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Ultra-large scale virtual screening
identifies a small molecule inhibitor
of the Wnt transporter Wntless

Jia Yu,1,4,5 Pei-Ju Liao,1,5 Thomas H. Keller,2 Joseph Cherian,2 David M. Virshup,1,3,6,* and Weijun Xu2,7,*
SUMMARY

Wnts are lipid-modified glycoproteins that play key roles in both embryonic development and adult
homeostasis. Wnt signaling is dysregulated in many cancers and preclinical data shows that targeting
Wnt biosynthesis and secretion can be effective in Wnt-addicted cancers. An integral membrane protein
known as Wntless (WLS/Evi) is essential for Wnt secretion. However, WLS remains undrugged thus far.
The cryo-EM structure ofWLS in complexwithWNT8A shows thatWLS has a druggableG-protein coupled
receptor (GPCR) domain. Using Active Learning/Glide, we performed an ultra-large scale virtual screening
from Enamine’s REAL 350/3 Lead-Like library containing nearly 500 million compounds. 68 hits were
examined after on-demand synthesis in cell-based Wnt reporter and other functional assays. ETC-451
emerged as a potential first-in-class WLS inhibitor. ETC-451 blocked WLS-WNT3A interaction and
decreasedWnt-addicted pancreatic cancer cell line proliferation. The current hit provides a starting chem-
ical scaffold for further structure or ligand-based drug discovery targeting WLS.

INTRODUCTION

Wnt signaling pathways are important throughout the animal kingdom to regulate cellular growth and tissue communication.1,2 Upon the

binding of Wnt ligands to their receptors and coreceptors, a cascade of intracellular signaling events occurs (Figure 1) that results in the tis-

sue-specific transcriptional regulation of multiple genes that regulate biological processes involved in proliferation and differentiation.3

Deregulation of the Wnt pathway results in cancers, fibrosis, immune suppression, and degenerative diseases in humans (reviewed in4–6).

Due to its importance in controlling cell proliferation, the discovery and development of inhibitors capable of perturbing Wnt signaling is

an area of extensive research in both academia and industry.

Both Wnt biogenesis and downstream signaling pathways offer several druggable targets. Wnt proteins are post-translationally modified

during their biosynthesis.7,8 A mono-unsaturated palmitoleate is attached to a highly conserved serine residue on Wnt by an endoplasmic

reticulum (ER)-resident acyltransferase namedPorcupine (PORCN).7,9 This palmitoleation is essential forWnt to subsequently bind to its trans-

porter, the integral membrane proteinWntless (WLS, also called Evi) for secretion into the extracellular environment.10–12 There,Wnt binds to

its cognate receptor Frizzled as well as other coreceptors to initiate downstream signaling. One of the most studied signaling pathways is the

b-catenin dependent pathway, focusing on the tightly regulated protein b-catenin that activates TCF-driven transcription. b-catenin levels are

controlled by themulti-protein destruction complex that comprises both scaffold proteins as well as kinases. Many studies have aimed to find

drugs that destabilize b-catenin or block the interaction between b-catenin and TCF or other transcription coactivators.13,14 For the upstream

Wnt synthesis and secretion, PORCN inhibitors have been identified in the past decade as potential therapeutics for Wnt-addicted tumors

(reviewed in15). Several of these small molecules such as LGK974 and ETC-159 are currently undergoing clinical trials.16–18 Another approach

to inhibiting the Wnt pathway involves targeting the interaction between Wnt ligands and FZD receptors. Recombinant fusion proteins and

antibodies that target FZDs are being developed as potential Wnt/FZD antagonists.19,20 These inhibitors block the binding of Wnt ligands to

FZD receptors, thereby disrupting downstream signaling. However, to date, no inhibitors have been reported to target WLS (Figure 1).

Recently the structures of the human WLS bound to WNT8A and WNT3A have been determined by single particle cryo-electron micro-

scopy.21,22 Although bound to different Wnt ligands, these complexes showed very similar WLS structures. WLS contains an amino-terminal

transmembrane helix followed by a large extracellular globular domain and then a G-protein coupled receptor (GPCR)-related transmem-

brane domain consisting of an additional seven helices. WLS has extensive interactions with the Wnt ligand, and the bound palmitoleate
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Figure 1. WLS is a dedicated and essential Wnt transporter

The cartoon illustrates critical proteins involved in the Wnt/b-catenin pathway, including the acyltransferase PORCN and the transporter WLS in the Wnt-

producing cells. FZD and LRP5/6 in the signal-receiving cells signal to stabilize b-catenin, allowing it to drive gene expression. Surface models were derived

from solved structures as follows: PORCN (PDB: 7URE), WNT (PDB: 7KC4), WNT-WLS complex (PDB: 7KC4), the LRPE1E2-WNT-FZD CRD complex (PDB:

8CTG) with FZD (PDB: 6WW2).

ll
OPEN ACCESS

iScience
Article
moiety is inserted deeply into the hydrophobic cavity ofWLS (Figures 2A and 2B). Interestingly, structural homology searches and binding site

detection analysis revealed that a druggable pocket may be present within the WLS transmembrane domain, similar to the canonical drug

binding sites in other GPCRs.

Recently, in silico screening of compound libraries broadly covering expanded chemical space has gained increasing attention in the drug

discovery pipeline. Since 2019, ultra-large virtual screening has been reported to contribute toward improved hit identification. Lyu et al. used

1500 CPU cores to dock 138 million compounds in the dopamine D4 receptor and tested 549 make-on-demand molecules, among which 83

compounds showed Ki ranging from 18.4 nM to 8.3 mMwith a hit rate of 22%.25 In the same study, the authors docked 99 million compounds

(1500 CPU cores) in the AmpC b-lactamase and tested 44 compounds. 5 of them had Ki values ranging from 1.3 to 400 mM (hit rate 11%).

