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Abstract

The Hedgehog (HH) signaling pathway was discovered originally as a key pathway in embryonic
patterning and development. Since its discovery, it has become increasingly clear that the HH
pathway also plays important roles in a multitude of cancers. Therefore, HH signaling has
emerged as a therapeutic target of interest for cancer therapy. In this review, we provide a brief
overview of HH signaling and the key molecular players involved and offer an up-to-date
summary of our current knowledge of endogenous and exogenous small molecules that modulate
HH signaling. We discuss experiences and lessons learned from the decades-long efforts toward
the development of cancer therapies targeting the HH pathway. Challenges to develop next-
generation cancer therapies are highlighted.

Introduction

As with several signaling pathways, the HH pathway is essential for embryonic and stem
cell programs, but pathway action is also linked to cancer, in particular, in maintaining
tumor-initiating/stem cells (TISC) (Harris et al., 2012). Activating mutations in HH pathway
components have been documented in medulloblastoma (MB) (Raffel et al., 1997), the most
common childhood brain cancer; in basal cell carcinoma (BCC) (Xie et al., 1998), the most
common cancer in the white population; and in rhabdomyosarcoma (RMS) (Tostar et al.,
2006), the most common pediatric soft tissue cancer. In addition, modulation of the tumor
microenvironment by HH signaling has been argued to play a broader role in several other
cancers, including those of the breast (Mukherjee et al., 2006), lung (Watkins et al., 2003),
liver (Huang et al., 2006), stomach (Berman et al., 2003), pancreas (Thayer et al., 2003),
colon (Varnat et al., 2009), and prostate (Karhadkar et al., 2004). Not surprisingly given
these early findings, HH signaling has emerged as an attractive target for targeted cancer
therapy (Rubin and de Sauvage, 2006). Proof of principle has been demonstrated in the
design of therapeutic approaches to modulate pathway activity in treating invasive BCC
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(Sekulic et al., 2012; Tang et al., 2012; Von Hoff et al., 2009). These initial findings raise
optimism for extending the therapeutic range of HH pathway modulators.

Here, we provide an update on therapeutic development around the HH pathway with a
focus on small-molecule regulators and cancer.

Overview of the HH Signaling Pathway

The hedgehog (hh) gene was discovered over 35 years ago in ground-breaking genetic
screens examining segmental development in the fruit fly, Drosophila melanogaster
(Nusslein-Vol-hard and Wieschaus, 1980). Evolutionary analysis reveals ancient components
were likely repurposed and rearranged into a connected signaling pathway in conjunction
with the emergence of multicellular metazoan life forms over a billion years ago (Hausmann
et al., 2009; Ingham et al., 2011; Wilson and Chuang, 2010). In mammals, the core
components of the HH pathway comprise: three HH ligands (Sonic hedgehog [SHH], Desert
hedgehog [DHH], and Indian hedgehog [IHH]); a 12-pass transmembrane receptor Patched1
(PTCH1); a G-protein-coupled receptor-like seven-pass transmembrane protein Smoothened
(SMO); and three transcription factors (GLI1, GLI2, and GLI3) named from the original
association of one member (GLI1) with glioma (Ingham and McMahon, 2001). The primary
cilium (PC), a subcellular membrane extension with a tubulin scaffold, provides a specific
cellular compartment critical to the distribution and function of many of these pathway
components (Figure 1) (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007).
There are likely diverse roles played by the PC, including the concentration of pathway
components to effectively regulate the signaling response and regulation inherent in unique
features of the organelle itself. For example, recent evidence indicates a distinct lipid
membrane composition for the PC, critical for ciliary function and HH signaling (Chavez et
al., 2015; Garcia-Gonzalo et al., 2015).

In the absence of an HH ligand, PTCH1 localizes to the PC, where it suppresses ciliary
accumulation of SMO, a necessary step for pathway activation in mammals (but not in
Drosophild) (Figure 1) (Rohatgi et al., 2007). Tuning PTCHA1 ciliary intensity by truncating
PTCH’s cytoplasmic tail by varying lengths leads to highly correlated SMO suppression, a
strong indication of a critical role of ciliary PTCH1 in inhibiting SMO activity (Kim et al.,
2015). Upon HH binding, PTCH1 exits the PC, thus relieving the inhibition of SMO and
allowing the translocation of SMO into the PC (Rohatgi et al., 2007). The relationship
between PTCH1 trafficking from the PC and SMO entry and pathway activation remains a
mystery.

An attractive hypothesis based on PTCH1 homology with the resistance-nodulation-division
(RND) family of bacterial membrane transporters posits a role for PTCH1 in the transport of
endogenous small-molecule SMO modulator(s) (Sharpe et al., 2015b). However, a transport
function of PTCH1 has not been demonstrated nor has a bona fide endogenous SMO
activator/inhibitor been identified. Recent studies suggest cholesterol is an endogenous SMO
activator (Byrne et al., 2016; Huang et al., 2016; Luchetti et al., 2016), while others argue
that PTCH1 may mediate secretion of an endogenous SMO inhibitor (or inhibitors), possibly
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a sterol derivative (or derivatives) (Roberts et al., 2016; Sever et al., 2016). This topic is
discussed further in the section on “Endogenous Chemical Modulation of SMO*,

Prior to entering into the PC, SMO interacts with Discs large, homolog 5 (DLG5) at the
basal body; a necessary step for subsequent pathway activation (Chong et al., 2015). Within
the cilia, SMO forms a complex with EVC (Ellis-van Creveld syndrome protein) and EVC2
to transduce the HH signal (Dorn et al., 2012; Yang et al., 2012). The activation of SMO
triggers an intracellular signal transduction cascade that promotes trafficking and processing
of GLI transcription factors in the PC, regulating their transcriptional activity (Liu et al.,
2015; Shi et al., 2014).

The three mammalian GLI proteins share a similar DNA-binding domain comprising five
tandem C2H2 zinc fingers and a C-terminal activation domain; however, only GLI2 and
GLI3 contain N-terminal repressor domains (Aza-Blanc et al., 2000; Dai et al., 1999; Sasaki
etal., 1999). GLI1 encodes a feedforward pathway activator amplifying the activation
response (Lee et al., 1997; Park et al., 2000); G/i1 transcription is entirely dependent on
active HH signaling (Lee et al., 1997; Ruiz i Altaba, 1998). GLI2 and GLI13 form full-length
activators, or when truncated by processing, distinct repressor forms (Pan et al., 2006; Wang
and Li, 2006). Among the targets of direct GLI action are cell fate determinants of tissue
patterning, cell proliferation, and cell survival regulators, as well as a variety of HH pathway
components that act in positive or negative feedback systems (Junker et al., 2014; Peterson
et al., 2012; Vokes et al., 2008).

A number of studies have identified interacting proteins involved in GLI regulation of the
HH pathway. Suppressor of fused (SUFU) and kinesin family member 7 (KIF7) are two core
regulators of mammalian GLI proteins. SUFU negatively regulates the mammalian HH
pathway by cytoplasmic retention of all three GLI proteins (Han et al., 2015; Kogerman et
al., 1999; Stone et al., 1999). SUFU also interacts with GLI2 in the nucleus, inhibiting GLI2
activity (Han et al., 2015). SUFU co-occupies promoters of HH target genes with GLI
proteins and p66p, a chromatin-remodeling factor, and Mycbp, a transcriptional regulatory
factor (Han et al., 2015; Lin et al., 2014). KIF7 is a kinesin protein that acts in anterograde
transport (from base to tip) in the PC (Cheung et al., 2009; Endoh-Yamagami et al., 2009;
Liem et al., 2009; Tay et al., 2005). In addition, a set of kinases, including protein kinase A
(PKA), casein kinase | (CK1), and glycogen synthase kinase 3p (GSK3p), regulate the state
of GLI phosphorylation at the basal body of the PC (Barzi et al., 2010; Fumoto et al., 2006;
Sillibourne et al., 2002).

