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Stellingen behorende bij het proefschrift: 

Shared Genetic Background of Inflammatory Diseases of the Bowel 

1. Genetic risk factors alone will never be sufficient to predict ulcerative colitis risk 
and to differentiate between healthy people and ulcerative colitis patients. (This 
thesis) 

2. There is a substantial overlap in genetic risk factors between Crohn's disease, 
ulcerative colitis and celiac disease. (This thesis) 

3. Candidate-pathway genetic screens are an important way to increase the power 
of genetic studies in complex disease in order to identify risk loci for which 
genome-wide association studies are underpowered. (This thesis) 

4. The IL2/IL21 locus is an important risk locus for Crohn's disease, ulcerative 
colitis and celiac disease, but the actual risk variants and hereby probably also 
the mechanism through which this effect is exercised, is more similar between 
ulcerative colitis and celiac disease, than between these two diseases and 
Crohn's disease. (This thesis) 

5. Genetic risk for many complex traits is heterogeneous between populations. 
(This thesis) 

6. Hypothesis-free research is always underpowered to give comprehensive 
results; hence it will have to be followed by several stages of hypothesis-directed 
research. 

7. The knowledge on genetic diversity gained with the Human Genome Project will 
be useless until we are able to interpret this diversity, which we can only do with 
extensive knowledge on the translational process from DNA through RNA to 
functional amino acids. 

8. Overwhelmed with the enormous genetic diversity found by the Human Genome 
Project it is attractive to concentrate on genetic similarities. However it is 
important for the progression of the field to take on the challenge and to 
interpret the diversity. 

9. Our ideas must be as broad as Nature if they are to interpret Nature. (Sherlock 
Holmes, A Study in Scarlet, Sir Arthur Conan Doyle) 

10. We find what we are looking for in life - if you look for happiness, you will see it: 
if you look for distrust and envy and hatred - you will find those too. (Alexander 
McCall-Smith) 

11. Met je zorgen maken kom je niet verder, gewoon beginnen. (Kineke Festen) 

12. Het is belangrijk om altijd te luisteren naar het advies van mensen die ouder en 
wijzer zijn, maar minstens zo belangrijk om te overwegen dingen totaal anders 
te doen. 
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Preface and outline of the thesis 

In recent years technical developments have enabled the high-throughput and in-depth analysis 

of the genetics of complex traits. This has led to major advances in our knowledge of the genetic 

variants that predispose to these traits. For the inflammatory bowel diseases (IBD) in general, 

and Crohn's disease (CD) in particular, new high-throughput genotyping techniques have been 

very successful in identifying genetic risk variants. For CD, 70 genetic risk variants have been 

identified so far, representing about 10% of the total disease risk and about 20% of the genetic 

disease risk. For ulcerative colitis (UC), the other disease entity in IBD, the new analysis methods 

have been almost equally successful and have identified 47 new genetic risk variants. Many more 

risk variants remain to be discovered, but those already identified have provided a wealth of 

information on the aetiology and pathophysiology of these diseases. Moreover, the new genetic 

risk variants have revealed that there is an overlap in genetic risk between CD, UC and other 

complex diseases, implying a pathophysiological overlap between these diseases. In order to 

make full use of this information, a more complete image of the overlap between the various 

complex traits is required. 

In this thesis we focus on: (I) identifying additional risk variants for inflammatory bowel 

disease, (II) exploring the genetic overlap between inflammatory bowel disease and another 

inflammatory disease of the gastrointestinal tract, namely ceHac disease, and (Ill) investigating 

the possibilities for expanding the current boundaries of genetic studies in order to gain a more 

complete image of the overlapping genetic risk in various complex traits. 

In the introduction, chapter 1, we give an overview of the clinical picture and the epidemiology 

of the IBDs. We then describe the first findings on the heritability of IBD and the genetic risk 

variants that have been identified by high-throughput genotyping studies. Finally we discuss the 

implications of these findings for our knowledge of the disease pathogenesis and their impact on 

the treatment of IBD patients. 

In part I of the thesis we concentrate on identifying and replicating new risk loci for IBD. In the 

work described in chapter 2 we confirmed seven UC risk loci and identified one new UC risk locus 

by testing the top results of a genome-wide association study (GWAS) in our Dutch study sample. 

We show that these new risk loci have an accumulative effect on the risk for UC. Previous genetic 

and functional studies point to a major role of the innate immune system in the pathogenesis 

of IBD. To identify new genetic risk loci for both UC and CD, we performed a screen of genetic 

variants of innate immunity genes in both these diseases, described in chapter 3. In this genetic 

screen we identified two new risk loci for IBD: CARD9 and IL18RAP, one of which, IL18RAP, had 

already been identified as a risk locus for celiac disease. 

Part II of the thesis looks at the genetic and pathophysiological overlap between IBD and 

celiac disease. Chapter 4 gives an overview of what is known about the clinical, pathological 
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and genetic overlap between IBD and celiac disease so far. Based on this impressive overlap, we 

decided to perform further studies to identify genetic risk loci shared by IBD and celiac disease. 

In chapter 5 we describe a candidate gene study in which a known celiac disease risk locus, IL2/ 

IL21, was tested for association in IBD. We found that the IL2/IL21 locus was associated with UC 

disease risk and, to a lesser extent, with CD disease risk. In order to get a more complete overview 

of the genetic overlap between the disease entities, we performed a genome-wide meta-analysis 

between CD and celiac disease using a new method; this is described in chapter 6. We identified 

four shared risk loci for celiac disease and CD in this study: PTPN2, IL1BRAP, TAGAP and REL/ 

PUS10. Two of these loci, PTPN2 and IL1BRAP, had previously been independently identified as 

risk loci for both diseases separately providing a positive control for this new method of genetic 

meta-analysis between different disease entities. 

In part Ill of the thesis we consider how to expand our knowledge on the genetic overlap 

between complex traits and the impact this knowledge will have on future research and patient 

care. In order to be able to gain enough power to perform comprehensive studies on the genetic 

overlap between traits, it will be necessary to include non-Caucasian studies. However, so far, 

little is known about the differences that the various populations may show in their genetic risk 

for complex traits and this will affect how we can combine data from different populations and 

retain power to find new risk loci. We therefore took a first step in exploring the difference 

in genetic risk between different populations by reviewing the commonalities and differences 

between genome-wide association studies in Asians and Caucasians, as described in chapter 7. 

We found that the diversity in risk genes between populations is much larger for certain groups 

of complex traits than for others. We hypothesise that this may be due to environmental factors 

and how far they influence disease pathogenesis. Chapter 8 provides a general discussion of the 

future course of research in complex traits and of the implications that this research will have 

for risk prediction, prevention and patient care. Chapter 9 gives a general overview of genetic 

research in inflammatory bowel disease. 
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Introduction 

The inflammatory bowel diseases (IBD) are relapsing inflammatory diseases of the gastrointestinal 

tract, consisting mainly of Crohn's disease (CD) and ulcerative colitis (UC). A small part of the IBDs 

consist of microscopic colitis, (collagenic and lymfocytic). These forms of IBD have hardly been 

considered in genetic research and therefore fall outside the scope of this chapter. 

Epidemiology 

The prevalence of IBD varies greatly between populations, with the highest prevalence seen in 

the Western world and a much lower rate in developing countries and Asia.1 UC is more common 

than CD, with a prevalence around 235/100,000 in North America, Western Europe and the UK, 

and a prevalence around 20/100,000 in developing countries. The prevalence of CD is around 

200/100,000 in North America and 10/100,000 in developing countries.1 Whereas the incidence 

and prevalence of CD and UC in the Western world is stabilizing, the rates for both diseases are 

still rising in the south of Europe, in developing countries and in Asia. For several ethnic groups 

it has been shown that after migration to a different geographical area, the prevalence of IBD 

in the ethnic group becomes equal to the local level of prevalence within 1-2 generations. This 

phenomenon, along with the rising level of IBD in developing countries, implies that factors in 

the Western lifestyle and environment have an effect on IBD risk.1 

Disease phenotypes 

Crohn's disease {CD) 

CD is typically diagnosed in the second or third decade of life, while an earlier age of onset 

is correlated with a more severe disease phenotype.2 Inflammatory pathways involved in CD 

are the T-helper 1 (Thl) pathway, effectuating cell-mediated immunity through tumor necrosis 

factor-beta (TNF-�) and interferon-gamma (IFN-y), and the T-helper 17 (Th17) pathway, recruiting 

neutrophils to the site of inflammation.3 Inflammation can occur anywhere in the digestive tract, 

from the oral cavity to the anus, but it mainly affects the terminal ileum. Stretches of inflamed 

mucosa are typically sharply demarcated and alternate with areas of uninvolved mucosa.4 Initially 

lesions resemble small aphthous ulcers, with neutrophil infiltration. Subsequent inflammation in 

CD is often transmural, at times causing abscesses, strictures and fistulas from the bowel to skin, 

bladder, vagina or other bowel segments. The presentation of CD can range from abdominal pain 

and weight loss to fever and bloody diarrhea, and largely depends on the disease localization 

and severity.4 The preferential therapy for CD is drug therapy and initially the disease is treated 

with corticosteroids. If corticosteroid therapy is insufficient, immunosuppressive therapy with 

thiopurines should be considered. CD that is resistant to therapy with both corticosteroids 

and thiopurines can be treated with anti-TNF-alpha (TNF-a) drugs, which neutralize TNF-a by 



Inflammatory Bowel Disease I 11 

preventing it from binding to the TNF-a receptor.4•6 In the majority of CD patients the disease 

eventually progresses from a purely inflammatory disease, which can be treated with drug 

therapy, to a more complicated disease with strictures, abscesses or fistulas, which require 

surgical intervention.4•6 Due to the extensive nature of CD, surgical intervention can never cure 

the disease and the principal treatment will always be drug therapy.6 

Ulcerative colitis (UC) 

The characteristic age of onset of UC is between the second and third decade of life, but the 

condition may arise in both younger or considerably older individuals. The main immune pathway 

underlying inflammation in UC is the T-helper 2 (Th2) pathway and, to a lesser extent, the Th17 

pathway.3 UC is confined to the colon, with occasionally limited involvement of the terminal 

ileum called "backwash ileitis" in patients with severe pancolitis.4 Inflammation is continuous, 

extending from the rectum, and typically only involves the mucosa and submucosa. Affected 

mucosa may show slight reddening and easy bleeding in mild disease to extensive ulceration 

with pseudopolyps of regenerating mucosa in severe disease. Most UC patients present with 

bloody mucoid diarrhea and lower abdominal pain. Rarely, the initial attack of UC leads to acute 

cessation of bowel function and toxic dilatation and necrosis of the colon (toxic megacolon).4 

An important complication of UC is malignant dysplasia of the colon mucosa as a result of long

term inflammation.4 It is estimated that 10% of patients with pancolitis will progress to having a 

carcinoma.7 Treatment of disease UC confined to the rectum can be managed by local therapy 

with 5-aminosalicylic acid suppositories, if necessary in combination with local corticosteroids.4•6 

For patients with inflammation extending further proximally, enemas should be substituted for 

the suppositories. In left-sided UC or pancolitis, or when local therapy is insufficient in distal 

disease, oral therapy with 5-aminosalicylic acid should be started. If this yields insufficient results, 

oral corticosteroids can be added to the regime. Thiopurines can be added to prevent relapses.4•6 

Fulminant relapsing disease, disease resistance to drug therapy and the occurrence of dysplasia 

are indications for surgical intervention in UC. Such intervention is usually a two-step procedure, 

starting with a proctocolectomy and ileostomy, followed by reestablishing the continuity of the 

gastrointestinal tract by anastomosing and creating an ileal pouch which is connected to the 

anus.8•9 Since UC is limited to the colon, a complete proctocolectomy will cure the disease. 

Unknown inflammatory bowel disease (IBD-U) 

In patients with disease limited to the colon, it is not always possible to make a definite diagnosis 

of either CD or UC. When a patient with chronic colitis does not show clear clinical, endoscopic 

or histological features of CD or UC, a diagnosis of unknown inflammatory bowel disease (IBD-U) 

is made. In many IBD-U patients, progression of the disease over time leads to a more definite 
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diagnosis of their disease. However, in some patients the diagnosis remains unclear, which can 

significantly complicate treatment. 

Pathogenesis and risk factors 

It is hypothesized that inflammation in I8D arises as an aberrant reaction to the normal commensal 

microflora in genetically predisposed individuals. In the normal state the intestinal immune 

system is tolerant to its commensal flora.10,11 In both CD and UC the innate and adaptive immune 

response and the epithelial barrier play an important role in the loss of this tolerance.12,13 

Both CD and UC are complex diseases, meaning that both environmental and genetic factors 

play a role in disease risk. The most well known environmental factors influencing I8D risk are 

smoking and prior appendectomy.14,15 Prior appendectomy has a protective effect against UC. 

Smoking has a remarkably paradoxical effect on CD and UC: it is a strong risk factor for the 

development of CD and has a strong negative influence on the course of the disease, in contrast, 

stopping smoking is a risk factor for the development of UC.14,15 

The importance of genetic risk factors in I8D is reflected in a higher concordance of disease 

in monozygotic twins than in dizygotic twins and in the increased risk for I8D in first-degree 

relatives of I8D patients.16,17 In CD, the concordance of disease for monozygotic twins is 56% 

and for dizygotic twins 4%. The twin concordance for UC is 18% for monozygotic twins and 5% 

for dizygotic twins.16-18 These data suggest that the influence of genetic susceptibility is more 

prominent in CD than in UC. In contrast to diseases with a Mendelian inheritance (in which a 

mutation in a single risk gene causes disease), the genetic risk in I8D is conveyed by multiple 

genes each of which contribute a modest effect to the individual's risk of disease.17 

What was known before genome-wide association studies 

It is widely recognized that understanding the genetic background of I8D will lead to a better 

understanding of the diseases' pathogenesis and thereby contribute to the development of new 

therapies for I8D. The first studies to uncover part of the genetic background of I8D were genome

wide linkage studies performed in families with a high prevalence of the disease.19,20 such studies 

identified nine genetic loci, called 1801-/809, that segregate with I8D in high-incidence families 

and these may contain genetic variants that convey a substantial risk towards disease.21 /801 is 

the most consistently replicated locus and it was found to contain the strongest CD risk gene: 

N002 (also known as CAR0lS).19,20,22-26 NOD2 is an intracellular pattern recognition receptor 

that, after activation by bacterial peptidoglycan or muramyl di peptide (MOP), activates the NF-K� 

pathway and triggers the innate immune system. 27,28 Three N002 variants (Arg702Trp, Gly908Arg 

and leu1007fsinsC), all located in or near the leucine-rich repeat sequence in the N002 gene, 
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were identified as conferring risk to CD.19·20 Heterozygotes for any of these NOD2 variants have 

an odds ratio (OR) of 2.4 for CD, whereas homozygotes and compound heterozygotes for any of 

the three variants have an OR of 17.1. Despite the high ORs for the NOD2 risk variants, these 

variants are neither sufficient in themselves nor necessary to cause CD.19·20 

Conclusive risk genes were not identified from any of the other IBD susceptibility loci. /8D5, 

a risk locus that was also replicated in case-control studies of unrelated individuals, contains 

several possible candidate genes: SLC22A4 (also known as OCTN1) and SLC22A5 (or OCTN2), 

both encoding organic cation transporters.29 Studies trying to identify the causal variants in 

this locus have not yet been successful.30·31 /8D3 is located on 6p21 and encompasses the HLA

region.32 The association of CD with certain HLA subtypes seems to be highly variable between 

populations.33-36 Such associations are more consistent for UC: the HLA-DRB1 *0103 haplotype 

seems to be the strongest HLA risk factor for UC in Caucasians.35-41 

Results from genome-wide linkage studies combined with knowledge about the pathogenesis 

of IBD prompted researchers to select candidate genes to study for genetic association with IBD.42 

A large number of these studies have been performed with functional candidate genes involved 

in the mucosa! barrier function, innate immune pathways and adaptive immune pathways. 

However, consistent replication of the results of candidate gene studies has often proved to be 

a problem. Inconsistent association results have been obtained for variants in TLR-4, TLR-5, TLR-

9, NOD1, ICAM-1, MYOIXB, MDR1 and DLGS with IBD.43-53 More robust associations with IBD 

have been reported for IRF5, CARD9 and IL1BRAP, all of which are players in the innate immune 

system.54-57 IRFS is a transcription factor that influences the expression of type I interferon genes 

and induces pro-inflammatory cytokines through the toll-like-receptor pathway. 58 CARD9 is part 

of a protein complex that forms a crucial connection in the process of stimulating innate immune 

signaling by intracellular and extracellular pathogens.59 /L18RAP encodes the beta subunit of 

the IL-18 receptor. IL-18 is mainly produced by antigen-presenting cells and it stimulates the 

production of interferon-gamma and several pro-inflammatory cytokines.60 

Genome-wide association (GWA) study findings 

Despite extensive research efforts made in genome-wide linkage studies and candidate 

gene association studies, they have often failed to deliver definitive results. In genome-wide 

association (GWA} studies, large numbers of cases and controls are genotyped and compared 

for thousands of single nucleotide polymorphisms (SNPs} distributed over the whole genome. 

They were developed to overcome the issues that restrict the effectiveness of both candidate 

gene- and linkage studies.42 The fact that GWA studies are hypothesis-free means that, unlike 

candidate gene association studies, the results are not limited to what is known about the 
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pathomechanisms of the disease. GWA studies are especially suitable for finding common risk 

variants with a small or modest effect that are likely to influence complex diseases. This provides 

a major advantage over linkage studies, which are more suitable for finding rare risk variants with 

a large effect.42 

CD is one of the first diseases in which GWA studies have been performed and with most 

success61-70 (table 1). CD is a good candidate for testing the GWA method, because of the 

relatively large influence of genetic factors on disease risk. The identification of the NOD2 

and /805 loci using GWA provided an important proof-of-principle for the application of GWA 

studies in complex diseases.61•65 To date, nine GWA studies have been performed for CD and 

have identified many novel CD risk loci.61-70 To increase the power of GWA analysis, several CD 

GWA datasets were combined in a meta-analysis of several thousand CD cases and controls.71 

While 10 years of linkage- and candidate gene studies only yielded three consistently replicated 

CD risk loci, three years of GWA studies increased the number of replicated CD risk loci to more 

than 30 and current studies are expected to increase this number to more than 70. All of these 

risk loci are of small effect, with ORs usually< 1.5 (with the exception of NOD2). Together these 

risk factors explain approximately 20% of the genetic risk for CD.71 The identification of two CD 

risk loci containing IRGM and ATG16L1, both genes involved in cellular autophagy, pointed for 

the first time to a role for autophagy in CD pathogenesis.66•67 Furthermore, GWA studies showed 

the importance of the intestinal microflora and the IL23 pathway for CD pathogenesis.62 Other 

new CD risk loci, like PTPN2, indicate shared pathomechanisms between CD and other immune

related diseases.61•71•72 

After the first CD GWA study, it took more than a year before the first UC GWA study was 

performed.39 In the meantime several groups identified shared UC and CD risk genes by testing 

the newly found CD risk loci in UC.39•73 The first GWA study in UC in was a low coverage study 

including only non-synonymous SNPs; it identified one risk locus, ECMl, that had not been 

identified in CD GWA studies.39 The four subsequent UC GWA studies showed that there is a 

large genetic overlap between UC and CD40A1J4,75 (table 2). Loci like /L23R, NKX2-3, 13q14, JAK2, 

MSTl and KIF218, which were first discovered as risk loci for CD in GWA studies, were also found 

to be associated to UC. But, in addition to the many similarities, the GWA studies also revealed 

marked differences between the two diseases. The strongest known CD-associated locus, NOD2, 

is not associated to UC, nor are the loci containing the autophagy genes ATG16L1 and IRGM. And 

while no consistent signal in the MHC region has been observed for CD, the association signal 

in this region is consistent between UC GWA studies, probably as a result of association to the 

HLA-DRBl subclass.40A1,69,14,75 The four UC GWA studies have identified several additional UC risk 

loci that point to UC-specific pathomechanisms. For example, three loci containing the cell-cell 

adhesion genes CDHl, HNF4a and LAMBl, suggest that epithelial integrity is a major factor in 
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Table 1 I Risk loci for Crohn's disease. 

Number Position (Chr) Gene Gene Function Reference 

1 10q21.2 l ntergenic (61;64;71) 

2 16q12. 1 NOD2 Antigen recognition and activation innate (61-65;71;78;152) 
immune system 

3 18pll.21 PTPN2 T cell protein tyrosine phosphatase, a key (61;67;71) 
negative regulator of inflammation 

4 lq23.3 ITLNl Epithelial integrity of enetrocyte brush (71) 
border 

5 lq24.3 lntergenic (67;71) 

6 21q22.2 l ntergenic (67;78) 

7 2q37.1 ATG16Ll Antigen autophagy and innate immune (61;64;71) 
activation 

8 5p13.1 PTGER4 Activation of T cell signall ing (61;63;65;71) 

9 5q31.1 lntergenic (61;71) 

10 5q33.1 I RGM Antigen autophagy and i nnate immune (61;67;71) 
activation 

11 9q32 TNFSF15 T cell effector stimulation bythe innate (71;78) 
immune system 

12 21q22.3 ICOSLG Co-stimulatory signal for T and B cell (71) 
proliferation and differentiation 

13 11q13.5 Cllorf30 (71) 

14 6q27 CCR6 Chemokine receptor for memory T cells (71) 

15 1q31.2 lntergenic (67) 

16 7p12.2 lntergenic (71) 

17 8q24.13 lntergenic (71) 

18 12q12 MUC19, LRRK2 Mucus glycoprotein, protective mucous (71) 
layer bowel 

19 11p15.1 NELL1 Chondro- and osteogenesis (65) 

20 10p15.1 lntergenic (61) 

21 7q36.1 lntergenic (61) 

22 17q12 ORMDL3 Protein folding and unfolded protei n  (71) 
response. 

23 lp13.2 PTPN22 T cell receptor signa ling pathway. (71) 

24 1q32.1 lntergenic (71) 

This table contained all risk loci for Crohn's disease. For each locus the chromosomal position, the main candidate 
gene(s), the function of the main candidate gene and the references are shown. 
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UC pathogenesis.74
•
7s The IL10 gene, the main gene in the UC-associated locus on chromosome 

lq32, encodes a protein with anti-inflammatory properties.40 This protein, interleukin 10, is 

mainly expressed by monocytes and Th2 cells and can inhibit the synthesis of pro-inflammatory 

cytokines by macrophages and Thl cells. The association of this locus to UC suggests that defects 

in the anti-inflammatory pathway play a role in its pathogenesis.76 

Table 2 I Risk loci for ulcerative colitis. 

Number Position (Chr) Gene Gene Function Reference 

1 12q15 IL26, I FNG, IL22 Increase of I L10 secretion and (41) 
subsequent anti-inflammatory effect 

2 lp36.13 OTUD3, PLA2G2E unknown (40;41;97) 

3 lq32.1 I L10 Anti-inflammatory from Th2 on Th1 (40;74;97) 
and monocytes 

4 20q13.12 HNF4A Epithel ia l integrity (97) 

5 6p21.32 HLA-DRA, BTNL2 Antigen recognition and presentation (40;41;74;78;97;153) 

6 7q31 .1  LAMBl, SLC26A3, Epithel ial integrity (41;97;153) 
DLD 

7 lp36.12 lntergenic (97) 

8 16q22.1 CDHl Epithel ia l integrity (97) 

9 22q13.33 I L17REL Th17 pro-inflammatory pathway (74) 

10 9q21.32 lntergenic (41) 

11 7q22.1  SMURFl, KPNA7 Smad ubiquitination regulatory factor 1 (74) 

12 13q12.13 USP12 Deubiquitinating enzyme (153) 

13 lp36.13 RNF186 unknown (41) 

14 lq23.3 FCGR2A Uptake and phagocytosis of lgG-coated (153) 
antigens 

15 lq32.1 KIF21B Transport of cel lu lar components along (97) 
axonal and dendritic microtubules 

This table contained all risk loci for ulcerative colitis. For each locus the chromosomal position, the main candidate 
gene(s), the function of the main candidate gene and the references are shown. 

GWA studies have revealed genetic overlap between UC and CD, probably consistent with 

an overlap in their pathogenesis (table 3). Even with 15 GWA studies now published in IBD, the 

number of shared risk loci keeps rising.77•78 Many risk loci discovered for one of the diseases have 
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a relatively small effect on the risk for the other disease. Now that GWA studies are increasing in 

number and size, the power for discovering risk loci with a relatively small effect is also increasing. 

Interestingly, GWA studies in other immune-related diseases like celiac disease, rheumatoid 

arthritis and type 1 diabetes, have also discovered genes that are associated to CD and/or 

UC.57,61,79-85 This pleiotropy suggests that there is a broad sharing of pathomechanisms between 

different immune-related diseases.82•83 In fact, functional studies of the pathology underlying 

the different immune-related diseases had previously shown such sharing and these findings 

are being recognized, since a range of immune-related diseases is now being treated with only a 

small number of anti-inflammatory drugs. Our increasing knowledge of the disease-specific and 

pleiotropic pathomechanisms should contribute to the development of both disease-specific 

and new, broadly applicable therapies.86 

Table 3 I Shared risk loci for Crohn's disease and ulcerative colitis. 

Number Position (Chr) Gene Gene Function Reference 

1 10q24.2 NKX2-3 T and B cell proliferation {61;67;71;74;97) 

2 13q14.11 lntergenic {71;97) 

3 lp31.3 I L23R Thl and Th17 pro-inflammatory pathways (31;61-64;71; 78;97;152) 

4 3p21.31 MSTl, BSN Anti-inflammatory pathway macrophages {61;67;71;97) 

5 6p21.33 HLA Antigen recognition and presentation (61;71;153) 

6 9p24.1 JAK2 Thl and Th17 pro-inflammatory pathways {71;153) 

7 5q33.3 I L12B Thl and Th17 pro-inflammatory pathways {67;71;154) 

8 17q21.2 STAT3 Thl and Th17 pro-inflammatory pathways {71;154) 

9 6p22.3 CDKALl unknown {71;154) 

10 l0pll.21 lntergenic (71) 

11 6p25 LYRM4 M itochondrial iron-sulfur protein {71;154) 
biosynthesis 

12 2q11 1 L18RAP Stimulation of innate and adaptive immune (56) 
system by antigen presenting cells 

13 9q34.3 CARD9 Antigen recognition and activation innate {56) 
immune system 

This table contained all the risk loci that were identified as shared risk loci for Crohn's disease and ulcerative colitis. 
For each locus the chromosomal position, the main candidate gene(s), the function of the main candidate gene and 
the references are shown 
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Impl ications of disease-associated loci to pathogenesis 

The recently identified CD-specific, UC-specific or shared IBD risk loci provide new insight into the 

biology of these diseases (Figure 1). Four observations support the hypothesis that the intestinal 

microflora incite the inflammatory process leading to the CD and UC phenotypes: (1) the 

presence of antibodies against intestinal bacteria in the blood of CD patients, (2) inflammation 

predominantly occurring in areas of the gastrointestinal tract with high numbers of bacteria, (3) 

the anti-inflammatory effect of antibiotic treatment in some patients, and (4) the difference in 

the composition of the commensal microflora between IBD patients and healthy controls.1 1•87-92 

Normally a range of processes prevent the gastrointestinal immune system from mounting an 

inflammatory reaction to the commensal microflora or normal food ingredients, for example; a 

mechanism called oral tolerance.3•93 In IBD patients, the first breach in oral tolerance seems to 

be caused by a defect of the barrier between the microflora in the gut lumen and the immune 

cells in the mucosa and submucosa. 12•13 The first line of defense in this barrier is the mucus layer 

covering the bowel epithelium and preventing contact between microbes and the mucosa. It 

has been shown that this mucus layer has a different composition and is often thinner in IBD 

patients than in normal controls.94•95 These findings and the association between CD and a risk 

locus containing the MUC19 gene, which encodes a mucus glycoprotein, seems to indicate that 

a defect in this mucus layer plays a role in CD pathogenesis.96 

In UC, several genetic risk loci now point to the presence of a fundamental defect in the 

epithelial integrity. LAMBl, a strong candidate gene from a newly identified UC risk locus, 

encodes a main collagen component of the basal membrane of the mucosa.97 Laminin-1, 

the protein encoded by this gene, contributes to cell-cell adhesions and tissue survival.97 A 

second UC risk locus contains CDHl, a gene encoding E-cadherin; a vital component of cell

cell adhesions.97 E-cadherin is exploited by different bacteria that downregulate the protein to 

mediate adhesion to epithelial cells and to disrupt the epithelial integrity. Studies have shown 

that loss or mislocalization of E-cadherin can catalyze inflammation of the gut mucosa in mice 

through disruption of cell-cell contacts and increased permeability.98-103 A third candidate gene 

in UC with a role in the mucosa! barrier is HNF4A. The protein encoded by HNF4A is a nuclear 

transcription factor important for epithelium homeostasis, cell function and cell architecture 

in the liver and the gastrointestinal tract.97 Interestingly, E-cadherin and HNF4a interact in the 

Wnt/�-catenin signaling pathway. Loss of HNF4a induces mislocalization of E-cadherin and 

subsequently an increased intestinal permeability.104 Changes in the integrity of the mucosa! 

barrier enable pathogens to reach and penetrate the intestinal epithelium. It has indeed been 

shown that IBD patients have more adherent invasive microbes than healthy controls.105•106 
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Lumen 

Figure 1 I Inflammatory bowel disease pathology. This figure schematically shows the patho
mechanisms for Crohn's disease ( left) and ulcerative colitis ( right) from the initial stimulation by the 
intestinal microflora (top) to the tissue damage (bottom). Elements in the pathogenesis for which 
genetic risk loci have been identified are indicated in red .  The intestinal microflora is sampled by 
dendritic cells and invaded intestinal epithelial cells that, after autophagy, present antigen to 
undifferentiated T helper cells. These T helper cells proliferate and differentiate to T helper 17 or 
T helper 1 in Crohn's disease. Through direct effector functions of these pathways and through 
stimulation of pro-inflammatory activity of macrophages these pathways lead to tissue damage. In 
ulcerative colitis T helper 2 cells stimulate B cel l  differentiation and natural killer cel ls proliferate that 
lead to direct (effector functions of the individual pathways) and indirect (through stimulation of 
macrophages) tissue damage. 
Lumen: the bowel lumen, CD: Crohn's disease, UC: ulcerative colitis, /EC: intestinal epithelial cell, ThO: undifferentiated 
T helper cell, DC: dendritic cell, Thl 7: T helper 17 cell, Thl: T helper 1 cell, Th 2: T helper 2 cell, NK: natural killer cell, 
Mj: macrophage, B: B cell, PC: plasma cell, /L23: interleukin 23, TGFb: tumor growth factor beta, /Ll3: interleukin 
13, IFNg: interferon gamma, IL12: interleukin 12, STAT4: signal transducer and activator of transcription 4, IL4: 
interleukin 4, STAT6: signal transducer and activator of transcription 6, IL23: interleukin 23, /LlO: interleukin 10, 
IL23R: interleukin 23 receptor, /L17: interleukin 1 7, IL21: interleukin 21, TLlA: TNF-/ike ligand lA, /L2: interleukin 2, 
IL6: interleukin 6, /Llb: interleukin 1 beta, TN Fa: tumor necrosis factor alpha, lg: immunog/obulin. 
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In healthy controls, microbes invading the intestinal mucosa are processed by the intestinal 

epithelial cells and presented to cells of the innate immune system. As an extra line of defense, 

cells of the innate immune system patrol the epithelium, processing and presentingmicrobes 

that come near to or cross the mucosa I barrier to the rest of the immune system. For this system 

of monitoring and presentation it is vital for intestinal epithelial cells and the cells of the innate 

immune system to be able to process microbes for presentation. This mechanism is termed 

autophagy and it appears to be impaired in patients with CD. A number of CD risk genes, e.g. 

IRGM, ATG16L1 and NOD2, are involved in the mechanism of autophagy and the subsequent 

activation of the immune system.101-109 It has been observed that the CD-associated IRGM allele 

leads to a lower expression of the gene. Moreover, a lower expression of /RGM reduces the cells' 

ability for autophagic processing of Salmonella typhimurium in vitro.107 ATG16L1 is a member 

of the ATG family of autophagy genes. A non-synonymous SNP (Ala281Thr) is associated to CD, 

with the minor threonine allele conferring some protection from disease.66 ATG16Ll has a role 

in the intestinal epithelium of mice and CD patients by selectively influencing the cell biology 

and regulatory properties of Paneth cells, which are cells at the base of the ilea I crypt involved 

in mucosal immunity.11° Furthermore, some insight into the complex interaction between genes 

and environmental factors has recently been gained since it was shown that a specific interaction 

between ATG16Ll and a murine norovirus induces multiple features in mice resembling Crohn's 

disease.111 

In the group of CD-associated innate immune genes, NOD2 is a special case. It is an intracellular 

sensor of bacterial peptoglycan and it activates innate inflammation through the NFKB 

pathway. Nod2-I- mice exhibit increased systemic translocation of orally administered Listeria 

monocytogenes.112 After systemic administration of the pathogen, Nod-I- mice show similar 

colononization to wildtype mice, demonstrating the role of NOD2 in immune responses after 

oral exposure to pathogens.112 The CD-associated NOD2 mutations could contribute to disease 

risk both by impaired induction of tolerance to repeated stimulation by luminal microflora, and 

by a diminished ability to mount an inflammatory reaction to invading pathogens.113 Despite 10 

years of extensive research on the subject, this question has still not been answered. 

While autophagy genes only seem to be associated to CD, CARD9, a gene with a related 

function in the innate immune system, is associated to both CD and UC.56 The CARD9 gene 

represents another major link between sensing of pathogens by intestinal epithelial cells and 

activation of the immune system. Like NOD2, the CARD9 gene is a member of the family of 

pattern recognition receptors. In reaction to intracellular pathogens, CARD9 interacts with 

NOD2 in a signaling pathway aimed at activating the innate immune system.59 A gene involved 

in diminishing the inflammatory activity of the innate immune system, MST1, was found to be 

associated to both CD and UC.39•114 MSP, the protein encoded by MST1, binds to a receptor on 
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macrophages and limits their inflammatory activity in reaction to bacterial lipopolysaccharide 

(LPS).11s 

After the sensing of pathogens by antigen-presenting cells from the innate immune system, 

activation of the adaptive immune system is necessary for an effective immune response. Several 

genes that are directly involved in the communication between innate and adaptive immune cells 

have been found to be associated to both CD and UC. The UC-associated FCGR2A gene encodes 

an Fe receptor found on phagocytic cells of the innate immune system, ensuring the uptake 

and phagocytosis of lgG-coated antigens.75 CCR6, a CD-associated gene, encodes a chemokine 

receptor expressed by certain antigen-presenting cells of the innate immune system's memory 

T cells.116 This interaction through the CCR6 encoded receptor stimulates B cell differentiation 

and T cell attraction in reaction to the macrophage inflammatory protein 3a (MIP3a).117 Another 

gene at the border between the innate and the adaptive immune systems is TNFSF15, which is 

associated to CD and multiple other immune-related diseases.57·68·118·119 The protein encoded 

by TNFSF15, T LlA, stimulates T cell effector function in reaction to sensing of pathogens by the 

innate immune system. Co-expression of T LlA with different co-stimulatory cytokines determines 

which T cell subclass is stimulated.120,121 

Several genes whose main role is in the adaptive immune response have been found to be 

associated to IBD. One of the ISO-associated genes involved in the adaptive immune response 

is NKX2-3.39 The protein encoded by NKX2-3 is involved in the localization of T and B cells in the 

spleen during their maturation.122 Another adaptive immune gene, ICOSLG, is only associated 

to CD.71 This gene encodes a protein that provides a co-stimulatory signal for T and B cell 

proliferation and differentiation. Finally, one of the first and strongest IBD risk genes identified by 

GWA studies, IL23R, is essentially an adaptive immune gene. IL23R is expressed by T helper cells, 

cytotoxic T cells and natural killer cells.62 Especially Thl 7 cells, a subclass of T helper cells, express 

high levels of IL23R.123 In other subclasses of T helper cells IL23R expression is downregulated 

by subset-specific cytokines, whereas in Th17 cells IL23R stimulation ensures expansion and 

survival, making IL23R expression a hallmark for Th17 cells.124 High numbers of Thl7 cells are 

present in the blood and inflamed mucosa of CD patients.123·125 IL23R is part of a pathway that 

seems to have a high affinity with CD and UC, since several of its players are associated to both 

diseases. IL23, the substrate for IL23R, consists of two subunits, one of which is encoded by 

IL12B, a gene that is also associated to both CD and UC.126 JAK2 and STAT3, both genes encoding 

proteins that effectuate signal transduction after stimulation of IL23R by IL23, have also been 

found to be associated to CD and UC. This underlines the importance of the IL23R pathway for 

I BD pathogenesis.126 

The fact that components of both the innate and adaptive immune system play multiple 

roles in the immune response means that extensive research is of vital importance before these 

genetic findings can be used as a basis for therapy and modifying immune pathways at any level. 
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Risk prediction 

Risk prediction in IBD could have three possible purposes: predicting an individual's chance of 

developing the disease, predicting the course of the disease (i.e. its progression) in an existing 

IBD patient, and distinguishing between CD and UC in patients with unclassified IBD (IBD-U). 

Even though the use of risk prediction for a disease that cannot be prevented might be 

considered debatable, it was widely hoped that the recently identified IBD risk genes would 

provide the basis for a genetic risk test for IBD. However, since the currently known CD risk genes 

only account for 20% of the genetic risk for CD, and many of the risk genes for IBD are shared 

with other immune-related diseases, a predictive test based on these genes will have neither a 

high sensitivity nor specificity.71 A more specific genetic risk prediction test can be constructed 

by not only using the most significantly associated risk genes, but also by taking into account the 

mass of markers that only show a slight association to the disease. 127 Among these borderline 

associated markers there will be many false-positive hits but the unique combination of true

positive hits and their share in genetic disease risk greatly increases the sensitivity and specificity 

of a predictive test.127 As there are no preventative measures known for IBD and because genetic 

risk prediction does not yet reach sufficient sensitivity and specificity, screening risk genes does 

not yet contribute to diagnostic or treatment strategies for (potential) patients. 

For the second possible purpose of genetic risk prediction - predicting the presentation or 

progression of disease -, it is necessary to know what risk variants predispose an individual to a 

certain disease course. Unfortunately, only a few studies have reported risk variants that influence 

disease presentation or progression. Such influences have been identified and replicated for the 

strongest CD risk locus: the NOD2 risk variants for CD have been found to be associated with 

disease of the terminal ileum and a more severe disease course.23•128,129 Detecting phenotype

specific genetic associations requires highly powered genetic studies with detailed phenotype 

information. It is likely that the genes that are associated with disease occurrence are different 

from those modifying disease. At the moment it is not yet feasible to predict disease course with 

genetic markers. 

Determining whether a patient with indeterminate colitis has either CD or UC is very 

important for choosing the most appropriate therapy. For CD, several disease-specific risk genes 

have been identified. However, only relatively few CD patients actually carry these risk variants 

and, in addition, a considerable part of the general population without disease also carries these 

variants, thus making the use of a differentiating genetic test very limited. Possibly biomarkers 

like serum pANCAs that are mainly associated with UC and ASCA that have particularly been 

associated with CD can improve the differentiating ability of a genetic test.130•131 

Although these markers can be used in combination for some degree of differentiation 

between UC and CD, the presence of these types of markers has not been associated with a 
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particular course of the disease, nor do they have enough sensitivity and specificity to help 

delineate non-affected people at risk of developing IBD.132 We do, however, expect that 

comprehensive collaborative efforts with uniform phenotyping data will contribute to the 

number of known genotype-phenotype associations, which would increase the predictive value 

of a genetic test. These new genetic markers combined with factors such as age, gender, family 

history, known biomarkers and environmental risk factors might even contribute to a composite 

test to predict the prognosis of newly diagnosed IBD patients. 

Pharmacogenomics 

Compared to the current knowledge of the genetic background of IBD the current knowledge 

on pharmacogenetics is limited. GWA studies on the subject will be necessary to bring the 

knowledge on pharmacogenetics on the same level. A predictive test for the effectiveness of 

an IBD therapy would significantly improve patient-care since IBD pharmacotherapeutics are 

generally expensive and their side-effects can be severe. 

One well-established polymorphism influencing drug response is the thiopurine methyl 

transferase gene (TPMn in relation to the outcome of therapy with thiopurines, of which 

azathioprine and 6-mercaptopurine are frequently used in IBD patients. The metabolism of 

azathioprine or 6-mercaptopurine is rather complicated, involving various enzymatic steps with 

interindividual differences in genotype and phenotype. Essentially, the therapeutic activity of 

thiopurines is related to the concentration of the metabolite 6-thioguanine nucleosides (6-TGN), 

probably mediated by the phosphorylated forms of this metabolite.133• 134 The pivotal enzyme 

TPMT methylates 6-mercaptopurine and its metabolite 6-thioinosinemonophosphate (6-TIMP) 

into 6-methylmercaptopurine (6-MMP) and 6-methyl-thioinosine-monophosphate (6-MTIMP), 

respectively. The activity of TPMT is genetically regulated.135•136 Approximately 1 in 9 individuals 

is heterozygous for the common polymorphisms, and 1 in 300 is homozygous. Patients with 

one mutant (dysfunctional) TPMT allele have a diminished TPMT activity and patients with 

two non-functional mutant alleles have no TPMT activity. Low TPMT activity will result in an 

increased amount of azathioprine or 6-mercaptopurine being metabolized by hypoxanthine 

phosphoribosyl transferase ( HGPRT), resulting in high levels of 6TGN. Hence, TPMT deficiency 

leads to a potentially life-threatening myelo-suppression as 6-TGN accumulates. TPMT with 

a higher than average activity leads to generation of high levels of 6-MMP, which has been 

associated with hepatotoxicity in one study in a specific group of children suffering from CD, 

and 6-MTIMP, and low levels of 6TGN. 137 In addition it is associated with therapeutic inefficacy. 

Taken together, determination of the TPMT alleles may be helpful in predicting response to 

thiopurine therapy and in assessment of risk of myelotoxicity or hepatotoxicity. Its determination 
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prior to treatment with thiopurines has therefore been advocated. Nevertheless, other factors 

contribute to adverse events of thiopurines, as has been shown by retrospective analysis of more 

than 40 IBD patients in whom thiopurines had to be withdrawn due to myelotoxicity. Of these 

the majority had wild-type TPMT alleles, although most patients with myelodepression in the 

first weeks of treatment were homozygous for mutant alleles.138 

The response to glucocorticosteroids also seems to be partly genetically determined. 

Polymorphisms in the multidrug- resistance gene 1 (MDR-1) are excellent candidates to affect 

the absorption and concentrations of MDR-1 substrates. 139•140 In a study in Hungarian patients 

it has been suggested that the DLGS 113A allele - which was shown not to be associated with 

disease susceptibility - may confer resistance to steroids.141 

IBD patients homozygous for the methylenetetrahydrofolate reductase (MTHFR) 1298C allele 

are more likely to experience side effects than patients homozygous for the wildtype A allele 

(21.0% versus 6.3%, P <0 .OS) when treated with the immunosuppressor methotrexate (MTX).142 

With the advanced understanding of human genetic variation, it is now possible to perform 

GWA studies in large cohorts of responders and non-responders to identify genetic risk and 

efficacy factors that are related to the effects of such drugs; this is similar to what is being done 

to identify disease susceptibility genes. Such research may have broad implications since it is 

likely that the response to a particular drug will not be restricted to the IBD phenotype. Hence, 

in future, these genetic profiles may help tailor disease treatment and patient care by increasing 

efficacy and preventing adverse drug reactions.143 

As mentioned before broader understanding of the IBD disease pathology will deliver novel 

drug targets for disease intervention. It is anticipated that genomics and proteomics technologies 

will assist in compound identification in drug discovery. lnfliximab, a chimeric monoclonal 

antibody against TNF-alpha, is such a target that neutralizes one of the critical inflammatory 

mediators in IBD. Nevertheless, the drug is only effective in 40-66% of patients after 2 years of 

treatment.144•145•146 It is clear that drug response, in general, is partly genetically determined. 

