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ABSTRACT The Smoothened (Smo) receptor, a mem-
ber of class F G protein–coupled receptors, is the main
transducer of the Hedgehog (Hh) signaling pathway impli-
cated in awide rangeofdevelopmental andadult processes.
Smo is the target of anticancer drugs that bind to a long
and narrow cavity in the 7-transmembrane (7TM) domain.
X-ray structures of human Smo (hSmo) bound to several
ligands have revealed 2 types of 7TM-directed antagonists:
those binding mostly to extracellular loops (site 1, e.g.,
LY2940680) and those penetrating deeply in the 7TMcavity
(site2, e.g.,SANT-1).Herewereport thedevelopmentof the
acylguanidine MRT-92, which displays subnanomolar an-
tagonist activity against Smo in variousHh cell-based assays.
MRT-92 inhibits rodent cerebellar granule cell proliferation
induced by Hh pathway activation through pharmacologic
(half maximal inhibitory concentration [IC50] = 0.4 nM) or
genetic manipulation. Using [3H]MRT-92 (Kd = 0.3 nM for
hSmo), we created a comprehensive framework for the in-
teraction of small molecule modulators with hSmo and for
understanding chemoresistance linked to hSmo mutations.
Guidedbymolecular docking and site-directedmutagenesis
data, our work convincingly confirms that MRT-92 simulta-
neously recognized and occupied both sites 1 and 2. Our
data demonstrate the existence of a third type of Smo
antagonists, those entirely filling the Smo binding cavity
from the upper extracellular part to the lower cytoplasmic-
proximal subpocket. Our studies should help design novel
potent Smo antagonists and more effective therapeutic
strategies for treating Hh-linked cancers and associated
chemoresistance.—Hoch, L., Faure, H., Roudaut, H.,
Schoenfelder, A., Mann, A., Girard, N., Bihannic, L.,

Ayrault, O. Petricci, E., Taddei,M., Rognan,D.,Ruat,M.
MRT-92 inhibits Hedgehog signaling by blocking over-
lapping binding sites in the transmembrane domain of the
Smoothened receptor. FASEB J. 29, 1817–1829 (2015).
www.fasebj.org

Key Words: antagonist • medulloblastoma • molecular mod-
eling • stem cell

SMOOTHENED (SMO), A MEMBER of the GPCR superfamily,
belongs toclass F (Frizzled family)of these receptors (1–3).
Smo is the main transducer of the Hedgehog (Hh) sig-
naling pathway responsible for a large range of de-
velopmental processes and regulates key physiologic
responses in adult tissues, including the maintenance of
stem and precursor cells (4, 5). In the absence of Hh
ligands, the 12-pass transmembrane protein Patched (Ptc)
negatively regulates Smo, presumably through a transporter-
like activity modulating the availability of a yet elu-
sive endogenous lipid molecule (6). The binding of Hh
to Ptc activates the canonical Hh signaling pathway by trans-
locating Smo to the primary cilium. This initiates a com-
plex signaling cascade mediated by activation of Gli
transcription factors and translocation of their active forms
to the nucleus leading to gene transcription. The bio-
chemical and molecular mechanisms regulating Smo
trafficking at the primary cilium presumably involve mul-
tiple states of Smo that might be modulated by Ptc itself
(1, 6). The natural and teratogenic alkaloid molecule cy-
clopamine presumably blocks canonical Hh signaling by
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binding to the 7-transmembrane (7TM) domain of Smo (7,
8). Following the discovery of this first Smo ligand and the
evidence that up-regulation of Hh signaling occurs in mul-
tiple typesof cancer (9, 10), extensive research isundertaken
for developing Smo antagonists (1, 9, 11). This is supported
by the recent approval of GDC-0449 (vismodegib) for
treating metastatic basal cell carcinoma (BCC) and lo-
cally advancedBCCuntreatableby surgeryandradiation(12,
13). The importance of Smo inhibitors of different chemical
classes is also demonstrated by ongoing clinical trials on
a large range of metastatic and advanced cancers (1, 9, 11).
The recently described high-resolution X-ray structures of
the 7TM and the extracellular domains of human Smo
(hSmo) highlights both conserved and unique structural
featuresof thisatypicalGPCR(2,3,14,15).X-ray structuresof
the hSmo 7TM domain enabled identification of a narrow
anddeephydrophobiccavitybetween the7TMbundle, the3
extracellular loops (ECL) and the cysteine-rich domain of
the receptor’s amino-terminal tail. Small molecular weight
ligands bind to this amino-terminal tail (2, 3). In addition to
understanding the binding mode of Smo antagonists to the
7TM, these studies are also important for delineating the
complex processes inducing Smo resistance to drug treat-
ment, as seen in the receptor’s mutations (D473H in hSmo)
rendering it resistant to GDC-0449 (16) or to LDE225 (17).

In this study, we report the design, putative binding
mode, and pharmacologic properties of MRT-92, a novel
Smo antagonist that is not sensitive to theD473Hmutation
and uniquely binds to the entire transmembrane cavity of
the Smo receptor.

MATERIALS AND METHODS

Molecular docking

Input structures for MRT compounds were obtained by con-
verting a MarvinSketch v6.1 (ChemAxon Ltd., Budapest,
Hungary) 2D sketch into 3D coordinates using the Corina v3.1
software (MolecularNetworksGmbH,Erlangen,Germany). The
most probable protonation state at pH 7.4, according to Chem-
Axon’s pKa calculation plug-in (ChemAxon Ltd., Budapest,
Hungary), was retained for each ligand. Four input structures for
hSmowere retrieved from theProteinDataBank (PDB; accession
codes 4JKV, 4N4W, 4O9R, 4QIM). The cytochrome b652 insert
used for crystallization purpose was removed in each structure,
leaving the transmembrane domain (4JKV, S190-C550; 4N4W,
S190-T553; 4O9R, Q192-R551; 4QIM, S190-T553) for docking. In
case of a dimeric structure (4JKV), only chain A was kept. After
removing all nonprotein atoms (ligand, ions, solvent, lipids), hy-
drogen atoms were added to the protein using standard geome-
tries in the SYBYL-X 2.1.1 package (Certera, St. Louis, MO,USA).
The binding site in each structure was defined by the sum of
residues closer than 4.5 Å from any of the bound antagonists
(LY2940680, SANT-1, cyclopamine, Anta XV) heavy atom in the
reference 4 X-ray structures: N219ECD, L221 ECD, F222ECD,
M2301.32f, I2341.36f, F2742.51f, W2812.58f, M301ECL1, L303ECL1,
V3213.32f, LEU3253.36f, M3263.37f, V3293.40f, D384ECL2, V386ECL2,
S387ECL2, I389ECL2, F391ECL2, Y394ECL2, K395ECL2, R4005.43f,
V4045.47f, I4085.51f, F4626.43f, V4636.44f, T4666.47f, H4706.51f,
D4736.54f, Q477ECL3, W480ECL3, E481ECL3, F484ECL3, P513ECL3,
L5157.35f, E5187.38f, N5217.41f, L5227.42f, A5247.44f, MET5257.45f,
andT5287.48f. Aprotomolwasfirst definedusing standard settings
of Surflex-Dock v2.745 (31) from the above-cited list of residues,
and further used to dockMRT-92 andMRT-83 using the docking

