteophyte
developmental process (Uchino et al., 2000; Blaney Davidson et al., 2006; van der Kraan and
van den Berg, 2007). FGF2 and IGF-1 are also implicated in osteophyte formation (Iwasaki et
al., 1995; Okazaki et al., 1999; Mierisch et al., 2002; Fukumoto et al., 2003). Perlecan binds
to growth factors and/or their receptors such as FGFs and VEGF and modulates growth factor
activities (Aviezer et al., 1994; Brown et al., 1997; Whitelock et al., 2008; Ishijima et al.,
2012). It is also suggested to interact with TGF-β and its receptors and modulators (Sengle et
al., 2010), but whether perlecan modulates TGF-β signaling remains to be established. We
found that synovial perlecan deficiency reduced the activity of Smad-2, a TGF-β downstream
molecule (Fig. 4F, H) and inhibited osteophyte formation induced by the intra-articular
injection of TGF-β in the osteophyte induction model (Fig. 5). These data suggest that synovial
perlecan may modulate TGF-β signaling pathways that are necessary for osteophyte formation.

The function of the osteophyte and its clinical relevance in OA remain unclear. It has been
speculated that the osteophyte develops as a secondary effect of cartilage destruction in OA
(van der Kraan and van den Berg, 2007). A large-scale epidemiological study using a
population-based cohort shows that the osteophyte formation volume is significantly
associated with the physical functioning of patients with knee OA, while the medial joint space
width reflected by the remaining articular cartilage volume is associated with pain (Muraki et
al., 2011). We showed that synovial perlecan deficiency inhibited osteophyte formation, while
no significant differences in articular cartilage degradation were noted in control and
Hspg2−/−-Tg mice (Fig. 2). These data, combined with those from previous studies (Blaney
Davidson et al., 2007; van der Kraan and van den Berg, 2007), indicated that osteophyte
formation and articular cartilage destruction are independent phenomena in OA. While
osteophytes reduced varus–valgus instability in knee OA, removal of osteophytes significantly
increased joint motion (Pottenger et al., 1990). In addition to the reduction in knee pain,
maintaining and improving physical function are also important for the better management of
OA (Ishijima et al., 2011). Reducing osteophyte formation by regulating synovial perlecan
expression may facilitate better management of OA by maintaining the physical function of
patients with knee OA.
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4. Materials and methods
4.1. Mice

We used a mouse (Hspg2−/−-Tg) model, in which the perinatal lethality of perlecan knockout
(Hspg2−/−) is rescued by expression of the perlecan (Hspg2) transgene (Hspg2Tg/−), specific
to cartilage and under the control of the chondrocyte-specific Col2a1 collagen chain promoter
and enhancer (Arikawa-Hirasawa et al., 1999; Tsumaki et al., 1999; Xu et al., 2010; Ishijima
et al., 2012). In Hspg2−/−-Tg (Hspg2−/−; Col2a1-Hspg2Tg/−) mice, perlecan is expressed in the
cartilage but not in the synovium. We used the littermate heterozygous (Hspg2+/−-Tg,
Hspg2+/−; Col2a1-Hspg2Tg/−) (Xu et al., 2010; Ishijima et al., 2012) as controls. Eleven- to
twelve-week-old female adult Hspg2−/−-Tg mice and control mice (18–24 g in body weight)
were used. All experimental procedures were performed following the guidelines for the care
and use of animals and received ethical approval from the animal ethics committee at our
university.

4.2. Procedures of osteoarthritis models
We performed two procedures to induce OA—the surgical OA model (Kamekura et al.,
2005) and the TGF-β injection model (van Beuningen et al., 1998). In the surgical OA model,
the medial collateral ligament was transected, and the medial meniscus was resected on the
left knee of Hspg2−/−-Tg (n=10) and control mice (n=9). The contralateral right knee joint was
subjected to a sham operation by the same approach, but without ligament transection and
meniscectomy. Four weeks and 8 weeks after surgery, the mice were sacrificed. In the TGF-
β injection model (van Beuningen et al., 1998; van Lent et al., 2004), a TGF-β1 solution (200
ng in 6 μl; R&D Systems, Minneapolis, MN, USA) was administered intra-articularly for a
total of three times every other day at the left knee joint (n=5 in each group). The vehicle [saline
with 1% bovine serum albumin (BSA)] was administered at the right knee joint. One week
after the final injection, the mice were sacrificed.

