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Abstract
Objective—To investigate whether β-catenin signaling in chondrocytes regulates
osteoclastogenesis, thereby contributing to postnatal bone growth and bone remodeling.

Methods—Mice with conditional knockout (cKO) or conditional activation (cAct) of
chondrocyte-specific β-catenin were generated. Changes in bone mass, osteoclast numbers, and
osteoblast activity were examined. The mechanisms by which β-catenin signaling in chondrocytes
regulates osteoclast formation were determined.

Results—The β-catenin cKO mice developed localized bone loss, whereas cAct mice developed
a high bone mass phenotype. Histologic findings suggested that these phenotypes were caused

© 2014, American College of Rheumatology

Address correspondence to: Di Chen, MD, PhD, Department of Biochemistry, Rush University Medical Center, Cohn Research
Building, Suite 508, 1735 West Harrison Street, Chicago, IL 60612-3823. di_chen@rush.edu.

Dr. Boyce has received consulting fees, speaking fees, and/or honoraria from Merck (less than $10,000).

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising it critically for important intellectual content, and all authors approved the
final version to be published. Dr. Chen had full access to all of the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.
Study conception and design. Zhang, Xiao, Xing, Chen.
Acquisition of data. Wang, Jin, Zhu, Li, Zhao, Tang, Chen.
Analysis and interpretation of data. Zhang, Xiao, Xing, Boyce, Chen.

NIH Public Access
Author Manuscript
Arthritis Rheumatol. Author manuscript; available in PMC 2014 February 23.

Published in final edited form as:
Arthritis Rheumatol. 2014 January ; 66(1): 107–120. doi:10.1002/art.38195.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



primarily by impaired osteoclast formation, rather than impaired bone formation. Further
molecular signaling analyses revealed that β-catenin signaling controlled this process by regulating
the expression of the RANKL and osteoprotegerin (OPG) genes in chondrocytes. Activation of β-
catenin signaling in chondrocytes suppressed Rankl gene transcription through a glucocorticoid
receptor–dependent mechanism. The severe bone loss phenotype observed in β-catenin cKO mice
was largely restored by treatment with human recombinant OPG or transgenic overexpression of
Opg in chondrocytes.

Conclusion—β-catenin signaling in chondrocytes plays a key role in postnatal bone growth and
bone remodeling through its regulation of osteoclast formation.

Growth plate chondrocytes contribute to the longitudinal growth of skeletal development via
a process called endochondral ossification, whereby an intermediate cartilaginous template
is made in the growth plate and then replaced by trabecular bone in the adjacent metaphysis
(1). This process is initiated when progenitor cells in the resting zone are stimulated to
proliferate, and following proliferation, the cells proceed through stages of maturation and
hypertrophy. Hypertrophic chondrocytes produce a matrix that undergoes calcification,
forming a calcified cartilaginous template for new bone formation. Thereafter, the
hypertrophic chondrocytes undergo apoptosis at the lower region of the hypertrophic zone as
new blood vessels begin to invade the calcified cartilage and bring in osteoblasts and
osteoclasts (2,3). The calcified cartilage is remodeled by these cells and converted into
trabecular bone.

Although the principles of endochondral bone formation are well established, the
mechanisms by which chondrocytes signal to adjacent osteoclasts (or chondroclasts) to
trigger bone resorption and to remove calcified cartilage are poorly understood. Several
growth factors and their signaling molecules play important roles in the regulation of
proliferation and differentiation of chondrocytes in the growth plate (4–7). Recently,
emerging evidence has shown that canonical Wnt/β-catenin signaling, through regulation of
mesenchymal progenitor cell differentiation, contributes to endochondral bone formation
and bone remodeling (8–10). It has been reported that Dkk1, a regulatory protein of the Wnt
pathway, plays important roles in the bone destruction that occurs in rheumatoid arthritis
and in osteophyte formation and vascularity in the synovium during development of
osteoarthritis in adult animals (11,12). However the role of β-catenin signaling in postnatal
bone growth and bone remodeling has not been fully characterized. Postnatal bone growth is
a unique process. It continues the expansion of the skeletal developmental process. At the
same time, the bone remodeling process becomes active at this stage.

Wnt proteins act on targeting cells by binding to the Frizzled and low-density lipoprotein
receptor–related protein complex at the cell surface (10,13,14). In the canonical Wnt
pathway, in the absence of appropriate Wnt ligands, β-catenin is phosphorylated and
polyubiquitinated, followed by proteasome degradation by a destruction complex
comprising glycogen synthase kinase 3β(GSK-3β), adenomatous polyposis coli, and axin
(15–17). The appropriate Wnt ligand binding to the receptor complex leads to activation of
the intracellular proteins and causes the inhibition of GSK-3β and the dissociation of the
destruction complex. As a result, β-catenin cannot be targeted for degradation, and
accumulated β-catenin molecules translocate to the nucleus and serve as a coactivator of
lymphoid enhancer factor/T cell factor (TCF) transcription factors and activate downstream
target genes (18,19).

To determine the molecular mechanisms by which β-catenin signaling regulates postnatal
bone remodeling, we specifically deleted or overexpressed the β-catenin gene in mouse
postnatal chondrocytes. Mice with conditional knockout (cKO) of the β-catenin gene
developed severe bone destruction, whereas mice with conditional activation (cAct) of the
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gene had a localized high bone mass phenotype. Through comprehensive in vivo and in vitro
studies, we found that these phenotypes were primarily caused by impaired bone resorption,
rather than impaired bone formation. Our findings suggest that β-catenin is a key molecule
through which chondrocytes regulate osteoclast formation and bone remodeling at the
postnatal stage.

MATERIALS AND METHODS
Generation of β-catenin cKO and cAct mice

Mice with conditional deletion of the β-catenin gene in chondrocytes (cKO mice) were
created by mating Col2-CreER–transgenic mice with β-cateninflox/flox mice (all obtained
from The Jackson Laboratory) (20,21). β-cateninflox/flox is a mouse model in which the
flanking loxP sites are cloned in introns 1 and 6 of the β-catenin gene. Tamoxifen (1 mg/10
gm body weight, intraperitoneally, once per day for 5 days) was administered to 2-week-old
cKO mice; the mice were killed at various time points thereafter. Mice with conditional
activation of the β-catenin gene in chondrocytes (cAct mice) were created by mating Col2-
CreER–transgenic mice with β-cateninflox(Ex3)/flox(Ex3) mice (22). The peptide encoded by β-
catenin exon 3 contains 4 phosphorylation sites, and deletion of this peptide will prevent
phosphorylation and subsequent proteasome degradation of β-catenin protein. Tamoxifen
was administered to 2-week-old cAct mice using the same dosing protocol as that used for
cKO mice.

