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Abstract

Hedgehog (Hh) signaling is evolutionarily conserved and plays an instructional role in embryonic
morphogenesis, organogenesis in various animals, and the central nervous system organization.
Multiple feedback mechanisms dynamically regulate this pathway in a spatiotemporal and context-
dependent manner to confer differential patterns in cell fate determination. Hh signaling is
complex due to canonical and non-canonical mechanisms coordinating cell-cell communication.

In addition, studies have demonstrated a regulatory framework of Hh signaling and shown that
cholesterol is vital for Hh ligand biogenesis, signal generation, and transduction from the cell
surface to intracellular space. Studies have shown the importance of a specific cholesterol pool,
termed accessible cholesterol, which serves as a second messenger, conveying signals between
Smoothened (Smo) and Patched 1 (Ptchl) across the plasma and ciliary membranes. Remarkably,
recent high-resolution structural and molecular studies shed new light on the interplay between Hh
signaling and cholesterol in membrane biology. These studies elucidated novel mechanistic insight
into the release and dispersal of cholesterol-anchored Hh and the basis of Hh recognition by Ptchl.
Additionally, the putative model of Smo activation by cholesterol binding and/or modification

and Ptch1 antagonization of Smo has been explicated. However, the coupling mechanism of

Hh signaling and cholesterol offered a new regulatory principle in cell biology: how effector
molecules of the Hh signal network react to and remodel cholesterol accessibility in the membrane
and selectively activate Hh signaling proteins thereof. Recognizing the biological importance of
cholesterol in Hh signaling activation and transduction opens the door for translational research

to develop novel therapeutic strategies. This review looks in-depth at canonical and non-canonical
Hh signaling and the distinct proposed model of cholesterol-mediated regulation of Hh signaling
components, facilitating a more sophisticated understanding of the Hh signal network and
cholesterol biology.
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Introduction

Hedgehog (Hh) signaling is one of the intricate signal transduction pathways that

play an instructional role during embryonic development, stem cell biology, and tissue
homeostasis[1][2][3][4]. Dysregulation of Hh signaling resulted in developmental defects
such as holoprosencephaly, microencephaly, cyclopia, congenital syndromes, and other
developmental malformations [5][6]. Nevertheless, embryogenesis and tumorigenesis share
common characteristics, such as synchronized mechanisms of proliferation, differentiation,
and migration [7]. Therefore, modulation of the Hh signaling components and disruption

of the regulatory trafficking network of the Hh pathway are also related to tumorigenesis
and facilitate the aggressive phenotype of various human cancers [8][9][10]. Hh signaling
is a unique regulatory pathway that controls subcellular milieus and offers targets for
translational research from basic biology to clinical application [11][12]. Notably, the
versatility of the conserved Hh pathway in cell fate determination emphasizes its role in
multiple signaling contexts throughout an organism’s life span from embryonic development
to postnatal physiology and pathophysiology [4][13]. Moreover, Hh signals are transmitted
in an autocrine, paracrine, and juxtracrine manner and coordinate diverse functions within a
target field [14][15].

Several lines of evidence support that Hh signaling consists of canonical and non-canonical
mechanisms that coordinate cell-cell communication in multiple aspects [16][17]. Canonical
Hh signaling occurs when secreted Hh ligand binds to cell surface receptor Ptchl, leading
to inactivation of Patched-1 (Ptchl), subsequently releasing Ptchl-mediated suppression

of Smoothened (Smo) [16]. The free Smo translocates into the ciliary membrane and
transactivates Gli to the nucleus, ultimately triggering Gli-dependent activation of the
downstream targets [18][16]. In non-canonical Hh signaling, the components signal outside
the Hh-Ptch-Smo-Gli paradigm and perform a vital role in activating Gli transcription [19]
[20][21]. However, in the past few years, several investigations have elucidated that Hh can
also signal through a Gli-independent mechanism or Gli can be directly activated without
receptors Smo or Ptchl, also referred to as a non-canonical signaling pathway [21][22].
Studies have also indicated a regulatory framework of Hh signaling, in which cholesterol
plays a critical role in generating and transducing Hh signals from the cell surface to

the intracellular space [23][24][25]. Defects in cholesterol biosynthesis and its depletion
significantly affect the activity of Hh signaling components, leading to attenuation of the
signaling.

Cholesterol is a polycyclic amphipathic molecule that serves as a building material for
cellular membranes and plays an essential structural role in maintaining the fluidity of
eukaryotic cell membranes and various molecular signaling pathways [26]. Cholesterol is
highly enriched in two specialized areas termed lipid rafts and caveolae [27][28]. Several
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receptors are localized to these cholesterol-rich microdomains and function as “signaling
gateways” into the cell [29][26]. Both receptors Smo and Ptch1l are situated in caveolin-1-
enriched/raft microdomains. It was suggested that depletion of plasmalemmal cholesterol
affects the Hh receptor complex distribution in the cholesterol-rich microdomains and
affects Hh signaling [30]. In response to Hh gradient signals, the high-level Hh signal
transmission requires Smo oligomerization/higher-order clustering in lipid rafts [31]. The
organization of cholesterol in the ciliary membrane is also needed to control the activity
of cilia-localized signaling proteins including, Smo and Ptchl [32]. In addition, the

study showed that sterol depletion via defects in cholesterol biosynthesis influences the
activity of Smo, and response to the Hh signal is compromised [33]. Hence, cell-cell
communication is coordinated by coupling cholesterol and Hh signaling components in
multiple ways. Understanding the mechanistic roles of cholesterol in Hh signaling activation
and transduction is essential to develop novel therapeutic strategies and open new avenues
for translational research.

Hh acts as a morphogen, and the ability to signal both short and long distances depends

on the degree of processing, post-translational modification, and the accessory regulatory
factors which control its diffusion [11][34]. Hh ligands that initiate signaling by covalently
anchoring with a palmitoyl moiety at the N-terminus and cholesterol molecule at the C-
terminus coordinate the functional signaling activity [35]. The mechanisms governing the
processing, secretion, delivery to target cells, and signal transduction of Hh are fascinating
due to the hydrophobic nature of Hh ligands [36][37]. The many regulatory proteins of

the Hh cascade, such as cell-surface receptors, membrane-anchored proteins, cell-adhesion
molecules, and co-receptors, also require cholesterol in target cells to receive Hh signals
[38][39]. Smo functions as a core receptor of Hh signaling, and its activity is regulated

by cholesterol concentration or accessibility in the ciliary and plasma membrane [40][32].
Smo is activated by both cholesterol binding and modification, which help reinforce and
sustain the Hh signal [41]. Hence, cholesterol emerged as the endogenous ligand for Smo
and acts by binding and/or covalently linked to Smo for its activation and functions [40].
Another membrane receptor of Hh signaling, Ptchl, is also implicated in the cholesterol
efflux and modulates the intracellular cholesterol concentration [42]. Furthermore, the local
concentration of cholesterol affects the trafficking of both Smo and Ptch1 and plays a
distinctive role as a second messenger that supports the functional interaction between
Ptchl and Smo to activate and trigger Hh signaling [24][43]. Intriguingly, Hh signaling
involves two cholesterol-dependent aspects: In signal-producing cells, Dispatched (Disp)
controls the release of cholesterol-modified Hh. In contrast, in Hh-responding cells, Ptchl
regulates Smo activation by transporting cholesterol from cells [44][45]. In this way,

both receptors Disp and Ptchl require cholesterol for Hh signal transfer and activation.
Specifically, Disp and Ptchl function as cation-powered transporters, and distinct cation
gradients power cholesterol transport at a different point in Hh signaling across the plasma
membrane [46]. Hence, cholesterol biosynthesis, accessible cholesterol in the membrane,
and cholesterol modification of the Hh cascade components drive the duration and dynamics
of Hh signaling.

Multiple feedback mechanisms dynamically synchronize Hh signaling in a spatiotemporal
and context-dependent manner that confers differential patterns in cell fate determination
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[471[48]. In the past decade, numerous researchers examined the potential role of cholesterol
in Hh signaling and its regulatory phenomenon using biochemical, genetic, structure- and
physiology-based approaches. Interestingly, each new finding sparked another question mark
to answer the underlying mechanism that makes this pathway complex and fascinating.
These findings provided significant outputs to comprehend the mechanistic view and
underlying concept of regulation. Therefore, this article summarizes the depth of the

Hh signaling network, current research findings, and the distinct proposed model of
cholesterol-mediated regulation of Hh signal transduction. We first emphasize the detail

of Hh pathway mediators in signal transduction at the cellular level. Then, we explain

the current model of intracellular Hh signaling as a canonical and non-canonical Hh/Gli
cascade. Finally, we focus on linking Hh signaling and cholesterol and describing their
cross-regulatory mechanism(s). The review will cover the following topics: (i) activation of
Smo by cholesterol, (ii) cholesterol modification of Hh ligand, (iii) mechanism of efficient
secretion of cholesterol-anchored Hh, (iv) the role of cholesterol in the directive of Hh
morphogen gradient, and association with trafficking regulators, (v) involvement of Ptch

in cholesterol transport, (vi) the concept of ciliary cholesterol in Hh signaling, (vii) the
connection between cholesterol, lipid rafts, and Hh signaling, (viii) developmental impact
of cholesterol-modified Hh signaling, (ix) conception of cholesterol-free and cholesterol-
modified Hh secretions and their actions, and (x) cation gradients’ influence on cholesterol
transport in the Hh signaling. Collectively, this review aims to provide the cumulative
evidence supporting Hh signaling association with cholesterol to promote further inquiry
into this area.

