Cell. Mol. Life Sci. (2014) 71:1081-1096
DOI 10.1007/s00018-013-1436-8

Cellular and Molecular Life Sciences

RESEARCH ARTICLE

A discoidin domain receptor 1 knock-out mouse as a novel model
for osteoarthritis of the temporomandibular joint

Boris Schminke - Hayat Muhammad + Christa Bode - Boguslawa Sadowski *
Regina Gerter - Nikolaus Gersdorff - Ralf Biirgers *+ Efrat Monsonego-Ornan -

Vicki Rosen - Nicolai Miosge

Received: 12 February 2013 / Revised: 19 July 2013 / Accepted: 22 July 2013 / Published online: 4 August 2013

© Springer Basel 2013

Abstract Discoidin domain receptor 1 (DDR-1)-deficient
mice exhibited a high incidence of osteoarthritis (OA) in
the temporomandibular joint (TMJ) as early as 9 weeks
of age. They showed typical histological signs of OA,
including surface fissures, loss of proteoglycans, chondro-
cyte cluster formation, collagen type I upregulation, and
atypical collagen fibril arrangements. Chondrocytes iso-
lated from the TMJs of DDR-1-deficient mice maintained
their osteoarthritic characteristics when placed in culture.
They expressed high levels of runx-2 and collagen type I,
as well as low levels of sox-9 and aggrecan. The expres-
sion of DDR-2, a key factor in OA, was increased. DDR-
1-deficient chondrocytes from the TMJ were positively
influenced towards chondrogenesis by a three-dimensional
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matrix combined with a runx-2 knockdown or stimulation
with extracellular matrix components, such as nidogen-2.
Therefore, the DDR-1 knock-out mouse can serve as a
novel model for temporomandibular disorders, such as OA
of the TMJ, and will help to develop new treatment options,
particularly those involving tissue regeneration.
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Extracellular matrix - Collagen receptor - Chondrocyte
signaling

Introduction

Temporomandibular disorders (TMDs) are structural, func-
tional, biochemical, and physiological dysregulations of
the muscle or the temporomandibular joint (TMJ). It is
estimated that 1040 % of the population between 18 and
45 years of age present symptoms or signs of TMD, and
nearly 10 % are classified as suffering from osteoarthritis
(OA) in this joint [1, 2]. Because OA of the TM] is usually
diagnosed only in the later stages of the disease, it is likely
that the true incidence of OA of the TMJ may be higher [1].
TMD patients experience severe pain in the mastication
muscles, joint clicking, displacement or perforation of the
articular disc, and inflammatory or degenerative changes in
the joint itself. Untreated TMDs ultimately result in OA of
the TMJ [2]. The current therapeutic interventions for OA
primarily provide short-term symptomatic relief, and almost
all patients ultimately require joint replacement [3]. While
the pathogenesis of OA of the TMJ has some special fea-
tures, the general aspects are similar to those of OA in other
joints in which the imbalance between cartilage degradation
and matrix synthesis ultimately results in the complete loss
of joint function [4]. Within the joint, the articular cartilage
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is responsible for the smooth transmission of force from one
bone to another, thereby allowing painless skeletal move-
ments [5]. The maintenance of articular cartilage extracel-
lular matrix (ECM) is required for biomechanical func-
tions, such as rigidity and resistance to compression and
shear forces [6, 7]. Chondrocytes, the cells responsible for
cartilage tissue homeostasis, are embedded in a framework
of collagens that, together with proteoglycans and glyco-
proteins [8], act as linking proteins to stabilize the collagen
network. The chondrocytes in the articular cartilage do not
make direct cell-to-cell contact; instead, they rely on cell-
matrix interactions [9] via integrins [10] or DDRs [11] for
communication. Cartilage appears to have a low capacity
for regeneration, and ECM degradation overrides the well-
known tissue regeneration attempts. Recently, we identified
chondrogenic progenitor cells (CPCs), which drive these
regeneration processes. During the late stages of OA, CPCs
are located in the repair tissue of human articular knee car-
tilage. They exhibit stem cell characteristics such as clono-
genicity, multipotency, and migratory activity and exhibit a
high chondrogenic potential [12, 13]. Whether CPCs might
also play a role in the regeneration attempts of the TMJ is
unknown, although this information is of importance in
designing new therapies to treat TMD. Because human TMJ
specimens are sparse, we aimed to establish a novel mouse
model for OA of the TMJ. Histological analyses of the exist-
ing mouse models currently used to study OA, including
ICR mice [14], Del 1 mice [15], Cho mice [16], mechani-
cally-induced OA via partial discectomy [17], and Col IX
knock-out (KO) mice [18], showed a low incidence of TMJ
OA. In contrast, we demonstrate that Discoidin domain
receptor 1 (DDR-1)-deficient mice exhibit a high incidence
of TMJ OA beginning at an early age, and are suitable as a
model for TMD. Receptor tyrosine kinases such as DDRs
are widely expressed in human and mouse tissues. The
binding of collagen to DDR-1 results in tyrosine kinase acti-
vation [19]. This activation causes downstream signaling via
Shc [20] or FRS2 [21], altering the gene expression levels
of ECM molecules [19] that are important for maintaining
healthy articular cartilage. Here, we demonstrate that DDR-
1-deficient mice display the histological characteristics typi-
cal of OA of the TMIJ. Furthermore, isolated osteoarthritic
DDR-1 KO TMJ cells can be converted to chondrocytes
with a more normal phenotype, rendering cell biological
interventions possible.

