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Fig. 6. Analysis of chondrocyte proliferation in B-catenin and Ptch7 mutant embryos. (A) BrdU-labelled cells were detected by
immunohistochemistry on sections of the developing tibia at 14.5 dpc. Zone | (resting zone) contains slow proliferating chondrocytes and Zone |l
(proliferative zone) contains fast proliferating chondrocytes. For each genotype, BrdU-labelled and total chondrocyte numbers in the boxed regions
were counted from three different samples to find the mean. (B) Comparison of BrdU-labelled chondrocytes in Zone | and Il in different mutants.
Three samples were counted, and the meanzs.d. and statistically significant P-values are shown.

type cartilage at 14.5 and 18.5 dpc (Fig. 7A,B). In the Catnb”";
Col2al-Cre mouse embryo, slightly more cells in the resting and
proliferative zones expressed p21 at 14.5 dpc (Fig. 7A). Strikingly, at
18.5 dpc, significantly more cells in the proliferative and resting
zones of the Catnb”~; Col2al-Cre embryo expressed p21 (Fig. 7B).
But in the double mutant embryo, p21 expression was reduced to a
level similar to that in the Pich19~; Col2al-Cre embryo at both 14.5
and 18.5 dpc (Fig. 7A,B), indicating that p21 expression is inhibited
by both the Wnt/3-catenin and Hh signaling pathways in proliferative
and resting chondrocytes, and that Hh signaling acts downstream of
Whnt/B-catenin signaling. It should be noted here that, in contrast to
cyclin D1 expression, changes in p57 and p21 expression did not
correlate with those of chondrocyte proliferation in the mutants. pS7
or p21 expressing cells were increased in either Ptch19~; Col2al-Cre
or Catnb”~; Col2al-Cre embryos, respectively, but there was no
corresponding reduction in cell proliferation (Figs 6, 7). As p21 acts,
not only as an inhibitor for cell proliferation, but also as a regulator
of cell death with both anti- and pro-apoptotic function depending on
the cellular context (Gartel and Radhakrishnan, 2005; Tsao et al.,
1999; Wang et al., 2005; Yamamoto and Nishioka, 2005), we
examined cell death by TUNEL assay. In the wild-type embryo, cell
death was mostly observed in the joint and the most mature
hypertrophic chondrocytes at 18.5 dpc. Cell death was not evident in
the proliferative and resting chondrocytes (Fig. 7B). By contrast, in
the Catnb®~; Col2al-Cre embryo at 18.5 dpc, extensive cell death
was detected in both proliferative and resting chondrocytes, and this
cell death phenotype was completely suppressed in the Ptchl?;
Catnb”"; Col2al-Cre embryo (Fig. 7B). These data demonstrate that
Whnt/B-catenin acts upstream of the Hh signaling pathway in
promoting chondrocyte survival, and further suggest that p57 and p21
may act downstream of canonical Wnt and Hh signaling in this
process.

Loss of Wnt/B-catenin signaling synergizes with
activation of lhh signaling in causing synovial
joint fusion

The synovial joint fusions in Ptch1~; Col2al-Cre embryos (Fig.
2H) prompted us to investigate whether Ihh signaling is activated
during normal synovial joint formation by examining the

expression of Hip1, a transcriptional target of Hh signaling, at 14.5
dpc. We found that Hipl was expressed strongly in the joint region
(Fig. 8A), as well as Glil and Ptchl (data not shown). These
results indicate that Hh signals to the joint cells directly and that
Hh signaling may need to be kept at a low level to allow normal
joint formation. The joint cells may be more responsive to Hh
signaling, as the Hh signaling transcriptional targets Glil and Hip1
were activated more strongly in the joint region than in the
neighboring chondrocytes in Ptch1¥; Col2al-Cre embryos (Fig.
3B). Interestingly, we found extensive synovial joint fusions in the
Ptch1~; Catnb®~; Col2al-Cre double mutant, which were much
more severe than each of the single mutants that only exhibited
mild fusions in some joints (Fig. 2H) (see also Guo et al., 2004).
For instance, the elbow joint was normal in both Ptchl - Col2al-
Cre and Catnb”~; Col2al-Cre single mutant embryos, but was
completely fused in the double mutant (Fig. 8B). To test whether
the joint ever forms in the double mutant, we examined the earliest
elbow joint development at 12.5 dpc when the elbow joint
interzone has just formed (see Fig. S1 in the supplementary
material). We found that the elbow joint interzone failed to form
only in the double mutant embryos, based on both morphological
and molecular criteria (see Fig. S1 in the supplementary material).
These results indicate that the inhibition of canonical Wnt
signaling was strongly enhanced by the activation of Thh signaling,
thus causing synovial joint fusion.