Micro–computed tomography (micro-CT) analysis
In 3-month-old mice, quantitative micro-CT analysis was performed on a VivaCT 40
Scanner (Scanco Medical) at a resolution of 10 μm. Briefly, scanning in the tibia began
approximately at the lower growth plate, and then extended proximally for 350 slices (10-
μm thickness for each slice). Morphometric analysis was performed on 100 slices extending
proximally, beginning with the first slice in which the tibial condyles had fully merged. The
trabecular bone was segmented from the cortical shell manually on key slices using a
contouring tool, and the contours were morphed automatically to segment the trabecular
bone on all slices. The 3-dimensional structure and morphometry were reconstructed and
analyzed.

Histology
Histologic analyses were performed on the tibiae of β-catenin cKO and cAct mice and Cre-
negative control mice. Tibial samples were dissected, fixed in 10% formalin, decalcified in
5% formic acid, embedded in paraffin, and stained with Alcian blue/hematoxylin and orange
G. Histomorphometric analyses of the proximal tibial metaphyses were performed to
determine the number of osteoclasts and the percentage of osteoclast surface (measured as
osteoclast surface/bone surface), using the OsteoMeasure system (OsteoMetrics). The bone
formation rate (BFR) was determined using calcein double-labeling of the tibial tissue.

Immunohistochemistry
Tibial tissue sections were deparaffinized by immersing the tissue in xylene, fixing it with
4% paraformaldehyde for 15 minutes, and treating it with 0.5% Triton for 15 minutes,
followed by fixation with 4% paraformaldehyde for another 5 minutes. Sections were
incubated with a rabbit anti–β-catenin polyclonal antibody (1:50 dilution; Cell Signaling)
and anti–type X collagen polyclonal antibody (1:80 dilution; Chemicon International)
overnight, and then incubated with a horseradish peroxidase (HRP)–conjugated secondary
antibody for 30 minutes. Slides were mounted with Permount (Electron Microscopy
Sciences) and visualized under a light microscope.
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Enzyme-linked immunosorbent assay (ELISA)
Blood samples were obtained just before the mice were killed, and the serum was prepared.
Levels of mouse osteocalcin were measured using an ELISA kit (Biomedical Technologies),
to evaluate the osteoblast activity in the mice. Assays were performed in accordance with
the manufacturer’s recommendations.

Chondrocyte–spleen cell coculture assay
Primary sternal chondrocytes were isolated from the anterior rib cage and sternum of 3-day-
old neonatal mice, as described previously (23). The cells were treated with 4-
hydroxytamoxifen (1 μM) for 24 hours. Spleen cells were isolated from 2-month-old wild-
type (WT) mice and were seeded in a 48-well culture plate at a density of 4 × 105/well.

Primary sternal chondrocytes were seeded at a density of 2,000 cells/well and cocultured
with the spleen cells for 2 days in α-minimum essential medium, in the presence of 20 ng/ml
macrophage colony-stimulating factor (M-CSF) (R&D Systems). Cells were then treated
with M-CSF (20 ng/ml) and 1,25-dihydroxyvitamin D3 (1,25[OH]2D3) (10−8M; Sigma) for
an additional 5 days. The adherent cells were fixed and stained for tartrate-resistant acid
phosphatase (TRAP), and the numbers of cells that were TRAP-positive and with ≥3 nuclei
were scored.

Real-time polymerase chain reaction (PCR) analysis
Total RNA was prepared using a PureLink RNA Mini kit (Invitrogen) according to the
manufacturer’s protocol. One microgram of total RNA was used to synthesize
complementary DNA (cDNA) using an iScripts cDNA Synthesis kit (Bio-Rad). Real-time
PCR amplification was performed using gene-specific primers and a SYBR Green real-time
PCR kit. Expression levels of the target gene were normalized to those of β-actin in the
cDNA sample.

Western blot analysis
Cells were lysed on ice for 30 minutes in a buffer containing 50 mM Tris HCl (pH 7.4), 150
mM NaCl, 1% Nonidet P40, and 0.1% sodium dodecyl sulfate (SDS) supplemented with
protease inhibitors (10 μg/ml leu-peptin, 10 μg/ml pepstatin A, and 10 μg/ml aprotinin) and
phosphatase inhibitors (1 mM NaF and 1 mM Na3VO4). Proteins were fractionated by SDS–
polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and detected
using β-catenin antibodies (1:1,000 dilution; BD Biosciences) and β-actin antibodies
(1:5,000 dilution; Sigma). The expression of β-catenin protein was then detected with HRP–
conjugated secondary antibodies, followed by enhanced chemiluminescence–mediated
visualization (Amersham).

Reporter constructs and luciferase assay
Deletion mutation of the GR binding sequences in the Rankl promoter (−705/+111-Luc) was
made using a Quikchange II XL site-directed mutagenesis kit (Stratagene). The WT or
mutant Rankl promoter construct (0.6 μg/well, 24-well plate) and control Renilla luciferase
construct (0.01 μg/well) were cotransfected into ATDC5 cells using Lipofectamine 2000
reagent (Invitrogen). Eight hours after transfection, the cells were treated with
dexamethasone (10−7M), Wnt-3a (50 μg/ml), LiCl (10 mM), or vehicle. Twenty-four hours
after transfection, the cell extracts were harvested, and luciferase activity was measured
using a Dual Luciferase assay system (Promega). The activity of firefly luciferase was
normalized to that of Renilla luciferase.
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Chromatin immunoprecipitation (ChIP) assay
For the ChIP assay, we used a ChIP assay kit from Millipore, in accordance with the
manufacturer’s instructions. Briefly, ATDC5 cells were fixed with 1% formaldehyde for 10
minutes, washed, and harvested in SDS lysis buffer. After sonification, lysates containing
soluble chromatin were incubated overnight with 4 μg of anti-GR antibody (Abcam) or
rabbit IgG. DNA–protein immune complexes were precipitated with protein G magnetic
beads, and then washed and eluted. Protein–DNA crosslinks were reversed by treatment
with proteinase K. The DNA was subsequently purified and used as a template in the PCR
reactions, to amplify mouse Rankl–specific sequences.

