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Research Article

Pathway and single gene analyses of inhibited
Caco-2 differentiation by ascorbate-stabilized
quercetin suggest enhancement of cellular
processes associated with development of
colon cancer

Ashwin A. Dihal'-2, Chantal Tilburgs', Marjan J. van Erk’, Ivonne M. C. M. Rietjens?,
Ruud A. Woutersen®and Rob H. Stierum'
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2 Wageningen University and Research Centre, Division of Toxicology, Wageningen, The Netherlands
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The aim was to investigate mechanisms contributing to quercetin's previously described effects on
cell-proliferation and -differentiation, which contradicted its proposed anticarcinogenic potency. In a
10-day experiment, 40 uM quercetin stabilized by 1 mM ascorbate reduced Caco-2 differentiation up
to 50% (p < 0.001). Caco-2 RNA from days 5 and 10, hybridized on HG-U133A2.0 Affymetrix Gene-
Chips®, showed 1743 affected genes on both days (p < 0.01). All 14 Caco-2 differentiation-associated
genes showed decreased expression (p < 0.01), including intestinal alkaline phosphatase, that was
confirmed technically (QRT-PCR) and functionally (enzyme-activity). The 1743 genes contributed to
27 pathways (p < 0.05) categorized under six gene ontology (GO) processes, including apoptosis and
cell-cycle. Genes within these GO-processes showed fold changes that suggest increased cell-survival
and -proliferation. Furthermore, quercetin down-regulated expression of genes involved in tumor-sup-
pression and phase II metabolism, and up-regulated oncogenes. Gene expression changes mediated
by ascorbate-stabilized quercetin were concordant with those occurring in human colorectal carcino-
genesis (=80-90%), but were opposite to those previously described for Caco-2 cells exposed to
quercetin without ascorbate (=75—90%). In conclusion, gene expression among Caco-2 cells exposed
to ascorbate-stabilized quercetin showed mechanisms contrary to what is expected for a cancer-pre-
ventive agent. Whether this unexpected in vitro effect is relevant in vivo, remains to be elucidated.
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1 Introduction broccoli, blueberries, and onions [1]. Following intake, con-
jugated quercetin can be hydrolyzed by B-glycosidases
present in the cytoplasm or on the membrane of small intes-

tinal cells [2]. When absorbed from the small intestine,

Quercetin is a phytochemical that belongs to the polyphenol
group of antioxidants. This dietary compound is part of the

flavonol subclass of flavonoids and can be found in glyco-
sylated forms in fruits and vegetables, including curly kale,
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quercetin can be metabolized by phase II enzymes present
in small intestinal cells and the liver. On the other hand,
conjugated quercetin that reaches the colon can be hydro-

pendent kinase 1; COX-2, cyclo-oxygenase 2; CRC, colorectal cancer;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GO, gene on-
tology; IAP, inhibitor of apoptosis proteins; MMP7, matrix metallo-
protease 7; qRT-PCR, quantitative reverse transcriptase PCR; ROS,
reactive oxygen species; STK, serine/threonine kinase; SULT, sulfo-
transferase; TEER, transepithelial electrical resistance; UGT, UDP-
glucuronosyltransferase
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lyzed by bacterial B-glycosidases [3], leading to colonic
release and absorption of quercetin [4].

In the healthy colon, uptake of nutrients from the colon
lumen is facilitated by foldings in the intestinal mucosa that
enlarge the absorption area. The base of the colonic crypts
contains a limited number of stem cells which after prolifer-
ation migrate towards the lumen and can differentiate into
absorptive cells (enterocytes), goblet cells (responsible for
secretion of protective mucins), or enteroendocrine cells
(secretion of hormones, including serotonin) [5]. Within 4—
8 days after migration from the base of the crypt, these
different cell types reach the top of the villus, become apop-
totic and are shedded in the gut lumen [6]. The continuous
process of proliferation, differentiation, and apoptosis that
occurs along the crypt axis is strictly regulated. Once this
equilibrium is perturbed, for example as a result of underly-
ing gene mutations, colorectal tumors may develop through
a gradual series of well-characterized histopathological
changes, also known as the adenoma—carcinoma sequence
[71.

The human-derived colon cancer cell line Caco-2 is a
well-accepted model to study cell proliferation, differentia-
tion, and apoptosis as a function of time [8]. When these
cells proliferate toward a monolayer, contact inhibition
occurs that leads to cell cycle arrest and spontaneous differ-
entiation into absorptive cells [5]. This time-dependent
process mimicks phenotypic changes that normal colonic
epithelial cells undergo during migration along the crypt-
villus axis in vivo [5]. A typical feature of differentiated
Caco-2 cells is the brush border with a high density of
microvilli. Brush border enzymes that are known to be pos-
itively correlated with the differentiation grade of entero-
cytes and therefore extensively used as Caco-2 differentia-
tion markers, include intestinal alkaline phosphatase
(ALPI) [6] and sucrase-isomaltase [8, 9].