Materials and methods
Tissue sources and preparation

Animals were obtained according to the regulations of
the Animal Welfare Act of the County of Lower Saxony,
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Table 1 Grading of TMJ cartilage destruction in KO mice

Age at Number of Average Average of
examination  sacrificed KO  modified Mankin ~ OA prevalence
(weeks) mice score (0-23) (in %)
8 1 50

21 15 83
12 28 17 89
24 17 18 91
28 12 18 91

Table 2 Grading of TMJ cartilage destruction in WT mice

Age at Number of Average modi- Average of
examination sacrificed WT  fied OA prevalence
(weeks) mice Mankin score  (in %)
(0-23)
6 0 0

15 0 0
12 20 0 0
24 20 1 15
28 15 2 20

Germany. The generation and genotyping of DDR-1 null
mice has been described previously [22]. Cartilage destruc-
tion was graded according to the modified Mankin score
[23]; however, toluidine blue staining was used instead of
safranin-O staining. Accordingly, healthy cartilage received
a minimum score of zero points, and late stage OA received
a maximum score of 23 points. Three histologists evaluated
the tissues independently. The scores of KO and wild-type
(WT) mice are shown in Tables 1 and 2.

Micro-computed tomography

Three DDR-1 knockout and three wild-type (WT) mice
were sacrificed at ages ranging from 9 to 12 weeks, and
their jaws were prepared. The mineral content was meas-
ured in the subchondral bone of the articular surface of
the mandible from each group using w-CT scanning. The
bones were scanned with a GE eXplore Locus SP Pre-Clin-
ical Specimen MicroCT instrument (GE Medical Systems,
Muenchen, Germany) operated at a 13-m isotropic voxel
resolution. The specimens were immersed in water, and
hydroxyapatite (1.13 g/cm®) was included in each scan to
provide reference values.

Antibodies for immunohistochemistry,
immunocytochemistry, immunoblotting and FACS analysis

A monoclonal rat-anti-nidogen-1 antibody (JF4) and a
polyclonal rabbit-anti-nidogen-2 antibody (1080+4E2)
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were generously donated by Dr. T. Sasaki (University of
Erlangen, Germany). The nidogen-1 and nidogen-2 anti-
bodies have previously been demonstrated not to cross-
react [8]. The anti-COMP antibody is an affinity purified
polyclonal rabbit-anti-bovine antibody [24]. Goat-anti-
rabbit or goat-anti-rat (Dako, Hamburg, Germany) sec-
ondary antibodies were used for immunostaining for light
microscopy. DDR-1 (h-126, sc-8988), DDR-2 (h-108,
sc-8989), aggrecan (4F4: sc-33695), runx-2 (M-70:
sc-10758) and sox-9 (H-90: sc-2095) antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Monoclonal anti-type I collagen (M-38) and
an anti-type II collagen (CIIC1) antibodies were obtained
from the Developmental Studies Hybridoma Bank, Uni-
versity of Towa, USA. Intracellular FACS analysis was
conducted using the Fix & Perm kit® (Invitrogen, Darm-
stadt, Germany). The MMP-13 antibody (ab39012) was
obtained from Abcam (Cambridge, MA, USA). Goat-
anti-mouse, goat-anti-rabbit-FITC (Dianova, Hamburg,
Germany) and anti-mouse-PE/FITC monoclonal immu-
noglobulin isotype controls (BD Pharmingen, Mountain
View, CA, USA) were used as secondary antibodies. For
immunoblotting, we used a goat-anti-mouse antibody
coupled with alkaline phosphatase and a pan-B-actin
(Dako, Hamburg, Germany) or a-tubulin (mouse mono-
clonal, DM1A; Sigma-Aldrich, St. Gallen, Switzerland)
antibody as gel loading control. The detection of primary
cilia was performed with anti-acetylated o-tubulin anti-
body [6-11B-1] (ab24610), which was purchased from
Abcam.

Antibody immunoreactions were also performed
in the absence of primary antibody, as a negative con-
trol, and images show representatives of three individual
experiments.

Light microscopic immunohistochemistry

Immunoperoxidase staining was performed on paraffin-
embedded tissue sections as follows. The tissues were
deparaffinised, rehydrated, and rinsed for 10 min in PBS.
Endogenous peroxidase was blocked by a 45-min treat-
ment with a solution of methanol and 3 % H,0O, in the
dark. Each of the reactions was followed by rinsing for
10 min in PBS. The sections were pre-treated for 5 min
with 10 pg/ml protease XXIV (P8038; Sigma, Deisen-
hofen, Germany) and chondroitinase (C3667-5UN;
Sigma). The antibodies were applied at a dilution of 1:100
in PBS for 12 h at room temperature. A standard perox-
idase—anti-peroxidase procedure followed with the appli-
cation of a peroxidase-coupled goat-anti-rabbit antibody
(Dako;) at a dilution of 1:150 in PBS for 1 h at room tem-
perature. The color reaction was carried out with a DAB
(diaminobenzidine) substrate [25].

Electron microscopy

For ultrastructural investigations, 1-mm? cartilage samples
from the condyle were resected. All tissue samples were
then fixed and embedded in Epon® (Serva, Heidelberg,
Germany). Subsequently, semi-thin (1 pwm) and ultra-thin
sections (80 nm) were cut. The ultra-thin sections were col-
lected on Formvar®-coated grids and stained as described
elsewhere [26].

Cell isolation and culture

Standard explant cultures were established from 1-mm?
tissue specimens taken from the TMJ cartilage tissue of
9-week-old DDR-1 KO mice and their WT littermates.
Care was taken to ensure that no bone tissue was included.
After 10 days, outgrown chondrocytes were harvested, and
103 cells/cm? were transferred to cell culture in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10 % fetal bovine serum (Invitrogen; Lot. nr. 41F2061K),
gentamycin (50 pg/ml) and L-glutamine (10 mM). Fur-
thermore, we cultured TMJ chondrocytes for 3 weeks
in alginate beads, which provides the three-dimensional
environment that is important for the phenotypic stability
of the chondrocytes [27]. To test the influence of the ECM
components, 40,000 cells at P2 were mixed with a 1.2 %
alginate solution supplemented with either 125 ng/ml of
laminin-1 (Dianova) or nidogen-2 (a kind gift from the late
R. Timpl) or with 5 ng/pl of BMP-2 and BMP-4 and grown
for 3 weeks in 3D in 6-well plates.

