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Abstract

The G protein-coupled receptor Smoothened (Smo) is the signal transducer of the
developmentally- and therapeutically-relevant Hedgehog pathway. Although recent structural
analyses have advanced our understanding of Smo biology, a number of questions remain. Chief
among them are the identity of its natural ligand, the regulatory processes controlling its
activation, and the mechanisms by which it signals to downstream effectors. This review will
discuss recent discoveries from multiple model systems that have set the stage for solving these
mysteries. We focus on the roles of distinct Smo functional domains, post-translational
modifications and trafficking, and conclude by discussing their contributions to signal output.
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The Hedgehog Signaling Pathway

The evolutionarily conserved Hedgehog (Hh) signaling pathway provides instructional cues
that drive morphogenesis during development and contribute to post-developmental tissue
homeostasis and wound healing. Consistent with these important functionalities, corruption
of Hh signaling can lead to developmental disorders and cancer [1, 2]. Ectopic Hh signaling
is implicated in a range of tumor types including medulloblastoma, basal cell carcinoma
(BCC), breast cancer and lung cancer and, as such, has become an attractive therapeutic
target [3].

The Hh pathway is controlled by two membrane proteins, Patched (Ptch), the Hh receptor,
and Smoothened (Smo), a Class F G protein-coupled receptor (GPCR) which transduces the
activation signal to downstream pathway components (Figure 1A and [4-7]). In the absence
of Hh ligand, Ptch inhibits signaling by Smo. Binding of Hh to Ptch triggers its
internalization and degradation, thereby allowing Smo to accumulate and signal to
intracellular effectors [8]. In most cases, signaling culminates in activation of the Gli family
of transcription factors and induction of Hh target gene expression [9, 10] (Figure 1B).
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Many of these important discoveries were first revealed using the Drosophila model system,
and subsequently found to be conserved to vertebrates. However, clear divergence exists,
and is highlighted by i) the requirement for a sensory organelle termed the primary cilium as
an organizing center for vertebrate signaling, and ii) the ability of vertebrate Smo to signal
through distinct G protein-dependent and independent routes. Whereas Drosophila have
single Hh, Ptch and Gli genes, vertebrates encode three ligands (Sonic Hh, Desert Hh and
Indian Hh), two Ptch receptors (Ptchl and Ptch2) and three Gli transcription factors (Glil, 2
and 3) [11]. For the purposes of this review, we will not specify distinct ligands, receptors or
Glis, and instead refer to them collectively as Hh, Ptch and Gli.

Herein, we summarize recent discoveries that provide insight into how Smo signaling is
regulated to control Hh pathway output. We focus on Smo protein functional domains, post-
translational modifications and trafficking, which work together to control its signaling. We
conclude by highlighting important open questions that, when answered, will significantly
enhance understanding of Hh pathway biology.

Functional Domains and Post-translational Modifications

Smo possesses a set of stereotypical GPCR functional domains including an amino-terminal
cysteine rich domain (CRD), three extracellular and three intracellular loops (ECL and ICL),
seven transmembrane domains (TM) and an intracellular carboxyl-terminal tail which can
undergo a range of post-translational modifications [6, 7] (Figure 1C). Until recently, the
majority of studies interrogating Smo were focused on its carboxyl tail. However, recent
structural insights have helped to reveal essential regulatory contributions by other
functional domains.

Cysteine Rich Domain

The CRD is localized to the extracellular amino-terminal region, and shares homology with
the CRD of the Wnt receptor Frizzled (Fz) [6, 12, 13]. The structure of the CRDs of
zebrafish and Drosophila Smo proteins were recently solved, and revealed a conserved
hydrophobic groove structurally similar to the pocket through which Fz binds the palmityl
modification of Wnt [12-14]. Structural and mutagenesis studies revealed that the oxysterol
20(S)-OHC, an established positive regulator of Smo, could bind the vertebrate CRD pocket,
and that the inhibitory glucocorticoid budesonide could bind the Drosophila pocket [12, 13,
15, 16]. Mutagenesis of residues predicted to coordinate the binding of these molecules to
the CRD of both vertebrate and Drosophila proteins attenuated Smo-mediated pathway
activation in response to 20(S)-OHC or Hh [12, 13, 15]. These studies support that the Smo
CRD pocket plays an essential and conserved role in signaling, potentially through
functioning as a physiologic ligand binding site (Box 1).

