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The temporomandibular joint is critical for jaw move-
ments and allows for mastication, digestion of food,
and speech. Temporomandibular joint osteoarthritis
is a degenerative disease that is marked by permanent
cartilage destruction and loss of extracellular matrix
(ECM). To understand how the ECM regulates mandib-
ular condylar chondrocyte (MCC) differentiation and
function, we used a genetic mouse model of temporo-
mandibular joint osteoarthritis that is deficient in two
ECM proteins, biglycan and fibromodulin (Bgn~"°
Fmod™’7). Given the unavailability of cell lines, we
first isolated primary MCCs and found that they were
phenotypically unique from hyaline articular chon-
drocytes isolated from the knee joint. Using Bgn~"°
Fmod™’'~ MCCs, we discovered the early basis for
temporomandibular joint osteoarthritis arises from
abnormal and accelerated chondrogenesis. Trans-
forming growth factor (TGF)-B1 is a growth factor
that is critical for chondrogenesis and binds to both
biglycan and fibromodulin. Our studies revealed the
sequestration of TGF-B1 was decreased within the
ECM of Bgn~'°Fmod~’~ MCCs, leading to overactive
TGF-f31 signal transduction. Using an explant culture
system, we found that overactive TGF-f1 signals in-
duced chondrogenesis and ECM turnover in this
model. We demonstrated for the first time a compre-
hensive study revealing the importance of the ECM in
maintaining the mandibular condylar cartilage integ-
rity and identified biglycan and fibromodulin as
novel key players in regulating chondrogenesis and
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ECM turnover during temoporomandibular joint os-
teoarthritis pathology. (Am J Pathol 2010, 176:812-826;
DOI: 10.2353/ajpath.2010.090450)

The temporomandibular joint (TMJ) is a unique articulat-
ing joint that is essential for proper mastication and verbal
communication. Temporomandibular disorders encom-
pass a group of complex and poorly understood condi-
tions that are characterized by orofacial pain, joint
sounds, and restricted joint movement." TMJ osteoarthri-
tis (OA) is the most prevalent and debilitating type of TMJ
disorder, which causes severe pain, permanent tissue
loss, and joint dysfunction.”? There are no standard di-
agnostic tests or treatments for this degenerative disease
because of the limited understanding of the cellular and
molecular mechanisms underlying TMJ biology and pa-
thology. Therefore, comprehensive mechanistic studies
may potentially contribute toward the development of
diagnostic biomarkers and clinical therapies.

Currently, mechanistic studies on joint degenerative
processes focus on other articular joints, such as the
knee and hip. However, the mandibular condylar carti-
lage is distinct from other articular cartilages and pos-
sesses unique morphological,® functional,* biomechani-
cal,®>” and biological®~'" properties. For example, the
articular zone is the most superficial cellular layer that
uniquely distinguishes the TMJ as a fibrocartilage. Con-
sequently, the superficial articular zone consists of type |
collagen,"" whereas the remaining cellular zones below
consist of type Il collagen.”® On the other hand, the
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femoral head of the knee joint is constituted entirely of
hyaline cartilage and type Il collagen.® Consequently, the
cellular mechanisms underlying TMJ OA pathology may
be different from other articular joints. However, no stud-
ies have been implemented to determine specific mech-
anisms regulating mandibular condylar chondrocytes
(MCCs) because of the unavailability of cell lines and the
difficulty of isolating primary MCCs. Therefore, it is critical
to isolate MCCs to understand disease pathologies that
are specific to the TMJ.

Cartilage tissue consists of chondrocytes and an
abundant extracellular matrix (ECM) that primarily con-
tains collagens, small and large proteoglycans, and wa-
ter. Chondrocytes reside within the ECM and synthesize
and maintain the ECM under normal conditions of low
turnover.'® The ECM plays a critical role in the preserva-
tion of cartilage tissue integrity. In support of this idea,
early stages of OA are marked by changes in the quan-
tity, distribution, or composition of ECM, whereas late
stages of OA are marked by a gradual net loss of ECM
components.'* Additionally, modifications in ECM colla-
gens, such as type VI and type XI collagens,''® and
small ECM proteoglycans, such as asporin, biglycan,
and fibromodulin,’~'° can lead to the development of
OA in the TMJ and in other joints. Furthermore, studies
have reported that humans with genetic diseases involv-
ing defects in cartilage-related ECM genes, such as
Marfan syndrome® and Ehlers-Danlos syndrome,®' ex-
perience TMJ dysfunction. However, the precise role the
ECM plays in regulating MCC function specifically within
the TMJ remains largely unknown.

Biglycan (Bgn) and fibromodulin (Fmod) are members of
the small leucine-rich repeat proteoglycan family (SLRPs)
and are highly expressed in bone, tendon and carti-
lage.’®22 Mice deficient in Bgn and Fmod (Bgn '°
Fmod~'") develop OA in multiple joints, including the
TMJ."®° Functionally, SLRPs can control ECM structure by
interacting with the network of cartilage proteins and can
mediate cell metabolism by binding to members of the
transforming growth factor 8 superfamily (TGF-g).'7:2324
Bgn and Fmod both bind to TGF-81,2 a potent growth
factor that regulates the formation and degradation of the
ECM and maintains cartilage integrity in murine and human
articular cartilage.’”2527

The goal of the present study was to understand how
the ECM regulates the differentiation and function of
MCCs. First, we isolated and characterized MCCs de-
rived from mandibular condylar cartilage and hyaline
articular chondrocytes (HACs) derived from knee hyaline
articular cartilage. We show here that MCCs were phe-
notypically distinct from HACs, which underscores the
importance for using MCCs specifically to study TMJ OA.
Using genetically modified mice, we identified Bgn and
Fmod as critical components of the ECM, which control
the differentiation and function of MCCs by modulating
TGF-B1 activity. In the absence of Bgn and Fmod,
TGF-B1 sequestration within the ECM was decreased,
leading to hypersensitive TGF-B1 signaling. Increased
TGF-B1 signals accelerated both type Il collagen and
aggrecan production and degradation. Taken together,
the absence of Bgn and Fmod ultimately led to an overall
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imbalance in ECM turnover and favored cartilage degra-
dation and the onset of TMJ OA.

Materials and Methods

Animals

Male mice were used including Bgn "°Fmod '~ mice and
their strain-matched wild-type counterparts (C57BL/6-
129) with approval from the Animal Care and Use Com-
mittee, National Institutes of Health (#NIDCR-DIR-
07—414). The generation of Bgn "°Fmod~'~ mice has
been previously reported.’® Briefly, single-deficient mice
were generated by targeted gene disruption in embry-
onic stem cells.?®2° The F1 generation of heterozygote
mice was obtained by interbreeding a homozygous
Bgn~'~Fmod*'* female with a homozygous Bgn*’,
Fmod~'~ male (Bgn is on the X but not Y chromosome).
The F2 generation was subsequently obtained by inter-
breeding F1 heterozygote mice. All mice were genotyped
for Bgn and Fmod by a PCR-based analysis using prim-
ers as described previously.' The PCR products were
resolved by electrophoresis through 1.8% agarose gels,
yielding bands of 212 bp for the wild-type Bgn allele, 310
bp for the disrupted Bgn allele, 280 bp for the wild-type
Fmod allele, and 603 bp for the disrupted Fmod allele.

Cell Isolation and Culture

TMJ condylar cartilages and knee articular cartilage were
dissected from 6- to 8-week-old mice and digested with 3
mg/ml collagenase type | (Worthington Biochem, Free-
hold, NJ) and 4 mg/ml dispase (Roche) in 1X PBS for 3
hours at 37°C. Single cell suspensions were cultured (5%
CO,, 37°C) in basal medium consisting of a-MEM
(Gibco), supplemented with 20% lot selected fetal bovine
serum (Equitech-bio, Inc), 2 mmol/L glutamine, 100 U/ml
penicillin/100 mg/ml streptomycin (Biofluids), and 100
mmol/L 2- mercaptoethanol (Gibco) for four to six days.
The cells were detached with trypsin-EDTA (GIBCO) and
plated for the in vitro experiments as described below for
each assay.

