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Abstract

The temporomandibular joint (TMJ) is a diarthrodial joint that relies on lubricants for frictionless
movement and long-term function. It remains unclear what temporal and causal relationships may
exist between compromised lubrication and onset and progression of TMJ disease. Here we report
that Proteoglycan 4 (Prg4)-null TMJs exhibit irreversible osteoarthritis-like changes over time and
are linked to formation of ectopic mineralized tissues and osteophytes in articular disc, mandibular
condyle and glenoid fossa. In the presumptive layer of mutant glenoid fossa’s articulating surface,
numerous chondrogenic cells and/or chondrocytes emerged ectopically within the type / collagern-
expressing cell population, underwent endochondral bone formation accompanied by enhanced
Ihh expression, became entrapped into temporal bone mineralized matrix, and thereby elicited
excessive chondroid bone formation. As the osteophytes grew, the roof of the glenoid fossa/
eminence became significantly thicker and flatter, resulting in loss of its characteristic concave
shape for accommaodation of condyle and disc. Concurrently, the condyles became flatter and
larger and exhibited ectopic bone along their neck, likely supporting the enlarged condylar heads.
Avrticular discs lost their concave configuration, and ectopic cartilage developed and articulated
with osteophytes. In glenoid fossa cells in culture, hedgehog signaling stimulated chondrocyte
maturation and mineralization including alkaline phosphatase, while treatment with hedgehog
inhibitor HhAntag prevented such maturation process. In sum, our data indicate that Prg4is
needed for TMJ integrity and long-term postnatal function. In its absence, progenitor cells near
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presumptive articular layer and disc undergo ectopic chondrogenesis and generate ectopic
cartilage, possibly driven by aberrant activation of Hh signaling. The data suggest also that the
Prg4-null mice represent a useful model to study TMJ osteoarthritis-like degeneration and clarify
its pathogenesis.
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INTRODUCTION

The TMJ is a diarthrodial joint that permits the articulation of mandibular condyle and
glenoid fossa /articular eminence in the temporal bone. The TMJ contains a characteristic
and unique articular disc that divides the articular cavity into upper and lower joint cavity
compartments. The synovial cells, disc lining cells and superficial cells of articular cartilage
all produce and secrete important constituents of the synovial fluid (Nitzan, 2003; Scrivani
et al., 2008). Synovial fluid is found to have two main functions: 1) to aid in nutrition of
articular cartilage and synovium; and 2) to reduce friction and facilitate movement between
the articulating joint components (Jay et al., 2000; Smith, 2011). Since the TMJ’s function
involves comprehensive motions including rotation and translation, lubrication of
articulating surfaces is critically vital and if altered, may contribute to TMJ dysfunction,
leading to degenerative changes of structural components and progressive loss of function
(Nitzan, 2003; Tanaka et al., 2008a; Tanaka et al., 2008b).

Unlike synovial joints in limbs and other sites that contain hyaline cartilage (Pacifici et al.,
2005), the articular cartilage of mandibular condyle and glenoid fossa/eminence is composed
of a fibrocartilaginous tissue that provides adaptive capacity to mechanical stress and can
even undergo remodeling if mechanical stresses exceed the host’s adaptive capacity (Arnett
et al., 1996; Tanaka et al., 2008a). TMJ osteoarthritis (TMJ OA) is characterized primarily
by degradation of articular cartilage and bone in mandibular condyles and glenoid fossa/
eminence and often results in orofacial pain and reduced jaw function (Hunter and
Kalathingal, 2013; Shintaku et al., 2006). Pathological changes associated with TMJ OA
commonly manifest themselves in the form of: flattening of condyle and eminence; erosion,
sclerosis and increased thickness of the glenoid fossa; and even osteophyte formation
(Hussain et al., 2008; Zarb and Carlsson, 1999). Osteophytes, referred to as bony spurs, are
one of the radiographic hallmarks of TMJ degenerative joint disease and represent a late
stage of the disease resulting from the host’s adaptive responses (Hunter and Kalathingal,
2013; Hussain et al., 2008). Compared to OA synovial joints in appendicular skeletal
elements, osteophyte formation in TMJ OA is relatively rare; once developed however, the
osteophytes can eventually compromise TMJ function (Hunter and Kalathingal, 2013;
Rando and Waldron, 2012).

The Proteoglycan 4 (Prg4) gene encodes lubricin, a mucin-like molecule that plays essential
biological roles in boundary lubrication and joint movement and protects articular cartilage
from friction-induced damage (Flannery et al., 2009; Gleghorn et al., 2009; Schmidt et al.,
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2007). PRG4 mutations in humans are responsible for camptodactyly-arthropathy-coxa vara-
pericarditis syndrome (CACP), an autosomal recessive disorder (Marcelino et al., 1999).
Synovial joints and associated tissues in CACP patients appear normal at birth, but
eventually undergo failure associated with non-inflammatory hyperplasia and fibrosis of the
synovial membrane, articular cartilage fibrillation, flexion deformity in the fingers,
intervertebral disc damage and abnormal bone remodeling, leading to joint failure
(Marcelino et al., 1999). In synovial joints, Prg4is expressed by synoviocytes, synovial
membrane and superficial articular cartilage cells (Flannery et al., 1999; Jay et al., 2001).
Changes in Prg4 expression and lubricin levels have been reported in a mouse OA injury
model and in humans with OA and rheumatoid arthritis (Elsaid et al., 2008; Elsaid et al.,
2005; Rhee et al., 2005). Genetically engineered mice lacking Prg4 recapitulate some of
joint phenotypes observed in CACP patients, including synovial membrane hyperplasia and
articular cartilage deterioration (Rhee et al., 2005). Notably, Prg4-null mice also displayed
characteristic features of degenerative changes in TMJs including articular surface
deterioration, loss of disc concave-convex morphology, synovial membrane hyperplasia and
protein deposition. (Hill et al., 2014; Koyama et al., 2014). We also reported that Prg4-null
mice displayed increased levels of chondrogenesis and ectopic cartilage formation within
TMJ components (Bechtold et al., 2015; Koyama et al., 2014), but the cellular, signaling and
molecular mechanisms underling such potentially important pathogenic transformation
remains unclear.