Carriage of NOD2 seems to play no role in response to infliximab,147•148 whereas another study on 

CD patients who had received infliximab showed that patients homozygous for the V allele of the 

FcgammaRllla-158 polymorphism had a better biological and possibly better clinical response to 

infliximab.149 In addition, there has been a suggestion that the /805 locus is involved in response 

to infliximab. 150 Recently there has also been a report suggesting that the lack of response to 

infliximab can, in part, be attributed to certain genetic polymorphisms in two apoptosis genes, 

Fas ligand and caspase-9.151 Additional studies are needed to corroborate these findings since 

none have been independently confirmed. 
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Conclusion 

The recent surge of GWA studies has, in a short period of time, greatly improved our knowledge 

on the genetics of CD and UC. In both CD and UC defects in the innate immunity and T cell 

differentiation (in particluar Thl and Th17 responses) are involved in the pathogenesis. 

Furthermore, in both diseases the commensal microflora also play an important role in disease 

pathogenesis. The identification of more than 30 genetic risk loci for CD has taught us that among 

others the process of autophagy plays an important role in CD pathogenesis. GWA studies in UC 

have identified more than 20 UC risk loci highlighting among others the role of the epithelial 

barrier function.The number of confirmed IBD genes is expected to raise to 100 in 2010 with 

large scale meta-analyses underway. 

Before using these genetic findings as starting points for diagnosis, prognosis and developing 

new therapies, we should use these findings as starting points to learn about the actual 

pathogenesis of CD and UC. By the time we understand how the disease works we will be able 

to predict, treat and maybe even prevent. The current genetic findings should be considered a 

starting point. The scientific community will now have to aim their efforts at translating these 

genetic findings into functional knowledge and clinical applications such as risk prediction and 

new therapies. 
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Abstract 

Background: Genetic susceptibility is known to make a major contribution to the pathogenesis 

of ulcerative colitis (UC). Recently three studies, including a genome-wide association study 

(GWAS), reported novel UC risk loci. 

Design: The top-20 SNPs from the first UC-GWAS were genotyped, as part of the study's 

replication phase, in 561 UC cases and 728 controls from our Dutch UC study sample. We 

genotyped eight SNPs, identified in two more studies, in these individuals and replicated all 

significantly associated SNPs in an additional 894 UC cases and 1174 controls from our Dutch 

UC study sample. A combined analysis for all patients (n = 1455) and controls (n = 1902) was 

performed. Dose-response models were constructed with the associated risk alleles. 

Results: We found 12 SNPs tagging ten loci, including HLA-DRA, /L10✓ /L23R, JAK2✓ 5100Z✓ ARPC2 

and ECM1✓ to be associated with UC. We identified 10q26, flagged by the UC-GWAS but not 

confirmed in its replication phase, as a UC locus and found a trend towards association for GAS7. 

No association with disease localization or severity was found. The dose-response models show 

that individuals carrying 11 or more risk alleles have an OR of 8.2 (Cl 3.0-22.8) for UC susceptibility. 

Conclusions: We confirmed the association of multiple loci with UC in the Dutch population and 

found evidence for association of 10q26 and a trend suggestive for association for GAS7. Genetic 

models show that mu ltiple risk loci in an individual increase the risk for developing UC. 
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Introduction 

Ulcerative colitis (UC) is an inflammatory disease of the colon, which along with Crohn's disease 

(CD) comprises the major part of the inflammatory bowel diseases (IBD). After asthma and 

rheumatoid arthritis, IBD is the most common form of chronic inflammatory disease in the world, 

with a prevalence of 6-243/100,000 for UC and of 3.6-214/100,000 for CD.1 IBD is a complex 

disease, which means that both environmental and genetic factors determine the development 

and course of the disease. In UC, the involvement of genetic factors is evident from the higher 

concordance of disease in monozygotic twins (10%) compared to dizygotic twins (3%).2 

CD has been the subject of many genetic studies and more than 30 CD risk loci have been 

identified in the past decade.3 Identification of these loci has led to a better understanding of the 

disease mechanisms and, in the future, diagnosing CD or predicting the course of disease on the 

basis of genetic tests will become feasible.4 The search for genetic risk factors involved in UC has 

been less fruitful but this has recently changed with the publication of several papers focusing 

on the genetics of UC. Both Franke et al. and Fisher et al. identified new UC risk loci by testing 

previously known CD risk loci in UC patients.5•6 Fisher et al. also performed a non-synonymous 

single nucleotide polymorphism (SNP) scan, which led to the identification of another UC locus. 

In November 2008 the first GWAS for UC was performed that identified six new risk loci for this 

disease.7 In February 2009 a second GWAS for UC followed, identifying two new risk loci. This 

study was published after our study was started and was left out of consideration. New UC loci 

will increase our understanding of UC pathogenesis and may eventually become instrumental in 

disease diagnosis and choice of therapy. 

We aimed to further study the genetic background of UC, by confirming and expanding the 

recent findings of the first UC-GWAS and the results of Fisher et al. and Franke et al. in the full 

UC study sample from the Dutch Initiative on Crohn and Colitis (ICC). The top 20 SNPs from the 

first UC GWAS were tested in the first part of our ICC UC study sample as part of the replication 

phase and these results were published in combination with a Belgian study sample. We set out 

to test these and two additional SNPs that were significant in the first part of our study sample in 

the entire ICC UC study sample (1455 cases and 1902 controls). Once we knew which loci showed 

statistically significant association in the full Dutch ICC UC study sample, we tested for genotype

phenotype association and constructed genetic dose-response models based on these loci. 
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Methods 

Subjects 

All UC cases in this study are part of the IBD study sample of the Dutch ICC. The study sample 

consists of two parts: Part 1 are the 561 UC patients from the Academic Medical Centre, 

Amsterdam (n = 334) and the University Medical Centre Groningen (n = 227). These cases 

were used in the confirmation phase of the original GWAS of Franke et al. 7 The controls for 

this study were 728 blood bank donors collected by the University Medical Centre Utrecht and 

the VU  University Medical Centre, Amsterdam. Part 2 are 894 UC patients collected from the 

outpatient cl inics of the Departments of Gastroenterology and Hepatology at the VU University 

Medical Centre Amsterdam (n = 341), the University Medical Centre Leiden (n = 213), the 

Erasmus University Medical Centre, Rotterdam (n = 73) and the Radboud University Medical 

Centre, Nijmegen, the Netherlands (n = 267). For part 2, we used an independent study sample 

of 1174 controls from the UMC Leiden (n = 169), the VUMC Amsterdam (n = 180) and a general 

population-based cohort collected by the UMC Groningen from the Dutch towns Vlagtwedde and 

V laardingen (n = 825). These study samples have all been described in previous publications.4,7-9 

Table 1 shows a comparison for cases and controls on the basis of age and gender. 

Table 1 I Comparison for gender and age for cases and controls. 

Cases Controls 

Age Median 48 51 

Min 8 22 

Max 97 84 

Gender Male 52.0% 50.4% 

Female 48.0% 49.6% 

The diagnosis of UC required (a) one or more symptoms of diarrhea, rectal bleeding, 

abdominal pain, or fever, (b) occurrence of symptoms on two or more occasions separated by at 

least 8 weeks or ongoing symptoms of at least 6 weeks duration, and (c) objective evidence of 

inflammation from radiologic, endoscopic, and histopathologic evaluation. All affected subjects 

fulfill the clinical criteria for UC. Information on sex and date of birth was available for all the 

patients and controls. Complete phenotypic descriptions were available for 1291 UC patients 

and are presented in table 2. Phenotypes of the UC patients were described according to age of 

onset, maximum extent of disease (proctitis, left-sided, or extensive), necessity of colectomy, and 
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the occurrence of ma l ignancy and extra intestina l  manifestations. In a l l  cases, i nformed consent 

was obta ined using p rotocols a pproved by the loca l i nstitutional  review board in a l l  participating 

institutions. DNA extraction was successful i n > 99% of the cases, and al l DNA sam ples a nd data 

in th is study were hand led anonymously. 

Table 2 I Deta iled phenotypic characteristics of ulcerative col itis patients in the Dutch ICC study 

sample. 

Part 1 Part 2 

% % 

Tota l number 561 Tota l number 894 

Deta iled phenotypes 426 76.2% Detailed phenotypes 876 98% 
avai lable avai lable 

Sex (m/f) 290/271 51.7%-48.3% Sex (m/f) 470/424 52.6%-47.4% 

Age at diagnosis (year) Age at diagnosis (year) 

Mean 31.6 yr Mean 33.9 yr 
(SD = 13.1 yr) (SD = 13.9 yr) 

Min-Max Min = 4 yr Min-Max Min = 6 yr 
Max = 73 yr Max = 86 yr 

Disease loca lization Disease localization 

Proctitis 62 13.1% Proctitis 121 14.8% 

Left-sided 100 21.2% Left-sided 318 38.8% 

Extensive 198 41.9% Extensive 364 44.4% 

Extra intestinal 65 13.8% Extra intestinal 51  6 .2% 
Manifestations Manifestations 

Colectomy 97 20.6% Colectomy 89 10.9% 

Malignancy 2 0.4% Ma lignancy 2 0.2% 

Family history of IBD 51 10.8% Family history of I BD 78 9.5% 

Mean Follow up (years) 15.8 Mean Fol low up (years) 10.0 
(SD 9.5) (SD 8.9) 

m = male, f = female, IBD = inflammatory bowel disease, ICC = Initiative on Crohn's and Colitis, Total number = all 
patients included in the study, Detailed phenotypes available = number of patients for whom detailed phenotypes 
were available, % = percentage of the complete number of patients included in the study. 
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Genotyping and SNP selection 

For the first part of the ICC UC study sample, genotypes of the 20 statistically most significantly 

associated SNPs from the recently published UC-GWAS were obtained and published as part 

of the confirmation phase for that study. These included the nine associated SNPs that were 

confirmed in the combined analysis and 11 more SNPs that were associated in the GWAS but 

not confirmed in the combined analysis.7 We included this data in our study in order to give a 

comprehensive view of the association of known UC loci in the Dutch UC population, in order 

to determine which loci to include in our dose-response modeling and genotype-phenotype 

association analysis and to increase our power for doing these analyses. The data for the top 

20 SNPs from the UC GWAS in Part 1 of the Dutch UC study sample were obtained by SNPlex 

technologies performed at the Department of Genetics, Christian-Albrechts University, Kiel, 

Germany, in September-October 2007. We genotyped and analyzed these 20 SNPs in part 2 of 

the ICC UC study sample and in 1174 controls. The assay for SNP rs9268858 in the HLA-DRA 

locus could not be designed and was replaced by rs9268853, which is a perfect proxy (D' = 1 .0, 

r2 = 1.0) of rs9268858. A combined analysis of the top-20 GWAS SNPs in the entire ICC study 

sample was carried out. We also genotyped eight SNPs for eight new UC loci5•6 in part 1 of the ICC 

study sample. Only two - of these eight SNPs - were significant (p < 0.05) in part 1 of the study 

sample: rs13085791 in macrophage stimulating 1 (MST1 ) and rs13294 in extra cellular matrix 

protein 1 (ECM1 ); these were then further genotyped in the rest of the ICC study sample. Hence, 

genotyping data was available for 22 SNPs in the full ICC study sample. However, the MST1 SNP 

rs13085791 failed in many of our controls and in order to solve this, we replaced this SNP by 

rs3197999, which is a perfect proxy (D' = 1 r2 = 0.97) of rs13085791.6 All the SNPs tested are 

described in Supplementary Table 1 on line. 

Genotyping was performed at the Department of Genetics, UMC Groningen, the Netherlands, 

using TaqMan technology and SNP genotyping assays for PCR obtained from Applied Biosystems 

(Nieuwerkerk a/d Ussel, the Netherlands) in June-July 2008. The patient and control DNA 

samples were processed in 384-well plates and each plate also contained 16 genotyping controls 

(4 duplicates of the Centre d' Etudes du Polymorphisme Humain (CEPH) DNA samples 123002, 

102405, 090203 and 081505). For all SNPs we obtained > 99.8% concordance between our CEPH 

genotype data and the CEU (European ancestry) data available from HapMap. All samples of 

patients and controls were analyzed in the same batch. 

Statistical analysis 

All genotypes obtained were tested for Hardy-Weinberg equilibrium by comparing the expected 

and observed alleles in a 3 x 1 x2 table, with 1 df. Controls showed no deviation from HWE at 

P < 0.05. Differences in allele and genotype distribution in the cases and controls in each phase of 

the study were tested for significance by the x2 test. The significance threshold was determined 
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at P < 0.05. Since all UC samples were taken from the Dutch ICC study sample, a combined 

analysis of parts 1 and 2 of this study sample was performed using a x2 test and because all loci 

were specifically chosen as likely candidates for UC susceptibility, a Bonferroni multiple testing 

correction was only applied correcting for the two phases of testing. Odds ratios (ORs) were 

calculated and the confidence intervals (Cls) were approximated using Woolf's method with 

Haldane's correction. 

Two risk models for UC susceptibility were constructed based on all the SNPs that showed 

association (P < 0.05) in the full ICC UC study sample. In model 1, we calculated the cumulative 

number of risk alleles per individual and summed them; these could be either the minor or major 

alleles (if the minor allele had a protective effect on UC development). We made categories of 

similarly sized groups of individuals with a specific number of risk alleles and then calculated ORs 

for UC in a binary logistic regression analysis for each category with a reference group consisting 

of all the individuals with zero or only one risk allele or genotype. We chose this reference group 

because the group containing zero risk alleles was too small to be used as a reference. A Student's 

T-test was used to see whether UC patients had more risk alleles than controls. Model 2 was a 

weighted score for the number of risk alleles which was calculated per individual, since different 

genetic variants have different effect sizes on disease susceptibility. We calculated �-coefficients 

per genotype obtained from separate binary logistic regression analyses for each UC-associated 

SNP and summed these coefficients per individual to obtain a weighted genetic load (referred to 

as weighted score). In this way, the sum of risk alleles was adjusted for the strength of association 

for each genetic variant. All patients and controls were then categorized based on the weighted 

score and ORs for each category were determined by logistic regression analysis, with the 

category with the lowest weighted score being used as a reference group. 

Genotype-phenotype associations were calculated with x2 tests combining SNPs with pheno

type subgroups of interest in 2 x 2 tables. A Bonferroni (multiple testing) correction was applied 

for the number of complementary subgroups of patients. All the statistical analyses were 

performed using SPSS version 14.0. 

Results 

Follow-up of signals from the UC-GWAS 

Our results for the significantly associated SNPs from the top-20 SNPs in the UC-GWAS 

are shown in table 2. The results for these SNPs in the first part of the ICC UC study sample 

were previously only published in combination with a Belgian study sample. In the 

combined analysis of the complete ICC UC study samples we could confirm the association 

of eight SNPs tagging six loci that were identified and replicated in the UC-GWAS study 



Table 2 I Allelic Association results for both phases of the study and the combined analysis . N 

Part 1 Part 2 Combined analysis 
561 UC cases, 728 controls 894 UC cases, 1174 controls 1455 UC cases,1902 controls 

N 

AF AF AF AF AF AF Corrected 
Marker Gene A controls cases P-value OR (95% Cl) controls cases P-value OR (95% Cl) controls cases P-value OR (95% Cl) 

rs9268858 HLA-DRA G 0.26 0.21 2.4E-03• 0.75 0.30 0 .23 3.0E-06 0.71 0.28 0.22 4.0E-08 0.72 

(0.62-0.90) (0.62-0.82) (0.65-0.81) 

rs3024505 IL10 T 0.15 0.20 3.0E-04• 1.46 0.16 0.20 2.lE-04 1.36 0.15 0.20 7.8E-07 1.39 

(1.18-1.79) (1.16-1.60) (1.23-1.58) 

rs11805303 /L23R T 0.27 0.33 2.lE-03* 1.31 0.27 0.32 7.5E-05 1.32 0.27 0.32 1.lE-06 1.31 

(1 .10-1.55) (1 .14-1.51) (1.18-1.46) 

rs9268877 HLA-DRA T 0.44 a.so 1.0E-03• 1.30 0.44 0.49 5.4E-04 1.25 0.44 a.so 3.4E-06 1.27 

(1.11-1.52) (1.10-1.42) (1.15-1.40) 

rs10974944 JAK2 G 0.26 0.30 0.0193• 1.23 0.25 0.29 1.7E-03 1.25 0.25 0.30 2.0E-04 1.24 

( 1.02-1 .46) (1 .09-1.44) (1.11-1.38) 

rs10886580 intergenic G 0.46 0.49 0.0922· 0.87 0.45 0.50 2.7E-03 1.21 0.45 0.50 1.2E-03 1.19 

(0.75-1.02) (1.07-1.37) (1.08-1.31) 

rs9268480 BTNL2 A 0.24 0.20 8.9E-03* 0.78 0.26 0.23 0.0287 0.85 0.25 0.22 1.4E-03 0.82 

(0.64-0.94) (0.73-0.98) (0.73-0.92) 

rs7712957 S100Z G 0.08 0 .11  0.0104• 1.30 0.08 0 .10 0.0493 1.24 0.08 0 .10 4.2E-03 1.30 

(1.00-1.71) (1.00-1.54) (1.10-1.54) 



Part 1 Part 2 Combined analysis 
561 UC cases, 728 controls 894 UC cases, 1174 controls 1455 UC cases,1902 controls 

AF AF AF AF AF AF Corrected 
Marker Gene A controls cases P-va lue OR {95% Cl) controls cases P-va lue OR {95% CI) controls cases P-va lue OR (95% CI) 

rs12612347 ARPC2 T 0.44 0.48 0.0894. 1 .15 0.46 0.50 0.0328 1.15 0.45 0.49 0.0138 1.15 

{0.98-1.34) { l.01-1.30) (1.04-1.26) 

rs11078827 GAS7/GLP2R C 0.48 0.49 0.6111· 1.04 0.48 0.51 0.0145 1.17 0.48 0.51 0.0528 1.12 

(0.89-1.22) (1.03-1.33) (1.01-1.23) 

rs527313 intergenic A 0.18 0.19 0.5038. 1.07 0.18 0.21 0.0294 1.21 0.18 0.20 0.3020 1 .10 

{0.88-1.31) {l.02-1.43) (0.97-1.24) 

rs7831616 GTF2E2 A 0.33 0.34 0.5226. 1.06 0.32 0.29 0.0261 0.86 0.33 0.31 0.4036 1.07 

(0.89-1.25) (0.75-0.98) {0.96-1.19) 

rs13294* ECMl A 0.35 0.43 0.0019 1.36 0.37 0.42 0.005189 1.23 0.36 0.41 4.6E-04 1.24 

{l.12-1.66) {l.06-1.43) (1.11-1.39) 

rs13085791" MSTl A 0.37 0.31 0.0065 0.76 1.11 1.14 

rs3197999"" (0.62-0.93) 0.26 0.29 0.2094013 {0.94-1.30) 0.27 0.29 0.0844 (1.00-1.30) 

The top-20 SNPs from the UC-GWAS were genotyped in both phases and a combined analysis was performed. The other new loci were screened in phase I and, if positive, 
replicated in phase II; only the positive SNPs are shown. #=Positive SNPs from the new loci (negative SNPs not shown). ##=Due to technical problems rs13085791 was replaced by 

1 ;  its proxy rs3197999 in the second phase. UC = ulcerative colitis, Chr. = chromosome, A = minor allele, AF = frequency minor allele, OR = odds ratio, *= Genotype data previously 
published as part of the replication phase of the UC GWAS by Franke et al. 5 

!:t. 
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by Franke et a!.7 The most strongly associated SNP was rs9268853 in the DR alpha (HLA-DRA) gene 

in the class II major histo-compatibility complex region. Two other SNPs from the same region, 

rs9268877 and rs9268480, were also replicated. We confirmed SNP rs3024505 in the interleukin 

10 (JL10) locus and found SNP rs11805303 in the interleukin 23 receptor precu rsor (JL23R) 

gene to be strongly associated to UC. This latter SNP is not in linkage disequilibrium with the 

previously described IL23R SNP R381Q-rs11209026 (D' : 0.57, r2: 0.01), which has been reported 

to have a protective effect in IBD in contrast to this new IL23R risk conveying polymorphism. SNP 

rs10974944 in the janus kinase 2 (JAK2) locus, which was moderately associated in the original 

study, was found to be more strongly associated in our study.(10) We also confirmed associations 

with SNP rs12612347 in ARPC2 and SNP rs7712957 in 5100Z. 

From the remaining twelve SNPs that were flagged by the UC-GWAS but which could not 

be confirmed in the replication phases of that specific study, we found an association with an 

intergenic region on chromosome 10q26. We also found an association with SNP rs11078827 in 

the growth arrest-specific 7 (GA57) gene in our combined analysis but this association did not 

withstand the mu ltiple testing correction. In part 2 of the UC study sample we also observed 

association to rs7831616 in the general transcription factor IIE, polypeptide 2 (GTF2E2) and 

rs527313 in an intergenic region on 4pl5.33. However, these two SNPs did not show association 

in our combined analysis. The remaining eight SNPs that were significantly associated in the 

primary phase of the UC-GWAS were not replicated in ou r study. 

Replication of other susceptibility loci 

From the other UC loci described by Franke et al. and Fisher et al., two out of eight SNPs were 

found to be associated in part 1 of our study;5,6 the results are shown in table 2. SNP rs13085791 

in the MSTl locus was associated to UC in part 1, albeit less significantly in the full ICC study 

sample. SNP rsl3294 in the ECM1 locus was associated to UC in part 1 and even more strongly in 

the full ICC study sample. The remaining six SNPs were not found to be associated in the first part 

of our study and we did not pursue them in the remainder of the ICC study sample. 

Analysis of the number and weight of susceptibility loci on UC risk 

SNPs from the ten associated UC loci were used to construct genetic dose-response risk models. 

For the HLA-DRA locus we took only the most strongly associated SNP from the three associated 

ones, which resulted in 10 SNPs to be included. We tested for epistasis between the loci with 

logistic regression and found all loci to be independent. Since some SNPs did not follow a 

recessive but a dominant association, the maximum number of risk alleles was 18 instead of 

20. An independent samples T-test on the number of risk alleles in UC patients and controls 

showed a significant difference (P value 8.9 x 10-24) in the mean number of risk alleles carried 

by UC patients (mean 7.5, SD 2.1) and controls (mean 6.5, SD 2.2). This difference in the mean 
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number of risk alleles is caused in a shift in the distribution of risk alleles between the two groups 

illustrated in figure 1. Binary logistic regression showed that individuals with a higher number of 

risk alleles are at higher risk for UC compared to individuals carrying zero or one risk allele (Figure 

la). For example, individuals carrying eleven or more risk alleles have an OR of 8.2 (Cl 3.0-22.8) 

for UC susceptibility compared to the reference group. 
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Figure la I Graph showing the increase of the odds ratio for developing ulcerative colitis with an 
increasing number of risk alleles. Dots represent the mean odds in a group of patients with a certain 
range in number of risk alleles. The error bars indicate the 95% confidence interval of each mean. This 
confidence interval increases in size towards the higher number of risk alleles because the groups of 
ind ividuals become smaller. 

Since different genetic variants have different effects on disease susceptibility we decided to 

perform the same analysis based on the �-coefficients calculated from separate binary logistic 

regression for each UC-associated SNP, as explained in the Methods section. This model showed 

an even larger increase of the OR for disease susceptibility with an increase of the weighted score 

in risk alleles (Figure lb). As reference, we used a group of controls with a weighted score in risk 

alleles of 0.50 or less. Individuals with a weighted score in risk alleles over 2.50 had an OR for UC 

susceptibility of 10.3 (Cl 4.3-24.2) compared to this reference group. 

Subsequently we hypothesized that an increase in weighted score in risk alleles would cause 

a more severe disease course. We chose pancolitis and colectomy as measures of severe UC 

disease but binary logistic regression showed no significant association between the risk allele 

load and these measures of severity. 
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Figure lb I Graph showing the increase of the odds ratio for developing u lcerative colitis with the 
increasing weight carried in risk a l le les. Dots represent the mean odds ratio in a group of patients with 
a certain range in number of risk a l leles. The error bars indicate the 95% confidence interval of each 
mean. This confidence interval increases in size towards the higher number of risk a l le les because the 
groups of individuals become sma l ler. 

Testing for genotype-phenotype association 

Using x2 tests we tested a ll associated SNPs for a ssociation with phenotypic characteristics such 

as  gender, d isease localization and age of onset. We found  associations for the HLA-DRA S N P  

rs9268853 with proctitis ( P  va lue :  0.014) and t h e  HLA-DRA S N P  rs9268877 with colectomy (P 

va lue :  0.037), but these a ssociations d isappeared when we appl ied a Bonferroni correction for 

mu ltiple testing. 

Discussion 

We have identified 12 S N Ps tagging 10 genetic risk loci as associated with UC in a Dutch study 

sample of 1455 cases and 1902 controls, and we have s hown that the risk for UC increases with 

an  increas i ng number of risk alleles in an  ind ividual . The previously reported r isk loci HLA-DRA, 

IL10, IL23R, ARPC2 and ECM1 were confirmed in our Dutch UC study sample, wh ile loci reported 

to be on ly moderately associated to UC, such as JAK2 and 5100Z, proved to be strongly a ssociated 

in our study sample .  We also found evidence for association of one additional locus that was 

flagged in the recent UC-GWAS but which cou ld  not be confirmed in its rep l ication phase: an 

intergenic region on 10q26.  For a locus on 17p13 harboring the growth arrest-specific 7 (GA57) 
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and glucagon-like peptide-2 receptor (GLP2R) genes we found a trend towards association that 

did not withstand multiple testing collection.7 Thewo newly identified regions bring the number 

of known UC loci to more than 20. 

There are no genes in the direct vicinity of the associated SNP rs10886580 in the 10q26 

region, however, about 413 kb upstream of this SNP there is the gene PPAPDC1A (phosphatidic 

acid phosphatase type 2 domain containing lA) and 102 kb downstream there is SEC23/P (Sec23 

interacting protein), which is involved in the early secretory pathway. Whether one of these 

genes is responsible for the association cannot be resolved until further analysis of the region 

has been performed. Thd SNP rs11078827 for which we observed a trend towards association 

with UC is located in the GAS7 gene on the minus strand. This gene is expressed in brain cells 

and is involved in neuronal development, which does not make it a likely candidate gene for 

association to UC. On the plus strand SNP rs11078827 is located downstream of the GLP2R 

gene (glucagon-like peptide-2 receptor), which encodes the receptor for a peptide produced by 

intestinal enteroendocrine cells. GLP2 stimulates intestinal growth and upregulates villus height 

in the small intestine, by regulating increased crypt cell proliferation and decreased enterocyte 

apoptosis. GLP2R might thus be a more likely UC candidate gene to explain the association 

with rs11078827, although fine-mapping of this locus is needed to identify the true causative 

variant(s). 

A number of previously reported risk loci, including STAT3, CADM2, IL128, NKX2-3 and PTPN2, 

were not replicated in our Dutch study sample. This does not necessarily mean that these are not 

truly UC-associated genes; it may merely reflect a lack of statistical power, even in our relatively 

larrt study sample. 

A second UC GWAS, from the USA, reported association to both the HLA-DRA/BTNL2 locus and 

the IL23R region.11 This GWAS also identified two new UC loci: one containing the interleukin 26 

(/L26) gene and one containing phospholipase A2 group IIE PLA2G2E. Another recently published 

study focused mainly on overlapping susceptibility loci between UC and CD12 and showed that 

there is a considerable overlap in genetic background between UC and CD but that there are also 

genes specifically associated to only one of the two diseases, such as NOD2 to CD and ECM1 to 

UC. In our study we also found an association to UC for several genes that are already known 

to be associated to CD, including /L23R and, JAT1.  This overlap of risk loci between the diseases 

suggests a partly shared pathogenesis for UC and CD, while the loci that are more specific for CD 

or UC may point to disease mechanisms specific for each disease. Contrary to our own findings, 

this study was able to confirm IL128 and STAT3 as UC-specific risk loci.12 

Although each of the replicated loci has only a very small individual effect on UC disease risk, 

our risk models clearly show an individual with more risk alleles has an increased risk for UC. We 

observed a similar increase in risk with each additional risk allele in Crohn's disease in a previous 

study.47 While each individual risk allele only conveys an OR of about 1.2, an individual with six 
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or more risk loci already has a strongly increased risk for developing UC, with an OR of 8.2. If we 

sum the weight of the individual effect of each risk locus, the risk for UC increases even more 

with an OR of 10.2 for the same number of risk loci. Predictive testing is not yet feasible as the 

difference in absolute number and weight of risk al leles between UC cases and control individuals 

is significant but small. This small difference is due to the fact that many disease-associated 

variants are common, i.e. highly prevalent in the general population. The identification of extra 

common UC risk loci in GWAS that are now underway is expected to improve the sensitivity 

and specificity of the genetic dose-response risk model. Non-invasive genetic testing would be 

especially valuable in the differential diagnosis of IBD as it often remains difficult to differentiate 

between CD and UC with current diagnostic methods. A correct diagnosis is essential for the 

correct treatment of patients as many drugs that are effective in one form of IBD have insufficient 

beneficial therapeutic effect in the other. The same holds for surgical therapy: proctocolectomy 

is a beneficial remedy for UC, but can induce severe complications in CD. 

We have confirmed the association of eight genes (HLA-DRA, /L10, /L23R, JAK2, SlOOZ, ARPC2 

ad, ECTl) with UC susceptibi lity loci and identifiedwo novel UC locsid 10q26. We have also shown 

that multiple risk loci in an individual increase the risk for UC development. 
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Supplementary table 1 I Al l SNPs genotyped and analysed in this study. 

Marker Chr. Position Gene Al Source 

rs9268877 6p21 32539125 HLA-DRA T 1 

rs9268858 6p21 32537621 HLA-DRA G 1 

rs9268480 6p21 32536782 BTNL2 A 1 

rs11805303 1p31 67448104 /L23R T 1 

rs1980422 2q33 204318641 CD28 C 1 

rs12612347 2q35 218765583 ARPC2 T 1 

rs3024505 lq32 205006527 /Ll0 T 1 

rs10886580 10q26 121793623 intergenic G 1 

rs11153986 6q22 121352751 intergenic A 1 

rs7663768 4q13 76358625 AF424542 T 1 

rs4958457 5q33 150802483 SLC36Al T 1 

rs527313 4p15 13531433 intergenic A 1 

rs7611991 3p12 85842248 CADM2 A 1 

rs450711 14q31 87498297 GALC T 1 

rs7831616 8p12 30569078 GTF2E2 A 1 

rs6574978 14q31 87547166 GRP65 G 1 

rs10974944 9p24 5060831 JAK2 G 1 

rs4765497 12q24 126116042 intergenic G 1 

rs7712957 15q13 76174452 SlO0Z G 1 

rsll078827 17p13 9926566 GAS7 C 1 

rs13294 lq21 148751611 ECMl A 2 

rs13085791 * 3p21 49696536 MSTl A 2 

rs3197999 

rs10883365 10q24 101277754 NKX2-3 A 3 

rs10045431 * 5q33 158747111 IL12B A 3 

rs2542151 18p11 12769947 PTPN2 G 3 

rs10761659 10q21 64115570 intergenic A 3 

rs3936503 lOpll 35589263 CCNY A 3 

rs744166 17q21 37767727 STAT3 C 3 

SNP= Single Nucleotide Polymorphism, Chr.= Chromosome, Position= base pair position of the marker on the 
genome, Gene= Candidate gene for association to the marker, Al= associated allele of the marker, Source= paper 
from which the SNPs were selected: 1= Franke A et al. Sequence variants in /LlO, ARPC2 and multiple other loci 
contribute to ulcerative colitis susceptibility. Nat Genet 2008. 2= Fisher SA et al. Genetic determinants of ulcerative 
colitis include the ECMl locus and five loci implicated in Crohn's disease. Nat Genet 2008. 3= Franke A et al. 
Replication of signals from recent studies of Crohn's disease identifies previously unknown disease loci for ulcerative 
colitis. Nat Genet 2008. * = Proxy of published SNP 
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Abstract 

The two main phenotypes of inflammatory bowel d isease { I BD) - Crohn's d isease (CD) and 

u lcerative colitis {UC) - a re chron ic i ntestina l  inflammatory disorders with a complex genetic 

background.  Using a th ree-stage design, we performed a functiona l  candidate-gene ana lysis of 

innate immune pathway in I BD. I n  phase I, we typed 354 SNPs from 85 innate immun ity genes 

in 520 Dutch I BD patients (284 CD, 236 UC) and 808 controls .  I n  phase I I , ten autosomal SNPs 

showing association at p < 0.006 in phase I were repl icated in a second cohort of 545 I BD  patients 

{326 CD, 219 UC) and  360 controls .  In phase I l l ,  fou r  SNPs with p < 0.01 in the combined phase I 

and phase I I  ana lysis were genotyped in an additional 786 I BD samples (452 CD, 334 UC) and 768 

independent controls. Jo int ana lysis of 1851 I B D  patients { 1062 CD, 789 UC) and 1936 controls 

demonstrated strong association to the IL18RAP rs917997 SNP for both CD and UC (p 180 1 .9 x 10-8; 

OR 1.35) . Association in CD is independently supported by the Crohn's d isease dataset of the 

We l lcome Trust Case Control Consortium ( imputed SN P rs9 17997, p = 9 .19 x 10-4) .  I n  add ition, an 

association of the CARD9 rs10870077 SNP to CD and UC  was observed (p 180 = 3 .25 x 10-5; OR 1 .21 ) .  

Both genes are located i n  extended haplotype b locks on  2qll-2q12 and 9q34.3, respectively. Our  

resu lts ind icate two IBD loc i  and further support the  importance of the innate immune system in  

the predisposition to both CD and UC. 
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Introduction 

The inflammatory bowel diseases (IBDs) are common, chronic, gastrointestina l  inflammatory 

disorders that comprise two major forms - Crohn's disease (CD) and ulcerative colitis (UC). Their 

combined prevalence is estimated at 100-200/100,000 in developed countries.1-2 The etiology of 

CD and UC is complex and consists of an impaired immune response to the commensal bacteria l 

flora in a genetica lly susceptible host. 

In 2001 the NOD2 gene (also known as CARD15) on chromosome 16 was identified as the 

first susceptibility gene for CD.3 NOD2 is a part of the innate immunity system and belongs to 

the family of pattern-recognition receptors (PRRs) that recognize bacterial peptidoglycans; it is 

among one of the first lines of defense against microbia l flora in the gastrointestinal  tract. Since 

the discovery of NOD2 as a CD susceptibility gene, the role of the innate immune system in 

IBD has been studied extensively, and mutations in a number of genes of the innate immunity 

pathway have been found to be associated with CD susceptibility.3-5 The most promising results 

suggest an association for NODl and Toll- like receptor 4 (TLR4} with CD.4•6 

Whole-genome association studies performed during recent years have been remarkably 

successful in providing better insight into the genetic background of CD. Recently described 

CD susceptibility variants in IL23R, ATG16Ll, and IRGM, at Sp13. l and other loci, have been 

successfully replicated in multiple independent populations.1-11 However, a ll these findings 

together still only partly explain the genetic background of CD, and many reported associations 

require further replication and validation. So far, no convincing genetic associations have been 

established for UC. 

In this study, we performed an extensive candidate-pathway genetic screen for IBD 

susceptibility by using a multistage case-control design. We aimed to investigate the innate 

immunity pathway, including the pattern-recognition receptor genes (PRRs) and their 

downstream targets.12-17 The study included the Toll-like receptor (TLR) pathway with the TLR 

genes 1 to 10, molecules important for recognizing lipopolysaccharides by distinct T LRs (CD14 

and LY96), downregulators of TLR activity (TOLLIP and PPARG and SIG/RR), adaptor molecules 

(MYDBB, TICAMl (TRIF), TICAM2, and TIRAP), downstream effectors of MYDBB (TRAF6, IRAK2-

4), and downstream effectors of TRIF (CFLPR, FADD, TBKl, and all 12 components of the NF-K� 

pathway). The Toll-independent recognition of pathogen-associated molecular patterns (PAMPs) 

included genes involved in delivery of muramyl dipeptides into the intracellular space (PEPT1 

[SLC15A1] and PEPT2 [SLC15A2] ), downstream pathways of NODs (APAF1, RIPK2, CARD9, and 

GRIM19), inhibitors of NOD signaling (CARD6, CARD7, CARD12, C/AS1) ,  and other genes involved 

in PAMPs recognition .  We also included interferon regulatory factors that are activated by the 

pathways described above and a number of cytokines and their receptors (IL-1, 2, 12, 15, 18, 23, 

and IFNlA and B) that are important in innate immunity. Two well-described PRR genes - NODl 
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and NOD2 - have been previously studied in IBD populations and were therefore not included 

in this study. 18 Some candidate genes involved in the pathway were excluded from our list as a 

result of a lack of haplotype tagging SNPs in the gene region (e.g., IRAKl ) .  

In total, we included 85 genes located in 74 genomic regions in our screen (Table S1 the 

Supplemental Data available online). Each investigated locus included the coding part of a gene 

and at least 3 kb of the promoter region and 2 kb of the 30 end. The flanking region was extended 

(to ~20 kb) for ~10% of the genes that are located either in extended haploblocks or in SNP

desert regions. Tag SNPs were selected with the Tagger program and the following parameters: 

r2 > 0.8, minor allele frequency (MAF) > 0.1, multimarker tagging. SNP genotyping was performed 

with the GoldenGate assay on an lllumina BeadStation 500GX (lllumina, San Diego, USA). Analysis 

was performed with Bead Studio software. As quality-control measures, samples showing a 

mismatch between X chromosome genotypes and stated gender and duplicate samples were 

removed; genotype call rate and Hardy-Weinberg equilibrium within controls and cases were 

determined. Only samples with a call rate above 95% were included in fu rther analysis. Initially, 

455 tag SNPs were included in this study. A large number of SNP assays failed (n = 101, 22%), 

in part because of an error in oligonucleotide synthesis at lllumina's manufacturing facility (the 

company subsequently accepted responsibility and reimbursed us). In addition, we excluded 

nonpolymorphic and dubiously clustered SNPs (Table 52 online), resulting in 354 successfully 

genotyped SNPs that we used for further analysis. Three SNPs showed strong deviation from 

Hardy-Weinberg equilibrium in the controls (PHwE < 0.002) and were discarded from further 

analysis. 

The population studied consisted of 1851 IBD patients (CD 1062, UC 789). IBD patients were 

recruited from the VU University Medical Center, Amsterdam (n = 520),19 University Medical 

Center Groningen (n = 545)20, and the Academic Medical Center, Amsterdam (n = 786)21, the 

Netherlands, and were all of European descent. All patients were diagnosed according to accepted 

clinical, endoscopic, radiological, and histological criteria2; 66.9% of CD patients and 45.8% of 

UC patients were females. The control group (n = 1936) comprised three independent groups: 

(i) healthy blood donors from Amsterdam (n = 381) and Utrecht (n = 427), the Netherlands22; 

(ii) healthy spouses of patients included in different, non immune-mediated projects in Utrecht 

(n = 360)23, and (iii) 768 controls from the general-population-based V lagtwedde/V laardingen 

cohort (individuals of Dutch descent, Groningen and Rotterdam area) participating in the last 

survey in 1989 and 1990.24•25 Only individuals for whom at least three out of four grandparents 

were born in the Netherlands were included in this study; 45.6% of controls were females. All 

patients and controls gave informed consent, and the study was approved by the ethics review 

committees of each of the participating hospitals. All DNA samples and data in this study were 

handled anonymously. The design of the study is i llustrated in Table 1 .  
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Table 1 I Control and Case Groups Included in the Study. 

Study Groups 

Phase I: VUMC Amsterdam 

Phase I I :  UMC Groningen 

Phase I l l :  AMC Amsterdam 

Dutch Cases , 

I BD n = 520 
284 CD 
236 UC 

18D n = 545 
326 CD 
219 UC 

1 8D n = 786 
452 CD 3 
34 UC 

Electronic Replication in the Imputed WTCCC Dataset 

WTCCC 18D n = 1748 
1748 CD 
0 UC 

Dutch Controls 

Healthy blood donors (n = 808) from 
Amsterdam (n = 381) and Utrecht (n = 427) 

UMC Utrecht controls (n = 360} 

Population controls from Groningen area 
(n = 768) 

WTCCC controls (n = 2938) 

Three independent case groups were recruited from the VU University Medical Center {VUMC), Amsterdam, 
University Medical Center (UMC}, Groningen, and the Academic Medical Center (AMC), Amsterdam. Imputed 
WTCCC data are publicly available online. 

In phase I of the study, 520 IBD patients (284 CD, 236 UC) and 808 controls were successfully 

genotyped for 354 5NPs. The association was calculated by an allele frequency test (1 df x2 test) 

and by a genotype frequency test (2 df x2 test) (columns showing "p-allele" and "p-genotypes" 

in Table 51 online). Hardy-Weinberg equilibrium was calculated from a comparison of expected 

and observed genotypes in 2 x 3 x2 tables (columns showing HWE controls and HWE cases in 

Table 51 online). From the 74 genomic regions included in the study, the strongest association 

was observed with the rs7539625 5NP located in IL23R (Pco = 2.63 x 10-5). The association for the 

IL23R gene with CD has been well established.7
-
20

-
26

-
27 Association results for all 5NPs included in 

the study are presented in Table 51 online. 

We performed a haplotype analysis on all tested loci, since the selection of tag 5NPs was 

based on a multimarker strategy and in order to recover information that was missed due to 

failed 5NPs. Haplotypes were investigated using the Haploview application.28 We observed an 

association with nine genes on a haplotype level at p < 0.006, which is the same p-value cut off 

we chose to use for the single 5NP analysis. All associated haplotypes, except one, were located 

in the genes that also showed association on a single 5NP level with the same selected p-value 

cut-off (p < 0.006). One locus - comprising the IL18 receptors on chromosome 2qll-2q12 - was 

significantly associated in the haplotype analysis, but not at the single 5NP level. We observed 

that the haplotype including the rs2287037*G rs1035130*G rs2241116*C and rs6706002*A 

alleles occurred more frequently in IBD cases (26.1%) than in controls (21.4%) (p = 0.006). 
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We extensively investigated the haplotype structure of the IL18R1-JL18RAP receptor locus 

using the HapMap data.29 The IBD-associated haplotype is located in a block with strong linkage 

disequilibrium (LD) expanding ~350 kb. This LD block includes four genes: the 30 parts of IL1RL1, 

IL18R1, /LlBRAP and 50 part of SLC9A4. Fortytwo SNPs have a single allele that is in perfect LD 

with our associated haplotype in the HapMap data and can therefore tag this haplotype at a 

single SNP level. None of the 42 SNPs were typed in the current project (Supplementary Table 

1 online). However, one of these SNPs - rs917997 - was tested on the set of Dutch controls for 

another of our projects. In the 791 controls that were genotyped both for the IL1RL1-JL18R1-

IL18RAP-SLC9A4 haplotypes and for the single SNP rs917997, the haplotype structure was found 

to be similar to the HapMap data. We observed that the associated haplotype rs2287037*G 

rs1035130*G rs2241116*C rs6706002*A was in perfect LD with the rs917997*A allele and they 

are therefore perfect proxies for each other (Table 2). Based on these findings, SNP rs917997 was 

used for further replication of the IL1RL1-/L18R1-JL18RAP-SLC9A4 locus. 

Table 2 I Linkage Disequilibrium between the rs2287037-rs1035130-rs2241116-rs6706002 haplotype 
block and the rs917997*A Al lele in 791 Dutch Control Samples. 

rs2287037 rs1035130 rs2241116 rs6706002 rs917997 Frequency Counts 

G G C G G 0.397 626.6: 951.4 

A A A A G 0.219 345.7:  1232.3 

G G C A A 0.213 336.1: 1241.9 

A G C G G 0.089 140.4: 1437.6 

A A C A G 0.076 120.0: 1458.0 

A total of 791 controls were typed for rs2287037-rs1035130-rs2241116-rs6706002 haplotypes and for single SNP 
rs917997 located in the IL18R1-/L18RAP gene locus. All haplotypes above a frequency of 0.005 are shown. The 
rs917997*A allele and rs2287037*. G rs1035130*G rs2241116*C rs6706002*A haplotype (in bold} tag the same 
haplotype and are therefore perfect proxies for each other. 

We performed a replication study of the ten most strongly associated autosomal genes 

identified by single SNP- or haplotype analysis in either CD, UC or IBD (p < 0.006) in phase I .  

