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Abstract

Osteoarthritis (OA) in the temporomandibular joint (TMJ) is a degenerative disease in the adult,
which is characterized by the pathological degeneration of condylar cartilage. Axinl plays a
critical role in the regulation of cartilage development and homeostasis. To determine the role of
Axinl in TMJ tissue at the adult stage, we generated AxinIA9¢1ER mice, in which Axini was
deleted in aggrecarn-expressing chondrocytes at 2 months of age. Histology, histomorphometry,
and immunostaining analyses were performed using TMJ tissues harvested from 4- and 6-month-
old mice after tamoxifen administration. Total RNA isolated from TMJ cartilage of 6-month- old
mice was used for gene expression analysis. Progressive OA-like degeneration was observed in
condylar cartilage in Ax/nI knockout (KO) mice with loss of surface continuity and the formation
of vertical fissures. In addition, reduced alcian blue staining in condylar cartilage was also found
in Axin1 KO mice. Immunostaining and reverse transcription quantitative polymerase chain
reaction (QRT-PCR) assays revealed disturbed homeostasis in condylar cartilage with increased
expressions of MMP13 and Adamts5 and decreased lubricin expression in AxinI-deficient
chondrocytes. Less proliferative cells with increased hypertrophic and apoptotic activities were
presented in the condylar cartilage of AxinZA9°1ER KO mice. As a scaffolding protein, the deletion
of Axin1 stimulated not only the p-catenin but also the fibroblast growth factor (FGF) signaling
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via ERK1/2 activation. The qRT-PCR results showed an increased expression of Fgfr1in Axinl
KO cartilage. Overall, the deletion of AxinZ in condylar chondrocytes altered the p-catenin and
FGF/ERK1/2 signaling pathways, thus cooperatively contribute to the cartilage degeneration.
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We have generated Axinl conditional knockout (KO) mice by targeting aggrecan-expressing
condylar cartilage cells in the temporomandibular joint (TMJ). The Axinl conditional KO mice
showed TMJ osteoarthritis (OA)-like phenotype, probably through activation of B-catenin and
fibroblast growth factor (FGF) signaling.
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1| INTRODUCTION

As one of the most frequently used joints in humans, temporomandibularjoint (TMJ) acts
like a sliding hinge, connecting the jawbone to the skull. TMJ is a bilateral synovial joint
composed of the articulareminence fossa of the temporal bone, the condylar process of the
mandibular bone, and a fibrocartilaginous disc between them. The mandibular condylar
cartilage is characterized as the articularfibrocartilage tissue. Structurally, the superficial
layer of condylar cartilage is comprised of oriented collagen to resist loading and movement.
The proliferative layer contains chondroprogenitor cells that contribute to the development
and maintenance of TMJ cartilage. The deeper layer contains flattened mature chondrocytes
that produce aggerecan- and collagen-enriched extracellular matrix, and then terminally
differentiate into hypertrophic chondrocytes.

The disorders in TMJ (TMD) have a high incidence in adults resulting in severe craniofacial
pain and reduced life quality. Among TMDs, the osteoarthritis (OA)-like degenerative
changes in TMJ is a highly prevalent disease. The genetic predisposition contributes to the
development of TMJ OA, although the molecular mechanisms remain largely unknown.
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TMJ OA is a type of OA disease sharing similar degenerative changes with OA found in
other joints. The pathological changes of TMJ OA include the condylar
chondrocyteapoptosis, cartilage loss, and subchondral bone sclerosis. According to the
OARSI or modified Mankin scoring assessment, the phenotype of degenerative condylar
cartilage may show the formation of chondrocyte clusters with hypocellularity, surface
discontinuity with matrix loss, and formation of vertical fissures and cartilage erosion in
more severe cases (Pauli et al., 2012; Zhou et al., 2016). At the molecular level, the
imbalance of matrix catabolic and anabolic activities contributes to the pathological
progression of condylar cartilage. The impaired secretion of matrix components, such as
collagens and glycosaminoglycans (GAGS), and the increased synthesis of degradative
enzymes, such as matrix metalloproteinases(MMPs) and a disintegrin and metalloproteinase
with thrombospondinmotifs (Adamts), disturb the cartilage homeostasis in TMJ during OA
development (Chen et al., 2016).

