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L I F E  S C I E N C E S

A novel -catenin/BCL9 complex inhibitor blocks 
oncogenic Wnt signaling and disrupts cholesterol 
homeostasis in colorectal cancer
Helen Tanton1†, Tomasz Sewastianik1,2†, Hyuk-Soo Seo3,4, David Remillard5, Roodolph St. Pierre5, 
Pratyusha Bala5,6, Daulet Aitymbayev5,6, Peter Dennis1, Keith Adler1, Ezekiel Geffken3, 
Zoe Yeoh3, Nicholas Vangos3, Filip Garbicz1,2, David Scott3, Nilay Sethi5,6,7,8, James Bradner5, 
Sirano Dhe-Paganon3,4, Ruben D. Carrasco1,9*

Dysregulated Wnt/-catenin signaling is implicated in the pathogenesis of many human cancers, including col-
orectal cancer (CRC), making it an attractive clinical target. With the aim of inhibiting oncogenic Wnt activity, we 
developed a high-throughput screening AlphaScreen assay to identify selective small-molecule inhibitors of the 
interaction between -catenin and its coactivator BCL9. We identified a compound that consistently bound to 
-catenin and specifically inhibited in vivo native -catenin/BCL9 complex formation in CRC cell lines. This com-
pound inhibited Wnt activity, down-regulated expression of the Wnt/-catenin signature in gene expression 
studies, disrupted cholesterol homeostasis, and significantly reduced the proliferation of CRC cell lines and tumor 
growth in a xenograft mouse model of CRC. This study has therefore identified a specific small-molecule inhibitor 
of oncogenic Wnt signaling, which may have value as a probe for functional studies and has important implica-
tions for the development of novel therapies in patients with CRC.

INTRODUCTION
The Wnt/-catenin pathway plays critical roles in stem cell renewal, 
embryonic development, and adult tissue homeostasis (1) due to the 
importance of Wnt signaling in cellular proliferation and differenti-
ation. One tissue type particularly reliant on Wnt signaling is the intesti-
nal epithelium, which is regenerated by Wnt-induced differentiation 
of crypt stem cells (2). Aberrant Wnt signaling is involved in the 
pathogenesis of a wide range of common human cancers including 
colorectal carcinoma (CRC) among many others (3–10). In many of 
these cancers, dysregulated Wnt signaling is associated with tumor 
growth, metastasis, poor prognosis, and lower survival rates (11). In 
the canonical pathway and in the absence of Wnt ligand, cytoplasmic 
-catenin is phosphorylated and targeted for proteasomal degrada-
tion by a destruction complex including Axin, adenomatous polyposis 
coli (APC), protein phosphatase 2A, glycogen synthase kinase 3, and 
casein kinase 1 (CK1). Wnt/-catenin signaling is initiated by the 
binding of Wnt ligands to the extracellular domain of a Frizzled (Fz) 
family GTP-binding protein (G protein)–coupled receptor and the 
low-density lipoprotein receptor–related protein 5 (LRP5), which 
allows the signal to be transmitted into the cytoplasm and ultimately 
inhibits the destruction complex (12). Accumulated -catenin trans-
locates to the nucleus, binds to DNA through T cell factor (TCF)/

lymphoid enhancing factor transcription factors, recruits tran-
scriptional coactivators, and initiates gene transduction to achieve 
a cellular response (13). The two closely related B cell lymphoma 
9 (BCL9) and BCL9-like (B9L) genes encode for well-established tran-
scriptional coactivators of -catenin in the canonical Wnt pathway 
(14–17). A variety of loss-of-function mutations in APC and Axin, as 
well as activating mutations in -catenin itself, enable constitutive Wnt 
transcription activation and malignant transformation (3, 4, 13). 
Studies from our laboratory and others have demonstrated that in-
appropriate activation of Wnt transcriptional activity can also be 
brought about by low -catenin turnover (6, 7, 18–20), elevated 
nuclear BCL9 (21, 22), and decreased levels of miR-30s (an endog-
enous BCL9 regulator) (23, 24), whereas inhibition of BCL9 expres-
sion, or of its binding to -catenin, is associated with antitumor 
activity (21, 22).

Because of its important role in a wide range of common cancers, 
the Wnt/-catenin pathway has emerged as a desirable therapeutic 
target (25–27), but development of Wnt-targeted therapies has been 
hampered by toxicity and off-target effects. -Catenin interacts with 
most of its protein partners via the same binding surface (16), so 
identifying agents that can selectively disrupt its cancer-promoting 
activities while leaving its homeostatic functions intact is challeng-
ing (27). For example, inhibitors of -catenin/TCF4 complexes have 
been described but were found to induce severe anemia and gener-
alized wasting (28, 29); this is likely due to the disruption of epithe-
lial tissue integrity caused by the shared binding site of TCF4 and 
E-cadherin with -catenin (30). Other inhibitors of Wnt signaling 
that bind cyclic adenosine monophosphate response element–binding 
(CREB) protein (31–34), porcupine (35, 36), tankyrase (37), CK1 
(38), or Fz receptors (39, 40) are similarly associated with off-target 
and toxic side effects.

We set out to develop an inhibitor of the -catenin/BCL9 inter-
action downstream in the nucleus. One of the fundamental reasons for 
this approach is that BCL9 activates -catenin–driven transcription 
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through direct binding of its homology domain 2 (HD2) via a single 
amphipathic  helix to a distinct site on -catenin that is not shared 
with other protein partners (16). Inhibition of -catenin/BCL9 com-
plexes should therefore not affect interactions of -catenin with 
protein partners such as E-cadherin, Axin, and APC, which may 
substantially reduce toxic side effects. In addition, genetic deletion 
of BCL9 and B9L in the intestinal epithelium of mice, which effec-
tively eliminates the presence of -catenin/BCL9/B9L complexes, was 
not found to cause any phenotypic consequences in the animals, 
further suggesting that blocking BCL9 may not be harmful to normal 
intestinal cells (41). This strategy was also appealing because BCL9 
is overexpressed in several tumor tissues compared to the cells of 
origin, potentially revealing a broad therapeutic window, and inhi-
bition of BCL9 expression is associated with antitumor activity 
(21, 22). In keeping with this, we have previously developed stapled 
-helical peptidomimetics of the BCL9-HD2 domain (SAH-BCL9), 
which demonstrated in vitro and in vivo antitumor activity without 
detectable side effects, and provided the proof of concept for this 
strategy (22). SAH-BCL9 peptides did not have pharmacokinetic 
properties conducive to clinical development due to high binding 
of serum proteins; therefore, we instead developed a high-through-
put AlphaScreen assay to identify small molecules that can disrupt 
the -catenin/BCL9 interaction and inhibit oncogenic Wnt signal-
ing. We identified several candidates that inhibited -catenin/BCL9 
complex formation in complementary biophysical assays. Two lead 
compounds specifically inhibited the expression of Wnt target genes, 
Wnt activity, and proliferation in CRC cell lines. The top-performing 
inhibitor in this study was also found to dysregulate cholesterol ho-
meostasis in CRC cells and significantly reduced tumor burden in a 
Wnt-dependent CRC mouse model. This novel and specific small- 
molecule inhibitor of the -catenin/BCL9 interaction may therefore 
have value as a functional probe to inhibit the Wnt pathway, to in-
vestigate the role of Wnt signaling in cholesterol homeostasis, and 
for the development of novel targeted therapies for patients suffer-
ing from Wnt-dependent cancers.

RESULTS
Identification of candidate -catenin/BCL9 interaction inhibitors
To find small molecules that could disrupt the -catenin/BCL9 in-
teraction, we developed a high-throughput screening (HTS) assay with 
AlphaScreen technology (42). The assay platform used full-length 
recombinant -catenin bound to a protein A-tagged acceptor bead 
(AB) via a specific anti–-catenin antibody and biotinylated BCL9-
HD2 peptide bound to a streptavidin-tagged donor bead (DB) 
(Fig. 1A). When the beads are in proximity because of -catenin/
BCL9-HD2 binding, light is produced by the AB at 615 nm as a re-
sult of the DB being excited at 680 nm. Following complex forma-
tion, inhibition of the -catenin/BCL9-HD2 interaction is detected 
as a reduction in fluorescent emission intensity (Fig. 1B). The assay 
was miniaturized and adapted for HTS in 1536-well format, with a 
Z′ factor of 0.84 (Fig. 1C). Two rounds of HTS of a 320,000 small- 
molecule library were performed independently and confirmed good 
performance and a Gaussian distribution (Fig. 1, D and E). Com-
pounds with nonselective activity (e.g., metal chelators, oxygen 
quenchers, and biotin mimetics) were eliminated. After five rounds 
of dose-response retesting, 240 hits (within 45 scaffold “clusters”) were 
identified, of which 195 had median inhibitory concentration (IC50) 
values of <25 M, and of these, 88 had IC50 values <10 M.

