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SI Materials and Methods
Chemicals. An FDA-approved drug-screening library (L1300),
axitinib (S1005), sunitinib (S1042), vandetanib (S1046), and
apatinib (S2221) were products of Selleckchem. XAV939
(X3004), IWR-1 (I0536), 5-Bromo-2′-deoxyuridine (BrdU;
B5002), thymidine (T9250), MG132 (M7449), leptomycin B
(L2913), cycloheximide (C4859), Hoechst 33342 (B2261), and
N-ethylmaleimide crystalline (04259) were purchased from Sigma.
6BIO (ALX-430-156-M001) was purchased from Enzo Life Sciences. All drugs were dissolved according to the manufacturer’s
instructions.
Plasmids and siRNAs. Super 8xTOPFlash (12456), Super 8xFOP-

Flash (TOPFlash mutant) (12457), pRL-SV40P (27163), 7xTcfeGFP//SV40-mCherry (7TGC) (24304), pcDNA3-β-catenin
(16828), β-catenin-ΔN47 (19287), β-catenin-4A (S33A/S37A/
T41A/S45A) (24204), sh-CTNNB1-1248 (19761), sh-CTNNB12279 (19762), shCTNNB1 #1 (42543), pMD2.G (12259), and
pCMVR8.74 (22036) were obtained from Addgene. HA-tagged
β-catenin-2A (ΔLIR) containing the mutation W504A/I507A was
a gift from Alex Greenhough, University of Bristol, Bristol, UK.
GFP-tagged SHPRH vector was a gift from Karlene Cimprich,
Stanford University, Stanford, CA. Vector pIRES2-EGFP was
used for the control GFP vector. Lentivirus shRNA vectors for
MED23 were gifts from Michael Carey, University of California,
Los Angeles, CA. Stealth siRNAs for SHPRH (HSS138073,
HSS138074, and HSS138075) and negative control were products
of Life Technologies.
The QuikChange Multiple Site-directed Mutagenesis kit
(Stratagene) was used to introduce mutations to plasmids. To
generate a TCF-mCherry Wnt reporter (7TC), two BamHI cut
sites (GGATCC, underlined in the primer sequence) were introduced into the 7TGC vector by using mutant PCR primers
5′-CCTTGCTCACCATGGATCCTTTACCAACAGTACCGG-3′
and 5′-CGCCCTTGCTCACCATGGATCCCTTTTTGCAAAAGCCTAGGCC-3′. The mutated 7TGC vector was digested by BamHI
to remove a 1,180-bp fragment containing EGFP and the SV40
promoter; the remaining vector was ligated to form a TCF-mCherry
cassette. To generate a C-terminal–truncated β-catenin mutant
(ΔC), residue Q668 was mutated to a stop codon using the PCR
primer 5′- GTCTGAGGACAAGCCATAAGATTACAAGAAACGGCTTTCAGTTG-3′. To generate β-catenin-S715A, the following
oligonucleotide was used for mutant PCR: 5′-TGGATATCGCCAGGATGATCCTGCAGATCGTTCTTTTCACTCTGG-3′.
To create C1432A-mutant GFP-SHPRH, one PstI cut site was
introduced to the mutant PCR primer CGGGAGGTGTTAATCCAGAACCTGCAGCAATCTGTGCTCGACAGC. The mutated
GFP-SHPRH was confirmed by PstI digestion.
Cell Lines, Cell Culture, Cell Transfection, and Lentiviral Transduction.

SW480 (CCL-228), HCT116 (CCL-247), and RKO (CRL-2577)
cells were obtained from the American Type Culture Collection
(ATCC) and maintained according to the supplier’s recommendations. 293FT cells were purchased from Life Technologies. Leibovitz’s L-15 medium for SW480 cells, McCoy’s 5A
medium for HCT116 cells, Eagle’s minimum essential medium
for RKO cells, and DMEM for 293FT cells were purchased from
Lonza. Prostate EPT1 and EPT3 cells were established in our
laboratory (X.K. and K.-H.K.); the culture methods have been
described previously (42, 43). All cell lines have been authenticated by DNA microsatellite fingerprinting (43), and mycoQu et al. www.pnas.org/cgi/content/short/1604520113

plasma contamination was ruled out using the MycoAlert
Mycoplasma Detection Kit (Lonza).