accuracy parameter set (pgeom option) in Surflex-Dock. For
every Smo structure, a total of 20 poses was saved for each ligand.

Drugs

Synthesis ofMRT-91,MRT-92,MRT-93,MRT-94, andMRT-95 are
available upon request. Bodipy cyclopamine (BC) was from
Toronto Research Chemicals Inc. (North York, ON, Canada).
GSA-10, GDC-0449, LDE225, MRT-83, SAG, ALLO-2, and M25
compounds have been synthesized as described (20, 21).
LY2940680 was from Selleckchem (Houston, TX, USA), SANT-1
and XAV939 from Tocris Bioscience (Lille, France), and itraco-
nazole, 17-DMAG,andIWR-1 fromSigma-Aldrich(Saint-Quentin
Fallavier, France). ShhN was provided by Dr. D. Baker (Biogen
Idec, Boston, MA, USA). [3H]Thymidine was from PerkinElmer
Life (Waltham, MA, USA). [3H]MRT-92 (38.1 Ci×mmol21) has
been tritiated by RC Tritec (Teufen, Switzerland). SAG was dis-
solved in ethanol, BC in methanol, and all other compounds in
DMSO at a concentration of 10 mM or 2.5 nM for GSA-10. No
significant influence of the vehicle (DMSO) was observed in
the assays.

Plasmids and mutagenesis

The pRL-TK Renilla luciferase plasmid has been described (23)
and is referred to in the text as R. reniformis luciferase. The pRK5
andpRK5-SP-myc-Smoplasmidshavebeendescribed (44). hSmo
mutations(L325F3.36f,V329F3.40f,D384AECL2,S387AECL2,Y394AECL2,
R400A5.43f, I408F5.51f, T466F6.47f,D473H6.54f, E518K7.38f,M525G7.45f)
were generated by the Imagif platform inGif-sur-Yvette using a site-
directed mutagenesis protocol. The Wnt reporter plasmid M50
Super8xTOPFlash (Tcf/Lef), thepLNCWnt-3aHA, and the control
pRL-TK R. reniformis luciferase were obtained from Addgene.

Antibodies

A previously described polyclonal rabbit antiserum against rat
Smo was used (45). The mouse anti-acetylated tubulin antibody,
the mouse monoclonal anti–c-Myc antibody, the rabbit anti–g-
tubulin, and the goat anti-mouse FITC antibody were obtained
fromSigma-Aldrich.Thegoat anti-mouseAlexaFluor 546 antibody
was obtained from Invitrogen (Saint-Aubin, France) and the goat
anti-rabbit FITC antibody from Merck Millipore (Lyon, France).
The horseradish peroxidase–conjugated goat anti-mouse IgG was
obtained from Merck Millipore and the anti-rabbit from Sigma-
Aldrich.

Cell culture and transfection

Zeocin, geneticin (G418), penicillin–streptomycin, and all cell
culture media or products were from Invitrogen except as stated
otherwise. HEK293, C3H10T1/2, and NIH3T3 (American Type
Culture Collection, Manassas, VA, USA) were cultured in DMEM
supplemented with 10% fetal calf serum. The Shh-light2 cells
(fromProf. P. A.Beachy, StanfordUniversity, Stanford, CA,USA)
and HEK293 cells stably expressing hSmo (HEK-hSmo) 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.
HEK293 cells were transiently transfected by X-tremeGENE 9
from Roche Diagnostics (using 20 mg per T75 flask) with WT or
mutant Smo receptors for [3H]MRT-92 binding. Cells were dis-
tributed into 6-well plates containing glass coverslips coated
with 0.05 mg/ml poly-D-lysine (BD Biosciences, Le Pont de
Claix, France) for BC binding, Smo ciliary accumulation, and
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immunofluorescence experiments, or into 96-well plates for
alkaline phosphatase (AP) assay and Gli-dependent luciferase
reporter assay.

Gli-dependent luciferase reporter, AP, and ciliary Smo
accumulation assays

Shh-light2 cells were incubated for 40 hours with ShhN (5 nM)
and the studied compounds. The cell-based bioassay was per-
formed as described previously (18). C3H10T1/2 cells were in-
cubated for 6 days in the presence of SAG (0.1 mM) or GSA-10
(1 mM) and the studied compounds. The cell-based bioassay was
performed as described previously (46). The protocol used and
data analysis for ciliary Smo accumulation were performed as
described previously (19).

Primary cerebellar cultures and medulloblastoma
proliferation assay

Isolation of cerebellar granule cell precursors (GCPs) and
quantitation of [3H]thymidine incorporation were performed as
described previously (47). Shh medulloblastomas were obtained
from Ptc+/2mice (003081; The Jackson Laboratory, Bar Harbor,
ME, USA) (28) and were serially passaged in nude mice. Shh
medulloblastoma cells were isolated and cultured as described
(48). Cells from 3 independent Shh medulloblastomas were
treated in culture 48 hours and cell viability was measured using
the CellTiter-Glo (Promega, Lyon, France). The protocol in-
volving mouse use was performed in accordance with National
and European regulation on the protection of animals used for
scientific purposes.

