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Low concentrations of resveratrol inhibit Wnt signal
throughput in colon-derived cells: Implications for
colon cancer prevention
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Resveratrol is a bioflavonoid which is known to inhibit cell proliferation and induce apoptosis in can-
cer cell lines at concentrations above 50 pM. It also has colon cancer prevention activity in mouse
models and possibly in humans. We have examined the effects of low concentrations of resveratrol on
a specific signaling pathway, the Wnt pathway, which is activated in over 85% of sporadic colon can-
cers. Two colon cancer (HT29 and RKO) and one normal mucosa-derived (NCM460) cell lines were
utilized. Cell proliferation was not affected by resveratrol at <40 uM for HT29 and NCM460 and
<20 uM for RKO though Wnt signal throughput, as measured by a reporter construct, was reduced in
RKO and NCM460 at concentrations as low as 10 uM (p < 0.001). This effect was most easily appre-
ciated following Wnt pathway stimulation with Wnt3a conditioned medium and LEF1 or LEF1/B-cat-
enin transfection. Resveratrol did not inhibit Wnt throughput in mutationally activated HT29. Low
concentrations of resveratrol significantly decreased the amount and proportion of B-catenin in the
nucleus in RKO (p =0.002) and reduced the expression of Igs and pygol, regulators of B-catenin
localization, in all cells lines. Thus, at low concentrations, in the absence of effects on cell prolifera-
tion, resveratrol significantly inhibits Wnt signaling in colon-derived cells which do not have a
basally activated Wnt pathway. This inhibitory effect may be due in part to regulation of intracellular
B-catenin localization.
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Resveratrol is also reported to inhibit ribonucleotide reduc-
tase, ornithine decarboxylase [2], and TkappaB kinase [3]
and is purported to act as a cancer prevention agent for a
wide variety of human cancers including colon cancer [4].
The amount of resveratrol in red wine is 5—13 pmol/L
(“Benton Lane Winery” at http://www.avalonwine.com/
Benton-Lane-Winery.php) and it is suggested that even one
glass (100 mL, ~1 pmol, 250 ng) of Pinot Noir per day pro-
vides cancer prevention activity. However, a quantity as
small as % mg does not result in serum/plasma concentra-

1 Introduction

1.1 Resveratrol

Resveratrol is a bioflavonoid found in the skin of dark
grapes, red wine, and peanuts. /n vitro, this agent has been
shown to have antioxidant activity and proapoptotic activ-
ity, and to inhibit proliferation of colon cancer cell lines [1].
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tions in the range where activity is seen in vitro. The sugges-
tion that resveratrol has chemopreventive efficacy in
humans, and the evidence that it has chemopreventive effi-
cacy in animal models, at dosages which attain low plasma
levels, is perplexing [5]. This could be explained, in part, if
activity of resveratrol is present at lower uM concentrations
than has previously been appreciated.
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1.2 Colon cancer and Wnt signaling

Colon cancer is the third leading cause of cancer deaths
among men and women in the United States (“Cancer facts
and figures, 2007” at American Cancer Society, http:/
www.cancer.org, 2007). The epidemiology of colon cancer
suggests that dietary factors play a critical role in tumor ini-
tiation and promotion [6], with populations consuming a
diet high in fiber, vegetables and fruits exhibiting a lower
cancer incidence. Mutations in genes leading to activation
of the Wnt signaling pathway are common in colon cancer,
seen in over 85% of sporadic cases [7]. Signaling through
the Wnt pathway begins with a Wnt ligand which interacts
with a cell surface frizzled (Fz) receptor to initiate the sig-
nal cascade [8]. Pathway activation prevents degradation of
B-catenin which is translocated to the nucleus where it
binds to members of the LEF/TCF family of HMG-box
transcription factors [9], inducing transcription of growth
regulatory genes such as myc [10], and cyclinD1 [11]. Other
proteins including legless (lgs), pygopusl (pygol), and
pygopuslI (pygoll) complex with LEF/TCFs and B-catenin
and facilitate both the translocation of B-catenin into the
nucleus and the induction of transcription by the active
complex [12, 13]. In colon carcinogenesis, mutations in
either APC or PB-catenin are early events which constitu-
tively activate the Wnt pathway [14].

