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Abstract

Cell-cell communication mediated by the secreted Hedgehog (Hh) and Wnt
signaling molecules is essential to the coordination of cell fate decision mak-
ing throughout the metazoan lifespan. From decades of genetically based
interrogation, core components constituting the Hh and Wnt signal trans-
duction pathways have been assembled, and a deep appreciation of how
these signals elaborate distinct bodily tissues during development has been
established. On the other hand, our incapacity to leverage similar genetic
approaches to study adult organ systems has limited our understanding of
how these molecules promote tissue renewal and regeneration through stem
cell regulation. We discuss recent progress in the use of chemically based
approaches to achieve control of these pathway activities in a broad range
of biological studies and therapeutic contexts. In particular, we discuss the
unique experimental opportunities that chemical modulators of these path-
ways afford in exploring the cancer stem cell hypothesis.
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INTRODUCTION

Recent developments in our understanding of fundamental mechanisms that support adult stem
cell self-renewal have transformed our approach to regenerative medicine and anticancer therapy.
Now evident is the reliance of all metazoans on a handful of cell-cell signaling systems for both
the elaboration and maintenance of distinct tissues that collaboratively sustain phyla diversity (1,
2). Studies in two of these systems—the Hedgehog and Wnt signal transduction pathways—have
enabled milestone achievements in stem cell biology research and constitute the forefront in stem
cell-based experimentation (3-5).

Initially described as signaling molecules essential to body-pattern formation in Drosophila,
the Hh and Wnt proteins have since been studied in a broad range of organisms (6, 7). Almost
invariably, these molecules influence all aspects of development and tissue homeostasis. For the
most part, components that enable the production of and cellular response to these molecules have
been ascertained from decades of genetically based studies that used either classical approaches or
more recent RNAi-based technology (8-11).

In most respects, these pathways have enjoyed histories that parallel one another, with a no-
table exception. The remarkable chance discovery of a natural teratogen named cyclopamine
and the subsequent assignment of its activity to the Hh pathway paved the way for rapid devel-
opment of synthetic Hh pathway inhibitors with drug-like properties and improved bioactivity
(12). Whereas efforts to develop similar antagonists in the Wnt pathway have seen more limited
success in the past decade, Hh inhibitors have transformed approaches used to study Hh signal-
ing and the treatment of associated tumors such as basal cell carcinoma and medulloblastoma
(13, 14).

Chemically based tools can effectively overcome many of the experimental limitations im-
posed by routine molecular biology approaches. Indeed, the need for such tools to study
stem cell biology is readily apparent given the unique considerations associated with gene
manipulation in adult stem cells. First, the mutual dependency of developmental processes
and stem cell self-renewal on the same core set of signaling pathways has limited the util-
ity of standard genetic strategies typically applied to the study of embryonic patterning and
tissue morphogenesis. Second, the availability of more refined techniques such as inducible
gene targeting has been inadequate given the scarcity of well-validated, tissue-specific stem cell
markers.

Studies aimed at understanding the relevance of the putative cancer stem cell compartment
to tumorigenesis pose exceptional challenges akin to those associated with normal stem cells.
The dichotomous roles of Hh and Wnt signaling in the maintenance of normal stem cells and
possibly cancer stem cells (CSCs) make these pathways uniquely relevant to our understanding of
how normal stem cells may transform into tumor-initiating cells. Thus in many ways, our ability
to realize the promise and peril of attacking the cancer stem cell compartment as an anticancer
treatment modality depends on the success of chemically based strategies to manipulate the activity
of these pathways.

In this review, we discuss the discovery of naturally occurring and synthetic small molecules
that modulate Hh and Wnt pathway responses and how they have yielded important insights
into underlying mechanisms of signal transduction. Additionally, we mine existing data related
to preclinical and clinical chemical agents for insights into potential challenges associated with
disruption of these pathways as an anticancer therapeutic strategy. Lastly, we discuss the pivotal
role these chemical agents occupy in our quest to understand the contribution of deviant stem
cells in supporting tumor progression.
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Figure 1

Wht-dependent pathway responses. (#) Production of Wnt proteins. Production of active Wnt molecules is dependent on the
extracellular acyltransferase Porcupine (Porcn) that adds a palmitoyl adduct to Whts in the endoplasmic reticulum (ER). Acylated Wnt
is then chaperoned by a seven-transmembrane protein—Evenness interrupted/Wntless (Evi/Wls)—to the extracellular milieu.

() Activation of the Wnt/ 3-catenin pathway. A Wnt protein, Lrp5/6, and a Fzd receptor complex (right) recruit the APC/Axin complex,
[3-catenin, and a Disheveled (Dvl) scaffolding protein to the membrane, thus abrogating destruction of 3-catenin (/eft). Accumulated
[3-catenin activates members of the TCF/LEF transcription factor family. () Examples of 3-catenin-independent (noncanonical) Wnt
pathway responses include the Wnt/JNK, Wnt/PKA, and Wnt/ROR2 pathways. Other pathway responses include Wnt-mediated
control of cytoskeletal rearrangement. Like the Wnt/ 3-catenin pathway, many of these pathways utilize Dvl as an intracellular signaling
molecule. Abbreviations: APC, adenomatous polyposis coli; JNK, c-Jun NH,-terminal kinase; LEF, lymphocyte enhancement factor;
PI3K, phosphoinositide 3-kinase; PKA, protein kinase A; ROR2, receptor tyrosine kinase-like orphan receptor 2; TCF, T cell factor.

