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Wnt/�-catenin signaling is required for skeletal devel-
opment and organization and for function of the
growth plate and articular cartilage. To further clarify
these roles and their possible pathophysiological im-
portance, we created a new transgenic mouse model
in which Wnt/�-catenin signaling can be activated in
cartilage for specific periods of time. These transgenic
mice expressed a constitutive active form of �-catenin
fused to a modified estrogen receptor ligand-binding
domain under the control of cartilage-specific colla-
gen 11�2 promoter/enhancer. Transient Wnt/�-cate-
nin signaling activation in young adult mice by ta-
moxifen injections induced growth retardation and
severe deformities in knee joints. Tibial and femoral
growth plates displayed an excessive number of apo-
ptotic cells and eventually underwent abnormal re-
gression. Articular cartilage exhibited an initial acute
loss of proteoglycan matrix that was followed by in-
creases in thickness, cell density, and cell prolifera-
tion. In reciprocal studies, we found that conditional
ablation of �-catenin in postnatal mice using a Col2-
CreER strategy led to hypocellularity in articular car-
tilage, growth plate disorganization, and a severe re-
duction in bone volume. Together, these data provide
evidence that Wnt/�-catenin signaling has important
and distinct roles in growth plate and articular carti-
lage and that postnatal dysregulation of this signaling
pathway causes diverse structural and functional
changes in the two cartilaginous structures. (Am J

Pathol 2009, 175:1993–2003; DOI: 10.2353/ajpath.2009.081173)

The Wnt/�-catenin signaling pathway plays essential
roles in animal development, determination of cell lin-
eages, and progression of cell differentiation.1–3 Previous
studies from this and other groups established that this
pathway regulates skeletal development and growth and
influences skeletal cell behavior.4–9 Conditional ablation
of �-catenin in mouse embryo cartilage was found to
cause alterations in growth plate chondrocyte function in
developing skeletal elements; the cells exhibited a delay
in hypertrophy and consequently both endochondral
bone formation and skeletal growth were significantly
disturbed.4–7 Recent studies showed that reduction of
Wnt/�-catenin signaling is deleterious for not only
growth plate but also articular cartilage10,11 and that
constitutive activation of Wnt/�-catenin signaling in
cartilage leads to skeletal deformities and disruption of
joint structures.4,8,12 These and other studies have pro-
vided strong support for the conclusion that Wnt/�-cate-
nin signaling must be kept under strict control during
skeletal development and growth and that inhibition or
hyperactivity of this pathway is incompatible with normal
skeletal function and homeostasis and could lead to
pathological conditions.

In vivo and in vitro studies have indicated that Wnt/�-
catenin signaling affects multiple pathways and mecha-
nisms in the chondrocytes. We found that acute experi-
mental activation of Wnt/�-catenin signaling strongly
stimulates matrix catabolism and protease activity8,13

Supported by the National Institute of Arthritis & Musculoskeletal & Skin
Diseases (grants AR050507 and AR046000) and the National Institute on
Aging (grant AG025868).

Accepted for publication July 23, 2009.

A guest editor acted as editor-in-chief for this manuscript. No person at
Thomas Jefferson University was involved in the peer review process or
final disposition for this article.

Current address of T.Y.: Department of Orthopaedic Surgery, Juntendo
University, Tokyo, Japan; current address of N.K.: Department of Ortho-
paedic Surgery, Niigata University, Niigata, Japan.

Address reprint requests to Motomi Enomoto-Iwamoto, D.D.S., Ph.D.,
Department of Orthopedic Surgery, Thomas Jefferson University, 1015
Walnut St., 501 Curtis Building, Philadelphia, PA 19107. E-mail:
motomi.iwamoto@jefferson.edu.

The American Journal of Pathology, Vol. 175, No. 5, November 2009

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2009.081173

1993



and promotes expression of phenotypic traits associated
with chondrocyte hypertrophy and replacement with en-
dochondral bone.9 Others showed that Wnt/�-catenin
signaling affects chondrocyte survival10,11 and stimulates
proliferation.14 It has remained unclear, however, whether
and how these and other cellular changes caused by
overactivation or inhibition of Wnt/�-catenin signaling re-
late to and bring about malfunction and deformities in
growth plate and articular cartilage, particularly those
associated with aging or skeletal pathological changes.
To approach these important issues and questions, we
created a new transgenic mouse model in which Wnt/�-
catenin signaling can be activated in cartilage at specific
time points and specific lengths of time prenatally or
postnatally. We used a construct encoding a constitutive-
active form of �-catenin fused to a modified estrogen
receptor ligand-binding domain (CA-�-catER) that was
previously used to create transgenic mice in which Wnt/
�-catenin signaling was activated in keratinocytes after
tamoxifen injection.15 Our data indicate that transient ac-
tivation of Wnt/�-catenin signaling in cartilage in postna-
tal mice induces rapid and excessive apoptosis in growth
plate chondrocytes and irreversible regression of growth
plates. The mice also displayed defects in articular car-
tilage that included rapid proteoglycan loss followed by
increases in tissue thickness and cell density. These data
suggest that both growth plate and articular cartilage are
affected by acute overactivation of Wnt/�-catenin signal-
ing, but their responses are distinct and may have dis-
tinct pathological implications.