Membrane preparation

HEK-hSmo or HEK293 transiently expressing wild-type (WT) or
mutant Smo or an empty vector (pRK5) were collected by
scraping in PBS. Cell pellets were resuspended at 4°C in 10 vol-
umes of ice-cold bufferHE (50mMHEPES pH7.4, 1mMEDTA)
supplemented by a protease inhibitors cocktail (10ml/ml; Sigma-
Aldrich). Cell pellets were homogenized with a Polytron blender
for 15 seconds, placed on ice (5 minutes), and homogenized for
15 seconds. After centrifugation (500 g, 30 minutes, 4°C), the
supernatant was centrifuged again (48,000 g, 45minutes, 4°C). A
Douncehomogenizerwas used to resuspend thefinalpellet using
2ml of ice-cold bufferHE.Themembrane suspensionwas passed
through a 25-gauge needle, formed into aliquots, and stored at2
80°C. The protein concentration was determined by themethod
of Bradford with bovine serum albumin as standard.

Immunocytochemistry

Detection of Smo protein inside HEK293 and at the cell surface
was performed as described previously (46). The SmoN-terminal
Myc tag was detected using a mouse monoclonal anti-Myc anti-
body (1/400). Smo expression (green) was visualized using
a fluorescent anti-mouse FITC antibody (1/1000).

Western blot analysis

Western blot analyses were performed as described (21, 49). Ni-
trocellulose membranes were probed (2 hours) at room tem-
perature with a mouse monoclonal anti-Myc antibody (1/2000)

or a rabbit anti–g-tubulin (1/1000). Horseradish peroxidase–
conjugated goat anti-mouse or anti-rabbit IgG was used, re-
spectively, as secondary antibody (1/1000), and immunoreactiv-
ity revealedwithenhancedchemiluminescencekit ECL(Thermo
Scientific, Waltham, MA, USA).

[3H]MRT-92 and BC binding assays

[3H]MRT-92 binding assays were performed in polypropylene
tubes.Membranes, radioligand anddrugs werediluted inHEPES
buffer (50mMHEPES, 3mMMgCl2, pH 7.2) supplemented with
0.2% bovine serum albumin to reduce nonspecific binding.
Usually, 2 mg or 20 mg of protein, for stably or transiently trans-
fected cells, were incubated with 0.4 nMof [3H]MRT-92 in a final
volume of 400 ml. Triplicate incubations were generally carried
out at 37°C for 180min and stopped in ice-cold water followed by
rapid filtration (Brandel apparatus) through glass fiber filters
(GF/C) pretreated with 0.3% polyethyleneimine. Filters were
washed with ice-cold PBS-NaCl (PBS pH 7.4 with 400 mMNaCl).
Radioactivity on the filters was quantified using a liquid scintilla-
tion counter (PerkinElmer Life). Specific binding to WT or
D473H Smo is defined as the binding inhibited by 1 mM GDC-
0449 orMRT-83, respectively, and representedmore than 95%of
total binding. Radioactive saturation experiments were per-
formed with the addition of [3H]MRT-92 over a range of con-
centrations (0.1–10.5 nM). BC assay was performed as described
previously (18). Data were expressed as percentage of fluores-
cence intensity observed with BC alone.

Data analysis

Means and SEM were calculated using Excel 2007 (Microsoft
Corp., Redmond, WA, USA). Statistical analysis was performed
by Student’s t test. Statistical significance was considered for
P# 0.05, P# 0.01, and P# 0.001. Curve fitting, half maximal
inhibitory concentration (IC50), and Kd determinations were
performed by Prism 4.03 software (GraphPad Software, San
Diego, CA, USA). Ki values for compounds were determined
from the following equation (50):

Ki ¼ IC50=ð1þ L=KdÞ;
where IC50 is their half-inhibition concentration, L is the con-
centration of [3H]MRT-92, andKd is the equilibriumdissociation
constant of [3H]MRT-92.

RESULTS

Comparative binding mode of antagonists to hSmo
transmembrane domain

TheX-ray structures of hSmo bound to several antagonists
includingLY2940680, SANT-1, cyclopamine, andAntaXV,
along with the associated mutagenesis experiments (2, 3),
revealed 2 types of 7TM-directed antagonists: first, type
1—those binding mostly to ECL, (from here on called site
1), e.g.,LY2940680, cyclopamine,AntaXV,GDC-0449, and
LDE225; and second, type 2—those penetrating deeply
into the 7TM cavity (site 2), e.g., SANT-1 (2, 3) (Fig. 1A, B).
These studies have underlined the crucial role of L3253.36f,
the rotameric state of which influences the volume of the
7TM cavity and the level of ligand penetration into the
crevice.Weuse themodifiedBallesteros-Weinstein residue
number specifically adapted for class F GPCR (3). In this
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scheme, each transmembrane residue is labeled with a su-
perscript x.yyf, denoting the transmembrane helix (x) and
the position (yy) with respect to a fully conserved amino
acid for class F receptors (for which yy = 50). The letter f
indicates that the numbering applies to a class F GPCR.

The cleft-closed structure (PDB accession codes 4JKV,
4O9R, 4QIM) accommodates the antagonist close to the
ECL upper part (type 1 binding, Supplemental Fig. 1A),
whereas the cleft-opened structure (PDB accession code
4N4W) enables the antagonist to deeply penetrates the
7TM cavity, toward more cytoplasmic-proximal residues
(type 2 binding, Supplemental Fig. 1B). Although type 1
and type 2 antagonists partially overlap in their bound
mode, we wondered whether a third type of antagonists
interacting simultaneouslywithboth sites 1 and2mayexist.

Using virtual screening of commercial compound li-
braries against a Smo antagonist pharmacophore, we re-
cently identified an acylthiourea (MRT-10) displaying
antagonist activity in various Hh assays (IC50 = 0.65 mM
for differentiation of the multipotent mesenchymal
C3H10T1/2 cells into AP-positive osteoblasts) (18). Next,
we developed and optimized acylthiourea, acylurea, and
acylguanidine derivatives of MRT-10, which led to the dis-
covery of acylguanidine MRT-83 (Supplemental Fig. 2).

MRT-83 exhibited antagonist activity comparable to that of
GDC-0449 (Table 1) (19, 20). It inhibited BC binding to
HEK-hSmo cells, suggesting that MRT-83 shares inter-
actions with site 1 residues. We could not reproducibly
dock MRT-83 in any of the available cleft-closed hSmo
structures. However, the cleft-opened conformation
(4N4W, SANT-1 bound Smo) accommodated MRT-83
(Supplemental Fig. 1C), in agreement with the observed
structure–activity relationshipson this last compound(20).
The docking study, however, showed that the very bottom
part of the pocket (site 2) is still unoccupied, suggesting
that further elongating the biaryl moiety of MRT-83 may
lead to even more potent analogs.

