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Abstract

Structure-based optimization was conducted to improve the potency, selectivity, and cell-based 

activities of β-catenin/B-cell lymphoma 9 (BCL9) inhibitors based on the 4′-fluoro-N-

phenyl-[1,1′-biphenyl]-3-carboxamide scaffold, which was designed to mimic the side chains of 

the hydrophobic α-helical hot spots at positions i, i + 3, and i + 7. Compound 29 was found to 

disrupt the β-catenin/BCL9 protein–protein interaction (PPI) with a Ki of 0.47 μM and >1900-fold 

selectivity for β-catenin/BCL9 over β-catenin/E-cadherin PPIs. The proposed binding mode of 

new inhibitors was consistent with the results of site-directed mutagenesis and structure–activity 

relationship studies. Cell-based studies indicated that 29 disrupted the β-catenin/BCL9 interaction 

without affecting the β-catenin/E-cadherin interaction, selectively suppressed transactivation of 

Wnt/β-catenin signaling, downregulated expression of Wnt target genes, and inhibited viability of 

Wnt/β-catenin-dependent cancer cells in dose-dependent manners. A comparison of the 

biochemical and cell-based assay results offered the directions for future inhibitor optimization.
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INTRODUCTION

The Wnt/β-catenin signaling pathway plays a key role in directing cell proliferation, 

differentiation, and survival.1,2 β-Catenin is the central mediator of this signaling pathway. 

The loss-of-function mutations in the suppressor genes of the Wnt/β-catenin signaling 

pathway, such as adenomatous polyposis coli (APC) and Axin, and/or the activation 

mutations at the N-terminal phosphorylation sites of the β-catenin gene (CTNNB1), stabilize 

β-catenin into the dephosphorylated state and result in accumulation of β-catenin in the 

cytoplasm. β-Catenin is then translocated into the cell nucleus, where it displaces the 

repressor protein Groucho/TLE, binds with the T-cell factor (Tcf)/lymphoid enhancer-

binding factor (Lef) family of transcription factors, and recruits coactivators, B-cell 

lymphoma 9 (BCL9), Pygo, CREB-binding protein (CBP), etc., to activate transcription of 

specific Wnt/β-catenin target genes, such as cyclin D1, c-myc, survivin, and LEF1. These 

Wnt target genes then cause the initiation and progression of cancers3–6 and fibroses.7–9 The 

other causes for the hyperactivation of Wnt/β-catenin signaling are the autocrine/paracrine 

activation of Wnt ligands, frizzled (Fzd) and dishevelled (Dvl), and the epigenetic silencing 

of Wnt antagonist genes. Wnt/β-catenin signaling is also hyperactive in cancer stem cells to 

maintain the self-renewal of cancer stem cells,10–14 seed cancer metastasis,15 and drive the 

resistance to current therapies.16–19 Further, tumor cell intrinsic activation of β-catenin 

signaling prevents the recruitment of CD103+ dendritic cells by suppression of chemokine 

CCL4 expression and excludes CD8+ T-cells from the tumor microenvironment.20,21 The 

activation of β-catenin signaling was also reported to promote intratumoral regulator T cell 

(Treg) survival and infiltration, suppressing T-cell immunity.22,23

Significant efforts have been made to discover inhibitors for the upstream effectors of the 

Wnt/β-catenin signaling pathway.24–31 However, the inhibition of the upstream Wnt 
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effectors can potentially cause the cross-regulatory effects on the noncanonical Wnt 

signaling pathways. Second, these inhibitors cannot confer efficacy to the diseases that 

harbor the more downstream APC and Axin loss-of-function mutations and the β-catenin 

activation mutations. The formation of the β-catenin-containing transcriptional complex in 

the cell nucleus is the penultimate step of this pathway. The transcriptional overactivation of 

Wnt/β-catenin signaling is dependent on the formation of this complex, in which β-catenin 

interacts with BCL9.32 BCL9 functions as a scaffolding structure of the Wnt enhanceosome 

and brings β-catenin to Tcf/Lef to transcribe specific Wnt target genes that cause the 

diseases.33 The crystallographic analysis34,35 and the biochemical studies36–38 reveal that 

the homology domain 2 (HD2) of BCL9/B9L adopts an α-helical structure to interact with 

the first armadillo repeat of β-catenin. Mammalian genomes encode two BCL9 paralogues, 

BCL9 and B9L (BCL9-like).39,40 The use of siRNAs39–42 and shRNAs43 against BCL9/B9L 
markedly decreases β-catenin-dependent gene expression and diminishes the growth of 

cancer cells in vitro and in vivo. The dominant negative constructs of BCL9/B9L that lack 

the C-terminal domains greatly inhibit the activity of Wnt/β-catenin signaling.39,41 Hence, 

the inhibitors that can disrupt the β-catenin/BCL9 protein–protein interaction (PPI) not only 

provide new chemical probes to understand the biology regulated by β-catenin signaling but 

also offer important starting points for drug discovery to treat advanced cancers and fibroses.

Triazole-stapled44 and olefin-stapled45 BCL9 L351–F374 α-helical peptides have been 

reported. The olefin-stapled BCL9 peptide was reported to target β-catenin, disrupt the β-

catenin/ BCL9 PPI, and suppress transcription of Wnt target genes. This stapled peptide also 

inhibited tumor cell growth, angiogenesis, and metastasis without overt damage to normal 

tissues in mouse xenograft models for colorectal carcinoma and multiple myeloma.45 

Compound screening identified a small molecule, carnosic acid, that disrupted the β-catenin/

BCL9 PPI and inhibited β-catenin dependent transcription.35,46 In the previous study, we 

designed 4′-fluoro-N-phenyl-[1,1′-biphenyl]-3-carboxamide as a generalizable scaffold that 

itself can directly mimic the side chains of α-helical hot spots at positions i, i + 3, and i + 

7.47 The further derivatization generated 1 in Figure 1. The biochemical AlphaScreen assay 

indicated that 1 disrupted the β-catenin/BCL9 PPI with an inhibition constant (Ki) of 2.1 ± 

0.41 μM and showed 125-fold selectivity for β-catenin/BCL9 over β-catenin/E-cadherin 

PPIs.47 The proposed binding mode of 1 was evaluated with the site-directed mutagenesis 

studies using β-catenin D145A, E155A, D145A/E155A, L159S, and L156S/L178S and the 

structure–activity relationship (SAR) studies of 29 derivatives. The cellular bioavailability 

studies indicated that 1 can easily be taken up by cancer cells.48 This compound also 

dissociated the β-catenin/BCL9 PPI in cells, selectively suppressed transactivation of Wnt/β-

catenin signaling, downregulated expression of Wnt target genes, and inhibited growth of 

Wnt/β-catenin-dependent cancer cells. To further improve the potency and selectivity of this 

series of inhibitors, herein, we report the structure-based optimization, synthesis, and 

biological characterization of new derivatives.
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RESULTS

Inhibitor Design and Synthesis.

Explore the Hydrophobic Interaction.—As described in previous studies, the β-

catenin/BCL9 PPI interface has two hot regions.34,36–38,41,47,49 In hot region 1, residues 

D162, E163, and D164 of human β-catenin form an acidic knob to interact with H358 and 

R359 of human BCL9.34,36–38,41 This PPI interface is shallow and dominated by 

electrostatic interactions. In hot region 2, residues L366 (i), I369 (i + 3), and L373 (i + 7) of 

human BCL9 interact with a surface pocket that is lined with L159, V167, A171, M174, 

L178, L148, A149, A152, and L156 of human β-catenin, as shown in Supplementary Figure 

S1.34,41,44,47 This PPI interface is dominated by the hydrophobic interaction. The model of 

the interaction of 1 with β-catenin reported in the previous study47 was used as the starting 

point for inhibitor optimization. The first step of inhibitor design based on 1 was to increase 

its hydrophobic interactions with β-catenin. Compounds 2–8 in Figure 1 were designed and 

synthesized. The synthetic route for 2 and 3 is shown in Scheme 1. The synthetic route for 

4–8 is shown in Supplementary Scheme S1. The AlphaScreen assay50 was used to evaluate 

the inhibitory activities of 2–8 in in vitro biochemical assays using full-length β-catenin and 

the BCL9 peptide (G350–P375). The results were expressed as the Ki in Figure 1. 

Compounds 2 and 3 displayed similar biochemical activities as 1 , indicating the limited 

gain of the potency by increasing the hydrophobic interaction.

The 3,4-difluorophenyl ring of 1 was also replaced with the aliphatic ring to explore the 

hydrophobic interaction. Compounds 9–11 were designed and synthesized. The synthetic 

route of 9–11 is shown in Supplementary Scheme S2. The AlphaScreen assay results in 

Figure 1 indicated that these three compounds were not as potent as 1.

Search for the Favorable Polar Interactions.—Although the hot region 2 is primarily 

hydrophobic, it does have the helical dipole and the polar functional groups. One strategy we 

used was the replacement of the CH group in the aromatic rings of 1 with the N atom.51 This 

method introduces the polarity to the compounds and reduces the lipophilicity. Compounds 

12–16 were designed and synthesized. The synthetic routes for 12 and 13 are shown in 

Supplementary Scheme S3. The synthetic routes for 14–16 are shown in Supplementary 

Scheme S4. The biochemical assay results of 12–16 in Figure 2 indicated none of these 

compounds were as potent as 1.

Search for the Favorable H-Bonding and Salt Bridge Interactions.—The crystal 

structures of β-catenin in complex with the BCL9 HD2 domain shows β-catenin Lys181 is 

adjacent to the hot region 2.34,35 Another strategy for inhibitor optimization was targeting 

this residue. Compounds 17–23 were designed to form H-bonding interactions with β-

catenin Lys181. The synthetic route for 17–23 is shown in Supplementary Scheme S5. 

Carboxylic acid and bioisosteres were introduced to 1 to form salt bridge interactions with 

Lys181. Compounds 24–30 were designed and synthesized. The synthetic route for 24–26 is 

shown in Supplementary Scheme S6. The synthetic routes for 27–30 are shown in Scheme 2. 

The AlphaScreen assay results of 17–30 are shown in Figure 3. The biochemical inhibitory 

activities of 27 and 30 were comparable with that of 1. Compound 29 exhibited the Ki of 
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0.47 ± 0.14 μM for disruption of the β-catenin/BCL9 PPI. This Ki value is very close to the 

dissociation constant (KD) of 0.47 μM for the β-catenin/BCL9 interaction.34

Introduce Conformational Constraints.—Two compounds, 31 and 32, were designed 

and synthesized. The synthetic routes for 31 and 32 are shown in Scheme 3. The 

biochemical assay results of these two compounds are shown in Figure 4. Compound 32 
exhibited the similar biochemical inhibitory activity as 1.

Biochemical Characterizations.

Inhibitor Selectivity between β-Catenin/BCL9 and β-Catenin/E-Cadherin PPIs.
—β-Catenin is at least associated with two functions in cells. One is that the nuclear β-

catenin interacts with Tcf/Lef, BCL9/B9L, CBP/p300, etc., to culminate Wntβ-catenin 

signaling. The second is that the cytosolic β-catenin interacts with E-cadherin to act as a 

structural component of adherens junctions. The crystallographic analyses of β-catenin in 

complexes with BCL934,35 and E-cadherin52 indicated that the interface of β-catenin to 

interact with BCL9 was also used to bind region V of E-cadherin. Compounds 29 and 30 
were assessed for their selectivity between β-catenin/BCL9 and β-catenin/E-cadherin PPIs 

using the AlphaScreen selectivity assay.50 As shown in Table 1, these two compounds 

exhibited high selectivity for β-catenin/BCL9 over β-catenin/E-cadherin PPIs with 29 of 

>1900-fold.

Site-Directed Mutagenesis Studies.—In previous studies, compound 1 was reported to 

bind with β-catenin but not the BCL9 HD2 domain in isothermal titration calorimetry (ITC) 

studies.47 The crystallographic studies indicated that D145, E155, and K181 were not 

involved in the β-catenin/BCL9 binding.34,35 Our AlphaScreen and fluorescence 

polarization (FP) experiments indicated that β-catenin D145A,47 E155A,47 D145A/E155A,
47 and IK181A mutants had no effect on the β-catenin/BCL9 PPI, as shown in Figure 5A. 