Top hits identified by HTS (table S1) that were commercially 
available were purchased and examined with a 10-dose response 
AlphaScreen assay, in which compounds were titrated against full-
length -catenin and against an unrelated protein (BRD9) as a counter- 
screen to further filter out any unspecific compounds (Fig. 1F). This 
assay validated 16 compounds that specifically and competitively in-
hibited -catenin/BCL9, but not BRD9/ligand complexes (43). The 
five top-performing compounds include E722-2648 (C-1), L814-1428 
(C-2), SYN22094413 (C-3), L859-1770 (C-4), and F838-0143 (C-5) 
and will be referred to using their shortened names (C-1 to C-5) 
throughout this manuscript (Fig. 1F). To further confirm specificity 
and characterize the binding thermodynamics of the top 16 com-
pounds, we used isothermal titration calorimetry (ITC). Dissociation 
constant (KD) values for the five top-performing compounds ranged 
between 0.27 and 2.22 M and were comparable to the BCL9 pep-
tide used as a positive control (2.74 M) (Fig. 1G and table S2).

Last, extra precision glide docking of C-1 into the BCL9 pocket 
of the first armadillo repeat of -catenin (3SL9 structure) showed 
that the compound filled the central part of the BCL9 cleft (encom-
passing residues Ser362-Ile369 of BCL9) forming mostly van der Waals 
interactions with the hydrophobic surface, including residues Ala152- 
Met174 (Fig. 1H). Together, we identified and validated several com-
pounds that bind to the first armadillo repeat of -catenin and 
specifically inhibit the -catenin/BCL9 interaction in biochemical 
and biophysical assays.

C-1 and C-2 inhibit -catenin/BCL9 complex formation 
and Wnt activity
To determine whether these compounds could inhibit -catenin/
BCL9 complexes in cells, we carried out BCL9 coimmunoprecipita-
tion (Co-IP) assays on the well-validated BCL9-dependent CRC cell 
lines, Colo320 and HCT116 (21, 44). Three of the six compounds 
that were tested inhibited -catenin/BCL9 complexes (C-1 to C-3), 
and three did not (C-4 to C-6) (Fig. 2A). C-1 and C-2 inhibited 
-catenin/BCL9 complexes at concentrations as low as 1 M, while 
C-3 only appeared to significantly inhibit in vivo -catenin/BCL9 
complexes at a concentration of 20 M (Fig. 2A). Hence, only C-1 
and C-2 were taken forward into further studies. We next investi-
gated whether compounds C-1 and C-2 were specific for BCL9 and 
did not inhibit -catenin binding to other essential proteins such as 
E-cadherin. Accordingly, we performed -catenin Co-IP assays in 
DLD-1 cells, which, in contrast to HCT116 and Colo320 cells, ex-
press high levels of E-cadherin. Neither compound disrupted the 
ability of -catenin to form complexes with E-cadherin in DLD-1 
cells (Fig. 2B), supporting their specificity and on-target activity. In 
addition, as a negative control for our lead compound (C-1), we iden-
tified a small molecule called E722-2546, within the same chemical 
series as C-1, which did not demonstrate activity in the HTS- 
AlphaScreen (Fig. 2C and table S3). This compound is used as and 
referred to as the “C-1–negative control” throughout this manu-
script. We also confirmed that the C-1–negative control does not 
demonstrate activity in ITC (fig. S1) and does not inhibit the inter-
action of -catenin and BCL9 in Co-IP studies (Fig. 2D).

C-1 and C-2 were subsequently tested for their ability to inhibit 
the expression of bona fide downstream Wnt/-catenin target genes, 
AXIN2 and CD44, in the -catenin/BCL9–dependent CRC cell lines, 
Colo320 and HCT116, as well as in neoplastic human colonic or-
ganoids with a c.4778delA mutation in the APC gene. Both com-
pounds significantly inhibited the expression of AXIN2 and CD44 
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mRNAs in Colo320 and HCT116 cells in a concentration- and time- 
dependent manner, as evaluated by reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) (Fig. 3, A and B). C-1 
treatment of neoplastic colonic organoids for 24 hours also signifi-
cantly inhibited the expression of AXIN2, CD44, and additionally, the 
bona fide -catenin/BCL9 target LGR5, in a concentration-dependent 
manner (Fig 3C). Furthermore, immunoblot analysis demonstrated 
that C-1 and C-2 treatment significantly decreased the protein ex-
pression of AXIN2 and CD44 in the -catenin–dependent cell lines, 
Colo320 and HCT116 (Fig. 3D). Treatment with these compounds 
increased the cleavage of poly(adenosine diphosphate–ribose) poly-
merase (PARP), suggesting that C-1 and C-2 induced cell death. We 
also observed decreased abundance of “active” dephosphorylated 
-catenin [active -catenin (ABC)], suggesting that C-1 and C-2 reduce 
-catenin stability and activity (Fig. 3D) (45). To further confirm the 
specificity of these compounds, we also used a -catenin–independent 
cell line, RKO, which lacks ABC/TCF-regulated transcription (fig. S2) 

(46–48). Consistent with this, treatment of RKO cells with either C-1 
or C-2 did not affect their expression of AXIN2 or CD44 protein 
(Fig. 3D). Although C-1 did not induce any changes in PARP cleavage 
in RKO cells, we observed minor PARP cleavage at 10 and 20 M 
C-2, suggesting possible off-target toxicities at high concentrations 
of this compound. In addition, treatment of CRC cell lines with the 
C-1–negative control compound did not affect the expression of 
AXIN2, CD44, and ABC, and did not induce PARP cleavage, fur-
ther confirming the specificity of our lead compound, C-1 (Fig. 3D).

The ability of C-1 and C-2 to inhibit Wnt transcriptional activity 
was subsequently tested using Colo320 and HCT116 cells transduced 
with a dual-luciferase Wnt reporter (49). ICG-001, a small-molecule 
inhibitor of -catenin/CREB-binding protein complexes, and thus, 
Wnt activity (34) was used as a positive control. ICG-001, C-1, 
and C-2 all significantly inhibited Wnt signaling in the reporter cell 
lines in comparison to the vehicle, whereas the C-1–negative con-
trol did not (Fig. 4A).

Fig. 1. Identification of -catenin/BCL9 inhibitors. (A) Schematic of the AlphaScreen assay that detects BCL9-HD2/-catenin complex formation/disruption. (B) Ten-dose 
response of the AlphaScreen assay with BCL9-HD2 peptide and SAH-BCL9 (stapled BCL9-HD2 peptide). (C) Z′ evaluation of the screen comparing signal upon inhibition 
with an excess of BCL9-HD2. (D) Frequency plot of the distribution of the activity data from each well normalized to controls and expressed as percentage of inhibition 
relative to fully inhibited positive controls (no -catenin in the assay or excess of nonbiotinylated BCL9-HD2 peptide). This frequency plot shows relatively normal dis-
tributions for both positive and negative (full binding of -catenin to BCL9-HD2) controls and centroid of the compound activities, with some tailing to higher activity, 
consistent with the hit finding ability of this assay. (E) Scatterplot confirming the relative “flatness” of the main centroid of 0% compound activity with slight oscillations 
likely due to plate-to-plate variability and minor “edge” effects. (F) Ten-dose response AlphaScreen assay of BCL9 peptide (positive control) and five top-performing 
compounds: E722-2648 (C-1), L814-1428 (C-2), SYN22094413 (C-3), L859-1770 (C-4), and F838-0143 (C-5) titrated against full-length -catenin (left) and BRD9 (right). (G) ITC 
of BCL9 peptide, C-1, C-2, C-3, C-4, and C-5. (H) Computational model of a molecularly docked -catenin/C-1 complex. Ribbon (left), electrostatic surface contoured from 
−5 to +5 kT/e (middle), and ligand interaction map (right) representations of the lowest energy pose from an extra-precision Glide analysis of C-1 docked into the BCL9 
pocket of the 3SL9 structure. All error bars represent means ± SD.
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To further investigate the ability of C-1 to inhibit Wnt transcrip-
tional activity, we performed gene expression profiling of HCT116 cells 
treated with vehicle or 20 M C-1. In principal components analysis, 
samples clustered on the basis of the treatment condition (fig. S3). 
We detected 1483 differentially expressed genes at false discovery rate 
(FDR) < 0.01 (Fig. 4B). Selected genes from the gene expression data 
were validated with RT-qPCR (fig. S4). Gene set enrichment analysis 
(GSEA) revealed significant down-regulation of -catenin/TCF target 
gene signatures previously described in colorectal adenomas and 
carcinomas (50) and cholesterol metabolism (Fig. 4C) (51). Consis-
tently, signatures up- and down-regulated in response to TCF7L2 
(also known as TCF4) deletion (52) in HCT116 cells were likewise 
significantly differentially enriched in response to C-1 and those down- 
regulated in response to BCL9/9L knockout (KO) in a murine model 
of CRC (Fig. 4D) (53). Furthermore, GSEA of the “Hallmark” data-
base showed significant down-regulation of gene sets related to cell 
growth and proliferation (e.g., E2F targets, mammalian target of 
rapamycin signaling, and G2-M checkpoint) (fig. S5A). Notably, 
cholesterol metabolism and proliferation signatures were also down- 
regulated in HCT116 cells following TCF7L2 KO (fig. S5B) and ICG- 
001 treatment (46, 52), suggesting that these are on-target effects of 
Wnt/-catenin inhibition. No other signaling signatures were signifi-
cantly inhibited in response to C-1 treatment. Together, these results 
highlight the specificity and on-target activity of C-1 in blocking Wnt 
transcriptional activity without major off-target effects and highlight 
a role of canonical Wnt activity and C-1 in regulating cholesterol 
metabolism.