Immunofluorescence microscopy

The primary cells were transferred at P1 in 96-well plates
for 16 h, they were fixed with 70 % ethanol and then incu-
bated with 100 1 of primary antibody diluted 1:50 in PBS
for 1 h at RT in the dark. When necessary, this step was
followed by incubation with a secondary fluorescence-
conjugated antibody (diluted 1:500) for 20 min at RT. Two
washes with PBS were performed, followed by DAPI stain-
ing. The cells were examined under a fluorescence micro-
scope, and the images were captured with a Nikon D90
camera (Diisseldorf, Germany).

Confocal microscopy

Cells were imaged with a FluoView1000 (Olympus) con-
focal microscope using a x60 NA1.35 UPLS-APO objec-
tive. The excitation/emission wavelengths for DAPI and
TRITC were 405/425-520 nm and 561 nm/570—-670 nm,
respectively. Images were acquired at a resolution of
1,024 x 1,024 with the confocal pinhole set at airy disk 1.
Two sequential frames were acquired and averaged.
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FACS analysis

The cultured cells were suspended in PBS with the fluo-
rescence-coupled antibodies listed above (1 pl added to
100 I containing 10° cells) at RT for 1 h in the dark. Two
subsequent washing steps were performed (with centrifuga-
tion for 10 min at 800 rpm). The cells were analyzed on a
FACScan instrument (Becton—Dickinson, Mountain View,
CA, USA) as described in detail elsewhere [28]. At least
10,000 living cells were analyzed. The data were evalu-
ated with the aid of WinMDI v.2.9. For cell selection, we
applied FACS Vantage SE (Becton—Dickinson). We per-
formed analyses using the Cell Quest Pro 2000 software
package.

Immunoblotting

Proteins were extracted using 5 M guanidine hydrochlo-
ride and protease inhibitors, precipitated in ethanol, washed
in PBS, precipitated again, and finally dissolved in PBS
containing 0.4 % SDS. SDS-PAGE was performed with a
6 % acrylamide stacking gel and 12 % separation gel. Gel
loading was evaluated using o-actin staining. The proteins
were blotted onto nitrocellulose membranes, which were
subsequently washed, and blocked, and immunoreactions
were performed by exposure to antibodies diluted 1:500 in
PBS. The secondary goat-anti-mouse antibody was diluted
1:1,000 and incubated with the membrane for 1 h at RT.
Visualization was achieved by applying the ECL Prime
Detection Regent (GE Healthcare, Muenchen, Germany),
and certain results were quantified using the Image J®
program.

siRNA transfections

For silencing experiments, we used the iLenti-GFP siRNA
expression vector (Biocat, Heidelberg, Germany) in which
the target sequence of the runx-2 siRNA (CAGCACGCT-
ATTAAATCCAAATT) is under the control of the H1 and
U6 promoters. For transfection confirmation and efficiency,
the reporter gene GFP was placed under the CMV pro-
moter. All control experiments were performed with the
vector without the runx-2 silencing insert. Nucleofection of
TM]J chondrocytes was performed according to the manu-
facturer’s instructions (Lonza, Basel, Switzerland). Briefly,
the TMJ chondrocytes were trypsinized and counted.
The cells were centrifuged at 1,200 rpm for 10 min, and
5 x 10° cells were resuspended in 100 1 of the nucleofec-
tion reagent containing 2 pg of plasmid DNA. To increase
the transfection efficiency, the U-23 program was selected.
Immediately after nucleofection, the TMJ chondrocytes
were plated in warm culture medium in a T25 culture
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flask. The culture medium was replaced the next day to
remove dead cells. The cells were harvested after 24 h after
medium replacement.

Overexpression

Runx-2 was cloned into the pPM-C-His vector (ABM,
Richmond, Canada) using standard procedures. The vector
with the insert and the vector without the insert were trans-
fected (PolyFect; Qiagen, Hilden, Germany) into the cells
as described above.

RNA extraction and complementary DNA (cDNA)
synthesis

Cells in P1 were directly lysed in RLT buffer, and the RNA
was isolated according to the manufacturer’s instructions
(RNeasy Mini Kit; Qiagen, Chatsworth, CA, USA). RNA
was reverse-transcribed into cDNA with the help of the
Qiagen QuantiTect Reverse Transcription Kit, as per the
manufacturer’s instructions.

Microarray analysis

Quality control and the quantification of total RNA samples
was performed prior to the microarray experiments (Agi-
lent 2100 Bioanalyzer; Agilent Technologies, Palo Alto,
CA, USA). We used equal amounts of total RNA from the
condyles of each of three pairs of DDR-1 KO mice and two
samples of their WT littermates. The microarray analy-
sis was conducted at the university transcriptome facility
using an Affymetrix whole-mouse genome chip (Affym-
etrix, Santa Clara, CA, USA). The microarray experiments
were performed according to the manufacturer’s protocols.
A complete list of the genes present on the chip can be
found at http://www.affymetrix.com/analysis/index.affx.
The data were analyzed using Affymetrix Microarray Suite
5.0. Gene expression was evaluated using the Affymetrix
Data Mining Tool 3.0. The entire dataset is published in a
MIAME-compliant format in the GEO database with the
accession number GSE35297 (http://www.ncbi.nlm.nih.
gov/geo/).

