
Brain as a Paradigm of Organ Growth: Hedgehog–Gli
Signaling in Neural Stem Cells and Brain Tumors

Barbara Stecca, Ariel Ruiz i Altaba

Department of Genetic Medicine and Development, University of Geneva Medical School,
8242 CMU, 1 rue Michel Servet, CH-1211 Geneva 4, Switzerland

Received 22 December 2004; accepted 3 January 2005

ABSTRACT: The Hedgehog–Gli (Hh–Gli) signal-

ing pathway is essential for numerous events during the

development of many animal cell types and organs. In

particular, it controls neural cell precursor proliferation

in dorsal brain structures and regulates the number of

neural stem cells in distinct embryonic, perinatal, and

adult niches, such as the developing neocortex, the sub-

ventricular zone of the lateral ventricle of the forebrain,

and the hippocampus. We have proposed that Hh–Gli

signaling regulates dorsal brain growth during ontogeny

and that its differential regulation underlays evolution-

ary change in the morphology (size and shape) of dorsal

brain structures. It is also critically involved in sporadic

brain tumorigenesis — as well as several other human

cancers — suggesting that tumors derive from stem cells

or progenitors maintaining an inappropriate active Hh–

Gli pathway. Importantly, we and others have demon-

strated that human sporadic tumors from the brain and

other organs require sustained HH–GLI signaling for

sustained growth and survival. Modulating HH–GLI

signaling thus represents a novel rational avenue to

treat, on one hand, brain degeneration and injury by

inducing controlled HH–GLI-mediated regeneration

and growth, and on the other hand, to combat cancer by

blocking its abnormal activity in tumor cells. ' 2005
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THE HEDGEHOG–GLI SIGNALING
PATHWAY

The hedgehog (hh) gene was originally identified in

flies, where it is first required for patterning of the

early embryo (Nusslein-Volhard and Wieschaus,

1980; Mohler, 1988; Lee et al., 1992; Tabata and

Kornberg, 1994). In mammals, the Hh family consists

of three different members, Sonic hedgehog (Shh),

Indian hedgehog (Ihh), and Desert hedgehog (Dhh)

(Riddle et al., 1993; Krauss et al., 1993; Echelard

et al., 1993; Roelink et al., 1994). Shh is the most

broadly expressed member and is involved in the pat-

terning and growth of a large variety of organs,

including the brain, skin, lung, prostate, gastrointesti-

nal tract, and skeletal system (reviewed in Ruiz i

Altaba, et al., 2002; Pasca di Magliano and Hebrok,

2003).

Hedgehogs are secreted glycoproteins, which

undergo posttranslational modifications, including

autocatalytic cleavage and lipid modification, before

binding to a transmembrane receptor in responding

cells (reviewed in Hooper and Scott, 2005). Hh

ligands act through the transmembrane proteins

Patched1 (Ptch1) and Smoothened (Smo) to trigger

an intracellular signal transduction pathway that

results in the activation of the Gli zinc finger tran-

scription factors (Fig. 1). The current model of ligand

receptor signaling proposes that in the absence of

Hh ligands, Ptch1 blocks the function of Smo. The
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binding of Hhs to Ptch1 releases this basal repression

of Smo. As a consequence, Smo initiates an intracel-

lular signaling cascade that is regulated by a multi-

molecular complex, leading to the action of the Gli

proteins.

THE GLI PROTEINS MEDIATE
HH SIGNALING

The three Gli transcription factors behave differently

and have context-dependent repressor and activator

functions. Gli1 seems to act mostly as a transcriptional

activator and is consistently transcribed in Hh-respond-

ing cells in all contexts examined, whereas Gli2 and

Gli3 have also dominant negative function (Ruiz i

Altaba, 1999; Sasaki et al., 1999; Shin et al., 1999;

reviewed in Ruiz i Altaba et al., 2003). Hh acts to regu-

late the three Gli proteins in different ways. For exam-

ple, Gli1 appears to be a strong constitutive activator

of target genes (Lee et al., 1997; Hynes et al., 1997),

whereas Gli2 activator function seems to be enhanced

by Hh signaling (Aza-Blanc et al., 2000). In contrast,

Hh signaling inhibits the formation of Gli3, but not

Gli2, repressor forms and inhibits Gli3 transcription

(Ruiz i Altaba, 1999; Sasaki et al., 1999; Dai et al.,

1999; Wang et al., 2000; Aza-Blanc et al., 2000).