C-1 disrupts cholesterol homeostasis via increased 
cholesterol esterification and lipid droplet accumulation
We further investigated the effect of C-1 on cholesterol homeo-
stasis since this process was shown to be significantly disrupted in 
C-1–treated HCT116 cells and in previously published HCT116 
TCF7L2 KO and ICG-001–treated datasets. First, cells treated for a 
series of time points with vehicle, C-1, or the cholesterol transport 

inhibitor U-18666A (54) were stained with BODIPY to fluorescently 
label cellular lipids. In vehicle-treated cells, lipids were predomi-
nately localized on the plasma membrane at all time points studied 
(Fig. 5A). This is also the case for cells treated with C-1 or U-18666A 
for 4 and 8 hours, whereas those treated for 24 and 48 hours demon-
strate substantial intracellular lipid accumulation. This effect appears 
to be more marked in C-1–treated cells than the U-18666A–treated 
positive control cells, suggesting that C-1 may be a strong modulator 
of cholesterol trafficking (Fig. 5A). The same effect was seen when 
HCT116 cells were stained with the cholesterol-specific marker 
filipin III; cholesterol was predominately localized to the plasma 
membrane of vehicle-treated cells, whereas C-1 treatment induced 
accumulation of intracellular cholesterol over time (Fig. 5B). Since 
cholesterol can be stored in the endoplasmic reticulum (ER) or with 
triglycerides in lipid droplets (55), we used immunofluorescence to 
determine in which organelles the cholesterol was accumulating. 
HCT116 cells treated with vehicle or C-1 for 48 hours were stained 
for filipin to label cholesterol, in addition to sarcoplasmic/endoplas-
mic reticulum Ca2+ (SERCA)-ATPase (adenosine triphosphatase) 
antibody to label the ER, or LipidSpot, stain to label lipid droplets. 
Filipin did not colocalize with SERCA-ATPase but did colocalize 
with LipidSpot, indicating that C-1 treatment induces the accumu-
lation of cholesterol within lipid droplets (Fig 5C).

The total amount of cholesterol within cells is made up of free, 
unesterified, biologically active cholesterol and esterified cholesterol 
(56). We found that the majority of cholesterol in vehicle-treated cells 
is free and unesterified, whereas C-1–treated cells had significantly 
increased levels of esterified cholesterol (Fig. 5D); at 24 and 48 hours, 
respectively, C-1–treated HCT116 cells had 13.1× and 4.7× more 
esterified cholesterol, while C-1–treated Colo320 cells had 2.7× and 
1.6× more esterified cholesterol compared to vehicle-treated cells. 
Subsequently, to determine whether disruption of cholesterol homeo-
stasis by C-1 may affect cell viability, CRC cell lines were treated 
with C-1, ICG-001, lovastatin, avasimibe, C-1–negative control, and 
combinations of these inhibitors. Lovastatin is an inhibitor of 

Fig. 2. In vivo -catenin/BCL9 complex formation in response to lead compounds. (A) Immunoblots from BCL9 Co-IP assays of Colo320 and HCT116 cell lines, treated with 
vehicle, C-1, C-2, C-3, C-4, C-5, or C-6. Input samples (2%) are shown on the left-hand side of each panel. Samples incubated with normal rabbit immunoglobulin G (IgG) 
antibody are shown on the right-hand side of each panel. (B) Immunoblots from -catenin Co-IP assays of the DLD-1 cell line, treated with vehicle, and two top-performing 
compounds (C-1 and C-2). Input samples (2%) are shown on the left-hand side of each panel. Samples incubated with normal rabbit IgG antibody are shown on the right-hand 
side of each panel. (C) The chemical structures of compound C-1 and the C-1–negative control. The red dashed circles highlight the part of the structure that differs in these 
two compounds. (D) Immunoblots from BCL9 Co-IP assays of Colo320 and HCT116 cell lines, treated with vehicle or increasing concentrations of the C-1–negative control com-
pound. Input samples (2%) are shown on the left-hand side of each panel. Samples incubated with normal rabbit IgG antibody are shown on the right-hand side of each panel.
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hydroxymethylglutaryl–coenzyme A (HMG-CoA) reductase (HMGCR), 
an enzyme required for cholesterol biosynthesis. The gene encoding 
this enzyme was found to be significantly down-regulated in C-1–
treated HCT116 cells (Fig. 4C). Avasimibe is an inhibitor of acyl-CoA: 
cholesterol acyltransferase (ACAT), an enzyme that catalyzes the 
formation of cholesteryl esters. All compounds except for the 
C-1–negative control significantly reduced cell viability compared to 
vehicle controls, and combinations of C-1 with either ICG-001, 
lovastatin, or avasimibe significantly reduced viability compared 

to treatment with the compounds alone (Fig. 5E). Subsequently, 
HCT116 and Colo320 cells were treated with vehicle, C-1, lovastatin, 
or avasimibe, with or without the addition of cholesterol. While 
addition of cholesterol did not affect the viability of the cells treated 
with lovastatin or avasimibe, it did partially rescue the viability 
of C-1–treated cells (Fig.  5F). Together, these results suggest 
that the effect of C-1 on cell death may be partially mediated 
through dysregulation of cholesterol synthesis, esterification, and 
homeostasis.

Fig. 3. The expression of Wnt target genes in response to lead compounds. (A and B) RT-qPCR of Colo320 and HCT116 cell lines treated with vehicle or increasing 
concentrations of C-1 (A) and C-2 (B) for 6, 24, and 48 hours for the Wnt target genes AXIN2 (left) and CD44 (right). The data demonstrate the relative fold change normal-
ized to housekeeping genes (B2M and PMM1) and to the vehicle (CT). Error bars represent means ± SD of triplicate experiments. (C) RT-qPCR of neoplastic human colon 
organoids treated with vehicle or increasing concentrations of C-1 for 24 hours for the Wnt target genes, AXIN2, CD44, and LGR5. The data demonstrate the relative fold 
change normalized to housekeeping genes (GAPDH) and to the vehicle (CT). Error bars represent means ± SD of triplicate experiments. (D) Immunoblots of the -catenin– 
dependent cell lines, Colo320 and HCT116, and the -catenin–independent cell line, RKO, treated with vehicle and increasing concentrations of C-1, C-2, or the C-1– 
negative control compound for 24 and 48 hours. For PARP, the full-length protein (upper bands) and cleaved PARP (lower bands indicated by arrow) are shown. Actin is 
shown as a loading control. *P > 0.05, **P > 0.01, and ***P > 0.001.
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An increase in cholesterol levels in the ER induces a feedback 
mechanism limiting the cleavage and therefore activation of the sterol 
regulatory element–binding protein 2 (SREBP2), a major transcrip-
tional regulator of sterol and fatty acid synthesis and uptake (57). 
Therefore, we subsequently determined whether this protein is affected 
by C-1 treatment in HCT116 cells. In line with the transcriptomic 

profiling (Fig. 4C), C-1–treated cells demonstrated a significant 
decrease in cleaved SREBP2 at 24 and 48 hours compared to the 
vehicle-treated cells, while uncleaved SREBP2 levels were not sig-
nificantly affected (Fig. 5G). This result suggests that a reduction in 
cleaved SREBP2 may be at least partially responsible for significant 
down-regulation of the cholesterol homeostasis signature in response 

