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ABSTRACT
There is a clear need to develop novel pharmacological tools
to improve our understanding of Smoothened (Smo) function
in normal and pathological states. Here, we report the dis-
covery, the mechanism of action, and the in vivo activity of
N-(2-methyl-5-(3-(3,4,5-trimethoxybenzoyl)guanidino)phe-
nyl)biphenyl-4-carboxamide (MRT-83), a novel potent antag-
onist of Smo that belongs to the acylguanidine family of
molecules. MRT-83 fits to a proposed pharmacophoric
model for Smo antagonists with three hydrogen bond accep-
tor groups and three hydrophobic regions. MRT-83 blocks
Hedgehog (Hh) signaling in various assays with an IC50 in the
nanomolar range, showing greater potency than the refer-
ence Smo antagonist cyclopamine. MRT-83 inhibits Bodipy-
cyclopamine binding to human and mouse Smo but does not
modify Wnt signaling in human embryonic kidney 293 tran-
siently transfected with a Tcf/Lef-dependent Firefly lu-

ciferase reporter together with a Renilla reniformis luciferase
control reporter. MRT-83 abrogates the agonist-induced
trafficking of endogenous mouse or human Smo to the pri-
mary cilium of C3H10T1/2 or NT2 cells that derive from a
pluripotent testicular carcinoma. Stereotaxic injection into
the lateral ventricle of adult mice of MRT-83 but not of a
structurally related compound inactive at Smo abolished
up-regulation of Patched transcription induced by Sonic
Hedgehog in the neighboring subventricular zone. These
data demonstrate that MRT-83 efficiently antagonizes Hh
signaling in vivo. All together, these molecular, functional
and biochemical studies provide evidence that MRT-83 in-
teracts with Smo. Thus, this novel Smo antagonist will be
useful for manipulating Hh signaling and may help develop
new therapies against Hh-pathway related diseases.

Introduction
The Hedgehog (Hh) signaling pathway is implicated in

developmental processes and in multiple physiological re-

sponses in adult tissues, including the control of brain func-
tions. Hh pathway activation in vertebrates requires binding
of a Hh peptide to the 12-pass transmembrane protein
Patched (Ptc), which, in the absence of its ligand, represses
the activation of the seven-pass transmembrane protein
Smoothened (Smo), a proposed member of the G-protein-
coupled receptor (GPCR) family. Upon Smo activation, a
complex signaling cascade is initiated, leading to activation
of Gli transcription factors and gene transcription (Beachy et
al., 2004; Dessaud et al., 2008; Traiffort et al., 2010). Thus,
most Smo-associated responses have been linked to tran-
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scriptional activities mediated by Hh signaling. However,
recent data suggest that some physiological responses do not
involve gene transcription and are observed upon short acti-
vation of Smo (Yam et al., 2009; Traiffort et al., 2010). Traf-
ficking of Hh signaling components at the primary cilium is
proposed to regulate Hh pathway activities. In the absence of
its ligand, Ptc is localized at the primary cilium as evidenced
in neural tube cells during development (Rohatgi et al.,
2007). Upon Hh binding, Ptc traffics out of the cilium and
Smo translocates into it (Corbit et al., 2005). The biochemical
and molecular mechanisms regulating Smo trafficking are
complex and presumably involve multiple states of Smo that
might be modulated by Ptc itself. Small molecules acting at
Smo have been shown to modify Smo trafficking at the pri-
mary cilium, and the mechanism of antagonist action to block
Smo translocation at the primary cilium has been proposed to
be relevant in cancer therapies (Rohatgi et al., 2009; Wang et
al., 2009; Wilson et al., 2009).

During the last decade, autocrine and paracrine Hh sig-
naling have been linked to cancers, and molecules aimed at
inhibiting the pathway have been proposed to be of interest
for alleviating the associated symptoms (Scales and de Sau-
vage, 2009). The Hh pathway is activated by oncogenic Ptc
and Smo mutations observed in basal cell carcinoma (BCC)
or medulloblastoma. Such Hh pathway activation, which is
ligand-independent, is also observed in Gorlin syndrome, in
which patients present Ptc-inactivating mutations that ren-
der them highly susceptible to the development of BCC,
medulloblastoma, and rhabdomyosarcoma (Barakat et al.,
2010). Characterization of Hh component trafficking to the
primary cilium is of interest for further clarifying the role of
Hh signaling in various types of cancers.

Cyclopamine, a natural and teratogenic compound, and
several other small-molecule Hh pathway inhibitors have
been developed and proposed for the treatment of cancers
associated with dysfunctions of Hh signaling. Most of these
molecules, but not all, target Smo (Scales and de Sauvage,
2009; Peukert and Miller-Moslin, 2010). The initial trials for
treating BCC using cyclopamine in humans have not been
followed up. However, cyclopamine derivatives have been
developed and are under investigation for the treatment of
various Hh-linked cancers. Other Smo antagonists, such as
N-((3S,5S)-1-(benzo[d][1,3]dioxol-5-ylmethyl)-5-(pipera-
zine-1-carbonyl)pyrrolidin-3-yl)-N-(3-methoxybenzyl)-3,3-di-
methylbutanamide (Cur61414) or HhAntag691 have been
shown to induce remission in animal models of medulloblas-
toma or BCC (Scales and de Sauvage, 2009). Clinical trials
for treating BCC and medulloblastoma in humans have been
conducted with the small molecule GDC-0449 (vismodegib),
which displays nanomolar potency for inhibiting Smo. How-
ever, such molecules may have some limitations associated
with Smo mutations leading to treatment resistance, as re-
ported recently in one case of medulloblastoma (Rudin et al.,
2009; Von Hoff et al., 2009; Yauch et al., 2009). Still, Smo
inhibitors may have other clinical applications, such as the
treatment of unwanted hair related to their inhibiting activ-
ity on hair growth (Li et al., 2010). Pharmacological inhibi-
tion of Hh signaling using a Smo antagonist has also been
shown to reduce the severity of osteoarthritis in mice models
suggesting a therapeutic approach to cartilage degeneration
(Lin et al., 2009).

