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Abstract

Background: In inflammatory bowel disease (IBD), genetic susceptibility together with environmental factors disturbs gut
homeostasis producing chronic inflammation. The two main IBD subtypes are Ulcerative colitis (UC) and Crohn'’s disease
(CD). We present the to-date largest microarray gene expression study on IBD encompassing both inflamed and un-
inflamed colonic tissue. A meta-analysis including all available, comparable data was used to explore important aspects of
IBD inflammation, thereby validating consistent gene expression patterns.

Methods: Colon pinch biopsies from IBD patients were analysed using lllumina whole genome gene expression technology.
Differential expression (DE) was identified using LIMMA linear model in the R statistical computing environment. Results
were enriched for gene ontology (GO) categories. Sets of genes encoding antimicrobial proteins (AMP) and proteins
involved in T helper (Th) cell differentiation were used in the interpretation of the results. All available data sets were
analysed using the same methods, and results were compared on a global and focused level as t-scores.

Results: Gene expression in inflamed mucosa from UC and CD are remarkably similar. The meta-analysis confirmed this. The
patterns of AMP and Th cell-related gene expression were also very similar, except for IL23A which was consistently higher
expressed in UC than in CD. Un-inflamed tissue from patients demonstrated minimal differences from healthy controls.

Conclusions: There is no difference in the Th subgroup involvement between UC and CD. Th1/Th17 related expression, with
little Th2 differentiation, dominated both diseases. The different /L23A expression between UC and CD suggests an IBD
subtype specific role. AMPs, previously little studied, are strongly overexpressed in IBD. The presented meta-analysis
provides a sound background for further research on IBD pathobiology.
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Introduction health problem, with a reported prevalence as high as 568 and
827 per 100 000 in USA and Europe, respectively[1]. In IBD
genetic susceptibility together with environmental factors disturbs
intestinal homeostasis, resulting in repeated inflammation-remis-

The term inflammatory bowel disease (IBD) mainly covers
ulcerative colitis (UC) and Crohn’s disease (CD). IBD is a global
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sion cycles. CD can manifest itself anywhere in the gastrointestinal
tract, while UC is only seen in the colon with varying length and
degree of continuous inflammation extending proximally from the
rectum. In UC the inflammation is found in the mucosa, in CD a
deeper, often transmural inflammation with fistula formation is
seen. Several extraintestinal diseases are associated with IBD, such
as skin diseases, seronegative arthritis, uveitis and primary
sclerosing cholangitis. Long-standing UC is associated with an
increased risk of colorectal cancer. Despite the differences between
UC and CD, there are cases where a definite diagnosis cannot be
made, resulting in a diagnosis of non-specific colitis.

The coordinated effect of various T helper (Th) subtypes is
fundamental to gut homeostasis[2], and UC and CD have been
considered different with respect to Th cell activation. In mouse
models it was shown that Thl mechanisms mediated an
inflammation similar to CD, and Th2 similar to UC[3]. In later
years the concept of Th17 cells has been introduced and it was
shown that inflammation previously attributed to Thl could
actually be Thl7-driven and that these lymphocytes played an
important role in CD[4,5]. Together with a better understanding
of the importance of Treg lymphocytes in controlling inflamma-
tion, these discoveries have made it necessary to re-evaluate the
Th1/Th2 concept of IBD [6].

Since the emergence of whole genome gene expression analysis
(WGGE), efforts have been made to identify the transcriptional
regulation underlying IBD. Although nearly a hundred suscepti-
bility SNPs for IBD have been found, there has been limited
success in translating gene expression results into hypotheses that
aid the understanding and treatment of IBD [7]. Previous work in
this field differs greatly. Gene expression technology has evolved
fromserial analysis of gene expression (SAGE), to the newest
WGGE arrays from e.g. Affymetrix and Illumina. Already in 1997
Heller et al. studied CD using spotted cDNA arrays [8]. In 2000
Dieckgraefe et al. examined colonic mucosa samples using
Affymetrix Hum 6000 arrays with a coverage of ~6500 genes
and expressed sequence tags (ESTs). This study identified 74
differentially expressed genes between inflamed UC and normal
mucosa, grouping in functional classes such as immunoregulation
and tissue regeneration [9]. Following these initial efforts many
studies have been carried out, with great variation in the approach
to the subject [10-25].

The WGGE analyses have identified regulation of several genes
involved in processes thought to be of importance for IBD. Wu et
al. suggested that genes involved in cell adhesion and polarisation
processes were down-regulated in un-inflamed UC [11]. Olsen et
al. used a set of genes to create a classification model able to
discern un-inflamed UC samples from un-inflamed CD/control
samples based on expression levels [12]. By comparing samples
from IBD patients refractory to corticosteroids and/or immuno-
suppression before and after infliximab-treatment, Arijs et al.
confirmed previous observations that expression of antimicrobial
peptide (AMP) genes is changed in IBD [14,26,27]. Other studies
have focused on identifying transcriptional regulation that could
explain the clinical differences seen between UC and CD.
However, the details around the initiation, propagation and
maintenance of the chronic inflammation in IBD remain unclear.

When studying gene expression in complex tissues, the choice of
sample material is very important. Patient and sample heteroge-
neity will greatly influence the measured expression levels, often
hindering interpretation of the differences between sample groups.
In IBD, leukocyte infiltration, Paneth cell metaplasia, crypt
hyperplasia and ulceration with loss of epithelial cells are factors
that will influence measured gene expression levels. As an
example, the increase in o-defensin expression in colonic IBD
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has been attributed to colonic Paneth cell metaplasia, while the
decrease of a-defensin expression in ileal CD has been linked to
loss of epithelial tissue, Paneth cell function and NODZ2 status
[14,27-29].

Another effect potentially interfering with IBD microarray
analysis is the regional variation in gene expression, with both a
dichotomous and a more gradually varying gene expression
pattern along the colon [30]. This regional variation has been
discussed in several earlier IBD gene expression studies. Wu et al.
and Costello et al. identified no such gene expression differences
due to regional variation [11,15], In a later study, Noble et al.
noted that this was readily identified in healthy controls. It is
possible that modest regional variations can be masked when
analysing inflamed tissue, but become apparent when un-inflamed
biopsies are studied. These observations emphasize the importance
of avoiding, or being aware of, confounding effects in the analysis
of subtle differences in expression.

In this paper, a microarray-based gene expression analysis of
colon pinch biopsies from IBD patients is presented. It is to the
best of our knowledge the largest such study undertaken including
samples from both inflamed and un-inflamed mucosa from UC
and CD patients as well as normal controls. All un-inflamed
samples and controls were obtained from the hepatic flexure,
minimising any regional effect. The analysis was further supple-
mented by a meta-analysis of available IBD WGGE data, placing
the presented data in the context of previous research on key fields
in IBD research; T helper cell activation and antimicrobial peptide
expression. The approach used in this work is meant to overcome
the challenges of sample size, and heterogeneity in patients and
sample material typically seen in gene expression analysis of
complex, multifactorial diseases. By exploring the consensus
between several data sets for expression related to important
aspects of IBD, this analysis serves as a robust validation of
suggested hypotheses

Results and Discussion

Gene expression analysis - NTNU data

All biopsies were assessed as either
diseased or normal based on endoscopic findings at time of
collection. Final diagnosis was done by histopathological evalua-
tion of H-E stained sections. In cases where there was a
discrepancy between endoscopic and histological assessment, the
sample was excluded from the analysis. Moreover, 6 patients were
excluded after a diagnosis of indeterminate colitis. A summary of
sample information is provided in Table 1. Full information on the
samples used in the analysis is included in Table S1. The final
sample population consisted of 20 healthy controls (N), 37 active
ulcerative colitis (UC), 7 active Crohn’s disease (CD), 44 un-
inflamed ulcerative colitis (UCU) and 19 un-inflamed Crohn’s
disease (CDU) samples. UCU sample group was further divided in
two groups based on patient history. Samples originating from
patients where sampling area (hepatic flexure) had previously been
diagnosed as inflamed (UCUi, 11), and samples where no
inflammation of the sample area ever had been observed (UCUu,
23).