The function of the Gli proteins is complex. For

example, in the frog neural plate, Gli1 mediates the

effects of Shh, inducing floor plate differentiation,

whereas both Gli2 and Gli3 inhibit this function (Lee

et al., 1997; Ruiz i Altaba, 1998). In the spinal cord,

Gli1 and Gli2 induce motor neurons, but Gli3 has an

opposite function (Ruiz i Altaba, 1998). In zebrafish

Gli1 is required for normal ventral central nervous

system (CNS) development (Karlstrom et al., 2003)

and seems to be the main activator of Hh target

genes, whereas Gli2 and Gli3 can act as repressors or

activators (Karlstrom et al., 2003; Tyurina et al.,

2005). In mice, Gli1 has been reported to be redun-

dant (Park et al., 2000), whereas Gli2 and Gli3 have

specific and partially overlapping functions. Never-

theless, Gli1/Gli2 double mutants have stronger

defects than the single Gli2 mutants (Park et al.,

2000) and Gli1 can rescue the in vivo function of

Gli2 (Bai and Joyner, 2001). In contrast, Gli2, but not

Gli1, appears to be mainly involved in floor plate

development (Matise et al., 1998) and is required for

initial Shh signaling (Bai et al., 2002), but Gli2 can-

not compensate for the defects in dorsal brain seen in

Gli3 mutant mice and vice versa (Mo et al., 1997;

Theil et al., 1999; Tole et al., 2000) (Palma and Ruiz

i Altaba, 2004). Moreover, the phenotype of double

Gli2/Gli3 mutant mice, which do not express Gli1 at

any appreciable levels, indicates a requirement of Gli

proteins for proper ventral patterning in the spinal

cord (Bai et al., 2004; Lei et al., 2004). This is consis-

tent with previous results in frogs (Brewster et al.,

1998) and chicks (Persson et al., 2002) showing that

overall positive Gli function is required for neural

plate and neural tube patterning.

Gli1 and Gli2 can mediate Shh signaling (Lee

et al., 1997; Hynes et al., 1997; Ruiz i Altaba, 1998;

Aza-Blanc et al., 2000; Sasaki et al., 1999; Matise

et al., 1998; Ding et al., 1998), whereas Gli3 has been

proposed to function primarily as an inhibitor of Shh-

Gli1 function (Ruiz i Altaba, 1998; Litingtung and

Chiang, 2000). Strikingly, the loss of ventral spinal

cord cell types seen in Shh mutant mice can be parti-

ally rescued by abrogating Gli3 function (Litingtung

and Chiang, 2000), indicating that in the ventral neu-

ral tube Gli3 acts mainly as a repressor and that Shh

is required to inhibit Gli3. However, in different con-

texts Gli3 can have also an activating function, as

suggested by its ability to induce neurogenesis in the

frog early neural plate (Brewster et al., 1998) and its

requirement in mouse and chick spinal cord pattern-

ing (Persson et al., 2002; Motoyama et al., 2003;

Bai et al., 2004). Moreover, antisense experiments in

frog embryos demonstrate the requirement of the

Gli proteins, including Gli3, in primary neurogenesis

Figure 1 Diagram of the generalized HH–GLI signaling

pathway, derived from knowledge in different systems. The

drawing shows the cellular location of critical Hh pathway

components and the action of negative regulators (red), pos-

itive regulators (green), and possible therapeutic modulators

(blue) negatively affecting positive GLI function. (See text

for discussion). T bars illustrate inhibitory interactions and

arrows positive ones. Abbreviations and names: Hh ¼
Hedgehog; Hip ¼ Hedgehog-interacting protein; Gas1 ¼
growth arrest specific 1; GLI act ¼ GLI activator; GLI

rep ¼ GLI repressor; Ptc ¼ Patched 1; Smo ¼ Smoothened.
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and indicate that Gli proteins act in a cooperative

manner, likely forming multimers (Nguyen et al.,

2005).

HH–GLI SIGNALING IN BRAIN
DEVELOPMENT

During early neural tube formation, Shh secreted

from midline cells of the notocord and the floorplate,

directs the development of specific ventral cell types

in a dose-dependent manner (Krauss et al., 1993;

Echelard et al., 1993; Roelink et al., 1994; Ericson

et al., 1996; reviewed in Jessell, 2000). For example,

it induces dopaminergic and serotonergic neuronal

differentiation in the ventral midbrain and hindbrain

(e.g., Hynes et al., 1995; Wang et al., 1995; Ye et al.,

1998) and motoneurons or oligodendrocytes in the

spinal cord (e.g., Ericson et al., 1992; Poncet et al.,

1996; Pringle et al., 1996; Orentas et al., 1999; Lu

et al., 2000; Soula et al., 2001). Humans and mice

lacking Shh signaling develop holoprosencephaly and

cyclopia due to defective ventral patterning and the

failure of separation of the bilateral lobes of the fore-

brain (Roessler et al., 1996; Belloni et al., 1996;

Chiang et al., 1996). After an early period in which

Shh is indispensable for ventral differentiation

(reviewed in Ruiz i Altaba et al., 2003), in late

embryonic and early postnatal stages Shh is promi-

nently expressed in the dorsal brain, including the

cerebellum (Dahmane and Ruiz i Altaba, 1999; Wal-

lace, 1999; Wechsler-Reya and Scott, 1999), neocor-

tex, tectum (Dahmane et al., 2001) and hippocampus

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

et al., 2003), as well as in other areas, including the

amigdala and septum (e.g., Dahmane et al., 2001; Lai

et al., 2003). Here we focus on the dorsal brain.