Herein, we report our efforts to identify and characterize
novel small molecules inhibiting Smo with high potency. We
have synthesized N-(2-methyl-5-(3-(3,4,5-trimethoxybenzoyl)
guanidino)phenyl)biphenyl-4-carboxamide (MRT-83), a novel
acylguanidine derivative that shows nanomolar antagonist po-
tency toward Smo in various Hh assays. MRT-83 also blocks
Hh-mediated Ptc transcription in the subventricular zone (SVZ)
of adult mice in vivo indicating that this inhibitor should be
useful for investigating Hh pathway-dependent responses in
both normal and pathological conditions.

Materials and Methods
Drugs. Cyclopamine and Bodipy-cyclopamine (BC) were from To-

ronto Research Chemicals Inc. (North York, ON, Canada). 3,4-
Dimethoxy-N-(phenylcarbamothioyl)benzamide (MRT-36) was from
ASINEX (Rijswijk, The Netherlands). 4-(1,3,3a,4,7,7a-Hexahydro-1,3-
dioxo-4,7-methano-2H-isoindol-2-yl)-N-8-quinolinyl-benzamide (IWR1;
Chen et al., 2009) was from Sigma (Saint-Quentin Fallavier, France).
SAG was synthesized as described previously (Martínez et al., 2006).
Details of the synthesis and structural characterization of MRT-83 are
available upon request. ShhN was from R&D Systems (C24II) for
[3H]thymidine incorporation or was provided by Dr. D. Baker (Biogen
Idec, Boston, MA) for the other experiments. SAG and cyclopamine
were dissolved in ethanol, and other compounds were dissolved in
DMSO at a concentration of 10 mM. [3H]Thymidine was from PerkinEl-
mer Life and Analytical Sciences (Courtaboeuf, France).

Pharmacophoric Model of MRT-83. We constructed a pharma-
cophoric model of MRT-83 based on chemical structures of Smo
inhibitors as described previously (Manetti et al., 2010).

Plasmids. The plasmids pRK5 and pRK5-SP-myc-Smo encoding
the mouse Smo sequence have been described previously (Manetti et
al., 2010) and are referred to in the text as pRK5 and mouse Smo,
respectively. The Wnt reporter plasmid M50 Super8xTOPFlash con-
taining seven Tcf/Lef binding sites in the firefly luciferase promoter,
the pLNCWnt-3aHA, and the control pRL-TK Renilla reniformis
luciferase were obtained from Addgene (Cambridge, MA).

Antibodies. A previously described polyclonal rabbit antiserum
against rat Smo was used (Masdeu et al., 2007). The mouse anti-
acetylated tubulin antibody and the mouse monoclonal anti-c-myc
antibody were obtained from Sigma; the goat anti-mouse Alexa Fluor
546 antibody was obtained from Invitrogen (Leiden, The Neder-
lands); and the goat anti-rabbit fluorescein isothiocyanate antibody
from Millipore Bioscience Research Reagents (Temecula, CA).

Cell Culture and Transfection. Zeocin, Geneticin (G418), pen-
icillin-streptomycin, and all cell culture media or products were from
Invitrogen (Cergy Pontoise, France) except as stated otherwise.
HEK293 (American Type Culture Collection, Manassas, VA) and
C3H10T1/2 (American Type Culture Collection) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum (FCS) as described previously (Manetti et al., 2010). The
Shh-light2 cells (from Pr. P. A. Beachy, Stanford University, Stan-
ford, CA) and HEK-hSmo cells stably expressing human Smo were
cultured in the same medium supplemented with 0.4 mg/ml G418
and 0.150 mg/ml Zeocin or 0.5 mg/ml G418, respectively. NT2 cells
(American Type Culture Collection) were cultured in Opti-MEM
(Invitrogen) supplemented with 10% FCS. HEK293 cells were tran-
siently transfected by electroporation using 4 �g of mouse Smo and
6 �g of pRK5 for BC binding. For Tcf/Lef-dependent luciferase re-
porter assay, HEK293 were transfected by FuGENE (Roche Diag-
nostics, Mannheim, Germany) with 0.1 �g of Tcf/Lef reporter, 0.25
�g of R. reniformis luciferase and, as indicated in the legend to Fig.
3, with 0.1 �g of Wnt3a plasmids, supplemented to 0.4 �g/well with
pRK5 plasmid. Cells were distributed into six-well plates containing
glass coverslips coated with 0.05 mg/ml poly-D-lysine (BD Biosci-
ences, Le Pont de Claix, France) for BC binding, Smo ciliary accu-
mulation, and immunofluorescence experiments, or alternatively
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into 96- or 24-well plates for [3H]thymidine analysis and Tcf/Lef-
dependent luciferase reporter assay.