Proliferation of MCCs

The proliferation of MCCs was measured using a cell
proliferation bromo-2’-deoxyuridine (BrdU) ELISA Chemi-
luminescent kit (Roche) according to the manufacturer’s
instructions. MCCs (3 x 10* per well, passage 1) were
plated into 96-well black plates with clear bottoms (BD
Biosciences Labware) to minimize background and to
allow for microscopic visualization of the cells during
incubation. MCCs were cultured (5% CO,, 37°C) over-
night in basal medium and were labeled with BrdU label-
ing reagent for 2 hours. After removing the labeling re-
agent, MCCs were fixed and the anti-BrdU antibody was
added. After substrate reaction, the immune complexes
that formed were detected and quantified using a scan-
ning multiwell luminometer.
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Immunocytochemistry

MCCs or HACs (5 X 10* per well, passage 1) were plated
onto 12-well plates containing 18-mm coverslips and cul-
tured (5% CO,, 37°C) overnight in basal medium. Cells
were fixed with 4% paraformaldehyde for 20 minutes at
room temperature, permeablized with 5% DMSO, 0.25%
Triton-X in PBS for 5 minutes, and treated with primary
antibodies for 1 hour at room temperature. The broad-
spectrum immunoperoxidase AEC kit (Picture Plus,
Zymed) was subsequently used to detect the immunoac-
tivity according to the manufacturer’s instructions. Pri-
mary antibodies used in this study included polyclonal
rabbit anti-human type | collagen (1:2000 dilution, rabbit
antiserum, LF-68, Dr. Larry Fisher at NIH), monoclonal
mouse anti-mouse type Il collagen (1:50, 4 mg/ml, mouse
IgG,, cat# ECM1400N; Chemicon), polyclonal rabbit anti-
mouse aggrecan (1:100, 5 mg/ml, rabbit 1gG, cat #
AB1031; Chemicon), and mouse anti-human Smad4
(mouse IgG, 1:100, 200 mg/ml, = cat # sc-73599, Santa
Cruz). Isotype- matched antibodies were used as nega-
tive controls under the same conditions. The cells were
counterstained with hematoxylin.

Pellet Cultures

Cells (5 X 10°, passage 1) were pelleted in 15 ml polypro-
pylene tubes by centrifugation and cultured (5% CO,,
37°C) for 3 weeks in Dulbecco's Modified Eagle medium
(DMEM) supplemented with 1077 mol/L dexmethasone,
100 wmol/L ascorbic acid, 1% insulin, transferrin, selenium
(ITS), 1 mmol/L pyruvate, and 1 ng/ml TGF-B1 containing
previously described.?? Pellets were prepared for histology
and real-time RT-PCR.

Real-Time RT-PCR

Total RNA was isolated from confluent MCCs and HACs,
pellet cultures, or whole mandibular condyles using Trizol
(Invitrogen). Samples were treated using a RNase-free
DNase removal reagent (Ambion). cDNA was obtained by
reverse transcribing total RNA with TagManTM reverse tran-
scription reagents (Applied Biosystems). Primers were
designed using Beacon Designer Software (Biorad)
and included the following: Comp, forward 5’-CGCAGCT-
GCAAGACGTGAGAGAGCTGT-3', reverse 5'-CCGAAT-
TCCGCTGGTCTGGGTTTCGA-3'; Sox9, forward 5-TCA-
GATGCAGTGAGGAGCAC-3', reverse 5'-CCAGCCA-
CAGCAGTGAGTAA-3'; ADAMTS4, forward 5'-CGCT-
GACCGCCAATGCCAACTG-3', reverse 5'-GCCCAAGGT-
GAGTGCTTCGTCTG-3'; ADAMTSS, forward 5'-TCC-
CGAGGAACTCCCAGGACAGAC-3', reverse 5-CGCAC-
CACAGCACACCACAGC-3'; Gapdh, forward 5'-GAGAG-
GCCCTATCCCAACTC-3', reverse 5'-GTGGGTGCAGC-
GAACTTTAT-3'; Sox5, forward 5-GCTGTCACCAAG-
GCAATCCAAGAAG-3', reverse 5'-TGCTGAGACCTAT-
GCTGTTCACCAC-3'; Sox6, forward 5'-AAAGGAAACCA-
CAGGCAAGGGAAGC-3', reverse 5'-CAGCAGCAGCGT-
TCACGAGCAG-3’; Col2A1, forward 5-CGAGGGCA-
ACAGCAGGTTCACATAC-3’, reverse 5'-GTCAATAATGG-

GAAGGCGGGAGGTC-3'; Col1A1, forward 5'-CACCCT-
CAAGAGCCTGAGTC-3', reverse 5'-GCTTCTTTTCCTT-
GGGGTTC-3’; Col10A1, forward 5'-GGGATGCCGCT-
TGTCAGTGCTAAC-3', reverse 5-TGGGTCGTAATGCT-
GCTGCCTATTG-3'; S29 forward 5'-GGAGTCACCCACG-
GAAGTTCG-3', reverse 5-GGAAGCAGCTGGCGGCA-
CATG-3'. Real-time PCR was performed using primers,
SYBR-green PCR Master Mix (Applied Biosystems), and a
Biorad MyIQ real-time PCR thermocycler. Each cDNA (5-10
ng) was amplified with an initial denaturation at 95°C for 10
minutes, then 95°C for 15 seconds and 65°C for 30 sec-
onds, for 40 cycles. Gene expression was normalized to the
housekeeping gene S29. Melt-curve analysis was routinely
run, and the PCR reactions were also analyzed by gel
electrophoresis to confirm that a single product of the ex-
pected size was amplified.

TGF-B1 ELISA

MCCs (5 X 10* per well, passage 1) were plated into the
wells of a 24-well plate and cultured to confluence (5%
CQO,, 37°C). The cells were cultured in serum-free me-
dium overnight and treated with or without 1 ng/ml
TGF-B1 for 30 minutes. The culture medium was col-
lected and active TGF-B1 concentrations were deter-
mined by TGF-B81 ELISA (R&D Systems). The sequestra-
tion of active TGF-B1 was determined as previously
described.?*

Western Blotting

MCCs (2 X 10° per well, passage 1) were plated into the
well of a 6-well plate until confluent. MCCs were cultured
in serum-free medium overnight, and then treated with 1
ng/ml TGF-B1 (R&D) or vehicle for 30 minutes. The pro-
tein extraction and Western blot analyses were per-
formed as previously described.?* The primary antibod-
ies included: rabbit anti-p-Smad2, -Smad?2 (1:500, Cell
Signaling), and rabbit anti-Hsp 90 (1:500, Santa Cruz).

Nucleofection and Luciferase Reporter Assays

Activation of the TGF-B1 signaling pathway was deter-
mined using a TGF-B1 responsive luciferase reporter,
SBE-luc. This construct is a Smad2/3-responsive lucif-
erase reporter construct and was a kind gift from Dr.
Reegis O’Keefe, Rochester University, Rochester, NY.
Transient transfection of MCCs was performed using the
Nucleofector system (Amaxa, Germany) and the mesen-
chymal stem cells transfection kit with modification. Op-
timal transfection conditions were first determined using
a construct containing green fluorescent protein (GFP), to
achieve approximately 60% to 80% transfection effi-
ciency for approximately 72 hours. MCCs (5 x 10° cells,
passage 2) were placed in transfection solution with 2 ug
total DNA, and subjected to electroporation using the
program C-17. phSV40 renilla luciferase construct (SBE-
luc: phSV40 = 20:1) was used as an internal control.
pGL3 vector served as an empty vector control. The
transfected cells were split into three wells of 96-well



plates and cultured for 24 hours. Luciferase activity was
measured using the dual reporter assay system (Pro-
mega, Madison, WI). Luciferase activity was normalized
to relative renilla activity within the same well.

