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Since their isolation in the early 1990s, members of the
Hedgehog family of intercellular signaling proteins have
come to be recognized as key mediators of many funda-
mental processes in embryonic development. Their ac-
tivities are central to the growth, patterning, and mor-
phogenesis of many different regions within the body
plans of vertebrates and insects, and most likely other
invertebrates. In some contexts, Hedgehog signals act as
morphogens in the dose-dependent induction of distinct
cell fates within a target field, in others as mitogens
regulating cell proliferation or as inducing factors con-
trolling the form of a developing organ. These diverse
functions of Hedgehog proteins raise many intriguing
questions about their mode of operation. How do these
proteins move between or across fields of cells? How are
their activities modulated and transduced? What are
their intracellular targets? In this article we review some
well-established paradigms of Hedgehog function inDro-
sophila and vertebrate development and survey the cur-
rent understanding of the synthesis, modification, and
transduction of Hedgehog proteins.
Embryological studies over much of the last century

that relied primarily on the physical manipulation of
cells within the developing embryo or fragments of the
embryo in culture, provided many compelling examples
for the primacy of cell–cell interactions in regulating in-
vertebrate and vertebrate development. The subsequent
identification of many of the signaling factors that me-
diate cellular communication has led to two general con-
clusions. First, although there are many important sig-
nals, most of these fall into a few large families of se-
creted peptide factors: theWnt (Wodarz and Nusse 1998),
fibroblast growth factor (Szebenyi and Fallon 1999),
TGF-� superfamily (Massague and Chen 2000), platelet-
derived growth factor (Betsholtz et al. 2001), ephrin
(Bruckner and Klein 1998), and Hedgehog families. Sec-
ond, parallel studies in invertebrate and vertebrate sys-
tems have shown that although the final outcome might

look quite different (e.g., a fly vs. a mouse), there is a
striking conservation in the deployment of members of
the same signaling families to regulate development of
these seemingly quite different organisms. This review
focuses on one of the most intriguing examples of this
phenomenon, that of the Hedgehog family.
As with many of the advances in our understanding of

the genetic regulation of animal development, hedgehog
(hh) genes owe their discovery to the pioneering work of
Nüsslein-Volhard and Wieschaus (1980). In their screen
for mutations that disrupt the Drosophila larval body
plan, these authors identified several that cause the du-
plication of denticles (spiky cuticular processes that
decorate the anterior half of each body segment) and an
accompanying loss of naked cuticle, characteristic of the
posterior half of each segment (see Fig. 1). The ensuing
appearance of a continuous lawn of denticles projecting
from the larval cuticle evidently suggested the spines of
a hedgehog to the discoverers, hence the origin of the
name of one of these genes. Other loci identified by mu-
tants with this phenotype included armadillo, goose-
berry, and wingless (wg). In contrast, animals mutant for
the aptly named naked gene showed the converse phe-
notype, with denticle belts replaced by naked cuticle in
every segment. On the basis of these mutant phenotypes,
Nüsslein-Volhard and Wieschaus (1980) proposed that
these so-called segment-polarity genes regulate pattern
within each of the segments of the larval body, indi-
vidual genes acting within distinct subregions of the
emerging segmental pattern.
The first important breakthrough in unraveling how

segment-polarity genes act came in the mid-1980s with
the cloning of two members of the class, wingless and
engrailed (en). Wg was shown to be the ortholog of the
vertebrate proto-oncogene int1 (subsequently renamed
Wnt1 and the founder member of the Wnt family of se-
creted peptide factors; Rijsewijk et al. 1987), whereas the
sequence of en revealed that it encodes a homeodomain-
containing transcription factor (Fjose et al. 1985; Poole et
al. 1985). Intriguingly, the two genes were found to be
expressed in adjacent narrow stripes of cells in each seg-
ment (Martinez Arias et al. 1988). A close spatial rela-
tionship between Wnt1 and En expression domains was
also reported in the primordial midbrain and hindbrain
of the vertebrate embryo (McMahon et al. 1992). Analy-

We dedicate this review to the memory of our dear friend and colleague
Rosa Beddington, whose encouragement led to our initial collaboration.
3Corresponding authors.
E-MAIL p.w.ingham@sheffield.ac.uk; FAX 0114-222-288.
E-MAIL amcmahon@biosun.harvard.edu; FAX (617) 496-3763.
Article and publication are at http://www.genesdev.org/cgi/doi/10.1101/
gad.938601.

GENES & DEVELOPMENT 15:3059–3087 © 2001 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/01 $5.00; www.genesdev.org 3059

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


sis of the changes in wg and en expression in segment-
polarity mutant embryos led to the formulation of a
model according to which mutual interactions between
wg- and en-expressing cells play a crucial role in main-
taining the integrity of individual segmental units (or
parasegments; DiNardo et al. 1988; Martinez Arias et al.
1988). Several lines of evidence pointed to the product of
the hh gene as the best candidate for the signal mediating
the postulated inductive effects of the En-expressing
cells (Ingham 1991). The cloning of hh was thus eagerly
awaited, not only by those in theDrosophila community
anxious to piece together the puzzle of segmental pat-

tern, but also by vertebrate developmental biologists
who were keen to see whether Hedgehog, Wnt1, and En-
grailed proteins might be involved in similar interac-
tions in the developing brain.
In 1992 three groups showed that Drosophila hh en-

codes a putative secreted peptide whose expression is
confined to engrailed-expressing cells in the posterior
compartment of each segment primordium (Lee et al.
1992; Mohler and Vani 1992; Tabata et al. 1992). An
additional report confirming these findings appeared the
following year (Tashiro et al. 1993). These studies
showed that hh expression is wingless-dependent, con-
sistent with the reciprocal signaling model alluded to
above (see Fig. 1). Significantly, hh expression was also
observed in the posterior compartment of the wing and
leg imaginal discs (Lee et al. 1992), suggesting a broader
role for Hh signaling in the development of these ap-
pendages. Indeed, it is now clear that Hh is a central
patterning signal in the wing (Mohler 1988; Basler and
Struhl 1994; Tabata and Kornberg 1994), leg (Diaz-Ben-
jumea et al. 1994), and eye discs (Heberlein et al. 1995;
Dominguez 1999), as well as regulating several other pro-
cesses, including germ-cell migration (Deshpande et al.
2001), and development of the optic lamina (Huang and
Kunes 1996, 1998) gonad (Forbes et al. 1996; Zhang and
Kalderon 2000), abdomen (Struhl et al. 1997), gut (Pan-
kratz and Hoch 1995), and tracheal system (Glazer and
Shilo 2001).

hh genes have been identified in several other inverte-
brate species including the leech and sea urchin (Chang
et al. 1994) as well as in the cephalochordate amphioxus
(Fig. 2; Shimeld 1999). One notable exception is the
nematode worm Caenorhabditis elegans, which has no
hh ortholog (Aspock et al. 1999) but does possess several
genes encoding proteins homologous to the Hh receptor
Patched (Kuwabara et al. 2000).
Vertebrate hedgehog genes were first reported in 1993,

following a cross-species (fish, chick, and mouse) col-
laborative effort involving three groups (Echelard et al.
1993; Krauss et al. 1993; Riddle et al. 1993); additional
reports of hh homologs appeared the following year
(Chang et al. 1994; Roelink et al. 1994). There were sev-
eral surprises in these initial findings. First, unlike the
fly, which has a single hh gene, there are several related
genes in vertebrate species (Fig. 2). Three hh genes were
identified in the mouse: Desert hedgehog (Dhh), Indian
hedgehog (Ihh), and Sonic hedgehog (Shh) (Echelard et al.
1993). Dhh is most closely related to Drosophila hedge-
hog; Ihh and Shh are more related to one another, repre-
senting a more recent gene duplication event (Fig. 2).
Further duplication events appear to have occurred in
teleosts within the Shh and Ihh classes (Fig. 2; Krauss et
al. 1993; Ekker et al. 1995b; Currie and Ingham 1996).
Second was the evocative expression of Shh in three key
signaling centers in the vertebrate embryo: the noto-
chord, the floor plate, and the zone of polarizing activity
(ZPA), a population of apical, posterior mesenchyme cells
in the limb bud, but not within the mid/hindbrain region
where Wnt1/Engrailed interactions had been observed.
Earlier studies of neural plate patterning had shown

Figure 1. Short-range signaling by Hedgehog in the embryonic
ectoderm of Drosophila. (A) Schematic representation of the
gene expression domains and cellular interactions that generate
the larval cuticle pattern shown in C. Hh (green) is secreted by
a narrow stripe of cells that marks the boundary of each seg-
ment in the developing embryo. Cells anterior to each Hh do-
main respond to the signal by maintaining wg transcription
(red). Cells that are posterior to each Hh domain respond ini-
tially by repressing Ser expression (pink). Following cell division
(middle array), wg expression is maintained anterior to the Hh
domain, and secreted Wg acts on neighboring cells to suppress
denticle formation. Expression of rho (blue) is induced in two
distinct domains by Hh and by Ser, respectively. This generates
a series of unique cellular interfaces that act to specify the size
and shape of the denticles that decorate the cuticle. In the ab-
sence of Hh activity (lower array), none of these unique gene
expression domains is established, leading to the generation of
a uniform field of denticles. (B) Confocal image of two adjacent
segments in a developing Drosophila embryo showing the dis-
tribution of Hh protein (green) around the cells from which it is
secreted, marked by the expression of EN homeodomain protein
(red). (C) phase contrast image of the ventral denticle belts of
two abdominal segments in a newly hatched Drosophila larva.
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the importance of notochord and floor plate signals in
ventralizing the developing neural tube (for review, see
Placzek 1995), whereas in the limb, many lines of evi-
dence pointed to the role of the ZPA in the regulation of
anterior polarity (for review, see Tabin 1991). The dis-
covery of Shh therefore not only provided a candidate for
the active principle that patterns the neural tube and
limb, but in addition suggested a molecular link in the
development of these distinct parts of the vertebrate
body plan. Ectopic expression studies in the frog, fish,
mouse, and chick furnished the initial evidence that Shh
regulates ventral polarity in the neural tube and ante-
rior–posterior polarity in the limb. Dorsal expression of
Shh in the neural tube resulted in the induction of ven-
tral marker gene expression (Echelard et al. 1993; Krauss
et al. 1993; Roelink et al. 1994), whereas anterior expres-
sion of Shh in the limb mesenchyme produced a mirror
image duplication of limb pattern resembling those pro-
duced by anterior grafts of ZPA cells (Riddle et al. 1993;

Chang et al. 1994). These key preliminary observations
have subsequently been explored in considerable depth
to reveal many of the mechanistic principles underlying
the development of both structures. Furthermore, the
intervening years have seen Hh proteins implicated in a
plethora of processes in the developing embryo (see
Table 1). Indeed, there are few parts of the vertebrate
body plan that are not influenced in some way by a Hh
signal.
Although the precise cellular roles of Hh signals are

still under scrutiny, it is clear that they can elicit differ-
ent responses depending on the context in which the
signals operate. Thus, Hh signals have been shown to
regulate cell fate specification, cell proliferation, and cell
survival in different target cells (see Table 1). Signaling
can be short- and long-range, direct and indirect (through
the activation of a signaling relay), and importantly, con-
centration-dependent, evoking distinct molecular re-
sponses at discrete concentration thresholds (a classic

Figure 2. Phylogenetic relationship of members of the Hh protein family from different vertebrate species, cephalochordates and
Drosophila (adapted from Borycki 2001). Amniote Hhs fall into three distinct subgroups: Sonic (lilac), Indian (yellow), and Desert
(blue). The zebrafish Ehh (Currie and Ingham 1996) and Qhh (T. Qiao and P.W. Ingham, unpubl.) are divergent members of the Indian
subgroup (green).
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Table 1. Vertebrate Hedgehog functions

Tissue/cell
type/organ Ligand Nature of role Referencea

Angiogenesis/
vasculogenesis

Ihh Stimulates endothelial cell production in
yolk sac

Dyer et al. 2001

Shh Induces angiogenesis Pola et al. 2001

Blood cells Shh Proliferation stem cells, modulation
hematopoietic and thymocyte
differentiation

