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Kindlin-2 loss in condylar chondrocytes causes spontaneous
osteoarthritic lesions in the temporomandibular joint in mice
Yumei Lai1, Wei Zheng2, Minghao Qu3, Christopher C. Xiao1, Sheng Chen3,4, Qing Yao3, Weiyuan Gong3, Chu Tao3, Qinnan Yan3,
Peijun Zhang 3, Xiaohao Wu3✉ and Guozhi Xiao 3✉

The progressive destruction of condylar cartilage is a hallmark of the temporomandibular joint (TMJ) osteoarthritis (OA); however, its
mechanism is incompletely understood. Here, we show that Kindlin-2, a key focal adhesion protein, is strongly detected in cells of
mandibular condylar cartilage in mice. We find that genetic ablation of Kindlin-2 in aggrecan-expressing condylar chondrocytes
induces multiple spontaneous osteoarthritic lesions, including progressive cartilage loss and deformation, surface fissures, and ectopic
cartilage and bone formation in TMJ. Kindlin-2 loss significantly downregulates the expression of aggrecan, Col2a1 and Proteoglycan 4
(Prg4), all anabolic extracellular matrix proteins, and promotes catabolic metabolism in TMJ cartilage by inducing expression of Runx2
and Mmp13 in condylar chondrocytes. Kindlin-2 loss decreases TMJ chondrocyte proliferation in condylar cartilages. Furthermore,
Kindlin-2 loss promotes the release of cytochrome c as well as caspase 3 activation, and accelerates chondrocyte apoptosis in vitro and
TMJ. Collectively, these findings reveal a crucial role of Kindlin-2 in condylar chondrocytes to maintain TMJ homeostasis.
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INTRODUCTION
The temporomandibular joint (TMJ) is commonly affected by
the TMJ disorders (TMD).1 Recently, TMD has become one of
the most prevalent musculoskeletal diseases and affects
~5%–12% of the population worldwide.2 Osteoarthritis (OA)
is the most commonly reported and serious subtype of TMDs,
especially in women and older people.3,4 In mainland China, it
has been reported that about 14.56% of TMD patients
displayed radiographic signs of OA.5 The main structure of
TMJ consists of the articular disc, mandibular condyle, glenoid
fossa, and a capsule that covers the joint. The major
pathological features of TMJ OA can be characterized by
progressive cartilage degradation, chondrocyte hypertrophy,
inflammation, and osseous changes, such as subchondral
sclerosis and growth of bone spurs.1,4,6 The clinical symptoms
of TMJ OA include chronic orofacial pain and joint dysfunc-
tion.1,4,6 During the last decade, a range of genetically modified
mouse models has been generated to investigate the
regulatory mechanisms of TMJ OA.7 Alterations in expression
and/or activation of Wnt/β-catenin, fibroblast growth factors
(FGFs), nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) and MTORC1 pathways, and abnormal and
sustained mechanical loading have been linked to the
pathogenesis of TMJ OA.7,8 However, the molecular mechan-
isms underlying the initiation and progression of TMJ OA
remain incompletely understood.
Kindlin family proteins are a group of focal adhesion (FA)-

related proteins, which are involved in a number of cellular

processes such as cell adhesion, migration, proliferation, and
signal transduction.9–17 To date, three Kindlin proteins have been
identified in mammals, termed Kindlin-1, -2, and -3, which have
distinct tissue-specific expression patterns. Kindlin-1 is mostly
found in epithelial cells, including intestinal epithelial cells and
keratinocytes, while Kindlin-3 is mostly found in the spleen,
thymus nodes, dendritic cells, lymph, macrophages, but not in the
brain, cardiac tissues, kidney, liver, testis or skeletal muscle.18–20 In
contrast, Kindlin-2 is ubiquitously expressed excepting hemato-
poietic cells and is the only Kindlin protein found in embryonic
stem cells.21 Cumulating evidence has shown that Kindlin-2 exerts
multiple important functions in control of organ and tissue
formation as well as homeostasis.22–34 For instance, we have
previously reported that Kindlin-2 expression is essential for
chondrogenesis and skeletal development through its mediation
on TGF-β signaling pathway and Sox9 expression.30 However,
whether Kindlin-2 is produced by adult condylar chondrocytes
and whether Kindlin-2 functions in these cells for the maintenance
of TMJ homeostasis remain unknown.
In the present study, we find that Kindlin-2 expression is