Hedgehog signal transduction and regulatory elements of Hh signaling

cascade: at a glance

The Hh signaling mechanism is evolutionarily conserved from flies to humans [49]

and considered a pivotal regulator of multiple fundamental processes, including cell

fate determination, proliferation, differentiation, tissue polarity, patterning, morphogenesis,
regeneration, and repair in adults by regulating the various progenitor cells [50][34][4]. The
Hh gene was initially identified by Christiane Nsslein-Volhard and Eric F. Weischaus in
the late 1970s as a result of genetic analysis of the segmentation of fruit fly Drosophila
melanogaster. In 1995, they were awarded the Nobel Prize for studying genetic mutations
in Drosophila embryogenesis [51]. The origin of the name of the Hh gene is the ensuing
appearance of a continuous lawn of denticles and hair-like bristles reminiscent of hedgehog
spines projecting from larvae cuticle containing null allele of #/[11]. In vertebrates, the Hh
family comprises three Hh-related genes sonic hedgehog (Shh), desert hedgehog (Dhh), and
Indian hedgehog (1hh), which share high sequence homology and act as initial ligands to
trigger Hh signaling [1][52]. All three Hh ligands are similarly processed and secreted from
responding cells and activate Hh signaling in target cells [1][34]. The critical physiological
role of Hh involves its function as a morphogen, a mitogen, a survival factor, and even

a guidance factor to induce the distinct cell fates [53][54][55]. Shh is mainly engaged in
nervous system cell-type specification and limb patterning, while Ihh is marked in skeletal
development, particularly endochondral ossification, and interestingly, Dhh is restricted to
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the gonads, particularly in granulosa cells of ovaries and sertoli cells of the testis [56][57]
[58][591[60].

In the first step of the Hh cascade, the Hh transcript is translated into ~45kDa pro-protein
consisting of an amino-terminal (N-terminal) signal sequence, a Hedge domain, followed

by a carboxy-terminal (C-terminal) Hog domain [35][61]. After eliminating the signal
sequence, Hh polypeptides are moved into the endoplasmic reticulum (ER), and the Golgi
apparatus undergoes an autocatalytic process. The N-terminal half of Hh is covalently
anchored with cholesterol through an intramolecular proteolytic reaction that concurrently
cleaves off the inactive C-terminal polypeptide [61][62]. Subsequently, the palmitoyl

group is transferred to the extreme N- terminus cysteine of Hh using membrane-bound
O-acyltransferase Skinny Hh in flies and Hh acyltransferase (HHAT) in vertebrates [63][64].
A distinctive N-terminus signal sequence is also eliminated during trafficking to the plasma
membrane [35]. The processed/mature Hh is a ~19kDa protein carrying two lipid moieties
that exhibits all biological activity in an autocrine, paracrine, or juxtracrine-dependent signal
transmission [35][65]. The mature Hh is secreted as a monomer, multimer, or component of
lipoprotein particles, exosomes, or cytonemes [66][67][68][69]. The generation and release
of extracellular mature Hh is facilitated by a membrane-bound protein named Dispatched
(Disp) [44]. In the extracellular space, Scube (signal peptide-CUB-EGF domain-containing
protein), a chaperone family protein, binds to mature Hh and directs its trafficking with the
aid of other membrane-anchored proteins and Hh co-receptor [70][71][39]. Generally, the
switch between active and inactive Hh signaling depends on the rapid translocation of the
regulatory component of Hh signaling to the cilium [24].

Next, Hh reaches the surface of target cells, and the signals are transmitted into cells by two
primary membrane receptors, Ptch and Smo [47]. Ptch is a 12-span transmembrane protein
that comprises a sterol-sensing domain (SSD). It shows structural similarity to a member
of the resistance-nodulation and cell division (RND) family of bacterial transporters. In the
absence of Hh ligand, it remains in the ciliary membrane [72][73][45]. The mammalian
genome has two Prch genes called Ptchl and Pich2, and both share structural similarities
and overlapping functions. [74][75]. Studies also suggested the distinct functional properties
of Ptch2 isoforms compared with Ptch1[76]. The negative regulation of Hh is governed

by Hedgehog-interacting protein (Hip) that competes with Ptch on Hh binding [77]. When
cells encounter processed Hh, Ptch binds to Hh and forms a complex that translocates from
primary cilia to the plasma membrane [78]. In Drosophila, the Hh-Ptch complex involves
the adhesion molecules Interference hedgehog (lhog) and Brother of ihog (Boi) [79][80],
whereas in vertebrates, the complex contains CAM-related/downregulated by oncogene
(Cdo), Brother of Cdo (Boc), and growth arrest-specific-1(Gas1) [81][82][38]. These
regulatory proteins located in the plasma membrane, including filopodial and distinctive
localization, account for the variations in temporal and/or spatial Hh signal transmission.
Next, Hh-Ptch undergoes endocytosis with the involvement of membrane-remodeling
GTPase dynamin and the HECT-domain ubiquitin E3 ligases Smurf1/2; then, both Hh and
Ptch are degraded in the lysosome, abolishing Ptchl-mediated inhibition of Smo [83][84]
[85][86][87]. Smo is a seven-transmembrane protein, a Frizzled class (class-F) related to
the G-protein coupled receptor (GPCR) superfamily. It comprises three functional domains,
the N-terminal cysteine-rich domain (CRD), heptahelical transmembrane domain (TMD),
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and a long cytosolic tail [88][89][90]. The long C-terminal domain (C-tail) is indispensable
for Hh-dependent signal transduction. Importantly, Smo activation involves two regulatory
steps: Smo translocation from an intracellular vesicle to the cell surface and its subsequent
post-translational modification [91][92][93]. Also, Smo activation includes a conformational
switch, leading to Smo accumulation on the cell surface and Hh signal transduction [94][95].
After clearance of Ptch from the ciliary membrane, Smo is translocated from the plasma
membrane to the cilium [96]. Subsequently, Smo is phosphorylated at particular serine
residues (carboxy! intracellular region) and interacts with B-arrestin-2 [93][97]. B-arrestin 1
or B-arrestin 2 plays an essential role in intracellular localization of Smo to primary cilia
and is required for the activity and stability of Smo, thereby regulating Gli activation [97].

In addition, Smo phosphorylation is the critical step of Hh signal transduction, and known
protein kinases include protein kinase A (PKA), casein kinase 1a (CK1-a), or CK1-T and
GPCR kinase known as Gprk2 or Grk2 [98][99].

Ultimately, activation of the Hh signal potentially induces the activation and translocation of
transcription factor Cubitus interruptus (Ci) in Drosophila, and glioma-associated oncogene
(Gli) family members in vertebrates into the nucleus, leading to specific target genes
expression [53][11]. Gli is a Kruippel-like transcription factor comprising zinc-finger DNA-
binding domains with dual activity [100][101]. The three genes in this family known as
Gli1, Gli2, and Gli3 appear to have similar DNA binding specificities [102][103]. All Gli
members contain the carboxyl terminus activator domain, while Gli2 and Gli3 contain

an N-terminus transcriptional repressor domain [104]. Their post-translational proteolytic
processing balances the activator and repressor forms of Gli proteins [105][106]. Glil has
diverged evolutionally as a full-length transcriptional activator, whereas Gli2 and Gli3 can
serve as positive Gli2A and Gli3A activators, or negative Gli2R and Gli3R repressors [107]
[108]. The presence of Gli2 regulates the conversion of Gli3A to Gli3R; therefore, Gli2
functions as a transcriptional activator, and Gli3 is mainly a repressor [104]. Surprisingly,
in response to the Hh signal, Gli3 directly binds to the Glil promoter and stimulates Glil
transcription [109].

Generally, in the absence of an extracellular Hh ligand, Ptchl is enriched in primary cilia
and blocks Smo activity [110]. This repression is mediated via two known mechanisms,
either disruption of Smo localization or catalytic suppression of Smo [110][87]. In
vertebrates, full-length Gli is held in a microtubule-associated protein complex containing
kinesin protein (Kif7), Suppressor of fused (Sufu), and kinases including, CK1, Gsk3p,
and PKA which facilitates Gli phosphorylation; while in Drosophila the regulatory proteins
such as Costal2 (Cos2), the kinase fused (Fu), Sufu and kinases controls Ci processing

and activation [16][111][112][113]. In addition, in the absence of Hh, the increased
calcium level in the cytoplasm and cilium induces ciliary cAMP and PKA activity [114].
Consequently, kinases, including PKA, Gsk3p, and CK, serve as negative regulators of the
Hh pathway by phosphorylating Ci/Gli [19][115][116]. Phosphorylated Gli is recognized
by the Skp-cullin-F-box (SCF) ubiquitin ligase complex, which usually is composed of
culin-3 and E3-type ubiquitin ligase p-transducin repeat-containing protein (3-TrCP) [117].
The SCF complex generates the proteolytic cleavage of the full-length form of Gli into

a truncated repressor form that ultimately represses subsets of the Hh target gene [106]
[87]. On the other hand, in the presence of extracellular Hh ligand, Ptchl moves out
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of the cilia and forms a Ptch-Hh complex, leading to internalization [78]. Next, Smo is
dynamically trafficked to both the plasma membrane and cilium and monitors Gli processing
and its action [96]. Simultaneously, Hh stimulation reduces ciliary cAMP through a G
protein-independent mechanism that needs extracellular Ca2* entry, PKA activity, and
stabilization of full-length Glil protein [114][118]. Thus, the full-length active form of Glil
is translocated into the nucleus, binds to DNA target sites, and directs various target genes’
expression regulating multiple cellular processes [105][47].

