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Abstract Dysregulation of intestinal epithelial cell per-
formance is associated with an array of pathologies whose
onset mechanisms are incompletely understood. While
whole-genomics approaches have been valuable for
studying the molecular basis of several intestinal diseases,
a thorough analysis of gene expression along the healthy
gastrointestinal tract is still lacking. The aim of this study
was to map gene expression in gastrointestinal regions of
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healthy human adults and to implement a procedure for
microarray data analysis that would allow its use as a
reference when screening for pathological deviations. We
analyzed the gene expression signature of antrum, duode-
num, jejunum, ileum, and transverse colon biopsies using a
biostatistical method based on a multivariate and univariate
approach to identify region-selective genes. One hundred
sixty-six genes were found responsible for distinguishing
the five regions considered. Nineteen had never been
described in the GI tract, including a semaphorin probably
implicated in pathogen invasion and six novel genes.
Moreover, by crossing these genes with those retrieved
from an existing data set of gene expression in the intestine
of ulcerative colitis and Crohn’s disease patients, we
identified genes that might be biomarkers of Crohn’s and/
or ulcerative colitis in ileum and/or colon. These include
CLCA4 and SLC26A2, both implicated in ion transport.
This study furnishes the first map of gene expression along
the healthy human gastrointestinal tract. Furthermore, the
approach implemented here, and validated by retrieving
known gene profiles, allowed the identification of promis-
ing new leads in both healthy and disease states.

Introduction

The gastrointestinal (GI) tract is a complex system
characterized by multiple biological functions that are
anatomically distributed. Besides being the site for food
processing and nutrient absorption, it is also the largest
immune organ of the body and, being at the interface
with the external environment, constitutes an important
barrier against ingested pathogens and toxins. Further-
more, the intestine is the home of a large microbial
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community, roughly comprising 10'* cells, which is now
considered an additional metabolic organ of our body
(Backhed et al. 2005). These multiple functions signifi-
cantly rely on the epithelial cells. Given their ability to
integrate a large variety of environmental signals,
including those coming from the gut resident microbiota,
these cells are the main regulators of intestinal mucosal
homeostasis (Clavel and Haller 2007; McCole and Bar-
rett 2007). Hence, dysregulation of intestinal epithelial
cell performance is associated with an array of different
pathologies. For example, several studies have shown
that immune and epithelial cells concur with T-helper
cells in the pathophysiology of inflammatory bowel
disease (IBD) by undergoing phenotypic modifications
that mainly affect the maintenance of the epithelial
barrier. These modifications include reduced production
of a-defensins (Wehkamp et al. 2005), altered expression
of mucin genes (Buisine et al. 1999, 2001), expression of
IL-15 and TGFf (Yoshikai 1999), and dysregulation of
the pregnane X receptor target genes (Langmann et al.
2004). Also, it has been suggested that differences exist
in the phenotypic features of epithelial cells between
ulcerative colitis (UC) and Crohn’s disease (Andoh et al.
2001), although the onset mechanisms of these patholo-
gies are incompletely understood.

Global gene expression profile analyses of diseased
tissues greatly contributed to the understanding of how
deviation from healthy biological pathways may be asso-
ciated with specific phenotypes. These include neoplastic
diseases such as colorectal cancer (Reichling et al. 2005;
Sugiyama et al. 2005), celiac disease (Diosdado et al. 2004;
Juuti-Uusitalo et al. 2007), and idiopathic diseases such as
IBD (Gsillag et al. 2007; Langmann et al. 2004; Moehle
et al. 2006). The interpretation of a pathology-related gene
expression signature relies on knowing the healthy profile.
Nonetheless, genomics approaches have seldom been used
for the study of the unaffected GI tract (Fleet 2007). Initial
studies conducted in rodents furnished a basic under-
standing of gene expression modulation along the healthy
GI tract. In a pioneer work, a gene expression analysis
based on a cDNA array representing about 8600 genes
showed that biological functions and gene expression are
highly correlated along the murine GI tract (Bates et al.
2002). Indeed, while some transcripts are commonly found
in different regions, distinct intestinal segments are char-
acterized by specific gene expression profiles (Anderle
et al. 2005; Fleet 2007; Mutch et al. 2004). Other studies
examined gene expression along the crypt-villus axis in the
small intestine and showed that a specific gene expression
program characteristic of intestinal epithelial cell matura-
tion also exists (Mariadason et al. 2005; Stegmann et al.
2006). On the other hand, less is known about how gene

expression is modulated in the healthy human GI tract. In
the large intestine, the existence of transcripts that are
specific to its different regions as well as of transcripts that
are gradually modulated longitudinally has been shown
(Glebov et al. 2003; Lapointe et al. 2008). The regional
character of gene expression in the large intestine could be
partially traced back to the different embryological origins
of its proximal and distal parts (Lapointe et al. 2008), but it
has also been suggested to play a role in the susceptibility
of the distinct colonic segments to different types of
colorectal carcinomas (Glebov et al. 2003).

To our knowledge, gene expression variation along the
cephalocaudal axis of the whole human gastrointestinal
tract has not been investigated. By analyzing gene
expression in biopsies taken from the stomach, duodenum,
jejunum, ileum, and transverse colon of healthy adults, this
study contributes to our understanding of gene expression
evolution along this system. Furthermore, this work
addresses how the generated profiles of gene expression
can be used as a reference when screening for pathological
deviations. The underlying assumption of current micro-
array studies is the belief that it is, in principle, possible to
fully describe a biological sample, a snapshot of a precise
physiological state, by a set of measures of gene expression
levels. In this context, the levels of mRNA that, for
example, Affymetrix probe sets account for can be inter-
preted as the descriptors of a given physiological state or
biological sample. This information is sometimes difficult
to exploit for the identification of specific targets or disease
biomarkers because of the large amount of noise intrinsic
to microarray analyses. Noise in this context can be related
to fluctuation due to the experimental conditions, to the
presence of outliers, and to genes presenting no modulation
between groups.