strongly detected in condylar chondrocytes and dramatically
downregulated in aged mice. Interestingly, Kindlin-2 ablation in
these cells causes multiple spontaneous osteoarthritic lesions in
TMJ in adult mice. Kindlin-2 loss impairs TMJ homeostasis by
inhibiting chondrocyte proliferation and accelerating chondrocyte
apoptosis. Furthermore, deletion of Kindlin-2 reduces anabolic
ECM protein expression while increasing catabolic ECM protein
expression in condylar cartilages in mice.
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RESULTS
Kindlin-2 is strongly detected in mandibular condylar
chondrocytes in mice
We determined the expression pattern of three different Kindlin
proteins in mouse TMJ. TMJ specimens were collected from 3-
month-old C57BL/6 male mice and histological and immunofluor-
escent (IF) staining analyses were performed. Our data revealed a
high protein expression level of Kindlin-2 in mandibular condylar
chondrocytes in TMJ (Fig. 1a, b). Conversely, Either Kindlin-1 or
Kindlin-3 was almost undetectable in condylar chondrocytes (Fig. 1a).
Notably, Kindlin-1 was also detected in subchondral bone tissues.

Genetic ablation of Kindlin-2 in condylar chondrocytes at adult
stage induces multiple spontaneous OA-like phenotypes in TMJ
We next investigated whether Kindlin-2 expression is essential in
condylar chondrocytes. We crossed Kindlin-2fl/fl mice with
the AggrecanCreERT2 transgenic mice to produce Kindlin-2fl/fl;
AggrecanCreERT2 (referred to as K2fl/fl; AggrecanCreERT2) mice (Fig.
1c). Sixteen 8-week-old male K2fl/fl; AggrecanCreERT2 mice were
intraperitoneally injected with tamoxifen (TM) (100 mg·kg−1 body
weight per day, 5 injections) for conditional deletion of Kindlin-2
gene in aggrecan-expressing chondrocytes (hereinafter referred to
as cKO) (Fig. 1c). Of note, another 16 age-matched male K2fl/fl;
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Fig. 1 The high protein expression level of Kindlin-2 in mandibular condylar chondrocytes in mice. a Representative images of safranin O & fast
green (SO&FG, left panel) and immunofluorescent (IF, right panels) staining of mouse TMJ sections. Higher-magnification images (red dashed
boxes) are shown in lower panels. Scale bar: 50 μm. b Quantification of Kindlin-1-, 2-, and -3-positive cells in condylar cartilage. N= 3 mice per
group. ***P < 0.001. c A schematic diagram illustrating the experimental design. d IF staining for Kindlin-2 expression in control or cKO TMJs at
3 months post TM injections. Scale bar: 50 μm. e Percentages of Kindlin-2-expressing cells in mandibular condylar cartilage and articular disc,
respectively. Results are expressed as mean ± standard deviation (s.d.). n= 8 mice per group. ***P < 0.001; ns not significant, TM tamoxifen
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AggrecanCreERT2 mice were administrated with corn oil and served
as control group. At 3 and 4 months post tamoxifen treatments,
the mice were killed and TMJ specimens were collected (n= 8
mice/group for each time point). IF staining analyses confirmed
that the protein expression of Kindlin-2 was markedly down-
regulated in condylar chondrocytes, but not in cells of the articular
disc, in cKO TMJs relative to control TMJs (Fig. 1d, e).
We next performed safranin O & fast green staining on TMJ

sections and the results showed that cKO mice displayed early
signatures of OA in TMJ as early as 3 months post TM treatments,
including decreased number of chondrocytes in superficial,
middle, and deep layers with less safranin O staining in these
areas (Fig. 2a, red arrows) and increased amounts of hypertrophic
chondrocytes in superficial and middle layers (Fig. 2a, green
arrows). At 4 months after TM injections, severe OA lesions,
including spontaneous surface fissures at the superficial and
middle layers (Fig. 2b, black arrowheads), loss of safranin O
staining (Fig. 2b, red arrows), appearance of numerous disorga-
nized rounded chondrocytes at superficial and deep layers (Fig.
2b, green arrows), and massive ectopic cartilage formation
followed by new bone formation in mandibular condyle (Fig.
2b, blue arrows), were observed in cKO mice. Quantitative
analyses revealed significantly higher Osteoarthritis Research
Society International (OARSI) scores in cKO TMJs as compared
with those in control TMJs (Fig. 2c) (P < 0.01, Student’s t-test). In
addition, the safranin O-positive-stained cartilages in TMJs were
decreased at 3 months, but markedly increased at 4 months, after
TM injections (Fig. 2d). Subchondral bone damage and ectopic
bone formation in TMJ were observed in cKO group at 4 months
post TM treatments, as demonstrated by micro-computerized
tomography (μCT) analyses (Fig. 3a). Moreover, quantitative μCT
data showed that, when compared to control mice, the cKO mice
displayed significantly decreased bone mineral density (BMD)
(Fig. 3b), bone volume/tissue volume (BV/TV) (Fig. 3c) and
trabecular thickness (Tb.Th) (Fig. 3d) and increased trabecular
separation (Tb.Sp) (Fig. 3e) with no markedly altered trabecular
number (Tb.N) (Fig. 3f). Taken together, the above findings
demonstrate that genetic ablation of Kindlin-2 in aggrecan-
expressing condylar chondrocytes results in severe osteoarthritic
lesions in TMJ in adult mice.

