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Introduction
The temporomandibular joint (TMJ) is critical for chewing 
food and speaking. The TMJ disc divides the intra-articular 
joint space into the inferior joint cavity (IJC) and superior joint 
cavity (SJC), which facilitate rotational and translational 
mechanics, respectively (Okeson 2003). The condyle surface 
and disc are fibrocartilage (Benjamin and Evans 1990), which 
consists of fibrous and cartilaginous tissues (Singh and 
Detamore 2009). During TMJ development the condyle under-
goes endochondral ossification and cartilage anlagen are 
remodeled into bone (Silbermann and Frommer 1972). At 
E14.5 the condylar primordium (CP) is established, at E16.5 
the SJC is formed and disc cells separate, at E18.5 the IJC and 
disc are formed (Owtad et al. 2013; Liang et al. 2016). Unlike 
limb growth plates, the TMJ condyle functions both as a 
growth center for the jaw and also as an articular joint (Shibata 
et al. 1996). Neural crest cells and mandibular bone periosteum 
cells are speculated to contribute to TMJ formation (Chai et al. 
2000), but the cell of origin is not well established. Given the 
restricted number of cells and lack of vascular supply, the TMJ 
has poor regenerative properties (Huey et al. 2012). Therefore, 
TMJ osteoarthritis (OA) causes pain, jaw dysfunction, and 
irreversible tissue loss (Scrivani et al. 2008). TMJ OA treat-
ments are limited to either symptom management (Stoustrup 

and Twilt 2015) or surgery (Kneeland et al. 1987; Englund et 
al. 2003). Our lab has discovered that the TMJ condyle super-
ficial zone (SZ) harbors fibrocartilage stem cells (FCSCs) that 
differentiate into chondrocytes, regenerate cartilage, and may 
be manipulated for the treatment of TMJ OA (Embree et al. 
2016; Nathan et al. 2018). However, the signals critical for 
regulating FCSC fate during TMJ homeostasis and repair are 
not well defined.

The Notch pathway plays a key role in cartilage development 
and OA by performing dual functions in regulating molecules 
involved in both cartilage formation and degradation (Hosaka 
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Abstract
The Notch pathway is critical for the development of the extracellular matrix in cartilage by regulating both anabolic and catabolic 
cellular activities. Similarly, Notch signaling plays a biphasic role in adult cartilage health and osteoarthritis by maintaining homeostasis 
and contributing to degeneration, respectively. The temporomandibular joint (TMJ) is the synovial joint of the craniofacial complex and 
is subject to injury and osteoarthritis. While Notch has been studied in axial skeletal joints, little is known about the role of Notch in 
TMJ development and disease. We identified fibrocartilage stem cells (FCSCs) localized within the TMJ condyle superficial zone niche 
that regenerate cartilage and repair joint injury. Here we investigate the role of Notch in regulating TMJ development and FCSC fate. 
Using a Notch reporter mouse, we discovered FCSCs localized within the TMJ superficial niche exhibit Notch activity during TMJ 
morphogenesis. We further showed that constitutively activating Notch promotes FCSC differentiation toward both cartilage and 
bone lineages, but inhibits adipogenesis. Using a TNF-α–induced TMJ inflammatory arthritis mouse model, we found that the expression 
of Notch receptors and ligands are upregulated and coupled with cells undergoing cartilage to bone transdifferentiation, which may 
contribute to TMJ pathogenesis. We also discovered that global Notch inhibition reduces osteogenic and chondrogenic differentiation of 
FCSCs. Together, these findings suggest that Notch is critical for FCSC fate specification and TMJ homeostasis, and reveal that inhibition 
of the Notch pathway may be a new therapeutic target for treating TMJ osteoarthritis.
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et al. 2013; Liu et al. 2015; Saito and Tanaka 
2017). The mammalian Notch signaling path-
way is highly conserved and has 4 different 
Notch receptors, Notch1–4, that exist as single 
transmembrane proteins (Artavanis-Tsakonas 
et al. 1999). A total of 5 canonical Notch 
ligands, including δ-like1 and Jagged1, bind to 
Notch receptors to initiate Notch pathway acti-
vation, and cause a series of receptor cleavage 
events that result in the cytoplasmic release of 
Notch intracellular domain (NICD) (D’Souza 
et al. 2010). NICD translocates to the nucleus 
and activates downstream target genes, such as 
members of the Hes/Hey families (Artavanis-
Tsakonas et al. 1999; Kopan and Ilagan 2009). 
In axial skeletal joints, Notch receptors are 
expressed during development and in adult 
articular cartilage (Hayes et al. 2003) and 
increase in expression in human osteoarthritic 
cartilages (Mahjoub et al. 2012). Moreover, 
constitutively activated Notch in mice leads to 
progressive degenerative change in the knee 
joints of mice (Liu et al. 2015). However, the role 
of Notch regulation of craniofacial synovial 
joints is substantially understudied. Here we 
examined the role of Notch signaling in regulat-
ing TMJ FCSC fate, pathogenesis, and as a 
plausible therapeutic target for TMJ OA.

