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Abstract cDNA microarray technology enables detailed analysis of gene expression throughout complex processes
such as differentiation. The aim of this study was to analyze the gene expression profile of normal human intestinal
epithelial cells using cell models that recapitulate the crypt-villus axis of intestinal differentiation in comparison with the
widely used Caco-2 cell model. cDNA microarrays (19,200 human genes) and a clustering algorithm were used to identify
patterns of gene expression in the crypt-like proliferative HIEC and tsFHI cells, and villus epithelial cells as well as Caco-2/
15 cells at two distinct stages of differentiation. Unsupervised hierarchical clustering analysis of global gene expression
among the cell lines identified two branches: one for the HIEC cells versus a second comprised of two sub-groups: (a) the
proliferative Caco-2 cells and (b) the differentiated Caco-2 cells and closely related villus epithelial cells. At the gene level,
supervised hierarchical clustering with 272 differentially expressed genes revealed distinct expression patterns specific to
each cell phenotype. We identified several upregulated genes that could lead to the identification of new regulatory
pathways involved in cell differentiation and carcinogenesis. The combined use of microarray analysis and human
intestinal cell models thus provides a powerful tool for establishing detailed gene expression profiles of proliferative to
terminally differentiated intestinal cells. Furthermore, the molecular differences between the normal human intestinal cell
models and Caco-2 cells clearly point out the strengths and limitations of this widely used experimental model for studying
intestinal cell proliferation and differentiation. J. Cell. Biochem. 99: 1175-1186, 2006. © 2006 Wiley-Liss, Inc.
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The epithelium of the small intestine is
continuously and rapidly renewed by a process
involving cell generation and migration from
the multipotential stem cells, housed in specific

“niches” within the crypts, to the extrusion of
the terminally differentiated cells at the tips of
the villi, 3—5 days later [Leblond, 1981; Potten
and Loeffler, 1990; Babyatsky and Podolsky,

This article contains supplementary material, which may
be viewed at the Journal of Cellular Biochemistry website
at http://www.interscience.wiley.com/jpages/0730-2312/
suppmat/index.html.

Grant sponsor: Valorisation-Recherche Québec; Grant
sponsor: Canadian Institute for Health Research; Grant
sponsor: Canadian Research Chair Program; Grant num-
ber: VRQ 2201-146; CIHR: MOP57727.

© 2006 Wiley-Liss, Inc.

*Correspondence to: Jean-Francois Beaulieu, Département
d’anatomie et de biologie cellulaire, Faculté de médecine
et des sciences de la santé, Université de Sherbrooke,
Sherbrooke, Québec, Canada J1H 5N4.

E-mail: Jean-Francois.Beaulieu@USherbrooke.ca

Received 19 October 2005; Accepted 4 May 2006
DOI 10.1002/jcb.21015



1176 Tremblay et al.

1999]. Epithelial cell proliferation, migration,
and differentiation must be tightly regulated by
various mechanisms controlled by growth fac-
tors and cytokines as well as cell—cell and cell—
matrix interactions [Podolsky, 1993; Gordon
and Hermiston, 1994; Beaulieu, 1999; Mon-
tgomery et al., 1999]. Most of the current
knowledge of human intestinal cell regulation
has been derived from studies conducted on cell
cultures generated from experimental animals
and human colon cancers [Zweibaum and
Chantret, 1989; Evans et al., 1994; Whitehead
and Watson, 1997; Pageot et al., 2000]. Human
cancer cell lines such as the Caco-2, which can
undertake a spontaneous and complete intest-
inal-like program of differentiation [Pinto et al.,
1983; Vachon and Beaulieu, 1992], have been
useful to investigate intestinal cell function
and regulation [Beaulieu and Quaroni, 1991;
Jumarie and Malo, 1991; Levy et al., 1995;
Vachon and Beaulieu, 1995]. However, theore-
tical limitations of this model lie in its cancerous
nature as well as its colonic origin [Ménard and
Beaulieu, 1994; Pageot et al., 2000].

In the last decade, new cell models have been
established for the study of human intestinal
cell functions without the limitations men-
tioned above. Among these are the non-
transformed human intestinal epithelial crypt
(HIEC) cells [Perreault and Beaulieu, 1996], a
human intestinal cell line with typical crypt cell
characteristics. Recent studies have shown the
usefulness of the HIEC for the analysis of the
regulation of cell proliferation and differentia-
tion [Deschenes et al., 2001; Escaffit et al.,
2005], the mechanism of cell survival [Fran-
coeur et al., 2004; Harnois et al., 2004], the
functional basis of cell matrix interactions
[Desloges et al., 1998; Simoneau et al., 1998;
Basora et al., 1999] as well as lipid and
lipoprotein metabolism [Levy et al., 2000]. The
tsFHI is another well-characterized intestinal
cell model with crypt cell characteristics [Quar-
oni and Beaulieu, 1997; Tian and Quaroni,
1999]. Finally, a procedure based on the use of
a non-enzymatic solution was described for the
isolation of pure human villus epithelial (HVE)
cell fractions isolated from the human small
intestine [Perreault and Beaulieu, 1998a; Per-
reault et al., 1998b]. Taken together, the
features of these models provide an in vitro
recapitulation of the entire crypt-villus axis of
the normal human intestine [Pageot et al.,
2000].

