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Abstract
The WNT/β-CATENIN signaling pathway is a critical regulator of chondrocyte and osteoblast
differentiation during multiple phases of cartilage and bone development. While the importance of
β-CATENIN signaling during the process of endochondral bone development has been previously
appreciated using a variety of genetic models that manipulate β-CATENIN in skeletal progenitors
and osteoblasts, genetic evidence demonstrating a specific role for β-CATENIN in committed
growth plate chondrocytes has been less robust. To identify the specific role of cartilage-derived
β-CATENIN in regulating cartilage and bone development, we studied chondrocyte-specific gain-
and loss-of-function genetic mouse models using the tamoxifen-inducible Col2CreERT2 transgene
in combination with β-cateninfx(exon3)/wt or β-cateninfx/fx floxed alleles, respectively. From these
genetic models and biochemical data, three significant and novel findings were uncovered. First,
cartilage-specific β-CATENIN signaling promotes chondrocyte maturation, possibly involving a
BMP2 mediated mechanism. Second, cartilage-specific β–CATENIN facilitates primary and
secondary ossification center formation via the induction of chondrocyte hypertrophy, possibly
through enhanced MMP expression at sites of cartilage degradation, and potentially by
enhancing IHH signaling activity to recruit vascular tissues. Finally, cartilage-specific β-
CATENIN signaling promotes perichondrial bone formation possibly via a mechanism in which
BMP2 and IHH paracrine signals synergize to accelerate perichondrial osteoblastic differentiation.
The work presented here supports the concept that the cartilage-derived β-CATENIN signal is a
central mediator for major events during endochondral bone formation, including chondrocyte
maturation, primary and secondary ossification center development, vascularization, and
perichondrial bone formation.
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Introduction
Endochondral bone development, the process by which long bones in the skeleton are
formed, occurs through a progression of well-ordered steps (1). First, mesenchymal
progenitor cells condense and begin the process of chondrogenesis and osteogenesis,
transitioning through an intermediate phase known as the chondro-osteo progenitor.
Chondro-osteo progenitors express Col2a1 and are capable of differentiating into either the
chondrocyte or osteoblast lineages (2). Chondrogenic and osteogenic differentiation
processes are coupled, and each cell type influences the other during proliferation and
maturation phases (3, 4). In the cartilage of endochondral elements, chondrocytes near the
ends of the element proliferate rapidly while those nearest the center of the element exit the
cell cycle and begin the process of hypertrophy and maturation. At the onset of chondrocyte
hypertrophy, surrounding perichondrial cells undergo osteoblast differentiation and
maturation beginning the process of perichondrial bone formation. As perichondrial
osteoblasts mature near the diaphyseal region, a population of these cells migrates into the
emerging primary ossification center (POC), which is created by the removal of terminally
hypertrophic chondrocytes, the resorption of cartilage matrix, the invasion by both vascular
and hematopoietic cells, and the synthesis of osteoid by migrating osteoblasts. A similar
process occurs again during postnatal development in the epiphyseal regions to give rise to
the secondary ossification center (SOC), which separates growth plate cartilage and articular
cartilage of the joints. While the events leading to POC formation have been well studied,
those leading to SOC formation are not as clearly understood. SOC formation is believed to
occur in a process distinct from POC formation, although each has been suggested to be
heavily dependent on MMP activity that can be regulated by multiple signaling pathways
(5–8).

During endochondral bone development, WNT/β-CATENIN signaling is required for
maintaining the immature phenotype of mesenchymal progenitor cells (9–11), determining
osteoblast versus chondrocyte cell fate in chondro-osteo progenitors (9), and promoting
chondrocyte proliferation and maturation (12, 13). While in vivo mouse genetic studies
where β-CATENIN signaling has been manipulated in skeletal progenitors and osteoblasts
have been instrumental in establishing the importance of this signaling pathway during
cartilage and bone development (14–18), these studies have not determined the specific
importance of cartilage-derived β-CATENIN in regulating these processes. To address this
question directly, we employed chondrocyte-specific gain- and loss-of-function genetic
mouse models using the tamoxifen-inducible Col2CreERT2 transgene in combination with β-
cateninfx(exon3)/wt or β-cateninfx/fx floxed alleles, respectively. Cellular and molecular
analyses of mutant embryos at multiple stages of cartilage and bone development, as well as
biochemical analyses of primary chondrocyte culture models revealed multiple novel
findings by which cartilage-derived β-CATENIN signals regulate chondrocyte maturation,
primary and secondary ossification center development, vascularization, and perichondrial
bone formation.

Materials and Methods
Mouse strains

Col2CreERT2 transgenic animals were bred from previously generated animals (19, 20).
Both β–cateninfx(exon3)/fx(exon3) and β–cateninfx/fx animals were generous gifts from Dr. Di
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Chen’s laboratory and were described previously (21, 22). In the gain-of-function (GOF)
model, cleavage of exon 3 of the β-catenin gene, which codes for phosphorylation sites,
renders β-catenin resistant to degradation and, therefore, constitutively active. In the loss-of-
function (LOF) model, introns 1 and 6 of the β-catenin gene are floxed and cleavage of these
sites results in the transcription/translation of inactive β-catenin. In both GOF and LOF
models, when an animal is treated with Tamoxifen (TM), the estrogen-receptor-conjugated
Cre-recombinase is activated in Col2a1 expressing cells and gene recombination occurs.
Col2CreERT2; β–cateninfx(exon3)/wt GOF and Col2CreERT2; β–catenin fx/fx LOF embryos
were bred at Mendelian ratios until embryonic day 18.5 (E18.5). Since Col2a1 is expressed
exclusively in chondrocytes only after E12.5, cartilage-specific recombination of floxed
alleles was achieved via injections of tamoxifen into pregnant female mice at E13.5 (0.1mg/
gram body weight of tamoxifen in corn oil) as described previously (2). All animal studies
were performed in accordance with the guidelines set forth by the University Committee on
Animal Resources at the University of Rochester Medical Center.

