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Abstract

Cell differentiation and proliferation require Hedgehog (HH) signaling, and aberrant HH signaling 

causes birth defects or cancers. In this signaling pathway, the N-terminally palmitoylated and C-

terminally cholesterylated HH ligand is secreted into the extracellular space with help of 

Dispatched-1 (DISP1) and Scube2 proteins. Patched-1 (PTCH1) protein releases its inhibition of 

the oncoprotein Smoothened (SMO) after binding the HH ligand, triggering downstream signaling 

events. In this review, we will discuss the recent structural and biochemical studies on four major 

components in HH pathway: HH ligand, DISP1, PTCH1, and SMO. This research provides 

mechanistic insights into how HH signaling is generated and transduced from the cell surface into 

the intercellular space and will aid in facilitating treatment of HH related diseases.
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Physiology of the HH signaling pathway

The Hedgehog (HH) signaling pathway plays a vital role in developmental patterning of 

animal embryogenesis and regeneration of adult tissues [1–4], and the HH ligand functions 

in a paracrine signaling (see Glossary) manner to regulate the HH signaling pathway [5]. 

Importantly, abnormal activation of HH signaling is implicated in many cancers, including 

basal cell carcinoma (BCC) and medulloblastoma (MB) [6]. Because of the complexity of 

the HH signaling pathway, the molecular mechanism of this pathway remains largely 

unknown and controversial. Therefore, studies of the proteins involved in the HH signaling 

pathway will reveal the molecular mechanism of animal development and provide insight 

into cancer treatment and regenerative medicine. Here, we provide a brief overview of the 
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HH signaling pathway and delve into deeper discussions about specific steps in the pathway, 

including HH ligand secretion and reception, Patched-1 (PTCH1) inhibition, and 

Smoothened (SMO) activation, primarily focusing on structural studies of proteins in the 

pathway.

Overview of the HH signaling pathway

Although the HH signaling pathway is conserved in metazoan cells, the HH family contains 

different numbers of homologues owing to evolutionary divergence [7]. For example, while 

in fruit fly there is only one HH ligand, there are three HH members in mammals: Sonic 

Hedgehog (SHH), Desert Hedgehog (DHH), and Indian Hedgehog (IHH). All three 

mammalian HH ligands share high sequence homology and function as initial ligands that 

trigger HH signaling.

In the first step of the signaling pathway, the HH precursor undergoes autocatalytic 

cholesterol-dependent processing in the endoplasmic reticulum (ER) to release the HH N-
terminal signaling domain (HH-N) that is covalently coupled to cholesterol at the carboxyl 

terminus [8, 9] (Figure 1A). Next, a membrane-bound O-acyltransferase, named Skinny HH 

in flies [10, 11], or HH acyltransferase (HHAT) in vertebrates [12], transfers the thiol 

group of palmitoyl-CoA to the N-terminal cysteine of HH-N. In the final step of generating 

extracellular mature HH, on the cell surface, a membrane protein called Dispatched-1 
(DISP1) facilitates the release of the doubly lipidated HH-N (referred to as “native HH-N” 

in this review) into the extracellular space [13].

In the extracellular space, Scube proteins serve as chaperones to bind the native HH ligand 

and assist in its trafficking from the producing cells to the receiving cells [14, 15] (Figure 

1A). This trafficking is also regulated by several membrane anchored proteins, such as 

negatively charged heparan sulfate proteoglycans (HSPGs) [16] and HH co-receptors like 

CAM-related/down-regulated by oncogenes (CDO), Brother of CDO (BOC), Growth 
arrest-specific 1 (Gas1) and Hedgehog interacting protein (HHIP) [17–20]. Particularly, 

CDO, BOC, and Gas1 have been shown to facilitate HH binding to PTCH1, a plasma 

membrane protein that localizes to the primary cilia of vertebrates and the cell surface in 

Drosophila in the absence of HH [21] to suppress HH signaling [22, 23].

There are two ptch genes (ptch1 and ptch2) in humans [24]; PTCH1 consists of 1447 

residues and includes twelve transmembrane helices (TMs), three ~30kD soluble domains, 

two extracellular domains (ECD), and one C-terminal domain (CTD)) [25, 26], and acts as 

the primary receptor for HH ligands, recognized by the ECDs [27, 28]. PTCH2 shares a 

conserved TM domain and two ECDs with PTCH1, but lacks the CTD [29, 30], and there is 

a possibility that PTCH2 binds HH proteins in different cellular environments to regulate 

HH signaling [31].

After binding HH, PTCH1 is inhibited and forms oligomers, which are further moved out of 

the cilia and degraded in the endosome [32]. It also releases its inhibition of SMO, a 

Frizzled-Class (Class-F) G protein–coupled receptor (GPCR), which relocates to the cilia 
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(Figure 1B). This activates the Glioma-associated oncogene (GLI) transcription factors to 

up-regulate target genes [4, 33].

