
 

 

 University of Groningen

Beyond genome wide association studies in celiac disease by exploring the non-coding
genome
de Almeida, Rodrigo

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Almeida, R. (2015). Beyond genome wide association studies in celiac disease by exploring the non-
coding genome. [Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/c0b599e5-f640-4f00-a6a0-93aa355a3ed2


Beyond genome wide association studies in celiac 
disease by exploring the non-coding genome

Rodrigo Coutinho de Almeida



Rodrigo Coutinho de Almeida

Beyond genome wide association studies in celiac disease by exploring the non-coding 
genome

Thesis, University of Groningen, with summary in English, Dutch and Portuguese.

The research presented in this thesis was mainly performed at the Department of 
Genetics, University Medical Center Groningen, University of Groningen, Groningen, 
the Netherlands, and was financially supported by FP6- 2005-FOOD-4B-36383– 
PREVENTCD, ERC Grant Agreement no. 2012-322698 and CAPES Foundation, an 
agency within the Ministry of Education of Brazil.
 
Printing of this thesis was financially supported by: Rijksuniversiteit Groningen, University 
Medical Center Groningen, Groningen University Institute for Drug Exploration (GUIDE).

Cover design and layout by Claudia Marcela Gonzaleza Arevalo (e-mail: argo1983@
gmail.com).

Printed by NetzoDruk.

© 2015 Rodrigo C. de Almeida. All rights reserved. No part of this book may be 
reproduced or transmitted in any form or by any means without permission of the author.

ISBN: 978-90-367-7718-6

   



Beyond genome wide association studies in celiac 
disease by exploring the non-coding genome 

 
  
 
 
 

Proefschrift  
 
 

to obtain the degree of PhD at the
University of Groningen
on the authority of the

Rector Magnificus Prof. E. Sterken
and in accordance with 

the decision by the College of Deans.. 
 

This thesis will be defended in public on  
 

Wednesday 25 March 2015 at 14.30 hours

 
 

by 
 

Rodrigo Coutinho de Almeida  

born on 9 November 1980 
in Bom Jesus Da Lapa, Brazil



Promotor
Prof. C. Wijmenga 

Co-promotor
Dr S. Withoff 

Assessment committee
Prof. F. Koning
Prof. A.M.H. Boots
Prof. J.H.M. van den Berg



Paranimfs
Isis Ricaño Ponce
Olga Maria Alvarenga Fernandes Sin



Preface and outline of the thesis

Part I 9
Chapter 1 Shared genetics in coeliac disease and other 

immune‐mediated diseases
J Intern Med. 2011; 269(6): 591-603

15

Chapter 2 Systematic Annotation of Celiac Disease Loci 
Refines Pathological Pathways and Suggests 
a Genetic Explanation for Increased Interferon 
Gamma levels
Hum Mol Genet. 2014; pii: ddu453

37

Chapter 3 Fine mapping of the celiac disease-associated 
LPP locus reveals a potential functional variant  
Hum Mol Genet. 2014; 23(9): 2481-9

61

Chapter 4 A Celiac Disease-associated SNP in the LPP 
locus affects expression of the long non-coding 
RNA LPP-AS1 
Manuscript in preparation

79

Table of contents



Part II
Chapter 5 Genetic variation in the non-coding genome: 

involvement of micro-RNAs and long non-coding 
RNAs in disease 
Biochim Biophys Acta. 2014; pii: S0925-
4439(14)00071-4

109

Chapter 6 Circulating miRNAs as potential biomarkers of 
early celiac disease 
Manuscript in preparation

147

Chapter 7 MicroRNA profiles by deep-sequencing in plasma 
and small intestinal biopsies of celiac disease 
patients 
Manuscript in preparation

159

Chapter 8 Discussion and future perspectives 175

Appendices Summary 198
Samenvatting 203
Resumo 209
Acknowledgements 215
Curriculum Vitae 221





PART I
Preface and outline 
of the thesis



10

Preface
Over the last seven years, genome-
wide association studies (GWAS) 
have identified hundreds of thousands 
of trait-associated genetic variants, 
providing novel insights into the 
mechanism of many diseases, 
including cancer and autoimmune 
diseases (1). Celiac disease (CeD) 
is an immune-mediated disease 
triggered by dietary gluten in 
genetically susceptible individuals. 
CeD is considered to be one of the 
most common food intolerances in the 
world, affecting ~1% of the population 
(2). The most dominant genetic 
component identified in CeD is the 
human leukocyte antigen (HLA) locus, 
and more specifically HLA-DQ2 and 
HLA-DQ8. GWAS and Immunochip 
studies have identified 40 non-HLA 
loci as associated with CeD and, 
together with HLA, these loci explain 
~55% of the heritability of CeD (3, 4).
 Because of linkage 
disequilibrium (LD) the identification 
of the true causal genetic variant or 
variants is challenging. LD can be 
defined as a non-random association 
of alleles of different single nucleotide 
polymorphisms (SNPs) near each 
other on the same chromosome, 
each of which could be the true 
causal variant. Recently, post-GWAS 
studies are performing custom-
made genotype arrays to fine-map 
and replicate previously associated 
regions. The Immunochip is a great 
example of such an approach. This 
custom-made array covers 186 loci 

associated with autoimmune and 
inflammatory diseases; these loci 
cover 12 immune-related diseases 
(celiac disease, Crohn’s disease, 
ulcerative colitis, autoimmune thyroid 
disease, ankylosing spondylitis, 
multiple sclerosis, primary biliary 
cirrhosis, psoriasis, rheumatoid 
arthritis, juvenile idiopathic arthritis, 
systemic lupus erythematosus and 
type 1 diabetes) (5). In particular, 
Trynka et al., used the Immunochip 
and successfully identified 39 non-
HLA loci with 57 independent signals 
associated to celiac disease (3).
 The majority of GWAS SNPs 
are located in non-coding regions, 
making it more difficult to hypothesize 
about their function. An explosion in the 
availability of new genomics datasets, 
such as from the ENCODE project (6), 
is helping to clarify the functionality of 
some disease-associated variants. It 
has recently been shown that ~90% 
of CeD-associated SNPs are located 
in non-coding regions (7) and the 
majority of these map to enhancers 
and promoters (8).
 Despite the significant 
advances in understanding the 
molecular basis of CeD, the diagnosis 
of this disease remains challenging. 
It has been estimated that only 1 out 
of 8 patients is correctly diagnosed 
with CeD. The diagnosis is based 
on clinical symptoms, detection of 
CeD-specific antibodies in the blood, 
and having proof of villous atrophy 
from intestinal biopsies (9). Recently, 
it has been shown that circulating 
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microRNAs (miRNAs) in blood can 
provide biomarkers for disease and 
even disease-stage (10). If CeD-
specific circulating miRNAs could 
be identified, these would provide 
welcome non-invasive biomarkers for 
easier and more accurate diagnosis of 
CeD.

Outline of this thesis
This thesis had two principal aims: 
(1) to perform fine-mapping of CeD 
loci identified by the Immunochip 
study; and (2) to investigate whether 
miRNA profiles in CeD patients can 
provide biomarker candidates. We 
have divided this thesis into two parts 
that both focus on the non-coding part 
of the genome. In the first part, we 
describe how we can use Immunochip 
results and publicly available data 
to fine map CeD-associated loci 
and to prioritize SNPs and genes 
associated with CeD. In the second 
part, we explore miRNA profiles in 
CeD patients and provide different 
miRNA candidates that may prove to 
be useful biomarkers in the future.

Part I
Chapter 1 gives an overview of 
the genetics factors identified by 
earlier studies and by GWAS that 
are involved in CeD and of the CeD-
associated genes and pathways 
that are shared with other immune-
mediated diseases.
 In Chapter 2 we describe 
an integrative approach to annotate 
and prioritize functional SNPs, genes 
and pathways affected in CeD, using 

publicly available data. We found an 
enrichment of CeD genes in the Th1, 
Th2, and Th17 pathways, and also 
predicted a role for four associated 
genes in the intestinal barrier function. 
Furthermore, in this chapter we 
describe a transcriptional connection 
between Interferon-‐ with CeD 
susceptibility genes, which sheds light 
on why there are no CeD-associated 
SNPs in the IFNG locus, even though 
IFN-‐ is known to be dysregulated in 
CeD.
 In Chapter 3 we describe a 
fine-mapping approach in a strongly 
associated CeD locus (LPP). For 
this purpose we applied haplotype 
analysis and integration of several 
types of data, such as imputation, re-
sequencing and functional genomics 
data that were available to refine this 
locus. We successfully fine mapped 
the associated region down from a 
70 kb region to a 2.8 kb region, and 
pinpointed a possible functional SNP 
in this small region.
 In Chapter 4 we identified 
the first long non-coding RNA 
(lncRNA) that is regulated by a CeD-
associated SNP. To explore possible 
SNPs affecting expression of nearby 
genes in the LPP locus, we performed 
expression quantitative locus (eQTL) 
mapping using RNA-seq data. This 
approach allowed us, for the first 
time, to determine an eQTL effect 
on a lncRNA (LPP-AS1) in CeD. 
Subsequently, we investigated the 
cell type specificity of this candidate 
and performed pathway enrichment 
analysis using co-expression data. 
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This analysis suggested that LPP-AS1 
is involved in ubiquitination, which is 
known to be involved in CeD. 

Part II
In Chapter 5 we describe how SNPs 
can affect non-coding RNAs such as 
miRNAs and lncRNAs. Moreover, we 
provide an overview of bioinformatics 
tools, high-throughput techniques and 
the available databases that help in 
understanding the functions of non-
coding RNAs.
 In Chapter 6 we describe the 
profiling of miRNAs circulating in the 
serum of CeD patients enrolled in 
the PreventCD project, a prospective 
study in which samples were collected 
at different time points after birth from 
individuals in families likely to have a 
genetic pattern to their CeD (11). By 
using next generation sequencing 
(NGS), we were able to determine 
a panel of 45 miRNAs, of which six 
displayed a suggestive pattern over 
different time points. In addition, these 
six candidate miRNAs were detectable 
before the reported time of CeD 
diagnosis. Our results indicated that 
these miRNAs are potential biomarker 
candidates for CeD.
 Chapter 7 shows a profile of 
miRNAs in plasma and small intestine 
samples from CeD patients. We 

also used NGS to profile miRNAs. 
We provided a panel of 49 miRNAs 
in serum and 109 miRNAs in small 
intestine of CeD patients. Moreover, 
by comparing patients that were 
following a gluten-free diet with 
patients at diagnosis, we were able to 
find 11 miRNAs that can potentially be 
used to monitor gluten ingestion in CeD 
patients. Three out of the 109 miRNAs 
differentially expressed in the small 
intestine had already been validated 
in an independent study in CeD (12). 
Thus, we have pinpointed miRNAs 
differentially expressed in the small 
intestine showing that it is worthwhile 
to follow-up and that are likely to be 
involved in the pathogenesis of CeD. 
 Chapter 8 provides a 
discussion of how these fine-mapping 
and integrative approaches has helped 
to shed light on CeD. In addition, we 
discuss the most recent status of the 
microRNAs that might be involved in 
CeD. We discuss the agreements 
and contradictory indications of 
the miRNAs profiles and show how 
they might be used for future clinical 
applications. In the context of the rapid 
developments in the genomics field, 
we discuss the challenges arising in 
this field, which sees the data growing 
exponentially. 
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Abstract 
Identifying disease-associated variants can improve the predictive models 
of disease risk and provide mechanistic insights into disease development. 
Coeliac disease is the only autoimmune trait with a known environmental 
trigger, which makes it an excellent model for studying the complexity of 
genetic and environmental factors in the development of autoimmunity. In this 
review we will focus on the genetic loci that have recently been associated 
with coeliac disease and that contain genes involved in innate and adaptive 
immunity. Some of these loci are shared with other immune-mediated diseases, 
suggesting an overlap of the genetic mechanisms involved in the development 
of such diseases. Some therapies, e.g. tumour necrosis factor inhibitors or a 
gluten-free diet, are already proving effective for more than one autoimmune 
disease. Follow-up of individuals with a high genetic risk of coeliac disease and 
other autoimmune diseases could help to elucidate the role of environmental 
factors (such as infectious agents or alterations in the microbiome) and prevent 
disease development. 

Background 
Coeliac disease (CD) is an 
inflammatory disorder of the small 
intestine that is mainly triggered and 
maintained by storage proteins of 
wheat, barley and rye [1]. However, 
inherited genetic factors also affect 
disease susceptibility as is evident 
from twin and family studies. Having 
at least two individuals with CD in 
a family increases the rate of the 
disease to 17.2% for first- degree 
relatives [2]. Monozygotic twins show 
a high concordance rate of 75% for 
CD development, further supporting 
a strong role for genetic factors [3]. 
The most dominant CD genetic risk 
factors are the genotypes encoded 
by the human leukocyte antigen 
(HLA) class II molecules HLA-DQ2 
and HLA-DQ8. Approximately 95% of 
CD patients carry the HLA-DQ2 allele 
and the remaining 5% carry HLA-

DQ8 [4]. HLA genes are responsible 
for approximately 40% of the genetic 
risk for CD [5]. The other 60% of the 
genetic susceptibility to CD is shared 
between an unknown number of non-
HLA genes, each of which is estimated 
to contribute only a small effect [6].
 CD is triggered by dietary 
gluten, which leads to peptides 
passing through the epithelial barrier 
of the intestine into the lamina propria, 
where they can be deamidated by 
the enzyme tissue transglutaminase 
(tTG). These peptides are presented 
by HLA class II molecules, which can 
lead to activation of CD4+ T-helper 1 
lymphocytes that are central effector 
cells of the intestinal inflammation 
seen in CD and the resulting crypt 
hyperplasia and villous atrophy [1].
 Other environmental risk 
factors, such as infections and being 
breastfed for only a short duration, 
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have also been proposed to play a 
role in CD development. An increased 
frequency of rotavirus infections has 
been associated with an increased risk 
of developing CD [7]. In addition, there 
is a complex three-way relationship 
between adenovirus 12, hepatitis C 
virus (HCV) and the development of 
CD [8]. Variations in the incidence of 
CD during the season or month of birth 
have also been observed and may 
indicate variations in endemic viral 
infections, which could act as triggers 
for perinatal diseases [9]. The results 
of some studies have suggested that 
breastfeeding during the period of 
gluten introduction can reduce the risk 
of developing CD by approximately 
50% [10]. These studies were based 

on a retrospective cohort. Recently 
a prospective study showed that 
there is no association between 
breastfeeding and development of CD 
[11]. The only treatment for CD to date 
is a gluten-free diet although potential 
new therapeutic targets, such as 
the degradation of gluten by prolyl 
endopeptidases, have been identified 
[12]. 
 Advances in serological 
screening, especially the appearance 
of tests to measure immunoglobulin 
A anti-tTG, anti-endomysial and anti-
gliadin antibodies, have shown that 
the prevalence of CD has increased in 
the last 30 years. A study conducted 
in Finland demonstrated that this 
increase in prevalence of CD cannot 

Fig. 1. Global prevalence of coeliac disease and four autoimmune diseases of epidemiological 
importance. Because of their similar immune aetiologies, their co-existence with each other is 
much more common than with other types of diseases [16, 90].
CD: coeliac disease, T1D: type 1 diabetes, RA: rheumatoid arthritis, UC: ulcerative colitis, CrD: 
Crohn’s disease
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be attributed to improved methods 
for detection of the disease, but that 
environmental factors are involved 
[13, 14]. Better screening has also 
provided evidence that CD is common 
in other parts of the world, including 
Asia and South America where CD 
was previously considered to be a rare 
disease (Fig. 1). The prevalence of CD 
in children in northern India is 0.32%, in 
adults in Turkey it is 1.3%, in Argentina 
it is 0.6% and in Brazil it is between 
0.15% and 0.46% [15, 16]. The 
current prevalence of CD in Europe 
and the USA is 1–3% [16]. However, 
the highest prevalence of CD has been 
reported in Saharawi children (5.6%), 
probably due to genetic factors and 
the rapidly changing dietary habits of 
this population [17]. 
 The co-existence of CD with 
other immune-mediated diseases is 
evident from epidemiological studies 
[18], and recent genetic studies have 
provided evidence of shared genetic 
risk factors between CD and, for 
example, Crohn’s disease (CrD), 
ulcerative colitis (UC), rheumatoid 
arthritis (RA) and type 1 diabetes 
(T1D) [19].
 In this review we will discuss 
the genetics of CD, and the genetic 
factors and associated pathways 

shared with CrD, RA, T1D and UC. 
We will also consider the relevance of 
identifying shared genetic pathways 
and their potential for future therapies. 

CD is associated with HLA 
It is recognized that the haplotypes 
HLADQ2/DR3, HLA-DQ6/DR2 and 
HLA-DQ8/DR4 can provide increased 
susceptibility to autoimmune diseases 
[20-22]. Although many studies 
have attempted to determine the 
association between HLA class 
II molecules and susceptibility to 
autoimmune diseases, it is difficult to 
understand the mechanisms behind 
these relationships because of: (1) 
differences in dietary or environmental 
factors between diseases; (2) genetic 
variation among human populations 
precluding the interpolation of results; 
and (3) the high linkage disequilibrium 
(LD) in the HLA region, which does not 
permit a clear dissection of the genes 
involved.
 There is, however, a clear 
and strong effect of certain HLA 
genes on CD (Table 1): almost 
all  CD patients express HLA-DQ2 
(DQ2.5-DQA1*0501-DQB1*0201 
or DQ2.2-DQA1*0201-DQB1*0202) 
and almost all the remaining patients 
express HLA-DQ8 (DQA1*0301-

Table 1. Coeliac disease-associated HLA haplotypes and the overlap with 
other immune-related diseases
Haplotype Genotypes Diseases References

DR3-DQ2 DQ2.5-DQA1*0501-DQB1*0201
DQ2.2-DQA1*0201-DQB1*0202

Systematic sclerosis 
Systemic lupus erythematosus 
Thyroid autoimmunity

[77-79]

DR4-DQ8 DQA1*0301-DQB1*0302 Type 1 diabetes [80]
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DQB1*0302) [23]. Depending on 
the number of HLA alleles present 
in an individual, the rate of disease 
development and the severity may 
vary. The highest risk for developing 
refractory CD (i.e. disease that does 
not respond to a gluten-free diet), 
for example, is observed in patients 
homozygous for DQ2. 
 The main environmental 
factors that trigger the presentation of 
CD are prolamins, which are alcohol-
soluble fractions found in cereals [24]. 
Prolamins (both glutenin and gliadin) 
are the principal component of gluten, 
which is responsible for the viscous-
elasticity of wheat dough, and the main 
toxic effects of gluten in CD are due 
to gliadin [25]. The close association 
between certain HLA alleles and the 
development of CD can be explained 
by the high affinity of the ‐‐ heterodimers 
of HLA-DQ2 and HLA-DQ8 for the 
binding of gliadin-derived peptides, 
with or without modification by the 
tTG enzyme [26]; homozygosity for 
HLA-DQ2.5 has the highest affinity for 
gluten [27, 28]. The resulting immune 
response leads to the generation 
of disease-specific antibodies and 
the secretion of pro-inflammatory 
cytokines such as interleukin (IL)1‐, IL4, 
IL6, IL8, IL10, IL15, IL17A, IL21,tumour 
necrosis factor (TNF)‐ and interferon 
(INF)‐, which cause intestinal mucosal 
atrophy and the consequent clinical 
manifestations [29].
 HLA genes may also play 
a role in the co-morbidity of CD with 
T1D, RA, CrD and UC. The HLA genes 
responsible for these other diseases 

can have different structural motifs 
that bind different epitope triggers 
[22, 30]. For example, it is well known 
that the haplotypes DRB1*0301-
D Q A 1 * 0 5 0 1 - D Q B 1 * 0 2 0 1 , 
D R B 1 * 0 4 0 5 - D Q A 1 * 0 3 0 1 -
D Q B 1 * 0 3 0 2 , D R B 1 * 0 4 0 1 -
DQA1*0301-DQB*0302 and 
D R B 1 * 0 4 0 2 - D Q A 1 * 0 3 0 1 -
DQB1*0302 carry a high risk for T1D 
in Caucasian populations (Table 1) 
[31]. In the case of RA, the major alleles 
are HLA-DRB1*0401, DRB1*0404, 
DRB1*0405 and DRB1*0408 [30]. 
However, in some populations, such 
as the Spanish and Indians, DQ8 
and DR4 have been found to be 
predominantly associated with RA 
with an increased frequency of DQ7 
among affected individuals [32]. 
The genotypes DR2 (DRB1*1501, 
DRB1*1502) and DR3 (DRB1*0103) 
are associated with the development 
of UC, and DR3 has been associated 
with the expression of CrD whereas 
DR2 has been inversely associated 
with this disease [33].
 Although HLA haplotypes 
confer the highest genetic risk for CD, 
the fact that only about 3% of DQ2-/
DQ8-positive individuals develop 
the disease after exposure to gluten 
means that HLA is an essential 
genetic factor but insufficient by itself 
[34]. Hence, other genetic factors 
must be involved in the development 
of the disease to explain the familial 
clustering and the high concordance 
rate in monozygotic twins [35]. 
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Non-HLA genetic factors
Genetic linkage studies were initially 
considered as a tool to find loci involved 
in complex diseases, including CD. 
Basically, this approach makes use of 
families with affected pairs of siblings 
to identify chromosomal regions 
shared between these siblings at a rate 
above the mean of what is statistically 
expected [36]. The first locus outside 
the HLA region identified for CD by 
linkage locus was on chromosome 
5q31–33 [37], followed by loci on 
chromosomes 2q33 and 19q13.1 
[38]. Linkage studies have been highly 
successful in monogenic disorders but 
have not achieved the same success 
in complex diseases that are due 
to multiple risk variants with varying 
effect sizes. 
 Candidate gene associations 
is another approach that has been 
used in genetic studies of CD. The 
aim of this kind of study is to search 
for differences in the frequencies 
of genetic variants in patients, 
compared to control individuals. 
Genetic association studies can 
focus on positional candidate genes 
from a linkage region, or on functional 
candidate genes selected based on 
the proposed disease pathology. 
Variants in the cytotoxic T-lymphocyte 
antigen 4 (CTLA-4) gene [39] and 
myosin 1XB (MYO9B) [40] have been 
associated with CD by this approach, 
but widespread replication of these 
findings in large cohorts from different 
populations remains limited. 
 The identification of new loci in 

CD has more recently been advanced 
by genome-wide association (GWA) 
studies. This approach tests hundreds 
of thousands of single nucleotide 
polymorphisms (SNPs) across the 
whole genome for association with 
a disease in hundreds or thousands 
of individuals [41]. GWA studies rely 
on the typically strong associations 
among SNPs located near each other 
on a chromosome, which tend to be 
inherited together more often than 
expected by chance (i.e. LD). As a 
consequence, only a subset of all 
SNPs needs to be genotyped and the 
remainder of the genetic information 
can be inferred by imputation methods. 
Imputation allows one to compare 
data sets from different genotyping 
platforms with a common reference 
standard such as the international 
HapMap Project [42]; missing 
genotypes are predicted based on 
observed similarities [41]. 
 The first GWA study in CD was 
conducted using 778 cases and 1422 
controls from the UK with 310,605 
SNPs. This study initially identified risk 
variants in the 4q27 region harbouring 
the IL2 and IL21 genes [43]. Two 
follow-up studies identified eight more 
regions: 3p21.31-CCR3, 3q25.33-
IL12A, 2q12.1-IL18RAP, 1q31.2-
RGS1, 12q24.12-SH2B3, 6q25.3-
TAGAP, 2p16.1-REL and 6q23.3-
TNFAIP3 [44, 45] (Table 2). Most of 
these loci contain immune-related 
genes; in particular, genes implicated 
in the control of the adaptive immune 
response. Together with IL2–IL21, 
these eight non-HLA loci explained 
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Table 2. Non-HLA coeliac disease loci and their overlap with other immune-
related diseases
Loci Reported genes Overlapping immune-related 

diseasesa References

1q24.2 CD247 Rheumatoid arthritis 
Systemic sclerosis [45, 58, 81]

1q24.3 FASLG, TNFSF18, TNFSF4 Crohn's disease [45, 61] 
1q31.2 RGS1 Crohn's disease [44] 

1q32.1 Intergenic
Crohn's disease
Ulcerative colitis
Type 1 diabetes

[45, 55, 57, 
61] 

1p31.3 NFIA, IL23R
Type 1 diabetes
Ulcerative colitis
Crohn's disease

[45, 55, 82]

1p36.11 RUNX3 Unknown [45]
1p36.23 TNFRSF9, PARK7, ERFI1 Crohn's disease [45, 83]
1p36.32 PANK4, MMEL1, PCLCH2, HES5, TNFRSF14 Rheumatoid arthritis [45, 58] 
2q12.1 IL1RL1,IL18R1,IL18RAP, SLC9A4 Crohn's disease [44, 83]
2p14 PLEK, SPRED2 Rheumatoid arthritis [45, 58]

2p16.1 REL, PUS10, PEX13, AHSA2
Rheumatoid arthritis
Ulcerative colitis
Crohn's disease

[45, 55, 58, 
83]

2q31.3 UBE2E3, ITGA4 Ankylosing spondylitis [45, 84]
2q33.2 CTLA4, ICOS Rheumatoid arthritis

Type 1 diabetes [45, 57, 58]
3q13.33 CDGAP, TMEM39A, KTELC1, CD80 Unknown [45]
3p14.1 FRMD4B Unknown [45]
3p21.31 CCR1, CCR2, CCRL2, CCR3, CCR5, CCR9, 

CXCR6, XCR1, LTF
Ulcerative colitis
Crohn's disease [44, 55]

3p22.3 TRIM71, CCR4,GLB1 unknown [45]
3q25.33 IL12A, SCHIP1 Multiple sclerosis [44, 85]
3q26.2 ARPM1, LRRC34, LRRC31, MYNN, LOC344657 Unknown [45]
3q28 LPP Unknown [44]
4q27 IL2, IL21, TENR, KIAA1109 Rheumatoid arthritis

Type 1 diabetes [43, 57, 58]

6q15 BACH2 Type 1 diabetes
Crohn's disease [45, 57, 83]

6q22.33 PTPRK, THEMIS Unknown [45]
6q23.3 OLIG3, TNFAIP3 Rheumatoid arthritis

Systemic lupus erythematosus [45, 58, 86]
6q25.3 TAGAP, RSPH3 Crohn's disease [44, 83]
6p25.3 IRF4 Unknown [45]
7p14.1 ELMO1 Unknown [45]
8q24.21 Intergenic Multiple sclerosis [45, 87]

10q22.3 ZMIZ1
Multiple sclerosis
Early-onset IBDb

Crohn's disease
[45, 83, 85, 
88]

11q24.3 ETS1 Systemic lupus erythematosus [45, 89]
12q24.12 SH2B3 Type 1 diabetes

Rheumatoid arthritis [44, 57]
13q14.2 Intergenic Unknown [45]
14q24.1 ZFP36L1 Type 1 diabetes

 Crohn's disease [45, 57, 83]

16p13.13 TNP2, PRM3, PRM2, PRM1, SOCS1, CLEC16A
Type 1 diabetes
Ulcerative colitis
Multiple sclerosis

[45, 55, 57, 
85]

17q21.31 MAPT, KIAA1267, LRRC37A, ARL17B, NSF, 
WNT3 Unknown [45]

18p11.21 PTPN2 Crohn's disease
Type 1 diabetes [45, 57, 61]

21q22.3 ICOSLG, RRP1
Crohn's disease
Rheumatoid arthritis
Type 1 diabetes

[45, 57, 58, 
61]

22q11.21 CCDC116, UBE2L3, HIC2, LOC150223 Systemic lupus erythematosus
Crohn's disease [45, 83, 89]

Xp22.2 TLR8, TMSL3, TLR7, TMSB4X  Unknown [45]
a Immune-related diseases overlapping with CD according to the Catalogue of Published Genome-Wide 
Association Studies (http://www.genome.gov/26525384)
b IBD: inflammatory bowel disease
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3–4% of the heritability of CD, in 
contrast to HLA-DQ2 alone, which 
explains 35%. A second GWA study 
revealed an additional 31 loci, which 
explain approximately another 5% of 
the heritability [45]. To date, 39 CD-
associated loci that together contain 
115 different genes have been found 
[45] (Table 2). Many of these SNP 
variants are also associated with other 
autoimmune diseases (Fig. 2), which 
may point to interesting parallels in 
the pathogenesis of CD and these 
immune-related disorders.
 A challenge for all GWA studies 
is to move from a list of association 
SNPs to a refined set of critical 
genes and pathways. An underlying 
assumption is that the associated SNP 
genotyped in the study is in LD with 
the true disease-causing variant(s). If 
the causal SNP is also common, then 
it is likely to reside in close proximity 
to the genotyped SNP. Hypotheses 
can be postulated about genes within 
the LD regions defined by common 
SNPs. Complementary approaches 
such as gene relationships across 
implicated loci (GRAIL) and expression 
quantitative trait locus (eQTL) 
analyses can help to predict causal 
genes from associated loci. GRAIL is 
a statistical tool that uses text mining 
of PubMed abstracts to annotate 
candidate genes from loci identified 
by GWA studies. When GRAIL was 
applied to the 115 genes comprising 
the 39 CD loci, the program proposed 
genes involved in several immune-
related pathways as putative causal 
genes [46]. Twenty of the 39 CD loci 

contain one or more genes whose 
expression is influenced by a nearby 
SNP (cis-eQTL), suggesting that these 
genes may be causal genes [45]. 
GRAIL and eQTL analyses are two 
different approaches, yet two genes 
(IL18RAP and CCR3) were implicated 
by both approaches (Fig. 2); these 
genes are thus strong candidates for 
causal genes.
 The current view of CD 
genetics is based on our knowledge 
of individual genes residing in the 39 
known CD loci, our knowledge of the 
disease process, and circumstantial 
evidence based on GRAIL or 
eQTL analyses (see Table 2 and 
Supplementary Table 1).

Shared and non-shared loci in 
immune-related diseases
Because of the ubiquity of the immune 
system throughout the human body, 
any alteration in its regulation can 
manifest in other systems or through 
aetiologically related diseases. 
Consequently, autoimmune diseases 
mainly affect a specific organ but can 
have more systemic manifestations. 
In CD, the presentation of gluten 
epitopes to the immune system 
initiates an immune response in the 
intestinal mucosa resulting in severe 
tissue damage. However this is not the 
only manifestation of CD, which can 
also be accompanied by neurological, 
psychiatric, thyroid, bone and obstetric 
problems [47] (Ludvigsson and Green, 
JIM review). A similar situation occurs 
in T1D, which primarily involves the 
destruction of ‐-cells in the pancreas, 
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but can also present with alterations in 
the peripheral nervous system, altered 
intestinal permeability, retinopathy and 
glomerulonephritis [48]. Similarly, in RA 
the primary manifestation involves the 
chronic and progressive destruction of 
diarthrodial joints, but inflammation of 
the heart, lungs and peripheral nerves 
can also occur [49].
 From an immunological and 
cellular point of view, the dysregulated 
processes involved in autoimmune 
diseases are generally common 
ones. Likewise, most if not all of 
these processes would ultimately 
result in activation of T cells. In this 
respect, it is interesting that disease-
specific auto-antibodies may develop 
at different ages, i.e. seroconversion. 
For CD, the onset of symptoms 
often occurs in adulthood, despite 
seroconversion early in life and the 
presentation in children less than 3 
years old [50]. For RA, UC and CrD, 
the peak age of presentation occurs 
between 30 and 50 years [51, 52]. 
For T1D, cases are often diagnosed 
in people younger than 15 years, with 
peak seroconversion at approximately 
3 years of age [50].
 Despite their phenotypic 
diversity, autoimmune diseases can 
share both genetic and immunological 
mechanisms (Fig. 2). GWA studies 
conducted to date in the five 
autoimmune diseases considered 
have provided evidence for shared 
genetic loci. Of the 39 known CD loci, 
approximately 64% are shared with at 
least one other autoimmune disease 
(Fig. 2). Many of the shared loci are 

with T1D (10 loci), RA (9), CrD (17) and 
UC (5). These high numbers of shared 
loci may help to explain the common 
immunological processes that lead to 
the presentation of clinical signs and 
symptoms, and also the concurrent 
co-morbidity of multiple immune-
related diseases in both individuals 
and families. Which disease leads 
to another in the case of concurrent 
diseases is a matter of debate. Given 
the well-known role of gluten in the 
development of CD, it is possible 
that one of it components develops 
molecular mimicry leading to the 
presentation of another autoimmune 
disease [53]. But as the environmental 
factors involved in the development 
of T1D, RA, CrD and UC are not yet 
known, it is difficult to investigate 
molecular mimicry [54].
 Genetic studies have 
enhanced our understanding of the 
processes that may play a role in 
CD in particular, and in autoimmunity 
in general. An environmental trigger 
leads to the presentation of antigens 
and the release of pro-inflammatory 
cytokines. These cytokines, after 
binding to their receptors, induce 
intracellular signalling. One of the 
molecules involved in this signalling 
process is suppressor of cytokine 
signalling 1(SOCS1), the gene for 
which is located in a region shared 
by CD, T1D and UC [45, 55, 56]. By 
contrast, SH2B3, which mediates the 
interaction between T-cell receptors 
and intracellular signalling pathways, 
is shared by CD, T1D and RA [45, 
57, 58]. The SH2B3 complex inhibits 



24

Fig. 2. Shared and non-shared loci from GWA studies, for CD, T1D, RA, CrD and UC. Although 
each of these diseases has unique loci that can explain its individual characteristics, many of the 
loci are also shared and can be linked to a common immune aetiology. The genes shared between 
CD and other autoimmune diseases could play a role in the development of the immune response 
(light blue) and may be related to part of the common aetiology of these diseases. However, many 
of the genes found in the loci discovered so far do not have a clear role in the development of 
the immune response (orange). Several of these genes have been validated by data mining using 
gene relationships across implicated loci (GRAIL) (yellow circle) and through significant changes 
in transcript profiles discovered by the eQTL approach (purple star). This information has been 
derived from the Catalogue of Published Genome-Wide Association Studies (http://www.genome.
gov/26525384), the International HapMap Project [42], the UCSC Genome Browser [91] and 
GRAIL [92], [45, 46, 83].
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the activation of Nuclear factor of 
activated T-cells (NFAT), which acts 
by binding to DNA to regulate the 
expression of several cytokines, 
including IL2. Moreover, it has been 
suggested that SH2B3 may play 
a role in protection from bacterial 
infections, because carriers of this risk 
variant may have a strong activation 
of Nucleotide-binding oligomerization 
domain containing 2 (NOD2)
recognition. Further support for SH2B3 
being involved in bacterial protection 
comes from studies showing that the 
risk allele has undergone positive 
selection during evolution [59]. 
 The activation of signalling 
cascades generates many intracellular 

processes, including the activation of 
transcription factors. One of the most 
well-studied transcription factors 
is nuclear factor kappa B (NFkB), 
which is involved in the transcription 
of cytokines and genes related to 
the immune response. Hence, proper 
regulation of its activity is essential 
for immune homeostasis. The REL 
gene is shared by CD, RA and UC and 
encodes for one of the members of 
the NFkB transcription factor dimer 
[45, 55, 60]; alterations in REL lead to 
increased expression of NFkB in the 
nucleus and, therefore, to a high level 
of expression of target genes for this 
protein. CD and RA share TNFAIP3, 
which acts as an inhibitor of NFkB and 

Fig. 3. Non-HLA genes involved in the immune response in coeliac disease and their overlap. Most 
of these genes are involved in T-lymphocyte (proliferation activity) processes (e.g. CTLA4, CD247, 
ICOSLG, IL2, IL21, ILI2A, IL23R, PTPN2, ITGA2, TNFRSF9, IL18RAP and the CCR superfamily). 
Some of them have been implicated in more than one immune function, such as IL2, IL21, ILI2A 
and IL23R, which are involved in T-lymphocyte and cytokine processes. Other genes play a role 
in only one type of immune response (e.g. UBE2L3 and REL involved in NFkB activity, and RGS1, 
SOCS1 and SH2B3 involved in signalling).
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as a modulator of the signalling through 
TLR4 [45, 58]. In murine models it was 
found that silencing of the Tnfaip3 
gene may lead to hyperactivation 
of cytotoxic T cells and inhibition of 
regulatory T cells. The protein product 
of the TNFRSF14 gene, another gene 
that is shared between CD and RA, 
serves as a co-stimulator for T-cell 
activation by activating NFkB through 
TNF-related cytokines [45, 58].
 T and B lymphocytes have a 
role as end-effectors of the immune 
response. These effector functions 
will largely depend on the quality 
and intensity of the response. In this 
respect, CTLA4 (which is shared by 
CD, T1D and RA) and ICOSLG (shared 
by CD and CrD) may act as regulators 
of proliferation and activation of T 
lymphocytes (Fig. 3) [45, 57, 60, 61]. 
Normally, TNF‐ increases the level of 
ICOSLG in B cells and monocytes, 
and further increase in T-lymphocyte 
proliferation and cytokine production 
is dependent on IL2, INF‐ and IL10. 
CTLA4 normally acts as an inhibitor of 
T-cell response by interfering with the 
TCR signalling pathway.
 Protein tyrosine phosphatise, 
non-receptor type 2(PTPN2) plays 
an important part in the negative 
regulation of the inflammatory 
response in T cells. The PTPN2 gene is 
associated with the occurrence of CD, 
CrD and T1D, suggesting it is involved 
in the overlapping pathways of these 
immune-related diseases. A study 
with Ptpn2 knockout mice showed 
that the absence of this gene leads 
to diarrhoea and progressive weight 

loss [62]. These studies highlight that 
PTPN2 is another potential gene of 
interest in immune-related diseases.
 The genes discovered so far 
that are shared by CD and T1D, RA, 
UC or CrD can be grouped according 
to their physiological function, thereby 
providing insight into their role in the 
disease processes. When interpreting 
these results it is also essential to 
take into account the intricate web of 
interactions and functions that a single 
protein can have, as proteins often 
have more than one function. From a 
genetic point of view, the loci that are 
not shared between diseases are also 
interesting as they may point to unique 
pathophysiological processes in each 
disease. 

What is the value of identifying 
shared genetics?
At present it is known that CD shares 
loci with at least four other immune-
related diseases (Fig. 2), which 
highlights the overlap between these 
diseases and suggests common 
immunological pathways that could 
be targeted for treating them. Using 
information from shared pathways 
might also help to predict a common 
immunogenetic profile shared by all 
immune-related diseases, in addition 
to a disease-specific profile. These 
immunogenetic profiles could also 
provide a practical tool for planning 
therapeutic intervention studies. The 
accuracy of immunogenetic profiling 
will be further improved as more 
genetic and immunological factors 
are characterized and the gene–
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environmental contribution to disease 
becomes clearer [19]. 
 The presence of shared 
genetics raises the possibility that 
new therapeutic interventions can 
be developed rationally, based on 
a clear understanding of disease 
pathogenesis. In addition, existing 
drugs for one disease might be useful 
for targeting another, if the pathway 
being targeted is shared between 
the diseases. TNF plays an important 
role in immune defence and also 
promotes the inflammatory response. 
Some autoimmune diseases, such 
as RA and CrD, can be associated 
with abundant levels of TNF. The 
TNF receptor 2 is involved in the 
mobilization and nuclear entry of the 
transcription factor NFkB and has 
been suggested as a new target for 
drug development in autoimmune 
diseases. Due to polymorphism in the 
TNF receptor 2 gene, some defects 
in the TNF receptor 2 pathway have 
been implicated in the pathology of 
autoimmune diseases. Currently, 
anti-TNF therapies are being used for 
treating RA and CrD [63].
 The IL12/IL23 inhibitor sTA-
5326 has been used to treat RA and 
CrD. This drug downregulates – at 
the transcriptional level – the p35 
subunit of IL12 and the p40 subunit 
of IL12 and IL23, thereby inhibiting the 
production of both ILs [64]. Because 
IL12 also plays a role in activating 
natural killers cells and T lymphocytes, 
and because other genes of the 
IL12 and IL23 pathways are also 
associated with several autoimmune 

diseases, sTA-5326 might be a 
potential treatment for CD. However, 
there are also genetic loci that 
determine an individual’s response 
to treatment. The effectiveness of 
anti-TNF agents, for example, varies 
between individuals [65]. Knowing 
which genetic factors determine this 
might be useful for selecting patients 
who are likely to respond to treatment.
 It has been known since 
the late 1940s that adherence to 
a gluten-free diet is an effective 
treatment for CD; however, this diet 
can also prevent the development 
of other autoimmune disorders [66]. 
Fuchtenbusch et al. showed that 
exposure to dietary gluten very early 
in life in offspring of parents with 
T1D is associated with an increased 
risk of developing islet antibodies; 
the authors suggested that removal 
of dietary gluten should be tested as 
early as possible in children with an 
increased risk of islet autoimmunity, 
i.e. before an immune response to 
islet antigens is established [67]. In 
addition, a gluten-free diet can prevent 
diabetes in non-obese diabetic (NOD) 
mice [68]. 
 CD develops because of a 
lack of oral tolerance to dietary gluten 
and apart from removing gluten from 
the diet, it might also be possible 
to induce tolerance to gluten. The 
PreventCD study [69][ is testing the 
induction of oral gluten tolerance by 
introducing small quantities to infants 
at high-risk of developing CD during 
the period of breastfeeding; high-risk 
individuals are those positive for HLA-
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DQ2 and with at least one first-degree 
relative with CD. If this intervention 
works it might also reduce the risk 
of other immune-related diseases 
and could be applied more widely 
beyond those infants at high-risk for 
developing CD. The induction of oral 
tolerance is probably influenced by 
immunological and genetic factors, 
although which factors are currently 
unknown.
 Immune-related diseases can 
be triggered by different environmental 
factors, including infectious agents. 
Some of these agents could also be 
shared by immune-related diseases 
although the same agent might have an 
opposite effect in different diseases, 
e.g. inducing one but protecting 
against another. The development 
of an autoimmune disease after 
infection is expected to occur only 
in genetically susceptible individuals 
and a shared genetic background 
might explain why only a subgroup 
of individuals develops autoimmunity 
after infection [70]. In CD, for example, 
it has been suggested that rotavirus 
infections can increase the risk of 
disease [7]. Rotaviruses have also 
been associated with exacerbation 
of pancreatic islet autoimmunity in 
humans and shown to promote insulitis 
and exacerbate diabetes in NOD mice 
[71]. HCV has also been associated 
with CD, CrD and thyroiditis [70, 
72]. Certain immune-related genetic 
factors, such as CTLA-4, could be 
involved in the susceptibility to HCV 
[73]. These findings with common 
infectious agents suggest that the 

same environmental factor, together 
with a common genetic background, 
could be shared by different immune-
related diseases.
 Another important factor might 
be the host microbiome. Only recently 
has it become possible to investigate 
the microbiome, but it is clear that its 
composition and function are largely 
driven by the host genome. Alterations 
in the microbiome can occur as a result 
of, for example, infection or disease 
pathology. It would be interesting to 
determine whether shared genetic 
factors also result in a partly shared 
microbiome. The use of probiotics 
have demonstrated some efficacy in 
inflammatory bowel disease and can 
influence the composition of the gut 
microbiota, their metabolic activities 
and their interactions with the mucosal 
immune system [74].

Future perspectives 
The GWA studies conducted so far 
have taken into account the LD present 
in the genome. This type of approach 
has provided much information on 
possible new genes/loci involved in 
CD and confirmed some previously 
reported loci from linkage and case–
control studies. Nevertheless, it is 
still not possible to explain a large 
proportion of the genetic component 
of CD and other immune-related 
diseases. In addition to more GWA 
studies within and across diseases, 
different strategies such as whole 
genome or exome sequencing need 
to be employed to identify the full 
genetic heritability of these immune-



29

Shared genetics in celiac disease and other immune‐mediated diseases

related diseases. The sequencing 
techniques will not only identify more 
common variants associated with 
disease but may also reveal additional 
rare variants or even private mutations 
that cause disease. Another option 
will be to use targeted arrays that are 
enriched for both common and rare 
variants, such as the immunochip.
 The immunochip consists of 
approximately 200,000 markers, but is 
designed to contain only SNPs in about 
200 genes known to be associated 
with an immune-related disease. One 
of the advantages of the immunochip 
is that it includes many more markers 
in both coding and regulatory regions 
of genes, as well as variants with very 
low frequencies. The markers located 
in the regulatory regions will be useful 
for fine-mapping eQTL signals. Use of 
the immunochip is expected to result 
in the discovery of new variants for 
each disease and many more variants 
shared by autoimmune diseases. 
The immunochip will be used by 
the international iChip consortium 
studying 11 different immune-related 
diseases, which will allow large-scale 
meta-analyses across diseases. As 
collecting many more samples for 
each disease will form a bottleneck 
for performing new genetic studies, 
combining datasets for different 
diseases may be the way forwards 
for finding new shared genetic loci. 
Recently, the first cross-disease 
(including CD) meta-analyses of 
GWA studies were successfully 
performed [75, 76]. A study in which 
GWA analyses of CD and RA were 

combined revealed eight new shared 
loci for these two diseases, in addition 
to the six that were already known. 
These results clearly show that 
combining different diseases into one 
dataset increases the power to find 
shared loci.
 Despite the advances in 
technology and statistical analyses, 
a proper characterization of the 
phenotype is still important. CD 
and other autoimmune diseases 
are not characterized by specific 
phenotypes which are easy to 
determine, particularly because the 
phenotypes can cover a broad range 
of symptoms. This means that it 
might be necessary to establish new 
phenotypes based on measurable 
and quantifiable characteristics (so 
called endo-phenotypes), such as the 
presence or levels of auto-antibodies, 
the molecular characteristics of cells 
involved in the immune response, or 
levels of transcription of certain genes 
or groups of genes. 
 Future studies should also 
take the role of environmental factors 
into careful consideration. Thus it 
will be necessary to carry out strict 
monitoring, based on genetic risk 
profiling of those patient cohorts or 
populations that carry the greatest 
risk for autoimmune diseases. 
Because most genetic studies take 
advantage of patient cohorts that 
are available, the data will have 
to be collected retrospectively, 
although it would be more reliable to 
collect data prospectively on both 
disease outcomes and exposure 
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to environmental factors. Such an 
approach could yield insight into the 
environmental factors that may be 
related to the presentation of CD, as 
well as other autoimmune diseases, 
and could be useful for determining 
behaviours and habits that have not 
yet been studied but which could be 
modified to avoid development of 
disease.
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Abstract 
Although genome-wide association studies and fine-mapping have identified 
39 non-HLA loci associated with celiac disease (CD), it is difficult to pinpoint 
the functional variants and susceptibility genes in these loci. We applied 
integrative approaches to annotate and prioritize functional SNPs, genes 
and pathways affected in CD. CD-associated SNPs were intersected with 
regulatory elements categorized by the ENCODE project to prioritize functional 
variants, while results from cis-eQTL mapping in 1,469 blood samples were 
combined with co-expression analyses to prioritize causative genes. To 
identify the key cell-types involved in CD, we performed pathway analysis on 
RNA-sequencing data from different immune cell-populations and on publicly 
available expression data on non-immune tissues. We discovered that CD-
SNPs are significantly enriched in B cell-specific enhancer regions, suggesting 
that, besides T-cell processes, B-cell responses play a major role in CD. By 
combining eQTL and co-expression analyses, we prioritized 43 susceptibility 
genes in 36 loci. Pathway and tissue-specific expression analyses on these 
genes suggested enrichment of CD genes in the Th1, Th2, and Th17 pathways, 
but also predicted a role for four genes in the intestinal barrier function. We also 
discovered an intricate transcriptional connectivity between CD susceptibility 
genes and interferon-‐, a key effector in CD, despite the absence of CD-
associated SNPs in the IFNG locus. Using systems biology, we prioritized the 
CD-associated functional SNPs and genes. By highlighting a role for B cells in 
CD, which classically has been described as a T cell-driven disease, we offer 
new insights into the mechanisms and pathways underlying CD.