In the unstimulated state, KIF7 localizes at the base of the PC and prevents GLI2 and GLI13
accumulation within the cilia (Endoh-Yamagami et al., 2009; Liem et al., 2009). GLI2 and
GL13 are phosphorylated by PKA, CK1, and GSK3p, and then processed by the proteasome
into their respective repressor forms, GLI2R and GLI3R (Pan and Wang, 2007; Tempé et al.,
2006; Wang and Li, 2006). In this, a CAMP boost modulated by GPR161, a ciliary G-
protein-coupled receptor localized at the base of PC, may stimulate PKA activity
(Mukhopadhyay et al., 2013). Upon pathway activation, KIF7 movement to the tip of the PC
promotes activation of GL12 and GLI13, most likely countering the action of SUFU (Endoh-
Yamagami et al., 2009; Liem et al., 2009). PKA activity is restrained by decreasing cCAMP
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levels due to the ciliary exit of GPR161 (Mukhopadhyay et al., 2013) and cAMP degradation
by phosphodiesterase 4 (PDE4) (Williams et al., 2015). Above all, dissociation of GLI2 and
GLI3 from SUFU results in fully activated GLI12 and GLI3 (GLI2* and GLI3%), which
translocate to the nucleus and turn on their target genes. In normal HH signaling, most GLI-
dependent activation of HH target genes is mediated by GLI2A (Bai et al., 2002).

Endogenous Chemical Modulation of SMO

The endogenous modulator(s) operating between PTCH1 and SMO remains the major
mystery of the HH field. PTCH1 acts catalytically to suppress SMO, and despite early
reports, to the contrary, it is now accepted that there is no physical interaction between
PTCH1 and SMO (Taipale et al., 2002). Much of the attention has focused on steroidal
metabolites.

SMO activation is impaired through a cholesterol deficiency, either by methyl-p-
cyclodextrin (MBCD) stripping in cell culture, or by functionally perturbing the action of 7-
dehydrocholesterol reductase (DHCR7) converting 7-dehydrocholesterol (7-DHC) to
cholesterol; the genetic underpinning of Smith-Lemli-Opitz syndrome (SLOS) (Blassberg et
al., 2016; Cooper et al., 2003). Sterol depletion also diminishes SMO accumulation on the
PC (Huang et al., 2016). Provocatively, PTCH1 belongs to a diverse family of RND pump
proteins whose bacterial role is to transport diverse molecules such as antibiotics and sterols
across lipid membranes (Davies et al., 2000). PTCH1 also contains a putative sterol-sensing
domain first identified in the context of sterol-sensing regulatory mechanisms governing
sterol metabolism (Martin et al., 2001; Strutt et al., 2001).

From Oxysterols to Cholesterol: Endogenous SMO Agonists?

Oxysterols have been put forward as one class of endogenous SMO activators (Corcoran and
Scott, 2006) although the most potent of these in SMO activation, 20(S)-hydroxycholesterol
(20(S)-OHC), could not be identified in a cell line that responds to HH signals (Myers et al.,
2013). SMO mutations that impair binding to 20(S)-OHC do not inhibit SMO activity in a
manner that is tightly correlated to a loss of binding activity (Myers et al., 2013;
Nachtergaele et al., 2013; Nedelcu et al., 2013). Further, 20(S)-OHC does not act
synergistically with SHH ligand in pathway activation, as might be expected when these
factors are present at sub-threshold levels (Huang et al., 2016; Nachtergaele et al., 2012).
Taken together, it is unlikely that 20(S)-OHC is the endogenous SMO modulator.

New insights have come from a variety of studies, including crystal structure models of
SMO action (Byrne et al., 2016; Huang et al., 2016; Jiang et al., 2016; Luchetti et al., 2016;
Roberts et al., 2016; Sever et al., 2016). Unexpectedly, a cholesterol molecule binds the
SMO cysteine rich domain (CRD) (Byrne et al., 2016). When delivered with MBCD,
cholesterol activates SMO ciliary accumulation and SMO-directed signaling (Huang et al.,
2016; Luchetti et al., 2016). Blockade of SMO ciliary accumulation and HH pathway
activation by sterol depletion can be rescued by cholesterol. SMO lacking its CRD, or
bearing mutations in key amino acids required for cholesterol binding, does not respond to
cholesterol (Huang et al., 2016; Luchetti et al., 2016). Cholesterol binding to SMO is
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competed by both 20(S)-OHC and cyclopamine, consistent with a common binding site in
the CRD (Byrne et al., 2016; Huang et al., 2016).

In contrast to 20(S)-OHC, cholesterol potentiates signaling evoked by the HH ligand (Huang
et al., 2016; Luchetti et al., 2016). Interestingly, a mutant mouse Smo-G155F responds to
cholesterol and the HH ligand but not 20(S)-OHC (Huang et al., 2016; Luchetti et al., 2016;
Nachtergaele et al., 2012). Here, the conformations of SMO bound to cholesterol and 20(S)-
OHC are distinct, consistent with these findings (Byrne et al., 2016; Luchetti et al., 2016).
The current evidence supports cholesterol as a potential endogenous SMO activator,
regulating activity in a distinct manner from 20(S)-OHC. Moreover, as the response of
SMOACRD to HH ligand dampens but is not abolished (Aanstad et al., 2009; Huang et al.,
2016; Luchetti et al., 2016; Myers et al., 2013; Nachtergaele et al., 2013; Nedelcu et al.,
2013), the CRD, and cholesterol action, appear to be required for maximal levels of SMO
activation.

It is not clear how a specificity for SMO would be created by this regulatory mechanism.
Interestingly, low levels of cholesterol-dependent detergents permeabilize the plasma
membrane but leave the ciliary membrane intact, suggesting a different sterol composition or
accessibility in the PC membrane relative to the cell membrane that could play a role in
modulating SMO activity (Ye et al., 2013).

A key factor enabling the discovery of the role of cholesterol in SMO regulation has been
the application of MBCD to access the SMO CRD in the extracellular space. Previous
studies probably missed the interactions here because cholesterol presentation was
insufficient due to its hydrophobic nature and poor solubility. MBCD shields cholesterol
from water, potentially enabling an effective concentration consistent with the rapid transfer
of cholesterol to the SMO CRD. This begs the question of how cholesterol might be
presented in vivo?

A Role for SMO Antagonists?