This replication was conducted on a second, independent, IBD cohort (phase II). In genes where 

two or more SNPs showed association, only the most significantly associated SNP was used for 

further replication. The /L23R gene was not included in the replication since this gene has already 

been established as a risk factor for IBD in the Dutch IBD cohort.20 

Nine SNPs were tested in the second IBD cohort, comprising 545 Dutch IBD patients (326 

CD and 219 UC) from the University Medical Center Groningen20 and 360 independent controls 
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(Table 3). Genotyping of all polymorphisms was performed with TaqMan probes and primers, 

using assays developed by Applied Biosystems, and an ABI 7900HT system (Applied Biosystems, 

Nieuwerkerk a/d IJssel, the Netherlands). To ensure that the annotation of C/G and T/A SNPs 

both on Taqman and l llumina was performed on the same strand, we did additional Taq-Man 

genotyping of 50 controls for rs8177676 T/A, rs10418239 C/G and rs10870077 C/G. All the called 

control samples showed 100% concordance of the genotypes obtained from the Taqman and 

lllumina platforms. The association was calcu lated by allele frequency test (1 df x2 test). All SNPs 

were in HWE (PHwE > 0.05) in control group. 

Of the nine SNPs replicated in phase II, rs917997 showed association in both the CD and UC 

cohorts (p = 0.0002; odds ratio [OR] 1.60 [95% Cl : 1.25-2.04] and p = 0.003; OR 1.52 [95% Cl: 

1.15 -2.00], respectively) (Table 3). Combined analysis for rs917997 (either directly genotyped 

or imputed from other SNPs) of the patient cohorts from phases I and II showed association to 

the IL1RL1-IL1BR1- IL1BRAP-SLC9A4 locus in both CD (p = 1.20 x 10-5) and UC (p = 4.50 x 10-5) 

(Table 3). After Bonferroni correction for multiple testing of 354 SNPs, the association with 

rs917997 remained significant. In addition, the combined analysis of phases I and II also showed 

association with rs842647 in REL to UC (p = 0.003; OR 0.78 [95% Cl : 0.65-0.92]) rs10418239 in 

CAROB to UC (p = 0.004; OR 1.26 [95% Cl: 1.08-1.48]) and with rs10870077 in = to UC (p = 0.003; 

OR 1.26 [95% Cl: 1.08-1.47]). 

To further confirm the association of rs917997 and the CAROB-rs10418239 and CARO9-

rs10870077 SNPs, we performed a third analysis (phase Il l) in which these three SNPs were tested 

in an IBD cohort of 452 CD and 334 UC cases from Amsterdam and 768 population controls from 

Groningen, the Netherlands.21 SNPs were genotyped by Taqman as described above. Analysis of 

the phase I l l data confirmed the association of the /LlBRAP SNP rs917997 in CD (p = 0.012; OR 

1.27 [95% Cl (1.05-1.54)]) and showed a similar trend in UC (p = 0.091; OR 1.20 [95% Cl (0.97-

1.48)]).Association of the CARO9 SNP rs10870077 was also confirmed in the phase I l l  CD and UC 

groups (Table 4). However, association of the CAROB SNP rs10418239 and the REL - rs842647 

was not observed in the phase Il l cohort, although it remained moderately significant in the 

combined UC (CAROB) and UC and CD (REL) dataset. 

The combined analysis of 1851 IBD patients included in phases I, II, and Ill (1062 CD and 789 

UC samples; 1936 controls) showed strong association to rs917997 of the IL1RL1-/L1BR1-IL1BRAP

SLC9A4 locus with both CD (p = 6.3 x 10·7; OR 1.36; 95% Cl [1.21-1.54]) and UC (p = 2.46 x lQ·5; OR 

1.34; 95% Cl [1.17-1.53]). SNP rs10870077 in the CARO9 locus showed stronger association with 

UC (p = 4.03 x 10-5; OR 1.28; 95% Cl [1.14-1.44]) and moderate association with CD (p = 0.0057; 

OR 1.16; 95% Cl [1.04-1.3]). Association of rs917997 with both CD and UC, and association of 

rs10870077 with both the UC and IBD groups, remained significant after Bonferroni correction 

for the total number of 354 SNPs included in phase I. Associations in the combined dataset for 

CAROB and REL genes were not signi.cant after correction for mu ltiple testing. 



Table 3 I Replication of the Ten Associated SNPs from the Phase I Screen in the Phase I I  Cohort. 

I �  Control Phase I Cases Phase I Control Phase II Cases Phase I I  Control Phases I and I I  Cases Phases I and I I  

Gene) Name Minor MAF MAF MAF P Value OR (95% Cl) MAF 
Allele 

MAF P Value OR (95% Cl) MAF MAF P value OR (95% Cl , �  
Crohn's Disease 

IKBKE rs12728136 A 0. 143 0. 188 0.010 1.40 (1.09-1.80) 0 .178 0.151 0.182 0.82 (0.62-1.10) 0. 154 0.169 0.25 1 .12 (0.93-1.35) 

REL rs842647 G 0.355 0.300 0.013 0. 77 (0.63-0.94) 0.354 0.365 0.679 1.05 (0.83-1.32) 0.354 0.332 0.189 0.91 (0.78-1.05) 

IL18RAP rs917997a A 0.214 0.252 0.067 1.24 (0.99-1.55) 0.218 0.309 0.0002 1.60 (1 .25-2.04) 0.216 0.282 1.20 X 10-s 1.43 ( 1 .22-1.68) 

CARD6 rs10512747 A 0.157 0.110 0.006 0.67 (0.50-0.90) 0.138 0 .146 0 0.691 1 .07 (0.78-1.45) 0.151 0 .128 0.07 0.83 (0.67-1 .02) 

CARD9 rsl0870077 G 0.437 0.470 0. 172 1 .14 (0.94-1.39) 0.455 0.466 0.680 1.05 (0.84-1.3) 0.442 0.468 0.15 1 .11 (0.96-1.28) 

IL15RA rs8177676 A 0.088 0.111 0.116 1.30 (0.95-1.77) 0.101 0.1 0.973 1.00 (0.70-1.42) 0.092 0. 105 0.22 1.16 (0.92-1 .47) 

CHUK rs11597086 C 0.386 0.456 0.004 1.33 (1 .10-1.62) 0.419 0.375 0.096 0.83 (0.66-1.03) 0.396 0.414 0.32 1.08 (0.93-1.24) 

LGP2 rs12600570 A 0.117 0. 130 0.401 1 .14 (0.85-1.52) 0. 129 0.118 0.539 0.90 (0.65-1.26) 0.121 0. 124 0.78 1.03 (0.84-1.28) 

CAROB rs10418239 G 0.337 0.340 0.912 1.01 (0.83-1.24) 0.349 0.37 0.421 1 .10 (0.88-1.37) 0.341 0.356 0.38 1.07 (0.92-1.24) 

VISA rs8116776 A 0.283 0.217 0.002 0.07 (0.56-0.88) 0.266 0.274 0.757 1.04 (0.81-1.33) 0.278 0.246 0.04 0.85 (0.72-1.00) 

Ulcerative Colitis 

IKBKE rs12728136 A 0.143 0.214 0.0002 1.64 (1 .26-2.12)  0. 178 0.127 0.022 0.68 (0.48-0.95) 0.154 0.173 0.19 1 .15 (0.94-1.42) 

REL rs842647 G 0.355 0.302 0.038 0.79 (0.64-0.99) 0.354 0.292 0.036 0.76 (0.58-0.98) 0.354 0.298 0.003 0.78 (0.65-0.92) 

IL18RAP rs917997* A 0.214 0.271 0.010 1.37 (1.08-1.73) 0.218 0.298 0.003 0.52 (1 .15-2.00) 0.216 0.284 4.50 X 10-s 1.44 ( 1.21-1.72) 

CARD6 rsl0512747 A 0.157 0.146 0.561 0.93 (0.69-1.23) 0.138 0.13 0.697 0.94 (0.66-1.34) 0.151 0.139 0.36 0.91 (0.73-1.13) 

CARD9 rs10870077 G 0.437 0.515 0.003 1.37 (1 .11-1.68) 0.455 0.483 0.359 1 .12 (0.88-1.43) 0.442 0.500 0.003 1.26 (1 .08-1.47) 

IL15RA rs8177676 A 0.088 0.131 0.006 1.57 (1 .14-2 .15) 0.101 0.091 0.597 0.90 (0.60-1.37) 0.092 0.112 0.08 1.25 (0.97-1.61) 



Control Phase I Cases Phase I Control Phase II Cases Phase I I  Control Phases I and I I  Cases Phases I and I I  

Gene) Name Minor MAF MAF MAF P Value OR {95% Cl) MAF MAF P Value OR {95% Cl) MAF MAF P value OR {95% CI 
Allele 

CHUK rs11597086 C 0.386 0.443 0.027 1.26 {l .03-1.55) 0.419 0.392 0.371 0.89 (0.70-1.14) 0.396 0.419 0.24 1.10 (0.94-1.29) 

LGP2 rs12600570 A 0.117 0. 169 0.003 1 .55 (1 . 17-2.06) 0.129 0.133 0.861 1.04 (0.73-1.48) 0.121 0.152 0.02 1.31 {l.05-1.64) 

CAROB rs10418239 G 0.337 0.411 0.003 1.37 (1 .11-1.69) 0.349 0.374 0.360 1.13 (0.87-1.45) 0.341 0.395 0.004 1.26 (1.08-1.48) 

VISA rs8116776 A 0.283 0.233 0.031 0.77 (0.61-0.98) 0.266 0.266 0.995 1.00 (0.76-1.32) 0.278 0.248 0.09 0.86 (0.72-1.03) 

Inflammatory Bowel Disease {Crohn's Disease + Ulcerative Colitis) 

IKBKE rs12728136 A 0.143 0.200 0.0001 1.50 (1.22-1.84) 0.178 0.141 0.038 0.76 (0.59-0.98) 0. 154 0.170 0.13 1.13 (0.96-1.33) 

REL rs842647 G 0.355 0.300 0.003 0.78 (0.66-0.92) 0.354 0.336 0.439 0.93 (0.75-1.12) 0.354 0.317 0.01 0.85 (0.75-0.96) 

IL18RAP rs917997* A 0.214 0.261 0.006 1.29 ( 1.08-1.55) 0.218 0.304 0.00007 1.56 (1.25-1.95) 0.216 0.282 2.82 X 10·7 1.43 (1.25-1.64) 
QJ 

CARD6 rs10512747 A 0.157 0.126 0.027 0.78 (0.62-0.97) 0.138 0.139 0.931 1.01 (0.77-1.33) 0.151 0. 133 0.08 0.86 (0.72-1.02) 3 
3 
QJ 

CARD9 rs10870077 G 0.437 0.490 0.007 1.24 (1.06-1.45) 0.455 0.474 0.434 1.08 (0.89-1.31) 0.442 0.482 0.008 1 .17 (1 .04-1.32) 
OJ 

0.008 1.41 ( 1.09-1.81) 0.781 0.95 (0.69-1.31) 1.20 (0.98-1.46) IL15RA rs8177676 A 0.088 0.120 0.101 0.097 0.092 0. 108 0.07 :!! 

CHUK rs11597086 C 0.386 0.450 0.001 1.30 (1 .11-1.52) 0.419 0.383 0.122 0.86 (0.71-1.04) 0.396 0.416 0.18 1.09 (0.96-1.23) .;;· ro 

LGP2 rs12600570 A 0.117 0. 148 0.020 1.31 (1.05-1.65) 0.129 0. 124 0.760 0.95 (0.72-1.27) 0.121 0.136 0.12 1 .15 (0.96-1.37) ro 
QJ 
:::, 

CAROB rs10418239 G 0.337 0.372 0.066 1 .16 (0.99-1.37) 0.349 0.372 0.329 1 .10 (0.90-1.35) 0.341 0.372 0.03 1 .15 ( 1.01-1.30) ro 
ro 

0.85 (0.75-0.98) VISA rs8116776 A 0.283 0.224 0.001 0.73 (0.61-0.88) 0.266 0.271 0.818 1.02 (0.83-1.27) 0.278 0.247 0.02 !:I'. 
J;i 
QJ 

Phase I included 520 /BO samples {284 CD, 236 UC} and 808 controls; phase II included 545 /BO samples {326 CD, 219 UC) and 360 controls; the combined analysis of phase I and :::, 

0 II includes 1065 /BO samples {610 CD, 455 UC} and 1168 controls. Allele call for C/G and T/A SNPs is annotated according to the TaqMan genotype calls. a rs91 7997 was either 
genotyped directly or imputed from rs2287037*G-rs1035130*G-rs2241116*C-rs6706002*A hap/otype (in the phase I /BO cases). 

iD" 
:!! -
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In this study we performed a candidate screen of innate immunity pathway genes in IBD 

and observed a strong association with a common SNP located in the /L1RL1/L18R1-/L18RAP

SLC9A4 locus on chromosome 2q11-2q12. Interestingly, association of the same allele of the 

/L18RAP rs917997 gene with celiac disease; (a distinct disorder but one that is also characterized 

by intestinal inflammation) has been reported in a recent GWAS study22 and replicated in an 

independent cohort of celiac-disease patients from three different populations.30 

Replication of genetic findings in multiple populations is an important step in establishing a 

genetic effect on disease predisposition . Recently a large genome-wide association study was 

performed by the Wellcome Trust Case Control Consortium (WTCCC). This study included 2,000 

CD patients and 3,000 controls from the UK.8 We investigated publicly available WTCCC results 

for association of IL1RL1-/L18R1-IL18RAP-SLC9A4 ( rs917997) and CARD9 ( rs10870077) in the 

UK CD cohort (WTCCC data accessed on November 21, 2007). Neither SNP had been typed on 

the Affymetrix platform, so only imputed genotypes were available.31 In the WTCCC CD dataset, 

the rs917997 showed moderate association with the same allele (p = 9.19 x 10-4)(Table 5). The 

combined Cochran-Mantel-Haenszel test of allelic association of rs917997 with CD in the Dutch 

and UK (WTCCC) data resulted in an even stronger association of this SNP with CD (p-value 

(pM-H = 8.63 X 10-9) .  

To ensure that association in  the 2q11-2q12 region is  limited to the IL1RL1-/L18R1-IL18RAP

SLC9A4 locus, we investigated the region of ~898 kb (Chr2:102040449-102947000) by including 

this and the neighboring LD blocks from the GWAS WTCCC CD dataset. Among 238 SNPs that 

have been genotyped in the ~898 kb block, the strongest association was observed with three 

SNPs, all of which are located within the IL18RAP gene (Figure S1). This strongly indicates that 

in the WTCCC data association in CD is limited to the IL1RL1-/L18R1-/L18RAPSLC9A4 block itself, 

rather than being a side effect of association in the neighboring hap lotype blocks. 

Because of strong LD, fine mapping within the IL1RL1-IL18R1-/L18RAP-SLC9A4 locus is not 

possible by genetic means. The ~350 kb LD block includes four genes, two of which, IL18RAP 

and IL18R1, are receptors for the IL18 protein and were selected for our candidate-gene study. 

Remarkably, a cis effect of the associated rs917997 on the level of gene expression of the IL18RAP 

transcript was recently observed in the celiac-disease study.30 This observation prioritizes the 

/L18RAP gene among its neighbors as a candidate gene for IBD. The role of the I L18 protein in 

CD is now being increasingly recognized. IL18 is mainly produced by antigen-presenting cells 

and stimulates the production of interferon-Y and pro-inflammatory cytokines such as TNF-a 

and I L-1�.32 Expression of I L18 is i ncreased in mucosa! biopsies from IBD patients compared to 

controls, and in involved versus non-involved lesions.33-35 Furthermore, I L18 mRNA levels are 

upregulated in intestinal epithelial cells and lamina propria mononuclear cells in CD patients, 

and the bioactive form of I L18 could only be found in patients but not in controls.35•36 Final ly, 

several mouse models for CD show that blocking IL18 with an IL18-binding protein attenuates the 
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intestinal inflammation.37,38 The IL18 receptor complex is expressed on intestinal epithelial cells 

and consists of the ligand-binding chain (IL18Rl, IL18Ra) and a signal-transducing chain (IL18RAP, 

IL18R�).39 IL18 receptors, in response to IL18, activate the NF-K� pathway, which is a central 

element in the pathogenesis of co.2,33 The JL1RL1-IL18R1-JL18RAP-SLC9A4 locus is therefore a 

very likely candidate for IBD pathogenesis. Interestingly, SNPs in the IL18 gene also tended to be 

associated with IBD in our initial screen (p = 0.0086, Table 51 online), although the association 

was only moderate and needs further replication. 

Another locus that shows association predominantly with UC is located on 9q34.3 and 

includes the CARD9 gene, which encodes an adaptor molecule of PRR signaling. CARD9 is an 

attractive candidate gene for IBD association because it is essential in the process of stimulating 

the innate immune signaling by intracellular and extracellular pathogens.40 Three studies of 

CARD9-deficient mice showed that CARD9 is required for inducing the cytokine response and for 

protection from fungal and bacterial infection.41-44 Upon stimulation by intracellular pathogens, 

CARD9 specifically interacts with NOD2, which leads to increased cytokine production via 

activation of MAPK.43 Alternatively, stimulation of other PPR family molecules by extracellular 

pathogens leads to NF-K� activation through the syk-CARD9 interaction.45A6 One possible 

mechanism for CARD9's involvement in IBD pathogenesis is via regulation of the IL17 response 

to the pathogens. Activation of the syk-CARD9 complex via dectin-1 (the C-type lectin molecule) 

promotes the maturation of dendritic cells, production of pro-inflammatory cytokines, including 

IL23, and differentiation of T cells to TH-17 cells. The process of differentiation of TH-17 cells 

under Candida albicans infection is markedly reduced in CAR09-I- cells.44 Interestingly, the current 

hypothesis on the role of the recently described IL23R gene in 180 pathogenesis also suggests an 

effect from IL23R mutations on TH-17 cell development.47A8 It is possible that mutations in CARD9 

and IL23R share a similar pathogenesis mechanism for affecting the disease susceptibility. 

A recent expression study on 400 blood samples of asthma patients indicated a strong cis 

effect from a perfect proxy of the CARD9 rs10870077 (rs4077515, r2 = 1 in CEU HapMap samples, 

and r2 = 0.95 in Dutch controls) on expression of CARD9 (effect rs4077515*G allele 0.538, H2: 

14.17, p value 1.1 x 10-13) ("mRNA by SNP browser").33A9,so This suggests that the rs10870077 

genotype probably has a cis functional implication on CARD9 signaling via modification of CARD9 

expression. 

In the WTCCC dataset, the CARD9 rs10870077 SNP was less efficiently imputed (average 

maximum posterior call = 0.87), probably as a result of the location of the gene on the distal 

part of chromosome 9 and low coverage of this region by the genotyping platform. However, 

the imputed results show an increased frequency of the minor rs10870077*G allele in CD cases 

(45.7%), compared to controls (41.7%) (p = 1.75 x 10-4), which is consistent with our observations 

for CD (Table 5). The combined Cochran-Mantel-Haenszel test of CARD9 rs10870077 SNP with CD 

in the Dutch and WTCCC datasets indicates moderate but consistent association to CD in both 



Table 4 I Association of REL-rs842647, IL18RAP-rs917997, CARD9-rs10870077, and  CARD8-rs10418239 SNPs in the Phase 1 1 1  I BD  Cohort and  in the , �  
Combined Dataset. ' n  

Control Phase Cases Phase Ill versus Control Phases Cases Phases I, II, and Ill versus Controls I �  I l l  Control Phase I l l  I, I I, and I l l  Phases I ,  I I ,  and  I l l  

Name SNP Minor MAF MAF P Value OR (95% Cl} MAF MAF P Value OR (95% CI} 
Allele 

Crohn's Disease 

rs842647 A; G G 0.357 0.320 0.067 0.85 (0.71-1.01) 0.355 0.327 0.028 0.88 (0.79-0.99) 

rs917997 G; A A 0.235 0.281 0.012 1.27 (1.05-1.54) 0.223 0.282 6.31 X 10-7 1.36 (1.21-1.54} 

rs10870077 C; G G 0.425 0.480 0.0093 1 .25 (1 .06-1.48) 0.436 0.473 5.70 X 10-3 1.16 (1 .04-1.30} 

rs10418239 C; G G 0.367 0.354 0.534 0.95 (0.80-1. 13) 0.351 0.355 0.759 1.02 (0.91-1.14} 

Ulcerative Colitis 

rs842647 A; G G 0.357 0.339 0.402 0.93 (0.76-1.12) 0.355 0.315 0.005 0.83 (0.74-0.94} 

rs917997 G; A A 0.235 0.269 0.091 1.20 (0.97-1.48) 0.223 0.278 2.46 X 10-s 1.34 (1. 17-1.53) 

rs10870077 C; G G 0.425 0.494 0.0034 1.32 (1 .10-1 .59} 0.436 0.497 4.03 X 10-S 1.28 {1 . 14-1.44} 

rs10418239 C; G G 0.367 0.366 0.95 0.99 (0.82-1.21} 0.351 0.383 0.030 1 .15 (1.01-1.30} 

Inflammatory Bowel Disease (Crohn's Disease + Ulcerative Colitis) 

rs842647 A; G G 0.357 0.328 0.090 0.88 (0.76-1 .02} 0.355 0.322 0.002 0.86 (0.78-0.95} 

rs917997 G; A A 0.235 0.276 0.009 1.24 (1.05-1.46} 0.223 0.28 1.90 X 10-B 1.35 (1 .22-1.50) 

rs10870077 C; G G 0.425 0.486 0.00081 1.28 (1 .11-1.48} 0.436 0.484 3.25 X 10-s 1.21 (1 .11-1.33} 

rs10418239 C; G G 0.367 0.359 0.649 0.97 (0.83-1 .12) 0.351 0.366 0.166 1.07 (0.97-1.18} 

Phase Ill included 786 IBD cases (452 CD, 334 UC} and 768 controls. The combined analysis included 1851 /BD cases {1062 CD; 789 UC} and 1936 controls. 
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Table 5 I Association of rs917997 and rs10870077 with Crohn's Disease in the WTCCC Data. 

SNP 

rs10870077 

rs917997 

Quality Prediction MAF Controls MAF CD Cases 

0.8752 0.4172 0.4570 

0.9993 0.2185 0.2483 

P Value 

0.0002 

0.0009 

OR (95% CI) 

1.18 ( 1.08-1.28) 

1.18 (1.07-1.30} 

populations (p value (pM-H = 1.20 x 10-6). In our dataset, the CARD9 gene showed stronger 

association to UC than to CD. Further replication of these data in international IBD cohorts is 

necessary for estimating the effect of CARD9 locus polymorphisms on CD and UC. 

In this study we selected the CARD9 as a functional candidate gene; however CARD9 

is located in an extended haplotype block spanning ~120 kb and also including the following 

genes: GPSM1, LOC728489 (DNLZ), SNAPC4, SDCCAG3, PMPCA, INPP5E, and KIAA0310 (SEC16A). 

The strong LO within the block does not allow us to exclude other genes in the region from 

association with IBD, and moreover, poor coverage of this locus in the WTCCC dataset does not 

allow to exclude the neighboring blocks (only 18 SNPs have been typed in the ~77g kb block 

including the CARD9 locus and neighboring blocks in the WTCCC dataset). A number of genes 

located in the CARD9 block are also attractive functional candidates for association with IBD. The 

first one to mention, the GPSM1 gene belongs to activators of G protein signaling and is known 

to play a regulatory role in autophagosome formation in intestinal cells.51 Recent GWAS studies 

discovered the two autophagy genes, ATG16L1 and IRGM, and highlighted the important role 

of the autophagy pathway in the pathogenesis of CD.52 Another plausible functional candidate, 

SDCCAG3 (serologically defined colon cancer antigen 3), is involved in regulating expression of 

the tumor necrosis factor (TNF) receptor on the cell surface and in the anti-apoptotic mechanism 

during TNF signaling. TNF is a widely expressed cytokine involved in inflammation and innate 

immunity.53 Further investigation of the CARD9 and surrounding genes is needed to verify the 

true causative gene in the 9q34.3 locus. 

In this study we performed a comprehensive analysis of candidate genes from 85 genes in 

the innate-immunity molecular pathway, in a group of 1851 IBD patients and 1936 controls, and 

discovered the !BO-susceptibility gene locus that includes the IL1RL1-IL18R1-IL18RAP-SLC9A4 

genes on chromosome 2qll-2ql2. We also observed association of the CARD9 variant, located 

in extended haploblock on 9q34.3, predominantly with UC, although this latter finding needs 

further fine mapping and confirmation. 
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Supplemental Data 

One figure and two tables a re ava i lab le with this a rticle on l ine at : http ://www.ajhg.org/. 
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Figure 51 I Association Va lues from the UK  WTCCC Crohn's Disease Dataset i n  the Chromosome 2 

898 kb Region 102040449-102947000, I ncluding the I L1RL1-I L18Rl-l L18RAP-SLC9A4 Locus and Two 

Neighboring LD Blocks The dataset i ncludes 2000 cases versus 3000 controls. Negative logs from p 

va lues for genotyped SNPs were ca lcu lated according to the additive model. Al l  three SNPs with a p 

va lue below 0.0001 (negative log p va lue above 3) are located within the I L18RAP gene. 
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Abstract 

Objectives :  Genetic susceptibility is known to play a large part in the predisposition to the 

inflammatory bowel diseases (IBD) known as Crohn's disease (CD) and ulcerative colitis (UC). 

The IL2/IL21 locus on 4q27 is known to be a com mon risk locus for inflammatory disease 

(shown in celiac disease, type 1 diabetes, rheumatoid arthritis, systemic lupus erythematosus 

and psoriasis), while the roles that IL2 and IL21 play in the immune response also make them 

attractive candidates for inflammatory bowel disease. Our objective was to test for association 

between the IL2/IL21 locus and the inflammatory bowel diseases. 

Methods: The four single nucleotide polymorphisms (SNPs) in the IL2/IL21 locus most associated 

to celiac disease were genotyped in 1590 I BD cases and 929 controls from the Netherlands, 

and then replicated in a North American cohort (2387 cases and 1266 controls) and an Italian 

cohort (805 cases and 421 controls), yielding a total of 4782 cases (3194 UC, 1588 CD) and 2616 

controls. Allelic association testing and a pooled analysis using a Cochran-Mantel-Haenszel test 

were performed. 

Results: All four SNPs were strongly associated with U C  in all three cohorts and reached genome

wide significance in the pooled analysis (rs13151961 p = 1.35 x 10-10, rs13119723 p = 8.60 x 10·8, 

rs6840978 p = 3.07 x 10·8, rs6822844 p = 2.77 x 10·9). We also found a moderate association with 

CD in the pooled analysis (p value range 0.0016-9.8 6x 10·5). 

Conclusions: We found a strong association for the IL2/IL21 locus with UC, which also confirms it 

as a general susceptibility locus for inflammatory disease. 
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Introduction 

Inflammatory bowel diseases (IBD) are the most common chronic inflammatory diseases in 

the Western world after rheumatoid arthritis, with an incidence of about 40 per 100,000 in 

North America and Western Europe.1 Ulcerative colitis (UC) and Crohn's disease (CD) are the 

two main types of IBD, both characterized by recurring inflammation of the digestive tract. In 

CD the inflammation can occur throughout the gastrointestinal tract, most commonly affecting 

the terminal part of the small intestine and causing weight loss and abdominal pain. In UC 

the disease is confined to the colon and patients usually present with bloody diarrhoea and 

abdominal cramping.2 

Genetic susceptibility plays an important role in the pathogenesis of IBD. CD and UC are 

complex diseases with numerous genetic and environmental factors leading to disease. 

Epidemiological studies suggest stronger heritability in CD as compared to UC.1 

Many genetic factors contributing to CD pathogenesis have been identified during the last 

decade. There are currently more than 30 genes or loci associated with CD, the majority having 

been identified since the introduction of genome-wide association studies.3 Far fewer have been 

found for UC. Recently the first genome-wide association study in UC was published identifying 

several new loci and another genome-wide association study will be published shortly.4•5 

Genetic studies have also shown that susceptibility genes are commonly shared between 

inflammatory diseases. For example, the IL2/IL21 locus on chromosome 4q27 has been shown 

to be associated with celiac disease, type 1 diabetes (TlD), Grave's disease (GD), systemic lupus 

erythematosus {SLE), rheumatoid arthritis (RA), and psoriasis (PS).6-11 lnterestingly, there appears 

to be at least two independent association signals in this region, one conferring increased risk to 

disease, while the other a protective effect.8•11 

There are several reasons why the IL2/IL21 locus could also represent an interesting locus 

for IBD. Firstly, a number of shared autoimmune and inflammatory genes show an association 

to IBD: IL12B, for example, is associated to psoriasis,10 systemic lupus erythematosus,12 asthma13 

and both forms of IBD, 14 while /L18RAP was found to be associated with both celiac disease15 

and IBD.16 IL2/IL21 is another shared inflammatory locus, and both IL2 and IL21 are attractive 

functional candidate genes for association to IBD. An overexpression of IL21 in inflamed regions 

of bowel of IBD patients has been reported.17 This overexpression is most marked in CD, but a 

significant overexpression compared to that in diverticular disease and healthy controls is also 

present in UC.17 Finally, 112-1- mice develop inflammatory bowel disease most reminiscent of UC.18 

Given all these observations, and that IBD and celiac disease are chronic inflammatory 

diseases of the gut, we were specifically interested in testing whether the IL2/IL21 region variants 

identified in the celiac GWA studies also have a role to play in IBD. This was achieved via a case

control association study with a three-stage design in a large cohort of IBD patients. In addition, 
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we performed genotype-phenotype analysis to identify association with specific subsets of IBD. 

Our data unequivocally show that the IL2/IL21 locus is strongly associated to UC. We confirmed 

this finding in multiple IBD populations. 

Methods 

Subjects 

For the first phase, the cases consisted of a cohort of 1590 IBD patients (777 CD and 813 UC) 

collected from the outpatient clinics of the Departments of Gastroenterology and Hepatology 

at the Amsterdam Medical Center (n = 732), the Radboud University Medical Centre, Nijmegen 

(n = 273), and the University Medical Center Groningen, the Netherlands (n = 585).19 The control 

cohort consisted of 929 healthy Dutch individuals collected from blood donors.6 

To replicate the findings from the first phase two independent cohorts were examined. The 

first replication cohort consists of an IBD case - control cohort (2387 cases of which 654 CD 

and 1733 UC, and 1266 controls) collected through the North American NIDDK IBD Genetics 

Consortium (IBDGC) as described previously.20•21 Cases and geographically matched controls 

were ascertained through the University of Montreal, Cedars-Sinai Medical Center, Johns 

Hopkins University, University of Chicago, University of Pittsbu rgh, and the University of Toronto 

Genetics Research Centers (GRCs). This NIDDK-IIBDGC IBD cohort contained five related pairs of 

cases between UC and CD samples. All cases were included in the subphenotype analysis, but 

in the IBD analysis one member of each pair (five cases) was removed. The second replication 

cohort consists of an Italian IBD case - control cohort (805 cases of which 157 CD and 648 UC, 

and 421 controls) collected at the S. Giovanni Rotondo "CSS " (SGRC) Hospital in Italy. This cohort 

has previously been used and characterized in several association reports from ou r group.2 2•23 

A fourth cohort consisting of 398 cases and 418 controls from the US of Jewish descent was 

also included; this cohort was also collected by the NIDDK-IIBDGC and has previously been 

characterized. 20•21 

All patients and controls were of Eu ropean Caucasian descent. The diagnosis of IBD required 

(a) one or more symptoms of diarrhoea, rectal bleeding, abdominal pain, fever, or complicated 

perianal disease, (b) occurrence of symptoms on two or more occasions separated by at least 

8 weeks or ongoing symptoms of at least 6 weeks du ration, and (c) objective evidence of 

inflammation from radiologic, endoscopic, and histopathologic evaluation. All affected subjects 

fulfil clinical criteria for IBD. For CD patients, phenotypic details were registered according to 

the Vienna classification. However, perianal disease was scored as an independent variable 

and not included in the group with penetrating disease behaviour. For UC patients, phenotypes 

were described according to age of onset, maximum extent of disease (proctitis, left-sided, 
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or extensive), necessity of colectomy, and the occurrence of malignancy and extraintestinal 

manifestations. A summary of the phenotype information available for each cohort can be found 

in supplementary table 1 (CD) and supplementary table 2 (UC). 

In all cases, informed consent was obtained using protocols approved by the local institutional 

review board in all participating institutions. All DNA samples and data in this study were 

denominalized. 

Genotyping 

We analyzed the four most strongly associated SNPs in IL2/IL21 found by Van Heel et a/.: 

rs6822844, rs13151961, rs13119723 and rs6840978.6 Genotyping of the Dutch cohort was 

performed using TaqMan technology, while SNP genotyping assays for PCR were supplied by 

Applied Biosystems, as described.6 The patient and control DNA samples were processed in 384-

well plates and each plate also contained 16 genotyping controls (4 duplicates of 4 CEU DNA). 

Genotyping of 1577 samples from the North American IBD cohort was performed using 

primer extension chemistry and mass spectrometric analysis (iPlex assay, Sequenom, San 

Diego, CA) on the Sequenom MassArray. This was performed at the Laboratory for Genetics and 

Genomic Medicine of Inflammation (www.inflammgen.org) of the Universite de Montreal and at 

The University of Pittsburgh. Data from an additional set of 2917 North American IBD samples 

was also obtained from genotyping on lllumina HumanHap300 or HumanHap550 Genotyping 

BeadChips (lllumina, Inc., San Diego, CA,) as was previously reported in the IBDGC's CD and UC 

GWAS studies.5,21 

Genotyping for the Italian cohort was also performed at the Laboratory for Genetics and 

Genomic Medicine of Inflammation, using primer extension chemistry and mass spectrometric 

analysis on the Sequenom MassArray. The patient and control DNA samples were again processed 

in 384-well plates and each plate also contained 16 genotyping controls (4 duplicates of 4 CEU 

DNA). All SNPs were validated and we obtained > 99.9% concordance between our genotype 

data and the CEU data available from HapMap. 

Statistical analysis 

Hardy-Weinberg equilibrium was tested by comparing the expected and observed genotypes 

in a 2 x 3 chi-squared (x2) table. Controls did not show deviation from HWE (P value (HWE) 

> 0.001). Differences in allele and genotype distribution in the cases and controls of the individual 

cohorts were tested for significance by the x2 test. Analysis for association between genotype 

and subphenotypes were also performed with the x2 test. A significant threshold for P values 

was determined at P < 0.05. Odds ratios (ORs) were calculated and the confidence intervals 

(Cls) were approximated using Woolf's method with Haldane's correction. Power calculations 
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were performed using the online Genetic Power Calculator by Shaun Purcell (http://pngu.mgh. 

harvard.edu/~purcell/gpc/).(24] 

Combined analysis of the different cohorts was performed by Cochran-Mantel-Haenszel 

meta-analysis. 

Results 

I nitially the rs13151961, rsl3119723, rs6840978 and rs6822844 SNPs were tested in 1590 Dutch 

patients (777 CD patients and 813 UC patients) and 929 healthy controls. The minor alleles of all 

four SNPs tested were associated with IBD with a P value range between 0.00093 and 0.00039 

and an OR between 0.76 and 0.78. This association was even stronger in the UC subgroup of 

the cohort (P value range 0.00038-0.00001 and OR range 0.71-0.67). In the CD subgroup, the 

rs13119723 SNP was borderline significant with a P value of 0.0327, while only a trend towards 

association was observed for the other SNPs. This indicated that the association of the IL2/IL21 

locus with IBD was coming predominantly from the UC subgroup. The results are shown in table 

1. 

To replicate these findings we studied two independent cohorts. In the North American 

cohort (2387 IBD cases (654 CD and 1733 UC) and 1266 controls) we observed association with 

the same alleles of all SNPs in IBD (P value range 0.0011-0.0003 and OR range 0.77-0.81). As in the 

original cohort, this effect was strongest in the UC subgroup of the cohort (P value range 0.0046-

0.0004 and OR range 0.77-0.81). In the CD subgroup of the North American cohort a moderate 

association with the same alleles was also observed (P value range 0.0123-0.0011). Testing of all 

four SNPs in the Italian cohort (805 IBD cases (157 CD, 648 UC) and 421 controls) showed the 

same strong association of the minor alleles in UC as seen in the original cohort, with a P value 

range between 0.0123 and 0.0002 and an OR range between 0.75 and 0.62. The CD subgroup of 

the Italian cohort showed on ly a trend towards association with the same alleles, which was not 

significant with a P value range between 0.3495 and 0.0873. The results are shown in table 1. 

A Cochran-Mantel-Haenszel meta-analysis of the results from all three cohorts showed a very 

convincing association of all lL2/IL21 SNPs in IBD (P value range 7.45 x 10-6-1.41 x 10-9). In UC this 

effect also reached genome-wide significance with a P value of 3.07 x 10-s for rs6840978 and a P 

value of 1.35 x 10-10 for rs13151961. The meta-analysis showed a moderate association with CD 

for all four SNPs to the same alleles (P value range 0.0016-9.86 x 10-5). 



Table 1 I Summary of the association resu lts in our screening (Dutch) and replication (North American and Italian) cohorts, as wel l  as the combined resu lts 
following the Cochran-Mantel-Haenszel meta-analysis. 

Dutch IBD: North American IBD: Italian IBD: Meta 
1590 cases, 929 controls 2387 cases, 1266 controls 805 cases, 421 controls analysis 

SNP Al A2 MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI Combined 
controls cases controls cases controls cases P value 

rs13151961 G A 0,19 0,15 0,00039 0, 76 0,65 0,88 0,17 0,14 0,0002 0, 78 0,68 0,89 0,16 0,12 0,0007 0,66 0,52 0,84 1.41 X 10·9 

rs13119723 G A 0,16 0,13 0,00093 0, 76 0,65 0,89 0,16 0,13 0,0005 0, 78 0,68 0,90 0,17 0,12 0,0028 0, 70 0,55 0,89 1,32 X 10"8 

rs6840978 T C 0,22 0,18 0,00067 0, 78 0,67 0,90 0,21 0,17 0,0006 0,81 0,71 0,91 0,20 0,16 0,0160 0, 77 0,62 0,95 6.17 X 10·8 

rs6822844 T G 0,19 0,15 0,00070 0,77 0,66 0,89 0,17 0,14 0,0005 0, 79 0,69 0,90 0,16 0,11 0,0005 0,65 0,51 0,83 7.45 X 10·6 

Dutch CD: 777 cases, 929 controls North American CD: Italian CD : Meta 
654 cases, 1266 controls 157 cases, 421 controls analysis 

SNP Al AZ MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI Combined 
controls cases controls cases controls cases P value 

rs13151961 G A 0,19 0,17 0,0761 0,85 0, 71 1,02 0,17 0,15 0,0123 0, 79 0,65 0,95 0,16 0,14 0,3454 0,84 0,58 1,21 0,0016 

rs13119723 G A 0,16 0,14 0,0327 0,81 0,67 0,98 0,16 0,12 0,0011 0,72 0,59 0,88 0,17 0,14 0,3495 0,84 0,58 1,21 9,86 X 10"5 

rs6840978 T C 0,22 0,20 0,1454 0,88 0, 75 1,04 0,21 0,16 0,0063 0,76 0,64 0,90 0,20 0,18 0,3209 0,84 0,60 1,18 0,0007 

rs6822844 T G 0,19 0,16 0,1221 0,87 0, 73 1,04 0,17 0,14 0,0020 0, 77 0,64 0,93 0,16 0,12 0,0873 0, 71 0,48 1,05 0,0009 
N 

Dutch UC: 813 cases, 929 controls North American UC: Italian UC: Meta N 

1733 cases, 1266 controls 648 cases, 421 controls analysis ..... 

SNP Al AZ MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI MAF MAF P value OR 95%CI Combined P 
controls cases controls cases controls cases value 

ro 
rs13151961 G A 0,19 0,14 0,00003 0,67 0,56 0,81 0,17 0,14 0,0004 0,77 0,67 0,89 0,16 0,11 0,0002 0,62 0,48 0,80 1,35 X 10-io C. 

ci 
rs13119723 G A 0,16 0,12 0,00038 0, 71 0,58 0,86 0,16 0,13 0,0046 0,81 0, 70 0,94 0,17 0,12 0,0013 0,67 0,52 0,85 8,60 X 10·08 

ro 
rs6840978 T C 0,22 0,16 0,00001 0,68 0,57 0,81 0,21 0,18 0,0040 0,83 0,73 0,94 0,20 0,16 0,0123 0, 75 0,60 0,94 3,07 X 10·08 !:I'. 

rs6822844 T G 0,19 0,13 0,00004 0,68 0,57 0,82 0,17 0,14 0,0018 0,80 0,69 0,92 0,16 0,11 0,0005 0,64 0,49 0,82 2,77 X 10·09 
ro 

Original Dutch cohort {1590 /BO {777 CD, 813 UC}, 929 controls}, replication cohorts: North American (2387 /BD {553 CD, 1 733 UC), 1266 controls); Italian {805 /BO {157 CD, 
648 UC}, 421 controls). All P values are 2-tailed. SNP single nucleotide polymorphism; MAF Minor Alllele Frequency; /BO inflammatory bowel diseases; UC ulcerative colitis; CD 

I �  Crohn's disease; OR odds ratio; 95% Cl 95% confidence interval. 
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The fourth cohort consisting of patients with a Jewish background was analyzed separately, 

these results are depicted in table 2. We did not find a significant association between any of 

the SNPs and CD in this cohort. We were reluctant to add this cohort to the meta analysis for all 

CD patients because of the large discrepancy in minor allele frequency (MAF) between Jewish 

controls and controls from the other cohorts: the MAF for SNP rs13119723 in Jewish controls 

was 0.06, while the MAF in the other cohorts was between 0.16 and 0.17. We performed a meta 

analysis of all CD cohorts including the Jewish cohort (data not shown), which yielded a P value 

of 1.4 x 10-3 for SNP rs13151961, a P value of 1.0 x 10-4 for SNP rs13119723, a P value of 4.1 x 10-4 

for SNP rs6822844 and a P value of 1.4 x 10-3 for SNP rs6840978. 

Table 2 I Association of the IL2/IL21 SNPs in a Jewish cohort. 

Jewish CD: 398 cases, 418 controls 

SNP Al A2 MAF controls MAF cases P value OR 95%CI 

rs13151961 G A 0,07 0,06 0,5691 0,89 0,60 1,30 

rs13119723 G A 0,06 0,05 0,6388 0,89 0,58 1,37 

rs6840978 T C 0,07 0,06 0,3790 0,83 0,56 1,23 

rs6822844 T G 0,14 0,14 0,7468 0,96 0,72 1,27 

Jewish CD cohort (398 cases, 418 controls). All P values are 2-tailed. SNP single nucleotide polymorphism; MAF 
Minor A/1/ele Frequency; CD Crohn's disease; OR odds ratio; 95% Cl 95% confidence interval 

Because the association of the IL2/IL21 locus to CD is much more moderate than that to UC 

it might be that the association is main ly to colonic disease. If this were the case, then we would 

predict that the association signal from CD comes exclusively from disease localised in the colon. 

To test this hypothesis we performed a within-cases analysis for the association in colon ic and 

non-colonic CD. However this did not yield any sign ificant results. Further genotype-phenotype 

analysis for disease localization or extent, disease behaviour, necessity for operation, the 

occurence of malignancy and extraintestinal manifestations did not yield any phenotype-specific 

associations (data not shown). Although phenotype data was available for a large proportion of 

cases (80% for both CD and UC) this might still be due to a lack of power in each specific subgroup 

to detect true genotype-phenotype associations. 

Another possible explanation for the comparatively modest association to CD is the relatively 

low total number of CD patients: 1588 CD patients compared to 3194 UC patients. This, however, 

does not appear likely as the power calculations showed that with the 1588 CD patients we have 
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in our study there is 95% power to detect an effect with an OR of 0.85 which is similar to that 

observed in UC. 

