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Abstract

Inhibition of Sonic hedgehog (Shh) signaling is of great clinical interest. Here we exploit 

Hedgehog acyltransferase (Hhat)-mediated Shh palmitoylation, a modification critical for Shh 

signaling, as a novel target for Shh pathway inhibition. A target-oriented high-throughput screen 

was used to identify small-molecule inhibitors of Hhat. In cells, these Hhat inhibitors specifically 

block Shh palmitoylation and inhibit autocrine and paracrine Shh signaling.

Shh is a secreted signaling protein that is essential for proper embryonic development1,2. In 

adults, aberrant Shh signaling drives initiation and maintenance of medulloblastoma and 

basal cell carcinoma, and has been implicated in the progression of prostate cancer, 

gastrointestinal tumors, and pancreatic cancer3. The mature Shh signaling protein is formed 

via a series of post-translational processing reactions. Following removal of the signal 

peptide, Shh undergoes autocleavage to produce a 19 kDa N-terminal product, ShhN. 

During this reaction, cholesterol is attached to the C terminus of ShhN4. In a separate 

reaction, Hhat catalyzes attachment of palmitate to the N-terminal cysteine of ShhN via an 

amide bond4,5. Palmitoylation of Shh plays a critical role in regulating the signaling potency 

of Shh in cells6,7. Hhat knockout mice and palmitoylation-deficient Shh transgenic mice 
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exhibit developmental defects similar to those observed in Shh knockout mice7. Thus, Hhat 

presents an attractive, novel target to block Shh signaling.

Hhat is a member of the membrane bound O-acyl transferase (MBOAT) family of proteins8. 

Due to the presence of multiple transmembrane domains, molecular and structural 

characterization of this family in general, and Hhat in particular, has been limited5,9. In an 

effort to discover a small-molecule inhibitor of Hhat, we conducted a high-throughput 

screen using a peptide-based assay to monitor Hhat-mediated Shh palmitoylation. We 

screened a library of 63,885 unique structures (Supplementary Results, Supplementary 

Table 1). A secondary screen was performed on 648 molecules, using the peptide-based 

assay and an orthogonal cell viability assay, to yield 95 confirmed hits. Four compounds, 

RU-SKI 39 (1), 41 (2), 43 (3) and 50 (4), were selected based on their low IC50 values and 

drug-like scaffold (Table 1, Supplementary Figs. 1 and 2).

The four Hhat inhibitors were re-tested in an in vitro palmitoylation assay using ShhN 

protein. Each compound at 12.5 μM inhibited Hhat-mediated palmitoylation of ShhN by 40–

80% (Fig. 1a). ShhN C24A, a mutant Shh protein that cannot incorporate palmitate, and 

Hhat D339A, an inactive Hhat mutant9, served as negative controls. Inhibition of ShhN 

palmitoylation was specific to the RU-SKI compounds, since two structurally related 

molecules, C-1 (5) and C-2 (6; Supplementary Fig. 3), did not affect ShhN palmitoylation 

(Fig. 1a). We next analyzed the kinetics of RU-SKI 43 inhibition of ShhN palmitoylation in 

vitro using purified Hhat and ShhN. RU-SKI 43 behaved as an uncompetitive inhibitor 

(Ki=7.4 μM) with respect to Shh, and as a noncompetitive inhibitor (Ki=6.9 μM) with 

respect to 125I-iodo-palmitoylCoA (Fig. 1b).

Hhat inhibition was then analyzed using COS-1 cells expressing HA-tagged Hhat and Shh. 

Cells were pre-treated for 16 h with 25 μM compound or DMSO, then labeled with 125I- 

iodo-palmitate, a radiolabeled palmitate analog5,10,11. RU-SKI 39, 41 and 43 strongly 

inhibited radiolabel incorporation into ShhN; RU-SKI 50 was less effective in cells (Fig. 1c, 

Supplementary Fig. 4a). Based on its ability to function as an Hhat inhibitor in vitro and in 

cells, we focused on RU-SKI 43. Dose-dependent inhibition of Shh palmitoylation was 

observed following only 5 h of treatment (Fig. 1d, Supplementary Fig. 4c). Importantly, no 

effect on Shh palmitoylation was observed when cells were incubated with 10 μM C-2 

(Supplementary Fig. 4 b,c).