This result allowed us to use the AlphaScreen competitive inhibition assays to evaluate the 

effects of these mutations on the Ki of 3, 27, and 29. As shown in Figure 5B, the Ki values of 

3 for wild type β-catenin/BCL9, β-catenin D145A/BCL9, and β-catenin D145A and E155A/

BCL9 interactions were 1.3 ± 0.80, 4.2 ± 1.1, and 12 ± 3.8 μM, respectively, indicating that 

the carboxylic side chains of both D145 and E155 of β-catenin were important for the 

inhibitory potency of 3. However, β-catenin K181 was not targeted by 3 because the Ki 

value of 3 for the β-catenin K181A/BCL9 interaction was 1.7 ± 0.26 μM. This result is 

consistent with the proposed binding mode of 3 with β-catenin in Figure 5C (the stick model 

of Figure 5C is shown in Supplementary Figure S2A). Compounds 27 and 29 were designed 

to form salt bridge interactions with β-catenin K181A. The AlphaScreen Ki of these two 

compounds for wild type β-catenin/BCL9, β-catenin D145A/BCL9, β-catenin D145A and 

E155A/BCL9, and β-catenin K181A/BCL9 PPIs are shown in Figure 5B. β-Catenin D145, 

E155, and K181 are important for 27 and 29 to bind with β-catenin and disrupt the β-

catenin/BCL9 PPI. This result is consistent with the proposed binding mode in Figure 5D 

(the stick model of Figure 5D is shown in Supplementary Figure S2B).
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Cell-Based Studies.

Inhibition of Viability of Wnt/β-Catenin-Dependent Cancer Cells.—The MTS 

assay was conducted to determine the effects of 1–32 on inhibition of cancer cell growth. 

Three cancer cell lines with hyperactive Wnt/β-catenin signaling, SW480, HCT116, and 

MDA-MB-231, and one cancer cell line with the normal Wnt/β-catenin signaling pathway, 

A549, were used in this study. The tested compounds were incubated with cells for 72 h 

before the addition of the MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-

thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) and the electron coupling 

reagent, phenazine methosulfate (PMS), for detection.53,54 The half maximal inhibitory 

concentrations (IC50) of these compounds are shown in Table 2. All of the compounds 

inhibited viability of cancer cells. Among them, compounds 4, 8, 14, 15, 27, 29, and 31 are 

selective for Wnt/β-catenin hyperactive cancer cells over the cancer cells that have normal 

Wnt signaling.

Lactate Dehydrogenase (LDH) Cytotoxicity Assay.—The cytotoxic compounds may 

cause cell death by damaging of the cell membrane through the nonspecific manner. The 

LDH release assay55,56 with the relatively short inhibitor incubation time57 (4 h in this 

study) was conducted to determine the cytotoxicity of the tested compounds. The result is 

shown in Supplementary Figure S3. Compounds 1–18 except 12 exhibited nonspecific 

cytotoxicity at high concentrations, such as 50 and 100 μM. Compounds 19–31 did not 

exhibit obvious cytotoxicity in the LDH assay even at the very high concentration of 800 

μM.

Inhibition of β-Catenin/BCL9/Tcf Transcriptional Activity.—The TOPFlash 

luciferase reporter assay (in which the luciferase reporter has three wild-type Tcf4 binding 

sites) was performed with 1–4, 8, 10, 11, 14, 15, 17, 18, 21, 24–26, and 29–32. Their IC50 

values are shown in Table 2. Among them, compounds 1–4, 8, 10, 11, 14, 15, and 29–32 
inhibited the TOPFlash luciferase activities. However, all of these compounds, except 29 and 

30, inhibited the FOPFlash luciferase reporter (with three mutant Tcf4 binding sites) 

activities at the higher concentrations. The results of 1–4, 8, 11, 14, 15, and 29–32 are shown 

in Figure 6. These results indicated that only 29 and 30 are specific for the Wnt/β-catenin 

signaling pathway. Compounds 1–4, 8, 11, 14, and 15 inhibited FOPFlash luciferase reporter 

activity because these compounds underwent the primary necrosis by damaging the cell 

membrane at high concentrations.

Inhibition of Expression of Wnt/β-catenin Target Genes.—Axin2 is a specific 

target gene of the Wnt/β-catenin signaling pathway.58 Cyclin D1, LEF1, and c-myc are 

upregulated in cancer cells with hyperactive Wnt/β-catenin signaling to promote tumor-

igenesis. Quantitative real-time PCR (qPCR) studies were conducted for 3, 8, 29, and 31 
(Figure 7). Similar to 1,47 compounds 3 and 29 did not inhibit house-keeper gene HPRT but 

dose-dependently inhibited Wnt target genes, Axin2, cyclin D1, and LEF1.

As shown in Figure 8A,B, Western blot experiments indicated that the protein expression 

levels of cyclin D1 and c-myc were significantly decreased after treatment of 3 and 29, 

respectively. Both compounds can inhibit the level of the active form of β-catenin (ABC), 
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which is nuclear β-catenin, in dose-dependent manners. These two compounds had no effect 

on the level of E-cadherin-bound β-catenin (i.e., total β-catenin), indicating these two 

compounds did not affect the upstream nodes of the Wnt pathway that regulate degradation 

of cytosolic β-catenin.

Disruption of the β-Catenin/BCL9 PPI in Cells and Cell-Based Inhibitor 
Selectivity Studies.—The coimmunoprecipitation (co-IP) experiments were conducted to 

assess the effect of 29 for disruption of the interaction between full-length β-catenin and 

full-length BCL9 using HCT116 cell lysates. As shown in Figure 8C, compound 29 can 

dose-dependently disrupt the full-length β-catenin/full-length BCL9 PPI after 4 h incubation 

with HCT116 cell lysates. The co-IP experiments were also performed with HCT116 cells to 

evaluate the effect of 29 on the disruption of the β-catenin/BCL9 PPI and the selectivity over 

the β-catenin/E-cadherin PPI in the cellular context. As shown in Figure 8D, compound 29 
inhibited the β-catenin/BCL9 PPI in a dose-dependent manner. A parallel experiment 

indicated that 29 did not affect the β-catenin/E-cadherin PPI at the concentrations that were 

sufficient to disrupt the β-catenin/BCL9 PPI.

Chemistry.

The synthetic route for 2 and 3 is shown in Scheme 1. The amide bond coupling reaction 

between the previously reported 3359 and 3447 generated key intermediate 35, which then 

underwent the Suzuki reaction with (6-fluoronaph-thalen-2-yl)boronic acid or (1-

benzothiophen-6-yl)boronic acid to afford 36 in good yield. The Boc deprotection of 36 with 

4 M HCl offered the final products 2 and 3.

The synthetic routes for 27–30 are shown in Scheme 2. Compound 33 was subjected to the 

Curtius rearrangement to generate 37. The deprotection of the Cbz protecting group gave 38. 

The amide bond coupling reaction of 38 with another previously reported key intermediate 

3947 and then the Suzuki reaction with 3-cyanophenylboronic acid and 4-

cyanophenylboronic acid generated 41a,b, respectively. The cycloaddition reaction of 

nitriles 41 with n-Bu3SnN3 and then the deprotection of the Boc protecting group with 4 M 

HCl offered 27 and 28. The Suzuki reaction between the previously reported 4347 and 3-

cyanophenylboronic acid afforded 44. The hydrolysis of the methyl ester of 44 and the 

Curtius rearrangement reactions furnished 46. The deprotection of the Cbz group and the 

amide bond coupling reaction with 39 gave 48. The cycloaddition reaction of 48 with n-

Bu3SnN3 resulted in 49, which offered the final product 29 after the deprotection of the Boc 

group. The Suzuki reaction between 43 and (1-benzothiophen-6-yl) boronic acid generated 

50. The deprotection of the methyl ester of 50 and the amide coupling reaction with 46 
afforded 52, which then underwent the cycloaddition reaction to furnish 53. The 

deprotection of the Boc group of 53 generated final product 30.

The synthetic routes for 31 and 32 are shown in Scheme 3. The esterification of 4-bromo-3-

hydroxybenzoic acid and then the Mitsunobu reaction with (R)-N-Boc-3-pyrrolidinol offered 

55. The Suzuki reaction of 55 with 3,4-difluorophenylboronic acid and the hydrolysis of the 

methyl ester of 56 afforded 57. The Curtius rearrangement of 57 and the deprotection of the 

Cbz group generated 59. The methyl ester group of the previously synthesized intermediate 
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6047 was reduced to a hydroxymethyl group by DIBAL-H. The alcohol 61 was then 

oxidized to aldehyde 62 by PCC. The epoxidation of 62 by trimeth-ylsulfoxonium iodide 

offered 63. The palladium-catalyzed sequential reaction60 using the previously reported 

aniline 64,47 aldehyde 62, and acrylic acid produced 65. The other regioisomer 65a was not 

observed in this reaction. This difference might be correlated with the steric hindrance of the 

3,4-difluorophenyl ring. The deprotection of the Boc protecting group afforded the final 

product 31. The FeCl3 promoted tandem reaction of aniline 59 with styrene oxide 63 
furnished 66.61 The deprotection of the Boc protecting group provided the final product 32.

DISCUSSION

Wnt/β-catenin signaling is frequently observed hyperactive in cancers. The most effective 

target to develop anticancer inhibitors for the Wnt/β-catenin signaling pathway is the β-

catenin-containing transcriptional complex because this complex mediates the signaling at 

the downstream node in the pathway. However, despite numerous efforts, this target has 

proven to be challenging.62 To date, only one series of drug-like inhibitors targets this 

transcriptional complex, ICG-001 and its second-generation prodrug PRI-724.63 PRI-724 is 

in clinical trial phase II.64 ICG-001 and PRI-724 bind with transcription coactivator CBP to 

disrupt the β-catenin/CBP interaction.65 In the structure of the β-catenin-containing 

transcriptional complex, the β-catenin/BCL9 PPI represents a unique target for inhibitor 

design because (1) BCL9/B9L acts as an essential adaptor protein to recruit other cofactors 

and load β-catenin to the Wnt enhanceosome, facilitating the access of β-catenin to Tcf/Lef.
33 The β-catenin/BCL9 PPI is required for transcription of Wnt responsive 

genes33,39,40,66–69 and tumorigenesis;41–43,70–72 (2) this PPI has a moderately strong binding 

affinity (KD = 0.47 μM); and (3) the β-catenin interface for binding with BCL9 is relatively 

small and has little overlap with those for the other β-catenin partners. Along with the efforts 

of the other groups to discover β-catenin/BCL9 inhibitors,35,44–46 we reported the design 

and synthesis of 1 as a new small-molecule inhibitor for this PPI.47

In the process of inhibitor optimization, we found that the gain of potency was limited by 

exploration of the hydrophobic interaction based on 1. Also, the more hydrophobic 

compounds cause cytotoxicity by damaging the cell membrane, as evident in the LDH 

release assay. The substitution of the CH group of the aromatic rings of 1 with a N atom 

made the positive impact on the molecular and physiological properties of 12–14, which 

displayed the lower cytotoxicity in the LDH release assay. However, none of them were 

more potent than 1. Compound 1 is a lipophilic base. The previous bioinformatic analyses 

indicated that the lipophilic bases were prone to causing target promiscuity.73–76 Hence, in 

the process of improving inhibitor potency and selectivity for the Wnt/β-catenin signaling 

pathway, we also aimed to introduce the polar groups; compound 29 was obtained. This 

compound exhibits a Ki of 0.47 μM for disruption of the β-catenin/BCL9 PPI and >1900-

fold selectivity for β-catenin/BCL9 over β-catenin/E-cadherin PPIs in biochemical 

AlphaScreen assays. This compound dose-dependently inhibited TOPFlash luciferase 

reporter activity with an IC50 of 25 μM, did not exhibit cytotoxicity in the LDH release 

assay, and had no effect on FOPFlash luciferase reporter activity up to the concentration of 

200 μM.
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The Ki of 29 for disruption of the β-catenin/BCL9 PPI was 0.47 μM. The TOPFlash 

luciferase reporter (with three Tcf binding sites) activity of 29 was 25 μM. This difference 

could be caused by the zwitterionic nature of this compound. The intracellular concentration 

of 29 was determined by the method described in a previous study.48 The result is shown in 

the Supplementary Note. The cell-bound concentration of 29 at 37 °C was determined to be 

6.6 nmol/million HCT116 cells for the 6 h incubation in 5 mL of DMEM media with 10% 

FBS, when the input concentration was 50 μM 29. The 4 °C incubation experiment indicated 

a significant amount (77%) of cell-bound 29 bound with the cell membrane through the 

nonspecific manner. The cell-bound concentration of 29 was 5.1 nmol/million HCT116 cells 

for 6 h incubation at 4 °C in 5 mL of DMEM media with 10% FBS. This result is different 

from that of 1.48 The cell-bound concentration of 1 at 37 °C was determined to be 6.7 nmol/

million MDA-MB-231 cells for the 6 h incubation in 5 mL of DMEM media with 10% FBS, 

when the input concentration was 2 μM 1. At 4 °C, the cell-bound concentration of 1 was 1 

nmol/million MDA-MB-231 cells for 6 h incubation at 4 °C in 5 mL of DMEM media with 

10% FBS. Therefore, only 15% of 1 bound with the cell membrane by the nonspecific 

manner.