Axis inhibition protein (Axinl) is expressed in the cartilaginousarea of the axial and
appendicular skeleton during embryonic axisdevelopment (Zeng et al., 1997). The deletion
of Axinl leads to earlyembryonic mortality with the axis determination defects (Chia
&Costantini, 2005; Chia, Kim, Itoh, Sokol, & Costantini, 2009).Significant deformities in
craniofacial and axial skeleton were also shown in Axin2-deficient mice during
endochondral bone development(Dao et al., 2010). To investigate the role of Axinl at
lateembryonic and postnatal stages, we generated mouse models withconditional knockout
(KO) alleles for Axin1 by creating loxP sites flanking the exon2 of the Ax/nI gene
(Axin17ox/flox. e Jiang, & Chen,2011). These mouse models provide a valuable tool to
investigate therole of Ax/nZ in a tissue-specific and inducible manner.

In the absence of Wnt ligands, Axinl and its homology Axin2 facilitate the enzyme GSK-3p
in a destruction complex to degradeexcess p-catenin proteins in the cytoplasm. In the
presence of Wnt signals, Axinl and Axin2 are recruited to the Wnt receptors, leadingto the
release of B-catenin and its translocation into the nucleus to activate the Wnt signaling
pathway. In previous studies, wedemonstrated that the conditional activation of p-catenin
signaling in chondrocytes induces the OA-like cartilage degeneration in joints including
TMJ (Wang et al., 2012; Wang et al., 2015; Zhu et al., 2009),suggesting the critical role of
Whnit/B-catenin signaling in OA pathogenesis.

Fibroblast growth factor (FGF) family members and their tyrosinekinase receptors
(FGFR1-4) play an important role in maintaining chondrocyte homeostasis (Ellman, An,
Muddasani, & Im, 2008; Ellman et al., 2013). FGF exerts biological function via binding to
specific FGFRs to activate intracellular signaling molecules, including ERK1/2, PI3K/AKT,
PICy, PKC, and Stats (Brewer, Mazot, & Sorian, 2016). Individual FGF and FGFR have
different functions in chondrogenesis, and the effects of different FGF molecules on OA
progression are still controversial. Specifically, FGFRL1 triggers the intracellular Raf1-
MEK-ERKZ1/2 cascade to activate target gene Mmp13, leading to the cartilage degeneration
during OA development (Im et al., 2007; Li et al., 2012; Li et al., 2015; Muddasani, Zhao,
Rangan, Mikecz, & Im, 2005; Weng et al., 2012; Yan et al., 2011). Conversely, FGFR3
exerts a chondroprotective effect to attenuate cartilage degeneration in induced-OA mouse
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models (Davidson et al., 2005; Yasuda et al., 2012; Zhou, Wang et al., 2016; Zhou, Xie et
al., 2016).

It has been reported that the deletion of Axin2 could target FGF ligands and stimulate
FGFR1 expression during calvarial develop-ment and in the development of
craniosynostosis (Yu et al., 2005). The balance of Wnt and FGF signaling was further
demonstrated by effects of these signaling pathways on endochondral bone formation and
craniofacial development (Maruyama, Mirando, Deng, & Hsu, 2010). A recent study
reported that Axinl could act as an inhibitor of Raf1-MEK-ERK1/2 cascade in fibroblasts in
a p-catenin-dependent manner (Jeon et al., 2007), suggesting that the Wnt/B-catenin and
FGF signaling cross-talk may occur during chondrogenesis. In chondrocytes, Wnt enhance
FGF-mediated suppression of chondro-cyte differentiation (Buchtova et al., 2015), whereas
FGFs activate Wnt/B-catenin signaling in an ERK-dependent manner (Krejci et al., 2012;
Tamai et al., 2004). Simultaneous activation of the FGF and Wnt/B-catenin pathways leads
to the increased expression of matrix degradation enzymes and the loss of cartilage
extracellular matrix (Buchtova et al., 2015). These findings imply that the interaction of
Whnt/B-catenin and FGF signaling pathways during chondrogenesis may play a role in OA
progression.

