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Abstract

The Hedgehog (HH) signalling pathway is a cell-cell communication system that controls the
patterning of multiple tissues during embryogenesis in metazoans. In adults, HH signals regulate
tissue stem cells and regenerative responses. Abnormal signalling can cause birth defects and
cancer. The HH signal is received on target cells by Patched (PTCH1), the receptor for HH
ligands, and then transmitted across the plasma membrane by Smoothened (SMO). Recent
structural and biochemical studies have pointed to a sterol lipid, likely cholesterol itself, as the
elusive second messenger that communicates the HH signal between PTCH1 and SMO, thus
linking ligand reception to transmembrane signalling.

Introduction

The three HH ligands in amniotes, Sonic, Indian and Desert Hedgehog (SHH, IHH and
DHH), function as classical morphogens: they guide the patterning of tissues, such as the
limb or spinal cord, by forming spatial and temporal gradients during embryogenesis [1].
Central to their patterning activity is their ability to direct the fate of target cells in a
concentration- or exposure-dependent manner. The biogenesis of HH ligands involves the
autocatalytic, intein-like cleavage of a ~45 kDa precursor protein into a N-terminal fragment
(e.g. ShhN) and the attachment of palmitoyl and cholesteryl moieties to the N- and C-
termini, respectively (hereafter pShhNc for palmitoylated and cholesteroylated ShhN) [2-4].
HH ligands initiate signalling in target cells by binding to their receptor Patched1 (PTCH1)
[5,6], a multi-pass transmembrane (TM) protein with homology to the resistance-nodulation-
division (RND) superfamily of membrane transporters and the cholesterol transporter
Niemann-Pick C1 (NPC1) [7](Fig. 1a and b). The interaction with HH ligands inhibits
PTCHYL1, rendering it unable to suppress transmembrane (TM) signalling by Smoothened
(SMOQ), a Class F G protein-coupled receptor (GPCR) most closely related to the Frizzled
family of receptors for WNT ligands. Activated SMO then transmits the HH signal across
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the plasma membrane, eventually leading to the activation of glioma-associated oncogene
(GLI) transcription factors and hence HH target gene transcription [8,9].

A major unanswered question in HH signalling is the mechanism by which ligand reception
by PTCH1 is coupled to transmembrane signalling by SMO. The regulation of SMO by
PTCHL1 is thought to involve a small molecule intermediate for three reasons: the homology
between PTCH1 and RND membrane transporters, the lack of a physical interaction
between PTCH1 and SMO and the observation that one molecule of PTCH1 can inhibit
multiple molecules of SMO [10-12]. More recent work has led to the proposal that this
small molecule is a sterol lipid, likely cholesterol itself [13—16]. This review will discuss our
current understanding of this key step in HH signal transduction in the light of the recently
obtained structural information on PTCH1 and SMO.

PTCHL1 recognises two distinct binding sites on ShhN

The transmembrane domain (TMD) of PTCH1 is composed of 12 TM helices. Two large
extracellular domains (ECDs) are anchored to the TMD, one between TM1 and TM2
(ECD1) and the other between TM7 and TM8 (ECD2) (Fig. 1). The TMD consists of two
RND domains (TM1-6 and TM7-12), which likely originated from an internal gene
duplication during evolution. TMs 2-6 constitute a sterol-sensing domain (SSD), a motif
found in other cholesterol transporting (NPC1) and cholesterol-sensing (SREBP cleavage-
activating protein; SCAP) proteins [17,18] (Fig. 1a). Several structures of PTCH1 alone and
PTCH1 complexed to SHH have been recently determined by cryo-electron microscopy
(cryo-EM) at a resolution between 3.5-3.9 A [19-24] (Fig. 2a). The TMD consists of a
compact a-helical bundle with the N- and C-termini of each ECD connected to the TMD by
a flexible linker and a neck helix, respectively. Each ECD is composed of two distinct
domains: the region closest to the TMD contains a a+p sandwich fold, which is conserved
in evolution, and the region distal to the TMD contains several a-helices and lengthy loops
(hence the “helical domain”) that bind to SHH [19] (Fig. 2a). This helical domain of the
ECD is distinct from analogous domains of PTCH1 homologues and likely evolved in order
to carry out HH-specific functions.