Microarray gene expression analysis. Data analyses were
performed using Bioconductor for the R software environment
(http:www.r-project.org)[31]. Two samples, 226F and 115F, were
analysed 8 times on separate chips as technical controls, showing
good correlation between technical replicates (226F r2 =0.989,
115F r2=0.992). In the final analysis the replicate closes to
median of all replicates was used. Principal component analysis
(PCA) analysis identified inflammation status as the dominating

Clinical material.
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Table 1. Summary of sample information.
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N cD uc cbu ucu
Number of subjects 20 7 37 19 44
Age, median years 45 (19-71) 31(20-41) 38(19-72) 39(20-61) 45 (21-71)
(range)
Female / Male 9/11 2/5 22/15 6/13 24/20
Duration of disease, NA 7 (1-12) 9 (0-40) 6 (0-28) 13 (0-40)
median years (range)
5-ASA/S-ASA (%) 0 2 (29) 23 (62) 6 (32) 27 (61)
Systemic corticosteroids 0 2(29) 9(26) 8 (42) 4(9)

(%)

un-inflamed ulcerative colitis.
doi:10.1371/journal.pone.0056818.t001

variation in the dataset, separating CD/UC samples from N/
UCU/CDU as shown in Figure 1A. There was no apparent
separation between UC and CD in the PCA analysis. T-testing
identified 4187/4189 significantly down/up-regulated genes for
inflamed tissue from UC patients (UC), and 2093/2134 for
inflamed tissue from CD patients (CD). For un-inflamed tissue
(UCU and CDU), a very low number of differentially expressed
genes were found (0/3 CDU, 0/0 UCU). Similarly to what was
scen for the collected group, no differential expression was
detected for the groups UCUi and UCUu when contrasted
against normal controls (data not shown). The latter observation
stands in contrast to recent finds reported by Planell et al,
demonstrating several thousand genes as differentially expressed
between UCUi and N[32]. This discrepancy is thought to arise
due to differences in sample inclusion criteria. The complete table
of results from the analysis is available in Table S2.

A Venn diagram illustrating the relationship between genes
differentially expressed in UC and CD is given in Figure 1B. Using
normal samples as common reference identified 4063 differentially
expressed genes as common for CD and UC, with 4313 unique for
UC and 164 unique for CD. This was in contrast to an analysis of
CD vs. UC without use of common reference which identifies only
10 differentially expressed genes, of which 7 were included in the
two previous analyses. This discrepancy could arise as a result of
the imbalance in sample sizes. As the UC sample number is
approximately 4 times larger than the CD sample size the variance
of UC group is lower, giving higher t-scores in the analysis.

Other gene expression studies of IBD mucosal samples have
reported expression differences between UC and CD, and built
classifiers based on these results [10,12,24]. All of the classifiers are
yet to be confirmed in clinical practice. Based on this observation
of similarities between UC and CD gene expression, we chose to
focus on defining the consensus set of genes and processes
describing IBD, as observed when using whole genome gene
expression analysis.

UC and CD samples share similar expression patterns
related to T helper cell subtypes. Disease-specific gene co-
expression networks were generated by computing Pearson
correlation coefficients for the 4227 and 8376 differentially
expressed genes in CD and UC respectively. Network analysis
for un-inflamed tissue was not undertaken due to low numbers of
differentially expressed genes. For each inflamed network,
correlations were measured across normal and disease tissue.
The CD-specific network (CD.N) and UC-specific network
(UC.N) were partitioned into 13 and 9 modules with at least 30
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Each column summarizes characteristics for all patients contributing with samples to the corresponding sample groups. 5-ASA - 5-aminosalicylic acid. S-ASA -
sulphasalazine. Sample groups are abbreviated N for normal controls, CD for Crohn’s disease, UC for ulcerative colitis, CDU for un-inflamed Crohn'’s disease and UCU for

genes. The largest modules in CD.N and UC.N contained 1261
and 4500 genes respectively. Subsequently, an enrichment analysis
of each module identified over-represented Gene ontology (GO)
terms. The complete lists of enriched GO processes are provided
in Table S3 (for CD.N) and Table S4 (for UC.N). To
computationally estimate functional similarities between CD.N
and UC.N modules, Jaccard coefficient was calculated for all
module pairs identified by the WGCNA. The largest overlap was
observed between CD.N module 7 and UC.N module 3 (Jaccard
= 0.14), enriched for “T" cell activation”. This similarity between
“T cell activation” modules prompted further analysis of gene
expression related to T cell differentiation in UC and CD.

The nature of T helper cell development in IBD has been an
area of discussion for several years. The predominating theory has
been that the adaptive immune response in CD is dominated by
Thl lymphocytes and in UC by Th2 lymphocytes. The
identification of Thl7 as a unique subset of T helper cells has
challenged this view, and today some argue that the adaptive
immune response in CD, and to some degree UC, 1s dominated by
Th1/Th17 cells [6]. However, there are still unanswered questions
regarding the role of Th2 activation in UC. A set of genes whose
expression is known to be related to the four T helper cell lines
Thl, Th2, Thl7 and Treg were collected. Extracting the
differential expression levels given as log2 fold change (log2 FC)
and corrected p-values (p) for these genes allows for a character-
ization of T helper cell function in IBD.

Thl-related transcription factors STAT7 (log2 FC: 1.62/1.64
for CD/UC, p<0.001) and STATZ (log2 FC: 0.55/0.76,
p<<0.005), as well as the classical Thl cytokine IFNG (log2
FC:0.76/1.09, p<<0.001) show increased expression in both CD
and UC, a pattern expected during an active Thl response. This is
further supported by the increased expression of CXCRS3 (log?2 FC:
0.54/0.42, p 0.001/<0.001), a Thl-associated chemokine recep-
tor[33]. Interestingly there was a small increase in expression of
the Th2 transcription factor GATA3 in UC (log2 FC: 0.11, p:
0.01), but no increase in /L4 or STAT6 expression, suggesting an
IL4/STAT6-independent activation of the Th2-related transcrip-
tion factor GATAS3. Jenner et al. has suggested an explanation for
this unsupported expression of GATA3 by demonstrating that
GATA3 may also be expressed in Thl cells[34]. In this study
GATAS3 was shown to bind to the promoters of Thl-related genes
in a pattern similar to that of the Thl transcription factor TBX2,
suggesting that the absence or presence of TBX2 determines cell
lineage [34,35].
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Figure 1. Initial analysis of NTNU data set. A: PCA analysis of NTNU data set. Each point represents one sample, with colour indicating sample
groups as described in figure legend. Axis indicate % of total variance explained in each component. B: Venn diagram illustrating the relationship
between analyses of sample groups UC and CD directly and using N as common reference. Numbers indicate significant genes (corrected

p-val<0.05).
doi:10.1371/journal.pone.0056818.g001

Thl7-associated genes are up-regulated in both CD and UC
mucosa. The effector cytokines ILI7F (log2 FC: 0.37/0.24,
p<<0.002), IL26 (log2 FC: 0.23/0.24, p: 0.03/<0.001) and TNF
(log2 FC: 0.49/0.73, p: 0.01/<<0.0001) were all up-regulated in
CD and UG, suggesting the presence of active Th17-cells in the
inflamed mucosa of IBD patients. This is further supported by the
overexpression of Thl7-associated transcription factors STAT3
(log2 FC: 0.57/0.58, p<<0.001) and RORA (log2 FC 0.54/0.48, p:
(0.002/<0.001). The cytokines ILIA (log2 FC: 1.01/1.45,
p<<0.001), ILIB (log2 FC: 2.38/3.07, p<<0.001) and IL6 (log2
FC: 0.65/1.14, p: 0.01/<0.001), known to stimulate Thl7
differentiation, were also up-regulated in IBD tissue[36]. Both
Th17-associated chemokine-receptors CCR4 (log2 FC: 0.26/0.24,
p 0.008/<C0.001) and CCRG6 (log2 FC: 1.01/0.93, p<<0.001), and
the Th-17 associated receptor KLRB1/CD161 (log2 FC: 0.83/
0.73, p 0.02/<<0.01) are differentially expressed in both CD and
UC, further substantiating the validity of this observation[37,38].

