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SUMMARY

During endochondral ossification, two secreted signals,
Indian hedgehog (lhh) and parathyroid hormone-related
protein (PTHrP), have been shown to form a negative
feedback loop regulating the onset of hypertrophic
differentiation of chondrocytes. Bone morphogenetic
proteins (BMPs), another family of secreted factors
regulating bone formation, have been implicated as
potential interactors of the Ihh/PTHrP feedback loop.

To analyze the relationship between the two signaling
pathways, we used an organ culture system for limb
explants of mouse and chick embryos. We manipulated
chondrocyte differentiation by supplementing these
cultures either with BMP2, PTHrP and Sonic hedgehog as
activators or with Noggin and cyclopamine as inhibitors
of the BMP and I|hh/PTHrP signaling systems.
Overexpression of Ihh in the -cartilage elements of
transgenic mice results in an upregulation of PTHrP

expression and a delayed onset of hypertrophic
differentiation. Noggin treatment of limbs from these mice
did not antagonize the effects oflhh overexpression.
Conversely, the promotion of chondrocyte maturation

induced by cyclopamine, which blocks lhh signaling, could
not be rescued with BMP2. Thus BMP signaling does not
act as a secondary signal of Ihh to indud@THrP expression
or to delay the onset of hypertrophic differentiation.
Similar results were obtained using cultures of chick limbs.
We further investigated the role of BMP signaling in
regulating proliferation and hypertrophic differentiation
of chondrocytes and identified three functions of BMP
signaling in this process. First we found that maintaining a
normal proliferation rate requires BMP and Ihh signaling
acting in parallel. We further identified a role for BMP
signaling in modulating the expression ofhh. Finally, the
application of Noggin to mouse limb explants resulted in
advanced differentiation of terminally hypertrophic cells,
implicating BMP signaling in delaying the process of
hypertrophic differentiation itself. This role of BMP
signaling is independent of the Ihh/PTHrP pathway.

Key words: BMP, Ihh, PTHrP, Chondrocyte, Proliferation,
Hypertrophic differentiation, Endochondral ossification, Mouse,
Chick

INTRODUCTION differentiation and ossification spreads from the center to the
ends of the skeletal elements, the proliferative and hypertrophic
During embryonic development, the bones of the axial andones are ultimately reduced to narrow bands termed growth
appendicular skeleton as well as most of the facial bones aptates, located near the ends of the skeletal elements.
formed by endochondral ossification. This process starts withongitudinal growth of bones is dependent on proliferation and
mesenchymal cells that condense and differentiate into twaypertrophic differentiation of chondrocytes in the growth
types of cells: chondrocytes that form cartilage elements armlate. As terminally hypertrophic cartilage is continuously
perichondrial cells that surround the cartilage model. Startingeplaced by bone, the tight regulation of the various steps of
from the center of the cartilage elements, chondrocyteshondrocyte differentiation is critical for balancing growth and
undergo several steps of maturation from proliferatingossification of the skeletal elements (Erlebacher et al., 1995;
chondrocytes to non-proliferating hypertrophic cells. DuringHinchcliffe and Johnson, 1980).

normal development only terminally differentiated Indian hedgehog (Ihh), a member of the conserved Hedgehog
chondrocytes are replaced by bone. In parallel to the onset fafmily of signaling factors, regulates several aspects of
hypertrophic differentiation, the perichondrium flanking thisendochondral  ossification.  During mouse  embryonic

