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Aberrant activation of the Hedgehog (Hh) signal transduction pathway is 

crucial for the initiation and maintenance of many cancer types. Underlying this 

deviant signaling process in most cases of cancer is genetic mutations that give rise 

to misactivation of the seven transmembrane oncoprotein, Smoothened (Smo). 

Thus, Smo is a high priority therapeutic target in Hh-associated cancers including 

basal cell carcinoma (BCC) and medulloblastoma. While a Smo antagonist is now 
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approved for the management of BCC, therapeutic strategies focused on Smo 

continue to encounter issues of intrinsic and acquired drug resistance. To overcome 

these challenges, I executed a small molecule screen in order to identify novel 

druggable components in the Hh pathway, and to elucidate new chemical scaffolds 

that exhibit unique activities against an oncogenic form of Smo, SmoM2. My in-depth 

interrogation of a novel Smo antagonist identified from this screen called Inhibitor of 

Hh response 1 (IHR1) revealed mechanisms that enable SmoM2 to bypass a 

signaling checkpoint imposed by the cellular antenna-like structure known as the 

primary cilium.  Furthermore, this deviant form of signaling from an intracellular 

compartment shelters SmoM2 from chemical attack thus rendering it intrinsically 

resistant to certain Smo antagonists.  Based on this new understanding of SmoM2 

signaling, I was able to evolve second-generation IHR1 compounds with improved 

anti-Hh pathway activity thus revealing a general chemical strategy for improving 

Smo antagonist-based therapy. From this study, I also gained new insights into the 

role of the primary cilium in supporting homeostatic cellular signal transduction 

processes. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 The Hedgehog signal transduction pathway in development 

Cell-to-cell communication is fundamental to the development and health of 

multicellular organisms. Cells convey information to one another using a broad range 

of molecules, including proteins, lipids, and chemicals. The spatial and temporal 

regulation of these cues, combined with the diversity of cell-to-cell signaling 

mechanisms, enforces coordinated cell behavior (growth, differentiation, for 

example) that is essential to the formation of distinct tissue types in metazoans. 

Corruption in the ability of cells to communicate with one another frequently results 

in human disease, including developmental malformations, tissue degeneration and 

cancer.  

A signal transduction pathway is a simplistic description of a system of 

molecular interactions that mediate a particular cellular response. In cell-to-cell 

signaling, such pathways typically involve the binding of extracellular signaling 

molecules to cell surface transmembrane receptors, which in turn lead to a series of 

intracellular protein-protein interactions that result in the alternation of cell growth 

and differentiation gene expression. From decades of genetic studies focused on 

metazoan development, several signal transduction pathways have emerged as 

robust frameworks for understanding the mechanisms underlying cell-cell signaling. 
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One such pathway is the Hedgehog (Hh) signal transduction pathway. Hh was 

discovered from a mutagenesis screen in Drosophila (fruit fly) focused on uncovering 

the genetic basis of embryonic patterning. Mutations in the single Hh gene found in 

Drosophila resulted in thoracic and abdominal segment patterning defects (Nusslein-

Volhard and Wieschaus, 1980). Subsequent studies have shown that Hh is a protein 

that is distributed in a graded fashion, with the highest local concentration associated 

with Hh producing cells (Lee et al., 1992; Mohler and Vani, 1992; Tabata and 

Kornberg, 1994). The exposure of responsive cells to different Hh protein 

concentrations directs cells to adopt different cell fates (Heemskerk and DiNardo, 

1994; Lee et al., 1992). Motivated by the newfound understanding of the ability of Hh 

proteins to control cell fates, additional genetic and biochemical studies 

subsequently revealed that Hh also plays a central role in the formation of many 

other fly structures, including wing, eye, and leg (Basler and Struhl, 1994; Diaz-

Benjumea and Cohen, 1994; Heberlein et al., 1995; Tabata and Kornberg, 1994).  

In mammals, there are three Hh homologs: Desert Hedgehog (Dhh), Indian 

Hedgehog (Ihh), and Sonic Hedgehog (Shh) (Echelard et al., 1993). These three 

genes appear to function similarly but differ in tissue-specific expression (Pathi et al., 

2001). Dhh is expressed in the testes and ovaries, where it plays a role in 

gametogenesis (Bitgood et al., 1996; Wijgerde et al., 2005; Yao et al., 2002). Ihh is 

expressed in the growth plates of bones and is essential for coordinating proper 

skeletal morphogenesis (St-Jacques et al., 1999; Vortkamp et al., 1996). Unlike Dhh 
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and Ihh, Shh is broadly expressed in many mammalian tissues and is the most 

studied among the Hh proteins. During early embryonic development, Shh is best 

known for its role in the patterning of the neural tube and limb buds (Ahn and Joyner, 

2004; Ericson et al., 1997; Harfe et al., 2004; Marti et al., 1995; Riddle et al., 1993). 

Later in development, Shh is essential for proper morphogenesis in ear, lung, 

kidney, and prostate (Hu et al., 2006; Pepicelli et al., 1998; Podlasek et al., 1999; 

Riccomagno et al., 2002). Furthermore, in adulthood, Shh plays an important role in 

tissue regeneration and the maintenance of stem cells (Han et al., 2008; Kusano et 

al., 2005; Lai et al., 2003; Levy et al., 2005; Omenetti and Diehl, 2008). Due to the 

importance of Hh signaling in regulating various developmental processes and tissue 

homeostasis, disruption of Hh signaling leads to birth defects, such as polydactyly 

and holoprosencephaly (Belloni et al., 1996; Lettice et al., 2003; Roessler et al., 

1996).  

 

1.2 Mechanisms of Hedgehog signal transduction 

Much of the initial understanding of mammalian Hh signaling comes from 

studying Hh components in Drosophila, and although the framework of Hh signaling 

in Drosophila and mammals is evolutionarily conserved, there are several important 

differences. In both Drosophila and mammals, Hh is synthesized as a precursor 

protein, which consists of an amino(N)-terminal signaling domain and carboxyl(C)-

terminal processing domain. To generate a functional Hh ligand, the C-terminal 
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processing domain undergoes autocatalytic cleavage to liberate the N-terminal 

signaling domain (Lee et al., 1994; Porter et al., 1996). The N-terminal signaling 

domain is further modified by cholesterol at its C terminus and palmitate at its N 

terminus (Chamoun et al., 2001; Pepinsky et al., 1998). This dually lipid-modified, N-

terminal fragment is a fully active Hh molecule and is secreted from Hh producing 

cells by the twelve-transmembrane protein Dispatched (Burke et al., 1999). It is not 

clear whether Hh is secreted as individual molecules or as an oligomer. However, 

there is evidence to suggest that the distance by which Hh can travel is dependent 

upon the size of Hh multimers (Chen et al., 2004; Feng et al., 2004; Zeng et al., 

2001).   

The receptor for Drosophila Hh is Patched (Ptc), a twelve-transmembrane 

protein (Figure 1-1) (Chen and Struhl, 1996; Marigo et al., 1996a). Two Ptc 

homologs, Patched 1 (Ptch1) and Patched 2 are found in mammals, with Ptch1 as 

the major Hh receptor (Figure 1-2) (Carpenter et al., 1998; Fuse et al., 1999; 

Motoyama et al., 1998; Stone et al., 1996; Takabatake et al., 1997). The function of 

Drosophila Ptc and mammalian Ptch1 are the same; thus, they are referred to as 

Ptch, for ease of discussion. Without Hh ligand, Ptch suppresses the activity of 

Smoothened (Smo), a seven-transmembrane protein that is important for the 

signaling cascade discussed below (Chen and Struhl, 1996). Through an unknown 

mechanism, the inhibitory effect of Ptch on Smo is released when Hh binds to Ptch. 

Since Ptch has structural similarity to a resistance-nodulation-cell division family of 
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bacterial pumps and contains a sterol-sensing domain, it has been proposed that 

Ptch may transport a sterol molecule that can modulate Smo function (Davies et al., 

2000; Kuwabara and Labouesse, 2002; Taipale et al., 2002; Tseng et al., 1999). 

Supporting this hypothesis, several groups have identified sterols that may activate 

Smo activity (Bijlsma et al., 2006; Corcoran and Scott, 2006; Dwyer et al., 2007; 

Nachtergaele et al., 2012). Nevertheless, the identity of this endogenous molecule is 

still not known.   

 

Figure 1-1. The Drosophila Hedgehog signal transduction pathway. In the 
absence of Hh ligand, Ptc blocks Smo cell surface localization and Cos2 forms a 
complex with Fu, Sufu and Ci. The transcription factor Ci is further phosphorylated 
by kinases that are recruited by Cos2. Phosphorylated Ci is then subjected to 
proteolytic processing to generate Ci repressor that blocks Hh target gene 
transcription. In the presence of Hh ligand, Smo translocates into the cell surface to 
form a complex with Cos2 and Fu. Subsequently, Ci is released from Cos2 complex 
and translocates into the nucleus to turn on the transcription of Hh target genes.    
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Figure 1-2. The mammalian Hedgehog signal transduction pathway. In the 
absence of Hh ligand, Ptch1 localizes in the primary cilium and suppresses the 
activity of Smo. Without Smo activation, Sufu suppresses the Gli family of 
transcriptional factors. As a result, the Gli proteins are partially proteolyzed in a 
proteasome-dependent manner to generate Gli repressors that block Hh target gene 
transcription. In the presence of Hh ligand, Hh suppresses Ptch1 activity and Smo 
translocates into the primary cilium. Through an unknown mechanism, ciliary Smo 
then blocks the Sufu and Gli interaction, which leads to the activation of Gli 
transcription factors and initiates transcription of Hh target genes. 
 
 
 

While Smo is required for intracellular signal transduction from Hh in both 

Drosophila and mammals, the molecular mechanism underlying this process is 
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poorly understood (Alcedo et al., 1996; van den Heuvel and Ingham, 1996). Since 

Smo shares structural similarity to G protein-coupled receptors (GPCRs), it has been 

suggested that Smo functions like GPCRs to control downstream signaling (Meloni 

et al., 2006; Philipp and Caron, 2009). In general, when ligands bind to GPCRs, the 

GPCRs undergo a conformational change to promote the exchange of GDP to GTP 

on the α subunit of heterotrimeric G protein complexes (Gilman, 1987). The GTP-

bound Gα subunit further dissociates from Gβγ subunits to transduce signals to its 

downstream effectors (Gilman, 1987). Different classes of Gα subunits have different 

influences on its downstream targets (Codina et al., 1984; Strathmann and Simon, 

1990; Wilkie et al., 1991). For example, stimulatory Gα subunit (Gαs) activates 

adenylyl cyclase activity, while inhibitory Gα subunit (Gαi) blocks adenylyl cyclase 

activity (Codina et al., 1984; Hildebrandt et al., 1984). In the case of Smo, it has 

been shown to activate Gαi in Drosophila cells, mouse fibroblasts and frog pigment 

cells (DeCamp et al., 2000; Ogden et al., 2008; Riobo et al., 2006). The activation of 

Gαi leads to a signaling cascade that triggers the blockade of protein kinase A (PKA) 

activity (Edelman et al., 1987; Scott, 1991). The inhibition of PKA activity initiates the 

activation of several Smo downstream effectors, which will be discussed later in this 

section. Furthermore, in order to evaluate whether Smo could function like GPCRs, 

Dr. Jin Jiang’s group compared common features of GPCRs with Smo, such as 

dimerization, phosphorylation, and ligand-induced conformational change (Gether 

and Kobilka, 1998; Lefkowitz, 2004; Schlessinger, 2000; Zhao et al., 2007). As a 



8 

 

result, they showed that Smo constitutively forms a dimer through the coupling of its 

N-terminal extracellular domain. In addition, upon Hh pathway activation, Smo is 

phosphorylated at multiple sites within the C-terminal tail, thereby inducing Smo to 

switch from a closed conformation to an open conformation (Chen et al., 2011a; 

Zhao et al., 2007). The closed and open conformations of Smo determine the off and 

on states of Hh signaling respectively (Chen et al., 2011a; Zhao et al., 2007). While 

these traits are associated with the typical action of a GPCR, there are data against 

Smo to function as a GPCR. For instance, Gαi protein overexpression or 

suppression in chicks has no significant effect on the Hh-dependent specification of 

neural progenitor cells (Low et al., 2008). Also, blocking Gαi function in zebrafish 

embryos only resembles a partial loss of Hh function phenotype (Hammerschmidt 

and McMahon, 1998). The inconsistency concerning Gαi activity in Hh signaling may 

be due to the different cells or organisms studied. Thus, whether Smo signals 

through Gαi remains controversial.  