Notably, TMs 2–6 of PTCH1 and DISP1 form sterol-sensing domains (SSDs) that share 

sequence homology with other membrane proteins in cholesterol metabolism and signaling, 

including Niemann-Pick disease, type C1 (NPC1) protein, Niemann-Pick disease, type 
C1-like 1 (NPC1L1) protein, HMG-CoA reductase, and SREBP cleavage-activating protein 

[25, 34, 35]. The TM portions of NPC1, PTCH1, and DISP1, including the SSD, are 

topologically similar to prokaryotic Resistance-nodulation-division (RND) multidrug 
transporters [36, 37]. Mutations in the SSDs have been shown to interfere with the 

functions of these proteins. For example, a D584N mutation in the Drosophila PTCH-SSD 

abolishes HH signaling without interrupting HH binding [38].

More importantly, PTCH1 and SMO are associated with human diseases. PTCH1 is a tumor 

suppressor associated with BCC, MB, primitive neuroectodermal tumors [39], and 

holoprosencephaly-7, a structural anomaly of the brain [40]. SMO is an oncoprotein and the 

target of many anti-cancer drugs [41, 42]. Notably, a SMO inhibitor named Vismodegib has 

been approved for the treatment of BCC [43].

The release and trafficking of HH ligand from the producing cells to the 

receiving cells

There are three disp genes and three scube genes in humans, and the DISP1 and Scube2 

proteins are well studied among their homologues. DISP1 contains 1524 amino acids 

including 12 TMs, two ECDs, and N-terminal and C-terminal cytosolic flexible regions 

(Figure 2, top). Previous work showed that a proprotein convertase named Furin can cleave 

the ECD-I of DISP1 triggering HH-N release, that this cleavage is required for the activation 

of DISP1 in vivo, and that mutations of the cleavage site (R279A/E280A) prevent the release 

of HH-N [44]. Interestingly, a variant of DISP1 named “NNN” [45] that includes three Asp 

to Asn mutations in the TM domain can bind HH-N with a higher affinity than wild type; 

however, this variant cannot release HH-N [15]. This finding implies that the TM domains of 

DISP1 may affect the binding of HH-N allosterically, or that the modifications of HH-N may 

facilitate its release by binding the TM domains of DISP1.

Recently, Cannac et al reported cryo-electron microscopy (EM) structures of Drosophila 
melanogaster DISP at 3.2 Å resolution and its complex with unmodified HH ligand at 4.7 Å 

resolution [46]. The TM domains of DISP show a similar arrangement to the RND 

transporters, PTCH1, and NPC1. However, unlike NPC1, the ECDs of DISP spread apart, 

revealing an open conformation and creating a large bowl-shaped cavity that was shown to 

accommodate the HH ligand. Notably, a loop of ECD-I between residues E90 and S247 is 

not resolved in the structures. This unstructured loop may serve as a molecular gate for 

receiving and releasing the HH ligand. This observation is consistent with the finding that a 

loop of DISP1 ECD-I has to be cleaved for its maturation [44].

Scube2 consists of nine EGF-like repeats, three Cys-rich domains, and one CUB domain 

that is required for binding the cholesterol modification of HH-N [14, 15] (Figure 2, 

Qi and Li Page 3

Trends Biochem Sci. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bottom); deletion of the CUB domain disrupts this binding and prevents the movement of 

HH-N in the extracellular space [15]. It is a mystery how the cholesterol modification of HH 

protein recognizes Scube2, since the structure of Scube2 is still not available. It is also 

unknown whether Scube2 can complex with DISP1 and HH-N to receive the HH-N from 

DISP1. Importantly, the cholesterol modification of HH-N is required for the release of HH-

N mediated by DISP1 and Scube2 [14, 15] (Figure 1A), but beyond the examples provided, 

the underlying mechanism remains a mystery. Further structural investigations of DISP1–

native HH-N and Scube2–native HH-N complexes will elucidate the necessity of the 

cholesterol modification in HH-N release and trafficking.

The recognition of HH ligand by PTCH1

PTCH1 and N-terminal palmitoylation of HH-N

N-terminal palmitoylation has been shown to be indispensable for HH signaling in both 

vertebrates and Drosophila by differentiation assays [47–49] and GLI-dependent HH 

signaling assays [15, 32], and the embryonic development in both Drosophila and mice can 

be interfered with by abolishing the palmitoylation of HH-N [10, 11, 49–52]. The indicated 

assays showed that fatty acylated SHH-N is far more active than unacylated SHH-N. 

Moreover, inhibitors of HHAT that block the palmitoylation of SHH-N prevent HH signaling 

[53, 54] (Figure 1A). Particularly, palmitoylated SHH peptide (first 22 amino acids of SHH-

N) binds PTCH1 to partially stimulate GLI-dependent HH signaling [32]. Additionally, our 

previous pull-down assay showed that native SHH-N can bind PTCH1 variant (see below) 

with a higher affinity than His-tagged unmodified SHH-N. This finding implies that the 

modifications of SHH-N may be involved in its interaction with PTCH1 [55]. Those studies 

demonstrate the physiological importance of the palmitate moiety in HH signal transduction.

