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The Hedgehog (Hh) family of secreted proteins governs a wide variety of processes during embryonic devel-
opment and adult tissue homeostasis. Here we review the current understanding of the molecular and cellular
basis of Hh morphogen gradient formation and signal transduction, and the multifaceted roles of Hh signaling
in development and tumorigenesis. We discuss how the Hh pathway has diverged during evolution and how it
integrates with other signaling pathways to control cell growth and patterning.
Introduction
Hedgehog (hh) was initially discovered by Christiane Nüsslein-

Volhard and Eric Wieschaus nearly 30 years ago as a ‘‘segment-

polarity’’ gene that controls Drosophila embryonic cuticle pattern

(Nüsslein-Volhard and Wieschaus, 1980). Since the molecular

cloning of hh and the discovery of its vertebrate counterparts

in the early 1990s, enormous progress has been made in revealing

the role of Hh signaling in development and disease as well as the

molecular underpinningof the Hh signaling cascade.We nowknow

that Hh signaling is not only important in fruit flies to pattern their

embryonic cuticles and adult appendages, but vital for diverse as-

pects of animal development and essential in humans to regulate

cell fate and number in their brains and spinal cords, to pattern their

limbs and internal organs, and even to control their body heights

(InghamandMcMahon,2001; Weedonet al., 2008).Recentstudies

have also implicated Hh signaling as essential for stem cell mainte-

nance (Beachy et al., 2004). Not surprisingly, malfunction of Hh

signaling contributes to numerous human disorders including birth

defects, such as Gorlin syndrome and Greig cephalopolysyndac-

tyly syndrome, and cancer including basal cell carcinoma and me-

dulloblastoma (McMahon et al., 2003; Nieuwenhuis and Hui, 2005).

A hallmark of Hh signaling is its ability to act over a long range and

control distinct cell fates as a function of Hh concentration, raising

important questions of how Hh gradients are generated and main-

tained during development, and how different thresholds of Hh are

transduced to elicit distinct developmental outcomes. In addition

to signaling strength, signaling duration is also important for shaping

developmentaloutcomes, raisingquestionsofhowtheresponses to

Hh signaling change over time and how the signals are terminated.

Here, we review the multifaceted roles of Hh signaling in pat-

tern formation and cell growth control. We focus on a current

understanding of the molecular and cellular mechanisms that

govern the formation and transduction of Hh morphogen gradi-

ents. We also discuss how the Hh pathway has diverged during

evolution and how it integrates with other signaling pathways to

control cell growth, survival, and differentiation.

Hh Signaling in Embryonic Development: Differential
Roles of GliA and GliR

Hh exerts its biological influence through a signaling cascade

that culminates in an alteration of the balance between activator
and repressor forms of the Gli family of zinc-finger transcription

factors (GliA and GliR; Figure 1A). The Hh reception system con-

sists of a 12-span transmembrane protein, Patched (Ptc), as the

Hh receptor and a 7-span transmembrane protein, Smoothened

(Smo), as the obligatory signal transducer across the plasma

membrane (Ingham and McMahon, 2001). In the absence of

Hh, Ptc blocks Smo activity, and full-length Gli proteins are pro-

teolytically processed to generate C-terminally truncated GliR

that actively represses a subset of Hh target genes. Hh binding

to Ptc unleashes Smo activity, which blocks GliR production

and promotes GliA activation. Whereas Drosophila has only

one hh gene and one Gli homolog, Cubitus interruptus (Ci), ver-

tebrate Hh signal transduction involves both multiple ligands—

Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert

hedgehog (Dhh)—and multiple Gli transcription factors (Gli1,

Gli2, and Gli3) (Ingham and McMahon, 2001). The vertebrate

GliR function is largely derived from Gli3 while the primary GliA

activity is largely contributed by Gli2. Gli1 is a transcriptional tar-

get of Hh signaling and acts as a transcriptional activator to re-

inforce GliA function (see below and Figure 2 for more detail).

Through the analysis of Gli2 and Gli3 mutant mice, an unex-

pectedly complex and differential utilization of GliA and GliR func-

tion in various Hh-dependent processes during embryonic de-

velopment was uncovered. For example, Shh is a mitogen and

promotes cell proliferation in many embryonic and adult tissues.

In the embryonic epidermis, GliA function is the principal effector

of Shh-dependent cell proliferation (Mill et al., 2003) and overex-

pression of Gli1 or Gli2 can induce spontaneous skin tumorigen-

esis (Grachtchouk et al., 2000; Nilsson et al., 2000); however,

loss of Gli3 function has minimal effects on hair follicle develop-

ment and is unable to restore cell proliferation in Shh�/� skin (Mill

et al., 2005). In many other tissues, GliA function is not essential

for Shh-dependent cell proliferation and Shh appears to function

primarily by preventing Gli3/GliR action (see for example Hu

et al., 2006). Interestingly, there is evidence that Gli3R can block

Wnt signaling by binding b-catenin and inhibiting its transcrip-

tional activator activity (Ulloa et al., 2007). This mechanism

may account for many contexts, such as the vertebrate neural

tube, in which Hh and Wnt signaling promote cell proliferation

in a cooperative or interdependent manner. However, a ge-

nome-wide in silico study has predicted a large number of
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mammalian enhancers harboring both Gli and Tcf binding sites

(Hallikas et al., 2006), suggesting that shared enhancer elements

may also represent a common mechanism integrating Hh and

Wnt signaling. Thus, depending on the developmental context,

Shh signaling regulates cell proliferation through a variety of

mechanisms involving GliA activity or GliR inhibition.