Materials and Methods

Generation of Col11-CA-�-catER Transgenic
Mice

A DNA construct encoding N-terminally truncated �-cate-
nin linked to a modified estrogen receptor ligand binding
domain (ER) (�N�-catenin-ERTM, provided by Dr. F.
Watt, UK London Research Institution)15 was cloned into
the NotI site of a collagen 11�2 (Col11a2) promoter ex-
pression vector (provided by Dr. N. Tsumaki, Osaka Uni-
versity).16 The resulting construct (Col11-CA-�-catER)
was injected into the pronucleus of fertilized eggs from F1
hybrid mice (C57BL/6) by the Transgenic Core Facility at
our institution. Genotyping of transgenic mice was per-
formed by PCR: the primer sequences were 5�-TGCTCCT-
CAGTGGAT GTTGCCTTTAC-3� and 5�-AGGTTGTGAAGT-
GTTCCCGCAGTG-3�. Expression of the transgene was
determined by RT-PCR, in situ hybridization, and immuno-
histochemistry. Three positive lines were obtained, and two
stable lines are now maintained.

Tamoxifen Treatment

Tamoxifen injection was performed in 2-week-old trans-
genic mice for 7 to 10 days at doses ranging from 200 to
300 �g/20 to 30 �l volume/mouse. Tamoxifen stock so-
lution was prepared in 99% ethanol at a concentration of
100 mg/ml at 55°C that was diluted to 10 mg/ml with corn

oil before use. Control mice received the same amount of
cocktail of ethanol (10%) and corn oil (90%). Three wild-
type and three transgenic mice were sacrificed 2 weeks
after the last tamoxifen administration. Eight wild-type
and 11 transgenic mice were sacrificed 4 weeks after the
last tamoxifen administration. Corresponding transgenic
control mice were sacrificed 2 and 4 weeks after admin-
istration of corn oil. Hind limbs were dissected and sub-
jected to anatomical analyses and soft X-ray analysis,
and knee and hip joints were subjected to histopatholog-
ical analyses.

Conditional Ablation of �-Catenin

Mice conditionally deficient in �-catenin were created by
mating �-catenin floxed mice (�-cateninfl/fl) possessing
loxP sites in introns 1 and 6 in the �-catenin gene (6.129-
Ctnnb1tmKem/KnwJ line purchased from The Jackson
Laboratory, Bar Harbor, ME) with Col2a1-CreER mice.17

Genotyping of the �-catenin allele was performed ac-
cording to protocols from The Jackson Laboratory. To
ablate the �-catenin gene, we injected tamoxifen at a
dose of 200 �g/20 �l volume/mouse/day on postnatal
day (P) 5, 6 and 7, and mice were then sacrificed at 5
weeks of age. Efficiency of Cre recombinase activity was
confirmed by analysis of compound Col2a1-CreER/Rosa
R26R transgenic-reporter mice following a similar regi-
men of tamoxifen injections.

Anatomical Analyses, Soft X-Ray, and
Micro-Computed Tomography

Body length was determined by measuring the distance
from nose tip to start point of tail. Limb skeletal elements
were stained with Alcian blue and alizarin red. Speci-
mens were photographed with a camera-equipped ste-
reomicroscope, and tibia length was measured with com-
putational tools. Fore and hind limbs were dissected and
subjected to soft X-ray analysis under automatic expo-
sure conditions using a piXarray 100 Digital Specimen
Radiography System (BIOPTICS, Inc., Tucson, AZ). Tra-
becular bone volume, connectivity, trabecular thickness,
and mineral density were measured with a 40 �CT sys-
tem (Scanco USA, Inc., Southeastern, PA). Samples were
scanned at 45 kV and 177 �A, 12-�m scanning thick-
ness, and medium resolution by using a 20.5-mm holder.
Two-dimensional slice images were selected and used to
generate three-dimensional reconstructions with filter
width sigma of 0.8, support level of 1.0, and threshold of
244. The same values were used to analyze wild-type
and Col11-CA-�-catER transgenic mouse samples.

Histological, Immunohistochemical, and in Situ
Hybridization Analyses

Knee and hip joints were dissected after perfusion fixa-
tion with 4% paraformaldehyde, decalcified with EDTA for
3 to 5 days, and embedded in paraffin. Serial sections
(6-�m-thick) were subjected to staining with H&E, Safra-
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nin O, or Alcian blue. Sections were also processed for
immunohistochemistry to analyze the presence of C-ter-
minal aggrecan neopeptides using rabbit NITEGE poly-
clonal antibodies that recognize aggrecanase cleavage
products.18 These antibodies were kindly provided by Dr.
John S. Mort (Shriners Hospital for Children, Montreal,
QC, Canada). Companion sections were stained with
rabbit polyclonal antibodies against the C terminus of
mouse estrogen receptor � (sc-542, Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) or mouse monoclonal anti-
bodies against the C terminus of �-catenin (BD Bio-
sciences, San Jose, CA). To validate specificity of the
various antibodies, sections were incubated with corre-
sponding control IgGs at similar concentrations. To facil-
itate antigen detection and immunostaining, sections
were de-masked by treatment with 400 U/ml of testicular
hyaluronidase (Sigma-Aldrich, St. Louis, MO) at 37°C for
30 minutes or 0.1% pepsin (Sigma-Aldrich) at 37°C for 10
minutes. Bound antibodies were visualized using horse-
radish peroxidase-conjugated polymer or fluorescence-
conjugated secondary antibodies (Invitrogen, Carlsbad,
CA). To detect apoptotic cells, we performed a terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick-
end labeling (TUNEL) assay using an Apop Tag Red in
situ apoptosis detection kit (Chemicon International Inc.,
Temecula, CA).