4.3. Tissue preparation and histological grading score
The entire knee joints were dissected and fixed in 4% paraformaldehyde buffered with
phosphate-buffered saline for 48 h at 4 °C. The specimens were decalcified for 10 days with
10% EDTA (pH 7.4) at room temperature. The specimens were dehydrated with an increasing
concentration of ethanol and embedded in paraffin. The samples were cut into 3.5-μm coronal
sections and stained with safranin-O and fast green. Development of OA in the medial femoral
condyle (MFC) and the medial tibial plateau (MTP) was quantified with histological grading
scores, according to the OARSI histopathology initiative (Kamekura et al., 2005; Mapp et al.,
2008; Little et al., 2009; Glasson et al., 2010). The cartilage degradation score consisted of two
domains: structure, with 8° (0, 0.5, 1–6) (Glasson et al., 2010), and proteoglycan depletion by
using safranin-O and fast green section, with 6° (0–5) (Glasson et al., 2010). The synovial
status was semi-quantified by the number of synovial lining layers, for 4° (0–3) (Mapp et al.,
2008; Glasson et al., 2010). The osteophyte was evaluated semiquantitatively using osteophyte
formation scores consisting of two domains, size and maturity (Little et al., 2009; Glasson et
al., 2010). In osteophyte size, the thickness of the osteophyte was compared with that of the
adjacent articular cartilage and classified for 4° (0; none, 1; small, the same thickness as the
adjacent articular cartilage, 2; medium, among one time to three times the thickness of the
adjacent articular cartilage, 3; large, more than three times the thickness of the adjacent articular
cartilage) (Little et al., 2009; Glasson et al., 2010). Osteophyte maturity was scored with 5°
(0; none, 1; precartilagious lesion; 2; predominantly cartilage, 3; mixed cartilage and bone, 4;
predominantly bone) (Kamekura et al., 2005; Little et al., 2009; Glasson et al., 2010). The
average histological grading scores in MFC and MTP were evaluated among 5 sections at
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intervals of 70 μm in each mouse knee, and the average scores were summed (Little et al.,
2009).

4.4. Synovial tissue preparation
Synovial tissues from knee joints of 11-week-old mice were extracted according to the method
we recently reported (Futami et al., 2012). One part of the synovium was immediately frozen
in isopentane cooled with liquid nitrogen. Briefly, frozen sections were cut in a cryostat on
microscope slides. The sections were fixed in acetone for 10 min at 4 °C before
immunohistochemistry.

4.5. Immunohistochemistry
Immunohistochemistry for type II collagen (COLII), type X collagen (COLX), perlecan,
PCNA, and phosphorylated Smad2 (p-Smad2) were performed in deparaffinized knee sections
and synovial frozen sections. For epitope retrieval for COLII, COLX, and perlecan, the knee
sections were treated with 2.5% hyaluronidase (Sigma, St. Louis, MO, USA) for 1 h at 37 °C,
and for PCNA and p-Smad2 immunostaining, the sections were boiled with 0.1 M citrate buffer
for 15 min. For the localization of COLII (1:300; the University of Iowa, Iowa City, IA, USA),
we used a mouse on a mouse kit (Invitrogen Corporation, Camarillo, CA, USA), according to
the manufacturer’s recommendations. For the localization of PCNA, we used a PCNA staining
kit (Invitrogen Corporation, Camarillo, CA, USA), according to the manufacturer’s
recommendations. For other proteins, after blocking with 5% goat serum and 2% BSA in PBS
for 30 min at room temperature, the sections were incubated with antibodies to perlecan domain
V (1:500; from Dr. Sasaki), COLX (1:500; from Dr. Lunstrum), and p-Smad2 (1:100;
Millipore, Billerica, MA, USA) for 18 h at 4 °C. Visualization of immunoreactivity for perlecan
and COLX was performed using Alexa Fluor 488 fluorescence (1:300; Molecular Probes,
Carlsbad, CA, USA). For p-Smad2, biotin-labeled goat antibodies against rabbit IgG (1:300;
Dako, Carpinteria, CA, USA) and biotin–streptavidin horseradish peroxidase (1:300; Dako,
Carpinteria, CA, USA) were used and visualized using diaminobenzidine staining with
hematoxylin counterstaining. Sections that showed positive staining for PCNA and p-Smad2
were scored by a blinded observer in a modified previous report (Blaney Davidson et al.,
2006). The percentage of cells staining positive for PCNA and p-Smad2 on the osteophyte
developed on the margin of the medial tibia were calculated. These cells were counted in at
least three sections per knee (n=3 in each group).