Quercetin is generally recognized as a compound that
inhibits mechanisms involved in development of (colorec-
tal) cancer, as demonstrated by in vitro [10, 11] and in vivo
[12, 13] studies. However, data regarding its mechanisms of
action are relatively scarce and the beneficial effect of quer-
cetin on colorectal cancer (CRC) is under debate [13, 14].
In a previous study performed with Caco-2 cells, quercetin-
treatment resulted in effects opposite to what would be
expected for a phytochemical with anticarcinogenic
potency, including increased proliferation and inhibited dif-
ferentiation [15]. The aim of the present study was to fur-
ther investigate this unexpected effect in Caco-2 cells by
characterising quercetin-induced changes in cellular physi-
ology and gene expression in the context of biological path-
ways and gene ontology (GO) processes.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and methods

2.1 Cell culture

The human colon cancer cell line, Caco-2, was obtained
from the American Type Culture Collection (Manassas,
VA, USA). For subculturing, near-confluent Caco-2 mono-
layers of passage 35 and 36 were seeded in a 1:10 split ratio
in T75 flasks (Costar, Cambridge, UK) with DMEM culture
medium, as described previously [15]. For differentiation
experiments, Caco-2 cells of passage 37 were seeded (1:10
split ratio) in triplicate on polycarbonate membrane Trans-
well® inserts (Corning Life Sciences, Cambridge, UK),
with a membrane diameter of 75 mm (growth area 44 cm?,
0.4 um pore size) at a density of + 40000 cells/cm?. After
2 days, cell cultures reached confluency, and this time point
was considered experimental day 0.

2.2 Quercetin exposure

To prevent quercetin's instability in culture medium [11],
40 uM quercetin (Sigma—Aldrich, Zwijndrecht, The Neth-
erlands) out of a 200 x stock solution in DMSO (Sigma—
Aldrich) was prepared in DMEM culture medium shortly
before cell exposure and stabilized by 1 mM (final concen-
tration) sodium ascorbate (Boom B. V., Meppel, The Neth-
erlands) [15]. This culturing condition is further referred to
as “40 uM quercetin”. From days 0—9, Caco-2 monolayers
were exposed to 8 mL of 40 uM quercetin in the apical
compartment only, in order to mimic exposure as it would
occur in the gut. As controls, cells were exposed to 8 mL of
1 mM sodium ascorbate, including the quercetin solvent
(0.5% DMSO), a condition previously shown not to inter-
fere with Caco-2 differentiation [15]. The latter culture con-
dition is further referred to as “control”. Basolateral com-
partments of both experimental conditions were filled with
12 mL DMEM culture medium. In the course of the experi-
ment, culture medium in both compartments was refreshed
every 24 h.

2.3 Transepithelial electrical resistance (TEER)

TEER was measured as a marker for Caco-2 cell differen-
tiation [15]. As temperature fluctuations may influence the
outcome of the TEER measurement, Transwell® inserts
were cooled down to room temperature (20 = 1°C) prior to
TEER measurement. On days 0, 3, 5, 7, and 10 postconflu-
ency TEER was measured in triplicate, using a Millicel-
ERS Volt Ohm meter (Millipore, Amsterdam, The Nether-
lands). TEER values were calculated according to the fol-
lowing equation: TEER = R x filter area (Q * cm?).

www.mnf-journal.com
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2.4 Alkaline phosphatase

Activity of intestinal alkaline phosphatase, a Caco-2 differ-
entiation marker, was determined on a BM/Hitachi 911 ana-
lyzer according to a colorimetric assay as described previ-
ously [6]. In brief, ALP converts the substrate p-nitrophenol
phosphate into p-nitrophenol. Concomitantly, the time-
dependent release of p-nitrophenol is proportional to the
ALP activity. The activity of this enzyme was determined in
the apical culture medium, since in previous studies intra-
cellular ALP was shown to be correlated with its presence
and activity in the apical culture medium [16, 17]. ALP
activity among quercetin-treated and control cells was first
corrected for baseline ALP activity in DMEM culture
medium. Subsequently, corrected ALP activity was normal-
ized for the number of cells in culture, by measurement of
total protein in the apical culture medium.

2.5 RNA extraction, cleanup, and quality control

On days 5 and 10 postconfluency, cells were first rinsed
with ice cold PBS without calcium or magnesium (Invitro-
gen® Life Technologies, Breda, The Netherlands). Subse-
quently, cells were harvested in 2 x 0.75 mL of ice-cold
TRIzol® (Life Technologies, Paisley, UK), immediately fro-
zen in liquid nitrogen and stored at —80°C for up to
2 months, until RNA isolation according to the TRIzol pro-
tocol. Following isolation, total RNA was purified with
RNeasy Midi columns (QIAGEN, Westburg, Leusden, The
Netherlands), including a DNAse incubation step. Quality
of purified total RNA was determined on a UV-VIS spectro-
photometer (Shimadzu Benelux, ’s Hertogenbosch, The
Netherlands) by calculation of the Ax40/A4,s0 ratio (1.7—2.0)
and confirmed on a Lab-on-a-Chip on the Agilent 2100 bio-
analyser (Agilent Technologies, Palo Alto, California,
USA) by determining the 28S/18S ribosomal RNA ratio
(1.7-2.0).

2.6 RNA preparation for Affymetrix GeneChip®
arrays and hybridization

RNA originating from quercetin treated and control Caco-2
cells harvested on days 5 and 10, was used as an input for
hybridization to HG-UI133A 2.0 Affymetrix GeneChip®
arrays that comprise 22 215 genes, of which 14 500 are
well-characterized human genes.