Stable Expression of Human Smo in HEK293 Cells. To gen-
erate the myc-human Smo construct, the human Smo sequence en-
coding the full-length protein devoid of the first 31 amino acids was
amplified by polymerase chain reaction from the pCR2.1-hSmo vec-
tor kindly provided by Dr I. Mus-Veteau (University Nice-Sophia
Antipolis, France), subcloned into pRK5-SP-myc vector (Manetti et
al., 2010), using the restriction sites MluI and SalI to give pRK5-SP-
myc-hSmo plasmid. The nucleotide sequence of hSmo construct was
verified by DNA sequencing. HEK293 cells were transfected using
FuGENE with pRK5-SP-myc-hSmo together with the expression
vector pcDNA3 (Invitrogen) containing the selection marker neomy-
cin. Transfected cells were selected with 2 mg/ml G418 and one clone
(HEK-hSmo) selected for its expression of Smo by immunofluores-
cence using anti-c-myc antibodies was further characterized.

Gli-Dependent Luciferase Reporter Assay. Shh-light2 cells
were incubated for 40 h with ShhN (5 nM) and the studied com-
pounds. The cell-based bioassay was performed as described previ-
ously (Manetti et al., 2010).

Tcf/Lef Dependent Luciferase Reporter Assay. After trans-
fection (1 h) with the Wnt reporter and the control R. reniformis
luciferase plasmids, HEK293 cells were incubated with MRT-83 (5
�M), IWR1 (10 �M), or vehicle (DMSO) alone, and luciferase activ-
ities were measured 48 h later. Data are Firefly luciferase activity
reported relative to the R. reniformis luciferase control activity. The
MRT-83 compound did not significantly modify the R. reniformis
luciferase activity at 5 �M.

Alkaline Phosphatase Assay. C3H10T1/2 cells were incubated
for 6 days in the presence of SAG (0.1 �M) and the studied com-
pounds. The cell-based bioassay was performed as described previ-
ously (Manetti et al., 2010).

BC Binding. The protocol was adapted from (Manetti et al.,
2010). BC (green) and DAPI (blue; Vector Laboratories, Burlingame,
CA) signals were analyzed in three to four representative fields per
coverslip (�800 cells/field). The fluorescence intensity of transfected
cells determined in presence of BC (5 nM) alone or in the presence of
the drugs, over the basal fluorescence measured in the absence of BC
was quantified and divided by the area occupied by the nuclei (DAPI
staining) in the field. Data were expressed as percentage of fluores-
cence intensity observed with BC alone.

Primary Cerebellar Cultures. Isolation of cerebellar granule
cell precursors (GCPs) and quantitation of [3H]thymidine incorpora-
tion were performed as described previously (Charytoniuk et al.,
2002a).

Ciliary Smo Accumulation Assay. The protocol was adapted
from that of Rohatgi et al. (2009). After 24 h of culture, C3H10T1/2
or NT2 cells were switched to Dulbecco’s modified Eagle’s medium or
Opti-MEM, respectively, containing 0.5% FCS in the presence of
SAG, MRT-83, cyclopamine, or vehicle solutions for 18 h. Then, cells
were fixed with paraformaldehyde (4%) in PBS for 20 min, washed,
incubated with a 0.05% Triton X-100 PBS solution for 5 min, and
washed in a blocking gelatin-PBS (0.2%) solution. Primary antibod-
ies (1:2000 for anti-Smo, 1:5000 for anti-acetylated tubulin) were
diluted in the blocking solution supplemented with 1% normal goat
serum. Cells were incubated for 2 h at room temperature. After
washes in gelatin-PBS, secondary antibodies were added (1:1000) in
fresh blocking solution for 90 min at room temperature. Cells were
finally washed in gelatin-PBS solution and mounted in Vectashield
DAPI. Acetylated tubulin (red) and Smo (green) were analyzed in
three or four representative fields by coverslip (100 cells/field). In
each field, the percentage of cells expressing cilium remained stable.
The percentage of ciliary Smo reflects the number of cells that
display a Smo/acetylated tubulin colocalization.

Data Analysis. Means and S.E.M. were calculated using Excel
2003 (Microsoft Corp, Redmond, WA). Curve fitting and IC50 deter-
minations were performed using Prism 4.03 (GraphPad Software,

San Diego, CA). The BC fluorescence was analyzed with the Simple-
PCI software (Hamamatsu Corporation, Massy, France).

Animals and Treatment. The protocol of injection has been done
according to a procedure described previously (Angot et al., 2008).
Four groups of six animals received 5 �l of 45% 2-hydroxypropyl-�-
cyclodextrin (Sigma) PBS solution containing 0.9 �g of ShhN alone
or in the presence of MRT-83 (200 ng) or MRT-36 (110 ng). A control
group received 5 �l of 45% 2-hydroxypropyl-�-cyclodextrin solution
alone. All groups were analyzed 48 h after the injection. All proce-
dures were carried out in accordance with the European Community
Council Directive (86/806/EEC) for the care and use of laboratory
animals.

In Situ Hybridization. The experiments using Ptc-specific ribo-
probes were performed as described previously (Angot et al., 2008).