The Cerebellum

The cerebellum develops from the dorsal region of

the posterior midbrain/anterior hindbrain and is

involved in multiple tasks, including motor and bal-

ance control (Altman and Bayer, 1997). These func-

tions are highly regulated by granule neurons (gran-

ule cells; GCs), the most numerous neurons in the

brain. GCs originate in the rhombic lip and expand in

the external region of the cerebellum, in contrast to

other types of neurons, such as Purkinje neurons,

which arise in the ventricular zone. The cerebellum

contains a cortical region in which distinct cell types

are found in an evolutionarily conserved, stereotyped

layered fashion. The outermost layer, the external

germinal layer (EGL), contains dividing granule cell

precursors (GCPs). These cells undergo a dramatic

proliferative expansion during neonatal and early

postnatal nervous system development. Developing

GCPs then exit the cell cycle, differentiate, and

migrate to a deeper layer past the Purkinje cell bodies

in the Purkinje layer (PL), to form the internal gran-

ule layer (IGL). The whole process of proliferation,

differentiation, and migration is completed by the

third week of age in the mouse and by the ninth post-

natal month in humans (Altman and Bayer, 1997).

The mechanisms and the genetic regulation of cer-

ebellum development have been studied in great

detail (e.g., Wang and Zoghbi, 2001). Among the

several factors that have been found to contribute to

the growth of the cerebellum, recent findings have

highlighted the role of Shh in controlling proliferation

of GCPs during late embryogenesis and after birth

(Dahmane and Ruiz i Altaba, 1999; Wallace, 1999;

Wechsler-Reya and Scott, 1999).

Shh signaling controls the development of the cere-

bellum in different ways. First, it is produced by Pur-

kinje neurons and regulates the proliferation of GCPs

(Dahmane and Ruiz i Altaba, 1999; Wallace, 1999;

Wechsler-Reya and Scott, 1999). Treatment of chick

cerebellum cortical explants or mouse purified GCPs

with recombinant Shh induces proliferation and main-

tains them in a undifferentiated state, whereas inhibi-

tion in vitro with blocking anti-Shh antibody causes a

decrease in proliferation. In vivo, inhibition of Shh sig-
naling results in a marked decrease of proliferation in

the EGL (Dahmane and Ruiz i Altaba, 1999; Wallace,

1999; Wechsler-Reya and Scott, 1999). Second, it

induces the differentiation of Bergmann glia (Dah-

mane and Ruiz i Altaba, 1999). Moreover, blocking

Shh signaling in vivo leads to the development of

hypoplastic cerebellum with abnormal foliation and

disorganized PL (Dahmane and Ruiz i Altaba, 1999).

Consistent results have been recently obtained by

genetic ablation of Shh in the cerebellum, which shows

that loss of Shh impairs GCPs proliferation, Purkinje

cell development and compromises the total volume of

the cerebellum and its foliation (Lewis et al., 2004).

The three Gli genes are expressed in the develop-

ing cerebellum. Gli1 is found in the PL and EGL

(Dahmane and Ruiz i Altaba, 1999; Wallace, 1999;

Wechsler-Reya and Scott, 1999). Gli2 and Gli3 are

also expressed in the EGL and PL, although the level

of Gli3 is low (Dahmane and Ruiz i Altaba, 1999).

This suggests an action of Shh at distance from its

source: Shh producing cells are located in the PL, and

it regulates the proliferation of cells in the distant ger-

minative zone that expresses Gli1 in the EGL (Fig. 2).

The mitogenic effect of Shh in vitro can be suppressed
by FGF (Wechsler-Reya and Scott, 1999), suggesting
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a possible interaction between different pathways to

strictly control granule cell precursors proliferation in
vivo. Indeed, it is possible that Bergman glial cells

maturing after receiving Shh send a negative signal

that inhibits Shh-driven GCP proliferation, forming a

Shh loop that may determine the timing of GCP pro-

liferation and thus cell number (Dahmane and Ruiz i

Altaba, 1999). This idea is consistent with the inhibi-

tory effect of Bergman glia on GCPs demonstrated in
vitro (Gao et al., 1991). Shh is still expressed in the

Purkinje cell layer of the adult brain well after the last

GCP ceased to proliferate (Traiffort et al., 1999; Wal-

lace, 1999). Here it could play a role related to its

described neurotrophic and survival activities in other

contexts (e.g., Miao et al., 1997; Thibert et al., 2003).

Neocortex and Tectum

The neocortex derives from the most anterior part of the

neural tube and is the most prominent brain structure in

apes and humans. The superior and inferior culliculi

(the tectum) form part of the roof of the midbrain and

appear behind the posterior part of the cerebral cortex

(Bayer and Altman, 1991). Given the correlation

between cerebral cortical size and brain capacity across

species, it is clear that regulating cortical cell number is

important. As in the cerebellum, it is critical that pro-

genitor cells in the neocortex and in the tectum prolifer-

ate to the correct extent before differentiating and that

the resulting number of progenitors produced be strictly

regulated in a species-dependent fashion.

The size of the neocortex has been shown to be

affected by many factors (reviewed in Monuki and

Walsh, 2001; Gupta et al., 2002; Ross et al., 2003),

including FGF ligands (Vaccarino et al., 1999).

