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13PREFACE & OUTLINE OF THE THESIS 

THE HISTORY OF NON-CODING 
DISCOVERIES

The central dogma of molecular biology 
(Figure 1) as proposed by Crick himself [1, 2] 
describes the concept that genetic information 
encoded by deoxyribonucleic acid (DNA) is 
transcribed into ribonucleic acid (RNA) which 
is subsequently translated into proteins. For 
decades this hypothesis has led the majority 
of researchers to focus on the question of how 
genetic alterations affect protein structure and 
function in health and disease.

This hypothesis states that genetic informa-
tion is translated from nucleic acid to protein 
(and not the other way around). The double 
stranded deoxyribonucleic acid (DNA) can be 
copied to the single stranded ribonucleic acid 
(RNA) during transcription and translated to 
the amino-acid sequence of protein (transla-
tion). This means that DNA makes RNA, and 
RNA makes proteins. DNA, RNA and protein 
represent the three major macromolecules es-
sential for all known forms of life.

In 1970 Dr. Susumu Ohno labeled the 
genomic DNA without known function as 

“garbage DNA”. This term was later modified 
into the more euphemistic “junk DNA” [3], 
which was widely used in the scientific com-
munity for almost the next half century to 

describe functionally unimportant genomic 
DNA that is not coding an amino acid se-
quence of proteins (not present in exons of 
protein-coding genes). At the beginning of 
the 21st century, researchers were still dis-
cussing what this “junk DNA” actually does, 
given that it makes up the majority (approx. 
98%) of the human genome (Figure 2), [4]. 

With the discovery of ribosomes in the 
50’s and of messenger RNA (mRNA) in early 
60’s [5], the DNA-RNA transcription and 
protein translation process was finally un-
derstood. But it was only when the first “non- 
protein-coding” (non-coding) RNAs were dis-
covered that the idea emerged that part of the 
‘junk DNA’ might actually code for relevant 
transcripts that are not translated into protein. 
The first non-coding RNA was an alanine trans-
fer RNA (tRNAAla) discovered in yeast in 1965 
[6] for which Holley, Khorana and Nirenberg 
received the Nobel Prize in Physiology 
and Medicine in 1968 [http://www.nobel-
prize.org/nobel_prizes/medicine/laureates/ 
1968/index.html]. After this discovery many 
other non-coding RNAs were discovered, 
such as long non-coding RNAs (the first be-
ing H19 described in mammalian cells [7])

 

Figure 1: The central dogma of molecular biology. 
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Figure 2: The different fractions of the human genome [4].
LINEs (long interspersed nuclear elements) are autonomous transposable elements, mostly truncated non-
functional insertions with an average size of 900 bp; SINEs (short interspersed nuclear elements) mainly 
include the Alu (Arthrobacter luteus) repeats, which are the most abundant repeats in the human genome 
and occur, on average, every 3 kb; LTR (retrovirus like) transposons are long terminal repeats containing 
all essential genes theoretically capable of transposition; DNA transposons are terminal inverted longer 
active repeats; segmental duplications are segments of DNA with “near-identical” sequence and involve 
transfer of up to 200-kb blocks of genomic sequence to one or more locations in the genome; simple 
sequence repeats (microsatellites, short tandem repeats) are tandem repeats of a 2-5bp of DNA.

With the discovery of ribosomes in the 50’s and of messenger RNA (mRNA) in early 

60’s [5], the DNA-RNA transcription and protein translation process was finally understood. 

But it was only when the first “non-protein-coding” (non-coding) RNAs were discovered that 

the idea emerged that part of the ‘junk DNA’ might actually code for relevant transcripts 

that are not translated into protein. The first non-coding RNA was an alanine transfer RNA 

(tRNAAla) discovered in yeast in 1965 [6] for which Holley, Khorana and Nirenberg received 

the Nobel Prize in Physiology and Medicine in 1968 [http://www.nobelprize.org/nobel_prize 

s/medicine/laureates/1968/index.html]. After this discovery many other non-coding RNAs 

were discovered, such as long non-coding RNAs (the first being H19 described in mammalian 

cells [7]) and micro-RNAs (the first being lin-4 in C. elegans [8], second LET-7 [9]). 

 

 
Figure 3: Timeline of the key discoveries in the non-coding world 

 

 

 Multiple other non-coding RNAs (ncRNAs) were discovered subsequently, but the 

extent of the non-coding-DNA-world really became clear in 2007, when the results of the 

Encyclopedia of DNA Elements (ENCODE) pilot project were released [10]. The pilot-studies 

pointed at a yet-undiscovered complexity of gene transcription and regulation. One of the 

Figure 3: Timeline of the key discoveries in the non-coding world
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and micro-RNAs (the first being lin-4 in C. 
elegans [8], second LET-7 [9]).

Multiple other non-coding RNAs (ncRNAs) 
were discovered subsequently, but the extent 
of the non-coding-DNA-world really be-
came clear in 2007, when the results of the 
Encyclopedia of DNA Elements (ENCODE) 
pilot project were released [10]. The pi-
lot-studies pointed at a yet-undiscovered com-
plexity of gene transcription and regulation. 
One of the main aims of the ENCODE project 
was to uncover the role of the remaining un-
described component of the human genome. 
The resulting evidence showed that much of 
the human genome is actually transcribed 
(including many non-coding transcripts), 
and the finding that many of these primary 
transcripts may overlap another coding or 
non-coding transcripts was overwhelming, 
taken together with the unexpected numbers 
of non-coding genes [10], (Figure 4).

CAUSAL GENES

The identification of disease associated genes 
using DNA markers took off in the mid-80’s 
and was very successful in the case of mono-
genic Mendelian disorders in which only one 
gene is responsible for a single phenotype 
(the one gene-one phenotype model). Many 

of these genes were discovered by forward 
genetics approaches, for instance based on 
candidate genes and linkage analysis in fami-
lies. Examples of these genes are CFTR (cystic 
fibrosis transmembrane conductance regu-
lator) for cystic fibrosis [11], HTT (hunting-
tin) for Huntington’s disease [12] and BRCA1 
(breast cancer 1, early onset) for breast and 
ovarian cancer [13]. Despite these milestone 
discoveries, scientists were not as successful 
in applying the same method of linkage anal-
ysis to complex polygenic genetic diseases 
where a large number of genes are involved 
and interact with environmental factors.

In general, there are two basic methods 
to detect disease-associated genes, linkage 
studies and association studies. Linkage 
analysis studies the co-segregation of disease 
genes and polymorphic DNA markers locat-
ed near to each other on the same chromo-
some in multi-generation families that must 
include multiple affected individuals within 
the same family to have the power to detect 
the linkage. This family-based approach in-
cludes families in which the disease pheno-
type segregates in a Mendelian fashion and 
was very successful in case of cystic fibrosis 
[11]. Association studies test the correlation 
between genetic variants (e.g. single nucle-
otide polymorphisms (SNPs)) and disease 

main aims of the ENCODE project was to uncover the role of the remaining undescribed 

component of the human genome. The resulting evidence showed that much of the human 

genome is actually transcribed (including many non-coding transcripts), and the finding that 

many of these primary transcripts may overlap another coding or non-coding transcripts 

was overwhelming, taken together with the unexpected numbers of non-coding genes [10], 

(Figure 4). 

 

  

 

 

Ensembl is a joint project between EMBL-EBI 

(European Molecular Biology Laboratory- the 

European Bioinformatics Institute) and the 

Wellcome Trust Sanger Institute to develop  

a software system which produces and maintains 

automatic annotation on selected eukaryotic 

genomes [http://www.ensembl.org/index.html]. 

GRCh37 (Genome Reference Consortium Human 

genome build 37; [http://www.ncbi.nlm.nih.gov 

/projects/genome/assembly/grc/]) is the standard 

reference assembly sequence used by National 

Center for Biotechnology Information (NCBI) 

adopted May 2010.  

Figure 4: The general statistics of the ENCODE project from September 2010 

[http://www.gencodegenes.org/stats/archive.html] showing how the number of non-coding 

RNA genes (lncRNAs, small ncRNAs, pseudogenes; n=30,650) markedly exceeds the number 

of protein-coding genes (n=20,540). 
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phenotype to identify the candidate gene 
or region associated with particular disease. 
The study design used to test for association 
can be i) case-control in which the frequen-
cy of a genetic variant is compared between  
a population of individuals affected with 
a disease (cases) and unaffected individu-
als (controls) or ii) quantitative-trait locus 
(QTL) analysis in which the contributions 
of associated variants/genes/loci manifest 
an additive effect on the continuous distri-
bution of measurable phenotype (like blood 
pressure, height, or skin color). 

Genome-wide association studies (GWAS) 
are usually performed in the case-control 
design and compare a very large number of 
common genetic variants (usually hundreds 
of thousands) present on a DNA array in large 
populations of cases and controls. The GWAS 
platforms contain common “tagging SNPs” 
(minor allele frequency (MAF)>5%) which 
might be highly correlated with the actual 
SNP causing the specific phenotype (disease 
or quantitative trait). The efficient capturing 
of tagging SNPs is possible because of the 
linkage disequilibrium (LD) among neigh-
boring SNPs when the LD structure across 
chromosomes predicts which variants are in-
herited together (Figure 5). 

GWAS are a very powerful tool but, de-
spite the large number of newly discovered 
associations for different phenotypes, they 
have also shown that common variants alone 
can only explain a limited/small proportion 
of the heritable component (heritability) of 
the risk of a particular disease [14]. GWAS 
of celiac disease is an example of a relatively 
successful hunt in which 40 associated loci 
that may explain 53.7% of the disease herita-
bility have been identified [15]. Not all GWAS 
are this successful. For example, height is a 
quantitative trait for which relatively little of 
the phenotypic variance (around 20%) can be 
explained despite the identification of a large 
number of associated loci (n=423) represent-
ing many variants with a small effect size [16]. 

Finding the full repertoire of the genet-
ic variation contributing to complex traits 
in humans is far more complicated than we 
expected years ago and represents an im-
portant challenge in the majority of complex 
disorders including immune-related diseas-
es (such as celiac disease, type 1 diabetes, 
inflammatory bowel disease, or rheumatoid 
arthritis), different types of cancer, asthma 
or cardiovascular disorders. Increasing the 
power of the study by adding additional sam-
ples also increases the efficiency of identifica-
tion of genetic variants with lower frequency 
and/or with smaller effect. Increased power 
can also be achieved by sampling extreme 
phenotypes on both ends of the phenotype 
distribution (Figure 6-A) for example using 
with a two-stage design in which whole-ge-
nome/exome sequencing is performed on 
small number of individuals in stage 1 then 
followed by sequencing of associated vari-
ants in a large cohort in stage 2 [17–20]. To 
take into account the impact of epistasis,  
a more complicated model should be applied 
instead of using the simple additive model. 

To reduce phenotypic heterogeneity, 
which may dilute the association signals,  
a more detailed clinical examination should 
be used, resulting in better grouping of phe-
notype sub-classification and focusing on 
extreme phenotypes following the “the more 
heritable the disease the more severe the 
phenotype” model (Figure 6-B). More pre-
cise phenotype sub-classification to create 
sub-groups of patients with the same trait 
(disease) who also share specific parame-
ters (like levels of specific markers or age 
of onset) creates intermediate phenotypes 
(endophenotypes). The association studies 
performed within these endophenotypes 
may capture more heritable trait variation 
and lead to an increase in the statistical pow-
er of the study. We are using celiac disease,  
a common multifactorial autoimmune dis-
ease trigged by dietary gluten, as an example 
of how to apply this method (Figure 6-C).
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A)       B) 

  
  

 

C) 

 

Figure 5: A) Recombination is a part of the cell division (meiosis) when long homologous 

segments of chromatids are exchanged without losing or gaining sequence. B) 

Recombination breaks up ancestral segments resulting in new variable chromosomes in the 

descendants. Linkage disequilibrium (LD) between SNPs within the same region can break 

down when a small part of conserved segments (recombination) or even one nucleotide 

(allelic conversion) is replaced. SNPs close together might be separated by these events 

resulting in low or no LD. SNPs which are not separated show high LD (≥0.8) and are 

inherited together. C) Short sequence of four copies of the same part of chromosome 

containing six SNPs (upper part) creating haplotypes with three tagging SNPs (green) from 

which three additional SNPs (red) might be indirectly genotyped using its direct genotype 

information (lower part). 

Figure 5: A) Recombination is a part of the cell division (meiosis) when long homologous segments of 
chromatids are exchanged without losing or gaining sequence. B) Recombination breaks up ancestral 
segments resulting in new variable chromosomes in the descendants. Linkage disequilibrium (LD) 
between SNPs within the same region can break down when a small part of conserved segments 
(recombination) or even one nucleotide (allelic conversion) is replaced. SNPs close together might 
be separated by these events resulting in low or no LD. SNPs which are not separated show high LD 
(≥0.8) and are inherited together. C) Short sequence of four copies of the same part of chromosome 
containing six SNPs (upper part) creating haplotypes with three tagging SNPs (green) from which three 
additional SNPs (red) might be indirectly genotyped using its direct genotype information (lower part).
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A) 

 
 

 

B)      C) 

  
 

Figure 6: Sampling individuals with extreme phenotypes can enrich the presence of causal 

variants. A) The phenotype distribution. To increase the power of the study the extreme 

phenotypes (at both ends of the distribution) should be analyzed. Because the frequencies 

of alleles that contribute to the trait are enriched in one or both phenotype extremes, a 

modest sample size can potentially be used to identify novel candidate genes and/or alleles 

[21]. B) How to define extreme phenotype in case of celiac disease. C) Examples of 

phenotype heterogeneity (enterophenotypes) in celiac disease. 

 

Figure 6: Sampling individuals with extreme phenotypes can enrich the presence of causal variants. 
A) The phenotype distribution. To increase the power of the study the extreme phenotypes (at both 
ends of the distribution) should be analyzed. Because the frequencies of alleles that contribute to the 
trait are enriched in one or both phenotype extremes, a modest sample size can potentially be used 
to identify novel candidate genes and/or alleles [21]. B) How to define extreme phenotype in case of 
celiac disease. C) Examples of phenotype heterogeneity (enterophenotypes) in celiac disease.
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OUTLINE AND SCOPE OF THE 
THESIS

This thesis is the result of work performed 
during the years 2010-2014 and is a reflec-
tion of how the field of complex genetics of 
autoimmune and immune-related diseases 
changed over that time. This thesis has two 
aims: i) to identify novel genetic associations 
for celiac disease after a successful GWAS;  
ii) to find the meaning (understand the 
mechanism of action) for the genetic vari-
ants located outside “protein-coding” re-
gions which were associated in GWAS with 
celiac disease and/or other immune-related 
disease phenotypes.

In Chapter 2 I review the status of celiac 
disease in the ‘post-GWAS era’. I summarize 
the discovery of genome-wide significant as-
sociations of celiac disease loci and propose 
the possible next steps to move from the 
GWAS-associated SNPs to pinpointing the 
causal genes and SNPs.

In Chapter 3 I perform a GWAS in an ex- 
treme intermediate phenotype of celiac phe-
notype known as a refractory celiac disease 
type 2 (RCDII) to increase the power of 
study and to reveal additional underlying 
genetic variants in celiac disease.

In Chapter 4 I selected six SNPs that were 
moderately associated with celiac disease 
in previous GWAS [23]. Even though they 
reached the suggestive level of association, 
these loci had not been followed up previously 
because of the absence of a known immune-re-
lated protein-coding gene within the region. 

 The second part of my thesis focuses on 
non-coding RNAs (ncRNAs) and non-cod-
ing variants. After the discovery that the ma-
jority of disease-associated genetic variants 
identified by GWAS are not affecting pro-
tein-coding sequences (exons), but rather 
may have a regulatory function and control 
transcription or translational activity, it be-
came clear that the non-protein coding part 
of the human genome is involved in complex 

diseases as well. Many celiac disease loci har-
bor different types of non-coding RNAs. 

In Chapter 5 we review the two most rel-
evant classes of non-coding RNAs, microR-
NAs and long non-coding RNAs (lncRNAs), 
and discuss how these regulatory RNAs 
might be affected by disease-associated ge-
netic non-coding variants. 

The GWAS performed in celiac disease 
identified 57 independent signals, 54 of which 
are located in non-coding regions [15, 22, 23]. 
Using in silico analysis we discovered that 
14 of our top associated SNPs from GWAS 
are located inside non-coding RNA genes. 
In Chapter 6 I describe the results of deep 
DNA sequencing of four lncRNA candidates 
in a Dutch cohort containing celiac patients 
and healthy controls. This method allows 
us to zoom in into the region of candidate 
lncRNAs in order to potentially find the new 
genetic variants associated with the celiac 
disease phenotype that were not included on 
the GWAS platform, either by themselves or 
through their tag SNPs.

In Chapter 7 I aim to characterize 
lncRNAs and protein-coding genes located 
in loci associated with nine autoimmune 
and immune-related diseases for which 
Immunochip data was available using tran-
scriptome data of 11 distinct immune cell 
types (granulocytes, monocytes, NK cells, 
B-cells, memory-T cells, naive CD4+ and 
naive CD8+ T-cells, and four CD4+ T-helper 
cell populations). This approach helps us 
to prioritize disease-relevant cell types for 
functional follow-up studies.

In the general discussion (Chapter 8), 
I place the projects from this thesis in the 
broader perspective of genetic studies of 
complex diseases; describe major challenges 
and future perspectives for further research 
in the genetics of complex diseases especially 
of celiac diseases.
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ABSTRACT

Genome-wide association studies are providing insight into the genetic basis of 
common complex diseases: more than 1,150 genetic loci (2,165 unique SNPs) 
have recently been associated to 159 complex diseases. The hunt for genes con-
tributing to immune-related diseases has been particularly successful in celiac 
disease, for example, with 27 genome-wide significantly associated loci identi-
fied so far. One of the current challenges is how to move from a genetic asso-
ciation with a disease to finding disease-associated genes and causal variants, 
as a step towards understanding the underlying disease process. About 50% 
of disease-associated SNPs affect the expression of nearby genes (so-called ex-
pression quantitative traits or eQTLs) and these can provide clues for finding 
causal variants. Although eQTLs can be useful, fine-mapping and sequencing 
are required to refine the association signal. Ultimately, sophisticated study 
designs will be needed to find the causal variants involved in complex diseas-
es. In this review we use celiac disease as an example to describe the different 
aspects that need to be considered on the path from genetic association to dis-
ease-causing variants.
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GENERAL INTRODUCTION

Complex or multifactorial diseases, such as 
celiac disease, type 2 diabetes and asthma, 
are determined by the interaction of multiple 
genes with environmental factors. As a con-
sequence, these diseases are fairly common 
and can cluster in families [1, 2], yet they do 
not display a clear-cut pattern of inheritance. 

Each complex disease has a unique ge-
netic architecture which can be defined by 
(1) the number of disease susceptibility loci, 
(2) the distribution of the effect sizes of each 
of the loci, and (3) the interaction between 
loci with environmental factors [3]. Yet the 
similarities in the genetic architecture are 
far stronger than the differences as most dis-
eases are determined by a large number of 
loci with modest effect and only a few genes 
with a stronger effect. The latter are rarer in 
the population and only a few have been 
identified so far. Very few, if any, structural 
variants have been identified. Recent studies 
show there is a high overlap in the disease 
loci for immune-mediated diseases [4]. The 
genetic architecture can be influenced by 
gene and genotype frequencies, population 
history, the distribution of environmental 
factors, and biological features such as age 
and sex. Historically, the architecture of 
complex traits in modern humans probably 
reflects the architecture and evolution of the 
human genome. The oldest human alleles 
originated in Africa and are shared by all 
human populations. Together, these age-old 
alleles account for approximately 90% of the 
genetic variation seen in humans. An expo-
nential population growth, together with the 
independent development of agriculture and 
urbanization in the different regions over the 
past 10,000 years, has possibly resulted in 
the selection of alleles [5] that confer a large 
degree of the present genetic variation. The 
genetic architecture underlying complex 
diseases is expected to follow the same evo-
lutionary path and is likely to include both 

common variants with modest effect sizes 
and rare variants that are presumably more 
population-specific and that exert stronger 
effect sizes. 

Recent technological developments have 
resulted in the identification of hundreds of 
genetic loci that contribute to complex dis-
eases [6]. In particular, the availability of 
genome-wide association studies (GWAS) 
has been a major step forward (see Box 1). 
GWAS provide an unbiased, in vivo human 
association of a gene or genetic pathway in 
the disease pathogenesis: there is no pri-
or biological knowledge required on the 
biochemical or molecular function of dis-
ease genes. GWAS therefore often identify 
genes and pathways that were not previously 
known to play a role in the disease of interest. 
This means we can generate new hypotheses, 
which open up new avenues for investiga-
tion. So far, GWAS have mainly identified 
common genetic variants with rather mod-
est effect sizes (usually with odds ratios (OR) 
<1.5) and, as such, these loci can in general 
only explain a small percentage of the genet-
ic disease risk (usually less than 20%). 

IMMUNE-RELATED DISEASES WITH 
SPECIAL EMPHASIS ON CELIAC 
DISEASE 

Immune-related diseases affect approxi-
mately 3-5% of the population worldwide 
[7]. Celiac disease, an inflammatory disorder 
of the small intestine, is one of the most com-
mon immune-related diseases. The symp- 
toms are often aspecific and it has a preva-
lence of 0.7% to 2% of undetected cases in 
the general population [8]. A necessary trig-
gering environmental factor in celiac disease 
is dietary gluten, a storage protein present 
in several staple grains such as wheat, bar-
ley and rye. The enzyme tissue transgluta-
minase modifies the gluten protein, which 
can trigger a cascade of innate and adaptive 
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immune responses in the intestine in genet-
ically susceptible individuals on exposure to 
gluten. The immune response leads to flat-
tening of the intestinal mucosa, resulting in 
malabsorption of nutrients, which causes  
a wide-range of symptoms including diar-
rhea, steatorrhea, weight loss, fatigue, ane-
mia, ataxia and infertility [8].

A common feature of celiac disease is 
the central role of T-cells in causing tissue 
inflammation. The main genetic factor in ce-
liac disease, HLA-DQ2/8, orchestrates a pro- 
inflammatory T-helper 1 (Th1) response 
against gluten. These gluten-specific CD4+ 
T-cells are the hallmark of the disease and 
are thought to be responsible for disease 
development. Celiac disease has become  
a model disease for studying the underlying 
biological mechanisms of immune-related 
disorders because (1) there is a clear involve-
ment of the major histocompatibility com-
plex (MHC), (2) both innate and adaptive 
immune responses are observed, (3) there is 
a high co-morbidity with other immune-re-
lated diseases, and (4)  the triggering envi-
ronmental factor is known. 

The hunt for genetic loci contributing to 
immune-related diseases has been fairly suc-
cessful, with the discovery of genome-wide 
significant associations of 27 celiac disease 
loci (and an additional 13 suggestively asso-
ciated loci), 99 inflammatory bowel disease 
(IBD) loci (including loci for both Crohn’s 
disease (n=71) and ulcerative colitis (n=47)), 
31 rheumatoid arthritis loci and 53 type 1 di-
abetes loci (Table 1), [9-17]. Many of these 
loci are not unique to one disease but are 
shared by other immune-related diseases, 
including both autoimmune and inflamma-
tory disorders [11, 18-21].

COMMON AND RARE VARIANTS IN 
COMPLEX DISEASES 

For the purpose of this review, we define 
‘common’ variants as those that are present 
in a population at a frequency of over 5%, 
‘low-frequency’ variants as those with fre-
quencies between 1–5%, and ‘rare’ variants 
as those with a frequency less than 1%. The 
‘common disease, common variant’ model, 
which assumes that complex diseases derive 

Box 1. Progress in genetics

Before the early 1980’s, genetic risk factors for a multifactorial disease or trait were studied by the direct analysis 
of candidate genes, generally through association studies with a case-control design [62]. These studies were 
performed on a population level and used to compare the differences in allele frequencies between affected 
and unrelated, unaffected individuals. The choice of candidate genes reflected their possible involvement in  
a specific disease due to their biological relevance. 

When it was discovered that genetic variations in human DNA could be used as markers in linkage studies, 
there was a big change in the field of genetic analysis [63]. Linkage is a genetic phenomenon in which 
different characters (such as a phenotype or a marker allele) co-segregate in a family pedigree because 
their determinants lie close together on a particular chromosome and are not separated by recombination. 
Historically, the markers originally used in linkage studies for identifying the chromosomal location of disease 
genes were detectable phenotypes [such as blood group or serum protein markers]. The discovery of restriction-
fragment length polymorphism markers (RFLP markers), [63], and later of the abundant polymorphic short 
tandem repeat (microsatellite) markers [64, 65], led to the mapping of multiple Mendelian disease loci [62]. The 
subsequent discovery of numerous SNPs across the genome ultimately led to the development of genome-
wide association studies (GWAS). 

GWAS represent a powerful tool for investigating the genetic architecture of complex genetic diseases [66, 67]. 
The aim of GWAS is to analyze as much as possible of the common genetic variation (minor allele frequency 
(MAF) >5%) in the genome, by using our knowledge of haplotype structure. The typical GWAS design is a case-
control study identifying markers with significantly different frequencies between groups of cases (affected by 
the trait or disease of interest) and controls (without the trait or disease). 
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Table 1. Number of associated loci found for immune-related diseases 

Disease Manifestation
Number of 

identified loci
Percentage of genetic 

risk explained
Refs.

Number of loci with 
an eQTL effect*

Celiac disease Chronic inflammation of the small intestine 27 40% [9, 10, 27] 27

Crohn’s disease Chronic, inflammatory bowel disease, which 71 23% [12] 39 (55%)

Rheumatoid arthritis
Chronic, systematic inflammation of synovial 

tissue and joint destruction
31 16% [13] 23 (74%)

Type 1 diabetes
Autoimmune destruction of insulin-producing 

β-cells of the pancreas
53 45% [14, 61] 32 (60%)

Ulcerative colitis
Chronic, inflammatory bowel disease, with 

ulcers in the upper layer of the lining of the large 
intestine

47 16% [15-17] 18 (38%)

* eQTL mapping was performed in 1,469 peripheral blood samples (FDR<0.05, 100 permutations, 250 kb distance 
between SNP and mid-probe position), [9]. To remove non-genetic variation in gene expression, we removed 50 
principal components by linear regression. Disease SNPs were downloaded from the GWAS catalog from Manolio 
et al., accessed 2011-01-17 [31].

The International HapMap Project [67] catalogued the common SNPs and linkage disequilibrium (LD) structure 
across the human genome by analyzing more than three million SNPs in different populations. It created  
a public database, providing a genetic resource to allow researchers easy, user-friendly access to the data on  
a gene of interest or on the whole genome [45, 68].

The 1000 Genomes Project [54] is an ongoing international project aiming to perform whole-genome sequencing 
of approximately 100 samples from 27 different populations; it will provide a complete overview of human genetic 
variation (MAF≥0.01). The project is expected to create a more detailed catalogue of genetic variation (SNPs, insertions, 
deletions, inversions, copy number variants) and a human reference sequence, which will be freely accessible through 
public online databases. The data from the 1000 Genomes Project can be used by researchers 1) in combination with 
data from GWAS for imputing genotypes of many samples for additional rare variants without extra cost, and 2) for 
comparing allele frequencies and linkage disequilibrium patterns across populations. The 1000 Genomes Project was 
started in January 2008 and the finalization phase is planned for the end of 2011. There is a first publication [69] and 
some data is already available online [54] from the pilot studies containing samples from the HapMap Project.

All the new strategies and advanced technologies in genetics have increased the amount of genetic information 
known about individuals from different backgrounds. Collecting this information, which is often extremely 
sensitive, and the freely accessible public databases have highlighted the importance of research ethics in 
genetics. It is crucial to establish common principles to guide the use and storage of such data and how 
the personal information on individuals should be separated from their genetic data to avoid abuse of such 
information. Other ethical questions regarding the informed consent needed to permit the use of biological 
material in future research has arisen from the expanding use of biobanks and tissue repositories. The Genetic 
Information Nondiscrimination Act [70, 71] and the International Declaration on Human Genetic Data from 
UNESCO [72, 73] aim to reduce apprehension in this area.

from the additive and/or multiplicative 
effects of a combination of common vari-
ants, now seems unlikely to explain the 
entire genetic predisposition to disease.  
Therefore, the focus in recent human genetics 
research is shifting towards the notion that 
low-frequency and rare variants may also be 
important contributors to complex diseases, 
resulting in re-sequencing and specialized 
chip efforts (discussed below). Manolio and 
colleagues [22] suggested a model of three 
risk categories: high risk-rare alleles (with 

frequencies below 0.5%, causing Mendelian 
diseases), moderate risk-low frequency al-
leles (with frequencies between 0.5–5%, in-
creasing disease risk two- to threefold, but 
without clear Mendelian segregation) and 
low risk-common alleles (with frequencies 
above 5% and very modest effects on the 
disease). 

To date, celiac disease is one of the best 
understood complex diseases with 27 associ-
ated loci, which determine about 40% of its 
genetic susceptibility [9, 10, 23, 24], (Figure 1). 
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Figure 1. Frequency 
and risk distribution of 
celiac disease suscep-
tibility loci. This graph 
shows the distribution 
of both the frequency 
and the odds ratios of 
the known celiac dis-
ease-associated loci as 
described by Dubois et 
al. [9]. Risk alleles are 
colored red, protective 
alleles green. Shaded 
alleles did not reach 
genome-wide signifi-
cance.

Box 2. Expression QTL (eQTL) mapping and celiac disease

By treating gene expression as a quantitative trait, it is possible to correlate genotypes of disease-associated 
SNPs with transcriptional levels of the genes from the same region (expression quantitative trait loci, eQTLs), 
[74]. The eQTL mapping does not prove the causality of the gene, but is a useful approach for identifying a SNP 
with a functional effect on an adjacent gene and to give preference to genes for follow-up functional studies. 
eQTLs have already been associated with several diseases, such as celiac disease, Crohn’s disease and asthma 
[9, 10, 33, 75]. After identifying a genetic locus associated with a disease, the next step is to determine if such a 
variant alters the gene expression of a nearby transcript.

Variability in gene expression can arise at different levels, such as transcription, mRNA stability, splicing, and 
translation efficiency, which either cause changes in the mRNA sequence or changes at the level or sequence 
of regulatory RNAs [43, 44, 76]. It is expected that the underlying variability affecting each of these levels will 
be located at different positions with respect to the transcript (Figure 2). Although genetic variability at a locus 
may affect very distal genes (and even those on another chromosome), in most examples the most proximal 
genes are investigated (so-called cis-eQTL effects), [66].

So far, only one study investigating the influence of common variants associated with celiac disease on the 
gene expression levels of nearby genes has been published [9]. In this study, Dubois et al. included the 26 non-
HLA celiac loci to associate the SNP genotypes to expression levels of genes located within a region of 250 kb 
around these SNPs, obtained from 1,469 human whole blood samples of random individuals [9]. The direction 
of these associations can be positive, negative, or not present. They found that the direction of the association 
was not always identical for all the genes in the disease-associated loci, as a SNP can have both negative and 
positive effects on some eQTL regions. One example is the 12q24.12 locus, which contains 13 different genes 
and an association peak with SNP rs653178. Two of these genes (TMEM116, ALDH2) showed a negative direction 
with the rs653178 disease allele, whereas two other genes (ATXN, SH2B3) in the locus showed a positive 
direction. For the remaining nine genes, no significant difference in gene expression level was obtained [9, 
20]. This may imply that celiac disease-associated variants can have different effects on multiple pathways, 
by modulating the gene expression of different sets of genes within one locus. In total, approximately 71% of 
celiac disease eQTL SNPs showed a negative effect on the gene expression, indicating that most of the celiac 
disease-risk SNPs evoke a down-regulation of gene expression [20].
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Figure 2. Expression QTL (eQTL) mapping. A) eQTL links genotyping data from genet-
ic markers identified by GWAS with gene expression data from microarray analysis obtained 
from transcripts present in a target cell or tissue. The direction of these associations can be 
positive, negative, or not present. B) Example of an eQTL for one of the celiac disease-associated loci. 
The SNP rs917997 genotype is strongly correlated with IL18RAP gene expression levels (p-value=1.1x10-133), 
with the lowest level of expression for carriers homozygous for the rs917997 allele A. IL18RAP 
encodes the β-chain of the IL-18 receptor. The SNP-gene expression correlation is shown for  
a dataset consisting of 1,240 samples hybridized to Illumina HT-12 arrays. C) When compared to the GG 
genotype of rs917997, the AA genotype is associated with a 9-fold decrease in expression. 
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Altogether 26 loci [all outside the HLA lo-
cus] fit in the ‘low risk, common alleles’ 
group. The HLA DQA1/HLA-DQB1 lo-
cus constitutes a new category, as this is  
a moderate risk variant (OR>4) which occurs 
at high frequency in the population (>20%). 
In general, a frequency reduction of high-risk 
variants is expected to occur when the vari-
ant contributes to decreased reproductive 
fitness or to negative selection [25]. However, 
there are exceptions, such as the non-synon-
ymous SNP rs3184504 in the SH2B3 gene, 
which is associated to both celiac disease 
and type 1 diabetes. The disease-associated 
allele (rs3184504*A) shows consistent signs 
of positive selection in all European popula-
tions, indicating that the allele associated with 
autoimmune disease may have increased as  
a by-product of natural selection in European 
populations [26]. In this case, Zhernakova and 
colleagues [27] used the Integrated Haplotype 
Score method [28] to estimate that this selec-
tive switch probably happened as a result of 
an infectious disease outbreak that occurred 
1,200-1,700 years ago. This could have been 
the Justinian plague, a pandemic that afflicted 
the Eastern Roman Empire in 541– 542 AD.

The current spectrum of disease-asso-
ciated alleles is biased towards common 
alleles, since low-frequency and rare alleles 
are usually not present on GWAS genotyp-
ing arrays. Identifying such alleles requires 
sequence analysis of large series of cases 
and controls, or association studies using 
custom-designed genotyping platforms con-
taining low-frequency and rare alleles such 
as the Immunochip [29], the Metabochip or 
the Cardiochip [30].

The Immunochip is a custom-made Illumina 
Infinium HD array, designed to densely gen-
otype immune-related disease loci. It con-
tains common and rare variants from 186 
distinct GWAS loci associated to 12 different 
immune-related diseases (ankylosing spon-
dylitis, autoimmune thyroid disease, celi-
ac disease, Crohn’s disease, IgA deficiency, 

multiple sclerosis, primary biliary cirrhosis, 
psoriasis, rheumatoid arthritis, systemic lu-
pus erythematosus, type 1 diabetes and ul-
cerative colitis). The variants present on the 
Immunochip were derived from the pilot 
project for the 1000 Genomes Project and 
from disease-specific re-sequencing data. 
Hence, the Immunochip will assist in iden-
tifying additional variants (both rare and 
common), in detailed haplotype analysis, 
and in refining association signals.

FROM GENETIC LOCI TO GENETIC 
VARIANTS 

It is important to realize that most genetic 
associations in complex diseases are to loci 
and not to single genes, unlike Mendelian 
disorders. This is due to several factors: first-
ly, the genotyping arrays that have been used 
in GWAS preclude an accurate localization 
of the association signals, as they contain ap-
proximately 500,000 single nucleotide poly-
morphisms (SNPs) on average. Secondly, the 
tag SNPs can be in strong linkage disequi-
librium (LD) with another SNP or also with  
a common structural variant which could, in 
fact, be more associated with the disease and 
not be typed by the chip. Thirdly, a substan-
tial number of the loci implicated in com-
plex diseases contain more than one gene 
(58%), or no gene at all (16%), when looking 
0.1 cM upstream and downstream of dis-
ease-associated SNPs in the recombination 
map of HapMap 2, release 22 [31]. Finally, 
approximately 43% of trait-associated SNPs 
are located in intergenic regions and 45% are 
located in non-coding introns [6, 32]. As an 
effect, it is often difficult to identify the caus-
al variant from disease-associated loci.

Approximately 50% of the loci associat-
ed to immune-mediated diseases influence 
the level of transcription of nearby genes (i.e. 
eQTL effects), [9, 17, 33, 34], (Box 2, Figure 2). 
This suggests that these disease-associated 
variants probably influence the function of 
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disease genes by regulating the gene tran-
scription levels rather than by altering the 
coding sequence. It is tempting to speculate 
that genetic associations to loci that are de-
void of genes might also affect levels of gene 
transcription, through mechanisms such 
as long-range transcription regulation, en-
hancers, microRNAs (miRNAs), etc. In an-
imals, miRNAs regulate gene expression by 
imperfect hybridization to the 3’ UTR of tar-
get mRNA, thereby inhibiting protein syn-
thesis or causing mRNA degradation [35, 36]. 
MiRNA is increasingly being recognized as 
an important element in the development 
of the innate and adaptive immune systems, 
and changes in miRNA expression are de-
scribed in many immune-related diseases 
such as inflammatory bowel disease, rheu-
matoid arthritis or systemic lupus erythema-
tosus [37-41]. For example, Zhao et al. [42] 
demonstrated significant overexpression of 
miRNA-126 and its inverse correlation with 
protein levels of DNA methyl transferase 1 
[DNMT1] in systemic lupus erythematosus 
CD4+ T-cells in comparison to cells from 
healthy controls. When they overexpressed 
miRNA-126, a lupus-like autoreactivity was 
observed in CD4+ T-cells from healthy con-
trols, which was shown to be caused by de- 
methylation and upregulation of autoimmuni-
ty genes (in particular CD11 and CD70), [42].

In contrast, mutations in Mendelian dis-
eases with a clear recessive or dominant in-
heritance pattern usually affect the function 
or the level of the disease-causing protein. 
These mutations, for example, alter the cod-
ing sequence, by changing splice sites and 
thereby deleting essential parts of the pro-
tein, or by introducing a premature stop- 
codon resulting in mRNA decay [43, 44], 
(Figure 3). As a consequence, many of the 
Mendelian mutations result in a loss-of-
function of the allele carrying the mutation. 
Since our preliminary insights into the mo-
lecular mechanisms of complex diseases 
suggest a different class of disease-associated G
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Figure 4. Schematic work flow for identify-
ing disease-causing genes. There are different 
ways to move from an associated SNP in GWAS 
to a disease-causing gene and gene variants. The 
first approach consists of fine-mapping to refine 
the linkage disequilibrium region by analyzing 
a high density of genetic markers, followed by 
targeted re-sequencing to identify rare variants. 
The second approach, whole exome sequencing, 
can directly detect causal variants in coding re-
gions, while the third approach, whole genome 
sequencing, can detect variants in both coding 
and non-coding regions. In all cases, the poten-
tial causal variant needs to be confirmed using 
association studies in a case-control design, fol-
lowed by more in-depth functional studies using 
e.g. animal models or relevant human models.

variants, only the levels of the disease-asso-
ciated proteins are expected to be affected 
but in a much more subtle way than seen in 
Mendelian diseases. Therefore, the search for 
the true disease-causing mutation might re-
quire a different strategy in complex, multi-
factorial disorders to that used for Mendelian 
disorders.

MOVING FROM ASSOCIATED SNP 
TO CAUSAL GENE OR MUTATION 

An important next step in genetic research 
will be to identify the causative genes and 
gene variants from the GWAS loci. Often 
the associated SNPs map to regions of strong 
linkage disequilibrium which contain more 
than one gene [45]. 

The process required for moving from 
an associated SNP found in GWAS results 
to a disease-causing gene and gene variant 
(Figure 4) includes different steps. Fine map-
ping is usually an essential first step to refine 
the area of association by analyzing a high 
density of genetic markers across the re-
gion of LD, assuming that the causal gene 
and gene variant are located near the most 
associated genetic variant. The next step in-
cludes targeted re-sequencing of the refined 
candidate region to identify rare mutations 
that are independent of the common asso-
ciated SNPs and that preferably alter protein 
function, as these are the easiest to recognize 
and interpret. The underlying hypothesis is 
that a disease-causing gene harbors multiple 
risk variants and at least one of them will be 
common or in strong LD with a common 
SNP (identified by GWAS), while the oth-
ers will be rare. Such a strategy has recently 
been proven to work in Crohn’s disease [47], 
for which low-frequency coding variants 
were identified in the IL23R gene, one of 
the loci identified by GWAS. However, the 
identification of true disease-causing mu-
tations remains a major issue. Filtering re-
sults against public databases like the 1000 
Genomes Project may assist in this, as well as 
determining segregation of causal variants in 
large affected families. 

Fine-mapping followed by targeted re-se-
quencing of GWAS regions can be laborious 
when there are many associated loci to in-
vestigate. A more holistic approach that cir-
cumvents the step of fine-mapping is to apply 
whole exome- or whole genome sequencing. 
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Whole exome sequencing is efficient for de-
tecting causal variants residing in coding 
regions. However, if some 50% of the causal 
variants are non-coding variants influencing 
gene transcription levels, whole exome se-
quencing might not be the best strategy to 
find disease-causing variants in complex dis-
eases. A recent study by Lehne et al. indicated 
that a substantial number of disease-causing
risk variants may be found in coding parts 
of genes [48]. They analyzed the distribution 
of association signals based on GWAS data 
from seven complex diseases (bipolar dis-
ease, coronary artery disease, Crohn’s disease, 
hypertension, rheumatoid arthritis, and type 
1 and type 2 diabetes) from the Wellcome 
Trust Case Control Consortium and found 
a significant disease-dependent concentra- 
tion of association signals in exons and 
genes [48]. Based on work in Crohn’s disease 
[47], Hirschsprung disease [49] and lipid 
traits [50, 51], we can expect more results 
from these types of studies in the near future. 
Whole exome sequencing has been proven 
to be extremely successful for Mendelian 
disorders and has led to the identification of 
the mutations causing Miller syndrome and 
Kabuki syndrome, for example [52, 53].