Consistent with previous findings in Col2al-Gal4; UAS-Ihh
mouse embryos (Minina et al., 2002), we observed that the
expression of Bmp7, and to a lesser extent, Bmp2 and Bmp4, but not
the joint marker Gdf5, was activated in chondrocytes, perchondrium
and the forming joint region in both Ptchi~; Col2al-Cre and
Ptch1”~; Catnb®~; Col2al-Cre mutant embryos (Fig. 8C). Because
Bmp signaling acts to inhibit synovial joint formation (Brunet et al.,
1998; Tsumaki et al., 2002; Zou et al., 1997), it is likely that the Bmp
genes mediate the activity of Ihh signaling in regulating synovial
joint formation and that canonical Wnt signaling interacts with Ihh
signaling indirectly through Bmps. We tested this possibility directly
by culturing the limb buds from 12.5 dpc wild-type and Ptchi~;
Col2al-Cre mutant embryos. Bmp signaling was inhibited in the
culture by the addition of noggin, a Bmp inhibitor. The humerus-
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scapula joint was fused in the Ptch1“~; Col2al-Cre mutant embryos
in vivo and in vitro, and cells in the presumptive joint area
maintained chondrocyte-specific Safranin O staining. Importantly,
in the noggin-treated Ptch1°~; Col2al-Cre embryos (n=3), many
cells in the humerus-scapula joint were elongated and had much
lighter Safranin O staining, thereby resembling those joint cells
found in the wild-type embryos (Fig. 8D). Furthermore, we found
that the expression of the joint marker Gdf5 was lost in the humerus-
scapula joint of the Ptchl”~; Col2al-Cre mutant, but was
significantly rescued by noggin treatment (see Fig. S2 in the
supplementary material), demonstrating that joint formation was
rescued in the Ptchl“~; Col2al-Cre mutant by blocking Bmp
signaling. Noggin did not affect joint formation in the wild-type

p21 Fig. 7. Expression of cell
_— cycle regulators and
apoptosis in B-catenin and
Ptch1 mutant embryos.
Results of
immunohistochemistry with
the indicated antibodies on
limb sections of the indicated
genotypes is shown.
(A) Expression of the
indicated cell cycle regulators
in the distal humerus at 14.5
dpc. Boxed areas
representing negative (left)
e . and positive (right) staining
: . regions in the wild-type
sample and corresponding
regions in every mutant are
D D 0 shown at higher
magnification as insets in the
lower left and right corners,
respectively. (B) Expression of
p21 and detection of cell
death by fluorescent TUNEL
assays on tibia sections at
18.5 dpc. Apoptotic cells are
stained green; nuclei are
stained blue by DAPI. p21
expression and apoptosis
were greatly increased in the
Catnb®; Col2a1-Cre mutant.

limbs (n=3; Fig. 8D). These results demonstrate that joint fusion in
Ptch1?~; Col2al-Cre mutant embryos is caused by upregulated Bmp
signaling.

To further understand the synergistic interaction between Bmp
signaling and loss of -catenin in joint fusion, we performed
micromass cultures to mimic the in vivo chondrogenesis in vitro,
as joint fusion is caused by enhanced chondrocyte differentiation.
We found that Bmp2 could further promote cartilage nodule
formation already enhanced by inactivating (3-catenin (Fig. 8E),
indicating that Bmps can promote chondrocyte differentiation
independently of canonical Wnt signaling. Furthermore, we found
that inactivation of [(-catenin was sufficient for extensive
chondrocyte differentiation even in the presence of noggin, which
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almost completely inhibited chondrocyte differentiation in wild-
type progenitor cells (Fig. 8E). These results suggest that when
the canonical Wnt pathway is inhibited, a much lower level of
Bmp signaling is needed for chondrocyte differentiation. It is
possible that the canonical Wnt and Bmp signaling pathways act
in parallel with opposite activities in regulating the expression of
a common target, such as Sox9, that is required for chondrocyte
differentiation.