Although it is not known how Smo activates its downstream signaling 

cascade, it is known that the final effectors of Smo signaling are the zinc finger 

transcription factor Cubitus interruptus (Ci) in Drosophila and GLI-Kruppel family 

members 1, 2, and 3 (Gli1, Gli2, and Gli3) in mammals (Aza-Blanc et al., 1997; 

Kinzler et al., 1988; Lee et al., 1997; Marigo et al., 1996b; Ruppert et al., 1988). Ci, 

Gli2 and Gli3 contain an N-terminal repressor domain and a C-terminal activator 

domain, whereas Gli1 only has the activator domain (Aza-Blanc et al., 1997; Dai et 
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al., 1999; Sasaki et al., 1999). As a result, Ci, Gli2, and Gli3 can act as Hh 

transcriptional activators or repressors, while Gli1 only functions as a Hh 

transcriptional activator (Aza-Blanc et al., 2000; Aza-Blanc et al., 1997; Bai and 

Joyner, 2001; Ruiz i Altaba, 1999; Sasaki et al., 1999). The abundance and activity 

of these transcription factors are regulated by phosphorylation-triggered 

proteasome-mediated proteolysis. In the absence of Hh, Ci and Gli (Gli1, Gli2, and 

Gli3) are phosphorylated by PKA, Casein kinase I (CK1), and glycogen synthase 

kinase 3 beta (GSK-3β) (Kaesler et al., 2000; Pan et al., 2006; Price and Kalderon, 

1999, 2002; Wang and Li, 2006). Phosphorylated Gli1 and Gli2 are mainly subjected 

to complete degradation by the proteasome, whereas phosphorylated Ci and Gli3 

undergo limited proteolysis to generate Ci and Gli3 repressor through the removal of 

the C-terminal activator domain (Kaesler et al., 2000; Pan et al., 2006; Price and 

Kalderon, 2002; Tempe et al., 2006). In the presence of Hh, Ci and Gli are not 

phosphorylated, thus allowing the intact full-length Ci and Gli to function as 

transcriptional activators (Chen et al., 1999; Pan et al., 2006; Wang et al., 2000). 

Aside from proteasomal regulation of Ci and Gli activities, a cytoplasmic protein 

suppressor of fused (Sufu) also controls the actions of Ci and Gli proteins. Sufu, a 

negative regulator of the Hh pathway, binds directly to Ci and Gli transcriptional 

activators, tethers them in the cytoplasm, and blocks their transcriptional activities in 

the nucleus (Barnfield et al., 2005; Cooper et al., 2005; Ding et al., 1999; Dussillol-

Godar et al., 2006; Kogerman et al., 1999; Methot and Basler, 2000; Pearse et al., 
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1999; Stone et al., 1999; Svard et al., 2006). The inhibitory effects of Sufu are 

relieved when the Hh pathway is activated.  

Based on the major Hh components discussed so far, Drosophila and 

mammalian Hh signaling share many similarities. However, when the mammalian 

homologs of two Drosophila Hh proteins, Cos2 and Fu, are inhibited in mammalian 

cell culture or in mice, Hh signaling is not perturbed (Chen et al., 2005; Varjosalo et 

al., 2006). In Drosophila Hh signaling, Cos2, a kinesin-related protein, functions as a 

scaffold for bringing Hh cytoplasmic components together, and Fu kinase activity is 

required for Ci activation (Fukumoto et al., 2001; Lum et al., 2003). Without Hh 

stimulation, Ptch inhibits Smo and permits Cos2 to form a complex with Fu, Sufu and 

Ci (Lum et al., 2003; Sisson et al., 1997). In addition, Cos2 recruits PKA, CK1, and 

GSK-3β to promote the phosphorylation of Ci, which leads to the cleavage of Ci and 

generation of its repressor form (Price and Kalderon, 1999, 2002; Wang and Price, 

2008). With Hh stimulation, Smo is phosphorylated and accumulates at the cell 

surface; subsequently, Cos2 binds to Smo and Fu is activated (Jia et al., 2004; Lum 

et al., 2003; Ruel et al., 2007; Therond et al., 1996). Fu further phosphorylates Cos2 

and Sufu, triggering the dissociation of Ci from the complex (Ruel et al., 2007). Then, 

Ci translocates into the nucleus and turns on the transcription of Hh target genes. 

The major difference between Drosophila and mammalian Hh signaling is the 

involvement of the primary cilium in mammalian Hh signaling. The primary cilium is a 

microtubule-based structure that protrudes from the cell surface. The formation and 
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the maintenance of primary cilium depend on a microtubule-based transport system 

called intraflagellar transport (IFT) (Sloboda, 2002). IFT involves the collaboration 

between IFT particles and IFT motors to transport axoneme components, proteins, 

and signaling molecules in and out of the primary cilium (Marszalek et al., 2000; Pan 

and Snell, 2003; Piperno et al., 1996; Scholey, 2003). Much of our understanding 

about the mammalian IFT machinery has come from the biochemical and genetic 

studies of the biflagellate alga Chlamydomonas reinhardtii. The bidirectional 

movement of IFT particles was first observed in the flagella of Chlamydomonas 

reinhardtii using differential interference contrast microscopy (Kozminski et al., 

1993). Subsequent purification of the flagella from Chlamydomonas reinhardtii 

showed that there are IFT particle complex A and IFT particle complex B (Cole et al., 

1998; Piperno and Mead, 1997). Complex A contains IFT122, IFT139, IFT140, and 

IFT144, while complex B contains IFT20, IFT27, IFT46, IFT52, IFT57, FIT74, IFT80, 

IFT81, IFT88, and IFT172 (Cole et al., 1998). The movement of complex A or B with 

its cargos is controlled by the dynein motor and kinesin-2 motor. Anterograde IFT is 

mediated by complex B and a kinesin-2 motor, while retrograde IFT is mediated by 

complex A and a dynein motor (Cole et al., 1998; Kozminski et al., 1995; Pazour et 

al., 1999; Piperno et al., 1998; Porter et al., 1999). The mechanism of anterograde 

and retrograde IFT found in Chlamydomonas reinhardtii is highly conserved in 

mammals (Baker et al., 2003; Ostrowski et al., 2002). Having a clear understanding 

of the IFT mechanism is important, as further studies indicate that the disruption of 
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IFT components in mice and humans can lead to pathologies such as polycystic 

kidney disease, liver cysts, and retinal degeneration (Marszalek et al., 2000; Pazour 

et al., 2002; Pazour et al., 2000; Tahvanainen et al., 2005). These findings reveal 

that the function of IFT might not simply be to maintain the integrity of the primary 

cilium. Indeed, additional studies have suggested that IFT is responsible for 

controlling the trafficking of signal pathway components in and out of the primary 

cilium (Pedersen and Rosenbaum, 2008; Scholey and Anderson, 2006).  

A connection between mammalian Hh signaling and the primary cilia was first 

revealed in IFT172 and IFT88 mouse mutants, which lack primary cilia and displayed 

Hh-related neural tube defects during development (Huangfu and Anderson, 2005; 

Huangfu et al., 2003; Liu et al., 2005; Murcia et al., 2000). Subsequent studies 

showed that Ptch1, Smo, Sufu, and Gli proteins can localize in the primary cilium 

according to the status of the Hh pathway activity (Corbit et al., 2005; Haycraft et al., 

2005). In the absence of Hh, Ptch1 localizes in the primary cilium and blocks the 

entry of Smo (Rohatgi et al., 2007). Without Smo activation, Sufu and individual Gli 

proteins form complexes (Sufu-Gli complexes); low levels of Sufu-Gli2 or Sufu-Gli3 

complexes travel through the primary cilium to prepare for the generation of Gli 

transcriptional repressors (Humke et al., 2010; Tukachinsky et al., 2010; Wen et al., 

2010). Upon binding of Hh to Ptch1, Ptch1 exits and Smo enters the primary cilium 

(Rohatgi et al., 2007). The movement of Smo into the primary cilium is essential but 

not sufficient for turning on Hh signaling since an activation step is required 
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afterward (Rohatgi et al., 2009). This activation step may involve a Smo small 

molecule regulator that activates ciliary Smo. Once Smo is activated, it further 

recruits Sufu-Gli complexes to translocate to the tip of the primary cilium (Chen et al., 

2011b; Rohatgi et al., 2009; Tukachinsky et al., 2010). Through an unknown 

mechanism, ciliary Smo promotes the dissociation of the ciliary Sufu-Gli complexes 

and activates Gli (Chen et al., 2011b). Subsequently, Gli transcriptional activators 

translocate into the nucleus to turn on the transcription of Hh target genes Gli1 and 

Ptch1, which provide positive and negative feedback loops to regulate Hh signaling, 

respectively (Agren et al., 2004; Dai et al., 1999; Lee et al., 1997; Marigo et al., 

1996b; Platt et al., 1997).  

It has been less than 10 years since the connection between primary cilia and 

mammalian Hh signaling was first discovered (Huangfu et al., 2003). Many aspects 

of Hh signaling in relation to the primary cilium are poorly understood. For instance, 

it remains unclear how Hh components travel through the primary cilium, how ciliary 

Smo triggers ciliary Gli activation, and what signals ciliary Gli to translocate into the 

nucleus. As Drosophila Hh signaling functions without the primary cilium, it is not 

clear why mammalian Hh signaling needs the primary cilium. It is possible that the 

primary cilium serves as a hub to facilitate the interaction of Hh components. 

Another possibility is that IFT components play a direct role in activating the Hh 

pathway. To address these possibilities, it is essential to have a detailed mechanistic 

understanding of how Hh signaling is being activated within the primary cilium. 
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1.3 The Hedgehog signal transduction pathway in cancer 

The role of the Hh pathway in cancer was first revealed when Ptch1 mutations 

were identified from patients with Gorlin syndrome, an autosomal dominant disorder 

that causes a strong predisposition to the development of basal cell carcinoma 

(BCC), medulloblastoma (MB), and rhabdomyosarcoma (RMS) (Evans et al., 1991; 

Hahn et al., 1996; Johnson et al., 1996; Jones et al., 2011; Tostar et al., 2006). To 

confirm the role of Ptch1 as a tumor suppressor gene, Ptch1+/- mice were shown to 

express high levels of Ptch1 and Gli1, as well as the development of BCC, MB, and 

RMS (Aszterbaum et al., 1999; Goodrich et al., 1997; Hahn et al., 1998).  

In cancers, the Hh pathway can be activated either in a ligand-independent or 

ligand-dependent manner. Hh ligand-independent tumors include sporadic BCC, 

MB, and RMS that have genetic aberrations in Hh pathway components (Gailani et 

al., 1996; Lam et al., 1999; Raffel et al., 1997; Reifenberger et al., 1998; Taylor et 

al., 2002; Tostar et al., 2006; Xie et al., 1998). For example, Ptch1 inactivating 

mutations and a SmoW539L (SmoM2) activating mutation are responsible for ~90% 

and ~10% of sporadic BCC respectively (Gailani et al., 1996; Lam et al., 1999; Ng 

and Curran, 2011; Xie et al., 1998). Furthermore, mutations in Sufu and gene 

amplifications in Gli1 and Gli2 can cause MB (Northcott et al., 2009; Taylor et al., 

2002). Therefore, it is likely that functional mutations to any component of the Hh 

pathway might drive cancer. In contrast, Hh ligand-dependent cancers have no 
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identified genetic aberrations in Hh pathway components, but demonstrate elevated 

expression of the Hh ligand. The survival of Hh ligand-dependent tumors relies upon 

either autocrine or paracrine Hh signaling. In autocrine Hh signaling, tumor cells 

produce and respond to their own Hh ligand (Rubin and de Sauvage, 2006). In 

paracrine Hh signaling, tumor cells secrete the Hh ligand that activates the signal 

cascade in neighboring stromal cells, which in turn induces the secretion of tumor-

promoting growth factors (Rubin and de Sauvage, 2006). It is important to 

distinguish whether particular cancers rely on autocrine or paracrine Hh signaling, as 

Hh pathway inhibitors alone might not be sufficient to block tumor growth induced by 

paracrine signaling, because the stromal cells may secrete growth factors 

independent of Hh signaling. 

Although autocrine Hh signaling has been described in pancreatic, upper 

gastrointestinal tract, colorectal, prostate, breast, and lung cancers (Berman et al., 

2003; Karhadkar et al., 2004; Mukherjee et al., 2006; Qualtrough et al., 2004; 

Sanchez et al., 2004; Stecca et al., 2007; Thayer et al., 2003; Watkins et al., 2003), 

recent findings showed some of these tumors depend on paracrine Hh signaling for 

survival (Nolan-Stevaux et al., 2009; Tian et al., 2009; Yauch et al., 2008). The 

discrepancies between these studies were first raised through a screen of human 

colorectal, pancreatic and lung tumor cell lines, which showed no correlation 

between cell death induced by Smo antagonists and down-regulation of Hh target 

genes (Yauch et al., 2008). Furthermore, stromal cells, but not tumor epithelial cells, 
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were shown to respond to Hh ligand in pancreatic and colon cancers (Nolan-Stevaux 

et al., 2009; Tian et al., 2009; Yauch et al., 2008). These findings led scientists to 

question the criteria used to assign cancers to autocrine Hh signaling in the earlier 

studies. These criteria include the presence of the Hh ligands and other Hh 

components in tumor cells, as well as the inhibition of tumor cell growth by Smo 

antagonists both in vitro and in vivo. Several problems associated with using these 

criteria in categorizing cancers as autocrine Hh signaling were found. First, tumor 

cells grown in culture rapidly lose their dependence on Hh signaling (Sasai et al., 

2006). Second, a high concentration of Smo antagonist must be used to block tumor 

cell growth. Such a high concentration has been shown to kill cells which lack Hh 

pathway components (Yauch et al., 2008; Zhang et al., 2009). Third, even though 

tumor growth can be inhibited in several autocrine models in vivo, it has not been 

shown whether the downregulation of Hh target genes occurred in tumor or stroma 

cells (Berman et al., 2003; Karhadkar et al., 2004; Stecca et al., 2007; Thayer et al., 

2003; Watkins et al., 2003). Therefore, more studies are needed to determine 

whether the previously shown Hh ligand-dependent autocrine cancers rely instead 

on paracrine signaling for survival. Additional insight into this problem will enhance 

the development of therapeutic intervention for Hh-related cancers. 
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1.4 Chemical modulators of the Hh pathway  

The identification of the first small molecule inhibitor of the Hedgehog 

pathway traces back to the 1950s in Idaho, where sheepherders noticed that about 

25% of newborn lambs had only one eye (Binns et al., 1962; Binns et al., 1959). This 

congenital condition is called cyclopia and was caused by pregnant sheep ingesting 

the plant Veratrum californicum, which contains a natural alkaloid teratogen, 

Cyclopamine (Binns et al., 1963; Keeler and Binns, 1966a, b). About 40 years later, 

P.A. Beachy and co-workers showed that Cyclopamine disrupts the Hh pathway by 

inhibiting Smo (Chen et al., 2002a; Taipale et al., 2000). This was the first indication 

that a compound can modulate Hh signaling. This discovery has since propelled the 

Hh field into the identification of additional Hh pathway modulators, with enormous 

implications for both the development of therapeutics for Hh related diseases and 

novel biological probes for studying the Hh pathway. 