In addition to regulating cell proliferation, Shh signaling also

plays a critical role in the survival and patterning of neural pro-

genitors. It promotes survival and proliferation of neural progen-

itor cells in the ventral spinal cord by inhibiting Gli3 (Litingtung

and Chiang, 2000). However, Shh signaling variously utilizes

GliA or GliR to control the expression of distinct sets of homeodo-

main proteins in different progenitor cell populations (Wijgerde

et al., 2002). Similarly, GliA and GliR affect different sets of targets

during Shh-induced sclerotome development (Buttitta et al.,

2003). How GliA and GliR regulate the expression of different

sets of target genes is not known because they bind to similar

consensus sequences and genomic regions (Hallikas et al.,

2006; Vokes et al., 2007, 2008). It is very likely that other signaling

pathways or transcription factors may influence the expression

of Gli target genes. In addition, Gli proteins such as Gli3 may

also bind target promoters indirectly through other DNA binding

proteins (Vokes et al., 2008). Thus, characterization of Gli target

genes at the genomic scale (Hallikas et al., 2006; Vokes et al.,

2007, 2008), coupled with in-depth analysis of selected Gli tar-

gets and identification of Gli-interacting cofactors and other

transcription factors that cooperate with Gli at specific target

promoters, will be necessary to define sets of genes that are dif-

ferentially regulated by GliA and GliR, and to understand the

mechanisms by which these transcription factors act to regulate

Hh target genes.

Figure 1. The Morphogen and Mitogen Role
of Hh
(A) A simplified Hh signaling pathway.
(B) In cerebellar development, Shh secreted by Pur-
kinjecellscontrols theproliferationofgranule neuron
progenitors in the external germinal cell layer (EGL).
(C) In developing neural tube, Shh emanates from
notochord (N) and floor plate (F) to form a ventral
(V) to dorsal (D) concentration gradient that directs
the formation of distinct pools of neural progenitor
cells at different positions along the D/V axis.
Increasing levels of Shh progressively specify
progenitors, giving rise to neuronal subtypes of
more ventral characters. MN: motor neuron;
V0–V3: V0–V3 interneurons.
(D) In vertebrate limb bud, Shh produced by the ZPA
propagatesanteriorly to forma posterior-to-anterior
concentration gradient that patterns the limb.
(E) In Drosophila wing imaginal disc, Hh produced
by posterior (P) compartment cells (blue) acts as
a local morphogen, inducing gene expression in
the neighboring anterior (A) compartment cells
(red). Low levels of Hh suffice to activate dpp while
higher levels of Hh are required to activate ptc,
and peak levels of Hh are required to activate en.

Hh Signaling in Tissue Homeostasis
and Tumorigenesis
The Hh pathway has been implicated in

the maintenance of stem or progenitor

cells in many adult tissues, including

the epithelia of many internal organs and brain (Beachy et al.,

2004). Consistent with this, Hh signaling is critical for regenera-

tion of the pulmonary epithelium (Watkins et al., 2003), prostate

epithelium (Karhadkar et al., 2004), and exocrine pancreas

(Fendrich et al., 2008). Importantly, abnormal Hh pathway acti-

vation in some of these tissues is also associated with tumori-

genesis. Mutations in Hh pathway components, including Ptc1

and Smo, leading to pathway activation have been linked to

basal cell carcinoma and medulloblastoma (Wicking et al.,

1999). One hallmark of these tumors is constitutive pathway ac-

tivation in the absence of Hh ligand. In contrast, ligand-depen-

dent pathway activation is important for growth, survival, or

both of a wide variety of cancers, including gastrointestinal tu-

mors, prostate cancer, hematological malignancies, and glio-

mas (Beachy et al., 2004; Lindemann, 2008; Ruiz i Altaba

et al., 2007). These tumors generally do not harbor mutations

of Hh pathway components and their growth can be effectively

suppressed by various pathway inhibitors, such as Hh-neutral-

izing antibodies or Smo antagonist. These findings lead to the

model that Hh ligands produced by these tumors, their stromal

environment, or both maintain stem cells in the tumor in an un-

differentiated, proliferative state. A recent report provided an al-

ternative interpretation of these observations and highlighted

the importance of Hh signaling in promoting the tumor microen-

vironment (Yauch et al., 2008). In mouse xenograft models, Hh

pathway activation was shown to be required in the stromal

cells for supporting tumor growth; Hh ligands secreted by the

tumor function in a paracrine manner instead of directly acting

on the tumor itself and, through yet to be determined mecha-

nisms, pathway activation in the stromal microenvironment pro-

motes tumor growth. Thus, Hh can influence tumor formation,
802 Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc.
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Figure 2. Sending and Transducing the Hh Signal
In Hh-producing cells, full-length Hh is autocatalytically cleaved to generate an N-terminal fragment (HhN) modified by cholesterol. HhN is palmitoylated by Ski/
Skn. Secretion of dual-lipid-modified Hh is mediated by Disp. Movement of Hh requires the HSPGs, Dally and Dlp, in Drosophila. Hh signal reception is facilitated
by Ihog/Boi in Drosophila and Cdo/Boc/Gas1 in mammals. In the absence of Hh, Ptc blocks Smo activation, and full-length Ci/Gli (Gli2 and Gli3) is phosphorylated
by multiple kinases and subsequently targeted to ubiquitin/proteasome-mediated proteolysis through SCFSlimb/b-TRCP to generate a truncated repressor form
(CiR/GliR). In Drosophila, efficient phosphorylation of Ci requires the kinesin-like protein Cos2, which acts as a molecular scaffold to bridge Ci and its kinases.
Hh binding to Ptc blocks its inhibition of Smo. In Drosophila, this triggers Smo phosphorylation by PKA and CKI, leading to the cell surface accumulation and
activation of Smo. Smo then recruits Cos2-Fu to activate Fu and dissociates Cos2-Ci-kinase complexes to inhibit Ci phosphorylation and processing. Further-
more, high levels of Hh stimulate CiA via Fu-mediated antagonism of Sufu. Hh signaling induces the expression of nuclear HIB that targets CiA for degradation.
Cos2-Fu is also involved in a feedback regulation of Smo phosphorylation. In mammalian systems, Fu homolog is not required for Hh signaling and the involve-
ment of Cos2 homologs, such as Kif7, is uncertain. Sufu is the major Gli inhibitor. DYRK2 phosphorylates Gli2 and targets it for degradation, whereas MAP3K10
activates Gli2 in part by inhibiting DYKR2. Smo phosphorylation requires GRK2. Gai has been implicated in Hh signaling downstream of Smo in both Drosophila
and vertebrates.
growth, or both through both cell autonomous and nonautono-

mous mechanisms.

