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Role of the Wnt/f3-catenin signaling pathway in the
response of chondrocytes to mechanical loading
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Abstract. In order to better understand the mechanisms by
which chondrocytes respond to mechanical stimulation, ATDCS5
mouse embryonic carcinoma cells were induced to differentiate
into chondrocytes and then exposed to mechanical loading. To
specifically elucidate the role of this pathway, the localiza-
tion and expression of proteins involved in the Wnt/B-catenin
signaling pathway were observed. Chondrogenic-differentiated
ATDCS cells were exposed to a 12% cycle tension load for 1,2,
4, or 8 h. At each time point, immunofluorescence staining,
western blot analysis, and qPCR were used to track the local-
ization of B-catenin and glycogen synthase kinase-3f (GSK-3f3)
expression. In addition, the mRNA expression of Wnt3a,
disheveled homolog 1 (Dvl-1), GSK-3f, and collagen type 11
were also detected. Activation of the Wnt/B-catenin signaling
pathway was investigated in cells treated with Dickkopf-related
protein 1 (DKK-1). f-catenin and GSK-3f3 protein expression
increased initially and then decreased over the mechanical
loading period, and the corresponding mRNA levels followed
a similar trend. After application of the inhibitor DKK-1,
Whnt/B-catenin signaling was suppressed, and the mRNA
expression of collagen II was also reduced. Thus, stimulation
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of chondrocytes with mechanical strain loading is associated
with the translocation of active [3-catenin from the cytoplasm
to the nucleus.

Introduction

The temporomandibular joint (TMJ) is the only bilateral linkage
joint in the human body, and it is characterized by stability
and mobility. Activities such as mastication, swallowing,
talking, and facial expressions are controlled by the TMJ and
the associated muscles. The condylar process is an important
developmental zone of the mandible, and the development of
the TM1J is closely related to functional stimulation and plays
an important role in oral-maxillary facial development. The
growth and development of chondrocytes within the TMJ are
closely related to functional mechanical stimulation. The TMJ
disc is located between the mandible and the skull and plays a
critical role in mandibular movements, functioning as a stress
absorber (1). During various functional movements, such as
chewing and talking, or some dysfunctional movements such
as bruxism, the disc is continuously subjected to biomechanical
loading in the form of tensile, compressive, and shear stress from
different directions (2). Moreover, during orthodontic treat-
ment, patients are often subjected to intermaxillary traction.
The cartilage matrix as well as chondrocytes are responsible for
responding to mechanical stress and maintaining the function
of articular joints. During clinical treatment, intermaxillary
traction is highly effective for achieving tooth movement,
but may also cause a series of undesired results related to the
force-induced response, such as temporomandibular disor-
ders (3). One study reported that endochondral bone formation
is reduced, with restriction of mandibular movements, during
the chondylar cartilage development process (4). Mandibular
condylar chondrocytes (MCCs) are the main type of chondylar
chondrocytes, and they play an important role in maintaining
cartilage homeostasis. MCC proliferation, differentiation, and
apoptosis directly influence the mechanical characteristics and
functional status of the joint. However, despite advances in
our understanding of the molecular mechanisms of cartilage
development and repair, the mechanical signals that regulate
cartilage repair remain poorly understood (5-7).
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A previous study by Kronenberg (8) found that several
signaling pathways are activated during the development and
growth of chondrocytes, including the Sox 9, transforming
growth factor (TGF)-f, and Wnt signaling pathways. Moreover,
a study by Maruyama et al (9) on systemic skeletal diseases
and metabolic diseases focused on the Wnt signaling pathway,
and it has been confirmed that the Wnt signaling pathway is
associated with biological force stimulation (10). The Wnt
signaling pathway plays an important role in the regulation
of chondrogenic differentiation and hypertrophy (11,12).
Three distinct intracellular Wnt signaling cascades are well
known at present: the Wnt/f-catenin pathway (the canonical
Whnt signaling pathway), the c-Jun N-terminal kinase (JNK)
pathway, and the Wnt/Ca** pathway. The Wnt/B-catenin
pathway is mediated by (-catenin, which accumulates in the
cytoplasm in the presence of Wnt and is then transferred into
the nucleus. Glycogen synthase kinase-3 (GSK-3p) acts as a
critical negative control factor in the Wnt signaling pathway.
The phosphorylation of GSK-3f results in GSK-3f inactivation
and blocks the ability of GSK-3f to phosphorylate B-catenin,
thereby activating the Wnt/fB-catenin signaling pathway.
Therefore, we hypothesized that after mechanical force is
applied to chondrocytes, GSK-3p is phosphorylated and the
Wnt/B-catenin signaling pathway is activated, triggering chon-
drogenesis among chondrocytes.

