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A surprisingly large and unrelated number of human tumors depend on sustained HEDGEHOG-GLI (HH-GLI) signaling for growth.

This includes cancers of the skin, brain, colon, lungs, prostate, blood and pancreas among others. The basis of such commonality

is not obvious. HH-GLI signaling has also been shown to be active in and required for cancer stem cell survival and expansion in

different cancer types, and its activity is essential not only for tumor growth but also for recurrence and metastatic growth, two

key medical problems. Here we review recent data on the role of HH-GLI signaling in cancer focusing on the role of the GLI code,

the regulated combinatorial and cooperative function of repressive and activating forms of all Gli transcription factors, as a signaling

nexus that integrates not only HH signals but also those of multiple tumor suppressors and oncogenes. Recent data support the view

that the context-dependent regulation of the GLI code by oncogenes and tumor suppressors constitutes a basis for the widespread

involvement of GLI1 in human cancers, representing a perversion of its normal role in the control of stem cell lineages during normal

development and homeostasis.
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Introduction
A number of morphogenetic signaling pathways regulating

developmental processes and organ homeostasis are critical

players in tumorigenesis. Among them, Hedgehog-Gli (Hh-Gli)

plays an important role in determining proper embryonic pattern-

ing and in controlling growth and cell fate during animal develop-

ment. Similarly, in the adult, Hh-Gli signaling is involved in

tissue maintenance and repair, regulating stem cell behavior

in several instances. Importantly for the focus of this review,

its aberrant activation drives tumorigenesis in humans and

animals.

Secreted Hh ligands (Sonic, Indian and Desert Hhs in mice and

humans) initiate signaling in receiving cells by binding and inac-

tivating the 12-pass transmembrane receptor Patched1 (Ptc1),

which relieves its catalytic inhibition of the 7-pass transmem-

brane protein Smoothened (Smo). Consequently, active Smo trig-

gers an intracellular signaling cascade that enables activation and

inhibits the formation of repressors of the Gli transcription factors

(for example Riobó and Manning, 2007; Ruiz i Altaba et al., 2006,

2007; Aikin et al., 2008; Varjosalo and Taipale, 2008). Thus, Hh

signaling regulates the function of the Gli proteins and their

activation.

Recent evidence points to additional mechanisms of GLI modu-

lation by oncogenes and tumor suppressors. In this review, we

focus on how Hh and non-Hh inputs regulate the ‘GLI code’

(Ruiz i Altaba, 1997, 1998, 1999): the combinatorial and coopera-

tive function of the GLI transcription factors. Rather than being

comprehensive, here we selectively highlight recent advances in

the integration of oncogenic and tumor suppressor pathways

with HH-GLI signaling and how these inputs modulate the activity

of the GLI code in cancer. We suggest that the context-dependent

regulation of the GLI code by Hh and non-Hh signals is a driving

force in human cancer likely taking place in cancer stem cells.

The challenging view and general hypothesis of the GLI code as

an integration nexus for numerous signaling inputs (Ruiz i

Altaba et al., 2002, 2004, 2007) holds important implications

for understanding how the major oncogenic pathways interact

during tumorigenesis and for the development of more effective

and focused anticancer therapies.

The GLI code
The Gli proteins, Gli1-3 in frogs, mice and humans, are zinc finger

transcription factors that mediate transcriptional responses to Hh

signaling (Figure 1). Generally, in the absence of Hh ligands, Gli1

is transcriptionally repressed, whereas Gli3 and possibly Gli2 are

phosphorylated, recognized by the F-box protein b-TrCP and pro-

teolytically processed to truncated repressor forms (Wang et al.,

2000; Pan et al., 2006), with the consequent silencing of Hh-Gli
# The Author (2010). Published by Oxford University Press on behalf of Journal of
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targets. Gli2 and Gli3 can be also phosphorylated by Dyrk2, a

kinase inducing their proteasome-dependent degradation

(Varjosalo et al., 2008). In the presence of Hh ligands, the Gli

code is modified: Gli1 is activated transcriptionally and the pro-

cessing of Gli2 and Gli3 is inhibited, leading to the accumulation

of their full-length forms and the activation of specific Hh-Gli

target genes. Moreover, Gli function is also controlled by acety-

lation (Canettieri et al., 2010). The balance of the collective acti-

vator and repressor functions of these three transcription factors

seems to determines the status of the Hh transcriptional program

and ultimately the behavior for responding cells (Figures 1 and 2).

The Gli proteins encode both activator and repressor functions.