region differentiates into an osteoblast-forming periosteumdevelopmentlhh expression is first detected at embryonic stage
Hypertrophic differentiation and periosteum formation arell.5 (E11.5) in chondrocytes of the early cartilaginous
tightly linked throughout development. As a front of condensation. With the initiation of hypertrophic differentiation
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Ihh expression becomes restricted to the prehypertrophits target cells expressimP-R(Tsukazaki et al., 1995; Lee et
chondrocytes (Bitgood and McMahon, 1995; Vortkamp et al.al., 1996). By contrast, it is currently unclear whether Ihh does
1996; Vortkamp et al., 1998). Another secreted signaling molecukect as a long range signal or if the Ihh response is mediated
that regulates endochondral ossification is parathyroid hormontirough secondary signaling molecules. If Ihh does act
related protein (PTHrP; Pthlh — Mouse Genome Informaticsjndirectly, possible candidates for secondary signals include
which is expressed in the periarticular region of the developinmembers of the conserved family of bone morphogenetic
cartilage elements. PTHrP signals through the PTH/PTHrPBroteins (BMPs), which belong to the transforming growth
receptor (PP-R; Pthr — Mouse Genome Informatics), which ifactor B (TGH3) superfamily of secreted proteins (Hogan,
expressed at low levels throughout the growth plate and at higl®96; Kingsley, 1994a; Kingsley, 1994b). Several Bmp genes
levels in the transitional region where the switch from proliferatingre expressed in the developing cartilage elements and are thus
into hypertrophic chondrocytes takes place (Amizuka et al., 199¢po0d candidates for serving as secondary signals of Ihh. In
Lee et al., 1995). Targeted disruptionPdfHrP or PP-Rin mice  mice, Bmp2 Bmp3 Bmp4 Bmp5andBmp7are expressed in
results in a dwarfism phenotype, due to a reduced zone tife region of the perichondrium that flanks thle expression
proliferating cells and an advanced onset of hypertrophidomain (Pathi et al., 1999; Zou et al., 1997; Daluiski et al.,
differentiation (Amizuka et al., 1994; Karaplis et al., 1994; Lansk&001; Haaijman et al., 2000). In additidmp7is expressed
et al., 1996). Conversely, activation of PTHrP signaling leads toia the proliferating chondrocytes (Haaijman et al., 2000).
delay of hypertrophic differentiation (Schipani et al., 1995; WeiBMPs signal through serine/threonine kinase receptors type |
et al., 1996; Schipani et al., 1997). and type Il, which heterodimerize to transduce the BMP signal
Several lines of evidence indicate that Ihh and PTHrP intera¢Massague, 1998). In the developing cartilage elements Bmp
in a negative feedback loop regulating the onset of hypertrophieceptor IB BmpR-1B Bmprlb— Mouse Genome Informatics)
differentiation. Ectopic expression tfh in developing limbs is expressed in the perichondrium, whereas Bmp receptor IA
of chicken embryos results in a delay of hypertrophigBmpR-IA Bmprlb — Mouse Genome Informatics) and Bmp
differentiation and in strong upregulation BfTHrP in the  receptor Il BmpR-If Bmpr2 — Mouse Genome Informatics)
periarticular region of the infected cartilage elementsare expressed in the prehypertrophic chondrocytes (Zou et al.,
Furthermore, limb explants &THrP7~ mice that were treated 1997; Yi et al., 2000; Haaijman et al., 2000). In addition, Bmp
with Hedgehog protein in culture demonstrated that PTHrP ireceptors as well @B8mp2 Bmp4andBmp7are expressed in
necessary to mediate the effect of Ihh on chondrocytthe periarticular region (Macias et al., 1997; Pathi et al., 1999;
differentiation (Mortkamp et al., 1996). It has been proposed thatou et al., 1997; Solloway et al., 1998). Several lines of
Ihh, which is expressed in the prehypertrophic chondrocytegyidence support a possible interaction between BMP and Ihh
signals to the periarticular region to indU€HrP expression. signaling. It has been shown in chicken embryos that ectopic
PTHrP in turn signals back to its receptor and preventexpression ofhhin developing cartilage upregulatesip2and
hypertrophic differentiation of additional chondrocytes. TheBmp4 expression in the perichondrium (Pathi et al., 1999).
expression level of the Ihh/PTHrP system thus regulates theurthermore, retroviral misexpression of a constitutively
distance between the joint region and the onset of hypertrophéctivatedBmpR-IAduring chick limb development results in
differentiation (VMortkamp et al., 1996). This model has beermn upregulation of PTHrP expression and a block of
supported by examination dfih deficient mice, which lack chondrocyte differentiation, thus mimicking the effect of
PTHrP expression and exhibit premature hypertrophicretroviral misexpression dhh. On the basis of these results,
differentiation (St-Jacques et al., 1999). Moreover, experiments has been proposed that lhh signaling regulaBasp
in chimeric mice carrying eithePP-R7~ cells or PP-R/Ihh  expression locally, which in turn influences PTHrP production
double mutant cells in a wild-type background strongly confirmat a distance, thereby regulating the rate of chondrocyte
the negative feedback relationship between Ihh and PTHrP differentiation (Zou et al., 1997).
regulating chondrocyte differentiation. Chimeras carrying In the developing embryo BMP signaling can be
PP-R7- chondrocytes display advanced hypertrophicantagonized by several secreted factors including Noggin
differentiation of mutant cells close to the joint region, which(Smith and Harland, 1992; Smith et al., 1993). Biochemical
transiently exprestghh. This results in increased periarticular analysis demonstrated that Noggin directly binds to BMP
PTHrP expression and a subsequent delay in hypertrophigroteins thus preventing them from binding to their receptors
differentiation of wild-type cells. This delay is abolished in(Zimmerman et al., 1996; Holley et al., 1996; Smith, 1999). It
chimeras carrying double mutant cells, which cannot expressas been shown that Noggin can inhibit various members of
Ihh and subsequently indué®THrP expression (Chung et al., the BMP family, including at least BMP2, BMP4 and BMP7
1998; Chung et al., 2001). (Zimmerman et al., 1996; Kawabata et al., 1998). Noggin
In addition to regulating chondrocyte differentiation, theprotein therefore provides a powerful tool to reduce BMP
analysis oflhh knockout mice revealed that Ihh signaling signaling in experimental systems.
regulates chondrocyte proliferation independent of PTHrP. In this study we have analyzed a potential interaction of the
Furthermore endochondral bonesliafi”~ mice do not ossify Ihh/PTHrP and BMP signaling pathways using a culture
indicating that Ihh is required for the ossification process (Kargystem for embryonic mouse and chick limb explants, which
et al., 2000; St-Jacques et al., 1999). was supplemented with activators and inhibitors of both
An important issue in considering the roles of signalingsignaling pathways. To block Ihh signaling, we used the
factors during bone development is whether their varioualkaloid cyclopamine, which has previously been demonstrated
functions are direct or indirect consequences of their bindingp inhibit Hedgehog signal transduction in target cells
to a target cell. It has been shown by antibody staining thdtncardona et al., 1998; Cooper et al., 1998; Taipale et al.,
PTHrP can travel through the growth plate and directly act 08000). We did not find evidence for BMPs acting as secondary
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signals of Ihh in mediating the induction®THrP expression.  (Kohno et al., 1984); r&THrP [(Karaplis et al., 1990); a 440 Igma
Instead we found that BMP signaling acts at various steps &fagment was cloned into pBSK]; mouSelX (Jacenko et al., 1993);
chondrocyte differentiation and interacts with Ihh signaling inmouselhh (Bitgood and McMahon, 1995); mou&ksp (Kim et al.,
different ways. First, BMP and Ihh signals act in parallel in1999); mouse8mp3 mouseBmp4 and mouse8mp7 (Bitgood and
regulating chondrocyte proliferation. In addition, BMP McMahon, 1995). . . .
signaling modulates the expression level Ibh, thereby For proliferation analysis, limb explants were incubated with 5-

; : . . . bromo-2-deoxy-uridine (BrdU) (BrdU labeling and detection kit I,
integrating the regulation of chondrocyte proliferation and th%«)che’ Germ)émy; dilut(ion o)f(BrdU 1:100)9 for 2 hours before

onset of hypertrophic differentiation. Third, we identified @parvesting. Limbs were embedded in paraffin and sectioned.

negative role for BMP signaling in regulating the process oproliferating cells were detected by antibody staining according to the
hypertrophic differentiation by delaying the maturation ofmanufacturer.

terminally hypertrophic cells.

RESULTS

MATERIALS AND METHODS BMP signaling regulates multiple steps of
chondrocyte differentiation

'é{) analyze the effect of BMP signaling on chondrocyte

muscles and cultured for 2 or 4 days in BGJ-B medium (GibcoBRL Itf/leprtzentlali:on, .“mb ex_pla:;ts V\Aecrie CUIt;Jre? in the pres%nlpebof
with Antibiotic/Antimycotic (Life Technologies) and 0.1% BSA in orNoggin prOt_em' er 4 days of culture, untreated fim S
organ culture dishes under humidified conditions (Vortkamp et alShowed an increase in total length of the skeletal elements (Fig.
1996; Lanske et al., 1996). Cultures were supplemented with 50bA.C)- Treatment with BMP2 resulted in a further increase in
ng/ml recombinant human BMP2 (Genetic Institute, Boston, MA), gength if compared with untreated cultures (Fig. 1C,D). After
pg/ml recombinant murine Shh-N (Ontogeny, Cambridge, MA)treatment with BMP2, markers for prehypertrophic and
3x107 M human 1-34 PTHrP (Sigma), 1M cyclopamine hypertrophic chondrocyteshh and ColX, respectively, were
(Incardona et al., 1998), or 500 ng/ml recombinsemopusNoggin  expressed in a normal pattern, but in expanded domains
protein. Noggin protein was isolated from s@ably transfected CHQ:ompared with untreated control limbs (Fig. 1G,K,H,L). As the
cells (Lamb et al., 1993) and ar}alry]/zed by antlbod}/] sf,talnlnghand ’Qaéﬁrtilage elements themselves were longer, the relative length of
spectrometry. Concentrations of the various growth factors have begly, ™ jitorent zones  of oroliferating, . prehypertrophic and

carefully titered to establish the minimal concentration necessary .
induce a specific effect on chondrocyte differentiation. ypertrophic chondrocytes appeared normal. BMP2, therefore,