In this study we produced a map of gene expression in
different regions of the healthy human GI tract and
implemented a biostatistical method for noise filtering and
statistical significance assessment. This method is based on
the combination of a multivariate approach, principal
component analysis (PCA) for a first data compression and
signal extraction, and an univariate approach using robust
statistics for the estimation of statistical significance of the
selected genes. The built workflow furnishes a flexible but
robust way to extract knowledge to recognize significant
expression patterns with high confidence within the set of
the identified modulated genes.

By first identifying specific biomarkers of healthy
human gut segments and then by crossing them with genes
mostly affected in IBD we were able to identify both
interesting new leads such as novel ileal and colonic genes,
and promising candidate biomarkers of Crohn’s disease
and/or ulcerative colitis in ileum and/or colon.
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Materials and methods
Samples collection

Biopsies (10-15 mg) were collected by upper GI endos-
copy (with a pediatric colonoscope to reach the proximal
jejunum) and colonoscopy from the antrum, duodenum,
jejunum, ileum, and transverse colon (hereafter colon) of
two male and two female healthy human subjects recruited
in accordance with the Helsinki declaration and with pre-
vious approval by the Ethical Committee of the Canton de
Vaud, Lausanne, Switzerland. The individuals, informed
about the scope of the study, were between 20 and
30 years, did not have any gastrointestinal or cardiovas-
cular disorder, did not use any drugs during the 4 weeks
before sampling, and were Helicobacter pylori negative.
Study participants were required to fast for 12 h and were
given a bowel preparation (Fordtran’s and Cololyt solu-
tions) to prepare the intestine the evening before endos-
copy. All endoscopic procedures were performed by a
gastroenterologist at the University Hospital of the Canton
de Vaud (CHUV), Lausanne, Switzerland. The biopsies,
which were expected to mainly contain mucosal tissue,
were snap-frozen and stored at —80°C until use (within
2 weeks from sampling).

RNA isolation and gene array hybridization

Total RNA was extracted using the TriPure Isolation reagent
(Roche Diagnostics AG, Rotkreuz, Switzerland) and Dnase-
I treated and purified with the Nucleospin kit (Macherey-
Nagel AG, Oensingen, Switzerland). RNA quality was
assessed with the Agilent 2100 Bioanalyzer and the RNA
6000 Nano Chip kit (Agilent Technologies, Waldbronn,
Germany). RNA (5 pg) from each sample was then inde-
pendently amplified, labeled, and hybridized to the HG-
U133A Affymetrix chip (Affymetrix, High Wycombe, UK),
according to the manufacturer’s instructions. The chips were
scanned at 488 nm with an argon-ion laser (Agilent Bio-
technologies and Affymetrix) and expression signals were
generated and normalized using the MAS 5.0 algorithm
(Affymetrix). All chips used in this study were processed in
line with and passed the quality control steps built in the
Affymetrix standard procedure for gene array hybridization,
including spiking with a prokaryotic control cocktail to
assess hybridization performance. The entire data set has
been deposited at the NCBI Gene Expression Omnibus
(GEO) repository  (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE10867. Gene expression of the
samples was not investigated with any additional technique
since microarray measurements have been shown to be
reproducible across different platforms and therefore they
can be used independently (Chou et al. 2008; Shi et al. 2006).
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Identification of region-selective biomarkers

After a preprocessing step, including normalization
(MAS 5.0, Affymetrix) and log transformation of the
hybridization signals, the data were organized into a
matrix of 20 rows and 22,283 columns, corresponding
to the number of arrays (each representing a biological
sample of one of the five gut compartments labeled
according to the gender of the corresponding individual)
and the number of probe sets (variables), respectively.
To check for intrinsic clustering among the 20 biolog-
ical samples, unsupervised PCA and hierarchical clus-
tering (HCA; Ward’s method, Euclidean metric)
analysis were performed. Region-specific gene bio-
markers were identified based on the loadings that
describe the relative contributions of the probe sets’
effect on the decomposition of the data. In a second
stage, loadings (for probe sets) and scorings (for sam-
ples) were mapped onto a biplot to determine region-
specific gene regulation. The selected genes were then
crossed with the highly variable ones identified in the
GSE1152 data set, publicly available at the GEO
repository. All analyses were performed using R Soft-
ware and Bioconductor packages (Gentleman et al.
2004). The statistical significance of differential gene
expression was determined using a modified ANOVA
according to the Global Error Assessment procedure
(Mansourian et al. 2004). Finally, to bypass the problem
of multiple Present (P) and Absent (A) calls for the
same gene/condition, we computed a virtual chip using
the robust average of the probe sets’ values of the same
gene in the different chips and then computed the P/A
calls using the Affymetrix MAS 5.0 algorithm.