Four cancer cells were examined in cell-based studies. SW480 and HCT116 cells have 

hyperactive Wnt signaling. SW480 cells harbor the deletion of APC,77 whereas HCT116 

cells harbor the heterozygous three-base deletion of CTNNB178 that blocks β-catenin 

phosphorylation and ubiquitination. Although the expression levels of β-catenin in MDA-

MB-231 cells are low,79–81 MDA-MB-231 cells have high expression levels of upstream 

Wnt effectors, low-density lipoprotein-related proteins 5 and 6 (LRP 5/6),81,82 frizzled 

(Fzd),83,84 and dishevelled.79 MDA-MB-231 cells are susceptible to the activation by Wnt 

ligands to promote cancer cell growth in vitro and in vivo.83,85 β-Catenin siRNA knocks 

down β-catenin expression in MDA-MB-231 cells and blocks cancer cell migration and 

invasion.80,86 These three cancer cell lines were chosen based on their dependence on β-

catenin for growth and survival. However, A549 cells do not contain active Wnt/β-catenin 

signaling.87,88

In this study, the tetrazolium MTS assay was used to examine the inhibitory effects of new 

compounds on cancer cell viability. The MTS assay, however, cannot distinguish the effects 

on cell death and cell growth inhibition. LDH release was used as the preferred biomarker to 

examine the effect on cell death because LDH is a soluble cytoplasmic enzyme that is 

present in all examined cells of this study. It is released to the extracellular space when the 

cytoplasmic membrane is damaged. Through the combinational use of MTS (compounds 

were incubated with cancer cells for 72 h) and LDH release (compounds were incubated 

with cancer cells for 4 h) assays, the effects of these compounds on cytotoxicity and on 

inhibition of the viability of cancer cells can be differentiated.

Compounds 2–18 displayed high activities in MTS assays. However, they also exhibited 

cytotoxicity in the LDH release assay. They are not suitable for the further inhibitor 

optimization. In contrast, compounds 24–30 inhibited growth of cancer cells in the MTS 

assays but had no effect on LDH release activity, indicating that the future inhibitor 

optimization should take into consideration decreasing compound hydrophobicity, and 

compound 29 can be used as the new starting point. Compound 29 also exhibits selectivity 
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on inhibiting the viability of Wnt-activated cancer cells over the cancer cells that have 

normal Wnt signaling. It is interesting that the IC50 of 29 for the inhibition of TOPFlash 

luciferase reporter activity is lower than that for the MTS assay.

Similar to carnosic acid35 and 1,47 compounds 3 and 29 also selectively decrease the level of 

active form of β-catenin (i.e., nuclear β-catenin) without affecting the level of total β-catenin 

(i.e., E-cadherin-bound β-catenin). With the result that 29 disrupts the β-catenin/BCL9 

interaction in co-IP experiments (Figures 8C,D), there are at least two possible mechanisms 

why 29 promotes the selective degradation of nuclear β-catenin. One is that 29 disrupts the 

interaction of β-catenin with BCL9, and inhibitor-bound β-catenin is susceptible to the H1 

(the first α-helix of β-catenin armadillo repeats)-dependent proteasomal degradation.35 The 

second mechanism is that after the disruption of the PPI, compound 29 destabilizes β-

catenin tertiary structure, and promotes β-catenin degradation. The further mechanistic 

studies are required to address this question.

Although 29 is more potent and selective than 1 in biochemical assays, it should be noted 

that 29 still has multiple carboaromatic rings, which are often considered to be the potential 

risk of the high serum albumin binding, and the inhibition of cytochrome P450 and human 

ether-a-go-go-related gene product (hERG), potentially lowering the developability of the 

compound.89–92 In addition to improving inhibitor potency and maintaining inhibitor 

selectivity, the further optimization will be centered on the replacement of the aromatic rings 

with the aliphatic alternatives and the increase of the three-dimensional features of the 

designed compounds.

CONCLUSION

The Wnt/β-catenin signaling pathway is frequently implicated in tumorigenesis of many 

cancers. The pathway is not only involved in the proliferation of cancer cells but more 

importantly responsible for cancer progression, metastasis, and drug resistance. The 

activation of β-catenin signaling also blocks recruitment of cytotoxic T cells, promotes Treg 

cell survival and infiltration, and excludes anticancer immunity. However, it has been proven 

difficult to discover inhibitors for the downstream effectors of the Wnt/β-catenin signaling 

pathway. The β-catenin/BCL9 PPI in the transcriptional complex is an interesting target for 

chemical probe development and drug discovery. In this study, structure-based design and 

synthesis was conducted to optimize the inhibitors based on the 4′-fluoro-N-phenyl-[1,1′-

biphenyl]-3-carboxamide scaffold. Compound 29 was found to disrupt the β-catenin/BCL9 

PPI with a Ki of 0.47 μM and exhibited high selectivity (>1900-fold) for β-catenin/BCL9 

over β-catenin/E-cadherin PPIs in the biochemical AlphaScreen assays. The site-directed 

mutagenesis studies indicated that β-catenin D145, E155, and K181 are important for the 

inhibitors to disrupt the β-catenin/BCL9 PPI. The cell-based studies indicated that 29 can 

selectively inhibit growth of cancer cells that have hyperactive Wnt/β-catenin signaling and 

did not show cytotoxicity in the LDH release assays. The co-IP experiments indicated that 

this compound disrupted the full-length β-catenin/BCL9 PPI while leaving the β-catenin/E-

cadherin PPIs unaffected. The TOPFlash/FOPFlash luciferase reporter assays indicated that 

29 can selectively suppress transactivation of Wnt/β-catenin signaling. This compound also 

downregulated expression of Wnt target genes in dose-dependent manners at both mRNA 
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and protein levels, and only inhibited the downstream nodes of the Wnt/β-catenin signaling 

pathway. This study offered the directions for future inhibitor optimization.

EXPERIMENTAL SECTION

Chemical Synthesis.

General Methods, Reagents, and Materials.—All reagents were purchased from 

commercial sources and used without further purification unless stated otherwise. 1H NMR 

and 13C NMR spectra were recorded on the Bruker AVANCEIIIHD 500 (500 MHz), Varian 

VXR-500 (500 MHz), Varian Inova-400 (400 MHz), or Varian Unity-300 (300 MHz) 

spectrometers (125.7, 100, and 75 MHz for 13C NMR spectra, respectively) in d6-DMSO, 

d6-acetone, d4-methanol, and CDCl3. Chemical shifts were reported as values in parts per 

million (ppm), and the reference resonance peaks were set at 7.26 ppm (CHCl3), 3.31 ppm 

(CD2HOD), 2.50 ppm [(CD2H)2SO], and 2.05 ppm [(CD2H)2CO] for the 1H NMR spectra 

and 77.23 ppm (CDCl3), 49.00 ppm (CD3OD), 39.52 ppm (d6-DMSO), and 29.84 ppm (d6-

acetone) for the 13C NMR spectra. Low-resolution mass spectra were determined on the 

Agilent 6120 single quadrupole MS with 1220 infinity LC system (HPLC-MS) with an ESI 

source. High-resolution mass spectra were determined on the Agilent G6230BA TOF LCMS 

Mass Spectrometer with a TOF mass detector. Thin-layer chromatography was carried out 

on E. Merck precoated silica gel 60 F254 plates with visualization accomplished with 

phosphomolybdic acid and ninhydrin spray reagents, or with a UV–visible lamp. Column 

chromatography was performed with SilicaFlash F60 (230–400 mesh). The purity of final 

compounds 2–32 was determined by HPLC analysis with two different conditions. The 

instrument was an Agilent 1260 Infinity II HPLC system with a quaternary pump, a vial 

sampler, and a diode array detector (DAD). A Kromasil 300–5–C18 column (4.6 × 250 mm) 

was used. The DAD detector was set to 220, 254, and 280 nm. The purity of all tested 

compounds was ≥95%.

N-(4′-Fluoro-6-(((S)-pyrrolidin-3-yl)oxy)-[1,1′-biphenyl]-3-yl)-3-(6-
fluoronaphthalen-2-yl)-4-(((S)-pyrrolidin-3-yl)oxy)benzamide Dihydrochloride 
(2).—To a solution of 36a (0.40 g, 0.50 mmol) in CH2Cl2 (2 mL) under anhydrous 

conditions was added 4 M HCl in dioxane (10 mL). The mixture was then stirred at room 

temperature for 1–1.5 h. The solvent was removed under the reduced pressure to yield 2 as a 

white solid (0.27 g, 88%). 1H NMR (500 MHz, CD3OD) δ 8.09–7.91 (m, 4H), 7.86 (d, J = 

8.5 Hz, 1H), 7.76–7.52 (m, 6H), 7.38–6.96 (m, 5H), 5.26 (s, 1H), 5.02 (s, 1H), 3.86–3.37 

(m, 6H), 3.19 (dq, J = 30.1, 10.7, 10.2 Hz, 2H), 2.53–2.03 (m, 4H). 13C NMR (126 MHz, 

CD3OD) δ 166.60, 163.34, 162.01, 161.39, 160.06, 156.52, 150.25, 134.67, 134.65, 134.25, 

134.22, 133.62, 133.55, 133.46, 131.46, 131.37, 131.32, 131.26, 131.19, 130.95, 130.89, 

130.82, 130.70, 128.91, 128.80, 128.28, 128.22, 126.87, 126.83, 124.29, 123.13, 121.91, 

120.75, 116.26, 116.06, 115.80, 115.58, 114.93, 114.76, 113.57, 110.41, 110.24, 77.33, 

76.71, 50.61, 44.44, 44.27, 31.05, 30.82. HRMS (ESI) Calcd for C37H33F2N3O3 (M + H)+ 

606.2568, found 606.2554.

3-(Benzo[b]thiophen-6-yl)-N-(4′-fluoro-6-(((S)-pyrrolidin-3-yl)-oxy)-[ 1,1′-
biphenyl]-3-yl)-4-(((S)-pyrrolidin-3-yl)oxy)benzamide Dihydrochloride (3).—It 
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was prepared through the same procedure for 2 to yield 3 as a white solid (83% yield). 1H 

NMR (300 MHz, CD3OD) δ 8.07 (d, J = 1.5 Hz, 1H), 7.99 (d, J = 8.3 Hz, 2H), 7.88 (d, J = 

8.3 Hz, 1H), 7.74–7.65 (m, 2H), 7.67–7.45 (m, 4H), 7.39 (d, J = 5.5 Hz, 1H), 7.23 (d, J = 8.4 

Hz, 1H), 7.13 (td, J = 9.7, 9.3, 5.7 Hz, 3H), 5.25 (s, 1H), 5.02 (d, J = 3.5 Hz, 1H), 3.49 (dddt, 

J = 35.8, 31.2, 11.3, 5.3 Hz, 6H), 3.18 (ddt, J = 20.0, 11.6, 8.3 Hz, 2H), 2.46–2.07 (m, 4H). 
13C NMR (75 MHz, CD3OD) δ 166.67, 156.51, 150.25, 140.3, 139.19, 134.24, 133.79, 

133.46, 131.78, 131.48, 131.32, 131.22, 130.96, 128.70, 128.24, 127.15, 126.03, 124.28, 

123.53, 123.05, 123.00, 121.88, 115.57, 114.97, 114.69, 113.76, 77.36, 76.82, 50.62, 44.40, 

44.26, 31.04, 30.82. HRMS (ESI) Calcd for C35H32FN3O3S (M + H)+ 594.2227, found 

594.2217.

