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Cartilage repair mechanisms

Introduction

Osteoarthritis (OA) is the most commonly occurring joint 
disease and affects the osteochondral tissues of the tem-
poromandibular joint (TMJ).1-4 Chronic pain and functional 
limitation caused by cartilage degeneration impairs the 
quality of life for affected individuals, making OA a leading 
cause of disability and a significant cost to society.2-6 
Currently, there are no disease-modifying treatments avail-
able for TMJ-OA, and the National Institute of Dental and 
Craniofacial Research (NIDCR) recommends palliative 
therapies which focus on decreasing pain.3,5-7 Due to the 
absence of effective clinical treatments, OA in joint carti-
lage typically progresses until total joint replacement 
becomes the only option. The greatest barrier to generating 
successful treatment strategies lies in our ability to under-
stand the cellular and molecular mechanisms behind degen-
eration of the osteochondral tissues of the TMJ.7

Bone morphogenetic proteins (BMPs) are multifunctional 
proteins and play critical roles during various stages of 
skeletal development and chondrogenesis.8-11 Specifically, 
bone morphogenetic protein 2 (BMP2) is known to be 
involved in condensation, chondrocyte proliferation and 

differentiation, and extracellular matrix synthesis of the 
osteochondral tissues of the knee.8-12 BMP2 is one of the 
candidate growth factor that has been used in osteochon-
dral tissue engineering for repair and regeneration.8,10,12 
BMP2 signaling is also associated with destructive arthri-
tis of the knee and the TMJ.9,13 Our previous work has 
shown that BMP2 expression has been found to colocalize 
with damaged areas of the mandibular cartilage, suggest-
ing that BMP2 may be directly involved in the develop-
ment of OA, or potentially involved in the healing of OA 
lesions.14,15 Despite a wealth of literature on BMP2 signal-
ing in the osteochondral tissues of knee, little is known 
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about its role postnatally in the osteochondral tissues of 
the TMJ.

To determine the importance of postnatal BMP2 sig-
naling in the TMJ, we characterized BMP2 expression in 
osteochondral tissues of wild-type mice (C57BL6/J 
mice). In order to define the role of BMP2 in TMJ homeo-
stasis, we conditionally deleted BMP2 from aggrecan 
(ACAN) expressing cells of the cartilage. In our research, 
we report that BMP2 is distinctly expressed in the carti-
lage and the subchondral bone of the TMJ. We further 
delineated a unique role for BMP2 in the organization and 
function of the extracellular matrix in the cartilage. We 
have also examined the importance of BMP2 in the sub-
chondral bone during joint maturation and homeostasis. 
Additionally, we showed that the conditional deletion of 
BMP2 lead to accelerated degeneration of the TMJ. 
Finally, to elucidate the underlying signaling mechanism 
we conducted in vitro experiments using triple transgenic 
reporter mice (Col1a1 X Col2a1 X Col10a1) and showed 
that exogenous BMP2 not only leads to proliferation and 
differentiation of chondrocytes but also increases the 
degree of mineralization.16,17

Material and Methods

In Vivo studies

BMP2 Conditional Deletion in Aggrecan Expressing Cells. The 
Institutional Animal Care Committee at the University of 
Connecticut Health Center approved the experimental pro-
cedures used in this study (protocol number AP-200087-
0823, year 2020). Prior to the development of a mouse 

