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Indian hedgehog signaling regulates
proliferation and ditferentiation

of chondrocytes and is essential

for bone formation
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The mechanisms that control cell proliferation and cell differentiation during morphogenesis of the
endochondral skeleton of vertebrates are poorly understood. Indian hedgehog (Ihh) signaling from
prehypertrophic chondrocytes has been implicated in the control of chondrocyte maturation by way of
feedback control of a second secreted factor parathyroid hormone-related peptide (PTHrP) at the articular
surfaces. Analysis of an Thh null mutant suggests a more extensive role for Ihh in skeletal development.
Mutants display markedly reduced chondrocyte proliferation, maturation of chondrocytes at inappropriate

position, and a failure of osteoblast development in endochondral bones. Together, the results suggest a model
in which Ihh coordinates diverse aspects of skeletal morphogenesis through PTHrP-dependent and

independent processes.
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Development of the vertebrate skeleton is a highly regu-
lated process that takes place by at least two distinct
mechanisms: intramembranous and endochondral ossi-
fication (Gilbert 1997). In the former, bone forms directly
from mesenchymal progenitors, whereas in the latter
bone is formed after first generating a cartilaginous
model (Hall 1988; Horton 1990; Recker 1992). Membra-
nous bones are restricted to the head and part of the
clavicle. In contrast, the axial and appendicular skel-
etons develop by endochondral ossification.

In the limbs, where extensive growth is required for
proximal—distal extension of the long bones, endochon-
dral development begins with the aggregation of undif-
ferentiated mesenchymal cells to form condensations,
which by their position, shape, and size already prefigure
the future skeletal elements (Hinchcliffe and Johnson
1990). In the core of these condensations, cells differen-
tiate into chondrocytes, which secrete cartilage matrix.
At the periphery, cells form a perichondrial sheath that
surrounds the cartilage model. Proliferation of chondro-
cytes and perichondrial cells, as well as deposition of
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new matrix, are responsible for initial growth of these
skeletal elements. At a certain stage, which is specific
for each element, cells in the center undergo further
maturation into hypertrophic chondrocytes, a process
characterized by their exit from the cell cycle, enlarge-
ment and secretion of a distinct extracellular matrix that
becomes progressively calcified (Poole 1991). As a result,
immature proliferating chondrocytes become restricted
to each end of the skeletal element. These changes are
accompanied by direct differentiation of perichondrial
cells into osteoblasts, followed in turn by the deposition
of a calcified bone matrix, the “bone collar,” around the
cartilaginous core of the future long bone (Caplan and
Pechak 1987). Changes in the composition and proper-
ties of the cartilage matrix in the hypertophic zone, al-
low invasion by capillaries, accompanied by apoptosis of
terminally differentiated chondrocytes, degradation of
the calcified cartilage matrix, and its replacement by the
trabecular bone matrix secreted by invading osteoblasts.
The ordered progression of the differentiation program
and the columnar arrangement of the chondrocytes re-
sult in a stratified organization where zones of prolifera-
tion, maturation, hypertrophy, calcification, and bone
formation can be recognized, proceeding from the articu-
lar ends to the shaft of the bone. Continued proliferation
of the less mature chondrocytes at the extremities, their
differentiation into hypertrophic chondrocytes, and their
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replacement by trabecular bone near the center results in
longitudinal growth of the bone. Continued deposition
of cortical bone by the periosteum leads to radial growth.
Finally, bone remodeling results from the combined ac-
tivities of the osteoclasts, bone resorbing cells of hema-
topoietic origin, and the osteoblasts. Coordinating each
of these processes is critical in determining the size,
shape, and mechanical properties of the bones.

The molecular mechanisms controlling the chondro-
genic and osteogenic program are just starting to be elu-
cidated (for review, Reddi 1994; Erlebacher et al. 1995;
Wallis 1996; Rodan and Harada 1997). Several lines of
evidence indicate that the signaling factor parathyroid
hormone-related peptide (PTHrP) regulates the process
of chondrocyte maturation. Targeted inactivation of the
genes encoding either PTHrP or its receptor (parathyroid
hormone/parathyroid hormone-related peptide receptor,
PTH/PTHrP-R) in the mouse, result in a lethal pheno-
type, a feature of which is skeletal dysplasia character-
ized by premature maturation of chondrocytes leading to
excessive bone formation at birth (Karaplis et al. 1994,
Lanske et al. 1996). Conversely, overexpression of PTHrP
in chondrocytes leads to a delay in chondrocyte matura-
tion and bone formation such that mice are born with a
completely cartilaginous endochondral skeleton (Weir et
al. 1996). In addition, mutations resulting in constitu-
tively active PTH/PTHrP-R in humans cause a rare au-
tosomal dominant disorder, Jansen metaphyseal chon-
drodysplasia, characterized by widespread growth plate
abnormalities including delayed mineralization and dis-
torted columns of chondrocytes (Schipani et al. 1995,
1996). Targeted overexpression of this receptor in mouse
chondrocytes reproduces several aspects of the human
dysplasia (Schipani et al. 1997). Although PTHP is ex-
pressed at highest levels by the cells of the periarticular
perichondrium, at the ends of developing long bones,
PTH/PTHrP-R is expressed at low levels throughout the
region of immature chondrocytes and at highest levels in
mitotically active chondrocytes in the proliferative zone
from where postmitotic hypertrophic precursors emerge
(Amizuka et al. 1996; Lee et al. 1994, 1995, 1996). Chi-
meric studies indicate that PTH/PTHrP-R acts in a cell
autonomous manner to prevent cells close to the articu-
lar ends committing to a hypertrophic fate (Chung et al.
1998). Thus, it has been proposed that PTHrP secreted by
cells at the periarticular ends of the developing bone dif-
fuses and acts on chondrocytes expressing PTH/
PTHrP-R to prevent or slow down their progression into
postmitotic hypertrophic cells (for review, see Wallis
1996; Kronenberg et al. 1997). PTHrP and its receptor are
also present in the periosteum and the main ossification
centers (Amizuka et al. 1996; Lee et al. 1994, 1995),
where signaling may also regulate vascular invasion and
bone formation.

Indian hedgehog (Ihh), which encodes a member of the
Hedgehog family of signaling factors, is initially ex-
pressed in chondrocytes of the early cartilaginous skel-
etal elements (Bitgood and McMahon 1995). On matura-
tion, expression becomes progressively restricted to
postmitotic prehypertrophic chondrocytes adjacent to

Ihh signaling in endochondral ossification

the PTH/PTHrP-R-expressing proliferative zones (Bit-
good and McMahon 1995; Vortkamp et al. 1996; Twasaki
et al. 1997; Zou et al. 1997). Vortkamp et al. (1996) dem-
onstrated that ectopic expression of Ihh in developing
chick long bones induces up-regulation of PTHrP expres-
sion in the articular perichondrium, leading to delayed
differentiation of the chondrocytes, and delayed and ab-
normal ossification (Vortkamp et al. 1996), a phenotype
opposite to that seen in mice homozygous for null mu-
tations in either PTHrP or its receptor (Karaplis et al.
1994; Lanske et al. 1996). Furthermore, addition of
Hedgehog protein to limb cultures delayed chondrocyte
differentiation but only if PTHrP signaling was intact
(Lanske et al. 1996; Vortkamp et al. 1996). These results
suggest that Thh and PTHrP regulate chondrocyte differ-
entiation through the establishment of a negative feed-
back mechanism (Vortkamp et al. 1996), in which pro-
duction of Thh by prehypertrophic chondrocytes induces
PTHrP expression, thereby preventing additional chon-
drocytes from moving down the differentiation pathway.
When prehypertrophic chondrocytes fully differentiate
they no longer express Ihh. Consequently, the negative
feedback mechanism is attenuated and new chondro-
cytes are allowed to initiate the differentiation process
(Vortkamp et al. 1996).