For hybridization, the GeneChip® One-Cycle Eukaryotic
Target Labeling Assay for expression analysis was perform-
ed, as described in the Affymetrix GeneChip® Expression
Analysis Technical Manual (GeneChip® Expression Anal-
ysis Technical Manual, 2004, http://www.affymetrix.com/
support/technical/manual/expression_manual.affx). Inbrief,
2 ug of purified total RNA was reverse transcribed using a
T7-0Oligo(dT) Promoter Primer for synthesis of the first-
strand complementary DNA (cDNA). Subsequently, double

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

stranded cDNA was produced to serve as a template for the
in vitro transcription. After cRNA fragmentation, meant for
optimal hybridization efficiency, 10 ug of fragmented
cRNA was hybridized to Affymetrix GeneChip® HG-
U133A 2.0 arrays and finally detected with the GeneChip®
Scanner 3000 7G (Affymetrix, Santa Clara, California,
USA).

2.7 Analysis of Affymetrix GeneChip® array data

CEL files containing raw signal intensities, were imported
in Rosetta Resolver 5.0 (Rosetta Inpharmatics LLC, Seattle,
USA), applying data preprocessing (to estimate and reduce
systematic errors) and error modeling (for improvement of
accuracy of the present and absent calls for low replicate
numbers). Genes with an “absent call” (p = 0.065 for HG-
U133A 2.0 GeneChip® arrays) across all eight arrays
(n=7285) were considered not to be affected by quercetin
treatment and/or incubation time and were therefore
excluded from further analyses (see Fig. 1 of Supporting
Information). Subsequently, normalized intensities origi-
nating from replicate Affymetrix GeneChip® arrays (n =2/
group) were combined and fold changes (quercetin vs. con-
trol) were calculated for days 5 and 10. For selection of
genes that changed upon quercetin-treatment in time, the
remaining genes (n = 14 930) were analyzed by a combina-
tion of the two-way ANOVA (p < 0.01), including error-
weighting (to increase degrees of freedom) and the false
discovery rate (FDR < 0.05) [18]. This analysis retrieved
1743 significantly changed genes (=8% of the initial num-
ber of genes). To interpret these differentially expressed
genes at a higher biological level rather than the level of sin-
gle genes only, data were loaded in the pathway mapping
tool MetaCore™ (GeneGo, St. Joseph, MI, USA). Signifi-
cantly changed pathways were subsequently used to deter-
mine the relative contribution of significantly changed
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Figure 1. Time-dependent TEER values in 40 uM quercetin
(triangles) and control cells (dots). Values are given as mean =
SD (n=3/group). * p< 0.01 and ** p < 0.001 when compared
to control cells.
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genes to pathway-associated GO processes. To this end,
different pathways categorized under identical GO proc-
esses were first grouped. Subsequently, within each set of
grouped pathways, i. e., within each GO process, the num-
ber of significantly changed genes was expressed as per-
centage of the total number of genes.

MIAME (minimum information about a microarray
experiment) compliant data described in this publication
have been deposited in NCBIs Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessi-
ble through GEO Series accession number GSE7259.

2.8 Confirmation of Affymetrix GeneChip® array
expression data

To support the biological relevance of the statistically fil-
tered dataset, a search was performed for the presence of pre-
viously described Caco-2 differentiation markers, regardless
of'the direction and/or magnitude of the fold change [8].

To confirm Affymetrix GeneChip® array expression data
and the biological relevance of the dataset obtained by stat-
istical analyses, a subset of relevant genes, including the
Caco-2 differentiation marker ALPI [6], and the human
CRC-associated genes encoding for cyclo-oxygenase 2
(COX-2) [19] and matrix metalloprotease 7 (MMP7) [20],
was confirmed by means of real-time quantitative reverse
transcriptase PCR (qRT-PCR). Primers for real-time qRT-
PCR were developed in Beacon Designer 4.02 (Premier
Biosoft, Palo Alto, California, USA). Furthermore, the
ALPI enzyme was confirmed functionally by measurement
of its activity corrected for total protein in the apical culture
medium [6].

2.9 qRT-PCR

Per sample (n = 3/group) 200 ng of total RNA was reverse
transcribed into complementary DNA (cDNA) in an iCy-
cler iQ™ Real-Time PCR Detection System (BioRad, Vee-
nendaal, The Netherlands), using the iScript™ ¢DNA syn-
thesis kit (BioRad, Veenendaal, The Netherlands). This
reaction was performed in a final volume of 20 puL contain-
ing 5% v/v of a Moloney murine leukaemia virus (MMLV)-
derived reverse transcriptase with RNAse inhibitor and
20% v/v of a 5x iScript Reaction Mix. Subsequent real-time
gRT-PCR was performed either with the iQ™ SYBR®
Green Supermix or the TagMan® assay (see Table 1 of Sup-
porting Information). The SYBR® Green assay was per-
formed in a final volume of 25 pL containing 50% v/v of
the 2x iQ™ SYBR® Green Supermix, 0.3 uM primermix
with both forward and reverse primers (Biolegio, Nijmegen,
The Netherlands) and 5 ng of cDNA. An initial denatura-
tion step of 3 min at 95°C was followed by 45 cycles, each
consisting of 94°C for 15 s, followed by annealing (temper-
atures given in see Table 1 of Supporting Information) for
30 s and elongation at 72°C for 20 s. Subsequently, a melt-
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ing curve was generated to ensure amplification of only the
proper PCR product. This was performed by 80 cycles of
10 s each, starting at 54°C, increasing with 0.5°C per cycle
up to 94°C and measuring the fluorescence.

