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Proper regulation of chondrocyte differentiation is necessary for the morphogenesis of
skeletal elements, yet little is known about the molecular regulation of this process. A
chicken homolog of Indian hedgehog (Ihh), a member of the conserved Hedgehog family
of secreted proteins that is expressed during bone formation, has now been isolated. Ihh
has biological properties similar to those of Sonic hedgehog (Shh), including the ability
to regulate the conserved targets Patched (Ptc) and Gli. Ihh is expressed in the prehy-
pertrophic chondrocytes of cartilage elements, where it regulates the rate of hypertrophic
differentiation. Misexpression of Ihh prevents proliferating chondrocytes from initiating the
hypertrophic differentiation process. The direct target of Inh signaling is the perichondrium,
where Gli and Ptc flank the expression domain of |hh. Ihh induces the expression of a
second signal, parathyroid hormone-related protein (PTHrP), in the periarticular peri-
chondrium. Analysis of PTHrP (—/—) mutant mice indicated that the PTHrP protein
signals to its receptor in the prehypertrophic chondrocytes, thereby blocking hyper-
trophic differentiation. In vitro application of Hedgehog or PTHrP protein to normal or
PTHrP (—/-) limb explants demonstrated that PTHrP mediates the effects of lhh
through the formation of a negative feedback loop that modulates the rate of chon-
drocyte differentiation.

endochondral ossification (1, 2). This pro-
cess begins with the aggregation of undif-
ferentiated mesenchyme. Cells in the core
of these condensations differentiate into

During vertebrate embryogenesis the first
elements of the skeleton to be formed are
cartilage templates that are subsequently
replaced by bone tissue in a process called
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chondrocytes, whereas spindle-shaped cells
at the periphery form a sheath around the
cartilage, the perichondrium. These precur-
sors of the skeletal elements elongate by
proliferation of the chondrocytes and by
matrix deposition. Shortly after the con-
densations form, chondrocytes in the cen-
tral region of the cartilage elements cease
proliferating, become hypertrophic, and al-
ter their extracellular matrix. The changes
in the extracellular matrix allow blood ves-
sels to invade from the perichondrium.
Bone marrow cells and osteoblasts appear in
association with the vascularization and re-
place the cartilage with bone (ossification).

In this process, the chondrocytes serve
both to drive the growth of the skeletal
elements and to form a scaffold for the
osteoblasts. Both the zone of hypertrophic
cartilage and the ossified region subsequent-
ly expand toward the ends of the skeletal
elements. Ultimately, the shaft of the bone
is mostly mineralized, leaving growth
plates—narrow bands of proliferating carti-
lage and transitional hypertrophic carti-
lage—at the ends of each bone. Premature
ossification of the cartilage is prevented by

A. Vortkamp and C. J. Tabin are in the Department of
Genetics, Harvard Medical School, Boston, MA 02115,
USA. K. Lee, B. Lanske, G. V. Segre, and H. M. Kronen-
berg are in the Endocrine Unit, Massachusetts General
Hospital and Harvard Medical School, Boston, MA
02114, USA.

*These authors contributed equally to this work.
+To whom correspondence should be addressed.

Control

Ihh-expressing replica-
tion-competent retrovi-
rus and analyzed by
whole-mount in situ hy-
bridization 40 to 48
hours later (46, 48).
Hoxd-13 and Bmp-2,
genes thought to be in-
volved in pattemning (B),
and Ptc and Gli, genes
believed to transduce the Hedgehog signal (C), are induced by Ihh (C) in the anterior limb bud.
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continued proliferation of the round
chondrocytes at the ends of the bone and
by careful control of the rate of their
differentiation into hypertrophic chondro-
cytes. Regulation of the rate of endochon-
dral ossification is critical to bone mor-
phogenesis, because it plays a major role in
determining the shape and length of the
skeletal elements. Whereas the cellular
steps in this process are well described (1,
2), little is known about its regulation.
Studies of mutant mice suggest roles for
FGFs (3-5), IGFs (6), and PTHrP (7, 8),
but many other local and systemic factors
are likely to be involved. Virtually noth-
ing, however, is known about how the
expression and action of these factors are
regulated or about their specific functions
in the coordination of skeletal formation.

In the mouse embryo, Indian hedgehog is
expressed in the developing cartilage ele-
ments (9), suggesting that it might play a
role in regulating bone formation. Hedge-
hog proteins constitute a conserved family
of secreted molecules that provide key sig-
nals in embryonic patterning in many organ-
isms. During Drosophila development, the
segment polarity gene hedgehog (hh) regu-
lates embryonic segmentation and anterior-
posterior patterning of the imaginal disks

Fig. 2. Ihh expression in
prehypertrophic  chondro-
cytes. The expression of /hh
during cartilage develop-
ment was compared to the Ihh
expression of the specific
cartiage markers Col-IX,
Col-X, and Bmp-6 (51). At all
stages investigated, Col-IX
is expressed throughout the
entire cartilage element,
whereas Col-X identifies hy-
pertrophic chondrocytes. At
stage 26, before the first
chondrocytes become hy-
pertrophic, /hh is already ex-
pressed in the middle of the
cartilage element overlap-
ping the expression domain
of Bmp-6. Between stages
29 and 37, the expression of
Ihh expands toward the dis-
tal ends of the cartilage ele-
ments and fades in their
center where the chondro-
cytes have differentiated into
hypertrophic chondrocytes
and express Col-X. Bmp-6
expression at this stage
overlaps both the /hh and
the Col-X expression do-
mains. Radioactive in situ
hybridization was carried
out on serial sections of limb
buds of the different stages
(48).