In the present study, the ATDCS cell line was selected and
cultured based on its chondrogenic potential in the presence
of insulin. ATDCS cells are cells isolated from the feeder-
independent teratocarcinoma stem cell line AT805 (13).
Compared with primary MCCs, the advantages of the ATDC5
cell line are greater stability, ease of culture and expan-
sion, and greater humanization. The cells were subjected to
mechanical stretching using a pressure-operated instrument.
Subsequently, immunofluorescence, western blot analysis,
quantitative PCR (qQPCR), and other experimental methods
were used to observe activation of the Wnt/f-catenin signaling
pathway in order to determine the effect of mechanical loading
on B-catenin signaling in chondrocytes. In order to observe
cartilage reconstruction after different durations of orth-
odontic traction, cells were subjected to mechanical loading
for different amounts of time.

Materials and methods

Cell culture. ATDCS cells (Riken Cell Bank, Tsukuba, Japan)
were maintained in a log growth phase in hybrid Dulbecco's
modified Eagle's medium (DMEM; Thermo Scientific Hyclone,
Waltham, MA, USA) containing 10% fetal bovine serum (FBS)
and 10 pug/ml insulin-transferrin-selenium (ITS) (both from
Gibco, Grand Island, NY, USA). Cells were cultured at 37°C in
a humidified atmosphere of 5% CO, in air for 21 days. Cells
were initially seeded at a density of 6x10* cells/well in 6-well
plates. The medium was replaced every 2 days. Alcian blue
staining and qPCR analysis were used to confirm successful
induction of chondrogenesis. The sequences of primers used in
the present study for (3-actin, collagen II, and aggrecan were as
follows: B-actin sense, S-ATGTACGTAGCCATCCAG-3' and
antisense, 5'-GAGGTAGTCTGTCAGGTC-3"; collagen II
sense, 5'-CCAGAACATCACCTACCACTGTAA-3' and anti-
sense, 5'-GCCCTCATCTCTACATCATTGGA-3'; and
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aggrecan sense, 5'-CCATGTGTGGGTGACAAAGACAG-3'
and antisense, 5S'-TCCACGTAGCAGTAGACATCATAGG-3'.
These sequences were designed by Takara Bio Co., Ltd. (Kyoto,
Japan).

Mechanical loading. Cells were subjected to mechanical
stretching using a pressure-operated instrument (Flexercell
Strain Instrument; Flexcell Corp., Hillsborough, NC, USA).
Chondrocytic cells were plated in 6-well elastic-bottomed
culture plates (Flex II culture plates; Flexcell Corp.), in
which the bottomed surfaces of the plates were coated with
collagen II. When the cells reached confluence, 4 plates were
fixed on a Flexercell strain unit (Flexercell Corp.) and cyclic
mechanical tension was applied. Culture plate bottoms were
deformed to a known percentage of elongation, which was
maximal at the edge and decreased toward the center. The
strain was transferred to the cultured cells. In our experiments,
the culture plate bottoms were deformed to 12% elongation in
a 0.05 Hz cyclic (5 sec on, 5 sec off) manner. The cells were
stimulated for 1,2, 4, or 8 h, and control cells were not exposed
to mechanical loading.