Hh Signaling and Hematopoietic Stem Cells

Hh signaling plays a conserved regulatory role in the formation

and/or maintenance of adult hematopoietic stem cells (HSCs)

in both Drosophila and vertebrates. In the absence of Hh signal-

ing, Drosophila blood progenitor cells in the lymph gland are de-

pleted due to premature differentiation (Mandal et al., 2007), de-

finitive adult blood cells do not form in zebrafish embryos (Gering

and Patient, 2005), and activation of hematopoiesis and vasculo-

genesis is inhibited in early postimplantation mouse embryos

(Dyer et al., 2001). In adult mice, Ihh is expressed in bone marrow

stroma, while Shh expression is found in lymph node and spleen

stroma. Consistent with a role for these stroma-derived Hh sig-

nals in HSC homeostasis, Ihh overexpression in stromal cells

promotes hematopoietic regeneration after bone marrow trans-

plantation (Kobune et al., 2008), and Hh pathway activation in-

duces cycling and expansion of primitive hematopoietic cells

(Trowbridge et al., 2006). Furthermore, growth of the hematopoi-

etic neoplasms, including multiple myeloma, lymphoma, and

chronic myeloid leukemia, could be inhibited by Smo antagonist

(Dierks et al., 2007; Peacock et al., 2007). Importantly, specific

deletion of Smo in Bcr-Abl-positive chronic myeloid leukemic

stem cells completely abolished tumor viability upon transplan-

tation, indicating that Hh signaling in the leukemic stem cell pop-

ulation is indeed essential for its maintenance (Dierks et al.,
2008). Taken together, these observations suggest a critical

role for stroma-derived Hh signals in the survival and expansion

of cancer stem cells in hematologic malignancies.

Hh Signaling and Neural Stem Cells

The Hh pathway has been extensively analyzed in neural stem

and progenitor cells (Ahn and Joyner, 2005; Balordi and Fishell,

2007; Dahmane et al., 2001; Lai et al., 2003; Machold et al., 2003;

Palma et al., 2005; Wechsler-Reya and Scott, 1999). Besides its

multifaceted roles in the specification, proliferation, and differen-

tiation of neural precursors during embryogenesis, Hh signaling

is required for the maintenance of Hh-responsive, Gli1-positive

quiescent neural stem cells in the adult brain (Ahn and Joyner,

2005; Balordi and Fishell, 2007; Palma et al., 2005). During cer-

ebellar development, Shh secreted by the Purkinje cells pro-

motes rapid proliferation of granule cell precursors in the external

granular layer (Figure 1B) (Wechsler-Reya and Scott, 1999), and

Ptc1 mutations are commonly found in both familial and sporadic

medulloblastomas. Studies of Ptc1 heterozygous Gorlin syn-

drome patients, as well as analogous mutant mice, have strongly

suggested that Hh pathway activation is critical for the transfor-

mation of granule cell precursors (Goodrich et al., 1997). How-

ever, it seems likely that the ability of the pathway to act in this

fashion is nonetheless dependent on cell-type-specific determi-

nants. For example, although the Hh pathway is activated in low-

and high-grade human gliomas, and Hh signaling positively reg-

ulates the self-renewal of glioma cancer stem cells (Clement
Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc. 803
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et al., 2007; Ehtesham et al., 2007), Gorlin syndrome patients do

not develop gliomas. Consistent with this, two recent studies

have demonstrated that Hh pathway activation in mouse neural

stem cells or restricted neural progenitors induces only medullo-

blastoma, not glioma (Schuller et al., 2008; Yang et al., 2008). To

understand how deregulated Hh signaling leads to medulloblas-

toma and participates in other tumors, it will be necessary to

have a detailed understanding of how Hh target genes are regu-

lated in different contexts, to confer the type of specificity dis-

cussed above. The cell-autonomous determinants that control

Gli action in the nucleus only represent a small fraction of the

range of mechanisms that control the Hh response. For example,

in many developmental contexts, there is considerable regula-

tion at the level of production, dissemination, and presentation

of Hh ligands.

Hh Morphogen Gradients and Ci/Gli Activity Gradients
Hh proteins are locally produced by many organizing tissues, in-

cluding posterior compartment cells of Drosophila wing disc,

vertebrate notochord and floor plate, and the zone of polarizing

activity (ZPA) of developing vertebrate limb (Figures 1C–1E). Se-

creted Hh proteins can move many cell diameters from their

source of production and often control developmental outcomes

in a concentration-dependent manner (Ingham and McMahon,

2001). For example, during ventral spinal cord patterning, Shh

forms a ventral-to-dorsal gradient with different concentrations

specifying distinct pools of neural progenitors (Figure 1C), and

there is evidence that Shh exerts its graded influence through

Gli activity gradients (Stamataki et al., 2005).

In Drosophila wing development, graded responses to the Hh

morphogen are mediated by differential regulation of CiR and

CiA. CiR blocks the expression of a subset of Hh target genes,

such as dpp, which encodes a TGF-b/BMP family of secreted

proteins essential for the growth and patterning of the entire

wing, while the expression of other Hh target genes, such as

ptc and en, is mediated by CiA (Methot and Basler, 1999). Accu-

mulation of full-length Ci and expression of dpp are responsive

to lower levels of Hh signaling and are observed in more anterior

cells than activation of ptc and en, which requires higher levels of

Hh (Figure 1E); thus, partial loss of Hh affects ptc and en expres-

sion, but not dpp expression or Ci accumulation (Strigini and Co-

hen, 1997), suggesting that lower levels of Hh are needed to block

Ci processing relative to those required to stimulate CiA. However,

the regulation of CiR or CiA is unlikely to be a simple on/off switch

and may occur in a graded fashion, and there is evidence for

graded control of Hh signaling at multiple stepsalong the pathway

including Smo and Ci (Jia et al., 2004; Smelkinson et al., 2007).

In vertebrate limb, early studies suggested that the Shh mor-

phogen gradient is translated into an anterior-posterior GliR gra-

dient through regulating Gli3 processing (Wang et al., 2000a).