Data supporting an inhibitor as an endogenous SMO modulator also exist. There have been
conflicting reports on whether sterol depletion blocks pathway activation mediated by
SMOACRD (Huang et al., 2016; Luchetti et al., 2016; Myers et al., 2013). Deletion of the
CRD results in high basal SMO activity, indicating this region can have an inhibitory role
(Aanstad et al., 2009; Myers et al., 2013; Nachtergaele et al., 2013; Nedelcu et al., 2013),
potentially binding an endogenous inhibitory molecule in the unstimulated state in vivo
(Huang et al., 2016; Luchetti et al., 2016; Myers et al., 2013). MBCD removal of sterols
actually enhances pathway activation by SAG1.5 (a potent SAG analog) (Sever et al., 2016),
arguing for depletion of an inhibitory sterol in addition to the binding of a permissive sterol
for pathway activation. Studying pathway activity in mosaic neuralized embryonic bodies,
investigators have argued for a paracrine SMO inhibitory signal that is produced by PTCH1-
and PTCH2-expressing cells and enhanced by the loss of DHCR7 (Roberts et al., 2016).
Most recently, 3p,5a-dihydroxycholest-7-en-6-one (DHCEO), an endogenous derivative of
the DHCRY7 substrate 7-dehydrocholesterol (7-DHC) (Sever et al., 2016), and the most
abundant oxysterol species in the brain of an SLOS animal model (Xu et al., 2012), was
identified as an inhibitory molecule. Interestingly, DHCEO did not appear to bind to either
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the CRD or transmembrane (TM) domains of SMO and was not detected in cyclodextrin
extracts (Sever et al., 2016); thus, the in vivo relevance of these findings is still in question.

Although the action of endogenous SMO modulators has not been resolved, examples exist
of molecular classes whose members can have agonist or antagonist actions on SMO. One
class are glucocorticoids identified in screens examining SMO ciliary accumulation and
signaling activity (Rana et al., 2013; Wang et al., 2012b). One of these glucocorticoids,
budesonide, is a pathway antagonist that binds the SMO CRD domain (Rana et al., 2013;
Wang et al., 2012b). Similarly, certain oxysterol analogs compete against 20(S)-OHC for
binding SMO CRD but inhibit SMO activity (Nedelcu et al., 2013).

CRD or TM: Which Sites Engage Endogenous Modulators?

Multiple sites on SMO bind natural or synthetic compounds, including the CRD, a
transmembrane binding groove with the entry facing the CRD, and the cytoplasmic tail.
Which of these engage endogenous molecules is an open question. Strikingly, small-
molecule interactions might switch activity states. A mouse Smo mutant D477G/E522K that
contains two point mutations, which block binding of an antagonist cyclopamine to the TM
site but leave CRD binding unaffected, is activated by cyclopamine (Huang et al., 2016).
SMOACRD activity in an SMO knockout cell line can be inhibited by overexpressing
PTCH1 (Myers et al., 2013), indicating that PTCH1 can likely regulate via other sites on
SMO. Mutations in the TM pocket that disrupt binding of synthetic modulators, including
several drug-refractory mutations such as mouse Smo mutant D477G/E522K mentioned
above, do not abolish HH and PTCH1 regulation of SMO, potentially pointing to distinct
sites and mechanistic actions of synthetic and endogenous SMO modulatory factors.

While neither the CRD or the TM appears to be an exclusive site for mediating endogenous
small-molecule regulation on SMO, allosteric interactions might communicate small-
molecule interactions from one site to the other, as observed in crystal structures (Byrne et
al., 2016). Previous analyses might be biased by the predictive separation of three domains
based on their hypothetical location across the cellular membrane. In agreement with this
view, SMO is no longer inhibited by PTCH1 when both CRD and the first two TM domains
are replaced by corresponding portions of Frizzled5 (Fz5), an ortholog of SMO in the Wnt
pathway (Murone et al., 1999). Future dissection of SMO domains guided by structural
studies will provide a better understanding of structure, function, and regulatory interactions
governing SMO activity.

P14P, a New Player

The cytoplasmic tail of SMO appears to be another site involved in SMO’s endogenous
modulation. Phosphatidylinositol 4-photosphate (P14P) binds SMO’s cytoplasmic tail,
promoting ciliary accumulation and pathway activation (Jiang et al., 2016). PTCH1 was
found to sequester P14P (Jiang et al., 2016). Further, HH pathway activation elevates the
cellular P14P level (Jiang et al., 2016). Intriguingly, P14P is the major phosphoinositide in
the primary cilium and appears to be required for normal HH signaling as knockout of
inositol 5-phosphatase (INPP5E), which localizes in the PC and produces P14P, decreased
the cellular response to the HH signal (Chavez et al., 2015; Garcia-Gonzalo et al., 2015).
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A possible mechanism of PTCH1 control of local membrane lipid composition important for
SMO regulation is consistent with its reciprocal translocation with SMO in the PC and
repellent localization in ciliary membrane domains of SMO and a PTCH1 mutant that
retains in the PC upon HH stimulation (Kim et al., 2015). PTCH1 also localizes with a
“skirt”-like distribution at the base of the PC (Rohatgi et al., 2007). Interestingly, single-
molecule-resolution analysis of SMO trafficking in the PC suggests binding events at the
ciliary base that are subject to PTCH1 regulation, which keep SMO out of the PC
(Milenkovic et al., 2015; Ye et al., 2013). Further study of the mechanisms of ciliary
compartmentalization of PTCH1, SMO, and these membrane lipids will likely provide
important new insights into the PTCHZ1 endogenous regulation of SMO.

HH Signaling and Human Diseases

The HH signaling pathway controls numerous biological processes throughout embryonic
development and exerts important regulatory functions in the adult. A variety of studies have
linked deregulated HH signaling activity to a number of diseases: depressed pathway activity
to tissue degeneration and excessive pathway activity to malignant tumorigenesis. Some, but
not all, of these examples, correlate with normal HH signaling mediating tissue homeostasis
through stem cell programs. For example, HH is required for neural stem cell (NSC)
proliferation in the adult hippocampus (Machold et al., 2003), and inhibition of HH
suppresses NSC proliferation both in vitro and in vivo (Lai et al., 2003). Likewise, cardiac
progenitors directly respond to HH signals, and reduced HH signaling is reported to result in
fewer myocardial progenitors in the mouse (Thomas et al., 2008). The importance of the HH
pathway in normal progenitor/stem cell renewal is consistent with reports of HH pathway
engagement in the regeneration of the bladder (Shin et al., 2011), prostate (Karhadkar et al.,
2004), bone (Miyaiji et al., 2003), tooth (Zhao et al., 2014), liver (Ochoa et al., 2010), and
airways (Watkins et al., 2003).

Whereas controlled HH pathway activity is linked to tissue repair and tissue homeostasis,
uncontrolled activation of the pathway promotes cancer (Table 1). The HH-cancer link was
first evident with the discovery of PTCH1 heterozygosity in patients with Gorlin syndrome,
characterized by the appearance of a distinct set of solid tumors: BCC, MB, and RMS (Hahn
et al., 1996; Johnson et al., 1996). Tumorigenesis in these cases is ligand independent;
pathway activation depends on mutations in HH pathway components in HH responsive
cells (Figure 2A).

Almost all cases of BCC are linked to hyperactive HH signaling, most commonly through
inactivating mutations in PTCHL1 or activating mutations in SMO (Gailani et al., 1996;
Reifenberger et al., 1998; Unden et al., 1996). Distinct forms of MB follow from activation
of different signaling pathways; constitutively active HH signaling accounts for
approximately 30% of patients with MB with mutations in PTCHZ1 and SUFU as the most
common causes (Ellison et al., 2011; Kool et al., 2012). In line with these clinical
observations, mice heterozygous for loss-of-function mutations in the PtchI gene develop
MB frequently, and are more susceptible to UV-induced BCC (Aszterbaum et al., 1999).
Further, Ptch1*~p53 V- mice develop MB at a much high frequency, creating a useful
experimental cancer model (Romer et al., 2004), complimenting approaches that

Cell Chem Biol. Author manuscript; available in PMC 2020 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 8

conditionally remove Ptchl activity (Adolphe et al., 2006) or conditionally switch on an
oncogenic form of SMO (Mao et al., 2005).