Protein extraction and western blot analysis. After cyclic
stretch loading, cells were washed once with ice-cold phosphate-
buffered saline (PBS) immediately and lysed in 500 p1 sodium
dodecyl sulfate (SDS) buffer [125 mM Tris-HCL (pH 6.8), 1%
w/v SDS, 8.5% glycerol) per well. Samples were heated to 95°C
for 5 min. Aliquots of 10 ul protein were resolved by SDS-PAGE
(10% resolving gel), transferred to nitrocellulose membranes
(Bio-Rad Laboratories, Hercules, CA, USA), and blocked with
blocking buffer [10 mM Tris-HCI (pH 7.6), 150 mM NaCl,
3% wiv BSA, 0.1% Tween-20] for 1 h at room temperature.
After washing three times for 5 min each with Tris-buffered
saline/Tween [10 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.1%
Tween-20], cell membranes were incubated with primary anti-
bodies overnight at 4°C with gentle shaking. The membranes
were washed three times for 5 min with Tris-buffered saline/
Tween 20 and incubated with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibodies (1:1,000; Perbio Science,
Erembodegem, Belgium) for 1 h at room temperature. The
primary antibodies were against active -catenin (clone 8E7,
1:1,000; Millipore, Billerica, MA, USA), phospho-GSK-3f3
(Ser9, 1:1,000; 9331S) and GSK-3f (1:1,000; 9237S) (both from
Cell Signaling Technology, Danvers, MA, USA). To demonstrate
equal protein loading, specific B-actin antibodies (1:1,000; 4967,
Cell Signaling Technology) were used.

RNA extraction and gPCR. After the cells were exposed to
cyclic stretch loading for 1, 2,4, or 8 h, total RNA was extracted
using TRIzol (Gibco) according to the manufacturer's instruc-
tions, and the concentration and purity were subsequently
assayed by spectrophotometry. First-strand cDNA synthesis
was performed using the High-Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer's instructions. The sequences of primers for
B-actin and collagen II were the same as those which were
listed above. The sequences of primers for Wnt3a, disheveled
homolog 1 (Dvl-1), and T cell-specific transcription
factor (Tcf)-1 used in the present study were as follows: Wnt3a
sense, 5'-CAGCTGTGAAGTGAAGAC-3' and antisense,



Bzl SPANDIDOS
7] .§, PUBLICATIONS

5'-CTCGTAGTAGACCAGGTC-3"; Dvl-1 sense, 5'-ATC
AACCAATGTCTTCAG-3' and antisense, 5'-AATGTCAA
GCCAATATCC-3"; and Tcf-1 sense, 5'-CTACGAACATTTC
AGCAG-3' and antisense, 5S'-GTCTATATCCGCAGGAAG-3'.
The sequences for all primers were designed by Takara
Bio Co., Ltd. PCR was performed with the ABI Prism 7000
Sequence Detection system (Applied Biosystems). Relative
quantification was carried out using the AACt method by
taking the difference (ACt) between the ACt of (3-actin and the
ACt of each transcript and computing the AACt. Triplicate
reactions were carried out in three separate experiments.

Immunofluorescence staining. After culture with or without
cyclic stretch loading, cells which adhered to the surface of
elastic-bottomed plates were rinsed twice with PBS, fixed
with 4% paraformaldehyde for 30 min, and rinsed twice with
PBS again. The elastic bottoms of the plates were cut into
8-10 pieces each, and then cells were incubated with primary
antibody (mouse anti-active (-catenin, clone 8E7, 1:100;
Millipore) for 1 h. The secondary antibody was fluorescein
isothiocyanate-conjugated rabbit anti-mouse immunoglob-
ulin G (1:200; 7074S; Cell Signaling Technology), and the
stained cells were viewed through a laser scanning confocal
microscope (FV1200; Olympus, Tokyo, Japan). We randomly
selected six visual fields for each point and counted both the
number of cells exhibiting nuclear translocation of -catenin
and the total number of cells in each field of view.