There i1s little classical Treg-related expression, with only
STAT5A exhibiting a marginal up-regulation in CD and UC
(log2 FC: 0.35/0.50, p <0.05). However, both subunits of the
Treg-cytokine IL35, IL124 (log2 FC: 0.17/0.24, p 0.02/0.002)
and EBV3 (log2 FC: 0.95/0.81, p <0.001), were over-expressed,
while their other potential co-factors, IL/2B and [L274, had no
significant increase in expression. IL35 is a newly discovered
cytokine produced by T regulatory cells [39,40]. A Spearman
correlation analysis of the subunits corresponding to 1L27 (/L274
and EBI3), 1135 (EBIS and IL124), 1123 (IL234 and IL12B) and
IL12 (IL12A and IL12B) had the following rho values; 1L.27:0.04,
1L.23:0.003, IL12: 0.13 and IL35: 0.41. This could suggest an
IL35-mediated Treg activity in the inflamed mucosa of IBD
patients.

An interesting distinction between UC and CD expression was
seen in IL235A4-expression, with a significant log2 FC of 0.92 in UC
but no significant difference in CD. The other subunit of 1123,
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IL12B, exhibited no DE in either UC or CD. However, one
cannot exclude differential expression of ILI2B, as expression
levels are below the detection limits in the microarray analysis.

Opverall, the interpretation of the data in this setting confirms
differentiation of activated T cells to Th1l and Th17 cells in both
UC and CD, with an apparent absence of Th2-related differential
expression. The expression profile of the selected genes in UC and
CD are similar in this study, suggesting similar T helper cell
population in the mucosa, at least under chronically active
conditions.

Antimicrobial peptide genes are overexpressed in both
UC and CD. There is increased expression of many AMPs in
both inflamed UC and CD mucosa, with only a few interesting
exceptions. Defensin 1 beta (DEFBI) is significantly down-
regulated in both UC (log2 FC -2.19) and CD (log2 FC -1.89),
while the gene encoding liver expressed antimicrobial protein 2
(LEAP?2) showed a similar, but less prominent regulation (UC: log2
FC -0.78, CD: log2 FC -0.68). The loss of DEFBI1 expression has
previously been reported by Arijs et al., who suggested that
alterations may be due to a loss of epithelial tissue in inflamed
colon [21]. Our results suggest an alternative explanation. A work
by Peyrin-Biroulet et al. describes the role of DEFBI in
maintaining homeostasis, and explores the regulation of colonic
DEFB1 expression[41] The study demonstrates that DEFBI
expression is under transcriptional control of PPARG. There
was a significant down-regulation of peroxisome-proliferator
receptor gamma (PPARG) in both UC (log2 FC -1.35) and CD (-
1.14), and a strong correlation (rho 0.73) between expression of
PPARG and DEFBI suggesting that DEFBI down-regulation could
be a result of loss of PPARG expression. However, further
exploration is needed to conclude with a causal effect of the
observed correlation.
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Meta-analysis - NTNU data and publicly available datasets

Meta-analysis shows intra-experiment differences in
power, but good correlation in regulation. Data from all
available datasets fulfilling the search criteria defined in the
methods section were included in a meta-analysis to identify gene
regulation and processes that were stably correlated with disease
status over many analysis settings. The rationale was that
regulation consistently identified over a cross-platform, cross-
laboratory meta-analysis could be seen as externally verified,
thereby increasing the validity of conclusions. Details of the
datasets are provided in Table 2. The comparisons were
performed both on the gene expression and GO category levels.
For the gene level analysis, comparisons were made between both
t-score (Figure S1) and by ranking of genes (Figure S2). The rank-
based analysis was used to identify an appropriate number of genes
to use in the t-score analysis. The number of genes used was
chosen based on the top union score of the rankings, as calculated
using GeneSelector[42]. The gene comparison demonstrated a
wide distribution in the statistical power of the tests performed,
with a spread in differentially expressed genes from 7500 to 30 in
the comparison UC vs. N. All sets containing both UC and CD
samples exhibited a higher number of DE genes for the UC vs. N
test than CD vs. N test. However, the cluster analysis does not
identify a separation between UC and CD on the basis of mucosal
gene expression. For tests of un-inflamed tissue vs. normal there
was little consensus, suggesting that each of these tests capture
different variation. For comparisons of tests of inflamed tissue vs.
normal there was a good agreement between the sets with regard
to t-scores, the closest clustering involving inflamed tissue.

There was a high “intra-experiment” similarity, with lists from
the same study clustering as neighbours independently of
diagnosis. Strong tests of inflamed vs. un-inflamed samples with
many DE genes clustered together. The strength of the sets
appeared to be the product of two parameters; many samples or
well controlled sample groups. Ahrens et al. have relatively few
samples (13 patients) in their UC group, but many DE genes in the
UC vs. N comparison (>7500) were identified. The samples used
in this comparison were uniquely controlled, with a focus on un-
medicated paediatric patients. In the dataset collected by Arijs et
al. all samples had high degree of inflammation, taken from
patients’ refractory to corticosteroids/immunosuppressant[21]. In
our dataset the number of inflamed UC samples was 37, a number
of samples that was sufficient to compensate for the relative
heterogeneity in sample set, and resulted in a set of approx. 7500
DE genes.

Some comparisons were divergent. The UCU vs. N test based
on samples from Olsen et al. cluster with the affected group,
showing high t-scores for genes typically DE in inflamed tissue.
This corresponded well with conclusions in the article describing
the dataset, suggesting a pre-inflammatory state in un-inflamed
tissue from patients diagnosed with UC[12]. The expression
pattern seen in this set of sample was however not reproduced in
the other sets of unaffected samples.

Gene set analysis of imported data sets identifies
consensus processes important in IBD pathology. By using
gene set enrichment analysis the results from all the data sets could
be compared at a more general level, potentially identifying the
fundamental processes underpinning IBD. This reduction into GO
categories also helped overcome difficulties in comparing results
from many analyses, as similarities in a gene category could be
found even when methodological differences limited any gene-for-
gene comparison [43]. An initial analysis was undertaken to
identify the appropriate number of GO categories to use in the
comparison. The result from this analysis is provided in Figure S3.
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Figure 2 is a summary of the finds, where categories were chosen
on the basis of all data as outlined in the methods section. In this
figure all GSEA scores were included, regardless of q value. A
supplementary figure with a q value cut-off of 0.25 was included as
Figure S4. The analysis showed few gene sets with a significant
normalised enrichment score (NES). However, as is seen in
figure 2, there is a remarkable consistency in the NES for top
ranked categories across studies, suggesting that similar processes
are dominating all gene lists based on inflamed samples. As was
demonstrated in the t-score based analysis, the cluster analysis
readily separated inflamed from un-inflamed comparisons, show-
ing little separation of CD and UC sets. The separation between
strong and weak data sets was also repeated.

The list of GO categories was dominated by inflammation-
related categories both related to innate and adaptive immunity
responses. There were several categories describing cell prolifer-
ation, thought to be activated due to the increase in epithelial cell
regeneration as a response to tissue damage. Interestingly, several
categories related to angiogenesis were broadly activated,
supporting the notion that this may be an important process in
IBD[44].

Both T helper cell and AMP observations are confirmed
by meta-analysis. GSEA analysis based solely on categories
related to T helper cell differentiation was performed as described
in the methods section. A plot of mean NES scores for UC and
CD is given in Figure 3. A Wilcox rank-sum test between UC and
CD for each gene category demonstrated no significant difference
in NES score for UC and CD. The analysis demonstrated the
highest mean NES score for Thl and Thl7-related categories,
while the Th2-related categories showed the lowest mean GSEA
score for both UC and CD. The GATAS3 category showed the
largest difference in activity when comparing UC and CD. Of all
the categories, this also has the smallest p-value (0.1).

Two lists of gene names were assembled to further investigate T
helper cell differentiation and AMP expression in inflamed colonic
IBD mucosa. The list of AMPs was based on work by Arijs et
al[21]. here was a broad consensus between gene regulation
observed in the presented dataset and the meta-analysis both in
the subset of T helper cell-associated and AMP genes. Two heat
maps were constructed from each gene set, one using only
significant t-scores and one with all t-scores irrespective of
significance, the rationale being that even non-significant regula-
tion could help interpretation when supported by significant
regulation in other analyses. Figures based on scores with
corrected p-value <0.05 are included as Figures 4 and 5. The
figures based on all scores are given as Figure S5 and S6. Applying
p-value cut-off reveals the lack of statistical significance of observed
gene regulation for many of the data sets.