Several lines of evidence suggest that inhibition by RU-SKI 43 is specific to Shh 

palmitoylation. Neither palmitoylation of H-Ras and Fyn nor myristoylation of c-Src was 

affected by treatment of cells with the compound (Fig. 1e). Treatment of cells with RU-SKI 

43 had no effect on fatty acylation of Wnt3a12 by Porcupine, another member of the 

MBOAT family, whereas Wnt C59 (a Porcupine inhibitor) blocked radiolabel incorporation 

(Fig. 1f). Overexpression of Hhat reduced the ability of RU-SKI 43 to inhibit Shh 

palmitoylation in transfected COS-1 cells, whereas overexpression of Porcupine had no 

effect (Supplementary Fig. 5). Moreover, RU-SKI 43 inhibited palmitoylation of Shh by 

endogenous Hhat in COS-1 cells (Supplementary Fig. 6). Finally, RU-SKI 43 did not alter 

Shh autoprocessing, steady-state levels of Shh and Hhat, or subcellular localization of Shh 
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and Hhat (Fig. 1d, Supplementary Fig. 7). Taken together, these data support the contention 

that RU-SKI 43 specifically inhibits Hhat but not other fatty acyl transferases.

Inhibition of Hhat is predicted to block Shh signaling in cells. We used three cell-based 

systems to test the specificity of RU-SKI 43 for the Shh pathway. First, NIH 3T3 cells were 

cotransfected with plasmids encoding Shh, a Gli-responsive Firefly luciferase reporter, and 

Renilla luciferase as a control. Increased luciferase production was observed, compared to 

cells transfected with a mutant Gli-luciferase plasmid, indicative of Gli1 activation (Fig. 2a). 

Importantly, addition of 10 μM RU-SKI 43 or LDE225, a Smoothened (Smo) inhibitor13, 

blocked luciferase activation, consistent with Shh pathway inhibition, whereas C-2 had no 

effect (Fig. 2a). These data suggest that RU-SKI 43 blocks autocrine Shh signaling in cells.

We then utilized Shh Light II cells that stably express a Gli1 reporter plasmid14. RU-SKI 43 

had no effect on the ability of the Smo agonist SAG or Shh (C42II), a recombinant, 

hydrophobic variant of Shh, to activate Gli1 in Shh Light II cells (Fig. 2b,c). Moreover, RU-

SKI 43 had no effect on Shh signaling in SuFu−/−cells, where Shh signaling is activated 

downstream of Smo (Fig. 2d). These findings imply that RU-SKI 43 inhibits Shh signaling 

at the level of the Shh ligand.

The effects of Hhat inhibition on paracrine Shh signaling were examined using C3H10T1/2 

cells, a Shh-reporter cell line that produces alkaline phosphatase (AP) in response to Shh15. 

Upon coculture with COS-1 cells expressing Shh and Hhat, C3H10T1/2 cells produced AP 

(Fig. 2e). AP activity was reduced to baseline when cocultured cells were treated with 10 

μM RU-SKI 43 (Fig. 2e). The effect of RU-SKI 43 was not due to inhibition of BMPs, 

which can cooperate with Shh16, as the BMP inhibitor Noggin had no effect on AP activity. 

These findings provide proof of concept that Hhat inhibitors block Shh signaling.