The high levels of Patched, a multipass membrane pro-
tein that is both a Hedgehog receptor and transcriptional
target of Hedgehog signaling (for review, see Ingham
1998), in perichondrial cells adjacent to the prehypertro-
phic chondrocytes suggested that Thh may regulate
PTHrP expression indirectly through a perichondrial sig-
naling relay (Vortkamp et al. 1996). Here we report that
analysis of an [hh null mutant supports a role for an
Thh/PTHrP feedback mechanism in the control of chon-
drocyte maturation. In addition, we present evidence
that Thh also controls chondrocyte proliferation and os-
teoblast development. Thus, Thh signaling plays a pivotal
role in coordinating several different cellular processes,
which are essential for morphogenesis of the vertebrate
skeleton.

Results

Generation of a null allele of Thh

The Ihh locus was targeted in embryonic stem (ES) cells,
replacing the entire first exon of Thh and [ kb of flank-
ing sequence with a neomycin resistance cassette (Fig.
1A). Properly targeted clones (verified by Southern blot
analysis with 5'- and 3’-flanking probes; Fig. 1A; data not
shown) were obtained at a frequency of [ in 35 in both
the CJ7 (Swiatek and Gridley 1993) and RI (Nagy et al.
1993) ES cell lines. As exon 1 encodes over half of the
Thh-signaling peptide, targeting creates a null allele. Four
independently targeted ES cell lines (two CJ7 and two RI)
were used to generate chimeras, which transmitted the
recombinant allele (Fig. 1B; data not shown). In all cases,
heterozygous intercrosses produced homozygous Ihh
mutant embryos with identical phenotypes on a random
bred (Swiss-Webster), F; (129/SV;C57BI16/]), or inbred
(129/Sv) backgrounds.
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Figure 1. Generation of IThh null mice by gene targeting. (A)
Diagram of the Ihh locus, the targeting vector, and the mutant
allele. E1, E2, and E3 indicate exons 1 to 3 of the Thh gene. Black
boxes correspond to the sequence encoding the 19-kD signaling
peptide. The location of the fragments used as probes in South-
ern blotting are shown, as well as the sizes of the Ncol and Xhol
fragments detected for wild-type and targeted alleles. (B) South-
ern blot analysis of genomic DNA. DNA from 16.5-dpc embryos
was digested with Ncol and hybridized with the KpnI-HindIIl
5'probe shown in A. The resulting 7.6- and 8.4-kb bands corre-
spond to the wild-type and mutated alleles, respectively.

Almost half of the Ihh™~/~ embryos died between 10.5
and 12.5 days postcoitum (dpc) (Table 1). The exact cause
of midgestational death is under study but most likely
relates to circulatory abnormalities resulting from ab-
sence of normal Thh activity in the yolk sac where it is
expressed in the visceral endoderm from as early as 7.5
dpc (Becker et al. 1997; Farrington et al. 1997). Although
some lethality occurred in late gestation (Table 1), most
of the remaining Ihh~/~ embryos developed to term but
died at birth, due to respiratory failure. The first overt

Table 1. Genotypes of embryos from Thh*/~ intercrosses

sign of an embryonic phenotype was an obvious short-
ening of the forelimbs, visible at 13.5 dpc (Fig. 2A, B). At
birth, the mutant animals were invariably shorter than
their wild-type littermates, had a foreshortened snout
and mandible, a rounded skull, a short tail, and displayed
severe dwarfism of the limbs (Fig. 2C, D).

Skeletons were stained with alcian blue and alizarin
red to detect cartilage and calcified tissue (hypertrophic
cartilage and bone), respectively. Importantly, in the mu-
tant, most of the skeletal elements were present in the
right position and in the right number (Fig. 2E,F). Thus,
early events in patterning of the skeleton, which precede
Ihh expression in condensed chondrocytes, were not sig-
nificantly affected, as expected. However, later events in
skeletogenesis were clearly abnormal, as all appendicu-
lar and axial skeletal elements showed dwarfism (Fig. 2E,
F). The severe shortening of the ribs prevented breathing
and most likely accounts for the early perinatal mortal-
ity of Thh mutants. In addition to the reduction in size,
most endochondral bones were somewhat misshapen
and not all joints formed properly (see below). However,
most skeletal elements, which were calcified in the
wild-type skeleton, also showed signs of calcification in
the mutant skeleton (Fig. 2E, F), indicating that matura-
tion of the chondrocytes in the endochondral skeleton
occurred in absence of Thh signaling. Finally, develop-
ment of the intramembranous bones of the skull ap-
peared much less affected (Fig. 2E, F), suggesting a pro-
nounced skeletal defect related to the process of endo-
chondral ossification.

Abnormal long bones development in Thh™/~ limbs

In view of previous studies (see Introductory section) we
focused our analysis on the long bones of the limbs
where the phenotype was most severe, concentrating on
forelimb development (Fig. 3A-K). At 12.5 dpc, the initial
cartilaginous primordia of the mutant forelimbs were
not significantly different from that of their wild-type
littermates in size, shape, or stage of development (Fig.
3A, B). This confirmed that condensation of mesenchy-
mal cells to form the anlagen of the future bone and their
differentiation into chondrocytes was independent of Thh
signaling. At 13.5 dpc, a small but reproducible differ-
ence was apparent in all specimens. Each cartilage ele-
ment in the mutant was slightly shorter than the corre-
sponding element in the wild-type limb (data not

Developmental stages (dpc)

Genotype 105 115 12.5 145 16.5 18.5 Total
+/+ 20 6 22 21 21 21 26 137 (28.4)
+/- 34 5 51 51 49 32 282 (58.4)
-/- 14 (20.6) 4(26.7) 13 (15.1) 11 (12) 11(13.3) 4(5.4) 7(10.8) 64 (13.2)
Total 68 15 86 92 83 74 65 483

Percentages are in parentheses.
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Figure 2. Phenotype of Thh mutant mice. (A,C,E) Wild-type
animals (IThh */*); (B,D,F) mutant animals (Thh ~/-). (A, B) 13.5-
dpc embryos. The forelimb in the mutant embryo is signifi-
cantly shorter than in the wildtype (white arrows). (C,D) Gross
appearance of newborns. Note the rounded skull, shortened face
and tail, and the severe dwarfism of the limbs in the mutant.
(E,F) Skeletons of newborns stained with Alcian blue (cartilage)
and Alizarin red (calcified tissue). General patterning of the
skeleton is normal but all elements of the axial and appendicu-
lar skeletons are significantly reduced in size in the mutant.