Kindlin-2 loss reduces the expression of anabolic ECM proteins in
condylar cartilages
We found that the expression levels of anabolic ECM proteins,
including aggrecan, Col2a1 and Prg4, were all dramatically reduced in
condylar cartilages of cKO mice, as demonstrated by IF staining
analyses. (Fig. 4a). Quantitative analyses showed that the percentages
of aggrecan-, Col2a1- and Prg4-positive cells were decreased by
24.75%, 42.5% and 45.75%, respectively, in cKO condylar cartilages vs.
control condylar cartilages (Fig. 4b–d) (P< 0.001, cKO vs. control for all
indicated parameters, Student’ t-test).

Kindlin-2 deficiency promotes condylar chondrocyte hypertrophy
and ECM degradation in condylar cartilages
During the development of OA, abnormal expression of Runx2
was reported to enhance chondrocyte hypertrophic differentia-
tion, upregulate the expression of chondrocyte hypertrophic
marker Col10a1, and lead to excessive production of ECM-
degrading enzymes, such as matrix metalloproteinase
(Mmp13).35,36 We found that expression of Runx2, Col10a1 and
Mmp13 was extremely low in superficial and middle layers of
condylar cartilages in control mice (Fig. 4a), which were all
significantly upregulated in these areas in cKO relative to control
mice (Fig. 4a, e–g) (P < 0.001, cKO group vs. control group for all
quantitative parameters, Student’ t-test). Collectively, these data
suggest that genetic ablation of Kindlin-2 in condylar chondro-
cytes enhances the hypertrophic differentiation of condylar
chondrocytes and ECM degradation in TMJ cartilage.

Kindlin-2 loss inhibits condylar chondrocyte proliferation in TMJ
We further performed IF staining of cell proliferation marker Ki67
to assess whether the proliferation activity of condylar chondro-
cytes is affected by Kindlin-2 deletion. In control TMJs, Ki67 was
highly expressed in condylar chondrocytes (Fig. 5a). However, the
numbers of Ki67-positive chondrocytes were decreased by 25.2%
in the superficial and middle layers of condylar cartilages in cKO
TMJs compared to those in control TMJs (Fig. 5b) (P < 0.001, cKO
vs. control, Student’ t-test).

Kindlin-2 loss accelerates cell apoptosis in condylar chondrocytes
in TMJ and in cultured ATDC5 cells
At 3 months after TM injection, Kindlin-2 loss significantly
increased condylar chondrocyte apoptosis, as demonstrated by
the terminal deoxynucleotidyl transferase-mediated nick-end
labeling (TUNEL) staining of TMJ sections of the two groups (Fig.
5a, c). Furthermore, expression of cleaved caspase 3, a critical
executioner of intrinsic apoptosis, was significantly upregulated in
condylar chondrocytes of cKO vs. control mice (Fig. 5a, d)
(7.37% ± 2.50% in control group vs. 34.12% ± 5.98% in cKO group,
P < 0.001, Student’s t-test). In contrast, the expression levels of p-
Ampk, p-Akt and p-Erk were all markedly decreased in condylar
chondrocytes of cKO mice compared with those in control mice
(Fig. 5a, e–g), revealing a dysregulation of signaling pathways
involved in cartilage homeostasis and survival caused by Kindlin-2
loss. To explore the underlying mechanism, we knocked down
Kindlin-2 expression in ATDC5 chondrogenic cells by siRNA and
found that it dramatically reduced the protein level of mitochon-
drial cytochrome c, a critical factor that is involved in mitochon-
drial apoptosis,37 and concomitantly increased the expression of
cytosolic cytochrome c (Fig. 5h). In support of an increase in cell
apoptosis, Kindlin-2 knockdown by siRNA significantly increased
the levels of both total and cleaved caspases 3 proteins in ATDC5
cells (Fig. 5h). These findings demonstrate that loss of Kindlin-2
expression stimulates chondrocyte apoptosis in vitro and in TMJ.

Overexpression of Kindlin-2 enhances the production of ECM
proteins and cell proliferation in ATDC5 cells
Next, we investigated whether overexpression of Kindlin-2 affects
the expression of ECM proteins and cell proliferation in ATDC5
cells. Our data showed that overexpression of Kindlin-2 markedly
enhanced the production of ECM proteins, such as Prg4 and
Aggrecan, in ATDC5 cells (Fig. 5i). Moreover, we found that
Kindlin-2 overexpression significantly enhanced the cell prolifera-
tion rate of ATDC5 cells (Fig. 5j).