Gene expression of CA-�-catER was analyzed by in
situ hybridization using 35S-labeled riboprobes.19 The
probe was designed to recognize the C-terminal end of
�-catenin plus the N-terminal part of the ER domain. To
evaluate cell proliferation, mice received an intraperito-
neal injection of 5-bromo-2�-deoxyuridine (BrdU) (150
�g/ml in PBS, Invitrogen) 2 hours before being sacrificed.
Longitudinal long bone sections were incubated with anti-
BrdU antibodies (1:200, Roche Diagnostics, Indianapolis,
IN) followed by incubation with Alexa Fluor 488-anti-mouse
IgG and propidium iodide (1:1000, Invitrogen).

Mouse Chondrocyte Cultures

Chondrocytes were isolated from the epiphyseal portion
of femurs and humeri from newborn mice (C57BL/6J) by
digestion with 0.25% trypsin and 2 mmol/L EDTA for 15
minutes followed by digestion with 0.15% collagenase
type I (Worthington Biochemical Corporation, Lakewood,
NJ) for 4 to 5 hours. Primary cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fe-
tal bovine serum. When confluent, cultures were treated
with tunicamycin (5 �g/ml, MP Biomedicals LLC, Santa
Ana, CA) with or without recombinant mouse Wnt3a pro-
tein (100 ng/ml, Millipore, Billerica, MA) or glycogen syn-
thase kinase 3� inhibitor BIO (0.5 �g/ml, Alexis Corpora-
tion, Lausen, Switzerland). After 24 hours of treatment,
cultures were lysed in SDS sample buffer for immunoblot
analysis or fixed with 10% formaldehyde for the TUNEL
assay.

Transfection and Reporter Assays

Freshly isolated chondrocytes were cultured until sub-
confluent and then were transfected with one of the fol-

lowing plasmids using TransIT-LT1 transfection reagent
(Mirus Bio Corp., Madison, WI), an Ax2-Luc promoter
reporter vector that contains an Axin2 promoter, exon 1,
and intron 120, Col11CA-�-cateninER, or a dominant-
negative �-catenin (EnR�cat) expression vector encod-
ing �-catenin and a repressor element of engrailed.21

Luciferase activity was measured 2 days after transfec-
tion using a Bright-Glo luciferase assay kit (Promega,
Madison, WI).

Immunoblots

Equal volumes of cell lysates were separated by electro-
phoresis on 10% gels and transferred to polyvinylidene
difluoride membranes. After blocking, membranes were
incubated with polyclonal antibodies against the C termi-
nus of estrogen receptor � (sc-542, 1:250, Santa Cruz
Biotechnology, Inc) or with �-tubulin monoclonal antibod-
ies (1:4000, Sigma-Aldrich). Bound antibodies were visu-
alized by incubation with horseradish peroxidase-conju-
gated secondary antibodies (Cell Signaling Technology,
Danvers, MA) followed by incubation with chemilumines-
cence reagent (PerkinElmer Life and Analytical Sciences,
Boston, MA) and detection by luminescent image ana-
lyzer LAS-1000plus (Fuji Photo Film Co., Ltd., Tokyo
Japan).

RT-PCR and Real-Time PCR

Total RNA isolated by guanidine isothiocyanate was treated
with Turbo DNase I (Ambion, Austin, TX). First-strand cDNA
was synthesized from 1 �g of total RNA with 1 �mol/L
random 9 mer primer (PerkinElmer Life and Analytical Sci-
ences) using AffinityScript reverse transcriptase (Strat-
agene, La Jolla, CA) at 42°C for 1 hour. Subsequent ampli-
fication was performed with Takara PrimeStar HS premix
(Takara Mirus Bio Inc., Madison, WI) for 20 to 30 cycles
under the following conditions: 95°C for 10 seconds for
denaturation and 68°C for 1 minute for annealing and ex-
tension. Quantitative PCR was performed with an Applied
Biosystems 7900HT Sequence Detection System running
SDS 2.1 software using Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) and following the
manufacturer’s instructions. Gene expression levels
relative to that of glyceraldehyde-3-phosphate dehydroge-
nase were calculated by dividing the amount of target
gene transcript with that of glyceraldehyde-3-phosphate
dehydrogenase. Primer sequences were 5�-TGCTCCT-
CAGTGGATGTTGCCTTTAC-3� and 5�-AGGTTGT-
GAAGTGTTCCCGCAGTG-3� for the CA-�-catER trans-
gene, 5�-GGAATGAAGGCGTGGCAACATAC-3� and
5�-AGCCCATCAACTGGATAGTCAGCAC-3� for mouse
�-catenin (NM_007614), and 5�-GGAGAAACCTGC-
CAAGTATGATGACATC-3� and 5�-ACCACCCTGTTGCT-
GTAGCCGTATTC-3� for 799 to 1026 of mouse glyceral-
dehyde-3-phosphate dehydrogenase (NM_0001001303).

Statistical Analysis

Data were validated by Student’s t-tests.
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Results

Col11-CA-�-catER Mouse Lines

To create transgenic lines in which Wnt/�-catenin activity
could be induced conditionally, we linked a cDNA clone
encoding a constitutive-active form of �-catenin fused to
a modified estrogen receptor ligand-binding domain
(CA-�-catER) to promoter/enhancer sequences from the
Collagen 11a2 gene that were previously shown to drive
transgene expression specifically in cartilage.16 To test
specificity and effectiveness of the resulting Col11-CA-�-
catER construct, it was transfected into primary mouse
chondrocytes and nonchondrogenic mesenchymal L
cells along with an Axin2 Wnt/�-catenin reporter plasmid
(Axin-Luc).20 Cultures were then treated with hydroxyta-
moxifen or vehicle, and reporter activity was measured
48 hours later. Tamoxifen treatment greatly stimulated
reporter activity in chondrocytes (Figure 1A, left panel)
but not in L cells (Figure 1A, right panel). When compan-
ion chondrocyte cultures were cotransfected with the
construct and a dominant-negative �-catenin expression
vector,21 tamoxifen treatment failed to elicit reporter ac-
tivity (Figure 1A), affirming specificity of responses and
dependence on �-catenin action.