4.6. Statistical analysis
Group means were compared with analysis of variance, and the significance of differences was
determined by using an unpaired t-test. P values less than 0.05 were considered significant.

Method used for Supplemental Fig. 1: Total RNA was isolated from articular cartilage of knee
joints from 10 to 15-week-old control and Hspg2−/−-Tg mice using TRIzol reagent
(Invitrogen), according to the manufacturer’s instructions. Complementary DNA (cDNA) was
synthesized using cDNA Synthesis Kit (TOYOBO, Osaka, Japan). RT-PCR analyses were
performed using Ex Taq Polymerase (Takara, Tokyo, Japan) with thermal cycler (Applied
Biosystems, Foster City, CA, USA) under the following condition: initial denaturation for 3
min at 94 °C followed by 30 cycles consisting of 30 s at 94 °C, 1 min at 60 °C and 30 s 72 °
C. RT-PCR products were electrophoresed on a 2% agarose gel and stained with ethidium
bromide. Levels of expression were quantified densitometrically using the public domain Java
image processing program ImageJ. The amounts of mRNA were shown as relative quantities
in comparison to those of GAPDH mRNA. The PCR primers included perlecan (forward, 5′-
TGCTTGCCA CAGCTATAATGAGTGTGTGG-3′; reverse, 5′-
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CACAGCGCCACAACTTGAGA GCACAG-3′) and GAPDH (forward, 5′-
TGTGTCCGTCGTGGATCTGA-3′; reverse, 5′-TTGCTGTTGAAGTCGCAGGAG-3′).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Perlecan is expressed in cartilage but not in the synovium of Hspg2−/−-Tg mice. Safranin-O
staining with fast green counterstaining (A) and perlecan immunostaining (B) in the knee joint
(sham side of the OA surgical model in the medial tibial plateau) of control and Hspg2−/−-Tg
mice. Perlecan immunostaining in the synovium (C) isolated from control and Hspg2−/−-
Tgmice. Perlecan (green)was expressed in articular cartilage (arrow) and synovium
(arrowhead) in control mice. However, perlecan was not expressed in synovium (arrowhead)
in Hspg2−/−-Tg mice, although it was expressed in articular cartilage of Hspg2−/−-Tg mice.
Scale bars=100 μm.
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Fig. 2.
Inhibition of osteophyte formation in Hspg2−/−-Tg mice in the surgical OA model. Histological
sections of knee joints 4 weeks after either OA operation (OA) or sham operation (Sham) in
control mice and Hspg2−/−-Tg mice (A). High magnifications of cartilage, synovium, and
osteophyte areas are shown in (B) a, b, and c, respectively. Boxed areas a, b, and c in (A)
indicate representatives of these tissues in each sample. In OA cartilage, the Safranin-O staining
regions were reduced in control mice and in Hspg2−/−-Tg mice (arrows in Ba). No histological
differences were observed between the synovium in the sham and OA groups of and
Hspg2−/−-Tg mice (Bb). Osteophyte formation was inhibited in Hspg2−/−-Tg mice (Bc).
Quantitative scores of cartilage degradation (Ca), synovitis (Cb), and osteophyte size and
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maturity (Cc) were measured according to previous reports (Kamekura et al., 2005; Mapp et
al., 2008; Little et al., 2009; Glasson et al., 2010). Cartilage degradation (structural change,
Ca, left panel) and proteoglycan staining (Ca, right panel) were significantly increased in
control and Hspg2−/−-Tg mice on the OA operation sides (OA) compared with the sham
operation sides (Sham). No significant differences were found in the scores between control