Discovery of MRT-92, a Smo antagonist that
selectively blocks the Hh canonical pathway

Following our design hypothesis, we synthesized MRT-83
derivatives with longer biaryl moieties (Table 2) and eval-
uated their potency to block Smo-induced differentiation
of the mesenchymal progenitor cells into osteoblasts (21,
22). The Smo agonists SAG and GSA-10 stimulate the
differentiation of C3H10T1/2 cells into AP-positive

Figure 1. Binding of different antagonists (A, LY2940680; B, SANT-1; C, MRT-92) to the transmembrane domain of hSmo (white
ribbons). The ECD, the 3 extracellular loops (ECL1, ECL2, ECL3), and the 7 transmembrane helices (I–VII) are labeled, with
the exception of helix VI, which is masked for the sake of clarity. The bound ligand is indicated by sticks and rendered by
a transparent surface. The inset illustrates the structure of each ligand. D) All 3 ligands are simultaneously rendered in the
binding site. A, B) X-ray structures (PDB accession codes 4JKV and 4N4W, respectively) (2, 3). C) Obtained by docking MRT-92
into the SANT-1-bound hSmo structure.
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osteoblasts by stabilizing different agonist-bound Smo
conformational states (SmoSAG and SmoGSA-10) exhibiting
distinct antagonist-binding preferences and pharmaco-
logic properties (21). Among the 5 synthesized analogs,

MRT-92 blocked both SAG (0.1 mM) and GSA-10 (1 mM)
induced differentiation of C3H10T1/2 cells as measured
by the AP response, albeit with a strikingly different po-
tency (Fig. 2A and Table 1). MRT-92 displayed an IC50 of

TABLE 1. Compared IC50 values for MRT-92, MRT-83, LDE225, and GDC-0449 in Hh cell-based
assays

Compound

IC50 (nM)

Shh-Light2 (1) C3H10T1/2 (2) GCPs (3) BC binding (4)
SAG GSA-10

MRT-92 2.8 6 0.5 5.6 6 0.4 1000 6 50 0.4 6 0.1 8.4 6 0.9
MRT-83 15 6 2a 11 6 3a 38 6 7c 6 6 1a 5 6 1b

LDE225 12 6 2 20 6 1a 92 6 12c 3 6 1 8 6 2
GDC-0449 7 6 1b 11 6 1b 3300 6 600c 4 6 1b 7 6 1b

IC50 values were determined on Gli-dependent luciferase reporter activity induced in (1) Shh-Light2
cells, (2) AP activity in C3H10T1/2 cells upon stimulation by SAG or GSA-10, (3) proliferative activity of
cerebellar GCPs measured by [3H]thymidine incorporation, and (4) BC binding to HEK293-hSmo cells.
Data are the means 6 SEM of at least 3 independent experiments, as depicted in Figs. 2 and 3. aRoudaut
et al. (19); bSolinas et al. (20); cGorojankina et al. (21).

TABLE 2. IC50 values for MRT-83 and derivatives on SAG- and GSA-10 -induced differentiation of C3H10T1/2 cells

Compound Structure

IC50 (mM)

SmoSAG SmoGSA-10

MRT-83 0.011 6 0.003 0.038 6 0.007

MRT-91 0.22 6 0.02 2.6 6 1.4

MRT-92 0.006 6 0.001 1.0 6 0.05

MRT-93 0.039 6 0.009 1.4 6 0.4

MRT-94 0.015 6 0.004 0.7 6 0.1

MRT-95 0.033 6 0.006 1.5 6 0.4

C3H10T1/2 cell differentiation was stimulated by SAG (SmoSAG) or GSA-10 (SmoGSA-10). Data are means 6 SEM of at least 3 independent
experiments.
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5.6nMforSAG inductionofAPresponse,whereas it poorly
blocked SmoGSA-10, with an IC50 of 1000 nM. These data
indicate that although MRT-92 is a low-affinity SmoGSA-10

antagonist, it selectively blocks SmoSAG-induced AP re-
sponse inC3H10T1/2cells with significantly high potency.

The other acylguanidine or thioacylurea derivatives
tested, exhibited a similar micromolar potency toward
SmoGSA-10 but were also potent inhibitors at SmoSAG-in-
duced response although with a lower potency thanMRT-
92. Interestingly, introducing an alkyl linker of increasing
size (1 to 3 carbon atoms) between both aryl moieties was
first detrimental to potency (MRT-91, 1 carbon linker) and
then beneficial when the 2 phenyl moieties are separated
by 2 or 3 carbons (Table 2). A saturated 2-carbon linker
(MRT-92) seems to be optimal for potency because activity
dropped upon further elongation (MRT-93) or unsatura-
tionof the central bond (MRT-94,Table 2). Theguanidine
moiety of MRT-92 also seems important because the ac-
tivity of the thiourea analog (MRT-95) was diminished
(Table 2). Moreover, MRT-92 showed competitive antag-
onism to SAG. Increasing concentrations of SAG led to
a progressive rightward shift in the MRT-92 inhibition
curves with amaximal 60-fold increase in its IC50 (Fig. 2B).
Thesedata indicate thatMRT-92 sharesacommonbinding
site with SAG.

To furtherexploreMRT-92’s potency as an antagonist of
the Hh canonical pathway, we determined its antagonist
properties in Shh-light2 cells, a NIH3T3 cell line stably
transfectedwith aGli-dependentfirefly luciferase reporter
gene used for identifying such antagonists (23). MRT-92
inhibited the ShhN(5nM)-inducedGli-luciferase reporter
transcription anddisplayed an IC50 of 2.8nM(Fig. 2C).We
then investigated MRT-92 functional properties in multi-
ple cell-based assays. We notably compared its potency to
that of chemically different high-affinity hSmo antagonists
(MRT-83, GDC-0449, and LDE225; Supplemental Fig. 2)
and concluded that MRT-92 is the most potent of all these
Smo antagonists (Table 1).