Resveratrol can modulate prostaglandin production and
inhibit the expression of cyclooxygenase-2 [15, 16] which
is overexpressed in colon cancer. Cox2 inhibition may be
one mechanism through which resveratrol is acting in rela-
tion to cancer chemoprevention [17]. However, the concen-
trations which display this activity in vitro are difficult to
attain in vivo [18], and thus other mechanisms need to be
explored. Since the Wnt pathway is critically important in
the development of colon cancer, any inhibitory effects of
resveratrol on this pathway are particularly relevant to
explore. This study was undertaken to define whether low
concentrations of resveratrol, concentrations below those
which inhibit proliferation and induce apoptosis, have
activity against colon-derived cells in vitro and, specifically,
whether these low concentrations affected Wnt signaling.
We report here that subapoptotic concentrations of resvera-
trol can inhibit Wnt signal throughput in colon-derived cells
and that this effect may be due, in part, to regulation of
B-catenin localization. This activity may contribute to
resveratrol's cancer prevention activity.

2 Materials and methods

2.1 Celllines

Three cell lines were utilized for these studies. NCM460 is
a cell line derived from normal colonic mucosal cells which
were obtained from Incell Corporation (San Antonio, TX)
[19]. This cell line was maintained in M3 Base cell culture
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medium complete (Incell, catalog number M300A-500)
with 10% fetal bovine serum (FBS). There are no known
apc or B-catenin mutations present in this cell line. RKO, a
human colon cancer cell line, was kindly provided by Dr.
Parker (UCLA). This cell line, originally obtained from a
patient with hereditary nonpolyposis colon cancer, displays
microsatellite instability (MSI, or RER(+)) and, similar to
NCM460, has no known Wnt pathway activation. It was
maintained in culture in RPMI1640 media at 5% CO, with
10% FBS. HT29, a colon cancer cell line with mutationally
activated Wnt signaling due to a truncation mutation in apc,
was obtained from the American Type Culture Collection
(ATCC, Manassas, Virginia). It was maintained in DMEM
media at 5% CO, with 10% FBS. These three cell lines
were selected for study in order to provide both normal-
derived and cancer-derived cells, and both Wnt-activated
and Wnt-nonactivated cells for analysis.

2.2 Cell proliferation, cell cycle, and cell size

Cell proliferation was determined utilizing an MTT assay.
This assay measures the reduction of a tetrazolium compo-
nent into an insoluble formazan product by the mitochon-
dria of viable cells. Following 48 h incubation with or with-
out resveratrol, cells were incubated with MTT reagent for
2 h and then lysed with detergent. Solubilized crystals pro-
duce a color which is read using an ELISA plate reader at a
wavelength of 570 nm. The amount of color produced is
directly proportional to the number of viable cells. For cell
cycle analysis, cells were plated in a six-well format and
treated for 48 h. Cells were recovered by trypsinization,
washed with PBS, fixed in 70% ethanol and sorted over-
night at —20°C. Fixed cells were washed x 3 in ice cold
PBS and incubated with 500 puL of a propidium iodide solu-
tion (50 pg/mL) containing 50 pg RNAseA for 30 min in
the dark at room temperature. Cell cycle distribution was
analyzed by flow cytometry using a Becton Dickinson
FACScan system. To characterize cell size following treat-
ment of RKO cells with resveratrol, a trypsinized suspen-
sion of spherical cells were placed in a hemocytometer and
photographed. The cross-sectional area and distribution of
trypan blue-excluding cells was calculated using Image-Pro
Plus.