Hh signaling is also negatively regulated by the scaffold protein Suppressor of fused (Sufu),
which acts on Gli [119][120][121]. In the absence of the Hh signal, Sufu directly binds

to Gli and stabilizes it; thus, Gli is retained in the cytosol and undergoes degradation
[121][122]. Sufu-mediated attenuation of Gli nuclear translocation thereby significantly
prevents Hh pathway activation. With ligand activation, Smo accumulates in the primary
cilium, and the suppression of Gli activity by Sufu is diminished by hyperphosphorylation
of Sufu [123][124]. However, the mechanism of Sufu action based on its phosphorylation
status is complicated. One study identified that Gsk3p specifically binds and phosphorylates
Sufu, which leads to positive regulation of Hh signaling [125]. Another study reported

that Sufu is phosphorylated at Ser-342 and Ser-346 through Gsk3p and PKA, respectively.
Dual phosphorylation stabilizes Sufu against Hh signaling-induced degradation [126].
Sufu-Gli complex trafficking occurs in a Smo-dependent manner that allows Gli to be
hyperphosphorylated and dissociate from Sufu [116]. The Sufu-Gli complex dissociation
attenuates Gli full-length processing and shifts the processing to the activated form Gli-A
[124]. Thus, these reports suggest Sufu acts by sequestering Gli activators in the cytosol

or facilitating the production of the Gli truncated repressor form [126]. However, the
underlying specific mechanisms through which Smo interacts with Sufu as well as how
Sufu inactivates Gli is elusive.

Multiple feedback regulatory mechanisms dynamically control Hh signal activation and its
signal transduction. Hh signal amplification and signal attenuation confer various cell fates
in target cells. Hh-binding proteins such as Ptch and Hip are induced by Hh signaling and
sequester the Hh ligand [127]. Moreover, Hh coreceptors Boc/Cdo expression is negatively
regulated by Hh signaling. However, this complex Boc/Cdo does not participate in Ptch-
mediated feedback regulation but in Ptch-mediated Hh reception [81]. Importantly, several
kinases, including PKA, protein kinase C (PKC), CK1, mitogen-activated protein kinase
kinase (Mek1), glycogen synthase kinase3(Gsk3), GPCR kinase (Grk) and dual-specificity
Yak1-related kinase (DYRK1) modulate the effector molecules of the Hh cascade and
control Hh signal activation or its inhibition [116][99][98][117][128]. Thus, Hh signaling
is a spatial, temporal, and cell-contextual regulatory network of intracellular signaling
mediators, including membrane receptors, several binding proteins, protein kinases, and
effector molecules that determine the signaling kinetics and responsiveness to the signal
(Figure 1).
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The intracellular Hh signal transduction network: canonical and non-
canonical Hh/Gli signaling mechanism

To date, numerous findings have highlighted the prominence of molecular crosstalk between
Hh signaling and other signaling cascades that regulate signal strength and influence the
specificity of molecular and cellular phenotypes. The tight regulation of Hh signaling
ensures the graded responses to Hh in responsive cells in a temporal and spatial context.

Hh signaling occurs by canonical and non-canonical mechanisms [129][22][16]. The current
canonical Hh signaling paradigm involves the ligand-dependent interaction or receptor-
induced signaling ruled by the binding of mature Hh ligand to its receptor Ptch and its
co-receptors Boc/Cdo, Gas, etc. In response, Smo becomes activated and accumulates at

the membranes and initiates a downstream signaling cascade, involving Glil processing and
transactivation [130]. Activation of Gli promotes its nuclear translocation and induction of
target genes, which include a self-amplifying loop of Gli itself, leading to cellular response
(Figure 2). In non-canonical Hh signaling, the response to the Hh signal diverges from this
paradigm, independent of transcriptional changes mediated by the Gli family of transcription
factors [131]. According to current studies, three scenarios of non-canonical Hh signaling
have been described: (i) type | Smo-independent or Ptch1l-dependent mechanism that
regulates cellular proliferation and survival; (ii) type || Smo-dependent or Gli-independent
mechanism can modulate Ca2* signaling, and cytoskeleton rearrangement for metabolic
rewiring; and (iii) type 111 consists of all other regulatory mechanisms of Gli-family member
activation, which are independent of upstream Ptch1-Smo interaction [16][17][131] (Figure
3).

Type-1 non-canonical Hh signaling relies on Ptch1 and is distinctive from Smo inhibition.
Hh acts as a survival factor and Ptchl as a dependence receptor where it stimulates apoptosis
in the absence of Hh ligand. Its proapoptotic activity is obstructed in the presence of Hh
ligand [132][133]. Ptchl contains extracellular domains that bind to Hh ligand, whereas its
intracellular C-terminal domain modulates Ptchl activity but is not vital for canonical Hh
pathway regulation [127]. Therefore, C-terminal fragments serve as an alternative signal
transducer that directly translocates to the nucleus and modulates the transcriptional activity
of Glil [134]. Additionally, the C-terminal motif of Ptch is cleaved by caspase, particularly
at a conserved aspartic acid residue (Asp392) to expose the proapoptotic domain [134].

In the absence of Hh, Ptch interacts with the adaptor protein DRAL known as FHL2,

which recruits CARD-domain-containing proteins named TUCAN or NALP1 and apical
caspase-9, which triggers caspase-9 activation. Therefore, Ptch acts as the anchor protein
for this caspase-activating complex and induces apoptosis via caspase 9 [135]. A C-terminal-
truncated Ptchl mutant resulted in Ptchl-mediated cell death irrespective of the presence

of a Hh signal, and a mutation in the cleavage site of Ptch1l significantly abolished the
cell-death efficiency; these findings point to the importance of the C-terminal domain in
regulating Ptchl activity [134][135]. Furthermore, Ptch1l-dependent non-canonical signaling
involves interaction with cyclin B1, leading to localization of M-phase promoting factor
(MPF) to regulate cell cycle progression at the G2/M checkpoint [136]. Phosphorylation-
dependent changes in the nuclear import rate and export of cyclin-B1-Cdk1 and their
regulator Cdc25C control the onset of mitosis [137]. Ptchl serves as a tumor suppressor
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by restricting G1-S phase and G2-M phase and is considered the “gatekeeper” of cell cycle
progression [138]. Hh ligand binding disrupts the interaction between Ptchl and cyclin B1,
allowing nuclear translocation of cyclin B1, resulting in enhanced mitosis and increased
cellular proliferation and survival. On the contrary, in the absence of the Hh signal, the
Ptchl-cyclin B1 interaction inhibits cellular proliferation by sequestering cyclin B1 in the
cytosol [136][137]. Remarkably, Hh-mediated conformational changes in Ptchl increase
its affinity towards GRK2. Consequently, Ptchl releases cyclin B1, which localizes to the
nucleus and activates genetic programming supporting cell proliferation and survival [139].
These mechanistic insights constitute the Smo-independent regulation of Hh signaling via
Ptchl.

Type-I1 non-canonical Hh signaling involves Glil-independent activities of Smo through
modulation of Ca2* flux, leading to regulation of the actin cytoskeleton through the Rho
family of small GTPase, i.e., RhoA and Racl. This mechanism promotes actin stress fiber
formation, endothelial tubulogenesis, migration, axon turning, cell polarity, and dendritic
spine formation in a Smo-dependent manner [140][141]. Regulation is context-dependent, as
Smo interacts with Gli protein and PI13K in fibroblasts, and Tiam1 or Src and Fyn, an Src
kinase family (SFK) member, in neurons [140][142]. Smo releases Ca2* spikes from the ER
in spinal neurons through the GBT subunit upon Gli activation [143]. In addition, activated
Gli promotes activation of phospholipase C-T (PLC-T) to generate inositol3-phosphate
(IP3) and, subsequently, to open an IP3-dependent channel [143][16]. Interestingly, a recent
study showed the importance of primary cilia in non-canonical Hh signaling. The ciliary-
dependent non-canonical Hh signaling stimulates a- tubulin acetylation via Smo, leading to
post-translational microtubule regulation and modulation of cell behavior [144].

Type-I11 non-canonical Hh signaling consists of all other signaling mechanisms that
independently activate Gli without Smo or Ptchl activation [10]. This type of mechanism
usually occurs through post-translational modification, including phosphorylation,
sumoylation, acetylation, and O-GlcNAcylation of Gli-family members. Phosphorylation
induces activator or repressor forms of Gli; protein kinases such as PKA, DYRK, ULK3,
S6K1, AMPK, MEKK1, and Hck promote activation, while CK1 and Gsk3p can promote
either activation or suppression [145][128][146][147][148][149]. Ubiquitination promotes
proteasomal degradation or generation of the nonfunctional truncated form of Gli that
interferes with Gli protein activity. Numerous E3 ligase complexes such as Cull/p-TrCP
and E3 ubiquitin-protein ligase Itchy homolog (Itch) catalyze the ubiquitination of the

Gli protein [150][151]. Interestingly, Cull/B-TrCP--mediated ubiquitination occurs on the
inactive form of Gli, resulting in complete protein degradation, while Itch is implicated in
the degradation of activated Gli. SUMQylation is a nuclear localization signal that stabilizes
Glil via competing with ubiquitination. Small ubiquitin-related modifier (SUMO) as Pias1
ligase reduces Glil ubiquitination, whereas SENP1-mediated deSUMOylation attenuates Gli
activity [151][152]. Moreover, crosstalk with other molecular signaling pathways induces
the transcriptional activation of Gli [131].

Cell Mol Life Sci. Author manuscript; available in PMC 2023 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaushal et al.