Materials and Methods

Animals

All preclinical animal studies conformed to 
Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines.

All animal procedures were performed 
using equal males and females with approval 
from the Institution of Animal Care and Use Committee at 
Columbia University Irving Medical Center (AC-AAAV0454; 
AC-AAAU6480; AC-AAAV0455). To evaluate Notch activity, 
CBF:H2B-Venus transgenic mice (JAX Mice, Ellsworth) 
(Nowotschin et al. 2013) were bred and genotyped according to 
recommended protocol. To collect CBF:H2B-Venus transgenic 
embryos, breeding pairs were placed together in the evening 
and females were checked for plugs after 12 h followed by sepa-
ration. CBF:H2B-Venus embryos were collected at E14.5 (n = 4 
mice) and E18.5 (n = 6 mice) and pups were collected at P0  
(n = 3 mice) and P21 (n = 3 mice). 10-wk–old Sprague Dawley 
rats (n = 8 rats, Taconic Biosciences) were utilized for primary 
cell isolation. For TNF-α inflammatory mouse model experi-
ments, 8-wk–old C57BL/6J mice (JAX Mice) were used (n = 6 
mice).

FCSC Isolation and Culture

The TMJ condylar cartilage superficial zone is a niche for FCSCs 
(Embree et al. 2016; Nathan et al. 2018). FCSCs were isolated 

from 10-wk–old Sprague Dawley rats as previously described 
(Embree et al. 2016). Briefly, superficial zone tissues were physi-
cally separated from the condyle using fine tipped forceps and 
digested in dispase II/collagenase I (4mg/mL, 3mg/mL). Single 
cell suspensions of FCSCs were cultured (5% CO2, 37°C) in 
basal medium consisting of DMEM (Invitrogen) supplemented 
with 20% lot-selected fetal bovine serum (FBS, Hyclone), gluta-
max (Invitrogen), penicillin-streptomycin (Invitrogen), and 
100 mM 2-mercaptoethanol (Gibco) for 4 to 6 d. Heterogeneous 
single cell FCSCs colonies were detached with trypsin-EDTA 
(Gibco) and plated at P1 for the in vitro experiments.

Bacterial Strains and Growth Conditions

Escherichia coli strains were grown aerobically at 37°C in 
SOC medium (Super Optimal Broth with Catabolic repressor, 
ThermoFisher). All cloning experiments were performed using 
the electrocompetent recA mutant strain E. coli Stellar (Clontech), 
plated on campenicillin 1.5% agar plates (ThermoFisher), and 

Figure 1.  Fibrocartilage stem cells (FCSCs) exhibit Notch activity during temporomandibular 
joint (TMJ) morphogenesis. CBF:H2B-Venus reporter mouse strain or the Notch venus 
reporter-green fluorescent protein (NVR-GFP), whereby individual cells transducing a Notch 
signal are visualized by GFP in mice at (A) E14.5 within the condylar primordium (CP) 
adjacent to Meckel’s cartilage (MC), (B) E18.5 within the TMJ disc and superficial zone lining 
the mandibular condyle, (C) P0 within the superficial zone (SZ) harboring FCSCs, (D) P21 
within the SZ harboring FCSCs.
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incubated overnight at 37°C. 5 ng of NICD pCCL DNA was 
used for transformation. Colonies were digested using the 
restriction enzyme EcoR1 and underwent PCR using NICD 
forward and reverse primers. QIAfilter Plasmid Maxi Kit 
(Qiagen) was used to isolate plasmid DNA and was sequenced 
at Columbia University Medical Center to ensure the correct 
product was made (Appendix Fig. 1A).