HH-N interfaces with PTCH1

Additionally, SHH-N has been used for biochemical and cell biology experiments to validate 

the interaction between PTCH1 or HH co-receptors and SHH-N. Previous structural studies 

showed that the calcium-mediated interface of HH-N can bind to HH co-receptors, and a 

specific antibody named 5E1 could block HH signaling [56] (Figure 3A). The biochemical 

assays also provided evidence that PTCH1 can bind to the calcium-mediated interface of 

HH-N, while a point mutation, R153E, on the calcium-mediated interface of SHH-N 

decreases GLI-dependent HH signaling [57]. Particularly, CDO, a HH co-receptor, can bind 

SHH-N and this binding can be competitively inhibited by the addition of PTCH1 in vitro 
[58]. These studies provide strong molecular evidence that PTCH1 recognizes the calcium-

mediated interface of SHH-N. In contrast, in vivo studies revealed that co-receptors can 

form a hetero-trimeric complex with HH-N and PTCH1 to promote either embryonic 

development or cell proliferation [19, 20].

A major barrier to investigating the interaction between HH-N and PTCH1 is that full-length 

human PTCH1 behaves poorly in detergent solution. However, cell biology and GLI-

dependent HH signaling assays showed that deletion of the cytosolic C-terminus and loop 

between TM6 and TM7 can retain this PTCH1 variant in cilia with similar signal activity as 

the wild type protein [57], and this construct (named PTCH1* here) is well-folded and 
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homogenous after purification with detergent. The PTCH1* protein sample, which is 

suitable for structural investigation, has been used by two groups [55, 59], and has been 

shown to share similar topology with NPC1 protein [55, 59–62]. The cryo-EM structure of 

PTCH1* in complex with native SHH-N at a 1:1 molar ratio reveals an unexpected interface 

[55] (Figure 3B). Specifically, the ECD-I of PTCH1 engages the helix 1 of SHH-N (called 

“palmitate-dominated interface” here) instead of its calcium-mediated interface. Notably, the 

N-terminus of SHH-N with its palmitate moiety inserts into a cavity between the two ECDs. 

This is consistent with pull-down assays showing that the modification of SHH-N is 

involved in complex assembly. Mutagenesis on each interface of PTCH1 and SHH-N 

validated the physiological importance of the interfaces in cells [55].

Why is this interface different from the one previously predicted? Differences in the 

experimental set-up may explain these disparate findings. Although His-tagged SHH-N can 

bind PTCH1 with less affinity than native SHH-N, Ca2+ in the solution or medium can 

enhance the binding between His-tagged SHH-N and PTCH1 [55]. The further pull-down 

assay showed that 5E1 can form the complex with native SHH-N and PTCH1; however, this 

antibody can disrupt the complex of PTCH1 and His-tagged SHH-N at a 1 mM Ca2+ 

concentration [55]. This finding suggests that the native SHH-N employs its palmitate-

dominated interface to bind PTCH1, while SHH-N lacking palmitate deviates from the 

palmitate-dominated binding mode by interacting with PTCH1 through the calcium-

mediated interface. This is consistent with the observations on the structure of PTCH1 

complexed with the unmodified SHH-N [61, 62] (Figure 3C).

An additional cryo-EM structure of PTCH1*–SHH-N complex at a 2:1 molar ratio in 

presence of 1mM Ca2+ demonstrated that one SHH-N molecule can engage both epitopes to 

concomitantly bind two PTCH1 receptors in an asymmetric arrangement, and that both HH 

surfaces are necessary for the complex [63] (Figure 3D). Functional assays using PTCH1 or 

SHH-N mutants that disrupted the individual interfaces demonstrated that simultaneous 

engagement of both interfaces between SHH-N and PTCH1 are essential for signaling in 

cells [63].

PTCH1 and cholesterol modification of HH-N

Remarkably, several sterol-like molecules were observed in the cryo-EM map of PTCH1* 

[55, 59, 61–63] (Figure 3D); this observation is consistent with the prediction that PTCH1 

works as a transporter and regulates SMO catalytically by transporting sterols. One sterol-

like molecule was in the SSD of PTCH1*, implying the SSD may serve as part of a tunnel 

for sterol transport (see below), and an in vitro binding assay showed that binding between 

unmodified HH and PTCH1 may depend on the sterol-like molecule in ECD-I [61].