Page 10

Activation of SMO by cholesterol

Vertebrate Hh signal transduction requires cellular sterol binding to membrane protein

Smo, which controls Smo activity by controlling its access to cholesterol [40]. Genetic
defects in cholesterol biosynthesis and sterol depletion affect the activity of Smo and are
implicated in the attenuation of Hh signal response [33]. Notably, cholesterol has emerged as
a candidate endogenous activator of Smo and is essential for Hh signaling [40]. The crystal
structure of the Smo CRD domain complexed with sterol demonstrated that cholesterol

can itself bind and directly activate Smo; however, cholesterol has a much greater affinity
for full-length Smo [40]. Structural insights revealed that cholesterol occupies a central
position, interacting with all three SMO domains, i.e., CRD, linker domain, and TMD
domains. It adopts an extended conformation with its tetracyclic sterol ring that facilitates
binding a shallow groove of extracellular CRD [89]. The CRD hydrophobic residues are
predominantly lined on the sterol-binding site of Smo, and these residues stabilize the

flat a-face of cholesterol. Mutations in several amino residues (Leul08, Trp109, Pro164,
and Phe166) of Smo are projected to attenuate Smo binding to cholesterol and impair Hh
signaling [89]. Moreover, a high-resolution structural analysis revealed that sterols occupy
the site on SmoCRD in a head-to-tail orientation. SmoCRD distinguishes sterols from other
lipids using both shape and amphipathic properties that emphasize the exquisite sterol
specificity of Smo [40]. However, a class of metabolites produced by cholesterol oxidation
and several different sterols can bind to Smo and stimulate a dramatic CRD conformational
change of the binding site, which is adequate to activate Smo. Smo-sterol interaction is
crucial for allosteric Smo activation (ligand-induced conformational changes) and distinctive
among CRD-containing receptors. However, the activity of Hh signaling hinges on a balance
between active and inactive forms of the wild-type Smo receptor. By contrast, oncogenic
Smo has a higher intrinsic ability for aberrant activation of this pathway [153]. Additionally,
Smo activity is restricted by changes in cholesterol abundance as well as the accessibility of
a specific pool of cholesterol [43]. An acute increase in plasma membrane cholesterol can
initiate signaling from the cell surface; hence cholesterol acts as a ligand for Smo [89] [154].

Biochemical studies revealed that covalent cholesterol modification termed cholesterylation
is a post-translational modification of Smo on the Asp95 (D95) residue through an ester
bond formed between the 3p-OH of cholesterol and the side chain -COOH [41]. Reports
suggested the Smo(D95N) mutation abolished cholesterylation and decreased Hh-stimulated
ciliary localization and native Hh signal transmission. Similarly, homozygous SmoD99N/
D99N (the equivalent residue in mouse) knock-in caused embryonic lethality with severe
cardiac defects in mice and phenocopied the Smo™~ mice. Intriguingly, this cholesterylation
process is abrogated by Ptch receptor but stimulated by Shh ligand. Interestingly, the
cholesterylation of Smo is unlikely to modify cholesterol binding to Hh due to lack of
autocatalysis, resultant in the Smo size being unchanged after modification.

Following crystal structure determination and biochemical studies on cholesterol and Smo,
Xiao et al. (2017) concluded that cholesterol initially binds to the SmoCRD. After this
interaction, esterification occurs between the 33-OH of cholesterol and the side chain-
COOH of the SmoD95 residue [41]. However, both cholesterol binding and modification
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are able to activate Smo and downstream signaling. Indeed, cholesterylation of Smo helps
reinforce and sustain Hh signaling.

Cholesterol modification of Hh ligand

Hh proteins are vital secreted protein ligands/morphogens that coordinate cell-cell
communication by activating the Hh signaling components. Post-translational modification
of Hh proteins is required for their activity and native signal transduction [155][156][25].
Hh ligand is produced as an approximately 46kDa precursor protein and then translocated
to the ER to remove its signal peptide. An autocatalytic cleavage reaction of the Hh

protein results in the production of a 19 kDa N-terminal fragment (N-Hh) and 25 kDa
C-terminal fragment (C-Hh) [157]. C-Hh was observed as the catalytic domain, and N-Hh
is dispensable for signal transmission. Structurally, Hh proteins are composed of a Hedge
domain-containing signaling sequence (SS) at the N-terminus and a Hog domain-containing
sterol-recognition region (SSR) and Hint (Hedgehog/intein) module at the C-terminus. The
Hint domain accounts for the autocatalytic activity of self-cleavage between C-Hh and
N-Hh [61]. After autocatalytic cleavage of the peptide bond between the two domains of
Hh, the N-Hh fragment undergoes lipid modification. A cholesteryl residue is bound at the
C-terminus of N-Hh by autocatalytic conjugation [62], and a palmitoyl residue is linked

at the N-terminus by the palmityl transferase Skinny hedgehog [63]. This cholesterylation
process is a prerequisite for efficient secretion of N-Hh and for its signal activity [25].
Biochemical analysis elucidated that the cholesterol modification on Hh proteins involves
a two-step autoprocessing reaction. First, the thiol group of cysteine makes a nucleophilic
attack on the carbonyl group of the preceding residue, glycine, replacing the peptide bond
with a thioester bond. Subsequently, the 3p-OH of cholesterol is attached to the same carbon
of the thioester intermediate, resulting in an ester-associated adduct to N-Hh and free C-Hh
[158] [62] (Figure 4).

The N-Hh is responsible for all Hh signaling activities. The C- Hh is involved in the auto-
processing reaction and is responsible for the peptide bond cleavage that enables cholesterol
transfer [159]. Notably, the crystal structure of a Hh autoprocessing domain shows structural
homology with self-splicing proteins [159]. The structure of C-Hh is specific, characterized
by a conserved amino acid sequence, present in the different homologs of Hh (Shh, Ihh,

and Dhh). These amino acid sequences are implicated explicitly in forming active sites and
generating the thioester intermediate during cholesterylation. His329, Thr326, and Cys400
amino acids are essential for thioester formation, and Asp303 (replaced by histidine in
some Hh homologues) forms a hydrophobic pocket activating the cholesterol hydroxyl;

63 C-terminal amino acids are required for cholesterol attachment [160]. A cholesterol
analogue showed that the 3p position of the hydroxy group of cholesterol is essential

for the successful cleavage and attachment of sterol. Replacement of the -OH group with
ketone, ester, or thiol resulted in the abolition of auto-processing, whereas the adjunct of
non-essential functionalities such as addition or branching of the aliphatic side chain did
not cause noticeable changes in Hh processing. Furthermore, the addition of an -OH group
to the side chain or ring (positions 4 and 19) of cholesterol significantly decreased its
auto-processing efficiency [159] [160].
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Mechanism of efficient secretion of the cholesterol- modified Hh ligand

Hh ligand is strongly hydrophobic, firmly tethering it to the plasma membrane of expressing
cells. Due to its hydrophobic nature, how Hh exits cells and reaches distal target cells

is intriguing. Genetic analysis revealed that Disp, a multi-spanning membrane protein
containing a sterol-sensing domain, which shares homology with RND bacterial efflux
pumps, is required for Hh release in both flies as well as vertebrates [44][162] (Figure

5). Additionally, long-range Hh signal transmission requires the Scube family of secreted
glycoproteins (Scubel, Scube2, Scube3) [71][163]. In Disp mutant cells, only juxtracrine Hh
signaling is activated due to inadequate release of lipid-modified Hh. Therefore, precisely,
Disp facilitates lipid-modified Hh secretion [164][67]. Hh binds physically to Disp through
its cholesterol moiety and participates in releasing Hh from cells. Scube proteins are
involved in Hh biosynthesis, secretion, and release via cholesterol or palmitate moiety [44]
[165][70]. Both proteins are implicated in Hh function outside the signal-producing cells.
Scube protein contains CUB domains (C1r/C1s, Uegf, and Bmpl), which act as a regulator
of proteolytic activity [71]. Cholesterol-modified Hh requires Disp and Scube proteins for
successful interactions, efficient secretion, and signal diffusion [165]. Tukachinsky et a/.
(2012) reported that DispA and Scube2 cooperate during human sonic hedgehog (hShh)
secretion. During secretion, the unique cholesterol modification on hSHH participates in
two distinct and synergistic binding events. The study showed that DispA transfers hShh
to Scube2 via a hand-off mechanism that relies on structural recognition of cholesterol.
This mechanism prevents the precipitation of Hh ligand and ensures the cholesterol anchor
of Hh and never contacts the aqueous environment directly and thus retains its soluble
state. Initially, modified Hh ligand bind to DispA in a cholesterol-dependent manner, and
from the heterologous protein (Hh-Disp), the Hh is transferred to Scube [165]. There are
two Scube-dependent proposed models for Hh solubility and dispersal. One possibility is
Scube2 participates in chaperoning Shh and helps it form a soluble multimeric species
(cholesterol anchors are shielded from the aqueous atmosphere by the interaction between
Shh monomers) [165]. In another model, Scube proteins act only transiently during Shh
release. Such protein-protein interaction is expected to be dynamic, to allow Hh spreading
and formation of soluble Shh species [71].

Notably, the generation of the active form of Hh from the lipidated form involves

multiple steps. Suggested mechanisms consist of movement by lipoprotein particle [68],
transport by cytonemes (cellular extensions) [69], Scube2-mediated extraction [165][70], Hh
ectodomain shedding from the cell surface [166][167], and finally, ADAM (A disintegrin
and metalloproteases) sheddases-mediated conversion of cell surface-tethered multimer Hh
into truncated morphogen clusters [166][168]. Intriguingly, Scube releases the cholesterol-
modified Hh but blocks its direct signaling through Ptch by obscuring its unprocessed
N-terminus. Previous studies have clarified that Hh is solubilized by proteolytic processing
called shedding, which involves removing N-terminal acetylated peptides from Hh, which
thereby exposes the Ptch binding site of the solubilized clusters and promotes Shh release
[71][167]. Indeed, Scube? functions as protease enhancers and augments the N- and C-
terminal Hh shedding in the producing cells. Scube2-mediated Hh solubilization is further
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enhanced by activated shedding. Hence, sheddases and Scube2 cooperatively increase the
soluble bioactive Hh pool [71].