Like their fly homolog Cubitus interruptus (Ci) (Aza-Blanc et al.,

1997), Gli2 and Gli3 possess an amino-terminal repressor

domain and a carboxy-terminal activator domain flanking the

central five zinc-finger DNA-binding domains. Gli1, however,

lacks a similar amino-terminal repressor domain and while it

exists in full-length, N0 D and C0 D forms, the latter with activator

and repressor functions, respectively (Stecca and Ruiz i Altaba,

2009), it functions as the terminal and thus critical transcriptional

activator of the Hh pathway. Its function is reinforced by a positive

feedback loop as its transcription is induced by Hh signaling,

making it, so far, the best reliable read-out of an active

pathway (Lee et al., 1997; Bai et al., 2004), and it is consistently

transcribed in Hh-responding cells. Gli2 can act as activator or

repressor, whereas Gli3, which can exist and act as a weak activa-

tor, mostly functions as a repressor of transcription (Ruiz i Altaba,

1998, 1999; Sasaki et al., 1999; Aza-Blanc et al., 2000; Litingtung

et al., 2002; Bai et al., 2004; Stamataki et al., 2005), mimicking

the repressive function of Drosophila Ci (Aza-Blanc et al., 1997).

The three Gli proteins operate together in responding cells to inte-

grate intercellular Hh signaling and other inputs, and each can

have positive or negative effects (Ruiz i Altaba, 1998; Nguyen

et al., 2005; Tyurina et al., 2005).

The Gli proteins act in a context- and species-dependent

manner. In the frog neural plate, Gli1 mediates the effects of

Shh in the induction of floor plate differentiation, whereas both

Gli2 and Gli3 inhibit this function (Lee et al., 1997), although

whether they act positively or negatively is stage- and target-

specific (Nguyen et al., 2005). In the spinal cord, Gli1 and Gli2

induce motor neurons, but Gli3 has an opposite function (Ruiz i

Altaba, 1998). In mice, Gli1 seems to be dispensable for develop-

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

partially overlapping functions. However, Gli1 can rescue the

function of Gli2 (Bai and Joyner, 2001) and Gli1/Gli2 double

mutants have stronger defects than the single Gli2 mutants

(Park et al., 2000). In contrast, during floor plate development

Gli2 appears to be the major player (Matise et al., 1998) and is

required for initial Shh signaling (Bai et al., 2002). Gli3 has

been proposed to act primarily as an inhibitor of Shh-Gli1. Loss

of ventral spinal cord cell types seen in Shh mutant mice can

be partially rescued in Shh/Gli3 double mutants (Litingtung and

Chiang, 2000), suggesting that in this context Gli3 acts mainly

as a repressor and Shh as an inhibitor of Gli3. However, an acti-

vator function of Gli3 is required for proper spinal cord patterning

(Bai et al., 2004). The anterior hindbrain of Gli2 null embryos dis-

plays ventral patterning defects as severe as those observed in

Shh null embryos suggesting that in the anterior hindbrain,

unlike in the spinal cord, Gli3 cannot compensate for the loss of

Gli2 activator function (Lebel et al., 2007). In zebrafish Gli1 is

required for the development of the ventral central nervous

system (Karlstrom et al., 2003) and is the main activator of Hh

target genes (Tyurina et al., 2005).

In mice, Gli1 expression is dependent on Gli2 and/or

Gli3-mediated transcription and it is induced by Hh ligands

(Sasaki et al., 1999). However, degradation is also relevant for

Gli1: two degradation sequences, degron N and degron C,

mediate recognition by the b-TrCP E3 ubiquitin ligase to allow

ubiquitination and degradation by the proteasome (Huntzicker

et al., 2006). Gli1 can be also targeted for proteolysis by Itch,

another E3 ubiquitin ligase (Di Marcotullio et al., 2006).

Similarly, Ci/Gli can be degraded through the ubiquitin E3

ligase adaptors Roadkill and HIB/SPOP in an Hh-dependent

manner (Kent et al., 2006; Zhang et al., 2006; Chen et al.,

2009), the latter being mediated by multiple Ser/Thr-rich

degrons (Zhang et al, 2009).

The regulation of the Gli proteins involves the function of

several other modulators, including that of Suppressor of Fused

(Sufu), Zic proteins and microRNAs. Sufu both sequesters the

Gli proteins in the cytoplasm and represses transcription by

recruiting the histone deacetylase complex SAP18-mSin3

(Kogerman et al., 1999; Cheng and Bishop, 2002). The inhibitory

function of Sufu must be suspended during Hh pathway activation

to induce a positive Gli code, but how this happens is not clear. It

has been suggested that Smo activation inhibits Sufu function

(Svärd et al., 2006) and that SCL/TAL interrupting locus (SIL), a

cytoplasmic protein overexpressed in pancreatic adenocarci-

noma, de-represses GLI1 from SUFUH (Kasai et al., 2008;

Figure 2). In addition, Hh signaling itself can promote degradation

of Sufu through the ubiquitin-proteasome system (Yue et al.,

2009). Finally, Sufu has also been shown to recruit GSK3b for

Gli3 for processing, yielding the potent and pan-dominant Gli3

C0 D repressor (Kise et al., 2009).

