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Abstract

Recent data suggest that ellagitannins (ETs), a class of hydrolyzable tannins found in some fruits and
nuts, may have beneficial effects against colon cancer. In the stomach and gut, ETs hydrolyze to
release ellagic acid (EA) and are converted by gut microbiota to urolithin-A (UA,; 3,8-
dihydroxy-6H-dibenzopyran-6-one) type metabolites which may persist in the colon through
enterohepatic circulation. However, little is known about the mechanisms of action of either the
native compounds or their metabolites on colon carcinogenesis. Components of Wnt signaling
pathways are known to play a pivotal role in human colon carcinogenesis and inappropriate activation
of the signaling cascade is observed in 90% of colorectal cancers. Here we investigated the effects
of UA, EA, and ET rich fruit extracts on Wnt signaling in a human 293T cell line using a luciferase
reporter of canonical Wnt pathway-mediated transcriptional activation. The ET extracts were
obtained from strawberry (Fragaria annassa), Jamun berry (Eugenia jambolana), and pomegranate
(Punica granatum) fruit and were all standardized to phenolic content (as gallic acid equivalents,
GAEs, by the Folin Ciocalteau method) and to EA content (by high performance liquid
chromatography methods): strawberry=20.5% GAE, 5.0% EA; Jamun berry= 20.5% GAE, 4.2%
EA; pomegranate= 55% GAE, 3.5% EA. The ET-extracts (1C5¢p=28.0-30.0 ug/mL), EA (1C50=19.0
ug/mL; 63 uM) and UA (1C50=9.0 png/mL; 39 uM) inhibited Wnt signaling suggesting that ET-rich
foods have potential against colon carcinogenesis and that urolithins are relevant bioactive
constituents in the colon.
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Introduction

Colon cancer is a leading cause of cancer-related deaths in Western societies contributing to
10% of all cancer deaths in the United States alone (1). The World Health Organization
estimates that nearly one million people are diagnosed with colorectal cancer worldwide each
year. Interestingly, the consumption of a phytochemical rich diet, including fruits and
vegetables, has been correlated with a reduced risk of colon cancer incidence (2). Among foods,
small fruits and berries have attracted significant attention, and the link between their bioactive
components and cancer prevention has received keen scientific interest (3,4). Compounds
present in these foods which have been largely investigated for their cancer preventive
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properties include anthocyanins, water soluble polyphenolic pigments which impart the red,
blue, and purple colors to several fruits and vegetables (4,5). However, emerging data suggest
that ellagitannins (ETSs), a class of hydrolysable tannins, may also play an important role in
cancer prevention (6). Dietary sources of ETs include fruits and nuts such as berries
(strawberries, red raspberry, black raspberries), pomegranates, muscadine grapes, walnuts,
almonds and pecans, and oak-aged beverages (for e.g. red wine and whiskey aged in ET-
containing oak barrels) (7).

ETs are found naturally in foods as hexahydroxydiphenoyl-glucose esters which on hydrolysis
release hexahydroxydiphenic acid which then rapidly rearranges to form ellagic acid (EA).
Therefore, EA is commonly found as an artifact during processing, storage, or extraction of
ET-rich foods (7). Similarly, on consumption, ETs hydrolyze to release EA which is detected
in human plasma (8, and references cited therein). However, of particular importance in the
colon, are microbial metabolites such as urolithin A (UA; 3,8-dihydroxy-6H-benzol[b,d]
pyran-6-one) which are formed by the action of gut microbiota on ETs (8). Tissue disposition
studies reveal that urolithins are enriched in prostate, intestinal, and colon tissues in mouse
(9). Urolithins inhibit the proliferation of colon cancer cells, induce cell cycle arrest, and
modulate key cellular processes associated with colon cancer development, such as MAPK
signaling in vitro (10,11). Furthermore, UA decreases inflammatory markers including
inducible nitric oxide synthase, cycloxygenase-2 (COX-2), prostaglandin E synthase and
prostaglandin E2, in colonic mucosa in a rat colitis model (12). Therefore, these data suggest
that urolithins may be relevant bioactives in the colon and may contribute to the colon cancer
chemopreventive properties resulting from the consumption of ET-rich foods.

