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Glycogen synthase kinase-3f5 (GSK3p) is one of the key elements of the Wnt pathway involved in
the regulation of 5-catenin homeostasis. The inhibition of GSK3/ kinase activity might lead to the
onset of S-catenin/TCF/LEF-mediated gene transcription, representing a potentially mitogenic stimulus.
Apple polyphenols have been shown to mediate several biological effects that might be of interest
with respect to chemoprevention. The objective of the study was to elucidate whether apple
polyphenols also modulate key elements of the Wnt pathway, an effect that might limit the usefulness
of these compounds for the prevention of carcinogenesis. A polyphenol-rich apple juice extract (AE02)
was found to effectively inhibit the kinase activity of GSK3p4, immunoprecipitated from HT29 cells.
Treatment of HT29 cells with AE02 for 24 h resulted in a concentration-dependent decrease of the
cellular GSK3p kinase activity. The inhibition of the kinase activity in HT29 cells was observed at
polyphenol concentrations corresponding to the concentration of the constituents in the original apple
juice. The apple characteristic dihydrochalcone glycoside phloridzin was found to be inactive up to
500 uM. The free aglycon phloretin as well as the flavonol quercetin effectively inhibited isolated
GSK3p, but did not affect the respective kinase activity within HT29 cells. In accordance with the
inhibition of GSK3p kinase activity by AE02, treatment of HT29 cells resulted in a significant decrease
of phosphorylated g-catenin. However, the total intracellular -catenin level was also found to be
diminished, indicating that the interference of the apple constituents with GSK34 was not associated
with a stabilization of S-catenin in HT29 cells. In line with these results, TCF/LEF-mediated gene
transcription remained unaffected by treatment with AEO2 as shown in a reporter gene approach.
We can assume from the results that at consumer-relevant concentrations apple polyphenols do not
mediate growth-stimulating effects in HT29 cells via the Wnt pathway.
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INTRODUCTION glycogen synthase kinas@-3(GSK3pj3). In a resting cell,

Colorectal cancer is one of the leading causes of cancer/-catenin is marked for degradation by G3kSediated
mortality in Western countries. Lifestyle and diet are proposed phosphorylation, maintaining low cellular levels @fcatenin.
to play an important role in colon carcinogenesis. Epidemiologi- Activation of the Wnt receptor complex, consisting of a seven-
cal studies have shown that colorectal cancer incidence couldifansmembrane receptor frizzled (Fz) and co-receptors, leads
be significantly modulated by dietary intake of flavonoids with (0 the activation of disheveled (Dsh), finally suppressing
fruits and vegetablesl(-4). In particular, compounds within ~ GSK3f-mediateds-catenin phosphorylation. Nonphosphoryl-
the huge class of polyphenols have been discussed as contributdtedp-catenin accumulates within the cell an_d translocates into
ing to the prevention of colon canceés7). In colon carcino-  the nucleus. As a consequence TCF/LEF-driven gene transcrip-
genesis, the Wnt pathway (Scheme 1) appears to play antion isinduced, representing a proliferative stimulus. However,
important role 8—11), with the serine/threonine kinase GSk3  the induction ofj-catenin-mediated transcription is not neces-
being one of the key elements, regulating intraceligtaatenin  Sarily limited to the stimulation of the Fz receptor, but can also
levels. In the absence of pathway stimulatifcatenin protein ~ P€ achieved by the inhibition of GSK3kinase activity.
is destabilized by a cytoplasmatic complex consisting mainly Recently, a series of low molecular inhibitors of different
of axin, adenomatous polyposis coli (APC) protein, and Structural classes have been reported to possess GBHKBI-

tory properties 12—15). The interference with GSK3activity

* Corresponding author. Telephone:49-(0)721-6082936. Fax:-49- might imply an yndesired proprol_iferative signal,_ limiting the
(0)721-6087254. E-mail: doris.marko@Imc.uni-karlsruhe.de. use of respective compounds in the prevention of colon
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Scheme 1. Simplified Scheme of the Wnt Pathway? Immunoprecipitation of GSK38. A quantity of 5x 1P cells was
seeded per Petri dish (145 &nand grown for 48 h. Before harvesting,
cadherin Wnt. . the medium was removed and cells were washed with 5 mL of
. phosphate buffered saline (PBS). Harvesting and lysate preparation were
performed at £C. HT29 cells were scraped in 0.5 mL of lysis buffer
Fz (25 mM Tris-HCI, pH 7.4, 3 mM EDTA, 3 mM EGTA, 50 mM NaF,
Fz 0.27 M sucrose, 10 mM NA-glycerophosphate, 5 mM Na-pyrophos-
\ phate, 0.5% (v/v) Triton-X 100, 2 mM N¥Og, 2% (v/v) protease
% membrane inhibitor cocktail (Roche Diagnostics, Germany), 0.1% (vBviner-