Osteoprotegerin (OPG) treatment in β-catenin cKO mice
Three-week-old β-catenin cKO mice and Cre-negative control mice were treated, via
subcutaneous injection, with 5 mg/kg human recombinant OPG (rOPG) protein (obtained
from Amgen), or with phosphate buffered saline as vehicle control, once weekly for 10
weeks. At the age of 3 months, the mice were killed, and long bone samples were harvested
for micro-CT and histologic analyses.

RESULTS
Proximal metaphyseal bone loss in β-catenin cKO mice

We created β-catenin cKO mice by breeding Col2-CreER–transgenic mice with β-
cateninflox/flox mice. As noted earlier, in β-cateninflox/flox mice, the loxP sites are inserted in
introns 1 and 6 of the β-catenin gene (20,21). It has been reported that the CreERT2 fusion
protein can be translocated into the nuclei of mouse chondrocytes in response to treatment
with tamoxifen, an estrogen antagonist, or its metabolite, 4-hydroxytamoxifen (24). Our
findings, as well as those in previous studies (25,26), demonstrated that there was efficient
targeting of growth plate chondrocytes in Col2-CreER mice at the postnatal stage. The β-
catenin cKO mice were viable and fertile, and had normal body size.

Three-month-old cKO mice showed significantly reduced radiodensity in the subchondral
and proximal metaphyseal regions of the long bones, especially in the proximal region. In
contrast, the radiodensity in the mid-shaft of the long bones was not changed (Figure 1A).
Consistent with this, micro-CT imaging clearly revealed significant bone loss in the
proximal metaphysis beneath the growth plate in 3-month-old β-catenin cKO mice. The
trabecular bone structure was markedly destroyed in the cKO mice (Figure 1B).

In comparison with Cre-negative control littermates, trabecular bone volume (measured as
bone volume/total volume) was 69% lower in β-catenin cKO mice (P < 0.05; n = 8) (Figures
1C and D) and bone mineral density (BMD) (measured as bone mineral content/total
volume) was 67% lower in β-catenin cKO mice (P < 0.05; n = 8) (Figure 1E). Consistent
results were also obtained when other bone structure parameters were analyzed by micro-
CT. The trabecular number was 57% lower in β-catenin cKO mice (P < 0.05 versus
controls; n = 8) (Figure 1F). In contrast, trabecular separation was significantly increased, by
2.6-fold, in β-catenin cKO mice (P < 0.05 versus controls; n = 8) (Figure 1G). The structural
model index was significantly increased, by 1.6-fold, in β-catenin cKO mice (P < 0.05
versus controls; n = 8) (Figure 1H), suggesting that the proximal trabeculae of cKO mice
have a rod-like morphology, rather than the normal plate-like morphology. The cortical bone
thickness was 54% lower in β-catenin cKO mice (P < 0.05 versus controls; n = 8) (Figures
1C and I).

We performed Alcian blue/hematoxylin and orange G staining on histologic sections of the
tibiae of 3-month-old mice. Consistent with the micro-CT findings, histology studies
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demonstrated significant bone loss in the metaphyseal and diaphyseal regions of the tibia in
β-catenin cKO mice (Figure 1J). Compared with the growth plates of Cre-negative control
littermates, the growth plates of cKO mice were slightly disorganized, with abnormal
alignment and abnormal columnar structure (Figure 1K).

To determine the expression of β-catenin in the growth plate, we performed
immunohistochemical analyses of the histologic tissue sections, using an anti–β-catenin
antibody. The β-catenin expression levels were significantly reduced in the growth plate
chondrocytes from 3-month-old cKO mice (Figure 1L). These results demonstrate the
efficient deletion of the β-catenin gene in cKO mice following tamoxifen induction.

Messenger RNA (mRNA) expression of chondrocyte marker genes was examined by real-
time PCR, using primary sternal chondrocytes isolated from cKO mice and Cre-negative
controls. Specifically, expression levels of the genes for type X collagen (ColX), alkaline
phosphatase (Alp), matrix metalloproteinase 9 (Mmp9), matrix metalloproteinase 13
(Mmp13), and osteocalcin (Oc) were significantly reduced in β-catenin–deficient mouse
chondrocytes, showing reductions of 52%, 78%, 68%, 53%, and 33%, respectively,
compared with controls (Figure 1M). Furthermore, expression of the type X collagen protein
was further confirmed by immunohistochemical staining of the chondrocytes, with the
results showing that type X collagen protein levels were significantly reduced in β-catenin–
deficient mouse chondrocytes compared with controls (Figure 1N). These results indicate
that the maturation process of growth plate chondrocytes was impaired in β-catenin cKO
mice.

Increase in proximal metaphyseal bone mass in β-catenin cAct mice
We also generated β-catenin cAct mice. As noted earlier, because amino acids encoded by
exon 3 contain critical GSK-3β phosphorylation sites, deletion of exon 3 in the β-catenin
gene results in the production of a stabilized and truncated β-catenin protein, which is
resistant to phosphorylation by GSK-3β (22,27). The β-catenin cAct mice appeared viable
and fertile, with normal body size at birth and in their post-natal life. After tamoxifen
induction in β-catenin cAct mice at age 2 weeks, the mice displayed a delay in growth. At
age 1 month, these mice were smaller in size when compared with their control littermates
(Figure 2A).

Micro-CT analysis of the cAct mice showed an increase in bone mass in the proximal
metaphyseal regions of the long bones. In the 1-month-old mice, the high bone mass was
observed beneath the growth plate. With increasing age, the high bone mass area began
moving away from the growth plate, due to growth of the longitudinal bone (Figure 2B).
When compared with Cre-negative control littermates, the bone volume and BMD were
96% and 93% higher, respectively, in the β-catenin cAct mice (P < 0.05; n = 6) (Figures 2C
and D). The trabecular number and trabecular thickness were 40% and 45% higher,
respectively, in β-catenin cAct mice (P < 0.05 versus controls; n = 6) (Figures 2E and F). In
contrast, trabecular separation was significantly decreased, by 33%, in cAct mice (P < 0.05
versus controls; n = 6) (Figure 2G). The connectivity density was 44% higher in the cAct
mice (P < 0.05 versus controls; n = 6) (Figure 2H).