Introduction
Celiac disease (CD) is one of the 
best-understood complex diseases; 
it is the only disease for which both 
the triggering environmental and 
major genetic predisposing factors 
are known. The chronic inflamed 
condition of the small intestine in CD 
is triggered by gluten peptides mainly 
derived from dietary wheat, rye, and 
barley (1). The only known therapy 
for CD is a gluten-free diet, but this 
can induce complications such as 
nutrient deficiency and a decreased 
quality of life (2, 3). The identification 

of susceptibility genes for CD may 
lead to alternative therapeutic options. 
In the last decade, genome-wide 
association studies (GWAS) have 
identified thousands of common 
variants for hundreds of complex 
human phenotypes (4). Along with the 
well-characterized HLA subtypes HLA-
DQ2 and/or HLA-DQ8, GWAS have 
pinpointed many CD-associated loci 
(5-7). Using the Immunochip platform, 
Trynka et al. (8) identified a total of 
39 genome-wide significant non-HLA 
loci, harboring 57 independent single 
nucleotide polymorphisms (SNPs) 
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that are associated with CD. Their 
study aimed to fine-map GWAS loci 
and indeed decreased the average 
size of CD susceptibility loci from 
~300 kb to ~50 kb. Although GWAS 
results have contributed significantly 
to our understanding of the genetic 
architecture and risk profile of CD 
patients (9), the inherent nature of 
the human genome – specifically its 
linkage disequilibrium (LD) structure 
(10) – complicates identification of 
the disease-predisposing genes and 
variants.
 Remarkably, only 5% of the 
CD-associated variants are localized 
in protein-coding exons, while the 
others are located in the non-coding 
part of the genome that is known to 
harbor gene regulatory motifs or non-
coding genes (11, 12). Moreover, it 
was shown that SNPs associated to 
disease can alter the expression of 
long non-coding RNAs (13). These 
insights provide a novel perspective 
on the mechanisms modulated by 
‘regulatory SNPs’. New layers of 
regulatory information, for instance 
provided by the ENCODE project (14), 
should therefore be interrogated to 
fully understand the effects of CD-
associated SNPs localizing to non-
coding regions. Since pinpointing the 
true causal genes either by expression 
quantitative trait loci (eQTL) mapping, 
or by pathway or gene regulatory 
network analyses, has helped us 
understand the pathogenesis of 
several complex diseases (15-19), 
we aimed to apply these methods to 
identify CD-associated causal genes.

We integrated different layers of 
functional data, such as eQTL mapping 
results, tissue-specific expression 
data, DNase I hypersensitivity (DHS) 
analysis results, DNase I footprints, 
chromatin immunoprecipitation 
followed by sequencing (ChIP-seq) 
data, and results from network and 
pathway analyses, to prioritize the 
plausible functional SNPs and genes 
from the 39 known CD-associated 
loci. We show that of all these SNPs, 
95% are located within regulatory 
regions and are enriched in B-cell 
specific enhancers. 
 Pathway analysis on 
prioritized CD genes not only showed 
their enrichment for immune pathways, 
but also suggested that four poorly 
characterized genes (LPP, C1orf106, 
ARHGAP31 and PTPRK) are involved 
in intestinal barrier function, a process 
known to be affected in CD (20, 21).
 Finally, we examined the 
expression of the prioritized CD genes 
for correlation with the expression 
of the interferon-gamma gene. We 
have previously shown that increased 
expression of interferon-‐ (IFN‐) 
correlates with tissue damage in CD, 
but had not yet found any evidence 
for a susceptibility to CD being due to 
genetic variations in the IFNG locus 
(22). This had suggested that high IFN‐ 
levels were merely a consequence of 
the disease. Our new analysis presents 
a possible genetic explanation for the 
elevated expression of IFN‐ in CD
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Results
Functional annotation indicates 
CD SNPs to be located more 
often within gene regulatory 
regions 
The 57 genome-wide significant 
(GWS) SNPs at the 39 CD loci are not 
necessarily the disease-predisposing 
ones, since there are often SNPs for 
each locus very strongly correlated 
to GWS SNPs due to high or perfect 
LD. Therefore, we also extracted 
620 proxy SNPs (r2 ≥ 0.9) to the 
57 GWS CD-SNPs resulting in 677 
SNPs for functional annotation using 
RegulomeDB (23). Our detailed, step-
wise annotation and prioritization 
process is depicted in Figures 1A, 
1B and S1 and explained in the 
Supplementary Materials. Overall, 
we found that 66% (448/677) of the 
variants in 37 CD loci overlapped 
with at least one layer of ENCODE 
data, which is a ‘minimum-evidence’ 
criterium for a regulatory function 
(Figure 1B). Moreover, 26 SNPs in 
19 loci overlapped with three or 
more layers of functional information 
(e.g. a DHSplus a TF-binding site 
and a matched TF motif); these 
were prioritized as functional SNPs 
with ‘maximum evidence’ (Figure 
1B and Table S1). By setting criteria 
for a functional SNP to show either 
maximum or medium evidence, 41 
variants in 21 loci could be prioritized 
as functional. Of these 41 variants, 
95% are located within DHS, more 
than 95% changed TF-binding motifs, 
and 68% are located within enhancers 

(Figure 2A and Table S2). These 
findings indicate that the majority of 
CD SNPs are likely to influence disease 
through mechanisms regulating gene 
expression.

CD SNPs are significantly 
enriched in B cell-specific 
enhancers
Our SNP prioritization analysis 
showed that 68% of the prioritized CD 
SNPs are associated with enhancers. 
Since enhancers are gene elements 
that are important regulators of cell-
type-specific transcription control, 
we tested whether CD SNPs function 
in a ‘ cell-type-specific’ manner by 
performing enhancer-enrichment 
analysis on 677 CD SNPs using the 
HaploReg database (24, 25). We 
observed a significant enrichment (P ≤ 
7.38 x 10-5) of three cell enhancers 
for 677 CD SNPs (embryonic 
stem cell- (H1), B-lymphoblastoid 
cell- (GM12878), and erythrocytic 
leukemia cell- (K562) enhancers). We 
then compared the fold-enrichment 
of enhancers in these three cell lines 
to investigate whether CD SNPs are 
located significantly more often in 
cell-type-specific enhancers than any 
random set of SNPs present within 
1 Mb around GWAS CD SNPs (see 
Methods). Interestingly, we observed 
a more than 2.5-fold enrichment of 
B-cell-specific enhancers for CD SNPs 
(P = 0.029; Figure 2B), suggesting that 
a subset of CD SNPs may specifically 
regulate gene expression in B cells.
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eQTL and network analyses 
prioritize immune genes as 
functional genes in CD loci
Although 25 single genes were 
located nearest to or within LD blocks 
fine-mapped by Immunochip (Figure 

3), many of the CD-associated 
loci were found to harbor intriguing 
candidate genes, which may lead to 
bias in pinpointing the true functional 
gene. We therefore applied eQTL- 
and network analyses to prioritize the 
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Figure 1. A detailed summary of our integrative approach used to prioritize functional SNPs and 
functional genes. (A) All 50 SNPs that are in LD (R2 ≥ 0.9) with CD-associated rs2097282 were 
intersected with functional data to prioritize rs6441972 as the most likely functional SNP. Five 
genes (CCR1, CCR3, CCR2, CCR5 and CCRL2) in the associated LD region were queried initially 
by eQTL mapping and CCR3 was prioritized as the functional gene from this locus. Genes without 
eQTL were selected as query genes to be prioritized based on further network analysis. Finally, the 
prioritized genes from both eQTL and network analyses were included in a pathway enrichment 
analysis. (B) A detailed annotation and prioritization of 677 CD-associated SNPs.
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Figure 2. Functional annotation of CD-associated SNPs. (A) The 57 genome-wide significant SNPs 
from 39 CD loci and their 620 proxy SNPs were intersected with functional annotation data using 
RegulomeDB and SNPinfo database; the results are shown separately. The number and length of 
the color bars indicate the total number of SNPs in each functional category. The loci are ordered 
according to the highest number of SNPs showing maximum evidence for being functional SNPs. 
CD-associated SNPs are often located within a cell-type-specific enhancer. (B) A plot to show 
the difference in fold-enrichment of enhancers for CD SNPs compared to a random set of SNPs. 
(Embryonic stem cell- (H1), B-lymphoblastoid cell- (GM12878), and erythrocytic leukemia cell- 
(K562) enhancers). The significance of the difference in fold-enrichment was tested by the  T-test. 
The HaploReg database was used to calculate the fold-enrichment of enhancers.
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most likely functional genes in all CD 
loci (Supplementary Materials). 
 We mapped cis-eQTL for 
50/57 independent CD susceptibility 
SNPs (Table S3) in 1,469 PBMC 
samples and found that 19 SNPs were 

associated with altered expression 
levels of 18 genes (Table 1). Of these, 
13 SNPs reached the Bonferroni 
threshold (P < 5.49 x 10-6), whereas 
six SNPs were modestly associated 
(P < 0.05; Table 1). We next identified 

Figure 3. Pathway and network analysis on functional genes identified by Immunochip and cis-
eQTL analyses. (A) The Venn diagram shows 18 single genes identified by Immunochip fine-
mapping alone, the 11 genes identified by eQTL analysis alone, and the 7 genes identified by 
both approaches. These 36 genes were used as seed genes to perform network analysis to 
prioritize genes from other CD-associated loci. Enrichment analysis using the 49 prioritized CD 
genes revealed enrichment of CD genes for (B) the lymphocyte proliferation network, and (C) the 
T-helper cell differentiation pathways.
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the best eQTL SNP for each of these 
18 genes and performed conditional 
analysis to test whether the effect of 
a CD SNP on the gene is a primary 
effect (i.e. both eQTL SNP and CD 
SNPs are in LD with r2 ≥ 0.8 and/or 
D’ ≥ 0.9) or a secondary effect (i.e. 
both SNPs are not in LD but show 
association with gene expression 
levels after regressing out the effect 
of best eQTL SNP). We found that 
13 SNP-gene pairs showed a primary 
effect (the CD SNPs are real eQTL 
SNPs), whereas seven SNP-gene pairs 
showed a secondary effect (Tables 1 
and S3). Of the 18 eQTL found genes, 
seven confirmed the Immunochip 
fine-mapping results and together the 

Immunochip analysis and the eQTL 
mapping pinpointed 36 genes (Figure 
3).
 Subsequently we performed 
network analysis to identify disease-
predisposing genes in the ten loci 
that could not be fine-mapped 
by Immunochip and/or cis-eQTL 
analysis. We used the 36 genes 
pinpointed by Immunochip analysis 
and eQTL mapping as seed genes 
(Figure 3A). We only considered 
genes to predispose to disease when 
they were predicted by at least two 
out of the five pathway analysis tools 
(GRAIL, STRING, DAPPLE, GATHER 
and DAVID). This network analysis 
approach led to prioritization of seven 

Table 1. Results of cis-eQTL analysis in two cohorts of 1,240 and 229 PBMC 
samples to prioritize CD susceptibility genes

C
hr GWS CD SNP Proxy SNP for 

eQTL Ri
sk

 
al

le
le

 

Effect P
HT12v3a

P
H8v2b eQTL Gene

1 rs4445406 rs3890745 C Down 4.68 x 10-15 7.03 x 10-6 MMEL1
C Up 5.08 x 10-9 5.69 x 10-2 TNFRSF14

2 rs13003464 G Down 4.38 x 10-10 3.04 x 10-3 AHSA2*

2 rs10167650 G Up 8.58 x 10-23 2.95 x 10-7 PLEK
2 rs990171 A Down 1.51 x 10-137 3.95 x 10-21 IL18RAP
2 rs1018326 C Down 4.57 x 10-14 0.21 UBE2E3*

2 rs34037980 rs10497873 T Down 3.47 x 10-2 2.05 x 10-2 ICOS
3 rs6441961 T Up 1.51 x 10-18 1.10 x 10-5 CCR3*

3 rs7616215 C Down 5.09 x 10-96 2.47 x 10-22 CCR3
3 rs60215663 rs13070740 A Down 2.44 x 10-4 NA CCR3
6 rs7753008 rs6454802 T Down 7.40 x 10-3 0.335 BACH2*

6 rs1107943 rs11759145 T Down 4.12 x 10-8 1.39 x 10-3 TAGAP*

7 rs79758729 rs11984075 G Down 1.12 x 10-7 1.41 x 10-2 ELMO1
10 rs1250552 G Up 1.10 x 10-2 0.12 ZMIZ1
12 rs3184504 T Up 4.38 x 10-6 5.12 x 10-2 SH2B3 
15 rs1378938 T Up 6.91 x 10-33 7.02 x 10-8 CSK
16 rs243323 G Down 4.82 x 10-3 1.89 x 10-2 SOCS1*

21 rs1893592 C Up 7.08 x 10-44 NA UBASH3A
21 rs58911644 G Up 2.01 x 10-2 1.41 x 10-2 ICOSLG*

22 rs4821124 C Up 3.21 x 10-81 4.77 x 10-23 UBE2L3
Chr, chromosome; GWS genome-wide significant; Effect, the risk allele is associated with either increased levels 
(Up) or decreased levels (Down) of a gene’s expression.
a1,240 PBMC samples assayed on HT12v3 microarray; b229 PBMC samples assayed on H8v2 microarray. 
*Identified as a secondary effect on these genes by CD SNPs. See also Table S3.
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more genes in seven loci (Table 
2). In the remaining three loci 
(FASL-TNFSF18, IL2-IL21, and 
TREH-DDX6), single candidate 
genes could not be prioritized by 
our analyses.
 In summary, our final 
list of potential CD susceptibility 
genes contained 49 genes in 39 
loci. Of the 49 genes, 36 were 
prioritized by Immunochip and/or 
eQTL analysis, seven genes were 
prioritized by network analysis, 
and the six remaining genes were 
derived from three loci in each of 
which there were two remaining 
genes (Table S4).

Pathway enrichment 
analysis predicts CD genes 
involved in lymphocyte 
activation
To investigate whether the 49 
prioritized CD genes converge 
on specific biological pathways, 
we performed pathway analysis 
using MetaCore GeneGo. This 
implicated a subset of CD 
susceptibility genes (IL2/IL21, 
CD28, STAT4, TNFRSF14, 
ICOSL, PRKCQ, IL12 and ICOS) 
in lymphocyte activation (Figure 
3B and Table S5; P = 3.03 x 
10-7) and, more specifically, in 
Th1 and Th2 cell differentiation 
(Figure 3C and Table S5; P = 
7.73 x 10-8). We also observed 
an enrichment of CD genes for 
the interferon signaling network 
(CIITA, IL18RAP, SOCS1, FASL; 

Ta
bl

e 
2.

 N
et

w
or

k 
an

al
ys

is 
re

su
lts

 to
 p

rio
rit

ize
 C

D 
su

sc
ep

tib
ilit

y 
ge

ne
s 

us
in

g 
fiv

e 
pa

th
w

ay
 a

na
lys

is 
pr

og
ra

m
s

Chr

G
W

S 
SN

P 
rs

 ID
Q

ue
ry

 g
en

es
G

RA
IL

(P
)

ST
RI

NG
(n

um
be

r o
f 

in
te

ra
ct

io
ns

)

DA
PP

LE
(P

)
G

AT
HE

R
(B

ay
es

 fa
ct

or
)

DA
VI

D 
(P

)
C

an
di

da
te

s

1
rs

85
96

37
FA

SL
, T

NF
SF

18
FA

SL
G

 (7
.5

8 
x 

10
-6

),
TN

FS
F1

8 
(1

.4
0 

x 
10

-7
)

FA
SL

G
 (8

)
NA

FA
SL

 &
 

TN
FS

F1
8 

(1
3)

FA
S 

&
, T

NF
SF

18
 

(3
.6

0 
x 

10
-4

)
FA

SL
 &

 
TN

FS
F1

8

2
rs

19
80

42
2

C
D2

8,
 C

TL
A4

NA
C

TL
A4

 (7
)

C
TL

A4
 (1

.9
0 

x 
10

-3
)

NA
NA

C
TL

A4
3

rs
46

78
52

3
C

C
R4

, G
LB

1
C

C
R4

 (1
.0

7 
x 

10
-7

)
C

C
R4

 (1
)

NA
C

C
R4

 (1
4)

C
C

R4
 (9

.0
 x

 1
0-3

)
C

C
R4

3
rs

76
83

09
65

SC
HI

P1
, IL

12
A

IL
12

A 
(2

.0
9 

x 
10

-9
)

IL
12

A 
(9

)
IL

12
A 

(1
.0

9 
x 

10
-3

)
NA

IL
12

A 
(9

.7
 x

 1
0-3

)
IL

12
A

3
rs

13
53

24
8

SC
HI

P1
, IL

12
A

IL
12

A 
(2

.0
9 

x 
10

-9
)

IL
12

A 
(9

)
IL

12
A 

(1
.0

9 
x 

10
-3

)
NA

IL
12

A 
(9

.7
 x

 1
0-3

)
IL

12
A

3
rs

25
61

28
8

SC
HI

P1
, IL

12
A

IL
12

A 
(2

.0
9 

x 
10

-9
)

IL
12

A 
(9

)
IL

12
A 

(1
.0

9 
x 

10
-3

)
NA

IL
12

A 
(9

.7
 x

 1
0-3

)
IL

12
A

4
rs

13
13

23
08

KI
AA

11
09

, A
DA

D1
, IL

2,
 

IL
21

IL
21

 (6
.1

6 
x 

10
-1

0 )
IL

2 
(1

.4
7 

x 
10

-9
)

IL
2 

(1
0)

IL
21

 (9
)

IL
21

&
 IL

2 
(1

.0
8 

x 
10

-3
)

IL
2 

(1
4)

IL
21

&
 IL

2 
(3

.8
 x

 1
0-2

)
IL

21
&

 IL
2

4
rs

62
32

38
81

KI
AA

11
09

, A
DA

D1
, IL

2,
 

IL
21

IL
21

 (6
.1

6 
x 

10
-1

0 )
IL

2 
(1

.4
7 

x 
10

-9
)

IL
2 

(1
0)

IL
21

 (9
)

IL
21

&
 IL

2 
(1

.0
8 

x 
10

-3
)

IL
2 

(1
4)

IL
21

&
 IL

2 
(3

.8
 x

 1
0-2

)
IL

21
&

 IL
2

6
rs

17
26

43
32

O
LI

G
3,

 T
NF

AI
P3

TN
FA

IP
3 

(4
.7

5 
x 

10
-5

)
TN

FA
IP

3 
(6

)
TN

FA
IP

3 
(0

.0
8)

NA
NA

TN
FA

IP
3

6
rs

77
02

77
60

O
LI

G
3,

 T
NF

AI
P3

TN
FA

IP
3 

(4
.7

5 
x 

10
-5

)
TN

FA
IP

3 
(6

)
TN

FA
IP

3 
(0

.0
8)

NA
NA

TN
FA

IP
3

10
rs

23
87

39
7

PF
KF

B3
, P

RK
C

Q
PR

KC
Q

 (6
.1

9 
x 

10
-5

)
PR

KC
Q

 (6
)

PR
KC

Q
 (0

.1
4)

PR
KC

Q
 (5

)
NA

PR
KC

Q
11

rs
71

04
79

1
PO

U2
AF

1,
 C

11
or

f9
3

PO
U2

AF
1 

(0
.0

03
)

PO
U2

AF
1 

(1
)

NA
NA

PO
U2

AF
1 

(9
.3

 x
 1

0-3
)

PO
U2

AF
1

11
rs

10
89

22
58

TR
EH

, D
DX

6
NS

NS
NS

NS
NS

16
rs

80
07

37
29

 
PR

M
1,

 P
RM

2
NS

NS
NS

NS
NS

X
rs

13
39

7
HC

FC
1,

 T
M

EM
18

7,
 IR

AK
1

IR
AK

1 
(8

.0
 x

 1
0-6

)
IR

AK
1 

(1
)

NA
NA

NA
IR

AK
1

C
hr

, c
hr

om
os

om
e;

 G
W

S 
ge

no
m

e-
w

id
e 

sig
ni

fic
an

t; 
NA

 n
ot

 a
pp

lic
ab

le
, N

S 
no

t s
ig

ni
fic

an
t



46

P = 1.09 x 10-4) and for Th17 cell 
differentiation pathway (CD28, 
IRF4, IL21; P = 1.24 x 10-5). These 
results highlight the many CD genes 
that affect T cell development and 
differentiation and that disregulated 
Th1, Th2 and Th17 pathways may be 
involved in CD etiology. 

RNA sequencing of immune 
cells reveals cell type-specific 
expression of CD genes
To identify CD-relevant cell types, we 
investigated the expression profiles of 
the 49 prioritized CD genes (Figure 4A) 
in seven different immune cell-types. 
Unsupervised hierarchical clustering 
showed 15/49 genes to be expressed 
in all seven different cell types (Figure 
S2 and Table S6). K-means analysis 
identified clusters with a relatively 
higher, but not restricted, expression 
pattern in T cells (CD28, ICOS, 
UBASH3A, RGS1, CTLA4, CCR4), 
B cells (BACH2, ICOSLG, IRF4, 
ARHGAP31, POU2AF1) or NK/T cells 
(PRKCQ, FASLG, PUS10, STAT4, 
SOCS1, IL18RAP). These results not 
only confirm the presumed role of 
T cells in CD pathogenesis, but also 
support the postulated importance of 
B cells in CD (26), which had already 
been substantiated by our observation 
of a significant enrichment of CD 
SNPs within B-cell-specific enhancers 
(reported above).

Differential expression of CD 
genes during Th1, Th2 and 
Th17 cell differentiation
Pathway analysis indicated that 

multiple CD genes are involved in 
regulating the differentiation of T-helper 
cells (Figure 3C). We therefore tested 
whether CD susceptibility genes are 
differentially expressed during Th1, 
Th2 (Figure S3) and Th17 cell lineage 
differentiation (Figure S4). For this we 
performed unsupervised clustering of 
39/49 prioritized CD gene expression 
levels using previously published 
data (27-29). Our results indicated 
a specific time window in which 
CD genes are expressed during 
differentiation of T cell lineages. For 
example, IL18RAP, UBE2L3, FASLG, 
SH2B3, POU2AF1 and IL2 are strongly 
expressed only after one hour of Th2 
cell differentiation and the expression 
is switched off after 24-48 hours. 
Similarly, STAT4, ZFP36L1, TAGAP, 
PLEK and CCR4 are expressed at 
low levels in the early stage of Th1 
cell differentiation, whereas they 
were abundantly expressed during 
Th2 cell differentiation. During Th17 
cell differentiation, the expression 
of CD28, ETS1, UBASH3A, STAT4, 
TNFAIP3 and UBE2L3 is restricted to 
an early stage (the first 6 hours). 

A subset of CD genes are 
predicted to be involved in 
intestinal barrier function
A subset of 15/49 CD genes could 
not be categorized due to a lack 
of published functional data (Table 
S7). Thus, we applied an alternative 
approach in an attempt to predict 
the function of these 15 genes. 
We interrogated the GeneNetwork 
database (www.genenetwork.nl/
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genenetwork, manuscript submitted) 
to predict their function based on 
co-expression data extracted from 
approximately 80,000 Affymetrix 
microarray experiments. We were able 
to predict a significant function (Table 
S7) except for two genes (PUS10 and 
PVT1). The predictions indicated that 
4/13 genes (C1ORF106, ARHGAP31, 
LPP and PTPRK) act in the cell-cell 
adhesion process in the intestine. 
Next, we tested whether these 
predictions for the four genes could 
be replicated using another prediction 
tool, GEMMA. We extracted their co-
expressed genes from GEMMA and 
again performed a gene network 
enrichment analysis using MetaCore 
GeneGo. This showed enrichment 
with genes involved in cell adhesion 

and cell junction networks (P = 3.67 
x 10-4), cardiac development by BMP 
and TGF beta signaling (P = 1.69 x 10-
3), skeletal muscle development (P = 
3.36 x 10-11), and cadherin-mediated 
cell adhesion (P = 3.74 x 10-3) (Figure 
4B). Interestingly, the four genes seem 
to play a role in the actin-cytoskeleton 
rearrangement and cell-cell adhesion 
pathways, which are crucial for 
maintaining the intestinal epithelial 
barrier function (20, 21). 
 We then tested whether 
the expression levels of the four 
genes are differentially regulated in 
CD-affected intestinal tissue using 
microarray data from 24 duodenal 
biopsies (12 CD patients with villous 
atrophy and 12 healthy controls). We 
found down-regulation of the LPP (P 

Figure 4. (A) K-means clustering analysis on expression of CD genes in seven cell types identified 
as cell-specific CD genes. (B) Pathway enrichment analysis on a subset of non-immune CD 
genes revealed a novel network involved in cell-cell adhesion and maintaining the intestinal barrier 
function.
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= 0.0004), C1orf106 (P = 0.0005) 
and PTPRK genes, and up-regulation 
of ARHGAP31 expression in biopsies 
from CD cases compared to controls 
(Figure S5). These findings suggest 
that the four genes are potentially 
candidates involved in barrier function, 
which can be tested using functional 
studies. 

Increased expression of 
IFN-‐ may be due to altered 
expression of CD susceptibility 
genes
Pathway analysis on prioritized 
CD genes predicted a role for the 
interferon signaling network in CD 
(Figure 3B). The level of interferon 
gamma (IFN-‐) expression is elevated 
in CD patients and correlates with the 
degree of damage to the intestinal 
mucosal layer (Figure 5A) (22). We 
investigated whether the expression 
of IFNG mRNA correlates with 
expression levels of CD susceptibility 
genes. Using the GeneNetwork 
database (www.genenetwork.nl/
genenetwork), we extracted all the 
genes significantly co-expressed with 
IFN-‐ and built an IFN-‐ co-expression 
network. This showed that more 
than 30% (15/49) of the CD genes 
are significantly co-expressed with 
IFN-‐ (Figure 5B). Because the Mouse 
Genome Informatics phenotype data 
is integrated in the GeneNetwork 
database, we were able to test 
whether mutations in these 15 IFNG 
co-expressed CD genes displayed 
any common phenotype. The 
assumption being that if these 15 

genes are indeed connected to IFNG 
expression, their loss must have 
an impact on IFN-‐ levels. In other 
words, we tested whether single gene 
knock-out mouse models of all 15 
CD genes (connected to IFN-‐), would 
display phenotypes along with other 
phenotypes. We found a significant 
enrichment of genes in which 
mutations may cause differential 
levels of IFN-‐ secretion (Figure 5C). 
Additionally, we investigated whether 
the 15 IFNG co-expressed CD genes 
can be induced by IFN-‐ stimulation 
using data generated by Fairfax et al., 
who performed eQTL mapping using 
gene-expression data generated 
from monocytes that were stimulated 
with either IFN-‐ or LPS (30). We 
extracted the expression data from 
their study and tested whether the 15 
genes were differentially regulated 
upon IFN-‐ stimulation. We traced the 
expression data for 11/15 genes 
and found seven to be significantly 
regulated by IFN-‐ stimulation (Table 
S8), thus supporting the hypothesis of 
a connection between CD genes and 
the IFNG pathway. 

Discussion
By integrating publically available 
data and systems biology methods 
for analysis in this study, we were 
able to zoom in on causal CD SNPs 
and the genes and pathways affected 
in CD pathology. We had four main 
results: (1) The SNP prioritization data 
confirms the notion that autoimmune 
disease-associated SNPs are 
regulatory in nature (validated by 
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showing that these SNPs are enriched 
within immune cell-type-specific 
enhancers). We were further able 
to narrow down our candidate gene 

list to 49 genes (validated by testing 
their cell-type-specific expression 
in seven different immune cell types 
and in Th cell differentiation). (2) Our 

Figure 5. CD susceptibility genes regulate the expression levels of IFNG. (A) IFNG levels are 
significantly (P = 3.25 x 10-5) up-regulated in CD biopsies with Marsh III condition (CD; N=12) 
compared to non-CD biopsies (NC; N = 12). (B) An IFNG co-expression gene network revealed 
that 15 CD susceptibility genes are co-expressed with IFNG (shown in red circle). Co-expressed 
genes are colored based on their GO biological process. (C) Common phenotype enrichment 
analysis in the mouse, using the Mouse Genome Informatics phenotype data for the 15 CD genes 
that are co-expressed with IFNG, indicated altered levels of IFNG as the most common phenotype.
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analysis confirmed the classical view 
that T cells are key players in CD, 
and we report the novel link between 
CD-associated SNPs and the role 
of B cells in this disease (validated 
by showing that the CD SNPs are 
significantly enriched in B cell-specific 
enhancers). (3) Moreover, our results 
suggest that four, thus far poorly 
characterized, CD genes play a role in 
the intestinal barrier function, which is 
known to be impaired in CD (validated 
by showing that these genes are 
differentially expressed in biopsies 
from CD cases compared to healthy 
controls). Although defective barrier 
function is a known feature of CD, 
our results implicate four CD genes 
as being causal in this phenotype. 
(4) Finally, our analysis discovered 
a genetic network involved in IFN-‐ 
signaling and linked to CD (validated 
by showing that the IFNG co-regulated 
CD genes are differentially regulated 
in response to IFN-‐ stimulation). 
The clearest proof for prioritizing 
disease genes is undoubtedly the 
identification of an eQTL SNP. The 
eQTL results not only help us to map 
susceptibility genes precisely, but 
also to discover the direction of the 
effect of the CD risk alleles on gene 
expression. For instance, a study in 
mice showed that the BACH2 gene is 
required to prevent the development 
of autoimmunity due to its role in the 
development of regulatory T cells 
(31). Concordant with these results, 
we observed the association of a 
CD risk allele with BACH2 down-
regulation. Therefore, by looking at 

the direction of the effect of the eQTL 
on gene expression, we can predict 
whether the susceptibility genes 
are involved in the pro-inflammatory 
or anti-inflammatory pathways. 
Intriguingly, eQTL mapping identified 
a different disease gene than those 
seen in the finely mapped LD region 
at two loci (AHSA2 instead of PUS10, 
and CCR3 instead of LTF). These 
findings suggest that the susceptibility 
variants may affect the expression of 
genes located further away from the 
associated LD block and one must 
therefore be careful when pinpointing 
susceptibility genes in GWA studies. 
Furthermore, conditional eQTL 
analysis indicated that some of the 
eQTLs could be mere overlap with 
the effect of the best eQTL SNP (e.g. 
SOCS1) and may not be truly linked to 
a disease-associated SNP. Therefore, 
future eQTL studies using RNA-
sequencing data from many different 
cell types and complete genotype 
data are required to pinpoint the 
true functional genes in all disease-
associated loci.
It should be noted that for the other 
50% of the CD SNPs, we observed 
no significant association between 
expression levels of transcripts and 
SNP genotypes in PBMC samples 
containing multiple immune cell 
types. Previous eQTL analyses 
have suggested that a considerable 
number of disease-associated SNPs 
can be tissue-specific eQTLs (32, 
33) as a consequence of altered 
gene expression by cis-regulatory 
elements in a tissue- and/or timing-
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specific manner. Accordingly, cell-
type-specific enhancer enrichment 
analyses showed that CD SNPs are 
located not only in T cell regulatory 
regions, but also within elements 
that regulate different T cell lineages, 
B cells, and monocytes. Since B 
cells and monocytes constitute less 
than 20% of all the cells in a PBMC 
fraction, we may not be able to 
detect B cell- or monocyte-specific 
eQTLs when mapping eQTLs in total 
PBMCs. Indeed, recent eQTL studies 
performed using gene-expression 
data from innate-antigen stimulated 
monocytes (30) or dendritic cells (34) 
have identified many autoimmune 
disease-associated SNPs as cell- and 
stimulation-specific eQTLs. Future 
studies should therefore investigate 
the genotype-expression correlation 
in cell-type-specific and stimulation-
specific datasets to reveal a disease 
mechanism in detail.
  Since, these CD functional 
SNPs mostly regulate gene expression 
by influencing the stability of binding 
between enhancer DNA and TFs, they 
are expected to cause small shifts in 
the expression levels of susceptibility 
genes. However, the cumulative effect 
of these small variations may have a 
large impact on particular biological 
pathways if the SNPs affect several 
genes involved in a common pathway. 
Indeed, systematic prioritization of 
the genes and subsequent pathway 
analysis enabled us to show that 
the majority of CD susceptibility 
genes converge to regulate Th cell 
differentiation and IFN-‐ signaling 

pathways. A proper balance between 
the different T cell lineages is crucial 
for maintaining a healthy adaptive 
immune system. It has been suggested 
there is an imbalance between the 
Th1, Th2 and Th17 lineages in CD 
(35, 36), so the differential expression 
of a subset of CD susceptibility genes 
during Th cell differentiation may be 
important in maintaining balance (37). 
In CD, it has also been shown that 
dietary gluten affects Th1 and Th2 
adaptive immune responses (35). The 
Th1 response is characterized by a 
high secretion of IFN-‐, which results in 
T cell activation and intestinal tissue 
damage (22). Although the IFN-‐ locus 
is not genetically implicated in CD 
(22), we have now found a strong 
interdependency between IFN-‐ levels 
and the expression levels of CD genes. 
It is tempting to speculate that SNPs 
in the CD-associated genes that are 
connected to the IFNG network may 
predispose individuals to a specific, 
more severe form of CD (e.g. Marsh 
III) than other variants. This type of 
information might help in refining risk 
prediction models so that they can 
not only predict an individual’s risk for 
CD development, but also the likely 
progression and severity of disease.
Defects in barrier function are strongly 
associated with CD (45). Although 
several factors, such as infection, 
genetic predisposition and gluten 
intake, may increase the chances 
of an abnormal intestinal barrier in 
CD, the role of elevated levels of 
IFN-‐ has been well established (22, 
38). However, it is still difficult to say 
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whether the intestinal barrier defect 
is the cause or a consequence of 
CD. But now, for the first time, our 
pathway analyses have indicated that 
four prioritized CD genes play a role 
in regulating the intestinal membrane 
barrier function. In addition, by 
establishing a significant connection 
between CD susceptibility genes and 
IFNG, our study suggests that the 
abnormal barrier function could be 
a basic defect in CD. Enhancing the 
intestinal barrier function could offer a 
new lead for therapeutic intervention, 
while a good understanding of the 
functional role of CD susceptibility 
genes in maintaining the intestinal 
barrier function could provide other, 
alternative, therapeutic options.
In summary, our study has identified 
a subset of CD genes relevant for 
maintaining the intestinal permeability. 
We have also revealed an intricate 
transcriptional connectivity between 
CD susceptibility genes and IFN-‐. 

Materials And Methods
Functional annotation and 
prioritization of CD SNPs
The Immunochip analysis identified 
57 independent CD susceptibility 
SNPs in 39 known CD loci. The 
proxies (r2 ≥ 0.9, 1000 Genome 
project, CEU population as reference) 
for these 57 SNPs were extracted 
using HaploReG v2 tool (http://
compbio.mit.edu/HaploReg) (25). The 
potential functional consequence 
of each SNP was predicted using 
RegulomeDB (39). Although both 
RegulomeDB and HaploReg use the 

same regulatory information from the 
ENCODE project, RegulomeDB allows 
ranking of SNPs based on the amount 
of regulatory information which a 
SNP intersects with. We adopted 
the modified RegulomeDB scheme 
suggested by Schaub et al. (23) to 
prioritize the CD functional SNPs. The 
annotation methods are described in 
the Supplementary Note.

Cell-type-specific enhancer 
enrichment analysis for CD 
SNPs
We intersected 677 SNPs (57 CD 
SNPs + 620 proxies) for cell-type 
specific enhancers using HaploReg 
v2 database (25). The fold-enrichment 
of cell-type-specific enhancers was 
calculated as described previously 
(24). The uncorrected binomial P 
value was subjected to multiple testing 
correction (0.05/677 SNPs) and 
enrichment was considered significant 
if the P value passed a Bonferroni 
corrected P-value ≤ 7.38 x 10-5. To 
test whether this enrichment was 
higher than expected, we extracted 
100 sets of 670 SNPs (random sets of 
SNPs from the same region containing 
the GWAS SNPs) that were matched 
for allele frequency distributions of 
CD SNPs and no or low LD with CD 
SNPs (r2 < 0.4). The fold-enrichment 
of enhancers for each of the 100 
sets of random SNPs was extracted 
from HaploReg, which allowed us 
to calculate the significance of 
enrichment as determined by fitting 
a normal distribution on the 100 log-
transformed fold enrichment values. 
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Prioritization of CD susceptibility 
genes by eQTL mapping
As a discovery set, 1,240 peripheral 
blood samples were investigated and 
the results were replicated in 229 
samples, all isolated from unrelated, 
healthy Dutch controls. The cis-
eQTL method is described in the 
Supplementary Note. Since eQTL 
effects can be driven by LD, rather 
than direct effect of the CD SNPs on 
gene expression, we then performed 
conditional analysis on SNP-gene 
pairs to identify whether the eQTL 
effect of a CD SNP on a gene is a 
primary effect (i.e. both eQTL SNP 
and CD SNP are in LD ( r2 ≥ 0.8 and/
or D’ ≥ 0.9)) or a secondary effect (i.e. 
both SNPs are not in LD but the CD 
SNP shows association with gene 
expression levels after regressing out 
the effect of the best eQTL SNP of 
that gene). Using the CD SNP eQTL, 
we first determined the top-eQTL SNP 
for the associated gene within 250kb. 
Subsequently, using linear regression, 
we adjusted the gene expression data 
for the effect of this top eQTL SNP. 
Finally, we assessed whether the CD 
SNPs showed significant eQTL effects 
on the residual gene expression levels, 
in order to determine whether the CD 
SNP eQTL effect is independent of the 
top eQTL effect.

Prioritization of CD susceptibility 
genes using network analysis
We used the publically available 
GRAIL (40), DAPPLE (41), DAVID 
(42, 43), STRING (44), and GATHER 
(45) tools for pathway analysis. 

We hypothesized that consistent 
prediction of the same gene by two 
or more different tools points to a 
true functional gene. We used the 
default settings for these tools to 
predict the most likely functional gene. 
The websites where these tools and 
their methodologies can be found 
are provided in Table S9. The single 
genes implicated as susceptibility 
genes by either Immunochip or eQTL 
mapping were used as seed genes 
to construct biological networks 
associated with CD. Using each tool 
separately, we examined whether 
the query genes (multiple genes in 
one locus) connected significantly 
with the networks interconnecting 
the seed genes. The significance of 
network connectivity for each seed 
gene is indicated by either the P value 
or the Bayes factor generated by the 
algorithms. If two or more different 
tools predicted that the same query 
gene would form networks with the 
seed genes, then the query gene was 
considered to be the functional gene 
in that locus.

Pathway or network enrichment 
analysis on all prioritized 
susceptibility genes
The commercially available 
MetaCore-GeneGO pathway analysis 
tool (http://www.genego.com/
metacore.php) was queried to group 
functionally related gene-networks. 
The significance of these analyses 
was evaluated based on the size of 
the intersection between our gene 
list and the set of genes/proteins 
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corresponding to a network module 
or pathway. MetaCore-GeneGO 
indicates statistical significance of the 
enriched terms by a P value (Fisher’s 
exact test, corrected for multiple 
testing by false discovery rate).

Collection of granulocytes and 
peripheral blood mononuclear 
cell fractions
Participants were enrolled after 
giving informed consent, following 
an Institutional review board protocol 
approved by the University Medical 
Centre Groningen (Groningen, the 
Netherlands). The isolation and 
sorting methods for peripheral blood 
mononuclear cells (PBMCs) are 
described in the Supplementary Note. 

RNA isolation and library 
preparation
RNA was extracted using the 
Ambion mirVana miRNA isolation 
kit (Life Technologies, Bleiswijk, 
the Netherlands) according to 
the manufacturer’s instructions. 
RNA quantity and quality were 
determined using the Nanodrop 
1000 spectrometer (Thermo Fisher 
Scientific, Landsmeer, the Netherlands) 
and Expirion High-sensitivity RNA 
analysis kit (Bio-Rad, Waltham, MA, 
USA), respectively. RNAseq libraries 
were prepared from 1 ug RNA of 
each cell population using Illumina’s 
TruSeq RNA kit (San Diego, CA, 
USA) according to the manufacturer’s 
instructions and these libraries were 
subsequently sequenced on a HiSeq 
2000 sequencer (Illumina).

Analysis of RNAseq reads
The sequencing reads were mapped 
to human reference genome NCBI 
build 37, using STAR v2.1.3 (46), 
allowing for two mismatches and 
retaining only uniquely mapping 
reads. The method is described in the 
Supplementary Note. 

Data sets used to zoom in on 
specific T helper cell lineages
Gene expression microarray data 
measured from human T helper (Th) 
cells differentiating towards Th1, Th2 
or Th17 lineages, and from activated 
Th cells (Th0; controls) were taken 
from previous studies (27-29). The 
data analyses are described in the 
Supplementary Note. 

Prediction of function of non-
immune genes by co-expression 
and pathway analysis
We interrogated the GeneNetwork 
co-expression database (www.
genenetwork.nl/genenetwork) that 
has been developed in our lab (13) 
(manuscript in preparation), the 
Gemma database (www.chibi.ubc.ca/
Gemma/home.html), and MetaCore-
GeneGO’s pathway analysis tool 
(http://www.genego.com/metacore) 
to predict pathways in which prioritized 
CD genes are involved. The method is 
described in the Supplementary Note. 

Analysis of expression data 
from biopsies 
Biopsy sampling, RNA isolation, and 
details of microarray hybridization 
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have been previously described 
(47, 48). Intestinal biopsies from 
12 celiac disease patients with a 
histological classification of Marsh III 
(MIII), and duodenum biopsies from 13 
healthy individuals were investigated 
according to UEGW  criteria. The 
normalized expression values were 
stratified according to the phenotypes 
(CD cases versus controls) and the 
significant difference was tested using 
the Wilcoxon rank test (implemented 
in R).

Supplementar Material 
Supplementary Material is available at 
HMG online. 
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Abstract
Using theImmunochip for genotyping,weidentified 39non-human leukocyte 
antigen(non-HLA) loci associated to celiac disease (CeD), an immune-
mediated disease with aworldwide frequency of ‐∼1%. The most significant 
non-HLA signal mapped to the intronic region of 70 kb in the LPP  gene. Our aim 
was to fine map and identify possible functional variants in the LPP  locus. We 
performed a meta-analysis in a cohort of 25 169 individuals from six different 
populations previously genotyped using Immunochip. Imputation using data 
from the Genome of the Netherlands and 1000 Genomes projects, followed 
by meta-analysis, confirmed the strong association signal on the LPP  locus 
(rs2030519, P = 1.79 x 10-49), without any novel associations. The conditional 
analysis on this top SNP-indicated association to a single common haplotype. 
By performing haplotype analyses in each population separately, as well as in a 
combined group of the four populations that reach the significant threshold after 
correction (P <  0.008), we narrowed down the CeD-associated region from 70 
to 2.8 kb (P=1.35 x 10-44). By intersecting regulatory data from the ENCODE 
project, we found a functional SNP, rs4686484 (P=3.12 x 10-49 ), that maps to 
several B-cell enhancer elements and a highly conserved region. This SNP was 
also predicted to change the binding motif of the transcription factors IRF4, 
IRF11, Nkx2.7 and Nkx2.9, suggesting its role in transcriptional regulation. We 
later found significantly low levels of LPP  mRNA in CeD biopsies compared 
with controls, thus our results suggest that rs4686484 is the functional variant 
in this locus, while LPP  expression is decreased in CeD.