However, recent genetic studies have suggested that a Gli3R

gradient is not absolutely required for Shh-dependent patterning

of most digits; except for an extra digit 1, digit formation is

grossly normal in mice containing one copy of an unprocessed

form of Gli3 with multiple PKA sites mutated (Gli3P1-4) and an-

other copy of truncated Gli3 (Gli3D699, which lacks the C-terminal

half and thus functions as a constitutive repressor) (Wang et al.,

2007). It remains possible that a Gli3A gradient, contributed by

Gli3P1-4, mediates the graded responses to Shh in these mice.
804 Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc.
It is also worth noting that, while Gli1 and Gli2 are dispensable

for digit patterning (Park et al., 2000), they may contribute to

limb development in Gli3P1-4/D699 mice.

There are additional reasons to question whether a traditional

morphogen gradient, like that seen in the fly wing or vertebrate

neural tube, patterns the mammalian limb. For example, lineage

analysis of Shh-expressing ZPA cells (Harfe et al., 2004) and re-

cent mutant studies (Scherz et al., 2007; Zhu et al., 2008) indicate

that autocrine Shh signaling (i.e., signaling in the ZPA cells, which

give rise to all of digits 4 and 5 and part of digit 3) in the develop-

ing limb bud may be more important than previously thought.

More importantly, increasing evidence suggests that develop-

mental outcomes are controlled not only by the absolute con-

centration of Hh but also by the duration of exposure to Hh (Des-

saud et al., 2007; Harfe et al., 2004; Scherz et al., 2007). In ventral

neural tubes, genes regulated by high levels of Shh require lon-

ger exposure time to be turned on and thus are expressed at later

stages of development than genes regulated by low levels of Shh

(Dessaud et al., 2007; Jeong and McMahon, 2005; Stamataki

et al., 2005). When exposed to different concentrations of Shh,

neural plate explants initially have similar levels of Gli activity,

but exhibit diminishing levels of Gli activity over time at a rate

that is inversely proportional to initial Shh concentration. This

cell-autonomous adaptation to Shh signaling is largely due to

Shh-induced upregulation of Ptc1 (Dessaud et al., 2007), a con-

served feedback mechanism that also shapes the Hh gradient

(Briscoe et al., 2001; Chen and Struhl, 1996; Jeong and McMa-

hon, 2005). Thus, continuous exposure to high levels of Shh suf-

ficient to overcome accumulated Ptc is required to sustain high

levels of Gli activity for a long period of time, which in turn is re-

quired for activation of high-threshold, Hh-responsive genes

(Dessaud et al., 2007).

Hh Gradient Formation
The range of Hh signaling varies depending on the developmen-

tal context. As such, sophisticated molecular mechanisms have

evolved to control the biosynthesis, secretion, and propagation

of Hh ligands and to ensure the formation of tissue-appropriate

activity gradients. In addition, the final shape of the Hh activity

gradients is further regulated by feedback mechanisms.

During biosynthesis, the full-length Hh precursor undergoes

autocleavage to release an N-terminal fragment (HhN) with

a cholesterol moiety covalently linked to its C terminus (Figure 2)

(Porter et al., 1996). Cholesterol modification is essential for the

formation of a steep gradient because it increases the affinity of

Hh for cell membranes and restricts its free dispersal (Burke

et al., 1999; Li et al., 2006). HhN is further palmitoylated near

its N terminus by the acyltransferase Skinny Hedgehog (Ski/

Skn) (Chamoun et al., 2001). Subsequent release of lipidated

Hh into the extracellular space requires Dispatched (Disp),

a transmembrane protein that is structurally related to Ptc (Burke

et al., 1999). Using a biologically active GFP-tagged form of Shh,

a recent study revealed a dynamic gradient of Shh::GFP protein

in the ventral neural tube (Chamberlain et al., 2008). The distribu-

tion of Shh::GFP was modified by Smo and Skn mutations, indi-

cating that both target field response and ligand lipidation regu-

late the Shh gradient. In Drosophila, lipoproteins have been

implicated in transporting lipid-modified morphogens including

Hh and Wnt/Wg (Panakova et al., 2005). Overall, a picture is
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emerging in which dual lipid modifications regulate the formation

of large multimeric Hh complexes, and cellular regulation of

these larger particles controls Hh movement over long distances

(Guerrero and Chiang, 2007).

A related theme in the regulation of Hh protein distribution is

based on known interactions with heparan sulfate proteoglycans

(HSPGs). HSPGs are extracellular matrix proteins implicated in

cell signaling mainly from genetic studies in Drosophila (Lin,

2004). Mutations that affect either the DrosophilaEXT family of gly-

cosyltransferases required for the biosynthesis of HSPGs or two

members of the glypican subfamily of HSPGs, Dally and Dally-

like (Dlp), impede Hh spread and reduce signaling range (Lin,

2004). HSPGs are not specific for Hh signaling, regulating other

signaling molecules including Wnt/Wg and Dpp/TGF-b (Lin,

2004). How do HSPGs engage individual signaling molecules?

In Drosophila, a secreted protein homologous to the human Wnt

inhibitory factor Shifted (Shf) is important for Hh spreading and

long-range signaling in wing imaginal discs (Glise et al., 2005; Gor-

finkiel et al., 2005). Shf interacts with both Hh and HSPGs, and

may facilitate Hh binding to HSPGs. In the absence of Shf or

HSPGs, cell surface Hh diminishes, suggesting that Shf and

HSPGs cooperate to retain and stabilize Hh on the cell surface.

How HSPGs facilitate Hh movement is not understood, but it

may involve dynamic Hh/HSPGs interactions. A recent study us-

ing optical imaging of fluorescence-tagged HhN expressed in

Drosophila wing discs or cultured cells visualized nanoscale olig-

omers that form visible clusters with HSPGs (Vyas et al., 2008).

Mutating a conserved lysine residue predicted to mediate elec-

Figure 3. Regulation of Smo Trafficking and
Conformation
(A) In Drosophila, the absence of Hh allows Ptc to
inhibit Smo phosphorylation, which promotes
Smo endocytosis and degradation. Binding of Hh
to Ptc stimulates Smo hyperphosphorylation,
which increases Smo cell surface expression by
inhibiting endocytosis, promoting recycling, or
both. In addition, phosphorylation of Smo pro-
motes a conformational change leading to oligo-
merization of Smo C-tails.
(B) In mammals, Ptc resides in the primary cilium
and prevents Smo ciliary accumulation in the ab-
sence of Hh. Hh binding to Ptc promotes the exit
of Ptc from the cilium and allows Smo to accumu-
late in the cilium. Hh also induces conformational
change and clustering of Smo C-tails.

trostatic interaction at the interface be-

tween two HhN monomers affected

HhN oligomerization, HhN/HSPG interac-

tion, and higher-order clustering. Strik-

ingly, this HhN variant failed to signal

over a distance but retained normal auto-

crine signaling activity (Vyas et al., 2008).