The ultimate level of resolution is whole 
genome sequencing and this would also re-
veal all the variants outside the coding part 
of the genome. Although such sequencing is 
still too expensive to apply to large series of 
patient and control samples (as in GWAS), 
we expect to see a rapid increase in fully se-
quenced genomes as costs decrease. While 
the costs of whole genome sequencing are 
falling, the coverage of variants GWAS may 
be increased by imputation using the 1000 
Genomes Project data as a reference dataset 
(since this dataset is an extensive catalogue 
of genetic variants with MAF≥0.01), [54].

Interpreting non-coding sequence vari- 
ants requires extensive follow-up in case- 
control series, using bioinformatics approaches 
and in-depth functional studies, as recently 

shown by Musunuru [51]. Whole genome- as 
well as whole exome sequencing approaches 
will benefit greatly from sophisticated 
study designs since interpreting such large 
datasets remains a major challenge. Both  
a family-based design [with multiple affect-
ed individuals] [51] or sequencing of the 
extremes of the trait distribution [50] may 
increase the chance of finding causal muta-
tions [55].

What is common to the different types of 
sequencing techniques is the need for bioin-
formatics approaches to process the massive 
amounts of data generated and to interpret 
the findings. As the individual genes con-
ferring susceptibility to complex disease 
are expected to be connected to each other 
in molecular networks, computational ap-
proaches should also be directed towards 
defining such networks. On the one hand, 
these biological pathways will indicate causal 
genes and, on the other hand, any gene with 
a causal mutation can be part of the pathway. 
Proof that the true disease-causing variant 
has been identified will require in-depth 
functional studies.

DISCUSSION

The genetic mechanism underlying complex 
diseases is one of the fundamental questions 
in biomedical research today and is partly 
driven by the results obtained from GWAS 
studies. Complex diseases are expected to 
be caused by tens to hundreds of loci, both 
rare-low-frequency loci and common ones, 
many of which may have an impact on the 
expression of nearby genes. There is much 
debate on the extent of rare, highly penetrant, 
mutations associated to complex diseases, but 
they are not expected to explain the majority 
of the missing heritability of complex diseas-
es [56]. This suggests that many of the caus-
al risk variants may be rather common and 
therefore difficult to recognize. This may even 
be true for the coding parts of genes, as was 
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recently shown for a synonymous change in 
the Multidrug resistance 1 [MDR1] gene that 
replaces a frequent codon by a rare codon and 
thereby affects the protein folding [57].

The challenge is how to connect GWAS 
findings to genes and function. Current 
technologies allow for fine-mapping of dis-
ease loci followed by targeted re-sequencing 
or, alternatively, by sequencing the entire 
genome or just the coding part of the ge-
nome. Despite these technological advances, 
the interpretation of the results remains a 
challenge. Fine-mapping will at least zoom 
in on the truly-associated region and apply-
ing more sophisticated study designs should 
help further refine the regions of association, 
for example by taking different racial groups 
into account [58], or by studying different 
phenotypes associated to the same locus [18]. 

The real problem arises with the manage-
ment and interpretation of the huge amounts 
of data generated by whole genome sequenc-
ing. The combination of sequencing results 
with eQTL mapping data, which establish-
es links between genetic markers found in 
GWAS and gene expression levels, can help 
to mark and confirm the causal mutation. 
Several in silico analyses are unavoidable in 
this step. Previous studies have shown that 
eQTL effects are enriched around the tran-
scriptional start sites and within 250 bp up-
stream of transcription end sites [59]; they are 
often within 20 kb of the relevant gene [60]. 
When trying to identify the causal variants, 
we could focus on the beginning of these re-
gions, containing binding sites for different 
transcriptional factors, the 3’ UTR regions, or 
their relation to RNA stability, to name just a 
few factors. One example of where a non-cod-
ing variant directly influences the phenotype 
is the SORT1 gene. The common non-coding 
variant rs12740374 in the 1p13 locus creates a 
binding site for C/EBP transcriptor factor and 
alters the hepatic expression of SORT1, which 
modifies the level of plasma low-density lipo-
protein cholesterol [51].

With the revolution in sequence anal-
ysis and large-scale projects like the 1000 
Genomes Project, the 10,000K Project in the 
UK, and the Genome of the Netherlands, we 
will learn a lot more about our genome and 
how to interpret it. In the meantime, GWAS 
findings provide good starting points to-
wards determining the disease-associated 
genes, while new bioinformatics approaches 
will help pinpoint the true causal genes. 
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ABSTRACT

Celiac disease (CeD) is a common autoimmune disorder triggered by di-
etary gluten intake in genetically susceptible individuals. The only treatment is  
a life-long, gluten-free diet (GFD). However, about 5% of CeD patients do not re-
spond to such a diet. Some of them suffer from an extreme phenotype, refractory 
celiac disease (RCD), which is characterized by symptoms such as severe malab-
sorption, intestinal villus atrophy, and infiltration of intraepithelial T-lymphocytes 
(IELs) persisting on GFD. RCD patients with clonal IELs are referred to as ‘RCDII’. 
These patients have a high mortality and poor prognosis due to the development of 
aggressive non-Hodgkin lymphoma, known as enteropathy-associated T-cell lym-
phoma (EATL).

To discover the novel variants associated with this severe type of CeD, we performed 
the first genome-wide association study (GWAS) in patients with RCDII. Our dis-
covery case-control study was performed in a Dutch cohort of 38 RCDII patients and 
846 controls on the Hap550k platform from Illumina. The top-associated variants 
(P<5x10-5) were replicated in an independent cohort of 56 patients and 1,285 controls 
from France and the Netherlands, using TaqMan genotyping assays. We performed  
a Cochran-Mantel-Haenszel test for meta-analysis, using nationality as a co-variable 
to combine the data from the discovery and replication GWAS datasets. 

The GWAS confirmed that the strongest association of genes is found within the 
HLA locus and discovered 15 additional variants (single nucleotide polymorphisms, 
SNPs) at a suggestive significance (PNL1<5x10-5). In the meta-analysis, combining all 
RCDII cases (n=94) vs. all controls (n=2,131) from the Dutch and French cohorts 
(NL1+NL2+FR), we found one out of the 15 RCDII-SNPs, rs2041570 (on chromo-
some 7), cleared the genome-wide significance threshold (PNL1+NL2+FR=2.37x10-8, odds 
ratio (OR)NL1+NL2+FR=2.36), while another two SNPs showed improved association 
(P<5x10-5). Performing eQTL-analysis of these three SNPs in RNA-sequencing data 
from peripheral blood mononuclear cells, we observed a cis-eQTL effect of rs2041570 
on a protein-coding gene, FAM188B, with the risk allele A showing significant associ-
ation (P=0.0105) and a lower expression. Using univariable logistic regression, we ob-
served that both HLA-DQ2 and this risk allele A are independently associated with 
the RCDII phenotype (PDQ2=0.0018, ORDQ2=2.63; PSNP=0.0004, ORSNP=2.25). We also 
combined the potential cofounders (HLA-DQ2, rs2041570, gender) into one genet-
ic risk model using multivariable logistic regression analysis and found improved 
association with RCDII (PDQ2=0.0016, ORDQ2=2.68; PSNP=0.0003, ORSNP=2.35). 
Combining HLA-DQ2 with gender and risk allele A (rs2041570) showed the best 
discrimination, with an area under the curve (AUC) of 0.735 compared to the ‘HLA-
DQ2 only’ model (AUC=0.627).

Our results suggest an entirely different set of genes play a role in RCDII cases than in 
CeD patients with a ‘normal phenotype’, since none of the known CeD susceptibility 
variants showed an association with RCDII. This suggests that RCDII might actually 
be a different pathological status to CeD, but that it shares symptoms with active, un-
treated celiac disease.
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INTRODUCTION

Celiac disease (CeD) is characterized by 
in-testinal damage due to inflammation in-
duced by dietary gluten in genetically sus-
ceptible individuals. A lifelong gluten-free 
diet is the only treatment available. However, 
a subset of patients does not respond to a glu-
ten-free diet. In these patients the extreme 
phenotype is characterized by persistent, 
more severe symptoms, serious malabsorp-
tion, crypt hy-perplasia and intestinal vil-
lous damage even after strict adherence to 
the gluten-free diet for at least one year [1]. 
This condition is known as a refractory celiac 
disease (RCD). The true prevalence of RCD 
is unknown, but it may affect around 5% of 
celiac patients [2]. RCD is subdivided into 
two subtypes, RCDI and RCDII, based on 
the phenotype of the intestinal intraepithe-
lial lymphocytes (IELs), which are normal 
and polyclonal in RCDI but abnormal and 
monoclonal in RCDII [3]. 

IELs are T-lymphocytes located between 
the epithelial cells in the gut. As a part of  
the gastrointestinal tract’s immune system, 
known as gut-associated lymphoid tissue, 
IELs maintain the tolerance to food anti-
gens or modulate the immune response 
against potential infectious agents. RCDI is 
associated with an increased number of IELs 
characterized by positive expression of the 
normal surface markers CD3 and CD8  
(CD3+ CD8+ IELs). RCDII is defined by clonal 
expansion of abnormal IELs expressing in-
tracellular CD3 (iCD3+) but lacking the ex-
pression of surface CD3 (sCD3-) and CD8 
markers in general (iCD3+ sCD3- CD8- IELs) 
[4, 5]. RCDII is a condition proposed to be 
an extreme subphenotype of CeD, it is rare 
with unknown prevalence [6]. RCDII is usu-
ally resistant to standard therapy and has  
a poor prognosis (5-year survival rate <50%) 
[7], primarily because of the development 
of enteropathy-associated T-cell lymphoma 
(EATL, intestinal T-cell lymphoma). The 

diagnosis of RCDII is complex and involves  
a combination of several techniques such as 
multiplex PCR analysis (to determine the 
clonality of T-cell receptor [TCR] gene rear-
rangements) or immunohistochemistry and 
flow-cytometry (to define the cell surface 
markers [CDs]) of IELs [8]. 

Although genome-wide association stud-
ies (GWAS) have identified 57 genetic loci 
for celiac disease [9–11], nothing is known 
about the genetics of RCDII. Because RCDII 
is a rare disease with a complicated diagnosis, 
only a small number of studies containing  
a limited number of RCDII cases (6-43 cas-
es) have been described in the literature to 
date [2, 3, 5, 7, 12–19]. So far, no published 
study has focused on characterizing the ge-
netic background of this severe phenotype. 
The only known genetic risk locus associated 
with RCDII is the human leukocyte antigen 
(HLA), and 44-60% of RCDII patients are 
homozygous for HLA-DQ2 alleles [13, 20]. 

The aim of this work was to discover ad-
ditional genetic CeD variants using the ex-
treme phenotype RCDII and to perform the 
first ever genome-wide association study to 
gain insights into the genetic basis of RCDII. 
Surprisingly, our results suggest an entirely 
different genetic background for RCDII cases 
compared to CeD patients when none of the 
known CeD susceptibility variants showed as-
sociation with RCDII. These data is suggesting 
that RCDII might actually be a pathological 
status that is different from CeD but which 
shares symptoms with active untreated CeD.

MATERIALS & METHODS

Subjects
Written informed consent was obtained 
from all subjects with approval from the eth-
ics committee or institutional review board 
of all participating institutions. All subjects 
were of European ancestry. DNA samples 
were isolated from whole blood. 
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All individuals affected with RCDII were 
diagnosed according to strict diagnostic cri-
teria with the RCDII status confirmed by flow 
cytometry and/or the presence of CD3+CD8- 
intraepithelial lymphocytes in tissue biopsies 
[5, 15]. Dutch individuals affected with 
RCDII from the discovery study (NL1, 
n=38) and replication study (NL2, n=15) 
were recruited from the outpatient clin-
ic of the Department of Gastroenterology 
and Hepatology, VU University Medical 
Centre, Amsterdam, The Netherlands. French 
RCDII cases (FR, n=41) for the replication 
study were recruited from the Department 
of Gastroenterology, Hôpital Européen 
Georges Pompidou, Paris, France.

Dutch controls for the discovery study 
(NL1) were unselected healthy individuals 
as described previously [10]. Dutch controls 
for additional study (NL2) were all unrelat-
ed individuals selected from the Genome of 
the Netherlands (GoNL) project [21]. French 
controls (FR) were subjects who had partici-
pated in the Supplementation in Vitamins and 
Mineral Antioxidants (SU.VI.MAX) study [22]. 
Dutch patients with the celiac disease were de-
rived from the Dubois et al. GWAS [10].

Discovery genome-wide association 
study
Dutch RCDII cases, Dutch healthy controls 
(NL1) and additional celiac patients were 
genotyped at University Medical Center 
Groningen (Groningen, the Netherlands) 
using the Illumina Hap550 array (Illumina, 
San Diego, CA, USA) according to the man-
ufacturer’s instructions (Table 1). The geno-
type calling steps and quality control of raw 
data were performed as described previously 
[10]. Additionally, markers were filtered and 
excluded from the dataset for low minor al-
lele frequency (MAF<0.05), high number of 
missing genotypes (GENO>0.01) and for de-
viation from Hardy-Weinberg equilibrium 
(HWE<0.000001) in controls. We exclud-
ed 28,478 SNPs based on the minor allele 

frequency threshold and 988 SNPs based 
on missing genotypes, while no SNPs were 
removed using the Hardy-Weinberg equi-
librium, resulting in a dataset containing 
499,626 SNPs (including HLA SNPs). The 
final dataset contained 494,728 SNPs after 
filtering out the HLA SNPs. To determine 
the normal distribution of the data, we gen-
erated the Quantile-Quantile (Q-Q) plot in 
R-studio using the GenABEL (genome-wide 
SNP association analysis) package [23] and 
calculated the over-dispersion factor of as-
sociation test statistics (genomic control in-
flation factor - lambda [λ]) using the PLINK 
software [24]. We performed this analysis 
separately for the dataset including HLA 
SNPs (n=499,626 SNPs) and for the dataset 
excluding HLA SNPs (n=494,728 SNPs) us-
ing observed versus expected values for all 
included SNPs (Supp. Figure 1).

Replication study
SNPs for genotyping for the replication 
study in additional Dutch samples (NL2) 
and in French cohort (FR) were selected 
based on the strong association (P<5x10-5) 
in the discovery GWAS. Dutch and French 
RCDII cases were directly genotyped at 
the University Medical Center Groningen 
(Groningen, the Netherlands) using TaqMan 
SNP Genotyping Assays on an ABI 7900HT 
system (Applied Biosystems, Foster City, CA, 
USA). Genotyping data and clustering was 
performed in the SDS 2.3 software (Applied 
Biosystems). Genotype clusters per SNP 
were manually investigated and adjusted if 
necessary. All plates included four genotyp-
ing control DNA samples (obtained from 
Centre d’Etude du Polymorphisme Humain, 
Paris, France) and four negative controls 
(water) per SNP in plate-specific positions to 
control for plate swaps. 

Genotypes of the Dutch controls 
(NL2) for replication study came from the 
Genomes of the Netherlands Project (GoNL) 
[21] which used the Illumina HiSeq 2000 
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and data were extracted from the GoNL 
website (http://www.nlgenome.nl/search/) 
release four. French controls for replica-
tion study (FR) were directly genotyped 
in the laboratory at the Centre d’Etude du 
Polymorphisme Humain (Paris, France) 
using the Illumina Human 660W-quad 
beadchip array (Illumina) according to the 
manufacturer’s instructions with genotype 
call rate >95% as described in [22]. One 
RCDII SNP (rs1402582) did not pass the 
quality control parameters and was imputed 
as described previously [22].

Association analysis
Standard case-control association analy-
ses were performed using the two-tailed 
Fisher’s exact test independently for each 
study (discovery GWAS [NL1], celiac dis-
ease GWAS [CeD], Dutch replication study 
[NL2], French replication study [FR]). The 
Cochran-Mantel-Haenszel test was used in 
combined analysis of the two replication 
studies (NL2+FR) and for all three studies 
in meta-analysis (NL1+NL2+FR). Logistic 
regression analysis was used in the discovery 
study to test for the independence of associa-
tion signals within the same region. Analyses 
were performed using PLINK v1.07 [24]. 

Regional association plots were generat-
ed with SNAP software [25] using the data 
set from 1000 Genomes Project and the CEU 
population for r2 calculation and recombi-
nation rate visualization. Manhattan plots 
were generated in Haploview 4.2 [26], and 
Q-Q plots were generated in R-studio using 
GenABEL package [23].

Human Leukocyte Antigen analysis
Our samples were genotyped for the HLA-
DQA1 and HLA-DQB1 genes using the 
six tagging SNPs approach described by 
Monsuur et al. [27]. In brief, six SNPs cap-
ture classical HLA types:
DQ2.2 (DQA1*0201/DQB1*0202 haplotype), 
DQ2.5(DQA1*0501/DQB1*0201), 

DQ7 (DQA1*0505/DQB1*0301),  
and DQ8 (DQA1*0301/DQB1*0302).
The Dutch GWAS cohorts (RCDII, con-
trols, celiac patients) were typed with the 
Illumina Hap550 platform imputed with 
IMPUTE2 [28]. The RCDII samples from 
the replication study (NL2, FR) were di-
rectly genotyped for the six tagging SNPs at 
the University Medical Center Groningen 
(Groningen, the Netherlands) using TaqMan 
SNP Genotyping Assays on an ABI 7900HT 
system (Applied Biosystems) and processed 
with the same protocol as the RCDII-SNPs. 
HLA types for French controls were ob-
tained using six tagging SNPs from the 
imputed Illumina Human 660W-quad bead-
chip array as was described previously [22] 
and the HLA for Dutch GoNL controls in 
the replication study (NL2) came from the 
Illumina HiSeq 2000.

Two studies have shown a strong associ-
ation of RCDII with homozygosity for the 
HLA-DQ2 allele [13, 20]. The risk molecule 
HLA-DQ2 includes HLA-DQ2.2 and HLA-
DQ2.5 types. Therefore, we categorized our 
samples based on the HLA-DQ2 status into 
individuals homozygous for HLA-DQ2 
(DQ2/DQ2), heterozygous for HLA-DQ2 
(DQ2/DQX) and individuals without HLA-
DQ2 risk allele (DQX/DQX) and compared 
the allele frequencies in the RCDII individu-
als, celiacs and healthy controls. 

Logistic regression analyses to test the 
interaction between HLA and non-HLA 
SNPs
To further test whether a RCDII-associated 
non-HLA SNP is independently confer-
ring risk to RCDII or interacting with HLA, 
we performed logistic regression analy-
sis. The outcome variable is disease status:  
1 for RCDII and 0 for non-RCDII celiac 
disease. In the first step, the SNP of interest 
(rs20471570) and the potential confounders 
(HLA-DQ2 haplotype, coded as 0 for DQX/
DQX, 1 for DQ2/DQX and 2 for homozygous
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HLA-DQ2 (DQ2/DQ2); gender, coded as 0 
for males and 1 for females) were analyzed 
in a univariable logistic regression analysis. 
In the following step the SNP of interest and 
potential confounders were combined in 
a multivariable logistic regression analysis. 
We tested for potential interaction between 
the SNP of interest and HLA-DQ2 haplo-
type or gender by adding interaction terms.

Building the RCDII risk prediction model
To evaluate the added value of the SNPs of 
interest for the prediction of RCDII in ce-
liac disease patients, the predictive perfor-
mance of the complete model, including the 
rs20471570 SNP of interest, was compared to 
the predictive performance of the model with 
HLA-DQ2 haplotype and gender. Goodness 
of fit was analyzed using Nagelkerke’s pseudo 
R2 and the discriminative ability was evaluated 
by constructing the receiver-operator-charac-
teristic (ROC) curve and calculating the c-sta-
tistic (area under the curve [AUC]). We used 
the rms (regression modeling strategies) and 
PredictABEL (Assessment of risk prediction 
models) packages in R-studio for these anal-
yses [23].

Expression quantitative trait loci 
analysis 
We performed a whole-genome expression 
quantitative trait loci (eQTL)-analysis of 
replicated RCDII-SNPs. The eQTL analysis 
was executed in RNA-sequencing data de-
livered from peripheral blood mononucle-
ar cells of 629 unrelated Dutch individuals 
as described in Ricaño-Ponce & Wijmenga 
[manuscript in preparation]. The expression 
data were normalized and corrected based 
on the principal component analysis and 
both cis- and trans-eQTL mapping was per-
formed as described previously [29].

Analysis of gene expression in biopsies
In order to test whether levels of genes with 
eQTL effect from three replicated SNPs are 
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influenced by disease status, we performed 
an analysis of microarray data of intestinal 
biopsies of 47 Dutch individuals (12 controls, 
24 celiac patients sub-classified based on the 
Marsh classification into Marsh 1 (n=12) 
and Marsh 3 (n=12), and 11 RCDII) as pre-
viously described [30]. The normalized ex-
pression values were stratified according to 
the phenotypes (RCDII versus controls, CeD 
versus controls) or according to the risk al-
lele genotype (homozygous or heterozygous 
for the risk allele) and we tested for signifi-
cant difference using the Wilcoxon rank test 
calculated in R-studio [23].

RESULTS 

Discovery GWAS (NL1)

HLA locus is significantly associated 
with RCDII
To identify novel genetic loci associated 
with RCDII, we performed a genome-wide 
association study using the Dutch RCDII 
cohort (Figure 1, Table 2). We tested 499,626 
SNPs from the Illumina Hap550 array for as-
sociation in 38 individuals with RCDII and 
846 population-based controls (Table 1). The 
genotype call rate was >0.99% in the dataset 
and the over-dispersion factor of association
test statistics λGC=1.096 (Supp. Figure 1-A). We 
observed 180 SNPs from the HLA region on 
chromosome 6 to be significantly associated 
(P<5x10-8) with RCDII (Figure 2-A). 

Fifteen non-HLA loci are moderately 
associated with RCDII 
To find non-HLA associations we focused 
on moderately associated signals. The gen-
otype call rate for the all non-HLA SNPs 
was >0.99% and the over-dispersion factor 
of association test statistics improved to 
λGC=1.093 (Supp. Figure 1-B). We identi-
fied 16 non-HLA regions with suggestive 
evidence (PNL1<5x10-5) of association after 
performing a two-tailed Fisher exact test 
(Supp. Table 1). Two associated variants 

(rs1926123 and rs11011145) on chro-
mosome 10 originated from the same 
haploblock displaying a perfect linkage 
dis-equilibrium (LD; r2=1) and evidence 
of their dependent association signal was 
disclosed after performing logistic regres-
sion. As a consequence, only one of those 
two SNPs (rs11011145) has been geno-
typed in the replication study. In total we 
identified 15 independent non-HLA asso-
ciation signals (15 RCDII-SNPs) with sug-
gestive association (PNL1<5x10-5), (Table 3, 
Figure 2-B). Supplementary Figure 2 depicts 
the regional association plots showing the 
peak of association, the individual associat-
ed SNP, haploblock visualization as well as 
genes located within the region.

 

GWAS
550,000 SNPs

~ 500,000 SNPs
Fisher Exact test

HLA-SNPs 
most 

associated

15 non-HLA 
SNPs

PNL1 ≤ 5x10 -5

standard QC

DISCOVERY STUDY (NL1)
Dutch cohort

38 RCDII; 846 controls

REPLICATION STUDY (NL2 + FR)

Dutch & French cohorts
56 RCDII; 1.285 controls

META-STUDY (NL1 + NL2 + FR)

Dutch & French cohorts
94 RCDII; 2,131 controls

Figure 1: The flowchart of the RCDII study 
design 
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A) SNPs including HLA SNPs          

B) SNPs excluding HLA 

Figure 2: Manhattan plots of two-tailed Fisher’s exact test of association P-values from the discovery 
phase GWAS.  The –log10 P-values for each SNP are plotted against chromosomal location. Panel A) 
represents all SNPs (including HLA SNPs) with HLA region highlighted. Panel B) represents all non-HLA 
SNPs. Each dot in the plot represents a different SNP, with the altering bands of color show different 
chromosomes. The y axis (heights) indicates the strength of the association to disease. Blue line 
indicates P-value<10-6, red line indicates P-value threshold P<5x10-5.
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Replication study (NL2 + FR)

SNP rs2041570 showed association in 
the French cohort in the same direction
We performed replication analysis at 15 non- 
HLA SNPs using 56 RCDII cases (15 Dutch 
+ 41 French) and 1,285 controls (498 Dutch 
+ 787 French). We found two SNPs to be 
significantly associated (P<0.05) with the 
RCDII phenotype (Table 3, Supp. Table 1). 
The strongest association was observed to 
the same allele at rs2041570 on chromo- 
some 7 (PNL2+FR=1.86x10-4). However, the 
second SNP, rs2042437 on chromosome 16, 
showed a trend of association to the opposite 
allele (PNL2+FR=0.026).   

Meta-analysis 

SNP rs2041570 reached genome-wide 
significance
We performed meta-analysis by combining 
all RCDII cases (n=94) vs. all controls 
(n=2,131) from the Dutch and French co-
horts (N1+N2+FR). One out of the 15 RCDII-
SNPs, rs2041570 (chromosome 7) cleared 
the genome-wide significance threshold 
(PNL1+NL2+FR=2.37x10-8, ORNL1+NL2+FR=2.36), (see  

Table 3, Supp. Table 1) upon meta-analy-
sis, while another two SNPs showed im-
proved association (P<5x10-5) (Table 4). 
Additionally, these three SNPs confer very 
strong RCDII disease-risk with an ORs of 
around 2 (OR=1.92-2.33), (Figure 3).

 
RCDII non-HLA SNPs are not associated 
with celiac disease
To test whether RDCII non-HLA SNPs are 
also associated with celiac disease, we per-
formed a case-control association analysis 
including celiac disease patients (CeD). 
Firstly, we analyzed CeD cases (n=734) and 
healthy controls (n=846) from the discov-
ery GWAS (NL1). However, none of the  
15 RCDII-SNPs were associated with CeD 
on the genome-wide (PGWAS<5x10-8) or on 
the suggestive (PGWAS<10-4) association sig-
nificance level (Supp. Table 2). Secondly, we 
analyzed RCDII cases (n=38) and used celiac 
disease patients as controls (n=734). Seven 
out of 15 RCDII-SNPs were strongly associ-
ated with RCDII phenotype (PGWAS<5x10-5) 
and an additional seven RCDII-SNPs 
reached the level of suggestive statisti-
cal evidence (PGWAS<10-4), (Supp. Table 2). 

Table 2: Individuals included in the study 

Discovery  
GWAS

Replication  
study Meta-analysis

Cohort Dutch (NL1) Dutch (NL2) French (FR) Dutch, French (NL1+NL2+FR)

RCDII cases 38 15 41 94

Male / Female 17 / 21 6 / 9 11 / 30 34 / 60

Controls 846 498 787 2,131

Male / Female 496 / 350 250 / 248 320 / 467 1,066 / 1,905

CeD cases 734 - - -

Male / Female 220 / 514 - - -

Total 1,618 513 828 2,225
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Table 3: Single nucleotide polymorphisms associated with RCDII phenotype in the discovery study 
(P-value <5x10-5) and their associations in the additional studies.

      Discovery GWAS 
(NL1)   Replication study 

 (NL2+FR)   Meta-analysis 
(N1+N2+FR)

SNP Chr BP P-value OR   CMH_P OR   CMH_P OR

rs1402582 3 120037273 2,95E-05 3,20 0,963 1,01 3,79E-03 1,70
rs3205144 3 173831910 3,24E-05 2,79 0,666 1,10 9,22E-04 1,68
rs261059 5 169259053 2,38E-05 2,92 0,342 1,23 2,99E-04 1,77

rs2041570 7 31165792 4,25E-05 2,67 1,86E-04 2,13 2,37E-08 2,36
rs1926123 10 37650801 4,78E-05 3,68 0,520 1,26 2,43E-04 2,20
rs1149735 10 79655679 1,42E-05 0,06 0,083 0,58 1,55E-04 0,34
rs7953586 12 129783638 2,02E-05 2,77 0,886 0,97 5,84E-03 1,52
rs9600846 13 34964097 2,07E-05 3,06 0,397 0,80 0,028 1,47
rs7324708 13 73497875 1,60E-05 2,91 0,137 1,38 2,99E-05 1,92
rs9300766 13 102374669 4,95E-05 0,34 0,610 0,90 3,09E-03 0,63

rs12147685 14 33728981 2,35E-05 2,76 0,966 1,01 2,51E-03 1,60
rs17752900 14 94053547 4,25E-05 0,33 0,475 0,87 1,87E-03 0,61
rs7206796 16 54938778 2,00E-06 3,24 0,945 1,02 5,00E-04 1,77
rs2042437 16 77723905 3,21E-05 0,11 0,026 1,62 0,602 0,90
rs205047 17 11269153 1,54E-05 3,65   0,139 1,54   1,03E-05 2,33

Bold type indicates statistically significant P-values. SNP, single nucleotide polymorphisms; Chr, chromosome; 
P-value, P-value calculated with 2-tailed Fisher’s exact test; CMH_P, P-value calculated with Cochran-Mantel-
Haenszel test; OR, odds ratio; GWAS, genome-wide association study; NL1, discovery Dutch cohort; NL2, additional 
Dutch samples; FR, French replication-study

Table 4: The three most-associated RCDII-SNPs

Chr SNP Study Cohort Cases Controls Alleles F_RCDII F_CTRL P-value OR

7 rs2041570 Discovery GWAS (NL1) Dutch 38 486 A/G 0,64 0,40 4,25E-05 2,67

Replication (NL2 + FR) Dutch,  
French 56 1 285 A/G 0,63 0,41 1,86E-04 2,13

Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 A/G 0,64 0,41 2,37E-08 2,36

13 rs7324708 Discovery (GWAS, NL1) Dutch 38 486 A/G 0,45 0,22 1,60E-05 2,91

Replication (NL2 + FR) Dutch,  
French 56 1 285 A/G 0,31 0,24 0,137 1,38

    Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 A/G 0,37 0,23 2,99E-05 1,92

17 rs205047 Discovery (GWAS, NL1) Dutch 38 486 C/T 0,26 0,09 1,54E-05 3,65

Replication (NL2 + FR) Dutch,  
French 56 1 285 C/T 0,13 0,09 0,139 1,54

    Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 C/T 0,19 0,09 1,03E-05 2,33

Bold type indicates statistically significant P-values calculated with Cochran-Mantel-Haenszel test in the Meta-
study. Chr, chromosome; SNP, single nucleotide polymorphism; F_RCDII, allele frequency in RCDII cases; F_CTRL, 
allele frequency in controls; P-value, P-value calculated with two-tailed Fisher exact test; OR, odds ratio; NL1, NL2, 
Dutch cohorts; FR, French cohort.
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Figure 3:  Forest plot showing odds ratios and 95% confidence intervals of the association in the 
discovery GWAS for 15 RCDII-SNPs in the Dutch population.

Distribution of HLA-DQ2 and risk allele 
of rs2041570
We observed a different distribution of HLA 
DQ2 alleles in RCDII patients compared 
to celiac patients or controls (Supp. Table 3, 
Supp. Figure 3-A). The majority of RCDII 
patients were homozygous HLA-DQ2 
(64.4% in NL, 69% in FR) and the rest were 
heterozygous (35.6% in NL, 31% in FR). In 
contrast, 42.3% of celiac patients were ho-
mozygous and 52.2% were heterozygous for 
HLA-DQ2. In controls, the most prevalent 
HLA type were those other than DQ2 (58.6% 
in NL, 78.6% in FR) followed by HLA-DQ2 
hetorozygosity (36.2% in NL, 21.4% in FR). 

We also compared the frequencies of the 
non-HLA RCDII-SNP (rs2041570) in these 
three groups. The frequency of risk homozy-
gous genotype AA was similar in celiac patients 
(17% in NL) and controls (16.3% in NL, 18% 
in FR) but almost doubled in RCDII patients 
(38% in NL, 38.5% in FR), (Supp. Figure 3-B, 
Supp. Table 4). The frequencies of Dutch indi-
viduals homozygous for HLA-DQ2 and carry-
ing at least one risk allele A for rs2041570 was 
highest in RCDII (53.5%), compared to CeD 
(28.6%) and healthy controls (3.8%), (Figure 4, 
Supp. Table 5). We observed a similar tendency 

for HLA-DQ2 homozygosity and presence of 
at least one risk allele A for rs2041570 in the 
French cohort (59.2% in RCDII, 0% in con-
trols), (Supp. Table 5).

HLA and non-HLA SNP interaction 
analysis 
Next, we performed logistic regression anal-
ysis to test whether non-HLA SNP and HLA 
alleles independently confer risk to RCDII. 
For this, we used Dutch RCDII patients 
(n=38) and Dutch celiac patients (n=734) 

Figure 4: Distribution of HLA-DQ2 and 
rs2041570 (chr7) risk alleles A in Dutch controls 
(CTRLs), celiac disease patients (CeD) and RCDII 
individuals (RCDII).
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for whom genotype data at both HLA and 
non-HLA SNPs were available. By perform-
ing univariable logistic regression, we ob-
served that both HLA-DQ2 and risk allele 
A at rs2041570 are independently associated 
with the RCDII phenotype (PDQ2=0.0018, 
ORDQ2=2.63; PSNP=0.0004, ORSNP=2.25), 
(Table 5). Combining the potential cofound-
ers (HLA-DQ2, rs2041570, gender) in one 
genetic risk model using multivariable logis-
tic regression analysis improved the associa-
tion with RCDII (PDQ2=0.0016, ORDQ2=2.68; 
PSNP=0.0003, ORSNP=2.35), (Table 5).

To test for potential interactions between 
the SNP of interest and HLA-DQ2 or gen-
der, we included an interaction terms in 
our models. None of the interaction terms 
were significantly associated with RCDII 
and therefore we concluded that there was 
no significant interaction between SNP and 
HLA-DQ2 or SNP and gender (data not 
shown).

RCDII prediction models
Figure 5 shows the receiver operator char-
acteristic (ROC) curves for the ‘HLA-DQ2 
only’ prediction model and for two com-
bined models, ‘HLA + gender’ and ‘HLA + 
gender + rs2041570 (chr.7)’. The AUC esti-
mation improved with adding gender and

Table 5: Univariable and multivariable logistic 
regression analysis in RCDII and CeD patients.

Risk factors Pr(>|Z|) OR L95 U95

Univariable analysis :

gender (female) 0.0785 0.57 0.31 1.07

HLA-DQ2 0.0018 2.63 1.44 4.84

rs2041570 (chr7) risk allele A 0.0004 2.25 1.44 3.54

Multivariable analysis :

gender (female) 0.0582 0.54 0.29 1.02

HLA-DQ2 0.0016 2.68 1.45 4.94

rs2041570 (chr7) risk allele A 0.0003 2.35 1.48 3.73

Pr(>|Z|), probability calculated by Wald 
Z-test; OR, odds ratio; L95, Lower bound 
of 95% confidence interval for odds ratio;  
U95, Upper bound of 95% confidence interval for 
odds ratio

susceptibility variant into the prediction 
model (Figure 5, Supp. Table 6). Combining 
HLA-DQ2 with gender and risk allele A 
for rs2041570 showed the best discrimina-
tion with an AUC of 0.735 compared to the 
‘HLA-DQ2 only’ model AUC of 0.627 (Supp. 
Table 6).

Expression quantitative trait loci 
analysis
In order to assess the possible function-
al role of the three most associated SNPs 
(rs2041570, rs7324708, rs205047); we per-
formed a whole-genome eQTL-analysis 
in RNA-sequencing data of 629 unrelated 
Dutch individuals from the LifeLines-deep 
cohort [31]. The rs2041570 on chromo-
some 7 SNP exhibited a significant cis-eQTL 
effect (P=0.0105) on the protein coding gene 
FAM188B (family with sequence similari-
ty 188, member B), (Supp. Figure 4). There 
was no trans-eQTL effect for any of the three 
SNPs analyzed.

Figure 5: Receiver operator characteristic 
(ROC) curves and area under the curves (AUC) 
for the HLA-DQ2 only model (AUC=0.627; 95% 
CI=0.559-0.696), the combined HLA + gender 
model (AUC=0.655; 95% CI=0.575-0.735) and 
the HLA + gender + rs2041570 (chr.7) model 
(AUC=0.721; 95% CI=0.650-0.792).
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Gene expression analysis in duodenal 
biopsies
To test whether FAM188B gene levels are 
influenced by the disease status, microarray 
expression analysis was performed in bi-
opsies from healthy controls (n=12), celiac 
patients (without villous atrophy (Marsh 1) 
(n=12), and celiac patients with villous atro-
phy (Marsh 3) and RCDII patients (n=11). 
We found no difference in the expression 
levels of FAM188B between the three groups 
of individuals studied (Supp. Figure 5).

DISCUSSION

This is the first GWAS performed in an RCDII 
cohort of European ancestry. We confirmed 
the strongest association is that of genes 
within the HLA locus and discovered 15 ad-
ditional variants at a suggestive significance. 
We then replicated this association for three 
non-HLA SNPS out of these 15 SNPs in an in- 
dependent French RCDII cohort. After 
meta-analysis, one SNP on chromosome 7 
(rs2041570) cleared the genome-wide sig-
nificance level (P=2.4x10-8) with very large 
effect (OR=2.342). Another two SNPs 
on chromosomes 12 (rs7324708) and 17 
(rs205047) showed a trend of association in 
replication cohorts, also with a large effect 
size (OR≈2). 

The actual frequency of RCDII cases 
among celiac disease is unknown but it is 
a rare condition. RCDII may be diagnosed 
using various techniques based on the anal-
ysis of biopsies and presence of IELs with 
abnormal phenotype (iCD3+ sCD3- CD8-). 
However, one of the most widely used tech-
niques, immunohistochemistry, has one big 
disadvantage: it cannot distinguish between 
the expression of the CD3 marker on the cell 
surface (sCD3) or inside the cell (iCD3). In 
contrast, flow cytometry, a more sensitive 
and specific method, allows discrimination 
of the intracellular and surface expression 
of CD3 [16]. Our use of flow cytometry for 

strict RCDII diagnosis and relatively large 
sample size, taking into account the rare 
phenotype occurrence, makes our data-
set unique. We collected a large group of 
well-diagnosed Dutch RCDII patients to 
perform the genome-wide genetic associ-
ation study in order to identify large-effect 
genetic variants.

There is no genome-wide genetic study 
in RCDII to date. The known genetic pre-
dispositions are with the HLA locus on 
chromosome 6, a region well-known to be 
associated with multiple immune and au-
toimmune-related disorders [32, 33], and 
with the protein-coding gene MYO9B (my-
osin IXB) [20]. It is known that HLA-DQ2 
and HLA-DQ8 are associated with celiac 
disease. These molecules bind the gluten 
peptide fragment more tightly than other 
HLA-DQ protein combinations and can eas-
ily trigger an immune response. A detailed 
HLA study in a relatively large RCDII cohort 
by Al-Toma et al. compared the frequen-
cies of HLA-DQ2 and HLA-DQ8 alleles 
in relatively large cohorts of RCDI (n=43), 
RCDII (n=43), CeD patients (n=121) and in 
individuals with EATL (n=30) as well as in 
matching healthy controls (n=183) in Dutch 
Caucasians [13]. The most prevalent geno-
type in RCDII was HLA-DQ2 (97.7%) com-
pared to 79% in RCDI, 91.7% in CeD and 
96.6% patients with EATL. In contrast, this 
genotype was only present in 28.9% of con-
trols. Individuals with a homozygous HLA-
DQ2 were mainly found in RCDII (44.1%) 
or EATL (53.3%) and almost were entirely 
absent in the healthy controls (2.1%). On the 
other hand, in the same study, HLA-DQ8 was 
mainly present in controls (20.2%) followed 
by RCDI (16.2%), celiacs (10.7%) and RCDII 
(9.3%). Only 6.6% of patients with EATL dis-
played this allele [13]. These observations 
are in concordance with a Finnish study 
suggesting that having two copies of HLA-
DQ2 might increase the severity of symp- 
toms in celiac disease and increase the 
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chance of developing RCD or EATL [34]. 
We did not observe any RCDII individu-
al in our Dutch (n=53) or French cohorts 
(n=41) without a positive HLA-DQ2 geno-
type (Supp. Table 3). The HLA-DQ2 homo-
zygosity occurred in the majority of RCDII 
individuals (64.4% in NL, 69% in FR), with 
the next highest percentage presence in celi-
ac patients (42.3% NL) and was, as expect-
ed, almost absent between healthy controls 
(5.2% in NL, 0% in FR).

The strong association of RCDII and SNP 
rs7259295 in protein-coding gene MYO9B 
was previously reported in a Dutch popula-
tion [20]. However, this SNP was not pres-
ent in our discovery GWAS platform. We 
searched for its proxy SNPs (r2≥0.8) using 
the SNAP tool [25] and CEU population but 
it was not present in the 1000 Genomes Pilot 
dataset [35] nor in the HapMap 3 (release 2) 
dataset [36]. Therefore, we were not able to 
test the association of this SNP.