In this study, we describe the first example of a small-molecule that inhibits the activity of 

Hhat in vitro and blocks Hhat-mediated Shh palmitoylation in cells. RU-SKI 43 exhibits 

specificity for Hhat in cells: it did not affect fatty acylation mediated by other 

acyltransferases and its inhibitory effect was reversed by overexpression of Hhat 

(Supplementary Fig. 5). RU-SKI 43 decreased Gli1 activation in a Shh-driven cell-based 

reporter system, suggesting that Hhat inhibition accounts, at least in part, for the reduction of 

Shh signaling in cells, although we cannot exclude the possibility that off-target effects also 

occur. We were not able to rescue the inhibitory effect of RU-SKI 43 in Shh-transfected 

cells with SAG or Shh (C24II; Supplementary Fig. 8). Even in untreated Shh-expressing 

cells, neither SAG (Supplementary Fig. 8) nor overexpression of Smo17 activated Gli1 to 

levels higher than those achieved with Shh alone. Since these cells continuously produce 

Shh, it is likely that the Shh receptor Patched is saturated with ligand (Patched can bind both 

palmitoylated and nonpalmitoylated Shh18), and further stimulation with exogenous Shh 

(C24II) or SAG cannot occur. However, RU-SKI 43 had no effect on Shh signaling in 

SuFu−/− cells, nor did it affect the ability of either SAG or Shh (C24II) to activate Gli1 in 

Shh Light II cells (Fig. 2). These findings position Hhat inhibition as a novel method to turn 

off hedgehog signaling.
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There is great interest in Shh signaling as a clinically relevant target in human 

malignancies3. Several compounds that block Shh signaling have been described, including 

Robotnikin, which binds to Shh, and inhibitors of Smo and Gli, which are downstream 

signaling components of the Shh pathway19,20. The Hhat inhibitor is unique, as it hits 

upstream, directly at palmitoylation of the Shh ligand. As a result, Hhat inhibition could 

offer a novel treatment modality for pancreatic and gastric cancers and a subset of sarcomas, 

cancers characterized by Shh overexpression and extremely poor prognoses3. The short half-

life of RU-SKI 43 in vivo (t1/2= 17 min in mouse plasma after IV administration) limits our 

ability to perform toxicity studies in animals. However, in most “normal” adult cells, Shh 

expression and signaling is turned off. Thus, Hhat inhibition could be a valid option for 

treatment of cancers characterized by Shh overexpression, and offers several potential 

advantages. Hhat inhibition would block all downstream Shh signaling, including 

noncanonical, Smo-independent pathways21,22. Moreover, Hhat is intolerant to a wide 

variety of mutations9. It is thus possible that drug resistance might be less of a concern, 

although long-term exposure of cancer cells has not yet been evaluated. Furthermore, Hhat 

inhibition could be used in combination with Smo inhibition to attack both Shh-producing 

and Shh-responding cells. This could increase the efficiency of therapies, and potentially 

delay the development of drug resistance by patients treated with Smo inhibitors23. The 

work described in this study suggests that there is great potential for producing additional, 

optimized derivatives of Hhat inhibitors for future therapeutic development.

Online Methods

Reagents and antibodies

Fatty acyl CoA’s, Coenzyme A, CoA synthetase, octylglucoside, mouse monoclonal anti-

Flag M2 and rabbit polyclonal anti-HA antibodies, FlagM2 agarose and 3xFlag peptide were 

purchased from Sigma-Aldrich (St. Louis, MO). [125I]NaI and SPA scintillation beads were 

obtained from Perkin Elmer (Waltham, MA). Goat polyclonal anti-Shh (N-19) antibody, 

rabbit polyclonal anti-Shh (H-160) antibody, rabbit polyclonal anti-H-Ras antibody, rat 

monoclonal anti-H-Ras antibody and protein A/G plus agarose were purchased from Santa 

Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse monoclonal anti-Src antibody (clone 

GD11) was obtained from Millipore (Billerica, MA). Rabbit monoclonal anti-Shh antibody 

and rabbit monoclonal anti-Wnt3a antibody were purchased from Cell Signaling (Danvers, 

MA). Mouse monoclonal anti-HA antibody was purchased from Roche (Basel, Switzerland). 

Goat anti-mouse Alexa568 and goat anti-rabbit Alexa488 antibodies were obtained from 

Invitrogen (Carlsbad, CA). Anti-Fyn serum was generated as previously reported10. A C-

terminally biotinylated peptide containing the first 10 amino acids of mature Shh 

(CGPGRGFGKR) was synthesized by the MSKCC Microchemistry Core Facility.