Discussion 

In the current study we have identified and replicated a novel association between genetic 

variants in the IL2/IL21 locus and IBD (OR 0.66; P value 1.4 x 10-9), with the strongest evidence 

of association in UC (OR 0.62; p-value 1.35 x 10-10) .  This association is consistent with the recent 

findings of a common protective al lele in celiac disease, rheumatoid arthritis, psoriasis and type 

1 diabetes and thus confirms this locus as a general risk locus for inflammatory disease.6,s-io 

This locus on chromosome 4q27 comprises a region of 480 kb of extensive linkage 

disequilibrium (LD) that harbours the testis nuclear RNA-binding protein (TENR) gene, a gene 

encoding a protein of unknown function (KIAA1109), and genes encoding the interleukin-2 (/L2) 

and interleukin-21 (/L21 ) cytokines. TENR is expressed primarily in testis and KIAA1109 transcripts 

are ubiquitous, hence their roles in inflammatory diseases are not particularly compelling, 

which leaves IL2 and IL21 as the most likely candidates for disease association in the region.6 As 

previously reported in other immune diseases, the four SNPs tested and found to be associated 

to IBD in this study are correlated to each (with r2 correlation coefficients ranging from 0.5 to 

0.97) and are all located in non-coding regions within this 480 kb LD block. Two SNPs, rs13151961 

and rs 13119723, are situated in intronic regions of the KIAA1109 gene. SNP rs6822844 is located 

in the intergenic region between IL2 and IL21 and SNP rs6840987 is located downstream of IL21 .  

These SNPs are not known to have an effect on expression of the genes in the IL2-IL21 region.25 

Interleukin 2 is secreted in an autocrine fashion by antigen-stimulated T cells ar;id stimulates 

T cell activation and proliferation. In these T cells, IL2 stimulates the production of the pro

inflammatory cytokines interferon-gamma and interleukin 4. Furthermore, IL2 has an important 

role in regulating the adaptive immune response by stimulating T regulatory (CD4+ CD25+) 

cells and by its ability to stimulate activation-induced cell death in antigen-activated T cells.26 

Interleukin 21 is also a T cell derived cytokine; it stimulates class switching to lgG in B cells and 

regulates natural killer cell proliferation and differentiation. IL-21 augments proliferation in 

cells of the monocyte-macrophage lineages and induces an immunosuppressive phenotype by 

stimulating the formation of immature monocytes that inhibit antigen-specific T cell proliferation. 

During inflammatory processes, the receptor for interleukin 21, IL-21 R, can be found on non

immune cells, such as colon epithelial cells or fibroblasts. When stimulated by IL-21, these cells 

secrete proteins that mobilize T cells to areas of immune challenge.27 

The overexpression of IL-21 in IBD patients compared to healthy controls and diverticulitis 

patients shows the importance of this interleukin in the inflammatory process of both CD and UC.17 
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I nterestingly, Monteleone et al. observed the increase in I L2 1  expression leve l predominantly in 

the CD subgroup of I BD patients, whereas we here observed a stronger association of the IL2/ 

IL21 locus to UC rather than CD. Although speculative this prioritizes the IL2 gene as the more 

l i ke ly i nvolved gene. I L2 is a n  attractive functiona l  candidate gene for UC  pathogenesis, as the 

/L2-1- mouse develops a d isease s imi lar  to UC, supporting an association between I L2 and UC.18 

The fact that ca lc ineurin inh ibitors, wh ich ma in ly suppress the expression of I L2, a re effective 

in therapy-resistant UC, but not in CD, might a l so point to a key role  of th is interleukin  in UC.28 

Fu rther support of the importance of I L-2 in UC comes from the fact that a pi lot tria l  with 

antibodies aga inst the I L-2 receptor in therapy-resistant UC was successfu l .29 The fact that both 

a lack of I L-2 and an excess of I L-2 predispose to col itis i s  however puzz l ing .  Further functiona l  

stud ies on these genetic varia nts a re needed to define the specific role  of the IL2/IL21 locus in  

the pathogenesis of  inflammatory bowel d iseases. 

An equiva lent protective association signal of the IL2/IL21 locus to cel iac d isease, rheumatoid 

a rthr itis, type 1 d iabetes and psoriasis has previously been reported.  This shows that this locus 

p lays an  important role in infl ammatory d iseases. Previously MAG/2, PARD3, MYOIXB and 

IL18RAP were reported to be associated to both cel iac d isease and UC.15•16•30-32 The /L2-IL21 locus 

is now the fifth locus to be associated with both d iseases, further supporting a model where a 

com mon set of bio logica l pathways lead to cel iac d isease and UC. Interestingly, mu ltiple SNPs i n  

th i s  same region, that are independent of  the  SNPs studied herein, have recently been reported 

to confer risk to TlD and potentia l ly to cel iac d isease.11 Although these SNPs conferring risk 

were not tested in the current study a pub l ished study in CD (rsl7388568, pva lue = 1 .7 x 10-4; 

rs716501, p-va lue = 3 .8 x 10-4 potentia l ly suppo rts the presence of a l le les conferring increased 

risk to disease. [3] Further examination of these risk-conferring a l le les a re warranted in  CD and 

UC. 

Extensive sequencing in cel iac cases and matched contro ls, a s  wel l  as functional stud ies wi l l  

be needed to find the true causa l  varia nt in  the IL2/IL21 locus and determine the molecu l a r  

mechanisms by  wh ich this locus infl uences an  ind ividua l's risk to  m u ltip le  immune mediated 

d iseases. 

Authors' disclosure: No authors have a conflict of interest to declare .  

Financial Support: This study was made possib le by a VICI grant from the Nether lands Organisation 

for Scientific Resea rch (918.66.620) to CW, and an AG I KO-grant from the Netherlands Organisation 

for Scientific Resea rch to EF. 

Acknowledgements: We thank  a l l  the patients and controls who pa rticipated in this study and 

Jackie Senior for checking the fina l  text. 



IL2/IL21 Associated to Ulcerative Colitis I 79 

References 

1 .  Baumgart DC, Carding SR. Inflammatory bowel disease: cause and immunobiology. Lancet 
2007;369(9573) :1627-40. 

2 .  Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and established and evolving 
therapies. Lancet 2007;369(9573): 1641-57.  

3. Barrett JC, Hansoul S, Nicolae DL et al. Genome-wide association defines more than 30 d istinct 
susceptibility loci for Crohn's disease. Nat Genet 2008;40(8) :955-62. 

4. Franke A, Balschun T, Karlsen TH et al. Sequence variants in IL10, ARPC2 and multiple other loci contribute 
to ulcerative colitis susceptibility. Nat Genet 2008. 

5. Silverberg MS, Cho JH, Rioux JD et al. Ulcerative colitis-linked loci on chromosome 1p36 and 12q15 found 
by genome-wide association study. Nat Genet. In press. 

6. van Heel DA, Franke L, Hunt KA et al. A genome-wide association study for celiac d isease identifies risk 
variants in the region harboring IL2 and I L21 .  Nat Genet 2007;39(7) :827-9. 

7. Todd JA, Walker N M, Cooper JD et a/. Robust associations of four new chromosome regions from genome
wide analyses of type 1 diabetes. Nat Genet 2007;39(7) :857-64. 

8. Zhernakova A, Al izadeh BZ, Bevova M et al. Novel association in chromosome 4q27 region with 
rheumatoid arthritis and confirmation of type 1 d iabetes point to a general risk locus for autoim mune 
d iseases. Am J Hum Genet 2007;81(6) : 1284-8. 

9. Sawalha AH, Kaufman KM, Kelly JA et al. Genetic association of interleukin-21 polymorphisms with 
systemic lupus erythematosus. Ann Rheum Dis 2008;67(4):458-61 .  

10. Liu Y, Helms C, Liao W et al. A genome-wide association study of psoriasis and psoriatic arthritis identifies 
new disease loci. PLoS Genet 2008;4(3} :e1000041. 

11 .  Smyth DJ, Plagnol V, Walker NM et al. Shared and d istinct genetic variants in type 1 d iabetes and celiac 
disease. N Engl J Med 2008;359(26) :2767-77. 

12. Sanchez E, Morales S, Paco L et al. Interleukin 12 ( IL12B}, interleukin 12 receptor ( IL12RB1}  and 
interleukin 23 ( IL23A) gene polymorphism in systemic lupus erythematosus. Rheumatology (Oxford) 
2005;44(9) :1136-9. 

13. Randolph AG, Lange C, Silverman EK et al. The IL12B gene is associated with asthma. Am J Hum Genet 
2004;75(4) :709-15 .  

14. Fisher SA, Tremelling M, Anderson CA et al. Genetic determinants of ulcerative colitis include the ECM1 
locus and five loci implicated in Crohn's disease. Nat Genet 2008;40(6):710-2. 

15. Hunt KA, Zhernakova A, Turner G et al. Newly identified genetic risk variants for celiac disease related to 
the immune response. Nat Genet 2008;40(4):395-402. 

16. Zhernakova A, Festen EM, Franke L et al. Genetic analysis of innate immunity in Crohn's d isease and 
ulcerative colitis identifies two susceptibil ity loci harboring CARD9 and IL18RAP. Am J Hum Genet 
2008;82(5): 1202-10. 

17. Monteleone G, Monteleone I, Fina D et al. lnterleukin-21 enhances T-helper cell type I signaling and 
interferon-gamma production in Crohn's disease. Gastroenterology 2005;128(3) :687-94. 

18. Sadlack B, Merz H,  Schorle H et al. Ulcerative colitis-like disease in mice with a disrupted interleukin-2 
gene. Ce/I 1993;75(2):253-61. 

19. Weersma RK, Stokkers PC, van Bodegraven AA et al. Molecular prediction of disease risk and severity in a 
large Dutch Crohn's disease cohort. Gut 2008. 



80 I Chapter 4 

20. Duerr RH, Taylor KD, Brant SR et al. A genome-wide association study identifies IL23R as an inflammatory 
bowel d isease gene. Science 2006;314(5804) : 1461-3. 

21. Rioux J D, Xavier RJ, Taylor KD et al. Genome-wide association study identifies new susceptib i l ity loci for 
Crohn d isease and implicates autophagy in disease pathogenesis. Nat Genet 2007;39(5) :596-604. 

22. Tello-Ruiz M K, Curley C, Del Monte T et al. Haplotype-based association analysis of 56 functional candidate 
genes in the IBD6 locus on chromosome 19. Eur J Hum Genet 2006;14(6) :780-90. 

23. De Jager PL, Franchimont D, Waliszewska A et al. The role of the Toll receptor pathway in susceptibility to 
inflammatory bowel d iseases. Genes lmmun 2007;8(5) :387-97. 

24. Purcell S, Cherny 55, Sham PC. Genetic Power Calculator: design of linkage and association genetic 
mapping studies of complex traits. Bioinformatics 2003;19(1 ) :149-50. 

25. Dixon AL, Liang L, Moffatt MF et al. A genome-wide association study of global gene expression. Nat 
Genet 2007;39(10) : 1202-7. 

26. Thornton AM, Donovan EE, Picciri l lo CA et al. Cutting edge :  IL-2 is critically requ ired for the in vitro 
activation of CD4+CD25+ T cell suppressor function. J /mmunol 2004;172(11) :6519-23. 

27. Leonard WJ, Spolski R. lnterleukin-21: a modulator of lymphoid proliferation, apoptosisand d ifferentiation. 
Nat Rev /mmunol 2005;5(9) :688-98. 

28. Lichtiger S, Present DH, Kornbluth A et al. Cyclosporine in severe ulcerative colitis refractory to steroid 
therapy. N Engl J Med 1994;330(26): 1841-5. 

29. Van Assche G, Daile I, Noman M et al. A pilot study on the use of the humanized anti-interleukin-2 
receptor antibody daclizumab in active ulcerative colitis. Am J Gastroenterol 2003;98(2) :369-76. 

30. Wapenaar MC, Monsuur AJ, van Bodegraven AA et al. Associations with tight junction genes PARD3 and 
MAGl2 in Dutch patients point to a common barrier defect for coeliac d isease and ulcerative colitis. Gut 
2008;57(4) :463-7. 

31. Monsuur AJ, de Bakker Pl, Alizadeh BZ et al. Myosin IXB variant increases the risk of celiac disease and 
points toward a primary intestinal barrier defect. Nat Genet 2005;37(12) :1341-4. 

32. van Bodegraven AA, Curley CR, Hunt KA et al. Genetic variation in myosin IXB is associated with ulcerative 
colitis. Gastroenterology 2006;131(6) :1768-74. 



IL2/IL21 Associated to Ulcerative Colitis I 81 

Supplementary table 1 I Phenotype information available for the Crohn's disease cohorts. 

CD Dutch CD NIDDK 

Sex * 624 (81%) 637 (97%} 

M/F 35.5%-64.5% 53.5% I 46.5% 

Age at diagnosis * 571 (73%) 488 (75%) 

< 40 yrs 83.4% 93,4% 

> 40 yrs 16.6% 6,6% 

Disease loca lization * 571 (73%) 518 (79%) 

l leal 25.5% 39,2% 

Colon 30.6% 2.5%# 

l leocolon 43.9% 58,2% 

Upper GI tract 11 .9% 26,1% 

Perianal disease 27.1% 29,3% 

Disease behaviour * 571 (73%) 554 (85%) 

Non-stricturing, non penetrating 39.8% 38,9% 

Stricturing 25.3% 23,6% 

Penetrating 34.9% 37,3% 

Extraintest. manifestations * 562 (72%) 437 (67%) 

22.2% 21,3% 

Operation * 565 (73%) 562 (86%) 

50.6% 64,1% 

Family history of I BD * 450 (58%) 460 (70%) 

13.9% 25,4% 

Mean Fol low up (years) 14.2 (SD 10.4) NA 

*Data depicted for number of patients for whom information on the topic was available. 
#The N/DDK CD cohort is a cohort of ilea/ CD patients. 

CD Italian 

157 ( 100%) 

62.8% / 37 .2% 

NA 

NA 

141 (90%) 

35,3% 

20,5% 

35,9% 

8,3% 

NA 

144 (92%) 

59,6% 

24,4% 

11,5% 

NA 

142 (90%) 

36,5% 

82 (52%) 

7, 1% 

NA 

CD= Crohn's disease, ICC= Initiative on Crohn and Colitis, NIDDK= National Institute of Diabetes and Digestive 
and Kidney diseases, M= male, F= female, yrs= years, upper GI tract= upper gastrointestinal tract, extraintest. 
manifestations= extraintestinal manifestations, IBD= inflammatory bowel disease, SD= standard deviation. 
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Supplementary table 2 I Phenotype i nformation ava i lab le  for the u l cerative col itis 

cohorts. 

UC ICC UC NIDDK UC Italian 

Sex * 813 (100%) 1733 (100%) 561 (87%) 

M/F 53.8%-46.2% 49.9% I so.1% 56.4% / 43.6% 

Age at diagnosis * 780 (96%) 1343 (77%) 

< 40 yrs 71.9 79,1% NA 

> 40 yrs 28.1 20,9% NA 

Disease local ization * 470 (58%) 1543 (89%) 537 (83%) 

Proctitis 16.3 5,1% 24,6% 

Left-sided 38.0 27,7% 32,3% 

Extensive 45.7 67,4% 43,1% 

Extraintest. Manifestations * 450 (55%) 918 (53%) 533 (82%) 

13.3 20,4% 23,6% 

Operation * 734 (90%) 1103 (63%) 532 (82%) 

16.3 24,8% 11,2% 

Family history of I BD * 280 (35%) 812 (47%) 543 (84%) 

12.9 17,7% 10,6% 

Mean Follow up (year) NA NA NA 

*Data depicted for number of patients for whom information on the topic was available. 
UC= ulcerative colitis, ICC= Initiative on Crohn and Colitis, NIDDK= National Institute of Diabetes and Digestive and 
Kidney diseases, M= male, F= female, yrs= years, extraintest. manifestations= extraintestinal manifestations, IBD= 
inflammatory bowel disease, SD= standard deviation. 
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Abstract 

Inflammatory bowel disease, which covers Crohn's disease and ulcerative colitis, and celiac 

disease are inflammatory diseases of the intestinal tract. In these diseases an antigen activates 

several inflammatory pathways, which cause extensive damage to the intestinal mucosa and lead 

to increased permeability of the intestinal epithelium. The causative antigen in inflammatory 

bowel disease is the microflora in the intestinal lumen, facilitated by an impaired innate immune 

system that is unable to halt the invasion of microbes into the lamina propria. These provoke T 

helper 1 and T helper 17 responses in Crohn's disease and a T helper 2 response in ulcerative 

colitis. Pro-inflammatory cytokines and interleukins produced in these processes lead to 

impairment of tight junctions and increased permeability of the intestinal epithelial lining. In 

celiac disease, inflammation is caused by dietary gluten, a peptide present in wheat, barley and 

rye. In genetically predisposed people, gliadin peptides (derivatives of gluten) are presented on 

the Human Leukocyte Antigen DQ2 or DQ-8 molecules of antigen-presenting cells to T helper 

cells. This provokes a T helper 1 response, which leads to the production of pro-inflammatory 

cytokines and subsequent damage to, and increased permeability of the intestinal epithelium. 

We describe the details and overlaps in the pathomechanism and genetics of inflammatory 

bowel disease and celiac disease, and discuss potential drug targets for intervention. 

Introduction 

In this review we first describe the structure of the small and large intestine and the nature 

of their defensive barriers. Then we continue to describe two major and well studied common 

disorders with affected barriers, inflammatory bowel disease (IBD) and celiac disease, together 

with their potential treatment targets. 

In all vertebrate organisms the epithelial barrier has an important function in protecting the 

body's homeostasis. This barrier prevents harmful influences, like micro-organisms, chemicals 

and other antigens, from entering the internal milieu of an organism. It further regulates 

the exchange of molecules between the host and its environment. These functions put high 

demands on the simple columnar epithelium of the intestinal tract that stands in direct contact 

with the lumen and protects the underlying lamina propria from a wide diversity of invading 

micro-organisms and other antigens. At the same time the barrier must be selectively permeable 

for the passage of nutrients required for maintenance, growth and development.1 The most 

important morphological features of the small and large intestine are shown in Figure 1, and 

described in Box 1. 
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Villi in small bowel No vi lli in large bowel 

Lamina priopria 

Crypts 

Figure 1 I Schematic representation of the anatomy of the mucosa of the large and  smal l  i ntestine.  

Note the presence of finger-l ike vi l l i  in  this cross-section of the smal l  intestine that are a bsent in the 

large i ntestine.  

Box 1 I Anatomy of the mucosa in the large and small intestine 

The small intestinal mucosa is characterized by villi, finger-like structures that extend into the 
lumen, which are separated by crypts. These protrusions dramatically increase the surface 
area and the absorptive capacity of the small intestine. The three types of epithelial cells 
appear on the surface of the vill i : 1) enterocytes, columnar absorptive cells with microvilli on 
their apical surface; 2) mucin-secreting goblet cells; and 3) low numbers of enteroendocrine 
cells. At the bottom of the crypt compartment eosinophilic granules-containing Paneth cells 
are found together with stem cells. 

The large intestine shows a smooth mucosa without villi and an epithelial surface with 
columnar absorptive cells, which have less microvilli than those found in the small intestine, 
and few goblet cells. However, in the crypt compartment of the large intestine, goblet cells 
are very abundant. On the contrary, Paneth cells are rarely found in these colonic crypts. 
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Intestinal barrier function 

The function of the intestinal barrier is to regulate transport and maintain the host's defense 

mechanisms by separating the foreign and hostile environment of the intestinal lumen from the 

rest of the body. This is achieved on two levels: anatomical and immunological. The anatomical 

barrier includes the physical and selective structure of the mucosa, while the immunological 

barrier focuses on defense against foreign antigens through immune surveillance that combines 

both innate and adaptive immunity. Breaching either of these two barriers may lead to disturbed 

homeostasis and eventually to disease.2 

Innate immune barrier 

A microbe or food antigen entering the body through the intestinal mucosa has to pass a wide 

variety of defensive lines before reaching the internal circulation. The innate immune barrier 

targets antigens before they even reach the intestinal epithelium, thus preventing interaction 

with the mucosa I surface. One of these innate immune mechanisms is the secretion of mucins 

by specialized intestinal epithelial cells (IEC): goblet cells. These mucins form a protective layer 

over the i ntestinal lining and prevent micro-organisms and harmful solutes from making direct 

contact with the epithelium.3A,s The mucus layer is divided into membrane-anchored mucins, or 

glycocalix, and secretory mucins that form the mobile mucus layer. Mucins protect the mucosa 

by shielding it with a sterile and viscous colloid. In reaction to certain potentially invasive micro

organisms mucus production is increased.6 A second mechanism is the secretion of antimicrobial 

peptides by Paneth cells located at the bottom of the crypts, and by other epithelial cells.7•8 

These antimicrobial peptides, consisting of defensins and cathelicidins, have a large spectrum 

of antimicrobial activities against a wide variety of micro-organisms.9•10•11 Host recognition 

of microbial antigens, by pattern-recognition receptors able to recognize specific bacterial 

components, stimulates the expression of antimicrobial effector peptides by IEC.12•13 The 

combination of the mucin layer, the production of antimicrobial peptides by the IEC, and other 

factors not yet well understood, creates an environment that favors colonization by only benign 

bacteria. There is a symbiotic relationship between the host and these microbes (confusingly 

referred to as commensals), many of which thrive in this warm, humid and oxygen-deprived 

environment. In return their presence deters pathogenic micro-organisms through passive 

nutrient competition and by the active secretion of antimicrobial peptides.14•15 If an antigen 

manages to reach the epithelial layer, it is likely to be recognized by dendritic cells in the lamina 

propria and receptors on the epithelial cells. While the dendritic cells signal the presence of an 

antigen to other players of the immune response, the IEC produce cytokines to stimulate the 

immune response and to ensure their own proliferation and migration. 
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Physical barrier 

Invaders that have passed this first line of defense still face the next hurdle: they must cross the 

physical barrier formed by the epithelial layer. The IEC and the junctions connecting them form 

a structural and selective barrier for nutrients and antigens present in the lumen.16 Epithelial 

transport of ions and molecules in the small intestine can follow both the transcellular and 

paracellular route, as shown in Figure 2. Transcellular transport is an active energy-dependent 

process with high specificity, which is achieved by pumps and channels that regulate the 

specific uptake or exchange of molecules. Paracellular transport is driven by a passive energy

independent process of diffusion that is dynamically controlled by the junctional complexes 

between the epithelial cells, and that regulate permeability in response to external stimuli.17 

T hese intercellular complexes consist of tight junctions and adherens junctions, which are two 

aspects of the same functional unit. For this review we will mainly consider the contribution 

of the tight junction, the structure of which is shown in Figure 3. Electron microscopy of the 

tight junction complex revealed its structure as a focal contact between cells maintained by 

rows of transmembrane proteins.18 The complex is formed by the extracellular interactions 

between these structural proteins and by the intracellular connections to the actin cytoskeleton 

(Box 2). It is because of this junctional unit that the paracellular pathway has a larger transport 

capacity than the transcellular route, accounting for a large proportion of the uptake of water 

and solutes from both the small and large intestinal lumen. 18 Under normal circumstances 

both the paracellular and transcellular routes are inaccessible to macromolecules, but many 

microbial pathogens have developed strategies of invasion by manipulating either pathway. 

Moreover, as a consequence of the ensuing inflammation, tight junction channels enhance their 

permeability for the luminal content. T his means that as a consequence of breaching the barrier 

by a relatively small number of antigens, an inflammation can be initiated that opens up the 

paracellular route and allows the influx of larger numbers of microbes and other antigens. Under 

normal physiological circumstances this process is se lf-limiting: the invading micro-organisms are 

cleared by the joined action of the innate and adaptive immune systems and the integrity of the 

epithelium is quickly restored. 

Adaptive immune system 

An antigen that manages to escape the mucins and defensins, and crosses the epithelial boundary 

still needs to defy the adaptive immune response before it can proceed its journey through the 

body. Dendritic cells, both circulating and resident in the lamina propria, activate the adaptive 

immune system by sampling and presenting antigens to specialized T helper cells that start either 

a cytolytic (T helper 1, Thl) or a humoral (antibody-mediated) immune response (T helper 2, Th2) 

to eliminate the antigen. 19•20 These two adaptive immune responses are depicted in Figure 4. 
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Figure 2 I Transport across the epithel ial layer via the paracellular ( 1), and transcellular (2) routes. 
Paracel lu lar transport is a passive, though selective process and is regu lated by the differential pore
sizes of the tight junction complex. The tight junction also forms a protective barrier against the 
luminal contents and prevents migration of membrane receptors from the apical to the basolateral 
compartment of the cell and vise versa. Transcellular transport on the contrary is an active, energy
dependent process that relies on transporters l ike transmembrane pumps and ion-channels .  

Apical membrane 

Occludin 

Basolateral membrane 

Epithelial cell 

Figure 3 I Structure of the tight junction showing the main proteins discussed in box 2. Transmembrane 
proteins, composed of specific combinations from the claudin family (23 members) together with 
occludin form intercell ular connections between cel l s  of the epithelial layer. Membrane-associated 
Z0-1 interacts with these structural proteins, Z0-2 and actin to anchor the tight junction to the 
cytoskeleton. Z0-1 shuttles between the membrane and nucleus to convey information on intercellular 
contacts, thus driving the developmental programs of either proliferation or differentiation. Z0-1 and 
-2, zona occludens 1 and 2. 
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Box 2 I Tight junction proteins can be divided into four main categories according to their 

function 

1. Transmembrane proteins responsible for creating fibrous junction between cells. 
Claudins 
Claudins are a family of 23 proteins with a restricted expression pattern depending on 
the location of the epitlilelium. All claudins have four transmembrane domains with NH2-
and COOH-ends. Pore sizes of the tight junctions and thus their selective properties are 
determined by the various compositions formed by members of this diverse claudin family. 
Occludin 

Occludin has also transmembrane domains but is not capable of forming tight junctions on 
its own but by interacting with claudins it influences epithelial permeability. 
2. Scaffolding proteins that link proteins from the transmembrane protein group with the 
actin cytoskeleton. 
PDZ domain-containing proteins 

This group of tight junction-associated proteins includes zonula occludens proteins (ZO-1, 
ZO-2 and ZO-3). These proteins are expressed at the side of the tight junction and have a 
PDZ (PSD-95/DlgA/Z0-1) domain consisting of 80-90 residues, commonly present in signaling 
proteins in eukaryotic and prokaryotic organisms. PDZ domains preferentially bind to Valine
containg motifs at the COCH-terminus of other proteins. Most claudins carry such PDZ
binding domains which facilitate their attachment to membrane-associated proteins and the 
cytoskeleton. 
3. Signaling proteins that regulate tight junction assembly and gene transcription. 
The proteins and pathways to which the signaling proteins belong are not well characterized. 
4. Proteins that influence membrane vesicle traffic. 
These proteins include some members of the Rab family, small GTPases belonging to the 
superfamily of Ras proteins. Their expression depends on the tissue-type and their sub
cellular localization. 

In summary, for a pathogen from the intestinal lumen to successfully enter the internal milieu 

of the body it must avoid being immobilized in the mucin layer, killed by antimicrobial peptides 

or starved by competing commensal microbiotica. The pathogen must successively find a way to 

pass through the physical epithelial barrier and face the innate and adaptive immune responses. 

Thus, any sustained change in the intestinal protective system may lead to an imbalance in 

homeostasis and consequently to disease. In this review we will describe the role of barrier 

defects in two intestinal disorders, IBD (Crohn's disease and ulcerative colitis) and celiac disease 

(gluten-intolerance), and we will discuss possible drug targets for restoring the barrier function. 

The characteristic features of Crohn's disease, ulcerative colitis and celiac disease are summarized 

in Table 1. 
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Figure 4 I The Thl and Th2 routes of T cel l  activation. Presentation of antigen t o  na'ive T (pre-T he lper) 
cells may activate T cel ls and drive their differentiation into either Thl or Th2 effector cells. Thl cells 
secrete I FN-y (and TNF-a) that induces a cell-mediated immune reaction through the activation 
of macrophages, CTLs, and N K  cel ls. Th2 cells produce I L4, I LS and I L13, and induce an antibody
mediated immune response by stimulating the proliferation and activation of B cells. CTL, cytolytic 
T lymphocyte; I FN-y, interferon gamma; I L, interleukin; MCD, macrophage; N K, natural killer; PMN, 
polymorphonuclear leukocyte (neutrophil); Thl and Th2, T helper cell types 1 and 2; TNF-a, tumor 
necrosis factor alpha. 

Table 1 I Characteristics of Crohn's disease, ulcerative colitis and celiac disease. 

Crohn's disease Ulcerative colitis Celiac disease 

Localization Whole gastrointestinal Colon, proximal from Small intestine 
tract rectum. 

Clinical features Diarrhea, weight loss Bloody d iarrhea Fai lure to thrive, d iarrhea, 
abdominal distension 

Histopathological Patchy transmural Superficial mucosa! Villous atrophy, crypt 
features inflammation, sub-mucosa! u lceration, crypt abscesses hyperplasia, dermatitis 

non-caseating granulomas herpetiformis 

Prevalence in 16: 100,000 24.5 :100,000 1 :100 
Caucasians 

Concordance in 36% 16% 83-86% 
monozygotic twins 
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Measuring intestinal  permeabil ity 

In a clinical setting intestinal permeability is usually measured with an orally administered probe. 

The ratio between the amount of ingested and excreted probe is a measure for barrier function 

and intestinal integrity. A probe is a compound which can be used to monitor the absorption 

(movement across the epithelium) and the subsequent recovery in urine. Urine is collected 5 

hours after oral administration and the probe concentration is determined by high-pressure 

liquid chromatography. An increased amount of probe in the urine indicates disturbed integrity 

of the intestine. The probes have to meet several requirements to be suitable for intestinal 

permeability tests: generally, they have a low uptake-rate under normal physiological conditions 

and are poorly metabolized.1
•
2 Based on their characteristic features, probes have been developed 

for measuring permeability in different sections of the intestinal tract (Table 2). However, the 

reliability of such tests remains controversial because in vivo permeability is easily influenced by 

the use of alcohol and drugs, the common cold and other factors which do not reflect disease 

and may lead to false-positive results. 

The alternative is an in vitro method of detecting altered intestinal permeability by measuring 

transepithelial electrical resistance (TER) in intestinal biopsies using Ussing chambers.21 In an 

Ussing chamber the apical and basal sides of a biopsy are physically separated, thereby mimicking 

the actual situation in the intestine. The polarized ion transport that takes place in the chamber 

leads to an ion gradient and a voltage difference across the epithelium that is measured. 

Increased permeability corresponds with a decreased TER. 

Table 2 I Commonly used in vivo permeability tests for the paracellular pathway. 

Permeability test 

Sucrose 

Lactulose/mannitol 

Part of the intestine 

Gastroduodeum 

Smal l intestine 

Sucralose and 15Cr-EDTA Whole intestinal track 

Inflammatory Bowel Disease 

Comments 

Sucrose is destroyed as it leaves the stomach 

Lactulose/mannitol are destroyed once they 
leave caecum 

Sucralose and 15Cr-EDTA are stable through-out 
the intestine 

IBD covers two enteropathies: Crohn's disease and ulcerative colitis. Both are characterized by 

chronic, recurring inflammation of the intestine. In ulcerative colitis the inflammation is confined 

to the colon and further restricted to the epithelial layer and the lamina propria.22 The crypt 

architecture is usually distorted and crypt abscesses can be present. The inflamed tissue covers 
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one continuous stretch in the colon, occasionally accompanied by backwash ileitis. Patients 

typically present with bloody diarrhea, passage of pus or mucus, and abdominal cramping during 

bowel movements.22 In Crohn's disease, the inflammation is typically patchy and it can occur 

anywhere in the digestive tract. Granulomas can be seen microscopically and lesions are often 

transmural. The clinical presentation of Crohn's disease depends largely on the disease location 

and can include diarrhea, abdominal pain, fever, clinical signs of bowel obstruction, as well as 

passage of blood or mucus. Extra-intestinal manifestations are common in both Crohn's disease 

and ulcerative colitis, and can affect the joints, skin, eyes or biliary tract, for example.22 The 

incidence of Crohn's disease is approximately 7:100,000 and of ulcerative colitis approximately 

12:100,000.23 The prevalence of 18D has increased markedly during the 1960s and 1970s, 

probably due to changes in living conditions (improved hygiene, altered eating habits) and the 

industrialization of both food production and preservation methods.23 

The role of mucins 

The epithelial barrier is protected from luminal antigens by a layer of mucus, a dense 

carbohydrate-rich matrix secreted by goblet cel ls. The mucus layer is divided into membrane

anchored mucins (glycocalix) and secretory mucins, which form the mobile mucus layer. Muc2 

knockout mice, deficient for this secretory mucin, spontaneously develop colitis.24 Knockout mice 

for the membrane-anchored mucin Mucl develop increased apoptosis of IEC in reaction to toxins 

produced by Campylobacter jejuni. 25 These mouse models imply that deficiencies in the mucin 

composition makes the mucosa more susceptible to damaging agents in the luminal contents. 25 

The various mucins are present in reduced amounts in 18D patients: in both ulcerative colitis and 

Crohn's disease, mucin 2 (MUC2) is decreased, while in Crohn's disease a predominant decrease 

in MUCl, MUC4 and MUCSB is observed.26 Further genetic support for the role of mucins in IBD 

pathogenesis comes from: 1) the association of MUC3A gene variants with IBD; 2) the association 

with Crohn's disease of a single-nucleotide polymorphism (SNP) in the MUC2 region; and 3) the 

association of SNPs in both MUC4 and MUC13 with ulcerative colitis. 15 

The role of pattern recognition receptors 

All IEC and many specialized intraepithelial cells possess pattern recognition receptors for 

pathogen-specific components, such as lipopolysaccharides from gram negative bacteria. 27 Several 

of these pattern recognition receptors have been implicated in IBD pathogenesis.28 Nucleotide

binding oligomerization domain (NOD)-containing proteins form a family of intracellular pattern 

recognition receptors that is expressed on IEC. These pattern recognition receptors activate 

nuclear factor kappa B (NF-KB) in reaction to peptidoglycan.29 Toll-like receptors are another 

type of pattern recognition receptors expressed on IEC. Stimulation of these toll-like receptors 

also leads to NF-KB activation.27 The pattern recognition receptors on IEC are essential for the 
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mucosa! immune response and they connect the immediate innate immune response to the 

delayed but more specific adaptive immune system. 

Genetically, IBD has been clearly associated with a member of the NOD-family : the 

nucleotide oligomerization domain 2 (NOD2) gene (also called the caspase recruiting domain 

15 gene, CARD15), which in the mutated form has an impaired ability to activate NF-KB.30 Three 

common theories are postu lated to explain the role of mutated NOD2 in IBD (see Table 3) : 1) 

NOD2 in its native state facilitates a negative feedback on NF-KB activation. The mutated form 

has been implied in uncontrolled inflammation;31 2) defective NOD2 stimulates the production 

of interleukins that are more damaging than those that normally appear during inflammatory 

reactions;31 and 3) NOD2 mutations lead to impaired defensin production. This last theory will be 

discussed in more detail in the next section. Dysfunctional members of the toll-like receptor family 

have been associated with IBD: T/r4-deficient mice are more susceptible to dextran sulphate 

sodium-induced colitis.32 Also IBD is characterized by altered expression of toll-like receptors on 

IEC, and TLR4 gene expression is up-regu lated in Crohn's disease patients.33 Impaired function 

of the pattern recognition receptors in IBD leads to an inadequate reaction to antigens. This 

could resu lt in either a diminished reaction, so that antigens can cross the epithelium without 

being signaled, or in an exaggerated reaction, so that a small amount of antigen triggers a 

disproportionately large immunological response. 

The role of antimicrobial peptides 

Since the association of NOD2 polymorphisms with Crohn's disease was discovered in 2001, there 

has been extensive discussion on the possible functional implications of the associated variants. 

The affected NOD2 protein plays an important role in inducing innate immune responses by 

recognizing bacterial components.31 One theory about the role of NOD2 in IBD suggests that 

the aberrant form of NOD2 leads to impaired defensin production. This is supported by the 

fact that Nod2 knockout mice are more susceptible to bacterial infection, probably due to an 

inadequate primary inflammatory reaction to invading bacteria, which have the opportunity to 

multiply and mount a more elaborate inflammation. NOD2 is expressed in Paneth cells where 

it elicits alpha-defensin release.31 Alpha-defensin deficiency is a primary defect in ileal Crohn's 

disease and the location of its lesions along the ileum have been a strongly correlated with the 

various NOD2 variants.34 Colonic Crohn's disease is characterized by beta-defensin deficiency 

that cannot be related to any specific NOD2 mutations that were earlier associated with 

diminished gene copy numbers in the beta-defensin locus.14 Genetic association of ulcerative 

colitis with NOD2 and the beta-defensin genes have also been reported, though they are weaker 

than those for Crohn's disease, but no direct effect on defensin expression was demonstrated.35 

Defensins are endogenous antibiotics with microbicidal activity against gram-negative and gram-
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positive bacteria, fungi, viruses and protozoa. Defensins regulate the composition and number 

of colonizing microbes and a deficiency in these peptides may disturb the intestinal microflora.36 

The role of commensals 

Changes in the microbial flora in IBD may be accompanied by a drop in beneficial commensal 

bacteria and a raise in pathogenic bacteria such as Bacteriodes and Escherichia coli (E. coli).37 

Association of these bacteria with the mucosa is more frequently observed in IBD patients than 

in healthy controls. Clusters of mucosa-associated E. coli were observed in the lamina propria 

in IBD patients but not in controls.38 In many patients the intestinal mucosa is colonized by a 

uniform E. coli strain, irrespective of the extent of inflammation. This strain, an adherent

invasive E. coli (AIEC), has been shown to enter IEC through a macropinocytosis-like process.38 

After translocation the AIEC continuously activates immune cells. This AIEC is able to survive and 

replicate in macrophages that respond by releasing large quantities of cytokines that sustain the 

immune reaction.38 Recently, two IBD susceptibility loci were reported corresponding with genes 

involved in autophagy (Table 3). This suggests that macrophages of IBD patients are less capable 

of digesting intracellular microbes than those of healthy people. 

The effector T cell responses in IBD 

Due to dysregulation of the mucin and antimicrobial peptide response, as described above, 

microbes are able to directly interact with IEC, dendritic cells, and intraepithelial macrophages. 

Recognition of their antigens by these pattern recognition receptors-carrying cells triggers 

effector T cell responses in both ulcerative colitis and Crohn's disease.39 

a) The Th2 response in ulcerative colitis 

In ulcerative colitis the T cell response corresponds with Th2 activation. In parallel a natural 

killer (NK) cell response is evoked by IEC presenting bacterial antigens directly to NK T cells; see 

Figure 5. In response, the NK cells produce interleukin 13 (IL13) and they have been detected 

in the lamina propria and peripheral blood of ulcerative colitis patients.39 Unfortunately, IL13 

has also a detrimental effect on epithelial integrity. It causes breaches in the epithelial layer by 

inducing IEC apoptosis and by subsequently impeding closure of these gaps through inhibition 

of cell migration.39 Furthermore, IL13 augments intestinal permeability. IL13 raises expression of 

the tight junction protein claudin-2, which increases the flux of solutes across the epithelium. 

This IL13-dependent increase in permeability furthers the influx of additional antigens and 

noxious agents, thereby sustaining and escalating the inflammation.39 Cytokines produced in 

this inflammation, such as tumor necrosis factor alpha (TNF-a), have an additive effect to that 

of IL13 on the permeability.39 This vicious circle of enhanced permeability, antigens influx, and 

inflammation leads to extensive ulceration that is typical for the colonic epithelium in ulcerative 

colitis. 



Table 3 I Genetic loci reported to be associated with inflammatory bowel disease. -
Identified loci Gene function Research method Strength of Strength of Reference 

association for association for 
ulcerative colitis Crohn's disease � 

ATG16L1 Part of the autophagy trafficking pathway Genome wide association study NA OR 1.45 [116] 
{Cl 1.21-1.74} 

CARD9 CARD-9 is part of a pattern recognition Candidate gene studies OR 1.37 NA [44] 
receptor complex that promotes maturation {Cl 1. 11-1.68} 
of dendritic cells and the production of pro-
inflammatory cytokines. 

DLGS Protein forming scaffolds for other proteins Genome wide l inkage ana lysis, Reported ORs Reported ORs [61] 
involved in intracel lu lar signal transduction Candidate gene studies between 1 and 1.6 between 0.2 and 1.8 

HLA-region human leukocyte antigen (HLA} region, Genome wide l inkage ana lysis, HLA-DRBl OR Strong association [117] 
causative variant unknown Genome wide association study, 2.9-4.3 with HLA-region, but [118] 

Candidate gene studies {Cl 1 .3-6.4 very heterogeneous 
reports on 

responsible locus. 

I BDS {10q21.l} Regulation of EGR2 (early growth response Genome wide l inkage ana lysis, NA OR 1.3 [119, 120] 
(Comprising the loci gene 2) Genome wide association study, (Cl 1 .14-1.49} [119, 121] 
of SLC22A4/ OCTN1, Candidate gene studies 
SLC22A5/0CTN2} 

IL18RAP Part of the receptor complex for I L-18, an Candidate gene studies OR 1.37 NA [44] 
interleukin involved in both Thl and Th2 (Cl 1.08-1.73} 
response 

IL23R I L23 important in differentiation of T-helper Genome wide association study OR 0.63 OR 0.4 [122] 
cells into Th17 T cells (Cl 045-0.89} (Cl 0.27-0,73} [123] 



Identified loci Gene function Research method Strength of Strength of Reference 
association for association for 

ulcerative colitis Crohn's disease 

lRGM Autophagy gene Genome wide association study NA OR 1.4 [124] 
(Cl 1 . 15-1.66) 

MAGI2 Tight junction protein Candidate gene studies OR 1.26 NA [63] 
(Cl 1 .08-1 .47) 

MDR1 Encodes P-glycoprotein 170, an efflux pump Genome wide linkage analysis, OR 1 .12 NA [125, 126] 
of amphipathic toxins, expressed at epithelia Genome wide association study, Cl 1 .02-1 .23 
of the colon and distal small intestine Candidate gene studies 

MYOSlN-lXB Protein involved in cytoskeleton remodeling Candidate gene studies OR 1.2 NA [64] 
(Cl 1 .12-1.35) 

NKX2-3 NK2 transcription factor related, locus 3 Genome wide association study NA OR 1.2 [124] ::,-
0 

(Cl 1 .05-1.32) ro 
::I 

ffi 
NOD2 Pathogen-associated molecular pattern Genome wide linkage analysis NA OR 2.5 [127] .;;· 

recognition (Cl 1 .3-4.6) Q, 

PARD3 Tight junction protein Candidate gene studies p= 0.068 NA [63] iii' n 
OJ 
::I 

PTPN2 Protein tyrosine phosphatase, nonreceptor Genome wide association study NA OR 1.2 [124] c.. 
S" 

type 2 (Cl 1 .00-1.32) ::!J 
OJ 
3 

TLR4 Pathogen-associated molecular pattern Genome wide linkage analysis, NA OR 1.45 [128] 3 
QJ 

recognition Candidate gene studies (Cl 1 .11-1.9) 8' 
< 
OJ 

5p13.1 Associated polymorphisms regulate Genome wide association study NA p< 4 X 10(-4) [129] 
expression of PTGER4 (prostaglandin !!!... 
receptor EP4) Cl 

.;;· 

NA: not applicable ro 
-
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Figure 5 I The role of Thl and NK cel ls in I BD. Remnants of bacteria that have breached the epithel ial 
barrie r  are scavenged by APCs through their pattern recognition receptors (PRRs) .  The antigens 
presented by these APCs activate na"ive T cel ls, d riving them into Thl differentiation and the production 
of the pro-inflammatory cytokines I FN-y and TNF-a. These cytokines increase the tight j unction gap 
through enhanced myosin light chain phosphorylation, thus facilitating paracellular transport. Bacterial 
antigens can also be recognized by the PRRs on I EC and be presented to NK cells that respond with the 
re lease of cytokine I L13. I L13 stimulates the expression of the pore-widening protein claudin-2 and its 
incorporation into tight junctions, resu lting in enhanced permeability. Both mechanisms may lead to 
a raised influx of bacteria across the barrier. APCs, antigen-presenting cells; IEC, intestinal epithelial 
cel ls; I FN-y, interferon gamma; I L13, inter leukin-13; NK, natural kil ler; Th 1, T helper cell type 1; TNF-a, 
tumor necrosis factor alpha. 

b} The Th 1 response in Crohn's disease 

I n  Crohn's d isease the impa i red mucin and  d efens in  expression makes the i ntestinal epithe l i um  

more prone to  i nvasion by luminal m ic robes. The  susta ined p resence o f  small amounts of 

a ntigen in the lamina p ropria causes a pers istent, low-grade i nflammation with recru itment of 

lymphocytes. Thl cells, activated by antigen-presenting dendritic cel l s  and macrophages, excrete 

i nterferon gamma ( I FN -y) and TNF-a, and stim u late TNF-a p roduction by macrophages; see Fig u re 

5. These cytokines have been shown to i ncrease paracellu lar permeability. In vitro exper iments 

h ave demonstrated that I FN -y and TNF-a i ncrease permeabil ity through myos in  light chain 

phosphorylation,40 while in vivo exper iments i n  m ice have confirmed that I FN -y and TNF-a widen  

the p ores of tight j unctions.41 I ncreased myosin l ight chain phosphorylation has  been  observed 

in intestinal tissue from Crohn's d i sease patients.41 Myosin l ight chain phosphorylation negatively 

affects ep ithel ial integrity through a cascade of events comparable to that in  u lcerative  colitis :  

i ncreases in permeabil ity, antigens i nflux, and inflammation leve l .  
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Figure 6 I The Th17 route of T cel l  activation as it occurs in Crohn's disease. Antigen-stimulated APCs 
that produce the cytokines I L6, IL23 and TGF-� drive pre-T-helper cells into Th17 differentiation. 
Sensitivity to IL23-signalling increases through upregulation of its receptor, I L23R, on the surface of 
Th17 cells. The autocrine stimulation ofTh17 cells by IL17 production promotes their clonal expansion. 
APCs, antigen-presenting cells; IL, interleukin; TGF-�, transforming growth factor beta; Thl7, T helper 
cell type 17. 

c) The Thl 7 response in Crohn's disease 

Recently, a novel inflammatory pathway was identified for Crohn's disease: the Th17 response;42 

see also Figure 6. Th17 ce lls in the mucosa of the gastro-intestinal tract attack bacteria by 

secreting defensins and recruiting scavenger cells, particularly neutrophils. The inflammation 

that follows may cause extensive collateral damage to the epithelial layer. Th17 cells are activated 

by antigen presenting cel ls (APCs} in combination with the cytokines transforming growth factor 

beta (TGF-�) and IL6, which stimulate the production of I L17, I L21 and the synthesis of the IL23 

receptor on the Th17 cell surface. IL21 in turn stimulates Ill 7 production and Th17 differentiation, 

and IL23 receptor activation drives rapid proliferation of Th17 cells.43 Genetic variants of IL23R 

are associated with IBD, underscoring the relevance of the Th17 pathway in IBD. Recently, the 

association was reported of IBD with CARD9,44 a gene thought to promote the differentiation of 

T-helper ce lls into Th17 cells.45 In the same study also the gene for the beta-subunit of the IL18 

receptor, IL18 RAP, was associated with IBD.44 Its ligand IL18 is secreted by IEC and macrophages 

and can prompt both a Thl and a Th2 response from T-helper lymphocytes. 