Stage:

Col-X

Bmp-6

Col-IX
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(10-12). In higher vertebrates, there are at
least three hedgehog genes: Sonic hedgehog
(Shh), Desert hedgehog (Dhh), and Indian
hedgehog (Ihh) (13-15). Shh has multiple
functions during embryonic development,
including the establishment of left-right
asymmetry in the early embryo (16), the
induction of ventral cell fates in the neural
tube (14, 15, 17), the specification of scle-
rotomal cell fate in the somites (18, 19),
the mediation of epithelial-mesenchymal
signaling in the gut (20), and the specifi-
cation of the anterior-posterior limb axis
(13). Dhh functions as a spermatocyte
survival factor in the testes (21). In con-
trast, specific biological roles for Thh have
not yet been determined.

Whereas the various Hedgehog pro-
teins have distinct biological functions,
they appear to use the same signal trans-
duction pathway. On the basis of genetic
analysis, patched (ptc), which encodes a
transmembrane protein (22, 23), and cu-
bitus interruptus (ci), which encodes a pu-
tative transcription factor (24), are two
key genes in the Drosophila Hedgehog
transduction pathway (25-27). Both are
required for cellular responses to Hedge-
hog signaling. Their vertebrate homologs,

Patched (Ptc) (28, 29) and Gli (30, 31), are

26-27 29-34
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also expressed in cells capable of respond-
ing to ectopic Hedgehog and are highly
up-regulated in all tissues actively re-
sponding to Shh or Dhh (21, 28, 29, 31,
32). Transforming growth factor—f (TGF-
B) family members can act as secondary
signals downstream of Hedgehog proteins.
In Drosophila, decapentaplegic (dpp) medi-
ates aspects of Hedgehog signaling in the
imaginal disks (33-35), whereas the ver-
tebrate homologs, Bmp-2 and Bmp-4, are
induced in several tissues in response to
Shh (9, 20, 36). However, in contrast to
ptc/Ptc and ci/Gli, the TGF-B family mem-
bers are not consistent targets of Hedge-
hog signaling in either Drosophila or ver-
tebrates. Knowledge of these pathways,
particularly of the apparently universal
targets Ptc and Gli, is useful for evaluating
the role of Thh in developing bone.
Isolation and characterization of a
chicken Ihh clone: Ihh and Shh have
similar biological activities. To examine
the role of Ihh in endochondral bone de-
velopment, we isolated a cDNA clone
containing the chicken Ihh coding se-
quence of 408 amino acids (37). Like the
other Hedgehog proteins, the predicted
amino acid sequence of Ihh contains a
conserved COOH-terminal protease mo-

36-37




tif, which has been shown to be responsi-
ble for autocatalytic cleavage of other
Hedgehog proteins (38—40). [hh also con-
tains the conserved protease cleavage site,
indicating that it is likely to be processed
in a manner similar to that for Hedgehog

Fig. 3. Expression of /hh in the growth plate. (A)

Morphology of the growth plate of a chicken ulna,

and Shh. Whereas the COOH-terminal
domain of Ihh is substantially divergent
from that of Shh, the NH,-terminal do-
mains of the two proteins are 93% identi-
cal. Because the NH,-terminal fragment
encodes the functional Hedgehog signal in

shown in low and high magnification. Longitudinal sections of an ulna from a 3-week-old chicken were
stained with Weigert-Safranin to differentiate between cartilage (red) and bone (blue) and with H&E to
visualize the morphology of the growth plate. B, bone and bone marrow; H, hypertrophic chondrocytes;
P, proliferating chondrocytes. (B} Relative expression patterns of thh, Col-X, and PTH/PTHrP receptor.
The three genes are expressed in overlapping domains, with the PTH/PTHrP receptor most distally
located, followed by /hh and Col-X. The PTH/PTHIP receptor and Col-X appear to be expressed in
mutually exclusive domains, whereas the /hh expression domain partially overlaps with both of them.

Fig. 4. The Inh expression domain in the cartilage is flanked by the expression of Ptc and Gli in the
perichondrium. Neither Ptc nor Gliis expressed in the cartilage core. (A} Whole-mount in situ hybridiza-
tion with Ihh, Ptc, and Gli was carried out on HH stage 30 limb buds. (B) Radioactive in situ hybridization
was carried out on sections of stage 34 chicken wings.

SCIENCE ¢ VOL.273 ¢ 2 AUGUST 1996

RESEARCH ARTICLES

long- and short-range signaling (41-43),
the high extent of NH,-terminal conser-
vation between Shh and Ihh suggests that
they might have similar biological proper-
ties. However, this cannot be assumed be-
cause in zebrafish not all Hedgehog pro-
teins have the same activity (44).

To test whether [hh and Shh can func-
tion similarly, we compared their activi-
ties in the context of the early limb bud of
the chick, a setting in which the role of
Shh has been extensively characterized.
Anterior misexpression of Shh at early
limb stages induces mitror-image duplica-
tions of posterior limb structures (13). To
test whether ectopic lhh could induce
similar morphological changes, we im-
planted Ihh-expressing cells in the anterior
side of Hamburger Hamilton (HH) (45)
stage 21 limb buds (46). After 7 days of
incubation, the operated limbs showed du-
plications of the radius and digits I and 111
(Fig. 1A) similar to those induced by Shh
in a parallel experiment (47). We also
examined the ability of Thh to replicate
the effects of ectopic Shh on a molecular
level after infection of early limb buds
with an Ihh-expressing retrovirus (46). Us-
ing whole-mount in situ hybridization (48),
we detected ectopic expression of limb-spe-
cific patterning genes located downstream
of Shh (36), including Hoxd-11, Hoxd-13,
and Bmp-2 (Fig. 1B) (47), as well as expres-
sion of the universal Hedgehog response
genes, Ptc and Gli (Fig. 1C). These results
demonstrate that Thh and Shh proteins
have similar biological properties and can
stimulate expression of the same down-
stream genes.