Indian hedgehog (lhh) signaling has well-established roles in endochondral bone formation
by regulating chondrocyte proliferation and differentiation rate during skeletal development
and growth, including in the TMJ (Maeda et al., 2007; Ochiai et al., 2010; Shibukawa et al.,
2007). Recent studies revealed that hedgehog signaling is also involved in cartilage
degradation and subsequent OA development and progression in a mouse injury model and
in human patients (Alman, 2015; Lin et al., 2009). More recently, we demonstrated the
stimulatory effects of hedgehog (Hh) signaling on early chondrogenesis and proteoglycan
synthesis in primary limb bud mesenchymal cells in vitro (Mundy et al., 2015). Thus, we
hypothesized that Hh signaling could be involved in ectopic chondrocyte differentiation and
subsequent osteophyte formation observed in Prg4-null TMJs. Here, we investigated the
major steps of osteophyte formation in glenoid fossa/eminence in Prg4-null mice. We found
that numerous /Af-expressing chondrocytic cells developed within the presumptive articular
mesenchymal layer, underwent hypertrophy and subsequently formed osteophytes near the
glenoid fossa. Using primary cells from glenoid fossa in vitro, we found that treatment with
recombinant human Sonic hedgehog promoted chondrocyte differentiation, maturation and
mineralization, while treatment with a hedgehog antagonist blocked these processes, hinting
at possible therapeutic strategies.

Concurrent and irreversible OA-like changes in Prg4-null TMJs

OA changes and maladaptive remodeling can occur in the TMJ when mechanical stresses
exceed its biomechanical adaptive capacity (Ishizuka et al., 2014; Tanaka et al., 2008a), but
little is known as to whether the various TMJ components respond to such pathological
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insults in unison or differentially, thus limiting current understanding of TMJ pathogenesis.
To this end, we further characterized the OA-like structural and phenotypic changes
occurring in articular cartilage and discs in Prg4-null mice at different post-natal ages. By 3
months, mutant TMJs displayed obvious OA changes including increased thickness of
glenoid fossa roof and articular disc, and the condylar heads were slightly enlarged
compared to age-matched controls (Figs. 1A, 1C, respectively). By 6 months of age,
osteophyte-like cartilage outgrowths emerged from the central portion of glenoid fossa’s
articular surface and grew into the upper joint cavity (u/c) (Fig. 1D, double arrowhead).
Concurrently, there was ectopic chondrogenesis in articular disc, and such excess tissue
appeared to articulate with the opposing osteophytes (Fig. 1D, triple arrowhead). By 12
months, OA-like changes became exacerbated and consisted of characteristic pathological
changes affecting primarily the anterior half to posterior half of mutant TMJs. The anterior
half of glenoid fossa became much thicker, and its surface was largely covered by Safranin-
O-stained cartilaginous osteophytes developing from its central and/or peripheral sites (Figs.
1E, 1F, double arrowhead and arrowhead, respectively). In contrast, while the posterior half
of glenoid fossa was thicker as well, it displayed also bony tissues rich in vasculature and a
thick periosteum-like membranous tissues (po) covering the articular surface (Figs. 1G, 1H).
The ectopic cartilages forming in the disc were much larger in size by this age (Fig. 1F,
triple arrowhead) and a plica -a fold of the synovial membrane- formed between the
cartilages protruding from the mesial side of the synovial membrane (Figs. 1E. 1G, arrow).
Maladaptive changes were also apparent in the mandibular condyles in Prg4-null mice.
Micro-CT analysis revealed the characteristic morphological changes and osseous
abnormalities in mutant condylar head and neck (Fig. 1J, arrowhead). Sagittal, bird-eye’s
and frontal views revealed the enlarged condyles along both mesio-lateral and antero-
posterior orientations that displayed OA-like changes, including a porous osseous surface
(Figs.1L, arrowhead), osteophytes (Fig. 1N, arrowheads) and flattening and concavity (Figs.
1J, IN, arrowheads) compared to control condyles (Figs. 11-1M). Calcified tissues were also
detected in mesial and lateral aspects of the Prg4-null discs and correlated well with
development of osteophytes along the condylar periphery (Fig. 1P, arrowheads).

