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ABSTRACT: Colorectal cancer (CRC) is the second leading cause of cancer-related
mortality in the United States. CRC is initiated by mutations of the tumor suppressor
gene, adenomatous polyposis coli (APC), or β-catenin gene. These mutations stabilize
β-catenin and constitutively activate Wnt/β-catenin target genes, such as c-Myc and
cyclin D1, ultimately leading to cancer. Naturally occurring stilbene derivatives,
resveratrol and pterostilbene, inhibit Wnt signaling and repress CRC cell proliferation
but are ineffective at concentrations less than 10 μM. To understand the structure-
activity relationship within these stilbene derivatives and to develop more efficacious
Wnt inhibitors than these natural products, we synthesized and evaluated a panel of
fluorinatedN,N-dialkylaminostilbenes. Among this panel, (E)-4-(2,6-difluorostyryl)-N,
N-dimethylaniline (4r) inhibits Wnt signaling at nanomolar levels and inhibits the
growth of human CRC cell xenografts in athymic nude mice at a dosage of 20 mg/kg.
These fluorinated N,N-dialkylaminostilbenes appear to inhibit Wnt signaling down-
stream of β-catenin, probably at the transcriptional level.

’ INTRODUCTION

Wnt/β-catenin signaling plays an important role in develop-
ment and tumorigenesis,1,2 and the deregulation ofWnt signaling
results in the formation of tumors. More than 90% of CRCs
contain a mutation in APC or β-catenin,3-5 and these mutations
stabilize β-catenin and activate Wnt signaling. Cells containing
these mutations constitutively activate Wnt signaling and under-
go strong proliferation that ultimately leads to cancer.3 Inter-
cepting and blocking the Wnt pathway at various points in the
signaling cascade is an attractive approach for CRC chemopre-
vention and therapeutics.

In normal cells, β-catenin degradation is under the control of
Wnt signaling. In the absence of Wnt stimulation, the Axin
complex, consisting of GSK-3, CKIR, and the tumor suppressor
proteins Axin and APC, phosphorylates β-catenin. Recognition
of the phosphorylated β-catenin by the ubiquitin ligase β-Trcp
triggers degradation by the ubiquitin/proteasome pathway.6,7

Without β-catenin, the TCF/LEF family of transcription factors
recruits the co-repressors Groucho and CtBP, repressing the
expression of Wnt target genes.1 When Wnt protein binds its
receptor Frizzled and co-receptor LRP5/6, Wnt stimulates
LRP5/6 phosphorylation in part through the recruitment of
the cytoplasmic protein Disheveled.8 Phosphorylated LRP5/6
then recruits Axin to the cell membrane, disrupts the Axin
complex, and thus stabilizes β-catenin.8,9 Accumulated β-catenin
subsequently enters the nucleus, binds TCF/LEF, and recruits

transcriptional coactivators such as Bcl9, Pygopus, and CBP/
p300 in order to activate downstream target genes, such as cyclin
D1, c-Myc, survivin, and Axin2.1,3

In CRCs, β-catenin is stabilized by mutations of APC or
β-catenin. APC truncations inhibit β-catenin phosphorylation,
ubiquitination, and degradation.4,5,10 β-Catenin mutations at
N-terminal serine/threonine residues prevent β-catenin phos-
phorylation and thus prevent its ubiquitination and degradation.7

Thesemutations decouple the regulation ofβ-catenin levels from
upstream signaling events, and upstream inhibitors cannot
efficiently inhibit Wnt signaling in CRCs. Thus, useful agents
for CRC prevention and treatment must block the function of
β-catenin in the nucleus through one of several mechanisms
including blockade of nuclear translocation of β-catenin, assem-
bly of the transcription complex, and/or promoter-specific his-
tone modification.

Recently, several Wnt inhibitors were identified in high-
throughput screening11,12 that target the upstream signaling of
β-catenin in order to promote β-catenin degradation. Although
these agents efficiently inhibit Wnt signaling in normal cells and
some APC-mutated CRC cells, they may not be effective in CRC
cells containing β-catenin mutations.13 Several other Wnt in-
hibitors have also been reported; however, side effects limit their
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potential utility in humans.14,15 Natural products found in foods
are potentially ideal chemopreventive and therapeutic agents for
CRCs if they possess sufficient potency andminimal toxicity, and
at the very least, natural products are a time-honored starting
point for the synthesis of new pharmaceutical agents.

Resveratrol (trans-resveratrol or (E)-3,5,40-trihydroxystilbene) is
a phytoalexin produced in plants and popularized as a beneficial
ingredient in red wine.16 Resveratrol and other stilbene deriva-
tives, including pterostilbene, a resveratrol analogue found in blue-
berries, exhibit anticancer activity.17,18 Several studies have indicated
that 10-100 μM resveratrol inhibit Wnt signaling,19-21 which
suggests that inhibition of Wnt signaling may be important in
mediating the chemopreventive function of these naturally occur-
ring stilbenes. In this study, we designed and synthesized a panel of
novel resveratrol analogues in order to identify more potent agents
for Wnt pathway inhibition and CRC repression.

’RESULTS

Natural Stilbene Analogues Resveratrol and Pterostil-
bene Inhibit Wnt Signaling. To identify Wnt pathway inhibi-
tors for CRC prevention and treatment, we screened a number of
anticancer agents from plants using TopFlash reporter assay. The
TopFlash reporter was transfected into HEK293T cells, and the
cells were treated with Wnt3A-conditioned medium in order
to activate the luciferase reporter (Figure 1A). Resveratrol
(100 μM) significantly inhibited Wnt-induced luciferase activity.
To determine if resveratrol regulates β-catenin degradation, we
treated the cells with 25 mM LiCl, which inhibits GSK-3 and
stabilizes β-catenin. In this assay, LiCl activated the reporter
more strongly than Wnt3A conditioned medium (Figure 1B).
We found that resveratrol strongly inhibited LiCl-induced Wnt
signaling, suggesting that resveratrol inhibits Wnt signaling by

Figure 1. Resveratrol and pterostilbene inhibit Wnt signaling and repress proliferation of CRC cells. (A) Resveratrol (100 μM) inhibits Wnt-induced
TopFlash reporter activity. (B) Resveratrol (100 μM) inhibits LiCl-induced TopFlash reporter activity. (C) Resveratrol (100 μM) inhibits the
expression of endogenousWnt targets in CRC cells. Left panel shows protein levels. Right panel showsmRNA levels. (D) Structures of trans-resveratrol,
cis-resveratrol, pterostilbene, and stilbene. (E) trans-Resveratrol and pterostilbene but not cis-resveratrol inhibits Wnt signaling at 100 μM. (F-H)
Resveratrol and pterostilbene inhibit the proliferation of CRC cell lines LS174, HCT116, and SW480.
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regulatingβ-catenin activity but not its degradation. Emodin is an
anticancer agent from plants;22 it exists in many unpurified res-
veratrol products. We found that emodin had no effect on Wnt
signaling (Figure 1B).
To confirm these results, we analyzed β-catenin target genes in