2.3 Wnt throughput assays

In order to evaluate changes in Wnt signaling at low dosages
of resveratrol, the colon-derived cell lines were utilized with
a Wnt pathway reporter construct designed in our laboratory
containing seven LEF/TCF consensus binding sites preced-
ing a secreted alkaline phosphatase (7X-SEAP) reporter
(Fig. 1). Activation of Wnt signaling leads to production of
SEAP which is secreted into the culture media. SEAP is
easily detected and quantified by sampling of the culture
media, facilitating sampling without the need for disrupting
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transfected cells. Comparative studies of the 7X-SEAP
reporter with the “super” TopFlash reporter documented
equivalence in sensitivity. For the assays, cells were plated
into 24-well plates and allowed to grow for 48 h. Cells were
typically between 70 and 90% confluent on the day of trans-
fection. Separate cohorts of cells were treated with Wnt3a
conditioned medium (CM; Willert, et al., http://www.stan-
ford.edu/~rnusse/assays/W3aPurif.htm) or transfection
with LEF1 or LEF1/B-catenin in order to increase Wnt sig-
nal throughput, thus facilitating detection of inhibitory
activity by resveratrol. Reporter plasmid DNA (1.2 pg) and
0.12 ug of LEF1 expression construct, B-catenin and/or
inactive DNA (pBluescript) for a total mass of 1.44 pg DNA
per well was transfected using Lipofectamine2000 follow-
ing manufacturers recommendations. Each condition was
performed in triplicate. After 48 h in culture with or without
resveratrol, media was recovered and 20 pL. was assayed
using Great EscAPe SEAP detection kit (BD Biosciences) in
a 96-well format. Plates were read on a Dynatech Laborato-
ries ML3000 microtiter plate luminometer. Experiments
were performed at various concentrations of resveratrol
ranging up to 20 uM. All experiments were performed in
conjunction with transfection of a control SEAP plasmid
lacking LEF/TCF binding sites. Results were additionally
normalized to cell counts which were performed to insure
that cells were viable and not undergoing apoptosis. Results
of the cell counts were consistent with the MTT data. For the
very low (5 uM) concentration resveratrol experiments
RKO cells were cocultured in 2-D culture with stably trans-
fected Wnt3a producing L-cells for 48 h, in 50:50 RPMI/
DMEM media with 10% FBS. Media was assayed for SEAP
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Figure 1. Plasmid map of the 7X-SEAP reporter
construct.

activity after 48 h of exposure to 5 uM resveratrol or equiva-
lent v/v DMSO only control.

2.4 p-Catenin localization and quantification

B-Catenin localization was evaluated by confocal micro-
scopy and fluorescence immunohistochemistry. Cells were
grown in four-well chamber slides (LabTek/Nunc, Roches-
ter, NY) with 10 and 20 uM resveratrol and equivalent v/v
DMSO (diluent for resveratrol) as controls. Cells were
incubated for 48—72 h, fixed, washed, and endogenous per-
oxidases inhibited by incubating with H,O,/methanol for
30 min. Cells were then stained with monoclonal anti-p-
catenin antibodies (Transduction Labs/BD Biosciences,
San Jose, CA). Following counterstaining with an ABC
immunohistochemistry kit (Santa Cruz Biotechnology,
Santa Cruz, CA), peroxidase localization with a tyramide-
fluorochrome system (Perkin Elmer, Boston, MA) was per-
formed, and visualization was obtained by confocal fluores-
cence microscopy. Because the cell lines in the resting state,
especially NCM460 and RKO, have relatively low levels of
B-catenin, the experiments were repeated with the addition
of Wnt3a CM to activate the Wnt pathway. Using fluores-
cence microscopy, 100 cells were visualized and the degree
of B-catenin related fluorescence defined with image quan-
tification software. Each cell nucleus was individually
mapped as was the cell membrane of each cell. Cells in
clusters without distinct cell borders were not evaluated.
Nuclear staining across different resveratrol treatment
groups was compared as was the calculated nuclear/cyto-
plasmic B-catenin ratio.
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each resveratrol condition. (C) Cell cycle
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G1 44.5% G1 41.5% G1 35.2% (O uM resveratrol). The proportion of cells in
S 24.7% S 26.9% 33.9% S phase increases with increasing resvera-
G2 30.8% G2 28.0% G2 30.9% trol concentration.