3′,4′-Difluoro-6-((S)-pyrrolidin-3-yloxy)-N-(6-((S)-pyrrolidin-3-yloxy)-3′-(2H-
tetrazol-5-yl)-[1,1′-biphenyl]-3-yl)-[1,1′-biphenyl]-3-carboxamide 
Dihydrochloride (27).—It was prepared through the same procedure as 2 to afford 27 as a 

white solid (76% yield). 1H NMR (500 MHz, CD3OD): δ ppm 8.30 (s, 1H), 8.03 (dd, J = 2.5 

Hz, 9.0 Hz, 1H), 7.99–7.97 (m, 2H), 7.80–7.72 (m, 3H), 7.65 (t, J = 8.0 Hz, 1H), 7.57–7.47 

(m, 1H), 7.41–7.30 (m, 2H), 7.26 (d, J = 9.0 Hz, 1H), 7.19 (d, J = 9.0 Hz, 1H), 5.31 (s, 1H), 

5.14 (s, 1H), 3.66–3.62 (m, 1H), 3.56–3.52 (m, 3H), 3.52–3.37 (m, 3H), 3.29–3.23 (m, 1H), 

2.39–2.17 (m, 4H). 13C NMR (125 MHz, CD3OD): δ ppm 166.17, 156.00, 150.08, 139.11, 

133.20, 131.94, 130.67, 130.39, 129.28, 129.11, 129.05, 128.00, 125.94, 125.91, 125.89, 

125.46, 124.20, 124.02, 122.16, 118.26, 118.12, 116.76, 116.62, 114.84, 113.24, 109.99, 

76.90, 76.52, 50.48, 50.36, 44.23, 44.10, 30.75, 30.66. HRMS (ESI) Calcd for 

C34H31F2N7O3 (M + H)+ 624.2535, found 624.2528.

3′,4′-Difluoro-6-((S)-pyrrolidin-3-yloxy)-N-(6-((S)-pyrrolidin-3-yloxy)-4′-(2H-
tetrazol-5-yl)-[1,1′-biphenyl]-3-yl)-[1,1′-biphenyl]-3-carboxamide 
Dihydrochloride (28).—It was prepared through the same procedure as 2 to afford 28 as a 

white solid (80% yield). 1H NMR (500 MHz, CD3OD): δ ppm 8.09 (dd, J = 2.0 Hz, 8.5 Hz, 

2H), 8.03 (dd, J = 2.0 Hz, 8.5 Hz, 1H), 8.00–7.97 (m, 1H), 7.76 (dd, J = 3.0 Hz, 9.0 Hz, 1H), 

7.74–7.66 (m, 3H), 7.57–7.46 (m, 1H), 7.39–7.29 (m, 2H), 7.25 (d, J = 8.5 Hz, 1H), 7.17 (d, 

J = 8.5 Hz, 1H), 5.31 (s, 1H), 5.08 (s, 1H), 3.65–3.62 (m, 1H), 3.56–3.43 (m, 4H), 3.41–3.33 

(m, 1H), 3.29–3.22 (m, 1H), 3.20–3.11 (m, 1H), 2.402.25 (m, 2H), 2.25–2.11 (m, 2H). 13C 

NMR (125 MHz, CD3OD): δ ppm 156.00, 150.20, 139.59, 133.38, 131.73, 130.38, 129.37, 

129.05, 128.15, 126.40, 126.18, 125.82, 123.94, 121.99, 118.27, 118.12, 116.78, 116.64, 

115.59, 113.26, 77.37, 76.53, 50.54, 50.41, 44.22, 44.04, 30.70, 30.48. HRMS (ESI) Calcd 

for C34H31F2N7O3 (M + H)+ 624.2535, found 624.253.

3′,4′-Difluoro-6-(((S)-pyrrolidin-3-yl)oxy)-N-(6-(((R)-pyrrolidin-3-yl)oxy)-3′-(2H-
tetrazol-5-yl)-[1,1′-biphenyl]-3-yl)-[1,1′-biphenyl]-3-carboxamide 
Dihydrochloride (29).—It was prepared through the same procedure as 2 to afford 29 as a 

white solid (85% yield). 1H NMR (500 MHz, DMSO-d6) δ 10.26 (s, 1H), 9.40 (d, J = 32.9 

Hz, 4H), 8.29 (s, 1H), 8.06 (d, J = 7.4 Hz, 1H), 8.01 (d, J = 6.6 Hz, 2H), 7.84 (d, J = 11.8, 

Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 7.6 Hz, 1H), 7.48 (q, J = 4.5, 3.3 Hz, 2H), 

7.27 (d, J = 8.5 Hz, 1H), 7.18 (d, J = 8.6 Hz, 1H), 5.23 (s, 1H), 5.06 (s, 1H), 3.59–3.06 (m, 

8H), 2.23–2.00 (m, 4H). 13C NMR (126 MHz, CD3OD) δ 166.10, 156.13, 150.57, 150.11, 
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148.66, 139.12, 134.51, 133.13, 133.06, 130.94, 130.56, 130.45, 130.25, 129.33, 128.27, 

127.93, 127.13, 125.94, 124.51, 123.79, 123.26, 119.02, 117.90, 117.41, 116.41, 78.56, 

54.58, 54.13, 47.35, 46.93, 33.64, 33.14. HRMS (ESI) Calcd for C34H31F2N7O3 (M + H)+ 

624.2535, found 624.253.

(R)-3-((5-(3-(Benzo[b]thiophen-6-yl)-4-(((S)-pyrrolidin-1-ium-3-
yl)oxy)benzamido)-3′-(2H-tetrazol-5-yl)-[1,1′-biphenyl]-2-yl)oxy)-pyrrolidin-1-
ium Chloride (30).—It was prepared through the same procedure as 2 to afford 30 as a 

white solid (82% yield). 1H NMR (500 MHz, DMSO-d6) δ 10.29 (s, 1H), 9.53 (t, J = 59.7 

Hz, 4H), 8.35 (t, J = 1.8 Hz, 1H), 8.29 (d, J =1.4 Hz, 1H), 8.17–8.08 (m, 2H), 8.05 (dd, J = 

8.7, 2.4 Hz, 1H), 7.95 (d, J = 8.3 Hz, 1H), 7.91–7.85 (m, 2H), 7.83–7.74 (m, 2H), 7.71–7.63 

(m, 2H), 7.50 (d, J = 5.5 Hz, 1H), 7.32 (d, J = 8.8 Hz, 1H), 7.21 (d, J = 9.0 Hz, 1H), 5.27 (t, J 
= 5.0 Hz, 1H), 5.17–5.00 (m, 1H), 3.65–3.46 (m, 2H), 3.34 (m, 4H), 3.13 (d, J = 9.8 Hz, 

2H), 2.27–2.01 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 164.90, 156.35, 149.79, 139.70, 

139.24, 138.99, 134.05, 133.82, 132.50, 131.08, 130.62, 129.94, 129.81, 129.34, 128.49, 

128.19, 128.17, 126.67, 126.23, 124.17, 123.78, 123.71, 123.49, 121.80, 114.97, 113.76, 

76.78, 76.53, 50.06, 50.01, 44.26, 44.12, 31.51, 31.40. HRMS (ESI) Calcd for 

C36H33N7O3S (M + H)+ 644.2444, found 644.2434.

7-(3,4-Difluorophenyl)-2-(4′-fluoro-6-((S)-pyrrolidin-3-yloxy)-[1,1′-biphenyl]-3-
yl)-6-((S)-pyrrolidin-3-yloxy)quinoline Dihydrochloride (31).—The same procedure 

to prepare 2 was used to prepare 31 as a yellow solid (quantitative yield). 1H NMR (500 

MHz, CD3OD): δ ppm 8.76 (d, J = 10.5 Hz, 1H), 8.25 (d, J = 8.5 Hz, 1H), 8.22–8.15 (m, 

3H), 7.76 (s, 1H), 7.68–7.61 (m, 3H), 7.51–7.46 (m, 1H), 7.457.38 (m, 2H), 7.21 (t, J = 9.0 

Hz, 2H), 5.46 (s, 1H), 5.35 (s, 1H), 3.773.71 (m, 1H), 3.68–3.43 (m, 6H), 3.28–3.24 (m, 

1H), 2.49–2.29 (m, 4H). 13C NMR (126 MHz, CD3OD) δ 163.46, 161.50, 156.87, 153.61, 

152.91, 151.41, 149.53, 143.38, 138.19, 135.57, 133.16, 132.98, 131.91, 131.42, 131.32, 

131.25, 129.79, 128.51, 126.36, 125.73, 123.61, 121.30, 118.64, 118.51, 117.23, 117.10, 

114.85, 114.68, 114.48, 108.75, 102.74, 77.09, 76.76, 50.42, 50.21, 44.32, 44.25, 30.77, 

30.65. HRMS (ESI) Calcd for C35MH30F3N3O2 (M + H)+ 582.2368, found 582.2345.

6-(3,4-Difluorophenyl)-3-(4′-fluoro-6-((S)-pyrrolidin-3-yloxy)-[1,1′-biphenyl]-3-
yl)-7-((S)-pyrrolidin-3-yloxy)quinoline Dihydrochloride (32).—The same procedure 

for 2 was used to prepare 32 as a yellow solid (quantitative yield). 1H NMR (500 MHz, 

CD3OD): δ ppm 9.41 (s, 1H), 9.12 (brs, 1H), 8.23 (s, 1H), 7.90 (dd, J = 2.5, 8.5 Hz, 1H), 

7.86 (d, J = 2.0 Hz, 1H), 7.68 (s, 1H), 7.67–7.60 (m, 3H), 7.49–7.39 (m, 2H), 7.36 (d, J = 8.5 

Hz, 1H), 7.20 (t, J = 9.0 Hz, 2H), 5.55 (s, 1H), 5.26 (s, 1H), 3.80 (dd, J = 5.0 Hz, 13.0 Hz, 

1H), 3.693.58 (m, 2H), 3.57–3.50 (m, 2H), 3.48–3.42 (m, 1H), 3.38–3.33 (m, 1H), 3.27–

3.21 (m, 1H), 2.57–2.40 (m, 2H), 2.31–2.26 (m, 2H). 13C NMR (500 MHz, CD3OD): 

163.35, 161.39, 157.33, 154.25, 144.86, 134.06, 133.70, 133.68, 132.10, 131.20, 131.13, 

130.99, 129.83, 127.57, 126.24, 126.21, 126.19, 118.59, 118.44, 117.06, 116.92, 115.16, 

114.75, 114.58, 77.27, 76.78, 50.50, 50.21, 44.36, 44.17, 30.67, 30.56. HRMS (ESI) Calcd 

for C35H30F3N3O2 (M + H)+ 582.2368, found 582.2348.
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tert-Butyl (S)-3-((5-(3-Bromo-4-(((S)-1-(tert-butoxycarbonyl)-pyrrolidin-3-
yl)oxy)benzamido)-4’-fluoro-[1,1’-biphenyl]-2-yl)oxy)-pyrrolidine-1-carboxylate 
(35).—To a solution of 3359 (1.0 g, 2.6 mmol) in CH2Cl2 (30 mL) was added 3447 (0.97 g, 

2.6 mmol), EDC'HCl (0.75 g, 3.9 mmol), and DMAP (0.32 g, 2.6 mmol). The mixture was 

then stirred at room temperature for 24 h. The reaction mixture was diluted with CH2Cl2 (20 

mL), washed with water (30 mL) and brine (30 mL), and dried over MgSO4. The solid was 

filtered, and the solvent was removed under reduced pressure. The residue was then purified 

by column chromatography to yield 35 as a white solid (1.3 g, 70%). 1H NMR (500 MHz, 

acetone-d6): δ ppm 8.91 (s, 1H), 7.62 (s, 1H), 7.41 (dd, J = 3.0, 9.0 Hz, 1H), 7.20 (s, 2H), 

6.97–6.87 (m, 2h), 6.64 (d, J = 9.0 Hz, 1H), 6.57–6.52 (m, 3H), 4.63 (s, 1H), 4.38 (s, 1H), 

3.12–2.73 (m, 8H), 2.70–2.54 (m, 1H), 1.72–1.52 (m, 2H), 0.82 (m, 18H). 13C NMR (125 

MHz, acetone-d6): δ ppm 168.5, 163.53, 163.12, 161.18, 156.50, 154.08, 150.44, 134.78, 

133.64, 132.81, 131.41, 131.18, 129.40, 128.75, 123.18, 120.90, 115.52, 114.91, 114.40, 

112.48, 78.69, 78.50, 77.85, 77.05, 51.65, 51.54, 51.33, 51.17, 44.21, 43.95, 31.53, 31.37, 

30.69, 30.36, 27.99.

tert-Butyl (S)-3-((5-(4-(((S)-1-(tert-Butoxycarbonyl)pyrrolidin-3-yl)oxy)-3-(6-
fluoronaphthalen-2-yl)benzamido)-4′-fluoro-[l,l′-bi-phenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (36a).—To a solution of 35 (0.50 g, 0.67 mmol) in 

dioxane/water (3:1 (v:v)) was added (6-fluoronaphthalen-2-yl)boronic acid (0.15 g, 0.80 

mmol), Pd(dppf)Cl2 (0.025 g, 0.034 mmol), and Na2CO3 (0.14 g, 1.3 mmol). The reaction 

mixture was heated to 90 °C under argon and stirred for 24 h. The reaction mixture was 

cooled to room temperature, diluted with ethyl acetate, washed with water and brine, and 

dried over Na2SO4. The solid was then filtered, and the solution was concentrated under 

vacuum. The residue was purified by column chromatography to yield 36a as a white solid 