Tissue preparation, histology, immunohistochemistry (IHC), and in situ hybridization (ISH)
Embryos were harvested at E14.5, E15.5, E16.5 or E18.5 using the dissection and
processing techniques described previously (23, 24). Upon harvest, tissue was dissected free
of skin and fixed in 10% neutral buffered formalin. Embryos at or older than E15.5 were
decalcified in formic acid (Decal Chemical Corporation, Tallman, NY) or 14% EDTA.
Forelimbs and hind limbs were paraffin-processed, embedded, and sectioned at 5μM. For
frozen sections, embryos were fixed in 4% PFA for 30 minutes, washed in PBS, decalcified
in 14% EDTA overnight, rinsed in PBS and processed through 15% and 30% sucrose
gradients overnight at 4°C. Limbs were embedded in Tissue-Tek OTC (Sakura Fine
Technical Co., Ltd., Torrance, CA) and sectioned at 5μM. Hematoxylin and Eosin (H&E),
Beta-galactosidase (LacZ), and Tartrate Resistant Acid Phosphatase (TRAP) staining were
performed using standard protocols as described on our Histology, Biochemistry, and
Molecular Imaging (HBMI) Core facility website
(http://www.urmc.rochester.edu/musculoskeletal-research/core-services/histology/
protocols.cfm). Measurements of cartilage lengths were performed on at least three sections
from at least three mutant and control specimens. Where appropriate, data were averaged
and a Student’s t-test was performed to determine significance.

Immunohistochemistry (IHC) staining was performed according to standard protocols.
Briefly, sections were baked at 60°C for one hour, treated with xylene, and then
progressively rehydrated through graded alcohols. Sections were quenched in 3% hydrogen
peroxide and antigen retrieval was achieved by incubating sections in 0.01M Sodium Citrate
Buffer at 75°C or 95°C for 60–90 minutes. Primary antibodies and dilutions used are as
follows: Rabbit α-Phospho-Smad 1/5/8 (1:100, Cell Signaling, Danvers, MA), Rabbit α-β-
catenin (1:30, Cell Signaling, Boston, MA), and Rabbit α-BMP2 (1:50, Abcam, Cambridge,
MA).

In situ hybridization (ISH) was performed using 35S radiolabeled probes. Briefly, probes
were generated from DNA plasmids for genes of interest using T7, T3, and SP6 RNA
polymerases (Roche, Branchburg, NJ). The following cDNAs were used to generate
antisense probes: Ihh (cut with XbaI; transcribe with T7), Col10a1 (XbaI; T7), Col1a1
(HindIII; T7), Bsp (NotI; SP6), Oc (XbaI; T3), Mmp13 (HindIII; T7), Mmp9 (BamHI; SP6),
Mmp14 (BamHI; T7). Individual probes are available upon request. Briefly, de-waxed and
rehydrated slides were postfixed with 4% PFA for 15 minutes, washed with PBS, treated
with Proteinase K for 15 minutes, then fixed again in 4% PFA. Slides were treated with
0.2N HCl for 10 minutes, washed in PBS, and then treated with 0.1M Triethanolamine and
acetic anhydride. Following dehydration, hybridization solution containing formamide, Tris-
HCL, tRNA, Denhardt’s Solution, Dextran Sulfate, NaCl, SDS, water, DTT, and
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radiolabeled probe was applied to slides. Slides were cover-slipped then incubated at 57°C
for 18–24 hours. Slides were then washed at 50°C with 5X SSC, followed by 2X SSC/50%
Formamide. At 37°C, sections were incubated for 10 minutes in TNE, followed by 90
minutes in TNE containing RNAse A (Invitrogen, Carlsbad, CA). Sections were washed in
TNE, 2X SSC, and twice in 0.2X SSC before being dehydrated in graded alcohols and dried.
Slides were dipped in a silver-based emulsion (Kodak, Rochester, NY) and exposed for
variable amounts of time depending on the strength of the signal as determined by pre-
exposure to film. Slides were developed with developer and fixer (Kodak), counterstained
with 0.5% Teledyne Blue, dehydrated and cover-slipped. For a more detailed protocol please
refer to the website above.

Primary chondrocyte cultures
Primary chondrocytes from the sterna and ribs of P3 GOF or LOF mice were isolated as
previously described (25, 26). Cells were seeded at 7.5 × 104 cells per well in 24-well plates.
Cells were treated immediately after plating with 4-hydroxytamoxifen (4OHT) to induce
gene recombination or were treated with vehicle control. Alternatively, cells were infected
with Ad5-CMV-GFP or Ad5-CMV-Cre adenoviruses. Adenoviral vectors (Ad5-CMV-GFP
and Ad5-CMV-Cre) were purchased from Baylor College of Medicine and used at a 1:1000
dilution of the supplied stock. Cells were infected one day post-plating in complete media,
and media was changed as needed. At the end of five days, when cells were 80–90%
confluent, whole cell lysates, mRNA, and media were collected for further analyses (see
below).

Protein was extracted using lysis buffer containing NaCl, EDTA, 10%TritonX-100, Tris-Cl,
DTT, PMSF, proteinase inhibitor, and sodium orthovanadate. Western Blot analyses were
completed using standard procedures with the following antibodies: Rabbit α-Phospho-
SMAD1/5/8 (1:1000, Cell Signaling, Boston, MA); Mouse α-β-CATENIN (1:500, BD
Transduction Laboratories, San Jose, California); Rabbit α-SMAD/5/8 (1:200, Santa Cruz,
Santa Cruz, CA); Rabbit α-BMP2 (1:1000, Abcam, Cambridge, MA); Mouse α-β-ACTIN
(1:5000, Sigma-Aldrich, St. Louis, MO);α-Alpha-TUBULIN (1:1000, Cell Signaling).