Reduced Kindlin-2 expression in TMJ chondrocytes in aged mice
Aging is the most important independent risk factor for developing
OA.38 We next determined the expression level of Kindlin-2 in TMJs
in aged mice. TMJ samples were collected from healthy adult
(4 months) or aged (18–22 months) mice and subjected to
histological and IF staining. As expected, aged mice display multiple
OA lesions in TMJs, including severe cartilage damage, surface
fissures, ectopic cartilage formation, and subchondral bone sclerosis
(Fig. 6a). Furthermore, the OARSI scores and safranin O-positive
areas were higher in aged TMJs as compared with those in healthy
adult TMJs (Fig. 6b, c). Importantly, we found that the protein level
of Kindlin-2 was significantly lower in aged TMJs than in healthy
adult TMJs, as demonstrated by IF staining analyses (Fig. 6d).

DISCUSSION
In the present study, we demonstrate that the FA-related protein
Kindlin-2, through its expression in aggrecan-expressing condylar
chondrocytes, plays an important role in control of TMJ homeostasis
in adult mice. Specifically, we demonstrate a high protein expression
level of Kindlin-2 in TMJ condylar chondrocytes in adult mice, which
is dramatically decreased in aged mice. Our data show that Kindlin-2
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deficiency in aggrecan-expressing condylar chondrocytes results in a
series of osteoarthritic lesions in TMJ in adult mice. This is the first
demonstration of the critical role of Kindlin-2 in regulation of
condylar chondrocyte function and TMJ homeostasis.

The progressive cartilage destruction and osteophyte formation
are hallmarks of human TMJ OA; however, the underlying
molecular mechanisms remain poorly defined.7 Studies from
different groups by using genetic mouse models showed that
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abnormalities in expression and activation in factors in Wnt/
β-catenin, Runx2, FGF, MTORC1 signaling pathways are involved in
initiation and progression in TMJ OA. For examples, Hui and co-
workers reported that activation of β-catenin in Col2a1- or
aggrecan-expressing chondrocytes causes multiple osteoarthritic
defects in mouse TMJ, including aberrant chondrocyte hyper-
trophic differentiation, condylar cartilage degradation, rough
articular surface and subchondral bone sclerosis.39,40 Wang et al.
reported that Fgfr1 deficiency in Col2a1-expressing chondrocytes
protects against TMJ OA progression through enhancing autop-
hagy of condylar chondrocytes in TMJ.1 We previously showed
that abnormal and sustained mechanical loading accelerated TMJ
OA development and progression by activation of the MTORC1
pathway.8 In this study, we provide a piece of new knowledge in
this field by demonstrating that the Kindlin-2 signaling exerts
pivotal functions in maintaining TMJ homeostasis in mice. We
provide compelling evidence that genetic ablation of Kindlin-2 in
condylar chondrocytes induces progressive TMJ cartilage loss and
deformation, which is followed by massive ectopic new cartilage
and bone formation in adult mice. Our data show that genetic
ablation of Kindlin-2 in condylar chondrocytes also causes severe
subchondral bone damage and ectopic bone formation in mouse
TMJ. These Kindlin-2 loss-induced OA-like phenotypes in mouse

TMJ highly mimic the major pathological characteristics of human
TMJ OA. Thus, this Kindlin-2 loss-induced TMJ OA mouse model
may serve as a novel spontaneous disease model for studying TMJ
OA-related pathological mechanisms in the field of oral biology.
Our findings imply that Kindlin-2 loss causes cartilage

degradation and TMJ OA through, at least in part, induction of
chondrocyte apoptosis. We provide several lines of evidence to
support this notion. First, loss of Kindlin-2 significantly increases
condylar chondrocyte apoptosis in TMJ. Second, Kindlin-2 loss
upregulates the expression level of cleaved caspase 3 both
in vitro and in vivo. Third, Kindlin-2 loss decreases the
expression levels of p-Ampk, p-Akt and p-Erk in condylar
chondrocytes. Fourth and most importantly, we find that
Kindlin-2 loss induces cytochrome c release from mitochondrion
to cytosol, which is known to be a critical step for the initiation
of cell apoptosis. Interestingly, our previous studies have
demonstrated that Kindlin-2 is primarily localized in the
mitochondria of human A549 non-small cell lung cancer cells.28

Moreover, genetic deletion of Kindlin-2 in these cells increases
reactive oxygen species (ROS) production and apoptosis.28