The role of the physical barrier 

The importance of the intestinal barrier in the pathogenesis of IBD is clearly illustrated by 

a rat model in which antigens derived from luminal bacteria were injected through the 

colonic epithelial layer of healthy rats. These rats subsequently developed both an intestinal 

granulomatous, and an extra-intestinal inflammation [46] . In Crohn's disease, an increase 

in small intestinal permeability is commonly observed in both patients and their first-degree 

relatives.47•48A9,so,si,52 Baseline permeability of non-inflamed intestinal tissue from Crohn's 
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disease patients seems to be similar to that of controls, but in reaction to a mildly damaging 

agent (such as sodium caprate) there is a marked increase in paracellu lar permeability.53 In vivo 

experiments, in which ibuprofen and aspirin were administered to Crohn's disease patients, 

their first-degree relatives and control subjects, showed a significantly larger increase of small 

intestinal permeability in patients and their relatives than in healthy controls.54•55 These data 

support the hypothesis that the intestinal barrier of Crohn's patients is more vulnerable to 

damaging agents than that of healthy individuals. However, in patients with ulcerative colitis this 

effect seems to be much smaller. Intestinal permeability of first-degree relatives of ulcerative 

colitis patients is not increased, 51 neither is the permeability in patients with inactive ulcerative 

colitis. Only patients with marked inflammation and ulceration of the colon display increased 

permeability.56 A more detailed study involving the structure of epithelial tight junctions and the 

rate of apoptosis of IEC showed these factors to be correlated with the increased permeability of 

the inflamed intestinal epithelium in both Crohn's disease and u lcerative colitis patients. In the 

inflamed Crohn's mucosa tight junction complexity was reduced and showed distorted assembly 

of strands.57 Strand discontinuities are important since they may enable macromolecules like 

food antigens and bacterial lipopolysaccharides to pass through the epithelial barrier. It was also 

noted that claudin-2, a pore-size increasing claudin, was upregulated in the inflamed mucosa of 

Crohn's disease patients. In addition to changes in the tight junctions, also epithelial apoptosis 

was upregulated two- to threefold in Crohn's disease. This is relevant since apoptotic sites form 

conductive leaks in the epithelium.58 In u lcerative colitis patients the structural abnormalities 

are less overt, but a similar picture is present in severely inflamed tissues taken: reduced strand 

count, up-regu lated claudin-2 expression, and increased apoptosis.39 

I BD genes involved in the physical barrier 

Many gene variants associated with IBD predispose to impaired epithelial integrity. The organic 

cation transporter OCTN belongs to a family of transporter proteins for organic cations, and may 

also transport carnitine, an essential co-factor for lipid metabolism. Carnitine transports long

chain fatty acids into mitochondria. There are two subtypes of this gene, OCTN1 (SLC22A4) and 

OCTN2 (SLC22A5), and several mutations have been reported: 1672C/T for OCTN1 and -207G/C 

for OCTN2. These variants were associated with Crohn's disease59 and ulcerative colitis.60 The 

strong linkage disequilibrium (box 3) in this associated region, together with the lack of functional 

evidence make it hard to pinpoint the true defect. DLG5 (discs large homologue 5, Drosophila) is 

a member of the membrane-associated guanylate kinase (MAG UK) gene family which encodes 

scaffolding proteins important for the maintenance of polarity and integrity of IEC. Its mutations 

have been related to raised intestinal permeability.61 DLGS is a widely expressed protein found in 

many tissues. One of its four frequent haplotypes (Box 3) was associated with IBD in a European 

cohort.62 Two tight junction genes, PARD3 and MAG/2 were associated with u lcerative colitis:63 
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PARD3 is a tight junction protein involved in cell polarity, and MAGl2 is a membrane-associated 

scaffolding protein.63 Recently, variations in the MY098 gene were demonstrated to be associated 

with ulcerative colitis.64 MY098 encodes for an unconventional myosin motor protein involved 

in cytoskeleton remodeling. It is conceivable that functional variants of this gene may affect 

epithelial integrity.64 

Box 3 I Genetic terms and types of studies 

Candidate gene study 

A type of population association study typically involving the test of a single candidate gene 
(defined to include a coding sequence, flanking regions, and splicing or regulatory sites). 
The gene can be either a positional candidate resulting from a previous linkage study, or a 
functional candidate, based on knowledge about the pathophysiology of the disease under 
study. 

Genome-wide association studies 

A study in which 300,000-l,000,000 SNPs selected across the genome are tested for 
association with disease in a case-control design. The success of such an approach relies 
on the linkage disequilibrium (see below) between the tested SNP and the unknown causal 
variant. Typically, in such a study the true causal variant is not typed directly, most likely 
because it is not a tag SNP, but only polymorphisms that are strongly correlated with the 
causative variant. These kinds of studies identify common variants (allele frequency > 5-10%). 

Genome-wide linkage analysis 

A study in which markers covering the entire genome are typed in families with several 
affected individuals, in order to find which areas in the genome are co-segregating with 
disease. 

Haplotype 

A combination of allelic variations of several consecutive markers fixed on the same 
chromosome strand. 

Linkage disequilibrium {LO) 

The correlation between multiple (SNP) alleles located within a single locus. Because alleles 
within a region of LD are not independent they can be used as proxies for each other based 
on these correlations. 

SNPs 

A SNP - a single-nucleotide polymorphism or variant - in which at least one of the alleles 
has a frequency of > 1% in the general population. 
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In summary, IBD patients are susceptible to developing increased intestinal permeability, 

brought about by conformational changes in the tight junction complex and increased epithelial 

apoptosis. Several IBD-associated genes relate to epithelial integrity and variants may predispose 

their carriers to a weakened intestinal barrier. 

Celiac Disease 

Celiac disease, or gluten-sensitive enteropathy, is an autoimmune disorder of the small intestine. 

It has a prevalence of 1% in Caucasian populations. In children the typical symptoms are diarrhea, 

abdominal distension, belly cramps and failure to thrive. Celiac disease can also be manifested 

in the skin as dermatitis herpetiformis. The histological changes in biopsies from celiac disease 

patients were described and classified by Marsh.65 Currently, the only treatment available is a life

long gluten-free diet. In nearly all celiac disease patients, a gluten-free diet results in complete 

remission of symptoms and recovery of the intestinal architecture with normalized intestinal 

permeability.66 However, about 5% of celiac disease patients do not respond to a gluten-free diet 

and are referred to as refractory patients. Concordance for celiac disease between monozygotic 

twins is high (83-86%), indicating the strong involvement of genetic factors.67 Human leukocyte 

antigen DQ2 and/or DQ8 (HLA-DQ2 and/or DQ8) molecules are present in 95% of celiac 

disease patients and the corresponding genes account for ~40% of the disease's heritability. 

The remaining 60% of the heritability is contributed for by multiple non-HLA genes, which are 

thought to have each individually only modest effects.66•68•69 The pathogenesis of celiac disease 

incorporates: gluten-derived proteins like gliadins, HLA-DQA1 and -DQB1 gene variants, a gluten

restricted T cell response, and the auto-antigen tissue transglutaminase. Interaction between 

these components together with additional environmental factors precipitates celiac disease in 

genetically susceptible individuals. 

I ncreased permeability 

Increased gastrointestinal permeability in celiac disease patients was first reported at the end 

of the 1970s,70J1 and abnormal permeability was observed in 100% of active celiac patients 

and in 76% of celiac patients with atypical symptoms.72•73 Increased lactulose urinary excretion 

appeared after a single gluten-challenge in celiac disease patients on a gluten-free diet. All these 

studies suggest that increased permeability plays a major role in the pathogenesis of celiac 

disease.74 Gastrointestinal permeability, measured by the lactulose/mannitol and radioactive 

chromium 15-labeled ethylene diamine tetraacetic acid (15Cr-EDTA) tests, was significantly higher 

in celiac disease patients and their relatives compared to healthy controls and asymptomatic 

gastrointestinal patients (table 4). Nonetheless, the permeability in celiac disease patients was 
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much higher than in the healthy relatives.75 Moreover, a follow-up study observed that the 

abnormal permeability tended to normalize after a long period on a gluten-free diet.73 After 

only a short period (2 months) on a gluten-free diet the lactulose/mannitol ratio decreased 

significantly in celiac disease patients but did not normalize,76•77 although in a significant number 

of cases it did after 12 months on a gluten-free diet.78 

Table 4 I Increased permeability of the small intestine in celiac disease patients and their relatives.s 

Used probe Untreated patients 

Lactulose/mannitol( *) n = 9 (p = 0.034) 

Lactulose/mannitol(t) n = 16 (p < 0.0001) 

Lactulose/mannitol(*) n = 27 (p < 0.0001) 

Lactulose/mannitol(* )  n = 9 (p < 0.0001) 

Sucrose(*)  n = 27 (p < 0.0001) 

15Cr-EDTA(%) n = 19 (p < 0.0001) 

Treated patients 

n = 19 (p < 0.0001) 

n = 42 (p < 0.0001) 

Relatives References 

n = 10 (p = 0.04) [75] 

n = 12 (p > 0.05) [130] 

[76] 

[131] 

[76] 

[132] 

$, permeability tests were performed in untreated ce/iac disease patients, treated patients (on gluten-free diet) and 
their relatives, and then compared with healthy controls. Measurements of permeability in the small intestine were 
determined with lactulose, mannitol, sucrose and 15Cr-EDTA probes; n, number of patients; p, p-value reflecting the 
significance of each measurement; t, median of lactulose/mannitol ratio; *, mean of lactulose/mannitol ratio; %, 
percentage of oral dose extracted in the urine. 

In vitro measurement of transepithelial electrical resistance (TER) in Ussing chambers by 

Reims and co-workers showed no changes in duodenal permeability in healthy controls or celiac 

disease patients on a gluten-free diet, whereas the TER was reduced in untreated patients.21 

Results from lactulose/mannitol permeability tests in patients and their relatives clearly indicated 

that the abnormal intestinal permeability is an early event in the development of the disease. 

An animal model of Irish setter dogs that develop gluten-intolerance provided more insight 

into enhanced intestinal permeability in celiac disease. Measurements with the 15Cr-EDTA test 

showed elevated permeability in all affected animals (fed with a gluten-free diet or a normal 

diet). This significantly increased after 8 months in dogs on a normal diet.79•80 In the primate 

model Rhesus Macaques, measurements of radioactively labeled 33-mer gliadin peptides (p 33) 

in plasma using mass spectrometry indicated an impaired intestinal barrier function.81•82 Because 

increased permeability is strongly associated with celiac disease, insight into its mechanisms 

is important for understanding gluten intolerance. It is hypothesized that increased intestinal 

permeability may facilitate gliadins to cross the epithelial boundary and thus induce an immune 

response.2 
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Gl iadins influence intestinal permeabil ity via two pathways 

Undigested a-gliadin peptides consist of many different peptides, including the 33-mer p33 and the 

fragment p31-p43. The p33 peptides can be deamidated by the enzyme tissue transglutaminase 

and then presented with enhanced affinity to T cells by H LA-DQ2/DQ8-positive antigen 

presenting cells. Celiac disease is considered to be mainly a Thl autoimmune disease driven by 

the production of IFN-y. This leads to the loss of villi and enlargement of the crypt compartments 

in the intestinal mucosa.B3,B4 The p31-p43 peptides may contribute to the pathogenesis by 

activating an innate immune response, which involves IEC, intraepithelial lymphocytes, dendritic 

cells, pattern recognition receptors, toll-like receptors, and I L15 production.BS We will discuss the 

main features of the immune responses triggered by these different gliadin peptide fragments 

below; see also Figure 7. 

I LlS-mediated lyses of enterocytes 

The p31-p43 peptides are recognized by toll-like receptors or other pattern recognition receptors 

on macrophages or dendritic cells. Szebeni and coworkers (2007) reported upregulation of 

TLR 2 and TLR4 on the mRNA and protein levels in duodenal biopsies taken from treated and 

untreated children suffering from celiac disease.B6 Activation of these receptors wou ld lead 

to the upregu lation of IL15, which is produced by IEC and intraepithelial lymphocytes and is 

a crucial player in the innate mucosal response. Increased IL15 has been observed in active 

celiac disease but its exact role is not fully understood. Neutralization of I L15 has been shown to 

si lence celiac disease features of small intestinal biopsies in an organ cu lture.B7 Prolonged I L15 

stimulation can alter the expression profile of T lymphocytes into that of natural killer cells by 

inducing expression of NKG2D (KLRK1 killer cell lectin-like receptor subfamily K, member 1). This 

receptor interacts with its ligand MICA, a stress protein highly expressed on epithelial cells of the 

small intestine in active celiac disease and in tissue cultures challenged with p31-p43 peptides. 

Interaction between NKG2D and MHC class I polypeptide-related sequence A {MICA) triggers NK 

cel l-mediated lysis of enterocytes and increased permeability.BB 

IFN- v affects tight junctions 

The pro-inflammatory cytokine I FN-y plays a pivotal role in driving the Thl immune response in 

celiac disease. Despite that its expression level remained elevated in remission patients, neither 

linkage nor association studies could demonstrate a genetic contribution of the IFNG gene to 

celiac disease.B9 IFN-y was shown to reduce the trans-epithelial resistance of T84 cel l monolayers 

and distu rb the tight junction morphology through changes in the lipid composition and by 

displacement of occludin.90 In cell monolayers IFN-y increased claudin-2 expression on the cell 

membrane with the effect that tight junction pore sizes increases, transepithel ial resistance 

decreases, and epithelial permeability increases.91 
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Figure 7 I Gluten-derived gliadin peptides trigger both an adaptive and an innate immune response. ( 1) 
G luten becomes degraded into p33 and p31-43 gliadins. (2) The immunogenic p33 gliadin is presented 
to the T cel l s  by APCs. (3) This leads to the production of the proinflammatory cytokine I FN-y, resulting 
in increased intestinal permeability.7 (4) Toxic p31-p43 gliadin promotes l llS release by enterocytes 
and other I ECs. (5) l llS activates expression of NKG2D on the surface of I Els, and that of the stress
induced NKG2D-ligand MICA on enterocytes. (6) This leads to the differentiation of I ELs into N K  cells 
and to the lyses of enterocytes and increased intestinal permeability (7). APCs, antigen-presenting 
cells; I FN-y, interferon gamma; l llS, interleukin-15; NKG2D, kil ler cell lectin-like receptor subfamily K, 
member 1 ( KLRKl); I Els, intraepithelial lymphocytes; M ICA, MHC class I chain-related gene A protein. 

Z0-1 and zonulin involvement in epithelial permeability 

Rearrangement of tight junctions was observed in freeze-fracture microscopy of jejuna I b iopsies 

taken from untreated celiac d isease patients. Remarkably, so-called "min imal alterations", 

referring to strand number alterations in the tight j unctions, were sti l l  present i n  patients that 
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followed a gluten-free diet.72 Here we discuss the aberrant tight junction architecture in active 

celiac disease caused by delocalization of zonula occludens 1 (20-1) and activation of zonulin; 

also see Figure 8. 
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Figure 8 I The gliadin-induced and MYD88-dependent release of zonulin. (1) G luten-derived gliadin 
induces MyD88-dependent release of zonulin into the intestinal lumen. (2) Zonulin interacts with 
epithelial cells and promotes opening of tight junctions, so that gliadin can cross the epithelial barrier 
(3). (4) Subsequently, gliadin can activate MyD88-dependent release of zonuli n by acting now directly 
on APCs. MYD88, myeloid differentiation primary response gene 88. 

Relocation of Z0-1 

A decrease of 20-1 protein in cells leads to rearrangement of filamentous actin (F-actin), as 

observed in rat epithelial cells after exposure to gliadins.92 These abnormalities disappeared after 

the rats were fed a gluten-free diet.72 Montalto and colleagues reported reduced expression 

of the tight junction associated protein 20-1 at the cell bou ndaries in active celiac disease,93 
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and Pizzuti et al. showed that lack of Z0-1 expression in celiac disease is also controlled on the 

transcriptional level.94 Investigation of the mechanisms underlying disturbed barrier function 

in gliadin-exposed Caco-2 (human colon carcinoma cell line) cells revealed abnormalities in 

the actin cytoskeleton and downregulation of two structural tight junction proteins: Z0-1 and 

occludin.95 The distribution of Z0-1 was studied in Madin-Darby canine kidney (MOCK) cells 

after treatment with TNF-a. Originally, MOCK cells were used as a model for renal distal tubules 

and when grown on a permeable layer they form tight junctions.96 Addition of TNF-a to the 

MOCK culture changed the assembly of the tight junctions and distribution of Z0-1, but did not 

influence the total amount of Z0-1 in the cells. 

Zonulin pathway might induce increased permeability 

A recent study reported that gliadin upregulates MyD88 (myeloid differentiation primary 

response gene 88)-dependent release of zonulin in epithelial cells by binding to the chemokine 

receptor CXCR3 (Chemokine (C-X-C motif) receptor 3) (Box 4). This might link g liadin and zonulin 

to altered intestinal permeability.97 In a mouse model of type 1 diabetes, production of zonulin 

and increased permeability preceded the onset of autoimmunity that appeared only two 

weeks later.98 Activation of the zonulin pathway in cell cultures (ex vivo human small intestine 

and intestinal cell lines) by gliadins resulted in cytoskeletal changes with displacement of Z0-1 

from tight junctions and resulting in their disintegration. This process was limited to zonulin 

receptor-positive cells (IEC6 and Caco-2) and reversed completely in the absence of gliadin.99 It 

was also shown that gliadin activates the zonulin pathway in biopsies from healthy controls and 

celiac disease patients.92•99 Moreover, dermatitis herpetiformis patients without the intestinal 

lesions also had an elevated intestinal permeability that correlated with high zonulin levels.100 

Together these results indicate that the zonulin pathway might facilitate the entry of gliadin into 

submucosa and stimulate an abnormal immune response in genetically susceptible individuals.98 

Micro-organisms influence intestinal permeability 

The integrity of the intestinal mucosa is preserved by the intestinal microflora and changes in its 

composition may affect the barrier.86 In the normal state, the proximal small intestine harbors very 

low numbers of bacteria, so the occurrence of rod-shaped bacteria in approximately one-third of 

children with active celiac disease is remarkable.101 This microbial population was present even in 

patients following a gluten-free diet. Possibly, the mucosa in susceptible individuals promotes the 

attachment of micro-organisms. This hypothesis is strengthened the observation of the abnormal 

production of short-chain fatty acids and increased microbial activity in the fecal samples of 

celiac disease patients and their first-degree relatives.102 Alterations in the microflora may affect 

the epithelial barrier by inducing physical damage or by stimulating cytokine production.101 The 

varied frequency of celiac disease in different countries might reflect a different composition of 
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intestinal micro-organisms, some of which might have a protective effect whereas others might 

encourage development of celiac disease.102 Recently it was suggested that rotavirus proteins 

might contribute to the pathogenesis of celiac disease. The rotavirus is a major cause of enteritis 

in children.103 Anti-rotavirus immunoglobulin G (lgG) antibodies were detected in the serum of 

100% of the celiac disease patients but only in 32% of healthy controls. 104 The effects of rotavirus 

on Caco-2 cells were also investigated and showed virus-induced opening of the tight junctions 

by rearrangement of the associated occludin protein. 105•106 

Box 4 I Zonulin 

Originally zonulin was discovered as a homolog of zonula occludens toxin produced by Vibro 
cholerae. Upregulation of zonulin occurs in response to gliadin or bacteria. When released 
it takes part in the zonulin pathway, which leads to the phosphorylation of tight j unction 
proteins like ZO-1 and the subsequent loss of tight junction integrity. 

Myeloid differentiation primary response gene 88 (MyD88) 

MyD88 is an adaptor protein involved in transmitting signals from toll-like receptors, the 
interleukin-1 receptor family, and interferon gamma. MyD88-dependent release of molecules 
involves activation of transcription factor NF-KB. 

Increased permeability as an inherited defect 

The increased permeability also observed in asymptomatic celiac disease patients suggests that 

an inherited mutation may affect intestinal barrier integrity, thus contributing to disease risk.2 

This hypothesis is not without controversy since elevated permeability tends to normalize on a 

gluten-free diet. Also the lactulose/mannitol permeability tests indicated that permeability can 

be influenced by distorting factors like alcohol intake, variation in diet, drug administration, and 

so on. The aberrant composition of tight junctions returned to normal in the absence of gliadin 

exposure. These observations might argue against the role of permeability as a causative factor. 

On the other hand, recent studies on the genetics of celiac disease pointed to genes which may 

affect the permeability of the epithelial layer, thus contributing to disease etiology. In table 5 

we listed the genes associated with celiac disease that could potentially influence the intestinal 

barrier function. The proposed disease mechanism is depicted in Figure 10. 
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Figure 10 I Pathogenesis and drug targets in cel iac disease. 

Pathogenesis: 

Lamba• priopria 

( 1) The gliadin induces the release of zonul in; (2) The intestinal lumen contains gliadin (p33 and p31-43); 
(3) Zonulin promotes the opening of the tight junctions; (4) Increased influx of the lum inal contents; (5) 
Antigen presenting cells detect the gliadin; (6) The p33 peptide is presented to the T cel l  by the antigen 
presenting cell (APC); (7) The T-cel l  produces I L-21 and I FN-y; (8) Simultaneously the gl iadin induces the 
release of extra zonul in by the antigen presenting cel l ;  (9) I FN- y induces the flattening of the mucosa. 
( 10) I L-21 induces the activation of natural ki ller cel ls; ( 11) Activated natural ki l ler cells lead to the lysis of 
enterocytes; (12) Genes involved in tight junction organization associated with celiac disease. 

Box (A): Elimination of the antigen through a gluten-free diet or m icrobial endoprotease; Box (B) :  
Protection of the tight junctions against the damaging influence of antigens and the immune response; 
Box (C) : Neutralizing the effects of pro-inflammatory cytokines like interferon gamma ( IFNG-y); Box (D) :  
Neutralizing the effects of pro-inflammatory cytokines l ike interleukin 18 ( I L-18} and interleukin 2 1  ( I L-
21) .  
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Table 5 I Genetic loci associated with celiac disease that may affect intestinal integrity 

ldentifted locus Gene function Research Strength of References 
method association, 

Odds ratio [95% Cl] 

DLGS Maintenance of epithe l ia l  ce l l  Genetic 1.31 [1.02-1.67] [ 133] 
structure association 

LPP Foca l adhesion in  cell junctions Genetic 1 .21 [1.1 1-1.31] [ 134] 
association 

MAG/2 Tight junction protein Genetic 1.19 [1.08-1.32] [63] 
association 

MY09B Remodeling of the actin cytoskeleton Linkage study 1.56 [1 .27-1.93] [ 135] 

PARD3 Tight junction protein Genetic 1.23 [1 .11-1.37] [63] 
association 

RGSl Expressed in the intestina l  I ELs .  Genetic 0.71 [D.63-0.80 [134] 
I ELs differentiate into NK cel ls which association 
leads to lysis of enterocytes 

TAGAP Expressed in activated T cel ls .  Genetic 1.21 [1 .11-1.31] [ 134] 
Rho GTP-ase activating proteins are association 
im portant for cytoskeleton remodel ing 

2q11-2q12 High expression of I L-18 in active Genetic 1.27 [1 .15-1.40] [134, 136] 
{IL18RAP and  cel iac d isease. association 
IL18Rl} I L-18 induce I FN-y production which 

influence tight ju nction structure 

4q27 I L-2- m RNA elevated in  PBL in  celiac Genetic 0.66 [0.58-0.74] [19, 134, 
{IL-2 and /L-21} patients. association 137] 

I L-2- induce cel lu lar  proliferation in  a 
human smal l  intestina l  cel l  l ine.  
I L-21-is over-product in  ce l iac m ucosa. 
It induces I FN-y production 

3q25-3q26 Activation of T cel ls and NK ce l ls Genetic 1.34 [1 .19-1.51] [134] 
( I L-12A) association 

Overlaps in the pathogenesis of IBD and cel iac disease 

Celiac disease and IBD are both chronic intestinal inflammatory disorders influenced by 

environmental as well as immunological and genetic factors. There are several studies in which 

a correlation between celiac disease and IBD has been observed: there is a significantly higher 

prevalence of IBD within celiac disease cohorts compared to what may be expected based on 

the prevalence of the diseases separately in the general population.107 Leeds et al. reported 

that the risk of developing IBD was tenfold higher in a population of celiac disease patients than 
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in the general population.108 Another study investigated the frequency of IBD in celiac disease 

patients and their relatives, and found a significantly higher number of IBD patients among the 

first-degree relatives than in the general population. 109•110 However, the prevalence of celiac 

disease in an IBD cohort was the same as in the general population.108 The authors suggested 

that the prevalence of celiac disease is probably not higher in IBD patients than in the general 

population because HLA-DQ2/DQ8, required for developing celiac disease, is not more frequent 

in IBD patients than in the general population. 

Increased intestinal permeability in both disorders suggests that alterations in tight junction 

structure and physiology are part of a common pathogenesis, which could be due to shared 

genetic variants. Indeed, genes that might influence intestinal permeability were associated 

with both celiac disease and IBD (Table 6). Although genetic barrier defects are likely part of a 

common etiology it is still important to realize that the observed increase in permeability in both 

disorders is largely determined by the pathology, particularly the inflammation and apoptosis 

of IEC. The inflammatory processes in IBD and celiac disease seem to be comparable to some 

extent, even though they are instigated by different antigens: a small amount of antigen starts an 

acute mucosal inflammation which leads to increased permeability, influx of larger quantities of 

antigen and extensive mucosa I damage. Predisposition to the enhancement of any component of 

this inflammatory cycle cou ld predispose a person to either disease. Impaired pattern recognition 

receptors that allow bacteria to cross the epithelial boundary without detection will lead to 

enhanced inflammation and increased permeability in both diseases. In IBD this will lead to the 

translocation of more bacteria, while in celiac disease it allows the influx of more gluten, thus 

fuelling the vicious circle of inflammation. This also applies to the induction of pro-inflammatory 

cytokines in both diseases: increased permeability leading to increased inflammation. There is 

evidence for a common congenital predisposition for such an enhanced inflammatory reaction 

since IL18RAP polymorphisms are associated with both diseases. Further research devoted to the 

genetic predisposition for IBD and celiac disease will probably yield more shared inflammatory 

genes. 

We therefore conclude that the epidemiological overlap between IBD and celiac disease 

is probably caused by common genetic predispositions for both an impaired epithelial barrier 

and enhanced immunological sensitivity to luminal antigens. A meta-analysis of genome-wide 

association studies should provide substance to this hypothesis. Subsequent pathway analysis 

and expression studies of genes associated with both diseases would expand our understanding 

on the shared etiology of the diseases and lead to better targeted treatment. 
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Table 6 I Genes associated with both inflammatory bowel disease and celiac disease. 

Genes Strength of Strength of Strength of Mechanism Reference 
association for association for association for 
Crohn's disease ulcerative colitis cel iac disease 

DLGS Reported range Reported range 1.31 [1.02-1.67] TJ protein [133] 
0.2-1.8 1-1.6 

IL18RAP 1.6 [1 .25-2.04] 1.37 [1.08-1.73] 1.27 [1 . 15-1.40] N K cytotoxity [134] 

MAG/2 nd 1.26 [1 .08-1.47] 1 .19 [1.08-1 .32] TJ protein [63] 

MY09B nd 1.2 [1 .12-1.35] 1.56 [1.27-1 .93] Actin, cytoskeleton [64, 135] 

PARD3 nd P = 0.068 1.23 [1 .11-1.37] TJ protein [63] 

Nd, no data; NK, natural killer cell; TJ, tight junction. 

Drug Targets 

Possib le d rug targets for cel iac d isease and IBD shou ld p revent or interrupt the inflammation 

cascade at a crucia l  point without d isturb ing other  processes in  the intestine. Here we wi l l  

d iscuss common d rug ta rgets for both d iseases. Potentia l ta rgets for pharmaceutica l i ntervention 

are shown in  Figure 9 a nd 10. 

E l imination of antigen to p revent inflammation works wel l  for 95% celiac d isease patients, 

but 5% do not benefit from a gl uten-free d iet. S ince the preva lence of cel iac d isease is estimated 

to be about 1% of the population ( 1 :8 d iagnosed), the 5% who do not react to a g luten-free 

d iet sti l l  represents a considera ble number of patients (estimated maximum ~1000 patients 

in the Netherlands) . Adheri ng to a l ife-long gluten-free d iet is demanding despite food 

packaging nowadays does carry more informative l abe ls with respect to a l lergies. Alternative ly, 

endopeptidases from micro-organisms that a re a ble to degrade gl uten peptides completely cou ld  

be added ( incidenta l ly) to a regu lar  mea l  to prevent the release of an  infl ammatory response.111 

E l im inating the antigen is not possible for I BD s ince the sheer d iversity of micro-organisms 

that may act as antigens is too great. For some patients a ntibiotics may provide temporary re l ief 

of symptoms, but e l iminating one micro-organism in the gut on ly creates a n iche for others. 

Probiotics have been suggested as a therapy for I BD  s ince they could have an effect through 

natura l  se lection:  competing out the commensal bacteria that e l icit an immune response by 

more 'ben ign' bacteria. Some probiotics are a ble to d i rectly affect the immune system :  he lm inths, 

for examp le, downregu late Thl immune responsiveness. Tria ls with probiotics in I BD  have been 

promis ing, but more extensive and control led tria ls a re requ i red to gain better understanding of 

their effectiveness. 112 Another d i rection for IBD therapy development wou ld be to improve the 

function of antimicrobia l  peptides or mucins to enhance a ntigen-bind ing. At this stage sti l l  more 
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insight has to be gathered on the exact mechanisms underlying their dysregulation before an 

effective intervention can be developed. 

Preventing antigens from crossing the intestinal barrier by reinforcing the tight junction 

complex might be another avenue for developing treatment. However, our knowledge on this 

aspect of the pathogenesis is fragmented, as illustrated by the contradictory reports on the 

way I FN-y and TNF-a enhance tight junction permeability. Manipulation of the zonulin pathway 

to strengthen the intestinal barrier might be a therapeutic option for celiac disease and IBD 

patients. In one study for example, it was demonstrated that an analog of zonulin could have 

such an effect. 113 The ability to modify the effectiveness of the tight junction might be useful 

in treating IBD and celiac disease, although it is hard to estimate the general importance of the 

zonulin pathway in either disease. In some of the IBD patients activation of the zonulin pathway 

may play a major role in the influx of bacteria, but in others myosin light chain phosphorylation 

might be the culprit. This also applies to celiac disease. 

Intervening in the inflammation process itself should limit the collateral tissue damage that 

usually follows in its wake. Blocking TNF-a has proven to be an effective therapy in Crohn's 

disease, but the limitations are: 1) the numerous side effects; 2) the diminished effectiveness 

over time; and 3) very few ulcerative colitis patients benefit from anti-TNF-a therapy. Possibly, 

the effectiveness of anti-TNF-a therapy can be predicted by genetic testing since patients with 

certain genetic profiles were found to be more therapy-responsive than others. 114 The science of 

pharmacogenomics is in its infancy, and we can anticipate that targeted interventions based on 

patients' genetic background are still to come. 

Therapies aiming to engage pro-inflammatory interleukins may very well silence the undesired 

immune responses and thus lessen the associating mucosal damage. A serious consideration 

is that all interleukins have multiple functions and are involved in various pathways, hence 

the potential hazardous and unforeseen side effects of such therapies. Anti-lL21 therapy, for 

example, has been proposed for limiting the inflammation in IBD patients, but I L21 therapy is 

already used as a treatment for various forms of cancer.115 Anti-lL21 therapy carrier thus the risk 

to make patients more susceptible to cancer. 

We expect that the rapidly increasing flow of information on the genetic basis of both IBD 

and celiac disease will broaden our knowledge on the patho-mechanism underlying these 

debilitating disorders. This should pave the way to the design of novel and more targeted 

treatment strategies. 
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Abstract 

Crohn's disease (CD) and celiac disease (CelD) are chronic intestinal inflammatory diseases, 

involving genetic and environmental factors in their pathogenesis. The two diseases can co-occur 

within families and studies suggest that CelD patients have a higher risk to develop CD than the 

general population. These observations suggest that CD and CelD may share common genetic 

risk loci. Two such shared loci, IL18RAP and PTPN2, have already been identified independently 

in these two diseases. The aim of our study was to explicitly identify shared risk loci for these 

diseases by combining results from genome-wide association study (GWAS) datasets of CD and 

CelD. Specifically, GWAS results from CelD (768 cases, 1422 controls) and CD (3230 cases, 4829 

controls) were combined in a meta-analysis. Nine independent regions had nominal association 

p-value < 1.0 x 10-5 in this meta-analysis and showed evidence of association to the individual 

diseases in the original scans (p-value < 1 x 10-2 in CelD and < 1 x 10-3 in CD). These include 

the two previously reported shared loci, IL18RAP and PTPN2, with p-values of 3.37 x 10-a and 

6.39 x 10-9 respectively in the meta-analysis. The other seven had not been reported as shared 

loci and thus were tested in additional CelD (3149 cases and 4714 controls) and CD (1835 cases 

and 1669 controls) cohorts. Two of these loci, TAGAP and PU510, showed significant evidence 

of replication (Bonferroni corrected p-values < 0.0071) in the combined CelD and CD replication 

cohorts, and were firmly established as shared risk loci of genome-wide significance, with overall 

combined p-values of 1.55 x 10-10 and 1.38 x 10-1 1  respectively. Through a meta-analysis of GWAS 

data from CD and CelD, we have identified four shared risk loci: PTPN2, /LlBRAP, TAGAP and 

PU510. The combined analysis of the two datasets provided the power, lacking in the individual 

GWAS for single diseases, to detect shared loci with a relatively small effect. 
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Author Summary 

Celiac disease and Crohn's disease are both chronic inflammatory diseases of the digestive tract. 

Both of these diseases are complex genetic traits with multiple genetic and non-genetic risk 

factors. Recent genome-wide association (GWA) studies have identified some of the genetic 

risk factors for these diseases. Interestingly, in addition to some similarities in phenotype, these 

studies have shown that CelD and CD share some genetic risk factors. Specifically, by comparing 

the results of independent GWA studies of CD and CelD two genetic risk loci were found in 

common: the PTPN2 locus and the IL18RAP locus. Therefore in order to directly test for additional 

shared genetic risk factors, we combined the GWA results from two large studies of CelD and CD; 

essentially creating a combined phenotype with anyone with CD or CelD being coded as affected. 

Association results were then replicated in additional cohorts of CelD and CD. It is expected that 

shared risk loci should show association in this analysis, whereas the signal of risk loci specific 

to either of the two diseases should be diluted. With this method of meta-analysis we identified 

next to PTPN2 and IL18 RAP, two loci harbouring TAGAP and PUS10 as shared risk loci for Crohn's 

disease and celiac disease at genome-wide significance. 

Introduction 

Crohn's disease (CD) and celiac disease (CelD) are both chronic intestinal inflammatory diseases. 

In CD inflammation can occur throughout the gastrointestinal tract but most commonly affects 

the ileal part of the small intestine. While the causative antigen(s) for this inflammation is 

unknown, it is thought that the disease arises as a reaction to the normal commensal flora of 

the bowel in a genetically susceptible individual.1-2 In CelD inflammation is limited to the small 

intestine. CelD is caused by a reaction to gluten, a dietary peptide present in wheat, barley and 

rye.3A In both CelD and CD contact between antigens and antigen-presenting cells (APCs) seems 

to be facilitated by an initial increase in intestinal permeability.5 In both diseases the subsequent 

inflammatory response follows a T helper 1 pattern characterized by tumor necrosis factor beta 

(TNF-�) and interferon gamma (IFN-Y) production and a T helper 17 response marked by the 

production of interleukin 17.5 

Although uncommon, it has been observed that CelD and CD can co-occur within families 

or even within individual patients; there appears to be a greater prevalence of CD among CelD 

patients than in the general population, although the relatively low prevalence of CD makes it 

difficult to establish this effect.6 It is now well accepted that the risk for CD and CelD is partly 

determined by genetic factors, and recently many genetic risk factors for CelD and CD have 

been identified. Two genetic risk loci were previously shown to be shared between CelD and 
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CD: a locus on 18pll containing the PTPN2 (protein tyrosine phosphatase, non-receptor type 

2) gene and a locus on 2q12 containing the IL18RAP (interleukin 18 receptor accessory protein) 

gene.7•8•9• 10•1 1•12•13 Taken together, these observations suggest that additional shared risk loci for 

CD and CelD  exist. 

There are two possible approaches for identifying shared risk loci. One approach is to test 

known risk loci from one disease in patient-control cohorts from the other disease. This approach 

has already been successfully applied in a cross study between CelD and type 1 diabetes (TlD), 

where four shared risk loci were identified some of which were previously unknown to be 

associated to CelD. 11 However, this approach relies on previously identified risk alleles, indicating 

that there probably are many more unknown common risk loci for TlD and CelD. In addition, 

some of the shared loci will not have a large enough effect in the individual diseases to have been 

identified by previous genetic studies. A second approach that tackles this problem is to analyze 

genetic data from two similar diseases as a single unified disease phenotype against healthy 

controls. Such an analysis would be expected to dilute disease-specific genetic associations, but 

increase the power for finding shared genetic risk loci of small effect in the individual diseases. 

The availability of genome-wide association studies (GWAS) performed in both CelD and CD 

provides large case-control genotyping datasets that enabled us to perform a cross-disease 

genome-wide meta-analysis in the aim of identifying novel shared risk loci. 

To identify novel shared risk loci between CelD and CD, we performed a metaanalysis of 

two recently published GWAS: a large meta-analysis of three CD GWAS by the International IBD 

Genetics Consortium and a CelD GWAS in a British population. To confirm identified risk loci, we 

used a combination of Italian and Dutch CD cohorts and of British, Italian and Dutch CelD cohorts. 

Results 

Meta-analysis 

We have performed a meta-analysis of 471,504 SNPs from genome-wide datasets of CD (3230 

cases, 4829 controls) and CelD (768 cases, 1422 controls) in order to identify shared risk loci 

between these 2 diseases. 

A quantile-quantile (Q-Q) plot of the association p-values for single-SNP Z scores from 

the meta-analysis was performed (Supplemental Figure 1) and shows an excess of significant 

associations above what would be expected by chance. We observe a low inflation factor of 

1.08, which is expected given the inflation observed in each of the original studies: 1.05 for CelD 

and 1.16 for CD. A Manhattan plot of the current study (Supplemental Figure 2) highlights many 

strong association signals, several of which corresponding to previously reported CD and CelD 
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loci; however, most of these show strong association in only one of the 2 diseases and have thus 

not been followed up due to the design of the current study. 

The meta-analysis of the CD and CelD datasets identified 25 SNPs, from 9 independent 

regions, that met our criteria for association (association with CelD at p-value < 1 x 10-2 and 

with CD at p-value < 1 x 10-3 in the original scans, as well as a nominal association p-value more 

significant than 1.0 x 10-5 in the meta-analysis) (Table 1 and Table S2). This is more than expected 

by chance, as we wou ld expect no more than 3 independent regions to meet our criteria, which 

encouraged us to explore these specific loci further. 

Several of the SNPs meeting our criteria for association mapped to the known shared risk 

loci IL18RAP and PTPN2. Identifying these shared risk loci in the initial phase of ou r analysis 

provides proof of the effectiveness of our method. Interestingly, these two loci were the only 

ones showing genome-wide significance in the current metaanalysis, validating their previously 

identified role in both CD and CelD. The remaining 12 SNPs were located in seven independent 

regions and for each of these loci we selected the most associated SNP for testing for evidence 

of replication. 

Repl ication phase 

All SNPs selected for follow-up were genotyped in additional replication cohorts of CelD patients 

(n = 3149) and healthy controls (n = 4714) and of CD patients (n = 1941) and healthy controls 

(n = 1669). Given that these putative shared risk loci were selected through the combined 

analysis of our CD and CelD scan cohorts, a positive threshold for replication was therefore set at 

a corrected p-value of 0.0071 (Bonferroni corrected p-value of 0.05 for 7 independent tests) in 

the combined analysis of CD and CelD replication cohorts. 

Only two of the 7 loci tested, PUS10 and TAGAP, showed significant replication (p-values of 

6.03 x 10-7 and 3.03 x 10-5 respectively) with matching direction of association between the scan 

and replication datasets, as well as replication p-values more significant than 0.05 in both CD and 

CelD replication cohorts independently (Table 1). While neither PUSlO nor TAGAP were identified 

as loci of genome-wide significance in the combined dataset from each disease (p-values = 

1.34 x 10-5 and 7.00 x 10·7 in CelD and p-values = 6.16 x 10-s and 2.13 x 10-5 in CD respectively), 

both reach genome-wide significance in a combined analysis of CD and CelD cohorts (p-values 

of 1.38 x 10-11 and 1.55 x 10-10 respectively). Based on the results calculated from the replication 

datasets, we also observe that the effects at these 2 loci are similar in size and direction for both 

CD and CelD (Table 1). 



Table 1 I Resu lts from the meta-analysis, repl ication and combined analysis. 

Initial Analysis 

Locus SNP Risk CelD CD CD meta- CelD CelD 
Allele p-value p-value analysis OR** p-value 

p-value 

/LlBRAP* rs6708413 G 6.50 x 10-5 2.05 x 10-5 3.37 x 10-s N .T. N .T. 

PTPN2* rs16939895 C 2.06 X lQ·3 4.62 X 10-9 6.39 X 10-9 N .T. N .T. 