It has been suggested that RCDII might 
be an independent disorder from celiac dis-
ease. Our association analyses using differ-
ent study designs (RCDII vs. controls; celiacs 
vs. controls; RCDII vs. celiacs) have revealed 
a different genetic background for RCDII 
and celiac disease based on our 15 RCDII-
SNPs, supporting the hypothesis of RCDII as 
an independent disorder.

Performing eQTL-analysis of the three 
most associated SNPs in RNA-sequencing 
data from peripheral blood mononuclear cells, 
we observed a cis-eQTL effect of rs2041570 
(chromosome 7) on the protein-coding gene 
FAM188B with the risk allele A being sig-
nificantly associated (P=0.0105) with a low-
er expression of FAM188B (Supp. Figure 4). 
However, microarray analysis in duodenal 
biopsies did not show any difference in the 
FAM188B gene expression across diverse 
groups of individuals (healthy controls, ce-
liacs, RCDII patients). Subsequently, we 
studied microarray expression data from 
the aberrant intraepithelial lymphocytes 

delivered from RCDII patients from the 
Schmitz et al. study [37] deposited in Gene 
Expression Omnibus (GEO) database under 
accession number GSE33078. We did not 
observe any difference or trend in expression 
when comparing aberrant IELs with control 
CD4+ or CD8+ T-lymphocytes from the same 
RCDII individual, nor when compared to ce-
liac or Crohn’s patients (Supp. Figure 6). The 
FAM188B gene is not well studied; there are 
only two publications linked to FAM188B 
or its synonymous name (FLJ22374) in the 
PubMed database. Both studies are about 
nephrolithiasis in the Japanese population 
[38, 39], however the role of FAM188B in 
the pathogenesis of nephrolithiasis was not 
explained. Therefore, we predicted the most 
likely function of this gene by using co-ex-
pression information from a compendium 
of RNA-sequencing data that has been devel-
oped in our lab (http://129.125.135.180:8080/
RNANetwork/?gene=; manuscript in prepa-
ration). Using the Gene Ontology (GO) term 
biological process, we extracted the top 20 
pathways linked to FAM188B. Out of these 
pathways, 12 were connected to the toll-like 
receptor signaling pathway (Supp. Table 7). 
These results suggest a role for FAM188B in 
the innate immunity that may be part of the 
ethiopathology of RCDII.

Findings from this study place RCDII in 
a new perspective, highlighting the differ-
ences in the genetic background of RCDII 
and celiac disease and indicating that the 
two diseases share symptoms but may not 
share a disease mechanism. There is an on-
going debate among clinicians as to whether 
an individual with RCDII who never posi-
tively responded to the gluten-free diet (the 
only treatment for celiac disease) actually 
has celiac disease. Moreover, this consid-
eration raises the fundamental question 
whether RCDII is truly a severe phenotype 
of celiac disease or whether it is an inde-
pendent disorder sharing symptoms such as 
intestinal inflammation, intestinal villus at-
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rophy and malnutrition, with celiac disease. 
Some authors propose that RCDII might 
be a low-grade intraepithelial lymphoma 
[16, 40], which is consistent with malignant 
characteristics such as monoclonal TCR and 
abnormal markers of IELs surface present 
in RCDII [40]. Therefore, prof. Mulder and 
prof. Collier have proposed a new term: “pre-
EATL” (pre-enteropathy-associated T-cell 
lymphoma) for the RCDII phenotype (per-
sonal communication; Mulder and Collier, 
manuscript in preparation).

To test the similarities and differences 
between RCDII, CeD and EATL, we took 
a genome-wide association study of celiac 
disease [10] and non-Hodgkin lymphoma 
(EATL is a non-Hodgkin lymphoma, NHL) 
[41] and extracted the non-HLA SNPs as-
sociated with the phenotype using the same 
P-value threshold as in our RCDII discov-
ery study (P<5x10-5). Firstly, we searched 
for proxy SNPs (r2≥0.8) using the SNAP 
tool [25], CEU population and the 1000 
Genomes Pilot dataset [35] or the HapMap 
3 (release 2) dataset [36]. Then we gener-
ated Q-Q plots for each disease and calcu-
lated the lambda using the discovery study 
dataset from the Illumina Hap550 platform 
(Supp. Figure 7). The over-dispersion fac-
tors of association test statistics (lambda) 
demonstrated that there are some differenc-
es between these three diseases (λRCDII=1.093; 
λCeD=1.238; λNHL=1.896) but we could not 
unadvisedly state which two diseases are 
more similar due to the large difference in 
the number of plotted SNPs. Secondly, for 
each of the selected GWAS SNPs, we defined 
a disease locus using an arbitrary cut off of 
500kb around the top SNP, annotated them 
with genes from the Gencode version 14 [42], 
extracted all these cis-genes and performed 
an enrichment pathway analysis by using 
co-expression information from a bioinform- 
atics tool developed in our lab (http://gene-
network.nl:8080/GeneNetwork/pathway.
html; manuscript in preparation). This anal-

ysis showed that these loci are enriched for 
immune system processes (CeD), for cancer 
(non-Hodgkin lymphoma) and for ATP-
synthesis pathways and mitochondrial biol-
ogy (RCDII), (Supp. Figure 8). Some of the 
RCDII cis-genes showed a connection to 
cancer. For example, protein-coding gene 
WWOX (WW domain-containing oxidore-
ductase) on chromosome 16 is related to 
different types of cancer (e.g. breast, lung, 
ovarian, primary  acute  leukemia) and its 
expression was strongly associated with 
tumor  histology and is a potent suppres-
sor of tumor growth [43–45]. Other exam-
ples of the RCDII cis-genes include ECT2 
(Epithelial cell transforming sequence 2 
oncogene), NY-BR-1 (ANKRD30A; Ankyrin 
repeat domain-containing protein 30A)  
a breast  tissue-specific  transcription factor 
with  autoimmunogenicity in  breast can-
cer patients and TPP2 (Tripeptidyl peptidase 
II) a gene up-regulated in Burkitt’s lymphoma. 

All our new information suggests that 
RCDII is different from celiac disease or 
non-Hodgkin lymphoma and looks to be 
an independent disease phenotype. We are 
aware that our study is limited, as it is based 
on only two European cohorts with a limit-
ed number of RCDII cases. It is important 
for future work to include additional co-
horts and larger numbers of well-diagnosed 
patients to increase the power of the study 
in order to allow detection of the less fre-
quent risk alleles with moderate effect size. 
Another future step will be to compare 
RCDII not only with controls or celiacs but 
also with less severe phenotypes such as 
RCDI to answer the question of whether all 
RCD or only RCDII patients differ genetical-
ly from celiac patients. One study observed  
a common transition from RCDI to the 
more severe RCDII phenotype in 80% of pa-
tients [46] while another study marked this 
as a rare event observing only one transi-
tion in more than 100 RCDII cases [5]. This 
possible disease progression highlights the 
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importance of the timely diagnosis and pos-
sible treatment. 

We would like to highlight that the soon-
er diagnosis is made the sooner treatment 
can be started, thus eliminating abnormal 
populations of IELs before they can trans-
form to the T-cell lymphoma, and our RCDII 
prediction risk models containing HLA and 
non-HLA genetic variants could be helpful 
for RCDII diagnosis in the future. Early di-
agnostic testing (including analysis of the 
genetic risk) of this severe phenotype will al-
low earlier diagnosis and treatment, and will 
therefore be very beneficial to patients.
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SUPPLEMENTARY MATERIALS

Supp. Figure 1: Quantile-quantile (Q-Q) plots of the expected versus (unadjusted) observed (-logP) 
values for the discovery phase analysis.  The P-values distribution of Fisher’s exact test of association in 
A) the whole dataset (including HLA genes) and in B) the dataset after all HLA SNPs were removed for 
all SNPs that have passed quality control filters. The red line indicates the middle of the first and third 
quartile of the expected distribution of the test statistics. Genomic control inflation factor (λ)
A) shows deviation from the null distribution from the P-value<10-4 which was mostly driven by the 
presence of HLA SNPs. B) shows deviation from the null distribution only in the upper tail, which 
corresponds to non-HLA SNPs with the strongest evidence of association. 
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Supp. Figure 2: Regional association plots for regions harbouring SNPs significantly associated with RCDII in the 
discovery study (GWAS).  

All genotyped SNPs are plotted with their P-values (as –log10 values; left-hand y axis) as a function of genomic 
position (with NCBI Build 36 (hg18); x axis). In each panel, the SNP with the most significant association in the 
GWAS is listed (red diamond). Estimated recombination rates (taken from 1000 Genome Pilot project) are 
plotted (right-hand y axis) to reflect the local structure around the associated SNPs (±500kb) and their 
correlated proxies (red: r2≥0.8, yellow: r2≥0.6, green: r2≥0.4, light blue: r2≥0.2, dark blue: 0.2>r2>0).  
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Supp. Figure 2: Regional association plots for regions harbouring SNPs significantly associated with 
RCDII in the discovery study (GWAS). All genotyped SNPs are plotted with their P-values (as –log10 
values; left-hand y axis) as a function of genomic position (with NCBI Build 36 (hg18); x axis). In each 
panel, the SNP with the most significant association in the GWAS is listed (red diamond). Estimated 
recombination rates (taken from 1000 Genome Pilot project) are plotted (right-hand y axis) to reflect 
the local structure around the associated SNPs (±500kb) and their correlated proxies (red: r2≥0.8, 
yellow: r2≥0.6, green: r2≥0.4, light blue: r2≥0.2, dark blue: 0.2>r2>0). 
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Supp. Figure 3: Distribution of HLA-DQ2 (panel A) and risk allele A at rs2041570 on chromosome 7 (panel B) in 

controls (CTRLs), celiac disease patients (CeD) and RCDII individuals (RCDII) in Dutch (NL) and French (FR) 

cohorts.  
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Supp. Figure 3: Distribution of HLA-DQ2 (panel A) and risk allele A at rs2041570 on chromosome 7 
(panel B) in controls (CTRLs), celiac disease patients (CeD) and RCDII individuals (RCDII) in Dutch (NL) 
and French (FR) cohorts. 

Supp. Figure 4: Plot of cis-eQTL results for the strongest associated SNP rs2041570 (chromosome 7) correlated 

with FAM188B gene expression levels (P-value=0.01), with the lowest level of expression for carriers 

homozygous for the rs2041570 allele A.  

 

  Supp. Figure 4: Plot of cis-eQTL results for 
the strongest associated SNP rs2041570 
(chromosome 7) correlated with FAM188B gene 
expression levels (P-value=0.01), with the lowest 
level of expression for carriers homozygous for 
the rs2041570 allele A. 

Supp. Figure 5: Box plots showing the quartile normalized expression values for FAM188B protein-
coding gene from the microarray analysis in biopsies of healthy individuals (CTRL), celiac (CeD) and 
RCDII patients (RCDII). Celiac patients were sub-classified based on the histological Marsh 
classification into moderate (CeD Marsh I (MI)) and severe (CeD Marsh III (MIII)) celiacs. 

 

 

 

  Supp. Figure 5: Box plots showing the quartile 
normalized expression values for FAM188B 
protein-coding gene from the microarray 
analysis in biopsies of healthy individuals 
(CTRL), celiac (CeD) and RCDII patients (RCDII). 
Celiac patients were sub-classified based on the 
histological Marsh classification into moderate 
(CeD Marsh I (MI)) and severe (CeD Marsh III 
(MIII)) celiacs.
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Supp. Figure 8: Pathway enrichment analysis of non-HLA SNPs associated with RCDII (black bars), 
celiac disease (dark grey bars) and non-Hodgkin lymphoma (light grey bars) in GWAS. Panels exhibit 
the top 10 pathways enriched in each phenotype.
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ABSTRACT

Genome-wide association studies (GWAS) and follow-up studies in celiac dis-
ease (CeD) have identified 39 loci, besides HLA, associated with this disease. 
Together they explain approximately 54% of the total genetic risk of the CeD 
phenotype. More of the heritable component might be hidden between the as-
sociation signals that did not meet the stringent statistical thresholds imposed 
after correction for multiple testing. 

To obtain a proof-of-principle for the presence of such hidden disease-associat-
ed loci, we selected six single nucleotide polymorphisms (SNPs) with suggestive 
association signals that did not meet the genome-wide significance statistics we 
had set for follow-up. These six SNPs were genotyped by TaqMan and tested 
for association with CeD in two independent cohorts of Dutch (180 CeD cases, 
511 controls) and Italian (824 CeD cases, 1,304 controls) ancestry. The results 
were combined with those from our original GWAS discovery cohort of 3,796 
CeD cases and 8,154 controls from four populations (British, Finnish, Dutch 
and Italian). The combined meta-analysis revealed two potential novel CeD 
genetic variants: rs12086216 on chromosome 1 (P=1.45x10-6) and rs12700692 
on chromosome 7 (P=1.1x10-6). We correlated the genotypes of these two SNPs 
with the levels of gene expression in whole blood samples of 629 Dutch indi-
viduals. We discovered a cis-eQTL effect of the SNP on chromosome 7 on the 
expression of the protein-coding gene NFE2L3 (the T allele lowered the expres-
sion of NFE2L3). Consequently we investigated the NFE2L3 gene expression 
using RNA from various immune cell types obtained from whole blood and 
from intestinal biopsies representing CeD-relevant cell types and tissues. The 
highest expression of NFE2L3 was observed in monocytes, followed by memo-
ry T-cells, albeit the latter showed only half the expression. Analysis of publicly 
available expression data revealed higher levels of NFE2L3 in LPS-stimulated 
monocytes than in unstimulated monocytes or CD4+ T-cells. Analysis of CeD-
relevant tissues from intestinal biopsies showed a significant relation between 
disease severity/classification and increased levels of NFE2L3. 

We have identified NFE2L3 as a potential novel risk gene for CeD. Our results 
show that our approach (increasing the sample size, combined with follow-up 
studies) can successfully provide evidence for potential risk genes.
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INTRODUCTION

Celiac disease (CeD) is a common immune- 
related disorder characterized by intolerance to 
dietary gluten resulting in a chronic inflamma-
tion in the small intestine of susceptible indi-
viduals. Linkage analysis and association-based 
studies have established the role of genetics in 
CeD. The strongest genetic components are 
found in the human leukocyte antigen (HLA) 
class II genes in the major histocompatibility 
complex (MHC) on chromosome 6. 

Genome-wide association studies (GWAS) 
and Immunochip analysis in CeD have 
successfully identified 39 non-HLA loci 
associated to this disease [1–4]. The great 
majority (~95%) of the CeD-associated 
SNPs (single nucleotide polymorphisms) 
are located in non-protein-coding regions 
[5]. This is consistent with GWAS findings 
in general, where more than 1,200 GWAS 
for diverse diseases and quantitative traits 
have together shown that ~93% of the as-
sociated SNPs reside in non-coding regions. 
This observation makes it challenging to 
translate associated SNPs to function [6, 7]. 
Correlating the messenger RNA (mRNA) 
gene expression levels with SNPs and iden-
tifying expression-quantitative trait loci 
(eQTL) may help to functionally annotate 
GWAS SNPs and identify which genes are 
likely to be regulated by specific SNP vari-
ants [8]. The eQTLs may map close to genes 
(cis-eQTL) or much further away, or even 
on different chromosomes (trans-eQTL). 
Several publications have suggested that 
disease-associated variants are involved in 
regulating the transcription of specific tar-
get genes via interaction with promoters or 
enhancers, by altering/creating transcription 
factor binding sites, or removing chroma-
tin-modifying complexes to open the chro-
matin to make it more accessible [9–12]. 
Maurano et al. showed that the majority of 
GWAS-variants associated with diseases or 
quantitative traits are concentrated in regu-

latory parts of DNA in a cell-specific and/or 
developmental-stage manner [7]. This sug-
gests that CeD-associated variants captured 
by GWAS but not located in the protein-cod-
ing DNA could cause the disease phenotype 
via non-coding genes or non-coding regula-
tory elements (promoters, enhancers, tran-
scription factor binding sites) close by or at 
a distance. This type of regulation should be 
selective and cell-type- or tissue-specific. 

We hypothesized that CeD-associated 
SNPs can affect the expression of coding or 
non-coding genes previously not known to 
have an immune-related function. To test 
this hypothesis, we selected SNPs previously 
associated with CeD in GWAS [3] but which 
were not located close to known immune-re-
lated protein-coding genes and hence not in-
cluded in follow-up replication studies. They 
were, however, located in a region of long 
non-coding RNA (lncRNA) genes. We hy-
pothesized that these SNPs may cluster with 
perfect proxies in regulatory elements in the 
disease-relevant cell type (immune cell types 
or intestinal epithelial cells) and thus affect 
the level of transcription of specific coding or 
non-coding target genes in their close prox-
imity or at a distance (cis- or trans-eQTL). 

MATERIAL & METHODS

Subjects
DNA samples were isolated from the whole 
blood of 1,004 celiac disease patients and 
1,815 healthy controls from our Dutch and 
Italian cohorts. All subjects were of European 
ancestry (see Table 1). Written informed 
consent was obtained from all subjects after 
we obtained approval from the ethics com-
mittee or institutional review board of all the 
participating institutes. 

SNP selection
We used the same selection criteria as Dubois  
et al. [3] based on P-values in GWAS (PGWAS <10-4). 
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Table 1: Individuals included in discovery and replication studies

Discovery study  
(GWAS)

Replication 
study 1

Replication 
study 2 Total

UK, FIN, NL, IT Dutch Italian  

Celiac disease cases 3,796 180 824 4,800

Male/Female/Unspecified 983/2,813/0 48/132/0 284/533/7  

Controls 8,154 511 1,304 9,969

Male/Female/Unspecified 4,261/3,893/0 255/266/0 281/953/70  

Total 11,950 691 2,128 14,769

We selected the six most associated SNPs that 
met the following criteria: (1) these SNPs 
were not included in our previous replica-
tion study because there were no immune 
system protein-coding genes in the region, 
(2) and the SNPs were located in a 500 kb 
window with long non-coding RNA genes 
from the Gencode dataset [13] or Human 
lincRNA catalog [14].

SNP genotyping 
Both the replication cohorts from the 
Netherlands and Italy were directly gen-
otyped at the University Medical Center 
Groningen (Groningen, the Netherlands) 
using TaqMan SNP Genotyping Assays on 
an ABI 7900HT system (Applied Biosystems, 
Bleiswijk, the Netherlands), following the 
manufacturer’s protocol. Genotyping data 
and clustering was performed using SDS 2.3 
software (Applied Biosystems). Genotype 
clusters per SNP were manually investigat-
ed and adjusted if necessary. DNA samples 
were processed in 384-well plates. To control 
for plate swaps, all plates included four geno-
typing control DNA samples (obtained from 
Centre d’Etude du Polymorphisme Humain 
(CEPH) Paris, France) and four negative 
controls (water) per SNP in plate-specific po-
sitions. Additional Dutch controls for replica-
tion cohort 1 (R1) were genotyped using the 
Illumina HiSeq 2000 platform (Illumina Inc., 
San Diego, CA, USA) at the Beijing Genomics 

Institute, China (BGI). The genotype calling 
algorithms and quality control parameters we 
used have been described previously [15]. 

SNP association analysis
SNP association analysis were performed 
using PLINK v1.07 [16]. Standard case-con-
trol association analyses were performed 
using Fisher’s exact test independently for 
each study (R1 and R2). Cochran-Mantel-
Haenszel (CMH) meta-analysis of the odds 
ratio was used in a combined analysis of rep-
lication samples (GWAS+R1+R2). Regional 
linkage disequilibrium (LD) plots were gen-
erated with SNAP software using the 1000 
Genomes project SNP dataset and CEU pop-
ulation for calculating r2 and recombination 
rate visualization [17]. 

Expression quantitative trait loci 
analysis in peripheral blood 
mononuclear cells in a Dutch cohort
We performed a whole-genome eQTL-anal-
ysis using peripheral blood samples and 
genotype data from 629 unrelated Dutch in-
dividuals of the LifeLines Deep cohort [18]. 
We isolated DNA according to standard pro-
tocols and genotyped these samples with the 
Immunochip platform (Human Immuno Bead 
Chip B) and with the HumanCytoSNP-12 
Bead Chip according to the manufacturer’s 
protocol (both platforms from Illumina Inc.). 
The genotypes from both platforms were 
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merged into one dataset. Gene expression 
data for the whole dataset was obtained by 
isolating RNA using PAXgene Blood miRNA 
Kit (Qiagen, CA, USA). We determined RNA 
quantity and quality using the Nanodrop 
1000 Spectrophotometer (Thermo Scientific, 
Waltham, MA, USA) and the Expirion 
high-sensitivity RNA analysis kit (Bio-Rad, 
Hercules, CA, USA), respectively. The RNA 
was concentrated by precipitation and then 
re-diluted in a smaller volume. The sequenc-
ing libraries were prepared using the TruSeq 
version 2 RNA kit (Illumina Inc.) according to 
the manufacturer’s instructions. Ten samples 
per lane were pooled and pair-end sequenced 
of 2 x 50 bp in a single lane on the HiSeq2000 
(Illumina Inc.). RNA sequencing data were an-
alyzed as previously described [18]. 

Sequencing reads were mapped to the 
human reference genome (NCBI build 37) 
using RNA-seq aligner STAR version 2.1.3 
[19]. RNA deep sequencing data were an-
notated with known transcripts from the 
Gencode version 16 dataset (GRCh37.71) 
[13]. Stringent alignment criteria were used 
to ensure that probes mapped unequivocally 
to a single genomic position. The expression 
data were trimmed mean of M-values (TMM) 
normalized [20] and log2-transformed. The 
expression of each gene was centered and 
scaled. Five principal components were in-
cluded as covariates. Both cis- and trans-
eQTL mapping was performed as described 
previously [8]. Genes were included in the cis-
eQTL analysis if their gene expression probes 
were located within a 1 Mb window of the se-
lected SNP (SNP ± 500 kb), whereas eQTLs at 
a distance greater than 5 Mb were defined as 
trans-eQTLs. Associations were corrected for 
multiple comparison/testing using the false 
discovery rate (FDR<0.05).

Functional annotation of replicated 
SNPs
For a replicated SNP (lead SNP) with an eQTL, 
we extracted proxies that were in strong 

linkage disequilibrium (r2≥0.8 or D’=1; 1000 
Genomes project, CEU population as refer-
ence) with the lead SNP using the HaploReG 
v2 tool (http://compbio.mit.edu/ HaploReg), 
[21]. To annotate lead SNPs and their prox-
ies with regulatory elements, we integrated 
ENCODE and Roadmap data, and visualized 
it in the UCSC genome browser (http://ge-
nome.ucsc.edu/) or in the Epigenome browser  
(http://www.epigenomebrowser.org/), [22].

Gene expression analysis in selected 
immune cell types
We performed transcriptome analysis across 
seven peripheral blood leukocyte popula-
tions (granulocytes, monocytes, NK cells, 
B-cells, memory-T cells, naive CD4+ and 
naive CD8+ T-cells) in RNA-sequencing 
data as described previously [23]. We also 
analyzed microarray expression data from 
the Schirmer study [24], which we down-
loaded from the Gene Expression Omnibus 
(GEO) under accession number GSE9820. 
We extracted data from HumanRef-8 v2.0 
expression BeadChip platform (Illumina 
Inc.) for three cell types in controls, resting 
monocytes (n=13), monocytes stimulated by 
LPS (n=13), and T-cells (n=14).

We also performed gene expression anal-
ysis using HumanRef-8 v2.0 microarray data 
derived from disease-relevant tissue which 
was taken from intestinal biopsies of 36 
Dutch individuals (12 controls, 24 CeD pa-
tients classified as Marsh stage 0 (n=12) and 
Marsh 3 (n=12),[25]) as described earlier [2]. 
The normalized expression values were strat-
ified according to the phenotypes (controls 
versus treated CeD (Marsh 0), controls ver-
sus untreated CeD (Marsh 3), treated (Marsh 
0) versus untreated CeD (Marsh 3)), or ac-
cording to the cell type (resting monocytes, 
stimulated monocytes, T-cells); significant 
differences were tested using the Wilcoxon 
rank test calculated in R-studio [26].
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Figure 1: Forest plots showing the odds ratios 
and 95% confidence intervals of the association 
for the two replicated SNPs. The dashed line 
represents an odds ratio of 1. 

RESULTS

Six SNPs were selected based on the previ-
ously described parameters (see Materials 
& Methods) and were further directly geno-
typed in two independent cohorts (Table 2), 
from the Netherlands (R1) and Italy (R2), us-
ing TaqMan genotyping assays. Combining 
the results from the discovery GWAS and 
two replication studies into a meta-analysis 
of 14,769 individuals (4,800 CeD cases and 
9,969 healthy controls) revealed two repli-

cated SNPs associated with CeD: rs12086216 
(on chromosome 1) and rs12700692 (on 
chromosome 7) with PMETA=1.45x10-6 (odds 
ratio (OR)=0.757; 95% confidence interval 
(CI), 0.676 to 0.848) and PMETA=1.10x10-6 
(OR=0.852; CI, 0.799 to 0.909), respec-
tively (Table 3, Supp. Table 1, Figure 1). 
Supplementary Table 2 gives detailed infor-
mation about the allele frequencies across 
the different cohorts included in the GWAS, 
both replications studies (R1, R2) and in the 
meta-analysis.

To identify genes which are regulated by 
our two replicated variants, we correlated 
genotypes with the expression in the whole 
blood of 629 controls for genes in a 1 Mb 
locus (cis-eQTL, Figure 2) and for all genes 
located at a distance larger than 5 Mb (trans-
eQTL). No cis-eQTL effect was observed for 
the rs12086216 variant on chromosome 1 
(Supp. Table 3) but we did observe a signifi-
cant cis-eQTL effect (FDR<0.05, P=1.16x10-8) 
on protein-coding gene NFE2L3 for the SNP 
on chromosome 7 (rs12700692), where the 
allele T with protective effect was associat-
ed with a lower expression of the mRNA in 
whole blood (Supp. Table 3, Figure 3). No 
trans-eQTL effect was observed for any of 
the replicated variants (data not shown).

To assess the functional role of the rep-
licated SNP rs12700692 in the associated 
locus on chromosome 7, we investigated the 
regulatory elements and genes (cis-genes) 
in a region defined by proxy SNPs using 
HaploReg, ENCODE and Roadmap data. We 
did not observe any enrichment of regulato-
ry elements in the region on chromosome 7.

To assess the functional role of this 
SNP in disease-relevant cell types, we ana-
lyzed NFE2L3 gene expression in seven im-
mune cell types circulating in the blood of 
healthy individuals using RNA-sequencing 
[27]. The highest expression of NFE2L3 was 
present  in monocytes (24.4 RPKM) followed 
by CD4+/CD8+ memory T-cells (12 RPKM), 
(Figure 4-A). We also compared the expres-
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 A) 

B)

C)

Figure 4: NFE2L3 gene expression data in 
disease-relevant cell types and tissue. A) Seven 
immune cell types derived from PBMCs from 
healthy individuals [27]; B)  Schirmer et al. study 
with unstimulated/LPS-stimulated mono-cytes 
and CD4+ T-cells [24]; C)  small intestine tissue 
biopsies obtained from 12 healthy controls, 12 CeD 
patients with a normal histology (M0, Marsh 
stage 0), and 12 untreated CeD patients with 
pathological villous atrophy (M3, Marsh stage 3).

of protein-coding gene NFE2L3 in the 
same region (cis-eQTL), with the lowest 

Figure 3: Expression quantitative trait locus (eQTL) 
mapping for rs12700692 on chromosome 7. 

sion profile of NFE2L3 in publicly available 
microarray expression data (GSE9820) de-
livered from LPS-stimulated and non-stim-
ulated monocytes and using CD4+ T-cells as 
controls [24]. In this dataset, the expression 
of NFE2L3 was highest in LPS-stimulated 
monocytes and lowest in CD4+ T-cells (Figure 
4-B). The difference in NFE2L3 expression 
was significant between all the tested cells 
types (unstimulated vs. stimulated mono-
cytes (P=3.65x10-6), unstimulated monocytes 
vs T-cells (P=1.2x10-6), and stimulated mono-
cytes vs T-cells (P=9.97x10-8)).

Next, to test whether the NFE2L3 gene 
is correlated with the disease phenotype, we 
performed a microarray expression analysis 
on 36 duodenal biopsies from 12 healthy 
controls, 12 treated CeD patients with nor-
mal mucosa/villi architecture (Marsh 0) and 
12 untreated CeD patients with inflamed 
mucosa and villous atrophy (Marsh 3). The 
NFE2L3 gene showed a significant differ-
ence in expression between all three groups 
and was correlated with disease severity: 
the more severe phenotypes had a higher 
expression (Figure 4-C). The difference be-
tween untreated CeD and treated CeD was 
also significant (P=8.9x10-6, Figure 4-C).
This SNP is strongly correlated with expres-
sion levels (P-value of 1.16x10-8, FDR<0.05)
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level of expression shown by carriers who 
are homozygous for the rs12700692 allele 
T (protective). The SNP-gene expression 
correlation is shown for a dataset containing 
629 individuals from the general population 
(LifeLines Deep cohort). The numbers in 
brackets represent the frequency of specific 
genotypes.

DISCUSSION

Here we describe a replication study of ge-
netic variants with suggested associations to 
CeD seen in GWAS. We identified two novel 
potential risk variants for CeD: rs12086216 
on chromosome 1 and rs12700692 on chro-
mosome 7. The strongest association was 
seen for the variant on chromosome 7 and 
the genotype of this SNP could be correlat-
ed with the expression of the protein-coding 
gene NFE2L3 from the same region. 

CeD is an immune-related, inflamma-
tory disease of the intestine. We therefore 
investigated the expression of NFE2L3 in  
a panel of general, circulating, immune 
cell types, isolated from the whole blood of 
a healthy volunteer and we performed an 
additional analysis of publicly available ex-
pression data [24, 27]. The highest NFE2L3 
expression in monocytes in whole blood 
and the increased levels in monocytes after 
stimulation with LPS that we observed are 
in concordance with the monocyte infiltra-
tion which takes place during active, un-
treated CeD. It has also been observed that 
specific subtypes of monocyte-derived cells 
(CD11+ dendritic cells (DC) co-expressing 
the CD14+ monocyte marker) accumulate 
in the inflamed intestine of untreated CeD 
patients, while the presence of other sub-
sets – dendritic cells and macrophages – is 
decreased [28]. Beitnes et al. [29] studied 
whether this infiltration was caused by the 
inflammation or by the response to the glu-
ten antigen. They observed an increase of the 
subtypes of CD14+CD11c+ DCs after an in 
vivo gluten stimulation, together with a de-

crease of specific CD103+CD11c+ DCs and 
CD163+CD11c- macrophages as observed 
in untreated CeD patients, whereas the con-
trols did not have this reaction [29].

Our analysis of CeD-relevant tissue from 
intestinal biopsies of CeD patients showed 
a correlation of disease severity with higher 
expression levels of NFE2L3. However, the 
difference between treated and untreated 
CeD was not statistically significant, but we 
should take into account that duodenal bi-
opsies are not a single-cell-type tissue, but 
rather a mixture of immune and epithelial 
cells. Therefore, the expression signal from 
one cell type might be diluted by other cell 
types, or even almost silenced by more prev-
alent cell types. This issue could be solved by 
collecting a sufficient amount of duodenal 
tissue so that one could isolate a large num-
ber of different, potentially relevant, cells. At 
present, it is not feasible to dissect the intes-
tinal biopsies to obtain sufficient quantities 
of different cell types for reliable gene ex-
pression data on each type. The invasive na-
ture of an intestinal biopsy makes it difficult 
to collect large samples. This could be solved 
by isolating pure cell types and performing 
single-cell sequencing.

The eQTL analysis disclosed a correlation 
between the rs12700692 (chromosome 7) 
genotype with NFE2L3 expression. To dis-
cover how the associated SNP might regu-
late this protein-coding gene, we annotated 
rs12700692 and its proxy SNPs (r2>0.8) with 
regulatory elements using RegulomeDb [30]. 
The database algorithms predicted a motif 
change (minimal binding evidence, score 
6) for the Sfpi1 transcription factor, but in 
this case the genetic variant was located at 
the end of the recognition sequence, which 
therefore has a very low potential to dis-
rupt the binding of Sfpi1. To validate the 
RegulomeDb prediction, we analyzed pub-
licly available data, using tracks in the UCSC 
genome browser. None of the predicted 
regulatory elements was confirmed in these 
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datasets across different cell types, tissues or 
cell lines. A possible explanation is that there 
is still no regulatory element data available 
for CeD-relevant tissues/cell types or cells 
under a CeD-specific stimulation. The reg-
ulation may be extremely specific and may 
be active in different cell types, such as an-
tigen-presenting cells (monocytes, dendritic 
cells, macrophages) or intestinal epithelial 
cells (enterocytes). RegulomeDb algorithms 
also predicted modification of two histone 
markers H2A.Z (functioning in euchromatin 
to antagonize the spread of heterochroma-
tin) and H3K27me3 (marker of transcrip-
tionally silent chromatin) in several cell lines, 
but again, we did not observe this pattern 
across a large number of different cell types 
or cell lines when we analyzed the data in the 
UCSC genome browser. Performing state-of-
the-art experiments (like chromatin immu-
noprecipitation sequencing (ChIP-seq) or 
global run-on sequencing (GRO-seq)) to re-
veal the regulatory elements in CeD-specific 
cell types in unstimulated and stimulated 
conditions (gluten, cytokines) would help us 
gain an understanding of the precise mecha-
nism of regulation. 

We have identified NFE2L3 (nuclear 
factor (erythroid-derived 2)-like 3) also 
known as NRF3 (NF-E2-related factor 3) as 
a potential risk gene for CeD in this study. 
NFE2L3 glycoprotein was discovered more 
than 10 years ago, but is still a poorly char-
acterized transcription factor and regulator 
of antioxidant-response elements (ARE)-
dependent gene expression [31, 32]. As  
a regulator, NFE2L3 can increase or de-
crease the expression of its target genes, de-
pending on the cellular context, expression 
levels of NFE2L3, and/or its co-factors [33]. 
NFE2L3 has three isoforms that are differ-
ently localized in three subcellular compo-
nents (endoplasmic reticulum, cytoplasm, 
and nucleus) [32, 33]. Results from mouse 
studies suggest a role for NFE2L3 in protec-
tion from hematopoietic malignancies and  

a possible role in inflammation [33, 34]. Few 
studies have reported an increase of NFE2L3 
on the protein and/or transcript level after 
stimulation with pro-inflammatory cyto-
kines TNFα and IFNγ (choriocarcinoma 
cell line JAR, human uterine endothelial 
cells) [35, 36]. A recent study by Fairfax et 
al. [37] investigated regulatory variants in 
monocyte gene expression and reported 
a cis-eQTL effect on the NFE2L3 gene for 
rs2057763 after IFNγ stimulation. Interest-
ingly, this cis-eQTL effect was not observed 
in unstimulated monocytes. All this informa- 
tion is in line with our own findings on 
NFE2L3 and its possible involvement in the 
innate immune system in CeD.

To predict possible pathways for NFE2L3, 
we investigated the NFE2L3 co-expressed 
genes using GeneNetwork to dive deeper 
into the possible CeD mechanism [38]. The 
resulting network included 88 genes. We an-
notated these 88 co-expressed genes with the 
information extracted from ImmunoBase 
database [http://www.immunobase.org], where 
18% (16 out of 88) of the co-expressed genes 
were under a term “disease overlap”, i.e. 
genes associated with at least two out of 12 
autoimmune or immune-related diseases 
(Supp. Table 4, Figure 5), suggesting that 
NFE2L3 might be involved in a mechanism 
shared by various autoimmune and immune- 
related diseases. The co-expression network 
included one well-known CeD-associated 
gene (TNFAIP3) and six other co-ex-
pressed genes linked to the same pathway as 
TNFAIP3, the NFkB pathway (Figure 5). We 
previously implicated this pathway in CeD 
based on GWAS data [4].

One of the most co-expressed genes with 
NFE2L3 in our analysis was Baculoviral IAP 
repeat-containing protein 3 (BIRC3), also 
known as a cellular inhibitor of apoptosis 
protein 2 (cIAP2). This gene has not previ-
ously been linked to any autoimmune or 
immune-related disease. BIRC3 protein is 
involved in the nucleotide-binding oligom-
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erization domain (NOD)-like receptor sig-
naling via binding to activated NOD1/NOD2, 
which is followed by the RIPK2 activation of 
mitogen-activated protein kinase (MAPK) 
and the NFkB signaling pathway. This re-
sults in the production of pro-inflammatory 
cytokines and chemokines, induction of the 
innate immune system in the intestine, and 
the Th2-type immune response. To date, the 
NOD2 gene and its pathway have been im-
plicated in inflammatory bowel disease, an-
other immune-related disease manifesting 
in the gut [39]. Additionally, there are a few 
studies implicating genetic variants located 
in NLRP1 or NLRP3 (other NOD-like recep-
tors) loci in CeD, but the molecular mech-
anism of action is still unknown [40, 41]. 
However, our co-expression network in-clud-
ed another member of this receptor family, 
NLRP7 (Figure 5). The exact link between 
NFE2L3 and the NOD2 pathway is unclear, 
but it is tempting to hypothesize on their 
potential relationship in the context of CeD.

Another interesting gene from the 
NFE2L3-co-expression network is C-X-C 
motif chemokine 10 (CXCL10), known 
also as IFNγ-induced protein 10 (IP-10). 
CXCL10 is secreted by several cell types 
(monocytes, macrophages, dendritic cells, 
endothelial cells and fibroblasts) in response 
to IFNγ or TNFα [42, 43]. This CXCL10 gene, 
its receptor CXCR3 and additional ligands 
of CXCR3 (CXCL9, CXCL11) are known as 
the most important chemokines promoting 
homing of immune cells into the inflamed 
tissue [44]. CXCR3, its ligands and their el-
evated levels in disease-relevant tissue from 
patients are known to be involved in dif-
ferent chronic inflammatory diseases, such 
as inflammatory bowel disease, rheumatoid ar-
thritis, type 1 diabetes, chronic autoim-mune 
thyroiditis, and others [45–53]. A recent 
study revealed high concentrations of CXCL10 
in the serum of untreated celiac patients, 
together with the highest mRNA levels of 
CXCL10 and CXCL11 being seen in duo-

denal biopsies from untreated CeD patients 
when compared to patients on a gluten-free 
diet (non-active celiac cases) or controls [54]. 
This suggests that this chemokine ligand-re-
ceptor interaction is involved in the inflam-
mation in active, untreated CeD. CXCR3 
and its ligands would seem to be potential 
biomarkers for the inflammation.

So far, the NFE2L3 gene/locus has only 
been potentially associated with two diseas-
es/phenotypes by GWAS: the genetic variant 
rs12700692 (which we have studied in CeD) 
was linked to endometriosis risk [55], and 
another variant, rs1055144,  was associated 
with waist-to-hip ratio, which is a measure-
ment of obesity and a common indicator for 
developing serious health conditions, in-
cluding diabetes [56]. This second variant 
is not in LD with our celiac SNP (r2=0.008). 
Both studies need further investigation in 
order to understand the potential involve-
ment of NFE2L3 in the disease mechanism.

We have presented an integrative ap-
proach to prioritize potentially functional 
genes for CeD by using genetic variants 
discovered by GWAS. Our results show that 
increasing the sample size to follow-up ge-
netic variants that are borderline-associated 
with disease can be useful in prioritizing 
novel risk genes. The same follow-up strat-
egy could also be used in other autoimmune 
and immune-related diseases. The next step 
could be to use genotyping platforms fo-
cused on known regions/genes arrays, as 
Immunochip [57] or MetaboChip [58], to 
fine map the region of interest and enrich 
it with lower frequency genetic variants, 
which are not covered by the standard ge-
nome-wide platforms and which represent 
an important bias in all GWAS. Our study 
also suggests that interesting candidate 
genes can be discovered within the group of 
variants that do not reach the genome-wide 
statistical threshold in GWAS, but display 

“suggestive” P-values, which might be im-
prove by increasing the sample size. This can 
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be done by increasing the number of cases 
with the same disease phenotype or, as pos-
sible for autoimmune and immune-related 
diseases, by merging different disease data-
sets and performing a meta-analysis to dis-
cover the shared genetic variants underlying 
the autoimmunity or shared disease mecha-
nisms and pathways.

