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Preface and outline of the thesis






PREFACE AND OUTLINE OF THE THESIS

Inflammatory bowel disease (IBD) presents in mainly two forms:
Crohn’s disease (CD) and ulcerative colitis (UC). They are characterized
by a chronic relapsing inflammatory response likely to commensal
microbes of the gutinagenetically susceptible host. CD can occurinthe
entire gastro-intestinal tract and the inflammation can be transmural
and patchy, whereas UC by definition is restricted to the colon, starting
from the distal end of the colon to a certain extension and is restricted
to the mucosal layer. Given the transmural inflammation CD patients
thus have more risk of fistuling and stenosing disease, whereas UC
patients suffer more from bloody diarrhea. In both diseases anemia
and weight loss occur. Also extra-intestinal manifestations like
uveitis, primary sclerosing cholangitis and psoriasis are common
in both entities. With a cumulative prevalence of up to 800 per 100,000
in Europe and 570 in North America[1], itis considered one of the most
common immune-related diseases worldwide. The high prevalence
combined with a peak age of onset in the second and third decade
of life where career choices and starting a family are important steps
make IBD a disease with a high impact on the quality of life of patients
and leads to a high health care expenditure. Treatments are costly,
often ineffective and may have severe side effects such as leucopenia.
The pathogenesis is largely unknown, but from twin studies it has
become apparent that IBD is a complex genetic disease meaning that
multiple heritable factors and environmental factors contribute.

The heritable factors reside in the human blue-print which
is discovered in 1869 by the biochemist Johann Friedrich Miescher.
This desoxyribonucleic acid, or DNA, was first isolated from white
blood cells. Almost 70 years later in 1952 Alfred Hershey en Martha
Chase discovered that DNA contains the heritable properties of cells.
Not even one year later the chemical structure of DNA was discovered
by Rosalind franklin, James D. Watson and Francis Crick. During the
following period research of genetics and disease focused mainly
on Mendelian diseases, in which mutations in one (or sometimes a few)
gene(s) cause disease. ldentification of genomic regions associated
to Mendelian diseases is done by linkage analysis in families,
a powerful tool for the identification of highly penetrant genetic
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CHAPTER 1

variants in affected individuals. For CD the most replicated
and strongest associated locus, NODZ2, was identified by linkage
analysis. However, complex genetic diseases, such as CD, are not
suitable for linkage analysis since multiple genes underlie their
pathogenesis. The number of involved variants in complex genetic
diseases is by some experts estimated to be over a hundred
indicating that the associated genetic variants individually are much
less penetrant than in Mendelian diseases and not easy to pick up
in linkage analysis. Thus new techniques were needed to identify
these common variants associated to complex traits.

Because of technical limitations, it took scientists almost half
a century after the discovery of the existence of DNA to correctly
determine the full DNA sequence of the human genome. This lead
to the identification of hundreds of thousands of single nucleotide
polymorphisms (SNPs), one base pair variations in the genome
sequence that occur in >1% of the population. With this knowledge
it was possible to produce SNP arrays on which the base pair sequence
of hundreds of thousands of those SNPs can be determined. InaGenome
wide association study (GWAS) the allele frequency of all SNPs present
on such a SNP array in cases is compared to the frequency in controls,
which makes it is possible to identify associations between certain
SNPs and a trait. GWAS have led to the discovery of an overwhelming
amount of such associated loci for complex traits.

Inflammatory bowel disease (IBD) is one of the success stories
of GWAS studies in complex genetic diseases. At the start of the
research described in the current thesis 99 genetic loci were identified
to be associated with IBD, many of which are overlapping for CD and UC
but some are disease specific. Additional large scale studies using
a custom made GWAS platform focused on immune-mediated diseases
(Immunochip) increased this number to 163. Despite the great
success accomplished with GWAS the total disease variance explained
by these loci is for CD 13.6% and for UC 7.5%. Since heritability
estimates are inconsistent between studies it is difficult to predict
the variance in heritability that is currently explained. However, given
the most frequently reported heritability estimate of 50%, for CD 26%
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PREFACE AND OUTLINE OF THE THESIS

and for UC 15% of the total heritability is explained by the current GWA
findings. Hence, despite the large number of independent associated
loci the quest for the missing heritability still continues.

Post-hoc analyses of GWAS results have led to solid clues
of the involvement of several pathways in the pathogenesis and
new causative insights have been created. Since associated loci may
contain none, one or multiple genes, the causality remains uncertain.
Rivas et al. have shown coding (causal) variants in some instances
by sequencing some of the associated loci in a large number
of patients but for the fast majority of associated loci the causal gene
is lacking, which complicates functional follow-up.

In this thesis, my aim is to give insight in the steps undertaken
in the GWAS era and potential next steps in the post-GWAS era
to elucidate the hidden heritability question and to gain insight
in the underlying pathogenesis.

Chapter 2, ‘The quest for genetic risk factors for Crohn’s disease
in the post-GWAS era’ gives an overview of potential sources of the
as above discussed, hidden heritability. Here we focus on Crohn’s
disease and provide potential next steps to be taken in studying the
source of the remaining heritability.

Chapter 3 and 4 will focus on further exploration of GWAS results.
In chapter 3 a method is described to select SNPs of GWAS results
for replication that did not reach the genome significant threshold
of p<10%. We hypothesized that many of these SNPs can be truly
associated variants but were discarded due to the stringent correction
for multiple testing in GWA studies. We performed a replication study
by prioritizing those SNPs that are influencing gene-expression
of nearby genes. (cis-eQTL SNPs)

It is known that immune-mediated diseases share considerable
parts of their genetic risk loci. For instance type 1 diabetes and IBD
or celiac disease and IBD share much of their genetic background.
Hence, variants associated to one immune-mediated disease known
to share genetic background with another are candidate variants for
association testing in the other disease. PTPN22 is a likely candidate
gene for involvement in IBD since it is known to be associated
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to multiple immune-mediated diseases. Chapter 4 will focus on the
role of PTPN22 in IBD and specific disease sub-phenotypes.

In chapter 5 epigenetic effects are discussed as a potential
source of the hidden heritability of IBD. It is known that children
from mothers with CD have more chance of developing the disease
themselves compared to children from fathers with CD. This implies
a role for parent of origin effects for IBD associated genes. Here we
used novel statistical methodology that has previously been successful
in identifying parent of origin effects in type 1 diabetes, to study
parent of origin effects, in IBD associated loci.

Another important step in studying the role of genetics in complex
disease is to determine the functional consequences of associated
loci. In IBD there is an overrepresentation of genes involved in Th17
sighaling within the associated loci. Therefore we focused on the
influence of genetic variants on gene expression, given both functional
and genetic importance of the Th17 pathway, we focused In chapter 6
| will discuss a method with which we extensively investigate the IBD
associated T helper 17 IL23R pathway. In our study we determine
the effect of risk load (i.e. a measure of number of risk alleles in an
individual) on this differential gene-expression in peripheral blood
mononuclear cells and we perform a co-expression analysis.

In Chapter 7 an overview of the results of the studies is given and
future perspectives discussed.
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Abstract

Multiple genome-wide association studies (GWASs) and two large
scale meta-analyses have been performed for Crohn’s disease and
have identified 71 susceptibility loci. These findings have contributed
greatly to our current understanding of the disease pathogenesis.
Yet, these loci only explain approximately 23% of the disease
heritability. One of the future challenges in this post-GWAS era
is to identify potential sources of the remaining heritability. Such
sources may include common variants with limited effect size, rare
variants with higher effect sizes, structural variations, or even more
complicated mechanisms such as epistatic, gene-environment and
epigenetic interactions. Here, we outline potential sources of this
hidden heritability, focusing on Crohn’s disease and the currently
available data. We also discuss future strategies to determine more
about the heritability; these strategies include expanding current
GWAS, fine-mapping, whole genome sequencing or exome sequencing,
and using family-based approaches. Despite the current limitations,
such strategies may help to transfer research achievements into clinical
practice and guide the improvement of preventive and therapeutic
measures.



SOURCES OF THE HIDDEN HERITABILITY OF CD

Background

Crohn’s disease (CD) is one of the two main forms of inflammatory
bowel disease (IBD), the other being ulcerative colitis (UC).
It is a chronic disease characterized by recurring inflammation
of the gut, and is thought to arise in response to the commensal
microflora in a genetically susceptible host [1]. It can affect the entire
gastrointestinal tract, although the most common locations are the
terminal ileum and the colon. Symptoms can be diffuse, and include
(bloody) diarrhea, abdominal discomfort, weight loss and anemia,
and there may also be extra-intestinal symptoms such as arthritis,
and eye and skin disorders. Complications such as strictures often
occur in CD, and since the inflammation is transmural, fistulas
and abscesses can develop, and these eventually require surgical
treatment [2]. Most of the medications have significant side effects,
and they are expensive, and often ineffective. CD is a major burden
on healthcare services, with a prevalence of 100 to 150 cases per
100,000 persons per year in the western world and with a peak age
of onset between 10 and 30 years of age [3]. CD is partly heritable;
this is reflected in the higher concordance rate in monozygotic twins
compared with dizygotic twins. The concordance for CD in dizygotic
twins is 4%, and for monozygotic twins it is as high as 56% [4].

Prior to the introduction of genome-wide association studies
(GWASs), only a few genetic factors (for example, NOD2, which encodes
nucleotide binding oligomerization domain 2) had unequivocally
been associated with CD. However, multiple GWASs have now been
performed for CD, and a recent meta-analysis carried out by Franke et al.
[5] has unveiled 71 genetic variants as associated with CD; Table 1
highlights some noteworthy genes from that study.
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Table 1. Notable genes within regions associated with Crohn’s disease

Gene Odds ratio (95% ClI)

Function

Innate immunity

NOD2 (nucleotide binding 2.2-4.0[58]
oligomerization domain 2)

ATGI6L]1 (ATG16 autophagy 1.34 (1.29-1.40) [5]
related 16-like 1)

IRGM (immunity-related 1.37 (1.28-1.47)[5]
GTPase family, M)

TLR4 (Toll-like receptor 4) 1.29 (1.08-1.54)[59]
CARDQ9 (caspase recruitment 1.18 (1.13-1.22)[5]
domain family, member 9)

VAMP3 (vesicle-associated 1.05 (1.01-1.10) [5]
membrane protein 3)

REL (reticuloendotheliosis 1.14 (1.09-1.19) [5]
viral oncogene homolog)

ERAP2 (endoplasmic 1.05 (1.02-1.09) [5]
reticulum aminopeptidase 2)

UBE2L3 (ubiquitin- 0.70[15]
conjugating enzyme E2L 3)

Involved in pattern recognition
Involved in autophagy
Involved in autophagy

Involved in pattern recognition
Involved in pattern recognition

Involved in autophagy and TNF-«
metabolism

Transcriptional activator of NF-kB

Involved in peptide trimming
upon NF-kB stimulation;
required for the generation of
HLA binding peptides

Ubiquitinates, among others,
the NF-kB precursor

Adaptive immunity
IL23R (IL-23 receptor) 2.66 (2.36-3.00) [5]
IL12B (IL-12B) 1.18 (1.13-1.24)[5]

CCR6 (chemokine (C-C 1.17 (1.12-1.22) [5]
motif) receptor 6)

HLA-DQAZ2 (major 1.19 (1.13-1.25) [5]
histocompatibility complex,
class Il, DQx2)

TNFSF11 (tumor necrosis 1.10 (1.05-1.15)[5]
factor super family 11)

TNFSF15 (tumor necrosis 1.21 (1.15-1.27) [5]

factor super family 15)

ICOSLG (inducible T-cell co- 1.18 (1.13-1.23)[5]
stimulator ligand)

IL2RA (IL receptor ) 1.11 (1.05-1.16) [5]

20

Activates Th17 cells

Stimulates ThO differentiation
to Th1 cells

Chemoattractant receptor
of immune cells

Antigen presenting to ThO

Augments the ability of dendritic
cells to stimulate naive T-cell
proliferation

Mediates activation of NF-kB

Acts as a costimulatory signal
for T-cell proliferation and
cytokine secretion

ThO activation
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TAGAP (T-cell activation 1.10 (1.05-1.14)[5] May function as a GTPase

GTPase-activating protein) activating protein and may play
important roles during T-cell
activation

ILT0 (IL-10) 1.12 (1.07-1.17)[5] Inhibits synthesis of pro-
inflammatory cytokines

ILT8RAP (IL-18 receptor 1.19(1.14-1.26)[5] Protein required for NF-kB

accessory protein) activation

TYK2 (tyrosine kinase 2) 1.12 (1.06-1.19)[5] Probably involved in intracellular
signal transduction by initiation
of IFN signaling

JAK2 (Janus kinase 2) 1.18 (1.13-1.23)[5] Involved in JAK/STAT pathway;
mediates signal transduction
of many cytokines

STAT3 (signal transducer 1.15(1.10-1.21)[5] Involved in JAK/STAT pathway;

and activator of mediates signal transduction

transcription 3) of many cytokines

SMAD3 (SMAD family 1.12 (1.07-1.16)[5] Involved in Treg activation

member 3) through TGF-B signal
transduction

ICAM1, 3 (intercellular 1.12 (1.06-1.19)[5] Homing of leukocytes to

adhesion molecule) inflammation

Other genes of interest

MUCT,19 (mucin) 1.74 (1.55-1.95) [5] Involved in mucus production,
to protect the epithelial barrier

FUT2 (fucosyltransferase 2) 1.07 (1.04-1.11) [5] Involved in the A and B antigen
synthesis pathway

PUS10 (pseudouridylate 1.16 [19] Post-transcriptional nucleotide
synthase 10) modification of structural RNAs,
including tRNA, rRNA and sRNAs

Genes that we consider to be noteworthy in the Crohn’s disease associated loci. Further
investigation is necessary to identify the causal variants.

Cl, confidence interval; HLA, human leukocyte antigen; IFN, interferon; IL, interleukin;
JAK, Janus kinase; NF, nuclear factor; rRNA, ribosomal RNA; sRNA, splicing RNA; STAT,
signal transducer and activator of transcription; TGF, transforming growth factor;
Th, T helper cell; TNF, tumor necrosis factor; Treg, regulatory T cell; tRNA transferRNA.

Many of the genes cluster in several different molecular pathways
and gene networks. In particular, results from GWASs have indicated
the importance of the immune system in disease pathogenesis
by identifying genes involved in innate and adaptive immunity. Hence,
the association of IRGM, encoding immunity-related GTPase family
M, and ATGI16L1, encoding autophagy-related 16-like 1, with CD has
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Figure 1. Schematic representation of the genes and pathways associated
with Crohn’s disease pathogenesis. The ongoing inflammatory response in the
gastrointestinal tract in patients with Crohn’s disease (CD) is thought to be caused
by an aberrant immune response to commensal microflora in the gut. In patients with
CD, defects in first defense mechanisms (that is, disrupted epithelial and mucosal
barrier) contribute to increased bacterial penetration (MUC1 and MUC19). Genes
involved in pattern recognition (NOD2, TLR4 and CARD9) suggest an increased
response of antigen-presenting cells to commensal microbes. Consequently, the NF-kB
cascade is activated (TNFSF15), leading to production of pro-inflammatory cytokines.

22



SOURCES OF THE HIDDEN HERITABILITY OF CD

Association of REL and UBE2L3 suggest an impaired NF-kB negative feedback. Antigen-
presenting cells migrate to Peyer’s patches (intestinal mesenteric lymph nodes)
(TNFSF11) to present antigens and stimulate T-cell proliferation (IL2RA and TAGAP)
and differentiation. T cells of patients with CD, in turn, respond more intensely.
ThO cells are stimulated to differentiate into T-cell subtypes regulated by a variety
of the produced cytokines and their receptors. Th17 cells are involved in many immune-
related diseases, and they are activated through IL-23R, which, in turn, activates the
JAK-STAT-TYK (Janus kinase-signal transducer and activator of transcription-tyrosine
kinase) pathway that enhances pro-inflammatory cytokine production (JAK2, STAT3
and TYK2). Th1 and Th17 cells are pro-inflammatory, whereas Treg cells downregulate
the immune response. Another major contribution to CD pathogenesis comes from
autophagy. In autophagosomes, intracellular components, including phagocytosed
microbes, are degraded, after which their antigens are presented to CD4+ cells.
Autophagy is at least partly regulated by the CD risk genes ATG16L1, IRGM and
VAMP3. The activation of CD4+ cells leads to the production of pro-inflammatory
cytokines and the maintenance of the inflammation. All the displayed processes
could finally lead to homing of leukocytes to inflammation sites (ICAM1,3, CCR
cluster), and neutrophil recruitment. Consequently, chronic inflammation, ulceration
and deeper microbial penetrance occur. The known associated genes are shown
in red. Table 1 summarizes the associated loci shown here. CCL20, chemokine (C-C
motif) ligand 20; ICOS, inducible T-cell co-stimulator; MDP, muramyl dipeptide; NF,
nuclear factor; TCR, T-cell receptor; TGF, transforming growth factor; TGFBR, TGF
R receptor; Th, T helper cell; TNF, tumor necrosis factor; Treg, regulatory T cell.

implicated the process of autophagy [6]. The association of NODZ2,
CARD9, which encodes caspase recruitment domain family member 9,
and TLR4, which encodes Toll-like receptor 4, indicates the
involvement of pattern recognition mechanisms of the innate immune
system [7]. Other genes are involved in pro-inflammatory pathways
(T helper 1 cells and T helper 17 cells) and in anti-inflammatory
pathways (regulatory T cells and IL-10), indicating that adaptive
immunity also plays a role in CD pathogenesis (Figure 1) [8].
Another interesting association mapped to the FUTZ2 gene, which
encodes secretor type fucosyltransferase and regulates secretion
of A and B blood group antigens in intestinal mucosa [9]. Recent
functional studies have suggested that fucosylation of mucin proteins
is involved in interception and exclusion of bacteria; thus, association
of FUT2 with CD might imply a role for the functional state of mucin
in CD pathogenesis [10]. Although 5 years of GWASs have identified
a substantial number of CD susceptibility loci, as much as 77% of the
estimated heritability for CD is still considered to be unexplained [5].
Thus, one of the current challenges in the study of CD, like
other complex diseases, is to identify potential sources of this
hidden heritability. These might be additional common variants with
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very limited effect size, or rare variants with a higher effect size.
Part of the hidden heritability may lie in structural variations such as
copy number variations (CNVs; a type of structural DNA sequence
alteration, including deletions, duplications, insertions and inversions,
that results in varying numbers of copies of a particular gene or DNA
sequence from one person to the next) or even more complicated
mechanisms, such as epistatic, gene-environment and epigenetic
interactions. In this review, we discuss the known genetic risk factors
for CD, the potential sources of the hidden heritability, and strategies
to investigate these.

Further exploration of GWAS results

Thus far, the GWASs performed for CD have implicated many
genes, and have thereby provided valuable insights into the etiology
of CD. However, there are several ways to explore GWAS results
in more depth that might lead to solving a part of the hidden
heritability puzzle. The design of GWASs holds several limitations, with
the first being the extensive correction needed for multiple testing.
Hence, many true-positive findings are discarded because of the
stringent significance thresholds, and large amounts of data are
therefore ignored. Several methods have been applied successfully
to overcome this statistical power issue. A major step to overcoming
this problem has been taken by the International IBD Genetics
Consortium (IIBDGC) [11], which performed a novel meta-analysis
of six index GWASs and a follow-up study in independent cohorts.
This study increased the number of confirmed CD loci to 71, although
the explained heritability only increased from 20% to 23% [5].

Another way to overcome the lack of power inherent in GWASs
is to follow-up specific SNPs (variation in a single base in the DNA
sequence; the most common type of variation in the human genome)
identified by them. Following up the top 1,000 less-strongly associated
loci, for example, could yield new true associations. Meta-analysis of
these results with the results from the index GWASs leads to a gain
of power, as shown by a study of celiac disease [12]. Another approach
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SOURCES OF THE HIDDEN HERITABILITY OF CD

is to prioritize genes from the top associated loci based on interaction
or functional analyses. This has proven to be a successful strategy
in rheumatoid arthritis, where genes were prioritized based on
network analysis or interaction analysis [13]. For CD, Wang et al. [14]
used a different prioritizing criterion based on pathway analysis and
they uncovered a significant association between susceptibility to CD
and the IL-12/IL-23 pathway, harboring 20 genes. Prioritizing SNPs
based on their effect on gene expression (for example, expression
guantitative trait locus, a locus at which genetic allelic variation(s)
correlates with variation in gene expression) led to identification
of potentially novel associations of CD with UBE2L3, encoding
ubiquitin-conjugating enzyme E2L 3 (involved in ubiquitinating the
NF-kB precursor), and BCL3, encoding B-cell lymphoma 3-encoded
protein (involved in down regulation of the NF-kB pathway) [15].
Results of GWASs and their meta-analyses have revealed that
multiple autoimmune diseases have a common genetic architecture
[16]. Several studies have been successful in identifying new CD risk
variants by testing previously established loci for other immune-
related diseases [17,18]. Festen et al. [19] developed a new method
to identify shared risk loci of two immune-mediated diseases with
a partially shared genetic background, namely celiac disease and CD.
To increase the statistical power, they performed a combined analysis
of GWAS results from celiac disease and CD, and identified TAGAP,
which encodes T-cell activation GTPase-activating protein, and PUS-10,
which encodes tRNA pseudouridylate synthase, as new shared loci [19].
The second limitation of the GWAS design is that it does not
lead to the identification of causal variants, since the tested SNPs
are merely tagging SNPs in linkage disequilibrium (LD; a non-random
association of alleles at two or more loci as a result of a recent
mutation, genetic drift, selection, or non-random mating) with the
causal variants. Therefore, the effect sizes of known CD loci may be
an underestimation of their actual relative risk. To further investigate
the known risk loci and identify new SNPs, either as causal or close-to-
causal variants, extensive fine-mapping is currently being performed
by the IIBDGC using a custom-made GWA chip. In addition, cross-
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ethnicity fine-mapping has proven successful in exploring conserved
haplotype structures (that is, LD blocks) [20]. The most common
LD blocks occur in all populations; however, their frequencies vary
among different ethnicities [20]. For example, common NODZ2 and
IL23R variants that are well established in Caucasians could not be
replicated in an Indian population, implying that additional variants
in these or other candidate genes may play a role in the pathogenesis
of CD in Indians [21]. This principle was also successfully applied
in analyzing the IL2/IL21 LD block, which is strongly conserved
in Caucasians as opposed to Han Chinese, in which the IL2 and IL21
genes reside on two distinct LD blocks. Both /L2 and IL21 could be
identified as separate UC risk loci in Han Chinese [22].

