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Summary

The Hedgehog (Hh) signaling pathway governs complex developmental processes, including 

proliferation and patterning within diverse tissues. These activities rely on a tightly-regulated 

transduction system that converts graded Hh input signals into specific levels of pathway activity. 

Uncontrolled activation of Hh signaling drives tumor initiation and maintenance. However, recent 

entry of pathway-specific inhibitors into the clinic reveals mixed patient responses and thus 

prompts further exploration of pathway activation and inhibition. In this review, we share 

emerging insights on regulated and oncogenic Hh signaling, supplemented with updates on the 

development and use of Hh pathway-targeted therapies.

The evolutionarily conserved Hedgehog (Hh) pathway serves fundamental morphogenic and 

mitogenic roles in tissue development, homeostasis, and repair. Disruption of Hh signaling 

underlies a variety of developmental disorders affecting multiple organ systems. 

Holoprosencephaly and cyclopia, as well as dramatic limb abnormalities, are characteristic 

of impaired Hh signaling during development. Moreover, ectopic activation of Hh signaling 

is implicated in a wide range of tumors, including medulloblastoma (MB), basal cell 

carcinoma (BCC), and many others. Thus, Hh signaling is an area of intense study in both 

developmental and cancer biology. Here, we provide updates on vertebrate Hh signal 

transduction and the molecular drivers of Hh pathway-dependent MB and BCC. 

Additionally, we discuss the application of clinical and preclinical, targeted therapies to treat 

Hh-dependent tumors.

Hh signal transduction

In mammals, the Hh signaling cascade is initiated by one of three spatiotemporally confined 

ligands: Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh) 
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(reviewed in Ingham and McMahon 2001). Secreted Hh ligands control developmental 

outcomes in a concentration- and duration-dependent manner. Consequently, the reception 

and signal transduction system for Hh ligands must convert different levels of signal into 

specific levels of pathway output. Ultimately, signal transduction results in expression of a 

transcriptional program mediated by activator and repressor forms of the Gli transcription 

factors. The ability of this cascade to initiate distinct developmental outcomes in cells 

exposed to an Hh ligand at different concentrations or for different lengths of time is critical 

for Hh-dependent establishment of the dorsal-ventral axis during early neural development 

and formation of the proximal-distal axis in developing limbs. Here, we summarize the 

vertebrate components of Hh signal transduction and focus on recent updates in this field 

that contribute to our current understanding of Hh signaling in development and cancer 

(Figure 1). For the remainder of this review, we will refer to the Hh ligands for general 

concepts and Shh ligands for specific reports.

Ptch1

The primary receptor for Hh ligands is the twelve-pass transmembrane protein, Patched 1 

(Ptch1) (Marigo et al., 1996; Stone et al., 1996). In the absence of ligand, Ptch1 blocks 

pathway activity. When Hh ligand binds Ptch1, both ligand and receptor are internalized and 

degraded (Chen and Struhl, 1996; Incardona et al., 2000). Thus, ligand binding not only 

removes pathway repression by Ptch1, but also limits the half-life of the ligand. The 

mechanisms by which Ptch1 is removed from the cell surface upon ligand binding are not 

fully understood. Recently, Shh ligands were shown to induce accumulation of Ptch1 and the 

E3 ubiquitin ligases Smurf1 and Smurf2 in lipid rafts, which are molecularly distinct 

domains of the cell membrane (Yue et al., 2014). The ensuing ubiquitination of Ptch1 

promoted Ptch1 endosomal trafficking to lysosomes for degradation and was important for 

Ptch1 clearance and graded pathway activation.

Besides Ptch1, other receptors for Hh ligands modulate pathway activation (reviewed in 

Beachy et al., 2010). Positive co-receptors include Cdo, Boc, and the vertebrate specific 

Gas1. Another vertebrate specific receptor, Hhip, acts as a negative regulator of Hh 

signaling. Many positive co-receptors (Cdo, Boc, and Gas1) are transcriptionally repressed, 

while negative receptors (Ptch1 and Hhip) are activated following Hh pathway induction. 

Additionally, proteoglycans function as co-receptors with either positive or negative effects 

on Hh signaling depending on their unique protein and sugar composition. The resulting 

network of receptors and feedback loops helps cells properly interpret the duration and 

graded level of Hh signaling.

Smo

In the absence of Hh ligand, Ptch1 inhibits Smoothened (Smo), a seven-pass transmembrane 

protein that functions as a potent pathway activator (Murone et al., 1999). The mechanisms 

by which Ptch1 inhibits Smo are unknown. The current consensus is that Ptch1 does not 

physically interact with Smo, but rather regulates the transport, synthesis, and/or access of a 

small molecule (or molecules) that affect Smo activity (Taipale et al., 2002).
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Lipid metabolites are popular candidates for the endogenous regulators of Smo activity. The 

lipophilic secosteroid vitamin D3 was previously proposed to function as a Ptch1-regulated 

direct inhibitor of Smo (Bijlsma et al., 2006). More recently, a group of cholesterol 

derivatives called oxysterols were shown to activate Smo by binding to its N-terminal, 

extracellular cysteine-rich domain (CRD) (Myers et al., 2013; Nachtergaele et al., 2013; 

Nedelcu et al., 2013). CRD mutants fail to fully respond to Hh stimulation, but also exhibit a 

higher basal level of signaling compared to wild-type Smo, indicating that the CRD domain 

suppresses basal Smo activity. Importantly, CRD mutants are still subject to inhibition by 

Ptch1. Thus, oxysterol binding may be required for maximal Smo activity but not for 

mediating Ptch1-dependent inhibition of Smo. Additional lipid-based Smo modulators 

include endocannabinoids from lipoprotein particles that can bind and inhibit Smo activity 

(Khaliullina et al., 2015). Despite such recent insights on lipophilic regulators of Smo 

activity, the mechanisms by which Ptch1 represses Smo and how Hh ligand removes this 

repression remain major questions in the field.