Treatment of the cells with Wnt/f3-catenin signaling pathway
inhibitory protein Dickkopf-related protein I (DKK-1). Single-
cell suspensions of the chondrocytes at logarithmic growth
phase were prepared, and the cells were transferred to 6-well
plates. Cells were incubated with 100 ng/ml mouse recombinant
Dickkopf-related protein 1 (R&D Systems, Minneapolis, MN,
USA) in DMEM containing 5% fetal bovine serum for 24 h to
inhibit the Wnt/B-catenin pathway. MTT, [3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide] assay was carried
out on days 1, 3, 5, and 7 in cultures to evaluate the efficiency
of DKK-1. Cells were plated at a density of 2x10° cells/well
in 96-well plates for 4 h at 37°C. The supernatant was then
removed and 150 gl dimethyl sulfoxide (DMSO) was added,
followed by 10 min of oscillation. The optical density (OD)
values for each well were measured spectrophotometrically at
490 nm, and the tests were repeated 5 times. Control cells were
not exposed to DKK-1.

To examine the effect of DKK-1 treatment on chondrocytes
exposed to mechanical loading, the culture plate bottoms were
deformed to 12% elongation in a 0.05 Hz cyclic (5 sec on, 5 sec
off) manner, as described above, for 1, 2,4, or 8 h. The control
group was not exposed to loading. Immunofluorescence
staining was used to track f-catenin localization in chondro-
cytes, as also described above, after treatment with DKK-1,
and qPCR analysis was used to detect the corresponding
mRNA expression of Wnt3a, Dvl-1, Tcf-1 and collagen II, as
described above. The results for cells treated with DKK-1 were
compared to those for cells not treated with DKK-1.

Statistical analysis. All the experiments were repeated three
times, and all statistical analyses were performed using SPSS
version 16.0 software (SPSS Inc., Chicago, IL, USA). The
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student's t-test was employed to evaluate the significance of
differences among groups, and a P-value <0.05 was considered
to indicate a statistically significant difference.

Results

Chondrogenic differentiation and cartilage nodule formation
in ATDCS cells. ATDCS cells can be induced to differentiate
into chondrocytes in the presence of insulin (13), and a previous
study has demonstrated that in the presence of 10 yg/ml insulin,
ATDCS cells form cartilage nodules through a cellular conden-
sation process that gives rise to proliferating chondrocytes (14).
In the present study, the size and number of cartilage nodules
within ATDCS cultures increased each day over 3 weeks in
culture after treatment with ITS. Increasing intensity of Alcian
blue staining of sulfated glycosaminoglycan, which is secreted
by chrondrocytes, over 3 weeks in culture confirmed chondro-
genic differentiation of the ATDCS cells (Fig. 1A).

Collagen type II and aggrecan are the main components of
the extracellular matrix in cartilage. To further confirm that
ATDCS cells differentiated into chondrocytes in the present
study, we analyzed the expression of chondrogenic marker
genes including collagen II and aggrecan by qPCR (Fig. 1B)
upon culture of the cells in medium containing insulin.
Collagen II and aggrecan expression increased from day 1
to 21, indicating that the undifferentiated ATDCS5 cells had
differentiated into proliferative chondrocytes.

Mechanical loading induces nuclear translocation of 3-catenin
in the differentiated chondrocytes. It has previously been
noted that the Wnt/B-catenin signaling pathway is mediated by
[-catenin, which accumulates in the cytoplasm and translocates
into the nucleus to activate Wnt signaling (15). To determine
whether mechanical loading activates Wnt/f3-catenin signaling,
immunofluorescence staining was used to identify dephosphor-
ylated B-catenin in cells at 1,2, 4, and 8 h after stretch loading.
Compared to control cells which did not receive mechanical
loading, the nuclei of cells subjected to force loading for 1 h
showed significantly increased staining for dephosphorylated
[-catenin. Nuclear translocation of (3-catenin occurred after
1 h, and the amount of nuclear staining in cells subjected to
stretch loading for 8 h was comparable to that in the control
group (Fig. 2B). These results indicate that translocation of
[-catenin is a rapid process.