Park et al. [23] proposed a method to evaluate statistical power
and risk prediction of future GWASs. They estimated that there
are, in total, 142 CD susceptibility loci with effect sizes similar
to the loci reported in the current GWASs, and that a sample size
of approximately 50,000 would be needed to uncover them. However,
even if a GWAS with hundreds of thousands of cases were to provide
new CD susceptibility loci and explain more of the genetic variance,
it seems unlikely that it would capture even half of the estimated
heritability since 142 loci only explain 20% of the sibling relative risk
for CD. We can speculate that identification of the true causal variants
could amplify the effect size for some of the known loci and could
consequently increase the discriminatory power of risk models.

Another potential source of hidden heritability could lie in sample
mix-ups that occur accidentally during sample collection, genotyping
or data management. Some genetic variants influence gene expression
phenotypes (expression quantitative trait loci); this allows checking for
concordance between phenotypic measurements and genetic variants
that affect these phenotypes. Westra et al. (personal communication)
found that 3% of sample mix-ups decrease the number of loci normally
discovered by 23% for a trait with a heritability of 50% and 500 loci
explaining the total heritability. Thus, sample mix-ups may explain
part of the hidden heritability and it will be possible to detect them
as long as databases encompass sufficient numbers of phenotypes
that are strongly determined by known genetic variants.
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GWASs are most likely to remain an important approach for
investigating the hidden heritability, since the potential of their results
can be enhanced by: performing meta-analyses (for example, between
multiple GWASs or between similar disease phenotypes); following-up
prioritized SNPs based on pathway, functional or interaction analyses;
studying SNPs that have been associated with other immune-related
diseases; and expanding the design of GWASs to include samples
from non-Caucasians.

Low frequency and rare variants

Common variants identified by GWASs represent only a small
fraction of the phenotypic variation. Thus, much speculation about
the hidden heritability has focused on the contribution of variants with
low allele frequencies, defined as 0.5% < minor allele frequency (MAF;
proportion of the less common of two alleles in a population) < 5%,
or from rare variants with MAF <0.5%, that are not sufficiently frequent
to be captured by current GWA arrays, nor sufficiently penetrant to be
captured by traditional, family-based linkage studies [24]. Detecting
such variants will be facilitated by advances in high-throughput
sequencing technologies and by the wide-ranging catalog of variants
with MAF >1% generated by the 1000 Genomes Project [25]. Current
efforts to identify rare variants by sequencing are likely to focus on
the regions of most significant GWAS SNPs and around genes already
implicated in CD pathogenesis or treatment. Resequencing of selected
susceptibility loci has led recently to the discovery of three IL23R (the
gene encoding (IL-23 receptor) coding variants that offer protection
against CD [26]. The results of this particular study confirmed an
increase in effect size with decreasing variant frequency, although
rare variants explained less of the heritability than common variants.

In addition to resequencing efforts, whole-genome/exome
sequencing will be needed to detect rare high-risk variants beyond
the LD reach of tag SNPs. Although the costs of next-generation
sequencing remain high, they are dropping fairly rapidly as the
technologies improve and the process time per sample is becoming
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shorter; so this method is becoming more and more feasible and
accessible for researchers. Evaluating such signals and determining
the real causal variant will, however, be a difficult task. Feng and
Zhu [27] developed an alternative method for searching for rare
variants in previously published GWAS datasets. Their method relies
on haplotype analysis across the genome and the hypothesis that
multiple rare variants can be captured by many haplotypes. Using
this method, they confirmed nine previously established loci and also
discovered four new CD susceptibility loci [27].

Another approach that may prove to be important is performing
resequencing studies of individuals with extreme phenotypes in lipid
levels; these studies have shown that such individuals seem more
likely to be the carriers of rare, yet non-synonymous, variants [28].
A large number of rare variants may have distinct effects on the
phenotype. Therefore, pooling variants of similar effect and locus-
specific matching of cases with specific CD subphenotypes and
controls throughout the genome may help to reveal some of the
hidden heritability [29].

Structural variation

It has been estimated that chromosomal rearrangements (that
is, duplications, deletions, insertions and inversions), collectively
named CNVs, comprise 12% of the human genome [30]. Currently,
more than 15,000 CNV loci are catalogued in the Database of Genomic
Variants [31]. Some CNVs have been linked to complex disorders,
such as autism, neuroblastoma and systematic lupus erythematosus
[32-34]. A recent study suggested that CNVs are enriched in genomic
regions containing genes that influence immunity [35]. In particular,
low and high copy numbers of the R-defensin gene (HBDZ2), which
acts as an antimicrobial peptide and as a cytokine, have been found
to predispose to colonicCD [36,37]. Yet, inarecent study, Aldhous etal.
[38] failed to replicate both of the previously published associations.
Moreover, they argued that these two associations could be due to
measurement error because of a general deficiency of real-time PCR
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to distinguish multiple CNV clusters. In addition to the R-defensins,
a fine-mapping study of the IRGM susceptibility locus revealed a 20-kb
deletion polymorphism immediately upstream of /IRGM that was
associated with CD risk and IRGM expression [39]. Furthermore,
a recent GWAS of CNVs from the Wellcome Trust Case Control
Consortium has confirmed these CNVs for CD, and also discovered
new CNVs in the IRGM and human leukocyte antigen (5.1 kb) regions
[40]. The Wellcome Trust Case Control Consortium study also showed
that the most common CNVs are well tagged by SNPs in current
GWAS chips, and that they are unlikely to make much contribution
to the hidden heritability in common diseases. More work is needed
to elucidate the functional consequences and impact of high copy-
number repeats (for example, long interspersed nuclear elements),
and of rare CNVs on clinical phenotypes, such as CD.

Family-based approaches

Since the possibility of chip-based GWASs became available
linkage analysis and family-based approaches have been largely
discarded. However, now that the opportunities for gene detection
by conventional GWASs have been almost exhausted, researchers are
shifting back towards family-based approaches. These approaches
can be helpful when GWASs fail to detect signals from rare variants
and are biased by population stratification, which is defined as
a presence of subpopulations in a supposedly homogeneous
population. Subpopulations arise from differences in allele frequencies
between individuals as a consequence of distinct ancestral and/or
demographic origin. Family-based studies may also be advantageous
since the low frequency risk alleles (SNPs with MAF <5%) are likely to
be more prevalent in large families with several affected members
and should therefore be easier to detect. By assessing GWAS data in
such families, large regions of identity-by-descent may be identified
and found to include genes associated with CD; this approach has
already proved to be a powerful tool in classical linkage analysis.
However, the shared environment of family members is an alternative
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explanation for familial clustering that should be taken into account.
Glocker et al. [41] identified loss-of-function mutations in two
loci by considering early onset colitis as a monogenic trait in two
consanguineous families. They performed a genetic linkage analysis
followed by candidate gene sequencing and identified the IL10RA (the
gene encoding IL-10 receptor o) and IL10RB (the gene encoding IL-10
receptor B) loci as being associated with early-onset enterocolitis.
However, it is most likely that in this particular case a private variant,
not present in the general population, is responsible for the disease.

Akolkar et al. [42] found that CD is subject to a parent-of-origin
effect, indicating that loci affected by genomic imprinting play
a role in CD pathogenesis. In genomic imprinting, the expression
of an inherited variant is determined by the parent from whom that
variant is inherited. If the maternal allele, for instance, is inactivated
by genomic imprinting, then expression of the locus is determined
by the paternal allele only. If this effect is not taken into account,
a significant loss in the statistical power of the study might develop
[43]. Family-based approaches may be useful in the search for the
hidden heritability since low-frequency variants accumulate in families
with multiple affected individuals; moreover, low-frequency variants
are not affected by population stratification and they also include
parent-of-origin effects. However, the causal variants identified in such
families may prove to be private variants or the shared environment
may play a major role.

GWAS aftermath: epistatic, gene-environment and
epigenetic interactions

Given that a large proportion of the heritability of CD and its
complex architecture is as yet unexplained, one might speculate
other aspects of inheritance, such as epistasis, gene-environment
interactions or epigenetic effects, might be involved. GWASs may be
missing higher-order genetic effects that arise from the interaction of
two or more SNPs [44]. The underlying idea for such epistatic effects
is that a significant proportion of the hidden heritability is not due
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to single common variants, nor to single rare variants, but rather
to rare combinations of common variants. Since typical GWASs
examine the association of single SNPs with a phenotype, SNPs that
contribute epistatically will not be revealed by such an analysis.
A recent pair-wise analysis of variants related to the IL17-1L23 pathway
showed an increasing odds ratio for CD when the ‘risk’ haplotypes for
these genes were combined [45]. Analysis of epistatic interactions
in better-powered datasets, and the use of more efficient computational
approaches that can account for the complex nature of biomolecular
networks, may yield new genetic risk factors for CD [46,47].

An even more complex source for the hidden heritability might lie
in gene-environment interactions, which are defined as the joint effect
of one or more genes with one or more environmental factors that
cannot be readily explained by their separate marginal effects [48].
The strongest and best replicated environmental risk factor for CD
is smoking, which increases both the risk and severity of CD. However,
a recent, moderately sized study found remarkable differences in
associated loci between smoking and non-smoking CD patients,
thereby implying that a complex gene-environment interaction must
be at work [49]. Another example of the complex interaction between
genetic and environmental factors was shown in a study by Cadwell
et al. [50] where Atg16L1-deficient mice infected with a specific strain
of norovirus developed CD-like phenotypes in a model of intestinal
injury induced by dextran sodium sulfate. In particular, structural
Paneth cell abnormalities and decreased production of antimicrobial
granules in the mice resembled those found in CD patients who are
homozygous carriers of the ATG16L1 risk alleles. Remarkably, the
severity of intestinal injury induced by dextran sodium sulfate was not
only dependent on aberrant Atg16L1 function and norovirus infection,
but also on the timing of infection, secretion of the pro-inflammatory
cytokines TNF-a and IFN-y, and the presence of commensal bacteria
in the mouse intestine.

Other environmental factors, such as appendectomy, diet and
domestic hygiene habits, may also play a role in CD, but the evidence
for each of these factors is much weaker. To study gene-environment
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interactionswillrequirecarefulconsiderationoftheepidemiologicstudy
design,exposureassessment,andmethodsofanalysis,payingparticular
attention to ways of harmonizing these features across consortia.

An additional source of the hidden heritability might not lie in
the genome sequence itself, but in subtle mechanisms interfering
with genome functions, such as gene expression. These mechanisms
include histone modification, methylation and gene inactivation, and
are covered by the study of epigenetics. However, there is much
controversy on this topic. Its role in CD is unknown, but there are some
hints that methylation plays a role in other complex diseases: type 2
diabetes, rheumatoid arthritis and neurodegenerative diseases [51-
53]. Epigenetics is also correlated with age, gender and nutrition, and
it is likely that there are other environmental factors to be discovered
[54,55]. It has been shown that changes in DNA methylation in mice
can be provoked by dietary alterations and subsequently transmitted
across generations [56]. Thus, sequence-independent epigenetic
effects (beyond imprinting) that might be environmentally induced
and transmitted across several generations [57] could represent
a revolutionary glimpse into the enigmatic world of the heritability
of complex diseases.

Conclusions

CD is a complex genetic disorder with an estimated heritability
of 50% and it is characterized by a recurring inflammation of the
gastrointestinal tract. Two decades of research have led to the
discovery of 71 risk loci, which have improved our understanding
of the disease pathogenesis.

At the moment, approximately 23% of the heritability can be
explained. To fully understand the disease pathogenesis and link
current insights to clinically relevant knowledge, it is important
to continue our quest to identify more genetic risk factors in CD.
In this review, we have presented various potential sources for the
hidden heritability of complex diseases given the current knowledge
on CD.
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It is unlikely that conventional GWASs alone can solve the puzzle
of the hidden heritability. They are not powerful enough to detect
signals from common variants with low impact, nor extensive enough
to capture rarer variants with high impact. The resources of GWASs
are expected to be exhausted fairly soon, although new loci have
recently been identified by replicating prioritized SNPs and meta-
analysis of GWAS results.

Identification of causal variants may elucidate a substantial part
of the hidden heritability; however, current GWASs are insufficient for
the purpose of identifying causal variants since the identified SNPs
are merely the surrogates for causal variants. However, fine-mapping
can uncover SNPs closer to the causal variants, since SNPs can then
be tested beyond the scope of GWASs. The true causal variants might
be identified by whole genome sequencing or exome sequencing.
More sources than the linear DNA sequence have to be investigated
to unravel the total heritability. Epigenetics and gene-environment
studies have been shown to be worthwhile, but the study of epistatic
effects in CD is still needed, and results from other complex genetic
diseases seem to be promising.

To fully unravel the hidden heritability of CD, collaborations
between genome research centers are crucial, since the solutions
to identify the hidden heritability are either costly or require a huge
number of cases and controls. The IIBDGC is a good example of what
can be achieved by performing large meta-analyses, and it is currently
performing dense fine-mapping and replication studies to identify
causal variants and additional risk loci in CD.
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Abstract

Genome-wide association studies (GWAS) for Crohn’s disease (CD)
have identified loci explaining ~20% of the total genetic risk of CD.
Part of the other genetic risk loci is probably partly hidden among
signals discarded by the multiple testing correction needed in the
analysis of GWAS data. Strategies for finding these hidden loci require
large replication cohorts and are costly to perform. We adopted
a strategy of selecting SNPs for follow-up that showed a correlation to
gene expression [cis-expression quantitative trait loci (eQTLs)] since
these have been shown more likely to be trait-associated. First we
show that there is an overrepresentation of cis-eQTLs in the known CD-
associated loci. Then SNPs were selected for follow-up by screening the
top 500 SNP hits from a CD GWAS data set. We identified 10 cis-eQTL
SNPs. These 10 SNPs were tested for association with CD in two
independent cohorts of Dutch CD patients (1539) and healthy controls
(2648). In a combined analysis, we identified two cis-eQTL SNPs
that were associated with CD rs2298428 in UBE2L3 (P = 5.22 * 10°?)
and rs2927488 in BCL3 (P = 2.94 * 10%). After adding additional
publicly available data from a previously reported meta-analysis, the
association with rs2298428 almost reached genome-wide significance
(P=2.40 * 107) and the association with rs2927488 was corroborated
(P =6.46 * 10%). We have identified UBE2L3 and BCL3 as likely novel
risk genes for CD. UBEZL3 is also associated with other immune-
mediated diseases. These results show that eQTL based pre-selection
for follow-up is a useful approach for identifying risk loci from
a moderately sized GWAS.
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Introduction

Crohn’s disease (CD) is a common, chronic, gastrointestinal
inflammatory disorder with a prevalence of 100-200 per 100 000
in developed countries (1). The aetiology of CD is complex and is
believed to originate in an aberrant immune response to the commensal
intestinal bacterial flora in a genetically susceptible host (2).

Genome-wide association studies (GWAS) have already identified
over 30 loci that convey risk for CD (3-8), representing 20% of the
total genetic risk for this disease (8). The remaining 80% of genetic
risk is probably partly made up by highly prevalent loci with very
modest effect sizes and by rare loci with strong effect sizes. These
remaining loci are hard to identify with a GWAS, in part because of the
extensive multiple testing correction needed in GWAS analyses. This
multiple testing correction is necessary to exclude false-positive loci,
but simultaneously it discards many true-positive risk loci. Strategies
for extricating these hidden true-positive loci include: increasing the
GWAS sample size, performing a meta-analysis of GWAS data sets and
replicating hundreds to thousands of GWAS signals in a larger cohort.
Unfortunately, all of these methods still need substantial multiple
testing correction and most are expensive to perform (9).

To cut down on the size of the follow-up study for a GWAS, and thus
on the costs and need for multiple testing correction, we considered
selecting SNPs for follow-up on the basis of a functional effect. In this
study, we focus on the effect of SNPs on human gene expression levels
which have been shown to have a strong heritable component (10).
By treating gene expression as a quantitative trait, it is possible to
correlate gene transcription levels with SNPs (expression quantitative
trait loci, eQTLs) (10). SNPs can be correlated with the expression of
genes located very near the SNP itself (cis-eQTL) or with the expression
of genes located further away, even on other chromosomes (trans-
eQTL). In this study, the maximal distance of a cis-eQTL SNP to a gene
is 250 kb. Since the trans-eQTL effects are difficult to detect due to
severe multiple testing issues, we chose to study cis-eQTL effects.

We hypothesized that SNPs affecting gene expression are more
likely to be associated with CD than SNPs without such an effect,
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Table 1a. Five out of 30 established Crohn’s disease associated
SNPs are Cis-eQTL SNPs

Expression
Risk Effect Risk
SNP Chromosome allele allele Effected gene eQTL p-value

rs2301436 6q27 T - RNASET2 6.52*10°
rs2872507 17912 A - GSDML 5.20%10°°
rs3197999 3p21 A + UBETL 9.79*10704
rs2872507 17q12 A - ORMDL3 6,94*10"
rs2188962 5931 T - SLC22A5 5.18%10°°

The 30 CD-associated loci in the meta-analysis conducted by Barrett et al. were tested
on their cis-eQTL effects in the publicly available expression database used in our study
(8,15) rs2872507 is correlated to the expression of two genes ORMDL3 and GSDML (26)

Table 1b. Cis-eQTL effect of 13 identified SNPs within the top 500
ofapubliclyavailable GWAS dataset fromthe US-NIDDK Consortium.

Expression

Risk Effect Risk eQTL

SNP Chromosome allele allele Effected gene p-value
rs6512121 19 G + ZNF266 5.61%10"°
rs243323 16 G + Cl6orf75 2.07*10%
rs2298428 22 T - UBE2L3 4.03*10°
rs2066843 16 T + CARDI15 7.94%10°04
rs2927488 19 A + BCL3 1.11%10°4
rs1156287 17 G + CoXI11 5.35*10°¢
rs9303363 17 A + CoXI11 8.65%10°¢
rs725660 19 C + SYMPK 1.24%10°04
rs7142206 14 A + ENTPD5 2.00%10°
rs1005564 14 T + ENTPD5 1.28 *10%
rs3118663 9 G SURF] 5.37 *10°°
rs10278590 7 G RARRESZ2 2.10%10°04
rs359457 5 T CPEB4 6.12 *10°8

which provides a basis for selecting SNPs for replication. Cis-eQTLs
have already been associated with several diseases, such as celiac
disease and asthma (11,12). Our hypothesis is further supported
by results from a recent GWAS in celiac disease in which a cis-eQTL
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effect was seen in 20 out of 38 risk loci identified for celiac disease.
Permutations showed that 50% of SNPs being cis-eQTLs were very
unlikely to occur by chance and were not due to a bias of the genotyping
platform used, nor to differences in minor allele frequency (MAF) (13).
In a recent paper, Nicolae et al. (14) found that SNPs associated with
complex traits are more likely to be eQTLs and that, by using this
information, the discovery of complex disease-associated genes can
be enhanced.

For this study, we first validated our hypothesis that cis-eQTL
SNPs are overrepresented among the currently known CD-associated
SNPs by comparing the amount of established CD-associated SNPs
that are cis-eQTLs with the number of cis-eQTL SNPs expected by
chance (Table 1) (8).

Next, a set of SNPs was selected for follow-up. We did this
by comparing a list of CD risk SNPs with an cis-eQTL SNP database
and aimed to identify novel CD-associated loci by selecting cis-eQTL
SNPs from the top 500 hits from a publicly available CD GWAS (4).
This resulted in 13 putative CD-associated eQTL SNPs, 10 of them
were selected and studied in two independent cohorts of Dutch CD
patients and controls (Fig. 1).

A combined analysis was performed using the data from the
discovery GWAS and both our replication cohorts (4,15). A second
separate meta-analysis was then performed using the data of another
publicly available database of the CD meta-analysis conducted
by Barrett et al. (8) and both our replication cohorts.

Results
CD-associated SNPs are move likely to be cis-eQTLs

To confirm our hypothesis that SNPs associated with CD are more likely
to be eQTLs, we compared the amount of eQTL SNPs in the 30 established
CD SNP with the amount expected by chance. Among the 30 top SNPs,
five eQTLs were found (P < 0.05 corrected for FDR). We found after
100 permutations that this was higher than expected by chance (P =0.01).
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Confirm that eQTL SNPs are
overrepresented in known CD
associated loci

Select top-500
associated SNPs from a CD
GWAS performed by the US
NIDDK Consortium (4)

Identify eQTL SNPs in a
publicly available dataset
(15)

3 eQTL SNPs excluded:
-Two SNPs effect same gene
-NOD?2 (established CD gene)

Replication phase 1:
Analyze 10 eQTL SNPs

Replication phase 2:
Analyze the 3 significant SNPs
from phase 1

-Combined analysis NIDDK +

both replication cohorts
-Combined analysis Barrett ez al.
study + both replication cohorts

Fig.1 Study design.

Allelic association analysis

Results for the allelic association analysis for replication phases 1 and 2
are depicted in Tables 2 and 3. In the first replication phase,
10 SNPs were tested in a Dutch cohort of 777 CD cases and 964 healthy
controls and we observed a significant association with CD for three
SNPs. rs2298428 in UBE2L3 [P = 4.6 x 1024, odds ratio (OR) = 0.73,
confidence interval (Cl) 0.61-0.87], SNP rs2927488 in BCL3 (P=0.011,
OR=0.80,Cl0.68-0.95)and rs725660 in SYMPK (P=0.029,0R=1.16,
Cl 1.01-1.32). In the second replication phase, we performed a follow-up
analysis of these three SNPs in an independent cohort of 762 cases
and 1648 controls. In this second cohort, we did not find any
association for these SNPs (P = 0.70, 0.68, 0.50).
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Combined analysis

The risk-increasing effect could be confirmed in a combined analysis
including the original CD NIDDK GWAS data set and both our replication
cohorts for two SNPs (UBE2L3 P = 5.22x1025, BCL3 P = 2.79x1024).
The risk-increasing effect could not be confirmed for SYMPK with
a P-value of 0.25. In a second combined analysis containing data
of the CD meta-analysis by Barrett et al. (8) and both our replication
cohorts, the risk-increasing effect could be confirmed for both SNPs
(UBE2L3 P =2.40 x 1027 and BCL3 P = 6.46 x 1024). For SYMPK the
risk-increasing effect was not significant (P = 0.06) (Table 3). The
meta-analysis performed by Barrett et al. contains the data of the
GWAS used in the first combined analysis; to prevent overlap, this
GWAS was excluded from the second combined analysis.