The observations made based on our dataset were broadly
confirmed by all imported datasets, even when t-scores were not
significant. There were few differences in t-scores between UC and
CD. IL234 expression was only identified as significantly increased
in UC vs. N tests. This was an interesting finding when viewed in
the light of previous research exploring the IL23-axis in IBD
[45,46]. Animal models have suggested an important role for IL23
in Th17 proliferation, and an IBD-susceptibility SNP has been
identified in the IL23 receptor [46,47]. The different /2254 levels
detected in inflamed tissue from UC and CD patients suggest
distinct roles for this cytokine in the two diseases. Our dataset is
the only analysis showing a DE for /L6 in CD vs. N, with all other
DE shown in UC vs. N tests. Our set together with the data of
Noble et al. also identified a DE of IL17F, while the other data sets
found IL174 as DE. A possible explanation for this might be
differences in technology, as ILI7F was found DE on Affymetrix

February 2013 | Volume 8 | Issue 2 | 56818



Dissecting the IBD Transcriptome

200Y8189500"2u0d"[ewInol/ | £€ |0 L:10p

'sisjeue Jueasjal ay3 ul pasn ABojouyda) Ael1eoidiW 0} S19J21 ,WI0JIe|d, UWN|OD "SIHIOD SAIRIIDIN pawepul-un — NdN
pue 3seasip s,uyoid pawepuI-un — NAD ‘SIHI0D SARIID|N — DN ‘DSLISIP S,uyosd — @D ‘S|0IIUO0D [RWION — N :sdweu dnoib Buimo||0) U YIM ‘13s elep Juead|dl 3y} ul dnolb yoes uj sajdwes jo Jaquinu saAlb ,sajdwes ‘op,, uwnjod
- [J24] QIWd,, UWNOd Ul USAIB 35UB13431 YIIM ‘S[D1Ie 92IN0S [eUIBLIO JO SWeU 0 SI9j1 313 APNIS,, *SS—1S 2InBI4 pue -z 2inBi4 Ul Pasn SUOIIRIASIGIER O} 19§31 ,,SWeN,, UWN|0D) 'SISAjeue-e1aW Ul Pasn S19S Blep || UO UOLeuIoju|

‘sissuaboyied aAdUNISIP

ojul suybisul :saisdoiq youid didodsopus
W04} S11|0D SAIIRIDD|N pUE ISEISIP S,uyoid Ul
TAVS6N- DH XUIPWAYY 14 4 S L 14 1€£9355 [oL] z1829zLL SDUBIBYIP UOISsaIdXd BUB SpIM-aWOUID M
sdiyopeag uoissaidxs
Cl-1H uewny euiwnj| 144 6l L€ 8 0z ¥81-aVLN-3 Apnmis ANIN 5aA
ejep uoissaldxa auab apim-sawousb
0T (sedwes @D) 81 L-WgV.1-3 ‘(s|043u0) Jo buljspow a1euean|nw Aq uonewweul
sN|d €€LN-DH Xu1dWAYY 6 0 8 0 Ll LE8LLISD pue (sajdwes D) ZSy63SD [LLl 9zviLL6L JO 135U0 210439 SIN|0D dANEIAIN JO sisoubelq sIO
Siijod
Kelleon|w awouan 9A11RIAD|N Ul pale|nbaisAp sI uojod Ayleay
uBWINH 3JoYM u3|1by L9 0 9 0 €9 €7C1L13ISO [€1] 9zoETS8L 3y} Ul uolssaidxa duab ul uoneleA [euoibay 9oN
0C 9seasip [amoq Alojewweljul 39suo-dueipad
sn|d €€LN-DH XBWARY 0 0 oL [43 LL 9190135D [¥el ¥9v8S/81L Yum pajeposse ate gzblz pue g1bog uo 107 Bny
ainjeubis uoissaidxa sush
0T yum suswidads Asdoiq uojod Jo uonediyisse|d
sNid €€LN-DH XU9WAYY 0 0 6 9 8 €81%35D [91] £859£481 9A13(O :190UED pue ewoudpe ‘uoiewwe|y| )
syinsai poojq |essyduad
YlUM UONe[91I0d JIdY) pue uswidads Asdoiq
0C |e12210[0> jueubijew pue ‘ublusq ‘pawepul
sn|d €€LN-DH xu1dWAYY 0 0 € 8 € ¥1£013SD [€2] 620Ey88L 4o susaned uoissaidxa yYNYw dnsoubelq 2]
‘9seas|p [amoq Alojewweyul
0T 19suo-duelpad ul swoldudsueny
sn|d €€LN-DOH Xu1dWAYY 0 0 S oL 8 9896359 [£1] 8969081 JuapuUadap-£1V15:9-1] Ue JO UOIEANDY Jed
S1)1]0D DAI3RIID|N JUIISAIND yum syuaned
jo eudoud eujwe| sy ul a1e1s Alojewwepul
snonuniuod e s3sabbns s1£50u0]0d
0T paiejosi pue salsdolq J1uojod [esodnw
sn|d €€LN-DH XL1BWAYY 6 0 8 0 oL £9€€135D [zel €L6v€861 40 sisAjeue uoissaidxa suab SpIm-sWOUID alg
JUSWIILAI} CRWIXIJUl 1SI1) J9Ye pue 310j3q
0C aseasip |amoq Aloyewwepul ur sapndad
sn|d €€LN-DH xu1dWAYY 0 0 T 6l 9 6£89135D [02] €2£95661 [eIgOIDIWAUE JO UOISsaIdxD dUdb [esodn|y Wy
‘'sijod
9A1RID|N d1ijeipad ul uonduNy pue
juawiinidai [iydouisod sajeipaw
0T L-uIxej03/L LD pPaAM3p-||3d
sn|d €€LN-DH XUIdWARY 0 0 8 0 LL 1610L3SD [Lel zoL1868L 1elpy3ida/abeydosdew jeunsajul iyy
wiope|d non nad on a N siaquinu [324] aind apn Apms aweN

uoissadde ssaidx3zhesiy/03o

'32IN0s ejep siskjeue-e1al ‘T djgel

February 2013 | Volume 8 | Issue 2 | 56818

PLOS ONE | www.plosone.org



Dissecting the IBD Transcriptome

Buc uCu Normalised enrichment score
Mco | cou _:_
140 1

Cell cell adhesion

Regulation of signal transduction
Second messenger mediated signaling
Multicellular organismal development
System development

Anatomical structure development

T cell activation

Lymphocyte differentiation

Lymphocyte activation

Regulation of lymphocyte activation
Regulation of t cell activation

Positive regulation of cytokine biosynthetic process
Regulation of angiogenesis

Female pregnancy

Intracellular signaling cascade
Regulation of cell proliferation

Negative regulation of cell proliferation
Anatomical structure morphogenesis
Immune effector process

Positive regulation of developmental process
Regulation of immune response
Positive regulation of immune response
Immune response

Cellular homeostasis

Homeostatic process

lon homeostasis

Anatomical structure formation
Leukocyte activation

Cellular defense response

Response to virus

Immune system development
Hemopoiesis

Hemopoietic or lymphoid organ development

Kug_UC
Gyo_CD
vbG_CD

je_UC

Car_UC
Car_CD
Kug_CD
Ahr_UC
Gal_UC
Gal_CD
Ols_UCU
Nob_UCU
vbG_UC
o _UC
Ols_UC
Ari_CD
Ari_UC
Bje_UCU
Nob_UC
Wu_UC
Wu_CD
vbG_UCU
vbG_CDU
Wu_UCU
Wu_CDU

Gy

Figure 2. GSEA analysis of all data sets. The figure shows a heat map of GSEA scores for the GO categories selected in the rank-based analysis.
Each column in the figure represents the result for one comparison against normal control, with sample source and test group given as column
name. The connection between each columns source abbreviation and its related dataset(s) and article(s) are given in table 2.
doi:10.1371/journal.pone.0056818.9g002

chips, while IL174 was found on Agilent and Illumina micro- together with STAT3 and RUNXI1 promotes the transcription of
arrays. the effector cytokines IL17A/F, IL21, 1122, I1.26 and CCL20[48].