Detmer et al. 2000; Outram et al. 2000;
Bhardwaj et al. 2001

Ihh Activation of hematopoiesis Dyer et al. 2001

Bone and cartilage Shh Induction early chondrogenic factors in
somite proliferation/survival axial
chondrogenic precursors

Fan and Tessier-Lavigne 1994; Johnson et
al. 1994; Chiang et al. 1996; Teillet et al.
1998; Murtaugh et al. 1999; Zhang et al.
2001

Ihh Coordination of proliferation/
differentiation in endochondral skeleton

Lankse et al. 1996; Vortkamp et al. 1996;
St-Jacques et al. 1999; Enomoto-Iwato et
al. 2000; Karp et al. 2000; Chung et al.
2001; Long et al. 2001; Yoshida et al.
2001

Cement gland
induction

X-bhhb, X-chhc Anteriorizes Xenopus neural and
non-neural ectoderm

Ekker et al. 1995a; Lai et al. 1995

Cerebellum Shh Proliferation of granule cell precursors,
differentiation of Bergmann glia

Dahmane and Ruiz-i-Altaba 1999; Wallace
1999; Wechsler-Teya and Scott 1999;
Kenney and Rowitch 2000; Pons et al.
2001

Eye Shh (Ihh, Dhh,
twhh)d

Stimulates and inhibits retinal
neurogenesis astrocyte proliferation in
optical nerve, retinal precursor
proliferation

Jensen and Wallace 1997; Levine et al.
1997; Wallace and Raff 1999; Neumann
and Nüsslein-Volhard 2000; Stenkamp et
al. 2000; Zhang and Yang 2001a,b

Shh and/or twhh Induction proximal fates in the eye fields Ekker et al. 1995; Macdonald et al. 1995

Gut Shh Separation of trachea and esophagus, A-P
patterning gut tube

Roberts et al. 1995; Litingtung et al. 1998;
Pepicelli et al. 1998

Ihh and/or Shh
(unique and
redundant
activities)

Proliferation mesenchyme, inhibition of
mesenchyme differentiation, radial
patterning of gut tube

Apelqvist et al. 1997; Ramalho-Santos et
al. 2000; Sukegawa et al. 2000

Gonads/external
genitalia

Dhh Peritubular cell development, maturation
of testes, Sertoli-Leydig cell interactions,
male germ line development,
masculinization

Bitgood et al. 1996; Clark et al. 2000;
Umehara et al. 2000

Hair/feather Shh Follice/feather morphogenesis, polarity of
feather, Telogen to anogen switch in
hair follicle

Ting-Berreth and Chuong 1996; Morgan et
al. 1998; St-Jacques et al. 1998; Chiang
et al. 1999; Karlsson et al. 1999; Sato et
al. 1999

Heart Shh or Ihh
(redundant
activities)

Cardiac morphogenesis Zhang et al. 2001

Lateral
Asymmetry

Shhe

Shh or Ihhe

(redundant
activities)

Regulation of L/R asymmetry (left
pathway)

Levin et al. 1995; Meyers and Martin 1999;
Schilling et al. 1999; Tsukui et al. 1999;
Monsoro-Burq and Le Douarin 2001;
Zhang et al. 2001

Limbs Shh A-P patterning of skeleton, outgrowth of
limb-bud

Riddle et al. 1993; Laufer et al. 1994;
Niswander et al. 1994; Yang et al. 1997;
Neumann et al. 1999; Drossopoulou et
al. 2000; Fernandez-Teran et al. 2000;
Sanz-Ezquerro and Tickle 2000; Wang et
al. 2000; Chiang et al. 2001; Kraus et al.
2001; Lee et al. 2001; Lewis et al. 2000;
Zeng et al. 2001
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morphogen activity). Perhaps not surprisingly given
their key regulatory actions, misregulation of Hh signal-

ing has been shown to contribute to various pathologies,
most notably various cancers including basal cell carci-

Table 1. Continued

Tissue/cell
type/organ Ligand Nature of role Referencea

Lung Shh Branching epithelium, proliferation/
survival mesenchyme

Bellusci et al. 1997; Littingtung et al.
1998; Pepicelli et al. 1998

Muscle Shh Induction/proliferation/survival epaxial
muscle precursors, fiber-type identity,
regulation smooth muscle differentiation

Johnhson et al. 1994; Munsterberg et al.
1995; Blagden et al. 1997; Duprez et al.
1998; Pepicelli et al. 1998; Borycki et al.
1999; Duprez et al. 1999; Lewis et al.
1999; Norris et al. 2000; Sukegawa et al.
2000; Coutelle et al. 2001; Kruger et al.
2001

Echidna, twhh Muscle/fiber-type identity Currie and Ingham 1996; Du et al. 1996

Neural Crest Shh Survival cranial neural crest, cranial facial
morphogenesis, proliferation/
differentiation sympathetic cells

Helms et al. 1997; Ahlgren and
Bronner-Fraser 1999; and Williams et al.
2000; Garg et al. 2001

Neurons Shh Induction of specific ventral neural cell
types, proliferation/survival/death neural
precursors

Echelard et al. 1993; Kraus et al. 1993;
Roelink et al. 1994; Ericson et al. 1995;
Hynes et al. 1995; Marti et al. 1995;
Roelink et al. 1995; Wang et al. 1995;
Belloni et al. 1996; Chiang et al. 1996;
Ericson et al. 1997; Dale et al. 1997;
Kohtz et al. 1998; Ye et al. 1998; Briscoe
et al. 1999; Odent et al. 1999;
Oppenheim et al. 1999; Rowitch et al.
1999; Briscoe et al. 2000; Gunhaga et al.
2000; Hynes et al. 2000; Litingtung et al.
2000; Watanabe et al. 2000; Agarwala et
al. 2001

twhh Induction motor neuron Bingham et al. 2001

Olfactory Shh Olfactory pathway formation LaMantia et al. 2000

Oligodendrocytes Shh Proliferation/differentiation/survival of
precursors

Poncet et al. 1996; Pringle et al. 1996;
Orentas et al. 1999; Lu et al. 2000;
Davies and Miller 2001; Soula et al.
2001; Nery et al. 2001

Pancreas Shh Inhibition of pancreatic anlagen formation,
insulin production

Specification of pancreas anlagen (in fish)

Apelqvist et al. 1997; Kim and Melton
1997; Hebrok et al. 2000; Deutsch
et al. 2001; Thomas et al. 2001;
Roy et al. 2001

Peripheral nerves Dhh Formation peripheral nerve sheath Parmantier et al. 1999; Umehara et al.
2000

Pituitary Shh Inhibits transdifferentiation to lens,
proliferation/cell type determination

Kondoh et al. 2000; Treier et al. 2001

Prostate Shh Growth and ductal morphogenesis Podlasek et al. 1999

Tooth Shh Growth, polarity and morphogenesis Mo et al. 1997; Dassule and McMahon
1998; Hardcastle et al. 1999; Dassule et
al. 2000; Zhang et al. 2000

Tongue Shh Maintenance/renewal taste buds Miura et al. 2001

aDue to space limitations only a subset of the literature can be cited.
bXenopus—banded hedgehog (X-bhh).
cXenopus—cephalic hedgehog (X-chh).
dShh, Ihh, Dhh and tiggywinkle hedgehog (twhh) have all been shown to be expressed in the eye. Most experimental manipulations
have used Shh. Whether action of Shh in these assays reflects Shh activity in vivo or activity of other Hedgehogs is not absolutely clear.
eGenetic studies in mice indicate that Shh and Ihh have overlapping roles. Studies in other species (chiefly chick) suggest Shh is key
factor.
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noma (for reviews, see Ingham 1998; Taipale and Beachy
2001), the most prevalent cancer in the Caucasian popu-
lation. Clearly it is beyond the scope of this review to
provide a comprehensive account of all recorded in-
stances of Hh signaling. Rather, we focus on a few well-
established paradigms of Hh function in flies and verte-
brates and then consider some of the mechanistic prin-
ciples that have emerged from their study.

Long- or short-range signaling?

Local interactions in the embryonic ectoderm
of Drosophila mediated by Hedgehog

The continuous lawn of denticles that characterizes hh
mutant embryos is indicative of a loss of antero–poste-
rior positional information within each segment. Each
denticle belt is normally composed of a series of rows of
denticles having unique size, shape, and polarity, which
thus provide precise markers of position along the an-
tero–posterior axis of the segment (see Fig. 1). In hh mu-
tants, this diversity of denticle type is lost, suggesting
that all the epidermal cells have adopted the same posi-
tional identity. Such an effect would be consistent with
Hh acting as a classical morphogen, specifying positional
information across the segmental field in a dose-depen-
dent manner. Although the restricted expression of Hh
at the posterior boundary of the segments fitted with this
view, analysis of the regulation of the first two Hh target
genes to be identified—wg and patched (ptc)—did not.
The spatial regulation of both of these genes in response
to Hh activity instead strongly suggested that the effects
of Hh are restricted to the nearest neighbors of express-
ing cells (Fig. 1). Moreover, the fact that ptc is activated
on either side of each Hh domain indicated that the sig-
nal emanates from its source symmetrically, a charac-
teristic difficult to reconcile with the notion of a mono-
tonic gradient of activity across each segment (Hidalgo
and Ingham 1990; Ingham et al. 1991; Ingham and
Hidalgo 1993; Fietz et al. 1995).
Because wg also encodes a secreted protein that, in

other contexts, has morphogen-like properties, these
findings could in principle be accommodated by postu-
lating a role for Hh in inducing the source of a long-range
signaling activity encoded by wg (Sampedro et al. 1993).
An alternative view, however, envisaged positional iden-
tity being specified in a different manner, emerging via a
sequence of short-range inductive interactions that
would be mediated by signals such as Hh and Wg (Mar-
tinez Arias et al. 1988). Support for this latter type of
model has come from the detailed analysis of other re-
cently identified targets of Hh and Wg activity in the
embryonic ectoderm. Of particular significance are the
Ser and rho genes, which encode a Notch ligand and an
activator of EGFR ligands, respectively, and are required
for the differentiation of specific denticle rows in each
segment (Wiellette and McGinnis 1999). Elegant studies
have revealed an exquisitely fine-grained pattern of ex-
pression of these genes that arises in a defined temporal
sequence in response to the short-range activity of Hh

and Wg, as well as of Ser itself (Alexandre et al. 1999).
Thus, following the mutual stabilization of Wg and Hh
expression, both signals act locally to repress Ser in cells
adjacent to their expression domains. This pattern is
maintained during the subsequent round of cell division
to yield a localized source of Ser activity within a do-
main of uncommitted cells; narrow stripes of rho expres-
sion are then established within this domain by the local
inductive interactions mediated both by Hh and Ser. In
this way, a series of unique interfaces between gene ex-
pression domains are established that can account for all
of the different denticle types within each segment (see
Fig. 1).