Quantitative rt RT-PCR

PCR was performed in a final volume of 10 pl containing
5 pl Platinum SYBR Green qPCR SuperMixTM (Invit-
rogen), 20 pmol of each primer and 1 ng of cDNA were
added to a final volume of 10. The primers were designed
using Primer3® software (http:/frodo.wi.mit.edu/cgibin/
primer3/primer3). The primer sequences used are shown
below:
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Gene ID Primer forward Primer reverse ~ Accession no.
primer primer

runx-2 cagaccagcagcac  cagcgtcaac NM_001271631.1
tccata accatcattc

acan aggactgaaatcag agggacatg NM_007424.2
cggaga gttgtttetge

50x-9 tcagatgcagtgag ccagccacage NM_011448.4
gagcac agtgagtaa

collal tgactggaagagcg gttcgggctgat NM_007742.3
gagagt gtaccagt

IBSP geagtagtgactc gectcagagtct NM_004967.3
atccgagaa tcatcttcattc

SPP1 agacctgacatc gtgggtttcage NM_001040058.1
cagtaccctg actctggt

After an initial activation step lasting 3 min at 95 °C,
the reaction were performed in 45 cycles of denaturation
for 20 s at 95 °C, annealing for 20 s at the primer-specific
annealing temperatures and elongation for 20 s at 72 °C.
Data acquisition was carried out after each elongation step,
and amplification was followed melting curve followed by
a melting curve in 0.1 °C steps from 50 to 95 °C. The reac-
tion were performed in a Mastercycler Realplex2 S® instru-
ment (Eppendorf, Hamburg, Germany). Normalization was
performed against the mRNA of the appropriate control for
each experiment. HPRT-1, MAPK-1, and B2-microglobulin
were chosen as housekeeping genes, after we demonstrated
that they were expressed at a constant level in individual
experimental settings. The PCR products were sequenced
(Seqlab, Goettingen, Germany) to confirm their identity.
The relative ratios were calculated according to an algo-
rithm published by Pfaffl [29]. Therefore, it was necessary
to repeat every PCR-run three times in triplicate, including
the housekeeping genes, and a control cDNA for the KO
and WT chondrocytes. The intra-test and inter-test variation
were both <1 %. The efficiency of each primer was tested
with a range of the cDNA dilutions from 1:1 to 1:10,000
and this value was included in the calculation.

PCR array

The transduction pathway array [SAbio Mouse Signal
Transduction Pathway Finder PCR Array (PAMM-014;
SAbiosciences, Hilden, Germany)] was used according to
the manufacturer’s instructions, and the PCR results were
calculated and structured using the manufacturer’s online
software.

Statistical analyses
We reported representative data from at least three inde-

pendent experiments, and we statistically tested our results
using separate specimens. The analyses were performed

using SPSS software 13.0 (SPSS, Chicago, IL, USA).
The results are reported as the mean values and standard
deviations (SD). After testing for normal distribution and
variance homogeneity, we performed a one-way analysis
of variance (ANOVA) and a post hoc pairwise comparison
of mean values. The Pearson correlation coefficients were
calculated to examine the relationships between the param-
eters. A p value <0.05 was considered significant.

Results

Structural and genomic aspects of OA of the TMJ
in DDR-1 KO mice in vivo

Disordered cell matrix interactions play a central role in
the development of OA [9]. Therefore, it is reasonable to
hypothesize that collagen receptors, such as integrins [10]
and DDRs, are involved in OA pathogenesis. Because
severe OA is associated with bone structure alterations
[30], we applied microcomputed tomography (LCT) as a
straightforward initial approach to examine DDR-1 KO
TM]J. Three-dimensional reconstruction of the mandibular
condyles of these mice showed a rugged subchondral bone
surface and a flattening of the mandibular condyle (Fig. 1a,
left, b), structural changes that are typical of TMD [2]. In
contrast, the subchondral bone surface of WT mice was
smooth and rounded (Fig. la, right, c), as expected for a
normal joint. Furthermore, the DDR-1 KO mice exhibited
a greater relative bone mineral density of the subchondral
bone (Fig. 1d). Ultrastructurally, the joint surface of the
mandibular condyle of 9-week-old DDR-1 KO mice dem-
onstrated an altered collagen fiber network with loosely
packed and randomly arranged collagen fibers in the car-
tilage (Fig. le, f). In comparison, the collagen fiber assem-
bly in WT mice was parallel to the joint surface (Fig. 1g),
and the arrangement appeared more compact (Fig. 1h).
To investigate the overall changes in gene expression, we
performed a microarray analysis of cartilage tissue sam-
ples from the mandibles of DDR-1-deficient and WT mice
(Fig. 1i). Major changes in the DDR-1 KO mice were asso-
ciated with ECM components. For example, the DDR-1
KO mice exhibited a lower expression of collagen type II,
collagen type III, collagen type IX, aggrecan, and sox-9,
while collagen type X, nidogen-2, and runx-2 expression
levels were increased; this expression pattern is typical of
OA. At the histopathological level, toluidine blue staining
(Fig. 1j vs. 1) indicated that, by 9 weeks of age, DDR-1 KO
mice showed a decreased proteoglycan content at the joint
surface of the mandibular condyle compared with their
WT littermates. Moreover, loss of the superficial cartilage
layer and deep surface fissures were observed in DDR-1
KO mice (Fig. 1k vs. m), but not in WT mice. These OA
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Fig. 1 Structural and genomic aspects of OA of the TMJ in DDR-1
KO mice in vivo. a The micro-CT 3D reconstructions of the condylus
mandibulae of the DDR-1 KO mice (KO, always on the left side) and
the WT (WT, always on the right side). b, ¢ Outline of the subchon-
dral bone surface. The KO mice (b) exhibited a rough surface and an
abnormal bone structure compared to the WT (c¢). d The measure-
ments of the condyle bone mineral density revealed that the KO mice
had a higher bone density. e-h Ultrastructural analysis: e, f the col-
lagen fiber arrangement was altered in the superficial layer of DDR-1
KO mice compared to the parallel fiber alignment observed in the WT
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expression difference in KO vs. WT