Unexpectedly, the major structures of the brain, the

cerebral cortex and the tectum, share a common

mechanisms for growth regulation (Dahmane et al.,

2001): in parallel with the cerebellum, Shh is

expressed in a layer-specific manner in the perinatal

mouse neocortex and tectum, whereas the Gli genes
are expressed in the periventricular proliferative

zones (Fig. 2). In vitro and in vivo analyses suggest

that Shh is an endogenous mitogen for neocortical

Figure 2 Schematic representation of Shh and Gli1
expression in the rodent perinatal/adult brain in different

dorsal regions. Expression of Gli1 (blue hatched areas) in

germinative zones and of Shh in differentiated cells and

stem cell niches (orange dotted areas) is shown to give

approximate location of signaling and responding sites.

References: (1) Dahmane et al., 2001; (2) Dahmane and

Ruiz i Altaba, 1999; (3) Wallace, 1999; (4) Wechsler-Reya

and Scott, 1999; (5) Lai et al., 2003; (6) Machold et al.,

2003; (7) Palma and Ruiz i Altaba, 2004; (8) Palma et al.,

2005. Abbreviations: VZ ¼ ventricular zone; SVZ ¼ sub-

ventricular zone of the lateral ventricle of the forebrain;

SGL ¼ subgranular zone of the dentate gyrus of the hippo-

campus; EGL ¼ external germinal layer of the cerebellar

cortex; PL ¼ Purkinje layer. The source of Shh affecting

the SVZ is not clearly determined. Similarly, the Shh

source affecting cell behavior in the hippocampus may lie

in the hilus (Dahmane et al., 2001) or in the septum, being

transported by its axons to the SGL (Lai et al., 2003).

Expression of Gli1 and Shh in several other areas, including

the septum and the amigdala, is not depicted here.
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and tectal Nestin-positive precursors, thus modulating

cell proliferation in the dorsal brain (Dahmane et al.,

2001). Consistently, the brains of Shh�/� late

embryos show decreased proliferation in the ventricu-

lar/subventricular zones of the forebrain (Dahmane

et al., 2001).

As in the cerebellum, but in an inverse topology,

the layer-specific expression of Shh in the dorsal

brain suggests that it may regulate Gli1þ precursor

proliferation in the germinative zones (Fig. 2). There

seems to be a common mechanism by which Shh

secreted from early differentiated neurons in the neo-

cortex, tectum, and cerebellum regulates precursors

proliferation and the number of later-born cells. Such

mechanism has been proposed to regulate brain size

and shape during ontogeny and to be modified inde-

pendently in the different brain modules. This strat-

egy would therefore allow the control of organ size

and the rapid change in overall brain size as well as

shape and size of each dorsal brain structure inde-

pendently during evolution (Dahmane et al., 2001;

Ruiz i Altaba, et al., 2002).

HH–GLI SIGNALING IN NEURAL STEM
CELLS

Normal tissue stem cells are broadly defined by three

common properties: (i) the presence of an extensive

capacity for self-renewal; (ii) strict regulation of their

number, and (iii) the ability to undergo a range of

differentiation events to reconstitute the functional

elements within a tissue. They are present in many

developing vertebrate organs, and continue into adult-

hood in tissues that are regenerated throughout life,

such as blood and skin. Stem cells have been described

also in several regions of the developing and adult cen-

tral nervous system (reviewed in Temple, 1999; Gage,

2000; Alvarez-Buylla et al., 2001; Temple, 2001;

Panchision and McKay, 2002; Morshead and van der

Kooy, 2004). In mammals, they contribute to active

neurogenesis in stem cells niches: the subventricular

zone (SVZ) of the lateral ventricles of the forebrain

and the subgranular zone (SGZ) of the hippocampus

(reviewed in Temple and Alvarez-Buylla, 1999;

Alvarez-Buylla and Lim, 2004).

The lack of specific, prospective neural stem cell

markers for in situ analysis does not yet make feasible

a direct and general study of stem cells in vivo, there-
fore they are usually identified retrospectively on the

basis of their behavior and surface properties after iso-

lation. For example, CNS stem cells can be cultured as

a cluster of floating cells called neurospheres

(Reynolds and Weiss, 1996; Tropepe et al., 1999),

which have multipotent properties and can differentiate

into neurons, astrocytes and oligodendrocytes. Adult

and perinatal stem cell niches express the Gli genes
(Dahmane et al., 2001; Palma et al., 2005). Based on

this observation, Hh–Gli signaling was shown to regu-

late the behavior of cells with stem cell properties in

the mouse developing neocortex (Palma and Ruiz i

Altaba, 2004). In particular, Shh�/�, Gli2�/�, and

Gli3-/- E15-E18 mutant mice show a reduced capacity

to form neocortical neurospheres and the ones that

form are smaller (Palma and Ruiz i Altaba, 2004;

Fig. 3). Furthermore, Shh–Gli signaling was shown to

regulate the number of embryonic and postnatal cells

with stem cell properties able to from neurospheres,

and to control the proliferation of neural precursors in

a concentration-dependent manner in cooperation with

EGF signaling (Palma and Ruiz i Altaba, 2004).