Risk alleles and expression

The eQTL SNP alleles associated with increased risk for CD had
diverse effects on the expression of their correlated genes in
a publicly available expression data set (15). For UBE2L3, the gene
most strongly associated with CD, the minor allele that conferred risk
was correlated with a higher expression of UBE2L3 (P = 4.21x1029)
(Fig. 2A). In contrast, the risk variant of the BCL3-associated eQTL SNP
was correlated with the lower expression of BCL3 P = 5.0x1025 (Fig. 2B).

Discussion

We have identified two novel potential risk genes for CD: UBE2L3
and BCL3. The SNPs that correlated with the expression of these genes
were among the top 500 SNPs in the original GWAS but were not
followed up (4,15). The association was strengthened in a combined
analysis with two independent Dutch replication cohorts, although this
could not be confirmed in all replication cohorts. By adding extracted
data from a publicly available meta-analysis, the association of UBE2L3
with CD is even further strengthened and almost reaching genome-
wide significance (P ¥4 2.40 x 1027), whereas the association of BCL3
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was corroborated. In addition, we have shown that prioritizing eQTL
SNPs from the top nominally associated SNPs of a GWAS for follow-up
is a potentially promising strategy for identifying novel risk loci. This
hypothesis is supported by the fact that NOD2, an established CD risk
allele, is among the selected cis-eQTL SNPs in the top 500, although
not in the top regions that were selected for follow-up in the original
US NIDDK GWAS.

UBE2L3, the most significantly associated gene, encodes a protein
involved in ubiquitination. This is the process in which abnormal
or short-lived proteins are modified with ubiquitin to mark them for
degradation. The protein encoded by UBE2L3 ubiquitinates, among
others, the NF-kB precursor p105. The risk allele of the UBE2L3
eQTL SNP correlates with a higher expression of the UBE2L3 gene.
Theoretically, overexpression of UBE2L3 could lead to a quicker
degradation of the NF-kB precursor and thus to a lower production
of NF-kB and consequently a diminished innate immune response.
A similar effect is seen for the CD risk variants of NODZ2, the strongest
CD risk locus. The CD-associated NOD2 variants also lead to an
inadequate innate immune response because of a lack of the NF-kB
precursor (16). Moreover, the protein encoded by UBE2L3 has been
shown in vitro to be involved in natural killer cell cytotoxic function,
which is an important part of the innate immune response (17). SNPs
in UBE2L3 have also been found to be associated with celiac disease,
rheumatoid arthritis and systemic lupus erythematosus (13,18,19),
three immune-related diseases known to share risk loci with CD.
Our study suggests that UBE2L3 is yet another shared risk locus (20).

BCL3, the second likely novel CD risk gene, plays a role
in mediating bacteria-induced colitis. Impaired Bcl3 expression
in dendritic cells from 1110-/- mice leads to an increased expression
of IL23 in reaction to bacterial lipopolysaccharides. BCL3 also
diminishes the inflammatory response induced by bacterial
lipopolysaccharides in macrophages (21). The risk variant associated
with CD in our study is correlated with a low expression of BCL3.
This could point to an increased adaptive immune response
in CD patients mediated by the increased expression of IL23. Indeed,
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IL23 appears to play an important role in the aberrant immune
response that underlies CD (22).

Although the association for UBE2L3 was strengthened in the
combined analysis, we could not confirm it in the individual second
replication phase. This might have several explanations; the first
is possible lack of power. The more recently associated SNPs have
lower ORs than the already established associations, so in order
to detect new associations, the power of the studies needs to increase.
As replication cohorts get exhausted, implementation is difficult.
Secondly, there might be true heterogeneity in the populations we
genotyped. For example NOD2, the most established risk allele for
CD, cannot be confirmed in all populations (23). In favour of the
association is that P-values become more significant after performing
a combined analysis.

Our results show that selecting SNPs with an eQTL effect for
replication is a potentially useful strategy for identifying novel CD
risk genes. One disadvantage is that it will only detect risk loci which
effect gene expression, whereas not all consistently replicated
disease susceptibility loci have such eQTL effects. Therefore,
selecting loci for follow-up on additional criteria (i.e. other functional
effects) could further improve the vyield of this follow-up strategy.

Newly identified CD risk loci can only improve our understanding
of the disease mechanism if the effect of the risk causing variant
is known. This method of prioritizing eQTLs for replication not only
improves the chances of finding relevant associations, but also
provides a lead to functional studies. Since the eQTL SNP variants
correlate with the expression of nearby genes, we would expect to see
a difference in the expression of these genes in relevant tissues taken
from patients and healthy controls. After measuring the expression
of such genes in tissues relevant to the disease, assessing the
functional effects of the differences in model systems might increase
better understanding of CD pathogenesis.

We might have missed associated SNPs because we used gene
expression data of celiac patients and HapMap data for finding
cis-eQTL SNPs. It would be relevant to confirm the eQTL effect
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of SNPs on the expression level of UBE2L3 and BCL3 in blood
or colonic mucosal biopsies of CD patients. Since CD is characterized
by an aberrant immune response, causal variants are probably in the
immune cells, e.g. blood.

In summary, we have identified two novel potential risk genes for
CD, UBE2L3 and BCL3, by prioritizing cis-eQTL SNPs for follow-up from
the top 500 SNPs of a CD GWAS. UBE2L3 is shared between several
immune-related diseases (21), but both loci fit with the proposed role
of aberrant immune responses in CD pathogenesis. This strategy for
following up GWAS data provides both an effective and cost-efficient
way of finding new risk loci and leads for functional studies.

Materials and methods
CD-associated SNPs are more likely to be eQTLs.

We first assessed the 30 SNPs that recently have been reported
to be associated with CD (8). We used two genetical genomics data
sets in a meta-analysis setting, as reported by Heap et al. (15). These
data sets comprise 109 celiac disease samples and 90 HapMap CEU
samples. As the 109 celiac disease samples had been genotyped using
[llumina HumanHap300 arrays, we attempted to impute all HapMap
SNPs using Impute v2 and HapMap CEU release 23a. For 29 of the
30 SNPs, genotype data were eventually available, each having an MAF
of at least 0.05, a call rate of at least 95% and exact HWE P > 0.0001.
We investigated the 12 013 expression probes that were present
in both genetical genomics data sets. We conducted a cis-eQTL analysis
(SNP-probe distance <250 kb, 1000 permutations) and identified five
significant cis-eQTLs (FDR controlled at 0.05) (Supplementary Material,
Fig. S1). We subsequently assessed whether the five cis-eQTLs we
had detected were higher than expected by chance. For each of the
29 included SNPs, we determined the MAF and assessed how many
probes mapped within 250 kb distance. We then selected a random
set of 29 SNPs, but ensured that each randomly selected SNP had an
MAF and number of probes in its vicinity that matched the original
SNP. We subsequently assessed how many significant cis-eQTLs could
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be identified in this permuted set of SNPs (using identical settings
as in the original cis-eQTL analysis). We ran 100 permutations and
observed that none of the permutations identified at least five cis-
eQTLs for the random set of matched SNPs (four cis-eQTLs were found

at most, occurring in nine out of 100 permutations). This indicates that
the top 30 CD SNPs are significantly enriched for cis-eQTLs (P < 0.01).

SNP  rs2298428 (chr. 22, 20312892 bp) UBE2L3 Fig ure 2. EQTL
P-Value 421E-9 P-Value Abs. 4.21E-9 effects
Celiac HapMapCEPH

Figure 2. (A) eQTL effect
— of rs2298428 on the
expression of UBE2L3.
On the X-axis, the three
different genotypes for
SNP  rs2298428 are
displayed and on the
Y-axis the level of
expression for UBE2L3.
Each dot represents the
expression level of UBE2L3
for one individual; the
individuals are grouped

CC (74 CT(29) TT (¢ CC(e4) CT(24) TT (2) per genotype. The Ievel

of expression of gene

g SNP 12927488 (chr. 19, 49923318 bp) BCL3 UBE2L3 is correlated to
P-Value 5E-5 P-Value Abs. 5E-5 .

the different genotypes.

Celiac HapMapCEPH Dataforthisanalysiswere

obtained from publicly

_ available expression

data from  patients
with celiac disease and
HapMap. (B) eQTL effect
of rs2927488 on the
expression of BCL3.
On the X-axis, the three
different genotypes
for SNP  rs2927488
are displayed and on
the Y-axis the level of
expression for BCL3.
Each dot represents the
expression level of BCL3 for one individual; the individuals are grouped per
genotype. The level of expression of gene BCL3 is correlated to the different
genotypes. Data for this analysis were obtained from publicly available
expression data from patients with celiac disease and HapMap.

N

GG(6T) GA(37) AMA(S GG(41) GA(40) AA(9)
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SNP selection

Based on these results, we reasoned that if a high-ranking SNP,
but not reaching genome-wide significance, affect gene expression
in cis, it is more likely to be a true disease association. We decided to
investigate the top 500 SNPs of a publicly available GWAS performed
by the US NIDDK Consortium (http://www.ncbi.nlm.nih.gov/gap) (4).
Four hundred and ninety-eight of these 500 SNPs had been genotyped
or imputed in our genetical genomics data sets. Four hundred and
ninety-four SNPs out of 498 SNPs passed QC (having an MAF of at
least 0.05, a call rate of at least 95% and an exact HWE P . 0.0001).
Using identical eQTL analysis settings, we identified 13 significant
cis-eQTLs. One of these SNPs correlated with the expression of NOD2.
Since NOD?2 is an established CD risk gene, it was not included in our
independent replication study. For two genes, COX11 and ENTPDS5,
we had more than one eQTL SNP in our database, so we selected
the SNP with the strongest eQTL effect for replication because this
is more likely to be a causative variant. In total, we analysed the
10 remaining SNPs for replication in an initial cohort. The three SNPs
that were significantly associated with CD (P, 0.05) were replicated in
an independent second cohort (Fig. 1).

Subjects

Our initial analysis, in which we selected SNPs for follow-up,
was done in a GWAS data set from a US-Canadian cohort of 946 CD
patients and 977 healthy controls (4). The first replication analysis of
the selected SNPs was then performed in a Dutch cohort of 777 CD
patients and 964 healthy controls (Replication cohort I). The CD
patients for this replication were collected by the University Medical
Centre Groningen (n = 322) and by the Academic Medical Centre
in Amsterdam (n =455) (24). The 964 healthy controls were blood donors
recruited from donor centers in Utrecht and Amsterdam (Table 2) (25).

The SNPs that were found to be associated with CD in Replication
cohort | (P < 0.05) were genotyped in a second cohort (Replication
cohort Il) of 762 Dutch CD patients and 1684 Dutch controls.
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The CD patients for the second cohort were collected by the University
Medical Centre Leiden (n = 287), the VU University Medical Centre
in Amsterdam (n = 317) and the Radboud University in Nijmegen
(n = 158). The healthy controls were blood donors recruited from the
donor centre in Groningen (n = 720) and healthy controls participating
in a chronic obstructive pulmonary disease GWAS (n = 964).

Barrett et al. (8) performed a meta-analysis based on three GWAS
performed by the US NIDDK consortium, The UK Wellcome Trust Case
Control Consortium and a Belgian- French collaboration. This analysis
contained a total of 3230 cases and 4829 controls. The results were
used in a second combined analysis. Recruitment of participants was
approved by the institutional review boards of each of the hospitals,
and informed consent was obtained from all participants.

Genotyping

Genotyping of all CD cases from both replication cohorts was
performed using TagMan technology (Applied Biosystems, Foster
City, CA, USA). SNP genotyping assays were obtained from Applied
Biosystems and genotyping was carried out as recommended by the
manufacturer. The patient DNA samples were processed in 384-well
plates, each plate containing 16 genotyping controls [four duplicates
of four DNA samples from the Centre d’Etude de Polymorphisme
Humain (CEPH)]. All SNPs were successfully genotyped in more than
95% of all samples. We had 99% concordance between our genotype
data and the CEPH data available from HapMap. Genotyping of the
controls was performed on either the Illlumina Human 610-Quad
or 670-Quad-custom Beadchips, following the manufacturer’s protocol
(Hlumina Inc., San Diego, CA, USA). Quality control on this data was
performed by excluding all SNPs that were out of Hardy- Weinberg
equilibrium (HWE) [P-value (HWE) < 0.001] and only including SNPs
that were successfully genotyped in 99% of all the samples.

All selected SNPs in the control population were in HWE.
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Statistical analysis

Differences in allele and genotype distribution between cases
and controls of the individual cohorts were tested for significance
by the x2 test. The significance threshold for P-values was set at 0.05.
ORs were calculated and the Cls were approximated using Woolf’s
method with Haldane’s correction. A combined analysis of the initial
analysis and of the replication phases was performed with the METAL
program (http://www.sph.umich.edu/csg/abecasis/metal). A second
meta-analysis of both the replication phases and the publicly available
Barrett et al. database was performed. Only P-values were available,
so a weighted z-score meta-analysis was performed. This analysis
was performed separately because the Barrett et al. database is based
on a meta-analysis which contains the data of the GWAS performed
by the NIDDK.
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Supplementary figures

eQTL effects of five known Crohn’s disease associated loci. (a) GSMDL
(b) SLC22A5 (c) ORMDL3 (d) UBETL (e) RNASET2 On the X-axis the
three different genotypes are displayed, on the Y-axis the level
of expression for each gene. Each dot represents the expression
level of the gene for one individual; the individuals are grouped
per genotype. The level of expression of each gene is correlated
to the different genotypes. Data for this analysis were obtained from

publicly available expression data from patients with celiac disease
and HapMap.
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Abstract

Background: The PTPN22 gene is an important risk factor for human
autoimmunity. The aim of this study was to evaluate for the first time
the role of the R263Q PTPN22 polymorphism in ulcerative colitis (UC)
and Crohn’s disease (CD), and to reevaluate the association of the
R620W PTPN22 polymorphism with both diseases.

Methods: A total of 1677 UC patients, 1903 CD patients, and 3111
healthy controls from an initial case-control set of Spanish Caucasian
ancestry and two independent sample sets of European ancestry
(Dutch and New Zealand) were included in the study. Genotyping was
performed using TagMan SNP assays for the R263Q (rs33996649)
and R620W (rs2476601) PTPN22 polymorphisms. Meta-analysis was
performed on 6977 CD patients, 5695 UC patients, and 9254 controls
to test the overall effect of the minor allele of R620W and R263Q
polymorphisms.

Results: The PTPN22 263Q loss-of-function variant showed initial
evidence of association with UC in the Spanish cohort (P =0.026, odds
ratio [OR] = 0.61, 95% confidence interval [CI]: 0.39-0.95), which was
confirmed in the meta-analysis (P = 0.013 pooled, OR = 0.69, 95% Cl:
0.51-0.93). In contrast, the 263Q allele showed no association with
CD (P =0.22 pooled, OR =1.16, 95% Cl: 0.91-1.47). We found in the
pooled analysis that the PTPN22 620W gain-of-function variant was
associated with reduced risk of CD (P = 7.4*10° pooled OR = 0.81,
95% Cl: 0.75-0.89) but not of UC (P = 0.88 pooled, OR = 0.98, 95% ClI:
0.85-1.15).

Conclusions: Our data suggest that two autoimmunity-associated
polymorphisms of the PTPN22 gene are differentially associated
with CD and UC. The R263Q polymorphism only associated with UC,
whereas the R620W was significantly associated with only CD.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are the main types
of inflammatory bowel disease (IBD). They are relapsing and chronic
inflammatory disorders that result from the complex interaction
of genetic, immune, and environmental factors. It is estimated that
the current number of loci associated with IBD only explain 10%-20%
of the genetic risk attributed to UC and CD. Thus, additional genetic
contributions clearly remain to be discovered [1-4].

The protein tyrosine phosphatase nonreceptor 22 (PTPN22)
gene encodes the gatekeeper of T-cell receptor (TCR) signaling,
protein tyrosine phosphatase (PTP, also known as LYP), and
as such is a compelling candidate risk factor for IBD. In T cells, LYP
(lymphoid tyrosine phosphatase) potently inhibits signaling through
dephosphorylation of several substrates, including the Src-family
kinases Lck and Fyn, as well as ZAP-70 and TCRzeta. Moreover,
PTPN22 has emerged as an important genetic risk factor for human
autoimmunity [5-8]. Specifically, two missense single nucleotide
polymorphisms (SNPs), both with functional influence, [6,8-12]
have been associated with autoimmune diseases. The R620W
(1858C>T, rs2476601) polymorphism in exon 14 of PTPN22 was
first associated with type 1 diabetes (T1D), and subsequently with
autoimmune disorders such as rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), IBD, and other autoimmune diseases
[13-16]. The R620W variation disrupts the interaction between Lck
and LYP, leading to reduced phosphorylation of LYP, which ultimately
contributes to gain-of-function inhibition of T-cell signaling [17]. The
Q minor allele of R263Q (788G>A, rs33996649) in exon 10, within
the catalytic domain of the enzyme, is a loss-of-function mutation
that confers protection against development of SLE and RA [12,18].
In this study we sought first to determine whether the newly described
amino acid substitution, R263Q (788G>A, rs33996649) is associated
with altered susceptibility to CD and UC and, second, to reevaluate
the influence of the R620W (1858C>T, rs2476601) polymorphism on
these diseases by conducting a case-control study and meta-analysis.
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Materials and methods
Case-Control Study
Study Population

A total of 1903 CD patients, 1677 UC patients, and 3111 healthy
controls from an initial case-control set of Spanish Caucasian ancestry
(699 CD patients, 658 UC patients, and 1685 healthy controls) and two
independent sample sets of European ancestry from The Netherlands
(694 CD patients, 548 UC patients, and 863 healthy controls)
and New Zealand (510 CD patients, 471 UC patients, and 563 healthy
controls) were included in the case-control study. All IBD patients
were diagnosed according to standard clinical, endoscopic, radiologic,
and histopathologic criteria [19-21]. Control individuals were matched
by Caucasian origin, age, and gender. Written informed consent
was obtained from all participants. The study was approved by the
Ethics Committee of the Spanish and Dutch hospitals, and by the
Upper (cases) and Lower (controls) South Regional Ethics Committees
of New Zealand.

PTPN22 Genotyping

DNA from patients and controls was obtained using
standard extraction methods. Samples were genotyped for SNP
rs33996649 using a Custom TagMan SNP Genotyping Assay
(Applied Biosystems, Foster City, CA). The primer sequences were:
forward 5° TTTGAACTAATGAAGGCCTCTGTGT 30’ and reverse 5’
ATTCCTGAGAACTTCAGTGTTTTCAGT 3’. The specific minor groove
binder probe sequences were 5’ TTGATCCGGGAAATG 3’ and 5’
TTGATCCAGGAAATG 3’. The samples were genotyped for rs2476601
polymorphism via TagMan 50 allelic discrimination assay using
a predesigned probe (Part number: C__16021387_20; Applied
Biosystems). To verify the genotyping consistency 10% of samples
from each studied cohort were genotyped twice. The concordance
between original and repeat genotypes was 99%. The genotype call
rate was >90% for all studied populations.
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Data Analysis

Deviation from Hardy-Weinberg equilibrium (HWE) was tested
by standard chi-square analysis. The differences in genotype
distribution and allele frequency among cases and controls were
calculated by contingency tables and when necessary by Fisher’s
exact test. An association was considered statistically significant if
P < 0.05. Linkage disequilibrium (LD) measurements (r2) between
rs33996649 and rs2476601 were estimated by the expectation-
maximization algorithm using HAPLOVIEW v. 4.1 (VC Broad Institute
of MIT and Harvard 2008, Cambridge, MA). Case-control association
analysis was performed using PLINK (v. 1.07) (http://pngu.mgh.
harvard.edu/purcell/plink/) to estimate odds ratios (OR) and 95%
confidence intervals (Cl) [22]. To test for associations of the PTPN22
polymorphisms with clinical features, a univariate analysis using chi?
or Fisher’s exact test was applied. The Montreal Classification [19]
criteriawere used to determine the clinical variables. We compare each
variable with the healthy controls and within cases (see Supporting
Information Tables 1-4). Multiple testing was corrected by false
discovery rate control (pFDR). Analysis was conducted using PLINK
(v. 1.07) and Stats Direct (v. 2.6.6 http://www.statsdirect.com) software.

Meta-analysis
Study Selection and Data Extraction

To estimate the common effectof the PTPN22 R620W polymorphism
on IBD we conducted a search on MEDLINE and PUBMED electronic
databases up to April 2010 to identify available articles in which this
polymorphism was genotyped in patients with CD or UC and healthy
controls. The search strategy included Medical Subject Heading
(MeSH) terms and text words as follows: ‘“‘Inflammatory Bowel
Disease’’ [MeSH] OR‘“Crohn’s Disease’’[MeSH]) OR ““Colitis, Ulcerative’’
[MeSH] AND ““PTPN22 protein, human ’[Substance Name] OR PTPNZ22.
References in the studies were reviewed to identify additional studies
not indexed by MEDLINE. Studies for the meta-analysis were selected
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if they met the following conditions: 1) diagnosis and phenotype was
established by means of the Vienna or Montreal Classifications [19-21];
2) data were collected in Caucasian populations; 3) the study had
a case-control design; 4) the SNPs genotyped were rs2476601
or rs6679677 (both are in complete linkage disequilibrium in Caucasian
populations, http://www.hapmap.org); 5) the study supplied enough
information to calculate the OR, or the authors provided the data
by personal communication (the authors of articles which did not show
complete data were contacted by email); 6) the study provided original
data (independent of other studies included in the meta-analysis);
and 7) the article was published in a peer-reviewed journal as a full
article, not as an abstract or similar type of summary. Our systematic
review of the literature identified 28 potential studies for the meta-
analysis of R620W in IBD [13,16,23-47]. A total of 15 studies were
not included in our analysis [13,27,28,31-36,38,39,41,44-46]. Five
of these were not case- control studies[31,34,35,38,41] and three
did not genotype rs2476601 or rs6679677 [27,28,36]. Another five
did not supply enough information to calculate the OR [13,32,44-46].
One included some samples of our Spanish cohort [33] and another
was carried out only on patients with ileal CD [39].