model with conditional BMP2 deletion in chondrocytes 
(BMP2 cKO), we first performed in situ hybridization for 
BMP2 in sagittal sections of the mandibular condyle of 
adult wild-type mice. We concluded that BMP2 was 
expressed in the prehypertrophic and hypertrophic zones of 
the cartilage of the mandibular condyle (Fig. 1A), and thus 
decided to target our conditional deletion of BMP2 in 
ACAN expressing cells. ACAN is a proteoglycan that com-
prises the major matrix component of chondrocytes.18 We 
have chosen mice as our mammalian model because mice 
can be genetically manipulated to study nearly any human 
disease or condition. We used BMP2 flox/flox mice19 
crossed with mice containing the CreERT2 tamoxifen-
inducible recombinase specific to the ACAN promoter20 
(Fig. 1B). To activate Cre recombinase, 3-week-old BMP2 
flox/flox-CreERT2-positive mice were treated for 5 consecu-
tive days with intraperitoneal injections of tamoxifen 
(Sigma-Aldrich, St. Louis, MO) dissolved in corn oil, at a 
dose of 75 μg/kg body weight. We used mice from the same 
offspring lacking Cre (Cre-negative littermates) as controls. 
All animals were then raised for 3 or 6 months following 
treatment with tamoxifen. Only female mice were used as 
they have higher predilection for TMJ disorders.7 We used 
10 mice in each group. Prior to euthanization by CO2 
asphyxiation, mice were injected with bone labels and a 
proliferation marker, as described below.

Injection of Fluorochrome Bone Labels and Cell Proliferation 
Marker. Mice were intraperitoneally injected with alizarin 
complexone and calcein at 3 days and 1 day before eutha-
nization, respectively. These fluorochrome bone labels 
(Sigma-Aldrich) were dissolved in 2% sodium bicarbonate 

Figure 1. Conditional bone morphogenetic protein 2 (BMP2) knockout mouse model. (A) In situ hybridization for Bmp2 
performed in sagittal section of the mandibular condyle of wild-type (Wt) mice. BMP2 is predominantly present in the 
prehypertrophic and hypertrophic zones. (B) Conditional BMP2 knockout mouse model. BMP2 was deleted in aggrecan expressing 
cells. Scale bar = 100 µm.
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(pH 7.4), and injected at a dose of 3 μg/kg body weight. In 
addition, the cell proliferation marker EdU (5-ethyl-2′-
deoxyuridine) from Life Technologies, Grand Island, NY, 
was injected at 2 days and 1 day before euthanization.

Micro-Computerized tomography. Micro-computerized tomo-
graphy (SCANCO Medical AG, Brüttisellen, Switzerland) 
was used to analyze the microstructure of the subchondral 
bone and calcified cartilage of the TMJ. Samples were 
scanned in 70% ethanol and serial tomographic projections 
were acquired at 55 kV and 145 µA, with a voxel size of 6 
µm and 1000 projections per rotation and were collected at 
300000 µs. In order to distinguish calcified tissue from non-
calcified tissue an automated algorithm was used to seg-
ment the reconstructed grey scale images. Our region of 
interest (ROI) was the mushroom-shaped head of the man-
dibular condyle. Bone volume fraction (BVF) and tissue 
density within the ROI were determined.

tissue Preparation and Histological Staining. Mandibles and 
knees were dissected and fixed in 10% buffered formalin 
for 48 hours at 4 °C. Samples were then transferred to 30% 
sucrose in phosphate-buffered saline (PBS) and kept at 
4 °C overnight, and then embedded in frozen embedding 
resin (Shandon Cryomatrix, Thermo Scientific, Pittsburgh, 
PA).15-17 Mandibular condyles and knees were sectioned 
(5-7 µM) using a Leica CM1900 Cryostat (Leica, Inc., 
Nussloch, Germany) and transferred to slides using a pre-
viously described tape method.21

Fluorochrome bone labeling (alizarin complexone and 
calcein) within the mandibular condyle was scanned using 
brightfield microscopy. The same sections were stained for 
tartrate resistant acid phosphatase (TRAP) activity using an 
ELF97 yellow fluorescent acid phosphatase substrate (Life 
Technologies) and the sections were reimaged. Sections 
were then stained for EdU (ClickiT EdU Alexa Fluor 
555HCS kit) from Life Technologies, counterstained with 
DAPI (Thermo Fisher Scientific, Waltham, MA) and reim-
aged. An Axio Scan Z1 microscope (Carl Zeiss, Thornwood, 
NY) was used for brightfield and fluorescent imaging with 
chroma filters specific for each fluorophore.