For DNA and siRNA transient transfection, cells were
transfected using Lipofectamine 3000 and Lipofectamine RNAiMAX (Life Technologies), respectively. To establish stable cell
lines containing Wnt reporters, lentiviral vector 7TGC or 7TC
together with packaging plasmids pMD2.G and pCMVR8.74
was cotransfected into 293FT cells with Lipofectamine 3000. After
16 h, the culture medium was replaced with medium for cells of
interest. One day later, the culture medium was filtered through a
0.45-μm filter and incubated with cells for 24 h. GFP and mCherry
expression in transduced cells was assessed by fluorescence microscopy and FACS (FACSAria; BD Biosciences).
TOPFlash Assay. The TOPFlash assay was performed in 96-well
plates. For each well, cells were transfected with 0.22 μg TOPFlash
(or FOPFlash with mutant TCF binding sites) and 0.02 μg pRLSV40P using Lipofectamine 3000. For cotransfection with other
plasmids, 0.1 μg additional DNA was used. The luciferase activity was measured 24 h later using the Dual-Glo Luciferase
Assay System (E2940; Promega) according to the recommended
protocol. The TOPFlash or FOPFlash activity was normalized to
Renilla luciferase signals.
Soft Agar Colony-Formation Assay and Clonogenic Assay. The soft
agar colony-formation assay was performed using the Cell
Transformation Assays kit (catalog no. CBA-130; Cell Biolabs,
Inc.) according to the recommended protocol. SW480, HCT116,
and RKO cells were assayed in 96-well plates and were treated
with axitinib at the indicated concentrations. Medium containing
drugs was replaced every 3 d. For the clonogenic assay, positively
transfected cells (wild-type and mutant GFP-SHPRH and control
GFP) were enriched by FACS and were seeded in six-well plates
at a density of 3,000 cells per well. Medium was changed every 3 d.
On the last day colony growth was quantified by crystal violet
staining and measurement of OD at 590 nm.
Organoid Culture. Mouse intestinal Apc (VilCreER Apcfl/fl) organoids

were obtained from Owen J. Sansom’s laboratory at the Beatson
Institute for Cancer Research, Glasgow, UK. The culture protocol
has been described previously (14). Briefly, Apc mutant organoids
were suspended in Growth Factor Reduced Matrigel (catalog no.
356231; Corning) and cultured in Advanced DMEM/F12 (catalog
no.12634-028; Invitrogen) containing 1% B-27 supplement (50×),
minus vitamin A (catalog no.12587-010; Invitrogen) and 0.1% BSA.
Organoids were seeded in 24-well plates at a density of 70–100
organoids/50 μL Matrigel in each well. One day later DMSO or
axitinib at the indicated concentration was added; medium was
replaced every 3 d. One week later organoids were imaged
using the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek
Instruments, Inc.).
Zebrafish Study. Transgenic zebrafish harboring the Tcf/Lef-miniP:
dGFP reporter (line isi04) were obtained from National BioResource
Project Zebrafish, Japan. Fish were kept under standard conditions
and treated in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the University of Bergen. For
embryo experiments, embryos at 6 hpf were cultured in six-well plates
(20 embryos per well) at 28 °C. Embryos were treated with indicated
chemicals, and water was replenished daily. For the eyeless phenotype rescue assay, embryos at 2 dpf were scored for eye development
(two eyes, one eye, or no eye). For the TCF-GFP expression assay,
embryos at 3 dpf were examined under a fluorescence microscope. In
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both assays embryos that died during treatment were excluded from
assessment.
For the tailfin regeneration assay, transgenic zebrafish at 3 mo
were placed in a beaker of diluted Tricaine (A5040, Sigma) solution
(0.1 g in 500 mL fish water or E3) until fully anesthetized (1–2
min). A single vertical cut perpendicular to the rays of the fin was
made by dissecting scissors. A total of 10 amputees were randomly
divided into two groups with similar average length and were
reared at 28 °C in tanks containing either 5 μM axitinib or the
same volume of DMSO. Water and compounds were replenished
daily for a period of 6 d. To evaluate tail regeneration, the length
of the tail was measured by a ruler every day (fish were anesthetized for measurement), and TCF-GFP expression in the tail was
examined under a fluorescence microscope. For the BrdU incorporation study, zebrafish were incubated with BrdU (1 mM) at
the end of the tailfin regeneration assay for 2 h at 28 °C before
anesthesia. The gastrointestinal tract was fixed in 4% (vol/vol)
paraformaldehyde, paraffin embedded, and sectioned. Sections
were stained with H&E or processed for BrdU immunohistochemistry (IHC) by following Abcam’s BrdU staining protocol
(www.abcam.com/protocols/brdu-staining-protocol).