An interesting observation was the down-regulation of RORC. This down-regulation was unexpected, as both key regulators of
RORC is seen as a key transcription factor for Th17 cells, that RORC expression (TGFB and STATS3), the transcription co-factors
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Figure 3. T helper cell associated GSEA analysis. A subset of gene categories thought to represent T helper cell differentiation was selected
from MSigDB. The bar plot is a summary of results from GSEA analysis of this subset, where each bar represents the mean GSEA score for a sample
group (UC or CD) for the GSEA category in question. A Wilcox rank-sum test was performed between disease groups fails to identify a difference

between GSEA scores for the selected categories.
doi:10.1371/journal.pone.0056818.g003

(RUNXI and STAT3) and the effector cytokines were all over-
expressed in many of the datasets included in the analysis.
However, the closely related paralog to RORC, RORA, was over-
expressed in several datasets. Studies in mice have demonstrated
that RORA expression is sufficient to promote Th17 different-
ation, possibly explaining the regulation seen in this meta-
analysis[49]. It must also be stressed that even though there was
a down-regulation of RORC expression, there was no evidence of
loss of RORC function, possibly suggesting that the relative down-
regulation is not enough for RORC to be a limiting factor in the
combined transcriptional regulation of RORC, RORA, RUNXI1
and STATS3. Interestingly, the sets showing the most distinct
regulation of RORC was based mainly on un-medicated paediatric
patients (Ahrens et al. and Carey et al.), together with data from
Kugathasan et al. where no patient age information was given.
The same datasets also showed no significant regulation of STAT3.

Almost all datasets exhibited over-expression of suppressor of
cytokine signalling 3 (SOCS3), a gene closely associated with Th2
cell development, while there was a broad down-regulation of
other Th2-associated transcription. This apparent paradox has
been observed in CD before[50]. It might arise due to another role
of SOCS3, namely as an inhibitor of naive CD4+ cell
differentiation to activated T' cells. SOCS3 inhibits the production
of IL-2, a cytokine crucial for the activation of T cells, effectively
inhibiting initial T cell activation. The over-expression of SOCS3 in
this setting might therefore be the result of an effort to limit the
activation of T helper cells in the inflamed mucosa, while the
increased expression of STAT3 might be the result of SOCS3-
independent activation via IL10[51,52]. It is also possible that the
SOCS3 expression detected stems from cells other than the
lymphocytes, as both neutrophils, macrophages and epithelial
cells have been shown to express SOCS3 in IBD mucosa[53].

In the AMP set the pattern of expression seen in our dataset was
reproduced in the imported sets as shown in Figure 5. The two
down-regulated AMPs DEFBI and LEAP? exhibited similar down-
regulation in the other sets, while at the same time confirming the
observed up-regulation of AMPs in inflamed mucosa. The down-
regulation of PPARG was also broadly confirmed in the imported
data (data not shown).

PLOS ONE | www.plosone.org

Conclusion

The present study is the to-date largest microarray gene
expression study examining both inflamed and un-inflamed
samples from colonic mucosa of IBD patients. Uniquely, the
analysis also includes a gene co-expression network analysis and a
meta-analysis of comparable IBD datasets. The analysis shows a
similarity between the gene expressions in inflamed mucosa from
UC and CD patients, which is confirmed by hierarchical
clustering of several independent data sets. This suggests that
once established the inflammatory mechanisms at mucosal level
are largely the same for the two diseases. Our analysis further
demonstrates that the T helper cell-related expression found in the
inflamed colonic mucosa of all IBD patients is dominated by Th1/
Th17-related expression, with little to no signs of Th2 differen-
tiation. There was no significant difference between GSEA scores
for T helper cell related categories between UC and CD. The
mean GSEA score was highest for categories related to Thl/
Th17, and lowest for Th2-related categories. The only selected
gene showing a clear difference in expression between UC and CD
was IL234, consistently showing DE in UC vs. N comparisons.
This distinction between UC and CD T cell expression seems to
be highly reproducible, and is of particular interest given previous
research emphasising the importance of the IL23-axis in IBD.
Another feature very similar across the diagnoses and the different
datasets is the significant change in expression of antimicrobial
peptides, the AMPs. The expression of many AMPs in inflamed
IBD mucosa is generally increased when compared to un-inflamed
mucosa, with the exception of DEFBI and LEAPZ. In the in-house
data, the loss of DEFBI is highly correlated with loss of PPARG
expression, a gene known to exert a promoting effect on DEFBI1.
In addition, mucosal biopsies from un-inflamed colon in patients
with IBD had gene expression patterns almost identical to healthy
control subjects, with only CDU displaying a few differentially
expressed genes in the NTNU dataset.

This IBD WGGE study for the first time integrates external
data sets, providing a sound background for further research on
IBD pathobiology. The chosen strategy of focusing on consensus
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Dissecting the IBD Transcriptome

Buc Hucy t score
Bcp  cpbu | 1 | |

-10 0 10

IL27
IFNG
IL12A
IL12B
TBX21
STAT4
STATH
CCR5
CXCRS3
IL4
IL25
IL5
IL13

Lyl

GATA3
STAT6
SOCS3
CCR3
CCR8
KLRB1

IL1A

IL1B

[ | IL6
]

]
i
an

IL21
IL23A
RORC
RORA
[ ] STAT3
RUNX1
IL17A
IL17F
IL22
IL26

LYl

CCR4
CCR6
FOXP3
STAT5A
STAT5B
IL2
TGFB1
IL10
EBI3
CCR7
IL2RA

GETNE

Ahr_UC
Kug _UC
Car_UC
Nob_UC
Kug_CD
Car CD
Gal_CD
Gal_UC
Bje _UC
Gyo_CD
Gyo_UC
vbG_CD
Ari_ CD
Ari_UC
Ols_UC
Ols_UCU
vbG_UC
Nob_UCU
Bje_UCU
vbG_CDU
vbG_UCU
Wu_CD
Wu_UC
Wu_CDU
Wu_UCU

Figure 4. T helper cell-associated genes. The figure shows a heat map of t-scores (corrected p-val <0.05) for genes related to T helper cell
differentiation and function. Figure S4 shows the same data with a no p-value cut-off. Genes are grouped in the Th sub-categories Th1, Th2, Th17 and
Treg. Each column in the figure represents the result for one comparison against normal control, with sample source and test group given as column
name. The connection between each column’s source abbreviation and its related dataset(s) and article(s) are given in table 2. Some sets lack
measurements for certain genes, in which case a grey marking is used.

doi:10.1371/journal.pone.0056818.9g004
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Figure 5. Antimicrobial peptide gene expression. The figure shows a heat map of t-scores (corrected p-val <0.05) for genes coding for known
antimicrobial peptides. Figure S5 shows the same data with no p-value cut-off. Each column in the figure represents the result for one comparison
against normal control, with the sample source and test group given as column name. The connection between each column'’s source abbreviation
and its related dataset(s) and article(s) are given in table 2. Some sets lack measurements for certain genes, in which case a grey marking is used.

doi:10.1371/journal.pone.0056818.g005

genes and processes over several datasets facilitates result
interpretation and validation.

Materials and Methods

Sample material

Samples were collected from an IBD cohort at St. Olav’s
University Hospital, Trondheim, Norway. Study participants were
patients admitted to the Department of Gastroenterology for
colonoscopy. Participants were either diagnosed with UC or CD,

PLOS ONE | www.plosone.org

or were admitted for diagnostic colonoscopy due to symptoms
unrelated to IBD. Patients were only included as normal controls
after all clinically indicated examinations had concluded no signs
of gastrointestinal disease. In the IBD groups (UC and CD), four
endoscopic pinch biopsies were taken from macroscopically
maximally inflamed mucosa, as well from the hepatic flexure in
cases where this was found to be macroscopically un-inflamed UC
unaffected (UCU) and CD unaffected (CDU)). Two UCU

samples, 228 I and 118 I were obtained from ascending colon
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and rectum, respectively. For the normal (N) group, four biopsies
were taken from the hepatic flexure. One biopsy from each area
was fixed in 4% buffered formaldehyde, while the three remaining
biopsies were snap frozen and stored in liquid nitrogen.