Recently, ¢cDNA microarray technologies
have been used to characterize global changes
in gene expression during intestinal epithelial
differentiation [Mariadason et al., 2002; Fleet
et al., 2003; Sugiyama et al., 2005]. Herein, we
have analyzed the gene expression profiles of
the HIEC, tsFHI, and HVE cell models in
comparison with proliferative and fully differ-
entiated Caco-2 cells in order to acquire addi-
tional knowledge of enterocyte cell state
progression along the crypt-villus axis. We have
identified 272 genes as being differentially
expressed across all of the cell models, which
by supervised clustering analysis, were found to
fall into four distinct expression patterns corre-
lating with the phenotype of each cell type.
Pertaining to the Caco-2 cells, our results
demonstrate that these cells share many char-
acteristics with the normal differentiated villus
cell population (HVE) when in their differen-
tiated state but have little in common with
normal crypt cells (HIEC and tsFHI) in their
proliferative state.

MATERIALS AND METHODS
Tissues

Four specimens of small intestine (ileum)
from four fetuses ranging from 16 to 20 weeks of
age (postfertilization) were obtained after legal
abortion. Only specimens obtained rapidly
(<60 min) were used. The project was in accor-
dance with a protocol approved by the Insti-
tutional Human Research Review Committee
for the use of human material. Fetal small
intestinal epithelia were separated from the
mesenchyme using Matrisperse (Collaborative
Biomedical Products, Becton Dickenson Lab-
ware, Mississauga, ON) as described previously
[Perreault et al., 1998b] allowing for the isola-
tion of pure HVE cells.

Cell Culture

Three epithelial cell lines, HIEC, tsFHI, and
Caco-2/15, which together recapitulate the
entire crypt-villus axis of the fetal intestine
[Pageot et al., 2000], were used in this study.
The HIEC cell line was generated from normal
fetal human intestine [Perreault and Beaulieu,
1996]. These cells express a number of crypt cell
markers but no villus cell markers [Perreault
and Beaulieu, 1996; Desloges et al., 1998;
Basora et al., 1999] and appear to be unable to
differentiate. HIEC cells are thus considered to
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be intestinal stem-like cells [Perreault and
Beaulieu, 1996; Quaroni and Beaulieu, 1997;
Perreault et al.,, 1998b; Pageot et al., 2000;
Escaffit et al., 2005]. The HIEC cells (n = 4) were
used at passages 14—17 and grown as described
[Perreault and Beaulieu, 1996]. The tsFHI cell
line was derived from fetal human intestinal
epithelial cells conditionally immortalized with
a temperature-sensitive large T antigen [Quar-
oni and Beaulieu, 1997] and is phenotypically
similar to the HIEC cell line when grown under
permissive conditions (32°C). The tsFHI cells
(n=4) were used at passages 14—22 and grown
as described [Pinto et al., 1983]. Finally, the
Caco-2/15 cell line, a stable clone of the parent
Caco-2 cell line [Pinto et al., 1983], has been
characterized elsewhere [Beaulieu and Quar-
oni, 1991; Vachon and Beaulieu, 1992]. Cells
between passages 64 and 72 were cultured in
plastic dishes as described [Vachon and Beau-
lieu, 1992] and analyzed at subconfluence
(n=4), and 25 days of postconfluence (n =4).

Reference Pool

Areference pool was produced from a mixture
of equimolar aliquots of RNA from the colon
adenocarcinoma cell lines Caco-2/15 (at —1, 10,
and 25 days of confluence) and HT29 [Basora
et al., 1998], the lung cancer A549 cell line
(obtained from Dr. Jacques Bérard, Départe-
ment d’anatomie et de biologie cellulaire, Uni-
versité de Sherbrooke) and the ovarian cancer
SKOV3 [Lane et al., 2004] cell line (a kind gift of
Dr. Claudine Rancourt, Département de micro-
biologie et d’infectiologie, Université de Sher-
brooke). These cell lines were chosen to obtain a
more complete representation of the genes
spotted on the arrays.

RNA Extraction

RNA was extracted with TRIzol (Invitrogen)
according to the manufacturer’s protocol and
stored at —80°C. Quality of RNA was verified on
agarose gel and by spectrophotometric assay.
Purification of mRNA from 100 pg of total RNA
using Oligotex resin (Qiagen) following the
manufacturer’s directions yielded 2-4 pg
poly(A)*-enriched RNA which was aliquoted
in 1 pg fractions and used for probe preparation.