SHH interacts with the PTCH1 ECD using two distinct binding interfaces [19,20]. An un-
lipidated form of ShhN (ShhN,4.197) uses its conserved calcium and zinc binding sites to
interact with the helical domain of PTCHL1 (hereafter the “protein-protein interface”) (Fig.
2b). Contacts are primarily formed by polar and charged residues in the E loop and a3 of
ECD1, the H loop of ECD2 and a patch of Arg and Lys residues located near the centre of
the Ca?*-binding site in SHH [19]. Interestingly, the surface of SHH that interacts with the
ECD of PTCH1 overlaps significantly with the surface that binds to heparin-containing
glycosaminoglycans as well as other SHH receptors, including cell adhesion molecule-
related/down-regulated by oncogenes (CDO) and HH-interacting protein (HHIP) [25-30]. In
contrast, a structure of PTCH1 in complex with dually-lipidated pShhNc shows that the first
15 amino acid residues of the palmitoylated SHH N-terminus insert in between ECD1 and
ECD2 of PTCHL1 (hereafter the “lipid-based interface™) (Fig. 2b) [20]. To accommodate the
palmitoyl moiety, several regions within ECD1 and ECD2 undergo small structural shifts:
ECD1 a3 and a3’ move slightly towards the TMD, whereas the movement of ECD1 a1 and
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B1 allow the palmitate to insert into the space between ECD1 a1 and ECD2 a4. This
interface is stabilised by an extensive network of van der Waals interactions mediated by the
palmitoyl moiety [20]. Unlike the protein-protein interface, this arrangement between
PTCH1 and SHH would allow simultaneous binding of SHH receptors, a prediction
confirmed experimentally by pull-down assays with an anti-SHH antibody [20]. The
potential formation of a HH co-receptor signalling complex such as CDO:SHH:PTCH1 (Fig.
2¢) may increase the local HH concentration at the surface of the plasma membrane and
facilitate inactivation of PTCH1 function by the lipid-based interface of SHH. On the other
hand, HHIP, a secreted HH signalling agonist with low nanomolar affinity for SHH might be
able to sequester extracellular HH ligands away from the membrane surface, making it
unavailable for PTCH1 binding. In any case, it seems that the interaction of SHH with the
known co-receptors HH receptors (other than PTCH1) is independent of the lipidation state
of SHH. The structural observations of the PTCH1-SHH interaction have also been validated
by mutational studies. Disruption of either the protein-protein interface or the lipid-based
interface of PTCH1-SHH reduces binding or responsiveness to SHH [19,20]. In addition, the
palmitoyl moiety of SHH has been shown to be critical for PTCHL1 inactivation in cellular
signalling assays [2,31,32].

Which of these two interfaces between SHH and PTCH1 is most relevant for signalling?
This question was partially resolved by a third structure of an asymmetric 2:1 PTCH1:SHH
assembly [21] (Fig. 2b). Two PTCH1 molecules (PTCH1-A, PTCH1-B) simultaneously
engage one pShhNc at both its metal-ion and lipid-based interfaces. The majority of
interactions between PTCH1-A and the palmitoylated N-terminus of SHH are formed by
ECD1, with minor support from ECD2. In comparison to the corresponding 1:1
PTCH1:pShhNc complex there is a slight shift in the lipid-based interface, which may be
induced by the formation of a protein-protein interface with PTCH1-B [20,21]. The binding
interface between SHH and PTCH1-B is consistent with the previously reported structure of
PTCHL1 and ShhN24.197 [19,21]. The 2:1 structure further revealed that the TMDs of the
PTCH1 molecules are rotated 150° relative to each other. Mutations in either of the binding
interfaces reduced HH signalling activity, suggesting that the formation of a 2:1 complex is
essential for maximum signalling output in vertebrates [21]. These studies raise the
interesting question of whether invertebrate HH signalling utilises such a 2:1 complex.
While functional studies have reached different conclusions about the roles of the co-
receptor Interference HH (IHOG) and its paralogue Brother of IHOG (BOI) in the binding
and sequestering of HH ligands, a heterotrimeric complex between HH, PTCH and
IHOG/BOI has been proposed to initiate signalling in target cells [33,34].