MECHANISMS OF SIGNAL TRANSDUCTION
Wnt-Mediated Pathway Responses

The mammalian Wnt family consists of 19 cysteine-rich proteins that contain a signature (C-K-C-
H-G-X-S-G-X-C) motif (15, 16). Successful biosynthesis of Wnt proteins depends on the activity
of Porcupine (Porcn), a member of the membrane-bound O-acyltransferase (MBOAT) protein
family that adds a fatty acyl adduct, typically to an N-terminal cysteine of Wnt molecules (17)
(Figure 1a). These acylation events are indispensable to subsequent Wnt production; in addition
to promoting transport from the endoplasmic reticulum (ER), palmitoylation facilitates interac-
tion with Evenness interrupted or Wntless (Evi/Wls), a multipass G protein—coupled receptor
(GPCR)-like protein responsible for chaperoning Wnt proteins from the secretory pathway to
the cell surface (18, 19). Not only do these fatty acyl adducts make an essential contribution to Wnt
biosynthesis, but the modification is also necessary for engagement of Wnt molecules with their
receptors, possibly by promoting multimerization or packaging into lipoprotein particles (20, 21).

Canonical (or B-catenin-dependent) pathway response is initiated by the formation of a ter-
tiary complex consisting of a Wnt protein, a member of the Frizzled (Fzd) family of GPCRs, and
one of two low-density lipoprotein (LDL)-related proteins (either Lrp5 or Lrp6) (reviewed in
References 7 and 10) (Figure 1b). This membrane-associated complex, in turn, engages two cy-
toplasmic components: phosphorylated Lrp5/6 and Fzd proteins recruit the Axin and Disheveled
(Dvl) signaling molecules, respectively. These biochemical events preclude an alternate func-
tion of Axin; in the absence of Wnt ligand, Axin and its associated kinases glycogen synthase
kinase 3B (GSK3p) and casein kinase 1 (CK1) partner with the tumor suppressor adenomatous
polyposis coli (APC), producing a destruction complex responsible for the phosphorylation of
the transcriptional coactivator -catenin. In turn, the E3 ligase B TrCP recognizes this modifi-
cation and ubiquitinylates -catenin, leading to its proteasome-dependent degradation. Under
conditions of pathway stimulation, phosphorylation and thus degradation of (-catenin is
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abrogated. In response to other Wnt-dependent instructive cues that remain unclear, accumu-
lated (3-catenin translocates to the nucleus, where it associates with the T cell factor/lymphocyte
enhancement factor (TCF/LEF) family of transcriptional coactivators, culminating in target gene
activation.

Forms of Wnt signaling that do not utilize (3-catenin additionally occur and are collectively
considered “noncanonical” (reviewed in Reference 10) (Figure 1¢). These include, among others,
Wht-induced signal transduction through intracellular calcium, and intermediaries associated with
the c-Jun NH,-terminal kinase (JINK), protein kinase A (PKA), Nemo-like kinase (NLK), and
mechanistic target of rapamycin (mTOR) pathways. Wnt proteins functioning in this manner were
initially identified based on an inability to induce differentiation of the mouse mammary epithelial
cell line C57MG; they include members 2, 4, 5a, 5b, 6, 7b, and 11 (22). Subsequent research
has shown this distinction to be imprecise, as several noncanonical associated Wnt proteins are
capable of inducing 3-catenin accumulation within certain contexts. The divergence of canonical
and noncanonical pathways may instead occur at the level of Dvl regulation following receptor
activation, although a mechanistic understanding of these events remains largely unknown. The
output of these pathways is diverse and includes changes in cytoskeletal organization associated
with cell polarity and migration, as well as changes in gene transcription (23).

The Hedgehog Signal Transduction Pathway

The production of active Hh protein is initiated with the autocatalytic cleavage of a precursor
molecule to yield a cholesterol-modified amino-terminal signaling domain named HhN (Hedge-
hog ligand N-terminal fragment) (24). A dually lipidated HhN emerges from the secretory path-
way following palmitoylation by the acyltransferase Skinny/Hhat/Rasp, another member of the
MBOAT gene family (25). Release of fully processed HhIN from the cell membrane requires active
input from Dispatched (Disp), a 12-transmembrane protein that is structurally similar to the Hh
receptor Patchedl (Ptchl) (26-28) (Figure 24). Disp and Ptch likely act as small-molecule trans-
porters, given their structural similarity to members of the resistance nodulation division (RND)
superfamily of proteins that have demonstrated transporter activity (29).

The engagement of HhIN with Ptch lifts the normal suppressive activity that Ptch imposes
on the seven-transmembrane protein Smoothened (Smo) (Figure 25). Although the underlying
mechanism of Ptch-mediated Smo inhibition remains unclear, an intermediary small molecule
regulated by Ptch may modulate Smo activity (30). Strong candidates for such small molecules
are metabolites with steroid-like chemical structures that are similar to known Smo modulators
such as oxysterols and cyclopamine (31). Although not discussed here, a number of other Hh
receptors—including those belonging to the CAM-related/downregulated by oncogenes (Cdo) or
glypican protein families—additionally facilitate Hh binding to Ptch (32-34).

Activation of Smo entails a conformational switch that promotes engagement of cytoplasmic
regulators, which ultimately influences the activity of Ci/Gli zinc finger proteins (35, 36). Whereas
the intermediary molecules that bridge Smo to Gli signaling are well interrogated in Drosophila,
our understanding of similar processes in vertebrates is less clear (8, 11, 37). Complicating the
translation of historic findings from fruit flies to mammals is the unique dependency of Hh signal
transduction in the latter case on the primary cilium—an antenna-like, microtubule-scaffolded
organelle found on the surface of most cells (38, 39) (Figure 2). Almost all Hh signaling com-
ponents in mammals, including Smo and the Gli molecules, have been shown to exhibit dynamic
changes in ciliary localization upon Hh pathway activation (40, 41). Despite these observations and
those from other recent Hh-related studies, a requirement for the primary cilium in Hh response
beyond its role as an assembly point for Hh pathway components remains unclear.
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Figure 2

Hh signaling in mammals. (#) Hh protein production. Autocatalytic cleavage of the Hh precursor protein
yields a cholesterol-modified signaling peptide (HhN) that is further palmitoylated by Hh acyltransferase
(Hhat). Lipophilic HhN released from the plasma membrane by Dispatched (Disp) is distributed to other
cells. (b, ) Hh pathway response. The suppressive action of Patched 1 (Ptchl) on Smoothened (Smo) (%) is
inhibited by binding of Hh to Ptchl, a 12-transmembrane protein with structural similarities to the
resistance nodulation division (RND) family of small-molecule transporters (c). Smo controls activity of
Ci/Gli transcription by regulating nuclear localization and proteolytic processing into repressor molecules,
subsequent to Smo localization to the primary cilium. Suppressor of fused homolog (Sufu) appears to be the
primary pathway suppressor in mammals, although its regulation by Smo has not been demonstrated.
Abbreviations: GliR, glioma-associated oncogene family zinc finger, repressor domain; Hh, Hedgehog
signaling molecule.