Introduction
In recent years, genome-wide 
association studies (GWAS) 
have identified thousands of new 
susceptibility loci for common 
diseases, including dozens for celiac 
disease (CeD) (1,2). CeD is an 
immune-mediated disease triggered 
by gluten in the diet of genetically 
susceptible individuals, and it is 
strongly correlated with the presence 
of specific HLA-DQ isotypes, which 
are necessary but not sufficient to 
lead to the disease (3). In a previous 
GWAS, we identified 26 non-human 
leukocyte antigen (non- HLA) loci with 

small effect size that explain part of 
the heritability of CeD(4). Recently, 
we used the Immunochip (5) and 
discovered 13 additional susceptibility 
loci, as well as fine mapping >50% 
of all 40 loci (6). In total, we reported 
39 non-HLA susceptibility loci, which 
together with the HLA locus, explain 
50% of CeD heritability (6). The 
strongest non-HLA association signal 
maps to a 70 kb linkage disequilibrium 
(LD) block in intron 2 of the LPP gene. 
Conditional analysis of this highly 
associated variant revealed no other 
signals of association, indicating a 
single associated haplotype in this 
locus. 
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The LPP gene has also been reported 
to be associated with vitiligo (7), an 
autoimmune disease, in which the top 
SNP is located in the same haplotype as 
the CeD top SNP (r2=0.8 and D‐=0.9). 
The LPP gene is involved in cell motility 
and cell– cell adhesion, which is crucial 
to maintaining the barrier integrity of 
epithelial monolayers, especially in the 
small intestine. It might therefore play a 
role in the pathogenesis of CeD (8,9).
 Our aim was to fine map 
the CeD-associated 70 kb intronic 
region at the LPP locus and to identify 
possible functional variants. We used 
data from six different CeD populations 
(UK, Dutch, Polish, Spanish, Italian and 
Indian) genotyped on the Immunochip 
array. Further, a haplotype analysis 
was performed, followed by haplotype 
association testing in each population 
separately. Finally, we intersected the 
fine-mapped region with functional 
annotation data from the ENCODE 
project (10). This allowed us to refine 
the 70 kb region of association to a 25-
fold smaller region of 2.8 kb enriched 
with regulatory elements, where we 
identified one SNP predicted to change 
transcription-factor-binding motif.

Results
Meta-analysis identified a single 
variant at LPP locus 
In order to fine map the 70 kb LPP 
LD region, we performed a meta-
analysis on a large cohort of 25 169 
individuals, who had been genotyped by 
Immunochip (Table 1, Supplementary 
Material, TableS1).
 The SNP with the highest 
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Figure 1. Fine mapping of the LPP region. (A) Localization of the LPP gene on chromosome 3 and the LD region. 
(B) Meta-analysis of imputation and Immunochip (iCHIP) results. Open circles are SNPs genotyped by the iCHIP, 
black dots represent SNPs imputed by GoNL and gray dots represent SNPs imputed by the 1000 Genomes 
Project (1kG). (C) SNPs in the fine-mapping region overlapping to ENCODE regulatory regions, including DNase 
I hypersensitive sites, histone modifications determined by ChIP-seq and transcription factor-binding site ChIP 
signals. Signal peaks are depicted as darker regions. Evolutionary conserved sites are also shown. ‐14 SNPs 
that construct the core-haplotype. ‐‐7 SNPs in orange differentiate the risk from the non-risk haplotype. The 
functional candidate SNP rs4686484 is depicted in red. The top meta-analysis SNP is in blue. (D) Sequencing 
of the functional candidate SNP predicted to change the binding site of the shown transcription factors. Prot, 
protective; Ref, reference.

rs
20

30
51

9

rs
20

30
51

9

rs
10

35
76

5

rs
76

35
01

2

rs
64

44
28

4

rs
28

63
73

41
rs

67
90

26
0

LOCUS

Gene size
736,7 kb

0
10

20
30

40
50

Meta analysis

 

 

70 kb 

A

B

4,1 kb

C

LPP gene
Exons

Chr3 

-L
O

G
 (p

-v
al

)

188060 188080 188100 188120 188140

GoNL

iCHIP

1kG

2424.3

21 3 4 5 6 7 8 9 10

LPP

Candidate SNP:
rs4686484

Open Chromatin by DNaseI HS from ENCODE/OpenChrom(Duke University)

Histone Modifications by ChIP-seq from ENCODE/Broad Institute

Transcription Factor ChIP-seq Uniform Peaks from ENCODE/Analysis

Placental Mammal Conservation by PhastCons
Vertebrate Conservation by PhastCons

Naive B cell 
CLL 

GM19240 
CD4+ Th0 
CD4+ Th1 
GM19238 
GM19239 
GM10248 
GM18507 
GM12891 
GM10266 

Melano 
CD20 

GM12892 
GM13976 
GM20000 
GM13977 

CD14 

GC B cell 

GM12878 EZH2
CD20+ H3K27ac
CD20+ H3K4m2
CD14+ H3K27ac

CD14+ H2A.Z
CD14+ H3K4m1
CD14+ H3K4m2

GM12878 H3K4m1
CD14+ H3K4m3

GM12878 BATF
GM12878 SPI1

2,8 kb

D
Sequence matched

in motif change

IRF11
IRF4

Nkx2.7
NKX2.9

Prot: ATGATTATGAACTTCGAGTGAAACCTAGCTA
Alt: ATGATTATGAACTTCAAGTGAAACCTAGCTA

NTCAAWCGAAACCTA
TTCABTT

TCAAGTG
TCAAGTGRSR

Scale
chr3:

rs
76

34
89

8

rs
64

44
28

5

rs
46

86
48

3

rs
46

86
48

4

rs
67

78
72

0

rs
20

30
52

0

rs
67

85
28

4

rs
12

63
41

52

hg19

188,117,500 188,118,000 188,118,500 188,119,000 188,119,500Scale
chr3:

1 kb

rs
67

90
26

0

rs
64

44
28

5

rs
46

86
48

3

rs
46

86
48

4

rs
67

78
72

0

rs
20

30
52

0

188,117,500 188,118,000 188,118,500 188,119,000 188,119,500 188,120,000 188,120,500 188,121,000

14 SNPs*

7 SNPs**



65

Fine mapping of the celiac disease-associated LPP locus reveals a potential functional variant

association with CeD was located 
within intron 2 of the LPP locus 
(rs2030519; P=1.76x10-49; OR 
=0.75, 95%CI 0.72–0.78) (Fig. 1A 
and B), where the minor allele G is 
more frequent in controls than in 
CeD cases, suggesting that the allele 
has a protective effect. To check 
for possible additional independent 
signals, we performed a conditional 
analysis on this top SNP, but did not 
uncover any novel significant signals 
(Supplementary Material, Fig. S1), 
indicating association to a single, 
common haplotype. 

Imputation confirmed the meta-
analysis results 
In order to test whether any non-
genotyped variants were more 
strongly associated with CeD than the 
top SNP, we imputed  genotypes using 
two different reference panels [1000 
Genomes Project and Genome of the 
Netherlands (GoNL)]. This analysis 
resulted in an additional 397 SNPs 
(254 SNPs from the 1000 Genomes 
project data, 110 SNPs from the GoNL 
study, with 33 SNPs identified by both).
We then performed ameta-analysis 
on both the known, as well as the 
imputed, SNPs. This confirmed that 
SNP rs2030519 was the strongest 
CeD-associated SNP in the LPP  locus 
(P=1.79x10-49 , OR=0.75, 95% CI 
0.72– 0.78) in this region (Fig. 1 B).

Association analysis in different 
populations indicated different 
top SNPs
Since the meta-analysis identified 

rs2030519 as the most strongly 
associated SNP, we tested whether 
rs2030519 was also the top SNP 
in the six separate populations. 
The top SNP was confirmed as the 
strongest associated SNP only in the 
UK population (the largest cohort) 
(P=4.56x10-38, OR=0.74, 95% CI 
0.70–0.77), whereas in the other 
five populations, different top SNPs 
were identified (Table 1). In the 
Italian population, the top SNP was 
rs9834159 (P=2.11x10-7, OR=0.74, 
95% CI 0.67–0.83), and in the Dutch 
and Spanish cohorts the top SNP was 
rs60946162 (P=0.002, OR=0.8, 
95% CI 0.73–0.93  and P=0.0004, 
OR=0.78, 95% CI 0.67–0.89, 
respectively). The top SNPs in the 
Polish cohort (rs2103025; P=0.004, 
OR=1.4, 95% CI 1.12–1.85) and 
in the Indian cohort (rs11923721; 
P=0.02, OR=1.4, 95% CI 1.05–2.58) 
showed association in opposite 
directions (Table 1) to the top SNPs 
in the other four cohorts (UK, Italy, 
Netherlands and Spain). These results 
suggest that there could be population 
specific, CeD-associated alleles.

Haplotype analysis suggested 
a common CeD-associated 
haplotype
The existence of different CeD-
associated top SNPs in different 
populations may suggest that these 
SNPs could be tagging a common 
functional variant on a common 
haplotype. We therefore included 
all the genotyped SNPs within a 
250 kb window around the top 
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SNP (rs2030519) from the meta-
analysis, and generated haplotypes 
in populations that showed significant 
P-value with rs2030519 after a 
Bonferroni correction for the six 
populations (P=0.008). Next, we 
tested the association of haplotypes 
with CeD using logistic regression in 
the separate populations. The Indian 
and Polish cohort were excluded 
from haplotype association analysis 
(Supplementary Material, Table S3). 
We therefore performed the haplotype 
association test in a meta-analysis 
of the four remaining populations 
together (UK, Italy, Netherlands and 
Spain). The biggest haplotype size 
(53.7 kb) was found in the Dutch 
cohort (Table 2) and the smallest 
haplotype (3.1 kb, Table 2) was found 
in the UK population, which was 
the largest cohort (Supplementary 
Material, Table S1). By looking at the 
most strongly associated haplotype 
in each of the European populations, 
we identified a core haplotype of 4.1 
kb containing 14 SNPs (Table 2 and 
Supplementary Material, Fig. S2 and 
Table S4).

Seven SNPs differentiate risk 
and non-risk haplotypes
In order to see whether differences 
in the risk and protective haplotypes 
across populations could reduce the 
size of this region, we performed 
a haplotype logistic regression 
using the 14 SNPs (Table 3) in each 
population separately, as well as in 
all four populations together (Table 
3). By comparing the haplotypes 

obtained, we found a common, 
associated haplotype present in all 
the populations (Table 3). Seven of 
the 14 SNPs showed minor alleles 
present in the protective haplotype, 
but absent in the risk haplotype (Table 
3). This approach reduced the core 
haplotype down to a 2.8 kb region 
(chr3:188117070–188119901, 
NCBI build 37) and suggests that this 
region might well harbor the causative 
variant for CeD (Fig. 1C).

Annotation of established 
functional elements in the core 
haplotype region
To investigate whether the seven 
core-haplotype SNPs are located 
within known functional elements, 
they were subjected to HaploReg. 
The 2.8 kb region contained open 
chromatin regions, as identified in 19 
cell lines of the ENCODE Project cell 
line panel (Fig. 1C and Supplementary 
Material, Table S5). Of the seven 
SNPs, six (rs6790260, rs6444285, 
rs4686483, rs4686484, rs6778720 
and rs2030520) mapped to regions 
annotated with histone modifications 
H3K27ac, H3K4m1, H3k4 m2, 
H2A.Z and EZH2 identified in B- and 
T-cells (Fig. 1C and Supplementary 
Material, Table S5). Interestingly, 
SNP rs4686484 (P=3.12x10-49), 
which is in high LD with the top-
meta SNP, rs2030519 (r2 ≥ 0.9 and 
D'=1), maps to DNase hypersensitive 
sites inmultiple cell lines (including 
B- and T-cells). In addition, it maps 
to overlapping DNA fragments 
that were individually isolated by 
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chromatin immunoprecipitation (ChIP) 
using antibodies against BATF and 
PU.1 (Fig. 1C and Supplementary 
Material, Table S5). Hence, SNP 
rs4686484 is highly conserved (Fig. 
1C, Supplementary Material, Table 
S5) and HaploReg suggested that this 
SNP changes the consensus-binding 
motif of the transcription factors IRF4, 
IRF11, Nkx2.7 and Nkx2.9 (Fig. 1D, 
Supplementary Material, Table S5). 
 In order to test whether the 
SNP rs4686484 can be prioritized 
as the only candidate SNP without 
performing haplotype analysis, we 
subjected 174 SNPs present in the 
original 70 kb region to HaploReg 
annotation (Supplementary Material, 
Fig. S4). We found 12 SNPs in high 
LD with rs4686484 (r2 ≥ 0.7 and 
D'=1) overlapping with regulatory 
elements characterized by open 
chromatin, histone modification and 
transcription factor binding. However, 
it is not clear which of these 12 
SNPs are functionally involved in 
CeD pathogenesis. Therefore, the 
fine mapping by haplotype analysis 
helped us to prioritize the most likely 
functional SNP even though the 
associated region contained more 
than one SNP with similar regulatory 
potential.

Sanger sequencing to identify 
novel variants
In order to test whether the highly 
conserved regulatory region 
contained novel variants in LD with 
SNP rs4686484, we sequenced 391 
bp around this functional SNP (chr3: 

188118290–188118680, NCBI 
build 37) in 210 Dutch individuals 
(117 cases and 93 controls). This did 
not identify any  novel variants in the 
region, which was in concordance with 
GoNL data (11 ). Although two SNPs 
(rs147428170 and rs148483836) 
are located in this region (according to 
the 1000 Genomes Project), we were 
not able to confirm them in the 210 
individuals we sequenced, probably 
because these two SNPs are very rare 
(minor allele frequency, MAF=0.001) 
in the CEU population. We therefore 
consider SNP rs4686484 to be 
the main functional candidate 
(Supplementary Material, Table S6).

Low expression of the LPP 
gene in biopsies from CeD 
patients
In order to test whether LPP  gene 
levels are affected in the CeD status, 
microarray expression analysis was 
performed on 25 duodenal biopsies 
(12 celiac patients with villous 
atrophy and 13 healthy controls) 
(Supplementary Material, Methods). 
This showed a lower expression of 
the LPP  gene in biopsies of celiac 
patients with villous atrophy (Marsh 
III stage) compared with healthy 
controls (Supplementary Material, Fig. 
S3). These results suggestLPP is a 
causative gene in the pathogenesis 
of CeD.

Discussion
We aimed to refine a 70 kbLDregion 
of the LPP gene, previously reported 
as the strongest non-HLA-associated 
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locus in CeD, and to identify 
possible functional variants. We 
analyzed genotype data obtained 
with Immunochip in six-independent 
populations in this region (6). A meta-
analysis on the six sets of genotyped 
and imputed data confirmed that the 
strongest association was to the SNP 
rs2030519 (P=1.79x10-49) located 
in intron 2 of the LPP locus (Fig. 
1A and B). Subsequent conditional 
analysis on this SNP indicated no 
other independent associations and 
suggested the presence of a single, 
common risk haplotype in this locus 
(Supplementary Material, Fig. S1). 
 It has been suggested that 
disease etiology is common between 
populations, but that risk variants 
are often population specific (12). 
Here, we performed a population-
specific association analysis to test 
the genetic heterogeneity between 
six populations. Except for the UK 
population, their top SNPs differed 
from the meta-analysis top SNP 
(Table 1). In addition, except for the 
Polish top SNP, the top SNPs of the 
other populations were inLDwith the 
meta-analysis top SNP (Table 1), 
suggesting a common-associated 
haplotype in these populations. 
 Haplotype analysis using 
different populations has been 
shown to be a suitable strategy for 
fine-mapping associated regions 
(13). Since haplotypes characterize 
the exact organization of alleles 
along the chromosome (14), more 
information can be incorporated into 
the association tests by constructing 

haplotype blocks from SNPs (15). 
Accordingly, in this study, we were 
able to find a core haplotype of 4.1 
kb by comparing the most strongly-
associated haplotype per population 
in four Caucasian cohorts, which 
indicated acommon associated 
haplotype between these populations 
(Fig. 1C, Table 2). In addition, we 
observed that the sample size of 
the study cohort is very important to 
narrow down the associated regions. 
By analyzing only the two largest 
populations (UK and Italy), we found a 
haplotype with a more similar size of 
4.8 kb than when we investigated all the 
populations together (Supplementary 
Material, Fig S2). However, only by 
adding the other populations, we were 
able to compare risk and protective 
haplotypes, and finally pinpoint 
seven SNPs that differentiate the risk 
haplotype from the non-risk haplotype 
across different populations (Fig. 1C, 
Table 3). This helped us to refine the 
associated region down to 2.8 kb, 
where a functional variant might be 
located. 
 It has been shown that there is 
an enrichment of regulatory elements 
from the ENCODE project overlapping 
SNPs identified by GWAS (10,16). To 
prioritize SNPs in the 2.8 kb region 
that could have a functional effect, we 
intersected all seven SNPs in the 2.8 
kb region with regulatory information 
available from the ENCODE Project 
(10). In the end, we were able to 
identify six out of seven SNPs that 
mapped to a regulatory region, 
either to DNase hypersensitive sites 
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or regions with enhancers histone 
modifications (Fig. 1C, Supplementary 
Material, Table S4). One SNP, 
rs4686484, directly overlapped these 
two regulatory sites and also mapped 
to transcription-factor-binding sites 
(Fig. 1C). The G allele at rs4686484 
was predicted to interfere with the 
consensus motives of transcription 

factors IRF4, IRF11, Nfx2.7 and 
Nfx2.9 (Fig. 1D). Interestingly, IRF4 
has been described as interacting 
with PU.1 (17), and since the G allele 
of the functional SNP interferes with 
IRF4 binding, it is possible that this 
SNP could affect IRF4-mediated PU.1 
binding. Whether this alteration would 
increase or decrease the expression 

Population

rs7634898
rs7635012
rs6790260

rs28637341
rs6444284
rs6444285
rs4686483
rs4686484
rs6778720
rs2030520
rs2030519
rs6785284
rs1035765

rs12634152

Frequency

Freq C
ases

Freq C
ontrols

O
R P

M
eta-analysis*

C C G A T C T G G C G C A T 0.454 0.4219 0.4857 0.768 9.41E-45

C C C T C T A A A T A T T C 0.435 0.4609 0.4081 1.25 8.70E-32

T A C A T T A A A T A C A C 0.0477 0.05143 0.044 1.18 0.000115

C A C A T T A A A T A C A T 0.0619 0.06375 0.06003 1.06 0.111

UK

C C G A T C T G G C G C A T 0.447 0.4094 0.4818 0.74 2.84E-38

C C C T C T A A A T A T T C 0.438 0.4673 0.41 1.28 1.45E-25

T A C A T T A A A T A C A C 0.0465 0.05092 0.0423 1.22 0.000294

C A C A T T A A A T A C A T 0.0673 0.07046 0.06442 1.09 0.051

Italy

C C G A T C T G G C G C A T 0.487 0.4556 0.5248 0.755 4.12E-07

C C C T C T A A A T A T T C 0.431 0.4599 0.398 1.29 4.67E-06

C A C A T T A A A T A C A T 0.0292 0.03131 0.02677 1.2 0.262

T A C A T T A A A T A C A C 0.0483 0.05051 0.04567 1.09 0.503

The Netherlands

C C G A T C T G G C G C A T 0.437 0.4143 0.4595 0.843 0.00482

C C C T C T A A A T A T T C 0.456 0.4796 0.4335 1.2 0.00277

C A C A T T A A A T A C A T 0.0575 0.05696 0.05797 0.945 0.659

T A C A T T A A A T A C A C 0.0474 0.04783 0.04646 1.02 0.879

Spain

C C G A T C T G G C G C A T 0.488 0.4654 0.5257 0.783 0.000551

C C C T C T A A A T A T T C 0.4 0.4149 0.3754 1.17 0.0245

T A C A T T A A A T A C A C 0.0483 0.05275 0.04079 1.3 0.131

C A C A T T A A A T A C A T 0.0623 0.06605 0.05589 1.21 0.199

Polish

C C G A T C T G G C G C A T 0.448 0.4347 0.4612 0.869 0.13

C C C T C T A A A T A T T C 0.408 0.4271 0.3891 1.22 0.0355

C A C A T T A A A T A C A T 0.0734 0.06622 0.08041 0.768 0.133

T A C A T T A A A T A C A C 0.065 0.06622 0.06377 1.08 0.659

Table 3. Haplotype association analysis in the 14 SNPs from the core haplotype
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of LPP remains to be tested. Moreover, 
the IRF4 gene was also reported to be 
associated with CeD (6), and it could 
be that it somehow interacts with the 
LPP gene. To investigate this, we used 
Genenetwork (www.genenetwork.nl) 
and DAVID (18); however, we did not 
find any shared pathways between 
LPP and IRF4 (results not shown). 
 The lack of any novel 
variants on sequencing, as well 
as the many overlapping layers of 
regulatory information within this 
highly conserved regulatory region, 
confirmed rs4686484 as the most 
likely functional SNP (Supplementary 
Material, Table S6). However, we 
did not find any eQTL effect for SNP 
rs4686484 in a peripheral blood 
dataset of 1240 samples (19). We 
were therefore unable to establish 
a causal link between the prioritized 
functional SNP and the LPP gene. 
Nonetheless, microarray analysis in 
duodenal biopsies showed that the 
LPP gene is down-regulated in severe 
CeD cases (villous atrophy, Marsh 
III) compared with healthy individuals 
(Supplementary Material, Fig. S3). We 
examined the expression level of LPP 
in biopsies from individuals genotyped 
for the rs4686484 SNP, but found no 
significant difference, most likely due 
to our very limited sample size (n=25) 
(results not shown). Nevertheless, 
this result is in agreement with a 
previous study that also showed lower 
expression of the LPP gene in biopsies 
of CeD patients (20), suggesting that 
LPP is the most plausible causative 
gene in this locus.

The fact that many regulatory elements 
in B-cells from the ENCODE project 
overlap with the fine-mapped region 
(Fig. 1C, Supplementary Material, 
Table S5) suggests that our functional 
SNP may impact gene expression in 
B-cells. Although CeD is known to be 
mainly a T-cell disorder, the role of 
B-cells in the pathogenesis of CeD is 
being increasingly recognized (21,22). 
It has been suggested that B-cells, 
in combination with the enzyme 
transglutaminase 2, can present 
gluten peptides to gluten reactive 
T-cells (22). Our data suggest that 
B-cells are an important cell type for 
performing functional assays to better 
understand the role of theLPP locus in 
CeD pathogenesis.  
 Since the prioritized SNP 
rs4686484 has a regulatory function, 
it may affect other genes outside of 
the LD block as well. In this context, 
the BCL6  gene, located 658.7 kb 
away from the candidate SNP, is a 
plausible candidate. Recently, a meta-
analysis for allergic sensitization 
identified an SNP (rs9865818) 
located in the LPP  gene, and in LD 
with our candidate SNP rs4686484 
(r2=0.75, D'=0.93), that showed a cis 
-eQTL effect specifically for B-cells in 
the BCL6  gene (23). This suggests 
that it is still possible that the SNP 
rs4686484, or an SNP in the same 
haplotype, can act by regulating BCL6  
specifically in B-cells. Additionally, 
to support this idea, it is known that 
IRF4  and BCL6  have a very close 
interaction. We therefore analyzed the 
expression data of BCL6  in biopsies 
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similar to LPP , but found no difference 
between CeD and healthy control 
biopsies (Supplementary Material, Fig 
S5). This finding suggests that LPP  is 
a candidate gene. However, we do 
not have any conclusive evidence that 
links our possible causative SNP with 
the LPP  gene. Hence, more eQTL 
studies in B-cell-specific datasets are 
necessary to establish a true causal 
gene. 
 In summary, we were able 
to narrow down an intronic region 
strongly associated with CeD from 
70 to 2.8 kb. By integrating data 
from the ENCODE project with our 
findings, we identified six SNPs that 
overlap regulatory sites (Fig. 1 C), with 
one, rs4686484, having a possible 
biological function. In addition, gene 
expression data from patient biopsies 
suggested that the LPP  gene might 
be involved in the pathogenesis of 
CeD. Further functional studies are 
therefore warranted to validate our 
findings.

Materials And Methods
Study population
The CeD study population (12 
513 patients and 12 656 controls) 
included the samples described 
previously (6), with additional samples 
in each population that had since 
become available (Supplementary 
Material, Table S1). Affected 
individuals were diagnosed as 
patients with CeD according to 
standard clinical, serological and 
histo-pathological criteria, including 
a small intestinal biopsy (24). DNA 

samples were isolated from blood, 
lympho-blastoid cell lines or saliva, 
as indicated by Trynka et al . (6). The 
details of the SNP probes present 
on the Immunochip array, and of the 
genotyping and quality control filters, 
have been reported previously (6). All 
the subjects sampled for this project 
provided informed consent, and the 
study was approved by the ethics 
committees or institutional review 
boards of the hospitals where the 
samples were collected.

Association analyses
A meta-analysis was performed 
in the 70 kb LPP  LD region (chr3: 
188069360–188139629, NCBI build 
37) using PLINK (25). Gender and 
the country of origin were included 
as covariates. PLINK was also used 
for a stepwise, conditional logistic 
regression of the most associated 
SNPs showing the highest meta-
analysis association P -value. In order to 
assess the association per population, 
we performed a logistic regression 
on each population separately, using 
gender as a covariate. Imputation 
SNPs were imputed across the LPP  
LD region using data from the 1000 
Genomes Project (26) and from 
the GoNL (11) as reference panels. 
Before imputation, the data were 
filtered for SNPs with an MAF=0.01 
and deviations from Hardy– Weinberg 
equilibrium in controls (P=0.0001), and 
subsequently aligned to the forward 
strand. The data were analyzed in 
batches comprising 500 samples and 
2000 SNPs, with an overlap of 500 
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SNPs. Phasing was performed using 
MACH 1.0.18 (27) applying 20 rounds 
of 200 states. We used MOLGENIS 
compute (28 ) imputation pipeline to 
generate our scripts and monitor the 
imputation. IMPUTE2 (29) was used 
in both reference panels, applying 
its default options. Finally, a meta-
analysis on all the cohorts together 
was performed, as described above.

Haplotype analysis
Haplotype analyses were performed 
using PLINK v1.7 (25), where 
haplotype blocks were generated 
within a 250 kb window harboring the 
most significant SNP from the meta-
analysis. Next, a Bonferroni correction 
was performed for the six populations 
tested and only the populations 
that had the top meta-analysis SNP 
with significant P -value (0.008) 
were included for further analysis. 
Afterwards, a haplotype logistic 
regression analysis in each population 
was performed. In order to see 
differences in the risk versus non-risk 
haplotypes, SNPs located in the core 
haplotype (an overlapping, shared 
haplotype region in all populations) 
were used to perform a haplotype 
association test per population.

Functional annotation of 
variants
The regulatory regions overlapping 
with the identified SNPs and proxies 
(r2 ≥  0.9, 1000 Genomes project-
CEU), and present in the fine-
mapped haplotype, were annotated 
using HaploRegv2 (30 ) default 

settings. HaploReg takes the SNPs 
on the haplotype block, and using LD 
information from the 1000 Genomes 
Project, intersects these SNPs with 
functional regions identified by the 
ENCODE project (10). In addition, it 
predicts the effects of an SNP in a 
regulatory region based on a library of 
positionweighted matrices collected 
from JASPER (31), TRANSFAC (32 
) and protein-binding microarray 
experiments (33–35). HaploReg 
v2 also provides annotation of 
mammalian conservation based on 
GERP (36 ) and Si-phy (37 ) algorithms. 
UCSC Genome Browser was used to 
look for intersections between SNPs 
and regulatory elements from the 
most recent data of the ENCODE 
project (10 ).

Supplementary Material
Supplementary Material is available at 
HMG  online.

Acknowledgements
We thank Jackie Senior for editing 
the final version of this manuscript. 
We also thank The Target project 
(www.rug.nl/target) for providing the 
computing infrastructure and the 
BigGrid/  eBioGrid project (www.
ebiogrid.nl) for sponsoring the 
imputation pipeline implementation.

Funding
This work was supported by funding 
from the European Research Council 
under the European Union’s Seventh 
Framework Programme (FP/2007-
2013)/ERC Grant Agreement [n. 2012-



74

322698] to C.W., the Dutch Digestive 
Disease Research Foundation (MLDS, 
WO11-30 to C.W.), the Netherlands 
Organization for Scientific Research 
[NWO-VICI grant 918.66.620] toC.W. 
and the Capes Foundation,Ministry of 
Education of Brazil, for a fellowship 
[Proc. no. BEX 0891-10-0] to R.A. This 
study makes use of data generated 
by the Genome of the Netherlands 
Project, which is funded by the 
Netherlands Organization for Scientific 
Research (award number 184021007, 
9 July 2009) and made available as a 
Rainbow Project of the Biobanking and 
Biomolecular Research Infrastructure 
Netherlands (BBMRI-NL). Samples 
where contributed by Lifelines (http ://
lifelines.nl/lifelines-research/general), 
the Leiden Longevity
Study (www.healthy-ageing.nl; www.
langleven.net), the Netherlands 
Twin Registry (NTR, www.
tweelingenregister.org), the Rotterdam 
studies (www.erasmus-epidemiology.
nl/ rotterdamstudy) and the Genetic 

Research in Isolated Populations 
program (www.epib.nl/research/
geneticepi/research.htm
l#gip). The sequencing was carried 
out in collaboration with the Beijing 
Institute for Genomics (BGI). Funding 
to pay the Open Access publication 
charges for this article was provided 
by the European Research Council 
under the European Union’s Seventh 
Framework Programme (FP/2007-
2013)/ERC Grant Agreement [n. 
2012-322698].

Conflict of Interest statement . None 
declared.



75

Fine mapping of the celiac disease-associated LPP locus reveals a potential functional variant

References
1.  Manolio, T.A. (2010) Genomewide 

association studies and assessment 
of the risk of disease. N. Engl. J. 
Med., 363, 166–176.

2.  Kumar, V., Wijmenga, C. and 
Withoff, S. (2012) From genome-
wide association studies to disease 
mechanisms: celiac disease as a 
model for autoimmune diseases. 
Semin. Immunopathol., 34, 567–
580.

3.  Fasano, A. and Catassi, C. (2012) 
Clinical practice. Celiac disease. N. 
Engl. J. Med., 367, 2419–2426.

4.  Dubois, P.C., Trynka, G., Franke, L., 
Hunt, K.A., Romanos, J., Curtotti, A., 
Zhernakova, A., Heap, G.A., Adany, 
R., Aromaa, A. et al. (2010) Multiple 
common variants for celiac disease 
influencing immune gene expression. 
Nat. Genet., 42, 295–302.

5.  Cortes, A. and Brown, M.A. 
(2011) Promise and pitfalls of the 
Immunochip. Arthritis Res. Ther., 13, 
101.

6.  Trynka, G., Hunt, K.A., Bockett, N.A., 
Romanos, J., Mistry, V., Szperl, A., 
Bakker, S.F., Bardella, M.T., Bhaw-
Rosun, L., Castillejo, G. et al. (2011) 
Dense genotyping identifies and 
localizes multiple common and rare 
variant association signals in celiac 
disease. Nat. Genet., 43, 1193–
11201.

7.  Jin, Y., Birlea, S.A., Fain, P.R., Gowan, 
K., Riccardi, S.L., Holland, P.J., 
Mailloux, C.M., Sufit, A.J., Hutton, 
S.M., Amadi-Myers, A. et al. (2010) 
Variant ofTYRand autoimmunity 
susceptibility loci in generalized 
vitiligo. N. Engl. J. Med., 362, 1686–
1697.

8.  Petit, M.M., Meulemans, S.M. and 
Van de Ven, W.J. (2003) The focal 
adhesion and nuclear targeting 
capacity of the LIM-containing 
lipoma-preferred partner (LPP) 
protein. J. Biol. Chem., 278, 2157–
2168.

9.  Heyman,M., Abed, J., Lebreton, C. 
and Cerf-Bensussan, N. (2012) 
Intestinal permeability in coeliac 
disease: insight into mechanisms 
and relevance to pathogenesis. Gut, 
61, 1355–1364.

10.  Dunham, I., Kundaje, A., Aldred, S.F., 
Collins, P.J., Davis, C.A., Doyle, F., 
Epstein, C.B., Frietze, S., Harrow, J., 
Kaul, R. et al. (2012) An integrated 
encyclopedia of DNA elements in 
the human genome. Nature, 489, 
57–74.

11. Boomsma, D.I., Wijmenga, C., 
Slagboom, E.P., Swertz, M.A., 
Karssen, L.C., Abdellaoui, A., Ye, 
K., Guryev, V., Vermaat, M., van 
Dijk, F. et al. (2013) The Genome 
of the Netherlands: design, and 
project goals. Eur. J. Hum. Genet., 
doi:10.1038/ejhg.2013.118. [Epub 
ahead of print].

12.  Fu, J., Festen, E.A. and Wijmenga,C. 
(2011) Multi-ethnic studies in 
complex traits. Hum. Mol. Genet., 20, 
R206–R213.

13.  Liu, N., Zhang, K. and Zhao, H. (2008) 
Haplotype-association analysis. Adv. 
Genet., 60, 335–405.

14.  Gabriel, S.B., Schaffner, S.F., Nguyen, 
H., Moore, J.M., Roy, J., Blumenstiel, 
B., Higgins, J., DeFelice, M., Lochner, 
A., Faggart, M. et al. (2002)
Thestructure of haplotype blocks in 
thehumangenome. Science, 296, 
2225–2229.

15. Lorenz, A.J., Hamblin, M.T. and 
Jannink, J.L. (2010) Performance 
of single nucleotide polymorphisms 
versus haplotypes for genome-wide 
association analysis in barley. PLoS 
ONE, 5, e14079.

16.  Schaub, M.A., Boyle, A.P., Kundaje, 
A., Batzoglou, S. and Snyder, M. 
(2012) Linking disease associations 
with regulatory information in the 
human genome. Genome Res., 22, 
1748–1759.



76

17.  McKercher, S.R., Lombardo, C.R., 
Bobkov, A., Jia, X. and Assa-Munt, 
N. (2003) Identification of a PU.1-
IRF4 protein interaction surface 
predicted by chemical exchange line 
broadening. Proc. Natl. Acad. Sci. 
USA, 100, 511–516.

18.  Huang, D.W., Sherman, B.T. and 
Lempicki, R.A. (2009) Systematic 
and integrative analysis of large 
gene list using DAVID Bioinformatics 
Resources. Nat. Protoc., 4, 44–57.

19.  Fehrmann, R.S., Jansen, R.C., Veldink, 
J.H., Westra, H.J., Arends, D., Bonder, 
M.J., Fu, J., Deelen, P., Groen, H.J., 
Smolonska, A. et al. (2011) Trans-
eQTLs reveal that independent 
genetic variants associated with 
a complexphenotype convergeon 
intermediate genes, with a major 
role for the HLA. PLoS Genet., 7, 
e1002197.

20.  Plaza-Izurieta, L., Castellanos-Rubio, 
A., Irastorza, I., Fernandez-Jimenez, 
N., Gutierrez, G. and Bilbao, J.R. 
(2011) Revisiting genome wide 
association studies (GWAS) in 
coeliac disease: replication study in 
Spanish population and expression 
analysis of candidate genes. J. Med. 
Genet., 48, 493–496.

21.  Mesin, L., Sollid, L.M. and Di Niro, R. 
(2012) The intestinal B-cell response 
in celiac disease. Front. Immunol., 3, 
313.

22.  Di Niro, R., Mesin, L., Zheng, N.Y., 
Stamnaes, J., Morrissey, M., Lee, 
J.H., Huang, M., Iversen, R., du Pre, 
M.F., Qiao, S.W. et al. (2012) High 
abundance of plasma cells secreting 
transglutaminase 2-specific IgA 
autoantibodies with limited somatic 
hypermutation in celiac disease 
intestinal lesions. Nat. Med., 18, 
441–445.

23.  B‐nnelykke, K., Matheson, M.C., 
Pers, T.H., Granell, R., Strachan, 
D.P., Alves, A.C., Linneberg, A., 
Curtin, J.A., Warrington, N.M., Standl, 
M. et al. (2013) Meta-analysis of 
genome-wide association studies 

identifies ten loci influencing allergic 
sensitization. Nat. Genet., 45, 902–
906.

24.  Husby, S., Koletzko, S., Korponay-
Szabo, I.R., Mearin, M.L., Phillips, 
A., Shamir, R., Troncone, R., 
Giersiepen, K., Branski, D., Catassi, 
C. et al. (2012) European Society 
for Pediatric Gastroenterology, 
Hepatology, and Nutrition guidelines 
for the diagnosis of coeliac disease. 
J. Pediatr. Gastroenterol. Nutr., 54, 
136–160.

25.  Purcell, S., Neale, B., Todd-Brown, K., 
Thomas, L., Ferreira, M.A., Bender, 
D., Maller, J., Sklar, P., de Bakker, P.I., 
Daly, M.J. et al. (2007)PLINK:a tool 
set for whole-genome association 
and population-based linkage 
analyses. Am. J. Hum. Genet., 81, 
559–575.

26.  Abecasis, G.R., Altshuler, D., Auton, 
A., Brooks, L.D., Durbin, R.M., Gibbs, 
R.A., Hurles, M.E. and McVean, G.A. 
(2010) A map of human genome 
variation from population-scale 
sequencing. Nature, 467, 1061–
1073.

27.  Li, Y., Willer, C.J., Ding, J., Scheet, P. 
and Abecasis, G.R. (2010) MaCH: 
using sequence and genotype 
data to estimate haplotypes and 
unobserved genotypes. Genet. 
Epidemiol., 34, 816–834.

28.  Byelas, H., Dijkstra, M., Neerincx, P., 
Van Dijk, F., Kanterakis, A., Deelen, 
P. and Swertz, M. (2013) Scaling 
bio-Analyses From Computational 
Clusters to Grids. Proceedings of 
the 5th International Workshop on 
Science Gateways (IWSG 2013). 
CEUR-WS.org, ISSN: 1613-0073, 
Zurich, Switzerland.

29.  Howie, B., Fuchsberger, C., Stephens, 
M., Marchini, J. and Abecasis, G.R. 
(2012) Fast and accurate genotype 
imputation in genome-wide 
association studies through pre-
phasing. Nat. Genet., 44, 955–959.

30.  Ward, L.D. and Kellis, M. (2012) 
HaploReg: a resource for exploring 



77

Fine mapping of the celiac disease-associated LPP locus reveals a potential functional variant

chromatin states, conservation, and 
regulatory motif alterations within 
sets of genetically linked variants. 
Nucleic Acids Res., 40, D930–
D934.

31. Portales-Casamar, E., Thongjuea, 
S., Kwon, A.T., Arenillas, D., Zhao, 
X., Valen, E., Yusuf, D., Lenhard, B., 
Wasserman, W.W. and Sandelin, A. 
(2010) JASPAR 2010: the greatly 
expanded open-access database of 
transcription factor binding profiles. 
Nucleic Acids Res., 38, D105–
D110.

32. Matys, V., Fricke, E., Geffers, R., 
Gossling, E., Haubrock, M., Hehl, 
R., Hornischer, K., Karas, D., Kel, 
A.E., Kel-Margoulis, O.V. et al. 
(2003) TRANSFAC: transcriptional 
regulation, from patterns to profiles. 
Nucleic Acids Res., 31, 374–378.

33.  Berger, M.F., Philippakis, A.A., 
Qureshi, A.M., He, F.S., Estep, P.W. 
III and Bulyk, M.L. (2006) Compact, 
universal DNA microarrays to 
comprehensively determine 
transcription-factor binding site 
specificities. Nat. Biotechnol., 24, 
1429–1435.

34.  Berger, M.F., Badis, G., Gehrke, A.R., 
Talukder, S., Philippakis, A.A., Pena-
Castillo, L., Alleyne, T.M.,Mnaimneh, 
S., Botvinnik, O.B., Chan, E.T. et al. 
(2008) Variation in homeodomain 
DNA binding revealed by high-
resolution analysis of sequence 
preferences. Cell, 133, 1266–1276.

35.  Badis, G., Berger, M.F., Philippakis, 
A.A., Talukder, S., Gehrke, A.R., 
Jaeger, S.A., Chan, E.T., Metzler, G., 
Vedenko, A., Chen, X. et al. (2009) 
Diversity and complexity in DNA 
recognition by transcription factors. 
Science, 324, 1720–1723.

36.  Davydov, E.V., Goode, D.L., Sirota, 
M., Cooper, G.M., Sidow, A. and 
Batzoglou, S. (2010) Identifying a 
high fraction of the human genome 
to be under selective constraint 
using GERP+ +. PLoS Comput. Biol., 
6, e1001025.

37.  Garber, M., Guttman, M., Clamp, M., 
Zody, M.C., Friedman, N. and Xie, X. 
(2009) Identifying novel constrained 
elements by exploiting biased 
substitution patterns. Bioinformatics, 
25, i54–i62.





PART I
C h a p t e r  4

A Celiac Disease-associated SNP 
in the LPP locus affects expression 
of the long non-coding RNA LPP-
AS1
Manuscript in preparation

Rodrigo Almeida1, Isis Rica‐o-Ponce1, Patrick Deelen1, Yang Li1, Vinod Kumar1, 
Yvonne Kooy-Winkelaar2, Jeroen van Bergen2, Frits Koning2, Cisca Wijmenga1 
and Sebo Withoff1.

1University of Groningen, University Medical Center Groningen, Department of 
Genetics, Groningen, The Netherlands.
2University of Leiden, Leiden University Medical Center, Department of 
Immunohematology and Blood Transfusion, Leiden, the Netherlands.



80

Abstract 
Celiac disease (CeD) is a common autoimmune disease affecting ~1% of the 
general population and in which genetically susceptible individuals develop 
a strong intestinal inflammatory reaction to dietary gluten. Of the 58 genetic 
factors associated with the disease to date, the most significant non-HLA 
association signal maps to intron 2 of the LPP gene. We applied a fine-mapping 
strategy to reduce the original 70 kb linkage disequilibrium block down to a 
region of 2.8 kb and pinpointed a functional regulatory variant in this region that 
intersects with several enhancers. Recent meta-analyses identified a SNP in 
the same haplotype that displays an expression quantitative trait locus (eQTL) 
effect on the neighboring BCL6 gene. To investigate whether a functional 
SNP in this region affects the expression of nearby transcripts, we performed 
eQTL mapping using 629 blood samples. We identified the CeD-associated 
SNP rs2030519 as exhibiting an eQTL effect on the long non-coding RNA 
(lncRNA) LPP-AS1. Using an RNA-seq dataset encompassing 1,474 libraries 
from 16 different tissues, we found that the expression of LPP, BCL6 and LPP-
AS1 is intercorrelated, with the correlation strongest between LPP and BCL6 
(correlation coefficient = 0.6). Subsequent pathway analysis uncovered the 
involvement of LPP and BCL6 in immune-related pathways and suggests that 
LPP-AS1 has a role in the ubiquitination pathway. Although we cannot exclude 
the possibility of BCL6 and LPP being involved in CeD, we have shown, for the 
first time, that a lncRNA (LPP-AS1) might play a role in celiac disease.

Introduction
Celiac disease (CeD) is characterized 
by a strong autoimmune inflammatory 
response to dietary gluten in 
individuals who carry the genetic 
susceptibility profile (1). Genome-wide 
association studies (GWAS) and fine-
mapping approaches have identified 
40 non-HLA loci to be associated 
with CeD (2–4). The strongest non-
HLA association signal maps to 
the single nucleotide polymorphism 
(SNP) rs2030519, located in a 70 
kb linkage disequilibrium (LD) block, 
and more specifically, in intron 2 of 
the LPP gene (chr3: 188069360–
188139629, NCBI build 37). Recently, 

we performed a fine-mapping study on 
this locus, which led to the prioritization 
of rs4686484 as the functional SNP 
in this region (5). Although this data 
suggests that rs4686484 intersects 
with an enhancer sequence utilized 
in B and T-cells, this needs to be 
confirmed experimentally.
 The LPP locus has also been 
associated with generalized vitiligo 
(6) and allergic responses (7, 8). 
The LPP gene is thought to function 
in cell proliferation, cell motility and 
cell-cell adhesion. The LPP protein 
has been described as playing a role 
in focal adhesion architecture and 
it has been suggested that it might 
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act as a transcription factor (9). LPP 
knockout mice show developmental 
and reproductive abnormalities, 
and embryonic fibroblasts derived 
from these mice display reduced 
migration capacity, reduced viability, 
and reduced expression of some 
Lpp interaction partners (10). It was 
suggested that reduced levels of 
LPP in the nucleus contribute to CeD, 
based on experiments performed 
in fibroblasts obtained from CeD 
patients versus those obtained from 
control subjects (11).
 Recently, 2 different allergy 
meta-analyses using microarray 
data uncovered a role for LPP in 
allergy (7, 8). Expression quantitative 
trait locus (eQTL) mapping in B-cell 
and monocyte datasets found that 
SNPs rs9865818 and rs9864529 
downregulate the expression of the 
BCL6 mRNA (7, 8). Both these SNPs 
are in strong LD with SNP rs2030519 
(r2 > 0.8, D’ = 1). The BCL6 gene, 
located ~650 kb upstream of the 
LPP gene, encodes a zinc finger 
transcriptional repressor that is also 
expressed in B cells and CD4+ T 
cells present in germinal centers (12). 
Mice with a BCL6 knockout develop 
an inflammatory response in multiple 
organs, characterized by infiltrations 
of eosinophils and IgE-bearing 
B lymphocytes typical of a Th2-
mediated hyper-immune response 
(13).
 To shed light on how SNPs 
in the LPP locus could contribute 
to CeD, we first performed eQTL 
mapping in a large RNA-sequencing 

(RNA-seq) dataset obtained from 629 
in full (PBMC) samples isolated from 
subjects in the Lifelines Deep cohort 
(14). Remarkably, we found SNP 
rs2030519 to have a downregulation 
effect on the long non-coding RNA 
(lncRNA) LPP-AS1. 
 LncRNAs regulate gene 
expression in many biological 
processes, including the immune 
response (15). For instance, lincRNA-
Cox2 was recently found to mediate 
both the activation and repression of 
distinct classes of immune genes (16). 
Moreover, lncRNAs are dysregulated 
in a variety of complex diseases and 
are closely associated with disease 
development and progression (17), 
for example in multiple cancers (18) 
and Alzheimer disease (19). One 
characteristic of lncRNAs is that 
they are expressed in a more tissue-
specific manner than protein or coding 
genes (20).
 In this study we set out to 
explore the expression patterns of 
the lcnRNA LPP-AS1, as well as of 
the two protein-coding genes (LPP 
and BCL6). First, we explored 1,474 
publically available RNA-seq samples 
from specific cells or tissues likely to 
be related to CeD (Table 1). Further, 
we investigated RNA-seq data which 
we generated from a subset of seven 
immune cell types and gluten-specific 
T cell clones. We found LPP-AS1 had 
lower expression in immune cells and 
in the gluten-specific T cell clones 
compared to the protein-coding genes 
in both RNA-seq datasets (public data 
and our own). On the other hand, the 
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protein-coding genes were normally 
expressed across all the cells types. 
Next, we performed correlation 
analysis of these transcripts only in 
RNA-seq data from immune cells, 
which showed a strong correlation 
between LPP and BCL6 (correlation 
coefficient = 0.6), and with LPP-AS1 
showing a weak correlation with the 
two protein-coding genes (correlation 
coefficient = 0.3).
 We also performed 
enrichment pathway analysis based 
on genome-wide co-expression data 
from RNA-seq, which suggested 
immune and inflammatory pathways 
for the protein-coding genes, and 
a regulatory mechanism, such as 
ubiquitination, for the lncRNA. This 
is in agreement with the cell-type-
specific expression data and can thus 
contribute to CeD pathogenesis. Our 
results suggested that the LPP gene 
itself might not be the major transcript 
in this CeD-associated locus and we 
cannot exclude BCL6 from also being 
implicated in the disease. Thus, our 
analysis suggested, for the first time, 
that a lncRNA (LPP-AS1) is probably 
involved in CeD etiology.