There are several limitations of the presented structures that are worth highlighting. In all
structures, most information about the intracellular regions of PTCH1 (the NTD, CTD and
ICL3, Fig. 1a) is missing. Except for the helices directly preceding TM1 and TM7, the
structural arrangement of the NTD and ICL3 could not be determined, possibly due to
intrinsic flexibility of the domains. The PTCH1 CTD was truncated in all of the constructs in
order to reach expression levels suitable for structural studies. While it has been reported
that the SHH N-terminal palmitoyl moiety inserts into a cavity between PTCH1 ECD1 and
ECD2, the C-terminal cholesterol-modification on pShhNc could initially not be resolved
[20,21]. However, the close proximity of the C-terminus of pShhNc to a hydrophobic pocket
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formed by a3, a6,a7 and the E loop of PTCH1 ECD1 suggests that the cholesterol moiety
may interact with this domain, a possibility that is supported by cryo-EM density that
extends from the C-terminus of pShhNc into the cavity bounded by these helices [24] (Fig.
2h).

evidence that PTCH1 is a sterol transporter

Putative sterol-binding sites were identified in all reported structures of PTCH1, located in
ECD1, between ECD1 and ECD2, and at two locations in the TMD (in the SSD and in the
symmetry-related segment composed of TM helices 8-12) [19-24] (Fig. 2). A hydrophobic
conduit has been proposed to run through the ECD, which connects the ECD1 site to two
openings: one above the SSD and one above the symmetry-related TM8-12 segment [19,21—
23](Fig. 2b, left molecul€). These openings may function as gates for sterol entry into the
tunnel (or exit out of the tunnel). Insertion of the pShhNc palmitoyl moiety into PTCH1-A
blocks this proposed hydrophobic tunnel (Fig. 2b) and mutations predicted to obstruct this
hydrophobic tunnel reduce PTCH1 activity [21,22]. The importance of the SSD sterol-
binding site in PTCHL is supported by data from engineered mutations, as well as from
mutations found in HH-driven cancers. The SSD sterol in TM6 is in close proximity to
residue D599, which correspond to residues in DrosophilaPTC (D584) and yeast SCAP
(D443) important for SMO repression and cholesterol sensitivity, respectively [35,36]. Other
known mutations, such as P504L, a mutation found in Gorlin’s syndrome, also map closely
to sterol-binding sites seen in the structures [19].

The structures of PTCH1 also confirm its similarity to the RND superfamily of transporters,
which use the energy provided by an ion gradient to pump small molecules. Firstly, the 2-
fold pseudo-symmetry between TM1-6 and TM7-12 is typical for RND transporters (Fig.
2b) [7,19-23]. Second, a triad of acidic residues is present in PTCH1 TM4 and TM10 (Fig.
2d), formed by human PTCH1 residues D513, D514 and E1095. In RND-family proteins,
such as the multidrug efflux pump AcrB and the hopanoid biosynthesis transporter HpnN,
the protonation/deprotonation of these acidic residues is thought to be coupled to
conformational changes, thereby coupling proton flow to substrate transport [37]. In animal
cells, flow of sodium ions rather than protons may drive the PTCH1 conformational cycle
[38]. As in RND transporters, mutations in PTCH1 that abolish these charges also attenuate
the ability of PTCHL1 to inhibit SMO [12,19,22]. Such a transport mechanism fuelled by
cation flow down a gradient would enable PTCHL to transport sterols against a
concentration gradient.

Taken together, the structural data are consistent with an “alternating gate” mechanism for
sterol transport by PTCH1 (Fig. 2e). The two gates are located at the mouth of ECD1 and
the SSD (or pseudo-symmetrically-related TM8-12) and connected by a conduit through the
ECD. PTCH1 cycles between distinct conformational states in which each of these gates are
open or closed. In one conformation, the SSD gate is open and the ECD1 gate is closed,
allowing a cholesterol (and/or another sterol) to move from the outer leaflet of the plasma
membrane into the interior of the ECD. The SSD gate then closes, leading to a second
conformation where cholesterol is trapped in the interior of the ECD. In a third
conformational state, the ECD1 gate opens, allowing the sterol to escape from the apex of
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PTCHL. to a protein or membrane acceptor. lon transport imparts order to the transitions
between these conformational states, ensuring directional transport of the sterol. Of course,
the direction of sterol transport could just as likely be the opposite of what is described
above - entering at the ECD1 and exiting at the SSD. HH ligands interrupt this
conformational cycle by binding to one state, inserting their lipidic appendages to block the
conduit for transport. This idea is supported by the observation that mutations that inactivate
PTCHL1, presumably by blocking conformational cycling, can also reduce the affinity for
SHH [19,32].

