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Abstract

The Hedgehog (Hh) pathway has become an important model to study diverse aspects of cell

biology of the primary cilium, and reciprocally, the study of ciliary processes provides an

opportunity to solve longstanding mysteries in the mechanism of vertebrate Hh signal

transduction. The cilium is emerging as an unique compartment for G-protein—coupled receptor

(GPCR) signaling in many systems. Two members of the GPCR family, Smoothened and Gpr161,

play important roles in the Hh pathway. We review the current understanding of how these

proteins may function to regulate Hh signaling and also highlight some of the critical unanswered

questions being tackled by the field. Uncovering GPCR-regulated mechanisms important in Hh

signaling may provide therapeutic strategies against the Hh pathway that plays important roles in

development, regeneration and cancer.

1. Introduction

The unexpected discovery that vertebrate Hedgehog (Hh) signaling is dependent on primary

cilia a decade ago has had a profound impact on our understanding of this key signaling

pathway in development and disease [1]. Primary cilia function as compartments for Hh

signaling, with transduction of the signal driven by a set of choreographed protein

trafficking events. Indeed, nearly all events in Hh signaling prior to target gene transcription

have been linked to ciliary mechanisms. In the absence of signaling, Patched 1 (Ptch1), a 12-

pass transmembrane protein that receives Hh ligands along with co-receptors [2, 3], is

concentrated in and around primary cilia [4]. In this OFF state, Protein Kinase A (PKA) and

Suppressor of Fused (SuFu) restrain the activity of the Gli family of transcription factors and

promote the formation of truncated Gli repressors (GliR) [5-9]. The orphan rhodopsin family

G-protein-coupled receptor (GPCR) Gpr161 localizes to cilia and promotes the PKA-
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mediated generation of GliR [10]. Reception of Hh ligands, such as sonic hedgehog (Shh),

causes the displacement of Ptch1 and Gpr161 away from the primary cilium [2, 8]. This

allows accumulation of Smoothened (Smo), a member of the frizzled (class F) family of

GPCRs, to high levels in the ciliary membrane [11]. Smo concentration at cilia ultimately

leads to activation of the Gli family of transcription factors. Activated Smo has to overcome

two negative regulators, SuFu and PKA. Smo signaling promotes the transport of Gli-SuFu

complexes to the tips of cilia, allowing Glis to dissociate from SuFu and enter the nucleus to

transcribe target genes [12-15]. Ciliary mechanisms are likely critical to understanding the

following unsolved mysteries in vertebrate Hh signaling: (a) how is PKA activity regulated

at cilia during Gli processing, (b) how is Smo regulated by Ptch1, and (c) how does Smo

transmit the signals to the Gli family of transcription factors. A challenge going forward is

to understand the biochemical mechanisms that regulate each of these signaling steps at cilia

and to understand how these mechanisms are integrated with the dynamic trafficking

changes that have been revealed by protein localization studies. We discuss the emerging

view that the cilium serves as a unique platform for GPCR signaling with an emphasis on its

roles in the Hh pathway. We focus on regulatory mechanisms both upstream and

downstream of these two GPCRs, Smo and Gpr161, in the context of their localization and

functioning in cilia. We also discuss mechanisms that link cellular GPCR-generated

signaling to the transcriptional output of the Hh pathway in different tissues and in the

pathophysiology of Hh-dependent cancers.

2. Mechanisms underlying Smoothened activity in primary cilia

2.1. Regulation of Smoothened by Patched 1

An enduring mystery in Hh signaling in all animals revolves around the mechanism by

which Ptch1 regulates Smo. Notably, the Ptch1-Smo interaction is the most frequently

damaged step in two Hh-driven cancers, medulloblastoma (MB) and basal cell carcinoma

(BCC). Current models propose that Ptch1 regulates Smo activity by modulating the

concentration or localization of a (yet to be discovered) small molecule ligand. This

conclusion has been derived from the following observations: Ptch1 can inhibit Smo

catalytically rather than stoichiometrically [16], Ptch1 and Smo do not physically interact in

conventional biochemical assays, and Ptch1 demonstrates distant homology to the bacterial

Resistance, Nodulation, Division (RND) family of small-molecule pumps [17].

The activity of Smo itself is subject to regulation by a bewildering diversity of synthetic and

endogenous small molecules. The plant alkaloid cyclopamine was the first described direct

antagonist of Smo and subsequently became the inspiration for a class of anti-Hh cancer

drugs that are now in clinical use [18-21]. A number of small molecule screens have since

uncovered both direct Smo agonists and antagonists [22-26]. While the endogenous Smo

ligand is unknown, sterol-related molecules have been proposed to have a role in Smo

activation. In vertebrates, pharmacological or genetic depletion of cholesterol from cells

blocks both ligand-induced Hh signaling and constitutive Smo signaling in Ptch1−/− cells

[19, 27, 28]. Oxysterols, a class of enigmatic oxidized cholesterol derivatives, were

discovered to be potent activators of Hh signaling in multiple systems [29, 30]. While one

initial study suggested that oxysterols could not be Smo agonists [30], subsequent
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mechanistic analysis convincingly demonstrated that oxysterols were direct ligands and

allosteric modulators of Smo [31]. Surprisingly, detailed pharmacological analysis showed

that oxysterols likely bound to a site that was physically distinct from the cyclopamine

binding site that was the focus of research and therapeutic intervention for the prior decade

[31]. Finally, Vitamin D3 and derivative analogs have been implicated as Smo antagonists

[32]. Interestingly, glucocorticoids, which share a tetracyclic ring skeleton with sterols, have

also been identified as synthetic Smo ligands [33].