Accession No. GenelD Fold change P value
NM_001113515  Col2a1 -0,26 2,87E-04
NM_009930  Col3a1 -0,53 6,06E-02
NM_007741  Col9a2 -0,43 4,05E-03
NM_009925 Col10a1 042 1,94E-01
NM_007424 Acan -0,13 6,22E-01
NM_008695 Nid2 0,24 4,02E-02
NM_011448 Sox-9 -0,38 1,38E-04

4 NM_001145920 Runx-2 0,25 2,20E-01

mice (g, h). i A short list of the fold changes of OA-relevant genes
found in the microarray analysis. The complete lists can be found at
GEO, GSE35297. j-m Toluidine blue histology of the condyles: j,
k the DDR-1 KO condyle exhibits well-known signs of OA such as
reduced staining of the superficial zone, cluster formation and surface
fissures; 1, m normal WT condyles. Three pairs of DDR-1 KO mice
condyles and samples from two of their WT littermates were used for
microarray analysis. (n = 6, including 3 KO mice and 3 WT mice, for
electron microscopy; n = 5, including 3 KO mice and 2 WT mice for
the microarray)
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features were also present in 24-week-old mice, as shown
here for toluidine blue staining (Fig. 3i-1).

Molecular changes in the ECM of the TMJ during OA
in vivo

Immunohistochemical analyses of the TMJs of 9-week-old
DDR-1 KO mice revealed surface fissures, increased collagen
type I, increased collagen fiber fibrillation, and an increased
number of cells at the articular surface of the mandibular con-
dyle (Fig. 2a vs. b). This area also exhibited collagen type I
staining (Fig. 2¢ vs. d). Surface fissures also became visible in
HE staining of 24-week-old KO mice (Fig. 3a, ¢) compared
with the corresponding WT mice (Fig. 3b, d). These features
have been well described and are specific for OA progression
[30]. Collagen type I staining was also detected in 28-week-
old KO mice (Fig. 3e vs. f). Furthermore, these KO mice also
exhibit the typically destroyed joint surface (Fig. 3g vs. h).
The expression of collagen type II, the collagen typical of the
hyaline cartilage, was decreased in the DDR-1-deficient mice
compared with WT controls (Fig. 2e vs. f). This was espe-
cially apparent in the superficial layer of the articular cartilage
of the TMJ of DDR-1 KO mice, from which collagen type II
was absent (Fig. 2g vs. h). The basement membrane proteins
[31], most notably the nidogens, are involved as players in
the pericellular matrix during the pathogenesis of human OA
[6], and an increased amount of nidogen-2 is found primar-
ily around elongated chondrocytes from the late stages of OA
[8]. There were no differences in the localization of nidogen-1
in DDR-1 KO mice (Fig. 2i, k) compared with the WT mice
(Fig. 2, 1). A pericellular increase in nidogen-2 staining in the
middle zone was observed in the TMJ of DDR-1-deficient
mice (Fig. 2m vs. n); however, less nidogen-2 staining was
observed in the superficial and deeper layers (Fig. 20 vs. p).
The same pattern was seen for collagen type IV in 24-week-
old mice (Fig. 3m—p). On the basis of these histopathologi-
cal findings of OA in vivo, we isolated chondrocytes from the
TMIJs of DDR-1 KO mice for further in vitro studies.

Cell isolation and characterization

Mouse cartilage was separated from the subchondral bone
under a stereomicroscope (Fig. 4a, b). After 10 days in
culture, the cells from the articular cartilage isolated from
DDR-1 KO mice migrated out of the tissue specimens
(Fig. 4c). We found that DDR-1 KO TMJ chondrocytes
exhibited low levels of sox-9 (a chondrogenic transcription
factor; Fig. 4d) and aggrecan (Fig. 4g) mRNA but high lev-
els of runx-2, an osteogenic transcription factor (Fig. 4e),
and collagen type I (Fig. 4f) mRNA compared with cells
from the WT mice. DDR-1 KO and WT TMJ chondro-
cytes were positive for runx-2 (Fig. 4h, k), collagen type I
(Fig. 41, 1), and aggrecan (Fig. 4j, m) proteins. Chondrocytes

from DDR-1 KO mice seemed to express higher levels of
runx-2 (Fig. 4h) than WT chondrocytes (Fig. 4k), consist-
ent with the results of our real-time RT-PCR experiments.
After passage 6, the phenotype of the TMJ chondrocytes
was altered. This dedifferentiation of chondrocytes in cul-
ture is a well-known phenomenon and is usually associated
with higher passage numbers for cells in culture [32]. We
noticed that DDR-1-deficient chondrocytes changed more
obviously than WT cells and had smaller cell bodies and
numerous cell protrusions compared with WT controls (data
not shown). Therefore, we re-evaluated the protein expres-
sion levels of the DDR-1-deficient cells at passage 6. We
found that both DDR-1 null cells and their WT counterparts
were positive for the typical components of cartilage ECM,
and both exhibited a chondrocytic nature (Fig. 4n). Even at
passage 6, the DDR-1 KO cells and their WT counterparts
maintained their differences in runx-2 expression (Fig. 4n,
second to last pair of bars). Therefore, up to passage 6, the
isolated chondrocytes of the TMJ of the DDR-1 KO and
WT cells are appropriate for in vitro investigations of TMD.