In the present study, we generated AxinIA9¢1ER mice by crossing Axin1ox/flox mice with
Agc1-CreER™ mice and observed the OA-like degenerative changes in TMJ cartilage.
Because the phenotype observed in AxinZ KO mice is quite different from that found in -
catenin activation mice (Hui et al., 2018), we hypothesize that Axinl may interact with other
signaling pathways in condylar cartilage. Our studies demonstrate that deletion of Ax/nZin
condylar chondrocytes may activate both -catenin and FGF signaling to affect cartilage
growth and development during postnatal and adult life.

MATERIALS AND METHODS

Animals

The animal protocol of this study has been approved by the Institutional Animal Care and
Use Committee of the Rush University Medical Center, and all experimental procedures
were carried out in accordance with the approved guidelines. Agc-CreER'? transgenic
mice were obtained from Jackson Laboratories (Bar Harbor, ME) and Axin1/0x/flox mice
were generated in our lab (Xie et al., 2011). Axin1A9¢1ER mice were generated by crossing
Axin170x/flox mice with Agcl-CreER’? mice and the Cre-negative littermates were used
ascontrols. Tamoxifen (Sigma, St. Louis, MO) was administered into 2-month-old mice via
intraperitoneal injection (1mg per 10g body weight for 5 consecutive days), 7=7 in each

group.

Histology and histomorphometry

TMJ specimens were harvested from Axin49¢1ER mice and Crenegative control mice.
Samples were fixed in 10% neutral buffered formalin (VWR, Radnor, PA) for 3 days,
decalcified with formic acid (Decal Chemical Corp., Suffern, NY) for 21 days, and
embedded in paraffin. Four-micrometer-thick sagittal sections at three different levels (50um
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apart) were cut from the medial compartment of the TMJ. The alcian blue/hematoxylin (AB/
H&E) staining was performed, and these sections were used to analyze the TMJ cartilage by
modified Mankin scoring system shown in Supporting Information Table S1 (Liao et al.,
2016; Pauli et al., 2012; Zhou et al., 2016). AB-positive cartilage area was measured using
the OsteoMeasure software (OsteoMetrics, Inc., Atlanta, GA).

Micro-CT analysis

Both sides of the undecalcified TMJ specimen of 6-month-old Crenegative and Axinl cKO
mice were scanned by a vivaCT 40 micro-CT system (Scanco Medical, Bruttisellen,
Switzerland). Serial 11-uym 2D images were achieved at 70kV and 113mA.

Immunohistochemistry and immunofluorescence

The decalcified sections were deparaffinized, rehydrated, and followed by the antigen
retrieval using Antigen Unmasking solution (H-3300; Vector Laboratories) at 95°C for
10min. Endogenous peroxidase activity was quenched by 3% H,05 for 15min. Slides were
then blocked with normal goat serum (S-1000; Vector Laboratories) in 1% BSA for 1hr at
room temperature. The specimens were incubated with primary antibodies at 4°C overnight.
For immunohistological staining, biotinylated secondary antibody (BA-9200; Vector
Laboratories) was added for 1hr followed by horseradish peroxidase-conjugated
streptavidin—biotin staining (VECTASTAIN Elite ABC HRP kit; Vector Laboratories,
Burlingame, CA; PK-6100; ImmPACT DAB Peroxidase Substrate; \ector Laboratories,
PK-6100). Slides were then counterstained with CAT H&E (CATHE-GL; Biocare
Medical),Q12 dehydrated and cleared by xylene for coversliping. For immunofluorescence
staining, appropriate secondary antibody conjugated to a fluorescence probe was added to
slides for 1hr and mounted by anti-fading mounting media (\Vector Laboratories). Primary
antibodies: Axinl (1:100, 2087; Cell Signaling Technology, Danvers, MA); MMP13 (1:400,
ab39012; Abcam, Cambridge, UK); Adamts5 (1:500, ab41037; Abcam), lubricin (1:500,
ab28484; Abcam); PCNA (1:5000 ah18197; Abcam); B-catenin (1:100, 610154; BD
Biosciences, San Jose, CA); pERK1/2 (1:400, 4370; Cell Signaling Technology; Wang et al.,
2018).