All mouse experiments were carried out on E14.5 and E16.5 limb®romotes the expansion of all zones of differentiation in the
which were cultured for 2 and 4 days. If not otherwise mentioneddeveloping skeletal elements. By contrast, treatment with the
each combination of growth factors was repeated at least six timeé8MP antagonist Noggin resulted in an inhibition of limb growth
Parallel experiments showed comparable results. Over the courseinf culture (Fig. 1B). However, despite the smaller size of the
the experiment (2-4 days), the severity of the phenotype of eadtartiage elements,ColX expression indicated that the
manipulation increased. Limb explants of E14.5 and E16.5 embryashondrocytes have undergone hypertrophic differentiation.
underwent similar changes in chondrocyte differentiation uporMoreover, the two zones @olX-expressing hypertrophic cells
growth factor treatment. As the effect on hypertrophic differentiationyere clearly separated from each other (Fig. 1J). They flanked a
was most obvious in limb explants of E14.5 embryos, figures in thIaistinct zone of terminally hypertrophic cells. Consequently, the

publication display experiments of this stage. : . . :
To establish the effect of single factors the right limb was cultureél'eSS differentiated regions of chondrocytes were smaller than in

in supplemented medium and compared with the left one cultured fon-treated limbs. Noggin treatment also resulted in reduced
control medium. For all co-treatment experiments, double treate@Xpression ofhh. Furthermore, the distance between fthie

explants were compared with controlateral limbs treated with each @xpression domain and the periarticular region, which demarcates
the single factors. For each growth factor combination, at least orroliferating chondrocytes at E14.5, was reduced in size (Fig.
limb was hybridized with a probe faColll, a general marker of 1F). These effects of Noggin could be antagonized by BMP2 in
chondrocytes, to confirm that the cells were still alive after culture. cultures double treated with both factans4, data not shown).
Chick experiments were carried out using limb explants of stage |t pgs previously been hypothesized that BMP signaling
Hamburger Hamilton 32 (HH 32) (Hamburger and Hamilton, 1951), 5 545 4 secondary signal downstream of Ihh, mediating the
chick embryos. Two parallel cultures were treated with eaciaelay in hypertrophic differentiation. Consistent with this,

combination of growth factors for 2 days. th d d f liferati d h trophi
Wild-type mice (NMRI) and pathogen free white leghorn chicken € reduced zoneé or proliferating —and prenypertrophic

Organ cultures of embryonic limb explants
Forelimbs of mouse and chicken embryos were stripped of skin a

eggs were derived from Charles River (Sulzfeld, Germadg)li- chondrocytes an_d the expanded region of terminal hypertrophic
Gal4 and UAS-Ihhtransgenic mice were identified by PCR of tail Cells after Noggin treatment could be interpreted as advanced
DNA (Long et al., 2001). hypertrophic differentiation, caused by the absence of BMP
_ ) signaling. Alternatively, as blocking of BMP signaling by
Analysis of limb explants Noggin treatment leads to reduced expressiorihbf the

After culture, limb explants were fixed overnight in 4% advanced onset of hypertrophic differentiation could be a
paraformaldehyde at 4°C and embedded in paraffin. Serial sections %condary consequence of the reduced Ihh signal.
5 um were processed for radioactive in situ hybridization Ug#g-

UTP labeled antisense riboprobes. Hybridization was carried out . . . .

70°C in 50% formamide as previously described (Vortkamp et al@verg{xprilssg_rf'lf of {hfz in transgenic mice delays
1996). Sections were counterstained with Toluidine Blue O (Sigmaf.1yper rophic di er(?n 'a. lon ] ]

Probes for in situ hybridization were as follows: chick (Vortkamp ~ TO analyze the epistatic relationship between Ihh/PTHrP and

et al., 1996); chick THrP (Thiede and Rutledge, 1990); r@blil BMP signaling, we used a transgenic mouse system allowing



4526 E. Minina and others

Fig. 1.BMP signaling regulates chondrocyte
differentiation. (A-D) Forelimbs of E14.5 mouse Ihh CO]X =

embryos were cultured for 4 days and photographed A )
before (A) and after (B-D) culture. Serial sections of SEPFTRE
these limbs were hybridized with riboprobes Ifun 0d |control+ A o e s
(E-H) orColX (I-L). Uncultured limbs (A) display the Pt 'y
characteristic expression domainditf in =

prehypertrophic (E) an@olXin hypertrophic (l)
chondrocytes. Limbs cultured for 4 days increase in
size (C) but display the normal distributionlbh- (G)
andColX- (K) expressing cells. Treatment with BMP2
results in a further enlargement of the cartilage
elements (D) and an increased size ofiligH) and

ColX (L) expression domains. By contrast, Noggin
treatment blocks limb growth (B) and results in reduced
expression ofhh (F) andColX (J). (A-D) Ruler

indicates relative size units. In E-L ulna is upwards and 4d
radius is downwards.