Extracellular Loops and Transmembrane Domains

The CRD is connected to the extracellular loop (EC) domains through a disulfide bridge
between an amino-terminal linker domain (ATL) and the first extracellular loop (EC1) [17].
Structures for the CRD and the EC loop/7TM domains were solved independently, and as
such, a composite structure illustrating their precise interface is not available. However, the
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crystal structure of the 7TM region revealed multiple stabilizing interactions between the
ATL and EC loops 1 and 3, suggesting that proper positioning of the CRD relative to the EC
loops is important for Smo regulation [17]. Consistent with this notion, disruption of the
ATL-EC1 disulfide bridge triggers ER retention and ablates signaling of the Drosophila
protein [12]. Collaboration between the amino terminus and the EC loops is further
supported by structural data demonstrating that the ATL assists the ECLs in coordinating
binding of SAGL.5, a potent Smo agonist which docks into a second ligand binding pocket
within the 7TM core [18]. Surprisingly, binding of this potent agonist to the ATL/7TM
pocket did not induce pronounced TM shifts or remodeling of the intracellular domains of
the protein, as would be predicted based upon activating shifts common to Class A GPCRs
(Figure 1A and [18]). The most notable intracellular change between antagonist and agonist
bound Smo occurred in intracellular loop 1 (IC1), which shifted inward towards W535 of
TMY7 in the SAG-bound conformation. IC1 communication with W535 may be a trigger for
Smo activation, as W535L mutation is a known driver of oncogenic Smo signaling ([19, 20]
and Box 2).

Structures of antagonist-bound Smo have been solved for a number of small molecule
inhibitors, and show that Smo harbors multiple distinct docking sites at varying depths
within its 7TM core [18]. Many of the 7TM binding compounds engage both EC2 and EC3,
indicating an important role for EC loop conformation in coordinating Smo ligand binding
[17, 18, 21, 22]. Accordingly, mutations that disrupt the conserved EC loop-stabilizing
disulfide bridge between TM3 and EC2 have profound effects on Drosophila Smo, ranging
from weak hypomorphic activity to robust ligand-independent signaling [23, 24].
Intriguingly, the outward positioning of EC2 relative to the 7TM core is reminiscent of Class
A peptide binding GPCRs [17]. It is therefore tempting to speculate that Smo may be
capable of binding larger peptide or lipid ligands that bridge the ligand binding pockets of
the CRD and the EC/TM core ([12]and Figure 2). Notably, both the amino terminal domain
and the EC loops of Smo harbor N-linked glycan modifications [25]. N-glycosylation can
affect ligand binding and/or responsiveness for a number of GPCR superfamily members
[26-29]. The close proximity of glycan acceptor sites to the CRD and 7TM pockets suggests
that this may also be true for Smo.

Loops

Upon activation by an extracellular signal, GPCRs will typically interact with heterotrimeric
G-proteins through their IC loop domains, and with arrestins through their carboxyl-terminal
tails [30, 31]. Smo has been demonstrated to utilize Gai heterotrimeric G proteins, but
regulation of their direct binding has not yet been characterized [32, 33]. With the exception
of the structural data discussed above, little is known about functionality of the Smo IC
loops. However, modest functional data support a role for this domain in Smo signaling. An
ethyl methanesulfonate mutagenesis screen in Drosophila identified a residue in IC3, that
when mutated, attenuates Smo activity [24]. Of note, this residue is localized to the
carboxyl-terminal end of IC3, which is a crucial domain for G protein coupling by
stereotypical GPCRs [34]. The importance of the IC domain in regulating Smo signaling is
further supported by an in vitro study in cultured cell lines demonstrating that peptide
mimics of IC2 and 1C3 suppress Smo-induced cancer cell proliferation [35]. Taken together,
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these studies suggest that the IC loops might influence Smo activity by interacting with
essential regulatory or effector proteins. Additional studies are needed to identify these
effectors and to determine how they are recruited to and activated by Smo.

