Available online at www.sciencedirect.com

“+.* ScienceDirect

Journal of
Nutritional
Biochemistry

" il
ELSEVIER Journal of Nutritional Biochemistry 18 (2007) 259271

Up-regulation of tumor suppressor carcinoembryonic antigen-related cell
adhesion molecule 1 in human colon cancer Caco-2 cells following
repetitive exposure to dietary levels of a polyphenol-rich chokeberry juice
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Abstract

Consumption of berries and red fruits rich in polyphenols may contribute to the reduction of colon cancer through mechanisms not yet
understood. In this study, we investigated the response of subconfluent Caco-2 cells (a human colon carcinoma model) to repetitive exposure
(2 h a day for a 4-day period) of a subtoxic dose of a chokeberry (4ronia melanocarpa) juice containing mixed polyphenols. To mimic
physiological conditions, we subjected the chokeberry juice to in vitro gastric and pancreatic digestion. The effects on viability, proliferation
and cell cycle were determined, and changes in the expression of genes in response to the chokeberry treatment were screened using
Affymetrix oligonucleotide microarrays. Exposure to the chokeberry juice inhibited Caco-2 cell proliferation by causing G,/M cell cycle
arrest. We detected changes in the expression of a group of genes involved in cell growth and proliferation and cell cycle regulation, as well
as those associated to colorectal cancer. A selection of these genes was further confirmed by quantitative RT-PCR. Among these, the tumor
suppressor carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM]I), whose expression is known to be reduced in the
majority of early adenomas and carcinomas, was up-regulated by the treatment both at the mRNA and protein levels (as shown by flow
cytometry analysis). CEACAMI, with a significant regulatory role on cell proliferation of particular interest at early stages of cancer

development, may be a potential target for chemoprevention by food components such as those present in polyphenol-rich fruits.
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1. Introduction

Colorectal cancer is one of the leading causes of cancer
death in developed countries [1]. The complex sequence of
events occurring during initiation, development and propa-
gation of tumors is likely the result of lifelong accumulation
of a series of mutations [2]. In addition, the modern human
diet, which regularly delivers a complex mixture of cancer-
promoting agents and inhibitors to the gastrointestinal tract,
may exert an important modulating role in the development
and progression of this disease [3]. Epidemiological and
animal studies have shown a strong association between the
consumption of fruits and vegetables and a reduction of
the incidence of cancer of the alimentary tract [4], but the
mechanisms are not yet fully understood. Various agents in
plant foods, such as fiber, vitamins, minerals, folates and
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polyphenols or most likely a combination of all of them, may
play a role in the anticancer properties of these foods [5].
Considerable attention has focused on the anticancer prop-
erties of dietary polyphenols, and their beneficial effects have
been reported in a plethora of in vitro and animal studies [6].
Also, bioavailability studies in animals and humans have
shown that only a small proportion of dietary polyphenols are
absorbed but that substantial levels of these compounds
remain in the lumen, and thus, cancers of the alimentary tract
are potentially the most susceptible to modulation by these
dietary components [7].

Among other fruits, berries and red fruits are important
dietary sources of polyphenols such as anthocyanins and
procyanidins [8]. A number of studies have reported the
antiproliferative effects of berry extracts, berry fractions and
anthocyanins or procyanidins on human colon and oral
cancer cells [9-14]. A chemopreventive role for berries or
derived polyphenols extracts has also been shown in animal
models [15-17]. However, the specific components in the
fruit and the molecular mechanisms by which this may occur
remain poorly understood. Many reported chemopreventive
effects of polyphenols are based on in vitro cell assays that
have studied single compounds at relatively high doses and
for extended periods of up to 72 h [9—-12]. Although these
studies are important to unravel the potential mechanisms
involved, the experimental conditions are unlikely to happen
in vivo. Polyphenols are normally ingested as mixtures of
different compounds immersed in a complex food matrix that
undergoes a digestion process as it progresses along the
gastrointestinal tract. Epithelial cells lining the gut are
therefore more likely to be exposed frequently to these
digested polyphenol-rich foods for a reduced number of
hours than to single compounds for long periods.

It has been hypothesized that dietary polyphenols or their
derived digestion products may exert some of their chemo-
preventive effects on the gut epithelium by direct or indirect
interaction with cellular components such as membrane
receptors or transcription factors, altering the expression of
groups of genes that may be related to key cellular processes
such as cell growth and proliferation or tumor formation
[18]. Transcriptional profiling using DNA microarrays
becomes a very useful tool to conduct a broad survey of
the changes in gene expression that accompany specific
cellular responses such as those triggered by food or food
components on cells of the gastrointestinal tract and to
identify gene products of potential significance that can be
further examined in relation to chemoprevention. In this
study, we used subconfluent Caco-2 cells (as a model of
human colon cancer) to investigate the transcriptional
changes that followed exposure of the cells to a subtoxic
repetitive dose (2 h a day for a 4-day period) of chokeberry
(Aronia melanocarpa) juice with high content of poly-
phenols. Chokeberry originates from North America and has
been extensively cultivated in Denmark, Eastern Europe and
Russia. It is widely used in the food industry either on its
own or blended with other fruits (e.g., juice and soft drink

making, wine production, food coloring, natural health
products). Chokeberry was selected for this study because of
its high content of antioxidants and polyphenols (mostly
anthocyanins and procyanidins [8]) and because of its
antiproliferative and anticarcinogenic effects on human
colon cancer cells [10,12]. To mimic more physiological
conditions, we subjected the chokeberry juice to successive
in vitro gastric and pancreatic digestion. The effects of the
treatment on viability, proliferation and cell cycle were
determined, and gene expression changes were studied
using oligonucleotide microarrays (Affymetrix) and quanti-
tative RT-PCR. Changes in gene expression are reported,
and findings are discussed in relation to previous published
data on the gene expression profile of human colon cancer
cells and on its modulation by dietary components. Our aim
was to gain additional insight into the possible mechanisms
by which polyphenol-rich fruits may reduce the risk for
colorectal cancer and to identify possible related targets.