How do these molecules influence Smo activity? Smo is composed of an N-terminal,

extracellular Cysteine-Rich Domain (CRD), homologous to the CRD of the Frizzled (Fz)

proteins that bind to Wnt ligands [34]. A linker connects the CRD to the membrane-

spanning 7-helix bundle (7TM), which in turn is followed by a cytoplasmic tail. Structures

of both the isolated CRD and the isolated 7-helix bundle have been solved and provided

views of two distinct ligand binding sites on Smo [35-37]. Liganded structures show that the

7TM bundle, associated extracellular loops, and the CRD linker comprise the “cyclopamine-

binding site,” which engages ligands that compete with cyclopamine for binding to Smo [35,

38]. Oxysterols, on the other hand, bind to the CRD in a hydrophobic groove that

corresponds to the groove used by the Fz CRD to bind to the palmitoleyl moiety of Wnt

ligands [36, 37, 39, 40]. While present on physically separable domains in Smo,

pharmacological studies show that the oxysterol- and cyclopamine-binding sites are

allosterically linked [31]. While a Smo structure containing both the CRD and 7TM

segments is not yet available, one possibility is that the CRD can influence the 7TM site by

interacting with the loops that form the extracellular end of the 7-helix bundle. A Smo

molecule lacking the CRD or containing mutations in the 7TM site can still be inhibited by

cholesterol depletion, suggesting that the effect of cholesterol may be mediated through a

completely distinct mechanism or site on Smo [40]. In this regard, cholesterol-binding sites

with regulatory potential have been identified within the transmembrane segments of

GPCRs, channels, and transporters (reviewed in [41]).

Despite this progress, the binding site on Smo regulated by Ptch1 remains to be identified.

Mutations in the 7TM segment that abrogate the binding of several 7TM ligands have little

influence on the ability of Smo to be regulated by Shh, and thus by Ptch1 [40, 42]. While

some point mutations in the CRD can significantly reduce Shh responsiveness, other

mutations that completely abrogate oxysterol binding have no effect [36, 39]. Moreover, a

truncated Smo molecule lacking the CRD can still be repressed by over-produced Ptch1 and

remains weakly responsive to Shh [39, 40]. Taken together, these data show that neither of

these two sites can be entirely responsible for mediating the inhibitory effect of Ptch1 on

Smo.

In addition to ligand-mediated regulation, changes in the levels of Ptch1 and Smo in the

ciliary membrane seem to be critical for Smo activation. Ptch1 and Smo undergo a

characteristic reciprocal change in localization at the ciliary membrane when signaling is

initiated [4, 11]. Without Hh ligands, Ptch1 is localized in punctate structures along the

length of the ciliary membrane and is found in vesicles around the ciliary base, while Smo is

present at low levels. When cells are exposed to Hh, Ptch1 is cleared from cilia and instead

Smo accumulates to high levels in the ciliary membrane [4].
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There is consensus that the accumulation of Smo in the ciliary membrane is required for

downstream signaling. For instance, Drosophila Smo, which is normally inactive and not

localized in cilia in vertebrate cells, can activate Hh signaling when recruited to cilia by

replacing its C-terminal tail with that of vertebrate Smo [39]. While cilia localization may be

required for Hh signaling, it is not sufficient. First, Smo appears to be cycling through the

cilium even in the absence of Hh ligands. Genetic [43, 44] or pharmacological blockade [45]

of the retrograde intraflagellar transport (IFT) motor dynein 2, which mediates transport of

cargoes from the tip to the base of cilia, leads to Smo accumulation in the ciliary membrane

without triggering signaling. Also, certain Smo antagonists, such as cyclopamine, can

themselves induce Smo accumulation in cilia without triggering downstream signaling [46].

Finally, the loss of IFT25, an intraflagellar transport protein (a subunit of the IFT complex

B, see section 3.1) that does not seem to be required for ciliogenesis or for ciliary integrity,

leads to the accumulation of both Smo and Ptch1 in cilia and a loss of signaling efficacy

[47]. The IFT25/27 subcomplex is emerging as an accessory module of the IFT machinery

that regulates the trafficking of Hh pathway proteins through cilia, perhaps by primarily

regulating ciliary egress.