Apoptosis assay

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNNEL) assay was
performed using the assay kit (G3250; Promega, Madison, WI) according to the
manufacturer’s instructions.

gRT-PCR assay

Total RNA was extracted from primary TMJ cartilage tissues of Ax7n1A9C1CreER mice and
Cre-negative littermates at the ages of 6 months with TRIzol reagent (Invitrogen, Carlsbad,
CA). One-microgram RNA was used to reversely transcribe into complementary DNA
(cDNA) using an iScripts cDNA Synthesis kit (Quanta Biosciences, MD, USA). Real-time
polymerase chain reaction (PCR) amplification was carried out with specific primers by
SYBR Green real-time PCR kit (Quanta Biosciences). The primer sequences are listed in
Table 1.
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2.7| Statistical analysis

Data were presented as the meanzstandard error. Statistical difference between two groups
was evaluated using unpaired Student t test. For data involved in multiple groups, two-way
analysis of variance was performed followed by Turkey’s post-hoc test. *p<0.05 and
**p<0.01 are considered as the significant difference between groups.

3| RESULTS

3.1|] Axinl deletion in TMJ cartilage at adult stage

In previous studies, we demonstrated that AgcZ-CreER™ mice could efficiently target TMJ
cartilage with high efficiency at postnatal stage (Hui et al., 2018). To investigate the role of
Axinl in adult TMJ cartilage homeostasis, we generated AxinZA9¢1ER KO mice by crossing
Agcl-CreER™ mice with Axin10Xfox mice. Tamoxifen was administered to 2-month-old
mice for 5 days, and the condylar cartilage was harvested at 4 and 6 months of age. The
Axinl protein levels were significantly decreased in Ax/inZ KO mice, illustrated by
immunohistochemistry (IHC) staining (Figure 1). In contrast, Axin2 mRNA expression was
slightly increased in condylar cartilage of Ax/nZ KO mice but did not reach the significant
difference (data not shown).

3.2 | Deletion of Axinl in TMJ cartilage induces OA-like defects

TMJ tissues were harvested at the age of 4 and 6 months after tamoxifen injection in
Axin1A9¢1ER KO and Cre-negative control mice. Histologic analysis illustrated that the Cre-
negative mice exhibited intact cartilage surface with well-organized chondrocytes and evenly
stained AB. In contrast, 4-month-old AxinIA9¢ZER KO mice showed early signs of TMJ OA
with less AB staining and clusters of chondrocytes. The formation of surface fissures was
observed at the cartilage layer in half of the Ax/nZ KO mice (4/7). At 6 months of age, the
surface fissures occurred in every AxinI KO mouse (all seven mice). The cartilage fissures
were further extended into the hypertrophic chondrocyte layer in some cases (Figure 2a,
green arrowheads). In addition, progressive loss of AB staining, the formation of
chondrocyte clusters with hypocellularity was presentat the condylar cartilage (Figure 2a).
We then quantified changes in condylar cartilage area and thickness by tracing AB staining
positive areas using the OsteoMeasure system, as previously described (Hui et al., 2018;
Wang et al., 2015). Results of histomorphometric analysis showed the statistically
significant reduction in areas and thickness of TMJ cartilage in 6-month-old Axin1A9¢1ER
KO mice compared with the Cre-negative control mice (Figures 2b,c). Analysis with
modified Mankin scoring system further revealed the significant cartilage degradation of
TMJ cartilage in 4- and 6-month-old AxinZ KO mice compared with the age-matched
control mice (Figure 2d). During OA development, the degenerative changes in condylar
cartilage are often associated with subchondral bone alterations. Micro-CT analysis of the
mandibular condyles showed significant subchondral sclerosis in 6-month-old Ax/nz
conditional KO mice. The increases in bone volume fraction (%) and trabecular thickness
were observed at the TMJ subchondral bone of AxinZ KO mice compared with the Cre-
negative mice (Supporting Information Figure S1).
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Deletion of Axinl in condylar cartilage accelerates cartilage degradation in TMJ

To further investigate alterations in TMJ cartilage, IHC staining was performed to detect
changes in the expression of matrix degradation enzymes. The results revealed the
significantly upregulated expression ofMMP13 and Adamts5 proteins in condylar cartilage,
especially at the superficial layer of 6-month-old Axin1A9¢1ER KO mice (Figures 3a—d).
Given that the disrupted continuity of TMJ cartilage surface was observed in AxinZ KO
mice, we examined changes in expression of lubricin, which is essential for lubrication in
the joint fluid (Hill, Duran, & Purcell, 2014). We found that the expression of lubricin was
downregulated at the superficial and proliferative layers of condylar cartilage (Figures 3e,f).
Immunofluorescent assays showed an enhanced expression of Col-X at the hypertrophic
layer in 4-month-old AxinZ KO mice and expanded to the superficial layer of TMJ cartilage
in 6-month-old AxinZ KO mice (Figures 3g,h). The upregulation of Col-X expression
indicates that chondrocyte hypertrophy was induced by the deletion of Axini.