and Hspg2−/−-Tg mice. However, the osteophyte size and maturity in the OA operation sides
(OA) were significantly reduced in Hspg2−/−-Tg mice compared with control mice. The
osteophytes are shown with black lines (Bc). Scale bars, 100 μm. All data represent means and
SEM.
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Fig. 3.
Perlecan deficiency inhibits diachronic osteophyte development in the surgical OA model.
Histological sections of OA-induced knee joints 4 and 8 weeks after surgery in control mice
(A) and Hspg2−/−-Tg mice (B). The size of osteophytes in Hspg2−/−-Tg knee joints (B) did not
change between 4 weeks and 8 weeks after surgery while in control mice the size of osteophytes
increased at 8 weeks compared with 4 weeks after surgery (A). In control mice, osteophyte
maturity at 8 weeks after surgery was significantly increased compared to that at 4 weeks after
surgery (C). At 4 or 8 weeks after surgery, the osteophyte size and maturity levels were
significantly reduced in Hspg2−/−-Tg mice (triangle line) compared with the control mice
(square line) (C). The osteophytes are shown with black lines (A, B). Scale bar, 100 μm. All
data represent means and SEM.
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Fig. 4.
Perlecan deficiency reduces chondrocyte differentiation, cell proliferation, and Smad2
phosphorylation during osteophyte development. Histological sections of the knee joints of
control and Hspg2−/−-Tg mice 4 weeks after surgery (OA). Safranin-O staining (red) with fast
green (green) counter staining (A), immunohistochemistry for type II collagen (COLII) (B),
type X collagen (COLX) (C), perlecan (D), PCNA (E), and phosphorylated Smad2 (p-Smad2)
(F). COLII (brown, B) and COLX (green, C) expression in osteophytes was reduced in
Hspg2−/−-Tg mice compared with control mice. Perlecan expression (green, D) was detected
in synovial cells and chondrocytes of osteophytes with higher expression levels in hypertrophic
chondrocytes of control mice. In Hspg2−/−-Tg mice, perlecan expression was absent in
osteophytes but was detected in COLII-expressing chondrocytes (B and D) because these cells
express the Hspg2-transgene driven by the Col2a1 promoter/enhancer. Fewer PCNA-positive
cells (brown) were observed in osteophytes of Hspg2−/−-Tg mice compared with control mice
(E). Quantitative analysis showed that the number of PCNA-positive cells in osteophytes was
significantly reduced in Hspg2−/−-Tg mice compared with control mice (G). P-Smad2 staining
(brown) was reduced in Hspg2−/−-Tg mice compared with control mice (F). Quantitative
analysis confirmed the significant reduction of p-Smad2 in osteophytes of Hspg2−/−-Tg mice
(H). The osteophytes are shown with black lines (A, B, E and F) and white lines (C and D).
Scale bars, 100 μm. All data represent means and SEM.
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Fig. 5.
Reduction in TGF-β-induced osteophyte formation in Hspg2−/−-Tg mice. Histological sections
of the knee joint 1 week after injection with either TGF-β or vehicle in control and Hspg2−/−-
Tg mice (A). Safranin-O staining and osteophyte size and maturity were reduced in the joints
of Hspg2−/−-Tg mice compared to control mice (A). Quantification showed that osteophyte
size and maturity on the TGF-β injection side (TGF-β) of Hspg2−/−-Tg mice were significantly
reduced (B). The osteophytes are shown with black lines (A). Scale bar, 100 μm. All data
represent means and SEM.
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