Upon Hh ligand binding and Ptch1 degradation, Smo becomes phosphorylated by casein 

kinase 1 (CK1) and G-protein coupled receptor kinase 2 (GRK2), moves into the primary 

cilium (PC), and assumes an activated conformation (Chen et al., 2011a). Differential 

phosphorylation of Smo may help interpret Hh gradients through a Smo phosphorylation 

code (Chen and Jiang, 2013). The relay of Hh signaling downstream of activated Smo is not 

yet completely understood. However, Smo activates both G-protein dependent and 

independent signals to regulate Gli transcription factors, calcium flux, and metabolic 

pathways (Arensdorf et al., 2016). Here, we will focus on signals that impinge on Gli 

transcription factors.

Sufu

The negative pathway regulator, Supressor of fused (Sufu), functions between Smo and the 

Gli transcription factors (Pearse II et al., 1999; Stone et al., 1999). Sufu directly interacts 

with and sequesters full-length Gli in the cytoplasm. Sequestration of Gli prevents its 

nuclear translocation and promotes phosphorylation and processing of full-length Gli into a 

truncated repressor (Humke et al., 2010). Sequestration also stabilizes full-length Gli2 and 

Gli3, protecting them from proteasomal degradation and thus maintaining a pool of available 

Gli proteins for Shh signal transduction (Chen et al., 2009; Wang et al., 2010). Challenging 

the traditional cytoplasm-centric roles of Sufu, some have suggested that Sufu can regulate 

Gli activity in the nucleus (Lin et al., 2014).

Kif7

The kinesin protein, Kif7, is also an evolutionarily conserved component of Hh signaling 

that modulates Gli function downstream of Smo (Cheung et al., 2009; Tay et al., 2005). Kif7 

interacts with Gli proteins and exerts both positive and negative regulatory roles in Hh 

signaling (Endoh-Yamagami et al., 2009; Liem et al., 2009). Kif7 localizes at the base of the 

primary cilium (PC) in the absence of Hh ligand, but moves into the PC and is important for 

Gli2 and Gli3 accumulation at the cilium tip when the pathway is stimulated. A recently 

proposed model incorporates Kif7 phosphorylation with these earlier observations of Kif7 

signal transduction (Liu et al., 2014). When the Hh pathway is inactive, Kif7 is 
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phosphorylated and enriched at the base of the PC, while trafficking of Kif7 and Gli into the 

cilium is limited. When the pathway is activated, the scaffolding protein PPFIA1 and the 

phosphatase PP2A are recruited to and dephosphorylate Kif7, leading to increased 

localization of Kif7 and Gli proteins at the PC tip, Sufu dissociation from Gli proteins, and 

Gli activation. An intriguing addendum to this model comes from the Anderson group, who 

recently proposed that a major role for Kif7 in Hh signaling is to control cilium length and 

architecture (He et al., 2014a). In this role, Kif7 ensures that a single cilium tip compartment 

is established where Gli and Sufu can localize for signal transduction. As discussed below, 

functional primary cilia are crucial for proper Hh signal transduction. Accordingly, 

understanding the roles of Kif7 in Hh signaling requires integrating the direct impact of Kif7 

on pathway components with additional contributions of Kif7 activity in cilium assembly.

Gli transcription factors

Graded levels of Hh signaling trigger the expression of different sets of response genes, 

depending on the ratio of Gli activator (GliA) and Gli repressor (GliR) forms (reviewed in 

Hui and Angers, 2011). In vertebrates, there are three Gli gene family members: Gli1, Gli2, 

and Gli3. Gli1 is a Hh response gene that exists only as a transcriptional activator and 

functions in a positive feedback loop upon pathway activation. Gli2 functions primarily as a 

transcriptional activator, while Gli3 serves as the primary transcriptional repressor. Multiple 

mechanisms control GliA and GliR functions, including the regulation by Sufu and Kif7 

described above. Post-translational modifications of Gli proteins, including phosphorylation, 

acetylation, ubiquitination, and sumoylation, also affect Gli output. Here, we review our 

current understanding of the Gli phosphorylation code.

In the absence of Hh ligand, full-length Gli (GliFL) is phosphorylated by protein kinase A 

(PKA), glycogen synthase kinase 3 (GSK3), and CK1 (Pan et al., 2006; Pan et al., 2009; 

Tempé et al., 2006). Hyperphosphorylated GliFL is bound by the adaptor protein β-TrCP, 

and the resulting complex is ubiquitinated by a Cul1-based E3 ligase and targeted for 

proteasomal processing to form a truncated transcriptional repressor (GliR) (Wang and Li, 

2006). Alternatively, GliFL may also be completely degraded by the proteasome, facilitated 

by Spop-mediated Cul3-based E3 ligase ubiquitination (Wang et al., 2010). Gli2FL 

phosphorylation predominantly induces complete proteasomal degradation, while 

phosphorylated Gli3FL is more efficiently processed into Gli3R (Pan and Wang, 2007). Smo 

activation blocks Gli proteolysis and simultaneously promotes Gli activator function.

The unique patterns of Gli2/3 phosphorylation may be important for converting differences 

in Hh signal strength into discrete states of Gli activity. PKA phosphorylation of six 

conserved serine residues (P1-6) on Gli2/3 drives GliR and inhibits GliA formation 

(Niewiadomski et al., 2014). Interestingly, selective phosphorylation of the first four PKA 

sites (P1-4) is sufficient to target processing of full-length Gli into GliR, while inhibition of 

GliA requires phosphorylation of all six PKA sites. Smo activation reduces phosphorylation 

at P1-6, which allows PKA-independent Gli phosphorylation at a different cluster of serine/

threonine sites (Pc-g) and results in full transcriptional activation of Gli2/3.