Fig. 4. Wnt activity and Wnt/-catenin gene signatures in response to lead compounds. (A) Wnt reporter assay of Colo320 and HCT116 cells, treated for 16 hours with 
increasing concentrations of ICG-001 (positive control), the two lead compounds in this study, C-1 and C-2, and the C-1–negative control compound. The data demon-
strate the respective firefly/renilla luciferase ratios normalized to that of vehicle-treated cells. Error bars represent means ± SD of triplicate experiments. (B) Gene expres-
sion profiling of HCT116 cells treated for 48 hours with vehicle or 20 M C-1 (in triplicate). (B) Differentially expressed genes between control and C-1–treated 
HCT116 cells at FDR <0.01. (C) GSEA mountain plots and respective heat maps of the leading edge genes for the -catenin/TCF target gene signatures in CRCs and 
colorectal adenomas (50), and for the leading edge genes for the cholesterol homeostasis (MSigDB H) gene signature (51). (D) GSEA mountain plots for the up- and 
down-regulated gene signatures in HCT116 cells following TCF7L2 KO (52), and the down-regulated gene signature in a BCL9/B9L KO mouse model of CRC (53). *P > 0.05, 
**P > 0.01, and ***P > 0.001.
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to Wnt inhibition. Together, the data suggest that C-1–mediated 
inhibition of the Wnt/-catenin/BCL9 transcriptional complex 
increases intracellular cholesterol and lipid droplet accumulation, 
significantly increases cholesterol esterification, and disrupts cho-
lesterol homeostasis.

Lead compounds demonstrate antitumorigenic activity 
in CRC cell lines and xenograft mouse models
We next determined the functional effects of C-1 and C-2 treatment 
on CRC cell proliferation. C-1 and C-2 treatment significantly reduced 

the proliferation of Colo320 and HCT116 cells at all concentrations 
tested, whereas C-1 and C-2 treatment of RKO cells and C-1–nega-
tive control treatment of Colo320 and HCT116 cells did not, further 
confirming the specificity and on-target activity of our lead com-
pounds (Fig. 6, A and B). We also treated neoplastic human colon 
organoids with C-1 and found that their proliferation is significantly 
reduced compared to those treated with the vehicle control (Fig. 6C). 
Together, C-1 has significant inhibitory activity within colorectal 
cancer cells and neoplastic human colon organoids. We therefore 
subsequently sought to investigate whether this compound would be 

Fig. 5. Cholesterol trafficking and esterification after C-1 treatment. (A) Representative fluorescent images of lipids (BODIPY) and nuclei (DAPI) in HCT116 cells treated 
with vehicle, 20 M C-1, or the cholesterol inhibitor U-18666A for the time points indicated. Scale bars, 50 m. (B) Representative fluorescent images of filipin III–stained 
cholesterol in HCT116 cells treated with vehicle and 20 M C-1 for the time points indicated. Scale bars, 50 m. (C) Representative fluorescent images of HCT116 cells 
treated with vehicle or 20 M C-1 for 48 hours and stained for filipin (cholesterol) and SERCA-ATPase (ER) (left) or LipidSpot (lipid droplets) (right). Scale bars, 50 m. 
(D) Measurements of esterified cholesterol in HCT116 and Colo320 cells treated with vehicle and 20 M C-1 for the time points indicated. Esterified cholesterol is nor-
malized to the cell’s respective viability measurements. Error bars represent means ± SD of triplicate experiments. (E) Viability measurements of HCT116 and Colo320 
cells treated with the compounds indicated (20 M) for 48 hours. Lov, lovastatin; Ava, avasimibe. Error bars represent means ± SD of triplicate experiments. (F) Viabili-
ty measurements of HCT116 and Colo320 cells treated with the compounds indicated (20 M) ± cholesterol (chol; 20 M) for 48 hours. Error bars represent means ± SD 
of triplicate experiments. (G) Immunoblots of cleaved and uncleaved SREBP2 in HCT116 cells treated with vehicle or 20 M C-1 for the time points indicated (right) 
and densitometry analysis of cleaved SREBP2 normalized to respective actin measurements (left). Actin is shown as a loading control. Error bars represent means ± SD 
of triplicate experiments. *P > 0.05, **P > 0.01, and ***P > 0.001.
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efficacious at reducing tumor growth in a xenograft mouse model 
of colorectal cancer. First, NOD scid gamma (NSG) mice were trans-
planted with HCT116 cells in the peritoneal cavity of the animals 
and, 1 week after engraftment, were treated every other day with 
vehicle or C-1 (4 mg/kg) via intraperitoneal injections. C-1 treatment 
significantly reduced tumor growth in the mice compared to the 
control group, as demonstrated by significant decreases in weight 
and volume of tumor masses isolated and dissected during autopsy 
(Fig. 7, A to C). NSG mice have deficient macrophages, so we also 
carried out a second in vivo study with NCr nude mice to observe 
the effect of in vivo C-1 treatment on macrophage tumor infiltra-
tion. In addition, because NCr mice are hairless, they provide a 
convenient model in which to measure fluorescently labeled, sub-
cutaneous tumor cells by whole-body imaging. These mice were 
subcutaneously transplanted with HCT116 cells stably expressing 
green fluorescent protein (GFP), and after 1 week of engraftment, 
mice were treated every other day with vehicle or C-1 (3 mg/kg) via 
intratumoral injections. C-1 treatment significantly reduced tumor 
growth in these mice compared to those injected with vehicle, as 
demonstrated by significant decreases in tumor volume measured 
in vivo (Fig. 7, D and E), whereas the body weight of the animals 

over the course of the experiment remained stable (fig. S6). We also 
observed a significant decrease in tumor weight (Fig. 7F) and a sig-
nificant decrease in GFP fluorescent tumor cells (Fig. 7, G and H) in 
C-1–treated animals compared to those treated with the vehicle 
control. Immunohistochemistry (IHC) analysis of tumor tissue 
sections from these animals demonstrated that C-1–treated animals 
had significantly lower levels of AXIN2 and CD44, indicating that 
this compound inhibits oncogenic Wnt signaling in vivo (Fig. 7, I 
and J). In addition, the pattern of CD44 staining was patchy 
throughout the membranes of C-1–treated tumor cells, whereas 
those treated with vehicle demonstrated continuous membranous 
staining (Fig. 7I). Compared to vehicle-treated mice, tumors from 
C-1–treated mice demonstrated a significant decrease in proliferation 
and angiogenesis, measured with Ki-67 staining and CD31 staining of 
mouse endothelial cells, respectively, while cleaved caspase-3 stain-
ing, a marker of apoptosis, was significantly increased (Fig. 7, I and J). 
Furthermore, C-1 treatment decreased infiltration of protumorigenic 
M2-like tumor–associated macrophages, as seen with CD163 stain-
ing (Fig. 7, I and J). Histologic analysis did not reveal any differences 
between vehicle- and C-1–treated mice in the architecture of normal 
liver, kidney, or intestine tissue (fig. S7, A and B). We also did not 

Fig. 6. The effect of lead compounds on the proliferation of CRC cell lines. The proliferation of the -catenin–dependent cell lines, Colo320 and HCT116 (A), and the 
-catenin–independent cell line, RKO (B), was measured after treatment with vehicle and increasing concentrations of C-1, C-2, or the C-1–negative control for 24, 48, 72, 
and 96 hours. Error bars represent means ± SD of triplicate experiments. (C) The proliferation of neoplastic human colon organoids treated with vehicle and increasing 
concentrations of C-1 for 24 and 48 hours (left). Representative images of the organoids treated with the concentrations of C-1 indicated for 24 hours (right). Black arrows 
indicate apoptotic organoids.
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observe any significant increase in the number of apoptotic bodies 
or number of cleaved caspase-3–positive cells in the intestine tis-
sue of treated and control mice (fig. S7C). To confirm that the lack of 
obvious histologic toxicity seen in the xenograft mouse model is not 
simply a result of C-1 being inactive against murine proteins, we 
carried out a BCL9 Co-IP assay on the murine Wnt-dependent 
breast cancer cell line, 4T1, treated with C-1. C-1 inhibited the 

binding of BCL9 to -catenin in a dose-dependent manner (fig. S7D), 
confirming that C-1 is active against mouse -catenin and BCL9. 
Although significant further investigation is required to determine 
whether C-1 demonstrates on-target and/or off-target toxicity, 
our results suggest that C-1 has antitumor activity in a murine 
xenograft model of CRC and does not induce general wasting or 
reveal obvious signs of in vivo toxicity.