Three independent Col11-CA-�-catER transgenic
mouse lines were created in our centralized facility, and
two of them were selected based on transgene copy
number. Mice from these two lines exhibited normal ap-
pearance and behavior and produced transgenic off-
spring at the expected Mendelian frequency. To verify
transgene expression, longitudinal sections of tibial
epiphyses from neonatal (P0) Col11-CA-�-catER trans-
genic mice and wild-type littermates were processed for
in situ hybridization, using a cDNA probe that specifically
recognizes the fusion portion of the �-catenin and estro-
gen ligand-binding domain. Transgenic cartilage dis-
played abundant transgene transcripts (Figure 1, C and
E) that were absent in wild-type cartilage (Figure 1, B and
D). To confirm that the corresponding protein was pro-
duced, similar longitudinal sections were processed for
immunostaining with antibodies against the estrogen re-
ceptor � C terminus portion that also recognizes CA-�-
catER fusion protein.15 Positive immunostaining was eas-
ily detectable in transgenic cartilage (Figure 1, G and I)
but not in wild-type tissue (Figure 1, F and H). Negative
staining in control tissue indicates that endogenous es-
trogen receptor �22 was produced at levels below detec-
tion by this procedure.

To verify that an intact CA-�-catER fusion protein of
about 90 kDa was being produced, chondrocytes were
isolated from epiphyseal cartilage of CA-�-catER trans-
genic neonatal mice and expanded in primary culture for
a few days; analogous cells were isolated from wild-type
littermates. Cell homogenates were prepared and sub-
jected to immunoblot (Figure 1J). A 90-kDa band was
present in transgenic samples and was recognized by
antibodies against the estrogen receptor moiety, but a
similar band was absent in wild-type samples (Figure 1J,
arrow). In both wild-type and transgenic samples, how-

ever, a band of 66 kDa corresponding to endogenous
estrogen receptor � was barely detectable (Figure 1J,
arrowhead), confirming that endogenous receptor ex-
pression was low and difficult to document (Figure 1F).

Figure 1. Transgene Col11-CA-�-catER expression and activity. A: Primary
mouse chondrocytes and mouse fibroblastic L cells were transfected with the
indicated plasmids and treated with 2 �mol/L 4-hydroxy tamoxifen (Tamox-
ifen �) or vehicle (Tamoxifen �) 24 hours after transfection. Cultures were
incubated for an additional 24 hours and luciferase activity was measured.
B–I: Longitudinal sections of P0 Col11-CA-�-cat-ER transgenic and wild-type
tibias were subjected to in situ hybridization analysis of transgene expression
(B–E) or immunofluorescence staining of estrogen receptor � (F–I). B and C
are dark-field images corresponding to bright-field images of D and E,
respectively. F and G are fluorescence images of the phase-contrast images
of H and I, respectively. J: Cultures of epiphyseal chondrocytes isolated from
P3 to P5 Col11-CA-�-catER transgenic mice or their wild-type littermates
were subjected to immunoblot analysis for estrogen receptor � (Estrogen recep-
tor) or tubulin expression or RT-PCR analysis of CA-�-catER transgene and HPRT
expression. The arrow and arrowhead represent the estimated migrating
positions of transgene product and estrogen receptor �, respectively. K: Parallel
cultures transfected with indicated plasmids were treated with 2 �mol/L 4-hy-
droxytamoxifen (black bars) or the same volume of ethanol (white bars) 24
hours after transfection. Cultures were incubated for an additional 24 hours, and
luciferase activity was measured. Scale bars: 150 �m (B–E); 75 �m (F–I).
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Total RNAs were prepared from companion transgenic
and wild-type cultures and subjected to RT-PCR amplifi-
cation followed by gel electrophoresis. Clearly, only
transgenic cultures expressed the Col11 CA-�-catER
transgene (Figure 1J, RT-PCR). Both cultures, however,
expressed the housekeeping gene hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT) that was used as
an internal control.

Finally, to be sure that the transgenic chondrocytes
responded to tamoxifen, transgenic and wild-type chon-
drocyte cultures were transfected with the Axin2 Wnt/�-
catenin reporter plasmid and treated with hydroxytamox-
ifen for 24 hours. The treatment did stimulate reporter
activity in transgenic but not wild-type cultures (Figure
1K, left and right histograms). When wild-type cultures
were cotransfected with both Col11-CA-�-catER and
Axin2 Wnt/�-catenin reporter plasmids, the cells became
responsive to tamoxifen treatment and expressed levels
of reporter activity similar to that of transgenic cells (Fig-
ure 1K, central histogram). These findings clearly show
that Col11-CA-�-catER transgenic chondrocytes express
a functional CA-�-catER protein and respond to tamox-
ifen treatment with increases in Wnt/�-catenin signaling.