Methods
RNA-seq analysis
Raw sequencing reads were mapped 
to human reference genome NCBI, 
build 37, using STAR v2.1.3 (21), 
allowing for eight mismatches and 
five mapping positions. To reduce 
reference mapping bias, SNPs from 
the Genome of the Netherlands study 
(GoNL) (22) with MAF > 1% were 

masked by “N”. On average, 92% of 
reads were mapped and 88% of all 
reads were mapped uniquely. 88% of 
all aligned reads mapped to exons.
 Gene expression was 
estimated using HTSeq count (23), 
using Ensembl GRCh37.71 gene 
annotation. Only uniquely mapping 
reads were used for estimating 
expression. Then we used gene 
expression data that was quantile 
normalized and log2-transformed for 
further analysis. The expression of 
each gene was centered and scaled. 
To reduce the effect of non-genetic 
sources of variability, we applied 
principal component analysis (PCA) 
on the sample correlation matrix and 
used the first ten components as 
covariates (24).

eQTL mapping 
As a discovery set, we investigated 
629 RNA-seq samples from the 
LifeLines Deep cohort (14) to map 
cis-eQTLs to 48 SNPs that had been 
associated to CeD by Immunochip 
analysis with genome-wide 
significance (3). Further, conditional 
analysis on the most associated SNP 
was performed to prioritize SNPs with 
an eQTL effect in the same LD block.
 For trans-eQTLs, we 
performed a meta-analysis of the 
LifeLines Deep samples (14) and 
338 samples from the GEUVADIS 
consortium dataset (25). Cis-eQTL 
analysis was performed on SNP-
gene combinations for which the 
distance from the center of the gene 
to the genomic location of the SNP 
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was ≤ 250 kb, while eQTLs with a 
distance greater than 5 Mb were 
defined as trans-eQTLs. A weighted 
z-score method was used for further 
analysis. Associations were tested by 
the non-parametric Spearman’s rank 
correlation test and we defined false 
discovery rate (FDR) significance 
thresholds based on the number of 
SNPs tested.

Cell-type-specific expression 
profiles
Publically available RNA-seq data for 
tissues and primary cell lines (1,474 
samples) were downloaded from the 
European Nucleotide Archive (ENA) 
database (http://www.ebi.ac.uk/ena/). 
The quality of the RNA-seq data was 
checked as described previously (26). 
In short, PCA was performed to remove 
outliers and quantile normalization 
was applied across all samples (26). 
Unsupervised clustering, as well as the 
visualization of the expression data, 
was performed using the Pheatmap 
R-package v.07.7 (27). Co-expression 
analysis was performed by applying 
Spearman’s rank correlation testing.

Collection of granulocytes and 
PBMC fractions
Two volunteers who signed informed 
consent forms (as required by the 
Institutional Review Board of the 
University Medical Centre Groningen) 
donated blood in lithium-heparin 
vacutainers (BD Biosciences, San 
Jose, CA, USA). The granulocyte/
red blood cell fraction and PBMCs 
were separated using Ficoll Paque 

Plus (GE Healthcare Life Sciences, 
Diegem, Belgium), according to the 
manufacturer’s instructions. The red 
blood cells in the granulocyte/red 
blood cell pellet were lysed in 155 
mM NH4Cl, 10 mM KHCO3, 0.1 mM 
Na2, EDTA.2H2O, pH 7.4, to yield 
the granulocyte fraction. Monocytes 
were gated and sorted based on 
differences in forward and sideways 
scatter profiles. The lymphocyte 
fraction was further separated into B 
cells (CD4-, CD8-, CD19+), NK cells 
(CD4-, CD8-, CD58/CD16+), naive 
CD4 cells (CD4+, CD45RO-), naive 
CD8 cells (CD8+, CD45RO-) and 
memory T cells (CD4+, CD45RO+ 
or CD8+, CD45RO+) by flow sorting 
(MoFloTM XDP, Beckman Coulter, 
Wilsonville, Oregon, USA). Anti-CD8a-
APC-eF780 and anti-CD4-eF450 
were obtained from eBioscience (San 
Diego, CA, USA), anti- CD45RO-
FITC and anti-CD19-AF700 from BD 
Biosciences, and anti-CD56-Pe and 
anti-CD16-Pe from IQP (Groningen, 
the Netherlands).

Gluten-specific T cell clones
Polyclonal gluten-specific T-cell lines 
were isolated from the small intestine 
of patients with CeD as described 
previously (28). In short, biopsies were 
cultured with a mixture of gluten and 
TG2-treated gluten for 5 days. Next, 
IL-2 (20 Cetus units/ml; Novartis, 
Arnhem, The Netherlands) and IL-15 
(10 ng/ml; R&D systems, Abingdon, 
UK) were added to expand the T cells. 
Re-stimulation was performed with 
mixed, irradiated, allogeneic PBMCs 
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in the presence of phytohemagglutinin 
(1 ‐g/ml; Remel Inc. Lenexa, USA), 
IL-2 Ja(20 Cetus units/ml) and IL-15 
(10 ng/ml). The resulting T-cell lines 
were stored in liquid nitrogen and 
later tested for reactivity against a 
pepsin and trypsin digest of gluten, 
and against a pepsin and trypsin 
digest of gluten treated with TG2 in 
a T-cell proliferation assay. Gluten-
reactive lines were cloned by limiting 
dilution and were again expanded 
by re-stimulation at 1 to 3-week 
intervals. Clones were stored in liquid 
nitrogen until thawed and stimulated 
with 2.5 ug/ml anti-CD3 and anti-
CD28 (both obtained from Biolegend, 
ITK Diagnostics, Uithoorn, the 
Netherlands). 

RNA isolation and library 
preparation 
RNA was isolated from the purified 
immune cell populations using the 
Ambion mirVana kit (Life Technologies, 
Bleiswijk, the Netherlands), according 
to the manufacturer’s instructions. 
The Nanodrop 1000 spectrometer 
(Thermo Fisher Scientific, Landsmeer, 
the Netherlands) and Experion High-
sensitivity RNA analysis kit (Bio-Rad, 
Waltham, MA, USA) were used to 
determine RNA quantity and quality, 
respectively. Stranded RNA-seq 
libraries were prepared from 0.5-1 ug 
of ribosomal RNA-depleted total RNA, 
using the Ribo-Zero rRNA removal kit 
from Epicentre (Madison, Wisconsin, 
USA) and Illumina’s Truseq Stranded 
Total RNA Sample Preparation Kit 
(San Diego, CA, USA), following 

the manufacturer’s instructions, 
and subsequently sequenced on an 
Illumina HiSeq 2500 sequencer.

RNA-seq analysis of seven 
immune cells and gluten-
specific T cell clones
Raw sequencing reads from the 
seven immune cells were mapped 
using STAR v2.1.3 (21) with the same 
settings as previous described here. 
For the immune cells (Supplementary 
Table 1), reads per kilobase per million 
(RPKM) were used for normalization. 
The following formula was used to 
calculated RPKM: 

RPKMg = 109*(Cg/N*Lg) 
where Cg is the number of reads that 
map into the exons of the gene g, Lg is 
the length of the gene’s g exons, and 
N is the total number of mapped reads 
for each particular sample (29). For the 
normalization of the gluten-specific 
T cell data, the DESeq package (30) 
was applied. We performed RNA-seq 
expression in these cells at different 
time points (10, 30 and 180 minutes).

Pathway enrichment analysis 
Pathway enrichment analysis was 
performed to discover possible 
biological pathways involved with the 
candidate transcripts. First, we applied 
the Genefriends v3.0 RNA-seq tool 
using the individual transcripts as the 
reference transcript (31). This tool 
uses a genome-wide co-expression 
map based on ~4,000 publicly 
available RNA-seq samples, obtained 
from the Sequence Read Archive 
(SRA) database (http://www.ncbi.nlm.
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nih.gov/sra). Moreover, Genefriends 
integrates co-expression data with the 
widely used tool, DAVID (Database 
for Annotation, Visualization and 
Integrated Discovery v6.7;(32)) 
to improve functional enrichment 
analysis. We only considered 
pathways when three criteria were 
met: (1) an enrichment score ≥ 1.3; (2)  
an enrichment of ≥ 1.5-fold; and (3) a 
FDR of < 0.05.

Results
eQTL mapping in RNA-seq data
By performing eQTL mapping in 629 
RNA-seq samples from the Lifelines 
Deep cohort, we found that the 
strongest non-HLA CeD-associated 
SNP, rs2030519 in the LPP gene, 
displayed an eQTL effect (P = 2.5 x 
10-5, Z-score = -4.21 ) on lncRNA 
LPP-AS1 (Fig. 1). 

Cell-type-specific expression 
profiles on public available 
RNA-seq data
To explore the expression of the 
candidate transcripts, we first 
investigated 1,474 publicly available 
RNA-seq samples of primary cells 
and tissues (Table 1). We found the 
BCL6 gene expressed in most cell 
types, including monocytes, B and T 
cells, and it was slightly more highly 
expressed in neutrophils (Fig. 2A). 
The LPP gene was also ubiquitously 
expressed, including B and T cells, and 
showed slightly higher expression in 
the large and small intestine (Fig. 2B). 
Both protein-coding genes showed 
lower expressed in lymphoblasts (Fig. 
2A and 2B). Nevertheless, excepted 
for blood and monocytes, the lncRNA 
LPP-AS1 was found to have low 
expression in all other cells and 
tissues (Fig. 2C). 

Figure 1. Most associated SNP in the LPP region with downregulated eQTL effect for lncRNA 
LPP-AS1.
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In order to verify if these transcripts 
could be co-expressed with each 
other in this subset of cells and tissues, 
we performed a non-parametrical 
Spearman’s correlation test between 
each transcript in the RNA-seq 
samples. We found that the lncRNA 
LPP-AS1 was weakly correlated 
with both candidates genes, showing 
correlation coefficients (cor) = 0.35 
and P-value = 2.2 x 10-16 for BCL6; 
and cor = 0.34, P-value = 2 x 10-16 
for LPP genes. Nevertheless, both 
the BCL6 and LPP genes were highly 
correlated (cor = 0.67 and P-value = 
1.2 x 10-15) (Table 2).
 To verify if these transcripts 
could also cluster differently according 
to their expression pattern, we 

performed unsupervised clustering in 
the same subset of RNA-seq samples. 
We found that both genes were in the 
same cluster, whereas LPP-AS1 was 
in a different cluster (Fig. 3), which 
agrees with our correlation analysis.

Expression profiling in seven 
immune cells and in gluten-
specific T cells 
To validate our findings using the 
publically available RNA-seq data, but 
also to obtain expression profiling in cell 
types that are known to be specifically 
involved in CeD, we performed RNA-
seq on seven different peripheral 
blood-derived immune cell-types 
(Supplementary Table 1) and in gluten-
specific T cells (Fig. 4). This analysis 

Table 1. Description of cells and tissues from RNA-seq public data 
Tissues Number of samples
Lymphoblasts 1010
Blood 140
PBMCs 83
B lymphocytes 75
Hematopoietic cells 58
Epithelium 35
Large intestine 19
Small intestine 16
Bone marrow 14
T lymphocytes 7
Thymus 6
Monocytes 4
Neutrophil 4
Granulocytes 2
NK cells 1
Total 1474

Table 2. Correlation between the three transcripts
Transcripts Correlation coefficient P-value
LPP and BCL6 0.67 1.2 x 10-15

LPP and LPP-AS1 0.34 2 x 10-16

LPP-AS1 and BCL6 0.35 2.2 x 10-16
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Figure 2. Distribution of expression data of 1,474 RNA-seq public data on the 3 transcripts. Gene 
expression data was quantile normalized and log2-transformed. (A) BCL6 is normally expressed 
across all other cells/tissues. (B) LPP was normally expressed in most of cells/tissues, where in 
lymphoblast was low expressed. (C) LPP-AS1 displayed low expression pattern in all cells/tissues 
excepted in blood.

A

B

C
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confirmed the rather low expression of 
LPP-AS1 in immune cells and showed 
that BCL6 expression is highest in 
granulocytes, monocytes and B cells 
(Fig. 5). The LPP gene shows lower 
expression than BCL6 in the seven 
immune cells, but at higher levels 
than LPP-AS1 (Fig. 5). Additionally, by 
exploring stimulated gluten-specific T 
cells, we observed that BCL6 seems 
to be induced slightly, while LPP and 
LPP-AS1 levels remain stable (Fig. 4A 
and 4B), and the lncRNA showed low 

expression over the time points (Fig. 
4C).

Pathway analysis in co-
expression data from RNA-seq 
In order to discover the biological 
pathways that these transcripts might 
be involved in, we performed pathway 
analysis based on co-expression data 
of ~2,500 RNA-seq samples (31). We 
found 161 pathways enriched in BCL6 
(Supplementary Table 2), including 
several immune and inflammatory 

Figure 3. Unsupervised clustering of 1,474 specific cells and tissues. On top of the heatmap is 
the clustering of each of the 16 different tissues. LPP and BCL6 genes are more related to each 
other than the lncRNA LPP-AS1, which clusters in another branch. The two genes shown a similar 
pattern of expression across tissues. The lncRNA displayed high expression in blood.
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Figure 5. Expression profile of two volunteers. Expression levels in the y-axis normalized by reads 
per kilobase per million (RPKM). Low expression levels of LPP-AS1 in seven immune cell types and 
high expression levels of BCL6 in granulocytes.

A B

C

Fig. 4. Expression on the gluten-specific 
T-cell clones. The x-axis represents the 
time of stimulation with anti-CD3/CD28 in 
minutes. Expression data was normalized by 
DESeq and log2 transformed. (A) Expression 
levels of BCL6. (B) Expression levels of LPP. 
(C) Expression levels of LPP-AS1.
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pathways, such as leukocyte and 
T-cell activation (P = 6 x10-17 and 
P = 2.3 x10-13, respectively) (Fig. 
6A). In addition, for the LPP gene 
we found 189 significant pathways 
(Supplementary Table 3), including 
focal adhesion (P = 8.6 x 10-23) 
and cell adhesion (P = 3.8 x 10-21) 
(Fig. 6B). For the lncRNA LPP-AS1, 
we found 18 significant pathways 

(Supplementary Table 4). Although 
most of these were related with 
reproduction in this lncRNA (Fig. 7C), 
we also found the ubiquitin-mediated 
proteolysis pathway (P = 0.002), which 
plays a role in several basic cellular 
processes, including modulation of 
immune and inflammatory responses 
(33). 

A

B
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Discussion
By applying a fine-mapping approach 
we were recently able to reduce the 
size of the CeD-associated LD block 
of the LPP locus from 70 to 2.8 kb. 
Our analysis also indicated B and T 
cell-specific enhancer regions that 
might be affected by functional SNPs 
in this smaller region (5). Almost 
simultaneously, two meta-analysis 
studies showed that two SNPs 
present in our finely mapped LPP LD 
block exhibited an eQTL effect that 
downregulates BCL6 in B-cells and 
monocytes, respectively (7, 8). In 
order to obtain more information on 
the potential involvement of additional 
genes in this locus, we decided to 
analyze the RNA-seq datasets we 
had available. By performing eQTL 

mapping using PBMC samples from 
629 individuals, we uncovered an 
eQTL effect of rs2030519 (the most 
associated SNP in the LPP region), 
downregulating lncRNA LPP-AS1 and, 
for the first time, implicating a lncRNA 
as involved in CeD.
 By exploring additional RNA-
seq datasets of primary cells and 
tissues, we found LPP-AS1 to be 
less but broadly expressed in cellular 
and tissue subsets, whereas the two 
protein-coding genes were expressed 
at a higher level. It should be noted 
that, in general, fluctuation in lncRNA 
levels is more difficult to determine, 
because of their lower expression. 
 Initially, the LPP gene was 
considered to be the primary causal 
gene associated with this locus, and 
interestingly we observed that the LPP 

Figure 6. Pathway enrichment analysis. Fold enrichment and P-values were obtained by integrating 
the Genefriends and DAVID tools and are represented in each x-axis. Red bars are minus Log 
P-values and blue bars are the fold enrichment. (A) Top 15 pathways for BCL6 gene. (B) Top 15 
pathways for LPP gene. (C) Top 15 pathways for LPP-AS1.

C
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gene was expressed slightly higher in 
intestinal cells. This is in agreement 
with our recent findings, which suggest 
a role for LPP in the intestinal barrier 
function (34). Moreover, we observed 
that the expression level of LPP 
was decreased in intestinal biopsies 
from severely affected CeD patients 
compared with healthy individuals (5). 
Preliminary in vitro barrier function 
assay data supports a role for LPP 
in the barrier function (Maria Zorro 
and Sven van Ijzendoorn, personal 
communication). Our pathway 
enrichment analysis confirmed co-
expression of LPP with genes involved 
in focal adhesion and cell adhesion 
pathways. These pathways are critical 
for maintaining the intestinal epithelial 
barrier function (35). We did not find 
an eQTL effect on the LPP gene 
itself in the PBMC dataset, which 
could mean that either LPP is not the 
causal gene in the locus, or that we 
haven’t investigated the specific cell 
type in which the function of LPP is 
most critical. Importantly, we cannot 
rule out the possibility that there is an 
epithelial-cell-specific eQTL effect 
on LPP. Unfortunately, we could not 
interrogate this possibility in the data 
available presently.
 Although the BCL6 gene 
is located 658.7 kb away from the 
CeD LPP LD region, genetic variants 
were found in the LPP LD block 
that exhibit an eQTL effect (7, 8) on 
BCL6, suggesting that BCL6 might 
play a role in CeD. Recently, a similar 
observation was described for a SNP 
in the FTO gene associated with type 

2 diabetes (36) and obesity (37). This 
particular intronic SNP was reported to 
have an eQTL effect on the IRX3 gene 
located megabases away from the 
FTO locus (38). We tried to reproduce 
the eQTL effect on BCL6 in our RNA-
seq dataset, but did not succeed. A 
reason for this could be that the trans-
eQTL effect observed on this gene is 
cell-type-specific. In fact, it has been 
reported that only 7% of trans-eQTLs 
are shared between B cells and 
monocytes and it is quite likely that the 
relevant cell type is under-represented 
or even absent in the PBMC samples 
we used (39). Additionally, the sample 
size could have been too small to 
identify more subtle trans-eQTL 
effects of these SNPs. Our pathway 
enrichment analysis confirmed that 
BCL6 is involved in immune-related 
pathways.
 LncRNA eQTLs have not 
been explored extensively thus far. 
The published meta-analysis eQTL 
studies used microarray data (7, 8), so 
lncRNAs – including LPP-AS1 – were 
not queried. Our study identified the 
first lncRNA involved in CeD and very 
recently, we have described GWAS 
SNPs with eQTL effects on lncRNAs 
(40). Some of the disease-associated 
lncRNAs identified in this study are co-
expressed with neighboring protein-
coding genes, suggesting a function 
for the lncRNA in regulating the 
expression of the protein-coding gene. 
In our data we did not find a correlation 
between LPP-AS1 expression and 
the expression of BCL6 or LPP. To 
formally prove that LPP-AS1 is not 
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regulating BCL6 and/or LPP, LPP-AS1 
should be knocked down or deleted 
and the transcriptional consequences 
of this should be investigated.
 Pathway enrichment analysis 
for LPP-AS1 suggests a role for this 
lncRNA in the ubiquitination pathway, 
which was previously implicated in 
CeD, also by application of a pathway 
prediction approach (41). Previous 
GWAS and Immunochip analysis in our 
lab has associated ubiquitination genes 
with CeD. It is known that lncRNAs 
may serve as modular scaffolds for 
assembling multi-protein complexes 
(42). Interestingly, HOTAIR has been 
described as forming complexes with 
two mouse E3 ubiquitin ligases (Dzip3 
and Mex3b) and with their respective 
substrates (Ataxin-1 and Snurportin-1). 
This suggests that HOTAIR functions 
as a scaffold transcript that facilitates 
the E3-mediated ubiquitination 
of substrate proteins (43). It is 
possible that that LPP-AS1 plays 
a similar role in ubiquitination and 
that the involvement of lncRNAs in 
ubiquitination is a common theme. 
Dysregulated LPP-AS1 function could 
be linked to dysregulating the immune 
response in CeD and autoimmune 
disease, in general, as ubiquitination is 
involved in multiple immune signaling 

pathways, such as NF-kB (44) and 
TGF-beta signaling (45). It will need 
functional studies in the specific 
cell types in which the lncRNAs are 
expressed (e.g. B and T cells) to prove 
these hypotheses. 
 In summary, although our 
findings do not rule out the possibility 
that the LPP or BCL6 genes may be 
involved in the disease, we did find 
evidence that implicates LPP-AS1 as 
the first lncRNA involved in CeD.
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Supplementary Table 1. Seven immune cells types used for RNA-seq
1.	 NK-cells
2.	 B-cell
3.	 Monocytes
4.	 Memory T-cells
5.	 CD4 T-cells
6.	 CD8 T-cells
7.	 Granulocytes

Supplementary Table 2. Enrichment Pathways for BCL6 gene

Terms
Enrichm

ent 
Score

P-value

Fold 
Enrichm

ent

Bonferroni

Immune response 4.38 1.25E-45 3.02 4.60E-42
Defense response 2.91 4.83E-30 2.69 1.78E-26
Inflammatory response 2.91 7.65E-22 3.05 2.83E-18
Response to wounding 2.91 7.12E-21 2.49 2.63E-17
Leukocyte activation 3.1 8.22E-20 3.3 3.04E-16
Cell activation 3.1 1.58E-19 3.06 5.84E-16
T cell activation 3.1 4.03E-16 4.02 1.64E-12
Apoptosis 2.91 8.87E-15 2.58 5.36E-12
Chemokine signaling pathway 2.02 2.56E-14 2.91 4.31E-12
Cell death 2.91 1.25E-14 2.01 4.60E-11
Programmed cell death 2.91 1.63E-14 2.1 6.03E-11
Intracellular signaling cascade 2.86 2.11E-14 1.71 7.80E-11
Lymphocyte activation 3.1 3.39E-14 3.11 1.25E-10
Positive regulation of immune system 
process 3.35 4.69E-14 2.89 1.74E-10
Chemotaxis 2.7 2.81E-13 3.31 1.04E-09
Taxis 2.7 2.81E-13 3.31 1.04E-09
Regulation of cytokine production 3.35 5.80E-13 3.11 2.15E-09
Regulation of apoptosis 2.91 1.03E-12 1.86 3.82E-09
Regulation of programmed cell death 2.91 1.01E-12 1.86 3.72E-09
Regulation of cell death 2.91 1.32E-12 1.85 4.90E-09
Innate immune response 3.35 1.70E-12 3.43 6.30E-09
Immunoglobulin domain 4.38 3.65E-11 2.17 2.20E-08
Cytokine receptor 3.1 3.20E-11 9.68 1.93E-08
Myeloid leukocyte activation 3.45 5.44E-11 5.39 2.01E-07
Response to molecule of bacterial origin 2.91 1.05E-10 3.93 3.87E-07
Protein kinase cascade 2.86 1.10E-10 2.22 4.07E-07
Regulation of cell activation 3.1 1.27E-10 2.9 4.71E-07
Positive regulation of programmed cell 
death 2.91 1.43E-10 2.11 5.29E-07
Positive regulation of cell death 2.91 1.80E-10 2.1 6.67E-07
Positive regulation of apoptosis 2.91 2.48E-10 2.1 9.15E-07
Positive regulation of cell activation 3.1 2.47E-10 3.45 9.13E-07

Supplemental information
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Terms

Enrichm
ent 

Score

P-value

Fold 
Enrichm

ent

Bonferroni

Positive regulation of cytokine production 3.1 3.62E-10 3.75 1.34E-06
Transmembrane protein 4.38 8.28E-10 1.9 4.99E-07
Natural killer cell mediated cytotoxicity 2.02 1.39E-09 2.82 2.33E-07
Regulation of leukocyte activation 3.1 9.73E-10 2.85 3.60E-06
Response to bacterium 2.91 1.11E-09 2.68 4.09E-06
Nod-like receptor signaling pathway 2.91 5.35E-09 3.78 8.98E-07
Regulation of alpha-beta T cell activation 3.1 1.97E-09 5.63 7.27E-06
Fc gamma r-mediated phagocytosis 2.02 4.20E-09 3.16 7.06E-07
Positive regulation of immune response 3.35 2.43E-09 2.95 8.99E-06
Positive regulation of lymphocyte 
activation 3.1 2.60E-09 3.48 9.62E-06
Immunoglobulin subtype 4.38 5.28E-10 2.3 8.95E-07
Cellular defense response 1.42 4.48E-09 4.25 1.66E-05
Regulation of lymphocyte activation 3.1 4.46E-09 2.89 1.65E-05
Positive regulation of response to 
stimulus 3.35 4.40E-09 2.43 1.63E-05
Response to lipopolysaccharide 2.91 4.95E-09 3.8 1.83E-05
Positive regulation of leukocyte 
activation 3.1 5.84E-09 3.29 2.16E-05
Positive regulation of alpha-beta T cell 
activation 3.1 6.05E-09 6.5 2.24E-05
Death-like 2.91 3.80E-10 4.42 6.44E-07
Regulation of i-kappab kinase/NF-
kappab cascade 2.91 7.44E-09 3.26 2.75E-05
Toll-like receptor signaling pathway 2.91 2.18E-08 2.97 3.67E-06
Regulation of protein kinase cascade 2.91 1.03E-08 2.35 3.80E-05
Positive regulation of lymphocyte 
differentiation 3.1 1.07E-08 5.47 3.94E-05
Immune effector process 3.45 1.25E-08 2.94 4.64E-05
Cytosol 2.86 4.36E-09 1.53 2.12E-06
Cytokine-mediated signaling pathway 3.1 1.57E-08 3.86 5.81E-05
Cell activation during immune response 3.45 1.76E-08 5.32 6.51E-05
Leukocyte activation during immune 
response 3.45 1.76E-08 5.32 6.51E-05
T cell differentiation 3.1 1.74E-08 3.99 6.43E-05
Regulation of T cell activation 3.1 1.83E-08 3.08 6.77E-05
Chemotaxis 2.7 2.44E-08 3.98 1.47E-05
Positive regulation of T cell differentiation 3.1 2.02E-08 5.63 7.47E-05
Sh2 domain 4.5 3.51E-08 3.25 2.12E-05
Regulation of alpha-beta T cell 
differentiation 3.1 3.73E-08 6.31 1.38E-04
Leukocyte migration 2.7 3.86E-08 4.15 1.43E-04
Domain: ig-like v-type 3.61 2.39E-09 3.29 8.37E-06
Positive regulation of t cell activation 3.1 8.90E-08 3.56 3.29E-04
Response to organic substance 1.47 1.02E-07 1.67 3.76E-04
Regulation of tumor necrosis factor 
production 3.1 1.09E-07 5.45 4.01E-04
Regulation of adaptive immune response 3.1 1.56E-07 4.02 5.77E-04
Regulation of T cell differentiation 3.1 1.67E-07 4.2 6.16E-04
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Terms

Enrichm
ent 

Score

P-value

Fold 
Enrichm

ent

Bonferroni

Kinase 2.86 2.17E-07 1.72 1.31E-04
Positive regulation of defense response 3.1 1.84E-07 3.55 6.79E-04
Response to cytokine stimulus 2.91 1.96E-07 3.42 7.23E-04
Positive regulation of alpha-beta T cell 
differentiation 3.1 2.03E-07 6.76 7.49E-04
Leukocyte chemotaxis 2.7 2.18E-07 4.87 8.07E-04
Sh2 motif 4.5 2.47E-08 3.2 4.19E-05
Immune response-activating signal 
transduction 3.1 2.34E-07 4.12 8.65E-04
Regulation of lymphocyte differentiation 3.1 2.57E-07 3.75 9.49E-04
Immunoglobulin-like fold 4.38 3.59E-08 1.84 6.08E-05
Phosphorylation 2.86 3.09E-07 1.61 1.14E-03
Protein amino acid phosphorylation 2.86 3.20E-07 1.67 1.18E-03
Cytokine-cytokine receptor interaction 4.38 7.80E-07 1.97 1.31E-04
Sh3 domain 3.06 6.43E-07 2.37 3.88E-04
Cell chemotaxis 2.7 4.94E-07 4.62 1.83E-03
Lytic vacuole 3.18 2.05E-07 2.36 9.95E-05
Lysosome 3.18 2.05E-07 2.36 9.95E-05
Hematopoietic cell lineage 3.51 1.61E-06 2.84 2.71E-04
Positive regulation of i-kappab kinase/nf-
kappab cascade 2.91 7.61E-07 3.02 2.81E-03
Immune response-regulating signal 
transduction 3.1 8.26E-07 3.82 3.05E-03
Membrane organization 3.18 8.70E-07 1.89 3.21E-03
Domain: ph 3.1 5.55E-08 2.4 1.94E-04
Leukocyte differentiation 3.1 9.77E-07 2.67 3.61E-03
Cytokine production 2.91 1.02E-06 4.16 3.75E-03
Leukocyte mediated immunity 3.62 1.04E-06 3.14 3.83E-03
Positive regulation of tumor necrosis 
factor production 2.91 1.01E-06 7.51 3.73E-03
Binding site: atp 2.86 4.52E-08 1.87 1.58E-04
Igg-binding protein 3.51 1.73E-06 12.45 1.04E-03
Protein kinase, core 2.86 1.73E-07 1.87 2.93E-04
Positive regulation of protein kinase 
cascade 2.91 1.19E-06 2.43 4.38E-03
Serine/threonine-protein kinase 2.86 1.67E-06 1.93 1.01E-03
Actin cytoskeleton organization 1.75 1.21E-06 2.19 4.48E-03
Induction of apoptosis 2.91 1.27E-06 1.97 4.68E-03
Induction of programmed cell death 2.91 1.41E-06 1.97 5.19E-03
Activation of immune response 3.35 1.51E-06 3 5.58E-03
Locomotory behavior 2.7 1.50E-06 2.06 5.51E-03
Phosphate metabolic process 2.86 1.48E-06 1.5 5.46E-03
Phosphorus metabolic process 2.86 1.48E-06 1.5 5.46E-03
Vacuole 3.18 7.57E-07 2.16 3.68E-04
T cell receptor signaling pathway 2.02 4.72E-06 2.52 7.93E-04
Adaptive immune response 3.35 2.15E-06 3.22 7.91E-03
Response to virus 3.03 2.27E-06 2.79 8.34E-03
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Lymphocyte differentiation 3.1 2.52E-06 2.84 9.26E-03
Regulation of protein amino acid 
phosphorylation 2.91 2.79E-06 2.34 1.03E-02
Protein kinase, atp binding site 2.86 5.58E-07 1.85 9.46E-04
Pleckstrin homology 3.1 4.97E-07 2.14 8.42E-04
Regulation of leukocyte mediated 
immunity 3.1 3.33E-06 3.51 1.22E-02
Membrane invagination 3.18 3.68E-06 2.15 1.35E-02
Endocytosis 3.18 3.68E-06 2.15 1.35E-02
Toll-interleukin receptor 3.51 7.65E-07 6.19 1.30E-03
Pattern recognition receptor signaling 
pathway 2.91 4.16E-06 6.63 1.53E-02
Lysosome 3.18 6.58E-06 2.51 3.96E-03
Src homology-3 domain 3.06 1.16E-06 2.28 1.96E-03
Positive regulation of signal transduction 2.91 5.75E-06 1.95 2.10E-02
Regulation of immune effector process 3.1 5.91E-06 2.79 2.16E-02
Positive regulation of cell communication 2.91 6.55E-06 1.88 2.39E-02
Actin filament-based process 1.75 6.87E-06 2.06 2.51E-02
Lymphocyte activation during immune 
response 3.1 7.67E-06 6.26 2.79E-02
B cell receptor signaling pathway 4.5 2.10E-05 2.75 3.51E-03
Immunoglobulin-like 4.38 2.49E-06 1.75 4.21E-03
Aig1 1.49 2.31E-06 11.86 3.90E-03
Interleukin-1 receptor, type i/toll 
precursor 3.51 2.19E-06 8.21 3.70E-03
Jak-stat signaling pathway 3.1 2.44E-05 2.12 4.10E-03
Positive regulation of multicellular 
organismal process 3.1 9.48E-06 2.03 3.45E-02
Phagocytosis 2.28 1.00E-05 3.75 3.63E-02
Leukocyte transendothelial migration 2.02 2.87E-05 2.31 4.81E-03
Regulation of innate immune response 3.35 1.09E-05 3.55 3.96E-02
Surface antigen 2.97 1.53E-05 4.15 9.16E-03
Activation of innate immune response 2.91 1.34E-05 5.93 4.84E-02
Innate immune response-activating 
signal transduction 2.91 1.34E-05 5.93 4.84E-02
Regulation of cd4-positive, alpha beta t 
cell differentiation 3.1 1.37E-05 6.76 4.93E-02
Macrophage activation 2.91 1.37E-05 6.76 4.93E-02
Domain:tir 3.51 8.58E-07 6.19 2.99E-03
Serine/threonine protein kinase-related 2.86 4.86E-06 1.88 8.20E-03
Gtpase activation 3.1 2.40E-05 2.35 1.44E-02
Domain:sh3 3.06 1.72E-06 2.45 6.00E-03
Pleckstrin homology-type 3.1 6.91E-06 1.96 1.16E-02
Serine/threonine protein kinase, active 
site 2.86 6.64E-06 1.88 1.12E-02
Hemopoiesis 3.1 2.16E-05 2 7.66E-02
Domain:protein kinase 2.86 1.63E-06 1.82 5.69E-03
Regulation of inflammatory response 2.91 2.53E-05 2.96 8.92E-02
T cell receptor complex 3.1 1.86E-05 7.73 8.98E-03
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Immunoglobulin v-set 4.38 1.09E-05 2.05 1.83E-02
Caspase recruitment 2.91 1.22E-05 4.91 2.04E-02
Domain:sh2 2.14 6.18E-06 2.96 2.14E-02
Active site:proton acceptor 2.86 5.66E-06 1.64 1.96E-02
Domain:card 2.91 8.14E-06 5.12 2.81E-02
Pirsf038545:chemokine receptor  1.42 7.28E-06 5.59 4.87E-03
Domain:leucine-zipper 1.65 1.92E-05 2.7 6.48E-02

Supplementary Table 3: Enrichment pathways for LPP gene

Terms

Enrichm
ent 

Score

P-value

Fold 
Enrichm

ent

Bonferroni

Glycoprotein 13.18 1.68E-30 1.51 1.06E-27
Signal Peptide 13.18 1.14E-29 1.61 5.16E-26
Glycosylation Site:N-Linked (Glcnac...) 13.18 1.36E-28 1.51 6.16E-25
Extracellular matrix 13.18 4.46E-27 3.08 2.40E-24
Focal adhesion 13.18 5.36E-25 3.72 8.69E-23
Proteinaceous extracellular matrix 13.18 6.18E-25 3.07 3.33E-22
Cell adhesion 13.18 1.12E-24 2.32 3.87E-21
Biological adhesion 13.18 1.31E-24 2.32 4.53E-21
Extracellular region part 13.18 2.79E-21 1.98 1.50E-18
Enzyme linked receptor protein signaling 
pathway

13.18 1.16E-18 2.71 4.03E-15

Extracellular matrix part 13.18 2.47E-17 4.03 1.33E-14
Secreted 13.18 3.26E-15 1.63 2.04E-12
Extracellular structure organization 13.18 3.10E-14 3.26 1.08E-10
Ecm-receptor interaction 13.18 4.93E-14 4.27 7.99E-12
Short sequence motif:cell attachment site 13.18 1.48E-12 4.19 6.69E-09
Egf-like region, conserved site 13.18 2.37E-12 2.47 4.30E-09
Regulation of cell proliferation 13.18 1.25E-11 1.79 4.33E-08
Collagen 13.18 6.67E-09 5.16 3.59E-06
Adherens junction 9.85 4.56E-18 3.62 2.46E-15
Anchoring junction 9.85 4.13E-17 3.38 2.23E-14
Cell-substrate junction 9.85 2.85E-14 3.76 1.54E-11
Basolateral plasma membrane 9.85 4.90E-14 2.92 2.64E-11
Cell-substrate adhesion 9.85 1.67E-12 3.83 5.80E-09
Cell-substrate adherens junction 9.85 2.78E-12 3.6 1.50E-09
Cell-matrix adhesion 9.85 6.56E-11 3.75 2.27E-07
Cell junction assembly 9.85 1.38E-10 5.34 4.79E-07
Cell junction 9.85 4.43E-10 1.9 2.39E-07
Cell junction organization 9.85 6.67E-10 4.39 2.31E-06
Cell-cell junction 9.85 1.37E-06 2.22 7.40E-04
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Cell-substrate junction assembly 9.85 2.24E-05 4.99 7.46E-02
Proteinaceous extracellular matrix 5.96 6.18E-25 3.07 3.33E-22
Biological adhesion 5.96 1.31E-24 2.32 4.53E-21
Extracellular matrix organization 5.96 1.41E-19 4.61 4.89E-16
Extracellular structure organization 5.96 3.10E-14 3.26 1.08E-10
Ecm-receptor interaction 5.96 4.93E-14 4.27 7.99E-12
Short sequence motif:cell attachment site 5.96 1.48E-12 4.19 6.69E-09
Egf-like region, conserved site 5.96 2.37E-12 2.47 4.30E-09
Triple helix 5.96 7.45E-12 6.89 4.72E-09
Hydroxylation 5.96 1.34E-10 4.27 8.49E-08
Hydroxylysine 5.96 1.18E-09 6.16 7.49E-07
Cell binding 5.96 2.61E-09 8.99 1.65E-06
Von willebrand factor, type C 5.96 5.46E-09 4.99 9.88E-06
Trimer 5.96 6.38E-09 6.48 4.04E-06
Collagen 5.96 6.67E-09 5.16 3.59E-06
Collagen triple helix repeat 5.96 7.36E-09 3.5 1.33E-05
Hydroxyproline 5.96 3.02E-08 5.16 1.91E-05
Collagen 5.96 3.37E-08 3.31 2.13E-05
Domain:vwfc 5.96 5.01E-08 7.45 2.27E-04
Collagen fibril organization 5.96 9.98E-08 5.39 3.45E-04
Basement membrane 5.96 5.21E-07 4.61 3.30E-04
Von Willebrand factor, type A 5.96 2.75E-06 3.06 4.98E-03
Cell-substrate adherens junction 5.01 2.78E-12 3.6 1.50E-09
Domain:lim zinc-binding 3 5.01 4.35E-07 5.81 1.97E-03
Actin-binding 4.78 4.32E-11 2.59 2.73E-08
Cytoskeleton 4.78 1.47E-10 1.89 9.29E-08
Actin cytoskeleton organization 4.78 4.96E-10 2.49 1.72E-06
Actin filament-based process 4.78 1.99E-09 2.38 6.89E-06
Cell leading edge 4.78 1.28E-08 2.76 6.89E-06
Actin cytoskeleton 4.78 2.48E-08 2.16 1.34E-05
Cytoskeleton organization 4.78 3.58E-08 1.89 1.24E-04
Actin binding 4.78 2.53E-05 3.93 1.59E-02
Egf-like calcium-binding 4.73 1.24E-13 4.05 2.25E-10
Egf-like calcium-binding, conserved site 4.73 7.18E-13 3.94 1.30E-09
Domain:egf-like 2; calcium-binding 4.73 4.59E-08 4.12 2.08E-04
Cub 4.73 1.19E-05 3.5 2.13E-02
Regulation of cell morphogenesis 4.7 1.59E-06 2.55 5.48E-03
Regulation of cell shape 4.7 6.58E-06 3.48 2.25E-02
Gtpase activation 4.29 1.23E-08 2.76 7.80E-06
Regulation of small Gtpase mediated signal 
transduction

4.29 1.11E-06 2.07 3.83E-03

Egf-like calcium-binding 4.24 1.24E-13 4.05 2.25E-10
Egf-like calcium-binding, conserved site 4.24 7.18E-13 3.94 1.30E-09
Egf-like, type 3 4.24 8.00E-13 2.92 1.45E-09
Calcium 4.24 9.42E-13 1.87 5.96E-10
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Egf-type aspartate/asparagine hydroxylation 
conserved site

4.24 1.02E-12 3.9 1.85E-09

Egf-like domain 4.24 2.08E-12 2.78 1.32E-09
Egf-like region, conserved site 4.24 2.37E-12 2.47 4.30E-09
Egf calcium-binding 4.24 3.66E-12 4.38 6.62E-09
Egf-like 4.24 4.34E-11 2.72 7.86E-08
Domain:egf-like 4; calcium-binding 4.24 4.05E-10 6.09 1.83E-06
Domain:egf-like 5; calcium-binding 4.24 3.90E-09 5.43 1.77E-05
Domain:egf-like 3; calcium-binding 4.24 3.90E-09 5.43 1.77E-05
Domain:egf-like 1 4.24 4.48E-08 2.98 2.03E-04
Domain:egf-like 2; calcium-binding 4.24 4.59E-08 4.12 2.08E-04
Domain:egf-like 7; calcium-binding 4.24 1.36E-07 5.79 6.17E-04
Domain:egf-like 6; calcium-binding 4.24 4.35E-07 5.81 1.97E-03
Domain:egf-like 12; calcium-binding 4.24 1.09E-06 7.45 4.94E-03
Domain:egf-like 9; calcium-binding 4.24 2.30E-06 6.98 1.04E-02
Domain:egf-like 11; calcium-binding 4.24 7.41E-06 7.18 3.30E-02
Domain:egf-like 8; calcium-binding 4.24 1.23E-05 5.34 5.43E-02
Domain:egf-like 14; calcium-binding 4.24 2.40E-05 7.45 1.03E-01
Domain:egf-like 15; calcium-binding 4.24 2.40E-05 7.45 1.03E-01
Growth factor binding 4.24 2.59E-05 6.32 1.62E-02
Gtpase activation 4.15 1.23E-08 2.76 7.80E-06
Regulation of cell migration 4.1 1.89E-15 3.33 6.54E-12
Domain:egf-like 5; calcium-binding 4.04 3.90E-09 5.43 1.77E-05
Domain:egf-like 3; calcium-binding 4.04 3.90E-09 5.43 1.77E-05
Basement membrane 4.04 5.21E-07 4.61 3.30E-04
Basolateral plasma membrane 3.98 4.90E-14 2.92 2.64E-11
Ecm-receptor interaction 3.98 4.93E-14 4.27 7.99E-12
Cell-substrate adhesion 3.98 1.67E-12 3.83 5.80E-09
Cell-matrix adhesion 3.98 6.56E-11 3.75 2.27E-07
Integrin-mediated signaling pathway 3.98 4.50E-10 4.02 1.56E-06
Cell leading edge 3.98 1.28E-08 2.76 6.89E-06
Regulation of actin cytoskeleton 3.98 1.35E-07 2.24 2.19E-05
Hypertrophic cardiomyopathy (HCM) 3.98 9.31E-07 3.02 1.51E-04
Arrhythmogenic right ventricular cardiomyopathy 
(ARVC)