RNA was extracted using the Invitrogen Purlink RNA Mini Kit (#12183-018A), then
reverse-transcribed using the i-Script cDNA synthesis kit (Biorad, Hercules, CA) per
manufacturer’s instructions. Real-time RT-PCR was performed with the following primer
pairs purchased from Integrated DNA Technologies (Coralville, IA): Bmp2 (Forward (F):
5′-TGG AAG TGG CCC ATT TAG AG-3′, Reverse (R): 5′-GCT TTT CTC GTT TGT
GGA GC-3′), Ibsp (F: 5′-AAA TGG AGA CGG CGA TAG TTC CGA-3′, R: 5′-TGG
AAA GTG TGG AGT TCT CTG CCT-3′), Osteocalcin (F: 5′-TGC TTG TGA CGA GCT
ATC AG-3′, R: 5′-GAG GAC AGG GAG GAT CAA GT-3′), Runx2 (F: 5′-TGA TGA
CAC TGC CAC CTC TGA CTT-3′, R: 5′-ATG AAA TGC TTG GGA ACT GCC
TGG-3′), Alkaline phosphatase (F: 5′-TGA CCT TCT CTC CTC CAT CC-3′, R: 5′CTT
CCT GGG AGT CTC ATC CT-3′), and β-actin (F: 5′-TGT TAC CAA CTG GGA CGA
CA-3′, R: 5′-CTG GGT CAT CTT TTC ACG GT-3′). The PCR reaction was conducted in
the RotorGene real-time DNA amplification system (Corbett Research, Sydney, Australia).
cDNA samples were combined in a 20μl final volume with 1mM primers and SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA).

An assay for secreted BMP2 protein was performed using a sandwich-ELISA kit for BMP2
according to manufacturer instructions (R&D Systems, Minneapolis, Minnesota). Briefly,
50μl of each media sample was added to a microplate well and incubated at room
temperature on an orbital shaker. After incubation, BMP2 protein was captured by the
coated antibody. Following extensive washing, a BMP2 monoclonal antibody was added to
detect the captured BMP2 protein. Hydrogen peroxide and tetramethylbenzidine solution
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was added and allowed to incubate at RT for 30 minutes, protected from light. Sulfuric acid
stop solution was added, then optical density proportional to the amount of protein present
was measured (absorbance of each well was measured at λ = 450nm). All samples were
measured in duplicate and each condition was represented by three samples.

For co-culture experiments, primary sternal chondrocytes from P4 β-cateninfx(exon3)/wt mice
were isolated and plated at high density on Transwell polycarbonate membrane inserts with
a 0.4μm pore size (Corning, Lowell, MA). Twenty-four hours later, cells were infected with
either Ad5-CMV-GFP or Ad5-CMV-Cre adenoviruses at equivalent MOIs. Forty-eight
hours later, virus was removed and chondrocyte inserts were immediately transferred to
plates containing confluent MC3T3 E1 or ST2 osteoprogenitor cells. Using this co-culturing
system, the chondrocytes were suspended above the osteoprogenitor cells. Cell-to-cell
contact was prohibited, but the high pore density of the Transwell membrane allowed for
paracrine signaling between the two cells types to occur. Cells were co-cultured in
osteogenic differentiation medium (alpha-MEM containing 10% FBS, 100 IU/ml penicillin,
100 μg/ml streptomycin, 50 μg/ml ascorbic acid, and 10 mM β-glycerophosphate) with
media changes every two days until harvest. MC3T3 E1 cells were harvested after five days
in co-culture and ST2 cells after four days in co-culture. mRNA and protein were isolated
using the PARIS kit (Life Technologies, Grand Island, NY). For alkaline phosphatase
staining experiments, cells were first fixed in 4% paraformaldehyde and then stained with a
NBT/BCIP solution (Thermo Scientific, Rockford, IL).

Results
Cartilage-derived β-CATENIN promotes chondrocyte maturation and POC formation

To determine whether cartilage derived WNT/β-CATENIN signaling directly regulates
chondrocyte maturation, we performed in vivo studies analyzing cartilage-specific βcat GOF
and βcat LOF mutant embryos at E14.5, E15.5, E16.5, and E18.5 for defects in cartilage and
endochondral bone development (Fig. 1; Supp. Fig. 1). H&E stained longitudinal sections of
the humerus from E14.5 βcat GOF mouse embryos displayed lengthening of the
hypertrophic region of cartilage as compared to wild-type (WT) littermate controls,
suggesting an earlier onset or a more accelerated progression of chondrocytes towards
hypertrophy (Fig. 1A). By E16.5 and E18.5, differences suggestive of advanced chondrocyte
hypertrophy and maturation are observed (Fig. 1B,C). The distance from the epiphysis to the
edge of mineralized bone is consistently shorter in βcat GOF mutant sections than in control
sections (Fig. 1B). In E18.5 WT and βcat GOF humerus sections, the average hypertrophic
zone to epiphysis distances were 1.2673 mm and 1.1641 mm (p<0.05), respectively, as
measured by taking the greatest perpendicular distance from the pre-hypertrophic/
hypertrophic chondrocyte boundary to the articular region of the epiphysis. Such a finding
suggests advanced chondrocyte maturation since as chondrocyte maturation occurs, the
hypertrophic front progresses towards the articular region of the epiphysis and the
mineralized bone front follows. At E16.5 and E18.5 when pre-hypertrophic and
hypertrophic cells are normally organized into columns, cells of βcat GOF mutant mice are
highly disorganized and exist in clusters such that columnar organization of cartilage cells
appears to be lost (Fig. 1B,C).