Counting and Statistical Analysis. The number of Ptc-positive
cells was counted between bregma levels �0.18 and �0.38 mm along
the SVZ or in a representative field of the medial septum (MS) on
each section. Analysis was carried out on at least three sections per
animal. Statistical analysis was performed using the Student’s t test.
Statistical significance was considered for p � 0.05.

Microscopy. Both cell cultures and tissue slices were analyzed
with a DMRXA2 microscope (Leica Microsystems, Nanterre, France)
equipped with a Photometric Cool-Snap camera (Roper Scientific,
Ottobrunn, Germany). Cell culture images for counting were taken
with a 20� objective in black and white for the BC binding analysis,
with 10� objective for the counting of Ptc-positive cells on slices, and
magnification or fluorescent images were taken with a 40� objective.

Results
Potency of MRT-83. We recently described the synthesis

and characterization of a novel series of molecules displaying
antagonist properties toward the mouse Smo receptor.
Among these molecules, the acylthiourea MRT-10 and its
corresponding acylurea derivative MRT-14 were the most
potent (Manetti et al., 2010). They displayed a potency com-
parable with that of the steroidal alkaloid cyclopamine ex-
tracted from corn lilies, which has been widely used for
blocking the Hh pathway both in vitro and in vivo (Scales and
de Sauvage, 2009). During our efforts to identify more potent
high-affinity Smo antagonists, we have optimized the struc-
ture of MRT-10 and MRT-14 and we have now developed and
synthesized MRT-83, which belongs to a new family of acyl-
guanidine molecules (Fig. 1).

We have investigated the antagonist properties of MRT-83
toward Hh pathway activation in various cell-based assays and
compared its potency with that of cyclopamine. Thus, the an-
tagonist properties of MRT-83 and cyclopamine were deter-
mined in Shh-light2 cells, a NIH3T3 cell line stably transfected
with a Gli-dependent Firefly luciferase reporter widely used for
identifying Hh inhibitors (Taipale et al., 2000). These cells were
stimulated for 40 h with ShhN (5 nM) in the presence or ab-
sence of the drugs in parallel experiments. We also evaluated
their ability to inhibit SAG (0.1 �M)-induced differentiation of
the mesenchymal pluripotent C3H10T1/2 cells into alkaline

MeO
N
H

N
H

O NH

N
H

O

MeO

OMe

MRT-83
Fig. 1. Chemical structure of MRT-83.
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phosphatase-positive osteoblasts, a response that involves acti-
vation of Smo (Hyman et al., 2009). Both molecules were found
to block these responses (Fig. 2, A and B), and analysis of the
dose-response curves led to an IC50 � 10 nM for MRT-83, which
was very similar in the two assays (Table 1). These data indi-
cate that MRT-83 is a potent Hh inhibitor that displays a
greater potency (20- –60-fold) than cyclopamine.

It has been demonstrated previously that cerebellar GCPs
proliferate in response to Hh activation, an effect that can be
inhibited by Smo antagonists (Charytoniuk et al., 2002a;
Romer et al., 2004). To further investigate the antagonist
properties of MRT-83 toward this response, we analyzed its
potency to inhibit rat GCP proliferation in primary culture as
measured by [3H]thymidine incorporation. Increasing con-
centrations of ShhN or SAG to rat GCPs caused a dose-
dependent increase in [3H]thymidine incorporation over
basal level (Supplemental Fig. 1). In these experiments, the
EC50 values for ShhN and SAG were 3.2 � 0.3 and 4.6 � 0.2
nM, respectively. Neither MRT-83 nor cyclopamine (1 �M)
modified significantly the basal level of [3H]thymidine incor-
poration in rat GCPs (data not shown). However, MRT-83
displayed full antagonist properties with an IC50 (�3 nM) for
inhibiting ShhN (3 nM)-induced proliferation of rat GCPs
(Fig. 2C and Table 1). MRT-83 also blocked SAG (0.01 �M)-
induced proliferation of GCPs (IC50 � 6 nM) (Fig. 2C). When
the same experiment was repeated in the presence of a ten
fold higher SAG concentration (0.1 ìM), the dose-response
curve was shifted to the right and the IC50 for MRT-83 was
increased as expected for a competitive antagonism. MRT-83
resulted in IC50 values of 66 nM under these conditions,
corresponding to an 11 fold IC50 shift, suggesting Smo as the
target of MRT-83 (Fig. 2C). MRT-83 was consistently a better
antagonist than cyclopamine in these tests (Table 1).

MRT-83 Binding to Cells Expressing Mouse and Hu-
man Smo. To further investigate the binding properties of

MRT-83 to Smo, we analyzed whether it can compete with
BC, which interacts with Smo at the level of its heptahelical
bundle (Chen et al., 2002b). First, we showed that BC bound
to HEK293 cells stably expressing the human Smo (HEK-
hSmo), as determined by fluorescence microscopy and immu-
nostaining for the Smo protein (Supplemental Fig. 2),
whereas BC did not bind to HEK293 cells not transfected
with human Smo (data not shown). Then, the cells were
incubated with 5 nM BC for 2 h in the presence or absence of
various concentrations of MRT-83. At the end of the incuba-
tion, the cells were fixed and counterstained with DAPI.
MRT-83 blocked BC binding to HEK-hSmo cells in a dose-
dependent manner with an IC50 of 4.6 nM (Fig. 2, D and E,
and Table 1). We also conducted similar experiments in
HEK293 cells transiently transfected for expression of mouse
Smo as described previously (Manetti et al., 2010). MRT-83
abrogated BC binding to cells expressing mouse Smo with an
IC50 of 14 nM (Table 1), which was in good correlation with
its IC50 in the Shh-light2 and alkaline phosphatase assays
(Table 1). All together, these data demonstrate that MRT-83
is a potent antagonist of human and mouse Smo receptors.