Thus, oligomerization, HSPG binding,

and long-range signaling are all tightly

correlated.

Modulation of Hh Reception
In addition to regulating Hh spread,

HSPGs can modulate Hh signaling inten-

sity in a cell-autonomous fashion (Lum et al., 2003a; Gallet et al.,

2008). The GPI linkage of Dlp promotes apical internalization and

its subsequent targeting to the basolateral compartment of the

epithelium, which appears to be essential for Dlp to enhance

Hh signaling (Gallet et al., 2008). The role of HSPGs in vertebrate

Hh signaling remains largely unexplored, but a recent study re-

ported that a member of the glypican subfamily of HSPGs,

GPC3, is a negative regulator of Hh signaling (Capurro et al.,

2008). GPC3 competes with Ptc for Hh binding and promotes

Hh endocytosis and degradation, thereby reducing the cell sur-

face Hh available for Ptc binding. The role of GPC3 in Hh signal-

ing mirrors that of Hip1, a membrane-bound glycoprotein that

acts as a negative regulator of Hh signaling by competing with

Ptc for Hh binding (Chuang and McMahon, 1999). Hip1 is in-

duced by Hh and forms a negative feedback loop to restrict Hh

signaling (Chuang et al., 2003; Jeong and McMahon, 2005). It re-

mains to be determined whether GPC3 is also regulated by Hh

and whether other mammalian glypicans are involved in Hh

signaling.

Several recent studies revealed that Hh reception is modu-

lated by additional Hh-binding proteins, including the Ihog/Cdo

family of immunoglobin/fibronectin-repeat-containing proteins

and the GPI-anchored membrane-bound protein Gas1 (Figure 3)

(Allen et al., 2007; Tenzen et al., 2006; Yao et al., 2006; Zhang

et al., 2006b). Genetic studies in Drosophila and mice suggest

that Ihog, Cdo, and Boc positively regulate Hh signaling (Tenzen

et al., 2006; Yao et al., 2006; Zhang et al., 2006b), and Cdo can

cooperate with Gas1 in doing so (Allen et al., 2007). The
Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc. 805
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Ihog/Cdo family proteins bind Hh through fibronectin domains

(Tenzen et al., 2006; Yao et al., 2006), and Ihog can enhance

Hh binding to Ptc (Yao et al., 2006), suggesting that the Ihog/

Cdo family members may function as Hh coreceptors to facilitate

Hh signal reception.

Ptc: An Unusual Receptor
Unlike other signaling pathways where receptors act as signal

transducers to activate the pathways upon ligand binding, Ptc

functions as a pathway inhibitor, blocking pathway activation

in the absence of Hh. Ptc is therefore the focus of considerable

interest and mystery. It is homologous to the RND family of pro-

karyotic proton-driven transporters, and several conserved fea-

tures of RND-like transporters are essential for catalytic Ptc

function in Smo inhibition, raising the interesting possibility that

Ptc transports an endogenous small molecule Smo agonist or

antagonist across membranes (Taipale et al., 2002). Indeed,

a number of natural and synthetic small molecules can inhibit

or activate the Hh pathway at the level of Smo (Chen et al.,

2002). In cultured cells, Ptc induces the secretion of Pro-Vitamin

D3, and both Pro-Vitamin D3 and Vitamin D3 inhibit Hh signaling

at high concentrations (Bijlsma et al., 2006), although regulation

of a diffusible small molecule Smo inhibitor is incompatible with

genetic studies, suggesting that the function of Ptc is strictly cell

autonomous (Briscoe et al., 2001). Two recent studies identified

oxysterols, which lie downstream of Vitamin D3 in the cholesterol

biosynthetic pathway, as positive regulators of Hh signaling that

act at a level upstream of Smo (Corcoran and Scott, 2006; Dwyer

et al., 2007). It remains to be determined whether oxysterols or

related molecules function as physiological Smo regulators

and whether their subcellular distributions are controlled by Ptc.

Smo Activation: Phosphorylation, Conformation,
and Trafficking
In Drosophila, Smo is phosphorylated and stabilized in response

to Hh stimulation or Ptc inhibition (Denef et al., 2000). Studies of

the relevant kinases (PKA and CKI) and phosphorylation sites in

Smo C-terminal cytoplasmic tail (C-tail) indicate that phosphor-

ylation represents an essential step in Smo activation (Jia

et al., 2004). Further analysis of Smo C-tail suggested that these

phosphorylation events counteract autoinhibition imposed by

adjacent clusters of Arg residues (Zhao et al., 2007). Phosphor-

ylation at individual clusters only neutralized adjacent Arg motifs,

leading to incremental changes in Smo activity and providing

a plausible mechanism for graded Smo activation. Smo belongs

to the G protein coupled receptor (GPCR) superfamily and may

share features characteristic of GPCRs, including dimerization/

oligomerization and ligand-induced conformational change. In-

deed, there is evidence that antagonistic interactions between

the Arg clusters and Hh-induced phosphorylation regulate the

conformation states and oligomerization of Smo C-tails, a key

step in signal transduction (Zhao et al., 2007). Although the func-

tionally relevant motifs within the Smo C-tail are not conserved

between Drosophila and vertebrates, mammalian Smo may be

regulated in an analogous manner by a long stretch of conserved

basic residues (Zhao et al., 2007). Since mammalian Smo is

phosphorylated via the GPCR kinase GRK2, which positively

regulates Hh signaling (Chen et al., 2004; Meloni et al., 2006),
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GRK2 and perhaps other kinases may substitute for PKA and

CK1 to regulate Smo conformation in vertebrates.