The cryo-EM structure of a different PTCH1 variant (with a shorter C-terminus but with the 

loops between TM6 and TM7) in complex with the palmitoylated SHH-N showed the 2:1 

complex dimerized to 4:2 stoichiometric ratio complex through an asymmetric paradigm 

[64]. The intracellular domains of PTCH1 promoted the formation of the 4:2 complex; 

however, the interaction details of these domains were not resolved owing to the low local 

resolution. From the previously reported cryo-EM map of native SHH-N and PTCH1*, Qian 

et al interpreted that the cholesterol modification of SHH-N inserts into the ECD-I of 
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PTCH1 [64]. Later, Rudolf et al reported the crystal structure of PTCH1 ECD with a 

nanobody in the presence of Cholesteryl Hemisuccinate (CHS). Based on the reassessment 

of the previously reported 2:1 PTCH1-SHH-N complex, they too claimed that the 

cholesterol of SHH-N inserts into ECD-I [65] (Figure 3E). They also provided functional 

evidence that SHH-N with the cholesterol modification can upregulate GLI1 mRNA when 

compared with non-modified SHH-N or a SHH-N with a five amino acid linker truncation 

(residues 189–193) between the cholesterol modification and the globular portion of SHH-N 

[65]. It would be interesting to simultaneously compare GLI1 mRNA levels after treating 

cells with native SHH-N, palmitoylated SHH-N, cholesterylated SHH-N, and unmodified 

SHH-N individually to compare the contributions of different modifications of HH-N to the 

signaling activity in one assay.

Though the cryo-EM map of the 2:1 PTCH1*–SHH-N complex is not clear enough to build 

the linker between SHH-N and the sterol-like molecule in the ECD-I (Figure 3F), two works 

increased the signal level of the map in order to trace the linker between the cholesterol 

modification and globular portion of SHH-N [64, 65]. However, as a result, the noise of the 

map was amplified as well. That said, it is apparent that the maps of the linker area are not 

identical when the same cryo-EM data set is processed by different software, though the 

overall maps are almost the same (Figure 3F). This means the densities that show up in the 

linker area are not well-defined. This point should be considered, and requires further 

investigations as to whether cholesterol modification is involved in the interaction between 

PTCH1 and SHH-N. It is possible that cholesterol can insert into the ECD-I in vitro since 

hydrophobic cholesterol may not be exposed in solution. The binding between PTCH1 and 

cholesterol modification of SHH-N is still lacking physiological evidence.

The putative mechanism of palmitoylated HH mediated signaling

PTCH1 catalytically controls the activity of SMO without direct interaction [66]; PTCH1 

may transport some small molecules, changing their concentrations in the cell membrane. 

These small molecules may stimulate or inhibit SMO, further regulating HH signaling. 

Since PTCH1 shares a very similar topology with the putative LDL-derived cholesterol 

transporter NPC1, it has been predicted that PTCH1 serves as a sterol transporter to regulate 

the HH signal [16]. Structural analysis revealed a putative tunnel through PTCH1 extending 

to the SSD [59, 61, 63]. Based on structural observations, HH-N binds to PTCH1 by its 

palmitate moiety, disrupting the tunnel of PTCH1 and leading to an accumulation of 

accessible cholesterol and other sterols, generating a partial HH signal as a result (Figure 3B 

and 4A). Consistent with that, a palmitoylated SHH-N peptide can induce the HH signal, 

although this signal is lower than that from palmitoylated SHH-N addition to cells [32]. 

Introducing mutations on the palmitate-binding site of PTCH1 mimics SHH-N palmitate 

insertion, abolishing the inhibitory ability of PTCH1 to the signaling pathway, suggesting 

that the palmitate can abolish the activity of PTCH1 by blocking its tunnel [59, 63]. 

Recently, the structure of human NPC1 with its inhibitor itraconazole has been reported 

[67]. It shows that itraconazole binds to the center of NPC1 intermolecular channel, as well 

as to the palmitate of HH, blocking a similar site in the homologous tunnel of PTCH1 and 

implying a conserved mechanism for sterol transport in these proteins.
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More specifically, a triad of charged residues in TM4 and TM10 were shown to be essential 

for PTCH1 transporter activity, probably by conducting Na+ flow [68]. Indeed, a mouse 

PTCH1 mutant could not suppress HH signaling in the Ptch1−/− cell line [59]. Remarkably, a 

recent study showed a nanobody named Tl23 can increase the HH signal through binding to 

PTCH1 without the addition of SHH-N [69]. The cryo-EM structure of PTCH1-Tl23 

demonstrates that Tl23 binds ECD-I to squeeze the putative tunnel of PTCH1 preventing 

sterol transport for triggering the HH signal (Figure 4B).

How does PTCH1 change the distribution of sterol on the cilia membrane? Zhang et al used 

a set of sensors derived from the cholesterol-binding domain of Perfringolysin O to measure 

cholesterol concentration in the membrane [59]. The results showed that PTCH1 can 

transport cholesterol from the inner to the outer leaflet of plasma membrane (Figure 4C). 

This discovery is consistent with the result from an in vitro assay that demonstrates that 

SMO activity can be regulated by cholesterol levels of the plasma membrane [68], and 

structural and functional studies that have shown there is a sterol binding site in SMO-7TMs 

[70, 71] (also see the discussion below). Interestingly, the transport direction of PTCH1 

(from inner leaflet to the lumen) [59] is opposite its structural homolog NPC1, which is 

responsible for transporting cholesterol from the lumen to the membrane [72].