2.5 Expression of Igs, pygol, and pygoll

Following incubation with or without resveratrol as
described above, cells were harvested for mRNA in order to
define the expression of /gs, pygol, and pygoll by quantita-
tive real-time PCR (qRT-PCR). Specific primer sets for
each gene were employed and expression was compared to
actin controls in all cases. Primer pairs were for Igs, pygol,
and pygoll were obtained from Qiagen (Valencia, CA), cat-
alog numbers QT00051604, QT00032081, and
QTO00097727, respectively. Temperatures utilized were
48°C for reverse transcription for 30 min and 95°C for
DNA polymerase activation for 10 min. Each of 50 cycles
were run as follows: 95°C denaturation for 15s, 55°C
annealing for 30 s, 60°C synthesis for 30 s. Actin was uti-
lized as a housekeeping gene for data normalization.

2.6 Statistics

Means, SDs, and standard errors of the mean (SEM) for
data from all experimental groups were calculated and com-
parisons between groups were made with a two-sided
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unpaired #-test with the level of significance defined as o <
0.05.

3 Results

3.1 Proliferation and cell cycle analysis

Resveratrol did not affect proliferation of HT29 and
NCM460 at concentrations ranging from 2.5 to 40 uM (Fig.
2A). RKO was unaffected at 5 and 10 uM but exhibited a
slight decrease in proliferation at 20 uM (p =0.03) and a
more significant decrease at 40 uM (p < 0.001). For RKO,
cell size was noted to be slightly increased at 20 uM (Fig.
2B), possibly indicative of early induction of cell cycle
arrest at this concentration for this particular cell line.
Mean cell cross-sectional area was 218.8 + 92.5 p? with no
resveratrol, 226.1 + 66.5 > at 10 uM resveratrol and
331.7 £ 111.2 u? at 20 uM resveratrol (p < 0.0001). The
effect of resveratrol on the cell cycle was examined by flow
cytometry in RKO cells. Treatment with resveratrol
increased the proportion of cells in S phase from 24.7 to
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Table 1. Effect of low concentrations of resveratrol on Wnt pathway throughput in colon-derived cell lines

A B
Plus Wnt3 conditioned media
Fold change
Control Lef1 Lef1/B-catenin  Control Lef1 Lef1/B-catenin
NCM 2.9863 = 8.7168 = 24.7085 = 1.0786+0.0719 1.3807+0.2542 1.0548:0.1353
0.8413 1.3529 13.1528 p=0.0963 p=0.0048 p=NS
p=0.0000 p=0.00237
NCM + 10 uUMRES  80.22% =+ 1.41 80.21% +9.36 75.21% +6.33 0.7904 +0.0299 0.8897 +0.0665 0.7683+0.0995
p=0.0019 p=0.0345 p=0.0044 p=0.0055 p=0.0017 p=NS
NCM + 20 uAMRES  72.55% +9.53 88.83% +9.67 71.52% = 3.27 0.7133+0.0413 0.8881:0.0752 0.7125+0.0207
p=0.0318 p=NS p=0.0171 p=0.00054 p=0.01318 p=0.00139
RKO 0.0428:0.0163 0.1646+0.1142 13.3303+13.983815.4351 +4.0339 30.7591+9.5413 3.2482+1.1015
p=0.0270 p=0.0422 p=0.00000 p=0.00002 p=0.00056
RKO + 1TOuMRES  104.75%+5.95 81.46% +5.59 125.43%+8.76  9.8299:1.5027 27.7683:+0.8956 1.9354:0.1763
p=NS p=NS p=0.0130 p=NS p=0.0036 p=0.0210
RKO + 20 uMRES  86.78% = 1.01 53.76% + 8.06 91.77% = 14.7 10.5443 11.7152 2.3713
p=0.NS p=0.003 p=0.NS 1.2293 0.8649 0.1014
p=0.004 p=0.0117 p=0.0185
HT29 0.0512+:0.0044 0.0969:0.0127 0.9086+0.1719 1.1315:0.1064 1.0695+0.0791 1.3715:0.1075
p=0.0041 p=0.0010 p=0.NS p=0.NS p=0.0417
HT29 + 20 uM RES  118.35% = 107.22% + 107.71% = 1.3167+0.1419 1.2329:0.1240 1.5740+0.2187
5.64 2.12 17.99 p=0.NS p=0.NS p=0.NS
p=0.0364 p=0.NS p=0.NS

A: Wnt pathway throughput (SEAP activity). Absolute value = SD. For resveratrol conditions% of nonresveratrol activity + SD.