captoethanol, and 0.1% microcystin were added just before lysis).
Thereafter, the lysate was homogenized thoroughly and subsequently
centrifuged for 10 min (200@f) 4 °C). The colorimetric procedure of
Bradford (22) was applied to determine the content of protein using
bovine serum albumin as a standard.

A quantity of 2.5uL of monoclonal GSKB antibody (BD Trans-
duction Laboratories, Lexington, KY) was incubated with /40 of
activated Protein G-sepharose (Sigma Aldrich, Germany) for 60 min
at 4 °C with intermittent mixing (every 5 min). A quantity of 6Q0y
of total protein from cell whole extract was added to the antibody
G-sepharose complex. The reaction volume was supplemented to a final
volume of 1 mL with PBS, and the reaction was performed overnight
at 4°C on a shaker.

nucleus GSK3p Kinase Assay.Kinase activity was determined in kinase
buffer (50 mM Tris HCI, pH 7.4, 1 mM EGTA, 0.15 M NacCl, 0.03%
Brij-30, 0.1% (v/v)-mercaptoethanol) according to published methods

gene transcription (23,24). In a final volume of 15Q.L, 15 uL of the substrate peptide
2 APC, adenomatous polyposis coli protein; Dsh, disheveled; Fz, frizzled (0.5 mg/mL, RRAAEELIBRAGPSPQL, Biosyntan GmbH, Germany),
receptor; GSK3p, glycogen synthase kinase-33; LEF, lymphoid enhancer 30 uL of [y-32P]-ATP (0.2uCi/30 uL, 75 mM MgCh, 500uM ATP),
factor; TCF, T-cell factor. 15uL of protein kinase inhibitor (PKI tide, Alexis, Lausen, Switzerland)

(10 uM), and 15uL of the respective test compound were incubated

carcinogenesis. Polyphenol-rich apple extracts have been revith 15,.L of sample and kinase buffer (0 for sample from treated

ported to possess bioactive properties, suppressing human coloReis and 75L for sample from untreated cells) for 15 min at 32.
cancer cell growth in vitro}6—19). In a rat colon carcinogenesis A quantity of 3x 35 uL of kinase reaction mix was spotted onto P81
model a consumer-relevant apple juice has been shown tophosphocellulose paper and air-dried. Filters were washed three times
decrease DNA damage, hyperproliferation, and aberrant cryptwith 0.75% phosphoric acid and once with aceton allowing to air-dry.
foci development induced by dimethylhydrazine treatm2aj.( Phosphorylated substrate was determined by liquid scintillation count-
Thus, apple polyphenols might be of interest with respect to ing.

chemoprevention. However, little is known thus far about the ~ Preparation of Cellular Extract. A quantity of 1.5x 10° cells
impact of apple polyphenols on key elements of the Wnt Was seeded per Petri dish (57 Jnand aIIowed_ to grow for 48 h.
pathway. In the present study, we investigated whether app|e;l'hereafter, the FCS conter)t of the culture medium was reducgd to 1%
polyphenols modulate GSH3activity in human colon carci- or 24 h. The cells were incubated for 24 h, serum-free, with test

I d wheth b tenin h tasi d compounds dissolved in DMSO (final DMSO concentration of 1%).
noma cells and whether subsequejitigatenin homeostasis an Cells were abraded at°€ in 0.2 mL of lysis buffer as described above.