While Gli1 is not subject to PKA-mediated proteasomal processing, several other kinases 

have been shown to alter Gli1 function. Phosphorylation of Gli1 by atypical protein kinase C 
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ι/λ (aPKC-ι/λ) promotes maximal Gli1 DNA binding and transcriptional activation 

(Atwood et al., 2013). Gli1 is also phosphorylated by AMP-activated protein kinase 

(AMPK), which induces Gli1 degradation (Di Magno et al., 2016; Li et al., 2015). 

Importantly, regulation of Gli1 by the energy sensor AMPK links cellular metabolic state to 

Hh transcriptional output, which may be crucial for the developmental roles of this pathway.

cAMP and PKA

Cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) is a master 

negative regulator of the Hh pathway. Both Sufu and Gli2/3 transcription factors are 

phosphorylated by PKA. Sequential phosphorylation of Sufu by PKA and GSK3 stabilizes 

Sufu in a complex with Gli2/3 that moves into the primary cilium (PC) in response to Hh 

ligand (Chen et al., 2011b). The roles of PKA in Gli2/3 phosphorylation and proteolysis 

were described above.

Many inputs modulate PKA activity and thereby affect Hh pathway output. For example, 

production of cAMP by adenylyl cyclase and degradation of cAMP by phosphodiesterases 

can promote and attenuate PKA activity, respectively. Recently, degradation of cAMP was 

mechanistically linked to signaling by transmembrane neuropilin (Nrp) receptors (Ge et al., 

2015). The Nrp ligand Semaphorin3 (Sema3) promotes interaction of phosphodiesterase 4D 

(PDE4D) with the Nrp cytoplasmic domain. Sema3-Nrp mediated translocation of PDE4D 

to the plasma membrane brings this phosphodiesterase close to the site of cAMP production 

and thus permits efficient hydrolysis of cAMP. While Sema3 alone cannot stimulate Hh 

signal transduction, the Sema3-Nrp-PDE4D axis enhances signaling that has been activated 

by Shh. Importantly, Shh pathway activation functions in a positive feedback loop to 

increase Nrp1 expression, although Nrp1 is not a direct target of Gli transcription factors 

(Hillman et al., 2011). Instead, in many cellular contexts, Hh-dependent Nrp1 expression is 

positively regulated by the Eya1 phosphatase and the Six1 transcription factor (Eisner et al., 

2015). Interestingly, while Eya1, Six1, and Nrp promote Gli2-dependent transcription, they 

do not alter Shh-dependent inhibition of Gli3R.

In a pivotal study, production of cAMP was mechanistically coupled to Hh signaling via the 

orphan GPCR, Gpr161 (Mukhopadhyay et al., 2013). In the absence of Shh ligand, Gpr161 

localizes to the PC and promotes increased levels of cAMP, probably via Gαs-mediated 

activation of adenylyl cyclase. In the presence of Shh ligand, Gpr161 is removed from cilia, 

preventing cAMP production and thus promoting pathway activation. A recent update on 

Gpr161 further elucidates the molecular mechanisms by which it is removed from the PC 

(Pal et al., 2016). Importantly, Gpr161 unifies many components of Shh signaling: ligand 

stimulation, PKA regulation, and roles of the PC, which are reviewed in more detail below.

The primary cilium (PC) in Hh signaling

The core components of vertebrate Hh signaling, including Ptch1, Smo, Sufu, Kif7, and Gli 

proteins, dynamically localize to the PC (reviewed in Nozawa et al., 2013; Goetz and 

Anderson, 2010). Upon Hh ligand binding, Ptch1 exits the base of the PC, while Smo 

accumulates within the cilium. Pathway activation also promotes Sufu-Gli complex 

movement into the PC where they dissociate, resulting in concurrent enrichment of Gli in 
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the distal tip of the cilium and Gli translocation to the nucleus. Smo translocation and Gli 

dissociation demonstrate positive regulation of Hh signaling via the PC. Cilia also 

participate in pathway inhibition by mediating the proteolytic processing of GliFL into GliR 

that turns off target genes. Thus, mice with defective or absent cilia display functional loss 

or altered ratios of GliA/R (Goetz and Anderson, 2010).

Precise localization of proteins within the PC is important for signal transduction. For 

example, the EvC zone, named after Ellis-van Creveld Syndrome, is located at the base of 

the PC and defines a distinct compartment where Smo accumulates in response to Hh 

ligands by binding to the proteins EVC and EVC2. Anchoring of the EVC-EVC2 complex 

to the EvC zone is required for activation of Gli2 but not for regulating levels of Gli3R 

(Pusapati et al., 2014). This type of GliA/GliR signaling bifurcation downstream of Smo has 

also been demonstrated for the ciliary basal body-localized protein Dlg5 (Discs large, 

homolog 5) (Chong et al., 2015). Upon ligand stimulation, Dlg5 interacts with Smo to 

promote Kif7 and Gli2 ciliary accumulation and Gli2 activation, but Dlg5 is not required for 

suppression of GliR formation. Subciliary localization of Hh signaling regulators such as 

Dlg5 and EvC complex proteins may help coordinate the contributions of GliA/GliR 

functions in response to different levels of pathway activation.