Detailed histomorphometric observations of osteophyte/ectopic cartilage developing in Prg4-
null TMJs from 3 to 12 months of age revealed that ectopic cartilage and osseous changes
occurred first in glenoid fossa and condyle and were preponderant, and were followed by
ectopic cartilage formation in the discs (Fig. 1Q). Increased Safranin-O stained articular
cartilage and osteophytic lesions in glenoid fossa over age correlated well also with
increased roof thickness of the structure (Figs. 1R, 1S).

Molecular and cellular changes in mutant glenoid fossa articular cartilage and chondroid
bone and osteophyte formation

Next, we investigated possible developmental mechanisms that could underlie changes in
articular cartilage and formation of multiple osteophytes in Prg4-null TMJs, including
possible distinct osteophyte origin. In wild type mice, upper and lower joint cavities were
readily observed in early postnatal stages, and the surface of the bony glenoid fossa/
eminence was coated by a thin layer of mesenchymal cells possibly representing
presumptive articular cells (pac) (Figs. 2A, 2B). With further development, the mesenchymal
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tissue became distinguished into four characteristic thin layers (Fig. 2C): a superficial layer
(s%); a chondroprogenitor layer (¢p); a chondrocyte layer (¢/) composed of Col-1-, Col-1I-,
and /hh-expressing chondrocytes (Figs. 2D, 2E, 2F); and chondroid bone (cb) entrapping
Col-X-expressing hypertrophic chondrocytes (Fig. 2G). By 5 months of age, articular
cartilage became much thinner and was covered by Prg4-expressing superficial cells (Figs.
2H, 21). In Prg4 mutants, however, the mesenchymal layer over presumptive glenoid fossa
articular cartilage displayed a significantly increased number of mesenchymal cells
accompanied by deranged collagen fibril formation in the superficial zone, an important
structure critical for mechanical and lubricating function (Ruggiero et. al., 2015) (Fig. 2K)
as early as 2 weeks of age. It became even thicker by one month (Fig. 2L) and was
composed by Col I-, Col I1-, Col X-and/or Ihfexpressing chondrocytes (Figs. 2M-2P). By
5 month of age, numerous chondrocytes were embedded in the bony mineralized tissue of
temporal bone and thus acquired a chondroid bone phenotype. Notably, there were Sox-%
expressing chondrogenic cells on the surface (Figs. 2Q-2R).

In long bones, osteophyte formation is closely associated with perichondrium and/or
synovial membrane (Bakker et al., 2001; Blaney Davidson et al., 2007; van der Kraan and
van den Berg, 2007). Thus, we further investigated osteophyte formation in Prg4-null TMJs,
paying particular attention to those tissues. Osteophytes developing in the articulating
surface of glenoid fossa/eminence did not exhibit obvious fibroblastic cells or periosteum,
but appeared to actually initiate from clusters of Safranin-O staining chondrocytes and
protruded into the upper joint cavity (ujc) over time (Figs. 3A-3C). At the synovium/
articular cartilage junction, the mutant synovial membrane was composed of multiple
synovial cells that seemed to extend toward the Safranin-O stained articular cartilage (Figs
3D-3F, 3, arrow) and formed nodules on the articular cartilage surface (Fig. 3D-3F,
arrowhead). /n situhybridization analysis of typical makers of synovial membrane revealed
that numerous Col ///-expressing synoviocytes were present in both articular cartilage
surface and synovial membrane (Fig. 3G, right panel) compared to controls (Fig. 3G, left
panel), and some cells co-expressed Sox9indicating that they possess chondrogenic
potentials.

Characterization of ectopic cartilage forming in Prg4-null TMJs

To characterize ectopic cartilage developing near the glenoid fossa and disc, chondrogenesis,
chondrocyte maturation and osteogenesis were evaluated by chondrogenic and osteogenic
markers. Sox9, Biglycan (a small leucine-rich repeat proteoglycan abundant in articular
cartilage) (Embree et al., 2010) and Co/-//displayed specific temporo-spatial expression
patters in local chondrogenic and chondrocytic cells (Figs. 4A-4F), indicating that
osteophyte-associated chondrocytes were undergoing a typical process of maturation and
endochondral bone formation. Similar expression patterns were detected in ectopic cartilage
of developing discs (Figs. 4B—4F). Col-1, Bsp and Osx were expressed in osteophytes
forming at the glenoid fossa (Figs. 5A, 5C-5F) and articular condyle (Figs. 5J-5L) and in
ectopic cartilage at articular disc (Figs. 5G-5l), indicating that the chondrocytes exhibited a
secondary chondrocyte phenotype (Beresford, 1981; Hall, 2005). Importantly, numerous
TUNEL-positive cells were detectable in the basal side of osteophytes and chondroid bone
(Fig. 5B), indicating that local cell death was part of these aberrant processes in mutants.
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Hh signaling in osteophytes and its stimulation of chondrogenesis and chondrocyte
maturation in glenoid fossa cell cultures

Ihh signaling has important roles in chondrogenesis and endochondral ossification as well as
in OA in long bone synovial joints (Lin et al., 2009., Yaeda et al., 2007., Koyama et al.,
1996). To determine whether osteophyte formation in mutant TMJs was accompanied by
ectopic Hh signaling, we examined expression of /A/and its receptors and G// transcription
targets in 6 month-old Prg4-null TMJs. Semi-quantitative PCR revealed that /4hA, Ptchl,
Smoothened (Smo) and Gli-1, -2 and -3 were all expressed in mutant glenoid fossa/
eminence (Fig. 6A). Immunohistochemistry and /n situ hybridization revealed that /44 and
Gli-1 were preferentially expressed in peripheral cells in developing osteophytes (Figs. 6B,
6C), indicating that Hh signaling had indeed been activated ectopically. Preimmune
antibodies generated non-specific background staining (Fig. 6D).