2. Materials and methods
2.1. Chokeberry juice

Frozen chokeberry (4. melanocarpa) commercial con-
centrate (1.3 g ml™") was kindly provided by the juice
manufacturing company Juver Alimentacion S.A. (Murcia,
Spain). The chokeberry concentrate was diluted (1:5) with
ultrapure water (Millipore) to obtain a juice with a soluble
solids content of ~15°Brix (20°C) and a pH of 3.4.

2.2. In vitro digestion

The chokeberry juice was subjected to successive in vitro
gastric and pancreatic digestion as described previously [19].
Briefly, the chokeberry juice was digested with a mixture of
pepsin—HCI (pH 2.0) for 2 h (to simulate gastric digestion)
followed by a 2.5-h digestion with pancreatin and bile salts
(pH 7.5). The incubation was slightly modified as follows:
the digestion mixtures were incubated in a flask without the
use of a dialysis membrane. After addition of the salts and
enzymes, the flasks were flushed with N, and were kept
closed in the absence of light during incubation at 37°C with
shaking. Control samples were run in parallel and consisted
of an equivalent volume of ultrapure water subjected to the
same in vitro digestion (contains only the mix enzymes+
salts). Immediately after digestion, aliquots of the digested
chokeberry were stabilized by acidification (pH 2.0), filtered
(0.45 pm) and analyzed via HPLC-diode array-MS-MS [8]
to determine the quantity of polyphenols that was added to the
culture medium. The stability of the chokeberry polyphenols
in the culture media during several hours of incubation was
also monitored using the HPLC-diode array.

2.3. Cell line and culture conditions

Human colon cancer Caco-2 cells were grown in EMEM
medium supplemented with 10% v/v fetal bovine serum,
1% v/v nonessential amino acids, 1% v/v L-glutamine and
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1% v/v antibiotic solution (penicillin, streptomycin; Gibco)
at a final pH of 7.2-7.4. Cells were cultured in 10-cm dishes
or 6-well plates and maintained at 37°C in an incubator
under a 5% CO,/95% air atmosphere at constant humidity.
Cells were routinely tested and found to be negative for
mycoplasm contamination. The osmolality of the culture
medium was measured using a vapor pressure osmometer
5520 (VAPRO Wescor). The pH of the culture medium was
determined using pH indicator paper (Neutralit, pH 5.5-9.0,
Merck) inside the incubator.

For the experiments, Caco-2 cells (Passage 25 after
recultivation from —80°C stocks) were seeded at 10* cells
cm 2 density, allowed to adhere for 48 h and used on Day 3
after seeding (subconfluent homogeneously undifferentiated
cells as a model of colon cancer cells). Digested chokeberry
and control samples were freshly prepared, analyzed and
filter sterilized (0.2 pm) prior to addition to the culture
media. Medium was replaced by fresh medium containing
the digested chokeberry juice (at selected concentrations) or
the equivalent control sample. In order to simulate repetitive
doses, more in consonance with a regular consumption of
this fruit, we applied this treatment to cells 2 h daily for
4 consecutive days. After the 2-h incubation period, the
medium was replaced again by a fresh medium. Untreated
cells were also run in parallel and subjected to the same
changes of medium.

2.4. Cell proliferation and viability tests

At the end of 4 days of treatment, trypsinized cells
(2.5 g L™" trypsin, 0.2 g L™' EDTA) were suspended in
culture medium, counted using a hemacytometer and
viability measured using Trypan blue dye exclusion. Results
of proliferation and viability in control and chokeberry-
treated cells are expressed as percentage of those values
obtained for untreated cells. Data are presented as mean
values+S.D. from four independent experiments (n=3
plates per experiment).

2.5. Measurement of H>O,

The concentration of H,O, in the culture medium was
determined using ferrous iron oxidation in xylenol orange
(the FOX assay) according to the procedure described by
Nourooz-Zadeh [20]. The H,O, concentration was calcu-
lated from a standard curve with H,O, in the concentration
range 0—200 pM. Data are presented as mean values+S.D.
from three independent experiments (n=3 plates per
experiment). Catalase (Sigma, EC 1.11.1.6. bovine liver,
728 U pl™") was used to revert and confirm the formation
of HzOz.

2.6. Cell cycle analysis using flow cytometry

Cells (2x 10%) were collected after the 2-h daily treatment
during the 4-day experimental period, fixed in ice-cold
ethanol/phosphate-buffered saline (PBS) (70:30) for 30 min
at 4°C, further resuspended in PBS containing 100 pg ml ™
RNAse and 40 pg ml~"' propidium iodide and incubated at

37°C for 30 min. DNA content (20,000 events) was
analyzed using a FACScan instrument equipped with
FACStation running Cell Quest software (Becton Dick-
inson) for instrument control and data acquisition. The
coefficient of variation according to the FACStation Cell
Quest software was always less than 10%. Data are
presented as mean valuesS.D. of at least three independent
experiments for untreated, control and chokeberry-treated
cells. Where indicated, comparisons were carried out using
the Student’s 7 test.

2.7. RNA isolation

After exposure to the digested chokeberry juice (2% or
5%) or to the control enzyme mix, Caco-2 cells were
directly lysed in the plates, and total RNA was isolated using
an RNeasy mini kit (Qiagen). RNA was eluted in RNAse
free water, aliquoted and stored at —70°C. RNA concentra-
tion was calculated from Abs at 260 nm. The integri-
ty of the ribosomal RNA was checked using agarose
gel electrophoresis (1%). Protein contamination was fur-
ther assessed by spectrophotometric determination of the
Absse0/280 ratio, and only samples with a ratio between 1.8
and 2.1 were used in further experiments.