In this follow-up study of GWAS results, 
we report two new loci associated with CeD, 
located in regions on chromosomes 1 and 7. 
We have identified NFE2L3 in the locus on 
chromosome 7 as a potential novel risk gene 
for CeD. Future studies will be needed to 
verify whether NFE2L3 is actually involved 
in the molecular mechanism of CeD and 
what its role is.
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Supplementary table 3.
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rs12086216 0,581907909 1 FTLP17 104800294 ENSG00000228347 1 104696190 cis C/T T 0,550726348

rs12086216 0,599166157 1 RP11-97C18.1 104800294 ENSG00000225191 1 104469808 cis C/T T -0,525687678

rs12086216 0,764024605 1 RP11-364B6.1 104800294 ENSG00000215869 1 104617677 cis C/T T 0,300370647

rs12700692 1,16E-08 7 NFE2L3 26036724 ENSG00000050344 7 26209302 cis C/T T -5,705057269

rs12700692 0,220 7 CBX3 26036724 ENSG00000122565 7 26246879 cis C/T T -1,22720656

rs12700692 0,282 7 MIR148A 26036724 ENSG00000199085 7 25989572 cis C/T T -1,076787478

rs12700692 0,329 7 AC091705.1 26036724 ENSG00000227386 7 25589032 cis C/T T -0,976540998

rs12700692 0,354 7 CTA-242H14.1 26036724 ENSG00000239622 7 25729389 cis C/T T 0,926426721

rs12700692 0,395 7 AC004540.5 26036724 ENSG00000214870 7 26488403 cis C/T T 0,851265656

rs12700692 0,764 7 AC003090.1 26036724 ENSG00000223561 7 25711792 cis C/T T -0,300370647

rs12700692 0,822 7 AC004540.4 26036724 ENSG00000225792 7 26414042 cis C/T T 0,225274437

rs12700692 0,920 7 AC010677.5 26036724 ENSG00000232383 7 26316020 cis C/T T -0,100120345

rs12700692 0,940 7 HNRNPA2B1 26036724 ENSG00000122566 7 26235348 cis C/T T 0,075090127

rs12700692 0,940 7 SNX10 26036724 ENSG00000086300 7 26372745 cis C/T T 0,075090127

SNP, single nucleotide polymorphisms;  CHR, chromosome; HGNC Name, oficial gene name from HUGO Gene 
Nomenclature Committee; CHR Pos, chromosome  position;
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lldeep_genelevel_TMM 0,550726348 629 -8,7547E-17 0,977376397 FTLP17 0,022145132 0.0 (0.0) 0.02214513181763136 
(0.0399263595088662) 0

lldeep_genelevel_TMM -0,525687678 629 -8,95217E-18 0,048285454 RP11-97C18.1 -0,021277238 0.0 (0.0) -0.021277238388047313 
(0.039927112203089754) 0

lldeep_genelevel_TMM 0,300370647 629 -1,12964E-16 0,198414236 RP11-364B6.1 0,012410487 0.0 (0.0) 0.012410487288996179 
(0.03993307758606668) 0

lldeep_genelevel_TMM -5,705057269 629 -1,19936E-16 0,220741449 NFE2L3 -0,225492189 0.0 (0.0) -0.22549218866608242 
(0.038907596599210864) 0

lldeep_genelevel_TMM -1,22720656 629 -5,84235E-17 0,077465537 CBX3 -0,048666078 0.0 (0.0) -0.04866607829187481 
(0.03988883302026776) 0

lldeep_genelevel_TMM -1,076787478 629 -3,11478E-17 0,02259659 MIR148A -0,043170345 0.0 (0.0) -0.0431703450939714 
(0.03989892175765398) 0

lldeep_genelevel_TMM -0,976540998 629 -8,27372E-18 0,073912141 AC091705.1 -0,038583326 0.0 (0.0) -0.03858332634487472 
(0.039906416182325995) 0

lldeep_genelevel_TMM 0,926426721 629 -1,91421E-16 1,236962269 CTA-242H14.1 0,037205523 0.0 (0.0) 0.03720552281075252 
(0.03990850279090622) 0

lldeep_genelevel_TMM 0,851265656 629 -5,61289E-17 2,785673431 AC004540.5 0,033655893 0.0 (0.0) 0.033655893408599175 
(0.03991352855991889) 0

lldeep_genelevel_TMM -0,300370647 629 -7,34265E-17 3,280170478 AC003090.1 -0,012172179 0.0 (0.0) -0.012172179270946245 
(0.03993319457282056) 0

lldeep_genelevel_TMM 0,225274437 629 2,80203E-16 2,636583519 AC004540.4 0,008642026 0.0 (0.0) 0.008642025888303874 
(0.039934661855656105) 0

lldeep_genelevel_TMM -0,100120345 629 2,33374E-17 0,109121259 AC010677.5 -0,004459842 0.0 (0.0) -0.004459842006307055 
(0.039935756020716834) 0

lldeep_genelevel_TMM 0,075090127 629 1,41205E-17 0,17034627 HNRNPA2B1 0,003286287 0.0 (0.0) 0.0032862869844921317 
(0.03993593754208112) 0

lldeep_genelevel_TMM 0,075090127 629 7,75744E-17 0,105212313 SNX10 0,003001637 0.0 (0.0) 0.003001637468562597 
(0.0399359732822129) 0
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Supplementary table 4.

Autoimmune and immune-related diseases

Genes AS ATD CeD CD JIA MS PBC PS RA SLE T1D UC

1 
CE

LL
U

LA
R 

EX
TR

AV
A

SA
TI

O
N

CXCL10                        
TNFAIP3 Y Y Y Y Y Y Y Y

BIRC3    

RELB    

OTUB2    

NFKB2    

ESYT3    

HIVEP3    

NFKBIE   Y  

SCN3A    

VCAM1   Y  

CXCR7=ACKR3    

IL32    

CERS3    

DNMT3L Y Y Y Y

IKBKE    

KLHL5    

ICAM1   Y Y Y Y Y Y Y Y
ANKEF1=ANKRD5                        

2 
LY

M
PH

O
CY

TE
 C

H
EM

O
TA

XI
S

PTP4A3                        
WNT10A    

SLC46A2    

CXCL11    

IL27RA    

EBF1   Y Y  

POGLUT1 Y Y Y  

OGFRL1    

SNX31    

IL2RG    

TREX2    

RHBDF2    

PIM2    

L1TD1    

ATP12A    

BCL2L14    
ATP6V1C2    

3 
A

N
TI

G
EN

 P
RO

CE
SS

IN
G

  
A

N
D

 P
RE

SE
N

TA
TI

O
N

APOBEC3G       Y               Y
SH3TC2    

ATP6V0D1    

PSMD13    

PSMD11    

GDE1    

CD74    

SYNGR2    

MB21D2    

CDCP1    

APOL3    

ERAP2 Y   Y Y Y Y

KCNK2    

ZNF804A    

ARNTL2    

TMA16 = C4orf43    

BTN2A2 (MHC region) Y Y Y Y Y Y Y Y Y Y Y Y

BSPRY    
EPB41L2                        
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Autoimmune and immune-related diseases
Genes AS ATD CeD CD JIA MS PBC PS RA SLE T1D UC

4 
N

EG
AT

IV
E 

RE
G

U
LA

TI
O

N
  

O
F 

CY
TO

KI
N

E 
PR

O
D

U
CT

IO
N

CSF2       Y               Y
ABCC1    

PSORS1C2 (MHC region) Y Y Y Y Y Y Y Y Y Y Y Y

HGD    

DGAT2    

PTPN18    

CCDC69    

CBLB    

IL15RA   Y Y

NFKBIA   Y  

TNFRSF11A    

IFIH1   Y Y Y Y

NECAP2    

KRT23    

NIPAL4    

CTC-231O11.1 = MIR146A    

AFAP1    
NLRP7       Y               Y

5 
PO

SI
TI

V
E 

RE
G

U
LA

TI
O

N
  

O
F 

PE
PT

ID
A

SE
 A

CT
IV

IT
Y

FERMT1                        
FZD7    

ID3    

FOXQ1    

PPAP2C    

OSTBETA = SLC51B    

TGIF2    

XKRX    

FUT4    

F2RL1    

SLCO4A1    

EPHB2    

C9orf167 = TOR4A    

DNASE1L2    
CCR2     Y   Y           Y  

Disease abbreviations: AS ankylosing spondylitis; ATD autoimmune thyroid disease; CeD celiac disease; CD 
Crohn’s disease; JIA juvenile idiopathic arthritis; MS multiple sclerosis; PBC primary biliary cirrhosis; PS psoriasis; 
RA rheumatoid arthritis; SLE Systemic lupus erythematosus;  T1D Diabetes mellitus type 1; UC ulcerative colitis;  
Y= yes when gene is linked to the disease 
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ABSTRACT

It has been found that the majority of disease-associated genetic variants iden-
tified by genome-wide association studies are located outside of protein-coding 
regions, where they seem to affect regions that control transcription (promot-
ers, 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 de-
scribe 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 under-
standing 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.
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1. INTRODUCTION

Genome-wide association studies (GWAS) 
have discovered thousands of single-nu-
cleotide polymorphisms (SNPs) that are 
associated with multifactorial diseases and 
quantitative traits. At the time of writing of 
this review (October 2013), the GWAS cat-
alog [1] interquartile range (IQR described 
11,680 SNPs associated with diverse phe-
notypes 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 ge-
nome-wide chips used in the initial genotyp-
ing 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 geno-
type imputation [4], or eQTL analysis [5], 
is often not enough to pinpoint the func-
tional SNP and/or causative gene. What is 
emerging from these GWAS, however, is 
that >90% of disease-associated SNPs are lo-
cated in non-coding regions of the genome 
for example in promoter regions, enhancers, 
or even in non-coding RNA genes [1,6] in-
terquartile range (IQR. This indicates that 
these SNPs might be regulatory. In a paper 
by the Encyclopedia of the DNA Elements 
(ENCODE) Project Consortium it was sug-
gested that biochemical functionality could 
be assigned 80% of the human genome [7]
but the function of the vast majority of its 
nearly three billion bases is unknown. The 
Encyclopedia of DNA Elements (ENCODE. 
While fewer than 10% of the GWAS SNPs 
affect coding sequences, most non-coding 
variants are concentrated in DNA stretches 
marked by deoxyribonuclease I (DNase I) 
hypersensitive sites, where they seem to per-
turb transcription factor binding sites or alter 
allelic chromatin states [8]. A small percent-
age seems to disrupt or create micro-RNA 
(miRNA) binding sites in the 3’ untranslated 
region (3’-UTR) of genes. All these events 

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), [9]manual annotation, and ex-
perimental validation. Since the first pub-
lic release of this annotation data set, few 
new protein-coding loci have been added, 
yet the number of alternative splicing tran-
scripts annotated has steadily increased. The 
GENCODE 7 release contains 20,687 pro-
tein-coding and 9640 long noncoding RNA 
loci and has 33,977 coding transcripts not 
represented in UCSC genes and RefSeq. It 
also has the most comprehensive annotation 
of long noncoding RNA (lncRNA. 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 demon-
strated to have eQTL-effects on these lin-
cRNAs [10]. It is thought that the majority 
of lncRNAs are somehow involved in reg-
ulating 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.

2. miRNAs

miRNAs are short regulatory RNAs (approx-
imately 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-embry onic 
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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).

Figure 2. miRNA biogenesis and mechanism of action. Stem loop sequences in primary microR-
NA (pri-miRNA) transcripts are recognized by DROSHA/DGCR8 and processed into 60–80-nucle-
otide 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 (here represented by Dicer, GW182 
and AGO2 proteins), which is guided by the miRNA sequence to the 3’ UTR of the target mRNA.
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development in C. elegans [11], but it took 
another seven years to discover the second
one (let-7), [12]. 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 2,500 [13]. miRNAs are estimated to 
regulate the translation of up to 60% of pro-
tein-coding genes [14]. A single vertebrate 
miRNA has been described as targeting 200 
messenger RNAs (mRNAs) on average, al-
though some miRNAs regulate only a few 
targets [15]. Conversely, some protein-cod-
ing genes are regulated by only a single 
miRNA, while others are regulated by many 
miRNAs [16]. The importance of miRNAs 
as fine-regulators of gene expression has be-
come clear since it was discovered that they 
play important roles in pivotal biological pro-
cesses, such as development, cell proliferation, 
cell differentiation, and cell death [17–20]. 

3. 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 sev-
eral 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) [21]. 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 hair-
pin, 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 [22]. The RISC complex will 

target a mRNA transcript, based on sequence 
complimentarity between the miRNA se- 
quence and nucleotides in the 3’-UTR of 
the target [23]. It is thought that binding of 
the RISC complex to this target leads to di-
rect Ago-mediated cleavage of target if the 
homology between miRNA and its target is 
extensive or to deadenylation followed by 
degradation of the target mRNA if the ho-
mology between the miRNA and its target is 
less extensive [22,24]. Efficient targeting re-
quires continuous base-pairing of the miRNA 
seed region (stretches of 6-8 nucleotides be-
tween positions 1-8 of the mature miRNA) 
with its target [11,24,25]. 

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 se-
quence (most algorithms focus only on the 
3’-UTR of genes) alone, or in combination 
with other rules, such as evolutionary con-
servation criteria to predict miRNA target 
sites [14,24]. Evolutionary conservation was 
important in defining the first identified 
miRNAs [26], but it is now becoming clear 
that many miRNAs are species-specific. 
In contrast, more than 60% of human pro-
tein-coding genes have been under selective 
pressure to maintain pairing to miRNAs [27]. 
miRNAs that appear to have a common 
ancestor, and differ only in a few nucle- 
otides, are grouped into the same miRNA 
family [28]. Until recently, it was assumed 
that miRNAs mainly target the 3’-UTRs of 
mRNAs [22], but it has now been shown 
that miRNA target sites can also be locat-
ed in the 5’-UTRs of target mRNAs, or even 
in the coding region of these RNAs [22,29].

Much attention has recently been paid to 
miRNA as potential biomarkers in circula-
tion. Cell-free miRNAs have been described 
in multiple human body fluids, such as serum 
[30,31], saliva [32], cerebrospinal fluid (CSF), 
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[33], and urine [34]. Most importantly, the 
disease-specific or even disease-stage-specific 
nature of circulating miRNA profiles [35,36] 
implies that circulating miRNAs might po-
tentially be used as novel biomarkers to evalu-
ate health status or disease progression.

4. A ROLE FOR miRNAs IN DISEASE

miRNAs have been shown to be involved 
in cancer and in neurodegenerative, car-
diovascular and autoimmune diseases [16]. 
Changes in the amount of specific miRNAs 
will result in downregulation or upregula-
tion of their targets, leading to deregulation 
of the pathways in which those targets are in-
volved. This deregulation of miRNA levels in 
human diseases can occur in different ways.

Firstly, altered functions of the enzymes 
involved in the miRNA biogenesis pathway 
have been implicated in human disease. 
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 phe-
notypic defects including immunodeficiency 
and autoimmunity [37]. However, DGCR8 
haploinsufficiency does not lead to an over-
all decrease in miRNA levels [38]. The pres-
ence of the XPO5 inactive mutant traps 
miRNAs in the nucleus in a subset of human 
tumors [39]. Defects in Dicer have also been 
associated with disease, for example, recur-
rent somatic missense mutations in DICER1 
have been identified in non-epithelial ovar-
ian cancers [40]. 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 [41], 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 repres-
sors 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 upregula-
tion of ZEB1 and ZEB2, leading to decreased 
adherence and polarity [42]. Similarly, his-
tone modifications might also affect miRNA 
expression levels. For instance, SIRT1 (sir-
tuin 1), a NAD-dependent histone deacety-
lase involved in control of axon growth and 
degeneration, was recently found to directly 
suppress the expression of miR-138 in re-
sponse to peripheral nerve injury [43].

Thirdly, different types of genetic alter-
ations 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 delet-
ed area contains the miR-15a and miR-16-1 
genes that target the anti-apoptotic/pro-sur-
vival gene BCL-2 (B-cell lymphoma 2), [44] 
and thus deletion of this region contributes 
to the greater survival characteristics of can-
cerous 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.
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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.

5. GENETIC VARIATION  
AND miRNA FUNCTION

There are many ways in which disease-asso-
ciated 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 progres-
sion [45]. 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 
[46]. The functional consequences of these 
SNPs have not been investigated to date.

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 process-
ing of pre-miR-27a to mature miR-27a [47]. 

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 lo-
cated in the miR-146a promoter (Figure 3B). 
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Individuals carrying the risk allele in the 
promoter showed lower expression levels of 
miR-146a [48].

Fourthly, SNPs can alter the binding effi-
ciency of miRNAs to mRNA targets (Figure 
3C) and SNPs in both miRNAs or in target 
mRNAs can affect miRNA-target interac-
tion. An example of such an event is SNP 
rs3853839, which is associated with SLE sus-
ceptibility in Eastern Asians [49]. This SNP is 
located in the 3’ UTR of the TLR7 (Toll-like 
receptor 7) 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 
expression levels [50], which would increase 
the production of pro-inflammatory cyto-
kines, suggesting a role in autoimmunity. 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 [51]. Gong 
et al. predicted that 52% of SNPs in the dbSNP 
database (release 132) would be able to create 
novel miRNA binding sites [52].

The identification of GWAS SNPs in 
miRNA target sites helps with prioritiz-
ing 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 (im-
munity-related GTPase family M protein), 
a GTPase involved in regulating immuni-
ty. This SNP confers risk to Crohn’s disease 
by decreasing the binding of miR-196 [53]. 
Another example is the presence of SNP 
rs1625579, which is associated with schizo-
phrenia and located in the intron of a puta-
tive primary transcript for the mir137 gene. 
This SNP alters the seed sequence of miR-137, 
which is known to regulate neuronal develop-
ment. Interestingly, four other genes associat-
ed with schizophrenia (TCF4 (transcription 
factor 4), CACNA1C (calcium channel, volt-

age-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 expres-
sion levels of these four genes might be affect-
ed by multiple mechanisms [54]. 

The strongest proof for the functionality 
of a SNP is an expression quantitative trait 
locus (eQTL) effect of the SNP on a tran-
script. In 2012 Gamazon et al. showed that 
25% of European 3’-UTR SNPs and 18% of 
African 3’-UTR SNPs predicted to alter miR-
NA-binding sites did indeed have a cis-eQTL 
effect [55]. In another study using publical-
ly available eQTL datasets, 26 eQTL SNPs 
were predicted to create, disrupt, or change 
the target site of miRNAs in genes encod-
ing xenobiotic metabolizing enzymes [56].

6. BIOINFORMATIC AND HIGH-
THROUGHPUT METHODS FOR 
STUDYING miRNA FUNCTION

Concurrent with the increase in the amount 
of data, web-based applications and on-
line databases have been developed that 
can be used to analyze miRNA data. These 
are shown in Table 1. The usefulness of the 
available data is exemplified here by just 
one example. As mentioned above, the most 
powerful indication of a SNP’s functionality 
is to find an eQTL effect. In a recent study 
SNPs from the HapMap Consortium [57] lo-
cated in the 3’ UTRs of genes with cis-eQTL 
effects were examined using TargetScan, 
miRBase, Pictar, TarBase, Patrocles and 
PolymiRTs described in the Table. This in sil-
ico analysis identified 32 3’ UTR 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, prom-
ising approaches involve cross-linking RNA 
(mRNA and miRNAs) to the RISC complex, 
immunoprecipitation of these complexes by 
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capturing Argonaute proteins (most often an-
tibodies against Argonaute are applied or cell 
lines are used that express tagged Argonaute 
proteins), and sequencing of the mRNA tar-
gets in the complex. Examples of such tech-
niques are AGO2 HITS-CLIP [58], PAR-CLIP 
[59], and CLIP-seq [60]. The disadvantage of 
these assays is that they do not yield informa-
tion on specific miRNAs binding to specific 
targets and, therefore, the miRNA of inter-
est is often overexpressed to enrich for com-
plexes with this specific miRNA. However, 
in a recent paper by Helwak et al. CLASH 
(cross-linking, ligation, and sequencing of 
hybrids) was described [61]. In this method, 
loaded RISC complexes are first cross-linked, 
isolated by Argonaute immunoprecipitation, 
and then the RNA in these complexes is li-
gated forming hybrid miRNA-target mRNA 
sequences that are sequenced. This provides  
a high-throughput method to identify the tar-
gets to which the miRNAs bind and gives an 
idea of which fraction of the RISC complexes 
in the cell is occupied by specific miRNAs.

7. LONG NON-CODING RNAs

Long non-coding RNAs (lncRNAs) are a het- 
erogeneous group defined as transcripts 
more than 200 nucleotide (nt) in length that 
exhibit no coding potential [9,62,63]. They 
can be isolated from nuclear as well as cyto-
solic fractions, may or may not be polyade-
nylated, 98% are spliced and ~25% of them 
display at least two different alternatively 
spliced isoforms [9,62,64]. In comparison 
with protein-coding genes, lncRNAs have 
longer, but fewer, exons [9,65].  LncRNA 
promoter regions are similarly conserved 
between vertebrates as promoters of pro-
tein-coding genes. In contrast lncRNA exons 
are less well conserved between these species 
[62,66]. It is becoming clear that lncRNAs 
exhibit cell-type-specific expression profiles 
[62] and that in their specific cellular back-
ground they can be expressed at levels, simi-

lar to the levels of protein-coding RNAs. The 
origin of lncRNAs is still under debate, but 
a recent study [67] has reported that more 
than two-thirds of mature lncRNA tran-
scripts contain transposable elements (TEs), 
whereas only 4% of protein-coding genes 
contain these ‘jumping genes’ [68]. This ob-
servation led to the postulation that the ma-
jority 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 fami-
ly of lncRNAs which originate independently 
from insertion of TEs, resulting in lncRNAs 
that locate to dendrites in different mamma-
lian species [69–72].

The first lncRNAs (H19 and Xist 
(X-inactive specific transcript)) were dis-
covered using traditional gene mapping ap-
proaches in the early 1990s [73–75] and were 
considered to be rare exceptions to the then 
central dogma of molecular biology. Using 
tiling arrays HOTAIR (HOX antisense inter-
genic RNA) and HOTTIP (HOXA transcript 
at the distal tip) were discovered in the ho-
meobox gene regions (HOX clusters) [76,77]. 
In 2009, Guttman et al. was the first to de-
scribe a genome-wide approach for discover-
ing lncRNAs that yielded 1,600 novel mouse 
lncRNAs. In this study gene expression data 
and the presence of chromatin marks for 
promoter regions and gene bodies was inte-
grated with the known annotations of coding 
transcripts to identify lncRNAs [66]. Since 
then, thousands of lncRNAs have been iden-
tified using similar approaches in the mouse 
and human genomes [62,78]. When used 
in combination with next-generation RNA 
sequencing, additional information can be 
obtained about lncRNA exon-intron struc-
ture as well as about the abundance of these 
transcripts [79–85]. Cabili et al. combined 
chromatin marks and RNA-sequencing 
(RNA-seq) data to generate
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Table 1 Publicly available databases and bioinformatics tools for non-coding RNAs

ncRNAs Database Link
nc

RN
A

s 
in

 g
en

er
al

Rfam 11.0 http://rfam.sanger.ac.uk/ 

RNAdb 2.0 http://research.imb.uq.edu.au/rnadb/ 

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

ncRNA.org
http://www.ncrna.org/

http://www.ncrna.org/software

UCSC Genome Browser  
for functional RNA

http://www.ncrna.org/glocal/cgi-bin/hgGateway

http://www.ncrna.org/custom-tracks

RegulomeDB http://regulome.stanford.edu/index

NONCODE database http://www.noncode.org/NONCODERv3/guide.htm

NPInter http://www.bioinfo.org.cn/NPInter/

sm
al

l n
cR

N
A

s

MirBase http://www.mirbase.org/

microRNA.org http://www.microrna.org/microrna/home.do

Target Scan http://www.targetscan.org/

DIANA-microT-ANN
DIANA-microT-CDS

DIANA-mirExTra
DIANA-miRPath

http://62.217.127.8/DianaTools/index.php?r=microtv4/index
http://62.217.127.8/DianaTools/index.php?r=microT_CDS/index

http://diana.cslab.ece.ntua.gr/hexamers/
http://www.microrna.gr/miRPathv2

TarBase http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=tarbase/index

Starbase http://starbase.sysu.edu.cn/

miRmap http://mirmap.ezlab.org/

PicTar http://pictar.mdc-berlin.de/

miRanda http://www.microrna.org/microrna/home.do

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

mirdSNP http://mirdsnp.ccr.buffalo.edu/

mirwalk http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/predictedmirnagene.html

PolimiRTS http://compbio.uthsc.edu/miRSNP/

Patrocles http://www.patrocles.org/Patrocles.htm

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

PITA http://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html

lo
ng

 n
cR

N
A

s

LNCipedia http://www.lncipedia.org 

lncRNA Database http://www.lncrnadb.org/ 

Human lincRNA catalog http://www.broadinstitute.org/genome_bio/human_lincrnas/

Functional lncRNA Database http://www.valadkhanlab.org/database.php

ncRNA Expression database  
(NRED) http://nred.matticklab.com/cgi-bin/ncrnadb.pl

NONCODE v3.0 http://www.noncode.org/NONCODERv3/

ncFANs http://ebiomed.org/ncfans/

Linc2GO http://www.bioinfo.tsinghua.edu.cn/~liuke/Linc2GO/index.html

LncRNADisease http://202.38.126.151/hmdd/html/tools/lncrnadisease.html

LncBase http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=lncBase/index
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Explanation Ref.

Database of non-coding RNA families, primarily RNAs with a conserved RNA secondary structure, including both RNA 
genes and mRNA cis-regulatory elements [169]

Database of mammalian noncoding RNAs [170]

ncRNA analysis web server-current emphasis is on the analysis of miRNA and protein coding genes -

Functional RNA Project - bioinformatics tools and databases -

List of bioinformatics tools for RNAs -

UCSC Genome Browser with large inclusion of functional RNA related custom tracks and several enhancements for RNA 
secondary structure support [153,154]

UCSC Genome Browser- specific custom tracks for different species (human, mouse, rat, drosophila) to visualize the 
data of interest -

Database annotates SNPs withknown and predicted regulatory elements in the intergenic regions of the human 
genome [171]

Database that includes almost all  types of ncRNAs (except transfer RNAs and ribosomal RNAs), ncRNA sequences and 
their related information (e.g. function, cellular role, cellular location, chromosomal information, etc.) [172-174]

Functional interactions between noncoding RNAs (except tRNAs and rRNAs) and biomolecules (proteins, RNAs and 
DNAs) which are experimentally verified. [175]

Online repository for microRNA sequences and their annotations [13]

Miranda algorithm-predicting microRNA targets. [176]

Prediction of microRNA targets (for human, mouse, worm, drosophila, zebrafish) [27]

ncRNA analysis web server-current- emphasis is on the analysis of miRNA & protein-coding genes (incl. miRNA 
target prediction, analysis of expression data for microRNA function, incorporating microRNAs in pathways, db. of 
experimentally supported microRNA targets)

[177]

Available miRNA targets derived from all contemporary experimental techniques [178]

miRNA targets and protein RNA interaction data from CLIP seq experiments [179]

Prediction of miRNA targets that combines different known approaches [180]

Algorithm for the identification of microRNA targets [15]

MiRNA target predictions and expression profiles [176]

Predicts the impact of a SNP on a putative microRNA binding site [181]

Database of disease-associated SNPs and microRNA target sites in 3’ UTRs of human genes [182]

Database of predicted and validated miRNA targets [183]

Database of naturally occurring DNA variation in predicted and experimentally identified miRNA target sites [184]

Database of DNA polymorphisms predicted to disturb miRNA target [185]

Collection of human SNPs in predicted miRNA-mRNA binding sites. [186]

 microRNA prediction tool for targets sites [187]

Database for annotated human lncRNA sequences and structure - contains 32,183 human annotated lncRNAs [152]

Repository of known lncRNAs in eukaryotic cells with published characteristics -  linked to UCSC genome browser for 
visualization and to NRED database for expression information [71]

Reference catalog containing over 8,000 human lincRNAs [65]

Database containing 204 lncRNAs and their splicing variants, analysis of the lncRNAs and their comparison to protein-
coding transcripts [188]

Provides gene expression information for thousands of lncRNAs in human and mouse, contains both microarray and in 
situ hybridization data [189]

Integrative annotation of long noncoding RNAs [174]

Functional annotation and function enrichment of lncRNAs (human & mouse), using data from 3 microarray platforms [190]

Web-server providing comprehensive function annotation of human lincRNAs [191]

Resource containing experimentally supported lncRNA-disease association data and integrates tool(s) for predicting 
novel lncRNA-disease associations [192]

Part of DIANA tools- predicted and experimentally verified, miRNA-lncRNA interactions [193]
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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).

the human lincRNA catalog, containing more 
than 8,000 lincRNAs determined across 24 
different human cell types and tissues [65].  
Although more than 13,500 human lncRNAs 
have been annotated by GENCODE, only  
a few dozen have been studied in more detail 
so far. The challenge is now to elucidate the 
function of these lincRNAs. 

8. CLASSES OF lncRNAs AND 
MECHANISM OF ACTION

8.1 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 potential-
ly leads to the capture of a heterogeneous 
group of different transcripts with respect 
to function. Although different nomencla-
tures are used, in this review we will adhere 
to the classification based on the lncRNAs 
location relative to the nearest known pro-
tein-coding gene as described in GENCODE 
[9]. This subclassification leads to four 
broad categories (Figure 4). The long in-
tergenic non-coding RNAs (lincRNAs) are 
the largest group of lncRNAs, accounting 
for approximately 6,000 human genes ac-
cording to the GENCODE dataset V17 [9]
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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.

or approximately 8,000 according to the hu-
man lincRNA catalog [65]. LincRNA genes 
do not overlap or lie in close proximity to 
protein-coding genes [66,86]. The second 
most prevalent class of lncRNAs is the anti-
sense 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 op-
posing coding intron, or natural antisense 
transcripts (NATs) with partial overlap, 

mainly around the promoter or terminator
site of the coding gene [87,88]. For antisense 
transcripts it holds true that the sense-anti-
sense pairs are often co-expressed together, 
that they share a similar pattern of evolu-
tionary conservation [89], and that the an-
tisense transcript modulates the expression 
of the sense transcript by the formation of 
a sense-antisense RNA duplex [88]. The 
third subclass of lncRNAs comprises the 
sense lncRNA transcripts, which can be  
‘sense intronic’ or ‘sense overlapping’. Such 
transcripts are located on the same strand 
and transcribed in the same direction as  
a protein-coding gene. This organization is 
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much less prevalent. In total, fewer than 
1,000 sense lncRNAs have been identified, 
overlapping completely or partially with pro-
tein-coding genes. To date, this subclass is 
poorly characterized compared with the oth-
er 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 be-
tween human and mouse [90,91].

8.2 Classification of lncRNAs based on 
molecular mechanism (lncRNA archetypes)
LncRNAs can interact with DNA or RNA 
as well as proteins. Although for most of 
the annotated lncRNAs the detailed mech-
anism of action is still unknown, the few 
examples available show the complexity of 
lncRNA biology. LncRNAs control multiple 
mechanisms and have been implicated in 
post-transcriptional gene regulation by con-
trolling processes, like protein synthesis, 
RNA maturation, and RNA transport, and 
have been shown to control transcriptional 
gene silencing via epigenetic regulation and 
chromatin remodeling [82,92–96].

In 2011, Wang and Chang [93] divided 
lncRNAs into four archetypes based on their 
molecular mechanism (Figure 5). It is im-
portant to state here that some lncRNAs are 
known to exercise more than one of these ar-
chetypal molecular mechanisms. LncRNAs 
that are defined to belong to display the 
signaling archetype act as a molecular sig-
nal (marker) for a particular biological state 
or condition (e.g. intracellular signaling or 
response to a stimulus) rather than on the 
function/mechanism that they might exert. 
The presence or absence of this signal can 
indicate what is happening in the given cell 
in that moment and may activate or silence 

other genes without the need for transla-
tion Figure 5A). For instance the presence 
of Xist indicates that one of the X chro-
mosomes is actively being epigeneticly si-
lenced. Examples of lncRNAs displaying the 
signaling archetype are lncRNAs involved 
in embryonic development (HOTAIR and 
HOTTIP) [76,77,97], DNA damage response 
(e.g. lincRNA-p21 and PANDA (p21-associat-
ed ncRNA DNA damage activated lncRNA) 
[98,99], stress responses (e.g. COLDAIR 
(cold-assisted intronic non-coding RNA) 
and COOLAIR (cold-induced long antisense 
intragenic RNA)), [100,101], and somatic 
cell reprograming (e.g. lincRNA-ROR (regu-
lator of reprograming)), [102,103]. 

The second mechanism of action is the 
decoy mechanism (Figure 5B) exerted by e.g. 
GAS5 (growth arrest-specific transcript 5), 
MALAT1 (metastasis-associated lung adeno-
carcinoma transcript 1), TERRA (telomeric 
repeat-containing RNA) and PANDA. These 
lncRNAs can act as a decoys that bind to and 
interfere with the function of other RNAs or 
proteins (miRNAs, transcription factors, or 
RNA-binding proteins). They act by compet-
ing with another sequences or structures for 
binding and are considered to be negative 
regulators. For example GAS5 acts as a de-
coy glucocorticoid-response element (GRE) 
and competes with DNA GREs for binding 
to the glucocorticoid receptor [104] PANDA 
binds to the transcription factor NF-YA and 
prevents the activation of NF-YA-induced 
pro-apoptotic targets [99,105]. 

The third lncRNA mechanism is the abili-
ty to act as a guide archetype, for example, by 
binding chromatin modifying proteins and 
transporting the created complex to specific 
targets, for example, chromatin modifica-
tion 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) 
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genes. Examples of lncRNAs employing this 
mechanism are HOTAIR, lincRNA-p21, Xist, 
COLDAIR and Jpx (just proximal to XIST). 

The fourth archetype is acting as a scaf-
fold (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 scaf-
fold for the chromatin remodeling complex-
es PRC1 (polycomb repressive complex 1) 
and PRC2 (polycomb repressive complex 2), 
[106], HOTAIR (scaffold for PRC2 binding it 
to the LSD1 (lysine-specific demethylase 1A) 
complex) [76,97,107] and TERC (telomerase 
RNA component) that scaffolds the telomer-
ase complex [108].

9. LncRNAs IN HUMAN DISEASE

In many diseases the expression of pro-
tein-coding genes is deregulated and ev-
idence is now accumulating that altered 
lncRNA function might be one of the caus-
es involved. Below we describe examples of 
lncRNAs involved in the etiopathology of 
different disorders. 

Many lncRNAs have been described 
that exhibit altered expression levels in can-
cer cells compared to healthy tissue of the 
same origin [109]. MALAT1, also known as 
NEAT2 (nuclear-enriched abundant tran-
script 2), was initially discovered as a predic-
tive biomarker for metastasis development 
in lung cancer [110,111]. It took almost ten 
years to unravel its mechanism of action. 
MALAT1 acts by inducing the expression 
of metastasis-associated genes [112] and re-
cently it was shown that in vitro metastasis 
of EBC-1 cells (human lung cancer cells) can 
be inhibited by antisense oligonucleotides 
directed to MALAT1 [112,113].

LncRNA HOTAIR interacts with PRC2 
and alters chromatin to a metastasis-pro-
moting state [114]. In approximately one- 
quarter of human breast cancers, HOTAIR 

is highly induced, while its elevated levels 
are also predictive of metastasis and dis-
ease progression in other cancers, such as 
colon, colorectal, gastrointestinal, pancre-
atic and liver cancer [107,115–118]. ANRIL, 
GAS5 and lincRNA-p21 are involved in the 
escape of growth suppression by regulat-
ing tumor suppressor genes (ANRIL) or 
apoptosis regulators (GAS5, lincRNA-p21). 
TERRA and TERC (telomerase RNA com-
ponent) regulate replicative immortality 
[119,120]. MALAT1 and HOTAIR activate 
cancer invasion and metastasis by respec-
tively regulating cell motility-related genes 
(MALAT1) or retargeting of PCR2 com-
plex resulting in a metastasis promoting 
chromatin state (HOTAIR), [107,112,121]. 
The lncRNAs αHIF (antisense to hypoxia 
inducible factor α (HIFα)) and tie-1AS (ty-
rosine kinase containing immunoglobulin 
and epidermal growth factor homology 
domain-1 antisense) induce angiogenesis 
[86,122]. PCGEM1 (prostate-specific tran-
script 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 [99,123–125]. 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 up-regulated in liver cancer) is in-
volved with liver cancer [123,126–130]. In 
contrast, other lincRNAs (e.g. HOTAIR and 
MALAT1) appear to be broadly deregulated 
in carcinogenesis [110,116,117,131,132].

More recently, data has been generated 
that shows that lncRNAs also have roles in 
other diseases. Some human pathological 
phenotypes are caused by epigenetic chang-
es and imprinted lncRNA gene clusters have 
been associated with these diseases [133]. 
Examples of these are the imprinting-relat-
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ed, neurogenetic Angelman syndrome and 
Beckwith-Wiedemann syndrome (BWS), 
[134]. Angelman syndrome is caused by  
a loss-of-function of ubiquitin-protein ligase 
E3A (UBE3A), also known as E6AP [135]. 
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), [136]. In patients suffering from 
Angelman syndrome, the other (active) allele 
has either been deleted or inactivated [136]. 

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 spinocerebel-
lar ataxia type 8 [134,137,138]. In Alzheimer 
disease, the protein-coding gene BACE-1 
(β-site amyloid precursor protein-cleaving 
enzyme) cleaves amyloid precursor protein 
(APP) to β-amyloid peptide (Aβ), the accu-
mulation of which (amyloid plaques) is as-
sociated with disease. LncRNA BACE1-AS, 
located on the antisense strand to BACE1, 
binds complementarily to BACE1 mRNA, 
increases its stability, regulates BACE1 trans-
lation, and thereby the production of Aβ 
[139]. BACE1-AS also prevents miRNA-in-
duced 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 
[140]. 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 dis-
ease [139].

Besides their actions in cancer and neu-
rological diseases, lncRNAs also exhibit ab-
errant 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 [134,141]. Under physiological condi-
tions, D4Z4 repeats recruit Polycomb com-
plexes resulting in chromatin reorganization 
and causing repression of 4q35 genes [142]. 
In contrast, in FSHD patients, a deletion of 
D4Z4 repeats results in cis production of the 
DBE-T lncRNA that binds to protein com-
plexes, reorganizes the chromatin state of the 
FSHD locus, and reactivates the repressed 
4q35 genes [142].

10. GENETIC VARIANTS AND 
lncRNA FUNCTION

As yet, how far lncRNAs are affected by ge-
netic alterations related to the disease phe-
notype is unknown. The larger alterations, 
like chromosomal rearrangements (trans-
locations, 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 as-
sociated with the human brachydactyly 
type E phenotype [143,144].  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 endochon-
dral bone development) and in trans with 
SOX9 (Sex determining region Y-box 9, 
which acts during chondrocyte differenti-
ation), [103,143]. Another balanced trans-
location (t(1;11)(q42.1;q14.3)) has been 
associated with schizophrenia and other 
psychiatric disorders [145,146]. This par-
ticular translocation affects two genes, the 
protein-coding disrupted in schizophrenia 1 
gene (DISC1) and the antisense lncRNA dis-
rupted in the schizophrenia 2 gene (DISC2), 
[146,147].  The same DISC1/DISC2 region 
was also associated with a 1q42 deletion in 
an autism spectrum disorder [148].

The interactions of lncRNAs with other 
molecules are probably governed by lncRNA 
structure, rather than by sequence. As it is  
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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) might result in: (A) direct 
alteration of the amount of lncRNA transcripts (loss-of function); or (B) indirect alteration of lncRNA 
levels when enhancer or repressor sites are affected (gain-of-function). 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).

difficult to predict the structure of larger 
RNA molecules, it is a challenge to under-
stand how small mutations (small insertions/
deletions or SNPs) are involved in disease 
etiopathology. Here we describe a few sce-
narios 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 
(loss-of-function, Figure 6A) or change the 
binding of inhibitory complexes, thereby al-
lowing expressing of lncRNAs that are not 
expressed under physiological circumstanc-
es (gain-of function, Figure 6B). Secondly, 
SNPs within lncRNA genes may cause alter-
native 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 re-
gion 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 dis- 
ease, coronary artery disease, stroke, myo-
cardial infarction, aortic aneurysm, type 
2 diabetes, and several types of cancers 
[149,150]. Exactly how these SNPs contrib-
ute to disease is not yet known. It is unclear 
whether they directly regulate the expression 
level of ANRIL or whether they disturb the 
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binding site of transcription factor STAT1 
(ANRIL’s repressor) in ANRIL’s enhancer 
[151]. SNPs may also modulate ANRIL tran-
scripts by inducing exon skipping, resulting 
in shorter splice variants with reduced effi-
ciency or non-functional isoforms [149].

11. BIOINFORMATICS TOOLS  
AND HIGH-THROUGHPUT  
APPLICATIONS FOR STUDYING 
lncRNAs

As lncRNAs are a relatively novel class of 
transcripts, there are not yet many bioin-
formatics tools to aid the study of lncRNA 
function. To date, a couple of lncRNAs da-
tabases and catalogs are available (Table 
1), such as LNCipedia [152], LncRNAdb 
[71], and the Human lincRNA catalog [65]. 
LncRNAdb contains a comprehensive col-
lection of eukaryotic lncRNAs and rele-
vant information, such as RNA sequence, 
structure, genomic location, expression 
profiles, subcellular localization, conser-
vation and function [71]. The Human lin-
cRNA catalog [65] focuses only on human 
lincRNAs and contains more than 8,000 
lincRNAs defined by more than 30 proper-
ties. 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 [153]. 
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 (GENCODE 
dataset) and Functional Annotation of the 
Mammalian Genome (FANTOM) [154–156].