Carboxyl Tail

Although the intracellular carboxyl-terminal tails of fly and vertebrate Smo proteins differ
significantly in length and sequence homology, aspects of their functionality are conserved.
For example, the tails of both fly and vertebrate proteins undergo hyper-phosphorylation in
response to pathway activation. Multisite phosphorylation triggers a conformation change
that enhances plasma membrane localization of the fly protein and prompts the vertebrate
protein to enrich in the primary cilium, a sensory organelle that projects from the basal body
[36, 37]. The extent of Smo phosphorylation and activity directly correlate with the level of
Hh ligand stimulation a cell receives [38]. It has therefore been suggested that differential
Smo tail phosphorylation is a mechanism by which the Hh morphogen gradient is
interpreted by target cells exposed to different thresholds of ligand. This so-called “Hh
phosphorylation code,” which is written by a number of different kinases and phosphatases
was recently reviewed elsewhere. [38]. Only G protein-coupled receptor kinase (GRK)
phosphorylation will be discussed here.

For most GPCRs, phosphorylation of the intracellular tail by GRK, serves to recruit arrestin
molecules which can both initiate GPCR removal from the plasma membrane, and provide a
scaffold upon which G protein-independent signaling is propagated or maintained [39]. Smo
conforms to this model, as it is phosphorylated by GRK2 and engages p-arrestin in both flies
and vertebrates [40-42]. The essential GRK2 phosphorylation sites are localized to two
clusters in a well conserved membrane proximal region of the tail. Phosphorylation at these
clusters is required for high-level Smo signaling, and in vertebrates, serves to recruit -
arrestin to initiate its internalization through clathrin-coated pits [43-45]. Although
phosphorylation by the Drosophila GRK2 homolog does trigger the eventual internalization
of Smo, it does not appear to be through recruitment of the Drosophila arrestin Kurtz [42].
Also, whereas vertebrate signaling appears to require B-arrestin recruitment to Smo for
signal propagation, Kurtz loss does not have an obvious effect on Smo protein levels or
signaling activity [40, 42, 46]. This could indicate that an additional Smo binding partner
present in Drosophila functions semi-redundantly with Kurtz to control internalization
and/or signaling by active Smo. Consistent with this hypothesis, the dynamin protein Shibire
has been shown to contribute to membrane recycling of Drosophila Smo [47].

Whereas phosphorylation has a positive correlation with cell surface accumulation and
signaling, ubiquitination has suppressive effects. The carboxyl tail of Drosophila Smo
harbors multiple ubiquitin (Ub) acceptor sites [48, 49]. Mono- and poly-ubiquitination at
these residues occurs in the absence of Hh, and contributes to recycling of the inactive
protein. Removal of Ub occurs through direct engagement of the deubiquitinating enzyme
USP8 by the carboxyl tail [48, 49]. Curiously, USP8 association with Smo is not affected by
Hh stimulation or tail phosphorylation, suggesting that deubiquitination by this enzyme may
not be directly regulated by Hh [49]. Further studies are needed to clarify whether changes
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in Ub modification represent an early step in Smo accumulation and signal induction, and to
test whether these events are conserved in vertebrates.