Additional slides with sections from the mandibular con-
dyle and sections of knees were stained for safranin O (IHC 
WORLD, LLC, Ellicott, MD). Immunostaining for matrix 
metallopeptidase 13 (MMP13) and ADAM metallopepti-
dase with thrombospondin type 1 motif 4 (ADAMTS4) 
were also performed in separate sections of the mandibular 
condyle.

In Vitro Studies

Micromass Chondrocyte Culture. We used 3-week-old trans-
genic mice with fluorescent markers (Col1a1 X Col2a1 X 
Col10a1) for cell culture experiments.5,6,14 Chondrocytes 

from the mandibular condyle were isolated and incubated at 
37 °C in PBS and penicillin-streptomycin (P/S) (Thermo 
Fisher Scientific) with 3 mg/mL of collagenase D (Sigma-
Aldrich) and 2 mg/mL of dispase (Thermo Fisher Scien-
tific). Cells were released from the tissue following 3 rounds 
of enzyme incubation and transferred to media consisting of 
Dulbecco’s modified Eagle medium (DMEM) with glucose 
(4.5 g/L) and l-glutamine (Thermo Fisher Scientific), 
50 U/mL P/S and 2% fetal bovine serum (Thermo Fisher 
Scientific). Cells were then centrifuged at 4 °C and resus-
pended in fresh media, described above, and counted using 
a cellometer (Nexelcom, Lawrence, MA).

Three wells (biological replicates) were plated for each 
treatment group. Cells were plated (50 µL) for micromass 
culture, with 50,000 cells per well, using a 6-well flat bottom 
culture dish (Corning, Corning, NY). Following 2.5 hours 
after plating the control cells received 3 mL of chondrogenic 
media, consisting of DMEM with glucose (4.5 g/L) 
and l-glutamine, 50 U/mL P/S, 50 µg/mL ascorbic acid, 
40 µg/mL l-proline, 100 nM dexamethasone, 1 mM sodium 
pyruvate, 1% ITS+1 (Sigma-Aldrich), while treatment 
groups received recombinant human BMP2 (rhBMP2; R&D 
Systems, Minneapolis, MN) or rhNoggin (R&D Systems) in 
the chondrogenic media. The rhBMP2 stock solution was 
prepared at 200 µg/mL in 4 mM HCl with 0.1% bovine 
serum albumin (BSA). The rhNoggin stock solution was 
prepared at 250 µg/mL in PBS with 0.1% BSA. rhBMP2 and 
rhNoggin were each used at a working concentration of 
100 ng/ml. Media was changed daily and cells were treated 
for a total of 14 days. Cells were then imaged in culture using 
a Zeiss Observer Z1 inverted microscope (Carl Zeiss) with 
appropriate fluorescent filter cubes (Chroma Technology, 
Bellows Falls, VT). For measurement of Col1a1 (GFP-topaz) 
we used YFP (ET500/20 Ex, ET535/30 Em), for Col2a1 
(GFP-cyan) we used CFP (ET436/20 Ex, ET480/40 Em), 
and for Col10a1 (RFP-cherry) we used mCherry (HQ577/20 
Ex, HQ640/40 Em).

Alkaline Phosphatase Staining. For staining of alkaline phos-
phatase (ALP), cells were first washed 3 times in PBS and 
fixed with 10% buffered formalin for 10 minutes. We used 
a Fast-Red ALP kit (Sigma-Aldrich) following the manu-
facturer’s instructions. We stained the cell cultures with the 
ALP reaction mixture for 20 minutes, rinsed 3 times in PBS, 
air dried and imagined using brightfield. Samples were then 
rehydrated and counterstained with Mayer’s hematoxylin 
and reimaged.