LS174 CRC cells byWestern blot and RT-PCR (Figure 1C). We
found that the protein levels of c-Myc and cyclin D1, which are β-
catenin targets, are reduced by resveratrol but not its isomer, cis-
or (Z)-resveratrol (Figure 1C). Cyclin B1 levels were decreased,
whereas p21WAF1/CIP1 levels increased, consistent with the fact
that p21WAF1/CIP1 expression is repressed by c-Myc. β-Catenin
levels were not affected by resveratrol. Next, we analyzed the
mRNA levels of β-catenin target genes using RT-PCR. Expres-
sion of survivin, Lgr5, CD44, and c-Myc was decreased in res-
veratrol-treated cells. The cell proliferation marker, Ki67, also
decreased. These results confirmed that resveratrol inhibits en-
dogenous Wnt target genes in CRC cells.
Many stilbene derivatives also exhibit anticancer activity. To

understand the structure-activity relationship of these com-
pounds, we tested several resveratrol analogues (Figure 1D). We
found that pterostilbene also inhibits Wnt signaling (Figure 1E).
To study the effects of resveratrol and pterostilbene on cell
growth, we treated LS174 CRC cells with resveratrol and pteros-
tilbene for 2 and 4 days.We found that both compounds inhibited
cell proliferation (Figure 1F). Similar results were observed with
other CRC lines (Figure 1G,H). Pterostilbene was more active
than resveratrol in these assays, suggesting that it is possible to
identify better resveratrol analogues for Wnt inhibition and CRC
repression.
Fluorinated N,N-Dialkylaminostilbenes Are Potent Wnt

Inhibitors. Using resveratrol and pterostilbene as lead struc-
tures, we designed and synthesized a panel of stilbene analogues
(Figures 2, 3A, and 4A). We first explored various monosub-
stituted hydroxy-, alkoxy-, amino-, and N,N-dialkylaminostil-
benes using Western blot assay (Figure 3B,C), and of these sub-
stituents, (E)-4-styryl-N,N-dimethylaniline (4d) at 30 μM with
an N,N-dimethylamino substituent strongly repressed Wnt tar-
get genes, Axin2 and c-Myc, in CRC cells (Figure 3C). However,
the solubility of 4dwas poor and it was not effective below 10 μM
(data not shown). To improve its solubility and activity, we
modified 4d with 20-fluoro 4e, 30-fluoro 4f, and 40-fluoro 4g
substituents (Figure 3D). Although both 4e and 4f had promising
activity at 10 μM, (E)-4-(2-fluorostyryl)-N,N-dimethylaniline (4e)

was the best among all of the monofluoro-substituted compounds.
We next examined modifications of the N,N-dimethylamino
group within 4e and found that the N,N-diethylamino group in
(E)-4-(2-fluorostyryl)-N,N-diethylaniline (4h) is also active at
10 μM but not as potent as 4e, and the N,N-diphenylamino
group in 4i was inactive (Figure 3E). These analogues had no
effects on β-catenin levels, further indicating that they affect
β-catenin activity but not stability. We compared the effects of
4e, resveratrol, and pterostilbene on CRC cell growth and found
that 4e is a much better inhibitor in the cell proliferation assay
(Figure 3F).
On the basis of the improved activity seen in 4e relative to 4d,

we synthesized difluorinated N,N-dimethylaminostilbenes in
which at least one of the fluorine substituents is in the 20- or
30-position (Figure 4A). We found that the compounds with a 20-
fluoro and another fluoro ortho or meta to the double bond (4m,
4o, and 4r) are more active than 4e (Figure 4B). The (E)-4-(2,6-
difluorostyryl)-N,N-dimethylaniline (4r) had the best activity.
The o- and m-N,N-dimethylamino analogues of 4r (i.e., 4p and
4q) are not as active as 4r, indicating that the p-dimethylamino in
4r is important for its activity (Figure 4C). On the basis of the
structure of 4r, we also made two trifluorinated dimethylami-
nostilbenes 4v and 4w in which two of the fluorine substituents
are in the 20- and 60-positions (Figure 4D). Although 4v and 4w
were active at 10 μM, they showed no significant improvements
over 4r. When the stilbene carbon-carbon double bond in 4r
was reduced to a saturated single bond in the 1,2-diarylethane 5r,
the activity was lost, suggesting that the double bond was
necessary for biological activity (Figure 4D). We treated LS174
CRC cells with different dosages of 4r and found that 4r sig-
nificantly inhibited Wnt target genes at 2.5 μM and is even active
at 0.5 μM (Figure 4E).
Fluorinated N,N-dialkylaminostilbenes inhibit CRC in vitro

and in vivo.We analyzed the effects of these novel agents onCRC
cells growth. Consistent with theWestern blot results, stilbene 4r
was more potent than 4e in cell proliferation assay; it inhibited
LS174 cell proliferation at nanomolar concentrations (Figure 5A).
To test the effects of 4r on tumor growth in vivo, we injected
LS174 cells subcutaneously into the flanks of athymic nude mice.
The mice were randomized into two groups. One group of mice
was treated with 4r (20 (mg/kg)/day) dissolved in corn oil by
intraperitoneal (ip) injection. The control mice were treated with
same volume of corn oil (50 μL) by ip injection. The mice were
weighed and tumors measured twice weekly. The 4r treated mice
and control mice have no significant difference in body weight
within 1 month (Figure 5B and Figure 5C), suggesting that 4r
has no significant toxic effect at this dosage. However, the growth
of tumor xenografts was significantly inhibited by 4r treatment
(Figure 5D).
Fluorinated N,N-dialkylaminostilbenes inhibit Wnt signaling

in the nucleus. The stilbene analogues and in particular (E)-
4-(2,6-difluorostyryl)-N,N-diethylaniline (4s) (Figure 4A) exhi-
bit strong fluorescence at 365 nm (Figures 6A), albeit 4s is
slightly less active than 4r (Figure B). Nevertheless, 4s lends itself
well to a mechanistic study of the site of action of these com-
pounds. We treated LS174 cells with 10 μM 4s for 2, 6, 12, and
24 h. The cells were fixed and analyzed by confocal fluorescence
microscopy. We found that 4s was localized throughout the
nucleus and cytoplasm at 2 h. After 12 h, the nuclear levels of 4s
were decreased (Figure 6C). To study the effects of these com-
pounds on β-catenin localization, we treated LS174 cells with
10 μM 4r for 24 h. The cells were fixed, andβ-catenin localization