overexpression of the chickénh gene under tt
Colll promoter. We generated two transge
mouse lines, one of which misexpresses the
transcriptional activatorGal4 under the Colll
promoter Colll-Gal4). The second line carries 1
chick Ihh gene downstream of the yeast G
binding site UAS (UAS-Ihh. Mating the tw«
strains results in 25% embryos misexpressifgunder the hypertrophic differentiation are mediated by BMPs (Pathi et
Colll promoter Colll/lhh embryos) (Long et al., 2001). al., 1999; Zou et al., 1997). To test whether BMP signaling is
Transgenic embryos survive until at least E18.5 and displayecessary for the observed delay in hypertrophic differentiation
severe defects in the developing skeleton. In the limbs, thaduced bylhh overexpression, we treated limbs@dlll/Ihh
skeletal elements are broadened and joints of elbow arembryos with Noggin protein to block BMP signaling. If BMP
phalanges are missing or severely malformed. At thesignaling acted as a secondary factor in the Ihh pathway we
molecular level, we found reduced expressiorCofX and  would expect an acceleration of hypertrophic differentiation.
endogenouthhin the developing cartilage elements, whereasSurprisingly, hybridization with the hypertrophic markaslX
PTHrP was highly expressed in the periarticular region (Fig.
2AE and data not shown). The relative expression of thes
genes was maintained after culture (Fig. 3A-D, Fig. 5D). Thi WT CO
distance between the joint region and the onset c - FTL _
hypertrophic differentiation, demarcated by the distal end ¢
the Ihh expression domain, is enlarged relative to the size ¢
skeletal elements when compared to wild type embryos
indicating a delay in the onset of hypertrophic differentiatior
(Fig. 2A,E, Fig. 3A,C) (Long et al., 2001). All single
transgenicColll-Gal4 and UAS-lhh or wild-type siblings
appeared normal by expression analysis (data not shown).

I1Nhh

Bmp expression is upregulated in  Colll/lhh mice

It has previously been shown in chicken embryos that ectop
misexpression othh results in upregulation oBmp2 and
Bmp4expression (Pathi et al., 1999). To te®nfipexpression

is similarly regulated in mice, we analyzed the expression ¢
different Bmp genes inColll/lhh transgenic embryos. We
found that at stage E14B8np3 Bmp4andBmp7were strongly ~ Fig. 2. Overexpression dhh results in upregulation of Bmp genes.
upregulated in the perichondrium, compared with wild-typeForelimbs of wild-type (A-D) an€olll/lhh mouse embryos (E-H) at
embryos (Fig. 2B-D,F-H). In additionBmp4 and Bmp7 stage E14.5 were sectioned and hybridized with riboprobektfor
expression was increased in proliferating chondrocytes (Fig’E)’ Bmp3(B,F), Bmp4(C,G) orBmp7(D,H). In limbs of

. . . olll/lhh mice, endogenoush expression is reduced compared
2C,D,G,H). Therefore, as in chick embryos, overexpression Qfi "o 1S wild-g/pe e (AEEBmp3(F), Bmp4(G) an%
Ihh in mice leads to upregulation of BMP signaling. Bmp7(H) are upregulated in perichondrium@blll/Ihh mouse

. . . . limbs compared with that of wild-type limbs (B-D). In addition, in
Interaction of I.hh and_ B.MP signaling during Colll/Ihh transgenic mic®mp4(C,G) andBmp7(D,H) are
chondrocyte differentiation upregulated in proliferating chondrocytes. All panels show sections
It has been proposed that at least some of the effects of Ihh timough the radius.
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Fig. 3. A block of BMP signaling cannot overcome the Ihh-induced
delay in hypertrophic differentiation. Forelimbs of E14.5 embryos
from wild-type (A,B) or transgeni€olll/lhh mice (C-F) were
cultured for 4 days in control medium (A-D) or treated with Noggin
protein (E,F). Serial sections of these limbs were hybridized with
riboprobes fothh (A,C,E) orColX (B,D,F). (A-D) Untreated limbs

of Colll/lhh embryos display a reduced expression domalhiofC)
andColX (D), compared with untreated limbs of wild-type embryos
(A,B). (E,F) Forelimbs otolll/lhh embryos treated with Noggin
show a further reduction dih (E) andColX (F) expression. All
panels show sections through the humerus.

a combination of cyclopamine and BMP2 protein resulted
in limbs that were even bigger than those treated with either
factor alone (data not shown). Section in situ hybridization
revealed an extended zone ©@blX-expressing hypertrophic

embryos results in a further reduction of hypertrophicchondrocytes in double treated limbs comparable with that
chondrocytes in cultures of both, E14.5 and E16.5 limbsof limbs treated with cyclopamine only (Fig. 4H,J,L).

Consistent with this observation, hybridization withh
indicates a further reduction of endogendhbk expression

Surprisingly, the expression domain lbh in double treated
cultures extended towards the periarticular region relative to

(Fig. 3).

Conversely, we tested whether a block of lhh signaling
which results in advanced hypertrophic differentiation, car
be rescued by treatment with BMPs. It has recently bee
demonstrated that the alkaloid cyclopamine inhibits the
Hedgehog signaling pathway, acting on the target cell
(Incardona et al., 1998; Cooper et al., 1998; Taipale et al
2000). Treatment of limb cultures with cyclopamine resultec
in an enlargement of the skeletal elements, due to a strol
increase in hypertrophic differentiation as indicated by the
expanded expression domains dfh and ColX (Fig.
4A,B,G,H). This effect is due to a loss of downstreRifrP
expression, as cyclopamine treatment blocks the expression
PTHrP (Fig. 5G). Moreover, the effect of cyclopamine on
chondrocyte differentiation can be rescued by simultaneot
treatment with PTHrP (Fig. 4C-H). To test whether BMPs ar¢
acting as secondary signals in the Thh/PTHrP pathway, w
attempted a similar rescue of the cyclopamine induced effe
with BMP2 protein. However, treatment of limb cultures with

Fig. 4.BMP2 does not rescue the advanced onset of hypertrophic
differentiation induced by a loss of Ihh signaling. Forelimbs of E14.5
embryos were cultured for 4 days in control medium (A,B) or in
medium supplemented with PTHrP (C,D), PTHrP and cyclopamine
(E,F), cyclopamine (G,H), BMP2 and cyclopamine (1,J) or BMP2
(K,L). Serial sections were hybridized with riboprobeslfibr
(A,C,E,G,|,K) orColX (B,D,F,H,J,L). (A-D) Treatment with PTHrP
results in a delay of hypertrophic differentiation, as seen by the
reduced expression tth (A,C) andColX (B,D), and the increased
distance between thkeh expression domain and the joint region.
Treatment with cyclopamine results in an advanced onset of
hypertrophic differentiation as can been seen by the enlarged domain
of Ihh andColX expression (G,H). (E,F) PTHrP can rescue the
advanced onset of hypertrophic differentiation in explants co-treated
with PTHrP and cyclopamine. (1,J) Co-treatment with BMP2 and
cyclopamine does not rescue the advanced onset of hypertrophic
differentiation induced by cyclopamine, but leads to a further
enlargement of thihh expression domain (I) compared with limbs
treated with either cyclopamine (G) or BMP2 (K). Limbs treated
with cyclopamine and BMP2 plus cyclopamine were derived from
the same embryo. In all panels ulna is upwards and radius is
downwards. cycl, cyclopamine.