Probe Preparation

First-strand ¢cDNA synthesis from 1 pg of
poly(A)*-enriched RNA was primed with 6 pg

random hexamers (Invitrogen) by heating at
70°C for 10 min, snap-cooling on ice for 30 s, and
incubating at room temperature for an addi-
tional 5—10 min. Reverse transcription was
performed in the presence of 500 uM dATP,
dCTP, and dGTP, 300 pM 5-aminoallyl-dUTP
(Sigma) and 200 pM dTTP, 1x first-strand
buffer, 10 mM dithiothreitol, and 400 U Super-
script II (Invitrogen) in a volume of 40 pul at 42°C
for 3 h to overnight. Reactions were quenched by
the addition of 10 pl of 0.5 M EDTA, and the
RNA template was hydrolyzed by the addition of
10 ul of 1M NaOH followed by heating at 65°C
for 10 min. Reactions were neutralized with
10 pl of 1M HCI, and the cDNA was purified on
QIAquick columns (Qiagen) according to the
manufacturer’s directions except for the sub-
stitution of 75% ethanol for the PE buffer, and
phosphate elution buffer (4 mM potassium
phosphate, pH 8.5) for the EB buffer. The cDNA
was lyophilized and resuspended in 8 ul of 0.1 M
sodium carbonate, pH 9.0. An aliquot of the
NHS ester of Cy3 or Cy5 (Amersham Pharma-
cia) was resuspended in 2 pL of DMSO (dye from
each tube had been previously dissolved in 72 pl
DMSO, divided into 4.5 uL aliquots and lyophi-
lized), added to the reactions and incubated at
room temperature in the dark for 1 h. For all
microarray experiments, the reference pool was
labeled with Cy3 dye, while test samples were
labeled with Cy5 dye. Coupling reactions were
quenched by the addition of 35 ul of 0.1M sodium
acetate, pH 5.2, and unincorporated dye was
removed using QIAquick columns. The labeling
efficiency was determined by analyzing the
whole undiluted sample in a spectrophotometer
using a 50 puL microcuvette (Beckman).

Hybridization and Image Processing

c¢DNA microarrays were obtained from the
University Health Network of Toronto, Ontario
(Canada). A total of 40 slides (4 independent
biological samples of each of the five cell models:
HIEC, tsFHI, proliferative and differentiated
Caco-2 and HVE; 2 slides per biological sample),
composed of two different slide sets, SS-H19k6
and SS-H19k7, representing 19,200 human
cDNA clones were used for the experiments.
Slides were prehybridized in 0.1% BSA, 5x SSC,
0.1% SDS for 45 min, washed by dipping in
MilliQ water twice and 2-propanol once, and air-
dried. Fluorescent cDNA probes were lyophi-
lized and resuspended in 24 pl of hybridization
buffer (50% formamide, 5x SSC, 0.1% SDS). To
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the combined Cy3 and Cy5 samples, 20 ug Cot1
DNA and 20 pg poly(A)" DNA were added and
the samples were denatured at 95°C for 5 min,
followed by snap cooling on ice for 1 min. Room-
temperature probes were applied to a prehy-
bridized array, covered with another slide
rather than a glass coverslip, and placed in a
humidified hybridization chamber (Corning).
Hybridizations were carried out at 42°C for 16—
20 h, followed by 5 min washings in: 1x SSC,
0.2% SDS at 42°C, 0.1x SSC, 0.2% SDS at room
temperature, and 0.1x SSC at room tempera-
ture, twice. Arrays were scanned using a
ScanArray Express dual-color confocal laser
scanner (Perkin Elmer). Data were collected in
Cy3 and Cy5 channels and stored as paired
TIFF images.

Data Analysis

Spots were identified and local background
subtracted using the TIGR_Spotfinder 2.2 soft-
ware [Saeed et al., 2003]. A quality control (QC)
filter was used to remove questionable array
features. Two criteria for spot rejection were a
spot shape that deviated from a circle and a low
signal-to-noise ratio. Hybridization intensity
data were normalized using iterative mean-
logs(ratio)-centering (data range for mean cen-
tering +3 SD) and Lowess procedures (smooth-
ing parameter was set to 33%) using the native
Java function of the TIGR MIDAS 4.0 software
(Microarray Data Analysis System) [Saeed
et al., 2003]. Statistical significance was
assessed by one-way ANOVA and an adjusted
Bonferroni correction was applied for control-
ling the false-positive rate (P <0.0005 was
considered significant), and hierarchical clus-
tering analysis was performed using the TMEV
3.0 software (TIGR_MultiExperiment Viewer)
[Saeed et al., 2003]. All software are available at
The Institute for Genomic Research (TIGR)
website, http://www.tigr.org/.