DISCUSSION

Here, we report that the canonical Wnt and IThh signaling pathways
interact with each other in a cell context-dependent manner in
regulating different aspects of endochondral skeletal development,
including osteoblast differentiation, chondrocyte proliferation,
hypertrophy, survival and synovial joint formation. Different
relationships between the two signaling pathways in these

Fig. 8. Analysis of joint
formation in B-catenin and
Ptch1 mutant embryos.

(A) Expression of Hip1 in the
developing joint (arrows) at
14.5 dpc, as shown by in situ
hybridization with 3°S-
labelled riboprobes.

(B) Safranin O staining.
Complete fusion of the
humerus-ulna joint was
observed only in the Ptch1~;
Catnb®; Col2a1-Cre mutant
(arrow). (C) Consecutive
sections of the developing
humerus-ulna region at 14.5
dpc were examined by in situ
hybridization with the
indicated 3°S-labelled
riboprobes. Upregulation of
Bmp2, Bmp4 and Bmp7
(arrows), but not Gdf5, was
observed in both Ptch19-;
Col2a1-Cre and Ptch19;
Catnb®; Col2al-Cre
mutants. (D) Safranin O
staining of sections of the
forelimbs that were isolated
from 12.5 dpc embryos and
cultured in vitro for 4 days.
Boxed regions in the
humerus-scapula joint are
shown at higher magification
in the insets. Joint cells are
indicated (arrows). The fused
joint in the Ptch19; Col2al-
Cre limb was rescued by
noggin treatment. H,
humerus; S, scapula.

(E) Micromass culture with
cells from Catnb“c embryonic
limb bud mesenchyme at
12.5 dpc. Cartilage nodules
were stained blue with Alcian
Blue. B-catenin was deleted
by Cre-Adenovirus infection.
Bmp2 and noggin were
added to the culture on day 2
of the 5-day culture period.

. Col2al-Cre  Prchi® Carnt™ “Col2a1-Cn

developmental processes reveal the unique genetic hierarchy in each
developmental process and highlight the distinct contributions of
each signaling cascade.

Canonical Wnt signaling is required downstream

of lhh signaling and Osx in regulating osteoblast

differentiation during endochondral ossification

Previous studies have uncovered the requirement of the IThh and
canonical Wnt signaling pathways in osteoblast differentiation
during endochondral bone formation (Day et al., 2005; Hill et al.,
2005; Hu et al., 2005; Long et al., 2004). In this study, by activating
the Hh signaling pathway while inactivating [3-catenin
simultaneously in the same cells in Ptchl; Catnb”~; Col2al-Cre
double mutant embryos, we clarified two issues that were not settled
before. First, the genetic relationship between Ihh signaling and 3-
catenin in promoting osteoblast differentiation was not clearly

DEVELOPMENT
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demonstrated in vivo. It has been suggested that 3-catenin may act
downstream of Ihh signaling based on correlations of gene
expression. In particular, expression of Tcfl and Wnt7b was
suggested as a downstream target of [hh signaling in activating the
canonical Wnt signaling (Hu et al., 2005). However, the lack of Tcf1
or Wnt7b expression in the perichondrium of 7247~ embryos could
be a consequence of a loss of the right cell types in which T¢fI and
Wnt7b are normally expressed. Second, it was not clear whether 3-
catenin could act downstream of Osx in controlling osteoblast
differentiation, as Osx expression was reduced, but not abolished, in
Camb®~; Dermol-Cre and Catnb”~; Col2al-Cre mutant embryos
(Day et al., 2005) (this study). The reduced expression of Osx could
be a result of reduced Ihh signaling and thinner perichondrium in the
mutant embryos. In this study, the thickness of perichondrium, the
expression of both Runx2 and Osx, and the final bone formation
were greatly increased by activating Hh signaling in the Ptchl;
Col2al-Cre mutant. Yet, further removal of B-catenin in the
Ptchl®~; Catnb”~; Col2al-Cre double mutant reduced bone
formation to the same degree as that in the Cammb®~; Col2al-Cre
mutant, despite the fact that expression of Runx2 and Osx in the
perichondrium of the double mutant was similar to that in the wild
type and stronger than that in the Camnb”"; Col2al-Cre mutant.
Therefore, Osx-expressing cells fail to give rise to bone-forming
mature osteoblasts in the absence of (3-catenin. 3-catenin is required
not only downstream of the Ihh signaling pathway, but further
downstream of Osx in osteoblast maturation. Our results, together
with previous studies, indicate that Runx2 is a transcriptional target
of Thh signaling. As Osx is downstream of Runx2, [3-catenin is
required at least three steps downstream of Thh signaling. Because
ectopic chondrocyte differentiation occurred in the periosteum of the
developing long bones of the Catnb®~; Col2al-Cre and Osx™~
embryo (Day et al., 2005; Nakashima et al., 2002), it is likely that
loss of 3-catenin not only blocked osteoblast differentiation, but also
caused Osx-expressing cells to lose Osx expression later and become
chondrocytes. Consistent with this, we found that in the absence of
B-catenin, Osx expression was much weaker in older Catnb®~;
Col2al-Cre embryos than in wild type (Fig. 4A,B), suggesting that
B-catenin may even be required for the maintenance of Osx
expression.