Ihh

ColX
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the domains seen after either cyclopamine or BMP2 treatme
(Fig. 4G,I,K; 2/6 and 10/10 in 2 and 4 day cultures,
respectively). Summarizing these experiments strongl
indicate that BMP signaling does not act downstream of Ihh i
regulating the onset of hypertrophic differentiation.

PTHrP expression is not regulated by BMP signaling

It has previously been demonstrated that the effect of Ih
signaling on chondrocyte differentiation is mediated by the
induction of PTHrP expression in the periarticular region
(Vortkamp et al.,, 1996). Misexpression of activated Bmg
receptors raised the possibility that BMP signaling mediate
the upregulation ofPTHrP expression by lhh (Zou et al.,
1997). To test this hypothesis we analyzed the expression
PTHrP in single and double treated cultures. As expected, i
skeletal elements oColll/lhh embryos, we found strong
expression ofPTHrP in the periarticular region (Fig. 5D).
Conversely, treatment of wild-type limbs with cyclopamine
resulted in a complete block BTHrP expression (Fig. 5G).
After treatment of wild-type limbs with BMP2, we did not find
significant upregulation oPTHrP compared with untreated
cultures; however, treatment with Noggin resulted in a sligh
decrease iPTHrP expression (Fig. 5A,B,E). To differentiate
whether this decrease is an effect of the reduced lhh signal
these cultures (see Fig. 1F) or a direct effect of blocking BMI
signaling, we treated limbs &folll/lhh embryos with Noggin

protein._ In the_s_e cultu_res we still found _strong expression q‘—c'ig. 5.BMP2 signaling does not act as a secondary signal of Ihh to
PTHrP in the joint region, comparable with that of untreatedinqycepTHrP expression. Forelimbs of E14.5 mouse embryos were
cultures of mutant embryos (Fig. 5C,D). Conversely, BMP2 diguitured for 4 days in control medium (A,D), or in medium

not rescu@THrP expression in wild-type explants treated with supplemented with Noggin (B,C), BMP2 (E), BMP2 and
cyclopamine (Fig. 5F). Our results therefore strongly suggesyclopamine (F), or cyclopamine (G). Limbs in A,B,E-G were
that BMP signaling is not mediating the inductionRafHrP  derived from wild-type embryos and limbs in C,D fr@ulll/Ihh

expression by Ihh. embryos. Sections were hybridized with a riboprobdPfBirrP.

(A,B) Treatment of wild-type limbs with Noggin results in a
Interaction of Ihh and BMP signaling in chick reduction ofPTHrP expression (B, arrow) compared with untreated
embryos control limbs (A). (C,D) High expression BfTHrPin limbs of

. . - . ll/hh D)i N i .
The experiments that first indicated a possible role for BMPCC; Bllvlpze- rt?g;)tlgs ﬁm)blg' gﬁé\rveggfrﬁglaef;[(%rresos?ggmtfr_ﬁg_mem ©

in_regulating PTHrP expression, were carried out by viral (£ G) cyclopamine treatment results in a blocPGHIP expression
misexpression of an activat&mpR-IAin chick embryos (Zou  (G), which cannot be rescued by BMP2 in double treated cultures

et al.,, 1997). Thus, one possible explanation for the opposi{€). In all panels, ulna is upwards and radius is downwards. cycl,
conclusions revealed in those earlier studies could be that thgclopamine; Nog, Noggin.

signaling systems interact in different ways in mouse and in

chick. We therefore examined the interactions between

Hedgehog and BMP signaling using cultures of stage HH 3® mediate the effect of Ihh oRPTHrP expression and
chick limbs. We found that limbs treated at this stage ohypertrophic differentiation.

development reacted in a similar way to mouse limbs. _

Treatment with Shh protein resulted in a delay of chondrocyt#h and BMP independently regulate chondrocyte
differentiation, whereas cyclopamine accelerated hypertrophieroliferation

differentiation as assayed by the expression of thén addition to the role of Ihh in regulating chondrocyte
prehypertrophic and hypertrophic markdhd) andColX (Fig.  differentiation, thelhh knockout phenotype revealed a role for
6A,G,M and data not shown). In limbs treated with alhh in regulating chondrocyte proliferation (St-Jacques et al.,
combination of Shh and Noggin protein we did not find1999; Karp et al., 2000). The different lengths of the cartilage
increased chondrocyte differentiation compared with treatmemements in BMP- and Noggin-treated cultures indicates that
with Shh alone (Fig. 6C,E,G). In additidhTHrPwas strongly BMP signaling also regulates chondrocyte proliferation. To
expressed in the periarticular region in spite of the block imnvestigate this hypothesis, we labeled limbs in culture with BrdU
BMP signaling (Fig. 6D,F,H). Conversely, cultures treated withand detected proliferating cells by antibody staining. After
a combination of cyclopamine and BMP2 displayed thdreatment with BMP2, the zones of proliferating chondrocytes
same acceleration of hypertrophic differentiation seen witlwere increased, whereas Noggin treatment results in a block of
cyclopamine alone (Fig. 6J,K,M) amITHrP was not induced chondrocyte proliferation (Fig. 7A,B,E). Limbs & olll/Ihh

by BMP treatment in the absence of Ihh signaling (Figembryos show a high level of chondrocyte proliferation,
6J,L,N). Therefore, in chick as in mice, BMP2 does not appeatemonstrating a continuous role of lhh in regulating this process
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Fig. 6.Interaction of BMP and |hh signaling in chick embryos.

Wings of HH32 chick embryos were cultured for 2 days in control
medium (A,B) or medium supplemented with Noggin (C,D), Shh
and Noggin (E,F), Shh (G,H), BMP2 (1,J), BMP2 and cyclopamine
(K,L) or cyclopamine (M,N). Parallel sections were hybridized with
riboprobes for chickhh (A,C,E,G,1,K,M) or chickPTHrP
(B,D,F,H,J,L,N). Noggin treatment results in small cartilage elements
that show a reduced level ibih (C) andPTHrP (D) expression
compared with untreated cultures (A,B). Treatment with Shh leads to
a delay in hypertrophic differentiation as seen by the smaller domain
of Ihh expression and the increased distance betwedhtihe
expression domain and the joint region (G) if compared with
untreated explants (A). Shh-treated limbs show high expression of
PTHrP in periarticular chondrocytes (H). Co-treatment of limbs with
Shh and Noggin leads to a further reductiothbfexpression (E)

and does not block the expressiorP@HrP (F). BMP2-treated

limbs show high expression tth (I) andPTHrP (J). Treatment with
cyclopamine results in an advanced onset of hypertrophic
differentiation, as seen by the expanded domalhfoéxpression

and reduced distance betweenltiteexpression domain and the

joint region (M) compared with control limbs (A). Furthermore,
PTHrP expression is blocked by cyclopamine treatment (N). Both
effects cannot be rescued by BMP2 in explants co-treated with
BMP2 and cyclopamine (K,L). Arrows point to tR&HrP

expression domain. All panels display sections through metatarsals.
cycl, cyclopamine; Nog, Noggin.