Gorgulla et al. docked 1.3 billion compounds (average 8000 CPU cores) in the KEAP1 redox sensor and cherry-picked 590 compounds for

experimental testing, resulting in 69 hits confirmed as binders by surface plasmon resonance (SPR).26 Carlsson et al. conducted structure-

based docking to screen a diverse library of 235 million virtual compounds (3500 CPU cores) against the active site of the 3CLpro protease

of SARS-CoV2.27 Three inhibitors were identified out of 100 top-ranked compounds from binding and enzymatic assays. Kirtrich et al. pro-

posed a ‘‘virtual synthon hierarchical enumeration screening’’ (V-SYNTHES) approach that performs docking calculations on a focused set

of fragment compounds that are representative of all the scaffolds available for library synthesis and the corresponding reagents to elaborate

them.28 The approach was applied to discover new chemotypes for cannabinoid receptor CB2 antagonists and achieved a hit rate of 23% for

submicromolar ligands, exceeding the hit rate of standard virtual screening, while taking about 100 times less computational resources. Thus,

modern virtual screening is proving effective at generating promising chemical hits.

To develop novel inhibitors ofWnt signaling, we sought to target the dedicated carrier proteinWLS, which has a potentially druggable site

within the transmembrane bundle. We initiated an ultra-large scale virtual screening campaign using the Enaminemake-on-demand lead-like

(350/3) library containing about 500 million compounds. We selected a diverse set of 86 compounds for synthesis. All the successfully synthe-

sized compounds were tested using Wnt reporter assay as the primary readout. ETC-451 showed the inhibition of Wnt-WLS binding and
2 iScience 27, 110454, August 16, 2024



Figure 2. Sitemap identifies a potential druggable pocket in WLS amenable to small molecule discovery via virtual screening

(A) Binding site detection within the WLS transmembrane domain identifies site 1 (black circle) as the most druggable pocket. WLS is in blue and WNT8A is in

purple. WNT palmitoleate tail is in gray. (PDB: 7KC4)

(B) Surface representation of WLS, color-coded by the chemical properties of amino acids. Red: negatively charged; Blue: positively charged; Wheat:

hydrophobic; Magenta: aromatic; and Green: Glycine.

(C) Focused pocket view of the identified druggable site in surface representation with WLS transmembrane helices in blue ribbon.

(D) Virtual screening and hit selection workflow. Volume overlapping clustering was performed using Schrödinger Maestro.23 Within the largest cluster (6th

cluster), the 3rd bin contains 7441 compounds and covers 854 chemical fingerprint-based subclusters. Using diversity-based selection, 250 compounds were

further selected. To this dataset, membrane permeability was applied to the filter using a cutoff �5.2 based on LogPermRRCK value.24 Finally, a list of 86

diverse compounds was shortlisted as virtual hits for Enamine synthesis.
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downregulatedWnt target gene expression as well as cell proliferation inWnt-sensitive pancreatic cell lines. To our knowledge, this is the first

study to report a large scale in silicocomputational screen leading to the identificationof thefirstWLS inhibitor, providinga starting template for

furthermedicinal chemistry efforts to improve the current hit compound. In addition, herewe release the top 10,000 ranked hits fromour virtual

screening thatprovidesaplethoraof chemical information fordruggingWLSasa collectiveeffort fromtheWnt community (seeSTARmethods).

RESULTS

Virtual screening of enamine ‘‘350/3’’ lead-like library

Using the previously solved WNT8A-WLS complex,21 we asked whether a potential druggable binding site that is amenable to small molecule

binding is present in WLS. To probe this, we first removedWNT8A from the complex structure and calculated the top 5 binding sites using Si-

temap (Schrödinger). Interestingly, Site 1 (Figure 2A, black circle), which aligned with the GPCR drug binding site, was identified as the most

druggable pocket within the TM tunnel ofWLS.Notably, the pocket features partially polar residues at the topwith predominantly hydrophobic
iScience 27, 110454, August 16, 2024 3
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residues lining the lower pocket (Figures 2B and 2C). Next, we performed a virtual screen using the Enamine 350/3 Lead-like library containing

compoundswith themost stringent physicochemical profiles to have high potency for optimization: 270%MW% 350, 14%HAC%26, SlogP%3,

and aryl rings%2. During the virtual screening, we implemented default settings from Active Learning/Glide (Schrödinger) (see STARmethods

for details). As briefly illustrated in Figure 2D, a randomdiversity based subset (50K) of the ligand library was selected and docked with Glide SP

mode.29 The docking scores of this subset were used to train a DeepChem learning model,30 which was subsequently used to predict docking

scores across the entire ligand database. This was followed by another 2 rounds of active learning (Figure S1A), where an attempt wasmade to

improve the model by selecting the top scoring compounds to form the focus for the final stage of Glide SP rescoring.

Our virtual screening was performed on a 128-CPU cluster. We implemented a 50-parallel CPU job for Glide SP docking and the

DeepChem learning was performed using one NVIDIA V100 Tensor core GPU. Upon the completion of Active Learning/Glide, the top 1

million ligands, as predicted by the active learning, were rescored by Glide SP docking. We focused our post-virtual screening hit selection

on the top 10,000 ranked compounds based on the Glide SP scores. From this list, the unique compounds were saved. Next, volume over-

lapping clustering was applied to classify compounds based on the volume occupancy within the binding site, resulting in 6 major clusters

within the top 10,000 virtual hits.We then visually inspected the binding poses of compounds fromeach cluster. The largest cluster, containing

9116 compounds, appeared the most attractive due to the best mutual fitness between the shape of the binding pocket and the ligands. In

addition, we used the Schrödinger ‘‘membrane permeability’’ module to shortlist compounds.24 Aided by visual inspection for putative pro-

tein-ligand interactions, a total of 86 diverse (Figure S1B) REAL compounds were selected and ordered for synthesis from Enamine.31

ETC-450 and ETC-451 reduced Wnt secretion and reporter activity

We tested 68 successfully synthesized make-on-demand compounds in vitro using a well-established Wnt/b-catenin reporter assay.10,17

STF3A cells are HEK293 cells with an integrated WNT3A expression construct and b-catenin responsive SuperTOPFlash (STF) luciferase re-

porter. These Wnt-high reporter cells were treated with individual inhibitors for 48 h and then luciferase activity was measured (Figure 3A).