To more directly analyze Hh signaling roles, we tested the responses of glenoid fossa-
derived primary cells to Hh treatment. Cells were isolated from 2 month-old wild-type mice
and once in monolayer culture, expressed chondrogenic and cartilage markers, thus
resembling the expression profile of condylar chondrocytes (Fig. 6E). Treatment with
recombinant human SHH (rhSHH) significantly increased alkaline phosphatase (ALP)
activity by day 9 over control values (Fig. 6F) and gPCR confirmed the rhSHH-dose
dependent enhancement of A/p expression (Fig. 6H). rhSHH treatment also stimulated
expression of Col-/1and Col-X, markers of chondrocyte differentiation and maturation (Fig.
6l).

To further analyze these responses, we tested the effects of the hedgehog signaling inhibitor
HhAntag. To verify its activity, glenoid fossa/eminence explants isolated from 2 month-old
Gli1-nLacZ hedgehog reporter mice were treated with different concentrations of HhAntag
for 4 days. Whole mount LacZ staining revealed that HhAntag treatment elicited a dose-
dependent decrease of G/i-1 reporter activity compared to vehicle-treated controls (Figs.
7A-AC). Inhibition of endogenous Hh signaling in articular chondrocytes (ac) was further
confirmed by histological analysis (Fig. 7D, 7E). To determine whether chondrocyte
maturation was counteracted by inhibition of endogenous Hh signaling, glenoid fossa
primary cultures were treated continuously with 2 or 5 pM HhAntag. Day 12 cultures
displayed a dose-dependent inhibition of APase activity and mineralization as evaluated by
Alizarin red staining. gPCR further validated the inhibition of chondrocyte maturation
marker expression (Fig. 71).

DISCUSSION

Here we show that Prg4-null TMJs undergo irreversible OA-like changes affecting the major
TMJ components - glenoid fossa, articular condyle and articular disc- in unison. Our data
indicate that as the osteophytes grow, the roof of the glenoid fossa becomes significantly
thicker and flatter, resulting in loss of its characteristic concave shape for accommodation of
both condyle and disc. Concurrently, the condyles lose their convex shape, become flatter
and larger along the antero-posterior and mesio-lateral axes, and form ectopic bone along
their neck seemingly supporting the enlarged condylar heads. In addition, the mutant
articular discs lose their configuration and become larger in size so as to accommaodate the
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enlarged condylar heads over time (Bechtold et al., 2016). Notably, ectopic chondrogenesis
takes place, and it appears that the resulting cartilage articulates with osteophytes emerged in
glenoid fossa and condyle, implying that the articular disc undergoes a maladaptive response
and attempts to stabilize the articulation with the deformed articular cartilage.

It has been proposed that Prg4/lubricin is one of the major synovial fluid constituents
contributing to cartilage boundary lubrication (Flannery et al., 1999; Schaefer et al., 2004;
Seror et al., 2015). A recent study suggested that Prg4/lubricin interacts with hyaluronic acid
and concentrates it on the articular surface, implying that such interaction endows the joint
articulation with a low friction coefficient (Bonnevie et al., 2015). Thus, it is reasonable to
postulate that the loss of Prg4/lubricin function could severely compromise boundary
lubrication and lead to abnormal mechanical stress on articulating surfaces during TMJ
function. Our data together with our recent study indicate that ectopic chondrogenesis and
osteophyte formation may represent common pathophysiologic steps during TMJ abnormal
lubrication circumstances. In line with previously proposed theses (Wu et al., 2001), our data
suggest that Ihh and BMP2 are essential components of mechanotransduction mechanisms
eliciting ectopic chondrogenesis and osteophyte formation (Bechtold et al., 2016). Further
studies are needed to clarify signaling interactions between these and other signaling
molecules during TMJ pathologies.