2.8. Screening of mRNA by oligonucleotide microarrays
from Affymetrix

A preliminary search for potential candidate genes for
which transcription levels may be altered following expo-
sure to the digested chokeberry was performed using
microarray analysis. We created a control and a treated
(2% chokeberry) ‘pooled’ group by mixing the RNA from
four separate RNA preparations, each from an independent
dish of cells. The quality of the resulting pooled RNA was
further tested using the Agilent Bioanalyzer 2100 (Agilent
Technologies). Five micrograms of total RNA was used for
double-stranded cDNA synthesis and generation of biotin-
labeled cRNA, following the manufacturer’s one-cycle
protocol (Affymetrix). The size distribution of biotin-
labeled cRNAs was assessed using the Agilent Bioanalyzer
2100 prior to fragmentation and hybridization onto human
Affymetrix HG-U133A 2.0 GeneChip arrays. Fluorescence
intensity for each chip was captured with a laser GeneChip
Scanner 3000. Affymetrix Gene Chip Operative software
with the Expression Default Settings was used for data
acquisition and quantification. Data were evaluated as
follows: the signal intensities from control and treated
arrays were global scaled to an average signal value of 200,
and comparison analysis was performed using signals from
control samples as baseline. For each probe set, a signal
ratio quantifying the change and a change call (increase,
marginal increase, not change, marginal decrease or
decrease) reflecting the statistical probability and orientation
of each change were generated. Only probe sets with
changes classified as ‘increase’ or ‘decrease’ were used in
future analysis. Those probe sets detected as ‘absent’ or
‘marginal’ in both control and treated cells were eliminated.
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Signal ratios were log, transformed and used to calculate
fold change (treated vs. control). Genes showing changes in
expression > 1.5-fold or <1.5-fold were selected for further
analysis (because modest changes in gene expression may
have biological significance depending on the basal
expression of the gene). Selected genes were categorized
into different functional groups based on gene ontology
search using Fatigo, GEPAS 1.1 (http://www.fatigo.org).
These categories were further refined based upon the
bioprocess and molecular functions described in the
annotation tables available for each target at SOURCE
(http://source.stanford.edu/cgi-bin/source/sourceSearch) and
from existing literature. Genes that were not annotated or
not easily classified were excluded.

2.9. Validation of gene expression by quantitative RT-PCR

Changes in the expression of 15 selected genes were
assessed by one-step quantitative RT-PCR (Tagman system,
Applied Biosystems, ABI) in the same RNA extracted for
microarrays and in further independent experiments both at
2% and 5% chokeberry concentrations using Caco-2 cells
from Passage 25 and Passage 22 (to determine possible
variations at a different passage number). Amplification was
performed using a total reaction volume of 25 pl in a
MicroAmp Optical 96-well reaction plate covered by optical
adhesive covers. Real-time reactions were carried out using
TagMan Universal Master Mix. Primers and probes for each
gene were selected from those assays-on-demand available
from ABI [carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAMI), Hs00236077 ml; fibroblast
growth factor receptor 2 (FGFR2), Hs00240796_m1; poly-
merase (RNA) II (DNA-directed) polypeptide L, 7.6 kDa
(POLR2L), Hs00360764 m1; S100 calcium binding protein
A4 (metastasin) (S7/0044),Hs00243201 m1; integrin alpha 2
(CD49B, alpha 2 subunit of VLA-2 receptor) (/TGA2),
Hs00158127 _m1; heterogeneous nuclear ribonucleoprotein
Al (HNRPAI), Hs01656228 sl; interferon (alpha, beta and
omega) receptor 1 (IFNARI), Hs00265057 ml; interleukin
6 signal transducer (oncostatin M receptor) (/L6ST),
Hs00174360 ml; solute carrier family 7 (cationic amino
acid transporter, y+ system), member 8 (SLC748),
Hs00202051 _m1; inhibitor of DNA binding 1, dominant
negative helix—loop—helix protein (/DI), Hs00357821 gl;
bone morphogenetic protein 2 (BMPZ2), Hs00154192 ml;
polo-like kinase 2 (PLK2),Hs00198320 m1; eukaryotic tran-
slation elongation factor 1 delta (FEF1D), Hs00260723 ml;
guanine nucleotide binding protein (G protein) alpha 13
(GNA13),Hs00183573 ml; H2A histone family, member O
(H24FO), Hs00358508 s1]. The one-step real-time RT-
PCRs were run on the ABI 7500 Real Time RT-PCR with
the following thermal conditions: 48°C for 30 min for reverse
transcriptase reaction, 95°C for 10 min followed by 40 PCR
cycles of denaturation at 95°C for 15 s and annealing/
extension at 60°C for 1 min. All RT-PCR assays for a
particular gene were undertaken at the same time under
identical conditions and carried out in triplicate. The

expression levels of target genes were normalized to the
levels of the glyseraldehyde-3-phosphate dehydrogenase
(Hs99999905 ml), utilizing a standard curve method
for quantitation.

2.10. Indirect staining of cell surface CEACAMI and
immunofluorescence analysis by flow cytometry

Untreated, control and chokeberry-treated Caco-2 cells
were analyzed for CEACAMI cell surface expression by
flow cytometry using monoclonal antihuman CEACAM-1/
CD66a antibody (R & D Systems) as the primary antibody.
At the end of the 4-day treatment, cells were trypsinized,
washed twice with PBS and suspended in cold flow
cytometry buffer (FACS; PBS, 2% fetal bovine serum,
0.05% sodium azide). Cells (2x10°) and the appropriate
diluted primary antibody were gently mixed and incubated
on ice. After 2 h, cells were washed with cold FACS buffer
followed by incubation for 1 h on ice in the dark with
fluorescein isothiocyanate (FITC)-conjugated antimouse
(Sigma). Cells were washed again and resuspended in
PBS, and the extent of binding of the antibody to its antigen
on the surface of the live cells was analyzed (12,000 events
were acquired) by flow cytometry using a FACScan flow
cytometer (Becton Dickinson). Scan parameters were set up
while running unstained cells to discard any fluorescence
emitted by the cells. The background fluorescence was
determined using only secondary FITC-labeled antibody as
a negative control. Data are presented as mean values+S.D.
for five independent experiments. Where indicated, compar-
isons were carried out using the Student’s ¢ test.

3. Results

3.1. Establishment of the experimental conditions and
stability of chokeberry polyphenols in the culture medium

To discard cytotoxicity caused by a pronounced shift of
the osmolality and/or the pH of the culture medium when
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Fig. 1. Osmolality values (in milliosmolars per liter) in EMEM culture
medium and viability of Caco-2 cells (after a 2-h incubation period) versus
quantity of digested chokeberry juice added to the medium (expressed as
initial micromolar concentration of total phenolics).
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Table 1

Summary of the experimental conditions applied to human colon cancer Caco-2 cells: phenolic concentration (in micromolars) in the culture medium at the
start of the incubation period, pH and osmolality values in the culture medium with added chokeberry juice

2% (V/V) Control 2% 5% (v/V) Control 5%

Anthocyanins (uM) 13.5+1.3% - 36.1£0.9 -
Flavonols (uM) 43+0.3 - 11.1+0.6 -

Caffeic acid derivatives (uM) 324+04 - 79.6+0.3 -
Flavan-3-ols (uM) 335475 - 91.2+11.5 -

Total phenolics (uM) 83.8+8.8 - 218.0+13.3 -

pH® 7.0 7.0 75 7.5
Osmolality (mosM L™')° 310+4 299+1 32545 309+£5

* Data are presented as mean values+S.D. from six independent experiments.