Is there a way in which these two views of Smo activation—regulation by small molecules

and regulation by ciliary localization—can be integrated? One possibility is that Ptch1 gates

Smo entry into the cilium, perhaps by controlling a preciliary trafficking step. This model is

unlikely due to the above-mentioned observation that Smo seems to show trafficking

through cilia even in the absence of Hh ligands. In addition, Smo over-expression leads to

the constitutive accumulation of Smo in cilia, but only to a very modest level of target gene

induction [46]. In other words, Ptch1 is able to exert an inhibitory influence on Smo even

when its levels in the cilia membrane are artificially increased, making a purely gating

function unlikely. Another possibility is that Ptch1 regulates the concentration or availability

of a Smo ligand in the ciliary membrane, which could then control whether the Smo that is

also cycling through this membrane adopts an active conformation and interacts with the

downstream signaling machinery. When Hh ligands inactivate Ptch1 and/or trigger its

removal from the cilia membrane, Smo would become active and accumulate in cilia. The

concept that the ciliary membrane may serve as a unique, privileged lipidic environment

could have regulatory implications for the activity of other GPCRs and signaling receptors

that are localized in cilia.

The mechanisms by which Ptch1 and Smo are trafficked to cilia are not well understood. A

major challenge is that defects in the structure or function of cilia, which can be caused by

mutations in a myriad of cilia genes, can often lead to indirect effects on the accumulation of

proteins within cilia. Other than the work on IFT25/27 noted above [47], which implicated

this complex in the exit of Ptch1 from cilia, very little is known about the machinery that

regulates Ptch1 trafficking. In line with its genealogy as a GPCR, Smo accumulation in cilia

has been linked to a G-protein coupled receptor kinase 2 (Grk2)-β-arrestin mechanism [48,

49]. In this model, phosphorylation of the C-terminal tail of Smo by Grk2 leads to

recruitment of β-arrestin and the consequent association with the anterograde IFT motor

Kif3a. Phosphorylation of the Smo tail by both Grk2 and CK1α has also been linked to

ciliary Smo accumulation and Smo activation through a conformational change involving its
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C-terminal tail [48, 50, 51]. Integrin-linked Kinase (ILK) [52] and the Bardet-Biedl

Syndrome (Bbsome [53]) protein complex [54, 55], which may link the core IFT machinery

to ciliary cargoes, have also been implicated in Smo ciliary trafficking. The diversity of

factors implicated in Smo ciliary trafficking remains to be reconciled into a biochemically

coherent mechanism.

2.2. Activation of downstream signaling by ciliary Smo

A variety of experiments have shown that Smo is capable of coupling to the Gαi family of

heterotrimeric G-proteins [56, 57]. Given that Protein Kinase A (PKA) is a rate-limiting

negative regulator of the Gli proteins, Smo-Gαi coupling (predicted to lead to a drop in

cAMP levels and consequently PKA activity) would provide a very straightforward

mechanism by which Hh signaling could trigger Gli protein activation. These changes in

PKA activity could be locally confined to the ciliary compartment, insulating Hh responses

from the other signaling pathways that are regulated by the cAMP-PKA system. In

Drosophila, the single Gαi has been implicated directly downstream of Smo [58]. However,

the requirement for Gαi in vertebrates Hh signaling is uncertain. Multiple Gαi paralogs in

vertebrates makes loss of function approaches challenging. Pertussis toxin (PTX), which

inactivates all Gαi paralogs except Gz, has an incomplete inhibitory effect on Hh signaling

in some cultured cells [56, 59]. Expression of PTX in the limb mesenchyme progenitor cells

with a Prx1 promoter, in combination with the knock out of Gz, has no effect on Hh-

dependent limb patterning [60]. An important consideration is that Hh signaling is

exquisitely sensitive to the basal level of PKA activity in the cell. This basal level of activity

is set by the balance of inputs into Gαi and Gαs from the panel of GPCRs and their states of

activity present in a specific cell type. Thus, Hh responsiveness can show significant

changes when the Gαi-Gαs balance is perturbed, without this being a reflection of direct

Smo-Gαi coupling. Taken together, the balance of data suggests that Smo-Gαi coupling is

likely not universally required for canonical Hh signaling in vertebrates, though it may play

a tissue-specific or context-specific role.

In Drosophila, Smo has been shown to assemble a signaling complex containing the

kinesin-like protein Cos2 at its C-terminal, cytoplasmic tail [61, 62]. Though the C-terminal

tails of Drosophila and human Smo have diverged significantly, Kif7 has emerged as the

vertebrate homolog of Drosophila Cos2 [63-66]. Kif7, which forms a complex with Gli2

and Gli3, is important for the formation of both repressor and activator forms of the Gli

proteins, at least in specific tissues. Interestingly, Kif7 shows dynamic trafficking changes at

cilia in response to Hh signaling and may scaffold a signaling complex at cilia, in a manner

similar to Cos2 in flies. However, the biochemical mechanism by which Kif7 mediates the

communication between Smo and Gli proteins remains to be described.

