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A P P E N D I X   I

Exome sequencing in a family 
segregating for celiac disease
Clinical Genetics, 80, 138–147
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Abstract

Celiac disease is a multifactorial disorder caused by an unknown number 
of genetic factors interacting with an environmental factor. Hence, most 
patients are singletons and large families segregating with celiac disease 
are rare. We report on a three-generation family with six patients in 
which the inheritance pattern is consistent with an autosomal dominant 
model.  To date, 27 loci explain up to 40% of the heritable disease risk. 
We hypothesized that part of the missing heritability is because of low 
frequency or rare variants. Such causal variants could be more prominent
in multigeneration families where private mutations might co-segregate
with the disease. They can be identified by linkage analysis combined 
with whole exome sequencing. We found three linkage regions on 
4q32.3-4q33, 8q24.13-8q24.21 and 10q23.1-10q23.32 that segregate 
with celiac disease in this family. We performed exome sequencing on 
two affected individuals to investigate the positional candidate regions 
and the remaining exome for causal nonsense variants. We identified 12 
nonsense mutations with a low frequency (minor allele frequency <10%) 
present in both individuals, but none mapped to the linkage regions. Two 
variants in the CSAG1 and KRT37 genes were present in all six affected 
individuals. Two nonsense variants in the MADD and GBGT1 genes were 
also present in 5 of 6 and 4 of 6 individuals, respectively; future studies 
should determine if any of these nonsense variants is causally related to 
celiac disease.
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Introduction

Celiac disease (CeD) is a complex, autoimmune disease triggered by 
dietary gluten, which is widely available in cereals such as barley, rye 
and wheat. CeD is primarily a T-cell-mediated immune disorder, in which 
CD4+ T cells recognize gluten peptides, resulting in a strong inflammatory 
response in the small intestine. CeD is a classic example of a multifactorial 
disease caused by many genetic factors, in addition to the environmental 
factor. It has been well established that the human leukocyte antigen 
(HLA) molecules HLA-DQ2 and -DQ8 play a key role in CeD pathogenesis 
(1, 2). These are also the most important genetic factors associated 
with the disease and explain some 35% of the heritability. Genome-
wide association studies (GWAS) recently identified 26 non-HLA loci 
that contribute to CeD and explain an additional 5% of the heritability 
with their modest effect size and odds ratios lower than 1.5. These loci 
comprise 69 genes that are mainly involved in the immune response 
(3). Family-based linkage studies may offer a powerful alternative to 
identifying more CeD genes with a larger effect size. However, there are 
few large families showing segregation of complex diseases such as 
CeD. In 2004, van Belzen et al. (4) reported two linkage regions from a 
four-generation, Dutch CeD family with 17 affected individuals. Direct 
sequencing of positional candidate genes from the 9p13-21 region did 
not reveal causative mutations (5). The lack of high-throughput methods 
to investigate all the candidate genes from the large linkage regions 
hampered progress on this family, but work is ongoing.

Recently, exome sequencing has been reviewed as a rapid, high-
throughput tool for mutation screening (6) and successfully used to 
identify rare causal mutations, not only in Mendelian diseases (7) but 
also in complex diseases (8). We analyzed a second, large CeD family 
of Caucasian origin with six patients segregating the disease across 
three generations and with suggested autosomal dominant inheritance. 
Linkage analysis revealed three potential loci on 4q32.1-q33 (12 Mb), 
8q24.13-8q24.21 (5 Mb) and 10q23.1- 10q23.32 (10 Mb) chromosomes. 
We hypothesized that the causal variant responsible for CeD in this family 
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would be a point mutation resulting in a non-functional protein product 
and that it would be present in one of the linkage regions. To identify 
such a mutation, we performed exome sequencing of two affected family 
members to screen for nonsense mutations in the 148 genes making up 
the three linkage regions.

Material and methods

The study family
The family is a Dutch of Caucasian origin and includes six CeD patients, all 
carrying the HLADQ2 genotype (Fig. S1, Table 1). The detailed inheritance 
of the HLA-DQ2 and -DQ8 risk genotypes is based on five tagging single 
nucleotide polymorphisms (SNPs) from the ImmunoChip that are specific 
for the HLA alleles present in the Dutch population (9). In this family, CeD 
affects approximately 38.5% of the offspring in the second generation. 
Four of the six affected individuals were diagnosed via a small intestine 
biopsy (Table 1). All the biopsies were re-evaluated and classified by a 
gastroenterologist (C. J. M.) as Marsh IIIa, IIIb, or IIIc [i.e. partial-, subtotal-, 
or total villous atrophy, with the presence of crypt hyperplasia and 
increased number of intraepithelial lymphocytes (30 per 100 enterocytes)]. 
Genomic DNA was isolated from peripheral blood to perform genotyping 
for linkage analysis and exome sequencing. The study was approved by 
the ethics review board of the University Medical Center Groningen and 
written informed consent was obtained from all participants.