Since WLS inhibitors block Wnt signaling by inhibiting Wnt secretion, the addition of exogenous Wnt ligands should rescue the downstream

reporter activity. Therefore, we also tested the compounds using STF reporter cells (lacking endogenous WNT3A) cultured with WNT3A-

conditioned medium for comparison (Figures 3B and 3C). 2 out of 68 compounds, ETC-2188450 and ETC-2188451 (henceforth referred to

as ETC-450 and -451) were found to selectively inhibit signaling in STF3A cells, but not in STF cells stimulated with WNT3A-conditioned me-

dium (Figures 3A–3C). ETC-451 also did not block signaling resulting from downstream stimuli including activated LRP6 (DN-LRP6), stabilized

b-catenin (b-catenin S45Amutant)and aGSK3 inhibitor BIO,32 confirming it is a specificWLS inhibitor (Figure S2). Both compounds exhibited a

dose-dependent inhibition of Wnt/b-catenin reporter activity with IC50s of 6.3 mM and 7.7 mM, respectively (Figure 3A).

Additionally, we collected the cell culture medium from ETC-450 and ETC-451 treated STF3A cells to test if the secretion of WNT3A into

the media is reduced. Although not as potent as the PORCN inhibitor ETC-159, WNT3A secretion was significantly reduced in a dose-depen-

dent manner after treatment with ETC-450 and ETC-451 (Figures 3D and 3E). The results indicated that the two hits are potential WLS inhib-

itors and were, therefore, further characterized.

ETC-451 blocks the interaction of Wnt with Wntless

Since the potential drug binding pocket used for the virtual screening is also where the Wnt-palmitoleate moiety binds, the binding of the

small molecules could in theory competitively inhibit the binding of Wnt to WLS. To test this hypothesis, we performed co-immunoprecip-

itation assays (CoIP) to examine the effect of the compounds on the interaction between WNT3A and V5-epitope tagged WLS. Indeed,

ETC-451 diminished the binding of WNT3A to WLS, consistent with the proposed mechanism of action (Figures 4A and 4B). Conversely,

ETC-450 did not block Wnt binding to WLS, suggesting a distinct mode of inhibition for this compound.

As an additional test of specificity, we examined theeffect of the hits on theWnt-PORCN interaction (Figure 4C). PORCN inhibitors including

LGK974andETC-159prevent thebindingofpalmitoleoyl-CoAto theenzymePORCNandthereforedirectlyblock the interactionofPORCNand

Wnt.33,34 In our hands, ETC-159 but not ETC-450 nor ETC-451 blocked the binding ofWNT3A and PORCN. Thus, ETC450 and ETC-451 do not

appear to be PORCN inhibitors (Figure 4C). In addition, weobserved an unexpected reduction ofWNT3Aprotein levels in the lysate uponETC-

451 but not ETC-159 treatment, especially at high concentrations (See normalizedWNT3A level quantification for Figures 3E, 4A, and 4C). We

suspect that lipidatedWNTmaybemore prone to denaturation anddegradation than non-palmitoleatedWNT in the absence ofWLS binding.

To further validate that WLS is the target of the compounds, we tested whether over-expression of WLS can rescue the inhibition of Wnt/

b-catenin reporter activity upon the treatment of compounds. Indeed, when a low concentration of the compounds (close to the IC50) was

used, over-expression of WLS but not PORCN reversed the inhibitory effects of ETC-450 and ETC-451 on the Wnt/b-catenin reporter activ-

ities. In a control experiment, over-expression of PORCN rescued the PORCN inhibitor ETC-159’s activity in suppressing the reporter assay

(Figure 4D). Taken together, these data suggest that both ETC-450 and ETC-451 are potential WLS-specific inhibitors.

ETC-451 reduced Wnt target gene expression and colony formation in Wnt sensitive pancreatic cells

Because of its ability to block the Wnt-WLS interaction, we focused on ETC-451 and examined its effect on the downstream Wnt signaling

pathway. We compared the effect of ETC-451 on Wnt target gene expression and colony forming ability in Wnt-addicted HPAF-II and

Wnt-independent PANC 08.13 pancreatic cancer cell lines (Figure 5).35 The Wnt target genes AXIN2 and RNF43 are highly expressed in

HPAF-II cells but not in PANC 08.13 cells. ETC-451 treatment reduced both AXIN2 and RNF43 expression in a dose-dependent manner in

the Wnt-high HPAF-II cells but not in the Wnt-low PANC 08.13 cells (Figure 5A). Wnt inhibition in Wnt-addicted cancers also causes the
4 iScience 27, 110454, August 16, 2024
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Figure 3. Two hits from the WLS inhibitor screen are effective in suppressing Wnt/b-catenin signaling and WNT3A secretion

(A) Wnt/b-catenin reporter activity in STF3A cells was suppressed by 48 h treatment with the indicated concentration of ETC-450 or ETC-451. Luciferase activity

was normalized to DMSO control. The chemical structures of ETC-450 and ETC-451 are shown on the right. Data are displayed as mean G standard deviation

(s.d.) and show one representative of three independent experiments with three biological replicates.

(B and C) WLS inhibitors do not suppress signaling stimulated by WNT3A-conditioned medium (CM). STF cells were co-cultured with WNT3A-conditioned

medium and treated with ETC-450 or ETC-451 for 48 h, followed by the measurement of luciferase activity. Luciferase activity was normalized to DMSO

control. Data are displayed as mean G s.d. and show one representative of three independent experiments with three biological replicates.

(D and E) WLS inhibitors decrease WNT3A protein secretion. WNT3A protein levels in the culture supernatants and lysates of STF3A cells treated with the

compounds were assessed by immunoblotting. As a control, the PORCN inhibitor ETC-159 was used at 50 nM. The ratio represents the relative quantification

of WNT3A levels in the lysates, normalized to tubulin. The significance of the difference was assessed by unpaired t-test comparing each compound’s

treatment with DMSO. The mean G s.d. is shown for the data from three independent experiments each with two replicates. ***, p < 0.001; ****, p < 0.0001.
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upregulation of differentiation markers such as MUC4.17 ETC-451 increased MUC4 expression in the Wnt-addicted HPAF-II cells, but not in

the Wnt-independent PANC 08.13 cells (Figure 5A).

We similarly measured the effects of the putative WLS inhibitor on colony formation in HPAF-II and PANC 08.13 cells. In HPAF-II cells,

similar to the effects of the PORCN inhibitor ETC-159, ETC-451 suppressed colony formation in a dose dependent manner. Neither the

PORCN inhibitor nor ETC-451 suppressed colony formation in the Wnt-independent PANC 08.13 cells (Figures 5B and 5C). Thus, ETC-451

appears to act on transcription and proliferation in a Wnt specific manner.