While these findings clearly demonstrate that Kindlin-2 loss
induces mitochondrial apoptosis, the underlying mechanisms
require further investigations.
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It should be noted that alterations in the articular disc were
observed in cKO TMJs at 3 months post TM treatments, as
revealed by IF staining. Hui and co-workers have reported a high
Cre-recombination efficiency of AggrecanCreERT2 in condylar
chondrocytes, but not in cells of articular disc, after TM
injections.39 Consistently, our data show that TM-induced
AggrecanCreERT2 activation significantly reduced the expression of
Kindlin-2 in condylar chondrocytes, but not in cells of articular
disc.41 It is well known that OA is a whole joint disease. Kindlin-2
loss-induced cartilage deformation might indirectly affect the
articular disc, for instance, by changing the mechanical distribu-
tion and/or micro-environment of TMJ. The underlying mechan-
isms need to be elucidated in greater detail in future studies.
Although TMJ disorders mostly affect young women, it has

been reported that the prevalence and severity of TMJ OA

increase dramatically in older population.42 In fact, aging is one of
the most important independent risk factors for developing OA.38

In this study, we find that the protein expression of Kindlin-2 is
drastically downregulated in TMJ cartilage of aged mice as
compared with that in adult mice. The TMJ osteoarthritic damages
induced by Kindlin-2 deletion are highly similar to the aging-
induced OA damages in mice, suggesting a potential involvement
of reduced expression of Kindlin-2 in condylar chondrocytes
during the development and progression of aging-related TMJ OA.
It should be noted that the condylar cartilage area as measured by

safranin O- staining analysis was decreased at 3 months, but markedly
increased at 4 months, after TM injections in cKO mice. The observed
differences in cartilage content were attributed to the loss of cartilage
in superficial and middle layers at the early stages of Kindlin-2 loss-
induced TMJ OA, which was followed by ectopic cartilage formation
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in subchondral areas. Interestingly, we also detected massive ectopic
cartilage formation in TMJs of aged mice. These findings suggest that
ectopic cartilage formation may play a key role in the pathogenesis of
TMJ OA, which warrants further investigations.
There are limitations in this study. First, we did not determine

the expression level of Kindlin-2 in human TMJ. Whether Kindlin-
2 expression is downregulated in human TMJ OA samples needs
to be determined. At the present, it is difficult to obtain human
TMJ samples for this study. Second, since TMJ is a load-bearing
joint, it will be interesting to determine if and how Kindlin-2
deficiency impacts the OA lesions in abnormal mechanical
loading models, such as unilateral anterior crossbite model.43

Third, while our results clearly show that Kindlin-2 loss induces
multiple striking osteoarthritic lesions in TMJ, whether over-
expression of Kindlin-2 in mouse TMJ can exert protective effects
against TMJ OA development and progression remains to be
determined.
Based on our findings of this study that Kindlin-2 expression is

dramatically reduced in condylar chondrocytes of aged TMJ and
that Kindlin-2 loss causes osteoarthritic lesions in mouse TMJ that
highly mimic those in human TMJ OA, along with the fact that
abnormal and sustained mechanical stress plays a critical role in
pathogenesis of TMJ and knee joint OAs and established role of
the focal adhesion pathway in mediation of mechanotransduction
in skeleton,8,29,44–46 it will be crucial to investigate if changes in
Kindlin-2 expression, especially in condylar chondrocytes, play a
role in the pathogenesis of TMJ OA in humans.
In conclusion, our study reveals that Kindlin-2 expression in

aggrecan-expressing condylar chondrocytes is essential for main-
taining TMJ homeostasis in mice.

MATERIALS AND METHODS
Animal model
Floxed Kindlin-2 (Kindlin-2fl/fl) mice were bred with the AggrecanCreERT2

knock-in mice to obtain the Kindlin-2fl/fl; AggrecanCreERT2 mice. For
conditional knockout of Kindlin-2 gene in aggrecan-expressing
chondrocytes, sixteen 2-month-old male Kindlin-2fl/fl; AggrecanCreERT2

mice were intraperitoneally administrated with tamoxifen (Sigma
T5648, 100mg/kg body weight per day, 5 injections). Another 16
age-matched male Kindlin-2fl/fl; AggrecanCreERT2 mice administrated
with corn oil were used as controls. This study was approved by the
Institutional Animal Care and Use Committees (IACUC) of the
Southern University of Science and Technology.

Quantitative histopathological analyses
TMJ specimens were harvested from mice immediately after
sacrifice and kept in 4% paraformaldehyde solution overnight at
4 °C. The decalcification, dehydration, and paraffin embedding of
TMJ samples were performed following our previously established
protocols.8,32 The paraffin-embedded TMJ samples were cut into
5-micron sections and stained using a safranin O & fast green
staining kit (Solarbio, Cat#G1371) as previously described.23 The
SO&FG-stained sections were evaluated according to the OARSI
scoring system in a double-blinded manner. The Safranin
O-positive cartilage areas were determined by image J (version
1.53k) as previously described.47

Immunofluorescent analyses
For immunofluorescent (IF) staining, 5-micron TMJ sections were
hydrated and permeabilized for 5 min at room temperature (RT).
The TMJ sections were blocked with for 1 h at RT and then probed
with primary antibodies in a humidifying box overnight at 4 °C.
The slices were washed in phosphate-buffered saline with 0.1
percent Tween 20 and then stained with fluorescence-labeled
secondary antibodies (Invitrogen, Cat# A-11008) for 1 h at RT. The
fluorescence signals on TMJ sections were analyzed by Leica SP8
Confocal Microsystems.