RNA Isolation and Relative gene Expression. For RNA isola-
tion, we washed the cells with cold PBS and used Trizol 
(Thermo Fisher Scientific) following the manufacturer’s 
protocol. We used 1 µg of RNA from each sample for 
reverse transcription using Superscript II (Thermo Fisher 
Scientific) and oligo dT 12-18 primer (Thermo Fisher 
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Scientific). The sequences of primers (IDT, Coralville, IA) 
used in quantitative reverse-transcription polymerase chain 
reaction (qPCR) are found in Supplementary Table S1. We 
used Sybr Select Master Mix (Thermo Fisher Scientific) 
with a 20 µL reaction volume. The qPCR method used was 
as follows: 50 °C for 2 minutes, followed by a 95 °C step 
for 10 minutes, and 40 cycles of 95 °C for 15 seconds and 
60 °C for 1 minute. Next, a dissociation curve was run with 
the temperature cycling from 95 °C to 65 °C and back to 95 
°C. Melting curves were examined to determine product 
specificity. We used 96-well plates and samples were run in 
technical duplicate. GAPDH was used as a housekeeping 
gene to normalize the expression values. The delta-delta Ct 
method22 was used for analysis. Relative transcription data 
is expressed as the fold-change ± standard error of the 
mean (SEM), versus the control group.

Histological and Cell Culture Quantification. The histopatho-
logic grading was performed using an established protocol 
by the Osteoarthritis Research Society International 
(OARSI) for the grading of mouse cartilage degeneration 
(by safranin O staining).23 Image quantifications were per-
formed by using Adobe Photoshop (Adobe Inc., San Jose, 
CA). In the subchondral bone we examined mineralization 
by counting the number of red pixels (alizarin complexone 
staining) and green pixels (calcein staining), as well as 
TRAP activity (yellow pixels), and dividing each by the 
total number of pixels in the subchondral region. Cellular 
proliferation was determined by counting EdU- and DAPI-
positive pixels in the proliferative zone of the mandibular 
condylar cartilage (MCC), and calculating the percentage of 
EdU positive pixels over DAPI-positive pixels. For in vitro 
experiments Col1a1 (green pixels) and Col10a1 (red pixels) 
positive cells were quantified by calculating the percentage 

of pixels per total area. Due to the weak expression of 
Col2a1 in these cultures, we were not able to quantify 
Col2a1-positive cells.

Statistics

Descriptive statistics were used to examine the distribution 
of BVF, tissue density, OARSI score, histological analy-
sis, and gene expression. The one-sample Kolmogorov-
Smirnov test was used to examine the data distributions for 
normality. In vivo outcomes were compared using an 
unpaired Student t test between the BMP2 cKO group and 
the control group. For cell culture studies using mandibular 
cells from transgenic mice (Col1a1 X Col2a1 X Col10a1), 
outcomes were compared between control cells (media 
alone), rhBMP2-treated cells, and rhNoggin-treated cells, 
using a one-way analysis of variance (ANOVA) test. All 
statistical tests were 2 sided and a P value <0.05 was con-
sidered statistically significant. Statistical analyses were 
performed using Graph Pad Prism (San Diego, CA).

Results

In Vivo results

Conditional Deletion of BMP2 in Chondrocytes Leads to Early 
Degeneration of the Mandibular Condyle. Safranin O staining 
revealed decreased cartilage thickness, altered cellular mor-
phology (loss of zonal architecture) and decreased matrix 
synthesis in the mandibular condyle following deletion of 
BMP2 in ACAN-expressing cells (3 months following 
tamoxifen treatment) compared with Cre minus litter-
mates (Fig. 2A). However, by 6 months following tamoxi-
fen treatment the deletion of BMP2 led to breakage of the 

Figure 2. Safranin O staining and histopathologic grading (OarSi) performed in sagittal sections of mandibular condyles (A) and 
articular cartilage (B). Decreased cartilage thickness and early breakdown of the mandibular condyle in bone morphogenetic protein 2 
(BMP2) conditional knockout mice. Scale bar = 200 µm.
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mandibular cartilage, while the Cre minus littermates pre-
sented with thinning of the cartilage but without noticeable 
degeneration (Fig. 2A). Histopathologic grading was per-
formed using an established protocol by OARSI for the 
grading of mouse cartilage degeneration. BMP2 cKO at 3 
and 6 months leads to clefting and fibrillation of the cartilage 
of TMJ (Fig. 2A).