Data Analysis

The analysis of the combined data from all populations was
performed using Stats Direct software, v. 2.6.6. The summarized ORs
and Cls were obtained by means of both the random (DerSimonian-
Laird) and the fixed (Mantel-Haenszelmeta-analysis) effect models.
The heterogeneity of ORs among cohorts was calculated using Breslow-
Day test. The statistical power of the R263Q and R620W meta-analysis
was 97%, 99% for CD, and 96%, 99% for UC, respectively (assuming
a P = 0.01; disease prevalence of 0.1% and allele frequency of 5%;
done using CaTS software http://www.sph.umich.edu/csg/abecasis/
CaTS/index.html).
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Results

R263Q Polymorphism of PTPN22 Is Associated with Reduced Risk of UC

First we conducted an association study in a case-control set
of Spanish Caucasian ancestry. The distribution of the allelic frequencies of
the two polymorphisms, R263Q and R620W (Tables 1, 2) were in HWE
both in patients and controls. As previously reported, [12,18] no LD
between the PTPN22 R263Q and R620W genetic variants was
observed in any population (r2 < 0.03 for each studied population).
We observed that the 263Q allele was significantly associated with
UC (P = 0.026, OR = 0.61, 95% CI: 0.39-0.95) but not with CD
(P=0.07,0R=1.34,95%Cl: 0.97-1.85) (Table 1). We then conducted
a follow-up study in two independent Caucasian populations.
The case-control analysis in the Dutch and New Zealand cohorts
did not show significant association with the R263Q polymorphism
in either the CD (Dutch: P = 0.98, OR = 0.99 95%, Cl:0.64-1.55, New
Zealand: P = 0.87, OR = 0.95, 95% CI: 0.52-1.74) or the UC sample
sets (Dutch: P = 0.58, OR = 0.87, 95% CI: 0.53-1.43, New Zealand:
P=0.17, OR = 0.61, 95% Cl: 0.30-1.24) (Table 1). Our combined
analysis of the three studied Caucasian sample sets did not reveal
a significant association between the R263Q polymorphism and CD
(P=10.22 pooled, OR =1.16, 95% CI: 0.91-1.47) but it did strengthen
the initial association observed in UC in the Spanish sample set
(P = 0.013 pooled, OR = 0.69, 95% CI: 0.51-0.93) (Table 1; Fig. 1),
suggesting that the 263Q variant of the PTPN22 gene may reduce the
risk of UC.

620W Allele of PTPN22 Is Associated with Reduced Risk of CD

In order to reevaluate the role of the R620W polymorphism of
the PTPN22 gene on IBD, we conducted a case-control study in the
three Caucasian cohorts. We did not observe a significant difference
in genotype or in the minor allele frequency (MAF) between CD patients
and healthy controls in the Spanish sample set (P =0.11, OR = 0.81,
95% Cl: 0.62-1.1). In contrast, we observed that the R620W variant was

65



CHAPTER 4

associated with reduced risk of CD in the Dutch sample set (P = 0.036,
OR = 0.76, 95% Cl: 0.58-0.98) and in the New Zealand sample set
(P=0.014,0R=0.67,95%Cl: 0.49-0.92) (Table 2). For the UC analysis,
we did not observe a significant difference in either the Spanish or
the New Zealand sample sets for the R620W polymorphism (Spanish:
P =0.68, OR = 1.05, 95% Cl: 0.82-1.35, New Zealand: P = 0.93, OR
= 0.99, 95% CI: 0.73-1.32). However, the 620W allele was associated
with a reduced risk of UC in the Dutch sample set (P = 0.015, OR
= 0.70, 95% Cl: 0.52-0.93) (Table 2). We performed a meta-analysis
to reevaluate the role of the R620W polymorphism in IBD. From the
remaining 13 studies, three studies fulfilled inclusion criteria for
meta-analysis of the R620W PTPN22 polymorphism in UC,[24,30,37]
and Silverberg et al. [40] provided the minor allele frequencies
of R620W in their initial cohort by personal communication.
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In CD, eight studies fulfilled inclusion criteria

-~ = 2 2 = for meta-analysis of the R620W PTPN22
g 3 3 £ g polymorphism, [23,25,29,30,37,42,43,47]
5z & 2 B = and Duerr et al. [26] provided the minor
-7 c: - allele frequencies of R620W in their
. 2 3 ;:; % initial cohort by personal communication.
z . z . z - : - 2 . A strong association between the 620W
0% g ol oo variant and CD was demonstrated
R YR (P=7.4*10°° pooled, OR = 0.81, 95% CI:
h mr=2Ta 0.75-0.89) (Table 2; Fig. 2). This confirms
goradoroas the association of the reduced risk
i i i t i i i :: j i observed between this allele and CD
TZAY2FRE2E in our initial case-control study in the
o e e e o Dutch and New Zealand sample sets and
cesTEsees in the previous meta-analysis reported
o by Barrett et al. [13]. In contrast, no
Al R i J g association was observed between the
eRRsEEdLEl 620W allele and UC (P = 0.88 pooled, OR
nuemanagy =0.98, 95% Cl: 0.85-1.15) (Table 2; Fig. 2).
EEHREZZEEZ| 2| 620WAllele of PTPN22 Is Associated with
7 @ g % |3 Reduced Risk of lleal Location in CD
j‘_ %1 4 Z_'I % i 2% :‘ = We evaluated the possible associations
2:8:28z2828&% of the R263Q and R620W variants
%_é %_é %_ $5% %é of PTPN22 with the clinical phenotypes of
558583883888 UC and CD (Supplementary Tables 1-4).

Meta-analysis revealed the 620W variant
was significantly associated with reduced
risk of ileal location of CD when
compared to healthy controls (P FDR
corrected = 9*10°) pooled OR = 0.64,
95% ClI = 0.49-0.84, Supplementary
Table 2). We observed no significant
association of the R263Q polymorphism
with CD or UC clinical manifestations.

alculated through the fixed effects model. Breslow-Day P

PMeta-analysis calculated through the random effects model. Breslow-Day P

CD, Crohn’s disease. UC, ulcerative colitis. P-value for the minor allele

Van Oene et al. (2005) Canadian
Wagenleiter et al (2005) German
“Meta-analysi

WTCC (2007) Caucasian

=
U
2
<
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Crohn’s disease Uleerative Colitis
Spanish -—.— 1,34 (0,95, 1.88) —.’— 0561 (038, 0.96)
Dutch _.—_ 0.99 (0,62, 1,58) . 0.87 (0.51. 1.46)
New Zealand = 0,95 (0,49, 1,89) L 061025, 1.29)
combined fiired] —_ 1,16 (0,91, 1,48) —v— 0,69(0,52,093)
r T , r T !
02 05 2 02 05 i 2

odds ratio (33% confidence inierval) odds ratio (95% confidence fnterval)

Figure 1. Forest plots for the meta-analyses of the PTPN22 R263Q (G788A;
rs33996649) polymorphism in CD and UC. The analyses correspond to the
frequency of the minor (A) allele in the three Caucasian IBD sample sets.

Discussion

This article reports for the first time the role of the newly identified
R263Q polymorphism of PTPN22 in IBD. In addition, we performed
a case-control study in Spanish, Dutch, and New Zealand populations
and a meta-analysis to assess the role of the R620W PTPN22
polymorphism with CD and UC. Our results indicate that there is
a differential association of the R263Q and R620W polymorphisms
with IBD. On the one hand, the PTPN22 263Q loss-of function variant is
a protective factor for UC, with no relationship to CD; on the other hand,
the 620W gain-of-function variant confers protection against CD, while
showing no association with UC. The effect size observed between the
R263Q polymorphism and UC (0.69) is similar to that reported for SLE
(i.e., 0.63) by Orru et al. [12,18] suggesting that this polymorphism
could be another common genetic component in autoimmunity.
In addition, we confirmed in the Dutch and New Zealand CD cohorts,
together with a combined analysis, the previously reported protective
role of the 620W allele in CD but notin UC[12,13,23,26,32,39,45-47].
Thus, there is support for the hypothesis that both outcomes of IBD
have a partially different genetic component. On the other hand, we
have reported evidence of a reduced risk factor of the 620W allele
in the ileal location of CD. Nevertheless, these result should be
taken cautiously, since we observed no significant difference when
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comparing the ileal location against colonic/ileocolonic location
of the disease. This may be an artifact of low statistical power
of these stratified analyses (i.e., 50%-65% power). Replication studies
are needed to confirm this new finding. Increased emphasis has
been placed in the recent years on predictive biomarkers to predict
the onset or future course of disease.48 In this regard, the present
report supports the idea that subtle genetic differences combined
with assessment of the pattern of critical mediators (i.e., presence of
autoantibodies) may be useful for tracing progression of the disease.

To determine the immunological implications of the differential
association of R263Q and R620W PTPN22 polymorphisms with CD
and UC, functional approaches are required. Nevertheless, there
is strong evidence to suggest that the 263Q allele is a loss-of-function
variant which is less effective in reducing TCR signaling than 263R[12].
This supports the hypothesis that positive modulation of the TCR
helps in reestablishing tolerance in at least a subset of autoimmune
patients [6,49]. This functional evidence, together with the significant
association that we observed with UC, suggests that TCR signaling
is more important in this disease than in CD. Actually, autoantibodies
are more often detected in UC than in CD patients. It is estimated
that 60%-70% of UC patients are positive for atypical antineutrophilic
cytoplasmic antibodies, whereas only few CD patients present
autoantibodies (atypical antineutrophilic cytoplasmic antibodies
5%-25%, pancreatic autoantibodies 27%-37%, and thrombophilia-
associated antibodies 3%-37%) [50].

The present study confirms that the 620W allele is associated with
a reduced risk of developing CD, in contrast to the increasing risk
that this genetic variant confers to other autoimmune diseases such
as T1D, SLE, and RA [6,14-16]. Several authors have shown that 620W
PTPN22 is a gain-of-function variant that reduces TCR signaling leading
to decreased elimination of potentially autoreactive T cells and/or
decreased production of natural regulatory T cells (Treg) (reviewed [6]).
This could explain the loss of tolerance that takes place in autoimmune
diseases like T1D, SLE, and RA, but not the protective role 620W allele
appears to confer against CD. A possible explanation could be that IBD
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may represent an inappropriate immune response to the commensal
microbiotain a genetically predisposed host[3], mimicking an infection
process. This hypothesis is supported by the fact that the 620W allele
confers protection towards some highly prevalent infectious diseases
[6]. Previous studies have reported a significant protective role
of the 620W allele in tuberculosis (TB) [51,52]. Moreover, the R263Q
polymorphism has been associated with increasing risk to develop
TB [52], the opposite of the reported associations with SLE [12]
and RA [18] and UC in the present study. Our findings suggest that
many of the genetic loci involved in autoimmunity may be under
balanced selection due to antagonistic pleiotropic effects. Genetic
variants such as R620W and R263Q with opposite effects in different
diseases may facilitate the maintenance of common susceptibility
alleles in human populations [6,46,53]. Moreover, our results also
support the idea that CD and UC differ in some genetic risk factors,
thereby suggesting the involvement of different immunological
mechanisms with a related nature [24,45,46,54,55].
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Abstract

Background: Genome-wide association studies of two main forms
of inflammatory bowel diseases (IBD), Crohn’s disease (CD) and
ulcerative colitis (UC), have identified 99 susceptibility loci, but these
explain only ~23% of the genetic risk. Part of the ‘hidden heritability’
could be in transmissible genetic effects in which mRNA expression
in the offspring depends on the parental origin of the allele (genomic
imprinting), since children whose mothers have CD are more often
affected than children with affected fathers. We analyzed parent-of-
origin (POO) effects in Dutch and Indian cohorts of IBD patients.
Methods: We selected 28 genetic loci associated with both CD and UC,
and tested them for POO effects in 181 Dutch IBD case-parent trios.
Three susceptibility variants in NOD2 were tested in 111 CD trios and
a significant finding was re-evaluated in 598 German trios. The UC-
associated gene, BTNL2, reportedly imprinted, was tested in 70 Dutch
UC trios. Finally, we used 62 independent Indian UC trios to test POO
effects of five established Indian UC risk loci.

Results: We identified POO effects for NOD2 (L1007fs; OR = 21.0,
P-value = 0.013) for CD; these results could not be replicated in
an independent cohort (OR = 0.97, P-value = 0.95). A POO effect
in IBD was observed for IL12B (OR = 3.2, P-value = 0.019) and PRDM1
(OR = 5.6, P-value = 0.04). In the Indian trios the IL10 locus showed
a POO effect (OR = 0.2, P-value = 0.03).

Conclusions: Little is known about the effect of genomic imprinting
in complex diseases such as IBD. We present limited evidence for POO
effects for the tested IBD loci. POO effects explain part of the hidden
heritability for complex genetic diseases but need to be investigated
further.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are the two main
forms of chronic relapsing inflammatory bowel diseases (IBD). With
a cumulative prevalence of up to 800 per 100,000 in Europe and
570 in North America [1], it is considered one of the most common
immune-related diseases worldwide. Typically, from their second or
third decade on, patients suffer from a chronic relapsing inflammation
of the gut, which is often accompanied by extra-intestinal
manifestations and complications that can be extremely debilitating
and severe. Treatments are costly and often insufficient and can be
accompanied by severe side-effects [2]. Hence, there is an urgent
need for new therapeutic targets and curative medication. The
pathogenesis is largely unknown and it is currently thought that an
aberrant immune response to commensal microflora in a genetically
susceptible host underlies the disease [3].

Prior to the introduction of genome-wide association studies (GWAS),
only three loci had been consistently associated with either form of
IBD. Over the past six years, multiple GWAS and meta-analyses have
yielded a lengthening list of variants associated with CD (71 confirmed
independent genetic risk loci) and UC (47 loci) [4,5]. Nevertheless,
despite this encouraging progress, as much as 77% of the estimated
heritability for CD and 72% for UC is still considered to be unexplained
[4,5]. Thus, one of the challenges in the post-GWAS era is to identify
potential sources of this ‘hidden heritability’ [6], which may reside
in associated variants with lower odds ratios, gene-gene interactions,
gene-environment interactions, and/or structural variation.

In addition, parent-of-origin effects (POO) may comprise a piece
of the missing heritability puzzle in IBD, as suggested by Akolkar et al.
[7]. They show that offspring of mothers with CD are at higher risk
for CD than when fathers are affected. More recently, Zelinkova et al.
showed there was maternal imprinting and female predominance
in familial Crohn’s disease [8]. This could be explained with at least
two distinct types of POO mechanisms (Fig. 1). If the paternal allele
is inactivated by genomic imprinting, then expression of the locus
is determined only by the maternal allele (Fig. 1a). If this effect is not
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Figure 1.
Distinct types of
parent-of-origin
mechanisms
tested in this
study.

Fig. 1a. Genomic
imprinting.
Genomicimprinting
is characterized
by consequent
silencing of one
allele, dependingon
the parental origin.
In the example
shown above a
normal situation
is displayed on
the left and the
genomic imprinting
is shown on the
right; red is the
risk allele and bleu
is the wild type
allele. The maternal
genotype is
heterozygous, the
father’s genotype
is homozygous
wild-type.
Offspring in the
left scenario have
anhormal phenotype
since the paternal
wild-type allele is

expressed in the heterozygous offspring and the mutated allele of the mother
is thus rescued by the paternal allele. On the right genomic imprinting is
shown, reflecting the O-term in the method used to test for parent of origin
effects. In this example there is a significant genomic imprinting effect and
the OR >1 so the paternal allele is silenced (see materials and methods section
statistical analysis). We assume an additive or recessive model of inheritance.
Two possible outcomes are listed, if the offspring inherits the risk allele
from the mother and the wild-type allele from the father is subjected
to genomic imprinting, then only the risk allele is expressed, thus the
offspring is affected by the mutated allele from the mother.
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Maternal effects
A = risk allele M Increased risk (> Female

a = wild type allele M Populationrisk [ ] Male

Mother homozygous mutant, B-term significant

@A x [Aa] )l( )\(
Aa

8

|

Mother heterozygous, y-term significant

T )l( @ x [ad]
aA aa aA aa

Fig. 1b. Maternal effects. Maternal effects are effects of the maternal
genotype on the fetal phenotype, irrespective of the fetal genotype, these
effects are reflected by the B- and y-terms in the likelihood ratio test that was
used to test for parent of origin effects in our study. In the example given
above, the B- and y-terms are significant with an OR >1, meaning that the risk
of disease is higher if the mother carries two or one risk allele respectively.
A recessive or co-dominant model is assumed, and higher expression
of the mutant allele leads to disease. If the genotype of the offspring is red,
then maternal effects cause increased disease risk and if it is green than
the normal population risk applies. If the mother is homozygous wild-type,
no maternal effects occur. If she is homozygous mutant or heterozygous for
the risk allele, the offspring is subjected to maternal effects and thus has
an increased disease risk. Note that the wild-type homozygous offspring has
a higher disease risk if both parents are heterozygous.

taken into account, there may be a significant loss in the statistical
power of genetic association studies [9,10]. Secondly, maternal effects
such as diet or genotype affect the environment for the developing
fetus (Fig. 1b). It is thought that maternal proteins or circulating RNA
passes the placental barrier and may cause changes in the epigenome
of fetal DNA, thereby influence its phenotype.
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Inthis study, we tested for these two types of POO effects in IBD by using
a likelihood ratio test developed by Weinberg [11]. A previous version
of this method (parental asymmetry test) has already successfully
identified a POO effect in another complex genetic disease, type 1
diabetes [12].

Materials and methods
Ethical considerations

This study was approved by the institutional review boards (Institutional
ethical committee, Dayanand Medical College and Hospital, Ludhiana
and Institutional ethical committee, University of Delhi South Campus;
Ethical Review Board of the Medical Faculty of the Christian-Albrechts-
University of Kiel; Institutional review board, University Medical Centre
Groningen, The Netherlands) of each of the hospitals and written
informed consent was obtained from all subjects personally.

Table 1. Phenotypic characterization of subjects with Crohn’s disease.

Number No. of

Cohort of trios males (%) AOO lleal Colonic Illeocolon Upper Gl
Dutch CD 115 39 (34%) 24 23 28 64 11
German CD 598 N/A N/A N/A N/A N/A N/A

Table 2. Phenotypic characterization of subjects with ulcerative colitis.

Number  No. of Left-
Cohort of trios males (%) AOO Proctitis sided Extended Unknown
Dutch UC 72 30 (42%) 25 8 19 38 5
Indian UC 62 45 (73%) 28 22 15 20 5

N/A not available, AOO average age of onset. Cases and disease location are
given according to the Montreal classification. for CD L1, L2, L3 and L4; for
UCET1, E2, E3. No phenotypic information was available for the German cohort.

Genotyping and quality control

All Dutch and Indian subjects were genotyped using the lllumina
Immunochip (iCHIP) (lllumina Inc., San Diego, California, United
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States of America), which is a custom-made genotyping array that
contains ~200,000 single nucleotide polymorphisms (SNPs) focusing
on immune-mediated diseases [15,16]. Genotyping was performed
according to the manufacturer’s protocol. Genotyping clusters of the
SNPs included in the current analysis were checked manually using
GenomeStudio software by lllumina Inc. [15,16]. Individuals with
a call rate < 95% and/or discordant gender information, and SNPs
with a call rate < 98% were removed from further analysis. Identity-
by-descent analysis by Plink software was used to test for incorrect
family relations (Mendelian errors) in the trios, but no mismatches
were identified.

SNP selection

For this study we used several strategies to select SNPs. First,
to gain power we pooled the Dutch UC and CD trios and tested for POO
effects in 28 established IBD loci that are both associated to CD and
UC [4]. To avoid losing significance due to multiple testing correction
we tested the 28 overlapping loci instead of all 99 associated risk
loci. Variant rs736289 is not present on iCHIP and no proxy (r2 > 0.5)
could be found. Two variants (rs12261843, rs181359) were also
not captured by iCHIP, but we identified perfect proxies using SNAP
software: rs12261843 was represented by rs12254167 (r2=1;D’=1)
and rs181359 was represented by rs2266961 (r2 =1; D’ =1) [17].
Second, we aimed to test for the existence of POO effects in the UC
risk SNPs established in Indians [18]. In addition, we aimed to include
SNPs from known imprinted genes in our analysis. For this, a publicly
available database of known imprinted genes was compared with all
99 IBD-associated loci [19]. The associated locus was defined as the
region of r2 > 0.5 flanking the most significantly associated SNP, then
extended to the nearest recombination hot-spot, and from there for
an extra 100 kb. Comparison of IBD-associated genes with the known
imprinted genes resulted in the inclusion of one extra gene, BTNL2;
since this is a UC-specific locus it was only analyzed in the Dutch and
Indian UC cohorts. SNP rs9268853 is the reported UC risk SNP in the
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Caucasians and was tested in the Dutch trios, rs3763313 was tested
for POO effect in the Indian trios since this is the reported risk SNP in
the Indian population. Lastly, we included NOD?2 since it is the most
strongly associated gene and is most replicated in association studies
of CD in populations of western European descent. Three common
disease-susceptibility variants (G809R, R702W, and L1007fs) were
therefore tested for POO effects in the Dutch CD trios, and subsequently
the L1007fs variant was tested in the German replication cohort [20].

Statistical analysis

A power analysis was performed with Quanto software [21]
and showed that in Dutch trios (n = 181) we had more than 80%
power to detect POO effects of OR > 3 in variants with MAF > 0.025.
In Indian trios (n = 62) we had 80% power to detect POO effects
of OR > 3 in variants with MAF > 0.075 (see Fig. S1). POO effects
were calculated by a log-likelihood ratio test, which is a statistical
test used to compare the fit of the null hypothesis (i.e. no evidence/
presence of POO in our case) and the alternative hypothesis. The test
is based on the likelihood ratio, which expresses how many times
more likely the data are under one model than the other and can
be used to decide whether to reject the null model in favor of the
alternative model. Weinberg et al. [11] have developed a log-linear
model when a case-parents triad is genotyped and jointly classified
according to the number of copies of a particular allele carried by the
mother, father, and child (denoted as “M,” “P,” and “C,” respectively),
there are 15 possible outcomes (i.e. mating types). The family-specific
outcomes (i.e., the cell into which a particular triad is classified) are
independent, provided that each family contributes only one case.
The counts based on classification of the triads studied can therefore
be thought of as distributed according to a 15-cell multinomial.
The method is based on consideration of mating types in which the
mother and father carry unequally many copies of the variant allele,
with further stratification on the number of inherited copies of the
allele, C. This second level of conditioning (on C) effectively removes
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any effects related jointly to the inherited number of copies and the
parental-allele counts M, P. In short, the method is valid if inheritance
of allele is Mendelian, if there is parental symmetry within mating
types in the population studied, and if the gene under study is not
in linkage disequilibrium with another disease-susceptibility gene.
First, the relative penetration of the risk allele of the child is established
by determining the parental origin of the risk allele. In the latter,
the difference in disease risk is compared for the varying amounts
of risk alleles carried by the mothers; the genotype of the child is
not relevant. The likelihood ratio test calculates a-, R-, and y-terms.
The a-term indicates the significance level for genomic imprinting
effects: if OR > 1, the risk allele is transmitted more often from the
mother to the patient and if OR < 1 then it is transmitted more often
from the father. The i- and y-terms indicate the prenatal effect of the
maternal genotype when the mother carries two risk alleles or one
risk allele, respectively. When the R- or y-term is significant and OR > 1
then the child has more chance of getting the disease due to maternal
effects. If OR < 1 then the child has less chance of developing the
disease as a consequence of this prenatal effect. Bonferroni multiple
testing corrections were applied to the four different analyses.