Data Validation by Quantitative RT-PCR

Several genes showing various patterns of
expression in the microarray analysis were re-
examined by real-time quantitative reverse
transcription-polymerase chain reaction (qRT-
PCR) to validate the changes observed in an
independent manner. We selected six genes
that showed significant variation among the cell
models [caveolin 1 (CAV1), v-ets erythroblasto-
sis virus E26 oncogene homolog 2 (ETS2),

interleukin enhancer binding factor 3 (ILF3),
ras suppressor protein 1 (RSU1), transforming
growth factor beta-induced (TGFBI), and tissue
inhibitor or metalloproteinase 3 (TIMP3)] and
also randomly selected 14 non-differentially
expressed genes [cyclin D1 (CCDN1), v-ets
erythroblastosis virus E26 oncogene homolog 1
(ETS1), fibroblast growth factor receptor 4
(FGFR4), frizzled homolog 8 (FZD8), home-
odomain-only protein (HOP), inhibitor of DNA
binding 2 (ID2), mannosidase a, class 1B,
member 1 (MAN1B1), 5-methyltetrahydrofo-
late-homocysteine methyltransferase (MTR),
mutL. homolog 1 (MutL), MAX interacting
protein 1 (Mxil), proliferating cell nuclear
antigen (PCNA), protein tyrosine kinase 2 beta
(PTK2B), transporter 1 ATP-binding cassette
sub-family B (TAP1), and transferrin receptor
(TFRC)] to be investigated on three indepen-
dent biological samples. We used MAN1B1 as a
normalizing gene [Dydensborg et al., 2006] and
sucrase-isomaltase (SI) as a reference for
intestinal differentiation. We performed a sta-
tistical analysis of each test gene (independent
t-test, P < 0.05) to compare the microarray and
real-time qPCR data. First, cDNA was prepared
from each cell line and tissue using random
primers and Superscript II (Invitrogen). Pri-
mers for each gene (Supplementary Table 2)
were designed at exon-exon junctions using the
Primer3 [Rozen and Skaletsky, 2000] software.
Each PCR was carried out in triplicate on each
biological sample in an Mx3000P (Stratagene,
Cedar Creek, TX) as previously described
[Escaffit et al., 2005]. Briefly, each PCR reaction
contained 1 pL of RT product and 0.15 uM of
each primer in the Brilliant SYBR Green QPCR
Master Mix (Stratagene). Following a 95°C de-
naturation for 10 min, the reactions were cycled
40 times at 95°C for 30 s, 55-60°C (depending on
the primer set) for 1 min, and 72°C for 1 min. To
verify that only the specific product was ampli-
fied, a melting point analysis was performed
after the last cycle by cooling the samples to
55°C and then increasing the temperature to
95°C at 0.2°C/s. A single product at a specific
melting temperature was found for each gene
target. Specific amplification was also con-
firmed by electrophoresis of the PCR products
on agarose gel. Results for each sample were
expressed in fold of variation versus reference
pool after correction by the amplification effi-
ciency of each PCR reaction and normalization
with mannosidase «, class 1B (MAN1B1).
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RESULTS
Cluster Analysis of Cell Lines

To identify genes associated with human
intestinal cell proliferation and/or differentia-
tion, we used the two normal intestinal cell
models HIEC (proliferative and undifferen-
tiated) and HVE (non-proliferative and fully
differentiated) as well as Caco-2 cells under
both proliferative and differentiated states to
compare their global gene expression profiles.
The tsFHI cell model was excluded from the
statistical analysis in order to eliminate the
effect of the SV40 large T antigen. From the
19,200 genes present on the array, 11,222 had
sufficient data for comparison (genes present
three times out of four tested samples were
included in the analysis). The one-way ANOVA
test with adjusted Bonferroni correction
(P <0.0005) was applied to the data set and
272 genes (2.4% of the total number of filtered
genes analyzed) were found to be differentially
expressed across all cell lines, including 34
genes with no Unigene match (Supplemen-
tary Table I). First, the global gene expression
profiles of all cell samples were examined by an
unsupervised hierarchical clustering algorithm
(average linkage clustering) irrespective of the
cell phenotype in order to determine the degree
of similitude between each cell model. The most
notable property of the cell model-dendogram
was that each biological sample was clustered
into the independent terminal branch specific to
itsrespective cell type (Fig. 1A). Classification of
all samples revealed two major branches (A and
B): the first major branch contained exclusively
the normal undifferentiated epithelial cell line
(HIEC) while the second was separated into two
secondary branches, containing the prolifera-

Fig. 1. Profiles of gene expression in human intestinal cells. A:
Unsupervised hierarchical clustering of the cell samples based
on mMRNA expression levels. Samples were classified into two
major clusters (A and B). B: Supervised hierarchical clustering of
the different cell models using the 272 differentially expressed
genes (adjusted Bonferroni correction P<0.0005). Microarray
profile showing four clusters of genes with distinct expression
patterns between each cell type. Each row represents a gene and
each column represents an independent biological sample. For
each gene, a green signal represents under-expression, a black
signal denotes similarly expressed genes, a red signal represents
over-expressed genes, and a gray signal denotes missing data.
Dendograms of samples (above matrix) and genes (to the left of
matrix) represent overall similarities in gene expression profiles.
Colored bars to the right indicate the locations of the four gene
clusters of interest.