Explant Cultures

Mandibular condyles were harvested from 5-week-old
mice, dissected in half, weighed, and cultured in a 24-
well plate (Corning, cat# 3527) in DMEM supplemented
with 100 mmol/L ascorbic acid for 24 hours. The left
mandibular condyles were treated with 2 ng/ml TGF-B1,
and the right mandibular condyles were treated with ve-
hicle control. The metabolically inactivated explants
served as additional baseline control, which were cre-
ated with three repeated freeze-thaw cycles in liquid N2
and a 37°C water bath. After two days, the media in
mandibular condylar explant cultures were collected for
CTX I, FFGVG and zymogram assays. The explants were
prepared for histology and real-time RT-PCR.

Detection of Matrix Metalloprotease—Derived
Type Il Collagen Fragment CTX-II

CTX-Il fragments released in explant culture medium
were measured using RatLaps ELISA kit (Nordic Bio-
science Diagnostics) according to the manufacturer’s
instructions.

Detection of Matrix Metalloprotease—Derived
Aggrecan Fragment ®*°FFGVG-G2

The **2FFGVG-G2 fragments released in the explant culture
medium were measured using an ELISA as previously de-
veloped and described.3° Two monoclonal antibodies were
used in a sandwich ELISA, including antibody AF-28%" rec-
ognizing 3*?FFGVG-G2 fragment and antibody, F78%° rec-
ognizing epitopes within the G1 and G2 globular domains of
aggrecan.

Zymography

Matrix metalloprotease (MMP) activity of mandibular con-
dylar explant culture medium (5 ml) was determined by
using 10% Tris-glycine gels with 0.1% gelatin incorpo-
rated as a substrate (Invitrogen) according to the manu-
facturer’s instructions.

Histology and Immunohistochemistry

Paraffin-embedded sections were dewaxed in xylene
washes and rehydrated through graded ethanol (100%,
95%, and 75%) and water. Tissue sections were stained
histochemically with hematoxylin and eosin (H&E), tolu-
idine blue, or Safranin O. A semiquantitative histological
scoring system, based on a modified Mankin system,3?
was used to investigate degenerative changes in the man-
dibular condylar cartilage. Comparable H&E sections from
wild-type and Bgn~'°Fmod ™'~ mice were divided into artic-
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ular, mature, and hypertrophic zones based on cell mor-
phology. The area and number of cells within each cellular
zone was computed using the Visiopharm Integrator Sys-
tem imaging software (MUSC Center for Oral Health Re-
search Core Facility, Charleston, SC).

For immunohistochemistry, rehydrated sections were
enzymatically treated with ABCase and incubated with pri-
mary antibodies at 4°C overnight, including polyclonal rab-
bit anti-mouse Bgn (1:500 dilution, rabbit total serum, LF-
106; Dr. Larry Fisher, NIH), polyclonal rabbit anti-mouse
Fmod (1:500 dilution, rabbit total serum, LF-149; Dr. Larry
Fisher, NIH), polyclonal rabbit anti-human type | collagen
(1:2000 dilution, rabbit antiserum, LF-68; Dr. Larry Fisher,
NIH), monoclonal mouse anti-mouse type Il collagen (1:
200, 1 mg/ml, mouse IgG;, cat# ECM1400N; Chemicon),
polyclonal rabbit anti-mouse aggrecan (1:100, 5 mg/ml,
rabbit IgG, cat # AB1031; Chemicon), polyclonal rabbit
anti-type X collagen (1:1000 dilution, rabbit total serum; Dr.
Lunstrum, Shriners Hospital, Portland, OR), polyclonal
rabbit anti-Comp (1:1000, total rabbit serum; Dr. Dick
Heinegard, University of Lund, Sweden), and monoclonal
mouse anti-mouse TGF-B1 (mouse IgG1, cat#MAB240;
R&D Systems). Isotype-matched antibodies were used as
negative controls under the same conditions. The broad-
spectrum immunoperoxidase AEC kit (Picture Plus, Zymed)
was subsequently used to detect the immunoactivity ac-
cording to the manufacturer’s instructions. The sections
were counterstained with hematoxylin. The area of positive
immunostaining was computed using the Visiopharm Inte-
grator System imaging software (MUSC Center for Oral
Health Research Core Facility, Charleston, SC).

Glycosaminoglycan Assay

The relative level of total glycosaminoglycans (GAG)
present in the condylar cartilage was determined using a
Blyscan kit (Biocolor). Condyles were dissected from
wild-type and Bgn°Fmod~'~ mice at 12 and 36 weeks.
To liberate GAGs from the extracellular matrix, samples
were digested with 20 mg/ml protease K with vigorous
shaking overnight at 55°C. The GAG assay was per-
formed following the manufacturer’s instructions, and the
relative quantity of GAG was obtained by measuring
absorbance at A650. The absorbance was normalized to
the mass of each sample.

Statistical Analysis

We reported representative data of at least three inde-
pendent experiments unless otherwise indicated. We
performed statistical analyses with Student t test.

Results

Mandibular Condylar Chondrocytes Are
Phenotypically Unique from Knee Hyaline
Articular Chondrocytes

MCCs and HACs were isolated in parallel by digesting
minced mandibular condyle or knee joint hyaline articular
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cartilage with dispase Il and type | collagenase. The cells
were expanded and examined for similarities and differ-
ences in their phenotypic traits in vitro. Real time RT-PCR
showed differential expression of chondrogenic-related
genes. MCCs expressed higher levels of Sox6 and type |
collagen (Col 1a7), whereas HACs expressed higher lev-
els of Sox5, type Il collagen (Col 2a), type X collagen (Col
10at), and cartilage oligomeric protein (Comp, Figure
1A). These data indicate that although MCCs share mo-
lecular overlap with HACs, MCCs have unique gene ex-
pression patterns that are different from HACs.
Chondrocytes isolated from the knee hyaline articular
cartilage are heterogeneous.®3 To determine the hetero-
geneity of MCCs, immunocytochemistry was performed
(Figure 1B). MCCs had more precursor cells than HACs,
where the percentage of type | collagen immuno-positive
cells (73 = 8% versus 44 = 3%) was significantly higher
(data are mean = SD of 6 random fields, P < 0.004 MCCs
versus HACs). MCCs had less differentiated cells in com-
parison with HACs, where the percentage of aggrecan
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Figure 1. Comparison of mandibular condylar
chondrocytes (MCCs) and hyaline articular
chondrocytes (HACs). A: Quantitative real-time
RT-PCR analysis of cartilage-related genes sox5,
sox6, sox 9, collal, col2al, coll10al, and comp
using total RNA isolated from HACs (open bars)
and MCCs (black bars). Gene expression was
Mouse normalized to the housekeeping gene S29. The
19G; expression of genes in MCCs was relative to that
of HACs. Data are mean *£ SEM of 2 experi-
° . ments. *P < 0.02, *P < 0.006 MCCs versus
. g HACs. B: Immunocytochemistry staining of car-
tilage-related proteins type I collagen, aggrecan,
and type II collagen in MCCs and HACs. Rabbit
L total serum, rabbit 1gG, and mouse 1gG, were
used under the same conditions as negative con-
trols, respectively. Scale bar = 50 um. C: Chon-
drogenic differentiation of HACs and MCCs. Chon-
drogenic differentiation was induced by culturing
pelleted HACs or MCCs in chondrogenic induction
medium for 3 weeks and was assessed by tolu-
- idine blue and Safranin O staining. The expression
of type I collagen, aggrecan, and type II collagen
was assessed by immunhistochemistry. Rabbit to-
tal serum, rabbit IgG, and mouse IgG, were used
under the same conditions as negative controls,
respectively. Scale bar = 50 pm.
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versus 65 = 11%) immuno-positive cells was significantly
lower (data are mean = SD of 6-9 random fields, P <
0.001 MCCs versus HACs). Interestingly, these in vitro
findings corresponded with the in vivo observations that
type | collagen is expressed in fibrocartilage, but not in
hyaline cartilage.* Taken together, these data demon-
strated that isolated MCCs are distinct heterogeneous
cells that reflect the unique in vivo tissues from which the
cells are derived.