Fig. 7. The effect of C-1 on tumor growth in a xenograft mouse model of CRC. (A) Images of dissected tumors from mice treated with vehicle (n = 7) or C-1 (n = 7) via 
intraperitoneal injections. (B and C) Tumor weight and tumor volume of mice treated with vehicle (n = 7) or C-1 (n = 7) via intraperitoneal injections. Error bars represent 
means ± SD. (D) Images of subcutaneous tumors, taken on day 20 of the study, from mice treated with vehicle (n = 7) or C-1 (n = 7) via intratumoral injections. (E) Body 
weight (top) and tumor volume (bottom) of mice treated with vehicle (n = 7) or C-1 treated (n = 7) via intratumoral injections. Error bars represent means ± SD. (F and 
G) Tumor weight and tumor GFP fluorescence measurements recorded from mice treated with vehicle (n = 7) or C-1 (n = 7), via intratumoral injections. Error bars repre-
sent means ± SD. (H) GFP fluorescence images of intratumoral vehicle and C-1–treated mice taken on day 20. (I) Representative hematoxylin and eosin (H&E) and IHC 
stains of AXIN2, CD44, Ki-67, cleaved caspase-3, CD31, and CD163 in tumor tissue from intratumoral vehicle- and C-1–treated mice. Scale bars, 50 m. (J) Quantification of 
AXIN2, CD44, Ki-67, CD31, cleaved caspase-3, and CD163 immunostains in the tumors of intratumoral vehicle- and C-1–treated mice. Plots represent individual data 
points with error bars representing means ± SD. *P > 0.05 and ***P > 0.001.
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DISCUSSION
Here, we established an AlphaScreen-based HTS and identified small- 
molecule inhibitors of the -catenin/BCL9 interaction, which were 
further validated for activity and specificity in secondary biophysi-
cal assays. Two compounds, C-1 and C-2, specifically inhibited 
-catenin/BCL9 complex formation, its downstream transcriptional 
activity, and proliferation in colorectal cancer cell lines. Further-
more, C-1 manifested antitumorigenic activity in vivo and was as-
sociated with decreased host angiogenesis and reduced infiltration 
of protumorigenic M2-like tumor–associated macrophages.

The Wnt/-catenin pathway is an attractive target for clinical 
therapy, but its targeting has proven challenging because of the vital 
role that -catenin plays in maintaining adult tissue homeostasis and 
because of -catenin’s common interaction surface (27). Small- 
molecule, peptide, and antibody inhibitors targeting different stages of 
the Wnt/-catenin pathway have been described but are almost invari-
ably associated with off-target and toxic side effects (28, 29, 34–39, 58, 59). 
We set out to develop an inhibitor that targets -catenin/BCL9 com-
plexes because (i) BCL9 binds to -catenin via a site that is not shared 
by other protein partners, (ii) we previously confirmed the feasibility 
of this approach with BCL9 peptidomimetics, and (iii) knockout of 
BCL9 and B9L in the intestinal epithelium of mice is well tolerated. 
In keeping with this, in mice treated with C-1, we have not observed 
any obvious signs of toxicity such as general wasting or altered in-
testinal, liver, and kidney cellular morphology and tissue architec-
ture, which have been described for other Wnt/-catenin inhibitors. 
Significant additional studies are, however, necessary to meticu-
lously examine on-target and off-target toxicity, as well as an inves-
tigation into systemic routes of injection. To this end, we plan to 
develop and identify chemical derivatives of C-1 that have increased 
potency and do not affect normal tissues.

Targeting protein-protein interactions (PPIs), such as that of 
-catenin and BCL9, is considered technically challenging, not only 
because the interface at which proteins interact is often relatively 
large and flat but also because of the very diverse shapes, sizes, and 
binding affinities of PPIs (60). However, significant advances in 
screening methodologies over the past decade have now demon-
strated that this is possible, and PPI inhibitors have been developed 
for clinical use, including those against LFA-1, inhibitor of apoptosis 
proteins, bromodomains, and BCL family proteins (60). Moreover, 
many research groups are pursuing both peptide (30, 61–63) and non-
peptide approaches (64–66) to target -catenin/BCL9 complexes. 
The AlphaScreen-based assay used in this study has many advantages 
over other screening techniques, including high sensitivity and the 
absence of radioactive components, and it does not require large fluo-
rescent tags that may sterically disrupt the interaction being studied 
(42). While many different types of screening assays can be used to 
identify potent PPI inhibitors, it is crucial that they are validated to 
eliminate false positives, confirm binding specificity, and ensure on- 
target activity. We validated our candidate compounds using a BRD9/ 
ligand counter-screen, ITC, -catenin–dependent and –independent 
cell lines, neoplastic human colon organoids, another -catenin–
binding partner (E-cadherin), an inactive compound from the same 
chemical series, and unbiased transcriptomic analysis for off-target 
activity, which all indicated specificity and on-target activity of C-1. 
Compounds identified in HTS are not usually ready for direct pre-
clinical utilization, and this is also the case for C-1. This molecule 
has limited solubility in aqueous solutions, which was challenging 
for in  vivo administration; while C-1 demonstrated promising 

efficacy via intraperitoneal and intratumoral dosing, we anticipate 
that improved potency of the C-1 series will be required to enable 
in vivo efficacy through either oral or intravenous dosing.

In an extension of our previous work on the development of SAH- 
BCL9 peptides, refined BCL9 peptides have been generated recently 
with improved and promising properties, but robust in vitro and 
in vivo validation of these peptides is still required to determine 
whether they are promising candidates for therapeutic use (30, 62, 63). 
In terms of small-molecule approaches, a class of -catenin/BCL9 
inhibitors based on a generic scaffold structure that mimics “critical 
binding elements” of the interaction interface was generated and 
extensively optimized to inhibit Wnt reporter activity and expres-
sion of Wnt target genes at low micromolar concentrations (64–66). 
However, the authors note that the presence of multiple carboaro-
matic rings in this optimized compound suggests a potential risk of 
high binding to serum albumin, which would affect its further de-
velopment. Moreover, these compounds have not yet been tested 
in vivo. An HTS approach by De La Roche et al. (67) identified car-
nosic acid, a natural antioxidant, as an inhibitor of -catenin/BCL9 
complexes; however, this was revealed to have substructural fea-
tures of a pan assay interference compound (67–69). Although all 
these studies provide (i) new insight, (ii) molecular proof of feasibility, 
and (iii) functional necessity for disruption of -catenin/BCL9 com-
plexes, well-established inhibitors of -catenin/BCL9 complexes do 
not yet exist. Our HTS combined with secondary validation assays 
allowed us to identify several new small molecules, two of which 
specifically inhibited the -catenin/BCL9 interaction and downstream 
Wnt activity in CRC cells and one that displays antitumorigenic ac-
tivity in a mouse model of CRC. Further efforts in our laboratory will 
focus on (i) optimizing the potency and pharmacokinetics of C-1, as 
well as other candidate scaffolds, (ii) evaluating the on-target and 
off-target toxicity of C-1 and its derivatives using sensitive bio-
chemical assays, and (iii) analyzing the in vitro and in vivo efficacy 
of our compounds in other Wnt-dependent cancer models, and (iv) 
given the Wnt pathway functions in regulating tumor microen-
vironment, we will use the CT26 syngeneic model of CRC to deter-
mine the effects of compound treatment on angiogenesis and 
immune cell infiltration (61).

Future efforts will also include fully determining the mode of 
action of C-1 on cholesterol homeostasis. Other research groups have 
found that Wnt signaling regulates cholesterol homeostasis and lip-
id droplet formation, with tight feedback mechanisms existing be-
tween these processes (70), and it is becoming increasingly apparent 
that dysregulated cholesterol homeostasis is linked with oncogene-
sis. Stearoyl-CoA desaturase (SCD), for example, which, in our gene 
expression analysis, was the most significantly down-regulated gene 
related to cholesterol homeostasis in C-1-treated cells, has been 
found to be a requirement for cancer cells to proliferate in lipid- 
depleted environments (71). Cholesterol and sphingolipids are cru-
cial components of plasma membranes and lipid rafts, which play 
important roles in signal transduction and membrane and receptor 
trafficking (72), and lipid rafts have been found to initiate oncogenic 
signal transduction pathways in cancer cells responsible for promot-
ing tumor progression, angiogenesis, epithelial-mesenchymal tran-
sition, migration, and cell survival (73). These findings are relevant 
to the oncogenic Wnt pathway since lipid rafts are also important 
for the initiation of Wnt signaling in which Wnt ligands bind to cell 
surface receptors Fz and LRP5. In addition, lipid raft–colocalized 
CD44, an established Wnt target, is thought to be involved in cancer 
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cell adhesion and migration (73, 74). In keeping with this, we ob-
served patchy membranous CD44 staining in the tumor cells of 
C-1–treated mice, whereas those of vehicle-treated mice displayed 
uniform, continuous staining.