tive Caco-2 (SC) in one sub-branch and the
two very closely related differentiated Caco-2
(25PC) and HVE cells in the other. This
classification, based on global gene expression
patterns, demonstrates that undifferentiated
Caco-2 cells are significantly distinct from the
proliferative crypt-like HIEC cells, being in fact
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more related to differentiated Caco-2 cells and
HVE cells. Moreover, the high similarity found
between differentiated Caco-2 cells and the
HVE indicated that at this stage, postconfluent
Caco-2 cells appear to be relatively well repre-
sentative of normal differentiated enterocytes.
Then, a supervised hierarchical clustering
analysis was performed using the 272 differen-
tially expressed genes and expression patterns
characteristic to the four cell models were
distinguished (Fig. 1b). For example, two clus-
ters of 102 genes were highly upregulated in the
HIEC (red clusters in Fig. 1b). This set of genes
included those involved in the regulation of cell
proliferation (AF1Q, CDKN1A, ELK3, ETS2,
PDGFA, etc.), intracellular signaling (PTPRNZ2,
RASA1, RSU1, TGFBI), and cell adhesion and
extracellular matrix interactions (CD44,
COL6A3, CLECSF2, SRPX). These are sum-
marized in Figure 2 (panel Ai—iv). A second set
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(Fig. 2, panel D) known to be upregulated in
colon cancer (CHK, LCP1, PDZK1), involved in
the TGFp pathway (FMOD) and in the regula-
tion of cholesterol levels (PDZK1, PCSK9).

Validation of Microarray Results

We examined 20 genes (6 differentially
(Table I) and 14 non-differentially (Table II)
expressed) by qRT-PCR to compare the changes
observed in the microarray analysis. The differ-
entially expressed genes examined in each cell
model showed a relative change in expression
which was not statistically different from that
found in the array data (Table I). Further
analysis of the data using the correlation
coefficient (r?) confirmed this validation
(Fig. 4). The lower concordance observed with
the HIEC (r%:0.65) could be explained by the
higher ratio measured for CAV1 in qRT-PCR
probably due to the higher sensitivity of this
technique compared to microarray analysis.

TABLE 1. Relative Levels of Differentially
Expressed Genes in Cell Models Versus
Reference Pool, as Determined by
Microarray Hybridization and Validation
by Real Time Reverse Transcription-
Polymerase Chain Reaction

Microarray RT-PCR
Gene Cell line (mean+SEM) (mean 4 SEM)
CAV1 HIEC 3.78+£0.53 8.20 +0.43
Caco-2 SC 0.09+0.12 0.05+0.002
Caco-2 25PC 0.10+0.40 0.03+0.003
HVE 0.18+0.52 0.06 +0.02
ETS2 HIEC 2.64+0.32 1.88+0.65
Caco-2 SC 0.46+0.06 0.35+0.03
Caco-2 25PC 0.44+0.10 0.26 +£0.08
HVE 1.63+0.81 2.58 £0.69
ILF3 HIEC 0.99+0.14 0.70 +0.49
Caco-2 SC 1.85+0.22 2.09+1.02
Caco-2 25PC 0.45+0.05 0.30+0.10
HVE 0.64+0.19 0.81+0.58
RSU1 HIEC 2.87+0.19 2.29+0.45
Caco-2 SC 1.23+0.05 1.21+0.16
Caco-2 25PC 0.56 +0.08 0.46+0.11
HVE 0.58+0.24 0.44+0.10
TGFBI HIEC 6.69+1.79 3.95 +2.57
Caco-2 SC 1.10+0.04 1.37+0.39
Caco-2 25PC 0.77+0.03 0.91+0.14
HVE 0.32+0.10 0.13+0.09
TIMP3 HIEC 4.90+0.19 3.07+0.56
Caco-2 SC 1.23+0.10 1.59+0.20
Caco-2 25PC 2.13+0.19 1.944+0.25
HVE 0.424+0.11 0.21+£0.06*
SI HIEC n/a n.d.
Caco-2 SC n/a 0.03+0.005
Caco-2 25PC n/a 2.50 +1.60
HVE n/a 32.14 £6.45

SI, sucrase-isomaltase (used as reference for intestinal differ-
entiation); n/a, not applicable; n.d., not detected.

Values shown are the mean of three independent biological
samples.

AStatistically significantly different (¢-test, P < 0.05).