Results

DNA of 249 complete IBD trios was available for our study,
of which four CD (4/115) and two Dutch UC trios (2/72) did not pass
the quality control. Therefore 243 IBD trios (111 CD, 70 Dutch UC
& 62 Indian UC) were available for the discovery phase of the study.
Our findings were then replicated in an independent replication cohort
consisting of 598 German CD trios.

Parent-of-origin analysis in Dutch IBD trios

A nominally significant genomic imprinting effect was found in the
IL12B gene (a term: P =0.019; OR = 3.2), with OR > 1 indicating that
the risk allele is more often transmitted from the mother to the child.
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Table 3. Results of the parent-of-origin (POO) analysis of Dutch IBD
Trios (n = 181) for the 28 known SNPs shared between ulcerative

colitis and Crohn’s disease.

SNP Gene RA px ORoa p-R ORR py ORy
rs11209026 IL23R G 0.6 0.6 1.0 1.6 1.0 1.0
rs7554511 KIF21B C 0.2 1.7 0.5 0.7 0.6 0.8
rs3024505 IL10 A 0.4 1.5 0.4 0.5 0.3 1.5
rs7608910 REL G 0.4 0.7 0.7 0.8 0.8 0.9
rs2310173 ILTR2 T 0.5 1.4 0.3 0.5 0.7 0.9
rs3197999 MSTI A 0.5 0.8 0.6 1.4 0.3 1.4
rs6451493 PTGER4 T 0.1 2 0.5 1.6 0.4 1.6
rs6871626 IL12Bs A 0.019 3.2 0.003 0.2 0.2 0.6
rs6556412 IL12BS A 1.0 1.0 0.9 1.0 0.9 0.9
rs6908425 CDKALT C 0.5 0.7 0.8 0.8 0.6 0.7
rs6911490 PRDM1 T 0.2 0.5 0.04 5.6 0.6 1.2
rs10758669 JAK2 C 1.0 1.0 0.2 0.5 0.8 0.8
rs4246905 TNFSF15 C 0.8 0.9 0.8 0.8 0.8 0.9
rs10781499 CARD9 A 0.8 1.0 0.5 0.7 0.4 0.8
rs12254167 CREM CCNY* N/A 0.1 0.5 0.6 1.4 0.3 1.4
rs10761659 ZNF365 G 0.4 1.4 0.8 0.9 0.9 0.9
rs6584283 NKX2-3 T 0.3 0.6 0.4 1.6 0.1 1.9
rs2155219 Cllorf30 T 0.1 0.5 0.3 1.8 0.6 1.2
rs17293632 SMAD3 T 0.2 1.8 0.1 0.4 0.3 0.7
rs2872507 ORMDL3 A 0.8 0.9 0.3 1.7 0.6 1.2
rs1893217 PTPNZ2 G 0.1 2.1 0.7 1.2 0.3 0.7
rs12720356 TYK2 C 0.6 1.4 0.5 0.5 0.9 0.9
rs2297441 SL,(?.‘72—I::4L4’F;’C A 0.7 0.8 0.9 1.1 0.9 0.9
rs1297265 intergenic A 0.9 1.1 0.3 1.7 0.3 1.5
rs2836878 intergenic G 0.6 1.3 0.9 0.9 0.6 1.3
rs2838519 ICOSLG G 0.7 0.8 0.3 1.7 0.8 0.9
rs2266961 YDJC* N/A 0.9 1.0 0.8 0.8 0.5 0.8

P-value (p-a; B; y) and odds ratio (OR-a; R; y) of the alpha-, beta-, and
gamma-terms. Alpha-term indicates the genomic imprinting effect; Beta-
term and gamma-term indicate the maternal effect in case the mother
carries respectively two and one risk alleles. N/A not available. Significant
associations are shown in bold. P-values displayed in the table are not
corrected for multiple testing. *reported SNP not present/captured by the
Immunochip, a proxy was used, therefore no risk allele could be reported.
r2 =1; §r2 = 0.03; two independent hits in one gene.
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In addition, the B term was nominally significant (p-value = 0.003; OR =
0.2) with OR < 1, indicating that offspring have less chance of getting
the disease if their mothers carry two risk alleles. The PRDM1 gene
showed a nominally significant maternal effect if the mother carried
two risk alleles (B term: p-value = 0.04; OR = 5.6), with OR >1 indicating
that the offspring have more chance of getting the disease. The other
tests did not result in significant POO effects. However, none of these
associations were significant after the Bonferroni correction (table 3).

NODZ2 in Dutch and German CD trios

Three established CD variants in NOD2 (G809R, R702W, L1007fs)
were tested for POO effect in the 111 CD trios [20]. After correcting
for multiple testing, a significant genomic imprinting effect was
detected for the L1007fs variant (a term: p-value = 0.013; OR = 21.0).
The risk allele was transmitted more often from the mother than the
father. Given the high OR we aimed to replicate this finding in an
independent German cohort for which NOD2 genotyping data was
available. Unfortunately, our results could not be replicated in this
cohort (a term: p-value = 0.95; OR = 0.97) (table 4).

Table 4. Results of the parent-of-origin (POO) analysis for the NOD2
variants in Dutch Crohn’s disease trios (n = 111) and replication
in German Crohn’s disease trios (n = 598).

p-a p-R p-v
SNP Gene p-a replication OR-a p-B replication OR-B p-y replication OR-y
G908R NOD2 0.1 9.0 N/A* N/A* 0.2 0.3
R702W NOD2 0.4 2.3 1.0 0 0.2 0.4
L1007fs NOD2 0.01° 0.9 210 1.0 1.0 7.7 01 0.8 0.2

P-value (p-a; B; y) and odds ratio (OR-a; B; y) of the alpha-, beta-, and gamma-
terms. P-value of the replication study (p- a; -RB; - y replication ) of the alpha-,
beta-, and gamma-terms. Alpha-term indicates the genomic imprinting
effect; Beta-term and gamma-term indicate the maternal effect in case the
mother carries respectively two and one risk alleles. Significant associations
are in bold. ¢Significant after Bonferroni multiple testing correction. P-values
displayed in the table are not corrected for multiple testing. *“No homozygous
mothers are available for beta-term analysis.
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Known imprinted gene BTNLZ2 in Dutch UC trios

No significant POO effects were detected the established UC SNP
in the BTNL2 locus (rs9268853) in 72 Dutch UC trios (table 5).

Table 5. Results of the parent-of-origin (POO) analysis in the BTNL2
locus in Dutch UC ulcerative colitis trios (n = 72).

SNP Gene RA p-x OR«x p-BR ORR pvy ORy
rs9268853 BTNL2 T 1.0 1.0 0.7 0.7 0.6 0.6

P-value (p-a; B; y) and odds ratio (OR-a; R; y) of the alpha-, beta-, and
gamma-term. Alpha-term indicates the genomic imprinting effect; Beta-term
and gamma-term indicate the maternal effect in case the mother carries
respectively two and one risk alleles. Significant associations are in bold.
P-values displayed in the table are not corrected for multiple testing.

Indian UC analysis

The established Indian UC SNPs were tested for POO effects
in 62 Indian trios [18]. We found a nominally significant genomic
imprinting effect in the IL10 locus (p-value = 0.03; OR = 0.16) where
the OR < 1 indicates that the risk allele is more often transmitted
from the father. This association does not, however, pass the multiple
testing correction. This SNP was also tested in the population
of western European descent and we could not detect any significant
imprinting effect. The NOD2 variant that showed association in the
Indian population could not be tested for POO effects since only
homozygous wild-type fathers were available, hence all the trios were
uninformative (table 6).

Discussion

For the first time parent-of-origin effects have been tested in IBD
on a genetic level for the overlapping IBD-associated loci. We found
limited evidence that POO effects exist in IBD in the Dutch population
for IL12B, PRDM1 and NOD?2 in our discovery cohort, but the large POO
effect for NOD2 could not be replicated in an independent German
replication cohort. Moreover, we found a nominally significant POO
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Table 6. Results of the parent-of-origin (POO) analysis in Indian
UC trios (n = 62).

SNP Gene RA p-o OR-o p-R OR-R p-Y OR-y
rs6426833 RNF186 A 0.2 0.3 0.2 4.3 0.1 4.8
rs3024505 ILT10 A 0.03 0.16 0.8 1.3 0.5 1.5
rs3763313 BTNL2 T 0.8 0.8 1.0 2.0 1.0 4.0
rs2395185 HLA-DRA A 0.3 2.3 0.8 1.3 0.4 3.0

P-value (p-a; B; y) and odds ratio (OR-a; R; y) of the alpha-, beta-, and
gamma-term. Alpha-term indicates the genomic imprinting effect; Beta-term
and gamma-term indicate the maternal effect in case the mother carries
respectively two and one risk alleles. Significant associations are in bold.
P-values displayed in the table are not corrected for multiple testing.

effect in IL10 in our Indian population. Although the results from
the Dutch trios might be false-positive, they imply that the paternal
allele has been silenced and thus does not increase the disease risk
in all genes for which we found a POO effect. This is consistent with
results from epidemiological studies that show that IBD is transmitted
to offspring more often from the mother than the father.

NOD?2 is the most strongly associated and most consistently
replicated CD gene. Here we observed a genomic imprinting effect for
the L1007fs mutation in Dutch CD trios, yet we failed to replicate this
in an independent German cohort. The results in our initial analysis
might be a false-positive finding, although we had sufficient power
to detect effects in the Dutch trios. Although both cohorts were
of western European descent, we question whether population specific
and environmental factors might play a major role in POO effects
and explain part of the lack of replication. We will further elaborate
on this later in the discussion. TheL1007fs mutation seems to have
a predominant role in CD families since recently it has been shown
in a case report that all family members were carrying the mutation
and had CD [22]. Moreover in cases of homozygosity this variant will
lead to ileal stenosis [23,24], implying a strong effect of the L1007fs
mutation on the disease phenotype.

Our results suggest a possible contradictory effect of the
two types of POO effects we studied for the IL12B gene both with
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a nominal significance. The genomic imprinting analysis (a-term)
showed inheritance of the disease risk from the mother, while the
analysis of independent maternal effect showed protection for disease
if the mother carries two risk alleles (B-term). This suggests that the
maternal risk allele is expressed and causes a higher disease risk,
but simultaneously and independently, if the mother carries two risk
alleles the child has a lower risk for IBD due to in utero effects on the
fetus. IL12B resides on the established and consistently replicated
IBD locus on chromosome 5g33 and it encodes a sub-unit of I1L23,
which is involved in Th17/IL23R signaling. This pathway has been
implicated in several chronic, immune-related diseases such as
psoriasis, rheumatoid arthritis, and ankylosing spondylitis [25,26,27].

The PRDM1 gene showed a nominally significant maternal effect in
the POO analysis in the population of western European descent when
mothers carried two risk alleles; the OR of 5.6 supports results from
others that IBD is more often transmitted from the mother than the
father. The environment in which the fetus develops causes changes
that increase the risk for CD. PRDM1 has been associated to several
immune-related diseases, but also to various types of lymphomas
[28,29,30,31]. It encodes a protein that represses the expression
of the B-interferon gene. Hypothetically, if the maternal effect causes
altered expression of PRDM1, an aberrant immune response could
increase CD risk.

In the Indian trio study we found a nominally significant genomic
imprinting effect for the IL10 locus. In contrast to the findings
in the population of western European descent, the risk allele was more
often transmitted from the father to the child. No epidemiological
studies of the Indian population are available to validate the paternal
transmission. We could not replicate the POO effects from the Dutch
population in the Indian trios nor vice versa. This might indicate that
POO effects are population specific. Later in the discussion we will
discuss this in further detail.

Weinberg’s method to detect POO effect is a robust one. Moreover
it takes genomic imprinting and maternal effects into consideration
simultaneously. It therefore has less power than the standard parental
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asymmetry test (PAT) that only tests for genomic imprinting, but
PAT is invalid if maternal effects are present [11]. The importance
of these maternal effects has been shown in mice, with a knockout
of the serotonin 1A receptor gene leading to an anxiety-like
phenotype. Implantation of wild-type embryos into knockout mothers
and cross-fostering of the pups with wild-type mothers showed
the full anxiety-phenotype, indicating that the maternal genotype
influences the phenotype and that this effect persists after birth [32].
This is supported by our evidence for maternal effects in the PRDM1
and IL12B loci.

We do not know why POO effects occur. Humans are diploid
organisms and as such, can survive the, on average, 500 recessive
mutations that are present in every human being, since most
deleterious effects are rescued by the other allele [33]. Genomic
imprinting significantly deduces diploidy by consequently inactivating
one haplotype depending on its parental origin and thus impairing the
rescue mechanism. The most cited and best supported hypothesis for
the existence of this counter-intuitive phenomenon is the parental
conflict hypothesis, in which both sexes have a need to pass on
their genetic information to the next generation. Yet this does not
explain the existence of genomic imprinting in immune-related genes,
for example [34]. Hypothetically, to prevent adverse reactions passing
from mother to fetus, it is important that the immune responses are
alike and thus preferably maternal immune genes are expressed.

In our study we had sufficient power (>80%) to detect POO effects
with an OR of three or higher for each SNP in our study. By adding
more tests the significance level must be adjusted accordingly
and the power to detect differences is lower. Therefore we chose
to only test the 28 overlapping IBD risk loci in a pooled cohort of
Dutch CD and UC trios instead of all 99 risk loci. Consequently, bigger
cohorts are needed to test the remaining IBD loci for POO effects.

None of our findings in one population could be replicated
in another population. At least three reasons could explain this fact.
First, it might be that the initial findings are false positive findings:
the cohorts have a limited size and thus more variation around the
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mean, resulting in a higher chance of false positive findings. Second,
it is unknown for how long genomic imprinting effects are stable
in humans. It has been shown from mouse studies that genomic
imprinting is stable for at least 3 generations [35]. No data is available
in human studies. Moreover , genomic imprinting was shown to be
influenced by environmental factors [36,37], which could mean that
although the imprinting mechanism is global, distinct genes may
be imprinted in different populations because they were exposed
to distinct environmental effects. The latter two could indicate that
even within populations different imprinting effects occur.

In conclusion, we aimed to identify genomic imprinting effects
and maternal effects acting on the risk alleles of IBD and we showed,
for the first time, that IL12B, NOD2 and PRDM1 might be involved
in these phenomena in Dutch IBD trios. It has already been shown
that POO effects exist in type 1- and type 2 diabetes, which like IBD
are complex genetic disorders and show a substantial overlap of
disease susceptibility loci with IBD [10,12]. Given the high OR in NOD?2
we sought to replicate our findings, but could not confirm the POO
effect for NOD2 in an independent German replication cohort. In the
Indian population we did identify POO effects in the IL10 gene. We
could neither replicate our findings from the Dutch trios in the Indian or
in the German population nor our findings from the Indian population
in the Dutch cohort. This suggests that POO effects are either false-
positive findings or prone to be population specific. We anticipate that
future investigations, using larger, multi-ethnical cohorts will help
to shed light on these complex and currently little known relationships.
Parent-of-origin effects can take various forms and are not restricted
toimprinting, but may involve avariety of mechanismsincluding gender
effects, epistasis, epigenetic effects, and environmental influences
during pre- or postnatal development. Better understanding of such
effects will probably require detailed studies of model organisms
in which breeding and environment can be carefully controlled.
Given that alleles identified through GWAS account for a relatively
small fraction of heritability, parent of origin effects may underlie
some of the missing heritability problem. With appropriate family-
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based study designs data analysis methods and international
collaborative efforts it will be possible to screen for parent of origin
effects across the entire genome. In addition, epigenetic profiling on
a genome scale will likely lead to the identification of novel epigenetic
marks in a variety of disorders that may provide a bridge among the
parental genome, parental environment, and offspring phenotype.
We anticipate that the investigations of alternative models
of inheritance, appropriate study design and application of novel
technologies will enable a more complete picture of heritability
in human traits, leading to new insights in the field of genetics
of complex diseases.
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Figure S1. Power analysis of a. the Dutch trio analysis (181 trios)
and b. the Indian trios (62 trios).

S1a. Power calculation of the Dutch trio analysis.

The power is shown on the x-axis, the different odds ratios (OR) are shown
on the y-axis. The different lines represent SNPs with different minor allele
frequencies. In red, the regular 80% power cut-off is shown. With an OR
of 3, we have sufficient power to detect parent-of-origin effects in SNPs with

a MAF of 2.5%.
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Abstract

Background: The Th17/IL23 pathway has both genetically and
biologically been implicated in the pathogenesis of the Inflammatory
Bowel Diseases (IBD), Crohn’s disease (CD) and ulcerative colitis (UC).
So far, it is unknown whether and how associated risk variants affect
expression of the genes encoding for Th17/IL23 pathway proteins.
Methods: 10IBD associated SNPs residing near Th17/IL23 genes were
used to construct a genetic risk model in 753 Dutch IBD cases and
1045 controls. In an independent cohort of 40 CD, 40 UC and 40
controls the genetic risk load and presence of IBD were correlated
to gPCR generated mRNA expression of nine representative Th17/
IL23 genes in both unstimulated and PMA/Calo stimulated peripheral
blood mononuclear cells (PBMCs). In 1240 individuals with various
immunological diseases with whole genome genotype and mRNA-
expression data we also assessed correlation between genetic
risk load and differential mRNA-expression and sought for SNPs
affecting expression of all currently known Th17/IL23 pathway genes
(cis-eQTLs).

Results: The presence of IBD, but not the genetic risk load, was
correlated to differential mRNA expression for /L6 in unstimulated
PBMCs and to IL23A and RORCin response to stimulation. The cis-eQTL
analysis showed little evidence for correlation between genetic risk
load and mRNA expression of Th17/IL23 genes, since we identified
for only two out of 22Th17/IL23 genes a cis-eQTL SNP that is also
associated to IBD (STAT3 and CCR6).

Conclusion: Our results suggest that only the presence of IBD and not
the genetic risk load alters mRNA expression levels of IBD associated
Th17/IL23 genes.
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Introduction

Inflammatory bowel diseases (IBD) can be divided in two main forms
- Crohn’s disease (CD) and ulcerative colitis (UC). They are disabling
diseases characterized by a chronic relapsing inflammatory response
to commensal microflora of the gut. The underlying pathogenesis
is largely unknown but there is a clear genetic susceptibility. [1,2]

Genome wide association (GWA) studies have been extremely
successful in identifying risk loci for IBD; single nucleotide
polymorphisms (SNPs) in 163 independent risk loci have been
associated to IBD. [3] Functional consequences of the associated loci
remain largely unknown while unraveling the functional implication
of genetic associations is essential for the clarification of the
pathogenesis. Since many loci contain multiple genes, one of the first
steps in this process is prioritization of candidate genes. Different
gene prioritization methods have been applied to GWAS results, such
as identifying protein altering coding SNPs, checking expression
guantitative trait locus (eQTL) data, protein-protein interactions
(such as DAPPLE), text-mining (such as GRAIL) and co-expression
of genes with known implicated genes. [4,5] Because these analyses
use interconnectivity between genes they are also able to highlight
disease associated pathways. These combined methods resulted
in the genetic implication of, amongst others, the Th17/IL23 pathway
in the pathogenesis of IBD. [6]

The Th17/IL23 pathway acts in Th17 cells, which are suggested
to play a role in the chronic inflammatory processes. Next to the
genetic associations, functional studies highlighted the role of the
Th17/IL23 pathway in IBD. First, multiple studies showed elevated
messenger RNA (mRNA) expression of genes involved in the Th17/
IL23 pathway in colonic biopsies of cases compared to controls and
inflamed compared to non-inflamed tissue. [7-11] Second, elevated
numbers of mucosal Th17 cells have been measured in active versus
quiescent Crohn’s disease. [12]

The Th17/IL23 pathway contains at least 22 proteins, 10 of the
encoding genes reside in loci that are associated to IBD (‘IBD
associated Th17 genes’: IL23R, TYK2, RORC, IL21, IL12B, CCR6, JAKZ2,
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IFNy, SMAD3 and STAT3, figure 1). Despite these breakthroughs,
it still remains unclear how the genetic risk variants in the Th17/IL23
pathway exactly contribute to this aberrant function of the Th17/1123
pathway. The current view is that genetic risk variants alter mRNA
expression levels of nearby genes and in this way disturb the function
of a pathway. [13-16]

In this study we investigated the correlation between the
(combined) genetic risk (load) of IBD associated Th17 genes and the
MRNA expression profile of the Th17/IL23 pathway.

Material and methods

More extensive descriptions are available in the supplementary
material and methods section.

Samples

All patient samples were collected at the outpatient clinic
of the University Medical Centre in Groningen, the Netherlands.
IBD patients were diagnosed according to the standard clinical criteria
by endoscopy, radiology and histopathology [17] and gave written
informed consent.