Following conditional deletion of BMP2 in the knee, the 
effects in the articular cartilage (AC) were not was as severe 
as those observed in the mandibular condyle. A mild 
decrease in the AC thickness was observed in the knees of 
BMP2 cKO mice, at 3 months following tamoxifen treat-
ment, in comparison to the Cre minus littermates. However, 
this alteration was not observed in BMP2 cKO animals at 6 
months after tamoxifen treatment (Fig. 2B). Since the AC 
was not as severely affected by the conditional deletion of 
BMP2, we focused our studies on the changes observed in 
the mandibular condyle.

Conditional Deletion of BMP2 in Chondrocytes Leads to 
Decreased Mineralization of the Mandibular Condyle. Using 
micro-CT, we compared the calcified tissue mass of the 
mandibular condyle in mice following conditional deletion 
of BMP2 compared to their Cre negative littermates 
(Fig. 3A). We found a significant decrease in the BVF and 
in the tissue density of BMP2 cKO mice compared with 
Cre-negative littermates, as shown in Fig. 3B and C, 
respectively.

Next, we examined mineral deposition and osteoclast 
activity in mice with conditional loss of BMP2 (Figs. 
3D-H). Consistent with the micro-CT results, BMP2 cKO 
mice (3 and 6 months after tamoxifen) presented with sig-
nificantly decreased mineralization compared with Cre-
negative littermates, as illustrated by a significant reduction 
in the uptake of the fluorochrome markers calcein (Fig. 3E) 
and alizarin (Fig. 3F). There was also a substantial reduc-
tion in osteoclast activity, as demonstrated by a significant 
decrease in TRAP staining in the mandibular condyle of 
BMP2 cKO mice (3 and 6 months following tamoxifen) in 
comparison with their Cre-negative littermates (Figs. 3G 
and H).

Conditional Deletion of BMP2 in Chondrocytes Leads to 
Decreased Cell Proliferation and Increased Markers of Degen-
eration in the Mandibular Condyle. In order to further inves-
tigate the mechanisms by which the conditional deletion of 
BMP2 may cause early degeneration of the mandibular car-
tilage, we examined chondrocyte proliferation and per-
formed immunostaining for markers of matrix degradation. 
We found a significant decrease in the chondrocyte prolif-
eration (EdU-positive cells) relative to DAPI-stained cells, 
in the BMP2 cKO mice (3 months following tamoxifen) in 
comparison to their Cre-negative littermates (Fig. 4A). 

However, in the BMP2 cKO mice at 6 months following 
tamoxifen treatment, we did not observe a significant dif-
ference in chondrocyte proliferation compared with Cre-
negative mice (Fig. 4B).

We carried out immunostaining to examine the expres-
sion of ADAMTS4 (Fig. 4C), a marker for proteoglycan 
and matrix degradation, and MMP13 (Fig. 4D), an enzyme 
that degrades collagen. We found an increase in ADAMTS4 
expression in the group of mice with conditional deletion 
of BMP2, at 3 months following tamoxifen, compared to 
their Cre negative littermates. This difference in ADAMTS4 
expression was not significant when comparing the BMP2 
cKO mice (6 months following tamoxifen) versus their 
Cre-negative littermates (Fig. 4C). In addition, MMP13 
expression was found to be significantly increased in the 
mandibular cartilage of mice with the conditional deletion 
of BMP2 (3 and 6 months following tamoxifen) in compari-
son with their Cre-negative littermates (Fig. 4D).