Gli proteins physically interact with the Zic transcription factors

through their highly related five zinc finger domains and regulate

each other in a context-dependent manner (Brewster et al., 1998;

Figure 1 The GLI code. Different combinations of GLI activator (in

green) and repressor forms (in red), with different potencies, are pro-

posed to activate different sets of target genes that result in specific

cellular fates and proliferation rates. The diagram illustrates how

different (combinatorial and quantitative) GLI codes give different cel-

lular outcomes.
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Koyabu et al., 2001; Mizugishi et al., 2001; Nguyen et al., 2005).

In addition, recent studies show that Kif7, the mammalian homol-

ogue of Drosophila Costal2, physically interacts with the Gli pro-

teins and can act both positively and negatively on Hh signaling

(Cheung et al., 2009; Liem et al., 2009; Endoh-Yamagami et al.,

2009). A recently identified serine/threonine kinase, ULK3,

which shares some homology with Drosophila Fused protein,

has been shown to enhance GLI1 and GLI2 transcriptional activity

(Maloverjan et al., 2009). The conserved regulatory protein 14-3-3

has been described to bind all three Gli proteins, decreasing Hh

signaling activity (Asaoka et al., 2009). Finally, recent reports

suggest that Hh signaling can be regulated by specific

microRNAs (miR). miR-125b, miR-324-5p and miR-326 function-

ally suppress Smo, and miR-324-5p also targets Gli1 in cerebellar

granule cell precursors (GCPs) and human medulloblastoma cell

lines (Ferretti et al., 2008). Moreover, the miR-17/92 cluster

synergizes with Shh signaling in GCPs and medulloblastoma

(Northcott et al., 2009; Uziel et al., 2009; Figure 2).

Different states of the Gli code are proposed to activate differ-

ent or partially overlapping sets of target genes, resulting in dis-

tinct cellular responses (Figure 1). Gli activators and repressor

targets are only partially known (Sasaki et al., 1997; Kasper

et al., 2006; Clement et al., 2007; Vokes et al., 2007, 2008) and

can respond to combinatorial and cooperative Gli activity

(Nguyen et al., 2005). The outcome of Hh signaling varies accord-

ing to the receiving cell type. Genes generally induced by Hh

activity, such as Ptc1, Hip1 and Gli1, can trigger positive or nega-

tive feedbacks on the pathway, which modify the strength or dur-

ation of the Hh signal. Additional Gli targets include genes

contributing to the regulation of proliferation and differentiation

(e.g. CyclinD1 and D2, N-Myc, Wnts, PdgfRa, Igf2, FoxM1, Hes1)

(Dahmane et al., 1997; Kenney and Rowitch, 2000; Mullor

et al., 2001, Teh et al., 2002; Kenney et al., 2003; Ingram et al.,

2008), survival (Bcl2) (Regl et al., 2004), self-renewal (Bmi1,

Nanog) (Leung et al., 2004; Clement et al., 2007; Stecca and

Ruiz i Altaba, 2009), angiogenesis (Vegf) (Pola et al., 2001),

epithelial-mesenchymal transition (Snail1, Sip1, Elk1 and Msx2)

(Li et al., 2006; Ohta et al., 2009; Varnat et al., 2009) and inva-

siveness (Osteopontin) (Das et al., 2009). Given the broad

range of possible direct/indirect targets in different cellular con-

texts, it is not surprising that deregulation of Hh signaling can be

pathogenic.

Figure 2 Integration of oncogenic and tumor suppressor inputs by the GLI code in cancer. Upon inhibition of PTCH1 function by HH ligands, the

repression on SMOH is released, SMOH moves into the primary cilium and activates downstream signaling by stabilizing activating full-length

GLI proteins (GLI1) and blocking the production of GLI repressors (GLI3R). The mammalian GLI code includes three proteins. Generally, GLI1 is

an activator although it exists in N0 and C0 D deleted activator and repressor forms, respectively, GLI2 has activator and C0 D repressor functions

and GLI3 is a weak activator and its C0 D form is a strong repressor. Components of the classical HH pathway are in filled circles, in red for

inhibitors and in green for activators. Positive and negative regulators of HH-GLI signaling are in unfilled circles, in blue for the

PGF-RTK-RAS-RAF-MEK, PI3K-AKT and JUN pathways, in green for activators and in red for repressors. The color of the arrow is dictated by

the final effect on the GLI code: red arrow for a final repressive effect, green arrow for a final activating effect on the GLI code. See text for

further details.
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Integration of multiple signaling
inputs by the GLI code in cancer
GLI1 was originally identified as an amplified gene in a human

glioma (Kinzler et al., 1987). Germ line loss-of-function mutations

in PTCH1 (Hahn et al., 1996; Johnson et al., 1996), which consti-

tutively activate the HH pathway, were then found in patients with

Gorlin’s syndrome, a familiar condition with predisposition to

basal cell carcinoma (BCC), medulloblastoma and rhabdomyosar-

coma (Gorlin, 1995). Somatic misexpression of GLI1 was shown to

directly induce skin hyperplasias or tumors in frog embryos and to

mark human sporadic BCCs, indicating the presence of an active

pathway in this most common human sporadic tumor type

(Dahmane et al., 1997). Other studies also showed that the sus-

tained activation of the Hh-Gli pathway in the mouse epidermis

leads to BCC development through the misexpression of Shh

(Oro et al., 1997), GLI1 (Nilsson et al., 2000) or Gli2

(Grachtchouk et al., 2000; Hutchin et al., 2005).