Another Smo-binding complex with a possible scaffolding function at cilia is the Evc-Evc2

complex, which plays a tissue-specific role in Hh signaling [67-69]. Evc and Evc2 are type I

transmembrane proteins with extensively coiled-coil cytoplasmic domains. The EVC and

EVC2 genes are mutated in two ciliopathies, Ellis van Creveld syndrome and Weyers

Acrodental Dysostosis, characterized by impaired Hh signaling in skeletal, cardiac and

orofacial tissues (reviewed in [70]). Smo binds to the Evc-Evc2 complex in response to Hh
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signal activation in a compartment near the base of cilium termed the “EvC Zone.” This

region may represent a microdomain where Hh signaling complexes are assembled at

primary cilia (Figure 1). A disordered segment located at the C-terminus of Evc2 tethers

Evc-Evc2 in the EvC Zone through a complex composed of the proteins Iqce and Efcab7

[71]. Remarkably, patients with Weyer’s syndrome carry a deletion of this localization

sequence in one allele of Evc2, leading to a dominant block in Hh signaling and dispersal of

the Evc-Evc2 complex throughout the ciliary membrane [72]. This human disease allele

highlights the importance of precise protein localization in Hh signaling at the primary cilia.

As with Kif7, the biochemical mechanism by which the Smo-Evc2 interaction regulates

downstream components such as PKA, SuFu and the Glis remains to be elucidated.

3. Role of Gpr161 as a negative regulator of Shh signaling

3.1. Ventral neural tube patterning by Shh and the role of cilia

Shh morphogen signals from notochord and floor plate provide spatiotemporal information

organizing gene expression and cellular differentiation in the ventral region of the vertebrate

neural tube [73, 74]. The graded Shh signal patterns the ventral neuroepithelium into five

progenitor domains generating distinct neuronal subtypes [75]. The key factors that

determine the final output of Shh signaling are concentration and duration of the morphogen

activity. Progressively higher concentrations of Shh induce genes encoding the transcription

factors NK6 homeobox 1 (Nkx6.1), oligodendrocyte transcription factor 2 (Olig2) and NK2

homeobox 2 (Nkx2.2), whereas increasing duration of high Shh levels results in increased

Nkx2.2 expression over Olig2 [76, 77]. In the absence of Shh signaling, ventral neural cell

fates are lost [74]. This concentration- and time-dependent response is fine-tuned by

feedback expression of the negative regulator Ptch1 [76], which is a direct transcriptional

output of Shh signaling, and by the ratio of the repressor to activator forms of the Gli

proteins [78]. The transcriptional factor Gli1, considered a pure activator, is also a direct

target of Shh signaling [79]. Of the other Gli transcriptional factors, Gli2 functions mostly as

an activator, while Gli3 acts predominantly as a repressor in the neural tube. The effect of

Gli2 in ventral patterning is apparent in Gli2 knock out embryos, where the most ventral

floor plate cells that express Shh and FoxA2 are lost [80]. Expression of one copy of Gli1

can rescue the Gli2 mutant floor plate defects, suggesting that the primary effect of Gli2 in

neural tube patterning is mediated by its function as an activator [80]. The primary effect of

Gli3 as a repressor is apparent in mouse embryos lacking Shh, where the removal of Gli3

recovers the expression of some target genes [78]. Finally, recent studies show that the final

interpretation of the Shh morphogen in the neural tube is an emergent property of a

downstream transcriptional circuit, such that the expression domains are maintained due to

hysteresis of this regulatory circuit [81]. This mechanism coupled with subsequent

positional sorting of cells [82] maintains the characteristic precision of the Shh-mediated

pattern in the presence of the inherent noise of developmental signaling.

The primary cilium is fundamentally important in mediating the transduction of Hh signals

in the ventral neuroepithelium. Primary cilia are assembled by an active process called

intraflagellar transport (IFT), consisting of trains of multipolypeptide particles that move

continuously along axonemal microtubules. Anterograde transport of these particles is
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mediated by kinesin-II, whereas retrograde transport is powered by the dynein 2 motor (for

review, see [83, 84]). IFT particles are organized into two complexes, called complex A

(IFT-A) and complex B (IFT-B). The IFT-B complex is implicated in anterograde IFT [83].

In a forward genetic screen for mouse embryogenesis defects, Kathryn Anderson’s group

first discovered that mutations in ciliary assembly affect ventral neural tube patterning [1].

Mouse mutants that affect the intraflagellar transport (IFT) machinery, including the IFT-B

complex and IFT motors, exhibit loss of the ventral cell types specified by high levels of

Shh [1, 85]. However, in contrast to most other cilia mutants, mutations in the IFT-A

complex paradoxically result in increased basal Shh signaling [44, 86-88]. The IFT-A

complex is organized as a core complex (Ift144, Ift140, and Ift22) with additional peripheral

subunits (Ift139, Ift121, and Ift43) [89, 90] (Figure 2). The IFT-A complex is implicated in

retrograde IFT, and its disruption causes axonemal bulges, similar to the retrograde IFT

motor dynein 2 mutants. However, in contrast to the dynein 2 mutants, null mutations in two

IFT-A genes (Thm1/Ift139alien and Ift122sopb), and a hypomorphic allele of the IFT-A

subunit Ift144 (Ift144twt), exhibit dorsal expansion of the floor plate, V3 progenitor, and

motor neuron domains in the caudal neural tube [44, 86-88]. Even in IFT-A alleles with

severe disruption of the complex (e.g. a null allele of Ift144, Ift144dmhd, or a combined

disruption of two IFT-A subunits), which result in stunted ciliary morphology, the motor

neurons that require intermediate levels of Shh signaling are expanded in the caudal neural

tube [87]. The opposing neural tube phenotypes of IFT-A mutants from the other mutants of

the IFT machinery suggest that the IFT-A complex may have additional “preciliary”

functions.