MRT-92 inhibits Smo trafficking at the primary cilium

It is proposed that SAG-induced Smo activation requires
Smo accumulation at the primary cilium (4, 19, 24, 25). To
examine the mechanism of action of MRT-92, we in-
vestigated its ability to modulate the trafficking of endog-
enous Smo to the primary ciliumof NIH3T3 cells (Fig. 2D,
E). InDMSO vehicle-treated cells, Smowas not detected at
the primary cilium visualized by the acetylated tubulin-
positive signal (Fig. 2D). After treatment with SAG (1mM)
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Figure 2. Characterization of MRT-92 in biologic assays. A–C) Activity of MRT-92 on SAG (0.1mM) or GSA-10 (1 mM) induced
differentiation of C3H10T1/2 cells as measured from AP activity (A) and on ShhN (5 nM)-induced Gli-dependent luciferase
activity in Shh-light2 cells (C). B) MRT-92 competitively blocks SAG-induced AP activity. Its IC50 (2.8 nM) observed with SAG
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highest agonist concentration, indicating competitive inhibition. A–C) Inhibition curves were generated using increasing
concentrations of MRT-92; values are expressed as percentage of the maximal response induced by SAG, GSA-10, or ShhN,
respectively. D, E) NIH3T3 cells untreated or treated with SAG (1 mM) alone or in the presence of MRT-92 (0.3 mM) were stained
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Smo trafficking to the cilium, which is abolished by MRT-92. E) Quantification of the percentage of Smo-positive cilia after
treatment. F) Inhibition of BC (5 nM) binding to HEK-hSmo cells in the presence of increasing concentrations of MRT-92 was
visualized using fluorescence microscopy in a representative field. The values are expressed as percentage of the fluorescence
detected in control HEK-hSmo incubated with BC alone. Data are means 6 SEM (n = 3) of a representative experiment over 3 to
5 independent experiments (A–C, F) or of 3 to 5 independent experiments (D, E). ***P # 0.001.
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for 18 hours, Smo accumulation was induced at the pri-
mary cilium, as shown by the colocalization of acetylated
tubulin and Smo-positive immunolabelings. MRT-92
(0.3 mM) blocked this effect but did not promote Smo-
positive signals when the compound was administrated
alone. These data demonstrate that MRT-92 abrogates
Smo ciliary translocation promoted by SAG in these cells.

MRT-92 does not block Wnt signaling

Smo displays the highest amino acid sequence identity to
Frizzled receptors that are responsible for Wnt signaling
(26). We evaluated the ability of MRT-92 tomodulateWnt
signaling inHEK293 cells transiently transfected with Tcf/
Lef-dependent firefly luciferase reporter together with a
R. reniformis luciferase control reporter, in the presence or
absence of a Wnt3a plasmid (19). As expected, Wnt3a-
induced Wnt signaling was blocked by the Wnt antagonist
IWR-1 (10 mM) (27). However, MRT-92 (0.1 mM) did not
significantly modify the basal activity level or the Wnt3a-
induced Tcf/Lef luciferase activity in these cells (Supple-
mental Fig. 3), indicating that it does not display significant
agonist and antagonist Wnt signaling activity in this assay.

MRT-92 inhibits rat GCPs and Shh medulloblastoma
cell proliferation

A hallmark of Smo antagonists is to block proliferation of
GCPs induced by Hh pathway activation (1). Thus, we
evaluated the ability of MRT-92 to inhibit rat GCPs pro-
liferation in primary culture induced by Smo activation as
measured by [3H]thymidine incorporation over basal
level. MRT-92 inhibited SAG (0.01 mM)-induced GCPs
proliferation with an IC50 of 0.4 nM (Fig. 3A), whereas the
other tested Smo antagonists were 7 to 15 times less potent
(Table 1). Medulloblastoma formation occurs in Ptc+/2

mice because of loss of Ptc and aberrant activation of the
Hh pathway in GCPs during cerebellar development (28).
We then investigated whether MRT-92 can block the con-
stitutive activity of the Hh pathway observed in primary
culture of cells from Shhmedulloblastoma asmeasured by
the metabolic activity of these cells, used as an index of
theirproliferation state.Weobserved thatMRT-92(0.3mM)
and GDC-0449 (3 mM) inhibited this response by
more than 50% but remained unmodified by the Wnt/b
catenin inhibitor (XAV939, 3 mM). Moreover, the re-
sponsewas completely abolishedbyaheat shockprotein90
inhibitor (17-DMAG, 0.5 mM) (Fig. 3B). Altogether, these
data demonstrate that MRT-92 is a potent antagonist of
GCPs proliferation induced by Hh pathway activation
through pharmacologic or genetic manipulation.

Characterization of [3H]MRT-92 binding to
HEK-hSmo cell membranes

The high potency of MRT-92 for inhibiting the Hh ca-
nonical pathway identified in several Hh-based assays, in-
cluding inhibition of GCPs, encouraged us to develop
a tritiated analog ([3H]MRT-92, Fig. 4A) for further eval-
uating the mode of action of Smo modulators. At 37°C,

[3H]MRT-92 (0.30 nM) bound to HEK-hSmomembranes
withanassociation rate constant (k1) of 0.03min213nM21,
with equilibrium attained after 150 to 180 min (Fig. 4B).
Dissociation occurring in the presence of GDC-0449
(20 mM) followed first-order kinetics with a rate con-
stant (k21) of 0.007 min21. The ratio (k21/k1) gave a Kd of
0.24 6 0.1 nM. Saturation of specific [3H]MRT-92 bind-
ing at equilibrium, defined using 1 mM GDC-0449, was
monophasic (nH = 0.93) leading to a linear Scatchard
plot. GraphPad Prism analysis of the binding isotherms
led to a Kd of 0.306 0.1 nM and a maximal capacity value
(Bmax) of 14.2 6 1.0 pmol/mg of protein. At 0.4 nM,
specificbindingof [3H]MRT-92 toHEK-hSmorepresented
95% of total binding, and nonspecific binding increased
linearly from 0.1-10 nM of [3H]MRT-92 probe concentra-
tion (Fig. 4C). These data indicate that [3H]MRT-92 is a po-
tent radioligand for labeling hSmo. Binding of [3H]MRT-92
to HEK-hSmo membranes was inhibited in a monophasic
manner by a series of Smo antagonists of different structures
(Supplemental Fig. 2). These include itraconazole, an an-
tifungal agent with Hh antagonist properties (29), and the
Smo agonist SAG. The exception was purmorphamine,
anotherSmoagonist (30)(Table3andSupplementalFig.4).
These experiments demonstrate that all these molecules, ex-
cept purmorphamine, are potent inhibitors of [3H]MRT-92
binding to hSmo.