ETC-451 analogs retain Wnt inhibition activities and revealed preliminary structure-activity relationship for Wntless

inhibition

To establish a structure-activity relationship (SAR) of ETC-451 derivatives, we ordered 11 analogs with the same dihydro-pyrrolo pyr-

azole core scaffold and examined their ability to inhibit the Wnt/b-catenin reporter activity (Figure S3A). The assay results suggested
iScience 27, 110454, August 16, 2024 5
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Figure 4. The WLS inhibitor ETC-451 blocks the interaction of WNT3A and WLS

(A and B) STF cells were treated with the indicated compounds for 48 h, and the co-immunoprecipitation of WNT3A andWLS-V5 was performed. Representative

immunoblots are shown in (A) and results from two independent experiments are quantified in (B). ETC-159 was used at 50 nM. The ratio represents the relative

quantification of WNT3A levels in the lysates, normalized to tubulin. The significance of the difference from the DMSO control was assessed by unpaired t-test.

The mean G s.d. is shown for (B) from two independent experiments each with two replicates. *, p < 0.05; **, p < 0.01.

(C) The binding ofWNT3A to PORCNwas not affected by either ETC-450 or ETC-451. The ratio represents the relative quantification of V5-taggedWNT3A levels

in the lysates, normalized to tubulin.

(D) The inhibitory effect of ETC-451 on b-catenin reporter activity was rescued by overexpression of WLS. STF cells were transfected with WNT3A, WLS, and

PORCN expression plasmids as indicated, treated with the indicated compounds for 48 h, and reporter activity was measured. Data were analyzed using

unpaired t-test corrected for multiple comparisons. ETC159 was in 10 nM treatment as a positive control to abolish the binding of WNT3A and WLS entirely.

The significance of the difference was assessed by unpaired t-test comparing each plasmid with EV (empty vector). The mean G s.d. is shown for three

replicates represented from three independent experiments. **, p < 0.01.
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that the 2-aminomethyl group on the dihydro-pyrrolo pyrazole is important, as the four close analogs (ETC-451H to ETC-451K) that

do not contain the moiety were inactive in the reporter assay (Data not shown). On the other hand, compound ETC-451A, which

retains the 2-aminomethyl but has a benzyl group attached to the central pyrazole ring shows a similar IC50 as ETC-451 (Figure 6A).

We chose ETC-451A for further characterization. In a co-immunoprecipitation assay, ETC-451A reduced the WNT3A-WLS interaction

similar to the parental ETC-451. In contrast, an analog of ETC-450, ETC-450A (Figure S3B), did not inhibit the interaction (Figure 6B).

ETC-451A also decreased Wnt target gene (AXIN2 and RNF43) expression and increased differentiation marker MUC4 expression in

Wnt-sensitive HPAF II cells but not Wnt-independent PANC 08.13 cells (Figure 6C). Importantly, like ETC-451, ETC-451A at 25 mM

inhibited the colony formation of the Wnt-dependent HPAF-II cells but not the Wnt-independent PANC 08–13 cells (Figures 6D

and 6E).

To gain insights into how ETC-451 and its active analogs interact with WLS (PDB: 7KC4) at the molecular level, we revisited the pre-

dicted binding mode of ETC-451 from the virtual screening generated pose (Figure 7A). Next, we performed a docking experiment by
6 iScience 27, 110454, August 16, 2024
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Figure 5. The effect of ETC-451 is specific to Wnt-regulated genes and cells

(A) The transcript abundance of the indicated Wnt-regulated genes was determined by RT-qPCR in Wnt-addicted HPAF-II and Wnt-independent PANC 08.13

cells after 72 h of ETC-451 treatment. The significance of the difference from the DMSO control was assessed by unpaired t-test. The mean is shown for the three

replicates.

(B) HPAF-II and PANC 08.13 cells were seeded at low density in a 48-well plate and treated with ETC-451 or ETC-159 for 2 to 3 weeks. The cell density was

quantified by crystal violet staining (OD590) shown in (C). The significance of the difference between HPAF-II and PANC 08.13 with ETC-451 25 mM treatment

was assessed by unpaired t-test. The mean G s.d. is shown for (C) represents the average of three biological replicates.
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sampling possible binding modes of the active analogs in the druggable binding pocket that was used for the virtual screening (Fig-

ure 7B). The hit ETC-451 and its active analogs were predicted to sit vertically within the targeted site. Of note, the 2-aminomethyl group

from the dihydro-pyrrolo pyrazole primarily formed polar interactions with the two acidic residues (Asp301 and Asp353) atop the binding

site, providing a possible rationale that echoes our preliminary SAR suggesting the indispensable role of the 2-aminomethyl for interac-

tion with WLS (Figure 7C). The amide linker was not simulated to form any polar interaction with the protein residues but rather directed

the hydrophobic end of the inhibitors deeply through the lower binding pocket. The central pyrazole moiety was wedged in between

Tyr308 and Leu349, whereas the thiane group made hydrophobic contacts with Leu312, Leu349, and Leu389. Interestingly, the dihy-

dro-pyrrolo pyrazole core sandwiched in between TM4 and TM5 and tilted in a similar orientation to that of the palmitoleoyl tail from

WNT3A, partially overlapping with the lipid upon superimposition (Figures 7A–7C). This provides a potential explanation for why

ETC-451 blocks the WLS-WNT interaction.

As a further validation of the docking model, we performed 1-ms molecular dynamic (MD) simulations for the docked complex of ETC-451

andWLS. The simulation results showed that the protein-ligand interaction was stabilized throughout the whole simulation period with small

Root-Mean-Square Deviation (RMSD) values (Figure S4A). The Root-Mean-Square Fluctuation (RMSF) was used to evaluate the flexibility of

the ligand, and the average fluctuation in ETC-451 was from 0.8 to 1.1 Å (Figure S4B). MD simulations further revealed that Gly305 may form a

hydrogen-bond contact with the amide NH from ETC-451, an interaction that was not predicted directly from docking (Figures 7D, S4C, and

S4D). Moreover, Tyr308 formed intermittent pi-stacking interaction with the central pyrazole ring from the inhibitor (Figure 4C). Consistent

with the docking, Asp301 and Asp353 interacted with the inhibitor extensively via H-bond interactions and salt bridges (Figures 7C, S4C,

S4D, and Video S1). From the MD simulated trajectories, we also speculated that the pocket featuring the ligand-protein interactions was

stable. As measured by RMSF of key residues enclosing the ligand binding pocket (Table S1), we show that the residues generally adopted

little fluctuation for their side chains, indicating that throughout the whole MD simulation, the binding pocket was overall stabilized by the

ligand binding. Further, we sampled 10 snapshots of the simulated structures and analyzed the binding site using SiteMap (Figure S5).