B: Fold change due to Wnt3 conditioned media.

Rows with cell line only listed: p value is for Wnt3a, Wnt3a/LEF1, or Wnt3a/LEF1/8-catenin vs. control.
Rows which list resveratrol concentration: p value is for comparison to similar condition without resveratrol.

NS = not significantly different (p > 0.05).

26.9 to 33.9% upon exposure to 10 and 20 UM, respectively
(Fig. 2C), indicating cell cycle arrest at S phase.

3.2 Evaluation of Wnt pathway activity

Whnt signal throughput was evaluated with the 7X-SEAP
reporter construct for each of the cell lines (Table 1). Wnt
signal throughput was induced in NCM460 cells following
transfection of LEF1 or LEF1/B-catenin. Treatment with
Wnt3a CM did not augment Wnt signal throughput further
by itself, or in the setting of LEF1/B-catenin transfection,
but was synergistic following LEF1 transcription inducing
a small (1.38-fold) but significant (p =0.0048) increase.
RKO cells responded to LEF1 and LEF1/B-catenin trans-
fection with an increase in Wnt signal throughput and were
extremely responsive to the addition of Wnt3a CM under
all conditions, displaying up to a 30-fold increase. Despite
intrinsic Wnt pathway activation, HT29 cells could be
induced to further increase Wnt signal throughput follow-
ing transfection with LEF1 and LEF1/B-catenin. HT29 cells
were minimally responsive to Wnt3a CM either by itself or
in combination with LEF1 or LEF1/B-catenin.

Low dose resveratrol, at 10 and 20 uM (concentrations at
which no significant effect on cell proliferation was seen),
significantly reduced Wnt signal throughput in NCM460

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

under every condition: without additional Wnt stimulation,
following transfection of LEF1 and LEF1/B-catenin, and
with the addition of Wnt3a CM. Wnt signal throughput was
reduced by 20—30% (Table 1). Ten and twenty micromolar
resveratrol did not affect Wnt throughput in unstimulated
RKO cells but did significantly reduce it in nearly all condi-
tions following augmentation of the Wnt signal through
either transfection or treatment with Wnt3a CM. Resvera-
trol was ineffective in these cells only following LEF1/(-
catenin transfection in the absence of Wnt3a CM (Table 1).
The effect of 10 uM resveratrol in reducing Wnt signal
throughput in RKO cells in the presence of Wnt3a CM is
depicted in Fig. 3. Resveratrol trended to reduce Wnt
throughput under control conditions (p = 0.056) and signif-
icantly reduced Wnt throughput following LEF1 transfec-
tion (p = 0.002) and following LEF1/B-catenin transfection
(» < 0.001). The lowest concentration of resveratrol tested
in RKO cells was 5 uM but no effect on Wnt throughput
was seen at this concentration (Table 2). These latter experi-
ments were conducted following exposure to Wnt3a pro-
ducing cells in side-by-side coculture rather than the addi-
tion of Wnt3a CM. HT29 cells were generally unresponsive
to resveratrol and, while not significant, the trend at 20 uM
was for an increase, rather than a decrease in Wnt signal
throughput (Table 1).
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Table 2. Effect of a very low concentration of resveratrol on Wnt throughput in RKO cells

A B
Plus Wnt3 coculture
Fold change

Control Lef1 Lef1/B-catenin ~ Control Lef1 Lef1/B-catenin

RKO 0.0288+0.0125 0.1826:+0.0205 11.4874+1.8236 30.8831:6.2975 64.7230+6.8884 2.8199+0.5251
p=0.0004 p=0.0004 p=0.0012 p=0.0001 p=0.0045
RKO + 5 uM RES ND ND ND 27.1597 +5.7014 61.5837 +3.0671 2.9715+0.1805
p=0.49 p=0.51 p=0.47

A: Wnt pathway throughput (SEAP activity). Absolute value = SD.