A cell-based Gli-luciferase reporter gene assay has been widely used in high-

throughput compound library screening for discovering Hh small molecule agonists 

and antagonists. The assay involves transfecting cells with a construct that has eight 

adjacent generic Gli binding sites upstream of a firefly luciferase reporter gene 

(Sasaki et al., 1997). Therefore, the binding of Hh target gene, Gli, triggers the 

transcription of firefly luciferase. Using this strategy, Hh activators and Hh inhibitors 

can be identified by the increased or decreased luciferase activity, respectively. 

Although this reporter assay is highly sensitive, convenient and easily miniaturized, it 
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may demonstrate a variety of cell responses caused by cell vitality (Michelini et al., 

2010). To minimize this effect, a Renilla luciferase reporter gene driven by the 

constitutively active cytomegalovirus promoter is co-transfected to measure general 

cellular health. Any compounds that show outlier Renilla reporter activity are 

eliminated from the screen immediately. In addition, the control reporter also serves 

as an internal control for normalizing any variation in pipetting errors, transfection 

efficiency, or cell lysis efficiency. Thus, by using this cell-based dual luciferase 

reporter system, Hh modulators can be effectively identified from large compound 

libraries.  

Both academic and pharmaceutical companies have identified several Smo 

inhibitors, Smo activators, and Gli inhibitors, by conducting massive chemical library 

screens using the cell-based Gli-luciferase reporter gene assay. Smo inhibitors 

include Sant1, Sant2, Sant3, Sant4, Sant74, Sant75, CUR61414, HhAntag691, 

GDC-0449, LAB687, Itraconazole, and LDE225 (Chen et al., 2002b; Kim et al., 

2010; Pan et al., 2010; Peukert et al., 2009; Robarge et al., 2009; Romer et al., 

2004; Williams et al., 2003; Yang et al., 2009). Smo activators include SAG, 

Purmorphamine, Hh-Ag1.1, and 20(S)-hydroxycholesterol (20(S)-OHC) (Chen et al., 

2002b; Frank-Kamenetsky et al., 2002; Nachtergaele et al., 2012; Sinha and Chen, 

2006). Gli1 and Gli2 inhibitors include GANT58, GANT61, HPI-1, HPI-2, and HPI-3 

(Hyman et al., 2009; Lauth et al., 2007). The majority of compounds identified from 

the cell-based screens target Smo. This is likely to be due to its cell surface 



19 

 

localization and its central role in regulating Hh signaling. These Smo modulators are 

structurally distinct from each other, and recent studies have suggested that they 

can bind two Smo sites (Nachtergaele et al., 2012; Rominger et al., 2009). SAG and 

Cyclopamine have been shown to bind to the Smo heptahelical domain, whereas 

20(S)-OHC binds to a distinct but undefined Smo binding site (Chen et al., 2002a; 

Chen et al., 2002b; Nachtergaele et al., 2012). Furthermore, Smo inhibitors have 

different modes of action to block Smo activity. For example, both Cyclopamine and 

Sant1 are Smo antagonists, but Cyclopamine promotes Smo ciliary accumulation, 

whereas Sant1 blocks the trafficking of Smo into the primary cilium (Rohatgi et al., 

2009; Wilson et al., 2009). In contrast to Smo modulators, the mechanistic action of 

Gli1 and Gli2 inhibitors are poorly understood since there is no clear biochemical 

understanding of how Gli proteins are activated. Further, Robotnikinin is the only Hh 

ligand inhibitor identified from a small-molecule microarray screen, but its specificity 

has yet to be verified (Stanton et al., 2009). Despite the fact that many Hh inhibitors 

have been identified, these compounds cannot be used to their full potential in either 

clinical or Hh mechanistic studies without a comprehensive molecular understanding 

of compound-target interactions. In addition, a better understanding of the 

mechanistic action of these inhibitors may provide insight into the design of 

additional or optimized drugs.           
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1.5 Targeting the Hh pathway in cancer 

Among all of the Hh inhibitors identified, only Smo inhibitors have been tested 

in humans. BCC is the main cancer type chosen for testing the efficacy of Smo 

inhibitors since Ptch1 or Smo mutations have been identified in the majority cases of 

BCC (Berlin et al., 2002). Cyclopamine, CUR61414, and LDE225 have been 

formulated into cream and topically applied for patients with BCC; only LDE225 went 

on to phase II clinical trial (Skvara et al., 2011; Tabs and Avci, 2004; Tang et al., 

2011). Additionally, there are seven oral Smo antagonists currently undergoing 

clinical trails (Guha, 2012). One of these compounds, GDC-0449, is the first and only 

Hh inhibitor to be approved by the US Food and Drug Administration (FDA) for 

treating locally advanced and metastatic BCC (Guha, 2012). However, it is not clear 

if Smo antagonists will be effective against other cancer types. Clinical trials for 

GDC-0449 in advanced ovarian cancer and colorectal cancer both failed to show 

efficacies (Ng and Curran, 2011). Another Smo antagonist in clinical trials, IPI-926, 

also failed to treat metastatic pancreatic cancer (Guha, 2012). These cancers are 

more complicated than BCC since they are Hh ligand-dependent cancers without 

any mutations within the Hh pathway components. Failure to target these cancers 

with Smo antagonists is largely due to the incomplete understanding of how the Hh 

pathway or other factors contribute to tumor growth. 

Despite the therapeutic promise of Smo antagonists, several factors currently 

limit our ability to realize the full potential of such inhibitors. First, a medulloblastoma 
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patient who was treated with GDC-0449 showed rapid drug resistance and acquired 

a Smo aspartate to histidine missense mutation at codon 473 that is located on the 

C-terminal end of transmembrane segment 6 (Yauch et al., 2008). This mutation 

prevents GDC-0449 from binding to Smo (Yauch et al., 2008). Second, the SmoM2 

mutation that is frequently associated with BCC incidents is refractory to many Smo 

antagonists (Dijkgraaf et al., 2011; Lam et al., 1999; Taipale et al., 2000). Lastly, Dr. 

Tom Curran’s group showed that young mice transiently treated with another Smo 

antagonist, HhAntag691, developed permanent bone defects that resulted in skeletal 

deformities, whereas adult mice exhibited normal skeletons (Kimura et al., 2008). 

This observation raises concerns about using Smo antagonists in pediatric tumors 

such as MB. One idea to overcome these problems is to target the most downstream 

components of the Hh pathway, Gli proteins. However, no Gli inhibitors have entered 

clinical trials to date. Moreover, elucidating the Smo drug resistant mechanisms and 

identifying novel Smo antagonists with different modes of action may provide 

alternative solutions for overcoming the problems associated with using Smo 

antagonists.   

Based on the Smo inhibitor clinical studies thus far, only patients with BCC 

are likely to benefit from this treatment. Therefore, it is important to investigate how 

Smo inhibitors could be used to treat other cancers that do not carry mutations in the 

Hh pathway. Since several studies indicated that these tumors might interact with 

the stromal cells through paracrine signaling, Hh pathway activation is not likely to 
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be the only driver for the tumor growth. Combinatorial treatment strategies may be 

successfully used to kill these tumors. Furthermore, to broaden the use of Hh 

pathway inhibitors in the clinic, compounds that target different or new Hh pathway 

components are needed. Taken together, efforts in both academic and the private 

settings are needed to further dissect the role of Hh signaling in tumorigenesis of 

each cancer type in order to develop effective and appropriate anti-Hh-based cancer 

therapies. 

 

Objectives of dissertation  

My thesis research is focused on elucidating the mechanism of action for IHR1, a 

compound with a novel activity profile against the Hh pathway effector Smo that I co-

discovered in a large-scale chemical screen. As part of structure-function studies to 

engineer an affinity probe for measuring Smo-IHR1 interaction, I realized that IHR1 

was a versatile scaffold that is able to accommodate a broad range of chemical 

adducts without losing its potency against Hh pathway response. In collaboration 

with chemists, we generated novel synthetic combinatorial therapeutic agents that 

exhibit potent activities against Smo activity as well as against other high priority 

cancer-associated cellular processes. The second part of my thesis describes these 

efforts and ongoing work to evaluate the activity of these hybrid chemical agents. 
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CHAPTER TWO 
 

MATERIALS AND METHODS 
 

 

Cell lines and reagents.  

The GliBS Hh pathway reporter (provided by P. A. Beachy), 8xCBP Notch pathway 

reporter (provided by R. Kopan), and STF Wnt/β-catenin pathway reporter (provided 

by R. Moon) were previously described. Smo-myc was constructed in the pCDNA3 

backbone using PCR-based cloning. Smo-M2-myc was generated from the Smo-

myc backbone using PCR-based mutagenesis. The Frizzled4 expression construct 

was purchased from Open Biosystems. Bodipy-cyclopamine was kindly provided by 

J. K. Chen. Other Smo modulators used in this study include Cyclopamine (Logan 

Natural Products), SANT1 (Sigma), and SAG (Alexis Biochemicals). GDC-0449 was 

synthesized by Chen Chen. ShhN conditioned medium was prepared as previously 

described (Chen et al., 2002b). 3T3-ShhFL and L-Wnt-STF cell lines were previously 

described (Chen et al., 2009; Jacob et al., 2011). Caco-2, NIH3T3, Shh LightII 

(referred to as LightII cells), C3H10T1/2, Cos-7, and HEK293 cells were purchased 

from ATCC. Cell lines provided by other labs are listed as following: FLAG-Gli2 and 

SMO-/- cells  (J.K. Chen), SmoA1 Light (referred to as SmoM2-NIH3T3 cells; P. A. 

Beachy), A1::Smo::GFP (referred to as Smo-GFP cells; A.P. McMahon), and 

PTCH1-/- (M.P. Scott). For establishing the SmoM2-myc-NIH3T3 cell line, Smo-M2-

myc cDNA was transfected into NIH3T3 cells and clones were selected in the 
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presence of 400ug/ml Geneticin. Subclones were then isolated from positive clones 

identified by Western blot analysis for SmoM2-myc expression.   

 

Chemical screen and reporter-based assays.  

For the primary screen and dose-response test, 7,000 3T3-ShhFL cells in DMEM/ 

3% calf serum (CS) were seeded into 384-well plates and incubated at 37°C for 

2hrs. 200K compounds from UT Southwestern chemical library were added into 

each well by a Biomek FX liquid handler (Beckman Coulter). Luciferase activities 

were measured by Dual-Luciferase reporter assay kit (Promega) 72hrs after drug 

treatment. To test the effects of compounds of interest in Wnt signaling, 5,000 L-

Wnt-STF cells were seeded into 384-well plates containing diluted compounds. 

Luciferase activities were measured 48hrs after drug treatment. Similarly, 

compounds were tested in the Notch pathway using the 8xCBP reporter in cells 

transfected with Notch intracellular domain (NICD). For the exogenous Hh test, 

12,000 LightII cells were seeded into 96-well plates. After 24hrs, culture medium was 

replaced with ShhN conditioned medium/ 3%CS. Luciferase activities were 

measured 48hrs after drug treatment. 

 For testing the activity of IHR compounds against Gli1- and SmoM2-induced 

Hh pathway activity, Gli1 DNA, SmoM2 DNA, the GliBS reporter, and a constitutive 

Renilla luciferase reporter were transfected into NIH3T3 cells or SMO-/- MEFs using 

Effectene (QIAGEN) or Fugene6 (Roche) respectively. For measuring the Hh 
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pathway EC50 of IHR1 in PTCH1-/- cells, GliBS and Renilla luciferase reporter were 

transfected into PTCH1-/- MEFs using Effectene. To measure EC50s of IHR 

compounds against SAG-induced Hh pathway activation, LightII cells were seeded 

into 384-well plates. For all the reporter assays described above, culture media were 

replaced with DMEM/ 3%CS that were pre-mixed with compounds after cells 

reached 100% confluency. Luciferase activities were measured 48hrs after drug 

treatment. For alkaline phosphatase assays in C3H10T1/2, cells treated for 5 days in 

DMEM/ 3%FBS in the presence of IHR compounds were lysed and alkaline 

phosphatase activity measured using the SensoLyte pNPP Alkaline Phosphatase 

Assay Kit according to manufacturer’s instructions.  