Long-range signaling in Drosophila imaginal discs:
direct and indirect effects

In contrast to the larval segments, there is compelling
evidence that in the primordium of the wing, Hh exerts
a long-range effect on positional specification by regulat-
ing the expression of a morphogen, Decepantaplegic
(Dpp), a member of the TGF-� superfamily. Moreover, it
is clear that in this context, Hh itself can act over several
cell diameters to activate different target genes in a dose-
dependent manner, providing a paradigm for its own
morphogen-like properties in the vertebrate neural tube
and limb bud (as discussed below).
Like all adult appendages in the fly, the wing derives

from a monolayer epithelium known as an imaginal disc
that grows inside the larva and everts during metamor-
phosis. Each imaginal disc is subdivided by a lineage re-
striction into an anterior (A) and posterior (P) compart-
ment, the expression of Hh being restricted exclusively
to cells of the posterior compartment (see Fig. 3). Expres-
sion of the dpp gene is confined to a narrow strip of cells
just anterior to the A/P compartment boundary in the
presumptive wing pouch region of the disc (Fig. 3). From
this localized source, the protein spreads in both direc-
tions (Teleman and Cohen 2000), generating a gradient of
activity across each compartment that directs the spa-
tially restricted expression of target genes such as omb
and spalt (Nellen et al. 1996). The restricted expression
of dpp close to the boundary depends critically on the
activity of Hh protein secreted by nearby posterior com-
partment cells, as evidenced both by the loss of dpp ex-
pression when Hh activity is eliminated and by the ec-
topic expression of dpp when Hh is inappropriately ex-
pressed in the anterior compartment (Basler and Struhl
1994; Capdevila and Guerrero 1994; Tabata and Korn-
berg 1994; Ingham and Fietz 1995; Zecca et al. 1995). In
addition, Hh attenuates the response of the Dpp-express-
ing cells to their own signal by down-regulating expres-
sion of the Dpp receptor (Tanimoto et al. 2000). Detailed
phenotypic analysis revealed that Dpp activity alone
cannot account for all of the pattern elements induced by
Hh activity, pointing to a requirement for additional tar-
gets of Hh signaling in patterning the wing (Mullor et al.
1997). Three such targets are vein, which encodes an
EGFR ligand (Schnepp et al. 1996), and en and collier
(col), both of which encode transcription factors (Poole et
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al. 1985; Crozatier et al. 1996). Each of these genes is
essential for the specification of pattern elements close
to the A/P compartment border that therefore might be
expected to require the highest levels of Hh activity for
their differentiation. The Vein protein is specifically re-
quired for the induction of two wing veins (L3 and L4)
that flank the central region of the wing (Mohler et al.
2000), whereas Col activity is essential for the specifica-
tion of this region itself (Vervoort et al. 1999; Mohler et
al. 2000). Although the activity of en had long been con-
sidered to be restricted to the posterior compartment of
the wing, an elegant study by Hidalgo (1994) revealed an
additional function in the anterior compartment, where
it suppresses the differentiation of marginal bristles be-
tween L3 and L4. Like dpp, all three of these genes are
expressed at the A/P border, but significantly, their ex-
pression domains are offset from that of dpp, directly
abutting the Hh-secreting cells in the P compartment
(see Fig. 3). These distinct domains of expression imply a
differential response of target genes to Hh levels, as origi-
nally noted by Ingham and Fietz (1995); subsequent stud-

ies have established that dpp, col, and en are induced by
different levels of Hh activity (see Fig. 3; Mullor et al.
1997; Strigini and Cohen 1997; Vervoort et al. 1999).
This dosage-dependent effect of Hh is also reflected in
the graded expression of ptc at the compartment bound-
ary and appears to extend over at least 10 cell diameters.

Long-range patterning of the vertebrate neural tube

In vertebrate embryos, cells within the neural tube adopt
distinct identities by reference to signaling centers lo-
cated at either end of its dorso–ventral axis. Various
members of the TGF-� superfamily produced by the dor-
sal ectoderm and roof plate of the dorsal neural tube
appear to be the dominant influence in the specification
of dorsal cell identities (for review, see Lee and Jessell
1999). Ventrally, two sources of Shh, the notochord, a
mesodermal rod that underlies the ventral neural tube,
and the floor plate, a specialized population of support
cells at the ventral midline of the developing central ner-
vous system, play a major role in specifying cell identity

Figure 3. Morphogen-like properties of Hh in the
Drosophila imaginal disc and vertebrate neural tube.
(A) The wing imaginal disc is subdivided into an an-
terior and a posterior compartment, the latter being
characterized by the expression of EN protein (red).
Cells along the boundary between the two compart-
ments express the dpp gene (green) in response to Hh
secreted by posterior compartment cells. (B) Sche-
matic representation of a cross section through the
wing disc in the vicinity of the compartment bound-
ary showing the expression domain of Hh (green) and
its targets in the anterior compartment. Cells imme-
diately adjacent to the compartment boundary (hori-
zontal line) receive the highest levels of Hh activity
(represented by the green curve). This promotes
nuclear import of the activated form of the Ci tran-
scription factor (represented by dark brown shading),
which, in turn, activates transcription of target genes
such as ptc and collier (represented by the blue cyto-
plasmic shading). Cells more distal to the boundary
receive lower levels of Hh and accordingly import
lower levels of active Ci into their nuclei (represented
by light brown). These lower levels of activated Ci
together with the absence of the repressor form of Ci
result in activation of the dpp gene (red cytoplasmic
shading). Dpp protein secreted by these cells estab-
lishes a bell-shaped distribution (red curve) that speci-
fies cell identity in both compartments of the wing.
Expression of dpp is repressed in more anteriorly lo-
cated cells by the nuclear accumulation of the repres-
sor form of Ci. It should be noted that owing to the

lability of the fully activated form of Ci, the distribution of full-length Ci protein observable in situ appears inverse to that represented
here (see Wang and Holmgren 1999). (C) Differential response of anterior compartment cells in the wing disc to a source of Hh protein
(green). Cells immediately adjacent to the source of Hh activate ptc expression (blue), whereas dpp expression is activated only some
2–3 cell diameters away from the source. These cells also express Ptc but at lower levels, obscured by the dpp reporter gene signal. (D)
Shh is expressed in the notochord and floor plate of vertebrate embryos, as revealed here by the expression of a Shh::GFP reporter gene
in the zebrafish embryo, and specifies the identity of motoneurons (faint red) and other cells in the overlying neural tube by estab-
lishing domains of different homeodomain protein expression (F). This is shown schematically in panel E: on the right, the different
colored cells represent the distinct cell identities established by the different combinations of homeodomain proteins. These patterns
of expression are established in response to different levels of Shh protein, which, in turn, leads to different levels of Gli1 and/or Gli2
transcriptional activators (blue nuclei) or Gli3 transcriptional repressor (red nuclei) within the nuclei of responding cells.
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(for review, see Placzek 1995). The disposition of differ-
ent ventral cell types in the developing spinal cord in
relation to these two sources of Shh is shown in Figure 3.
Shh is produced by both the notochord and floor plate;
several lines of evidence point to its role as a long-range
morphogen in neural tube patterning. First, direct obser-
vation of the distribution of Shh (Gritli-Linde et al. 2001)
and expression of its conserved target Ptc1 (Goodrich et
al. 1996; Marigo and Tabin 1996) show that Shh forms an
activity gradient over the ventral half of the neural tube
coincident with the patterning process. Second, Shh is
both necessary (Marti et al. 1995; Chiang et al. 1996) and
sufficient (Marti et al. 1995; Roelink et al. 1995) for the
induction of distinct ventral cell identities in the spinal
cord: initial studies focused on the ventro-medial floor
plate and ventro-lateral motor neurons, but the genera-
tion of novel cell-type specific markers has expanded the
repertoire (Jessell 2000). Third, cell-autonomous activa-
tion (Hynes et al. 2000) or inhibition (Briscoe et al. 2001)
of Shh signaling within the neural tube indicates that the
protein acts directly and at long range to specify cell fate.
Fourth, the concentration threshold for induction of dis-
tinct neural progenitors in neural plate explants corre-
lates closely with their position in the spinal cord: as the
threshold increases, progenitors are positioned progres-
sively closer to the midline sources of Shh production.
Analysis of this latter phenomenon has relied on the
response of uncommitted intermediate neural plate ex-
plants (principally from chick embryos) to purified re-
combinant Shh and in ovo electroporation of the neural
tube, approaches that have been particularly valuable in
determining how Shh regulates distinct cell fates. To-
gether these data have led Jessell and colleagues (Briscoe
et al. 2000) to propose a model in which dose-dependent
activation (class II genes; Nkx6.1 and Nkx2.2) or repres-
sion (class I genes; Pax6, Irx3, Dbx2) of a diverse group of
homeodomain-containing transcriptional regulators pro-
vides the initial response to Shh signaling (Fig. 3). Sub-
sequently, mutual repressive interactions among these
factors ensure the inheritance of a stable “homeodomain
code” that dictates which neuronal subtype is formed.
The role of Shh in patterning the ventral neural tube
extends into regions of the brain where several cell iden-
tities have been shown to depend on ventrally derived
Shh for their induction (see Table 1). Indeed, mutations
that result in the loss of Shh activity in humans can lead
to the generation of holoprosencephaly, a developmental
defect that reflects the loss of ventral cell types in the
forebrain (Belloni et al. 1996; Roessler et al. 1996).

Shh and long-range patterning in the vertebrate limb

As in the Drosophila wing imaginal disc, gain- and loss-
of-function experiments have implicated Shh in the
specification of positional identity along the antero–pos-
terior axis of the developing limb bud. In contrast to the
situation in the neural tube, however, there is no evi-
dence for any signaling influence opposing that of Shh;
rather, AP pattern appears to be generated exclusively by
reference to the ZPA from which Shh emanates.

Ectopic presentation of Shh in the anterior limb bud
induces additional digits in a dose-dependent manner,
increasing levels of Shh activity inducing progressively
more digits of more posterior character (Yang et al. 1997).
One complication in investigating the role of Shh in the
limb by loss-of-function analysis comes from the re-
quirement for Shh to maintain Fgf expression in the api-
cal ectoderm and, consequently, continued skeletogen-
esis (Laufer et al. 1994; Niswander et al. 1994). As proxi-
mo–distal development is compromised when Shh
activity is removed, it is difficult to design experimental
approaches that completely remove a potential Shh po-
larizing signal but leave limb outgrowth intact. Never-
theless, using a conditional knock-down strategy, it has
been possible to show that reduction in the levels of Shh
expression within the ZPA results in a loss of the most
posterior digits, consistent with their being specified by
the highest levels of Shh activity (Lewis et al. 2001).
Although it is clear that the concentration of Shh is

the primary determinant of anterior–posterior polarity in
the vertebrate limb, what is less certain is whether Shh
is the direct patterning signal throughout the digit-form-
ing target field. Consistent with this possibility, direct
analysis of Shh distribution (Lewis et al. 2001; Zeng et al.
2001) as well as of the domains of expression of its target
genes (Marigo et al. 1996c; Lewis et al. 2001) indicates
that the protein can spread for many cell diameters away
from its restricted source within the ZPA. But, as in the
Drosophila wing, limb, and eye discs, there is some evi-
dence for a signaling relay that uses Bmp2 (Duprez et al.
1996; Drossopoulou et al. 2000), a close relative of Dpp;
this situation contrasts with the neural tube, where Bmp
signaling plays an opposite role to Shh in the patterning
of dorsal cell types (Lee and Jessell 1999). Despite pos-
sible differences in Shh action in the neural tube and
limb, as well as the distinct cellular organization of each
target field (epithelial and mesenchymal, respectively), it
is clear that Shh signaling acts directly over considerable
distances, up to 30 cell diameters, or 300 µm.

Generation, reception, and transduction of the Hh signal

Not surprisingly given the advantages and history of un-
biased genetic screens in Drosophila, our present knowl-
edge about the generation and reception of Hedgehog sig-
nals derives primarily from genetic analysis in this or-
ganism. Simple cell culture systems have, however, also
provided a valuable tool for addressing the mechanisms,
especially of vertebrate Hh activities. For example, sev-
eral cell lines, and primary embryo fibroblasts, show an
up-regulation of Ptc1 in response to Shh addition
(Murone et al. 1999; Taipale et al. 2000). One of these
lines, C3H10T1/2, has been particularly useful as these
cells show a Shh-dependent activation of alkaline phos-
phatase (most likely reflecting osteoblast activity) that is
easily quantified (Nakamura et al. 1997; Murone et al.
1999). These cells have facilitated structure/function
analyses of distinct forms of Hh proteins, as well as the
biochemical and cellular analysis of the signal transduc-
tion pathway. In what follows, we present a framework
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that is based largely on studies using flies or tissue cul-
ture cells, with some embellishment drawn from the
analysis of vertebrate embryos.