Mechanical loading causes the phosphorylation of GSK-3
and the accumulation of 3-catenin. GSK-3f is a key compo-
nent of the Wnt/f3-catenin signaling pathway, and its activity
is inhibited by phosphorylation at serine (16). GSK-3f is
normally inhibited in the Wnt pathway, where its primary
target is [3-catenin. Phosphorylation of GSK-3f inhibits its
ability to phosphorylate 3-catenin, which marks -catenin
for degradation (17). Therefore, we hypothesized that upon
mechanical loading, GSK-3f in the chondrocytes would
be phosphorylated, thereby activating the Wnt/B-catenin
signaling pathway. Western blot analysis showed that the level
of p-GSK-3f increased with the application of stretch loading,
and this increase was accompanied by an increase in the level
of dephosphorylated -catenin at 1 and 2 h after application of
mechanical loading (Fig. 3).
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Figure 1. (A) The images in the first row are phase-contrast micrographs of ATDCS cells over 3 weeks in culture with insulin treatment. The arrow indicates a
cartilage nodule. Scale bar, 100 zm. The second row contains images of ATDCS cell differentiation in culture. Alcian blue staining of sulfated glycosamino-
glycan accumulated over 3 weeks of ATDCS cell culture with insulin. (B) ATDCS cells were cultured in DMEM containing insulin for 21 days. The mRNA
expression levels of chondrogenic markers collagen II and aggrecan in ATDCS cells were measured by qPCR and normalized to the expression of 3-actin. The
experiment was repeated three times. Data represent the means + SD. The results showed that there was a significant increase in collagen I and aggrecan gene
expression. (Scale bar, 100 ym). "P<0.01. D, days.

A -catenin Merged
Control
group
1h
B s
& =
3 %8' 0.5
Lo
£ ©
§ 2 04
2K
o =
2h £ E 03
= 8
8 F 02
5 8
o %
€ £ o1
ey 0 0 1 z 4 8
Duration of stretch loading (h)
Sh .--

Figure 2. (A) Mechanical loading-induced nuclear translocation of f3-catenin. Cells were exposed to 12% cycle mechanical stretching for 1, 2, 4, and 8 h.
Immunofluorescence staining was performed to observe the location of dephosphorylated (3-catenin, and DAPI was used to stain the nuclei (blue). (B) Ratio of
the number of cells showing [3-catenin nuclear translocation to the total number of cells in six visual fields of immunofluorescence-stained cells. These stained
cells were selected randomly at each time point. Data represent the means + SD. (Scale bar, 10 ym).



Eal SPANDIDOS
PUBLICATIONS

B-actin|.

p-GSK-3pB

Active B-catenin

Figure 3. Western blot analysis shows increased levels of p-glycogen synthase
kinase-3p (GSK-3f) and dephosphorylated [3-catenin in whole cell lysates
from 6x10* cells/well after 1 and 2 h of mechanical loading. B-actin was used
as a control to confirm equal protein loading.

Wnt3a, Dvl-1, Tcf-1, and collagen Il mRNA expression in
chondrocytes subjected to mechanical loading. To investi-
gate the role of the Wnt/B-catenin pathway in chondrogenic
differentiation, we simultaneously examined the expression
of key proteins in the Wnt/B-catenin pathway (Wnt3a, Dvl-1,
and Tcf-1) as well as collagen II, as a marker of differentia-
tion. After 2 h of mechanical loading, the expression of Wnt3a
mRNA was significantly higher than that in the control group,
whereas after 4 h of mechanical loading, Wnt3a mRNA expres-
sion was almost equal to that in the 8 h group. Wnt3a expression
increased initially and then decreased. Dvl mRNA expression
showed the same trend. However, the expression of Tcf-1 mRNA
increased and remained at a high level almost equivalent to that
after 1 h over the entire 8 h of mechanical loading. Collagen II
expression followed a similar trend as Tcf-1, increasing and
then remaining at a high level, but decreased at 8 h (Fig. 4).
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Effects of the inhibitor DKK-1 on Wnt/f3-catenin pathway acti-
vation in chondrocytes subjected to mechanical loading. Wnt
signaling is tightly regulated by members of several families
of secreted antagonists (18). DKK-1 is a natural regulator of the
Wnt/B-catenin signaling pathway that has the ability to specifi-
cally block the pathway (19,20). In the present study, we applied
DKK-1 to differentiated ATDCS cells to further examine the
role of the Wnt/B-catenin signaling pathway in these cells when
subjected to mechanical loading. According to the results of
the MTT assay, chondrocytes showed restricted growth after
treatment with DKK-1 (Fig. 5). Immunofluorescence staining
demonstrated an obvious decrease in the amount of dephos-
phorylated B-catenin in the nuclei of cells subjected to stretch
loading and exposed to DKK-1 compared to cells subjected
to stretch loading only (Fig. 6). In accordance with these
results, western blot analysis also demonstrated that exposure
to DKK-1 generally decreased the level of dephosphorylated
[-catenin in whole cell lysate. The levels of p-GSK-3p were
increased slightly after mechanical loading and also DKK-1
treatment (Figure 7), compared with levels in cells not exposed
to DKK-1 (Figure 5). These changes in p-GSK-3p levels
correlated with those in levels of dephosphorylated 3-catenin
at 1 h (Fig. 7). The expression of Wnt3a, Dvl-1, Tef-1, and
collagen I mRNA were also suppressed by DKK-1 (Fig. 8).