Furthermore, results of PCNAQ13 staining showed that the numbers of PCNA-positive cells
were significantly reduced at the superficial layer of 4- and 6-month-old AxinZ KO mice
(Figures 4a,b) suggesting reduced chondrocyte proliferation in Ax/nZ KO mice. We then
performed TUNNEL assay to determine changes in chondrocyte apoptosis in AxinZ KO
mice. Results showed that the increased TUNNEL-positive cells were distributed at the
hypertrophic layer in 4-month-old AxinZ KO mice, and then expended to the superficial
layer in 6-month-old Ax/nZ KO mice (Figures 4c,d). Taken together, the deletion of Axinl in
chondrocytes at adult stage disturbed TMJ tissue homeostasis resulting in OA-like
degenerative defects.

Cross-talking of Wnt/B-catenin and FGF/ERK signaling contributes to the TMJ OA

phenotype in Axin1 KO mice

As Axinl is a scaffolding protein acting as a negative regulator of Wnt/p-catenin signaling,
we then examined changes in p-catenin protein levels by IHC assay in Ax/in KO mice.
Results showed that the deletion of AxinZ significantly increased p-catenin protein levels in
condylar cartilage (Figure 5).

Furthermore, total RNA was extracted from condylar cartilage isolated from 6-month-old
Axin1 KO mice or Cre-negative control mice. Expression of Co/10a1, Mmp13, and
Adamts5was examined. The results showed that expression of Col10al, Mmp13, and
Adamtsb was significantly increased in AxinZ KO mice (Figure 6a-c). These findings
suggest that cartilage degradation observed in Ax/nZ KO mice may be partially due to the
upregulation of matrix degradation enzymes.

Whnt signaling has been demonstrated to interact with other signaling pathways, such as
IhhQ14 and FGF signaling. It has been shown that Wnt and FGF signaling affects
chondrogenesis during craniofacial development (Maruyama et al., 2010; Yu et al., 2005). In
this study, we also examined changes in the expression of /Afand Fgfr1-3. We found that
there was no significant change in //h expression in AxinZ KO mice (Figure 6d). In contrast,
expression of Fgfrl, FgfrZ, and Fgfr3was significantly increased in condylar cartilage of
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Axin1 KO mice (Figure 6e). We then examined changes in the expression of FGF
downstream molecule pERK1/2 and found that the expression of pERK1/2 was also
significantly increased in TMJ cartilage in AxinZ KO mice (Figures 6f,g). These findings
suggest that upregulation of FGFR1/ERK signaling may also contribute to the TMJ OA
phenotype observed in Axini KO mice. This is consistent with the previous report and
suggests that AxinZ may serve as a linker for Wnt/FGF signaling cross-talk (Castellone et
al., 2009; Jeon et al., 2007).

DISCUSSION

AXxinl plays a critical role in the regulation of cartilage development and maintenance. Both
Axini and its homology Ax/n2 null mutant mice exhibited severe developmental deformities
(Yan et al., 2009). As a multidomain scaffolding protein, AxinI interacts with multiple
proteins to regulate canonical Wnt/B-catenin signaling and other signaling pathways. To
investigate the role of Ax/nZin TMJ tissue at adult stage, we generated AxinI conditional
KO mice by specific deletion of Axinl in aggrecan-expressing chondrocytes at the adult
stage. OA-like degenerative defects of TMJ cartilage were observed, including loss of AB-
positive cartilage area, accelerated chondrocyte hypertrophy, and impaired integrity of
cartilage surface. Both p-catenin and FGFR1/ERK signaling pathways were activated by
Axinl deletion in chondrocytes. Axinl may serve as a linker between Wnt and FGF
signaling pathways in a pPERK1/2 dependent manner, thus cooperatively regulating the
initiation and progression of TMJ OA.