shown), a difference that became quite obvious by 14.5
dpc (Fig. 3C, D). This difference became progressively
more severe (Fig. 3E-H), such that by the time of birth
the long bones of the mutants were only one-third the
length of those in their wild-type littermates [for hu-
mans 1.55 mm (s.D. = 0.11 mm) vs. 4.46 mm (s.D. = 0.18
mm), respectively; P < 0.001 on Student’s t-test, n = 10].
Although this failure of bone growth is the most striking
feature of the Ihh null phenotype, differentiation is also
abnormal. The first signs of calcification in the wild-type
humerus were visible at 14.5 dpc as the formation of a
bone collar around the cartilage at midshaft (Fig. 3C, I).
Extensive calcification was detected in all long bones of
wild-type embryos by 15.5 dpc (data not shown). How-
ever, it was not until 16.5 dpc that the first signs of
calcification were detected in the scapula and humerus
of the mutants (Fig. 3F,]) and slightly later in the radius
and ulna (data not shown). This initial calcification took
the appearance of a single focus of alizarin red staining in
the center of the cartilage suggesting that mineralization
was occurring in the cartilage and not in association

Ihh signaling in endochondral ossification

with a bone collar (Fig. 3]). By 18.5 dpc, however, calci-
fication was proportionally more extensive in the mu-
tant bones than in the wild-type, extending closer to the
articular surfaces reminiscent of mutants in PTHrP or its
receptor (arrowheads in Fig. 3K). This was also evident in
other skeletal elements including the sternum, the ver-
tebrae, and the cartilaginous synchondroses of the base
of the skull (data not shown). We also observed a failure
of digit segmentation, which initiates in wild-type em-
bryos around 14.5 dpc (Fig. 3C, D). However, even at the
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Figure 3. Development of the forelimb skeleton. (A,C,E,G,I)
Wild-type forelimbs; (B,D,F,H,],K) Ihh ~/~ forelimbs. In A and B
forelimbs were stained with Alcian blue. In C-K forelimbs were
stained with Alcian blue and Alizarin red. (A,B) 12.5-dpc limbs.
Note that the initial cartilage elements form normally in the
mutant. (C,D) 14.5-dpc limbs. (E,F) 16.5-dpc limbs. (G,H) 18.5-
dpc limbs. An obvious difference in length of the long bones
visible at 14.5-dpc becomes progressively more severe, indicat-
ing a failure of the growth process in the mutant. (I) Higher
magnification of the wild-type humerus shown in C. Arrow
indicates formation of a bone collar. (J) Higher magnification of
the Ihh =/~ humerus shown in F. Arrow indicates calcification in
the center of the cartilage only. (K) 18.5-dpc Ihh~/~ limb at
higher magnification. Arrowheads indicate areas of ectopic cal-
cification. Arrows indicate incomplete joint formation. (A-D)
Bar 0.5 mm; (E-H,K) bar 1 mm.
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latest stage, the mutant digits remained unsegmented
and uncalcified (Fig. 3K). Furthermore, the humerus and
ulna, as well as some of the wrist bones, remained partly
fused (arrows in Fig. 3K).

Reduced chondrocyte proliferation in Thh™/~ cartilage

Before chondrocyte hypertrophy, growth within the car-
tilage element is largely dependent on proliferation of
chondrocytes. To address proliferation in Ihh-mutant
limbs, we measured bromodeoxyuridine (BrdU) incorpo-
ration into proliferating chondrocytes between 12.5 and
14.5 dpc. As shown in Figure 4, A and B, there was not
only a marked reduction in the percentage of BrdU-posi-
tive nuclei in the proliferative zone of the mutant but
also a dramatic reduction in the length of the prolifera-
tive zone. The proportion of BrdU-positive nuclei in the
humerus of the mutant was approximately one-half that
of the wild-type littermate from as early as 12.5 dpc (Fig.
4C). Ihh is first expressed in chondrocytes of the hu-
merus at 11.5 dpc (Bitgood and McMahon 1995). Thus,
Thh signaling is required to maintain the high rate of
chondrocyte proliferation observed in the rapidly grow-
ing long bones of the early mammalian skeleton.

Proliferating chondrocytes are likely direct targets
of Thh signaling

Thh signaling at early stages of chondrogenesis has not
been addressed rigorously in earlier studies. The failure
of normal proliferation in the mutant cartilage indicated
that immature chondrocytes might be a target of IThh
signaling. Therefore, we compared the expression pat-
terns of Thh, and its receptor, and transcriptional target
Patched-1 (Ptc-1), in the developing humerus of wild-
type and Thh mutant embryos. In wild-type limbs, Thh
transcripts were detected at 12.5 dpc in chondrocytes in
the center of the cartilage condensation (Fig. 4D). Ptc-1
was detected in a much broader domain, which included
almost all the chondrocytes as well as surrounding mes-
enchyme outside of the condensation (Fig. 4E). No ex-
pression of Ihh or Ptc-1 was detected in the mutant skel-
eton at any stage, confirming that Thh signaling is re-
quired to induce high levels of Ptc-1 expression (Fig. 4F,
G). Expression of the transcription factor GIi-1, a tran-
scriptional target and effector of Hedgehog signaling, was
found to be generally similar to that of Ptc-1, and was
similarly down-regulated in the mutant (data not
shown). At 13.5 dpc, Thh expression in the wild-type hu-
merus was down-regulated in the more mature central
cells that are undergoing hypertrophy (Fig. 4H). Ptc-1 ex-
pression could be detected in proliferating chondrocytes
adjacent to those expressing Ihh (arrow in Fig. 41). In
addition, a very strong signal was detected in the peri-
chondrium/periosteum at this stage (Fig. 4I). At later
stages, IThh expression was restricted to the prehypertro-
phic chondrocytes (Fig. 4]). Ptc-1 expression was still de-
tected in proliferating chondrocytes adjacent to the Thh
expression domain (arrow in Fig. 4K), but its expression
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Figure 4. Reduced chondrocyte proliferation and absence of
Thh and Ptc-1 expression in embryonic long bones in the Ihh
mutant. (A,B) BrdU labeling in the humerus of wild-type (A) and
Ihh /- (B) embryos at 14.5 dpc. BrdU-positive nuclei are stained
black. All nuclei are counter stained with toluidine blue. The
black bar annotated P indicates the extent of the zone of prolif-
eration. (C) BrdU incorporation calculated as percentage of
BrdU-positive nuclei in the proliferation zone at different devel-
opmental stages. Bars represent means + s.D.. (Open bars) wild-
type, (solid bars) Thh™/~. (*) P <0.01; (**) P < 0.005 (Student’s
t-test). (D-K) 35-S in situ hybridization for IThh and Ptc-1 on
longitudinal sections through wild-type and Thh ~/~ humerus at
different stages of development. (D, F, H,]) Ihh expression. (E, G,
I, K) Ptc-1 expression. (D,E) Wild-type humerus at 12.5-dpc. Ihh
is expressed by the chondrocytes in the center of the cartilage
(D), Ptc-1 is expressed in a much broader domain (E). (F,G) Ihh
-/~ humerus at 12.5 dpc. Note the absence of Ihh (F) and Ptc-1
(G) expression in the mutant cartilage (the hybridization signal
seen in G is not associated with the cartilage and probably rep-
resents Ptc-1 expression in the developing nerves). (H,I) Wild-
type humerus at 13.5 dpc. Although Ihh expression is starting to
get down-regulated in the more mature chondrocytes in the
center of the cartilage (H), Ptc-1 is expressed at a high level in
the perichondrium and at a lower level in proliferating chon-
drocytes (arrow in I). (J,K) Wild-type humerus at 18.5 dpc. Thh
expression (]) is restricted to the prehypertrophic chondrocytes;
Ptc-1 expression (K) is detected in the proliferating chondro-
cytes (arrow) and in a new domain at the chondro-osseus junc-
tion (arrowhead).

in the perichondrium/periosteum was restricted to the
area surrounding the Ihh-expressing cells. A new domain
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of Ptc-1 expression was also detected in the primary
spongiosa were osteogenic cells replaced the hypertro-
phic cartilage (arrowhead in Fig. 4K). Thus, at all devel-
opmental stages examined, proliferating chondrocytes
expressed the receptor Ptc-1 and therefore, are likely to
be direct targets of Thh signaling. Ptc-1 expression, in
regions of osteogenesis, also suggests a possible link with
bone formation. No significant expression of the closely
related molecule Ptc-2 was detected in the developing
long bones (data not shown).