Hh biosynthesis and structure

Hh family proteins are synthesized as ∼45-kD precursor
proteins that undergo an intramolecular cleavage (Lee et
al. 1994; Bumcrot et al. 1995) that is catalyzed by the
C-terminal portion of the precursor (Lee et al. 1994; Por-
ter et al. 1995). This reaction yields a 25-kD C-terminal
fragment that has no other known function and an ∼19-
kD N-terminal fragment (referred to as Hh-N) that is
sufficient for all known Hh signaling activity. Structural
analysis of Hh-N provided initial excitement as it re-
vealed a striking conservation with zinc hydrolases, sug-
gesting that the Hh ligand might have an enzymatic ac-
tivity (Hall et al. 1995). However, an absence of conser-
vation of key histidines that coordinate the zinc ion in
hydrolases and biochemical analyses in cell culture seem
to argue against an enzymatic role for the signaling moi-
ety (Fuse et al. 1999).
The autocleavage of Hh proceeds via a thioester inter-

mediate that undergoes a nucleophilic attack by choles-
terol, resulting in the covalent coupling of cholesterol to
the C terminus of Hh-N to yield the processed form of
the signaling moiety, denoted Hh-Np (Porter et al.
1996b). This unusual modification has attracted consid-
erable interest in particular because it results in mem-
brane retention of Hh proteins, a finding that appears at
odds with their proposed long-range signaling activities
(Lee et al. 1994; Bumcrot et al. 1995; Porter et al. 1995).
This apparent paradox is discussed below.
In addition to cholesterol-coupling, analysis of Shh ex-

pressed in tissue culture cells has revealed a further lipid
modification, palmitoylation of its most N-terminal cys-
teine (Pepinsky et al. 1998). This residue is highly con-
served in all Hh proteins, suggesting that palmitoylation
may be a universal feature, a view supported by the re-
cent discovery that Drosophila Hh is similarly modified
(Chamoun et al. 2001). Mutations of the sightless/skinny
hedgehog (sig/ski) gene, which is specifically required in
Hh-secreting cells for Hh function, have provided in-
sights into the mechanism and role of Hh palmitoylation
(Chamoun et al. 2001; Lee and Treisman 2001). The sig/
ski gene encodes a polytopic transmembrane protein
with similarity to mammalian acyl transferases that
catalyze O-linked acyl transfers. Because the linkage of
palmitate to the N terminus of Shh-Np is via an amide
bond, Chamoun et al. (2001) suggest that the modifica-
tion may proceed via a thioester intermediate. Interest-
ingly, Hh-N is rendered inactive in sig/ski mutants, im-
plying that palmitoylation occurs independently of cho-
lesterol modification. In contrast, studies of Shh
modification in tissue culture cells suggest that palmi-
toylation is in some way dependent on cholesterol addi-
tion, as only a small fraction of a form of Shh-N that
lacks cholesterol, generated by a mutant form of the
cDNA, is palmitoylated (Pepinsky et al. 1998).
Although palmitoylation appears to be essential for

the activity of the Drosophila protein, an un-acylable
form of Shh retains some activity when expressed in
transgenic Drosophila imaginal discs (Chamoun et al.
2001; Lee and Treisman 2001). In line with this, the un-
modified form of Shh can elicit equivalent responses in
some in vitro assays when administered at significantly
higher concentrations (20–30×) than mature native pro-
tein. In other contexts, however, notably the ventraliza-
tion of neural plate explants, both acylated and unmodi-
fied forms of the protein appear to have equivalent or
very similar levels of activity (Pepinsky et al. 1998;
Kohtz et al. 2001). Replacement of the N-terminal Cys
by a hydrophobic residue is itself sufficient to increase
signaling activity, indicating that it is the hydrophobic-
ity per se, rather than the specific nature of the palmitoyl
moiety, that potentiates activity (Taylor et al. 2001).
In Drosophila embryos, Hh accumulates in character-

istic membrane-associated patches (Taylor et al. 1993;
Tabata and Kornberg 1994) that most likely correspond
to lipid rafts (Rietveld et al. 1999), that is, membrane
microdomains that function as platforms for intracellu-
lar sorting and signal transduction. The lipid modifica-
tions of Hh may play a role in targeting them to rafts;
testing this proposition will require a comparison of the
subcellular localization and trafficking of the modified
and unmodified forms of the protein.

Hedgehog reception

Although it is now 10 years since the polytopic mem-
brane-spanning protein encoded by the ptc gene was first
hypothesized to act as the Hh receptor (Ingham et al.
1991), the mechanism of Hh reception remains a conten-
tious issue. Intriguingly, Ptc belongs to a growing family
of integral-membrane proteins that characteristically
possess a so-called sterol-sensing domain (SSD), first
identified in proteins implicated in cholesterol metabo-
lism but now more broadly associated with vesicle traf-
ficking. A single ptc gene is present in Drosophila,
whereas vertebrates have two distantly related family
members, Ptc1 and Ptc2 (Carpenter et al. 1998; Mo-
toyama et al. 1998; Lewis et al. 1999a). Strikingly, al-
though devoid of hh, the C. elegans genome contains
two homologs of ptc as well as numerous ptc-related
(ptc-r) genes (Kuwabara et al. 2000), including one that
encodes CHE14, a protein implicated in apical sorting in
epithelial cells (Michaux et al. 2000). Apart from the lat-
ter and the related Drosophila Dispatched (Disp) protein
(of which more below; Burke et al. 1999), the closest
eukaryotic relative of Ptc is the NPC1 protein, discov-
ered through its association with Niemann–Pick syn-
drome, a disease of cholesterol storage/metabolism (see
Fig. 4; Carstea et al. 1997; Loftus et al. 1997).
The analysis of Ptc mutations in Drosophila, mouse,

and man has revealed that Ptc activity suppresses Hh
target gene expression (Ingham et al. 1991; Capdevila et
al. 1994a; Gailani et al. 1996; Dahmane et al. 1997; Go-
odrich et al. 1997), supporting the notion that Hh ligands
elicit their effects by antagonizing Ptc activity (see Fig. 5
below). Evidence that this antagonism is accomplished
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by direct physical interaction between the proteins
comes from two sources. Initially, in vitro studies estab-
lished that Shh can bind to the large extracellular do-
mains of Ptc1 when expressed in tissue culture cells or
Xenopus oocytes (Marigo et al. 1996a; Stone et al. 1996;
Fuse et al. 1999). Subsequently, in vivo studies have
shown that mutation or deletion of the extracellular do-
mains of Ptc or Ptc1 reduces or abolishes the responsive-
ness of cells to Hh (Mullor and Guerrero 2000; Briscoe et
al. 2001). Furthermore, Ptc and Hh are found to colocal-
ize to intracellular vesicles in Hh-responding cells both
in the Drosophila embryo and imaginal disc (Bellaiche et
al. 1998; Burke et al. 1999; Martin et al. 2001; Strutt et al.
2001), suggesting that on binding to Ptc, the Hh–Ptc
complex is internalized by responding cells. Support for
a model of Ptc-mediated endocytosis as a conserved
mechanism in the regulation of available ligand comes
from studies in mammalian tissue culture that show
soluble recombinant Shh protein can be internalized by
cells transfected with the vertebrate Ptc1 gene (Incar-
dona et al. 2000b). Once internalized, both proteins ap-
pear to be targeted to the lysosome, at least in some cell
types (Mastronardi et al. 2000). Although the presence of

an SSD in Ptc could imply a role for lipid moieties in
facilitating ligand binding, mutation of the SSD does not
appear to compromise either binding or internalization
of Hh (Martin et al. 2001; Strutt et al. 2001). Moreover, in
vitro assays indicate that neither cholesterol nor palmi-
toyl modification increases the affinity of Hh proteins
for Ptc, although they do increase the specific activity of
the protein (Pepinsky et al. 1998).
In bothDrosophila and mammalian cells, the internal-

ization of Ptc or Ptc1 is dynamin-dependent, implying
that it is mediated via clathrin-coated pits (Capdevila et
al. 1994b; Incardona et al. 2000b). Although the finding
that Hh accumulates in lipid rafts (Rietveld et al. 1999)
would be consistent with an alternative mode of inter-
nalization, namely, via caveolae, it is not clear from
these studies (which involved the fractionation of em-
bryo extracts) whether the lipid raft accumulation repre-
sents protein in the sending or the receiving cell. Evi-
dence that caveolae play some role in Ptc behavior
comes from the reported association of the vertebrate
Ptc1 protein with caveolin in tissue culture cells (Karpen
et al. 2001). However, analysis of this system suggests a
role for caveolin in the delivery of Ptc1 to the plasma

Figure 4. Phylogenetic relationship of sterol-sensing domain (SSD) proteins This comparison reveals the SSD domain of vertebrate
and invertebrate Ptc proteins to be most closely related to that of the NPC1 protein and most distantly related to that of Disp despite
the latter being the only other member of this family implicated in Hh signaling. (Ce) C. elegans; (z) zebrafish; (Hu) human; (Dm)
Drosophila melanogaster; (Mm) mouse.
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membrane via lipid rafts rather than the internalization
of a Shh/Ptc1 complex (Karpen et al. 2001).
The full significance of the formation and endocytosis

of the Ptc–Hh complex can only be understood in the
context of a third protein, Smoothened (Smo), the activ-
ity of which appears to be essential for all aspects of Hh
signaling both in Drosophila (Alcedo et al. 1996; Chen
and Struhl 1996; van den Heuvel and Ingham 1996) and
vertebrates (Chen et al. 2001; Zhang et al. 2001). Smo
belongs to the superfamily of G-protein-coupled receptor
(GPCR) polytopic membrane-spanning proteins, being
most closely related to the Frizzled family of Wnt recep-
tors (Wodarz and Nusse 1998; Dann et al. 2001). In con-
trast to the latter, however, there is only limited evi-
dence implicating heterotrimeric G proteins in Smo ac-
tivity. In a classic assay for G�i activation, expression of
human Smo in Xenopusmelanophores appears sufficient
to stimulate persistent pigment aggregation in these
cells, an effect that can be blocked by pertussis toxin
(DeCamp et al. 2000). In a primary fish myoblast assay
system, however, the effects of Shh were found to be
insensitive to pertussis toxin (Norris et al. 2000), and the
results of treating zebrafish embryos with the toxin are
inconclusive (Hammerschmidt and McMahon 1998).
Notably, there is to date no report of a G-protein muta-
tion that disrupts Hh signaling in Drosophila, despite
several such mutations having been isolated (e.g., Wolf-
gang et al. 2001). Several missense mutations of various
Smo proteins provide circumstantial support for G-pro-
tein coupling. The M2 mutation of human Smo, isolated
from a spontaneously arising basal cell carcinoma, cre-
ates a constitutively active form of Smo. This results in
an amino acid substitution in the seventh transmem-
brane domain predicted to disrupt G-protein coupling
(Xie et al. 1998). A loss-of-function mutation in Dro-
sophila Smo removes a charged residue in the third in-
tracellular loop; similar mutations in GPCRs have been
found to abolish G-protein coupling (S. Nystedt, H.
Strutt, and P.W. Ingham, in prep.).
A second atypical feature of Smo is that unlike most

GPCR superfamily members, Smo appears not to inter-
act directly with its activating signal. Instead, genetic
epistasis analyses suggest that Hh binding to Ptc acts to
abrogate an inhibitory effect exerted on Smo by Ptc
(Hooper 1994; Chen and Struhl 1996; Quirk et al. 1997).
The nature of this inhibitory interaction remains one of
the central unsolved mysteries of Hh signaling. One
model, based largely on analysis of the properties of the
proteins when overexpressed in tissue culture cells
(Stone et al. 1996; Murone et al. 1999), suggests that Smo
and Ptc interact directly to form a membrane-associated
receptor complex. The Smo present in this complex is
postulated to be inactive in unstimulated cells, but,
upon Hh binding to Ptc, the complex undergoes some
conformational change that results in the activation of
Smo (Fig. 5). It is notable, however, that in Drosophila,
visualization of the two proteins suggests that most Smo
does not colocalize with Ptc, at least in cells responding
to Hh (Denef et al. 2000). Moreover, biochemical inves-
tigation of the postulated physical interaction between
the two proteins in vivo has so far proved negative
(Johnson et al. 2000).
Instead, studies in Drosophila have provided several

interesting new insights into this enigmatic relation-
ship. One key finding is that overexpression of Smo is
not sufficient to activate the pathway, casting doubt on
the proposed stoichiometric relationship between Ptc
and Smo (Alcedo et al. 2000; Denef et al. 2000; Ingham et
al. 2000). Strikingly, Smo protein accumulates specifi-
cally in cells in which Ptc activity is absent or abrogated
by Hh signaling, a process that seems to involve the re-
distribution of a hyperphosphorylated form of the pro-
tein to the cell surface (Denef et al. 2000) andmay also be
accompanied by a conformational change (Ingham et al.
2000). How these changes in the stability, form, and dis-
tribution of the protein relate to one another and to the
activity state of Smo is currently unclear. One attractive
model, but by no means the only one, is that Hh binding
to Ptc allows the trafficking of Smo to a specific mem-
brane domain within the cell that facilitates its activa-