Characterization of the MRT-92 binding site

Evidence from X-ray structures revealed that the binding
sites of SAGand cyclopamine are largely overlapping (3, 7)
between the extracellular domain (ECD), the 3 ECL, and
the upper part of the 7TM helices of hSmo. To delineate
the precise binding site of MRT-92, we docked this novel
antagonist with Surflex-Dock (31) in all available X-ray
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structures of hSmo with closed or opened lower 7TM cleft
conformation. In agreement with ourpreliminary docking
experiments of the lead compound MRT-83, the initial
design hypothesis, and the observed structure–activity
relationships (Table 2), we could only dock MRT-92 using
the cleft-opened structure (SANT-1-bound form). As an-
ticipated, MRT-92 is predicted to fill the entire 7TM cavity
from the upper ECD to its most cytoplasmic-proximal part
(Fig. 1C), and it therefore shares characteristics of both
type 1 and type 2 Smo antagonists (Fig. 1D). MRT-92 is
predicted to tightly occupy the Smo 7TM cavity using 3
main anchoring areas (Fig. 5): 1) aromatic and hydro-
phobic interactions of the trimethoxyphenyl moiety to the
upper ECD (L221ECD) and ECL3 loop (W480ECL3,
F484ECL3), 2) a network of 4 hydrogen bonds between the
central polar part (acylguanidine, amide) of the ligand
and polar residues in the upper extracellular part of
the cavity (N219ECD, D384ECL2,Y394ECL2, E5187.38f); and 3)

extensive aromatic and hydrophobic contacts in the
narrow and deep-penetrating nonpolar part of the cavity
(V386ECL2, F391ECL2, Y394ECL2, M2301.32f, H4706.51f,
L5227.42f, I4085.51f, T4666.47f, L3253.36f, M5257.45f,
V4636.44f, F2742.51f, V3293.40f).

To verify this unique binding mode, we first checked
whether MRT-92 could compete with the fluorescent-
labeled cyclopamine analog BC, prototypical of type 1
binding (2, 3, 7). MRT-92 indeed blocked BC (5 nM)
binding to HEK-hSmo in a dose-dependent manner with
an IC50 of 8.4 nM, in the same range the other reference
Smo antagonists tested (Fig. 2F and Table 1). These data
indicate that MRT-92 binds to hSmo at least at the
cyclopamine binding site and therefore presents binding
features characteristic of type 1 antagonists.

Toprecisely identify the amino acids implicated inMRT-
92 binding, we mutated 11 amino acids delineating either
binding sites 1 and 2 (2, 3, 7, 32) (Fig. 5). For investigating
the amino acids implicated in type 1 binding, we mutated
into alanine, D384ECL2, S387ECL2, and Y394ECL2 residues,
as well as R4005.43f, known to interact with LY2940680 (2).
We next characterized the D473H6.54f and E518K7.38f

mutants shown to abrogate GDC-0449 binding (2, 16, 32).
To further investigate the interaction of the terminal biaryl
side chain of MRT-92 with site 2, we engineered 4mutants
with a reduced site 2 volume (L325F3.36f, V329F3.40f,
I408F5.51f, and T466F6.47f) and 1 mutated hSmo
(M525G7.45f) with an increased site 2 volume (Fig. 5).
Thesemutants andWThSmowere transiently transfected
into HEK293 cells. Their subcellular distribution was visu-
alizedusingaMycantibody that recognizes theMycepitope
located at the amino-terminal tail of the WT and mutant
receptors. Next, we analyzed Smo immunoreactivity on
permeabilized and nonpermeabilized transfectedHEK293
cells. Myc immunoreactivity was detected at the cell surface
of nonpermeabilized and at the cytoplasmic level of per-
meabilized HEK293 transfected cells, while no signal
was detectable with control pRK5-transfected cells (Fig.
6A). These data suggest that all mutant receptors were

TABLE 3. Potency of Smo modulators using [3H]MRT-92 binding to
human WT Smo and D473H6.54f mutant receptors

Compound

Ki (nM)

WT D473H6.54f

MRT-92 0.7 6 0.1 0.7 6 0.2
MRT-83 4.6 6 0.7 5.5 6 0.2
ALLO-2 3.8 6 1.5 5.1 6 2.0
LDE225 1.6 6 0.4 108 6 18***
GDC-0449 5.8 6 1.3 .1000***
LY2940680 0.5 6 0.2 55 6 0.8***
SANT-1 1.1 6 0.1 67 6 0.9***
M25 0.9 6 0.1 61 6 13***
Itraconazole 28.3 6 0.1 .1000***
SAG 2.4 6 0.3 45 6 0.3***
Purmorphamine .5000 ND

Data (means 6 SEM of 3 to 5 independent experiments) derived
from experiments, as shown in Supplemental Fig. 4. ND, not
determined. ***P # 0.001.
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addressed to the cell membrane. Western blot analysis un-
der reducing SDS-PAGE conditions identified a major
polypeptide migrating with a molecular mass of 86 kDa in
whole lysates of membranes of the transfected HEK293
cells. This signalwas absent in control pRK5-transfected cell
preparations, thereby indicating its specificity. Importantly,
all mutant receptors were expressed at a similar level
(L325F, V329F, I408F, T466F, D473H) or more robustly
(D384A, S387A, Y394A, R500A, E518K, M525G) than the
WT receptor (Fig. 6B).