Chondrocyte maturation and bone formation are
abnormal in Thh mutants

Having demonstrated that Ihh is essential for normal
levels of chondrocyte proliferation, we next examined
the differentiation process. At 12.5 dpc both wild-type
and mutant cartilages were made up of a relatively uni-
form population of tightly packed chondrocytes (data not
shown). At 13.5 dpc, cells in the center of the wild-type
humerus initiated the process of hypertrophic differen-
tiation (arrow in Fig. 5A, and Fig. 5C). At this stage in the
mutant, typical hypertrophic chondrocytes were ab-

WT -/- WT

13.5dpc |

Ihh signaling in endochondral ossification

sent (Fig. 5B), although many central chondrocytes ap-
peared vacuolated (Fig. 5D). At 14.5 dpc, the hypertro-
phic zone had greatly enlarged in the wild-type humerus
and proliferating chondrocytes displayed a typical co-
lumnar organization (Fig. 5E, G). In addition, vascular
invasion of the perichondrium had taken place with the
concomitant appearance of a cortical bone collar (arrow
in Fig. 5E). Although some hypertrophic cells were pres-
ent in the center of the mutant humerus (Fig. 5F), these
were not as large or as well organized (Fig. 6H), and were
still flanked laterally by less mature chondrocytes with
no sign of vascularization or cortical bone formation
(arrow in Fig. 5F). Indeed, whereas wild-type embryos
formed extensive cortical bone by 18.5 dpc, no formation
of cortical bone could be seen histologically in the mu-
tant humerus, even in areas where vascular invasion of
the perichondrium had taken place (Fig. 5M, N). Further-
more, although replacement of the terminally differen-
tiated hypertophic cells by invading osteoblasts in the
shaft of the wild-type humerus resulted in formation of
extensive trabecular bone in the primary spongiosa (Fig.
51), no histologically identifiable bone was present in the
Ihh mutants (Fig. 5], L). However, in the most advanced

Figure 5. Histological analysis of endochondral os-
sification in the IThh mutant. (4, C, E, G, I, K, M)
Hematoxylin/eosin-stained longitudinal sections
through wild-type humerus. (B, D, F, H, ], L, N)
Sections through Ihh ~/~ humerus. In all the panels
except M and N, proximal is at the top, distal at the
bottom. (A,B) 13.5 dpc. The arrow in A points to
chondrocytes undergoing hypertrophy in the wild-
type humerus. (C,D) Higher magnification of chon-
drocytes in the center of the bones shown in A and
B. (E,F) 14.5 dpc. The arrow in E indicates newly
formed cortical bone in the wild-type humerus. The
arrow in F indicates less mature chondrocytes sur-

RS & o

18.5 dpc

rounding the population of hypertrophic cells. (G,H)
Higher magnification of chondrocytes in the center
of the bones shown in E and F. (I,]) 18.5 dpc. The
arrow in ] indicates a newly formed site of vascular
invasion and degradation of the cartilage. (K,L)
Higher magnification of cells at the chondro-osse-
ous junction or the newly formed site of vascular
invasion shown in I and ], respectively. (M) Longi-
tudinal section through a wild-type humerus at 18.5
dpc showing the periosteum and the newly formed
cortical bone (arrow) adjacent to the zone of hyper-
trophic chondrocytes. (N) Section through a Thh ~/~
humerus at 18.5 dpc showing the abnormal histol-
ogy of the perichondrium and the absence of corti-
cal bone formation even in vascularized areas. (ch)
chondrocytes; (h) zone of hypertrophic chondro-
cytes; (o) zone of ossification; (p) zone of proliferat-

ing chondrocytes; (pe) perichondrium /periosteum.
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cases, areas of vascular invasion and degradation of the
cartilage matrix were visible (arrow in Fig. 5]). Erythro-
cytes, and some cells with a more fibroblastic appear-
ance like those found at the normal chondro-osseus junc-
tion, were present (Fig. 5L), as well as a few large multi-
nucleated cells, possibly osteoclasts (data not shown).
Chondrocytes never displayed a clear stacked columnar
organization and the area of hypertrophic cells extended
to within 20 cell diameters of the articular surface,
whereas in wild-type bones hypertrophic cells remained
many hundreds of cell diameters from this end. Thus,
the extensive alizarin red staining visible in newborn
Ihh~'- skeletons resulted from the presence of a calcified
cartilage matrix secreted by terminally differentiated hy-
pertrophic chondrocytes, and did not indicate the pres-
ence of true bone matrix. In summary, the long bones of
the Thh mutants underwent a delayed and disorganized
differentiation. Hypertrophic chondrocytes appeared late
but subsequently chondrocyte maturation extended into
regions where chondrocytes normally remain undiffer-
entiated. Finally, bone formation was absent. Some ele-
ments of the axial skeleton (vertebrae and sternum) pre-
sented similar histological findings (data not shown), but
the ribs did not show excessive calcification.

To address chondrocyte maturation at the molecular
level, we performed a series of section in situ hybridiza-
tions to compare expression of collagen type X (Col10), a
marker of hypertrophic chondrocytes (Linsenmayer et al.
1991; Apte et al. 1992; Elima et al. 1993) and collagen
type II (Col2), which is expressed by less mature chon-
drocytes. At 12.5 and 13.5 dpc, chondrocytes expressed
Col2 in both the wild type and the mutant (data not
shown). Unexpectedly, at 12.5 dpc, we already detected
Col10 expression in the center of some wild-type humeri
although histologically identifiable hypertrophic cells
were not visible (Fig. 6A). No Col10 expression was ob-
served in the mutants (Fig. 6B). At 13.5 dpc, robust Col10
expression was found in the wild type in the hypertro-
phic region, but only patchy Col10 expression was seen
in the mutant (Fig. 6C, D). In the wildtype, as cells ma-
tured into hypertrophic chondrocytes they abruptly
switched from expressing type II to type X collagen such
that by 14.5 dpc, and at all later stages, there was only a
slight overlap in the domains of Col2 and Col10 expres-
sion (Fig. 6E, F). In contrast, there was still an overlap
between expression of Col2 and Col10 in the mutant
(Fig. 6G,H). Thus, it appeared that many chondrocytes
were in a transition state, not having down-regulated
Col2-expression yet but already expressing high levels of
Col10. At 16.5 dpc, the hypertrophic cells in the core of
the mutant cartilage had matured to a state at which
they no longer expressed Col2 (Fig. 61,]). Note that these
mature hypertrophic chondrocytes were still surrounded
by a population of less differentiated cells expressing
only Col2 (Fig. 61, J). Finally, at 18.5 dpc, Col2-expressing
chondrocytes still surrounded Col10 expression in the
mutant, but surprisingly cells in the center of the hu-
merus no longer expressed Col10, although most of these
cells still had the appearance of hypertrophic chondro-
cytes (Fig. 6K, L). These results confirm that chondrocyte
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Col10,13.5 dpc