Regardless of species-specific variations on how Hh signals are relayed from Smo to cytoplasmic
components, ultimately the cellular changes associated with Gli protein activity are conserved—
namely Gli accumulation in the nucleus and the abrogation of proteasome-mediated proteolytic
processing into GliR (glioma-associated oncogene family zinc finger, repressor domain) molecules
(Figure 2c). Whereas the accumulation of Gli proteins in the nucleus likely entails disengagement
of the suppressive actions of Suppressor of fused homolog (Sufu) (42) and Kif 7 (43-45) on Gli pro-
teins, inhibition of GliR formation upon pathway activation requires disruption of PKA-mediated
phosphorylation of Gli proteins, the initiating event of this biochemical process (6). Thus the
overall transcriptional output of Hh response rests in part on the ratio of activator molecules
(Gli1-3) to repressor molecules (Gli2R and Gli3R) in addition to absolute levels of Gli proteins
that amass in the nucleus upon Hh pathway activation (42). Additional biochemical changes that
have remained elusive are likely required to activate the Gli molecules.

THE ROLE OF Hh AND Wnt PATHWAYS IN TISSUE
HOMEOSTASIS AND DISEASE

The identification of tissue-specific stem cells has radically reshaped the conceptual framework
that guides the development of therapeutic strategies targeting cancers, degenerative diseases, and
post-traumatic injuries. Initially characterized in the hematopoietic system, cells able to elaborate
some or all cell types in a given cellular compartment have now been identified in many other
tissue types (3). Experimental approaches to study these cells have centered on the Hh and Wnt
pathways, which bring with them an impressive set of genetic and biochemical observations that can
be leveraged into mechanistic models amenable to interrogation. In this respect, our understanding
of the Hh and Wnt pathways continues to influence almost all aspects of stem cell research.
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The role of Wnt proteins in tissue homeostasis is best characterized in the intestinal epithelium,
where signaling promotes expansion and differentiation of stem cells located within the crypt base.
Genetically mediated disruption of pathway response at the level of ligand/receptor interactions
(46) or transcription (47) effectively inhibits formation of downstream epithelial lineages, resulting
in a loss of the epithelial lining and altered tissue architecture. On the other hand, 80-90% of all
colorectal cancer incidents harbor mutations in the APC gene that give rise to a truncated APC
protein and aberrant pathway activation (48). Biallelic loss of APC induces aberrant induction of
[3-catenin-mediated transcription of growth-promoting programs, including upregulation of the
proto-oncogene ¢-Myc (49, 50). The convergence of phenotypic changes in the gastrointestinal
(GI) epithelium that stem from perturbations of the Wnt/B-catenin pathway support a pivotal
function of this pathway in controlling the behavior of a multipotent cell population relevant
in both normal and disease contexts. The Wnt/[3-catenin target gene Lgr5 (leucine-rich repeat-
containing G protein—coupled receptor 5) was found to function as a marker that can be used to
isolate cells with the capacity to elaborate all of the distinct epithelial cell types in the GI and skin.
This discovery solidifies the role that essential Wnt molecules play in stem cell self-renewal in
some tissues (51).

The waning capacity of tissues to elaborate normal cell types following injury is an inevitable
condition associated with aging (52). In lieu of normal tissue regeneration, fibrosis constitutes
a common response to injury in aged animals. The selection of a transcriptional program that
favors fibrogenesis rather than normal cell lineage recapitulation in muscle repair, for exam-
ple, is observed with age-related increases in humoral Wnt protein activity (53). In the same
vein, changes in the function of the type II diabetes gene T¢f7/2/T¢f4, encoding a DNA-binding
protein that regulates transcriptional responses to Wnt proteins, likely accelerate age-dependent
erosion of pancreatic (3-cell function (54). These observations, in addition to many others reviewed
in References 10 and 55, support a broad role for homeostatic levels of Wnt pathway responses
in preventing degenerative diseases.

The inception and maintenance of some tissues are similarly dependent on Hh pathway activity.
The phenotypic outcomes from targeted deletion of the Sonic Hedgehog (Shh) gene include
derangements in body patterning and a range of neurological defects such as cyclopia and neural
tube malformation (56). A role for Hh in neuronal tissue appears to be retained in adults, where Hh
secreted by Purkinje cells promotes granule-cell precursor differentiation into neurons; at the same
time, Hh inhibits stem cell apoptosis within the external granular layer (57-59). Loss of function
of the Hh pathway suppressor Ptch frequently gives rise to medulloblastoma development both
in sporadic incidents and in hereditary Gorlin’s tumor syndrome (60). Patients afflicted with the
latter disease are often additionally diagnosed with basal cell carcinoma and rhabdomyosarcoma,
reflecting the roles of Hh in skin and muscle homeostasis.

Additional observations relating to functions of Hh and Wnt proteins in tissue maintenance
that directly bear on therapeutic efforts to target them are noted here. First, these two pathways
function collaboratively and with other signaling pathways to achieve developmental, regenerative,
and disease-associated outcomes (61-70). Thus Hh and Wnt pathway-modulating agents that are
typically defined by simplistic in vitro readouts of pathway activity will most certainly exhibit
unanticipated effects within in vivo settings. Particularly in cancerous contexts, the main lines
of communication between tumor and stroma are mediated by the concerted actions of the Hh
and Whnt ligands, which are often difficult to model in vitro (71). Second, consideration must
be given to so-called noncanonical responses to Wnt and Hh ligands that do not involve the
well-documented gene transcription changes historically associated with ligand engagement (10,
72). These include Wnt- and Hh-mediated responses that influence cytoskeletal behavior, cell
polarity, and cell migration. Likely, the roles of these activities in tissue homeostasis and disease
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are underestimated, given the dearth of readily accessible readouts for monitoring their status.
Thus, despite the wealth of knowledge that relates to the biology of the Hh and Wnt molecules,
unanticipated challenges certainly will arise.