HH pathway activation also promotes tumorigenesis through ligand-dependent mechanisms
(Figures 2B and 2C). HH protein secreted by tumor cells induces pathway activation in
adjacent stromal cells, which in turn promote the growth of the tumor through a number of
paracrine signals, including interleukin-6 (IL6), vascular endothelial growth factor (VEGF),
insulin-like growth factor (IGF), and Wnts (Figure 2B) (Mills et al., 2013; Pola et al., 2001;
Yauch et al., 2008). This mechanism received support from titration studies with
cyclopamine (Yauch et al., 2008), an HH pathway inhibitor frequently used in cancer studies
(see later), that separated cyclopamine’s direct action in HH signaling from high-dose
cytotoxic off-target effects that might have misled researchers to posit an autocrine
mechanism of HH action (Berman et al., 2003; Karhadkar et al., 2004; Mukherjee et al.,
2006; Thayer et al., 2003; Varnat et al., 2009; Watkins et al., 2003). In human xenograft
mouse models of pancreatic and colorectal cancers, HH protein was produced by the tumor
cells and HH target gene expression increased specifically in tumor-infiltrating stromal cells
but not in tumor cells themselves (Yauch et al., 2008). Further, when GLI1 was ablated in
mice, the growth of mutant KRAS-induced tumors was suppressed in a pancreatic
microenvironment with reduced HH responsiveness (Mills et al., 2013). A reverse paracrine
mechanism has also been invoked in lymphomas and multiple myelomas, where HH ligand
produced by bone marrow stroma is thought to signal to neighboring tumor cells to activate
the HH pathway (Figure 2C) (Dierks et al., 2007).

Strategies to Modulate HH Signaling

Given the importance of HH signaling in a multitude of cancers, it is not surprising that the
HH pathway has attracted a great deal of interest as a therapeutic target. Several pathway
components can be targeted pharmacologically (Figure 3). To date, a number of small
molecules have been discovered as HH pathway antagonists (Table 2). Pathway agonists
have also been identified, which could be useful for the development of regenerative
therapies (Table 2).

Interfering with the Ligand and Its Binding to Receptor

Palmitoylation, catalyzed by an HH-directed acyltransferase (HHAT), is required for
stability and normal activity of the HH ligand. Recently, Petrova et al. (2013) discovered that
RU-SKI inhibits HH signaling blocking HHAT-mediated SHH palmitoylation. 5E1 (Ericson
et al., 1996), an anti-SHH monoclonal antibody, and robotnikinin (Stanton et al., 2009), a
small molecule that physically interacts with SHH, interfere with SHHPTCH1 interaction,
thereby inhibiting HH signaling. Experiments in various developmental and cancer studies
have confirmed the efficacy of 5E1 with sub-nanomolar inhibitory potency (Bailey et al.,
2009; Wallace and Raff, 1999; Yauch et al., 2008). Although these molecules offer
approaches for pathway intervention, their use to date has been limited to the laboratory.
Further, their inhibitory functions would only limit ligand-dependent HH pathway actions.
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Modulating SMO Activity

In addition to natural metabolites and putative endogenous modulators discussed above, a
wide variety of SMO agonists and antagonists have been identified and optimized. The first
small-molecule modulator of HH pathway activity was identified from the realization that
mouse mutants lacking HH signaling showed facial features (cyclopia among these)
observed in offspring of sheep ingesting corn lily plants (Veratrum californicum) (Bryden et
al., 1971). Cyclopamine, a steroidal alkaloid produced by the plant, provided the connection
(Cooper et al., 1998; Incardona et al., 1998; Keeler, 1970, 1973); cyclopamine binds to and
inhibits SMO activity (Chen et al., 2002a).

SMO, like a wide range of other 7-pass membrane proteins, has emerged as the predominant
“druggable” target from nearly two decades of unbiased drug discovery efforts that have
focused on transcriptional output at the end of the pathway to identify any drug-susceptible
step in the signal transduction chain (Frank-Kamenetsky et al., 2002). The “first-in-class”
HH pathway regulator vismodegib (also known as GDC-0449), a specific and potent SMO
antagonist, was approved by the United States Food and Drug Administration (FDA) in 2012
for the treatment of metastatic or locally advanced BCC (Dlugosz et al., 2012). In 2015, the
FDA approved another SMO inhibitor, sonidegib (also known as LDE225), for treatment of
locally advanced BCC (Burness, 2015).

Additional SMO inhibitors, including saridegib (Jimeno et al., 2013), BMS-833923 (Siu et
al., 2009), and TAK-441 (Goldman et al., 2015), have given good clinical responses (Table
3). Interestingly, itraconazole, a systemic antifungal drug, emerged as an SMO inhibitor with
a mechanism distinct from that of cyclopamine and other known SMO antagonists. Systemic
administration of itraconazole suppressed HH pathway activity and the growth of MB in a
mouse allograft model (Kim et al., 2010b). Moreover, itraconazole is reported to inhibit HH
pathway activity from all known drug-resistant SMO mutants (Kim et al., 2013). Results
from exploratory trials in human BCC have shown anti-HH pathway activity but marginal
tumor shrinkage at best for itraconazole by itself, or in combination with arsenic trioxide
(Ally et al., 2016; Kim et al., 2014a).

Given the normal role of HH signaling in stem/progenitor regulation, in building and
maintaining tissue and organ systems, activation of the HH pathway could be beneficial in
the appropriate clinical context; for example, in treating degenerative diseases. SMO
agonists and antagonists are often structurally related (Nachtergaele et al., 2013; Wang et al.,
2012b; Yang et al., 2009). Therefore, activators of the HH pathway, predominantly SMO
agonists, have been developed in parallel with SMO antagonists. The first SMO agonist is
HH-Ag1.1 identified from a screen of 140,000 synthetic compounds in C3H10T1/2 cells;
HH-Agl.2, 1.3, 1.4, and 1.5 are derivatives of HH-Ag1.1 (Frank-Kamenetsky et al., 2002).
Chemical epistasis studies showed that these agonists act at the level of SMO, and binding
assays demonstrated that HH-Ag1.5 is a direct ligand of SMO (Frank-Kamenetsky et al.,
2002). SAG (also named HH-Ag1.3 in Frank-Kamenetsky et al., 2002) binds the
heptahelical bundle of SMO, as demonstrated by the inhibitory interaction against BODIPY-
cyclopamine (Chen et al., 2002b). Another screening effort in a library consisting of 50,000
heterocyclic compounds discovered purmorphamine, a 2,6,9-trisubstituted purine compound,
which induces the differentiation of multipotent mesenchymal mouse progenitor fibroblast

Cell Chem Biol. Author manuscript; available in PMC 2020 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 10

cells (C3H10T1/2) into an osteoblast lineage (Wu et al., 2002). Biochemical experiments
revealed that purmorphamine is a small-molecule agonist of HH signaling, which also
functions at the level of SMO (Sinha and Chen, 2006; Wu et al., 2004). Another agonist,
GSA-10, binds SMO at a site distinct from cyclopamine, and promotes the differentiation of
C3H10T1/2 cells into osteoblasts (Gorojankina et al., 2013).