 

Biochemical assays.  

For analyzing Gli2 and Gli3 processing, FLAG-Gli2-expressing cells or NIH3T3 cells 

were grown to confluence in 6-well plates. Culture medium was switched to ShhN 

conditioned medium or 100nM SAG in the presence or absence of Smo antagonists 

in DMEM/ 3%CS. After 48hrs of treatment with chemicals, cells were lysed in RIPA 

buffer. For analyzing acetylation status of tubulin and histone 3, Hela cells were 

grown to confluence in 12-well plates. After 24hrs of treatment with indicated 

chemicals, cells were lysed in PBS with 1%NP40 and protease inhibitors. For all the 

assays described above, whole cell lysate was resuspended in SDS sample loading 

buffer and heated to 95°C for 1min prior to SDS-PAGE. Antibodies used for 
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analyzing the blots were: Gli3 (R&D system #AF3690), Flag epitope-tag, acetylated 

tubulin (Sigma #F1804, #T6793), α-tubulin, acetyl-histone H3 (Lys23), and histone 

H3 (Cell Signaling Technology #2125S, #8848, and #9717, respectively). 

 

Smo cell surface biotinylation.  

pBSK, Smo-myc, SmoM2-myc were transfected into Cos-7 cells using Fugene 6. 

24hrs after transfection, indicated Smo antagonists were added to cells and 

incubated for another 24hrs. Cells were washed with ice-cold PBS, and incubated in 

ice-cold PBS containing 2mM Sulfo-NHS-SS-Biotin (Pierce) for 30min. Biotinylation 

was quenched by washing and incubating cells with ice-cold PBS containing 100mM 

glycine for 10min. Cells were then lysed in PBS with 1%NP40 and protease 

inhibitors. Agarose beads cross-linked to streptavidin (Sigma) were used to pull 

down biotinylated proteins. Bound proteins were recovered in sample loading buffer 

and separated by SDS-PAGE.  

 

Immunofluorescence.  

For Smo or Gli2 cilia localization assays, NIH3T3, Smo-GFP, or Smo-M2-myc cells 

were grown to confluence on 12mm poly-L-Lysine pre-coated glass coverslips (BD 

Biosciences). The indicated compounds were dissolved in DMEM/ 3%CS and then 

applied to cells for 48hrs or 72hrs. Cells were either fixed in 100% methanol for 5min 

at -20oC or in 3.7% formaldehyde for 15min at room temperature. The cells were 
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further permeabilized in blocking buffer (5% normal goat serum and 0.2% Triton X-

100 in PBS) for 10min. Coverslips were treated with anti-Smo (provided by P. A. 

Beachy), anti-Myc (Cell Signaling Technology, 2272), anti-GFP (MBL International, 

598), anti-Gli2 (provided by S. Scales), and anti-tubulin (Sigma, T6793) in blocking 

buffer each for 30min. After several PBS washes, the coverslips were further 

incubated with Alexa Fluor 488-conjugated goat anti-rabbit, Alexa 594-conjugated 

goat anti-mouse, or Hoechst 33342 (Invitrogen) for 30min. 100 primary cilia were 

scored for the presence of Smo, SmoM2 and Gli2 in each experiment. For Smo 

subcellular localization studies, C3H10T1/2 cells were plated onto coverslips and 

transfected with Smo-myc or SmoM2-myc DNA using Fugene 6. 24hrs after 

transfection, indicated Smo antagonists were added to cells and incubated for an 

additional 24hrs. Cells were fixed and stained with DAPI, anti-Myc antibody, or anti-

KDEL receptor antibody (Abcam, ab12223). Fifteen cells from each condition were 

analyzed using a Zeiss LSM 510 METO NLO laser scanning confocal microscope. 

Pearson’s correlation coefficients for colocalization of SmoM2 and KDEL receptor 

were determined using Imaris imaging software. 

 

Flow cytometry.  

Fzd4 or Smo-myc DNA was transfected into Cos-7 cells (Bodipy-cyclopamine 

binding assay) or HEK293 cells (IHR-Cy3 binding assay) by using Fugene6 in 6-well 

plates. 2 days after transfection, cells were incubated with medium contain 
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fluorescently labeled compounds and the indicated competing compounds for 1hr at 

37°C. Cell pellets were collected after trypsinization and washed with cold PBS three 

times. Cells resuspended in cold PBS were analyzed by flow cytometry on a FACS 

Calibur (BD Biosciences). 10,000 cells were sorted for each sample. A fluorescent 

positive gate was selected in areas where minimum fluorescent positive cells were 

detected in Fzd4 DNA transfected cells. The same approach was used for testing 

the binding between IHR compounds and SmoM2 except LightII and SmoM2-

NIH3T3 cell lines were used. 

 

Chemical synthesis.  

Synthesis of IHR1, IHR-Cy3, IHR-NAc, IHR-C7, and IHR-NBoc is described in Figure 

3-13. 

 

Compound cellular permeability.  

Caco-2 cells were grown to confluence in 12-well transwell plates (Corning, 3460). 

Cell confluency was measured by Millicell-ERS volt-ohm meter (Millipore). Caco-2 

cell monolayers with transepithelial electric resistance values greater than 950 

ohmxcm2 were used for experiment. Culture medium was replaced with 10μM of 

compounds in DMEM/ 3%CS and incubated for 6hrs. Media from the top and bottom 

chamber were collected and diluted in DMEM/ 3%CS as indicated in the figure. 

Diluted media were added to confluent 3T3-ShhFL cells for 48hrs and measure the 
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Hh pathway activity by reporter assay. Metabolism of the basolateral pool of IHR 

compounds was determined by mass spectrometric analysis as described below.  

 

Mass spectrometry.  

100μl of each sample was mixed with 200μl of acetonitrile containing 300ng/ml N-

Benzylbenzamide (Sigma). The samples were vortexed for 15 seconds, allowed to 

sit 10min at room temperature, and then centrifuged 5min at 13K rpm. The 

supernatant was collected and centrifuged an additional time before analysis by 

LC/MS/MS. Standard curves were prepared using DMEM with 3% CS spiked with 

known concentrations of each compound. DMEM containing 3% CS was used to 

establish the limit of detection as 3 times the signal seen in these samples. In 

general, back-calculation of standard curve points and QC samples were within 15% 

of theoretical. The limit of quantification was set as the lowest point on the standard 

curve for which back-calculation yielded values within 15% of theoretical. Analytical 

methods were developed to detect IHR1, IHR-NBoc, IHR-NAc, and IHR-C7 using an 

Applied Biosystems/MDS Sciex 3200 QTRAP mass spectrometer coupled to a 

Shimadzu Prominence LC. All compounds were detected as singly charged species 

and one daughter ion. The following transitions were monitored: IHR1 454.8 to 

173.0; IHR-NBoc 536.0 to 436.1; IHR-NAc 476.1 to 173.1; IHR-C7 663.2 to 563.2. N-

Benzylbenzamide was used as an internal standard (transition 212.1 to 91.1). 

Chromatography was performed using an Agilent ZORBAX XDB-C18 column 
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(5micron, 4.6Χ50mm) and the following gradient conditions: 0-1 min 5% buffer B; 1-

1.5min gradient to 100% buffer B; 1.5-3min 100% buffer B; 3-3.5min gradient to 5% 

buffer B; 3.5-5min 5% Buffer B.  For GDC-0449, IHR1, and IHR-NAc, Buffer A 

consisted of 100% dH2O+0.1% formic acid and Buffer B consisted of 100% 

acetonitrile+0.1% formic acid. For IHR-C7 and IHR-NBoc, Buffer A consisted of 

H2O+2mM ammonium acetate and 0.1% formic acid and Buffer B consisted of 

methanol+2mM ammonium acetate+ 0.1% formic acid. 

 

Smo maturation assay.  

pBSK, Smo-myc, SmoM2-myc were transfected into HEK293 cells using Fugene 6. 

24hrs after transfection, indicated Smo antagonists were added at the described 

concentration. Cells were lysed in PBS with 1%NP40 and protease inhibitors 24hrs 

after drug treatment. SDS sample loading buffer were added to whole cell lysates 

and heated to 50°C for 10min. Enzymatic deglycosylation of protein was achieved 

with 1μl of Endo H (Sigma) added to 30μl of whole cell lysate in sample loading 

buffer and incubating at 37°C for 4hrs.  

 

Cell viability assay.  

LightII, SmoM2-NIH3T3 cells, and PTCH1-/- cells were seeded into 96-well plates 

(1,000 cells/well) in the presence of IHR1 or IHR-NAc. On day 4, cell viability was 

determined by Cell Titer Glo (Promega), CytoTox-Fluor Cytotoxicity (Promega), and 
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Vybrant MTT Cell Proliferation (Invitrogen) assays according to the manufacturers’ 

protocols. 

 

RT-PCR.  

3T3-ShhFL cells were grown to confluence in 6-well plates. Culture medium was 

replaced with IHR compounds (2.5μM) in 3%CS and incubated at 37°C for 48hrs. 

For cDNA preparation, trizol RNA extraction and ProtoScript M-MuLV First Strand 

cDNA Synthesis Kit (New England BioLabs) were used. 100%, 80%, 60%, and 40% 

of cDNA were used in the PCR reactions. Primers used include: GAPDH forward (F), 

ATCCTGCACCACCAACT; GAPDH reverse (R), TGCCTGCTTCACCACCTT; Ptch1 

F, ACTGTCCAGCTACCCCAATG; and Ptch1 R, CATCATGCCAAAGAGCTCAA. 

 

Radiolabeling experiment.  

pBSK or SmoM2-myc were transfected into Cos-7 cells using Fugene6 in 6-well 

plates. Two days after transfection, the cells were washed with PBS twice and were 

incubated with 1ml of 10% dialyzed FBS in L-methionine and L-cysteine free DMEM. 

After 1hr incubation at 37oC, the cells were pulsed with 1000μCi/ml of S35-Met/Cys 

protein labeling mix (NEG072014MC, Perkin Elmer) for 15min. Cells were washed 

with 3xPBS before replacing the medium with 2ml of 10%FBS in the presence or 

absence of 10μM of IHR-NAc. At different chasing time point, cells were lysed in 
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PBS/ 1%NP40/ protease inhibitors and Smo immunoprecipitated using an anti-Myc 

(Santa Cruz, SC-40) antibody.  
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CHAPTER THREE 
 

RESULTS 
 

 

3.1 Identification of the Inhibitor of Hedgehog Response (IHR) compounds 

from a chemical screen 

To identify Hh pathway inhibitors, a former postdoctoral lab member, Dr. 

Baozhi Chen, conducted a 200,000 compound library screen using a cell-based 

reporter assay. In the primary screen and the subsequent dose response test, 

compounds were tested in 3T3-ShhFL cells that stably expressed Shh, a Gli-

responsive firefly luciferase (GliBS FL) reporter, and a control Renilla luciferase (RL) 

reporter (Figure 3-1). The overexpression of Shh in 3T3-ShhFL cells resulted in cell-

autonomous Hh signaling and a high level of GliBS FL reporter activity. By 

monitoring GliBS FL reporter activity, Hh inhibitors can be identified since Hh 

inhibitors would block fluorescence. The constitutively active RL reporter was used 

to monitor the cytotoxicity of the compound. By using this dual luciferase reporter 

system, 94 potential Hh inhibitors were identified (Figure 3-1). To further test the 

specificity of these compounds for the Hh pathway, they were counter-screened for 

their inhibitory activity against Wingless (Wnt) and Notch pathways in cell-based 

reporter assays. Following the counter screen tests, 77 specific Hh pathway 

inhibitors were found, and were further separated into inhibitors that blocked either 

the Hh response or Hh ligand production (Figure 3-1, 3-2). This was determined by 
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adding Shh ligand and the compounds exogenously to the Hh-responsive NIH3T3 

cells that stably express GliBS FL reporter and control RL reporter (also known as 

LightII cells). Compounds that blocked the Hh response inhibited GliBS FL reporter 

activity, whereas compounds that blocked Hh ligand production had little or no effect 

on GliBS FL reporter activity. As a result, I identified 38 potential inhibitor of Hh 

response (IHR) compounds and 4 potential inhibitor of Hh production (IHP) 

compounds (Figure 3-2).   