Figure 2. Synthesis of fluorinated N,N-dialkylaminostilbenes. Re-
agents: (a) (1) n-BuLi, THF; (2) ArCHO 3; (b) (1) NaH, DMF; (2)
ArCHO 3; (c) H2, Pd-C, THF. EitherWittig orWadsworth-Emmons
reactions using phosphonium salts 1 or diethyl phosphonates 2, respec-
tively, with aldehydes 3 provided the (E)-stilbenes 4 in good yield. The
phosphonium salts 1 were prepared from commercial samples of the
corresponding benzyl bromides and triphenylphosphine, and the diethyl
phosphonates 2were prepared from the corresponding benzyl bromides
and triethyl phosphite using the Arbuzov reaction according to standard
literature procedures. The hydrogenation of 4n using 10% Pd-C
provided 4-(2,6-difluorophenethyl)-N,N-dimethylaniline (5r). Com-
pounds were characterized fully, and purity (>95%) was established
through combustion analyses.
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was analyzed by immunofluorescence (Figure 6D). The nuclear
β-catenin levels were decreased in 4r treated cells compared with
the DMSO-treated cells. However, significant levels of nuclear
β-catenin can still be detected in the nucleus of 4r treated cells,
suggesting that 4r may also inhibit Wnt signaling through
mechanisms other than regulation of β-catenin level and locali-
zation. We analyzed the downstream factors of β-catenin and
found that the protein levels of TCF4 and pygopus2 were
reduced by 4r and resveratrol in CRC cells (Figure 6E). RT-
PCR assay suggested that 4r strongly inhibited the transcrip-
tion of Wnt target genes. It also inhibited TCF4 genes but
had no significant effects on pygopus2 genes, which suggested
that these new fluorinated N,N-dialkylaminostilbenes inhib-
ited Wnt/mediated transcription at multiple levels (Figure 6F).

’DISCUSSION

The Wnt pathway is an important drug target for human
cancers, particularly CRC. β-Catenin levels are significantly
increased in CRC cells because of the mutation of APC or β-
catenin. Several small molecular inhibitors are reported to pro-
mote β-catenin degradation by inhibiting tankyrase.11,12 Although
these inhibitors are useful in studying Wnt signaling in normal
cells, they are less effective in CRC cells containing β-catenin
mutations. Moreover, these inhibitors have not been tested in tu-
mormodels in vivo. Their potential toxicity remains an indeterminate
concern if these compounds were used in clinical applications.

For example, tankyrase is essential for embryonic development,
and deficiency in both tankyrase 1 and 2 resulted in embryonic
lethality by day 10.23 The tankyrase inhibitors induced damage to
the intestinal tract, although this side effect is reversible probably
depending on the dosage.15Many anticancer agents derived from
plants, including resveratrol, have been suggested to inhibit Wnt
signaling, but the mechanisms are not clear.21,24-27 Resveratrol
has been suggested to induce β-catenin degradation and inhibits
its nuclear localization in CRC cells,21 but it increases β-catenin
stability and nuclear accumulation in multipotent mesenchymal
cells.28 It has been suggested that resveratrol inhibits GSK-3 at
low concentration and activates GSK-3 at high concentration in
endothelial cells. It is possible that resveratrol regulates Wnt
pathway depending on cell context.29 In this study, we found that
resveratrol and the more potent pterostilbene inhibited Wnt
signaling downstream of β-catenin and inhibited the prolifera-
tion of CRC cells (Figure 1), but both agents are only active at
10-100 μM.We have synthesized and screened many analogues
and identified several fluorinated N,N-dialkylaminostilbenes as
new and potent Wnt inhibitors.

Initial findings that resveratrol and other hydroxyl- or meth-
oxy-substituted stilbenes produced greater than 50%Wnt inhibi-
tion at 10-100 μM (data not shown) using a luciferase-based
assay led to a search for modified stilbenes with improved
potency. Because the luciferase-based assay was prone to false
positives, an unambiguous but more laborious assay involving

Figure 3. Fluorinated N,N-dialkylaminostilbenes inhibit Wnt signaling in CRC cells. (A) Chemical structure of synthesized resveratrol analogues. (B)
4-Aminostilbene (4c) repressesWnt target genes at 30 μM. (C) 4-Styryl-N,N-dimethylaniline (4d) is more active than 4-methoxystilbene (4b) at 30μM. (D)
4-(2-Fluorostyryl)-N,N-dimethylaniline (4e) and 4-(3-fluorostyryl)-N,N-dimethylaniline (4f) repress Wnt target genes at 10 μM. (E) The dimethylamino-
phenyl group within 4e is critical for its activity. (F) 4e is more potent than resveratrol and pterostilbene in inhibiting the proliferation of CRC cells.
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Western blots to measure Wnt target protein levels was em-
ployed. With this assay system, a broad spectrum of stilbenes
were screened and the fluorinated N,N-dialkylaminostilbenes 4
proved to be the most promising. Efforts to replace one of the
aryl rings with various heterocyclic and polyaromatic systems or
to modify theN,N-dimethylamino substituent with other alkyl or
aryl groups led to a loss of activity. The inclusion of fluorine
substituents, particularly a fluorine ortho to the stilbene double
bond, not only improved the solubility of the stilbenes but also
led finally to (E)-4-(2,6-difluorostyryl)-N,N-dimethylaniline (4r) as
the most active compound in this series.

The stilbene 4r was 10- to 100-fold more potent than res-
veratrol and pterostilbene in Western blot and cell proliferation
assays (Figure 4). Stilbene 4r also repressed the growth of LS174
tumor xenografts, suggesting that this agent inhibits Wnt signal-
ing in vivo (Figure 5). LS174 and HCT116 cells contain a β-
catenin mutation (serine 45 deletion), and this mutation pre-
vents β-catenin phosphorylation by CKIR and GSK-3, thus
preventing β-catenin degradation. Upstream signals in Wnt
signaling can no longer regulate β-catenin levels in these cells,
and agents targeting upstream of signaling events are ineffective
(data not show). Since these new analogues inhibitWnt signaling
in LS174 and HCT116 cells, they must inhibit Wnt signaling
downstream of β-catenin. This is consistent with the fact that

these agents did not not reduce β-catenin levels and that they
inhibited bothWnt-induced and LiCl-induced reporter activities.
Since Lgr5 and several other Wnt targets are markers for
intestinal stem cell and CRC stem cells,30 it is possible that these
agents inhibit cancer stem cells. Other than CRCs, Wnt signaling
is required for tumorigeneis of many other types of cancer. For
example, β-catenin mutations are frequent in hepatocellular car-
cinoma and hepatoblastoma.3,5 These fluorinated N,N-dialkyla-
minostilbenes 4 that inhibit Wnt targets in CRCmay also inhibit
other human cancers.