To test whether MCCs were able to undergo chondro-
genesis in a manner similar to HACs, both MCCs and
HACs were expanded and induced to undergo chondro-
genesis in a three-dimensional pellet culture system. Like
HACs, MCCs formed a cartilage-like structure that de-
posited abundant proteoglycans visualized by staining
for toluidine blue, Safranin O, and immunostaining for
aggrecan expression (Figure 1C), although the intensity
was lower compared with the HAC pellets. MCCs were
able to undergo mature stages of differentiation and ex-
pressed copious amounts of type Il collagen in pellet
cultures (Figure 1C). Unlike HAC pellets, MCC pellets



produced type | collagen but not type X collagen (Figure
1C). Therefore, MCC pellets are likely in an earlier stage
of differentiation. Interestingly, type | collagen expression
was localized within the superficial layer of MCC pellets,
which is similar to the type | collagen expression pattern
in the superficial fibrocartilagenous layer of the mandib-
ular condylar cartilage.'? Taken together, these data
show that MCCs shared some molecular overlap with
HACs, but were also distinct and appeared to retain their
fibrocartilage nature in pellet cultures after they were
isolated and expanded in vitro. Therefore, MCCs are a
more appropriate cell type for studying the cellular events
contributing to TMJ pathology.

Mandibular Condylar Chondrocytes Show
Abnormal Growth and Differentiation in the
Absence of Bgn and Fmod

To understand the mechanisms underlying the TMJ pathol-
ogy, we used a previously established TMJ OA mouse
model."® This mouse model is deficient in two small proteo-
glycans, Bgn and Fmod that are highly expressed in the
articular and mature zones in the mandibular condylar car-
tilage and in MCCs derived from this tissue (supplemental
Figure S1A at http://ajp.amjpathol.org). At 24 weeks, Bgn"°
Fmod ™'~ mice demonstrated considerable histological and
morphological changes in the mandibular condyle (see
supplemental Figure S1B at http.//ajp.amjpathol.org). The
mandibular condyle shape was dysmorphic, and the artic-
ulating surface of the condyle appeared flattened (yellow
arrows) in the Bgn "°Fmod~'~ mice compared with the
wild-type mice. We noted by histology that the Bgn /°
Fmod ™'~ mandibular condylar cartilage had increased cel-
lularity compared with wild-type cartilage and had ex-
panded articular and mature zones (supplemental Figure
S1A at http://ajp.amjpathol.org). This could be attributable to
increased proliferation and/or survival of MCCs. However,
we previously showed that the apoptosis of chondrocytes in
the mandibular condyle increased in the absence of Bgn
and Fmod.3* Therefore, the hypercellularity was likely attrib-
utable to increased proliferation of MCCs. To test this, we
determined the cell proliferation rate by measuring BrdU
incorporation using a BrdU ELISA assay after wild-type
MCCs and Bgn"°Fmod~'~ MCCs were cultured for 3 days.
The results showed that the proliferation of Bgn"°Fmod '~
MCCs was 2.7-fold higher than wild-type MCCs (supple-
mental Figure S2A at http.//ajp.amjpathol.org). Similarly, pro-
liferation in the mandibular condylar cartilages of 3-day-old
Bgn~"°Fmod~'~ mice was 3.2-fold higher than wild-type
mice (supplemental Figure S2B at http://ajp.amjpathol.org).
Thus, the proliferation of MCCs was increased in the ab-
sence of Bgn and Fmod.

To test the effect of Bgn and Fmod on chondrogenesis,
we first compared the expression of chondrogenic mark-
ers in MCCs from 3-week-old wild-type and Bgn ’°
Fmod~'~ mice. Real-time RT-PCR showed that genes
critical for chondrogenesis, including sox9, agg, col2al,
and col10al, were up-regulated in the Bgn/"°Fmod~'~
MCCs (Figure 2A, left). Immunocytochemistry revealed
that the expression of aggrecan and type Il collagen—
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positive cells in Bgn"°Fmod /'~ MCCs were 1.6-fold and
4.2-fold higher than wild-type MCCs, respectively (Figure
2A, right). MCCs were next used to examine chondro-
genesis in pellet cultures for 3 weeks. Real-time RT-PCR
using mMRNA extracted from pellets showed that agg,
col2al, and col10al gene expression levels were all in-
creased in Bgn °Fmod~'~ pellets compared with wild-
type pellets (Figure 2B, left). These data suggested that
Bgn'°Fmod '~ pellets may be at a later stage of differ-
entiation than wild-type pellets. Histological analysis re-
vealed intense toluidine blue and Safranin O staining,
suggesting a relatively higher amount of proteoglycan
deposition in the ECM of the Bgn"°Fmod ™'~ pellet (Fig-
ure 2B, right) Immunohistochemical analysis showed in-
creased type | collagen, type Il collagen, and aggrecan
in Bgn "°Fmod '~ pellets. Type X collagen, a marker for
chondrocyte terminal differentiation, was expressed in
the Bgn~'°Fmod~'~ pellets, but not expressed in wild-
type pellets. Therefore, the increased content of chondro-
genic related proteins in Bgn°Fmod ™/~ pellets was
likely attributable to increased expression rather than
decreased degradation of those proteins. Consistent with
this observation, type Il collagen expression was ex-
panded in the mandibular condylar cartilage of 3-week-
old Bgn~"°Fmod~'~ mice shown by immunohistochemis-
try staining (Figure 2C, left, arrows). Furthermore, type Il
collagen was localized more distally from the articular
surface in Bgn'°Fmod~'~, which indicated that the ar-
ticular zone was expanded. Furthermore, real-time RT-
PCR (Figure 2C, right) using RNA extracted from the
condyles of 3-week-old mice, showed higher levels of
type Il collagen (col2at), aggrecan (agg), and type X
collagen (col10a7) in Bgn~'°Fmod~'~ mice. Overall, our
data suggested that the Bgn °Fmod~'~ MCCs have an
increased propensity to differentiate. Therefore, sup-
pressed chondrogenesis is not likely a contributing factor
in Bgn~"°Fmod~'~ TMJ OA pathology.

Loss of Aggrecan Content in Mandibular
Conadylar Cartilage Is Accelerated in the
Absence of Bgn and Fmod