There are three pools of cholesterol on the cell surface: accessible cholesterol (free 

cholesterol), sphingomyelin (SM)-sequestered cholesterol, and essential cholesterol [73]. 

The free cholesterol can be used for triggering the HH signal. PTCH1 can transport the 

sterols preventing their accumulations on the cilia. After the palmitate-dominated interface 

binding to PTCH1, the calcium-mediated interface of the HH ligand can be recognized by 

the other PTCH1 molecule, and this interaction generates the 2:1 complex, triggering an 

endocytosis of this complex [32] to create a PTCH1-free cilia environment for a future 

accumulation of the accessible cholesterol and/or other sterols and allowing the SMO to 

relocate to the cilia [63] (Figure 5). Notably, depletion of sphingomyelin by myriocin might 

increase accessible cholesterol thereby enhancing GLI1 mRNA level in cells [74].

Signal transduction from the cell surface into intercellular space

The mechanism of how the HH protein triggers GLI activation via the PTCH1–SMO system 

is still unclear. As a member of the Class-F GPCR family, SMO includes 7-TMs and a 

Cysteine-Rich Domain (CRD) at the amino terminus [75] (Figure 1). Previous studies 

showed cholesterol, or its derivatives such as 20(S)-hydroxycholesterol, can bind the CRD 

of SMO on the cell surface to directly stimulate the HH signal [76–80]. Importantly, the 

CRD of SMO has been shown to be covalently modified by cholesterol at residue D95 [81]. 

The 7-TMs of SMO contain a ligand-binding pocket that can bind agonistic or antagonistic 

ligands [41, 42, 82, 83] (Figure 5A). Moreover, glycosylated SMO has been verified to 

induce a non-canonical signal through Gαi, suggesting post-translational modification of 

SMO can impact the HH signal transduction [84].

Several previous studies showed that cholesterol can serve as an endogenous ligand to 

activate SMO [78, 79]. The crystal structures of cholesterol-bound Xenopus laevis SMO 

(xSMO) and cyclopamine-bound xSMO, with a C-terminal deletion and a replacement of 
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intracellular loop 3 (ICL3) with thermostabilized apocytochrome b562RIL, showed that 

SMO adopts an active conformation with its CRD rotated considerably compared to other 

published crystal structures of SMO [82] (Figure 5B). These two structures reveal that 

cyclopamine binds in both the TM domain and the CRD, while cholesterol is only observed 

in the CRD. A recently published crystal structure of mouse SMO (mSMO) bound to the 

agonist SAG21k and an intracellular binding nanobody revealed a sterol-binding site under 

the SAG21k-binding site in the 7-TMs, suggesting that the inactivation of PTCH1 by HH 

allows a sterol to access the 7-TMs of SMO from the inner leaflet of the cell membrane [71] 

(Figure 5C). Another work presents a potential cholesterol binding site between TM2 and 

TM3 in the outer leaflet side of the cell surface [85]. This site may serve as a gate for 

cholesterol entry to the 7-TMs of SMO. Additionally, the CRD of active mouse SMO adopts 

a similar conformation as that of inactive human SMO (hSMO) but not xSMO (Figure 5B) 

[71]. Since the structure of active mSMO was obtained with synthetic agonist SAG21k, it 

remains unknown whether the conformation of mSMO with a 7-TMs bound sterol can retain 

an active conformation.

SMO can activate Gi-family protein, which inhibits cAMP production, thereby activating 

GLI [86–88]. Pertussis toxin, which prevents the interaction between Gαi and active 

GPCRs, weakens the activation of GLI [87]. Another study shows that 24,25-

epoxycholesterol (24,25-EC), which was identified from the purified PTCH1 by mass 

spectrometry, can directly stimulate HH signaling in cells and trigger SMO to bind 

heterotrimeric Gi protein in vitro [70]. This finding is consistent with a recent discovery that 

24,25-EC is the most enriched oxysterol in sea urchin embryo cilia, and 24(S),25-EC can 

activate HH signaling in cells [89]. The cryo-EM structure of hSMO also revealed an 

activation mechanism of SMO and a putative sterol-binding site in the 7-TMs, which is 

consistent with the observation from the crystal structure of mSMO [71] (Figure 5D). The 

CRD in the structure was not determined, implying that the CRD might be flexible or adopt 

multiple conformations in the active state to release its repression of the 7-TMs. 

Remarkably, the Gi protein in the complex exhibits a different arrangement from that of 

Class-A GPCR–Gi complex. This work provides structural evidence that SMO is a 

functional GPCR protein.

Previous studies by different groups also showed that the inhibition of oxysterol or 

cholesterol synthase can block HH signaling in cells [89–91] and that signaling can be 

rescued by different oxysterols. These discoveries reveal that either cholesterol or distinctive 

oxysterols can be associated with SMO as an endogenous ligand to regulate the signal. 