Ossification in the Ptch1 conditional mutant is
directional along the longitudinal axis

During normal long bone development, mature ossification is
initiated from the middle of the cartilage. This is thought to be a
result of the chondrocyte hypertrophy that is required for ossification
and which occurs in the middle segment first (reviewed by
Kronenberg, 2003). In the Ptch1?~; Col2al-Cre mouse embryo,
hedgehog signaling was activated cell autonomously in all
chondrocytes and throughout the perichondrium independently of
Ihh ligand and chondrocyte hypertrophy. However, mature
ossification was still initiated from the middle of the long
bones, although ectopic ossification did occur throughout the
perichondrium, including the joint, eventually. The directional
ossification along the longitudinal axis cannot be a consequence of
localized chondrocyte hypertrophy as, in the developing humerus of
the Ptch1°~; Col2al-Cre mouse embryo, chondrocyte hypertrophy
was inhibited by upregulated Pthrp expression (Fig. 4). The
directional ossification was not a result of a differential response to
Hh or Bmp signaling along the longitudinal axis of the developing
long bones either, as we found that the expression of Hh signaling
targets, Runx2 and Bmps was upregulated strongly throughout the
perichondrium, including the joint region. The directional osteoblast

maturation might be caused by some unidentified inhibitor(s) of
osteoblast differentiation localized in the joint region. The earliest
sign of directional ossification in the Ptchl - Col2al-Cre mutant is
the expression of Osx that was expressed at the strongest level in the
middle segment (Fig. 4A). Because osteoblast maturation eventually
occurred in the joint, we favor another explanation: that the
directional osteoblast maturation may simply reflect the time
required by the Runx2 expressing cells to proceed to the next stages
of osteoblast maturation, including activating the expression of Osx.
In the Col2al-Cre mice, Cre is expressed in early osteochondral
progenitor cells and chondrocytes, and not in late perichondral cells
in the middle segment of the long bones. However, the effects of
Cre-mediated recombination, which is inactivation of Ptchl, are
inherited in all descendants of the early Cre expressing cells. As the
development of chondrocytes and osteoblasts proceed from the joint
to the middle segment of long bones, many osteoblasts in the middle
segment are descendants of the earlier Col2al-Cre expressing cells,
and they have been activated by Hh signaling for a longer period of
time.