In H&E sections from βcat LOF embryos, an opposing phenotype is observed such that
there is a delayed onset of chondrocyte hypertrophy, as well as a stunted progression
towards chondrocyte maturation. While E15.5 WT humerus sections reveal the cellular
appearance of regularly organized growth plates and newly forming primary ossification
centers (POC) with wedges of mineralized bone entering the diaphysis, sections from βcat
LOF littermates show only a small hypertrophic zone, disorganized pre-hypertrophic cells,
and no primary ossification center (Fig. 1D). In contrast, sections from βcat GOF mice at
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E15.5 show advanced chondrocyte maturation and POC development (Supp. Fig. 1A). At
E18.5, βcat LOF embryos appear to catch up in terms of developing a POC; however the
POC is shorter (Supp. Fig. 1B) and the growth plate cartilage remains disorganized with
fewer hypertrophic chondrocytes as compared to that of WT littermate controls (Supp. Fig.
1B). These findings suggest that β-catenin expressed in chondrocytes is critical in promoting
chondrocyte maturation, organization, and POC formation.

In situ hybridization gene expression studies further elucidate the phenotypes revealed by
H&E staining. At E14.5, Ihh expression domains were further apart from one another and
more dispersed into regions of columnar chondrocytes in βcat GOF humerus sections than in
WT controls (Fig. 2Aa–b). Correspondingly, the Col10a1 expression domain that marks
hypertrophic chondrocytes is longer in βcat GOF humerus sections than in WT controls
(Fig. 2Ac–d). These findings support that activation of β-catenin in immature chondrocytes
induces an early hypertrophic differentiation program. TUNEL staining of E18.5 cartilage
sections reveal no differences in cell death, suggesting that programmed cell death is not
activated prematurely throughout the growth plate region. Complementing these findings, at
E15.5, βcat LOF (Col2a1-CreERT2;β-cateninfx/wt) specimens show diminished markers of
chondrocyte maturation; Ihh as well as Col10a1 domains are smaller (Fig. 2B). Taken
together, the findings presented here distinguish cartilage-specific β-CATENIN as an
integral factor that promotes the initiation of the POC by supporting chondrocyte
organization and maturation.

Cartilage-derived β-CATENIN induces perichondrial bone formation
Further examination of histological sections from embryos of βcat GOF and LOF mice
reveal not only changes in cartilage phenotypes but also in perichondrial bone formation.
H&E humerus sections of E18.5 βcat GOF forelimbs (Fig. 3Ab) display a robustly
thickened perichondrial bone collar with numerous cuboid, osteoblastic cells within the
cambial layer of the perichondrium. Alternatively, WT littermate control sections displayed
a very thin perichondrial bone matrix with primarily flattened osteoblastic cells lining the
matrix (Fig. 3Aa). The enhanced perichondrial bone formation can be observed in the long
bones of both fore- and hind-limbs from βcat GOF mice, suggesting that cartilage-specific
over-expression of β-CATENIN results in a cell non-autonomous bone phenotype in
addition to the effects observed on chondrocyte maturation. To verify that the enhanced
perichondrial bone formation phenotype was derived specifically from cartilage in a cell
non-autonomous manner and not due to a cell autonomous β-catenin mediated trans-
differentiation of chondrocytes to the osteoblast lineage, we analyzed lineage specific
recombination in E18.5 Col2CreERT2; R26R fx/+ and Col2CreERT2; β-catenin fx(ex3)/fx(ex3);
R26R fx/+ mice following tamoxifen induction at E13.5. Staining for β-galactosidase activity
was performed on frozen sections of the humerus (Supp. Fig. 2). Lineage tracing analyses of
the β-galactosidase stained sections revealed that recombination caused by the inducible
Col2CreERT2 transgene, either in the absence or presence of activated βcat GOF alleles,
remains primarily chondrocyte specific and cannot be observed in the developing
perichondrium. Therefore, these data support that β-CATENIN accumulation in
chondrocytes has cell non-autonomous effects resulting in enhanced perichondrial bone
formation.

To determine whether cartilage-specific β-CATENIN signaling promotes perichondrial
osteoblast differentiation, we performed in situ hybridization gene expression studies
analyzing markers of osteoblast differentiation. At E14.5, Bone sialoprotein (Bsp) is
expressed in a thicker and broader domain within the developing perichondrium of βcat
GOF embryos as compared to WT controls (Fig. 3Ca–b). Alternatively, even as late as
E16.5, βcat LOF humerus sections have minimal Bsp expression within the perichondrium,
while WT controls show significant Bsp expression throughout the perichondrium
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surrounding the pre-hypertrophic and hypertrophic chondrocytes (Fig. 3Cc–d). At E18.5, the
type I collagen (Col1a1), Bsp, and Osteocalcin (Oc) expression domains, which mark
progressively more differentiated osteoblasts, are more robust and extend further within the
perichondrium towards the groove of Ranvier in βcat GOF tibia and humerus sections as
compared to WT littermate controls (Fig. 3B).

To determine specifically whether βcat GOF chondrocytes were capable of inducing
osteogenic differentiation in a cell-non-autonomous manner, we performed co-culture
experiments in which osteoprogenitors (MC3T3 E1 and ST2 cells) were physically
separated from chondrocytes overexpressing β-CATENIN via a transwell membrane, which
allows cells to be exposed to the same media. Western blot analyses indicated that β-
CATENIN was overexpressed in Ad5-CMV-Cre infected βcat GOF chondrocyte cultures
(Fig. 3Da; Supp. Fig. 4). Co-cultured MC3T3 E1 and ST2 osteoprogenitors demonstrated
increased alkaline phosphatase activity in Ad5-CMV-Cre infected βcat GOF chondrocyte
co-cultures as compared to Ad5-CMV-GFP infected controls (Fig 3Db; Supp. Fig. 4).
Consistent with enhanced osteogenic differentiation, MC3T3 E1 cells co-cultured with β-
CATENIN overexpressing chondrocytes displayed elevated levels of the osteogenic
markers, Alkaline phosphatase, Bone sialoprotein, and Osteocalcin, as well as, the osteoblast
transcription factor, Runx2, as compared to controls (Fig. 3Dc).