24(S),25-EC serves as a sterol representative to reveal how sterol can trigger SMO activation 

without other agonists. Additionally, cell signaling assays were performed by adding 

cholesterol into the medium and measuring GLI activity after 24–48 hours. It is also possible 

that the cholesterol could be oxidized to convert to an oxysterol for signal activation, even if 

F7-cholesterol (a fluorinated sterol that prevents oxidation on the 25C, 26C and 27 C-

position) and 25F-cholesterol (a fluorinated sterol that prevents oxidation on the 25C 

position) can trigger the HH signal directly [78].

Although the structures of SMO with different ligands have been reported, further 

investigations are needed to determine whether the CRD or 7-TMs of SMO serve as an 

Qi and Li Page 8

Trends Biochem Sci. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



initial binding site for the endogenous sterol ligand, how the CRD represses the activation of 

SMO, and how this repression can be released owing to the ligand binding. Furthermore, 

how does the endogenous ligand access the 7-TMs? Through the membrane or by delivery 

via the CRD? Which other proteins or co-factors facilitate SMO trafficking from the 

intercellular space to the cilia and how is SMO trafficking regulated? The answers will give 

us a better understanding of cilia biology and help with pharmacological design of SMO 

inhibitors.

An additional question is how does SMO transduce the signal to GLI? Previous studies 

showed that the suppressor of fused (SUFU) represses GLI transcription factor activation, 

and active SMO releases this inhibition [92, 93]. The C-terminal tail of SMO can be 

phosphorylated by several kinases (protein kinase A (PKA), casein kinase 1 (CK1) and G-

protein-coupled receptor kinase 2 (GRK2) in Drosophila; CK1 and GRK2 in mammals), and 

this phosphorylation further promotes GLI activation [94–96]. Interestingly, HH stimulates 

the formation of SMO-kinase complexes (SMO–PKA in Drosophila and SMO–CK1 in 

mammals) to initiate downstream signaling events [97, 98]. Solving the structure of full-

length SMO in complex with its kinase may provide insight into how SMO transduces the 

HH signal through its C-terminal intracellular tail. Recent studies in Drosophila and 

mammalian cells showed that with HH stimulation the Fused (Fu) family kinases 

phosphorylate Ci/GLI interfering with its binding to SUFU, resulting in activation of Ci/GLI 

[99]. How SMO activates mammalian Fu kinase family members remains to be determined. 

Finally, the SUMO pathway and E3 ubiquitin ligases can also target SMO to regulate its 

trafficking and HH signaling, [100, 101] but the underlying mechanism awaits further 

investigation.

Concluding Remarks

The recent structural and functional studies have provided molecular insights into the 

generation and regulation of HH signaling. Particularly, the technological breakthrough of 

cryo-EM accelerated these discoveries. Structures of DISP and its complex with unmodified 

HH-N provided a primary understanding of HH-N secretion; 1:1 PTCH1–HH-N and 2:1 

PTCH1–HH-N complexes explained the physiological importance of the modifications of 

HH-N and revealed the inhibition mechanism of PTCH1 by HH-N; crystal and cryo-EM 

structures of SMO in different conformations shed light on how sterols regulate SMO 

activity, though these results also posed enigmas for understanding the role of the CRD and 

the method of sterol binding. Future studies may focus on 1) the structures of DISP, native 

HH-N, and Scube2 complexes to understand the secretion and trafficking of HH; 2) the 

mechanism of SMO regulation by sterols, including the role of the CRD, the sterol binding 

sites, and the trafficking to the cell surface; 3) the link between SMO and GLI to explain 

how the HH signal is transduced to the downstream components of the pathway. Structural 

studies on the proteins in the HH pathway will guide the development of therapies against 

HH related cancers, such as the design of antibodies to block the interfaces between HH-N 

and PTCH1; and small molecules to compete the sterol binding sites in SMO. In addition, 

studies on PTCH1 and SMO proteins will also bring light to the mechanism of sterol 

transport or metabolism by SSD and signaling transduction by Class-F GPCRs.
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Glossary:

CAM-related/down-regulated by oncogenes (CDO) and Brother of CDO (BOC)
co-receptors of HH on cell surface that can complex with HH via the calcium-mediated 

interface and upregulate HH signaling.

Dispatched-1 (DISP1)
a membrane protein that facilitates the secretion of native HH from the producing cells. 

DISP is a structural homolog of PTCH, including 12 transmembrane helices and two 

extracellular domains.

Glioma-associated oncogene (GLI)
a zinc finger transcription factor that mediates transcriptional responses to HH signaling. In 

mammals there are three GLI homologs that are homologs of Drosophila Ci (Cubitus 

interruptus).

Growth arrest-specific 1 (Gas1)
a HH binding protein in mammals without a homolog in Drosophila. It locates on cell 

surface and acts as a co-receptor to regulate HH signaling.

G protein–coupled receptor (GPCR)
a class of seven-transmembrane helices proteins that activate heterotrimeric G proteins.

Hedgehog acyltransferase (HHAT)
also called skinny hedgehog homology in humans. The enzyme catalyzes the N-terminal 

palmitoylation of SHH.