the zones oflhh and ColX expression are significantly
decreased in size, we observed a distinct separation of the
ColX-expressing hypertrophic domains (Fig. 1E,FI,J, Fig.
8A,G). To ask if this could reflect an additional effect of
BMP signaling on terminal hypertrophic differentiation, we
hybridized Noggin-treated limbs with osteoponti@sf), a
gene expressed in terminally differentiated chondrocytes
(Nakase et al., 1994). We found strong upregulatiosyfin
these cultures relative to controls, indicating a role of BMP
signaling in regulating the differentiation process itself
(Fig. 8B,H). To analyze the role of BMP signaling during
hypertrophic differentiation in relation to that of lhh, we co-
treated limb cultures with cyclopamine and Noggin. We
(Fig. 7D) (Long et al., 2001)). To reveal the epistatic relationshipletected a strong reduction of tiida expression level, which
between the two signaling systems, we analyzed double treateskembles that of Noggin-treated explants (data not shown).
limb explants. Like treatment of wild-type limbs, Noggin Most importantly we observed a reduced size of GodX
treatment of limbs that overexpreléth resulted in a block of expression domains flanking a large region of str@sp
chondrocyte proliferation (Fig. 7B-D). Therefore, Ihh does noexpression (Fig. 8E-H). By contrast, after cyclopamine
act downstream of BMP signals. Similarly, after double treatmeriteatment the expression @fsp resembles that of untreated
with cyclopamine and BMP2, chondrocyte proliferation iscultures (Fig. 8B,D). Therefore, BMP signaling seems to
blocked as seen in cultures treated with cyclopamine alone (Figegatively regulate terminal hypertrophic differentiation
7E-G). Thus, BMP2 cannot overcome the block of chondrocytendependent of Ihh signaling.

proliferation induced by loss of Ihh signaling and hence BMPs To confirm this result we analyzed limbs treated with a
do not act downstream of Ihh. Taken together, these experimemtsmbination of Noggin and PTHrP. Treatment with PTHrP
indicate that the two signaling pathways act in parallel irresults in a delayed onset of hypertrophic differentiation as

regulating chondrocyte proliferation. indicated by reduced expression ©blX and lhh, and by a

_ o o ) consequent enlargement of the distance betweenlhhe
Terminal hypertrophic differentiation is negatively expression domains and the ends of the skeletal elements. This
regulated by BMP signaling block of expression can be recognized after 2 days (Fig. 8AK)

As endochondral differentiation progresses, hypertrophic celland is more obvious after 4 days in cultures (Fig. 4A-D). As
further differentiate into terminally hypertrophic chondrocytes,expectedOspis downregulated and only expressed in a small
which produce mineralized matrix. At E14.5, the distancaegion in the center of the cartilage elements (Fig. 8L). In Noggin
between the&olX-expressing hypertrophic zones in the centeiand PTHrP double treated cultures we found a strong reduction
of the skeletal elements reflects the rate of terminabf Ihh andColX expression already after 2 days and a complete
hypertrophic differentiation. Although after Noggin treatmentloss of expression of both genes after 4 days of culture (Fig. 8l;



4530 E. Minina and others

on the other hand has been shown to regulate chondrocyte
proliferation and the onset of hypertrophic differentiation
(Vortkamp et al., 1996; St-Jacques et al., 1999; Long et al.,
2001). As the two signaling systems act at distinct steps of the
process of chondrocyte development, they do not interact in a
true epistatic relation. However, Ihh and BMP signaling each
reciprocally induce the expression of signaling factors from the
other pathway, thereby coordinating the regulation of different
steps of the differentiation process.

.A,I.'.‘.il‘.':‘ =

BMP signals do not act as secondary signals of Ihh

in regulating the onset of hypertrophic

differentiation

It has previously been demonstrated that two secreted factors,

Ihh from the prehypertrophic chondrocytes and PTHrP from

the periarticular region, interact in a negative feedback loop to

regulate the onset of hypertrophic differentiation (Vortkamp et

Lo 2 . - al., 1996; St-Jacques et al., 1999; Karp et al., 2000). These

e T G5 o - interactions require the transport of both signals through the

;D*_' c°’"dnhh8‘§§,«g G rem B]‘-iIPZ&cycl growth plate. PTHrP has been shown to travel through the
EVAG: i - *-.! growth plate. In addition direct signaling through PP-R is

ok

. ! o b necessary to block hypertrophic differentiation of chondrocytes
o - bt ’_-.;,.;w,%f P e (Tsukazaki et al., 1995; Lee et al., 1996; Chung et al., 1998;
OOy g S W e Chung et al., 2001). Ihh was recently demonstrated to travel
womie Y 0 F : over several cell diameters in the developing endochondral
“EgolliAbh v e eyl skeleton (Gritli-Linde et al., 2001). However patchétic(
: L : .. Ptch — Mouse Genome Informatics), a direct target of

Fig. 7.BMP and Ihh signaling regulate chondrocyte proliferation in . ) . .

pagrallel pathways. For%limbsgof %14.5 mouse en)1/brypos were cuIture!i_kadgehc’gl signaling (Marigo et al., 1996), is not upregulated

for 2 days in control medium (A,D) or in medium supplemented with!n the periarticular region, suggesting that Ihh does not directly
Noggin (B,C), BMP2 (E), BMP2 and cyclopamine (F) or regulatePTHrP expression. As misexpression of constitutively

cyclopamine (G). Limbs in A,B,E-G were derived from wild-type ~ activated BmpR-IA in the developing cartilage of chick
mice, and limbs in C,D from Colll/lhh embryos. Proliferating cells embryos results in a block of hypertrophic differentiation and
were labeled with BrdU and detected by antibody staining. an increase iIRPTHrP expression it has been hypothesized that
(A,B) Noggin treatment results in a block of chondrocyte BMPs act downstream of lhh in mediating the induction of
Collith embryos show  high evel of chondrocyts pralieraion |+ I expression (Zou et al, 1997)