TRAP (Tartrate Resistant Acid Phosphatase) staining of frozen sections of E18.5 βcat GOF
and WT forelimbs showed no detectable difference in the number of TRAP-positive stained
cells when comparing βcat GOF mutant and control sections (Supp. Fig. 3). This suggests
the enhanced perichondrial bone collar was caused solely by osteoblastic formation and not
as a result of impaired bone resorption. Taken together, these findings demonstrate that β-
CATENIN regulates differentiation and cellular communication not only within populations
of chondrocytes, but also between chondrocytes and osteoblasts.

Cartilage-derived β-CATENIN promotes SOC formation
While POCs of endochondral bones form at E15.5 during mouse embryonic development,
SOCs normally begin to form after birth around post-natal day 5–7. However, cartilage-
specific βcat GOF induces formation of the SOC during embryonic development while
cartilage-specific βcat LOF delays SOC formation during post-natal development (Fig. 4
and Supp. Fig. 5B). H&E staining of E18.5 fore and hind limbs from βcat GOF embryos
reveals enlarged cells within the epiphyseal cartilage regions, reminiscent of hypertrophic
cells found in the epiphyses during SOC formation in post-natal mice (Fig. 1C, 3Ab, and
4Ab). At high power, the group of cells in the center of the epiphyses (Fig. 1Cb; yellow box)
are distinct from the round, resting chondrocytes surrounding them (Fig. 1Cb; red box) in
that they have more cytoplasmic area. They also appear to be distinct from growth plate
hypertrophic cells (Fig. 1Cb; green box) in that their nuclei are more condensed and total
cell volume appears to be less; at high magnification, they resemble the hypertrophic
chondrocytes in secondary ossification centers as shown by others in the literature (6, 27).
Using in situ hybridization gene expression analyses for cartilage differentiation markers,
we determined that the enlarged cells in the E18.5 βcat GOF epiphyses are indeed
hypertrophic chondrocytes as they express the hypertrophic marker, Col10a1 (Figure 4Ac–
d) and the pre-hypertrophic marker, Ihh (Fig. 6Ba–b). In mice with the most robust SOC
phenotype at E18.5, the hypertrophic chondrocytes of the SOC and the hypertrophic
chondrocytes localized to the end of the growth plate appear to nearly merge (Fig. 1F, 3Ab,
4Ad, 4Cb).

When Cre-recombination in βcat GOF mice was induced at post-natal day 1 (P1) by
subcutaneous tamoxifen injection into the dorsal cervical fat pad, the proximal humerus
from P4 GOF pups displayed early SOC formation and vascular invasion when compared to
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littermate controls (Supp. Fig. 5A). Additionally, induction of Cre-recombination at P1 in
βcat LOF mutants resulted in delayed progression of SOC formation. Careful inspection of
serial sections of the proximal humerus in mutant and WT animals showed that even at P5,
when the WT proximal humerus has started to display hypertrophic chondrocytes in the
epiphysis, that from the LOF mutant has not (Supp. Fig. 5B). These data indicate that
cartilage-specific β-CATENIN signals are important mediators of epiphyseal chondrocyte
hypertrophy, which precedes normal SOC formation.

An important event in SOC formation is the appearance of cartilage canals, which bring
vascularization to the epiphyseal area and, eventually, invading osteogenic cells. H&E
stained humerus sections from multiple cartilage elements at E18.5 in both WT and βcat
LOF embryos showed no evidence of cartilage canal invasion and vascularization within the
epiphyseal cartilage, while E18.5 βcat GOF embryos displayed robust cartilage canals
containing early vascular tissue complete with red blood cells (Fig. 4B). These data suggest
that cartilage-specific β-CATENIN signals induce vascular cues necessary for SOC
formation. This finding is further supported by the early expression of Mmp9, Mmp13, and
Mmp14 present in the epiphyses of βcat GOF, but not WT, endochondral bones (Fig. 4C).
MMP signals have been shown to be important mediators of cartilage canal and SOC
formation during normal development (6), and these data suggest that β–CATENIN signals
may drive the expression of several Mmp genes during this process. Furthermore, the βcat
GOF embryos that display the most advanced SOC formation at E18.5 also show significant
osteoblastic gene expression, Col1a1 and Bsp, in regions closely associated with the
cartilage canals, vascular invasion, and SOC formation (Fig. 3Bb, Bd). These data likely
reflect the presence of invading osteoblasts in the primitive SOC that have migrated from
the perichondrium via cartilage canals or have been brought in by vascular invasion.

Cartilage-derived β-CATENIN regulates BMP2 and IHH signaling during endochondral
bone development

During endochondral bone development, multiple signals, including WNT/β-CATENIN,
BMP, and IHH, influence chondrogenesis and osteogenesis, chondrocyte proliferation and
hypertrophy, and vascular invasion. BMP2, in particular, is known to play a critical role in
both bone development (28–30) and bone repair (31, 32), while several BMP ligands
(BMP2, 4, 6, 7, and GDF5) have been identified as targets of WNT/β-CATENIN signaling
in various skeletal lineages (11, 33–35). IHH has also been identified as an important
regulator of chondrocyte hypertrophy, osteoblast differentiation, and perichondrial bone
formation (16, 24, 36–38), as well as, a direct target of the BMP pathway in chondrocytes
(39). We therefore set out to examine whether chondrocyte-derived β-CATENIN signaling
regulates chondrocyte maturation, POC and SOC formation, and perichondrial bone
formation via modulations of the BMP and IHH pathways.