Figure 5. Conventional model of Hedgehog signal reception. Smo (green) has an intrinsic intracellular signaling activity that is
repressed by its direct interaction with Ptc (red) within the plasma membrane. This repression is released when Hh binds to Ptc, with
Smo undergoing a conformational change that allows it to activate its intracellular target(s).
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tion and hence transduction of the Hedgehog signal.
That membrane trafficking plays a role in modulating
signaling activity has received support from a surprising
direction. Genetic screens in mice identified a mutation,
open-brain (opb), that shows a phenotype opposite to
that caused by loss of Shh activity (Gunther et al. 1994;
Eggenschwiler and Anderson 2000). Significantly, floor
plate and motor neurons, cell types that are absent in
Shh mutants (Chiang et al. 1996), differentiate in em-
bryos mutant for both opb and Shh, suggesting that the
opb gene product acts downstream of Shh as a negative
regulator of the pathway. Nevertheless, expression of
some Shh target genes remains sensitive to Shh activity
even in the absence of opb function, indicating that loss
of opb does not result in complete derepression of the
pathway (Eggenschwiler et al. 2001). Cloning of opb has
revealed that it encodes RAB23, a member of a large
family of small GTP-activated proteins associated with
many dynamic aspects of membrane trafficking (Eggen-
schwiler et al. 2001). Could Ptc1 negatively regulate Smo
activity through a RAB23-dependent trafficking process?
The possibility that Ptc might mediate a trafficking

process has also been raised quite independently of the
opb analysis, through the homology of Ptc with other
SSD-containing proteins (Martin et al. 2001; Strutt et al.
2001). One precedent for such a role is provided by
SCAP, a key regulatory factor in cholesterol metabolism
and transport, which acts by chaperoning the SREBP
transcription factor between the endoplasmic reticulum
and the Golgi apparatus, where it undergoes a cleavage-

mediated activation (DeBose-Boyd et al. 1999; Nohturfft
et al. 1999). By analogy, Ptc might traffic Smo to an in-
tracellular compartment where it would be targeted for
degradation (Fig. 6). In the case of SCAP, this trafficking
is regulated by SSD-dependent sensing of cholesterol lev-
els in the membrane, point mutations in the SSD caus-
ing constitutive translocation of SREBP to the Golgi
compartment (Hua et al. 1996). Intriguingly, an identical
mutation in the SSD of Ptc results in the loss of its Smo-
inhibiting activity (Martin et al. 2001; Strutt et al. 2001).
In contrast to SCAP, however, altering cholesterol levels
within the cell by various means has a relatively minor
influence on Hh signaling, suggesting that Ptc activity is
not similarly modulated by membrane sterol levels (In-
cardona et al. 2000a). An alternative possibility is that
the SSD serves to direct Ptc to a specific membrane mi-
crodomain where it inactivates Smo.
The activity of NPC1, an SSD-containing protein more

closely related to Ptc, raises other possibilities. In the
absence of NPC1, unesterified cholesterol accumulates
in the late endosome compartment, which, in turn, dis-
rupts sorting between the endosome and trans-Golgi net-
work (Higgins et al. 1999; Kobayashi et al. 1999; Neufeld
et al. 1999; Blanchette-Mackie 2000). This has led to the
suggestion that NPC1 acts both as a sensor (through its
SSD domain) and as a regulator of endosomal cholesterol
content, with Ko et al. (2001) suggesting that NPC1 may
cause vesicle budding by moving lipid molecules from
one leaflet of the organellar membrane to the other. Re-
cently it has been shown that NPC1 has weak similarity

Figure 6. Unconventional—and highly speculative—model of Hh signaling Cells competent to receive the Hh signal (left) express
both Smo (green) and Ptc (red). Ptc may mediate the sorting of Smo in the Golgi into a specific intracellular vesicle (blue) within which
it is inactivated (and probably degraded). For simplicity, both proteins are shown to be sorted into the same vesicle, but this need not
be the case. Ptc itself continues to the plasma membrane before being recycled to the Golgi (a process that might be dependent on Rab
23), where it again participates in Smo sorting. Exposure of cells to the Hh ligand (yellow), however, results in Ptc binding Hh when
it reaches the plasmamembrane: the bound receptor is then targeted to the lysosomal pathway (pink vesicle). The consequent decrease
in the intracellular pool of Ptc is sufficient to allow Smo to enter a different trafficking pathway (orange vesicle), such that it is
transported to the plasma membrane, where it engages with and activates intracellular signaling factors.
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to the RND family of prokaryotic permeases and, indeed,
has permease activity in both eukaryotic and prokaryotic
cells (Davies et al. 2000). In both cases, NPC1 can trans-
port fatty acids across membranes. But although it is
thus able to transport lipophilic molecules out of the
endosome–lysosome system, it is not clear how this
modulates cholesterol levels. Strikingly, Ptc is more
closely related to the bacterial AcrB and MexD perme-
ases than it is to NPC1, raising the possibility that it
may also function as a permease.
Although Ptc is clearly a Hh receptor, recent evidence

inDrosophila has indicated that Hh can in some circum-
stances signal to cells by a Ptc-independent mechanism
(Ramirez-Weber et al. 2000). This raises the possibility
that some other protein may control the activity of Smo
in the absence of Ptc, but the identity of such a protein so
far remains a mystery. In contrast to the fly, vertebrates
have a second Ptc gene, Ptc2, the product of which could
in principle also act as a Hedgehog receptor. Indeed, both
Ptc1 and Ptc2 bind all mammalian Hedgehog proteins
(Carpenter et al. 1998). In many tissues, however, Ptc2 is
actually expressed in Hh-secreting cells, suggesting that
either Ptc2 acts in an autocrine signaling loop, or has a
function distinct from that of Ptc1. Direct binding stud-
ies have identified a second Shh-binding protein in ver-
tebrates, Hedgehog-interacting protein (Hip1), a mem-
brane-bound protein (Chuang and McMahon 1999). Hip1
binds all mammalian Hh proteins with an affinity simi-
lar to that of Ptc1, but this binding most likely regulates
the availability of ligand, thereby attenuating signaling
rather than activating a novel pathway (P. Chuang and A.
McMahon, in prep.).

Control of Hh secretion and distribution

The roles of Hedgehog proteins as both short- and long-
range signals imply the existence of mechanisms capable
of regulating the release and movement of the proteins
across cell assemblies. The discovery that Hh is cova-
lently coupled to cholesterol immediately suggested a
mechanism by which the action of the protein might be
spatially restricted, such a lipid attachment being ex-
pected to anchor the protein in the membrane of secret-
ing cells. Consistent with this, little Hh-Np is found in
medium conditioned by cells expressing the full-length
protein (Pepinsky et al. 1998; Zeng et al. 2001). In con-
trast, cells expressing an unmodified form of Hh-N (gen-
erated by a C-terminally truncated form of the coding
region, which circumvents the autoproteolysis and
hence the cholesterol coupling step) secrete large quan-
tities of this unmodified form, Hh-Nu, into the medium
(Bumcrot et al. 1995; Porter et al. 1995). In line with
these findings, expression of the Hh-Nu in the embry-
onic ectoderm was found to have effects consistent with
an increased range of Hh activity (Porter et al. 1996a).
Such cholesterol-mediated membrane anchoring could

thus explain the restricted range of Hh in the Drosophila
embryo and in certain contexts in vertebrate embryos
(such as tooth and hair development), where Hh appears
to act at short range, but it seems at odds with the long-

range signaling activities of the protein in the limbs and
neural tube. As discussed above, Hh proteins demonstra-
bly traverse many cell diameters to elicit their effects in
these contexts, implying that they must be released from
the cells that secrete them. Intriguingly, genetic analysis
in the fly has revealed that a Ptc-related protein, aptly
named Dispatched (Disp), is specifically required for the
controlled release of Hh-Np (Burke et al. 1999). In the
absence of Disp function, Hh-expressing cells accumu-
late high levels of Hh but fail to secrete it; as a conse-
quence, Hh target genes are not activated in responding
cells. This requirement is completely overridden when
Hh-Nu is expressed in disp mutant cells (Burke et al.
1999), indicating that it is only needed for the secretion
of the lipid-modified form of Hh-N (see Fig. 7). Interest-
ingly, Disp is required in the embryonic ectoderm as
well as in the posterior compartment of the imaginal
disc (Burke et al. 1999), implying that the release of Hh-
Np is essential for both the long-range and short-range
modes of Hh signaling.
How Disp functions remains unclear, although its pos-

session of an SSD again suggests a role in vesicle traf-
ficking. One possibility is that, like its C. elegans coun-
terpart CHE14 (Michaux et al. 2000), Disp plays a role in
apico–basal sorting of Hh. In the embryonic ectoderm
Hh has been shown to accumulate preferentially baso-
laterally (Taylor et al. 1993; Tabata and Kornberg 1994),
but a role of Disp in this localization has not been tested.
In the cells of the imaginal disc, in contrast, there is no
obvious polarity in the Hh distribution. Instead, Burke et
al. (1999) suggest that Disp acts in some way to displace
Hh-Np from the lipid rafts to which it is targeted by its
cholesterol moiety.
Although Disp function thus overrides the restraining

effect of cholesterol on Hh-Np in secreting cells, it is
clear that the lipid modification has major consequences
for Hh-Np mobility once it is released from its source.
This is exemplified by the dramatically different conse-
quences of driving expression of full-length Hh versus
Hh-Nu in the posterior compartment of the wing imagi-
nal disc. Whereas the former has little if any effect on the
growth and patterning of the wing, the latter results in a
massive expansion of the dpp expression domain and the
simultaneous overgrowth of the wing, effects consistent
with the unrestrained movement or diffusion of Hh-Nu
across the anterior compartment (Burke et al. 1999). This
implies that Hh-Np is subject to some restraining influ-
ence on its movement once released from the secreting
cells by activity, an influence that has been shown to be
mediated by Ptc (see Fig. 7). In a series of elegant experi-
ments in which they manipulated Ptc activity in clones
of cells in the wing imaginal disc, Chen and Struhl (1996)
showed that Hh-Np can freely traverse cells lacking the
Hh-binding activity of Ptc, before being bound and en-
docytosed by the protein in genetically wild-type cells.
This sequestering activity of Ptc helps explain why the
ptc gene itself is a target of Hh activity: by up-regulating
ptc transcription, Hh effectively promotes its own se-
questration, a negative feedback mechanism that re-
strains the spread of Hh protein from its source (Chen
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and Struhl 1996). That Hh-Nu appears immune to such
sequestration implies that it depends critically on the
cholesterol moiety in Hh-Np. Although this might sug-
gest that cholesterol mediates interaction between Hh-
Np and Ptc, perhaps via the latter’s SSD, several findings

argue against this. Not least of these are the facts that
Hh-Nu efficiently activates the pathway by abrogating
Ptc activity and that lipid modification has no signifi-
cant effect on the in vitro binding affinity of Hh for Ptc.
Moreover, Hh-Nu appears to be endocytosed with Ptc in
responding cells (Burke et al. 1999), all of which raises
questions about the basis of Hh sequestration.
Remarkably, whereas recent studies in chick embryos

suggest that Ptc1 has a similar role in sequestering Shh
in the vertebrate neural tube (Briscoe et al. 2001), in vivo
analysis of an unmodified form of Shh-N (Shh-Nu) re-
veals a quite different effect of cholesterol modification
on its behavior (Lewis et al. 2001). In this case, absence of
the cholesterol moiety severely limits the range of the
Shh-Nu protein. Therefore, although it retains activity
comparable to that of the wild-type protein at short
range (as assayed by its ability to promote normal hair,
whisker, tooth, and lung development and to promote
the specification of the most posterior digits in the hand
and foot plates), it fails to spread across the developing
limb bud, leading to a contraction in the expression do-
mains of target genes and an accompanying loss of inter-
mediate digits (Lewis et al. 2001). These findings point,
instead, to a requirement for cholesterol modification for
the efficient movement of Shh-N through the limb mes-
enchyme, a requirement that seems at odds with the
properties of the Hh-Nu form in Drosophila.
It is possible that this disparity may reflect a difference

in the experimental conditions under which the unmodi-
fied forms of the respective proteins have been assayed,
or in the cellular milieu in which the endogenous forms
normally operate (Lewis et al. 2001), but it is also notable
that in vertebrates, Hh proteins are subject to an addi-
tional restraining influence, namely, that imposed by
Hip1 (Chuang and McMahon 1999), an Hh-binding pro-
tein that has no counterpart in Drosophila. Like Ptc,
expression of Hip1 is up-regulated in response to Hh sig-
naling (Chuang and McMahon 1999), but unlike Ptc,
there is no evidence that it acts by directly regulating
Smo. Therefore, Hip1 adds a second layer of control to
the Hh negative feedback mechanism, a layer that is ex-
clusive to vertebrates.
One scenario that could reconcile the immunity of