(0.40 g, 75% yield). 1H NMR (500 MHz, acetone-d6) δ 9.64 (s, 1H), 8.15 (dd, J = 13.7, 2.4 

Hz, 1H), 8.07–7.95 (m, 3H), 7.97–7.82 (m, 3H), 7.72 (d, J = 8.5 Hz, 1H), 7.66–7.58 (m, 

1H), 7.52 (tt, J = 5.6, 2.6 Hz, 2H), 7.36 (td, J = 8.9, 2.6 Hz, 1H), 7.29–7.20 (m, 1H), 7.12 (td, 

J = 11.1, 10.0, 7.6 Hz, 3H), 5.19 (d, J = 14.3 Hz, 1H), 4.96 (d, J = 9.5 Hz, 1H), 3.74–3.14 

(m, 8H), 2.30–1.92 (m, 4H), 1.75–0.96 (m, 18H). 13C NMR (126 MHz, acetone-d6) δ 
164.91, 163.09, 161.93, 161.14, 159.98, 156.89, 154.21, 154.16, 154.5, 150.32, 150.26, 

135.16, 135.04, 134.80, 133.88, 133.54, 133.47, 131.42, 131.37, 131.25, 131.15, 131.07, 

130.92, 130.75, 130.62, 129.11, 129.5, 128.44 (d, J = 1.2 Hz), 128.34, 127.00, 126.86, 

123.15, 122.07, 120.95, 116.49, 116.29, 115.51, 115.31, 114.90, 114.78, 114.73, 113.73, 

113.59, 110.79, 110.76, 110.63, 78.74, 78.56, 77.85, 77.31, 77.04, 76.55, 51.66, 51.58, 

51.21, 44.34, 44.24, 44.10, 43.99, 31.45, 31.38, 30.61, 30.56, 29.99, 28.03, 28.01

tert-Butyl (S)-3-((5-(3-(Benzo[B]thiophen-6-yl)-4-(((S)-1-(tert-
butoxycarbonyl)pyrrolidin-3-yl)oxy)benzamido)-4′-fluoro-[1,1 ′-bi-phenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (36b).—It was prepared through the same procedure 

as 36a to afford 36b as a white solid (83% yield). 1H NMR (500 MHz, acetone-d6) δ 9.63 (s, 

1H), 8.40–7.97 (m, 3H), 7.99–7.78 (m, 3H), 7.67 (t, J = 5.2 Hz, 1H), 7.61–7.50 (m, 3H), 

7.45 (d, J = 5.2 Hz, 1H), 7.24 (d, J = 8.5 Hz, 1H), 7.15–6.98 (m, 3H), 5.16 (d, J = 6.4 Hz, 

1H), 5.03–4.84 (m, 1H), 3.79–3.12 (m, 8H), 2.40–1.94 (m, 4H), 1.58–1.31 (m, 18H). 13C 

NMR (75 MHz, acetone-d6) δ 165.00, 163.72, 160.48, 156.90, 154.26, 154.06, 150.26, 
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139.93, 139.03, 134.83, 134.28, 133.91, 131.45, 131.35, 131.18, 130.65, 128.95, 128.33, 

127.41, 126.31, 123.96, 123.24, 121.00, 115.49, 115.29, 114.99, 114.71, 113.72, 78.76, 

78.58, 77.82, 77.41, 77.01, 76.45, 51.60, 51.20, 44.36, 44.25, 44.05, 31.48, 31.37, 30.61, 

28.04.

(S)-tert-Butyl-3-(4-(((benzyloxy)carbonyl)amino)-2-
bromophenoxy)pyrrolidine-1-carboxylate (37).—To a solution of 33 (0.39 g, 1.01 

mmol) in dry toluene (20 mL) under anhydrous conditions was added diphenylphosphoryl 

azide (DPPA) (0.28 g, 1.01 mmol), Et3N (0.20 g, 2.02 mmol), benzyl alcohol (1.00 mL), and 

the activated molecular sieves (2 g). The mixture was stirred at room temperature for 10 min 

and then heated to 80 °C under nitrogen for 24 h. Upon completion, the molecule sieves 

were filtered, and the solution was diluted with EtOAc (50 mL). The organic layer was 

washed with water (50 mL) and brine (50 mL) and dried over MgSO4. The solid was 

filtered, and the solvent was removed under reduced pressure. The residue was purified by 

column chromatography to yield 37 as a white solid (0.30 g, 60% yield). 1H NMR (500 

MHz, CDCl3): δ ppm 7.63 (s, 1H), 7.41–7.26 (m, 5H), 6.81 (d, J = 8.5 Hz, 2H), 5.18 (s, 2H), 

4.82 (s, 1H), 3.64–3.50 (m, 4H), 2.24–2.15 (br.m, 1H), 2.08–1.99 (m, 1H), 1.46 (s, 9H). 13C 

NMR (500 MHz, CDCl3): δ ppm 154.89, 154.76, 153.73, 150.12, 136.21, 133.18, 128.81, 

128.50, 124.58, 119.25, 116.68, 114.37, 79.19, 78.31, 67.28, 51.69, 44.04, 31.92, 28.74.

(S)-tert-Butyl-3-(4-amino-2-bromophenoxy)pyrrolidine-1-carbox-ylate (38).—
Compound 37 (1.69 g, 3.44 mmol) was dissolved in MeOH, and an aqueous solution of 

NaOH (3.6 g, 89.44 mmol) in 15 mL of water was added to the stirring mixture. The 

reaction was heated to 55 °C for 38 h. Upon completion, the reaction mixture was 

neutralized with HCl, and the organic solvent was removed. To the remaining aqueous layer 

was added saturated NaHCO3. The organic layer was washed with EtOAc three times. After 

the removal of the organic solvent, the dark brown solid was obtained (0.96 g, 78%). 1H 

NMR (500 MHz, CDCl3): δ ppm 6.89 (s, 1H), 6.74 (d, J = 14.0 Hz, 1H), 6.59–6.52 (m, 1H), 

4.73 (s, 1H), 3.69–3.44 (m, 4H), 2.25–2.13 (m, 1H), 2.08–1.89 (m, 1H), 1.45 (s, 9H). 13C 

NMR (500 MHz, CDCl3): δ ppm 154.90, 146.45, 142.83, 128.63, 127.13, 120.5, 119.38, 

115.21, 80.03, 79.16, 51.67, 44.08, 31.05, 28.75.

(S)-tert-Butyl-3-((5-((3-bromo-4-(((S)-1-(tert-butoxycarbonyl)-pyrrolidin-3-
yl)oxy)phenyl)carbamoyl)-3′,4′-difluoro-[1,1′-biphen-yl]-2-yl)oxy)pyrrolidine-1-
carboxylate (40).—Compound 3947 (0.17 g, 0.41 mmol) was dissolved in anhydrous 

CH2Cl2 at 0 °C. EDC'HCl (0.16 g, 0.82 mmol) and HOAt (0.062 g, 0.41 mmol) were added. 

The reaction mixture was allowed to stir at 0 °C for 30 min before 38 (0.15 g, 0.41 mmol) 

and Et3N (0.20 mL, 1.3 mmol) were added. The reaction was stirred overnight while 

warming up to room temperature. The reaction was quenched after 24 h with 1 M HCl. The 

aqueous layer was washed twice with EtOAc, and the solvent of the combined organic layers 

was removed under reduced pressure. Flash column chromatography was used to purify 40 
as a white solid (0.18 g, 60% yield). 1H NMR (500 MHz, CDCl3): δ ppm 8.98–8.80 (m, 

1H), 7.87–7.78 (m, 3H), 7.71–7.47 (m, 1H), 7.19 (t, J = 9.0 Hz, 1H), 7.12–7.04 (m, 2H), 

7.00–6.72 (m, 2H), 4.91–4.80 (m, 2H), 3.693.40 (m, 7H), 3.37–3.23 (m, 1H), 2.23–1.99 (m, 

4H), 1.42 (s, 18H). 13C NMR (500 MHz, CDCl3): δ ppm 165.19, 156.63, 156.38, 154.81, 
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150.77 150.49, 148.81, 134.26, 133.49, 130.26, 129.63, 128.82, 127.73, 125.98, 125.61, 

120.90, 118.55, 116.94, 116.07, 113.87, 113.22, 80.00, 79.69, 51.58, 51.01, 44.29, 43.80, 

31.66, 30.94, 28.60, 28.51.

(S)-tert-Butyl-3-((5-(6-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-ylcarboxamido)-3′-cyano-[1,1′-biphenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (41a).—It was prepared through the same procedure 

as 36 to afford 41a as a white solid (30% yield). 1H NMR (500 MHz, acetone-d6): δ ppm 

9.64 (s, 1H), 8.5–8.03 (m, 2H), 7.87–7.79 (m, 4H), 7.71 (d, J = 7.5 Hz, 1h), 7.59 (t, J = 7.5 

Hz, 1H), 7.51–7.44 (m, 1H), 7.35–7.31 (m, 2H), 7.26 (d, J = 8.5 Hz, 1H), 7.15 (d, J = 9.0 

Hz, 1H), 5.22–5.17 (m, 1H), 5.5–5.01 (m, 1H), 3.61–3.27 (m, 8H), 2.19–2.13 (m, 4H), 1.42 

(s, 9H), 1.40 (s, 9H).

(S)-tert-Butyl-3-((5-(6-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-ylcarboxamido)-4′-cyano-[1,1′-biphenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (41b).—It was prepared through the same procedure 

as 36 to afford 41b as a white solid (50% yield). 1H NMR (500 MHz, acetone-d6): δ ppm 

9.60 (s, 1H), 8.07–8.04 (m, 2H), 7.89–7.87 (m, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.72 (d, J = 8.5 

Hz, 1H), 7.55–7.51 (m, 1H), 7.30 (d, J = 8.5 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 5.25–5.21 

(m, 1H), 5.08–5.04 (m, 1H), 3.63–3.20 (m, 8H), 2.20–2.08 (m, 4H), 1.43 (s, 9H), 1.40 (s, 

9H).

(S)-tert-Butyl-3-((5-(6-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-ylcarboxamido)-3′-(2H-tet-razol-5-yl)-[1,1′-
biphenyl]-2-yl)oxy)pyrrolidine-1-carboxylate (42a).—To a stirred solution of 41a 
(0.05 g, 0.064 mmol) in anhydrous toluene (5 mL) was added n-Bu3SnN3 (0.064 g, 0.19 

mmol). The resulting solution was refluxed for 24 h. Upon completion, the reaction mixture 

was diluted with EtOAc (50 mL), washed with brine (20 mL × 3), and dried over Na2SO4. 

The solid was filtered, and the solvent was removed under the reduced pressure. The residue 

was purified by column chromatography (DCM/MeOH = 15:1–10:1) to yield 42a as a pale 

yellow solid (0.03 g, 57% yield). 1H NMR (300 MHz, acetone-d6): δ ppm 9.75 (s, 1H), 

8.31–8.06 (m, 3H), 7.98 (s, 1H), 7.94–7.90 (m, 1H), 7.86 (s, 1H), 7.71 (d, J = 7.8 Hz, 1H), 

7.59 (t, J = 7.5 Hz, 1H), 7.53–7.337.28 (d, J = 7.8 Hz, 1H), 7.15 (d, J = 9.0 Hz, 1H), 5.24–

5.19 (m, 1H), 5.05–4.98 (m, 1H), 3.66–3.24 (m, 8H), 2.30–2.10 (m, 4H), 1.43–1.35 (m, 

18H). MS (ESI) m/z = 846.4 [M + Na]+.