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 func-
tions or mechanisms of the co-expressed 

genes (“guilt by association”). Two examples 
of such tools are Gene Network (www.gene-
network.nl/genenetwork (Karjalainen and 
Franke et al., manuscript in preparation) or 
Gemma (http://www.chibi.ubc.ca/Gemma/
home.html)[157]. However, the data most 
commonly used for these analyses comes 
from arrays. Although nearly all the arrays 
were designed to study the expression of pro-
tein-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 [10]. 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-cod-
ing 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 transcriptom-
ic 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 frac-
tion. More recently, a significant proportion 
of lncRNAs also present in the non polyad-
enylated (polyA-) RNA fraction have been 
described [158]. For this reason, the latest 
focus is on both RNA fractions (polyA+, po-
lyA-) as well as on different subcellular com-
partments (nuclear, cytoplasmic), [62,64]. It 
is expected that many more lncRNA tran-
scripts will be identified [159].

Because lncRNA function is based on 
RNA structure rather than on RNA se-
quence, it is difficult to predict lncRNA tar-
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gets or to pinpoint the functional domains 
in these molecules. However, a new tool has 
recently been described – Triplexator - that 
can be used to predict regions where chro-
matin-associated RNAs could interact with 
the DNA double helix (thereby forming  
a triple helix structure), [160]. These predict-
ed sites might pinpoint genes that are regu-
lated by lncRNAs.

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), [161] and Capture Hybridization 
Analysis of RNA Targets (CHART), [162] 
are based on cross-linking RNA in complex 
with DNA and/or protein, followed by cap-
ture techniques targeting the lncRNA in the 
complex. Subsequently, the protein compo-
nent or DNA sequences in the complexes 
can be identified by mass spectrophotome-
try [161] or next-generation sequencing, re-
spectively. Conversely, since lncRNAs have 
been reported to be involved in targeting 
chromatin-modifying complexes to specific 
DNA sequences, one can cross-link com-
plexes and immunoprecipitate these (e.g. the 
PRC2 complex), and then analyze the RNA 
component by sequencing (RNA immuno-
precipitation-sequencing (RIP-SEQ), [163].  
Finally, lncRNAs can be synthesized in vitro 
and hybridized with protein microarrays to 
identify lncRNA-protein interactions [91].

12. 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 ge-
nomes and transcriptomes. This will ulti-
mately provide us with a nearly complete 
overview of disease-associated genetic vari-
ation. Transcriptome analysis will discover 
tens of thousands of new transcripts, many 

of which will be of a non-coding nature [159]. 
Most of the genetic variation associated with 
complex diseases is located within genom-
ic 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 deregu-
lation 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 com-
plicate the study of the regulatory involve-
ment of ncRNAs in human diseases even 
more, is that different classes of ncRNAs 
might interact. A few lncRNAs have been re-
ported to be precursors for different types of 
small ncRNAs, such as miRNAs or small nu-
cleolar RNAs [62,164]. In addition, miRNAs 
and lncRNAs can regulate each other’s ex-
pression. 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 [165]. LncRNAs can also act as mi-
croRNA ‘sponges’. The most striking is exam-
ple 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 [166,167].

The availability of genomic and transcrip-
tomic data will also lead to an increase in the 
number of ncRNA eQTLs associated with 
disease [10]. 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 essen-
tial 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 allow-
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ing alterations of wild-type alleles into risk al-
leles in eukaryotic cells [168].

The ‘omics’-revolution started with 
the description of the sequence of the hu-
man genome. Since then state-of-the-art 
high-throughput techniques and bioin-
formatic 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. Because both miRNAs 
and lncRNAs exhibit cell type, and even 
cell developmental stage specific expres-
sion profiles, it is pivotal that this research 
will be performed in the relevant (disease 
associated) cell types. The identification of 
disease SNPs associated with ncRNAs is an 
important step in linking ncRNAs to human 
disease, but to fully understand how these 
SNPs contribute to pathology the functions 
of these ncRNAs need to be uncovered ex-
perimentally. Identification of the proteins 
and pathways regulated by these ncRNAs 
is likely to provide novel insights into pa-
thology of human diseases, provide novel 
diagnostic opportunities, and pinpoint novel 
therapeutical targets. 
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ABSTRACT

Genome-wide association studies (GWAS) have identified common single 
nucleotide polymorphisms (SNPs) at hundreds of loci for common disease 
phenotypes and quantitative traits. The vast majority of these phenotype-as-
sociated variants (~93%) map to non-coding regions of the genome, including 
long non-coding RNAs (lncRNAs). To investigate the low frequency variants 
not present on the GWAS platforms, we performed variant discovery based 
on amplicon sequencing of four lncRNAs known to be associated with celiac 
disease (CeD) loci. For this deep sequencing, we used a cohort of 511 Dutch 
celiac patients. We found three variants (all intronic) in the UBE2E3 locus 
on chromosome 2 that were significantly associated with CeD. We also iden-
tified four exonic SNPs that affect the secondary structure of two lncRNAs 
(XLOC_005478 and XLOC_013967). These SNPs appear to exert an effect 
on the secondary structure of the lncRNAs, and might therefore affect the 
structure-dependent interactions with their partner molecules, and thereby 
the lncRNA function. Moreover, we explored the potential function of the 
detected variants by annotating them with features indicative of biochemical 
functions. This analysis revealed that 83% of the exonic variants described in 
the sequenced long intergenic non-coding RNA (lincRNA) genes intersect 
with enhancer histone marks, highlighting their possible importance in gene 
regulation. We identified other regulatory elements based on ENCODE data. 
Finally, we investigated cis-eQTL (expression-quantitative trait loci) effects of 
lncRNA variants associated with CeD loci on protein-coding and non-coding 
RNA genes in peripheral blood. This suggested the functional mechanism of 
the genetic variants. Together this information provides a first glimpse of the 
potential effects of genetic variation on lncRNAs in CeD associated-loci, which 
might be a mechanism involved in CeD pathophysiology.
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INTRODUCTION

The biggest surprise coming out of genome- 
wide association studies (GWAS) is that the 
vast majority of disease/trait-associated sin-
gle nucleotide polymorphisms (SNPs) re-
side in non-coding regions. Maurano et al. 
showed that ~93% of GWAS-variants as-
sociated with diseases or quantitative traits 
are concentrated in regulatory parts of DNA 
that most probably act in a cell-specific 
and/or developmental-stage manner [1]. 
These regions can harbor gene regulatory 
sequences (promoters, enhancers) or regu-
latory non-coding RNAs, such as microR-
NAs (miRNAs) and long no-coding RNAs 
(lncRNAs) [1]. When only looking at the 
autoimmune disease-associated SNPs in the 
GWAS catalogue [2], this percentage does 
not change dramatically [3], suggesting that 
in autoimmune diseases the majority of dis-
ease-associated SNPs also affect gene expres-
sion rather than protein structure. This can 
either be achieved directly, by disruption 
of promoter/enhancer (transcription factor 
binding sites) sequences, or indirectly, by 
affecting the function or expression of reg-
ulatory RNAs.

Previously, we have performed GWAS 
and Immunochip studies on celiac disease 
(CeD), [4–6]. These studies discovered 57 
independent CeD-associated signals (SNPs) 
in 39 non-HLA loci. Despite these exciting 
results, we realize that these loci still need to 
be fine-mapped, as in most cases they still 
represent very large DNA sequences and can 
encompass multiple genes. In CeD, 54 of the 
57 variants are located in non-coding genes 
or in regulatory regions (5’-UTR, 3’UTR, in-
tronic or intergenic regions). In fact, in silico 
analysis of the 39 CeD-associated non-HLA 
loci showed that these loci contain many 
non-coding RNA sequences, and in partic-
ular long intergenic non-coding RNAs (lin-
cRNAs, n=43) from the Human lincRNA 
catalogue [7]. By looking more carefully into 

the CeD loci we identified some in which the 
associated SNPs do not seem to affect pro-
tein-coding genes but rather lncRNAs. 

As there is no data on how autoimmune 
SNPs affecting lncRNAs contribute to dis-
ease phenotypes, we decided to perform an 
explorative study focusing on three loci. We 
hypothesized that the SNPs associated with 
lncRNAs in CeD-associated loci might af-
fect the lncRNAs by altering their structure, 
and/or function, or their expression. We 
performed variant discovery based on am-
plicon sequencing in four potentially inter-
esting CeD-associated lncRNAs. This was 
done in 511 Dutch CeD patients in order to 
capture low frequency/rare variants, which 
we tested for association with CeD. Next, we 
interrogated the variants detected in those 
lncRNAs in terms of their potential structur-
al and functional consequences. We identi-
fied SNPs predicted to disrupt structure and 
found that some of them intersect with reg-
ulatory elements in the genome. Finally, we 
found that some of the discovered variants 
exert cis-eQTL effects in peripheral blood 
cells. Together these results suggest the func-
tional potential of the genetic variants found 
by our deep-sequencing of CeD patients.

MATERIALS AND METHODS

CeD loci-associated lincRNA prioritization
To select candidate lincRNA genes for our 
study, we zoomed into the linkage disequi-
librium (LD) block defined in our CeD 
Immunochip study [6], plotted the associa-
tion signals for all 39 non-HLA loci from this 
study [6] in R-studio [8], and annotated them 
with gene coordinates from GENCODE re-
lease 10 and from the Human lincRNA cat-
alogue [7, 9]. We prioritized three CeD loci, 
in which the top Immunochip association 
signals seem to affect lncRNAs instead of 
protein-coding genes, for variant discovery 
based on amplicon sequencing (Figure 1).
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Celiac patient dataset sequencing and 
variant discovery
DNA samples had previously been isolated 
from whole blood samples of 511 unrelat-
ed celiac patients who had been used in the 
Immunochip study [6]. Written informed 
consent was obtained from all subjects after 
we obtained approval from the ethics com-
mittees and institutional review boards of all 
the participating institutes. All subjects were 
Dutch with European ancestry. Individuals 
with celiac disease were diagnosed according 
to standard criteria [10].

Identification of variants and sequencing 
of the selected lncRNA genes was performed 
using Sanger sequencing. Primer sequenc-
es and conditions for PCR are given in the 
Supplementary materials (Supp. Table 1). 
PCR amplifications were performed in 96-
well plates, in a total volume of 18 ul. PCR 
products were purified with 1x ExoSap 
(12.5 ul Shrimp Alkaline Phosphatase (1 U/
ul), 1.25 ul Exonuclease I (20 U/ul), (both 
Thermo Scientific, Waltham, MA, USA), 250 
ul Glycerol, (Sigma-Aldrich, St. Louis, MO, 
USA), 236.25 ul Milli-Q water). Samples 
were directly sequenced using the Applied 
Biosystems BigDye® Terminator v3.1 Cycle 
Sequencing Kit and analyzed using the 
Applied Biosystems 3730xl DNA Analyzer 
(both Thermo Scientific) and Mutation 
Surveyor V3.23 DNA Variant Analysis 
Software (SoftGenetics, PA, USA). Only ge-
netic variants detected in at least two indi-
viduals were followed up.

Genotypes of controls
Dutch population-based controls were gen-
otyped using the Illumina HiSeq 2000 plat-
form (Illumina Inc., San Diego, CA, USA) at 
the Beijing Genomics Institute (BGI, China). 
The genotype calling algorithms and qual-
ity control parameters have been described 
previously [11]. We selected genetic variants 
discovered by Sanger sequencing of the CeD 
cohort in at least two individuals and extract-

ed the genotypes from the GoNL website 
(release four) based on their chromosome 
positions (http://www.nlgenome.nl/search/).

Variant annotation and association 
study
The lncRNA sequences were analyzed for 
intronic, exonic, and intergenic variants 
(both novel as well as known SNPs). All 
variants were annotated by base pair posi-
tion in human genome 19 (hg19) and with 
respect to their localization in the lincRNA 
genes. Standard case-control single-variant 
association analysis was performed using  
a two-tailed Fisher’s exact test to examine 
the differences in allele frequency.

Secondary structure-disruptive SNPs 
with a local effect on CeD lncRNAs
We used RNAsnp [12, 13] to investigate in sil-
ico whether the lncRNA-associated variants 
could affect the local secondary structure of 
the lncRNAs. This algorithm identifies local 
sub-regions exhibiting structural differences 
in the presence of wild-type versus mutant 
(SNP) alleles and quantifies these changes by 
empirical P-values. The effect of SNPs on lo-
cal RNA secondary structure can be detected 
for short sequences (<1000 nt) by RNAfold 
[14, 15]; for large sequences (>1000 nt) by 
RNAplfold [14–16]; and for general screening 
by combination of RNAfold and RNAplfold. 
The differences between wild-type and mu-
tant (SNP) base pair probabilities for the local 
regions were measured using the Euclidean 
distance with the corresponding P-values. It 
was suggested by the developers of RNAsnp 
that a P-value less than 0.2 (P<0.2) represents 
a significant structural change of a local re-
gion. The outputs were visualized in the 
RNAsnp webserver [12].

Functional annotation of CeD loci 
associated SNPs
In order to interpret the functional con-
sequences of the SNPs discovered, the 
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observed variants were annotated with regu-
latory chromosomal features extracted from 
RegulomeDB and HaploReg V3 databases 
[17, 18]. RegulomeDB includes information 
from various datasets from the ENCODE 
project [9] and the NCBI Sequence Read 
Archive (e.g. transcription factor (TF) ChIP-
seq data, histone ChIPSeq results, FAIRE 
experiments, DNAseI hypersensitive site de-
termination, eQTL mappings, etc.), [17]. It 
also provides algorithms to predict TF and 
protein-binding sites and a scoring system 
that allots a score to each variant based on 
the number and type of its overlapping func-
tional properties. HaploReg provides a sim- 
ilar systematic annotation of non-coding 
SNPs using SNP identification numbers (rs 
ID) based on chromatin state (promotor/
enhancer histone marks, DNAseI hypersen-
sitive sites), conserved regions (calculated by 
two mammalian conservation algorithms: 
GERP [19], and SiPhy [20]), eQTL, gene an-
notation (RefSeq, GENCODE) and predicts 
the effect of SNPs on regulatory motifs for 
TF/protein-binding [21]. 

Expression quantitative trait loci 
analysis in PBMCs in a Dutch cohort 
(eQTLs) 
Cis-eQTL mapping for all exonic SNPs and 
variants significantly associated (P<0.05) 
with CeD was performed in 629 peripheral 
blood samples from the LifeLines-deep co-
hort [22]. The detailed normalization, cor-
rection of expression data based on principal 
component analysis, and eQTL mapping 
method has been described previously [23, 
24]. Briefly, cis-eQTL analysis was performed 
on SNP-gene combinations for which the 
distance from the center of the transcript to 
the genomic location of the SNP was ≤250 kb. 
All SNP-gene expression associations outside 
this 500 kb window were considered to be 
trans-eQTL. As it is known that cis-eQTLs 
might be driven by LD, rather than by a di-
rect effect of the “disease gene SNP” (gSNP, 

in this case the CeD variant), we performed 
conditional analysis on the gSNP-gene pairs 
and the “top eQTL SNP” (eSNP; SNP with 
maximal cis-eQTL effect on the same gene 
probe as gSNP)-gene pairs [Ricaño-Ponce 

and Wijmenga, manuscript in preparation]. 
All associations were tested by non-para-
metric Spearman’s rank correlation test and 
corrected for multiple testing using a false 
discovery rate (FDR<0.05) based on the 
number of SNPs.

Unfortunately, the eQTL pipeline estab-
lished for LifeLines data only focused on 
GENCODE as a reference database. Therefore, 
we limited our analysis to the GENCODE 
lncRNAs when some of them overlapped 
with our studied lincRNAs from the Human 
lincRNA catalogue [7]. 

Expression profiles of eQTL genes in 
seven immune cell types
The cell-type-specific expression profiles of the 
lncRNAs and protein-coding genes associated 
with independent eQTL effects were extracted 
from an RNA-sequencing dataset obtained 
from seven peripheral blood leukocyte popu-
lations (granulocytes, monocytes, natural killer 
(NK) cells, B-cells, memory T-cells, naive CD4+ 
and naive CD8+ T-cells) [25]. The visualization 
of the relative expression profiles was per-
formed using Gene-E software [26].

RESULTS

Immunochip CeD study and LncRNA 
gene selection
We prioritized three CeD-associated loci in 
which the peak of association signals from 
the Immunochip study [6] maximized in one 
or a cluster of multiple lincRNA genes from 
the Human lincRNA catalogue [7], (Figure 1). 
These loci, located on chromosomes 2, 6 and 
21 (Figure 1) were previously named after 
three protein-coding genes they contained 
(UBE2E3, TNFAIP3, and ICOSLG, respec-
tively). In total, we observed 18 CeD loci-
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A) UBE2E3 locus (chr2)

B) TNFAIP3 locus (chr.6)

C) ICOSLG locus (chr.21)

Figure 2: Regions of CeD-associated loci lincRNAs selected for deep-sequencing. Each region is represent-
ed by a UCSC genome browser view showing the location of the top CeD-associated SNP (in red square). 
The proxy SNPs (r2≥0.8) are shown as pink stripes and the region of high LD as a pink bar. LincRNA tran-
scripts from the Cabili catalogue [7] with their transcript names (TCONS_number) are shown in red with 
a black frame and the lincRNA term with the number from their XLOC gene name (e.g. lincRNA named 
XLOC_001776 is visualized as “lincRNA_001776 “). The black squares capture the ten sequenced amplicons 

associated lincRNAs across all three regions 
(LD blocks). For the sequencing we focused 
on 4 transcripts (associated with the ‘peak’ 
of the association signal), which were sub-
divided into 10 amplicons to be sequenced 
(Figure 2).

Sequencing results and CeD loci 
annotated lincRNA variants 
We selected 511 Dutch CeD patients and 
performed Sanger sequencing, with an ex-
tensive quality control using manual cor-
rections. We discovered 100 variants across 
all the amplicons except one (3rd amplicon, 
of the ICOSLG locus). Of these, 37 variants 
were located in lincRNA exons; 46 in introns
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Table 1: Variants types in non-coding regions  
of CeD-loci associated lncRNAs.

Variant type All 
variants Variant type All 

variants Novel

exonic 37 exonic 18 10

intronic 46 intronic 23 4

intergenic 17 intergenic 1 1

Total variants 100 Total variants 42 15

Singleton 
(occurrence =1x) 58

Doubleton 
(occurrence=2x) 6

Multiton 
(occurrence >2) 42

Novel=not seen in dbSNP (141) nor in 1000Genome 
Project nor GoNL (version 4)

Figure 3: Work flow of selecting loci and sequenc-
ing results. All 39 non-HLA loci were annotated 
with the Human lincRNA catalogue and inspected 
for association peaks from our Immunochip study 
into celiac disease. This led to three loci being se-
lected. Ten amplicons containing CeD loci-asso-
ciated lncRNAs were sequenced, resulting in 100 
variants. Of these, 42 variants were explored further.

of lncRNAs and 17 variants were outside 
both coding and non-coding genes (Table 1). 
58 variants were only seen in one (singleton) 
and six variants were only seen in two indi-
viduals (doubletons). For further analysis we 
selected variants which were present in two 

or more individuals (n=42) and 18 of these 
(43%) were in exons, while 23 (55%) were lo-
cated in introns of sequenced lncRNAs. Only 
one of the original 42 variants was located 
intergenically. Of all 42 variants, 15 (35.6%) 
are novel compared with published datasets 
(dbSNP141, Genome Project, GoNL), [27–
29]. To investigate differences in allele fre-
quencies between CeD patients and controls 
at the 42 variants, we extracted genotype data 
of population-based controls from GoNL 
[29] and performed a single-variant associ-
ation analysis. This revealed three intronic 
variants, all in the same region in the UBE2E3 
locus, with significantly different allele fre-
quencies between celiac patients and con-
trols (P-value<0.05; Table 2, Supp. Table 2).

SNPs with a local effect on the 
secondary structure of CeD lncRNAs 
Although the mechanism of action for most 
lncRNAs is unknown, it has been reported 
that the secondary structure of a lncRNA 
determines its function [30]. It was also pro-
posed that genetic variants that affect this 
secondary structure lead to the altered func-
tion or activity of the lncRNA and could 
possibly contribute to disease phenotype 
in this way [31]. We used RNAsnp [12, 13] 
to study the effects of our 17 exonic vari-
ants on local secondary structure. We found 
four local structure-disruptive SNPs that 
could potentially cause significant chang-
es to the secondary structure (Figure 4, 
Supp. Table 3). Two different transcripts 
(TCONS_00012607 and TCONS_00011381) 
of lincRNA XLOC_005478 in the UBE2E3 lo-
cus appeared to be affected structurally by two 
different SNPs (chr6:137994564 (P=0.106), 
rs625124 (P=0.1578)) located 105 bp away 
from each other (Supp. Table 3). In the ICOSLG 
locus, two SNPs (rs113526534. (P=0.1567) 
and rs188507544 (P=0.1991)) are separated 
by 279 bp  and affect the secondary structure 
of TCONS_00028855, the only transcript 
of lincRNA XLOC_013967 (Supp. Table 3) 
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Table 2: Summary of results for the 42 variants selected for further analysis. The variants were anno-
tated with results from the single-variant association study (P<0.05), secondary structure prediction 
(RNAsnp), functional element annotations (RegulomeDB, HaploRegV3) and eQTL-mapping. Results 
are color-coded; yes (red), no (blue), not available in the dataset or not tested (white). RegulomeDB 
classification scores are color-coded: category 2 “likely to affect binding” (red), category 3 “less likely to 
affect binding” (orange), lower categories (4-6) with “minimal binding evidence” (blue).
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A) Chr6:137994564 (P=0.106)
wild-type

 
mutant

B) rs625124 (P=0.1578)  
wild-type

 
 

mutant

Figure 4: The effects of structure-disruptive SNPs on lncRNAs. These structures are based on the 
minimum free energy of wild-type (green) and mutant (red) sequences. The figure visualizes the 
structure-disruptive effect of four SNPs located in XLOC_005478 in the UBE2E3 locus (A,B) and in 
XLOC_013967 in the ICOSLG locus (C,D). 
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C) rs113526534  (P=0.1567) 
wild-type

 
 

mutant 

D) rs188507544 (P=0.1991)
wild-type mutant
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Functional annotation of SNPs 
associated with CeD loci
Because the minor allele frequency (MAF) 
for more than half (24/42) of our candidate 
SNPs was below 5%, they were often not 
represented in the databases (RegulomeDB, 
HaploReg) we used for the functional anno-
tation of variants (Supp. Table 2). We used 
both databases to gain the most informa-
tion. RegulomeDB allows us to search for 
variants based on the chromosome position; 
therefore observed variants without a refer-
ence SNP identification number (rs ID) can 
be included. HaploReg, on the other hand, 
utilizes more recent data of ENCODE [32], 
but variants without an rs ID are excluded 
from the analysis. RegulomeDB provided 
data for 28 SNPs (67%). Four of our candi-
date variants (chr21:45621413; rs56132007, 
rs55965762, and chr21:45626789), all locat-
ed in the ICOSLG locus on chromosome 21, 
were scored as “a functional category likely 
to affect binding” (RegulomeDB score 2b). 
Category 2 scores indicate direct functional 
evidence (ChIP-seq data, DNaseI hypersen-
sitivity analysis, with either a matched posi-
tion weight matrices (PWM) to the ChIP-seq 
factor or a DNase footprint). An additional 
intronic SNP (rs74796727) from the TNFAIP3 
region was scored as “3a” by RegulomeDB, 
which is “less likely to affect binding” (SNPs 
in this category intersect with ChIP-seq evi-
dence and either have a motif that matches 
the ChIP-seq data, but not with DNaseI ev-
idence, or have DNaseI evidence simultane-
ously with any other regulatory motif). The 
remaining 23 variants were placed in even 
lower categories (4-6) with “minimal bind-
ing evidence”.

Using HaploReg V3 we were able to an-
notate 24 variants (57%), (see Supp. Table 2 
for overlap). Next, we focused on the possi-
ble overlap between functional elements and 
extracted information for three regulatory 
properties: promoter and enhancer histone 
marks and DNAseI hypersensitivity sites. 

Six variants out of 24 shared all three func-
tional annotations (promoter, enhancer and 
DNAseI marks). The most common func-
tional annotation intersected by our candi-
date variants was enhancer histone marks 
(20/28 SNPs). We also analyzed the overlap 
between all three functional elements on the 
organ/tissue level. All three elements were 
discovered to be functional in eight tissues 
(gastro-intestinal tract, placenta, muscle, 
blood, heart, skin, breast, and thymus), of 
which the gastro-intestinal tract, blood, and 
thymus can be linked to CeD etiology.

Expression quantitative trait loci 
analysis 
To gain a deeper understanding of the func-
tion of the variants in the CeD loci-associat-
ed lincRNAs, we performed eQTL mapping: 
firstly, on four Immunochip top variants, 
and secondly, on 21 sequenced variants: i) 
18 exonic SNPs and ii) three SNPs with sig-
nificantly differently presence (P<0.05) in 
Dutch CeD patients and population-based 
controls from the GoNL project [11, 29]. We 
identified a significant cis-eQTL (P<0.05; 
FDR<0.05) for one top CeD Immunochip 
variant: rs1018326 (chr2) on the UBE2E3 pro-
tein-coding gene (P=0.033, Z-score=-2.13; 
Table 2, Supp. Table 4). Subsequently, we 
analyzed the 21 variants and observed a cis-
eQTL (P<0.05; FDR<0.05) for one variant 
in the UBE2E3 locus, for one variant in the 
TNFAIP3 locus, and for six variants in the 
ICOSLG locus (Table 2). In the latter, we 
observed eQTL effects on protein-coding 
as well as on non-coding genes (lincRNA, 
antisense lncRNA). Interestingly, we saw 
no eQTL-effect on TNFAIP3, although we 
did observe a significant effect of variant 
rs78986857 on gene RP11-356I2.2 (corre-
sponding to lincRNA XLOC_005848) in the 
TNFAIP3 locus. (Supp. Table 4). In summa-
ry, we observed significant eQTL effects on 
four genes: on the UBE2E3 protein-coding 
gene in the UBE2E3 locus (chr. 2), on the
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Table 3: Protein-coding and non-coding RNA genes showing significant eQTL effects after conditional 
analysis to the SNP (eSNP) with the maximal eQTL effect on the same gene-probe as the tested gSNP.  
SNP rs10188326 is a top-association signal from Immunochip; the remaining variants are out of 42 
SNPs described in this study. Additional detailed eQTL analysis results are given in Supp. Table 4.

Chr Gene with eQTL Gene type eQTL effect 
direction

gSNP P-value 
Conditional gSNP

2 UBE2E3 protein-coding 0,0331 rs1018326 (iCHIP top SNP)

6 RP11-356I2.2 lincRNA (XLOC_005848) 0,0007 rs78986857

21 AP001059.5 antisense lncRNA 0,0197 rs113526534

0,0210 rs62228210

0,0184 rs62228211

0,0273 rs6518350

ICOSLG protein-coding 0,0240 rs188507544

0,0013 rs2329709

0,0210 rs62228211

RP11-356I2.2 gene (lincRNA XLOC_005848, 
chr. 6) in the TNFAIP3-locus, and finally on 
the antisense lncRNA AP001059.5 and the 
ICOSLG protein-coding gene (both in the 
ICOSLG-locus on chr. 21) (Table 2). The 
eQTL-genes were further followed-up below.

Expression profiles of cis-eQTL genes
The cell-type-specific expression profiles of the 
discovered cis-eQTL genes are presented in 
the heatmap in Figure 5. Two genes, UBE2E3 
and lincRNA RP11-356I2.2 (XLOC_005848), 
are highly expressed in natural killer cells and 
another two genes (ICOSLG and lncRNA 
AP001059.5) in B-cells (Figure 5). These data 
suggest that NK cells and B-cells are the most 
interesting candidate cell types in which to 
study the mechanism of action of the two se-
lected lncRNAs.

DISCUSSION 

GWAS and Immunochip studies have iden-
tified common variants of modest effect in 
39 non-HLA loci. The vast majority (approx. 
95%) of these CeD-risk variants have been 
found outside regions coding the amino acid 
sequence of proteins, but located within the 
regulatory regions (such as three prime un-

Figure 5: Relative expression profiles of eQTL-
genes across seven immune cell types.

translated regions (3’UTRs), 5’UTRs, introns, 
intergenic regions), [33]. In this explorative 
study, we prioritized and deep-sequenced 
four lncRNA genes associated to CeD loci. 
This discovered 42 variants that were detect-
ed in at least two CeD patients.

Almost half (47%) of the variants dis-
covered here exhibited a minor allele fre-
quency (MAF) below 2% in sequenced 
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celiac patients, and we also detected eight 
rare variants (MAF≤0.5%). Although our 
study is underpowered, even with this rel-
atively small number of samples (511 cases, 
498 controls) we detected significant differ-
ences between CeD and control individuals 
(P<0.05) for three SNPs, suggesting the asso-
ciation of these three variants must be strong. 
All three are located in an intron of lncRNA 
XLOC_001776 (UBE2E3 locus) and all cause 
a change in binding motifs for multiple chro-
matin-modifying proteins and transcription 
factors. Two of the variants (rs74796727, 
rs62180198) also intersect with enhancer 
histone marks. Moreover, SNP rs74796727 is 
located in a conserved region (according to 
GERP score) annotated with enhancer/pro-
moter histone marks and DNAseI hypersen-
sitivity. As these results were obtained with  
a small number of subjects, it is possible that 
increasing the sample size would improve 
the significance of the three associations. 
Moreover, this increase would also open up 
the possibility of finding more associations.

Secondary structures dictate the func-
tion of lncRNAs and their interplay with in-
teraction partners via their RNA-, DNA- or 
protein-binding domains [34]. Hence, a muta- 
tion of a single nucleotide could change the 
local secondary structure dramatically and 
affect lncRNA function in such a way that  
it leads to pathophysiological consequences. 
We investigated potential structural changes 
induced by the exonic variants (n=18) in 
our dataset and our results suggest that four 
SNPs induce significant structural changes  
in two lncRNAs. One of these SNPs 
(chr6:137994564 in the TNFAIP3 region) 
unfortunately has no rs ID and therefore no 
other data is available on it. A second SNP 
(rs625124) in the same locus intersects with 
DNAseI marks and modifies a region that 
changes the binding motif for a transcrip-
tional repressor PLZF (promyelocytic leuke-
mia zinc finger, Zbtb16) a key transcription 
factor involved in the development of natural 

killer T-cells [35, 36]. Interestingly, one of the 
main cell types involved in CeD are intraepi-
thelial CD8+ T-lymphocytes (IELs) and these 
kill the intestinal epithelial cells (enterocytes) 
leading to intestinal barrier dysfunction. It is 
thought that these IELs represent a lympho-
cyte subset that is losing T-cell characteris-
tics and acquiring NK cell properties [37]. 
In this sense, an interaction of lncRNA and 
PLZF in CeD-associated IELs could contrib-
ute to CeD pathology. The two remaining 
SNPs (rs113526534, rs188507544) are both 
located in the ICOSLG region, both inter-
sect with enhancer histone marks and confer  
a cis-eQTL effect. Variant rs113526534 ex-
hibits a cis-eQTL effect on antisense lncRNA 
AP001059.5. The other, rs188507544, shows 
a cis-eQTL effect on two protein-coding 
genes C21orf2 and ICOSLG (two proteins 
highly expressed in B-cells according to co- 
expression analysis using genenetwork.nl) 
in combination with a DNAseI mark and  
a binding motif change for multiple proteins 
(Supp. Table 2). Also, the involvement of 
B-cell proteins makes sense in the context of 
CeD, as B-cells specific for the gluten antigen 
in the small intestine may amplify the im-
mune response signal for CD4+ T-cells by pre-
senting gluten antigens on their surface [38]. 

Many of the variants we discovered by 
deep-sequencing can be classified as less 
common (<5%) or rare (<0.5%) variants. 
Many of them do not have an rs identifi-
cation number (given by dbSNP) and this 
makes it difficult to search for their potential 
effects or functional annotation in the nor-
mal databases. We observed that 83% (n=20) 
of 24 SNPs for which data was available 
in HaploReg V3 intersected with regions 
marked with enhancer histone marks. Six 
SNPs (rs75576871, rs56299324, rs74796727, 
rs55965762, rs56132007, rs7588217) inter-
sected with three functional properties si-
multaneously (enhancer/promoter histone 
marks and DNAseI marks) and 10 SNPs 
(50%) annotated only with enhancer marks. 
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The six SNPs described here in more detail 
are all known variants recorded in dbSNP, 
are all intronic, and they were all also anno-
tated to bind protein. Altogether this sug-
gests the SNPs affect expression of another 
gene. These data suggest that the majority 
of the SNPs that we identified affect regions 
that have gene regulatory functions.

Correlating the RNA gene expression lev-
els with SNPs and identifying eQTL may help 
to functionally annotate SNPs and pinpoint 
which genes they are likely to regulate [39]. 
Therefore, we first mapped eQTLs to the four 
top associated SNPs from the Immunochip 
study that were located in our three selected 
loci and performed conditional analysis. Only 
the Immunochip CeD-top association signal 
on chromosome 2 displayed an independent 
eQTL effect, which was directed on to the pro-
tein-coding gene UBE2E3. Next, we mapped 
eQTLs to all exonic variants (n=18) and also 
to the three significantly associated genetic 
variants from our single-variant association 
study (P<0.05). After conditional analysis, we 
observed a strong independent effect of ex-
onic variant rs78986857 (P=6.8x10-4) located 
in lncRNA XLOC_005478 in the TNFAIP3 
locus; this increased expression of a second 
lncRNA (RP11-356I2.2=XLOC_005848) loc- 
ated in the same LD block but outside the 
association peak as identified by the 
Immunochip study (Figure 1). This exonic 
variant was not predicted to have a signif-
icant effect on the secondary structure of 
lncRNA XLOC_005478 and was function-
ally annotated with enhancer histone marks 
only in blood and a motif change for TATA-
binding protein (TBP) using HaploReg (this 
variant was not found in RegulomeDB). TBP 
is a general transcription factor binding to 
the TATA-box, a region approximately 30 bp 
upstream from the transcription start site in 
many promoters. 

Another interesting eQTL observation 
was that in PCR-region 7 (XLOC_013967; 
ICOSLG locus) six out of ten variants dis-

played an eQTL effect on either the pro-
tein-coding gene ICOSLG or on antisense 
lncRNA AP001059.5. All ten variants in 
this sequenced region were exonic, but only 
two (rs113526534, rs188507544) affected 
the secondary structure of their lincRNA 
XLOC_013967 markedly. It is possible that 
a combination of two strong, secondary 
structure disruptive-SNPs together with 
other variants with a modest disruptive ef-
fect may together dramatically alter lncRNA 
XLOC_013967 and its function. All ten SNPs 
were present in RegulomeDB but only one, 
chr21:45621413, was categorized as “like-
ly to affect binding” with a score “2b”; the 
remaining nine variants were labeled with 
lower scores (4 and 5) representing “mini-
mum binding evidence”. Seven variants were 
present in HaploReg, all displaying enhancer 
histone marks in muscles, placenta and/
or gastrointestinal tract, and some of them 
also had DNAseI hypersensitivity sites with/
without motif changes. These enhancer-as-
sociated features suggest that in the relevant 
tissue this lncRNA may function as an active 
enhancer (enhancer-derived RNA), binding 
multiple transcription factors and interact-
ing with nearby genes [40, 41]. 

One of the main characteristics of 
lncRNAs is their functionality in the correct 
tissue/cell type. Using eQTL mapping we 
can predict which gene might be affected by 
a specific variant, but a detailed analysis of 
expression data from a range of different cell 
types and tissues might pinpoint a relevant 
environment in which the selected lncRNA 
is functional. In our study, we discovered sev-
en variants with a cis-eQTL effect on coding 
as well as non-coding genes. For these vari-
ants we extracted their relative expression 
across seven immune cell types. The results 
show that our eQTL genes are most highly 
expressed in B-cells (lncRNA AP001059.5, 
protein ICOSLG (both chr. 21)) and NK cells 
(protein UBE2E3 (chr. 2), lncRNA RP11-
356I2.2=XLOC_005848 (chr. 6)) followed by 
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monocytes (protein UBE2E3 (chr. 2)). We 
described how these cell types have been im-
plicated in CeD. For experimental follow-up 
on any of the candidate SNPs or genes impli-
cated in this study, both NK cells and B-cells  
should also be considered, although CeD is 
still often regarded as a “T-cell disease”.

To our knowledge, this study is only the 
second one to consider the annotation of 
GWAS-associated variants and their effect 
on lncRNAs. In the first study, the authors 
focused on association signals found by 
GWAS and Immunochip in type 1 diabe-
tes and inflammatory bowel disease and on 
common variants from these platforms pres-
ent in the disease loci [42]. In contrast, our 
study involves amplicon-sequencing-based 
variant discovery and was specifically de-
signed to reveal less common novel variants.

Understanding the functional mecha-
nism underlying the GWAS associations 
with disease phenotype is challenging. Here, 
we have presented the results of an explorato-
ry study using an integrated approach based 
on deep-sequencing and annotation of SNPs 
that appear to affect lncRNA genes in celiac 
disease loci. This type of analysis may help to 
improve our understanding of the molecu-
lar effects of non-coding variants associated 
with celiac disease and their resulting phys-
iologic and pathophysiologic consequences. 
We observed evidence of functional effects at 
multiple levels (on chromatin as well as on 
transcript level), but functional experiments 
are necessary to validate our findings. 
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Supplementary table 1

Locus Amplicon Primer Primer sequence Length Annealing 
temperature

UBE2E3

PCR-1
Forward gggatgcgtataatggttcc

819bp 63°C
Reverse gaatgcctgctgtgtaataagg

PCR-2
Forward ttgtatgttacccttgtggttga

784bp 60°C
Reverse ttccatctgtcttccagcttc

PCR-3
Forward gttcccatcccccaagata

772bp 63°C
Reverse tgtcctgaatcccattacca

TNFAIP3

PCR-4
Forward ctaaggttgctgggagctga

822bp 61,4°C
Reverse gcgaggtactagcttttaaatgaa

PCR-5
Forward caggtaggggaggactgaga

762bp 59,3°C
Reverse cataaccactgcaccaaaaa

PCR-6
Forward attgcagccactgttctgtt

708bp 60°C
Reverse caatgggagacagggagaaa

ICOSLG

PCR-7
Forward tgcccagagctacaatctcc

817bp 63°C
Reverse aggccaggaaaaacgtaagg

PCR-8
Forward ggtcccctttctgctctgat

701bp 60,4°C
Reverse cctgcaagcatttactgagc

PCR-9
Forward ggagcccacagtctcacttc

726bp 60,4°C
Reverse gcagctttaaaaccgaaagg

PCR-10
Forward ctgtttcctgattcgctggt

842bp 60,4°C
Reverse ggaccctgaatccgacacta
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Supplementary table 2

                      CeD (n=511) Controls GoNL 
(n=498)

Fisher 
Exact test RNAsnp

SNP_ID locus SNP_ID

D
ou

bl
et

on
/ 

M
ul

ti
to

n

rs_ID_dbSNP rs_ID_GoNL position CH
R BP [hg19]_

GoNL RE
F.