Because EGFR is expressed by precursors (Doetsch

et al., 2002), the data suggests a dual effect of Shh on

stem cells and derived early precursors.

Figure 3 Hh–Gli signaling pathway regulates the behav-

ior of neural stem cells in the mouse developing neocortex.

Neocortical cells from embryonic (E18.5) Shh�/� and

Gli2�/� mice show fewer and smaller neurospheres in

comparison with wild-type. From Palma and Ruiz i Altaba

(2004).
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Shh signaling is also required for the maintenance

of neural stem cells in the SVZ. Shh signaling affects

both neural stem cells with clonogenic properties and

precursors, and Gli1 is expressed in periventricular

GFAPþ astrocytes (Palma et al., 2005), a bona fide

in vivo neural stem cells (Doetsch et al., 1999), as

well as in derived precursors. This is the first, and so far

best, evidence that in vivo stem cells respond to Shh

signaling (Palma et al., 2005). Genetic ablation of Smo
or Shh in Nestinþ neural progenitors (starting from

�E8.5–9) showed that loss of Shh signaling results in a

dramatic reduction in the number of cells forming neu-

rospheres from the postnatal and adult SVZ and also in

massive cell death (Machold et al., 2003). Pharmacolog-

ical inhibition of Hh signaling with cyclopamine simi-

larly compromises neurosphere forming ability of SVZ

cells, further indicating that Shh signaling is absolutely

required for normal proliferation and self-renewal of

SVZ stem cells (Palma et al., 2005).

As in the SVZ, Shh is required for the maintenance

of progenitors in the subgranular zone (SGZ) of the hip-

pocampus (Lai et al., 2003; Machold et al., 2003),

where it was found to be a potent mitogen for adult hip-

pocampal progenitors in vitro (Lai et al., 2003). In vivo
delivery of Shh to the hippocampus through the use of

adenoviral vectors also leads to significant increase in

cell proliferation whereas cyclopamine treatment mark-

edly reduced neural progenitor proliferation in the hip-

pocampus (Lai et al., 2003). This result is mimicked by

loss of Shh or Smo function (Machold et al., 2003).

STEM CELLS AND CANCER STEM
CELLS

There are intriguing parallels between stem cells and

cancer cells. For instance, both types have the capacity

to self-renew, although stem cells do it in a regulated

manner in which cell number is highly controlled to

generate or regenerate organs and tissues, whereas in

cancer an ever-increasing cell number is a sine qua non.
The first evidence for the existence of cancer stem cells

derives from experiments showing the ability of terato-

carcinoma cells to participate in blastocyst development

and normally differentiate into a wide range of somatic

tissues in the derived mouse (e.g., Mintz and Illmensee,

1975; Martin and Evans, 1975; Papaioannou et al.,

1975; Illmensee and Mintz, 1976). Additional studies in

nonsolid tumors provide strong support for the existence

of cancer stem cells (reviewed in Reya et al., 2001;

Pardal et al., 2003). For example, human leukemia cells,

but not differentiated cells coming from the same tumor,

can recapitulate the tumor after transplantation (Lapidot

et al., 1994; Bonnet and Dick, 1997). Recent experi-

ments extended this model to solid tumors, including

brain and breast cancers. For instance, a minority of

cells within breast tumors were prospectively isolated,

based on cell surface marker expression (CD44þ/
CD24�), and these cells alone were found to drive the

formation and growth of tumors (Al-Hajj et al., 2004).

Similar results have been observed for brain tumors.

Several groups (Ignatova et al., 2002; Hemmati et al.,

2003; Singh et al., 2003) have described the existence of

a putative cancer stem cell population in human brain

tumors of different phenotypes from both children and

adults, based on the expression of neural stem cell

markers, including CD133, Sox2, musashi-1, and bmi-1,
and their ability to self-renew in vitro. Moreover,

another group has described the isolation of a subset of

human glioblastoma multiforme cells, which possess

characteristics of neural stem cells in vitro and can

establish glioblastoma multiforme-like tumors in vivo
(Galli et al., 2004). A recent paper further proved that a

small fraction of human CD133þ brain tumor cells is

sufficient and required to initiate brain tumorigenesis in

mice (Singh et al., 2004).

The existence of cancer stem cells in solid tumors

could have important implications for cancer therapy.

The current available anticancer therapies can reduce

or eliminate the mass of the tumor, but these effects

are usually transient, indicating that they might spare

putative cancer stem cells, allowing tumor recur-

rence. Therefore, therapies targeting cancer stem cells

might result in more durable responses.

The Hh–Gli pathway regulates the number of cells

with stem cells properties in distinct neural niches in

the brain, such as the neocortex, SVZ, and hippocam-

pus (Lai et al., 2003; Machold et al., 2003; Palma and

Ruiz i Altaba 2004; Palma et al., 2005) in addition to

controlling neural precursors proliferation (Dahmane

and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-

Reya and Scott, 1999; Dahmane et al., 2001). These

data, together with the results on the involvement of

the Hh–Gli pathway in tumorigenesis (see below;

reviewed in Ruiz i Altaba et al., 2004), suggest the

hypothesis that many cancers derive from cells with

stem or progenitor character that maintain an inappro-

priate active HH–GLI pathway, long after their nor-

mal requirement or that acquire sustained HH–GLI

activation de novo, perhaps perverting wound-healing

or regenerative mechanisms.