Discussion

Mechanical loading is an important regulator of chondrocyte
function, but the mechanisms by which mechanical stimulation
influences intracellular signaling are still not fully understood.
In orthodontics, more attention is paid to the TMJ cartilage, and
therapeutic corrections are applied to stimulate cell and tissue
remodeling by manipulation using mechanical forces (21). In
the present study, we found that the Wnt/B-catenin signaling
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Figure 4. Relative expression of (A) Wnt3a, (B) disheveled homolog 1 (Dvl-1), (C) T cell-specific transcription factor-1 (Tcf-1), and (D) collagen II mRNA over
an 8-h period of mechanical loading. After stretch loading at 1, 2, 4, 8 h, there was a significant increase in the gene expression for Wnt3a, Dvl-1, Tcf-1 and

collagen II compared with that at the initial time. "P<0.05.
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Figure 5. MTT assay of chondrocytes exposed and not exposed to
Dickkopf-related protein 1 (DKK-1), demonstrating that DKK-1 effectively
restricted cell growth after the third day. "P<0.01.

pathway is activated in chondrocytes upon application of
mechanical loading.

GSK-3p is an important negative control factor in the
Whnt signaling pathway, and phosphorylation of GSK-3p
inactivates GSK-3f and activates the Wnt/p-catenin signaling
pathway (18). Thus, we hypothesized that after mechanical
force acts upon chondrocytes, GSK-3f is phosphorylated to
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activate the Wnt/B-catenin signaling pathway and trigger chon-
drogenesis. In our study, chondrocytes were exposed to a 12%
cycle mechanical stretching for 1, 2, 4, and 8 h, which simu-
lated orthodontic traction. Via immunofluorescence staining,
we observed that B-catenin translocated from the cytoplasm to
the nucleus after 1 h of mechanical loading, indicating activa-
tion of the Wnt/p-catenin signaling pathway. However, by 8 h
of mechanical loading, the proportion of cells demonstrating
nuclear translocation of f-catenin had declined, indicating
rapid changes in the activity of this protein. More detailed
analyses of these protein events are necessary to improve our
understanding of cartilage physiology and pathology.

GSK-3f constitutively phosphorylates the N-terminus
of B-catenin cyclin-dependent kinase at Ser, which marks
B-catenin for degradation. When GSK-3 is phosphorylated
at Ser, B-catenin accumulates in the cytoplasm before trans-
locating to the nucleus to activate the Wnt/f3-catenin signaling
pathway (18). According to western blot analysis, active
dephosphorylated -catenin and p-GSK-3p protein expression
increased in chondrocytes in response to mechanical strain,
indicating activation of the Wnt/B-catenin signaling pathway
as well as simultaneous inactivation of GSK-3f by mechanical
loading.
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Figure 6. (A) Immunofluorescence staining of dephosphorylated [3-catenin in chondrocytes exposed to stretch loading and DKK-1. After application of DKK-1, the
proportion of cells showing nuclear translocation of 3-catenin was obviously decreased, indicating suppression of the Wnt/B-catenin signaling pathway. DAPI was
used to stain the nuclei (blue). (B) Ratio of the number of cells showing [3-catenin nuclear translocation to the total number of cells in six randomly selected visual
fields of cells immunofluorescently stained for 3-catenin with or without exposure to DKK-1. (Scale bar, 10 ym). There was a marked decrease in the amount of
dephosphorylated 3-catenin in the nuclei of cells subjected to stretch loading and exposed to DKK-1 compared to the cells subjected to stretch loading only. "P<0.01.
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Figure 7. p-glycogen synthase kinase-3p (GSK-3f) and dephosphorylated
{-catenin protein expression as detected by western blot analysis. p-GSK-3f3
and dephosphorylated f3-catenin levels in whole cell lysates of cells exposed
to DKK-1 were slightly elevated after 1 h of mechanical loading but much
lower than levels in cells not treated with DKK-1 (Figure 5). $-actin was used
as a control to confirm equal protein loading.