Chemical libraries

Compound screening libraries that include marketed drugs, natural products, and 

combinatorially elaborated active pharmacophores were purchased from AMRI (Albany, 

NY), Microsource Discovery Systems Incorporated (Gaylordsville, CT), ChemDiv Inc. (San 

Diego, CA), Cerep SA (Paris, France), Prestwick Inc. (Strasbourg, France), and Sigma-

Aldrich (St. Louis, MO). The AMRI library contains 50,000 compounds designed for rapid 
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re-synthesis. The MicroSource Spectrum Collection contains 2,000 biologically active 

compounds including a diverse set of pure natural products. The ChemDiv Library contains 

21,000 structurally diverse compounds based on 125 combinatorial templates. Cerep 

Odyssey II collection contains 4,000 compounds derived from more than 350 scaffolds onto 

which biologically relevant pharmacophores were reacted with diverse sets of partners 

(more than 1,000 diversity points) to obtain final compounds with drug-like properties. The 

Prestwick library contains 880 compounds, of which over 85% are marketed drugs. Finally, 

LOPAC1280 is a collection of 1,280 compounds of high purity and well-documented 

pharmacological activity. A library containing 200 compounds representing spiroketals, 

polyketides and alkaloid/terpenoid-like polycyclics that was generated by Dr. Derek Tan 

was also included. All libraries were received as powders, dissolved in DMSO to 5mM, 

distributed in aliquots and stored at −28°C until use.

Mammalian expression plasmids, cell culture and transfection

Plasmids encoding Shh, HA-Hhat, HhatHAFlagHis, H-Ras, c-Src, and Fyn have been 

previously described5,24,25. N-terminal FLAG-tagged Porcupine cDNA was generated from 

a mouse Porcupine clone (a gift from Dr. Joseph Goldstein (UT Southwestern)). The pRL-

TK and 8XGliBS-Firefly luciferase cDNAs, and SuFu −/− murine embryonic fibroblasts, 

were gifts from Dr. Kathryn Anderson (MSKCC). COS-1, 293FT, L-Wnt3a, NIH 3T3, Shh 

Light II and C3H10T1/2 cells were obtained from the ATCC. Cells in 100mm tissue culture 

dishes were transfected with 3μg (unless otherwise stated) of the indicated plasmid DNAs 

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions.

Synthesis of 125I-iodo-palmitate, 125I-iodo-myristate, and 125I-iodo-pentadecanoate 
analogues

Radioiodination of iodo-palmitate, iodo-myristate (iodo-tridecanoate), and iodo-

pentadecanoate with [125I]NaI and the synthesis of 125I-iodo-palmitoylCoA were carried out 

as previously described11,26. The final concentration of 125I-iodo-palmitoylCoA was 

determined from the absorbance at 260nm, based on the extinction coefficient for 

palmitoylCoA.

Labeling of cells with palmitate and myristate

COS-1 cells transfected with Shh and HA-Hhat, H-Ras, Fyn, or Src were starved for 1h in 

DMEM containing 2% dialyzed fetal calf serum, and then 15–30 μCi/ml 125I-iodo-palmitate 

or 30 μCi/ml 125I-iodo-tridecanoate 10,11 was added to the media; the cells were incubated 

for 4h at 37°C. When indicated, cells were also treated with RU-SKI compounds or DMSO 

starting the night before or at the beginning of the 5h serum starvation. Cells were washed 

twice with 2ml of ice cold STE (100mM NaCl, 10mM Tris, 1mM EDTA [pH 7.4]) and 

lysed in 500μl of RIPA buffer (150mM NaCl, 10mM Tris, pH 7.4, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS, 1mM EDTA). Cell lysates were clarified by 

ultracentrifugation at 100,000xg for 15min in a T100.2 rotor (Beckman, Fullerton, CA). 

SDS-PAGE and Western blot analysis were used to determine protein levels. 