Using fluorescence techniques, aided by the fact that these
fluorinated N,N-dialkylaminostilbenes themselves were fluores-
cent, we found that these agents are cell permeable and are local-
ized in both the nucleus and the cytoplasm. After 12 h, the
nuclear levels of these agents are decreased (Figure 6), probably
by a drug-exporting mechanism.31 After 4r treatment, the β-catenin
levels in the cytoplasmic and member factions were slightly
increased but significant amounts of β-catenin were still localized
in the nucleus. The strong inhibition displayed by these agents on
β-catenin targets led to the hypothesis that these agents may inhibit
Wnt signaling other than at β-catenin levels and localization. We
analyzed the nuclear factors of the Wnt pathway and found that
the protein levels of TCF4 and pygopus2 were decreased. Both
TCF4 and pygopus2 are required forWnt-mediated transcription,32

Figure 4. 4-(2,6-Difluorostyryl)-N,N-dimethylaniline (4r) is a potent Wnt inhibitor. (A) Chemical structures of difluorinated N,N-dialkylaminos-
tilbenes. (B) Difluorinated N,N-dimethylaminostilbenes, 4o, 4m, and 4r, repress Wnt target genes at 10 μM. (C) The ortho and meta isomers of N,N-
dimethylamino analogues (4p and 4q) are not as active as the para isomer (4r). (D) TrifluorinatedN,N-dimethylaminostilbenes (4v and 4w) are active
Wnt inhibitors but have no particular advantage over 4r. The carbon-carbon double bond in 4r is necessary for its activity. (E) 4r represses Wnt target
genes at 0.5 μM.
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indicating that these agents inhibit the transcriptional initiation
complex in the Wnt signaling. The mRNA levels of Wnt target
genes, Axin2 and c-Myc, were significantly decreased (Figure 6E).
TCF4 is a potential Wnt target gene.33 The transcription of TCF4
but not pygopus2 was inhibited by 4r, suggesting that these
fluorinated N,N-dialkylaminostilbenes 4 may regulate β-catenin
activity through multiple mechanisms. Studies are underway to
determine the direct target or targets of these promising new
agents. In summary, we have identified fluorinated N,N-dialkyl-
aminostilbenes as a family of new and potent stilbene analogues
that inhibitWnt pathway and CRC. This work will lead to further
exploration of potential novel mechanisms and novel applica-
tions of these agents in human diseases.

’EXPERIMENTAL PROCEDURES

Chemistry. Chemicals were purchased from Sigma Aldrich, MP
Biomedical (4c), or TCI (4d) or were synthesized according to literature
procedures. Solvents were used from commercial vendors without fur-
ther purification unless otherwise noted. Nuclear magnetic resonance
spectra were determined in acetone-d6 using a Varian instrument
(1H, 400MHz; 13C, 100MHz unless otherwise noted). LRMS electron-
impact (EI) ionization mass spectra were recorded at 70 eV on a
ThermoFinnigan PolarisQ (ion trap mass spectrometer). Samples were
introduced via a heatable direct probe inlet. Purity of compounds was
>95% as established by combustion analyses. Elemental analyses were
conducted by Atlantic Microlabs, Inc., Norcross, GA. Compounds were
chromatographed on preparative layer Merck silica gel F254 unless
otherwise indicated.
General Procedure A. To 1.5 mmol of triphenylphosphonium

bromide 1 suspended in 4 mL of anhydrous THF at-78 �C was added

2.25 mmol (1.5 equiv) of n-BuLi (1.6 M in hexane). The mixture was
allowed to warm to 25 �C for 30 min, and 2.25 mmol of aldehyde 3 in
1 mL of anhydrous THF was added. The mixture was stirred for 24 h,
diluted with CH2Cl2, washed with saturated NH4Cl solution, and dried
over anhydrous MgSO4. The product was purified by chromatography
and/or recrystallization as noted for individual stilbenes 4 listed below.
General Procedure B. To a solution of 1.5 mmol of diethyl phos-

phonate 2 in 4 mL of anhydrous DMF at 0 �C was added 2.25 mmol
(1.5 equiv) of NaH (washed with hexanes to remove oil). The mixture
was stirred for 20min, and 1.5 mmol of aldehyde 3 in 1 mL of anhydrous
DMF was added dropwise. The mixture was stirred for 24 h at 25 �C,
quenched with ice, extracted with CH2Cl2, and dried over anhydrous
MgSO4. The product was purified by chromatography and/or recrys-
tallization as noted for individual stilbenes 4 listed below.
(E)-4-Hydroxystilbene (4a). To 210 mg (1 mmol) of (E)-4-

methoxystilbene (4b) in 7 mL of CH2Cl2 was added 1.28 mL of 1 M
BBr3 (1.3 mmol) in dichloromethane at -10 �C. The mixture was stir-
red for 4 h at -5 �C and quenched by pouring into cold water. The
product was extracted with CH2Cl2, dried over anhydrous MgSO4, and
chromatographed using 1:10 CH3OH/CH2Cl2 to afford 85 mg (43%)
of 4a. Mp 184-185 �C (lit.34 186 �C).
(E)-4-Methoxystilbene (4b). Procedure B was used. Yield 87%.

Colorless crystals: mp 136-137 �C (lit.34 136-138 �C).
(E)-4-(2-Fluorostyryl)-N,N-dimethylaniline (4e). Procedure

B was used. Yield 84%. Light yellow crystals from acetonitrile. Mp
124-126 �C. 1H NMR: δ 7.73-7.68 (m, 1H), 7.46 (d, 2H, J = 8.8 Hz),
7.26-7.08 (m, 3H), 7.22 (d, 1H, J = 16.4 Hz), 7.09 (d, 1H, J = 16.8 Hz),
6.75 (d, 2H, J = 9.2 Hz), 2.98 (s, 6H). 13C NMR: δ 160.18 (d, J = 245.9
Hz), 150.85, 131.67 (d, J = 4.6 Hz), 128.08 (d, J = 8.4 Hz), 127.93, 126.8
(d, J = 4.5 Hz), 126.14 (d, J = 12.1 Hz), 125.46, 124.59 (d, J = 3.1 Hz),
115.64 (d, J = 22.0Hz), 115.49 (d, J = 4.6Hz), 112.44, 39.69.MS:m/z (%)

Figure 5. Effects of fluorinated N,N-dialkylaminostilbenes on CRC cell proliferation in vitro and in vivo. (A) 4r inhibits CRC cell proliferation at
0.1 μM. (B) LS174 CRC cells (2� 106) were injected subcutaneously into both flanks of athymic nudemice. (B) Representative nudemice treated with
4r or corn oil. (C) Body weights of nude mice treated with 4r and corn oil. (D) The tumor sizes were measured twice a week. The tumor volumes were
calculated using the formula V = 1/2LW

2 (mm3). The xenograft tumors treated with 4r grew to a lesser extent than the xenograft tumors treated with just
corn oil. Statistical significance was calculated by the Student’s t test (/, p < 0.05).
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241 (100), 240 (74), 225 (32), 197 (20), 196 (20), 177 (18), 176 (13).
Anal. Calcd for C16H16FN: C, 79.64; H, 6.68. Found: C, 79.77; H, 6.80.
(E)-4-(3-Fluorostyryl)-N,N-dimethylaniline (4f). Procedure