Our data reveal additional and unexpected roles of Prg4 in TMJ articular cartilage
development and in formation of glenoid fossa/eminence. Unlike limb synovial joints that
largely form during embryogenesis (Decker et al., 2015), the joint cavity of TMJs becomes
apparent and fully functional around birth, and formation of articular cartilage and
chondroid bone in the glenoid fossa/eminence initiates around 2 weeks of age (Yasuda et al.,
2012). Our data indicate that in Prg4-null newborn mice in which boundary lubrication is
likely defective, TMJ development becomes compromised. In wild-type mice, chondrocytes
differentiate amongst Co/ l-expressing mesenchymal cells in presumptive articulating layer
over temporal bone, express Col /and Col I/ and thus exhibit features of secondary cartilage
(Beresford, 1981; Hall, 2005). With time, these chondrocytes undergo endochondral
ossification, become entrapped in the intramembranous bony matrix of temporal bone and
form chondroid bone. Prg4-expressing superficial cells form and cover the articulating
surface of secondary cartilage. In Prg4-null mice, however, there is excessive
chondrogenesis in the presumptive articular layer followed by widespread chondrocyte
hypertrophy and endochondral ossification, leading to excess chondroid bone formation and
temporal bone thicknening. Notably, the articular surface lacks superficial cells but contains
Sox%-expressing chondroprogenitors and immature chondrocytes instead. It has been
reported that secondary cartilage is induced by mechanical stimuli such as those occurring in
articulations, sutures and muscle attachment sites (Beresford, 1993; Solem et al., 2011). Our
data strongly indicate that deranged friction by the lack of Prg4 action could have induced
onset and progression of excessive chondrogenesis at the glenoid fossa/eminence
articulation site. Lack of Prg4-expressing superficial cells and presence of Sox%-expressing
cells coupled with abnormal cellular integrity and morphology could thus account for
osteophyte formation over time in Prg4-null TMJs.
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Our data provide insights into the origin of osteophyte and ectopic cartilage and into major
steps involved in formation/mineralization in Prg4-null TMJs. The data suggest that the
osteophytes emerge from distinct locations within the joints including periarticular sites
adjacent to hyperplastic synovial membrane and the articulating surface of cartilage. These
findings suggest that skeletal progenitor cells of distinct origins are involved in initiation of
these skeletal defects. At the articular surface, multiple osteophytes appear to arise from
Sox9-expressing cells and undergo endochondral ossification while expressing such
characteristic chondrocyte markers as Col/ /1, /1hh, hedgehog receptors/transcriptional
activators and Co/ X and osteogenic markers including Co/ /, Bsp and Osterix. Interestingly,
peripheral chondrocytes of the osteophytes highly expressed these markers as well, while
chondrocytes located in more central and basal regions expressed them at much lower levels.
The data indicate that preferential growth of osteophytes into the upper joint cavity is
primarily regulated by peripheral chondrocytes, while other chondrocytes in the osteophytes
may undergo senescence or apoptosis (Fig. 5B). Our data indicate that in contrast, synovial
mesenchymal cells expressing Co/ ///, a major matrix constituent of synovial tissue (Eyre
and Muir, 1975; Sandberg and Vuorio, 1987), aggregate at the synovium-cartilage border of
the glenoid fossa/eminence and subsequently undergo chondrogenesis in conjunction with
Sox%-expression. Our findings are in agreement with pathological changes observed in the
joints of CACP patients showing synovial hypertrophy and invasion of cartilage surface by
synoviocytes that result in severe disruption of joint function (Rhee et al., 2005).
Osteophytes/ectopic cartilage arising in mandibular condyles and discs also express
secondary cartilage markers. In sum, our observations suggest that regardless of where the
chondroprogenitors and chondrocytes originate, the end result is similar: ectopic
chondrogenesis and ectopic cartilage/osteophyte formation in Prg4-null TMJs, irreversibly
hampering TMJ function.

Our in vitro data indicate that primary cells isolated from wild-type glenoid fossa express
chondrocyte/osteoblast gene expression profiles similar to those of condylar chondrocytes,
indicating that glenoid fossa chondrocytes are able to retain their secondary chondrocyte-
characteristics in culture. In primary glenoid fossa cell cultures, we find that rhSHH is a
potent stimulator of chondrogenic differentiation as indicated by increases in APase activity
and expression of chondrocyte maturation markers. The role of Hh signaling in chondrocyte
maturation was validated further by HhAntag treatment that led to marked reductions of
APase activity, matrix mineralization and chondrocyte maturation marker expression. We
also observed HhAntag-dose dependent reductions of G//-1 transcriptional activity in
glenoid fossa/eminence explant cultures, indicating that HhAntag interferes with canonical
Hh pathway (Mundy et al., 2015). Thus, it appears that the Hh signaling pathway could be
targeted to block the initiation and/or progression of ectopic chondrogenesis and ectopic
cartilage and osteophyte formation in pathologies such as TMJ osteoarthritis and related
conditions.
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MATERIALS & METHODS

Transgenic mice

Prg4+/—-mutant mice were kindly provided by Dr. Matthew Warman (Boston Children’s

Hospital, Boston, MA) (Rhee et al., 2005). Animals were maintained in accordance with

NIH Guide for Care and Use of Laboratory Animals, and protocols were approved by the
IACUC of The Children’s Hospital of Philadelphia.

IHH peptide antibody synthesis

A synthetic peptide was synthesized encompassing residues 41-55 of human IHH
(CPRKLVPLAYKQFSPN; accession NM_000193), containing an added Cysteine on the N-
terminus to facilitate coupling to Maleimide-Activated KLH (Thermo Scientific). The KLH-
conjugated peptide was subsequently used to generate polyclonal (IgY) antibodies in
chickens. Antibody production was carried out by Cocalico Biologicals (Reamstown, PA).

Histological, immunohistochemical, histomorhometric and in situ hybridization analyses

Age matched Prg4 mutants and wild-type littermates were evaluated at postnatal day 0 (PO,
n=6), P14 (2 wks, n=6), 1 months (n=12), 3 months (n=8), 5 months (n=4), 6 months
(n=12), and 12 months (n=6) of age. Mice were fixed with 4% paraformaldehyde overnight,
decalcified for 2 weeks in 10% EDTA/2% paraformaldehyde (PFA), dehydrated, and
embedded in paraffin. For immunohistochemistry, antigen retrieval was performed in citrate
buffer (pH 6.0) by boiling for 10 min and then incubating in citrate butter at room
temperature for 10 min. Endogenous peroxidase was blocked by incubation with 3% H,0,
for 10 min. Sections were treated with PBST/1% BSA for blocking and subsequently
incubated with chicken Ihh antibodies (1:50) overnight at 4°C. The sections were washed
and then incubated with biotinylated goat anti-chicken secondary antibody, and the signal
was visualized using an HRP/DAB detection IHC kit according to the manufacturer’s
instructions (Abcam Plc.; Cambridge, UK). Companion serial sections were treated with
preimmune chicken IgY, which served as negative controls.