Given that aggrecan loss is a major contributor to
cartilage degeneration in other joints,®® we examined
changes in proteoglycan content and the progression of
osteoarthritic changes with aging. H&E staining revealed
the articular and mature zones were expanded in the
Bgn~°Fmod~'~ mice at 3 and 5 weeks (Figure 3A, yellow
arrows). Quantitative evaluation of histology confirmed
that the area and the number of cells in the articular and
mature zones were significantly increased Bgn~’
oFmod ™'~ mice at 3 and 5 weeks, but no differences in
area or cell number within the hypertrophic zone were
found (supplemental Table S1 at http.//ajp.amjpathol.org).
Immunohistochemical staining revealed that aggrecan
was more intense and expanded (Figure 3A, black ar-
rows) in Bgn '°Fmod '~ mice at 3 weeks of age com-
pared with wild-type mice. Parallel changes were noted
for the expression of type Il collagen, where its immuno-
reactivity was more intense, localized more distal from
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Figure 2. Increased chondrogenesis in the absence of Bgn and Fmod. A: Quantitative real-time RT-PCR analysis compared the expression levels of chondrogenic-
related genes using total RNA isolated from in wild-type (W) and Bgn™/°Fmod '~ MCCs (left). Gene expression was normalized to the housekeeping gene $29.
The expression of genes in wild-type MCCs was relative to that in Bgn~/°Fmod '~ MCCs. Data are mean = SEM of 3 experiments. *P < 0.02, *P < 0.006
Bgn~"°Fmod ™'~ versus wild-type. Immunocytochemistry staining of aggrecan and type II collagen in wild-type and Bgn™/°Fmod '~ MCCs (right). Rabbit IgG1
and mouse IgG, were used as negative controls, respectively. Scale bar = 20 wm. B: Chondrogenesis of MCCs was induced by culturing pelleted wild-type and
Bgn~/°Fmod '~ MCCs in chondrogenic induction medium for 3 weeks. Real-time RT-PCR analysis of chondrogenic-related genes using total RNA isolated from
wild-type and Bgn™'°Fmod '~ pellets (left). Gene expression was normalized to the housekeeping gene $29. The expression of genes in wild-type pellets was
relative to that in Bgn™/°/Fmod '~ pellets. Data are mean + SEM of 2 experiments. *P < 0.09 Bgn™'*Fmod '~ versus wild-type. Pellets were assessed by toluidine
blue and Safranin O staining. The expression of type I collagen, aggrecan, type II collagen, and type X collagen were examined by immunohistochemistry (right).
Scale bar = 50 wm. Rabbit total serum, rabbit IgG, and mouse IgG, were used under the same conditions as negative controls. C: Type II collagen expression
was assessed by immunohistochemistry in the mandibular condylar cartilage of 3-week-old wild-type and Bgn™'°Fmod '~ mice (left). Arrows indicate the
position and extent of type II collagen expression. Mouse IgG; was used under the same conditions as a negative control. Scale bar = 50 um. Real-time RT-PCR
analysis was used to compare the expression chondrogenenic-related genes Using total RNA isolated from the mandibular condylar cartilages of 3-week-old
wild-type and Bgn™'°Fmod '~ mice (right). Gene expression was normalized to the housekeeping gene S29. The expression of individual genes in wild-type
mandibular condylar cartilage was relative to that in Bgn~/°Fmod '~ mandibular condylar cartilage. Data are mean * SEM of 3 experiments. *P < 0.003, **P <
0.0001 Bgn™'°Fmod '~ versus wild-type.

the articular surface, and slightly expanded in the Bgn—"° ajp.amjpathol.org). We speculated that the accelerated
Fmod™'~ mice. With aging, aggrecan content rapidly loss of aggrecan content in Bgn~"°Fmod~'~ mandibular
decreased in mandibular condylar cartilage and was condylar cartilage could be attributable to increased
localized mainly in the hypertrophic zone (Figure 3A, 3, 5, degradation of this protein, because the ability of MCCs
and 24 weeks). Quantitative evaluation confirmed that the to express aggrecan was not compromised in Bgn ’°
area of aggrecan immunostaining was significantly de- Fmod '~ MCCs (Figure 2). Loss of aggrecan was asso-
creased in the Bgn~'°Fmod '~ mandibular condylar car- ciated with osteoarthritic changes that were noted in H&E
tilages compared with wild-type mandibular condylar car- stainings (Figure 3A, 24 weeks), which included tissue

tilages on aging (supplemental Table S1 at http:// clefting (triangle). In support of this concept, Modified
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Figure 3. Accelerated degeneration of mandib-
ular condylar cartilage and loss of aggrecan ex-
pression with aging in the absence of Bgn and
Fmod. A: Comparable sections from wild-type
(WD and Bgn™'°Fmod '~ condylar cartilages at
3,5, and 24 weeks of age were stained with H&E
and aggrecan expression was assessed by immu-
nohistochemistry. Rabbit IgG was used under
the same conditions as negative controls.
Dashed lines divide the condyle into articular
zone (A), mature zone (M), and hypertrophic
zone (H). Yellow arrows indicate extent of
articular/mature zones and black arrows indi-
cate extent of aggrecan immunostaining. Black
triangle indicates tissue clefting. Scale bar =
50 wm. B: Semiquantitative modified Mankin
¢ score was used to assess histological changes in
~« = the wild-type and Bgn~'°Fmod ™'~ condylar car-

” »
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3§ .vq"‘ﬁ P G wa {‘%Q : %f T 7 tilages on aging. Values are mean score = SD of
e B0 “, Ak L F LN ke 7 g 0 four mice. *P < 0.003 Bgn~/°Fmod~'~ versus

- T
1 Bgn®Fmod-

il

wild-type. C: The Blyscan glycosaminoglycan as-
say was used to determine the GAG content in
wild-type and Bgn/°Fmod ™'~ condylar carti-
lages at 12 and 32 weeks. The GAG content was
normalized to the mass of the sample. Values are
mean score = SEM of 6 mice. *P < 0.008 Bgn~"°
Fmod '~ versus wild-type.
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Mankin scores showed significant degenerative changes
on aging in the Bgn~"°Fmod~'~ mice (Figure 3B). These
degenerative changes were also accompanied by an
increase in the content of Comp (supplemental Figure S3
at http.//ajp.amjpathol.org), an indicator of cartilage de-
generation.®®3” Therefore, despite the fact that Bgn ’°
Fmod~'~ MCCs were able to produce more aggrecan
compared with wild-type MCCs, the content of aggrecan
in the Bgn~/°Fmod~'~ mandibular condylar cartilage de-
creased faster than in the wild-type mandibular condylar
cartilage. We speculated that this could be attributable to
increased ECM degradation in Bgn "°Fmod '~ mice.
We hypothesized localized aggrecan loss would alter
total GAG content in the Bgn~/"°Fmod '~ condylar carti-
lage. Therefore, we used a modified dimethylmethylene
blue assay to determine total GAG content at 12 and 32
weeks (Figure 3C). No significant differences in total
GAG content were noted at 12 weeks. However, at 32
weeks there was a significant decrease in total GAG
content in the Bgn/"°Fmod~'~ condylar cartilage com-
pared with the wild-type condylar cartilage. We suspect

12 weeks

32 weeks

that at the early stages of TMJ OA in Bgn "°Fmod ™/~
mice the specific changes in aggrecan localization are
regional and best determined using immunohistochem-
istry. On aging, this specific aggrecan loss accumulates
and ultimately causes a net decrease in the total GAG
content that could only be detected during late-stage
T™J OA.

TGF-B1 Induces Chondrogenesis and
Degeneration of Mandibular Condylar Cartilage

To understand the underlying mechanisms that cause
increased chondrogenesis and degeneration of mandib-
ular condylar cartilage in the absence of Bgn and Fmod,
we focused on the growth factors and cytokines that are
regulated by SLRPs. It has been shown that SLRPs bind
to members of transforming growth factor superfamily®®
and regulate their effects on bone marrow stromal cells,
osteoblasts, and tendon stem/precursor cells by seques-
tering the growth factors within the ECM.2* TGF-B1 is one
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member of this family that is a potent regulator of chon-
drogenesis and plays a vital role in during OA pathol-
ogy.?5273839 We therefore determined the effects of
TGF-B1 on the proliferation, differentiation, and function
of MCCs. We found that TGF-B1 increased proliferation of
MCCs (Figure 4A). Furthermore, TGF-B1 induced the
expression of transcription factors, sox5, sox6, and sox9,
that are critical for chondrogenesis, as well as the ECM
genes, agg, col2al and col10al, that are important for
cartilage formation and maintenance (Figure 4B). These
data indicated that TGF-B1 is a positive regulator of chon-
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drogenesis in MCCs. Therefore the increase in prolifera-
tion and differentiation of MCCs initially observed in the
Bgn~'°Fmod~'~ mice may be attributable to overacti-
vated TGF-B1 signaling.