MRT-83 Does Not Block Wnt Signaling. Smo presum-
ably belongs to the family of GPCRs and displays the highest
homology with the serpentine Frizzled receptors that are
responsible for Wnt signaling (van Amerongen and Nusse,
2009). To further investigate the potential activities of
MRT-83 toward the Wnt pathway, we subsequently evalu-
ated the ability of MRT-83 to modulate Wnt signaling in
HEK293 transiently transfected with a Tcf/Lef-dependent
Firefly luciferase reporter together with an R. reniformis
luciferase control reporter (Fig. 3). Tcf/Lef-dependent lu-
ciferase activity was stimulated (around 40 times the basal
level) in these cells when they were cotransfected with a
Wnt3a plasmid compared with a control plasmid. This activ-
ity was completely blocked by the Wnt antagonist IWR1 (10

Fig. 2. MRT-83 inhibits Hh pathway activation in cell-
based assay and BC binding to human Smo. A to C, activity
of MRT-83 on ShhN-induced Gli-dependent luciferase ac-
tivity in Shh-light2 cells (A), SAG-induced differentiation
of C3H10T1/2 cells (B), and ShhN and SAG-induced prolif-
eration of rat cerebellar GCPs (C). Inhibition curves were
generated using increasing concentrations of MRT-83 in
the presence of ShhN (5 nM; A) or (3 nM; C, ‚), SAG (0.1
�M) (B and C, �), or SAG (0.01 �M) (C, F). The values are
expressed as a percentage of the maximal response induced
by ShhN or SAG, respectively. D, HEK-hSmo cells stably
expressing human Smo were incubated with BC (5 nM)
alone (Control) or in the presence of increasing concentra-
tions (nanomolar) of MRT-83. BC binding (green) is visu-
alized using fluorescence microscopy in a representative
field (100–150 cells are shown; scale barm 50 �M). E, the
concentration-response curve for MRT-83 was obtained by
quantification of the BC fluorescence in three photographs
for each coverslip as described under Materials and Meth-
ods. The values are expressed as percentage of the fluores-
cence detected in control HEK-hSmo cells incubated with
BC alone. The data are representative of independent ex-
periments (n � 3–10) and are the means � S.E.M. of
triplicates (A and E) or quadruplicates (B and C).
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�M), as expected (Chen et al., 2009). However, MRT-83 (5
�M) did not modify significantly the basal level or the Wnt3a
Tcf/Lef-dependent luciferase activity (Fig. 3).

Smo Trafficking at the Primary Cilium Is Inhibited
by MRT-83. Smo activation was recently proposed to require
a two-step mechanism including the accumulation of Smo at
the primary cilium followed by an essential second activation
step. These steps can be pharmacologically separated
through the use of selective inhibitors and might be crucial
for Smo antagonist efficacy (Rohatgi et al., 2009). To further
examine the mechanism of action of MRT-83, we investigated
the ability of MRT-83 to modulate the trafficking of endoge-
nous mouse or human Smo to the primary cilium of
C3H10T1/2 or of NT2 cells that derive from a pluripotent
human testicular carcinoma (Fig. 4 and Supplemental Fig.
3). In basal culture conditions, Smo was not detected at the
primary cilium visualized by the acetylated tubulin positive
signal in both cell lines (Fig. 4A, and Supplemental Fig. 3A).
After treatment with the Smo agonist SAG (1 �M) for 18 h,
Smo accumulation was induced at the primary cilium as
shown by the colocalization of acetylated tubulin and Smo-
positive immunolabelings. This effect was blocked when the
cells were incubated in the presence of MRT-83 (5 �M),
whereas this compound did not promote Smo-positive signals
at the primary cilium when it was administered alone. Under
the same experimental conditions, cyclopamine (5 �M) was
as effective as SAG (1 �M) for inducing accumulation of
Smo-positive signals at the primary cilium, as evidenced in
C3H10T1/2 cells (Supplemental Fig. 4, A and B), which is in
agreement with its ability to promote Smo trafficking

in other cells (Rohatgi et al., 2009). Thus, these data demon-
strate that MRT-83 abrogates Smo ciliary translocation pro-
moted by SAG.