THE PIPELINE

The yield from screening large numbers of molecular libraries by many independent groups is a
portfolio of agents that collectively target different underlying mechanisms of signal transduction
in the Hh and Wnt pathways (73). In many cases, the mechanism of action for these molecules is still
unknown, with only a handful of bona fide druggable components identified in both pathways. Of
the agents that have been discovered, the Smo antagonists are the most advanced in development,
with several candidates in clinical studies. We focus our discussion here on small molecules that
inhibit pathway responses by targeting components that engage endogenous small molecules,
either as substrates or as ligands, and that likely represent the most readily druggable components
within each pathway.

Antagonists of the Hh Pathway Effector Smo

Serendipity played a significant role in the identification of Smo as a druggable component in the
Hh pathway: Pregnant ewes consuming significant quantities of wild corn lily (Veratrum califor-
nicum) due to drought conditions produced offspring that exhibited cyclopia, a phenotype similar
to those later seen in animals lacking Shh (74). Isolation of the active component from the plant, a
steroidal jerveratrum alkaloid named cyclopamine, and the subsequent demonstration that it di-
rectly inhibits Hh signaling in cultured cells, set the stage for biochemical testing of cyclopamine
interaction with Smo, the anticipated target of the compound based on an understanding of Smo
action within the pathway (75, 76) (Figure 3). Emboldened by the identification of a druggable
Hh pathway element, two groups screened diverse synthetic chemical libraries for Hh antagonists
and identified some of the first Smo antagonists with drug-like properties, the Smo antagonists
(SANTSs) and Cur-61414 (75, 76). The realization that synthetic small molecules can outperform
cyclopamine kicked off the race to identify Smo antagonists with favorable in vivo behavior that
may prove useful against Hh-related tumors. The outcome of these efforts was the entry of several
Smo antagonists into clinical trials, including Cur-61414, GDC-0449, and BMS-833923 (12).
Also in clinical testing is a derivative of cyclopamine termed IPI-926, which features improved
drug-like properties and potency (77).

Pathway inhibition by cyclopamine occurs by direct compound binding to the heptahelical
region of Smo (75). Surprisingly, virtually all subsequently identified Hh pathway modulators,
both natural and synthetic, have targeted Smo in this manner, suggesting that Smo possesses a
small-molecule binding domain that influences its conformation on the basis of the nature of the
occupying molecule. Indeed, Smo agonists, including the purine derivative purmorphamine and
the chlorobenzothiophene Smo agonist (SAG), also appear to bind to the same site to which Smo
inhibitors bind (78, 79) (Figure 3). Remarkably, SAG can be readily converted into a Smo antag-
onist with minor chemical modifications, thus elegantly demonstrating that different Smo confor-
mations can be achieved by small-molecule engagement to the same binding site (80). Direct evi-
dence that Smo undergoes a conformational change in response to chemical agonists/antagonists
was more recently provided by studies using Smo molecules engineered to report changes in
conformation by fluorescence resonance energy transfer (FRET) (80).

The existence of a small molecule-binding domain in Smo suggests that its activity is gated
by Hh-dependent access to a cellular metabolite with either Smo-inhibitory or Smo-activating
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properties. This model is buttressed by the observation that Ptch1 is structurally similar to mem-
bers of the RND family of small-molecule transporters (see above), and that cyclopamine and
steroid-like molecules, some of which influence Smo activity, share a similar chemical scaffold
(Figure 3). Although the identity of this molecule has not been defined, conceivably the primary
cilium represents a compartment enriched for a Smo-activating molecule or devoid of a Smo-
inhibitory molecule. Indeed, this organelle has been shown to compartmentalize certain lipids (81).
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Of all the Hh and Wnt pathway antagonists, the most developed are those targeting Smo.
Thus Smo inhibitors in clinical studies provide an early glimpse into the promise of targeting
the Hh pathway. Despite early success in clinical studies on metastatic basal cell carcinoma (14), Tiks: Tankyrase
the next phases in the development of this therapeutic program will see tremendous challenges
and potential rewards. The rapid development of drug resistance to Smo antagonists and the
possibility of irreversible bone growth defects associated with transient inhibition of Hh pathway
response during adolescence are confounding issues that could interfere with the realization of
these inhibitors’ full therapeutic potential (82). A large repertoire of Smo antagonists used on
a rotational basis may limit drug resistance, thus justifying the clinical development of multiple
Smo antagonists in parallel. On the other hand, efforts to identify small molecules that target
components functioning downstream of Smo are in their infancy but may offer an alternative
strategy for attacking Hh-dependent tumors with drug-induced mutations in Smo (83-85). Lastly,
the identification of Smo antagonists with pharmacokinetic properties that isolate them within
the central nervous system and away from bone tissue may be a useful approach to address current
limitations on the use of Hh inhibitors in developing young adults, who experience the majority
of medulloblastoma incidents.