3.2. Discovery of Gpr161

Mutations in the tubby family protein Tulp3 cause increased Shh signaling in the caudal

neural tube phenocopying IFT-A mutants [91, 92]. Using a tandem affinity purification and

mass-spectrometry-based approach, Tulp3 was found to bind to the IFT-A subcomplex [89].

In addition to its known role in retrograde transport, the core IFT-A subcomplex recruits

Tulp3 to the cilia through this direct interaction [88, 89]. Furthermore, Tulp3 promotes

trafficking of specific rhodopsin family (class A) GPCRs to cilia, and this process requires

both the IFT-A- and phosphoinositide-binding domains of Tulp3 [89] (Figure 2). These

results combined with the fact that trafficking of Smo (class F GPCR) is not affected by

Tulp3/IFT-A [88, 89] suggested the role of a novel GPCR in the coordinated function of

IFT-A/Tulp3 as negative regulators of Shh signaling [89]. Screening for GPCRs expressed

early during development resulted in the discovery of Gpr161 as this key regulator [10].

Gpr161 is broadly expressed early during neural tube development and is localized

predominantly in the nervous system after mid-gestation. Gpr161 is localized to cilia

broadly in a wide variety of cultured cells, and the ciliary localization is reduced upon Tulp3

knockdown and in core IFT-A mutant (Ift122sopb) fibroblasts. Interestingly, a null mouse

knock out of the receptor causes embryonic lethality by E10.5, and results in increased Shh

signaling throughout the rostro-caudal extent of the neural tube. Double mutant analyses

indicate that the increased Shh signaling phenotype in Gpr161 mutants is dependent on the

cilia, and is independent of Smo. As Smo plays a critical role in the activation of Shh

signaling (Figure 1), and the Gpr161 mutant phenotype is mediated independent of Smo

activation, Gpr161 primarily functions in the basal repression mechanism in the Shh
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pathway (i.e. Gli3 processing into Gli3R). In addition, Shh signaling results in removal of

Gpr161 from the cilia, similar to the other negative regulator of Shh signaling, Ptch1 [4].

Thus, Gpr161 functions as a negative regulator of Shh signaling in the neural tube, while

itself being regulated by Shh signaling in a positive feedback circuit (Figure 2).

3.3. Role of Gpr161 in PKA-mediated Gli3 processing

How does Gpr161 act as a negative regulator of Shh signaling in the neural tube? Gpr161

knockout prevents Gli3 processing, and Gli2/3 full-length stability. Overall, these effects

look similar, but less severe than PKA [93, 94] and Sufu mutants [9, 95], suggesting that

Gpr161 could be regulating Gli3 processing and/or stability by either PKA or Sufu. Primary

cilia are not required for Sufu to inhibit Gli activity [96, 97], whereas the neural tube

phenotype in the Gpr161 mutant is cilia-dependent, suggesting that the effects of Gpr161 are

not mediated primarily through the action of Sufu. Gli3 processing is also regulated by the

cAMP-activated kinase PKA [6]. In the absence of a known ligand for Gpr161, assays

testing for constitutive activity of the receptor using inducible clonal cell lines detected

significant increase in cAMP levels in induced cells, and a concomitant reduction in the

basal cAMP activity by knocking down Gαs, suggesting that Gpr161 is primarily Gαs-

coupled [10]. These experiments suggest that Gpr161 is probably regulating the Shh

pathway in the neural tube by activation of PKA (Figure 2).

It is currently unknown if Gpr161 activity in the neural tube is constitutive or is further

modulated by ligands. In cultured cells, overexpression of Gpr161 results in constitutive

basal activity of the receptor resulting in high cAMP levels of upto ~70% of maximal

forskolin-induced response [10]. Agonist-independent constitutive signaling has been

observed for a wide variety of GPCRs [98, 99]. A recent study analyzed constitutive GPCR

activity for its role in olfactory GPCR-driven axonal projection of olfactory neurons [100].

Transgenic mice expressing mutants of the β2-adrenergic receptor (β2AR) that affect

constitutive activity but not agonist-dependent activity changed the transcription levels of

axon-targeting genes, causing shifts in glomerular locations along the anterior-posterior (A-

P) axis, but not affecting glomerular segregation. A parallel study detected strong β2AR

immunoreactivity in dendritic cilia of β2AR expressing olfactory neurons, suggesting that

this effect could be mediated through constitutive activity of β2AR in olfactory cilia [101].