Table 1. Characteristics of a three-generation Dutch family affected by 
celiac disease
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Genotyping
Six affected (CD0304-001, CD0304-002, CD0304- 003, CD0304-004, 
CD0304-005, and CD0304-006) and six unaffected (CD0304-007, 
CD0304-010, CD0304-011, CD0304-029, CD0304-008, and CD0304-
024) family members were genotyped using the ImmunoChip (10) 
(Fig. 1) as described in Illumina’s protocols. The National Center for 
Biotechnology Information (NCBI) build 36 (hg18) (Illumina manifest 
file Immuno_BeadChip_ 11419691_B.bpm) and the second-generation 
Rutgers combined linkage-physical map were used for mapping (11). The 
quality control was performed in plink v1.07 a whole genome association
analysis toolset (12). First, we checked for any individuals missing 
more than 5% of the genotypes, but they all had more than 95% of the 
genotypes called. We removed all SNPs that had a genotype rate below 
95%. We also checked for Mendelian errors using default values because
we did not allow >5% Mendelian errors for the entire family and any SNPs 
with >10% Mendelian error rate were excluded. We found no Mendelian
errors. We included 174,624 SNPs in our study. The Dutch case–control 
data quality control was performed independently, as described in Trynka 
et al. (manuscript submitted, 2011). 

Linkage analysis 
For our linkage analysis with the ‘affected only’ approach, we used the 
data of selected markers from the 196,524 variants available on the 
ImmunoChip genotyping array for all 12 individuals (Fig. 1). We used 
plink v1.07 for marker selection to apply stringent quality control on 
the ImmunoChip data, based on call rate (>99%) and Hardy–Weinberg 
equilibrium (p > 0.001). We excluded insertions and deletions (indels) and 
only considered highly polymorphic SNPs [minor allele frequency (MAF) 
>20%]. SNPs showing any sign of Mendelian inconsistency were excluded. 
We then trimmed the data set to limit biases associated with linkage 
disequilibrium, pruning SNPs so that each 50-SNP window contained 
no pair of SNPs with the correlation coefficient between pairs of loci 
(r2) >0.2. Finally, we included 8,750 markers for the analysis distributed 
equally over the genome, providing a sufficiently dense coverage to 
perform linkage analysis (Fig. S2). The linkage information content was 
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Fig. 1. Pedigree presenting the ‘affected only’ part of the family studied and the segregation of seven nonsense 
sequencing variants. Affected individuals are marked in black.

uniformly larger than 0.75 (13). Chromosome X was excluded from the 
linkage analysis as the results are often difficult to interpret. We used 
the second-generation Rutgers combined linkage-physical map (11) 
for mapping the 8,750 markers used in our linkage analysis. Parametric 
and non-parametric linkage analysis was performed using a multipoint 
engine for rapid likelihood inference (MERLIN) v1.1.2 (14). The parametric 
model assumed a dominant inheritance with a disease probability of 1% 
for non-carriers and 80% for carriers.

Exome sequencing: library generation, reference alignment and variant 
calling
Library generation, reference alignment and variant calling were 
performed at Beijing Genomics Institute (BGI), as described in Li et al., 
2010 (15). In brief, 5 μg of high quality DNA from two individuals (CD0304-
001 and CD0304-006) was fragmented and subsequently hybridized to a 
NimbleGen 2.1M Human Exome Array. This enrichment captures “30 Mb 
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of coding DNA, which accounts for approximately 180,000 coding exons.
Enriched exome DNA was amplified by polymerase chain reaction (PCR) 
followed by random ligation of DNA fragments to the Illuminacompatible
adapters and subjected to Solexa library preparation and single-run 
sequencing of 90 bp per read on average. Before alignment with the 
reference sequence, low quality reads (containing more than six uncalled 
bases and/or 40 continuous identical bases and/or polluted by linker 
or adapter sequences) were removed. Short oligonucleotide analysis 
package (SOAP) aligner (soap2.20) (16,17) was used to align clean reads 
to the human reference genome (NCBI build 36.3) with a maximum of two 
mismatches allowed. SOAPsnp (18) was used for calling variants in the 
target region and with the 500 bp up- and downstream target regions 
referred to as ‘near target region’. Weextracted genotypes that differed 
from the reference as candidate SNPs and kept only sequence variants 
with a quality score higher than 20, a depth between 4 and 200, an 
estimated copy number #2, and a distance between two SNPs of more 
than 5, for further analysis. SOAPdenovo was used to identify indels in 
the exome data by performing a de novo assembly of the sequencing 
reads. Assembled consensus sequences were aligned to the reference 
genome by a local alignment search tool Z (LASTZ) for aligning two DNA 
sequences, and inferring appropriate scoring parameters automatically 
and passed the alignment result to axtBes7t (19) to separate orthologous
from paralogous alignment. Finally, we identified the breakpoints in the 
alignment and annotated the genotypes of the insertions and deletions.