Consistent with the micro-CT findings, histologic analyses of the tibia showed that bone
mass was increased in the proximal metaphysis of cAct mice (Figure 2I). Moreover, there
was an 8.2-fold increase in trabecular bone volume in the high bone mass area of the tibiae
of 3-month-old cAct mice (P < 0.05 versus controls; n = 6) (Figure 2J). We also examined
morphologic changes in the growth plate cartilage, and found disorganization of the growth
plate cartilage in cAct mice (Figure 2K).
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Analysis of mRNA expression demonstrated that the expression of ColX, Alp, Mmp9,
Mmp13, and Oc was significantly increased in β-catenin cAct mouse chondrocytes, by 3.8-,
2.2-, 3.9-, 6.0-, and 4.8-fold, respectively, compared with controls (Figure 2L). Levels of
osteocalcin protein were also increased in cAct mice (results available at http://
www.rushu.rush.edu/biochem). In addition, we observed that the proteoglycan content was
reduced in the articular cartilage of cAct mice, as demonstrated by a decrease in Alcian blue
staining (results not shown). These findings demonstrate that, in addition to alterations in
osteoclast formation, functions of the growth plate and articular cartilage chondrocytes were
also altered in β-catenin cAct mice.

Alterations in osteoclast formation in β-catenin–mutant mice
To determine changes in osteoclast formation, we performed TRAP staining of the tibial
tissue from 5-week-old mice. The number of TRAP-positive multinucleated osteoclasts and
the percentage of osteoclast surface were significantly increased in β-catenin cKO mice
(increases of 55% and 65%, respectively) compared with Cre-negative control littermates
(Figures 3A–C). In contrast, the number of TRAP-positive multi-nucleated osteoclasts and
the percentage of osteoclast surface were significantly reduced in 5-week-old cAct mice
(decreases of 48% and 57%, respectively) compared with Cre-negative controls (Figures
3D–F).

We confirmed, by Western blotting, the deletion of the β-catenin gene in chondrocytes
derived from β-catenin cKO mice, and also found that β-catenin protein levels were
significantly decreased in β-catenin–deficient mouse chondrocytes (Figure 3G). To
determine the effect of β-catenin signaling in chondrocytes on the regulation of osteoclast
formation, we performed chondrocyte–spleen cell coculture experiments. When β-catenin–
deficient mouse chondrocytes were cocultured with WT mouse spleen cells in the presence
of 10−8M 1,25(OH)2D3, the formation of TRAP-positive osteoclasts was increased by 2-fold
relative to controls, and the addition of rOPG to the coculture significantly reversed this
increase in osteoclast formation, reducing the number of osteoclasts per well by 70%
(Figures 3H and I).

We then analyzed mouse primary chondrocytes using a real-time PCR assay. The results
showed that expression of Opg mRNA was decreased by 60% and expression of Rankl
mRNA was increased by 1.9-fold in primary chondrocytes derived from β-catenin cKO
mice relative to controls (Figures 3J and K).

β-catenin interacts with TCF-4 when it is translocated into the nucleus. In this study, we also
examined whether the expression of TCF-4 was changed in β-catenin–deficient mouse
chondrocytes. The results of Western blotting revealed that there were no significant
changes in TCF-4 expression in the chondrocytes derived from β-catenin cKO mice
compared with controls (Figure 3L).

We also performed a coculture assay using the chondrocytes derived from β-catenin cAct
mice. We first analyzed the chondrocytes by Western blotting to determine the expression of
β-catenin protein in these cells. Western blot analyses detected the presence of N-terminal–
deleted β-catenin in the chondrocytes derived from β-catenin cAct mice, and also showed
increased nuclear expression of β-catenin protein in the cAct mouse chondrocytes compared
with controls (Figures 3M and N). In contrast to the findings in cocultures with β-catenin
cKO mouse chondrocytes, coculture of β-catenin–overexpressing mouse chondrocytes with
WT mouse spleen cells showed that the formation of TRAP-positive multinucleated
osteoclasts was reduced by 50% in cAct mouse chondrocyte cocultures compared with
controls (Figures 3O and P).
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We also observed a significant increase in Opg expression and a significant decrease in
Rankl expression in chondrocytes derived from β-catenin cAct mice (Figures 3Q and R).
These findings further support the role of β-catenin signaling in the regulation of Opg and
Rankl in chondrocytes.

In contrast to the findings mentioned above, we did not observe a significant change in
osteoclast formation when bone marrow cells from β-catenin cKO mice and Cre-negative
control mice were cultured in an osteoclast formation assay (results available at http://
www.rushu.rush.edu/biochem). Consistently, no significant changes in the expression of
Opg and Rankl mRNA and in the levels of β-catenin protein were found in β-catenin cKO
mice (results available at http://www.rushu.rush.edu/biochem).

Lack of change in bone formation in β-catenin–mutant mice
We examined changes in the BFR in the tibiae of β-catenin–mutant mice. The results of
calcein double-labeling of the tibial tissue showed that the BFR, an indicator of osteoblast
activity, was not changed in β-catenin cKO mice compared with controls. Moreover,
consistently, the serum osteocalcin level was not significantly changed in β-catenin cKO
mice compared with controls, as measured by ELISA. Since bone marrow stromal cells, but
not chondrocytes, are the major contributors to serum osteocalcin levels, these results
suggest that deletion of β-catenin, as studied in the mutant mice herein, mainly affects
chondrocytes, but not bone marrow stromal cells. Similarly, there was no significant change
in the BFR in β-catenin cAct mice. (All of these results are available at http://
www.rushu.rush.edu/biochem).

We also performed an alkaline phosphatase activity assay and alizarin red staining using the
bone marrow cells isolated from Cre-negative control mice and β-catenin cKO mice. The
results of these analyses indicated that there were no significant changes in alkaline
phosphatase activity and no significant changes in mineralized bone matrix formation in the
bone marrow cells derived from β-catenin cKO mice (results available at http://
www.rushu.rush.edu/biochem).