Since compounds with similar structures may act on the same target, the 38 

IHR compounds were classified into six groups based on their structural similarities 

(Figure 3-3). Only 6 IHR compounds could not be categorized into any group. To 

rank the potency of the IHR compounds from the screen, it was necessary to test for 

their half maximal effective concentrations (EC50s). Because the compounds in the 

screening plates may have degraded after several rounds of freeze-thaw cycles 

during the previous screening process, it was critical to reorder the compounds in 

order to obtain accurate EC50s. Several compounds from each of the six groups 

were reordered based on their GliBS FL reporter activities, availability and pricing. A 

total of 22 IHR compounds were reordered and tested for their EC50s in the Hh and 

Wnt pathways (Figure 3-3, 3-4). 7 compounds that had EC50s less than 0.2 μM in 

blocking the Hh pathway with no effect on the Wnt pathway were further ranked, with 

the most potent IHR being IHR1 (Figure 3-4). Furthermore, to confirm that the 7 IHR 

compounds targeted Hh signaling, I examined their effect on endogenous Hh 
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reporter activity. I first showed that the 7 IHR compounds blocked Shh-induced 

Ptch1 expression in 3T3-ShhFL cells (Figure 3-5). Moreover, I showed that Shh-

induced alkaline phosphatase production in C3H/10T1/2 mouse embryonic 

mesenchymal cells was also blocked by the 7 IHR compounds (Figure 3-6). Thus, by 

examining the effects of the 7 IHR compounds on Ptch1 expression and alkaline 

phosphatase activity, I confirmed that they targeted the Hh pathway.  

In addition to IHR compounds, the 4 potential IHP compounds identified from 

the screen were reordered and tested for their activities in blocking Hh ligand 

production in several assays. Unfortunately, after careful studies, these 4 

compounds could not be validated as IHP candidates and will not be discussed in 

this thesis.  
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Figure 3-1. A chemical screen to identify Hh pathway antagonists. The UTSW 
chemical library was screened using 3T3-ShhFL cells (Cell line A) that report cell-
autonomous, ligand-mediated Shh pathway response. The 3T3-ShhFL cell line was 
established by stably transfecting NIH3T3 cells with a Shh expressing plasmid, an 
8xGli enhancer element-controlled firefly luciferase (FL) reporter, and a control 
Renilla luciferase (RL) reporter. A dose-response test was performed to identify 
potent compounds and to eliminate those with cytotoxicity. Compounds with specific 
Hh pathway activity were revealed after testing in the Wnt pathway [Cell line B that 
stably harbors a reporter with 8xTCF enhancer elements (SuperTopFlash or STF 
reporter) and express Wnt3A protein], followed by testing in the Notch pathway 
[NIH3T3 cells transiently transfected with a Notch pathway reporter (4xCBF reporter) 
and DNA encoding the constitutively active Notch intracellular domain (NICD)]. Cell 
line and concentration of compounds used in counterscreen tests are indicated on 
the left. Criteria used for selecting compounds of interest are indicated to the right. 
Standard deviation (SD) calculations are mean centered. (Figure 3-1 by Baozhi 
Chen) 
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Figure 3-2. Identification of inhibitors of Hh response and Hh production from 
77 Hh inhibitors. Compounds and Shh ligand were added to NIH3T3 cells 
transfected with the GliBS FL and control RL reporters. Red represents inhibitors of 
Hh response that inhibited GliBS FL activity to less than 30% of DMSO control levels 
and green represents inhibitors of Hh production that failed to inhibit GliBS FL 
activity to less than 80% of DMSO control levels. Compounds that were not further 
tested are shown in blue. All compounds were tested in duplicate in this study. 
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Figure 3-3. Six classes of inhibitors of Hh response. 38 potential Hh response 
inhibitors were categorized into six classes based on their structural similarities. Six 
of the compounds could not be categorized into any of the six classes. Structures 
shown in red were re-ordered from companies for further testing. 
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Figure 3-4. EC50 plots of 22 reordered Hh response inhibitors in targeting Hh 
and Wnt signaling. Compounds were tested in 3T3-ShhFL and L-Wnt-STF cells for 
their inhibitory activity in Hh and Wnt pathways respectively. The EC50 values 
against Hh pathway are shown in the figure. EC50 values were used as a basis to 
rank order the potency of the compounds. Positive control compounds are indicated 
in red. Inhibitor of Hh response compounds that have EC50 values less than 0.2 μM 
against Hh pathway activity, and have no effect on Wnt pathway activity are 
indicated in blue.         
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Figure 3-5. IHR compounds inhibit the expression of Hh target gene. Ptch1 
expression induced by Shh is inhibited by the IHR compounds. cDNA generated 
from 3T3-ShhFL cells treated with IHR compounds or the Smo antagonist SANT1 
was used to determine relative abundance of Ptch1 mRNA. The assay is linear 
across a broad range of cDNA concentrations used as template. 
 

 

Figure 3-6. IHR compounds inhibit Shh-induced expression of alkaline 
phosphatase. Lysate from C3H10T1/2 cells treated with Shh ligand-containing 
conditioned medium in the absence or presence of various IHR compounds or the 
Smo antagonist SANT1 for 5 days were analyzed for alkaline phosphatase activity 
levels. 
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3.2 The IHR compounds target the G-protein coupled receptor Smoothened 

After confirming that all 7 IHR compounds were able to block the Hh pathway, 

I started to map the targets of these compounds. As the primary cilium is essential 

for proper Hh signaling, I tested if any of the compounds function by disrupting 

ciliogenesis. Primary cilia were immunostained with anti-acetylated tubulin antibody, 

and I showed that none of the 7 IHR compounds blocked primary cilium formation 

(Figure 3-7). Next, I tested whether these compounds function by blocking Gli 

transcription factor activation. Although Gli1 and Gli2 are the main Hh transcriptional 

activators, compounds were only tested in Gli1 overexpressed LightII cells since the 

Gli2 construct was not available at that time. It transpired that none of the 

compounds were Gli1 inhibitors (Figure 3-8). I further tested the effects of these 

compounds on the Hh pathway components upstream of Gli proteins. Even though 

Ptch1, Smo and Sufu all function upstream of Gli proteins, Smo is the most 

druggable target among them. Therefore, I chose to first test whether these 

compounds targeted Smo. One commonly used assay for identifying Smo 

modulators is a Bodipy-Cyclopamine competition assay that was developed by Dr. 

Philip Beachy’s group (Chen et al., 2002a). This assay utilizes a flow cytometer to 

measure the ability of Bodipy-Cyclopamine (a fluorescently labeled Cyclopamine) to 

bind to Smo expressing cells in the presence of a potential Smo modulator. A Smo 

modulator competes away Bodipy-Cyclopamine binding to Smo, leading to a loss of 

Bodipy signal in the flow cytometric analysis. Using this strategy, all 7 IHR 
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compounds were shown to inhibit the binding of Bodipy-Cyclopamine to Smo. Thus, 

all of the IHR compounds are Smo antagonists (Figure 3-9).           

 

Figure 3-7. IHR compounds do not affect ciliogenesis. NIH3T3 cells were treated 
with IHR compounds and immunostained for acetylated tubulin to visualize primary 
cilia (white arrows). 
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Figure 3-8. IHR compounds do not block Gli1 induced Hh pathway activation. 
Hh pathway response in the presence of compounds was measured in NIH3T3 cells 
transfected with Gli1 expressing plasmid, GliBS FL reporter, and RL reporter.   
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Figure 3-9. Flow cytometric quantification of Bodipy-Cyclopamine labeled 
cells. Cells transfected with Smo or Frizzled4 (a Wnt pathway receptor, negative 
control) cDNA were labeled with Bodipy-Cyclopamine in the presence of DMSO, 
known Smo antagonists, IHR compounds, or IWR1 (inhibitor of Wnt/β-catenin 
pathway activity). Results are normalized to bodipy signal from Smo-transfected 
cells treated with Bodipy-Cyclopamine. 
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3.3 Identification of an IHR compound (IHR1) incapable of inhibiting chemically 

induced Smoothened activation 

Since all 7 IHR compounds are Smo inhibitors, I tested their effectiveness in 

blocking Hh pathway activation induced by Smo agonist SAG. Unexpectedly, the 

most potent Smo antagonist IHR1 had the weakest inhibitory effect on SAG-

stimulated Hh pathway activation (Figure 3-10). Even at a hundred-fold excess of 

IHR1 to SAG, 68% of Hh pathway activity remained. As the well-validated Smo 

antagonists SANT1 and GDC-0449 could block SAG-induced Hh pathway activation, 

it was very interesting to observe that IHR1 was not able to do so. To further 

examine the difference between IHR1 and SANT1 or GDC-0449, I tested their Smo 

inhibitory activities in three well-established assays. I showed that, similar to SANT1 

and GDC-0449, IHR1 inhibited constitutively active Smo activity in PTCH-/- cells, 

blocked Shh-stimulated Smo ciliary localization, and disengaged Shh-induced Smo 

mediated-disruption of Gli2 and Gli3 proteolytic processing (Figure 3-11). In short, 

based on these assays, the only difference between IHR1, SANT1 and GDC-0449 

was that IHR1 was incapable of blocking SAG-induced Hh pathway activation.  

One possible explanation for this is that IHR1 and SAG bind to different 

binding pockets of Smo. To test this hypothesis, I utilized the Bodipy-Cyclopamine 

competition assay that was described in section 3.2. In that section, I show that 

IHR1 could compete with Bodipy-Cyclopamine in binding to Smo; thus, if SAG could 

not compete away the binding of Bodipy-Cyclopamine to Smo, then it would 
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indirectly show that IHR1 and SAG bind to different sites on Smo. Based on this 

logic, I performed the competition assay and showed that both IHR1 and SAG could 

compete away the binding of Bodipy-Cyclopamine to Smo (Figure 3-12A). This result 

implies that IHR1 and SAG bind to the same Smo binding site.  

In order to develop a direct assay for studying whether IHR1 and SAG share 

the same Smo binding site, a fluorescently labeled IHR1 or SAG is required. In 

collaboration with Dr. Chuo Chen from the Biochemistry department of the UT 

Southwestern Medical Center, his group synthesized a Cy3 labeled IHR1 (IHR1-

Cy3), which retained the potency of IHR1 in blocking Hh-induced pathway activation 

(Figure 3-13A, 3-12B, 3-12C). To establish the IHR1-Cy3 competition assay, I first 

tested if IHR1-Cy3 was capable of specifically binding to Smo expressing cells. By 

employing flow cytometric analysis to detect the amount of Cy3 signal from IHR1-

Cy3 treated Smo and Frizzled 4 expressing cells, I showed that IHR1-Cy3 binds to 

Smo, but not to the Wnt pathway receptor Frizzled 4 (Figure 3-12D). Further, I 

demonstrated that the binding of IHR1-Cy3 to Smo could be competed away only by 

IHR1, but not by IHR1-ortho or IHR1-meta, which had different aryl substitution 

patterns from IHR1, and had no activity against the Hh pathway (Figure 3-12D, 3-

12E). These results validated that IHR1-Cy3 was a specific probe for the Smo 

binding assay. After establishing the assay, I showed that SAG was capable of 

competing away the binding of IHR1-Cy3 to Smo (Figure 3-12F). In addition, I also 

showed that a Smo agonist 20S-Hydroxycholesterol, which binds to a different Smo 
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binding pocket from SAG or Cyclopamine cannot compete with IHR1-Cy3 in binding 

to Smo (Figure 3-12G). These results confirmed that SAG and IHR1 bind to the 

same Smo binding pocket; thus, the inability of IHR1 to block SAG-induced Hh 

pathway activation was not due to targeting a different Smo binding site.  

 

Figure 3-10.  EC50s for IHR compounds in SAG-stimulated Hh pathway 
activity. NIH3T3 cells transfected with the GliBS FL and control RL reporters were 
treated with 100nM of SAG and increasing concentrations of IHR compounds. 
Percentage of GliBS reporter activity remaining at maximal inhibitory compound 
concentration is indicated. 
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Figure 3-11. IHR1 induced biochemical and cellular changes typical of Smo 
antagonists. A. EC50 of IHR1 in PTCH1-/- MEFs. Known Smo antagonists (SANT1, 
GDC-0449) or IHR1 were dosed in PTCH1-/- MEFs transfected with GliBS FL and 
control RL reporters. B. IHR1 inhibits Smo accumulation in the primary cilium in 
response to Shh stimulation. NIH3T3 cells treated with Shh ligand containing 
conditioned medium in the presence of IHR1 or GDC-0449 do not accumulate Smo 
in the primary cilium. The % of cilia with Smo co-localization is indicated for each 
panel. C. IHR1 blocks Smo-mediated disengagement of Gli2 and Gli3 proteolytic 
processing. NIH3T3 cells (left) or NIH3T3 cells stably expressing Gli2-FLAG (right) 
stimulated with Shh ligand containing conditioned medium were additionally treated 
with indicated known Smo antagonists (SANT1, GDC-0449) or IHR1. 