PUS10 rs10188217 C 8.30 X 10-3 6.14 X lQ·6 3.33 X lQ·6 1.14 4.52 X 10"5 

CCDC91 rs10771427 G 2.09 X 10-3 5. 72 X 10-s 4.00 X 10-5 1.00 0.94 

3q13 rs1517605 T 5.60 X 10-4 1.98 X 10·4 3.22 X lQ·6 1.02 0.67 

TAGAP rs212388 C 1.22 X 10-4 1.23 X 10-s 7.86 X 10-7 1.14 8.88 X lQ-S 

KCNG4 rs40254 A 5.69 X 10-3 2.97 X 10-s 6.58 X 10-5 0.96 

C10orf72 rs4317904# A 2.09 X 10·4 2.80 X 10-4 1.87 X lQ·6 1.04 0.26 

FERMT1 rs6516104# T 5.87 X 10-s 6.19 X 10-4 1.36 X 10-6 1.04 0.47 

Replication 

CelD CelD 
OR** p-value 

N.T. N .T. 

N .T. N .T. 

1 .16 2.90 x10-3 

1.02 0.79 

0.98 0.73 

1.10 0.048 

0.19 1.00 

1.06 0.24 

0.97 0.73 

meta-
analysis 
p-value 

N.T. 

N .T. 

6.03 X 10-7 

0.80 

0.95 

3.03 X 10-s 

0.98 

0.10 

0.76 

Combined Analysis 

CelD CD meta-
p-value p-value analysis 

p-value 

1.34 X 10·6 6.16 X 10-B 1.38 X 10-ll 

7.00 xl 0-7 2.13 X 10-6 1.55 X 10-10 

0.34 

The meta-analysis was performed using a directional non-weighed Z-score method as explained in the methods section. Combined analyses were performed using a directional 
weighed Z-score method within diseases and a directional non-weighed Z-score method between diseases. Results for the combined analysis are given only for the SNPs that 
pass the replication thresholds (directionality in each disease and p-value < 0.0045 for the combined replication data). ** OR for the replication is reported for the allele identified 
as the risk allele in the initial scan; # SNPs that were imputed in the Ce/D replication datasets. Ce/D = Celiac disease, CD = Crohn's disease, SNP = single nucleotide polymorphism, 
IL18RAP = interleukin 18 receptor accessory protein, PTPN2 = protein tyrosine phosphatase, PUS10 = pseudouridy/ate synthase 10, CCDC91 = coiled-coil domain containing 91, 
TAGAP = T-cell activation RhoGTPase activating protein, KCNG4 = potassium voltage-gated channel, subfamily G, member 4, non-receptor type 2, C10orf72 = Chromosome 10 
open reading frame 72, FERMTl =-fermitin family homolog 1, 3q13, 9q13, 1 7p13 = intergenic regions. *= /L18RAP and PTPN2 were not followed up because they are known 
shared risk loci for CD and Ce/D. N.T. = not tested 
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Discussion 

By performing a meta-analysis of GWAS data from CD and CelD as a single disease phenotype, 

we have identified four risk loci shared by these 2 diseases: PTPN2, IL18RAP, TAGAP and PUS10. 

This meta-analysis approach provided the power, lacking in individual disease-specific GWAS 

datasets, to identify shared risk loci with small effects in each single disease. This approach is a 

powerful and versatile way of identifying shared risk loci. In fact, two of the shared loci described 

here, TAGAP and PUS10, would not have reached genome-wide significance without the power 

gained from the combined samples (scan and replication) of these 2 diseases. As the GWAS for 

the individual diseases increase in power, we can expect the power of the current approach to 

also increase enabling us to identify further shared loci. 

The TAGAP locus identified in the current study as a shared risk factor for CD and CelD is 

located on chromosome 6q25.3, within a 200-kb block of linkage disequilibrium (LD). This TAGAP 

locus was previously identified as a CelD risk locus9 but not found in previous studies of CD. 

TAGAP (T-cell activation GTPase activating protein) is the best candidate of four genes in this 

region of strong LD.9 TAGAP is a member of the Rho-GTPase protein family, which release GTP 

from GTP-bound Rho, thereby acting as a molecular switch. The gene is expressed in activated 

T cells and appears to be important for modulating cytoskeletal changes.14 Little is known about 

the exact role of TAGAP in immune function, but it has been found to be co-regulated with IL2 

and is expected to play a role in T-cell activation.14 

The current study also identifies a shared risk locus between CD and CelD in the PUS10 gene 

region, a locus previously described as a risk locus for CD.15 This locus was recently identified as 

a risk locus in both ulcerative colitis (UC) and CelD, indicating that this locus may be a shared risk 

locus for these three diseases.7, 16 This latter finding further validates the approach use in this 

study to identify risk factors that are shared across diseases. Interestingly, the UC study identified 

three independent signals in this region which seem to be shared differently across these three 

diseases: one signal seems to be shared only between CD and UC, a second only between CelD 

and UC, while the third, identified in the current study, seems shared between all three diseases. 

Further analysis of this locus will be necessary in order to clarify the role of these different alleles 

in disease risk. 

In this study we aimed to find shared genetic risk factors for CelD and CD by meta-analysis 

of GWAS data of both diseases, defining a single phenotype for these analyses. Using readily 

available data, we were able to reliably establish four shared loci: PTPN2, IL18RAP, TAGAP and 

PUS10. For many diseases with overlapping phenotypic characteristics, GWAS data is available 

and joint analysis of GWAS datasets of these related diseases could lead to the identification of 

many new shared susceptibility loci. 
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Materials and methods 

Subjects 

For the CD aspect of the meta-analysis, we used the previously published data (available at 

http://www.broadinstitute.org/~jcbarret/ibd-meta/) from the I nternational Inflammatory Bowel 

Disease Genetics Consortium (IIBDGC) meta-analysis of 3230 CD cases and 4829 healthy controls 

taken from three independent CD GWAS (Table S1).15 A more in depth description of these 

cohorts and their origin can be obtained from the original publication of this meta-analysis. 

Two independent cohorts were used for the CD replication phase (Table Sl). The fi rst 

consisted of 1217 Dutch CD cases from three Dutch un iversity medical centers: the Academic 

Medical Centre Amsterdam (n = 661), the University Medical Centre Gron ingen (n = 322) and 

the University Medical Centre Leiden (n = 234); the 804 Dutch controls used for this replication 

cohort were obtained from cohorts of healthy partners of IBD patients from the UMC Leiden (n 

= 151) and the UMC Groningen (n = 120) and from healthy blood donors recruited through the 

Sanquin Blood bank by the UMC Utrecht and the VUMC Amsterdam (n = 533).17,18 The second 

replication cohort consisted of an Italian IBD case - control cohort (724 CD patients and 892 

controls) collected at the S. Giovanni  Rotondo "CSS" (SGRC) Hospital in Italy. This cohort has 

previously been used and characterized in several association reports.19,20 

All patients and controls were of European Caucasian descent. The diagnosis of CD required 

objective evidence of inflammation from radiologic, endoscopic, and/or histopathologic 

evaluation. All affected subjects fulfilled clinical criteria for CD. Recruitment of study subjects was 

approved by local and national institutional review boards, and i nformed consent was obtained 

from all participants. 

For the celiac disease aspect of this meta-analysis, data from a previously published genome

wide scan (768 British cases, 1422 British controls) for CelD was used (Table Sl). A more in depth 

description of this cohorts and its origin can be obtained from the original publications.9,12 

For the replication phase in CelD we used the genotyping results from a second celiac 

GWAS in three independent CelD cohorts (Table Sl). From this study we received data from 

3149 cases and 4714 controls from three European populations (UK, the Netherlands and 

Italy) genotyped on Custom lllumina Human 670-Quad, Hap550 and 1.2 M slides[13] .  UK CelD 

cases were recruited from hospital outpatient clin ics (n = 434) and directly through Coeliac 

UK advertisement (n = 1415);9 UK controls were recruited from the 1958 bi rth cohort and UK 

National Blood Service for the Welcome Trust Case Control Consortium (WTCCC) (n = 3786). 

Dutch CelD cases were collected by the UMC Utrecht, Leiden UMC and VUMC Amsterdam from 

outpatient clin ics (n = 803); Dutch controls were recruited through the Sanquin Blood bank by 

the UMC Utrecht and the VUMC Amsterdam (n = 385). Italian CelD cases (n = 497) and controls 
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(n = 543) were collected by a CelD referral centre (Centro per la prevenzione e diagnosi della 

malattia celiaca, Fondazione IRCCS Ospedale Maggiore Policlinico) in northern Italy. 

All affected individuals were unrelated and were diagnosed according to the revised ESPGAN 

criteria (1990). The cohorts encompassed individuals that showed a Marsh II or Marsh Ill lesion in 

the initial diagnostic small-bowel biopsy specimens, or presented with dermatitis herpetiformis 

and were HLA-DQ2 positive. Recruitment of study subjects was approved by local and national 

institutional review boards, and informed consent was obtained from all participants. Some 

controls were shared between the WTCCC component of the CD meta-analysis and the two UK 

CelD cohorts (one used in the original scan and one used as replication). This was taken into 

account as explained in the meta-analysis description. 

Imputation of GWAS data 

Imputation of the Ce ID datasets used in the initial and the replication phases of this study were 

performed with BEAGLE using HapMap phase II and HapMap phase Il l as reference datasets.21 A 

minimum quality score for statistical certainty of the imputation of 0.98 was adhered to. 

Imputation of the CD dataset for the initial CD-CelD meta-analysis was performed with the 

programs MACH and IMPUTE, using HapMap phase II as a reference dataset, as previously 

described.15•22•23 

Meta-Analysis 

For the original CD dataset, association tests were described previously.15 Briefly, results for each 

SNP from three independent GWAS were summarized as Z-scores and combined in a weighted 

fashion into a single test statistic; imputation uncertainty was taken into account into Z-score and 

weight calculation using empirical variance calculated from allele dosage. For the original CelD 

GWAS scan, best guess imputed genotype frequency data was obtained, and association P-values 

were calculated using chi-square tests (1 df) of SNP allele counts. 

The initial meta-analysis was performed using the statistical program R (http://www.r

project.org/). For both the CD and the CelD dataset the P values signifying the evidence for 

association were converted to directional Z-scores, and an overall Z-score and two-tailed p-value 

for the average of the individuals was subsequently calculated. Given the fact that some controls 

were shared between one component of the CD meta-analysis and the CelD scan, we expect a 

correlation of 0.187 between CD and CelD Z-scores. We took this correlation into account in the 

variance term of the overal l  Z-score.24 

Unweighed Z-scores were used when combining the data from CD and CelD in the initial 

meta-analysis, since the CD cohort was substantially larger than the CelD cohort and weighing 

would lead to an overrepresentation of the CD signal in the metaanalysis. 
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A locus was selected for replication when SNPs met the following criteria: a p-value for the locus 

of <1 x 10-5 in the meta-analysis, in combination with a p-value of <1 x 10-2 in the CelD dataset 

and a p-value of <1 x 10-3 in the CD dataset. Different thresholds for CD and CelD for inclusion in 

the replication phase were used in order to reflect the difference in power between the scans 

for the two phenotypes. For each of the loci that met these criteria, the most strongly associated 

SNP was analyzed in the CD and CelD replication cohorts. 

In order to evaluate the expected number of SNPs that would pass our thresholds (p-value 

< 1 x 10-2, <1 x 10-3 and <1 x 10-5 for CelD, CD and meta-analysis, respectively) by chance, we first 

evaluated the probability for a particular SNP to reach those thresholds under the null hypothesis 

of no association and the expected correlation between the two datasets. 

This probability can be evaluated from the distribution of two correlated normal variables 

(correlation of 0.186), combined as described for the meta-analysis. We evaluated this probability 

to be approximately 6.0 x 10-6• If the 468,378 SNPs tested in the scan were independent, we would 

then expect less than 3 (468,378*6.0 x 10-6) independent SNPs to be selected by chance. Under 

a binomial model, we evaluated the probability that 9 or more independent SNPs passes our 

thresholds to be lower than 0.0025. Those are obviously upper bounds, as we know correlation 

exists among the SNPs tested. 

Replication Phase 

For replication in CD, SNPs selected for testing were designed into multiplex assays, and genotyped 

using primer extension chemistry and mass spectrometric analysis (iPlex assay, Sequenom, San 

Diego, California, USA) on the Sequenom MassArray. This was performed at the Laboratory for 

Genetics and Genomic Medicine of Inflammation (www.inflammgen.org) of the Universite de 

Montreal. Quality control was performed, excluding samples showing > 10% missing data, as 

well as SNPs with > 10% missing data or significantly out of Hardy-Weinberg equilibrium (p-value 

< 0.001). The overall genotyping call rate in the CD replication dataset following quality control 

analyses was > 99%. The CD replication datasets from the two groups (Dutch and Italian) were 

combined and analyzed using a weighted and directional Z-score approach. 

For replication in CelD, genotype frequencies and association data for five replication SNPs 

were obtained from genome-wide genotyping datasets on l l lumina Human 670Quad or 610Quad 

Genotyping BeadChips (l llumina, Inc., San Diego, CA,). Each GWAS dataset was analyzed using 

PLINK 1.05 and association p-values were calculated using chi-square tests (1 df) of SNP allele 

counts.25 Two of the replication SNPs were not included on the l llumina Human 670Quad or 

610Quad Genotyping BeadChips. For these SNPs best guess genotype frequency data was 

obtained by imputation as described above, and association p-values were calculated using chi

square tests (1 df) of SNP allele counts The CelD replication datasets from the three groups (UK, 
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the Netherlands and Italy) were combined and analyzed using a weighted and directional Z-score 

approach. 

Since selection of specific SNPs for replication was based on their association p-values in 

the combined CD-CelD dataset, a significant threshold for replication was set at a Bonferroni 

corrected p-value of 0.05 for 7 independent tests (p-value more significant than 0.0071) in 

the combined CD-CelD replication dataset. As for the initial metaanalysis, the data from the 

replication in the CD and CelD cohorts were combined through an unweighed Z-score approach. 

In addition, for a SNP to be replicated, both effect and direction of association trend needed to 

match between scan and replication within each disease. 

For each SNP showing positive replication, an overall disease-specific association p-value, 

combining the scan and replication data, was also calculated using a weighted meta-analysis 

approach. Finally, an overall CD-Celiac meta-analysis of the scan and replication phases of this 

study was obtained, by combining these within-CD and within-Celiac datasets in an unweighed 

meta-analysis. Given the fact that some controls were shared between the within-CD and the 

within-CelD, we expect a correlation of 0.149 between CD and CelD Z-scores. As for the initial 

scan, we took this correlation into account in the variance term of the overall Z-score as per Lin 

and colleagues.24 
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Supplementary tabel 1 

Initial Analysis 

Cases 

Controls 

National ity 

Platform 

Replication Phase 

Cases 

Controls 

National ity 

Platform 

N IDDK 

946 

977 

US-Canadian 

l l lumina 

HumanHap300 

NL 

1217 

804 

Dutch 

Sequenom 

MassArray 

Crohn's disease 

BEL-FR 

536 

914 

Belgian-French 

l l lumina 

HumanHap300 

ITA 

724 

892 

Ita l ian 

Sequenom 

MassArray 

UK 

1748 

2938 

British 

Affymetrix 

GeneChip SOOK 

Tota l 

3230 

4829 

Total 

1941 

1696 

Celiac Disease 

UK 

768 

1422 

British 

l l lumina 

HumanHap300 

UK 

1849 

3786 

British 

l l lumina 

Cases: Quad670 

Controls: Mixed HapSSO & 1.2 M 

NL 

803 

385 

Dutch 

l l lumina 

Quad670 

ITA 

497 

543 

Ital ian 

l l lumina 

Quad670 

Total 

3149 

4714 

NIDDK = National Institute of Diabetes and Kidney Diseases, BEL-FR = Belgian French, UK = United Kingdom, ICC = Initiative on Crohn's and Colitis, NL = Netherlands, /TA = Italy. 
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Supplementary tabel 2 

LOCUS ALLELES P-values 

Region SNP CHR Position Risk Other CD CelD Meta 

PUSlO rs10188217 2 61129193 C T 6,14E-06 8,30E-03 3,33E-06 

rs13015714 2 102430383 G T 1,63E-04 3,08E-04 1,66E-06 

rs1035127 2 102478437 A G 1,23E-04 3,27E-04 1,39E-06 

rs4851007 2 102483331 T G 2,llE-04 3,27E-04 2,15E-06 

rs1420106 2 102493562 A G 2,53E-04 3,27E-04 2,49E-06 

rs3755267 2 102497105 T G 1,49E-04 3,27E-04 1,62E-06 
IL18RAP 

rs2041756 2 102508428 A G 3,25E-05 8,06E-05 1,46E-07 

rs6708413 2 102521887 G A 2,05E-05 6,50E-05 8,37E-08 

rs7559479 2 102527305 G A 3,03E-05 6,50E-05 1,15E-07 

rs917997 2 102529086 T C 2,17E-05 6,78E-05 9,09E-08 

rs759382 2 102552731 G T 2,03E-04 1,97E-03 9,79E-06 

rs1517605 3 108106984 T C 1,98E-04 5,60E-04 3,22E-06 
3q13 

rs1568206 3 108122409 C G 2,90E-04 1,41E-03 9,62E-06 

rs1738074 6 159436386 T C 1,53E-04 l,18E-03 5,0lE-06 
TAGAP 

rs212388 6 159460845 C T 1,23E-05 l,22E-03 7,86E-07 

C10orf72 rs4317904 10 49964676 A G 2,S0E-04 2,09E-04 l,87E-06 

rs2169755 12 28382424 G C 6,45E-05 2,25E-03 4,69E-06 

rs1586868 12 28412376 T C 7,36E-05 4,25E-03 9,40E-06 
CCDC91 

rs1257741 12 28425836 C G 5,62E-05 2,25E-03 4,24E-06 

rs10771427 12 28496693 G A 5,72E-05 2,09E-03 4,00E-06 

KCNG4 rs40254 16 82806258 A G 2,97E-0S S,69E-03 6,58E-06 

rs2542151 18 12769947 G T l,19E-11 6,00E-03 6,12E-10 

rs1893217 18 12799340 G A 6,54E-11 4,39E-03 1,13E-09 
PTPN2 

rs16939895 18 12811903 C T 2,06E-03 4,62E-09 6,39E-09 

rs657555 18 12837136 C T 3,02E-09 6,12E-03 1,80E-08 
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Genome-wide association (GWA) analysis is a powerful tool to identifying genetic variants that 

contribute to complex human traits. The recent surge of genome-wide association studies in 

non-Caucasian populations, particularly in East Asians, provides an opportunity to empirically 

compare the genetic architecture of the disease-associated loci between different ethnic 

groups. We observed genetic heterogeneity between different populations at locus, variant 

and effect size level. We assessed several possible causes for this genetic heterogeneity and 

d iscussed their implications in the cross-ethnicity GWA studies. First of all we will have to 

improve the coverage of the genotype platforms to include genetic variants for different 

ethnic populations, and second of all we will have to develop analysis pipelines that make 

advantage of genetic heterogeneity between populations to gain a higher resolution of genetic 

architecture of complex diseases. 

Shortcomings of Genome Wide Association studies l imited to Caucasian 

populations 

Genome-wide association (GWA) studies, in which phenotypes are compared for differences in 

genetic variation, have revolutionized the search for genetic risk variants for complex traits. Up 

to the 28th of September 2010, 674 GWA studies have been performed, which have identified 

over 2,000 risk variants associated to different complex genetic traits. 1 The newly identified risk 

variants contribute greatly to our insight into the biology of complex traits and provide new leads 

for medical therapy and genetic risk prediction. However, the field of complex trait genetics has 

been dominated by studies in Caucasian populations with 85.9% of the GWA studies, 579 out of 

674, including only Caucasian individuals. This exclusive focus on Caucasian populations could 

considerably bias our current knowledge on the genetics of complex traits as shown by genomic 

surveys that have revealed substantial divergence of genetic variation across populations in terms 

of allele frequency, linkage disequilibrium (LO) and haplotype structure.2
-
5 These inter-population 

differences in genetic architecture probably reflect multiple underlying causes like selection, 

genetic drift, DNA mutations, environmental factors and other evolutionary forces.6 Because of 

this genetic variance between populations questions are now being raised about the extent to 

which GWA knowledge gained from Caucasian populations can be translated to other ethnic 

groups. On the one hand, differences in the effect-size of individual loci or the heterogeneity of 

genetic risk loci between populations could considerably limit the applicability of targeted gene 

therapy and genetic risk models across populations. On the other hand, the heterogeneity of 

genetic risk loci may pose challenges in cross ethnicity mapping that combines the association 

signals across multiple different ethnicities.7 So far the issues and possibilities of multi-ethnic 

GWA studies have only been explored either in theory or by simulation.7
•
8 
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New wave of GWA studies in East Asian populations 

Recently 66 published GWA studies in Chinese, Japanese and Korean populations lead a new 

wave of GWA studies in non-Caucasian populations. Specially, genetic variants that confer risk 

for type 2 diabetes (T2D),9-13 systemic lupus erythematosus, 14•15 ulcerative colitis (UC), 16 and 

height17•18 have been detected in the East Asians with decent sample sizes (Supplementary Table 

1). This provides us with the opportunity to empirically compare the genetic architecture of 

complex traits between different ethnic groups1•7 and assess the added values and challenges 

of GWA studies in non-Caucasian populations. The traits we considered represent a board 

range of complex phenotypes, with possibly diverse genetic background: (1) the metabolic 

disease T2D has similar prevalence in both populations; (2) the two inflammatory diseases, 

SLE with higher prevalence in East Asians and UC with a higher prevalence in Caucasians; and 

(3) an anthropomorphic trait, height with an average 7 cm difference between East Asians and 

Caucasians (Supplementary Table 2).19-51 

Table 1 I The genetic heterogeneity of associated loci between Caucasians and East Asians. 

Type 2 Systemic lupus Ulcerative colitis Height 
diabetes erythematosus 

All risk loci detected by GWA 37 20 22 56 

Risk loci detected in Caucasians 34 11 21 51  

Risk loci detected in East Asians 11  17 4 20 

Risk loci detected in both Caucasians and 8 8 3 15 
East Asians 

Risk loci with linked associated signals in at 7 2 1 7 
least one population (LD r2 > 0.8) 

Risk loci with linked association in both 7 1 1 2 
populations (LD r2 > 0.8) 

Linked association in both populations 5 1 0 1 
with similar effect size 

Translatability of genetic risk between Caucasians and East Asians 

For this study, we derived all reported SNPs at P < 1.0 x 10-5 for each trait from the Catalog 

of Published Genome-Wide Association Studies (available at: www.genome.gov/gwastudies; 

accessed on 11 August, 2010). Then we took a window size of 2Mb around the associated SNPs 

(1 Mb on each side of the SNPs) and clustered SNPs into genomic loci. We only considered the 

loci for inclusion in which at least one SNP was associated at the widely accepted genome-wide 
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significant level p value < 5.0 x 10·1. For each significant locus, SNPs with P values between 

1.0 x10·5 and 5.0 x 10-7 were considered suggestive associations. Overall, we selected 135 risk 

loci: 37 T2D loci, 22 UC risk loci; 20 SLE risk loci and 56 height loci (Table 1, Supplementary Table 

2). The numbers of detected risk loci for one trait vary greatly per population. This difference 

may reflect power issues due to different sample sizes of GWA studies between populations. For 

T2D for example, we observed 34 associated loci in Caucasians whereas we only observed 11 

loci in East Asians. Sample sizes for T2D studies in Caucasians were much larger than those for 

studies in East Asians, which could cause the difference in number of associated loci. However, 

this difference might also reflect true heterogeneity across the populations: we have observed 

a similar difference in number of associated loci between East Asians and Caucasians for height 

(51 loci in Caucasians and 20 loci in East Asians) for which sample sizes were similar or even 

larger in East Asian studies than in Caucasian studies (Supplementary Table 1). To provide an 

overview of the heterogeneity of genetic architecture of complex traits between populations, 

we assessed the translatability of risk variants across populations on four levels: on the level of 

genetic localization (locus level), on the level of trait-associated genetic variants (variant level), 

and on the level of the effect of the genetic variants on trait risk (effect size level) (Supplementary 

Methods). We identified 34 loci shared between Caucasians and East Asians: eight shared loci 

for T2D, eight shared loci for SLE, three shared loci for UC, and 15 shared loci for height. The 

rest 101 loci showed population-specific association. This sharing of risk loci between the two 

populations does not necessarily mean that the same causal variants are associated with the 

trait in both populations. Even if a risk locus is shared between the East Asian and Caucasian 

population and the risk variant is the same, or at least in high linkage disequilibrium in the two 

populations, a difference in effect size might still reflect heterogeneity of the genetic background 

between the populations (Table 1, Supplementary Figure 1). 

What causes heterogeneity between populations of trait-associated loci? 

We considered several explanations for the detection of heterogeneity of the trait-associated 

loci between populations and ultimately tried to answer the question whether heterogeneity 

of GWA identified loci between populations are caused by bias in the GWA design or by actual 

heterogeneity of complex traits between populations? 

First of all, the genetic variants identified through GWA studies represent only a portion of 

the total number of risk variants for a disease; often the identified risk variants have small or 

moderate risk effect and explain only a small part of the heritability of most complex traits. 

Comparing the results of GWA studies between different populations might be like the blind 

men touching different parts of an elephant: each perceives a different part of the complete 

picture and draws different conclusions. In addition, GWA studies in Caucasians often have larger 

sample size than the studies in East Asians. The differences in sample sizes can lead to spurious 



Chapter 7 Page 141 Figure 1. The comparison of the minor allele frequencies of SNPs at 
population-specific loci. 
Each dot represents the most associated SNP in each population-specific locus and the colours 
of dots refer to different traits: black for type 2 diabetes, red for systemic lupus erythematosus, 
purple for ulcerative colitis and blue for height {as also shown in the figure legend). The x-axis 
represents the minor allele frequencies {MAF) of the SNPs in the CEU HapMap reference 
panel; the y-axis represents the MAF of the SNPs in the CHB+JPT HapMap reference panel. 
The white area between the two grey dashed lines indicates that the difference of MAF in the 
two populations is less than 0. 1 .  The yellow area indicates the MAF in CHB+JTP is at least 0.1 
larger than the MAF in CEU; the blue area indicates the MAF in CEU is at least 0. 1 larger than 
the MAF in CHB+JTP. The selection signal in terms of the integrated Haplotype Score (iHS) is 
described as in the legend: the vertical bar indicates the SNP that show selection signal in 
CHB+JPT Hapmap reference; the horizontal bar indicates the SNP that show selection signal in 
CEU Hapmap reference. 
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Figure 1 I The comparison of the minor a l lele frequencies of SNPs at population-specific loci. Each dot 

represents the most associated SNP in each population-specific locus and the colours of dots refer to 

different traits: black for type 2 diabetes, red for systemic lupus erythematosus, purple for ulcerative 

colitis and blue for height (as a lso shown in the figure legend). The x-axis represents the minor al lele 

frequencies (MAF) of the SNPs in the CEU HapMap reference panel; the y-axis represents the MAF of 

the SNPs in the CHB+JPT HapMap reference panel. The white area between the two grey dashed l i nes 

ind icates that the difference of MAF in the two populations is less than 0. 1 .  The yel low area indicates 

the MAF in CHB+JTP is at least 0. 1 larger than the MAF in CEU; the blue area indicates the MAF in CEU 

is at least 0.1 larger than the MAF in CHB+JTP. The selection signa l i n  terms of the integrated Haplotype 

Score ( iHS) is described as in the legend: the vertica l  bar ind icates the SNP that show selection signal 

in CHB+JPT Hapmap reference; the horizontal bar indicates the SNP that show selection signal in CEU 

Hapmap reference. 

population-specific associations. Another factor that cou ld  reduce the com parab i l ity of sharing of 

risk loci between Caucasians and East Asians, and wh ich cou ld thus lead to spurious popu lation

specific associations, is d ifference in the minor allele frequency of the associated SNP between 

the populations. To p ick  u p  association signa ls  to low frequency risk a l le les requ i res substantia l ly 

larger samples s izes than  to find the association signa ls for h igh frequency risk a l le les. We 

compa red the m inor  a l le le frequencies for the SNPs with popu lation-specific association. We 

took the most associated SNP  from each of 101 popu lation  specific associations (83 Caucasia n

specific loci and 18 Asian-specific loci), a nd compared their m inor a l le le frequencies between 

the popu lations ( Figu re 1) .  1 1  out  of  83 {13.3%) r i sk  varia nts i n  Caucasian a re rare (MAF < 0.05) 

in  East Asian  population .  However, we observed less ascerta inment bias in  East Asian-associated 
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loci than i n  Caucasia n-associated loci .  Th is can be at least partia l ly expla ined by the fact that 

most SNPs were origina l ly d iscovered to be polymorphic i n  Caucasian popu lations, and because 

GWA platforms have been designed to be most i nformative in Caucasian  popu lations. On 

the other hand, the lack of association  of East Asian-specific loci i n  Caucasians, even though 

Caucas ian stud ies have larger sample s izes and h igher MAFs, suggests genetic heterogeneity of 

complex d iseases between the populations. It is known that genetic varia nts that contribute risk 

to complex d iseases a re more l i kely to be the ta rget of recent positive selection.6,52 11 out of 101 

SNPs (11%) at popu lation-specific associated loc i  showed strong selection signa ls at least one of 

the popu l ations. However, pathway ana lysis ind icates that a lthough the risk loc i  can d iffer per 

ethn ic  popu lations they confer to the same pathways (Supplementary Figure 2) .  S ince comp lex 

tra its a re a resu lt of the combined effect of genes, environmenta l factors and their interactions 

converging into a pathway leading to the tra it, it seems h ighly feasible that r isk va riants for 

complex d iseases, touching upon d ifferent pa rts of a pathway wil l  vary between popu lations 

l iving u nder d ifferent circumstances. 

Impl ications of genetic heterogeneity across ethnicities 

We have demonstrated that the tra it-associated risk loci can be heterogeneous between d ifferent 

ethn ic  popu lations. The fact that genetic varia nts and  their effect size can be popu lation-specific 

cou ld greatly l im it the c l in ical app l ication of genetic risk va ria nts d iscovered in  GWA studies 

include ta rgeted therapy and risk pred iction across popu l ations. It has been shown that a genetic 

schizophren ia risk model establ ished in European Americans  did not predict schizophrenia risk 

in African Americans.53 Th is means that separate therapies and risk pred iction models shou ld be 

developed for each popu lation. On the other hand, the genetic heterogeneity across popu lations 

poses a lso opportun ities to ga in a h igher resol ution of genetic architectu re of complex diseases 

when we incl ude d ifferent ethn icities into genetic studies. We first have to bear in mind that 

the reported associated SN Ps a re just proxy markers of the causal varia nts. The concordance 

(or d iscordance) of the associated markers with the causa l  va ria nts and of their surround ing 

hap lotype structures in mu ltip le ethn icities can have d ifferent impl ications for d ifferent study 

goa ls l i ke meta-analysis, fine-mapping, tag of ra re varia nts and gene-environmenta l ana lysis 

( Figure 2). Based on our ana lysis, we would advise explo ring the possible forms of popu l ation 

heterogeneity i n  a specific tra it when designing mu lti-ethn ic genetic stud ies. If the goa l of 

add ing samp les from other popu lations is to increase power to detect new risk loc i ,  one shou ld 

first explore whether the populations are not too genetica l ly d istant. Stud ies focusing on the 

fine-mapping of risk variants requ ire a very specific genetic heterogeneity, in which the causa l 

va riants shou ld be the same in both populations, whereas the surround ing genetic structure 

shou ld be high ly d ivergent. Although one of the ma in  a ims of promoting genetic stud ies in non

Caucasian  popu lations has been fine-mapping of association signa ls, it m ight not be the most 
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Chapter 7 page 143 Figure 2: Implication of genetic heterogeneity in cross-ethinic GWA 
studies 
At the illustration of each scenario of genetic heterogeneity between populations, the upper part 
indicates the association signal and LO pattern in non-Caucasian population and the lower part 
indicates the association signal and LO pattern in Caucasian population. The small red bars 
indicate the causal variants. The yellow and blue bars refer to the associated vanents that tag 
the causal variants in non-Caucasian population and Caucasian population, respectively The 
red dashed lines indicate the association significance threshold. 
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Figure 2 I Implication of genetic heterogeneity in cross-ethinic GWA studies. At the illustration of 
each scenario of genetic heterogeneity between populations, the upper part indicates the association 
signal and LD pattern in non-Caucasian population and the lower part indicates the association signal 
and LD pattern in Caucasian popu lation. The small red bars indicate the causal variants. The yel low 
and b lue bars refer to the associated variants that tag the causal variants in non-Caucasian population 
and Caucasian population, respectively. The red dashed lines indicate the association significance 
threshold. 

feas ib le app l ication for mu lti-ethn ic study samples as complex d iseases can be heterogenous at 

both variant and locus level. At variant level, two independent or weakly l inked genetic variants 

at the same locus can be associated in different popu lations. It firstly implies that th is  locus 
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is important for the development of the trait. However, the next question is that whether the 

different associated variants truly implies the presence of mu ltiple causal variants or whether 

the different SNPs actually tag the same causal variant. Inter-population differences in allele 

frequency and differential linkage patterns of the tested SNPs and the causal variant between 

different populations can cause different SNPs to be detected in different populations for a single 

causal variant. To test this, we propose to perform a haplotype association analysis; a haplotype 

of multiple common variants may have a better tag of the real causal variant, thus increasing 

the power to discover causal variants, possibly low frequency even rare and determining 

whether these variants are shared between populations. At locus level, allelic heterogeneity for 

associated markers (i.e., common in one population but rare in another) can cause signals to 

look popu lation-specific even though the locus is actually associated in both populations. To 

analyse possible causes for apparent population-specificity we propose a systematic assessment 

of heterogeneity in the whole region containing the associated signal. If the region is discordant 

for allele frequencies and/or linkage disequilibrium patterns, the popu lations-specificity is likely 

to be the result of allelic heterogeneity, although this pattern cou ld also be caused by population

specific selection pressure on the locus. If the region is concordant between populations, 

populations-specific associations are likely to be the result of gene-environmental interactions; 

when the environmental factor conferring the risk for the trait is absent in a popu lation genetic 

variants in the region contribute no risk. 

Concluding remarks 

The variation in the prevalence of traits across populations is most likely caused by inter

population differences in environmental and genetic risk factors. In the past two years knowledge 

about the genetic background of complex traits in different ethnic groups has increased greatly. 

We have assessed the translatability of genetic risk variants between Caucasians and East 

Asians for three groups of traits that show similar or differential prevalence between these two 

popu lations. We have observed genetic heterogeneity of the associated loci at different levels. 

We have firstly reasoned the observed heterogeneity due to the bias of SNPs spectrum and the 

power issues. We argue that mu ltiple-ethnic GWA studies require GWA platforms with better 

multi-ethnic coverage. This has become more feasible with the advent of HapMap phase Il l, 

which covers eleven populations,2 and the 1000 Genomes project, which aims at sequencing 

the genomes of at least 1000 individuals from a number of different ethnic backgrounds.54 

Despite the bias of GWA genotyping platforms and power issues, some of the observed inter

population discordance of the associated loci suggests actual heterogeneity of complex traits 

between populations. Therefore, in order to be able to use GWA results for targeted therapy and 
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personalized medicine, it is crucial to assess the difference in the genetic architecture of complex 

diseases across multiple ethnicities. 

We further propose that we can make advantage of genetic heterogeneity between 

populations for better discovery of generic risk variants of complex diseases. We have discussed 

several scenarios of genetic heterogeneity between populations and the implications of each of 

these scenarios for genetic analysis. When designing multi-ethnic genetic studies, there will often 

be no prior knowledge on the genetic structure of the disease in each population. Thus the cross

ethnicity GWA study requires not only improvement of genotype platforms that have a better 

coverage of the genetic variants in different ethnic populations, but also statistical models and 

analysis pipelines that take all the possible scenarios into account. Ultimately multi-ethnic study 

designs hold promises for getting a more complete and higher resolution of genetic architecture 

of complex diseases. 
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Glossary 

Genome-wide association study (GWA study): A large-scale genotyping analysis of markers 

across the human genome that is designed to identify genetic association with diseases or 

observable traits. 

Complex traits: phenotypes that are classically believed to result from the independent action of 

many genes, environmental factors and gene-by-environment interactions. 

HapMap Project: a project aimed at developing a haplotype map (HapMap) of the human 

genome, which will describe the common patterns of human genetic variation. 

Allele frequency: the proportion of a particular allele among the chromosomes carried by 

individuals in a population. 

Minor allele : the less common allele of a polymorphism. 
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Linkage disequil ibrium (LD): the non-random association of genetic marker alleles. Two markers 

are in LD when some combinations of alleles in a popu lation occur more or less frequently than 

would be expected if random assortment occurred. 

Haplotype: a set of DNA variations, or polymorphisms, that tend to be inherited together. 

Genetic drift: the random fluctuations in the frequency of the appearance of a genetic variant in 

a popu lation, presumably owing to chance rather than natural selection. 

Genetic heterogeneity (also called locus heterogeneity): a situation in which variation in different 

genes might cause identical or similar forms of the disease in different individuals. 

Mutation: a permanent structural alteration in DNA. In most cases, DNA changes either have no 

effect or cause harm, but occasionally a mutation can improve an organism's chance of surviving 

and passing the beneficial change on to its descendants. 

Meta-analyses: an approach that combines the results of several studies that address a set of 

related research hypotheses to overcome the problem of reduced statistical power in studies 

with small sample sizes. 

Fine-mapping: a technique of DNA mapping which makes use of different recombination events 

where the crossing over occurs between two genes or two alleles. Fine-mapping is used to define 

a smaller genetic region of interest. 

Metabolic diseases: disorders that cause dysfunction of the metabolic action of the body, 

resu lting in loss of control of homeostasis. 

Anthropomorphic traits: measu rable phenotypes of human characteristics, such as weight and 

height. 

Type 2 diabetes (T2D): a disorder characterized by high blood glucose levels caused by either a 

lack of insulin or the body's inability to use insulin efficiently. 

Systemic lupus erythematosus (SLE): a chronic systemic inflammatory condition of unknown 

cause. Systemic lupus erythematosus can cause systemic symptoms such as skin rashes, joint 

inflammation, anaemia and kidney failure, but also central symptoms such as depression. 

Patients with lupus have antibodies in their blood targeted against double-stranded DNA. 

Ulcerative colitis (UC): a chronic inflammatory condition of the colon. Ulcerative colitis, together 

with Crohn's disease, forms the major part of the inflammatory bowel diseases (IBD) that are 

thought to be caused by aberrant immune reactions to the commensal flora in genetically 

susceptible individuals. 

1000 Genomes Project: an effort that will involve sequencing the genomes of at least a thousand 

people from around the world to create the most detailed and medically useful pictu re to date 

of human genetic variation. 
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Supplementary Information 

Supplementary Methods: 

Assess genetic heterogeneity at different levels 

To provide an overview of the heterogeneity of genetic architecture of complex traits between 

populations, we assessed the translatability of risk variants across populations on four levels: 

on the level of genetic localization (locus level), on the level of trait-associated genetic variant 

(variant level), on the level of the effect of the genetic variant on trait risk (effect size level). 

Locus level: sharing of risk loci between populations 

We assessed how many risk loci for our three main groups of complex traits were shared between 

East Asian and Caucasian populations. We deemed the shared loci that harbour significant 

association signal (P < 5 x 10·7) in one population and at least suggestive association (P<l.0x10·5) 

in another population. 

Variant level: dependency of the risk variants within shared risk loci 

We assessed how often the two populations showed independent association signals in a shared 

risk locus. To do this we firstly checked whether a same SNP was reported in both populations. If 

not, we took the strongest Asian-associated SNP and the strongest Caucasian-associated SNP and 

assessed their linkage disequilibrium in both the CEU (Utah residents with European ancestry) 

and the CHB+JPT (Han Chinese from Beijing and Japanese from Tokyo) HapMap reference panels. 

We deemed the highly linked signal at r2 cut-off 0.8 and the independent signals at r2 cut-off 0.2 

(Carlson et al. Am J. Hum Genet. 2004, 106-120). If the two associated SNPs are in high linkage 

disequilibrium in either of the populations, this suggests that the association signals represent 

the same causal genetic variant in both populations. If the associated SNPs are independent in 

both of the populations, this suggests independent causal variants in the different populations 

Effect size level: different effect of the shared risk variants in different populations 

Even if a risk locus is shared between the East Asian and Caucasian population and the risk variant 

is the same, or at least in high linkage disequilibrium in the two populations, a difference in 

effect size might still reflect heterogeneity of the genetic background between the populations .  

To assess this we compared the effect sizes of risk variants at loci with correlated or the same 

association signal (r2 � 0.8) in both populations. If at one loci, the effect size in one population 

felled out of the 95% confidence interval of the effect size in the other population and vice versa, 

this loci showed difference in effect size level between two populations. 
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Pathway analysis of all associated loci 

We performed pathway analysis and protein-protein network analysis including all risk loci of 

the traits detected in both populations. We predicted the candidate genes using GRAIL (http:// 

www.broadinstitute.org/mpg/grail/grail.php), with combinations of different settings: HapMap 

release 21/HG18; HapMap population of CEU or JPT+CHB; Functional data source of Pubmed 

Text (Dec 2006) or Pub med Text (March 2009). The non-redundant list of the predicted genes and 

the reported candidate genes by the original publications was subjected to the STRING protein

protein database (http://string-db.org/). 
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Supplementary Table 1 I Summary of the selected GWA stud ies in four  traits . 
For each trait, the GWA study in the Caucasian population with the largest sample size is listed with all 
the GWA studies in East Asian popu lations. 

Studies (PubMed ID) 

Type 2 diabetes 

Caucasians 

Voight et a l .  Nat Genet 2010 
(20581827) 

East Asians 

Yamauchi et al. Nat Genet 2010 
(20818381) 

Tsa i  et a l .  PLoS Genet 2009 
(20174558) 

Takeuchi et al .  Diabetes 2009 
(19401414) 

Unoki et al. Nat Genet 2008 
(18711366) 

Yasuda et al . Nat Genet 2008 
(18711367) 

Systemic lupus erythematosus 

Caucasians 

Hom et a l .  N Engl J Med 2008 
(18204098) 

East Asians 

Yang et a l .  PLoS Genet 2010 
(20169177) 

Han et al .  Nat Genet 2009 
(19838193) 

Initial sample size Replication sample size 

- 8,130 European descent cases, - Up to 34,412 cases of European 
- 38,987 European descent descent 

controls - 59,925 controls of European 
descent 

- 4,470 Japanese case, - 10,692 Japanese cases, 
- 3,071 Japanese controls - 9,597 Japanese controls, 

- 6,980 European cases, 
- 8,615 controls 

- 995 Han Chinese cases - 1,803 Han Chinese cases 
- 894 Han Chinese controls - 1,473 Han Chinese controls 

- 519 Japanese cases - 5,629 Japanese cases 
- 503 Japanese controls - 7,370 Japanese control 

- 194 Japanese cases - 4,924 Japanese cases 
- 1,558 Japanese controls - 2,618 Japanese controls 

- 1433 Singaporean cases 
- 1,735 Singaporean controls 
- 3,891 Danish cases 
- 4,888 Danish controls 

- 187 Japanese cases - 6,552 Asian cases 
- 1,504 Japanese controls - 6,621 Asian controls 

- 2,830 Swedish cases 
- 3,740 Swedish controls 

- 1,311 cases - 793 cases 
- 3,340 controls - 857 controls 

- 314 Chinese cases - 2,630 Chinese cases 
- 1,500 Chinese controls - 2,155 Chinese controls 

- 314 Thai cases 
- 519 Thai controls 

- 1,047 Chinese Han cases - 3,152 Chinese Han cases 
- 1,205 Chinese Han controls - 7,050 Chinese Han controls 
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Studies (PubMed ID) 

Ulcerative colitis 

Caucasians 

McGovern et al. Nat Genet 2010 
(20228799) 

East Asians 

Asano et al. Nat Genet 2009 
(19915573) 

Height 

Caucasians 

Liu1 et al . Twin Res Hum Genet 
2010 (20397748) 

East Asians 

Initial sample size 

- 2,693 cases of European 
descent 

- 6, 79il. controls of European 
descent 

- 376 Japanese cases 
- 934 Japanese controls 

- 11,536 fami ly members of 
European descent 

Okada et al. Hum Mol Genet 2010 - 19,633 Japanese individuals 
(20189936) 

Kim et al. J Hum Genet 2010 
(19893584) 

Cho et al. Nat Genet 2009 
(19396169) 

Lei et al. Human genet 2009 
(19030899) 

- 8,842 Korean individuals 

- 8,842 Korean individuals 

- 618 Chinese individuals 

Replication sample size 

- 2,009 cases of European descent 
- 1,580 controls of European d escent 

- 376 Japanese cases 
- 1,097 Japanese controls 

- 7,861 Korean individuals 

- 2,953 Chinese individuals 



Supplementary Table 2 I The shared and  non-shared loci associated in Caucasians  and  East Asians.  