Hedgehog interacting protein (HHIP)
a negative regulator of HH pathway that is upregulated by HH signaling and presumed to 

function in negative feedback by sequestering HH ligand away from Patched.

Hedgehog N-terminal signaling domain (HH-N)
the ~20kD secreted ligand of the Hedgehog signaling pathway, palmitoylated at its N 

terminus and cholesterol modified at its C terminus.

Niemann-Pick disease, type C1 (NPC1) protein
NPC1 protein transports LDL-derived cholesterol from the lysosome lumen to the 

membrane. Loss-of-function mutations of NPC1 protein cause an accumulation of 

cholesterol in lysosomes leading to Niemann-Pick disease, type C.

Niemann-Pick disease, type C1-like 1 (NPC1L1) protein
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a cell surface protein. Shares a similar topology with NPC1 protein and plays an essential 

role in intestinal cholesterol absorption.

Paracrine signaling
a mode of signaling where the sending cell produces the signal ligand (e.g. HH ligand), but 

another cell (the receiving cell) binds to and responds to

Patched-1 (PTCH1)
the HH receptor at the cell surface or in primary cilia, which binds to HH to initiate ligand-

dependent signaling. It includes 12 transmembrane helices, two extracellular domains and a 

cytosol domain at the C-terminus. In the absence of its ligand, it inhibits SMO to turn off the 

signal.

Resistance-nodulation-division (RND) multidrug transporters
a family of bacterial efflux pumps located on the cytoplasmic membrane that can transport 

multiple substrates.

Smoothened (SMO)
a Frizzled-Class GPCR protein that transmits the HH signal across the membrane, leading to 

activation of the GLI transcription factors. It is also the target of several HH pathway 

inhibitors and anti-cancer drugs.

Sterol-sensing domain (SSD)
a protein domain that consists of five transmembrane helices. It is predicted to bind 

cholesterol and presents in proteins involved in cholesterol transport, signaling and 

metabolism.

Suppressor of fused (SUFU)
a negative regulator of the HH pathway, binds to GLI proteins preventing their entry into the 

nucleus. It acts as a transcriptional co-repressor; SUFU deletion or inhibition increases HH 

signaling activity.
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Outstanding Questions

1. How do DISP1 and Scube2 facilitate the secretion and diffusion of HH 

ligand?

2. How do HH co-receptors work with PTCH1 to upregulate or downregulate 

the HH signal?

3. Does PTCH1 have transporter activity in vitro? The in vitro study of PTCH1 

will facilitate the investigations on the substrate(s), energy source and 

transport direction of PTCH1.

4. What is the endogenous ligand(s) of SMO and what is the initial binding site 

of the ligand(s)?

5. How is the subcellular localization of SMO regulated?

6. How is the HH signal transduced from SMO to GLI?
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Highlights:

1. The Hedgehog (HH) signaling pathway is essential for the development of 

animals and is involved in many human cancers.

2. The secreted ligand HH binds its receptor Patched-1 (PTCH1) and releases 

the inhibition of Smoothened (SMO) by PTCH1; PTCH1 regulates SMO 

catalytically via sterols.

3. How HH recognizes and inhibits PTCH1, how SMO is regulated, and how 

HH signal is transduced into cell remain unknown and controversial.

4. Recent structural studies on HH–PTCH1 complexes and SMO in different 

conformations reveal the mechanism of PTCH1 recognition and inhibition by 

HH, and provide insights into the mechanism of SMO activation.
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Figure 1. Key proteins and important processes in vertebrate HH signaling pathway.
(A) The production and trafficking of HH protein. The precursor of HH is auto-cleaved and 

HH-N is covalently modified by a cholesterol at the C-terminus; then HH-N is further 

palmitoylated by HHAT on ER membrane. After these processes, DISP1, a membrane 

protein located on the cell surface, facilitates the release of HH-N into the extracellular 

space from the producing cells. Scube2, an extracellular protein assists in the trafficking of 

HH-N in the extracellular space. In the HH receiving cells, before binding HH-N, the 

receptor PTCH1 localizes to the cilia and suppress the downstream protein SMO, keeping 

the GLI transcription factors in an inactive form (GLI-R). (B) The HH signal transduction 

from PTCH1 to SMO. The HH binding to PTCH1 relieves the inhibition of PTCH1 to SMO, 

causing SMO to relocate to the cilia. The activated SMO can promote the maturation of GLI 

to its active form (GLI-A). GLI-A enters the nuclei to turn on the HH signal.
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Figure 2. Secondary Structures of human DISP1 (hDISP1) and human Scube2 (hScube2).
DISP1 shares a similar structure with PTCH1, consisting of 12 TMs, two ECDs, and N-

terminal and C-terminal cytosolic flexible regions. The ECDs are involved in HH-N binding 