Recent work has highlighted how the lipid composition of the PC contributes to trafficking 

and signaling of Hh pathway components. The phosphoinositide PI(4)P is enriched in the 

ciliary membrane, whereas both PI(4)P and PI(4,5)P2 are found in the plasma membrane 

(Chavez et al., 2015; Garcia-Gonzalo et al., 2015). This distinct lipid composition of the PC 

is maintained by the cilium-localized phosphatase, Inpp5e, which dephosphorylates ciliary 

PI(4,5)P2 into PI(4)P. Loss of Inpp5e results in PI(4,5)P2 accumulation at the ciliary 

membrane, which in turn recruits and maintains Tubby-like protein 3 (Tulp3) and its 

interacting intraflagellar transport (IFT-A) proteins in the PC. Importantly, the negative Shh 

regulator Gpr161, discussed above, uses Tulp3 and IFT-A complex to traffic into cilia and 

therefore also accumulates in the PC upon Inpp5e loss. Ciliary accumulation of Gpr161 in 

Inpp5e mutants is accompanied by increased cAMP levels and hindered Shh target gene 

activation. Inpp5e loss also impairs Gli3 accumulation at the ciliary tip following pathway 

stimulation, but does not affect Smo trafficking. Thus, Inpp5e establishes a distinct 

phosphoinositide composition in the PC, which limits ciliary accumulation of negative Shh 

regulators and therefore permits ligand-induced Shh signal transduction.

Studies on the phosphoinositide PI(3)P provide further evidence linking localized lipid 

dynamics with PC function (Franco et al., 2014). The lipid kinase, PI3K-C2α, is enriched at 

the ciliary base, where it regulates the generation of a localized pool of PI(3)P. This pool of 

PI(3)P is necessary for pericentriolar localization and activation of Rab11, which triggers 

Rab8-dependent protein cargo entry into cilia and is necessary for proper ciliary elongation. 

Loss of PI3K-C2α causes reduced Smo ciliary accumulation and reduced pathway activation 

in response to ligand. In these and other studies that disrupt ciliary composition, it is 

important to note that the observed effects on Hh signaling can at times be difficult to isolate 

in the context of general PC dysfunction.
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Drivers of Hh-dependent tumors: basal cell carcinoma and 

medulloblastoma

An early link between Hh signaling and cancer was the discovery that inherited loss-of-

function mutations in PTCH1 are responsible for nevoid basal cell carcinoma syndrome 

(NBCCS), also called Gorlin syndrome (Hahn et al., 1996; Johnson et al., 1996). This 

autosomal dominant disease is characterized by predisposition to basal cell carcinomas 

(BCCs) in the skin, as well as higher incidence of other neoplasms, especially 

medulloblastoma (MB). Although Gorlin syndrome is rare, sporadic BCC is the most 

common human cancer. Sporadic BCC is associated with UV exposure and is also driven by 

aberrant activation of Hh signaling.

Another connection between Hh signaling and cancer is evident in the brain tumor MB. 

Approximately 30% of all MB cases are characterized by a SHH molecular signature 

(Taylor et al., 2012). The role of Shh signaling in MB formation is in some ways not 

surprising given the mitogenic role of Shh ligand in driving massive proliferation of granule 

neuron progenitors (GNPs) in the developing cerebellum (Wechsler-Reya and Scott, 1999). 

If the Shh pathway is constitutively activated in GNPs, proliferation persists beyond the 

normal developmental period and can lead to formation of MB (Goodrich et al., 1997; 

Hatton et al., 2008).

Besides BCC and MB, Hh pathway aberrations and/or activation have been detected in many 

other cancers and include ligand-dependent and independent, as well as non-canonical Hh 

signaling (reviewed in Amakye et al., 2013; Barakat et al., 2010; Teglund and Toftgard, 

2010). In some instances, tumor initiation and/or survival directly require Hh signaling 

(BCC, MB, and possibly rhabdomyosarcoma). Other cancers may not exhibit mutations that 

activate Hh signaling and drive oncogenesis but Hh signaling may instead modulate tumor 

growth and malignant behavior. This is the case in pancreatic ductal adenocarcinoma 

(PDAC), where Hh signaling is active in the tumor stroma and may promote or limit tumor 

growth depending on the level of signaling (Mathew et al., 2014; Tian et al., 2009). 

Furthermore, pathway activation does not always correlate with favorable treatment potential 

of Hh pathway inhibitors, as has been demonstrated in studies examining PDAC (Lee et al., 

2014a). Studies and controversies surrounding the contributions of Hh signaling to several 

cancers have been reviewed elsewhere (see Barakat et al., 2010; Teglund and Toftgard, 

2010). Here, we focus on the contributions of reported ligand-independent Hh pathway 

drivers in BCC and MB (Figure 2).

Receptors: Ptch1, Boc, and Smo

As discussed above, Ptch1 suppresses Hh signaling in the absence of ligand whereas Smo 

activates the pathway in response to ligand binding to Ptch1. Functional loss of Ptch1 or 

activating mutations in Smo drive tumorigenesis in BCC and MB mouse models, 

demonstrating the causative roles of these genes in tumor onset (Goodrich et al., 1997; 

Hatton et al., 2008; Nitzki et al., 2012; Xie et al., 1998). High frequencies of somatic 

mutations in PTCH1 (~70-90%), and to a lesser extent SMO (~10-20%), are reported in 

human BCCs (Bonilla et al., 2016; Sekulic and Von Hoff, 2016). PTCH1 mutations (~45%) 
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and frequent chromosomal loss of the PTCH1 locus are also found in SHH-MB, whereas 

SMO mutations (~14%) are less common and are highly enriched in adult versus pediatric 

patients (Kool et al., 2014).

Another Hh receptor, Boc, was recently implicated in potentiating the progression of early 

tumorigenic lesions in Ptch1+/− mice into advanced MB (Mille et al., 2014). Since Boc is a 

transcriptional target of Gli1, this early progression to advanced MB seems to rely on a 

positive feedback loop in which Shh stimulated Boc expression further potentiates Shh 

signaling, proliferation, and DNA damage for MB progression. The functions of Ptch1, 

Smo, and Boc require signaling through the primary cilium both during normal development 

and in tumors.