We then examined changes in osteoblast numbers by performing Runx2 immunostaining,
and also evaluated changes in osteocyte numbers and morphologic features of the tibiae, in
β-catenin–mutant mice. We found that the numbers of Runx2-positive osteoblasts in the
trabecular bone of the primary spongiosa area, the numbers of osteocytes, and the
morphologic features of the cortical bone below the growth plate were not changed in β-
catenin–mutant mice compared with controls (results available at http://
www.rushu.rush.edu/biochem). These results suggest that it is the osteoclast, but not the
osteoblast or osteocyte, that contributes to the altered bone mass in β-catenin–mutant mice.

Regulation of Rankl expression in a GR-dependent manner by β-catenin in chondrocytes
We examined changes in the expression of Rankl and Opg mRNA in chondrogenic ATDC5
cells in the presence of Wnt-3a or the GSK-3β inhibitor LiCl. Wnt-3a inhibited Rankl
expression by 51% and 48% in ATDC5 cells after 24 hours and 48 hours of culture,
respectively, and stimulated Opg expression by 6.1-fold and 9.3-fold at 24 hours and 48
hours, respectively, compared with vehicle-treated cells (Figures 4A and B). Similarly, LiCl
inhibited Rankl expression by 52% and 88% after 24 hours and 48 hours of culture,
respectively, and stimulated Opg expression by 2.5-fold and 2.3-fold at 24 hours and 48
hours, respectively, compared with vehicle-treated cells (Figures 4A and B). Interestingly,
neither Wnt-3a nor LiCl inhibited Rankl expression after 12 hours of culture, and only
slightly suppressed Opg expression at the 12-hour time point (Figures 4A and B).
Consistently, transfection of ATDC5 cells with β-catenin small interfering RNA (siRNA)
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led to an increase in Rankl expression at 24 hours and 48 hours of β-catenin siRNA
transfection (Figure 4C).

Recent studies have shown that in osteoblasts, β-catenin signaling induces Opg expression
by targeting the TCF binding sites on the promoter of the OPG gene (28). However, it
remains unknown how β-catenin signaling affects Rankl expression. Although several
putative TCF binding sites were identified in the Rankl promoter, we found that TCF-4
expression was not changed in β-catenin cKO mice relative to controls (Figure 3L). There is
a GR binding sequence at the −647/−633 site of the Rankl promoter. Based on the fact that
glucocorticoids are a well-known Rankl regulator, we hypothesized that β-catenin may
interfere with the GR–DNA interaction to achieve its inhibitory effect on Rankl expression.
To test this hypothesis, we examined the effects of dexamethasone on Rankl expression, and
found that dexamethasone promoted Rankl promoter activity and significantly increased
Rankl mRNA expression at 12 hours of treatment, compared with vehicle-treated cells
(Figures 4D and E). Deletion of the GR binding sequence reduced Rankl promoter activity
by 30% and abolished the effect of dexamethasone on Rankl promoter activity (Figure 4F).

We then sought to investigate whether β-catenin signaling affects Rankl promoter activity,
and if so, whether the inhibition of the Rankl promoter involves inactivation of GR
signaling. We first examined whether activation of β-catenin affects the expression of GR.
At 12 hours of treatment with either Wnt-3a or LiCl, GR mRNA expression in ATDC5 cells
was repressed by 69% and 88%, respectively, compared with vehicle-treated controls
(Figure 4G). Consistent with these findings, Wnt-3a and LiCl inhibited Rankl promoter
activity by 32% and 44%, respectively, at 24 hours of treatment (Figure 4H). In contrast, the
inhibitory activity of Wnt-3a and LiCl was completely abolished when the GR binding site
in the Rankl promoter was mutated in chondrogenic ATDC5 cells (Figure 4H).

Furthermore, we found that transfection of the ATDC5 cells with β-catenin siRNA up-
regulated Rankl promoter activity, and addition of Wnt-3a in the ATDC5 cell cultures
inhibited Rankl promoter activity (Figures 4I and J). Both β-catenin siRNA and Wnt-3a had
no effect on the activity of the cells transfected with empty vector (Figures 4I and J), and
Wnt-3a had no effect on the luciferase activity in cells transfected with the pGL3-SV40
basal reporter (results not shown). These results suggest that β-catenin and Wnt-3a
specifically regulate Rankl promoter activity.

To further determine whether β-catenin directly interacts with GR in ATDC5 cells, we
performed a ChIP assay. Results of the ChIP assay showed that β-catenin indeed interacts
with GR in chondrocytes (Figure 4K), suggesting that β-catenin may affect GR activity by
directly binding to GR in the nucleus. The findings demonstrated that GR directly bound its
response element at the Rankl promoter, and addition of Wnt-3a inhibited GR binding
(Figure 4L). These findings suggest that inhibition of glucocorticoid receptor signaling may
be the major mechanism by which β-catenin regulates Rankl expression.

Reversal of the bone loss phenotype by rOPG in β-catenin cKO mice
We treated β-catenin cKO mice with rOPG, starting when the mice were 3 weeks old, to
determine whether treatment with rOPG could reverse the bone destruction phenotype
observed in β-catenin cKO mice. We found that treatment with rOPG resulted in a severe
osteopetrosis phenotype in both Cre-negative control mice and β-catenin cKO mice (Figures
5A and E). Specifically, treatment of control mice with rOPG caused a 3.8-fold and 4.7-fold
increase in the trabecular bone volume and BMD, respectively (P < 0.05 versus vehicle-
treated control mice; n = 6) (Figures 5B and C), as well as a 1.7-fold increase in cortical
bone thickness (P < 0.05 versus vehicle-treated control mice; n = 6) (Figure 5D). Treatment
of cKO mice with rOPG caused a 16-fold and 20-fold increase in the trabecular bone
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volume and BMD, respectively (P < 0.05 versus vehicle-treated cKO mice; n = 6) (Figures
5B and C), as well as a 3.2-fold increase in cortical bone thickness (P < 0.05 versus vehicle-
treated cKO mice; n = 6) (Figure 5D). Interestingly, although vehicle-treated cKO mice had
much lower trabecular and cortical bone volumes when compared with vehicle-treated
control mice, no significant difference in bone volumes was observed between the cKO
mice and their Cre-negative controls after rOPG treatment (Figure 5E).