Lentiviral Mediated Transduction

293T cells were transfected with either the pCCL.pkg vector 
encoding GFP (vector control) or constitutively active NICD, 
which encodes the entire cytoplasmic domain and is ligand 
independent, as previously described (Murtomaki et al. 2013). 
Rat FCSCs were infected with lentivirus and after 48 h of 
transduction the cells were imaged (Appendix Fig. 1B).

TMJ Condyle Explant Model

TMJ condyles were dissected from male and female C57Bl/6 
mice, age 6 wk (n = 7) under sterile conditions. The TMJ con-
dyle and ~3 mm of the ramus was dissected from the mandible 
and cultured in a 24-well plate using BGJb media (Thermo 

Fisher) supplemented with 1% penicillin/
streptomycin (Invitrogen). Condyle explants 
were incubated overnight (5% CO2, 37°C) 
to normalize to culture conditions. After 
overnight incubation, 2 ng/mL or 10 ng/mL 
rhTNF-alpha (R&D 210-TA-020/CF) was 
added to the media, while the contralateral 
explant was treated with the vehicle control 
(Henry Schein). Explants were subjected to 
3 freeze/thaw cycles for control. After 48 h, 
condyle explants were snap-frozen in liquid 
nitrogen for RNA isolation.

RNA Isolation and qRT-PCR

Total RNA was purified from FCSCs 
(Invitrogen) and treated with DNAse I 
(Ambion) to remove genomic DNA. RNA 
quantity and purity was determined using 
spectrophotometer (DeNovix, Inc.). RNA 
samples (260/280≥1.8) were used to obtain 
cDNA (Biorad). qRT-PCR was performed 
using SYBR Green PCR Master Mix (Applied 
Biosystems) and rat primers (Appendix Table 
1) (Integrated DNA Technologies). Gene 
expression levels were normalized to the 
housekeeping gene Glyceraldehyde 3-phos-
phate dehydrogenase (Gapdh).

Multi-lineage Differentiation

Multi-lineage differentiation was tested in 
vitro using chemically defined media for 

chrondrogenesis, osteogenesis, and adipogenesis (Embree et al. 
2016). For chrondrogenesis, cells (1 × 106 per pellet) were pel-
leted in 15 mL polypropylene tubes by centrifugation and cul-
tured (5% CO2, 37°C) for 3 wk in high glucose Dulbecco’s 
Modified Eagle medium (Gibco) supplemented with 10-8 M 
dexamethasone, 100 μM L-ascorbic acid, 1% insulin, transfer-
rin, selenium (ITS), 1 mM pyruvate, and 10 ng/ml TGF-β1 
(R&D Systems). After 3 wk, pellets were processed for histol-
ogy and immunohistochemistry. To induce osteogenesis, FCSCs 
(5 × 104) were cultured in a 12-well plate for 1 wk in media 
containing αMEM supplemented with 20% FBS, dexametha-
sone (10−8  M), 100 μM L-ascorbic acid, and 2 mM β-
glycerophosphate (ThermoFisher). To induce adipogenesis, 
cells (5 × 104) were cultured in a 12-well plate using commercial 
adipogenic media for 1 wk (Gibco). Calcium nodules and fat 
were visualized by staining with alizarin red and Oil Red O, 
respectively.