Tankyrase: A Novel Drug Target in the Wnt/-Catenin Pathway

A tremendous amount of resources has been allocated to the identification of small molecules
capable of disrupting aberrant Wnt/[3-catenin pathway responses induced by loss of APC with
the promise that such agents would be therapeutically effective against colorectal cancer (CRC)
and other tumors. The simultaneous discovery of Tankyrase (Tnks) enzymes as critical regulators
of Axin and p-catenin protein levels that can additionally be drugged has opened new opportu-
nities for achieving this goal, the success of which had depended primarily on efforts to develop
inhibitors of TCEF/f-catenin interactions (86). Disruption of Tnks-mediated ADP-ribosylation
activity results in increased Axin protein stability by mechanisms that are still unclear, but they
likely involve changes in Axin ubiquitinylation status (87) (Figure 4). Given that Axin proteins
are the rate-limiting factor for the formation of the $-catenin destruction complex, stabilization
of this scaffolding component by blocking Tnks function results in Wnt pathway inhibition.
Small molecules that target Tnks fall into two general classes, represented by XAV939 and
the Inhibitors of Wnt Response (IWR compounds) (87, 88) (Figure 4). Affinity derivatives of
both lead structures associate with Tnks in pull-down assays; additionally, XAV939 was ob-
served binding directly to the enzyme’s active site in a crystal structure. The chemical makeup of
these two compounds is notably different with respect to the presence of a norbornyl group in
IWR. Intriguingly, this chemical adduct is the source of diastereomeric configuration sensitivity

Figure 3

Natural and synthetic Smoothened (Smo) antagonists. Smo antagonist 1 (SANT-1) and Cur-61414 represent the first synthetic
compounds identified with Smo inhibitory activity. IPI-926 improves on the naturally occurring cyclopamine with increased potency
and favorable pharmacokinetic properties. GDC-0449, BMS-833923, PF-04449913, and LDE225, in addition to other synthetic small
molecules and IPI-926, are in clinical testing. SAG, Hh-Agl.1, purmorphamine, and oxysterols (25-OHC is shown) are Smo agonists.
Oxysterols and SAG can be transformed into Smo antagonists with relatively conserved chemical changes, suggesting that Smo agonists
and antagonists can induce opposing conformational changes by occupying the same small-molecule binding pocket. The cancer-
associated Smo mutation (SmoW535L, also known as SmoAl) or the GDC-0449-induced resistance mutation (SmoD473H) is noted.
Smo antagonists generally exhibit weakened activity against SmoAl as compared with the wild-type counterpart. Molecules that
resemble oxysterols are candidate metabolites that may regulate cellular Smo activity. Smo inhibitors are in red; activators are in blue.
Transmembrane domains are numbered. Abbreviations: SAG, Smo agonist; SANT, Smo antagonist.
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Small-molecule modulators of Tankyrase (Tnks) enzymes. (#) Axin scaffolding of glycogen synthase kinase 33 (GSK3f3) and casein
kinase 1 (CK1) facilitates phosphorylation of (3-catenin, the initiating biochemical event in its proteasome-mediated destruction.

(b) Tnks enzymes elaborate highly branched poly(ADP-ribose) (PAR) chains. Axin is ADP-ribosylated by Tnks, which influences Axin
ubiquitinylation and destruction. (c) Tnks enzymes also undergo auto-PARsylation, presumably resulting in proteasome-mediated
destruction. IWR-1 and IWR-3, representing two classes of the same Inhibitor of Wnt Response compound series, and XAV939
inhibit Tnks enzymatic activity.
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associated with the IWR-1 compound (88). The fact that the differential activity of the endo
but not exo forms of IWR-1 observed in vivo (with IWR-1-exo exhibiting a tenfold decrease in
activity) is mirrored in in vitro tests that directly measure Tnks activity suggests that the basis
for this difference lies in the ability of the compounds to occupy Tnks’ active site (87). Although
not discussed here, additional chemical scaffolds different from those exemplified by XAV939 and
IWR-1 and -3 have been identified (89; X. Wu & L. Lum, unpublished data).

Stabilization of Axin induced by compound treatment is particularly efficacious in suppressing
cancer cell lines dependent on APC truncations for growth potential (e.g., DLD1 cells). Although
these results await clinical translation, studies in zebrafish show early in vivo potential for target-
ing stem cell functions; Wnt-dependent caudal fin regeneration is inhibited upon introduction
of either XAV939 or IWR compounds into the aquarium water. Additionally, IWR induces loss
of the presumptive crypt stem cells in the GI epithelium, as measured using bromodeoxyuri-
dine (BrdU) labeling (88). Likely as a consequence, fish treated for more than a week exhibit
GI tissue damage and loss of appetite. Removal of IWR from the aquarium water after chemi-
cal treatment periods sufficient to induce these histological changes allows resumption of tailfin
regeneration and normal feeding behavior, suggesting that the stem/progenitor cell function in
both appendage and GI tissues is not permanently altered by transient Wnt/f3-catenin pathway
inhibition. Given the shared role of Wnt/f-catenin signaling in homeostatic renewal of the GI
epithelium in mammals and fish, it seems likely that replacement of the epithelial lining following
IWR treatment is supported by a stem cell population that is spared chemically induced cell death
rather than by the dedifferentiation of mature cells into those with stem cell-like properties as pro-
posed for myocytes during repair of zebrafish cardiac tissue (90, 91). In this regard, the resilience
to IWR treatment of stem/progenitor cells in the zebrafish GI tract may hold true in human
tissues.

The first Tnks enzyme substrate identified was TRF1 (telomere repeat-binding factor 1), a com-
ponent of the telomere nucleoprotein complex (Tankyrase gets its name from TRF1-interacting
ankyrin-related ADP-ribose polymerase) (92). TRF1 binds to double-stranded TTAGGG se-
quences within chromosome ends, precluding telomerase (Tert) access and subsequent strand
extension. Tnks PARsylation of TRF1 in this context derepresses Tert by preventing TRF1 bind-
ing to DNA. Consequently, Tnks inhibitors may have important implications for countering the
widespread Tert upregulation/activation observed in cancer. For example, genetically mediated
silencing of Tnks in Brea-deficient background has been found to induce cell death and corre-
lates with increased genetic abnormalities (93). Further studies have found that the use of general
poly(ADP-ribose) polymerase (PARP) inhibitors can synergize with compounds directly targeting
Tert, increasing cell death by attacking regulation at multiple nodes. These observations, taken
together, suggest that Tnks inhibitors such as XAV939 and IWR compounds may have additional
therapeutic potential in targeting CSCs that lack Wnt hyperactivation.

