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rontiers  in  hedgehog  signal  transduction
The hedgehog (Hh) pathway is a paracrine cell–cell communica-
ion system discovered in Drosophila over thirty years ago and then
tudied for its central role in development in both vertebrates and
nvertebrates. Hh was later implicated in other processes, includ-
ng adult stem cell maintenance, cell migration, axon guidance and
ancer, in a wide range of organisms. Its identification as an onco-
enic driver in human medulloblastoma and basal cell carcinoma
ltimately lead to a class of anti-Hh drugs that have entered clini-
al use. The arc of the Hh story, from genetic studies of Drosophila
egmentation to a cancer drug, is often cited, rightfully, as an inspi-
ational example of the power of basic research. While the core
omponents of this pathway, conserved across evolution, have been
nown for years, the cell biological and biochemical mechanisms
hat drive ligand dissemination and signal propagation continue to
resent unsolved mysteries. The six articles in this issue of Semi-
ars in Cell and Developmental Biology highlight the frontiers in both
he biology and mechanism of Hh research and illustrate how stud-
es of this pathway continue to uncover novel principles in signal
ransduction.

Hh ligands are hydrophobic, dually lipidated molecules whose
nique biogenesis involves an autoproteolytic reaction that leaves

 cholesterol molecule covalently attached to the C-terminal end.
he mechanism by which this greasy ligand is secreted and dis-
ersed through surrounding tissues remains an active area of

nvestigation, with general implications for understanding how
evelopmental signals influence cell fates at a distance. Korn-
erg and Guerrero discuss new insights into how Hh ligands
re secreted and presented to target cells, including the role of
ytonemes, actin-based filopodia-like extensions, in the transport
f Hh ligands (and other secreted signals) between source and tar-
et cells. They discuss the idea that Hh signaling occurs by cell–cell
ontact mediated by cytonemes, similar to synaptic transmis-
ion between neurons. They term these contacts morphogenetic
ynapses.

Once Hh ligands are received at target cells by a receptor com-
lex whose central component is the 12-pass transmembrane (TM)
rotein Patched (Ptc), the task of signal transmission across the
embrane is carried out by Smoothened (Smo), a 7-pass TM pro-

ein that is a member of the G-protein coupled receptor (GPCR)
uperfamily. Smo  is the target for all currently used Hh drugs, but
emarkably, the mechanism by which Ptc regulates Smo  and Smo, in

urn, activates downstream signaling remains enigmatic. One of the
ew discoveries over the past decade was that Hh signaling in verte-
rates depends on the primary cilium, a solitary microtubule-based

ttp://dx.doi.org/10.1016/j.semcdb.2014.06.009
084-9521/© 2014 Elsevier Ltd. All rights reserved.
projection that serves as a signaling organelle in development.
Many of the components in the vertebrate pathway, from the recep-
tor Ptc to the Gli family of Hh transcription factors, are localized
in cilia. The localization of these components often changes with
signal activation, such as the dramatic accumulation of Smo  in the
ciliary membrane. Indeed, the ciliary membrane serves as a distinct
platform for signaling by a growing number of GPCR family recep-
tors. Mukhopadhyay and Rohatgi discuss how interactions between
Smo  and an orphan GPCR, Grp161, at cilia regulate the output of
Hh signaling. It is becoming clear that the cilium serves as a com-
partment where the concentrations of second messengers, such as
lipids, ions and cyclic nucleotides, can be locally regulated in a man-
ner insulated from the rest of the cell. A future challenge in ciliary
Hh signaling will be to move beyond descriptive studies of protein
localization to an understanding of biochemical mechanism.

Much of the work in Hh signaling has focused on the canoni-
cal pathway, where Smo  activation ultimately leads to activation
of the Gli family of transcription factors, which shape the Hh gene
expression program in development and cancer. Vokes and Falken-
stein discuss the mechanisms that mediate one of the classical and
most elegant uses of Hh signaling—the specification of distinct cell
fates in a developmental field by a gradient of Hh ligands. This
property, which defines a morphogen, requires a gradient of an
extracellular ligand to be transposed to a gradient of transcriptional
activity in the nucleus and ultimately to a diversity of transcrip-
tional responses. This area has been bolstered by the application of
genomic tools to identify Gli binding sites in various tissues as well
as computational and experimental analyses of cross-regulatory
transcription factor networks downstream of Hh signaling. The
principles emerging from this work are likely to apply to the pat-
terning of many tissues in development.

Pospisilik and colleagues review the emerging area of non-
canonical Hh signaling, with a focus on pathways downstream
of Smo  that are independent of the Gli proteins. These pathways
have recently been shown to influence cytoskeletal dynamics,
calcium signaling, and metabolism. This work has led to the dis-
covery of new aspects of cell and organismal biology that can
be influenced by the Hh pathway, suggesting new medical appli-
cations for the expanding armamentarium of Hh-targeted drugs.
Aberger and Ruiz i Altaba turn their attention to a different set
of non-canonical pathways, such as those initiated by growth

factor receptors, that can bypass Smo  signals to directly regu-
late the Gli proteins. Unrestrained Gli activity in these cases can
drive oncogenic transcriptional programs that may  be resistant
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o Smo  inhibitors currently used in the clinic. This highlights
he importance of developing drugs that can target the Gli pro-
eins, as such agents might be useful against a broader range of
ancers.

Continuing the theme of post-developmental roles for Hh
ignaling, Ihrie and Álvarez-Buylla discuss roles for Hh signaling
n the postnatal brain. Hh has been implicated in the regulation
f neural stem cells and in responses to brain injury. This role of
h signaling in organ homeostasis in the face of normal turnover
r injury is increasingly being appreciated in other tissues as well.
any of the principles of post-developmental Hh signaling, such as
hich cells are secreting and which cells are responding to Hh lig-

nds or how Hh signaling is initiated and terminated, remain to be

efined.

In summary, given the vibrant state of Hh research described
n this issue, we will continue to see new discoveries, likely with
mplications for human disease, for years to come.
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