To further determine the role of chondrocyte-derived OPG in the regulation of osteoclast
formation, we generated Col2-Opg–transgenic mice. Overexpression of Opg in these mice
was confirmed by detection of increased serum levels of OPG. There was an ~2-fold
increase in the OPG levels in Col2-Opg–transgenic mice (Figure 6A).

Histologic analysis of the tibiae showed that formation of the secondary ossification center
was delayed in 2-week-old Col2-Opg–transgenic mice (Figure 6B). In 4-week-old
transgenic mice, the trabecular bone volume was slightly increased and osteoclast formation
was reduced (Figures 6C–E).

Breeding the Col2-Opg–transgenic mice with β-catenin cKO mice significantly reversed the
bone destruction phenotype observed in β-catenin cKO mice (Figure 6F). Bone volume and
BMD were significantly increased in β-catenin cKO;Col2-Opg double-mutant mice when
compared with β-catenin cKO mice (Figures 6G and H). These findings provide additional
evidence to confirm that chondrocyte OPG production does play an important role in the
regulation of osteoclast formation.

DISCUSSION
The contribution of Wnt/β-catenin signaling to early embryonic skeletal development has
been well established. In contrast, the role of β-catenin signaling in chondrocytes during late
embryonic skeletal development and postnatal bone growth is not fully understood. Several
Wnt genes are expressed in the postnatal growth plate (29), suggesting that Wnt/β-catenin
signaling may play important roles in the regulation of postnatal cartilage and bone growth.
In previous studies by our group, we found that activation of cartilage-specific β-catenin
signaling promotes chondrocyte maturation and facilitates formation of the primary
ossification center in day 18.5 mouse embryos (30). We also found that adult β-catenin cAct
mice exhibited the cartilage degradation phenotype (27). In a study by Yasuhara et al, in
which β-catenin conditional transgenic mice were generated using the Col11 promoter, the
thickness of the superficial zone of articular cartilage was increased in 1-month-old β-
catenin conditional transgenic mice (31). In the present study, no significant changes in
articular cartilage thickness were evident in β-catenin–mutant mice, whereas proteoglycan
content was reduced in 3-month-old β-catenin cAct mice.

We also observed significant changes in chondrocyte morphologic features (disorganized
chondrocyte columns and irregular shapes of hypertrophic chondrocytes) and changes in the
expression levels of chondrocyte marker genes (increased chondrocyte marker gene
expression in cAct mice and decreased chondrocyte marker gene expression in cKO mice).
Moreover, the length of the growth plate cartilage was not significantly changed in 3-month-
old β-catenin cKO mice, but was slightly reduced in β-catenin cAct mice. However, the
most prominent and obvious feature observed in the chondrocyte-specific β-catenin cKO
mice was the severe bone destruction that was localized to the proximal metaphyseal area
beneath the growth plate, while the bone mass in the mid-shaft area remained normal. Since
we used chondrocyte-specific Cre–expressing transgenic mice to target the floxed β-catenin
gene, the reasonable interpretation of this bone loss phenotype is that it can be attributed to
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impairment of β-catenin function in chondrocytes, which subsequently causes abnormal
regulation of adjacent osteoclasts in the proximal metaphyseal bone area.

Since chondrocytes are the major cells targeted in Col2-CreER–transgenic mice, only a
small proportion of osteoclast precursor cells, which have direct contact with hypertrophic
chondrocytes, are affected in β-catenin–mutant mice. In contrast, the majority of bone
marrow cells are not affected. This may explain why the regions far away from the growth
plate chondrocytes escape destruction. In contrast, the β-catenin cAct mice displayed an
obvious increase in bone mass, as observed in 1-, 2-, and 3-month-old β-catenin cAct mice.
Because of chondrocyte turnover, chondrocytes may be targeted in a transient manner in
Col2-CreER–transgenic mice. When β-catenin–activated cells were replaced by non-
targeting cells at the later time points, the growth plate chondrocytes could not inhibit
osteoclast (or chondroclast) formation, and therefore isolated and enhanced bone mass was
observed. Concurrent with the growth of the long bone, this area of high bone mass was
observed to be moving away from the growth plate.

To address the question as to whether the bone destruction observed in β-catenin cKO mice
was due to activation of osteoclast activity, we examined the formation of osteoclasts in 5-
week-old mice. The number of osteoclasts and percentage of osteoclast surface were
significantly increased in β-catenin cKO mice, whereas both were significantly decreased in
β-catenin cAct mice. We also analyzed the BFR by calcein double-labeling in β-catenin
cKO and cAct mice, and found no significant differences in the BFR between these mutant
mice. Taken together, these findings suggest that impairment of both osteoclast formation
and bone resorption is the major reason for the changes in bone mass observed in β-catenin–
mutant mice.

The major molecules of osteoclast regulation under both physiologic and pathologic
conditions are RANKL and OPG, and both factors are believed to be produced by
osteoblasts and stromal cells under the control of several cytokines and hormones, including
1,25(OH)2D3. Results of immunohistochemical analyses and in situ hybridization studies by
other groups have shown that RANKL and OPG are expressed by hypertrophic
chondrocytes in murine and rat growth plates (32,33). Further investigations have
demonstrated a novel role for chondrocytes in the regulation of osteoclast formation through
the expression of RANKL, an effect mediated by 1,25(OH)2D3 and bone morphogenetic
protein 2 (33,34). OPG acts as a key inhibitor of osteoclast differentiation through its
interaction with RANKL, by antagonizing the function of RANKL. The role of OPG in
chondrocytes in the regulation of osteoclast formation has not been demonstrated in
previous studies, although OPG has been reported to be a direct downstream target of β-
catenin in mature osteoblasts (28).