Histology and Immunohistochemistry

Tissue samples were fixed in 4% paraformaldehyde, decalci-
fied in ethylenediaminetetraacetic acid (Sigma Aldrich), and 
prepared for either paraffin or frozen embedded sections. Serial 

Figure 2.  Transduced fibrocartilage stem cells (FCSCs) with a Notch1 intracellular domain 
(NICD) constitutively activates Notch pathway. Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) of FCSCs transduced with a lentivirus encoding for a NICD after 1, 
3, and 7 d relative to FCSCs transduced with an empty vector control of transcripts related 
to (A) Notch receptors (Notch1–4), (B) ligands (Dll1, Dll3, Dll4, Jagged1, Jagged2), and (C, D) 
downstream targets (Hes1, Hes3, Hes5, Hes6, Hes7, Hey1, Hey2). Data represented are mean 
fold change relative to 1 d vector control and normalized to Glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh); n = 3; **** P ≤ 0.0001; ***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05.
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tissue sections were stained with hematoxylin 
and eosin (H&E). For immunohistochemis-
try tissue sections were enzymatically treated 
with Chondroitinase ABC (ThermoFisher) 
and immunolabeled with primary antibodies 
(Appendix Table 2) at 4°C overnight fol-
lowed by secondary antibody (Invitrogen, 
1:1000) to detect immunoreactivity. 
Isotype-matched negative control antibod-
ies were used under the same conditions.

Inflammatory Arthritis Mouse 
Models

rhTNF-α (R&D 210-TA-020/CF) (0.020 mL, 
0.5 μg/mL, 8 wk, n = 6 mice) was injected 
unilaterally into the TMJ intra-articular space 
of C57Bl/6 mice twice at 3-d intervals as pre-
viously described (Morel et al. 2019). Saline 
was injected on the contralateral side as con-
trol. Animals were euthanized after 14 d and 
prepared for histology. Treated TMJs were 
processed for histology after 2 and 14 d and 
examined by immunohistochemistry.

Statistical Analysis

All statistics were calculated using Prism8 
(GraphPad Software). The statistical sig-
nificance between 2 groups was determined 
using paired Student’s t test assuming 
Gaussian distribution. The normality of dis-
tribution was confirmed using Kolmogorov-
Smirnov test and the resulting two-tailed  
P value ≤0.05 was regarded as statistically 
significant. Among 3 groups, 1-way ANOVA 
followed by Tukey’s post hoc test was used 
for statistical comparisons. For multiple 
comparisons, a 2-way ANOVA followed by 
Tukey’s post hoc or multiple t tests fol-
lowed by Bonferroni correction was used 
for statistical comparisons.

Results

Notch Activity in FCSCs During TMJ 
Morphogenesis

While Notch signaling has been shown to 
play a critical role in axial skeletal devel-
opment (Canalis 2018), the role of Notch signaling in the for-
mation of the craniofacial synovial joint or the TMJ is not well 
defined. To determine whether cells exhibit Notch activity dur-
ing TMJ morphogenesis, we used the CBF:H2B-Venus reporter 
mouse strain, whereby individual cells transducing a Notch 
signal can be visualized by green fluorescent protein (GFP) 

(Nowotschin et al. 2013) (Fig. 1). Embryonic mammalian TMJ 
is developed from 2 distinct blastemas, including the glenoid 
blastema, which forms the glenoid fossa, and the CP blastema, 
which forms the condyle and disc (Yamaki et al. 2005; Liang  
et al. 2016). In the CBF:H2B-Venus reporter mouse or Notch 
venus reporter-GFP (NVR-GFP) mouse strain at E14.5, the CP 

Figure 3.  Notch1 promotes fibrocartilage stem cell (FCSC) differentiation toward cartilage and 
bone lineages, but not fat lineage. (A–C) Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) of FCSCs transduced with a lentivirus encoding for a Notch1 intracellular 
domain (NICD) after 1, 3, and 7 d relative to FCSCs transduced with an empty vector control 
of transcripts related to (A) cartilage (Acan, Col2a1, Sox9), (B) bone (Runx2, Ocn), and (C) fat 
(Pparγ). Data represented are mean fold change relative to 1 d vector control and normalized 
to Gapdh; n = 3; **P ≤ 0.01; * P ≤ 0.05. (D–F) FCSCs transduced with a lentivirus encoding for a 
NICD were subject to chemically defined media in comparison to basal media control and FCSCs 
transduced with vector control. Differentiation toward (D) cartilage lineage was confirmed by 
immunohistochemistry for COL2A1, (E) bone lineage was confirmed by Alizarin red staining for 
calcium deposition, and (F) fat lineage was confirmed by Oil Red O staining for lipid droplets.
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is formed adjacent to Meckel’s cartilage (MC) (Owtad et al. 
2013; Liang et al. 2016) and GFP+ cells exhibiting Notch activ-
ity can be visualized within the CP (Fig. 1A), which will even-
tually form the TMJ disc and condyle. At E18.5, following the 