(S)-tert-Butyl-3-((5-(6-(((S)-1-(tert-butoxycarbonyl)pyiroliclin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-ylcarboxamido)-4′-(2H-tetrazol-5-yl)-[1,1′-
biphenyl]-2-yl)oxy)pyrrolidine-1-carboxylate (42b).—The procedure for 42a was 

used to prepare 42b as a white solid (50% yield). 1H NMR (500 MHz, acetone-d6): δ ppm 

9.67 (s, 1H), 8.14 (d, J = 8.0 Hz, 2H), 8.06–8.04 (m, 2H), 7.88–7.83 (m, 2H), 7.68 ( d, J = 

8.0 Hz, 2H), 7.52–7.44 (m, 1H), 7.35–7.30 (m, 2H), 7.26 (s, 1H), 7.14 (d, J = 8.0 Hz, 1H), 

5.22–5.18 (m, 1H), 5.04–5.00 (m, 1H), 3.63–3.23 (m, 8H), 2.21–2.08 (m, 4H), 1.45–1.37 

(m, 18H). MS (ESI) m/z = 846.4 [M + Na]+.
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tert-Butyl (R)-3-((3′-Cyano-5-(methoxycarbonyl)-[1,1′-biphenyl]-2-
yl)oxy)pyrroliCine-1-carboxylate (44).—It was prepared through the same procedure as 

36 to afford 44 as a white solid (91% yield). 1H NMR (500 MHz, CDCl3) δ 8.05 (dd, J = 

8.6, 2.2 Hz, 1H), 7.99 (d, J = 2.2 Hz, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.72–7.67 (m, 1H), 7.62–

7.58 (m, 1H), 7.49 (d, J = 7.8 Hz, 1H), 6.97 (d, J = 8.6 Hz, 1H), 5.10–4.91 (m, 1H), 3.90 (s, 

3H), 3.64–3.49 (m, 3H), 3.34–3.26 (m, 1H), 2.17–2.06 (m, 2H), 1.44 (s, 9H). 13C NMR (126 

MHz, CDCl3) S 166.33, 157.42, 154.41, 138.58, 133.83, 132.91, 132.58, 131.53, 130.87, 

129.15, 128.87, 123.52, 118.74, 112.75, 112.31, 79.78, 76.93 (d, J = 31.9 Hz), 52.13, 51.04, 

44.07, 31.64, 28.45. MS (ESI) m/z = 445.2 [M + Na]+.

tert-Butyl (R)-3-((5-Amino-3′-cyano-[1,1′-biphenyl]-2-yl)oxy)-pyrrolidine-1-
carboxylate (47).—Compound 44 was hydrolyzed under the basic condition to yield 45 
(93% yield), which was used in next step without further purification. MS (ESI) m/z = 431.2 

[M + Na]+.

The procedure to prepare 47 from 45 was the same as that of 38 from 33 to afford 47 as a 

dark brown solid (65% yield in two steps). 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 7.70 

(d, J = 7.9 Hz, 1H), 7.57 (d, J = 7.6 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 6.82 (d, J = 8.5 Hz, 

1H), 6.71 (t, J = 8.6 Hz, 2H), 4.62 (s, 1H), 4.05 (s, 2H), 3.63–3.30 (m, 3H), 3.19 (d, J = 8.6 

Hz, 1H), 2.05–1.83 (m, 2H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3) S 154.46, 146.88, 

140.48, 139.59, 133.83, 132.84, 131.04, 130.40, 128.66, 118.87, 117.78, 117.34, 116.44, 

79.35, 78.46, 50.99 (d, J = 49.7 Hz), 43.84 (d, J = 44.0 Hz), 30.88, 28.43. MS (ESI) m/z = 

402.2 [M + Na]+.

tert-Butyl (R)-3-((5-(6-(((S)-1-(tert-Butoxycarbonyl)pyrrolidin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-carboxamido)-3′-cyano-[1,1′-biphenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (48).—It was prepared through the same procedure as 

40 to afford 48 as a white solid (56% yield). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J =21.3 

Hz, 2H), 7.69 (d, J = 7.6 Hz, 3H), 7.56 (d, J = 8.2 Hz, 2H), 7.44 (d, J = 7.7 Hz, 1H), 7.25 (s, 

1H), 7.14 (s, 2H), 6.91 (s, 2H), 4.94 (s, 1H), 4.81 (s, 1H), 3.90–3.04 (m, 8H), 2.11 (dd, J = 

25.8, 17.1 Hz, 4H), 1.42 (d, J = 1.8 Hz, 18H). MS (ESI) m/z = 803.3 [M + Na]+.

tert-Butyl (R)-3-((5-(6-(((S)-1-(tert-Butoxycarbonyl) pyrrolidin-3-yl)oxy)-3′,4′-
difluoro-[1,1′-biphenyl]-3-carboxamido)-3′-(2H-tetra-zol-5-yl)-[1,1′-biphenyl]-2-
yl)oxy)pyrroliCine-1-carboxylate (49).—It was prepared through the same procedure as 

42a to afford 49 as a white solid (35%). 1H NMR (400 MHz, acetone-d6) δ 8.47–8.26 (m, 

1H), 8.17–8.05 (s, 2H), 7.85–7.05 (m, 10H), 5.25 (d, J = 33.5 Hz, 1H), 4.32 (dd, J = 5.6, 2.3 

Hz, 1H), 3.77–3.25 (m, 8H), 2.45–2.03 (m, 4H), 1.46 (d, J = 11.4 Hz, 18H). MS (ESI) m/z = 

846.4 [M + Na]+, MS (ESI) m/z = 822.4 [M − H]−.

tert-Butyl (S)-3-(2-(Benzo[B]thiophen-6-yl)-4-(methoxycarbonyl)-
phenoxy)pyrrolidine-1-carboxylate (50).—The procedure to prepare 50 was the same 

as that for 36 to afford 50 as a white solid (89% yield). 1H NMR (500 MHz, CDCl3) δ 8.11 

(d, J = 4.9 Hz, 1H), 8.01 (t, J = 7.9 Hz, 1H), 7.97 (dt, J = 1.5, 0.8 Hz, 1H), 7.83 (d, J = 8.3 

Hz, 1H), 7.52–7.41 (m, 2H), 7.35 (dd, J = 5.4, 0.9 Hz, 1H), 6.97 (d, J = 8.7 Hz, 1H), 4.97 (tt, 

J = 4.4, 2.2 Hz, 1H), 3.90 (s, 3H), 3.82–3.25 (m, 4H), 2.22–1.95 (m, 2H), 1.43 (d, J = 11.9 
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Hz, 9H). 13C NMR (126 MHz, CDCl3) δ 166.70, 157.70, 154.52, 154.35, 139.80, 139.69, 

138.63, 133.59, 133.48, 133.04, 131.58, 130.49, 126.89, 126.78, 125.97, 123.62, 123.39, 

123.14, 123.03, 122.90, 113.05, 112.93, 79.59, 76.28, 74.98, 52.01, 51.48, 51.05, 44.19, 

43.83, 31.65, 30.88, 28.48.

tert-Butyl (R)-3-((5-(3-(Benzo[B]thiophen-6-yl)-4-(((S)-1-(tert-
butoxycarbonyl)pyrroliCin-3-yl)oxy)benzamiCo)-3′-cyano-[1,1′-bi-phenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (52).—The procedure for the hydrolysis of 50 to yield 

51 the same as that for the reparation of 38 (95% yield). Compound 51 was used directly in 

the next step without further purification.

The procedure to prepare 52 was the same as that to prepare 40 and afforded 52 as a white 

solid (60% yield). 1H NMR (500 MHz, CDCl3) δ 8.74 (dd, J = 102.4, 33.0 Hz, 1H), 8.00–

7.79 (m, 3H), 7.79–7.58 (m, 5H), 7.50 (d, J = 7.7 Hz, 1H), 7.46–7.36 (m, 3H), 7.31 (d, J = 

5.4 Hz, 1H), 7.14–6.67 (m, 2H), 4.85 (s, 1H), 4.77 (s, 1H), 3.61–2.98 (m, 8H), 2.11–1.83 

(m, 4H), 1.41 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 165.51, 156.87, 156.50, 154.74, 

154.59, 154.37, 139.68, 139.13, 138.60, 133.94, 133.55, 132.84, 132.71, 131.59, 130.54, 

130.45, 129.71, 128.67, 128.35, 128.08, 127.90, 127.68, 126.86, 125.93, 123.61. 123.07, 

122.93, 121.82, 118.87, 114.85, 113.47, 113.29, 112.11, 111.96, 79.78, 79.60, 77.68, 76.18, 

53.85, 53.46, 51.42, 50.94, 50.79, 44.27, 44.19, 43.79, 43.71, 31.59, 30.79, 28.46. MS (ESI) 

m/z = 823.3 [M + Na]>+.

tert-Butyl (R)-3-((5-(3-(Benzo[B]thiophen-6-yl)-4-(((S)-1-(tert-
butoxycarbonyl)pyrroliCin-3-yl)oxy)benzamiCo)-3′-(2H-tetrazol-5-yl)-[1,1′-
biphenyl]-2-yl)oxy)pyrrolidine-1-carboxylate (53).—It was prepared by the same 

procedure as that for 42 to afford 53 as white solid (37% yield). 1H NMR (500 MHz, 

CDCl3) δ 9.00 (t, J = 47.7 Hz, 1H), 8.23–7.53 (m, 6H), 7.46–7.17 (m, 6H), 6.73 (dt, J = 

82.1, 29.1 Hz, 2H), 4.95–4.43 (m, 2H), 3.72–3.04 (m, 8H), 2.03–1.71 (m, 4H), 1.52–1.22 

(m, 18H). 13C NMR (126 MHz, CDCl3) δ 156.87, 155.49, 155.03, 154.49, 150.59, 150.26, 

139.60, 138.79, 138.58, 133.46, 132.30, 131.62, 130.88, 128.89, 128.42, 128.13, 127.56, 

126.85, 126.36, 125.90, 124.13, 123.59, 123.08, 122.85, 122.22, 114.45, 113.32, 80.17, 

79.80, 76.09, 53.82, 53.43, 51.54, 51.32, 51.08, 50.83, 44.36, 44.00, 43.86, 31.74, 31.56, 

30.74, 29.70, 28.49, 28.40. MS (ESI) m/z = 866.3 [M + Na]+.

Methyl 4-Bromo-3-hydroxybenzoate (54).—To a solution of 4-bromo-3-

hydroxybenzoic acid (5.00 g, 13.80 mmol) in MeOH (30 mL) was added SOCl2 (2.50 g, 

20.70 mmol) dropwise over 10 min at 0–5 °C. The mixture was stirred for 3 h at room 

temperature. The solvent was then removed under the reduced pressure, and the residue was 

taken into EtOAc (150 mL). The solution was washed with aqueous Na2CO3 (50 mL and 

brine (50 mL × 3), and dried over Na2SO4. The inorganic solid was removed by filtration, 

and the organic solvent was removed under the reduced pressure to yield 54 as a white solid 

(1.61 g, 50%). 1H NMR (300 MHz, DMSO-d6): δ ppm 10.74 (s, 1H), 7.62 (d, J = 8.1 Hz, 

1H), 7.51 (d, J = 2.1 Hz, 1H), 7.28 (dd, J = 2.1, 8.1 Hz, 1H), 3.81 (s, 3H). 13C NMR (75 

MHz, DMSO-d6): δ ppm 166.33, 154.99, 134.02, 130.70, 121.61, 116.98, 115.77, 52.99.
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(S)-tert-Butyl 3-(2-Bromo-5-(methoxycarbonyl)phenoxy)-pyrrolidine-1-
carboxylate (55).—The synthesis of 55 follows the same procedure as that previously 

described47 to afford 55 as a white solid (94%). 1H NMR (300 MHz, CDCl3): δ ppm 7.59 

(d, J = 8.7 Hz, 1H), 7.50 (d, J = 9.0 Hz, 2H), 4.99 (s, 1H), 3.89 (s, 3H), 3.63–3.58 (br.s, 4H), 

2.24–2.10 (br.m, 2H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3): δ ppm 166.43, 154.73, 

153.94, 133.92, 130.64, 123.68, 119.53, 115.40, 79.78, 78.57, 52.63, 51.59, 44.34, 31.93, 

31.15, 28.72.

(S)-tert-Butyl 3-((3′,4′-difluoro-4-(methoxycarbonyl)-[1,1′-bi-phenyl]-2-
yl)oxy)pyrrolidine-1-carboxylate (56).—To a solution of 55 (1 g, 2.50 mmol) in dry 

DMF (25 mL) under anhydrous condition was added (3,4-difluorophenyl) boronic acid (0.47 

g, 3.00 mmol), Pd(PPh3)4 (0.14 g, 0.13 mmol), and K2CO3 (0.52 g, 3.75 mmol). The 

mixture was heated to 105 °C under argon and stirred for 20 h. Then, the reaction mixture 

was cooled to room temperature, diluted with ethyl acetate, washed with water and brine, 

dried over Na2SO4, and concentrated under vacuum. The residue was purified by column 

chromatography to yield 56 as a yellow solid (0.96 g, 89% yield). 1H NMR (300 MHz, 

CDCl3): δ ppm 7.72 (dd, J = 1.8 Hz, 7.8 Hz, 1H), 7.59 (s, 1H), 7.36 (d, J = 8.1 Hz), 7.34–

7.28 (m, 1H), 7.22–7.12 (m, 2H), 5.00–4.97 (m, 1H), 3.94 (s, 3H), 3.62–3.43 (br.m, 3H), 

3.39–3.23 (m, 1H), 2.14–2.04 (m, 2H), 1.44 (s, 9H).