The ‘genetic risk model cohort’, consisting of 1798 individuals,
was used to construct and test a genetic risk model for the IBD
associated Th17 genes. A separate cohort of 118 individuals (39 CD,
40 UC, 39 controls), the ‘IBD-PBMC cohort’, was used to determine
MRNA-expression of nine Th17 representative genes in peripheral
blood mononuclear cells (PBMCs), which was then correlated
to both disease status and genetic risk load. To prevent influence
of immunomodulators and disease activity on the mRNA-expression
profile of the patients in the IBD-PBMC cohort, IBD patients did not
use any systemic anti-inflammatory drug; only topical mesalasine
treatment was allowed, and patients were in clinical remission. [18]
Characteristics of these two cohorts are listed in table 1.
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Figure 1.Schematic representation of the T helper 17/1L23 pathway.
Antigen presenting cells (APC) are activated by extracellular microbes, e.g.
fungi, via the Toll Like Receptor (TLR), and in response produce several
cytokines. First, Interleukin-6 (IL6) and Interleukin-1 (IL1) promote the
differentiation of naive T helper cells into Th17 cells via the 9P130 and the
IL6 receptor (IL6R); second, Interleukin-23 alpha (/L23a) and Interleukin-
12-subunit p40 (IL12b) are produced and form the cytokine complex
Interleukin-23 (IL23), which promotes not only differentiation but also
proliferation of Th17 cells via de IL23 receptor (IL23R) on Th17 cells. The
IL23R consists of two subunits, interleukin-12-receptor-beta-1 (/L12RB1)
and /L23R and activates together with IL6R and 9p130 the Janus Kinase
2 (JAK2) gene. Simultaneously, Tyrosine Kinase 2 (TYKZ2) is stimulated via
the IL23R. TYK2 and JAK2 stimulate transcriptionfactors signal transducer
and activator of transcription 3 (STAT3) and RAR-related orphan receptor
C (RORC, RORyt) to produce the proinflammatory cytokines Interleukin-21
(IL21), Interleukin-22 (IL22), Interleukin-17 (IL17). These cytokines stimulate
Th17 cells to maintain the inflammatory response. Transforming Growth
Factor Beta (TGF-B) stimulates RORC directly to produce cytokines and to
express chemokine (C-C motif) receptor 6 (CCR6). CCR6 responds to the
chemo-attractant chemokine (C-C motif) ligand 20 (CCL20)which is produced
to home other Th17 cells [36]. Interferon gamma (IFN-y) down regulates the
Th17/IL23 pathway. °genes are included in the mRNA-expression analysis
(‘qPCR-Th17’); *genes are included in the genetic risk model.

A third in-house cohort of 1240 patients with various
immunological diseases with whole genome genotype and mRNA-
expression data from whole blood was used to replicate correlations
between genetic risk load and mRNA-expression. Most patients
suffered from amyotrophic lateral sclerosis (n=733) and from chronic
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obstructive pulmonary disease (n=452) and only few of UC (n=48).
Prior to analysis of this dataset, a stringent normalization step was
performed by correcting gene expression for the first fifty principal
components to account for any effects of batches, patient, laboratory
specificity, disease specificity and so forth. These components explain
most of the variation of the data. This cohort will be referred to as the
‘eQTLcohort’, details of the cohort have been published previously. [19]

Table 1. Phenotypes of the genetic risk model cohort and the IBD-
PBMC cohort.

Genetic risk model cohort IBD-PBMC cohort
General Crohn’s ulcerative controls |[Crohn’s ulcerative controls
characteristics disease colitis disease colitis
Number 423 330 1045 39 40 39
Average age at 46 49 unknown |55 51 34
inclusion
Number of males 161(38%) 181(54%) 561(53%) |17 (43%) 18 (45%) 19 (47%)
(percentage)

Genetic risk model

We hypothesize that the combined effect of multiple SNPs in genes
of a pathway has a stronger effect on gene expression of the members
of that pathways than single SNPs. Therefore we constructed a genetic
risk model for the Th17/IL23 pathway. From the 163 IBD associated
loci, the top SNPs of the loci containing genes involved in the Th17/
IL23 pathway were selected for the genetic risk model. This resulted
in inclusion of 10independent IBD associated SNPs, [3] residing in 10
loci, all containing one Th17 gene (IL23R, RORC, IL21, IL12B, CCR6,
JAK2, IFNy, SMAD3, STAT3, TYKZ2(figure 1, supplementary table
2). Genotypes of the 10IBD associated SNPs were weighted for the
magnitude of their association with IBD and included in a risk load
per individual. A one-way ANOVA test was used to test the difference
in genetic risk load between controls and IBD patients of the genetic
risk model cohort. Subsequently a t-test was used to determine
differences between CD, UC and controls separately.

110



TH17/IL23 PATHWAY ANLAYSIS IN IBD

Effect of disease status and genetic risk load on Th17 mRNA-expression

Nine genes from different stages in the Th17/IL23 pathway
were selected for mRNA-measurements(‘qPCR-Th17 genes’: CCRE6,
STAT3, IL17F, IL23A, IL12RB1, RORA, IL6, RORC, IL17A (figure 1)).
They serve as representatives for the different stages of the pathway.
We speculated that disease status and differences in genetic risk load
not only might give differential gene expression in ‘resting’ Th17
cells, but can also influence the degree of response of Th17 cells
to ex vivo stimulation. Therefore, mRNA expression was determined
in both unstimulated and T cell specific stimulated (PMA/CalLo) PBMCs
from the IBD-PBMC cohort using gPCR measurements.

To test correlations between disease status (IBD and both subtypes
separately) or genetic risk score and differential unstimulated mRNA
expression, we performed a linear regression analysis with ACT values
(normalized with GAPDH) as outcome variable and either genetic
risk load or disease status as a covariate. To test whether disease
status or genetic risk load influenced response to stimulation, a linear
regression analysis was performed with the ACT values of the qPCR-
Th17 genes in stimulated PBMCs as outcome variable, and baseline
ACT values and respectively genetic risk load or disease status
as covariates. This is a hypothesis driven analysis and p-values
are therefore not corrected for multiple testing.

For replication purpose, we used the eQTL cohort to correlate genetic
risk load to mRNA expression of the nine Th17 genes analyzed by qPCR.

eQTL analysis Th17/IL23 pathway

In the eQTL cohort all 22 genes involved in the Th17/IL23 pathway
were assessed for SNPs close by (i.e. within 250 Kb, cis-eQTL) or far
away (i.e> 5Mb away, trans-eQTL) affecting expression these genes.
If an eQTL-SNP for a Th17 gene was identified, the genetic association
with IBD was also assessed.
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Results
Genetic risk model

The genetic risk model cohort showed a significant difference
in genetic risk load of UC cases and CD cases and controls (mean:
controls = 3.0; CD = 3.2; UC = 3.2, p-value one-way ANOVA = 4.8*10
8). Subsequently, a t-test revealed a significant difference of IBD cases
compared to controls for genetic risk load (p-value = 1.4*10°), but
not between CD and UC cases (p-value=0.9) suggesting that the Th17/
IL23 is genetically important for both subtypes of IBD.

Effect of disease status and genetic risk load on Th17 mRNA-expression

In unstimulated PBMCs we only observed a correlation between
disease status and mRNA expression levels of IL6, IL23A, STAT3
and RORC, but no effect of genetic risk load on expression was
observed. All correlations between disease status or genetic risk
load and mRNA expression of the nine gPCR-Th17 genes are listed in
table 2. IL6 was significantly lower expressed in IBD cases compared
to the healthy controls. A trend was observed for higher expression
of RORC and lower expression of IL23A and STAT3 in cases compared
to controls. When CD and UC were analyzed separately these effects
were predominantly seen in CD (supplementary table 4).

We also only observed effects of disease presence, and not the
genetic risk load on the effect of stimulation. For IL23A the difference
in expression after stimulation is significantly larger in IBD cases
compared to controls, and for RORC the stimulation effect was
significantly smaller in IBD cases compared to controls. A trend toward
a less strong response for cases was observed for IL17F (table 2).

In the eQTL cohort, the genetic risk load of each individual was
correlated to mRNA expression of all genes present on the expression
array in the eQTL cohort. No significant association was observed for
any of our nine qPCR-Th17 genes, confirming the lack of association
in the IBD-PBMC cohort. Moreover, only one probe, coding for the
RNASETZ2 gene, of all approximately 23,000 probes on the array was
significantly correlated to genetic risk load (p-value = 1,78*107"%).
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Table 2. Effect of disease presence and genetic riskload on mRNA-
expression in unstimulated and stimulated PBMCs.

Unstimulated Stimulated®
Gene Disease status Genetic risk Disease status  Genetic risk load
load
CCR6 NS NS NS NS
IL23A lower (p=0.053) NS smaller(p=0.002) NS
IL12RB1 NS NS NS NS
STAT3 lower (p=0.076) NS NS NS
IL17F NS NS larger (p=0.085) NS
IL17A NS NS NS NS
IL6 lower (p=0.002) NS NS NS
RORC higher (p=0.093) NS larger(p=0.003) NS
RORA NS NS NS NS

Gene: Th17 gene. Forthe unstimulated PBMCs the correlation between disease
status and differential mRNA expression is reported, reported P-values from
linear regression. ‘Lower’ and ‘higher’ indicate respectively lower and higher
MRNA expression in cases compared to controls. For stimulated PBMCs the
correlation between disease presence and differential mRNA expression
is reported. The linear regression model was adjusted for baseline mRNA
expression. ‘larger’ implies that cases had a larger difference in expression
in response to stimulation than healthy controls. ‘smaller’ implies that cases
had a smaller difference in expression in response to stimulation than healthy
controls (supplementary figure 1). P-values are not corrected for multiple
testing and only p-values below 0.10 are reported. No significant correlation
between genetic risk load and baseline mRNA expression or response to
stimulation was found. NS= not significant.

Concluding, these analyses suggest that only the presence of IBD,
and not genetic risk, influences mRNA-expression of Th17 genes.

eQTL analysis Th17/IL23 pathway

In the eQTL cohort we assessed whether cis- or trans- eQTL
SNPs exist for all 22 genes in the Th17/I1L23 pathway (figure 2,
supplementary table 5). Out of 22 genes involved in the Th17/IL23
pathway, eight genes had one or more cis-eQTL SNP(s). Of these eight
genes with cis-eQTL SNPs, four genes have previously been associated
with IBD. This means that seven from the eleven IBD associated Th17
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genes do not have an cis-eQTL SNP. These results confirm the limited
support for genetic effects in Th17 gene expression in IBD as shown
by our gPCR analyses.

Both STAT3 and TYKZ2 have cis-eQTL SNPs that are associated
with IBD, indicating that the genetic risk effect of these SNPs are,
at least partly, driven by eQTL effects. A cis-eQTL SNP for CCR6 is also
associated to IBD. However, this SNP also has a much more significant
correlation with RNASET2 expression (p-value = 1,78*10'°), making
it questionable if CCR6 is actually the candidate gene in this locus.
A cis-eQTLSNP of RORCis in high LD with a reported IBD SNP, indicating
that this eQTL SNP drives the association of RORC to IBD. However,
the cis-eQTL SNP is only borderline significantly associated to IBD,
which contradicts this assumption. Interestingly, we found a SNP that
has a strong cis-eQTL effect on IL12RB1, and is moderately associated
with CD (p-value=7.5*107%, supplementary table 5). Considering the
biological function of this gene in the Th17/IL23 pathway, this might
be an interesting new implication of IL12RB]1 in the genetics of IBD.
No trans-eQTL effects were detected.

Discussion

Currentlyitis hypothesized that, in complex diseases, a substantial
amount of associated genetic variants influence gene expression
of nearby genes, and in this way contribute to disease pathogenesis
[13-16]. This study is the first to convert all currently known Th17/
IL23 IBD risk variants into a risk load and correlate this to mRNA
expression of genes in this pathway. For this study we analyzed mRNA
expression levels of nine representative genes in PBMCs of 80 IBD cases
and 40 controls, but we did not observe any significant correlations
with genetic risk load. In a much larger cohort of 1240 individuals
with various immune related diseases we performed the same
analyses. There we identified a strong correlation with RNASET2
MRNA expression with IBD risk load, but not with any of the Th17/IL23
genes. Moreover we sought for individual eQTL SNPs for the 10 IBD
associated Th17/1L23 genes in a larger cohort of non-IBD individuals.
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We observed that only two out of the 10IBD associated Th17/IL23
genes had a convincing cis-eQTL SNP that also increases IBD risk.

We were surprised not to find any correlation between genetic
risk load and mRNA expression in our initial cohort. The genetic risk
model, constructed from IBD associated Th17/IL23 genetic variants,
was highly significant associated to IBD, underscoring the additive
effect of the variants on disease risk. Furthermore, since we used
PBMCs from patients that did not use any systemic anti-inflammatory
treatments, expression patterns were not influenced by this.
Additionally, for these genes no eQTL has been described in other
publicly available eQTL datasets. [3]

22 genes in Th17/IL23 pathway

N

10 genes associated with IBD 12 genes not associated with IBD
v\ v N\

Mo eQTL SNP =1 eQTL SNP MNo eQTL SNP =1 eQTL SNP
IL128 STAT3 | RORA | e |
27 TGFEB | IL12RBT
IL23R IL17A | IL17R |
JAKZ CCRE | IL17F | IL6R
IFNG RORC | ILzz |

SMAD3 TYK2 | IL23a
CCL20 |
IL1FREL |

Figure 2. Overview of classification of Th17/IL23 pathway genes

based on the presence of an eQTL SNP and association to IBD.
The Th17/1L23 pathway contains at least 22 genes, of which 10are associated
with IBD. Eight genes have at least one cis-eQTL SNP, of which four are
associated with IBD.
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One could speculate that our findings result because of lack
of power in the initial IBD-PBMC cohort. Although we had sufficient
power to find that mRNA expression levels were influenced by IBD
status, the genetic effects may be smaller and thus more difficult
to pick up. More convincingly, we also did not observe significant
correlations between genetic risk load or single SNPs and mRNA
expression in the much larger eQTL cohort of 1240 individuals.
This cohort already proved to be sufficiently large to detect single SNP
effects as shown by Fehrmannet al. [19]

Another explanation for lack of correlation resides in the tissue
in which mRNA expression was measured in both the IBD-PBMC and
eQTL cohort. The Th17 /IL23 pathway is highly specific to the Th17
cells, which have a very low frequency in peripheral blood. Therefore
it is possible that the Th17/IL23 mRNA expression effects are diluted
to undetectable levels in the heterogeneous cell populations of PBMCs
and whole blood. To test this, we analyzed the probe-intensity values
of the genes with and without eQTL SNPs in the microarray data of the
eQTL cohort. It appeared that indeed the genes without eQTL SNPs
have significantly lower expression compared to genes for which
an eQTL SNPs could be detected (data not shown). It is also possible
that peripheral Th17 cells are phenotypically and expression-wise not
the same as mucosal Th17 cells, and that we have investigated the
wrong cells.

With this finding in mind, we have to be careful when interpreting
eQTL-data. Fu et al. found that eQTL effects can be highly tissue
specific, which might result in omission of effects when expression
is measured in the wrong tissue. [20] eQTL data is usually based
on whole blood mRNA expression and the pitfall is that this might
result in omission of tissue specific effects. In other words, if mMRNA
expression is measured in the wrong tissue type, the correlation
between the genetic risk variant and the mRNA expression of the true
culprit gene cannot be picked up, and correlations with mRNA
expression of other genes might falsely be interpreted as being
relevant for disease pathogenesis. This might also be the case for
the locus containing CCR6 and RNASETZ2. When analyzing eQTL data
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in whole blood this SNP has a very strong cis-eQTL effect on RNASETZ2,
indicating that this might be the culprit gene. However, CCR6
is prioritized based on its role in the Th17/IL23 pathway in literature.
Hence, prioritizing genes in risk loci based on eQTL data should
always be combined with other tools like DAPPLE or GRAIL.

Our risk model includes all SNPs for which Th17/IL23 pathway
genes have been prioritized. This inclusion strategy might have
resulted in inclusion of SNPs in which the culprit gene is not involved
in the Th17/1L23 pathway; and vice versa we might have omitted
SNPs and culprit genes involved in the Th17/IL23 pathway with
up until now unknown function. The answer to this question will only
be definitely answered if causal variants and genes are discovered
in all IBD associated loci.

Although at first perhaps surprising, it is very well possible that
genetic risk variants do not contribute to disease pathogenesis
through altered gene expression. What other mechanisms can
account for this? One of the possibilities is an altered protein structure.
This can be caused by rare, yet unidentified variants in exomes. Rivas
et al. identified two such variants in the IL23R gene by targeted
resequencing of IBD loci. [21] Though the contribution of such
rare variants to the missing heritability is probably relatively small.
[22] Another possibility is abrogated phosphorylation of genes,
as recently shown for compound heterozygous missense mutations
in the IL10locus which caused IL-10 induced abrogated IL-10RI1
phosphorylation. [23] Furthermore, the ENCODE project has shown
that regulatory elements of genes can be located at great distance
of target genes. [24] This implies that the culprit genes can be at
a great distance from the associated loci, in which case we should
look for trans-eQTL effects. In the current study we could not identify
such trans-eQTL effects; this is likely due to lack of power.

In conclusion, our findings show only limited influence of genetic
risk variants on gene expression of genes involved in the Th17/IL23
pathway in PBMCs. Moreover prioritizing genes in associated loci
based on their eQTL effects in whole blood should be interpreted
with caution.
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Supplementary Methods
Samples

Extensive information about the ‘genetic risk model cohort’ and
the ‘IBD-PBMC cohort’ is described in supplementary table 1.

Genotyping

A custom-made genotyping chip, the lllumina Immunochip(lllumina
Inc., San Diego, California, United States of America), was used
to genotype all individuals included in the genetic risk model cohort
and in the IBD-PBMC cohort. The Immunochip is designed to densely
fine-map the approximately 180 immune disease related loci and
contains approximately 200,000 SNPs. DNA was hybridized according
to the manufactures protocol. Standard quality control was performed.
[1] Two out of 120 individuals of the IBD-PBMC cohort failed quality
control and were excluded for further analysis.

Genetic risk model

Genotypes of the 10IBD associated SNPs [2] were extracted from
the Immunochip data. To create a genetic risk model, the best fitting
inheritance models for each of the T0SNPs needed to be determined
in the genetic risk model cohort. According to the best fitting
inheritance model, numeric genotype scores were assigned for each
of the SNPs. For a dominant model homozygous wild type genotypes
were scored “null”, and homozygous risk and heterozygous SNPs
were scored as “two”. For a recessive model homozygous wild type
and heterozygous genotypes were scored “null” and homozygous risk
genotypes were scored “two”. In the additive model, homozygous
wild type genotypes were scored “null’, heterozygous SNPs were
scored “one” and homozygous risk SNPs were scored “two”. Genotype
frequencies of included SNPs can be found in supplementary table 3.
Logistic regression analysis was performed for all SNPs for all models
using SPSS (PASW statistics 18). The best fitting model was chosen
by determining the lowest log likelihood ratio for the three models
per SNP. For all SNPs the additive model was the best fitting model.
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To incorporate the magnitude of the association for each of the SNPs,
we determined the beta-estimate per SNP in a logistic regression
model (supplementary table 2) and multiplied the risk score per SNP
per individual with this beta-estimate to get a weighted risk score per
SNP and per individual. The total genetic risk score per individual was
calculated by adding up all weighted risk score for all SNPs. [3,4]

PBMC isolation and gene-expression measurements in the IBD-PBMC
cohort

PBMCs were isolated from 20 ml whole blood EDTA tubes using
the Ficoll method (Ficoll-Paque™ PLUS, GE Healthcare Europe GmbH,
Diegem, Belgium) from 40 UC, 40 CD patients and 40 controls. 10*10°
PBMCs were stored in RNA stabilizing agent (RNA later, QIAGEN Benelux
B.V, Venlo, Netherlands) (“unstimulated PBMCs”) and 10*106° cells were
cultured in RPMI supplemented with 0.01ug/ml Phorbol 12-myristate
13-acetate (PMA) and 1ug/ml Calcium ionophore (CalLo) for 16 hours
at 37°C, 5%C0O2, and stored in RNAlater at -20°C (“stimulated PBMCs”).
RNA was isolated using the RNeasy Mini Kit (QIAGEN Benelux
B.V, Venlo, Netherlands) according to the manufacturers protocol.
RNA quanties were measured using Nanodrop and were standardized
for further processes. To better assess the quality of the samples
we randomly performed gel-based electrophoresis measurements
on Experion. mRNA was converted into cDNA using the Revert Aid H
minus first strand cDNa kit (Fermentas GmbH, St. Leon-Rot, Germany)
for gPCR analysis. mRNA sequences of the nine ‘gPCR-Th17 genes’
(CCR6, STATS3, IL17F, IL23A, IL12RBI, RORA, IL6, RORC, IL17A)
were retrieved from ensemble genome browser (www.ensembl.org)
and primers were designed using primer3. [5] Primer sequences
are available upon request. SYBR Green/ROX gPCR Master Mix was
used for gPCR reactions on mRNA from unstimulated and stimulated
PBMCs according to protocol (Maxima™ SYBR Green/ROX gqPCR Master
Mix, Fermentas GmbH, St. Leon-Rot, Germany) and run on the ABI
7900HT (Applied Biosystems, Foster City, California, USA). CT levels
were normalized using CT levels of the housekeeping gene GAPDH,
thereby correcting for sample and plate-plate variability. Stability
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of GAPDH expression was observed for the different experimental
set-ups. Three individuals had one or more qPCRs that failed and
were excluded from analysis when necessary. Per gPCR-Th17 gene
(both stimulated and unstimulated) the normality of the distribution
of mRNA expression levels was measured by comparing the skewness
to the standard error of the skewness. ACT values of all gPCR-Th17
genes were normally distributed.

Effect of disease status and genetic risk load on Th17 mRNA-expression
in the IBD-PBMC cohort

Since all ACT values of all gPCR-Th17 genes were normally
distributed, linear regression analysis was used for the different
correlation analyses between either disease status or genetic risk
load and unstimulated mRNA-expression. To test whether disease
status or genetic risk load influenced response to stimulation, a linear
regression analysis was performed with the ACT values of the qPCR-
Th17 genes in stimulated PBMCs as outcome variable, and baseline
ACT values and respectively genetic risk load or disease status
as covariates. We prefer this method over calculating the more widely
used AACT values, since the latter calculates the absolute difference
and not the relative difference in ACT which is more relevant in our
opinion.