A
LT
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<0

.2
)

rs7588217

UBE2L3

rs7588217 M rs7588217 rs7588217 intronic 2 181988909 C T 33,0 48,5 18,5   42,7 36,7 42,4 20,9 42,1 7,77E-01 --

rs74796727 rs74796727 M rs74796727 xxx intronic 2 181988956 G C 80,9 17,6 1,5 10,3 85,9 13,3 0,8 7,4 3,64E-02 --

rs7593597 rs7593597 M rs7593597 rs7593597 intronic 2 182056796 T C 29,0 46,0 25,1 48,1 33,3 44,6 22,1 44,4 1,19E-01 --

rs62180198 rs62180198 M rs62180198 rs62180198 intronic 2 182056909 G A 80,7 14,6 0,2 12,0 85,9 13,1 1,0 7,5 1,46E-03 --

rs34700861 rs34700861 M rs34700861 rs34700861 intronic 2 182056979 C T 96,0 0,0 4,0 4,0 60,0 34,7 5,2 22,6 not tested --

rs35110674 rs35110674 M rs35110674 rs35110674 intronic 2 182057019 A G 95,5 0,0 4,5 4,5 60,4 34,3 5,2 22,4 not tested --

rs7580110 rs7580110 M rs7580110 rs7580110 intronic 2 182057083 G A 29,4 42,2 28,3 49,5 33,3 44,6 22,1 44,4 3,71E-02 --

chr2:182091077 chr2:182091077 M xxx xxx intronic 2 182091077 T TT 96,8 3,2 -- -- Found 0 variant 
variants -- --

rs148553735     rs148553735     M rs148553735     xxx EXONIC 2 182091213 G C 98,5 1,5 0,0 0,8 98,0 2,0 0,0 1,0 6,23E-01 NS

chr2:182091471 chr2:182091471 D xxx xxx intronic 2 182091471 G A 99,5 0,5 0,0 0,3 99,8 0,2 0,0 0,1 5,87E-01 --

rs4667158 rs4667158 M rs4667158 rs4667158 intronic 2 182091564 T C 2,6 33,8 63,6   19,5 6,4 33,5 60,0 23,2 6,95E-02 --

         

chr6:137994564

TNFAIP3

chr6:137994564 D xxx xxx EXONIC 6 137994564 G A 99,5 0,5 0,0   0,2 Found 0 variant 
variants -- 0,106

rs625124 rs625124 M rs625124 rs625124 EXONIC 6 137994669 A G 0,0 3,0 97,0 1,5 0,0 3,8 96,2 1,9 5,93E-01 0,1578

chr6:137994916 chr6:137994916 M xxx xxx intronic 6 137994916 A T 95,8 4,2 0,0 2,1 Found 0 variant 
variants -- --

rs605777 rs605777 M rs605777 rs605777 intronic 6 137994980 C T 23,0 49,1 27,9 47,6 22,1 46,6 31,3 45,4 3,51E-01 --

chr6:137995009 chr6:137995009 D xxx xxx intronic 6 137995009 A G 99,5 0,5 0,0 0,2 Found 0 variant 
variants -- --

chr6:137995300 chr6:137995300 M xxx xxx intronic 6 137995300 T A 98,4 1,6 0,0 0,8 Found 0 variant 
variants -- --

chr6:137995402 chr6:137995402 D xxx xxx intronic 6 137995402 A C 99,5 0,5 0,0 0,2 Found 0 variant 
variants -- --

rs78986857 rs78986857 M rs78986857 xxx EXONIC 6 137995550 T C 96,7 3,3 0,0 1,6 96,8 3,2 0,0
1,6

1,00E+00 NS

chr6:137995650 chr6:137995650 M xxx xxx EXONIC 6 137995650 C T 99,3 0,0 0,7 0,7 Found 0 variant 
variants -- NS

chr6:137995651 chr6:137995651 M xxx xxx EXONIC 6 137995651 A C 99,3 0,0 0,7 0,7 Found 0 variant 
variants -- NS

chr6:137995652 chr6:137995652 M xxx xxx EXONIC 6 137995652 G A 99,3 0,0 0,7 0,7 Found 0 variant 
variants -- NS

chr6:138008095 chr6:138008095 D xxx xxx intronic 6 138008095 T C 99,5 0,3 0,3 0,4 Found 0 variant 
variants -- --

rs1518048 rs1518048 M rs1518048 rs1518048 intronic 6 138008124 T C 28,6 48,7 22,7 47,0 33,9 46,2 19,9 43,0 1,01E-01 --

chr6:138008255 chr6:138008255 M xxx xxx EXONIC 6 138008255 A G 97,2 2,8 0,0 1,4 Found 0 variant 
variants -- NS

rs75525553 rs75525553 M rs75525553 xxx intronic 6 138008508 A G 88,1 11,4 0,5   6,2 91,2 8,8 0,0 4,4 9,49E-02 --

                                           

rs113526534

ICOSLG

rs113526534 M rs113526534 xxx EXONIC 21 45621230 G A 68,6 27,3 4,1 17,7 68,1 27,5 4,4
18,2

8,50E-01 0,1567

chr21:45621257 chr21:45621257 M xxx xxx EXONIC 21 45621256 T C 99,3 0,5 0,2 0,5 Found 0 variant -- NS

rs62228210 rs62228210 M rs62228210 rs62228210 EXONIC 21 45621292 G C 70,1 26,3 3,6 16,8 71,3 28,3 0,4
18,0

2,13E-01 NS

chr21:45621413 chr21:45621413 D xxx xxx EXONIC 21 45621412 G A 99,5 0,5 0,0 0,2 Found 0 variant -- NS

rs188507544 rs188507544 M rs188507544 xxx EXONIC 21 45621509 C T 97,9 2,1 0,0 1,0 99,4 0,6 0,0 0,3 7,75E-02 0,1991

rs62228211 rs62228211 M rs62228211 rs62228211 EXONIC 21 45621517 C T 79,5 19,4 1,2 10,8 79,7 19,3 1,0 10,6 9,40E-01 NS

rs144086965 rs144086965 M rs144086965 xxx EXONIC 21 45621519 C T 98,2 1,8 0,0 0,9 98,6 1,4 0,0 0,7 6,14E-01 NS

rs2329709 rs2329709 M rs2329709 rs2329709 EXONIC 21 45621560 G A 75,3 23,6 1,2 12,9 74,3 23,1 2,6 14,2 4,56E-01 NS

chr21:45621779 chr21:45621779 M xxx xxx EXONIC 21 45621778 C T 98,6 1,4 0,0 0,7 99,0 1,0 0,0 0,5 7,64E-01 NS

rs6518350 rs6518350 M rs6518350 rs6518350 EXONIC 21 45621817 A G 64,7 29,8 4,0 18,9 67,7 27,7 4,6 18,5 8,57E-01 NS

rs75576871 rs75576871 M rs75576871 xxx intronic 21 45622373 C T 89,4 10,6 0,0 5,3 92,8 7,2 0,0 3,6 8,59E-02 --

rs56299324 rs56299324 M rs56299324 rs56299324 intronic 21 45622609 A G 65,3 30,7 4,0 19,3 69,8 23,7 6,5 18,3 5,92E-01 --

rs56132007 rs56132007 M rs56132007 rs56132007 intronic 21 45622705 G A 64,3 32,0 3,7 19,7 67,3 27,9 4,8 18,8 6,36E-01 --

rs55965762 rs55965762 M rs55965762 rs55965762 intronic 21 45622816 A T 64,4 31,9 3,7 19,7 67,7 26,8 5,4 18,9 6,79E-01 --

chr21:45626102 chr21:45626102 M xxx xxx intergenic 21 45626101 T A 99,1 0,9 0,0 0,5 Found 0 variant -- --

chr21:45626789 chr21:45626789 M xxx xxx intronic 21 45626788 G A 99,1 0,9 0,0 0,5 Found 0 variant -- --
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RegulomeDB HaploReg_V3

 S
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re score 
description Binding evidence

SN
P 
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en
t
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ER

P 
co

ns
Si

Ph
y 

co
ns

 Promoter 
histone marks Enhancer histone marks DNAse Proteins bound eQTL tissues Motifs changed

4 TF binding + 
DNase peak

Minimal binding 
evidence yes --- --- BLD, MUS, GI, 

THYM
ESC, ESDR, IPSC, STRM, BRST, BLD, 
SKIN, MUS, VAS, BRN, LNG, BONE

BLD,BLD,BLD,BLD,BLD,SKIN,SKIN,SKIN, 
SKIN,THYM,BLD,MUS,VAS,BRN,SKIN,LNG CFOS,GATA2 --- ---

3a
TF binding + 
any motif + 
DNase peak

Less likely to affect 
binding yes --- --- BLD, MUS, GI, 

THYM
ESC, ESDR, IPSC, STRM, BRST, BLD, 
SKIN, MUS, VAS, BRN, LNG, BONE BLD,BLD,BLD,BLD,THYM,VAS CFOS,GATA2 ---

CIZ, Foxa, Foxd3, 
HDAC2, Ik-3, Nanog, 
Sox

5 TF binding or 
DNase peak

Minimal binding 
evidence yes   --- --- BLD --- --- --- Gsc,Hoxa5

No 
Data --- --- yes   --- --- BLD --- --- ---

Dbx2, Hlx1, Hoxb9, 
Hoxc9, Isl2, Nkx6-1, 
Pdx1, Pou4f3, Pou6f1

6 other Minimal binding 
evidence yes --- --- --- BLD --- --- --- Arid3a, CEBPB, Foxj1, 

Hoxb4, Hsf
No 

Data --- --- yes --- --- --- --- --- --- --- RXRA,TCF12

6 other Minimal binding 
evidence yes --- --- --- --- --- --- --- Hoxa9, Hoxb13, 

Hoxd10, TATA

6 other Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

6 other Minimal binding 
evidence yes --- --- --- BLD --- --- --- Hoxb6, Lhx3, Nkx6-1, 

Nkx6-2, Pou1f1, Pou2f2
   

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- yes --- --- --- --- ESDR --- --- PLZF

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- BLD, FAT --- --- --- CCNT2, GATA, GR, Sox

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

No 
Data --- --- yes --- --- --- BLD --- --- --- TATA

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

No 
Data --- --- yes --- --- --- --- --- --- --- ---

No 
Data --- --- No 

Data --- --- --- --- --- --- --- ---

6 other Minimal binding 
evidence yes --- --- --- BLD --- --- --- Hoxa5, Lhx4, Pou6f1

                       

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS --- --- --- ---

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

4 TF binding + 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS --- GATA3 --- Hltf

2b

TF binding + 
any motif + 

DNase Footprint 
+ DNase peak

Likely to affect 
binding

No 
Data --- --- --- --- --- --- --- ---

4 TF binding + 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS, PLCNT LNG,BLD,KID --- --- AhR, CHOP::CEBPalpha, 

NRSF

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS, PLCNT LNG,BLD,KID --- --- GR,YY1

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS, PLCNT LNG,BLD,KID --- --- ATF3, GR, YY1

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- MUS, PLCNT --- --- --- GR, HNF4, VDR

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

5 TF binding or 
DNase peak

Minimal binding 
evidence yes --- --- --- GI, MUS, PLCNT BLD,PLCNT,BRST --- Stranger_LCL BATF

4 TF binding + 
DNase peak

Minimal binding 
evidence yes --- --- GI, PLCNT, HRT, 

CRVX, BLD

ESC, ESDR, LNG, IPSC, BRST, BLD, 
SKIN, FAT, GI, ADRL, MUS, THYM, 
PLCNT, HRT, SPLN, VAS

IPSC,SKIN,GI HMGN3 --- GLI, YY1, Zic

4 TF binding + 
DNase peak

Minimal binding 
evidence yes    

STRM, GI, MUS, 
PLCNT, HRT, 
CRVX, BLD, SKIN

ESC, ESDR, LNG, IPSC, FAT, STRM, 
BRST, BLD, SKIN, GI, ADRL, KID, 
MUS, THYM, PLCNT, HRT, SPLN, LIV, 
VAS, BRN, BONE

ESC, ESDR, ESDR, ESDR, ESC, LNG, IPSC, IPSC,  
BRST, SKIN, SKIN, SKIN, SKIN, HRT, KID, LNG, 
MUS,  MUS, PLCNT, OVRY, PANC, MUS, GI, CRVX, 
BLD, SKIN, SKIN

ATF3, POL2, AP2ALPHA, 
AP2GAMMA, BAF170, CEBPB, ELK4, 
CCNT2, HEY1, HMGN3, JUND, TAF1, 
CMYC, HAE2F1, FOXA1, P300

--- ATF3

2b

TF binding + 
any motif + 

DNase Footprint 
+ DNase peak

Likely to affect 
binding yes    

STRM, GI, MUS, 
PLCNT, HRT, 
CRVX, BLD, SKIN

ESC, ESDR, LNG, IPSC, FAT, STRM, 
BRST, BLD, SKIN, GI, ADRL, KID, 
MUS, THYM, PLCNT, HRT, SPLN, LIV, 
VAS, BRN, BONE

ESC, ESDR, ESDR, ESDR, ESC, LNG, IPSC, IPSC,  
BRST, BLD, SKIN, SKIN, SKIN, SKIN, ADRL, HRT, 
KID, LNG, MUS, MUS, PLCNT, GI, GI, OVRY, PANC, 
MUS, GI, CRVX, VAS, BLD, BLD, BRN, SKIN, SKIN

ATF3, POL2, AP2ALPHA, 
AP2GAMMA, BAF170, CEBPB, ELK4, 
STAT1, CJUN, HEY1, JUND, TAF1, 
CMYC, HAE2F1, STAT3, FOXA1, P300

--- CTCF,p300

2b

TF binding + 
any motif + 

DNase Footprint 
+ DNase peak

Likely to affect 
binding yes    

STRM, SKIN, FAT, 
GI, MUS, HRT, 
CRVX, BRST, 
BLD, BONE

ESC, ESDR, LNG, IPSC, FAT, STRM, 
BRST, BLD, SKIN, BRN, GI, ADRL, 
KID, MUS, PLCNT, THYM, SPLN, 
LIV, VAS

ESC, ESDR, ESDR, ESC, IPSC, IPSC, BRST, SKIN, 
SKIN, HRT, GI, LNG, MUS, PLCNT, MUS, CRVX, 
BLD, SKIN

AP2ALPHA, AP2GAMMA, BAF170, 
CEBPB, ELK4, STAT1, CJUN, JUND, 
TAF1, HAE2F1, STAT3, P300

--- FXR, HDAC2, NRSF, 
Nanog

5 TF binding or 
DNase peak

Minimal binding 
evidence

No 
Data --- --- --- --- --- --- --- ---

2b

TF binding + 
any motif + 

DNase Footprint 
+ DNase peak

Likely to affect 
binding

No 
Data --- --- --- --- --- --- --- ---
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Supplementary Table 4.

gSNP (CeD sequenced variant)
Probe HUGO Gene type

A Probe Chr gSNP 
(Immunochip)

gSNP 
allele gSNP-PVal effect 

cis-eQTL gSNP-ZMeta gSNP-FDR

2 rs1018326 C 4,24E-11 -6,60 0 UBE2E3 protein-coding

2 rs1018326 C 9,22E-08 5,34 0 AC104820.2 lincRNA (XLOC_001776)

21 rs58911644 T 4,99E-05 4,06 0 AP001059.5 antisense lncRNA

21 rs58911644 T 8,26E-04 3,34 0 DNMT3L protein-coding

     

B Probe Chr gSNP 
(Immunochip)

gSNP 
allele

gSNP-Pval 
-Conditional

effect 
cis-eQTL

gSNP-Zmeta 
-Conditional

gSNP-FDR 
-Conditional Probe HUGO Gene type

2 rs1018326 C 3,31E-02 -2,13 0,2 UBE2E3 protein-coding

2 rs1018326 C 9,40E-01 -0,08 0,975 AC104820.2 lincRNA (XLOC_001776)

21 rs58911644 T 5,68E-02 1,91 0,1 AP001059.5 antisense lncRNA

21 rs58911644 T 2,82E-01 1,08 0,466666667 DNMT3L protein-coding

   

C Probe Chr gSNP gSNP 
allele gSNP-PVal effect 

cis-eQTL gSNP-ZMeta gSNP-FDR Probe HUGO Gene type

2 rs7580110 A 2,86E-10 -6,31 0 UBE2E3 protein-coding

2 rs7580110 A 5,17E-08 5,45 0 AC104820.2 lincRNA (XLOC_001776)

6 rs78986857 C 1,19E-03 3,24 0,025 RP11-356I2.2 lincRNA (XLOC_005848)

21 rs113526534 A 1,14E-05 4,39 0 AP001059.5 antisense lncRNA

21 rs113526534 A 1,08E-03 3,27 0,019642857 DNMT3L protein-coding

21 rs188507544 T 5,19E-04 -3,47 0 C21orf2 protein-coding

21 rs188507544 T 8,26E-04 -3,34 0,014285714 ICOSLG protein-coding

21 rs2329709 A 4,87E-07 -5,03 0 ICOSLG protein-coding

21 rs2329709 A 6,27E-04 -3,42 0 U6 pseudogene (RNU6-1150P)

21 rs62228210 C 1,28E-05 4,36 0 AP001059.5 antisense lncRNA

21 rs62228210 C 1,08E-03 3,27 0,019642857 DNMT3L protein-coding

21 rs62228211 T 3,40E-06 4,65 0 AP001059.5 antisense lncRNA

21 rs62228211 T 6,90E-05 3,98 0 ICOSLG protein-coding

21 rs62228211 T 1,59E-04 3,78 0 DNMT3L protein-coding

21 rs6518350 G 2,29E-05 4,24 0 AP001059.5 antisense lncRNA

21 rs6518350 G 1,41E-03 3,19 0,0375 DNMT3L protein-coding

     

D Probe Chr gSNP gSNP 
allele

gSNP-Pval 
-Conditional

effect 
cis-eQTL

gSNP-Zmeta 
-Conditional

gSNP-FDR 
-Conditional Probe HUGO Gene type

2 rs7580110 A 4,23E-02 -2,03 0,1 UBE2E3 protein-coding

2 rs7580110 A 9,20E-01 -0,10 0,9625 AC104820.2 lincRNA (XLOC_001776)

6 rs78986857 C 6,88E-04 3,39 0 RP11-356I2.2 lincRNA (XLOC_005848)

21 rs113526534 A 1,97E-02 2,33 0,05 AP001059.5 antisense lncRNA

21 rs113526534 A 2,82E-01 1,08 0,141666667 DNMT3L protein-coding

21 rs188507544 T 5,06E-02 -1,96 0,08 C21orf2 protein-coding

21 rs188507544 T 2,40E-02 -2,26 0,05 ICOSLG protein-coding

21 rs2329709 A 1,30E-03 -3,22 0 ICOSLG protein-coding

21 rs2329709 A 8,22E-01 0,23 1 U6 pseudogene (RNU6-1150P)

21 rs62228210 C 2,10E-02 2,31 0,05 AP001059.5 antisense lncRNA

21 rs62228210 C 2,82E-01 1,08 0,141666667 DNMT3L protein-coding

21 rs62228211 T 1,84E-02 2,36 0,033333333 AP001059.5 antisense lncRNA

21 rs62228211 T 2,10E-02 2,31 0,05 ICOSLG protein-coding

21 rs62228211 T 8,38E-02 1,73 0,133333333 DNMT3L protein-coding

21 rs6518350 G 2,73E-02 2,21 0,05 AP001059.5 antisense lncRNA

21 rs6518350 G 2,93E-01 1,05 0,466666667 DNMT3L protein-coding
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LD (r2) 
eSNP & gSNP

eSNP (variant with the strongest eQTL effect on the same gene-probe s gSNP)

eSNP eSNP 
allele eSNP-PVal effect 

cis-eQTL eSNP-ZMeta eSNP-FDR

0,176969025 rs62180119 T 2,77E-23 9,940930826 0

0,938220056 rs4667118 T 2,48E-08 5,575041797 0

0,142120609 rs876200 T 1,35E-08 5,679035811 0

0,169926564 rs8129253 C 6,92E-08 5,393398285 0

   

LD (r2) 
eSNP & gSNP eSNP eSNP 

allele
eSNP-Pval 

-Conditional
effect 

cis-eQTL
eSNP-Zmeta 
-Conditional

eSNP-FDR 
-Conditional

0,176969025 rs62180119 T 5,73E-12 6,886395815 0

0,938220056 rs4667118 T 6,89E-01 0,400505414 0,7

0,142120609 rs876200 T 4,00E-05 4,107388153 0

0,169926564 rs8129253 C 7,68E-05 3,95425571 0

   

LD (r2) 
eSNP & gSNP eSNP eSNP 

allele eSNP-PVal effect 
cis-eQTL eSNP-ZMeta eSNP-FDR

0,16890317 rs62180119 T 2,77E-23 9,940930826 0

0,980366933 rs4667118 T 2,48E-08 5,575041797 0

9,70E-05 rs4548024 C 1,44E-20 9,297484335 0

0,13206998 rs876200 T 1,35E-08 5,679035811 0

0,157847831 rs8129253 C 6,92E-08 5,393398285 0

0,028417195 rs2070573 A 1,20E-45 -14,18133304 0

0,010019292 rs2847224 A 2,42E-17 -8,471836288 0

0,045641227 rs2847224 A 2,42E-17 -8,471836288 0

0,926001499 chr21:45607996 T 1,77E-04 -3,750422899 0,0375

0,13206998 rs876200 T 1,35E-08 5,679035811 0

0,157847831 rs8129253 C 6,92E-08 5,393398285 0

0,166700528 rs876200 T 1,35E-08 5,679035811 0

0,043891083 rs2847224 A 2,42E-17 -8,471836288 0

0,136267616 rs8129253 C 6,92E-08 5,393398285 0

0,128437839 rs876200 T 1,35E-08 5,679035811 0

0,15340347 rs8129253 C 6,92E-08 5,393398285 0

   

LD (r2) 
eSNP & gSNP eSNP eSNP 

allele
eSNP-Pval 

-Conditional
effect 

cis-eQTL
eSNP-Zmeta 
-Conditional

eSNP-FDR 
-Conditional

0,16890317 rs62180119 T 1,26E-12 7,098735899 0

0,980366933 rs4667118 T 8,41E-01 0,200243092 0,8625

9,70E-05 rs4548024 C 8,52E-21 9,35305965 0

0,13206998 rs876200 T 1,59E-04 3,775881162 0

0,157847831 rs8129253 C 8,54E-05 3,928755472 0

0,028417195 rs2070573 A 6,03E-43 -13,73793459 0

0,010019292 rs2847224 A 2,16E-13 -7,338543529 0

0,045641227 rs2847224 A 2,16E-13 -7,338543529 0

0,926001499 chr21:45607996 T 6,71E-01 -0,425540514 0,757142857

0,13206998 rs876200 T 1,59E-04 3,775881162 0

0,157847831 rs8129253 C 8,54E-05 3,928755472 0

0,166700528 rs876200 T 1,59E-04 3,775881162 0

0,043891083 rs2847224 A 2,16E-13 -7,338543529 0

0,136267616 rs8129253 C 8,54E-05 3,928755472 0

0,128437839 rs876200 T 1,59E-04 3,775881162 0

0,15340347 rs8129253 C 8,54E-05 3,928755472 0
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ABSTRACT

Background
Although genome-wide association studies (GWAS) have identified hundreds 
of variants associated with a risk for autoimmune and immune-related disor-
ders (AID), our understanding of the disease mechanisms is still limited. In 
particular, more than 90% of the risk variants lie in non-coding regions, and 
almost 10% of these map to long non-coding RNA transcripts (lncRNAs). 
lncRNAs are known to show more cell-type specificity than protein-coding 
genes.

Methods
We aimed to characterize lncRNAs and protein-coding genes located in loci 
associated with nine AIDs which have been well-defined by Immunochip 
analysis and by transcriptome analysis across seven populations of peripheral 
blood leukocytes (granulocytes, monocytes, natural killer (NK) cells, B-cells, 
memory T-cells, naive CD4+ and naive CD8+ T-cells) and four populations 
of cord blood-derived T-helper cells (precursor, primary, and polarized (Th1, 
Th2) T-helper cells).

Results
We show that lncRNAs mapping to loci shared between AID are significantly 
enriched in immune cell types compared to lncRNAs from the whole genome 
(α<0.005). We were not able to prioritize single cell types relevant for specific 
diseases, but we observed five different cell types enriched (α<0.005) in five AID 
(NK cells for inflammatory bowel disease, juvenile idiopathic arthritis, primary 
biliary cirrhosis, and psoriasis; memory T- and CD8+ T-cells in juvenile idio-
pathic arthritis, primary biliary cirrhosis, psoriasis, and rheumatoid arthritis; 
Th0 and Th2 cells for inflammatory bowel disease, juvenile idiopathic arthritis, 
primary biliary cirrhosis, psoriasis, and rheumatoid arthritis). Furthermore, 
we show that co-expression analyses of lncRNAs and protein-coding genes 
can predict the signaling pathways in which these AID-associated lncRNAs 
are involved.

Conclusions
The observed enrichment of lncRNA transcripts in AID loci implies lncRNAs 
play an important role in AID etiology and suggests that lncRNA genes should 
be studied in more detail to interpret GWAS findings correctly. The co-expres-
sion results strongly support a model in which the lncRNA and protein-coding 
genes function together in the same pathways.
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BACKGROUND

Autoimmune and immune-related disor-
ders (AID) are a heterogeneous group of 
disorders that occur in 7 to 9% of people 
worldwide [1]. These diseases are caused 
by an inappropriate response of the human 
immune system against self-antigens. As we 
have gained more insight into the biologi-
cal mechanisms underlying different AID, 
it has become clear that clinically distinct 
AID with diverse phenotypic manifestations 
(systemic or organ-specific) share features 
such as pathophysiological mechanisms, the 
involvement of human leukocyte antigen 
(HLA) susceptibility alleles, the production 
of antibodies to self-antigens, and genetic 
susceptibility [2-6].

Thus far, many different AID loci have 
been identified by genome-wide associ-
ation studies (GWAS) and these are list-
ed in the GWAS catalog [7]. The 186 AID 
loci known in 2010 resulted in the design 
of a dedicated SNP array, Immunochip, to 
fine-map them [8]. By integrating GWAS 
and Immunochip data with Gencode data 
from the Encyclopedia of DNA Elements 
(ENCODE) project, it has become clear that 
more than 90% of the AID-associated SNPs 
map to non-coding, regulatory regions [9,10] 
that may encompass non-coding RNA genes 
[11]. Using expression quantitative trait loci 
(eQTLs) analysis, we recently demonstrated 
that SNPs associated with complex diseases 
can affect the expression of long non-coding 
RNAs (lncRNAs), suggesting that lncRNA 
genes are disease-susceptibility candidate 
genes [12].

lncRNAs are defined to be >200 nucleo-
tides in size, contain intron/exon structure, 
can be expressed as alternatively spliced 
variants, but lack coding potential. They 
show, on average, expression at 2 logarith-
mic lower levels than protein-coding genes 
and it has been suggested that they can be 
expressed in a more cell type-specific man-

ner than protein-coding genes [11,13,14]. 
Although their mechanisms of action are di-
verse, and not fully understood, their major 
function seems to be the regulation of gene 
expression, thus adding yet another layer 
of complexity to our understanding of how 
gene expression is regulated [15].

Recent studies have clearly demonstrated 
that lncRNA expression or function can be 
dysregulated in human diseases [12,16,17] 
like cancer [18-21], neurological disorders 
[22,23], HELLP syndrome [24], and micro-
bial susceptibility [25]. It has also been es-
tablished that lncRNAs are involved in the 
regulation of the immune system: in NFκB 
signaling, in the anti-viral response, in CD4+ 
and CD8+ T-cell differentiation, and in the 
inflammatory response [26-30]. We have 
recently shown that approximately 10% of 
AID-associated SNPs localize to lncRNA 
genes present in AID-associated loci [10], 
suggesting that thee lncRNAs they encode 
play a role in disease etiology. 

Here, we provide evidence supporting 
the hypothesis that lncRNA genes in AID 
loci may be important in disease etiology. 
Analyses of RNA sequencing (RNA-seq) 
data obtained from 11 distinct immune 
cell-type subsets showed enriched expres-
sion of lncRNAs located in AID loci in these 
cells, and allowed us to infer disease-spe-
cific immune cell subsets. To obtain more 
insight into the function of these lncRNAs, 
we performed co-expression analysis of 
protein-coding and lncRNA genes. This 
‘guilt-by-association’ approach identified 
specific pathways in which AID-associated 
lncRNAs are involved.

METHODS

Ethics statement
This study was approved by the Medical 
Ethical Board of University Medical Center 
Groningen (one blood sample was obtained 
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from a healthy donor who signed an insti-
tutional review board protocol), and by the 
Ethics Committee of the Hospital District 
of Southwest Finland (naive umbilical cord 
blood samples from healthy neonates born 
in Turku University Central Hospital) in line 
with the guidelines of the 1975 Declaration 
of Helsinki. Informed consent was obtained 
in writing from each subject.

Autoimmune disease locus definition
We selected all autoimmune and immune-re-
lated diseases with published Immunochip 
data (as of 1 June 2013) and extracted all 
the non-HLA signals with independent ge-
nome-wide associations (top SNPs;  P ≤ 5 × 10-8). 
Independent association signals in regions 
with multiple associations were defined by 
applying stepwise logistic regression condi-
tioning on the most significant variant. The 
Immunochip is a custom-made array con-
taining approximately 200,000 SNPs across 
186 GWAS loci for autoimmune and im-
mune-mediated diseases. It was designed for 
cost-effective dense sequencing, to identify 
causal variants or more strongly associated 
variants in AID [8]. Disease-associated loci 
were defined as regions harboring the top 
SNPs and their proxy SNPs (r2≥0.5), which 
were extracted with the SNAP tool [31]. We 
used either the 1000 Genomes Pilot dataset 
[32] or the HapMap 3 (release 2) dataset 
[33], with the CEU population as a refer-
ence with a window of ±500 kb. For four top 
SNPs (rs13397, rs2097282, rs34536443, 
rs59466457) that were not present in both 
datasets, the specific disease-associated 
loci were defined as a 1 Mb region around 
the top SNP (top SNP ±500 kb; Figure S1 
in Additional file 1) in analogy to what has 
been used in cis-eQTL analysis of significant 
associations [34]. We used the Intersect Bed 
method from the BEDTools suite [35] to ob-
tain the overlapping regions between differ-
ent diseases and marked them as AID shared 
loci.

Collection of peripheral blood 
mononuclear cells and granulocytes
Venous peripheral blood (60 ml) from a healthy 
donor was collected in a lithium-heparin 
BD Vacutainer tube (BD, Franklin Lakes, 
NJ, USA). Peripheral blood mononuclear 
cells (PBMCs) were isolated by Ficoll Paque 
Plus (GE Healthcare Life Sciences, Uppsala, 
Sweden) gradient centrifugation and sub-
jected to staining for fluorescence-activated 
cell sorting (FACS) analysis. The red blood 
cells in the pellet were lysed with monochlo-
ride solution (155 mM NH4Cl, 10 mM 
KHCO3, 0.1 mM Na2.EDTA.2H2O, pH 7.4) 
to yield the granulocyte fraction.

Flow sorting of immune cell subsets 
from the PBMC fraction
The PBMCs were incubated with antibod-
ies for 45 minutes at 4°C and sorted in six 
different populations on the MoFloTM XDP 
flow cytometer (Beckman Coulter, Brea, 
CA, USA). First, lymphocytes and mono-
cytes were separated based on forward and 
side scatter profiles. For further separation 
of lymphocytes, gates were created for CD4- 
CD8- CD56/CD16+ CD19- (natural killer 
(NK) cells), CD4- CD8- CD56/CD16- CD19+ 
(B-cells), CD4+ CD8- CD45RO- (naive CD4+), 
CD4- CD8+ CD45RO- (naive CD8+), CD4+ 
CD8- CD45RO+ and CD4- CD8+ CD45RO+ 
(memory T-cells) cells. 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 IQ-Products 
(Groningen, the Netherlands).

RNA isolation and preparation of RNA 
sequencing libraries
RNA was extracted from all seven immune 
cell types (granulocytes, monocytes, NK 
cells, B-cells, memory T-cells (both CD4+ 
and CD8+), naive CD4+ (T-helper cells) and 
naive CD8+ (cytotoxic T-cells) using the 



145EXPRESSION PROFILES OF lncRNAs

MirVana RNA isolation kit (Ambion, Life 
Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. We 
determined RNA quantity and quality us-
ing the Nanodrop 1000 Spectrophotometer 
(Thermo Scientific, Waltham, MA, USA) 
and the Experion high-sensitivity RNA 
analysis kit (Bio-Rad, Hercules, CA, USA), 
respectively. The RNA was concentrated by 
precipitation and re-diluted in a smaller vol-
ume. The sequencing libraries were prepared 
from 1 μg of total RNA using the TruSeq 
RNA kit (Illumina, San Diego, CA, USA) 
according to the manufacturer’s instructions. 
Each RNA library was sequenced in a single 
lane on the Illumina HiSeq2000 (Illumina).

RNA sequencing of polarized human 
T-cell subsets derived from cord blood
Human naive umbilical cord blood CD4+ 
T-helper cells were isolated from healthy 
neonates born in Turku University Central 
Hospital and polarized into different T-helper 
cell subsets (precursor T-helper cells (ThP), 
primary T-helper cells (Th0) and polarized 
T-cells (Th1, Th2)) as previously described 
[36]. Briefly, purified naive CD4+ T-cells were 
activated with plate-bound anti-CD3 anti-
body (2.5 mg/ml for coating) and 500 ng/ml 
soluble anti-CD28 antibody (Immunotech, 
Marseille, France). Th1 cell polarization was 
initiated with 2.5 ng/ml IL-12 (R&D Systems, 
Minneapolis, MN, USA) and Th2 cell neu-
tralizing antibody anti-IL-4 (1 μg/ml). To 
promote Th2 cell differentiation, 10 ng/ml 
IL-4 (R&D Systems) and Th1 cell neutralizing 
antibody anti-interferon gamma (1 μg/ml) 
was used. To obtain the Th0 population, 
only the neutralizing antibodies were added. 
At 48 hours, 40 U/ml IL-2 (R&D Systems) 
was added to the cultures [36]. After 7 days 
the polarized cells were collected and RNA 
was isolated using Trizol (Invitrogen, Life 
Technologies). The sequencing libraries 
were prepared from 400 ng of total RNA us-
ing the TruSeq RNA kit (Illumina) accord-

ing to the manufacturer’s instructions and 
were sequenced on the Illumina HiSeq2000 
(Illumina).

Analysis of RNA sequencing data
The quality of the raw reads was confirmed 
using FastQC [37] and reads were mapped to 
the human reference genome (NCBI build 37) 
using STAR version 2.1.3 [38], allowing for 
two mismatches and retaining only unique-
ly mapping reads. The aligner was provided 
with a file containing junctions from Ensembl 
GRCh37.65. Reads that corresponded to flag 
1796 in the bam alignment file (flag 1796: 
read unmapped, not primary alignment, 
read fail quality check, read is PCR or optical 
duplicate) were filtered out. To estimate ex-
pression levels in RNA deep sequencing data, 
the number of reads that overlapped with 
exons from known transcripts (as described 
in Gencode version 14 [14]) by no less than 
30% of the read’s length were quantified us-
ing the IntersectBed tool from the BEDTools 
suite [35]. Subsequently, the reads were nor-
malized, and normalized expression RPKM 
(reads per kilobase per million mapped 
reads) values were calculated using the for-
mula RPKMg = 109 × (Cg/(N × Lg)) [39], 
where Cg is the number of reads that map 
into the exons of gene g; Lg is the length of 
the exons of gene g; and N is the total num-
ber of mapped reads for this sample. RPKM 
values for all Gencode version 14 genes 
were computed at the gene levels obtained 
for all 11 immune cell types, respectively. 
Gencode version 14 data [14] were used to 
annotate these regions with protein-coding 
and lncRNA genes using the IntersectBed 
tool from BEDTools suite [35]. Circular dia-
grams showing the genes shared between the 
various autoimmune diseases were produced 
using Circos [40].

Differences in expression between AID- 
or disease-specific loci and the whole Gencode 
reference were tested using the two-tailed 
Fisher’s exact test, and the P-values were 
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corrected for multiple testing with the 
Bonferroni correction. The statistically 
significant thresholds for differentially ex-
pressed genes in seven peripheral immune 
cell types were P≤0.007 (level of significance 
(α)=0.05), P≤0.001 (α=0.01), and P≤0.0007 
(α=0.005), and in four cord blood CD4+ 
T-cell lineages they were P≤0.012, P≤0.002, 
and P≤0.0012, respectively.

The normalized gene expression values 
(RPKM) were log10 transformed. For zero 
expression (0 RPKM) a 0.000001 value was 
added to the RPKM value and log10 trans-
formed. Heat maps of the transformed 
RPKM data were created in Gene-E and 
unsupervised hierarchical clustering of the 
samples was performed using the ‘average 
linkage’ clustering method with the Euclidean 
distance metric [41].

The RNA sequencing data from this 
study are available from Gene Expression 
Omnibus [42], accession number GSE62408.

RESULTS

Selection of AID phenotypes
In order to investigate the shared genetics of 
autoimmune and immune-related diseases, 
we selected eight different AID for which 
dense-mapped Immunochip data were 
available (per 1 June 2013): autoimmune 
thyroid disease [43], celiac disease (CeD) 
[44], inflammatory bowel disease (IBD) [45], 
juvenile idiopathic arthritis (JIA) [46], pri-
mary biliary cirrhosis (PBC) [47], psoriasis 
(PS) [48], primary sclerosing cholangitis 
(PsCh) [49] and rheumatoid arthritis (RA) 
[50]. We sub-divided IBD loci into Crohn’s 
disease (CD)-specific loci, ulcerative colitis 
(UC)-specific loci, and CD-UC shared loci 
(IBD shared) to reveal phenotype-specific 
features. Autoimmune thyroid disease was 
excluded from further analysis since only 
two SNPs reported in this study [43] passed 
the stringent genome-wide P-value cutoff  
(P ≤ 5 × 10-8). We thus had nine disease phe-

notypes to analyze: CD, CeD, IBD shared, 
JIA, PBC, PS, PsCh, RA, and UC.

Locus definition and overlap between 
other AIDs
After selecting the disease phenotypes, we 
defined the loci associated with the individ-
ual phenotypes (Additional file 1), result-
ing in a total number of 284 loci (Table 1; 
Additional file 2). Of these 284 loci, 119 loci 
overlapped partly or completely in two or 
more AID and are referred to as ‘AID shared 
loci’ (Additional file 3). Next, we examined 
whether the size of the shared loci was relat-
ed to the number of diseases it was associat-
ed with, but we observed no enrichment of 
the number of AIDs in any specific size class 
(Figure S2A,B in Additional file 4).

Annotation of protein-coding and non-
coding genes in AID loci
To identify lncRNAs and protein-coding 
genes localized in selected loci, we annotat-
ed all 284 AID loci with Gencode V14 data. 
This resulted in 240 lncRNAs and 626 pro-
tein-coding genes in these loci as shown in 
Table 1. More detailed information about 
the specific genes transcribed in each AID 
locus is provided by disease phenotype 
(Additional file 5) and by chromosome co-
ordinates (Additional file 6). We observed 
a lncRNA to protein-coding gene ratio of 
approximately 1:3 in all but one disease 
(UC-specific loci were represented by a 1:2 
ratio), which is nearly double the 1:1.6 ge-
nome-wide ratio calculated from using all 
12,933 lncRNAs and 20,074 protein-coding 
genes (Table 1).

Since we observed frequent overlap at the 
disease locus level, we then investigated the 
inter-disease overlap at the gene level as well 
(Figure 1). As expected, the profile for the 
number of shared protein-coding genes was 
almost identical to that found for the shared 
lncRNAs, suggesting that lncRNAs might be 
similar in their level of importance to that of 
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protein-coding genes in AIDs (Additional 
files 7, 8, 9, 10, 11, 12, and 13). For exam-
ple, the highest number of shared lncRNAs 
(11), as well as the highest number of pro-
tein-coding genes (51), was observed be-
tween RA and CeD (representing 31% of all 
RA lncRNAs and 30% of all CeD lncRNAs 
versus 40% of all RA protein-coding genes 
and 40% of all CeD protein-coding genes) 
(Additional files 7, 8, and 9), which agrees 
with previous findings from the literature 
[51].

Expression pattern of lncRNA and 
protein-coding genes in distinct 
immune cell subsets
Immune cells are the major ‘disease effector’ 
cell types in AIDs and previous studies have 
reported a critical role for T-cell differentia-
tion and enrichment of causal genes for Th1 
and Th2 pathways [52-55]. Since data on ln-
cRNA genes are lacking, we investigated the 
expression levels of AID locus-encoded genes 
in seven circulating immune cell subsets and 
in four cell types during CD4+ T-cell differ-
entiation using the RNA-sequencing data.

On average, the total number of sequenc-
ing reads per sample was 137,411,294 for the 
seven immune cell subsets and 199,151,275 
reads for the polarized human T-cell subsets 
generated from cord blood. Approximately 
88% of the reads were mapped to the refer-
ence genome on average.

Analyzing the expression data ge-
nome-wide, we see for lncRNAs that, on av-
erage, 15% of all genes (1,881 out of 12,933) 
are expressed in the 11 cell types we inves-
tigated (Figure 2A). If we focus only on the 
expressed lncRNAs from the AID loci and 
compare them to the expressed lncRNAs 
from the whole genome (15%), we see a two- 
fold increase to 32%, on average, represent-
ing 73 out of all 240 AID lncRNA genes. As 
can be seen from Figure 2A, the range of 
gene expression in seven circulating im-
mune cell types is lower (23 to 33%) com-
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Figure 2 Proportion of genes expressed in different immune cells. (A) The number of lncRNA genes 
expressed (>2 RPKM) as a percentage of all lncRNA genes genome-wide (n=12,933) or as a percentage 
of all lncRNAs located in autoimmune disease loci (n=240 genes). (B) The data for the protein-coding 
genes genome-wide (n=20,074) and the ones in AID loci (n=626). Statistically significant enrichments 
(P-values) after Bonferroni correction for multiple testing are denoted by asterisks to show the different 
levels of significance (*α<0.05; **α<0.01; ***α<0.005).

pared with four types of differentiated CD4+ 
T-cells (35 to 37%). Consistent with this 
observation, in both datasets, we see similar 
enrichments of expression of protein-coding 
genes encompassed within the AID loci 
(61%, 380 genes) compared with all Gencode 
protein-coding genes (47%, 9,526 genes) 
(Figure 2B). All the reported differences 
in expression are statistically significant 
(α<0.005) after Bonferroni correction for 
multiple testing as shown in Figure 2 and 
Additional file 14.

To determine which immune cell types 
are involved in a specific disease, we then 
investigated associations between lncRNA 
expression profiles and disease-specific 
loci for each individual disease (Additional 
files 15 and 16). Firstly, for four diseases, 
we observed enrichment of differential-

ly expressed lncRNAs between those in 
the disease loci and all Gencode lncRNAs 
(α<0.005) in three circulating immune cell 
types (NK cells for IBD, JIA, PBC, PS; mem-
ory and CD8+ T-cells for JIA, PBC, PS, RA; 
Figure S6A in Additional file 11). Secondly, 
for five diseases (IBD shared, JIA, PBC, PS 
(α<0.01); RA (α<0.05)) enrichment was ob-
served for all four CD4+ T-cell subsets tested 
(Figure S6B in Additional file 11). Thirdly, 
the lncRNAs in the PS loci were differen-
tially expressed in all 11 cell types (α<0.005) 
(Figure S7F in Additional file 12; Figure S8F 
in Additional file 13), suggesting that these 
abundant lncRNAs in the PS loci may act in 
a less cell type-specific manner but a more 
disease-specific one. As shown in Additional 
file 11, we observed an interesting but ex-
pected pattern of enrichment, in which 
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protein-coding genes in AID loci were sig-
nificantly more expressed in all the tested 
cell types than the protein-coding genes 
from the whole Gencode dataset (Figure 
S6C,D in Additional file 11). Similar enrich-
ment was also seen for lncRNAs, although 
the enrichment was more cell type-specific 
(Figure S6A in Additional file 11), support-
ing the characteristic attribute of lncRNAs as 
cell type-specific transcripts.