HH–GLI SIGNALING IN BRAIN TUMORS

The first correlation between SHH signaling and

tumor formation came from the finding that patients

with Gorlin’s or basal-cell nevus syndrome, a familial
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condition with a predisposition to medulloblastomas,

rhabdomyosarcomas, and basal cell carcinomas

(Gorlin, 1995), carry PTCH1 mutations (Hahn et al.,

1996; Johnson et al., 1996). Similarly, mice with only

one functional allele of the Ptch1 gene have an abnor-
mally high frequency of tumors in the cerebellum and

muscle (Goodrich et al., 1997; Hahn et al., 1998).

Loss of Ptch1 function leads to the activation of the

Hh pathway (Goodrich et al., 1997, 1998) and conse-

quently to activation of Gli1 function (Lee et al.,

1997).

GLI1 was originally identified in a human glioma

cell line, where it was found amplified more than 50

fold (Kinzler et al., 1987) and it was shown to trans-

form fibroblasts in vitro in cooperation with E1A

(Ruppert et al., 1991). However, its possible role in

sporadic tumorigenesis was subsequently denied (Sal-

galler et al., 1991; Xiao et al., 1994), ignored for

years and demonstrated only recently (Dahmane

et al., 2001; reviewed in Ruiz i Altaba et al., 2004).

The first evidence of the involvement of Gli1 in

initiating brain tumorigenesis derived from findings

that human GLI1 can induce CNS and skin tumors in

developing tadpoles (Dahmane et al., 1997, 2001;

Table 1). Even if the comparison of a tadpole CNS or

skin tumor with human gliomas or basal cell carci-

noma is difficult histologically, these tumors display

a molecular signature reminiscent of their human

counterparts. For example, they show upregulation of

platelet-derived growth factor receptor-� (PDGFR�;
Dahmane et al., 2001), which is a marker of oligoden-

drocyte precursors and of human gliomas (e.g.,

Richardson et al., 1988; Maxwell et al., 1990), and

PDGFR� is also upregulated in BCCs (Xie et al.,

2001). Several mouse models have further demon-

strated that the activation of the Hh–Gli pathway by

misexpression of Shh (Oro et al., 1997), GLI1 (Nils-

son et al., 2000), or Gli2 (Grachtchouk et al., 2000),

activating mutations of SMOH (Xie et al., 1998;

Grachtchouk et al., 2003), or by reduced repression

of Ptch1 combined with irradiation (Azsterbaun et al.,

1999) is sufficient to induce tumor formation in

the skin.

Importantly, the formation of GLI-induced tumors

in tadpoles is dependent on the activation of endoge-

nous Gli function because antisense oligonucleotides

specific for the endogenous frog Gli1 block tumor

formation by human GLI1 (Dahmane et al., 2001).

This idea fits with studies with conditional mouse

systems showing that tumors initiated by oncogenes

are dependent on their continuous activity (e.g., Chin

et al., 1999; Felsher and Bishop, 1999; Fisher et al.,

2001; Pelengaris et al., 1999). The initial results in

tadpoles suggested that an active Hh–Gli pathway is

required not only for tumor initiation, but also for

tumor maintenance (Dahmane et al., 2001) and this

critical result led us to test the hypothesis that sus-

tained Hh–Gli signaling is required for the viability

of human tumors.

Direct experimental evidence that HH–GLI signal-

ing activity contributes to the maintenance of human

tumors comes from the use of cyclopamine, a plant-

derived alkaloid (Keeler, 1970; Keeler and Baker,

1989) that specifically inhibits the Hh–Gli pathway

(Cooper et al., 1998; Incardona et al., 1998; Taipale

et al., 2000) by suppressing the function of Smo

(Chen et al., 2002). Our group showed for the first

time that primary human brain tumors and a number

of human brain tumor cell lines consistently express

the GLI genes and that cyclopamine inhibits growth

of human medulloblastoma (Dahmane et al., 2001)

and glioma (Dahmane et al., 2001). Subsequently, it

was shown that cyclopamine inhibits the growth of

medulloblastoma mouse allografts (Berman et al.,

2002) (Table 2). Together, these experiments

revealed very important because they first provided a

basis for a therapeutic approach for brain tumors and,

by extension, other tumors that depend on an active

HH–GLI pathway. Indeed, cyclopamine has been

shown to inhibit the effect of oncogenic mutations in

Smoothened and Patched (Taipale et al., 2000) and is

expected to shut down the pathway activated by

mutation affecting Smo or upstream components.