B was used. Yield 65%. Light yellow crystals from acetonitrile. Mp 147-
148 �C. 1H NMR: δ 7.42 (d, 2H, J = 8.4 Hz), 7.35-7.25 (m, 3H), 7.17
(d, 1H, J = 16.4 Hz), 6.96 (d, 1H, J = 16.8 Hz), 6.93-6.88 (m, 1H), 6.72
(d, 2H, J = 8.8 Hz), 2.95 (s, 6H). 13C NMR: δ 163.47 (d, J = 241.4 Hz),
150.82, 141.36 (d, J = 7.6 Hz), 130.66, 130.42 (d, J = 8.4 Hz), 127.97,
125.22, 122.63 (d, J = 2.2 Hz), 122.24 (d, J = 2.2 Hz), 113.12 (d, J = 21.3
Hz), 112.43, 111.96 (d, J= 22.0Hz), 39.69.MS:m/z (%) 241 (100), 240
(69), 225 (25), 197 (20), 196 (18), 177 (16), 176 (10). Anal. Calcd for
C16H16FN: C, 79.64; H, 6.68. Found: C, 79.86; H, 6.67.
(E)-4-(4-Fluorostyryl)-N,N-dimethylaniline (4g). Procedure

B was used. Yield 64%. Light yellow crystals from acetonitrile. Mp 197-
198 �C (lit.35 194-195 �C). Anal. Calcd for C16H16FN: C, 79.64; H,
6.68. Found: C, 79.85; H, 6.64.
(E)-4-(2-Fluorostyryl)-N,N-diethylaniline (4h). Procedure B

was used. Yield 51%. Light yellow crystals from hexane. Mp 78-79 �C.
1H NMR: δ 7.69-7.65 (m, 1H), 7.40 (d, 2H, J = 8.8 Hz), 7.24-7.07
(m, 3H), 7.20 (d, 1H, J= 16.4Hz), 7.04 (d, 1H, J= 16.4Hz), 6.71 (d, 2H,
J = 8.8 Hz), 3.42 (q, 4H, J = 7.2 Hz), 1.16 (t, 6H, J = 7.2 Hz). 13C NMR:
δ 160.13 (d, J = 242.2Hz), 148.04, 131.73 (d, J = 4.5Hz), 128.24, 127.91
(d, J = 7.6 Hz), 126.70 (d, J = 4.5 Hz), 126.27 (d, J = 11.4 Hz), 124.57
(d, J = 3.8 Hz), 124.49, 115.62 (d, J = 22.0 Hz), 114.82 (d, J = 3.8 Hz),
111.76, 44.19, 12.21. MS: m/z (%) 269 (34), 255 (19), 254 (100), 226
(22), 225 (20), 197 (16), 196 (17). Anal. Calcd for C18H20FN: C, 80.26;
H, 7.48. Found: C, 80.07; H, 7.61.
(E)-4-(2-Fluorostyryl)-N,N-diphenylaniline (4i). Procedure

B was used. Yield 60%. Light yellow crystals from hexane. Mp 114-
115 �C. 1H NMR: δ 7.77-7.73 (m, 1H), 7.54 (d, 2H, J = 8.4 Hz),

7.34-7.06 (m, 15H), 7.02 (d, 2H, J = 8.8 Hz). 13C NMR: δ 160.39
(d, J = 245.9 Hz), 148.00, 147.73, 131.58, 130.87 (d, J = 4.5 Hz), 129.63,
128.90 (d, J = 8.3 Hz), 127.88, 127.23 (d, J = 3.8 Hz), 125.58 (d, J =
12.0 Hz), 124.75, 124.71, 123.53, 123.25, 118.78 (d, J = 3.8 Hz), 115.76
(d, J = 22.0 Hz). MS: m/z (%) 365 (100), 364 (12), 254 (13). Anal.
Calcd for C26H20FN: C, 85.45; H, 5.52. Found: C, 85.59; H, 5.69.
(E)-1-(4-(2-Fluorostyryl)phenyl)-4-methylpiperazine (4j).

Procedure B was used. Yield 65%. Light yellow crystals from acetonitrile.
Mp 142-144 �C. 1H NMR: δ 7.72-7.69 (m, 1H), 7.48 (d, 2H, J =
8.8 Hz), 7.28-7.09 (m, 3H), 7.24 (d, 1H, J = 16.4 Hz), 7.13 (d, 1H, J =
16.4 Hz), 6.96 (d, 2H, J = 8.8 Hz), 3.22 (t, 4H, J = 5.2 Hz), 2.48 (t, 4H,
J = 5.2 Hz), 2.54 (s, 3H). 13C NMR: δ 160.27 (d, J = 245.2 Hz), 151.59,
131.34 (d, J = 5.3 Hz), 128.42 (d, J = 8.4 Hz), 127.97, 127.81, 126.98 (d,
J = 3.8 Hz), 125.90 (d, J = 12.1 Hz), 126.62 (d, J = 3.8 Hz), 116.85 (d,
J = 3.8Hz), 115.69 (d, J = 22.0Hz), 115.46, 55.09, 48.34, 45.70.MS:m/z
(%) 296 (100), 281 (42), 226 (24), 211 (46), 197 (28), 196 (42), 177
(28). Anal. Calcd for C19H21FN2: C, 77.00; H, 7.14. Found: C, 77.22;
H, 7.49.
(E)-4-(2-Fluorostyryl)-N,N-dimethylnaphthalen-1-amine

(4k). Procedure B was used. Yield 18%. Yellow crystals from hexane/
Et2O. Mp 56-58 �C. 1H NMR: δ 8.33-8.27 (m, 2H), 8.09 (d, 1H, J =
16.4 Hz), 7.95-7.91 (m, 1H), 7.80 (d, 1H, J = 8.0 Hz), 7.58-7.52 (m,
2H), 7.36-7.15 (m, 4H), 7.28 (d, 1H, J = 16.4 Hz), 2.90 (s, 6H). 13C
NMR: δ 160.49 (d, J = 246.7 Hz), 151.66, 132.85, 129.41, 129.10 (d, J =
8.4 Hz), 128.92, 128.38 (d, J = 4.6 Hz), 127.67 (d, J = 3.8 Hz), 126.27,
125.78 (d, J = 12.2 Hz), 125.17, 124.92, 124.74 (d, J = 3.0 Hz), 124.25,
124.03, 121.75 (d, J = 3.8 Hz), 115.78 (d, J = 22.0 Hz), 114.19, 44.62.
MS: m/z (%) 291 (100), 290 (28), 276 (70), 261 (40), 247 (22),
246 (15). Anal. Calcd for C20H18FN:C, 82.45;H, 6.23. Found: C, 82.42;
H, 6.22.