For in situ hybridization, sections were hybridized with antisense or sense 3°S-labeled
probes as described in detail previously (Koyama et al., 2007). cDNA clones used as
templates for probes included: Sox9 (nt, 116-856; NM_011448), Bsp (nt. 1100-1420;
NM_008318); collagen I (nt. 233-634; NM_007742); collagen 1/ (Col 11)(nt.1095-1344;
X57982), collagen X (nt.1302-1816; NM009925), G/i1 (nt. 1226-1580; NM_010296);
Osterix (nt. 40-1727; NM_130458) and Prg4 (nt. 41-2646; AB034730).

Cell cultures

Cultures were prepared from glenoid fossa/eminence samples isolated from 2 month-old
wild-type mice (n=32) as described (Bechtold et al., 2015) with some modifications. Isolated
glenoid fossae were incubated with 2.5 U/ml dispase (MP Biomedicals, LLC, Solon, OH)
and 600 U/ml (3mg/ml) type I collagenase (Worthington Biochemical Corporation,
Lakewood, NJ) in HBSS with Ca2* and Mg2* for 10 min at 37°C with agitation, and then
the surface was curetted. Dissociated cells with tissue fragments were cultured together on
collagen 1 substrate-coated 6 well culture plates in DMEM containing 10% FBS, 0.1%
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Fungizone and antibiotics. Cells were expanded in 6 well culture plates, reared in a higher
density to restore native cell characteristics, and passaged three to five times prior to use in
experiments. For detection of alkaline phosphatase activity, the cultures were grown for 9
days in DMEM containing 10% FBS, 10 pg/mL ascorbic acid and 10 mM of p-
glycerophosphate. Recombinant human Sonic hedgehog protein (rhSHH) was used at
concentration of 100-250 ng/ml (R&D Systems; Minneapolis MN) and HhAntag, a
hedgehog signaling inhibitor that blocks the activity of the signaling receptor Smoothened
(provided as a generous gift from Genentech; San Francisco, CA) was used at a
concentration of 2 or 5 uM. For ALP staining, cells were washed three times with TBS, then
treated with a solution of 5-bromo-4-chloro-3-indolyl-phosphate and nitro blue tetrazolium
(Wako Pure Chemical Industries, Ltd.) for 15 min. For Alizarin red staining, fixed cells were
rinsed with water and stained with freshly made Alizarin red staining solution (1% Alizarin
red, pH 6.3 adjusted with 0.5% ammonium hydroxide) for 10 min.

For organ culture, glenoid fossae/eminences isolated from 2 month-old G/iZ-nLacZ mice
were cultured for 4 days in complete medium supplemented with 1% FBS in the absence or
presence of 100-200 pM HhAntag. Tissues were fixed with 0.2% gluteraldehyde for 15 min
on ice, washed, and processed for p—galactosidase staining (EMD Millipore) at 37°C for 4
hrs to overnight.

Quantitative real-time PCR

Quantitative real-time PCR was carried out using SYBR Green PCR Master Mix in an
Applied Biosystems 7500 according to manufacture’s protocol. Gapadh was used as
endogenous control, and relative expression was calculated using the AACT method. For
relative mRNA calculation, untreated cultures served as reference for comparison between
groups. Data were expressed in arbitrary units.

MCT analysis

Mouse condyles were examined using a viva UICT 40 CT scanner (Scanco Medical AG,
Basseldorf, Switzerland), and analyzed using PCT v6.0 vivaCT software. Serial 12.5 um 2-D
and 3-D images were acquired at 70 kV and 113 mA. The raw data from the pCT scans were
compiled into 2D gray scale images that were then contoured to define the condyles. Binary
images were generated using a threshold of 280. Virtual 3D models were then constructed
and analyzed for morphological abnormalities (Laurita et al., 2011).

Statistical analysis

Data were analyzed using two-sided Student’s t-test. p-values less than 0.05 were considered
as statistically significant (p<0.05). All statistical data are presented as means + SD.
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Highlights
Prg4-null TMJs exhibit irreversible osteoarthritis-like changes.

Osteophyte formation in Prg4-null TMJs is associated with ectopic hedgehog
signaling.

Loss of Prg4 function results in abnormal endochondral bone formation in the
glenoid fossa.