A set of cellular signals critical for the development and homeostasis of multicellular animals
are those elicited by Wnt proteins, a family of highly conserved secreted signaling molecules.
In the canonical Wnt pathway, the signal produced by the binding of Wnt ligands to cell surface
receptors is transmitted via a cytoplasmic protein called disheveled (Dvl) to inhibit the activity
of a complex of cellular proteins that phosphorylate another protein, B-catenin, and target it
for destruction. Thus Dvl-mediated inhibition of the B-catenin destruction complex results in
increased levels of cellular B-catenin and translocation of B-catenin into the nucleus. In the
nucleus, B-catenin activates transcription factors of the LEF/TCF families and initiates
transcription of a broad spectrum of target genes which affect tissue proliferation,
differentiation and tumorigenesis. Thus the canonical Wnt signaling pathway plays a pivotal
role in cellular developmental processes and human carcinogenesis (13,14). In colon cancer,
a large percentage (~90%) of the tumor arises from activating mutations in the Wnt pathway
(13).

Recent research has shown that several dietary phenolics, such as resveratrol (from red wine
and grape) and fisetin (from onion and apple), target Wnt and may have potential for colon
cancer prevention and treatment (15,16). Unfortunately, data on the effects of ETs, EA, and
their colonic UA metabolites on Wnt are scarce. Previous work show that an ET-enriched
extract of pomegranate, but not EA, suppressed TNF alpha-induced COX-2 protein expression
and NFkB in human HT-29 colon cancer cells in vitro (17).

The current study was designed to evaluate the effects of standardized ET-enriched fruit
extracts, EA, and their derived colonic metabolite, UA, on canonical Wnt signaling
reconstituted in HEK 293T cells, and assayed using a luciferase reporter of canonical Wnt
pathway-mediated transcriptional activation. We focused our attention on three ET-rich fruits,
namely, pomegranate (Punica granatum) fruit (17), strawberries (Fragaria annassa) (18), and
the seed extract of the Indian Jamun berry (Eugenia jambolana) (19). The extracts were
evaluated for phenolic content as gallic acid equivalents (GAEs) by the Folin Ciocalteau
method. In addition, because EA is released through hydrolysis of native ETs during processing
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and extraction methods, the samples were also evaluated for EA content using high
performance liquid chromatography (HPLC) methods.

The primary finding of this study is that UA, a colonic metabolite of ET rich foods, can inhibit
the canonical Wnt signaling pathway at physiologically relevant concentrations.

Materials and Methods

Reagents

All solvents were ACS or high performance liquid chromatography (HPLC) grade and were
obtained from Sigma-Aldrich through Wilkem Scientific (Pawcatuck, RI). Amberlite XAD-16
resin was purchased from Sigma Aldrich Co. (St. Louis, MO). Commercial standards of gallic
acid and ellagic acid (EA) were purchased from Sigma Aldrich.

Synthesis of Urolithin A (UA)

Chemicals required for the synthesis of UA including 2-bromo-benzoic acid and resorcinol
were obtained from Sigma-Aldrich and the synthesis was performed as previously described
(20).

Preparation of ET-enriched Extracts

Although all these fruits contain anthocyanins, we followed protocols that enriched the extracts
in ET-content, while removing anthocyanins, as previously described for pomegranate peel
(17) and strawberry fruit (18). The Indian Jamun (Eugenia jambolana) berry contains
anthocyanins in its fleshy edible pulp (21), but its seeds are rich in ETs (19). Therefore, Jamun
seeds, and not Jamun pulp, were utilized for the current study. Due to the lack of commercial
ET standards it was not possible to standardize the strawberry and Jamun ET-extracts.
However, the major ETs in pomegranates are punicalagins (17), and the extract used in this
study contained ca. 25% punicalagins (see below). The major ETs in strawberry are sanguiin-
H6 but no commercial standard is available. Similarly, for Jamun, our laboratory is currently
pursuing the isolation and identification of the native ETs in Jamun seeds for future
quantification purposes. However, all of the extracts were standardized to polyphenol content
(as gallic acid equivalents, GAES) and also EA (an artifact/hydrolysis product) content by
HPLC methods. A brief description of the preparation of these ET-enriched extracts and their
standardizations are provided below.

Strawberry—The ET-enriched extract of strawberry fruit has been previously described
(18) and was prepared from freeze-dried whole strawberry fruit powder (SFP), provided by
the California Strawberry Commission (Watsonville, CA). Briefly, a portion of SFP (500 g)
was exhaustively extracted by cold percolation with methanol (3 L) to yield an extract which
was then partitioned in chloroform followed by ethyl acetate. The remaining aqueous portion
was further purified by adsorption chromatography on an XAD-16 (Amberlite Resin, Sigma,
St. Louis, MO) column and eluted with water followed by acidic methanol. The methanol eluate
was dried in vacuo and then further enriched in ET content by suspending in distilled water
and filtering to yield a water insoluble fraction enriched in ETs and EA. The extract was
standardized by high-performance liquid chromatography (HPLC) methods to 5.0% of EA.
The extract contained 20.5% of phenolics measured as gallic acid equivalents (GAES).