(S)-2-((1-(tert-Butoxycarbonyl)pyrrolidin-3-yl)oxy)-3′,4′-difluoro-[1,1′-
biphenyl]-4-carboxylic Acid (57).—To the solution of 56 (0.33 g, 0.75 mmol) in a 

solvent mixture (14 mL, THF/MeOH/H2O = 4:2:1) was added LiOH (0.14 g, 6.00 mmol). 

The mixture was stirred for 8 h at room temperature. Then, the pH value was adJusted to 4–5 

with HCl (1 M), diluted with water (50 mL), and extracted with EtOAc (50 mL× 3). The 

combined organic phase was dried over Na2SO4 and concentrated under vacuum to afford 

57 as white solid (0.31 g, 99% yield). It was used directly in the next step without further 

purification. 1H NMR (300 MHz, CDCl3): δ ppm 7.78 (d, J = 7.8 Hz, 1H), 7.64 (s, 1H), 7.39 

(d, J = 8.1 Hz, 1H), 7.35–7.30 (m, 1H), 7.22–7.17 (m, 2H), 5.01 (s, 1H), 3.76–3.43 (br.m, 

3H), 3.41–3.23 (m, 1H), 2.21– 2.01 (m, 2H), 1.46 (s, 9H). 13C NMR (75 MHz, CDĈ): δ 
ppm 154.92, 153.87, 151.78, 135.31, 134.27, 131.22, 130.23, 125.77, 123.78, 118.83, 

118.59, 117.26, 117.03, 115.14, 80.16, 51.40, 44.27, 28.67.

(S)-tert-Butyl 3-((4-Amino-3′,4′-difluoro-[1,1′-biphenyl]-2-yl)oxy)-pyrrolidine-1-
carboxylate (59).—The procedure to prepare 58 was the same as that used to prepare 37. 

To a solution of 58 (0.75 g, 1.42 mmol) in MeOH (20 mL) was added 10% Pd on activated 

carbon (0.07 g, 10% by weight). The air was evacuated and exchanged with the H2 gas three 

times. The reaction mixture was allowed to stir under H2 for 2 h and then filtered through 

Celite. The solvent was removed under the reduced pressure to yield 59 (0.29 g, 52% yield). 
1H NMR (500 MHz, CDCl3): δ ppm 7.08 (d, J = 8.0 Hz, 1H), 6.37 (d, J = 8.0 Hz, 1H), 6.25 

(s, 1H), 4.79–4.76 (m, 1H), 3.78 (brs, 2H), 3.64–3.25 (m, 4H), 2.22–1.97 (m, 2H), 1.45 (s, 

9H).

(S)-tert-Butyl 3-((4′-Fluoro-5-formyl-[1,1′-biphenyl]-2-yl)oxy)-pyrrolidine-1-
carboxylate (62).—To a solution of the previously reported 6047 (1.00 g, 2.41 mmol) in 
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CH2Cl2 (30 mL) was added DIBAL-H (3.61 mL, 1.0 M in THF) dropwise at −78 °C. The 

reaction mixture was allowed to rise to room temperature and stirred overnight. Then, the 

reaction mixture was quenched with NH4Cl (15 mL), extracted with CH2Cl2 (50 mL × 3), 

and dried over Na2SO4. After the removal of the inorganic solid and the solvent, the residue 

was purified by column chromatography (hexanes/acetone = 5:1–3:1) to yield 61 as a yellow 

oil (62% yield over two steps) (MS (ESI) m/z = 410.2 [M + Na]+).

To the solution of 61 (0.60 g, 1.55 mmol) in CH2Cl2 (20 mL) was added PCC (1.00 g, 4.65 

mmol). The resulting mixture was stirred at room temperature overnight, diluted with DCM 

(80 mL), washed with brine (20 mL × 3), and dried over Na2SO4. After the removal of the 

inorganic solid and the solvent, the residue was purified by column chromatography 

(hexane/acetone = 6:1–5:1) to yield 62 (0.58 g, 99% yield) as a pale yellow oil. 1H NMR 

(300 MHz, CDCl3): δ ppm 9.96 (s, 1H), 7.89–7.85 (m, 2H), 7.45–7.39 (m, 2H), 7.12–7.02 

(m, 3H), 5.04–4.99 (m, 1H), 3.70–3.23 (m, 4H), 2.15–2.09 (m, 2H), 1.45 (s, 9H). 13C NMR 

(75 MHz, CDCl3): δ ppm 190.97, 164.14, 160.87, 159.3 154.65, 133.08, 132.77, 131.64, 

131.37, 131.26, 131.15, 130.50, 115.42, 115.13, 113.35, 79.92, 51.52, 44.17, 28.68. MS 

(ESI) m/z = 408.2 [M + Na]+.

(3S)-tert-Butyl-3-((4′-fluoro-5-(oxiran-2-yl)-[1,1′-biphenyl]-2-yl)-
oxy)pyrrolidine-1-carboxylate (63).—To a solution of NaH (60% dispensed in mineral 

oil) (0.094 g, 2.34 mmol) in DMSO (15 mL) was added (CH3)3SOI. The resulting mixture 

was stirred at room temperature for 5 min. Then, the solution of 62 (0.30 g, 0.78 mmol) in 

DMSO (5 mL) was added slowly. The reaction mixture was stirred for another 1 h, and 

poured into ice water (50 mL), extracted with EtOAc (30 mL × 3), and dried over Na2SO4. 

The removal of the inorganic solid and the solvent yields 63 as a colorless oil (0.32 g, >99% 

yield). 1H NMR (500 MHz, CDCl3): δ ppm 7.43–7.40 (m, 2H), 7.22–7.18 (m, 2H), 7.07–

7.04 (m, 2H), 6.92 (d, J = 8.0 Hz, 1H), 4.80–4.84 (m, 1H), 3.87–3.84 (m, 1H), 3.60–3.19 (m, 

4H), 3.16–3.13 (m, 1H), 2.85–2.80 (m, 1H), 2.07–1.99 (m, 2H), 1.44 (s, 9H).

(S)-tert-Butyl-3-((2-(6-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-3-yl)oxy)-4′-
fluoro-[1,1′-biphenyl]-3-yl)-7-(3,4-difluorophenyl)-quinolin-6-
yl)oxy)pyrrolidine-1-carboxylate (65).—A25 mL round-bottom flask was charged with 

a solution of 64 (0.050 g, 0.13 mmol) and 62 (0.049 g, 0.13 mmol) in MeCN (5 mL). Then, 

LiBr (0.011 g, 0.13 mmol), PdCl2 (0.0020 g, 0.013 mmol), and acrylic acid (0.019 g, 0.13 

mmol) were added under the magnetic stirring. The resulting mixture was heated to 60 °C 

for 8 h, diluted with EtOAc (60 mL), washed with brine (20 mL × 3), and dried over 

Na2SO4. After the removal of the inorganic solid and the solvent, the residue was purified by 

column chromatography (hexanes/EtOAc = 2:1–1:1) to yield 65 as a yellow solid (0.015 g, 

15% yield). 1H NMR (500 MHz, CDCl3): δ ppm 8.12– 8.08 (m, 4H), 7.85 (d, J = 8.5 Hz, 

1H), 7.52 (dd, J = 5.5, 8.0 Hz, 2H), 7.47–7.40 (m, 1H), 7.32–7.30 (m, 1H), 7.24–7.19 (m, 

1H), 7.`12– 7.06 (m, 4H), 5.06–5.03 (m, 1H), 4.96–4.93 (m, 1H), 3.783.23 (m, 8H), 2.23–

2.04 (m, 4H), 1.46 (s, 9H), 1.44 (s, 9H). MS (ESI) m/z = 782.4 [M + H]+, MS (ESI) m/z = 

804.4 [M + Na]+.

(S)-tert-Butyl-3-((3-(6-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-3-yl)oxy)-4′-fluoro-
[ 1,1′-biphenyl]-3-yl)-6-(3,4-difluorophenyl)-quinolin-7-yl)oxy)pyrrolidine-1-
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carboxylate (66).—A 25 mL round-bottom flask equipped with a magnetic stirrer bar was 

charged with 59 (0.020 g, 0.050 mmol), 63 (0.039 g, 0.10 mmol), FeCl3 (0.0024 g, 0.015 

mmol), and dioxane (10 mL). The resulting mixture was heated to reflux overnight. After 12 

h, the reactions mixture was diluted with EtOAc (60 mL), washed with brine (20 mL × 3), 

and dried over Na2SO4. After the removal of the inorganic solid and the solvent, the residue 

was purified by column chromatography (DCM/MeOH = 80:1–70:1) to yield 66 as a yellow 

solid (0.018 g, 46%). 1H NMR (500 MHz, acetone-d6): δ ppm 9.23 (s, 1H), 8.54 (s, 1H), 

7.99 (s, 1H), 7.83–7.81 (m, 2H), 7.66–7.64 (m, 2H), 7.59–7.57 (m, 2H), 7.46–7.33 (m, 3H), 

7.19 (t, J = 8.5 Hz, 2H), 5.37–5.34 (m, 1H), 5.19–5.14 (m, 1H), 3.73–3.78 (m, 8H), 2.38–

2.10 (m, 4H), 1.441.40 (m, 18H). MS (ESI) m/z = 782.4 [m + H]+.

Ligand Docking Using AutoDock 4.2.—The same Autodock procedure described in a 

previous study59 was used to dock 3 and 29.

Protein Expression and Purification.—Full-length β-catenin (residues 1–781) were 

cloned into a pET-28b vector carrying a C-terminal 6 × histidine (Novagen) and transformed 

into E. coli BL21 DE3 (Novagen). Cells were cultured in LB medium with 30 μg/mL 

kanamycin until the OD600 was approximately 0.8, and then protein expression was induced 

with 400 μM IPTG at 20 °C overnight. Cells were lysed by sonication. The proteins were 

purified by three steps of chromatography, including Ni-NTA affinity chromatography 

(30210, Qiagen), HiTrap Q HP anion exchange chromatography (17–1154-01, GE 

Healthcare Life Science), and size-exclusion chromatography with a HiLoad 26/600 

Superdex 200 pg column (28–9893-36, GE Healthcare Life Science) using an AKTA Pure 

FPLC system (GE Healthcare Life Science). Protein was eluted in a buffer containing 20 

mM Tris (pH 8.5), 100 mM NaCl, and 2 mM DTT. The purity of β-catenin was greater than 

95% as determined by SDS-PAGE gel analysis. Thermal-shift assay was performed on an 

CFX96 Real Time System (Bio-Rad) to monitor protein stability and detect protein 

aggregation. Protein unfolding was evaluated through measuring the fluorescence changes of 

fluorescent dye Sypro Orange when interacting with wild-type or mutant β-catenin proteins. 

A temperature increment of 1°/min was applied. All proteins were stable, and no 

aggregation was observed under storage or assay conditions. Proteins were aliquoted and 

stored at −80 °C.

BCL9 Peptide Synthesis and Purification.—Human BCL9 (residues 350–375), N-

terminally biotinylated human BCL9 (residues 350–375), human E-cadherin (residues 824–

877), and N-terminally biotinylated human E-cadherin (residues 824–877) were synthesized 

by InnoPep, Inc. (San Diego, CA, www.innopep.com). All synthesized peptides were 

purified by HPLC with purity >95%. The structures were validated by LC/MS. The 

sequences are as follows (Ahx, 6-aminohexanoic acid):

Peptide Sequence

BCL9 26-
mer

H-350GLSQEQLEHRERSLQTLRDIQRMLFP375-NH2
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biotinylated 
BCL9 26-
mer

biotin-Ahx-350GLSQEQLEHRERSLQTLRDIQRMLFP375-NH2

E-cadherin 
54-mer

H-824APPYDSLLVFDYEGSGSEAASLSSLNSSESDKDQDYDYLNEWGNRFKKLADMYG877-
NH2

biotinylated 
E-cadherin 
54-mer

biotin-824APPYDSLLVFDYEGSGSEAASLSSLNSSESDKDQDYDYLNEWGNRFKKLADMYG877-
NH2

AlphaScreen Competitive Inhibition Assays.—For the competitive inhibition assays 

of β-catenin/BCL9 PPI, the negative control (equivalent to 0% inhibition) refers to 5.0 nM 

biotinylated BCL9, 40 nM His6-tagged β-catenin, and 10 μg/mL of donor and acceptor 

beads in a final volume of 25 μL of assay buffer, but no tested inhibitor present. The positive 

control (equivalent to 100% inhibition) refers to 5.0 nM biotinylated BCL9 and 10 μg/mL of 

donor and acceptor beads in a final volume of 25 μL of assay buffer. For the competitive 

inhibition assays of β-catenin/E-cadherin interactions, the negative control (equivalent to 0% 

inhibition) refers to 10 nM biotinylated E-cadherin, 40 nM His6-tagged β-catenin, and 10 

μg/mL of donor and acceptor beads in a final volume of 25 μL of assay buffer. The positive 

control (equivalent to 100% inhibition) of β-catenin/E-cadherin interactions refers to 10 nM 

biotinylated E-cadherin and 10 μg/mL of donor and acceptor beads in a final volume of 25 

μL of assay buffer.