In this study, C-1 induced accumulation of intracellular lipid drop-
lets, significantly increased the production of cholesterol esters, and 
depleted cholesterol and lipids within the plasma membrane. C-1 
decreased the viability of CRC cells, but viability was decreased even 
further when C-1 treatment was combined with the HMGCR inhib-
itor lovastatin or the ACAT inhibitor avasimibe. Addition of cho-
lesterol partially rescued the viability of C-1–treated cells but not of 
lovastatin- or avasimibe-treated cells. These results suggest that 
C-1 may partially mediate antitumor activity via disruption of lipid 
rafts and/or altered cell membrane fluidity and integrity. These data 
are supported by a previous finding in which cholesterol-depleting 
agents decreased lipid raft levels and induced apoptosis in breast 
and prostate cancer cells, while cholesterol repletion restored cell 
viability (75). Our findings are also supported by Lee et al. (76), who 
found that avasimibe suppressed the growth and metastasis of pros-
tate cancer cells, and Agarwal et al. (77), who demonstrated that 
lovastatin augmented sulindac-induced apoptosis in CRC cell lines 
and concluded that this statin may amplify chemopreventive effects 
of other drugs. Most available cholesterol synthesis inhibitors target 
HMGCR or SREBP (78), both of which were found to be significant-
ly down-regulated by C-1 in gene expression studies and/or im-
munoblotting. Although the exact mechanism by which Wnt 
inhibition leads to cholesterol esterification and accumulation is 

yet to be described, we found that C-1 induces an SREBP2-mediated 
feedback mechanism that reduces the expression of cholesterol 
biosynthesis and transport genes, which may further disrupt its 
homeostasis.

Our data from this study are therefore consistent with a model in 
which C-1 inhibits not only -catenin/BCL9 complex formation, 
oncogenic Wnt signaling, proliferation, and survival of CRC cells 
but also cholesterol transport and homeostasis, which may add sig-
nificant therapeutic value to this compound when combined with 
other small molecules (Fig. 8). In conclusion, we have demon-
strated the potential for small molecules, such as C-1, to function as 
inhibitors of oncogenic Wnt signaling via disruption of -catenin/
BCL9 complex formation. We anticipate that forthcoming efforts 
may lead to the identification of novel, more efficacious, and 
bioavailable therapeutic agents for patients with Wnt-dependent 
cancers.

MATERIALS AND METHODS
Experimental design
A study screening 320,000 compounds with a high-throughput Al-
phaScreen assay was conducted to identify small-molecule inhibi-
tors of -catenin and BCL9 complex formation. Hits were validated 
using secondary biophysical assays and subsequently tested in vivo 
using Co-IP studies in colorectal cancer cell lines. Lead compounds 
were validated for on-target, in vitro activity by qPCR and Western 
blotting for “bona fide” Wnt–-catenin targets in addition to Wnt 

Fig. 8. Model of C-1 mechanism of action. Our data from this study are consistent with a model in which C-1 treatment specifically inhibits -catenin/BCL9 complex 
formation in CRC cells and reduces cell proliferation and survival, which would otherwise be amplified by oncogenic Wnt signaling in the absence of C-1. C-1 treatment 
also increases cholesterol esterification and intracellular accumulation of lipid droplets and cholesterol (1), which decreases activation (i.e., cleavage) of SREBP2 (2) and 
subsequently disrupts the cholesterol homeostasis gene expression signature in the cell (3). These processes are concurrent with the depletion of lipids and cholesterol 
from the plasma membrane, which may decrease the number of lipid rafts and membrane fluidity/integrity.
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reporter assays. Gene expression profiling was carried out for the 
top-performing compound in this study to determine its effect on 
the expression of Wnt–-catenin target gene signatures. Cholesterol- 
detecting assays were used to explore how the lead compound dys-
regulates cholesterol homeostasis. To determine the effect of compound 
treatment on in vivo tumor growth, mice implanted with colorectal 
cancer cells subcutaneously or within the peritoneum were ran-
domized into two groups and treated with the lead compound or 
vehicle. Seven mice were used in each group. The researchers who 
performed the in vivo treatment injections and assessed the animals 
were blinded. End points were defined by the standard of the Insti-
tutional Animal Care and Use Committee (IACUC) at the Dana- 
Farber Cancer Institute. IHC was performed on mouse tumor sec-
tions to measure proliferation, angiogenesis, apoptosis, infiltration of 
M2-like macrophages, and expression of Wnt targets. The researchers 
who performed the IHC were blinded to which tumor sections were 
from vehicle- and lead compound–treated animals. No data were 
excluded in any of the experiments.

Protein expression and purification
Constructs of human CTNNB1 (full-length and region 141-305, re-
ferred to as “short protein”) in the pET28 vector were overexpressed 
in Escherichia coli BL21(DE3) in lysogeny broth medium in the 
presence of kanamycin (50 mg/ml). Cells were grown at 37°C to an 
optical density of 0.8, cooled to 17°C, induced with 500 M isopropyl- 
1-thio-d-galactopyranoside, incubated overnight at 17°C, collected 
by centrifugation, and stored at −80°C. Cell pellets were microfluid-
ized at 18,000 psi in buffer A [25 mM Na3PO4 (pH 7.4), 500 mM 
NaCl, 5% glycerol, 10 mM imidazole, and 10 mM -mercaptoethanol 
(BME)], and the resulting lysate was centrifuged at 13,000 rpm for 
30 min. Nickel–nitrilotriacetic acid beads were mixed with lysate 
supernatant for 30 min and washed with buffer A. Beads were trans-
ferred to a fast protein liquid chromatography–compatible column, and 
the bound protein was washed with 15% buffer B [10 mM Na3PO4 
(pH7.4), 200 mM NaCl, 5% glycerol, 250 mM imidazole, and 10 mM 
BME] and eluted with 100% buffer B. To cleave the tag from the short 
construct, His-3C was added to the eluted protein and incubated at 
4°C overnight. Samples were concentrated and passed through a 
Superdex 200 10/300 column in buffer C [20 mM Hepes (pH 7.5), 
200 mM NaCl, 5% glycerol, and 1 mM tris(2-carboxyethyl)phosphine 
(TCEP)]. Relevant fractions were pooled, concentrated, and fro-
zen at −80°C.

AlphaScreen HTS
The AlphaScreen assay (PerkinElmer) (42) was developed to moni-
tor the -catenin/BCL9 interaction in a microtiter plate format. The 
assay platform used full-length recombinant -catenin (1 to 781 amino 
acids, 88 kDa) bound to a protein A–tagged AB via a specific mono-
clonal anti–-catenin antibody (Abcam, #16051), and an N-terminal 
biotinylated BCL9-HD2 peptide (AnaSpec) (Biotin-LSQEQLEH-
RERSLQTLRDIQRM) bound to a streptavidin-tagged DB. The beads 
(#6760617MR) and AlphaScreen TruHits Kits/reagents (#6760627M) 
were purchased from PerkinElmer. The concentrations of reagents used 
for the pilot screen were as follows: 10 nM -catenin, 25 nM bioti-
nylated BCL9 peptide, -catenin antibody (50 ng/ml), ABs (5 g/ml), 
and DBs (5 g/ml). The assay buffer contained 50 mM MES (pH 6.5), 
150 mM NaCl, 0.01% bovine serum albumin, 1 mM dithiothreitol, 
and 0.1% Tween 20. Replicas of an HTS of a 320,000 small-molecule 
library, performed independently at the Sanford-Burnham Medical 

Research Institute (La Jolla, CA), were carried out using compounds 
at a final concentration of 10 M [0.5% dimethyl sulfoxide (DMSO)] 
in 4 l per well assay in a 1536-well plate format, with an incubation 
time of 90 min. The 643 primary hits from this screen were subse-
quently tested in triplicate against the TruHit counter-screen to 
eliminate compounds with nonselective activity (e.g., metal chelators, 
oxygen quenchers, and biotin mimetics), which eliminated 21 hits. 
The 622 “specific” (nonartifactual) hits that passed this counter- 
screen (<50% inhibitory activity) were then taken into five-point 
dose-response (40, 20, 10, 5, and 2.5 M final concentrations) esti-
mations of potency (IC50) in triplicate. Thirty-three compounds from 
the HTS (table S1) that demonstrated inhibitory activity were pur-
chased and subjected to a 10-point dose-response AlphaScreen as-
say as described above with -catenin and BCL9. The compounds 
were also tested in a counter-screen assay with recombinant BRD9 
bromodomain binding to a custom-synthesized BRD9 ligand as 
previously described (43).