Palmitoylation of Hh (attachment of palmitic acid to the conserved a-amino group of

the N-terminal cysteine of Hh) is also indispensable for Hh biological activity, efficient
delivery of secreted Hh to its receptor Ptchl, and deactivation of Ptchl, which activates
downstream Hh signaling [169][170]. Palmitoylation of Hh occurs in the ER with the help
of Hedgehog acyltransferase (Hhat), a membrane-bound O-acyl transferase (MBOAT) that
encourages the transfer of palmitoyl-CoA from the cytosolic to the luminal side of the ER
membrane [170]. Therefore, the mechanism by which Hh distinguishes Ptch is a critical
aspect. Recently, cryo-EM structures of human Ptch-1 alone and complex with native Shh
provided atomic levelunderstanding into recognizing Shh by Ptchl to regulate Hh signaling.
Structural analysis revealed that palmitoylated Shh inserts into a cavity between the two
homologous ECD domains of Ptch and dominates the Ptch1-Shh interface; co-receptors or
another Ptchl bind to Shh at a discrete interface [169].

Recently, Wierbowski et al. (2020) elaborated the precise molecular pathway that

shuttles the Shh morphogen from signal-producing cells to target cells [39]. Scube-

Shh signaling requires several coreceptors, including transmembrane proteins CDON
(cell-adhesion-molecule related/down-regulated by oncogene) and BOC (bioregional Cdon-
binding protein), and the unrelated GPl-anchored protein Gasl (growth-arrest-specific 1),
which recruit Scube-Shh to responding cells and transfer Shh to Ptch [171]. Gasl is an
evolutionarily conserved, vertebrate-specific positive regulator of Shh signaling. Elimination
of Gasl expression resulted in the loss of function, i.e., Shh dose-dependent loss of cell
identities, consistent with diminished Shh signaling. In contrast, ectopic Gasl expression
resulted in Shh-dependent promotion of cells fates [172][173]. Shh reception by responding
cells involves both CDON/BOC recruitment as well as Gasl-mediated lipid transfer. The
Scube-Shh complex is recruited to the cell surface as a ternary complex with CDON/BOC.
Afterward, Gasl interacts with Shh in a lipid-dependent manner and disengages Scube.
Overall, CDON/BOC recruits Scube-Shh to cells, and Gas1 catalyzes Shh transfer to Ptch,
initiating downstream signaling [39]. Importantly, Shh reception by responding cells occurs
in two steps, including a recruitment step and a lipid transfer step. In the absence of
co-receptors, direct handover of Shh lipids from Scube2 to Ptchl occurs with low affinity
because Scube2 blocks the palmitate-dependent interaction between Shh and Ptchl. Thus, in
the absence of co-receptors, Ptchl engages with Scube2-Shh via a pseudo-active site on Shh,
which reduces Shh activity. In contrast, with the involvement of coreceptors, the Shh-N and
Ptchl interaction has higher potency [39].

Cholesterol-dependent regulation of the Hh morphogen gradient:

Trafficking regulators

Hh activity depends on the degree of its processing and modification and the accessory
regulatory factors that control its diffusion [174]. Different post-translational modifications
modulate the Hh activity. The imperative role of cholesterol in Hh function raises the
question of how modified Hh executes both short- and long-range Hh biological activity?
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Initial studies have demonstrated that tout-velu (Ttv) is essential for diffusion of lipid-
modified Hh in Drosophila [175], and the processed form of Hh appears to show all
morphogenic functions for local and distant-range signaling [176]. Strikingly, cholesterol-
modified Hh, but not un-modified Hh depend on Ttv’s target cells to move across the

field. The Ttv gene encodes a GAG transferase enzyme, homologous to the vertebrate
EXT1, which is needed for the biosynthesis of heparan sulfate proteoglycans (HSPG).

The interaction of cholesterol-modified Hh with HSPG suggested that proteoglycans

are obligatory for the diffusion of cholesterol-modified Hh [177]. In addition, another
protein Disp has been reported in the release of a fully functional Hh protein from Hh-
producing cells [178]. In Drosophila, Disp-deficient cells displayed cholesterol-bound Hh,
but cholesterol-free Hh accumulated in signal-producing cells and was not released to the
target field. However, Hh synthesis and lipid modifications were unaltered in Disp-deficient
cells. Hh signaling under Disp deficiency is limited to cells adjacent to the producing cells,
and long-range signaling is abrogated due to the retainment of cholesterol-modified Hh
[44]. Thus, Disp functions to release cholesterol-anchored Hh and facilitate intracellular
trafficking of the Hh signal. Likewise, cholesterol is needed to restrict Hh diffusion and
determine its range of action via Ttv and Disp activities [44]. Moreover, Gallet et al. (2003)
suggested that cholesterol modification is needed for Hh assembly into lipopolysaccharides
(LPSs), and its apical sorting is dependent on Disp [176]. Additionally, LPS apical
movement involves a Ttv-dependent proteoglycan for the adjacent anterior cell to perceive
the Hh signal, while basolateral Hh localization is Rho dependent.

Hh presentation from a distinct cellular membrane compartment was suggested to

account for the functional diversity of Hh signaling, and accordingly, it permits the Hh-
receiving cells to differentially respond to the Hh input [176]. Importantly, unmodified

Hh does not require Disp for its secretion. Non-cholesterol anchored Hh, which includes

a transmembrane domain or glycosylphosphatidylinositol that transmits the signal to
immediate adjacent cells even in the presence of Disp in the signal-producing cell [25].
Thus, Disp is involved in the generation of a signaling aggregate, as well as intracellular
trafficking of only cholesterol-anchored Hh in the secretory pathway, or displacement of
cholesterol-modified Hh from the cell membrane after reaching the surface of the cell [44]
[25][165]. Contrary to this, a study has shown that cholesterol binding to Hh is essential
for its long-range function, whereas unmodified Hh involves only short-range action [179].
In agreement with this, Zheng et a/. (2001) elucidated that cholesterol-modified Hh has
the proficiency to oligomerize while un-modified Hh did not oligomerize, suggesting the
cholesterol moiety mediates Hh multimerization needed for long-range signal transmission
[180]. The cumulative gradient of Hh is a composite of pools secreted by distinct routes,
either apical or basolateral. A cellular summation of these composites is obligatory for
proper signaling to understand the absolute value of the extracellular morphogen gradient
and determine the requisite response [181]. Two antagonist models have been anticipated.
Ayers et al. (2010) speculated that apical Hh pool is responsible for a dramatic change

in long-range low-threshold target genes activation, whereas the basolateral pool of Hh
regulates short-range activity. The study also implied that the glypican Dally and hydrolase
Notum regulate apical Hh levels and long-range activity. hydrolase [181]. On the contrary,
Callejo et al. (2011) proposed that the basolateral route for Hh release to form the long-
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range morphogenetic gradient is mediated by Disp in Drosophila wing disk epithelium. Disp
regulates the vascular trafficking required for basolateral release of Hh, DIp (glypican Dally-
like protein), and Ihog (Ig-like and FNNIII domain protein Interference) [182]. Specifically,
Hh undergoes endocytosis in producing cells, DIp and Disp interact with Hh and mediate its
release and intracellular trafficking, whereas Ihog attaches extracellular Hh to the basolateral
epithelium. Secreted Hh in the form of extracellular-vesicles/exovesicles is derived from

the endocytic compartment and is released into the extracellular space. In particular, the
secretion of Hh exovesicles occurs via two possible pathways: multivesicular body (MVB)-
mediated secretion or microvesicle blebbing/shedding; both mechanisms are dependent on
endosomal sorting complexes required for transport (ESCRT) proteins [183][184].

Furthermore, Simon et a/. (2016) summarized that different apicobasal polarity models

of the Hh gradient emerged based on the Hh distribution (apical or basolateral) in the

wing imaginal disc epithelium. The proposed “recycling model of Hh secretory trafficking”
includes Hh secretion, autocrine internalization, apical to basolateral transport, and ligand
representation. Remarkably, internalization of the apical pool of Hh occurs with the help of
dynamin and Rab family members, i.e., Rab4, Rab5, and Rab5. After apical internalization,
Hh follows the MVB pathway for basolateral secretion and long-range travel associated with
cytonemes. In contrast, another study reported that the internalized apical Hh is re-secreted
apically via VVps4 (vacuolar protein sorting-associated protein 4) and ESCRT machinery
that formed Hh exovesicles via blebbing of the apical plasma membrane in Hh gradient
formation [67].

Previous studies have revealed that Ptch also plays a pivotal role in shaping the gradient,
i.e., limiting the range of Hh action [185]. Mechanistically, Ptch binds and serves to
sequester free Hh and prevent its further movement that reflects the unique self-limiting
mechanism of Ptch, by which Hh impedes its range of action. A feedback mechanism
whereby Hh upregulates Ptch and thereby limits its own movement serves to balance

short and long-range Hh signaling, depending on the developmental context [185][186].
Indeed, cholesterol-modified and unmodified Hh have a similar binding affinity for Ptch
[25]. However, Ptch needs the cholesterol moiety for effective sequestration of Hh [179],
and surprisingly, a mutation in the SSD domain of Ptch does not impact the internalization/
sequestration of Hh. This finding suggests that the enhanced sequestration of cholesterol-
anchored Hh by Ptch is possible through other cholesterol-dependent processes such as lipid
raft association [25][27].

In vertebrates, the morphogen gradient is furthermore refined by Hedgehog-interacting
protein (Hip), a membrane glycoprotein that interacts with all three mammalian Hh ligands
(Ihh, Shh, and Dhh), establishes a negative feedback loop, and modulates Hh downstream
signaling [77]. Hip-expressing cells are situated next to Hh-producing cells, and studies have
shown that ectopic Hh signaling induces Hip expression, whereas its expression was lost

in Hh mutant cells. Moreover, up-regulation of Hh signaling was evident in Hipl-mutant
cells, further corroborating the role of Hipl as a negative regulator of Hh signaling [77]
[187]. Cholesterol-modified Hh interacts with Hh signaling components such as Ttv, Disp,
Dlp, Ihog, Ptch, and Hip to fine-tune the Hh morphogen gradient for signal diffusion and
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transmission. Overall, the studies suggest that multiple layers of regulation are involved in
Hh concentration gradient formation.