The TagMan® assay was carried out in a final volume of
25 uL with 57% v/v TagqMan® universal mastermix
(Applied Biosystems, Nieuwerkerk a/d IJssel, The Nether-
lands), =0.9 uM primer mix with both forward and reverse
primers, =0.2 uM of the corresponding TagMan® probe
(Applied Biosystems) and 50 pg of cDNA. After an initial
denaturation step of 10 min at 95°C, 45 cycles were run,
each of which consisted of 95°C for 15 s and 60°C for 60 s.

Real-time qRT-PCR reactions for both TagMan® and
SYBR® Green assays were performed in the iCycler iQ™
Real-Time PCR Detection System. Absolute copy numbers
of the genes of interest were determined by linear regres-
sion from cDNA calibration curves of each gene. Expres-
sion data obtained by real-time qRT-PCR were normalized
against the amount of total RNA used for each sample
(200 ng), expressed as copies per microgram of RNA [21]
and against the housekeeping genes glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and B-actin (ACTB)
that were both unchanged upon quercetin treatment,
according to the microarray data.

2.10 Comparison with human colorectal
carcinogenesis

Quercetin-induced fold changes in gene expression among
Caco-2 cells were compared to fold changes previously
described for human colorectal carcinogenesis. To this end,
genes contributing to significantly changed pathways were
selected based on an identical direction of fold change on
both days 5 and 10 and a minimum up- or downregulation
of 1.5 on both days (see Fig. 1 of Supporting Information).
Gene expression data for human colorectal carcinogenesis
were retrieved from PubMed articles, including microarray
based studies, or from the Cancer Profiling Database Onco-
mine™ (http://www.oncomine.org/main/index.jsp).

In addition to MetaCore™ based analyses, the total set of
1743 differentially expressed genes was evaluated for the
presence of genes contributing to functional groups that are
likely to be involved in nutritional modulation of CRC, i.e.
tumor suppressor genes, oncogenes, and genes encoding for
enzymes involved in xenobiotic metabolism (see Fig. 1 of
Supporting Information). These in vitro data were retrieved
and compared with previously published data for human
colorectal carcinogenesis, as described above.

2.11 Comparison to microarray data of Caco-2
cells exposed to quercetin without ascorbate

To determine whether effects on Caco-2 cells are caused by
interference of ascorbate that is required for quercetin-sta-
bilization, two comparisons were made with data from our
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Table 1. Expression data of genes that are positively correlated with Caco-2 cell differentiation and their behavior upon quercetin

treatment, either with or without ascorbate stabilization

Gene title Gene symbol  Accession Function References Fold change Fold change
(synonym) number quercetin versuscontrol  quercetin versus control
+ ascorbate, +quercetin — ascorbate, +quercetin
Day5 Dayl10 p< 5uM 50 uM
(p<) (p<)
Alkaline phosphat-  ALP/ NM_001631 Cleavage of phosphate [5,6,22] -2.1 -2.1  0.00609 1.5(0.05 1.5(0.1)
ase, intestinal groups on DNA, RNA,
(deoxy)ribonucleosides
and proteins
Sucrase-isomaltase S/ NM_001041 Digestion of sucrose and  [9] -38.0 -38 23E-06 - -
isomaltose in the intestine
Calbindin 3 (Calbin-  S700G NM_004057 Vitamin D-dependent [8] -46 -23 6.9E-12 - -
din-D9K) (CALB3) calcium binding
Dipeptidylpeptidase DPP4 NM_001935  Proteolysis, immune [22] -22 -14 0.00125 - -
IV(CD26) response
Glutaminase GLS NM_014905 Glutamine catabolism [8] -1.8 =19 0.00042 - -
Hephaestin HEPH NM_014799 Copper and iron ion trans-  [8] -20 -12 96E-07 - -
port
Transferrin TF Al073407 Secreted Fe®* transport [9] -72 -19 0.00007 - -
protein
Aquaporin 3 AQP3 N74607 H.0 transport [8] -64 -26 4.0E-13 - -
Fatty acid binding ~ FABP6 U19869 Lipid metabolism and [38] -22 -25 0.00697 - -
protein 6, ileal negative regulation of
(gastrotropin) cell proliferation
Alanyl (membrane)  ANPEP NM_001150 Cell differentiation and [22] -44 -14 19E-08 - -
aminopeptidase development
(aminopeptidase N,
aminopeptidase M,
Microsomal amino-
peptidase, CD13,
p150)
Membrane-bound  XPNPEP2 AF195953 Proteolysis by metalloexo- [22] -6.9 -3.0 0.00002 - -
aminopeptidase P peptidase activity
(XNPEP2)
Angiotensinlcon-  ACE2 AK026461 Proteolysis by carboxy- [22] -35 -16 0.00972 - -
verting enzyme peptidase activity and zinc
peptidyl-dipeptidase ion binding
A2
Apolipoprotein B APOB NM_000384 Lipid metabolism [8] -36 -16 1.1E-16 - -
Apolipoprotein M APOM NM_019101 Membrane lipid metabo-  [8] -37 -20 000116 -1.4(0.5 -1.4(0.01)
(G3A) lism, lipid transport