Effect of genetic risk load on Th17 mRNA-expression in the eQTL
cohort

For replication purpose, we used the large eQTL cohort,
to correlate genetic risk load to mRNA expression of the nine qPCR-
Th17 genes. In the eQTL cohort two out of T0SNPs from our initial
genetic risk model were not present in the GWAS platform, could
not be imputed and no perfect proxy could be identified. Therefore
these SNPs were not included in the analysis. They include rs6871626
for IL12B and rs11879191 for TYK2. For three SNPs a proxy
was identified, rs1819333 (CCR6) was substituted by rs415890
(r>;D’ = 1.0;1.0), rs7657746 (IL21) was substituted by rs11734090
(r>;D’=0.9;0.9) and rs12942547 (STAT3) was substituted by rs744166
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(r>;D’ = 1.0;1.0). Correlation between genetic risk load and genome-
wide mRNA-expression was tested with the non-parametric spearman
correlation test.

eQTL analysis Th17/IL23 pathway

In the eQTL cohort all 22 genes involved in the Th17/1L23
pathway were assessed for SNPs with cis- and/or trans-eQTL effects
on these genes according to the method developed by Fehrmannet
al. [6] In brief, for all 22 genes expression probes were identified.
For the cis-eQTL analysis all genotyped and imputed SNPs within
a 250Kb window of the gene were included, in the case of associated
genes all IBD risk SNP reside within this 250Kb window. For the trans-
eQTL analysis all SNPs residing more than 5Mb away from the gene
were included. Non-parametric spearman rank testing is used to test
for eQTL effects. A correction is applied for the first 50 principal
components, these are components that explain the largest part
of variation in the data (such as technical variation and batch-effects,
physiological status and environmental factors), and overshadow true
biological differences. When eQTL SNPs were identified for a Th17
gene, the p-value for the association to IBD was checked for that SNP
in the 1000genomes imputed CD and UC meta-analysis data using
the on-line database, Ricopili (www.broadinstitute.org/mpg/ricopili).
When the eQTL SNP was not the SNP with the strongest association
to IBD, the LD between those two SNPs was assessed using SNAP pair
wise LD software. [7]

Ethical considerations

The study was approved by the institutional review board of the
hospital and written informed consent was obtained from all subjects.
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Supplementary figure 1. Gene expression results for A) IL23A and B)
RORC for cases and controls in response to stimulation. **

difference (p<0.01) in expression (presented as ACT after normalization)
after stimulation between cases and controls in linear regression analyses.
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Supplementary table 1. Phenotypes of the genetic risk model cohort
and the IBD-PBMC cohort.

Genetic risk model cohort

IBD-PBMC cohort

General characteristics Crohn’s  ulcerative controls |Crohn’s ulcerative controls
disease  colitis disease colitis

Number 423 330 1045 39 40 39

Average age at inclusion 46 49 unknown |55 51 34

Number of males 161(38%) 181(54%) 561(53%) |17 (43%) 18 (45%) 19

(percentage) (47%)

Age of onset

Average age of onset 31 34 33 36

<17 (A1) 35 (8%) 23 (7%) 2 (5%) 2 (5%)

>17 and <40 (A2) 277 (65%) 194 (58%) 22 (56%) 26 (65%)

>40 (A3) 89 (21%) 89 (26%) 11 (28%) 12 (30%)

unknown 22 (5%) 24 (7%) 4 (10%) 0 (0%)

Disease extent

Crohn’s disease

lleum (L1) 117 (27%) 10 (25%)

Colon (L2) 89 (21%) 7 (17%)

lleum and colon (L3) 212 (50%) 22 (56%)

Upper Gastro Intestinal (L4) 38 (8,9%) 3 (8%)

Unknown 4 (1%) 0 (0%)

Ulcerative Colitis

Proctitis (E1) 41 (12%) 5 (13%)

Leftsided (E2) 94 (28%) 14 (35%)

Extended (E3) 150 (45%) 18 (45%)

Unknown 45 (13%) 3 (8%)

Disease behavior for Crohn’s disease

Non stenosing non 166 (39%) 9 (23%)

penetrating (B1)

Stenosing (B2) 117 (28%) 14 (35%)

Penetrating (B3) 161 (38%) 20 (51%)

Unknown 7 (2%) 0 (0%)
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Supplementary table 2. SNPs included in the genetic risk model.

Risk Beta-
SNP Chr. Gene allele P-value estimate Location
rs11209026 1 IL23R G 2.8%10° 0.80 Coding:Arg381GIn in IL23R
rs4845604 1 RORC G 0.02 0.23 Intronic: RORC
rs7657746 4 IL21 A 0.08 0.14 Intronic: KIAAT109
rs6871626 5 IL12B A 0.02 0.16 Intergenic: LOC285626 -*-
LOC285627
rs1819333 6 CCR6 C* 0.12 0.11 IntergenicRNASETZ2 -*-
FGFRI10OP
rs10758669 9 JAK2 C 1.8*10°%4 0.26 IntergenicRCL1 -* JAKZ2
rs7134599 12 IFNG A 0.08 0.12 Intergenic/FNy-AS1 -* IFNy
rs17293632 15 SMAD3 T 0.36 0.07 Intronic:SMAD3
rs12942547 17 STAT3 G* 0.32 0.07 Intronic:STAT3
rs11879191 19 TYK2 G 0.004 0.26 Intronic: CDC37

SNPs included in the risk model. Chr: chromosome. Gene: Th17 gene
as candidate gene from Jostins et al. P-value: p-value of logistic regression
analysis in the ‘genetic risk model cohort’. Beta-estimate: beta-estimates
of logistic regression analysis. Risk allele: risk allele of logistic regression
analysis. Location: category of SNP, -*- marks the location of the SNP with
respect to the environment. #risk allele is opposite to the risk allele reported
by Jostins et al.

Supplementary table 3. Genotype frequencies per SNP.

Genetic risk model cohort IBD-PBMC cohort
Gene SNP ggg Heterozygous Mutant :Q//Ipl;g Heterozygous Mutant lhggl(:)
genomes
IL23R  rs11209026 | 0.02 0.10 0.88 | 0.01 0.09 0.90 0.033
RORC rs4845604 |[0.02 0.28 0.70 | 0.01 0.31 0.68 0.153
IL21  rs7657746 | 0.06 0.37 0.57 |[0.08 0.27 0.65 0.225
ILT2B  rs6871626 | 0.41 0.46 0.13 |0.43 0.46 0.11 0.383
CCR6 rs1819333 |0.19 0.50 0.31 |0.20 0.48 0.32 0.483
JAK2 rs10758669 | 0.41 0.45 0.14 | 0.47 0.43 0.10 0.309
IFNG  rs7134599 |0.35 0.48 0.17 |0.40 0.44 0.16 0.219
SMAD3 rs17293632|0.57 0.37 0.06 |0.59 0.38 0.03 0.108
STAT3 rs12942547(0.19 0.50 0.31 |0.15 0.51 0.34 0.390
TYK2 rs11879191(0.03 0.29 0.68 |0.03 0.30 0.67 0.208

Gene: Th17 gene as candidate gene from Jostins et al. Wildtype: homozygous
for protective allele. Heterozygous: one risk allele, one protective allele.
Mutant: homozygous for risk allele. MAF 1000 genomes: minor allele
frequency of SNP in 1000 genomes database (www.1000genomes.org).
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Supplementary table 4. Effect of CD and UC status on mRNA-
expression in unstimulated PBMCs and on stimulated PBMCs.

Unstimulated Stimulated*
Gene CD UC CD uC
CCR6 NS NS NS NS
IL23A  lower (p=0.062) NS smaller (p=0.001) smaller (p=0.0441)
IL12RB] NS NS NS NS
STAT3 lower (p=0.050) NS NS NS
IL17F NS NS NS NS
ILT17A NS NS NS NS
IL6 lower (p=0.002) lower (p=0.020) NS NS
RORC higher (p=0.038) NS larger (p=0.005) larger (p=0.019)
RORA NS NS NS NS

Gene: Th17 gene. Forthe unstimulated PBMCs the correlation between disease
status and differential mRNA expression is reported, reported P-values from
linear regression. ‘Lower’ and ‘higher’ indicate respectively lower and higher
MRNA expression in cases compared to controls. For stimulated PBMCs
the correlation between disease presence and differential mRNA expression
is reported. The linear regression model was adjusted for baseline mRNA
expression. ‘larger’ implies that cases had a larger difference in expression
in response to stimulation than healthy controls. ‘smaller’ implies that cases
had a smaller difference in expression in response to stimulation than healthy
controls (supplementary figure 1). P-values are not corrected for multiple
testing and only p-values below 0.10 are reported. No significant correlation
between genetic risk load and baseline mRNA expression or response
to stimulation was found. NS= not significant.
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Supplementary table 5. eQTL analysis of all Th17/1L23 associated
genes in 1240 whole blood samples of healthy controls.

Likelihood
that eSNP
Ricopili  Ricopili explains
eQTL p-value p-value IBD

Gene eSNP p-value  Direction CD UC gSNP %D’ association Comments

IBD associated genes

IL23R - - - - rs11209026 -

RORC rs11801866 5.7*10° Down 0.01 0.005 rs4845604 0.7;1 uncertain Moderate
ass. of eSNP

21 - - - rs17388568 - -

IL12B - - - rs6556412

CCR6  rs1358882 4.9*10° Up 5.3*10% 0.005 rs415890 0.5; 0.9 uncertain  RNASET2
much
stronger
eQTL

JAK2 - - - rs10758669 - -

IFNG - - - rs7134599

SMAD3 - - - rs17293632 -

STAT3 rs744166 1.4*107 Down 3.1*10% 9.9*10° rs12942547 1 certain

STAT3 rs744166  1.4*107 Down 3.1¥10% 9.9*10° rs11871801 0.2; 0.6 uncertain  Co-effect of
other STAT3
risk SNP

TYK2 rs281423 7.7*10°> Down 3.8*10¢ 0.07 rs12720356 0.02; 1 uncertain High MAF
eSNP, low
MAF gSNP

ILT7REL - - - - rs5771069 -

Non-IBD associated genes

TGFB - - - - N/A

IL6 rs11772019 1.6*10* - N/A* N/A* N/A unknown No proxy
of eSNP in
Ricopili

RORA - - - - N/A -

IL17A - - - N/A

IL17F - - - N/A

L2z - - N/A -

IL12RB1 rs438421 7.5*10% Up 2.0*10° 0.5 N/A uncertain Potential
novel CD
gene?

IL23A - - - - N/A -

IL6R rs4845623 1.5*10° - 0.05 0.2 N/A not No IBD
association

IL17R rs971768 6.6*10"" - 0.6 0.6 N/A not No IBD
association

ccLz2o - - - - N/A -

eSNP: the eQTL SNP with the most significant association with IBD in the
Ricopili database. eQTL p-value: p-value derived from non-parametric
correlation of the eQTL effect of the eSNP. Direction: directional effect
of risk allele of eSNP on mRNA-expression level. Ricopili p-value CD and UC:
the p-value of the eSNPin the Ricopili database for respectively Crohn’s Disease
and ulcerative colitis. gSNP: the associated GWAS hit for the indicated locus.
r?;D’: LD measures between gSNP and eSNP as reported by SNAP software.
# eSNP not present in Ricopili database.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Inflammatory bowel diseases (IBD) are comprised of mostly
two forms; Crohn’s disease (CD) and Ulcerative colitis (UC).
IBD is a complex genetic disease characterized by a chronic relapsing
inflammatory response of the gut immune system against commensal
microbes in a genetically susceptible host. Based on twin studies,
the heritability of IBD is estimated to be approximately 50%; the
most recent twin study, performed in the Swedish twin registry,
reports that due to a short inclusion time and short follow-up, twins
might still go on to develop either form of IBD later in life, leading
to an underestimation of the heritability [3]. The International IBD
Genetics Consortium (IIBDGC) has performed the largest genotyping
meta-analysis thus far, including more than 75,000 cases and controls
[36].Theyusedacustom-madegenotypingarray,Immunochip, covering
approximately 180 immune-related risk loci with approximately
180,000 single nucleotide polymorphisms (SNPs) and additional
content focusing on deep replication of genome-wide association
study (GWAS) results. Using Immunochip, 163 independent risk SNPs
for IBD were identified that explain 7 and 13% of the disease variance
for UC and CD, respectively. Assuming the widely used heritability
estimate of approximately 50% is correct, only 15-26% of the total
heritability can be explained by these common variants.

Numerous studies have been performed to shed light on the question
of the missing heritability, as described in Chapter 2 of this thesis.
It is defined as the difference between the heritability estimate and the
heritability that can be explained by additive models applied to the number
of risk SNPs. There are three potential sources for this difference:

1. The heritability of IBD is overestimated and thus a higher
percentage of the heritability can actually be explained by already-
identified loci.

2. New associations need to be identified because GWAS studies
are still underpowered (e.g. rare variants with large effect size are not
captured by GWAS, or common variants with low effect size are not
reaching the genome-wide significance threshold).

3. The proportion of heritability explained by the identified SNPs
is larger but hidden by, for example, epigenetic effects or gene-
environment interactions not yet accounted for.
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The overestimation of heritability

One of the potential explanations of the hidden heritability
problem is that the heritability estimates may be exaggerated. Several
methods to calculate heritability are available [1]. Each of these
methods introduces its own form of bias that, combined with
different sampling strategies, often produces more questions than
answers. A common bias is that the strategies to calculate heritability
do not account for gene-gene interactions and gene-environment
interactions. It is stated that this omission leads to an overestimation
of heritability, and creates so-called “phantom-heritability” [2].
However this statement is based on the assumption that gene-gene
interactions and gene-environment interactions always strengthen
each other’s effect, even though this has yet to be proven. Several
studies have estimated the heritability of IBD and the scientific
community seems to have reached consensus in using a heritability
estimate of 50%. The most recent twin study from the Swedish twin
registry reports that the heritability estimates have to be decreased
[3]. Concordance rates in monozygotic (MZ) CD twins were lowered
from 58% to 38%, and in dizygotic (DZ) twins the rate was lowered
from 4% to 2%. For UC, the concordance rate dropped from 19%
to 15% in MZ UC twins, but rose from 0% to 8% in DZ twins. All these
percentages are lower than those reported by the Danish twin registry
in 2000 and 2005>: 58.3% for MZ CD twins and 0% for DZ and 18.2%
for MZ UC twins and 4.5% for DZ [4,5]. Twin studies may overestimate
heritability because environmental factors are relatively similar for
twins, so it is difficult to make distinctions and gene-environment
interactions are neglected. Moreover, it is assumed that MZ and DZ
twins share the same environment, but MZ twins usually tend to show
more alike behavior than DZ twins. The heritability estimate debate
is likely to continue in the future and may never fully be resolved.
Itis likely worthwhile to explore other sources of the hidden heritability
guestion rather than focusing only on the over-estimation of the total
heritability. In the next sections | will focus on some of these sources.

136



CONCLUSIONS AND FUTURE PERSPECTIVES

Approaches for identifying new risk variants

The recent results of the meta-analysis of the IIBDGC, which
identified many new risk SNPs, are encouraging [36]. They increased
the number of risk SNPs by more than 50% using the largest cohort
in the history of IBD and by establishing excellent worldwide
collaboration. Moreover, Stahl [6] and colleagues suggest that
in the complex genetic diseases, such as rheumatoid arthritis, celiac
disease, cardiovascular disease and type 2 diabetes, many hundreds
of additional common SNP associations remain to be identified.
Their results further suggest that common causal variants of weak
effect underlie the vast majority of these genetic contributions. It is
likely that these results can be extrapolated to all complex genetic
diseases and GWAS will thus remain fruitful. Log-linear models have
been used to estimate the proportion of variation in disease liability
that is captured in GWAS by considering all SNPs simultaneously [7].
For CD it is estimated at 22%, which is significantly higher than thus far
explained by GWAS results. Unfortunately, neither of these methods
account for epistatic effects and gene-environment interactions, and
thus the effect of the single SNPs may be underestimated because
such interactions may strengthen the effect on the pathophysiology,
leading to an overestimate of the number of SNPs contributing to
disease. In short, there are probably more risk SNPs to be discovered,
but the number should be estimated with caution.

Selection of SNPs for replication

GWAS have vyielded insight into the associated areas on the
genome and the underlying pathways in disease pathogenesis,
but, as suggested previously, we have probably not uncovered all
the associated SNPs, making further exploration worthwhile [6].
Due to the large number of tests performed in GWAS, the significance
threshold is stringent. This stringency leads to variants with a so-
called type 1 error in the “sub-top” non-genome wide associated loci.
These are SNPs that did not reach the threshold for statistical
significance due to a lack of power, but that are truly associated
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to disease risk. Power can be gained by increasing the sample size
or by lowering the number of tests performed and thus the need
to correct for multiple testing. In Chapter 3 of this thesis, we
demonstrate that new hits can be identified by selecting for replication
those SNPs in the sub-top non-genome-wide associated SNPs of GWAS
results that influence gene-expression levels (expression quantitative
trait loci (eQTLs)). By using this prioritization method, we identified
ten potential risk loci for CD. Moreover, we have shown that this
is more than would be expected by chance. In the replication-phase
and meta-analysis, we identified UBE2L3 and BCL3 as new risk loci
for CD. The association of UBE2L3 was later confirmed in a large cohort
meta-analysis [8]. Currently, even larger cohorts for the identification
of eQTLs are available providing more potential SNPs for follow-up.

Expanding cohorts by including non-IBD cases

Given the cohort size of the latest [IBDGC’s effort to identify
new risk loci, one can envision that all the Caucasian IBD cohorts
have been exhausted and that a gain in power by increasing the size
of this cohort is virtually impossible. We need to find new strategies
to further uncover this part of the hidden heritability problem. GWAS
have shown that multiple immune-related diseases show overlap
in their genetic background. For instance, type 1 diabetes and celiac
disease show major overlap in association signals, but celiac disease
and IBD also show a large overlap. This knowledge was the basis for
the construction of the Immunochip, with the cooperation of genetic
consortia for various immune-related diseases, like celiac disease,
IBD and rheumatoid arthritis. Indeed, many of the 163 IBD loci
discovered by Immunochip are also implicated in other immune-
related disorders. This was seen most prominently for ankylosing
spondylitis and psoriasis. One current hypothesis is that there are two
different types of associated loci: 1) common loci, implicated in all
immune-mediated diseases, and 2) disease-specific loci, only associated
to one disease. By grouping different diseases together, the statistical
power to detect the first type of loci increases, but the power
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for detecting the second type of loci decreases. In Chapter 3, we report
a test for the association of multiple known variants in the PTPN22
gene to both forms of IBD. PTPN22 is known to be associated
to many immune-related diseases. The PTPN22 263Q loss-of-function
variant showed evidence of association with UC but not with CD.
In contrast, we found that the PTPN22 620W gain-of-function variant
was associated with reduced CD risk, but that was not so with
UC. Studies have successfully gained power for GWAS analysis by
performing a cross-disease meta-analysis by grouping traits known
to share part of their genetic background. For instance, four new
shared loci for CD and celiac disease and for rheumatoid arthritis
and celiac disease have been identified [9, 10]. Several efforts are
currently underway that include all the Immunochip results for many
immune-mediated diseases.

Expanding cohorts by including non-Caucasian cases

Another approach to increasing cohort size, and thereby
increasing power, is to include other non-Caucasian populations.
This is a statistical challenge given population stratification: differing
genetic drifts caused by different environmental factors and different
epidemiology can lead to altered linkage disequilibrium (LD) and
genomic structure. Genotyping platforms have thus far only been
constructed for Caucasian populations. However, because the SNPs
on the arrays are selected based on Caucasian LD block structure,
they are not ideal for non-Caucasian cohorts, given the differences
in minor allele frequencies and LD blocks between ethnicities. Despite
this bias, GWAS platforms have been used to study other ethnicities,
for example the study of UC in the Japanese population in 2009 [11].
In addition to the expected strong association of the HLA locus, this
study identified three more risk loci using approximately 1,300 UC
and 3,000 control samples. While they attempted to replicate the
Caucasian UCrisk loci, the researchers could only replicate association
of a few loci. The HLA locus was replicated in the Japanese cohort,
although SNPs other than the Caucasian SNPs in this locus were
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the most significantly associated. In addition, 1q36 and JAK2 could
be replicated. These results indicate that the top-hit SNP in one
population is not necessarily the same in another population,
although the same locus might well be involved. This study could not
replicate other associations that had been identified in Caucasians
and found that some SNPs in the IL10 and IL23R loci from the GWAS
platform were monomorphic in the Japanese population, and thus
non-informative.

A current standard in GWAS is imputation: increasing the density
of analyzed SNPs on the genotyping platform by predicting adjacent
SNPs based on knowledge of sequence data and underlying LD
structures. Fortunately, an increasing number of non-Caucasian
populations have been sequenced, enabling imputation of more
population-specific SNPs and thus improving GWAS analysis in non-
Caucasian cohorts. Population stratification should be accounted
for by thoroughly checking and searching for matched case-control
cohorts to include in the GWAS analysis of the different populations,
followed by a meta-analysis.

Structural variations and missing heritability

Structural variants in the genome, such as copy number variants
(CNVs), could contribute to the missing heritability question for
complex genetic diseases. The biggest effort to assess these types
of variation in the genome was performed by the WTCCC [12]. They
designed an array to measure the majority of CNVs from an inventory
of CNV compiled from an extensive discovery cohort, and they typed
3,000 controls and 2,000 cases of eight complex genetic diseases
including CD. They confirmed the association of the CNV in IRGM
and identified a new CNV in the HLA region [12]. A limitation named
by the authors was a lack of power to detect the associations for
the CNVs, because they only tested ~50% of all existing CNVs with
more than 500 copies, so half of the large CNVs were neglected and
all smaller CNVs were neglected. Moreover, false positive hits were
due to differences in CNVs detected in the DNA derived from cell
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lines and original blood samples. Association testing resulted in
the confirmation of loci already associated to disease risk identified
by conventional GWAS. Thus, their findings suggest that the majority
of CNVs currently captured by CNV arrays will be tagged by common
SNPs used in GWAS. The lack of associations for CNVs to complex
genetic diseases might still reside in an inadequacy of the detection
of these variants or they may simply not contribute. Large-scale,
whole-genome sequencing might elucidate more associations
for CNVs to complex genetic diseases since only then will we be able
to uncover more and smaller CNVs.

In conclusion, for GWAS to remain fruitful, large consortia are
necessary to generate sufficiently large cohorts o provide the power
needed to detect more variants. The IIBDGC is currently setting up such
a major cross-ethnicity project to identify new shared-risk variants.

Examining the known associations

The third source of the hidden heritability may be that more of the
heritability can be explained by already known associations. Additive
models are used to calculate the explained heritability by associated
variants. These models add up odds ratios of associated variants
while ignoring that these are not the culprits and are merely tagging
SNPs, thus the effect size of the causal variant may be underestimated.
Moreover, this method ignores other effects like epigenetics, gene-
environment and gene-gene interactions.