Sterol lipids can bind and regulate SMO

A remarkable hypothesis published nearly a decade ago suggested that the HH pathway was
adapted to cell-cell communication from an ancient pathway designed to regulate cellular
levels of hopanoids, pentacyclic sterol-like molecules found in bacteria [39,40]. In this
ancient pathway, a SMO-like molecule would be a sensor for hopanoids and regulate the
transcription of a PTCH1-like transporter tasked with pumping hopanoids out of cells. A rise
in hopanoid levels would activate the sensor, inducing the transcription of the ancestral
transporter to expel hopanoids from the cell and thus cause activity of sensor protein to drop.
In the modern HH pathway the transcription of PTCH1 is indeed a direct target of SMO
activity and PTCHL1 is likely to be a sterol transporter, based on both structural studies
(described above) and more limited, indirect functional data [22,41]. The above model
predicts that SMO activity should be positively regulated by a sterol that is a substrate for
PTCHL1 transport; PTCH1 would inhibit SMO by depleting the levels of such a sterol, likely
in a local membrane compartment or microdomain. Consistent with the Hausmann et al.
model [39], SMO is indeed a sterol-responsive protein as we discuss below. Notably, the
pharmacological or genetic depletion of cholesterol in target cells significantly dampens
SMO signalling (reviewed in [42]).

SMO is composed of four domains: the extracellular cysteine-rich (CRD) and linker
domains (LD), the stereotypical GPCR heptahelical TMD and the C-terminal intracellular
domain (ICD) (Fig. 1a). The ICD is necessary for SMO ciliary localisation and activation of
canonical downstream HH signalling but has been removed from all existing structural
models due to its intrinsically disordered nature [43]. SMO contains multiple ligand binding
sites, two of which have been confirmed through X-ray crystallography (Fig. 3a). Multiple
structures of either the CRD, TMD or multi-domain CRD-TMD have been determined
[15,16,44-50]. They highlight a canonical TMD binding site seen in many GPCRs, in
addition to a shallow hydrophobic groove in the CRD that can bind to both oxysterols and
cholesterol [15,50]. Numerous natural and synthetic small molecules are known to interact at
these sites, including the anticancer drug vismodegib at the TMD and the plant steroidal
alkaloid cyclopamine at the TMD and the CRD [51,52]. Two additional sterol binding sites
at the TMD have recently been proposed using computational docking studies [53,54] (Fig.
3a). The first of these sites is located between the extracellular ends of TM2 and TM3, on
the exterior of the helical bundle. Molecular dynamics simulations show this to be a defined
sterol interaction site and reveal the possibility of direct exchange of cholesterol between
SMO and the outer membrane leaflet [54]. The second proposed site is located at the
cytoplasmic face of the TMD, named the cytoplasmic binding pocket (CBP), and involves
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the binding of oxysterols (oxidized metabolites of cholesterol) to residues from TM1, TM3,
TM6 and TM7 [53].

Side-chain oxysterols were shown to activate HH signalling even in the absence of HH
ligands [55-57], an effect that was subsequently shown to be mediated through a direct
interaction with SMO [14]. Oxysterols seem to function primarily by binding to a shallow
hydrophobic groove in the CRD [44,58,59], though recent work has also implicated the CBP
[53]. In addition to oxysterols, cholesterol itself was shown to be both necessary and
sufficient to activate SMO signalling in cells [13,15,16], first raising the possibility that
cholesterol, rather than oxysterols, was the physiological SMO ligand. Cholesterol activates
SMO by binding to the CRD in the same groove as that occupied by oxysterols [15,16].
CRD mutations that prevent cholesterol-mediated SMO activation (but have no effect on
oxysterol-mediated activation) attenuate SHH-mediated signalling, supporting the model
that cholesterol is the sterol lipid most relevant to endogenous signalling [13,15,16,60].
Indeed, cholesterol and HH ligands act synergistically to activate SMO [15,16].

Regulation of SMO signalling by multiple ligand-binding sites

The contribution of the various ligand-binding sites on SMO for endogenous HH signalling
remains to be fully resolved, with both the CRD and TMD sites being implicated
(summarized in [51]). However, it is likely that SMO activation involves movement of the
CRD relative to the TMD, with TM6 facilitating communication between these two domains
(Fig. 3b and c). The deletion of the CRD (SMOACRD) or mutations that disrupt the CRD-
LD interface activate SMO, suggesting this region is important for stabilization of its
inactive state [15,16]. Indeed, the CRD is rotated relative to the TMD in agonist bound
structures relative to antagonist bound structures [15,50] (Fig. 3b-d). This conformational
change may provide a structural method of communication between the CRD and TMD
sites, allowing ligand binding to SMO to be translated into transmembrane signalling (Fig.