In Drosophila, Ptc restricts Smo cell surface expression by

promoting Smo endocytosis and degradation, whereas Hh in-

duces opposite changes in Ptc and Smo subcellular distribution

with Smo accumulating on the cell surface and Ptc entering the

cytoplasm (Figure 3A) (Denef et al., 2000; Jia et al., 2004; Zhu

et al., 2003). How Hh and Ptc reciprocally regulate Smo traffick-

ing is not clear, but it is mediated, at least in part, by Smo phos-

phorylation, as phosphorylation-deficient Smo variants fail to

accumulate on the cell surface in response to Hh (Jia et al.,

2004). Conversely, phospho-mimicking or Arg cluster mutations

lead to constitutive cell surface accumulation of Smo, suggest-

ing that Hh-induced phosphorylation may enhance Smo cell sur-

face expression by antagonizing Arg-mediated endocytosis and

degradation (Zhao et al., 2007).

A similar reciprocal trafficking relationship has been observed

for mammalian Ptc1 and Smo, but this occurs in the primary cil-

ium, a microtubule-based cell surface protrusion present in

most, if not all, mammalian cells (Figure 3B). Recent studies

have implicated primary cilia as cellular organelles associated

with mammalian Hh signaling (Garcia-Garcia et al., 2005). Muta-

tions in several components of the intraflagellar transport (IFT)

machinery that are required for the establishment and/or mainte-

nance of cilia and flagella affect Hh signaling in several develop-

mental contexts, including neural tube patterning, limb develop-

ment, and adult neural stem cell formation (Han et al., 2008;

Haycraft et al., 2005; Huangfu et al., 2003; Liu et al., 2005; May

et al., 2005). In addition, all the major Hh pathway components,

including Ptc1, Smo, and Gli proteins, at least partially localize to

cilia (Corbit et al., 2005; Haycraft et al., 2005; May et al., 2005;

Rohatgi et al., 2007). In the absence of Hh, Ptc localizes to cilia

and prevents Smo from accumulating in the cilia; binding of Hh

to Ptc triggers reciprocal trafficking of Ptc and Smo, with Ptc

moving out of and Smo accumulating in the cilia (Figure 3B) (Ro-

hatgi et al., 2007). Ciliary localization of Smo correlates with Hh

pathway activation: both an oncogenic Smo mutation and Smo

agonists, such as SAG and oxysterols, promoted accumulation

of Smo in the cilia (Corbit et al., 2005; Rohatgi et al., 2007). In ad-

dition to enriching Hh signaling components, cilia may function

as a signaling center to orchestrate dynamic and ordered inter-

actions among Hh signaling components, leading to the produc-

tion of GliA or GliR. In support of this notion, defects in cilia archi-

tecture can differentially affect Gli transcription factors (Caspary

et al., 2007).

How does Ptc restrict Smo ciliary accumulation? Smo may

constantly move in and out of the cilia by binding to anterograde

and retrograde IFT motors; Ptc and Hh signaling may tip this bal-

ance by modulating Smo/IFT motor interactions. In support of

this model, Smo is constitutively enriched in the cilia of mouse

embryonic fibroblast (MEF) cells defective in retrograde IFT (Oc-

bina and Anderson, 2008). Furthermore, b-arrestins, which nor-

mally bind and regulate GPCRs, promote Smo ciliary localization

by mediating its association with the anterograde IFT motor

kinesin-II in response to Hh (Kovacs et al., 2008). As GRK2 pro-

motes Smo phosphorylation and its association with b-arrestin 2

(Chen et al., 2004), it is tempting to speculate that Hh-induced

phosphorylation through GRK2 promotes the loading of Smo

onto the kinesin-II motor via recruitment of b-arrestins, leading
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to accelerated transport of Smo into the cilia. In this regard,

Ptc may restrict Smo ciliary localization by preventing its

phosphorylation.

Intracellular Signal Transduction
The intracellular signal relay systems for Drosophila and mam-

malian Hh pathways have diverged, but both culminate in the ac-

tivation of the latent Ci/Gli transcription factor (Figure 2). Ci/Gli

activity is regulated by multiple mechanisms including phos-

phorylation, proteolysis, cytoplasmic/nuclear shuttling, and pro-

tein-protein interactions. PKA, GSK3, and CKI sequentially

phosphorylate multiple clusters of sites in the C-terminal region

of Ci/Gli, resulting in the recruitment of Slimb/b-TRCP, the

F box subunit of an SCF E3 ubiquitin ligase, SCFSlimb/b-TRCP

(Jiang, 2006; Smelkinson et al., 2007). Ubiquitination by

SCFSlimb/b-TRCP targets Ci/Gli for proteasome-mediated degra-

dation that selectively removes its C-terminal half, resulting in

a truncated form that contains the zinc-finger DNA binding do-

main and the N-terminal region thought to recruit a corepressor

or corepressors. How the proteasome selectively degrades the

C-terminal half of Ci/Gli is not fully understood but, a processing

determinant domain (PDD) situated between the Slimb/b-TRCP

binding domain and the zinc-finger DNA binding domain in Ci/

Gli appears to be critical (Pan and Wang, 2007; Wang and Price,

2008). Deletion of this domain from Ci renders complete degra-

dation of Ci (Smelkinson et al., 2007). The PDD in Gli3 acts more

effectively in promoting partial degradation than the PDD in Gli2,

which explains in part why Gli3 is processed more efficiently than

Gli2 (Pan and Wang, 2007). How PDDs halt complete degrada-

tion by the proteasome remains to be determined. They may

direct the proteasome to cleave Ci/Gli internally, and the tightly

folded zinc-finger domain of Ci/Gli3 could then escape from deg-

radation after the internal cleavage (Jiang, 2006).