Involvement of Ptch in cholesterol transport

Ptch is projected to serve as a pump that can change the concentration of a small molecule
implicated in Smo regulation. This activity of Ptch requires the suppression of Smo levels

in the plasma membrane [87][42]. Additionally, Ptch acts as a lipoprotein receptor and
modulates intracellular lipid homeostasis in a Hh-independent manner [188]. Further, the
cryo-EM structure of human Ptch with a modified Hh ligand uncovered the structural basis
of sterol recognition by Ptch. Ten sterol molecules surrounded the membrane-embedded part
of Ptchl located at the inner and outer leaflet of the lipid bilayer portion of the protein. This
structure may explain how sterol translocation occurs across the lipid bilayer through Ptch
and other homologous transporters [189].

Apart from Ptch-dependent Smo regulation, Ptch mediates the cholesterol efflux from cells
and modulates the intracellular cholesterol concentration. However, exogenous exposure of
the N-terminal domain of unmodified murine Shh protein (ShhN) triggers Hh signaling

in mouse fibroblast cells. Remarkably, exposure to cholesterol led to an enrichment of
Smo at the cell surface compared to cells treated with ShhN protein or Smo agonist. In
contrast, inhibiting cholesterol synthesis prevented the Smo accumulation on the plasma
membrane by ShhN protein [42]. This suggests that intracellular cholesterol concentration
might be pivotal for Smo enrichment in the plasma membrane [42]. The characteristic
feature of the Ptchl structure is a hydrophobic conduit with sterol-like contents required for
cholesterol transport and Smo suppression. Zhang et al. (2018) stated that Ptchl expression
reduces the cholesterol action in the inner leaflet of the plasma membrane but is promptly
restored by Hh stimulation [190]. Therefore, Ptchl facilitates Hh-reversible reduction of
cholesterol activity as well as regulates enrichment of Smo activity in the plasma membrane
by controlling cholesterol availability [42][190]. A recent study suggested that cholesterol
access in the cellular membrane regulates Hh signaling, whereby the Hh ligand increases
the cholesterol accessibility in the membrane by inactivating Ptchl. Counterintuitively,

the trapping of this accessible cholesterol attenuates Hh signal transmission across the
membrane. Further, the emerging evidence revealed that plasma membrane cholesterol is
sorted? into the accessible and inaccessible pool of cholesterol. Accessible cholesterol is
defined as the thermodynamically distinctive fraction of total cholesterol suitable for Smo
regulation and Hh signal transmission [43]. In summary, Ptchl is implicated in cholesterol
transport from the plasma membrane’s inner and outer leaflets to the membrane of targeted
cells or acceptor proteins [42]. It is also associated with acquiring cholesterol from a donor
such as Smo and transporting it to the membrane, thereby regulating the accessibility of
cholesterol in the plasma membrane [43].

The concept of ciliary cholesterol in the regulation of Hh signaling

Hh migrates towards target cells from the site of synthesis and synchronizes cellular
outcomes depending on the local concentration of Hh. However, accessible cholesterol is
responsible for regulating both Hh signal transmission and cholesterol biosynthesis and
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governs it by spatial segregation [43]. Another mechanism that maintains homeostasis
between cholesterol synthesis and Hh signaling is Ptch1-mediated Smo regulation by
ciliary cholesterol [32]. Cilia are small hair-like protuberances outside the eukaryotic cells
with a distinct protein, and lipid composition compared to the plasma membrane and
decode various signals [191]. A recent study deciphered that extracellular ligand such as
Shh, Smo agonist (SAG) or cholesterol depleting agent Methyl-p-cyclodextrin (MBCD)
modifies ciliary cholesterol to control the activity of ciliary-localized proteins, which in turn
controls Hh signaling. Enzymes in the cholesterol biosynthesis pathway positively regulate
Hh signaling, and cellular sphingomyelin suppresses the Hh pathway by sequestering the
cholesterol [32]. Ptchl is prominently localized in a punctate pattern along the membrane
of the cilia and ciliary pocket (membrane invagination around the base of the cilium) [43]
[32]. The ciliary-membrane-anchored Ptchl inhibits Smo by inhibiting its accumulation
within cilia. However, when Shh is bound to Ptchl, Shh induces changes in the localization
of Ptchl and Smo, and Ptch1 leaves the cilia, inducing Smo and signaling [78]. The
abundance of Ptchl at the ciliary membrane and the cholesterol pumping activity of Ptchl
are both responsible for depleting accessible cholesterol from the ciliary membrane [32].
The direction of cholesterol transport by Ptchl could be inward from the ciliary membrane
to a sterol transport protein or membrane compartment in the cytosol, or outward from the
ciliary membrane to an extracellular acceptor [32].

Another observation suggested that the primary cilia of mammalian cultured cells
constituted a higher concentration of total sphingomyelin than the plasma membrane.

A higher abundance of sphingomyelin in the ciliary membrane reduces the accessible
cholesterol and modulates Hh signaling. Interestingly, plasma membranes were found

to maintain a constant level of sphingomyelin/cholesterol complexes over wide-ranging
cholesterol concentrations using biochemical analysis with ostreolysin A (OlyA). OlyA
binds only membranes containing both sphingomyelin and cholesterol [192]. In addition,
two models for ligand-mediated changes in cholesterol accessibility of the ciliary membrane
were proposed. One observation suggested that in response to Shh, the level of accessible
cholesterol in the ciliary membrane increases, raising the total cholesterol in cilia; the
second model suggested Shh switches sphingomyelin-sequestered cholesterol to accessible
cholesterol, regulating Hh signal transmission.

To maintain an equilibrium of accessible cholesterol between the ciliary and plasma
membranes, an active transport system is required (Figure 6). Several models are considered
for Ptch1-mediated Smo regulation in the ciliary membrane. According to the ‘pump-leak’
model, the accessible cholesterol level drops lower than the threshold level expected to
activate Smo due to the pumping action of Ptchl at the ciliary membrane. Ptchl utilizes its
energy-driven transporter function to remove cholesterol above the threshold level from the
ciliary membrane to either an extracellular or intracellular acceptor. Further, the continuous
leaking of cholesterol is opposed by the Shh-driven suppression of Ptchl, allowing an influx
of cholesterol back into the ciliary membrane, the subcellular location for Smo signaling
[32][43]. The recent studies on Niemann-Pick type C (NPC1) proteins examined how
cholesterol interacts with the N-terminal domain of NPC1 [193] via a “direct inactivation
mechanism.” In this model, the extracellular domain of Ptch1 accepts cholesterol directly
from the Smo-CRD and transports it to the membrane, which directly inactivates Smo [43].
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Moreover, recent reports anticipated that Ptchl increases ciliary sphingomyelin or promotes
sphingomyelin-cholesterol interaction and enhances the expulsion of accessible cholesterol
in ciliary exovesicles [43][32].

Next, transbilayer distribution of cholesterol in Ptch-Smo regulation is also an important
aspect and raises a concern about how cholesterol gets access to Smo between the two
leaflets. Zheng et al. (2018) clarified that overexpression of Ptchl throughout the plasma
membrane significantly reduces the activity of cholesterol in the inner leaflet of the

plasma membrane. By contrast, Ptchl inactivation leads to increased abundance of inner
leaflet cholesterol [190] and allows access to SMQ’s seven-transmembrane site for binding
cholesterol [194][195]. Though the CRD of Smo receives cholesterol from the outer leaflet,
Shh-mediated inactivation of Ptchl increases outer leaflet accessible cholesterol at the
ciliary membrane [32][43]. However, studies indicate the inactivation of Ptchl causes an
overall rise in accessible cholesterol levels in both inner and outer leaflets of the membrane.
The possible explanation is the “flip-flop mechanism’, i.e., rapid transbilayer movement of
cholesterol between the two leaflets of plasma membrane results in alterations in cholesterol
activity in one leaflet, which is likely to be reflected in another leaflet of the membrane [43].

The connection between cholesterol, lipid rafts, and Hh signaling

As described earlier, Hh signaling contains a distinguishing signal reception system,
including two membrane proteins, the Ptch receptor and transducer Smo. Both play a
crucial role in maintaining Hh signal transmission, both short and long-range, and require
accessible cholesterol. The functional relevance of lipid rafts in Hh signaling and the
underlying mechanism by which Smo regulation occurs on the plasma membrane is

also an exciting part of Hh signaling. Previous studies have revealed that the cholesterol/
sphingomyelin-rich domain, known as lipid rafts in lipid bilayers, is involved in regulating
the Hh signaling cascade [31]. Lipid rafts (membrane rafts) are a specific membrane
structure that makes a liquid-ordered phase and acts as an oligomerization platform and a
hub for signal transduction proteins through protein-protein or protein-lipid interactions [29]
[196]. Ptch and Smo are localized in caveolin-enriched microdomains termed caveolae [30].
Caveolae are invaginated microdomains of the plasma membrane that are rich in cholesterol,
sphingomyelin, and intrinsic membrane proteins called caveolins such as caveolin-1 and-2.
Caveolae are associated with endocytosis, cholesterol trafficking, sequestration of various
lipid-modified signaling proteins, and a signaling center for multiple pathways [28][197]
[198]. Indeed, caveolin-1 directly binds to cholesterol or cholesterol-modified proteins
involved in trafficking. The idea is that Ptch and Smo form a complex early on, probably

in the Golgi, and are trafficked intact to lipid-enriched microdomains [30]. Notably, Ptchl
interacts with caveolin-1 in cholesterol-rich microdomain; however, Smo interacts only with
Ptchl. Caveolin-1 associates with numerous proteins through an intracellular region termed
the caveolin-1 scaffolding domain, and proteins that bind caveolin-1, including Ptch, contain
a particular caveolin-binding sequence motif. The local cholesterol concentration impacts
the trafficking of both Ptch1 and caveolin-1 in the caveolin-enriched microdomain because
depletion of plasmalemmal cholesterol reduces the amount of both proteins in the lipid rafts
[30]. Sequestration of Ptch in these lipid rafts might be a selective method for the cell

to discriminate other signaling components and encourage Ptch-Smao interaction. Shi et al.
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(2013) revealed that the N-terminal extracellular domain and transmembrane domain of Smo
make oligomers/higher-order clusters in the plasma membrane lipid rafts in response to the
Hh signal and promote Smo activity. Thus, the oligomerization of the Smo C-terminal tail

is critical for high-level Hh signal transduction [31]. Overall, these observations indicate
that lipid rafts play a vital function in Hh signal transmission either in the secretion of Hh
morphogen or interaction of Hh with Ptch, leading to accumulation of Smo.