Differences of protein patterns of KO and WT cells

To elucidate ECM and cellular protein expression, we
performed western blots at passage 2. In the absence of
DDR-1 (Fig. 5a), the expression levels of two key play-
ers in OA, DDR-2 (Fig. 5b) and MMP-13 (Fig. 5c), were
increased. DDR-1 KO cells produced 1.8x more DDR-2
and 1.6x more MMP-13 than WT cells. Notably, the two
described isoforms of DDR-2 [33] were both present in
WT cells, whereas the KO chondrocytes exhibited just one
stronger band with a lower molecular weight. However,
DDR-1 KO cells produced 5.1x more collagen type I than
WT cells (Fig. 5d). Sox-9-, runx-2-, and COMP (Fig. 5e-g)
were present in nearly equal amounts in DDR-1 KO and
WT chondrocytes. The p-actin staining indicated the equal
loading of the gels (Fig. Sh). Coomassie blue staining was
performed to evaluate the overall protein bands (Fig. 51).

The influence of the three-dimensional alginate matrix,
bone morphogenetic proteins (BMPs), laminin-1,

and nidogen-2 and the knockdown of runx-2 on TMJ
chondrocytes

Under 3D conditions [27], DDR-1 KO cells still exhibited
high mRNA levels of runx-2 and collagen type I (Fig. 6a,
b), and lower amounts of sox-9 and aggrecan (Fig. 6¢, d).
This observation underscores their osteoarthritic nature.
However, we additionally stimulated the cells with the
chondrogenic factor BMP-6 [34] and the basement mem-
brane components laminin-1 and nidogen-2 [8], which are
present in the normal pericellular chondrocyte matrix [31].
Laminin-1 and nidogen-2 enhanced the chondrogenesis of
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Fig. 2 The molecular changes in the ECM of the TMJ during OA
in vivo of 9-week-old mice: Immunohistochemistry was performed
for collagen type I (a—d), collagen type II (e-h), nidogen-1 (i-1) and
nidogen-2 (m—p). a, ¢ DDR-1 KO TMJ stained for collagen type I is
shown. Note the fibrocartilaginous tissue as a sign of tissue regenera-
tion in (c). b, d The WT TMIJ exhibited the well-known collagen type
I staining. e, g The KO TMJ showed less collagen type II staining
than the WT (£, h). i Nidogen-1 is present in both the KO and the WT

@ Springer

mice (j). However, there were no differences between the DDR-1 KO
mice (k) and the corresponding WT mice (I). m Nidogen-2 staining
was stronger in the TMJs of DDR-1-deficient mice than in the TMJs
of WT mice (n). o Note the intense pericellular staining in the deeper
zones of the DDR-1 KO TM]J cartilage. Less nidogen-2 was present
in the pericellular matrix of the WT cartilage (p). The numbers of the
animals evaluated at each time point are shown in Tables 1 and 2
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Fig. 3 The histopathology and immunohistology of 24- and 28-week-
old mice. a—d HE staining of 24-week-old mice. ¢ Note the surface
fissures in the KO compared with the intact joint surface of the WT
mice. d Immunohistochemistry results for collagen type I of stain-
ing in 28-week-old mice. There was an increase of collagen type I
in the KO (e) versus the WT mice (f). The joint surface of the KO is
destroyed (g), while the WT joint was smooth and rounded shaped
(h). i-1 Toluidine blue histology of 24-weeks old mice: the DDR-1

KO condyle exhibited well-known signs of OA, e.g., reduced staining
of the superficial zone (i), cluster formation and surface fissure (k);
normal WT condyles were observed in (j, ). m—p Immunohistochem-
istry results of collagen type IV staining in 28-week-old KO mice:
intense staining for collagen type IV was observed at the joint surface
(m), especially in the pericellular matrix (0); nNormal WT staining
was observed in (n, p). The numbers of the animals evaluated at each
time point are shown in Tables 1 and 2
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Fig. 4 Cell isolation and characterization. a The dissected mandible
of a 9-week-old WT mouse is shown. Care was taken to sample only
the translucent cartilage tissue, as shown in (b). ¢ The cells growing
out of a tissue sample after 10 days are shown. d—n These cells were
identified as chondrocytes. However, DDR-1 KO cells exhibit reduced
mRNA expression levels of sox-9 (d) and aggrecan (g) compared with
WT cells. In contrast, the KO cells showed an increased expression
of runx-2 (e) and collagen type I (f). A similar pattern was observed
for the immunocytology; more pronounced staining for runx-2 was
present in the DDR-1 KO (h) than in WT cells (k). Collagen type I

DDR-1-deficient TMJ chondrocytes, insignificantly increas-
ing mRNA levels of sox-9 (Fig. 6e) and decreasing
runx-2 levels (Fig. 6f). Treatment with BMP-6 (Fig. 6g)
or laminin-1 (Fig. 6h) reduced collagen type I expression;
these expression patterns are all signs of enhanced chondro-
genesis. It is known that runx-2 and sox-9 acts as antago-
nists in the CPCs isolated from late-stage human knee OA
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(i, 1), and aggrecan (j, m) were detected in both KO and WT cells. n
Intracellular FACS analysis of cells in passage 6 identified aggrecan,
collagen type II, COMP, and sox-9, as well as the osteoarthritic mark-
ers, runx-2 and collagen type I, in both cell types. A higher percentage
of DDR-1 KO chondrocytes expressed runx-2 (second-to-last bars).
*Significant differences (p < 0.05); data are mean values with SD of
three individual experiments (n = 10, including 4 KO mice, 4 WT
mice, and 2 controls, for mRNA measurements; n = 6, including 3
KO mice and 3 WT mice, for immunocytochemistry and FACS-anal-
ysis)