Drosophila Hh-Nu to Ptc sequestration with the attenu-
ated range of Shh-Nu in the mouse would be if Shh-Nu
were to bind Hip with equal or greater affinity than its
cholesterol-coupled counterpart. In this case, Shh-Nu
would still be capable of antagonizing Ptc at short range,
but would not be free to move beyond cells immediately
adjacent to its source. But how might cholesterol cou-
pling allow Shh-Np to override Hip sequestration?
In Drosophila, movement of the cholesterol-modified

form of Hh-Np depends critically on the activity of tout
velou (ttv) (see Fig. 7; Bellaiche et al. 1998), a homolog of
the human EXT genes that were identified through their
association with the bone disorder multiple exostoses
(Stickens et al. 1996). These genes encode GAG transfer-
ases (Lind et al. 1998), implying that TTV (and its verte-
brate homologs) generates a proteoglycan that mediates
the transfer of Hh-Np between cells (Bellaiche et al.

Figure 7. The control of Hh movement. Highly stylized repre-
sentations of the distribution and activity of Hh-Np or Hh-Nu
proteins in imaginal discs in the presence or absence of Ptc, , or
TTV functions. The top row of cells illustrates the decreasing
concentration of Hh-Np protein (represented by different shades
of blue) in anterior compartment cells as a function of distance
from the compartment boundary (vertical green line). This
graded Hh activity results in differential target gene activation
(represented by varying shades of red in the nuclei). Cells in the
posterior compartment express a uniform level of Hh-Np. In the
absence of function (row 2), Hh-Np accumulates in expressing
cells (dark blue shading) but fails to be secreted efficiently.
Some target gene expression is seen in cells immediately adja-
cent to the compartment boundary, suggesting that a little Hh,
below the level of detection, does escape despite the absence of
Disp. Retention of Hh-Np in the absence of function is medi-
ated by Disp the cholesterol moiety because Hh-Nu is effi-
ciently secreted by mutant cells (row 4). Whether or not Hh-Nu
can maximally activate the pathway as indicated here has not
been definitively established, although it has been shown to
activate high levels of ptc transcription (Burke et al. 1999). It is
clear, however, that Hh-Nu is able to traverse many more cell
diameters than Hh-Np (row 3), implying that the cholesterol
also mediates the sequestration of Hh-Np by receiving cells.
Such sequestration depends on the presence of Ptc in receiving
cells (row 6), as Hh-Np is able to traverse multiple ptc− cells.
Note that in this case, the activation of target gene expression is
independent of Hh and is caused solely by the absence of the
repressive activity of Ptc. Movement of Hh-Np depends abso-
lutely on TTV function in receiving cells: In the absence of TTV
(row 7), Hh-Np fails to move beyond the compartment bound-
ary, even if Ptc protein is also absent (row 8). Note that cells
immediately adjacent to the Hh-expressing cells show reduced
levels of target gene activation, indicating that TTV activity is
required even in these cells. This suggests that it may facilitate
the release of Hh from neighboring cells as well as movement
between receiving cells. In contrast, Hh-Nu is able to traverse
ttv− cells (row 5), indicating that the requirement for TTV ac-
tivity is imposed by the cholesterol moiety.

Ingham and McMahon

3072 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


1998; Thé et al. 1999). That the activity of TTV is re-
quired in Hh-receiving cells even in the absence of Ptc
(Bellaiche et al. 1998) implies that the hypothetical pro-
teoglycanmay interact directly with Hh-Np and possibly
present it to Ptc, a process similar to that proposed above
for Hip. If both the proteoglycan and Hip compete for
Hh-Np binding and if cholesterol coupling is obligate for
interaction with the former, then it is easy to envisage
how in vertebrates, the absence of cholesterol from Shh-
Nu would block its movement and lead to its sequestra-
tion by Hip. In Drosophila, in contrast, where there is no
Hip1 to bind unsequestered Hh-Nu, the latter might re-
main free simply to diffuse away from its source, abro-
gating Ptc activity in its wake. Investigating the proper-
ties of Shh-Nu in a Hip mutant background should there-
fore help to resolve this issue.

Transduction to the nucleus: the control of Cubitus
interruptus activity

Although the biochemical nature of Smo activity re-
mains a mystery, it is clear that a major target of this
activity is the transcription factor encoded by the Dro-
sophila segment-polarity gene cubitus interruptus (ci).
Although genetic analysis identifying Ci as the mediator
of Hh-dependent transcriptional activation was first pre-
sented more than eight years ago (Forbes et al. 1993),
unraveling the molecular mechanisms that underlie the
function of this complex protein is still far from com-
plete. The task has been confounded by various factors,
not least the rapid nuclear export of the active form of
the protein, making it difficult to detect in situ, as well
as by the fact that Ci combines both repressor and acti-
vator functions in a single protein, complicating the
analysis of mutant phenotypes. Recent studies have,
however, overcome both of these problems, and a fairly
detailed picture of events downstream of Smoothened is
now beginning to emerge.
One long-standing puzzle has been the disparity be-

tween the phenotypes caused by mutations of ci com-
pared with those of hh mutants (see Methot and Basler
2001). This has led to the suggestion that Hh activity is
not exclusively mediated by Ci, a view supported by the
analysis of Hh target gene expression in embryos lacking
all Ci activity (Gallet et al. 2000). Another explanation
for this disparity is suggested by the effects of loss of Ci
function in the imaginal disc. Whereas removal of Ci
activity from clones of cells was shown to result in the
loss of expression of some Hh target genes, notably ptc
(Dominguez et al. 1996), consistent with Hh activation
of ptc transcription being mediated by Ci (Alexandre et
al. 1996), other Hh targets, such as dpp, were found to be
activated in the absence of Ci, albeit at a lower level than
in their normal domain close to the compartment bor-
der. This latter observation led to the idea that Ci is
bifunctional, controlling the expression of Hh targets
both by activation and repression. In this view, if Hh
signaling acts by promoting an activating form and in-
hibiting a repressing form of Ci, complete removal of the
Ci protein should not be equivalent to loss of Hh signal-

ing, but, rather, should result in a partial gain-of-func-
tion phenotype that is epistatic to an hh loss-of-function
mutation. Analysis of null alleles of ci in combination
with hh mutations have confirmed this view, implying
that all known functions of Hh in the Drosophila em-
bryo and imaginal disc are, indeed, transduced by modu-
lation of Ci activity (Methot and Basler 2001).
The repressor form of Ci (Ci75) is generated by a pro-

teolytic cleavage event that removes the transcriptional
activation domain of the protein, yielding a truncated
protein that retains the zinc finger-binding domain and
an N-terminal repression domain (Aza-Blanc et al. 1997).
Crucially, although Ci75 is present in all Hh-responsive
cells, the full-length form (Ci155) accumulates specifi-
cally in cells in close proximity to those secreting Hh
(Motzny and Holmgren 1995; Aza-Blanc et al. 1997;
Wang and Holmgren 1999), strongly suggesting that Hh
acts by inhibiting its proteolytic cleavage. Such an in-
hibitory effect could provide the basis of a simple Hh-
mediated switch from transcriptional repression to acti-
vation, simply by stabilizing the full-length Ci protein
(see Fig. 8).
Consistent with this model, cells lacking the activity

of either Protein kinase A (PKA) (Johnson et al. 1995;
Ohlmeyer and Kalderon 1998) or the novel kinesin-re-
lated protein Costal-2 (Cos-2) (G. Wang et al. 2000) ac-
cumulate full-length Ci independently of Hh activity
and at the same time inappropriately activate Hh target
genes. Cos-2 binds microtubules in an Hh-sensitive
manner (Robbins et al. 1997) and forms a complex with
Ci via a domain in its C terminus termed the CORD (G.
Wang et al. 2000), suggesting that the cleavage of Ci de-
pends on its being sequestered on microtubules. In this
way, Hh-induced dissociation of the complex from the
microtubules would suffice to inhibit Ci cleavage. Ci has
several PKA consensus target sites, suggesting that PKA
may act directly to facilitate cleavage of the protein, its
phosphorylation either priming it for protease recogni-
tion or promoting its association with Cos-2 (but see
below). Consistent with this view, mutation of one or
more of the PKA sites in Ci is sufficient to inhibit its
cleavage (Chen et al. 1998). Although it has been specu-
lated that, by analogy with G-protein-coupled receptors,
activation of Smo might modulate PKA activity (Alcedo
et al. 1996), there is good evidence that Hh signaling has
no effect on PKA activity (Jiang and Struhl 1995). There-
fore, it seems that phosphorylation by PKA is permissive
for Ci cleavage, the rate-limiting step being recruitment
of Ci to the microtubules. However, Hh might also con-
tribute to cleavage regulation by promoting the dephos-
phorylation of Ci.
But is the inhibition of Ci cleavage sufficient to pro-

mote the transcriptional activation of Hh target genes?
Two lines of evidence reveal that it is not. First, a form
of Ci lacking the protease-recognition site, although re-
sistant to cleavage, is totally inactive except in cells
stimulated by Hh signaling (Methot and Basler 1999; G.
Wang et al. 2000). Second, cells lacking the activity of
the slmb gene (which encodes an F-box protein impli-
cated in priming substrates for proteasome-dependent
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cleavage) accumulate full-length Ci, but fail to activate
ptc transcription (G. Wang et al. 2000). Taken together,
these data indicate that the activity of the uncleaved
form of Ci requires additional Hh-dependent regulation.
Because the full-length protein that accumulates in

the absence of both Cos-2 and PKA activity is, in con-
trast, active, these two proteins must have additional
repressive effects on Ci activity that are presumably ab-
rogated by Hh signaling. In line with this interpretation,
mutation of the PKA sites in Ci not only renders it un-
cleavable but also makes it constitutively active (Chen
et al. 1999; Methot and Basler 1999; Price and Kalderon
1999), yet, on the other hand, overexpression of Cos-2 is
able to suppress the Hh-dependent activity of the un-
cleavable form of Ci (G. Wang et al. 2000). Given its
apparent role in sequestering Ci in the cytoplasm, one
obvious interpretation of these data is that Cos-2 acts to
prevent the nuclear import of Ci; indeed, when the rapid
nuclear export of Ci is blocked using Leptomycin B, full-
length Ci is seen to accumulate at high levels in the
nuclei of cells lacking Cos-2 activity (G. Wang et al.
2000). However, such unrestrained nuclear import does
not seem to occur when PKA is inactivated, suggesting

that phosphorylation of Ci is not essential for its seques-
tration by Cos-2 (Wang and Holmgren 2000).
So why should the inhibition of phosphorylation be

sufficient to activate the protein? One suggestion is that
the levels of uncleaved protein that accumulate in the
absence of PKA activity overwhelm the sequestration
mechanism, so that some uncleaved protein is able to
enter the nucleus (Wang and Holmgren 2000). Paradoxi-
cally, however, the response of cells to loss of PKA (as
assayed by the activation of Hh target genes) is stronger
than that when Cos-2 activity is removed (Ohlmeyer and
Kalderon 1998; G. Wang et al. 2000). This implies that
phosphorylation has an additional effect on Ci, not only
priming the protein for cleavage but also attenuating its
activity, an effect that could be abrogated by the activity
of an Hh-regulated phosphatase. Presumably in the ab-
sence of Cos-2, the full-length Ci remains phosphory-
lated on these critical residues (although this has not
been established) and hence is not fully active.
It follows from all of this that Hedgehog can elicit

multiple transcriptional outputs simply by modulating
the effects of Cos-2 and PKA on the processing and
nuclear import of Ci. The fact that neither elimination of