TABLE II. Relative Levels of Randomly
Selected Genes in Cell Models Versus
Reference Pool, as Determined by
Microarray Hybridization and Validation
by Real Time Reverse Transcription-
Polymerase Chain Reaction

Microarray RT-PCR
Gene Cell line (mean+SEM) (mean +SEM)
CCND1 HIEC 2.97+0.26 8.37+0.78
Caco-2 SC 1.05+£0.02 1.77+£0.20
Caco-2 25PC 1.16 £0.20 1.39+0.02
HVE 0.94£0.01 0.78 £0.08
ETS1 HIEC 2.83+0.07 4.31+1.20
Caco-2 SC 0.60+£0.31 0.03+0.01
Caco-2 25PC 0.84+0.46 0.01+0.001
HVE 1.15+0.14 2.31+£0.95
FGFR4 HIEC 0.63+£0.03 0.104+0.003%
Caco-2 SC 1.78 £0.50 2.22+0.19
Caco-2 25PC 1.17+£0.12 1.04+£0.19
HVE 2.39+0.29 1.24+0.22
FZD8 HIEC 3.09£0.13 5.98+1.18
Caco-2 SC 0.61+0.14 0.16 +0.02%
Caco-2 25PC 0.63+0.33 0.02 +0.003%
HVE 1.12+0.24 0.06 +0.01*
HOP HIEC 2.62+0.22 33.7+5.27%
Caco-2 SC 1.04+0.08 0.02 +0.003*
Caco-2 25PC 1.67+0.49 0.004 +0.0005%
HVE 1.69£0.07 95.6 +26.3%
ID2 HIEC 0.93+0.21 0.16+0.07*
Caco-2 SC 1.07+0.08 0.98 £0.08
Caco-2 25PC 1.71+0.27 1.70+0.30
HVE 1.91+0.36 2.51+1.19
MANIB1 HIEC 1.29+0.09 1.20+£0.17
Caco-2 SC 0.88+0.13 0.99+0.15
Caco-2 25PC 1.25+0.28 0.84+0.01%
HVE 1.00+0.20 0.63 £0.06
MTR HIEC 1.04 £0.09 0.92+0.13
Caco-2 SC 1.07+£0.04 1.10£0.15
Caco-2 25PC 1.03+£0.21 0.414+0.11%
HVE 0.94+0.11 1.12+0.16
MutL HIEC 1.57+0.09 1.32+0.08
Caco-2 SC 1.60+£0.09 2.294+0.25%
Caco-2 25PC 0.62+0.18 0.69+0.04
HVE 0.65+0.32 1.07+0.08
Mxil HIEC 0.29+0.22 0.1240.02*
Caco-2 SC 0.50£0.19 0.27 £0.06
Caco-2 25PC 1.46£0.20 1.82+£0.37
HVE 0.61+0.42 0.56 +£0.04
PCNA HIEC 0.55+£0.32 0.39+£0.09
Caco-2 SC 1.194+0.13 1.60+0.30
Caco-2 25PC 0.29+0.15 0.21+0.04
HVE 0.35+0.33 0.32+0.02
PTK?2B HIEC 0.77+0.14 0.114+0.01*
Caco-2 SC 1.03+0.04 0.73+0.03%
Caco-2 25PC 1.10+0.13 1.75+0.24
HVE 1.61+£0.07 8.444+1.05%
TAPI HIEC 2.55+0.21 2.94+0.33
Caco-2 SC 0.67+0.23 0.04 +0.002*
Caco-2 25PC 0.44+£0.27 0.15+0.02%
HVE 0.91+£0.26 1.12+0.06
TFRC HIEC 0.52+0.35 0.074+0.02%
Caco-2 SC 0.84+0.09 0.84+0.03
Caco-2 25PC 2.66+0.19 2.41+0.07
HVE 0.50£0.34 0.15+£0.04

Values shown are the mean of three independent biological
sample.
AStatistically significantly different (¢-test, P < 0.05).

Indeed, microarray analysis provides a max-
imum of three orders of magnitude of dynamic
range between non-specific hybridization noise
and the highest intensity gene-specific signal
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compared to six to seven orders of magnitude
for qRT-PCR. Among the non-differentially
expressed genes, the observed differences in
magnitude of gene expression in gRT-PCR were
overall both quantitatively and statistically in
agreement with the cDNA array (Table II:
78.6%, 11/14). Indeed, of the 14 genes tested,
only the homeodomain-only protein (HOP)
gene showed a significant discrepancy between
the microarray and qRT-PCR data. In fact, the
microarray data clearly underestimated the
change in HOP gene expression, suggesting a
lack of specificity in the primer designed to
discriminate between gene family members or
splice variants. Two other genes, FZD8 and
PTK2B, also showed a lower concordance
between microarray and gRT-PCR analysis.
For the FZD8 gene, we observed a higher
microarray expression ratio probably due to
non-specific hybridization noise while the
higher qRT-PCR expression ratio for PTK2B
observed in HVE was likely the result of the
sensitivity of the PCR technique compared to
microarray analysis. Sucrase-isomaltase (SI)
was used as a reference for the intestinal cell
differentiation level in the four models.