® pH in EMEM culture medium+10% serum from untreated cells was 7.0.

¢ Osmolality in EMEM culture medium+10% serum from untreated cells was 29142 mosM L', Data are presented as mean values+S.D. from five

independent experiments.

incubated with excessive quantities of digested chokeberry
juice, we measured the osmolality in the medium and the
cells’ viability after 2 h of exposure to increasing amounts
of digested chokeberry juice (Fig. 1). Cell viability
decreased dramatically at concentrations of digested choke-
berry juice in the medium above 5% (v/v), corresponding to
~220 uM total phenolics. At this concentration, osmolality
in the medium (32742 mosM L") was on the upper limit,
tolerated by human cells (260-320 mosM L~'). The
addition of digested chokeberry juice at concentrations
equal or below 5% (v/v) or the addition of the equivalent
control digestion mix did not alter appreciably the pH values
(7.0-7.5) of the culture medium during the experimental
period. Consequently, and for subsequent studies, we
selected the two highest concentrations of digested choke-
berry juice that did not alter critically the pH and osmolality
of the medium or cell viability: that is, 2% and 5% (v/v, 0.2
or 0.5 ml of digested chokeberry juice/10 ml culture
medium). Table 1 summarizes the final experimental
conditions selected for this study. We estimated that the
consumption of a standard 250-ml portion of chokeberry
juice (~8°Brix) prepared from the commercial concentrate
used in this study corresponds to a polyphenol intake of
~640 mg [8]. After the digestion process and dilution with
the digestive secretions (about 3 L per meal) [21], ingested
polyphenols may reach intestinal cells at concentrations
around 160 mg L™". Therefore, the concentrations selected
for this study, corresponding to ~30 and 80 mg L™ total
phenolics in the culture medium at the start of the incubation
period, represent possible in vivo luminal concentrations
where epithelial cells may be exposed to.

In addition, we monitored the stability of the chokeberry
polyphenols added to the culture media. The concentration
of anthocyanins, flavonols, caffeic acid derivatives (chloro-
genic and neochlorogenic acid) and flavan-3-ols decreased
within the first few hours of incubation of the chokeberry
juice in the culture medium with Caco-2 cells. The most
affected compounds were the anthocyanins, which were
only 7.5% of the initial quantity added to the medium after
2 h of incubation and which were no longer detected after
4 h of incubation. Flavonols and caffeic acid derivatives

decreased by ~50% after 2 h of incubation. Flavan-3-ols
were the most stable compounds, and after 2 h of
incubation, ~63% of these compounds were still detected
in the culture medium. In the absence of serum or cells, we
quantified a similar reduction for all these compounds,
confirming that the observed decrease of phenolics and, in
particular, of anthocyanins, was mostly due to their
instability at the pH of the medium [22]. These results
indicate that under the selected culture conditions, a good
proportion of the polyphenols was still present in the culture
media after 2 h of incubation. The changes observed in the
concentrations of these compounds due to their chemical
instability may reflect changes produced in the intestinal
lumen where the pH conditions are also slightly alkaline.

3.2. Chokeberry juice inhibits Caco-2 cell proliferation

Results of cell viability and cell proliferation are
presented in Table 2. No changes in the viability of control
cells were detected, although a small decrease (~10%) in the
proliferation was observed. Exposure of Caco-2 cells to 2%
or 5% of digested chokeberry juice resulted in inhibition of
cell growth (~40% and ~70% of inhibition compared with
untreated cells). At both concentrations, cell confluence was
never reached. There was no difference in the percentage of
viable cells between the two treatments (about 80% of
viable cells compared with untreated cells).

3.3. H;O; is formed in the culture medium at subtoxic levels

We did not detect H,O, in the culture medium of
untreated or control cells. The increase in absorbance

Table 2

Results of proliferation and viability for control and chokeberry-treated
Caco-2 cells (at the end of the 4-day experimental period) expressed as
percentage of those values obtained for untreated cells

2% (v/v) Control 2% 5% (v/v) Control 5%
% Inhibition 37437 11£8 70+1 12+4
proliferation
% Viability 82+6 10147 76+1 98+2

* Data are presented as mean values£S.D. from four independent
experiments (n =3 plates per experiment).
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measured in the culture medium from cells treated with 5%
chokeberry juice after incubation with the FOX reagent was
completely reverted by addition of catalase (~350 units;
1 unit decomposes 1.0 umol of H,O, min~ !, pH 7.0, 25°C),
confirming the formation of H,O,, which increased from
~5 to 20 pM during the 2-h incubation period (Fig. 2).

3.4. Chokeberry juice induces cell cycle arrest at Go/M

The effect of the chokeberry treatment on cell proliferation
was further evaluated by measuring cell cycle distribution.
On Day 1 of the experimental period, untreated cells were
primarily in the Go/G; phase (40.5+2.7%) and in the S phase
(39.1£1.1%), with half the percentage of cells in the Go,/M
phase (20.4+3.4%; Fig. 3A). Within 4 days of the
experiment, the proportion of cells in the Gy/G; phase
increased slowly from 40.54+2.7% to 52.3+6.9% (P <.05),
and cells in the S phase decreased from 39.1+1.1% to
26.3+5.6% (P<.01). There were no apparent changes in the
percentage of cells in the G,/M phase. A similar behavior was
observed for the control cells (Fig. 3B). When cells were
treated with 2% of digested chokeberry juice, cell cycle
distribution profiles were similar to those observed for
untreated and control cells (data not shown). However,
following treatment with 5% of digested chokeberry juice,
there was a twofold increase of cells in the G,/M phase (from
18.4£3.2% to 40.2£9.1% after the second day of treatment;
P<.01), which was maintained during the 4 days of treatment
(Fig. 3C). The G/M phase accumulation was accompanied
by a corresponding twofold decrease in the Go/G; phase of
the cell cycle (from 41.5+4.1% to 19.5+£3.1%; P<.01),
which slightly recovered throughout the experimental period
and reached 27.243.8% after the last day of treatment. Cells
on the S phase were constant as the treatment progressed. All
groups of cells (untreated, control and treated) were allowed
to recover in fresh culture media for 1 day after the last
exposure, and cell cycle distribution was analyzed once more.
In the untreated, control and 2% chokeberry-treated cells, the
cell cycle profiles reverted to those of the first day; however,
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Fig. 2. Generation of H,O, by the addition of digested chokeberry juice

(5%) in EMEM during a 2-h incubation period. H,O, was measured by the
FOX assay.