Negative regulators: Sufu and PKA

As described above, Sufu opposes Hh-dependent gene transcription by sequestering Gli 

proteins in the cytoplasm. Therefore, loss of Sufu function is expected to drive 

tumorigenesis. Interestingly, targeted Sufu inactivation in mouse skin results in G2/M cell 

cycle arrest and little or no formation of BCCs (Li et al., 2014). Moreover, Sufu+/− mice are 

not tumor prone, but Sufu+/−p53−/− mice develop MB with Sufu loss of heterozygosity (Lee 

et al., 2007). Although these murine models suggest that Sufu loss alone is not sufficient for 

tumorigenesis, germline SUFU mutations in both BCC and MB patients strongly indicate 

that it is indeed an authentic tumor suppressor gene (Kool et al., 2014; Smith et al., 2014). In 

BCC, SUFU mutations are rare (<10% somatic) (Bonilla et al., 2016; Sekulic and Von Hoff, 

2016). In SHH-MB, SUFU mutations occur (~14%), with the majority of these found in 

infants (0-3 years old) (Kool et al., 2014).

Reduced activity of the master negative regulator PKA also drives oncogenic Hh signaling. 

This has been well demonstrated by recent studies on the tumor suppressor GNAS, which 

encodes the G protein Gαs that can promote cAMP-dependent PKA activity. Gnas loss in 

murine cerebellar or brainstem progenitors induced formation of MBs with a SHH gene 

signature (He et al., 2014b). Similarly, epidermal deletion of Gnas induced rapid formation 

of BCC-like lesions (Iglesias-Bartolome et al., 2015). While both studies attribute 

oncogenesis to reduced PKA activity, other downstream effects of Gαs loss such as YAP1 

activation (Iglesias-Bartolome et al., 2015) or PKA-independent effects on Hh signaling (He 

et al., 2014b) may contribute to tumor formation. Importantly, GNAS mutations have been 

reported in human MB (Huh et al., 2014; Kool et al., 2014) and low expression of GNAS 
defines a particularly aggressive subset of SHH-MB (He et al., 2014b).

Nuclear regulators: Transcription factors and epigenetic modifiers

We discussed above the upstream signaling mechanisms that modulate the activity of Gli 

transcription factors to affect Hh pathway output. Aberrant activation of Gli-mediated 

transcription can bypass such tightly-regulated control and promote Hh-driven tumor growth 

independent of upstream modulators and the primary cilium. For instance, expression and 

activation of the previously mentioned positive Gli1 regulator, aPKC-ι/λ, is upregulated in 

mouse and human BCCs and is necessary for BCC cell growth (Atwood et al., 2013). 

Moreover, increased activity of aPKC-ι/λ may be a mode of resistance to upstream targeting 
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with Smo inhibitors. Amplification of the MYCN transcription factor, itself a target of Hh 

signaling, is also implicated in driving MB formation and mediating Smo inhibitor 

resistance (Hatton et al., 2006; Kenney et al., 2003; Kool et al., 2014). Similarly, 

amplification of GLI2 can drive oncogenesis and resistance. About 8% of BCC and SHH-

MB have GLI2 amplification (Bonilla et al., 2016; Kool et al., 2014). In MB, GLI2 
amplifications were identified in children ages 4-17 and predominantly co-occured with 

TP53 mutations.

TP53 is one of the most frequently mutated genes in cancer overall and is often mutated in 

BCC and SHH-MB. This gene codes for the p53 protein, which is important for maintaining 

genomic stability both via its roles as a transcription factor and via nuclear-independent 

roles. Between 30-70% of BCCs (Bonilla et al., 2016; Jayaraman et al., 2014) and 10-20% 

of SHH-MB (Kool et al., 2014; Zhukova et al., 2013) are reported to have mutations in 

TP53. SHH-MB patients with mutant TP53 are considered at increased risk for adverse 

outcome, with five-year survival reduced by almost half for these patients (Zhukova et al., 

2013). Also, TP53-mutated MBs have a high overall mutation rate and some undergo 

chromothrypsis, massive chromosomal rearrangements that are typically associated with 

poor survival in multiple cancers (Rausch et al., 2012).

Besides genetic alterations, epigenetic mechanisms also contribute to Hh signaling and MB. 

For instance, Shh ligand can induce an epigenetic cofactor switch at target genes (Shi et al., 

2014). Before induction, poised target genes are marked by an active H3K4me3 mark and a 

repressive H3K27me3 mark that is maintained by the H3K27 methyltransferase polycomb 

repressive complex 2 (PRC2). Shh activation recruits the Jmjd3 complex, which displaces 

PRC2, removes H3K27me3, and enlists the Set1/MLL H3K4 methyltransferase complex to 

activate gene expression. Importantly, Jmjd3 promotes Shh-dependent cerebellar precursor 

proliferation and is required for Shh-subtype MB cell growth. Beyond this specific example, 

genomic data indicates a high prevalence of somatic alterations for chromatin-modifying 

genes in MB (Batora et al., 2014). Thus, broad interrogation of the MB epigenetic 

landscape, such as recently reported by Lin et al., may reveal additional epigenomic 

contributions to the underlying tumor biology (Lin et al., 2016).

Targeting Hh activation in tumors

Hh signaling can be targeted at many levels, from blocking Hh ligands with antibodies to 

chemically inhibiting Gli function (Figure 2) (Amakye et al., 2013). The largest and most 

clinically advanced group of Hh signaling inhibitors antagonizes the functions of Smo. 