49 

 

 
 
 
 



50 

 

 
Figure 3-12. IHR1 and SAG occupy the same binding pocket in Smo. A. The 
ability of IHR1 and SAG to compete with the binding of Bodipy-Cyclopamine to Smo 
was tested the same way as described in Figure3-9. B. Structure of a Cy3 labeled 
IHR1 (IHR1-Cy3). C. 3T3-ShhFL cells were treated with increasing amounts of IHR1-
Cy3 and Hh pathway response was determined by luciferase activity. D. Cells 
transfected with Smo or Frizzled4 (negative control) cDNA were labeled with IHR1-
Cy3 in the presence of indicated compounds. Results are normalized to Cy3 signal 
from Smo-transfected cells treated with IHR1-Cy3. E. EC50 of IHR1 ortho, meta, and 
para for Hh pathway response was determined in 3T3-ShhFL cells. F. The ability of 
SAG to compete with the binding of IHR1-Cy3 to Smo was tested the same way as 
described in D. G. The ability of 20S-Hydroxycholesterol to compete with the binding 
of IHR1-Cy3 to Smo was tested the same way as described in D. 
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3.4 IHR1 does not disrupt intracellularly sequestered Smoothened  

The reason for IHR1’s inability to block SAG-induced Hh pathway activation 

was not clear until I started to study the potency of three IHR1 derivatives, IHR-

NBoc, IHR-C7, and IHR-NAc in blocking Hh and SAG-stimulated Hh signaling. IHR-

NBoc and IHR-C7 were intermediate compounds for synthesizing IHR1-Cy3, and 

IHR-NAc was synthesized simply due to the ease of synthesizing IHR-NAc from 

IHR-NBoc (Figure 3-13). Since IHR1 failed to block the SAG-induced Hh pathway 

activation, I was curious to discover whether these IHR1 derivatives function 

similarly to, or differently from, IHR1 in blocking SAG activity. I showed that all three 

IHR1 derivatives blocked Shh-induced Hh signaling to a similar extent as IHR1, and 

unlike IHR1, all three IHR1 derivatives exhibited an enhanced ability to inhibit SAG-

induced Hh pathway activation (Figure 3-14). To determine the basis for this 

improvement, Dr. Chuo Chen first examined the physicochemical property of IHR1 

and IHR1 derivatives by calculating their total polar surface area (TPSA) by 

ChemDraw software. TPSA is the sum of the surfaces of polar atoms in a molecule 

and has been used to predict the compound’s drug transport properties, such as 

intestinal absorption, blood-brain barrier penetration, and cell permeability (Ertl et al., 

2000; Kelder et al., 1999; Palm et al., 1996). The TPSA for IHR1, IHR-NAc, IHR-

NBoc, and IHR-C7 were 58.2, 87.3, 96.5, and 125.63 Angstroms squared 

respectively. Based on the TPSA, IHR1 was more non-polar and was predicted to 

have better intestinal absorption, blood-brain barrier penetration, and cell 
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permeability, when compared with IHR1 derivatives. However, it is important to note 

that using TPSA value to predict drug transport properties may not be accurate since 

TPSA is a purely theoretical calculation of a compound’s polarity, and it does not 

take into account any other experimental factors that could affect the drug transport 

properties. Therefore, without performing any experiments, I can only predict that 

IHR1 is more hydrophobic than IHR1 derivatives.   

Instead of relying on theoretical values to predict the drug transport properties 

of IHR1 and IHR1 derivatives, I performed the Caco2 cell permeability test to 

determine the cellular permeability of these compounds. Caco2 cells are derived 

from human adenocarcinoma colon cells, and they form tight junctions between cells 

when cultured as a monolayer (Pinto et al., 1983). Since Caco-2 cell monolayers 

structurally and functionally resemble the small intestinal epithelium, they have been 

widely used as an in vitro epithelial barrier for testing drug permeability and 

predicting human intestinal drug absorption (Hidalgo et al., 1989; Hubatsch et al., 

2007; Wilson et al., 1990). To set up the assay, Caco2 cells were grown to 

confluency on porous membranes in the top chamber of a two-chamber cell-culture 

system. IHR1 or IHR1 derivatives were then added to Caco-2 cell monolayers 

(Figure 3-15A). Compounds with good cellular permeability will pass through Caco-2 

cell monolayers easily and diffuse into the media in the bottom chamber. The 

qualitative difference of cellular permeability between IHR1 and IHR1 derivatives can 

be measured by adding the media derived from the bottom chamber to 3T3-ShhFL 
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cells and comparing their potency in blocking Hh pathway activity. As a result, the 

three IHR1 derivatives had a better ability to block Hh pathway activity than IHR1. 

Therefore, IHR1 had the worst cellular permeability among the four compounds 

tested (Figure 3-15B). In addition, compared to IHR-NAc and IHR-NBoc, IHR-C7 

was weaker at inhibiting the Hh pathway activity (Figure 3-15B). This was probably 

due to a slightly higher absorption of IHR-C7 by the porous membrane (Figure 3-

15C).  

In the cell permeability assay previously described, one limitation is that the 

amount of compound that passes through a Caco2 cell monolayer cannot be 

quantified by using Hh pathway-responsive luciferase reporter assays. Thus, one 

may raise the concern of using reporter assays as a readout to assess the cellular 

permeability of the compounds. To address this concern, mass spectrometry 

analysis was applied to quantify the amount of IHR1 and IHR-NAc present in the 

media in the bottom chamber. As a result, IHR-NAc was about 12-fold more 

concentrated than IHR1, which indicated that IHR-NAc is more cell permeable than 

IHR1 (Figure 3-15D). This result was consistent with the use of the reporter assay to 

evaluate the compounds’ cellular permeability.      

To rule out the possibility that the difference in the cellular permeability of 

IHR1 and IHR1 derivatives was due to a different metabolizing rate by Caco2 cells, 

the media collected from the top chambers were tested in 3T3-ShhFL cells. All 
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media tested were capable of effectively inhibiting the Hh pathway activity in 3T3-

ShhFL cells, thus confirming the stability of each compound (Figure 3-15E).  

In summary, IHR1 derivatives with better cellular permeability displayed an 

improved ability to block SAG-induced Hh signaling. Based on these observations, 

SAG may activate an intracellular pool of Smo not accessible to IHR1, thus leading 

to the failure of IHR1 to block SAG-induced Hh pathway activation. 

 

Figure 3-13. Synthetic scheme for IHR1-Cy3 and IHR1 derivatives. A. Synthetic 
route for IHR1-Cy3, which also yields IHR-NBoc and IHR-C7. B. Synthetic route for 
IHR-NAc. (Figure 3-13 by Jianming Lu and Chuo Chen) 
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Figure 3-14. IHR1 derivatives exhibit improved ability to inhibit Smo activated 
by SAG. EC50s of IHR1 and derivatives against Hh pathway response induced by 
either expression of Shh or SAG were obtained in NIH3T3 cells transfected with the 
GliBS FL and control RL reporters. 
 

 

 

 

 

 

 

 

 

 



56 

 

 
Figure 3-15. IHR1 derivatives exhibit better cell permeability than IHR1. A. 
Schematic of a transwell assay to measure cellular permeability of small molecule 
modulators of Smo activity. Smo antagonists are deposited in a growth chamber that 
is separated into two chambers by a monolayer of Caco-2 cells and a porous 
membrane (0.4μm). B. IHR1 derivatives exhibit improved ability to transverse a cell 
monolayer. Medium from the bottom (“B”) chamber was collected 6hrs later and 
tested for activity in the Hh pathway. C. IHR-NBoc and IHR-C7 exhibit slightly 
different transwell membrane retention. The % of compound that remained in 
chambers “A” and “B” was determined using mass spectrometric analysis. D. Mass 
spectrometric analysis of compound levels that traversed the Caco-2 cell monolayer 
for IHR1, and IHR-NAc. Indicated compounds (10μM) were deposited in chamber 
“A” and concentration of compound found in chamber “B” determined by mass 
spectrometry 6hrs later. Propranolol and nadolol are typical positive and negative 
controls for permeability, respectively. N=3 in each experiment with two separate 
studies reported. E. Medium from the chamber “A” was applied to 3T3-ShhFL cells 
either diluted to 6.25% or added without dilution to demonstrate that compounds 
tested were not metabolized by Caco-2 cells during the 6hr experiment. 
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3.5 Smoothened accumulation in the cellular antenna known as the primary 

cilium is not a prerequisite for pathway activation induced by a Smoothened 

agonist 

Based on my results from section 3.4, I developed a hypothesis that there is 

an intracellular pool of Smo that does not need to translocate into the primary cilium 

in order to activate the Hh pathway. To test this hypothesis, I examined the effect of 

IHR1 on SAG-induced Smo ciliary localization. As shown in Figure 3-16A, IHR1 and 

IHR1 derivatives were capable of blocking SAG-induced Smo movement to the 

primary cilia as efficiently as GDC-0449. In addition, I showed that IHR-C7 and GDC-

0449 blocked SAG-induced Gli2 ciliary localization, whereas IHR1 was unable to do 

so (Figure 3-16B, 3-16C). Similarly, by immunostaining a western blot for Gli3, SAG-

induced inhibition of Gli3 repressor formation was insensitive to IHR1, but was 

blocked by IHR1 derivatives (Figure 3-16D). In short, under SAG and IHR1 

treatment, even though Smo was not in the primary cilium, Gli2 localized to the tip of 

the primary cilium, and Gli3 processing could be regulated. These observations 

demonstrate that IHR1 is not capable of blocking the intracellular Smo that can be 

activated by SAG.  
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Figure 3-16. IHR1 uncouples SAG-induced Smo and Gli protein accumulation 
in the primary cilium. A. IHR1 and IHR1-derivatives inhibit SAG induced Smo 
ciliary localization. Smo-GFP expressing cells were treated with the indicated 
compounds (10nM SAG, 1μM IHR1-related compound, 1μM GDC-0449). Primary 
cilia identified using an anti-acetylated tubulin (Ac-tub) antibody were scored for the 
presence or absence of Smo-GFP. The % of cilia with Smo co-localization is 
indicated for each panel. N=100 in each experiment. B. Gli2 ciliary accumulation 
induced by SAG is blocked by an IHR1 derivative but not IHR1. NIH3T3 cells were 
treated with SAG in the presence of IHR1 or the IHR1-derivative IHR-C7. The % of 
cilia with Smo or Gli2 in primary cilia is quantified as before. C. Representative 
images of Smo and Gli2 staining in cells treated with SAG and either IHR1 or IHR-
C7 used for quantification of results in B. D. IHR1 derivatives but not IHR1 block 
Smo-mediated disengagement of Gli3 proteolytic processing. NIH3T3 cells were 
treated with SAG and the indicated IHR1-related compounds. Cellular lysates 
isolated 48hrs later were subjected to Western blot analysis using a Gli3 antibody. 
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3.6 Evidence for intracellular activity of an oncogenic form of Smo (SmoM2) 

uncovered by chemical-based strategy   

The oncogenic form of Smo, SmoM2, is associated with ~10% of basal cell 

carcinoma occurrences and can only be partially blocked by Smo antagonists 

(Dijkgraaf et al., 2011; Epstein, 2008; Taipale et al., 2000). Despite the observation 

that SmoM2 can be found in the primary cilium, some of the protein also resides 

outside of the primary cilium in the secretory pathway (Chen et al., 2002a; Chen et 

al., 2002b). Given the success at improving IHR1 activity against intracellular Smo 

with simple chemistry that alters IHR1 cell permeability, I asked if the same strategy 

could be used to enhance targeting of constitutively active SmoM2 molecules 

outside of the primary cilium.  

I first studied whether or not SmoM2 is predominately localized intracellularly 

by examining the glycosylation status of SmoM2. By treating the whole cell lysate 

from SmoM2 expressing cells with Endoglycosidase H (EndoH), an enzyme that only 

cleaves the immature N-linked oligosaccharides carried by proteins that have not 

reached the medial Golgi (Dunphy et al., 1985; Tarentino and Maley, 1974), I 

showed that the majority of SmoM2 was immature and sensitive to EndoH (Figure 3-

17A). Therefore, SmoM2 mainly resides in the endoplasmic reticulum (ER) or cis-

Golgi.   

Further, I tested if IHR1 derivatives with enhanced cell permeability had 

superior activity to IHR1 in engaging intracellularly localized SmoM2 by using the 
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SmoM2 maturation assay developed by Dr. Philip Beachy’s group (Chen et al., 

2002a). In their study, they showed that upon binding of a Smo antagonist to 

SmoM2, the protein undergoes a conformational change to promote its maturation. 

The maturation of SmoM2 in response to Smo antagonist treatment was revealed 

via western blot by a shift from EndoH-sensitive SmoM2 to EndoH-resistant SmoM2. 

Using the same strategy, I demonstrated that IHR1 derivatives had superior activity 

over IHR1 in promoting SmoM2 maturation (Figure 3-17B). As the three IHR1 

derivatives exhibited similar activities in all assays performed, only IHR-NAc was 

tested in subsequent assays in order to simplify the experimental procedures.  