A
60

404

201

404

201

oy
5
g
=
=
g
= =
E
z
=
2
3
O

40

201

0 1 2 3 4 5
Day of treatment

mm GO-G1 —3as . G2-M

Fig. 3. Effect of digested chokeberry juice on Caco-2 cell cycle. Distribution
of cells in the Go/Gy, S and G,/M phases at each day of treatment during the
4-day experimental period: (A) untreated cells (only subjected to medium
changes), (B) control cells (treated with the enzyme + salt mix only) and (C)
cells treated with digested chokeberry juice (5%). The analyses of cell cycle
distribution were performed at least in triplicate for each group of cells. Data
are presented as mean values+S.D. Where indicated, comparisons were
carried out using the Student’s 7 test. Statistical significance is as follows:
*P<.05, **P<.01, which indicates significant differences between a cell
cycle phase at Day 2 or Day 4 after treatment and the same phase at Day 1.

the Go/M arrest was still observed in cells that had been
treated with 5% chokeberry juice.

3.5. Analysis of gene expression after exposure to
chokeberry juice

The observed inhibition of Caco-2 cell proliferation and
the cell cycle arrest caused by the treatment with chokeberry
may be associated to changes in the expression of genes
related to cell growth and proliferation and cell cycle
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regulation and/or genes that are connected to colon cancer.
Transcriptional differences between control and 2% choke-
berry-treated Caco-2 cells were screened using Affymetrix
microarrays. Data analysis showed that 58% of the total
transcripts represented in the chip were detected as ‘present’
in both control and treated cells and that the expression of

265

the majority of these genes did not change as a result of the
treatment with chokeberry juice. Only about 1% of the total
transcripts represented in the chip displayed altered levels of
expression in response to the chokeberry treatment, mostly
in the range between 1.5- and 2.0-fold. Genes with altered
mRNA levels were found to be involved in a wide range of

Table 3
Comparison of changes in gene expression (fold change, treated/control) detected by Affymetrix arrays and real time RT-PCR in Caco-2 cells after exposure to
chokeberry juice
Accession number Gene name Gene symbol Affymetrix RT-PCR* Biological process involved
2% 2% 5%
NM_006572 Guanine nucleotide GNAI3 3.0 1.1+0.1 1.4+0.1 Regulation of cell proliferation
binding protein
(G protein) alpha 13
NM_006622 Polo-like kinase 2 PLK2/SNK 1.6 23+1.0 3.3£04 Cell cycle regulation
NM_002184 Interleukin 6 signal IL6ST 3.0 —1.2+40.1 —1.2+0.1 Cell growth and proliferation
transducer (oncostatin Expressed in colorectal cancer
M receptor)
NM_000629 Interferon (alpha, beta IFNARI —23 —1.7+0.1 1.1£0.0 Cell growth, immune response
and omega) receptor 1 and apoptosis
NM_003516 H2A histone family, H2A4FO -19 1.0£0.0 1.0£0.0 DNA package
member O Role in cell cycle progression
Al144007 Heterogeneous nuclear HNRPAI -3.0 —1.1+0.1 1.5+0.5 Processing and transport
ribonucleoprotein Al of RNA to the cytosol
BC005903 Polymerase (RNA) II POLR2L -1.7 —2.0£0.5 —1.7£0.1 General gene transcription
(DNA-directed)
polypeptide L, 7.6 kDa
BF690020 Eukaryotic translation EEFID 23 1.240.1 1.3£0.1 Mediates GDP/GTP exchange
elongation factor 1 delta on EEFlalpha
Associated to gastrointestinal
cancer
NM_001712 Carcinoembryonic CEACAM1 2.1 2.6+1.0 12.2+4.5 Reduced expression in colon
antigen-related cell cancer
adhesion molecule 1 Tumor suppressor involved
in cell—cell adhesion that
regulates apoptosis in colon
epithelium
NM_001200 Bone morphogenetic BMP?2 1.6 24+1.0 2.0+0.5 Tumor suppressor promoting
protein 2 apoptosis in mature colonic
epithelial cells and inhibiting
proliferation
D13889 Inhibitor of DNA binding IDI —1.6 —1.1+0.1 —-1.24+0.2 Cell growth regulation and
1, dominant negative tumorigenesis
helix—loop-helix protein. Up-regulated in colon cancer
Associated to metastasis
NM_022975 Fibroblast growth factor FGFR2 —4.6 —1.84+0.2 —2.0+0.2 Implicated in tumor growth and
receptor 2 invasion (colon carcinoma)
NM_002203 Integrin alpha 2 (CD49B, ITGA2 3.0 2.6+1.0 3.6+0.8 Participates in cell adhesion
alpha 2 subunit of VLA-2 (hemidesmosomes)
receptor) Role in cell proliferation and
migration
Involved in colorectal cancer
NM_002961 S100 calcium binding S§10044 -2.5 —1.9+0.1 —1.8+0.5 May function in motility,
protein A4 (metastasin) invasion and tubulin
polymerization
Significant prognostic marker
of colorectal carcinoma
Associated with metastasis
AL365343 Solute carrier family 7 SLC7A8/LAT2 8.0 1.7£0.3 32403 Transport of cationic

(cationic amino acid
transporter, y+ system),
member 8

amino acids

? Results shown as means+S.D. from at least three independent experiments (at two different passage numbers).
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Fig. 4. mRNA levels of CEACAM1, ITGA2 and S10044 in Caco-2 cells at different proliferative stages between seeding and confluence (*values expressed
as ratio of proliferative subconfluent cells to confluent cells). Changes in the expression levels of these three genes in Caco-2 cells after exposure to 2% or
5% of chokeberry are also indicated ('values expressed as ratio of treated cells to control cells). Points represent the mean+S.D. of at least three

independent experiments.

physiological functions: (a) cell signaling and signal
transduction; (b) DNA processing and transcription; (c)
RNA processing; (d) translation, protein processing and
degradation; (e) cell growth, proliferation and apoptosis;
(f) cell cytoskeleton and extracellular matrix associated;
(g) transporters and metabolism; (h) response to various
stimuli and other markers of cancer.