Hedgehog signaling regulates the growth of the external germ-

inal layer of the cerebellum, which contains GCPs. Shh, produced

by Purkinje neurons, induces GCP proliferation (Dahmane and

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

1999) and the differentiation of Bergmann glia (Dahmane and

Ruiz i Altaba, 1999). Interestingly, Ptc1
þ/2 mice and humans har-

boring inactivating mutations that abrogate PTCH1 function,

develop medulloblastoma (Johnson et al., 1996; Hahn et al.,

1996, 1998; Goodrich et al., 1997). These studies suggest that

at least a subset of murine and human medulloblastomas arise

from GCPs that maintain an inappropriately active SHH-GLI

pathway. In this regard, it appears that medulloblastoma can

initiate in multipotent stem cells or in GCPs in mice, but

suggest that Hh-induced tumors must commit to a neuronal

lineage in order to grow (Schuller et al., 2008; Yang et al., 2008).

The biological context of Hh-Gli signaling in the development of

a particular cell type or tissue indicates that Hh-Gli activity has to

be turned down after it has induced or promoted a particular devel-

opmental process. Such tight control of the Gli code, turning it

towards a repressive state after the end of ligand-driven signaling,

is disrupted in cancer. For instance, the inability to cease Shh sig-

naling reception in GCPs in the cerebellum could lead to medullo-

blastoma development (Dahmane and Ruiz i Altaba, 1999;

Wallace, 1999; Weschler-Reya and Scott, 1999; Ruiz i Altaba

et al., 2002), as in Ptc1
þ/2 mice (Goodrich et al., 1997; Hahn

et al., 1998). Similarly, the failure to turn down the proliferative

and self-renewing functions of the Gli code in an activating state

in stem cells/precursors might lead to an abnormal proliferative

response, provoking an expansion of their numbers thus leading

to tumor formation (Clement et al., 2007; Bar et al., 2007;

Ehtesham et al., 2007; Peacock et al., 2007; Dierks et al., 2008;

Stecca and Ruiz i Altaba, 2009; Zhang et al., 2009).

What are then the mechanisms that contribute to the normal

tight regulation of the Gli code? Other than structural alterations

in pathway components such as SMOH or PTCH1, recent data

point towards a context-dependent interplay between Hh-Gli sig-

naling and oncogenic and tumor suppressor functions that modu-

late the activity of the Gli code. Here we highlight recent findings

on the crosstalk of two major oncogenic signaling pathways—

RAS-RAF-MEK, PI3K-AKT—and two major tumor suppressors—

PTEN and p53—with the HH-GLI pathway.

Regulation of the Gli code by oncogenes

Discovery of the role of Gli2 in FGF signaling in the ventro-posterior

mesoderm of frog embryos (Brewster et al., 2000) and the syner-

gism of Hh and EGF signaling in neural stem cells (Palma and

Ruiz i Altaba, 2004; Palma et al., 2005) allowed the proposal of a

funnel hypothesis, by which multiple signaling inputs converge

on and regulate the Gli code in development and cancer (Ruiz i

Altaba et al., 2004; Figures 2 and 3). Recent data indeed suggest

that the Gli code are regulated by multiple oncogenic signaling

events, including peptide growth factors (PGF), receptor tyrosine

kinases (RTKs), RAS, MEK, phosphoinositide-3 kinase (PI3K) and

AKT (reviewed in Ruiz i Altaba et al., 2007). PGF activate RTKs,

which in turn activate several signal-transduction cascades that

include RAS-RAF-MEK and PI3K/AKT. These are key signaling path-

ways involved in the regulation of cell proliferation, survival and

differentiation. Abnormal activation of these pathways commonly

occurs in human cancers due to mutations at multiple levels

(Wellbrock et al., 2004).

An interplay between RAS-RAF-MEK and PI3K/AKT and HH-GLI

signaling pathways is supported by multiple lines of evidence.

For instance, oncogenic H- or N-RAS and AKT1 potentiate GLI1

function, by enhancing its transcriptional activity and nuclear

localization, and counteracting its cytoplasmic retention by

SUFUH in melanoma, gliomas and prostate cancer cells (Stecca

et al., 2007). Furthermore, endogenous GLI1 activity requires

endogenous AKT and MEK function (Stecca et al., 2007).