To determine whether cartilage-specific β-CATENIN signals regulate the BMP pathway, we
first performed IHC analyses for β-CATENIN, BMP2, and pSMAD 1/5/8 on E18.5 humerus
sections from WT and βcat GOF embryos (Fig. 5). These data show a marked increase in β-
CATENIN throughout most of the immature cartilage with a specific concentration in pre-
hypertrophic cells surrounding the hypertrophic chondrocytes of the growth plate and SOC
of βcat GOF (Fig. 5Ab) sections as compared to WT sections (Fig. 5Aa). We also observed
enhanced BMP2 immunostaining in the same cartilage cell populations (Fig. 5Ad).
Corresponding to the elevated levels of BMP2 in βcat GOF cartilage sections, we observed
significantly higher levels of phosphorylated SMAD 1/5/8 immunostaining that was
primarily restricted to the same cell populations as those expressing β-CATENIN and BMP2
(Fig. 5Af).
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To examine whether chondrocyte-specific β-CATENIN activation can regulate BMP/
SMAD signaling in both chondrocytes and osteoblasts, we performed several in vitro GOF
and LOF studies in which primary chondrocytes were isolated from β–catenin fx(exon3)/wt or
Col2CreERT2; β–catenin fx/fx mice and treated with adenoviral-Cre-recombinase (ad-Cre) or
4-hydroxytamoxifen (4OHT) to induce gene recombination. We found that activation of β-
CATENIN signals in primary chondrocyte cultures led to a 2.5 fold increase in Bmp2
expression when compared to untreated or adenoviral-GFP (Ad-GFP) infected controls (Fig.
5B), while other Bmp genes (Bmp4, Bmp6) showed no significant changes in gene
expression as assessed by real-time RT-PCR. Conversely, treatment of Col2CreERT2; β-
catenin fx/fx chondrocyte cultures with 4OHT to induce recombination and deletion of β-
catenin floxed alleles resulted in a greater than 80% decrease in Bmp2 expression (Fig. 5C).
To assess β-CATENIN mediated effects on BMP2 production, secretion, and signaling, we
performed BMP2 ELISA assays and Western blot analyses on protein collected from
cultured chondrocyte media and total cell lysates, respectively. These data demonstrated that
secreted BMP2 protein levels, as measured by ELISA, were increased by 30% in Ad-Cre
infected GOF cultures over Ad-GFP controls (Fig. 5D). Western blot analyses of Ad-Cre
infected GOF cultures revealed a significant accumulation of the truncated, degradation-
resistant β-CATENIN protein (lower band), which equaled or exceeded endogenous levels
(upper band) (Fig. 5E). While cellular BMP2 levels in Ad-Cre infected cultures did not
appear to be significantly higher than Ad-GFP controls, we clearly observed enhanced
phosphorylated SMAD 1/5/8 (pSMAD 1/5/8) with no change in total SMAD 1/5/8 levels
(Fig. 5E). Taken together, we interpret these data as a chondrocyte-derived β-CATENIN
mediated enhancement of BMP2 secretion and signaling, leading to activation of the SMAD
pathway in chondrocytes. MC3T3 E1 and ST2 cells co-cultured with β-CATENIN
overexpressing chondrocytes also displayed elevated phosphorylated SMAD 1/5/8 (pSMAD
1/5/8) and no change in total SMAD 1/5/8 levels (Fig. 5F,G). These data support a potential
role for chondrocyte-specific β-CATENIN induced BMP2 secretion and paracrine activation
of BMP/SMAD signaling in osteoblasts.

Since Indian Hedgehog (IHH) is a critical mediator of chondrocyte maturation,
vascularization, and perichondrial bone formation during endochondral bone development
as well as it is a target of BMP/SMAD signaling, we assessed Ihh expression and IHH
signaling activity in WT and βcat GOF humerus sections. At E16.5, Ihh is expressed in an
expanded domain of pre-hypertrophic and hypertrophic chondrocytes in βcat GOF humerus
sections (Fig. 6Aa,b), while Ptc1, a downstream target of IHH signaling, is highly up-
regulated throughout the immature chondrocytes of the epiphyses and the surrounding
perichondrial osteoblasts (Fig. 6Ac,d) as compared to WT control sections. By E18.5, βcat
GOF humerus sections display diffuse Ihh expression throughout the pre-hypertrophic and
hypertrophic chondrocytes of the developing SOC and the growth plate (Fig. 6Ba,b).
Additionally, in E18.5 βcat GOF sections, Ptc1 expression continues to be elevated in the
immature chondrocytes of the epiphyses and in the surrounding perichondrial osteoblast
population when compared to WT controls (Fig. 6Bc,d).

We also performed in vitro co-culture assays to determine whether chondrocyte-specific β-
CATENIN overexpression activates the IHH pathway in both chondrocytes and osteoblasts.
Following activation of β-CATENIN in chondrocytes, we were able to detect a modest
upregulation of IHH protein expression, although expression of the IHH target genes, Ptch1
and Gli1, was not enhanced in either the chondrocytes or co-cultured osteoprogenitors
(MC3T3 E1 and ST2 cells).
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Discussion
Utilizing in vivo and in vitro cartilage-specific β-catenin GOF and LOF models, we have
provided data to support that β-CATENIN from chondrocytes promotes chondrocyte
maturation, enhances perichondrial bone formation, initiates cartilage vascularization, and
drives the formation of primary and secondary ossification centers via direct signaling from
chondrocytes. Furthermore, we provide molecular data supporting that cartilage-specific β-
CATENIN regulation of these processes are potentially mediated via modulations of the
paracrine signaling factors, BMP2 and IHH.

WNT/β-CATENIN signaling has previously been implicated in regulating chondrocyte
hypertrophy and maturation in vivo, although whether this process is regulated directly by
β-CATENIN signals in committed chondrocytes or surrounding perichondrial tissue has not
previously been resolved. Several studies have incorporated gain- or loss-of-function floxed
alleles of β-catenin using the Dermo1Cre (16), Prx1Cre (10, 11), and Col2Cre (9, 12, 13)
transgenes that target recombination to mesenchymal progenitors and chondro-
osteoprogenitors, which give rise to both committed chondrocytes and osteoblasts. These
studies demonstrate the importance of WNT/β-CATENIN signaling in regulating the onset
and progression of chondrocyte hypertrophic differentiation, establish WNT/β-CATENIN as
a vital regulator of the perichondrial osteoblast lineage, and show that the perichondrium is
critically important in controlling chondrocyte proliferation and differentiation. The current
study supports previous reports of β-CATENIN’s role in endochondral bone formation,
while providing further detail as to the specific role of chondrocyte-derived β-CATENIN.