Traits 
(prevalence or average 

va lues in each population) 

Type 2 diabetes 

(CEU 5 .7-7.8%; 
East Asians 5 .5-11.7%) 

Ulcerative colitis 

(CEU 100/100,000; 
East Asians 6-16. 1/100,000) 

Systemic lupus erythematosus 

(CEU 91/100,000; 
East Asians 161.0/100,000) 

Height 

(CEU :  
men ~ 177 cm, 

women ~ 165 cm; 

East Asians: 
men ~ 170 cm, 

women ~ 158 cm) 

Shared Loci Number* 
(Loci) 

8 
(HHEX, TCF7L2, CDKN2A/CDKN28, IGF2BP2, 
CDKALl/CDKAL, SLE30A8, KCNQl, C2CD4A/ 

C2CD4B) 

3 
(HLA, SLC26A3/LAMB1/DLD, FCGR2A/ 

FCGR28) 

8 
(STAT4, TNFAIP3, HLA, ITGAM/ITGAX, 
LRRC18/WDFY4, IRF5, TNFSF4, BLK) 

15 
(SPAG17, GNA12, EFEMPl/PNPTl, SH3GL3/ 

ADAMTSL3, TBX2/TBX4, CABLESl, HMG
Al, GLT25D2, ZBTB38, LCORL/NCAPG, IHH/ 

CRYBA2/FEV/SLC23A3/TUBA1, DIS3L2, 
PLAG1/CHCHD7, FBP2/PTCH1/ZNP51, GDF5/ 

UQCC) 

Only Caucasian-associated loci Number 
(Loci) 

26 
NOTCH2/ADAM30, THADA, BCL11A, RBMS1/ITGB6, 

I RSl, SYN2/PPARG, 
ADAMTS9, WFSl, ZBED3, JAZF1, 

KLF14, TP53 1NP1, CHCHD9, 
4q27, VEGFA, JAZFl, CDC123/CAMK1D, KCNJll, 

llp12, CENTD2, MTNRlB, DCD, HMGA2, TSPAN8/LGR5, 
HNF1A, ZFAND6, PRC1, FTO, DUSP9 

18 
(RNF186/OTUD3/PLA2G2E, lp26.12, I L23R, KIF21B, 
I L10/IL19, REL, MSTl, CEP72/TPPP, SMURF1/KPNA7, 
CARD9, NKX2-3, I FNG/IL26/IL22, 13q14.11, CDHl, 

ORMDL3/GSDML, HNF4A, 21q21.l, I L17REL) 

3 
(PXK, BANKl, KIAA1542) 

36 
(CATSPER4, SCMHl, Histone class 2A, DNM3, ZNF678, 
HH IP, ABAPC13/CEP63, PDGFRA, PRKG2, NPR3, BMP6, 

H ISTlHlD, H LA, LIN28B, C6orf173, GPR126, JAZFl, 
CDK6, ZN F462, WDR60, PXMP3/ZFHX4, COL27Al, 

HMGA2, SOCS2, GPR133, DLEU7, TRIP11/ATXN3, SCAN, 
POLG, ADAMTS17, CRLF3/ATADS/CENTA2/RNF13, 

ANKFN1/NOG/DGKE/TRIM25/COIL/RISK, DYM, DOTlL, 
BMP2, TNRC6B/ADSL/SGSM3/MKL1 

* The bold loci indicate that the loci were shared not only at locus level but also at variant level. 

Only Asian-associated 
loci 

Number ( Loci) 

3 
(PTPRD, SRR, UBE2E2) 

1 
(USP12) 

9 
(ETSl, RASGRP3, 
7qll.23(NCF1), 

SLC15A4, TN IPl, I KZFl, 
llq23.3{DDX6), UBE2L3, 

PRDMl/ATGS) 

5 
ATP13A2/SDHB, LTBPl, 

LHX3/QSOX2, 
NUP37 /C12orf48/PMCH/ 

SIN3A/PTPN9 

...... 
u, 
.i:,. 

n 
:T 

[lJ 

� � 
-..J 



Genetic Heterogeneity of Complex Traits: beyond Caucasian Populations I 155 

a. 

e I � i "llj
----

;_. ---- ·- .... -:-----. -.. ..... -... ---. ----..... -·-·r· ... -...... 

e T20 e SlE e UC e He,ighl 

._ : : • � : . : � ;i . �. �. § 

i ·� • . l • • ! 
r : 1 

• 
• 

0 : : f ;;:➔ - - - --- ---;------------------------·•·+----- --
� • 

� 1 
� - . : . : 
c:i�.::,_.--+----r----,.------+---1 

ll.O 0 2  0,4 0.h 11.H 

Linkage Disequilibrium lr2! In CEU 

1 .(1 

b. 
,. '.') ❖ '.') ,.., et? ,.;, 

.p" .f ,Ji'.., ,;l ,#"' ;.., .I" � 

g :  

f I 
/1. .,  
� !  

•♦ • :i ♦f •♦ f tt 

':i T2D 

.(J.,. ✓�-t.$�
.,, 

, .. .r / 
1..<J ,Jl 

� 

SlE �· 
�'t' 

'Y Jr'v 

'1 .., .. 
UC 
�..,. 

Effect size comparison of the shared genetk variants 

Supplementary Figure 1 I The shared risk variants and their effect sizes. 
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(a) Linkage disequilibrium of risk variants within shared risk loci . Each dot represents the linkage 
disequi librium r2 between the Caucasian-associated SNP and the East Asian-associated SNP at a locus 
that is associated in both populations. The colours of the dots refer to different traits: b lack for type 2 
diabetes, red for systemic lupus erythematosus, purple for ulcerative colitis and b lue for height. The 
x-axis represents the linkage disequi librium r2 in the CEU HapMap reference panel ( Utah residents 
with European ancestry); the y-axis represents the r2 in the CHB+JPT HapMap reference panel ( Han 
Chinese from Beijing and Japanese from Tokyo). We deemed the "corrected" signals to be those with 
r2 � 0.8 (red dashed l ine) and the "independent" signals those with r2 < 0.2 (green dashed line). The 
yel low background indicates the area for the correlated risk variants between populations and the 
blue background indicates the area for the independent risk variants. 
(b) The effect size of the shared genetic variants in East Asians and Caucasians. The risk effects were 
compared between the populations for the genetic variants that were associated in both populations. 
The dots indicate the effect sizes of the genetic variants in East Asians (red ) and in Caucasians (b lue). 
The bars indicate the 95% confidence interval. The locus in bold fond indicates the locus with similar 
effect size in both populations, i .e., the effect size of the risk variants in one population is within 95% 
confidence interval of the effect size in the other population. 



Type 2 diabetes Systemic lupus erythematosus 

Ulcerative col itis Height 

Supplementary Figure 2 I The protein-protein interaction network for associated genes. 
The associated genes in Caucasians and East Asians were subjected to the STRING protein-protein 
database for functional connection prediction (http://string-db.org/) .  The genes located at the shared 
loci in both populations are indicated in pink. The genes in yellow are those in the loci associated only 
in Asians and the genes in b lue are those associated only in Caucasians. The genes in white boxes 
indicate those interaction partners with no association reported. 
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Conclusions 

In this thesis we investigated the genetic background of two inflammatory diseases of the gastro

intestinal tract and made a first step in expanding the genetic study of complex traits from single

phenotype, single-popu lation studies towards multi-phenotype mu lti-population studies. Our 

first aim was to identify new genetic risk variants for a single phenotype: inflammatory bowel 

disease (IBD), a chronic inflammatory disease of the gastro-intestinal tract of which Crohn's 

disease (CD) and ulcerative colitis (UC) are the main forms. Through genome-wide association 

studies (GWAS) and their replications about 30 risk loci have been identified for UC and at least 50 

risk loci have been identified for CD. Most of these risk loci contain genes involved in the innate 

immune system. We performed a replication study and indeed replicated seven UC risk loci and 

identified one new UC risk locus. However, the high false-positive rate of GWAS limits its power 

for detecting new variants. By focusing our next study on a selection of genes, namely genes 

involved in innate immunity, and hereby limiting the false-positive rate, we increased our power 

to detect new IBD risk loci. This approach was successfu l  and we identified two new IBD risk 

loci. Remarkably, one of these risk loci was a known risk gene for another inflammatory disease 

of the intestine: celiac disease. The overlap of genetic risk factors between different disease 

phenotypes suggests an overlap in pathogenesis between the diseases and can accordingly 

contribute to the knowledge on disease pathogenesis. Therefore our next aim was to explore the 

genetic overlap between inflammatory bowel disease and celiac disease. We first investigated 

whether it would be reasonable to expect a genetic overlap between IBD and celiac by reviewing 

current literature. Based on pathophysiological and genetic data from the literature an overlap 

between the diseases seemed likely and we decided to perfom a candidate study testing IL2/ 

IL21, a known celiac risk locus, in IBD. We could confirm the association between IL2/IL21 and UC 

and a trend towards association with CD. In order to get a more complete picture of the genetic 

overlap between IBD and celiac disease we took a genome-wide approach and performed a 

meta-analysis of GWAS data for celiac disease and CD. This meta-analysis identified four shared 

risk loci for CD and celiac disease, confirming our hypothesis that there is significant overlap in 

the genetic background of IBD and celiac disease. Our last aim was to investigate the possibilities 

for expanding the current boundaries of genetic studies in order to get a more complete image of 

the overlap of genetic risk between complex traits. To increase the power of genetic studies it will 

be necessary to include non-Caucasian samples in genetic studies. However to date there is too 

little knowledge about the genetics of complex disease in non-Caucasian popu lations to integrate 

this data into comprehensive studies. Hence we compared the findings of GWAS in complex 

traits in East-Asians to those in Caucasians. We found that there is genetic heterogeneity of 

complex traits between popu lations, which is partially random and determined by genetic drift, 

and partially influenced by differential pressure from environmental risk factors. More GWAS for 
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complex traits in non-Caucasian populations will be needed to get a more complete view of the 

genetic architecture of complex traits in these populations. 

Discussion 

Future of genetic studies of complex traits 

With the advent of GWAS many new genetic risk variants have been identified for complex 

diseases. The genome-wide approach has been especially successful in IBD identifying more 

than 50 risk loci for its phenotypes. Despite this enormous success many questions still remain 

unanswered. Here we will discuss three issues that the genetic research in complex disease still 

faces: (1) identifying new genetic risk variants, (2) clarifying the functional effect of genetic risk 

variants, (3) determining the role of environmental risk factors in complex disease. 

1 I Identifying new genetic risk variants 

The first issue concerns the fact that despite the enormous success of GWAS in IBD, the 50 risk 

variants that have been identified for this disease still only explain about 10% of the total disease 

risk and only about 20% of the genetic disease risk. Hence, many more genetic variants, probably 

with a smaller risk effect than the variants identified so far, remain to be found. To find genetic 

variants with such a small risk effect by GWAS an immense increase in statistical power will be 

needed. 

Including non-Caucasian populations 

The increase in power statistical power needed to identify additional genetic risk variants could 

in theory be attained by an increase in sample size of the studies. Unfortunately most of the 18D 

samples available in the Western World have been included in the GWAS so far. Including non

Caucasian study samples in future GWAS could be a solution for this problem. In order to be able 

to combine or even compare GWAS data for complex diseases between populations, thorough 

knowledge of the genetic architecture of healthy individuals from both populations is needed. 

In addition, accurate information on the epidemiology and clinical aspects of the disease in both 

populations is essential; any notable differences between populations on these levels should 

be accounted for in a joint analysis. Finally, in order to prevent a loss of power due to gross 

discrepancies in the genetic background of a trait, independent analysis of a decently powered 

GWAS in each single population should precede the combined analysis or even comparison of 

genetic data between the populations. 

Recently, deep-sequencing data from a project mapping genetic variation in healthy 

individuals from seven different populations was published. Information on the genome-wide 
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genetic variation for each of these seven populations is now publicly available, providing a 

reference for the analysis of genetic data in the individual populations and for comparisons or 

joint analysis between populations. Moreover, this immense public database can be used to 

directly increase the number of variants detected in a single GWAS by specialized algorithms 

that infer genetic variation that was not directly genotyped. These algorithms recognize patterns 

of genetic variation in the reference sample and use this to predict the most likely sequence of 

genetic variation in the study sample. The process of increasing the resolution of a GWAS by the 

prediction of ungenotyped genetic variants is called imputation and it is now considered a basic 

element in the processing of GWAS data. 

The next condition for permitting inter-population comparison of complex disease genetics is 

knowledge on the prevalence and clinical characteristics of a trait in a population. In many non

Caucasian populations epidemiological information is not readily available and estimates will have 

to be made based on the (sub)population studied. In several countries in East Asia health-care 

and research are currently taking flight, which stimulates the collection of epidemiological data 

on many disease phenotypes. This surge in the availability of data makes East Asian populations 

pre-eminently suitable for inter-population GWAS. 

An additional advantage of the inclusion of East Asian study samples in multi-ethnic GWAS 

is the fact that for many complex traits independent genome-wide analysis in East Asians has 

already been performed and published. This allows for up-front evaluation of the comparability 

of the genetic background of a disease and prevents loss of power due to genetic divergence 

underlying a seemingly uniform disease phenotype. 

Focusing on specific pathways of pathogenesis 

One of the major limitations of the statistical power of GWAS is the high false-positive rate that 

is brought about by the hypothesis-free testing of thousands of genetic variants for association 

to a single disease phenotype. The GWA method requires a similarly hypothesis-free statistical 

correction of all results, generally effectuated by a rigid cut-off for statistical significance of 

results. Genetic variants with a p-value below the pre-defined cut-off are highly likely to be 

true-positives. Unfortunately genetic variants falling just above the statistical cut-off are almost 

equally likely to be false-negatives. A possible solution for this problem is to lower the cut-off 

for statistical significance and to perform extra association tests of all presumably associated 

markers in independent case-control cohorts. This method of additional replication rounds is 

costly and moreover does not permit the detection of rare variants that have a small effect 

because these are not among the top results and hence do not fall within the lowered cut-off. 

Fortuitously, knowledge from the GWAS performed so far enables us to abandon the need for 

hypothesis-free testing by revealing which pathophysiological mechanisms are responsible for 

a disease phenotype. Testing only genes in these disease pathways for association will greatly 
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reduce the number of tests performed and in so doing reduce the number of false-positives 

and the need for statistical correction. Testing within a specific disease pathway further reduces 

the need for statistical correction owing to the increased a priori chance of variants in these 

genes to be associated to disease risk. Several studies have shown the effectiveness of these 

candidate-pathway studies. Functional studies unravelling the different disease pathways and 

new adaptable genotyping platforms will enable more sensitive pathway-specific studies and will 

help to identify new genetic risk variants. 

Identifying new rare risk variants 

For identifying risk variants for complex diseases GWAS rely on standardized platforms containing 

common genetic variants with a minimal frequency of about 1% in the general population. The 

high frequency of these variants in the population increases the power of this hypothesis-free 

method to pick up associations but naturally restricts the ability of the study to identify rare risk 

variants. Moving towards a more hypothesis-driven study design, as described previously, will 

increase the power of the study and reduce the need for the tested variants to be common. Until 

recently knowledge in rare variation of the genome was limited since per base pair sequencing 

was laborious and expensive. However, recent technological advances have introduced high

resolution high-throughput sequencing, enabling us to get an overview of the genetic variation 

on a whole exome or even whole genome scale in large groups of subjects. To compare genome

wide sequencing data between cases and controls in a manner equivalent to GWAS would require 

unrealistically large sample sizes. Two alternative methods for identifying rare risk variants 

for complex disease are available: (I) sequencing a candidate area of the genome in groups of 

cases and controls and compare the occurrence and frequency of rare variants, (II) to genotype 

previously identified rare variants in cases and controls and compare the frequency between 

the groups. The first option is relatively costly but if the target area is chosen well it could be a 

powerful and effective way of identifying rare risk variants for complex disease. The second option 

is much cheaper and more efficient since variants can be easily genotyped, so it does not require 

the deep-sequencing of large numbers of cases and controls. The rare risk variants identified 

with this method are limited to the variants present in the set that is used as a reference. This 

need not be a major limitation to the method; since complex diseases are likely to be caused by 

multiple genetic variants that by themselves are non-deleterious these variants are quite likely to 

occur in the general population albeit in low frequencies. In addition, many risk variants appear 

to be shared between complex diseases with common pathogenesis, possibly rendering the 

deep-sequencing data obtained for one disease a valid reference for the other disease. Finding 

rare risk variants for complex disease by genotyping known rare variants hence requires a large 

or targeted reference database preferably with the same general genetic background as the 

study population. Recently a database of genetic variation obtained by the deep-sequencing of 
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healthy individuals from seven different populations was published, providing such a reference 

set. Currently a deep-sequencing project is underway in the Netherlands. Individuals from each 

region will be sequenced and detailed phenotype data wi ll be obtained. The database composed 

from the nation-wide sequencing data wi ll form the ideal reference set for selecting rare variants 

for genotyping and for imputation of Dutch GWAS data. 

2 I Clarifying the functional effect of known genetic risk variants 

GWAS have identified hosts of genetic risk variants for many complex traits. However, knowledge 

on the functional effect of these variants is vital for the extrapolation of this information towards 

more applied clinical science. Determining the biological effect of genetic risk variants involves 

extensive research. 

Fi rst of all, basic information is needed on the function of the gene in which the variant is 

located. However, for many genes none or very limited information on their function is available 

and even if a gene and its function are officially annotated one should bear in mind that a single 

gene could have mu ltiple functions. Gathering information on the possible functions of a gene 

can be aided by looking at genes with homologous sequences. More in-depth methods for 

uncovering basic gene function fall outside the scope of this thesis. 

With a basic understanding of the function of the gene in which the risk variant is located 

the tissue in which to look for functional aberrance can be chosen. In IBD choosing the target 

tissue is relatively easy since the gut mucosa is known to be the tissue that is primari ly and 

predominantly affected. However, in other, more systemic diseases, such as for example systemic 

lupus erythematosous, determining witch tissue to study will be much more difficult. 

If a target tissue is selected it should be established on which cell-type within the tissue 

further functional research should be focused. With antigen assays against the first product of 

gene transcription, RNA, the cell-type that expresses the target gene can be identified. 

Isolation and culture of this cel l-type will then provide the basis for further functional 

research. Cell-lines with and without the genetic variant have to be grown and subsequently 

stimulated with the appropriate stimuli. In IBD the innate immune reaction to commensal flora is 

known to play a major role in disease pathogenesis. The cell type targeted in functional research 

is hence likely to be a player of the innate immune system. Cell-lines of this cell type with and 

without the target variant should be stimulated by substances mimicking the excitation by 

commensal bacteria. Comparison between the response of the cells with and without the risk 

variant might reveal the exact functional effect of the risk variant. To grow different cell lines for 

each genetic variant is very time consuming and for the more common genetic variants it is not 

even necessary. Many complex diseases, like IBD, originate from aberrant reactions of the innate 

immune system, often measurable at the level of blood monocytes. Isolating monocytes from 

large numbers of healthy individuals, exposing these to a range of different stimuli and recording 
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the reactive gene expression on a genome-wide level hence provides an excellent library for the 

primary assessment of the effect of genetic variants. Recently such a library was created from 

the blood monocytes of a group of healthy Dutch individuals and its applicability was proven in 

a candidate gene study. Of course, for rare variants or diseases whose pathogenesis does not 

spring from innate immune defects such a library is not effective and specific cell lines will have 

to be created. 

The process of identifying the functional effect of genetic risk is without a doubt laborious 

and full of obstacles but its importance for the translation of genetic findings into clinically 

relevant information makes it a crucial follow up of any genetic study. 

3 I Determining the role of environmental risk factors in complex disease 

The interaction between genetic and environmental risk factors is a fundamental concept in 

complex disease. For years however, separate fields of research have studied these two major 

components of complex disease: epidemiology focusing on the environmental risks for complex 

disease and genetics focusing on the genetic risk. The integration of these lines of research will 

be instrumental for creating a complete image of the pathogenesis of complex disease. 

A first option for identifying the environmental factors contributing to complex disease is 

by using data from studies of the functional effect on genetic risk variants. These studies can 

help by indicating candidate environmental risk factors that can then be verified. If, for example, 

immune cells with a genetic risk variant are incapable of dealing with a certain strain of bacteria, 

for example bacteria that are present in industrially produced chicken, people who eat a lot of 

chicken should be at higher risk for the disease. Taking this information from functional studies 

back to the original GWAS data can help to confirm this hypothesis. Elaborate phenotyping data 

on the individuals included in the GWAS is vital for this method to yield any results. In many 

of the early GWAS phenotype data on the studied individuals was sparse but the importance 

of having detailed information on disease and physical phenotype, lifestyle and diet is now 

widely accepted. Hence, new case-control cohorts are now generally reinforced with extensive 

phenotype information. In the Netherlands the String of Pearls initiative is creating such a 'bio 

bank': collecting DNA and additional biological materials together with phenotype information 

of patients of several complex diseases and healthy controls. 

Another option for finding environmental risk factors for complex disease is studying the 

disease in populations with divergent environments and life-style. The advent of GWAS in non

Caucasian populations will greatly contribute to the opportunity for performing such studies. 

Of course a primary comparison of the prevalence of a disease between two such divergent 

populations can already indicate major environmental risk factors. An example of this is the 

lower prevalence of cardiovascular disease in areas with low dietary intake of animal fats and 

high consumption of fish. Integrating genetic data into the comparison of disease between 
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populations can greatly add to the resolution of the results. The presence of a certain genetic 

risk factor in one popu lation and its absence in the other can be the result of the presence 

or absence of an environmental risk factor that specifically targets this genetic risk variant. For 

example, the absence of the NOD2 risk variants in East Asians with Crohn's disease (CD) could 

point to differences in the commensal flora between East Asians and Europeans. This in turn 

could be caused by differences diet between the two populations. Since the prevalence of CD 

in East Asian popu lations is so much lower than that in European populations the identification 

of the environmental factor that targets the NOD2 risk variants could be a major step towards 

the prevention of CD. Functional knowledge on the effect of risk variants is crucial for forming 

a hypothesis on the environmental risk factor that can be responsible for a difference in the 

genetic background of diseases. In addition detailed phenotype and lifestyle information for both 

populations is necessary in order to be able to make a reliable comparison between the two. 

Future of IBD patient care 

When the first genetic studies in complex disease were performed it was thought that the ultimate 

goal should be personalized medicine: for every single individual the genetic risk for complex 

diseases would be determined with a genome-wide genotyping test and preventive measures 

could be taken. For individuals that had already been diagnosed with a disease a similar genetic 

risk profile would be composed to predict the prognosis of the disease and the effectiveness 

of the available forms of therapy. Now, three years after the publication of the first GWAS, we 

have to put this dream of personalized medicine into perspective. GWAS have identified large 

numbers of risk loci for complex diseases but for any disease all known risk loci together still do 

not explain more than a tenth of the total disease risk. It appears that indeed many common 

variants contribute to common disease but still 90% of disease risk is determined by rare genetic 

variants and environmental factors. As long as these rare variants and environmental risk factors 

cannot be identified, personalized medicine cannot be realized. As previously discussed, the 

identification of environmental risk factors has been disregarded for a long time, but efforts are 

now made to make up for this. Currently, the technique of deep-sequencing promises to bring 

the identification of rare risk variants one step closer. But the deep-sequencing of large groups of 

healthy individuals has taught us that individual genetic variation is much larger than previously 

thought. Hence, it will be extremely difficult to obtain the power to identify rare variants as 

risk variants. A possible solution for this problem cou ld be to make an educated guess on the 

risk for disease carried by a rare genetic variant. In deep-sequencing case-control studies rare 

variants within a certain unit of the genome could be grouped and their joined risk effect could 

be analysed. This wou ld identify areas in the genome in which genetic variants predispose to a 

certain disease. Functional studies could help us to assess the risk effect of certain forms of rare 

genetic variation, improving our assessment of the effect of a unique genetic variant. To use 
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this method of probability calculation for individual prediction of genetic risk, large areas of the 

genome would have to be sequenced for each individual. Currently, this risk profiling by deep

sequencing would not be cost-efficient since deep-sequencing is still too costly. In the near future 

personalized medicine will thus not yet be possible. 

Luckily there are more ways for genetic studies in complex disease to attribute to the 

improvement of patient care in the near future. The identification of environmental risk factors 

for complex disease will help us to develop primary or secondary preventative measures. It has 

for example been suggested that deprivation of sunlight predisposes to the development of CD. 

The prevalence of this disease is too low to establish primary preventative measures, but the 

effectiveness of sunlight therapy for the amelioration of symptoms in diagnosed patients could 

be investigated. In addition, individuals predicted to be at high risk because first-degree relatives 

have the disease could be advised get enough sunlight. An especially exciting application of the 

knowledge gained by genetic studies is the development of new drug therapies for disease. The 

risk effect of genetic risk variants can be determined by testing the response to certain stimuli of 

cells with and without the variant. Cells with the risk variants could for example be less resistant 

to a toxic stimulus. In recent studies, drug screens are used to identify substances that counteract 

the effect of genetic risk variants. In our example, a large series of different substances would be 

added to ce ll-cultures with the risk variant under the toxic stimulus. The substances that were 

added to the cell-cultures from which the cells survive the toxic stimulus are likely to oppose 

the effect of the genetic risk variant. These substances can then be further tested for their 

applicability as therapy in the complex disease. 

Although personalised medicine is not yet feasible, the genetic study of complex diseases is 

coming closer to directly improving patient care. It should not be forgotten that only three years 

have passed since the first GWAS and that, although methods like GWAS and deep-sequencing 

require relatively little time, the functional follow-up of these studies are laborious and can not 

yet be expected to yield instantly applicable therapies. 

Summary of the discussion 

1. The identification of new risk variants for complex disease can be accomplished by increasing 

the power of genetic studies. Three possible ways to do this are (i) increasing the sample size 

by including non-Caucasian populations, (ii) narrowing the study hypothesis by studying a 

specific mechanism in pathogenesis or (iii) testing rare variants identified by deep-sequencing 

for association to disease. 

2. To clarify the risk effect of known risk variants the response of the proper cell type in response 

to the correct stimulus should be compared for cells with and without the genetic variant. 
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3. Identifying environmental risk factors for complex disease could be attained by using feedback 

from functional studies to target certain environmental factors and test them for association 

in large case-control cohorts or by comparing genetic risk between study samples with highly 

divergent environments and lifestyle. 

4. Personalised medicine is not yet feasible because the genetic risk variants identified so far 

explain too small a portion of the total disease risk. Deep-sequencing and the identification 

of environmental risk factors could in the future help us realise personalised medicine. 

5. In the short term, genetic studies of complex disease might help us to develop preventative 

measures and new drug therapies for complex disease. 
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De ziekte van Crohn en Colitis u lcerosa zijn chronische inflam matoire darmziekten (Inflammatory 

Bowel Disease, in de engelstalige literatuur afgekort tot IBD). De prevalentie van IBD in de 

westerse landen is 100-200 per 100.000 inwoners.1-2 Tegenwoordig wordt aangenomen dat IBD 

ontstaat door een gedysregu leerde inflammatoire respons tegen de commensale microflora van 

de darm. De ziekte van Crohn en colitis u lcerosa zijn beide complexe ziekten, hetgeen betekent 

dat zowel omgevingsfactoren zoals roken en hygiene, a ls genetische factoren een rol spelen in de 

kans op ziekte (figuur 1). Om meer inzicht te krijgen in de pathogenese van IBD is onderzoek naar 

de genetische risicofactoren voor deze ziekten van groat belang. Er is de laatste tien jaar enorme 

vooruitgang geboekt in het ontrafelen van de genetische achtergrond van IBD. Op het humane 

genoom zijn meerdere "risicogebieden" voor het ontstaan van IBD ge'identificeerd. In 2001 is 

ontdekt dat mutaties in het CARD15 gen, later NOD2 genoemd coderend voor het eiwit NOD2, 

zijn geassocieerd met het ontstaan van de ziekte van Crohn. NOD2 is een onderdeel van het 

aangeboren immuunsysteem en herkent specifieke componenten op de celwand van bacterien. 

Dit suggereert dat een defect in de herkenning van bacterien een rol speelt bij het ontstaan 

van de ziekte van Crohn.5•6 Alhoewel er na de ontdekking van NOD2 als risicogen voor de ziekte 

van Crohn, meerdere associatiestudies zijn gedaan naar ziektespecifieke genen bleek het zeer 

moeilijk om nieuwe dergelijke genen te identificeren. Door voortschrijdende technologie en 

het completeren van het humane genoomproject is het sinds kort mogelijk om zogenaamde 

genoomwijde associatiestudies te verrichten.7 Bij genoomwijde associatiestudies wordt er 

gebruik gemaakt van een chip die honderdduizenden markers over het hele genoom in zieke 

en gezonde proefpersonen kan testen. Door deze markers te vergelijken tussen patienten en 

gezonde controles ontstaat een beeld van welke gebieden op het genoom zijn geassocieerd met 

ziekte. Door middel van deze techniek zijn er inmiddels in zeer korte tijd meer dan 30 nieuwe en 

gevalideerde, met de ziekte van Crohn geassocieerde genen ge"identificeerd. 

Deze nieuwe genen hebben ons inzicht in de pathogenese van de ziekte van Crohn doen 

toenemen: er zijn nieuwe ziektemechanismen ontdekt op grand waarvan nieuwe therapeutische 

opties kunnen worden geformu leerd. Naar verwachting zu llen deze ontwikkelingen in de toekomst 

leiden tot individueel toegesneden preventie en behandeling ('personalized medicine'). 

Genoomwijde associatiestudies 

In 2007 is de eerste genoomwijde associatiestudie (GWAS) gepubliceerd.8 Zoals gezegd warden 

met deze onderzoeksmethode markers over het hele genoom getest met een chip. De markers 

die gescand worden op het genoom zijn zogenaamde "enkele nucleotide polymorfismes" (in het 

Engels: "single nucleotide polymorfisms" of SNPs). Een SNP is een enkelvoudig baseverschil in 

de DNA-volgorde tussen individuen, de eenvoudigste vorm van DNA-polymorfie (Figuur 2). SNPs 
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komen in het hele menselijke genoom voor met een frequentie van ongeveer 1 SNP per 1000 DNA

basenparen. Voor een GWAS warden 300.000-1.000.000 SNPs per individu geanalyseerd in een 

patientengroep en een gezonde controlegroep. Wanneer tussen patienten en controlepersonen 

de frequentie van een bepaalde variant statistisch significant verschi lt, kan dit duiden op een 

associatie tussen het stuk DNA rond de SNP en het optreden van een ziekte. Is de frequentie van 

de variant bij patienten hoger dan bij controlepersonen, dan predisponeert de variant voor de 

ziekte; is de frequentie lager, dan is er sprake van een beschermend effect (figuur 3). 

omgevingsfactoren: roken, hygiene, 
nog niet geTdentificeerde factoren 

genetische predispositie 

commensale microbiele flora 

-o-- inflammatoire respons in de darm -o inflammatoire darmziekte 

Figuur 1 I Pathogenese van de inflammatoire darmziekten. De inflammatoire darmziekten zijn 
multifactorieel bepaalde complexe ziekten. Er is sprake ven een gedysreguleerde inflammatoire 
respons op de commensale intraluminale bacterien in een genetisch gepredisponeerde individu. 
Hierbij spelen ook omgevingsfactoren zeals roken een belangrijke rol. 

Het grote aantal SNPs dat wordt getest maakt de kans op fout-positieve uitslagen in een 

GWAS groot. Strenge eisen aan wat een statistisch significante uitslag is en replicatiestudies 

in onafhankelijke cohorten zijn nodig om de resultaten van een GWAS te valideren.9 Doordat 

een enkel gen slechts een kleine bijdrage levert aan de kans op ziekte zijn zeer grote aantallen 

patienten en controles nodig om in een GWAS genoeg power te hebben om nieuwe associaties 

te vinden. Hierbij moet gedacht warden aan duizenden patienten en controles. Om praktische en 

financiele redenen zijn zeer grote cohorten moeilijk te realiseren; ender and ere hierdoor warden 

vooralsnog alleen relatief sterk geassocieerde genen ontdekt en blijven zeldzame varianten nog 

onontdekt. Desalniettemin hebben deze onontdekte zeldzame varianten mogelijkerwijs een 

grater klinisch effect. 
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Figuur 2 I "Single Nucleotide Polymorphism" of SNP. DNA bestaat uit 4 basen Adenosine, Cytosine, 
Thymine en Guanine, in vaste basenparen. Het grootste gedeelte van de DNA volgorde is voor iedereen 
gelijk. Een SNP is een enkelvoudig baseverschil in de DNA-volgorde tussen individuen; de eenvoudigste 
vorm van DNA-polymorfie. SNPs komen in het hele menselijk genoom voor met een frequentie van 
ongeveer 1 SNP per 1000 DNA-basenparen. Een belangrijk deel van de genetisch variatie wordt 
gevormd door deze SNPs. Sommige SNPs komen zelden voor in een popu latie; 11 miljoen SNPs blijken 
veel voor te komen. Deze veelvoorkomende SNPs vormen het uitgangspunt voor Genoom Wijde 
Associatie Studies. De vele zeldzame SNPs blijven met deze methode nog onontdekt. 

Resultaten GWAS in de ziekte van Crohn 

Met acht gepubliceerde GWAS is de ziekte van C rohn een van de m eest onderzochte complexe 

genetische ziekten. Het aantal met de ziekte van Crohn geassoc ieerde loci is s inds de eerste GWAS 

gegroeid tot meer dan 30 (figuu r  3 ) .  W ij zullen h ier de meest belangrij ke n ieuwe risicogenen 

bespreken. Het IL23R gen dat codeert voor de l nterleukine 23 receptor, werd geidentificeerd 

a ls  risicogen voor de z iekte van C rohn in de eerste GWAS. 12 In het /L23R gen werden zowel 

beschermende als risicoverhogende genetische variaties voor de z iekte van Crohn gevonden. 

IL23 is een pro-inflammatoir cytokine dat de d ifferentiatie van T cel len naar een chronisch 

inflammatoi r  patroon stim u leert .  De associatie van IL23R met de z iekte van C rohn ondersteunt 

een recent ontdekt inflammatiepatroon dat kenmerkend is voor de ziekte van C rohn. In twee 

opeenvolgende G WAS werd het ATG16L1 gen ge'identificeerd als risicogen voor de ziekte van 

C rohn . 13•14 ATG16L1 is betrokken b ij het proces van autofagie. Autofagie is een cellu lair proces 

dat zorgt voor het opru imen van intracellu la i re bacterien, zoals Salmonella typhi, Listeria 
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monocytogenes en Mycobacterium tuberculosis. Er wordt gesuggereerd dat het falen van dit 

proces leidt tot activatie van het verworven immuunsysteem en zo de uitgebreide ontsteking 

die kenmerkend is voor de ziekte van Crohn, veroorzaakt. In een grate GWAS voor zeven veel 

voorkomende complexe ziekten, waaronder oak de ziekte van Crohn, werd het IRGM gen, 

eveneens betrokken bij autofagie, ge'identificeerd als risicogen voor de ziekte van Crohn.15 Voor 

de identificatie van ATG16L1 en IRGM was niet bekend dat het proces van autofagie betrokken 

is bij de pathogenese van de ziekte van Crohn. Zo warden met behulp van GWAS in hoog tempo 

nieuwe loci toegevoegd aan de lijst van risicogenen voor de ziekte van Crohn (fihuur 3). 17,18,19,20 

................. • • • •  .. ••• .. ••••••oooooooaouu••••••••••••• .. • • • •  .. •••••••• .. •••••••• • • • • • • • • • • • • • • • • •  .. ••ou•••••ouo .. ,on•• .. • • • • • • • •  .. ••••n••••••••••••••--••o.♦>••••••• .... •••uoooo o u o , , , , , , , , oooouooooouoooooooooooooHoo••• 

le auteur van de GWAS fenotype patiiinten* controlepatiiinten aantal SNP's geassocieerde locus 
................................................................................................................................................................ ... . ...................................................................... 

Hampe• ZvC 735 368 20 000 N0D2, /8D5, ATG16L 1 

Yamazaki' ZvC 484 752 80 000 TNFSF15 

Rioux" ZvC in het ileum 946 977 300 000 NOD2, /WR, ATG16L1, PHOX28, NCF4, FA928, 1 0q21. l 
Liboulle" ZvC 547 928 300 000 /WR, 5p13 
WTCCC"t ZvC 1748 2938 500 000 NOD2, /8D5, /WR, ATG16L1, 10q21, 5p13, IRGM, 3p21, 

NKX2-3, PTPN2 

Franke" ZvC 393 399 1 1 6  000 NOD2, /8D5, NELL1, 5p13 
Realson'4 ZvC met begin 382 trio's niet overervende allelen 1 64 000 NOD2, /8D5, IL23R, 3p21 , 4p16. 1 ,  1 7q1 1 . 1 ,  17p22-q23 

< 25 jaar van ouders 
Kugathassan'' ZvC < 16 jaar 647 42S0 (incl. CU) 550 000 20q13, 21 q22 
Fisher'6 cu 1841 1470 10 886 EMC1 (overlap! met ZvC) /WR, IL 128, NKX2-3, MSTI 

Franke11 cu 1 1 67 777 440 794 /LIO, ARPC2, /WR 
Silverberg" cu 1052 2571 GEM dataset PLA2G2E, IFNG, IL26, IL22, /WR 

Figuur 3 I Resultaten van reeds verrichtte Genoom Wijde Associatie Studies (GWAS) voor zowel Ziekte 
van Crohn als UC. Genoom Wijde Associatie Studie. Single nucleotide polymorphisms (SNPs) verspreid 
over het genoom warden gegenotypeerd in de patienten en controles. Vervolgens warden de SNPs 
in de patientengroep vergeleken met die in de controlegroep. SNPs die significant vaker voorkomen 
in patienten dan in controles warden beschouwd als geassocieerd met de ziekte. Deze geassocieerde 
SNPs warden getest in een nieuw groep patienten en controles om te kijken of de uitslagen van de 
eerste scan betrouwbaar waren. lndien deze replicatie faalt, betekent dat er mogelijk de bevindingen 
van de eerste scan foutpositief waren of dat de replicatiestudie te weinig power had om de bevindingen 
te repliceren. 

ZvC= ziekte van Crohn, CU= Colitis ulcerosa, SNP= "single nucleotide polymorfisme'� tAantal patienten gei'nc/udeerd 
in de intiele Genoom Wijde Associatie Studie. * De eerder gepubliceerde GWAS van Duerr et al 12 is onderdeel van 
de studie van Rioux et al14 

Voor het aantonen van genvarianten die minder vaak voorkomen of een kleinere invloed op 

de pathogenese hebben, zijn, zoals gezegd, grotere cohorten nodig. Om dit te realiseren hebben 

Barrett et al10 alle data van drie verschillende GWAS naar de ziekte van Crohn samengevoegd en 

hierop een meta-analyse verricht.14•15•16 Deze meta-analyse maakte het mogelijk om groepen 
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patienten en controles te krijgen die groat genoeg waren om loci met een relatief zwakke 

associatie (Odds ratio tussen 1.1-1.5) met de ziekte van Crohn te vinden. In deze studie werden 

vele reeds bekende loci bevestigd maar werden ook 21 nieuwe loci gevonden. 

Resultaten GWAS in colitis ulcerosa 

Vanuit tweeling -en familiestudies is bekend dat de invloed van erfelijke aanleg in colitis ulcerosa 

kleiner is dan op de ziekte van Crohn. Daarom heeft men zich voor genetische studies in eerste 

instantie vooral geconcentreerd op de ziekte van Crohn. Recent zijn evenwel de eerste drie GWAS 

voor Colitis ulcerosa gepubliceerd (figuur 3). De eerste van deze GWAS leverde een associatie 

tussen colitis ulcerosa en het Extracellulair Matrix Protein (ECMl ) gen op.23 ECMl activeert een 

NF-kB signaal, wat een sleutelrol speelt in de inflammatoire reactie in IBD. In deze eerste studie 

bleken bekende ziekte van Crohn genen (JL23R, IL12B, NKX2-3 en M5T1)  ook te zijn geassocieerd 

met colitis ulcerosa, terwij l genen als NOD2, ATG16L1 en IRGM specifiek blijken voor de ziekte 

van Crohn. In een tweede GWAS bleek het /LlO gen een sterk verband te hebben met colitis 

ulcerosa.24 lnterleukine 10 (ILl0) is een cytokine met sterke anti-inflammatoire eigenschappen. 

Van /LlO knock-out muizen is bekend dat ze spontaan colitis ontwikkelen. Deze genetische 

associatie suggereert dat IL-10 een centrale rol speelt in de pathogenese van colitis ulcerosa. 

Verder bevestigden deze GWAS de associatie van HLA klasse II op het chromosoom 6p21 met 

colitis ulcerosa. Over een dergelijk verband zijn in de tijd voor de ontwikkeling van de GWAS al 

vele onderzoeken gepubliceerd.27 

Na deze eerste GWAS in IBD kunnen we concluderen dat er overlap is in de genetische 

achtergrond van colitis ulcerosa en de ziekte van Crohn, maar er zijn blijkbaar ook belangrijke 

verschillen. Voor beide ziekten zijn nog vele risicogenen onontdekt. Voor colitis ulcerosa in het 

bijzonder, valt met vergroting van de studiecohorten en het doen van meta-analyses op korte 

termijn nog veel winst te behalen. Door het verder ophelderen van de genetische achtergrond 

van de ziekte van Crohn en colitis ulcerosa zal ons inzicht in de ziektemechanismen verder 

toenemen hetgeen naar verwachting zal leiden tot nieuwe en meer gerichte preventieve en 

therapeutische opties. 

Overlap met andere inflammatoire ziekten 

lnflammatoire ziekten als astma, reumato'ide artritis, psoriasis, ankyloserende spondilitis en 

coeliakie komen regelmatig samen voor met IBD binnen families of zelfs binnen een individu. 

Uit recente genetische studies blijken deze ziekten ook een gedeelte van hun risicogenen 

met de Ziekte van Crohn en colitis ulcerosa te delen. Zo is IL23R niet alleen geassocieerd 

met de ziekte van Crohn maar ook met psoriasis, ankyloserende spondylitis en reumato'i'de 

arthritis. Risicogenen die op deze manier gedeeld warden tussen de inflammatoire ziekten 

wijzen op gemeenschappelijke ziektemechanismen en medicijnen die aangrijpen op deze 
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ziektemechanismen hebben waarschijnlijk brede toepassingsmogelijkheden. Voor al deze ziekten 

zijn ook ziektespecifieke genen ge"identificeerd zoals NOD2 voor de ziekte van Crohn en ECM1 

voor colitis ulcerosa. Medicatie die aangrijpt in de pathways waarvoor deze genen medecoderen 

zou ziektespecifiek kunnen werken. Verder kunnen deze genen kunnen een belangrijke rol gaan 

spelen bij de diagnostiek van IBD. 

lmplementatie in de kliniek 

In Nederland is recent een onderzoek uitgevoerd door een consortium van zeven academische 

centra. In dat onderzoek werd bevestigd dat NOD2, /805, DLGS, ATG16L1 en IL23R ook in 

Nederlandse patienten geassocieerd zijn met de ziekte van Crohn. Daarnaast werd in deze 

studie aangetoond dat het risico op het ontwikkelen van de ziekte van Crohn stijgt naarmate een 

individu meer risicoallelen heeft. Bovendien werd aangetoond dat een hoger aantal risicoallelen 

geassocieerd is met een ernstiger vorm van de ziekte van Crohn.21 Deze bevindingen brengen 

het gebruik v�n genetische merkers ter identificatie en classificatie van IBD patienten een stap 

dichterbij. 