Similar to olfactory GPCRs, constitutive activity of Gpr161 could underlie its effect on

cAMP response and PKA activation. However, ligand-dependent activation of Gpr161 could

also regulate its function in the neural tube. The “DRY” motif flanking the third

transmembrane helix in most rhodopsin family GPCRs, and the adjacent conserved valine in

the second intracellular loop in the α1b adrenergic receptor, which is closely related to

Gpr161, is critical in mediating activated conformations [102, 103]. The DRY motif is

present in Gpr161 and mutation of the conserved valine (V158E) prevents its constitutive

activity [10]. Physiological ligands that could increase (agonist) or decrease (inverse

agonist) constitutive activity [104] of this receptor are currently unknown. However, the

agonist would not need to be restricted in its localization in the dorso-ventral axis in

activating Gpr161. Removal of ciliary Gpr161 by Shh would ensure that the receptor would

be absent from cilia in the ventral regions, and result in activation in dorsal neural tube

regions corresponding to high Gli3R activity.
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3.4. Models for Gpr161 function in cilia in regulation of the Shh pathway

Although Gpr161 activity could be regulating PKA activation in the neural tube, and PKA-

mediated Gli3 processing is cilia-dependent [85, 105], it is presently unclear if Gpr161

function is required in the cilia. Gpr161 is also localized to vesicles close to the ciliary base

[10], and could potentially function from this location. cAMP has been predicted to be freely

diffusible between ciliary and extra-ciliary compartments, using a FRET-based membrane-

anchored biosensor capable of resolving intra- and extra- ciliary cAMP pools [106].

However, downstream targets of cAMP are better predictors of subcellular cAMP response.

The activation of PKA by cAMP can be spatiotemporally regulated by A-kinase-anchoring

protein (AKAP) anchored PKA regulatory subunits [107, 108], reducing the functional

activity of cAMP to microdomains as apparent in case of PKA activation in T tubules of

cardiac myocytes [109]. Recent work suggests that the cilium acts as a signaling

compartment by local increases in second messengers in the cilia. Pkd2l1 functions as a

calcium channel in cilia and generates a local increase in calcium in this compartment with

respect to the cytoplasm [110, 111]. In the case of the Shh pathway, Gli3 processing into

Gli3R involves a series of coordinated steps in which the Gli3-Sufu complex shuttles

through the cilia [13, 15], is phosphorylated by PKA [6, 112, 113], and subsequently by

Gsk3β and CKI [112], is recognized by the β-TrCP/cul1 E3 ubiquitin ligase [112, 114], and

finally the ubiquitinated protein is partially proteolysed by the proteasome till it reaches a

restriction domain in Gli3 [115, 116]. The precise location of PKA-mediated processing of

Gli3 is unknown, but the proteosomal machinery has been shown to dynamically associate

with the centrosome [117, 118], and the Drosophila homolog of β-TrCP, SCFSlimb localizes

to centrioles [119]. There could be two ways by which cilia may be contributing to Gli3

processing. First, localization of Gpr161 in cilia may create a ciliary cAMP gradient that

could result in activation of PKA in close proximity to the cilia, such as the basal body [94,

120]. If ciliary Gpr161 drives PKA-mediated Gli3 processing, the regulated removal of

Gpr161 from the cilia upon Shh signaling would provide a logical explanation for

preventing Gli3 processing upon Shh activity (Figure 2). Further studies using precise

mutants of Gpr161 that prevents its ciliary localization or removal from cilia would be

needed to resolve these issues. Second, Sufu and Gli2/3 shuttle in and out of the cilia by the

IFT machinery. This becomes apparent upon cytoplasmic dynein 2 knockdown, where both

Sufu, Gli2 and Gli3 start accumulating in the tips of cilia, even without Shh pathway

activation [13, 121, 122]. The role of cilia in Gli3 processing could be involving these

shuttling steps as well.

4. GPCR-mediated PKA activity in other tissues during Shh signaling

If GPCR-mediated PKA activity is a robust mechanism for regulating the Shh pathway, a

pressing issue is the identity of GPCRs regulating PKA activity in tissues other than the

neural tube. In the developing cerebellum, Shh produced by the Purkinje neurons is required

for proliferation of granule precursors in the external granule layer [123-125]. Lack of cilia

results in severe cerebellar hypoplasia, primarily due to a failure of expansion of the granule

cell progenitor populations [126]. Aberrant activation of Shh signaling in cerebellar granule

cell progenitors causes medulloblastoma (MB) [127], and is cilia-dependent [128]. In tumor

models of MB driven by constitutively active Smo, genetic ablation of primary cilia
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suppresses tumor development. In contrast, removal of cilia is required for MB growth by

constitutively active Gli2. Thus, primary cilia can either prevent or enhance MB formation,

depending on the initiating oncogenic event [128]. Similar results were also noted in tumor

models of basal cell carcinoma (BCC) in the skin [129], emphasizing the role of cilia in Shh-

dependent tumors.