Expression of Ihh during bone develop-
ment. Because Ihh and Shh appear to have
identical signaling capabilities, their dis-
tinct embryonic roles are likely to be deter-
mined by spatial or temporal differences in
their expression patterns. To investigate the
developmental processes potentially regu-
lated by Ihh, we analyzed its expression pat-
tern by whole-mount in situ hybridization.
Expression of Thh was detected at two major
sites in the embryo: in the endoderm of the
developing midgut and lung (47) and in the
cartilage of the developing long bones in
the limbs (Fig. 2). No expression of [hh was
observed early in limb development (47),
when Shh is expressed in the posterior mes-
enchyme, suggesting that Ihh plays a role
distinct from that of Shh, acting later in
limb development during the formation of
the skeletal elements.

To determine the cell types expressing
Ikh in the forming skeletal elements, we
compared the expression pattern of Ihh to
that of specific cartilage markers (Fig. 2) by
in situ hybridization to parallel sections
(48). During skeletal development, distinct
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types of collagen are expressed at different
stages of differentiation; thus, they serve
as excellent, markers for specific cell types.
For example, Col-IX is expressed in all
cartilage cells, whereas Col-X is specific
for hypertrophic chondrocytes (49). In ad-
dition to Col-X, Bmp-6 has also been de-
scribed as a marker for hypertrophic chon-
drocytes (50, 51).

At stage 26/27, Col-IX was expressed in
all cells of the developing cartilage ele-
ments of the wings. I[hh expression was de-
tected in the middle of the Col-IX expres-
sion domain but was excluded from the
distal portions of the cartilage elements. At
this stage, the entire cartilage consisted of
proliferating chondrocytes, and no expres-
sion of the hypertrophic cartilage marker
Col-X could be detected. Bmp-6, however,
was expressed in a region similar to that of
the Thh expression domain. During the sub-
sequent stages, the expression of Ihh ex-

Fig. 5. Misexpression of A
Ihh disrupts endochondral
bone development. An
Ihh-expressing  replica-
tion-competent virus (46)
was used to infect the
posterior and medial re-
gion of a HH stage 22
wing bud. Greater than
100 limbs were infected.
In every instance, gross
morphological alterations

panded toward the ends of the cartilage
elements and was reduced in their central
regions. At the same time, these central
regions started to express Col-X, indicating
their differentiation into hypertrophic
chondrocytes. By stage 36, the Ihh expres-
sion domain had split into two regions, each
distal to and slightly overlapping a central
expression domain of Col-X in most of the
skeletal elements of the wings (Fig. 2). His-
tological examination of hematoxylin and
eosin (H&E)—stained sections verified that
Col-X expression was restricted to morpho-
logically hypertrophic cells, whereas Ihh
was expressed in the region of transition
from proliferating to hypertrophic chondro-
cytes and was excluded from hypertrophic
cells (47). Thh expression, therefore, preced-
ed the hypertrophic state. Bmp-6 expression
overlapped both the Ihh and the Col-X
expression domains at all stages investigat-

ed (Fig. 2). Thus, Bmp-6 is expressed not

Ihh-infected

were observed. More than =]
30 of the infected limbs

were sectioned and then

stained or hybridized (or d10
both) with probes as de-
scribed, and every one
displayed the described
alterations. (A) On day 10

(d10) the ulna and the hu-

merus are highly infected,
whereas the radius is un-
infected. Hybridization of
a sectioned wing with an di6
Ihh probe detects the viral
transcript in ulna, humer-
us, and soft tissue and the
endogenous hh expres-
sion (red arrowheads) in

the radius above. High magnification of the cartilage, histologically
stained with Weigert-Safranin, shows the presence of hypertrophic
cells in the noninfected radius but not in the infected ulnae. (B)
Infection with thh virus delays ossification. Weigert-Safranin-stained
sections show that in normal day 10 chicken wings the central
region of the skeletal elements consists of cartilage, surrounded by
a bone collar (black arrowhead). The replacement of cartilage by

bone starts in this region, and on day 16 a large part of the diaphysis

consists of bone (arrowhead) with cartilage distally. After Ihh infection, the cartilage elements on day 10 are
shorter and broader than those of noninfected controls. At day 16 the noninfected radius of an infected wing
shows normal ossification similar to that of uninfected limbs, whereas the infected ulna is still characterized by
a continuous nonhypertrophic cartilage core that is surrounded by a layer of membranous bone. (C) Irregular
ossification after /hh misexpression. Weigert-Safranin staining of an infected chicken wing (day 16) at higher
magnification shows the continuous cartilage core surrounded by a thick layer of bone. A replacement of
cartilage by bone takes place from the outside at various positions along the cartilage core. Red arrowheads
demarcate endogenous Ihh expression, black arrowheads demarcate bone and bone marrow.
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only in hypertrophic cells (50) but also in
the prehypertrophic, Ihh-expressing cells,
possibly demarcating all cells that leave the
proliferating zone.

The relative expression patterns of Ihh
and Col-X are maintained as long as the
bones are growing. At 3 weeks after hatch-
ing Thh was expressed in the prehypertro-
phic chondrocytes in the growth plates,
whereas Col-X was expressed in the adja-
cent hypertrophic chondrocytes (Fig. 3).
Ihh is, therefore, expressed at a specific,
critical stage of endochondral bone forma-
tion in cells undergoing the transition from
proliferating to hypertrophic chondrocytes,
suggesting that Ihh may play an important
regulatory role in cartilage differentiation.