To confirm the SmoM2 maturation results from Figure 3-17B, I quantified the 

levels of intracellular Smo and SmoM2 by immunohistochemistry. By comparison 

with Smo, SmoM2 exhibited ~3.5 fold greater co-localization with the ER-resident 

KDEL receptor, suggesting that indeed the subcellular distribution of SmoM2 is 

different from that of Smo (Figure 3-17C, 3-17D). Consistent with the data derived 

from SmoM2 maturation analysis, I showed that SmoM2 levels were decreased in 

the ER and increased at the plasma membrane in the presence of IHR-NAc, but not 

IHR1 (Figure 3-17C, 3-17D). I also confirmed by cell surface protein biotinylation that 

the decrease in ER-localized SmoM2 in the presence of IHR-NAc correlated with an 

increase in cell surface-localized SmoM2 (Figure 3-17E, 3-17F). To further 

demonstrate that IHR-NAc could engage immature SmoM2, I used a pulse-chase 

metabolic labeling technique to show that the mature form of Sulfur-35-labeled 
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SmoM2 could only be observed in IHR-NAc treated samples (Figure 3-17G). In 

contrast to IHR-NAc, IHR1 neither decreased levels of SmoM2 in the ER nor 

increased levels of cell surface-localized SmoM2. These observations may be due to 

the inability of IHR1 to bind to SmoM2, rather than to its inability to reach ER-

localized SmoM2. To test whether IHR1 could bind to SmoM2, I performed the IHR1-

Cy3 competition assay described in section 3.3. I showed that IHR1-Cy3 binds to 

SmoM2 and this interaction can be competed away by IHR1 and IHR-NAc (Figure 3-

18). Thus, IHR1 and IHR1 derivatives bind to the same SmoM2 binding site. The 

inability of IHR1 to promote SmoM2 maturation is probably not due to insufficient 

protein interactions. Taken together, these data suggest that the more cell 

permeable IHR1 derivatives are capable of reaching intracellularly localized SmoM2, 

whereas IHR1 is not able to do so.  

 Since IHR1 and IHR1 derivatives had different abilities to engage 

intracellularly localized SmoM2, I further examined whether these compounds 

exhibited differential inhibition of SmoM2-induced Hh pathway activity. By using the 

Hh pathway-responsive luciferase reporter assay, I showed that IHR-NAc was a 

stronger inhibitor of SmoM2 signaling than IHR1 (Figure 3-19A). In addition, by 

western blot detection of Gli3, I showed that IHR-NAc but not IHR1 could reverse 

SmoM2-induced blockade of Gli3 processing (Figure 3-19B). These results imply 

that the intracellularly localized SmoM2 that is inaccessible to IHR1 are active. If this 

assumption is correct, IHR1 should be able to block cell surface, but not intracellular 



62 

 

SmoM2-induced Hh pathway activation. As expected, IHR1 blocked SmoM2 

trafficking to the primary cilia, but SmoM2-induced Hh pathway activity was not 

blocked by IHR1 under the same experimental conditions (Figure 3-20). In 

conclusion, these observations suggest that SmoM2 may function outside of the 

primary cilium.      
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Figure 3-17. The IHR1 derivatives (IHR-C7, IHR-NBoc, IHR-NAc) are superior to 
IHR1 in promoting maturation of SmoM2. A. Most SmoM2 molecules harbor 
immature sugars. Lysate from cells transiently transfected with Smo or SmoM2 DNA 
were treated with EndoH which only processes proteins with immature sugars (found 
pre-medial Golgi). B. Cells transfected with either Smo or SmoM2 were treated with 
DMSO, IHR1 or IHR1 derivatives. Lysate was then subjected to Western blot 
analysis using an anti-myc epitope antibody. C. IHR-NAc exhibits greater ability than 
IHR1 to promote SmoM2 depletion from the ER and accumulation at the plasma 
membrane. Confocal immunofluorescence imaging of SmoM2 in the presence and 
absence of IHR1 or IHR-NAc. Wild-type Smo is primarily expressed on the cell 
surface. Nucleus, Smo, and ER were respectively labeled using DAPI, anti-Myc 
antibody, and anti-KDEL receptor antibody. D. Quantification of Smo/SmoM2 co-
localization with the KDEL receptor. The results from 15 individual cells in each 
condition (as represented in “C”) were quantified using Imaris imaging software. E. 
IHR-NAc exhibits greater ability than IHR1 to induce cell surface accumulation 
SmoM2. Cos7 cells transfected with either Smo-myc or SmoM2-myc DNA were 
subjected to cell surface biotinylation using a cell membrane impermeable 
biotinylation reagent. Total lysate was subjected to Western blot analysis using an 
anti-myc antibody to detect total Smo/SmoM2 protein levels. Biotinylated protein was 
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isolated using streptavidin cross-linked agarose beads. Bound protein was subjected 
to Western blot analysis using the anti-myc antibody to detect cell surface localized 
Smo/SmoM2 protein. F. Results in “E” were quantified using a LiCor imager. G. IHR-
NAc induces accumulation of mature SmoM2 by facilitating SmoM2 exit from the ER. 
Cos7 cells transiently transfected with SmoM2 DNA were pulse-labeled with S35-
methionine and -cysteine. Immature SmoM2 (pre-medial Golgi) was then chased in 
the presence or absence of IHR-NAc. 
 

 

Figure 3-18. IHR1 and IHR-NAc both bind to SmoM2 at the same site. Cells 
transfected with SmoM2 or control cDNA were labeled with IHR-Cy3 in the presence 
of DMSO, IHR1, or IHR-NAc compounds. Results are normalized to Cy3 signal from 
SmoM2-transfected cells. 
 

Figure 3-19. IHR-NAc exhibits improved ability to block SmoM2 activity as 
compared to IHR1. A. NIH3T3 cells or SMO-/- MEFs transfected with SmoM2 DNA, 
GliBS FL reporter, and control Renilla luciferase reporter were treated with 
increasing amounts of IHR1 or IHR-NAc. Pathway response is reported as the ratio 
of GliBS FL and control reporter activities. B. The IHR1 derivative IHR-NAc has 
improved capacity as compared to IHR1 for inhibiting SmoM2-induced disruption of 
Gli3 proteolytic processing. Lysate from NIH3T3 (with or without ShhN conditioned 
medium) or NIH3T3 cells stably expressing SmoM2 treated with IHR1 or IHR-NAc 
(10μM) were analyzed by Western blotting for Gli3 and Gli3 repressor (Gli3R).   
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Figure 3-20. IHR-NAc but not IHR1 is capable of inhibiting Hh pathway 
response induced by SmoM2. A. IHR1 and IHR-NAc are both capable of blocking 
SmoM2 accumulation in the primary cilium. 100 primary cilia (detected using an anti-
acetylated tubulin antibody) were scored in each experiment. Data are mean+SEM. 
B. Representative images supporting data in “A”. C. IHR-NAc but not IHR1 is 
capable of inhibiting Hh pathway response induced by SmoM2 under the same 
conditions used in “A”. NIH3T3 cells stably expressing a myc-epitope-tagged 
SmoM2 (SmoM2-myc-NIH3T3) were transiently transfected with the GliBS and 
control Renilla reporter and treated with indicated compounds for 72hrs prior to 
measurement of luciferase activities. 



66 

 

3.7 A strategy for improving chemical attack of SmoM2 based on an 

understanding of drug cell permeability 

After I demonstrated that intracellularly localized SmoM2 was active, I was 

curious if the drug-resistant nature of SmoM2 might be attributed to the 

inaccessibility of Smo antagonists. To test this possibility, I studied the effects of 

IHR1 and IHR1-NAc on SmoM2-dependent cell growth. I first tested if SmoM2 

expressing cells exhibited greater proliferation potential than control cells by 

measuring the cellular Adenosine-5'-triphosphate (ATP) level. Cellular ATP is directly 

proportional to the number of viable cells in culture (Crouch et al., 1993). Based on 

the cellular ATP levels, SmoM2 expressing cells grew faster than control, which was 

consistent with its oncogenic activity (Figure 3-21A). Then, by monitoring the cellular 

ATP levels, I showed that IHR1 had little effect on the cell viability of SmoM2 

expressing cells when compared to IHR1-NAc (Figure 3-21B). In addition, neither 

compound had an effect on the cell viability of Smo knockout cells (Figure 3-21C). 

To rule out the possibility that the inability of IHR1 to block SmoM2- dependent cell 

growth was caused by compound degradation, I showed that IHR1 could block the 

cell viability of Ptch1 knockout cells, in which cell growth is driven by constitutively 

active wild type Smo (Figure 3-21B). Moreover, by monitoring both the mitochondrial 

enzymatic activity from live cells and the protease activity from dead cells, I showed 

that IHR-NAc had superior ability over IHR1 in blocking SmoM2-dependent cell 

viability (Figure 3-21D, 3-21E). Taken together, these observations suggest that 
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SmoM2 achieves intrinsic drug resistance by relocalizing to an intracellular 

compartment with limited drug accessibility. Therefore, a cell permeable Smo 

antagonist is essential to effectively target SmoM2 expressing cells.  

 

Figure 3-21. IHR-NAc exhibits improved ability to disrupt cell viability as 
compared to IHR1 in NIH3T3 cells expressing SmoM2. A. An assay for 
measuring SmoM2-dependent cell viability.  Levels of cellular ATP in NIH3T3 cells 
stably expressing SmoM2 (SmoM2-NIH3T3 cells) were assessed at indicated 
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timepoints using the CellTiter Glo assay (Promega). B. IHR-NAc exhibits improved 
ability over IHR1 to disrupt SmoM2-dependent cell growth. NIH3T3 cells stably 
expressing SmoM2 or PTCH1-/- MEFs were grown in the presence of IHR1 or IHR-
NAc. Cell viability was determined by measuring levels of cellular ATP (CellTiter Glo 
assay).  C. IHR1 and IHR-NAc do not affect the viability of cells lacking Smo. SMO-/- 
MEFs treated with either increasing amounts of IHR1 or IHR-NAc for four days were 
analyzied for levels of cellular ATP production. D. MTT assay was used to assess 
cell viability in the presence of either IHR1 or IHR-NAc. Mitochondrial reductase 
activity was determined using a routine MTT assay (Invitrogen) as an indirect 
measure of cell health in NIH3T3 cells stably expressing SmoM2. E. Cell viability of 
SmoM2-NIH3T3 cells in the presence of IHR1 and IHR-NAc was determined using 
CytoxFluor assay (Promega) that measures the levels of a distinct protease released 
from cells with compromised membrane integrity. 
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3.8 In search of a cellular small molecule modulator of Smoothened 

In sections 3.5 and 3.6, I demonstrated that Smo can be activated outside of 

the primary cilium when SAG or SmoM2 mediates Hh signaling. These observations 

lead to the question of why must Smo translocate to the primary cilium for normal Hh 

signaling? Since several studies have suggested that Smo may be activated by an 

endogenous sterol ligand (Bijlsma et al., 2006; Corcoran and Scott, 2006; Dwyer et 

al., 2007), I speculated that, upon normal Hh activation, Smo accumulates in the 

primary cilium in order to interact with the cilium-localized Smo activator.    

In an attempt to identify an endogenous Smo activator, I used the Hh 

pathway-responsive luciferase reporter assay to screen a sterol compound library 

provided by Dr. John MacMillan at UT Southwestern Medical Center. Compounds 

were tested at 5μM and 50 μM (Figure 3-22). 15-ketocholestene was eliminated 

from the screen due to cell toxicity (data not shown). From this screen, none of the 

compounds activated the Hh pathway at 5uM, but 15β-hydroxycholestane (15β-

OCT) activated Hh signaling at 50uM (Figure 3-22). I further showed that 15β-OCT 

stimulated Hh pathway with an EC50 of 30μM (Figure 3-23). A direct binding assay 

between 15β-OCT and Smo is required to elucidate a role in direct activation. 
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Figure 3-22. Identifying Hh pathway activators from a sterol compound screen. 
Sterol compounds were screened at 5μM and 50 μM in NIH3T3 cells transfected 
with the GliBS FL and control RL reporters. Ethanol and SAG served as negative 
and positive controls in the screen respectively. Pathway response is reported as the 
ratio of GliBS FL and control RL reporter activities. 
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Figure 3-23. 15β-hydroxycholestane is a Hh pathway activator. EC50 of 15ß-
Hydroxycholesterol against Hh pathway was measured in LightII cells. The structure 
of the compound is shown in right. 
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3.9 A synthetic combinatorial anti-cancer strategy built upon the versatility of 

a novel Smoothened antagonist 

The three IHR1 derivatives used in this study were not synthesized based on 

any structure-activity relationship (SAR) studies, yet they all retained the ability to 

block the Hh pathway. Therefore, IHR1 is a chemical scaffold that can tolerate 

significant chemical modification without losing the anti-Hh pathway activity. This 

also suggests that IHR1 may be an ideal starting point for the development of 

synthetic combinatorial agents that can target both Smo and other cancer-related 

cellular processes. The reason for synthesizing a drug that is capable of targeting 

different molecular events that drive cancer is because such drug may achieve 

better clinical outcomes and may have fewer side effects when compared to 

administrating multiple drugs.  

In collaboration with Dr. Chuo Chen, IHR1 was chemically linked to a Wnt 

pathway inhibitor called IWR1. IWR1 was chosen because aberrant Wnt signaling 

has been implicated in a wide variety of cancers and our lab has expertise in 

identifying and studying Wnt inhibitors (Figure 3-24A). After the synthesis of IHR1-

IWR1 was completed, IHR1-IWR1 was first tested in Hh and Wnt responsive cell-

based reporter assays to determine whether IHR1-IWR1 retained the ability to block 

both pathways. I showed that IHR1-IWR1 retained IHR1’s potency against the Hh 

pathway but only weakly blocked the Wnt pathway (Figure 3-24B).  
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Another synthetic combinatorial compound synthesized by Dr. Chuo Chen’s 

group was IHR1-SAHA (Figure 3-25A). Suberoylanilide hydroxamic acid (SAHA), a 

FDA approved histone deacetylase (HDAC) inhibitor, was chosen for several 

reasons. First, aberrant histone deacetylase activity is seen in a variety of cancers, 

and SAHA has been shown to induce apoptosis in cancer cells (Bolden et al., 2006). 