The discovery of Shh-induced growth of GCPs in

the normal cerebellum (Dahmane and Ruiz i Altaba,

1999; Wallace, 1999; Wechsler-Reya and Scott,

Table 1 Vertebrate Animal Models of Hh–GLI Induced/Dependent CNS Tumors

Animal Defect Tumor References Inhibitors References

Tadpole GLI1 misexpression CNS tumors Dahmane et al., 2001 Gli-antisense Dahmane et al., 2001

Mouse Ptc1þ/� Medulloblastoma Goodrich et al., 1997

Hahn et al., 1998

Ptc1þ/�; p53�/� Medulloblastoma Wetmore et al., 2001 Hh-Antag691 Romer et al., 2004

Cyclopamine Sanchez and

Ruiz i Altaba, 2005
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1999) and the finding that Ptch1þ/� mice and humans

can develop medulloblastoma (Johnson et al., 1996;

Hahn et al., 1996, 1998; Goodrich et al., 1997) were

cornerstones in our understanding of the development

of this tumor type. Murine and human medulloblasto-

mas could thus arise from granule–neuron precursors

maintaining an inappropriately active Shh–Gli path-

way. These studies suggest that the inability to down-

regulate SHH signaling, as a result of activating

mutations, epigenetic events, or the absence of

endogenous factors that antagonize the mitogenic

effect of SHH, may initiate medulloblastoma forma-

tion. In this regard, it is interesting to note that cere-

bellar GCPs are a population of CNS precursors that

proliferates over a protracted postnatal period. Thus,

it is possible that the long period of GCP proliferation

may facilitate the events required for tumor formation

in response to Hh–Gli pathway activation. It is also

likely that tumor induction is dependent on a specific

genetic backgrounds as different mouse strains show

a variable penetrance of Ptch1þ/�-induced tumors

(reviewed in Wetmore, 2003). Similar strain-depend-

ent influences were noted for glioma formation in

Nf1/Trp53 double mutant mice (Reilly et al., 2000).

Mutations in other components of the SHH–GLI

signaling pathway have also been detected in medul-

loblastomas and in primitive neuroectodermal tumors

of the CNS (e.g., Pietsch et al., 1997; Raffel et al.,

1997; Wolter et al., 1997; Reifenberger et al., 1998;

Vortmeyer et al., 1999). It has been reported that a

subset of children with medulloblastomas carry germ-

line and somatic mutations in Suppressor of Fused

(SUFU) (Taylor et al., 2002), a component of the

pathway, which has been shown to function in direct-

ing the subcellular localization of Gli1 (Ding et al.,

1999; Pearse et al., 1999; Stone et al., 1999; Kogerman

et al., 1999). Some mutations of SUFU may result in

mutant proteins that are unable to transport Gli1 out

of the nucleus, resulting in the persistent activation of

the Shh pathway (Taylor et al., 2002). In addition,

new negative regulators of the Hh pathway have been

reported, including REN (Di Marcotullio et al., 2004),

which antagonizes nuclear localization of Gli1, a proc-

ess promoted by Dyrk1 (Mao et al., 2000).

THERAPEUTIC APPROACHES
OF HH–GLI SIGNALING
MODULATORS

Manipulation of Stem Cell Number with
Agonists of Hh–Gli Signaling

The controlled manipulation of HH signaling could

be used to develop new strategies to improve neuro-

degenerative diseases, such as Parkinson’s disease.

Indeed, Shh itself has been shown to be able to induce

formation of dopaminergic neurons (Wang et al.,

1995; Hynes et al., 1995) in mice, injection of Shh

into the striatum reduces behavior deficits in a rat

model of Parkinson’s disease (Tsuboi and Shults,

2002), and Shh protects neurons from toxic insults

(Miao et al., 1997). Indeed, much effort has been put

now to find long-acting forms of Shh (Frank-Kame-

netski et al., 2002; Chen et al., 2002), with improved

pharmacokinetic properties (Pepinski et al., 2002).

The use of synthetic Hh agonists mimicking Shh

activity could provide an alternative to the use of Shh

(Frank-Kamenetski et al., 2002; Chen et al., 2002).

For example, synthetic small molecules that activate

the Hh–Gli pathway by interacting directly with Smo

have been described. One such agonist can rescue

developmental defects of Shh null mice (Frank-

Kamenetski et al., 2002).

Furthermore, given the action of the Hh–Gli path-

way on stem cells in the neocortex, SVZ, and hippo-

campus (Lai et al., 2003; Machold et al., 2003; Palma

and Ruiz i Altaba, 2004; Palma et al., 2005), the

manipulation of Shh signaling in humans might be

used to expand cell populations with stem cell proper-

ties ex vivo in the attempt to improve areas of damage

and cell loss in the brain. In addition, manipulation

in vivo of the stem cell niches may be an attractive

approach. SVZ progenitors generate large number of

neurons in the recipient animal when transplanted to

another SVZ, but not when transplanted to non-neu-

rogenic brain regions (Gage, 2000; Lim et al., 2000).

Thus, molecular modulation of the Shh–Gli pathway

by altering the level of pathway function directly or

Table 2 Sporadic Human Brain Tumors Dependent on HH–GLI Signaling

Tumor Antagonists Target References

Medulloblastoma Cyclopamine PC, CL Dahmane et al., 2001

Cyclopamine PC, CL, MA Berman et al., 2002

Glioma Cyclopamine PC, CL Dahmane et al., 2001

Abbreviations: PC, primary culture; CL, cell line; MA, mouse allograft.