Trafficking and Localization

Smo signaling is dependent upon its trafficking to an active subcellular localization, the
plasma membrane in flies and the primary cilium (PC) in vertebrates (Figure 2 and [8, 50]).
Relocalization to these sites typically occurs within ~20 minutes of agonist stimulation, and
represents an important regulatory event in initiation of Smo signal transduction. For the
purposes of this review, we will focus on trafficking of vertebrate Smo, which must reach
the PC to interact with a specific set of ciliary proteins to mount a robust signal.

Although it is clear that ciliary entry is tightly controlled, the precise mechanisms governing
Smo ciliary trafficking are not yet fully established. The PC is separated from the plasma
membrane through two checkpoints, the ciliary pockets and the transition zone, which
function in tandem to gate movement of lipids and proteins into and out of the organelle [51,
52]. The Hh pathway has evolved to exploit this trafficking as a means of regulating Smo
[52]. The Hh receptor Ptch contains a ciliary localization sequence (CLS) within its
carboxyl-terminal tail, which unlocks its transport into the PC. Ciliary localization of Ptch is
essential for Smo inhibition; deletion of its CLS prevents not only its PC localization, but
also its ability to silence Smo [53]. Smo also contains a CLS, but unlike Ptch, accumulates
in the PC only upon ligand stimulation [54]. For Smo to accumulate in the PC in a ligand-
independent manner, Ptch must be disabled [55]. This suggests that enrichment of Smo
within the PC is a key step in pathway activation, and that Ptch functions, at least in part, to
regulate this essential trafficking event. How Ptch might target Smo to govern this event has
not yet been established, but a number of models have been proposed (Figure 3).

Given the inverse ciliary relationship of Ptch and Smo, an early model postulated that Ptch
functioned as a physical barrier for Smo PC entry [55]. However, the effects of chemical
agonists (SAG or 20-OHC) and antagonists (cyclopamine) that directly bind Smo call this
view into question. Binding of these small molecules induces Smo conformation shifts that
are sufficient for its ciliary accumulation in a Hh- and Ptch-independent manner [56]. This,
taken with the recent observation that removal of Ptch from the PC is not strictly required
for Smo entry, suggests that while Ptch does present a barrier for Smo, it is not a physical
one [53].

Smo ciliary entry is thought to occur through one of two routes, either laterally through the
ciliary pockets or internally through recycling endosomes [57]. Once inside the PC Smo can
diffuse freely within the ciliary membrane, but shows a preference for specific ciliary
compartments depending upon its activation state. Inactive Smo spends more time confined
to the base of the PC while active Smo enriches at the ciliary tip [58]. Although it is not yet
known how Smo movement is controlled under these differing conditions, studies from
Drosophila suggest that modifications of membrane lipids could have an effect. In flies,
phosphatidylinositol-4-phosphate (P14P) has been documented to influence Smo membrane
trafficking and cell surface accumulation [59]. Pls can influence membrane trafficking by
marking different cellular membranes; PI14P is found predominately in the Golgi and
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phosphatidylinositol 4,5-bisphosphate (P14,5P5) at the plasma membrane [60]. It is therefore
tempting to speculate that one mechanism by which Ptch controls Smo trafficking is through
modulating the concentration or availability of specific phosphatidylinositol phosphates
(PIP) in the membrane. Consistent with this hypothesis, the phosphatidylinositol 3-kinase
PI3K-C2a was recently shown to produce an unidentified PI3P species at the base of the PC
[61]. Deletion of PI3K-C2a prevented Smo ciliary accumulation, suggesting that a ciliary
PI3P pool may be important for Smo stabilization or PC trafficking. Further support for
lipids in Smo modulation was revealed by recent work demonstrating that Ptch utilizes
endocannabinoids from lipoprotein particles to destabilize Smo [62-65]. This suggests that
multiple lipid species could potentially be exploited by Ptch to govern Smo stabilization and
activity. Whether the putative lipid modulator functions to alter the local Smo membrane
environment, or serves as direct Smo agonist or antagonist is not yet known, and represents
one of the most important unanswered questions in Smo biology.