Bioinformatics analyses

Probe sets were annotated using ENSEMBL v28 and
NetAffx (Affymetrix) (grade 1), preferring the former if
discordant (grade 2) or the latter if the former was missing
(grade 3). Probe sets representing unknown sequences were
tentatively annotated (grade 4) by protein domain recog-
nition analysis using HMMer against Pfam (http://pfam.
sanger.ac.uk/) and with PSI-Blast (Altschul et al. 1997).
The level of confidence of the annotation was expressed as
an E value, i.e., the probability of detecting the similarity
by chance, as calculated by PSI-Blast (cutoff = 10E-5).
Gene expression profiles were represented using Spotfire
Decision Site for Functional Genomics 7.3 (TIBCO Spot-
fire Inc., Palo Alto, CA). An automated literature search
based on WordStat v4.0.19 and SimStat v2.5.1 software
(Provalis Research, Montreal, CA), followed by manual
refinement, was used to identify genes that had never been
described in the GI tract.
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Results and discussion

Global analysis of the gastrointestinal tract
transcriptome

Total mRNAs prepared from the biopsies of antrum, duo-
denum, jejunum, ileum, and colon of two males and two
females were independently hybridized to the Affymetrix
gene chip U133A, which contains 22,283 probe sets
representing 14,593 UniGene clusters for a total of
20 microarrays used. Villin (205506_at), occludin
(209925_at), and the transcription factor EIf3 (201510_at),
three genes expressed exclusively in the epithelium, were
scored present and highly expressed in all regions. On the
other hand, CD80 (207176_s_at), CD86 (205685_at), and
CD14 (201743_at), expressed in immune cells, and epi-
morphin (207346_at), expressed in mesenchymal cells,
were scored absent and/or with very low hybridization
intensities. Therefore, we can assume that the expression
profiles produced in this study represent mainly epithelial
cells. A blind unsupervised approach was used to assess the
samples’ separability while reducing the amount of noise
by complementing PCA and HCA analyses. The repre-
sentation of the data on the two first principal components
clearly showed two possible outliers, one from antrum
gathering with ileum samples and one from ileum gather-
ing with jejunum samples (data not shown). These two
samples were removed from further analysis since devia-
tion of a single representative point from the cluster of its
peers, at a distance as great as ten times the standard
deviation of the related cluster, seemed suspicious, and the
chance of this representing a real biological effect was
estimated to be vanishing. HCA and PCA performed on the
remaining 18 samples gave consistent and overlapping
results and provided the basis to further restrain the anal-
ysis to those probe sets, out of the original 22,283, that
varied most significantly among them. A magnitude of
every probe set contribution was estimated and the original
data set was reduced to 199 significant probe sets (Sup-
plementary Table 1). These probe sets, selected on the
basis of their important loadings (high loading corresponds
to high variance), are those mainly contributing to the
observed intracluster energy and therefore are responsible
for sample separation. When carrying out HCA and PCA
on these probe sets, we found that samples were not sep-
arable according to gender but were rather clearly stratified
according to the gastrointestinal region (Fig. la, b). PCA
was able to capture more than 85% of the information
contained in the raw data set. Sample separation was par-
ticularly evident for antrum, colon, and ileum, while duo-
denum and jejunum were somewhat more similar. This was
further highlighted by analyzing the region-specific mod-
ulation of the 199 selected probe sets through scorings and

loadings mapping on a biplot (Fig. 1c). Thirty-eight probe
sets were modulated in antrum, 20 in ileum, and 33 in
colon. The identification of probe sets selective of duode-
num and jejunum turned out to be more difficult. Of a total
of 108 probe sets specifically modulated in these two
compartments, we could identify 21 probe sets in duode-
num and 15 in jejunum, while the remaining 72 were
jointly modulated in both tissues. No probe set expressed in
all regions but one was found. All of the 199 probe sets
were found to be statistically significantly differentially
expressed by using the Global Error Assessment (GEA)
model (P < 0.001), except for 220038_at which was
therefore excluded from further examination.

Identification and expression analysis of healthy
intestinal regions’ selective genes

The 198 probe sets selected above were assigned to 166
unique genes (Fig. 2) that we defined as region-selective
but not necessarily region-specific, with some expressed in
more than one GI segment according to Affymetrix present
calls (Supplementary Table 1). Region-selective genes are
preferentially, but not exclusively, expressed in a given
region and are likely to be involved in its major physio-
logical functions. Region-specific genes are restricted to
that region and may be used to distinguish it (Hsiao et al.
2001). Automated literature mining followed by manual
refinement was used for the 166 genes to discriminate
between novel and existing information. One hundred
sixteen genes were found to be associated with known
intestinal functions and their expression profile corre-
sponded to previously reported data. In particular, the
expression profile of most of these genes reflected intesti-
nal biological functions that are anatomically distributed,
including digestion in the upper regions and absorption and
excretion in the middle and lower parts of the GI tract. This
validated our gene-selection approach and these genes
were not further investigated. Thirty-one genes had already
been described in the GI tract but their proximal-to-distal
profile had not been documented. These are NMU, MUCI,
MUC6, FOXA2, GATA4, ORMI1, and CRIP2 selective of
antrum; TM4SF4 and SERPINBS selective of duodenum;
GPR172B, SFRP5, HTRID, BST1, and RASA4 selective
of duodenum and jejunum; CLDNI1S5 selective of jejunum;
UGT2B17, CFTR, MUC?2, ZG16, and PPP1R12A selective
of ileum; and PDE9A, HOXA9, HOXA6, PYGB, POSTN,
CEACAMS, CD24, TSPAN-1, CNNM4, HK2, and RAR-
RESTI selective of colon. Finally, 19 genes had never been
reported in the human GI tract. These include SEMAGA, a
semaphorin involved in the control of actin filament
dynamics (Klostermann et al. 2000) and possibly in path-
ogen invasion (Laurent et al. 1999) and found to be ileum-
selective; PCDH21, a cadherin suggested to be involved in
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Fig. 1 Clustering of gastrointestinal regions’ transcriptomes based on
the 199 probe sets responsible for sample separability. Principal
components analysis (PCA) (a) and hierarchical clustering (Ward’s
method) (b) analysis were conducted on the 18 samples, each
individually represented on the graphs. The scale of b is the sum of
the squares of the euclidean distance (the unit) for the cluster and it is
based on a differential matrix. Consistency between A (PCA) and B
supported the tree which was generated by hierarchical clustering.
The scorings (samples) and loadings (probe sets) from PCA analysis
were then mapped on the same plot, called a biplot (b). As a

the formation of neuronal networks in the olfactory bulb
(Nakajima et al. 2001) and found to be colon-specific;
MS4A12, a member of the membrane-spanning 4A family
thought to be involved in signal transduction (Liang and
Tedder 2001) which is colon-specific; CLIC3, a nuclear
chloride channel found to be specific of antrum; and
CLCA4, a Ca’*-activated chloride channel which is colon
selective. Six of the 19 genes were unknown genes that
were tentatively annotated as explained in Materials and