Second, SAHA has been shown to have synergistic effect in killing cancer cells in 

combinatory therapy (Bolden et al., 2006). Third, IHR1-SAHA is structurally similar to 

IHR-NBoc, thus indicating a likelihood of targeting Hh signaling. To test if IHR1-

SAHA could block Hh pathway, I used the Hh pathway-responsive luciferase 

reporter assay and showed that IHR1-SAHA blocked the Hh pathway at an EC50 

comparable to IHR1 alone (Figure 3-25B). In order to test if IHR1-SAHA could still 

function as a HDAC inhibitor, I sent SAHA and IHR1-SAHA to BPS Bioscience Inc to 

analyze their ability to inhibit different HDAC enzymes. SAHA and IHR1-SAHA had a 

similar HDAC inhibitory profile; thus, IHR1-SAHA still retains the functionality of 

SAHA (Figure 3-25C). Moreover, Dr. Lawrence Lum at UT Southwestern Medical 

Center tested if IHR1-SAHA possessed the ability of SAHA to increase the 

acetylation of tubulin and histone H3 (Dompierre et al., 2007). By western blot 

analysis, Dr. Lawrence Lum showed that IHR1-SAHA increased both levels of 

acetylated tubulin and histone H3 in a dose-dependent manner similar to SAHA 

(Figure 3-25D). Taken together, IHR1-SAHA retained specificity in targeting both 
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Smo and histone deacetylase. Further studies are needed to evaluate the 

therapeutic usefulness of IHR1-SAHA.  

 

Figure 3-24. IHR1-IWR1 retains the activity to inhibit Hh pathway. A. Synthetic 
route for IHR1-IWR1. (Panel A by Chuo Chen) B. The EC50s for IHR1, IWR1, and 
IHR1-IWR1 in blocking Hh and Wnt pathway were tested in 3T3-ShhFL cells and L-
Wnt-STF cells respectively. IHR1 and IWR1 served as controls. 
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Figure 3-25. IHR1-SAHA retains the specificity for targeting Smo and histone 
deacetylase. A. Synthetic route for IHR1-SAHA. (Panel A by Chuo Chen) B. The 
EC50s for IHR1 and IHR1-SAHA in blocking the Hh pathway were tested in 3T3-
ShhFL cells. C. The EC50s for SAHA and IHR1-SAHA in inhibiting each HDAC were 
measured by incubating the compounds and purified HDAC enzymes with 
fluorogenic acetylated peptide substrates. The deacetylation activity was measured 
by fluorescence reader. (data from BPS Bioscience) D. The effects of the indicated 
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compounds on the acetylation status of tubulin and histone H3 were measured by 
incubating the compounds with Hela cells for 24hrs. Cell lysates were analyzed by 
Western blotting for acetylated tubulin (AcTubulin) and acetylated Lysine 23 on 
histone H3 (AcH3K23). Histone H3 served as a loading control. (Panel D by 
Lawrence Lum)   
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CHAPTER FOUR 
 

DISCUSSION 
 

 

It took 32 years from the discovery of the Hh gene in Drosophila to the 

development of the first FDA approved Hh inhibitor GDC-0449 to treat basal cell 

carcinoma patients (Guha, 2012; Nusslein-Volhard and Wieschaus, 1980). Although 

this is tremendous progress in the Hh field, many important and fundamental 

questions remain unanswered regarding the underlying molecular mechanisms of 

Hh signaling. This lack of knowledge hinders our ability to overcome drug resistance 

and develop better drugs. Here, using a chemical biology approach, I have provided 

a mechanism that mediates SmoM2 drug resistance and revealed a role for the 

primary cilium in regulating the Hh pathway. 

From a diverse small molecule library screen, I identified IHR1 as a potent 

Smo inhibitor that is structurally distinct from other known pathway antagonists. 

Despite its strong activity against Hh-induced pathway activation, IHR1 was unable 

to block SAG or SmoM2-induced Hh signaling. In contrast to IHR1, I showed that 

IHR1 derivatives were able to block both SAG and SmoM2 induced activity. Using 

biochemical and cell biological approaches, I further demonstrated the enhanced 

activity of the IHR1 derivatives was due to better cell permeability of the drug, 

allowing the derivatives to reach an intracellular pool of Smo whereas IHR1 can not. 

In addition, I showed that when treating cells with IHR1 and SAG or treating SmoM2 
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expressing cells with IHR1, Smo does not localize to the primary cilia, but the Hh 

pathway is on. Taken together, these observations reveal that Smo can be activated 

outside of the primary cilium when SAG or SmoM2 drives pathway activation (Figure 

4-1). This statement contradicts the consensus on the mechanism of Smo action, 

which is the regulation of Gli transcriptional factors by Smo can only be achieved 

from the primary cilium. However, my findings do not exclude the importance of 

primary cilium in Hh signaling. Rather, it indicates that under some circumstances, 

extraciliary Smo can activate the Hh pathway.  

 

Figure 4-1. A chemical biology-based model of SmoM2 action in oncogenic Hh 
signaling. In response to Hh ligand, Smo activates Gli proteins and abrogates their 
proteolytic processing in the primary cilium. In the presence of the Smo agonist SAG 
or in cancers expressing the constitutively active SmoM2 protein, pathway activity is 
predominantly driven by Smo in an extraciliary and intracellular compartment. The 
IHR1 derivatives are superior to IHR1 in their ability to block the intracellular Smo 
activity thus revealing chemical strategies for addressing intrinsic resistance in Hh-
associated tumors. 
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Providing strength to the argument that Smo can signal outside the primary 

cilium, Dr. Jin Jiang's group showed that SmoM2 is in an open conformation and can 

be phosphorylated in mouse embryonic fibroblasts lacking the primary cilium (Chen 

et al., 2011a). However, without the primary cilium, they were not able to observe 

SmoM2 induced Hh pathway activation since the primary cilium is essential for Gli 

activation and processing. Also, Dr. Stacey Ogden’s group demonstrated that two 

ER localized Smo mutants could activate the Hh pathway in Drosophila and 

mammalian cells (Carroll et al., 2012). Although I was not able to reproduce their 

observations in mammalian cells, if this can be further validated by other people, it 

may demonstrate that the ability of Smo to function from an intracellular 

compartment may be evolutionary conserved. Furthermore, there are two papers 

demonstrating extraciliary Smo can be activated to elicit non-transcriptional 

responses such as promoting cell migration and increasing adipocyte glucose 

uptake (Bijlsma et al., 2012; Teperino et al., 2012). Taken together with my findings, 

it is likely that extraciliary Smo can also stimulate Gli transcriptional responses.  

One possible mechanism by which extraciliary Smo stimulates Gli 

transcriptional factors is through G protein, as Smo has been shown to activate Gαi 

(Ogden et al., 2008; Riobo et al., 2006). This hypothesis can be studied by testing 

whether the Gαi inhibitor, Pertussis toxin, can rescue the inability of IHR1 to block 

SAG or SmoM2 induced Hh pathway activation. To further understand intracellular 

Smo signaling in the presence of SAG or SmoM2 with IHR1, it is necessary to 
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identify the subcellular compartment where Smo is active. This compartment can be 

revealed by co-staining cells with subcellular markers and a Smo PS1 antibody that 

recognizes the phosphorylated form of Smo, an indication of Smo activation (Chen et 

al., 2011a). Alternatively, subcellular fractionation combined with western blot 

analysis can be used to detect the subcellular compartment. 

If Smo can be activated outside of the primary cilium, then why does Smo 

translocate into the primary cilium in normal Hh signaling? Since there is evidence to 

suggest that an endogenous sterol small molecule may regulate Smo (Bijlsma et al., 

2006; Corcoran and Scott, 2006; Dwyer et al., 2007; Nachtergaele et al., 2012), I 

postulate that one of the many roles of the primary cilium is to compartmentalize this 

ligand thus preventing extraciliary Smo activation. In an attempt to identify this 

ligand, I screened a sterol compound library and identified 15β-OCT as a Hh 

pathway activator. However, I cannot confirm 15β-OCT as a Smo activator until I 

demonstrate a direct binding between 15β-OCT and Smo. In addition, 15β-OCT is 

not likely an endogenous Smo regulator since it is a synthetic sterol, and its 

existence in nature remains in question. Recently, 20(S)-hydroxycholesterol has 

been shown to be a candidate for the endogenous Smo ligand, but it is not clear if 

this natural lipid is present in the primary cilium (Nachtergaele et al., 2012). A more 

efficient strategy to identify endogenous Smo ligands is to test the ability of the 

purified and fractionated primary cilium to activate the Hh pathway; thus avoiding the 

problem of finding a candidate that may not exist in nature or in the primary cilium. A 
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protocol on isolating primary cilia from the mouse inner medullary collecting duct 

(IMCD3) cells has been published (Ishikawa et al., 2012). Thus, it is possible to 

purify and fractionate the primary cilia from IMCD3 cells followed by testing the 

ability of each fraction to activate the Hh pathway-responsive luciferase reporter. The 

fraction that activates the Hh pathway can be further analyzed by mass spectrometry 

to reveal the identity of the Smo endogenous ligand.  

From a therapeutic point of view, my study demonstrates that the chemical 

attack of SmoM2 was improved by increasing the cell permeability of IHR1 thus 

revealing a mechanism engaged by cancerous cells to achieve intrinsic drug 

resistance by sheltering a drug target. These results are not only important for 

designing effective drugs in patients with the SmoM2 mutation, but they also provide 

a mechanism by which other GPCRs can exert drug resistance. To date, only two 

GPCRs, Smo and Somatostatin receptor family have been clinically targeted in 

cancer. With increasing recognition that GPCRs are valuable cancer therapeutic 

targets, the anti-cancer efficacy of several drugs targeting GPCRs are currently 

being tested in clinical trails (Lappano and Maggiolini, 2011). While additional 

GPCRs have not been clinically validated as anti-cancer drug targets, it is difficult to 

test the relevance of the SmoM2 drug resistance mechanism to other GPCRs in the 

context of cancer. However, it is conceivable to test if other Smo mutants or 

Somatostatin receptor mutants also achieve drug resistance through a mechanism 

similar to SmoM2. One possible Smo mutant to test is SmoS537N (SmoA2), which 
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was identified from a patient with a neuroectodermal tumor (Reifenberger et al., 

1998). Very little is known about SmoA2, and the mechanism of action of SmoA2 

can be revealed by using the assays described in this thesis. In particular, it will be 

interesting to see if SmoA2 exhibits different sensitivity to treatment with IHR1 and 

IHR1 derivatives. Furthermore, Somatostatin analogs, octreotide and lanreotide are 

FDA approved peptides for treating patients with acromegaly, which is caused by 

hypersecretion of growth hormone from a pituitary adenoma (Chanson et al., 2000). 

The mechanism of action for Somatostatin analogs is to bind to Somatostatin 

receptor 1 through Somatostatin receptor 5 (sstr5) to decrease growth hormone 

levels (Bruno et al., 1992; Lamberts et al., 1996; O'Carroll et al., 1992; Yamada et 

al., 1992). Given that Somatostatin receptor 3 (sstr3) functions in the primary cilium 

(Berbari et al., 2008), it will be interesting to examine whether extraciliary sstr3 is 

functional and can escape from the Somatostatin analogs’ attack. Also, a drug 

resistant mutant sstr5 R240W was identified in an acromegalic patient (Ballare et al., 

2001). Although sstr5 functions in the plasma membrane and not in the primary 

cilium, it will be interesting to test if the sstr5 R240W mutant escapes 

pharmacological inhibition by relocalizing to an intracellular compartment. 

By using IHR1 as a chemical scaffold for developing synthetic combinatorial 

anti-cancer agents, I found IHR1-SAHA retains the ability to block Hh signaling and 

histone deacetylase. In collaboration with Dr. Richard Liu at UT Southwestern 

Medical Center, we will test the efficacies of IHR1, SAHA, and IHR1-SAHA in a 
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medulloblastoma mouse model. In addition, in collaboration with Dr. Chuo Chen, we 

will continue our efforts to synthesize a compound that targets both Hh and Wnt 

pathways.   

In summary, my study describes an intracellular pool of Smo that can be 

activated outside of the primary cilium. These observations should improve our 

understanding of how the primary cilium contributes to normal and oncogenic Hh 

pathway responses. Importantly, my study reveals that SmoM2 achieves drug 

resistance in cancer in part by re-localization to an intracellular compartment that 

renders it inaccessible to certain antagonists. These findings are likely relevant in 

the therapeutic targeting of Smo in cancer, as the more cell permeable IHR1 

derivatives are superior to IHR1 in blocking SmoM2-dependent cell viability in vitro. 

Intrinsic drug resistance associated with SmoM2 may therefore be more effectively 

mitigated with chemistry focused on improving the cell permeability of pre-existing 

Smo antagonists than with efforts to identify new chemicals possessing SmoM2 

inhibitory activity. An understanding of how drug resistance-associated mutations in 

other cancer-relevant GPCRs affect their subcellular localization and activity may 

also reveal chemical-based solutions as described above for overcoming drug 

resistance issues. 
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