Figure 6. Potential mechanisms of fluorinated N,N-dialkylaminostilbenes in Wnt inhibition. (A) 4s has strong fluorescence at 365 nm (detected by
Promega GloMax luminometer). (B) 4s is an active Wnt inhibitor. (C) 4swas incubated with LS174 CRC cells for 2, 6, 12, and 24 h. The localization of
4s was analyzed by confocal fluorescence microscopy. (D) Immunofluorescence staining of β-catenin in LS174 cells treated with DMSO or 4r. Nuclei
were stained with DAPI. (E) 4r (10 μM) and resveratrol (100 μM) reduced the protein levels ofWnt/β-catenin targets in LS174 cells. 4r and resveratrol
also reduced the protein levels of TCF4 and pygopus2 but not β-catenin. (F) 4r repressed the transcription of Wnt target genes.
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(E)-2-(4-(2-Fluorostyryl)phenyl)-1-methyl-1H-imidazole
(4l). Procedure B was used. Yield 47%. Colorless crystals from hexane.
Mp 60-61 �C. 1H NMR: δ 7.82-7.78 (m, 1H), 7.65 (d, 1H, J =
16.0 Hz), 7.35-7.29 (m, 1H), 7.26 (d, 1H, J = 16.0 Hz), 7.22-7.13
(m, 2H), 7.08 (d, 1H, J = 1.2 Hz), 6.96 (d, 1H, J = 0.8 Hz), 3.81 (s, 3H).
13C NMR: δ 160.65 (d, J = 246.7 Hz), 145.39, 129.53 (d, J = 8.3 Hz),
128.89, 127.66 (d, J = 3.0 Hz), 124.98 (d, J = 11.4 Hz), 124.71 (d, J =
3.8 Hz), 122.73 (d, J = 3.8 Hz), 122.18, 116.99 (d, J = 5.3 Hz), 115.83
(d, J = 22.0 Hz), 32.04. MS:m/z (%) 202 (17), 201 (59), 186 (20), 183
(100), 168 (25), 146 (16), 128 (17). Anal. Calcd for C12H11FN2:
C, 71.27; H, 5.48. Found: C, 71.24; H, 5.61.
(E)-4-(2,3-Difluorostyryl)-N,N-dimethylaniline (4m). Procedure

A was used. Yield 88%. Yellow crystals. Mp 132-133 �C. 1H NMR: δ
7.50-7.47 (m, 1H), 7.45 (d, 2H, J = 9.2 Hz), 7.24 (d, 1H, J = 16.4
Hz), 7.16-7.06 (m, 2H), 7.03 (d, 1H, J = 16.4 Hz), 6.73 (d, 2H, J =
8.8 Hz), 2.96 (s, 6H). 13C NMR: δ 151.01 (dd, J = 243.6 Hz), 147.87
(dd, J = 246.3 Hz), 133.18 (d, J = 5.3 Hz), 128.69 (d, J = 9.1 Hz),
128.19, 124.95, 124.57 (d, J = 7.6 Hz), 124.53 (d, J = 7.6 Hz), 121.78
(t, J = 3.0 Hz), 114.65 (d, J = 17.4 Hz), 114.24 (t, J = 3.8 Hz), 112.37,
39.64. MS: m/z (%) 259 (100), 258 (78), 243 (25), 214 (16), 195
(16). Anal. Calcd for C16H15F2N: C, 74.11; H, 5.83. Found: C, 74.01;
H, 5.71.
(E)-4-(2,4-Difluorostyryl)-N,N-dimethylaniline (4n). Procedure

B was used. Yield 58%. Yellow crystals from acetonitrile. Mp
139-140 �C. 1H NMR: δ 7.77-7.71 (m, 1H), 7.44 (d, 2H, J = 8.4
Hz), 7.17 (d, 1H, J = 16.4 Hz), 7.01 (d, 1H, J = 16.4 Hz), 7.02-6.97
(m, 2H), 6.75 (d, 2H, J = 9.2 Hz), 2.98 (s, 6H). 13C NMR: δ 161.64
(dd, J = 245.2 Hz), 159.99 (dd, J = 248.9 Hz, 248.2 Hz), 150.87,
131.54 (dd, J = 4.5 Hz), 127.89, 125.34, 122.84 (dd, J = 12.1 Hz),
114.56 (t, J = 1.6 Hz), 112.43, 111.73 (dd, J = 21.3 Hz), 103.85 (t, J =
26.5 Hz, J = 25.8 Hz), 39.68. MS: m/z (%) 259 (100), 258 (71), 243
(30), 215 (15), 195 (14). Anal. Calcd for C16H15F2N: C, 74.11; H,
5.83. Found: C, 74.25; H, 5.77.
(E)-4-(2,5-Difluorostyryl)-N,N-dimethylaniline (4o). Procedure

A was used. Yield 77%. Yellow crystals. Mp 146-147 �C. 1H NMR: δ
7.51-7.46 (m, 3H), 7.28 (d, 1H, J = 16.4 Hz), 7.18-7.12 (m, 1H), 7.03
(d, 1H, J = 16.4 Hz), 7.00-6.95 (m, 1H), 6.76 (d, 2H, J = 8.8 Hz), 2.99
(s, 6H). 13C NMR: δ 159.28 (dd, J = 236.0 Hz), 156.22 (dd, J = 241.4
Hz), 151.09, 133.04 (d, J = 3.8 Hz), 128.21, 124.94, 117.01 (d, J = 25.8
Hz), 116.92 (d, J = 25.1 Hz), 114.12 (d, J = 25.1 Hz), 114.03 (d, J = 24.3
Hz), 112.37, 112.12 (d, J = 4.5 Hz), 39.64. MS:m/z (%) 259 (100), 258
(84), 243 (29), 215 (18), 195 (17). Anal. Calcd for C16H15F2N: C,
74.11; H, 5.83. Found: C, 74.63; H, 5.90.
(E)-2-(2,6-Difluorostyryl)-N,N-dimethylaniline (4p). Procedure

B was used. Yield 92%. Yellow oil. 1H NMR: δ 7.78 (d, 1H, J = 16.8 Hz),
7.65 (dd, 1H, J = 1.6 Hz), 7.36-7.26 (m, 2H), 7.12-7.03 (m, 4H), 7.09
(d, 1H, J = 17.2 Hz), 2.74 (s, 6H). 13CNMR: δ 161.10 (d, J = 248.2 Hz),
161.02 (d, J = 248.2 Hz), 152.77, 133.80 (t, J = 8.3 Hz, J = 7.6 Hz),
131.25, 129.19, 128.59 (t, J = 11.4 Hz, J = 10.6 Hz), 126.72, 122.65,
118.46, 115.31 (t, J = 15.2 Hz, J = 15.9 Hz), 113.84, 111.95 (d, J = 19.7
Hz), 111.89 (d, J = 19.0 Hz), 44.31. MS: m/z (%) 259 (100), 258 (14),
132 (8). Anal. Calcd for C16H15F2N: C, 74.11; H, 5.83. Found: C, 74.38;
H, 5.79.
(E)-3-(2,6-Difluorostyryl)-N,N-dimethylaniline (4q). Procedure