The Wnt family proteins play important roles in patterning
and cell fate determination; Wnt4 and Wnt9a are expressed in
the developing joints (22). Wnt3a promotes chondrogenic differ-
entiation but delays hypertrophy (11,23). The Wnt family binds
to a complex consisting of the Frizzled family of transmembrane
receptors and the lipoprotein receptor-related protein (LRP)
family of co-receptors (24). Wnt3a is thought to be a ‘canonical’
‘Wnat protein, signaling through a [3-catenin-dependent signaling
pathway. In the absence of the Wnt signal, Tcf acts as a repressor
of Wnt target genes by forming a complex with Groucho (25).
When [3-catenin translocates to the nucleus, -catenin interacts
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with transcription factors such as Tcf to affect the transcription
of target genes (26). It has previously been noted that the physi-
ological dynamic load induces the synthesis of collagen II, and
that the absence of this load leads to a reduction in collagen II
synthesis (27). In the present study, qPCR analysis was used
to evaluate the mRNA expression of Wnt3a, Dvl-1, Tcf-1, and
collagen II in chondrocytes exposed to mechanical strain. The
increased expression of these key proteins in the Wnt/B-catenin
signaling pathway suggests that mechanical loading induced
activation of f-catenin in chondrocytes.

DKK-1 has been noted to specifically affect the canonical
Wat signaling pathway by binding and modulating Wnt core-
ceptors of LRP5/6 (28). Therefore, we used DKK-1 to inhibit
mechanical loading-induced dephosphorylation of (3-catenin,
and the results showed that treatment with DKK-1 gener-
ally decreased the levels of dephosphorylated (3-catenin and
p-GSK-3p in whole cell lysates. The expression levels of Wnt3a,
Dvl-1, Tcf-1, and collagen II mRNA were also suppressed with
addition of DKK-1 but were still increased and then declined by
exposure to mechanical loading. Thus, the mechanical loading-
induced activation of f-catenin in chondrocytes is not only
mediated by Wnt/p-catenin receptors. This finding is in agree-
ment with those of previous studies on periodontal ligament
cells and osteoblasts (17,29), but the mechanism underlying
phosphorylation of GSK-3f requires further research.

It is well known that physiological dynamic loads induce
the synthesis of collagen II, whereas a static load has the
opposite effect (10,30). The increase in collagen II expression
upon the application of mechanical strain in the present study
further confirms the close association between mechanical
stain and collagen II production by chondrocytes. In addition,
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the simultaneous increases in GSK-33 phosphorylation and
Wnt/p-catenin signaling pathway activation indicate that the
Wnt/pB-catenin signaling pathway plays an important role in
the process of collagen II upregulation induced by mechanical
loading. Therefore, we suggest that the Wnt/f3-catenin signaling
pathway represents a new therapeutic target for inducing carti-
lage formation in the field of regenerative medicine. In the field
of oral medicine, specifically, these findings should be applied
to the development of novel strategies for TMJ reconstruction
and regeneration, which are necessary for the treatment of
TMIJ disorders and to guide orthodontic treatments.

In conclusion, the present research first demonstrated
that mechanical loading induced the translocation of active
[-catenin from the cytoplasm to the nucleus in chondrocytes.
Thus, we suggest that f-catenin plays an important role in
the general response of chondrocytes to mechanical strain.
Overall, our results indicate that the Wnt/B-catenin signaling
pathway is functional and activated by mechanical strain in
chondrocytes.
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