H&E and IHC Staining. H&E and IHC staining were performed
according to the previously described protocol (43). Primary antibodies used for IHC were β-catenin (ab16051; 1:1,000; Abcam),
Ki67 (ab16667, clone SP6; 1:100; Abcam), and BrdU (ab6326,
clone BU1/75; 1:80; Abcam). Investigators were blinded when
counting the intestinal adenomas and assessing the homeostasis of
mice and fish intestine. Histologic images were captured using
Qcapture Suite software with a Qimaging EXi Blue camera attached to a Leica DMRBE microscope.
Immunofluorescence. Cells were seeded singly on 12-mm glass
coverslips in 24-well plates. On the second day, cells were washed
with PBS, fixed in 4% PBS and buffered paraformaldehyde at
room temperature for 20 min, permeabilized in 0.5% Triton
X-100 for 10 min, and blocked in 100 mM glycine for 5 min, with
washing in PBS between each step. After blocking with 0.5%
BSA/PBS for 15 min, cells were incubated with primary antibodies
(β-catenin: ab16051; 1:1,000; Abcam; Ki67: ab16667, clone SP6;
1:50; Abcam) in 0.5% BSA/PBS for 1 h at room temperature.
The FITC- or Texas Red-labeled secondary antibody (4050-02 or
4050-07; SouthernBiotech) was added for 45 min at room temperature. Coverslips were mounted in SlowFade Diamond Antifade
Mountant with DAPI (S36964; Life Technologies) on glass
slides. Images were captured using the Qcapture Suite software
with a Qimaging Exi Blue camera attached to a Leica DMRBE
microscope.
Live-Cell Imaging. Live-cell imaging was done using a Cytation 3
Cell Imaging Multi-Mode Reader (BioTek Instruments, Inc.).
SW480-7TGC cells were synchronized at G1/S phase and seeded
singly in 96-well black plates. After 3 h in the incubator, cells were
kept in the reader at 37 °C for a time period of 2 h with an
imaging step every 5 min. Images were acquired in the GFP
channel (excitation 469/35, emission 525/39) and bright-field
channel using a 10× objective. Data were visualized and analyzed
with the BioTek Gen5_ver2.06 software.
EdU Label-Release Assay. Cultured cells were treated with 5 μM
axitinib/DMSO or were transfected with sh-CTNNB1/sh-control
plasmids for 24 h before incubation with 10 μM EdU at 37 °C for
30 min. Cells were washed intensively with PBS and plated singly
on new plates containing 5 μM axitinib or DMSO. Two days later,
cells were seeded singly onto 12-mm glass coverslips in 24-well
plates. One day later, EdU was detected using the Click-iT Plus
EdU Alexa Fluor 488 Imaging Kit (C10637; Life Technologies)
according to the manufacturer’s protocol. For double staining of
Qu et al. www.pnas.org/cgi/content/short/1604520113

EdU and other proteins, the EdU-stained cells were used for
further immunofluorescence staining as described above. Images
were captured by BioTek Gen5_version 2.06 software, and the
EdU staining in paired cells was determined using the histogram
tool of Photoshop CS6 software. EdU distribution was considered
unequal when paired cells had intensity ratio higher than 2.
Intact Cell-Based CETSA. Intact cell-based CETSA was performed

according to the protocol previously described (28). Briefly,
SW480 cells were seeded equally in two T75 flasks and allowed to
reach 80% confluence. One day later cells in each flask were
incubated with 10 μM axitinib or an equal volume of DMSO at
37 °C for 1 h. After trypsinization and washing with PBS, cells
were resuspended in 450 μL PBS containing freshly added protease inhibitors and were divided equally among seven tubes.
Cells in each tube were heated at the indicated temperatures for
3 min and kept at room temperature for 3 min. Heated cells were
lysed by three cycles of freezing in liquid nitrogen for 1 min and
thawing in water at room temperature for 1 min. The cell lysates
were centrifuged at 20,000 × g for 20 min at 4 °C. The soluble
fractions were isolated for Western blotting analysis.
MST Ligand-Binding Assay. MST was used to determine the binding
affinity of ligand (axitinib) and receptor [GFP-tagged SHPRH
(fusion GFP) or free GFP as control]. Ten million SW480 cells
overexpressing GFP-tagged SHPRH or free GFP were lysed in
1 mL radioimmunoprecipitation assay (RIPA) buffer. Cell lysates
were diluted in buffer A [50 mM Hepes buffer (pH 7.5), 5 mM
DTT, 10 mM CaCl2, 50 mM NaCl, and 0.05% Tween-20] to a
final concentration at which the fluorescent signals of the GFP
proteins were similar and well above the detection limit of
the Monolith NT.115 instrument (NanoTemper Technologies
GmbH). Ten microliters of each receptor were mixed with 10 μL
of the ligand at various concentrations from 100 μM to 3.05 nM.