Col10,12.5 dpc

WT, 14.5 dpc

Col10

1 J : k e - 2
Figure 6. Abnormal patterns of expression of collagen type II
and type X, indicate a delay in maturation of the chondrocytes
in the Thh =/~ long bones. (A-L) 35-S in situ hybridization for
collagen type II (Col2) and type X (Col10) on longitudinal sec-
tions through wild-type and Ihh ~/~ long bones at different
stages of development. (A,B) Col10 expression in wild-type (A)
and Thh ~/~ (B) humerus at 12.5 dpc. No Col10 expression was
detected at this stage in the mutant. (C,D) Col10 expression in
wild-type (C) and Ihh ~/~ (D) humerus at 13.5 dpc. Only patchy
Col10 expression was visible in the mutant. (E,F) Col2 (E) and
Col10 (F) expression in wild-type humerus at 14.5 dpc. The
domains of expression of Col2 (less mature chondrocytes) and
Col10 (hypertrophic chondrocytes) are almost nonoverlapping
at this stage. (G,H) Col2 (G) and Col10 (H) expression in Thh =/~
humerus at 14.5 dpc. In the mutant there is still a very broad
overlap in Col2 and Col10 expressions at this stage. (I,]) Col2 (I)
and Col10 (]) expression in Ihh ~/~ fibula at 16.5 dpc. At this
stage, the more mature chondrocytes in the center of the carti-
lage express only Col10. A less mature population expressing
only Col2 surrounds these cells. (K,L) Col2 (K) and Col10 (L)
expression in Thh =/~ humerus at 18.5 dpc.

differentiation was initially delayed, but when it oc-
curred, hypertrophic cells occupied abnormal positions
close to the articular surface.

The abnormal location of hypertrophic chondrocytes
close to the articular surface is reminiscent of the phe-
notype in PTHrP and PTH/PTHrP-R mutants (Karaplis
et al. 1994; Lanske et al. 1996; Chung et al. 1998). In situ
hybridization studies on the forelimb at 14.5 dpc re-
vealed that although the PTH/PTHrP-R was expressed in
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immature chondrocytes in Thh mutants, the normal peri-
articular expression of PTHrP was absent (Fig. 7A-D).
Thus, in agreement with earlier studies in the chick
(Vortkamp et al. 1996), Ihh is required to maintain
PTHrP signaling and thereby regulate chondrocyte
maturation.

Absence of mature osteoblasts in the Thh ~/~
long bones

To address the failure of bone formation, we examined
the expression of three genes associated with osteoblast
development. Osf-2/Cbfal, a transcriptional activator of
osteoblast differentiation, was first described as being
expressed in early mesenchymal condensations and later

Figure 7. Absence of PTHrP expression in the Thh =/~ mutant.
(A-D) 35S in situ hybridization for PTHrP and PTHrP-R on lon-
gitudinal sections through wild-type and Thh ~/~ forelimb bones
at 14.5 dpc. (A,B) PTHrP expression in articular perichondrium
of wild-type (A) and Ihh ~/~ (B) humerus. No PTHrP expression
is detected in the mutant. (C,D) PTHrP-R expression in wild-
type (C) and Ihh ~/~ (D) radius and ulna. Note that in the wild-
type, PTHrP-R expression is detected in maturing chondrocytes
and in the perichondrium/periosteum. There is PTHrP-R ex-
pression in the mutant chondrocytes but not in the perichon-
drium. (h) Humerus; (u) ulna; (r) radius.

Ihh signaling in endochondral ossification

being restricted to sites of differentiation of preosteo-
blasts and osteoblasts (Ducy et al. 1997; Otto et al. 1997).
Mutants lacking Osf-2/Cbfal fail to undergo normal
chondrocyte maturation and lack osteoblasts (Komori et
al. 1997; Otto et al. 1997). We found that Osf-2/Cbfal
was normally expressed at high levels in the perichon-
drial/periosteal region where cortical bone forms (arrow
in Fig. 8A) and at low levels in differentiated chondro-
cytes throughout early development (arrowhead in Fig.
8A). At later stages Osf-2/Cbfal was expressed at high
levels in the osteogenic areas, the periosteum, and the
trabecular bone, and still at low levels in the chondro-
cytes (Fig. 8C). Conversely, in the mutant expression
was restricted to chondrocytes (arrowhead in Fig. 8B,D)
but was completely absent from the perichondrial /peri-
osteal tissue (Fig. 8B,D). In wild-type bones, Bmp3 ex-
pression was restricted to tissues where preosteoblast
and osteoblast differentiation took place (Fig. 8G; see
also Vukicevic et al. 1994; Takahashi and Tkeda 1996),
the perichondrium/periosteum from 13.5 dpc (Fig. 8E;
data not shown), then in areas of trabecular and cortical
bone formation at later stages. No Bmp3 expression was
detected in the perichondrial/periosteal region of Ihh
null mutants at any stage (Fig. 8F, H). However, some
late expression was visible in the core of the mutant
humerus (Fig. 8H). Finally, the perichondrial/periosteal
domain of PTH/PTHrP-R expression was also absent
while chondrocyte expression was maintained (Fig. 7C,
D, and Fig. 81, J). The absence of all three markers indi-
cates that Thh signaling is essential for development of
the osteogenic program that leads to cortical bone for-
mation. This conclusion was confirmed and extended by
examining the expression of osteocalcin, currently con-
sidered the most specific marker of mature osteoblasts
(see Aubin and Liu 1996). Although osteocalcin expres-
sion was detected in long bones of wild-type embryos
(Fig. 8K), no osteocalcin expression could be detected in
any endochondral bone in the mutant appendicular or
axial skeleton (Fig. 8L; data not shown). In contrast,
abundant osteocalcin expression, indicating the pres-
ence of mature osteoblasts, was observed in mutant
bones formed entirely or partially by intramembranous
ossification such as the flat bones of the skull, the man-
dible, and the clavicle (Fig. 8M; data not shown). Thus,
the absence of Thh signaling affects osteoblast develop-
ment only in the endochondral skeleton, where mature
osteoblasts are completely absent at birth.

Discussion

We have shown that Thh mutants display (1) markedly
reduced chondrocyte proliferation; (2) initially delayed,
then abnormal chondrocyte maturation; and (3) absence
of mature osteoblasts. Our analyses indicate that Ihh sig-
naling plays multiple regulatory roles in endochondral
bone formation, some of which support existing models
of Thh function, whereas others require a reappraisal of
Thh action. Together, our results demonstrate that Ihh
signaling plays a pivotal role in coordinating diverse as-
pects of skeletal morphogenesis.
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Figure 8. Absence of endochondral bone forma-
tion before birth in the Thh ~/~ mutant. (A-L) 35-S
in situ hybridization for perichondrial markers on
longitudinal sections through wild-type and Ihh
-/~ humerus at different stages of development.
(A, C, E, G, I, K) Wild-type bones. (B, D, F, H, ], L,
M) Ihh ~/~ bones. (A-D) Osf-2/Cbfal expression.
(A) Wild-type at 13.5 dpc. Expression is detected
in the perichondrium (arrow) and some mature
chondrocytes (arrowhead). (B) Ihh =/~ at 14.5 dpc.
Osf-2/Cbfal expression is detected only in the
more mature chondrocytes at the center of the
humerus (arrowhead). (C,D) 18.5 dpc. (E-H) Bmp3
expression. (E, F) 14.5 dpc. (G, H) 18.5 dpc. (I])
PTHrP-R expression at 18.5 dpc. Arrow in I indi-
cates expression in the periosteum. Arrowhead in
I and ] indicates expression in chondrocytes. (K-
M) osteocalcin expression. (K, L) 18.5 dpc. (M) Co-
ronal section through parietal bone of the skull in
a mutant embryo at 18.5 dpc showing osteocalcin
expression in the intramembranous bone.