Quantitative μCT analyses
Quantitative μCT analyses were performed using a Skyscan
scanner 1276 μCT system (Bruker, Belgium) as previously
described.24,44,48

TUNEL staining
Cell apoptosis was assessed using a commercial TUNEL assay kit
(Beyotime, C1090) according to the manufacturer’s guidelines.49,50

In vitro siRNA knockdown experiments
ATDC5 cells were cultured in DMEM/F12 supplemented with 5%
FBS, 1% penicillin and streptomycin, and 1% insulin-transferrin-
selenium (Gibco™, Cat# 51500056) to induce chondrogenic
differentiation. For in vitro knockdown of Kindlin-2 expression,
ATDC5 cells were transfected with Kindlin-2-targeting siRNA as
previously described (Invitrogen, Cat# 13778075) as previously
described.51 ATDC5 cells transfected with a negative control siRNA
were used as control group. Protein extracts were collected 48 h
after siRNA transfection and examined by western blotting. The
Kindlin-2-targeting siRNA sequences: 5’ primer-GUGGCUAGAU
UCCUCAAGATT, 3’ primer-UCUUGAGGAAUCUAGCCACTT.

Extraction of cytosolic and mitochondrial fractions from cultured
ATDC5 cells
We used a commercial mitochondria isolation kit (Thermo Fisher
Scientific, Cat #898874) to extract the cytosolic and mitochondrial
fractions from cultured ATDC5 cells, as previously described.28

Statistical analysis
Mice were randomly assigned to each group in this study. The Prism
GraphPad software was used to perform statistical analysis. The
quantitative data were presented as mean ± standard deviation
(s.d.). For statistical analysis, the two-tailed unpaired Student’s t-test
was used. P < 0.05 were considered statistically significant.

DATA AVAILABILITY
All data generated for this study are available from the corresponding authors upon
reasonable request.

ACKNOWLEDGEMENTS
This work was supported, in part, by the National Key Research and Development
Program of China Grants (2019YFA0906004), the National Natural Science Foundation
of China Grants (81991513, 81870532, 82172375), the Guangdong Provincial Science
and Technology Innovation Council Grant (2017B030301018), and the Shenzhen
Municipal Science and Technology Innovation Council Grant (20200925150409001).

AUTHOR CONTRIBUTIONS
Study design: G.X., Y.L., and X.W. Study conduct and data collection: Y.L., W.Z., M.Q.,
C.X., S.C., Q.Y., and G.X. Data analysis: X.W., Y.L., and G.X. Data interpretation: G.X., Y.L.,
and X.W. Drafting the manuscript: G.X. and X.W. G.X., Y.L., and X.W. take the
responsibility for the integrity of the data analysis.

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Wang, Z. et al. Loss of Fgfr1 in chondrocytes inhibits osteoarthritis by promoting

autophagic activity in temporomandibular joint. J. Biol. Chem. 293, 8761–8774 (2018).
2. Bianchi, J. et al. Osteoarthritis of the temporomandibular joint can be diagnosed

earlier using biomarkers and machine learning. Sci. Rep. 10, 8012 (2020).
3. Liu, Q. et al. Initiation and progression of dental-stimulated temporomandibular

joints osteoarthritis. Osteoarthr. Cartil. 29, 633–642 (2021).
4. Monasterio, G. et al. in Temporomandibular Joint Pathology—Current Approaches

and Understanding. (IntechOpen, London, 2018) https://doi.org/10.5772/
intechopen.72496.

Kindlin-2 loss in condylar chondrocytes causes spontaneous osteoarthritic. . .
Lai et al.

9

International Journal of Oral Science           (2022) 14:33 

https://doi.org/10.5772/intechopen.72496
https://doi.org/10.5772/intechopen.72496


5. Zhao, Y. P. et al. Investigation of the clinical and radiographic features of
osteoarthrosis of the temporomandibular joints in adolescents and young adults.
Oral. Surg. Oral. Med Oral. Pathol. Oral. Radio. Endod. 111, e27–e34 (2011).

6. Song, H. et al. Long-term changes of temporomandibular joint osteoarthritis on
computed tomography. Sci. Rep. 10, 6731 (2020).