TCF/LEF-driven gene transcription are affected. For compari- rhereafter, the lysate was homogenized thoroughly and centrifuged for
son, the apple characteristic dihydrochalcone phloridzin (PHD), 10 min (2000, 4 °C). The supernatant was used for immunoprecipi-
the respective aglycon phloretin (PHL), and the flavonol tation and the subsequent GSKRinase assay as well as for Western
quercetin (QUE) were included in the testing. The objective of blot analysis.

the study was to elucidate whether the interference of apple Western Blot Analysis. A quantity of 20uL of cellular extract (40
polyphenols with the Wnt pathway might be taken into account «g protein) was separated by SDS-PAGE (10% acrylamide gel), and

as a potential limitation of the usefulness of these compounds proteins were transferred onto a nitrocellulose membrane. Blocking the
in terms of chemoprevention. membrane for nonspecific protein binding was carried outlfd in

5% (w/v) dry milk (Roth, Germany) in TBS/Tween-20 (0.1%). Western
blot was performed using antibodies against human GS@8 kDa,
MATERIALS AND METHODS BD Transduction Laboratories) and humgrcatenin (92 kDa, Cell
Chemicals. Polyphenol-rich apple juice extract was produced as Signaling Technology) as well as phosphorylafedatenin (Ser33/
reported previouslyl(7, 21) and provided by Prof. Dietrich from the ~ Ser37/Thr41; 92 kDa. Cell Signaling Technology) following the
State Research Institute Geisenheim, Germany. PHL and PHD weremanufacturer’'s protocol. Peroxidase-conjugated immunoglobulin G
purchased from Roth (Karlsruhe, Germany), and QUE was obtained (IgG) against rabbit (Cell Signaling Technology) and mouse (Santa
from Sigma Aldrich, Germany. SB-216763 was purchased from Tocris, Cruz Biotechnology) was employed as a secondary antitaodyibulin
UK. For all assays, compounds and extract were freshly prepared by (54 kDa, Santa Cruz Biotechnology) was used as a loading control.
dissolving in DMSO shortly before the experiment. The final concen- The respective chemoluminescent signals (LumiGLO, Cell Signaling
tration of DMSO in the different test systems did not exceed 1%. Technology) were analyzed using the Lumi-Imager with the Lumi-
Cell Culture. The human colon carcinoma cell line HT29 and human Analyst 3.0 software for quantification (Roche Diagnostics, Germany).
embryonic kidney cells HEK-293 were purchased from the German Arbitrary light units were plotted as test over control (%), with the
Collection of Microorganism and Cell Culture in Braunschweig, control representing cells treated with 1% DMSO (solvent control).
Germany. Both cell lines were cultured in Dulbecco’s modified Eagle’s ~ TCF/LEF Reporter Gene Assay.A quantity of 5.0x 10° HEK-
medium (DMEM) with 4500 mg/L glucose, without sodium pyruvate, 293 cells per Petri dish (57 &nwas seeded and allowed to grow for
supplemented with 10% fetal calf serum (FCS) and 1% penicillin/ 72 h. Thereafter, cells were transiently transfected witlagSof the
streptomycin (PS) in humidified atmosphere at € and 5% CQ. luciferase reporter constructs (TOPflash or FOPflash, Upstate Biotech-
Cell culture medium and the supplements were obtained from Invitrogen nology) using FUGENE-6 transfection reagent (Roche Diagnostics,
Life Technologies, Germany. Germany). Twenty-four hours after transfection, cells were detached



Apple Polyphenols and the Wnt Pathway J. Agric. Food Chem., Vol. 54, No. 19, 2006 7043