Immunoprecipitations were performed by incubating clarified cell lysates with 5μl of the 

indicated antibody and 50μl of A/G plus agarose at 4°C for 16h. The beads were washed 
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twice with 500μl RIPA buffer, and the final pellet was resuspended in 40μl 2X SDS-PAGE 

sample buffer. Samples were electrophoresed on a 12.5% SDS-PAGE gel. Radioactivity in 

the dried gel was analyzed on a FLA-700 phosphorimager (Fuji, Tokyo, Japan) and 

quantified using ImageGauge software. Experiments were performed in duplicate and 

repeated at least three times.

Labeling of cells expressing Wnt3a

Mouse L-Wnt3a cells were transfected with 6μg of N-terminally FLAG-tagged Porcupine or 

empty vector. 48h after transfection L Wnt-3a cells were serum starved for 3h in DMEM 

containing 2% dialyzed fetal calf serum, and either DMSO, 10μM RU-SKI-43, or 100nM 

Wnt C59. Cells were labeled for 6h with 40μCi of 125I-iodo-pentadecanoate – a palmitate 

analog that we have determined is suitable for monitoring Wnt3a palmitoleoylation. Cells 

were lysed and total cell lysates were collected as described for cell labeling with palmitate 

or myristate. Both Wnt3a and Flag-Porcupine were immunoprecipitated by incubating 60 μL 

A/G plus agarose with respectively 350μL and 100μL of cell lysate, along with 7 μL rabbit 

anti-Wnt3a antibody or 5 μL mouse anti-Flag M2 antibody for 16h at 4°C. The beads were 

washed twice with 500μl RIPA buffer, and the final pellet was resuspended in 60μl 2X SDS-

PAGE sample buffer, containing 60mM DTT. Samples were run on a SDS-PAGE gel, and 

analyzed by Western blot and phosphorimaging analysis, as previously described for 

palmitate and myristate labeling of proteins. The experiment was performed in duplicate and 

repeated three times.

Purification of recombinant Shh and HhatHAFlagHis proteins

His-tagged Shh24–197 constructs were expressed in E.coli BL21 (DE3) codon plus 

(Novagen), and purified as described5. Protein concentrations were determined using the DC 

protein assay (BioRad). Purification of HhatHAFlagHis from 20×100mm plates of 

transfected 293FT cells was carried out following the protocol previously shown to result in 

a single band on a Silver stained gel5. The final concentration of the protein eluted from the 

Flag column was determined from the absorbance at 280nm using an extinction coefficient 

of 19,3045cm−1M−1.

In vitro palmitoylation assay

The assay was performed as previously described5. 10μl of HhatHAFlagHis in 20mM 

HEPES, pH 7.3, 175mM NaCl, 1% octylglucoside, 1% glycerol were incubated with 10μl 

recombinant Shh (0.2–0.4mg/ml in 20mM MES, pH 6.5, 1mM EDTA, 1mM DTT), and 

30μl of reaction buffer (167mM MES, pH 6.5, 1.7mM DTT, 0.083% Triton X-100, 

167μM 125I-iodo-palmitoylCoA). The reaction was incubated for 30min at room 

temperature, then stopped by the addition of 50μl 2X SDS-PAGE sample buffer. Analysis of 

RU-SKI 43 inhibition kinetics was performed as follows. Since this is a two-substrate 

system which does not strictly obey Michaelis-Menten kinetics, the levels of either ShhN 

or 125I-iodo-palmitoylCoA were titrated, with one substrate held at a super-saturating 

concentration (10 to 30-times Km). Purified Hhat was pre-treated for 20min with RU-SKI 

43, then incubated with increasing concentrations of recombinant ShhN in the presence of 

30μM 125I-iodo-palmitoylCoA, or with increasing concentrations of 125I-iodo-palmitoylCoA 

in the presence of 38μM ShhN. Samples were electrophoresed on a 12.5% SDS-PAGE gel. 
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The gel was dried, exposed to a phosphorimager screen for 16h, and analyzed on a FLA-700 

phosphorimager. Data were quantified using ImageGauge software. Experiments were 

performed in duplicate and repeated at least two times.