Opposite and independent functions of canonical
Wnt and lhh signaling in chondrocyte hypertrophy
We observed that the phenotype of delayed chondrocyte hypertrophy
in the Ptch1~; Col2al-Cre mutant embryo was enhanced by loss of
B-catenin. As canonical Wnt signaling promotes chondrocyte
hypertrophy, and Ihh signaling regulates chondrocyte hypertrophy
mainly indirectly through activating and maintaining the expression
of Pthrp, the canonical Wnt signaling pathway may also antagonize
Pthrp signaling in controlling chondrocyte hypertrophy. It is likely
that the canonical Wnt and Pthrp signaling pathways exert opposite
activities in regulating common targets required for the execution of
chondrocyte hypertrophy. The common targets may be Runx2 or
Sox9, or both, as they are both required to control chondrocyte
hypertrophy (Bi et al., 2001; Enomoto et al., 2000; Kim et al., 1999).
Consistent with the role of Runx2 in promoting chondrocyte
hypertrophy, Runx2 expression was reduced in chondrocytes in
Ptchl?~; Col2al-Cre embryos, although its expression was
upregulated in the perichondrium (Fig. 4A). But a reduction of
Runx2 expression in chondrocytes was not obvious in the Catnb®";
Col2al-Cre mouse (Fig. 4A). It is also possible that the reduction of
Runx2 expression in Ptchi”"; Col2al-Cre cartilage is only
secondary to the initial delay of chondrocyte maturation caused by
a Runx2-independent mechanism. This is supported by a recent
finding that Pthrp, a major target of Hh signaling in controlling
chondrocyte hypertrophy, regulates chondrocyte hypertrophy
through both Runx2-dependent and -independent pathways (Guo
et al., 2006). In contrast to Runx2, Sox9 inhibits chondrocyte
hypertrophy (Bi et al., 2001). Loss of B-catenin increases Sox9
activity in chondrocytes (Akiyama et al., 2004), whereas Pthrp
potentiates Sox9 activity by activating PKA, which phosphorylates
Sox9 (Huang et al., 2001). As Sox9 is expressed in all Col2al
expressing chondrocytes at all developmental stages, the regulation
of Sox9 activity is at least one of the underlying mechanisms for the
opposite activities of canonical Wnt and Pthrp signaling in
regulating chondrocyte hypertrophy.

Canonical Wnt and Hh signaling inhibit
chondrocyte apoptosis

Our results indicate that both the canonical Wnt and Hh signaling
pathways regulate chondrocyte survival. It has been demonstrated
that the oxygen-sensitive hypoxia-inducible factor 1 alpha (Hifla)
and Vegfa are required for chondrocyte survival and the regulation
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of chondrocyte proliferation in cartilage, which is an avascular tissue
(Schipani et al., 2001; Zelzer et al., 2004). The phenotypes of
Catnb®~; Col2al-Cre embryos bear some similarities to those of
Hifla and Vegfa cartilage mutants in chondrocyte survival, although
they are not as severe. It will be interesting to further investigate
whether the canonical Wnt and Hh signaling pathways interact with
the Hiflo and Vegfa pathway in controlling chondrocyte survival.
We have previously shown that inactivation of 3-catenin promotes
chondrocyte differentiation (Day et al., 2005; Guo et al., 2004). Our
finding here that B-catenin inactivation also resulted in a
dramatically increased cell death in differentiated chondrocytes
further indicates that just inhibiting Wnt/B-catenin signaling alone
is not sufficient to maintain healthy cartilage. The rescue of
chondrocyte apoptosis and the inhibition of chondrocyte
hypertrophy by Hh signaling in Ptchl®~; Catnb®~; Col2al-Cre
mouse embryos is significant from the therapeutic standpoint: to
maintain healthy joint cartilage or to treat degenerating joint
cartilage, inhibiting canonical Wnt signaling needs to be combined
with the manipulation of other signaling pathways, such as
activating Hh signaling or perhaps its downstream Pthrp signaling.

We thank members of the Yang lab for stimulating discussion during the work.
Work in the Yang lab is supported by the intramural research program of NIH,
National Human Genome Research Institute. Work in the Chuang lab was
supported by NIH grant HL67822 and NHLBI-funded Program for Genomics
Applications (‘BayGenomics’) HL66600. We also thank Ms Julia Fekecs for help
in preparing the figures.

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/133/18/3695/DC 1

References

Akiyama, H., Lyons, J. P, Mori-Akiyama, Y., Yang, X., Zhang, R., Zhang, Z.,
Deng, J. M., Taketo, M. M., Nakamura, T., Behringer, R. R. et al. (2004).
Interactions between Sox9 and {beta}-catenin control chondrocyte
differentiation. Genes Dev. 18, 1072-1087.

Barrow, J. R., Thomas, K. R., Boussadia-Zahui, O., Moore, R., Kemler, R.,
Capecchi, M. R. and McMahon, A. P. (2003). Ectodermal Wnt3/beta-catenin
signaling is required for the establishment and maintenance of the apical
ectodermal ridge. Genes Dev. 17, 394-409.

Bi, W., Huang, W., Whitworth, D. J., Deng, J. M., Zhang, Z., Behringer, R. R.
and de Crombrugghe, B. (2001). Haploinsufficiency of Sox9 results in defective
cartilage primordia and premature skeletal mineralization. Proc. Natl. Acad. Sci.
USA 98, 6698-6703.