OH A | >
120 - solated GSK3p
HO OR cellular GSK3p (24h incubation)
OH © )
=
=
Phloretin (R = H) Quercetin E’
Phloridzin (R = -D-glc) @
H &
O N0
— Cl |
N
N 100 200 300 400 500
\CH ol Apple juice extract [pg/mL]
3
SB-216763 B 200_’
Figure 1. Chemical structures of the tested polyphenols and the selective ] iﬁ:if:?gssrs?(z‘m bcibalbd
GSK3 inhibitor SB216763. 175+
and reseeded into a 12-well dish at a density of 200 000 cells per well &' 1504 F=%
and grown for 24 h. Cells were incubated at%&7 for 24 h with test > 1 b
compounds or 1% DMSO and lysed in cell culture lysis buffer (500 = 125'_ 8% :
uL per well, Promega, Germany). Luciferase activity was measured as § 100 - - - 8 s T ey
arbitrary light units using a luminometer and was normalized for cell % | 1 .
number variation with respect to protein concentration. % 75
(L] J
RESULTS 50 B
Inhibition of Immunoprecipitated GSK3 g Activity. The 254
effect of polyphenol-rich apple juice extract (AE02), PHL, PHD, . T : _ : ;
and QUE (Figure 1) on immunoprecipitated GSK88m HT29 T 10 50 100 250 500
cells was determined in a kinase assay as phosphorylation of Phloretin [uM]
the substrate peptide RRAAEEIIRAGPSPQL. Incubation of C 180-
immunoprecipitated GSK3ith apple extract for 15 min led 1 [ Tisolated GSK3p - *
to a concentration-dependent inhibition of enzyme activity with 160 | (I cellular GSK3p (24h incubation) [
an G value of 329+ 30 ug/mL (Figure 2A). The dihydro- 1404
chalcone PHL inhibited the kinase activity of isolated GBK3 ; T
with an 1G of 123 + 27 uM (Figure 2B). In contrast, the & 120'_
respective glycoside PHD was inactive up to %00 (data NOt & 400 1mmmmommsrmmm oo e UL
shown). From the flavonoids tested, the flavonol QUE exhibited & 17 T T
the strongest inhibitory properties against isolated GB#Gso = 80‘_
of 7.5+ 1.8 uM) (Figure 2C). o 60 . .
Inhibition of Cellular GSK3 § Activity. To address the @ T i i &= {- --------- Hi
. s Q  ap- T
question whether the inhibitory effects of apple polyphenols on ]
isolated GSK3pare of relevance within the cell, HT29 cells 20
were incubated with the test compounds for 24 h prior to the ) ) ) ) ) ) ) )
immunoprecipitation of GSK@and the respective kinase assay. 1 25 5 10 25 25 50 100
The apple juice extract AEO2 inhibited intracellular G$K3 Quercetin [M]

kinase activity in a concentration-dependent manner with a
maximum of about 50% at 5Q@y/mL (Figure 2A). In contrast,
PHL showed no significant effect on intracellular GSK3
activity in HT29 cells up to 50@M (Figure 2B). Similar results
were observed with PHD (data not shown). Also, QUE failed
to suppress GSKBkinase activity within HT29 cellsKigure

2C). At higher QUE concentrations (1@M) even a slight but .
significant increase in the cellular GSKXinase activity was data _presented are the mean + SD of at least three independent
observed. experiments (* = p < 0.05; * = p < 0.01; ** = p < 0.005).

Effect on GSK38 Protein Content. Considering the effect  analysis Figure 3A,B). This increase in the amount of GSK3
of apple polyphenols on the activity of GSK3vithin HT29 protein was exclusively observed after treatment with AEQ2,
cells, we investigated whether the modulation of enzyme activity but was not detected after incubation with PHiigure 3C,D)
is associated with changes in the amount of G&Kfbtein. In or QUE (data not shown).
contrast to the observed decrease in GBlkkhase activity, p-Catenin HomeostasisWe further addressed the question
treatment of HT29 cells with AE02 for 24 h resulted in an whether the inhibition of GSK3 kinase activity by apple
increase of GSK3rotein content as detected by Western blot polyphenols in HT29 cells affects the intracellujgscatenin

Figure 2. Inhibition of GSK3/3 kinase activity in HT29 cells was determined
as phosphorylation of the substrate peptide RRAAEELDSRAGpSPQL by
(A) apple polyphenols (AE02), (B) phloretin (PHL) and (C) quercetin (QUE).
The test compounds were either directly added to the immunoprecipitated
enzyme or were used for treatment of HT29 cells for 24 h prior to the
immunoprecipitation of GSK343 and the subsequent kinase assay. The
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Figure 3. Western blot analysis of GSK3/3 protein, total 5-catenin, and
phosphorylated S-catenin in HT29 cells after 24 h incubation with (A +
B) apple polyphenols (AE02) or (C + D) phloretin (PHL). The data are
plotted as test over control (%) with the control being cells treated with
1% DMSO (solvent control). The data presented in (A, C) are the mean
+ SD of at least three independent experiments with similar outcome (*
= p<0.05; * = p<0.01; ** = p<0.005), with (B) and (D) showing
respective representative Western blots.
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level. In resting cells GSKBis constitutively active, enabling
the phosphorylation gf-catenin and its proteasomal degrada-
tion. Inhibition of GSK3 kinase activity is expected to enhance
the intracellular level of nonphosphorylatgetatenin. Western
blot analysis was performed to investigate the impact of the
test compounds on totgtcatenin and phosphorylat@dcatenin
levels in HT29 cells. Incubation of HT29 cells with 1M of