To identify the target tissue of Ihh signal-
ing, we analyzed the expression of Ptc and
Gli, which are ectopically induced by Ihh in
early limb buds. Whole-mount in situ hy-
bridization showed that both genes were
expressed in the perichondrial region flank-
ing the Thh expression domain but that their
expression extended slightly further toward
the end of the cartilage elements (Fig. 4A).
Hybridization to serial sections confirmed
that both genes were expressed in the peri-
chondrial region, and not in the cartilage
core where Ihh is expressed (Fig. 4B). This
expression pattern is consistent with Gli and
Ptc being targets of Ihh signaling during
bone development and strongly suggests
that the perichondrium, and not the carti-
lage, is the natural target of the Ihh signal.

Phenotypic consequences of Thh misex-
pression. To analyze the role of Thh in the
development of long bones, we misex-
pressed Ihh during cartilage formation
with a replication-competent retroviral
vector. We targeted our injections to re-
strict the infection to posterior and medial
regions of HH stage 22 wing buds, resulting
in a high level of infection of the posterior
and medial cartilage elements including
the ulnae and the humeri. Because the
virus fails to spread within the cartilage
tissue, infection was often excluded from
anterior radii, which could therefore be
used as internal controls (Fig. 5A).

To determine the morphological conse-
quences of IThh misexpression on the skele-
tal elements, we harvested and sectioned
infected wings at late stages of embryonic
development and treated them with stains
that differentially demarcate bone and car-
tilage tissue (Weigert-Safranin) (52). On
day 10 of development (stage 36), the cen-
ters of normal diaphyses consisted of hyper-
trophic cartilage that had not yet been in-
vaded by blood vessels and was surrounded
by a bone collar laid down by cells in the
adjacent perichondrium. After this stage,
the invasion of the blood vessels into the
hypertrophic chondrocytes occurred, which



resulted in the replacement of cartilage by
bone. By day 16 (HH stage 42), a large part
of the diaphysis consisted of bone that was
distally flanked by hypertrophic and prolif-
erating cartilage (Fig. 5B).

In most of the infected wings harvested

on day 10 of development, the cartilage
elements appeared broader and shorter than
in the noninfected controls (Fig. 5B) and
lacked hypertrophic cartilage throughout
the cartilage core (Fig. 5A). The effect on
bone morphology was more severe by day
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16. A continuous cartilage core was still
present in the infected limbs, whereas unin-
fected bones were largely ossified (Fig. 5B).
Depending on the extent of infection, the
radius was generally less affected and often
contained hypertrophic cartilage (Fig. 5A)

Fig. 6. /hh regulates cartilage differentiation. (A) Markers of hypertrophic
cartilage are suppressed by Ihh. The expression of the cartilage markers
Col-IX, Col-X, and Bmp-6 was analyzed in stage 34 chicken wings that had
been infected with the /hh-expressing retrovirus. Hybridization with an lhh
probe detects the viral transcript in the ulna and soft tissue and the endog-
enous /hh expression domain in the noninfected radius. Col-IX is expressed
in all cartilage cells, indicating that the infected cells are still viable. Col-X, a
marker for hypertrophic cartilage, and Bmp-6 are both expressed (as in
noninjected control limbs) in the noninfected radius but not in the infected

Fig. 7. Ptc and Gli are induced
in response to Ihh misexpres-
sion. After Ihh infection, serial
sections were prepared from a
region of HH stage 34 wings
where |hh, Ptc, and Gli are nor-
mally not expressed. Hybridiza-
tion with Ptc and Gli probes
shows expression in the soft tis-
sue and in the perichondrium of
the ulna, but expression is ex-

Noninfected radius

ulna. /hh therefore represses the differentiation of hypertrophic cartilage. (B)
Ihh misexpression prevents the expression of the endogenous /hh gene.
Serial sections of infected chicken wings of HH stage 30 were hybridized with
an /hh probe that detects both the endogenous and the viral gene transcripts
and with an /hh probe that is specific only for the endogenous /hh transcript.
The nonspecific probe detects a signal in the infected ulna and soft tissue and
in the noninfected radius, whereas the endogenous /hh transcript can be
detected only in the radius and is absent from the infected ulna, indicating
that misexpression of /hh represses endogenous /hh expression.

cluded from the cartilage. In contrast, both soft tissue and cartilage express ectopic lhh after infection. The perichondrium is demarcated by arrowheads.

Fig. 8. Expression of /hh and PTH/PTHrP receptor in mouse hind limbs. (A)
Serial sections of wild-type E16.5 mouse hind limbs were stained with H&E to
show cartilage histology or were hybridized with an thh or a PTH/PTHrP
receptor probe. As in chicken limbs, the expression domain of the
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PTH/PTHIP receptor overlaps that of /hh on its distal side. (B) Sections from
a PTHrP (—/-) mutant mouse embryo were stained with H&E or were
hybridized with an /hh probe. Similar expression of /hfr can be observed in
wild-type and mutant mouse limbs. H, hypertrophic cartilage.
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and showed normal ossification (Fig. 5B).

Although on day 16 the cartilage was
continuous along the length of most of the
infected skeletal elements, an invasion of
bone had begun. In contrast to normal de-
velopment, however, this replacement was
not initiated by the invasion of blood vessels
at the center of the shaft which would result
in the replacement of cartilage by bone tissue
from the inside. Rather, the replacement
occurred from the outside at multiple loca-
tions along the cartilage element, which ap-
peared to be “eaten away” by the invading
bone (Fig. 5C). The cartilage cells being
replaced were morphologically quite large.
However, in contrast to normal hypertrophic
cartilage, these cells did not express either
the specific hypertrophic marker Col-X or
the pan-cartilage marker Col-IX, indicating
that they may have been dead (47). At later
stages the cartilage continued to be replaced
by bone tissue, but the bones were abnormal
in shape and did not have normal growth
plates at the ends (47). Thus, misexpression
of Thh greatly disrupts the process of endo-
chondral bone formation.