0 . . .
©) s ok atr Nog Teamen: 0 (£6)Bee ¢ 1%4°5 S pclhess e vested b exolntsof 1

treatment results in an increased zone of proliferating cells (E) but R - )
cannot overcome the cyclopamine-induced block of chondrocyte | @nd PTHrP) and inhibitors (Noggin, cyclopamine) of the

NS s

proliferation (G) in explants double treated with BMP2 and two signaling pathways. We could not detect a direct epistatic
cyclopamine (F). In all panels radius is upwards and ulna is interaction between _the.two S|gna}llng systems in rt_agulatmg. the
downwards. cycl, cyclopamine; Nog, Noggin. onset of hypertrophic differentiation. Treatment with Noggin,

a potent inhibitor of BMP signaling (Zimmerman et al., 1996;
data not shown). Neverthele§spwas upregulated in the center Smith, 1999), could not antagonize the Ihh-induced delay of
of the skeletal elements (Fig. 8J). Such a phenotype would Ibpertrophic differentiation or the upregulation BTHrP in
expected if the onset of hypertrophic differentiation is blocked byimb cultures of mice overexpressirigh under theColll
PTHrP and simultaneously, hypertrophic cells present at thgromoter. Correspondingly, BMP2 could not rescue the
beginning of the culture undergo accelerated differentiation intoyclopamine-induced advanced onset of hypertrophic
terminally hypertrophic chondrocytes in response to Noggimifferentiation or induce the expressiorRIfHrP, which is lost
treatment. Together these results strongly suggest that the prockgsblocking the Ihh signaling pathway. We can therefore
of terminal hypertrophic differentiation is negatively regulated byconclude that BMP signaling, at least that of BMP2, does not
BMP signaling independent of the Ihh/PTHrP system act downstream of Ihh to reguld®d HrP expression and the

onset of hypertrophic differentiation. Other members of the

BMP family such as BMP7, which is expressed in the
DISCUSSION proliferating chondrocytes betwedhh and PTHrP, might

serve as mediators of the |hh signal. However, as BMPs are
For this study, we have used a culture system of embryonimembers of a highly conserved gene family and can substitute
mouse and chick limbs to analyze the role of BMP signalindor each other in many assays (Monsoro-Burq et al., 1996;
during the early stages of endochondral ossification. We fourilawabata et al., 1998), it is not likely that a close relative of
that BMP signals act at various steps during this procesBMP2, like BMP7, acts as the proposed secondary signal.
regulating chondrocyte proliferatiothh expression and the Further studies will be necessary to test if other growth factors,
process of terminal hypertrophic differentiation. Ihh signalingregulated by Ihh, can function to propagate the Ihh signal or if



BMPs and Ihh regulate chondrocyte development 4531

Fig. 9.Interaction of BMP and Iht
signaling. During endochondral
ossificationlhh is expressed in the
differentiating chondrocytes (red)
Ihh induces the expression of
PTHrPin periarticular
chondrocytes (yellow)
independently of BMP signaling.
The range of PTHrP signaling
keeps chondrocytes in a
proliferating state and determine:
the distance from the joint region
which chondrocytes can undergc
hypertrophic differentiation. Ihh ir
addition regulates the expressior
Bmp genes in the perichondrium
periosteum and in part of the
proliferating chondrocytes (green). BMP and lhh signaling together
upregulate chondrocyte proliferation, thereby pushing cells out of the
range of PTHrP signaling. These chondrocytes are released from the
block of differentiation and upregulateh expression upon BMP
signaling. BMP signaling furthermore negatively regulates the
development of terminally differentiated hypertrophic chondrocytes
(blue). By regulating chondrocyte proliferatidhh expression and
terminal hypertrophic differentiation, BMP signaling integrates the
different steps of endochondral ossification.

regulation by an activated BMP receptor, were carried out in
chick embryos (Zou et al., 1997), it was important to confirm
that our results did not reflect a species-specific difference
between chick and mouse bone development. We therefore
repeated the culture experiments using limb explants of stage
HH 32 chick embryos. Similar to the mouse experiments, we
did not find evidence for BMP signaling acting downstream
of Ihh in regulating PTHrP expression and hypertrophic
differentiation. After overexpression of constitutively activated
BmpR-IA the infected chicken limbs were analyzed at
comparable stages with our study. However, the virus was
injected at stage HH14 into the presumptive limb field, leading
to the activation of BMP signaling before the onset of
hypertrophic differentiation (Zou et al., 1997). Our studies

) o ) o o using the limb culture system allowed us to activate BMP
Fig. 8.BMP signaling delays terminal hypertrophic differentiation signaling specifically at later stages of chondrocyte
independent of the INK/PTHrP system. Forelimbs of E14.5 mouse  yeyejopment after the establishment of the different regions of

embryos were cultured for 2 days in control medium (A,B) or in . .
medium supplemented with cyclopamine (C,D), Noggin and the growth plate is completed. Therefore the effect seen in the

cyclopamine (E,F), Noggin (G,H), Noggin and PTHIP (1,J) or pTHrpStudies by Zou et al. (Zou et al., 1997) might detect a different

A== ol

(K,L). Serial sections were hybridized with riboprobesGoitx role for BMP signals at earlier stages of skeletal development.
(A,C,E,G,I,K) orOsp(B,D,F,H,J,L). (A-D) Cyclopamine treated Continuous activation of BMP signaling might keep all
limbs show increased expressiorQufiX (C) but normal expression ~ chondrocytes in a proliferating state, thereby preventing the
of the marker for terminally differentiated cel@sp(D) compared initiation of the hypertrophic differentiation process.

with untreated limbs (A,B). (E-H) Noggin treatment results in

reduced expression @olX (G) and significantly increased Stage-specific analysis of Ihh signaling

expression 0Osp(H), similar to co-treatment with Noggin and The organ culture system used in this study allows us to

cyclopamine (E,F). (I-L) Limbs treated with PTHrP show reduced

expression o€olX (K), which is further reduced in explants double analyze stage-specific functions of signaling factors. As

treated with Noggin and PTHIP (I). The low expressio@spatter targeted deletion ohh disrupts cartilage development at the