B: Fold change due to Wnt3a coculture.

Top row: p value is for Wnt3a, Wnt3a/LEF1, or Wnt3a/LEF1/B-catenin vs. control.
Bottom row: p value is for comparison to similar condition without resveratrol.
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..%u&R%“é..
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2 10 % %
£ A 2 )
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» % N
NI NI
0 - é&%
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Figure 3. Wnt throughput as measured by SEAP activity fol-
lowing transfection of the 7X-SEAP reporter in RKO cells
under various conditions. The three left bars represent Wnt
throughput (control, transfected LEF1, and transfected LEF1-
B-catenin) in the absence of Wnt3a CM and resveratrol. The
next three bars represent Wnt throughput (control, transfected
LEF1, and transfected LEF1-B-catenin) in the absence of
Wnt3a CM but in the presence of 10 uM resveratrol. The next
three bars represent Wnt throughput under the various condi-
tions following the addition of Wnt3a CM. The three right bars
represent Wnt throughput following Wnt3a CM in the presence
of 10 uM resveratrol. LEF1 transfection, LEF1/p-catenin trans-
fection, and the addition of Wnt3a CM each significantly
increase Wnt throughput. Resveratrol decreases Wnt through-
put under each transfection condition in the presence of
Wnt3a (*p=0.056; **p=0.002; ***p < 0.001). All data repre-
sents Wnt throughput as measured by SEAP activity rather
than fold increase to facilitate comparisons between different
subgroups. Error bars represent SEM.
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3.3 Intracellular p-catenin localization

In order to determine whether resveratrol was modulating
Wht signaling by influencing B-catenin translocation to the
nucleus, nuclear and cytoplasmic B-catenin was quantified
for each cell line following 48 h of treatment with different
concentrations of resveratrol with and without Wnt3a CM.
As anticipated based on the lack of effect on Wnt signal
throughput, no change was seen in HT29. Similarly, no sig-
nificant effect on P-catenin localization was seen in
NCM460. In RKO cells, however, a significant reduction in
the amount of nuclear B-catenin was seen at 10 uM (p <
0.001). Exposure to Wnt3a CM increased nuclear -catenin
(p < 0.001) but this increase was abrogated by 20 uM
resveratrol (p < 0.01 vs. Wnt3a CM with 0 uM resveratrol,
Fig. 4A). To insure that these results represented changes in
the distribution of B-catenin, rather than the total cellular
content, the nuclear/cytoplasmic ratio was examined fol-
lowing Wnt3a stimulation and in the presence of 20 uM
resveratrol. A significant reduction in the nuclear/cytoplas-
mic ratio was seen in RKO cells (Figs. 4B and C, p< 0.001).

3.4 Expression of intracellular modulators of -
catenin localization

Quantitative real time PCR was utilized to define the effect
of resveratrol at concentrations ranging from 5 to 20 uM on
the expression of lgs, pygol, and pygoll in NCM460, RKO,
and HT29 (Fig. 5). Lgs expression was significantly
reduced in HT29 at all concentrations and at 10 uM in
NCM460. Other concentrations showed a nonsignificant
trend toward reduction, especially in NCM460. Pygol was
reduced in all cell lines except at 20 uM in RKO and 5 uM
in NCM460, though the only statistically significant
decrease was seen at 10 uM in HT29 (p = 0.0155). Pygoll
overall was minimally changed, with a slight reduction at
10 uM in RKO (p = 0.0068) and an increase in mRNA lev-
elsin HT29 at 5 uM (p < 0.001).
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Figure 4. (A) Quantity of nuclear B-catenin as measured by nuclear fluorescence intensity in RKO cells at 0 and 10 pM resveratrol
and following the addition of Wnt3a CM at 0, 10, and 20 puM resveratrol. 10 uM resveratrol reduces nuclear B-catenin (p < 0.01) in
the absence of Wnt3a stimulation. 20 uM resveratrol reduces nuclear -catenin following Wnt3a stimulation (p < 0.05). Wnt3a alone
increases the amount of nuclear B-catenin compared to nonstimulated baseline (p < 0.01). Error bars represent SEM. (B) Nuclear/
cytoplasmic ratio of B-catenin in RKO cells following stimulation with Wnt3a CM as a ratio of fluorescence intensity. Twenty micro-
molar resveratrol significantly reduces the nuclear/cytoplasmic ratio (p < 0.01). Error bars represent SEM. (C) Visual representation
of B-catenin fluorescence intensity and localization in RKO cells following stimulation with Wnt3a and exposure to 0 uM (control) and
20 uM resveratrol. Inset (left panel) depicts fluorescence intensity of secondary IgG antibody only control.