[12]. Therefore, we tested whether the knockdown of runx-2
would influence the chondrogenic potential of DDR-1 KO
chondrocytes. The transient knockdown of runx-2 mRNA
resulted in the complete loss of the runx-2 protein at 24 h
(Fig. 6i). The same expression pattern was observed for col-
lagen type I (Fig. 6j). The chondrogenic potential of DDR-
1-deficient chondrocytes was improved with the knockdown
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Fig. 5 Differences in protein patterns in KO and WT cells. a The
western blot for DDR-1 in the DDR-1 KO confirmed its absence;
however, DDR-2 (b), MMP-13 (c) and collagen type I (d) were
upregulated in the KO chondrocytes. Sox-9 (e), runx-2 (f) and COMP
(g) were present in both the KO and WT cells. h p-actin staining con-
firmed the equal loading of the gels. i Coomassie blue staining was

of runx-2, consistent with the 1.8x higher amounts of
sox-9 (Fig. 6k) and 3.4x greater collagen type II expres-
sion (Fig. 61). Tubulin staining was assessed to confirm the
equal loading of the gels (Fig. 6m). The key role of runx-2
as a transcription factor of the osteoblastic lineage, was
demonstrated by its localization in the nucleus (Supplemen-
tal Fig. la—c) and the overexpression of runx-2 in the cells
(Supplemental Fig. 1d, e). The overexpression resulted in
the enhanced gene expression of the downstream mediators
CollAl, SPP1 and IBSP (Supplemental Fig. 1{—i).

Pathways involved in OA of the TMJ and the downstream
signaling of DDRs

We detected an upregulation of hedgehog interacting pro-
tein (HHIP), which is known to be involved in OA patho-
genesis [35]. We also found that vascular endothelial
growth factor A (VEGFA), which is associated with the

COL1A1
KO WT

S -140 kDa

-65 kDa
D
R-Actin Coomassie
KO WT
-130 kDa
-100 kDa
-100 kDa
-75 kDa
-55 kDa
| pa

performed to evaluate the overall protein patterns. Protein isolation
was performed using cells at passage 2 of the cells. Data are repre-
sentatives of three individual experiments, or quantified as stated in
“Results” (n = 6, including 3 KO mice and 3 WT mice, for western
blots)

Wnt pathway in OA [36], was increased in DDR-1 KO
chondrocytes (Fig. 7a). The loss of DDR-1, with its con-
comitant increase in DDR-2, initiates an upregulation of
MMP-13 (Fig. 4c), presumably resulting in the degradation
of collagens, mainly type II [17], in TMJ OA. Pit is possi-
ble that downstream signaling involves players of the IHH
and Wnt pathways (Fig. 7a, b).

Investigation of the primary cilia in TMJ chondrocytes

It has been established that ECM proteins, mainly collagens,
are responsible for the transduction of forces within the car-
tilage tissue; this is essential for skeletal growth [37]. The
main cellular mediator of mechanosensing in chondrocytes
is the primary cilium [38]. The microarray data showed that
many of the regulated genes with altered expression in the
DDR-1 KO were associated with the primary cilia (Supple-
mental Fig. 2a). Surprisingly, we observed fewer cells with
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Fig. 6 The influence of three-dimensional alginate matrix, BMPs,
laminin-1, nidogen-2 and the knockdown of runx-2 on TMJ chon-
drocytes: The expression patterns of runx-2 (a), collagen type I (b),
s0x-9 (c) and aggrecan (d) were similar to the results obtained in
2D-cultured cells (Fig. 3d—g). e Laminin-1 stimulation resulted in an
upregulation of sox-9 in DDR-1 KO chondrocytes, while nidogen-2
down-regulates runx-2 (f). Therefore, the two basement membrane
components promote the chondrogenesis of these cells. g BMP-6
reduced the relative mRNA levels of collagen type I in DDR-1 KO
chondrocytes, as did laminin-1 (h), which is also a marker of chon-
drogenic differentiation. i Runx-2 protein expression was not detect-

primary cilia among the osteoarthritic DDR-1 KO chon-
drocytes (Supplemental Fig. 2b, upper panel) than among
the WT chondrocytes (Supplemental Fig. 2b, lower panel);
however, the differences in numbers did not reach statistical
significance (Supplemental Fig. 2c).
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able 24 h (lane 2) after the knockdown performed by the transient
transfection with the siRNA vector. Lane I always represents the con-
trol. j Collagen type I was not detectable 24 h (lane 2) after runx-2
knockdown, as expected; k the amount of sox-9 was elevated com-
pared with the control cells (lane 1). 1 Collagen type II was detect-
able (lane 2), after runx-2 knockdown, but not in the control cells, in
which collagen type II was not detectable (lane 7). m Tubulin staining
confirmed the equal loading of the gels. k—-m are composite figures.
*Significant differences (p < 0.05); data are mean values with SD
from three individual experiments. (n = 10, including 4 KO mice, 4
WT mice and 2 controls, for mMRNA measurements)

Discussion

The present study introduces the DDR-1 null mouse as a new
model for OA of the TMJ. These mice develop OA more
frequently and at a younger age than other mouse models
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Group 1 vs Control Group

Fig. 7 Possible players A
downstream of the DDRs in

OA of the TMJ. a A PCR array

identified the regulated signal- 0.7-
ing pathway molecules, with
the IHH pathway prominently
involved in SSH and BMP-2 |
interactions. VEGFA upregula- 0.24
tion was observed. b Surface
fissures (a) and proteoglycan
degradation (b) of the TMJ of
the DDR-1 KO mice revealed
typical OA characteristics. The
pathomechanism of OA in the
TMJ of DDR-1 KO mice results
in an upregulation of runx-2,
collagen type I and DDR-2

(1). This leads to an increased
activation of MMP-13 (2) to
enhance matrix degradation,
especially of collagens (3).
*Also downregulated: Naipl,
Breal, Ccl2, Ccl20, CdS, Cdhl,
Csf2, Cxcll, Cxcl9, Cypl9al,
Enl, Fasl, Fgf4, Greb1, Hoxal,
Icaml, Il1a, 12, 112ra, Lef1,
Lep, Lta, Mmp10, Mmp7,

-0.34

-0.8+

Log10 (Group 1 2*-DeltaCt)

-1.34

-1.84

Nos2, Pparg, Rbpl, Tnf, Wntl, -2.3 -1.8
Wnt2, MGDC, and Selp. Data

are representative of three B

individual experiments. (n = 6,
including 3 KO mice and 3 WT
mice, for PCR array)

currently used to study TMD, including the ICR mouse [14],
the Del 1 mouse [15], and the Cho mouse [16]. The loss of
DDR-1 expression has several significant consequences that
influence OA pathogenesis, including increased DDR-2,
MMP-13, collagen type I, and runx-2 expression.