If ciliary regulation of the Shh pathway is a unifying feature during cerebellar development

and in the pathogenesis of Shh-dependent tumors, which GPCRs could be involved in

regulating PKA in these contexts? In this regard, the role of the pituitary adenylate cyclase

activating polypeptide (PACAP) receptor 1 (PAC1) in cerebellar granular progenitor

neurons is quite interesting. PACAP belongs to a peptide family that includes vasoactive

intestinal peptide (VIP), and interacts via three G-protein-coupled receptors VPAC1,

VPAC2, and PAC1 (reviewed in [130]). While, VPAC1 and VPAC2 have high affinity for

both VIP and PACAP, PAC1 binds PACAP only with high affinity. PAC1 is expressed in

granular progenitor neurons; however, its subcellular localization especially in the context of

cilia is not known. VPAC2 is localized to neuronal cilia in various brain regions, including

the suprachiasmatic nuclei and the thalamus, but not in the cerebellum [131]. Activation of

PAC1 typically leads to robust Gαs-mediated cAMP elevation, but PAC1 can also link to

other transduction pathways, such as Gαq-mediated phospholipase C (PLC) and calcium

mobilization [132]. Differential pathway activation has been linked to different PAC1 splice

isoforms [133, 134]. PACAP inhibits Shh-driven proliferation of granule cell progenitors

[135], and acts as a tumor suppressor in murine MB [136]. In cultured cerebellar granular

progenitors, PACAP blocks Shh signaling by affecting global PKA activity levels by PAC1

activation [135, 137] (Figure 2). Another chemokine SDF-1α (CXC12), and its receptor

CXCR4, increase proliferation and migration of granule precursors by Gαi-mediated

decrease in cAMP levels [138]. PAC1 activity through Gαq may also moderately stimulate

mitogenesis via the phospholipase C/PKC pathway [135]. Thus, modulation of activity of

PKA by GPCRs fine-tunes the Shh pathway during cerebellar proliferation.

GPCR-regulated pathways directly affecting the transcriptional amplification of Gli1 could

also be impacting on Hh signaling. Growth of BCCs requires high levels of Hh signaling

through Gli1. The atypical protein kinase C τ/λ (aPKC-τ/λ), itself a Hh pathway target,

functions in a positive feedback circuit downstream of Smo to phosphorylate and activate

Gli1 [139] (Figure 2). aPKC-τ/λ forms a complex and colocalizes at the basal body with

missing-in metastasis (MIM), an actin regulatory protein that positively regulates Hh

signaling and cilia maintenance [140]. Inhibition of aPKC-τ/λ function blocks Hh signaling

and proliferation of BCC cells, and provides a novel therapeutic target for treatment of Smo-

inhibitor-resistant tumors. GPCRs regulating PKC in Shh signaling are currently unknown,

but chemical inhibitors targeting Smo-inhibitor resistant tumors could provide insights into

these mechanisms.

5. Gαs-mediated regulation of Hh signaling and alternative pathways for

cAMP regulation in the Hh pathway

Increase in cAMP levels that are mediated by GPCRs is dependent on coupling to Gαs.

Interestingly, mouse Gnas (Gαs) knockout embryos are embryonic lethal by E9.5 with open
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neural tube and cardiac defects [60]. The E9.5 knockout embryos also show up regulation of

Hh targets, and reduction of Wnt signaling targets. The neural tube in these embryos shows

increased Hh signaling, as apparent from dorsal expansion of the ventral domains marked by

Nkx2.2 and Shh expression, and loss of the dorsal Pax6 domain. Thus, Gαs functions as a

negative regulator of Hh signaling in the neural tube (Figure 2). The neural tube phenotype

of Gαs mutants is relatively more severe than that of the Gpr161 knockout, as Gpr161

presumably functions upstream of Gαs, and as Gαs is expected to have additional cellular

functions. Currently, the subcellular location of Gαs during Hh signaling in the neural tube

is unknown; however, Gαs has been recently described to be present in mammalian ciliary

proteome [141]. Apart from its role in neural tube patterning, Gαs also functions in

restricting bone formation to the skeleton by inhibiting Hh signaling in mesenchymal

progenitors [60]. Progressive osseous heteroplasia, a human disease that results in

extraskeletal ossification is caused by null mutations in GNAS, and the altered balance

between Hh and Wnt signaling could result in these pathologies.

Apart from GPCRs that can regulate cAMP levels in the Hh pathway, cAMP

phosphodiesterases (PDE) may also play a role in this process. The plausible role of the

cAMP phosphodiesterase Pde4c in regulating ciliary cAMP levels is most clearly

demonstrated in renal epithelial cells, where it localizes to primary cilia, and is

transcriptionally regulated by the hepatocyte nuclear factor-1β (HNF-1β) [142]. Mutations in

HNF-1β have been associated with kidney cysts. Pde4c is down regulated and cAMP levels

are increased in HNF-1β mutant kidneys. While the contribution of Pde4c, and more so of

its lack of ciliary localization in regulating the total cellular cAMP levels in the context of

HNF-1β mutants are not clear, Pde4c also interacts with AKAP150, an AKAP that also

localizes to cilia. Whether the regulation by PDEs and AKAPs is a common theme in cAMP

regulation in the Hh pathway is currently unknown; however, the pool of PKA localized to

the ciliary base of cerebellar granule progenitors and the disruption of AKAP anchoring to

the PKA regulatory subunits plays an essential role in the integration of Hh signaling in

these neurons [120]. More research on these interesting molecules promises to provide

important insights into their regulation of PKA activity in the Hh pathway.