The overall size and physicochemical features of the pockets were generally consistent across the sample structures. Finally, we also calcu-

lated the strength of protein-ligand interactions via the trajectory using per residue contribution in two aspects, namely van der Waals and

electrostatic interactions. Asp301 and Asp 353 showed dominant contributions toward electrostatic binding (Table S2). Thus, the MD results

are consistent with the modeling and docking predictions.
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Figure 6. Initial structure-activity relationship of analogues of ETC-450 and ETC-451

(A) ETC-451A (an analogue of ETC-451) inhibits Wnt/b-catenin reporter activity of WNT3A. STF3A cells were treated with the indicated compounds for 48 h, and

luciferase activity was measured. Data are displayed as mean G s.d. and show one representative of three independent experiments with three biological

replicates. The structure of ETC-451A is shown on the top panel.

(B) The effect of ETC-450A (an analogue of ETC-450) and ETC-451A on the interaction of WNT3A andWLS-V5. Cells co-expressing the indicated constructs were

treated for 48 h before lysis and immunoprecipitation. The ratio represents the relative quantification of WNT3A levels in the lysates, normalized to tubulin.

(C–E) ETC-451A is also an effective inhibitor of Wnt function. Similar to Figure 5 but with ETC-451A. (C) regulation of Wnt-responsive genes in HPAF-II but not

PANC 08.13 cells. The significance of the difference from the DMSO control was assessed by unpaired t-test. (D, E) inhibition of the colony formation of Wnt-

addicted cells. The mean G s.d. is shown for (E) represents the average of three biological replicates. The significance of the difference between HPAF-II

and PANC 08.13 with ETC-451A 25 mM treatment was assessed by unpaired t-test.
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To experimentally test our modeling results, we reasoned that mutating either Asp301 or Asp353 to alanine would affect the binding of the

ETC-451, thus reducing its inhibitory potency and making WLS drug resistant. We tested this hypothesis using a previously described WLS

knockout cell line that cannot secrete Wnt proteins and therefore does not have any Wnt reporter activity.21,36 The re-expression of wild-type

WLS in the cell line restores theWnt reporter activity, and that activity can be inhibited by ETC-451 (Figure 7E, gray bars). TheWLSD301Amutant

was unstable and so was not tested further. Expression of D353AmutantWLS also restoredWnt reporter activity, and these cells were now resis-

tant toETC-451 treatment (Figure 7E, purple bars). Additionally, the interactionbetween theWNT3AandWLSD353Amutantwas not affectedby

ETC-451,unlike theWTWLS(FigureS6).Notably, theD353Amutant,while it conferred resistance toETC-451,didnotconfer resistance toETC-450

nor to thePORCN inhibitor ETC-159 (Figure 7E). These results support themodel thatWLS residueAsp353plays a critical role inETC-451binding.

Taken together, the modeled binding pose of ETC-451 provided a mechanistic rationale for the experimental results showing that ETC-451

directly blocks Wnt-WLS interaction in the co-IP assay.
8 iScience 27, 110454, August 16, 2024



Figure 7. Proposed model of WLS inhibitor ETC-451 binding pose

(A) Lateral view of the docked pose of ETC-451 (in green stick representation), superimposedwith theWNT8A-WLS complex (in purple stick representation). Note

the conflict with the palmitoleate moiety.

(B) Docked poses of ETC-451 active analogues ETC-451A to ETC-451G. Stick represents the 7 analogues. The predicted drug binding cavity is in surface

presentation.

(C) Docked pose of ETC-451 (in green stick representation) within the WLS transmembrane tunnel (blue ribbon represents WLS transmembrane helices). The

2-aminomethyl group formed polar interactions with WLS Asp301 and Asp353.
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Figure 7. Continued

(D) MD simulation snapshot of ETC-451 illustrates the potential role of WLS Asp353 and Gly305. WLS residues colored in yellow; ETC-451 in green; WNT8A in

purple; H-bond in black dotted line.

(E) WLS Asp353Ala mutant is resistant to inhibition by ETC-451. WLS knockout cells were transfected with SuperTOPFlash reporter, mCherry, WNT3A, and the

indicated WLS expression plasmids. ETC-451 was added to cells after 6 h transfection, and reporter activity was assessed 24 h later. ETC-159 was used at 50 nM

treatment and ETC-450 at 25 mM. Themean luciferase activities for DMSO treated conditions were normalized to 1. Data are displayed as meanG s.d. and show

one representative of three independent experiments with three biological replicates. ***, p < 0.001.
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DISCUSSION

Wnt signaling is dysregulated in diverse disease states, and therefore considerable efforts have been made to develop effective inhibitors of

the pathway. We report here the first small molecule inhibitor of WLS/Evi, the dedicated Wnt transporter. Using the recently solved cryo-EM

structure and refined computer-aided modeling, we identified a druggable pocket in the GPCR domain of WLS and validated a hit through

diverse cell-based assays. In addition, we performed an initial structure-activity relationship analysis and proposed the drug-WLS interaction

model which was supported by themutational analysis. This study represents a paradigm for modern computational drug discovery and pro-

vides new tools for targeting the Wnt pathway.

Computer aided drug discovery (CADD) was first developed in the 1970s and the first program for docking was available in the 1980s.37,38

Although there were successful cases along theway, the overall confidence of applyingCADD in early drug discovery remained an open ques-

tion. In the last decade, the continuous improvement in force field development, sampling methods, and computational technologies

brought about a revolutionary shift toward embracing computational approaches as a driving force for drug discovery. Indeed, today’s

computational chemistry plays roles spanning from the early phase of target identification and assessment for its druggability, hit/lead dis-

covery via both structure and ligand based virtual screening, to the later phase of hit to lead campaign and lead optimization. For the stage of

‘‘hit discovery’’ per se, the field is entering an exciting era, especially owing to the release of structural models by DeepMind’s AlphaFold39 as

well as exponentially increased enumerable chemical libraries from the REAL space.31 On the other hand, the high-performance computing

power needed to physically dock every single molecule within the multi-millions to billions present in existing chemical libraries is an unaf-

fordable computational cost to many organizations, especially for academia and small start-ups. Fortunately, with the recent and fast evolu-

tion and deployment of machine learning algorithms in the application of drug discovery, a full integration combining machine learning and

traditional docking-based, exhaustive pose sampling process makes it possible to cost-effectively screen ultra large libraries within a few

weeks’ time at a reasonably affordable computational cost.