Cyclopamine and jervine were the first identified Smo inhibitors. These compounds were 

initially isolated from corn lilies and verified as the teratogens responsible for various birth 

defects in the offspring of sheep who ingested the poisonous plants (reviewed in Lee et al., 

2014b). Some Smo inhibitors are derivatives of cyclopamine with improved pharmacologic 

properties. High throughput, in vitro screening has led to the identification of other, more 

potent Smo inhibitors like vismodegib (see Mas and Ruiz i Altaba, 2010; Scales and de 

Sauvage, 2009). In 2012, vismodegib was the first-in-class US Food and Drug 

Administration (FDA)-approved Smo inhibitor for the treatment of locally advanced, 

unresectable, and metastatic BCC. In 2015, sonidegib was also approved for locally 
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advanced BCC. These and other Smo inhibitors are currently in clinical trials for other 

cancers, including MB.

Clinical studies with Smo inhibitors

Phase I clinical trials with vismodegib for advanced solid tumors, including BCC and MB, 

offered initial indications that Smo inhibition was tolerable and in some cases effective for 

Hh-dependent tumors. These reports led to the ERIVANCE BCC phase II trial that secured 

vismodegib FDA approval (Sekulic et al., 2012). A 12-month follow-up to the primary 

ERIVANCE analysis was published last year, confirming efficacy and safety for vismodegib, 

with demonstrated durability of response (Sekulic et al., 2015). Also published last year was 

an interim analysis of the STEVIE trial, the largest vismodegib-treated patient series with 

advanced BCC reported to date (Basset-Seguin et al., 2015). Based on the collective data, 

overall vismodegib response rates for locally advanced and metastatic BCC are ~45-70% 

and ~30-40%, respectively. Common adverse events include muscle spasms, alopecia, and 

taste disturbance. These symptoms are consistent with the expected consequences of 

reducing Hh signaling in tissues that require this pathway in adulthood. Less frequent, but 

more serious adverse events and treatment discontinuation due to adverse events are also 

reported for vismodegib. Furthermore, efficacy can be transient due to outgrowths of 

resistant tumors. Clinical trials with other Smo inhibitors, including sonidegib and IPI-926, 

consistently cite similar anti-tumor activity and toxicity profiles (Jimeno et al., 2013; 

Migden et al., 2015; Rodon et al., 2014). Preclinical models have also revealed 

developmental bone and dental toxicities after Smo inhibition and continued monitoring of 

pediatric patients for such toxicities will be needed (Kimura et al., 2008; Robinson et al., 

2015).

Clinical trials in SHH-MB also indicate varied rates and durations of responses. A Phase I 

study of vismodegib in children with recurrent or refractory MB demonstrated complete but 

transient response in 1 out of 3 SHH-MB patients and no responses in any of the 13 non-

SHH patients (Gajjar et al., 2013). In follow-up Phase II trials, 43 adult and pediatric 

patients with recurrent MB from all four subgroups were treated with vismodegib (Robinson 

et al., 2015). Decreased tumor size was observed only in SHH-MB patients, and 

progression-free survival was longer in patients with SHH-MB versus those with non-SHH-

MB. Unfortunately, all responses in SHH-MB patients were transient (~3-16 months before 

disease progression). Analysis of samples either pre- or post-treatment identified some likely 

causes of the observed resistance, including 3 patients with SUFU mutations and 3 patients 

with GLI2 amplifications.

Mechanisms of clinical resistance to Smo inhibitors

The first functionally characterized case of clinically acquired resistance to Smo inhibition 

was reported in a patient with widespread, metastatic MB who initially showed dramatic 

tumor regression with vismodegib (Rudin et al., 2009). The patient rapidly relapsed due to a 

SMO mutation that abrogated drug binding (Yauch et al., 2009). Beyond this case and the 

clinical trials data summarized above, there is limited information on resistance in MB due 

to the low numbers of patients treated with Smo inhibitors. Although advanced BCC is also 

rare, there is relatively more information on resistance for these patients.

Pak and Segal Page 10

Dev Cell. Author manuscript; available in PMC 2017 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, two studies reported extensive genomic and functional analyses that reveal key 

concepts of Smo inhibitor resistance in BCC (Atwood et al., 2015; Sharpe et al., 2015). 

First, reactivation of Shh signaling is the predominant form of resistance, solidifying BCC 

addiction to the Hh pathway. This observation contrasts with other cancers that can hijack 

oncogenic signaling from multiple pathways. Second, the most common resistance 

mutations in BCCs involve the drug target Smo (~50-69% of resistant BCCs). Third, there 

are two classes of SMO mutations—those in proximity to the SMO drug binding pocket and 

those located distally. Finally, some resistant tumors harbor mutations in other Hh pathway 

genes, including regulatory units of the cAMP/PKA signaling axis, GLI2 amplification, and 

homozygous SUFU mutations.

Overall, studies to date indicate that Hh signaling activation downstream of Smo inhibition 

is a common mechanism of resistance in both BCC and SHH-MB. This may signify a 

preferred dependence on the Hh pathway in these tumors and/or a limited range of 

mechanisms that can confer survival advantage under the selective pressure of Smo 

antagonists. This hypothesis could also explain the observed prevalence of SMO mutations 

in resistant BCCs. Similarly, mutations in the drug target are frequently observed as a major 

resistance mechanism in other targeted cancer therapies (Pagliarini et al., 2015). Moreover, 

Atwood et al. suggest that the overall proportion of resistant SMO mutations in BCCs is 

high because only one copy of SMO is required to elicit pathway activity (Atwood et al., 

2015).

Since BCC is a relatively slow-growing cancer and is also one of the most mutated human 

cancers (Atwood et al., 2015; Bonilla et al., 2016), more time and larger patient populations 

may reveal novel insights on tumor biology and drug resistance. For example, a recent report 

on a large cohort of BCCs identified novel candidate tumor drivers beyond Hh pathway 

genes, which may explain some of the clinically different responses to Smo inhibition 

(Bonilla et al., 2016). Likewise, transcriptome analyses and whole genome sequencing have 

shown extensive heterogeneity within SHH-MB (Kool et al., 2014; Northcott et al., 2011). 