To investigate the contribution of these amino acids to
theMRT-92 binding pocket, we performed a [3H]MRT-92
binding assay on membranes from HEK293 transiently
transfected with WT and mutant Smo receptors.
S387AECL2, I408F5.51f, and D473H6.54f mutations did not
modify [3H]MRT-92 binding (Fig. 6C)—data that were
furthercorroboratedby inhibitioncompetitionassayof the
radioligand showing no difference in the IC50 of MRT-92
for WT and these mutants (Supplemental Table 1). Our
data suggest that these residues do not play a significant
role in MRT-92 recognition. In contrast, [3H]MRT-92
binding to membranes of HEK293 cells expressing
D384AECL2, Y394AECL2, R400A5.43f, and E518K7.38f muta-
tions was reduced to the level of the control pRK5-

transfected cells, excluding further [3H]MRT-92 binding
analysis and demonstrating that these amino acids are re-
quired for MRT-92 recognition. For L325F3.36f, V329F3.40f,
T466F6.47f, and M525G7.45f mutants, [3H]MRT-92 binding
was significantly impaired (Fig. 6C). In agreement with
these data, the IC50 for MRT-92 inhibition deduced from
the radioligand competition assay were right-shifted 3- to
8-fold (Supplemental Table 1). On the contrary, for the
M525G7.45fmutant, the inhibition curve forMRT-93,which
displayed a longer alkyl linker, was left shifted, although it
wasnot statistically significant (Supplemental Fig. 5).These
data suggest thatMRT-93 can still interact at thebackof the
mutant pocket, whereasMRT-92 interaction is diminished,
which is in agreement with the MRT-92 binding model.

We next determined the IC50 for LY2940680 (type 1
antagonist) and SANT-1 (type 2 antagonist) on mutant
receptors retaining [3H]MRT-92 binding (Supplemental
Table 1). The IC50 for LY2940680 inhibition of [3H]MRT-
92 binding was right shifted (3- to 100-fold) for the
S387AECL2, L325F3.36f, andD473H6.54f mutants but did not
differ from that of WT receptor for the other mutants
(Supplemental Table 1). The ability of SANT-1 to inhibit
[3H]MRT-92 binding to V329F3.40f and T466F6.47f mutants
was abolished, and it was severely impaired for L325F3.40f,
I408F5.51f, and M525G7.45f mutants (4- to 140-fold drop of
the IC50), but was not modified for the S387AECL2 mutant.
Taken together, these data confirm our docking hypoth-
esis that MRT-92-binding mode differs from that of either
LY2940680 or SANT-1 by simultaneously occupying bind-
ing sites 1 and 2 (Fig. 7).

Differential binding modes of Smo modulators to the
GDC-0449 resistant D473H mutant

Because the IC50 of MRT-92 was not modified for the
D473H mutant, we next evaluated the properties of
[3H]MRT-92 binding to this mutant. Saturation of specific
[3H]MRT-92 binding to membranes of HEK293 cells
transiently expressing D473H mutant leads to a linear
Scatchard plot and a Kd value of 0.50 6 0.1 nM (Supple-
mental Fig. 6), which was not significantly different from
[3H]MRT-92 Kd for WT hSmo. Thus, we utilized this
radioligand assay for investigating whether Hh and Smo
modulators of different structures interacted with this
naturally occurring mutant. [3H]MRT-92 binding to
HEK293 membranes expressing D473H mutant was
inhibited in a monophasic manner by MRT-92, MRT-83,
and ALLO-2 with potency similar to the WT receptor.
However, the dose-response curves for LDE225,
LY2940680, SANT-1, M25, and SAG were right shifted
(20–100-fold) or abrogated for GDC-0449 and itracona-
zole (Table 3 and Supplemental Fig. 4).

DISCUSSION

Structural studies of hSmo in complex with various antag-
onists (2, 3, 7) revealed the existence of 2 type of antago-
nists: those binding either to the upper 7TM cavity (type 1;
e.g.,LY2940680, cyclopamine, vismodegib, LDE225) or the
bottom part of the 7TM cavity (type 2; e.g., SANT-1).
Studying the binding mode of the herein described

Figure 5. Close-up of the proposed binding mode of MRT-92
to hSmo. The ligand is displayed in ball and sticks using the
following color coding: carbon, black; nitrogen, blue, oxygen,
red. Smo side chains (carbon atoms) are colored according to
their contribution to bind only LY2940680 (green), only
SANT-1 (cyan), or both antagonists (tan). Protein nitrogen,
oxygen, and sulfur atoms are colored in blue, red, and yellow,
respectively. Smo residues are labeled according to the new
class F Ballesteros-Weinstein nomenclature (3). Protein–ligand
hydrogen bonds are displayed as dashed lines. Amino acids
mutated in this study are underlined.
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antagonist, MRT-92, suggests a third binding mode
(type 3) bridging the 2 binding sites described above.
Moreover, our present study demonstrates that MRT-92
is among the most potent Smo antagonist known so far
(Table 1), being almost 10-fold more potent in inhibit-
ing rat GCPs proliferation than GDC-0449 and LDE225,

2 compounds currently in clinical trials for the treat-
ment of medulloblastoma [(17, 33); see also trial
numbersNCT00822458,NCT01601184,NCT01239316,
NCT01125800, NCT01208831, and NCT00880308, at
ClinicalTrials.gov]. MRT-92, like GDC-0449, also blocks
the proliferation of medulloblastoma cells from Ptc+/2
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mice (Fig. 3B), suggesting its potential use in the treat-
ment ofmedulloblastoma associated tomutation-driven
Hh-associated cancers.

Smo antagonists are under intense investigation for
a growing number of Hh-dependent tumors (1, 9, 34).
However, several clinical trials with Smo antagonists were
either discontinued (TAK-441, IPI-926) or led to negative
results for patients with metastatic colorectal carcinoma
andovariancancers treatedwithGDC-0449(11, 35, 36).To
better understand these failures, it is of utmost importance
to relate the clinical efficacy of Smo antagonists to their
bindingmode and to check whether a highly potent type 3
antagonist like MRT-92 may confer some advantages over
the existing type 1 or type 2 Smo antagonists.

Smo can adopt different conformations, both in the cy-
toplasm and at the primary cilium, and Smo antagonists
stabilize distinct conformations in the cilium (1). Cyclop-
amine drives Smo from the cytoplasm into the cilium in an
inactive state, whereas most Smo antagonists acting in the
canonical pathway are proposed to block an inactive form
of Smo in the cytoplasm. MRT-92 belongs to this class of
antagonists. It is suggested that ciliated medulloblastoma
with high Hh signaling would respond to treatments that
target the primary cilium (37). However, cilia can both
mediate and suppressHh-dependent tumorigenesis (4, 9),
and from a therapeutic point of view, it is not yet evident
whether a Smo antagonist should block Smo in the cyto-
plasm or in the primary cilium. MRT-92, like cyclopamine

and GDC-0449, displays low sensitivity to block the effects
ofGSA-10onSmo.Hence, it wouldbe important to further
determine whether the cancer-related effects of Smo
clinical candidates and their adverse effects, which include
hair loss, muscle spasms, fatigue, and decreases in weight
and appetite (9), are associated with inhibition of different
Smo conformations such as SmoSAG and SmoGSA-10.