Consistently, PI3K/AKT has a positive function on Hh-Gli signaling

in NIH 3T3 cells (Riobó et al., 2006a) and HH and AKT synergize in

tumor formation in zebrafish (Ju et al., 2009). Similarly, K-RAS

suppresses GLI1 degradation in pancreatic cancer cells (Ji et al.,

2007) and K-RAS-MEK-ERK cascade has a positive regulatory

role in GLI transcriptional activity in gastric cancer (Seto et al.,

2009). The RAS effectors responsible for GLI stimulation are

likely to be MEK1 or ERK1/2, through GLI1 NH2-terminal

domain, although GLI1 does not seem to be phosphorylated by

ERK2 (Riobó et al., 2006b).

Phenotypic interactions between RAS and GLI have been

described in various mouse models. For instance, oncogenic

K-RAS genetically cooperates with activated (truncated) Gli2 to

induce undifferentiated pancreatic tumors (Pasca di Magliano

et al., 2006; Nolan-Stevaux et al., 2009), H-RAS genetically

cooperates with a specific Ptc1 allele to induce tumorigenesis

(Wakabayashi et al., 2007), and Shh signaling enhances

K-RAS-induced pancreatic tumors (Morton et al., 2007).

Interestingly, mice expressing endogenous levels of mutant

K-RAS in the pancreas show an activation of the Hh pathway, indi-

cating the action of oncogenic RAS on the endogenous Hh-Gli

pathway during tumor development (Hingorani et al., 2005).

Importantly, mouse melanomas induced by activated N-RAS in

an INK4a mutant background display an active pathway and

require Hh-Gli function (Stecca et al., 2007). An additional

report suggests that K-RAS regulates Smo-independent
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expression of Gli genes in mouse pancreatic ductal adenocarci-

noma and that GLI1 is required for K-RAS-mediated transform-

ation (Nolan-Stevaux et al., 2009).

A crosstalk between the EGFR-MEK/ERK and HH-GLI signaling

pathways has been reported in human keratinocytes, both in

normal conditions and in cancer. In normal keratinocytes EGFR

signaling modulates HH-GLI target gene expression (Kasper

et al., 2006), and during their transformation EGFR-MEK/ERK

signaling induces activation of JUN, which cooperates with GLI1

and GLI2 (Schnidar et al., 2009). In turn, it has been shown

that GLI1 and GLI2 directly regulate the expression of JUN

(Laner-Plamberger et al., 2009).

The crosstalk between RAS/AKT and GLI1 might be more

complex than expected, since it can have a different outcomes

depending on the cellular type. For instance, oncogenic H-RAS

promotes GLI1-mediated cancer cell proliferation but inhibits

GLI1-mediated osteogenic differentiation of C3H10T1/2 cells

(Stecca et al., 2007).

Another pathway that regulates the GLI code is triggered by

TGFb signaling (Dennler et al., 2007). The TGFb superfamily com-

prises a group of growth factors involved in embryonic develop-

ment, tissue repair and differentiation, exerting both positive

and negative effects on cancer development (Derynck et al.,

2001; Siegel and Massagué, 2003). Receptor activation leads to

phosphorylation of cytoplasmic proteins of the Smad family,

which translocate into the nucleus where they regulate target

gene expression. Similar to RAS, TGFb interacts with the Hh

pathway downstream of Smo, activating the Gli code: in trans-

genic mice overexpressing TGFb1 in the skin, Gli2 expression

is induced in a Smad3-dependent manner (Dennler et al.,

2007). These actions appear consistent with the binding of

Smads to GLIs (Liu et al., 1998).

In addition, there is evidence that the Notch pathway can

also affect the Gli code. Notch signaling, which is important in

binary cell-fate decisions and inhibiting differentiation in many

developmental systems (Artavanis-Tsakonas et al., 1999), can

play as tumor suppressor or as oncogene depending on the

context. In the mammalian skin, Notch1 deficiency increases

the level of Gli2, causing the development of BCC-like tumors

(Nicolas et al., 2003).

Recently, it has been shown that GLI1 is an important mediator

of oncogenic EWS-FLI1 function (Joo et al., 2009), which is pro-

duced by a chromosomal translocation occurring in the majority

of Ewing’s sarcomas (Arvand and Denny, 2001).

Finally, it has been suggested that Nuclear Factor-kappaB

(NF-kB), a key transcription factor that orchestrates numerous

Figure 3 Regulation of the GLI code by oncogenic and tumor suppressor inputs in stem cells and cancer. During development, HH signaling

tightly promotes the formation of labile GLI activators. The action of tumor suppressors further restrains GLI positive function, which is

boosted by converging pathways and inputs such as those triggered by oncogenic PGF-RTK signals. (A and B) Mutations or epigenetic

changes that lead to the loss of tumor suppressors (for example p53, PTEN) and activation of oncogenic pathways (for example

RAS-RAF-MEK, PI3K-AKT) could unlock the normally restricted proliferative and self-renewing activities of GLI activators leading to an abnormal

expansion of cancer stem cells (Ruiz i Altaba et al., 2007).