High-throughput Hhat activity assay

5μl of 10mM MES, pH 6.5 buffer were dispensed in each well of a 384-well white/clear-

bottom plate (Greiner Bio-One, Kremsmuenster, Austria) using a Thermo Multi-Drop 

Combi (Thermo Scientific, Hudson, NH) dispenser and plates were spun for 30sec at 

1000×g. Compounds (12.5μM final concentration) were dispensed using a Janus “Varispan” 

automated syringe pipette (PerkinElmer, Waltham, MA). Next, 3μl of P100 membranes 

from HA-Hhat transfected 293FT cells were dispensed with the Thermo Multi-Drop Combi 

dispenser, the plates were centrifuged for 30sec at 1000×g, and then incubated for 20min at 

room temperature. The reaction was started by the addition of 12μl reaction buffer (167mM 

MES, pH 6.5, 2mM DTT, 0.083% Triton X-100, 8.3μM 125I-iodo-palmitoylCoA, 5.21μM 

Shh biotinylated peptide) by a Matrix WellMate dispenser (Thermo Scientific, Hudson, 

NH). Following a 1h incubation at room temperature, the reaction was stopped by the 

addition of 70μl SPA beads solution (7.14mg/ml in RIPA buffer), using the Matrix 

WellMate dispenser. The signal was detected on a Microbeta Trilux reader (PerkinElmer, 

Waltham, MA). Each plate included high control (DMSO only) and low control (0.125% 

TFA final concentration) rows.

Cell viability assay

5000 AsPC-1 human pancreatic cancer cells were plated in each well of a 384-well black/

clear-bottom tissue culture plate, using Thermo Multi-Drop Combi dispenser. The plates 

were incubated at 37°C for 24h before compounds were dispensed using a Janus “Varispan” 

automated syringe pipette at 50μM final concentration. High control (DMSO only) and low 

control (cell media only) rows were included in each plate. After 48h incubation, Alamar 

Blue (Invitrogen, Carlsbad, CA) was added to each well in 1:100 ratio. 4h later, cell viability 

was assessed by measuring fluorescence on a Perkin-Elmer EnVision plate reader 

(PerkinElmer, Waltham, MA).

High-throughput screening

The Hhat activity assay described above was used to test compounds from the libraries at the 

Rockefeller University High Throughput Screening Resource Center (New York, NY). For 

the primary screen, compounds were tested as single points at 12.5μM concentration. 

Percent inhibition for each experimental point was determined by the formula: 

. As an assessment of 

quality27, Z′ values for each plate were calculated using the formula: 

. Compounds were organized based on their percent inhibition, and those with >60% 

inhibition, molecular weight <425kDa, no Lipinski violations, and that were on plates with 

Z′>0.5 were selected for secondary screening. Structures selected from this primary screen 

were re-tested in duplicate using Hhat activity and cell viability assays. 95 compounds 

yielded >60% inhibition in both assays and were selected as hits. 11-point 2-fold serial 
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dilutions in DMSO were prepared to yield final concentrations ranging from 12.5μM to 

0μM. The Hhat activity assay was performed in duplicate, and the data were used to 

calculate IC50 values for each compound. The compounds were organized by structural 

similarity and those with the lowest IC50 values and most promising structure for further 

drug development were chosen for further analysis.

Compound analytics

RU-SKI 39,41,43,50; C-1, C-2: These compounds were purchased from AMRI as powders 

with purities of greater than 90%, as detected by LCMS (220 nm) as follows: (1) 95%, (2) 

90%, (3) 97%, (4)100%, (5) 97%, (6) 94%. Compound RU-SKI 43 was re-purchased from 

AMRI in 100 mg quantity and analyzed prior to use in cell-based experiments. Reverse-

phase HPLC-ESI-MS analysis yielded a single peak (A220), at retention time of 8.5 min. 

containing 97.6% of the total area under the spectra. Mass spectrometry yielded one total ion 

current peak at 8.6 minutes, containing 83% of the area under all non-solvent ion counts 

with one positive ion of 387.2 amu (predicted 387.6 amu, M+H). Analysis of the same 

sample in negative ion detection mode yielded a negative ion of 385.2 amu (M−H) (385.5 

amu predicted) at retention time 8.5 minutes (Supplementary Fig. 13).

