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Regulation of Smoothened by PTCH1 is central to Hedgehog signal transduction. Reporting recently in
PNAS, Myers et al. (2017) provide evidence that a transmembrane flux of sodium ions drives PTCH1 activity
and that cholesterol regulates Smoothened via its transmembrane domain.
The Hedgehog (Hh) signaling pathway

modulates a gamut of cellular processes

associated with embryonic development

and tissue homeostasis, including fate

specification, proliferation, survival, and

metabolism. Although most of the prin-

cipal components of the pathway were

identified over 20 years ago, fundamental

aspects of the molecular mechanism by

which Hedgehog signals are transduced

remain poorly understood (reviewed in

Briscoe and Thérond, 2013). Chief among

these is how intracellular signaling is

initiated. A defining characteristic of the

Hh pathway is the de-repression—dou-

ble-negative—mechanism of signaling.

In the absence of Hh ligand, the trans-

membrane signal transducer, Smooth-

ened (SMO), a GPCR-like receptor, is

repressed by the Hh receptor PTCH1.

Binding of Hh protein to PTCH1 inhibits

its activity, allowing SMO to signal intra-

cellularly. The mechanism by which

PTCH1 represses SMO, and how SMO

is activated, has remained unclear. In a

recent issue of PNAS, Myers et al. (2017)

shed light on these questions by devel-

oping and employing a SMO biosensor

that provides the first direct readout of

SMO activity.

To construct the biosensor, Myers et al.

(2017) fuse SMO to a Ga0 subunit such

that Ga0 is activated and cAMP levels in-

crease upon SMO de-repression. Then,

to assay SMO in intact cells, the authors

use the ‘‘GloSensor’’ firefly luciferase

variant, which emits light in the presence

of cAMP, whereas, in a second assay,

GTP binding to the SMO- Ga0 fusion is

quantified to provide a direct biochemical

measurement of activity.

Vertebrate Hedgehog signaling is asso-

ciated with the primary cilium. PTCH1

is found in and around the cilium, and
SMO entry into the cilium is correlated

with pathway activation (Rohatgi et al.,

2007). Strikingly, assays using the SMO

biosensor in human cells lacking primary

cilia, in isolated membrane fractions, and

in reconstituted lipid bilayers in vitro

demonstrated that both SMO activation

and its repression by PTCH1 are indepen-

dent of the primary cilium. Moreover, the

activity of SMO measured using the

biosensor changes within 3–4 minutes

in response to Hh binding to PTCH1,

whereas accumulation of SMO in the

cilium takes several hours (Rohatgi et al.,

2007), indicating that the requirement for

cilia in vertebrate Hh signaling is likely

due to a dependency on cilia for activation

of downstream effectors of the pathway,

and not SMO itself. Cilium-independent

coupling of PTCH1 and SMO raises the

possibility that this core mechanism is

conserved in Drosophila, which lacks pri-

mary cilia. In addition, it may offer insight

into the evidence that some biological re-

sponses to Hedgehog signaling, including

cell migration and endothelial tubulogen-

esis, are cilia independent (Bijlsma et al.,

2012; Chinchilla et al., 2010).

Prior work established that PTCH1

repression of SMO is indirect and non-

stoichiometric, therefore potentially medi-

ated by a second messenger (Taipale

et al., 2002). PTCH1 shares homology

with the RND-family bacterial proton-

powered efflux pumps, and conserved

residues that mediate ion flux are essen-

tial for the SMO inhibitory activity of

PTCH1. Although this suggested a func-

tional role for ion flux, biochemical evi-

dence had been absent. Unlike bacteria,

mammalian cells do not maintain a proton

gradient across their plasma membranes,

leadingMyers et al. (2017) to focus on Na+

and K+ ion gradients. They show a rapid
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and reversible loss of SMO inhibition

by PTCH1 when the physiological Na+

High/K+ Low extracellular ion composi-

tion is switched to Na+ Low/K+ High.