88 j Journal of Molecular Cell Biology Stecca and Ruiz i Altaba

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

cb/article/2/2/84/895115 by U
.S. D

epartm
ent of Justice user on 16 August 2022



processes, including proliferation, apoptosis and inflammatory

responses (Karin et al., 2002), contributes to Shh activation in

pancreatic cancer cells (Nakashima et al., 2006; Kasperczyk

et al., 2009). Additional oncogenes or oncogene mediators,

such as b-catenin (Maeda et al., 2006; Ulloa et al., 2007) could

also regulate the Gli code.

An unresolved issue is whether the primary targets of all these

oncogenic pathways that affect the GLI code are the GLI proteins

themselves or rather their regulators, such as SUFUH. Another

issue is whether oncogene action requires a basal level of GLI

expression or cells harboring oncogenes become tumorigenic

after the further selection of events that activate the HH-GLI

pathway. It has been reported that oncogenic RAS cannot tran-

scriptionally activate GLI1 in human melanoma cells in the

absence of HH signals, that sporadic NRASQ61K;Ink4a2/2

mouse melanomas express and require Hh-Gli activity and that

the transcriptional activity and nuclear translocation of GLI1 is

regulated by oncogenic RAS/AKT (Stecca et al., 2007). Thus,

the data so far support the idea that cells with an active HH-GLI

pathway—commonly stem cells and precursors (see below)—

are targets of oncogenic events.

Modulation of the Gli code by tumor
suppressors

Several lines of evidence suggest that the Gli code can be

tightly regulated by the action of tumor suppressors

(Figure 2). For instance, the tumor suppressor PTEN (phospha-

tase and tensin homolog deleted on chromosome 10), which

regulates neural stem cell behavior (Groszer et al., 2001) is fre-

quently mutated, deleted or silenced in various human cancers

(Teng et al., 1997), has been shown to negatively regulate the

transcriptional activity of GLI1 in glioblastoma cells (Stecca

et al., 2007).

Moreover, the tumor suppressor p53 negatively controls the

activity of GLI1 in neural stem cells and human cancer cells.

p53 inhibits GLI1-driven neural stem cell self-renewal, cell pro-

liferation and tumor growth, by negatively regulating transcrip-

tional activity, nuclear localization and levels of GLI1 protein

(Stecca and Ruiz i Altaba, 2009). In turn, activation of the Hh

pathway by constitutive activated Smo mutants, Shh ligand and

overexpression of Gli1 and Gli2, inhibits the accumulation of

p53, through the phosphorylation and activation of the p53

inhibitor Mdm2 (Abe et al., 2008; Stecca and Ruiz i Altaba,

2009). An essential role for the Hh signaling in tumorigenesis

induced by loss of p53 is suggested by the finding that epidermal

tumors induced by blockade of p53 in frog embryos (Wallingford

et al., 1997) require endogenous Gli1 activity (Stecca and Ruiz i

Altaba, 2009). The homeostatic balance between p53/GLI1 activi-

ties appears to be critical. In normal conditions the balance

between p53 and GLI1 seems to be in favor of the former: p53

is expressed in neural stem cells where it regulates their self-

renewal (Gil-Perotin et al., 2006; Meletis et al., 2006). In contrast,

loss of p53, which is a common event in cancer progression, could

free the normally restricted activities of GLI1, leading to expan-

sion of cancer stem cells and their derived progenitors (Stecca

and Ruiz i Altaba, 2009; Figure 3). Similarly, it has been recently

shown that overexpression of Gli2 and p53 deficiency genetically

cooperate in the progression from benign to malignant cartilage

tumors in a mouse model, and have additive effects on negatively

regulating chondrocyte apoptosis (Ho et al., 2009).

Another putative tumor suppressor gene, RENKCTD11, which

maps to 17p13.2 near the p53 locus, has been reported to

antagonize Hh signaling in the cerebellum. REN inhibits medullo-

blastoma growth by affecting Gli1 nuclear accumulation (Di

Marcotullio et al., 2004). Conversely, REN knock-down enhances

Hh signaling and proliferation in GCPs and impairs neuronal

differentiation (Argenti et al., 2005), supporting a role for REN

as an inhibitory signal required for restraining Hh-Gli activity

and cessation of GCP expansion.

An additional factor suppressing Hh signaling in GCPs is Numb,

an evolutionary conserved protein endowed with tumor suppres-

sor properties that segregates asymmetrically determining self-

renewal or differentiation fates during neural progenitor division

(Rhyu et al., 1994). Numb targets Gli1 for proteasome degra-

dation through the E3 ligase Itch (Di Marcotullio et al., 2007).