Smo Signaling

The regulatory processes discussed above reveal that some aspects of Smo regulation are
stereotypical and some unique. This duality is echoed by the signaling behavior of vertebrate
Smo, which is capable of activating distinct canonical and noncanonical signaling routes.
Whereas Drosophila Smo appears to govern a sole canonical signal that culminates in
activation of a Gli transcription factor, vertebrate Smo can activate two independent
signaling arms [11]. The canonical signal is dedicated to regulation of Hh target gene
activation through Gli transcriptional effectors, and is thought to occur in a G protein-
independent manner. Conversely, the noncanonical route utilizes Gai to regulate cellular
processes including metabolism, proliferation, Ca2* flux and migration [66-69].

Canonical Signaling

Smo-mediated Gli activation is dependent upon Smo entering the PC in Hh-stimulated cells.
However, how the activation signal is transmitted from ciliary Smo to the Gli effectors is not
yet clear. It is, however, clear that regulation of Gli phosphorylation by cyclic AMP
(cAMP)-dependent protein kinase (PKA) is paramount to controlling transcriptional
repressor and activator formation [70-72]. Signaling from Smo to PKA and Sufu, a negative
regulator of Gli activity, occurs in the PC and is dependent upon Smo interaction with the
Ellis van Creveld Syndrome (Evc2) ciliary complex [73]. Evc2 associates with activated
Smo in the EVC zone, which is situated adjacent to the transition zone at the ciliary base
[73]. The complex is anchored to the EvC zone through association with EVCAB7 and 1Q
Motif Containing E (IQCE) ciliary proteins, which were recently revealed to be positive
regulators of canonical signal output [74]. Canonical Smo signaling in the PC bifurcates to
differentially regulate Gli activator and repressor activity, and correlates with Smo binding
distinct functional partners in different ciliary localizations. Whereas Smo associated with
the ciliary motor Kif7 can regulate Gli repressor from the ciliary tip, it is thought to signal
from the Evc2 complex in the EVC zone to control ciliary entry and activation of Gli
[74-78]. Consistent with this notion, the basal body localized protein DIg5 was recently
shown to assist Smo in Gli activation, but not in attenuating Gli repressor formation [75].
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Despite all this new information, the precise mechanism(s) by which Smo signals through its
multiple ciliary partners to regulate Gli remains enigmatic.

Noncanonical Smo signaling

Despite Smo having the 7TM topology that is characteristic of the GPCR superfamily,
whether or not it couples with a G protein to induce downstream signaling has remained
controversial. Early support for Smo-mediated Gai activation was obtained in zebrafish,
which showed phenotypes similar to Hh loss of function following pertussis toxin treatment
[79]. Subsequent work in frog melanophores revealed that cAMP-regulated pigment
distribution could be modulated by Smo over-expression, further supporting a Smo-Gai link
[80]. However, since those initial studies, a number of additional genetic and cell biologic
studies failed to reach a consensus on Smo-Gai coupling, and as such, Smo was commonly
referred to as an “atypical” GPCR-like protein [33, 66, 67, 81-84].

The first biochemical evidence to support Smo-Gai coupling was obtained by examining
Ga-GTPyS binding in membranes isolated from Sf9 cells expressing murine Smo along
with distinct classes of Gapy heterotrimeric G proteins [32]. This study revealed Smo to
stimulate heterotrimeric G proteins of the Gai family, but not to couple with Gas, Gaq or
G113 family members. Subsequent work in Drosophila provided the first genetic evidence
supporting Smo-Gai signaling, demonstrating that Gai was required for low-threshold Hh
target gene induction [33]. Genetic evidence connecting Gai with Hh target gene expression
in vertebrate systems has not yet been reported, but evidence supporting Gai function in a
vertebrate-specific noncanonical Smo signaling axis has begun to mount. This noncanonical
signal does not regulate Gli, but instead modulates Ca?* flux, RhoA and Rac activation and
Warburg-like metabolism via Gai (Box 1 and [66, 67, 69]).