MRT-83 Inhibits Shh Signaling in the Subventricu-
lar Zone of the Lateral Ventricle. The SVZ bordering the
lateral ventricle (LV) constitutes one of the main neurogenic
areas of the brain. Shh, Ptc and Smo have been identified
within this niche (Charytoniuk et al., 2002b; Ahn and Joyner,
2005; Palma et al., 2005; Angot et al., 2008). It offers a
convenient in vivo model to analyze Hh pathway regulation
as previously shown by the up-regulation of Ptc transcription
after the intracerebroventricular injection of ShhN (Chary-
toniuk et al., 2002b; Loulier et al., 2006). To test further
whether MRT-83 was able to modulate this well character-
ized Hh-associated response in vivo, we performed stereo-
taxic injections of ShhN in the presence or in the absence of
MRT-83 into the LV of adult mice as described under Mate-
rials and Methods. We investigated also the effect of MRT-36,
a compound structurally related to MRT-83 but without sig-
nificant activity toward Smo (Supplemental Fig. 4). As ex-
pected, a strong induction of Ptc transcription visualized by
intense ISH-associated signals was observed in the SVZ of
animals injected with ShhN alone compared with vehicle-
treated animals (Fig. 5, B and C), which was further con-
firmed by quantification of Ptc� cells (vehicle, 5.1 � 2.2;
ShhN, 30 � 4 Ptc� cells/section; total number of counted
slices, n � 10) (Fig. 5F). Animals treated with ShhN in the
presence of MRT-83 were as healthy as those of the other
groups but up-regulation of Ptc transcription in the SVZ of
these animals was no longer observed in agreement with a
complete inhibition of ShhN-mediated effects (8.7 � 2.4 Ptc�

cells/section, n � 9) and was not different from vehicle-me-
diated effects. Conversely, the coinjection of MRT-36 did not
alter ShhN-induced Ptc transcription in a significant manner
(23 � 4 Ptc� cells/section, n � 8; Fig. 5, D–F). Ptc expression

TABLE 1
Compared activities of MRT-83 and cyclopamine in different cell-based
assays
IC50 values of the compounds were determined on Gli-dependent luciferase reporter
activity induced by ShhN (5 nM) in Shh-light2 cells (1); AP activity induced by SAG
(0.1 �M) in C3H10T1/2 cells (2); Proliferative activity of cerebellar GCPs induced by
ShhN (3 nM) determined by �3H	thymidine incorporation (3); BC binding to HEK293
cells stably expressing human Smo (hSmo) (4); or transiently expressing mouse Smo
(mSmo) (5). Data are the means � S.E.M. of at least three independent experiments.

IC50

Shh-Light2
(1)

C3H10T1/2
(2) GCPs (3)

BC Binding

hSmo (4) mSmo (5)

nM

MRT-83 15 � 2 10 � 2 2.9 � 0.5 4.6 � 0.7 14 � 2
Cyclopamine 300 � 50 620 � 30 100 � 6 64 � 17 50 � 10

Fig. 3. MRT-83 does not block Wnt signaling. HEK293 cells were tran-
siently transfected with plasmids containing Tcf/Lef-Luciferase reporter
and R. reniformis luciferase control and, as indicated, with Wnt3a.
MRT-83 (5 �M), IWR1 (10 �M), or vehicle (DMSO) alone was added into
the medium 1 h after transfection, and luciferase activities were mea-
sured 48 h later. The values are expressed as arbitrary units (AU). The
data are representative of independent experiments (n � 3) and are the
means � S.E.M. of quadruplicates. ���, p � 0.005.

Fig. 4. MRT-83 abrogates Smo translocation to the primary cilium. NT2
cells untreated or treated with SAG (1 �M) alone or in the presence of
MRT-83 (5 �M) were stained with antibodies against endogenous Smo
(green), acetylated tubulin (red), and DAPI (blue). A, in the absence of
SAG, Smo is not detected at the cilium. Cell exposure to SAG induces Smo
trafficking to the cilium as identified by immunofluorescence, which is
abolished by MRT-83. MRT-83 by itself does not induce Smo trafficking to
the primary cilium. B, quantification of the percentage of Smo-positive
cilium after treatment with the indicated compounds for 18 h. Values are
the means of three to four independent experiments � S.E.M. ���, p �
0.005.
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profile in the MS was not altered by vehicle or ShhN injection
in the SVZ or by the coinjection of Shh with MRT-36 or
MRT-83 (Fig. 5, B–E, bottom panels; Fig. 5G). These data
demonstrate that MRT-83 antagonizes Shh-mediated path-
way activation in vivo in the SVZ.

Pharmacophoric Model of MRT-83. We have recently
built a pharmacophoric model of Smo antagonists constituted
by six features represented by three hydrogen bond acceptor
groups and three hydrophobic regions (Manetti et al., 2010).
MRT-83 features the following structural elements: an elec-
tron-rich phenyl ring (3,4,5-trimethoxy-substituted) linked
through an acylguanidine function, to a second phenyl bear-
ing a phenyl carbamoyl residue (Fig. 6). Superposition of
MRT-83 to the model shows a perfect fit between the chem-
ical portions of the inhibitor and the pharmacophoric fea-
tures. In fact, the fit value, describing the complementarity
between chemical portions of MRT-83 and the features of the
model, is 5.2 of a maximum value of 6.0 (a six-feature phar-
macophoric model allows, by definition, a maximum fit value
of 6.0). The oxygen atom of one of the methoxy groups maps
HBA1, whereas the oxygen atoms of the carbonyl moieties

correspond to HBA2 and HBA3. Each of the hydrophobic
regions is mapped by a phenyl ring of MRT-83. The fact that
the pharmacophoric model is fully superposable to MRT-83
correlates with the high potency found for this compound.