B was used. Yield 53%. Colorless crystals from hexane. Mp 69-71 �C. 1H
NMR: δ 7.38 (d, 1H, J = 16.8 Hz), 7.33-7.26 (m, 1H), 7.19 (t, 1H, J = 8.4
Hz, J = 8.0Hz), 7.11 (d, 1H, J = 17.2Hz), 7.03 (dd, 2H, J = 8.4 and 8.8Hz),
6.93-6.91 (m, 2H), 6.72-6.69 (m, 1H), 2.96 (s, 6H). 13CNMR: δ 161.06
(d, J = 248.2Hz), 160.98 (d, J = 248.2Hz), 151.38, 138.03, 136.83 (t, J = 7.6
Hz, J= 8.3Hz), 129.46, 128.70 (t, J = 10.6Hz, J= 11.4Hz), 114.87 (t, J= 16
Hz), 114.81, 114.09, 112.98, 111.94 (d, J=19.7Hz), 111.88 (d, J=19.0Hz),
111.21, 39.93. MS:m/z (%) 259 (100), 258 (52), 239 (31), 238 (33), 223
(16), 222 (37). Anal. Calcd for C16H15F2N: C, 74.11; H, 5.83. Found: C,
74.30; H, 5.78.

(E)-4-(2,6-Difluorostyryl)-N,N-dimethylaniline (4r). Procedure
Bwas used. Yield 94%.Colorless crystals fromhexane.Mp112-113 �C. 1H
NMR: δ 7.45 (d, 2H, J = 8.4Hz), 7.35 (d, 1H, J = 16.8 Hz), 7.27-7.20 (m,
1H), 7.01 (dd, 2H, J = 8.4 and 8.8 Hz), 6.91 (1H, d, J = 16.8 Hz), 6.75 (d,
2H, J= 9.2Hz), 2.98 (s, 6H). 13CNMR:δ 160.86 (d, J= 247.4Hz), 160.78
(d, J = 248.3 Hz), 151.10, 135.99 (t, J = 8.3 Hz), 127.97, 127.57 (t, J = 11.3
Hz), 125.41, 115.50 (t, J= 16.0Hz), 112.40, 111.82 (d, J= 19.0Hz), 111.76
(d, J = 19.0 Hz), 109.73, 39.65. MS: m/z (%) 259 (100), 258 (71), 243
(25), 195 (11). Anal. Calcd for C16H15F2N: C, 74.11; H, 5.83. Found: C,
74.08; H, 5.79.
(E)-4-(2,6-Difluorostyryl)-N,N-diethylaniline (4s). Procedure

B was used. Yield 57%. Yellow crystals from hexane. Mp 70-71 �C.
1H NMR: δ 7.43 (d, 2H, J = 8.4 Hz), 7.34 (d, 1H, J = 16.8 Hz),
7.27-7.20 (m, 1H), 7.01 (dd, 2H, J = 8.4 Hz), 6.89 (d, 1H, J = 16.8
Hz), 6.72 (d, 2H, J = 8.8 Hz), 3.43 (q, 4H, J = 7.2 Hz), 1.16 (t, 6H, J =
7.2 Hz). 13C NMR: δ 160.83 (d, J = 246.7 Hz), 160.75 (d, J = 247.4
Hz), 148.30, 136.07 (t, J = 8.3 Hz), 128.29, 127.37 (t, J = 10.6 Hz),
124.45, 115.62 (t, J = 16.0 Hz), 111.81 (d, J = 19.0 Hz), 111.74 (d, J =
19.8 Hz), 111.73, 109.07, 44.20, 12.20. MS: m/z (%) 287 (44), 272
(100), 244 (21), 243 (15). Anal. Calcd for C18H19F2N: C, 75.24; H,
6.66. Found: C, 75.12; H, 6.79.
(E)-4-(3,4-Difluorostyryl)-N,N-dimethylaniline (4t). Procedure

A was used. Yield 59%. Yellow crystals from hexane. Mp 159-160 �C.
1H NMR: δ 7.50-7.44 (m, 1H), 7.41 (d, 2H, J = 8.8 Hz), 7.32-7.28
(m, 1H), 7.27-7.20 (m, 1H), 7.11 (d, 1H, J = 16.0 Hz), 6.92 (d, 1H,
J = 16.4 Hz), 6.71 (d, 2H, J = 8.8 Hz), 2.95 (s, 6H). 13C NMR: δ
150.82, 150.56 (dd, J = 243.9 Hz), 150.50, 148.98 (dd, J = 244.3 Hz),
136.59, 130.55 (d, J = 3.0 Hz), 127.91, 125.16, 122.71 (d, J = 6.1 Hz),
122.68 (d, J = 6.1 Hz), 121.68 (d, J = 2.3 Hz), 117.49 (d, J = 17.4 Hz),
113.96 (d, J = 17.5 Hz), 112.43, 39.68. MS: m/z (%) 259 (100), 258
(82), 243 (36), 215 (22), 195 (16). Anal. Calcd for C16H15F2N: C,
74.11; H, 5.83. Found: C, 74.24; H, 5.79.
(E)-4-(3,5-Difluorostyryl)-N,N-dimethylaniline (4u). Procedure

A was used. Yield 51%. Yellow crystals. Mp 136-137 �C (lit.36 139-
141 �C). Anal. Calcd for C16H15F2N:C, 74.11;H, 5.83. Found: C, 74.38;H,
5.70.
(E)-N,N-Dimethyl-4-(2,3,6-trifluorostyryl)aniline (4v). Procedure

B was used. Yield 45%. Light yellow crystals from hexane. Mp 91-92 �C. 1H
NMR: δ 7.48 (d, 2H, J = 9.2 Hz), 7.39 (d, 1H, J = 16.8 Hz), 7.22-7.14 (m,
1H), 7.06-7.00 (m, 1H), 6.89 (d, 1H, J = 16.8Hz), 6.76 (d, 2H, J = 8.0Hz),
3.00 (s, 6H). 13C NMR: δ 157.35-154.83 (m, 1C), 151.31, 149.49-146.37
(m, 2C), 137.17 (t, J = 8.4 Hz), 128.23, 124.89, 117.43 (dd, J = 17.4 Hz, J =
16.7 Hz), 114.01 (dd, J = 18.9 Hz, J = 19.8 Hz), 112.33, 111.39-111.02 (m,
1C), 108.99, 39.59. MS: m/z (%) 277 (100), 276 (83), 261 (24), 214 (16),
213 (12). Anal. Calcd for C16H14F3N: C, 69.30; H, 5.09. Found: C, 69.50; H,
4.97.
(E)-N,N-Dimethyl-4-(2,4,6-trifluorostyryl)aniline (4w). Pro-

cedure B was used. Yield 63%. Light yellow crystals from hexane. Mp
127-128 �C. 1H NMR: δ 7.45 (d, 2H, J = 8.8 Hz), 7.29 (d, 1H, J =
16.8 Hz), 6.91 (t, 2H, J = 9.2 Hz, J = 8.8 Hz), 6.83 (d, 1H, J = 16.8
Hz), 6.75 (d, 2H, J = 8.8 Hz), 2.99 (s, 6H). 13C NMR: δ 160.87 (dd,
J = 249.1 Hz, J = 248.9 Hz), 160.72 (dd, J = 249.0 Hz), 151.09, 135.59
(t, J = 7.7 Hz, J = 8.3 Hz), 127.94, 125.24, 112.38, 108.80, 100.65 (dd,
J = 25.8 Hz), 39.64. MS: m/z (%) 277 (100), 276 (75), 261 (29).
Anal. Calcd for C16H14F3N: C, 69.30; H, 5.09. Found: C, 69.49; H,
4.99.
4-(2,6-Difluorophenethyl)-N,N-dimethylaniline (5r). To 150 mg