Gene expression distribution and levels 
in immune cell subsets
To gain a detailed picture of lncRNA and 
protein-coding gene expression profiles 
in our data, we computed the gene expres-
sion distribution separately for both data-
sets (Figure 3). Our data confirm that all 
Gencode lncRNA are, in general, signifi-
cantly less expressed than all protein-coding 

genes (approximately five-fold lower in both 
circulating (P = 0.00058) or T-helper cell 
subsets (P = 0.029) (Figures 3A,B). Next, we 
focused our attention on the gene expression 
distribution in AID loci and the differences 
compared with the whole genome. We com-
puted the expression distribution of genes in 
AID loci and compared it with the expres-
sion distribution of all Gencode lncRNA and 
coding genes. Figure 3 shows that lncRNAs 
associated with AID loci display an approx-
imately 2.5-fold higher mean expression 
distribution than all lncRNAs. In contrast, 
the protein-coding genes in the AID loci 
displayed similar expression distributions 
compared with all the coding genes in the 
Gencode dataset (Figure 3).

Comparing the mean expression levels 
of lncRNAs versus protein-coding genes 
in AID loci revealed only an approximately 

Figure 3 Mean expression distribution of lncRNAs and protein-coding genes. (A) Comparison of 
lncRNA expression genome-wide (LncRNA Gencode, n = 12,933) with expression of lncRNAs located 
in AID loci (LncRNA AID, n = 240) and the expression of protein-coding genes genome-wide (Protein 
Gencode, n =20,074) with the expression of protein-coding genes located in AID loci (Protein AID, 
n = 626) in seven populations of peripheral blood leukocytes. (B) Similar data for the T-helper cell 
populations derived from cord blood. Differences in the means of expression levels between the two 
groups (disease loci (AIDs) versus genome-wide (Gencode)) were tested for significance using the 
Wilcoxon rank-sum test.
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two-fold lower expression of AID lncRNAs 
(lncRNAs: in circulating peripheral cells 
=6.80 RPKM; in cord blood T-helper cells 
=12.97 RPKM; coding genes: in circulating 
cells =14.01 RPKM; T-helper cells =28.98 
RPKM). This suggests that lncRNAs in dis-
ease-associated loci are expressed to higher 
levels than previously assumed and that they 
do so in cell types functionally involved in 
the disease (Figure 3). Together, these find-
ings suggest an important, cell type-specific 
role for lncRNA genes located in AID loci in 
immune cell biology and AIDs.

Analysis of lncRNA expression profiles
To examine the cell type-specific expres-
sion patterns of individual lncRNAs, we 
created heat maps of all 240 AID lncRNAs 
(Additional file 6) in the 11 cell types investi-
gated (Figure S7A in Additional file 15) and 
observed small cell type-specific clusters 
of lncRNAs. For instance, seven lncRNAs 
(RP11-324I22.2 (IBD), RP5-1011O1.2 (CeD), 

AC074391.1 (IBD), AC012370.2 (IBD), 
ALG9-IT1 (PsCh), BSN-AS1 (IBD, PsCh), 
CTC-349C3.1 (UC)) were only expressed in 
four T-helper cell subtypes (ThP, Th0, Th1 
and Th2), whereas one lncRNA (CTD-2113 
L7.1 (PBC)) was expressed in all the T-cells 
investigated. Two lncRNAs (AP002954.3 
(CeD) and RP11-84D1.2 (PS)) were detected 
in CD4+ T-cells, CD8+ T-cells, ThP, Th0, Th1 
and Th2 cells, but not in memory T-cells.

Discussion
Interpreting the mechanisms of action of 
disease-associated SNPs identified by GWAS 
is a challenge because the vast majority of 
them are located in non-coding regions that 
might play a more regulatory role. An extra 
complication is the recent discovery of a new 
class of regulatory RNAs, the lncRNAs. It 
has now been recognized that many regions 
previously designated as ‘gene deserts’ actu-
ally harbor lncRNA genes. In this study, we 
set out to investigate the nature of lncRNAs 

Figure 4 RNA sequencing analysis of gene expression in seven peripheral blood leukocyte populations 
and four T-helper cell populations from cord blood. The heat maps show the expression of all genes 
located in AID loci: (A) lncRNAs; (B) protein-coding genes and AID genes shared by at least two 
diseases: (C) lncRNAs; (D) protein-coding genes. Unsupervised hierarchical clustering analysis of gene 
expression profiles of all 11 cell types (granulocytes, monocytes, NK cells, B-cells, memory T-cells (both 
CD4+ and CD8+), naive CD4+ and naive CD8+ T-cells (cytotoxic T-cells), precursor T-helper cells (ThP), 
primary T-helper cells (Th0), and polarized T-cells (Th1, Th2)). Heat maps represent log10 intensity 
values. In the color scheme, saturated red indicates three-fold up-regulation, saturated green indicates 
three-fold down-regulation, and black indicates unchanged expression.
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present in AID loci in more detail, by ana-
lyzing gene expression across 11 distinct im-
mune cell types. We assumed that lncRNAs 
that are highly expressed in particular cell 
types are functionally active [11] and that 
they can be used to prioritize disease-spe-
cific cell types. We observed an expression 
enrichment of AID locus genes (both pro-

tein-coding and lncRNAs) and confirmed 
the cell type-specific pattern of lncRNAs for 
AID loci. For example, there are almost no 
publications on the involvement of specific 
immune cells in UC versus CD, while our 
data suggest that NK cells and granulocytes 
are involved in both UC and CD (that is, in 
IBD-shared loci), whereas T- and B-cells are 

Figure 5 An example of analyzing an autoimmune disease locus by pathway analysis approaches. 
(A) Expression levels of protein-coding transcripts (FAM213B, MMEL1) and lncRNA genes (RP3-395 
M20.8, RP3-395 M20.7, RP3-395 M20.9, RP13-436 F16.1) located in the MMEL1 locus associated with 
four AIDs. The arrows pinpoint the data for RP3-395 M20.9. (B) Genes co-expressed with RP3-395 
M20.9 are grouped in five differently colored segments corresponding to the pathways predicted by 
GeneNetwork. (C) The top 10 Gene Ontology (GO) biological processes predicted to be associated 
with the genes co-expressed with RP3-395 M20.9 are shown. (D) This schema shows a hypothetical 
mechanism of action of RP3-395 M20.9. The disease-associated SNP is located between protein-coding 
gene A (tumor necrosis factor receptor superfamily, member 14 (TNFRSF14, HVEM)) and lncRNA 1 
(RP3-395 M20.9). This SNP only affects RP3-395 M20.9 directly. Two protein-coding genes (tumor 
necrosis factor beta/lymphotoxin alpha (TNFb/LTA) on chromosome 6, and UBASH3A on chromosome 
21) and one lncRNA (LINC00158 on chromosome 21) are co-expressed with RP3-395 M20.9, which 
could be due to trans-regulation of these genes by RP3-395 M20.9. A hypothetical cis effect of lncRNA 
1 (RP3-395 M20.9) on protein-coding gene TNFRSF14/HVEM in the same locus on chromosome 1 is 
also mentioned.
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associated specifically with UC. In the case 
of RA, AID lncRNAs were more abundant in 
the T-cell compartment (memory T-, naive 
CD8+ T-, ThP, Th0, Th2 cells), which agrees 
with a study based on a statistical approach 
to murine immune cells demonstrating en-
richment of protein-coding genes in CD4+ 
memory T-cells [56]. We observed no ex-
pression enrichment of CeD genes in any of 
the cell types tested, suggesting that the main 
effector cell type involved in the pathophysi-
ology of CeD might not have been represent-
ed by the cell types present in our panel of 
cells. Gluten-reactive CD4+ T-cell clones or 
the autoreactive CD8+ T cells (intraepithelial 
cytotoxic T-lymphocytes) that have infiltrat-
ed into the epithelium in the small intestine 
of CeD patients are thought to be the key ef-
fector cells and these cells should be includ-
ed in future studies [5].

Many of the protein-coding genes in the 
AID loci are known to play important roles in 
immune cell development and/or function, 
but relatively little is known about the role of 
lncRNAs in the immune system [25,28-30]. 
Co-expression analysis of transcripts is a 
promising strategy to predict the function of 
lncRNA genes using a ‘guilt-by-association’ 
approach. To date, most co-expression data 
have been provided by gene expression mi-
croarrays that contain only a small subset of 
probes to lncRNAs [12]. Despite this limita-
tion, we used GeneNetwork [57], which uses 
co-expression data to predict pathways and 
tissues in which the query lncRNA could 
be involved. From our 240 AID lncRNAs 
(Additional file 6; Figure S4A in Additional 
file 8; a higher resolution figure is provid-
ed in Figure S9A in Additional file 17), we 
selected those that were associated with at 
least two AIDs (Figure 4C; Additional file 
12; Figure S9C in Additional file 17)). Of 
these 61 AID-lncRNAs, 9 were present in 
GeneNetwork, which we then used to obtain 
Gene Ontology (GO) terms associated with 
specific co-expression profiles (Additional 

file 18) [58]. Based on these results, we could 
show, for instance, that lncRNA RP3-395 
M20.9 is co-expressed with genes known 
to be involved in T- and B-cell biology 
(Figure 5B). It is located in a locus shared 
by CeD, PsCh, RA, and UC, and is abun-
dant in monocytes and B and T lymphocytes 
(B-cells, memory T-cells, CD4+ T-cells, and 
in all four cord blood T-helper cells) (Figure 
5A). Seven of the top 10 GO biological pro-
cesses predicted to be associated with genes 
co-expressed with this lncRNA contained 
‘tumor necrosis factor (TNF) pathway’ or 
‘T-cell/lymphocyte event’ in their descrip-
tion (Figure 5C; Additional file 18), con-
firming our results from expression analysis. 
Figure 5D visualizes the connection between 
the lncRNA RP3-395 M20.9 and the co-ex-
pressed protein-coding and non-coding 
genes proposed by GeneNetwork. Now that 
the pathways and disease-relevant cell types 
in which this lncRNA is involved are known, 
it is easier to design appropriate functional 
follow-up studies.

Here we show, for the first time, that AID 
lncRNA expression profiles predict cell type 
specificity better than AID protein-cod-
ing genes. Our findings have implications 
for identifying relevant disease-specific cell 
types, not only for AIDs but also for other 
complex disorders. We realize that by defin-
ing the disease loci, we may have excluded  
a few causal genes, since they can be located 
outside these loci due to more complex gene 
regulation. To address this possibility, the 
next logical step would be to perform eQTL 
analysis across a wide region and to analyze 
both protein-coding and lncRNA genes. 
Preliminary results from such an eQTL anal-
ysis of RNA sequencing data generated from 
673 whole blood samples suggest that the ma-
jority of AID lncRNA eQTLs are cis-eQTLs 
(I Ricaño-Ponce et al., personal communica-
tion). Ideally, the proposed eQTL analyses 
should be performed using RNA sequencing 
data obtained from individual immune cell 
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subsets rather than from whole blood, as is 
currently often the case. As such datasets are 
likely to become available in the near future, 
they will allow better co-expression-based 
pathway analyses and, subsequently, a more 
precise prediction of lncRNA function.

In order to test our hypothesis of the in-
volvement of lncRNAs in immune cell sig-
naling, laboratory-based experiments need 
to be performed to validate the in silico 
predictions and to elucidate the mechanism 
by which the lncRNAs regulate the expres-
sion of protein-coding genes. We were able 
to find lncRNA-protein-coding gene pairs 
present in a single AID locus and these 
pairs are co-regulated in specific immune 
cell types. For example, the IL21-IL21-AS1 
locus, associated with CeD, JIA, PsCh, and 
IBD, contains four protein-coding genes 
(KIAA1109, ADAD1, IL2, IL21) and one ln-
cRNA (IL21-AS1). IL21-AS1 exhibits a clear 
co-expression profile with IL-21 in Th1 cells, 
where the level of IL21-AS1 is similar to IL-
21 (Additional file 19). We realize that en-
richment statistics or gene co-expression are 
not conclusive with regard to causality and 
that functional studies knocking-down pro-
tein-coding and/or lncRNA genes, followed 
by rescuing experiments, are necessary.

CONCLUSIONS

Our results suggest that immune cell-spe-
cific expression or function of lncRNAs is 
important in the etiology of auto-immune 
diseases, possibly by regulating the expres-
sion of proteins critical for proper immune 
function.
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PART I – A broader perspective on the 
work described in this thesis
Genome-wide association studies (GWAS) 
have identified thousands of disease-associ-
ated genetic loci in complex diseases, but to 
date the causality has been proven only for 
a small number of the associated variants. 
Since GWAS variants contribute only mod-
estly to the disease phenotypes, they can only 
explain 10-30% of the genetic heritability in 
most diseases [1–4]. However, we have to 
keep in mind that narrowing down the size 
of the human genome from approximately  
3 billion base pairs that contain approximately 
10 million single nucleotide polymorphisms 
(SNPs) to a limited number of disease-asso-
ciated loci and SNPs was a major step for-
ward in the research on the genetic basis of 
human diseases.

Four major lessons have been learned 
from GWAS in multiple phenotypes [5]. 
Firstly, pinpointing the true causal variants 
using GWAS platforms based on the tag-
SNP approach is challenging because GWAS 
provide correlations and not causations; they 
discover the association of tag SNPs. Often, 
there are numerous SNPs in strong linkage 
disequilibrium (LD) with these tags and 
the associated tag SNP does not therefore 

need to be the SNP causing the phenotype. 
Secondly, the disease-predisposing gene is 
not immediately evident as the vast majori-
ty of associated variants are not exonic. This 
means that the majority of disease-associat-
ed SNPs affect gene expression rather than 
gene function. Thirdly, it is becoming clearer 
that the effects of risk SNPs are likely to be 
specific to a particular cell type. Fourthly, de-
spite all that is now known, the nature of the 
genetic variants that explain the remaining 
genetic contribution to the phenotype, the 
so-called ‘missing heritability’, is still unclear.

When I started my PhD research in 2010, 
long non-coding RNAs (lncRNAs) were just 
emerging as a substantial set of novel regu-
latory RNAs and it was proposed that these 
molecules could play a role in many im-
portant processes [6, 7]. Only a handful of 
lncRNAs were known before the publication 
of two key papers, one by the Rinn-Lander 
group and the other by the Mattick group 
in 2009 [6, 7]. However, in 2011 the second 
paper by the Rinn-Lander group described 
more than 3,000 human lncRNAs [8]. Soon 
after these publications, John Rinn et al de-
scribed 8,000 human lncRNAs and their ex-
pression across 23 different human cell types 
and tissues [9]. I used the data from this

show that white blood cell-specific lncRNAs are over-represented in celiac disease (CeD)- 

associated loci (Figure 1), which makes sense in the biological context of CeD as it is 

generally accepted to be a lymphocyte-driven disease. 
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Figure 1: Significant over-representation of white blood cell-specific lncRNAs in celiac 

disease loci [10].  
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size studied. To better understand the potential effect of GWAS disease-associated variants 

we decided to focus on lncRNAs, which represent a part of the genome that had been 

largely ignored, and we deep-sequenced them to identify potential causal variants. To 

determine the cell types in which lncRNAs might be functional, we performed an analysis of 

Figure 1: Significant over-representation of white blood cell-specific lncRNAs in celiac disease loci [10]. 
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group and was able to show that white blood 
cell-specific lncRNAs are over-represent-
ed in celiac disease (CeD)- associated loci 
(Figure 1), which makes sense in the biologi-
cal context of CeD as it is generally accepted 
to be a lymphocyte-driven disease. 

In Part I of this thesis we describe our in-
vestigation into the possible approaches that 
can be used to identify more CeD-associated 
genetic variants. We addressed two possible 
approaches: (i) sampling of an extreme CeD-
linked phenotype, and (ii) increasing the 
sample size studied. To better understand 
the potential effect of GWAS disease-as-
sociated variants we decided to focus on 
lncRNAs, which represent a part of the ge-
nome that had been largely ignored, and we 
deep-sequenced them to identify potential 
causal variants. To determine the cell types 
in which lncRNAs might be functional, we 
performed an analysis of expression profiles 
using RNA-sequencing data across multiple 
immune cell types (described in Part 2 of 
this thesis).

Investigating extreme phenotypes can 
help to identify novel disease variants 
Up to 2010, two GWAS have been performed 
in CeD cohorts, pinpointing 27 loci (includ-
ing the HLA-locus) as associated with CeD 
and together explaining ~40% of its genetic 
risk (heritability), [11–13]. An Immunochip 
study in 2011 increased the number of non-
HLA loci from 26 to 39 and increased the 
proportion of total explained heritability up 
to 54% [10]. This is an exceptionally high 
percentage for any disease and makes CeD 
the autoimmune disease with the best un-
derstood genetic component. After this, the 
question arose as to where the missing heri-
tability contributing to CeD genetic risk (the 
remaining 46%) could lie. The heritability 
calculation is estimated using the prevalence 
of disease seen in the general population and 
in family (twin) data [14]. We know that 
CeD is highly under diagnosed in general 

[15, 16] and this might be one of the fac-
tors contributing to the missing heritability. 
Novel, yet undiscovered variants (common 
or rare) could explain the additional part of 
heritability. Phenotype-associated SNPs dis-
covered by GWAS are, by definition, com-
mon variants (minor allele frequency (MAF) 
>5%) with moderate effects. It has been sug-
gested that analysis of rare (MAF<0.5%) and 
low-frequency (0.5%≤MAF<5%) variants 
with potentially large effect sizes might ex-
plain part of the additional disease risk [17]. 
Efforts to identify rare variants have been 
made by sequencing known loci and genes 
linked to the disease pathophysiology. Thus 
far, these studies have not been very success-
ful. For instance, Hunt at al. showed that 
rare variants in protein-coding regions of 
known autoimmune disease loci play only  
a limited role in the susceptibility to com-
mon autoimmune diseases [18]. The results 
from their and other studies [18–21] suggest 
that the missing heritability of common dis-
eases/quantitative traits might be mainly due 
to many common variants with small effects.

We hypothesized that one approach to 
identify more CeD variants is to focus on 
extreme phenotypes, such as patients with 
more severe forms of CeD or those suffer-
ing from complications. This hypothesis 
was based on the observation that in some 
severe, early-onset forms of certain diseases, 
alleles with larger effect sizes can be identi-
fied. These extreme phenotypes can there-
fore be explained by genotypes that are more 
skewed towards lower frequency variants, in 
comparison to milder and/or late-onset phe-
notypes of the same disease [22]. A strategy 
based on comparing patients with extreme 
phenotypes is cost-effective and can increase 
the statistical power of the study to discov-
er risk variants. Besides these advantages, 
the extreme phenotype approach also has 
some limitations that need to be taken into 
account. These types of studies are charac-
terized by a higher sensitivity for outliers; 
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there is also the possibility of sampling bias 
and the findings will not be applicable to the 
whole spectrum of the disease [23]. However, 
this approach has been successful in age-re-
lated macular degeneration, coronary heart 
disease, lipid levels, and in breast cancer and 
other types of malignancy [24–29]. These 
studies have shown that patients with ex-
treme phenotypes often carry a higher load 
of causal variants. 

In chapter 3 we describe investigations 
in samples from patients with refractory 
celiac disease type 2 (RCDII), which is con-
sidered to be an extreme subphenotype of 
CeD. RCDII shares phenotypic features with 
active, untreated CeD, such as malabsorp-
tion, villus atrophy, and infiltration of in-
traepithelial T-lymphocytes (IELs). However, 
although these symptoms disappear in CeD 
patients when they start on a gluten-free 
diet (GFD), RCDII patients gain no relief. 
Instead, even after GFD treatment has been 
started, a massive progressive intraepitheli-
al expansion of IEL clones is observed that 
display an abnormal T-cell/NK cell pheno-
type. These IELs can ultimately transform 
into an aggressive non-Hodgkin lympho-
ma, known as enteropathy-type T-cell lym-
phoma (EATL), [30, 31]. To our surprise, 
we did not find any suggestion for a role of 
CeD-associated SNPs in the RCDII samples, 
which suggests that RCDII has an entirely 
different genetic background than CeD and  
a different pathological status. Indeed, RCDII 
is sometimes also classified as a low-grade 
intraepithelial lymphoma [31, 32]. However, 
we did find some interesting candidate SNPs 
in our RCDII cohort. One of these is located 
on chromosome 7 and exhibits a cis-eQTL 
effect on the protein-coding gene FAM188B; 
it has not previously been linked to RCDII 
nor to CeD. We predicted the potential func-
tion of this protein by “guilt-by-association” 
co-expression analysis, which connected 
FAM188B to the toll-like receptor signaling 
pathway, suggesting this gene plays a role in 

the innate immunity. To validate our associ-
ation findings for RCDII, it will be essential 
to include more RCDII samples and increase 
the sample size of the study. Moreover, we 
need studies focusing on intestinal biology 
(for example, measuring cytokines (IL-15), 
counting aberrant T-cells, and studying how 
aberrant IELs evolve into low-grade EATL).

Following up on GWAS loci with 
suggestive associations can uncover 
novel genes and pathways
The efficiency of identifying genetic variants 
with lower frequency and/or with smaller 
effect size can be increased by performing 
association analyses in larger cohorts. There 
is a clear correlation between the sample 
size and number of disease-associated loci 
identified (correlation>0.9, Figure 2), [33]. 
By increasing the number of samples, the 
significance of previously sub-significant (or 
suggested) SNPs may be improved. 

We pursued this approach in chapter 4 
by performing a follow-up of six candidate 
variants that showed suggestive association 
in the CeD GWAS [12]. Upon genotyping of 
additional samples and performing a com-
bined meta-analysis, we identified two new 
genetic variants, and correlated them with 
altered gene expression levels. One of these, 
NFE2L3, is highly expressed in stimulated 
monocytes.

All genetic studies in CeD conducted 
so far have used Caucasian (European ori-
gin) samples. Including samples from more, 
non-European, ethnicities is a potential 
avenue to enlarge the sample size, but also 
to enrich for low-frequency alleles, unravel 
population-specific disease-associated vari-
ants, and to identify causal variants (reduce 
the size of the disease-associated loci) due 
to the different LD structure across popu-
lations [44–46]. This cross-ethnic approach 
has been applied successfully, for instance, in 
a recent meta-analysis in inflammatory bow-
el disease (IBD) across  multiple populations
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ethnic genetic mapping studies with larger non-European CeD cohorts are likely to be 

successful. 

 

 

Figure 2: Relationship between sample size and number of loci associated with autoimmune 

and immune-related diseases, as revealed by Immunochip studies.  

Abbreviations and references to respective studies: AA, alopecia areata [34]; AD, atopic 

dermatitis [35]; AS, ankylosing spondylitis [36]; CD, Crohn’s disease [2]; CeD, celiac disease 

[10]; JIA, juvenile idiopathic arthritis [37]; MS, multiple sclerosis [38]; PBC, primary biliary 

cirrhosis [3]; PS, psoriasis [39]; PsCh, primary sclerosing cholangitis [40]; RA, rheumatoid 

arthritis [41]; SJ, Sjögren’s syndrome [42]; SS, systemic sclerosis [43]; UC, ulcerative colitis 

[2]. (Figure adapted from Parkes et. al [33]). 
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Figure 2: Relationship between sample size and number of loci associated with autoimmune and 
immune-related diseases, as revealed by Immunochip studies. Abbreviations and references to 
respective studies: AA, alopecia areata [34]; AD, atopic dermatitis [35]; AS, ankylosing spondylitis 
[36]; CD, Crohn’s disease [2]; CeD, celiac disease [10]; JIA, juvenile idiopathic arthritis [37]; MS, multiple 
sclerosis [38]; PBC, primary biliary cirrhosis [3]; PS, psoriasis [39]; PsCh, primary sclerosing cholangitis 
[40]; RA, rheumatoid arthritis [41]; SJ, Sjögren’s syndrome [42]; SS, systemic sclerosis [43]; UC, ulcerative 
colitis [2]. (Figure adapted from Parkes et. al [33]).

with non-European ancestry together with 
data from Jostins’ study [2]. This meta-anal-
ysis identified 14 new IBD loci [47]. In CeD, 
a proof-of-concept cross-ethnic study was 
performed using Indian patients and aim-
ing at replication of the known CeD loci in 
a non-European CeD cohort and discovery of 
novel, Indian patient-specific associations [48]. 
Five of the known 39 CeD-associated loci could 
be replicated, while two novel CeD loci were 
proposed [48]. This study only covered around 
500 cases and a similar number of controls [48], 
but the results imply that trans-ethnic genetic 
mapping studies with larger non-European 
CeD cohorts are likely to be successful.

Another way to increase the sample size is 
by pooling two different diseases with a pre- 
sumed overlapping genetic architecture. For 
CeD this has been done successfully by com-
bining cohorts of CeD patients with anoth-
er autoimmune disease, either rheumatoid 

arthritis [49] or Crohn’s disease [50]. This 
resulted in eight and two novel associations, 
respectively. These cross-disease meta-anal-
ysis results suggest that similar studies using 
other diseases are likely to identify more 
shared genetic factors.

Despite all of these possibilities, at a cer-
tain point, it will become difficult to increase 
the sample size of CeD cohorts. In particular, 
for the detection of rare variants we may need 
tens of thousands of patients. With a pre- 
sumed prevalence of 1% in the general pop-
ulation, 1,000,000 people from the general 
population would need to be screened for 
CeD auto-antibodies to obtain only 10,000 
new patients. This approach is complicat-
ed by the fact that autoantibody levels fluc-
tuate in CeD, suggesting that sampling at 
different points in time is essential to iden-
tifying new patients. Thus, this would be  
a costly approach. A development that might 



165GENERAL DISCUSSION AND FUTURE PERSPECTIVES

help in this respect is the growing number of 
biobanks with samples obtained from the gen-
eral population. It is possible that more CeD 
patients will be identified in the future, par-
ticularly if these biobanks screen individuals 
repeatedly over time and are linked to general 
practitioners and other health care resources.

Towards an understanding of the role 
of non-coding variants in autoimmune 
diseases
Although GWAS were successful in unrav-
eling the genetic architecture of many dis-
eases or quantitative traits, GWAS findings 
still need be translated into biological un-
derstanding and into applications for clini-
cal practice. It is relatively easy to infer the 
causality of coding variants when they alter 
the amino-acid sequence of proteins, but for  
non-coding variants this is more challenging. 
The vast majority (>90%) of all disease/trait 
associations resulting from GWAS lie with-
in the non-coding sequence of the genome 
[51]. Although these SNPs can theoretical-
ly affect regions involved in the regulation 
of gene expression, it will be much more 
difficult to annotate such variants. These 
regulatory GWAS SNPs may intersect with 
other regulatory elements such as promoters, 
enhancers, or silencers, and thereby disturb 
the binding of transcription factors, change 
chromatin structure, affect chromatin loop-
ing, or impact on the function of non-cod-
ing RNAs (ncRNAs), [51–54]. Regulation of 
gene expression is highly dependent on the 
cell type, developmental stage and environ-
mental factors (such as stimulatory cues), 
[55]. GWAS SNPs have shown to be enriched 
in regulatory regions [36] and more likely to 
have an effect on gene expression (they are 
concentrated within expression quantitative 
trait loci (eQTL)), [56–58]. The eQTL map-
ping approach is a powerful way to reveal the 
consequences of the presence of regulatory 
SNPs and to identify the causal genes affect-
ed by disease SNPs [59]. 

It is sometimes challenging to under-
stand the disease biology related to the 
GWAS results. This is exemplified by the 
strongest obesity-associated SNP, which is  
a non-coding variant but located in the FTO 
gene. Since it was shown to be associated, 
more than 450 papers have reported on the 
role of FTO in obesity. Only recently, an 
eQTL study performed using brain tissue 
provided clear evidence that this SNP does 
not affect the FTO gene at all, but instead 
changes the expression level of the transcrip-
tion factor IRX3 located more than 500 kb 
away [60]. No eQTL effect was observed in 
blood cells and knockout studies in mice 
corroborated a role for IRX3 in obesity [60]. 
This example not only illustrates the power 
of eQTL mapping, but also shows the neces-
sity of investigating the correct tissue.

One of the most surprising findings 
from the CeD Immunochip study was that 
only three out of the 57 independent as-
sociation signals were present in exons of 
protein-coding genes [10]. The remaining 
54 signals (~95%) are located in regulato-
ry regions such as 5’ untranslated regions  
(5’ UTRs, 5%), 3’ UTRs (9%), in introns, and 
between protein-coding genes (81%) [61]. 
Moreover, after annotation of the CeD loci 
with the genes categorized by the ENCODE 
consortium [55, 62, 63], we observed, to 
our surprise, an overlap between some of 
the CeD-associated SNPs and non-coding 
RNA (ncRNA) genes such as microRNAs 
or long non-coding RNAs (lncRNAs). This 
was exciting given that ncRNAs also control 
gene expression. In the second part of this 
thesis I therefore focused on the non-coding 
variants and their possible involvement in 
disease. 

Work of our group showed that approx-
imately 10% of all GWAS SNPs associated 
with autoimmune and immune-related dis-
eases (AID) map to lncRNAs [64]. Analysis 
of CeD-association peaks in particular sug-
gested the involvement of lncRNAs in at 
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least three CeD-loci. In chapter 6 we inves-
tigated if four lncRNAs in these three loci 
could harbor pathogenic variants. Four of 
the identified sequence variants were pre-
dicted to change the secondary structure of 
lncRNAs, while other SNPs overlap with reg-
ulatory motifs (for transcription factor/pro-
tein-binding, promotor/enhancer histone 
marks, DNAseI hypersensitive sites). Eight 
of the identified sequence variants appear to 
affect the expression of protein-coding and/
or lncRNA genes based on cis-eQTL map-
ping results. Although our proof-of-concept 
study needs to be extended, it is exciting to 
see that disease-associated variation may 
impact lncRNA function by changing their 
structure or expression level. 

Cell type prioritization is essential to 
investigate lncRNA function
Our findings add to the growing evidence that 
lncRNA deregulation is involved in disease, 
but so far there are only a few studies that de-
scribe the effect of GWAS-associated non-cod-
ing variants on lncRNAs in complex diseases, 
and even less is known about the function of 
disease-associated lncRNAs [56, 65, 66].

One of the main characteristics of 
lncRNAs is their tissue-specific expression 
[9, 63]. Although lncRNAs were reported 
to be expressed at low levels, their expres-
sion can increase dramatically in relevant 
cell types under specific conditions (such 
as stimulations). Therefore, disease-relevant 
cell types/tissues must be gathered to enable 
functional studies. LncRNA expression pro-
filing has been applied to human tumors and 
identified cancer-specific signatures associ-
ated with disease progression. The candidate 
lncRNAs can be used for diagnosis, staging, 
prognosis and for monitoring the response 
to treatment [67–70]. 

To elaborate on lncRNAs as candidate 
regulators involved in AID pathogenesis, we 
annotated AID-loci with coding as well as 
non-coding genes and performed transcrip-

tomic profiling across 11 different immune 
cell types (chapter 7). Our analysis revealed 
that lncRNAs mapping to AID loci are more 
often expressed and therefore are more likely 
to function in immune cell types than those 
mapping in the whole genome. The expres-
sion profiles of disease-specific lncRNAs in 
particular immune cell types suggested the 
involvement of different cell types in most of 
the tested phenotypes, except in CeD. This 
implies that we did not capture the cell type 
most relevant to CeD in our analyses. More 
specifically, our cell panel did not include 
cells from the small intestine (gluten spe-
cific T-cells, intraepithelial lymphocytes, or 
enterocytes). Future studies will have to in-
clude these cells and we suggest that these 
studies should be performed by comparing 
resting cells with cells stimulated with the 
most relevant stimuli that mimic the ongo-
ing inflammatory process in CeD. 

Pathway analysis algorithms can predict the 
pathways in which lncRNAs are involved. For 
example, tissue-specific co-expression analy-
sis can reveal pathways previously not linked 
to the phenotype, based on the “guilt-by-as-
sociation” (co-expression between selected 
genes), [71]. Our group has developed a tool 
(RNAnetwork; www.genenetwork.nl) that pre-
dicts the function of lncRNAs based on co-ex-
pression analysis using 5,000 RNA-sequencing 
datasets [Karjalainen et al., manuscript in 
preparation]. These predictions are a good 
starting point for practical laboratory studies 
aiming to understand the function of lncRNAs. 
Moreover, the functional annotation of non- 
coding SNPs and prioritization of causal SNPs 
and genes will help in prioritizing the cells in 
which the function of lncRNAs needs to be 
studied. Annotating non-coding variants with 
publicly available signatures (such as transcrip-
tion factor binding sites, epigenetic/histone 
modification marks, DNA methylation, or 
accessible chromatin regions in the context 
of specific tissues) identified by the ENCODE 
Project [55] or the Roadmap Project [72], for 
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example, will help to predict the effect of 
non-coding SNPs and prioritize the cell types 
in which the lncRNAs need to be investigated.

Assays that can be used to study lncRNA 
function are, for instance, assays that can 
determine interactions of lncRNAs with (a) 
DNA (e.g. ChIP/ChRIP [73], ChOP [74], 
ChiRP [75], CHART [76], ChiA-PET [77], 
R3C [78]), or (b) proteins (e.g. RIP [79], 
RIP-Chip [80], CLIP [81], iCLIP [82], HITS-
CLIP/CLIP-Seq [83], protein microarrays 
[84]). Other state-of-the-art techniques that 
are applied to study lncRNAs involve overex-
pression or knock-down of lncRNAs (using 
conventional short hairpin RNA (shRNA) 
approaches or the new CRISPER-cas9 tech-
nology [85]), or assays that can address the 
structural features of lncRNAs (e.g. RNase 
footprinting [86], SHAPE [87], FragSeq [88], 
and PARS [89]).

To date, the majority of functional stud-
ies on lncRNAs have been performed in in 
vitro models. After a few studies, it has be-
come clear that the mechanism of lncRNAs 
in cell lines (in vitro) can be very different 
from their roles in primary cells in vivo [90]. 
For instance, in vitro experiments with Evf2 
lncRNA revealed enhancer activation in trans 
mechanism, while an in vivo model (mouse 
lacking Evf2) repression action in cis [90–92]. 
Due to the fact that lncRNAs are key players 
in many (if not all) crucial biologic process-
es, organism-wide knock-out animal models 
are sometimes lethal [93, 94]. This issue can 
be addressed by generating cell-type-specific 
loss-of-function models [94, 95].

PART II – Future perspective: From CeD 
SNPs to clinical application
Autoimmune and immune-related diseas-
es, including CeD, are chronic, often dis-
abling, disorders that urgently need new 
treatment strategies – but the translation of 
GWAS findings into clinical applications is 
still difficult. However, as we are now in the 
post-GWAS era, where more attention is be-

ing focused on functional follow-up studies, 
there is hope they will lead to better treat-
ment options. The increase in the number 
of genetic loci that could be associated to 
CeD may not help patients immediately, but 
there is hope that all of the data generated 
in genome-wide studies and functional ap-
proaches will pinpoint and explain the cru-
cial pathways affected in the disease. These 
pathways may be open to therapeutic mod-
ulation. Moreover, the increased number of 
risk variants will aid in designing more ac-
curate risk prediction models, which can be 
applied in the clinic in the future. It can be 
envisioned that individuals in the “higher 
CeD risk” group will be followed-up more 
carefully than low-risk patients, to help pre-
vent potential complications, for instance. 
Building better risk prediction models may 
also help to separate RCDII patients from 
those CeD patients who do not adhere well 
enough to the gluten-free diet (e.g. because 
of the presence of gluten contamination in 
their diet). A personalized medicine ap-
proach to CeD treatment, based on our 
knowledge of genetics, pathway analysis and 
selected markers, could be developed on tar-
geting specific biologic pathways instead of 
using a traditional systemic therapy.

In the field of cancer research, lncRNAs 
have already been mentioned as promising 
cancer-biomarkers [96–99]. There is one 
diagnostic assay, a lncRNA-based urine test, 
already approved by the US Food and Drug 
Administration (FDA). This assay is based 
on detection of lncRNA PCA3 (prostate can-
cer antigen 3) and is used for the diagnosis 
of prostate cancer [96, 100]. Perhaps it will 
be possible, in the future, to avoid invasive 
endoscopical procedures to diagnose CeD 
and to monitor disease progression by us-
ing tests based on the detection of lncRNAs 
in biofluids. It is even possible that specific 
lncRNAs could be targeted for disease treat-
ment, e.g. by knocking down or inhibiting 
harmful lncRNAs or by delivering beneficial 
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lncRNAs to specific cells. Firstly, down-reg-
ulation of lncRNAs could be achieved by an-
tisense oligonucleotides (such as gapmers), 
[101] or by inducing the degradation of 
lncRNAs using the enzyme RNAseH [102, 
103]. Secondly, blocking of lncRNA function 
could be achieved by masking the binding 
sites for lncRNAs in the molecules inter-
acting with them (e.g. by using small nu-
cleotide inhibitors [104]) or by masking the 
interaction sites of the lncRNAs using, for 
instance, antagonistic oligonucleotides [105]. 
Thirdly, lncRNA structure, and therefore the 
lncRNA function, could be disrupted with 
small molecule inhibitors [106, 107] or by 
oligonucleotides [108]. The delivery of ben-
eficial lncRNAs might also become possible 
in the future if targeted delivery systems can 
be developed [107]. The main issue in the 
lncRNA field is that, although more than 
15,000 human lncRNAs are currently known 
(Gencode version 21, released 2 October 
2014), [62], the function is only known for 
a few dozen. This gap in our understanding 
of lncRNA biology and function has to be 
filled before we can consider using lncRNAs 
in disease therapy. Pinpointing the relevant 
disease pathways may then lead to identifi-
cation of new therapeutic targets.

The lncRNA world we are entering is 
really very exciting and we may well be sur-
prised by some of the findings in the (near) 
future. Hopefully it will be possible to trans-
late these future findings to the clinic and 
take them closer to the patients who may 
benefit from them.
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SUMMARY

Celiac disease (CeD) is a common auto-
immune disorder affecting at least 1-3% of 
the Western population. CeD belongs to the 
group of multifactorial/complex disorders 
with multiple genetic and environmental 
factors playing a role in the disease develop-
ment. The disease is characterized by villus 
atrophy and mucosa flattening in the small 
intestine, causing malnutrition and symp-
toms like abdominal pain, chronic diarrhea 
and anemia. The intestinal damage is caused 
by inflammation resulting from an aberrant 
immune response to dietary gluten (grain 
derivatives abundantly present in Western-
style diets). So far, the only effective treat-
ment for CeD is a lifelong gluten-free diet, 
which can lead to social isolation and impact 
the quality of life.

CeD only manifests itself in genetically 
susceptible individuals. The strongest genet-
ic association is with the human leukocyte 
antigen (HLA) gene, but many other genet-
ic factors (the so-called non-HLA loci) also 
contribute to CeD. The non-HLA loci have 
been identified by genome-wide associa-
tion studies (GWAS) in which the DNA of 
thousands of CeD patients and healthy indi-
viduals is compared. GWAS aim at finding 
a statistical association between the disease 
and genetic variants (in the form of single 
nucleotide polymorphisms [SNP]) using 
disease cases and healthy controls. 

At the start of my PhD, the largest GWAS 
that had been performed in CeD included 
approximately 550,000 SNPs genotyped in 
4,500 CeD patients and 11,000 controls. This 
study in 2010 found 26 regions outside HLA 
that also harbored disease genes. During 
my PhD studies, a custom-made array, the 
Immunochip, was designed to pinpoint the 
true disease gene from each of the 26 regions, 
by genotyping a high density of 200,000 
SNPs in more than 12,000 CeD cases and in 
a similar number of controls. This increased 

sample size combined with the targeted ge-
notyping uncovered another 13 regions, re-
sulting in a total of 39 non-HLA loci being 
associated with CeD. For approximately half 
of these loci, the refined association led to 
a single disease gene. Together with HLA, 
these 39 non-HLA loci can now explain 
some 54% of the genetic risk (heritability) of 
CeD, thereby making CeD one of the most 
successful diseases to have been studied by 
GWAS/Immunochip. 

CeD exhibits a shared genetic back-
ground with other common autoimmune 
disorders such as inflammatory bowel dis-
ease, rheumatoid arthritis and type 1 diabetes. 