Specifically, the ligand (4 mM in 100% DMSO) was diluted 1:20
to a final concentration of 200 μM in buffer A (giving 5%
DMSO). Ten microliters of the 200 μM ligand solution was
further serially diluted 1:1 in 10 μL of buffer A supplemented
with 5% DMSO to make a 16-sample dilution series down to
6.1 nM. Ten microliters of the cell lysate were added to 10 μL of
each ligand solution. The GFP-SHPRH–axitinib and GFP–
axitinib mixture solutions were loaded into NT.115 standard
coated capillaries (NanoTemper Technologies GmbH), and the
MST measurements were performed at 25 °C, 80% LED power,
and 10% IR-laser power. The fluorescence signal during the
thermophoresis was monitored for 30 s, and the change in fluorescence was analyzed as thermophoresis with T-jump. The Kd was
calculated by fitting a standard binding curve to the average of
four independent dilution series. The negative controls (two parallels) did not show any binding of the ligand to free GFP.
In Vitro Kinase Assay. Inhibition by axitinib of VEGFR1, 3 and
FLT3 was determined by SelectScreen Kinase Profiling Service
using the Adapta Universal Kinase Assay (Life Technologies).
Kinases CDK1 and CDK5 were used as negative controls. Assays
were performed using 1 μM axitinib for all kinases.
Western Blotting. Cultured cells were lysed in RIPA buffer [50 mM
Tris·HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 1 mM EDTA] containing freshly
added protease inhibitors (11836153001; Roche). Protein lysates
were resolved in Novex 10% or 4–12% BisTris mini gels
(NP0303BOX and NP0336BOX; Life Technologies) and were
transferred onto PVDF membranes with Pierce 1-Step Transfer
Buffer (84731; Thermo Fisher Scientific). Membranes were developed using the Pierce Fast Western Blot Kit with ECL Substrate (35050; Thermo Fisher Scientific) or SuperSignal West
Femto Maximum Sensitivity Substrate (34096; Thermo Fisher
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Scientific). The following primary antibodies were used for
Western blots: β-catenin: ab16051, 1:2,000 Abcam; GAPDH:
ab181602, clone EPR16891, 1:20000, Abcam; HA: ab9134,
1:2,000, Abcam; GFP: ab290 1:1,000, Abcam; FLAG: F1804, clone
M2, 1:1,000, Sigma; ubiquitin: ab7254, clone Ubi-1, 1:5,000, Abcam;
SHPRH: ab80129, 1:1,000, Abcam; non-phospho (active) β-catenin
(Ser33/37/Thr41): 4270, 1:1,000, Cell Signaling Technology;
phospho-β-catenin (Ser33/37/Thr41): 9561,1:1,000, Cell Signaling Technology; β-catenin-Thr41/Ser45: 9565, 1:1,000, Cell
Signaling Technology; and MED23: BD550429, clone D271805, 1:500, BD Biosciences. Proteins were visualized and
captured by a ChemiDoc XRS system and Quantity One software (Bio-Rad Laboratories). Protein expression was quantitated using the histogram tool of Photoshop CS6 software.
2D-DIGE and Mass Spectrometry. For 2D-DIGE, 10 volumes of 2D
cell lysis buffer (30 mM Tris·HCl, pH 8.8, containing 7 M urea,
2 M thiourea, and 4% CHAPS) were added to the DARTS
samples, and the original buffer was replaced using spin columns
with a molecular weight cutoff of 3 kDa. Samples treated with
DMSO and axitinib were labeled with Cy3 and Cy5, respectively.
The labeled samples were mixed well before loading into strip
holder. Isoelectric focusing and SDS/PAGE were performed
following the protocol provided (Amersham BioSciences). Gel
image scans were carried out immediately following the SDS/
PAGE using Typhoon TRIO (GE Healthcare). The scanned
images were analyzed by ImageQuant TL software (GE Healthcare) and then were subjected to in-gel analysis and cross-gel
analysis using DeCyder software version 6.5 (GE Healthcare). The
ratio change of the protein differential expression was obtained
from in-gel DeCyder software analysis.