The role of Ihh in the regulation of
cartilage differentiation. To identify the
specific steps of bone development affected
by IThh, we analyzed serial sections for

Fig. 9. PTHrP is in-
duced in periarticular
joint regions by Ihh.
Serial sections of in-
fected and noninfected
control chicken wings
of HH stage 30 were
hybridized with /hh and
PTHrP probes. PTHrP
is expressed in the
perichondrium of the
joint region of the de-
veloping cartilage ele-
ments and is strongly

changes in the expression of molecular
markers after Thh misexpression. The effects
of Ihh misexpression on cartilage differen-
tiation were evident by HH stage 34. Col-IX
was still expressed throughout the entire
cartilage elements, indicating that the
chondrocytes remained viable after Ihh in-
fection. In contrast, the analysis of the hy-
pertrophic cartilage marker Col-X revealed
that, whereas Col-X was expressed in the
noninfected radii, it was not expressed in
highly infected ulnae and humeri (Fig. 6A).
Histological analysis of the infected carti-
lage supported this interpretation. Hyper-
trophic chondrocytes could easily be iden-
tified in the central regions of uninfected
cartilage elements. However, they were
missing in highly infected cartilage ele-
ments, which throughout their length con-
sisted of small chondrocytes, similar in ap-
pearance but less organized than those nor-
mally found in the proliferative zone (Fig.
5A). 1hh, therefore, appears to block the
differentiation pathway from proliferating
to Col-X-expressing, hypertrophic chon-
drocytes. In addition to repressing expres-
sion of the hypertrophic cartilage marker
Col-X, we could not detect expression of
Bmp-6 in infected cartilage elements (Fig.
6A). Our observation that Bmp-6 was ex-

up-regulated in this
area after infection of

Ihh-infected

the wing buds with an /hh-expressing virus. B, bone.

Control

Fig. 10. Conservation of the Ihh/PTHrP pathway in mouse and chick. (A)
Sections of wild-type mouse hind limb explants treated with control or
Shh-containing medium were hybridized with the PTHrP probe. Whereas
in the control limbs the PTHrP signal can barely be detected, an up-
regulation of PTHrP expression (arrow) is seen in the periarticular perichon-
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pressed in both hypertrophic and prehyper-
trophic chondrocytes suggests that misex-
pressed Thh might act before overt hyper-
trophic differentiation.

Because Ihh is expressed in cells under-
going differentiation, it could in principle
act at either of two steps to repress the
hypertrophic cell fate: Thh could either
block the terminal differentiation to the
hypertrophic state, which would result in an
accumulation of Ihh-expressing cells, or it
could prevent proliferating cells from initi-
ating the differentiation process, thus pre-
venting the formation of the Ihh-expressing
cell type itself. To distinguish between
these possibilities, we analyzed the expres-
sion of the endogenous Ihh gene after viral
misexpression. Hybridization with a probe
specific for the endogenous Ihh transcript
revealed that the expression of the gene
was normal in noninfected radii. Howev-
er, no expression was detected in infected
cartilage elements, demonstrating that
misexpression of Ihh suppressed the endog-
enous Ihh gene (Fig. 6B). Therefore, ec-
topic Thh blocks chondrocyte differentia-
tion before the transition to an Ihh-ex-
pressing state.

Although misexpression of Ihh has a pro-
found effect on cartilage differentiation, the
expression patterns of Gli and Ptc suggest
that the perichondrium is the normal target
of Ihh activity. To examine whether the
morphological effects we observe in re-
sponse to ectopic [hh are also mediated by
the perichondrium, we analyzed Ptc and Gli
expression in infected limbs.

Both genes were strongly induced in the
perichondrium as well as in muscle and soft
tissue after Thh infection (Fig. 7). However,
their expression was clearly excluded from
the cartilage, which was also infected (Fig.
7). Because there are no known examples in
which a Hedgehog signal is mediated with-
out the induction of Pic and Gli, these
misexpression studies imply that the effect
of Ihh on the cartilage is indirect and me-
diated by the perichondrium.

Shh-treated PTHrP-treated

drium after Shh treatment. (B) Sections of wild-type mouse hind limbs
treated with control or Shh- or PTHrP-containing medium were hybridized
with an |hh probe. Ihh expression is seen in the prehypertrophic chondro-
cytes of control limbs but is repressed by Shh and PTHrP.



Taken together, these results suggest
that Ihh normally acts on the perichondri-
um to initiate a negative feedback loop that
regulates the hypertrophic differentiation
process. We propose that hh is produced by
cells that become committed to the hyper-
trophic cell fate. The expression level of hh
in this model may serve as a sensor within
the skeletal element to regulate the number
of cells committed to the process, where a
certain threshold level of Ihh indirectly pre-
vents additional cells from leaving the pro-
liferative state. When Ihh-expressing cells
undergo the final differentiation steps to
become hypertrophic chondrocytes, they
turn off the expression of [hh, thereby at-
tenuating the negative feedback loop and
allowing more cells to commit to the differ-
entiation pathway. By controlling the num-
ber of cells that differentiate at a given
time, Thh has a fundamental tole in regulat-
ing the balance between growth and ossifi-
cation of the developing bones.