Annotation and filtration of the sequenced variants
Each of the sequenced variants was annotated for functionality and 
frequency using the Seattle annotation tool (SeattleSeq Annotation, 
http://gvs. gs.washington.edu/SeattleSeqAnnotation), annotate variation 
(ANNOVAR) (20) and an in-house pipeline. For MAF annotation, we 
used the whole genome sequencing of 60 individuals(120genomes) of 
European origin from the 1000 Genomes Project (21) (vol1.ftp.pilot_data.
release.2010_07. low_converage). For our analysis, we only included 
sequence variants with a MAF <10% and only variants present in the 
exons and splice sites, i.e. non-synonymous, nonsense, read-through 
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variants and variants in the 3$ and 5$ untranslated regions (UTRs). For 
the follow-up study, we restricted our analysis to nonsense variants. We 
excluded nonsense variants present in olfactory genes and having a MAF 
>10% in the single nucleotide polymorphism database 132 (dbSNP132) 
from the follow-up study (here we considered only the MAF of established 
Caucasians and based on a greater number of chromosomes than in the 
1000 Genomes Project). Nonsense variants present in our data from the 
exome sequencing of 16 CeD cases from eight Saharawi families (22) were 
also excluded. Finally, the candidate nonsense sequencing variants (SVs) 
were investigated for cosegregation with CeD in the study family. Figure 
2 shows a general flow scheme for our analysis. Indels were annotated 
using ANNOVAR (20) and sorting intolerant from tolerant (SIFT) (23) and 
filtrated separately. We considered novel indels (not present in the dbSNP 
data set) mapping to exonic and splice sites of the genes as interesting 
[annotation of the gene region was based on the University of California 
Santa Cruz (UCSC) database (24)].

Sanger sequencing
We validated variants by direct re-sequencing using a standard Sanger 
method (25). After filtering, the candidate variants were re-sequenced in
the two exome-sequenced individuals (CD0304- 001 and CD0304-006) 
for validation. If the variant was true and present in both individuals, we
investigated its segregation in the entire family by re-sequencing it in the 
other 10 members. Details on the PCR and primers used for validation are
summarized in Table S1.

Results

SNP-based linkage analysis
Twelve family members were genotyped on ImmunoChip. After applying 
quality control, we performed genome-wide, parametric (dominant model) 
and non-parametric analysis. We found three loci with non-parametric 
analysis and with a non-parametric LOD score (NPL) of “2.40 on 4q32.3-
4q33 (p = 0.0004), 8q24.13-8q24.21 (p = 0.0004) and 10q23.1-10q23.32 
(p = 0.0004), which together contained 148 genes (Table 2). Parametric 
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* This analysis is only for single nucleotide 
SVs. Indels were analyzed separately 
(details are presented in Material&methods 
section)
** Excluding intragenic and intronic SVs
*** MAF estimated based on; low coverage 
1000 genomes project (120 Europeans 
genomes) and on the dbSNP132 (only if 
number of genomes was greater than 120)

Fig. 2. Filtering and follow-up scheme used in our analysis.We have presented a number of variants that 
correspond to each step taken.
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Table 2. Three linkage regions with a non-parametric LOD score of “2

linkage analysis did not identify any more regions with a logarithm of the 
odds (LOD) score >2. From non-parametrical and parametrical linkage 
analysis, we identified six suggestive regions with 1 < NPL < 2 and four 
suggestive regions with 1 < LOD < 2 (Table S2). Some of these regions 
overlap and others are specific for a single analysis (Table 2, Table S2).

Evaluation of the exome sequencing data
Because of the large number of genes (148) present in the linkage regions, 
we decided to perform exome sequencing in two affected individuals 
(CD0304-001 and CD0304-006) (Fig. 1). After enriching for “30 Mb of 
coding sequence, we obtained 2.5 Gb of mapped sequence data per 
individual on average. The median exome coverage was 44-fold with 
94% of the target region covered with a minimum of 10Å~ (Table S3).

On average, per individual, we identified 18,000 high-quality (Q > 20) 
sequence variants in the coding regions (Table S4). To exclude any 
possible mix-up of samples and for extra validation of the sequenced 
data, we compared their genotypes from the ImmunoChip platform with 
their sequenced variants. We observed a concordance >98% between 
the two data sets, indicating no sample mix-ups and suggesting a high 
level of confidence for the sequenced data. We also showed that the 
concordance between the sequenced individuals was “53%, which is in 
agreement with the genetic distance between the two family members. 
More detailed statistics of the sequences and SVs can be found in Tables 
S3 and S4. 