In addition to screening, recent structural studies on SMO open the door to rational drug
design (Byrne et al., 2016; Huang et al., 2016; Nachtergaele et al., 2013; Rana et al., 2013;
Wang et al., 2013, 2014; Weierstall et al., 2014). The SMO protein consists of an
extracellular CRD-containing N-terminal region, a seven-transmembrane helical (7TM)
domain, and an intracellular C-terminal domain. The 7TM domain and the CRD domain are
two well-characterized ligand binding sites (Byrne et al., 2016; Huang et al., 2016;
Nachtergaele et al., 2013; Rana et al., 2013; Wang et al., 2013, 2014; Weierstall et al., 2014).
Several SMO antagonists (vismodegib, LY2940680, cyclopamine, SANT-1, and AntaXV)
and the agonist HH-Ag1.5 bind to the 7TM domain of SMO at different residues (Byrne et
al., 2016; Wang et al., 2013, 2014; Weierstall et al., 2014). Armed with structural details of
the 7TM domain in human SMO, researchers have mapped chemo-resistance-associated
mutations of SMO from BCC patients (Atwood et al., 2015; Sharpe et al., 2015a). Several
synthetic or natural steroidal compounds, including 20(S)-OHC (Nachtergaele et al., 2013),
cholesterol (Byrne et al., 2016; Huang et al., 2016), and budesonide (Rana et al., 2013), bind
the CRD in SMO structures. Structural insights obtained from these studies should help in
the design of next-generation SMO modulators.

Regulating Ciliary Localization and Ciliogenesis

Given the PC’s central role in HH signaling transduction in vertebrates, the PC is an
attractive focus for the discovery of new modulators of HH pathway components in this
important organelle. Several PC-focused studies have separated SMO activity from PC
association (Rohatgi et al., 2009; Wang et al., 2009; Wilson et al., 2009). Although all SMO
agonists appear to induce SMO accumulation to the PC, some antagonists, notably
cyclopamine, also induce SMO accumulation in the PC (Wang et al., 2009). Ciliary
accumulation of SMO correlates with prolonged hypersensitivity to pathway stimulation,
raising concerns about such compounds in treating cancers (Peluso et al., 2014; Wang et al.,
2012a).

We (Wang et al., 2012a, 2012b) and others (Wu et al., 2012) have established high-content
screening platforms that directly monitor SMO trafficking into the PC. Wu et al. (2012)
identified ten small-molecule pathway inhibitors (SA1-10) that alter the ciliary localization
of YFP-tagged SMO. SA8 and 9, unlike the other eight hits, promote endogenous SMO to
accumulate in the PC, consistent with previous observations that different inhibitors induce
different outcomes of SMO ciliary localization (Wu et al., 2012). A selective compound
screen by our laboratory for inhibition of SHH-driven SMO ciliary accumulation identified
new SMO antagonists with both conventional and novel mechanisms (Wang et al., 2012a).
Notably, one of these, “SMANT”, was equally effective in inhibiting either wild-type SMO
or a drug-refractory variant (Wang et al., 2012a).
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A second screen identified a number of glucocorticoids as SMO synergists, promoting SMO
ciliary translocation; many of the compounds are already FDA approved as anti-
inflammatory drugs (Wang et al., 2012b). A subset of these compounds were identified in a
screen imaging B-arrestin internalization, which is associated with SMO translocation to the
PC (Wang et al., 2010). These compounds are unable to efficiently activate the pathway but
rather prime cells for a more robust signaling response, inducing SMO accumulation in the
PC (Wang et al., 2012b).

Interestingly, co-administration of some glucocorticoids with vismodegib blunts HH
pathway inhibition, suggesting an unhelpful crosstalk where patients might receive
glucocorticoids in conjunction with vismodegib-directed anti-BCC therapy. These
observations also raise the question of whether glucocorticoid action may help treat HH-
dependent degenerative disease. Structure-activity relationship studies have also identified
glucocorticoid antagonists of SMO ciliary accumulation. One of these in clinical use,
budesonide, inhibits the ciliary localization and signaling activity of normal SMO and drug-
resistant mutant forms (Wang et al., 2012b), most likely through binding SMO’s CRD, and
allosteric effects on SMO’s binding site for oxysterols (Rana et al., 2013). Together, these
findings have shed new light on the pharmacological “space” for diverse modulators of SMO
activity, and importantly, the studies provide new opportunities for treating refractory mutant
forms of SMO that render FDA-approved drugs ineffective (Atwood et al., 2015; Buonamici
et al., 2010; Dijkgraaf et al., 2011; Sharpe et al., 2015a; Yauch et al., 2009).

Targeting GLI Transcription Factors

Targeting GLI transcription factors, directly or indirectly, would in theory be more broadly
applicable than using a diverse array of more upstream inhibitors. Further, transcriptional
suppressors would circumvent problems with therapy-dependent accumulation of drug-
resistant forms of SMO. GANT58 and GANTG61 have been identified as selective inhibitors
of GLI-mediated gene transactivation and HH-driven tumor growth in vivo (Lauth et al.,
2007). GANT61 was demonstrated to block GLI1 binding to its target DNA (Lauth et al.,
2007). Arcyriaflavin C and physalins F might indirectly attenuate GLI1 activity through
PKC/MAPK pathway blockade (Hosoya et al., 2008), and HP11-4 are four inhibitors that
regulate processing, activation, or ciliary trafficking of GLI1/2 (Hyman et al., 2009).

Arsenic trioxide (ATO), used in the treatment of acute promyelocytic leukemia, has been
shown to act as a GLI antagonist and inhibits the growth of MB allografts derived from
Ptch1*!~p53 7~ mice (Kim et al., 2010a) and xenografts of Ewing sarcoma (Beauchamp et
al., 2011). In combination, ATO and itraconazole suppressed growth of MB and BCC in
vivo, and prolonged the survival of a mouse model of MB-harboring cells producing Smo-
D477G, a drug-resistant SMO variant (Kim et al., 2013). These studies focused on the active
forms of GLI. A recent report suggested context-dependent arsenic attenuation of both GLI
activator and repressor forms (Li et al., 2016). Pan inhibition may explain why arsenic can
be carcinogenic where GLI repressor plays a dominant role (Fei et al., 2010). These
findings, together with the discovery of the function of glucocorticoids and itraconazole,
open new possibilities of drug repositioning in the treatment of HH-driven cancers with
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careful thought to applications and implications, and further optimization of treatment
strategies.