Ethics statement

Written informed consent was obtained from all participants,
and the study was approved by the Regional Medical Research
Ethics Committee (approval no 5.2007.910). The study was
registered in the Clinical Trials Protocol Registration System
(identifier NCT00516776).

Microarray analysis

RNA extraction and quality control. Irozen biopsies were
homogenized in lysis buffer using a rotating knife homogenizer
(Zanke & Kunkel IKA-Laboratorie Technik, Staufen, Germany).
Total RNA was extracted using the Ambion mirVana miRNA
Isolation Kit (Applied Biosystems, CA, USA). Quality control was
performed for each extract. Quantity and purity of RNA was
assessed using a NanoDrop Spectrophotometer (Thermo Scientif-
ic, DE, USA), and the integrity of isolated RNA was determined
using Bioanalyzer (Agilent Technologies, CA, USA). Samples were
only included in subsequent analysis if the RIN value > 7. Isolated
RNA was stored in cryo-tubes in liquid nitrogen.

Hybridization. 250 ng total RNA from each sample was
used to generate biotinylated, amplified cRNA using the Illumina
TotalPrep RNA Amplification kit (Applied Biosystems/ Ambion,
Austin, TX, USA). ¢cRNA was stored at —80°C, and the
concentration of each cRNA sample was adjusted to 150 ng/ ul
prior to hybridization. The samples were all hybridized in parallel
on Illumina human HT-12 expression BeadChips (Illumina, San
Diego, CA, USA) and scanned on an Illumina BeadStation.
Results from the microarray analysis are available at ArrayExpress

E-MTAB-184.

Differential expression analysis

Expression data analysis was performed using the R software
environment for statistical computing[54]. Methods supplied in
the Bioconductor package were used for import, quality assess-
ment, normalization, filtering and statistical analysis of the
expression data [31]. Data was log-transformed and quantile
normalized. Probes not corresponding to an ENTREZ ID were
removed. In cases where several probes corresponded to one
ENTREZ ID, the probe showing the highest variance over all
samples was chosen for further analysis. Initial interpretation of
data was done using the unsupervised method of Principal
Component Analysis (PCA). Final differential expression analysis
was performed using LIMMA linear models with least squares
regression and empirical Bayes moderated t-statistics[55]. P-values
were adjusted for multiple comparisons using the Benjamini
Hochberg false discovery rate correction (FDR). A corrected p-
value of 0.05 was chosen as significance level.

Network analysis

Weighted correlation network formation. From the nor-
malized microarray dataset we followed the protocol for Weighted
Correlation Network Analysis (WGCNA) [56,57] to create CD-
and UC- specific networks. For each network, only DE genes
(Bayes moderated p-values <<0.05) in diseased compared to
normal samples were analysed and co-expressions were measured
across normal and diseased tissue.

Gene module detection, comparison, and enrichment. Genes
were hierarchically clustered using 1 — Topological Overlap (TO) [58] as
the distance measure and modules were determined by applying a

PLOS ONE | www.plosone.org
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dynamic tree-cutting algorithm [56]. TO 1s a biologically meaningful
measurement that reflects the similarity of gene co-expression relation-
ships in the network, while the dynamic tree-cutting algorithm allows
identification of clusters in a dendrogram depending on their shape.
Similarity between CD and UC disease modules was expressed using the
Jaccard coefficient - the ratio of the number of genes common to two
modules to the number of total genes in both modules. All modules were
enriched for over-represented Gene Ontology (GO) functional terms
using the Fisher exact test. As background we used all of the supplied
genes that were present in at least one term in the GO.

Meta-analysis of available data sets

Choosing data sets for meta-analysis. The microarray
data repositories Array Express and NCBI GEO were searched for
datasets containing references to “Inflammatory bowel disease”,
“Ulcerative colitis” or “Crohn’s disease” [59,60]. These datasets
where then evaluated further by including only analyses done on
pinch biopsies from human colon. Data from printed arrays
(oligo/cDNA microarrays) were excluded. Only sets where at least
one of the groups UC, CD, UCU, CDU in addition to control
individuals (N) were included. The total number of external
datasets included in the analysis was 10. A full list of included data
sets is given in Table 2

Differentially expressed genes meta-analysis. We used
the limma software package (ver. 3.12.1) from Bioconductor to
assess the effect of DE of IBD subgroups with respect to normal
controls. The individual contrast for each dataset was summarised
by t-scores and adjusted p-values in the same manner as the
original analysis of our data. All analyses following this were based
on the resulting “gene x contrast” matrix, where each contrast
from each set was represented with two tables containing t-scores
and p-values. We determined an aggregated rank score for each
gene by a weighted-mean summary across the ranks of inflamed
(UC, CD) t-scores. In this method, the weights received are
proportional to the logarithm of the number of genes identified as
significant in the limma-model, with a minor moderation to
accommodate small values. In cases where only a subset of the
datasets (due to differences in array types) have a specific gene
present we used imputed values for the missing t-scores based on a
k-nearest neighbour imputing scheme as implemented in the
impute (ver. 1.30.0) Bioconductor package. The imputed values
were subsequently removed prior to results visualization.

The (genes x contrasts) table of ranks was visualised as a heat
map with genes ordered after aggregated rank score and contrasts
ordered by distance to the aggregated rank score. The distance
was calculated using linear decay weighting of the Manhattan
distance as implemented in the default settings of the GeneSelector
package (ver. 2.6.0) and a unionscore was computed from the
same package using only the inflamed contrasts. The unionscore
measures the similarity between multiple ordered lists by counting
the size of the union for each position in the aggregated rank score
and normalising with regards to position. A high unionscore
indicates high agreement between contrasts. The maximum
unionscore was achieved at position 2973 and thus the first 2973
genes were selected for visualising t-scores. The t-scores were
visualized in a heat map where both rows and columns were
ordered by hierarchical clustering using Euclidean distance and
Ward agglomeration. Gene ontology GSEA meta-analysis

A GSEA (Gene Set Enrichment Analysis) score was estimated
for each of the individual contrasts. The more recent version
weighted with correlation to phenotype was used and gene sets
were collected from the GO Biological Process part of MSigDB
(ver. 3.1) [61]. This relatively reduced set of categories was chosen
to improve interpretation, as the goal was not mainly to identify
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novel categories but rather to provide a well validated represen-
tation of the processes at hand in colonic IBD inflammation. A
gene set was accepted if it contained between 25 and 1500 genes.
Categories were further filtered on q value, including only
categories where at least 3 comparisons had q values < 0.25.
This resulted in a list of 233 categories. These categories were
included in the union score calculation as described for the gene-
wise analysis, this time based on ranked q values identifying 33
categories with the top union score. The results were visualised as
in the gene meta-analysis. A second GSEA analysis was performed
on a subset of the MSigDB categories related to T helper cell
differentiation. These categories were “Biocarta GATAS3 path-
way”, Biocarta IL12 pathway”, “Biocarta IL17 pathway”,
“Biocarta IL4 pathway”, “Biocarta Th1Th2 pathway”, “Biocarta
IL4 pathway” and “Der INF gamma response up”. A GSEA score
was calculated for each of the contrasts, and mean GSEA score for
UC and CD contrast were calculated for each category. A Wilcox
rank-sum test was performed between GSEA scores for UC and

CD.

Supporting Information

Figure S1 T-score analysis of all data sets. A visualisation
of the top scoring genes over all available data sets. Each column
represents one comparison, with sample group and source given in
the column name. Each vertical line represents a t-score from the
corresponding analysis. Grey lines replace missing values, where
no measurement of the gene in question was given in the source
data. The connection between each columns source abbreviation
and its related dataset(s) and article(s) are given in table 2.

(TIF)

Figure $2 Gene rank analysis of all data sets. Figure
illustrating the method used to choose the number of genes used in
t-score based comparison of all data sets. Optimal number of genes
was chosen at the maximum unionscore as described in Methods
section.

(TIF)

Figure 83 GO rank heat map. GO rank analysis: Figure
illustrating the method used to find the optimal number of GO
categories to use in a comparison of all data sets. The optimal
number of GO categories (33) was chosen at maximum unionscore
as described in methods section.