7. Lu, K. et al. Molecular signaling in temporomandibular joint osteoarthritis. J.
Orthop. Translation 32, 21–27 (2022).

8. Yang, H. et al. MTORC1 coordinates the autophagy and apoptosis signaling in
articular chondrocytes in osteoarthritic temporomandibular joint. Autophagy 16,
1–18 (2019).

9. Jobard, F. et al. Identification of mutations in a new gene encoding a FERM family
protein with a pleckstrin homology domain in Kindler syndrome. Hum. Mol.
Genet. 12, 925–935 (2003).

10. Svensson, L. et al. Leukocyte adhesion deficiency-III is caused by mutations in
KINDLIN3 affecting integrin activation. Nat. Med. 15, 306–312 (2009).

11. Montanez, E. et al. Kindlin-2 controls bidirectional signaling of integrins. Genes
Dev. 22, 1325–1330 (2008).

12. Rognoni, E., Ruppert, R. & Fassler, R. The kindlin family: functions, signaling
properties and implications for human disease. J. Cell Sci. 129, 17–27 (2016).

13. Calderwood, D. A., Campbell, I. D. & Critchley, D. R. Talins and kindlins: partners in
integrin-mediated adhesion. Nat. Rev. Mol. Cell Biol. 14, 503–517 (2013).

14. Bottcher, R. T. et al. Kindlin-2 recruits paxillin and Arp2/3 to promote membrane
protrusions during initial cell spreading. J. Cell Biol. 216, 3785–3798 (2017).

15. Wei, X. et al. Smurf1 inhibits integrin activation by controlling Kindlin-2 ubiqui-
tination and degradation. J. Cell Biol. 216, 1455–1471 (2017).

16. Li, H. et al. Structural basis of kindlin-mediated integrin recognition and activa-
tion. Proc. Natl Acad. Sci. USA 114, 9349–9354 (2017).

17. Hirbawi, J. et al. The extreme C-terminal region of kindlin-2 is critical to its
regulation of integrin activation. J. Biol. Chem. 292, 14258–14269 (2017).

18. Ussar, S. et al. The Kindlins: subcellular localization and expression during murine
development. Exp. Cell Res. 312, 3142–3151 (2006).

19. Kern, J. S. et al. Chronic colitis due to an epithelial barrier defect: the role of
kindlin-1 isoforms. J. Pathol. 213, 462–470 (2007).

20. He, Y. et al. Kindlin-1 and -2 have overlapping functions in epithelial cells
implications for phenotype modification. Am. J. Pathol. 178, 975–982 (2011).

21. Zhan, J. et al. Kindlin-2 expression in adult tissues correlates with their embryonic
origins. Sci. China Life Sci. 57, 690–697 (2014).

22. Cao, H. et al. Focal adhesion protein Kindlin-2 regulates bone homeostasis in
mice. Bone Res. 8, 2 (2020).

23. Chen, S. et al. Kindlin-2 inhibits Nlrp3 inflammasome activation in nucleus pul-
posus to maintain homeostasis of the intervertebral disc. Bone Res. 10, https://
doi.org/10.1038/s41413-021-00179-5 (2022).

24. Fu, X. et al. Kindlin-2 regulates skeletal homeostasis by modulating PTH1R in
mice. Signal. Transduct Target. Ther. 5, 297 (2020).

25. Gao, H. et al. Lipoatrophy and metabolic disturbance in mice with adipose-
specific deletion of kindlin-2. JCI Insight 4, e128405 (2019).

26. Gao, H. et al. Kindlin-2 haploinsufficiency protects against fatty liver by targeting
Foxo1 in mice. Nat. Commun. 13, 1025 (2022).

27. Guo, L. et al. Kindlin-2 regulates mesenchymal stem cell differentiation through
control of YAP1/TAZ. J. Cell Biol. 217, 1431–1451 (2018).

28. Guo, L. et al. Kindlin-2 links mechano-environment to proline synthesis and
tumor growth. Nat. Commun. 10, 845 (2019).

29. Qin, L. et al. Kindlin-2 mediates mechanotransduction in bone by regulating
expression of Sclerostin in osteocytes. Commun. Biol. 4, 402 (2021).

30. Wu, C. et al. Kindlin-2 controls TGF-beta signalling and Sox9 expression to reg-
ulate chondrogenesis. Nat. Commun. 6, 7531 (2015).

31. Wu, X. et al. Kindlin-2 preserves integrity of the articular cartilage to protect
against osteoarthritis. Nat. Aging 2, 332–347 (2022).

32. Wu, X. et al. Kindlin-2 deletion in osteoprogenitors causes severe chon-
drodysplasia and low-turnover osteopenia in mice. J. Orthop. Translation 32,
41–48 (2022).

33. Zhu, K. et al. Kindlin-2 modulates MafA and beta-catenin expression to regulate
beta-cell function and mass in mice. Nat. Commun. 11, 484 (2020).