separation of the disc from the condyle 
and formation of the SJC and IJC, GFP+ 
cells with Notch activity are localized 
within the TMJ disc and the superficial 
zone niche harboring FCSCs with potent 
chondrogenic potential (Embree et al. 
2016) (Fig. 1B). GFP+ cells exhibiting 
Notch activity remained localized to the 
condylar cartilage superficial zone 
niche in postnatal mice prior to weaning 
at P0 (Fig. 1C) and at weaning at P21 
(Fig. 1D). We next evaluated Notch and 
Notch ligands correlated with Notch 
reporter GFP+ cells at E18.5 in the TMJ 
by immunohistochemistry (Appendix 
Fig. 1). Both Notch1 and Notch2 were 
co-localized with GFP+ cells, where 
Notch4 was not expressed in the TMJ 
(Appendix Fig. 1), suggesting that Notch1 
and Notch2 may activate Notch signaling 
in NVR GFP+ cells during TMJ forma-
tion. Downstream Notch target Hes1 and 
Notch ligands DLL4 and Jagged were not 
co-localized with NVR GFP+ cells 
(Appendix Fig. 1), suggesting that other 
targets and ligands may be implicated 
during TMJ development. Taken together, 
these data suggest that Notch activity may 
play a role in mediating FCSC fate during 
TMJ morphogenesis.

Notch Promotes FCSC Fate 
Specification Toward Cartilage 
and Bone Lineages

The Notch pathway plays a crucial role in 
stem cell fate specification during 
embryogenesis, including modulating 
stem cell differentiation and self-renewal 
(Calvi et al. 2003; Shawber et al. 2007). 
Our data show that Notch activity is pres-
ent in cells within the TMJ superficial zone 
niche harboring FCSCs (Fig. 1). To inves-
tigate the putative role of Notch signaling 
in modulating FCSC lineage, we created a 
FCSC line with ligand-independent con-
stitutively activated Notch signaling 
(Appendix Fig. 2, Figs. 2 and 3). To iso-
late FCSCs, the mandibular condyle 
superficial zone was surgically removed 
from adult Sprague Dawley rats, enzy-
matically digested, and heterogeneous 

single-cell FCSC colonies were expanded and plated at P1 for 
transduction (Embree et al. 2016; Nathan et al. 2018). We 
transduced FCSCs with a lentivirus encoding NICD to ectopi-
cally express a constitutively active form of the Notch1 

Figure 4.  Notch1 is coupled with cartilage to bone transformation in TNF-α–induced 
temporomandibular joint (TMJ) arthritis mouse model. (A) TNF-α (0.020 mL of 0.5 μg/mL) was 
injected unilaterally into the TMJ intra-articular space of 6-wk–old mice twice 3 d apart to induce 
inflammatory TMJ arthritis, while saline was injected into the contralateral TMJ as a control. 
TMJ condyles were examined by immunohistochemistry after 14 d. (B) Immunohistochemistry 
was performed for Notch1 (red), Runx2 (green), Col2a1 (purple) using TMJ condyles following 
exposure to saline control and TNF-α. In TNF-α treated condyles, triangles indicate Notch1+/
Col2a1+/Runx2+ cells in the superficial zone harboring fibrocartilage stem cells, and arrows 
indicate Notch1+/Col2a1+/Runx2+ cells in maturation and hypertrophic zones. (C) Quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) of TMJ condyle explants treated with 
either TNF-α (2 and 10 ng/mL) or vehicle controls for 48 h for Notch1, Hes1, Hes3, Hes6, and 
Hey1. Data represented are mean fold change relative to vehicle control explants and normalized 
to Gapdh; n = 3 explants.
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cytoplasmic domain (Shawber et al. 2007; Murtomaki et al. 
2013). We also transduced FCSCs with a control lentivirus 
encoding only GFP. Transduction of NICD and control plas-
mids with lentiviruses in FCSCs was confirmed by quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) 
and visualization of GFP signal (Appendix Fig. 2B). Transcripts 
for Notch receptors (Notch1, Notch2, Notch3, Notch4), ligands 
(DLL1, DLL3, DLL3, Jagged1, Jagged2) and downstream tar-
gets were evaluated in transduced NICD FCSCs at 1, 5, and 7 d 
following infection and compared to GFP FCSCs at 1 d by 
qRT-PCR (Fig. 2). Transduced NICD FCSCs exhibited marked 
increase in Notch1 and Notch2 and ligands Dll1, Dll4, and 
Jagged1, but not Notch3 receptor or Jagged2 ligand similar to 
expression in adult articular cartilage (Fig. 2A and B) (Ustunel 
et al. 2008; Grogan et al. 2009; Hosaka et al. 2013). Downstream 
Notch targets Hes1, Hes3, Hes5, Hes6, and Hey1 were signifi-
cantly upregulated in transduced NICD FCSCs relative to 
transduced GFP FCSC control, confirming Notch pathway 
activation in NICD FCSC line (Fig. 2C and D).