3.98 2.40E-05 2.83 3.89E-03

Extracellular matrix part 3.94 2.47E-17 4.03 1.33E-14
Ecm-receptor interaction 3.94 4.93E-14 4.27 7.99E-12
Egf-like calcium-binding, conserved site 3.94 7.18E-13 3.94 1.30E-09
Egf-like region, conserved site 3.94 2.37E-12 2.47 4.30E-09
Basement membrane 3.94 1.10E-10 3.86 5.93E-08
Hydroxylysine 3.94 1.18E-09 6.16 7.49E-07
Cell binding 3.94 2.61E-09 8.99 1.65E-06
Domain:egf-like 3; calcium-binding 3.94 3.90E-09 5.43 1.77E-05
Trimer 3.94 6.38E-09 6.48 4.04E-06
Hydroxyproline 3.94 3.02E-08 5.16 1.91E-05
Domain:egf-like 1 3.94 4.48E-08 2.98 2.03E-04
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Basement membrane 3.94 5.21E-07 4.61 3.30E-04
Vasculature development 3.63 1.02E-20 3.2 3.54E-17
Blood vessel development 3.63 3.90E-20 3.19 1.35E-16
Regulation of cell motion 3.63 8.01E-16 3.19 2.69E-12
Skeletal system development 3.63 1.05E-15 2.62 3.46E-12
Regulation of cell migration 3.63 1.89E-15 3.33 6.54E-12
Tube development 3.63 3.21E-14 2.89 1.11E-10
Regulation of locomotion 3.63 1.59E-13 2.99 5.51E-10
Blood vessel morphogenesis 3.63 2.20E-13 2.87 7.62E-10
Branching morphogenesis of a tube 3.63 9.66E-12 4.49 3.34E-08
Regulation of cell proliferation 3.63 1.25E-11 1.79 4.33E-08
Angiogenesis 3.63 1.48E-11 3.1 5.13E-08
Positive regulation of cell motion 3.63 2.21E-10 3.51 7.66E-07
Morphogenesis of a branching structure 3.63 3.34E-10 3.95 1.16E-06
Positive regulation of cell migration 3.63 3.35E-10 3.63 1.16E-06
Respiratory tube development 3.63 7.01E-10 3.37 2.43E-06
Positive regulation of locomotion 3.63 1.03E-09 3.41 3.56E-06
Lung development 3.63 1.36E-09 3.37 4.71E-06
Respiratory system development 3.63 1.41E-08 3.09 4.87E-05
Tube morphogenesis 3.63 1.99E-08 2.87 6.89E-05
Urogenital system development 3.63 3.09E-07 2.84 1.07E-03
Embryonic morphogenesis 3.63 3.22E-07 2 1.11E-03
Palate development 3.63 4.60E-07 4.89 1.59E-03
Angiogenesis 3.63 6.41E-07 3.57 4.06E-04
Patterning of blood vessels 3.63 8.53E-07 5.96 2.95E-03
Regulation of mesenchymal cell proliferation 3.63 1.34E-06 6.37 4.64E-03
Heart development 3.63 2.32E-06 2.13 8.00E-03
Negative regulation of cell differentiation 3.63 2.63E-06 2.12 9.07E-03
Positive regulation of cell proliferation 3.63 6.18E-06 1.74 2.12E-02
Positive regulation of mesenchymal cell 
proliferation

3.63 7.89E-06 6.14 2.69E-02

Kidney development 3.63 8.61E-06 2.72 2.94E-02
Limb development 3.63 9.87E-06 2.63 3.36E-02
Appendage development 3.63 9.87E-06 2.63 3.36E-02
Pattern specification process 3.63 1.34E-05 1.91 4.54E-02
Appendage morphogenesis 3.63 1.51E-05 2.63 5.10E-02
Limb morphogenesis 3.63 1.51E-05 2.63 5.10E-02
Regulation of cell adhesion 3.57 4.78E-07 2.59 1.65E-03
Regulation of cell-substrate adhesion 3.57 5.13E-07 4.08 1.77E-03
Von Willebrand factor, type C 3.39 5.46E-09 4.99 9.88E-06
Trimer 3.39 6.38E-09 6.48 4.04E-06
Domain:vwfc 3.39 5.01E-08 7.45 2.27E-04
Domain:igfbp N-terminal 3.39 2.42E-05 5.59 1.04E-01
Positive regulation of cell motion 3.26 2.21E-10 3.51 7.66E-07
Positive regulation of cell migration 3.26 3.35E-10 3.63 1.16E-06
Positive regulation of locomotion 3.26 1.03E-09 3.41 3.56E-06
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Angiogenesis 3.26 6.41E-07 3.57 4.06E-04
Regulation of epithelial cell proliferation 3.26 1.74E-06 3.23 6.02E-03
Positive regulation of phosphorylation 3.26 1.04E-05 2.69 3.54E-02
Anchoring junction 3.23 4.13E-17 3.38 2.23E-14
Cell junction organization 3.23 6.67E-10 4.39 2.31E-06
Tube development 3.22 3.21E-14 2.89 1.11E-10
Branching morphogenesis of a tube 3.22 9.66E-12 4.49 3.34E-08
Morphogenesis of a branching structure 3.22 3.34E-10 3.95 1.16E-06
Transmembrane receptor protein serine/
threonine kinase signaling pathway

3.22 9.25E-10 3.34 3.20E-06

Tube morphogenesis 3.22 1.99E-08 2.87 6.89E-05
Tgf-beta signaling pathway 3.22 2.13E-08 3.3 3.45E-06
Chromosomal rearrangement 3.19 3.17E-05 1.89 1.98E-02
Domain:igfbp N-terminal 3.02 2.42E-05 5.59 1.04E-01
Growth factor binding 3.02 2.59E-05 6.32 1.62E-02
Domain:igfbp N-terminal 2.93 2.42E-05 5.59 1.04E-01
Repeat:spectrin 3 2.88 7.93E-07 6.09 3.58E-03
Calponin-like actin-binding 2.88 1.22E-06 3.3 2.21E-03
Domain:actin-binding 2.88 2.56E-06 6.14 1.15E-02
Repeat:spectrin 4 2.88 4.49E-06 5.85 2.01E-02
Repeat:spectrin 2 2.88 6.19E-06 5.16 2.77E-02
Repeat:spectrin 1 2.88 6.19E-06 5.16 2.77E-02
Domain:ch 2 2.88 9.61E-06 4.96 4.26E-02
Domain:ch 1 2.88 9.61E-06 4.96 4.26E-02
Actinin-type, actin-binding, conserved site 2.88 2.12E-05 5.02 3.76E-02
Domain:egf-like 2 2.8 1.92E-06 3.05 8.65E-03
Hypertrophic cardiomyopathy (HCM) 2.78 9.31E-07 3.02 1.51E-04
Arrhythmogenic right ventricular cardiomyopathy 
(ARVC)

2.78 2.40E-05 2.83 3.89E-03

Supplementary Table 4: Enrichment pathways analysis in LPP-AS1

Terms
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Sexual reproduction 3.82 2.34E-15 3.39 4.35E-12

Male gamete generation 3.82 1.66E-14 3.96 3.08E-11

Spermatogenesis 3.82 1.66E-14 3.96 3.08E-11

Flagellum 2.96 3.49E-09 8.68 1.05E-06

Microtubule-based flagellum 1.38 1.88E-09 13.65 5.67E-07
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Multicellular organism reproduction 3.82 1.98E-09 2.68 3.70E-06

Reproductive process in a multicellular organism 3.82 1.98E-09 2.68 3.70E-06

Reproductive cellular process 3.82 3.57E-07 3.76 6.66E-04

Ubl conjugation pathway 2.36 5.71E-06 2.05 2.04E-03

Spermatid development 3.82 2.77E-06 6.16 5.15E-03

Spermatid differentiation 3.82 4.84E-06 5.84 8.98E-03

Single fertilization 2.96 8.15E-06 5.54 1.51E-02
Modification-dependent macromolecule catabolic 
process

2.36 9.88E-06 2.08 1.82E-02

Modification-dependent protein catabolic process 2.36 9.88E-06 2.08 1.82E-02

Ubiquitin mediated proteolysis 2.36 1.99E-05 4.22 2.36E-03

Germ cell development 3.82 1.48E-05 4.12 2.72E-02

Fertilization 2.96 2.36E-05 4.56 4.30E-02

Proteolysis involved in cellular protein catabolic 
process

2.36 2.86E-05 1.99 5.19E-02





PART II
C h a p t e r  5

Genetic variation in the non-coding 
genome: involvement of micro-
RNAs and long non-coding RNAs in 
disease
Biochim Biophys Acta. 2014; pii: S0925-4439(14)00071-4

Barbara Hrdlickova*, Rodrigo Coutinho de Almeida*, Zuzanna Borek, and Sebo 
Withoff

Department of Genetics, University of Groningen, University Medical Center 
Groningen, the Netherlands

*These authors contributed equally.



110

Abstract
It has been found that the majority of disease-associated genetic variants 
identified by genome-wide association studies are located outside of protein-
coding regions, where they seem to affect regions that control transcription 
(promoters, enhancers) and non-coding RNAs that also can influence gene 
expression. In this review, we focus on two classes of non-coding RNAs that 
are currently a major focus of interest: micro-RNAs and long non-coding RNAs. 
We describe their biogenesis, suggested mechanism of action, and discuss 
how these non-coding RNAs might be affected by disease-associated genetic 
alterations. The discovery of these alterations has already contributed to a 
better understanding of the etiopathology of human diseases and yielded insight 
into the function of these non-coding RNAs. We also provide an overview of 
available databases, bioinformatics tools, and high-throughput techniques that 
can be used to study the mechanism of action of individual non-coding RNAs.

Introduction
Genome-wide association studies 
(GWAS) have discovered thousands 
of single-nucleotide polymorphisms 
(SNPs) that are associated with 
multifactorial diseases and 
quantitative traits. At the time of 
writing of this review (October 2013), 
the GWAS catalog [1] described 
11,680 SNPs associated with diverse 
phenotypes and quantitative traits. 
Despite the wealth of information that 
GWAS provide, it can be difficult to 
interpret the results because of the 
limited resolution of the genome-wide 
chips used in the initial genotyping 
screen. Moreover, even state-of-the-
art technology and approaches, such 
as using specialized high-resolution 
genotyping platforms (for example, the 
Immunochip [2] and Metabochip [3]), 
performing genotype imputation [4], or 
eQTL analysis [5], is often not enough 
to pinpoint the functional SNP and/
or causative gene. What is emerging 

from these GWAS, however, is that 
>90% of disease-associated SNPs 
are located in non-coding regions of 
the genome for example in promoter 
regions, enhancers, or even in non-
coding RNA genes [1,6]. This indicates 
that these SNPs might be regulatory. 
The results from the Encyclopedia of 
the DNA Elements (ENCODE) project 
suggest that 80% of the human 
genome is involved in at least one 
biochemical RNA- and/or chromatin-
associated event [7]. While fewer than 
10% of the GWAS SNPs affect coding 
sequences, most non-coding variants 
are concentrated in DNA stretches 
marked by deoxyribonucleaseI 
(DNase I) hypersensitive sites, where 
they seem to perturb transcription 
factor binding sites or alter allelic 
chromatin states [8]. A small 
percentage seems to disrupt or 
create micro-RNA (miRNA) binding 
sites in the 3’ untranslated region 
(3’-UTR) of genes. All these events 
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will affect the expression level of the 
genes regulated by these functional 
elements and can thereby contribute 
to deregulation of pathways that 
control healthy cell function.
 The recent discovery of 
approximately 13,500 long non-
coding RNAs (lncRNAs) has changed 
the view on the human genome 
(Figure 1). It has been estimated that 
approximately 7% of SNPs associated 
with autoimmune diseases seem 
to annotate to long intergenic non-
coding RNAs (lincRNAs), a subclass 
of lncRNAs [6], and some GWAS 
SNPs have been demonstrated to 
have eQTL-effects on these lincRNAs 
[9]. It is thought that the majority of 
lncRNAs are somehow involved in 
regulating the expression of protein-
coding genes and, therefore, SNPs 
associated with these ncRNAs may 
indirectly influence the expression 

of proteins involved in disease. In 
this review we will describe how two 
classes of regulatory ncRNAs, the 
miRNAs and the lncRNAs, regulate 
gene expression. We will also describe 
how SNPs and other types of genetic 
variation that affect these ncRNAs can 
contribute to disease phenotypes.

miRNAs
miRNAs are short regulatory RNAs 
(approximately 19-24 nucleotides 
long) involved in post-transcriptional 
gene regulation. The first miRNA, lin-
4, was identified in 1993 in a screen 
for genes required for post-embryonic 
development in C. elegans [10], but it 
took another seven years to discover 
the second one (let-7) [11]. Since then, 
the number of miRNAs has increased 
steadily. At the time of writing, the 
number of human mature miRNAs 
described in miRBase V20 is more than 

Figure 1. Abundance of regulatory ncRNA species versus protein coding genes in the human 
genome The numbers are based on Gencode V17 (http://www.gencodegenes.org/releases/17.
html).
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2,500 [12]. miRNAs are estimated to 
regulate the translation of up to 60% 
of protein-coding genes [13]. A single 
vertebrate miRNA has been described 
as targeting 200 messenger RNAs 
(mRNAs) on average, although some 
miRNAs regulate only a few targets 
[14]. Conversely, some protein-coding 
genes are regulated by only a single 
miRNA, while others are regulated by 
many miRNAs [15]. The importance 
of miRNAs as fine-regulators of gene 
expression has become clear since 
it was discovered that they play 
important roles in pivotal biological 
processes, such as development, cell 
proliferation, cell differentiation, and 
cell death [16–19]. 

miRNA biogenesis and 
mechanism of action
The process of miRNA biogenesis is 
quite characteristic for this subclass of 
ncRNAs. The primary miRNA transcript 
(pri-miRNA) is characterized by one or 
many hairpins that encompass the 
functional mature miRNA in their stem 
(Figure 2). Upon recognition by two 
nuclear enzymes, Drosha and DGCR8, 
the pri-miRNA is processed into one 
or several hairpins approximately 
70 nucleotide long; these are called 
precursor miRNAs (pre-miRNAs). 
They are exported into the cytoplasm 
by the nuclear export protein Exportin 
5 (XPO5) [20]. In the cytoplasm, the 
pre-miRNA can be recognized and 
are then processed by the RNase 
III enzyme Dicer, which removes 
the loop of the hairpin, resulting in 
a ~20 bp dsRNA molecule. One of 

the strands will be incorporated into 
the RNA-induced silencing complex 
(RISC) containing the Argonaute 
protein 2 (AGO2) and the GW182 
[21]. The RISC complex will target a 
mRNA transcript, based on sequence 
complimentarity between the miRNA 
sequence and nucleotides in the 3’-
UTR of the target [22]. It is thought 
that binding of the RISC complex to 
this target leads to deadenylation of 
the mRNA target, which will ultimately 
result in degradation if the homology 
between the entire miRNA sequence 
and the target is extensive [21,23]. 
Efficient targeting requires continuous 
base-pairing of the miRNA seed 
region (stretches of 6-8 nucleotides 
between positions 1-8 of the mature 
miRNA) with its target [10,23,24]. 
Computational target prediction 
approaches make use of this 
proposed rule to predict the targets 
of miRNA-induced silencing. These 
algorithms are based on searching 
for perfect Watson-Crick pairing 
between the miRNAs’ seed-sequence 
and the target mRNA sequence (most 
algorithms focus only on the 3’-UTR 
of genes) alone, or in combination 
with other rules, such as evolutionary 
conservation criteria to predict miRNA 
target sites [13,23]. Evolutionary 
conservation was important in 
defining the first identified miRNAs 
[25], but it is now becoming clear that 
many miRNAs are species-specific. 
In contrast, more than 60% of human 
protein-coding genes have been under 
selective pressure to maintain pairing 
to miRNAs [26]. miRNAs that appear 
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to have a common ancestor, and differ 
only in a few nucleotides, are grouped 
into the same miRNA family [27]. Until 
recently, it was assumed that miRNAs 
mainly target the 3’-UTRs of mRNAs 
[21], but it has now been shown that 
miRNA target sites can also be located 
in the 5’-UTRs of target mRNAs, or 
even in the coding region of these 
RNAs [21,28].
 Much attention has recently 
been paid to miRNA as potential 
biomarkers in circulation. Cell-free 
miRNAs have been described in 
multiple human body fluids, such 
as serum [29,30], saliva [31], 
cerebrospinal fluid (CSF) [32], and 
urine [33]. Most importantly, the 

disease-specific or even disease-
stage-specific nature of circulating 
miRNA profiles [34,35] implies that 
circulating miRNAs might potentially 
be used as novel biomarkers to 
evaluate health status or disease 
progression.

A role for miRNAs in disease
miRNAs have been shown to 
be involved in cancer and in 
neurodegenerative, cardiovascular 
and autoimmune diseases [15]. 
Changes in the amount of specific 
miRNAs will result in downregulation 
or upregulation of their targets, leading 
to deregulation of the pathways in 
which those targets are involved. This 

Pri-miRNA 

Pre-miRNA Cytoplasm 

RISC complex 

Pol II 

Nucleus 
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O
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A 

DICER 

Translation repression Target cleavage 
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Figure 2. miRNA biogenesis and mechanism of action. Stem loop sequences in primary microRNA 
(pri-miRNA) transcripts are recognized by DROSHA/DGCR8 and processed into 60–80-nucleotide 
long precursor microRNA (pre-miRNA) hairpins, which are subsequently translocated by exportin 
5. In the cytosol, the pre-miRNA is cleaved by Dicer to produce two single-stranded RNA strands, 
each of which can be loaded into the RISC complex, which is guided by the miRNA sequence to 
the 3’ UTR of the target mRNA. 
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deregulation of miRNA levels in human 
diseases can occur in different ways.
Firstly, altered functions of the 
enzymes involved in the miRNA 
biogenesis pathway can lead to altered 
miRNA profiles. Haploinsufficiency 
of DGCR8 accounts for over 90% 
of cases of DiGeorge syndrome. 
This dominantly inherited disorder is 
caused by the presence of hemizygous 
chromosome 22q11.2 deletions, 
which lead to various phenotypic 
defects including immunodeficiency 
and autoimmunity [36]. However, 
DGCR8 haploinsufficiency does not 
lead to an overall decrease in miRNA 
levels [37]. The presence of the XPO5 
inactive mutant traps miRNAs in the 
nucleus in a subset of human tumors 
[38]. Defects in Dicer have also been 
associated with disease, for example, 
recurrent somatic missense mutations 
in DICER1 have been identified in 
non-epithelial ovarian cancers [39]. 
In conclusion, defects in several 
members of the miRNA processing 
machinery have been reported. 
However, these changes never lead 
to dramatic overall changes of miRNA 
levels in the cell, which is consistent 
with the notion that miRNAs are 
essential for cell survival.
 Secondly, as pri-miRNA 
expression is regulated by RNA 
polymerase II and by the transcription 
factors that regulate the expression 
of protein-coding genes, the same 
epigenetic control mechanisms 
are involved in regulating miRNA 
expression. Transcriptional 
repression of miRNAs by promoter 

hypermethylation was found in many 
human tumors [40], for example, the 
miR-200 family is involved in the 
control of the epithelial-mesenchymal 
transition (EMT). In EMT, epithelial cells 
lose their adherence and polarity, and 
start to migrate. The miR-200 family 
downregulates ZEB1 (zinc finger 
E-box-binding homeobox 1) and ZEB2 
(zinc finger E-box-binding homeobox 
1), two important transcriptional 
repressors of genes involved in cell 
adherence (E-cadherin) and polarity 
(CRB3 (crumbs protein homolog 
3) and LGL2 (lethal giant larvae)). 
Thus hypermethylation of miR-200 
family members in cancer leads to 
upregulation of ZEB1 and ZEB2, 
leading to decreased adherence 
and polarity [41]. Similarly, histone 
modifications might also affect miRNA 
expression levels. For instance, SIRT1 
(sirtuin 1), a NAD-dependent histone 
deacetylase involved in control of 
axon growth and degeneration, was 
recently found to directly suppress the 
expression of miR-138 in response to 
peripheral nerve injury [42].
 Thirdly, different types of 
genetic alterations to miRNA genes 
or to their regulatory motifs can have 
deleterious consequences. In fact, the 
first example of the involvement of 
miRNAs in cancer was the description 
of a deletion of chromosome 13q14 in 
chronic lymphocytic leukemia patients. 
The deleted area contains the miR-
15a and miR-16-1 genes that target 
the anti-apoptotic/pro-survival gene 
BCL-2 (B-cell lymphoma 2) [43] and 
thus deletion of this region contributes 
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to the greater survival characteristics 
of cancerous cells. For the purpose of 
this review, we will focus on the most 
common type of genetic variants, 
SNPs, and show how they affect the 
function of miRNAs.

Genetic variation and miRNA 
function
There are many ways in which disease-
associated SNPS can affect miRNA 
levels. Firstly, mutations in miRNA 
biogenesis genes (Figure 2) can affect 
miRNA processing, which, in turn, can 
contribute to disease. For instance, 
the homozygous presence of SNP 
rs2073778, located in DGCR8, was 
found to be associated with a 4-fold 

increased risk of non-muscle bladder 
cancer progression [44]. Another 
example is the presence of SNP 
rs3742330 (A>G) in the Dicer gene, 
which is associated with increased 
survival of T cell lymphoma patients. 
Homozygous individuals carrying 
the GG genotype had a significantly 
increased overall survival [45].
 Secondly, SNPs in pri-miRNA 
and pre-miRNA can affect miRNA 
maturation efficiency (Figure 3A). For 
example, SNP rs11671784 in the 
miR-27a gene reduces gastric cancer 
risk by impairing the processing of 
pre-miR-27a to mature miR-27a. It 
was hypothesized that downregulated 
levels of miR-27a lead to a significantly 
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Figure 3. Genetic variants and their influence on microRNAs (A) SNPs occurring in pri-miRNA 
sequences can affect miRNA processing. (B) SNPs changing the sequence of the mature miRNA 
can prevent binding to the original target and cause binding to alternative targets. (C) SNPs located 
within the 3’-UTR of the target can modulate miRNA-mRNA interaction in three ways: (1) a novel 
miRNA binding site is created, (2) a miRNA target site is disabled, and (3) the strength of binding 
can be attenuated, the mature miRNA sequence in blue indicates a weakness of binding and in red 
shows the strength of binding.
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increased expression level of its target 
gene HOXA10 (homeobox A10), and 
that changes in this gene have been 
associated with oncogenesis [46]. 
 Thirdly, SNPs affecting the 
promoters of miRNAs can affect 
expression of the miRNA in question. 
SNP rs57095329, which confers risk 
of systemic lupus erythematosus 
(SLE), is located in the miR-146a 
promoter (Figure 3B). Individuals 
carrying the risk allele in the promoter 
showed lower expression levels of 
miR-146a [47].
 Fourthly, SNPs can alter 
the binding efficiency of miRNAs to 
mRNA targets (Figure 3C) and SNPs 
in both miRNAs or in target mRNAs 
can affect miRNA-target interaction. 
An example of such an event is SNP 
rs3853839, which is associated with 
SLE susceptibility in Eastern Asians 
[48]. This SNP is located in the 3’ UTR 
of the TLR7 gene and potentially has a 
negative effect on the binding of miR-
3148. Risk allele carriers of this SNP 
display an increased TLR7 mRNA 
half-life, resulting in increased TLR7 
(Toll-like receptor 7) expression levels 
[49]. SNPs in miRNAs or target mRNAs 
can also confer the potential binding to 
different miRNA-target combinations 
(Figure 3C). A SNP in the 3’ UTR may 
create a sequence match to the seed 
of a miRNA that was not previously 
associated with the given mRNA [50]. 
Gong et al. predicted that 52% of 
SNPs in the dbSNP database (release 
132) would be able to create novel 
miRNA binding sites [51].
 The identification of GWAS 

SNPs in miRNA target sites helps with 
prioritizing functional variants. The 
first GWAS signal that was explained 
by polymorphic miRNA targeting was 
the synonymous SNP (c.313C>T) in 
the 3’ UTR of IRGM (immunity-related 
GTPase family M protein), a GTPase 
involved in regulating immunity. This 
SNP confers risk to Crohn’s disease 
by decreasing the binding of miR-
196 [52]. Another example is the 
presence of SNP rs1625579, which 
is associated with schizophrenia and 
located in the intron of a putative 
primary transcript for the mir137 gene. 
This SNP alters the seed sequence of 
miR-137, which is known to regulate 
neuronal development. Interestingly, 
four other genes associated with 
schizophrenia (TCF4 (transcription 
factor 4), CACNA1C (calcium channel, 
voltage-dependent, L type, alpha 1C 
subunit), CSMD1 (CUB and Sushi 
multiple domains 1) and C10orf26 
(chromosome 10 open reading frame 
26)) contain predicted target-binding 
sites for miR-137, suggesting that 
the expression levels of these four 
genes might be affected by multiple 
mechanisms [53]. As a last example, 
it was suggested that SNP rs13702, 
which is located in the 3’-UTR of 
lipoprotein lipase and potentially 
disrupts the binding site of miR-410, 
could modulate the effect of diet on 
plasma lipid levels [54]. 
 The strongest proof for the 
functionality of a SNP is an expression 
quantitative trait locus (eQTL) effect 
of the SNP on a transcript. In 2012 
Gamazon et al. showed that 25% of 
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European 3’-UTR SNPs and 18% of 
African 3’-UTR SNPs predicted to 
alter miRNA-binding sites did indeed 
have a cis-eQTL effect [55]. In another 
study using publically available eQTL 
datasets, 26 eQTL SNPs were 
predicted to create, disrupt, or change 
the target site of miRNAs in genes 
encoding xenobiotic metabolizing 
enzymes [56].

Bioinformatic and high-
throughput methods for 
studying miRNA function
Novel genomics techniques, such 
as next-generation sequencing, and 
analysis methods, such as eQTL 
analyses, yield a wealth of data 
and hypotheses. Concurrent with 
the increase in the amount of data, 
web-based applications and online 
databases have been developed 
that can be used to analyze miRNA 
data (Table 1). The main catalog of 
microRNA sequences is miRBase, 
which containing 1,872 human 
precursor miRNAs and 2,578 human 
mature miRNA sequences (miRBase 
V.20) [12]. Algorithms to predict 
miRNA-mRNA interaction, such 
as TargetScan [26], miRanda [57], 
TarBase [58] and PicTar [14], use 
miRBase to perform their miRNA-
target predictions.
 Several useful algorithms 
have now been developed to identify 
SNPs that potentially affect miRNA-
binding sites, such as Patrocles 
[59], PolymiRTs [60], miRSNP [61], 
microSNiPer [62], miRdSNP [63], 
and miRNASNP [51]. Most of these 

applications use the above target 
prediction algorithms for their 
predictions. MiRNASNP [51] goes 
a step further and also investigates 
whether SNPs affect pre-miRNAs 
and miRNA seed sequences. As 
mentioned above, the most powerful 
indication of a SNP’s functionality is 
to find an eQTL effect. In the study 
by Gamazon et al., described above, 
the authors examined SNPs from the 
HapMap Consortium [64] located in 
the 3’ UTRs of genes with cis-eQTL 
effects using TargetScan, miRBase, 
Pictar, TarBase, Patrocles and 
PolymiRTs. This detailed analysis 
identified 32 3’ UTR eQTL SNPs that 
potentially affect miRNA binding [55].
Since miRNAs may have many targets, 
high-throughput methodologies are 
needed to analyze the data. In the 
miRNA field, promising approaches 
involve cross-linking RNA (mRNA 
and miRNAs) to the RISC complex, 
immunoprecipitation of these 
complexes by capturing Argonaute 
proteins (most often antibodies 
against Argonaute are applied or cell 
lines are used that express tagged 
Argonaute proteins), and sequencing 
of the mRNA targets in the complex. 
Examples of such techniques are 
AGO2 HITS-CLIP [65], PAR-CLIP [66], 
and CLIP-seq [67]. The disadvantage 
of these assays is that they do not 
yield information on specific miRNAs 
binding to specific targets and, 
therefore, the miRNA of interest is 
often overexpressed to enrich for 
complexes with this specific miRNA.  
 However, in a recent paper by 
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Table 1. Publicly available databases and bioinform
atics tools for non-coding RNAs

ncRNAs
Database

Link
Explanation

Ref.

ncRNAs 
in general

Rfam
 11.0

http://rfam
.sanger.ac.uk/ 

Database of non-coding RNA fam
ilies, prim

arily 
RNAs w

ith a conserved RNA secondary 
structure, including both RNA genes and m

RNA 
cis-regulatory elem

ents
[180]

RNAdb 2.0
http://research.im

b.uq.edu.au/rnadb/ 
Database of m

am
m

alian noncoding RNAs
[181]

DIANA tools
http://62.217.127.8/DianaTools/index.php?r=site/

index
ncRNA analysis w

eb server-current em
phasis 

is on the analysis of m
iRNA and protein coding 

genes
-

ncRNA.org
http://w

w
w

.ncrna.org/
Functional RNA Project - bioinform

atics tools and 
databases

-

http://w
w

w
.ncrna.org/softw

are
Bioinform

atics tools for RNAs and their 
supplem

entary data
-

UC
SC

 G
enom

e Brow
ser  

for functional RNA

http://w
w

w
.ncrna.org/glocal/cgi-bin/hgG

atew
ay

UC
SC

 G
enom

e Brow
ser m

irror w
ith large 

inclusion of functional RNA related custom
 tracks 

and several enhancem
ents for RNA secondary 

structure support

[164,-
165]

http://w
w

w
.ncrna.org/custom

-tracks
UC

SC
 G

enom
e Brow

ser- project-specific 
custom

 tracks
-

Regulom
eDB

http://regulom
e.stanford.edu/index

Database annotates SNPs w
ith know

n and 
predicted regulatory elem

ents in the intergenic 
regions of the hum

an genom
e

[182]

NO
NC

O
DE database

http://w
w

w
.noncode.org/NO

NC
O

DERv3/guide.
htm

Database includes alm
ost all the types of 

ncRNAs (except transfer RNAs and ribosom
al 

RNAs), ncRNA sequences and their related 
inform

ation (e.g. function, cellular role, cellular 
location, chrom

osom
al inform

ation, etc.)

[183-
185]

NPInter
http://w

w
w

.bioinfo.org.cn/NPInter/
ncRNAs and protein related biom

acrom
olecules 

interaction database
[186]
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long
ncRN

As

Lincipedia
http://w

w
w

.lncipedia.org 
Database for annotated hum

an lncRN
A transcript 

sequences and structures, contains 32,183 hum
an 

annotated lncRN
As

[163] 

lncRN
A Database

http://w
w

w
.lncrnadb.org/ 

Database providing com
prehensive annotations of 

eukaryotic lncRN
As

[79]

Hum
an lincRN

A catalog
http://w

w
w

.broadinstitute.org/genom
e_bio/

hum
an_lincrnas/

Reference catalog of over 8,000 hum
an lincRN

As
[73]

Functional lncRN
A Database

http://w
w

w
.valadkhanlab.org/database.php

Database containing 204 lncRN
As and their 

splicing variants, analysis of the lncRN
As and their 

com
parison to protein-coding transcripts

[194]

ncRN
A Expression database  

(N
RED)

http://nred.m
atticklab.com

/cgi-bin/ncrnadb.pl
Database provides gene expression inform

ation 
for thousands of lncRN

As in hum
an and m

ouse, 
contains both m

icroarray and in situ hybridization 
data

[195]

N
O

N
CO

DE v3.0
http://w

w
w

.noncode.org/NO
NC

O
DERv3/

Integrative annotation of long noncoding RN
As

[185]

ncFAN
s

http://ebiom
ed.org/ncfans/

Function annotation and function enrichm
ent of 

lncRN
As, includes 2 organism

s (hum
an, m

ouse) and 
3 m

icroarray platform
s

[196]

Linc2GO
http://w

w
w

.bioinfo.tsinghua.edu.cn/~liuke/
Linc2G

O
/index.htm

l
W

eb-server providing com
prehensive function 

annotation of hum
an lincRN

A
[197]

LncRN
ADisease

http://202.38.126.151/hm
dd/htm

l/tools/
lncrnadisease.htm

l

Resource that curated the experim
entally supported 

lncRN
A-disease association data but also a platform

 
that integrated tool(s) for predicting novel lncRN

A-
disease associations

[198]

LncBase
http://diana.im

is.athena-innovation.gr/DianaTools/
index.php?r=lncBase/index

Part of DIAN
A tools- predicted and experim

entally 
verified, m

iRN
A-lncRN

A interactions
[199] 

C
ontinuation Table 1. Publicly available databases and bioinform

atics tools for non-coding RNAs
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Helwak et al. CLASH (cross-linking, 
ligation, and sequencing of hybrids) 
was described [68]. In this method, 
loaded RISC complexes are first 
cross-linked, isolated by Argonaute 
immunoprecipitation, and then the 
RNA in these complexes is ligated 
forming hybrid miRNA-target mRNA 
sequences that are sequenced. This 
provides a high-throughput method 
to identify the targets to which the 
miRNAs bind and gives an idea of 
which fraction of the RISC complexes 
in the cell is occupied by specific 
miRNAs.

Long non-coding RNAs
Long non-coding RNAs (lncRNAs) are 
a heterogeneous group defined as 
transcripts more than 200 nucleotide 
(nt) in length that exhibit no coding 
potential [69–71]. They can be 
isolated from nuclear as well as 
cytosolic fractions, may or may not be 
polyadenylated, and >95% of them 
display alternative splice isoforms 
[70,72]. In comparison with protein-
coding genes, lncRNAs have longer, 
but fewer, exons [70,73]. LncRNA 
promoter regions are similarly 
conserved between vertebrates as 
promoters of protein-coding genes. 
In contrast lncRNA exons are less 
well conserved between these 
species [69,74]. Like miRNAs, their 
expression is not regulated by RNA 
species-specific transcription factors 
or RNA polymerase molecules. It is 
becoming clear that lncRNAs exhibit 
cell-type-specific expression profiles 
[69] and that in their specific cellular 

background they can be expressed at 
levels, similar to the levels of protein-
coding RNAs. The origin of lncRNAs is 
still under debate, but a recent study 
[75] has reported that more than two-
thirds of mature lncRNA transcripts 
contain transposable elements 
(TEs), whereas only 4% of protein-
coding genes contain these ‘jumping 
genes’ [76]. This observation led to 
the postulation that the majority of 
lncRNAs have arisen via insertion of 
TEs. For example, the rodent-specific 
brain cytoplasmic RNA 1 (BC1), the 
anthropoid primate-specific brain 
cytoplasmic RNA 200-nucleotide 
(BC200), and the strepsirhini primate-
specific G22 lncRNAs, form a 
family of lncRNAs which originate 
independently from insertion of TEs, 
resulting in lncRNAs that locate to 
dendrites in different mammalian 
species [77–80]. 
 The first lncRNAs (H19 and 
Xist (X-inactive specific transcript)) 
were discovered using traditional 
gene mapping approaches in the 
early 1990s [81–83] and were 
considered to be rare exceptions to 
the then central dogma of molecular 
biology. Using tiling arrays HOTAIR 
(HOX antisense intergenic RNA) and 
HOTTIP (HOXA transcript at the distal 
tip) were discovered in the homeobox 
gene regions (HOX clusters) [84,85]. 
In 2009, Guttman et al. was the first 
to describe a genome-wide approach 
for discovering lncRNAs that yielded 
1,600 novel mouse lncRNAs. In this 
study gene expression data and the 
presence of chromatin marks for 
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promoter regions and gene bodies 
was integrated with the known 
annotations of coding transcripts to 
identify lncRNAs [74]. Since then, 
thousands of lncRNAs have been 
identified using similar approaches 
in the mouse and human genomes 
[69,86]. When used in combination 
with next-generation RNA sequencing, 
additional information can be obtained 
about lncRNA exon-intron structure 
as well as about the abundance of 
these transcripts [87–93]. Cabili et 
al. combined chromatin marks and 
RNA-sequencing (RNA-seq) data to 
generate the human lincRNA catalog, 
containing more than 8,000 lincRNAs 
determined across 24 different human 
cell types and tissues [73]. Although 
more than 13,500 human lncRNAs 
have been annotated by ENCODE, 
only a few dozen have been studied 
in more detail so far. The challenge is 
now to elucidate the function of these 
lincRNAs. 

Classes of lncRNAs and 
mechanism of action

Classification of lncRNAs based 
on genomic location
The size limit of >200 nucleotides 
used to define lncRNAs is an arbitrary 
cut-off based on RNA isolation 
protocols and their size exclusion limit 
in the past, which potentially leads 
to the capture of a heterogeneous 
group of different transcripts with 
respect to function. Although different 
nomenclatures are used, in this review 
we will adhere to the classification 

based on the lncRNAs location relative 
to the nearest known protein-coding 
gene as described in GENCODE 
[70]. This subclassification leads to 
four broad categories (Figure 4). The 
long intergenic non-coding RNAs 
(lincRNAs) are the largest group of 
lncRNAs, accounting for approximately 
5,000 human genes according to 
the GENCODE dataset V17 [70] 
or approximately 8,000 according 
to the human lincRNA catalog [73]. 
LincRNA genes do not overlap or lie 
next to protein-coding genes [74,94]. 
The second most prevalent class of 
lncRNAs is the antisense lncRNAs 
that is transcribed from the strand 
opposite of the protein-coding genes, 
which they are overlapping. Based on 
their complete or incomplete overlap, 
antisense lncRNAs can be subdivided 
into various subclasses, for example, 
intronic antisense lncRNAs when the 
lncRNA transcript falls completely 
within the boundaries of an opposing 
coding intron, or natural antisense 
transcripts (NATs) with partial 
overlap, mainly around the promoter 
or terminator site of the coding gene 
[95,96]. For antisense transcripts it 
holds true that the sense-antisense 
pairs are often co-expressed together, 
that they share a similar pattern of 
evolutionary conservation [97], and 
that the antisense transcript modulates 
the expression of the sense transcript 
by the formation of a sense-antisense 
RNA duplex [96]. The third subclass 
of lncRNAs comprises the sense 
lncRNA transcripts. Such transcripts 
are located on the same strand and 
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transcribed in the same direction as a 
protein-coding gene. This organization 
is much less prevalent. In total, fewer 
than 1,000 sense lncRNAs have been 
identified, overlapping completely or 
partially with protein-coding genes. 
To date, this subclass is poorly 
characterized compared with the 
other lncRNAs. The fourth subclass 
of lncRNAs is the bi-directional or 
divergent group. These transcripts 
are located on the antisense strand 
(opposite of the protein-coding gene); 
they have their transcription start site 
(TSS) close to the TSS of the protein-
coding gene, but are transcribed in 

the opposite direction. The majority 
of these bi-directional pairs are co-
expressed together and conserved 
between human and mouse [98,99].

Classification of lncRNAs 
based on molecular mechanism 
(lncRNA archetypes)
LncRNAs can interact with DNA or 
RNA as well as proteins. Although the 
detailed mechanism of action is still 
unknown for most of the annotated 
lncRNAs, the few examples available 
show the complexity of lncRNA 
biology. LncRNAs control multiple 
mechanisms that converge upon the 

A) LincRNAs

B) Antisense lncRNAs

C) Sense lncRNAs

D) Bidirectional lncRNAs (divergent)

1) Intronic 2) NAT 

1) Intronic 2) Overlapping 

LncRNA

Protein-coding

Genes:

Figure 4. Classification of lncRNAs based on position relative to the nearest protein-coding gene 
(A) Long intergenic non-coding RNA (lincRNA) genes do not overlap or neighbour protein-coding 
genes. (B) Antisense lncRNAs are transcribed from the strand opposite of the protein-coding gene 
with whom they are overlapping. Antisense lncRNAs can be subdivided into (1) intronic antisense 
lncRNAs, when the transcript falls completely within the boundaries of an opposing coding intron; 
or (2) natural antisense transcripts (NATs) which partially overlap the coding gene. (C) Sense 
lncRNAs are located on the same strand and transcribed in the same direction as a neighbouring 
protein-coding gene. (D) Bidirectional or divergent lncRNAs are located on the antisense strand 
(opposite of the protein-coding gene) and their transcription start site (TSS) is close to the TSS of 
the protein-coding gene. These lncRNAs are transcribed in the opposite direction relative to the 
protein-coding gene. Color legend: protein coding genes (blue) and lncRNA genes (red).



124

gene expression process. They have 
been implicated in post-transcriptional 
gene regulation by controlling 
processes, like protein synthesis, 
RNA maturation, and RNA transport, 
and have been shown to control 
transcriptional gene silencing via 
epigenetic regulation and chromatin 
remodeling [90,100–104].
In 2011, Wang and Chang [101] 
proposed dividing lncRNAs into four 
archetypes based on their molecular 
mechanisms, in an attempt to simplify 
the complexity of action (Figure 5). The 
mechanism 1, the signaling archetype, 

is carried out by lncRNAs that act as 
molecular signals and may activate or 
silence other genes without the need 
for translation (Figure 5A). This mode 
of action is important for fast, targeted 
regulation, for example, carried out 
by lncRNAs involved in embryonic 
development (HOTAIR and HOTTIP, 
both regulating homeobox genes) 
[84,85,105], in the DNA damage 
response (e.g. lincRNA-p21 and 
PANDA (p21-associated ncRNA DNA 
damage activated lncRNA) [106,107], 
in stress responses (e.g. COLDAIR 
(cold-assisted intronic non-coding 

A) Signal
1) Activating

2) Silencing

B) Decoy

C) Guide
1) 2)

D) Scaffold

LncRNA

DNA

Protein-
complex 1

Protein-
complex 2

Figure 5. Four archetypes of lncRNA mechanism of action (adapted from Wang and Chang, 2011)
(A) Signaling archetype: some lncRNAs act as molecular signals activating (1) or silencing (2) 
other genes without own translation. (B) Decoy archetype: some lncRNAs compete with another 
sequence/structure (such as miRNAs, transcription factors, or RNA-binding proteins) for binding. 
(C) Guide archetype: lncRNAs that bind specific proteins and transport them closer to specific 
target sequence. This interaction might be (1) direct - when the lncRNA-protein heteroduplex 
(ribonucleoprotein complex) binds directly to DNA, or (2) indirect - when the interaction between 
lncRNA-protein is mediated via another protein located on the DNA. (D) Scaffold archetype: 
lncRNAs that bind multiple proteins, bringing them in close proximity to facilitate interactions and, 
for example, allow the formation of ribonucleoprotein complexes.



125

Genetic variation in the non-coding genome

RNA), COOLAIR (cold-induced long 
antisense intragenic RNA)) [108,109], 
and in somatic cell reprograming 
(e.g. lincRNA-ROR (regulator of 
reprograming)) [110,111]. 
 The second mechanism of 
action is the decoy mechanism (Figure 
5B). LncRNAs exploiting this strategy 
(e.g. Gas5 (growth arrest-specific 
transcript 5), MALAT1 (metastasis-
associated lung adenocarcinoma 
transcript 1), TERRA (telomeric 
repeat-containing RNA) and PANDA) 
can act as a decoy that binds to and 
intervene with the function of other 
RNAs or proteins, such as miRNAs, 
transcription factors, or RNA-binding 
proteins. These lncRNAs, known 
as “sponges”, can compete with 
another sequences or structures 
for binding and are considered as 
negative regulators. GAS5 acts as 
a decoy glucocorticoid-response 
element (GRE) and competes 
with DNA GREs for binding to the 
glucocorticoid receptor [112]. PANDA 
binds to the transcription factor NF-
YA and prevents the activation of 
NF-YA-induced pro-apoptotic targets 
[107,113]. 
 The third lncRNA mechanism 
is the ability to act as a guide archetype, 
for example, by binding proteins and 
transporting the created complex 
to specific targets, for example, 
chromatin modification enzymes to 
DNA, where the interaction may be 
directly between this complex and the 
DNA, or indirectly with heteroduplex 
protein-DNA (Figure 5-3). These 
lncRNAs may interact as activators 

or repressors with neighboring (cis) 
or distant (trans) genes. Examples of 
lncRNAs employing this mechanism 
are HOTAIR, lincRNA-p21, Xist, 
COLDAIR and Jpx (just proximal 
to XIST). COLDAIR of Arabidopsis 
thaliana binds to Polycomb repressive 
complex 2 (PRC2) and transfers it to 
chromatin of the flowering locus C 
repressor, which induces repression 
of this locus through trimethylation 
of histone H3 lysine 27 (H3K27), to 
inhibit flowering during unfavorably 
low temperatures [108].
 The fourth mechanism is 
acting as a scaffold (Figure 5D), for 
instance by bringing bound proteins 
into a complex or in spatial proximity. 
Examples of lncRNAs exploiting this 
strategy are ANRIL (antisense ncRNA 
in the INK4 locus), which functions as a 
scaffold for the chromatin remodeling 
complex PRC1 (polycomb repressive 
complex 1) [114], HOTAIR (scaffold 
for PRC2 binding it to the LSD1 (lysine-
specific demethylase 1A) complex) 
[84,105,115], and TERC (telomerase 
RNA component) that scaffolds the 
telomerase complex [116]. From the 
above examples, it follows that several 
lncRNAs can exercise more than one 
archetypal action, thereby adding to 
the complexity of the lncRNA world.