Given that transcription factors do not generally make attractive targets for small-molecule
drug discovery, an insight into how GLI proteins are themselves regulated by proteins that
are more readily “druggable” is another potential approach to HH pathway modification.
Several studies have found PI3K/mTOR signaling linked to GLI regulation (Buonamici et
al., 2010; Riobo et al., 2006; Wang et al., 2012c). A combination of sonidegib and the PI3K
inhibitor buparlisib (also known as NVP-BKM120), or the dual PI3K/mTOR inhibitor
dactolisib (also known as NVP-BEZ235), markedly delayed MB relapse (Buonamici et al.,
2010). Further, atypical protein kinase C v/A (aPKC-v/A) phosphorylates and activates GLI
downstream of SMO, and inhibition of aPKC-v/A with a myristoylated peptide inhibitor
(PSI) suppresses HH signaling in SMO-inhibitor-resistant BCC cells, suggesting aPKC-v/A
may be a potential target for GLI regulation (Atwood et al., 2013). BRD4 occupies GLI1
and GLI2 promoters to regulate the transcriptional output of the HH pathway (Tang et al.,
2014). The BRD4 inhibitor JQ1 effectively antagonizes HH-driven tumorigenesis, even in
cells resistant to clinically available SMO inhibitors (Tang et al., 2014). In addition, recent
studies argue that U0126 (an inhibitor of MEK) (Liu et al., 2014) and FN1-8 (a small
molecule that disrupts GLI/TAF9 interaction) (Bosco-Clement et al., 2014) inhibited GLI
activity and HH-mediated cancer growth. Rational drug design based on GLI structure and
GLI partner interactions identified Glabrescione B, a small molecule that binds directly to
GLI1 zinc fingers, interfering with zinc-finger-dependent DNA binding and transcriptional
activity (Infante et al., 2015). Structural information for SUFU and GLI interactions could
help in identifying drugs that enhance this interaction, thereby suppressing GLI’s
transcriptional activity (Zhang et al., 2013).

Clinical Studies for Cancer Therapies

In addition to the previously discussed FDA-approved anti-HH pathway therapeutics, several
SMO inhibitors have entered clinical trials for the treatment of a wide range of cancers (for a
list of clinical trials, please refer to Table 3 and http://www.clinicaltrials.gov/). In this
section, we review in more detail the path to approval for current drugs and their therapeutic
targets, as well as recent progress on developing treatments for both ligand-independent
cancers, including BCC and MB, and ligand-dependent cancers, showcasing leukemia and
pancreatic cancer. Experience and lessons learned from these studies are valuable for
continuous development toward more effective therapies.

Clinical Studies for BCC

Although surgical resection is a routine therapeutic approach for early-stage BCC, no
effective treatment existed for locally advanced or metastatic BCC prior to the approval of
vismodegib. Hyperactive HH signaling plays a central role in the tumorigenesis of sporadic
BCC, predominantly by inactivating mutations in PTCH1 and SUFU and activating
mutations in SMO (Reifenberger et al., 2005; Smith et al., 2014; Xie et al., 1998).
Consequently, dozens of clinical trials for BCC treatment with HH pathway inhibitors have
been conducted or are ongoing. Among these, the leading drug vismodegib obtained
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complete or partial responses in BCC patients at a metastatic or locally advanced stage in
phase 1 and 2 trials (NCT00833417, NCT01543581, NCT00959647, NCT00968981 and
NCTO00607724). Promising results were observed early in a phase 1 clinical trial (Graham et
al., 2011; LoRusso et al., 2011; Von Hoff et al., 2009). Its efficacy was further evaluated in a
phase 2 clinical study in which 104 enrolled patients with BCC received oral vismodegib.
The objective response rate was 30% for the metastatic BCC group and 43% for the locally
advanced BCC group (Sekulic et al., 2012). Consequently, vismodegib was approved by the
FDA in January 2012. To achieve more precise patient stratification, an ongoing phase 2b
study of vismodegib therapy in various BCC subtypes aims to identify patients with BCC
who are more likely to respond based on their pathological properties (NCT01700049).
Several clinical trials to extend the use of vismodegib to surgical BCC are underway
(NCT01835626, NCT01631331, NCT02067104, and NCT01898598). Moreover, three
clinical trials are also being conducted to explore alternative vismodegib dosing regimens for
BCC treatment to avoid chronic adverse events (NCT01201915, NCT01815840, and
NCT01556009).

In a phase 1 study of sonidegib, 6 of 16 patients with BCC(37.5%) achievedpartial
orcompleteresponse, witha strongassociation between tumor response and HH pathway
activation monitored by gene expression (NCT00880308) (Rodon et al., 2014). A phase 2
study (NCT01327053) of 230 patients with either locally advanced BCC (n = 194) or
metastatic BCC (n = 36) reported objective responses in two groups receiving different
doses of sonidegib (Migden et al., 2015). Overall, 33 (42%) of 79 patients in the 200 mg/day
group, and 49 (32%) of 151 patients in the 800 mg/day group, responded, supporting an
antitumor activity for sonidegib in BCC (Migden et al., 2015). In addition, several other
structurally distinct SMO inhibitors are also being evaluated in phase 1 or 2 clinical trials to
treat locally advanced or metastatic BCC, including LEQ506 (NCT01106508),
BMS-833923 (NCT00670189 and NCT02100371), IPI1-926 (NCT01609179), LY2940680
(NCT01226485), and TAK-441 (NCT01204073) (Table 3).

Clinical studies for repositioning certain old drugs in BCC treatment have also been
conducted. Vitamin D3, an essential nutrient for bone and the immune system, showed an
inhibitory activity on SMO and the growth of murine BCC in preclinical studies (Bijlsma et
al., 2006; Tang et al., 2011). In the hope of assessing a potential antitumor effect of this
highly tolerable drug, a phase 2 clinical trial of vitamin D3 was performed on BCC patients;
the results have not been reported (NCT01358045). Itraconazole was also evaluated for
treating BCC (NCT02120677 and NCT02354261). Results from a previous exploratory
phase 2 trial (NCT01108094) showed that as a single agent, itraconazole reduced tumor area
by 24% in BCC patients, although larger trials of longer duration are needed for conclusive
data (Kim et al., 2014a). Lastly, ATO is also being investigated in patients with recurrent
BCC (NCT01791894).

Clinical Studies for MB

MB can be classified into four subtypes based on the causative genetic abnormalities: HH
driven, Wnt driven, c-Myc driven, and a fourth group associated with isochromosome 17q
(Kool et al., 2012; Northcott et al., 2011; Rusert et al., 2014). Each of these categories has
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distinct pathophysiological characteristics, and potentially also distinct tumor origins
(Gibson et al., 2010; Schuller et al., 2008). A critical step for the strongest clinical trial is to
identify the HH category subset of MB patients at the onset.

The first case report of MB treatment showed a reduction of symptoms upon administration
of vismodegib (Rudin et al., 2009); however, a relapse was reported after several months of
treatment (Yauch et al., 2009), triggering follow-up studies on acquired drug resistance
(Dijkgraaf et al., 2011; Tao et al., 2011). In a phase 1 study among children with refractory
or relapsed MB (NCT00822458), vismodegib induced antitumor responses (Gajjar et al.,
2013a). Importantly, the permanent defects in bone growth observed in young mice after
brief administration of an SMO antagonist (Kimura et al., 2008) were not observed in
human patients (Gajjar et al., 2013a). In two phase 2 trials (NCT00939484 and
NCT01239316), vismodegib exhibited activity against recurrent MB but only in the HH
subtype as expected; prolonged disease stabilization occurred in 41% of these patients
(Robinson et al., 2015). Patient recruiting is underway to examine vismodegib in
combination with other drugs for treating MB (NCT01601184 and NCT01878617).