Jamun Seed Extract—Jamun seed powder obtained from the Indian Jamun (Eugenia
jambolana) berries, as previously described (21), was provided by Verdure Sciences
(Noblesville, IN). A portion of the seed powder (20.2 g) was exhaustively extracted with
acetone (200 mL x 3) to yield an acetone (1.1 g) extract after solvent removal in vacuo. The
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extract was standardized by HPLC to 4.2% of EA. The extract contained 20.5% of phenolics
as GAEs.

Pomegranate Extract—The pomegranate fruit extract has been previously described (22)
and was provided by Verdure Sciences (Noblesville, IN). The extract is HPLC-standardized
using validated standards and methods to the major pomegranate ETs (not less than 25%
punicalagin o and punicalagin B) and approximately 3.5% of EA.

Estimation of Total Phenolics

Total phenolics were determined according to the Folin-Ciocalteau method and were measured
as gallic acid equivalents (GAES) as previously reported (23). Briefly, the extracts were diluted
1:100, or as appropriate, with methanol:H,0 (1:1, v/v) and 200 uL of sample was incubated
with 3 mL of methanol:H,0 (1:1, v/v) and 200 pL of Folin-Ciocalteau reagent for 10 min at
25 °C. After this, 600 pL of 20% Na,CO3 solution was added to each tube and vortexed. Tubes
were further incubated for 20 min at 40 °C. After incubation, samples were immediately cooled
in an ice bath to room temperature. Samples and standards (gallic acid) were processed
identically. The absorbance was determined at 755 nm and final results were calculated from
the standard curve obtained from a Spectramax Plate Reader.

High Performance Liquid Chromatography (HPLC)

Cell Culture

All HPLC analyses for EA were conducted as previously reported (6) but on a Beckman Coulter
System Gold 126 Module with a photodiode array (PDA)-UV-VIS 168 Detector and 508
Autosampler and operated by 32 Karat software. All samples (20 pL injection volume; 10 mg/
mL concentrations) were filtered (0.22 pM) and analyzed using a Luna C-18 column
(Phenomenex; 250 x 4.6 mm i.d., 5p). The mobile phase, solvent A: Water (0.1% TFA), and
solvent B: methanol; Gradient start at 90% A to 40% A over 30 min then to 100% B over 5
min; column was re-equilibrated over 12 min; flow rate 0.75 mL/min; EA was monitored at
360 nm.

The human 293T cell line was originally obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA) were used throughout the study. The 293T cells were grown in
high glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/mL)/streptomycin (100 U/mL). Cells were maintained
in a humidified 37 °C incubator in 5% CO,.

T Cell Factor (TCF) Transcription Luciferase Assay

Canonical Wnt-pathway mediated transcriptional activation in 293T cells was produced via
transfection and expression of plasmid vectors containing cDNA constructs for either Wnt3a
or a point mutant B-catenin and assayed via the cotransfection Super8XTOPFlash(sTOP), a
plasmid vector containing a synthetic firefly luciferase reporter of 3 catenin-mediated
transcriptional activation (24). Super8XFOPFIlash, a control firefly luciferase reporter with the
TCF/LEF sites of Super8XTOPFlash mutated (24) was used to confirm that firefly luciferase
expression from Super8XTOPFlash was produced as a result of canonical Wnt-pathway
mediated transcriptional activation in this system. The Wnt3a, point mutant B-catenin,
Super8XTOPFlash (sTOP) and Super8XFOPFlash cDNA containing plasmid vectors were
obtained from Dr. R.T. Moon (Howard Hughes Medical Institute, University of Washington,
Seattle, WA).