How Smo selects between canonical and noncanonical routes is not known. However, the
existence of at least two distinct Smo ligand binding pockets raises the possibility that
selective bias may occur. We postulate that allosteric ligand engagement by the individual
pockets could alter the Smo conformation or ciliary localization such that one effector route
is favored over the other. The ability of sub-cellular localization to influence signal output is
suggested by Smo mutants that lack their ciliary localization sequence. These mutants fail to
activate Gli, but maintain their ability to couple with Gai, suggesting that ciliary localization
may not be strictly required for the noncanonical pathway [66]. It is also possible that
differential use of the numerous phosphorylation, ubiquitination and/or N-linked
glycosylation sites on Smo could modulate effector selection to achieve tissue or
developmental context specific regulation of canonical or noncanonical signal output. This
hypothesis is supported by a recent report demonstrating that a murine Smo mutant lacking
its N-glycan modifications can signal potently to Gli, but cannot induce Gai [25].

Concluding Remarks

Despite the new information regarding Smo regulation and signaling highlighted here, many
important unanswered questions remain (see Outstanding Questions). Paramount among
them is the identification of the natural Smo ligand, and an understanding of how Ptch
controls Smo access or response to it. This knowledge will enhance our understanding of the
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canonical signal, and will likely also reveal novel aspects of noncanonical signaling. The
physiological relevance of the noncanonical pathway is only beginning to be examined. As
such, its contribution to developmental patterning has not been established, nor has its
importance in disease. These open questions are likely to become the focus of new avenues
of study as interest in Smo-Gai signaling expands. Furthermore, the recent emergence of
Smo inhibitors in the clinic necessitates an understanding of noncanonical signaling if we
are to predict and mitigate on-target, Gli-independent effects that could lead to unfavorable
outcomes.
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Text Box 1
Does Patched control an endogenous Smoothened ligand?

Although the series of events leading to Smo activation are becoming clearer, questions
regarding the existence and identity of its natural ligand remain a roadblock in our
understanding of its biology. The inherent druggability of Smo by both synthetic and
naturally occurring compounds reveals its ability to be influenced by small molecule
ligands [17, 18, 22, 85]. Although the essential endogenous ligand has yet to be
identified, a significant amount of evidence supports that it exists, and that Ptch likely
governs Smo through controlling availability of or access to it. Consistent with this
notion, Ptch does not physically interact with Smo [86]. Instead, it inhibits Smo in a
catalytic manner, with one molecule of Ptch estimated to be capable of regulating up to
fifty molecules of Smo [87]. This evidence, combined with Ptch having a requisite sterol
sensing domain and sharing homology with an ancient class of bacterial transporters, has
led to a model whereby Ptch functions by pumping a sterol-like Smo regulator [88].
Whether the regulator is an agonist or antagonist has yet to be established, but based
upon available information, either scenario is plausible. That Smo is constitutively active
in the absence of Ptch suggests that the molecule could be an antagonist, and that
removal of Ptch removes it from Smo [89]. However, the discovery of oxysterols as
CRD-binding positive modulators of Smo suggests that the molecule in question could be
an agonist, and that Ptch attenuates signaling by sequestering it away from Smo or
diminishing its cellular concentration ([90, 91] and Figure 3).

Other data suggest that, rather than controlling a Smo-binding compound, Ptch may
influence its activity by controlling the local membrane environment. This alternate
model is supported by evidence that lipid kinases and phosphatases are capable of
impacting Smo signal output [92]. Loss of the kinase controlling PI4P production in
Drosophila prevents accumulation of Smo on the plasma membrane, thereby attenuating
Hh pathway activity. Conversely, loss of Ptch results in accumulation of P14P, leading to
the hypothesis that it may function indirectly through lipid kinases to control Smo. In this
scenario, a local membrane environment rich in P14P would foster a conformation or
localization of Smo permissive for signaling, and a membrane devoid of P14P would not.
Similar processes may be active in vertebrate signaling, as the lipid kinase PI3K-C2a has
been found to impact Smo ciliary accumulation, an essential first step in signal induction
[61].
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Text Box 2
Smoothened in cancer