Porcupine: An Unconventional Drug Target

Chemical screening efforts to target signal transduction pathways have historically focused on
molecules that function at or below the level of ligand/receptor interactions rather than ligand
production for reasons that include the following: (#) the majority of proteins known to be drug-
gable, such as kinases, typically participate in cellular responses; (b) classic models of tumorigenesis
typically involve oncogenic lesions that result in the engagement of ligand-independent signaling
mechanisms to promote cell growth; and (¢) few proteins with specific regulatory activities in
signaling ligand production have been identified in the first place. In the case of Wnt and Hh
pathways, the first two arguments mostly hold true. However, unlike in other signaling systems,
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the activity of Wnt and Hh proteins is governed by two relatively dedicated post-translational
modification enzymes, Porcn and Hhat, respectively.

A recently completed chemical screen using cultured cells that report ligand-dependent, cell-
autonomous Wnt/3-catenin pathway response yielded a class of small molecules, known as In-
hibitors of Wnt Production IWPs), that disrupt Wnt ligand palmitoylation and secretion (88)
(Figure 5). The reversibility of IWP-associated effects on Wnt/[3-catenin pathway response with
Porcn overexpression suggests that these inhibitors directly target Porcn acyltransferase activ-
ity. Furthermore, results from chemical-target interaction studies support this conclusion and
have additionally revealed specific residues within Porcn’s putative active site necessary for IWP
interaction (M. Dodge & L. Lum, unpublished data).

Because most if not all mammalian Wnt proteins are palmitoylated, loss of this adduct upon
IWP exposure has the potential to inhibit all downstream ligand-dependent events, including
those within noncanonical signaling pathways (15). Given the large number of Wnt proteins
likely capable of eliciting a range of cellular responses in a cell-context dependent manner, our
understanding of these noncanonical responses is probably in its infancy. The potentially far-
ranging effects of IWP compounds on Wnt-mediated responses may pose exceptional challenges
to their deployment in therapeutic contexts. On the other hand, the ability to shut down most if
not all Wnt-mediated responses may prove to be a reliable approach to stop deviant cancer cell
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behavior in a broad range of cancer types. For example, the ability of IWP compounds to inhibit the
growth of CRC cells lacking APC is mostly unexpected but may highlight cell growth—promoting
signals provided by cell-autonomous Wnt production that does not engage [3-catenin (88).

The functions of Porcn in adult tissues are largely unknown. In humans, heterozygous dele-
tions and nonsense mutations mapping within the gene’s Xp11.23 loci are associated with several
developmental disorders, including focal dermal hypoplasia (Goltz syndrome), Van Allen-Myhre
syndrome, and osteopathia striata (94-96). Complete loss of Porcen function is presumed to be em-
bryonic lethal, with corresponding loss-of-function disorders in males attributable to postzygotic
mosaicism (95). In adults, overexpression of Porcn has been documented in a significant number
of lung cancer cell lines, as well as in primary tumor samples. RNAi-mediated targeting of Porcn
in these cases results in significant cell death, with minimal apoptosis induced in normal human
lung samples (97).

The chemical tractability of Porcn as demonstrated by the discovery of IWP compounds has
additional therapeutic implications for related MBOAT family members. Similar to the case of
Wnt ligands, palmitoylation of Hh proteins by the acyltransferase Hhat (98) ensures its graded
distribution in developing tissues and may additionally contribute to its cancer-supporting activity.
The functional dependency of the appetite-controlling ghrelin peptide upon an octanoyl adduct
provided by the action of ghrelin-O-acyltransferase (GOAT), another member of the MBOAT
family, points to a potential utility of GOAT inhibitors in the control of obesity (99). Essential to
the future identification of other MBOAT inhibitors is a further understanding of IWP specificity
for Porcen as well as an understanding of mechanisms generally underlying MBOAT protein
activity.

THE PROMISE OF TARGETING THE CANCER
STEM CELL COMPARTMENT

Growing support for the existence of rare CSCs that initiate and sustain tumors has galvanized
efforts to identify novel therapeutic strategies for selectively attacking these cells. At stake with the
investment in these approaches is the potential to decrease the recurrence frequency associated
with currently available anticancer treatment regimens. Indeed, CSCs have been shown to be
resistant to some frontline chemotherapeutic agents (100). Thus success in identifying chemicals
that target signal transduction pathways controlling CSC self-renewal, such as the Hh and Wnt
pathways, would open up new possibilities for monotherapeutic or combinatorial therapeutic
options that may improve on current strategies that target general mechanisms of rapid cell growth.

Two major strategies aimed at destroying the CSC compartment have emerged. In one case,
small molecules with the ability to counter the effects of underlying genetic derangements as-
sociated with a tumor would be deployed with the assumption that at least some of the cellular
processes identified by genomic sequencing would be essential for CSC survival. In another case,
agents targeting the major signaling pathways that maintain homeostatic renewal of the tissue
from which the tumor is derived would exhibit great biological effect on cell viability in CSCs
as compared with their normal stem cell counterparts. We discuss the strengths and weaknesses
of each strategy using lessons learned from chemically based studies of the Hh and Wnt signal
transduction pathways.

Targeting Genetically Defined Derangements in the Hh and Wnt Pathways

The high frequency of Hh and Wnt pathway mutations found in cancers arising from tissues
dependent on these pathways for homeostatic renewal advocates for the use of comprehensive
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genome sequencing efforts to uncover mechanisms that support CSC biogenesis (48, 101). Argu-
ments that such mutations also sustain tumor growth are largely derived from Hh-related studies
in which patients harboring tumors with loss of Ptch1 function are responsive to Smo inhibitors.
Most strikingly, the majority of patients with Ptch1-deficient locally invasive and metastatic basal
cell carcinomas exhibited disease stabilization with GDC-0449, which supports a role for Hh path-
way response in late-stage tumor growth (14). Similar success has been observed in an adult case
of late-stage medulloblastoma using Smo antagonists (13), suggesting the Hh pathway represents
a common Achilles heel in both medulloblastoma and locally invasive and metastatic basal cell
carcinomas.