Here, we implemented the recently emerging approach from Schrödinger: Active learning/Glide for its potential use of ultra-large virtual

screening to aid in inhibitor discovery targeting WLS, a key protein required for Wnt secretion and yet currently undrugged by small mol-

ecules. Seeking first-in-class chemotypes, �500 million potential molecules were screened in silico against the identified druggable pocket

for small molecule binding within the WLS transmembrane region. Applying a 50-CPU parallel job setting, we were able to complete the

stage of Active Learning/Glide in only 6 days. The Glide SP re-scoring of the top 1 million ligands (predicted by the model trained from

Active Learning) from the whole library took another 6 days using the same computing resources available within the Experimental Drug

Development Center (EDDC) server. Upon the completion of the computational workflow, we focused on further hit selection process

from the top 10,000 ranked compounds based on Glide SP scoring functions. Due to the lack of a co-crystal structure of a small molecule

inhibitor bound toWLS, our hit prioritization was guided mainly by volume overlapping clustering followed by diversity-based selection. This

method allowed us to shortlist multiple and diverse chemical scaffolds that aligned with our resources for follow-up compound purchase and

experimental validation.

Encouragingly, our effort led to the identification of two hits out of the sixty-eight purchased compounds, resulting in a hit rate of nearly

3%, which is significantly higher than a traditional HTS campaign especially for a previously undrugged target (0.05–0.1% hit rate). ETC-450

and ETC-451 exhibited the dose-dependent inhibition ofWnt/b-catenin reporter activity with an IC50 of 6.3 mMand 7.7 mM, respectively. ETC-

450 did not block WNT/WLS interaction, so did not undergo further biochemical characterization. Comparing the predicted binding pose of

ETC-450 in the WLS druggable cavity (Figure S3B), its inhibitory activity could be very different from ETC-451. ETC-451 was further confirmed

as a WLS inhibitor from a diverse array of cell-based assays. ETC-451 reduced Wnt target gene expression and colony formation in Wnt-ad-

dicted pancreatic cancer cells. Preliminary SAR for ETC-451 was established by testing 11 analogs that highlighted the role of the

2-aminomethyl on the core scaffold as a keymoiety conferring inhibitory activity againstWLS. As a hypothesis derived frommolecular docking

and MD simulations, the 2-aminomethyl interacted with Asp353 via an H-bond interaction. In accordance with predictions from modeling,

mutating Asp353 to alanine rendered WLS drug-insensitive as demonstrated by the rescued STF activities in WLS-knockout cells. The

biochemical results validated our modeling hypothesis and rationalized the importance of the 2-aminomethyl group from initial SAR. Never-

theless, the relatively high IC50s of the hit compounds make it more challenging to perform any in vivo study using the compounds. We also

observed off-target cytotoxicity when we used higher concentrations of the compounds. In addition, we noticed that the protein levels of

WNT3A were frequently reduced after the treatment of the compounds, especially for ETC-451. We speculate that lipidated Wnt proteins

might be prone to degradation when they are not bound to WLS. In contrast, WNTs will accumulate in the endoplasmic reticulum (ER) after

PORCN inhibition since they are not acylated and hence may be more stable.

Our approach required some assumptions due to incomplete information. For example, we removedWNT8A from the complex structure

of WLS-WNT8A and used the WLS structure alone for virtual screening. However, whether the native WLS apo-structure assumes the similar

structural conformation as WLS-WNT8A remains unknown. As one test of this assumption, we compared the AlphaFold model of WLS in its
10 iScience 27, 110454, August 16, 2024
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apo structural conformationwith the experimentally determined cryo-EM structural complex. The overall alignment of the backboneCa of the

two structures showed a root-mean-square deviation (RMSD) of only 1.27 Å, suggesting our initial assumption was valid. However, the iden-

tified druggable binding site that we targetedwas partially occluded in the apo-structure according to the AlphaFoldmodel (data not shown).

This finding was further confirmed by the publication of the apo-WLS structure recently.40 Future computational screening based on the apo-

structure of WLS may yield additional potent and structurally novel inhibitors.

In the current study, we only tested a tiny fraction of compounds from the top 10,000 ranked according to the Glide SP scoring function.

This doesn’t exclude the possibility that additional true active or more potent inhibitors are present within the list. From a computational

perspective, it would be ideal to applymore extensive physics-based calculations such as absolute free energy perturbation (ABFE) to rescore

a larger fraction of the compound pool for hit prioritization.41 However, such calculations are computationally expensive and not readily avail-

able to us yet. Nevertheless, testing a significantly higher number of compounds beyond what has been evaluated here may potentially lead

to the discovery of other novel WLS inhibitor chemotypes. To facilitate such discovery, we include here a dataset of the entire top 10,000

ranked compounds so that others may evaluate and follow up at their own discretion. Meanwhile, we are hopeful that a medicinal chemistry

campaign centered on ETC-451 will develop the current hit into amore potent lead or tool compound suitable for further studies onWLS and

Wnt biology. Finally, the mechanism of how ETC-450 engages WLS binding and inhibits the Wnt/b-catenin reporter activity warrants further

investigation.
Limitations of the study

Our study has several limitations. The hits we describe are not yet optimized, and so their potency remains in the low micromolar range, and

there are apparent off-target cytotoxic effects at higher concentrations. A second limitation is that, because the hits are not optimized, they

cannot yet be tested in in vivomodels. Third, despite several attempts, we have not yet determined the structure of ETC-451 in a complex with

WLS to validate the docking predictions. Lastly, at the time of our structure-based virtual screening, there was no apo-WLS structure available

and our work was performed by removing Wnt from the previously reported WLS-Wnt8A complex (PDB: 7KC4).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Wnt3A Takada et al.7 RRID: AB_3106914