The requirement of extensive phosphorylation for SCFSlimb/b-TRCP

recruitment and Ci/Gli processing raises the question of how ef-

ficient Ci/Gli phosphorylation is achieved. In Drosophila, Ci pro-

cessing depends on the kinesin-like protein Costal-2 (Cos2) that

acts as a molecular scaffold to bring Ci and its kinases together,

leading to efficient phosphorylation of Ci (Zhang et al., 2005). Us-

ing live cell imaging, a recent study has revealed that Cos2 can

move along microtubules (Farzan et al., 2008). A point mutation

in the putative ATP binding site of Cos2 motor domain abolished

its motility as well as its ability to promote Ci processing. How-

ever, it is not clear whether the motor activity of Cos2 is required

for Ci phosphorylation or for its subsequent targeting to the ubiq-

uitination/proteasome machinery. In zebrafish, the kinesin pro-

tein Kif7 has been identified as a putative Cos2 homolog (Tay

et al., 2005). Kif7 can physically interact with Gli1, but whether

it plays a role in Gli phosphorylation is unknown. In contrast,

overexpression and knockdown of mammalian Cos2 homologs,

including Kif7 and Kif27, in cultured cells did not perturb Hh sig-

naling activity (Varjosalo et al., 2006). Thus, whether Gli proteins

are regulated by a Cos2 homolog in mammals remains an unre-

solved issue. It has been suggested that the scaffolding role of

Cos2 in Drosophila could correspond to that of primary cilia in

mammals since the production of GliR is compromised in mice

with defects in the formation and/or function of primary cilia

(Haycraft et al., 2005; Huangfu and Anderson, 2005; Liu et al.,

2005). Because proteasomes are enriched at centrosomes that
give rise to the basal body underneath the primary cilia (Wigley

et al., 1999), Gli proteins might be phosphorylated at primary cilia

and then targeted to the centrosome-associated proteasomes

for proteolysis.

In addition to Slimb/b-TRCP-mediated proteolysis, Ci/Gli is

also regulated by mechanisms that control its subcellular locali-

zation and transcriptional activity. In Drosophila, Ci forms a com-

plex with Cos2 and the Ser/Thr kinase Fused (Fu) that impedes Ci

nuclear translocation through microtubule tethering and mask-

ing of the Ci nuclear localization signals (Wang et al., 2000b;

Wang and Jiang, 2004; Wang and Holmgren, 2000). The activity

of full-length Ci is further blocked by stoichiometric binding of

Sufu (Ohlmeyer and Kalderon, 1998), which appears to be the

predominant mechanism for restricting Ci activity when Ci prote-

olysis is blocked (Smelkinson et al., 2007). The mechanism by

which Sufu inhibits Ci remains poorly understood, but it may in-

volve regulating Ci subcellular localization and transcriptional

activity in the nucleus (Methot and Basler, 2000; Wang et al.,

2000b). A striking difference between Drosophila and mamma-

lian Hh signal transduction lies in the role of Sufu. In Drosophila,

loss of Sufu does not elicit ectopic Hh signaling, likely due to the

presence of multiple parallel inhibitory mechanisms. In mam-

mals, however, loss of Sufu leads to ectopic Hh pathway activa-

tion, similar to loss of Ptc1 (Svard et al., 2006; Varjosalo et al.,

2006), indicating that Sufu is the major intracellular inhibitor of

Gli activity. Sufu may have assumed a more important inhibitory

function in the mammalian Hh pathway due to the existence of

multiple GliA forms. To inhibit GliA function, Sufu could impede

Gli nuclear localization or suppress Gli activity by recruiting a co-

repressor complex (Cheng and Bishop, 2002). Furthermore, Sufu

may have adopted new functions during evolution. Because

Sufu is also found in the primary cilia (Haycraft et al., 2005), it

will be interesting to examine whether Sufu plays a role in Gli pro-

cessing, degradation, or both.

How is Hh signal relayed from Smo to Ci/Gli? Smo is related to

GPCRs; however, evidence for the involvement of trimeric G pro-

teins in Hh signaling has been obscure. While several studies

using pharmacological inhibitors and overexpression implied

that Smo might couple to several G proteins (DeCamp et al.,

2000; Kasai et al., 2004; Riobo et al., 2006b), others disputed

such coupling or its biological significance (Murone et al.,

1999; Low et al., 2008). A recent study provided genetic evi-

dence that Gai participates in Hh signaling likely downstream

of Smo in Drosophila (Ogden et al., 2008). Severe or near null

Gai mutants were viable but exhibited reduced wing size, a phe-

notype indicative of reduced dpp expression (Ogden et al.,

2008). Indeed, Gai mutations diminished dpp expression in

a cell-autonomous fashion, whereas a constitutively active Gai

caused ectopic dpp expression (Ogden et al., 2008). Further-

more, Hh reduced the basal level of cAMP through Smo and

Gai in cl8 cells, implying that Hh may regulate PKA activity by

modulating the intracellular cAMP concentration (Ogden et al.,

2008). However, early studies demonstrated that low levels of

a constitutively active, cAMP-independent PKA can substitute

for the endogenous PKA to confer normal Hh signal transduc-

tion, suggesting that Hh regulates Ci through a cAMP-indepen-

dent mechanism (Li et al., 1995; Jiang and Struhl, 1995). In addi-

tion, a global regulation of PKA activity through reducing cAMP

concentration is not compatible with the observation that Hh
Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc. 807
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induces increased Smo phosphorylation by PKA (Jia et al.,

2004). Therefore, it remains to be determined to what extent

the observed downregulation of cAMP level contributes to Hh

signaling and whether Gai modulates Hh signaling activity

through other effectors. On the other hand, it has been well

documented that Smo directly interacts with the intracellular sig-

naling complexes containing Cos2, Fu, and Ci through its C-tail,

and such interaction mediates Hh signal transduction (Jia and

Jiang, 2006). Binding of Smo to Cos2 may inhibit its ability to

promote Ci phosphorylation and processing because treating

with Hh-conditioned medium or overexpressing a membrane-

tethered Smo C-tail attenuated Cos2-Ci-kinase complex forma-

tion in cultured cells (Zhang et al., 2005).

The association of the Cos2-Fu-Ci complex with Smo is dy-

namic. Recent studies have revealed that Fu and Cos2 engage

in a positive feedback to promote Smo phosphorylation in addi-

tion to performing their traditional roles as signal transducers

acting downstream of Smo (Claret et al., 2007; Liu et al., 2007).

Cos2, Fu, and Ci can be coimmunoprecipitated with Smo, and

Cos2 partially colocalizes with Smo in the absence of Hh (Lum

et al., 2003b; Ruel et al., 2003), implying constitutive association

of Cos2-Fu-Ci with Smo in quiescent cells. Two regions of Smo

C-tail have been implicated in Cos2 binding: a membrane prox-

imal region between aa 651–686 that appears to bind Cos2 di-

rectly (Lum et al., 2003b), and a C-terminal region between aa

818–1035 that is essential for Smo activity in vivo (Jia et al.,

2003), although direct association of this region with Cos2 has

not been established. It is possible that Cos2 interacts with the

membrane proximal region in the absence of Hh, and such inter-

action could interfere with Smo phosphorylation (Liu et al., 2007).