To our knowledge, this is the first work to identify cartilage-derived β-CATENIN signals as
an initiating factor in both POC and SOC formation. These are complicated processes that
require precise timing of chondrocyte maturation, cartilage matrix turnover, vascular
invasion, and migration of osteoblastic and hematopoietic cell populations. While processes
that initiate SOC formation are largely unknown, one well accepted model is that cartilage
canal formation, followed by vasculogenesis, precedes SOC formation, and that members of
the family of matrix metalloproteinases (namely MMP9, MMP13 and MMP14 (MT1-
MMP)) are critical in cartilage canal formation (5, 6, 27, 40). As suggested by our in situ
hybridization findings, β-CATENIN from chondrocytes possibly regulates these signals to
promote cartilage canal formation and SOC initiation. IHH/GLI2 signaling is another critical
regulator of the earliest stages of cartilage vascularization, as well as, a player in
maintaining the persistence of vascular structures in the developing cartilage (41, 42).
Further, in other cell types, IHH has been shown to increase MMP14 expression and
localization to promote cellular migration (43). Our in vivo βcat GOF data suggests a role
for β-CATENIN in mediating both MMP and IHH activity in cartilage, which ultimately
promote clearance of cartilage matrix and vascular invasion at sites of both POC and SOC
formation. Another striking finding uncovered by the chondrocyte-specific genetic
manipulation of β-CATENIN signaling is the cell non-autonomous regulation of
perichondrial bone formation.

Since gene recombination in both our βcat GOF and LOF mouse models is induced at a
developmental time by which chondrocyte and osteoblast cell fates have been determined,
and since gene recombination is specific to chondrocytes, the resulting bone phenotypes are
not likely due to changes in cell fate via cell autonomous mechanisms. Instead, the
alterations to perichondrial bone formation are highly suggestive of a paracrine effect
elicited by cartilage-specific modulations in β-CATENIN signaling. In fact, our in vitro co-
culture experiments demonstrated that β-CATENIN activation in chondrocytes promoted
both osteogenic differentiation and BMP/SMAD signaling within osteoprogenitors via a cell
non-autonomous paracrine effect. While the β-CATENIN mediated BMP/SMAD signaling
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effects were recapitulated both in vivo and in vitro, we were only able to identify β-
CATENIN mediated effects on IHH signaling to chondrocytes and osteogenitors in vivo.
Since IHH induces the expression of one of its own co-receptors, PTCH1, it is possible that
the abundance of PTCH1 on the chondrocyte cell surface would sequester IHH and limit its
availability to co-cultured osteoprogenitors. More intricate in vitro studies would need to be
designed in the future to confirm a β-CATENIN mediated IHH signaling effect on co-
cultured cells as seen in vivo. Taken together, β-CATENIN mediated induction of these
secreted molecules potentially leads to the early onset of osteoblast differentiation and
enhanced perichondrial bone formation.

β-CATENIN and BMP/IHH signaling have been shown to interact in other contexts. In
tissues of varied origin, BMP and WNT signaling appear to interact with one another to
regulate processes involving differentiation and proliferation, and both inhibitory and
facilitative relationships have been described between these pathways (44–46). During limb
development, the relationship between these two pathways is varied and shown to be
important during multiple processes (10, 17, 28, 30, 34, 47–61). Our cartilage-specific
genetic manipulations of β-CATENIN have uncovered more examples in which the β-
CATENIN and BMP/IHH signaling pathways synergistically regulate multiple aspects of
cartilage and bone development. Our finding regarding β-CATENIN’s influence on BMP2
signaling in vivo and in vitro resonates with the recent literature in which BMP2 was
identified as the critical BMP ligand regulating chondrocyte maturation (62). Interestingly,
we found that βcat GOF enhanced IHH signaling in vivo, conventionally thought to inhibit
chondrocyte maturation. However, this signal was not enough to inhibit the β-CATENIN/
BMP2 mediated chondrocyte maturation. It has been demonstrated that IHH can promote
chondrocyte maturation independent of normal IHH/PTHrP signaling, which delays
chondrocyte hypertrophy (38), and it may be that in the context of β-CATENIN mediated
IHH signaling, IHH signals in a manner to promote chondrocyte maturation.