Brunet, L. J., McMahon, J. A., McMahon, A. P. and Harland, R. M. (1998).
Noggin, cartilage morphogenesis, and joint formation in the mammalian
skeleton. Science 280, 1455-1457.

Chuang, P. T. and McMahon, A. P. (1999). Vertebrate Hedgehog signalling
modulated by induction of a Hedgehog-binding protein. Nature 397, 617-
621.

Cobrinik, D., Lee, M. H., Hannon, G., Mulligan, G., Bronson, R. T., Dyson, N.,
Harlow, E., Beach, D., Weinberg, R. A. and Jacks, T. (1996). Shared role of
the pRB-related p130 and p107 proteins in limb development. Genes Dev. 10,
1633-1644.

Day, T. F,, Guo, X., Garrett-Beal, L. and Yang, Y. (2005). Wnt/beta-catenin
signaling in mesenchymal progenitors controls osteoblast and chondrocyte
differentiation during vertebrate skeletogenesis. Dev. Cell 8, 739-750.

de Crombrugghe, B., Lefebvre, V. and Nakashima, K. (2001). Regulatory
mechanisms in the pathways of cartilage and bone formation. Curr. Opin. Cell
Biol. 13, 721-727.

Enomoto, H., Enomoto-lwamoto, M., Iwamoto, M., Nomura, S., Himeno,
M., Kitamura, Y., Kishimoto, T. and Komori, T. (2000). Cbfa1 is a positive
regulatory factor in chondrocyte maturation. J. Biol. Chem. 275, 8695-8702.

Gartel, A. L. and Radhakrishnan, S. K. (2005). Lost in transcription: p21
repression, mechanisms, and consequences. Cancer Res. 65, 3980-3985.

Glass, D. A., 2nd, Bialek, P,, Ahn, J. D., Starbuck, M., Patel, M. S., Clevers, H.,
Taketo, M. M., Long, F., McMahon, A. P, Lang, R. A. et al. (2005). Canonical
Whnt signaling in differentiated osteoblasts controls osteoclast differentiation.
Dev. Cell 8, 751-764.

Goodrich, L. V., Milenkovic, L., Higgins, K. M. and Scott, M. P. (1997). Altered
neural cell fates and medulloblastoma in mouse patched mutants. Science 277,
1109-1113.

Guo, J., Chung, U. I, Yang, D., Karsenty, G., Bringhurst, F. R. and

Kronenberg, H. M. (2006). PTH/PTHrP receptor delays chondrocyte
hypertrophy via both Runx2-dependent and —independent pathways. Dev. Biol.
292, 116-128.

Guo, X., Day, T. F, Jiang, X., Garrett-Beal, L., Topol, L. and Yang, Y. (2004).
Whnt/beta-catenin signaling is sufficient and necessary for synovial joint
formation. Genes Dev. 18, 2404-2417.

Hartmann, C. and Tabin, C. J. (2001). Wnt-14 plays a pivotal role in inducing
synovial joint formation in the developing appendicular skeleton. Cell 104, 341-
351.

Hill, T. P, Spater, D., Taketo, M. M., Birchmeier, W. and Hartmann, C. (2005).
Canonical Wnt/beta-catenin signaling prevents osteoblasts from differentiating
into chondrocytes. Dev. Cell 8, 727-738.

Hu, H., Hilton, M. J,, Tu, X., Yy, K., Ornitz, D. M. and Long, F. (2005).
Sequential roles of Hedgehog and Wnt signaling in osteoblast development.
Development 132, 49-60.

Huang, W., Chung, U. I., Kronenberg, H. M. and de Crombrugghe, B. (2001).
The chondrogenic transcription factor Sox9 is a target of signaling by the
parathyroid hormone-related peptide in the growth plate of endochondral
bones. Proc. Natl. Acad. Sci. USA 98, 160-165.

Huangfu, D. and Anderson, K. V. (2006). Signaling from Smo to Ci/Gli:
conservation and divergence of Hedgehog pathways from Drosophila to
vertebrates. Development 133, 3-14.

Inada, M., Wang, Y., Byrne, M. H., Rahman, M. U., Miyaura, C., Lopez-Otin,
C. and Krane, S. M. (2004). Critical roles for collagenase-3 (Mmp13) in
development of growth plate cartilage and in endochondral ossification. Proc.
Natl. Acad. Sci. USA 101, 17192-17197.