The pathomechanism of the DDR-1 KO mice

We applied several approaches to characterize the articular
chondrocytes from DDR-1 KO TMIJs. Using a combination

I-1I.3 -d.& -0|.3 []I.2 0.7

Log10 (Control Group 2*-DeltaCt)

of real-time RT-PCR, immunocytochemistry, and FACS
analysis, we found that DDRI-deficient chondrocytes
exhibited characteristics of osteoarthritis. The observed dif-
ferences between the mRNA and protein levels of certain
factors (Fig. 4) are not completely understood. There are
a wide variety of post-transcriptional regulatory processes;
for example, it is possible that micro RNAs [39] or cata-
bolic enzymes such as RNase [40] play an important role
in the cartilage biology of the TMIJ cartilage. The KO chon-
drocytes produced high amounts of collagen type I and
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runx-2 as well as low levels of collagen type II and sox-
9. These changes in gene expression promoted the devel-
opment of an osteoarthritic phenotype [41]. Most signifi-
cantly, DDR-1 KO chondrocytes displayed a compensatory
increase in the expression of a DDR-2 isoform, and this
receptor is linked to elevated MMP-13 (Fig. 5c) expression
[42, 43] and articular cartilage degeneration [44]. Using
signaling arrays, we determined that DDR-1-null chondro-
cytes exhibited increased expression of IHH signaling path-
way components, as measured by increases in HHIP [35],
a protein reported to be overexpressed in human OA and in
cartilage from other OA mouse models. Hydrostatic com-
pression of the chondrocytic primary cilia, which is essen-
tial for cartilage mechanotransduction [45], upregulates
IHH gene expression [46]. It is also known that mechanical
stimulation upregulates THH expression in chondrocytes
and is associated with OA [47]. We found a slight tendency
towards a reduction of the primary cilia in the osteoarthritic
TMIJ chondrocytes. We, therefore, only speculate that pri-
mary cilia in the DDR-1-deficient chondrocytes might be
involved in the pathogenesis.

Why does the lack of DDR-1 result in OA of the TMJ?

Although DDR-1-deficient mice develop OA of the TMJ
by 9 weeks of age, we did not detect any signs of OA in
the knee joints of mice at this age. In fact, few DDR-1 KO
mice developed OA of the large joints. One possible expla-
nation for this finding is the structural difference between
the two joints. Unlike the articular cartilage of the knee, the
cartilage of the mandibular condyle is considered a second-
ary cartilage [48, 49] and has a different embryonic origin.
In addition, the molecular composition of the TMJ differs
from that of the larger synovial joints in that it contains
large amounts of collagen type I [50], especially in the mar-
ginal areas of the joint where the joint capsule and asso-
ciated ligaments are found. Furthermore, in contrast to the
articular cartilage of other joints, the superficial layer of the
mandibular condylar cartilage does not normally express
collagen type I, although the functional significance of this
difference is unknown [1]. Despite these structural differ-
ences, the absence of DDR-1 further reduced the amount
of collagen type II and increased the amount of MMP-13
within the TMJ, thereby promoting the early development
of OA (Fig. 7b).

DDR-1-deficient chondrocytes and cartilage regeneration

Interestingly, we observed areas of regeneration on the artic-
ular surface of the degenerating jaws of DDR-1 KO mice.
These areas displayed intense staining for collagen type I,
similar to that observed in OA in the human knee joint [51].
In the pericellular space, especially that of cell clusters,
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an upregulation of nidogen-2 and collagen type IV was
observed. This is also an indication of regenerative efforts
within the diseased cartilage tissue. TMJ chondrocytes, sim-
ilar to their counterparts in the knee [12], are regulated by
runx-2 and sox-9; here, we were able to enhance the chon-
drogenic potential of the DDR-1-deficient chondrocytes
via runx-2 knockdown. The runx-2 knockdown resulted in
an increased expression of sox-9, which then stimulates the
enhanced expression of collagen type II and reduced lev-
els of collagen type I. Similar effects were also shown for
aggrecan [52] and COMP [53]. Therefore, the chondrogenic
potential is enhanced as DDR-1-deficient chondrocytes lose
their osteoarthritic character via the runx-2 knockdown.
Another target for the regeneration of TMJ cartilage is the
DDR-2 receptor. It is well known that DDR-2 is activated
via a direct interaction with collagen type II, which does
not appear in the pericellular matrix of the chondrocyte
in healthy cartilage, but it does in OA. Therefore, DDR-2
is activated during OA. For example, a mutation in DDR-
2, that disrupts its binding to collagen type II, reduces the
collagen-induced expression of MMP-13 [54].

Taken together, our findings indicate that the DDR-1-defi-
cient mouse is a novel animal model for the in vivo study of
human TMD. Furthermore, the isolated TMJ chondrocytes
can be used for the in vitro analysis of pathomechanisms of
the TMJ. We show that TMJ cartilage regeneration is con-
trolled by the transcription factors sox-9 and runx-2 and is
influenced by signals from the pericellular matrix, includ-
ing BMPs that enhance chondrogenesis. These measures
result in a gene expression signature similar to that of normal
articular cartilage, suggesting that the DDR-1 KO mouse can
serve as a novel model for TMD, such as OA of the TMJ.
This model will help to develop and test new treatment
options, particularly those involving tissue regeneration.
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