In the present study, we present novel evidence to demonstrate that the expression of both
Rankl and Opg is regulated by β-catenin signaling in chondrocytes, and this plays a critical
role in the regulation of cartilage and bone remodeling in vitro and in vivo. First, Rankl
mRNA expression was increased and Opg mRNA expression was decreased in β-catenin–
deficient mouse chondrocytes. Second, the increased osteoclast formation observed in
cocultures of spleen cells and β-catenin–deficient mouse chondrocytes was significantly
blocked by the addition of rOPG. Third, treatment of β-catenin cKO mice with rOPG
completely blocked the bone destruction, resulting in a severe osteopetrosis phenotype, at a
level of severity comparable to that in rOPG-treated Cre-negative control mice. In addition
to inhibiting RANKL expression in chondrocytes, OPG could also inhibit RANKL
expression in bone marrow cells from β-catenin cKO mice. However, since treatment with
OPG could bring the bone volume and BMD to the same levels as those in Cre-negative
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control mice, this finding suggests that OPG reversed the bone destruction phenotype caused
by enhanced RANKL expression in β-catenin–deficient mouse chondrocytes.

In this study, we did not observe bone destruction at the mid-shaft region of the long bone in
β-catenin cKO mice, further suggesting that RANKL signaling in bone marrow cells was not
affected by changes in chondrocyte β-catenin signaling. In addition, breeding Col2-Opg–
transgenic mice with β-catenin cKO mice significantly reversed the bone destruction
phenotype observed in β-catenin cKO mice. These findings thus suggest that specific
overexpression of OPG in chondrocytes can block RANKL signaling and subsequently
prevent high osteoclast activity. These findings genetically place RANKL/OPG downstream
of the β-catenin signaling pathway in chondrocytes.