3f).

How does SMO activation lead to downstream signalling in the cytoplasm? Recent work has
highlighted that SMO activation is associated with rupture of a r-cation bond between the
cytoplasmic ends of TM6 and TM7 [50]. The residues forming this rc-cation lock (R451 and
WS535 in human SMO) are evolutionarily conserved in SMO and more generally across class
F GPCRs, including the Frizzled family of WNT receptors [61,62] (Fig. 3e). These residues
are frequently mutated in various cancers, suggesting that they may be involved in activation
of Class F GPCRs [62]. Thus, the activation of SMO may involve breakage of this lock,
allowing the cytoplasmic end of TM6 to move outwards, revealing a new surface for
interaction with a downstream effector in the cytoplasm (Fig. 3f).

Conclusions and perspectives

The structural and biochemical data supporting the function of PTCHL1 as a sterol transporter
and SMO as a sterol-activated protein suggests the concept that PTCH1 regulates SMO by
restricting its access to an activating sterol. There is also considerable data suggesting that
this sterol is cholesterol itself, though it remains possible that a less abundant sterol, such as
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an oxysterol, is the relevant species. However, further work will be required to show that
PTCHL1 has sterol transport activity, particularly in an /n vitro purified transporter assay.
Several possible mechanisms can be envisioned for how PTCH1 may control sterol access to
SMO (summarized in Fig. 4). PTCH1 could regulate either the overall membrane levels or
the trans-bilayer distribution of cholesterol, thus preventing cholesterol access to either the
CRD and/or TMD of SMO. In the model where PTCH1 depletes a membrane compartment
of sterols, it would have to transfer the sterol to a membrane or protein acceptor.
Alternatively, PTCH1 could strip a sterol from SMO, much like NPC1 accepts cholesterol
from NPC2 in the lumen of the lysosome.

Finally, an important issue that remains to be resolved is how membrane trafficking and
subcellular localization of PTCH1 and SMO are related to their biochemical interaction. The
membrane of the primary cilium is thought to play a central role [55]. SMO likely has to
localise in primary cilia to engage downstream signalling components and hence PTCH1
could regulate SMO by altering the sterol composition in primary cilia or a ciliary
microdomain. Thus, integration of cellular data with the structural information presented
herein will be required to gain a complete understanding of how these two unique membrane
proteins regulate initiation of HH signalling in target cells.
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Figure 1. Transmission of the Hedgehog (HH) signal acrossthe plasma membrane.
(a) The receptor for HH ligands, PTCH1 (a 12-pass TM protein) inhibits SMO (a 7-pass TM

protein) and thereby prevents it from initiating signalling in the cytoplasm of target cells.
The domain architecture of both TM proteins is highlighted. PTCH1 is composed of two
tandem RND (resistance-nodulation-division) domains: ECD1, extracellular domain 1;
ECD?2, extracellular domain 2; NTD, N-terminal domain; CTD, C-terminal domain; ICL3,
intracellular loop 3; SSD, sterol-sensing domain (light blue). SMO is composed of an
extracellular region which is made up of a cysteine rich domain (CRD) and linker domain
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(LD) followed by a 7-pass transmembrane bundle characteristic of GPCRs and then a unique
intracellular domain (ICD). (b) HH ligands (such as Sonic Hedgehog (SHH)) bind and
inhibit PTCHL, allowing SMO activation, likely by sterol ligands. Activated SMO
overcomes the negative influence of PKA on the GLI transcription factors, which control
gene expression.
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Figure 2. Structures of PTCH1 and their functional implications.
(a) The overall structural arrangement of monomeric PTCH1 (PDB 6DMB [19]). Each ECD