Remarkably, approximately 95% of the 
CeD-associated SNPs were found to be lo-
cated outside protein-coding genes, or even 
lying in regions containing no protein-coding 
genes at all (gene deserts). How a disease- 
associated genetic variant outside a protein- 
coding gene may contribute to a disease- 
phenotype mystified scientists until two recent 
breakthroughs were made. The first was 
the discovery of new classes of non-coding 
RNAs which do not code for amino-acid 
sequences of proteins, but appear to exert 
regulatory effects on the expression of cod-
ing and non-coding genes. These new classes 
include microRNAs and long non-coding 
RNAs (lncRNAs). The second was data 
from the Encyclopedia of DNA Elements 
(ENCODE) project becoming available. 
The ENCODE studies not only discovered 
many more lncRNA transcripts, but also 
mapped hundreds of thousands of regula-
tory elements located across the whole ge-
nome. The ENCODE findings suggest that 
approximately 80% of the human genome 
has a biochemical function. More than 90% 
of all GWAS SNPs are located in non-coding 
regions of the genome, such as promoters, 
enhancers, or even non-coding RNA genes, 
strongly suggesting that these SNPs have  
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a regulatory role in disease. From our stud-
ies on CeD and other autoimmune and im-
mune-related diseases (AID), we estimated 
that some 10% of all GWAS SNPs associated 
with these diseases map to lncRNAs. It has 
been suggested that the majority of lncRNAs 
are involved in regulating the expression of 
protein-coding genes and, therefore, SNPs 
associated with these non-coding RNA 
(ncRNA) genes may form a missing link by 
affecting the levels of expression of proteins 
involved in disease.

This thesis had two aims: i) to discover 
more of the missing heritability of CeD by 
identifying additional genetic associations 
beyond the known CeD GWAS results; ii) 
to understand how genetic variants located 
outside the protein-coding regions associat-
ed with CeD could contribute to the disease 
phenotype.

In chapter 2 we reviewed the possible steps 
for moving from genetic associations identi-
fied by GWAS to locating causal variants, using 
CeD as an example of a complex, multifactorial 
disease. We adopted different approaches such 
as fine-mapping of the disease-associated re-
gions, targeted resequencing, and focusing on 
extreme phenotypes to increase the chance of 
finding causal mutations.

In chapter 3 we applied extreme phe-
notype sampling by selecting the subgroup 
of CeD patients who do not respond to  
a gluten-free diet, also known as refractory 
CeD type 2 (RCDII). We performed the first 
GWAS to be conducted in this rare sub-phe-
notype, aiming not only to reveal additional 
underlying genetic variants but also to study 
the genetic differences and similarities be-
tween CeD and RCDII. Surprisingly, our re-
sults suggest that different genes are involved 
in RCDII than in CeD, suggesting that RCDII 
might actually be a different disease that shares 
symptoms with CeD. We did find interesting 
candidate SNPs that appeared to be associated 
only with RCDII. One of these is located on 
chromosome 7 and affects the expression level 

of the protein FAM188B, which has not previ-
ously been linked to either RCDII or to CeD.

Larger GWAS (including more individu-
als) are expected to identify more significant 
associations, as there is a clear correlation 
(>0.9) between sample size and the number 
of disease associated loci that are detected by 
a study. By increasing the number of samples, 
we may also be able to improve the signif-
icance level of moderately significant SNPs 
found by previous studies. We pursued this 
hypothesis in chapter 4 by performing a fol-
low-up of six candidate SNPs that showed 
suggestive association in the CeD GWAS 
study performed in 2010. On genotyping 
more samples and performing a combined 
meta-analysis with our earlier results, we 
identified two new genetic variants, and 
correlated them with altered gene expres-
sion levels. One of the SNPs affects NFE2L3, 
which is strongly expressed in monocytes, 
particularly after stimulating them with lipo-
polysaccharide (LPS). This finding suggests 
that monocytes are important cells in the 
development of CeD, which is in accordance 
with the observed monocyte infiltration in 
the small intestinal lamina propria in active 
and untreated CeD patients. 

In the second part of the thesis I focused 
my research on the role of the non-coding 
variants and their involvement in disease. 
My primary interest was in lncRNA genes 
and the likely pathogenic cell types.

In the CeD Immunochip study, it was 
found that only three out of the 57 inde-
pendent association signals from the 39 
non-HLA loci were located in exons of pro-
tein-coding genes. The remaining 54 signals 
(~95%) map to regulatory regions such as 3’ 
and 5’ untranslated regions (UTRs, 9% and 
5%, respectively) or to introns and between 
protein-coding genes (81%). Moreover, on 
annotating CeD-loci with non-coding tran-
scripts revealed by ENCODE, we clearly 
observed an excess of CeD-associated vari-
ants that coincided with ncRNA genes, such 
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as microRNAs and lncRNAs. In chapter 5 
we describe these two classes of regulato-
ry RNAs in more detail and also how dis-
ease-associated variants might affect ncRNA, 
alter the regulatory mechanism, and cause 
the phenotype. 

LncRNAs are increasingly recognized as 
gene regulatory elements that play roles in 
health and disease, including immune-re-
lated diseases such as systemic lupus erythe-
matosus or psoriasis. This thesis presents the 
first data on the involvement of lncRNAs in 
CeD. In chapter 6 we prioritized candidate 
lncRNA genes based on Immunochip asso-
ciation signals and sequenced four of them 
in a group of CeD patients. Our aim was to 
examine whether we could identify genetic 
variants that might disrupt lncRNA function. 
Indeed, we discovered novel variants in the 
Dutch population and, using ENCODE data, 
we annotated the regions with which these 
variants intersected with functional proper-
ties to gain an impression of their possible ef-
fects. Some of these variants are predicted to 
alter the secondary structure of the lncRNAs 
(and, therefore, potentially the function) 
and/or the expression level of lncRNAs. 

One of the main characteristics of 
lncRNAs is their tissue-specific expression. 
Usually these genes have a very low expres-
sion, but it can be much higher when assessed 
in the relevant cell type or on context-spe-
cific stimulation. Therefore, the expres- 
sion patterns of lncRNAs should be studied 
in disease-relevant cell types and tissues. 
In chapter 7, we annotated loci associated 
to nine different autoimmune and immune- 
related diseases with coding as well as non- 
coding genes and we performed transcrip-
tomic profiling across 11 different immune 
cell types. We observed that lncRNAs from 
autoimmune disease loci are more often ex-
pressed in the tested immune cell types than 
in the lncRNAs remaining in the whole ge-
nome. Based on the extreme cell-type-spe-
cific expression of lncRNAs, we assumed 

that lncRNAs that are expressed in specific 
immune cells are also likely to be functional 
there. We show that the lncRNA expression 
profiles suggest disease-relevant cell types 
for tested diseases, and that these are more 
specific than profiles based on protein-cod-
ing genes. Our findings also suggest that 
the main effector cell types for CeD might 
not have been represented in our panel of 
cells and that other CeD-relevant cell types 
(such as gluten-reactive CD4+ T-cell clones, 
intraepithelial cytotoxic T-lymphocytes, or 
epithelial cells) should be included in future 
studies. 

Finally, in chapter 8 I place my results in 
the broader picture conveyed by the recent 
literature and I offer perspectives for future 
research studies.

FIVE CONCLUSIONS FROM THE 
WORK PRESENTED IN THIS THESIS

1.  The non-HLA loci known to be associated 
with CeD do not appear to be associated 
with RCDII, which was generally consid-
ered to be an endophenotype of CeD.

2. Characterization of the genetic archi-
tecture of RCDII revealed two RCDII-
associated loci and one associated gene, 
none of which have previously been 
linked to CeD.

3. Following up on moderately associated 
GWAS loci  in larger studies can deter-
mine associations to novel genes and 
pathways for CeD.

4. Some of the CeD-associated SNPs may 
primarily affect the structure or function 
of lncRNAs.

5. Expression profiles of lncRNAs in autoim-
mune disease-associated loci are more 
cell-type-specific than protein-coding 
gene profiles.
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SAMENVATTING

Coeliakie (CeD) is een veelvoorkomende 
autoimmuunziekte die ten minste 1-3% van 
de Westerse bevolking treft. CeD behoort tot 
de groep van multifactoriale/complexe ziek-
ten, waarbij meerdere genetische factoren 
en omgevingsfactoren een rol spelen in de 
ontwikkeling van de ziekte. De ziekte wordt 
gekenmerkt door een verschrompeling van 
de darmvlokken en het afvlakken van het 
slijmvlies in de dunne darm, wat ondervoed-
ing en symptomen als buikpijn, chronische 
diarree en bloedarmoede ten gevolg heeft. 
De schade aan de darm is het resultaat van 
ontstekingen die worden veroorzaakt door 
een afwijkende immuunreactie op gluten 
(een graaneiwit dat veel voor komt in het 
Westerse dieet).  Tot op de dag van vandaag 
is een levenslang glutenvrij dieet de enige 
effectieve behandeling van CeD, wat kan 
leiden tot sociale isolatie en effect heeft op de 
kwaliteit van leven.

CeD manifesteert zichzelf alleen in ge-
netisch vatbare individuen. De sterkste 
genetische associatie is met het humaan 
leukocytenantigen (HLA) gen, maar ver-
schillende andere genetische factoren (de 
zogenaamde non-HLA loci) dragen ook bij 
aan coeliakie. De non-HLA loci zijn geïden-
tificeerd door middel van “genome-wide 
association studies” (GWAS), waarbij het 
DNA van duizenden CeD patienten en ge-
zonde individuen is vergeleken.  GWAS heeft 
als doel om statistische associaties te vinden 
tussen een ziekte en genetische variaties (in 
de vorm van “single nucleotide polymor-
phisms” [SNP]) door gebruik te maken van 
patienten en controles.

Aan het begin van mijn PhD besloeg 
de grootste GWAS uitgevoerd voor CeD 
ongeveer 550,000 SNPs gegenotypeerd in 
4,500 CeD patienten en 11,000 controles. 
Deze studie resulteerde in 26 regio’s buiten 
het HLA, waaronder ook regio’s die ziekte-
genen bevatten. Tijdens mijn PhD project 

is een speciale array ontworpen, genaamd 
de Immunochip, welke als doel heeft het 
ziekmakende gen binnen deze 26 regio’s te 
identificeren door middel van het typeren 
van een hoge dichtheid van 200,000 SNPs in 
meer dan 12,000 CeD patienten en hetzelf-
de aantal controles. De combinatie van deze 
grotere steekproefomvang en het gericht 
genotyperen bracht nog 13 andere regio’s aan 
het licht, wat het totaal aan non-HLA loci 
op 39 brengt. Voor ongeveer de helft van de 
CeD-geassocieerde loci resulteerde de verfi-
jnde associatiestudie in het identificeren van 
een enkel ziekte gen. Samen met het HLA 
kunnen deze 39 non-HLA loci ongeveer 
54% van het genetische risico (erfelijkheid) 
op CeD verklaren wat CeD een van de meest 
succesvolle GWAS/Immunochip ziektes 
maakt. CeD deelt de genetische achtergrond 
met andere veelvoorkomende autoimmuun-
ziekten, zoals inflammatory bowel disease, 
Reuma en Type 1 Diabetes. Opmerkelijk is 
dat ongeveer 95% van de CeD-geassocieerde 
SNPs buiten eiwit-coderende genen blijken 
te liggen, of zelfs liggen in regio’s die hele-
maal geen eiwit-coderende genen bevatten 
(“gene deserts”). 

De vraag hoe een ziekte-geassocieerde 
genetische variant die buiten een eiwit-co-
derend gen ligt kan bijdragen aan een ziekte 
bleef wetenschappers bezighouden totdat er 
twee doorbraken werden bereikt. De eerste 
doorbraak was de ontdekking van nieuwe 
klasses van non-coding RNAs, welke niet 
coderen voor aminozuurvolgordes van ei-
witten maar regulerende effecten lijken te 
hebben op de expressie van coderende en 
niet-coderende genen. Deze klasses bestaan 
uit microRNAs en long non-coding RNAs 
(lncRNAs). De tweede doorbraak was het 
beschikbaar komen van de data van het 
Encyclopedia of DNA Elements  (ENCODE) 
project. Deze studies brachten niet alleen 
nog meer lncRNA transcripten aan het licht, 
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maar identificeerden ook honderdduizen-
den regulatoire elementen verspreid over 
het gehele genoom. De ENCODE resultat-
en wijzen erop dat ongeveer 80% van het 
genoom biochemisch functioneel is. Meer 
dan 90% van alle GWAS SNPs bevindt zich 
in niet-coderende regio’s van het genoom, 
zoals in promoters, enhancers of zelfs in 
non-coding RNAs, wat er sterk op wijst dat 
deze SNPs een regulatoire rol spelen in ziek-
tes. We schatten dat ongeveer 10% van de 
GWAS SNPs die geassocieerd zijn met  au-
toimmuun en immuun-gerelateerde ziektes 
(AID) zich in lncRNAs bevinden. Men ver-
moed dat de meerderheid van de lncRNAs 
betrokken is bij het reguleren van de expres-
sie van eiwit-coderende genen en dat daar-
om de SNPs die geassocieerd zijn met deze 
ncRNAs een ontbrekende schakel zouden 
kunnen zijn doordat ze de expressie van ei-
witten die betrokken zijn bij een ziekte kun-
nen beinvloeden.

Dit proefschrift had twee doelstellingen: 
i) het ondekken van de ontbrekende erfeli-
jke factoren door extra genetische associ-
aties te identificeren buiten de al bekende 
CeD GWAS resultaten; ii) begrijpen hoe 
genetische varianten die buiten CeD-
geassocieerde eiwit-coderende regio’s liggen 
bijdragen aan de ziekte.

In hoofdstuk 2 reviewen we de mogeli-
jke vervolgstappen die genomen kunnen 
worden om van de genetische associaties die 
gevonden zijn met GWAS te komen tot cau-
sale varianten, gebruik makende van CeD 
als complexe multifactoriale ziekte. We stel-
len verschillende methodes voor, zoals het 
“fine-mappen” van ziekte-geassocieerde re-
gio’s, targeted resequencing en het vergroten 
van de kans op het vinden van causale mu-
taties door te focussen op extreme fenotypes.

In hoofdstuk 3 hebben we extreme feno-
type selectie toegepast, door een subgroep 
van CeD patienten te nemen die niet op een 
glutenvrij dieet reageert, ook wel bekend als 
refractory CeD type 2 (RCDII).  We heb-

ben de eerste GWAS ooit uitgevoerd voor 
dit zeldzame sub-fenotype, om zo nieuwe 
onderliggende genetische varianten aan het 
licht te brengen, maar ook om de genetische 
verschillen tussen CeD en RCDII te bestu-
deren. Opvallend genoeg wijzen onze resul-
taten op de betrokkenheid van andere genen 
voor RCDII dan voor CeD, wat suggereert 
dat RCDII een andere ziekte zou kunnen 
zijn dan CeD, hoewel de ziektes wel dezelfde 
symptomen hebben. We hebben interessante 
kandidaat-SNPs gevonden die alleen met 
RCDII lijken te zijn geassocieerd. Een van 
deze SNPs ligt op chromosoom 7 en beinv-
loedt de expressie van het eiwit FAM188B, 
een eiwit dat nog niet eerder geassocieerd 
werd met RCDII of CeD.

Grotere GWAS (met meer individuen) 
zullen naar verwachting meer significan-
te associaties opleveren, aangezien er een 
duidelijke correlatie (>0.9) bestaat tussen 
steekproefgrootte en het aantal ziekte-geas-
socieerde loci. Het vergroten van de steek-
proef zou de significantie kunnen verbeteren 
voor die SNPs die voorheen slechts matig 
significant waren. We hebben deze hypoth-
ese getest in hoofdstuk 4 door zes kandidaat 
SNPs, die een suggestieve associatie hadden 
in de CeD GWAS studie uit 2010, verder te 
onderzoeken. Door middel van het geno-
typeren van extra individuen en het uitvo-
eren van een gecombineerde meta-analyse 
hebben we twee nieuwe genetische variant-
en geidentificeerd en deze gecorreleerd met 
veranderde genexpressie waardes. Een van 
de SNPs beinvloedt NFE2L3, welke hoog 
tot expressie komt in monocyten, vooral na 
stimulatie van deze cellen met lipopolysac-
charide (LPS). Dit wijst erop dat monocyten 
belangrijke cellen zijn in de ontwikkeling 
van CeD, wat in overeenstemming is met de 
waarneming dat monocyten de lamina pro-
pria van de dunne darm infiltreren in actieve 
en niet-behandelde CeD patienten.   

In het tweede deel van het proefschrift 
heb ik mijn onderzoek toegespitst op de rol 
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van non-coding varianten en hun betrok-
kenheid bij ziektes. Mijn focus lag hierbij op 
de lncRNA genen en op de vermoedelijke 
pathogene celtypes.

Uit de CeD Immunochip studie bleek 
dat slechts drie van de 75 onafhankelijke 
associatiesignalen van de 39 HLA-loci zich 
in exons of eiwit-coderende genen bevon-
den. De overige 54 signalen (~95%) bevin-
den zich in regulatoire regio’s, zoals de 3’ 
en 5’ untranslated regions (UTRs (respec-
tievelijk 9% en 5%)) of in introns (xx%) en 
intergenic regions (yy%). Daarnaast zagen 
we, door de CeD-loci te annoteren aan de 
hand van non-coding transcripten gevon-
den door ENCODE, dat een overmaat aan 
CeD-geassocieerde varianten samenvalt met 
non-coding RNA (ncRNA) genen, zoals mi-
croRNAs en lncRNAs. In hoofdstuk 5 gaan 
we dieper in op twee klasses van regulatoire 
RNAs en beschrijven we tevens hoe ziek-
te-geassocieerde varianten ncRNAs kunnen 
beinvloeden, hoe ze het regulatoire mecha-
nisme kunnen veranderen en het fenotype 
kunnen veroorzaken.

LncRNAs worden steeds meer erkend 
als gen-regulatoire elementen die een rol 
kunnen spelen in gezondheid en ziekte, 
waaronder immuungerelateerde ziektes als 
systemische lupus erythematodes of psoria-
sis. Voor het verschijnen van dit proefschrift 
was er geen informatie beschikbaar over 
de betrokkenheid van lncRNAs bij CeD. 
In hoofdstuk 6 hebben we kandidaat ln-
cRNA genen geprioriteerd op basis van de 
Immunochip associatiesignalen, waarna we 
vier van deze genen gesequenced hebben in 
CeD patienten om te testen of we genetische 
varianten konden ontdekken die de lncRNA 
functie konden verstoren. We vonden inder-
daad nieuwe varianten in de Nederlandse 
populatie. Met behulp van ENCODE data 
hebben we de regio’s die overlapten met 
deze varianten geannoteerd met functionele 
eigenschappen om zo een idee te krijgen 
van de mogelijke effecten van de varianten. 

Sommige van deze varianten zullen naar 
verwachting de secondaire structuur van de 
lncRNAs (en daardoor wellicht de functie) 
en/of het expressie niveau van de lncRNA 
veranderen.            

Een van de belangrijkste eigenschappen 
van lncRNAs is hun weefselspecifieke expres-
sie. Over het algemeen komen deze genen 
laag tot expressie, echter dit kan veel hoger 
zijn als de expressie gemeten wordt in een 
relevant celtype of in context-specifieke stim-
ulaties. Vandaar dat de expressiepatronen 
van lncRNAs gemeten dienen te worden in 
cel- en weefseltypes die relevant zijn voor 
de ziekte. In hoofdstuk 7 hebben we negen 
verschillende loci die geassocieerd zijn met 
autoimmuun en immuun-gerelateerde ziek-
tes geannoteerd met coderende en niet-co-
derende genen en hebben we transcriptomic 
profiling uitgevoerd in 11 verschillende im-
muun-celtypes. We zagen dat lncRNAs van 
autoimmuunziekte loci vaker tot expressie 
komen in de geteste immuun-celtypes dan de 
lncRNAs in de rest van het genoom. Gezien 
de extreme celtype-specifieke expressie van 
lncRNAs is het aannemelijk dat lncRNAs die 
tot expressie komen in specifieke immuun-
cellen daar waarschijnlijk ook hun functie 
uitoefenen. We laten zien dat de lncRNA 
expressieprofielen aanwijzing zijn voor ziek-
te-relevante celtypes voor de geteste ziektes 
en dat deze specifieker zijn dan profielen die 
gebaseerd zijn op eiwit-coderende genen. 
Onze bevindingen wijzen er ook op dat de 
belangrijkste effector celtypes voor CeD 
wellicht niet voorkomen in ons panel van 
cellen en dat andere CeD-relevante celtypes 
(zoals gluten-reactieve CD4+ T-cell klonen, 
intraepitheel cytotoxische T-lymphocyten 
of epitheel cellen) in vervolgstudies zouden 
moeten worden opgenomen.

Tot slot, in hoofdstuk 8, plaats ik mijn 
onderzoek in een groter geheel van recente 
literatuur en bied ik perspectieven voor de 
toekomst.
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ALGEMENE CONCLUSIES VAN HET 
WERK DAT GEPRESENTEERD IS IN 
DIT PROEFSCHRIFT

1) De bekende CeD-geassocieerde non-
HLA loci lijken niet geassocieerd te zijn 
met RCDII, wat over het algemeen gezien 
wordt als een CeD endofenotype.

2) Het karakteriseren van de genetische 
architectuur van RCDII bracht twee 
RCDII-geassocieerde loci en één gen aan 
het licht, allen niet eerder met CeD in 
verband gebracht. 

3) Vervolgstudies voor loci die matig ge-
associeerd zijn met CeD in de vorm 
van GWAS in grotere studies kan nieu-
we associaties en pathways voor CeD 
opleveren.     

4) Sommige van de CeD-geassocieerde 
SNPs zouden voornamelijk de struc-
tuur of de functie van lncRAs kunnen 
beinvloeden

5) Expressieprofielen van lncRNAs in au-
toimmuunziekte-geassocieerde loci zijn 
meer celtypespecifiek dan profielen van 
eiwit-coderende genen.



182 APPENDICES

ACKNOWLEDGEMENTS

I cannot believe that I made it till the end in 
one piece. The past four years flew by so fast 
and now is the time to acknowledge all the 
people without whom none of my projects 
would have been possible.

First and foremost, I would like to thank 
all the patients and volunteers who kindly 
donated tissue and blood samples to all the 
studies that make up this thesis in the hope 
that one day our scientific findings will im-
prove the patients’ quality of life. 

I would like to thank the members of 
the thesis assessment committee, Prof. C.J. 
Mulder, Prof. M.G. Rots and Prof. R.K. 
Weersma for carefully reading and evaluat-
ing my thesis. I would like also to thank all 
our collaborators on the various projects.

I would like to thank my supervisor, 
Cisca Wijmenga, for her guidance and dedi-
cation. Dear Cisca, thank you for being such 
a strong role model for women in the field, 
for letting me join your group and directing 
me through my PhD. I do not understand 
how it is possible for you to manage so many 
things all at the same time! I am still looking 
for the electric cord which you use to charge 
yourself up from the electricity network ;c)  
I have to say that the lucky coincidence, 
when I met Marten at ICSOMS in 2008, still 
bewilders me. Marten gave me your visit-
ing card, which I placed between my papers 
and only rediscovered 2 years later when I 
was already packing my things to move to 
Groningen and join your group. I still have 
that card. I would also like to thank you and 
Marten for inviting me to stay in your own 
home (currently known as “Genetica Hotel”) 
when I first arrived in Groningen to start my 
PhD in 2010, I really appreciated it.

Vinod, you have been an incredible men-
tor! I learnt so much from you in such a nice 
friendly way. Thank you for “babysitting” me 
at the beginning of my journey through the 
GWAS analysis for the RCDII project, sup-

porting me, and not giving up on me – even 
when I managed to crash my computer so 
easily and so often. One day you explained to 
me that not being a high-profile scientist is 
actually my advantage and not a weak point, 
which I discovered later during my search 
for a postdoc position. You are an incredibly 
capable and inspiring person.

Dear Sebo, thank you for everything.  
I still cannot believe that the review has been 
completed. You were never satisfied with the 
first version of a paper, but finally we man-
aged to get some good texts written. I really 
like your enthusiasm for science, especially 
during your presentations. Thank you for 
your guidance and believing in me.

Here I would also like to thank my in-
ternship supervisor in Utrecht, Edwin 
Cuppen. Dear Edwin, thank you for allow-
ing me to join your group, even though  
I was not from Slovakia, which you would 
have preferred at that time. You, and the 
people in your groups at the UMC Utrecht 
and the Hubrecht Institute, were the reason 
I started looking for a PhD position in the 
Netherlands. Btw, it was not ONLY about the 
great borrels at the Hubrecht and your magic 
skills with frying “croquettes”!

I would like to thank not only the current 
members of the Department of Genetics at 
UMCG but also ex-members, you have been 
with me throughout this whole PhD pro-
cess, supported me with your words, ideas 
and company. If you know me well, you also 
know that my memory is not capable of re-
membering names. I would therefore like to 
thank all of you here and will just mention  
a few incredible exceptions ;)

Dear Jackie, you saved so many PhDs be-
fore me and I am not an exception.  No one 
can thank you enough for that. Thank you for 
encouraging me to keep trying and taking 
me under your wing. I love your British ac-
cent and your love for tea. I am sorry for you 



183ACKNOWLEDGEMENTS

because we as non-speakers can sometimes 
create “incredible” words and sentences, and 
you have to listen to it without screaming. 
Dear Kate, thank you for all the corrections 
and also for your helpful feedback when I 
was writing my EU grant. The meeting with 
you next to the fountain was very helpful for 
me. I have to say that we have the best and 
the friendliest editors and that our group is 
so successful with all the papers and grants 
because also of you two! THANK YOU 

Dear Mathieu, I have to say that trying 
to follow you in the lab at the beginning was 
frustrating. You were explaining something 
to me and then disappeared somewhere in 
a picosecond! But after I learnt how to keep 
up with you and understood the labyrinth of 
labs, I was saved! Thank you for all your in-
credible help, ideas, warm words and jokes. 
Good luck with your new tasks and say hello 
to Lowina and twins.

Dear Astrid, thank you for your calm 
talks about yoga and books, you know that 
I am junkie for both. Enjoy all new things in 
your life, I am so happy for you.

Dear Rutger, it’s a pity that I moved out 
from the lab at the same time you moved 
in. But I still remember our “RNA isolation 
dance” after 11 hours in the lab, and your 
jokes and teasing Michiel - will miss both of 
you guys. My new colleagues will have a hard 
job topping you ;c)

My dearest Pumpkino (Suzanne), you 
have the most amazing way of expressing 
your emotions (good or bad) while analyz-
ing data, reading emails or listening to radio. 
There were always chaotic 3D movements, 
accompanied with various sounds and 
swearing, but I LOVED IT and missed it is so 
much after moving to the boring open work 
space. Pumpkino, good luck in the clinic!

Dear Genomics Coordination Center 
(GCC) guys, especially Pieter, Freerk, Dennis 
and Roan, thank you for adopting me after 
my Polish companions left. I really enjoyed 
your humor, explanations, scientific com-

ments during beer tasting at the beer festi-
val, or going to concerts in the park. What 
I loved the most was playing board games 
with you, a really unforgettable experience! I 
hope that other biologists will cross the line 
and discover the funny and good company 
you guys offer. 

My dear Polish gang, Agata, Ania, Asia, 
Gosia, Justyna, Lukasz, Marcin, Paulina, Zuza, 
I would love to thank all of you for your jokes, 
support, discussions on a non-scientific level, 
and introducing me to your Polish traditions 

– I mean the Easter celebration, of course! 
Your language was the closest in the lab to 
my mother tongue and it was sometimes so 
funny to listen to you and guess what the 
words meant. Sometimes I even felt so com-
fortable in your company that I started talking 
Czech to you, sorry Paulina. Apparently I also 
looked so happy with you guys that some 
people from my own group still think I come 
from Poland … even after more than 4 years! 

My dearest A (Asia), sharing the office 
with you during your writing period was 
very frustrating, because I knew that I would 
be in the same position within a few months. 
I have to say that office with Pumpkino, you 
and “HER awesomeness” Cleo was some-
times very … well, let’s say challenging for 
my focusing at work but we had a lot of fun. 
Your inspirational “@$#%^%&*(&@%^$%” 
and “STERKTEEEE” screaming helped me  
a lot after you left and again during my writ-
ing period. Thank you for the cover design, 
layout and printing of my thesis. I hope you 
will find your way in life soon and be happy 
in whatever country you choose to be in  

I would like to thank to one very enthu-
siastic girl I met ages ago, at a conference in 
Slovakia, who told me about the wonderful 
science scene in the Netherlands and who 
started my whole “Dutch journey”. Magdi, 
děkuji moc za všechno! Nebýt tebe tak bych 
nad placatou zemí nikdy ani neuvažovala. 
Děkuji za pošťouchnutí, až téměř za nakopnu-
ti správným směrem. S poděkovaním nemůžu 



184 APPENDICES

zapomenout na Míšu a Samíka, byly jste tu 
taková moje Slovenská rodina v Utrechtu, 
která se nakonec rozrostla i o Davida. Ten byl 
dokonce tak odvažný, že se přestěhoval k nám 
na sever. Díky moc!

My dearest paranymphs, Isis, Melanie 
and Dieuwertje, you were a very important 
part of my life in Groningen. Amazing wom-
en that I was honored to meet on my journey. 

Dear Isis, thank you for your friend-
ship, warm words, hugs, beer talk, no beer 
talk, your time, smile and much more. You 
offered me your home and comfort when I 
needed it. Your singing me a Mexican ver-
sion of happy birthday only a few minutes af-
ter midnight was the nicest present I got this 
year! I respect you as a scientist and always 
appreciated your helpful and critical com-
ments during discussions. YES, you are crit-
ical, so please forget the cr*p someone told 
you ages ago! I will miss the calm Isis and 
our talks about meditation and reiki, but at 
the same time I will also miss the crazy party 
girl, please remember “take it easy chiquita”. 
Isis, good luck in your life, whatever path 
you choose to take.

Dear Melanie, my darling, I met you at 
the beginning of my PhD (in my second 
month precisely) and, with a small pause, 
we went together through the whole “PhD 
experience”. At the beginning you were giv-
ing me “protocols” on how to survive here, 
you’ll remember that well. You became my 
soul mate and yoga co-junkie. We even start-
ed the yoga teacher training together, but be-
cause of the little guy, you could not finish 
it – but I do not think you regret that at all. 
Thank you for introducing me to your gang 
in the Cell Biology department (especially 
Vaishali, Sarah, Despina, Peter), I had a great 
time with you guys. My very best wishes to 
you, your Peter & Jamie, from my heart, and 
I promise I will try to visit you in London as 
much as possible!

Lieve Dieuwertje, I promise I will learn 
one day how to pronounce your name  

Dearest Di, thank you for being such an in-
spiring person. Many people visualize yogi 
as silent, still ascetic, but you are a hurricane, 
your energy is everywhere, in your move-
ment, in your talk, it is unbelievable, and 
I love it! Having met your parents I know 
where your sense of humor comes from. 
Our trip to Belgium to the yoga festival was 
amazing, mainly because of the company of 
three incredible yoga teachers, you, Mandy 
and Ester. Our journey passed so fast be-
cause of all the talking and singing/dancing 
with Bob Marley in the car. Dank je wel.

And last, but certainly not least, I would 
like to thank my family. They have been 
there for me through the best and worst of 
times, supporting me through it all. Thank 
you for keeping me sane, through various ac-
tions, when I thought I might lose it and for 
not giving up on me.

The first part of my extended family is 
all the amazing people I met in the mag-
ic OpenYoga studio and during my yoga 
teacher training. Your warm words, friend-
ship, talks and unlimited number of hugs 
were always there for me and worked as the 
best treatment for pain, bad moods, or any 
other problems. I am truly thankful. Lieve 
Mandy, I am grateful every time I meet you: 
you and yoga saved me! Namaste. You and 
Di have created an amazing place to which 
people like to return and some of them (me 
for sure) sometimes do not want to leave 
and enter the word outside. Btw you’ll need  
a bigger studio soon. Through OpenYoga 
and its magic, I met an adorable friend, Pia, 
who is moving back over the ocean to Ann 
Arbor at the same time as me. What a huge 
coincidence. So I am not worried by my up-
coming move, because at least a small piece 
of the studio will be there for me in Pia’s 
presence. 

Another important part of my extend-
ed family is located in the UK, mainly in 
Weston-super-Mare. Dear Alison & Llew, 
thank you for “adopting” me 12 years ago. 



185ACKNOWLEDGEMENTS

My summer job as an au-pair evolved into 
a true friendship. Every visit has been like 
coming home and joining you for Clare’s 
wedding or having British tea & biscuits with 
Alison’s mum was a great pleasure. Alison, I 
loved our conversations in the garden with 
a glass of wine and your retirement plans to 
become a hacker. Llew, I still remember your 
reaction when I told you that I was moving 
to the Netherlands: you offered me a place 
in your house if they weren’t nice to me. See, 
there was no need to move back to your 
house. I have to say that it is so nice to be  
a part of your family.

And last but not least, some words for my 
parents.

Maminko, maminečko chci Ti poděkovat 
za všechno co si pro mě za ty roky (a není 
jich málo) udělala. Dokonce jsi ani moc ne-
protestovala s mým stěhováním do Nizozemí 
a teď za oceán do Michiganu, vím že to musí 
být těžké. Vráťo i Tobě patří můj dík, bez 
tebe bych si jen tak někde vandrovat po světě 
nemohla. Oběma Vám moc děkuji.

Thank you,  
dankjewel,  

děkuji, namaste.
    

Barbara :)



186 APPENDICES

CURRICULUM VITAE

Barbara Hrdličková (1981) was born in Liberec, Czech Republic. In 2001 she graduated from 
secondary school at the Podještědské gymnázium in Liberec, where she enjoyed biology and 
physics. She continued her interest in biology at the Faculty of Science, Masaryk University 
(MU) in Brno, where she obtained a master’s degree in General Biology and Animal Physiology 
in 2007. During her studies she did volunteer work in the lab at the Department of Animal 
Embryology, Cell and Tissue Differentiation at the Institute of Animal Physiology and Genetics, 
AVCR (Academy of Sciences of the Czech Republic) in Brno. There she studied apoptosis in the 
formation of embryotic mouse limbs. In 2006 she started a master’s internship at the Department 
of Pathophysiology, Faculty of Medicine, MU, where she studied the genetics of allergic diseases 
and asthma. She continued her research in this department after her graduation in 2007 and 
worked there till 2010, first as a research technician and development worker and later on as a 
lecturer and laboratory supervisor. She was awarded two grants from the Chancellor’s program 
to support creative work at MU, which covered three years of her research. 

In 2010 she received an Erasmus grant (EU) for a four-month internship in Prof. Edwin 
Cuppen’s group at the Department of Medical Genetics, University Medical Center Utrecht, the 
Netherlands, where she aimed to improve the protocol for targeted next-generation sequencing 
from single tube to the high-throughput settings.

In November 2010, she started her PhD research under the supervision of Prof. Cisca 
Wijmenga at the Department of Genetics, University Medical Center Groningen, working on 
the genetics of autoimmune diseases with a focus on celiac disease. During her PhD period, 
she was awarded a one-year grant by the J.K. de Cock Foundation, Amsterdam, to characterize 
three long non-coding RNAs associated with celiac disease.

Recently, she was awarded a three-year grant by the William Harvey International 
Translational Research Academy (WHRI-ACADEMY) from the COFUND Marie Curie 
Actions to study the intestinal epithelial barrier function and mucosal homeostasis in inflam-
matory bowel disease. In June 2015, she will start her postdoc fellowship in the group of Prof. 
Charles Parkos and Prof. Asma Nusrat in the Department of Pathology, University of Michigan, 
Ann Arbor, USA.



187LIST OF PUBLICATIONS

LIST OF PUBLICATIONS

(* Authors contributed equally)

Hrdlickova B, Kumar V, Kanduri K, 
Zhernakova DV, Tripathi S, Karjalainen 
J, Lund RJ, Li Y, Ullah U, Modderman 
R, Abdulahad W, Lähdesmäki H, Franke 
L, Lahesmaa R, Wijmenga C, Withoff S. 
Expression profiles of long non-coding 
RNAs located in autoimmune disease-as-
sociated regions reveal immune cell-type 
specificity. Genome Med. 2014; 6(10):88.

Kumar V, Gutierrez-Achury J*, Kanduri K*, 
Almeida R*, Hrdlickova B, Zhernakova 
DV, Westra HJ, Karjalainen J, Ricaño-
Ponce I, Li Y, Stachurska A, Tigchelaar EF, 
Abdulahad WH, Lähdesmäki H, Hofker 
MH, Zhernakova A, Franke L, Lahesmaa 
R, Wijmenga C, Withoff S. Systematic 
annotation of celiac disease loci refines 
pathological pathways and suggests a ge-
netic explanation for increased interfer-
on-gamma levels. Hum Mol Genet. 2015; 
24(2):397-409. 

Hrdlickova B*, de Almeida RC*, Borek Z, 
Withoff S. Genetic variation in the non- 
coding genome: Involvement of micro- 
RNAs and long non-coding RNAs in 
disease. Biochim Biophys Acta. 2014; 
1842(10):1910-1922. 

Izakovicova Holla L, Borilova Linhartova 
P, Hrdlickova B, Marek F, Dolina J, 
Rihak V, Kala Z. Haplotypes of the IL-1 
gene cluster are associated with gastro-
esophageal reflux disease and Barrett’s 
esophagus. Hum Immunol. 2013; 
74(9):1161-9.

Kumar V, Westra HJ*, Karjalainen J*, 
Zhernakova DV*, Esko T, Hrdlickova 
B, Almeida R, Zhernakova A, Reinmaa 
E, Võsa U, Hofker MH, Fehrmann RS, 
Fu J, Withoff S, Metspalu A, Franke L, 
Wijmenga C. Human disease-associated 
genetic variation impacts large intergen-

ic non-coding RNA expression. PLoS 
Genet. 2013; 9(1):e1003201. 

Izakovicova Holla L, Hrdlickova B, Vokurka 
J, Fassmann A. Matrix metalloprotein-
ase 8 (MMP8) gene polymorphisms in 
chronic periodontitis. Arch Oral Biol. 
2012; 57(2):188-96. 

Trynka G*, Hunt KA*, Bockett NA, 
Romanos J, Mistry V, Szperl A, Bakker 
SF, Bardella MT, Bhaw-Rosun L, 
Castillejo G, de la Concha EG, de 
Almeida RC, Dias KR, van Diemen CC, 
Dubois PC, Duerr RH, Edkins S, Franke 
L, Fransen K, Gutierrez J, Heap GA, 
Hrdlickova B, Hunt S, Plaza Izurieta L, 
Izzo V, Joosten LA, Langford C, Mazzilli 
MC, Mein CA, Midah V, Mitrovic M, 
Mora B, Morelli M, Nutland S, Núñez 
C, Onengut-Gumuscu S, Pearce K, 
Platteel M, Polanco I, Potter S, Ribes-
Koninckx C, Ricaño-Ponce I, Rich SS, 
Rybak A, Santiago JL, Senapati S, Sood 
A, Szajewska H, Troncone R, Varadé J, 
Wallace C, Wolters VM, Zhernakova A; 
Spanish Consortium on the Genetics of 
Coeliac Disease (CEGEC); PreventCD 
Study Group; Wellcome Trust Case 
Control Consortium (WTCCC), Thelma 
BK, Cukrowska B, Urcelay E, Bilbao 
JR, Mearin ML, Barisani D, Barrett JC, 
Plagnol V, Deloukas P, Wijmenga C, van 
Heel DA. Dense genotyping identifies 
and localizes multiple common and rare 
variant association signals in celiac dis-
ease. Nat Genet. 2011; 43(12):1193-201.

Harakalova M*, Mokry M*, Hrdlickova 
B, Renkens I, Duran K, van Roekel H, 
Lansu N, van Roosmalen M, de Bruijn 
E, Nijman IJ, Kloosterman WP, Cuppen 
E. Multiplexed array-based and in-solu-
tion genomic enrichment for flexible and 



188 APPENDICES

cost-effective targeted next-generation se-
quencing. Nat Protoc. 2011; 6(12):1870-86. 

Hrdlickova B, Holla LI. Relationship be-
tween the 17q21 locus and adult asthma 
in a Czech population. Hum Immunol. 
2011; 72(10):921-5. 

Hrdlickova B, Westra HJ, Franke L, 
Wijmenga C. Celiac disease: moving 
from genetic associations to causal vari-
ants. Clin Genet. 2011; 80(3):203-313. 

Holla LI, Hrdlickova B, Linhartova P, 
Fassmann A. Interferon-γ +874A/T 
polymorphism in relation to generalized 
chronic periodontitis and the presence 
of periodontopathic bacteria. Arch Oral 
Biol. 2011; 56(2):153-8.

Izakovicova Holla L, Hrdlicková B, Schüller 
M, Buckova D, Kindlova D, Izakovic V, 
Vasku A. Haplotype analysis of the in-
terleukin-18 gene in Czech patients with 
allergic disorders. Hum Immunol. 2010; 
71(6):592-7. 

Holla LI, Vokurka J, Hrdlickova B, Augustin 
P, Fassmann A. Association of Toll-like 
receptor 9 haplotypes with chronic peri-
odontitis in Czech population. J Clin 
Periodontol. 2010; 37(2):152-9. 

Hrdlickova B, Izakovicova-Holla L. Associ-
ation of single nucleotide polymor-
phisms in the eosinophil peroxidase gene 
with allergic rhinitis in the Czech popu-
lation. Int Arch Allergy Immunol. 2009; 
150(2):184-91. 