Our findings also demonstrated that β-catenin signaling in chondrocytes plays an
indispensible role in the differentiation of osteoclasts. Depletion of β-catenin in mouse
chondrocytes led to the bone loss phenotype through changes in OPG/RANKL expression,
and chondrocyte-regulated osteoclast formation could not be compensated by the formation
of osteoblasts. It is possible that the function of chondrocyte-regulated osteoclasts may play
a more important role in bone growth during the postnatal period. Recent evidence has also
demonstrated that osteocytes can express high levels of RANKL and have the capacity to
regulate formation of osteoclasts (35,36). Thus, further studies are needed to address
whether this regulatory mechanism is of prime importance during the processes of bone
remodeling in adult mice.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reduced bone mass in mice with conditional knockout (cKO) of chondrocyte-specific β-
catenin. A–C, Radiographic imaging (A) and micro–computed tomography imaging (B and
C) display evidence of bone loss in the proximal metaphysis of the long bones of 3-month-
old β-catenin cKO mice compared with Cre-negative control littermates. Red arrows
indicate areas with bone destruction, and green arrows indicate areas with normal bone
structure. D–I, Histomorphometric analyses show changes in bone parameters, such as bone
volume (bone volume/total volume [BV/TV]) (D), bone mineral density (BMD) (bone
mineral content/total volume [BC/TV]) (E), trabecular number (Tb.N.) (F), trabecular
separation (Tb.Sp.) (G), structural model index (SMI) (H), and cortical thickness (Th.) (I),
in cKO mice compared with controls (n = 8 per group). J, Histologic analysis shows
reductions in the trabecular and cortical bone volumes of the proximal metaphysis of cKO
mice compared with controls. Lower panels (a and b) are higher-magnification views of the
boxed areas. K, Disorganization of growth plate chondrocytes is evident in the tibiae of 3-
month-old cKO mice compared with controls. Lower panels (a and b) are higher-
magnification views of the boxed areas. L, Immunohistochemical staining shows decreased
β-catenin protein levels in the growth plate chondrocytes of cKO mice compared with
controls. Arrows indicate β-catenin–positive cells. M, Real-time polymerase chain reaction
analysis shows that chondrocyte marker gene expression is reduced in cKO mice compared
with controls (n = 3 per group). N, Immunohistochemical staining shows that type X
collagen (ColX) protein expression is reduced in the hypertrophic zone of the growth plates
of cKO mice compared with controls. Arrows indicate ColX–positive hypertrophic
chondrocytes. Results are the mean ± SD. * = P < 0.05 versus controls, by Student’s
unpaired t-test.
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Figure 2.
Increased bone mass in mice with conditional activation (cAct) of chondrocyte-specific β-
catenin. A, The body size of a 1-month-old cAct mouse was smaller than that of a 1-month-
old Cre-negative control littermate. B, Micro–computed tomography (micro-CT) imaging of
the tibiae shows areas of high bone mass (arrows) under the growth plate of a 1-month-old
cAct mouse compared with a control mouse. With increasing age in cAct mice (2 months
and 3 months old), the high bone mass area was separated from the growth plate. C–H,
Findings of micro-CT show that bone parameters, such as bone volume (C), bone mineral
density (D), trabecular number (E), trabecular thickness (F), and connectivity density (H),
were increased in 3-month-old cAct mice compared with controls. In contrast, trabecular
separation (G) was decreased in cAct mice (n = 6 per group). I and J, Histologic staining of
tibial sections (I) from 3-month-old mice reveals that the proximal metaphyseal bone
volume (J) was increased in cAct mice compared with controls. In I, right panels (a and b)
are higher-magnification views of the boxed areas. Arrows indicate high bone mass areas.
K, Morphologic analysis reveals that the growth plate cartilage morphology (arrows) was
disorganized in cAct mice compared with controls. L, Primary sternal chondrocytes were
isolated from 3-day-old cAct mice and control littermates and cultured for 24 hours,
followed by real-time polymerase chain reaction. The results show that expression of
chondrocyte marker genes was increased in β-catenin–overexpressing mouse chondrocytes
compared with controls (n = 3 per group). Results are the mean ± SD. * = P < 0.05 versus
controls, by Student’s unpaired t-test. See Figure 1 for other definitions.
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Figure 3.
Changes in osteoclast formation in β-catenin–mutant mice. A–F, Tartrate-resistant acid
phosphatase (TRAP) staining was performed on tibial tissue of 5-week-old β-catenin cKO
mice (A–C) or cAct mice (D–F) and Cre-negative control mice. In cKO mice, the numbers
of TRAP-positive multinucleated osteoclasts (A and B) and percentage of osteoclast surface
(C) in the proximal metaphysis were increased relative to controls. In cAct mice, osteoclast
numbers (D and E) and percentage of osteoclast surface (F) in the proximal metaphysis
were decreased relative to controls. Arrows indicate TRAP-positive osteoclasts. G–I,
Primary sternal chondrocytes were isolated from β-catenin cKO mice or control mice and
treated with or without 4-hydroxytamoxifen, and expression of β-catenin was analyzed by
Western blotting (G). The chondrocytes were then cocultured with spleen cells from 2-
month-old C57 mice in the presence of macrophage colony-stimulating factor (M-CSF) and
1,25-dihydroxyvitamin D3 (1,25[OH]2D3). The increase in osteoclast numbers observed in
the spleen cell–cKO mouse chondrocyte cocultures was reversed by addition of human
recombinant osteoprotegerin (rOPG) (H and I). J–L, Expression of Opg, Rankl, and T cell
factor 4 (TCF-4) was examined by real-time polymerase chain reaction (PCR) (J and K) and
Western blotting (L) in cKO mouse chondrocytes compared with controls. M and N,
Primary sternal chondrocytes were isolated from β-cateninflox(Ex3)/flox(Ex3) cKO or control
mice and treated with or without 4-hydroxytamoxifen. Expression of floxed (F) or truncated
(tr) β-catenin protein (M) and levels of nuclear β-catenin (N) were examined by Western
blotting. Lamin A2 was used as a positive control in the Western blots. O–R, Chondrocytes
from β-catenin cAct mice or control mice were cocultured with spleen cells isolated from
wild-type mice in the presence of M-CSF and 1,25(OH)2D3. Osteoclast numbers (O and P)
and expression of Opg (Q) and Rankl (R) in the spleen cell–chondrocyte cocultures were
examined by real-time PCR. Results are the mean ± SD of 5 mice per group in B, C, E, and
F, and 4 mice per group in I, J, K, P, and Q. * = P < 0.05 versus controls, by Student’s
unpaired t-test. See Figure 1 for other definitions.
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Figure 4.
The β-catenin signaling pathway down-regulates Rankl expression in a GR-dependent
manner. A–D, ATDC5 cells were cultured with Wnt-3a (50 μg/ml), LiCl (10 mM), or
vehicle (A and B), transfected with β-catenin or control small interfering RNA (siRNA) (C),
or treated with dexamethasone (Dex) (10−7M) or vehicle (D) for 12, 24, and 48 hours. The
fold change in Rankl mRNA expression (A and C), Opg mRNA expression (B), and Rankl
promoter activity (D) was significantly different between the groups after 24 or 48 hours of
culture. E, Treatment of ATCD5 cells with dexamethasone enhanced Rankl mRNA
expression at all time points. F, Transfection of ATDC5 cells with a mutant Rankl promoter
construct (mutation of the GR binding site in the Rankl promoter) inhibited basal and
dexamethasone-induced Rankl promoter activity, as compared to transfection with a wild-
type (WT) reporter construct. G and H, Wnt-3a and LiCl inhibited GR mRNA expression in
WT reporter–transfected cells (G) and inhibited Rankl promoter activity in WT reporter–
transfected cells, but not in mutant (Mut) reporter–transfected cells (H). I and J,
Transfection of cells with a Rankl-luc reporter construct and β-catenin siRNA up-regulated
Rankl promoter activity (I), whereas treatment of these cells with Wnt-3a inhibited Rankl
promoter activity (J). No effects were observed on empty vector–transfected cells. K,
Interaction of β-catenin with GR was detected by chromatin immunoprecipitation (ChIP)
assay. L, ChIP assay was performed using sonicated chromatin extracted from ATDC5 cells
treated with either anti-GR antibody or normal rabbit IgG. Purified DNA was analyzed by
standard polymerase chain reaction, using mouse Rankl–specific primer set 1 (−682/−562),
which amplifies the fragment spanning the GR binding sequence (−647/−633). Primer set 2
was used as a negative control, amplifying a fragment downstream of the transcription start
site (+2463/+2592). GR specifically binds to the proximal promoter region of the Rankl
promoter, and treatment of cells with Wnt-3a inhibited GR binding to the Rankl promoter.
Results are the mean ± SD of 3 mice per group. * = P < 0.05 versus controls, by Student’s
unpaired t-test. WB = Western blotting.
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Figure 5.
Treatment with human recombinant osteoprotegerin (rOPG) reverses the bone loss
phenotype observed in β-catenin cKO mice. Two-week-old β-catenin cKO mice or Cre-
negative control mice were treated with rOPG or phosphate buffered saline as vehicle
control, after tamoxifen induction. A–D, Micro–computed tomography was used to analyze
the effects of rOPG treatment on trabecular and cortical bone mass (A) and on the
parameters of bone volume (B), bone mineral density (C), and cortical bone thickness (D) in
β-catenin cKO and control mice. E, Histologic staining of tibial tissue also revealed the
effects of rOPG on bone mass in β-catenin cKO and control mice. Results are the mean ±
SD of 6 mice per group. * = P < 0.05 versus vehicle-treated mice in the same group; # = P <
0.05 versus Cre-negative control mice, by Student’s unpaired t-test. See Figure 1 for other
definitions.
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Figure 6.
Overexpression of Opg reverses the bone loss phenotype observed in β-catenin cKO mice.
A, Serum osteoprotegerin (OPG) production in Col2-Opg–transgenic mice and wild-type
(WT) mice (n = 7 per group) was examined by enzyme-linked immunosorbent assay. B–E,
Histologic staining of the tibiae of 2-week-old Col2-Opg–transgenic or WT mice (n = 5 per
group) was used to assess formation of the secondary ossification center (B) and changes in
bone mass (arrows) underneath the growth plate (C). In addition, osteoclast formation
(arrows) was assessed by tartrate-resistant acid phosphatase (TRAP) staining in 4-week-old
Col2-Opg–transgenic and WT mice (D and E). F–H, Col2a1-Opg–transgenic mice were
bred with β-catenin cKO mice, and the tibiae of 3-month-old mice in each group (n = 6 per
group) were assessed by micro–computed tomography for bone destruction (arrows) (F)
and changes in bone volume (G) and bone mineral density (H). Results are the mean ± SD.
* = P < 0.05 versus controls, by Student’s unpaired t-test. See Figure 1 for other definitions.
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