Identifying and classifying this heterogeneity may prove useful for predicting and 

understanding resistance.

Preclinical studies on resistance to Smo inhibitors

Clinical efficacy is the ultimate test for Smo inhibitors. Nonetheless, preclinical models are 

valuable for predicting the tumor-specific limitations of these inhibitors and possible 

mechanisms of therapeutic resistance. Early preclinical studies confirmed Smo mutations 

and Gli2 amplifications in murine models of MB resistance (Buonamici et al., 2010). They 

also indicated that PI3K/AKT signaling, which regulates processes like cell growth and 

proliferation, is associated with resistance. Combined treatment with a PI3K inhibitor and a 

Smo inhibitor delayed or prevented the emergence of resistance in vivo. Furthermore, 

genomic loss of Pten, a negative regulator in PI3K/AKT signaling, can contribute to 

vismodegib resistance in Hh-driven models of MB (Metcalfe et al., 2013). Recently, studies 

with murine tumors and patient-derived xenografts suggested that elevated PI3K signaling 

may help support treatment-resistant CD15+ cancer stem cells residing as a subpopulation 

within SHH-MBs (Singh et al., 2016). Therefore, PI3K/AKT signaling could compromise 
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treatment with Smo inhibition. Importantly, these studies have clinical relevance since 

patients with SHH-MB harbor recurrent mutations in PTEN, PIK3CA, and PIK3C2G and 

analysis of SHH-MB tumors shows functional activation of PI3K signaling in >10% of 

samples (n=155) (Kool et al., 2014). Thus, combination or sequential treatment with Hh and 

PI3K inhibitors may improve prognosis for some SHH-MB patients.

We recently demonstrated that activation of the RAS/MAPK pathway can also cause 

resistance to Smo inhibitors by suppressing Shh signaling and shifting tumor cell 

dependence to Ras signaling (Zhao et al., 2015). RAS/MAPK-mediated resistance was 

characterized by increased metastatic potential of tumor cells. Notably, RAS/MAPK 

activation in a metastatic MB lesion and in three resistant BCC tumors provides clinical 

relevance for these findings.

Another type of resistance reported in SHH-MB is mediated by rare, quiescent Sox2+ cells 

that have the potential to re-populate the tumor via self-renewal and differentiation (Vanner 

et al., 2014). Expression of the Sox2 transcription factor has previously been associated with 

SHH-MB and shown to drive tumor cell proliferation (Ahlfeld et al., 2013). Sox2+ cell 

populations can be enriched following treatment with either Smo inhibitors or other anti-

proliferative agents.

Targeting Hh signaling beyond Smo inhibition

Since resistance to Smo inhibitors can occur, other options for treating Hh-dependent tumors 

are needed. Two FDA-approved drugs have been identified as inhibitors of the Shh pathway: 

the antifungal agent itraconazole and arsenic trioxide (ATO), which is used for treatment of 

acute promyelocytic leukemia (Kim et al., 2010b; Kim et al., 2010a). Itraconazole is thought 

to inhibit Smo at a site distinct from the critical site bound by cyclopamine, vismodegib, or 

sonidegib. ATO inhibits Gli2 ciliary accumulation and promotes its degradation. Either 

single or combination treatment with itraconazole and ATO inhibits Hh signaling and tumor 

growth in sensitive and resistant tumors (Kim et al., 2013). However, for some SMO mutant 

tumors, these drugs showed only partial inhibition or eventual tumor regrowth. Both 

itraconazole and ATO have entered clinical trials for BCC.

Recently, inhibition of BET bromodomain proteins (BRD2-BRD4 and BRDT) was 

evaluated for Shh-dependent tumors (Long et al., 2014; Tang et al., 2014). BET proteins 

facilitate gene transcription by binding to specific chromatin sites and interacting with 

transcription elongation factors and RNA polymerase II. Tang et al. showed that Brd4 

occupancy at Gli promoters was increased with Hh pathway activation and blocked by the 

BET protein inhibitor JQ1 (Tang et al., 2014). Either Brd4 knock-down or addition of JQ1 

reduced cell viability, proliferation, and Hh activity in patient-derived tumor cells that were 

resistant to Smo inhibitors. JQ1 also reduced tumor growth and increased animal survival in 

MB and BCC tumor allograft models. Additional studies found that JQ1 was effective at 

reducing cell proliferation and tumor growth of MYC-amplified MBs that were not of the 

SHH subgroup (Bandopadhayay et al., 2014). Thus, BET inhibitors may be applicable for 

targeting several oncogenic pathways in MB tumors.

Pak and Segal Page 12

Dev Cell. Author manuscript; available in PMC 2017 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several other inhibitors that work downstream of Smo offer alternatives for resistant tumors. 

Small molecules that block Gli function either directly or by blocking Gli interaction with 

co-activators have been proposed (Bosco-Clement et al., 2014; Lauth et al., 2007). As 

previously discussed, aPKC-ι/λ promotes BCC growth and may mediate Smo inhibitor 

resistance. Importantly, preclinical data indicates that treatment with a myristoylated aPKC 

peptide inhibitor (PSI) is effective against sensitive and resistant BCCs (Atwood et al., 

2013). Targeting Hh signaling at the cAMP-dependent PKA node is another strategy. For 

instance, phosphodiesterase inhibitors may block cAMP degradation and thereby increase 

activity of the negative Hh pathway regulator PKA. In vivo phosphodiesterase inhibition was 

shown to oppose the growth of Smo inhibitor resistant MB (Ge et al., 2015) as well as Shh-

MB driven by loss of Gnas (He et al., 2014b). In considering these alternatives, 

demonstration of target specificity and/or specificity for Shh-dependent tumors will be 

important.