To summarize, our findings support that cartilage-derived β-CATENIN is a key player in
regulating chondrocyte maturation, generation of ossification centers, and perichondrial
bone formation during skeletal development. Our findings lead us to suggest the model
depicted in Figure 7. In this model, chondrocyte-specific β-CATENIN is a prominent
inducer of chondrocyte hypertrophy and maturation, as well as, osteoblast differentiation
and perichondrial bone formation, via BMP2 signaling. Additionally, chondrocyte-derived
β-CATENIN potentially mediates the induction of MMPs and IHH during POC and SOC
formation to initiate cartilage matrix resorption and vascularization in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H&E histology of humerus from βcat GOF, LOF, and WT embryos
(A) Humerus sections from E14.5 WT (Aa) and β-cat GOF (Ab) littermate embryos (10X)
with hypertrophic zone highlighted by double-headed arrows at high power (40X). (B) WT
(Ba) and β-cat GOF (Bb) humerus at E16.5 with epiphysis to growth plate highlighted by
yellow arrows (5X). (C) WT (Ca) and β-cat GOF (Cb) humerus at E18.5 (5X) with high
power (40X) images of WT growth plate hypertrophic chondrocytes (blue box), and of GOF
resting (red box), SOC (yellow box), and growth plate chondrocytes (green box). (D)
Humerus from WT (Da) and βcat LOF (Db) littermates at E15.5 (5X) with high power (40x)
magnification of mid-diaphysis.
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Figure 2. Cartilage-specific β-CATENIN signaling regulates chondrocyte maturation
(A) In situ hybridization for Ihh (Aa–b) and Col10a1 (Ac–d) on WT and βcat GOF humerus
sections at E14.5 (signal in red). (B) Ihh (Ba–b) and Col10a1 (Bc–d) gene expression in WT
and βcat LOF (Col2a1-CreERT2; β-cateninfx/wt) humerus sections at E15.5.
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Figure 3. Cartilage-specific β-CATENIN signaling regulates perichondrial bone formation
(A) H&E stained sections of the proximal humerus from E18.5 WT (Aa) and βcat GOF (Ab)
littermates (10X), with corresponding areas around the growth-plate and bone collar boxed
in green and shown at higher magnification (20X). Yellow arrows mark the width of the
perichondrial bone collar. (B) In situ hybridization for osteoblast differentiation markers
Col1a1 in the tibia (Ba–b), Bsp in the tibia (Bc–d), and Oc (Be–f) in the humerus of E18.5
WT and GOF embryos (10X). Green arrows denote advanced osteoblastic gene expression
in the perichondrium. (C) In situ hybridization for osteoblast differentiation marker, Bsp, at
E14.5 in WT and βcat GOF humerus sections (10X) (Ca–b) and at E16.5 in WT and βcat
LOF littermates (5X) (Cc–d). (D) Data from co-culture of MC3T3 E1 osteoprogenitors with
β-cat GOF chondrocytes. (Da) Alkaline phosphatase activity in osteoprogenitors co-cultured
with β-CATENIN overexpressing chondrocytes and control. (Db) Overexpression of β-
CATENIN in Ad-Cre infected chondrocytes is shown by Western blot with alpha-tubulin
control. (Dc) mRNA expression of osteoblast differentiation markers (Alkaline phosphatase,
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Bone sialoprotein, Osteocalcin) and the transcription factor, Runx2, in MC3T3 E1 cells after
co-culture with β-cat GOF chondrocytes.
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Figure 4. Cartilage-specific β-CATENIN signaling regulates SOC formation
(A) H&E stained sections of E18.5 tibia and femur from WT (Aa) and βcat GOF (Ab)
littermates, green arrows depict hypertrophic chondrocytes in the epiphyses of βcat GOF
specimens (5x). In situ hybridization for Col10a1, a hypertrophic chondrocyte marker, in
adjacent WT (Ac) and GOF (Ad) sections. Green arrows highlight hypertrophic marker
expression in the epiphyses of βcat GOF hind limb sections. (B) H&E stained sections at
10X and 20X of the proximal humerus from an E18.5 βcat GOF embryo. Green box and
black arrows highlight a forming cartilage canal. (C) H&E stained sections (Ca–b) of WT
and βcat GOF proximal humerus with corresponding in situ hybridization of adjacent
sections for Mmp13 (Cc–d), Mmp9 (Ce–f), and Mmp14 (Cg–h). Yellow boxes highlight an
area of cartilage canal formation (10X).
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Figure 5. β-CATENIN regulates BMP/SMAD signaling in cartilage in vivo and in βcat GOF and
LOF sternal chondrocyte cultures
(A) Immunohistochemistry for β-CATENIN (Aa–b), BMP2 (Ac–d) and phosphorylated
SMAD 1/5/8 (Ae–f) proteins in sections of the proximal humerus of E18.5 WT and βcat
GOF littermates at low power (10x) and high power (40X). (B) Bmp2 mRNA expression in
cultured sternal chondrocytes from 3-day old β-catenin(exon3)/(exon3) (βcat GOF) mice
treated with adenoviral infection of Cre-recombinase (Ad-Cre) or GFP (Ad-GFP) control.
(C) Bmp2 mRNA expression in cultured sternal chondrocytes from 3-day old
Col2a1-ERT2Cre+;β-cateninfx/fx (βcat LOF) mice treated with tamoxifen (4OHT) or vehicle
(veh.) control. (D) Secreted BMP2 protein expression in culture media as detected by
ELISA from βcat GOF cells infected with Ad-GFP control or Ad-Cre. (E) Western Blot for
β-CATENIN, BMP2, phosphorylated SMAD 1/5/8, total SMAD 1/5/8, and β-ACTIN
proteins in βcat GOF and control sternal chondrocyte culture as described in (B). (F–G)
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Western Blot for phosphorylated SMAD 1/5/8, total SMAD 1/5/8, and β-ACTIN in MC3T3
E1 cells (G) and ST2 cells (H) co-cultured with β-cat GOF cells.
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Figure 6. β-CATENIN regulates IHH signaling in cartilage
(A) In situ hybridization for Ihh (Aa–b) and Ptch-1 (Ac–d) expression (red signal) in the
humerus of E16.5 WT and βcat GOF littermates (5X). (B) In situ hybridization for Ihh (Ba–
b) and Ptch-1 (Bc–d) expression in the proximal humerus of E18.5 WT and βcat GOF
littermates (5X).
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Figure 7. Model for chondrocyte-derived β-CATENIN regulation of chondrocyte maturation,
ossification center formation, and perichondrial bone development
The findings presented here fit a model in which chondrocyte-derived β-CATENIN not only
influences chondrocyte maturation but also results in the increased expression of MMPs and
IHH in vivo, which potentially contribute to cartilage canal formation, vascularization, and
POC and SOC development. Additionally, β-CATENIN activation in chondrocytes results
in enhanced BMP2, and possibly IHH, signaling that promotes osteoblast differentiation and
perichondrial bone formation in a cell non-autonomous manner. Finally, the β-CATENIN
mediated enhancement of BMP2 signaling in chondrocytes results in accelerated
chondrocyte maturation and hypertrophy.
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