@ Springer

consequence of the matrix factorization X (log transformed and
centered on 0), the modulation of any probe set can be geometrically
inferred from its position on the biplot. Accordingly, when a probe set
lies far from the origin and close to one chip, it is upregulated in this
chip (gastrointestinal segment sample) compared to all the others and
vice versa. The highest the distance of a probe set from the origin, the
highest its modulation. The magnitude of modulation for each probe
set is given as a numerical value (Norm value, Fig. 2). A antrum, D
duodenum, J jejunum, / ileum, C colon

methods. Among these we identified, based on protein
sequence analysis, FLJ22880 as a new putative member
(E = 3.8~ "*%) of the L6 family of transmembrane proteins
(Maecker et al. 1997; Wright et al. 2000) that is selective of
small intestine and likely to be implicated in signal trans-
duction events, and a dihydroxyacetone kinase (DAK-1,
E = 7.5e*128; DAK-2,E = 4.36769) that catalyzes the first
limiting step of glycerol utilization (glycerone to glycerone
phosphate, KEGG map00561, http://www.genome.jp/kegg/)
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Fig. 2 Proximal-to-distal expression pattern of 166 region-selective
genes along the GI tract. The 199 probe sets responsible for sample
clustering (Fig. 1) were found to correspond to 166 genes selective of
a antrum (36 genes); b duodenum (14 genes), duodenum and jejunum
(57 genes), and jejunum (14 genes); ¢ ileum (16 genes) and colon (29
genes). Their expression pattern along the gastrointestinal tract is
visualized in the heat map that was constructed using the In-
transformed average hybridization intensities calculated from three to
four replicates (individuals). The gene description corresponds to the
ENSEMBL and Affymetrix designation (grade 1), ENSEMBL only

and that has not yet been characterized in human and has
been found to be selective of proximal small intestine. A
putatively novel transcription factor containing JmjC
domains (FLJ13798, E = 7.86_05) was identified as
selective of proximal small intestinal regions but has not
been further investigated since it was called absent by the
Affymetrix algorithm. The colon-specific probe set
220724 _at was assigned to a nuclease/phosphatase which,
despite the low level of confidence (E = 0.16), was con-
firmed by fold recognition analysis (not shown). Finally,
two probe sets (214046_at and 220645_at) remained
unassigned, although the gene represented by 220645_at is
called 99% similar to a brush border protein gene
belonging to the same UniGene cluster. Based on Uni-
Gene’s EST Profile Viewer, these 19 genes indeed were
confirmed to be expressed in the GI segment to which they
were found to be associated, except for CLIC3, FLJ13798,
CML2, and SEMAGA for which complete information was
not available.

(grade 2), and Affymetrix only (grade 3), or was tentatively assigned
as explained in the text (grade 4). The normalization (Norm) value,
calculated by PCA, represents the importance of each gene in
distinguishing the related gut segment from the others; values close to
or higher than 2 correspond to high tissue selectivity. Bold indicates
genes not previously described to be expressed in the corresponding
gut region based on automated literature search, as explained in
Materials and methods. A antrum, D duodenum, J jejunum, / ileum, C
colon, na not applicable

Subsequent particular analysis of gene expression
modulation showed that the antrum was characterized by
the modulation of genes encoding for several gastric pro-
teins such as trefoil factors, progastricsin, and mucin SAC
(Fig. 2a), as well as a gene encoding for the cytosolic
sulfotransferase SULT1C1, a finding supported by previous
research reporting sulfotransferase activity in the antral and
body mucosa of human and rat stomachs. This enzyme
catalyzes the transfer of a sulfate ester group from 3'-
phosphoadenosine 5’-phosphosulfate to the carbohydrate
chain of gastric mucus glycoproteins (Carter et al. 1988;
Liau et al. 1983). Another important finding was the
identification of the f-microseminoprotein isoform-a pre-
cursor. This is a small disulfide-rich protein with unknown
function that is present in the secretions of most mucosal
surfaces in the body, including the stomach where it is
secreted in the antrum by endocrine cells (Weiber et al.
1997). The protein has been investigated as a biomarker of
gastric carcinoids (Weiber et al. 1999).
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Apokpoprotein C-Il precursor (Apo-Cil)

ATP-binding casselle, sub-family G, member 5 (Sterolin-1)
G profein-coupled receplor 1728; putative G-protein coupled receplor GPCR42
Pancrealic lipase related protein 2 precursor

Defensin 6 precursor (Defensin, alpha 6)

Cylochrome P450 3A4

Solse carier family 13, member 2 (Ma(+)idicarboxylate colransporter 1)

Solute camer family 2, faciitated glucose transporter, member 5 (Fruclose transporter)
Glutathione S-ransferase A1

Lithostathne 1 alpha precursor (PSP) (REG)

Chemokine (C-C motif) igand 25

Glycerol-3 1 (soluble)

Sodum/ghucose cotransporter 1
Canalk ific organic anion
Secreled frizzled-relaled protein 5; secreted apoplosis retated protein 3
B(0, +}-type amino acid transporter 1 (B{0,+)AT)
Carbamoyl-phosphate synthetase |

Defensin § precursor (Defiensin, alpha 5)

F it protein 1

prolein 2)