Figure 8. Intracellular transduction of the Hedgehog signal. In Drosophila, cells competent to respond to Hh express the transcription
factor Ci. (A) In the absence of stimulation by the signal, full-length Ci (red, blue, and green sectored circle) is phosphorylated on
several sites (P) by PKA and anchored to microtubules (indicated by parallel lines) via its interaction with the Cos-2 protein (orange
oval) . Slmb-dependent cleavage of Ci C-terminal to its zinc finger domain (green sector) results in the release of a truncated form of
the protein from microtubules and its accumulation in the nucleus, where it binds upstream of the Hh target gene dpp as well as the
hh gene itself, repressing transcription of both. (B) Stimulation of cells by intermediate levels of Hh causes the dissociation (green
arrow) of the Ci–Cos-2 complex frommicrotubules and the simultaneous inhibition of Ci cleavage. Full-length Ci binds to Su(fu) (pink
oval) in the cytoplasm, an interaction that restricts its nuclear import and attenuates its transcription-activating activity. (C) Stimu-
lation of cells by high levels of Hh additionally promotes the dephosphorylation (green arrow) of Ci and activates (green arrow) the Fu
S/T kinase (green oval), promoting dissociation of Ci from Su(fu) and stimulating its import into the nucleus, where it activates target
genes such as Col and en in association with the coactivator CBP (yellow circle).
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Cos-2 nor elimination of PKA alone can fully recapitu-
late the effects of unrestrained Hh signaling could most
simply be explained by their parallel roles in repress-
ing Ci155 activity, although this has yet to be tested
by simultaneously removing both proteins from the
same cells. Significantly, however, the effects of cos-2
and pka mutations can be enhanced by eliminating a
third protein, Suppressor of fused Su(fu), a fact that re-
veals an additional level of complexity in the control
of Ci activity. Although Su(fu) is itself completely dis-
pensable—animals homozygous for a deletion of the
gene are fully viable and fertile (Préat 1992)—the conse-
quences of its absence on the effects of inactivating
Cos-2 or PKA are quite dramatic. In both cases, Ci be-
comes maximally activated, as evidenced by the induc-
tion of en expression, but apparently for different rea-
sons. In the absence of Su(fu) protein, inhibiting the
PKA-dependent phosphorylation of Ci now results in the
nuclear import of full-length Ci (Methot and Basler
2000), implying that Su(fu) also acts to retain Ci in the
cytoplasm. Su(fu) has been shown to bind directly to the
N-terminal region of Ci in yeast two-hybrid assays (Mon-
nier et al. 1998), but biochemical characterization of the
proteins in vivo suggest that this interaction results in
the formation of a complex distinct from that associated
with microtubules (Stegman et al. 2000). This implies
that Su(fu) may act in concert with Cos-2 to sequester Ci
in the cytoplasm after it has been released from micro-
tubules (Fig. 8).
Why, then, should removal of Su(fu) also potentiate

the effects of removing Cos-2? One explanation could be
that Su(fu) can enter the nucleus bound to Ci and attenu-
ate its transcription-activating activity, a view supported
by the properties of the vertebrate Su(fu) ortholog (Ko-
german et al. 1999). Both of these functions imply that
eliciting the maximal response of cells to Hh signaling
requires the dissociation of Ci from Su(fu). This disso-
ciation appears to be mediated by the fourth intracellular
component of the pathway identified by genetic analysis
in Drosophila, the product of the fused gene. fused en-
codes a serine–threonine (S/T) kinase, the activity of
which is necessary for some but not all levels of response
to Hh (Fig. 8; Alves et al. 1998; Ohlmeyer and Kalderon
1998; Therond et al. 1999). Therefore, both in the em-
bryo and in the imaginal disc, transcriptional responses
requiring low or intermediate levels of Hh activity are
unaffected by the loss of Fused activity, whereas the
maximal response (the expression ofwg in the embryo or
col and en in the imaginal disc) is reduced or lost. Al-
though no targets of Fused have been identified at the
biochemical level, and, indeed, there is no biochemical
evidence that Fused has S/T kinase activity, an attractive
model is that Fused phospohorylates Su(fu), leading to its
dissociation from Ci. This would increase the levels of
Ci activity by simultaneously releasing it from the in-
hibitory effects of Su(fu) and promoting its entry into the
nucleus. Consistent with this model, high levels of full-
length Ci are seen to accumulate in the cytoplasm of
Hh-responding cells that lack Fused activity (Ohlmeyer
and Kalderon 1998).

Gli proteins mediate transcriptional control
by Hedgehog signaling in vertebrates

In contrast to the fly, vertebrates have not one but three
Ci-related proteins, designated Gli1, Gli2, and Gli3 (after
glioblastoma), all of which have been implicated in me-
diating the activities of the various Hh proteins. The
situation in vertebrates is further complicated by the fact
that the genes encoding at least two of these, Gli1 and
Gli3, are themselves transcriptional targets of Hh signal-
ing: Gli1 is activated and Gli3 repressed in response to
Hh signals (Marigo et al. 1996b; Lee et al. 1997). As
usual, genetics has been a powerful tool in addressing the
activities of these proteins, although as in the fly, the
complexity of Gli function has complicated the interpre-
tation of such analyses. Thus, for instance, although
studies of mutant combinations in the mouse have
shown genetic interactions between Gli1 and Gli2 in the
diencephalic region of the brain (Park and Bai 2000), Gli2
and Gli3 in skeletal development (Mo et al. 1997), Gli1
and Gli2, and Gli2 and Gli3 in lung development (Mo-
toyama and Liu 1998; Park and Bai 2000), and Gli2 and
Gli3 in tooth development (Hardcastle et al. 1998), the
mechanistic action of the different Gli proteins in each
of these organs remains unclear.
Such mutant analyses have been complemented by

studies in cell culture. Interpretation of these data, how-
ever, is also problematic, not least because in several
cases, cells that are not responsive to Hh signals have
been used, whereas in other instances, the experiments
have not addressed the response of Gli proteins to the
presence or absence of Hh ligand. Given the many levels
of posttranscriptional regulation of Ci activity, in par-
ticular the Hh-dependent suppression of cleavage that
alters the balance between repressor (cleaved) and acti-
vator (uncleaved) forms, conclusions from these experi-
ments should be treated with some caution. These stud-
ies have included the generation of modified forms of Gli
proteins that reveal potent activities. N-terminal trun-
cation of both Gli2 and Gli3, for example, generates
strong activating forms of these proteins (Dai et al. 1999;
Sasaki et al. 1999), but because of the paucity of antibod-
ies against the endogenous proteins, the in vivo rel-
evance of these truncated forms remains unclear.
One novel approach that has been used to investigate

the regulation of Gli protein activities and their relative
contributions to transducing Hh signals, has been to ex-
press each in Drosophila imaginal discs (von Mering and
Basler 1999; Aza-Blanc et al. 2000). Although a heterolo-
gous system, the genetics of this system can be rigor-
ously controlled to a degree impossible in vertebrates,
and the activities of each protein can be compared with
the known activities of Ci. These studies have led to the
following predictions: (1) Gli1 and Gli2 are Hh-depen-
dent activators of Hh targets; (2) Gli2 is also an Hh-in-
dependent repressor; (3) Gli3 is an Hh-dependent repres-
sor; and (4) similar to Ci, proteolytic cleavage of Gli2 and
Gli3 generates repressor forms of each protein. To what
extent do these predictions match up to data in verte-
brate systems?
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Notwithstanding the caveats noted above, there is
overwhelming evidence in support of a role for Gli1 as an
activator of Hh target gene transcription, although
whether or not this activity is regulated directly by Hh
signaling in vivo is not so clear. Overexpression of Gli1
in tissue culture cells or transgenic embryos can induce
transcription of Hh target genes in the absence of Hh
activity (Hynes et al. 1997; Sasaki et al. 1997; Ruiz i
Altaba 1998, 1999), but unlike Ci, Gli1 does not appear
to undergo proteolytic cleavage and does not bind to or
require CBP for its activating function (Dai et al. 1999).
Moreover, again in contrast to Ci, transcription of Gli1 is
under Hh control; indeed, up-regulation of Gli1, like
Ptc1, is diagnostic of Hh signaling within a target field.
The fact that Gli1 is activated in response to an Hh sig-
nal strongly implies that Gli1 is not the initial trans-
ducer of the Hh signal. Indeed, mutants that lack the
zinc finger domain and show no activating capacity are
homozygous viable, fertile, and show no characteristic
Hh phenotypes (Park and Bai 2000). Nevertheless, evi-
dence from studies in flies and in tissue culture suggest
that Gli1 activity can be potentiated by Hh signaling
(Dai et al. 1999); consistent with this suggestion, Gli1
has been shown to interact directly with the vertebrate
Su(fu) protein, an association that can inhibit its nuclear
import and abrogate its ability to activate transcription
(Ding et al. 1999; Kogerman et al. 1999).
Full-length Gli2 can also activate transcription of Hh

target genes in vertebrate tissue culture cells, but in this
case the activation depends on Hh stimulation. This re-
quirement can be overridden by deletion of the N-termi-
nal domain of the protein, which turns Gli2 into a strong
constitutive activator capable of inducing normally Shh-
dependent cell types when expressed in the mammalian
brain (Sasaki et al. 1999). This apparent negative regula-
tory domain of the protein corresponds to the region of
Ci that mediates the interaction with Su(fu). Direct evi-
dence for an interaction between Gli2 and the vertebrate
Su(fu) has not been presented, nor is there any evidence
for an in vivo cleavage of the N-terminal region of Gli2;
however, the activity and nuclear import of Gli2 is re-
portedly stimulated by the human Fused homolog
(Murone et al. 2000), which presumably could act by
abrogating the inhibitory effect of Su(fu).
In vivo evidence for an activating role of Gli2 comes

from mouse mutants lacking the zinc finger regions
(Ding et al. 1998; Matise et al. 1998). Absence of Gli2
leads to a complete loss of floor plate and a reduction in
V3 interneurons, cell types that are dependent on high
levels of Shh activity for their specification. Therefore,
Gli2 appears to play a critical role in mediating the ac-
tivity of Shh in the ventral neural tube (see Fig. 3). Fur-
thermore, transcription of both Ptc1 and Gli1 is down-
regulated, consistent with Gli2 activation of these tar-
gets.
Whether or not Gli2 also has repressing activity is less

certain. In contrast to Gli1, the Gli2 protein has been
shown to undergo cleavage when expressed in tissue cul-
ture cells (Ruiz i Altaba 1999) as well as in transgenic
Drosophila, but unlike Ci, this cleavage appears to be

insensitive to Hh activity, and the cleaved form repre-
sents only a minor fraction of the protein. Nevertheless,
an artificially C-terminally truncated form of Gli2 can
efficiently repress transcription of a Gli-reporter gene
(Sasaki et al. 1999). Another line of evidence consistent
with a repressive activity of Gli2 comes from mutations
in the zebrafish gene that give rise to C-terminally trun-
cated forms of the protein (Karlstrom et al. 1999). These
mutants have weak dominant loss-of-Hh-function ef-
fects on somite patterning (van Eeden et al. 1996), con-
sistent with the mutant proteins acting as repressors of
Hh target genes. In the absence of a protein null allele,
however, it remains unclear whether or not this reflects
an activity of the endogenous Gli2 protein. Ectopic ex-
pression of Gli2 in Xenopus embryos has been reported
to lead to a repression of Gli1-mediated floor plate in-
duction, also consistent with Gli2 playing a repressive
role (Ruiz i Altaba 1998). Yet this activity is hard to
reconcile with the absolute requirement for Gli2 in in-
duction of the floor plate revealed by loss of Gli2 func-
tion in the mouse. Although these results may reveal
some interesting species-specific difference in the role of
Gli2, they may equally well illustrate the potential pit-
falls when making inferences about gene function solely
on the basis of ectopic expression experiments. In the
wild-type neural tube, Gli2 is present in cells responding
to Shh input that could modify its activity, whereas
there is no Shh input accompanying the ectopic expres-
sion of Gli2 in the Xenopus studies.
In contrast to Gli1 and Gli2, there is little doubt that