Karp, S. J., Schipani, E., St-Jacques, B., Hunzelman, J., Kronenberg, H. and
McMahon, A. P. (2000). Indian hedgehog coordinates endochondral bone
growth and morphogenesis via parathyroid hormone related-protein-dependent
and —independent pathways. Development 127, 543-548.

Karsenty, G. and Wagner, E. F. (2002). Reaching a genetic and molecular
understanding of skeletal development. Dev. Cell 2, 389-406.

Kim, I. S., Otto, F, Zabel, B. and Mundlos, S. (1999). Regulation of chondrocyte
differentiation by Cbfa1. Mech. Dev. 80, 159-170.

Kronenberg, H. M. (2003). Developmental regulation of the growth plate. Nature
423, 332-336.

Lanske, B., Karaplis, A. C., Lee, K., Luz, A., Vortkamp, A., Pirro, A.,
Karperien, M., Defize, L. H., Ho, C., Mulligan, R. C. et al. (1996). PTH/PTHrP
receptor in early development and Indian hedgehog-regulated bone growth.
Science 273, 663-666.

Lewis, P. M., Dunn, M. P, McMahon, J. A., Logan, M., Martin, J. F, St-
Jacques, B. and McMahon, A. P. (2001). Cholesterol modification of sonic
hedgehog is required for long-range signaling activity and effective modulation
of signaling by Ptc1. Cell 105, 599-612.

Logan, C. Y. and Nusse, R. (2004). The wnt signaling pathway in development
and disease. Annu. Rev. Cell Dev. Biol. 20, 781-810.

Long, F, Zhang, X. M., Karp, S., Yang, Y. and McMahon, A. P. 2001). Genetic
manipulation of hedgehog signaling in the endochondral skeleton reveals a
direct role in the regulation of chondrocyte proliferation. Development 128,
5099-5108.

Long, F, Chung, U. I, Ohba, S., McMahon, J., Kronenberg, H. M. and
McMahon, A. P. (2004). Ihh signaling is directly required for the osteoblast
lineage in the endochondral skeleton. Development 131, 1309-1318.

Lum, L. and Beachy, P. A. (2004). The Hedgehog response network: sensors,
switches, and routers. Science 304, 1755-1759.

McLeod, M. J. (1980). Differential staining of cartilage and bone in whole mouse
fetuses by alcian blue and alizarin red S. Teratology 22, 299-301.

Meyers, E. N., Lewandoski, M. and Martin, G. R. (1998). An Fgf8 mutant allelic
series generated by Cre- and Flp-mediated recombination. Nat. Genet. 18, 136-
141.

Minina, E., Kreschel, C., Naski, M. C., Ornitz, D. M. and Vortkamp, A. (2002).
Interaction of FGF, Inh/Pthlh, and BMP signaling integrates chondrocyte
proliferation and hypertrophic differentiation. Dev. Cell 3, 439-449.

Moon, R. T. (2005). Wnt/beta-catenin pathway. Sci. STKE 2005, cm 1.

Nakashima, K., Zhou, X., Kunkel, G., Zhang, Z., Deng, J. M., Behringer, R. R.
and de Crombrugghe, B. (2002). The novel zinc finger-containing transcription
factor osterix is required for osteoblast differentiation and bone formation. Cell
108, 17-29.

Rodriguez, C. I., Buchholz, F., Galloway, J., Sequerra, R., Kasper, J., Ayala, R.,
Stewart, A. F. and Dymecki, S. M. (2000). High-efficiency deleter mice show
that FLPe is an alternative to Cre-loxP. Nat. Genet. 25, 139-140.

Scheijen, B., Bronk, M., van der Meer, T. and Bernards, R. (2003). Constitutive
E2F1 overexpression delays endochondral bone formation by inhibiting
chondrocyte differentiation. Mol. Cell. Biol. 23, 3656-3668.

Schipani, E., Ryan, H. E., Didrickson, S., Kobayashi, T., Knight, M. and
Johnson, R. S. (2001). Hypoxia in cartilage: HIF-1alpha is essential for
chondrocyte growth arrest and survival. Genes Dev. 15, 2865-2876.

St-Jacques, B., Hammerschmidt, M. and McMahon, A. P. (1999). Indian
hedgehog signaling regulates proliferation and differentiation of chondrocytes
and is essential for bone formation. Genes Dev. 13, 2072-2086.