All 14 Caco-2 cell differentiation related genes were significantly down-regulated by 40 uM quercetin stabilized by 1 mM ascorbate.
References indicate articles in which these genes have been reported as being positively correlated with Caco-2 cell differentiation.
For comparison of quercetin-mediated effects in the absence of ascorbate, data are shown from Caco-2 cells exposed to 5 or 50 uM

quercetin only, as described in our previous report [10].

previous report in which postconfluent Caco-2 cells were
exposed to 5 and 50 uM quercetin for 48 h, without ascor-
bate [10]. First, significantly affected genes as presented in
Table 1 (differentiation genes), Table 2 (genes contributing
to significantly changed pathways) and Table 3 (single gene
analysis) were compared to genes found in our previous
study performed with quercetin only [10]. For the latter
study, genes were included that were found to be present in
at least three out of four microarrays per treatment group,
showing an identical direction of fold change for both quer-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cetin concentrations and at least one significant p-value of
< 0.05, or in the case of data available for only one of two
quercetin concentrations, showing a p-value of < 0.05.

Secondly, the list of 281 significantly changed genes
from our previous study performed with quercetin only [10]
was first filtered as mentioned above, and subsequently
compared to the subset of 1743 differentially expressed
genes in the present study performed with ascorbate-stabi-
lized quercetin, retrieved after filtering on genes showing
an identical direction of fold change on both days.
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2.12 Statistics on “non-omics” parameters

Quercetin-induced effects on TEER, real-time qRT-PCR,
and ALPI activity were tested for significance with the Stu-
dent's ¢-test and considered significantly changed when p <
0.05.

3 Results

3.1 TEER

TEER was measured as an indicator of Caco-2 cell differen-
tiation. In the course of the experiment, quercetin-treated
cells showed a significantly lower increase in TEER values
when compared to control cells (Fig. 1). On day 10 post-
confluency, TEER values for quercetin-treated cells
amounted to =50% of control cells. These results indicate
that exposure of Caco-2 cells to 40 uM quercetin resulted in
decreased cell differentiation.

3.2 Confirmation of decreased Caco-2
differentiation

To further investigate whether decreased Caco-2 cell differ-
entiation could be supported by Affymetrix GeneChip®
array data, fold changes of Caco-2 differentiation related
genes among the 1743 significantly changed genes were
compared with available Caco-2 literature. As can be seen
in Table 1, mRNA expression of all 14 Caco-2 differentia-
tion markers found among the significantly changed genes,
including ALPI, sucrase-isomaltase, dipeptidylpeptidase IV
(DPP4 = CD26), aminopeptidase N and P that are
expressed in the enterocyte brush border [5, 8, 22], were
found to be decreased by quercetin. In addition, the main
regulator of intestinal cell differentiation, CDX2 [23], was
near-significantly down-regulated (fold change day 5: —2.0
and day 10: —1.2, p < 0.03).

Decreased Caco-2 cell differentiation upon exposure to
ascorbate-stabilized quercetin, as measured by the physio-
logical parameter TEER, was thus confirmed by decreased
expression of differentiation related genes among the statis-
tically filtered dataset.

3.3 Confirmation of Affymetrix GeneChip® array
expression data

In addition to the above mentioned literature-based confir-
mation, decreased mRNA expression of the Caco-2 differ-
entiation marker 4LPI as indicated by Affymetrix Gene-
Chip® arrays was confirmed both technically — by means of
real-time qRT-PCR — and functionally by measurement of
ALPI enzyme activity. As can be seen in Fig. 2A, ALPI
expression was significantly decreased on days 5 and 10 as
determined with Affymetrix GeneChip® arrays, as quanti-
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fied by real-time qRT-PCR corrected for both total RNA
concentration and the housekeeping genes GAPDH and
B-actin, and as determined with ALPI enzyme activity cor-
rected for the number of cells in culture.

In addition, since decreased cell differentiation is a hall-
mark of (colon) cancer [24], the possibility of differential
expression of the colon cancer-associated genes encoding
for COX-2 [19] and MMP7 [20] was also investigated by
means of real-time qRT-PCR. Fold changes of these genes
as obtained with Affymetrix GeneChip® arrays compared to
fold changes obtained with real-time qRT-PCR after correc-
tion for GAPDH, B-actin, and total RNA, were also in
agreement with one another (Figs. 2B and C).