Discussion
In this study, we have reported the functional activity and

the mechanisms of action of MRT-83, a potent acylguanidine
that belongs to a novel family of Smo antagonists. The Hh
pathway plays a major role in stem cell maintenance both
during embryogenesis and in adult tissues, and perturba-
tions of this pathway have been associated with human dis-
eases, including a diverse set of cancers. The Smo receptor is
an essential element in Hh signaling and Smo has been
proposed as a molecular target for the action of antagonists
aimed at blocking the Hh pathway in those cancers (Beachy
et al., 2004; Scales and de Sauvage, 2009; Barakat et al.,
2010; Peukert and Miller-Moslin, 2010).

The small-molecule inhibitor GDC-0449 holds great prom-
ise for treating metastatic BCC and medulloblastoma driven
by mutations in the Hh pathway as well as several Hh-
dependent cancers not linked to Hh pathway mutations
(Scales and de Sauvage, 2009). However, a Smo mutation
(D473H) arising within the sixth putative transmembrane
domain of Smo and disrupting the ability of GDC-0449 to
bind Smo was found in the tumor of a patient with medullo-
blastoma who had relapsed after an initial response to the
drug (Rudin et al., 2009; Von Hoff et al., 2009). A Smo
mutation occurring at a homologous position in mouse Smo
was also observed in a GDC-0449-resistant mouse model of
medulloblastoma (Yauch et al., 2009). Therefore, the devel-
opment and characterization of novel Smo antagonists have
valuable therapeutic interests.

Using a pharmacophoric model-based virtual screening
strategy, we have recently reported the identification of the
acylthiourea MRT-10 and the acylurea MRT-14 as members
of novel families of Smo antagonists (Manetti et al., 2010).
These new leads have rapidly allowed us to develop a new
series of Smo inhibitors with high potency to which MRT-83

Fig. 5. MRT-83 antagonizes Shh signaling in vivo. A, scheme of the
experimental protocol. B to E, MRT-83 but not MRT-36 antagonizes the
up-regulation of Ptc transcription induced by ShhN in vivo in the SVZ of
the LV. B to E, ISH experiments visualize Ptc-expressing cells (dark blue)
on coronal brain sections (B–E) from control mice injected with vehicle (B)
and from animals that have received ShhN (0. 9 �g) alone (C) or in the
presence of MRT-36 (110 ng; D) or MRT-83 (200 ng; E). B to E, bottom,
show the corresponding MS area where the pattern of Ptc expression is
not modified. Quantification of the number of Ptc-expressing cells in the
SVZ (F) or MS (G) for each experimental condition. Data are the means �
S.E.M. from five or six mice per group. �, p � 0.05; ���, p � 0.005. Scale
bars, 200 �m.

Fig. 6. Pharmacophoric model of MRT-83. Graphical representation of
MRT-83 fitted to the proposed pharmacophoric model for Smo antago-
nists. Chemical features of MRT-83 are able to perfectly map all the
features of the model. Features are color-coded: cyan, hydrophobic re-
gions (HY1–3); green, hydrogen bond acceptor groups (HBA1–3). Each of
the HBA features is constituted by two green spheres: the smaller is filled
by the hydrogen bond acceptor atom of the inhibitor, and the larger
sphere is located at the end of a vector and represents the region at which
the corresponding hydrogen bond donor group of the receptor counterpart
should be located. The atoms are color-coded: gray, carbon; white, hydro-
gen; red, oxygen; and blue, nitrogen.
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belongs (this work and data not shown). MRT-83 perfectly
fits with the proposed pharmacophoric model for Smo antag-
onists that we have recently proposed. With respect to
MRT-10 or MRT-14, MRT-83 features the following struc-
tural differences: 1) a guanidine replaces the thiourea or urea
functions; 2) a methyl residue is introduced in the central
phenyl ring; and 3) the lateral amide is formed with biphe-
nylcarboxylic acid. These discrete structural differences may
account for the increased potency of MRT-83 observed in
various in vitro Hh-based assays (Manetti et al., 2010). It is
noteworthy that MRT-83 inhibits BC binding to human Smo
and ShhN-mediated proliferation of GCPs with a nanomolar
potency similar to that of GDC-0449 (Robarge et al., 2009).
Therefore, MRT-83 seems to be one of the most potent Smo
antagonists known so far. Within the family of GPCRs, cross-
talk pharmacology between members displaying significant
homology has been observed, such as between the calcium-
sensing receptor and the related GPCRC6A receptor (Faure
et al., 2009; Rosenbaum et al., 2009). Because Smo displays
the highest amino acid homology with the Frizzled receptors
(van Amerongen and Nusse, 2009), it was of interest to fur-
ther investigate the specificity of MRT-83 toward the Wnt
pathway. Our experiments demonstrate that MRT-83 did not
display significant agonist or antagonist Wnt signaling activ-
ity evaluated by a Tcf/Lef dependent luciferase assay. These
data indicate that MRT-83 should be a valuable tool for
investigating Hh signaling mechanisms in cell culture or
tissues where both pathways are functional.