PTHrP as a mediator of the Ihh signal.
Our results suggest that the negative feed-
back loop initiated by Ihh is mediated by the
perichondrium. Parathyroid hormone—related
protein (PTHrP)} (53, 54) is expressed in the
perichondrium of the developing cartilage
elements of mouse and rat limbs, predomi-
nantly in the periarticular regions early in
bone development (55, 56), and appears to
encode another signal that regulates the dif-
ferentiation of cartilage. Targeted disruption
of the PTHrP gene in mice has an effect on
bone development opposite that produced
by overexpression of IThh: In PTHtP (/)
mice the transition of chondrocytes from the
proliferative to the hypertrophic phase is
accelerated, which results in advanced, pre-
mature ossification (7, 8). Although PTHrP
itself is expressed at a considerable distance
from the expression domain of Ihh, its recep-
tor (PTH/PTH?®P receptor) (57) is expressed
in the prehypertrophic cartilage zone (as well
as in osteoblasts) (55, 56, 58).

To investigate the possible interactions
between Ihh and PTH/PTH?P receptor, we
cloned a fragment of the chick PTH/PTH7P
receptor (59) and compared its expression to
that of Ihh in the prehypertrophic cartilage.
In chicken, PTH/PTHrP receptor was
strongly expressed in the osteoblastic pre-
cursors of the perichondrium from at least
day 6, but no signal could be detected in the
developing cartilage at this stage (47).
However, at later stages of bone develop-
ment (3 weeks after hatching), PTH/
PTH-rP receptor was expressed in the prehy-
pertrophic cartilage in a domain distal to
and slightly overlapping the Ihh expression
domain (Fig. 3B), consistent with the pat-
tern of rodent expression (55, 58). In ro-
dents, PTH/PTHrP receptor expression was
detected at earlier stages of cartilage devel-

opment (Fig. 8A), suggesting that in limbs
of early stage chicken embryos its expres-
sion might be present but too weak to be
detected. Once they are both detectable,
the relative expression domains of Ihh and
PTH/PTH~P receptor indicate that cells ex-
press PTH/PTHxP receptor before differen-
tiating into an [hh-expressing cell type. The
differentiation block induced by Ihh ap-
pears to occur upstream of [hh expression,
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which is precisely the putative target cell
type for the Ihh feedback loop.

To test directly whether PTHrP is regu-
lated by Ihh, we examined PTHrP expres-
sion in normal and Ihh-infected skeletal
elements. As in rodents, PTHrP was nor-
mally expressed in the periarticular peri-
chondrium adjacent to the developing
chick cartilage elements. In Ihh-infected
wings, increased PTHrP expression was de-’

Control PTHrP-treated Shh-treated

C RS oS
Fig. 11. Shh acts upstream of PTHrP. E16.5 mouse hind limbs from PTHrP (+/+) and PTHrP (—/—)
mice were cultured for 4 days in control, PTHrP-, or Shh-containing medium. (A} Col-X expression is
repressed after PTHrP and Shh treatment in PTHrP (+/+) hind limbs. In situ hybridization with a Col-X
probe to sections of tibias from the control animals shows a repression of the hypertrophic cartilage
marker Col-X after PTHrP or Shh treatment, relative to untreated limbs. (B and C) PTHIP rescues the
PTHrP (—/—) phenotype, whereas Shh has no effect on cartilage. In PTHrP (—/—) animals the hyper-
trophy of the cartilage is advanced in all the bones including the tibia (B) and the digits (C), as shown by
Col-X expression (B) and H&E staining (C). Treatment of the cuttures with PTHrP not only rescues the
wild-type phenotype but also induces the same repression of hypertrophic cartilage as observed in
PTHrP treatment of normal limbs: Col-X expression is repressed (B), and morphologically no hypertro-
phic chondrocytes form during culture (C). In contrast to the rescue of the PTHrP (—~/—) phenotype by
PTHrP, Shh treatment does not change the phenotype of the cartilage elements; Col-X expression is stil
advanced (B), and H&E staining shows the premature hypertrophic cartilage (C).
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tected throughout the periarticular peri-
chondrium (Fig. 9). In contrast to the in-
duction of Gli and Ptc, however, the Thh-
induced PTHrP expression was restricted to
the perichondrium in the periarticular re-
gions of infected limbs, indicating that ei-
ther additional signals, required in concert
with Thh, are present only at the ends of the
skeletal elements or that only a specific
periarticular cell type is capable of express-
ing PTHrP in response to Ihh.

These results place PTHrP downstream
of Ihh in regulating cartilage differentiation.
To verify this epistatic relation, we com-
pared the expression of lhh in limbs of
wild-type and PTHrP (—/—) mice. In wild-
type limbs, Ihh was expressed overlapping
with and medial to the PTH/PTHrP recep-
tor (Fig. 8A), as in the chicken, and a
similar level of Ihh expression was seen in
PTHrP (—/—) limbs (Fig. 8B), excluding
the possibility that Ihh expression is recip-
rocally regulated by PTHrP.

We conclude that both Ihh and PTHrP
(on the basis of the murine mutant pheno-
type) repress hypertrophic cartilage differ-
entiation, and that Ihh can induce PTHrP.
This raises the question of whether the
induction of PTHrP mediates the effect of
Ihh. Assuming that the same signals regu-
late bone development in mice and in
chicken, the existence of PTHrP (—/—)
mutant mice provides the opportunity to
definitively address this question. Because

Gene
expression

Molecular
regulation

,

’
’
’
’
’
’
’

PTH/PTHIP
receptor

there is no convenient way to introduce
ectopic [hh into embryonic mouse limbs in
utero, we cultured day 16.5 fetal mouse limb
explants in vitro (60). Purified [hh protein
was not available for these studies. Howev-
er, as shown above, Shh has the same bio-
logical activities as lhh in early limb buds,
activating the same target genes. Moreover,
infection with a Shh-expressing retrovirus
has the same effect as Ihh on chondrocyte
differentiation and bone growth in chicken
(47). We therefore used recombinant Shh
protein in the mouse hind limb cultures. To
verify that the PTHrP/Ihh feedback loop
operates equivalently in the murine and
chick systems, we examined PTHrP and [hh
expression in wild-type limb explants treat-
ed with control or Shh-containing medium.
As in the chick, PTHrP was up-regulated
and Thh was repressed in response to Hedge-
hog protein in mouse limb explants (Fig.
10, A and B). Consistent with Ihh and
PTHIP being in the same regulatory path-
way, PTHrP treatment of limb explants also
resulted in repression of lhh expression (Fig.
10B).