Thh is a regulator of PTHrP expression
and chondrocyte hypertrophy

Previous experiments in chick showed that Ihh controls
the transition from proliferating to hypertrophic chon-
drocyte, most likely by maintaining expression of
PTHrP, an inhibitor of chondrocyte maturation (Lanske
et al. 1996; Vortkamp et al. 1996). These observations
suggested a model that, in its simplest form, predicts
that a null mutation in Ihh would lead to down-regula-
tion of PTHrP expression and phenocopy the PTHrP or
PTH/PTHrP-R null mutations (Vortkamp et al. 1996).
Examination of Thh mutants indicates that, although
this model holds, there are likely to be other PTHrP-
independent pathways regulated by Ihh.

Initially chondrocyte maturation is delayed in the long
bones but at later stages hypertrophic cells were ob-
served in abnormal positions, close to the ends of the
skeletal elements, indicative of the atypical maturation
observed in mutants of the PTHrP signaling pathway. As
PTHrP expression was absent at the articular surfaces,
our data lend genetic support to the model of Vortkamp
et al. (1996), which proposed that Thh produced by newly
differentiating postmitotic chondrocytes regulates peri-
articular PTHrP production positively, thereby putting
the brakes on further chondrocyte maturation. Although
we have focused on growth and differentiation of the
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long bones, there are several other features of the Ihh
mutant that phenocopy PTHrP and PTH/PTHrP-R mu-
tants. These include ectopic calcification in the cartilagi-
nous synchondroses between the basoccipital and exoc-
cipital bones at the base of the skull, as well as ectopic
calcification in the sternum and vertebrae. Thus, an Thh/
PTHrP regulatory pathway most likely functions in
many regions of the developing endochondral skeleton
to control chondrocyte differentiation. Whether Ihh acts
directly as a long-range signal or by a relay mechanism
through a secondary signal to induce/maintain PTHrP
expression in the periarticular perichondrium is still un-
clear. However, the absence of Ptc expression, a general
indicator of Hedgehog signaling, in these cells suggests
an indirect pathway.

The PTHrP~/~ phenotype has been interpreted as re-
sulting from an increase in the rate of differentiation of
chondrocytes (Lee et al. 1996). This interpretation is
based largely on the appearance of the growth plate at
18.5 dpc. Histologically, the PTHrP and PTH/PTHrP-R
null mice show a clear reduction in the height of the
zone of proliferating chondrocytes with an irregular co-
lumnar organization and distortion of the osteochondral
junction (Amizuka et al. 1994, 1996; Karaplis et al. 1994;
Lanske et al. 1996; Lee et al. 1996). Importantly, it was
shown that the rate of chondrocyte proliferation (mea-
sured as the percentage of chondrocytes in mitosis in the
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proliferation zone) is not significantly different between
wild-type and PTHrP~/~ bones (Lee et al. 1996). Because
the rate of proliferation of the chondrocytes is not af-
fected but the number of chondrocytes in the prolifera-
tion zone is nonetheless reduced, it was concluded that
the rate of differentiation to the hypertrophic phenotype
was accelerated leading to depletion of the proliferating
population and premature hypertrophy and bone forma-
tion (Lee et al. 1996; see also Kronenberg et al. 1997).
This interpretation predicts that in mice defective for
PTHrP signaling as the proliferative zone shrinks, the
hypertrophic zone should expand as more cells enter this
terminal state. Conflicting results have been reported.
Amizuka et al. (1994) found no difference in the number
of hypertrophic chondrocytes in the tibial growth plate
of wild-type and PTHrP~/~ mice at 18.5 dpc, whereas Lee
et al. (1996) reported a larger zone of hypertrophic chon-
drocytes at 15.5 dpc and a wider zone of terminally dif-
ferentiated chondrocytes at 18.5 dpc.

On the basis of published data, we suggest a different
interpretation for the role of PTHrP, that PTHrP does not
regulate the rate of differentiation of the chondrocytes
per se, but only determines the position relative to the
articular ends of the developing bone at which chondro-
cytes exit the cell cycle and initiate the hypertrophic
differentiation program. Thus, PTHrP acts as a pattern-
ing molecule and the periarticular perichondrium as an
‘organizer.” We propose that (1) the periarticular peri-
chondrium is the main source of PTHrP; (2) PTHrP
diffuses away from the articular end; (3) high concentra-
tions of PTHrP inhibit hypertrophy, but there is a thresh-
old concentration below which PTHrP no longer pre-
vents initiation of the hypertophic program; and (4) the
distance from the articular end at which this threshold
concentration is reached depends on the level of tran-
scription of PTHrP in the articular perichondrium. The
high levels of PTH/PTHrP-R expressed by the chondro-
cytes just proximal to the ‘prehypertrophic zone’ may
serve as a sink to prevent diffusion of the PTHrP ligand
beyond this point and establish a sharp transition to be-
low-threshold levels of PTHrP as observed for other sig-
naling systems (Perrimon and McMahon 1999). Interest-
ingly, this is where most of the cell-bound PTHrP pro-
tein is detected by immunohistochemistry (Amizuka et
al. 1994, Lee et al. 1996). In this model, in the absence of
PTHrP, chondrocytes initiate differentiation closer to
the articular end, after fewer rounds of cellular replica-
tion. Although neither the rate of proliferation nor the
rate of differentiation of individual cells is altered, the
net result is a smaller population of proliferating cells
and a smaller “proliferative zone” in the growth plate.
Consequently, hypertrophy and ossification are dis-
placed closer to the articular end, as can be seen in both
the PTHrP- and Ihh-null mice. In this view, the prolifer-
ating population of chondrocytes does not become pro-
gressively depleted as development progresses but is
displaced spatially toward the articular end. Therefore,
excessive ossification is best described as ectopic, not
“accelerated.” This model is also compatible with the
effects of PTHrP overexpression in the mouse (Weir et al.
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1996) or ectopic Ihh expression in the chick (Vortkamp
et al. 1996), where the concentration of PTHrP may be
high enough to inhibit chondrocyte hypertrophy com-
pletely.

The observation that formation of hypertrophic chon-
drocytes is initially delayed in IThh mutants (the earliest
stages of chondrocyte differentiation have not been ad-
dressed in PTHrP or PTH/PTHrP-R mutants) appears at
odds with the above model. However, if one invokes a
regulatory mechanism independent of PTHrP that only
permits hypertrophic cell formation when the skeletal
element reaches a certain size, the altered growth of the
Thh mutants (see below) may actually delay the initia-
tion of chondrocyte differentiation. Alternatively, Thh
signaling may be involved in actually promoting matu-
ration of the chondrocytes after they escape the regula-
tory influence of PTHrP, as has been suggested on the
basis of observations in cell culture systems (Stott and
Chuong 1997; Akiyama et al. 1999).