Briefly, 293Tcells (30,000 cells/well) were plated in poly-D-lysine (Sigma Aldrich, St. Louis,
MO) treated 96-well tissue culture plates (n= 5/treatment) using standard growth conditions.
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The cells were allowed to attach to the plate for several hours then were transfected with, 0.030
ng of STOP and either 0.005 g of Wnt plasmid vector, 0.010 pg of Dvl plasmid or 0.005 ng
of B-catenin plasmid. The levels of baseline firefly luciferase expression (in the absence of
exogenously driven Wnt, Dvl or -catenin expression) derived from the sTOP receptor was
determined by transfection of the STOP alone. Cotransfection of all wells with 0.010 pg of
pRL-CMYV of the plasmid vector, pPRL-CMV (Promega, Madison, WI) encoding Renilla
luciferase under the control of a constitutively active CMV promoter was used to normalize
for variations in transfection efficiency and cell number between wells. The total amount of
plasmid DNA used to transfect each well of cells was kept constant by the addition of an
appropriate amount of pPCDNAG3.1 plasmid vector (Invitrogen, Carlsbad, CA). The
transfections were performed using lipofectamine LTX transfection reagent (Invitrogen) and
serum free media according to the manufacturer's instructions. Following transfection, the
transfection media was replaced with fresh growth media and the ET extracts, EA and UA
samples (dissolved in DMSO) were immediately added at the indicated concentrations. The
stock solutions of the samples prepared such that the final concentration of DMSO in the cell
wells was 0.1% v/v. DMSO at this concentration had no effect on the activity of the luciferase
reporters (data not shown) in any of the experiments. After 48 h, the relative firefly luciferase
and Renialla luciferase protein levels were measured via the luminescence generated by
separately by each of these proteins. The luminescence was generated using the Promega Dual-
Luciferase assay system, according to the manufacturer's instructions, and measured with an
Lmax Luminometer (Molecular Devices). The luminescence from the firefly luciferase
expressed from sTOP was normalized for transfection efficiency and variations in numbers of
cells/well by dividing against the luminescence produced from the Renilla luciferase expressed
from pRL-CMV plasmid. The ICsq values were determined by fitting the normalized Wnt
pathway activation versus ET, EA or UA concentration plots to the function y=100/(1
+10(x-1091C50)) ‘\where “y” is the percent ratio of the normalized Wnt activated transcriptional
response upon treatment with 0.1% DMSO (vehicle) versus the normalized Wnt-activated
transcriptions response upon treatment with ET extracts, EA or UA and “X” represents the
concentrations of the latter. The fits were performed using GraphPad Prism software.

Results and Discussion

In the current study, standardization of the strawberry and Jamun fruit extracts to their
individual ET constituents was not possible due to the lack of authentic commercial ET marker
standards. However, the pomegranate extract used here has been previously described and
contained ca. 25% punicalagins, the widely accepted ET phytochemical marker of pomegranate
fruit (17,22). In lieu of this lack of standardization to individual ET constituents, all of the fruit
extracts were evaluated for total phenolic content using the Folin-Ciocalteau method. It should
be noted that the Folin-Ciocalteau method has its limitations, lacks specificity, and is not ideal
to standardize fruit matrices to their native ET content. Nevertheless, according to the Folin-
Ciocalteau method, the strawberry, Jamun and pomegranate fruit extracts contained 20.5, 20.5
and 55 % phenolics (as gallic acid equivalents, GAES), respectively. In addition, because ETs
are known to hydrolyse to release EA in the gut and during commercial processing, the extracts
were also evaluated for presence and levels of EA using HPLC methods. Indeed, free EA was
present in all three extracts ranging between 3-5%.

All of the fruit ET-enriched extracts were evaluated for effects on canonical Wnt signaling and
they showed similar ICsq values ranging between 28.0-30.0 ug/mL. The dose-dependent Wnt
inhibition response for the ET extract obtained from strawberry fruit is shown in Fig. 1A. In
the current study, the abilities of the extracts to inhibit Wnt could not be correlated with their
total phenolic content which is not surprising given the limitations of the Folin-Ciocalteau
method as discussed above. Future work should include correlation of Wnt signaling activity
of ET rich fruits to their individual ET contents.
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Both EA and UA also inhibited Wnt signaling with 1Csq of 19 pug/mL (63 uM) and 9 pg/mL
(39 uM) as shown in Figs. 1B and C, respectively. Unfortunately, based on current knowledge
of ET bioavailability and metabolism (8,25), the levels of ET extracts or EA required to
significantly inhibit Wnt signaling may be near impossible to achieve through regular dietary
intake of ET rich foods. Thus the inhibition of canonical Wnt signaling produced by these
compounds may not be physiologically relevant. However, the inhibition of Wnt signaling
achieved by urolithin A (ICsq of 39 uM) is indeed interesting and physiologically relevant.
Previous studies estimate that urolithins (and their related conjugates formed by phase-2
metabolism) may reach and even exceed these levels in the colon lumen due to enterohepatic
circulation (8,12,26). Many dietary polyphenols are known to be transformed in the colon by
the intestinal microbiota before absorption and the resulting metabolite (s) may act as substrates
for several phase-2 enzymes including both hydrolyzing and conjugating enzymes (8).

To corroborate that the measured firefly luciferase expression was indeed a reporter of Wnt
signaling we used Super8XFOPFIlash, a control firefly luciferase reporter with the TCF/LEF
sites of Super8XTOPflash mutated. We found that Wnt coexpression failed to drive firefly
luciferase expression from Super8FOPFlash confirming that firefly luciferase expression from
Super8XTOPFlash was produced as a result of canonical Wnt-pathway mediated
transcriptional activation.