Whereas testing of Smo inhibitors in humans is in its infancy, two observations from these early
studies are notable. First, monotherapeutic deployment of a Smo antagonist yielded impressive
tumor shrinkage despite the near certainty that other oncogenic lesions in addition to those found
in Ptch] were present in the tumors. Indeed, mutations in Prch1 are frequently accompanied by
others that alter the function of p53 or K-ras in medulloblastomas and basal cell carcinomas
(102). The responsiveness of tumors either induced by targeted deletion of these genes in mice
or found in late stages of malignancy in humans to a single agent that attacks Smo suggests that
the Hh pathway represents a major vulnerability in these tumor types (13, 103, 104). Additional
cancer genome sequencing of tumors shown to be responsive to Smo antagonists will refine our
capability to predict the therapeutic efficacy of such inhibitors based on genetic parameters of
disease. Furthermore, sequencing efforts will reveal other cellular derangements that could be
targeted along with the Hh pathway to achieve combinatorially based drug regimens that may be,
in some instances, desirable over monotherapeutic options.

The second striking observation from the first clinical tests of Smo inhibitors is that the as-
sociated adverse effects—including loss of weight, hair, and sense of taste—were relatively mild
as compared with other chemotherapeutic agents that generally target rapidly dividing cells. For
example, in contrast to agents such as taxol that are typically associated with neutropenia and
other insufficiencies of blood cell formation, GDC-0449 has not exhibited widespread impact on
adult hematopoiesis (14). Indeed, these findings are consistent with the lack of genetic evidence
for Hh signaling in adult hematopoiesis in mice (105). However, given that these clinical tests are
relatively small, ongoing trials with larger patient populations will yield a more complete spectrum
of adverse effects that may be associated with Hh pathway inactivation.

The frequency of APC mutations associated with familial adenomatous polyposis (FAP) and
sporadic CRC incidents underscores the importance of APC in maintaining the integrity of the
GI epithelium. Evidence from molecular studies has attributed these disease phenotypes to loss in
APC governance of genomic integrity and Wnt/f3-catenin pathway activity (106). Strong support
for the latter phenomenon is seen in the absence of adenomatous tissue arising from targeted
deletion of both APC and the Wnt/[3-catenin target gene c-Myc; it is also seen in the capacity of
increased P-catenin levels to phenocopy the effects of APC loss (107). The demonstration that
targeted deletion of APC in the Lgr5™ crypt stem cell population in mice can recapitulate many
aspects of CRC in humans suggests that APC loss in this disease impacts the normal functions of
cryptstem cells (108). Therefore, as in the many cases of medulloblastoma and basal cell carcinoma,
cancer genome sequencing data in CRC cells faithfully reflect deviant cellular processes and thus
vulnerabilities in the CSC compartment.

Despite important advances in our understanding of Wnt biology in CSCs, we have few clues
regarding the potential therapeutic benefits of targeting the Wnt/f3-catenin pathway in cancer
or, for that matter, in any disease. As the use of genetic approaches to address this question in
vivo poses exceptional technical challenges, we are resigned, for the moment, to discuss potential
outcomes based on in vitro findings. Like so many other important observations on the role of
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the Wnt/B-catenin pathway in disease, these were derived from studies in CRC cell lines. For
example, targeted deletion of a mutant form of 3-catenin resistant to proteolysis in the CRC
cell line HCT'116 abrogates clonogenicity in defined growth conditions but unexpectedly showed
little change in cell growth under normal cell culturing conditions (109). These observations
raised questions as to the importance of sustained -catenin activity in promoting the growth of
CRC cells following transformation events induced by APC loss. Ultimately, the effectiveness of
targeting the Wnt/3-catenin pathway to achieve therapeutic outcomes may be faithfully measured
not through the use of cell culture systems, but through the use of in vivo models of disease. Indeed,
disrupting 3-catenin expression in Apc*/~ (Min) mice using antisense oligonucleotides abrogates
the formation of adenomas, suggesting therapeutic utility for chemicals that can achieve the same
end (110).

The Hh and Wnt Signal Transduction Pathways
as Cancer Stem Cell Vulnerabilities

A number of cancer types exhibit growth susceptibility to perturbations in Hh and Wnt pathway
activity despite the lack of somatic or hereditary mutations in pathway components. This under-
standing may simply reflect the incompleteness of genomic sequencing information relating to
these diseases, or the lack of insight into other molecular derangements that influence pathway ac-
tivity (e.g., changes in gene promoter methylation or microRNA expression levels); nevertheless, a
body of evidence supports the therapeutic potential in targeting the Wnt and Hh pathways in such
diseases. Underlying this strategy is the presumption that CSCs exhibit a heightened dependency
on these pathways to maintain self-renewal as compared with normal tissue counterparts.

Therapeutic exploitation of CSC addiction to the Hh and Wnt pathways has been most rig-
orously pursued in leukemic stem cells (LSCs). In chronic myelogenous leukemia (CML), LSCs
positive for the oncogenic fusion protein Ber-Abl appear to be vulnerable to targeted deletion of
Smo or exposure to cyclopamine (105, 111). Similarly, 3-catenin may support CML progression
by promoting Ber-Abl protein stability or expression (112). Thus small molecules that decrease f3-
catenin levels may be useful for attacking LSCs that support CML. More recently, acute myeloid
leukemia (AML) induced either by coexpression of Hoxa9 and Meisla oncogenes or by the fusion
oncoprotein MLL-AF9 has been shown to depend on -catenin activity (113). Aberrant (3-catenin
signaling engaged by the MLL-AF9 oncogene in granulocyte/macrophage progenitors (GMPs)
that are normally quiescent for Wnt/-catenin pathway activity further supports the frequent
exploitation in LSCs of normal developmental pathways that are pivotal to hematopoietic stem
cell self-renewal. As evidence that disrupting 3-catenin function in AML may be therapeutically
useful, exposure of LSCs in this disease to a Cox2 inhibitor known to disrupt the Wnt/f3-catenin
pathway response is sufficient to decrease cell number (113). The lack of evidence supporting
normal hematopoiesis as a Hh or Wnt/-catenin pathway-dependent process suggests that the
deployment of these molecules in leukemias may be a viable therapeutic option, particularly in
cases where drug resistance is observed, such as in Gleevec®-resistant CML incidents.