To test whether TGF-B1 plays a role in the degenera-
tion of mandibular condylar cartilage, we examined the
effect of TGF-B1 on aggrecan content using mandibular
condyle explant cultures. Explants from 5-week-old mice
were used because this was the age we first observed
loss of aggrecan content. H&E stainings and quantitative
histological evaluation revealed that Bgn~'°Fmod '~ ex-
plants displayed a significant increase in the number of
cells and area of the articular and mature zones, whereas
no significant changes were noted within the hypertro-
phic zone (Figure 4C, black arrows, supplemental Table
S2 at http://ajp.amjpathol.org). On TGF-B1 treatment, wild-
type explants also had a similar phenotype. However, the
phenotype in Bgn~/°Fmod '~ explants was more severe
with a significant increase in the formation of chondrocyte
clusters and articular zone area (Figure 4C, supplemental
Table S2 at http.//ajp.amjpathol.org). Increased cellularity
could be attributable to increased proliferation of MCCs,
which led to the expansion of the articular zone. TGF-1
decreased aggrecan content in wild-type mandibular
condyle explants and nearly eliminated aggrecan con-
tent in Bgn '°Fmod~/~ condyle explants (Figure 4C).
Similar changes were observed for type Il collagen con-
tent, where TGF-B1 decreased type Il collagen in wild-
type condyle explants and eliminated type Il collagen
content in Bgn~/°Fmod ™/~ mandibular condyle explants.
Quantitative evaluation of immunohistochemistry con-
firmed that the area of aggrecan and type Il collagen
immunoreactivity in all samples was significantly lower
when treated with TGF-B1 (supplemental Table S2 at
http.//ajp.amjpathol.org). Overall, wild-type mandibular
condyle explants treated with TGF-B1 mimicked the phe-
notype that was found in Bgn /°Fmod~'~ mandibular
condyle explants. TGF-B1 treatment caused the pheno-
type to be more severe in Bgn '°Fmod ™'~ mandibular
condyle explants (Figure 4C). These data suggested that
overactive TGF-B1 signals might be responsible for the
hypercellularity and the loss of aggrecan and type |l
collagen content in the absence of Bgn and Fmod.

Figure 4. TGF-B1 accelerates both formation and degeneration of mandib-
ular condylar cartilages in the absence of Bgn and Fmod. A: TGF-B1 induces
proliferation of MCCs. BrdU ELISA was used to measure proliferation of
MCCs treated with vehicle or TGF-B1. Data are mean * SEM of 6 wells. *P <
0.005 vehicle versus TGF-B1. B: TGF-B1 induces the expression of chondro-
genic-related genes in the MCCs. Quantitative real-time RT-PCR analysis
compared the expression levels of chondrogenic-related genes using total
RNA isolated from MCCs treated with vehicle or TGF-B1. Gene expression
was normalized to the housekeeping gene S29. The expression of genes in
MCCs treated with vehicle was relative to that in MCCs treated with TGF-f1.
Data are mean * SEM of 2 experiments. *P < 0.02, **P < 0.002 vehicle versus
TGF-B1. C: TGF-B1 accelerates loss of aggrecan content in mandibular
condyle explants. Whole mandibles were isolated from wild-type and Bgn™"°
Fmod ™'~ mice and explants were cultured for 48 hours with vehicle or 2
ng/ml TGF-B1. Comparable histological sections from explants were stained
with H&E. Aggrecan and type II collagen expression was examined by
immunohistochemistry. Rabbit IgG and mouse IgG, were used under the
same conditions as negative controls, respectively. Dashed yellow lines divide
the condyle into articular zone (A), mature zone (M) and hypertrophic zone (H).
Black double-ended arrows indicate extent of articular and mature zones.
Black square indicates chondrocyte cluster. Scale bar = 50 wm.
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TGF-B1 Signal Transduction Is Overactivated in
Mandibular Condylar Cartilage in the Absence
of Bgn and Fmod

To test whether TGF-B1 signal transduction was overac-
tivated, we examined the expression of molecules that
are critical for TGF-B1 signal transduction. TGF-B1 binds
to its receptors and signals specifically through phos-
phorylation of members of the Smad family, Smad2/3.
Phosphorylated Smad?2/3 form heterodimers with Smad4
and translocate to the nucleus and act as transcription
factors regulating cell growth, differentiation, and func-
tion. The expression levels of Smad2 were unchanged in
wild-type and Bgn~/°Fmod~'~ MCCs in the presence and
absence of TGF-B1. However, on TGF-B1 stimulation, the
phosphorylation of Smad2 was much higher in Bgn ’°
Fmod ™'~ MCCs than in wild-type MCCs (Figure 5A4). Im-
munocytochemistry staining showed the number of
MCCs with Smad4 nuclear localization was 2.1-fold
higher in the Bgn~'°Fmod '~ MCCs than wild-type MCCs
(Figure 5B, arrows). Furthermore, transcriptional activity
of a TGF-B1 responsive luciferase reporter construct (4X
SBE) was higher in Bgn~'°Fmod~'~ MCCs compared
with wild-type MCCs (Figure 5C). These data all point to
the conclusion that TGF-B1 signaling is overactivated in
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Figure 5. Decreased TGF-B1 sequestration
leads to overactivation of TGF-B1 signaling in
the absence of Bgn and Fmod. A: Increased
phosphorylation of Smad2 in MCCs in the ab-
sence of Bgn and Fmod. Western blot analysis
was used to determine Smad2 and phosphory-
lated Smad2 (p-Smad2) levels in wild-type (WT)
and Bgn~'°Fmod '~ MCCs treated with vehicle
or 2 ng/ml TGF-B1. HSP90 was used as protein
loading control. B: Increased Smad4 nuclear
translocation in the absence of Bgn and Fmod.
Immunocytochemistry was used to examine the
nuclear localization of Smad4 (arrows) in wild-
type and Bgn~'°Fmod '~ MCCs treated with ve-
hicle or TGF-B1. Scale bar = 20 um. C: In-
creased TGF-B1 responsive transcriptional
activity in the absence of Bgn and Fmod. TGF-
Bl-induced transcriptional activity was deter-
mined by transfecting wild-type and Bgn ’
oFmod~’~ MCCs with a reporter plasmid
expressing a TGF-B responsive luciferase con-
struct (SBE). pGL3 was used as control. Data are
mean * SEM of two to three transfections. *P <
0.006 Bgn™/°Fmod '~ versus wild-type. D: De-
creased sequestration of active TGF-B1 in ECM
of mandibular condylar cartilage in the absence
of Bgn and Fmod. The expression of active
TGF-B1 was examined by immunohistochemis-
try using comparable histological sections from
; ) 3-week-old wild-type and Bgn™'°Fmod '~ man-
5 o '\1 dibular condylar cartilages. Mouse I1gG, was

o used under the same conditions as a negative
control. Scale bar = 50 um. E: Decreased
TGF-B1 binding to ECM and cells in the absence
of Bgn and Fmod. Confluent wild-type and
Bgn~/°Fmod '~ MCCs were cultured with vehi-
cle or 1 ng/ml TGF-B1. The concentration of
unbound TGF-1 in the culture media (left) and
the levels of active TGF-B1 bound to the cell
layer (cell surface and ECM; right) were mea-
sured by ELISA. Data are mean = SEM of three to
four wells. *P < 0.01, *P < 0.0001 Bgn™’
oFmod '~ versus wild-type.

the Bgn~'°Fmod~'~ mandibular condylar cartilage and
cells.