Anti-V5 tag (clone SV5-Pk1) BioRad Cat#MCA1360; RRID:AB_322378

Anti-HA tag (C29F4) Cell Signaling Technology Cat#3724; RRID:AB_1549585

Anti-b-tubulin (Ep1569y) Abcam Cat#ab52623; RRID:AB_869991

Chemicals, peptides, and recombinant proteins

ETC-159 Madan et al.17 ETC-1922159

ETC-450 Enamine Z3550507351

ETC-450A Enamine Z3551028149

ETC-451 Enamine Z4065386141

ETC-451A Enamine Z3828272328

Fetal bovine serum (FBS) Thermo Fisher Scientific Cat#16000044

Penicillin-Streptomycin Thermo Fisher Scientific Cat#15140122

Sodium pyruvate Lonza Cat#13-115E

DMEM (High Glucose) Nacalai tesque Cat#08459-64

Insulin Gibco Cat#41400-045

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668019

Opti-MEM� I reduced serum medium Thermo Fisher Scientific Cat#51985-034

EDTA-free cOmplete protease inhibitor cocktail Roche Cat#11873580001

Amersham ECL western blotting detection reagent Cytiva Cat#RPN2105

A/G plus agarose Santa Cruz Cat#sc2003

Crystal violet Sigma Cat#C0775

Critical commercial assays

Luciferase Assay System Promega Cat#1501

RNeasy mini kit Qiagen Cat#74104

BlitzAMP RT kit Mirxes Cat#1203103

BlizAMP Hotstart qPCR Master Mix Mirxes Cat#1204202

Pierce BCA protein assay kit Thermo Fisher Scientific Cat#23227

Deposited data

REAL database subsets Enamine https://enamine.net/compound-collections/

real-compounds/real-database-subsets

The top 10,000 ranked hits from our virtual

screening for drugging WLS

https://dataverse.harvard.edu/dataset.xhtml?

persistentId=doi:10.7910/DVN/UNCDH9

Experimental models: Cell lines

STF reporter cells Xu et al.42 N/A

STF3a cells McCulloch et al.43 N/A

HPAF-II cells ATCC CRL-1997

PANC 08.13 cells ATCC CRL-2551

WLS knockout RKO cells Moti et al.36 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primer for qRT-PCR assay IDT Table S3

Recombinant DNA

pPGK-mWnt3a Willert et al.44 N/A

pCS2+-3xFlag-hWLSv1 Nygaard et al.21 N/A

pCS2+-3xFlag-hWLSv1 D353A This paper N/A

pMKIT-3xHA-mPORCN-D Tanaka et al.45 N/A

Super TOPFlash report Veeman et al.46 RRID:Addgene_12456

Software and algorithms

Maestro Schrödinger version 2021-2 https://www.schrodinger.com/platform/products/maestro/

Sitemap Schrödinger version 2021-2 https://www.schrodinger.com/platform/products/sitemap/

Active Learning/Glide Schrödinger version 2021-3 https://www.schrodinger.com/platform/products/glide/

Desmond Molecular Dynamics System D.E. Shaw Research https://www.schrodinger.com/platform/products/desmond/

DeepChem 2022 DeepChem https://deepchem.io

Pymol 3.0 Pymol https://www.pymol.org/

Prism 10 GraphPad https://www.graphpad.com/

BioRender BioRender https://app.biorender.com/
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RESOURCE AVAILABILITY

Lead contact

Further information or requests for resources should be directed to the lead contact, Weijun Xu: xu_weijun@eddc.sg.

Materials availability

This study did not generate any new unique reagents. The small molecule inhibitors can be ordered for synthesis through Enemine website

(https://enamine.net/). Plasmids and associated vector maps generated in this study are available upon request. Any additional material

information for this work is available from the lead contact upon request.

Data and code availability

� The top 10,000 ranked hits fromour virtual screening for druggingWLS are publicly available as the link: https://dataverse.harvard.edu/

dataset.xhtml?persistentId=doi:10.7910/DVN/UNCDH9.
� This paper does not report original code.
� Any additional information required to analyze the data in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

STF reporter cell line (human embryonic kidney HEK293 with stably expressing firefly luciferase gene under the control of eight tandem re-

peats of the TOPFlash TCF/LEF responsive promoter element) was a gift from Kang Zhang (University of California San Diego, La Jolla, CA).42

STF3A cell line was described previously.10 Mycoplasma test was performed regularly usingMycoAlert Mycoplasma detection kit (Lonza). STF

cells were cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin, and

sodium pyruvate. HPAF-II cells were cultured in EMEM medium supplemented with 10% fetal bovine serum (FBS), L-glutamate, penicillin/

streptomycin. PANC 08.13 cells were cultured in RPMI-1640 medium supplemented with 15% FBS, L-glutamate, penicillin/streptomycin,

sodium pyruvate and insulin. The cells were passaged every 3 to 4 days and used for experiments before passage number 20.

METHOD DETAILS

Identify druggable sites on WLS

The cryo-EM structure of WLS bound to WNT8A (PDB: 7KC4) was downloaded and prepared using the Protein Preparation Workflow using

default settings within Maestro.23 Schrödinger Sitemap calculations identified a potential druggable site (DScore 1.18) within the transmem-

brane tunnel of WLS. For molecular docking and virtual screen, the grid generation was performed by centring the inner box around residue

Leu349.
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Active Learning/Glide (Schrödinger version 2021-3)

The Enamine 350/3 database, which contains >500 million compounds with the most stringent physicochemical profiles and a high potency

for optimization (270%MW% 350, 14%heavy atoms%26, SlogP%3, and aryl rings%2) andwith pan-assay interfering compounds (PAINS) and

toxic compounds pre-removed, was used for virtual screening.47 Ligands were prepared at pH 7.4 withmaximal 16 stereoisomer generations.

During the process of Active learning/Glide screening, 3 iterations of molecular docking followed by machine learning were implemented. In

the initial iteration, 50K diverse compounds from the entire library were chosen for Glide SP docking. After the docking was completed, ma-

chine learning training and validation were performed using the DeepChemmodule (Schrödinger). Next, the whole library was evaluated by

the model to predict the top 50K compounds for their docking scores and feedback to the original 50K compound dataset. From here, the

total number of 100K compounds was subjected to a new round of Glide SP docking, machine learning, and evaluation. The process is

repeated for 3 iterations and once completed, the trained model predicted a final list of the top 1 million compound set that likely would

have best docking scores and the whole dataset was re-docked by Glide and re-scored by Glide SP scoring function. The calculation was

performed using 50 CPUs on the Glide server available at EDDC.