Ihh is essential for normal chondrocyte proliferation

The most striking phenotype in the Thh mutant is a dra-
matic reduction in the rate of chondrocyte proliferation,
resulting in severe dwarfism of axial and appendicular
elements. This effect is independent of the maturation
process, as it is apparent from as early as 12.5 dpc. As
neither the PTHrP =/~ nor the PTH/PTH:P-R =/~ mice
display the severe dwarfism of the Ihh ~/~ phenotype
(Karaplis et al. 1994, Lanske et al. 1996) or a large reduc-
tion in the rate of chondrocyte proliferation per se (Lee et
al. 1996), this role of Thh signaling is independent of
PTHrP signaling. Moreover, expression of the general
Hedgehog receptor Ptc-1 in proliferating chondrocytes
adjacent to Ihh-expressing chondrocytes (this report; see
also Vortkamp et al. 1998), and its absence in Thh mu-
tants is consistent with a direct role for Thh in stimulat-
ing chondrocyte proliferation. Thus, Thh signaling is
most likely involved in the dramatic growth of the en-
dochondral skeleton, which occurs after condensation of
skeletal elements. As genetic control of the growth pro-
gram, in particular by members of the Hox gene family,
has been proposed to play a central role in controlling the
distinct skeletal morphologies observed in vertebrates
(Duboule 1995), it will also be interesting to determine
whether Hox genes may act, at least in part, by the con-
trol of Thh signaling.

Hedgehog signaling has been shown to regulate cellu-
lar proliferation in several other tissues during vertebrate
development. For instance, another member of the
Hedgehog family, Sonic hedgehog (Shh) has a prolifera-
tive effect on many tissues during mouse development,
including the somites (Fan et al. 1995), retina (Jensen and
Wallace 1997), skin (Oro et al. 1997; St-Jacques et al.
1998), lung (Bellusci et al. 1997; Pepicelli et al. 1998),
skeletal muscles (Duprez et al. 1998), and granule cell
precursors in the cerebellum (Wechsler-Reya and Scott
1999). Finally, Hedgehog signaling also seems capable of
promoting a neoplastic state characterized by prolifera-
tion of an undifferentiated cell population in at least two
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tumors, basal cell carcinoma (BCC) and medulloblasto-
mas (Gailani et al. 1996; Hahn et al. 1996, 1998; Johnson
et al. 1996; Dahmane et al. 1997; Goodrich et al. 1997
Oro et al. 1997; Raffel et al. 1997; Xie et al. 1998). How-
ever, at present, it is unclear whether Thh signaling pro-
motes proliferation of the target cells directly or acts
indirectly through the production of a secondary signal.

Recent evidence indicates that Thh may itself be the
target of a second signaling pathway, which regulates
cartilage growth negatively. Activating and inactivating
mutations in fibroblast growth factor receptor-3 (FGER-
3) lead to complementary chondrodysplasias. In human,
constitutively active alleles of FGFR-3 cause different
forms of autosomal dominant dwarfism (De Moerlooze
and Dickson 1997; Webster and Donoghue 1997; Naski
and Ornitz 1998). Conversely, in the mouse, null muta-
tions in Fgfr-3 cause skeletal overgrowth (Colvin et al.
1996; Deng et al. 1996). Thus, a normal function of
FGFR-3 signaling is to inhibit chondrocyte proliferation
in the perinatal growth plate. The skeletons of newborn
Ihh™/~ mice grossly resemble the skeletons of human
fetuses suffering from thanatophoric dysplasia (TD).
This is the most common form of neonatal-lethal dwarf-
ism in human, and is caused by activating mutations in
FGFR-3 (for review, see De Moerlooze and Dickson 1997;
Webster and Donoghue 1997; Naski and Ornitz 1998).
Interestingly, Naski et al. (1998) have demonstrated that
expression of an activated allele of Fgfr-3 leads to a dra-
matic decrease in the levels of Thh and Ptc-1 expression
postnatally, whereas Ptc-1 expression is up-regulated in
Fgfr-3 null mice. Thus, FGFR-3 appears to be an up-
stream negative regulator of Ihh signaling, but only dur-
ing postnatal skeletogenesis.

Thh is required for osteoblast development
in endochondral bones

A second PTHrP-independent role for Thh is in bone for-
mation. During embryogenesis, cells adjacent to the
mesenchymal condensations elongate and become ori-
ented tangentially to form the perichondrium (or
stacked-cell layer), which will isolate the chondrocytes
from the surrounding mesenchyme (for review, see
Caplan and Pechak 1987). Although cells of the outer
perichondrium form a fibrous layer, cells of the diaphy-
sal perichondrium closer to the cartilage differentiate
into osteoblasts and initiate formation of a bone collar
around the cartilage core (for review, see Caplan and
Pechak 1987). In the mouse humerus, this process ini-
tiates [113.5 dpc such that by 14.5 dpc the perichondrium
is clearly composed of two histologically different layers
and deposition of the bone collar is taking place (e.g., see
Fig. 5E). In contrast, no bone collar was formed in the Thh
mutant and even at late developmental stages the peri-
chondrium appeared as a loose layer of undifferentiated
mesenchymal cells. In the long bones of the Thh mutant,
no cortical or trabecular bone could be detected histo-
logically and there was no detectable osteocalcin expres-
sion, indicating the absence of mature osteoblasts. Thus,
Thh signaling is essential for normal osteoblast develop-
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ment in endochondral bones. Whether Thh regulates os-
teoblast differentiation directly or affects bone formation
indirectly remains to be determined. Nevertheless, the
presence of mature osteoblasts in membranous bones of
the Thh mutant suggests two distinct pathways for os-
teoblast development and indicates that formation of the
bone collar, which is often described as similar to intra-
membranous ossification, is in fact genetically distinct.
Other recent observations also support a role for Hedge-
hog signaling in osteoblast differentiation. Both Shh and
Thh proteins were shown to stimulate alkaline phospha-
tase (APase) expression (a marker of osteoblast differen-
tiation) in mesenchymal and osteogenic cell lines in
vitro (Kinto et al. 1997; Nakamura et al. 1997), and in-
tramuscular transplantation of chicken fibroblasts ex-
pressing Shh into nude mice-induced ectopic bone for-
mation (Kinto et al. 1997). The exact role of Thh in this
process is not clear, but our analysis suggests that during
development Thh signaling is essential for maturation of
the perichondrium into an osteogenic tissue from which
the very first osteoblasts of the endochondral skeleton
will differentiate. Furthermore, the high levels of Ptc-1
expression observed in the perichondrial/periosteal re-
gion at the time when osteoblasts precursors form is con-
sistent with a direct role for Thh signaling. It is unlikely
that the absence of osteoblasts is a secondary conse-
quence of a ‘developmental delay’ in skeletal develop-
ment in the growth-deficient Thh mutants. The growth
deficiency can be phenocopied by chondrocyte-specific
expression of a recently discovered cell-associated regu-
lator of Hedgehog signaling, Hedgehog interacting pro-
tein (Hip; Chuang and McMahon 1999), but bone collar
formation in the adjacent periosteum, which does not
express Hip, is normal (P.-T. Chuang and A.P. McMahon,
unpubl.).