the selective GSK3 inhibitor SB216768i¢ure 1) for 24 h
induced a strong decrease of phosphorylgfecatenin ac-
companied by a slight but significant increase in t@talatenin
(data not shown). In contrast, the incubation with AEO2 for 24
h resulted in a significant decrease of both tgtadatenin and
phospho-j-catenin in HT29 cells at a concentration of 5O
mL (Figure 3A,B). PHL did not significantly affect the
intracellular levels ofs-catenin and phosphorylatgdcatenin
(Figure 3C,D).

Impact on TCF/LEF-Mediated Gene Transcription. The
AEO02-mediated decrease in intracellufaicatenin and phos-
phorylatedj-catenin led to the expectation that subsequently
no activation ofs-catenin/TCF/LEF-mediated gene transcription
is induced. The modulation g8-catenin/TCF/LEF-mediated
gene transcription was determined using a reporter gene
approach$cheme 2. Human embryonic kidney cells, Hek293,
known to express an intact APC complex, were transiently
transfected with the reporter gene construct TOPflash containing
two sets of three copies of the TCF-binding site (wild type)
upstream of the thymidine kinase (TK) minimal promoter and
the open reading frame of the luciferase gene. Activation of
the Wnt pathway is expected to result in cytosgicatenin
accumulation. After translocation gfcatenin into the nucleus,
its binding to respective transcription factors such as TCF/LEF
leads to the onset of luciferase expression. FOPflash, containing
mutated TCF binding sites, was used as a control for leakage
of luciferase expression. Luciferase activity, measured as
arbitrary light units, was normalized with respect to protein
concentration. Treatment of transiently with TOPflash trans-
fected Hek293 cells with the GSK3 inhibitor SB216763 induced
an increase in luciferase activity of about 24-fold compared to
cells incubated with the solvent control (1% DMS®jdure
4). In contrast, the apple juice extract AEO2 did not affect
luciferase expression up to 5@@/mL (Figure 4).

DISCUSSION

In the present study, apple polyphenols were identified as
potential inhibitors of GSK3/kinase activity in HT29 human
colon carcinoma cells. The inhibition of enzyme activity occurs
at polyphenol concentrations corresponding to the concentration
of these compounds in the original apple juice, which repre-
sented a consumer-relevant apple juice blehd).(The even
higher inhibitory effect of apple polyphenols on isolated GBK3
(Figure 2A) let us conclude that the enzyme is directly targeted
by the respective apple constituent(s). Thus, within HT29 cells
the suppression of GSIg3activity is most likely not a result of
the interference of apple constituents with upstream signals,
albeit an additional contribution by upstream effectors cannot
totally be excluded. Interestingly, the concentration-dependent
inhibition of enzyme activity is accompanied by increased
GSK3pBenzyme expressioifrigure 3A,B), suggesting a counter
steering response of the cells in the attempt to compensate the
suppression of GSKB activity. The effective inhibition of
GSK3pactivity by the complex apple juice extract AEO2 raises
the question which apple constituent(s) is(are) responsible. The
apple characteristic dihydrochalcone PHD was found to be
inactive against GSKB up to 500uM. With regard to the
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Reporter Gene Assay for the Detection of TCF/LEF-Mediated Gene Transcription Using Firefly Luciferase as a Reporter?

TOPflash

- TK] Firefly-Luciferase l

r [—> expression .,

reporter gene ...