Vertical fissure formation at the cartilage surface was observed in AxinZ KO mice at 4-
months age and higher incidence rate occurred at 6-months age. The biosynthesis of GAG
and proteoglycan was significantly decreased in the Ax/nZ KO mice, demonstrated by the
reduced AB staining, while increased catabolism activities were demonstrated by higher
expression of matrix degradation enzymes, such as MMP13 and Adamts5. Lubricin is also
named as proteoglycan 4 and is responsible for boundary lubrication during joint
movement(Hill et al., 2014). The decreased /ubricin expression in Axinl KO mice may also
contribute to TMJ OA development associated with the loss of cartilage integrity. This is
consistent with other previous studies (Elsaid et al., 2008; Hill et al., 2014; Koyama et al.,
2014).

The consequence of disturbed cartilage homeostasis may be associated with enhanced Wnt/
B-catenin and FGF signaling pathways caused by the deletion of AxinZ. Our previous
studies demonstrated that the activation of p-catenin signaling in chondrocytes leads to
degeneration in TMJ, knee joints, and intervertebral disc, and Mmp13and Adamts5 may act
as important downstream target genes (Wang et al., 2012; Wang et al., 2015; Zhu et al.,
2009). The role of individual FGFs in cartilage is complicated (Ellman et al., 2008; Ellman
etal., 2013; Li et al., 2012; Zhong, Huang, Karperien, & Post, 2015). FGFRL1 is activated by
the FGF2, which is released from cartilage ECM upon joint injury. Activation of FGFR1
phosphorylates intracellular ERK1/2, and the activated pERK1/2 is then translocated into the
nucleus, combine with Elk-1 to act on its responsive element in target genes, such as Mmp13
in human articular chondrocytes (Ellman et al., 2008; Im et al., 2007; Muddasani et al.,
2005; Yan et al., 2011). Deletion of Fgfr1 in chondrocytes attenuated cartilage degeneration
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in vivo and antagonized the IL-1p-induced MMP13 upregulation in vitro (Weng et al.,
2012). Simultaneous activation of FGFR1 and Wnt/B-catenin signaling in chondrocytes
cooperatively suppressed the chondrocyte differentiation and ECMQ15 synthesis in vitro
(Buchtova et al., 2015). The stimulation of FGFR1 found in the present study may promote
the cartilage degeneration via ERK1/2 pathway. Conversely, FGFR3 is required to maintain
cartilage homeostasis during adult stage (Davidson et al., 2005; Zhou et al., 2016). Deletion
of Fgfr3 in cartilage induced OA-like degenerative changes in TMJ, along with the
upregulation of Runx2 via lhh pathway (Yasuda et al., 2012; Zhou et al., 2016). In our study,
Fgfr3is also upregulated in condylar cartilage of AxinZ KO mice with no significant
changes in /Ah expression (Figure 6d), suggesting that FGFR3 may not play an important
role in TMJ OA development. The role of FGFR3 in TMJ cartilage homeostasis needs to be
further investigated. Few studies about the functions of FGFR2 and FGFR4 in OA
development have been reported. A recent study showed that high levels of FGFR2with
increased FGF1 expression were found in the synovial fluid and articular cartilage in
patients with OA (Li et al., 2015), suggesting that increased expression of Fgfr2in Axinl
KO mice may also contribute to the progression of TMJ OA.

In previous studies, we found that the activation of g-cateninin aggrecan-expressing
chondrocytes promoted the formation of hypertrophic round cells at the superficial and deep
layers of condylar cartilage. In this study, the deletion of AxinI increased the expression of
[B-catenin in condylar cartilage, with no hypertrophic chondrocyte accumulation at the
superficial layer, suggesting that Axinl may regulate TMJ cartilage function through other
mechanisms in addition to its role in B-catenin activation. These findings suggest that Axinl
may act as a scaffolding protein to integrateB-catenin and FGF signaling by activating
downstream effector pPERK1/2. Besides, Axin2, the homology of Axinl, has been reported
to function during endochondral bone formation showing restricted expression in
hypertrophic chondrocytes of the ribs, vertebra, and long bone (Dao et al., 2010). Loss of
Axin2 accelerated hypertrophic differentiation and results in disrupted endochondral bone
growth in mutant mice. Interestingly, Axinl does not apparently preserve endochondral bone
formation in Axin2-/- mice, in turn, Axin2 cannot compensate for the deletion of AxinI as
Axinl-/-mice are embryonically lethal (Chia & Costantini, 2005; Chia et al., 2009; Dao et
al., 2010).