4 Discussion

We describe here that resveratrol inhibits Wnt signal
throughput in RKO cells and NCM460 cells, both colon-
derived cell lines lacking intrinsic activation of the Wnt
pathway. These effects were noted at concentrations of
resveratrol below those that inhibited cell proliferation.
Additionally, pathway inhibition was seen under various
conditions which increase Wnt throughput, such as treat-
ment with Wnt3a CM or transfection with LEF1 and/or
B-catenin. However, no effect on Wnt throughput was seen
in HT29 which harbors a Wnt-activating mutation in apc.

In some cells (RKO), our data suggest that the effect of
low concentrations of resveratrol on Wnt signaling may be
at least partially due to inhibition of B-catenin nuclear trans-
location. A different plant flavonoid, apigenin has been
shown to affect Wnt signaling by reducing nuclear B-cate-
nin and the expression of c-myc and cyclinD1 in the pros-
tates of TRAMP mice [20]. However, other mechanisms
must be operative, as Wnt throughput inhibition was seen in
NCM460 in the absence of demonstrable effects on B-cate-
nin quantity or intracellular localization. Low concentra-
tions of resveratrol also affect the expression of Igs, pygol
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and, to a lesser extent, pygoll, the proteins for which are
involved in B-catenin nuclear transport and localization. It
is possible that resveratrol's activity in eliciting an S-phase
arrest [21], in conjunction with reductions in /gs and pygol,
may affect the cellular distribution of B-catenin in a way
that reduces Wnt signal throughput. The S-phase arrest
mediated by resveratrol, confirmed here in RKO cells,
occurs at lower concentrations than its cytotoxic and apop-
totic effects [22—-26]. Recently, it has been suggested that
B-catenin transcriptional activity is regulated not only
through the levels of protein degradation, but also via regu-
lation of its nuclear localization [27]. During S-phase pause
or arrest, APC protein is increased [28]. This occurs even in
cells harboring truncating mutations since the N-terminal
20 amino acid segment of APC, which is essential for cell
proliferation [29], binds to B-catenin serving as a cytoplas-
mic “sink” and preventing its translocation to the nucleus
[28]. Thus, an increase in cytoplasmic APC would retain
B-catenin in this compartment, reducing its transcription
activating functions. Lgs and pygol, alternatively, serve as
nuclear “sinks” for B-catenin so a reduction in their abun-
dance, as we demonstrate here following exposure to
resveratrol, would additionally contribute to a reduction in
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Figure 5. Expression of Igs (A—C), pygol (D—F) and pygoll (G—I) measured by quantitative real-time PCR and represented as
amount of mMRNA, normalized to actin, and graphed as percent of control (y-axis). Cell lines tested included HT29 (A, D, G), RKO (B,
E, H), and NCM460 (C, F, I). Resveratrol concentrations included 5, 10, and 20 uM (x-axis). Error bars represent SEM. Levels of

significance noted when p < 0.05.

[-catenin dependent Wnt throughput [13, 30]. However, the
fact that resveratrol had a measurable effect on B-catenin
localization by immunohistochemistry only in RKO cells,
while inhibiting Wnt signal throughput in both RKO and
NCM460, and that the effects on Igs, pygol, and pygoll do
not directly correlate with Wnt throughput inhibition, sug-
gest that resveratrol's inhibition of Wnt signaling likely
involves multiple mechanisms that may be partially cell
type dependent.