The Numb-induced Itch-dependent proteolytic processing of

Gli1 thus limits the extend and duration of Hh signaling during

neural progenitor differentiation and its disruption could be an

important event in brain tumorigenesis. With respect to the inhibi-

tory effect of p53 and Numb on GLI1, it is interesting to note that

Numb controls p53 activity as well (Colaluca et al., 2008).

Evidence for the integration of
multiple signaling inputs by the GLI
code in cancer stem cells
Hh-Gli signaling controls proliferation and self-renewal of neural

stem cells in neurogenic niches of the brain, such as the embryo-

nic neocortex, the subventricular zones of the lateral ventricles

and the subgranular layer of the hippocampus (Lai et al., 2003;

Machold et al., 2003; Palma and Ruiz i Altaba, 2004; Ahn and

Joyner, 2005; Palma et al., 2005), and the level of GLI1 expression

determines the number of neural stem cells in multiple brain

regions (Stecca and Ruiz i Altaba, 2009). In humans, HH-GLI sig-

naling controls self-renewal and tumorigenicity of cancer stem

cells in glioma (Clement et al., 2007), as well as multiple

myeloma (Peacock et al., 2007), myeloid leukemia (Dierks

et al., 2008; Zhao et al., 2009) and colon cancer (Varnat et al.,

2009).

Cancer stem cells are defined as tumor cells that self-renew,

give rise to less undifferentiated progeny and induce tumorigen-

esis in immunocompromised mice. No marker or set of markers

can unequivocally identify them as they are operationally

defined (Ruiz i Altaba and Brand, 2009). Cancer stem cells are

found in many tumor types (both solid and liquid) (Hamburger

and Salmon, 1977; Lapidot et al., 1994), and could originate

from stem cells that have lost the ability to regulate their self-

renewal and proliferation or from a more differentiated population

of progenitor cells that have acquired abilities to self-renew. In

cancers dependent on sustained Hh-Gli pathway activity, cancer

stem cells could derive from normal stem cells/early progenitors

with basal Hh-Gli activity. In these ‘tumor initiating cells’ the
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accumulation of genetic hits, such as activation of oncogenes or

inactivation of tumor suppressors, acquired during tumor pro-

gression, could shift the state of the Gli code to a hyperactive

one (Ruiz i Altaba et al., 2004, 2007). Recent data lend to

support this view: knock-down of p53 cooperates with Gli1 in con-

trolling both neural stem self-renewal and tumor growth in vivo,

and it increases the levels of GLI1 protein, with the consequent

enhancement of the proliferation of human glioma stem cells

(Stecca and Ruiz i Altaba, 2009). Likewise, the latter display an

hyperactivated GLI code, with GLI1 and GLI2 highly expressed

and required for their self-renewal and survival, whereas positive

GLI3 does not seem to play a crucial role (Clement et al., 2007).

Inhibition of SMOH induced a strengthening of negative modu-

lators and repressive GLI proteins, leading to a GLI code switch

towards a repressive state. We can thus suggest that p53 and

PTEN deficiencies and accumulation of other genetic hits, such

as RAS mutation and elevated AKT levels, favor the appearance

and evolution of cancer stem cells with a progressively hyperac-

tive GLI code states (Figure 3; Ruiz i Altaba et al., 2004; 2007).

Modes of action of HEDGEHOG-GLI
signaling in cancer
Apart from cancers harboring HH pathway activating mutations

(e.g. BCC), which might be HH ligand independent, HH ligands

appear to function in an autocrine manner in several human

cancers (Ruiz i Altaba, 2008). This is the case of lung (Watkins

et al., 2003; Yuan et al., 2007), pancreatic (Thayer et al., 2003;

Feldmann et al., 2007), digestive tract (Berman et al., 2003)

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

2004; Sheng et al., 2004), gliomas (Clement et al., 2007; Bar

et al., 2007; Ehtesham et al., 2007), as well as melanomas

(Stecca et al., 2007) and colon cancers (Varnat et al., 2009). In

melanoma it has been shown that: (a) epithelial cells, but not

the surrounding stroma, express SHH, GLI1 and PTCH1; (b) mela-

noma cells in vitro respond to HH pathway inhibition through

cyclopamine (a SMOH antagonist) or siRNA treatment down-

regulating the expression of GLI1 and PTCH1; (c) inhibition of

SMOH with shRNAs in melanoma cells dramatically reduces

tumor growth in an orthotopic xenograft model in vivo; (d) sys-

temic cyclopamine treatment abolishes metastatic growth in the

lungs of mice (Stecca et al., 2007). These effects are specific,

since GLI1 epistatically rescues the inhibitory effect of cyclopa-

mine on cell proliferation, and the latter mimics inhibition of

SMOH via RNA interference (Clement et al., 2007; Stecca et al.,

2007). This finding indicates that HH signaling functions in an

autocrine manner and demonstrate that epithelial tumor cells

require HH-GLI signaling.