Collectively, deletion of Ax/n1in TMJ chondrocytes activates both B-catenin and FGF/ERK
signaling pathways, leading to the OA-like degenerative changes in TMJ tissue. The detail
molecular mechanism related to the integration of Axinl and FGFR1/ERK signals during
OA development needs to be further investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Axinl deletion in TMJ cartilage at adult stage. Tamoxifen was administrated into 2-month-

old Axin149¢1ER mice and Cre-negative control mice (1mg/10g body weight, i.p. injecton,
daily for 5 days). TMJ tissues were harvested from mice at the age of 4 and 6 months of age.
(a) Results of Immunohistochemistry (IHC) illustrated that Axinl protein levels were
significantly decreased in condylar cartilage of AxinIA9¢1ER conditional KO mice compared
with Cre-negative mice (black arrowheads indicate Axinl positive cells). (b) The ratios of
AXxinl positive cells were counted and calculated. Values represent meanzstandard error, **p
< 0.01, two-way analysis of variance followed by the Tukey’s post-hoc test. i.p.:
intraperitoneal; KO: knockout; TMJ: temporomandibular joint
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FIGURE 2.

Axinl conditional deletion in TMJ cartilage induces progressive OA-like defects. Alcian
blue/hematoxylin orange G staining was performed using TMJ samples from Axinl
conditional KO mice and Cre-negative mice. (a) The 4-month-old AxinZA9¢1ER KO mice
presented early signs of OA-like defects with less alcian blue staining (blue arrowheads) and
clusters of chondrocytes. The formation of surface fissures (green arrowheads) was observed
at the cartilage layer in half of the mice (4/7). At 6 months of age, the surface fissures were
found in all seven Axini conditional KO mouse. The progressive loss of Alcian blue staining
with hypocellularity was present at the condylar cartilage layers. (b,c) The condylar cartilage
areas and cartilage thickness were quantified by tracing Alcian blue positive stained areas
using the OsteoMeasure system. (d) The severity of OA-like histologic defects was graded
by modified Mankin scoring system. Values represent meantstandard error, *~ < 0.05 and
**pP < 0.01, two-way analysis of variance followed by the Tukey’s post-hoc test; 7= 7 mice
per group. KO: knockout; OA: Osteoarthritis; TMJ: temporomandibular joint

J Cell Physiol. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhou et al. Page 15

Cre”
Hl Axin1 KO

(a) Cre Axin Age1ER Cre Axin1Age1ER (b)

ik
604

401

MMP13

204

% of MMP13* cells

o
*
*

Axin1Age1ER Axin14ge1ER 4M 6M
c (d
(c) @ .
W Wl Axini KO
5 8 e =
= 8
= E 401
£} < *
< ]
- 201
(=}
=
0-
Ax;mnwéﬂ Axin 149¢1ER 4M &M
@) | 5 T (f) |
) M, = B Cre
| . A it — €01 B Axin1 KO
w
< | — %55 > & 8
8 : .
5 ' RO ) 3
= Oa & \\ - £
=1 1Ty 7 3
b . 3
| N, =
Axin1Age1ER Axin1Age1ER 4M BM
(g) h) 80~ I Cre
Ml Axin1 KO %
w
= 604
. ;
= = 40+
o 38 #
2 20
< 201
0-
Scale bar: 30 pm 4M BM

FIGURE 3.
Pathological changes of TMJ cartilage in AxinIA9¢1ER conditional KO mice. Disturbed

homeostasis of TMJ cartilage in 4- and 6-month-old mice were analyzed by
immunostaining. (a,c) The expression levels of MMP13 (blue arrowheads) and ADAMTS5
(yellow arrowheads) were significantly increased, especially at the superficial layer of
cartilage in AxinI conditional KO mice compared with control mice. (e) IHC staining of
lubricin showed the numbers of lubricin-positive cells (red arrowheads) at the superficial,
and proliferative zones were reduced in AxinZ KO mice. (g) Collagen X-positive cells were
significantly increased in AxinZ KO mice and the Col X-positive cells were extended to the
superficial layer of cartilage in 6-month-old Ax/nI conditional KO mice. (b,d,f,h) The ratios
of immunoreactive positive cells were quantified. Values represent mean * standard error, *p
< 0.05 and **p < 0.01, two-way analysis of variance followed by the Tukey’s post-hoc test.
IHC: immunohistochemistry; KO: knockout; TMJ: temporomandibular joint
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FIGURE 4.
Changes in the proliferation and apoptosis of TMJ cartilage in AxinZA9¢1ER conditional KO