To evaluate the role of the Notch pathway in defining FCSC 
lineage specification, we evaluated cartilage, bone, and fat 
transcripts in transduced NICD FCSCs relative to GFP FCSCs 
by qRT-PCR. The expression of both cartilage (Fig. 3A, Sox9, 
Acan, Col2a1) and bone transcripts (Fig. 3B, Runx2, Ocn) 
were significantly higher in NICD FCSCs, while the expres-
sion of the fat transcript Pparγ (Fig. 3C) was significantly 
decreased in NICD FCSCs relative to GFP FCSCs. To further 
confirm the role of Notch in mediating FCSC fate, we per-
formed multilineage differentiation assays using NICD FCSCs 
in chemically defined media. Chondrogenic differentiation 
was assessed in pellet cultures and revealed that NICD FCSCs 
showed abundant expression of Aggrecan relative to control 
GFP FCSCs cultured in basal media or chondrogenic media 
(Fig. 3D). Upon culture in osteogenic media, NICD FCSCs 
showed intense alizarin red staining relative to GFP FCSCs 
cultured in basal and osteogenic media (Fig. 3E). On the other 
hand, NICD FCSCs cultured in adipogenic media revealed 
reduction in Oil O Red relative to GFP FCSC controls (Fig. 
3F). Taken together, these data suggest that the Notch pathway 
promotes FCSCs to differentiate toward cartilage and bone lin-
eages, but not toward the fat lineage.

Notch 1 Is Coupled with Cartilage to Bone Transformation in a TMJ 
Arthritis Mouse Model.  We showed Notch activity during TMJ 
morphogenesis in FCSCs and also found that constitutively 
activated Notch in FCSCs mediates both osteogenesis and 
chondrogenesis. The Notch pathway has also been shown to 
induce transdifferentiation in multiple mature cell types during 
disease pathogenesis, including epithelial to mesenchymal 
transformation in cancer (Shao et al. 2015; Choi et al. 2019). 
Recent mouse genetic studies have showed that chondrocytes 
directly transdifferentiate into osteoblasts and osteocytes during 
endochondral osteogenesis and disease in the TMJ mandibular 
condyle (Yang et al. 2014; Zhou et al. 2014; Jing et al. 2015; 
Park et al. 2015). However, whether Notch mediates cartilage to 
bone transformation is unknown. Therefore, we evaluated 