Amakye et al. (2012) discovered a five-gene signature (GLI1, SPHK1, SHROOM2,
PDLIM3, and OTX2) as a preselection tool to identify HH subtype MB. This five-gene
signature could robustly identify MB patients with active HH signaling in clinical trials of
sonidegib where a strong association was observed between the tumor response and the HH
pathway engagement (Shou et al., 2015). An analysis of sonidegib efficacy (NCT0088030)
showed all responders fell into the HH subtype of MB patients through the five-gene
signature examination. Similarly, in a phase 1/2 clinical trial of sonidegib enrolling pediatric
patients with recurrent MB (NCT01125800), analysis of 14 available MB tumor samples
using the five-gene HH signature assay showed selective allocation of two complete
responders into the HH subtype (Geoerger et al., 2012).

Clinical Studies for Leukemia

The HH pathway plays a vital role in the maintenance and expansion of TISC in leukemia
(Dierks et al., 2008; Zhao et al., 2009), although the analysis of SMO removal within
hematopoietic stem cells argues against a critical role for HH signaling in normal blood cell
programs (Gao et al., 2009; Hofmann et al., 2009). Inhibition of HH signaling induces cell-
cycle arrest of human leukemia-initiating cells and abrogates their dormancy (Sadarangani et
al., 2015). The absence of a normal role in blood cells opens a therapeutic window for
selective targeting of the HH pathway in treating hematologic malignancy (Irvine and
Copland, 2012; Jagani et al., 2010).

Clinical trials have been initiated to examine SMO inhibitors in treating leukemia. A phase 1
trial of PF-04449913 (NCT00953758) observed clinical activity in 23 (49%) of 47 patients
across several types of hematologic disease, including acute myeloid leukemia (AML),
chronic myeloid leukemia (CML), chronic myelomonocytic leukemia (CMML),
myelodysplastic syndrome (MDS), and myelofibrosis (MF) (Martinelli et al., 2015). On the
basis of these results, phase 2 studies are planned for PF-04449913 alone (NCT01842646
and NCT01841333) or in combination with chemotherapeutic agents (NCT01546038 and
NCT02367456). Currently, sonidegib combined with azacitidine (a chemotherapy drug and
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DNA methyltransferase inhibitor, NCT02129101), and vismodegib combined with
decitabine (a chemotherapy drug and DNA methyltransferase inhibitor) and ribavirin (an
anti-viral drug used for leukemia treatment, NCT02073838), are being clinically
investigated for treating multiple types of leukemia. Results from these trials are awaited to
substantiate potential opportunities for anti-HH targeted therapies in the treatment of
leukemia.

Clinical Studies for Pancreatic Cancer

Emerging

Uncontrolled activation of HH signaling has been linked to the emergence of pancreatic
adenocarcinoma (Lau et al., 2006). Initial evidence for a role of HH signaling in pancreatic
cancer came from the finding that SHH is abnormally expressed in tumors, and that
hyperactive HH signaling is essential for tumor formation (Berman et al., 2003; Thayer et
al., 2003).

A study in a mouse model of pancreatic ductal adenocarcinoma demonstrated that 1P1-926,
an SMO inhibitor, enhanced delivery of gemcitabine, a chemotherapy drug, through an
IP1-926 inhibition of stromal myofibroblasts (Olive et al., 2009). However, follow-up
clinical trials have been disappointing. A phase 1b/2 clinical trial of this same combination
(NCT01130142) was closed early because the primary endpoint of overall survival was not
met. Another trial of IPI1-926 in combination with FOLFIRINOX (a chemotherapy regimen
for pancreatic cancer treatment, including 5-fluorouracil, leucovorin, irinotecan, oxaliplatin)
for advanced pancreatic adenocarcinoma also failed (Ko et al., 2016). Furthermore,
treatment using vismodegib plus gemcitabine in patients with metastatic pancreatic
adenocarcinoma showed no improvement to gemcitabine alone (Catenacci et al., 2015; Kim
et al., 2014b). The concept of enhancing drug delivery through HH-inhibitor mediated
actions may require revision. Indeed, recent studies of tumor growth in pancreatic (Liu et al.,
2016; Rhim et al., 2014) and bladder (Shin et al., 2014) cancer suggest stromal cells may
actually restrain tumor growth. These studies highlight the importance of obtaining a clear
mechanistic understanding of the complexity of cell interactions in a given tumor for the
development of effective therapeutic strategies.

Drug Resistance in Cancer

Acquired drug resistance to SMO antagonists has been observed (Chang and Oro, 2012;
larrobino et al., 2013; Yauch et al., 2009). Studies in mice and humans that develop drug-
refractory tumors provided insights into mechanisms that will have to be taken into account
in the design and development of next-generation therapies (Figure 4).

The first clinical identification of acquired resistance to vismodegib came from a metastatic
MB patient who showed a dramatic response but a subsequent relapse (Rudin et al., 2009).
A de novo D473H mutation in SMO was identified in the tumor; this missense mutation
prevents vismodegib binding but leaves SMO’s signaling activity intact (Yauch et al., 2009).
SMO mutations that block drug binding and/or confer constitutive activity, along with other
genomic alterations that lead to SUFU loss of function or GLI2 gain of function, have been
shown to be the primary causes of drug resistance through the genomic analysis of a large
collection of human BCC samples refractory to vismodegib treatment (Atwood et al., 2015;
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Sharpe et al., 2015a). SMO mutations and GL12 amplification were also identified in
sonidegib-resistant tumors in a mouse study (Buonamici et al., 2010). Cross-resistance was
observed for chemically distinct SMO inhibitors developed by different pharmaceutical
companies in cell-culture experiments (Sharpe et al., 2015a) and, more importantly, an open
clinical trial (Danial et al., 2016). Intra-tumor heterogeneity was also identified (Atwood et
al., 2015; Sharpe et al., 2015a). These findings suggest that in order to circumvent drug
resistance by SMO, a focus on downstream components of the SMO pathway and
combination of therapies may be helpful.

Beyond the genetic alterations described above, drug resistance is also introduced by
alterations outside the canonical HH pathway (Figure 4). By comparing the gene expression
profiles in sonidegib-resistant and sonidegib-sensitive tumors, upregulation of PI3K-mTOR
signaling was identified as a mechanism of resistance, which could be overcome combining
sonidegib with buparlisib or dactolisib (Buonamici et al., 2010). Clinical trials
(NCT01576666 and NCT02303041) are being conducted that will address this premise.
Indeed, a phase 1b study of sonidegib in combination with buparlisib (NCT01576666) has
provided promising results (Chu et al., 2014). In addition, laboratory studies in cell-culture
and animal models suggest aPKC-1/A (Atwood et al., 2013), BRD4 (Tang et al., 2014), and
PDE4 (Williams et al., 2015) as potential additional targets to overcome resistance to SMO
inhibitors.