Shh peptide CGPGRGFGKR (PEG-BIOTIN): Reverse-Phase HPLC yielded a single peak 

(Absorbance 215nm) at retention time of 23.8 min containing 93.97% of the total area under 

the spectrum. Matrix-Assisted-Laser-Desorption/Ionization (MALDI) MS of the HPLC 

purified peptide yielded a positive ion at experimental mass, m/z: 1462.571 Da (theoretical 

average, protonated mass, MH+: 1463.09 Da) (Supplementary Figs. 14 and 15).

Immunofluorescence

COS-1 cells were transfected with plasmids encoding Shh and HA-Hhat. 24h after 

transfection, the cells were seeded onto glass coverslips at low density. After 24h, the cells 

were washed with phosphate-buffered saline (PBS) and fixed with 4% (v/v) 

paraformaldehyde in PBS for 20min at room temperature. The cells were washed twice with 

PBS and permeabilized with 0.2% Triton X-100 in PBS for 7 min at room temperature, 

followed by two washes with PBS. Cells were then incubated for 30 min in blocking buffer 

(3% bovine serum albumin in PBS) and incubated for 1h with primary antibody (rabbit anti-

Shh polyclonal antibody 1:100; mouse anti-HA monoclonal antibody 1:200) diluted in 

blocking buffer. Cells were washed five times with PBS, followed by a 45-min incubation 

with the secondary antibody (anti-mouse Alexa568 antibody 1:1000; anti-rabbit Alexa488 

antibody) and Hoechst dye (1:2000), diluted in blocking buffer. The cells were washed five 

times in PBS, and coverslips were mounted on slides using ProLong Gold mounting solution 

(Invitrogen, Carlsbad, CA). Images were acquired on a Zeiss LSM 510 microscope (Zeiss, 

Germany) using a 63X oil objective. 5–10 images were taken per slide, and at least 2 slides 

were prepared per condition. The experiment was performed three times.

Luciferase assays

NIH 3T3 cells were transfected with pRL-TK, 8XGliBS-FL (or mutant 8XGliBS-FL), and 

Shh plasmids as previously described14. 24h after transfection, the cells were seeded in 6-

well plates at a density of 1×106 cells/well, and allowed to reach confluence. Cells were 
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treated with DMSO, 10μM LDE225 (Selleckchem, Houston, TX), 10μM RU-SKI 43, or 

10μM C-2 for 24 h. Luciferase activity was measured in cell lysates using the Dual-

Luciferase®Reporter Assay System (Promega, Madison, WI). FL and RL levels were 

detected on a Veritas™ Microplate Luminometer (Promega, Madison, WI). The FL/RL ratio 

was calculated for each sample, and was normalized to the ratio of the DMSO-treated cells.

Shh Light II cells were grown until confluent, transferred to media containing 0.5% serum 

and treated for 24 h with DMSO or 10μM RU-SKI 43, in the presence or absence of 100nM 

SAG or 1μg/mL Shh (C24II). Luciferase activity was measured as above. The FL/RL ratio 

was determined for each sample, and was normalized to the ratio for cells treated with either 

DMSO or RU-SKI 43 alone. The experiment was performed at least twice.

Sufu −/− cells were transfected with wild-type or mutant 8XGliBS and pRL-TK plasmids. 

24h after transfection, the cells were seeded, grown to confluence, and then treated with 

DMSO, 10μM LDE225 or 10μM RU-SKI 43 for 24h. Luciferase activity was measured as 

above, and the experiment was performed at least twice.