Although the experiments indicate that

PTCH1 activity depends specifically on

Na+ ions, the data also suggest that Na+

is unlikely to modulate Smo activity

directly. Moreover, Ptch1 can still bind

Hh if the Na+ gradient is disrupted. The

most likely possibility, therefore, is that

the Na+ gradient is used to power a trans-

port cycle responsible for the inhibition

of SMO.

Genetic evidence indicates that PTCH1

inhibits SMO either by removing an acti-

vator or delivering an inhibitor (reviewed

in Briscoe and Thérond, 2013). Choles-

terol and related sterols have been found

to either positively or negatively modulate

SMO, and SMO harbors several binding

sites for sterols. This suggests that

PTCH1 might modulate the availability

to SMO of one or more of these lipids

(reviewed in Blassberg and Jacob,

2017). Myers et al. (2017) assayed SMO

biosensor activity in vitro in lipid bilayers

comprising cholesterol and phospho-

lipids. This revealed that SMO activity

was dependent on either cholesterol or

cholesterol-derived oxysterols that are

known to activate SMO, consistent with

prior cell line studies demonstrating

a requirement for cholesterol biosyn-

thesis for SMO signaling (Blassberg

et al., 2016; Cooper et al., 2003). Impor-

tantly, Myers et al. (2017) show that an

engineered SMO construct lacking a

known extracellular cholesterol-binding

domain retained sterol-dependent activity

in this minimal system, identifying trans-

membrane regions of SMO as the likely

locus for cholesterol interaction. Because

the extracellular sterol-binding domain is
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Figure 1. Regulation of SMO Activation and Cilia Localization via Distinct Sterol Interfaces
(A) The GPCR-like receptor SMO contacts lipids via the transmembrane domain (TMD). Myers et al. (2017)
demonstrate that interaction between the TMD and sterols is required for SMO activity. Previous studies
identified interactions between sterols and the extracellular domain (ECD) of SMO, which regulates SMO
cilia localization (reviewed in Blassberg and Jacob, 2017). PTCH1 activity depends upon the Na+ mem-
brane potential, which may drive repression of SMO activity and cilia localization independently by
modulating the availability of cholesterol to distinct interfaces of SMO. (B) Together with previous studies,
the data presented by Myers et al. (2017) suggest that engagement of plasma membrane sterols with the
TMD activates SMO, whereas engagement of sterols with the ECD promotes localization of SMO to the
primary cilium, where it activates downstream signaling components.
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essential for SMO cilia localization and

downstream signaling in response to

both Hh and activating sterols (reviewed

in Blassberg and Jacob, 2017), the data

presented by Myers et al. (2017) highlight

that PTCH1 may regulate SMO activation

and cilia localization via distinct sterol in-

terfaces (Figure 1). Although Myers et al.

(2017) do not distinguish whether PTCH1

acts by shielding SMO from cholesterol

(which comprises up to 50% of the mem-

brane of mammalian cells) or by supplying

an inhibitor that blocks cholesterol activ-

ity, their findings focus attention on the

transmembrane region of SMO as an

essential sterol interaction site and estab-

lish an in vitro activity assay that makes

the problem tractable.

As noted by the authors, open ques-

tions remain as to how the Na+ gradient

drives the repressive activity of PTCH1

and how PTCH1 inhibits SMO activity.

Given the unusual and singular structure
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of the Hh pathway, we can anticipate

that answers to these questions will pro-

vide further surprises and perhaps funda-

mental insights. Beyond the interest

to cell and developmental biologists,

the regulation of SMO by PTCH1 has

attracted attention as a drug target

(Frank-Kamenetsky et al., 2002). Unre-

strained Hh signaling drives a number

of cancers. Conversely, judicious activa-

tion of Hh signaling has potential applica-

tions in regenerative medicine. Indeed,

the identification and development of

therapeutic small-molecule modulators

of the pathway is an exemplar of success-

ful rational drug design grounded in dis-

coveries in basic research. The develop-

ment of the SMO biosensor allows

direct, rapid assays of SMO activity,

broadening the potential for identifying

ways to directly target SMO and manipu-

late the pathway. Taken together, there-

fore, the work by Myers et al. (2017)
advances our understanding of the Hh

pathway and raises the prospect of

more fully exploiting this knowledge.
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