(TIF)

Figure S4 GSEA analysis of all data sets with q value
cut-off. The figure shows a heat map of GSEA scores for the GO
categories selected in the rank-based analysis. Each column in the
figure represents the result for one comparison against normal
control, with sample source and test group given as column name.
Scores with g-value > 0.25 are removed. The connection between
each columns source abbreviation and its related dataset(s) and
article(s) are given in table 2.

(TIF)

References

1. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, et al. (2012) Increasing
Incidence and Prevalence of the Inflammatory Bowel Discases With Time,
Based on Systematic Review. Gastroenterology 142: 46-54.e42.

2. Nutsch KM, Hsich C-S (2012) T cell tolerance and immunity to commensal
bacteria. Current Opinion in Immunology 24: 385-391.

3. Neurath MF, Finotto S, Glimcher LH (2002) The role of Th1/Th2 polarization
in mucosal immunity. Nat Med 8: 567-573.

4. Shale M, Ghosh S (2008) Beyond TNF, Thl and Th2 in inflammatory bowel
disease. Gut 57: 1349-1351.

PLOS ONE | www.plosone.org

12

Dissecting the IBD Transcriptome

Figure S5 T helper cell associated genes. Iigure shows a
heat map of significant t-scores for genes related to T helper cell
differentiation and function. Genes are grouped in the Th sub-
categories Thl, Th2, Th17 and Treg. Each column in the figure
represents the result for one comparison against normal control,
with sample source and test group given as the column name. The
connection between each column’s source abbreviation and its
related dataset(s) and article(s) are given in table 2. Some sets lack
measurements for certain genes, in which case a grey marking is
used.

(TIF)

Figure S6 Antimicrobial peptide gene expression. I'igure
shows a heat map of significant t-scores for genes coding for known
antimicrobial peptides. Each column in the figure represents the
result for one comparison against normal control, with sample
source and test group given as the column name. The connection
between each column’s source abbreviation and its related
dataset(s) and article(s) are given in table 2. Some sets lack
measurements for certain genes, in which case a grey marking is
used.

(TTEF)
Table S1 A table listing the detailed sample description for all
samples included in the microarray analysis.

(PDF)

Table $2 The full results from the limma analysis of the
NTNU data. P-values given are benjamini-hochberg corrected

for multiple comparisons.
(XLS)

Table S3 csv — Comma separated values. Over-represent-
ed Gene Ontology terms in the Crohn’s disease-specific gene co-
expression network.

(GSV)

Table S4 csv — Comma separated values. Over-represent-
ed Gene Ontology terms in the Ulcerative colitis-specific gene co-
expression network.

(GSV)

Acknowledgments

Bjorn Munkvold, Kari Slerdahl and Britt Schulze provided excellent
technical assistance. The microarray gene expression and bioinformatics
analysis was performed in collaboration with the Genomics Core Facility,
Norwegian University of Science and Technology, and NMC - a national
technology platform supported by the functional genomics program
(FUGE) of the Research Council of Norway.

Author Contributions

Contributed substantially in results interpretation: TE JKD MK BG AKS.
Conceived and designed the experiments: HW AKS ABG AF BG MK
JKD TE. Performed the experiments: VB ABG ST. Analyzed the data: AF
ABG ID MK TE JKD AKS. Contributed reagents/materials/analysis
tools: AEQ TCM AKS HW BG TE. Wrote the paper: ABG AKS AF ID.

5. Brand S (2009) Crohn’s disease: Th1, Th17 or both? The change of a paradigm:
new immunological and genetic insights implicate Th17 cells in the pathogenesis
of Crohn’s disease. Gut 58: 1152-1167.

6. Di Sabatino A, Biancheri P, Rovedatti L, MacDonald TT, Corazza GR (2012)
New pathogenic paradigms in inflammatory bowel disease. Inflammatory Bowel
Diseases 18: 368-371.

7. Khor B, Gardet A, Xavier RJ (2011) Genetics and pathogenesis of inflammatory
bowel disease. Nature 474: 307-317.

8. Heller RA, Schena M, Chai A, Shalon D, Bedilion T, et al. (1997) Discovery and
analysis of inflammatory disease-related genes using ¢cDNA microarrays.
Proceedings of the National Academy of Sciences 94: 2150-2155.

February 2013 | Volume 8 | Issue 2 | 56818



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

32.

33.

34.

Dieckgraefe BK, Stenson WF, Korzenik JR, Swanson PE, Harrington CA (2000)
Analysis of mucosal gene expression in inflammatory bowel disease by parallel
oligonucleotide arrays. Physiological Genomics 4: 1-11.

. Lawrance IC, Fiocchi C, Chakravarti S (2001) Ulcerative colitis and Crohn’s

disease: distinctive gene expression profiles and novel susceptibility candidate
genes. Hum Mol Genet 10: 445-456.

. Wu F, Dassopoulos T, Cope L, Maitra A, Brant SR, et al. (2007) Genome-wide

gene expression differences in Crohn’s disease and ulcerative colitis from
endoscopic pinch biopsies: Insights into distinctive pathogenesis. Inflammatory
Bowel Diseases 13: 807-821.

. Olsen J, Gerds TA, Seidelin JB, Csillag C, Bjerrum JT, et al. (2009) Diagnosis of

ulcerative colitis before onset of inflaimmation by multivariate modeling of
genome-wide gene expression data. Inflammatory Bowel Diseases 15: 1032-1038.

. Ogawa H, Fukushima K, Naito H, Funayama Y, Unno M, et al. (2003)

Increased expression of HIP/PAP and regenerating gene III in human
inflammatory bowel discase and a murine bacterial reconstitution model.
Inflammatory Bowel Diseases 9: 162-170.

. Noble CL, Abbas AR, Cornelius J, Lees CW, Ho GT, et al. (2008) Regional

variation in gene expression in the healthy colon is dysregulated in ulcerative
colitis. Gut 57: 1398-1405.

. Costello CM, Mah N, Hisler R, Rosenstiel P, Waetzig GH, et al. (2005)

Dissection of the Inflammatory Bowel Disease Transcriptome Using Genome-
Wide cDNA Microarrays. PLoS Med 2: 199.

. Heimerl S, Moehle C, Zahn A, Boettcher A, Stremmel W, et al. (2006)

Alterations in intestinal fatty acid metabolism in inflammatory bowel disease.
Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1762: 341-350.
Galamb O, Gyorfly B, Sipos F, Spisak S, Nemeth AM, et al. (2008)
Inflammation, adenoma and cancer: objective classification of colon biopsy
specimens with gene expression signature. Dis Markers 25: 1-16.

. Carey R, Jurickova I, Ballard E, Bonkowski E, Han X, et al. (2008) Activation of

an IL-6:STAT3-dependent transcriptome in pediatric-onset inflammatory bowel
disease. Inflammatory Bowel Diseases 14: 446-457.

. Burczynski ME, Peterson RL, Twine NC, Zuberek KA, Brodeur BJ, et al. (2006)

Molecular Classification of Crohn’s Disease and Ulcerative Colitis Patients
Using Transcriptional Profiles in Peripheral Blood Mononuclear Cells. J Mol
Diagn 8: 51-61.

Buisine MP, Desreumaux P, Leteurtre E, Copin MC, Colombel JF, et al. (2001)
Mucin gene expression in intestinal epithelial cells in Crohn’s disease. Gut 49:
544-551.

Arijs 1, De Hertogh G, Lemaire K, Quintens R, Van Lommel L, et al. (2009)
Mucosal gene expression of antimicrobial peptides in inflammatory bowel
disease before and after first infliximab treatment. PLoS One 4: ¢7984.
Ahrens R, Waddell A, Seidu L, Blanchard C, Carey R, et al. (2008) Intestinal
Macrophage/Epithelial Cell-Derived CCL11/Eotaxin-1 Mediates Eosinophil
Recruitment and Function in Pediatric Ulcerative Colitis. The Journal of
Immunology 181: 7390-7399.

Bjerrum JT, Hansen M, Olsen J, Nielsen OH (2010) Genome-wide gene
expression analysis of mucosal colonic biopsies and isolated colonocytes suggests
a continuous inflammatory state in the lamina propria of patients with quiescent
ulcerative colitis. Inflammatory Bowel Diseases 16: 999-1007.