In Vitro Results

BMP2 Increases Markers for Chondrocyte Mineralization, Prolif-
eration, and Differentiation in Micromass Cultures. A series of 
in vitro experiments were performed using cells from trans-
genic mice (Col1a1 X Col2a1 X Col10a1) to confirm the 
direct effects of BMP2 signaling in chondrocytes. These 
mice have fluorescent markers; GFP-topaz for Col1a1 
expression; GFP-cyan for Col2a1 expression; and RFP-
cherry for Col10a1 expression. Micromass chondrocyte cul-
tures from the mandibular condyle were treated with media 
alone (control), rhBMP2, or rhNoggin. We performed AP 
staining and found enhanced mineralization in rhBMP2-
treated cells in comparison to control cells (Fig. 5A). Next, 
we performed qPCR to analyze the gene expression of fac-
tors essential for chondrocyte proliferation, differentiation, 
and mineralization. We found that rhBMP2-treated cells, 
compared with control cells, had significantly increased 
gene expression of alkaline phosphatase (Alpl, Fig. 5B), 
osteopontin (Opn-has new name, Fig. 5C), fibroblast 
growth factor 2 (Fgf2, Fig. 5D), bone morphogenetic pro-
tein 7 (Bmp7, Fig. 5E), and osteocalcin (Ocn-has new 
name, Fig. 5F).

BMP2 Increases Col1a1 and Col10a1 in Chondrocyte Cultures 
While Noggin Induced an Opposite Effect. Last, using a 
chondrocyte cell culture model, we examined changes in 
collagen expression in response to treatment with rhBMP2 
or with its antagonist rhNoggin (Fig. 6A). Treatment with 
rhBMP2 was found to increase the number of Col1a1-pos-
itive cells in comparison to the control cells (Fig. 6B), sug-
gesting an enhancement of proliferation. In contrast, when 
cells were treated with rhNoggin there was a decrease in 
Col1a1-positive cells (Fig. 6B), suggesting that inhibition 
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of BMP2 signaling reduces cellular proliferation (consis-
tent with our in vivo studies). Moreover, we observed a 
similar pattern where rhBMP2 treatment resulted in an 
increase in Col10a1-positive cells compared to control 
cells, while an opposite effect was seen in rhNoggin-treated 
cells (Fig. 6C), suggesting that the BMP2 pathway pro-
motes hypertrophic chondrocyte differentiation.

Discussion

In our research, we provide strong evidence that BMP2 
plays a significant physiological role in the postnatal devel-
opment and maintenance of the osteochondral tissues of the 
TMJ. Conditional deletion of BMP2 from ACAN-expressing 
cells in the cartilage of the TMJ results in postnatal deficits 

Figure 3. Micro-computed tomography (micro-Ct) analysis, mineralization labeling and traP staining in the mandibular condyles 
of BMP2 conditional knockout mice and controls. (A-C) Decreased bone volume and density at the subchondral region of the 
mandibular condyle in BMP2 conditional knockout mice. BMP, bone morphogenetic protein; BVF, bone volume fraction. *P < 0.05. 
Decreased mineral deposition (D-F) and bone remodeling (traP staining, G, H) at the subchondral region of the mandibular condyle 
in BMP2 conditional knockout mice. Scale bar = 200 µm. *P < 0.05.
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Figure 4. 5-ethyl-2′-deoxyuridine (edU) staining and immunohistochemistry for matrix metallopeptidase 13 (MMP13) and aDaM 
metallopeptidase with thrombospondin type 1 motif 4 (aDaMtS4) in sagittal sections of mandibular condyles bone morphogenetic 
protein 2 (BMP2) conditional knockout mice and controls. (A, B) Decreased chondrocyte proliferation at the mandibular condyle in 
BMP2 conditional knockout mice. arrows represent edU-positive cells. Scale bar = 200 µm. *P < 0.05. (C) increased expression of 
MMP13 and aDaMtS in the mandibular condyle of BMP2 conditional knockout mice. Scale bar = 200 µm.