Genes Enriched or Depleted in
Undifferentiated Cell Lines

To further analyze the gene expression profile
common to the undifferentiated intestinal cell
types, we performed analyses of HIEC, tsFHI,
and proliferative Caco-2 cells. For this qualita-
tive experiment, genes with expression levels
of more or less than twofold compared to the
reference pool were arbitrarily defined as being
enriched or depleted, respectively. Figure 3
shows the Venn diagrams of the overlapping
genes enriched (Fig. 3A) or depleted (Fig. 3B) in
each cell line. Of the 19,200 genes present on the
arrays, 16,593 had sufficient data for this gene
analysis. We found 901 genes to be enriched in
the HIEC, 854 in the tsFHI, and 125 in the
proliferative Caco-2 cells. Surprisingly, only
two genes were found to be common to the three
cell lines, six to the HIEC and Caco-2, and eight
to the tsFHI and Caco-2. However, we did find a
quite high overlap (31.2%) between the HIEC-
and the tsFHI-enriched genes emphasizing a
similar origin for these two normal undiffer-
entiated cell lines. For the depleted gene
analysis, we observed a significant number of
depleted genes for each cell line (HIEC: 500,

Fig. 3. Genes enriched or depleted in undifferentiated cell
lines. A: Intersection between HIEC-, tsFHI-, and proliferative
Caco-2-enriched genes. Numbers represent highly expressed
genes (ratio > +2:1 relative to the reference pool) in each cell
line. B: Intersection between HIEC-, tsFHI-, and proliferative
Caco-2-depleted genes. Numbers represent poorly expressed
genes (ratio < —2:1 relative to the reference pool) in each cell
line.

tsFHI: 624, and Caco-2: 227). The number of
genes common to all cell lines increased to 66.
Examination of gene function revealed that an
important proportion of these common genes
were involved in metabolism and transport.
Unsurprisingly, the proportion of genes com-
mon (36.7%) to the HIEC and tsFHI was also
high for these two normal crypt cell lines.

DISCUSSION

Microarray technology and clustering algo-
rithms are powerful methods to explore global
gene expression. The goal of the present study
was to exploit these techniques to analyze the
gene expression profiles of different cell models
recapitulating the crypt-villus axis of the
human small intestine [Pageot et al., 2000]
and compare them with the Caco-2 model. Our
strategy was to generate high quality micro-
array data, use a hierarchical clustering algo-
rithm to identify groups of genes reflecting
various molecular features of each cell type
and then validate the data by measuring the
relative gene expression ratios by gqRT-PCRon a
subset of test genes and determine the statis-
tical significance. In general, there was excel-
lent agreement between our microarray and
gRT-PCR data, both qualitatively and quanti-
tatively.

The unsupervised hierarchical clustering
tree that was generated clearly showed that
the HIEC cell line has little in common with
either the proliferative or differentiated Caco-2,
or with the HVE cells. At first sight, albeit their
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Fig. 4. A comparison of log, gene expression ratios measured by microarray analysis (X-axis) versus
gRT-PCR (Y-axis). The data are derived from the results of Table I, shown here as scatter plots. r* values for
HIEC, Caco2 SC, Caco2 25PC, and HVE were 0.65, 0.99, 0.97, and 0.97, respectively.

cancerous nature [Zweibaum and Chantret,
1989; Ménard and Beaulieu, 1994], we may
have expected to find the proliferative Caco-2
cells to be more closely related to their normal
proliferating counterparts, the HIEC -cells.
However, on the contrary, the gene expression
profile of the proliferating Caco-2 cells was
found to be more interrelated with the differ-
entiated Caco-2 and villus epithelial cells. At
the gene level, we have identified four clusters
corresponding to the different cell phenotypes of
our cell models. One of the clusters contains a
large number of genes that are upregulated
exclusively in HIEC cells. Many of these genes
are involved in cell growth, cell signaling, and
immunity but very few transporter and meta-
bolic enzymes are represented, reflecting the
crypt-like status of the HIEC cells. Interest-
ingly, several pregnancy-specific beta-1 glyco-
proteins (PSG) were found to be upregulated in
the HIEC. PSG transcripts have already been
identified in the human intestine [Shupert and

Chan, 1993]. These genes belong to the CEA
family and are involved in intercellular cell
adhesion [Benchimol et al., 1989] and immune
defense [Hammarstrom and Baranov, 2001].
Incidentally, recent studies have reported that
interferon-gamma modulates the expression of
different CEA family members in colonic
mucosa [Fahlgren et al., 2003]. In this context,
our observations that molecules involved in
interferon signaling (such as interferon gamma-
inducible 16 (IFI16) and interferon-induced
transmembrane protein 1 IFITM1)) are expres-
sed at high levels in HIEC cells are well
supportive of previous data indicating that this
pathway is active in crypt cells [Francoeur et al.,
2004]. In addition to the CEA members we noted
an upregulation of CD44 in HIEC compared
to Caco-2 cells. CD44 has been shown to be
normally expressed in the lower crypt epithe-
lium of the intestinal mucosa [Wielenga et al.,
1999; Lakshman et al., 2005]. Interestingly,
the phenotype observed in Tecf-4 knockout mice
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included both the loss of CD44 and the absence
of a proliferative stem cell compartment in
the crypt region [Wielenga et al., 1999] suggest-
ing a potential stem-like cell phenotype for
the undifferentiated intestinal epithelial cells
HIEC.