Galamb O, Sipos F, Solymosi N, Spisak S, Krenacs T, et al. (2008) Diagnostic
mRNA Expression Patterns of Inflamed, Benign, and Malignant Colorectal
Biopsy Specimen and their Correlation with Peripheral Blood Results. Cancer
Epidemiology Biomarkers & Prevention 17: 2835-2845.

. Kugathasan S, Baldassano RN, Bradfield JP, Sleiman PM, Imielinski M, et al.

(2008) Loci on 20ql3 and 21q22 are associated with pediatric-onset
inflammatory bowel disease. Nature genetics 40: 5.

Wehkamp J, Schmid M, Stange EF (2007) Defensins and other antimicrobial
peptides in inflammatory bowel disease. Current Opinion in Gastroenterology
23: 370-378.

Granlund AVB, Beisvag V, Torp SH, Flatberg A, Kleveland PM, et al. (2012)
Activation of REG family proteins in colitis. Scandinavian Journal of
Gastroenterology 46: 1316-1323.

Wehkamp J, Harder J, Weichenthal M, Schwab M, Schiffeler E, et al. (2004)
NOD2 (CARDI15) mutations in Crohn’s disease are associated with diminished
mucosal alpha-defensin expression. Gut 53: 1658-1664.

Simms LA, Doecke JD, Walsh MD, Huang N, Fowler EV, et al. (2008) Reduced
alpha-defensin expression is associated with inflammation and not NOD2
mutation status in ileal Crohn’s disease. Gut 57: 903-910.

LaPointe LC, Dunne R, Brown GS, Worthley DL, Molloy PL, et al. (2008) Map
of differential transcript expression in the normal human large intestine.
Physiological Genomics 33: 50-64.

Gentleman RC, Carey V], Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biology 5: 16.

Planell N, Lozano JJ, Mora-Buch R, Masamunt MC, Jimeno M, et al. (2012)
Transcriptional analysis of the intestinal mucosa of patients with ulcerative colitis
in remission reveals lasting epithelial cell alterations. Gut.

Ostvik AE, vB Granlund A, Bugge M, Nilsen NJ, Torp SH, et al. (2012)
Enhanced expression of CXCL10 in inflammatory bowel disease: Potential role
of mucosal toll-like receptor 3 stimulation. Inflammatory Bowel Diseases.
Jenner RG, Townsend M]J, Jackson I, Sun K, Bouwman RD, et al. (2009) The

transcription factors T-bet and GATA-3 control alternative pathways of T-cell

PLOS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

56.

57.

58.

59.

60.

61.

Dissecting the IBD Transcriptome

differentiation through a shared set of target genes. Proceedings of the National
Academy of Sciences 106: 17876-17881.

. Usui T, Preiss JC, Kanno Y, Yao Z]J, Bream JH, et al. (2006) T-bet regulates

Th1 responses through essential effects on GATA-3 function rather than on
IFNG gene acetylation and transcription. The Journal of Experimental
Medicine 203: 755-766.

Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, et al. (2009) Critical
Regulation of Early Th17 Cell Differentiation by Interleukin-1 Signaling.
Immunity 30: 576-587.

Maggi L, Santarlasci V, Capone M, Peired A, Frosali F, et al. (2010) CD161 is a
marker of all human IL-17-producing T-cell subsets and is induced by RORC.
Eur J Immunol 40: 2174-2181.

Cosmi L, De Palma R, Santarlasci V, Maggi L, Capone M, et al. (2008) Human
interleukin 17-producing cells originate from a CD161+ CD4+ T cell precursor.
The Journal of Experimental Medicine 205: 1903-1916.

Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, et al. (2007) The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 450:
566-569.

Collison L, Delgoffe G, Guy C, Vignali K, Chaturvedi V, et al. (2012) The
composition and signaling of the IL-35 receptor are unconventional. Nature
Immunology 13: 290-299.

Peyrin-Biroulet L, Beisner J, Wang G, Nuding S, Oommen ST, et al. (2010)
Peroxisome proliferator-activated receptor gamma activation is required for
maintenance of innate antimicrobial immunity in the colon. Proceedings of the
National Academy of Sciences 107: 8772-8777.

Boulesteix A-L, Slawski M (2009) Stability and aggregation of ranked gene lists.
Briefings in Bioinformatics 10: 556-568.

Ramasamy A, Mondry A, Holmes CC, Altman DG (2008) Key Issues in
Conducting a Meta-Analysis of Gene Expression Microarray Datasets. PLoS
Med 5: e184.

Koutroubakis IE, Tsiolakidou G, Karmiris K, Kouroumalis EA (2006) Role of
angiogenesis in inflammatory bowel disease. Inflammatory Bowel Diseases 12:
515-523.

. Kobayashi T, Okamoto S, Hisamatsu T, Kamada N, Chinen H, et al. (2008)

1L23 differentially regulates the Th1/Thl17 balance in ulcerative colitis and
Crohn’s disease. Gut 57: 1682-1689.

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, et al. (2006) A
Genome-Wide Association Study Identifies IL23R as an Inflammatory Bowel
Disease Gene. Science 314: 1461-1463.

Abraham C, Cho JH (2009) Inflammatory Bowel Discase. New England Journal
of Medicine 361: 2066-2078.

Maddur MS, Miossec P, Kaveri SV, Bayry J (2012) Th17 Cells: Biology,
Pathogenesis of Autoimmune and Inflammatory Diseases, and Therapeutic
Strategies. The American Journal of Pathology 181: 8-18.

Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, et al. (2008) T
Helper 17 Lineage Differentiation Is Programmed by Orphan Nuclear
Receptors ROR alpha and ROR gamma. Immunity 28: 29-39.

Lovato P, Brender C, Agnholt J, Kelsen J, Kaltoft K, et al. (2003) Constitutive
STAT3 Activation in Intestinal T Cells from Patients with Crohn’s Disease.
Journal of Biological Chemistry 278: 16777-16781.

. Li Y, de Haar C, Peppelenbosch MP, van der Woude CJ (2012) SOCS3 in

immune regulation of inflammatory bowel disease and inflammatory bowel
disease-related cancer. Cytokine & Growth Factor Reviews 23: 127-138.

. Yu C-R, Mahdi R, Ebong S, Vistica B, Gery 1, et al. (2003) Suppressor of

cytokine signaling 3 regulates proliferation and activation of T-helper cells. The
Journal of biological chemistry 278: 29752-29761.

. White G, Cotterill A, Addley M, Soilleux E, Greaves D (2011) Suppressor of

cytokine signalling protein SOCS3 expression is increased at sites of acute and
chronic inflammation. Journal of Molecular Histology 42: 137-151.

. R Development Core Team (2008) R: A Language and Enviroment for

Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing.
Smyth G (2004) Linear models and empirical bayes methods for assessing
differential expression in microarray experiments. Statistical applications in
genetics and molecular biology 3.

Zhang B, Horvath S (2005) A general framework for weighted gene co-
expression network analysis. Statistical applications in genetics and molecular
biology 4: Articlel7.

Langfelder P, Horvath S (2008) WGCNA: an R package for weighted
correlation network analysis. BMC Bioinformatics 9: 559.

Ravasz E, Somera AL, Mongru DA, Oltvai ZN, Barabasi AL (2002)
Hierarchical organization of modularity in metabolic networks. Science 297:
1551-1555.

Parkinson H, Kapushesky M, Kolesnikov N, Rustici G, Shojatalab M, et al.
(2009) ArrayExpress update - from an archive of functional genomics
experiments to the atlas of gene expression. Nucleic Acids Research 37:
D868-D872.

Barrett T, Troup DB, Wilhite SE, Ledoux P, Evangelista C, et al. (2011) NCBI
GEO: archive for functional genomics data sets - 10 years on. Nucleic Acids
Research 39: D1005-D1010.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)
Gene set enrichment analysis: A knowledge-based approach for interpreting
genome-wide expression profiles. Proceedings of the National Academy of
Sciences of the United States of America 102: 15545-15550.

February 2013 | Volume 8 | Issue 2 | 56818