Met de ontdekking van nieuwe met de ziekte van Crohn geassocieerde loci (tabel 1) zijn ook 

aanwijzingen gevonden voor voorheen nog onbekende biologische mechanismen die betrokken 

zijn bij de pathogenese. Zoals al eerder genoemd werd via de associatie van de ziekte van Crohn 

met ATG16L1 en JRGM ontdekt dat het proces van autofagie een rol speelt bij het ontstaan van 

de ziekte van Crohn.1H5 Rapamycin is een medicijn dat in vitro autofagie stimuleert. Sirolimus 

wordt in de kliniek gebruikt ter preventie van rejectie van orgaantransplantaten. In een recente 

case-report werd een patiente met een ernstige exacerbatie van de ziekte van Crohn beschreven, 

die op rapamycin volledige remissie bereikte.22 Mogelijk zal rapamycin bij slecht responderende 

exacerbaties van de ziekte van Crohn een chirurgische behandeling kunnen uitstellen of 

voorkomen. Klinische trials zijn nodig om het effect van dit medicijn verder te evalueren. 

Conclusie 

De snelle toename in kennis op het gebied van de genetische achtergrond van IBD is onder 

andere te danken aan de enorme vooruitgang in de onderzoekstechniek. De nieuwverworven 

inzichten beginnen langzaam hun intrede te doen in de dagelijkse klinische praktijk. Met het 

stijgend aantal IBD geassocieerde genen is het in de toekomst wellicht mogelijk de diagnose 

IBD in een vroeger stadium te stellen en beter te differentieren tussen de ziekte van Crohn en 

colitis ulcerosa. Nieuwe studies met voldoende power zullen nodig zijn om dit te verwezenlijken. 

Verder kan het, dankzij deze recente ontwikkelingen, in de toekomst mogelijk warden om het 

beloop van de ziekte te voorspellen op grand van het individuele genetische profiel. Naderhand 
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kan men dan de behandeling van de patient aanpassen op grand van dit persoonlijke prafiel. 

Zo werkt men toe naar "personalized medicine". Ondanks het feit dat we nog niet zover zijn, 

denken we dat het opstellen van een individueel genetisch profiel belangrijk zal warden in de 

dage lijkse kliniek. Naast het aanpassen van medicatie per patient, zullen er met de ontdekking 

van nieuwe ziektemechanismen mogelijk ook nieuwe therapeutische opties warden ontdekt. 

Gezien de grate en snelle ontwikkelingen van het moment belooft genetisch onderzoek een ral 

te gaan spelen in de toekomst van de diagnostiek en behandeling van IBD. 
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Crohn's disease (CD) and u lcerative colitis (UC) a re chronic inflammatory diseases of the bowel 

(inflammatory bowel diseases or IBD). The prevalence of IBD in the Western world is about 100-

200 per 100,000 people. It is generally assumed that IBD is caused by an exaggerated inflammatory 

response against the commensal flora of the bowel. Both UC and CD are complex diseases, 

meaning that both environmental factors, like smoking and hygiene, and genetic factors play a 

role in the disease risk. In recent years technica l developments have enabled high-throughput 

and in-depth analysis of the genetics of complex traits. This has led to major advances in our 

knowledge of the genetic va riants that predispose to these traits. For IBD, in general, and CD, in 

particular, new high-th roughput genotyping techniques have been very successfu l  in identifying 

genetic risk va riants. For CD, 40 genetic risk va riants have been identified so far, representing 

about 10% of the total disease risk and about 20% of the genetic disease risk. For ulcerative 

colitis (UC), the other disease entity in IBD, the new ana lysis methods have been almost equally 

successful and have identified 30 new genetic risk variants. Many more risk va riants remain to be 

discovered, but these new genetic risk va riants a re already providing a wealth of information on 

the aetiology and pathophysiology of the diseases. Moreover, the new genetic risk variants reveal 

an overlap in the genetic risk variants between CD, UC and other complex diseases, implying a 

pathophysiologica l overlap between these diseases. In order to make full use of this information, 

we need a more complete image of the genetic overlap between these complex traits. 

In this thesis we focused on three main subjects: 
- Identifying new genetic risk va riants for inflammatory bowel disease. 
- Exploring the genetic overlap between IBD and celiac disease, which is another inflammatory 

disease of the bowel. Whereas in IBD the causal antigen is most likely the normal commensa l 

flora, celiac disease is caused by an inflammatory reaction to gluten, a dietary peptide from 

wheat, barley and rye. 
- Investigating the possibilities for including non-Caucasian study samples in genetic studies in 

order to gain more power to detect new risk loci and a more complete image of the overlap 

of genetic risk between complex traits. 

This thesis consists of an introductory chapter and three main parts discussing three main topics 

of our research. An extra chapter was added to give a broad overview of the mainlines of genetic 

research in IBD. 

Chapter 1 is an introduction in which we first describe the clinical aspects and the epidemiology 

of the different types of IBD. We discuss the environmental risk factors for IBD and the role of 

heritability in the disease risk for CD and UC, the main types of IBD. We describe the findings of 

genetic studies in IBD so far: most of the known risk genes for IBD encode proteins that play a 

role in the innate part of the immune system. Finally, we discuss the implications of the results of 

this genetic resea rch for IBD patient ca re. 
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In part I of the thesis we focus on finding new genetic risk variants for IBD. Chapter 2 describes 

a study in which we took the top-20 of the disease-associated markers from a GWAS in UC and 

tested these for association in our own study sample of UC patients and healthy controls. Our study 

confirmed 10 previously identified risk genes and, in addition, showed significant associations 

with UC risk for three genes that were not statistically significant in the original study. Five risk 

genes could not be replicated, which means that either these genes are not associated to UC in 

the Dutch population, or that our study sample was too small and we did not have the power to 

detect an association. We then analysed how the associated risk genes attribute to the individual 

UC risk and found that someone who has multiple risk variants has a risk for the disease that 

is equal to the summed risk of all his/her variants. In chapter 3 we concentrated on finding an 

association between IBD and genetic variants in the innate immune system. In this chapter we 

describe a study in which we tested several thousands of genetic variants in the innate immune 

genes for association with IBD. Because previous studies have shown that the innate immune 

system plays a major role in IBD pathogenesis, we decided to perform a genetic screen that, like 

a GWAS, compares the frequency of genetic variants between cases and controls. However, the 

screen had more power than a GWAS because it only tested variants in the innate immune genes. 

We identified two new IBD risk genes in this study: CARD9 and IL18RAP. Interestingly, IL18RAP 

had recently also been identified as a risk gene for celiac disease, suggesting a shared genetic 

background for the two diseases. 

In part II of the thesis we looked for further genetic overlap between IBD and celiac disease. 

We first describe what is already known about the overlap of CD and celiac disease on the level 

of epidemiology, pathophysiology and genetics in chapter 4. In reviewing the literature we 

found that, although epidemiological evidence for overlap is scarce due to the large difference 

in the prevalence of the diseases, the overlap on the levels of pathophysiology and genetics is 

relatively large. Although different antigens initiate the diseases, gluten in celiac disease and 

the commensal microflora in IBD, the subsequent inflammatory reaction is very similar between 

CD and celiac disease. This encouraged us to test two candidate genes, IL2 and IL21, which had 

previously been identified as celiac disease risk genes, for association with IBD, as described 

in chapter 5. The IL2/IL21 locus contains the IL2 and IL21 genes, encoding cytokines of the 

same name. Functional studies have previously shown that both IL2 and IL21 play a role in the 

inflammatory reaction in IBD, which was a good reason to choose them as candidate genes. 

In our IBD study sample we found association of the IL2/IL21 genes with UC risk and a trend 

towards association for CD risk. In chapter 6 we attempted to broaden our view by trying to find 

shared risk genes for CD and celiac disease, not by testing candidate genes but on a genome

wide scale. This we did by performing a meta-analysis of GWAS data for CD and celiac disease, 

and then using the top hits in this meta-analysis to look for association in independent study 

samples for CD, celiac disease and healthy controls. This study yielded four shared risk genes 
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for CD and celiac disease: /L18RAP, PTPN2, TAGAP and REL/PUS10. Two of these, IL18RAP and 

PTPN2, had already been independently identified as risk genes for both CD and celiac disease, 

providing a proof-of-principle for our method. 

Knowledge of the genetic overlap between complex diseases can improve our understanding 

of the pathophysiology of the different diseases, because a genetic overlap suggests an overlap 

in pathophysiology and enables us to correlate the functional knowledge on one disease to the 

other. In part I l l  of this thesis we therefore focused on how we can widen the scope of genetic 

studies in complex traits beyond single diseases and single populations. Including non-Caucasian 

study samples in our genetic studies will initially be important because we need to increase the 

statistical power of the studies. In addition, the fact that different populations have different 

exposures to environmental risk factors means that combining the data from these populations 

could help us to identify the environmental risk factors that contribute to these diseases. Little is 

known about the differences in the genetics of complex traits between populations. Recently, a 

number of GWAS in complex traits in non-Caucasian populations have been performed that now 

enable us to explore the genetic differences of complex traits between populations. In chapter 7 

we give an overview of the overlap and differences in genetic background between Caucasians 

and Asians for four complex traits (height, type 2 diabetes, ulcerative colitis and systemic lupus 

erythematosus). We used data from the most comprehensive Caucasian GWAS and data from 

recent East Asian GWAS and compared the different populations for the risk variants identified, 

the allele frequency of the risk variants, the effect size of the risk variants, and the genetic 

architecture of the genome around the risk variants. We found that the diversity in risk genes 

between populations is much larger for certain groups of complex traits than for others. This 

is, of course, partly due to power issues, since both the Caucasian and the East Asian GWAS 

were relatively underpowered for the identification of complex trait risk genes. Nevertheless, 

several findings support our hypothesis that part of the described heterogeneity is an effect due 

to environmental factors and the level to which they influence disease pathogenesis: (1) the 

number of shared risk loci between the different traits varied significantly, (2) in many cases a risk 

locus was not identified in the study that was best powered to identify it, and (3) the selection 

pressure for non-shared risk loci varied greatly between populations. The steadily increasing 

numbers of GWAS in non-Caucasians should soon provide us with an opportunity to perform a 

more comprehensive analysis. Chapter 8 provides a general discussion of the future course of 

research in complex traits and of the implications that this research and its results may have for 

risk prediction, prevention and patient care. 



Samenvatting 

De ziekte van Crohn (CD) en colitis ulcerosa (UC) zijn chronische ontstekingsziekten van de darm 

(in het Engels Inflammatory Bowel Diseases of IBD). De prevalentie van IBD in de Westerse wereld 

is ongeveer 100-200 per 100.000 mensen. Waarschijnlijk wordt de ontsteking bij IBD veroorzaakt 

door een immuunreactie tegen bacterien die bij iedereen in de darm aanwezig zijn . Beide 

IBD's, zowel UC als CD, zijn complexe ziekten, wat inhoudt dat zowel omgevingsfactoren (bv. 

roken en hygiene) als erfelijke factoren het risico op de ziekte be'invloeden. Ook lichaamslengte 

en bloeddruk warden bepaald door erfelijkheid en omgevingsfactoren en zijn dus complexe 

eigenschappen. In de afgelopen jaren hebben technische ontwikkelingen het mogelijk gemaakt 

om grootschalig diepgaand genetisch onderzoek te doen tegen relatief lage kosten. Deze 

technische ontwikkelingen hebben geleid tot grate vooruitgang in onze kennis van de genetische 

risicovarianten voor complexe ziekten en complexe eigenschappen. De nieuwe zogenaamde 

"high-throughput" genotyperingstechnieken zijn buitengewoon succesvol geweest in het op

sporen van genetische risicovarianten voor IBD in het algemeen, en CD in het bijzonder. Voor 

CD zijn tot dusver 70 genetische risicovarianten gevonden; dat betekent dat nu ongeveer 10% 

van het totale risico voor de ziekte en ongeveer 20% van het genetische risico voor de ziekte 

bekend is. Voor UC zijn de nieuwe onderzoeksmethoden bijna even succesvol geweest: voor 

deze ziekte zijn inmiddels 47 nieuwe genetische risicovarianten gevonden. Ondanks het feit dat 

nog een groot gedeelte van het genetische risico voor CD en UC ontdekt moet warden, geven de 

nu ontdekte risicofactoren al een schat aan informatie over de oorzaken en mechanismen van 

de ziekten. Bovendien blijken de nieuw gevonden genetische risicovarianten voor CD, UC en die 

voor andere complexe ziekten gedeeltelijk samen te vallen; dit zou erop kunnen wijzen dat de 

mechanismen van deze ziekten wellicht ook overlappen. Om optimaal gebruik te kunnen maken 

van deze informatie is het nodig om een completer beeld van de genetische overlap tussen al die 

complexe ziekten te krijgen. 

In dit proefschrift hebben we ons gericht op drie onderwerpen: 
- Het vinden van nieuwe genetische risicovarianten voor inflammatoire darmziekten. 
- Het verkennen van de genetische overlap tussen IBD en een andere chronische 

ontstekingsziekte van de darmen: coeliakie. Een genetische overlap tussen deze ziekten 

lijkt waarschijnlijk aangezien de ziektemechanismen sterk op elkaar lijken: beide zijn 

ontstekingsziekten van de darm in reactie op een antigen waarop het lichaam normaal niet 

reageert. Bij IBD is dit antigen de normale bacteriele flora en bij coeliakie is dit gluten, een 

eiwit dat voorkomt in tarwe, gerst en rogge. 
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- Het verkennen van de mogelijkheden om genetische studies uit te breiden met niet

Kaukasische populaties. Tot nu toe zijn de meeste genetische studies gedaan in Kaukasische 

populaties, wat zou kunnen betekenen dat we nu een vertekend en incompleet beeld 

hebben van de genetische achtergrond van complexe ziekten. Het is daarom belangrijk om 

niet-Kaukasische populaties op te nemen in genetische studies om nieuwe risicovarianten te 

ontdekken en een meer volledig beeld van het genetische risico voor verschillende complexe 

ziekten te krijgen. 

Het proefschrift bestaat uit een inleidend hoofdstuk en vervolgens drie delen waa rin de 

verschillende hoofdlijnen van het onderzoek warden behandeld, gevolgd door een extra 

hoofdstuk waarin de hoofdlijnen van genetisch onderzoek bij I 8D warden uiteengezet. 

In het inleidende hoofdstuk 1, geven we een beschrijving van de klinische aspecten en de 

epidemiologie van de verschi l lende vormen van IBD. We bespreken de omgevingsrisicofactoren 

van IBD en de rol van erfelijkheid bij de ziekte. Vervolgens komen de bevindingen van eerdere 

genetische studies naar IBD aan de orde: de meeste tot nu toe bekende risicogenen voor IBD 

coderen voor eiwitten die een rol spelen in het aangeboren deel van het immuunsysteem. Tot 

slot behandelen we de implicaties van de resultaten van dit genetische onderzoek voor de 1 8D

patientenzorg. 

Deel I van dit proefschrift richt zich op het vinden van nieuwe genetische risicovarianten voor 

I8D. 

Hoofdstuk 2 beschrijft een studie waarin we de top-20 ziekte-geassocieerde genetische 

varianten van een grote 'high-throughput' genetische studie (een genoom-wijde associatie 

studie of GWAS) in Duitse UC patienten en gezonde controles hebben getest in Nederlandse 

UC patienten en gezonde controles. Onze studie bevestigde 10 eerder ge'identificeerde 

risicovarianten en vond bovendien drie nieuwe risicova rianten voor UC. Vijf risicovarianten die 

in de oorspronkelijke studie wel geassocieerd met het risico op UC waren, waren dat in onze 

studie niet; dit betekent dat ofwel deze genen niet geassocieerd zijn met UC in de Nederlandse 

bevolking, ofwel dat onze steekproef te klein was om de associaties op te sporen. Vervolgens 

hebben we geana lyseerd wat het verband is tussen het aantal genetische risicova rianten van een 

individu en het individuele risico op UC. We ontdekten dat het individuele genetische ziekterisico 

gelijk is aan het opgetelde risico van a lle va rianten. 

In hoofdstuk 3 hebben we ons geconcentreerd op het verband tussen genetische 

va rianten in het aangeboren immuunsysteem en het risico op IBD . Eerdere studies hebben 

namelijk aangetoond dat het aangeboren immuunsysteem een belangrijke rol speelt in het 

ziektemechanisme van IBD. In dit hoofdstuk beschrijven we een studie waarin we enkele 

duizenden genetische va rianten in genen van het aangeboren immuunsysteem hebben getest 
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voor associatie met IBD. Wij vonden twee nieuwe IBD risicogenen: CARD9 en /LlBRAP. Omdat 

IL18RAP ten tijde van de studie ook net ge'identificeerd was als een risicogen voor coeliakie, is er 

een sterke aanwijzing dat de twee ziekten een gedeelde genetische achtergrond hebben. 

In deel II van dit proefschrift hebben we gezocht naar verdere genetische overeenkomsten tussen 

IBD en coeliakie. 

Eerst wordt in hoofdstuk 4 uiteengezet wat er al bekend is over de overlap tussen CD en 

coeliakie wat betreft de epidemiologie, de ziektemechanismen en de genetica. Uit de literatuur 

blijkt dat, hoewel epidemiologisch bewijs voor overlap tussen CD en coeliakie schaars is 

(waarschijnlijk door het grote verschil in prevalentie tussen de beide ziekten), er sterke bewijzen 

zijn dat de ziekten wat betreft het ziektemechanisme en de genetica veel overeenkomst vertonen. 

Hoewel verschillende antigenen de aanleiding voor de beide ziekten vormen, gluten bij coeliakie 

en de commensale microflora bij IBD, zijn de verdere ontstekingsreactie van beide ziekten zeer 

vergelijkbaar. 

Deze bevindingen waren voor ons aanleiding om te testen of twee kandidaat-genen, IL2 

en IL21, die eerder waren ge'identificeerd als coeliakie-risicogenen, een associatie met IBD 

hebben. Dit onderzoek wordt beschreven in hoofdstuk 5. Het IL2/IL21 locus bevat de genen 

IL2 en IL21, die coderen voor cytokines met dezelfde naam. Functionele studies hebben eerder 

al aangetoond dat zowel IL2 als IL21 een rol spelen bij de ontstekingsreactie in IBD. In onze IBD 

steekproef vonden we ook associatie van de IL2/IL21 genvarianten met het UC ziekterisico en 

een trend voor associatie met het CD ziekterisico. 

In hoofdstuk 6 verbreden we onze blik door gedeelde risicogenen te zoeken voor CD en 

coeliakie. Hiertoe werden geen kandidaatgenen getest, maar werden de ziekten vergeleken op 

een genoom-brede schaal. Eerst verrichtten we een meta-analyse van genoom-wijde data voor 

CD en coeliakie, en vervolgens testten we de meest geassocieerde varianten van deze meta

analyse in onafhankelijke studiepopulaties voor CD, coeliakie en gezonde controles. Deze studie 

leverde vier gedeelde risicogenen voor CD en coeliakie op: IL18RAP, PTPN2, TAGAP en REL/PUS10. 

De effectiviteit van deze relatief nieuwe methode van analyse wordt ondersteund doordat twee 

van deze risicogenen, IL18RAP en PTPN2, al eerder waren ge'identificeerd als risicogenen voor 

zowel CD als coeliakie. 

Kennis van de genetische overlap van complexe ziekten kan ons begrip van het ziektemechanisme 

van de verschillende ziekten verbeteren. Genetische overlap van verschillende ziekten doet 

vermoeden dat er ook een overlap in ziektemechanisme van die ziekten bestaat. Dit stelt ons in 

staat om de functionele kennis over het ziektemechanisme van de ene ziekte te correleren aan 

die van de andere ziekte. 
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In deel Ill van dit praefschrift hebben we ans daaram gericht op manieren om het terrein van 

genetisch onderzoek bij complexe ziekten te verbreden naar meerdere ziekten in meerdere 

populaties. Het betrekken van niet-Kaukasische populaties is ten eerste belangrijk om de 

statistische power van de studies te vergraten. Bovendien is het zo dat verschillende populaties 

verschillende blootstellingen aan milieu-risicofactoren hebben. Dat betekent dat het vergelijken 

van de gegevens van deze populaties ans kan helpen om de milieu-risicofactoren van de ziekten 

op te sporen. Er is weinig bekend over de verschillen in de genetica van complexe ziekten tussen 

populaties. Recent is er een aantal genoomwijde associatiestudies voor complexe ziekten 

uitgevoerd in niet-Kaukasische populaties. Deze studies stellen ans in staat om de genetische 

verschillen van complexe ziekten tussen populaties te verkennen. 

In hoofdstuk 7 geven we een overzicht van de overeenkomsten en verschillen tussen blanken 

en Aziaten wat betreft genetische achtergrand van vier complexe eigenschappen (lengte, type 

2 diabetes, colitis ulcerasa en systemische lupus erythematosus). We gebruikten hiervoor 

gegevens van de graotste Kaukasische genoomwijde associatiestudie en gegevens van recente 

Aziatische genoomwijde associatie studies en vergeleken de risicovarianten, de allelfrequentie 

van de risicovarianten, de effect-graotte van de risicovarianten, en de genetische architectuur 

van het genoom rand de risicovarianten in deze populaties. We ontdekten dat de diversiteit in 

risicogenen tussen de twee populaties veel grater is voor bepaalde complexe eigenschappen 

dan voor andere. Deze bevindingen zijn waarschijnlijk deels te wijten aan statistische problemen 

bij genoomwijde associatie studies, aangezien zowel de blanke als de Aziatische studies te klein 

waren om risicogenen voor complexe eigenschappen te ontdekken. Niettemin ondersteunt een 

aantal bevindingen onze hypothese dat een deel van de beschreven heterageniteit een effect 

is van omgevingsfactoren en het niveau waarap deze aangrijpen op het ziektemechanisme, 

namelijk omdat: 

1. het aantal door Kaukasische en Aziatische populaties gedeelde risicogenen aanzienlijk 

varieert tussen de verschillende complexe eigenschappen, 

2. in veel gevallen een risicovariant niet werd ge'identificeerd in de graotste studie, en 

3. de selectiedruk op niet-gedeelde risicovarianten sterk varieert tussen de populaties. 

Het aantal genoomwijde associatiestudies in niet-Kaukasische populaties neemt gestaag toe, wat 

ons op korte termijn de gelegenheid zal geven om een meer complete analyse uit te voeren. 

Het afsluitende hoofdstuk behandelt de toekomstperspectieven van het genetisch onderzoek 

van complexe aandoeningen: in hoofdstuk 8 warden de toekomst van het genetisch onderzoek 

van complexe ziekten en de implicaties van dit onderzoek voor het voorspellen van het individuele 

ziekterisico, de preventie van ziekte en de de behandeling ervan besproken. 
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Het is nu bijna vier jaar geleden dat ik begon met mijn wetenschappelijke stage bij de afdeling 

Genetica en daarmee de eerste stappen 2ette in de richting van dit proefschrift. lk 'moest' een 

wetenschappelijke stage doen en kwam kennismaken op de maandagochtend labvergadering 

van de groep van Cisca. De onder2oeksgroep in Groningen bestond toen uit Cisca, drie analisten 

(Elvira, Marcel en Mathieu) en een MDL-arts (Rinse). lk vrees dat het eerste wat ik 2ei was ' lk 

weet amper wat een gen is .. '. Wat 2ijn we een eind gekomen sindsdien ! Niet alleen begin ik 20 

lang2amerhand te begrijpen wat een gen is, de onder2oeksgroep is ook explosief gegroeid en 

inmiddels ligt hier mijn proefschrift. Het is een geweldige tijd geweest; meegroeien met een 

nieuwe onder2oeksgroep was een fantastische ervaring en ik realiseer me nu wat een geluk ik 

heb gehad. Natuurlijk heb ik hard gewerkt aan dit proefschrift, maar het is het resultaat van de 

inspanningen, het in2icht en de in2et van het team met wie ik de afgelopen jaren heb mogen 

samenwerken. lk wil mijn proefschrift opdragen aan dit team, aan de mensen van andere 

onder2oeksgroepen met wie we ge2amenlijke projecten hebben gedaan en aan mijn familie en 

vrienden. 

Cisca, Jan en Rinse, ik ben heel erg blij dat ik mijn onder2oek ender jullie begeleiding heb kunnen 

doen. 

Beste Cisca, ik heb zo eindeloos veel van je geleerd. Niet a Ileen over genetica, maar ook over 

het plannen van een project, het schrijven van een paper, samenwerking met collega's van je 

eigen en andere instituten, en nieuwe contacten leggen voor samenwerkingsverbanden. lk snap 

niet hoe je het voor elkaar krijgt met je overvolle agenda om altijd 20 laagdrempelig voor al je 

AIO's klaar te staan: voor grote en kleine vragen en voor een drie-minuten brainstorm als het 

schrijven even vastloopt. Bedankt voor je vertrouwen in mijn kunnen, waardoor ik de kans heb 

gekregen steeds nieuwe dingen te leren en de nieuwe uitdaging altijd 2onder angst tegemoet 

kon 2ien. Bovendien wil ik jou en Marten heel erg bedanken dat ik een poosje in Hotel Genetica 

mocht wonen. Zo betrokken als jullie 2ijn bij jullie AIO's, 20 2ijn er weinig en het heeft me echt 

ont2ettend geholpen bij de laatste loodjes van dit proefschrift. 

Beste Jan, heel erg bedankt voor de kans die je me gegeven hebt met dit onder2oek en mijn 

opleiding. Dit was honderd keer meer dan ik verwacht had toen ik binnen kwam met de vraag: 

"lk wil later MDL-arts worden en ik moet nog een wetenschappelijke stage doen, weet u ook iets 

voor me?". Dank2ij het simpele keu2emenu: "Lever of darmen?", "Kanker of IBD?", en: "Heb je 

be2waar tegen genetica?" was ik binnen tien minuten bij Rinse aan het bureau. Bij mijn eerste 

on2ekere stappen op het klinische pad was je een hele fijne mentor, ik heb heel erg veel 2in in de 

rest van mijn opleiding. 
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Beste Rinse, je was supervisor als dat nodig was, maar vaak ook gewoon een vriend als ik het 

even heel erg niet meer zag zitten. Je hebt me een hele hoop geleerd: over papers schrijven, IBD, 

presentaties maken, maar ook over klinisch werk en het omgaan met de combinatie van klinisch 

werk, onderzoek en prive-leven. Wat dat betreft ben je een voorbeeld en hoop ik nog heel veel 

van je te leren. 

Dear people from the celiac group, thank you all so much for all the great times together and for 

all the things I have learned from you as a stupid MD rolling into the depths of biology. 

Beste Cleo, het was geweldig om letterlijk nauw met je samen te werken. Ok, het was allemaal wat 

krap in het gecombineerde AIO-post-doc kamertje, en natuurlijk was het ook wel eens verve lend 

dat we bij elkaar op schoot terecht kwamen als we per ongeluk onze stoel te ver naar achter 

schoven, maar het is geweldig om je hoofd maar opzij te hoeven draaien om even snel te kunnen 

brainstormen over van alles en nog wat. Heel erg bedankt voor je hulp bij epidemiologische 

vraagstukken en al je advies over wat verder ter tafel kwam. 

Dear Jihane, I remember the first time you stepped into the lab: sunglasses, huge amount 

of dark curls and neatly painted nails. You were exactly what our very Dutch group needed; 

someone with a very un-Dutch sense of style and manners. Thanks for your help and advice on 

nails, biology in general and meticulous lab work in particular !  

Dear Agata, I sti ll can't believe we managed to  finish the review ;-) Thanks for the Saturdays 

spent writing. Also thanks for the Friday and Saturday evenings we spent talking about completely 

different things over a beer. 

Dear Gosia, thank you for all the help on computer 'stuff'. I learned so much useful things 

from you, and every so often I didn't learn it myself and you just fixed the problem in three 

seconds ... 

Dear Asia, thanks for your help on getting scripts to work when I found neither Gosia nor 

Patrick around and started getting nervous. 

Dear Sasha, thanks for teaching me the things I needed to know to get started, and for all 

your help and our discussions later on in the process. You're a great scientist and I'm sure you' ll 

achieve great things: to the LUMC and beyond! 

Beste Karin, dank je voor het labwerk dat je nog voor dit proefschrift hebt gedaan. Het is heel 

erg leuk om met iemand samen te werken die altijd zo di rect zegt wat ze denkt. Nu op naar je 

eigen proefschrift ! 

Beste Suzanne, ik vond het heel spannend om jou als student te krijgen, want in de eerste 

mai ls bleek al wel dat je het allemaal heel snel op zou pakken. Heel erg bedankt voor de enorme 

hoeveelheid werk die je hebt verzet tijdens je wetenschappelijke stage, ik kan niet wachten om 

voor het echie samen te gaan werken ! 
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Dear Mitja, you have already proven to be a great cook and connaiseur of wine, I'm looking 

forward to doing research with you. 

Beste Marijn en Marcel, ik vond het heel erg leuk om met jul lie aan projecten te kunnen 

werken. lk wens jullie beiden nag heel veel succes met het combineren van kliniek en onderzoek 

en hoop dat we nag maar veel samen mogen doen. 

Dear Jingyuan, working with you is great. Thank you so much for the last chapter of this thesis. 

You have an unbelievable talent to make the picture that clarifies the stuff we can otherwise only 

barely explain in a thousand words. I'm looking forward to finishing this project with you and 

moving onto the next ! 

Beste Lude, hoe vaak heb jij al niet een probleem waar ik volledig op vastliep op magische 

wijze laten verdwijnen met een minuutje ijverig tikken in een schermpje met snel verspringende 

codes ... Heel erg bedankt voor al je hulp. Hopelijk kun je nag een mooi project voor me verzinnen, 

zodat ik mijn computerkennis weer even bij kan spijkeren. 

Beste Harm-Jan, dank je voor het redden van mijn analysen toen ik al in de kliniek verdwenen 

was. lk durf niet eens te vragen hoeveel tijd het je nou uiteindelijk gekost heeft, heel erg bedankt. 

Beste Patrick, dank je voor je hulp met R, als ik weer eens vast zat in een loop ... 

Beste Clara, dank je voor de korte introductie in evolutie en genetica. Oak bedankt voor de 

gezelligheid op congressen en bij je bezoekjes aan Groningen, hopelijk tot gauw en veel succes 

in de US ! 

Dear Jackie, thank you for saving me from grammatical obstacles, spelling mistakes and from 

writing downright nonsense. Sorry for all the times you got my texts hours before dead-lines and 

thank you so much for fixing it anyway. I'm slightly worried about this part of my thesis because 

you won't check it ... 

Beste Martin, dank je voor je begeleiding aan het begin van mijn onderzoeksperiode en voor 

de korte brainstorms aan het einde van de dag. lk heb veel van je geleerd. 

Beste llja, heel erg bedankt voor je statistisch en epidemiologisch advies en voor alle data die 

je nag weer voor me opgegraven hebt. 

Beste Jana, dank je voor de gezelligheid op congressen en tijdens de trein- en autoreizen 

ernaartoe, bovendien bedankt voor je hulp met lastige SNPs. 

I would like to thank everyone from the Department of Genetics for their help and 'gezelligheid' 

during the time I was working at this already very large and growing department. Dear Maria, 

Anna, Mats, Gerben, Yunia, Eva, Paul, Christine, Ellen, Robert, Morris, thanks for the great times. 

Beste Eva, hadden we niet gedacht he, dat alles zo zou lopen toen we een half jaar geleden 

een biertje stonden te drinken in de Pintelier? Vanaf het moment dat je in de deuropening van 

onze overvolle werkkamer stand en luid verkondigde dat dit toch geen doen was wist ik al dat 

het interessant zou warden. Je bent de collega die ik het meest spreek en het gaat nooit over ans 
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werk. lk ben heel ben ieuwd wat je allemaal nag gaat ondernemen, zowel in je carriere als in de 

rest van je leven. 

Beste Dineke, dank je voor de praktische tips en voor een lu isterend oor als ik eventjes stoom 

moest afblazen om het een of ander. 

Beste Elvira, ik kwam in een laboratorium terecht als geneeskundestudent die welgeteld maar 

een keer een pipet vast had gehad. Vanaf dag 1 heb je me a lies geleerd en gedurende bijna mijn 

hele onderzoeksperiode ben je er geweest om bij te springen en de grate rampen te relativeren 

met een paar simpele woorden. We missen je allemaal verschrikkelijk, het is n iet eerlijk. 

Beste Mathieu, Marcel, Ron en Monique, hoe vaak ben ik n iet bij jullie aan het bureau of de 

bank verschenen met vragen over van alles en nog wat: welke platen moet ik gebruiken, welke 

centrifuge moet ik hebben, hoe vis ik mijn samples er het snelste u it, hoe werkt dat apparaat 

etc ... Bedankt voor al ju l lie hulp en ju llie geduld. 

Beste Pieter, dank je voor al je hulp in het lab. Weet je nog, de worsteling met de 

pipetteerrobot .. ? Ook bedankt voor je advies op het gebied van fietsen. Wanneer gaan we weer 

een keertje de wielerpaden van Groningen en Drenthe onveilig maken? 

Beste Soesma en Bah ram, dank jullie voor ju llie hulp bij al het labwerk dat ju llie 'er nog even 

bij' hebben gedaan. 

Beste Ria, Bote, Mentje en Helene, dank jullie voor alle gemailde herinneringen, printjes, 

tape, stickers voor op pakjes naar het buitenland en alle in drievoud in te leveren getekende 

formulieren. Zonder ju llie zou de genetica een chaos zijn. Beste Helene, heel erg bedankt voor al 

je hulp bij het organiseren van mij n promotie en dit boekje. 

Voor een groot gedeelte van dit proefschrift zijn data en samples van het Nederlandse l n ititatief 

voor Crohn en Colitis (ICC) gebru ikt. lk wil iedereen van het ICC heel hartelijk bedanken voor het 

verzamelen en delen van de data en het materiaal. l k  heb met veel van ju llie samengewerkt en 

ik hoop dat we deze samenwerking in n ieuwe projecten door kunnen zetten. Het aantal samples 

en de hoeveelheid data die inmiddels verzameld zijn is een prachtige basis voor toekomstig 

onderzoek. 

For this thesis many datasets and samples from the NIDDK and IIBDGC were used and I want 

to thank all people collaborating in these consortia for the gathering and sharing of the data and 

samples and for the great collaborations. 

Natuurl ij k  wil ik bij deze ook alle patienten en gezonde controles bedanken die met hun 

DNA en persoon lijke informatie hebben bijgedragen aan dit onderzoek. Mensen van wie het 

DNA gebru ikt is in  onze studies wisten dat ze dit deden voor een betere therapie voor IBD in  de 

toekomst en dat zij er zelf geen di recte baat bij zouden hebben. Hun belangeloze bijdrage wordt 

zeer gewaardeerd. 
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A large part of this thesis was achieved in collaboration with research groups from other institutes 

and I would like to thank the people I worked with from the Christian-Albrechts University in 

Kiel, from the Montreal Heart institute and from the Broad institute and Massachusetts General 

Hospital. 

Dear Stefan, Andre and Tobias, thank you so much for letting me visit Kiel for an introduction 

into SNPlex, sequencing and the magical world deep-sequencing. Also thank you for the great 

collaboration on the replication of UC variants in our Dutch cohort. I'm looking forward to 

working with you again. 

Dear John, Philippe and Gabriella, thank you for the great collaboration and the amount of 

time and effort you spent on the meta-analysis. I hope this will just be the starting point of many 

combined efforts to come. 

Dear Mark, thank you for having me over at the broad and MGH. I had a great time and have 

learned so much from you and the members of your group. Your unconventional view of science 

is inspiring and I hope to be able to visit again some time. 

Dear Christine and Todd, thank you for helping me out during my first visit to Boston. 

Dear Chris, thanks for your help with, well, just about any problem I had while in Boston. 

Thanks for finding me a great place to stay, thanks for your help with R and other insignificant 

problems and thanks for the good food combined with great conversation. 

Dear Ben and Ben, thanks for helping me out on some statistical issues and providing me with 

advice on planning: "The work will keep piling up anyway, the main thing is not to panic and just 

to keep working (and drink beer on Friday evenings).". I'm sorry for not remembering which Ben 

said what. 

Dear Jonah, thanks for the nice collaboration and for providing some sharp views from the 

clinic. 

Dear Kasper, thanks for sharing your network method and trying it on the celiac data. Hope 

to meet again soon in Boston or elsewhere. 

Beste Sanne, ik zet je maar even hier vanwege de chronologie. lk vond het geweldig om met 

je op te trekken in Boston, ik hoop dat wel snel weer eens tijd hebben om wat af te spreken in 

Nederland. 

Beste Paul, dank je dat ik langs mocht komen in Boston, ik heb een hele hoop geleerd bij 

jouw groep. De labmeetings waren geweldig ! Niet alleen vanwege de pizza, maar ook omdat jij 

ontzettend ingewikkelde zaken zo ontzettend simpel kan uitleggen. 

Dear Veronika, Femke, Sara, Lori, Paul, Eli, Sherman, Brian, Soumya, Amalia, Nikos and Fina, 

thank you so much for the great time in Boston. Thanks for all the help on my programming 

problems (making the 'pretty plots'), the discussions on anything (from science to French

Canadians), and the great nights and days out. 

Dear Fina, thanks for being a great friend when I needed one. 
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Dear Susan, Willy, Emma and David, thank you so much for providing a home away from 

home. I had such a great time staying with you: conversations on any topic over dinner at your 

place are the best memories I have from Boston. I hope to see you again soon. 

Promotieonderzoek is leuk en ik heb eigenlijk genoten van het hele traject, maar het was ook 

heel prettig dat het onderzoek niet mijn hele leven was; als je net hebt ontdekt dat je proeven 

van een week zinloos zijn geweest is het prettig om daar 's avonds even niet over te praten, en 

vastgelopen review-artikelen komen soms het best los na een eindje roeien. 

Lieve 'hertjes', wat ben ik ontzettend blij met jullie als vriendinnen. Vanaf de boot naar Schier 

in ons eerste jaar geneeskunde hebben we een geweldige tijd met elkaar gehad. lk wil jullie nooit 

meer kwijt. 

Lieve Gerda, jij begrijpt waarschijnlijk als enige van de dames precies waar dit proefschrift 

over gaat: Dank je voor je bijdrage aan hoofdstuk 2 van dit boekje! Je bent een van de meest 

systematische mensen die ik ken (had jij niet voor ons allemaal het statistiekproject gemaakt in 

jaar 1 ?) en ik weet zeker dat je a lies binnen twee jaar precies zo geregeld hebt als je nu voor ogen 

hebt. lk bewonder je vermogen om door te gaan ook als dingen je moeilijk gemaakt warden: You 

go girl ! 

Lieve Marloes, ik heb me al tijdens onze studententijd vaak een beetje een watje gevoeld 

naast jou. Ongelofelijk wat jij allemaal durft en onderneemt. Nu voor minstens een jaar naar 

Afrika om daar als tropenarts te werken, wat een avontuur ! Heel fijn dat je het toch gewoon 

begrijpt als ik me druk maak om kleine dingetjes. lk hoop dat jij en Maarten een geweldige tijd 

hebben in Zuid-Afrika en ik ben benieuwd wat het volgende avontuur wordt. 

Lieve Kim, het is geweldig om een vriendin te hebben als jij: om bij uit te huilen als alles mis 

gaat en om mee te genieten als alles goed gaat. Jij kunt dingen die ik een enorm drama vind 

met een enkele 'Mwoa, valt toch wel mee .. ' relativeren of je komt met een van je ontzettend 

praktische oplossingen. Heel erg bedankt voor de geweldige tijd die we al gehad hebben als 

vriendinnen, ik ben benieuwd wat er allemaal nog komen gaat. Ook bedankt voor a lies wat je als 

paranimf hebt geregeld voor mijn promotie, ik kan niet wachten tot we daar staan op 6 april ! 

Lieve Manda, nadat we in Parijs al waren aangezien voor een getrouwd stel moest ik je 

natuurlijk wel vragen als paranimf ... Heel erg bedankt voor de eindeloze avonden kletsen; aan de 

telefoon, met een pot thee, of bij een glas wijn. Bedankt voor de mooie feestjes waar je me mee 

naartoe sleept, bedankt voor de middagjes shoppen, bedankt voor je rake humor en bedankt 

voor je vertrouwen en je eerlijke mening. We hebben nog wel wat jaartjes te gaan voordat we 

full-time, met een half oog op onze kruiswoordpuzzel, op de bank kunnen gaan zitten kletsen, 

laten we ervan genieten ! 

Natuurlijk horen hier ook Willemijn, Jitske, Geertje en Ellen; museumnacht iemand, 

weekendje weg, feestje? Als het boekje klaar is zou er weer tijd moeten zijn ... 
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Lieve lvo, dank je dat je al die jaren zo'n goede vriend gebleven bent. 

Lieve Chris en Mayo, wat zijn we groat geworden he? Sinds de middelbare school is er veel 

veranderd, maar die jaren samen op het marnix zijn niet vergeten. Het helpt natuurlijk dat we 

het nodig vonden om iedere seconde van ons ontzettend interessante leven te documenteren in 

uitgebreide schriftjes en boekjes ... De onzekerheid en het gegiechel zijn overgegaan, het 'net ff 

anders dan de rest' idee is gebleven. 

Lieve Nele, Charlotte, Laura en Alexander, bedankt voor de roeitrainingen waarmee ik mijn 

hoofd weer even leeg kon maken na een dagje hard rekenen of schrijven. Sorry dat ik zo'n lange 

tijd uit de running ben geweest met de laatste loodjes van dit proefschrift en de eerste van de 

kliniek, hopelijk kunnen we nu weer los ... Lieve Nele, jij kent het promotietraject natuurlijk, dank 

je voor je steun toen ik het even niet meer zag zitten om a lies te combineren met roeien, ik hoop 

binnenkort jouw boekje door te kunnen bladeren. Lieve Charlotte, ik weet nag dat je zei dat je 

het wel moeilijk vond dat je met mij was ingeselecteerd omdat ik altijd zo zat te klagen over van 

alles en nog wat. lk ben heel blij dat je, ondanks al mijn geklaag, al die jaren mijn vriendin bent 

gebleven. lk bewonder de manier waarop jij a lies, zonder klagen, kan aanpakken: je klinisch werk 

en diensten, je onderzoek, Pieter-Laurens die zo lang in ltalie en de USA is geweest en dan ook 

nog gewoon blijven roeien. lk wens je nag heel veel succes en ben ook erg benieuwd naar jouw 

proefsch rift ! 

Lieve Mathieu, gedurende bijna mijn hele promotieonderzoek was je mijn steun en toeverlaat, 

heel erg bedankt voor de mooie tijd samen en voor de prachtige reizen. lk heb ontzettend veel 

zin in jouw promotie ! 

Li eve Gijs, je hebt helemaal gelijk: ik ben verdorie een 28-jarige bijna-gepromoveerde arts-in

opleiding, ik kan best wel a Ileen eten koken, tv kijken, een hypotheek regelen, verhuizen, sporten 

en naar feestjes gaan ... maar samen is gewoon leuker. 

Lieve oma, ik hoop heel erg dat u erbij kan zijn op 6 april, samen met tante Mien natuurlijk. 

Als ik ooit uw leeftijd haal dan graag zoals u nu het nu doet: genietend van de mooie dingen in 

het leven en kletsend op de bank met een goede vriendin. 

Li eve Bart, broer, dank je voor je goede raad, sorry dat ik altijd precies het tegenovergestelde 

doe. Gelukkig geldt voor jou precies hetzelfde. lk ben trots op je: wedstrijdroeier, 

wedstrijdcommissaris, roeicoach, kapitein, klimmer, wetenschapper en binnenkort MSc ! 

Lieve pap en mam, jullie hebben me altijd opgevoed met het idee dat ik alles kon waar ik 

maar stevig mijn schouders onder zette. Natuurlijk is dat niet helemaal waar, maar ik heb een 

hoop lol gehad met het uitproberen van een aantal dingen die ik niet bleek te kunnen (ballet, 

turnen, golfsurfen etc.). Bovendien heeft het me het zelfvertrouwen gegeven om dingen aan 

te pakken die moeilijk leken, maar die ik wel bleek te kunnen, zoals dit proefschrift. Bovendien 

bedankt voor al het andere: bedankt voor de lifts van en naar Schiphol, voor alle uren aan de 

telefoon of skype om van alles en nog wat door te spreken en bedankt voor jullie bijdrage aan 
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de Nederlandse samenvatting. Het is me wat; een heel gezin met het workaholic gen ... Toch is 

er geen fijnere plek om even bij te komen van 'het woeden der gehele wereld' dan thuis-thuis. 
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