The effect on Wnt signaling has implications for cancer
treatment or cancer prevention, though resveratrol has vari-
ous other effects in humans including beneficial activity
related to cardiovascular disease [31], protective effects fol-
lowing brain damage and ischemia [32] and antiaging prop-
erties (reviewed in ref. [33]). In relation to the cancer chemo-
preventive effects, the concentrations attained in vivo are sig-
nificantly lower than the concentrations required for inhibi-
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tion of cell growth in vitro, raising the question as to how
resveratrol exhibits this activity in animal models and per-
haps in humans [34]. A recent pharmacokinetic study of sin-
gle dose resveratrol confirmed that peak plasma concentra-
tions of the parent compound following a single large 5 g
ingestion reached only 539 ng/mL (2.4 uM) [35]. Our find-
ing that low concentrations of resveratrol can inhibit Wnt sig-
naling may provide a partial explanation to this conundrum.
Cooperativity with other biologically active flavanoids and
polyphenols in wine, grapes, and other nutritional sources
and increased concentrations of resveratrol locally in the
colon may also contribute to resveratrol's in vivo activity.

The data for prevention of colon cancer by resveratrol in
animal models are somewhat contradictory, both in its effi-
cacy as well as information regarding the effective dose
range, though activity at low dosages, and therefore in cir-
cumstances where low serum concentrations are attained,
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has been reported. Tessotore et al. [36] demonstrated activ-
ity of very low dose resveratrol of 0.2 mg/kg/day in reduc-
ing aberrant crypt foci (ACF) in the colon in an azoyme-
thane-induced tumor model. In another carcinogen-based
model, utilizing 1,2-dimethylhydrazine, resveratrol at
8 mg/kg/day reduced both ACF and colonic tumors [37,
38]. In genetic models utilizing the APC™"* mouse, which
harbors a single allele mutation in apc, and therefore has
intrinsically activated Wnt signaling, Schneider [39] dem-
onstrated profound activity at dosages as low as 0.3 mg/
mouse/day in reducing intestinal tumors. In this study,
expression of the Wnt target gene, cyclinDI1, as well as
other markers of cell cycling, were reduced. We have con-
firmed the effects of resveratrol on cell cycling in colon-
derived cells in vitro in our study. Other reports suggest that
resveratrol dosages as high as 90 mg/kg [40] are ineffective
or that only extremely high dosages up to 500 mg/kg show
activity [41]. Sale [42] utilized dosages of 60 and 240 mg/
kg, and found the former ineffective but the latter effective
in inducing a more modest reduction in intestinal tumori-
genesis. Overall, these studies indicate that resveratrol may
have activity in both carcinogen-induced tumor models as
well as in the Wnt activated APC™* mouse, but that the
effective dose is unclear, with activity reported utilizing
dosages ranging from <1 to 500 mg/kg per day. The effect
of resveratrol on Wnt signaling in animal models has not
been explored.

This is the first report describing a Wnt inhibitory activ-
ity of resveratrol. While the precise mechanisms require
further study, resveratrol does affect B-catenin nuclear
localization in some cells and the expression of genes
encoding proteins involved in this process. The effects on
Wnt signaling are seen at concentrations of resveratrol
below those that induce apoptosis and inhibit cellular pro-
liferation. Wnt inhibition appears to be restricted to cell
lines without a mutationally activated Wnt pathway. While
most colon cancers have a mutationally activated Wnt path-
way, Wnt signaling is also of paramount importance in reg-
ulating proliferation of normal colonic mucosa and in the
regulation of the colonic stem cell compartment [43, 44].
Because of this, the effects of resveratrol in nonmutation-
ally activated cell lines may be most relevant in relation to
colon cancer prevention rather than treatment. Further stud-
ies in animal models and humans on the influence of resver-
atrol on the Wnt pathway are warranted.
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