C3H10T1/2 reporter assay

C3H10T1/2 and COS-1 cells, transfected with HA-Hhat and Shh encoding plasmids, were 

plated either alone or together (4:1 ratio) in 60mm tissue culture plates. The cells were 

grown for 24h at 37°C, after which the media was changed to media containing DMSO or 

10μM RU-SKI 43. The cells were then incubated for 72h (DMSO/drug was replenished 48h 

after the initial addition). The SensoLyte®FDP Alkaline Phosphatase Assay Kit (AnaSpec, 

Fremont, CA) was used to measure alkaline phosphatase levels in the cell lysates by 

monitoring fluorescence for 30min in 5-minute intervals on a Tecan Infinite F500 plate 

reader (Männdorf, Switzerland). The experiment was performed two times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RU-SKI 43 inhibits Hhat
a) RU-SKIs inhibit Shh palmitoylation in vitro. Membranes from cells transfected with 

wild-type Hhat or the inactive Hhat D339A mutant were preincubated with DMSO or 

12.5μM RU-SKIs, C-1 or C-2, then incubated with ShhN (wild-type or C24A) and 125I-

iodo-palmitoylCoA. 125I-iodo-palmitoyl incorporation was normalized to that of ShhN + 

DMSO; each bar is Mean±SD (n=2–4). b) RU-SKI 43 inhibition kinetics with purified Hhat; 

each point is Mean ±SD (n=2). c,d) RU-SKIs inhibit Shh protein palmitoylation in cells. 

COS-1 cells expressing HA-Hhat and Shh were treated with DMSO or RU-SKIs (c, 25 μM, 

16 h; d, 0, 10 or 20 μM RU-SKI 43, 5 h) and labeled with 125I-iodo-palmitate. Anti-Shh 

immunoprecipitates were analyzed by SDS-PAGE and phosphorimaging (upper panel) or 

Western blotting (c, lower panel; d, middle panel). Total cell lysates (TCL) were analyzed 

by Western blotting. e) RU-SKI 43 exhibits specificity for Hhat. COS-1 cells expressing H-

Ras N17, Fyn or c-Src, were treated with RU-SKI 43 and labeled with the indicated fatty 

acids. f) RU-SKI 43 does not inhibit Porcupine. Mouse L Wnt-3a cells were transfected with 

FLAG-Porcupine or empty vector (EV), treated with DMSO, 10 μM RU-SKI-43, or 100 nM 

Wnt C59, and labeled with 125I-iodo-pentadecanoate. Full, uncut gel images are presented in 

Supplementary Figures 9–12.
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Figure 2. RU-SKI 43 blocks Shh signaling
a) RU-SKI 43 blocks Gli activation. NIH 3T3 cells were cotransfected with vectors 

encoding 8XGliBS-Firefly luciferase (unless indicated otherwise), Renilla luciferase 

reporter (pRL-TK) and Shh. Confluent cells were treated with DMSO, 10 μM LDE225, 10 

μM RU-SKI 43 or 10 μM C-2. The firefly luciferase (FL)/renilla luciferase (RL) ratio in cell 

lysates was calculated and normalized to DMSO-treated samples; each bar is Mean±SD 

(n=2–3). b,c) RU-SKI 43 does not affect exogenous Shh pathway activation. Shh Light II 

cells were treated with 100 nM SAG (b) or 1μg/mL Shh (C24II) (c) −/+ 10 μM RU-SKI 43. 

The FL/RL ratio in cell lysates was calculated for each sample, and was normalized to the 

DMSO or RU-SKI 43-treated samples; each bar represents Mean±SD (n=2). d) RU-SKI 43 

does not affect Shh pathway activation in SuFu−/− cells. SuFu−/− cells were transfected with 

8XGliBS-FL (unless otherwise indicated) and pRL-TK. Confluent cells were treated with 

DMSO or 10 μM RU-SKI 43. FL/RL ratios were calculated as in c); each bar is Mean ± SD 
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(n=2–4). e) RU-SKI 43 blocks paracrine Shh signaling in cells. COS-1 cells expressing Hhat 

and Shh were cocultured with C3H10T1/2 fibroblasts, incubated with DMSO or 10 μM RU-

SKI 43, and AP activity was measured; each point is Mean ± SD (n=3).
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Table 1

Structures and IC50 values of the Hhat inhibitor hit compounds.

Number Compound ID Structure IC50 μM

1 RU-SKI 39 3.07

2 RU-SKI 41 0.18

3 RU-SKI 43 0.85

4 RU-SKI 50 5.44
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