Growth Retardation

To analyze the possible consequences of transient post-
natal activation of Wnt/�-catenin signaling in cartilage,
transgenic mice at 2 to 3 weeks of age were subjected to
a daily injection of tamoxifen for 7 to 10 days. As controls,
transgenic littermates received vehicle alone (corn oil)
and age-matched wild-type mice received the same ta-
moxifen regimen. Starting at about 4 weeks from the last
injection, it became apparent by simple visual inspection
that the tamoxifen-treated transgenic mice displayed
growth retardation compared with either vehicle-treated
transgenic mice or tamoxifen-treated wild-type mice (Fig-
ure 2A). Body length in male and female tamoxifen-
treated transgenic mice was reduced approximately 20
to 35% at 7 weeks of age (Figure 2B, shaded columns)
compared with controls (Figure 2B, white columns). Soft
X-ray analysis revealed that humerus, ulna, radius, femur,
and tibia in tamoxifen-treated Col11-CA-�-catER mice
were appreciably shorter than those in controls (Figure 2,
D–G) confirmed by direct tibia measurement (Figure 2C).
In addition, the knee and elbow joints were deformed
(Figure 2, F and G), and the growth plates were hardly
recognizable (Figure, 2, J and K), whereas they were
clearly visible as a translucent structure in wild-type mice
(Figure 2, H and I, arrows).

To examine the growth plates in detail, we performed
histological and histochemical analyses. Two weeks after
the last tamoxifen injection, the height of the proximal
tibial growth plate in the 5-week-old transgenic mice was
already reduced (Figure 3D, vertical line) compared with
that in control mice (vehicle-treated wild-type and trans-
genic mice or tamoxifen-treated wild-type mice) (Figure
3, A, B, and C, respectively, vertical lines). In the affected
growth plates, the columnar alignment of chondrocytes
was absent and the hypertrophic zone was particularly

scanty (Figure 3D). By 7 weeks of age (and 4 weeks
from the last tamoxifen injection), the growth plates
were nearly absent and had thus undergone abnormal
closure (Figure 3, E and F). This unexpected finding
was consistently observed in seven tamoxifen-treated
transgenic mice.

We asked whether the disorganization of growth plates
in tamoxifen-treated transgenic mice included excessive
cell death. TUNEL staining on sections of growth plates
harvested just 1 day after the last tamoxifen injection
showed that more numerous apoptotic chondrocytes
were present in transgenic tissue and were scattered
throughout the hypertrophic zone (Figure 4, B and D,
Hyper), whereas apoptotic cells were confined to the
chondro-osseous border in controls as expected (Figure
4, A and C, arrows). When companion sections were
processed for analysis of chondrocyte proliferation, no
major differences were observed (not shown).

Figure 2. Growth retardation and deformity of long bones in tamoxifen-
injected Col11-CA-�-catER transgenic mice. Two week-old Col11-CA-�-ca-
tER transgenic mice and their wild-type littermates received 7 to 10 daily
peritoneal injections of tamoxifen (200 �g/20 �l/mouse) (Tamoxifen) or the
same volume of corn oil (Vehicle) and were sacrificed at 7 weeks of age. A:
Gross appearance. B: Average body lengths of tamoxifen-treated mice (male:
four wild-type mice and four Col11-CA-�-catER mice; female: four wild-type
mice and seven Col11-CA-�-catER mice). *P � 0.05. C: Average lengths of
three individual tibias of tamoxifen-treated wild-type and Col11-CA-�-catER
mice. *P � 0.05. D–K: Forelimbs (D and F) and hind limbs (E and G) were
dissected from tamoxifen-injected wild-type (D and E) and Col11-CA-�-
catER mice (F and G) and analyzed by soft X-ray. H–K are magnified images
of square regions in D–G, respectively.
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To examine whether the increased apoptosis may be a
direct response to enhanced Wnt/�-catenin signaling, we
treated primary chondrocyte cultures with BIO, a drug
that inhibits glycogen synthase kinase 3� and enhances
Wnt/�-catenin signaling, and performed TUNEL staining.
BIO treatment did significantly increase TUNEL staining
compared with that for control cultures (Figure 4, E, F,
and I), and this effect was further enhanced by cotreat-
ment with tunicamycin, which is a known apoptosis in-
ducer (Figure 4, G, H, and I).

Joint Abnormalities

Next, we analyzed the limb joints in tamoxifen-treated
Col11-CA-�-catER and companion control mice. The
knee joints were dissected from the wild-type mice or
Col11-CA-�-catER mice 1 day after the last tamoxifen or
vehicle injection. In control wild-type mice treated with
tamoxifen or transgenic mice treated with vehicle, knee
joints and articular cartilage had normal expected char-
acteristics and organization and strong staining with Sa-
franin O, indicative of abundant proteoglycan content
(Figure 5, A and C). However, articular cartilage in com-
panion transgenic mice exhibited a dramatic reduction in
Safranin O staining (Figure 5B). To test whether such
matrix loss was accompanied by aggrecan degradation,
sections were stained with rabbit antibodies against the
NITEGE neoepitope created by aggrecanase activity in
vivo.18 Indeed, neoepitope levels were far greater in ta-
moxifen-treated transgenic (Figure 5E) than in control
wild-type or vehicle-treated transgenic articular cartilage
(Figure 5, D and F). Immunostaining of companion sec-
tions with antibodies against anti-estrogen receptor �
confirmed that both tamoxifen-treated and untreated

transgenic cartilage exhibited strong staining (Figure 5,
H–I), whereas wild-type tissue did not (Figure 5G). The
specificity of immunostaining procedures was confirmed
by use of control rabbit IgGs that elicited only back-
ground staining (Figure 5F, inset). Despite the significant
drop in proteoglycan content and presence of aggrecan
degradation products, the overall appearance of articular
cartilage in tamoxifen-treated transgenic mice was still
largely normal at this time point (Figure 5B).