Wnt/b-catenin reporter assay

Reporter assays were performed as previously described.48 Briefly, STF3A cells were treated with varying concentrations of compounds for 48

h. Cells were lysed in Reporter Lysis Buffer (Promega) containing protease inhibitors. STF reporter activity wasmeasured using firefly luciferase

substrate (Promega) and was normalized to the cell viability, determined using LDH assay.10 For STF cells cultured with WNT3A conditioned

media, WNT3A-conditioned medium was obtained from STF3A cells stably expressing WNT3A and added to STF cells with varying concen-

trations of compounds. Luciferase activity was validated after 48 h treatment.

ForWLS rescue experiments, STF cells were transfected in 24 well plates with 10 ngWNT3A expression plasmid, 50 ngmCherry, and 50 ng

3xFlag-hWLSv1 or 3xHA-mPORCN-D expression plasmids using Lipofectamine 2000 (Thermo Fisher Scientific). Compounds were added 6 h

after transfection and the cells were treated for 48 h. Luciferase activity was quantitated and normalized to the mCherry reading (excitation

580 nm and emission 610 nm) as cell viability.

Western blot

To monitor Wnt secretion into the culture medium, STF3A cells were grown in 12 well plates and treated with compounds for 48 h with low

serum media (2% FBS). Medium was collected and subjected to western blot analysis. Cells were lysed with RIPA buffer: 50 mM Tris (ph 7.4),

150mMNaCl, 1%NP-40, 0.1% sodiumdeoxycholate, 1mMEDTA and protease inhibitor cocktail (Merck). Antibody againstWNT3Awas a gift

from Shinji Takada (National Institutes of Nature Sciences, Okazaki, Japan) as mouse hybridoma supernatant and used at 1:100 dilution.

b-tubulin (Ep1569y) rabbit monoclonal antibody was from Abcam and used at 1:2000 dilution. Anti-HA tag rabbit monoclonal antibody

(C29F4) was from Cell Signaling Technology (#3724) and used at 1:1000 dilution. Immunoblots on PVDF were developed using Amersham

ECL western blotting detection reagent (Cytiva). The images were captured using the Chemidoc Touch (BioRad).

Immunoprecipitation

Cells grown in 6-well plates and transfected with 200 ng of WNT3A expression plasmid along with 200 ng of expression plasmid encoding

WLS-V5 or 3xHA-tagged PORCNusing Lipofectamine 2000. Six hrs after transfection, themediumwas changedwith compounds in complete

media. Cells were lysed with HEPES buffer after 48 h culturing with compounds: 50 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.6%

NP40, 1 mM DTT and protease inhibitor cocktail (Sigma). 1 mg of anti-V5 tag mouse monoclonal antibody (Bio-Rad) was added to 500 mg

of total protein lysates for 16 h in the cold room with tumbling. 40 mL of protein A/G plus agarose (#sc-2003, Santa Cruz) was added the

next day and incubated for another 2 h before washing and elution.

RNA analysis

Total RNA isolated from cell lines using RNeasy mini kit (Qiagen) was reverse transcribed into cDNA with BlitzAMP RT kit (Mirxes). Real-time

quantitative PCR was performed with Mirxes BlizAMP Hotstart qPCR Master Mix on BioRad CFX96 real-time cycling machine. TATA binding

protein (TBP) was used as a housekeeping gene. The qRT-PCR primers are listed in Table S3.

Low-density colony formation assay

HPAF-II and PANC 08.13 cells were plated in 48-well plates. 5,000 cells were seeded per well and cultured with compounds with varying

concentrations in 1 mL complete culture media. The cells were allowed to form colonies and grow for 2–3 weeks. The colonies were fixed

with ice-cold methanol and stained with crystal violet (0.5% CV in 25% methanol) (Sigma). After images were obtained, colonies were

solubilized with 1% SDS, and the O.D at 590 nM was measured.

WLS functional assay

Site-directed mutagenesis was performed to generate mutant WLS expression constructs. Mutations were verified by Sanger sequencing.

WLS knockout RKO cells were generated as described previously.36 For the experimental procedure, cells were cultured in 24-well plates

and then transfected with 200 ng of SuperTOPFlash plasmid, along with 100 ng of mCherry, 25 ng of WNT3A, and 5 ng of WLS expression
16 iScience 27, 110454, August 16, 2024
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plasmids, using Lipofectamine 2000 (Thermo Fisher Scientific). After 6 h of transfection, the medium was replaced with or without a specific

compound. Following an additional 24 h of incubation, the cells were harvested to measure luciferase activity.
Molecular dynamic simulations

MD simulations were performed with Desmond Molecular Dynamics System (D.E. Shaw Research) and associated analysis tools available

within the Schrödinger suite (version 2022-2). The model system was set up with the ‘system builder’ utility to embed the transmembrane

bundle of WLS in POPC lipids, whereas the OPLS-AA/2005 force-field parameters were implemented during simulations. The whole system

was solvated in an orthorhombic box with solvent buffers of 10 Å along each dimension. The TIP3P solvent model was used to describe water

molecules. Overall neutralization of the system was achieved by adding sodium and chloride ions at a physiological concentration of 0.15 M.

The preparedmodel systemswere then relaxedwith amultistep default membrane protocol simulation protocol in Desmond. After the relax-

ation step, the whole system was subjected to a 1 us molecular dynamic simulation. The SHAKE algorithm was used to constrain the bond

length of hydrogen atoms. Long-range electrostatic forces were calculated with the particle-mesh Ewald (PME) method. The cutoff distance

for computing short-range electrostatics and Lennard–Jones interaction was set to 9.0 Å. The trajectories were recorded every 5000 ps. MD

simulations were performed with theNVIDIAQUODRORTX6000GPU card on a Linux station at the Experimental Drug Development Centre,

Singapore.
QUANTIFICATION AND STATISTICAL ANALYSIS

Western blots were visualized and quantified on ImageLab 6.1 (Bio-Rad). Statistical analysis was performed using GraphPad. Statistical sig-

nificance was calculated by Mann–Whitney unpaired 2-tailed t-test, and p-value of <0.05 was considered a significant difference.
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