Prg4-mediated boundary lubrication is indispensable for TMJ maintenance
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Figure 1. Abnormal cartilage, osteophytes and bone forming in Prg4_/_ mice
Frontal sections from TMJs prepared from 3 month- (A, C), 6 month- (D) and 12 month-old

(B, E-H) control (A, B) and Prg4”~ (C—H) mice were processed for Hematoxylin (A-C, E,
G) or Safranin-O/fast green (D, F, H) staining. Multiple osteophytes (D, E, F; double
arrowhead) with preferential growth into the upper joint cavity (u/c) in Prg4™~ mice resulted
in the increased roof of the GF thickness (g7, bracket) and decreased the space of the upper
joint cavity (B vs E, G). Note that osteophyte formation was initiated in 2 distinct sites of
the GF/eminence: the articulating surface (double arrowhead in D—F) and the synovium/
articular cartilage junction (arrowhead in E, F). Note also that bone tissue forming in the
posterior portion of Prg4~~ TMJ was supplied with well-developed nutrient vessels
(arrowheads) and coated with periosteum-like tissue (H; po, bracket) (H). 3D microCT
images of mandibular condyles from 12 month-old control (1-O) and Prg4™~ (3-P) mice:
sagittal (1, J), bird’s eye (K, L) or frontal (M, N) view (/=3 for each group). X-ray images
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of articular discs from 12 month-old control (O) and Prg4~~ (P) mice and ectopic
mineralization detected in mutant disc (P; arrowheads). Analysis of serial frontal and
parasagittal sections reveals: increased incidence of ectopic cartilage/osteophyte formation
in GF, disc and condyle in Prg4~~ mice (Q. =5 for 3 months and 5 months and /=3 for 12
months); fold change of Safranin-O stained area of articular cartilage and osteophytes of
glenoid fossa/section (R, n=3for mouse/each group); and thickness of roof of glenoid fossa
(rgf (S, indicated by bracket, 7=3 for mouse/each group) in Prg4~~ mice compared to age-
matched control littermates. Areas were randomly selected from 8 sections per sample (7=3
for mouse/each group, *p <0.05, **p <0.01) and presented as average +SD. Scale bars: 0.9
mm in A for A, B, C, E, G; 550 um in D for D, F; 65 um in H; 1.2 mm for 1-P. gf, glenoid
fossa, dc, disc, cd, conayle, ujc, upper joint cavity; po, periosteum, lpm, lateral pterygoid
muscle.
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Fi_gure 2. Excessive chondrogenesis and chondroid bone forming in glenoid fossa of Prg4-null
mice

Parasagittal sections prepared from TMJs of 2 day- (A, J), 2 week- (B, K), 1 month- (C-G,
L-P) and 5 month-old (H, I, Q, R) control (A-1) and Prg4”~ (J-R) mice were stained with
Hematoxylin & Eosin (A-C, H-L, Q). Note that the thickened presumptive articular
cartilage layer (pac) (K) resulted in the expansion of the chondrocyte progenitor layer (cp),
chondrocyte layer (c¢/) and chondroid bone zone (cb) in Prg4”~ TMJs (L, Q) compared to
controls (C, H). Sections were processed for /n situ hybridization with isotope-labeled
riboprobes for Col /a2 (D, M), Col llal (E, N), Ihh (F, O). Col X (G, P), Prg4 (1) and Sox9
(R). Scale bar: 55 pm in A for A-R.
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Figure 3. Major steps of osteophyte development near articulating cartilage and synovium-
articular cartilage junction in Prg4_/_ glenoid fossa

Frontal sections prepared from TMJs of 3 month- (D; G, right panel), 6-month- (A, B, E),
10 month- (C, F, 1) old Prg4~~ mice were stained with Hematoxylin & Eosin (A) and
Safranin-O (B-F, I). Osteophyte development was investigated in red box area (articular
cartilage) or black box area (synovium-cartilage junction) of the glenoid fossa (A)
representing the articulating cartilage and synovium-articular cartilage junction, respectively.
Note that multiple osteophyte-like chondrocyte clusters start forming in the articulating
cartilage surface (B, arrowheads), and grow into osteophytes (gp#) (C, arrowhead). Synovial
cell mass (D-F; arrowhead) present at the synovium-articular cartilage junction before
chondrocyte differentiation indicated by lack of Safranin-O staining and its integration into
the developing osteophytes (F, I, arrow) in the advanced OA condition. Synovium-articular
cartilage junction in F was magnified to reveal the synovial cell mass (I, arrowhead) and
integration of synovial cells into developing cartilage/osteophyte (1, arrow). /n situ
hybridization with isotope-labeled RNA probe of type /11 collagen (Col-111) (G, left panel,
control; right panel, mutant) and Sox9 (H). Note that Co/-///transcripts are abundant in the
synovial membrane and are much less at the articular cartilage surface, while a numerous
number of Co/-//1-expressing cells are detectable in the Prg4™~ glenoid fossa. Sox-9
expressing chondroprogenitor cells detected in the synovium-articular cartilage junction in
Prg4~~ glenoid fossa. Scale bars: 150 pm in A; 45 um in B for B, I; 80 pm in C for C-F;
125 uym in G for G-H. gf, glenoid fossa, ujc, upper joint cavity, oph, osteophyte, sl, synovial
lining cell; ac, articular cartilage.
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Figure 4. Expression of chondrogenic markers in osteophytes and extopic cartilage developing in
Prg4-null mice