When we examined articular cartilage in transgenic
mice 2 weeks after the last tamoxifen injection, however,
we noted significant and interesting structural changes.
The overall thickness of transgenic cartilage was signifi-
cantly increased compared with control (Figure 6, B ver-

Figure 3. Disarrangement of growth plates in tamoxifen-injected Col11-CA-
�-catER transgenic mice. Two-week-old Col11-CA-�-catER transgenic mice
(B, D, and F) and their wild-type littermates (A, C, and E) received seven
daily peritoneal injections of tamoxifen (200 �g/20 �l/mouse) (C–F) or the
same volume of corn oil (A and B) and were sacrificed at 5 weeks (A–D) or
7 weeks of age (E and F). Longitudinal sections of proximal tibias were
stained with Safranin O. Vertical bars indicate the total width of the growth
plate. Scale bar � 100 �m.

Figure 4. Wnt/�-catenin signaling stimulates cell apoptosis in chondrocytes.
A–D: Two-week-old Col11-CA-�-catER transgenic mice (B and D) and their
wild-type littermates (A and C) received seven daily peritoneal injections of
tamoxifen (200 �g/20 �l/mouse) and were sacrificed 1 day after the last
injection. Longitudinal sections of proximal tibia were subjected to TUNEL
staining. C and D are phase-contrast images of A and B, respectively.
Vertical bars represent hypertrophic zones. E–I: Epiphyseal chondrocytes
isolated from P3 neonatal mice were treated with 5 �g/ml of tunicamycin
and/or 0.5 �g/ml of the glycogen synthase kinase 3� (GSK3�) inhibitor BIO
for 24 hours. Cultures were then subjected to TUNEL assay (E–H). Ten
random fields were captured and the percentage of TUNEL-positive cells to
total cells was calculated (I).
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sus A, vertical green lines). In particular, the superficial
zone facing the synovial cavity was composed of three to
four layers of flat small-sized cells (Figure 6D, double
green arrow), whereas it was composed of a single cell
layer in wild-type mice as expected (Figure 6C). BrdU
labeling showed that proliferation was increased and
widespread in transgenic articular cartilage (Figure 6,
I–J), whereas it was restricted to most superficial thin cell
layer in controls (Figure 6, G and H, arrows). Similar
changes were seen in hip joint articular cartilage of the
same animals (not shown). Interestingly, staining with
Safranin O indicated that the overall proteoglycan con-
tent had been restored to control levels by this time point
(Figure 6, E and F).

Postnatal Ablation of �-Catenin

The above results clearly indicate that acute postnatal
activation of Wnt/�-catenin signaling is deleterious to ar-
ticular cartilage and growth plate. Thus, we performed a
final set of reciprocal experiments to investigate whether
loss of Wnt/�-catenin signaling is deleterious as well. We
used transgenic mice expressing tamoxifen-inducible
Cre recombinase under control of a collagen 2 �1 pro-
motor/enhancer (Col2-CreER mice)17 and mated them
with �-catenin-floxed mice to create conditional carti-
lage-specific mutants (compound Col2-CreER/�-caten-
infl/fl transgenic mice). To first confirm that the Cre mice
responded well to tamoxifen, we mated them with Rosa
R26R mice and injected tamoxifen three times staring at
P5. Histochemical analysis showed that �-galactosidase
activity was strong in articular and growth plate cartilage
(Figure 7B) and in some of periosteal cells (Figure 7B,
inset, arrows) and was absent in control Rosa mice (Fig-
ure 7A). Immunostaining of sections from compound
Col2-CreER/�-cateninfl/fl transgenic mice injected with ta-

moxifen three times starting at P5 showed that �-catenin
levels had been markedly reduced in articular cartilage
(Figure 7D) compared with those in control �-cateninfl/fl

mice (Figure 7C). Quantitative analysis indicated that
�-catenin expression levels had decreased approxi-
mately 80% relative to control levels (Figure 7E).

Limbs were dissected from companion mice at 7
weeks. Clearly, knee joint organization and structure had
become markedly deranged in tamoxifen-treated com-
pound transgenic mice. Articular cartilage stained poorly
with Alcian blue (Figure 8B) and contained fewer cells
(Figure 8D) compared with control cartilage (Figure 8, A
and C). In addition, the cartilage surface was rough and
uneven (Figure 8D), whereas controls displayed a typ-
ical smooth surface (Figure 8C). Notably, the underly-
ing growth plates were affected as well and displayed
irregular organization and a severe decrease in hyper-
trophic chondrocytes (Figure 8F, arrows) and primary
spongiosa compared with controls (Figure 8E). The
reduction in trabecular bone was confirmed by micro-
computed tomography (Figure 8, G and H). We also
observed formation of ectopic cartilaginous masses
within periosteal tissues surrounding the epiphysis and
metaphysis (Figure 8, I and J, arrows), which has also
been observed in similar transgenic mice at embryonic
stages.5,6

Discussion

We report here the creation of Col11-CA-�-catER trans-
genic mouse lines in which Wnt/�-catenin signaling can
be activated in cartilage at specific time points. Using this
unique experimental tool, we show that postnatal activa-
tion of Wnt/�-catenin signaling for 7 to 10 days is suffi-
cient to cause severe growth retardation. The growth