The spots of interest were picked up by Ettan Spot Picker (GE
Healthcare) and were in-gel digested with modified porcine trypsin
protease (Trypsin Gold; Promega). To identify the peptides,
MALDI-TOF MS and TOF/TOF (tandem MS/MS) were performed on a 5800 Mass Spectrometer (AB Sciex). MALDI-TOF
mass spectra were acquired in reflectron positive ion mode, averaging 2,000 laser shots per spectrum. TOF/TOF tandem MS
fragmentation spectra were acquired for each sample, averaging
2,000 laser shots per fragmentation spectrum on each of the 5–10
most abundant ions present in each sample (excluding trypsin
autolytic peptides and other known background ions). For the
database search, both the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search engine (Matrix Science)
to search the National Center for Biotechnology Information
nonredundant (NCBInr) or UniProt database. Searches were

Qu et al. www.pnas.org/cgi/content/short/1604520113

performed without constraining protein molecular weight or
isoelectric point, with variable carbamidomethylation of cysteine
and oxidation of methionine residues and with one missed
cleavage allowed in the search parameters. Candidates with
either a protein score or an ion score greater than 95% were
considered significant.
In Vivo Ubiquitination Assay. To determine protein ubiquitination
in vivo, 5 × 106 SW480 cells were treated with 20 μM MG132
together with DMSO or 5 μM axitinib for 6 h. Cells were harvested
and resuspended with 100 μL ice-cold TBS [50 mM Tris·HCl (pH
8.0), 150 mM NaCl] containing 2 μM N-ethylmaleimide crystalline,
with which all the following buffers were supplemented. The cell
suspension was added to 120 μL TBS containing 2% SDS, mixed
quickly, heated at 98 °C for 10 min, and placed immediately on ice
for 5 min. Cell lysates were incubated with 1.8 mL TBS containing
1% Triton X-100 and 3 μg antibody (β-catenin ab22656, clone 12F7;
Abcam) at 4 °C overnight followed by incubation with 100 μL
Protein G beads (10004D; Life Technologies) at 4 °C for 1 h on a
rotator. Beads were collected with Magnet and serially washed once
with 1 mL TBS containing 1% Triton X-100/0.1% SDS, twice with
1 mL TBS containing 0.5 M LiCl, and once with 1 mL TBS containing 1% Triton X-100. After the addition of 80 μL 2% SDS
sample buffer containing 10 mM DTT (D9779; Sigma), the beads
were boiled at 98 °C for 5 min and collected with Magnet. The
supernatant was analyzed by Western blotting.
Real-Time Quantitative RT-PCR. Real-time quantitative RT- PCR were
done as previously described (43). The TaqMan Universal PCR
Master Mix (4304437; Life Technologies) and the TaqMan assays
used for human AXIN2 (Hs00610344_m1), LEF1 (Hs01547250_m1),
BMP4 (Hs03676628_s1), CTNNB1 (Hs01076483_m1), MED23
(Hs00606608_m1), SHPRH (Hs00542737_m1), and ACTB1
(Hs99999903_m1) were obtained from Life Technologies.
DNA Microarray. Genome-wide transcription profiling using the
Agilent 44k DNA microarray (G4112F and G4845A; Agilent
Technologies) has been described previously (43). Raw data were
imported and analyzed in J-Express software (Molmine; jexpress.
bioinfo.no/site/). Mean spot signals were used as an intensity
measure, the expression data were quantile normalized over the
entire arrays and log 2 transformed. Differentially expressed
genes were identified using the feature subset selection (FSS)
method. DNA microarray data have been deposited in the
ArrayExpress database under accession numbers E-MTAB-3438
and E-MTAB-3652.
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Fig. S1. Screen of FDA-approved drugs inhibiting Wnt/β-catenin signaling. (A) TOPFlash assay of 293FT cells treated with 6BIO for 24 h. A FOPFlash reporter
with mutant TCF-binding sites was used as negative control. The graph presents the mean ± SD of TOPFlash or FOPFlash activity normalized to Renilla luciferase
activity. (B) RT-PCR analysis of Wnt target genes in 293FT cells treated as indicated for 24 h. Data shown represent the mean ± SD of the relative mRNA
expression of the indicated genes in real-time quantitative PCR reactions performed in triplicate. (C) Schematic diagram of the Wnt inhibitor screening
strategy. Wnt/β-catenin signaling in 293FT cells is activated by treatment with the GSK3 inhibitor 6BIO and is measured by the TOPFlash reporter. Candidates
were further tested in 293FT cells overexpressing the β-catenin 4A mutant that is resistant to the AXIN/GSK3β/APC destruction complex. (D) TOPFlash assay of
an FDA-approved drug library. 293FT cells in 96-well plates were treated with 6BIO (1 μM) or with 460 FDA-approved drugs (10 μM) for 24 h before the
TOPFlash assay. The data present TOPFlash activity normalized to Renilla luciferase activity. The drug (axitinib) showing strongest inhibition of TOPFlash activity
is indicated. (E) TOPFlash assay of 293FT cells treated as indicated for 24 h. Data (mean ± SD) represent TOPFlash or FOPFlash activity normalized to Renilla
activity in three independent experiments. (F) Schematic diagram of the generation of the 7TC reporter by removing the GFP and SV40 promoter modules
from the 7TGC reporter. (G) Representative images of prostate EPT1-7TGC (Upper) or EPT3-7TC (Lower) cells treated as indicated for 24 h. (H) TOPFlash assay of
293FT cells transfected with β-catenin variants and treated with axitinib at the indicated concentrations for 24 h. *P < 0.05, **P < 0.01.