Lately it has been proposed that tumor-derived HH induces a

response only on adjacent stroma, including fibroblasts, endo-

thelial cells and immune cells, which in turn provides growth

and survival signals to the tumor cells (Yauch et al., 2008; Olive

et al., 2009). These studies suggest that HH ligands fail to activate

signaling in tumor epithelial cells, proposing a ligand-dependent

activation of HH signaling in the stromal microenvironment.

Inhibition of HH signaling using small molecules, anti-Hh

antibody or genetic ablation of Smo in the mouse stroma

results in growth inhibition in pancreatic and colorectal xenograft

of human primary tumors and cell lines (Yauch et al., 2008). The

paracrine requirement of Hh signaling in tumorigenesis has been

noted also in B16F0 murine melanoma cells (Geng et al., 2007).

Nevertheless, these results raise a number of important ques-

tions that need to be addressed (Ruiz i Altaba, 2008). For

instance, the apparent lack of response to HH signaling in epi-

thelial tumor cells in xenografts contrast with a wealth of data

on human melanoma, brain, prostate, pancreatic, digestive tract

and lung cancers (Dahmane et al., 2001; Berman et al., 2003,

Thayer et al., 2003; Watkins et al., 2003; Karhadkar et al.,

2004; Sanchez et al., 2004; Clement et al., 2007; Stecca et al.,

2007; Yuan et al., 2007; Varnat et al., 2009). Furthermore, the

finding that tumor-derived HH stimulates expression of Gli1 and

Ptc1 in the infiltrating mouse stroma (as the human stroma trans-

planted in a primary graft is quickly replaced) but not in the tumor

itself in pancreatic and colorectal xenografts (Yauch et al., 2008) is

incongruous with the expression of SHH, GLI1 and PTCH1 found in

human PSAþ prostate cancer epithelial cells, in MelanAþ/MITFþ

human melanoma cells (Sanchez et al., 2004; Stecca et al.,

2007) and in Cytokeratinþ primary colon cancer epithelial cells

(Varnat et al., 2009), but not in the surrounding stroma. We

note, however, that the action of HH-GLI signaling may not only

be context-dependent, but also species-specific. For instance, sig-

naling in the rodent prostate appears to be exclusively from epi-

thelium to stroma (Pu et al., 2004) whereas it appears to be

autocrine in epithelial cells in humans (Sanchez et al., 2004;

Varnat et al., 2009). Xenografts are chimeras and thus their signal-

ing is hybrid in nature. Results from one species need to be taken

with a grain (or a mountain) of salt when transposed into the

context of another. Since the mode of action of HH-GLI signaling

has important implication in the design of therapeutic antagonists,

it will be important to further dissect the cellular and molecular

mechanisms of HH-GLI action in human cancers.

Several lines of evidence suggest that in cancer stem cells

derived from different tumor types HH-GLI acts in an autocrine

manner. In glioma, CD133
þ cancer stem cells express SHH, GLI1

and PTCH1 and their self-renewal, survival and tumorigenicity

require SMOH and GLI1 activity, as shown by the inhibition with

cyclopamine and RNA interference (Clement et al., 2007).

CD44
þ/CD24

2/low/Lin2 putative breast cancer stem cells have

higher levels of GLI1 and PTCH1 (Liu et al., 2006). Furthermore,

cancer stem cells with HH pathway activity have also been ident-

ified in multiple myeloma (Peacock et al., 2007), and genetic

studies in chronic myeloid leukemia (CML) cancer stem cells

(Bcr-Abl-driven Lin2/Sca1
þ/c-Kitþ) show that loss of Smo

causes depletion of CML stem cells, whereas constitutive active

Smo increases CML stem cell number and accelerates disease

(Dierks et al., 2008; Zhao et al., 2009). Interestingly, pharmaco-

logical inhibition of Smo reduces not only the propagation of

CML driven by wild-type BCR-ABL, but also the growth of

imatinib-resistant mouse and human CML (Zhao et al., 2009).

Finally, clonogenic CD133
þ colon cancer stem cells also require

HH-GLI activity (Varnat et al., 2009).

Collectively, the studies summarized above indicate that HH

signaling regulates self-renewal and survival of cancer stem
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cells from different types of tumors, and suggest that HH pathway

inhibition will have beneficial effects in vivo reducing tumor

burden and metastatic growth. Indeed, systemic cyclopamine

treatment of adult mice for a restricted period inhibits tumor

growth and prevents recurrence without any major side effects

(Sanchez and Ruiz i Altaba, 2005; Stecca et al., 2007; Varnat

et al., 2009). They also provide a solid basis for new targeted

therapies that include inhibition of HH-GLI function directly (for

example Lauth et al., 2007; von Hoff et al., 2009), as well as

indirectly and synergistically by blockade of cooperating onco-

genic pathways and restoration of tumor suppressive functions.
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