Figure 5. Rapid loss of proteoglycan and
increases in aggrecan cleavage neoepitope in-
duced by tamoxifen injection in Col11-CA-�-
catER transgenic mice. Two-week-old Col11-
CA-�-catER transgenic mice (B, C, E, F, H and I)
and their wild-type littermates (A, D and G)
received seven daily peritoneal injections of ta-
moxifen (200 �g/20 �l/mouse) (Tamoxifen: A,
B, D, E, G, and H) or corn oil (Vehicle: C, F, and
I) and were sacrificed 1 day after the last injec-
tion. Longitudinal sections of proximal tibial ar-
ticular were subjected to Safranin O staining
(A–C) or immunostaining with antibodies
against the neoepitope of cleaved aggrecan (NI-
TEGE) (D–F) or estrogen receptor � (G–I). The
inset in F shows staining with preimmune rab-
bit IgG. D–F was counterstained with Fast
green. G–I were double-stained with 4,6-dia-
midino-2-phenylindole (DAPI, blue). Scale bars:
200 �m (A–C); 50 �m (D–F); 100 �m (G–I).
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plates are deranged structurally and functionally and
nearly disappear over time. Articular cartilage is de-
ranged too, but the cells actually exhibit higher cell den-
sity and proliferating activity. In complementary studies in
which the �-catenin gene was conditionally ablated in
postnatal cartilage, we find that joints and growth plates
are both affected and this is accompanied by a severe
decrease in trabecular bone. Taken together, the data
provide clear evidence that normal spatiotemporal pat-
terns and degrees of Wnt/�-catenin signaling are needed
to maintain postnatal skeletal growth, joint and articular
cartilage organization, and bone homeostasis. The dis-
tinct effects of acute Wnt/�-catenin signaling in growth
plate and articular cartilage indicate that this pathway
does not impose indiscriminate and uniform conse-
quences on every type of chondrocytes, but chondrocyte

phenotypic properties, nature, and developmental status
influence their responses.

Growth Plate Abnormalities

The severe growth plate changes and the near elimina-
tion of the hypertrophic zone occur after either activation
of Wnt/�-catenin signaling or conditional ablation of
�-catenin, but the underlying pathophysiological re-
sponses seem to be distinct. Apoptotic cells are more
numerous and broadly dispersed in growth plates after
Wnt/�-catenin activation, and the growth plates eventu-
ally undergo abnormal closure, but similar events do not
occur at early stages after �-catenin ablation. In addition,
the consequences on bone volume and density are dis-
tinct as well; activation of Wnt/�-catenin signaling does
not affect bone volume and density in a significant man-
ner, but �-catenin deficiency strongly impairs bone for-
mation. Given that apoptosis is normally restricted to the
posthypertrophic zone of the growth plate before re-
placement of hypertrophic chondrocytes with bone cells,
the widespread increase in apoptotic cells may reflect an
acceleration and expansion of this normal process and
precocious loss of the hypertrophic zone itself. On the

Figure 6. Increases in cell density and proliferating activity in tamoxifen-
injected Col11-CA-�-catER transgenic mice. Two-week-old Col11-CA-�-
catER transgenic mice (B, D, F, I, and J) and their wild-type littermates (A,
C, E, G, and H) received seven daily peritoneal injections of tamoxifen (200
�g/20 �l/mouse) and were sacrificed at 5 weeks. Longitudinal sections of
proximal tibial articular cartilage were stained with H&E (A–D) or Safranin O
(E and F). G–J: Cells were labeled with BrdU as described in Materials and
Methods. G and I are visualized BrdU labeling images. H and J are images
merged with phase-contrast and propidium iodide-staining images of G and
I, respectively. Scale bars: 200 �m (A and B); 60 �m (C and D); 100 �m (E
and F); 80 �m (G–J). Bar in A and B indicate the depth of articular cartilage.
Arrows and a double arrowed line in C and D indicate the surface layer of
articular cartilage. Arrows in G indicate BrdU-labeled cells.

Figure 7. Induction of �-galactosidase activity and suppression of �-cate-
nin expression by tamoxifen-induced Cre recombinase. Rosa 26R (A),
Col2CreER/Rosa26R (B), �-cateninfl/fl (C), or Col2CreER/�-cateninfl/fl (D)
mice received three daily peritoneal injections of tamoxifen (200 �g/20
�l/mouse) starting at P5 and were sacrificed at 5 weeks (A and B) or 7 weeks
(C and D). Longitudinal sections of proximal tibia were subjected to �-ga-
lactosidase staining (A and B) or immunostaining with the monoclonal
antibodies against the C terminus of �-catenin (C and D). Scale bars: 250 �m
(A and B); 16 �m (C and D). E: Epiphyseal chondrocytes were isolated from
tamoxifen-injected �-cateninfl/fl or Col2CreER/�-cateninfl/fl mice at P10 and
cultured until confluent. Total RNA was prepared and the mRNA level of
�-catenin was semiquantified by real-time PCR as described in Materials and
Methods. Values represent the ratio to �-cateninfl/fl control sample.
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other hand, deficient �-catenin expression in our condi-
tionally ablated mice could have prevented formation of
hypertrophic chondrocytes and the subsequent matrix
calcification and endochondral ossification.