Figure 5. alizarin staining and gene expression in bone morphogenetic protein 2 (BMP2)-treated chondrocyte culture and controls. 
increased mineralization and expression of mineralization markers in BMP2-treated chondrocyte culture. Cells were treated with 
rhBMP2 for 14 days, qPCr was conducted, and bar graphs show relative gene expression. *P < 0.05. Scale bar = 10×.
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in osteochondral tissues and leads to progressive breakdown 
of the cartilage, which ultimately leads to accelerated TMJ 
degeneration. Additionally, our data reveal a significant role 
of BMP2 in the biology and integrity of the TMJ.

While prior research has identified the role BMP2 sig-
naling plays in the homeostasis of the osteochondral tissues 
of the knee, we believe these are the first studies examining 
the role of BMP2 in postnatal TMJ biology. The osteo-
chondral tissues of the TMJ and knee have distinct devel-
opmental origins.7,24,25 These tissues are composed of 
different types of cartilage, comprised of unique chondro-
progenitor and chondrocyte populations, and have matri-
ces that differ in molecular composition, structure, and 
mineral content.7,24,25 The cartilage of the TMJ is second-
ary cartilage (develops after bone formation), whereas the 
cartilage of the knee is primary cartilage (precedes bone 
formation).24-26 In addition, the cartilage of the TMJ is a 
fibrocartilage, while the cartilage of the knee is a hyaline 
cartilage.24-26 Finally, the chondrocytes of the MCC and 
knee AC exhibit different cellular characteristics, includ-
ing differences in proliferation, differentiation, and matrix 
synthesis.25,26 Therefore, it is essential to study and interpret 
the role of BMP2 in each cartilage type separately.

In our initial examinations of BMP2 expression, in situ 
hybridization in 3-week-old mice allowed us to precisely 
detect Bmp2 expression in the cartilage and subchondral 
bone of the TMJ. This led us to generate a mouse model 
with conditional deletion of BMP2 in ACAN-expressing 
cells of the cartilage. Our research highlights the impor-
tance of local BMP2 activity in regulating the synthesis of 
the extracellular matrix within the cartilage. Additionally, 

we observed that local deletion of BMP2 had a deleterious 
effect on the subchondral bone. We observed decreased 
mineralization (bone labels) and decreased bone volume 
fraction, as well as decreased tissue density in the calcified 
bone and cartilage both at the 3- and 6-month time points 
after tamoxifen treatment. Interestingly, conditional 
deletion of BMP2 in the cartilage does also affect the 
subchondral bone and a plausible reason could be that 
ACAN-expressing cells have been shown to migrate from 
the cartilage to form subchondral bone.27,28 Furthermore, 
our in vitro results demonstrate that exogenous BMP2 is 
responsible for hypertrophic differentiation of chondrocytes 
(i.e., an increase in Col10a1) and mineralization (increased 
relative expression of osteocalcin-has new name, alkaline 
phosphatase, osteopontin-has new name, and FGF2). In 
addition, we observed that BMP2 mRNA was highly 
expressed in the prehypertrophic and hypertrophic chon-
drocytes of the postnatal TMJ cartilage suggesting an essen-
tial role of BMP2 in the proliferation, maturation, and 
mineralization of the calcified cartilage.

BMPs are multifunctional growth factors involved in 
numerous cellular and molecular signaling pathways. In 
addition to the well-characterized actions of BMP2 on 
osteoblasts (maturation and differentiation), BMP2 is also 
essential for osteoclast differentiation.29-31 In our research, 
we observed a decrease in TRAP staining with conditional 
deletion of BMP2 at the 3-month time point after tamoxifen 
treatment, compared to control mice. However, changes in 
TRAP at the 6-month time point after tamoxifen was not 
statistically different than the control. Studies have previ-
ously shown that treatment of osteoclasts in vitro with 

Figure 6. Bone morphogenetic protein (BMP2) treatment increases Col1a1- and Col10a1-positive cells in chondrocyte culture 
while noggin has an opposite effect. Following 14 days of treatment with rhBMP2 or rhNoggin the number of green pixels (Col1a1-
expressing cells) and red pixels (Col10a1-expressing cells) were quantified and are represented in bar graphs. * and #P < 0.05. Scale 
bar = 10×.
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exogenous BMP2 not only enhances RANKL-stimulated 
differentiation of osteoclast precursors but also stimulates 
survival and resorptive activity of mature osteoclasts.29 
Thus, it seems likely that BMP2 is able to decrease TRAP 
activity in the BMP2 cKO mice used here, through a direct 
mechanism.