The existence of multiple binding sites for both Smo ago-
nists and antagonists might underlie for the diversity of
actions of Smo positive and negative modulators. For exam-
ple, the agonist SAG and the antagonist cyclopamine binding
sites are overlapping but not identical (Chen et al., 2002b).
Radioligand binding analysis with tritiated SAG derivatives
also revealed that the antagonist SANT-1 binds in a manner
consistent with that of an allosteric modulation (Rominger et
al., 2009). Itraconazole, an antifungal compound, has been
shown to inhibit Hh signaling and to act on Smo at a site
distinct from cyclopamine (Kim et al., 2010). Whether the site
of action of glucocorticoid-derived Smo agonists is overlap-
ping with one of the above-mentioned sites is not yet known
(Wang et al., 2010). Here, we have shown that MRT-83 ab-
rogates BC binding to mouse and human Smo and sup-
presses the accumulation of Smo at the primary cilium in-
duced by Hh pathway activation, whereas cyclopamine by
itself induces Smo trafficking at the primary cilium in vari-
ous cell lines (Supplemental Fig. 3 and Rohatgi et al., 2009;
Wang et al., 2009; Wilson et al., 2009). Therefore, it might be
anticipated that MRT-83 interacts with Smo. Further exper-
iments should investigate the site of MRT-83 binding on the
receptor.

It is noteworthy that primary cilia are present on human
BCC and medulloblastoma and can both mediate and sup-
press Hh-dependent tumorigenesis (Han et al., 2009; Wong
et al., 2009). Moreover, the presence of primary cilium in
specific variants of human medulloblastomas is also informa-
tive from a therapeutic point of view. Thus, ciliated medul-
loblastomas with high Hh signaling might be susceptible to
treatments that target primary cilium (Han et al., 2009).
Smo activation and its regulation by Hh signaling and by
small molecules at the level of the primary cilium have been
proposed as a key step in tumorigenesis-dependent processes

but are still not sufficiently studied (Scales and de Sauvage,
2009). It has been proposed that Smo activation requires first
its translocation to the primary cilium, which is then fol-
lowed by a second activation step. Thus, Smo inhibitors have
been classified into at least two families of compounds.
Sant1-like molecules that would block Smo trafficking to the
primary cilium and cyclopamine-like molecules that would
affect Smo activation process within the cilium (Rohatgi et
al., 2009). The SmoM2 mutation has been associated with
BCC and a SmoM2 protein is equally distributed in the cyto-
plasm and in the primary cilium of transfected cells (Rohatgi
et al., 2009). It is noteworthy that the SmoM2 protein is less
sensitive to cyclopamine than WT Smo, whereas Sant1 in-
hibits both proteins with similar potency (Chen et al., 2002a).
It has been anticipated that SmoM2-like mutations that
might arise from drug treatment in the clinic will therefore
be more sensitive to the Sant1-like family of molecules than
to the cylopamine-like family of molecules.

Our current work indicates that MRT-83 blocks trafficking
to the primary cilium of both endogenous mouse and human
Smo expressed in C3H10T1/2 cells or on human pluripotent
testicular carcinoma cells. Thus, this Smo inhibitor falls into
the SANT-1-like family of molecules. Further studies should
clarify the molecular and biochemical mechanisms underly-
ing the resistance to Smo inhibitors, particularly at the level
of the primary cilium in normal and cancer cells.

Cyclopamine blocks Hh signaling by directly binding Smo
and slows down the growth of tumors in various animal
models (Beachy et al., 2004; Scales and de Sauvage, 2009).
When applied in vivo, cyclopamine also inhibits stem cell
proliferation in the adult SVZ (Palma et al., 2005). However,
it was recently proposed that cyclopamine and another un-
related Smo antagonist may have nonspecific off-target ef-
fects on cell growth (Yauch et al., 2008). Thus, it was of
interest to further investigate the ability of MRT-83 to mod-
ulate Hh signaling in vivo. We have previously observed that
direct infusion of Shh into the LV of rodent brain induced a
rapid Ptc transcription in the SVZ, indicating that Hh path-
way is activated in this neurogenic area (Loulier et al., 2006).
In the present study, such Ptc transcription was also ob-
served 2 days after Shh infusion in the LV, as identified by
the strong ISH signals detected in the cells located through-
out the SVZ of treated animals, whereas such signals were
not present in control animals. These signals were not ob-
served in the SVZ areas of brain sections from animals
treated with MRT-83 but were present when animals were
treated with MRT-36, a molecule sharing structural homol-
ogy with MRT-83 but not harboring Hh pathway inhibitory
or stimulatory properties (Supplemental Fig. 4). ShhN injec-
tion was not accompanied by up-regulation of Ptc transcrip-
tion in the adjacent septum in agreement with previous work
(Charytoniuk et al., 2002b) and Ptc expression profile in this
area was not modified either by the coadministration of
MRT-83 or MRT-36 with ShhN. All together, these data
demonstrate that MRT-83 is a potent antagonist of ShhN-
induced up-regulation of Ptc transcription in the SVZ. Both
Smo and Ptc are expressed in cells located in the SVZ (Angot
et al., 2008). Thus, because MRT-83 is a potent Smo inhibitor
in various in vitro-based assays, Hh pathway inhibition in
the SVZ may reflect Smo blockade in this neurogenic area.

Blocking the Hh pathway seems to be a promising ap-
proach for the treatment of various types of cancers. There-
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fore, understanding the mode of action of Smo inhibitors as
well as delineating their pharmacological and functional
properties is an important goal for further development of a
new class of therapeutic molecules in oncology. Thus, MRT-
83, which is a novel potent Smo antagonist belonging to a
acylguanidine family of molecules, should be a valuable tool
for further investigating the mode of action of Smo inhibitors
and for characterizing Smo functions both in vitro and in
vivo.
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