Identifying causal variants for IBD

Including non-Caucasian cohorts has greater advantages than
just the gain in power due to increased cohort size. The genetic
drift causing differences in LD blocks discussed earlier can be used
to narrow down the region around the associated SNP. It is likely that
different ethnicities have different genetic backgrounds but the same
disease causing genes for the same disease, and this information
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can be used to narrow down the region around the culprit gene.
For example, the tight LD block around the IL2/IL2]1 genes found
in Caucasians is split into two parts in the Han Chinese population [13].
Because the LD is so tight in Caucasians, it was difficult to disentangle
the signal and identify the culprit gene. Both LD blocks have been
investigated separately in the Han Chinese, and both appeared
to be associated to UC, indicating that both genes play a role in
the pathogenesis of this disease [13]. This principle is the basis for
a current project in trans-ethnicity fine-mapping, performed by the
IIBDGC and involving five non-Caucasian ethnicities: Japanese, Iranian,
Chinese, Korean and Indian. Trans-ethnic fine-mapping has already
been applied successfully to metabo-chip data [14], a chip comparable
to the Immunochip, and specially designed for metabolic diseases
and traits, like cardiovascular disease, type 2 diabetes and blood lipid
levels. In several loci, two or more independent signals are associated
to blood lipid levels using metabo-chip data, thereby explaining a 1.3-
to 1.8- fold increase in the phenotypic variance explained. Moreover,
the signals of several variants associated to blood lipid levels could
be narrowed down using this method. Hopefully these methods will
also be fruitful in IBD and help explain more of the hidden heritability.

Low frequency and rare variants

GWAS target SNPs with minor allele frequencies (MAF) of >5%. It is
hypothesized that (coding) low frequency and rare variants, defined
as MAF< 5% and <0.5%, respectively, contain part of the hidden
heritability because they are not sufficiently frequent and penetrant
enough for GWAS to capture [15]. In an attempt to identify rare
coding variants, 56 genes in CD-associated loci were sequenced. This
identified additional risk and protective variants in NOD2 and IL23R,
and a splice site variant in CARDY, as well as coding variants in five
other genes implicated in CD [16]. A similar effort in 55 UC-associated
genes identified three associated rare risk variants [17]. Both studies
started with a discovery cohort of 200-350 cases and controls. Given
that the MAF of rare variants is defined as <0.5%, statistically there
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should only be one case with such a mutation in their discovery
cohort. To overcome this problem, pooled exome sequencing and
simultaneous genotyping of 25 GWAS risk genes for six auto-immune
diseases was also performed in a much larger cohort of 24,000 cases
and 41,000 controls. Even then, only limited evidence for a role
of these rare variants in disease pathogenesis was found [18].

Given the fact that the low frequency variants are not detected by
conventional GWAS, true associated areas can remain undiscovered.
It might therefore still be worthwhile to select genes or regulatory
regions (hypothesis-driven selection) for targeted sequencing
and assess them for associated low frequency and rare variants.
However, selecting such areas remains troublesome and large-scale
sequencing studies are expensive due to the low a priori chance
of discovery with such low frequencies. An alternative approach is to
use consanguineous and other families with an extreme CD phenotype
to discover private variants, such as in a study into the ILTOR locus [19].

Epigenetics

Another potential source of the hidden heritability may reside
in altered cellular function caused by effects other than the 2D DNA
structure. These mitotically heritable changes in gene function that are
not explained by the DNA sequence are defined as epigenetic effects.
It is known that some epigenetic effects are stable for several generations,
but they can also be influenced by environmental influences, and
they are tissue-specific. Dietary intake during pregnancy was shown
to affect the epigenome in offspring in the Second World War and
remained stable for two generations [20-22]. This partially reversible
process of switching on or off part of the genome is primarily controlled
by DNA methylation, histone modification, RNA interference and
chromatin structure. DNA is methylated by DNMT enzymes and the
methyltransferase gene DNMT3a has also been identified as a CD
susceptibility gene, hinting at a role for epigenetics in the disease
pathogenesis [8]. A methylation chip, on which the methylation status
of ~28,000 CpG sites can be measured, has been applied to whole
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blood samples of CD cases and controls [23]. Significantly different
levels of methylation of 50 sites between cases and controls were
identified. However, the relation between histone modification and
IBD has been less thoroughly studied, with only studies on murine
and rat models and biopsies of CD patients are available. These data
suggest a role for epigenetics in the disease pathogenesis of IBD.
However, one of the major challenges remains to determine whether
this altered methylation status is a cause or a consequence of disease.
From epidemiological studies, it has become apparent that children
of mothers with CD have a higher chance of getting the disease
than children of fathers with CD, suggesting that epigenetic effects
inherited from the mother alter the genomic function. We tested all
overlapping UC and CD loci, the NODZ2 variants and a gene implicated
in UC pathogenesis that is known to be imprinted for such a parent-
of-origin effect, but found limited evidence for such effects in these
genes. A more thorough study using more trios and testing more
SNPs should be performed to answer this question.

Gene-environment interactions

Little is known about the environmental factors contributing to
the pathogenesis of IBD and providing any proof of association has
been a major challenge. Smoking is the first and only consistently
associated risk factor for IBD. Current and ex-smokers have a higher
risk of developing CD [24-26], although current smokers seem
protected against UC [24, 25, 27, 28]. Some enteric infections, such
as salmonella and campylobacter exposure [29] have been implicated
and modest evidence has recently been found that childhood exposure
to antibiotics is associated with development of IBD at a later age [30].
These latter findings may indicate that changes in the gut’s microbial
environment, the microbiome, influence the disease development
and course. An imbalance in the microbiome of IBD patients has been
observed in many studies [31-34]: decreased biodiversity, a higher
proportion of Gammaproteobacteria, and a decrease of Firmicutes
have been consistently observed.
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The current hypothesis is that environmental factors alter the
epigenome, thereby altering cell function and contributing to the
pathogenesis. Detailed information on dietary intake, microbiome,
and current or former use of antibiotics needs to be collectively
analyzed to unravel interactions and elucidate part of the pathogenesis
of IBD. Gene-environment interactions can also be studied in healthy
individuals, making it easier to collect the large sample sizes
needed for sufficient power to perform the necessary analyses, and
without confounding factors such as disease activity or drug use.
A recently initiated population-based cohort containing 175,000
individuals from the three northern provinces of the Netherlands,
the Lifelines study, may shed light on this matter [35]. This cohort
contains detailed information on health, dietary and lifestyle habits,
and medical history collected using questionnaires, blood samples
and DNA from (preferably) three generations. Recently, the
investigators started a sub-study, LifeLines DEEP, in which they also
collect exhaled breath and stool samples from approximately 1,500
individuals. The data collected from these samples may prove to
be a treasure trove of new information, but it will be challenging to
interpret, both computationally and methodologically.

Translation into function

GWAS have uncovered many associated regions for IBD leading
to greater insight into the disease pathogenesis. For instance, the role
of autophagy in inflammation in IBD patients was discovered by GWAS.
Recently, the overlap between susceptibility loci for mycobacterial
infection and IBD was also discovered [36]. Gene co-expression
network analysis emphasizes this relationship, with pathways shared
between host responses to mycobacteria and those predisposing to
IBD, suggesting that host-microbe encounters have shaped genetic
predisposition to IBD.

One of the topics in IBD research is identifying the culprit gene
in a locus. For many associated regions this still is a challenge,
as loci may contain none, one or many genes. Common denominators
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for genes in associated regions can be used to prioritize genes
in loci. Several tools have been developed for prioritization based
on gene characteristics (Gene-ontology; GO-terms), on co-occurrence
in the literature (Gene Relationship Across Implicated Loci; GRAIL),
on co-expression of genes, and on protein-protein interaction data.
The T helper 17/interleukin 23 (Th17/IL23) pathway has been
implicated in the pathogenesis of IBD using these methods. In Chapter
6, we sought to unravel the correlation between genetic risk load,
i.e. the number of genetic risk loci, and gene-expression levels for
genes in the Th17/1L23 pathway. Surprisingly, we found only limited
evidence for such a correlation. Furthermore, we found that only two
out of 23 genes in the pathway eQTL-SNPs also showed association
to IBD. In our study, we used peripheral blood mononuclear cells, but
ideally Th17 cells isolated from both an inflamed part of the gut and
from a non-inflamed part of the gut from the same individual should
be tested for differential expression to test for disease status effects.
Further, the gene expression of Th17 cells from non-inflamed gut
biopsies in individuals with a low genetic risk should be compared
to Th17 cells isolated from non-inflamed gut biopsies in high genetic
risk individuals to test for the effect of genetics on expression levels.

Translation to the clinic

GWAS have been promoted as the bridge between the genetic
association of IBD and the clinical impact. However, for both IBD and
for most of the other complex genetic diseases, the clinical impact
of GWAS results has been very limited thus far. It could be of major
health care-, personal- and economic-importance to be able to specify
treatment and to be able to predict the disease course and drug
response for each individual patient, for example. This would enable
clinicians to apply personalized medicine, i.e., for every IBD patient
the disease can be treated effectively from the beginning instead
of wasting time and money following the classical step-up strategy
to attain optimal therapy for a patient. To date, a few successes have
been achieved. For example, patients who are treated with azathioprine
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or 6-mercaptopurine are increasingly screened for avariantin the TPMT
gene, for which low expression is associated to bone marrow toxicity
as the marrow-toxic metabolite 6MP is not inactivated. More studies
are also being performed to detect genetic prediction factors for
mesalasine-induced nephrotoxicity and complications of thiopurines
and anti-TNF therapies. To gain further insight, incorporation
of genetic information with environmental information (such as the state
of the microbiome or smoking status) and disease status, treatment,
and disease course is of utmost importance. Building biobanks like
the String of Pearls research initiative (Parel Snoer Instituut, PSI)
in the Netherlands addresses this need and should contribute greatly
to elucidating clinically important genetic factors [37]. PSI consists
of eight research lines (pearls), including IBD, for which detailed
and standardized patient and disease information and blood, feces,
biopsy, resection tissue, and DNA sample are collected and stored
in a biobank for major, integrated,‘omics’ analysis.

Conclusion

Three potential sources of the hidden heritability of IBD remain
to be explored. First, the heritability estimate may be overestimated.
Second, there may be more risk SNPs to be identified. Third, more
of the heritability might be explained by the established risk SNPs and
variants in LD. Large cohorts, extensive information on the phenotype
and accessibility to various tissue types of IBD patients and controls
are needed to further elucidate the genetic background and enable
personalized medicine. To collect and process all this information,
collaborations between consortia both at a national and international
level will be essential.
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SUMMARY

Summary

Chronic inflammatory bowel diseases (IBD) are mostly comprised
of Crohn’s disease (CD) and Ulcerative colitis (UC). Their prevalence
in Western countries is approximately 100-200 per 100,000. They
are complex genetic diseases, meaning that both environmental and
genetic factors contribute to disease risk and the course of the disease.
They are characterized by a chronic and recurring inflammation
of the gut, which is triggered by an aberrant immune response to
commensal gastrointestinal microbes in a genetically susceptible host.
This leads to symptoms such as abdominal pain, bloody stools and
diarrhea. Epidemiologic studies have uncovered some environmental
risk factors, including smoking and intestinal infections, but this
search has been problematic. Most research has focused instead on
unraveling the genetic background of IBD by scanning the genome in
tens of thousands of cases and controls for genetic variants - single
nucleotide polymorphisms (SNPs) - associated to disease risk. During
the work described in this thesis, the International IBD Genetics
Consortium (IIBDGC) performed the largest risk SNP meta-analysis so
far. It included more than 75,000 cases and controls, expanding the
total number of known risk SNPs to 163 for IBD, the largest number
of known risk loci for any of the complex genetic diseases. These 163
loci together explain 7% and 13% of the disease variance for UC and
CD, respectively. Given a heritability estimate of 50%, approximately
15-26% of the total heritability can now be explained.

In this thesis, we aimed to elaborate on the partially uncovered
genetic background of IBD. We performed an extensive literature
search for potential sources of hidden heritabilities by identifying
new risk SNPs, and we took the first steps towards identifying other
potential sources for this newly identified genetic background,
moving beyond pinpointing new risk SNPs in the genome. Moreover,
we investigated the consequences of such risk loci for cell function.

This thesis has three parts. In the first part, we aimed to identify
new risk loci for IBD by prioritizing specific loci known to influence
gene-expression levels. Genome-wide association studies (GWAS) use
genotyping platforms that determine the genetic code of hundreds
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of thousands of SNPs and test for genetic association to a trait or
disease. This approach requires a stringent correction for multiple
testing, and therefore a true association might be discarded because
of a lack of statistical power. Replication studies of the top-1000 loci
have been successful in determining new risk loci, but are costly and
time-consuming. By testing only a subset of the loci, the number of
tests for which correction is needed decreases and thus the power to
detect risk loci increases. We chose to test only risk loci that influence
gene-expression levels - expression quantitative trait loci (eQTLs) -
since they are known to be more-often trait-associated. We applied
this strategy successfully to the top-1000 SNPs of a publicly available
GWAS and identified 10 eQTL SNPs. Of these, one was an established
SNP in the NODZ2 locus, a well-known and established risk locus for
IBD, and another two risk SNPs had a significant association to CD in
our study cohort, later confirmed in a meta-analysis.

A second strategy for identifying new risk SNPs was based on the
insight that many immune-mediated diseases share part of their genetic
background. The PTPN22 locus is an example of such a common
locus. In our study we tested two coding SNPs for association to CD
and UC, R263Q and R620W. The R263Q SNP was only associated to
UC, whereas the R620W SNP was only significantly associated to CD.

In the second part of the thesis, we focused on epigenetic effects
as another potential source of hidden heritability. These are effects on
gene-expression levels by, for instance, controlling the tightness of
winding of the DNA and thereby controlling the availability of the DNA
for expression. It is known from epidemiological studies that children
of mothers with CD have a higher risk of developing CD themselves
than children of fathers with CD. Epigenetic effects might underlie this
phenomenon of genomic imprinting. We aimed to identify risk loci
subjected to such effects in the overlapping CD and UC loci, in NOD2
and in a risk locus for UC already known to be imprinted. However, we
found only weak evidence for such effects in these loci in IBD patients
using a parent-of-origin test, thus further research with larger cohorts
is necessary to test the remaining IBD risk loci.

In the third part of the thesis, we investigated the functional
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consequences of risk SNPs for a pathway implicated in the pathogenesis
of IBD: the Th17/IL23 pathway. The Th17/IL23 pathway acts in
Th17 cells, which are thought to play a role in chronic inflammatory
processes. Next to the genetic associations, functional studies had
also highlighted the role of the Th17/IL23 pathway in IBD. Using
expression data of peripheral blood mononuclear cells from 40 healthy
individuals, 40 CD and 40 UC patients for whom genotyping data was
available, we looked for a correlation between the number of risk
loci and gene-expression in the Th17/IL23 pathway. In 1,240 control
individuals with whole-genome genotype and mRNA-expression
data, we also assessed the correlation between genetic risk load and
differential mRNA-expression and looked for cis-eQTL SNPs for all
the currently known Th17/I1L23 genes. Surprisingly, we found little
evidence for such genetic-gene-expression correlations, but we did
find a disease status-gene-expression correlation.
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Samenvatting

Chronische inflammatoire darm ziekten (IBD) bestaan voornamelijk
uit de ziekte van Crohn (CD) en colitis ulcerosa (CU). De prevalentie in
de westerse landen is ongeveer 100-200 per 100.000 individuen. Het
zijn complexe genetische ziekten, wat inhoudt dat zowel de omgeving
engenetische factoren eenrol spelen. Ze worden gekarakteriseerd door
een chronische, terugkerende ontsteking van de darm, die ontstaat
door een afwijkende reactie van het immuunsysteem op commensale
gastrointestinale microben in genetisch vatbare individuen. Dit

leidt tot symptomen als buikpijn, bloederige ontlasting en diarree.

Epidemiologische studies hebben een aantal omgevingsrisicofactoren
ontdekt, zoals roken en intestinale infecties, maar de zoektocht is
problematisch gebleken. Het onderzoeksveld rondom het ontrafelen
van de genetische achtergrond van IBD is succesvol geweest door het
scannenvan genetische varianten -zogeheten enkelvoudige nucleotide
polymorfismen (SNPs) - in het hele genoom van tienduizenden
patiénten en gezonde controles en zodoende het ziekte risico te
bepalen van elk van deze SNPs. Tijdens het werk wat verricht is en
beschreven staat in dit proefschrift heeft het International IBD Genetics
Consortium (IIBDGC) de grootste meta-analyse tot nu toe verricht. Zij
includeerden meer dan 75.000 pati€énten en controles, en vergrootten
daarmee het aantal bekende IBD risico SNPs tot 163. Dit is het grootst
aantal bekende risico SNPs voor alle complexe genetische ziekten. De
163 SNPs samen verklaren respectievelijk 7% en 13% van de ziekte
variantie voor UC en CD. Bij een geschatte erfelijkheid van ongeveer

50% kan ongeveer 15-26% van de totale erfelijkheid verklaard worden.

In dit proefschrift hebben we getracht de deels ontrafelde
genetische achtergrond van IBD verder uit te werken. Er is een
uitgebreid literatuuronderzoek gedaan om potentiéle bronnen van de
verborgen erfelijkheid voor IBD te ontrafelen. Hiernaast hebben we
nieuwe risico SNPs voor IBD gezocht, en we namen de eerste stappen
in het exploreren van andere potentiéle bronnen van deze verborgen
genetische achtergrond, daarmee gaan we verder dan het aanwijzen
van nieuwe risico SNPs in het genoom. Tenslotte onderzochten we de
consequenties van risico SNPs voor cel functie.
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Dit proefschriftis opgedeeld in drie delen. In het eerste deel hebben
we nieuwe risico SNPs voor IBD willen identificeren door specifieke SNPs
te prioriteren die gen-expressie beinvloeden. Genoombrede associatie
studies (GWAS) maken gebruik van genotyperingsplatformen die de
genetische code van honderdduizenden SNPs tegelijk bepalen in
honderden individuen en die daarna getest worden voor associatie
met een bepaalde eigenschap of ziekte. Deze aanpak heeft een zeer
strenge statistische correctie nodig door het grote aantal testen wat
uitgevoerd wordt, waardoor werkelijk geassocieerde SNPs gemist
kunnen worden door een gebrek aan power. Replicatiestudies van
de, bijvoorbeeld, top-1000 niet-geassocieerde SNPs zijn succesvol
gebleken in het identificeren van nieuwe risico SNPs, maar deze
studies zijn duur en tijdrovend. Door alleen een deel van deze SNPs
te testen neemt de correctie die nodig is voor het aantal testen
af waardoor de power om SNPs te vinden toeneemt. Wij hebben
ervoor gekozen alleen die SNPs te selecteren die ook gen-expressie
beinvioeden - expressie kwantitatieve karakter eigenschap SNP
(eQTLs) - aangezien die vaker geassocieerd zijn met een bepaalde
eigenschap. Wij hebben deze strategie succesvol toegepast op de top-
1000 SNPs van een publiekelijk beschikbare GWAS en hebben hierin
10 eQTL SNPs geidentificeerd. Van deze SNPs is één een bekende SNP
in het NODZ2 gen, een bekend risico gen voor IBD, en twee andere
SNPs waren significant geassocieerd met CD in ons cohort en werden
later bevestigd in een meta-analyse.

Een tweede strategie voor het identificeren van nieuwe risico
SNPs is gebaseerd op het inzicht dat vele immuun-gemedieerde
ziekten een deel van hun erfelijke achtergrond delen. PTPNZ22 is een
voorbeeld van een algemeen gedeelde SNP. In onze studie hebben we
twee coderende SNPs getest voor associatie met CD en UC, R263Q
en R620W. De R263Q SNP was geassocieerd met UC risico, terwijl de
R620W SNP geassocieerd was met CD risico.

In hettweede deel vandit proefschriftfocussen we op epigenetische
effecten als potentiéle bron voor de nog niet ontrafelde erfelijkheid
van IBD. Dit zijn effecten op gen-expressie door bijvoorbeeld het
beinvloeden van hoe sterk het DNA opgerold is en daarmee de
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beschikbaarheid van dat DNA om tot expressie gebracht te worden. Het
is bekend vanuit epidemiologische studies dat kinderen van moeders
met CD een grotere kans hebben op het krijgen van CD dan kinderen
van vaders met CD. Epigenetische effecten zouden verantwoordelijk
kunnen zijn voor dit fenomeen, zogenoemd genomische imprinting.
Wij wilden risico SNPs met zulke effecten vinden in de overlappende
CD en UC SNPs, in het NODZ2 gen, en in een risico gen voor UC waarvan
al bekend is dat het beinvloed wordt door imprinting. We gebruikten
een parent-of-origin test om deze hypothese te toetsen, maar vonden
slechts zwak bewijs voor zulke effecten in deze SNPs in IBD patiénten.
Verder onderzoek is nodig waarbij grotere cohorten gebruikt worden
en waarin meer SNPs getest kunnen worden.

In het derde deel van dit proefschrift hebben we de functionele
gevolgen van risico SNPs getest in een pathway wat geassocieerd
is in de pathogenese van IBD: het Th17/IL23 pathway. Het Th17/
IL23 pathway werkt in Th17 cellen, dit zijn cellen waarvan gedacht
wordt dat ze een rol spelen in chronische ontstekingsprocessen.
Naast genetische associatie hebben functionele studies ook de rol
van het Th17/I1L23 pathway in IBD belicht. Door gebruik te maken
van expressie data van perifere bloed mononucleaire cellen van 40
gezonde individuen, 40 CD en 40 UC patiénten waarvan we ook
genotype data hadden, hebben we gezocht naar een correlatie tussen
het aantal risico SNPs en de gen-expressie in het Th17/IL13 pathway.
In 1.240 controle individuen met genotype en gen-expressie data
van het gehele genoom hebben we de correlatie tussen genetische
risico zwaarte en differentiéle gen-expressie eveneens onderzocht.
Daarnaast hebben we gezocht naar cis-eQTL SNPs voor alle tot nu
toe bekende Th17/IL23 genen. Verrassend genoeg vonden we maar
weinig bewijs voor het bestaan van deze correlaties, behalve een
ziektestatus effect op gen-expressie.
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