Inappropriate Hh signaling is implicated in cancer and can occur through Smo mutation
[93]. Documented mutations fall into one of three categories depending upon their impact
on signaling. The first are passenger mutations, which can occur in a number of tumor
types, but have minimal impact on signaling or ligand binding [94, 95]. Conversely,
activating mutations have profound effects on Smo activity, and can serve as driving
mutations in basal cell carcinoma and medulloblastoma [94]. These mutations affect the
TM domains or carboxyl-tail, and are thought to induce conformation shifts that drive
ligand-independent signaling. Examples include V321M, L412F, F460L, W535L and
R562Q [20, 95]. Of these, W535L (SmoM2) is most studied. This lesion is localized to
the seventh transmembrane helix and impacts a region commonly considered to be a
trigger point for activation of Class A GPCRs [17, 95]. V231M, L412 and F460L affect
TM domains 3, 5 and 6, which are essential pivot regions for activation of stereotypical
GPCRs, and likely activate Smo by mimicking its ligand-induced active conformation
[94]. The carboxyl-terminal tail mutation R562Q is adjacent to the first conserved GRK2
phosphorylation cluster, and could potentially trigger ligand-independent signaling
through altering conformation of this important regulatory domain [43].

The final category of Smo mutants associated with cancer affect its 7TM ligand binding
pocket. These alterations are not sufficient to drive ligand-independent Smo signaling,
but do impact binding of Smo inhibitors to promote drug resistance, and are therefore
clinically relevant [96]. A number of amino acid changes in TM domains have been
identified in relapsed BCCs following treatment with the Smo antagonist Vismodegib
[96]. Recurrent tumors harboring drug-resistant mutations are thought to result primarily
from outgrowth of drug-resistant subclones from the original tumor, but in some cases
may occur through de novo mutation [96]. Avenues being explored to overcome or
minimize such resistance are to target downstream of Smo, or to develop Smo inhibitors
that function non-competitively with Vismodegib [97]. Candidates for the latter include
Intraconazole, which targets an as yet unidentified domain, and select glucocorticoids
and oxysterol binding inhibitors, which occlude the 20(S)-OHC binding pocket in the
CRD [16, 98, 99]. Given the importance of trafficking in Smo signaling, another
potential point of intervention could be to target processes influencing its loading into the
secretory route or trafficking to the primary cilium. ER stress may be one such process,
as stress modulators block exit of SmoM2 from the ER, leading to its elimination through
the ER associated degradation pathway [100].
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Box 1
G proteins in Hedgehog Signaling at a Glance
Canonical Signaling

e Gprl61 couples with Gas in the PC to regulate Gli repressor in the absence of
Hh [88].

«  Smo can signal through Gai to control target gene expression in cardiomyocytes
[83].

»  Smo signals through Gai to activate low threshold target genes in Drosophila
[33].

Noncanonical Signaling
»  Smo couples with Gai to govern:
— Cell migration
— Hh-induces fibroblast migration by activating Rac1 and RhoA [66].
— Tubulogenesis

— Hh-induces tubulogenesis of endothelial cells in 3D culture through
activation of Racl and RhoA [84].

— Ca2+ flux

— Hh-induces transient Ca2+ spikes in embryonic spinal neurons via
Phospholipase C and inositol triphosphate [67].

— Proliferation

—  Gai enhances Hh-induced proliferation of cerebellar granular neuronal
precursors in culture [81].

— Warburg-like metabolism

— Smo signals through Gai, Ca2+ and AMP-activated protein kinase
(Ampk) to reprogram metabolism in muscle and brown fat [69].
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Trends Box

e Recent structural information reveals how ligands bind and regulate
Smoothened.