3.4 Biological pathways and corresponding GO
processes

Since Affymetrix GeneChip® array expression data were
confirmed with additional techniques, this reliable gene
expression dataset was subsequently used for further analy-
ses. In order to visualize and to interpret the statistically fil-
tered set of 1743 significantly changed genes at a higher
biological level, this dataset was loaded in the MetaCore™
software, in order to find affected biological pathways and
their corresponding GO processes. Table 2 of Supporting
Information shows an overview of significantly changed
pathways (n =27, p < 0.05) and GO processes. When the
number of significantly changed genes within each GO
process was expressed as percentage of the total number of
genes within the very same GO process, the following per-
centages were found: cell cycle: 31%, apoptosis and cell
death: 31%, transcription: 29%, protein kinase cascade:
26%, proteolysis: 25%, small GTPase-mediated signal
transduction: 24%, and unknown: 30%. Within the speci-
fied GO processes showing the highest percentage of differ-
entially expressed genes, i.e., “cell cycle”, and “apoptosis
and cell death”, the most significantly changed pathways
are “Role of anaphase promoting complex (APC) in cell
cycle regulation” (p =0.0004) and “Role of inhibitor of
apoptosis proteins (IAP) in apoptosis” (p = 0.035), respec-
tively (see Table 2 of Supporting Information). In the Role
of APC in cell cycle regulation pathway, fold changes in
gene expression suggest increased cell proliferation, as
depicted in Fig. 3. Among the six above mentioned GO
processes (GO process “unknown” was excluded) affected
by significantly changed pathways, 48 genes showed a com-
bination of an identical direction of fold change and a mini-
mum up- or downregulation of 1.5 on both days (Table 2).
As can be seen in the GO processes apoptosis and cell
death, quercetin-treatment probably resulted in inhibition
of apoptosis, as suggested by upregulation of apoptosis
inhibitors, e.g., BIRC3 and downregulation of apoptosis
inducers, e. g., TNFSF10.
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Figure 2. Fold changes of ALPI(A), PTGS2, which encodes the
COX-2 enzyme (B) and MMP7 (C) on days 5 and 10, deter-
mined by measurement with Affymetrix GeneChip® arrays
(white bars), by real-time gRT-PCR corrected for the house
keeping genes GAPDH (diagonally lined bars), p-actin (grey
bars) or for total RNA (black bars), and measurement of ALP/
activity in the apical culture medium corrected for the number of
cells (Panel A, horizontally lined bars, expressed as umol nitro-
phenol/min/mg protein). Values are presented as mean = SD,
n = 3/group for real-time gRT-PCR and n = 2/group for Affyme-
trix GeneChip®arrays. * p<0.05; ** p<0.01; *** p< 0.001.
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3.5 Gene analysis by functional groups

In addition to analyses based on the MetaCore™ software,
the total set of 1743 significantly changed genes was eval-
uated for functional groups that are involved in nutritional
modulation of CRC, i.e., tumor suppressor genes, onco-
genes, and xenobiotic metabolism. Genes involved in xeno-
biotic metabolism showed a tendency towards decreased
expression of phase Il metabolism genes (Table 3).

Differentially expressed genes in the functional group
“tumor suppressor genes and oncogenes” show a decreased
expression of tumor suppressor genes and increased expres-
sion of oncogenes. As can be seen in the miscellaneous
functional group, quercetin up-regulated expression of heat
shock proteins, which is a phenomenon also observed in
human colorectal carcinogenesis [25].

3.6 Comparison with human colorectal
carcinogenesis

Gene expression changes categorized by GO processes and
functional groups were compared with changes reported to
occur in human colorectal carcinogenesis.

Comparison by GO processes showed that in total, 28 out
of 48 genes (=58%) could be compared to available litera-
ture on human colorectal carcinogenesis (Table 2). Within
these 28 genes, 22 (=79%) showed a direction of fold
change that is concordant with fold changes reported for
human colorectal carcinogenesis.

For gene expression changes categorized by functional
groups, in total 15 out of 26 (=58%) genes could be com-
pared to available literature on human colorectal carcino-
genesis (Table 3). Overall, 14 out of the 15 genes (=93%),
showed quercetin-mediated fold changes that were con-
cordant with those occurring in human colorectal carcino-
genesis.

3.7 Comparison with Caco-2 cells exposed to
quercetin without ascorbate

To determine whether the above mentioned adverse effects
in Caco-2 cells are caused by possible interference of the
antioxidant ascorbate that is required for stabilization of
quercetin in the culture medium, a comparison was made
with expression data from our previous report in which
postconfluent Caco-2 cells were exposed to 5 and 50 uM
quercetin for 48 h without ascorbate [10]. First, signifi-
cantly changed genes presented in the Tables 1-3 were
compared to data from our previous study [10]. Only two
significantly changed differentiation related genes in the
present study were also found in the previous study. ALPI
expression was up-regulated by quercetin in the absence of
ascorbate, which was opposite to expression data obtained
in the presence of ascorbate in the present study, where this
gene was down-regulated; APOM was down-regulated in

www.mnf-journal.com
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Role of APC in cell cycle regulation
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Figure 3. Pathway entitled Role of APC in cell cycle Regulation, including visualization of fold changes and CRC related genes
expressed in the nucleus (adapted from MetaCore™). Per gene, the two neighbouring arrows indicate fold changes on day 5 (left
arrow) and day 10 (right arrow). Abbreviations used and synonyms: APC: anaphase promoting complex; Aurora-A (=STK6 in mice,
STK15in humans): serine/threonine kinase 6; BUB1: budding uninhibited by benzimidazoles 1; PLK1: polo-like kinase 1; CDC: cell
division cycle; CDC18L = CDC6; CDK1 = CDC2, Kid = KIFF22: kinesin family member 22; MAD2a = MAD2L 1: mitotic arrest-defi-
cient 2; ORCH1: origin recognition complex subunit 1; Securin = PTTG1: pituitary tumor-transforming 1 (= tumor transforming protein

1); Tome-1 = CDCAB3: cell division cycle associated 3.

both conditions (Table 1). Similar analyses among genes
contributing to the GO processes affected by the 27 signifi-
cantly changed pathways showed that 12 genes could be
compared among both datasets. In total, 8 out of these 12
genes (=67%) showed an opposite direction of fold change
when data were compared with and without addition of
ascorbate (Table 2). In the absence of ascorbate, seven of
these eight genes (=88%) showed a direction of fold change
that is contrary to that occurring in development of human
CRC, and includes inhibition of cell cycle genes.