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Fig. S2. Axitinib inhibits Wnt/β-catenin signaling in cancer cells. (A) TOPFlash assay of SW480, HCT116, and RKO cancer cells. (B) TOPFlash assay of SW480 and
HCT116 cells treated with axitinib at the indicated concentrations for 24 h. (C) Flow cytometry analysis of cells carrying lentiviral Wnt 7TGC reporter. The
expression of mCherry and GFP indicates positive reporter transduction and activation of Wnt/β-catenin signaling, respectively. In SW480 and RKO cells, the
proportions of TCF-GFP+ cells were 98% and 0.5%, respectively, confirming the high specificity of the 7TGC reporter. (D, Left) Flow cytometry analysis of
Legend continued on following page
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SW480-7TGC cells treated with the indicated concentrations of axitinib for 24 h followed by incubation with Hoechst33342 (10 μM) for 20 min. (Right) The graph
represents the changes in TCF-GFPlow cells with different Hoechst intensities. High Hoechst intensity indicates apoptosis. (E) Soft agar assay of colon cancer cells.
SW480, HCT116, and RKO cells were seeded in soft agar, treated with axitinib at the indicated concentrations, and imaged 10 d later. Colony growth was
quantified by measurement of OD at 590 nm; the graph presents the OD590 ratios in experiments performed in triplicate. Scale bars, 100 μm. (F) DNA microarray analysis and heat map of the top 10 repressed genes in SW480 cells treated with axitinib at 5 μM for 24 h (1d) or 72 h (3d). Genes that are direct targets
of β-catenin and TCF4-occupied/β-catenin–dependent genes (44, 45) are named in red and blue, respectively. (G). Percentages of genes that are direct targets of
Wnt that are changed in SW480 cells treated with axitinib (5 μM) for 3 d. (H) Quantification of the repressed expression of genes that are direct targets of Wnt
in SW480 cells treated with axitinib (5 μM) for 3 d.

Fig. S3. Axitinib inhibits Wnt/β-catenin signaling in tumors but not in normal tissues. (A) Representative H&E and IHC staining of intestinal adenomas in
12-wk-old Apcmin/+ mice. A strong increase in β-catenin was found in all multivillus adenomas and microadenomas. (B) Quantification of small intestinal adenomas
in Apcmin/+ mice treated with vehicle or axitinib for 5 wk (n = 5 mice per group). **P < 0.01. (C) Representative IHC staining of Ki67 in adenomas of Apcmin/+
mice. (D) Representative images of Apc mutant organoids treated with axitinib. Mouse Apc (VilCreER Apcfl/fl) intestinal organoids were seeded in Matrigel and
treated with axitinib at the indicated concentrations for 7 d before imaging. (E) Representative images of H&E staining (Left) and IHC staining of Ki67 (Right) in
normal-looking small intestine of adult (12-wk-old) Apcmin/+ mice. No obvious differences in epithelial morphology or distribution of Ki67+ cells were observed
between tissues treated with vehicle or axitinib for 5 wk (n = 5 mice per group). (F) Representative H&E (Left) and bromodeoxyuridine (BrdU) (Right) staining
of the intestinal tract of adult (13-wk-old) zebrafish. Fish were treated with DMSO or axitinib (5 μM) continuously for 6 d and were incubated with 1 mM BrdU
for 2 h at the end of treatment. The intestinal architecture and BrdU incorporation were comparable in axitinib- and DMSO-treated fish (n = 5 fish per group).
Scale bars, 50 μm in A; 100 μm in C–F.
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Fig. S4. Axitinib directs Wnt asymmetry and nonrandom DNA segregation. (A) Representative live-cell images of SW480-7TGC cells treated with DMSO or
axitinib (5 μM). Images were acquired in the GFP channel. In axitinib-treated cells, unequal TCF-GFP expression in daughter cells was shown during cell division.