Developmental impact of the cholesterol-modified Hh signal

As described, Hh is involved in developmental patterning in various systems, including the
neural tube, limbs, and somites [4]. The vertebrate Hh signal originating from the ventral
midline of the neural tube plays a pivotal function in the dorsoventral patterning of the brain.
In addition, the signal appears to represent early patterning activity along the proximo-distal
axis of the developing eyes [199].

Autoprocessing in the biogenesis of Hh is an essential aspect of Hh patterning functions
and developmental consequences [61][65]. The autoproteolytic activity of the carboxy-
terminal domain generates an amino-terminal Hh product, which accounts for all signaling
activity. The N-Hh product also covalently links cholesterol, increasing the hydrophobic
character of the signaling and, in turn, regulating its distribution [200][201]. The truncated
unprocessed N-Hh led to embryonic mispatterning and altered spatial and subcellular
distribution, illuminating the importance of autoprocessing in Hh signaling regulation
[201]. Furthermore, abolishment of the cholesterol modification of Smo resulted in severe
developmental defects such as embryonic lethality with severe cardiac defects, highlighting
the importance of cholesterol in Hh signaling [202]. Another study demonstrated that
expression of unmodified Hh (a form that lacks cholesterol) causes a gain-of-function
phenotype with aberrant signaling in Drosophila [44]. Hence, cholesterol appears to be
implicated in limiting the diffusion of modified-Hh (cholesterol anchor). Intriguingly,

on cholesterol modification seems to have the opposite effect in the mammalian limb.
Cholesterol-modified Shh showed long-range activity directly over a few hundred microns
(up to 30 cell diameters). Although unmodified Shh retained similar polarizing/biological
activity, signaling was posteriorly restricted [179]. These data suggest that unmodified Shh,
like modified Shh, generates a high level of posterior signaling activity that specifies the
most posterior digits (digits 5 and 4). However, unlike modified Shh, unmaodified Shh
signaling did not extend the anterior regions of the limb field (digits 3 and 2) [179][57].
Overall, cholesterol modification seems to be critical for long-range patterning [179].
Jeong and McMohan (2002) resolved this inconsistency between fly and mouse data by
providing possible explanations of differences between the tissues under investigation [25].
In the fly (ectoderm and wing disc), Hh signaling occurs within a continuous sheet of the
epithelium; in contrast, in mice (limb bud), the signaling ensues across the mesenchyme.
The gradient area established in mice is more extensive than the fly. Also, distinct methods
were applied to express modified and unmodified Hh in both experimental models [25].
Taken together, cholesterol modification on Hh ligands plays a pivotal role in regulating the
Hh signal range and calibrating the morphogen gradient. As such, cholesterol participates
in coordinating various organ development patterning, including cell fate specification and
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tissue homeostasis. Nevertheless, cholesterol is not required for the signaling activity of Hh
protein.

Cholesterol-free and cholesterol-modified Hh secretions and actions

The Hh gene family encodes secreted ligands (morphogens) covalently modified with
palmitate and cholesterol moieties that are conserved from flies to humans [203]. These
modifications are critical for correct patterning and growth during development and tissue
homeostasis. Mechanistically, the palmitoyl adduct is essential for Hh secretion, and
cholesterol affects the spread of Hh and regulates the Hh signaling range and its action
within tissues [201][204]. However, the exact function of the cholesterol modification

is controversial because reports in Drosophila have suggested that it either increases or
decreases the Hh range [204]. One study proposed that cholesterol is required for long-
range Hh transport and two other reports suggested that the cholesterol moiety limits

the range of the Hh protein [205][206][207]. Moreover, several lines of evidence have
indicated that a cholesterol-free form of Hh is also produced and secreted in both flies

and cultured human cells. Diverse research groups are working hand in hand to investigate
the modified-Hh mechanism in long- and short-range action in the drosophila wing disc
[208] (Figure 7). The Eaton research group deciphered that morphogen function requires
lipophorin, which bears lipid-linked morphogen on its surface and serves as a vehicle. In
brief, Hh boards lipophorin, and Hh-Lpp (lipoprotein-lipophorein complex) move across
tissues that allow long-range signaling activity. Intriguingly, lipoprotein particles mediate
Hh intracellular transportation and are also endocytosed together with Hh [68][209].
Additionally, a study revealed that megalin, an endocytic receptor, is a new regulatory
component of Hh signaling and exhibits a crucial role in interaction with the lipoprotein-
associated form of Hh and internalization of Hh [210][211]. Remarkably, the complement
of proteins and lipid present on lipoprotein particles control the Hh activity, as lipid in
lipophorin suppresses Hh signaling in the absence of Hh ligand [209]. Palm et a/. (2013)
reported that Hh protein could be secreted in both lipoparticle-associated and non-associated
forms with complementary and synergic functions [210]. The study revealed that secretion
of lipoprotein-associated Hh requires either a palmitate or cholesterol moiety; these two
moieties are sufficient to promote Hh association with lipoprotein. The proposed model of
anchored-Hh secretion and actions suggested that processed/mature Hh (modified with lipid
moiety) is secreted in an Lpp-dependent manner. The Hh-Lpp complex stabilizes inactive
full-length Ci (Cubitus interruptus, a transcription factor of Hh signaling), which alone is
insufficient to activate Hh target genes. Surprisingly, a putative unknown esterase activity
also generates a cholesterol-free pool of Hh that is secreted in an Lpp-free manner. The
Lpp free Hh reduces the amount of cleaved Ci and promotes the switch from inactive to
active full-length Ci. Thus, Lpp-free Hh acts synergistically with Lpp-bound Hh to trigger
Hh target gene expression [210][208]. However, further investigation is necessary to endorse
this model and analyze how these two forms of Hh bind to Ptch and stimulate precise and
differential Hh responses.
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Cation gradients influence cholesterol transport in Hh signaling

The mechanism of the Hh response is distinctive among the other known signaling pathways
due to its dual function in ligand reception and intracellular signal transmission between
secreted cells and target cells. Ptch acts as an ion-driven transporter and has sequence
homology with prokaryotic RND receptors [87][190]. The energy source behind Ptchl’s
function in Ptch-Smo communication is still in question. According to one proposed

model, Ptchl is an ion-driven transporter that regulates the availability of endogenous
lipid-anchored Smo in the ciliary membrane, where substantial Hh signaling regulation
takes place. Another leading model, based on the resemblance between Ptchl and RND,
suggested that a proton-motive force drives the export of substances. However, direct
evidence that Ptchl has intrinsic transporter activity or that a proton gradient exists in the
metazoan plasma membrane remain to be explored. Conventional approaches for measuring
Hh pathway activity use downstream transcriptional effector readouts or alterations in the
ciliary Hh pathway components, which are both long-term and indirect. Recent findings
demonstrated that the Ptch1 effects on Smo are unexpectedly dynamic and can occur without
cilia-specific proteins or metabolites. It was suggested that Ptchl utilizes a transmembrane
cation gradient to block activation of Smo by cholesterol. Moreover, another RND protein
Displ was proposed as a cation gradient transporter that uses the transmembrane Na*
gradient to catalyze cholesterol-modified Shh secretion [46].

Conclusion and future insights

Due to rapid progress in unraveling the Hh pathway over the past years, this review aims

to provide comprehensive details about Hh signal transduction and its association with
cholesterol. We covered the current structural, biochemical, and molecular studies that have
interrogated how cholesterol regulates the Hh signal, its downstream targets, auto-regulation,
crosstalk with other signaling elements, and feedback control. Past decades demonstrated the
functional involvement of cholesterol in Hh ligand biogenesis and receptor and coreceptor
activation. Recent studies have focused on accessible cholesterol and Hh traffickings,

such as the biochemical mechanism of efficient secretion of cholesterol-anchored Hh and
the coreceptors that shuttle the Hh morphogen from producing to responding cells. Our
review summarizes critical lipid-dependent signaling and transport pathways, distinct cation
gradients that mobilize cholesterol for Hh pathway transmission, and spatial, temporal,

and cell-contextual Hh/Gli cascade regulation. It also describes the concept of ‘cholesterol
modification of Hh family proteins’ where cholesterol serves as the master regulator

of the Hh pathway. Several researchers tried to investigate the mode of action of Hh
transportation using different co-receptors and regulatory proteins such as Disp, Scube,

and Gasl. This review, for the first time, covers all possible aspects of the cholesterol-
mediated Hh signaling. It offers a comprehensive overview from basic concepts to advanced
understanding of Hh signaling and novel mechanistic insights. We also summarized the
involvement of Hh cascade regulatory proteins in Hh signaling and their association with
cholesterol (Table 1).