To test whether PTHIP is required for
cartilage to respond to Hedgehog protein,
we placed explants of PTHrP (+/+) hind
limbs [embryonic day 16.5 (E16.5)] in
serum-free culture, treated them with con-
trol, PTHrP-containing, or Shh-containing
media, and assessed the differentiation of

hypertrophic cartilage. Morphologically
Differentiation Morphology
pathway
Proliferating

chondrocytes

Prehypertrophic
chondrocytes

Hypertrophic
chondrocytes

Fig. 12. Molecular regulation of the rate of cartilage differentiation. During cartilage development
chondrocytes differentiate from proliferating chondrocytes (white) through an intermediate, prehyper-
trophic cell type to hypertrophic chondrocytes (expressing Col-X, blue). With the initiation of this
differentiation pathway, the prehypertrophic chondrocytes express PTH/PTHrP receptor (yellow) and
Ihh (red). PTH/PTHIP receptor is expressed in cells before the onset of |hh expression. For clarity, the
expression domains of the two genes (yellow and red) are shown as distinct regions. However, they
actually overlap, both in chick and mouse. The target of the secreted |hh signal is the perichondrium,
which responds by expressing Gl and Ptc (green). This Ihh response in the perichondrium directly or
indirectly results in the expression of PTHrP in the periarticular perichondrium (purple). PTHrP then
signals back to the PTH/PTHrP receptor in the prehypertrophic cells, preventing additional chondro-
cytes from moving down the differentiation pathway and from expressing /hh (73). When the prehyper-
trophic chondrocytes have fully differentiated into hypertrophic chondrocytes, they turn off Ihh expres-
sion. This reduction of the |hh level attenuates the negative feedback loop and allows new cells to initiate
the differentiation pathway. The Ihh level produced by the prehypertrophic chondrocytes, therefore,
reflects the number of cells committed to the hypertrophic pathway, providing a mechanism for
regulating the rate of hypertrophic differentiation.
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(47) and as judged by Col-X expression (Fig.
11A), both PTH:P and Shh repressed hy-
pertrophic  differentiation in wild-type
limbs in vitro, consistent with their effects
in vivo. Explants of E16.5 PTHyP (—/—)
mutant hind limbs placed in similar culture
conditions showed extensive premature hy-
pertrophy in vitro (Fig. 11, B and C), as
they did in vivo. For example, hypertrophic
changes in the cartilage of the feet pro-
gressed over the culture period and became
completely hypertrophic after 4 days in cul-
ture (Fig. 11C). As expected, this prema-
ture hypertrophy could be prevented by ad-
dition of PTHrP to the media, which, more-
over, blocked even normal hypertrophic
differentiation, as it did after addition to
wild-type limbs (Fig. 11, B and C). In con-
trast, Shh, which also blocked hypertrophy
in wild-type limbs, had no effect on PTHrP
(=/-) limbs. Shh-treated mutant explants
were indistinguishable, both morphologi-
cally (Fig. 11C) and in their pattern of
Col-X expression (Fig. 11B), from untreated
mutant limbs. Because ectopic Hedgehog
can induce PTHrP expression both in chick
limbs and in mouse limb explants, and be-
cause Shh has no observable effect on
PTHrP (—/—) mutant explants, we con-
clude that the effect of Hedgehog protein
on cartilage differentiation is mediated by
the PTHrP pathway. This further substan-
tiates our inference that the perichondrium
and not the cartilage is the direct target of
Thh activity and confirms that Ihh acts via
the induction of PTHrP. In the feedback
loop, PTHrP must act on cells before their
activation of Ihh, because this regulation
loop prevents Ihh expression. Consistent
with this model, we have shown that one
receptor of PTHrP, the PTH/PTH*P recep-
tor, is specifically expressed in cells just
distal to those expressing Ihh. In an accom-
panying report (58), we provide functional
data demonstrating that not only is the
PTH/PTHEIP receptor in the right place, but
it is absolutely necessary for lhh and PTHrP
to affect chondrocyte differentiation in the
mouse. Because the PTH/PTHIP receptor is
expressed at a considerable distance from
PTHrP itself, this ligand must act across
multiple cell diameters.

We therefore extend our understanding
of the feedback regulation of chondrocyte
differentiation as follows (Fig. 12): As pro-
liferating chondrocytes decide to undergo
hypertrophy, they express high levels of the
PTH/PTH~P receptor. When they subse-
quently become committed to this pathway,
they transiently express Ihh, until they be-
come fully hypertrophic. The Ihh signal
acts on the perichondrium adjacent to the
prehypertrophic zone (Pic/Gli-expressing
cells) and (directly or indirectly) on the
more distant periarticular perichondrium,



ultimately

inducing the expression of

PTH»P. PTHrP then signals back to chon-
drocytes expressing the PTH/PTH?P recep-
tor, thereby preventing nondifferentiated
chondrocytes from moving down the hyper-
trophic pathway.