Conclusions and Perspectives

The latest surprises on potential endogenous SMO modulators reminded us that, even after
decades of research, many things about the HH pathway are yet to be better understood.
Considering these data, we suggest a model for SMO endogenous regulation by PTCH1
(Figure 5). In this model, multiple sites on SMO, including the CRD, the TM domains, and
the cytoplasmic tail, are involved. Without HH ligand binding, PTCH1 controls the lipid
composition of the ciliary membrane, possibly by retaining P14P. Although a low level of
SMO is constantly cycling in and out of the PC, its access to PI4P for activation is limited.
Meanwhile, a potential antagonist bound to either the CRD, or part of the TM domains, or
potentially both structures from the extracellular face, might contribute to suppressing SMO
activation (Figure 5). This factor may normally be removed from the cell by PTCH1 in the
absence of HH signals. Upon HH ligand binding, PTCH1-mediated secretion of the SMO
antagonist may be blocked, thus allowing a possibly more ubiquitous agonist, such as
cholesterol, or one also subject to PTCH1 regulation, to bind at similar SMO regulatory sites
to those previously engaged by the PTCH1-dependent SMO antagonist. PTCH1 movement
from the PC upon HH ligand binding may further reduce the access of this antagonist to the
ciliary form of SMO. Further, a change in the local ciliary membrane composition to an
elevated level of PI4P activates SMO (Figure 5). The PTCH1 “skirt” around the cilium base
might also generate a possible inhibitory compartment there for SMO. This speculative
model accounts for recent findings on cholesterol and P14P regulation of HH signaling. The
coordinated action of both endogenous agonist(s) and antagonist(s), engaging at multiple
sites on SMO, unites seemingly conflicting lines of evidence. The insight that comes from a
deeper mechanistic understanding of in vivo processes will likely provide valuable guidance
toward developing more effective cancer therapies to treat HH-pathway-dependent tumors.
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Therapeutically, the HH pathway is an important target for both cancer therapy and
regenerative medicine. Although the reactivation of normally quiescent HH signaling in the
adult stage plays important roles in regeneration in multiple organs, including brain
(Dellovade et al., 2006), heart (Wang et al., 2015), liver (Michelotti et al., 2013), lung (Peng
et al., 2015), prostate (Karhadkar et al., 2004), and bladder (Shin et al., 2011), there have
been no clinical efforts reported to utilize these constructive aspects of HH pathway action.
Rather, the primary focus has been to target the HH pathway’s destructive action in
promoting cancer. Indeed, the prominent role of HH signaling in stimulating or supporting
cancer indicates that regenerative approaches will need to proceed with caution.

There is considerable scope for improving treatment for HH-pathway-dependent cancers,
Currently, vismodegib and sonidegib, both of which are SMO inhibitors, are the only
clinically approved treatments, and these are limited to locally advanced or metastatic BCC
(Burness, 2015; Dlugosz et al., 2012). To date, all drugs being tested in clinical trials except
ATO target SMO (Amakye et al., 2013). Drug resistance and cross-resistance accompany
treatment with SMO antagonists (Atwood et al., 2015; Danial et al., 2016; Sharpe et al.,
2015a). Intra-tumor heterogeneity has also been observed in drug-refractory patients
(Atwood et al., 2015; Sharpe et al., 2015a). Circumventing drug resistance to current
generation SMO inhibitors is critical. Furthermore, SMO inhibitors have limited effect in
ligand-dependent cancers (Berlin et al., 2013; Kaye et al., 2012; Ko et al., 2016). This might
reflect the higher complexity of these types of cancers at both molecular and cellular levels.
Precise stratification of tumor subtypes to identify responsive patients will likely maximize
the therapeutic opportunities.

As illustrated by studies on MB patients, approaches to stratifying patients to identify those
most likely to respond will improve both the design and interpretation of clinical trials
(Gajjar et al., 2013b; Geoerger et al., 2012). In addition, our understanding of tumorigenesis
highlights an increasing complexity of signaling responses. Targeting other key pathways
together with HH signaling may improve and extend current therapeutic options. Here,
efforts to go beyond simple gene expression signatures to interpret active signaling processes
from the data will be important.
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Figure 1. Schematic Illustrations of the Mammalian HH Signaling Pathway
(A) In the absence of HH ligand, PTCHL1 localizes at the base of the PC (a subcellular

membrane extension with high levels of PI4P (blue) but low levels of P1(4,5)P, (red)), and
inhibits SMO accumulation in the PC and consequently SMO activity. The GLI transcription
factors GLI2 and GLI3 are sequestered in the cytoplasm by SUFU and phosphorylated by
PKA, CK1, and GSK3p. GPR161, a ciliary G-protein-coupled receptor localized at the base
of the PC, can activate PKA through increasing the cAMP levels, promoting the
phosphorylation of GLI12 and GLI3. Phosphorylated GLI2 and GLI3 are processed by the
proteasome into repressor forms (GLI2R and GLI3R).

(B) Upon ligand binding, PTCH1 and GPR161 are displaced from the PC and SMO interacts
with DLG5 and translocates into the PC. Within the PC, SMO forms a complex with EVC
and EVC2 to transduce the HH signaling response. Activated SMO relieves SUFU-mediated
suppression of GLI2 and GLI3 within the PC. GLI2 and GLI3 maintain their full-length
status and bypass phosphorylation, as PKA activity is restrained by a decreased level of
CAMP induced by the exit of GPR161 from PC and the degradation of cAMP by
phosphodiesterase 4 (PDE4). The activator forms of GLI2 and GLI3 (GLI24 and GLI3A)
translocate to the nucleus and induce the expression of HH target genes. Movement of GLI2
and GLI3 proteins within the PC occurs in conjunction with KIF7, a member of the kinesin
family of anterograde motor proteins.
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Figure 2. Distinct Mechanisms of HH Pathway Activation in Cancer
(A) Ligand-independent activation due to inactivating mutations in the negative regulators

PTCHL1 or SUFU, or activating mutations in the positive regulator SMO, or amplification of
GLI activators.

(B and C) Ligand-dependent activation occurs through paracrine (B) or “reverse paracrine”
mechanisms (C). (B) Paracrine signaling occurs when the tumor cells secrete the ligand and
surrounding cells (e.g., stromal cells for epithelial tumors) respond and secrete tumor
supporting signals. These include IL6, VEGF, IGF, and Wnts depending on the HH target
tissue and tumor. (C) “Reverse paracrine” signaling occurs when tumor cells receive HH
secreted by adjacent non-tumor cells (e.g., stromal cells) to promote tumor growth.
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Figure 3. Current Strategiesfor Modulating Activity of the HH Signaling Pathway
The HH signaling pathway can be modulated at many different levels, including interfering

with the interaction of HH ligand and receptor through anti-HH antibodies or robotnikinin;
modulating SMO activity; regulating ciliogenesis and the ciliary localization of pathway
components; targeting GLI transcription factors directly or indirectly by modulating GLI
interacting or regulatory factors.
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Figure 4. Mechanisms of Drug Resistanceto HH Pathway Inhibitors and Potential Approaches
to Overcome Tumor Resistance

Drug resistance to SMO inhibitors is attributed in part to SMO mutations, the amplification

of GLI transcription factors,
BRD4 activation, and PDE4

upregulation of PI3K-mTOR signaling, aPKC-v/A activation,
activation. Consequently, drugs targeting these components

may circumvent the acquired resistance.
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Figure 5. A Hypothetical Model for Endogenous SMO M odulation by PTCH1
(Left) In the absence of HH ligand, PTCH1 suppresses SMO activity by retaining P14P,

limiting its access to SMO for activation, and potentially fluxing a steroidal antagonist (red
diamonds) that binds SMO to its CRD and/or TM sites. (Right) When HH ligand binds
PTCHYL, its secretion of a potential antagonist might be blocked. P14P is released from
PTCHL1 and enriched in the PC, which binds the SMO cytoplasmic tail and activates SMO
by promoting phosphorylation and dimerization. Meanwhile, an ubiquitous agonist such as
cholesterol or an agonist also subject to PTCH1 regulation might function synergistically in
SMO activation via engaging the CRD and/or the TM domains.
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