is connected to the TMD through a flexible linker at the N-terminus and a neck helix at the
C-terminus. Each ECD contains an a+p domain, located immediately above the TM,
followed by a helical domain consisting of a-helices and lengthy loops. The E loop on
ECD1 and the H loop on ECD2 contain residues important for SHH binding. Two sterol-like
molecules have been identified in the structures, one located in ECD1 and another one in the
SSD at the level of the outer leaflet of the membrane. (b) Cryo-EM structure of the 2:1
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PTCH1:SHH complex (PDB 6E1H [21]) containing two PTCH1 molecules labelled
PTCH1-A and PTCH1-B. A putative tunnel (yellow) through PTCHL1 is proposed to be the
conduit for sterol flow from the ECD1 to the SSD. The N-terminal palmitoyl appendage of
SHH occludes this tunnel and the C-terminal cholesterol appendage occludes the sterol
binding site in ECD1, presumably blocking transport. These lipidic appendages, together
with a1 and a2 of SHH, form the major SHH-PTCH1-A binding interface. SHH interacts
with PTCH1-B through an interface organized by the CaZ*-binding site in SHH. (c)
Structural model of the CDO:SHH:PTCH1 co-receptor complex. CDO occupies a similar
position as PTCH-B. The model of CDO:SHH was generated using the HHPRED [63]
webserver as well as the crystal strcture structure of the CDO-FN3:SHH complex (PDB ID.
3D1M [25]). Ig: immunoglobulin-like domain, FN: fibronectin type Il11-like domain, ICD:
intracellular domain. (d) Close-up of a charged triad, formed by PTCH1 residues D513,
D514 (TM4) and E1095 (TM10) that may facilitate cation flow down a concentration
gradient to power sterol transport. Mutations in this region have been shown to abolish the
function of PTCH1. (€) Ordered conformational cycling of PTCH1, driven by cation flow,
may enforce the directionality of sterol movement through PTCH1. An “alternating gate”
mechanism is proposed where conformational changes (stylized as gates) either lead to the
opening of the gate in the membrane, near the SSD site, or the mouth of the ECD1. Sterol
flow could be in either direction, from the SSD site to the ECD1 (as shown) or vice versa.
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Figure 3. Structure of the HH signal transducer Smoothened.

(a) Multiple sterol binding sites have been proposed in SMO. In biochemical assays and
crystal structures, cholesterol and oxysterols have been shown to bind to the CRD and the
plant sterol-like molecule cyclopamine has been shown to bind in the TMD (shown in
yellow). Two additional TMD sites (shown in orange) have been implicated using
computational methods. (b) The structure of inhibited human SMO (hSMO) in complex
with the antagonist vismodegib (PDB 5L71 [15]). Extracellular loop 3 (ECL3) is partially
disordered (dashed line). Two potential active-state structures of SMO in complex with the
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agonist cholesterol are shown in (c) and (d). (¢) The hSMO-cholesterol complex structure
(PDB 5L7D [15]) shows SMO in an agonist-bound state, with the ordered ECL3 forming
contacts with the CRD. (d) Xenopus SMO (xSMO)-cholesterol structure (PDB 6D35 [50])
reveals a more dramatic rotation of the CRD compared to the hSMO structure in (c), likely
facilitated by removal of native glycans to facilitate crystallization. In (d) the TM6 moves
outwards, as seen for other “canonical” GPCRs. (€) The cation-rt lock is formed between a
conserved tryptophan and basic residue at the cytoplasmic end of TM6 and 7 in class F
GPCRs. hSMO-cholesterol (teal) shows an intact lock, while xXSMO-cholesterol (dark green)
shows the ruptured lock, perhaps indicative of activation. The lock is also seen in apo-
Frizzled (PDB 6BD4 [61], hot pink). (f) Proposed model of transmembrane signalling by
SMO. Sterol binding to the CRD causes its rotation relative to the TMD, causing a
conformational change that is transmitted from the helical extension in ECL3 to TM6. This
induces outward movement of TM6, rupturing the cation-rt lock and exposing a new
cytoplasmic surface for interaction with downstream effectors such as G-proteins.
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Figure 4. Models for how PTCH1 regulates SM O by controlling its access to sterols.
(a) PTCHL1 prevents the access of sterols to the SMO CRD and/or TMD, thereby inhibiting

HH signalling. Upon SHH-binding, PTCHL1 is rendered inactive, allowing sterol-bound
SMO to activate downstream signalling. (b) PTCH1 removes sterols from the SMO CRD
either directly or with the help of a yet unidentified sterol-binding protein, thereby inhibiting
HH signalling. (c) PTCH1 acts as a sterol flippase, moving sterols from the outer to the
inner membrane leaflet, or vice versa. This prevents sterol supply to the SMO CRD or TMD,
respectively. These proposed mechanisms are likely confined to the membrane of the
primary cilium or a ciliary microdomain.
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