Ghucose-6-phosphatase

Solute carier family 25 (mitochondrial camier, omithine transporter) member 15
Solute carer family 4, sodium bicarbonate colransporter, member 7

Dedeted in malignant bresin tumors 1 isoform b precursor

Sodum/nucieoside cotransporler 2

Putative N-acetyltransferase Camello 2

Xaa-Pro aminopeplidase 2 precursor

Monocarboxylate ransporter 5 (MCT 5) (MCT 4)

Cytochrome P450 3AT

Omith

Cytochrome P450 27
Transcription factor Maf (Proto-oncogene c-maf)

5 hydmuytryptamine 1D receplor (5-HT-10) (Serotonin receplor 1D)
Platelet glycoprotein IV (CD36 antigen)

Dak 1 and 3 DOMAINS-containing
ADP-fibosyl cyclase 2 precursor

Hepalocyte growth factor-like protein precursor

Secrelin precursor

CIDE-B {Cell death-
Ras GTPase-activating prolein 4
Alkaline phosphatase, inlestinal precursor
Solute camer family 2, faciltaled glucose transporter, member 2
Dipeplicyl peplicase IV
Apolipoprotein B-100 precursor

PR nl i 2 _ X v
Sucrase-isomaltase, intestinal

Glutamyl aminopeplidase

Annexin A13 (Annexin XHI1) (Annexin, intestine-specific) (1SA)

Meprin A beta-subunit precursor

Claudin-15

C P450, family 4, ity F, ide 2

PDZ domain containing 1

DFFA-ike effector B)