Hedgehog–Gli Signaling in Stem Cells and Cancer 483



indirectly is likely to lead to a novel stem cells thera-

peutic approach to ameliorate neural degenerative

disorders.

Inhibitors of the Hh–Gli Pathway
as Anticancer Agents

In addition to brain tumors, a large variety of sporadic

human cancers, such as basal cell carcinomas (Dah-

mane et al., 1997; Xie et al., 1998; Williams et al.,

2003), small cell lung cancers (Watkins et al., 2003),

pancreatic cancers (Thayer et al., 2003), oesophageal

and stomach cancers (Berman et al., 2003), prostate

cancers (Karhadkar et al., 2004; Sanchez et al., 2004;

Sheng et al.., 2004) and possibly breast cancers

(Kubo et al., 2004) have an active Hh–Gli pathway

that is required for their continued growth. This unex-

pected unity raises the exciting possibility that under-

standing how Hh–Gli signaling initiate and maintain

cancer growth will lead to a rational and broad-spec-

trum anticancer therapy. So far, inhibition of Hh sig-

naling can be performed with different antagonists

that block the pathway at least at three different lev-

els: extracellularly blocking Hh ligands, inhibiting

SMOH in the cell membrane, or repressing positive

Gli action inside the cells.

Extracellular inhibition of ligand activity has been

reported with anti-Hh antibodies (Marti et al., 1995;

Ericsson et al., 1996). However, the therapeutic use

of anti-Shh antibodies is only limited to tumors char-

acterized by an overexpression of Shh that are shown

to require continuous ligand activity for survival, as

in the case of stomach (Berman et al., 2003) and pros-

tate cancers (Sanchez et al., 2004).

At the membrane level, several specific Smooth-

ened inhibitors have been identified. The first mem-

ber of this class of small molecules to be identified

was cyclopamine. It was originally identified as a ter-

atogenic steroidal alkaloid that causes holoprosence-

phaly and cyclopia in mammalian and avian embryos

(Keeler, 1970; Keeler and Baker, 1989). The possibil-

ity of a therapeutic use of cyclopamine seems very

promising. The proliferation of a number of human

brain tumor cell lines and primary tumors, including

medulloblastomas (Dahmane et al., 2001), as well as

medulloblastomas allografts (Berman et al., 2002) are

inhibited by cyclopamine treatment. Moreover, sys-

temic treatment of Ptch1þ/�; p53�/� medulloblas-

toma-carrying mice with cyclopamine results in a

beneficial and remarkable inhibition of tumor growth

without serious side effects (Sanchez and Ruiz i

Altaba, 2005). Very similar but more extensive

results have been achieved using the same mouse sys-

tem but with a different antagonist, which also blocks

the function of Smo (Romer et al., 2004). Systemic

treatment with cyclopamine does not appear to affect

the health of treated mice over the period of the time

of the experiment, suggesting that HH signaling

inhibition may cause no serious toxic effects in mice

(Romer et al., 2004; Sanchez and Ruiz i Altaba,

2005). However, whether this is also true in humans

remains to be determined. The beneficial topical use

of cyclopamine has been suggested for human psoria-

sis and BCCs (Tas and Avci, 2004a,b) begging the

expansion of such tests. In addition, a small molecule

with inhibitory properties similar to those of cyclo-

pamine and also acting at the level of Smo, has been

used to treat mouse BCCs explants (Williams et al.,

2003). Therefore, cyclopamine and other small mole-

cules acting similarly could represent good therapeu-

tic agents for human tumors that arise from activation

of the Hh signaling at the level of SMOH or above.

Agents blocking the positive action of Gli pro-

teins, which are the ultimate targets of Hh pathway,

may be used to treat better and more effectively a

wide variety of Gli-dependent tumors (Fig. 1). For

example, carboxy-terminally truncated repressor

forms of GLI2/3 are potent pan-GLI inhibitors of the

activating action of the HH signaling (Ruiz i Altaba,

1999; Sasaki et al., 1999; Shin et al., 1999), and these

forms could be used as antagonists for the treatment

of tumors. More specifically, GLI function could also

be inhibited at the RNA level through antisense oligo-

nucleotides (Dahmane et al., 2001). In addition, small

interfering RNA (siRNAs) targeting GLI1 has proven

efficient to inhibit the growth of prostate tumor cells

(Sanchez et al., 2004).

Taken together, the results discussed in this review

indicate that there is every reason to be enthusiastic

about the development of effective new drugs to

improve human diseases resulting from cell loss,

including neurodegenerative diseases, and diseases

derived from hyperproliferation, including brain

tumors and other cancers, in many tissues and organs

that use the Hh–Gli pathway. In addition, the data

suggest that the Hh–Gli pathway may be a key ele-

ment in the control of organ size and organ shape.

The recent demonstration of an interaction between

Gli3 and Hoxd proteins (Chen et al., 2004) opens

new possibilities for understanding the integration of

pattern formation and cell number control both in

normal development and in cancer.

We are grateful to N. Dahmane, P. Sanchez and present
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