Conclusions

Here, we reviewed the framework of Hh signal transduction. Recent work has elucidated 

many molecular mechanisms of pathway modulation: ligand-induced Ptch1 removal from 

the cell surface, lipid effects on Smo activity, Kif7 phosphorylation and contributions to 

cilium assembly, regulation of the cAMP/PKA node, and protein localization and trafficking 

in the primary cilium. We also reviewed components of the pathway that are implicated in 

driving Hh-dependent tumors, specifically BCC and MB.

Profiling of human tumors has helped efforts to understand the roles of Hh signaling in 

oncogenesis. Importantly, such work has indicated that there is vast heterogeneity among 

tumor drivers and behavior in SHH-MB. For instance, as discussed, age correlates with 

certain types of mutations: young children have SUFU mutations while adults harbor SMO 
mutations. This may in part reflect germline mutations in SUFU that confer a hereditary 

predisposition for MBs to present early in life. Other factors that may contribute to age-

associated tumor heterogeneity include differences in cells of origin and the contribution of 

the microenvironment at different developmental stages. Dependence on other pathways and 

co-existing mutations in other genes like TP53 also contribute to tumor differences across 

and within the same age groups.

Entry of Smo inhibitors into the clinic has also enriched our understanding of Hh signaling 

in cancer. Smo inhibitors constitute the first type of targeted therapy for Hh-dependent 

tumors and can elicit robust responses in some tumors. However reports of adverse events 

also suggest that treatment with Smo inhibitors is not a sustainable, long-term solution for 

tumor management. This reasoning is further emphasized by evidence for both primary and 

acquired resistance. Reactivation of Hh signaling either by mutation of the drug target Smo 

or downstream pathway activation is the most common form of resistance. Thus, 

downstream inhibitors of Hh signaling are being explored. Preclinical models have also 

implicated other mechanisms of resistance, including PI3K/AKT and RAS/MAPK signaling, 

and thus encourage evaluation of combination therapies targeting multiple pathways. Given 

the heterogeneity of MB and high mutation rate of BCCs, in time we may discover that other 

pathways contribute to Hh-driven oncogenesis and resistance. Additionally, a new 
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generation of Hh pathway inhibitors that builds on the lessons learned from Smo inhibitors 

and focuses on nuclear events in the pathway will likely provide further insights on Hh 

signaling regulation and enable new cures.
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Figure 1. The evolving complexity of Hedgehog (Hh) signal transduction
A simplistic view of Hh signal transduction is portrayed in the upper panels. Recent updates 

on Hh signaling are depicted in the lower panels. (A) In the absence of Hh ligand, Ptch1 

inhibits Smo activation and ciliary localization. Low levels of Kif7, Sufu, and full-length Gli 

(GliFL) enter the primary cilium (PC), which promotes GliFL processing into a repressor 

form (GliR) after phosphorylation by PKA, GSK3, and CK1. GliR blocks transcription of 

Hh target genes. (B) When Hh ligand binds Ptch1, both ligand and receptor are internalized 

and degraded. Smo is phosphorylated by CK1 and GRK2, assumes an active conformation, 
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and moves into the primary cilium (PC). Kif7, Sufu, and Gli also accumulate in the PC, 

where activated Smo promotes Sufu-Gli dissociation and activation of Gli (GliA). GliA 

shuttles into the nucleus and induces target gene transcription. (C) The PC-localized 

phosphatase, Inpp5e, maintains a PC lipid composition enriched with the phosphoinositide 

PI(4)P, which regulates ciliary localization of Hh pathway modulators such as the orphan 

GPCR, Gpr161. In the absence of Hh ligand, Gpr161 localizes to the PC and promotes 

production of cAMP, likely via Gαs-mediated activation of adenylyl cyclase, thereby 

repressing Hh signaling. In the nucleus, the PRC2 complex maintains repressive H3K27me3 

to block target gene expression. (D) Hh ligand binding to Ptch1 promotes Smurf-mediated 

ubiquitination, endocytosis, and degradation of Ptch1. Smo becomes activated and its 

activity can be enhanced by lipid-based modulators, such as oxysterols, which bind to an 

extracellular domain in Smo. Activated Smo translocates to the PC and can localize at a 

specialized compartment called the EvC zone; from here Smo transmits signals to activate 

Gli. Hh stimulation also promotes the formation of a Kif7 complex with the scaffolding 

protein PPFIA1 and the phosphatase PP2A, resulting in Kif7 dephosphorylation and 

translocation to the tip of the PC. In the nucleus, Hh activation recruits Jmjd3, which 

activates target genes by displacing PRC2, enzymatically removing H3K27me3, and 

recruiting the Set1/MLL H3K4 methyltransferase complex. Also, active Hh signaling 

induces Eya1/Six1-mediated transcription of Nrp. The Nrp ligand Sema3 promotes 

recruitment of the phosphodiesterase PDE4D to the Nrp cytoplasmic domain, where it 

degrades cAMP and therefore reduces PKA levels.
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Figure 2. Drivers, drug targets, and resistance mechanisms in oncogenic Hh signaling
(A) Tumor suppressors (red) and oncogenes (green) that have been reported in preclinical 

and some clinical settings to cause or maintain basal cell carcinoma (BCC) and 

medulloblastoma (MB) are shown. Stars (activating or inactivating mutations) and arrows 

(genomic amplifications) indicate pathway components implicated in resistance to Smo 

inhibitors. Examples of Hh pathway-targeted therapies described in this review are indicated 

in white boxes. (B) Summary of preclinical and clinical evidence for Hh pathway oncogenic 

drivers in BCC and MB; Smo inhibitor efficacy, toxicity, and resistance; and alternate drug 
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targets under development. GOF, gain-of-function; LOF, loss-of-function. References are an 

abridged selection (see text for a more comprehensive list of references).
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