falpha
falpn

fike profein

1 L1IR2 Hs.25333 205403 al 255
1 51006 Hs 639 207885 al 195
1 FOLH1 Hs380325 205860 x_al 187
1 PRSST Hs 149473 207638 al 154
1 TMASF4 Hs133527 209937 al 152
1 GiP Hs1454 207899 al 132
1 ADA HsA0T135 204639 _al 116
1 <=3 Hs 458426 205827 at 1.07
1 AADAC Hs 506908 205969 _al 1.06
1 NROB2 Hs 427055 206410 _at 1.06
1 LET Hs 551506 206945 al 1.00
1 NPCIL1 Hs 512147  220106_al 0.88
3 SERPINBS Hs.56279 204855 _al 076
1 CYP2CO Hs262624 220017 xal 061
1 CYBRO Hs 221941 217889 s al 1.80
1 MME Hs307T34 203434 s al 169
1 APOAY Hs 1247 206894 al 164
3 APOA1 Hs534983 217073 x_al 158
1 DNASE1 Hs549030  210165_al 157
1 SLC1SAY Hs 436803  207254_al 1.40
1 VHN1 Hs.12114  205844_al 128
1 APOC3 Hs 534964 205820 s al 124
3 ALDOB Hs 530274 217238 s al 125
1 c8G Hs1285  210324_al 124
1 MTP Hs.195799 205675 _at 1.24
4 FLIZ2800 Hs.156652 220639 _al 121
1 TREH Hs128712 207378 at 117
1 MAOE Hs 46732 204041 _al 115
1 APOGC2 Hs 75615 204561 xal 109
1 ABCGS Hs132992 220383 at 107
1 GPRIT2B Hs 110128 2207S6s.al 105
1 PNLIPRPZ Hs 423508 211766sal 102
1 DEFAB HeT11 207814 al 0.7
1 CYP3A4 He 442527 205099 x at 094
1 SLC13A2 Hs 102307 207567 al 093
1 SLC2AS Hs 530003 204430 s al 093
1 GSTA1 Hs 446300 203924 _al 0.90
1 REG1A Hs. 49407  209752_al 0.86
3 CCL25 Hs 310511 206988 at 0.86
3 GPD1 Hs 524418 213706 _at 0.85
1 SLCEA1 Hs.1964 206628 al 0.81
1 ABCC2 Hs 368243 206155 al 081
1 SFRPS Hs 279565 207468 sal 080
1 SLCTAG Hs40BS6T 220135sal 080
1 cPs1 Hs.149252 204920 _al 078
1 DEFAS Hs 72887 207529 _at 077
1 PAP Hs423  205815_al 075
4 FLI3798 Hs 145717  220070_at 069
1 SLCBA20 Hs413095 219614 sal 068
1 KHI Hs159525 211028 sal 066
1 GEPC Hs212293 206952 al 065
3 SLC25A15 Hs 442781 218653 al 064
1 SLCAAT Hs 250072 208884 sal 063
1 DMBT1 Hs279611 208250 s al 062
1 SLC28AZ Hs 367833 2072495 al 062
3 cML2 Hs 458267  206964_al 061
2 XPNPEPZ Hs 170499  216910_at 061
1 SLC1BAA Hs351306 205234 al 060
1 CYP3AT Hs111944 205839 al 059
1 GAL3ST1 Hs.17958 205670 al 059
1 orc Hs 117050 207200 _at 058
1 CYPZTA1 Hs 516700 203979 _al 057
1 MAF Hs 134850 200347 sal 057
1 HTR1D Hs121482 207368 al 0.56
1 cD36 Hs120048 200555 s al 056
4 DKFZPS6B1621  Hs6278 218683 al 05
1 BST1 Hs169998 205715 al 053
1 MsT1 Hs349110 205614 xal 052
1 sCT Hs553503 221198 al 051
1 CIDEB Hs448500 221188 s.al 049
1 RASA4 Hs 520599 208534 sal 048
1 ALPI Hs.37009 207140 al 189
1 sLC2A2 Hs167584 206535 al 172
3 MGAM Hs122785 206522 al 167
1 OPP4 Hs.368912 203716_s_at 1.46
1 APOB Hs 120758 205108 s al 118
1 ACEZ Hs 178088 219962 at 118
1 sl Hs 420596 206664 _al 113
1 ENPEP Hs 435765 204844 _al 098
1 ANXA1S Hs 181107 208323 s al 094
1 MEP1B HsAS4777  207251_al 087
1 CLDN1S Hs.36738 219640 at 0.84
3 CYPaF2 Hs101 210452 xal 078
1 PDZK1 Hs143203 205380 al 073
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C Expression  Regional 2 5 Norm
pattem lectivity Gene Description Grade Gene Symbol Unigene Probe setlID vakie
I Calcinewrin B homologous: prolein 2 1 LOCE3928 Hs.178589 206149 at 1.47
I i i protein 3 (P in 3) 1 ABCB1 [l ABCBA  Hs.489033 209994 s at 143
I Semaphorin 6A 3 SEMABA Hs 156967 215028 at 1.34
| uDP-gl 817 1 UGT2B17 Hs 183596 207245 at 1.34
| Mucin and cadherin-ike 3 MUCDHL Hs 165619  220075_s at 129
| Calcium activated chioride channel 1 precursor 1 CLCAT Hs 194659 210107 at 128
1 Fatty acid-tinding protein, liver (L-FABP) 1 FABP1 Hs.380135 205892 s at 1.16
I Chioride anion exchanger (DRA protein) solute carmer family 26, member 3 1 SLC2BA3 Hs.1650 206143 _at 11
I Cystic fibrosis transmembrane conductance regulator (CFTR) 1 CFTR Hs 489786 205043 at 1,09
I Gastrotropin (GT) (lleal lipid-binding protein) (ILBP) 1 FABPS Hs 519719 210445 at 203
I Peptide YY 3 PYY Hs 169249 207080 s _at 1M
1 Mucin 2, intestinaltracheal 3 Mucz Hs.315 204673 _at 155
I Zymogen granule prolein 16 1 ZG16 Hs.184507 214142_at 1.52
I ADAM-like, decysin 1; disintegrin protease; decysin 1 ADAMDEC1 Hs.521459 206134 at 1.32
I TRAF and TNF receplor-associaled protein 1 TIRAP Hs403010 202266 at 11
I Protein phosphatase 1 regulatory subunit 12A 1 PPPIR12A Hs49582 201604 s _at 0.a7
c Calcium activated chioride channel 4 1 cLCA4 Hs.546343 220026 _at 30
c Carcinoembryonic antigen-related cell adhesion molecule 7 3 CEACAM7 Hs 74466 211848 s _at 291
c Aquaporin 8 1 AGPS Hs 176658 206784 at 252
c NADPH axidase homolog 1 (NOX-1) 1 NOX1 Hs.132370 206418 at 238
c DNA-binding protein SATB2 1 SATB2 Hs.516617 213435 at 234
[ P g4 Amember 12 1 MS4A12 Hs272789 220834 at 232
c Carbonic anhydrase Xl 3 CA12 Hs.210895 204508 s _at 230
c Carbonic anhydrase IV precursor 1 CA4 Hs 89485 206208 _at 228
c Guanylin precursor (Guanylate cyclase activator 2A) 1 GUCA2A Hs.778 207003 _at 218
c Hexokinase, type Il 1 HK2 Hs 406266 202934 at 218
c Glucagon precursor 1 [c+c] Hs516494 206422 at 217
C Mucin 58 precursor 1 Mucsae Hs 523395 213432 _at 212
C Nuclease 4 FLJ21511 Hs 479703 220724 at 21
C Protocadherin 21 precursor 1 PCDH21 Hs 137556 213369 at 207
c Carbonic anhydrase | 1 cAl Hs23118 205850 s al 207
c Mucin 4 isoform d 1 MuCc4 Hs 269646 204895 x_at 200
c Phosphodiesterase 9A 3 PDESA Hs 473927 205593 s at 188
c Homeabox protein Hox-A9 (Hox-1G) 1 HOXAS Hs 127428 214651 s _at 1.87
C Homeabox protein Hox-86 1 HOXBS Hs.08428  205366_s_at 185
Cc Glycogen phisphonjase, brain form 1 PYGB Hs. 368157  201481_s_at 1.83
Cc no description na Cl1om33 Hs 179100 220645_at 1.82
c Colled-coll domain containing protein 2 (Capiliary morphogenesis protein-1) 1 ccoe2 Hs. 145402 219174 at 177
c Periostin precursor Osteoblast specific factor 2 1 POSTN Hs 136348 210809 s _at 1.69
C Carcinoembryonic antigen-related cell adhesion molecule 5 3 CEACAMS Hs. 220529 201884 at 169
c Signal transducer CD24 precursor 1 cD24 Hs 375108  209772_s_at 166
c Tetraspanin 1 (Tspan-1) (Tetraspan NET-1) (Tetraspanin TM4-C) 1 TSPAN-1 Hs 38972 209114_at 1866
c Cychin M4; ancient conserved domain protein 4 1 CNNM4 Hs. 175043 218900 at 1.66
c Sulfate transporter 1 SLC26A2 Hs.302738 205097 at 185
c Retinoic acid receplor protein 1 (T induced gene 1 prolein) 1 Hs.131269 206392 s al 1.62

Fig. 2 continued

The whole experimental approach was clearly validated
by finding that the unique probe set on the HG-U133A Af-
fymetrix chip that was annotated to be antrum-specific was
retrieved as being specifically modulated in this same region
(probe set ID: 220191-at). The duodenum and jejunum
(Fig. 2b) were characterized by the modulation of a large
spectrum of proteolytic enzymes, a number of lipoprotein
precursors, and several solute carrier proteins (transporters).
A number of detoxifying enzymes that belong to the cyto-
chrome P450 family were also modulated in these regions. In
what concerned duodenum tissue only, modulation of the
NPC1 gene was found remarkable. A deficiency in the
function of this gene is related to the Niemann-Pick disease
type C that is due to defective cholesterol intracellular
transport (Liscum and Klansek 1998). The jejunum was
characterized by peptido- and glycohydrolytic activities due
to the specific modulation of the related enzymes such as
dipeptidylpeptidase, aminopeptidase, glucoamylase, and
isomaltase. Several interesting genes appeared to be modu-
lated in both duodenum and jejunum, such as vanin-1, which
is involved in the biosynthesis of vitamin B (Martin et al.