Gli3 acts as a repressor of Hh targets as well as of Shh
itself (Masuya et al. 1995; Ruiz i Altaba 1998); partial
loss of this repressor activity most likely underlies the
various skeletal anomalies associated with Gli3 muta-
tions in the human population (for review, see Villavi-
cencio et al. 2000). Repression of Hh targets both in cell
culture and in the embryo (Dai et al. 1999; B. Wang et al.
2000) appears to be mediated by proteolytic cleavage of
full-length Gli3 into a repressor form (the reported size of
which varies between 83 and 100 kD) that lacks amino
acids C-terminal to the zinc finger domains. This form
accumulates preferentially in the nucleus of expressing
cells (Dai et al. 1999; B. Wang et al. 2000). Although Gli3
lacks an obvious CORD and no vertebrate Costal-2 or-
tholog has yet been identified, the finding that it under-
goes the same Hh-dependent cleavage when expressed in
Drosophila strongly suggests that Gli3 processing occurs
by a mechanism analogous to that controlling Ci. In ad-
dition, Gli3 is itself a target of transcriptional repression
by Shh (Marigo et al. 1996b).
Although some assays indicate an exclusively repress-

ing activity of Gli3 (Sasaki et al. 1999; B. Wang et al.
2000), others have revealed evidence of an activating ac-
tivity. For example, Gli3 activates a Gli1 promoter in an
Shh-dependent mechanism in cell culture, and activa-
tion is further potentiated by association with CBP (Dai
et al. 1999). Consistent with this, Gli3 has been shown
to interact directly with the vertebrate Su(fu) protein
(Pearse et al. 1999), as well as with a human homolog of
Fused (Murone et al. 2000), as would be expected if the

Ingham and McMahon

3076 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


nuclear import of an activating form of Gli3 is regulated
by Shh. Given that Gli3 is initially present within the
embryo prior to production of an Hh signal, such an ac-
tivating form of Gli3 could play a role in the initial ac-
tivation of Hh targets such as Gli1. Consistent with this
view, Gli1 expression is greatly diminished in Gli3/Shh
compound mutants (Litingtung and Chiang 2000). In
contrast, Ptc1 expression is significantly up-regulated,
which raises the possibility that different promoters in
the same cells may respond differently to Gli3 input.
The continued presence of Gli2 in these experiments
further complicates their interpretation.
The general picture that emerges from these studies is

one in which the different Gli proteins execute subsets
of the functions that in Drosophila are subsumed by Ci.
In the neural tube, a Gli2 activator function correlates
with cells that require the highest levels of Shh signal.
Gli1/Gli2 compound mutants are reported to have a
similar phenotype to Gli2 mutants (Park and Bai 2000).
Therefore, Gli2 plays the major role at spinal cord levels
although some patchy loss of floor plate cells is observed
in Gli1 mutants heterozygous for a Gli2 mutation, indi-
cating that a Gli1 activator may play a minor role (Park
and Bai 2000). The nature of the activated form of Gli2 in
cells exposed to high levels of Shh remains unclear. Stud-
ies in Drosophila suggest that Gli2 is not subject to an
Hh-dependent inhibition of cleavage (Aza-Blanc et al.
2000); by analogy with the other levels of Ci regulation,
however, it seems likely that the phosphorylation state
and/or nuclear import of Gli2 may be regulated by Shh.
Notably, whereas floor plate fails to form and V3 inter-
neurons are reduced in number in the absence of Gli2
activity, other Shh-dependent ventral cell types are un-
affected, although their position changes because of the
absence of midline cells. On the other hand, specifica-
tion of these same Gli2-independent cell types (V2 inter-
neurons and motor neurons)—but not of floor plate
cells—can be restored in Shh mutant embryos by the
removal of Gli3 activity (Litingtung and Chiang 2000).
Therefore, Gli3 appears to act in an opposite manner to
Gli2, antagonizing the ventralizing activity of Shh pre-
sumably by repressing Shh targets, much as Ci acts to
repress dpp expression in the anterior compartment of
the wing imaginal disc (see Fig. 3). These data do not
exclude the possibility that activator forms of Gli3 may
also play some role. For example, there are no data ruling
out an activator form of Gli3 acting together with Gli2 to
specify floor plate identity. It should also be noted that
Glis may not be the exclusive mediators of Shh signaling
in the ventral neural tube. For example, there is evidence
that expression of COUPTFII in motor neurons is Shh-
dependent, but no consensus Gli-binding site is present
within its regulatory region (Krishnan et al. 1997).
In the limb, in contrast, the effects of Shh may be

mediated exclusively by Gli3. Gli1/Gli2 compound mu-
tants have normal digit number and pattern, whereas
Gli3 homozygous mutants show a dramatic polydacty-
lous phenotype (Hui and Joyner 1993), consistent with
Gli3-mediated repression as an important regulator of
digit number. A key finding is the demonstration of a

gradient of Gli3 processing across the limb bud (B. Wang
et al. 2000). The ratio of full-length Gli3 to its processed
repressor form decreases from posterior to anterior. In
addition, there is an increase in the overall levels of pro-
tein that presumably reflects the inverse transcriptional
gradient that forms in response to long-range Shh signal-
ing. Therefore, one could imagine two simple models to
explain the patterning activity of Gli3 in response to a
Shh gradient: cells may either sense the absolute levels
of Gli3 repressor, or alternatively the ratio of repressor to
activator forms (assuming the full-length protein has ac-
tivating activity), as proposed for Ci (von Mering and
Basler 1999).
What is not known is whether this phenotype is com-

pletely independent of Shh signaling. Ectopic activation
of Shh at the anterior margin is observed in mice hetero-
zygous for Gli3 mutations (Masuya et al. 1995; Buscher
et al. 1997); presumably this is also true in homozygous
mutants, but this has not been reported. If so, this leaves
open the possibility that ectopic Shh signaling could act
positively through Gli2. Analysis of Gli3/Shh and Gli2/
Gli3 compound mutants would be informative.

Concluding remarks

The last decade has seen extraordinary progress in deci-
phering the roles and mechanisms of action of Hedgehog
proteins. Frommodels in the early 1990s of a short-range
signal regulating pattern in the ectoderm of the Dro-
sophila embryo, Hh proteins are now recognized as act-
ing both locally and at long range to regulate a plethora
of processes in vertebrate as well as invertebrate devel-
opment. At every step in the unraveling of the signaling
pathway there have been surprises, a fact that bears
ample testimony to the power of genetic analysis in un-
covering novel paradigms and principles. The first of
these is the unusual autoprocessing that generates the
active Hh ligands, a process that simultaneously couples
them to cholesterol. As we have discussed above, this
unique lipid modification contributes to some key prop-
erties of the Hh signal, mediating its controlled release
and movement from its source. The process of cell-to-
cell transport depends on two other components that
appear to be dedicated to Hh signaling: Dispatch-medi-
ated release of Hh-Np from the sending cell and Tout-
velu-dependent trafficking across the target field.
Cholesterol coupling may also ensure that Hh ligands

are concentrated in membranes, increasing the likeli-
hood of ligand/receptor interaction. Furthermore, the
cholesterol anchor may target Hh ligands to membrane
subdomains that also localize Ptc or Hip1, thereby facil-
itating either signaling or its termination by ligand se-
questration. Robust negative-feedback mechanisms are a
hallmark of most signaling pathways, and it is clear that
in both the fly and the mouse, effective sequestration of
Hh by Ptc is dependent on its cholesterol linkage. A sec-
ond lipid modification, palmitoylation of the N termi-
nus, also plays a key role, but most likely not in mem-
brane retention or movement. Rather, increasing the
overall hydrophobicity of this part of the protein some-
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how enhances its ability to inactivate Ptc. Determining
the structural basis of this effect will be of key impor-
tance in understanding the dose-dependent effects of Hh
ligands.
A further distinguishing feature of the Hedgehog path-

way is its mechanism of receptor-mediated activation. In
most cases, extracellular signals elicit their effects by
binding to and activating a membrane-anchored receptor
that, in turn, activates intracellular components of the
pathway. Hh proteins, in contrast, act by repressing their
receptor, Ptc, which, in turn, controls the expression of
Hh target genes by repressing the activity of Smo. What
is the logic of this unusual mechanism? Presently the
answer is unclear, but most likely it relates to the pecu-
liarities of Smo activation through some Ptc-dependent
intracellular trafficking process, a feature that Ptc might
share with SCAP, another SSD-containing regulatory
factor. The recent discovery of the RAB protein encoded
by the opb gene apparently dedicated to this process,
strengthens this view. Future analysis of the subcellular
behavior of Ptc and Smo should yield some important
new insights into this enigmatic process.
Finally, we have described the unusual way in which

Hh signaling elicits its effects at the transcriptional level
by altering the sign of a bifunctional transcriptional
regulator. In Drosophila, the absence of Hh ligand allows
the cleavage of the Ci protein, converting it to a repressor
form that can bind target genes to block their transcrip-
tion. Derepression of Smo, in contrast, inhibits this
cleavage and promotes the nuclear import of activated
full-length Ci, leading to the transcription of Hh target
genes. This highly economic process is further exempli-
fied by the finding that most, if not all, Hh signaling is
mediated through Ci in Drosophila. Why, then, do ver-
tebrates use three distinct Gli proteins as transcriptional
effectors? One simple explanation could be that each op-
erates similarly, but that gene duplication and the acqui-
sition of new regulatory motifs have led to new tissues
that incorporate Hedgehog signaling. Yet neither the ex-
pression patterns nor the activities of the different Gli
proteins suggest this to be the case. Rather, there appears
to have been a partial separation of repressor and activa-
tor activities into individual Gli proteins. At least one
advantage of this elaboration would be to allow more
complex responses within a target field; thus, the re-
sponse of cells to Hh signaling would be dependent not
only on the levels of ligand to which they are exposed
but also on the particular repertoire of Gli genes that
they express. Further analysis of the in vivo regulation of
Gli proteins and of their binding specificities for differ-
ent Hedgehog targets should help illuminate this aspect
of the pathway.
It is striking that so much of what is known about this

fascinating signaling mechanism to date has been
gleaned from genetic analysis, be it in flies or mice. Yet
whereas genetics has provided an elaborate framework
for our understanding, future progress will require a con-
certed effort to dissect the signaling process at the bio-
chemical and cell biological levels. The great advances
that have been made in identifying Hh-dependent pro-

cesses and describing the consequences of their activities
must now be matched by elucidating the ways in which
Hh activities elicit these different cellular responses.
Characterization of the multimeric complex that regu-
lates Ci activity has provided a solid basis for this analy-
sis, but many questions remain, not least how Ptc and
Smo interact and how Hh binding modulates their inter-
action. The coming years promise to be at least as re-
vealing as the last.
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