LncRNAs in human disease
The lncRNAs that have been studied in 
most detail have emerged as important 
regulators of gene expression. In many 
diseases the expression of protein-
coding genes is deregulated and 
evidence is now accumulating that 
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altered lncRNA function might be one 
of the causes involved. Below we will 
describe examples of lncRNAs known 
or suggested to be involved in the 
etiopathology of different disorders. 
 Most evidence for a role 
of lncRNAs in disease has been 
found in cancer. Many lncRNAs have 
been described that exhibit altered 
expression levels in cancer cells 
compared to healthy tissue of the 
same origin [117]. LncRNA MALAT1, 
also known as NEAT2 (nuclear-
enriched abundant transcript 2), was 
initially discovered as a predictive 
biomarker for metastasis development 
in lung cancer [118,119], but only 
almost ten years later, its mechanism 
of action was clarified. MALAT1 
acts by inducing the expression of 
metastasis-associated genes [120] 
and it was recently reported that the 
in vitro metastasis of human lung 
cancer (EBC-1) cells can be inhibited 
by inhibiting MALAT1 using antisense 
oligonucleotides [120,121]. It is 
disappointing that three independently 
derived Malat1 knockout (Malat1-
KO) mouse models exhibit no 
obvious phenotype or histological 
abnormalities [54–56]. 
 Another lncRNA involved 
in metastasis is HOTAIR, which 
interacts with PRC2 and alters 
chromatin to a metastasis-promoting 
state [122]. In approximately one-
quarter of human breast cancers, 
HOTAIR is highly induced, while its 
elevated levels are also predictive of 
metastasis and disease progression 
in other cancers, such as colon, 

colorectal, gastro intestinal, pancreatic 
and liver cancer [115,123–126]. 
LncRNAs are also connected to other 
processes involved in human cancer 
development and progression. ANRIL, 
GAS5 and lincRNA-p21 are involved 
in the escape of growth suppression 
by regulating tumor suppressor genes 
(ANRIL) or apoptosis regulators (GAS5, 
lincRNA-p21). TERRA and TERC 
(telomerase RNA component) regulate 
replicative immortality [127,128]. 
MALAT1 and HOTAIR activate cancer 
invasion and metastasis by regulating 
cell motility-related genes (MALAT1) 
or retargeting of PCR2 complex and 
changing it to a pattern similar to the 
one of embryonic fibroblasts, causing 
increase in cancer cell invasiveness 
and their ability to metastase (HOTAIR) 
[115,120,129]. The lncRNAs ‐HIF 
(antisense to hypoxia inducible factor 
‐ (HIF‐)) and tie-1AS (tyrosine kinase 
containing immunoglobulin and 
epidermal growth factor homology 
domain-1 antisense) induce 
angiogenesis [94,130]. PCGEM1 
(prostate-specific transcript 1), UCA1 
(urothelial cancer associated 1, also 
known as CUDR, cancer upregulated 
drug resistant), SPRY4-IT1 (SPRY4 
intronic transcript 1), and PANDA are 
involved in suppressing apoptosis 
[107,131–133]. Some lncRNAs have, 
as yet, only been associated with one 
specific type of cancer. PCGEM1, 
PCA3 (prostate cancer antigen 3, 
known also as DD3, differential display 
code 3) and PCNCR1 (prostate 
cancer ncRNA 1) are involved in 
prostate cancer, while HULC (highly 
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up-regulated in liver cancer) is 
involved with liver cancer [131,134–
138]. In contrast, other lincRNAs (e.g. 
HOTAIR and MALAT1) appear to be 
broadly deregulated in carcinogenesis 
[118,124,125,139,140].
 More recently, data has been 
generated that shows that lncRNAs 
also have roles in other diseases. 
Some human pathological phenotypes 
are caused by epigenetic changes 
and imprinted lncRNA gene clusters 
have been associated with these 
diseases [141]. Examples of these are 
the imprinting-related, neurogenetic 
Angelman syndrome and Beckwith-
Wiedemann syndrome (BWS) [142]. 
Angelman syndrome is caused by a 
loss-of-function of ubiquitin-protein 
ligase E3A (UBE3A), also known as 
E6AP [143]. Although in the majority 
of human tissues, both copies of 
the UBE3A gene are expressed, 
in neurons one copy is silenced by 
UBE3A-AS1 (ubiquitin-protein ligase 
E3A antisense RNA 1) [144]. In patients 
suffering from Angelman syndrome, 
the other (active) allele has either been 
deleted or inactivated [144]. In more 
than half of the cases of Beckwith-
Wiedemann syndrome, maternal 
methylation at DMR2 (differentially 
methylated imprinting center 2) has 
been lost [145]. This center contains 
the two protein-coding genes 
CDKN1C (cyclin-dependent kinase 
inhibitor 1C) and KCNQ1 (potassium 
voltage-gated channel member 1) 
and antisense lncRNA KCNQ1OT1 
(KCNQ1 overlapping transcript 
1) [146]. In healthy individuals the 

maternal KCNQ1OT1 lncRNA is 
silenced via methylated KCNQ1 and 
CDKN1C is transcribed to its protein 
p57, a negative regulator of cell 
proliferation [146]. In 60% of patients 
with BWS, the KCNQ1 gene is not 
methylated, KCNQ1OT1 lncRNA is 
transcribed from both alleles, leading 
to cis repression of CDKN1C and 
disease [145–147].
 LncRNAs have also been 
associated with other neurological 
disorders, such as BACE1-AS or 
BC200 in Alzheimer disease, HAR1 
(human accelerated region 1 lncRNA) 
in Huntington disease, and ATXN8OS 
(Ataxin 8 opposite strand lncRNA) 
in spinocerebellar ataxia type 8 
[142,148,149]. In Alzheimer disease, 
the protein-coding gene BACE-1 (‐-site 
amyloid precursor protein-cleaving 
enzyme) cleaves amyloid precursor 
protein (APP) to ‐-amyloid peptide (A‐), 
the accumulation of which (amyloid 
plaques) is associated with disease. 
LncRNA BACE1-AS, located on the 
antisense strand to BACE1, binds 
complementarily to BACE1 mRNA, 
increases its stability, regulates 
BACE1 translation, and thereby the 
production of A‐ [150]. BACE1-AS also 
prevents miRNA-induced repression 
of BACE-1 by masking the binding 
site for miR-485-5p, by competing for 
the same region on exon 6 of BACE-
1 [151]. Two- to three-fold increased 
levels of BACE1-AS and a smaller 
increase (1.5x) of BACE-1 have been 
documented post mortem in the brains 
of patients with Alzheimer disease 
[150].
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 Besides their actions in 
cancer and neurological diseases, 
lncRNAs also exhibit aberrant 
expression in other disease states, 
such as facioscapulohumeral 
muscular dystrophy (FSHD). FSHD 
is a common, progressive, genetic 
disease of skeletal muscle caused 
by deletions that reduce the number 
of D4Z4 repeats in the FSHD locus 
at chromosome 4q35 [142,152]. 
Under physiological conditions, D4Z4 
repeats recruit Polycomb complexes 
resulting in chromatin reorganization 
and causing repression of 4q35 genes 
[153]. In contrast, in FSHD patients, a 
deletion of D4Z4 repeats results in 
cis production of the DBE-T lncRNA 
that binds to protein complexes, 
reorganizes the chromatin state of 
the FSHD locus, and reactivates the 
repressed 4q35 genes [153].

Genetic variants and lncRNA 
function
As yet, how far lncRNAs are affected 
by genetic alterations related to the 
disease phenotype is unknown. The 
larger alterations, like chromosomal 
rearrangements (translocations, 
amplifications, or deletions) do affect 
the expression of lncRNAs that are 
involved in disease phenotypes. For 
example, two different balanced 
translocations (t(8;12)(q13;p11.2) 
and t(4;12)(q13.2-13.3;p11.2)) 
affecting chromosome 12p have 
been associated with the human 
brachydactyly type E phenotype 
[154,155]. The lncRNA DA125942 in 
the affected 12p region was recently 

described as interacting in cis with 
Parathyroid hormone-like hormone 
(PTHLH, which is a regulator of 
endochondral bone development) and 
in trans with SOX9 (Sex determining 
region Y-box 9, which acts during 
chondrocyte differentiation) [111,154]. 
Another balanced translocation 
(t(1;11)(q42.1;q14.3)) has been 
associated with schizophrenia and 
other psychiatric disorders [156,157]. 
This particular translocation affects 
two genes, the protein-coding 
disrupted in schizophrenia 1 gene 
(DISC1) and the antisense lncRNA 
disrupted in the schizophrenia 2 gene 
(DISC2) [157,158]. The same DISC1/
DISC2 region was also associated 
with a 1q42 deletion in an autism 
spectrum disorder [159].
 The interactions of lncRNAs 
with other molecules are probably 
governed by lncRNA structure, rather 
than by sequence. As it is difficult 
to predict the structure of larger 
RNA molecules, it is a challenge to 
understand how small mutations 
(small insertions/deletions or SNPs) 
are involved in disease etiopathology. 
Here we describe a few scenarios 
that can be envisioned. Firstly, SNPs 
may affect the expression level of 
lncRNAs. SNPs can be located in 
promoter sequence and directly 
alter the expression of lncRNAs 
(Figure 6A) or change the binding 
of inhibitory complexes, thereby 
allowing expressing of lncRNAs that 
are not expressed under physiological 
circumstances (Figure 6B). Secondly, 
SNPs within lncRNA genes may cause 
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alternative splicing of the transcript 
(Figure 6C) or affect its secondary 
structure (Figure 6D). This can lead 
to an altered function of the lncRNAs. 
For instance, the chromosomal region 
9p21 (previously described as a 
“gene desert”) harbors the ANRIL 
lncRNA (also known as CDKN2BAS 
or CDKN2B-AS1). Many SNPs 
located within or around this lncRNA 
have been associated in GWAS with 
a susceptibility to atherosclerotic 
vascular disease, coronary artery 
disease, stroke, myocardial infarction, 
aortic aneurysm, type 2 diabetes, and 
several types of cancers [160,161]. 
Exactly how these SNPs contribute to 
disease is not yet known. It is unclear 

whether they directly regulate the 
expression level of ANRIL or whether 
they disturb the binding site of 
transcription factor STAT1 (ANRIL’s 
repressor) in ANRIL’s enhancer (Figure 
6B) [162]. SNPs may also modulate 
ANRIL transcripts by inducing exon 
skipping, resulting in shorter splice 
variants with reduced efficiency or 
non-functional isoforms (Figure 6C) 
[160].

Bioinformatics tools and high-
throughput applications for 
studying lncRNAs
As lncRNAs are a relatively novel 
class of transcripts, there are not yet 
many bioinformatics tools to aid the 
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Figure 6. Functional consequences of mutations on lncRNAs and their function  Mutations located 
in regions involved in transcriptional control (e.g. promoters, enhancers, 3’-UTR) might result in: 
(A) direct alteration of the amount of lncRNA transcripts; or (B) indirect alteration of lncRNA levels 
when enhancer or repressor sites are affected. Mutations located in exons of lncRNAs might result 
in alternative splicing leading to loss-of-function (C). Mutations might also alter lncRNA function by 
affecting their secondary structure (D).
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study of lncRNA function. To date, a 
couple of lncRNAs databases and 
catalogs are available (Table 1), such 
as Lincipedia [163], LncRNAdb [79], 
and the Human lincRNA catalog [73]. 
LncRNAdb contains a comprehensive 
collection of eukaryotic lncRNAs and 
relevant information, such as RNA 
sequence, structure, genomic location, 
expression profiles, subcellular 
localization, conservation and function 
[79]. The Human lincRNA catalog [73] 
focuses only on human lincRNAs and 
contains more than 8,000 lincRNAs 
defined by more than 30 properties. 
Expression data across 24 tissues 
and cell types is available in this 
database. Data from both databases 
can be visualized and analyzed using 
the University of California Santa Cruz 
(UCSC) genome browser [164]. In 
the same browser, it is also possible 
to annotate ncRNAs with the latest 
updated genome-wide data from 
large international consortia, such as 
ENCODE and Functional Annotation 
of the Mammalian Genome (FANTOM) 
[165–167].
 Co-expression analysis is 
a promising strategy to predict the 
mechanism of action of lncRNAs 
of interest. This type of analysis 
predicts functions for molecules 
of unknown gene products, based 
on co-expression data and taking 
into account the known functions or 
mechanisms of the co-expressed 
genes (“guilt by association”). Two 
examples of such tools are Gene 
Network (www.genenetwork.nl/
genenetwork (Karjalainen and Franke 

et al., manuscript in preparation) or 
Gemma (http://www.chibi.ubc.ca/
Gemma/home.html)[168]. However, 
the data most commonly used for 
these analyses comes from arrays. 
Although nearly all the arrays were 
designed to study the expression of 
protein-coding genes, several of them 
also carry probes for lncRNAs. Kumar 
et al. (2012) took advantage of this and 
used microarray data to investigate 
the association of SNPs with the 
expression levels of lincRNAs by 
using eQTL and a platform containing 
approximately 2,000 lncRNA probes 
[9]. They discovered 112 cis-
regulated lincRNAs, of which 45% 
were replicated in an independent 
dataset. A remarkable 75% of these 
SNPs affected the expression of 
the lincRNA but did not affect the 
expression of neighboring protein-
coding genes. Expression microarray 
platforms probing both protein-coding 
transcripts and non-coding RNAs 
will enable co-expression analyses 
of these RNA classes. The data 
can then be used to link lncRNAs to 
pathways, using existing data for the 
coding genes with which they are co-
expressed.
 In the near future, enough 
transcriptomic data is expected to 
be generated by next- generation 
sequencing to allow in depth co-
expression analysis. The initial studies 
in the field were mostly focused 
on lncRNAs in the polyadenylated 
(polyA+) RNA fraction. More recently, 
a significant proportion of lncRNAs 
also present in the non polyadenylated 
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(polyA-) RNA fraction have been 
described [169]. For this reason, the 
latest focus is on both RNA fractions 
(polyA+, polyA-) as well as on different 
subcellular compartments (nuclear, 
cytoplasmic) [69,72]. It is expected 
that many more lncRNA transcripts 
will be identified [170].
 Because lncRNA function is 
based on RNA structure rather than on 
RNA sequence, it is difficult to predict 
lncRNA targets or to pinpoint the 
functional domains in these molecules. 
However, a new tool has recently been 
described that can be used to predict 
regions within chromatin-associated 
non-coding RNAs that can inserts 
themselves into DNA stretches, which 
are then likely to be able to form a 
triple helix structure [171].
 The techniques used for 
the genome-wide identification of 
lncRNA targets and binding partners 
employ methods similar to the ones 
described above for finding miRNA 
targets. Chromatin Isolation by RNA 
Purification (ChIRP) [172] and Capture 
Hybridization Analysis of RNA Targets 
(CHART) [173] are based on cross-
linking RNA in complex with DNA 
and/or protein, followed by capture 
techniques targeting the lncRNA in the 
complex. Subsequently, the protein 
component or DNA sequences in the 
complexes can be identified by mass 
spectrophotometry [172] or next-
generation sequencing, respectively. 
Conversely, since lncRNAs have been 
reported to be involved in targeting 
chromatin-modifying complexes 
to specific DNA sequences, one 

can cross-link complexes and 
immunoprecipitate these (e.g. the 
PRC2 complex), and then analyze the 
RNA component by sequencing (RNA 
immunoprecipitation-sequencing 
(RIP-SEQ) [174]. Finally, lncRNAs can 
be synthesized in vitro and hybridized 
with protein microarrays to identify 
lncRNA-protein interactions [99].

Perspectives
The rapid evolution of next-generation 
sequencing technologies and the 
expected drop in cost of assays 
means we will soon be able to 
sequence large numbers of genomes 
and transcriptomes. This will ultimately 
provide us with a nearly complete 
overview of disease-associated 
genetic variation. Transcriptome 
analysis will discover tens of thousands 
of new transcripts, many of which will 
be of a non-coding nature [170]. Most 
of the genetic variation associated 
with complex diseases is located 
within genomic regions that control 
transcription, rather than in protein-
coding areas. As the ncRNAs are now 
emerging as important regulators of 
expression, it is becoming clear that 
deregulation of gene expression might 
be the lynch-pin in many disease 
mechanisms. Because of the above it 
is essential to understand the function 
of ncRNAs in health and disease.
 What is already emerging 
and will complicate the study of the 
regulatory involvement of ncRNAs 
in human diseases even more, is 
that different classes of ncRNAs 
might interact. A few lncRNAs have 
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been reported to be precursors for 
different types of small ncRNAs, such 
as miRNAs or small nucleolar RNAs 
[69,175]. In addition, miRNAs and 
lncRNAs can regulate each other’s 
expression. For example, Zhang et al. 
(2013) reported miR-21 which is able 
to negatively regulate the expression 
of the GAS5 lncRNA. On the other 
hand GAS5 was able to repress miR-
21 [176]. LncRNAs can also act as 
microRNA ‘sponges’. The most striking 
is example is the circular lncRNA 
CDR1 (cerebellar degeneration-
related protein 1), which has been 
shown to contain approximately 70 
binding sites for miR-7. By binding 
miR-7 molecules CDR1 prevents 
binding of this miRNA to other miR-7 
targets [177,178].
 The availability of genomic 
and transcriptomic data will also lead 
to an increase in the number of ncRNA 
eQTLs associated with disease [9]. 
Once the causal mutations have 
been connected to specific ncRNAs, 
the next step will be to identify the 
targets/interaction partners of these 
transcripts, which is essential to fully 
understanding the mechanism of 
disease. Because both miRNAs and 
lncRNAs may act on many targets, 
high-throughput methods will need to 
be designed and applied. Eventually, 
genome-editing techniques might 
be applied to pinpoint the effects of 
a single SNP or of small deletions/
insertions by allowing alterations of 
wild-type alleles into risk alleles in 
eukaryotic cells [179].
 The ‘omics’-revolution started 

with the description of the sequence of 
the human genome. Since then state-
of-the-art high-throughput techniques 
and bioinformatic approaches have 
been developed, that were used to 
identify mutations that are associated 
with human diseases. It has now 
become apparent that a significant 
part of these mutations affect the 
expression or function of ncRNAs. 
To fully understand the function of 
these ncRNAs and how this function 
is affected in disease, biologists will 
need to investigate the function of 
individual ncRNAs. Because both 
miRNAs and lncRNAs exhibit cell 
type, and even cell developmental 
stage specific expression profiles, 
it is pivotal that this research will be 
performed in the relevant (disease 
associated) cell types.
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Abstract
Celiac disease (CeD) is an immune-related disease, which is diagnosed on 
the basis of symptoms, the detection of CeD-specific antibodies, and biopsy 
results. The only available treatment is a life-long, gluten-free diet. Despite the 
availability of these diagnostic options, as many as 7 out of 8 CeD patients 
are either not diagnosed or incorrectly diagnosed, highlighting the need to 
find relevant biomarkers. Circulating micro-RNA (miRNA) profiles have been 
shown to be disease- or even disease-stage-specific, in patients with cancer 
or gastro-intestinal disease. We therefore examined whether circulating 
miRNAs in serum samples of CeD patients can be used as biomarkers for 
CeD. In the PreventCD cohort, newborns at risk for CeD were challenged 
between 4-6 months of age with low levels of gluten to see if this would induce 
gluten tolerance. Plasma samples were taken from these babies at age 4, 6, 
9, 12, 18, 24 and 36 months of age and annually thereafter until diagnosis 
and after approximately 6 months on a gluten-free diet. Using next generation 
sequencing, we profiled miRNAs in 105 serum samples from 12 CeD patients, 
5 anti-gliadin positive patients who did not develop CeD, and 5 control subjects 
from the PreventCD cohort. Comparing data from patient samples taken at the 
time of diagnosis versus samples taken before the gluten introduction (at age 4 
months), we found 45 miRNAs to be significantly differentially expressed (FDR 
< 0.05). Of these, six miRNAs showed a consistent behavior over different time 
points up to diagnosis, and seemed to return to normal levels when the patients 
started on a gluten-free diet. Our results suggest that circulating miRNAs could 
be promising biomarker candidates for early CeD.

Introduction
Celiac disease (CeD) is a complex 
autoimmune disease triggered 
by dietary gluten in genetically 
predisposed individuals. With a 
worldwide prevalence of about 1%, 
CeD is considered one of the most 
common, genetically-based food 
intolerances in the world (1). Thus 
far, CeD is the only immune-related 
disease caused by a well-known 
environmental factor (gluten). In fact, 
the only current treatment is a life-
long, gluten-free diet (GFD). The 
diagnosis of CeD is reached by a 

combination of clinical and serological 
data, and the most definitive diagnosis 
is based on the histology of biopsies 
taken from the small intestine. Despite 
the availability of these diagnostic 
tools, as many as 7 out of 8 CeD 
patients are either not diagnosed or 
incorrectly diagnosed (2), indicating 
that additional biomarkers would be 
very useful, especially if they could be 
used to detect the slow progression 
into full-blown disease (3). 
MicroRNAs (miRNA) are small non-
coding RNAs (~22 nucleotides) 
that are involved in many cellular 
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processes. They fine-tune gene 
expression by targeting a protein-
complex, the RNA-induced silencing 
complex (RISC), to the 3’-untranslated 
region (3’-UTR) of target messenger 
RNAs (mRNAs). Binding of the RISC 
complex can result in degradation or 
inhibition of translation of the target 
mRNA (4). Recently a lot of attention 
has been paid to miRNAs as potential 
biomarkers since they have shown 
surprising stability in circulating body 
fluids, such as serum and plasma (5, 
6). Disease-specific circulating miRNA 
profiles have been described in various 
immune-mediated diseases, including 
multiple sclerosis (7), rheumatoid 
arthritis (8) and type 1 diabetes (9). 
Thus far, only three studies have 
shown miRNAs to be differentially 
expressed in biopsies from celiac 
patients (10–12), however, none of 
these studies focused on identifying 
specific circulating miRNAs in CeD.
In this study we used the Dutch cohort 
of the prospective PreventCD study (n 
= 105) to assess whether circulating 
miRNAs could be used as early 
biomarkers for CeD. PreventCD is an 
ongoing European study investigating 
if it is possible to induce tolerance to 
gluten by introducing small quantities 
of gluten to babies early in life (13). 
We compared samples obtained from 
babies at 4 months of age, (before 
they were introduced to gluten) with 
samples obtained from children at 
the time of CeD diagnosis (average 
age at diagnosis was 33 months). 
This analysis identified 45 miRNAs as 
significantly differentially expressed 

(FDR < 0.05) between these two 
groups. Of these candidates, six 
miRNAs showed a consistent behavior 
at different time points of sample 
collection. 

Material and Methods
PreventCD Cohort
PreventCD is a multicenter European 
study, focusing on ~1,000 children 
who are at high risk of developing 
CeD. The subjects come from eight 
countries (the Netherlands, Italy, 
Poland, Spain, Germany, Croatia, 
Hungary and Israel) and were born 
between 2007 and 2010. The 
PreventCD study hypothesized that 
it is possible to induce tolerance to 
gluten by introducing small quantities 
of gluten to babies between the 
age of 4 to 6 months (13). Serum 
samples were taken at 4 (before 
intervention), 6 (after intervention), 9, 
12, 18, 24 and 36 months after birth 
and annually thereafter. Additional 
samples were collected around the 
time of CeD diagnosis in patients, and 
also during standard care check-ups 
after the start of a GFD for a subset 
of patients. Children developing high 
titers of CeD-associated antibodies 
or with a clinical suspicion of CeD, 
were offered small bowel biopsies to 
make a definitive diagnosis (14). For 
the current study, we investigated 105 
samples, from three different groups 
(Table 1), from which 65 samples 
were obtained from 12 patients with 
CeD, 20 samples from 5 individuals 
who displayed transient high levels 
of anti-gliadin antibodies (AGA) at 
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age 6 months, directly after the gluten 
intervention and did not develop CeD 
during the course of the study, and 20 
samples from 5 controls (individuals 
who did not develop CeD during the 
course of the study) (Table 1). 

RNA isolation, library 
preparation and sequencing
Total RNA was isolated from 
250 ‐l of serum according to the 
mirVana PARIS kit manual (Ambion, 
Carlsbad, CA, USA). Next generation 
sequencing libraries were constructed 
using the TruSeq Small RNA Sample 
Prep Kit (Illumina, San Diego, CA, 
USA) following the manufacturer’s 
protocol. The libraries were checked 
by Experion microfluidic capillary 
electrophoresis (Bio-Rad, Hercules, 
CA, USA) and pooled (20 libraries 
per lane) before deep-sequencing on 
the Illumina HiSeq2500 (Illumina, San 
Diego, CA, USA).

Next generation sequencing 
data analysis
Adapter trimming of raw reads was 
performed using CLCBIO Genomic 
Workbench 7.0 (CLC Inc, Aarhus, 
Denmark). MiRNA expression analysis 
was performed using miRanalyzer 

0.3 using human genome version 
19 (hg19) and miRBase v20 as the 
reference (15). Only miRNAs with five 
or more reads on average between 
all samples were included for further 
analysis. Differential expression in 
samples at age 4 months (all groups; n 
= 20) versus diagnostic samples (CeD 
group; n = 11) was performed using the 
Wald test of the DESEq2 R-package 
(16). The resulting P-values for 
differentially expressed miRNAs were 
adjusted for multiple testing using the 
Benjamini and Hochberg correction 
for false discovery rate (FDR) (17), 
and only miRNAs with FDR-corrected 
P-values < 0.05 were considered to be 
significantly differentially expressed. 

Results
Differential expression analysis 
To investigate differentially expressed 
miRNAs, we decided to compare 
samples taken at age 4 months, with 
samples from patients at the time of 
their CeD diagnosis. These analyses 
identified 45 circulating miRNAs to be 
significantly differentially expressed 
(FDR < 0.05) between the two 
groups. Of these, 40 miRNAs were 
downregulated at the time of diagnosis 
(Table 2).

Table 1. Description of the samples studied

Phenotype M3 M9 M12 M18/
M24 Diagnosis

On GFD 
for 6 

months
Total 

samples

CeD (n = 12) 10 12 10 10 11 9 65
AGA and not 
CeD (n = 5) 5 5 5 5 n.a. n.a. 20
Control (n = 5) 5 5 5 5 n.a. n.a. 20

M3, M9 = age 3 and 9 months, etc.; CeD celiac disease; AGA anti-gliadin antibodies; n.a. not 
applicable
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Table 2. miRNAs differentially expressed between samples at age 4 months 
(before introduction of gluten) and samples taken at diagnosis

miRNAs Log2 
Fold change*

P-value 
(FDR corrected)

hsa-miR-4492 2.212054666 0.015419594 
hsa-miR-378c 1.930461868 0.030193637
hsa-miR-15b-5p 1.278274304 0.01593734
hsa-miR-423-5p 1.261131204 0.043997852
hsa-miR-451a 0.955359691 0.040747629
hsa-miR-92b-3p -0.856153759 0.041523273
hsa-miR-148a-3p -0.891209773 0.019461592
hsa-miR-24-3p -1.044150043 0.031730371
hsa-miR-181b-5p -1.054121953 0.040799068
hsa-miR-361-3p -1.307793647 0.038591895
hsa-miR-125b-2-3p -1.340487331 0.040799068
hsa-miR-10a-5p -1.382000345 0.014877126
hsa-miR-224-5p -1.399292079 0.045238586
hsa-miR-150-3p -1.449080462 0.015321755
hsa-miR-30c-5p -1.514766136 0.026242809
hsa-miR-369-3p -1.541316796 0.007960103
hsa-miR-1246 -1.594246402 0.040799068
hsa-miR-143-3p -1.625759603 0.007960103
hsa-let-7b-3p -1.647221131 0.031429726
hsa-miR-30b-5p -1.660679689 0.040747629
hsa-miR-532-3p -1.828680674 0.039386762
hsa-miR-100-5p -1.893921902 0.002084626
hsa-miR-181a-2-3p -1.951225088 0.00121631
hsa-miR-424-5p -2.089006741 0.009780786
hsa-miR-99a-5p -2.105939577 0.000717664
hsa-miR-132-3p -2.112259123 0.005662518
hsa-miR-125b-1-3p -2.219817879 0.009780786
hsa-miR-199b-5p -2.222779216 0.005018145
hsa-miR-141-3p -2.275324557 0.00121631
hsa-miR-10b-5p -2.278271598 0.00052596
hsa-miR-30a-3p -2.411914266 0.002567547
hsa-miR-200b-3p -2.463230018 0.011854189
hsa-miR-432-5p -2.721485352 4.97E-05
hsa-let-7c -2.845367592 0.00052596
hsa-miR-34c-5p -2.849996946 0.002567547
hsa-miR-654-5p -2.919403485 0.000514378
hsa-miR-429 -2.943591481 0.000459433
hsa-miR-4454 -3.162501201 0.000264582
hsa-miR-23b-3p -3.254659295 2.02E-05
hsa-miR-125b-5p -3.259661259 7.34E-06
hsa-miR-195-5p -3.277969576 0.000184321
hsa-miR-200a-3p -3.332939963 0.000103371
hsa-miR-483-3p -3.340526834 0.000134987
hsa-miR-145-5p -3.927977724 7.34E-06
hsa-miR-483-5p -4.890224389 2.17E-13

Bold text indicates miRNAs that will recur in the analyses below. *Fold changes  
related to time of diagnosis.
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CeD-specific miRNAs can be 
detected before a diagnosis is 
made
In order to discover CeD-related 
miRNAs that are detectable before the 
time of diagnosis, we visually inspected 
the expression pattern of 45 miRNAs 
separately, in each of the 12 CeD 
patients, 5 subjects who became anti-
gliadin positive but did not developed 
CeD, and 5 controls (subjects who did 
not develop CeD during the course 
of the follow-up). We identified six 
interesting miRNAs (miR-100-5p, miR-
30c-5p, miR-15b-5p, miR-92b-3p, miR-
224-5p, miR-369-5p). Five gradually 
decrease in circulation until the time of 
diagnosis but showed an increase at 6 
months after starting on a gluten-free 
diet (miR-30c-5p, miR-92b-3p, miR-
100-5p, miR-224-5p and miR-369-
5p). Conversely, miR-15b-5p slowly 
increased until the time of diagnosis 

and had decreased at 6 months after 
starting on a GFD (Fig. 1). In addition, 
except for miR-224-5p and miR-369-
5p, the other four miRNAs showed a 
similar pattern across the time points 
between controls, AGA individuals and 
CeD patients (Fig. 1). We observed that 
these miRNAs started to change early 
after birth and in most cases before the 
age of diagnosis. 

Discussion
Circulating miRNAs have been 
proposed as biomarkers in several 
diseases, from cancer to autoimmune 
disease (18). Currently, it is not 
clear what the specific function is of 
circulating miRNAs, how they end up 
in circulation, nor what the cell of origin 
is. It could be that they are just waste 
products from dying cells, they could 
be secreted because specific cells 
want to get rid of them, or they could 
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be secreted as signaling entities that 
act in other cells once they are taken 
up. To date, circulating miRNAs have 
not yet been interrogated in CeD, 
although there is a need for biomarkers 
that can predict CeD development. 

In this chapter we present the first 
profile of circulating miRNAs in a 
unique, prospective cohort of babies 
at high genetic risk of developing CeD. 
Because we only had a limited number 
of samples available, we compared all 

Fig. 1. Box plots illustrating six miRNAs with a consistent pattern across the different time points. 
CeD patients (in white), controls (in red) and individuals with positive AGA (in beige). M3: first sample 
collected at age 3 months; M9: sample collected at age 9 months; M12: sample collected at age 12 
months; M18/24: sample collected at age 18 or 24 months.
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the samples taken at age 4 months 
for all the groups for which we had 
samples available with the diagnostic 
samples of 12 subjects who developed 
CeD; we investigated if we could 
identify miRNAs that were significantly 
differentially present at the time of 
diagnosis. This comparison resulted in 
a panel of 45 differentially expressed 
circulating miRNAs, of which 40 were 
downregulated in circulation at the 
time of diagnosis and six showed a 
consistent pattern that suggested they 
could be detected before the reported 
time of diagnosis.
 Interestingly, in our list of 
downregulated miRNAs, several are 
known to play a role in the immune 
system. For instance, miR-150 was 
found to be downregulated in CeD 
patients at diagnosis (> 2 fold change) 
and it was also downregulated in 
the serum of patients critically ill with 
sepsis (19). MiR-150s target CXCR4 
and c-Myb, which are both involved in 
activating the immune response (20). 
This suggests that downregulation of 
miR-150 may permit overexpression 
of these two targets and therefore 
promote activation of the immune 
response in CeD patients. Recently, 
it was suggested that miR-150 
can be selectively packaged into 
microvesicles and actively secreted by 
human blood cells (21). This packaging 
feature may permit delivery of this 
miRNA to recipient cells so that they 
can regulate their respective target 
genes (22). However, it is still being 
debated whether circulating miRNAs 
are functional signaling molecules 

or only waste products since 
Turchinovich et al. has commented 
that the concentration of miRNAs 
in serum is so low that is likely to be 
below the threshold for mediating any 
significant physiological effect in vivo 
(23). It is also not clear which cells 
are the donors and which cells are the 
recipients of secreted exosomes. 
 If the differentially expressed 
miRNAs are truly involved in active CeD, 
one would expect them to revert to the 
healthy state once the patient starts a 
gluten-free diet. To check whether this 
was the case, we visually inspected 
the profiles of the 45 miRNAs in our 12 
patients, and in the controls and AGA 
individuals. This revealed six miRNAs 
(miR-15b-5p, miR-30c-5p, miR-100-
5p, miR-92b-3p, miR-224-5p and miR-
369-3p) with a constant expression 
pattern over the successive time 
points up to diagnosis, with a reversal 
to the healthy level when the patients 
had been on a GFD for 6 months. 
In addition, these miRNAs could be 
detected before the reported time of 
diagnosis, suggesting that they could 
be used as early biomarkers in CeD 
development. As an example, miR-
92b-3p was downregulated in our CeD 
patients at the time of diagnosis and 
was also found to be downregulated 
in the circulation of patients with active 
multiple sclerosis (24). This miRNA is 
part of the miR-17-92 cluster, which 
is involved in the proliferation and 
activation of naive CD4+ T cells (25). 
We found miR-92 to be consistently 
downregulated until the time of 
diagnosis, whereas its level return to 
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normal after starting a GFD. Our data 
suggest that the change in this miRNA 
can be detected well before the time of 
diagnosis.
 It is difficult to formulate 
definitive conclusions on the control 
and AGA groups. Firstly, we had only 
five samples available for each group. 
The difficulty with circulating miRNA 
profiles is that they display much more 
sample-to-sample heterogeneity than 
tissue- or cell-type-specific profiles. 
The differences between the CeD 
group and the control group were not 
very strong, but it is possible that these 
subjects will develop CeD later in life 
even though this diagnosis was not 
reached at the mean age of 2.8 years 
old. The same holds true for the AGA 
group. Although the AGA group appears 
to show the most deviation with respect 
to the six miRNAs prioritized visually, it 
is possible for these subjects that they 
too will develop CeD at a later age. 
The already planed addition of extra 
controls and AGA subjects might shed 
more light on these issues.
 It is possible that the miRNA 
profiles in the GFD samples will change 
even more towards normality. It is 
presently unclear whether 6 months is 
long enough to allow for CeD patients 
to re-establish a healthy gut and it has 
been suggested that this might actually 
take longer (26). Moreover, some of the 
patients may knowingly or unknowingly 
not adhere strictly to the diet so 
preventing full intestinal recovery. From 
this perspective, it would be worthwhile 
to follow-up our preliminary data, which 
suggests that miRNAs could be used 
as markers for adherence to a GFD. 

 The necessity of finding novel 
biomarkers for early CeD development 
remains. The current diagnostic 
options, such as CeD-associated 
antibodies, seem to be present after 
the development of the disease.  The 
patients in this study were diagnosed 
between 2,6 and 5 years of age, 
which is a rather wide range. The hope 
is to find CeD-associated miRNAs 
that rise slowly, so that dietary or 
other preventive measures can be 
taken before full-blown intestinal 
inflammation erupts. 
 In conclusion, in this subgroup 
of the PreventCD cohort, we found 
45 miRNAs that are differentially 
expressed in the circulation of CeD 
patients very early in life. This is a 
preliminary analysis and more samples 
of the rest of the PreventCD cohort 
will be analyzed in the near future. We 
hope to validate our findings in order to 
find novel biomarkers for early (or even 
better predictive of ) CeD.
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Abstract
Celiac disease (CeD) is a chronic, immune-mediated enteropathy of the 
small intestines that arises in response to dietary gluten in subjects who are 
genetically predisposed to develop the disease. CeD affects ~1% of the 
world population and a life-long gluten-free diet (GFD) is the only treatment 
currently available. A definitive diagnosis of CeD is made by combining clinical 
symptoms, serological tests and villous atrophy being confirmed via mucosal 
biopsy. Despite these options, it is estimated that 85% CeD patients are not 
diagnosed or misdiagnosed, making the discovery of novel CeD biomarkers a 
critical goal.
 It has recently been suggested that circulating microRNAs might 
be biomarker candidates for diseases like cancer and autoimmune disease. 
Circulating miRNAs are surprisingly stable in serum and plasma. Although 
some research has been performed on intestinal biopsies, circulating 
microRNAs have not been investigated in CeD. In this study, we used next-
generation sequencing to investigate whether miRNAs in plasma and biopsies 
from the small intestine could provide potential biomarker candidates. First, 
we compared plasma microRNA profiles of CeD patients (n=16) with plasma 
profiles obtained from control subjects (n=10). We found 49 miRNAs to be 
differentially expressed in plasma of CeD patients at the time of diagnosis, of 
which 25 were upregulated in patients. We also found 11 miRNAs differentially 
expressed when comparing the diagnostic sample with the GFD samples of 
patients, and three of these miRNAs overlapped with the previous comparison. 
Additionally, we found 109 miRNAs to be differentially expressed in the 
biopsies, of which 55 were upregulated in patients at diagnosis. By intersecting 
the results for plasma and biopsies, we found 13 overlapping miRNAs, and 11 
of these with the direction of change reversing following the start of a GFD. In 
summary, we provide two panels of miRNAs differentially expressed in CeD: 
one in circulating miRNAs and one for small intestinal biopsies, both of which 
offer targets for follow-up. 

Introduction
Celiac disease (CeD) affects ~1% of 
the global population, with genetics 
predisposing individuals to develop the 
disease when gluten is ingested (1). 
Defined as a chronic, small intestinal, 
immune-mediated enteropathy, CeD 
is diagnosed through a combination 
of clinical symptoms, serological anti-

body tests, and, most definitively, by 
a duodenal mucosa biopsy proving 
villous atrophy (2). Up to now, a life-
long gluten-free diet (GFD) has been 
the only treatment for CeD. In the 
majority of cases, patients on a GFD 
re-establish villous architecture and 
become symptom-free. However, it 
has been reported that up to 30% of 
CeD cases do not respond to a GFD, 
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displaying persistent symptoms (3). 
Factors complicating CeD diagnosis 
are that villous atrophy can occur for 
other reasons (e.g. drug use) and that 
some of the antibodies used for CeD-
diagnosis may also be involved in other 
diseases (4). Given the complicated, 
sometimes ambiguous, methods of 
diagnosis and the limited, sometimes 
ineffectual, method of treatment, it 
is clear that the discovery of new 
biomarkers would help improve the 
diagnosis of CeD. 
 MicroRNAs (miRNAs) 
are small non-coding RNAs (~22 
nucleotides) involved in post-
transcriptional regulation of gene 
expression. They do so by guiding the 
RNA-induced silencing complex (RISC) 
to the 3’-UTR of target messenger 
RNA (mRNA). The RISC complex will 
either facilitate cleavage of the target 
mRNA or inhibit its translation (5). To 
date, more than 2,500 miRNAs have 
been identified in the human genome 
(6) and over 60% of the human 
protein-coding genes are estimated 
to be targeted by miRNAs (7). MiRNAs 
have been implicated in a plethora of 
biological processes, including cell 
proliferation and inflammation (8). The 
tissue- or cell-type-specific expression 
patterns of miRNAs have made them 
interesting biomarker candidates for 
cancer (9) and autoimmune diseases 
(10). Recently, it was shown that 
miRNAs are surprisingly stable outside 
of cells, in plasma and other body 
fluids, for example (11). Although 
the function of these extracellular 
circulating miRNAs is currently not 

well understood, they seem to work 
as biomarkers for several diseases 
as well as for disease stage (9, 12). 
Another positive feature of circulating 
miRNAs with respect to their potential 
use as biomarkers is that they are very 
stable and protected from RNase-
mediated degradation (13).
 In this study, we performed 
next generation sequencing to profile 
circulating miRNAs in CeD plasma 
and biopsies of the small intestine. We 
found 49 miRNAs to be differentially 
expressed in plasma between CeD 
cases and healthy controls, of which 
25 were upregulated, while others 
were downregulated in patients at 
diagnosis. For a subset of the patients, 
a sample was also taken after the 
patient started a GFD. By comparing 
CeD at diagnosis and in patients on 
a GFD, we found 11 differentially 
expressed miRNAs. Furthermore, 
we also analyzed biopsies isolated 
from the same patients and 
additional patients to check whether 
the circulating miRNA profile is a 
fingerprint of what is happening at the 
site of inflammation. We found 109 
differentially expressed miRNA when 
comparing patients with controls. Part 
of the differentially expressed miRNAs 
from biopsies overlapped with the 
plasma miRNA profile, but the direction 
of change in the opposite following 
the start of a GFD when comparing 
controls versus CeD patients.

Methods
Description of cohorts
Plasma and biopsy samples from 
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children (average age 8.6 ‐ 4.2 years) 
diagnosed with CeD and from controls 
(average age 10.3 ‐ 4.0 years) were 
obtained from the University Medical 
Hospital of Milano-Bicocca, Monza, 
Italy. A total of 36 plasma samples 
were included in this study (Table 1). 
Duodenal biopsies were obtained 
from 43 patients (33 CeD patients and 
10 control subjects) who underwent 
upper gastrointestinal endoscopy 
(Table 1). 

RNA isolation, library 
preparation and sequencing
Total RNA was isolated from 250 ‐l 
of plasma according to the manual 
of the mirVana PARIS kit (Ambion, 
Carlsbad, CA, USA). Total RNA from 
duodenal biopsies was isolated using 
Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) or using the RNeasy column 
(Qiagen, Redwood City, CA, USA). 
Small RNA sequencing libraries 
were constructed using the TruSeq 
Small RNA Sample Prep Kit (Illumina, 
San Diego, CA, USA) following the 
manufacturer’s protocol. The libraries 
were checked by the Experion 
microfluidic capillary electrophoresis 
system (Bio-Rad, Hercules, CA, USA) 
and pooled (20 libraries per lane) 
before sequencing on the Illumina 
HiSeq2500 (Illumina, San Diego, CA, 
USA).

Small RNA-seq data analysis
MiRNA expression analysis was 
performed using miRanalyzer 0.3. 
Human genome version 19 (hg19) 
was used as the reference and 
miRBase v20 as the miRNA reference 
database (14). Only miRNAs with five 
or more reads on average across all 
samples were included for further 
analysis. Differential expression 
analysis was performed using the 
DESEq2 R-package, applying the 
Wald test (15). The resulting P-values 
for differentially expressed miRNAs 
were adjusted for multiple testing 
using Benjamini and Hochberg 
correction for False Discovery Rate 
(FDR) (16). Only miRNAs with FDR-
corrected P-values smaller than 0.05 
were considered to be significantly 
differentially expressed. Further, 
significant miRNAs were used to 
perform unsupervised hierarchical 
clustering in the pheatmap R-package 
v.07.7 (17) and R v.3.1.0 software 
(18).

Results
Differentially expressed 
circulating miRNAs of CeD 
patients
To discover circulating miRNAs 
differentially expressed in CeD, 
we performed next generation 
sequencing in plasma samples from 

Table 1. Description of samples used in this study
CeD plasma 
obtained at 
diagnosis

CeD plasma obtained 
after the start of a 
gluten free diet

Control 
plasma

CeD biopsies 
taken at diagnosis

Control
 biopsies

16 10 10 33 10
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CeD patients and controls (Table 
1). Differential expression analysis 
identified 49 miRNAs that were 

significantly differentially expressed 
(FDR < 0.05) at diagnosis (n = 16) 
when compared to controls (n = 10) 

Table 2. Circulating miRNAs differentially expressed between CeD cases at 
diagnosis and controls.

miRNAs Log2
Fold change*

P-value
(FDR corrected)

hsa-miR-501-3p -1.752453039 2.40E-07
hsa-let-7d-5p 0.902145897 0.000720154
hsa-miR-25-5p -1.060164493 0.000720154
hsa-miR-21-5p 0.919570437 0.002244688
hsa-miR-144-5p 0.96834725 0.002244688
hsa-miR-30b-5p 1.228837621 0.002244688
hsa-miR-96-5p -1.302751423 0.002244688
hsa-miR-148b-5p 1.187495467 0.002244688
hsa-miR-150-3p -1.295542407 0.002244688
hsa-miR-486-5p -1.176365509 0.002660971
hsa-miR-345-5p -0.566963958 0.002660971
hsa-miR-301a-3p 0.841924392 0.002660971
hsa-miR-26a-5p 1.082947081 0.003753394
hsa-miR-26b-5p 0.810153925 0.00439181
hsa-miR-183-5p -1.016804069 0.004538239
hsa-miR-186-5p -0.710669953 0.0058485
hsa-miR-1246 -1.050415374 0.0058485
hsa-miR-152-3p 0.988192581 0.0058485
hsa-miR-424-5p 0.996951551 0.0058485
hsa-miR-3613-5p -1.125570628 0.0058485
hsa-miR-532-5p -0.720026411 0.006087895
hsa-miR-197-3p -1.131544273 0.006708981
hsa-miR-548o-3p 0.963307743 0.006708981
hsa-miR-5001-3p -0.995237061 0.007112125
hsa-miR-1294 -1.21149929 0.007843638
hsa-miR-10a-5p -1.054844301 0.008991646
hsa-miR-99b-5p -1.074647786 0.009462089
hsa-miR-15a-5p 0.867162375 0.013074401
hsa-miR-99a-5p -1.000675282 0.013947542
hsa-miR-28-5p 1.068613786 0.01402577
hsa-miR-374a-3p 1.077218026 0.014758352
hsa-miR-24-3p -0.966683914 0.018305019
hsa-miR-340-5p 0.749859006 0.018305019
hsa-miR-98-3p 1.08736937 0.018453952
hsa-miR-100-5p -0.939389404 0.019285288
hsa-miR-410-3p 0.962427365 0.02767594
hsa-miR-194-5p 0.901515547 0.031001364
hsa-miR-342-3p -0.84962461 0.033442622
hsa-miR-181c-5p 0.623139401 0.033442622
hsa-miR-136-3p 0.902771484 0.033442622
hsa-let-7c-5p 0.799900138 0.034940206
hsa-miR-629-5p -0.803016874 0.034940206
hsa-miR-126-3p 0.493356701 0.037112047
hsa-miR-941 -0.691115123 0.037112047
hsa-miR-144-3p 0.673043629 0.039246921
hsa-miR-224-5p 0.970681247 0.039246921
hsa-miR-7706 -0.732133465 0.043187598
hsa-miR-30e-5p 0.428819898 0.049653843

*Fold change relative to level at diagnosis. Bold text: miRNAs overlapping with the miRNAs 
differentially expressed in further comparison of controls vs. CeD patients at diagnosis.
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(Table 2). Of these miRNAs, 25 were 
upregulated in patients at diagnosis 
(fold change ranging from 0.2 to 2.3). 
Unsupervised hierarchical clustering 
of these 49 miRNAs revealed that 
CeD patients and controls subjects 
were clustering separately based on 
their circulating miRNA profile (Figure 
1). 