Among the genes grouped by function, four out of the six
genes in the present study that were also found in the pre-
vious study (=67%) showed an opposite direction of fold
change when data were compared with and without addition
of ascorbate (Table 3). In the absence of ascorbate, three of
these four genes (=75%) showed a direction of fold change
that is contrary to that occurring in development of human
CRC, and includes increased expression of genes involved
in xenobiotic metabolism.

Overall, 13 out of the total number of 20 matching genes
as described in Tables 1-3 (=65%) showed an opposite

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

direction of fold change when expression data obtained
with ascorbate-stabilized quercetin were compared to those
obtained with quercetin only. Furthermore, in the absence
of ascorbate, 10 out of these 13 genes (=77%) showed a
direction of fold change that is contrary to that occurring in
development of human CRC.

In the second type of analysis, the significantly affected
genes from our previous study with quercetin only were
compared to a subset within the 1743 significantly changed
genes (by ascorbate-stabilized quercetin) showing an iden-
tical direction of fold change on both days. This comparison
learned that 19 genes matched between the two datasets, of
which 13 (=68%) showed an opposite direction of fold
change (see Table 3 of Supporting Information).

4 Discussion
Epidemiological studies suggest that regular dietary intake

of quercetin occurs at 16.3 mg/day, when expressed as agly-
cone [26]. Based on these data, the concentration of querce-

www.mnf-journal.com
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tin aglycone in the colonic lumen has been estimated at
40 uM [15], and as such provided an input to perform the
present in vitro experiments at this physiologically relevant
concentration. In the present paper, quercetin at 40 uM
reduced Caco-2 differentiation, which confirms our pre-
vious study conducted under identical experimental condi-
tions [15]. Caco-2 differentiation was characterized using
the TEER and ALPI, the latter determined by Affymetrix
GeneChip® arrays, real-time qRT-PCR and enzyme activity.
Furthermore, reduced Caco-2 differentiation was in accord-
ance with the decreased expression of all differentiation
related genes present in the statistically filtered dataset. In
addition, ascorbate-stabilized quercetin near-significanlty
down-regulated the intestine-specific caudal type homeo-
box transcription factor 2 (CDX2) which targets sucrase iso-
maltase, and is considered to be the main regulator of intes-
tinal cell differentiation [23] and also down-regulated in
human CRC [27]. Importantly, the quercetin-mediated
decrease in Caco-2 differentiation has been found with mul-
tiple techniques, which were all concordant. In addition,
Affymetrix GeneChip® array data indicated quercetin-
induced upregulation of the human CRC-associated genes
PTGS2, which encodes the COX-2 enzyme [19], and
MMP?7 [20], both of which were confirmed by real-time
gRT-PCR. Based on these findings, it is concluded that stat-
istical filtering retrieved a reliable gene expression dataset
that was therefore used for further analyses of quercetin-
mediated biological effects in Caco-2 cells.

At the cellular level, (colorectal) carcinogenesis encom-
passes a decrease in cell differentiation, apoptosis, and
metabolism, and an increase in cell proliferation [24], as
was also observed in the present study with quercetin
exposed Caco-2 cells. The most significantly changed path-
way in relation to cell proliferation is the Role of APC in
cell cycle Regulation, comprising proliferation related
genes that are mentioned hereafter. Proliferating cells
express both cyclin B1 (CCNBI) and cyclin B2 (CCNB2)
that complex with and activate cyclin-dependent kinase 1
(CDK1 =p34=CDC2), which is required for cells to
undergo mitosis [28]. Cell division cycle 18 (CDCISL =
CDC(6) is involved in DNA replication during the cell cycle
during the S-phase [10] suggesting that upregulation of this
gene may contribute to increased cell proliferation. Serine/
threonine kinase 6 (STK6 = Aurora-A) is a cell cycle-regu-
lated kinase that is involved in microtubule formation and
increased in human colon carcinoma cell lines [29]. PTTG1
(Securin) prevents segregation of chromosomes, is overex-
pressed in human colonic polyps and carcinomas at both
the gene and protein level, and related to tumor invasion
[30].

The most significantly changed pathway in relation to
apoptosis is the Role of IAP-proteins in apoptosis. Genes
expressed in this pathway suggest decreased apoptosis and
include baculoviral TAP repeat-containing 3 (BIRC3 =
c-IAP2), baculoviral TAP repeat-containing 5 (BIRCS =

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2007, 51, 1031 -1045

Survivin), cyclin B1 (CCNBI), and cyclin-dependent kin-
ase 1 (CDK1 = CDC2). BIRCS is known as an inhibitor of
apoptosis and hypothesized to be lowly expressed in differ-
entiated adult tissues, but overexpressed in the human colon
cancer cell line HCT116 [31].

Moreover, ascorbate-stabilized quercetin caused upregu-
lation of oncogenes and downregulation of tumor suppres-
sor genes, which is a typical disequilibrium in (colorectal)
carcinogenesis [7], and in contrast with quercetin's anticar-
cinogenic potency. Quercetin also up-regulated expression
of heat shock proteins that prevent apoptosis, thus enabling
cell survival, which is a mechanism also involved in devel-
opment of human CRC [25].