2004), and sterolin-1, which prevents dietary noncholesterol
sterols from being absorbed (Klett and Patel 2003). Among
genes selective of ileum (Fig. 2¢), we found MUC2, which
codes for a mucin associated with high colonic expression
(Tytgat et al. 1994). Analysis of the corresponding probe set
position on the biplot (Fig. 1c) revealed that it is almost
equidistant from ileum and colon, highlighting similar
expression in the two regions. Accordingly, mucin 2, besides
being dominant in colon mucins, could also be one of the
main ileal mucins. An important novelty came from scrutiny
of other genes selective of ileum, as we found evidence for
the important modulation of semaphorin 6Al, a protein
involved in neuronal development and regeneration during
apoptosis that is discussed further below. The colon (Fig. 2c)
was characterized by an elevated modulation of genes
encoding for carbonic anhydrase precursors as well as for
carcinoembryonic antigen-related cell adhesion molecules.
Few other genes appeared to be modulated, e.g., aquaporin
and the osteoblast specific factor 2.

Our analysis was validated once more by the finding of
the known differential expression of the claudin family of
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tight junction proteins involved in paracellular transport
(Rahner et al. 2001). For instance, the expression of claudin
4 was found to be highly restricted to the colon, whereas
claudin 18 was mainly expressed in the antrum. Knowledge
of these expression patterns is significant as it has been
proposed that they underlie differences in the paracellular
permeability properties (Niimi et al. 2001).

Among novel genes and genes not previously known to
be expressed in the GI tract, we found several transmem-
brane proteins that seem to be important to gut regions in a
specific manner. These include SEMAG6A, FLJ22800,
TSPANI1, and MS4A12. This has possible implications in
the recognition of non-self molecules such as nutrients,
pathogenic and commensal bacteria, or any other antigen,
and subsequently generated signaling events in the entero-
cyte. For example, it has been suggested that SEMAGA
plays a role in retrograde signaling to cytoskeletal elements
by regulating proteins like Ena/VASP (Klostermann et al.
2000). Interestingly, these proteins mediate intracellular
movement of L. monocytogenes by linking the bacterium to
the actin tail (Laurent et al. 1999); therefore, semaphorin 6A
may play a role in pathogen infection in the small intestine.
We suggest that FLJ22800 is a new L6 type of protein,
based on protein sequence analysis. L6 proteins are surface
proteins characterized by four transmembrane domains and
constitute a family of four members: L6, IL-TMP, TM4SFS5,
and L6D (Wright et al. 2000). The biological function of
these proteins is not completely understood, although they
have been implicated in signal transduction events. More-
over, it has been suggested that they mediate tumor cell
metastasis and cell adhesion (Kao et al. 2003). All except
L6D are represented on the Affymetrix U133A chip used in
this study so we could therefore examine their expression
pattern. They all appear to have very low expression in
colon and enriched expression in the proximal small intes-
tine. It is notable that IL-TMP has been identified in this
study as a descriptor of duodenum. TM4SFS5 is the only one
expressed in the antrum, while L6 seems to be the only one
not expressed in the GI tract, even though this should be
confirmed by independent assays. L6 proteins were previ-
ously considered to be tetraspanins (Maecker et al. 1997,
Marken et al. 1992) because of their similar topological
features. Tetraspanins are transmembrane proteins that
support and stabilize the formation of signaling complexes
(Maecker et al. 1997). The expression of several tetraspa-
nins as well has been shown to be highly regulated along the
GI tract (Okochi et al. 1999). We found TSPANI (trans-
membrane protein tetraspanin-1) to be a gene selective of
colon. Of all members of the tetraspanin family, TSPAN-1
is most similar to CD81 (Todd et al. 1998), which is
expressed in olfactory neurons. The specific role of
TSPAN-1 in colon is still unknown. Finally, MS4A12 is a
member of the membrane-spanning 4A gene family, whose
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expression pattern and biological role are unknown even
though it has been suggested to be involved in signal
transduction, as are the other family members (Liang and
Tedder 2001). The high expression level and modulation
value in colon, as well as the fact that no ESTs have been
found in any tissue but colon, suggest that this gene is
colon-specific.

Taken as a whole, these data represent the first mapping
of the healthy adult human gastrointestinal transcriptome.

Identification and expression pattern analysis of ileum
and colon selective genes in IBD