Changes in the expression of 15 of these genes were
further analyzed by RT-PCR in at least three independent
experiments at the two chokeberry concentrations (Table 3).
Selected genes had been reported to be involved in cell
growth and proliferation and cell cycle regulation and/or
had been clearly associated to colorectal cancer. RT-PCR
confirmed the up-regulation of five of the genes selected:
PLK?2, a serine threonine kinase with a regulatory role on
cell cycle [23]; CEACAMI, a tumor suppressor involved in
cell—cell adhesion [24]; BMP2, a tumor suppressor member

of the transforming growth factor B family that inhibits
proliferation of mature colonic epithelial cells [25]; ITGA2,
a cell surface integrin expressed in colon cancer cell lines
with a role in cell proliferation and migration [26]; and
SLC7A48, a membrane transporter for amino acids [27]. RT-
PCR also confirmed the down-regulation of the following:
POLR2L, a subunit of the polymerase (RNA) II responsible
for the synthesis of mRNA in eukaryotes [28]; FGFR2, a
high-affinity receptor for fibroblast growth factor implicat-
ed in tumor growth and invasion in colon carcinoma [29];
and the S70044, a significant prognostic marker of
colorectal carcinoma associated with the metastasis capacity
of cancer cells [30]. The down-regulation of the interferon
receptor /FNARI involved in cell growth [31] was only
verified by RT-PCR when cells were treated with 2% of
chokeberry, but no changes were detected after treatment
with 5% chokeberry.

b
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Fig. 5. Flow cytometry profiles indicating levels of cell surface expression of CEACAMI in (A) untreated cells (only subjected to medium changes), (B) control
cells (treated with the enzyme + salt mix only) and (C) cells treated with digested chokeberry juice (5%). Cells were stained with monoclonal antihuman
CEACAM-1/CD66a antibodies and analyzed by flow cytometry (dark curves). The background fluorescence (light gray curve) was determined in cells incubated

only with secondary FITC-labeled antibody.
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Table 4
Flow cytometry analysis of CEACAMI monoclonal antibody binding on
Caco-2 cells by indirect immunofluorescence assay

Day of treatment ~ Caco-2 cell surface expression (%)

Control cells

38.1+6.4
35.1+7.3

Untreated cells

Day 4° 37.146.3°
Day 5¢ 31.4£6.0

Treated (5%) cells

48.9+11.0
57.8+11.9%

? Day 4 of treatment with 5% chokeberry juice.

® Data are the average of five independent experiments.

¢ Cells were allowed to recover in fresh medium for 1 day after the
treatment.

* Statistical comparison between cells treated with chokeberry (5%)
and control cells: highly significant difference (P <.01).

3.6. Up-regulation of CEACAMI mRNA in Caco-2 cells is
associated to the exposure to chokeberry juice

Of particular interest was the induction of CEACAM]I, a
tumor marker whose reduced expression is an important
event in colorectal carcinogenesis and which regulates cell
proliferation [24]. The levels of mRNA of this gene were up-
regulated in Caco-2 cells up to ~12-fold after exposure to 5%
of chokeberry juice. Under normal culture conditions, Caco-2
cells proliferate and reach confluence (~7 days after seeding)
followed by spontaneous differentiation [32]. This process is
itself accompanied by changes in the expression of multiple
genes, including a large number of genes related to
proliferation, cell adhesion and signaling [33-35]. In our
study, gene expression changes are presented as the ratio
between treated and control cells at the end of the 4-day
experimental period. At this time point, control cells were
~100% confluent, whereas treated cells did not reach
confluence (proliferation was inhibited by the treatment).
To ensure that the observed up-regulation of CEACAM1 was
associated to the treatment with chokeberry and not to the
different proliferative stages of the two compared groups of
cells, we analyzed the expression of CEACAM] in prolifer-
ative untreated Caco-2 cells from seeding to confluence
(Fig. 4). For comparison purposes, we also included mRNA
levels for two other selected genes with altered expression:
ITGA2 and S100A4. Values are expressed as the ratio of
proliferative subconfluent cells to confluent cells. These
results show that subconfluent Caco-2 cells exhibited similar
expression levels of CEACAM] regardless of the percentage
of proliferation and that CEACAM1 expression was predom-
inantly lower than in 100% confluent cells. On sparse cell
cultures ~20-30% confluent and ~40-50% confluent (ap-
proximately Days 3 and 4 after seeding, respectively), the
expression levels of CEACAMI were approximately half of
those in 100% confluent cells (Day 7 after seeding).
However, the expression of CEACAM1 in cells treated with
5% or 2% chokeberry juice (~20-30% or ~40-50%
confluent, respectively) was 12.2- and 2.6-fold higher than
in control confluent cells, indicating that up-regulation of
CEACAM1 was associated to the treatment and not to the
proliferative stage of the cells. Unlike CEACAM1, changes in
the expression levels of S7/0044 cannot be attributed to the

treatment and may be associated to the different proliferative
stages of the compared groups of cells. In the case of ITGA2,
the expression of this gene may have been affected only by
the treatment with 5% chokeberry juice.

It has been reported that at low concentrations, H,O, can
act as a signaling molecule, regulating the expression of
genes and modulating diverse cellular functions [36]. To
ensure that the observed up-regulation of CEACAMI in
chokeberry-treated cells was not due to the small amounts of
H,0, generated under our experimental conditions, we
determined the expression levels of CEACAM]I in Caco-2
cells after repeated exposure (2 h for a 4-day period) to 15 uM
H,0,. There were no changes in the expression of this gene as
compared with untreated cells (1.4+0.2-fold change).