It has been reported recently that chronic inhibition of
Wnt/�-catenin signaling by expression of the �-catenin
nuclear inhibitor ICAT in cartilage starting during mouse
embryogenesis leads to growth retardation and chondro-
cyte apoptosis.11 In other systems, Wnt/�-catenin signal-
ing also protects cells from apoptosis by mechanisms
that include inhibition of cytochrome c release and
caspase activation,23 induction of antiapoptotic factors,24

and supporting of expression or function of antiapoptotic
proteins such as p53, bcl-2, and bcl-xL.10,25,26 These
data are at variance with our observation that activation of
�-catenin signaling induces or enhances apoptosis in
growth plate chondrocytes in vivo and in vitro. Intriguingly,
this signaling pathway is also able to trigger apoptosis in
other cell types. In activated clonal T cells excessive
activation of �-catenin signaling induces apoptosis,
which leads to suppression of T-cell hyper-reaction.27

Taking into consideration all of the above studies and our
current data, it is likely that Wnt/�-catenin signaling may
regulate both cell survival and apoptosis in the growth
plate and articular cartilage. Basal �-catenin signaling
levels would sustain cell survival and protect the chon-
drocytes from abnormal apoptotic stimuli in upper growth
plate zones, whereas high signaling levels would stimu-
late apoptosis in the posthypertrophic zone, facilitating
the replacement of hypertrophic chondrocytes with bone.
Excessive stimulation of Wnt/�-catenin signaling would
trigger extensive apoptosis and lead to precocious clo-
sure of growth plate. In articular cartilage, basal signaling
levels would be required to maintain lifelong function, and
excessive levels would initially trigger proliferation and tis-
sue thickening but could become overbearing and dys-
functional over time, leading to pathological changes.

It is well established that endogenous Wnt/�-catenin
signaling regulates osteogenic cell differentiation and
bone formation.28 It is also well established that endo-
chondral bone formation strictly depends on stimuli pro-
vided by hypertrophic chondrocytes to underlying bone
marrow-associated osteoprogenitor cells. Thus, the bone
deficiency we observe in �-catenin-deficient mice is likely
to reflect lack of functional hypertrophic cells. We cannot
exclude, however, the possibility that it may be contrib-
uted also by some leakage of Col2-driven Cre activity in
osteoprogenitor cells.

Articular Cartilage Changes

Our data show that proteoglycan loss is quite rapid after
acute activation of �-catenin signaling in articular carti-
lage (Figures 5). Such loss is associated with increased
levels of aggrecan cleavage products, indicating that
acute �-catenin signaling promotes rapid matrix degra-
dation. This is in line with previous findings indicating that
�-catenin signaling stimulates activities and/or gene ex-
pression of matrix metalloproteinases and aggrecanases
in cultured chondrocytes.8,13 Despite the initial matrix
loss, articular cartilage was not completely altered in its
histological organization in our transgenic mice and in
fact the articular cartilage height was increased. In con-
trast, a recent report has suggested that constitutive
activation of �-catenin signaling triggers loss of articular
cartilage.12 These different observations could be ex-
plained by the distinct mode of Wnt/�-catenin signaling
activation. Our novel system induces transient activation,
whereas the system used in the other study creates con-
stitutive and permanent stimulation. Thus, in our experi-
ments articular chondrocytes started to proliferate and
recovered their matrix after stoppage of tamoxifen injec-

Figure 8. Degeneration of articular cartilage, reduction of bone, and ectopic
cartilage formation are induced by postnatal ablation of �-catenin. Five-day-
old �-cateninfl/fl mice (A, C, E, G, and I), Col2CreER/�-cateninfl/fl mice (B,
D, F, H, and J) received three daily peritoneal injections of tamoxifen (A–J)
and were sacrificed at 7 weeks (A–J) of age. A–F and J–L, longitudinal
sections of proximal tibia were stained with Alcian blue and Fast red (A, B,
E, F, I, and J), H&E (C and D). G and H are three-dimensional cut plane
micro-computed tomography images of the proximal part of the tibia. Scale
bars: 200 �m (A, B, E, F, I, and J); 50 �m (C and D). Arrows in F indicate
loss of hypertrophic cells and arrows in J indicate ectopic cartilage
formation.
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tion. In contrast, constitutive Wnt/�-catenin activation and
signaling might prevent the cells from initiating such re-
bound and recovery processes and would cause irre-
versible degeneration of articular cartilage. It is also pos-
sible that age of the mice may have contributed to
varying responses seen in different studies, thus sug-
gesting that articular chondrocytes in young mice (such
as those used here) have the ability to recover from
damage, whereas those in older aged mice cannot.

We and another group have demonstrated that articu-
lar cartilage originates and is maintained by a unique cell
population,29,30 indicating that it may possess a self-
renewal system. Several studies have suggested that the
superficial zone of articular cartilage contains progenitors
of articular chondrocytes.31–33 Our data show that
whereas transient Wnt/�-catenin signaling increases cel-
lularity in articular cartilage, conditional �-catenin abla-
tion decreases it. In a previous study, we observed a
similar loss of superficial cells after �-catenin loss at
embryonic stages.29 Both findings indicate that Wnt/�-
catenin signaling regulates proliferation and mainte-
nance of progenitor cells in articular cartilage, which has
been reported in other types of tissues.34–37 Recent stud-
ies have revealed that expression of Wnt16, a stimulator
of �-catenin signaling is strongly and exclusively in-
creased in association with articular cartilage injury.38

Although the pathophysiological significance of this up-
regulation has not been elucidated, our findings indicate
that an acute increase in Wnt/�-catenin signaling would
be a beneficial response at the beginning for cartilage
repair, but when signaling persists for longer periods, it
would trigger irreversible degenerative changes. If so,
transient activation of Wnt signaling could represent a
future therapeutic method to induce or accelerate a re-
pair process in damaged or aging articular cartilage.
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