PTHrP treatment (L) is increased in limbs co-treated with Noggin nitial proliferation stage, the normal pattern of the various
and PTHrP (J). In all panels, ulna is upwards and radius is zones of chondrocyte differentiation in the growth plate is

downwards. cycl, cyclopamine; Nog, Noggin. never established properly (St-Jacques et al.,, 1999). The
interaction of signaling systems regulating the later stages of
Ihh itself can reach the joint region to directly reguRt@HrP ~ chondrocyte differentiation is thus difficult to address in these
expression. mice. We have mimicked the loss of Ihh by treating limb
Because the experiments by Zou et al., showkddHrP  explants with cyclopamine, which is a potent inhibitor of the
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Hedgehog signaling pathway (Incardona et al., 1998). As iregulating Ihh expression on a cellular level or if it is a
Ihh7= mice, cyclopamine treatment leads to reducedsecondary consequence of BMPs regulating chondrocyte
expression of the Hedgehog recep®ic (St-Jacques et al., differentiation remains to be addressed in future experiments.
1999) (H. M. W. and A. V., unpublished) and to a block in Another interesting aspect of our results is the finding that
PTHrP expression. Furthermore, the effect of cyclopamine o BMP signaling integrates chondrocyte proliferation and
chondrocyte differentiation can be rescued by PTHrRlifferentiation during bone development. As the distance
confirming that the cyclopamine-induced phenotype is #&etween the joint region and the onset of hypertrophic
specific consequence of the loss of Ihh signaling. Cyclopamirgifferentiation is determined by the Ihh/PTHrP system, one
treatment therefore allowed us to address the interaction obuld expect that upregulation of chondrocyte proliferation
Ihh with that of BMP signaling during defined stages ofdoes not increase this distance and that instead chondrocytes

chondrocyte differentiation. undergo accelerated differentiation. However, treatment of
) ) explants with BMP2 protein results in an enlargement of both,

BMP signaling regulates several aspects of the zone of proliferating and the region of hypertrophic

chondrocyte development chondrocytes. The negative effect on the onset of hypertrophic

We have identified several Ihh-independent functions of BMRifferentiation seems to be mediated by the upregulatitimhof
signaling. One of these is to regulate the process of terminekpression by BMP signaling. Furthermore, as discussed
hypertrophic differentiation. Blocking of BMP signaling by above, BMP signals delay the hypertrophic differentiation
Noggin results in an increased number @fpexpressing, process itself. By acting at several stages of chondrocyte
terminal hypertrophic cells. By contrast, cyclopaminedifferentiation BMP signaling seems to regulate the size of a
treatment, which leads to an advanced onset of hypertrophékeletal element without disturbing the differentiation process
differentiation, does not increas@sp expression. Double relative to developmental age. A slight increase of BMP
treatment experiments support the idea that BMP ansdignaling would thus result in slightly larger bones, which
Ihh/PTHrP signaling control different aspects of hypertrophiavould however develop at an unaltered pace. Similarly, a slight
differentiation: the lhh/PTHrP system regulates the onset alecrease in BMP signaling would produce the reverse effect
hypertrophic differentiation, whereas BMP signaling controldeading to shorter bones, also without a change in the rate of
the pace of the differentiation process itself. The enlargemedevelopment. Such an effect can be seen in several Bhtpe
of the hypertrophic region seen in similar experiments treatingiutant mice like the short ear muta®mn{p3 (King et al.,
cultures of mouse metatarsals with BMP2 (De Luca et al1994) or mice carrying a targeted disruptiorBaip6or Bmp7
2001) might thus reflect the ability of BMP2 to slow down the(Dudley et al., 1995; Luo et al., 1995; Solloway et al., 1998),
differentiation process in addition to increasing the number ofvhich display mild skeletal phenotypes, including shorter
cells undergoing hypertrophic differentiation. bones, without severe disturbance of the overall differentiation
We and others have shown that Ihh and BMP signalingrocess.
regulate chondrocyte proliferation (St-Jacques et al., 1999; )
Karp et al., 2000; De Luca et al., 2001; Long et al., 2001)The Bmp gene family
Treatment ofColll/lhh mice with Noggin or co-treatment of Analysis of mutations in single Bmp genes has not given
wild-type limbs with BMP2 and cyclopamine revealed that thesignificant insight into their role during skeletal
two signals are necessary in concert for proper chondrocytifferentiation. Targeted disruption of eithBmp2or Bmp4
proliferation. Blocking either pathway results in inhibition or leads to early embryonic lethality (Winnier et al., 1995;
severe reduction of chondrocyte proliferation, demonstratinghang and Bradley, 1996), whereas mutatioridnmp5 Bmp6
that the two signaling system act in parallel. or Bmp7only display mild skeletal phenotypes (Dudley et al.,
A third function of BMP signaling identified in this study is 1995; King et al., 1994; Kingsley et al., 1992; Luo et al.,
the regulation oflhh expression. After treatment with only 1995; Solloway et al., 1998), indicating a highly redundant
BMP2 we observed a slight enlargement ofltiteexpression role of Bmp genes in regulating bone development. In this
domain that was proportional to the expansion of the region atudy we have attempted to analyze the role of BMP signaling
proliferating chondrocytes. Correspondingly, treatment withduring chondrocyte maturation without differentiating
Noggin results in reducethh expression. Double treatment between individual Bmp genes. As BMP proteins can
with cyclopamine and BMP2 leads to a greater increal#hin substitute for each other in experimental systems, we have
expression than does treatment with cyclopamine aloneised BMP2 protein to mimic the role of several BMPs.
whereas double treatment of cyclopamine and Noggin reduc&milarly, Noggin has been shown to inhibit signaling of
the cyclopamine-induced upregulation ofhh. These various members of the BMP family (Zimmerman et al.,
experiments demonstrate thah expression is regulated by 1996; Kawabata et al., 1998).
BMP signaling. In this respect it is interesting to note that in Several Bmp genes are expressed in specific regions of the
the presence of cyclopamine BMP2 indudies expression developing cartilage elements and might thus be important for
closer to the periarticular region as treatment with cyclopamindifferent aspects of chondrocyte differentiation during normal
alone. One possible way to interpret this result is that BMPdevelopment. Bmp7 is expressed in the proliferating
upregulate the expression lbh in absence of the Ihh/PTHrP chondrocytes distal ttihh (Haaijman et al., 2000; Solloway et
pathway. This could furthermore mean that PTHrP not onlgl., 1998) and may be responsible for regulating chondrocyte
blocks chondrocyte differentiation but simultaneouslyproliferation andhh expression. Other Bmps, includiBgnp2
determines the competence of chondrocytes to react to BMBMp3 Bmp4and Bmp7,are expressed in the perichondrium/
signals with the upregulation d¢iih expression. Whether the periosteum (Pathi et al., 1999; Zou et al., 1997; Daluiski et al.,
induction oflhh expression is a direct consequence of BMP2001; Haaijman et al., 2000) (data shown in this manuscript),
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