Frontal sections prepared from TMJs of 12 month-Prg4-nul/ mice were stained with
Safranin-O (A, B). The glenoid fossa articular cartilage is defined by a dashed line to clarify
the developing osteophytes (A, C). Ectopic cartilage forming at the surface of the articular
disc articulating with osteophytes (A, boxed area) enlarged in B. Serial sections were
processed for /n situ hybridization with isotope-labeled riboprobes for Sox9 (C), Biglycan
(D), Col Ila1(E) and Col X (F). Note intense labeling of Sox9, Biglycan, and Col llal
transcripts, detected in the peripheral chondrocytes of the osteophytes, indicating
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preferential growth of the osteophyte into the upper joint cavity (u/c). Note also Col X
expression in the relatively deep region of the cartilage (arrowhead). Scale bars: 250 um in
A; 45 umin B; 125 um in C for C-F. gf, glenoid fossa; ujc, upper joint cavity; dc, disc; oph,
osteophyte.
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Figure 5. Expression of osteogenic markers in osteophytes and/or extopic cartilage developing in
glenoid fossa, articular disc and mandibular condyle of Prg4-null mice

Frontal sections were prepared from TMJs of 12 month-Prg4-null mice and stained with
Masson’s trichrome (A), Safranin-O (G) and Hematoxylin (J) and processed for TUNEL to
detect apoptosis (B). Serial sections were also processed for /in situ hybridization with
isotope-labeled riboprobes for Co/ la2 (D, H, K), Bone sialoprotein (E) and Osterix (F, I, L)
in osteophytes (gp/) forming in the glenoid fossa (g/ (A-F) and mandibular condyle (co)
(J-L) and ectopic cartilage forming the articular disc (dc) (G-I). Note intense expression of
osteogenic markers at the peripheral region of osteophytes resembling that of chondrogenic
markers (Fig. 4), a characteristic feature of seconday cartilage. Boxed area in J was enlarged
in Kand L. Scale bars: 55 pm in A for A-F; 80 pm in G for G-I, K-L; 250 um in J.

gf, glenoid fossa; ujc, upper joint cavity; dc, disc; oph, osteophyte, co, condyle.

Matrix Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bechtold et al.

Page 22

)

@ []Cont
* ¥
i [ SHH:250ng/ml

(] Cont

4 5 A x| SHH:100ng/ml < 4
£ 4 2 - [ sHH250ngml g
S| S g, ] **
§5 * ¥ ::’5— * ¥ 2
S z Z * ¥
= E €
g E 4 e .
g | s g |
e 7 2 7

- = O_

P b S N o

Figure 6. Detection of Hh signaling in osteoarthritic TMJs in Prg4-null glenoid fossa and Hh-
induced stimulatory effect on chondrocyte maturation by primary glenoid fossa cells

Semi-quantitative PCR analysis of expression of Ihh and its signaling associated molecules
in glenoid fossae (GF)/eminences from 6-month-old Prg4-null mice (A). IHH protein
expression by Immunohistochemistry (B) and G//i-1 expression by /n situ hybridization (C)
detected at the peripheral region of the osteophytes developing in the glenoid fossa. Sections
treated with preimmune chicken IgY served as controls (D). Semi-quantitative PCR analysis
of expression of chondrocyte markers in mandibular chondyle and glenoid fossa (GF) (E).
Primary gleniod fossa cells were cultured on 24-well plates and stimulated with rhSHH
protein (250ng/ml) for 9 days, fixed, and processed for Alkaline phosphatase activity (F;
upper panel). Cultures were also counterstained with Hematoxylin to reveal the presence of
cells in cultures (F; lower panel). Integrated density of Alkaline phosphatase (APase)-
stained cultures was measured by ImageJ (G; n=3, *p <0.05). Untreated cultures served as
reference for comparison between groups. The data are expressed in arbitrary units.
Histograms depicting rhSHH-dose dependent activation of Alkaline phosphatase (Alp)
MRNA (H) and increased Hh-transcriptional targets and chondrocyte maturation marker (1)
in day 9 primary gleniod fossa cell culture compared to controls (*p <0.05, **p <0.02).
Scale bars: 55 pm in B for B-D. gph, osteophyre.
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Figure 7. Inhibition of Hh signaling attenuates Gli-1nLacZ reporter activity in glenoid fossa/
eminence tissues and chondrocyte maturation in primary glenoid fossa cells

Glenoid fossa/eminence from 2 month-old- G/iZ-nLacZ reporter mice were culture in the
presence of HhAntag at indicated concentrations (B, C) or control vehicle (A), processed for
whole-mount LacZ staining (A—C) and subsequent sectioning (D, E). Note decreased LacZ
activity in the articular cartilage of glenoid fossa/eminence treated with HhAntag vs control
(D, E; respectively). Primary glenoid fossa cells were cultured on 24-well plates and treated
with HhAntag at indicated concentrations or control vehicle for 9 days, fixed, and processed
for Alkaline phosphatase activity (F, top panel) or Alizarin red staining (F, lower panel).
Integrated density of Alkaline phosphatase-staining (G) and Alizarin red-staining (H) were
quantified by ImageJ (G; n=3, *p <0.05, **p <0.02). Untreated cultures served as reference
for comparison between groups. The data are expressed in arbitrary units. Histograms
depicting HhAntag-dose dependent decrease of Hh signaling molecules and chondrocyte
maturation markers in day 9 primary glenoid fossa cell culture compared to controls (**p
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<0.02). Scale bars: 2.4 mm in A for A-C; 80 um in D for D-E. gf, glenoid fossa, zp,
zygomatic process, ac, articular cartilage.
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