In the second cluster we found genes exclu-
sively enriched in proliferative Caco-2 cells.
Interestingly, we identified several upregulated
genes involved in cell-cycle and/or apoptosis
suggesting a particular molecular regulatory
pathway in cell proliferation. Among these
genes was CSE1L/CAS, known to be implicated
in the regulation of proliferation and apoptosis
[Behrens et al., 2003], in addition to being over-
expressed in several cancers including colon
cancer [Brinkmann, 1998; Seiden-Long et al.,
2005]. We also identified MCM 2, 6, and 7
proteins that are known substrates of cell-cycle
kinases [Cortez et al., 2004] involved in the
initiation and elongation of replication. In
addition to the above-mentioned genes, two
p2l-interacting proteins, BCCIP (BCRA2 and
CDKNI1A interacting protein, also known as
TOK1), and SKB1 were also identified. Recent
reports have demonstrated that these two genes
interact directly with p21 to modulate mitosis
[Gilbreth et al., 1998; Ono et al., 2000]. Finally,
one member of the MYC family (v-myc) was also
identified in this group. MYC is an important
regulator of intestinal epithelial cells [Maria-
dason et al., 2005; Niet al., 2005]. By linking our
list of differentially expressed genes to the MYC
target gene database (www.myccancer.org), we
identified 40 genes among the 272 differentially
expressed genes that are known targets of the
MYC transcription factor. Taken together,
these results suggest that proliferation in
Caco-2 cells is regulated by a particular group
of genes involved either in the progression of
cell-cycle or apoptosis.

Unsurprisingly, within the third cluster we
identified several upregulated genes that are
found mainly in differentiated Caco-2 as well as
in villus epithelial cells. Among them, we noted
genes involved in lipoprotein metabolism (such
as APOB, APOC3), in selective transport/
exchange (such as ABCC2, CLCN5, SEPP1,
TTR), or in different metabolic pathways (such
as ASAH1, FMO5, OAT, SULT1A1). Of note,
we did not observe an upregulation of genes
involved in apoptosis in differentiated epithelial
cells. These observations are in agreement with
previous reports [Watson and Pritchard, 2000;

Mariadason et al., 2005] mentioning that
apoptotic cells are rarely seen in the villus
epithelial cells of the normal intestine, and also
suggests that mechanisms other than apoptosis
could be responsible for cell shedding at the
villus tip of the small intestine.

Within the last cluster were the genes
upregulated almost exclusively in proliferative
and differentiated Caco-2 cells. We identified
some genes known to be over-expressed in
colorectal cancer, such as choline kinase (CK)
and L-plastin (LCP1). Over-expression of CK is
a frequent feature of human colorectal cancer
[Nakagami et al., 1999; Ramirez de Molina
et al., 2002], while the expression of LCP1 has
been shown to correlate with the progression of
cancer staging [Otsuka et al., 2001].

We next established transcriptional profiles
for the undifferentiated intestinal cell models
to identify genes enriched (increase of twofold)
or depleted (decrease of twofold) in each cell
population and then compared these sets of
genes to one another. We observed a great
overlap between both enriched and depleted
genesin HIEC and tsFHI. Indeed, a third of both
the enriched and depleted genes in the HIEC
cells were shared with the tsFHI cells, an
observation consistent with the crypt-like sta-
tus of both of these cell lines [Perreault and
Beaulieu, 1996; Quaroni and Beaulieu, 1997;
Pageot et al., 2000; Escaffit et al.,, 2005].
However, we found that proliferative Caco-2
cells have a weak similarity to the two crypt-like
cell lines sharing only 16 genes with HIEC and
tsFHI, confirming that proliferative Caco-2 cells
have little in common with normal proliferative
intestinal epithelial cells.

In conclusion, gene expression profiles from
these various well-characterized cell models
have identified known and unknown genes
that participate in different cell processes such
as proliferation, differentiation, apoptosis, and
immune defense. While further studies of the
delineated genes are required to improve our
understanding of the molecular mechanisms
involved in the maintenance of human small
intestinal function, we have successfully
demonstrated major molecular distinctions
between proliferating Caco-2 cells and the
more normal human intestinal cell models
HIEC and tsFHI while good similarities
were displayed between postconfluent Caco-2
cells and normal human differentiated villus
cells.
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