Circulating miRNAs differentially 
expressed in patients on a 
gluten free diet 
To investigate whether circulating 
miRNAs changed following the start 

of a GFD, we performed differential 
expression analysis in CeD patients 
at diagnosis (n=16) versus CeD-
GFD (n=10). This analysis uncovered 
11 miRNAs that were differentially 
expressed (FDR<0.05) between these 
two groups. Unsupervised clustering 
showed imperfect separation between 
the CeD profiles and the GFD profiles 
in plasma (Table 3, Figure 2). Three 
of these miRNAs (hsa-miR-150-3p 
(P=0.004), hsa-miR-1246 (P=0.01), 
and hsa-miR-342-3p (P=3.3 x10-
6)) overlapped with the miRNAs 
differentially expressed in our 

Figure 1. Heatmap of miRNAs significantly differentially expressed in plasma at diagnosis of CeD 
versus circulating miRNAs in plasma from non-CeD control subjects. 
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comparison of controls vs. CeD diagnoses. All three miRNAs appear to revert 
to the healthy level following the start of a GFD (fold change ranging from 0.5 
to 2.6) (Figure 3).

Table 3. Circulating miRNAs differentially expressed in CeD patients at 
diagnosis versus after being on a GFD for 6 months 

miRNAs Log2
Fold change*

P-value
(FDR corrected)

hsa-miR-342-3p 1.398803762 3.35E-06
hsa-miR-342-5p -0.9789886 0.00192163
hsa-miR-146b-3p 1.020925279 0.00201014
hsa-miR-155-5p 0.999048436 0.002926239
hsa-miR-150-3p 0.988926049 0.00444239
hsa-miR-223-3p 0.825557452 0.010540615
hsa-miR-1246 0.880652667 0.011569
hsa-miR-29a-3p 0.713728511 0.017542377
hsa-miR-204-5p 0.888590342 0.019250388
hsa-miR-146b-5p 0.830218752 0.033472162
hsa-miR-361-3p 0.633246903 0.038373763

*Fold change relative to levels to patients on GFD. Bold text: miRNAs overlapping with the CeD 
patient at diagnosis vs. control or same patient on GFD comparison. 

Figure 2. Heatmap of miRNAs significantly differentially expressed in plasma at diagnosis versus 
circulating miRNAs in plasma from CeD patients on GFD. 
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Differentially expressed 
miRNAs in small intestinal 
biopsies
To investigate whether miRNAs 
were differentially expressed in small 
intestinal biopsies of CeD patients, 
we performed miRNA-seq on biopsies 
from 33 CeD patients and 10 non-CeD 
controls. We found 109 miRNAs to be 
differentially expressed (FDR < 0.05) 
and 55 of them were upregulated at 
diagnosis (Table 4). Unsupervised 
clustering of the profiles separated 
diagnostic samples from control 
samples, but also suggests that the 
CeD samples group into two clusters 
(Figure 4). 

Exploring the intersection 
between miRNAs in circulation 
and in biopsies of CeD patients
To determine the possible overlap 

between miRNAs differentially 
expressed in circulation in plasma 
versus those in the biopsies, we 
intersected the results of the 
individual comparisons. We found 13 
overlapping miRNAs between these 
two profiles, of which 11 displayed 
opposite directions (upregulated in 
biopsies when decreased in circulation 
and vice versa) (Table 5). In addition, 
miR-1246 was also found in the GFD 
miRNA panel (Table 3). 

Discussion
CeD can develop at any age, can differ 
in severity, and can be accompanied 
by a variety of symptoms (19). 
Although there are diagnostic 
criteria for CeD, an estimated 85% 
of affected individuals are either not 
diagnosed or incorrectly diagnosed 
(20). This means there is a great 

Figure 3. Expression patterns of three candidate miRNAs. These circulating miRNAs are differentially 
expressed when comparing controls vs. patients at diagnosis and patients at diagnosis vs. after 
being on a GFD. 
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Table 4. MiRNAs differentially expressed in the comparison CeD biopsies 
versus non-CeD control biopsies 

miRNAs Log2 
Fold change*

P-value 
(FDR corrected)

hsa-miR-338-3p -1.838868443 2.20E-17
hsa-miR-378c -1.718016903 4.10E-17
hsa-miR-30a-3p -0.952288615 1.58E-15
hsa-miR-7974 1.498371437 3.14E-11
hsa-miR-22-3p -0.732981039 1.84E-10
hsa-miR-192-5p -1.076847257 2.55E-09
hsa-miR-22-5p -1.183763079 2.68E-09
hsa-let-7i-3p 1.035735768 3.68E-09
hsa-miR-30a-5p -0.786829295 7.27E-09
hsa-miR-30c-2-3p -0.969933162 7.68E-08
hsa-miR-31-5p -0.930603472 1.46E-07
hsa-miR-215-5p -1.096103533 1.49E-07
hsa-miR-212-3p 1.036021015 2.61E-07
hsa-miR-223-3p 1.169023182 5.45E-07
hsa-miR-15b-5p 0.847760554 7.05E-07
hsa-miR-18a-5p 1.107362664 3.11E-06
hsa-miR-155-5p 1.047552635 6.68E-06
hsa-miR-103a-3p -0.369210996 8.82E-06
hsa-miR-376c-3p -1.072336351 9.15E-06
hsa-miR-324-5p 0.66244256 1.20E-05
hsa-miR-30c-5p -0.5946215 1.20E-05
hsa-miR-28-5p -0.464437822 2.29E-05
hsa-miR-378d -1.521399438 5.14E-05
hsa-miR-29a-3p 0.61610368 5.68E-05
hsa-miR-452-5p -0.606291169 0.000114733
hsa-miR-653-5p -0.956466217 0.000142668
hsa-miR-425-5p 0.371257231 0.000167457
hsa-miR-5571-5p 1.181696419 0.00016902
hsa-miR-181c-5p 0.433043392 0.000198712
hsa-miR-30b-5p -0.625448375 0.000198712
hsa-miR-196b-5p 1.189686578 0.000239374
hsa-miR-132-3p 0.856110769 0.000242832
hsa-miR-16-5p 1.141932607 0.000440782
hsa-miR-5571-3p 1.09261281 0.000440782
hsa-miR-30e-3p -0.332485824 0.00060112
hsa-miR-192-3p -0.704117582 0.001005765
hsa-miR-142-5p 0.562836227 0.001093093
hsa-miR-31-3p -1.05473059 0.001093093
hsa-miR-141-3p -0.802063117 0.001415156
hsa-miR-330-5p 0.63992935 0.001418651
hsa-miR-501-3p 0.980395343 0.001586232
hsa-miR-766-3p 0.84317178 0.001632634
hsa-miR-19b-3p -0.885364287 0.001809639
hsa-miR-335-5p -0.469755105 0.002550767
hsa-miR-378a-3p -0.543409036 0.002550767
hsa-miR-484 0.596348656 0.003925879
hsa-miR-34a-5p 0.696383588 0.003976168
hsa-miR-92b-3p 0.940194252 0.004223144
hsa-miR-21-3p 0.713798444 0.004755349
hsa-miR-145-5p -0.568130123 0.005120744
hsa-miR-17-5p 0.460285044 0.00516788
hsa-miR-18a-3p 0.603645852 0.005354794
hsa-miR-210-3p -0.753628685 0.006624954
hsa-miR-212-5p 0.811897349 0.006656923
hsa-miR-532-5p -0.339252982 0.006900894
hsa-miR-26b-5p -0.350454053 0.006993719
hsa-miR-99b-5p 0.788671235 0.007242043
hsa-miR-190a-5p -0.648472191 0.007600873
hsa-let-7f-5p -0.470623726 0.007869459
hsa-miR-451a -0.705729167 0.009755597
hsa-miR-509-3p -0.907562 0.009755597
hsa-miR-671-5p 0.643698896 0.011909114
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hsa-miR-365a-3p 0.594137008 0.012613275
hsa-miR-151a-3p -0.285417744 0.013815443
hsa-miR-193b-3p 0.644854153 0.014914784
hsa-miR-4446-3p 0.947312085 0.014948475
hsa-miR-138-5p 0.522353442 0.015578333
hsa-miR-203a -0.475124139 0.015578333
hsa-miR-15a-5p 0.481471553 0.017463909
hsa-miR-1301-3p 0.667299395 0.018447067
hsa-miR-223-5p 0.636695222 0.018918691
hsa-miR-345-5p 0.311969346 0.019180029
hsa-miR-144-5p -0.663149275 0.019498302
hsa-miR-361-3p 0.342902352 0.022623464
hsa-miR-1271-5p 0.886385558 0.026408677
hsa-miR-136-3p -0.531388403 0.026552014
hsa-miR-940 0.691425444 0.02936837
hsa-miR-7-5p 0.490753226 0.029724111
hsa-miR-1246 -0.781885696 0.029724111
hsa-miR-92a-1-5p 0.644378204 0.031407517
hsa-miR-3653 -0.726525751 0.033393284
hsa-miR-363-3p -0.403083341 0.034208777
hsa-miR-125b-5p 0.543695191 0.035276822
hsa-miR-183-5p 0.522029254 0.035474322
hsa-miR-500a-3p 0.293541524 0.035474322
hsa-miR-26b-3p -0.397978505 0.035474322
hsa-miR-708-5p 0.647477663 0.03609184
hsa-miR-9-5p 0.472814992 0.03609184
hsa-miR-146b-3p 0.472650574 0.03609184
hsa-miR-362-5p -0.533784896 0.03609184
hsa-miR-362-3p -0.692711623 0.03609184
hsa-miR-215-3p -0.612382789 0.037232615
hsa-miR-802 -0.449524987 0.038078996
hsa-miR-335-3p 0.456275267 0.038226205
hsa-miR-548e-3p -0.456770432 0.038817519
hsa-miR-185-5p -0.473531655 0.038817519
hsa-miR-181d-5p 0.417865092 0.039533733
hsa-miR-107 -0.270259609 0.039533733
hsa-miR-330-3p 0.560958928 0.041491029
hsa-miR-29b-3p 0.4406467 0.041491029
hsa-miR-6503-3p -0.636345517 0.041491029
hsa-let-7e-3p 0.501521576 0.04214792
hsa-miR-455-5p -0.440783608 0.042498975
hsa-miR-561-5p -0.544415348 0.042888397
hsa-miR-433-3p 0.768015157 0.045813063
hsa-miR-153-3p -0.588561888 0.045813063
hsa-miR-30d-3p -0.354872082 0.046167262
hsa-miR-28-3p -0.346960942 0.047957877
hsa-miR-589-5p 0.401471587 0.049517631

 *Fold change relative to levels at diagnosis

need for specific biomarkers in CeD. 
In this study, we investigated whether 
circulating miRNAs could serve as 
biomarkers. To address this question, 
we performed small RNA-seq on 
plasma and small intestinal biopsies 
from CeD patients at diagnosis and 
from non-CeD control individuals.
 In the plasma profiles, 
we found 49 circulating miRNAs 

differentially expressed between 
CeD samples and control samples 
(25 miRNAs are higher and 24 
miRNAs lower in CeD as compared to 
controls). Several of these circulating 
miRNAs appear to be deregulated in 
other immune-related diseases. Nine 
of our candidate miRNAs  (miR-25-5p, 
-21-5p, -30b-5p, -148b-5p, -26a-5p, 
-152-3p, -24-3p, -181c-5p, and -30e-
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Fig. 4. Heatmap of 109 miRNAs differentially expressed in biopsies from CeD patients at time of 
diagnosis vs. control biopsies.

Table 5. Differently expressed miRNAs that were common between patients at 
time of diagnosis and controls in circulation and in the small intestine.

miRNAs
Log2 Fold 
change 
(plasma)

P-value 
(plasma)

Log2 Fold 
change 
(biopsies)

P-value 
(biopsies)

hsa-miR-501-3p -1.752453039 2.40E-07 0.980395343 0.001586232
hsa-miR-144-5p 0.96834725 0.002244688 -0.663149275 0.019498302
hsa-miR-30b-5p 1.228837621 0.002244688 -0.625448375 0.000198712
hsa-miR-345-5p -0.566963958 0.002660971 0.311969346 0.019180029
hsa-miR-26b-5p 0.810153925 0.00439181 -0.350454053 0.006993719
hsa-miR-183-5p -1.016804069 0.004538239 0.522029254 0.035474322
hsa-miR-1246 -1.050415374 0.0058485 -0.781885696 0.029724111
hsa-miR-532-5p -0.720026411 0.006087895 -0.339252982 0.006900894
hsa-miR-99b-5p -1.074647786 0.009462089 0.788671235 0.007242043
hsa-miR-15a-5p 0.867162375 0.013074401 0.481471553 0.017463909
hsa-miR-28-5p 1.068613786 0.01402577 -0.464437822 2.29E-05
hsa-miR-181c-5p 0.623139401 0.033442622 0.433043392 0.000198712
hsa-miR-136-3p 0.902771484 0.033442622 -0.531388403 0.026552014

Both fold changes are relative to diagnosis.

5p) have also been implicated in type 
1 diabetes (21). Of these, miR-24 is 
also deregulated in the circulation of 
patients with rheumatoid arthritis and 
miR-21 has been reported to be higher 
expressed in patients with Crohn’s 

disease (10). These results suggest 
that some of our candidates might be 
specific to autoimmune diseases. 
 We also identified 11 
circulating miRNAs that are 
differentially expressed in CeD patients 
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at diagnosis versus CeD patients on 
a GFD. Three of these 11 miRNAs 
(hsa-miR-150-3p, hsa-miR-1246 
and hsa-miR-342-3p) were found 
to be differentially expressed in the 
comparison between CeD diagnosis 
and controls with the direction of 
change reversing following the start of 
a GFD. These three miRNAs are thus 
interesting candidate biomarkers for 
use in screening for CeD development 
in high-risk individuals, as well as for 
use in monitoring GFD adherence, a 
finding which should be validated by 
further study.
 We also investigated miRNA 
expression in CeD biopsies. By 
comparing CeD patients and non-
CeD controls, we found 109 miRNAs 
differentially expressed, including 
several miRNAs known to play a role 
in the immune system. One example 
of these is miR-155, which is known 
to promote the development of 
inflammatory Th1 and Th17 cells, 
and which was also found to be 
upregulated in multiple sclerosis 
patients with active disease (22). 
This miRNA was upregulated >2-fold 
(P = 6.6 x10-6) in the small intestine 
of CeD patients. Although we do not 
know exactly which cells miR-155 
is expressed in, we speculate that 
miR-155 could play a role in disease 
pathogenesis by regulating the Th1 
and/or Th17 pathways. 
 Interestingly, three miRNAs 
(miR-192-5p, miR-31-5p and miR-
338-3p) that are differentially 
expressed in the biopsies in our study 
were also found in an independent 

CeD study focusing on adult CeD 
patients (23). In this study Magni et al. 
initially identified seven differentially 
expressed miRNAs, only four of which 
could be validated. The validation of 
these candidates did not stop at re-
quantification of the specific miRNAs 
in additional samples; the authors 
also investigated the expression of 
potential target genes of the candidate 
miRNAs at the protein level. Their 
findings suggested a role for these 
miRNAs in the innate and adaptive 
immune response (23). For example, 
the decrease in miR-31-5p in CeD 
biopsies correlated negatively with an 
increase in its validated target FOXP3, 
both on mRNA and protein level. 
FOXP3 is involved in regulatory T-cell 
development (24) and the number of 
FOXP3-positive cells in the intestinal 
mucosa of CeD patients was indeed 
increased (25). These three miRNAs 
therefore remain primary candidates 
for functional follow-up. 
 We also investigated the 
intersection between the two panels 
(plasma and biopsies). We found 13 
miRNAs to be present in both profiles, 
of which 11 showed opposing 
directions (upregulated in biopsies 
while decreased in circulation, and 
vice versa). It is tempting to speculate 
that an increase in circulation is 
caused by active secretion of miRNAs 
by cells present in the biopsies 
and, conversely, that a decrease in 
circulation if caused by retention of 
miRNAs in cells in the biopsies (26).
 Although circulating miRNAs 
are promising biomarkers for CeD, 
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the biology of circulating miRNAs is 
currently not known. It is important to 
keep in mind that intestinal biopsies 
contain multiple cell types, and that 
circulating miRNA profiles are shaped 
by miRNA expression throughout the 
entire body and are not necessarily 
derived from cells involved or affected 
by disease. It has been proposed 
that circulating miRNAs can originate 
from blood cells or endothelial cells 
or even from organs that are exposed 
to high blood flow such as the liver, 
lungs and kidney (9). This makes 
both types of samples in this study 
more heterogeneous in nature with 
respect to their miRNA profile than, for 
instance, miRNA profiles of purified 
cell types. 
 In summary, we provide 
two different panels of differentially 
expressed miRNAs in CeD (one 
in circulation and one in the small 
intestine). Three circulating miRNAs 
are potential biomarkers that can 

be used to monitor GFD-adherence. 
Three miRNAs that we found to 
be differentially expressed in CeD 
biopsies have previously been 
identified in an independent CeD 
study. Whether and/or how these 
miRNAs are involved in CeD pathology 
still needs to be resolved. 
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Genetics and fine mapping 
of celiac disease associated 
regions
Genome-wide association studies 
(GWAS) have discovered thousands 
of loci in a broad range of complex 
diseases (1). The design of GWAS 
(and all fine-mapping approaches) 
is based on the principle of linkage 
disequilibrium (LD) at the population 
level (Chapter 1). The LD pattern 
is critical in reducing the number of 
genotypes that need to be generated 
for hundreds of thousands of genetic 
markers simultaneously (instead of 
the millions of genetic variants present 
in every genome). However, the price 
to be paid for this simplification is that 
the LD structure results in association 
of many closely correlated single 
nucleotide polymorphisms (SNPs) 
which can make it more difficult to 
determine the one or few truly casual 
SNP(s) in the LD block. The first part of 
this thesis describes different ways of 
performing fine-mapping approaches 
in celiac disease (CeD) that help to 
zoom in on functional SNPs, as well as 
on genes and the pathways related to 
the disease.
 In chapter 3 we focus on the 
strongest non-HLA CeD-associated 
loci: the LPP locus. Although CeD 
has a worldwide distribution, it is 
more prevalent in Caucasians (2). 
On average, the European population 
carries more highly disease-correlated 
SNPs and longer haplotype blocks 
than other populations (i.e. compared 
to African and Asian populations) (3),  

and these two factors enable us to 
zoom in on associated LD blocks in 
this population. By focusing only on 
European populations we were able 
to fine map this locus by application 
of haplotype analysis and reducing 
the block size of 70 kb down to 4 kb. 
Subsequent imputation, re-sequencing 
and integration approaches were used 
to further refine the associated area to 
a 2.8 kb region.

Integrating data to reveal 
biology
Although haplotype analysis can 
reduce the size of a disease-
associated LD block, it needs to be 
combined with biological features, 
such as DNase hypersensitivity sites, 
for further prioritization of functional 
SNPs. After the Encyclopedia of 
DNA Elements (ENCODE) (4) data 
became publicly available, it was 
possible to integrate GWAS signals 
with functional genomics data. This 
provided new layers of information 
which showed that most GWAS SNPs 
are in fact concentrated in regulatory 
regions of the genome (5, 6). We 
integrated several ENCODE data 
layers with our own data, which helped 
to interpret and prioritize SNPs from 
the CeD GWAS loci (Chapter 2 and 3). 
In Chapter 2 we confirm that a large 
majority of CeD-associated SNPs 
are more likely to influence disease 
through regulatory mechanisms. In 
agreement with this, we found that 
the fine-mapped LPP region that we 
describe in Chapter 3 is enriched for 
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enhancers, DNase I hypersensitive 
sites (DHS), and histone modification 
signatures. Similar data integration 
approaches have recently been used 
and recommended by other studies 
to prioritize functional SNPs (5, 7). For 
example, a trans-ethnic fine-mapping 
study of the TNFSF4 autoimmune 
locus integrated genetic data with 
ChIP-seq data from ENCODE (4), 
which allowed the authors to identify a 
functional genetic variant that changes 
the sequence motif binding of the NF-
kB transcription factor (8). 
 Another layer of information 
that yields biological insights into 
the role of candidate genes is data 
generated by enrichment and pathway 
analysis. This approach can help 
highlight important pathways involved 
in disease development and even 
pinpoint pathways not previously 
associated with the disorder under 
investigation (9). In Chapter 2 we 
prioritized CeD-genes in complex loci 
by performing pathway enrichment 
analysis on genes prioritized by 
expression quantitative trait locus 
(eQTL) mapping. By doing so, we 
confirmed the involvement of Th1- 
and Th17-related pathways in 
CeD. Moreover, we implicated four 
poorly characterized CeD genes 
(C1ORF106, ARHGAP31, LPP and 
PTPRK) as playing a role in intestinal 
barrier function. Although it has been 
established that the barrier function 
is impaired in CeD  (10) , the genetic 
factors contributing to this part of the 
phenotype were not known before 
our study. Lastly, we exposed an 

intricate transcriptional connectivity 
that converges on IFN-‐ expression. 
This finding might explain why IFN-‐ 
is dysregulated in CeD even though 
the IFN-‐ locus has not, to date, been 
implicated in this disease (Chapter 2).

Causal SNP versus causal gene
A challenge that remains for GWAS 
is to confirm that an associated SNP 
actually affects the gene to which it 
maps. Although the data presented in 
Chapter 3 strongly suggest that the 
causal genetic variant contributing 
to CeD is located in the LPP locus, 
we were unable to unequivocally 
demonstrate that LPP is the causal 
gene. Interestingly, two meta-analysis 
studies describe allergy-associated 
SNPs present in the same LD block 
as our prioritized CeD SNP. They 
report that these SNPs correlate with 
downregulation of the BCL6 gene, 
which is located more than 600 kb 
away from the LD block (11, 12). 
These observations strengthen the 
hypothesis that causal genes can 
be located far from causal SNPs, as 
we describe in Chapters 2 and 3. 
Our own eQTL mapping studies for 
CeD-associated SNPs also revealed 
two of these events. A region on 
chromosome 2p16.1 were eQTL 
mapping predicts the AHSA2 gene 
located ~ 160 kb away from the LD-
based fine-mapped region which 
predict the PUS10 gene, and another 
region on chromosome 3p21.31, 
were CCR3 showed an eQTL effect 
which is located ~ 169 kb away 
from the LD-based fine-mapped LTF 
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gene. A similar example was reported 
by Smemo et al. (2014) for the FTO 
locus associated to obesity (13) and 
type 2 diabetes (14). Since the first 
report of this genetic association in 
2007, more than 400 papers have 
been published investigating the 
role of the FTO protein in obesity. 
It is now known that the lead SNP 
displays an eQTL effect on the IRX3 
gene located ~1.2 megabases away 
from the associated FTO locus (15). 
This eQTL effect is only evident in 
brain tissue, which probably explains 
why the connection went unnoticed 
for several years. Moreover, this 
finding stresses the need for cell-
type-specific eQTL analysis. Smemo 
et al. also demonstrated that IRX3 
is functionally connected to obesity 
using mouse knock-out studies (15). 
Altogether, these examples support 
the idea that a disease-associated 
SNP will not necessarily affect the 
gene in which it is located, but instead 
may be regulatory in origin and 
affect another gene nearby or even 
megabases away from the genes in 
the LD block (potentially even on other 
chromosomes). 

eQTL mapping to explain 
genetic components
eQTL mapping is a powerful approach 
to explain the genetic component 
underlying altered gene expression, 
and it helps to prioritize disease 
SNPs and genes. Complex trait-
associated SNPs are more likely to be 
eQTLs (16). For instance, 39 out of 
71 loci (55%) associated to Crohn’s 

disease showed an eQTL effect (17). 
Likewise, we observed that SNPs 
from 18 out of 39 CeD loci display 
eQTL effects (Chapter 2). The reason 
we do not find eQTL effects for the 
remaining 21 CeD loci may be the 
cell-type-specificity of the remaining 
eQTL effects. Unfortunately, there is 
not enough tissue-specific expression 
data currently available to allow for 
comprehensive organism-wide eQTL 
analysis. It has recently been reported 
that disease-associated SNPs are 
more likely to affect gene expression 
in a cell- or tissue-dependent manner 
(18, 19), further demonstrating the 
complexity of discovering these 
eQTL variants. We have shown that 
the SNPs associated with CeD are 
enriched for B-cell-specific enhancers 
(Chapter 2 and 3), suggesting that B 
cells play a major role in CeD. The 
importance of B cells in CeD has only 
recently been appreciated, and our 
results emphasize that this research 
needs to be developed further. A 
possible reason why B-cell-specific 
eQTL variants have been missed so 
far may be that eQTL studies have 
mostly been performed in complex 
cell mixtures, such as blood and 
peripheral blood mononuclear cells 
(PBMCs), while B cells only contribute 
~5% to the cellular population in 
PBMCs (20). To find B-cell-specific 
variants, it will be important to perform 
eQTL mapping specifically in B cells. 
Fairfax et al. (2012) identified 730 
GWAS genes displaying cis-eQTL 
effects, of which 33.5% showed 
B-cell specificity (21). They also 
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reported that certain diseases are 
characterized by a predominance of 
cell-type-specific eQTLs, such as 
systemic lupus erythematosus where 
10 out of 16 genes displaying a cis-
eQTL effect were B-cell specific (21). 
An important theme emerging is 
that many eQTL effects will only be 
unveiled in the context of stimulatory or 
activating signals (22). Thus far, most 
eQTL studies have been performed 
on resting cells or cell populations.
 Another important feature 
of disease-associated SNPs is that 
~90% of GWAS SNPs are located 
outside protein-coding sequences 
(1). In CeD, specifically, only 5% of 
the associated SNPs are located in 
coding sequences (Fig. 1), strongly 
suggesting that many of the CeD-
associated variants affect gene 
regulation. How these non-coding 
variants affect gene regulation is still 
largely unknown, but it is likely that 
these SNPs affect gene expression 
through transcriptional, post-
transcriptional, and post-translational 
mechanisms. Additionally, it has 
recently been shown that GWAS SNPs 
can also influence expression levels 
of long non-coding RNAs (lncRNAs) 
(23).
 In Chapter 4, by eQTL 
mapping using RNA-sequencing data, 
we show that a CeD associated SNP 
downregulates a lncRNA (LPP-AS1). 
This suggests that this lncRNA plays 
a role in CeD. Pathway enrichment 
analysis of genes co-expressed with 
this lncRNA suggests a role for LPP-
AS1 in ubiquitination. One of the 

functions that has been suggested 
for lncRNAs is that they could act 
as scaffolds to form multiprotein 
complexes (see Chapter 5, Fig. 5). 
Interestingly, the lncRNA HOTAIR was 
found to function as a scaffold RNA 
for E3-ligases and their substrates 
(24). We therefore hypothesize that 
deregulation of LPP-AS1 affects 
ubiquitination, which is known to 
be important for immune function. 
The finding that CeD GWAS and 
Immunochip analysis results also point 
at proteins involved in ubiquitination 
strengthens this assumption (25), but 
functional studies will be necessary to 
prove this hypothesis.
 Little is known about eQTL 
effects on non-coding genes. 
Most eQTL mapping studies have 
been performed using microarray 
technology, which was originally 
designed to contain only probes 
for protein-coding genes. Although 
some lncRNAs probes are present 
on commercial microarrays (23), 
RNA-based sequencing (RNA-seq) 
is currently the most promising way 
to comprehensively profile known 
lncRNAs and identify novel tissue-
specific lncRNAs. A wealth of RNA-
seq data is now being generated from 
many different tissues. Novel eQTLs 
studies focusing on RNA-seq data are 
likely to identify many more genetic 
variants correlating with lncRNA 
expression.

Non-coding elements
The ENCODE data shows that the 
human genome is even more complex 
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than previously assumed. It further 
confirmed that there are thousands of 
regulatory RNAs, including lncRNAs 
and microRNAs (see Chapter 5 for an 
overview). Moreover, the data has been 
used to provide additional evidence 
for the fact that regulatory genomic 
regions can interact with target regions 
long distances (megabases) away, for 
instance if these regions are brought 
into contact with target promoters by 
DNA folding. Several high-throughput 
approaches can be applied to identify 
chromatin interactions and long-
distance enhancers (Table 1). These 
approaches can help to link non-

coding SNPs in regulatory regions 
to their target genes. Interestingly, 
a subclass of lncRNAs, the eRNAs, 
seems to be specifically involved in 
enhancer looping.
 As described above, most 
of the CeD SNPs map to non-coding 
regions (Fig. 1), which is in agreement 
with what is observed in other 
complex diseases. These non-coding 
variants may not only regulate protein-
coding genes but also affect the 
function of non-coding elements, such 
as enhancers and promoters (either 
directly, by changing the structure, or 
indirectly by changes in levels of gene 

Figure 1: Genomic location of celiac disease-associated SNPs. The majority of SNPs (81%) are 
located in non-protein-coding regions. About 9% are located in the 3’-UTR and 5% in the 5’-UTR. 
Only 5% of SNPs map to protein-coding regions (figure adapted from Kumar et al., 2012 (26)).

Table 1. Methods to identify regulatory elements in the genome 
Regulatory elements/events Identification methods

DNA protein interactions ChIP-seq, DNase footprinting
Transcription factor binding sites ChIP-seq
Open chromatin accessibility DNase hypersensitivity assay and FAIRE-seq
Chromatin interactions ChIA-PET, HiC, 3C, 4C, 5C and 6C
DNA methylation RRBS-seq, Methylation arrays, MeDIP-seq and 

MRE-seq
Histone modifications ChIP-seq
Alternative splicing RNA-seq, RNA-PET, CAGE
Distant-acting transcriptional 
enhancers ChIP-seq, Gro-seq, Hi-C, Pro-seq
RNA-binding proteins RIP-seq

Table adapted from author Edwards et al., 2014 (27).
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expression), or they may regulate 
the levels of gene expression of 
non-coding RNAs (ncRNAs) such as 
microRNAs (miRNAs) and lncRNAs.
 Several classes of ncRNAs 
are known to be main players in the 
regulation of gene expression (Table 
2) and regulatory RNAs belonging 
to different classes can even cross-
talk. LncRNAs, for instance, can bind 
miRNAs, thus acting as competing 
endogenous RNAs or as natural 
microRNA sponges (23, 24, 25). As an 
example of how this process works, 
a muscle-specific lncRNA (lincMD1) 
sequesters miR-133 and miR-135, 
thereby effectively but indirectly 
regulating the expression of the two 
respective targets of these miRNAs, 
MAML1 and MEF2C, two transcription 
factors that activate muscle-specific 
gene expression (30).

MiRNAs in celiac disease
miRNAs are small molecules that 
fine tune gene expression and they 
can serve as targets for therapy, and 
function as potential biomarkers (33). 

None of these functions have been 
well explored in CeD so far. 
 In Chapter 5, we describe 
examples of how genetic variants can 
affect miRNAs (see Fig. 3 in Chapter 
5) as we observed that 9% of CeD-
associated-SNPs are located in the 
3’-UTRs of genes (Fig. 1), and thereby 
are likely candidates to potentially 
affect miRNA binding sites. The 3’-
UTR CeD-associated SNPs, or their 
proxies (r2 > 0.8), can potentially 
destroy or create miRNA binding sites. 
 In Chapter 2 we predicted that 
11 SNPs in the 3’-UTRs of six different 
CeD-associated protein-coding genes 
could modify miRNA binding sites. 
These predictions were based on the 
results from only one method, which 
might  have increased the number 
of false positive results. Since our 
Chapter 2 study was carried out, more 
algorithms have become available. 
We therefore recently decided to 
combine the outcome of four different 
algorithms designed to predict 
whether SNPs affect miRNA binding 
sites (Fig. 2 and Table 3). We only 

Table 2. Classes of non-coding RNAs
Names Size Function 
miRNA 19-24 bp Post-transcriptional silencing of protein-coding genes 

and ncRNAs
piRNA 26-31 bp Transposon repression and DNA methylation

snoRNA 60-300 bp Promote rRNA modifications

tiRNA 17-18 bp Modulate CTCF localization and nucleosome density

lncRNA >200 bp
Broad function in transcription regulation, including 
X-chromosome inactivation, telomere regulation and 
imprinting

lincRNA >200 bp Can act as guides for recruiting for chromatin-modifying 
complexes

Table adapted from Esteller 2011 (31) and Qureshi et al., 2012 (32). piRNA: PIWI-interacting RNA; 
snoRNA: small nucleolar RNA, tiRNA: transcription initiation RNA; lincRNA: long intergenic RNA.
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Table 3. Description of the algorithms used to predict SNPs that affect miRNA 
binding

Algorithm Description Webpage

miRSNP
Applies miRanda v3.3a to predict 
miRNA binding sites, dbSNP 135 and 
miRBase 18 collections

http://cmbi.bjmu.edu.cn/mirsnp

microSNiper
Uses a custom FASTA alignment 
algorithm to predict miRNA targets, 
and dbSNP 137 and miRBase 19 data

http://epicenter.ie-freiburg.mpg.de/
services/microsniper/

PolymiRTs
Uses TargetScan v6.2 to predict 
miRNAs targets sites, experimental 
confirmation from CLASH experiments, 
db SNP 137 and miRBAse 20 data

http://compbio.uthsc.edu/miRSNP/
home.php

miRNASNP

Uses TargetScan v6.2 and miRanda 
v3.3a to predict miRNAs targets, the 
TarBase database for experimental 
confirmation, dbSNP 137 and miRBase 
19 data

http://www.bioguo.org/
miRNASNP2/

 
58 CeD SNPs + 1075 proxies (r2   0.8)

0.8)

PolymiRTS
miRT

miRSNP
RS

microSNiper
Niper!

miRNASNP
ASNP!

6 SNPs in 3’UTR 
overlapping in 

at least 3 algorithms 
and

affecting miRNAs 

#SNPs per algorithm

!

!

Figure 2. Workflow for analyzing SNPs predicted to change miRNA binding sites. CeD SNPs and 
their proxies were analyzed using four different algorithms to predict potential effects on miRNA 
binding. Venn diagram shows number of SNPs that were predicted to affect binding site of miRNAs 
for each algorithm
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considered SNPs that were identified 
by at least three of the four methods 
(Fig. 2). Using this more stringent 
strategy we identified six SNPs in 
five CeD-associated protein-coding 
genes (IL18RAP, IL21, IRF4, PTPRK, 
UBE2L3) that could affect the binding 
capacity of seven miRNAs. For two of 
these genes (IL18RAP and UBE2L3) 
we found that the SNPs exhibit 
an eQTL effect on the respective 
mRNA. However, only in the case of 
UBE2L3 was the potential disruption 
of a miRNA binding site in agreement 
with an expected increase of the 
mRNA (Table 4, Fig 3). As discussed 
earlier, the argument needs to be 
made that cell-type-specific eQTL 
data is essential to fully comprehend 
the relation between SNP and eQTL 
in disease-associated cell types/
tissues because it is possible that 
eQTL effects of these SNPs on their 
mRNA targets will be found once 
enough expression data is available 
for the specific cells or tissues in 
which the miRNAs play a regulatory 
role. The SNP located in the UBE2L3 
3’-UTR is in LD with SNPs associated 
with other autoimmune diseases, 
including inflammatory bowel disease 
(IBD) (34) and type 1 diabetes (T1D) 
(35), suggesting that insights from 
CeD genetics can also provide 
further insights into the biology of 
other immune-mediated diseases. 
 SNP rs7444 in the 3’-UTR of 
UBE2L3 is an interesting candidate 
for further validation. It was predicted 
that the risk allele (C) disrupts the 
binding of two miRNAs: miR-4252 Ta
bl
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and miR-1273g-3p (Table 3).  The 
protein encoded by UBE2L3 has 
been described as involved in the 
cytotoxic function of NK cells, which 
represent a key cell type in the innate 
immune response (37). Hence, it is 
conceivable that if miR-4252 and/
or miR-1273g-3p are expressed in 
NK cells, they then regulate UBE2L3 
expression in this cell type. Functional 
assays in the correct cell type, in this 
case NK cells, are needed to confirm 
such predictions.

Circulating miRNAs in CeD – 
potential clinical applications
The realization that miRNAs are 
stable in circulation, for example in 
cerebrospinal fluid, plasma and serum, 
makes them interesting biomarker 
candidates (38). In CeD, biomarkers 

are being sought for early disease 
detection and for monitoring disease 
progression and the effectiveness 
of dietary interventions. It is still not 
entirely clear how and why these 
circulating miRNAs are released 
from cells, but two possibilities can 
be envisioned. They can either end 
up in circulation because of tissue 
damage, for instance upon apoptotic 
or necrotic cell death, or there could 
be an active secretion pathway (39). 
Some recent studies have indicated 
that circulating miRNAs play a role 
in cell-to-cell communication (40). 
Furthermore, circulating miRNAs are 
protected from RNAses because they 
are encapsulated in microparticles 
(exosomes, apoptotic bodies, and 
microvesicles), in complexes with 
AGO2, or in lipid complexes (39). 

Figure 3. Schematic representation of miRNAs (in red) and their respective targets (in blue). All 
but one gene (UBE2L3) contain potential binding sites for a single miRNA that can be modified by 
CeD-associated SNPs.
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Additionally, a recent study found that 
3’ end post-transcriptional modification 
defines a distinction between miRNAs 
originating in cells versus those 
originating in exosomes, suggesting 
a direct miRNA sorting in extracellular 
vesicles (41). Furthermore, deregulation 
of circulating miRNAs has already been 
described in numerous immune-related 
diseases including Crohn’s disease 
(42) and T1D (43), as well as disease-
specific (40) and even disease-stage-
specific circulating miRNA profiles 
(39) have been reported. Despite 
these promising aspects of circulating 
miRNAs, they remain technically 
challenging to measure because of the 
low concentration of cell-free miRNA.
 Currently, CeD is diagnosed 
by its clinical symptoms and certain 
serological parameters, followed 
by confirmation of villous atrophy in 
intestinal biopsies (44). Even then, 
diagnosis is not 100% assured. There 
can, for instance, be other explanations 
for villous atrophy (e.g. use of certain 
medications, such as olmesartan, 
generally used to treat high blood 
pressure (43)). Moreover, some 
individuals with CeD test negative 
for antibodies (sero-negative CeD) 
(44). Lastly, CeD often presents as 
a silent disease having no or only 
vague symptoms. Currently, there is 
no method to predict the progression 
of CeD, further emphasizing the need 
for biomarkers that could help in this 
process (47, 48).
 In this thesis we present two 
ongoing studies that focus on miRNAs 
in CeD. In the first study we profiled Ta
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circulating miRNAs in children from 
the PreventCD project (Chapter 7), a 
prospective study aimed at inducing 
oral tolerance to gluten in children 
at high-risk of developing CeD (49). 
Serum samples were collected from 
the PreventCD children before positive 
serology and onset of CeD, which 
makes this cohort ideal for biomarker 
studies aimed at early disease 
detection. In addition, the children were 
also followed after treatment with the 
introduction of a gluten-free diet, which 
allows for biomarker studies aimed at 
monitoring dietary intervention. Our 
second study focused on a cohort of 
Italian children diagnosed with CeD, of 
whom some were also sampled after 
starting a gluten-free diet (Chapter 
7). In the PreventCD cohort we tried 
to identify CeD-specific miRNAs by 
comparing samples obtained at month 
3 with samples taken at the time of 
diagnosis, while in the Italian cohort 
we investigated differences between 
diagnostic samples and samples 
obtained from controls. Although 

these are different comparisons, we 
found nine miRNAs overlapping in both 
studies (Table 5) to be differentially 
expressed (Fig. 4). These miRNAs 
are interesting candidates for further 
follow-up, particularly because we 
observed little overlap with circulating 
miRNAs associated with other 
immune-related diseases, where type 
1 diabetes and Crohn’s disease studies 
displayed the biggest overlapped 
(Fig. 5). These results indicate that 
CeD-specific miRNAs may exist. 
This hypothesis is consistent with 
previously published results describing 
a panel of circulating miRNAs that are 
differentially expressed in Crohn’s 
disease patients, but not deregulated 
in samples obtained from patients 
with active CeD (42).
 In Chapter 6 we also 
prioritized three miRNA candidates 
(miR-15b-5p, miR-30c-5p and miR-
100-5p) that were significantly 
differentially expressed at the time 
of diagnosis, but which reverted to 
a ‘healthy’ level 6 months after the 

PreventCD                Italian Cohort

9

Figure 4. Venn diagram illustrating the overlap between CeD-associated miRNAs identified in the 
PreventCD cohort and in the Italian cohort. Nine miRNAs are shared in these two profiles. See 
Chapters 6 and 7 for details.
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patients started a gluten-free diet. It is 
worth emphasizing that these miRNAs 
started to be deregulated well before 
diagnosis (Chapter 6), making them 
interesting future biomarker targets. 
One of these miRNAs (miR-100-5p) 
was also differentially expressed when 
comparing CeD patients at diagnosis 
with healthy controls from the Italian 
cohort, supporting the validity of this 
specific miRNA as a true biomarker. 
Furthermore, on the functional level, 
this miRNA has been implicated in IL6 
and TLR4 signaling (50).
 Despite the availability of 
diagnostic criteria, there is still a need 
for additional biomarkers in CeD. 
Although a lifelong gluten-free diet 
can keep CeD at bay in the majority 
of cases, dietary transgression is 
a very rare complication in CeD 
patients (0.3% of diagnosed CeD 
patients) (51). This condition is known 
as refractory celiac disease. A few 
patients develop a hypersensitivity to 
extremely small quantities of gluten, 

which then trigger symptoms that lead 
to further damage of the intestinal 
mucosa. While antibody levels are 
often used to monitor adherence to 
the diet, antibody levels are not stable 
and the decrease in antibody titers 
can sometimes take years. Having a 
biomarker to monitor gluten ingestion 
would therefore represent a major 
advance in the management of CeD 
patients. In Chapter 7 we investigated 
if we could identify circulating miRNAs 
that can serve as specific markers to 
show adherence to a gluten-free diet. 
We compared circulating miRNAs from 
individuals at diagnosis and individuals 
following a gluten-free diet. We found 
11 miRNAS that could potentially be 
used to monitor ingestion of gluten 
(Chapter 7). However, further studies 
with a large number of individuals are 
necessary to clarify if these miRNAs 
could indeed be gluten-specific and 
can therefore be used to monitor 
ingestion of gluten. 
In Chapter 6, an additional factor 

Figure 5. Venn diagrams showing a little overlap between one of the CeD cohorts with one other 
immune-related disease. (A) The PreventCD results intersected with two circulating miRNAs 
from a type 1 diabetes (T1D) studies (41), one from Crohn’s disease (CD) study (42) and non 
overlapping with rheumatoid arthritis (RA) study (48). (B) The intersection of the Italian cohort with 
the same three autoimmune diseases. Where seven circulating miRNAs overlapped with T1D and 
two with CD.
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complicating the analysis of the 
PreventCD cohort was the variability 
in patient age at diagnosis. In some 
cases, individuals developed CeD at 
5 years of age while in one case a 
patient developed CeD at the age of 2 
years and 6 months. This variability in 
age of onset will need to be taken into 
account when searching for miRNAs 
that increase before diagnosis, and 
is another reason for expanding the 
cohort under investigation. 

MiRNAs in the small intestine of 
CeD patients
To date, only a few studies have been 
performed on miRNAs deregulated in 
the small intestine of CeD individuals, 
suggesting that miRNAs are involved 
in CeD etiology. In one study miR449a 
was found to be overexpressed in the 
small intestine of patients with active 
CeD, where it seems to downregulate 
NOTCH1 (52). Another study reported 
four other miRNAs (miR-192-5p, miR-
31-5p, miR-338-3p, and miR-197) to 
be deregulated in the small intestines 
of CeD patients, and to display 
negative expression correlations with 
mRNA and protein levels of immune 
target genes including NOD2 and 
FOXP3 (53). The identification of 
specific miRNAs associated with CeD 
provides insight into disease biology 
and future therapeutic targets but 
the miRNAs also exhibit tissue/cell-
specific expression patterns. This 
should be taken into account when 
analyzing intestinal biopsies, which 
represent a mixture of intestinal cell 
types. As a consequence, expression 

profiles of miRNAs in biopsies from 
the small intestine can be used to find 
functional miRNAs involved in CeD 
pathogenesis and possible candidates 
for future therapeutics approaches. 
 In Chapter 7 we performed 
miRNA expression profiling on 
small intestinal biopsies from active 
pediatric CeD patients. We found 
109 miRNAs differentially expressed 
between cases and controls, including 
several immune-related miRNAs 
such as miR-155-5p and miR-223-
3p. MiR-155-5p was found to be 
overexpressed in active CeD patients 
(Chapter 7), and the increase in this 
miRNA has also been reported in 
other autoimmune diseases including 
rheumatoid arthritis (RA) (54) and 
multiple sclerosis (MS) (55). Moreover, 
anti-miR-155 treatment drastically 
inhibited the development of MS in 
mice (56). This miRNA is involved in B 
and T-cell activation and has also been 
considered as a potential therapeutic 
target for autoimmune diseases 
in general. Three of our intestinal 
miRNAs (miR-192-5p, miR-31-5p and 
miR-338-3p) were also associated 
with CeD in an independent study of 
samples obtained from adult patients 
(53). In this study by Magni et al., three 
miRNAs and their target genes were 
validated on the gene expression and 
protein level. MiR-192-5p, in particular, 
is an interesting candidate as it is likely 
to be involved in cell proliferation and 
apoptosis. Its target genes, C-X-C 
motif ligand 2 (CXCL2) and nucleotide-
binding oligomerization domain-
containing protein 2 (NOD2), are both 
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associated with an altered innate 
immune response in IBD (28, 55, 
56). Magni et al. further showed that 
a reduction in the expression of miR-
192-5p after stimulation with gliadin 
increases the mRNA levels of CXCL2 
and NOD2 in CeD biopsies. The 
authors suggest that altered innate 
immunity might play an important role 
in the altered response to gluten in 
the intestinal mucosa of these adult 
CeD patients (53). We also found 
miR-192-5p to be downregulated in 
pediatric patients with active CeD. 
Thirteen of the miRNAs from the 
biopsy profiles were also found to be 
differentially expressed in the serum 
of the same individuals (Chapter 7). 
It is conceivable that these miRNAs 
are released by cells in the small 
intestine into circulation during an 
active immune reaction. However, 
the expression of only two miRNAs 
(miR-1246 and miR-532-5p) were in 

the same direction in both profiles as 
both were downregulated at diagnosis 
(Chapter 7).
 Although these results are 
intriguing, further validation in an 
independent cohort is required. In 
summary, we found miRNA candidates 
in intestinal biopsies that may play 
a role in the disease pathogenesis. 
Some of these miRNAs are involved 
in immune processes and have 
already been reported as interesting 
therapeutic targets for other immune 
diseases, thus their therapeutic 
potential in CeD is extremely intriguing 
and opens up new avenues for future 
research.