Upon Hh stimulation, Fu-mediated phosphorylation dissociates

Cos2 from the membrane proximal region to permit Smo hyper-

phosphorylation (Liu et al., 2007), and activated Smo adopts an

open conformation and may reassociate with Cos2-Fu through

its exposed C-terminal domain. In addition, Hh-induced oligo-

merization of Smo C-tails may facilitate clustering of Cos2-Fu

complexes, leading to phosphorylation and activation of the Fu

kinase (Zhao et al., 2007).

While the zebrafish Fu homolog plays an analogous role in Hh

signaling (Wolff et al., 2003), knockout of mouse Fu homolog did

not produce any Hh-related phenotypes (Merchant et al., 2005;

Chen et al., 2005). On the other hand, several protein kinases, in-

cluding DYRK2, MAP3K10, and Cdc2l1 have been shown to in-

fluence Gli activity (Varjosalo et al., 2008; Evangelista et al.,

2008). DYRK2 can directly phosphorylate Gli2, which targets

Gli2 for proteasome-mediated degradation, and MAP3K10 acti-

vates Gli2 indirectly by modulating DYRK2 and possibly other Hh

pathway components (Varjosalo et al., 2008). Cdc2l1 interacts

with Sufu to relieve its inhibition on Gli (Evangelista et al.,

2008). In addition, several recent studies suggest that PI3-AKT,

RAS-MEK1, and PKC-d pathways can modulate Hh signaling

by regulating the activity and/or nuclear localization of Gli pro-

teins, and that integration of these oncogenic pathways with

Hh signaling may promote tumorigenesis (Pasca di Magliano

et al., 2006; Riobo et al., 2006a; Stecca et al., 2007).

Signal Termination
Hh signaling utilizes a variety of feedback mechanisms to control

the amplitude and duration of its pathway activity. In addition to
808 Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc.
the aforementioned mechanisms operating at the level of signal

reception, such as upregulation of Ptc and Hip, mechanisms act-

ing at the level of Ci/Gli have also been identified. In Drosophila

embryos and wing imaginal discs, Hh induces the expression

of hib (also called rdx), which encodes a BTB/MATH-domain-

containing protein that acts as the substrate recognition compo-

nent of a Cul3-based E3 ubiquitin ligase complex (Kent et al.,

2006; Zhang et al., 2006a). HIB binds and degrades the active

form of Ci, forming a negative feedback loop to tune down Hh

signaling activity (Zhang et al., 2006a). Interestingly, HIB is also

highly expressed in differentiating cells posterior to the morpho-

genetic furrow in eye imaginal discs where HIB acts together with

Cul3 to degrade Ci, thereby limiting the duration of Hh signaling

(Zhang et al., 2006a; Kent et al., 2006). Failure to restrict Hh sig-

naling in differentiating cells, as seen in hib or cul3 mutant clones,

leads to excessive cell proliferation and disruption in cell pattern-

ing (Ou et al., 2007; Zhang et al., 2006a; Kent et al., 2006). Ho-

mologous BTB/MATH proteins, such as SPOP, exist in mam-

mals; however, their roles in development and tumorigenesis

await further study. Regardless, it is likely that multiple analo-

gous signal-terminating mechanisms exist. For example, during

cerebellar development, granule neuron progenitors (GNPs) pro-

liferate in response to Shh (Wechsler-Reya and Scott, 1999), but

as they differentiate, GNPs upregulate Numb, which then acts in

conjunction with the E3 ubiquitin ligase Itch to target Gli1 for

ubiquitination and degradation (Di Marcotullio et al., 2006). Mal-

function of such mechanisms may cause excessive progenitor

cell proliferation, leading to tumor formation. Indeed, Numb ex-

pression is downregulated in GNP-derived cancer cells and

forced expression of Numb in medulloblastoma cells induces

growth arrest and neural differentiation (Di Marcotullio et al.,

2006).

Conclusion and Future Prospects
The past decade has witnessed an explosion of information re-

garding the multifaceted roles of Hh signaling in development

and disease as well as the molecular and cellular mechanisms

underlying Hh signal production and transduction. However, im-

portant questions regarding many aspects of the Hh signaling

mechanism, as well as its physiological and pathological roles,

remain to be answered. For example, the precise mechanisms

of Hh gradient formation are still not well understood. The bio-

chemical activity of Ptc has not been elucidated; thus, how Ptc

regulates Smo phosphorylation, conformation, and trafficking

remains to be determined. The requirement of the primary cilium

for the production of both GliA and GliR in mammals raises impor-

tant questions about how this unique cellular organelle perceives

and transduces Hh signals. The mammalian Hh signaling mech-

anism immediately downstream of Smo is still poorly defined,

and important gaps may exist between Smo and Gli proteins.

The G protein pathway or pathways that modulate Hh signaling

activity remain to be defined as well. Sufu plays a conserved

role in restricting CiA/GliA activity, but the precise mechanism re-

mains unknown. Nor is it clear how Hh alleviates Sufu inhibition.

Perhaps not all the Hh responses are mediated by Gli proteins,

as has been suggested for the regulation of axon guidance by

Shh (Okada et al., 2006) and Shh-mediated cell migration (Lipin-

ski et al., 2008). On the other hand, evidence for noncanonical

activation of Gli by other signaling pathways has emerged (Riobo
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et al., 2006a; Stecca et al., 2007), although the role of such reg-

ulation during development has remained largely unexplored.

The diverse biological effects of Hh signaling likely rely on tis-

sue-specific factors as well as other spatially and temporally reg-

ulated signals, many of which remain unidentified. How cells in-

tegrate different concentrations, durations, and combinations of

multiple signals to orchestrate gene expression programs that

execute distinct cellular behaviors also remains a challenge for

future studies. Answers to these and other questions will not

only provide important insights into the fundamental problems

in developmental biology such as how positional information is

generated and interpreted to control cell behavior, but may

also lead to new strategies for the diagnosis and therapeutic

treatment of cancer.
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