(B) Axitinib induces Wnt ACD in EPT3-7TGC cells. EPT3 are prostate cancer cells in which TCF-GFP is silenced but readily activated by 6BIO. EPT3-7TGC cells were
treated with 6BIO (1 μM) alone or together with axitinib (5 μM) for 24 h, and paired cells were scored for TCF-GFP expression. n = number of paired cells.
(C) Axitinib induces Wnt ACD in SW480 cells containing the 7TC reporter. Cells at G1/S phase were plated singly and treated with DMSO or axitinib (5 μM). After
12 h the TCF-mCherry expression in paired cells was scored. (D) Schematic diagram of the EdU label-release assay. Two pairs of chromosomes are shown for
clarity. In a pulse of EdU label, the newly synthesized DNA is incorporated with EdU during DNA replication. Cells containing EdU-labeled DNA are marked by
green color. At the second cell division, DNA segregation is random in symmetrically dividing cells, so that both daughter cells contain EdU-labeled DNA, but in
asymmetrically dividing cells DNA segregation is nonrandom, and thus one daughter cell contains EdU-labeled DNA and the other does not. The protocol of
the EdU label-release assay is indicated as steps 1, 2, and 3. Step 1: Cells are treated with DMSO or drug overnight before 30-min incubation with 10-μM EdU.
Step 2: Following EdU labeling, cells are washed three times with PBS before being seeded singly on new plates and treated immediately with DMSO or drug.
Step 3: Three days later cells are fixed for EdU detection. Paired cells are scored for EdU staining and quantification. (E) EdU label-release assay of HCT116 and
RKO cells treated as indicated for 3 d. (Left), Representative images of EdU staining of HCT116 and RKO cells. (Right), Quantitative analysis of the EdU ACD in
HCT116 and RKO cells. **P < 0.01. Scale bars, 20 μm.
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Fig. S5. Correlation of Wnt ACD, β-catenin ACD, and nonrandom DNA segregation in axitinib-treated SW480 cells. All cells were treated with DMSO or 5 μM
axitinib for 24 h unless noted otherwise; n = total paired cells counted during three independent experiments. (A) Immunofluorescence staining of Ki67 in
axitinib-treated SW480-7TC cells with unequal TCF-mCherry expression (n = 170). Doub pos, double positive (both cells are Ki67+); Neg corr, negative correlation (only Wntlow cells were Ki67+); Pos corr, positive correlation (only Wnthigh cells were Ki67+). (B) Correlation of unequal TCF-mCherry (Wnt ACD) and
nonrandom DNA segregation (EdU ACD) in axitinib-treated SW480-7TC cells (n = 195). (C) Correlation of unequal β-catenin (β-cat ACD) and Wnt ACD in
axitinib-treated SW480-7TC cells (n = 134). (D) Correlation of β-cat ACD and EdU ACD in SW480 cells treated with 5 μM axitinib for 3 d (n = 212). **P < 0.01.
Scale bars, 20 μm.
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Fig. S6. Axitinib promotes nuclear β-catenin degradation. (A) Western blots of SW480 cells treated with axitinib in a dose course for 24 h (Upper) and a time
course at 5 μM (Lower) using antibodies against β-catenin and GAPDH (load control). Both the dose- and time-course experiments were performed in triplicate
with high reproducibility. (B) In vivo ubiquitination assay of SW480 cells treated with MG132 together with DMSO or axitinib for 6 h. (C) Immunofluorescence
staining (Left) and Western blot (Right) analysis of SW480 cells treated with the nuclear export inhibitor leptomycin B (LMB) together with DMSO or axitinib
(5 μM) for 24 h. (D) Representative IHC staining of β-catenin in intestinal adenomas of Apcmin/+ mice described in Fig. S3B. (E) Western blots (Left) and RT-PCR
(Right) examination of the expression of β-catenin (CTNNB1) in SW480 cells transfected with shRNA vectors for 24 h. Sh-βcat-1, -2, and -3 were Addgene
plasmids number 19761, 19762, and 42543, respectively. **P < 0.01. (F) Fluorescence microscopy images of SW480-7TGC cells (Left) and EdU staining of wildtype SW480 cells (Center) transfected with control or β-catenin shRNAs. (Right) The graph shows the quantification of asymmetric cells. (G) Western blots of
SW480 cells treated with axitinib at the indicated concentrations for 24 h using antibodies against active (nonphosphorylated) β-catenin (ABC), β-catenin
phosphorylated at Ser33/Ser37 (pS33/37), at Ser45 (pS45), and total β-catenin. GAPDH served as the loading control. (H) Western blots of 293FT (Left) and
SW480 (Right) cells treated with XAV939 (2 μM) and IWR1 (10 μM) for 24 h. 293FT cells were transfected with wild-type β-catenin or β-catenin with the 4A
(Ser33A/Ser37 A/Thr41A/Ser45A) mutation at the time of compound treatment. The slight decrease in β-catenin in the XAV939/IWR1-treated SW480-4A
samples could reflect the decrease of endogenous β-catenin in 293FT cells. (I) XAV939 and IWR1 did not induce Wnt ACD in SW480 cells. SW480-7TGC cells were
treated with indicated compounds for 24 h before quantification of Wnt ACD. (J) Western blots of 293FT cells transfected with FLAG- or HA-tagged β-catenin
mutants (4A, 2A, 3A) and treated with axitinib as indicated for 24 h. 4A, Ser33A/Ser37 A/Thr41A/Ser45A; 2A: W504A/I507A; 3A: W504A/I507A/S715A. Scale bars,
20 μm in C and F; 100 μm in D.