To show the effective use of our approach when studying
gene expression deviation in gut pathologies, we reanalyzed
the GEO data set GSE1152 that contains gene expression
profiles corresponding to the ileum and colon of Crohn’s,
ulcerative colitis (UC), and control patients (Langmann
et al. 2004). In that study, the same microarray platform
used here was employed. First we explored regional clus-
tering in the IBD condition by applying the approach
described above. We carried out a global analysis of the
data using the 22,283 probe sets and all the samples crossing
the regions (ileum and colon) and conditions (healthy,
Crohn’s, and UC). We reduced the original data set to only
the significant probe sets (329) using their magnitudes.
When performing PCA on this subset we were able to see a
clear stratification according to the disease rather than to the
region type (Fig. 3), which confirmed previous observations
(Langmann et al. 2004). This withstanding, the gene
expression profile in ileum from UC patients tends to
approach that of the control samples, which shows that the
transcriptome of this organ is only slightly affected by this
disease compared to transverse colon. Finally, 37 of the 45
genes found to be selective of the healthy ileum and colon in
our data set (Fig. 2) were modulated in the IBD state, with
an absolute fold higher than 1.5 (Supplementary Table 2).
Next, we carried out a more detailed analysis by region and
by disease. Because we lacked replicates from the GSE1152
data set since samples had been pooled per condition, we
were not able to select probe sets statistically; therefore, we
took into account the expression level and the density of the
probe sets and selected the highly modulated ones, both by
intestinal region and by disease, using a binning and
skimming technique. We constructed a plot of the log,fold
(disease/healthy) versus the mean log,expression, thus
identifying highly variable probe sets independent from the
level of expression. These probe sets were then crossed with
the 199 descriptor probe sets identified by our previous
analysis (Fig. 1, Supplementary Table 1). The genes thus
selected are represented in Fig. 4.

The “by region” analysis (Fig. 4, spots) shows that both
Crohn’s and ulcerative colitis modulate gastrokine 1
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Fig. 3 Clustering of healthy and inflamed ileum and colon tran-
scriptomes. PCA was conducted on the Affymetrix expression data
obtained from the healthy and affected ileum and transverse colon of
Crohn’s and ulcerative colitis patients (data from the GEO data set
GSE1552) using the 329 most significant genes (i.e., the genes
preselected by PCA to be responsible for samples separability).
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Fig. 4 Genes associated with ulcerative colitis (UC) and/or Crohn’s
disease in the ileum and/or colon. Genes were identified by a “by
region” (ileum and colon) and a ‘by disease” (UC and Crohn’s)
analysis, as explained in the text. Solid and dashed boxes indicate
genes associated with UC and Crohn’s, respectively. Genes in the
spots area were modulated in one of the two regions in both diseases,
and genes in the dotted grid area were modulated in both regions in
one of the diseases. Arrows indicate up- and downregulation

(GKN1) and mucinSAC (MUCS5AC) in ileum and calcium-
activated chloride channel 4 (CLCA4) and mucin5B
(MUCS5B) in colon. The “by disease” analysis (Fig. 4,
dotted grid) shows that none of the region-specific bio-
marker genes is modulated by Crohn’s disease in both ileum
and colon, while peptide YY (PYY) is jointly modulated by
colitis in both regions. Specifically modulated genes include
mucin and cadherin like (MUCDHL) and G protein-coupled
receptor family C group 5 member B (GPRC5B) down-
regulated in Crohn’s ileum, liver fatty acid binding protein

L-FABP downregulated in colitis ileum, sulfate transporter
(SLC26A2) and carcinoembryonic antigen-related cell
adhesion molecule 7 (CEACAM7) upregulated in Crohn’s
colon, tetraspanin-1 (TSPAN-1) downregulated in Crohn’s
colon, and finally glycogene phosphorylase brain form
(PYGB) and gastrotropin or ileal fatty acid binding protein
(ILBP) downregulated in colitis colon. Interaction network
analysis suggested that these genes are more likely to be
involved in independent biological pathways (data not
shown). CEACAMY7 is a member of the carcinoembryonic
antigen (CEA) family and is found only at the apical surface
of highly differentiated epithelial cells in the colorectal
mucosa (Scholzel et al. 2000). Interestingly, its expression
correlates with apoptosis in the normal colon. Increased
gene expression in inflamed compared to healthy epithe-
lium may therefore relate to an alteration of the apoptotic
pathway accompanied by increased apoptosis, which has
recently been suggested to be implicated in the IBD
pathology (Verstege et al. 2006). Moreover, The Ca®'-
activated chloride channel 4 (CLCA4), which we had found
to be the main discriminator of the healthy colon (highest
Norm value, Fig. 2), is supposed to upregulate the trans-
membrane potential and mediate secretion of electrolytes
and water (Eggermont 2004). Its upregulation in Crohn’s
and UC patients may be related to the onset of diarrhea
resulting from increased Cl secretion. Finally, PYGB, a key
enzyme in glycogen degradation involved in calcium and
insulin signaling, has been identified in colon. PYGP is not
detected in any other region examined in this study and is a
strong colon classifier (Norm value = 1.83, Fig. 2). This
gene has been proposed to be a marker of carcinogenesis
(Tashima et al. 2000). Since IBD patients are at higher risk
of developing colorectal cancer, the identification of this
gene as a descriptor of UC in colon may be diagnostically
relevant.

In summary, PCA could differentiate between the tran-
scriptomes from Crohn’s patients and those from colitis
and healthy patients based on the selected 329 genes. This
withstanding, when looking for descriptors of each region-
disease association, we found both genes specific to each of
the conditions considered and genes commonly modulated
in both diseases and regions (except for ileum and colon of
Crohn’s patients).

Conclusions

This study provides the first map of gene expression in
various compartments of the healthy human adult gastro-
intestinal tract and a biomathematical information com-
pression approach for the selection of longitudinally
differentially expressed genes. The analysis uncovered clear
differences in the levels of gene expression among the five

@ Springer



526

E. M. Comelli et al.: Gastrointestinal biomarkers

regions under scrutiny in the healthy condition. In particu-
lar, it allowed differentiation between the transcriptomes of
duodenum and jejunum, which had not been possible in a
previous study of gene expression in the murine healthy GI
tract (Bates et al. 2002). Furthermore, the approach was
applied to an existent data set of gene expression in the
intestine of patients affected by Crohn’s disease and
ulcerative colitis, two manifestations of inflammatory
bowel disease. We were therefore able to identify interest-
ing new leads in both the healthy and the disease state.
These data furnish a basis for understanding the complex
role played by the intestinal epithelium in the maintenance
of intestinal homeostasis.
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