6. Conclusions and outstanding questions

With the discovery of the fundamental role of primary cilia and the key molecules that

traffic through this compartment during Hh signaling, the major thrust in the near future is

for elucidating the functional and biochemical roles of these signaling molecules in cilia.

Studies of Hh signaling at cilia have provided a compelling illustration of how these ancient

organelles have been co-opted by a more recently emerging signaling system to

compartmentalize signaling events in a subcellular domain that maintains communication

with the external environment but may be insulated from the cytoplasm. Moving forward,

the development of additional tools that can precisely monitor and perturb signaling

reactions at cilia will be important. Efforts to understand GPCR signaling at the ciliary

membrane, and how it differs from plasma membrane signaling, will likely provide

significant insights into both the biology and mechanism of ciliary signaling. Uncovering

novel GPCR-regulated mechanisms important in Hh signaling in different tissue contexts

Mukhopadhyay and Rohatgi Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and Hh-dependent tumors will provide novel druggable targets for treatment of Smo-

inhibitor resistant cancers.
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Box 1

Outstanding questions in the role of primary cilia in the vertebrate Hh
pathway

1. How does ciliary localization affect the biochemical activities and signaling

functions of Ptch1, Smo, and Gpr161?

2. How does the unique lipidic composition of the ciliary membrane influence the

activites of signaling proteins localized in cilia?

3. How is PKA activity regulated by the cilium during Gli processing?

4. Where does Gli processing occur in the Shh pathway?

5. How is Smo regulated by Ptch1?

6. How does Smo transmit the signals to the Gli family of transcription factors?

7. Which GPCRs regulate Shh signaling outside of the neural tube?
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Highlights

1. Hedgehog signaling is orchestrated at primary cilia in vertebrates.

2. Several G-protein coupled receptors (GPCRs) are found concentrated in the

ciliary membrane.

3. The Hedgehog pathway transducer Smoothened, a member of the GPCR

superfamily, accumulates in cilia upon ligand reception.

4. An orphan GPCR, Gpr161, leaves cilia in response to ligand reception.

5. Both ciliary and non-ciliary GPCRs likely regulate Hedgehog signaling by

converging on Protein Kinase A.

6. Protein Kinase A activity regulates the Gli family of Hedgehog transcription

factors.
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Figure 1. Hh signaling at primary cilia
A model for Hh signaling in the absence (left) or presence (right) of Shh. In the absence of

Hh ligands, PKA phosphorylates the Gli proteins (red circles) and initiates their processing

to repressor forms (GliR) in a cilia-dependent manner. Gli3R suppresses target genes upon

nuclear translocation. Upon binding of Shh with Ptch1, Ptch1 is removed from cilia, and

Smo activation results in its accumulation in cilia and the consequent decrease in PKA

activity towards the Gli proteins. The recently described Efcab7-Iqce module anchors the

Evc-Evc2 complex in a signaling microdomain at the base of cilia, transducing downstream

signals for Smo-dependent Gli2 activation [71, 72]. Recent results with Efcab1/Iqce

knockouts not inhibiting Gli3 processing but preventing Shh pathway activation [72], and

the Shh-dependent removal of Gpr161 from cilia (Figure 2) [10] strongly suggest that the

inhibition of Gli3 processing is uncoupled from Gli2 activation downstream of Smo. Gli

proteins traffic through the cilia in a Gli-Sufu complex, and activation by Shh results in

dissociation of Gli from SuFu, allowing them to enter the nucleus and activated target genes.
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Figure 2. Gpr161 functions as a negative regulator of the Hh pathway in the neural tube
Left, Gpr161 localizes to primary cilia in a Tulp3/IFT-A-dependent manner [10].

Constitutive activity of Gpr161 leads to increase in cAMP levels in a Gαs-coupled manner.

Gαs also functions as a negative regulator of Hh signaling in the neural tube [60]. Currently,

ligands that could modulate Gpr161 activity are unknown. Gpr161 activity in cilia could

increase ciliary cAMP pools, resulting in PKA activity in close proximity in the basal body

[120], promoting Gli3 processing. Right, Shh activity removes Gpr161 from cilia [10],

possibly preventing ciliary activation of PKA. Other factors that modulate Shh-mediated

activity include activity of PACAP receptor, PAC1 that can affect global PKA activity in the

cerebellar granular progenitor neurons [135], and atypical protein kinase C τ/λ (aPKC-τ/λ)

that functions in a positive feedback circuit to phosphorylate and activate Gli1 in the context

of basal cell carcinoma [139].
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