TK | Firefly-Luciferase

B-catenin

B-catenin

@ APC, adenomatous polyposis coli; Dsh, disheveled; Fz, frizzled receptor; GSK3p, glycogen synthase kinase-33; LEF, lymphoid enhancer factor; TCF, T-cell
factor; TCF-BS, TCF binding site (wild type); TK, thymidine kinase minimal promoter; TOPflash, TCF reporter plasmid (Upstate, Lake Placid, NY).
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Figure 4. Modulation of luciferase expression as a measure for the
stabilization of S-catenin by apple polyphenols (AE02). Hek293 human
embryonic kidney cells were transiently transfected with the reporter gene
constructs TOPflash and FOPflash (negative control vector containing
mutated TCF binding sites). Cells were reseeded 24 h post-transfection
prior to the incubation with AE02 for 24 h. Luciferase activity was
determined 72 h after transfection and normalized with respect to the
protein concentration. Data are presented as percent of the solvent control.
The data presented are the mean + SD of at least three independent
experiments. The significances indicated are calculated compared to the
control using Student's ttest (* = p < 0.05; * = p < 0.01; ** = p <
0.005).

concentration of PHD in AEO02 (32M) (17), PHD can be
excluded to contribute to the GSK3ghibitory properties of
the extract. However, the free aglycon PHL, exhibiting GBK3

The flavonol QUE has been identified as a potent inhibitor
of isolated GSK3pkinase activity (Figure 2C). However, in
the case of QUE the discrepancy between the effect on isolated
GSK3p and the intracellular GSKBactivity was found to be
even more pronounced than that for PHL (Figure €B,Thus,
despite substantial inhibitory properties against isolated GSK3
QUE can be excluded as an effective modulator of G&K3
activity within HT29 cells. QUE itself appears not to be present
as the free aglycon in the apple extract AEQZ,(21). Several
QUE glycosides have been quantified thus far in AE02, with a
total concentration of about M. In different test systems,
these QUE glycosides were found to be inactive or at least less
active than the respective aglycon (119, 25). Therefore,
considering that the free aglycon QUE did not inhibit the
intracellular GSK3pactivity, it is most unlikely that the QUE
glycosides contribute to the effective inhibition of GSK3
activity by AEO2 in HT29 cells. In summary, the polyphenol-
rich apple extract AEO2 contains constituents not identified thus
far, directly targeting GSK3, thereby effectively suppressing
GSK3p kinase activity within HT29 cells.

The suppression of GSIg3kinase activity is expected to
result in a decrease of phosphorylafedatenin together with
an increase of totdl-catenin. Indeed, at a concentration of AE02
mediating a substantial inhibition of GSK&inase activity (500
ug/mL), a significant decrease of phosphorylaedatenin was
observed (Figure 3A,B). However, unexpectedly, the total
p-catenin protein level was also found to be diminisheidre
3A,B). Obviously, the inhibition of GSK3 kinase activity by
AEOQ2 is not associated with the stabilization @fatenin in
HT29. The effective suppression of the expected increase of
the -catenin protein level might arise from the interference of
apple constituents with other upstream signals or by crosstalk

inhibitory properties, has not been detected thus far in the with other signaling pathways. We previously reported that apple

original apple juice extractl(, 19, 21). In contrast to the
glycoside, PHL was identified as a potent inhibitor of isolated
GSK3p(Figure 2B). But like PHD, PHL did not affect GSK3
kinase activity within HT29 cellsKigure 2B), suggesting that
even if the free aglycon might be formed under in vivo
conditions (e.g., in the gastrointestinal tract), PHL is not
expected to affect substantially the GSKRjfiase activity in
respective tissues.

polyphenols potently inhibit the tyrosine kinase activity of the
epidermal growth factor receptor, suppressing the activity of
subsequent signaling elements); In SW620 colon carcinoma
cells a procyanidin-rich apple extract was reported to induce
apoptosis (18). The shutdown of signaling cascades crucial for
the regulation of cell growth and/or the induction of apoptosis
might at least contribute to the compensation of G8K3
inhibitory effects.
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In accordance with the results on theatenin homeostasis,
in the reporter gene assay, TCF/LEF-mediated gene transcription
remained unaffected by treatment with AEO2 up to 2@0mL
(Figure 4). In contrast, the selective GSK-3 inhibitor SB216763,
used as a positive control in our studies, significantly enhanced
TCF/LEF-mediated luciferase expressiéigire 4), indicating
a substantial activation of the Wnt pathway.

In summary, the results predict that apple polyphenols at
consumer-relevant concentrations do not mediate growth stimu-
latory effects in HT29 human colon tumor cells via the Wnt
pathway.
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