Both Bgn and Fmod bind to active TGF-B1 to regulate
its activity.>®> We predicted that Bgn and Fmod regulate
TGF-B1 activity by binding and sequestering it within the
ECM. In the absence of Bgn and Fmod, active TGF-B1
could not be trapped or sequestered in the ECM. Immu-
nohistochemistry showed that TGF-B1 immunoreactivity
was less extensive in the ECM of the Bgn '°Fmod '~
condylar cartilages compared with wild-type tissues (Fig-
ure 5D). To further confirm this, we performed an in vitro
“sequestration” experiment by adding 2 ng/ml TGF-B1 to
confluent MCCs cultures and measuring the concentra-
tion of TGF-B1 in the media versus TGF-B1 binding to
wild-type and Bgn °Fmod~'~ cell layers (matrices) as
previously described.?* The amount of unbound TGF-B1
was significantly higher in the Bgn /°Fmod '~ culture
medium (Figure 5E left), whereas the amount of TGF-B1
detected in the cell layer was lower in the Bgn~"°Fmod /'~
MCCs (Figure 5E, right). These data suggested that ac-
tive TGF-B1 sequestration was decreased in the matrices
that are devoid of Bgn and Fmod. Therefore, increased
free active TGF-B1 in the Bgn~'°Fmod '~ condylar carti-
lage ECM resulted in increased TGF-B1 signal transduc-
tion in MCCs.
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Figure 6. MMP and aggrecanase expression and activity are increased in the
absence of Bgn and Fmod. A: Increased release of CTX IT and MMP activity
in the absence of Bgn and Fmod. Type II collagen degradation was deter-
mined using CTX-II ELISA, which measured the release of the MMP-derived
type II collagen fragment CTX-II in culture medium of wild-type (WD) and
Bgn~"°Fmod '~ explants (left). Gelatin zymography was used to determine
the MMP activity in the culture medium of wild-type and Bgn™'°Fmod '~
explants (right). Data are mean = SEM of 12 explants. *P < 0.008 Bgn /°
Fmod ™'~ versus wild-type. B: MMP mediated aggrecan degradation was
unaffected in the absence of Bgn and Fmod. The release of the MMP
mediated aggrecan fragment **?FFGVG-G2 in the culture media of wild-type
and Bgn '°Fmod '~ explants was measured by ELISA. Data are mean *
SEM of nine to twelve explants. C: TGF-B1 up-regulates the expression of
ADAMTS4 and ADAMTSS in MCCs. Quantitative real-time RT-PCR analysis
was used to examine the expression of ADAMTS4 and ADAMTSS5 using total
RNA isolated from MCCs treated with vehicle or TGF-B1. Gene expression
was normalized to the housekeeping gene S29. The gene expression levels
in cultures with TGF-B1 were relative to the cultures with vehicle. Data are
mean * SEM of 2 experiments. *P < 0.02, **P < 0.003 TGF-B1 versus vehicle.
D: Increased expression of ADAMTS4 and ADAMTSS in the absence of Bgn
and Fmod. Quantitative real-time RT-PCR analysis was used to examine the
expression of ADAMTS4 and ADAMTSS5 using total RNA isolated from wild-
type and Bgn~'°Fmod /" cultured MCCs. Gene expression was normalized
to the housekeeping gene S29. The gene expression levels in Bgn™/°
Fmod™'~ MCCs were relative to wild-type MCCs. Data are mean = SEM of 3
experiments. *P < 0.0001 Bgn '°Fmod '~ versus wild-type MCCs.

MMP and Aggrecanase Expression and Activity
Are Increased in the Mandibular Condylar
Cartilage in the Absence of Bgn and Fmod

TGF-B1 stimulates degradation of proteoglycans and ul-
timately degeneration of cartilage by increasing the pro-
duction of MMP and aggrecanases.?® Therefore, we hy-
pothesized that overactivated TGF-B1 signaling in the
absence of Bgn and Fmod increased the degradation of
ECM components by increasing the activity of MMPs and
aggrecanases. Type |l collagen is degraded mainly by
MMPs.“© We found that the release of type Il collagen
C-telopeptide degradation products (CTX-Il) was in-
creased in the medium of Bgn °Fmod™~'~ explant cul-
tures compared with wild-type explant cultures (Figure
6A). To test whether the increased type Il collagen break-
down was mediated by MMPs, we used gelatinase
zymography to measure the expression and activity of
MMP-2 and MMP-9. As expected, the expression and
activity of both MMP-2 and MMP-9 were higher in the
medium of Bgn"°Fmod ™'~ explants cultures compared
with wild-type explants cultures (Figure 6A). The most
abundant proteoglycan in articular cartilage is aggrecan,
which can also be cleaved by MMPs at the interglobular

domain.’**" MMP-mediated aggrecan degradation re-
sults in the specific generation of aggrecan neo-epitopes
corresponding to the FFGVG sequences at the N termi-
nus.®° To determine whether overactive TGF-1 signaling
affects MMP-mediated aggrecan degradation, we mea-
sured the amount of aggrecan neo-epitopes released in
the culture medium of the explants cultures using an
ELISA based on a monoclonal antibody targeting FFGVG
sequences.* The release of this aggrecan fragment in
the Bgn "°Fmod '~ explant culture medium was not sig-
nificantly different from wild-type explant culture medium
(Figure 6B). Therefore, in the absence of Bgn and Fmod,
overactive TGF-B1 signaling accelerated type Il collagen,
but not aggrecan degradation by increasing MMP ex-
pression and activity.

Most aggrecan is cleaved by aggrecanases, also called
a disintegrin and metalloproteases with thrombospondin
motifs (ADAMTS).*® ADAMTS4 and ADAMTSS5 are the
major aggrecanases and play a pivotal role in OA of other
joints.**“% Previous studies showed that TGF- g1 medi-
ates the expression of ADAMTS in human chondro-
cytes.?® Therefore, we explored whether TGF-1 regu-
lates the expression of ADAMTS4 and ADMATSS in
MCCs. Real time RT-PCR analysis revealed that TGF-B1
up-regulated both ADAMTS4 and ADAMTSS5 in MCCs
(Figure 6C). Furthermore, the expression of ADAMTS4
and ADAMTS5 was up-regulated in Bgn /"°Fmod ™/~
MCCs in comparison with wild-type MCCs (Figure 6D),
which may be attributable to overactivated TGF-B1 sig-
naling. Thus, overactive TGF-B1 signaling in the ab-
sence of Bgn and Fmod likely accelerated aggrecan
degradation through the up-regulation of ADAMTS4 and
ADAMTSS.

Taken together, ECM controls the formation and deg-
radation of TMJ condylar cartilage by regulating availabil-
ity of active TGF-B1. Overactive TGF-B1 signaling in the
absence of Bgn and Fmod increases turnover in mandib-
ular condylar cartilage by increasing both ECM protein
synthesis and degradation. At an early age, ECM protein
synthesis plays a dominant role, where we find increased
content of type Il collagen and aggrecan in the absence
of Bgn and Fmod. With aging, ECM protein degradation
becomes dominant and subsequently causes cartilage
degeneration. In the absence of Bgn and Fmod, because
of high ECM turnover, the switch to mandibular condylar
cartilage degeneration dominance over mandibular con-
dylar cartilage formation occurs much earlier, which
leads to the early onset of TMJ OA.

Discussion

The chondrocyte is critical for cartilage tissue mainte-
nance because it coordinates ECM synthesis, assembly,
and degradation. To understand basic cellular mecha-
nisms underlying TMJ OA, we harvested primary MCCs.
Because the mandibular condylar cartilage is distinct
from knee hyaline articular cartilage,®>® we compared
MCCs with HACs isolated from the knee joint. Our mRNA
and protein profiling revealed that the two cell popula-
tions share overlaping gene/protein expression patterns.



However, like the tissues they are derived from, the two
cell types are heterogeneous and distinct from each
other in many ways. Our studies revealed that in compar-
ison with HACs, MCCs had more precursor cells that
expressed type | collagen, and fewer mature chondro-
cytes that expressed type Il collagen and aggrecan. Our
findings are consistent with other studies demonstrating
isolated MCCs contained multiple differentiated cell
types, which emulated the different cellular maturation
zones within the in vivo mandibular condyle.®4¢

Although chondrocytes harvested from knee hyaline
articular cartilage also demonstrate heterogeneity,®® the
expression of type | collagen in cell monolayers is indic-
ative of chondrocyte dedifferentiation to an earlier fibro-
blastic stage.*”*® Consequently, three-dimensional sys-
tems are required to maintain type Il collagen expression
and mature chondrocyte phenotype.*® Consistent with
this concept, our data revealed that HACs expressed
type | collagen in monolayer cultures, but not in differen-
tiated pellet cultures. On the other hand, when induced to
undergo chondrogenesis in pellet cultures, MCCs main-
tained a fibrocartilage-like phenotype and simultaneously
expressed both type | collagen and type Il collagen. This
suggests that MCCs may contain a unique population of
precursor cells that are most likely derived from the ar-
ticular zone, which is present in the TMJ but not in the
knee.® Therefore, the specialized nature of MCCs under-
scores the importance of using them specifically to study
the TMJ.