(0.58 mmol) of 4r in 10 mL of THF was added 50 mg of 10% Pd-C.
The mixture was hydrogenated at 40 psi on a Parr shaker for 5 h. The mix-
ture was filtered through Celite and chromatographed using 1:10 EtOAc/
hexane to afford 110 mg (76%) of 5r: colorless crystals from hexane. Mp
42-43 �C. 1H NMR: δ 7.31-7.23 (m, 1H), 7.02 (d, 2H, J = 8.4 Hz), 6.94
(t, 2H, J = 8.4 Hz, J = 8.0 Hz), 6.66 (d, 2H, J = 8.4 Hz), 2.90-2.89 (m, 2H),
2.85 (s, 6H), 2.77-2.73 (m, 2H). 13C NMR: δ 161.72 (d, J = 243.7 Hz),
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161.63 (d, J = 244.5 Hz), 149.62, 128.98, 128.94, 128.15 (t, J = 9.8 Hz, J =
10.7Hz), 117.36(t, J=20.5Hz), 112.88, 111.25 (d, J=19.8Hz), 111.18 (d, J=
19.0 Hz), 40.10, 34.73, 24.75. MS: m/z (%) 261 (40), 134 (100), 118 (27),
91 (22). Anal. Calcd for C16H17F2N: C, 73.54; H, 6.56. Found: C, 73.53;
H, 6.49.
Cell Culture and Transfection. HEK293T, HCT116, and

SW480 cells were grown in DMEM medium (Mediatech) supplemen-
ted with 10% fetal bovine serum and 1% penicillin/streptomycin.
LS174T cells were grown in RPMI medium (Mediatech) supplemented
with 5% fetal bovine serum and 1% penicillin/streptomycin. HEK293T
cells were transiently transfected using the calcium phosphate method as
described previously.37

Western Blot. Western blot was performed as described previ-
ously.37 The following antibodies were used: β-catenin (Sigma, no.
C2206), c-Myc (Epitomics, no. 1472-1), Axin2 (Cell Signaling, no.
2151), β-actin (Sigma, no. A1978), TCF4 (Epitomics, no. 2114-1),
pygopus2 (Santa Cruz, no. sc-74878), and cyclin D1 (Cell Signaling,
no. 2926).
RT-PCR. LS174 cells were treated with DMSO or Wnt inhibitors.

After 36 h, RNA was isolated using the RNeasy kit (Qiagen). RT-PCR
was performed as described previously.37 The following primers were
used. β-Actin: 50-CAACCGCGAGAAGATGAC-30, 50-AGGAAGGCT-
GGAAGAGTG-30. Surivivin: 50-CATTCGTCCGGTTGCGCTTTCC-
30, 50-GCGCACTTTCTCCGCAGTTTCC-30. c-Myc: 50-TGGGCT-
GTGAGGAGGTTTG-30, 50-TATGTGGAGCGGCTTCTCG-30. Axin2:
50-CACCACCACCACCACCATTC-30, 50-GCATCCACTGCCAGA-
CATCC-30. TCF4: 50-CACCACATCATACGCTACAC-30, 50-CGAC-
CTTTGCTCTCATTTCC-30. Pygopus2: 50-GGCCGGTCTGCAAA-
TGAAG-30, 50-TCCACCTCCAGTGCTGTAG-30. Lgr5: 50-CCTGC-
TTGACTTTGAGGAAGAC-30, 50-ATGTTCACTGCTGCGATGAC-30.
CD44: 50-CAGAATGGCTGATCATCTTG-30, 50-CAAATGCACCA-
TTTCCTGAG-30. Ki67: 50-ACAGAGTGCTCAACAACTTC-30, 50-
GCTTGCAGAGCATTTATCAG-30.
Luciferase and Cell Proliferation Assays. HEK293T cells

were transiently transfected in a 12-well plate with 0.2 μg of the
Super8xTOPFlash reporter and 0.05 μg of Renilla luciferase reporter.
Culturemediumwas changed after 12 h. After 6 h, cells were treated with
DMSO or Wnt inhibitors for 12 h and then treated with 25 mM LiCl
or Wnt conditioned medium. After 12 h, cells were harvested and
luciferase activity was measured by a dual-luciferase reporter assay sys-
tem (Promega, MadisonWI). All conditions were done in triplicate, and
each experimentwas carried out at least two times. For cell proliferation assay,
CRC cells were treated with DMSO or inhibitors for 2 and 4 days. The cell
numbers and viability were analyzed by Vi-Cell cell viability analyzer.
In Vivo Studies. LS174 cells (2 � 106) were injected subcuta-

neously into both flanks of 6-8 week C57BL/6J athymic nude mice as
previously described.37 4r was dissolved in corn oil. The mice were
treated with 20 (mg/kg)/day of 4r by ip injection (50 μL/mouse).
Control mice were treated with the same volume of corn oil. The body
weight and tumor growth were analyzed twice weekly for 1 month.
Tumor size was measured using a digital caliper. The tumor volume was
calculated by the formula V = 1/2LW

2 (mm3).
Immunofluorescence. Cells grown on cover glass were fixed by

4% paraformaldehyde for 20 min at room temperature. The cells were
permeabilized with PBS containing 0.3% (w/v) Triton X-100 and
blocked by 5% normal goat serum in PBS for 30 min. Anti-β-catenin
antibody (1:300, Sigma, St. Louis, MO) was diluted in blocking solution
and incubated with cells overnight. The cells were washed 3 times with
PBS and further incubated with Alexa-488-labeled anti-rabbit IgG
(1:500) diluted in PBS for 40 min. The cover glasses were washed,
mounted on glass slides, viewed and photographed with an Olympus
FW1000 confocal microscope.

Cells grown on cover glass were treated with fluorescent compounds
for 2, 6, 12, and 24 h. Treated cells were fixed by 4% paraformaldehyde

for 20 min at room temperature. Then cells were washed 3 times with
PBS and mounted on glass slides, viewed under the fluorescence of 405
nm wavelength, and photographed with an Olympus FW1000 confocal
microscope.
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