3.7. Up-regulation of cell surface expression of CEACAM]I

Using flow cytometry, we analyzed the expression of
CEACAMI on the surface of Caco-2 cells to determine
whether the observed changes at the mRNA level were
translated into changes at the protein level. The fluorescence
profile for CEACAMI in untreated, control and chokeberry
(5%)-treated cells is shown on the overlaid single-parameter
histograms of background and test antibody (Fig. 5). The
results of the flow cytometry analysis of CEACAM1/CD66a
antibody binding on each group of cells, expressed as
percentage of cell surface expression, are shown in Table 4.
Data are the average of five independent experiments.
Untreated Caco-2 cells showed a positive reaction with
monoclonal antihuman CEACAM-1/CD66a antibody
(37.1£6.3% and 31.4£6.0% for ~80% and ~100% conflu-
ent cells, Days 4 and 5 of treatment, respectively). Control
cells expressed similar amounts of CEACAM]1. Exposure of
Caco-2 cells to 5% digested chokeberry juice induced
slightly, although not significantly, the surface expression of
CEACAMI by Day 4 of treatment. Because changes at the
protein levels may occur at a later stage than changes at the
mRNA levels, all groups of cells (untreated, control and
treated) were allowed to recover in fresh culture media for
1 day after the last exposure to chokeberry juice, and
CEACAMI surface expression was analyzed once more. A
persistent and significant (P<.01) up-regulation of CEA-
CAM1 surface expression was observed in the treated cells.
We also compared CEACAMI1 surface expression levels
between untreated ~30% subconfluent cells, ~80% subcon-
fluent cells and ~100% confluent cells and found no
significant differences between these groups of cells,
corroborating that proliferative subconfluent cells exhibited
similar cell surface expression levels of CEACAMI1 and that
the changes in expression after repetitive exposure to
chokeberry juice were associated to the treatment and not
to the proliferative stage of the compared groups of cells.

4. Discussion

Much of the research carried out regarding the antiproli-
ferative properties of polyphenols has used experimental
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models in which cancerous cultured cells were exposed to
individual polyphenols or extracts rich in these compounds
for very long periods [9—14]. In vivo, however, gut epithelial
cells are more likely to be exposed to complex food
containing mixtures of these compounds and for shorter
periods. In addition, these fruits undergo a digestion process
that may affect the structure and properties of the fruit
components. Therefore, the in vitro protective effects of
polyphenols do not necessarily equate to in vivo chemo-
protection, which is more likely due to the combined actions
of all the components in the fruit. In this study, we examined
the cellular response of proliferative colon cancer Caco-2
cells after repetitive exposure to a berry juice rich in
polyphenols. To mimic more physiological conditions, we
subjected the berry juice to in vitro gastric and pancreatic
digestion. Following reported requirements for in vitro
experiments looking at the anticarcinogenic potential of test
substances [37], we selected appropriate subtoxic doses of the
chokeberry juice based on (a) the composition in polyphenols
after the simulated gastric and pancreatic digestion, (b) the
stability of these polyphenols in the culture medium, (c) the
pH and osmolality conditions in the culture medium and
(d) in vivo realistic luminal exposure levels. Under our
selected experimental conditions, Caco-2 cell proliferation
was markedly inhibited. It has been established that
polyphenols may suffer oxidation in the culture media and
generate H,O,, which could account (at least partially) for the
reported antiproliferative effects ascribed to these compounds
[38,39]. The extent of H,O, formation depends on the type of
culture medium or phenolic compounds, and therefore, the
formation of reactive H,O, needs to be carefully examined
for each experimental condition [40]. In our study, the levels
of H,O, produced in EMEM culture medium with 5%
chokeberry juice were below 25 uM during 2 h of exposure. It
has been reported that the proliferation of Caco-2 cells in
DMEM is affected at H,O, levels ~100 uM or above [41-43].
In one particular study, it was shown that incubation for 20
h of Caco-2 in EMEM with up to 10 mM of H,O, resulted in
less than ~25% loss of cell viability [44]. Under our
experimental culture conditions, the levels of H,O, generated
are thus below those that may affect proliferation. The
toxicity of this molecule depends not only on the concentra-
tion but also on the length of exposure and the type of cells
[40]. We treated Caco-2 cells with 15 uM H,0, in EMEM
culture medium for 2 h a day for 4 days and found no
significant effect on cell proliferation as compared with
untreated cells (data not shown). These results indicate that
the inhibition of proliferation in Caco-2 cells after exposure to
chokeberry juice was not due to reactive, derived H,0O,.
Inhibition of Caco-2 cell proliferation by the chokeberry
treatment was linked to G,/M cell cycle arrest. Regulation
of cell cycle progression through cell cycle block at the
Go/G; or G/M checkpoints is one of the mechanisms of cell
growth inhibition and allows normal cells to ensure for
correct DNA synthesis or chromosomal segregation [45]. In
cancer cells, particularly in colon cancer cells, the mecha-

nisms that regulate cell cycle are defective [45,46]. Given
their critical role in cell growth and division and their
possible contribution to the transformation of a normal cell
into a cancer cell, cell cycle checkpoints and their regulation
are important targets for selective anticancer agents [46].
For example, flavopiridol, a synthetic flavone with anti-
tumor properties, is a potent inducer of cell cycle arrest in
colorectal cancer, but this compound shows important dose-
limiting toxicities [47]. Dietary flavonoids such as genistein
or apigenin (with structural similarities to flavopiridol) have
also been shown to inhibit human colon cancer cell growth
by inducing cell cycle arrest [48,49]. These results suggest
that plant food polyphenols at dietary nontoxic levels can
contribute to the blocking of the initiation or progression of
gastrointestinal cancers by modulating cell cycle check-
points. The chokeberry juice used in this study contains a
mixture of flavonoids, mostly anthocyanins [8]. It has been
recently reported that an anthocyanin-rich extract prepared
from chokeberry can induce G,/M cell cycle arrest in colon
cancer cells HT29 [50], which suggests that some of the
polyphenols present in chokeberry juice may be involved
in the observed Caco-2 cell cycle arrest. The specific
components in the juice that may be responsible for the
observed effects were not evaluated in the present study and
deserve further investigations.