whether Notch played a role in cartilage to bone transformation 
in TMJ pathology using a TNF-α–induced TMJ arthritis mouse 
model that exhibits acute inflammation, including increased 
Adamts5 and IL1-β expression, and increased extracelluar 
matrix turnover (Morel et al. 2019) (Fig. 4). To induce inflam-
matory arthritis, TNF-α (0.020 mL of 0.5 μg/mL) was injected 
unilaterally into the TMJ intra-articular space in 6-wk–old mice 
twice every 3 d and saline was injected into the contralateral 
TMJ as a control (Fig. 4A). After 14 d, we evaluated Notch1 
ligand expression by immunohistochemistry in chondrocytes 
transdifferentiating into osteoblasts dually marked by Col2a1+/
Runx2+ cells (Zhou et al. 2014; Jing et al. 2015). Immunohisto-
chemistry showed in saline control Runx2 expression (purple) 
in maturation and hypertrophic zones, with some Col2a1 
expressing chondrocytes (green) (Fig. 4B). Cells dually marked 
with Col2a1+/Runx2+ (arrows) were localized at the cartilage/
bone interphase, suggesting cartilage to bone transdifferentia-
tion, similar to other studies (Jing et al. 2015) (Fig. 4B, arrows). 
However, Col2a1+/Runx2+ cells did not express Notch1 (red) in 
saline control (Fig. 4B). Upon local delivery of TNF-α, a cyto-
kine upregulated in OA (Morel et al. 2019), Col2a1+/Runx2+ 
cells were co-localized with Notch1 in the superficial zone har-
boring FCSCs (Fig. 4B, triangles) and within the cartilage to 
bone interphase (Fig. 4B, arrows). These data suggest that 
Notch1 may mediate cartilage to bone transformation in inflam-
matory TMJ OA. We further evaluated other Notch ligands that 
may also promote cartilage to bone transformation upon 

Figure 5.  Global Notch inhibitor DAPT suppresses osteogenic 
differentiation of fibrocartilage stem cells (FCSCs). qRT-PCR of FCSCs 
cultured in osteogenic media in the absence and presence of DAPT after 
1 and 3 wk for Notch1, Runx2, Ocn, Sox9 and Acan. Data represented are 
mean fold change relative to 1 wk control FCSCs and normalized to 
Gapdh; n = 2; **** P ≤ 0.0001; ***P ≤ 0.001.
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exposure to TNF-α by immunohistochemistry. Both Notch2 
and Notch4 were upregulated in TMJ condyles exposed to 
TNF-α after 2 and 14 d (Appendix Fig. 3), while DDL4, JAG-
GED1, and HES1 were upregulated after 14 d following 2 intra-
articular injections of TNF-α (Appendix Fig. 4). To investigate 
whether ectopic Notch1 expression during TNF-α–induced 
TMJ arthritis activates Notch signaling, we evaluated Notch 
downstream targets in TMJ condyle explants treated with 2 and 
10 ng/mL TNF-α (Fig. 4C). qRT-PCR using RNA derived from 
TMJ explants showed that Notch1 expression was significantly 
increased in TNF-α–treated explants, while the expression of 
downstream targets Hes1 and Hes3 were also significantly 
increased in TNF-α–treated condyle explants (Fig. 4C). Taken 
together, these data suggest that Notch activation also plays a 
role in TMJ arthritis, where Notch ligands and downstream tar-
gets are upregulated in TMJ arthritis and may promote cartilage 
to bone transformation.

Notch Inhibition Suppresses Osteogenic Differentiation of FCSCs. 
Our data suggest that Notch activation in FCSCs induces their 
differentiation into bone and promotes cartilage to bone trans-
formation during TMJ arthritis. Therefore, Notch inhibition 
may also suppress osteogenic differentiation of FCSCs. To 
induce osteogenesis, we cultured FCSCs in osteogenic media 
in the presence of global Notch inhibitor gamma-secretase 
inhibitor IX or DAPT (Hosaka et al. 2013). We evaluated 
Notch, bone, and cartilage transcripts in FCSCs relative to 
FCSCs treated with DAPT by qRT-PCR (Fig. 5) after 1 and 
3 wk in osteogenic media. Notch1 and bone transcripts (Runx2, 
Ocn) were significantly upregulated in control FCSCs at 1 wk 
relative to 3 wk, confirming osteogenic differentiation of 
FCSCs is coupled with Notch1 expression (Fig. 5). However, 
ectopic addition of the global Notch inhibitor DAPT to FCSCs 
significantly reduced the expression of Notch1, Runx2, and 
Ocn at 3 wk relative to control FCSCs (Fig. 5). These data sug-
gest that Notch inhibition suppresses FCSC fate toward bone 
and may be used to block cartilage to bone transformation for 
the treatment of TMJ arthritis (Luo et al. 2018).