Understanding the cholesterol modification of Hh signaling suggested the therapeutic
potential for Hh pathway-related disorders by targeting several Hh signaling downstream
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effector molecules. Remarkably, the interplay of Hh family proteins (Ptchl, Smo, Disp, and
Scube) and cholesterol in Hh signaling is much better understood, but multiple paradoxes
remain. Notably, the Hh family protein involvement with other signaling pathways, the
effective mechanism(s) for short- and long-range Hh transmission, and the role of the ciliary,
plasma membrane, Golgi, and ER in Hh trafficking have elicited numerous fascinating
questions. In addition, questions remain about how Ptch1 functions as a receptor and
transporter, how cholesterol-binding mediates Smo activation, and how the cholesterol
metabolic pathway(s) contributes to the Hh pathway. Intriguingly, the advancement of
science and technology opens up new research avenues to resolve the functional complexity
of the Hh pathway.
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Figure 1. Insight on molecular events involved in Hh signal transmission:
In Hh-producing cells, the Hh transcript is translated as a ~45 kDa pro-protein consisting

of a signal sequence at the N-terminal domain followed by the C-terminal domain. Multiple
steps are implicated in Hh signal transmission: 1. The signal sequence is removed. 2. Hh
polypeptides are moved into the ER and the Golgi apparatus (A rectangular magnified box
represents it). 3. Hh proprotein undergoes autocatalytic processing 4. The N-terminal half
of Hh is covalently anchored with cholesterol via cholesterylation. 5. A palmitoyl group is
transferred to Hh’s extreme N-terminus cysteine using HHAT. 6. In the extracellular space,
the mature Hh is secreted distinctly as a Disp-dependent monomer or a Disp-independent
multimer. 7. Hh reaches the surface of target cells. 8. In Hh receiving cells, Hh complexes
with Ptchl, leading to internalization. 9. Smo is released from Ptch1-mediated suppression,
and free Smo translocates into the membrane 10. Activation of Smo regulates Gli family
proteins such as Glil, Gli2, and Gli3 with the help of multiple protein kinases. 11. An
active form of Gli, such as Glil, translocates into the nucleus. 12. Gli triggers activation of
downstream targets.
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Figure 2. Canonical Hh signaling mechanism:
The canonical/classical Hh signaling is a ligand-dependent interaction regulated by a

bifunctional transcription factor that can activate or repress the transcription of target

genes based on nuclear translocation of suppressor/truncated or activator/full-length forms.
In the absence of Hh ligand (left panel), Ptchl accumulates on the primary cilium and
inhibits the translocation and functional activation of Smo. Subsequently, Sufu restrains Gli
activity, and Ptch1 facilitates the activation of protein kinases (CK1, PKA, and Gsk3p) that
induce the phosphorylation of Gli family members. Complete degradation of Gli1, Gli2, and
partial cleavage of Gli3 ensue by ubiquitination. The partial cleavage of Gli3 generates the
truncated Gli3 that translocates to the nucleus and acts as a transcriptional repressor for Hh
target genes. Furthermore, Ptchl inhibits Smo activity by reducing the accessible cholesterol
in the ciliary membrane. Without Smo activity, the Gli proteins undergo proteasomal
degradation and turn off Hh signal transmission. In the presence of the Hh signal (right
panel), Hh binding to Ptchl inhibits the function of Ptchl and induces its clearance from

the primary cilium via lysosomal degradation of the Hh-Ptch1 complex. Consequentially,
inhibition of Smo is lifted, and it relocates to the primary cilium. Activated Smo transmits
the Hh signal across the membrane by antagonizing Sufu and protein kinases, ultimately
preventing degradation of Gli proteins. Activated Gli protein is translocated into the nucleus
and acts as a transcriptional activator for Hh target genes. In addition, the inactivation of
Ptchl raises the accessible cholesterol level in the ciliary membrane, allowing Smo to adopt
an active conformation and induce activated Gli. Active Gli translocates into the nucleus and
ultimately turns on the Hh signal transmission.
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Figure 3: Non-canonical hedgehog signaling mechanism:
Different proposed models of hon-canonical Hh signaling regulation. (A) Type I non-

canonical Hh signaling: The C-terminal motif of Ptchl interacts with cyclin B1 and a
proapoptotic complex, including caspase 9, Tucan-1, and Dral. In the absence of the

Hh signal (left panel), Ptchl sequesters cyclin B1 and inhibits its nuclear translocation,
inhibiting cell proliferation/survival. Also, cleavage of the C-terminal domain of Ptchl

by caspase 3 exposes the proapoptotic domain and promotes nucleation and activation of
caspase 3, eventually leading to apoptosis. In the presence of Hh ligand (right panel), Hh
binds Ptchl, and the interaction of Ptchl with cyclin B1 or the proapoptotic assembly

is disrupted, leading to increased cellular proliferation/survival. (B) Type Il non-canonical
Hh signaling: In the presence of Hh ligand, Ptch1 becomes degraded, releasing activated
Smo to regulate the actin cytoskeleton through a small GTPase in a context-dependent
manner. In some cell types, activated Smo releases Ca*2 from the ER via G; and PLCT-
dependent generation of IP3 and IP3 channel opening. (C) Type Il non-canonical Hh
signaling: In the absence of an Hh signal (left panel), protein kinases PKA, CK1, and Gsk3p
phosphorylate Gli family members. This induces ubiquitin-mediated degradation of Glil
and Gli2. Meanwhile, Gli3 is converted into its truncated repressor form and is translocated
into the nucleus. Truncated Gli3 is released from Sufu and blocks Glil-mediated activation
of the target genes. In the presence of the Hh signal (right panel), Gli is released from
phosphorylation-mediated proteasomal degradation. Subsequently, Glil localizes to the
nucleus and activates Hh responsive genes.
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Figure 4: Hh protein biogenesis and secretion:
Hh is produced as a precursor protein ~45 kDa, transported to the ER, and post-

translationally modified to generate a biologically active Hh protein. Hh preprotein
comprises a signal sequence, an N-terminal domain, and a C-terminal domain. Upon
entrance into the secretory pathway, the N-terminal signal sequence is cleaved. Next, an
autocatalytic reaction removes the C-terminal domain of Hh and catalyzes an intramolecular
cholesteryl transfer reaction at the C-terminal. The final modification is completed

by adding a palmitic acid moiety on a cysteine residue near the N-terminus by the
acyltransferase skinny hedgehog. The dually modified Hh is secreted and released by the
multipass transmembrane protein Disp 1 into the extracellular compartment. Disp facilitates
the assembly of soluble, high molecular weight multimeric complexes. Hh protein is
delivered to responsive cells via cytonemes and released from the plasma membrane via
multiple possible mechanisms as a soluble multimer, a nodal vesicular parcel, or within
lipoprotein particles or exovesicles.
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Figure 5: Possible scheme for the release and uptake of cholesterol-modified Hh ligand:
Lapidated Hh associates with the plasma membrane (lipid-raft domain) and binds with the

sterol-sensing domain of DispA, and this interaction is essential for Hh release. (A) Disp and
Ttv mediate Hh secretion in Drosophila. Once Disp-dependent Hh is released, it moves from
the secretory cell to the responding cell by interacting with a Ttv-dependent membrane-
tethered proteoglycan HSPG. Further, Ptchl and Hip limit Hh diffusion by sequestering the
Ptch-Hh complex. (B) Disp and Scube mediate Hh secretion in Vertebrates. From DispA,
Hh is transferred to the Scube?2 via a hand-off mechanism. Scube binds cholesterol-anchored
Hh, producing a highly active and soluble morphogen. Coreceptors such as CDON/BOC
and GASL1 cooperate to move Hh from Scube 2 to Ptchl. Briefly, CDON/BOC recruits
Scube-bound Hh to the cell surface and facilitates Hh transfer to GAS1, which catalyzes

Hh transfer to receptor Ptchl in responding cells. The binding of Hh to Ptchl promotes
endocytosis of the Ptch-Hh complex, which facilities Smo translocation.
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Figure 6: Variations in accessible cholesterol affect the function of Ptchl and Smo at the ciliary
membrane:

A cilium is shown at the top, with a rectangle representing a ciliary pocket magnified below.
(A) In model 1: Ptchl utilizes its energy-driven transporter function to remove cholesterol
from the ciliary membrane, transporting it to an extracellular or intracellular acceptor. By
this function, the accessible cholesterol level falls below the threshold needed for Smo
activation, and the level of sphingomyelin increases at the ciliary membrane (left panel). In
the presence of Hh ligand, inactivated Ptchl allows an influx of cholesterol into the ciliary
membrane thus accessible ciliary cholesterol increases and activates Smo (right panel). (B)
In model 2: The extracellular domain of Ptch1 directly accepts cholesterol from Smo-CRD,
transferring it to the membrane, and directly inactivates Smo (left panel). In the presence
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of Hh ligand, inactivation of Ptchl increases accessible ciliary cholesterol and promotes
cholesterol interaction with Smo-CRD, resulting in activation of Smo (right panel).
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Figure 7: Proposed model of cholesterol-free and cholesterol-bound Hh secretion in Drosophila:
Cholesterol-bound and free forms of Hh are both secreted and have distinct and synergic

functions. 1. Hh-producing cells synthesize lipid-anchored Hh protein. 2. Processed Hh
protein can be secreted as an Lpp-bound form. An unknown esterase mechanism removes
cholesterol and generates a cholesterol-free pool of Hh. 3. Cholesterol-free Hh can be
secreted without Lpp. 4. Lpp-associated Hh stabilizes inactive full-length Ci-155. 5. Lpp-
free Hh reduces the amount of cleaved Ci-75. 6. Lpp-free Hh also promotes the conversion
of inactive Ci-155 into active full-length Ci-155. 7. Lpp-free Hh functions in synergy with
Lpp-associated Hh to ultimately activate Hh target gene expression.
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