For the β-catenin/BCL9 assay, 5 nM biotinylated BCL9 and 40 nM His6-tagged β-catenin 

were incubated in assay buffer at 4 °C for 30 min. For the β-catenin/E-cadherin assay, 10 

nM biotinylated human E-cadherin, and 40 nM His6-tagged human β-catenin were added 

and incubated in assay buffer at 4 °C for 30 min. Different concentrations of the tested 

inhibitor were added and incubated in 20 μL of assay buffer at 4 °C for another 1 h. All of 

the above assay plates were covered and gently mixed on an orbital shaker. The donor and 

acceptor beads were then added to the plates to a final concentration of 10 μg/mL in 25 μL 

of assay buffer. The mixture was incubated for 1 h at 4 °C before detection. The IC50 value 

was determined by nonlinear least-squares analysis of GraphPad Prism 5.0. The K values 

were derived from the IC50 values using a method reported by Nikolovska-Coleska et al.93 

The assays were conducted under the conditions required by Nikolovska-Coleska et al.’s 

equation for determining the K values. All of the experiments were performed in triplicate. 

The results were expressed as mean ± standard deviation. The inhibitor selectivity for β-

catenin/BCL9 over β-catenin/E-cahderin interactions was defined as the ratio of the 

respective Ki value of β-catenin/E-cadherin interactions over that of β-catenin/BCL9 

interactions.

MTs Cell Viability Assay.—Colorectal cancer cell lines SW480 and HCT116, triple-

negative breast cancer cell line MDA-MB-231, and lung cancer cell line A549 were seeded 

in 96-well plates at 5 × 103 cells/well, maintained overnight at 37 °C, and incubated in the 

presence of inhibitors at various concentrations. Cell viability was monitored after 72 h 

using a freshly prepared mixture of one part phenazine methosulfate (PMS, Sigma) solution 

(0.92 mg/mL) and 19 parts MTs agent (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, Promega) solution (2 
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mg/mL). Cells were incubated in 10 μL of this solution at 37 °C for 3 h, and A490 was 

measured. The effect of each compound is expressed as the concentration required to reduce 

A490 by 50% (IC50) relative to vehicle-treated cells. Experiments were performed in 

triplicate.

LDH Assay.—The cytotoxic effects of the inhibitors on the cell membrane integrity were 

determined by measuring the activity of LDH using CytoTox 96 Non-Radioactive 

Cytotoxicity Assay (Promega). SW480 cells were seeded in 96-well plates at 2 × 104 cells/

well, maintained overnight at 37 °C, and incubated in the presence of inhibitors at various 

concentrations. After 4 h of incubation, the cell culture supernatant was incubated with 

diagnostic reagents in the LDH kit according to the manufacturer’s instructions. The activity 

of LDH was calculated as the following equation after detection at 490 nm using Synergy 2 

plate reader (Biotek): percent cytotoxicity = 100 × (experimental release – background 

group)/(maximum release × background group). Experiments were performed in triplicate.

Cell Transfection and Luciferase Assay.—FuGENE6 (E269A, Promega) 96-well 

plate format was used for the transfection of HEK293 and SW480 cells according to the 

manufacturer’s instruction. HEK293 cells were cotransfected with 45 ng of TOPFlash or 

FOPFlash reporter gene, 135 ng of pcDNA3.1—β-catenin, and 20 ng of pCMV-RL 

normalization reporter gene. SW480 cells were cotransfected with 60 ng of the TOPFlash or 

FOPFlash reporter gene and 40 ng of pCMV-RL normalization reporter. Cells were cultured 

in DMEM and 10% FBS at 37 °C for 24 h, and different concentrations of inhibitors or 

DMSO were added. After 24 h, the luciferase reporter activity was measured using the Dual-

Glo system (E2940, Promega). Normalized luciferase activity in response to the treatment 

with inhibitors was compared with that obtained from the cells treated with DMSO. 

Experiments were performed in triplicate.

qPCR Analysis.—SW480 cells at 1 × 106/mL were treated with inhibitors at different 

concentrations for 24 h. Total RNAs were extracted with TRIzol (15596026, Life 

Technologies), and the cDNA was synthesized with the superscript III first-strand kit 

(18080–051, Invitrogen). qPCR experiments were performed using the iQ SYBR green 

supermix kit (170–8880, BIO-RAD) on an CFX96 Real Time System (BIO-RAD). The 

threshold cycle (CT) values were normalized to that of internal reference GAPDH. 
Experiments were performed in triplicate. The primer pairs are shown below.

human GAPDH forward 5′-GAAGGTGAAGGTCGGAGTC-3′

revrese 5′-GAAGATGGTGATGGGATTTC-3′

human HPRT forward 5′-GCTATAAATTCTTTGCTGACCTGCTG-3′

reverse 5′-AATTACTTTTATGTCCCCTGTTGACTGG-3′

human Axin2 forward 5′-AGTGTGAGGTCCACGGAAAC-3′

reverse 5′-CTTCACACTGCGATGCATTT-3′

human LEF1 forward 5′-GACGAGATGATCCCCTTCAA-3′

reverse 5′-AGGGCTCCTGAGAGGTTTGT-3′
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human cyclin D1 forward 5′-ACAAACAGATCATCCGCAAACAC-3′

reverse 5′-TGTTGGGGCTCCTCAGGTTC-3′

Western Blotting.—SW480 cells at 1 × 106 cells/mL were treated with different 

concentrations of inhibitors for 24 h. Cells were lysed in buffer containing 50 mM Tris (pH 

7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease 

inhibitors. After centrifugation at 12,000 rpm for 20 min at 4 °C, the supernatant was loaded 

onto an 8% SDS polyacrylamide gel for electrophoretic analysis. Separated proteins were 

transferred onto nitrocellulose membranes for immunoblot analysis. The antibodies against 

total β-catenin (610153, BD Biosciences, most of which is phosphorylated β-catenin and 

represents the E-cadherin bound pool), the active form of β-catenin (ABC, 05–665, EMD 

Millipore, dephosphorylated at positions S37 and T41 of β-catenin), cyclin D1 (sc-853, 

Santa Cruz Biotechnology, Inc.), c-myc (D84C12, Cell Signaling), and β-tubulin (sc-55529, 

Santa Cruz Biotechnology, Inc.) were incubated with the membranes overnight at 4 °C, 

respectively. IRDye 680LT goat antimouse IgG (827–11080, LiCOR) or IRDye 800CW goat 

antirabbit IgG (827–08365, LiCOR) was used as the secondary antibody. The images were 

detected by the Odyssey Infrared Imaging System (LiCOR). Experiments were performed in 

duplicate.

Co-IP Assays.—Two sets of co-IP experiments were conducted: one, the inhibitor was 

added onto the cell lysates, and second, the inhibitor was added onto the live cells. For the 

cell lysate co-IP experiments, HCT116 cells were lysed first in buffer A containing 50 mM 

Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, and protease inhibitors. 

Different concentrations of the inhibitor were incubated with the HCT116 cell lysates at 4 

°C for 4 h. For the whole cell co-IP experiments, HCT116 cells at 1 × 106/mL were treated 

with different concentrations of the inhibitor for 24 h. Cells were then lysed in buffer 

containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, and 

protease inhibitors. For both cell lysate and whole cell co-IP experiments, the lysates were 

then preadsorbed to A/G plus agarose (sc-2003, Santa Cruz Biotechnology) at 4 °C for 1 h. 

Preadsorbed lysates were incubated with a specific primary antibody against β-catenin 

(610153, BD Biosciences) overnight at 4 °C. A/G plus agarose was then added to the lysate 

mixture and incubated for 3 h. The beads were washed five times with the lysis buffer at 4 

°C. The bound protein was eluted by boiling in the SDS sample buffer and loaded onto 8% 

SDS polyacrylamide gel for electrophoretic analysis. Separated proteins were transferred 

onto nitrocellulose membranes for immunoblot analysis. The antibodies against BCL9 

(ab37305, Abcam) and E-cadherin (610404, BD Biosciences) were incubated with the 

membranes, respectively. IRDye 680LT goat antimouse IgG (827–11080, LiCOR) was used 

as the secondary antibody. The images were detected by the Odyssey Infrared Imaging 

System (LiCOR). Experiments were performed in duplicate.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

ABC active form of β-catenin

APC adenomatous polyposis coli

BCL9 B-cell lymphoma 9

B9L BCL9-like

CBP CREB-binding protein

co-IP coimmunoprecipitation

DAD diode array detector

DPPA diphenylphosphoryl azide

Dvl disheveled

Fzd frizzled

HD2 homology domain 2

KD dissociation constant

LDH lactate dehydrogenase

Lef lymphoid enhancer-binding factor

LRP5/6 low-density lipoprotein-related proteins 5 and 6

PMS phenazine methosulfat

PPI protein-protein interaction

qPCR quantitative real-time PCR

sFRP1 secreted Fzd-related protein 1

Tcf T-cell factor
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Figure 1. 
Chemical structures and the AlphaScreen Ki values of 1–11. Each set of data was expressed 

as mean ± standard deviation (n = 3).
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Figure 2. 
Chemical structures and the AlphaScreen Ki values of 12–16. Each set of data was expressed 

as mean ± standard deviation (n = 3).
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Figure 3. 
Chemical structures and the AlphaScreen Ki values of 17–30. Each set of data was expressed 

as mean ± standard deviation (n = 3).
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Figure 4. 
Chemical structures and the AlphaScreen Ki values of 31 and 32. Each set of data was 

expressed as mean ± standard deviation (n = 3).
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Figure 5. 
(A) Apparent KD values of wild-type and mutant β-catenin proteins with wild-type BCL9 

HD2 domain. (B) AlphaScreen competitive inhibition assay of 3, 27, and 29 to disrupt wild-

type β-catenin/wild-type BCL9 and mutant β-catenin/wild-type BCL9 PPIs. Each set of data 

was expressed as mean ± standard deviation (n = 3). (C) AutoDock docking result of 3 with 

β-catenin (PDB ID, 2GL7). (D) AutoDock docking result of 29 with β-catenin (PDB ID, 

2GL7).
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Figure 6. 
Wnt-responsive FOPFlash luciferase reporter assay results of inhibitors 1–4, 8, 11, 14, 15, 

and 29–32 in β-catenin activated HEK293 cells.
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Figure 7. 
qPCR studies to determine the changes of mRNA expression of Axin2, LEF1, and cyclin D1 
in SW480 cells in response to different concentrations of 3 (A), 8 (B), 29 (C), and 31 (D). 

House-keeper gene HPRT was used as the reference. Each set of data was expressed as mean 

± standard deviation (n = 3).
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Figure 8. 
(A,B) Western blot analysis to monitor the change of protein expression of cyclin D1, c-
myc, the active form of β-catenin (ABC), and the total β-catenin in response to different 

concentrations of 3 (A) and 29 (B) in SW480 cells. β-Tubulin was used as the internal 

reference. The quantitative data of Western blot analyses are shown in Supplementary Table 

S1. (C) Co-IP experiments to evaluate the disruption of the β-catenin/BCL9 PPI by 29 in 

HCT116 cell lysate. (D) Co-IP experiments to evaluate the disruption of the β-catenin/BCL9 

PPI by 29 and the selectivity of 29 for β-catenin/BCL9 over β-catenin/E-cadherin PPIs in 

HCT116 cells. IP, immunoprecipitation; IB, immunoblotting; input, 10% of cell lysate. Each 

experiment was performed in triplicate. The quantitative data of co-IP experiments are 

shown in Supplementary Table S2.
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Scheme 1. 
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Scheme 2. 
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Scheme 3. 
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Table 1.

Selectivities of 29 and 30 between β-Catenin/BCL9 over β-Catenin/E-Cadherin Interactions
a

Ki ± SD (μM)

compd β-catenin/BCL9 β-catenin/E-cadherin selectivity of BCL9/cadherin

29 0.47 ± 0.14 >915 >1900

30   1.6 ± 0.23 >915   >570

a
Each set of data was expressed as mean ± standard deviation (n = 3).
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