
Identification and characterization of Hedgehog modulator
properties after functional coupling of Smoothened to G15

Christelle Masdeu a, Hélène Faure a, Josée Coulombe a, Angèle Schoenfelder b,
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Abstract

The seven-transmembrane receptor Smoothened (Smo) transduces the signal initiated by Hedgehog (Hh) morphogen binding to the
receptor Patched (Ptc). We have reinvestigated the pharmacological properties of reference molecules acting on the Hh pathway using
various Hh responses and a novel functional assay based on the coexpression of Smo with the a subunit of the G15 protein in HEK293
cells. The measurement of inositol phosphate (IP) accumulation shows that Smo has constitutive activity, a response blocked by Ptc
which indicates a functional Hh receptor complex. Interestingly, the antagonists cyclopamine, Cur61414, and SANT-1 display inverse
agonist properties and the agonist SAG has no effect at the Smo-induced IP response, but converts Ptc-mediated inactive forms of
Smo into active ones. An oncogenic Smo mutant does not mediate an increase in IP response, presumably reflecting its inability to reach
the cell membrane. These studies identify novel properties of molecules displaying potential interest in the treatment of various cancers
and brain diseases, and demonstrate that Smo is capable of signaling through G15.
� 2006 Elsevier Inc. All rights reserved.
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The seven-pass transmembrane (TM) protein Smooth-
ened (Smo) is an essential component of the Hedgehog
(Hh) signaling pathway in vertebrates. Binding of Hh pro-
teins to the receptor Patched (Ptc), a protein displaying
homology with the family of resistance-nodulation-division
family of prokaryotic permeases, is believed to relieve the
inhibition exerted by Ptc on Smo, allowing the transmis-
sion of the signal. In the absence of Ptc, Smo is thought
to be constitutively active and control of Hh signaling in
tissues relies on the cell capacity to modulate the interac-

tions between Ptc and Smo that form the Hh receptor com-
plex [1,2].

Besides its role during embryogenesis, Hh signaling is
also involved in postnatal and adult tissue functions and
participates in the regulation of stem cell fate and the mod-
ulation of neuronal activity in the adult brain [1–7]. Alter-
ation of Hh signaling observed upon Ptc and Smo
mutation contributes to the development of basal cell car-
cinoma (BCC), one of the most common human cancers,
and medulloblastoma, a brain tumor with poor prognosis.
Thus, a Smo mutant initially identified in a sporadic case of
BCC and then in medulloblastoma has been shown to par-
tially escape Ptc inhibition leading to a constitutively active
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Hh pathway associated with enhanced cell proliferation
[4,8].

More recently, the role of Hh signaling has been unrav-
elled in the development of a growing number of tumors
occurring in the lung, esophagus, stomach, pancreas, bili-
ary tract, breast or prostate [1,4]. Interestingly, Smo has
been proposed as a molecular target for the action of
antagonists aimed at blocking the Hh pathway. Such mol-
ecules are therefore considered as candidate drugs for the
treatment of these cancers. Cyclopamine (Fig. 1), which
can be isolated from the corn lily Veratrum californicum,
blocks Hh signaling and slows down the growth of these
tumors in various animal models [1,4,8]. Several other
small molecules endowed with Hh inhibitor properties have
been developed such as SANT-1 or Cur61414 (Fig. 1) and
their pharmacological properties evaluated in various Hh
cell-based assays [9–11]. They have been proposed to act
at the level of the hydrophobic domain delineated by the
seven putative TM domains of Smo. Another class of mol-
ecules including SAG (Fig. 1) derived from a chlorothio-
phen moiety act as Smo agonists when applied to Hh
responding cells [9,10].

Whether Smo belongs to the superfamily of G-protein
coupled receptors (GPCR) is still a matter of controversy.
In drosophila cell cultures, RNA interference of a full spec-
trum of G protein subunits failed to compromise Hh sig-
naling [12]. In contrast, when expressed in frog
melanophores, human Smo has been shown to couple to
G-protein ai subunit [13], although previous works had
reported that Shh stimulation did not change the intracel-
lular levels of cAMP in cultured mammalian cells [14].

Nevertheless, Gai coupling has not been used to further
investigate the pharmacological properties of Smo ligands,
and this was also the case for the complex pathway impli-
cating G12 and the small GTPase RhoA shown to be
involved in several responses to Shh [15].

Here, we develop a simple functional assay based on the
coexpression of Smo with the a subunit of the G15 protein.
The resulting functional coupling allows us to identify nov-
el properties of molecules proposed to interact with Smo
and to show that a constitutively active mutant (W539L,
SmoA1) does not display any significant coupling in this
assay.

Materials and methods

Drugs. Cyclopamine was from Dr W. Gaffield (Albany, USA). SANT-
1 was purchased from ChemBridge Corporation (San Diego, CA, USA).
SAG and Cur61414 were prepared as described [9–11]. ShhN was from Dr
D. Baker (Biogen Idec, Boston, USA).

Plasmid constructions and site-directed mutagenesis. The plasmids
pRK5, pRK5-G15, pRK5-GqzIC, pRK5-G16, pRK5-mGluR5, and pRK5-
SP-Myc have been described [16,17]. The plasmids encoding Gq, GqG66D,
GqG66Di5, and GqG66Ds5 were a kind gift from Dr E. Kostenis. DNA
encoding the full-length mouse Smo was provided by Pr P.A. Beachy (The
Johns Hopkins University School of Medicine, Baltimore, USA). To
generate the Myc-Smo construct, a fragment encoding amino acid residues
35–107 of mouse Smo was amplified by PCR. The restriction fragment
MluI–XhoI was subcloned into pRK5-SP-Myc. The remaining Smo
nucleotide sequence was then subcloned into the latter recombinant
plasmid using the restriction sites XhoI and SalI. The tryptophan residue
at position 539 was mutated into lysine in mouse wild type (WT) Smo by
site-directed mutagenesis to give pRK5-SP-Myc-SmoA1. The pRK5-Ptc
vector was generated using the full-length nucleotide sequence from Pr M.
Scott (Stanford University School of Medicine, Stanford, CA). The

Fig. 1. Chemical structure of cyclopamine, Cur61414, SANT-1 and SAG.
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