34. Sun, Y. et al. Kindlin-2 association with Rho GDP-dissociation inhibitor alpha
suppresses Rac1 activation and podocyte injury. J. Am. Soc. Nephrol. 28,
3545–3562 (2017).

35. Chen, D. et al. Runx2 plays a central role in osteoarthritis development. J. Orthop.
Transl. 23, 132–139 (2020).

36. Wang, X. et al. Regulation of MMP-13 expression by RUNX2 and FGF2 in
osteoarthritic cartilage. Osteoarthr. Cartil. 12, 963–973 (2004).

37. Porter, A. G. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 6, 99–104
(1999).

38. Shane Anderson, A. & Loeser, R. F. Why is osteoarthritis an age-related disease?
Best. Pr. Res. Clin. Rheumatol. 24, 15–26 (2010).

39. Hui, T. et al. Activation of beta-catenin signaling in aggrecan-expressing cells in
temporomandibular joint causes osteoarthritis-like defects. Int. J. Oral. Sci. 10, 13
(2018).

40. Wang, M. et al. Activation of β-catenin signalling leads to temporomandibular
joint defects. Eur. Cell Mater. 23, 223–235 (2014).

41. Hunter, D. J. & Bierma-Zeinstra, S. Osteoarthritis. Lancet 393, 1745–1759 (2019).
42. Yadav, S. et al. Temporomandibular joint disorders in older adults. J. Am. Geriatr.

Soc. 66, 1213–1217 (2018).
43. Yang, H. et al. Inhibition of Ihh reverses temporomandibular joint osteoarthritis

via a PTH1R signaling dependent mechanism. Int. J. Mol. Sci. 20, 3797 (2019).
44. Wang, Y. et al. Focal adhesion proteins Pinch1 and Pinch2 regulate bone

homeostasis in mice. JCI Insight 4, e131692 (2019).
45. Qin, L. et al. Molecular mechanosensors in osteocytes. Bone Res. 8, 23 (2020).
46. Qin, L. et al. Roles of mechanosensitive channel Piezo1/2 proteins in skeleton and

other tissues. Bone Res. 9, 44 (2021).
47. Li, J. et al. Metformin limits osteoarthritis development and progression through

activation of AMPK signalling. Ann. Rheum. Dis. 79, 635–645 (2020).
48. Kuchler-Bopp, S. et al. Temporomandibular joint damage in K/BxN arthritic mice.

Int. J. Oral. Sci. 12, 5 (2020).
49. Gao, H. et al. Pinch loss ameliorates obesity, glucose intolerance, and fatty liver by

modulating adipocyte apoptosis in mice. Diabetes 70, 2492–2505 (2021).
50. Lei, Y. et al. LIM domain proteins Pinch1/2 regulate chondrogenesis and bone

mass in mice. Bone Res. 8, 37 (2020).
51. Yan, Q. et al. Loss of phosphatidylinositol-4-phosphate 5-kinase type-1 gamma

(Pip5k1c) in mesenchymal stem cells leads to osteopenia by impairing bone
remodeling. J. Biol. Chem. 298, 101639 (2022).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Kindlin-2 loss in condylar chondrocytes causes spontaneous osteoarthritic. . .
Lai et al.

10

International Journal of Oral Science           (2022) 14:33 

https://doi.org/10.1038/s41413-021-00179-5
https://doi.org/10.1038/s41413-021-00179-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Kindlin-2 loss in condylar chondrocytes causes spontaneous osteoarthritic lesions in the temporomandibular joint in mice
	Introduction
	Results
	Kindlin-2 is strongly detected in mandibular condylar chondrocytes in mice
	Genetic ablation of Kindlin-2 in condylar chondrocytes at adult stage induces multiple spontaneous OA-like phenotypes in TMJ
	Kindlin-2 loss reduces the expression of anabolic ECM proteins in condylar cartilages
	Kindlin-2 deficiency promotes condylar chondrocyte hypertrophy and ECM degradation in condylar cartilages
	Kindlin-2 loss inhibits condylar chondrocyte proliferation in TMJ
	Kindlin-2 loss accelerates cell apoptosis in condylar chondrocytes in TMJ and in cultured ATDC5 cells
	Overexpression of Kindlin-2 enhances the production of ECM proteins and cell proliferation in ATDC5 cells
	Reduced Kindlin-2 expression in TMJ chondrocytes in aged mice

	Discussion
	Materials and methods
	Animal model
	Quantitative histopathological analyses
	Immunofluorescent analyses
	Quantitative &#x003BC;CT analyses
	TUNEL staining
	In vitro siRNA knockdown experiments
	Extraction of cytosolic and mitochondrial fractions from cultured ATDC5 cells
	Statistical analysis

	Acknowledgements
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