»  Smoothened signaling is regulated by its trafficking within the primary cilium.

e Smoothened can signal through G protein-dependent and independent
mechanisms.
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Outstanding Questions Box
e How does Ptch regulate Smo?
o Does Smo have an endogenous ligand?
» Do the CRD and 7TM ligand binding pockets collaborate in Smo activation?
e How is Smo trafficking through the ciliary transition zone regulated?
» How is selection between canonical and noncanonical signal output achieved?
»  What is the contribution of noncanonical Smo signaling to development?

e Is noncanonical signaling corrupted in disease?
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Figure 1. Regulation of the Smoothened GPCR
A GPCR classes. Proteins of the GPCR superfamily, which possess 7 TM domains, are

grouped into classes based upon their functionality and homology. The diagram indicates
human GPCR classes, and denotes the number of proteins found in each class. The largest
amount of structural data is available for Class A, the Rhodopsin family. Much of what is
known about GPCR topology and activation has been deduced from Class A structural
analyses. Smo is a member of the Class F Frizzled family. Classes D (mating pheromone
receptors) and E (CAMP receptors) are not found in humans. B. The core Hh pathway. In the
absence of Hh ligand, the Hh receptor Ptch localizes to the base of the primary cilium (PC)
and inhibits Smo ciliary entry and signaling. Sufu inhibits Gli activator while Gli repressor
keeps target genes silenced. Hh binding triggers Ptch internalization, which allows Smo to
traffic to the tip of the PC where it signals for Sufu to release Gli activator. Gli activator then
translocates to the nucleus to activate target gene expression. Many additional proteins
contribute to regulation of these processes. Only the core pathway components are shown
here. C. Smoothened functional domains. The cartoon illustrates the distinct Smo functional
domains, ligand binding pockets, post-translational modifications and location of known
activating mutations. CRD - cysteine rich domain; ATL —amino terminal linker; TM —
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transmembrane helix; ECL — extracellular loop; ICL — intracellular loop; C-term tail —
carboxyl-terminal tail.
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Figure 2. A Model for the Stages of Smo Activation
In the absence of ligand, inactive Smo (magenta) is ubiquitin modified (Ub, red), which

signals for its internalization and membrane recycling or degradation. Stimulation with Hh
ligand or a direct agonist such as a CRD-binding oxysterol (yellow) or the 7TM binding-
compound SAG (orange) induces tail phosphorylation (P, white), leading to a conformation
shift (light green) that promotes entry and accumulation in the primary cilium. Higher-order
phosphorylation of the membrane-proximal GRK clusters leads to complete opening of the
tail, which is permissive for Smo oligomerization and p-arrestin recruitment. This
conformation (dark green) drives high-level signaling and correlates with increased
accumulation of Smo in the tip of the primary cilium. We speculate that higher order
signaling could be achieved by occupation of both ligand binding pockets by distinct ligands
(left half of dimer) or by a larger peptide or fatty acid ligand bridging the two pockets (red
ligand, right half of dimer). Recruitment of p-arrestin to the hyper-active conformation
drives high-level signal propagation and eventual Smo desensitization. Extracellular N-
linked glycans, which may contribute to extracellular conformation and/or ligand binding,
are indicated in tan.
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Figure 3. Models of Ptch-mediated Smo Regulation
Several models for Ptch-mediated Smo regulation have been hypothesized. In A, Ptch

(yellow) pumps an antagonist (black), which binds to cell-surface localized Smo to block its
accumulation and signaling (magenta, inactive Smo). In B, Ptch pumps a Smo agonist
(green) out of the cell (B) or sequesters it in vesicles (B”) where it is unable to bind and
activate Smo. In C, Ptch controls activity of a lipid regulator to block accumulation of a
specific lipid species in membrane microdomains that are permissive for Smo signaling
(purple haze, active Smo shown in green).
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