mice. TMJ cartilage in 4- and 6-monthold mice was analyzed by immunostaining. (a)
Results of PCNA IHC staining revealed that the numbers of PCNA-staining-positive
proliferative chondrocytes (red arrowheads) were reduced in Ax7nZ KO mice compared with
Cre-negative controls. (c) TUNNEL assay was performed and demonstrated that the
apoptotic cells were increased at the hypertrophic layer in 4-month-old Ax/nZ KO mice and
the superficial layer in 6-month-old Ax/nZ KO mice. (b,d) The ratios of immunoreactive
positive cells were quantified. Values represent mean + standard error, *p < 0.05 and **p <
0.01, two-way analysis of variance followed by the Tukey’s post-hoc test. IHC:
immunohistochemistry; KO: knockout; PCNA: XXX; TMJ: temporomandibular joint
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FIGURE 5.

Enhanced p-catenin expression in AxinI conditional KO mice. (a) Results of IHC staining
revealed the upregulated B-catenin expression in TMJ cartilage of Ax/inZ KO mice. The data
from 4- and 6-month-old mice were shown. Red arrowheads: -catenin staining positive
cells. (b) The ratio of B-catenin positive cells was quantified. Values represent mean +
standard error, *£< 0.05 and **P< 0.01, two-way analysis of variance followed by the
Tukey’s post-hoc test. IHC: Immunohistochemistry; KO: knockout; TMJ:
temporomandibular joint
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FIGURE 6.
Enhanced FGF/ERK signaling in Ax/nI conditional KO mice. (a—€) Total RNAs were

extracted from condylar cartilage of 6-monthold Ax/nZ KO and Cre-negative mice followed
by the real-time PCR assay. Expression of Co/10a1, Mmp13, Adamtsb, I1hh, Fgfrl, Fofr2,
and Fgfr3was analyzed. Significant upregulation of Co/10a1, Mmp13, Adamtss, Fgfrl,
FgfrZ, and Fgfr3expression was observed. Unpaired Student’s t test, n=5 mice per group. (f)
Results of IHC staining revealed the upregulation of pERK1/2 expression in TMJ cartilage
of Axin1 KO mice. (g) The ratio of pERK1/2 positive cells was quantified. Values represent
mean + standard error, *£< 0.05 and **P < 0.01, two-way analysis of variance followed by
the Tukey’s post-hoc test. ERK: XXX; FGF: fibroblast growth factor; IHC:
immunohistochemistry; KO: knockout; PCR: polymerase chain reaction
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TABLE 1

Primer names and sequences

Primer names

Primer sequences

Foyfr1, forward
Fgfrl, reverse
Fofr2, forward
Fgfr2, reverse
Fgfr3, forward
Fofr3, reverse
Mmp13, forward
Mmp13, reverse
Adamtss, forward
Adamtdb, reverse
Col10a1, forward
Col10al, reverse
Ihh, forward

Ihh, reverse

5'-GATGCGGGGGAGTATACGTG-3
5'-AGGTAGAGCGGTGAGGTCAT-3’
5’-CACAACCAATGAGGAATACTTGGA-3’
5'-GTAGGTTCCTGGTGCTGTCC-3’
5’-GATCATGCGGGAATGTTGGC-3
5’-CATGGGTGAACACCGAGTCA-3’

5 TTCTTCTTGTTGAGCTGGACTC-3’
5'-CTGTGGAGGTCACTGTAGACT-3’
5’-GGAGCGAGGCCATTTACAAC-3’
5'-CGTAGACAAGGTAGCCCACTTT-3’
5"-TTCTGCTGCTAATGTTCTTGACC-3
5'-GGGATGAAGTATTGTGTCTTGGG-3’
5’-CAGCTGCTTTGGACTGCTTG-3’
5'-CATGCCTTGTTCTGCATGGG-3
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