Ihh and PTHrP function in a common

feedback loop that regulates the rate of
chondrocyte differentiation and thereby
balances the growth and ossification of long
bones. The elucidation of this feedback
loop provides insight into the molecular
mechanisms regulating the formation of
long bones and forms a basis for further
analysis of these processes.
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Support for the Prion
Hypothesis for Inheritance of a
Phenotypic Trait in Yeast

Maria M. Patino, Jia-Jia Liu, John R. Glover, Susan Lindquist”

A cytoplasmically inherited genetic element in yeast, [PS/*], was confirmed to be a
prionlike aggregate of the cellular protein Sup35 by differential centrifugation analysis
and microscopic localization of a Sup35-green fluorescent protein fusion. Aggregation
depended on the intracellular concentration and functional state of the chaperone protein
Hsp104 in the same manner as did [PS/*] inheritance. The amino-terminal and carboxy-
terminal domains of Sup35 contributed to the unusual behavior of [PS/*]. [PS/*] altered
the conformational state of newly synthesized prion proteins, inducing them to aggregate
as well, thus fulfilling a major tenet of the prion hypothesis.

Mammalian prions cause devastating neu-
rodegenerative disorders (1). Unlike con-
ventional pathogens, they are thought to
consist entirely of protein—specifically, a
normal nuclear-encoded protein, PrP¢,
with an altered “scrapie” conformation,
PrP% (1). The key to prion pathology is
thought to be the ability of PrP™ to induce
new PrP© molecules to adopt the altered
structure, producing a protein-conforma-
tion cascade that causes the disease and
gives rise to new infectious PrP™,

A similar explanation can account for
the otherwise baffling behavior of two ge-
netic factors in yeast, [PSI*] and [URE3]
(2). The [PSI*] factor increases translation-
al read-through of all three nonsense
codons, and is monitored in the laboratory
by omnipotent suppression of nonsense mu-
tations (3). Although unlinked to any
known nucleic acid, [PSI"] behaves as a
dominant, cytoplasmically inherited genet-
ic element. It bears an unusual relation to
the nuclear-encoded protein Sup35 that is
reminiscent of the relation between mam-
malian prions and nuclear-encoded PrP®
(1-4).

Normally, Sup35 is a subunit of the
translation-release factor that causes ribo-
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somes to terminate translation at nonsense
codons. Release activity maps to the
COOH-terminal domain (5), which is es-
sential for growth (6). Sup35’s NH,-termi-
nal domain is not essential and is required
only for the propagation of [PSI*] (6). Mu-
tations in Sup35 can also cause omnipotent
nonsense suppression, but unlike [PSI*],
the mutant phenotypes exhibit Mendelian
inheritance (3). Remarkably, transient
overexpression of Sup35, or just its NH,-
terminal domain, can induce de novo her-
itable [PSI*] elements (2, 6). Moreover,
transient overexpression of the chaperone
Hspl04 can restore translational fidelity,
heritably converting cells from [PSI'] to
Ipsi] (4).

These observations argue that [PSIT]
represents the inheritance of a self-perpet-
uating alteration in the conformation of
Sup35, which is initiated by the NH,-ter-
minal domain and impairs the ability of the
COOH-terminal domain to function in
translation. Although this mechanism suc-
cessfully explains many perplexing genetic
observations (2, 3), such a revolutionary
model for the inheritance of a phenotypic
trait demands the support of direct physical
evidence, which we provide here.

Insolubility of Sup35 in [PSI*] cells.
Isogenic [psi”] and [PSI*] strains of two
different genetic backgrounds (7) contained
the same quantity of Sup35 and Sup45 (Fig.
1A), the other subunit of the translation-
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release factor (8). Thus, the read-through of
nonsense codons in [PSI™] cells was not due
to reduced accumulation of the termina-
tion-factor subunits. Nor was it likely due to
posttranslational modification. The migra-
tion of the Sup35 and Sup45 proteins from
[PSI*] cells on high resolution two-dimen-
sional gels was identical to that of the pro-
teins from [psi~] cells (9).

In contrast, the solubility of Sup35 was
very different in [PSI*] and [psiT] cells.
Most Sup35 protein in [PSI*] lysates pel-
leted after centrifugation at 12,000g; most
remained in the supernatant of [psi~] ly-
sates. In [psi™] lysates, a substantial fraction
of Sup35 remained soluble after centrifuga-
tion at 100,000g; none remained soluble in
[PSI*] lysates (Fig. 1B). Similar differences
in the solubility of Sup35 in [PSI*] and
[psi~] cells were obtained in the early, mid-,
and late log phases of growth as well as in
cells in the stationary phase (Fig. 1C) (10).
No difference in the sedimentation proper-
ties of total proteins was detected by Coo-
massie blue staining, nor did immunostain-
ing show any difference in the sedimenta-
tion of Sup45, ribosomal protein L3, or the
chaperone proteins Hsp70, Hsp90, and
Hsp104 (Fig. 1, B and C) (10). High salt (1
M KCL), EDTA (50 mM), and ribonuclease
A (400 pg/ml) treatments did not reduce
the quantity of Sup35 found in the pellet of
[PSI*] cells, nor did treatments with non-
ionic detergent (1% Triton X-100) (10).
Moreover, like PrPS (1), the Sup35 protein
found in these aggregates was resistant to
proteolysis (11).

Role of the chaperone Hspl04 in
Sup35 aggregation. Overexpression of
Hspl04, a protein that promotes the resolu-
bilization and reactivation of heat-damaged
proteins (12), converts cells from [PSI*] to
[psi™] (6). If aggregates of Sup35 reflect the
presence of [PSI*], Sup35 should return to
the soluble state after this conversion.
When cells were transformed with a cen-
tromeric vector expressing Hspl104 from its
own promoter, this was indeed the case
(Fig. 1D). [In this and all experiments re-
ported here, the [PSI"] and [psi~] states
were confirmed by plating assays on selec-
tive media (Fig. 2) (13).] A stronger test of
the relation between Sup35 aggregates and
[PSI*] derives from the ability of transient
Hspl04 overexpression to heritably cure