Discussion
This study underscores the importance of the Notch pathway in 
mediating cell fate decisions during TMJ development and dis-
ease. First, we show that Notch activity is present in the super-
ficial zone niche harboring FCSCs during TMJ morphogenesis, 
suggesting that Notch regulates FCSC fate decisions during 
TMJ development. To further investigate the role of Notch in 
mediating FCSC fate, we created a FCSC line with ligand 
independent constitutively activated Notch activity and showed 
that Notch activation promotes osteogenic and chondrogenic 
differentiation of FCSCs, but not adipogenesis. These data 
suggest that Notch induces FCSCs to differentiate toward car-
tilage and bone lineages. Our study is in line with others dem-
onstrating a key role of Notch in regulating chondrogenesis 
and endochondral ossification during axial skeletal develop-
ment (Hosaka et al. 2013). Differential Notch signaling has 

been studied as a key modulator of chondrogenesis, by both 
inhibiting and promoting mesenchymal stem cells and chon-
drocytes (Karlsson and Lindahl 2009). Thus, the effect of 
Notch on cells in cartilage is both ligand-dependent and cell-
type dependent.

While endochondral ossification is critical for bone devel-
opment, it also plays a key role during OA (Hosaka et al. 2013; 
Liu et al. 2015). The central dogma of endochondral ossifica-
tion relies on hypertrophic differentiation and apoptosis of 
chondrocytes, degradation of the cartilage ECM by protein-
ases, vascularization, and replacement with bone. However, 
recent evidence suggests a new model, whereby chondrocytes 
directly transdifferentiate into osteocytes in the jaw bone (Yang 
et al. 2014; Zhou et al. 2014; Jing et al. 2015; Park et al. 2015). 
The role of Notch signaling in promoting epithelial to mesen-
chymal transdifferentiation of cancer cells induces metastasis 
in breast cancer (Shao et al. 2015; Choi et al. 2019). Here, we 
also show a role for Notch in promoting transdifferentiation in 
TMJ chondrocytes using a TNF-α–induced TMJ arthritis 
mouse model (Morel et al. 2019). We showed that Notch1 
expression is upregulated and in both Col2a1+/Runx2+ FCSCs 
and in mature chondrocytes localized in the cartilage/bone 
interphase. Moreover, both Notch receptors and ligands are 
upregulated in a TNF-α–induced TMJ arthritis mouse model, 
further confirming that Notch activity is upregulated in TMJ 
arthritis. These data suggest that Notch activity promotes carti-
lage to bone transformation during TMJ arthritis.

Our studies are in line with other studies implicating high 
Notch activity in OA (Hosaka et al. 2013; Liu et al. 2015; Luo 
et al. 2018). Specifically, Notch1 activity is significant in 
osteoarthritic cartilage relative to healthy cartilage, with abun-
dant expression in the most damaged areas (Mahjoub et al. 
2012; Saito and Tanaka 2017; Canalis 2018). Notch activation 
in OA has been shown to induce the expression and activation 
of degradative proteinases and inflammatory cytokines that 
ultimately contribute to cartilage demise, including MMP13, 
IL-1β, and IL-6 (Hosaka et al. 2013; Liu et al. 2015). We used 
a TNF-α–induced TMJ arthritis mouse model with high levels 
of IL-1β and ECM turnover and showed that Notch receptors 
and ligands were also upregulated, suggesting that Notch may 
be inducing ECM turnover in our models (Morel et al. 2019). 
These studies suggest that inhibitors of Notch could be a ben-
eficial therapeutic in the treatment of TMJ arthritis. As such, 
similar to studies in knee OA (Hosaka et al. 2013; Luo et al. 
2018), we showed that application of small molecule inhibitor 
of Notch DAPT reduced transcripts for Notch1 and inflamma-
tion. In addition to blocking inflammation, DAPT also reduced 
cartilage and bone transcripts in FCSCs. These data suggest a 
second therapeutic mechanism, whereby Notch inhibition 
blocks cartilage to bone transformation in TMJ arthritis. Taken 
together, we show that inhibition of Notch pathway may be a 
new therapeutic target for treating TMJ OA.
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