The absence of osteoblast differentiation in the Thh™/~
perichondrium correlates with an absence of Osf-2/
Cbfal expression in this tissue. Osf-2/Cbfal encodes a
transcriptional regulator of a number of bone-specific
target genes (Ducy et al. 1997). Its activity is essential for
formation of osteoblasts associated with both intramem-
branous and endochondral bone formation (Komori et al.
1997; Otto et al. 1997). Interestingly, Osf-2/Cbfal ex-
pression can be induced by BMPs (Ducy et al. 1997).
Bmp-3 (Osteogenin) expression is compatible with a role
in maturation of the perichondrium into an osteogenic
tissue (our observations, see also Vukicevic et al. 1994;
Takahashi and Tkeda 1996; Solloway et al. 1998) and like
Osf-2/Cbfal, Bmp3 expression is absent in this region in
Thh mutants. Whether Ihh regulates Osf-2/Cbfal activ-
ity directly or indirectly through Bmp3, or other Bmp
family members, remains to be determined.

Osf-2/Cbfal-mutant mice also show a failure of ter-
minal differentiation of the growth plate chondrocytes
(Inada et al. 1999; Kim et al. 1999). This could indicate
that terminal differentiation of hypertrophic chondro-
cytes depends on differentiation of osteoblasts and the
formation of a bone collar or it could point to a direct
requirement for Osf-2/Cbfal expression in maturing
chondrocytes. Our observations support a direct role for
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Osf-2/Cbfal in chondrocytes, as in the Ihh mutant
chondrocytes do undergo terminal differentiation in the
complete absence of bone collar formation.

In summary, growth and differentiation of the endo-
chondral skeleton relies on a complex interplay among
different signaling factors to regulate the orderly mor-
phogenesis of the skeleton. Among these, Thh appears to
play a central role in coordinating these events.

Materials and methods

Construction of targeting vector

Hedgehog ¢cDNAs (Shh and Ihh) were used to screen a mouse
129/Sv] genomic library (gift of Dr. P. Soriano). Two overlap-
ping genomic clones encompassing the Thh locus were isolated.
To construct a positive/negative targeting vector, a 5.0-kb
HindIll-Eagl fragment containing upstream noncoding se-
quence was used as a 5’ region of homology and inserted into
the Clal site of the pPGKneo/TK vector (a gift of Dr. T. Gridley)
upstream of the PGK-neo-pA cassette. A 5.4-kb HindIII frag-
ment was used as a 3’ region of homology and inserted in the
Notl site upstream of the MC1-tk-pA cassette. This fragment
contains part of intron 1 and all of exon 2, intron 2, and exon 3.
In this targeting construct, exon 1 plus [l kb of flanking se-
quence are replaced by the neo cassette. The two selectable
cassettes are in the same transcriptional orientation as the Thh
gene.

Generation of Thh null mice

CJ7 (Swiatek and Gridley 1993) or R1 (Nagy et al. 1993) ES cells
were electroporated with Sall-linearized targeting vector and
selected in G418 and FIAU 24 hr after electroporation as de-
scribed (McMahon and Bradley 1990). Drug-resistant colonies
were screened by Southern blot analysis of Ncol-digested geno-
mic DNA probed with a Kpnl-HindIIl fragment located up-
stream of the 5’ homology region (Fig. 1A). Correct targeting
was confirmed by probing an Xhol digest of genomic DNA with
a BamHI fragment located downstream of the 3’ region of ho-
mology (Fig. 1A). Approximately 1 of 35 drug-resistant ES cell
clones had undergone the predicted homologous recombination
event at the Thh locus. Heterozygous ES cells were aggregated
with morula stage CD1 embryos or injected into blastocysts of
C57Bl/6 strain mice to generate germ line chimeras. Chimeric
males were mated with C57B1/6, 129/Sv, or Swiss-Webster fe-
males and heterozygous offspring were identified by Southern
blotting of tail-tip DNA. Heterozygous littermates were mated
to obtain embryos homozygous for the Thh null mutation.

Skeletal preparations, histology, and in situ hybridization

Yolk sac-derived genomic DNA was genotyped by either South-
ern blotting with indicated probes or PCR. Primers specific for
the wild-type and mutant alleles were used in separate PCR
reactions. Reactions were performed in a buffer containing 50
mm KCl, 10 mm Tris-HCI (pH 8.4), 1.5 mm MgCl,, and 20 ng/ml
gelatin. For the wild-type allele, the primers Thh-5' (5-AGGAG-
GCAGGGACATGGATA GGGTG-3') and Thh-exon 1 (5-AG-
GAACAGACACAGAACCGCAGTCGGG-3') generated a 600-
bp fragment. The reaction conditions were 1 min at 94°C, 1 min
at 66°C, and 1min at 72°C for 35 cycles using deazaGTP. For the
targeted allele, the primers IThh-5' and PGK-neo (5'-TACCG-
GTGGATGTGGAATGTGT GCG-3’) generated a 307-bp frag-

Ihh signaling in endochondral ossification

ment. The condition reactions were 1 min at 94°C, 1 min at
62°C, and 1 min at 72°C for 40 cycles.

For skeletal preparations, 14.5- to 18.5-dpc embryos and new-
born mice were eviscerated and fixed in 95% ethanol overnight
and processed as described (Parr and McMahon 1995). Skeletal
preparations of earlier developmental stages were performed as
described by Jegalian and DeRobertis (1992) except that staining
was overnight. For histological analysis, embryos were fixed
overnight in Bouin’s fixative at room temperature, rinsed ex-
tensively in 70% ethanol, dehydrated through an ethanol series,
cleared in xylene, embedded in paraffin, and sectioned at 6 pum.
Staining was with hematoxylin and eosin. For in situ hybrid-
ization and BrdU detection, embryos were fixed overnight at
4°C in 4% paraformaldehyde/PBS, rinsed in saline, and pro-
cessed as above. Section in situ hybridization using 3°S-labeled
riboprobes was performed as described (Wilkinson 1992). Ribo-
probes were as described previously: Ihh (Bitgood and McMahon
1995), Ptc-1 (Goodrich et al. 1996), GIi (Hui et al. 1994), Osf-2/
CbfA1 (Ducy et al. 1997), osteocalcin (Desbois et al. 1994),
PTHrP, PTH/PTHrP-R, Colal(Il), and Colal(X) (Lee et al.
1996). The Bmp3 probe was a gift from Dr. Brigid Hogan.

Analysis of BrdU incorporation

Pregnant mice were injected intraperitoneally with 50 pg BrdU/
gram body weight 1 hr before sacrifice. Embryos were treated as
above, forelimbs were dissected and embedded to obtain longi-
tudinal sections through the humerus. BrdU was detected by
immunohistochemistry essentially as described (Nowakowski
et al. 1989), and sections were counterstained lightly with to-
luidine blue. The proliferative zone of the growth plate was
defined as the area from the distal end of the humerus to the last
labeled chondrocyte nucleus near the hypertrophic zone. All
BrdU-positive (black) and -negative (blue) nuclei in this zone
were counted. At least five different sections were counted for
each of two wild-type and two Ihh~/~ littermate embryos at each
developmental stage.
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Erratum

Genes & Development 13: 2072-2086 (1999)

Indian hedgehog signaling regulates proliferation and differentiation of chondrocytes and is essential for
bone formation
Benoit St-Jacques, Matthias Hammerschmidt, and Andrew P. McMahon

The sequence of the primer for the wild-type allele Thh-exon 1 was written incorrectly in the Materials and
Methods section of the above paper. The correct sequence should read as follows:

5-AGGAACAGACAGAACCGCAGTCGGG-3’ indicating 25 nucleotides.

The authors apologize for any inconvenience.
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