(indicated by arrows). A proprotein convertase named Furin can cleave the ECD-I (cleavage 

site is labeled) of DISP1 triggering HH-N release. TMs 2–6 form an SSD and mutations in 

the SSD affect the release of HH-N. Scube2 protein works in the extracellular space and 

consists of 9 EGF-like repeats, three CRDs, and one CUB domain, which is essential for 

HH-N binding.
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Figure 3. Structures of PTCH1–HH complexes
(A) Structures of HH with CDO (PDB ID: 3D1M), BOC (PDB ID: 3N1M) and 5E1 

antibody (PDB ID: 3MXW). CDO and BOC are HH-N co-receptors that up-regulate HH 

signaling; 5E1 down-regulates HH signaling. They bind HH-N via the calcium-mediated 

interface. (B) Structure of PTCH1 with native HH-N (PDB ID: 6OEV). At 1:1 molar ratio, 

the palmitate moiety of native HH-N inserts in to the ECDs of PTCH1, forming the 

palmitate-dominated interface. (C) Structure of PTCH1 with His-tagged HH-N (PDB ID: 

6DMY). His-tagged HH-N lacks the palmitate modification and binds PTCH1 through the 

calcium-mediated interface in presence of Ca2+. (D) Structure of 2:1 PTCH-1 and native 

HH-N complex (PDB ID: 6E1H). PTCH1 and native HH-N were incubated at 2:1 molar 

ratio with 1 mM Ca2+. In this structure, native HH-N employs both interfaces to bind two 

PTCH1 molecules. The sterol-like molecules that are observed in the cryo-EM map shown 

in red mesh. They are located in both TMs and ECDs. (E) The potential insertion of 

cholesterol modification of HH-N into PTCH1 (PDB ID: 6RVD). The cholesterol 

modification of native HH-N may insert into the ECD-I of PTCH1, but further structural and 

functional data are needed to prove this hypothesis. (F) SHH-N C-terminal loop and 

cholesterol. The cryo-EM maps of the linker region between HH-N and its cholesterol 

modification that were refined by FrealignX or RELION-3 at different signal levels. 

Although the overall EM maps are almost the same, densities of the linker region are quite 
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different due to refinements by different software. This suggests the densities at this region 

may not be suitable for building the structural model. The palmitate is shown in magenta 

sticks. Cholesterol is shown in red sticks. The calcium and zinc ions were shown in gray 

balls.
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Figure 4. The putative sterol transport tunnel in PTCH1
(A) and (B) The putative sterol tunnel in PTCH1. A tunnel across PTCH1 was predicted 

based on protein structure. PTCH1 may transport sterols through this tunnel. Nanobody Tl23 

squeezes the tunnel and may inhibit the activity of PTCH1. The tunnel is indicated in gray 

and the two gates in the transmembrane domain are indicated. Tl23 (green) binding site is 

colored in magenta. (C) Model of PTCH1-mediated sterol transport. PTCH1 may transport 

the sterol from the inner leaflet to outer leaflet of the cell membrane.
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Figure 5. Model of HH signaling generation
In the absence of HH protein, PTCH1 locates on the cilia membrane and transports sterols 

out of the membrane to keep a low sterol concentration in cilia. After the palmitate-

dominated interface of HH-N binds to PTCH1, the bound PTCH1 is inhibited. Then, the 

calcium-mediated interface of the HH-N can bind to the other PTCH1 molecule. These 

interactions generate the 2:1 complex, triggering an endocytosis of this complex to create a 

PTCH1-free cilia environment for the future accumulation of free cholesterol and other 

sterols. Then, SMO relocates to the cilia membrane to obtain the sterols for activating the 

HH signaling. Cholesterol and sphingomyelin (SM) are shown in pink and green sticks. 

PTCH1, HH and SMO are colored in blue, yellow and orange, respectively.

Qi and Li Page 23

Trends Biochem Sci. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Structures of SMO with distinct ligands.
(A) Multiple ligand-binding sites in SMO. As a member of class-F GPCR, SMO has 

multiple ligand binding sites in 7-TMs and one additional site in the CRD. Recent structural 

studies have revealed the binding details of numerous ligands including both agonists and 

antagonists. (B) Structure of xSMO with cyclopamine (PDB ID: 6D32). Compared with 

hSMO, the CRD of this xSMO structure undergoes a dramatic rotation, representing a 

possible active state of the CRD. (C) Structure of mSMO with SAG21k, cholesterol and a 

nanobody (Nb) (PDB ID: 6O3C). The mSMO is in an active conformation and the 

cholesterol molecule binds in the lower site of 7-TMs. The conformation of the CRD is 

similar with the inactive hSMO. (D) The Structure of hSMO with heterotrimeric Gi in the 

presence of 24(S),25-EC (PDB ID: 6OT0). The hSMO is in an active conformation and the 

24(S),25-EC binding site is higher than that of cholesterol in mSMO structure. The CRD 

density in this cryo-EM structure is not observed. The right panel shows the position 

comparison of the ligands in panel (C) and (D). The ligands are shown in sticks with 

different colors as in C and D.
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