To gain additional insight into the possible mechanisms
by which exposure of Caco-2 cells to the chokeberry juice
may have affected cell proliferation and cell cycle, we used
Affymetrix microarrays and RT-PCR to identify possible
related targets whose expression may have been altered. We
detected a small number of genes related to several major
cellular functions with altered expression levels, mostly
between 1.5- and 2.0-fold changes. Microarrays have been
increasingly used to study gene expression changes in colon
cancer cells after exposure to food components such as
individual polyphenols [51-53] or food extracts rich in
polyphenols [54,55]. In general, these studies show moder-
ate expression changes in a small proportion of genes. These
studies also reveal the modulation of genes involved in a
wide range of physiological functions such as metabolism,
signal transduction, cell proliferation, transcription, apopto-
sis, cell signaling or cell adhesion. All these results support
the general idea that nutrition is not associated with major
changes in gene expression but rather induces multiple
minor changes. A number of genes differentially expressed
in Caco-2 cells after exposure to the chokeberry juice were
found to be involved in cell proliferation and cell cycle
regulation and associated with colon cancer. Altered
expression of genes involved in proliferation may predis-
pose colon cells for colon tumor development, and
regulation of their expression may be a potential mechanism
of chemoprevention [46,56].

Among those altered genes, we detected a significant
induction of CEACAMI. This tumor suppressor has an
important regulatory role on cell proliferation [24], and its
expression is down-regulated in more than 85% of early
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colorectal adenomas and carcinomas [57]. Failure to express
CEACAMI1 is likely to contribute to the early development of
hyperplastic lesions prior to neoplastic lesions that may
eventually lead to colon cancer development [57,58]. This
transmembrane glycoprotein has been identified as a valuable
target for cancer therapy as shown, for example, by a
significant reduction of cell growth in human metastatic
prostate cells after transfection of CEACAMI1 [59]. From this
perspective, it is plausible that dietary factors may contribute
to the reduction of early proliferative lesions on colon cells by
up-regulating the expression of CEACAMI1 and maintaining
a low rate of proliferation. Our results show that regular
exposure of proliferative colon cancer cells to dietary levels
of polyphenol-rich chokeberry fruit caused inhibition of cell
proliferation and induced up-regulation of CEACAM1 both
at the mRNA and protein levels. However, the levels of
expression and the regulatory effects of CEACAMI are cell
density dependent and cell state specific [60], and thus, it is
very important to pay attention to the functional states of the
cells that are being investigated. For example, whereas
subconfluent prostate epithelial normal cells or bladder
carcinoma cells express similar amounts of CEACAMI1 at
different percentage of confluence, remarkable differences
were found in the expression of CEACAMI between
proliferating and nonproliferating quiescent cells [24]. Also,
in subconfluent Caco-2 BBe cells, CEACAMI expression
level was lower than in postconfluent cells [33]. We showed
that the levels of expression of CEACAMI in untreated
subconfluent Caco-2 cells did not change very much during
proliferation and were predominantly lower in subconfluent
10-80% cells than in confluent cells, indicating that the up-
regulation of CEACAMI observed after the treatment with
chokeberry juice in subconfluent Caco-2 cells was associated
to the treatment and not to the proliferative stage of the
compared groups of cells.

The mechanisms by which CEACAMI1 regulates cell
proliferation are not yet fully understood, but CEACAM1
may participate in controlling the cell cycle [24,60]. The
differences in CEACAMI1 expression between proliferating
and quiescent cells suggest that CEACAM1 may have a role
in contact inhibition [60]. On contact inhibition, Caco-2
cells spontaneously undergo cell cycle arrest, with cells
accumulating in the G¢/G; phase as a function of time in
culture [34]. It has been suggested that the switch in
CEACAMI expression may take place when cells enter/exit
the cell cycle from/to the quiescent Go/G; phase [24]. Up-
regulation of CEACAMI1 in the chokeberry-treated subcon-
fluent Caco-2 cells is concomitant with cells being arrested
into the G, phase, indicating that inhibition of Caco-2 cell
proliferation by exposure to chokeberry may occur through
different mechanisms than those taking place in normal
differentiating cells. It has also been reported that CEA-
CAMI can influence the expression levels of proteins
involved in the regulation of the G,/S and G,/M transitions,
through tyrosine-dependent signaling pathways [61]. The
cell-proliferation-related signaling function of CEACAMI

is known to be influenced by factors like the serine/
threonine phosphorylation of CEACAM1 or the binding to
calmodulin [60]. Our results of the Affymetrix screening of
treated Caco-2 cells also detected up-regulation of Ser/Thre
kinases such as the polo-like kinases, PLK2 and PLK4
(twofold induction) or down-regulation of the phosphory-
lase kinase calmodulin 1 (1.8-fold). It has also been
suggested that in cells with high abundance of cell—cell
contacts, CEACAMI1 may preferentially activate tyrosine
phosphatases and inhibit cell proliferation [60]. Interesting-
ly, the protein tyrosine phosphatase nonreceptor type 12,
known to interact with cell adhesion molecules and involved
in the regulation of cell growth, was also up-regulated in the
chokeberry-treated Caco-2 cells (twofold induction as
estimated by Affymetrix microarrays). The mechanisms by
which cell signaling and cell cycle may be modulated in
Caco-2 cells by exposure to the chokeberry juice and the
involvement of proteins such as kinases and phosphatases
related to CEACAMI are currently being investigated.

In conclusion, these results demonstrate that repeated
exposure to dietary levels of a polyphenol-rich chokeberry
has a potent in vitro antiproliferative effect toward the
human colorectal cancer cell line Caco-2 and that this
antiproliferative effect may be mediated through arrest of
the cells at the G,/M checkpoint. Through analysis of gene
expression, we have detected changes in the mRNA levels
of several tumor markers typical for colon cancer and of
proteins involved in proliferation and cell cycle that may
be associated to the treatment. Among those, CEACAMI,
with a significant regulatory role on cell proliferation of
particular interest at early stages of cancer development,
may be a potential target for chemoprevention by food
components such as those present in polyphenol-rich fruits.
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