Future Perspectives
Beyond GWAS
The  GWAS  era has identified 
thousands of genetic variants 
associated with complex traits 
and diseases. Recently, the use of 

Figure 6. Growth of RNA-seq public data. Here the exponential growth (r2 =0.991) of RNA-seq 
from the European Nucleotide Archive (ENA) from 2010 to 2013 is illustrated. (Courtesy of P. 
Deelen (60)).
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custom genotyping-arrays, such as 
the Immunochip (25), has helped 
to prioritize and identify additional 
disease-associated variants. 
However, the promise of the wealth 
of GWAS data remains unrealized 
because the biological mechanisms 
driven by the underlying genomic 
regions are largely unknown. In 
addition, most disease-associated 
variants are located outside of protein-
coding regions, which makes it harder 
to interpret the associations. New 
methodologies are emerging will allow 
researchers to better interpret GWAS 
results.
 The public availability of 
certain types of genetic data has 
increased exponentially over recent 
years. In 2010 RNA-seq data was 
available for fewer than 1,000 
samples, while in 2013 the number 
of samples available had increased to 
nearly 10,000 (Fig.6). The explosion 
of annotated genomic data (e.g. from 
the ENCODE project (4)), enables 
researchers to design integrative 
approaches that will form the core 
of the post-GWAS era. These 
datasets contain valuable information 
on functional regulatory elements 
derived from high-throughput whole-
genome assays, such as RNA-seq, 
ChIP-seq, DNase-seq, FAIRE-seq 
and proSEQ (Table 2), and which can 
now be integrated with GWAS results. 
In addition, large tissue-specific 
datasets are becoming available, for 
example through the Genotype Tissue 
Expression project (GTEx) (59), which 
aims to provide RNA-seq data from 

up to 41 tissues of 900 individuals 
(resulting in approximately 20,000 
samples). The availability of this data 
will help us interpret GWAS results 
and improve our knowledge of the 
underlying biology of the disease. 
 Furthermore, methods to 
integrate functional data can be 
adapted to identify functional SNPs 
and provide a comprehensive and 
effective list of candidate variants. 
New generation custom genotyping-
arrays should be designed for these 
variants in order to perform further 
association studies.
 To move beyond GWAS and 
truly begin to understanding genetic 
disease mechanisms functional 
studies should be performed. 
Since many genes and regulatory 
elements are likely to be used in a 
cell-specific manner, such studies 
will be challenging, in particular when 
single-cell experiments are needed. 
Fortunately, highly multiplexed single-
cell approaches are now emerging 
that provide new perspectives on the 
underlying state of an individual cell 
and its role in the context of disease 
and intervention (61). Furthermore, 
new functional genomics assays are 
also emerging that can help to link 
this abundant data with biological 
mechanisms. For instance, the 
clustered regularly interspaced 
short palindromic repeats (CRISPR) 
-associated (Cas) protein 9 system 
enables researchers to manipulate 
specific genomic elements precisely, 
and can facilitate the elucidation of 
the effects of genetic variants on 
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their target genes in biology and 
disease (62). Recently, a modified 
CRISPR/Cas9 system named CRISPR 
inference (CRISPRi) was developed 
for RNA-guided transcriptional 
regulation (63). This technology 
provides a new, highly specific tool 
for changing gene expression without 
genetically altering the target DNA 
sequence. The system has been used 
to regulate transcription of multiple 
genes, individually or simultaneously 
(63). Moreover, it was shown that 
CRISPRi can also silence miRNAs (64) 
and it thereby provides an interesting 
approach for follow-up of some of the 
miRNAs that we detected in chapters 
6 and 7.

Small non-coding RNAs have 
great potential
miRNAs are potential biomarkers and 
also potential therapeutic targets. In 
cancer research, the use of miRNAs 
for diagnostic purposes has already 
begun. For instance, a panel of 24 
miRNAs is currently monitored to 
identify kidney cancer (65). For any 
novel drug, including miRNA-targeting 
compounds, it will take years before 
it finds its way to the clinic (33). 
Nevertheless, several interesting 
miRNAs have already been tested 
in animal models and are currently 
being tested in preclinical studies. 
Examples of these include miR-208 in 
cardiac diseases (66) and miR-155 in 
inflammatory diseases (67). 
 It has been reported that 
exogenous miRNAs derived from 
plants, including common cereal 

grains, can be found in human serum, 
suggesting that genetic material 
from food might survive the digestive 
tract and enter the bloodstream. It 
is likely that part of the circulating 
miRNA spectrum (including, perhaps, 
those we identified) results from food 
intake (68). It would be interesting to 
investigate if some of the circulating 
miRNAs in CeD patients might have 
originated from ingested wheat and/
or gluten. Hypothetically, if one could 
detect CeD gluten-specific miRNAs, 
anti-miRNA drugs could be used to 
inhibit these miRNAs and thereby 
prevent CeD development. 
 We can expect research 
investigating the role of miRNAs in 
CeD to only increase in the coming 
years.

New genomics techniques and 
data layers constantly drive the 
field forward
We are still in the early stages of 
understanding the full complexity of the 
human genome. The observation that 
the majority of GWAS variants map 
to non-coding regions opened a new 
perspective and placed non-coding 
elements, such as ncRNAs, at a higher 
priority for future investigations. It turns 
out that finding causal SNPs is not 
straightforward. Even if a SNP maps 
on to a gene, it does not necessarily 
mean that the effect will come from the 
same gene (e.g. FTO and IRX3). Even 
more complex situations arise when 
disease-associated SNPs change the 
expression levels of ncRNAs (Chapter 
4).
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 Despite these hurdles, the 
large amount of genomic data that 
is becoming available will provide 
an exciting opportunity to explore 
functional regulatory elements 
overlapping disease-associated 
variants. The speed with which this 
new data is emerging brings new 
challenges to scientists in the field, 
who now face the problem of how 
to interpret such a wealth of data, 
although integrating different layers 
of genomic data with GWAS results 
seems to be an intelligent way to 
begin. 
 Clearly, the large number 
of loci identified by GWAS provides 
insights into disease etiology. Refining 

these GWAS association signals 
is essential to moving forward and 
revealing the true causative variants. 
Furthermore, the role of ncRNA in 
disease is still not fully understood 
and should be explored in much more 
detail to help understand disease 
mechanisms.
 The constant development 
of novel genomics assays is driving 
the rapid evolution of the field of 
genomics. It is proving a challenge 
to keep up with these developments, 
but a new generation of scientists is 
now at work who can integrate and 
interpret big datasets to address 
medical biological questions.
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Summary 
Our body is built from 1 quadrillion 
(1.000.000.000.000.000) individual 
cells. It is the genetic matter – our 
genome - in the nucleus of each 
of these cells, that determines not 
only traits like eye color or length, 
but also harbors the susceptibility of 
an individual to get a disease. Our 
genome consists of deoxyribonucleic 
acid (DNA). The function of DNA is 
based on the order – the sequence 
– of only 4 building blocks called 
nucleotides. The full name of these 
nucleotides are adenine, thymine, 
cytosine, and guanine which are 
always abbreviated as A, T, C and G. 
Human DNA is organized in 23 units 
called chromosomes that together 
are 3.3 billion (3.300.000.000) 
nucleotides long.
 Since the original 
determination of the human DNA 
sequence in 2001 technologies have 
been developed that allow for the 
rapid determination of the nucleotide 
sequence of individuals. One of the 
major findings from these studies is 
that human DNA differs 0.1% between 
different (unrelated) individuals. This 
means that every person differs on 
3 million nucleotide position from 
for instance their neighbour. The 
sequencing of hundreds of thousands 
of individuals enabled the mapping of 
the varying nucleotides (also called 
single nucleotide polymorphisms 
(SNPs)) throughout the human 
genome. Surprisingly enough it also 

showed that SNPs close to each other 

show very strong correlation and lead 
to a so-called haplotype block structure 
of the genome. Consequently, the 3 
million different SNPs are not needed 
to pinpoint genetic factors associated 
with traits and diseases, but roughly 
500.000 SNPs that identify the 
different haplotype blocks are often 
sufficient. This new perspective on 
a more simplified map of human 
genome variation led in 2007 to a 
revolution in genetics as it allowed 
for the first time to perform genetics 
association studies across the 
whole human genome in thousands 
of individuals at relatively low cost. 
These studies are coined genome 
wide association studies (GWAS). As 
of today it has unraveled the genetic 
underpinnings of more than 400 
different genetic traits and diseases 
ranging from coffee consumption 
and height to schizophrenia and 
autoimmune diseases. 
 GWAS are case-control 
studies, in which the frequencies of 
a set of 500.000 genome wide SNPs 
are compared between thousand of 
control samples and thousands of 
samples from individuals diagnosed 
with e.g. a particular disease. To date 
two successful GWAS have been 
performed in celiac disease which 
have provided novel insights into 
underlying biological pathways. 
 CeD is the most prevalent 
food intolerance affecting around 1% 
of the Western population. Individuals 
genetically predisposed for CeD 
develop intolerance to gluten peptides 
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derived from proteins present at high 
levels in grains that are the basis of the 
common western diet. Consequently 
CeD patients cannot eat food 
prepared (or potentially contaminated) 
with gluten, such as bread, cookies 
and pasta. CeD associates very 
strongly with two genes that can 
make up the major histocompatibility 
complex (MHC), specifically the 
HLA-DQ2 and HLA-DQ8 molecules. 
Carriage of the HLA-DQ2 genotypes 
alone already accounts for 35% of the 
genetic risk of CeD. As approx. 25% 
of the general population carries the 
CeD associated HLA genotype it is 
not sufficient to develop CeD.
 GWAS in CeD have identified 
26 other factors, besides HLA, 
that are also important for disease 
development. A custom-made 
platform (Immunochip) was designed 
to fine-map the 26 non-HLA loci but 
also allowed our group to identify 
another 13 non-HLA loci to be 
associated to CeD, making the total 
number of loci 40 (HLA plus 39 non-
HLA)
 When I started with my PhD 
research the immune-genetics field 
was facing a big hurdle that needed 
to be taken. As mentioned above the 
regions associated with disease by 
GWAS are often rather large. This 
implied that novel approaches needed 
to be developed and applied to 
prioritize the causal SNPs and genes 
in these regions. Another issue that 
emerged was that in many loci the 
SNPs that associated the strongest 
with the disease were mapping to 

non-coding regions. In some cases 
there were no known protein encoding 
located in the locus at all and such loci 
were described to be “gene deserts”. 
A big development during the course 
of my studies was the completion of 
the Encyclopedia of DNA Elements 
(ENCODE) project. This project aimed 
to describe the “functional genome” 
and has not only exposed thousands of 
novel transcripts but also has mapped 
hundreds of thousands regulatory 
regions that control gene expression. 
 A clinical problem in CeD that 
I tried to address during my studies 
problem is that it is challenging to 
diagnose CeD. It has been estimated 
that only one out of 8 CeD patients 
is correctly diagnosed with CeD. 
Recently, a novel class of non-coding 
RNAs is emerging as promising 
biomarker candidates, the so-called 
circulating micro-RNAs (miRNAs). 
MiRNAs are small non-coding RNAs 
with about 22 nucleotides that 
regulate the expression of specific 
RNA targets. It was found that miRNAs 
are very stable in many body fluids 
and are therefore detectable in blood, 
cerebrospinal fluid, urine and even 
tears. Moreover it has been shown 
that circulating miRNA profiling can 
uncover disease and even disease-
stage specific miRNAs in circulation. 
This feature makes them excellent 
biomarker candidates. 
 In this thesis research I 
addressed two major aims: (1) The 
identification of functional SNPs and 
genes in the loci exposed by the 
CeD Immunochip study, and (2) to 
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investigate whether circulating miRNA 
are biomarkers for CeD.
 In Chapter 1 I provide an 
overview of the genetic factors 
identified by pre-GWAS and GWAS 
studies that that were associated 
with CeD. Moreover, I discuss the 
CeD-associated genes and pathways 
that are shared with other immune-
mediated diseases.
 In Chapter 2 it is shown that 
by applying an integrative functional 
genomics and pathway analysis 
approach using novel and publicly 
available data we can prioritize 
functional SNPs, genes and pathways 
that contribute to CeD. One of the 
findings was that 4 poorly described 
genes might play a role in intestinal 
barrier function, a process which 
is known to be disturbed in CeD.  In 
addition, we describe a transcriptional 
connection between Interferon-‐ with 
CeD susceptibility genes, which sheds 
light on how IFN-‐ is dysregulated in 
CeD, although the IFNG locus is not 
directly affected by CeD-associated 
SNPs.
 The strongest associated 
non-HLA locus in CeD is the LPP 
locus. In Chapter 3 I present a fine-
mapping approach that reduced 
the size of the association region. 
By applying haplotype analysis and 
integrating functional genomics 
approaches on publicly available data, 
we were able to refine this from a 70 
kb region to a region of only 2.8 kb. 
SNP prioritization using ENCODE data 
suggest that rs4686484 is potentially 
the functional SNP in this region.

 Recent meta-analyses in 
other diseases identified SNPs in the 
LPP region to have an expression 
quantitative trait locus (eQTL) effect 
on BCL6 which is located 658.7 kb 
away from the LPP gene well outside 
the actual LPP locus. In Chapter 4 I 
explored the possibility that SNPs in 
the LPP locus associated with CeD 
affect gene expression of genes other 
than LPP using RNA-seq data. This 
approach allowed us to reveal an eQTL 
effect of one of the SNPs in the locus 
on the long non-coding RNA (lncRNA) 
LPP-AS1. This is the first time that a 
lncRNA has been implicated in CeD. 
Cell type specific expression analysis 
and pathway enrichment analysis 
suggested a role for this lncRNA in 
ubiquitination. Functional studies are 
needed to fully proof that LPP-AS1 is 
one of the disease-causing genes.
 In Chapter 5 I provide an 
overview on what is known about 
how genetic variation might impact 
regulatory non-coding RNAs, focusing 
on lncRNAs and miRNAs.
 In Chapter 6 I used next 
generation sequencing (NGS) to 
profile circulating miRNAs in serum 
of CeD patients that were enrolled in 
the PreventCD cohort. The PreventCD 
project, is a prospective study in 
which samples were collected at fixed 
time points after birth of individuals at 
high risk for CeD. We found a panel 
of 45 miRNAs that are differentially 
expressed at time of CeD diagnosis 
when compared to 3 months after 
birth. A subset of these are already 
changing before diagnosis and some 
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appear to normalize upon the start 
of a gluten-free diet. These miRNAs 
provide a catalogue of potential 
biomarker candidates for CeD.
 In Chapter 7 I describe two 
miRNA profiles in samples obtained 
from blood and small intestinal 
biopsies from another cohort of 
pediatric CeD patients and control 
individuals. This analysis exposed 
a panel of 49 circulating miRNAs in 
plasma and 109 miRNAs in biopsies 
that were differentially expressed 
when comparing CeD patients 
with the controls. Furthermore, we 
have identified miRNAs which are 
differentially expressed in the small 
intestines of CeD patients which could 
be involved in the pathogenesis of 
CeD. 
 In Chapter 8 I place the results 
of the work presented in this thesis in 
the context of current knowledge and 
point out the challenges arising in the 
genomics field, where the availability 
is growing exponentially.

The main conclusions of this thesis 
are:

• Different layers of publicly 
available functional genomics 
data can be used to prioritize 
SNPs, genes and pathways in 
CeD;

• CeD-associated SNPs are mostly 
located within genomic regions 
with regulatory function;

• Haplotype analysis in stratified 
populations is a powerful method 

to fine map disease associated 
regions;

• CeD associated SNPs can affect 
the expression of lncRNAs;

• Circulating miRNAs are potential 
biomarkers candidates to detect 
CeD and adherence to gluten-free 
diet;

• Even in complex cell mixtures 
such as biopsies CeD specific 
miRNA can be detected. Some of 
these might be involved in CeD 
pathogenesis.
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Samenvatting
Ons lichaam bestaat uit een biljard 
(1.000.000.000.000.000) individuele 
cellen. Het is de verzameling van al 
ons genetisch materiaal, het genoom, 
dat niet alleen de kleur van onze 
ogen bepaalt en hoe lang we zullen 
worden, maar ook hoe vatbaar men 
is voor het ontwikkelen van bepaalde 
aandoeningen. Het genoom bestaat 
uit de stof desoxyribonucle‐nezuur 
(DNA). DNA is opgebouwd uit vier 
verschillende bouwstenen die 
nucleotiden genoemd worden: 
Adenine (A), Thymine (T), Guanine (G) 
en Cytosine (C). Hoe het DNA zijn werk 
doet is afhankelijk van de volgorde, de 
sequentie, van deze vier verschillende 
nucleotiden. In onze cellen is het 
DNA opgeslagen in 23 verschillende 
eenheden, de chromosomen, die in 
totaal zijn opgebouwd uit 3,3 miljard 
(3.300.000.000) nucleotiden.
 Sinds de nucleotide volgorde 
van het menselijke genoom voor 
het eerst is gepubliceerd in 2001, 
zijn er technieken ontwikkeld om 
deze volgorde, de sequentie, steeds 
preciezer en sneller te bepalen. Het 
gevolg van deze ontwikkelingen was 
dat er steeds meer onderzoek gedaan 
kon worden naar het menselijk 
genoom. Deze onderzoeken leverden 
zeer belangrijke informatie op. Zo werd 
bekend dat niet verwante individuen 
maar 0,1% van elkaar verschillen 
op DNA niveau. Dit betekent dat het 
verschil tussen u en uw buurman/
buurvrouw ‘maar’ ongeveer 3,3 
miljoen nucleotiden is. Door van 

honderdduizenden mensen de 
sequentie van hun genoom te bepalen, 
konden de nucleotide verschillen 
nauwkeurig worden bepaald. Deze 
specifieke inter-persoon “variabele” 
nucleotiden worden ook wel “single 
nucleotide polymorphisms” (SNPs) 
genoemd. De sequencing studies 
hebben verrassenderwijs ook laten 
zien dat SNPs die dicht bij elkaar liggen 
vaak een sterke onderlinge correlatie 
hebben en zo blokken van SNPs 
vormen, de zogenaamde “haplotype-
blocks”. Als je weet welk haplotype 
een individu draagt, kun je met grote 
zekerheid zeggen dat deze persoon 
alle SNPs in dit haplotype-block met 
zich mee draagt. Dit betekent dat om 
het genoom goed in kaart te brengen 
men niet alle 3,3 miljoen SNPs hoeft 
te bepalen, maar dat men gebruik 
kan maken van indicator SNPs die 
representatief zijn voor een haplotype 
block (ongeveer 500.000). Dit nieuwe 
inzicht heeft in 2007 tot een revolutie 
in de genetica geleid. Voor het eerst 
kon het hele humane genoom in kaart 
worden gebracht tegen een relatief 
lage prijs. Dit leidde tot de opkomst 
van de “genome-wide association 
studies” (GWAS), waarin er gezocht 
kon worden naar een relatie tussen de 
aanwezigheid van SNPs en fenotypes. 
Tot op heden zijn er meer dan 400 
verschillende fenotypes met behulp 
van GWAS onderzocht, vari‐rend van 
het drinken van koffie en lengte, tot 
schizofrenie en auto-immuun ziektes.
 In GWAS worden met behulp 
van ~500.000 SNPs alle “haplotype 
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blocks” in kaart gebracht (en daarmee 
dus het hele genoom). Vervolgens 
wordt de frequentie van elke 
individuele SNP in de controlegroep 
van gezonde individuen vergeleken 
met de frequentie van dezelfde SNP 
in de “testgroep” (bijvoorbeeld een 
cohort mensen met een bepaalde 
aandoening). Tot nu toe zijn er twee 
succesvolle GWAS gedaan met 
pati‐nten met de ziekte coeliakie 
(CeD), die nieuwe inzichten gaven in 
de biologische processen die een rol 
spelen in deze aandoening.
 CeD is de meest 
voorkomende voedselintolerantie 
en komt bij ongeveer 1% van de 
westerse populatie voor. Mensen met 
CeD zijn intolerant voor een bepaalde 
set eiwitten, de gluten, die voorkomt 
in verschillende graansoorten die 
de basis vormen van het normale 
westerse dieet. CeD pati‐nten kunnen 
geen voedingswaren eten die gluten 
bevatten, en zelfs geen etenswaren 
die gecontamineerd zijn met gluten, 
waaronder bijvoorbeeld brood, 
koekjes, bier en pasta.
 Twee genen die sterk 
geassocieerd zijn met CeD coderen 
voor eiwitten van het humane 
“major histocompatibility complex” 
(MHC): HLA-DQ2 en HLA-DQ8. Het 
hebben van het HLA-DQ2 genotype 
is verantwoordelijk voor 35% van 
de overerfbaarbaarheid van CeD. 
Echter gezien 25% van de algemene 
populatie drager is van HLA-DQ2, 
terwijl maar 1% CeD ontwikkelt, 
betekent dit dat HLA-DQ2 niet 
voldoende voor het ontwikkelen van 

CeD.
 Met behulp van GWAS 
zijn naast HLA nog 26 andere 
genetische factoren gevonden die 
belangrijk zijn voor het ontwikkelen 
van CeD. Daarnaast is de 
Immunochip beschikbaar gekomen. 
De Immunochip is een speciaal 
genotyperings-platform dat specifiek 
is ontwikkeld om autoimmuun-
gerelateerde SNPs op te sporen. Met 
behulp van de Immunochip heeft 
onze onderzoeksgroep niet alleen 
de 26 niet-HLA loci verder weten 
te specificeren, maar zijn er ook 
nog 13 extra loci opgespoord die 
geassocieerd zijn met CeD. In totaal 
zijn er nu dus 40 genetische CeD loci 
bekend (HLA locus plus 39 niet-HLA 
loci).
 Toen ik in 2010 begon 
met mijn PhD onderzoek, stond de 
immuno-genetica voor een grote 
uitdaging. De regio’s op het genoom 
die door GWAS ge‐dentificeerd werden 
als geassocieerd met de ziekte zijn 
namelijk vaak groot en konden soms 
tientallen SNPs en meerdere genen 
omvatten. Het was dus erg moeilijk 
om de causale SNPs en genen te 
prioritiseren. Er moesten eerst nieuwe 
technieken worden ontwikkeld die dit 
wel konden doen. Wat ook duidelijk 
werd is dat verreweg de meeste SNPs 
(>90%) die zijn geassocieerd met 
CeD, niet in eiwit coderende delen van 
het genoom lagen. Soms lagen er zelfs 
helemaal geen eiwit-coderende genen 
in het betreffende locus en daarom 
werden deze loci “gene deserts” 
genoemd. In de loop van mijn PhD, 
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in 2012, was er nog een belangrijke 
nieuwe ontwikkeling in de genetica 
namelijk het bekend worden van de 
resultaten van het “Encyclopedia of 
DNA Elements” (ENCODE) project. 
Het doel van dit project was om alle 
functionele elementen in het genoom 
te beschrijven en deze analyses 
hebben niet alleen tienduizenden 
nieuwe transcripten opgeleverd, maar 
ook honderdduizenden regio’s die 
genexpressie reguleren.
 Het is lastig om op een 
gemakkelijke manier de diagnose 
CeD te stellen en het is geschat dat 
slechts een van de acht CeD pati‐nten 
juist gediagnostiseerd is. Ik heb me 
tijdens mijn PhD ook met dit probleem 
bezig gehouden. De definitieve 
CeD diagnose kan alleen worden 
gesteld door biopten te nemen 
van de dunne darm, een invasieve 
en belastende methode. In 2011 
kwamen er aanwijzingen voor nieuwe 
veelbelovende biomarker kandidaten 
in de vorm van circulerende micro-
RNAs (miRNAs). Dit zijn kleine stukjes 
RNA (ongeveer 22 nucleotiden lang), 
die niet voor eiwitten coderen maar die 
kunnen zorgen voor de verlaging van 
specifieke messenger RNAs (mRNAs). 
Onderzoek liet zien dat miRNAs 
uitzonderlijk stabiel zijn en voorkomen 
in onder andere bloed, liquor,, urine en 
zelfs in traanvocht. In het profiel van 
circulerende miRNAs in andere ziektes 
zijn miRNAs gevonden die specifiek 
bleken te zijn voor bepaalde ziektes en 
deels zelfs ziektestadium-specifiek. 
Deze eigenschappen maken miRNAs 
uitstekende kandidaten om als 

biomarkers te dienen.
 Het onderzoek gebundeld in 
dit proefschrift had twee hoofddoelen: 
(1) om de functionele SNPs en 
genen te prioritiseren die in de CeD 
loci gelegen zijn, zoals die door 
de CeD Immunochip studie waren 
ge‐dentificeerd, en (2) om te bepalen 
of circulerende miRNAs goede 
biomarkers zijn voor coeliakie.

Opbouw van het proefschrift
In hoofdstuk 1 geef ik een overzicht 
van de genetische factoren die zowel 
voor en tijdens het GWAS tijdperk zijn 
ge‐dentificeerd. Daarnaast bespreek 
ik hier de CeD-geassocieerde genen 
en onderliggende mechanismen die 
worden gedeeld met andere immuun-
gemedieerde aandoeningen. 
 In hoofstuk 2 laten we zien 
dat de functionele SNPs, genen en 
onderliggende mechanismen die 
bijdragen aan het ontstaan van CeD, 
gevonden kunnen worden door middel 
van een integratieve “functional 
genomics” en “pathway analysis” 
aanpak. Hiervoor zijn zowel nieuwe als 
publiekelijk beschikbare data gebruikt. 
Een van onze bevindingen was dat 
vier slecht beschreven genen een rol 
zouden kunnen spelen in de functie 
van de intestinale barri‐re waarvan 
al eerder was aangetoond dat deze 
verstoord is in CeD. Ook beschrijven 
we de relatie tussen SNPs in CeD 
kandidaatsgenen en de verhoogde 
expressie van Interferon-‐. Dit heeft 
inzicht gegeven in hoe IFN-‐ verstoord 
kan zijn in CeD, zonder dat er zich een 
SNP in het IFNG locus bevindt.
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Van alle niet-HLA CeD geassocieerde 
loci, is de relatie van het LPP locus 
met CeD het sterkst. In hoofdstuk 
3 presenteer ik een “fine-mapping” 
methode, waarmee het mogelijk bleek 
om de grootte van de geassocieerde 
regio te verkleinen. Door haplotype 
analyse en ge‐ntegreerde “functional 
genomics” methode werd het gebied 
van 70 kb naar 2,8 kb gereduceerd. 
Door ENCODE data te gebruiken, 
kon ik de SNPs in LPP sorteren op 
waarschijnlijkheid van causaliteit. Uit 
deze analyses kwam naar voren dat 
rs4686484 een zeer goede kandidaat 
is voor de causale SNP in het LPP 
locus.
 Uit recente meta-analyses 
in andere ziektes kwam dat SNPs 
in de LPP regio een “expression 
quantative trait locus” (eQTL) effect 
hebben op het BCL6 gen. Dit gen 
ligt 658,7 kb van het LPP gen af, ver 
buiten het eigenlijke LPP locus. In 
hoofdstuk 4 heb ik gekeken naar het 
effect van SNPs in het LPP locus op 
de expressie van andere genen, met 
behulp van RNA-sequencing data. 
Hierbij vonden we een eQTL effect 
van een van deze SNPs op LPP-AS1, 
een zogenaamd “long non-coding 
RNA” (lncRNA). Dit is de eerste keer 
dat een lncRNA ge‐mpliceerd werd in 
CeD. Co-expressie analyse liet zien 
dat dit lncRNA een rol zou kunnen 
spelen in ubiquitinering. Verdere 
functionele studies zijn nu nodig om 
te bewijzen dat LPP-AS1 een van de 
causale genen is in CeD.
 In hoofdstuk 5 geven we een 
overzicht van wat er bekend is over 

de invloed van genetische variatie op 
regulerende niet-coderende RNAs, 
met als focus lncRNAs en miRNAs.
 In hoofdstuk 6 heb ik “next 
generation sequencing” gebruikt voor 
het bepalen van miRNA profielen 
in serum van CeD pati‐nten uit het 
PreventCD cohort. PreventCD is 
een prospectieve studie waarbij van 
kinderen met een hoog (familiair) 
risico op CeD direct na de geboorte 
samples genomen zijn op vaste 
tijdspunten tot op het moment dat 
sommige van deze kinderen inderdaad 
CeD ontwikkelden. We vonden 45 
miRNAs die differentieel tot expressie 
kwamen op het moment van diagnose 
ten opzichte van de profielen in de 
samples die 3 maanden na de geboorte 
zijn genomen. Ook vonden we dat 
een aantal miRNAs al veranderden 
voordat de diagnose gesteld werd, 
en dat sommige van deze miRNAs 
weer lijken te normaliseren na de 
start van een glutenvrij dieet. Deze 
miRNAs kunnen worden toegevoegd 
aan de lijst van potenti‐le biomarker 
kandidaten voor CeD.
In hoofdstuk 7 beschrijf ik miRNA 
profielen in het bloed en in dunne 
darm biopten die afkomstig zijn van 
een ander cohort van pediatrische 
CeD pati‐nten en controle individuen. 
Deze analyse liet een panel zien 
van 49 circulerende miRNAs en 109 
miRNAs in biopten die differentieel tot 
expressie kwamen in CeD pati‐nten 
in vergelijking met controles. Onder 
de in de dunne darm tot expressie 
komende miRNAs kunnen miRNAs zijn 
die betrokken zijn bij de pathogenese 
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van CeD.
 In hoofdstuk 8 plaats ik 
de resultaten van het onderzoek, 
gepresenteerd in dit proefschrift, in de 
context van de actuele kennis. Ook 
belicht ik de uitdagingen waarvoor 
de wereld van de huidige genetica 
op dit moment staat, waarin de 
hoeveelheid beschikbare genetische 
data exponentieel aan het groeien is.

De zes hoofdconclusies van dit 
proefschrift zijn:

• Verschillende lagen van 
publiekelijk beschikbare 
gegevens (“functional genetics 
data”), kunnen worden gebruikt 
om causale SNPs, genen en 
signaleringsroute’s te identificeren 
in CeD gassocieerde loci.

• CeD SNPs liggen meestal in 
regio’s van het genoom die een 
regulerend effect op genexpressie 
hebben.

• Haplotype analyse in specifieke 
bevolkingsgroepen is een 
krachtige methode om ziekte-
geassocieerde loci te verkleinen.

• CeD-geassocieerde SNPs 
kunnen de expressie van lncRNAs 
be‐nvloeden.

• Circulerende miRNAs zijn potenti‐le 
kandidaten voor biomarkers die 
kunnen worden gebruikt in CeD 
diagnose of in het monitoren hoe 
goed pati‐nten zich houden aan 
het glutenvrije dieet.

• Zelfs in weefsels met een rijk 
scala aan verschillende cellen, 
zoals intestinale biopten, kunnen 

CeD-specieke miRNAs worden 
gedetecteerd. Sommige van deze 
miRNAs zouden een rol kunnen 
spelen in de pathogenese van 
CeD.
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Resumo
Nosso corpo é constituído de 
aproximadamente 1 quadrilhão 
(1.000.000.000.000.000) de células 
individuais.  O material genético - 
nosso genoma - no núcleo de cada 
uma dessas células que determina 
não só as características como a 
cor ou o tamanho de nossos olhos, 
mas que também abrange a nossa 
susceptibilidade individual para 
desenvolver determinada doença. 
Nosso genoma consiste de ácido 
desoxirribonucléico (DNA). A função 
do DNA é baseada na ordem - a 
sequência - de apenas quatro blocos 
chamados nucleotídeos. O nome 
completo desses nucleotídeos é 
adenina, timina, citosina e guanina, os 
quais são sempre abreviados como 
A, T, C e G, respectivamente. O DNA 
humano é organizado dentro de 23 
unidades chamadas cromossomos 
que juntas formam 3.3 bilhões 
(3.300.000.000) de nucleotídeos.
 Desde de a total determinação 
da sequência do DNA humano em 
2001, novas tecnologias vem sendo 
desenvolvidas que permitem uma 
rápida averiguação da sequência 
de um nucleotídeo individualmente. 
Uma das maiores descobertas 
desses tipos de estudos foi que 
o DNA humano difere em apenas 
0.1% entre indivíduos diferentes (não 
aparentados). Isso significa que cada 
indivíduo difere do seu vizinho, por 
exemplo, em 3 milhões de posições 
de nucleotídeos. A sequência do 
DNA de centenas de milhares 

de indivíduos tem possibilitado 
o mapeamento de variantes de 
nucleotídeos (também chamados 
polimorfismos de nucleotídeo único 
(SNPs - do inglês single nucleotide 
polymorphisms) através do genoma 
humano. Surpreendentemente, este 
tipo de mapeamento também mostrou 
que SNPs próximos uns dos outros 
tem uma correlação muito forte entre 
eles levando o genoma a possuir 
uma estrutura de blocos chamada 
de haplótipos. Consequentemente, 
não são necessários os 3 milhões 
de diferentes SNPs para localizar 
fatores genéticos associados a 
características e doenças, mas cerca 
de 500.000 SNPs que identificam 
os blocos de haplótipos diferentes 
já são suficientes. Em 2007, esta 
nova perspectiva de uma forma mais 
simplificada do mapa da variação 
do genoma humano levou a uma 
revolução no campo da genética, 
pois  pela primeira vez permitiu 
pesquisadores realizarem estudos 
genéticos de associação por todo 
o genoma humano em milhares de 
indivíduos a relativamente baixo 
custo. Estes estudos são chamados 
de estudos genômicos de associação 
(GWAS- do inglês genome-wide 
association studies). Até o momento, 
esse tipo de estudo tem revelado 
os fundamentos genéticos de mais 
de 400 diferentes doenças e traços 
genéticos, variando desde consumo 
de café e altura até esquizofrenia e 
doenças autoimunes.
 GWAS são estudos do tipo 
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caso-controle, nos quais a frequência 
de um conjunto de 500.000 SNPs 
em todo o genoma são comparados 
entre milhares de amostras controles 
e milhares de indivíduos carregando 
uma característica em particular ou 
doença. Até o presente momento, 
dois GWAS bem sucedidos 
foram realizados em coortes de 
pacientes com doença celíaca (DC), 
estes estudos forneceram novas 
percepções em vias biológicas da 
doença.
 DC é a intolerância 
alimentar que apresenta a maior 
prevalência conhecida atualmente, 
afetando cerca de 1% da população 
Ocidental. Indivíduos geneticamente 
predispostos para DC desenvolvem 
uma intolerância aos peptídeos 
do glúten derivados de proteínas 
presentes em altos níveis em grãos 
que estão na base da dieta normal 
Ocidental. Consequentemente, 
pacientes com DC não podem 
comer alimentos preparados (ou 
potencialmente contaminados) 
com glúten, como por exemplo 
pão, biscoitos e macarrão. DC 
está fortemente associada a dois 
genes do complexo principal de 
histocampatibildade (MHC - do inglês 
major histocompatibility complex), 
especificamente as moléculas do 
HLA-DQ2 e HLA-DQ8. Indivíduos 
portadores do genótipo do HLA-DQ2 
apresentam cerca de 35% do risco 
genético de desenvolver a DC. No 
entanto, aproximadamente 25% da 
população geral carrega o genótipo 

HLA associado a DC, então somente 
o HLA não é suficiente para um 
indivíduo desenvolver DC. 
 GWAS na DC identificaram 
26 outros fatores genéticos além 
do HLA, os quais também são 
importantes para o desenvolvimento 
da doença. Uma plataforma 
de genotipagem customizada 
(Immunochip) foi desenvolvida 
para refinar o mapeamento de loci 
associados a doenças autoimunes, 
porém o uso dessa plataforma 
também permitiu que o nosso grupo 
de pesquisa identificasse 13 loci 
não pertencentes ao sistema HLA 
associados a DC, fazendo com que 
o número total de loci genéticos 
conhecidos aumentasse para 40 
(locus HLA e mais 39 loci não 
pertencentes ao HLA).
 Quando eu iniciei meu 
doutorado em 2010, estudos 
genéticos em doenças autoimunes 
estavam enfrentando um grande 
obstáculo: as regiões genômicas 
descobertas pelos GWAS que 
foram associadas a doenças 
geralmente são bastante grandes e 
em consequência disso, foi preciso 
devesenvolver novas abordagens 
afim de que em estudos futuros 
pesquisadores fossem capazes de 
priorizar SNPs e genes com maior 
probabilidade de serem os causais 
nesses loci associados. Outro 
assunto que emergiu em seguida, 
foi que em muitos loci, os SNPs que 
estavam mais fortemente associados 
com a doença se encontravam 
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mapeados em regiões não 
codificantes de proteína. Em alguns 
casos, não existia absolutamente 
nenhum gene que codificava proteína 
localizado no locus e estes loci foram 
descritos como “desertos de genes”. 
Um dos principais desenvolvimentos 
durante o curso de meus estudos foi 
a realização do projeto Enciclopédia 
de Elementos do DNA (ENCODE 
- do inglês Encyclopedia of DNA 
Elements) em 2012. O objetivo dessa 
enciclopédia foi desecrever e mapear 
o “genoma funcional”: isto não apenas 
revelou milhares de novos transcritos, 
como também mapeou centenas de 
milhares de regiões reguladoras que 
controlam a expressão gênica.
 Um dos problemas clínicos 
da DC que eu abordei durante meus 
estudos foi o desafio em diagnosticar 
a DC facilmente e com acurácia. 
Atualmente, um diagnóstico definitivo 
é realizado por um procedimento 
invasivo para obter uma biópsia 
intestinal. Tem sido estimado que 
apenas um em cada oito pacientes 
com DC 
é corretamente diagnosticado. Em 
2011, uma nova classe de RNAs 
não codificantes emergiu como 
candidatos promissores para 
biomarcadores, até então sendo  
chamados de micro-RNAs (miRNA) 
circulantes. MiRNAs são pequenos 
RNAs não codificantes de cerca 
de 22 nucleotídeos que regulam a 
expressão de específicos mRNAs 
alvos. Foi encontrado que miRNAs 
são extraordináriamente estáveis 
em diferentes fluídos do corpo e 

que eles podem ser detectados em 
sangue, líquido cefalorraquidiano, 
urina e até mesmo em lágrimas. 
Além disso, tem sido mostrado que 
o perfil de miRNAs circulantes pode 
revelar alguns desses miRNAs 
que são específico para doenças e 
ainda específicos para estágios da 
doença. Essas características fazem 
dos miRNAs circulantes execelentes 
candidatos para serem usados como 
biomarcadores.
 Na pesquisa descrita nesta 
tese eu abordei dois objetivos 
principais: (1) identificar SNPs e 
genes funcionais nos loci descobertos 
pelo estudo do Immunochip em 
DC, e (2) determinar se miRNAs 
circulantes podem atuar como bons 
biomarcadores para doença celíaca.

Esboço da tese
 Eu forneci uma visão geral 
de fatores genéticos identificados por 
estudos pre-GWAS e por GWAS que 
foram associados a DC no Capítulo 1. 
Posteriormente, eu discuto os genes 
associados a DC, assim como vias 
biológicas que são compartilhadas 
com outras doença autoimunes.
 No Capítulo 2, nós 
mostramos que aplicando uma 
abordagem integrativa de genômica 
funcional e análises de vias biológicas, 
usando novos dados disponíveis 
para o público, nós podemos priorizar 
SNPs funcionais, genes e vias que 
contribuem para DC. Um de nossos 
achados foi que quatro genes que 
estavam pobremente descritos 
anteriormente, podem ter um papel 
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na função da barreira intestinal, 
um processo que é conhecido 
por estar alterado em DC. Nós 
também descrevemos uma conexão 
transcricional entre Interferon-γ (IFN- 
γ) e genes de suscetibilidade a DC, 
o que esclarece  como IFN-γ está 
desregulado na DC, embora o locus 
IFNG não está diretamente afetado 
pelos SNPs associados a DC.
 O locus fora do HLA mais 
associado a DC é o LPP locus. 
No Capítulo 3, eu apresentei uma 
abordagem de mapeamento fino 
que reduziou o tamanho da região 
associada. Aplicando análises de 
haplótipos e métodos de integração 
de genômica funcional em dados 
disponíveis para o público, nós fomos 
capazes de reduzir esta região de 70 
kb para apenas 2,8 kb. A priorização 
de SNPs usando dados do ENCODE 
sugeriu que o SNP rs4686484 poderia 
ser o SNP funcional nessa região.
 Recente estudos de 
meta-análises em outras doenças 
identificaram SNPs na região do 
LPP apresentando um efeito na 
expressão gênica (eQTL, do inglês 
expression quantitative trait locus) 
no gene BCL6, o qual está localizado 
658,7 kb distante do gene LPP e fora 
do vigente locus LPP. No Capítulo 
4, usando dados de RNA-seq eu 
explorei a possibilidade de que SNPs 
no locus LPP poderiam estar afetando 
a expressão de outros genes. Esta 
abordagem nos permitiu determinar 
um efeito eQTL de um desses SNPs 
no locus LPP em um RNA longo não 

codificante (lncRNA, do inglês long-
non-coding RNA) LPP-AS1. Esta 
é a primeira vez que um lncRNA 
foi implicado na DC. Análises de 
expressão específica para o tipo de 
célula, e análises de enriquecimento 
de vias sugeriram que este lncRNA 
tem um papel em ubiquitinação. 
Estudos funcionais são necessários 
no momento para provar que o LPP-
AS1 é um dos genes causais da DC.
 No Capítulo 5, eu forneço 
uma revisão sobre como variações 
genéticas podem ter um impacto 
regulatório em RNAs não-codificantes, 
com um foco principalmente em 
lncRNAs e miRNAs.
 No Capítulo 6, eu usei o 
sequenciamento de nova geração 
(NGS, do inglês next generation 
sequencing) para realizar um perfil 
de miRNAs circulantes em soros 
de pacientes com DC que estavam 
participando da coorte do projeto 
PreventCD. O PreventCD é um 
estudo prospectivo em que amostras 
foram coletadas em séries de tempos 
fixos depois do nascimento da criança 
sabendo que apresentava alto risco 
(familiar) de desenvolver a DC. Nós 
encontramos um painel de 45 miRNAs 
diferencialmente expressos na hora 
do diagnóstico da DC comparando 
com o perfil de expressão visto em 
crianças com 3 meses de idade. 
Nós também encontramos um grupo 
desses miRNAs que já estão alterados 
antes da doença ser diagnósticada, 
enquanto alguns miRNAs aparecem 
normais no início de uma dieta livre de 
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glúten. Estes miRNAs fornecem um 
catálogo de candidatos promissores 
a biomarcadores para a DC.
 No Capítulo 7, eu descrevo 
dois perfis de miRNAs em amostras 
de sangue e de biópsias do intestino 
delgado obtidas de outra coorte 
pediátrica de pacientes com DC e 
indivíduos controles. Esta análise 
revelou um painel de 49 miRNAs 
circulantes em plasma e 109 
miRNAs em biópsias que estavam 
diferentemente expressos em 
pacientes com DC comparados a 
controles. Nós também identificamos 
miRNAs que estão diferencialmente 
expressos no intestino delgado de 
pacientes com DC que podem estar 
envolvidos na patogênese da DC.
 No Capítulo 8, eu apresento 
os resultados de pesquisa desta 
presente tese no contexto do 
conhecimento atual e ainda aponto 
os desafios emergentes no campo 
da genômica, onde a disponibilidade 
de dados está crescendo 
exponencialmente.

As seis principais conclusões desta 
tese são:

• Diferentes camadas de dados de 
genômica funcional disponíveis 
podem ser usadas para priorizar 
SNPs, genes e vias na DC.

• SNPs associados a DC em sua 
maioria estão localizados em 
regiões que tem uma função 
reguladora.

• Análise de haplótipos em 

populações estratificadas é 
um método poderoso para 
mapeamento fino de regiões 
associadas a doenças.

• SNPs associados a DC podem 
afetar a expressão de lncRNAs.

• miRNAs circulantes são 
potencialmente candidatos a 
biomarcadores para detectar a 
DC e como o paciente adere a 
dieta livre de glúten.

• Até mesmo em complexos de 
misturas de células como biópsias 
intestinais, miRNAs específicos 
para DC podem ser detectados. 
Alguns destes miRNAs podem 
estar envolvidos na patogênesis 
da doença.
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Looking back on these four years, 
I realized how important it was 

to leave Brazil and go abroad and 
do my PhD. Besides the science 
part, going abroad was a whole life 
changing experience for me. I was 
really lucky to have so many good 
people around me in Groningen. The 
work environment was amazing, full of 
discussion and friendly collaboration 
and support from different colleagues 
with different backgrounds. This 
definitely made a big difference in my 
PhD journey. I can say that I was in the 
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