Isothermal titration calorimetry
All calorimetric experiments were carried out in 20 mM Hepes (pH 7.5), 
150 mM NaCl, 0.5 mM TCEP, and 3.0% DMSO at 25°C using an 
Affinity ITC from TA Instruments (New Castle, DE) equipped with 
autosampler. Short protein or buffer (10 M; for control) in the cal-
orimetric cell was titrated by injecting 3 l of 100 M ligand solu-
tion in 200-s intervals with stirring speed at 75 rpm. The resulting 
isotherms were subtracted against buffer runs and fitted with a single- 
site model to yield thermodynamic parameters of H and S, stoi-
chiometry, and KD using NanoAnalyze software (TA Instruments).

Computational docking
Canonical smiles were submitted for ligand preparation by LigPrep- 
2.5 in the Schrödinger Maestro Suite (2016). Receptor grids were 
calculated encompassing the BCL9-binding pocket in CTNNB1/
BCL9 complex (Protein Data Bank, 3SL9), which was preprocessed, 
optimized, and refined with the OPLS3e force field using the 
following parameters (van der Waals scaling factor of 1.0 and charge 
cutoff of 0.25). Unconstrained molecular docking of ligands was 
performed using XP Precision, flexible ligand sampling, and Epik 
state penalties. Ten post-docked minimized poses per ligand were 
calculated using Glide.

Cell culture
The human colorectal cancer cell lines Colo320 and DLD-1 were cul-
tured in RPMI 1640 medium, and the HCT116 and RKO cell lines 
were cultured in McCoy’s and Dulbecco’s modified Eagle’s medium 
(DMEM), respectively. The murine 4T1 breast cancer cell line was 
cultured in RPMI 1640 medium. All cell culture media were supple-
mented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 U/ml), 
and streptomycin (100 g/ml). Cells were cultured at 37°C with 5% 
CO2 in a humidified incubator. All cell lines used in this study were 
authenticated and confirmed mycoplasma-free. For all experiments, 
cells were treated with compounds at the specified concentrations 
and lengths of time, and cells treated with an equivalent concentra-
tion of DMSO were used as vehicle controls.

Human colonic organoids
Human colon adenoma samples were obtained from the Depart-
ment of Surgery, under approval (protocol 13-189) by the Internal 
Review Board of the Dana-Farber Cancer Institute, Boston, MA, 
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USA, and used to make neoplastic human colon organoids. The or-
ganoids used in this study have a c.4778delA mutation, in coding 
exon 15 of the APC gene, resulting in protein truncation at AA1650 
(p.K1593Sfs*57; COSMIC ID: COSV57342520). The colonic tissue 
after surgery was rinsed with ice-cold phosphate-buffered saline 
(PBS) in a 90-mm petri dish, washed with ~20 ml of ice-cold PBS in 
a 50-ml tube by vigorous shaking, and then rinsed again with ice-
cold PBS in a 90-mm petri dish. After washing, tissue was trans-
ferred to a 35-mm petri dish in a biological tissue culture hood and then 
minced with fine scissors. One milliliter of collagenase (Invitrogen) 
solution was added to suspend tissue fragments, and the petri dish 
was incubated in a cell culture incubator (37°C) with vigorous 
mixing every 5 to 10 min using a 1000-l pipette. Once visible, single 
epithelial units (crypts/pits) were separated from the larger tissue 
fragments as seen on a phase or dissection microscope. The epithe-
lial units were passed through a 70-m cell strainer (BD) using a 
1000-l pipette, and the strainer was washed with 9 ml of washing 
media [penicillin (100 U/ml), streptomycin (0.1 mg/ml), l-glutamine 
(2 mM), and FBS (10% in DMEM/F-12; Invitrogen) with Hepes]. 
This filtrate was transferred to a 1.5-ml centrifuge tube, centrifuged 
at 200g for 5 min, and placed on ice, and the epithelial units were 
resuspended in Matrigel (15 l per well; Corning). Fifteen microli-
ters of cell Matrigel suspension was then placed in the center of each 
well of a 24-well plate using a 20-l pipette and spread with a pipette 
tip. To polymerize the Matrigel, plates were incubated upside down 
to avoid attachment of epithelial units to the plate surface. After 3 to 
5 min, plates were returned to the upright orientation, and 500 l of 
50% human L-WRN conditioned medium were added to each well, 
and the medium was subsequently changed at least every 48 hours. 
Human L_WRN medium is a 1:1 mix of L WRN conditioned medium 
and advanced DMEM/F-12 with 20% FBS supplemented with anti-
biotics Primocin (100 g/ml; InvivoGen), Normocin (100 g/ml; 
InvivoGen); serum-free supplements 1X B27 [Thermo Fisher Sci-
entific (Gibco)] and 1X N2 [Thermo Fisher Scientific (Gibco)]; and 
chemical supplements 10 mM nicotinamide (Sigma-Aldrich), 500 mM 
N-acetylcysteine (Sigma-Aldrich), hormone 50 mM [Leu15]-Gastrin 
(Sigma-Aldrich), growth factor FGF10 (recombinant human) (100 g/ml; 
Thermo Fisher Scientific), and 500 nM A-83-01 (Sigma-Aldrich), 
which is an inhibitor of the transforming growth factor– receptors 
ALK4, 5, and 7, and 10 mM rho-associated coiled-coil protein kinase 
(ROCK) inhibitor Y-27632 (Sigma-Aldrich). For passage, colon 
organoids were dispersed by trypsin-EDTA and transferred to fresh 
Matrigel. Passage was performed every 3 to 4 days with a 1:3 to 
1:5 split ratio.

Coimmunoprecipitation
The Universal Magnetic Co-IP Kit (Active Motif) was used for the 
Co-IP studies according to the manufacturer’s protocol. For the BCL9 
Co-IP experiments, Colo320, HCT116, and 4T1 cells were treated 
overnight (16 hours) with either vehicle or 1, 10, or 20 M com-
pound. Treatment of cells with an equivalent concentration of 
DMSO was used as a vehicle control. Nuclei were isolated from the 
treated cells and digested using hypotonic buffer and digestion buf-
fer, respectively. Nuclear protein was collected by centrifugation, 
and a Bradford-based assay was used to quantify the protein in each 
sample. A total of 800 g of each nuclear extract was incubated over-
night at 4°C on a rotator, with 3.5 g of anti-BCL9 (ab37305, Abcam) 
antibody. For the -catenin Co-IP experiments, DLD-1 cells were 
treated in the same way as described above, and cells were lysed using 

whole-cell lysis buffer. A total of 800 g of each whole-cell extract 
was incubated with 3.5 g of -catenin (9562L, Cell Signaling Tech-
nology) antibody. For all Co-IP assays, incubation of the respective 
protein samples with normal rabbit immunoglobulin G (IgG) anti-
body (sc-3888, Santa Cruz Biotechnology) was used as a negative 
control. Protein G magnetic beads were added to the Co-IP samples 
and incubated for 1 hour at 4°C on a rotator. The beads were washed 
four times with washing buffer containing 150 mM NaCl and then 
resuspended with 2× reducing loading buffer. Input samples (2%) 
were prepared.

Immunoblotting
For immunoblotting, samples were electrophoresed using NuPAGE, 
transferred to nitrocellulose membrane, and blocked using 5% non-
fat milk. The membrane was subsequently probed overnight at 
4°C with antibodies diluted in blocking buffer. Validated anti-
bodies used in this study were as follows: BCL9 (H00000607-M01, 
Abnova), -catenin (#610154, BD Transduction Laboratories), 
E-cadherin (24E10; #3195, Cell Signaling Technology), Axin2 (76G6; 
#2151, Cell Signaling Technology), CD44 (#5640, Cell Signaling 
Technology), PARP (#9542, Cell Signaling Technology), ABC (#05-
665, Millipore), SREBP2 (#NBP1-54446, Novus Biologicals), and 
actin–horseradish peroxidase (HRP) (#SC-1615, Santa Cruz Bio-
technology). Membranes were incubated with the appropriate spe-
cies of HRP-conjugated secondary antibodies and imaged using 
chemiluminescent substrate (34580, Thermo Scientific). Densitom-
etry analysis in this study was performed using ImageJ software, 
and respective actin loading control measurements were used for 
normalization.

Proliferation assays
Colo320, HCT116, and RKO cells were seeded into 96-well plates in 
triplicate (3000 cells per well in 100 l of respective medium) and 
treated with vehicle or 5, 10, or 20 M compound. Human neoplas-
tic colon organoids were seeded into 96-well plates in triplicate 
and treated with vehicle or 25 or 50 M compound. CellTiter- 
Glo 2.0 assay reagent (Promega) was used to measure proliferation 
according to the manufacturer’s instructions. Luminescence was 
measured using the Victor X3 multilabel plate reader (Perkin-
Elmer). Proliferation was calculated relative to the respective base-
line readings.