Inthe in vitro Wnt assays described above, the Wnt pathway is activated by inducing expression
of the secreted Wnt ligand. The 293T cells endogenously express the Wnt receptors, Dvl, the
members of the B-catenin destruction complex, p-catenin and the B-catenin-activated TCF/LEF
transcription factors required for transcriptional activation through TCF/LEF promoters.
However, the pathway can also be activated by the exogenous cellular expression (i.e. through
the transient transfection and promoter driven expression of corresponding cDNA) of down-
stream components such as B-catenin. To further confirm that these ET-related compounds
acted on the canonical Wnt pathway, we tested their effects on TCF/LEF-dependent
transcriptional activation that is produced by a mutant B-catenin construct. This construct has
four point mutations introduced into the sites that are phosphorylated by the B-catenin
destruction complex and which when phosphorylated target p-catenin for cellular destruction
(27). This mutant B-catenin construct can elicit TCF/LEF-dependent transcriptional activation
but since the cellular levels of this mutant version is insensitive to canonical Wnt signals, the
TCF/LEF-dependent transcriptional activation is also insensitive to canonical Wnt signals. Our
data shows that the fruit ET extracts and related compounds did not inhibit TCF/LEF-dependent
transcription activated produced by the the mutant B-catenin construct (Figure 2).

Further support for our data suggesting a role for these ET-related compounds in inhibiting
canonical Wnt signaling and colon carcinogenesis is provided by previous studies showing
that EA is an inhibitor of the protein kinase CK2 (28,29). Previous studies have shown that
casein kinase CK2 is a positive regulator of Wnt signaling and can modulate Dvl function as
well as the interaction of p-catenin with members of the B-catenin destruction complex (30).
Therefore, whether the effects of ET derived colonic metabolites on Wnt are indeed mediated
through inhibition of CK2 deserves further investigation.

It should be noted that like many other bioactive dietary agents, ETs have been shown to exert
multi-mechanistic effects on multiple targets and pathways implicated in carcinogenesis (6).
Therefore ETs and their colonic derived metabolites may be most relevant in relation to colon
cancer prevention rather than treatment. Whether these compounds affect p-catenin nuclear
localization in some cells, and the expression of genes encoding proteins involved in this
process, should be investigated. Further studies on definitively identifying the cellular target/
s of UA and examinations of the influence of urolithins on the Wnt pathway in animal models
are warranted. Future in vivo studies are necessary since there are many limitations to in vitro
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studies as reported here. For example, although native ETs may be water soluble compounds,
both EA and UA are poorly water soluble, and therefore their real concentrations in cell culture
media is questionable. Further, it has been shown that ETs are unstable in cell culture media
and hydrolyze to release EA, which enters cells and are subsequently metabolised to produce
dimethyl-EA derivatives (31). Therefore studies to determine what are the actual forms of
compounds (and their concentrations) present in the cell media and cells at the incubation time
of various in vitro experiments should be addressed. Nevertheless, the current study adds to
the growing body of data elucidating the potential mechanisms of cancer chemopreventive
actions of ETs and more importantly, their derived in vivo metabolites.

In summary, the data presented here suggests that UA metabolites produced in the colon from
ETs present in small fruits and berries is an inhibitor of the canonical Wnt signaling pathway
at physiologically relevant concentrations. Furthermore, the colon, rather than serving simply
as an excretory organ, is also an active site for the production of physiologically relevant
metabolites through microbiota transformation of dietary components.
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Figure 1.
Effects of ET-enriched strawberry fruit extract (1A), ellagic acid (1B), and urolithin A (1C)

on Whnt signaling reconstituted in 293T cells and assayed using luciferase reporters. Each point
represents the mean (xSEM, n=5) % Whnt-activated transcriptional response at the different
concentrations of the indicated compounds.
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Figure 2.

Effects of ET-enriched strawberry fruit extract (ET), ellagic acid (EA), and urolithin A (UA)
on TCF/LEF-dependent transcriptional activation that is produced by a mutant -catenin
construct (m-p-catenin) that is insensitive to canonical Wnt signaling. sSTOP
(Super8XTOPFlash) is the plasmid vector containing a synthetic luciferase reporter of LEF/
TCF-dependent transcriptional activation. Vehicle is 0.1% DMSO. The concentration of ET,
EA, and UA was 200 pg/mL, respectively. The value represented by each of the bars is the
mean normalized luciferase luminescence (zSEM, n=5).
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