Genetic interactions of Wnt and Ihh signaling

RESEARCH ARTICLE 3707

Stickens, D., Behonick, D. J., Ortega, N., Heyer, B., Hartenstein, B., Yu, Y.,
Fosang, A. J., Schorpp-Kistner, M., Angel, P. and Werb, Z. (2004). Altered
endochondral bone development in matrix metalloproteinase 13-deficient mice.
Development 131, 5883-5895.

Tavella, S., Biticchi, R., Schito, A., Minina, E., Di Martino, D., Pagano, A.,
Vortkamp, A., Horton, W. A., Cancedda, R. and Garofalo, S. (2004).
Targeted expression of SHH affects chondrocyte differentiation, growth plate
organization, and Sox9 expression. J. Bone Miner. Res. 19, 1678-1688.

Tetsu, O. and McCormick, F. (1999). Beta-catenin regulates expression of cyclin
D1 in colon carcinoma cells. Nature 398, 422-426.

Tsao, Y. P, Huang, S. J., Chang, J. L., Hsieh, J. T., Pong, R. C. and Chen, S. L.
(1999). Adenovirus-mediated p21((WAF1/SDII/CIP1)) gene transfer induces
apoptosis of human cervical cancer cell lines. J. Virol. 73, 4983-4990.

Tsumaki, N., Nakase, T., Miyaji, T., Kakiuchi, M., Kimura, T., Ochi, T. and
Yoshikawa, H. (2002). Bone morphogenetic protein signals are required for
cartilage formation and differently regulate joint development during
skeletogenesis. J. Bone Miner. Res. 17, 898-906.

Vortkamp, A., Lee, K., Lanske, B., Segre, G. V., Kronenberg, H. M. and Tabin,
C. J. (1996). Regulation of rate of cartilage differentiation by Indian hedgehog
and PTH-related protein. Science 273, 613-622.

Wang, J., Devgan, V., Corrado, M., Prabhu, N. S., El-Deiry, W. S., Riccardi, C.,
Pandolfi, P. P, Missero, C. and Dotto, G. P. (2005). Glucocorticoid-induced
tumor necrosis factor receptor is a p21Cip1/WAF1 transcriptional target
conferring resistance of keratinocytes to UV light-induced apoptosis. J. Biol.
Chem. 280, 37725-37731.

Yamamoto, T. and Nishioka, K. (2005). Increased expression of p53 and p21
(Waf1/Cip1) in the lesional skin of bleomycin-induced scleroderma. Arch.
Dermatol. Res. 296, 509-513.

Yan, Y., Frisen, J., Lee, M. H., Massague, J. and Barbacid, M. (1997). Ablation
of the CDK inhibitor p57Kip2 results in increased apoptosis and delayed
differentiation during mouse development. Genes Dev. 11, 973-983.

Yang, Y., Topol, L., Lee, H. and Wu, J. (2003). Wnt5a and Wnt5b exhibit distinct
activities in coordinating chondrocyte proliferation and differentiation.
Development 130, 1003-1015.

Zelzer, E. and Olsen, B. R. (2003). The genetic basis for skeletal diseases. Nature
423, 343-348.

Zelzer, E., McLean, W., Ng, Y. S., Fukai, N., Reginato, A. M., Lovejoy, S.,
D’Amore, P. A. and Olsen, B. R. (2002). Skeletal defects in VEGF(120/120)
mice reveal multiple roles for VEGF in skeletogenesis. Development 129, 1893-
1904.

Zelzer, E., Mamluk, R., Ferrara, N., Johnson, R. S., Schipani, E. and Olsen, B.
R. (2004). VEGFA is necessary for chondrocyte survival during bone
development. Development 131, 2161-2171.

Zhang, P, Liegeois, N. J., Wong, C., Finegold, M., Hou, H., Thompson, J. C.,
Silverman, A., Harper, J. W., DePinho, R. A. and Elledge, S. J. (1997).
Altered cell differentiation and proliferation in mice lacking p57KIP2 indicates a
role in Beckwith-Wiedemann syndrome. Nature 387, 151-158.

Zou, H., Wieser, R., Massague, J. and Niswander, L. (1997). Distinct roles of
type | bone morphogenetic protein receptors in the formation and
differentiation of cartilage. Genes Dev. 11, 2191-2203.