Aberrant engagement of the Wnt/[3-catenin pathway has also been observed to support metas-
tasis in lung tumors that have not previously been associated with somatic pathway mutations in
either primary or metastatic tumors (114). Here, a gain in presumably ligand-mediated pathway
responses results in the expression of Lefl and Hoxb9, which in turn activate a transcriptional
program that supports metastatic cell behavior. Although the mechanism underlying activation
of Whnt signaling in this scenario is unclear, the preponderance of lung cancer cells exhibiting
excessive Poren expression may be a contributing factor (97). Thus in cases in which tumor ini-
tiation may not be dependent on aberrant activation of the Wnt and Hh pathways, such as those
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well established in CRC or medulloblastoma, small-molecule inhibitors of these pathways may
nevertheless be useful in blocking the dissemination of cancer cells from the primary site.

Although best understood in cancer contexts as forms of cell-autonomous signaling induced
by somatic mutations, the Wnt and Hh pathways are now additionally established as lines of
communication between stromal and cancerous compartments that function together to support
aniche for CSCs (52). Response of stromal cells to aberrantly high levels of Hh ligand expression in
a broad range of tumor types includes the expression of various molecules that promote cancer cell
growth (115). Thus the efficacy of Smo antagonists observed against a broad range of xenografts
that do not exhibit responsiveness to Hh ligand or Smo antagonists in vitro may, in many cases, be
explained by the disruption of this communication loop (115, 116). Modulation of stroma-tumor
interactions using Smo antagonists may also facilitate the delivery of traditional chemotherapeutics
to the tumor by increasing local vascularization (117). In the same study, the authors also observed
sensitivity of xenograft pancreatic tumors, but not tumors initiated in pancreatic tissue, to Smo
antagonists; this finding suggests that the utility of these inhibitors against tumors that are not
driven by cell-autonomous Hh signaling may be more limited than initially anticipated.

CONCLUDING REMARKS

There is much to be optimistic about with respect to the potential use of Hh and Wnt inhibitors
in cancer. Smo antagonists have shown remarkable success against some tumors known to be
associated with the Hh pathway, including medulloblastoma and basal cell carcinoma. Our deep
understanding of these pathways in development and tissue homeostasis has provided invaluable
insight into ongoing clinical translations. Certainly, this knowledge has already averted the use of
such molecules in contexts that may promote developmental aberrations, such as those seen with
the use of thalidomide in childbearing women, and that have since overshadowed its potential as
an anticancer agent.

At stake during clinical testing of Wnt inhibitors will be not only the tremendous investments
devoted to the study of Wnt signaling, but also the hopes placed on therapeutic possibilities not
yet realized from the targeting of the CSC compartment. Indeed, the Wnt/f-catenin pathway
constitutes a unique and pivotal battleground for advocates of CSC targeting, given that no other
signal transduction pathway has been as strongly associated with a particular cancer type and cor-
responding stem cell maintenance. Also important in moving forward is a greater understanding
of B-catenin-independent Wnt responses that would facilitate the development of molecules at-
tacking Wnt function, such as Porcn inhibitors or proteins that effectively inhibit Wnt protein
binding to receptors. Indeed, our understanding of Wnt support of cancerous cell behavior out-
side the canonical pathway is limited. Lastly, one interpretation from cancer genome sequencing
efforts and the entire body of research focused on cancer is that cancerous cells exhibit a limited
range with respect to mechanisms exploited for deviant purposes. Assigning additional associa-
tions between the Hh and Wnt pathways in various diseases will broaden the relevance of these
exciting therapeutic efforts discussed here to otherwise unanticipated contexts.

SUMMARY POINTS

1. The morphogenic Wnt and Hedgehog pathways are indispensable to metazoan de-
velopment and subsequent tissue homeostasis. Co-opting of pathway responses fre-
quently occurs in diverse diseases, necessitating the development of small molecule—based
interventions.
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. Utlizing Wnt/Hh antagonists to target putative cancer stem cells (CSCs) offers several

advantages over standard chemotherapeutics, principally by exploiting the unique survival
dependency that certain tumors exhibit for these pathways.

. Almost all known Hedgehog antagonists disrupt the activity of the GPCR Smoothened

(Smo), often preventing ciliary localization in the process. Several promising candi-
date compounds are being tested in clinical trials related to basal cell carcinoma and
medulloblastoma.

. The discovery of novel Wntinhibitors targeting Tankyrase (T'nks) and Porcupine (Porcn)

activity supplement earlier efforts to disrupt protein-protein interactions, principally at
the level of TCF/B-catenin.

FUTURE ISSUES

1.

3.

The mechanisms of noncanonical Wnt/Hh ligand-mediated responses, as well as their
contribution to disease states, remain largely unknown.

. Previously defined “druggable space” within canonical signaling pathways awaits further

elaboration, including Tnks/Axin Wnt regulatory events and signal transduction cou-
pling among Ptch, Smo, and/or Gli within the Hedgehog pathway. Advances in these
areas will serve to aid future small-molecule discovery efforts, including potential en-
dogenous small-molecule regulators.

A greater understanding of chemically targeted inhibition of ligand production is re-
quired, particularly with respect to Porcupine. Discoveries in this area may aid future
MBOAT chemical-targeting efforts, with implications for corresponding pathways.

. Direct targeting of cancer stem cells may influence nominal somatic stem cell func-

tion with potential deleterious consequences to patient outcomes. Consequently, factors
differentiating tumor cells from normal stem cells need to be explored.
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