The X-ray structures of hSmo bound with various
antagonists and the agonist SAG1.5 (2, 3, 7) demonstrated
the existence of a long and narrow ligand binding pocket
delineated by the extracellular linker 3 ECL and 7TM
residues where Smo modulators bind. The evidence that
MRT-92binding site(Fig. 7)overlaps thebindingpocketof
both type 1 and type 2 antagonists is supported by 1) its
binding inhibition of a known type 1 antagonist (BC;
Table 1), 2) the ability of type 1 and type 2 antagonists to
potently inhibit [3H]MRT-92 binding (Table 3), 3) the
observation that specific mutations affecting type 1 (3 in
ECL2 and 1 in TM7) or type 2 (2 in TM3, 1 in TM6, and 1
in TM7) antagonists abolished or significantly reduced
[3H]MRT-92 binding to Smo mutants (Supplemental
Table 1), and 4) MRT-92 competitively inhibited SAG-
induced differentiation of mesenchymal cells. The 7TM
cavity can accommodate a large variety of ligand chemo-
types (Supplemental Fig. 2) at overlapping binding sites,
sometimes upon minor conformational rearrangement of
a few side chains, likeL3253.36f orE5187.38f (2, 3, 7). L3253.36f

is proposed to act as a gatekeeper to close or open a back
pocket in the 7TM crevice (3). This plasticity of the 7TM
cavity, as revealed byX-ray studies, is a key player inMRT-92
antagonist potency. When its side chain is perpendicular to
the 7TM main axis (i.e., bound to LY2940680), the cavity
ends at the middle of the helical bundle, therefore forcing
the bound antagonist to mainly interact with ECL residues.
When its side chain is parallel to the 7TM main axis (i.e.,
bound to SANT-1), the back pocket is open such that
antagonists deeply penetrate into a bigger cavity (800 A2

for SANT-1-bound Smo vs. 700 A2 for LY2940680-bound
Smo). Interestingly, the binding of [3H]MRT-92 was only
moderately affected by the L325F3.36f mutation, and com-
petition binding experiments revealed that this mutation
slightly decreases binding of LY2940680 and of SANT-1
(Supplemental Table 1). In addition, this mutation did not
affect the binding of [3H]cyclopamine (3).

Mutations in a single residue (e.g.,D473H6.54f) provides
the molecular basis for chemoresistance to GDC-0449
(16). The binding of various Smo modulators to the
D473H6.54f mutant was rendered difficult by the fact that
[3H]cyclopamine does not bind to this mutant excluding
further analysis. Here, we propose that MRT-92 will be in-
sensitive to thatmutation (Fig. 6), as supportedby a similar
Kd deduced from saturation experiments of [3H]MRT-92
toward WT and D473H6.54f mutant (Fig. 4 and Supple-
mental Fig. 6) and a similar Ki for inhibiting [

3H]MRT-92
binding to these receptors. This property is also shared by
its close analogs MRT-83 (19) and ALLO-2, which inhibi-
ted theGDC-0449-resistantD477GmouseSmomutant and
inhibited bothBC and [3H]cyclopamine binding (38).We
took advantage of this fact to characterize the potency of
structurally different Smo modulators. We observed nota-
bly that the D473H6.54f mutation drastically impairs the
potency of LDE225, GDC-0449, LY2940680, M25, SANT-1,
and SAG to inhibit [3H]MRT-92 binding (Supplemental

Figure 7. Schematic representation of MRT-92 binding to
hSmo. Site 1 (cyan) is occupied by the agonists (SAG, SAG1.5)
and antagonists (LY2940680; Anta XV, cyclopamine, KAAD-
cyclopamine, GDC-0449), whereas site 2 (green) is only used
by the antagonist SANT-1. The novel antagonist MRT-92 (stick
model) occupies both sites simultaneously. Smo ECD and loops
(ECL1–3) as well as the transmembrane helices are labeled as
in Fig. 1. The intracellular helix 8 (VIII) is further indicated
with respect to the membrane boundaries (dashed lines).
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Fig. 4). Our data now support previous results deduced
fromcrystallographic experiments for an important role of
D4736.54f, clustered with R4005.43f and E5187.38f, to selec-
tively interact with some type 1 antagonists (GDC-0449,
cyclopamine), but which was less appreciated for
LY2940680 (2), whereas MRT-92 binds to the GDC-0449-
resistant W281L2.58f and V321M3.32f mutants has to be
further investigated (39).

The antifungal agent itraconazole, shown to inhibit Hh
pathway activation with an IC50 in the micromolar range
(40), is in clinical trials for the treatment of BCCassociated
with this pathway (41). Itraconazole does not compete to
the BC binding site, and it is hypothesized to act on Smo
indirectly (40). We now show that this molecule inhibits
[3H]MRT-92 binding to hSmo with high potency (Ki =
28nM),providing thefirst direct evidence that thismolecule
is a potent Smo antagonist. However, we found that in-
hibition of [3H]MRT-92 by itraconazole was sensitive to the
D473H6.54f mutation, whereas this molecule was shown to
inhibitWT andGDC-0449-resistant D477Gmouse Smowith
the same potency (29). Thus, further work is required to
delineate whether itraconazole belongs to type 1 to 3
antagonists or to yet another type.

Although a large number of Smo antagonists are de-
veloped, only a limited number of agonists are character-
ized (1, 42). SAG inhibits [3H]MRT-92 binding to hSmo,
whereas purmorphamine did not. These data suggest
a different binding mode for SAG and purmorphamine
because the latter was shown to interact at the level of the
cyclopamine binding site (30). Recent evidence argues
that cyclopamine and GDC-0449, 2 molecules displaying
antagonist activity toward canonical Hh signaling, also
display agonist activity toward Smo in a 3T3-L1 model of
adipose tissue (43). Whether these molecules activate
a different form of Smo is not yet known.

Smo antagonists are intensely studied for Hh-dependent
tumors. MRT-92 and its derivatives, including [3H]MRT-
92, have increased the understanding of how small mol-
ecules interact at Smo 7TM and the development of
novel antagonists interactingwith both sites 1 and 2. This,
we believe, will open new avenues for cancer therapy and
novel therapeutics.
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