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Fig. S7. Axitinib inhibits Wnt/β-catenin independently of VEGFRs. (A) In vitro enzyme-activity assays. Axitinib inhibition of VEGFR1, VEGFR3, and FLT3 was
determined using the Adapta Universal Kinase Assay. Kinases CDK1 and CDK5 were used as negative controls. (B) DNA microarray profiling of SW480 cells and
ranking of the genes based on the expression levels. Gene expression value (log2) was generated and normalized by the J-Express program; the highest log2
value was 16, and the lowest log2 value was 5. The top 50% and 30% of genes were considered expressed and highly expressed genes, respectively (46, 47). The
expression of known axitinib kinase targets (FLT1, KDR, FLT4, KIT, FLT3, PDGFRA, and PDGFRB), kinases known to be present in all cycling cells (CDK2 and
EGFR), and SHPRH are indicated. (C) TOPFlash assay of VEGFR inhibitors. 293FT cells were treated with 6BIO (1 μM) together with DMSO or a VEGFR inhibitor
(axitinib, sunitinib, vandetanib, or apatinib) for 24 h. (D) RT-PCR analysis of the expression of Wnt target genes AXIN2 and LEF1. 293FT cells were treated with
6BIO and VEGFR inhibitors (10 μM) as indicated for 24 h before total RNA purification. **P < 0.01.
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Fig. S8. Identification of proteins that directly bind axitinib. (A) Schematic diagram of the DARTS assay coupled with 2D-DIGE and mass spectrometry. Cell
lysates were divided precisely and incubated with equal volumes of DMSO and axitinib, respectively. After proteolysis with the same amount pronase, DMSOand axitinib-treated cell lysates were labeled with Cy3 and Cy5, respectively, and mixed for 2D-DIGE. Protein spots with significant differences between two
samples were selected for mass spectrometry analysis. (B) Enlarged 2D-DIGE images of the protein spots most differently retained in SW480 DARTS samples
treated with DMSO and axitinib. (C) Intensity ratios of the spots assigned in B with more than 10 between DMSO- and axitinib-treated samples. (D) List of the
proteins detected among the assigned spots by mass spectrometry analysis. MW, molecule weight. (E) Western blot confirmed the stabilization of SHPRH by
axitinib in SW480 cell lysates in the DARTS assay. (F) RT-PCR analysis of the MED23 mRNA expression in SW480 cells overexpressing control (sh-ctrl) or MED23
shRNAs (D3, D4, and D5). (G) Western blot of SW480 cells overexpressing control (sh-ctrl) or MED23 shRNA (D3) with indicated antibodies.
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Fig. S9. SHPRH is a functional target of axitinib in inhibiting Wnt signaling. (A) Overexpression of GFP-SHPRH or treatment of axitinib in SW480 cells reduced
HA-tagged wild-type or ΔC β-catenin. (B) Western blots (Left) and RT-PCR (Right) analysis of SW480 cells transfected with indicated amounts of GFP-SHPRH in
six-well plates for 24 h. The ratio of GFP-SHPRH (exo) to endogenous SHPRH (endo) is shown. (C) Western blots of SW480 cells treated with DMSO or axitinib
(5 μM) for 6 h together with cycloheximide (Chx) at the indicated times. (D) Western blots (Left) and RT-PCR (Right) examination of SHPRH expression in SW480
cells transfected with siRNAs for 24 h. *P < 0.05. (E) Analysis of the overlap in the top 400 down-regulated (Left) and up-regulated (Right) genes in SW480 cells
treated with axitinib and cells overexpressing SHPRH. (F) Heat map of commonly repressed genes that are direct targets of Wnt in SW480 cells treated with
axitinib (5 μM) and in cells transfected with SHPRH for 24 h. The expression of SHPRH is shown as well.
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