The ECM is a potent indicator of normal chondrocyte
function and may, in turn, help mediate chondrocyte
function during tissue maintenance.'® In support of this
idea, changes in the distribution, expression, and pro-
duction of SLRPs in osteoarthritic tissue implicate that
SLRP family members may function to maintain normal
chondrocyte activity and cartilage tissue integrity. '7+49:°0
Specifically, elevated levels of discrete fragmented forms
of Bgn, Fmod, and other SLRPs were discovered in pa-
tients with degenerating articular cartilage,®® and gener-
alized proteoglycan loss was apparent in late-stage
osteoarthritic cartilage lesions.*® Simultaneously, as an
attempt to repair damaged ECM, chondrocytes in-
creased the production of the SLRPs.'#495° These data
indicate alterations in the distribution and production of
SLRPs could lead to the development of joint degenera-
tive diseases. Consequently, to study how ECM proteins
regulate mandibular condylar cartilage formation and
maintenance in the TMJ, we used a mouse model of TMJ
OA that is deficient in two SLRPs, Bgn and Fmod.'®

In this study we show that the absence of ECM pro-
teoglycans Bgn and Fmod prevented TGF-B1 sequestra-
tion within the ECM, leading to overactive TGF-B1/
Smad?2/3 signaling. TGF-B1 and ECM interactions are
critical for modulating TGF-B1 activity and function. The
dysregulation of TGF-B1 caused by defects in ECM com-
ponents has been implicated in a variety of diseases,
including muscular disorders.®' Additionally, in a mouse
model of Marfan syndrome, deficiency of one ECM pro-
tein fibrillin-1 is associated with dysregulated TGF-1
activation and increased signaling in the lung and heart,
causing pulmonary emphysema and mitral valve pro-
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lapsed, respectively.525% More specifically, SLRP family
members have been shown to modify TGF-B1 bioavail-
ability and/or function by binding to and sequestering
TGF-B1 within the ECM.2® Alterations in SLRP content
can lead to dysregulated TGF-B1 activity and subse-
quent disease pathologies through mechanisms that are
both SLRP- and tissue-specific.'”245* The most notable
cartilage study involves asporin,®® a Class | SLRP that is
closely related to biglycan and decorin.®® The study re-
vealed the association of a polymorphism in the aspartic
acid repeat regions (D14 allele) in Asp in a population
with knee and hip OA."” The addition of the D14 en-
hanced the Asp binding affinity to TGF-B1 and inhibited
chondrogenesis. Taken together, these data indicate that
SLRP family members play dominant roles in the tight
regulation of TGF-B1 bio-availability and subsequent ac-
tivity. Our data sheds new light on the complexity of this
functional relationship in a novel tissue, the TMJ.

Several lines of evidence demonstrate that suppres-
sion of TGF-B1 signals often corresponds with an OA-like
pathology. For example, reduced TGF-B1 signaling and
absence of TGF-B1 responsiveness have been associ-
ated with spontaneous and surgical models of OA.5%°7
Moreover, the total inhibition of TGF-B1/Smad signaling
by genetic means, such as by the depletion of Smad3 or
by overexpressing a dominant-negative TGF-B type |l
receptor, resulted in the overt promotion of terminal chon-
drocyte differentiation and an OA-like phenotype.®85°
These data suggest that TGF-B1/Smad signals maintain
articular cartilage tissue by inhibiting chondrocyte termi-
nal differentiation. Consequently, embryonic metatarsal
explant cultures treated with large doses of TGF-B1 (10
ng/ml) resulted in a significant decrease in the length of
the hypertrophic zone.®° Our study showed that mandib-
ular explants cultures treated with small doses of TGF-B1
(2 ng/ml) resulted in no significant changes in the hyper-
trophic zone area. Furthermore, in the absence of Bgn
and Fmod the small increases in TGF-B1/Smad3 signals
over an extended period of time also resulted in no ap-
parent changes in the hypertrophic zone area. Taken
together, these data indicate that TGF-B1-mediated inhi-
bition of chondrocyte terminal differentiation may be tis-
sue- and/or dose-dependent.

Given that suppression of TGF- B1 signals often cor-
responds with OA, it is not surprising that exogenous
TGF-B1 has been tested as a potential therapeutic to
promote ECM synthesis or repair in both the knee and
TMJ of mice.?"278" However, whereas intra-articular
injections of TGF-B1 into mouse knee joints initially
stimulated proteoglycan synthesis, prolonged TGF-31
treatment also facilitated the development of key his-
topathological features of OA, such as proteoglycan deg-
radation, cellular disorganization, and osteophyte forma-
tion.®® Consequently, brief TGF-81 exposure may be
beneficial, whereas longer TGF-B1 exposure may be
damaging. Remarkably, these findings and concept are
similar to our results. We show that, in the absence of Bgn
and Fmod, overactive TGF-B1 signals initially induced
chondrogenesis and ECM production in younger mice.
On aging, prolonged exposure to overactive TGF-B1 sig-
nals ultimately induced ECM degradation and TMJ OA in
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our model. Consistent with this concept, TGF-B81 expres-
sion was elevated in human OA chondrocytes®¢2 and
also in the synovial joint fluid of a trauma-induced OA
model in rabbits.®® Therefore, SLRPs may function to
regulate the beneficial versus harmful effects of TGF-B1
signals. Our data identified Bgn and Fmod as vital for the
precise regulation of TGF-B1 activity in maintaining the
balance of ECM turnover in TMJ tissue, where even small
changes in TGF-B1 bioavailability had profound effects
on TMJ tissue integrity over time.

We further demonstrated that TGF-B1 mediated man-
dibular condylar cartilage degeneration and loss of ag-
grecan content by potentially increasing the production
of aggrecanases. In support of this idea, the expression
of ADAMTS5 was up-regulated in articular disks of pa-
tients with TMJ OA.®* Specifically, we showed that the
MMP-derived aggrecan FFGVG neoepitope was not sig-
nificantly different in our model, whereas both ADAMTS4
and ADAMTS5 mRNA levels were higher in Bgn /°
Fmod/~MCCs. This suggests that aggrecanases pri-
marily mediated aggrecan degradation and not MMPs.
Similarly, in vitro studies using human osteoarthritic chon-
drocytes have shown that aggrecan molecules may be
cleaved by either MMPs or aggrecanase within the inter-
globular domain, but not by both simultaneously.*' Fur-
thermore, our data demonstrated that TGF-B81 induced
the expression of ADAMTS4 and ADAMTS5 in MCCs and
is consistent with findings that showed TGF-B1 strongly
increased aggrecanase mRNA levels in chondrocytes
from normal and osteoarthritic cartilage.?®

Overall, our studies demonstrated that the absence of
ECM proteins Bgn and Fmod disrupted the balance be-
tween ECM formation and degradation, and lead to the
development TMJ OA. Although our study focused on the
growth factor TGF-B1 exclusively, future studies may be
implemented that call attention to other cytokines and
growth factors potentially involved, such as IL-18%° or
Wnt proteins.®® Additionally, because our study showed
that MCCs and HACs were phenotypically distinct, it
would be interesting to compare the mechanisms regu-
lating Bgn~"°Fmod~'~ MCCs to Bgn '°Fmod~'~ HACs.
Although both the TMJ and knee degenerate in Bgn ’°
Fmod ™'~ mice, it is likely that the pathological processes
are different given the knee phenotype was more severe
and evolved more rapidly.'® ' The degenerative process
in the TMJ is prolonged and affords the advantage of
studying cellular responses to the absence of Bgn and
Fmod, which helps define the exact role Bgn and Fmod
play in mediating those responses. Nonetheless, we
present here for the first time a comprehensive study
identifying Bgn and Fmod as novel players in regulating
chondrogenesis and ECM turnover during TMJ OA
pathology.
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