The role of BMP2 in cartilage biology has been a contro-
versial topic in the field.8 Interestingly, it has previously 
been observed in knee cartilage that BMP2 is necessary for 
postnatal maintenance and homeostasis, and selective dele-
tion of BMP2 in growth differentiation factor 5 (GDF5)-
expressing cells leads to an accelerated degeneration of the 
knee cartilage.12 Similarly, in comparison to control mice 
the BMP2 cKO mice, at both the 3- and 6-month time points 
after tamoxifen, were found to have increased OARSI 
scores, decreased proliferation of chondrocytes, abnormal 
turnover of the extracellular matrix, and accelerated degen-
eration of the TMJ cartilage.

Many studies have also implicated BMP2 in the degen-
eration of knee cartilage.8,29 Hypertrophic differentiation 
and mineralization are well-known hallmarks of cartilage 
degeneration.14,32 Remarkably, we observed a greater degree 
of degeneration in the cartilage of the TMJ in the BMP2 
cKO mice, when compared with the knee in these mice. 
This may be due to biological differences between the 
cartilage of the TMJ and the knee (i.e., different develop-
mental origins; different extracellular matrix molecular 
composition and mineral content). Our results and pub-
lished research have shown that exogenous BMP2 leads to 
mineralization, maturation, and hypertrophic differentia-
tion of chondrocytes.32,33 Additionally, increased BMP2 
protein expression has been observed in degenerated knee 
cartilage.8,10 However, it is unknown whether this increased 
BMP2 protein expression level led to degeneration, or alter-
natively if the cartilage degeneration occurred prior to the 
increased protein expression levels.

Increased expression of MMP13 and ADAMTS4 are key 
markers of osteochondral tissue degeneration.34-36 In our in 
vivo experiments, we observed an increase in the protein 
expression levels of MMP13 and ADAMTS4 in the carti-
lage of BMP2 cKO mice at 3 months after tamoxifen, com-
pared with controls. While in the BMP2cKO mice at 6 
month following tamoxifen, we did not find a significant 
difference in expression levels.

The OARSI score was significantly increased in BMP2 
cKO mice at 6 months after tamoxifen, when compared 
to BMP2 cKO mice at 3 months after tamoxifen. In con-
trast, the cartilage degeneration markers (MMP13 and 
ADAMTS4) were decreased in BMP2 cKO mice at 6 
months after tamoxifen, when compared to the 3 months 
after tamoxifen group. MMP13 is an important enzyme that 
targets connective tissue, including proteoglycans, and has 
a major affinity for type II collagen.35,36 In these studies, 
safranin O staining showed a significant decrease in the 

proteoglycan content with conditional deletion of BMP2, 
both at the 3- and 6-month timepoints after tamoxifen.35,36

One of the possible limitation of our study is that BMP2 
and BMP4 coexist and may have functional redundancy. 
There is a possibility that BMP4 is compensating for the 
lack of BMP2. Therefore, our future study will focus on the 
conditional deletion of both BMP2 and BMP4 from the 
mature chondrocytes to completely understand the role of 
bone morphogenetic protein in the maintenance of the 
osteochondral tissues of the TMJ.

Conclusions

BMP2 is required for postnatal maintenance and maturation 
of the osteochondral tissues of the TMJ, as conditional dele-
tion of BMP2 caused breakage of the mandibular condyle 
cartilage accompanied by a decrease in cartilage thickness, 
matrix synthesis, mineralization, chondrocyte proliferation, 
and increased expression of degeneration markers.
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