Comparisons between fold changes in mRNA expression
among quercetin exposed Caco-2 cells and fold changes
reported for human colorectal carcinogenesis showed high
similarity (=80—-90%), suggesting that ascorbate-stabilized
quercetin in this in vitro model promotes processes involved
in the development of human CRC. Obviously, not all
Caco-2 gene data could be compared to human CRC data,
because of a lack of available literature. When assuming
that fold changes for these genes are not restricted to quer-
cetin-exposed Caco-2 cells, it can be hypothesized that
these genes might be novel biomarkers for human colorec-
tal carcinogenesis.

Quercetin down-regulated expression of the majority of
phase II enzymes, which is in contrast with its proposed
anticarcinogenic potency [32]. Proposed mechanisms
involved in the anticarcinogenic activity of dietary compo-
nents in vivo comprise induction of detoxifying phase II
enzymes that protect the colon mucosa against dietary car-
cinogens. Glutathione S-transferases (GSTs), UDP-glucur-
onosyltransferases (UGTs), and sulfotransferases (SULTs)
are phase II detoxifying enzymes that metabolize xenobiot-
ics via conjugation to glutathione, glucuronic acid, or sul-
phate, respectively, thereby generating less active polar and
water-soluble metabolites suitable for rapid excretion. Our
in vitro data suggest that ascorbate-stabilized quercetin
diminished this protective effect by downregulating gene
expression of these enzymes.

Strikingly, in the current model quercetin stabilized by
1 mM ascorbate evoked effects that are contrary to what
would be expected for a compound with anticarcinogenic
potency. A possible explanation is that quercetin-induced
oxygen radicals that have the ability to eradicate tumor cells,
might have been annihilated by ascorbate, which is a hypoth-
esis based on previous studies [33—35]. The dietary flavo-
noid flavone and the anticancer drug camptothecin are
reported to evoke mitochondrial O * that induced apoptosis
of the human colon cancer cell line HT-29 [33]. When these
two agents were coadministered with 1 mM ascorbate, HT-
29 cells demonstrated a reduction in apoptosis, caused by a
decrease in both O; * induction and caspase 3-like activity.
Additional evidence is provided by a study showing that
intake of ascorbate supplements by patients with colorectal
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adenomas is associated with decreased apoptosis in the
healthy rectal mucosa [34]. The authors hypothesized that
intake of ascorbate supplements by patients with colorectal
adenomas may be contra-indicated as ascorbate might scav-
enge reactive oxygen species (ROS) that are meant to induce
apoptosis among aberrant cells. Supporting evidence for
beneficial effects of ROS is also described for the potentially
anticarcinogenic polyunsaturated fatty acids (PUFA) that
reduced Caco-2 cell proliferation, whereas coadministration
ofthe very same PUFA with the antioxidants ascorbate (vita-
min C) or a-tocopherol (vitamin E) resulted in increased
Caco-2 cell proliferation [35]. Accordingly, the hypothesis
of ROS scavenging by vitamin C was supported by compari-
son of the data from the present study to data from our pre-
vious study, in which Caco-2 cells were exposed to quercetin
without ascorbate, demonstrating the anticarcinogenic
potency of this flavonoid [10]. In the absence of ascorbate,
=~80% of the genes showed a quercetin-mediated direction
of fold change that is contrary to that occurring in the devel-
opment of human CRC, thus supporting this flavonoid's anti-
carcinogenic potency. Furthermore, Caco-2 cells exposed to
quercetin, in the absence of ascorbate, showed a dose-
dependent increase of the TEER as a marker of cell differen-
tiation [36], which provides additional evidence for querce-
tin's anticarcinogenic potency. The above mentioned mecha-
nisms found by quercetin-exposure in the absence of ascor-
bate, are in line with what would be expected for an anticar-
cinogenic compound, but are opposite to mechanisms found
when quercetin was coadministered with ascorbate. Flavo-
noids, including quercetin, induce expression of phase II
enzymes in case of a high oxidative cellular state, e. g., in the
presence of ROS and/or electrophiles [37]. A mechanistic
explanation for the opposite effects found in the present
study might be scavenging of quercetin-induced ROS by
ascorbate, which probably resulted in a lower cellular oxida-
tive state and consequently in reduced expression of genes
encoding for phase II metabolism enzymes. Together with
the present data, it can be hypothesized that oxidative stress
induced by dietary quercetin is a mechanism contributing to
its anticarcinogenic potency. Most likely, both induction and
maintenance of ROS are required for eradication of tumor
cells by quercetin, pointing to a beneficial effect of supposed
adverse ROS.

In conclusion, exposure of Caco-2 cells to ascorbate-sta-
bilized quercetin at the physiologically relevant concentra-
tion of 40 uM resulted in decreased expression of genes
involved in cell differentiation, apoptosis, tumor suppres-
sion and phase II metabolism, and up-regulated expression
of oncogenes and genes involved in cell proliferation. These
findings indicate that treatment of Caco-2 cells with ascor-
bate-stabilized quercetin leads to stimulation instead of
inhibition of mechanisms also involved in (human) colorec-
tal carcinogenesis. Under which conditions this unexpected
in vitro effect mediated by a supposed cancer preventive
food ingredient would also be relevant for the i vivo situa-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tion, and to what extent the observation is due to the possi-
bility that in the in vitro model quercetin acts by mecha-
nisms dissimilar from its actual physiological mechanism,
remain to be elucidated.
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