Dual-luciferase Wnt reporter assay
To generate stable, dual-luciferase, Wnt reporter cells, lentiviral par-
ticles were generated containing a vector with firefly luciferase under 
the 7XTCF promoter (7TFP; Wnt reporter plasmid), and a vector 
with Renilla luciferase under the EF1alpha promoter (pLX313-renilla; 
baseline plasmid). 7TFP was a gift from R. Nusse (Addgene plasmid 
#24308; http://n2t.net/addgene:24308), and pLX313-renilla luciferase 
was a gift from W. Hahn and D. Root (Addgene plasmid #118016; 
http://n2t.net/addgene:118016). Colo320 and HCT116 cells were 
transduced with lentiviral particles, and the appropriate antibiotics 
were used for selection. For experiments, 30,000 cells were seeded 
per well of a white opaque 96-well plate and treated with vehicle or 
increasing concentrations of the tested compounds for 16 hours. 
Firefly and Renilla luciferase signals were measured using the Dual- 
Glo luciferase assay system (#E2920, Promega) according to the 
manufacturer’s instructions on a Victor X3 multilabel plate reader. 
Experiments were carried out in triplicate.

http://n2t.net/addgene:24308
http://n2t.net/addgene:118016
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RT-qPCR
RT-qPCR was used to examine compound treatment–induced ex-
pression changes in the Wnt-target genes AXIN2, CD44, and LGR5 and 
to validate the gene expression profiling results (IGFBP3, AURKC, 
PDGFA, CCNE2, SCD, and CYP1A1). Colo320 and HCT116 cell lines 
were treated with vehicle or 10 or 20 M compound for 6, 24, and 
48 hours. Colon organoids were treated with vehicle or 25 or 50 M com-
pound for 24 hours. Cells were collected, and total RNA was isolated 
using TRIzol (Life Technologies). cDNA was synthesized using the 
iScript Reverse Transcription Supermix kit (Bio-Rad), and subsequent 
qPCR reactions were run on a CFX96 Real-Time PCR System (Bio-Rad) 
using PowerUp SYBR Green Master Mix (Applied Biosystems). Ex-
pression was normalized to 2 microglobulin (B2M) and phospho-
mannomutase 1 (PMM1) or glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (79) using the CT method. All primer sequences used were 
provided by Harvard PrimerBank (80) and are described in table S4.

Gene expression profiling
RNA from triplicate vehicle- or C-1–treated HCT116 samples (20 M each 
for 48 hours) was isolated using TRIzol. Libraries were prepared 
using Roche Kapa stranded mRNA HyperPrep sample preparation kits 
from 200 ng of purified total RNA according to the manufacturer’s 
protocol. The finished dsDNA libraries were quantified by Qubit fluoro-
meter, Agilent TapeStation 2200, and RT-qPCR using a Kapa Biosystems 
library quantification kit according to the manufacturer’s protocols. 
Uniquely indexed libraries were pooled at an equimolar ratio and sequenced 
on an Illumina NovaSeq 6000 with paired-end 100–base pair reads by 
the Dana-Farber Cancer Institute Molecular Biology Core Facilities.

Reads were processed and analyzed (principal components and 
differential expression analyses) using VIPER (81). -Catenin/TCF 
targets gene sets in CRCs and adenomas were based on the intestinal 
Wnt/TCF4 signature gene set generated by Van der Flier (50). Dif-
ferential expression analysis of the GSE135328 (52) was used to 
determine genes down- and up-regulated in HCT116 cells after TCF7L2 
KO (top 200 down- or up-regulated genes at FDR < 0.01). BCL9/9L-KO 
signature components by Moor et al. (53) were used as BCL9/B9L 
signature. GSEA of these and the Hallmark MSigDB gene sets (51) was 
performed using recommended settings as previously described 
(82, 83). Data were visualized as previously described (83).

Fluorescent staining and microscopy
HCT116 cells were seeded into glass-bottomed microwell dishes 
(MatTek) and treated with vehicle or 20 M C-1 for 4, 8, 24, and 48 hours. 
For lipid staining, treated cells were washed with 1× PBS, fixed with 
4% paraformaldehyde, and stained using 2 M BODIPY 493/503 (4,4- 
difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene) for 
15 min. Cells were also incubated with DAPI (4′,6-diamidino-2- 
phenylindole, dihydrochloride; 1 g/ml) to stain the nuclei. For choles-
terol staining with filipin III, the cholesterol assay kit (Abcam) was used 
according to the manufacturer’s instructions. HCT116 cells were also 
stained with filipin in addition to SERCA-ATPase antibody (NB300- 
581, Novus Biologicals) or LipidSpot (70065-T, Biotium). Fluorescent 
images were collected using a Nikon inverted live-cell imaging sys-
tem with a ×40 dry objective and processed with ImageJ. Scale bars 
represent 50 m.

Cholesterol/cholesterol Ester-Glo assay
HCT116 and Colo320 cells were treated for 24 and 48 hours with 
vehicle or 20 M C-1, and total and free cholesterol were measured 

with the Cholesterol/Cholesterol Ester-Glo Assay (Promega) accord-
ing to the manufacturer’s instructions. The luciferase signals were 
measured on a Victor X3 multilabel plate reader. Experiments were 
carried out in triplicate. Esterified cholesterol was calculated as total 
cholesterol (with esterase) − free cholesterol (without esterase). Cho-
lesterol measurements were normalized to the respective viability of 
the cells, which was measured using the CellTiter-Glo luciferase as-
say (Promega) according to the manufacturer’s instructions.

Viability assays
Cells were seeded into white opaque 96-well plates and treated for 
48 hours with the compounds indicated (20 M): ICG-001 (Selleck 
Chemicals), lovastatin (Selleck Chemicals), avasimibe (Millipore Sigma), 
and water-soluble cholesterol (Millipore Sigma). The CellTiter-Glo 
assay (Promega) was used to measure the luciferase signals on a 
Victor X3 multilabel plate reader according to the manufacturer’s 
instructions. Experiments were carried out in triplicate, and viabil-
ity was calculated relative to that of vehicle-treated cells.

In vivo mouse xenograft models
For the intraperitoneally treated animals, 2 × 106 HCT116 cells were 
first injected into the abdomen of 5-week-old female NSG mice 
(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, the Jackson Laboratory). Treatment 
began 1 week after injection, in which control mice (n = 7) received 
vehicle, and treated mice (n = 7) received C-1 (4 mg/kg) every other 
day via intraperitoneal injections. Cohorts were monitored daily. An-
imals were euthanized after 20 days of treatment, and autopsies were 
performed. Extracted intraperitoneal tumors were measured with 
calipers to determine tumor volume (in mm3) using the formula 
V = 0.5a × b2, where a and b are the long and short dimensions of 
the tumor, respectively. Tumors were also weighed. All extracted 
tumors and other tissues were subsequently fixed in 10% formalin.

For the intratumoral-treated animals, 2 × 105 HCT116 cells stably 
transduced with a reporter expressing GFP were first injected sub-
cutaneously into 5-week-old female NCr nude mice (Taconic). Treat-
ment began 1 week after injection, in which control mice (n = 7) 
received vehicle and treated mice (n = 7) received C-1 (3 mg/kg) 
every other day via intratumoral injections. Cohorts were monitored 
daily. Tumor measurements using calipers were also carried out twice 
a week, and the volume in cubic millimeter was calculated using the 
formula V = 0.5a × b2. GFP imaging was carried out at day 20 to 
analyze the tumor burden in the animals, and Living Image soft-
ware (PerkinElmer) was used to measure the GFP fluorescence from 
the images. Animals were euthanized after 20 days of treatment, and 
autopsies were performed. Tumors and other tissues were weighed 
before being fixed in 10% formalin and embedded in paraffin. Tis-
sue sections were prepared and stained with hematoxylin and eosin 
and with validated antibodies (all from Cell Signaling Technology 
unless otherwise stated) for Axin2 (#2151), CD44 (#5640), Ki-67 (#12202), 
cleaved caspase-3 (#9664), CD31 (#77699), and CD163 (#ab182422, 
Abcam) using protocols previously described (84). Scale bars represent 
50 m. All animal experiments were approved by and conform to the 
standard of the IACUC at the Dana-Farber Cancer Institute. Images 
of IHC-stained tumor and tissue sections were obtained with a Leica 
DM2000 microscope and ×40 objective unless otherwise stated.

Statistical analysis
For statistical analysis, the two-tailed Student’s t test was used to as-
sess significant differences between compound-treated and control 
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groups. In all figures, error bars represent means ± SD of triplicate 
experiments unless otherwise stated in the figure legend, and P values 
are noted by the following: *P > 0.05, **P > 0.01, and ***P > 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3108

View/request a protocol for this paper from Bio-protocol.
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