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a  b  s  t  r  a  c  t

Obesity  and  diabetes  represent  key  healthcare  challenges  of  our  day,  affecting  upwards  of one billion  peo-
ple  worldwide.  These  individuals  are  at higher  risk  for cancer,  stroke,  blindness,  heart  and  cardiovascular
disease,  and  to  date, have  no  effective  long-term  treatment  options  available.  Recent  and  accumulat-
ing  evidence  has  implicated  the  developmental  morphogen  Hedgehog  and  its  downstream  signalling
in  metabolic  control.  Generally  thought  to be quiescent  in  adults,  Hedgehog  is  associated  with  several
human  cancers,  and  as  such,  has  already  emerged  as a therapeutic  target  in oncology.  Here,  we  attempt
to  give  a comprehensive  overview  of  the key  signalling  events  associated  with  both  canonical  and  non-
canonical  Hedgehog  signalling,  and  highlight  the  increasingly  complex  regulatory  modalities  that  appear
to link  Hedgehog  and  control  metabolism.  We  highlight  these  key findings  and  discuss  their  impact  for
therapeutic  development,  cancer  and  metabolic  disease.
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1. The Hedgehog signalling pathway

Proper control of development, tissue homeostasis andQ3
metabolism of higher multicellular organisms is a delicate and
highly complex process that relies on the precise temporal, spa-
tial and context-dependent regulation of molecular signalling
pathways. The importance of controlled signal activation and ter-
mination is critical to the function of essentially all organisms. In
higher organisms, the failure to induce, attenuate or stop signalling
precisely can result in severe developmental anomalies, metabolic
disorders or life threatening malignant diseases [1–6].

Despite decades of molecular genetic advances, our understand-
ing of the cues governing embryonic development and health of
adult higher organisms comprises only a handful of signalling path-
ways. These include, but are not limited to Hedgehog, Wnt, Notch,
Hippo, Jak/Stat, receptor-tyrosine kinases, and Tgf� signalling cas-
cades [7]. While few, these signalling appear able to control a
plethora of context dependent biological processes.

The Hedgehog signal transduction pathway can be regarded as a
paradigm of how a single, and at first glance, simple molecular cue
(i.e. secreted Hedgehog protein bound to its receptor) selectively
translates into an array of distinct cellular reactions depending on
context [8,9]. To date, a number of fundamental principles have
been uncovered that link pathway activation and functionally dis-
tinct cellular response. For instance, Hedgehog can behave as a
morphogen, that is, increasing concentrations of Hedgehog ligand
can elicit distinct cellular responses [10,11]. Also, numerous studies
have highlighted the importance of molecular cross-talk between
the Hedgehog and other signalling cascades, interactions that can
modulate signal strength and determine specificity of molecular
and cellular phenotypes [12–23].

Somewhat unique to Hedgehog signalling are the number and
variety of modes by which the Hedgehog signal can be stimulated
and transduced to impact the behaviour and fate of the target cells
[24]. For simplicity, the different modes of Hedgehog signalling are
mostly commonly classified as either canonical or non-canonical.
Canonical Hedgehog signalling in vertebrates is most similar to the
Hedgehog signal transduction mechanisms originally identified in
the fruit fly. They involve Hedgehog-dependent activation of the Gli
zinc finger transcription factors [25,26]. Non-canonical Hedgehog
signalling is less well defined; a multiplicity of different modes have
been documented without any simple, over-arching theme. Simply
put, non-canonical Hedgehog signalling currently refers to Hedge-
hog co-receptor dependent signals that do not clearly act via the
canonical Hedgehog-to-Gli route (Fig. 1 and [24]). Non-canonical
Hedgehog signalling pathways have been classified in two  groups:
Type I signals that stem from the peptide ligand receptor Ptch, and
Type II signals that stem from the seven trans-membrane domain
containing G-protein coupled receptor (GPCR) Smo. In addition,
Smo-independent activation of Gli has also been referred to as
non-canonical Hedgehog signalling.

Here, after a brief overview of canonical signalling, we will focus
on Smo-dependent, Gli-independent non-canonical Hedgehog sig-
nalling. We  will summarize recent findings on the role of Smo  as a
GPCR regulating cytoskeletal architecture, cell motility, and axon
guidance, as well as highlighting a novel regulatory link to the
maintenance of cellular and organismal energy homeostasis.

1.1. Canonical Hedgehog signalling

Canonical Hedgehog signalling was first discovered in
Drosophila, where seminal work on embryonic patterning mutants
led to the identification of the hedgehog gene. Loss of Hedgehog
function in the fly results in a disorganized lawn of spiky processes
and denticles on the surface of the fly larva, a Hedgehog-like
phenotype that coined the name of the pathway [27]. While

Fig. 1. Q5

canonical Hedgehog signal transduction is highly conserved,
several key differences have emerged since the divergence of flies
and mammals. Included, are a critical negative regulatory function
of vertebrate Sufu, and an expansion of the activator and repressor
repertoire of the fly transcription factor Cubitus interruptus to
three distinct zinc finger transcription factors, Gli1, Gli2 and Gli3,
in vertebrates [8,28–30]. The primary cilium, commonly thought
to be a prerogative of Hedgehog signalling in vertebrates, has also
been shown to play a central role in flies [31,32].

Vertebrate canonical Hedgehog signalling is initiated by binding
of proteolytically processed and lipid modified Hedgehog ligand to
its receptor Patched (Ptch), a twelve-pass transmembrane protein
that represses the pathway in the absence of ligand [33–37]. Three
distinct co-receptors, Cdo, Boc, and Gas1, facilitate high-affinity
binding of mature Hedgehog ligand to Ptch, thereby enhancing
Hedgehog signal strength [38–42].

Ligand binding to Ptch abrogates its repressive effect on the
seven-pass transmembrane protein Smo, a key effector essential for
canonical Hedgehog signal transduction [43]. The repressive role of
ligand-free Ptch depends on its localization in the primary cilium,
a single antenna-like structure that protrudes from the cell sur-
face of most adherent cell types and functions as an organizer-like
signal transduction compartment. Ciliary Ptch prevents pathway
activation by blocking the entry of Smo  into the primary cilium.
Binding of Hedgehog protein to Ptch removes Ptch from the primary
cilium, thereby allowing Smo  to enter and, upon an unknown acti-
vation step, propagate the Hedgehog signal further downstream
[28,44,45]. Despite intense efforts to understand Ptch function, the
detailed mechanisms of how Ptch represses Smo  in the absence of
ligand is still elusive. Ptch contains a sterol-sensing domain and
belongs to the family of RND (Resistance-Nodulation-cell Division)
transporters [46]. Several functional studies support a model where
Ptch prevents Smo  activation either by removing Smo  agonists such
as oxysterols from the primary cilium or by increasing the influx of
Smo antagonists into the cilium [47–50]. In addition, Ptch may  also
modify the lipid composition of Smo-containing endosomes and
therefore negatively control Smo  trafficking towards the primary
cilium [51,52].

The key role of Smo  in canonical Hedgehog signalling is to
control the activation of the Gli zinc finger transcription factors
[53]. Of note, the Gli family member Gli3, and to some extent
also Gli2, exerts a dual function as transcriptional repressor (GliR)
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