Inclusion filtering of sequence variants 
To identify potential disease-causing variants, we adapted a filtering 
and follow-up scheme which assumed that the disease in both family 
members was due to the same causal variant (Fig. 2). Furthermore, we 
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only included variants with a MAF <10% in the 1000 Genomes Project 
data set and having functional effects on the protein product (i.e. missense, 
splice site, nonsense, readthrough variants and SVs from UTRs) (Fig. 2).

As the linkage regions are identified with 95% confidence, we could still 
miss the real diseasecausing mutation. Hence, we also applied the same
filtering criteria to the entire exome. In total, we identified 846 candidate 
SVs when we combined the linkage regions (2 SVs) and the exome-wide
data (844 SVs) (Fig. 2, Table S5A). Because of the large number of 
candidate SVs to be investigated, we decided to continue the follow-up 
studies for only the 12 nonsense variations as these are the most damaging 
(26), although none of them were located in the three linkage regions. We 
excluded nonsense variants in olfactory genes and those having a MAF > 
10% in dbSNP132 and present in our in-house set of Saharawi samples 
from further analysis (Fig. 2). We also removed the variants in the cell 
division cycle 27 homolog (CDC27) gene because of the high number of 
SNPs in the exons, leaving seven nonsense variants to be investigated 
for co-segregation in the family (Table 3, Table S6A). The segregation of 
these variants in the family is shown in Fig. 1. Three variants in the GNAQ, 
KRT38 and TPTE genes were falsepositive, meaning that we could not 
validate these SVs by Sanger sequencing; two variants in the CSAG1 and 
KRT37genes co-segregate fully with the disease and are present in all the 
affected individuals; and two other variants are present in the MADD and 
GBGT1 genes in 5 of 6 and 4 of 6 of the affected individuals, respectively.

To account for the possibility of unequal coverage of sequence in the 
two family members (CD0304-001 and CD0304-006), we also analyzed 
them separately and identified an extra 29 and 23 nonsense variants, 
respectively (Table S5B). Again, none of these were located in the three
linkage regions. Some were present in both individuals and had already 
been included in the initial analysis, while some were found in only one 
individual. After applying our final inclusion criteria and discarding one 
variant in preferentially expressed antigen in melanoma family member 2
(PRAMEF2) gene because of the high number of SNPs in the exons, we 
investigated 20 SVs that were present in only one individual for validation
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in the second individual (Table S6B). None of these were investigated for 
co-segregation, as 18 could not be confirmed in the second individual, one 
SV was false-positive and in one, in the TPTE gene, we failed to validate 
with Sanger sequencing because of the presence of small deletions 
surrounding the candidate SV.

We applied a separate annotation and filtration to the indels so that they 
included only novel variants that mapped to the exonic regions and were
present in both individuals. In total, we identified 3,258 shared indels, of 
which 92 were novel (not present in the dbSNP dataset) and mapped to 
the exons or splice sites of known genes (UCSC was used as a reference). 
Nine of 92 were found in the regions of suggestive linkage, two mapped 
to the exonic regions but did not change the frame and seven mapped to 
3$ UTRs (Table S7), but none were found to be present in the linkage loci 
of NPL > 2. 

Discussion

We studied a three-generation Dutch family of Caucasian origin with a 
dominant-like segregation of CeD to find causative variants that might 
have a substantial effect on the inherited disease risk. To map the 
candidate variants, we combined linkage analysis with an ‘affected only’ 
approach of the entire family with exome sequencing of two affected 
individuals. As the inheritance model of CeD in the family is uncertain, 
we also applied a non-parametric linkage approach in addition to the 
parametric analysis. Both analyses gave comparable results, whereas 
applying the wrong model for parametric analysis can result in loss of 

Table 3. Details of seven nonsense sequence variants shared by two exome-sequenced individuals
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power for detecting linkage (13). We identified three candidate regions 
using a non-parametric analysis with NPL > 2 but were not able to detect 
a region with LOD > 2 using parametric analysis. None of the regions 
overlaps with previously identified CeD loci (3). We did not observe 
linkage to the HLA region on 6p21 in this family, despite the fact that 
the HLA-DQ2 and -DQ8 loci are the strongest risk factors contributing to 
CeD. Because HLA-DQ2 and -DQ8 alleles are also very common in the 
general population (“30%), the risk alleles were also inherited from an 
unaffected parent who married into the family (Fig. S1), thereby disrupting 
the proper segregation of alleles in the family. Hence, linkage to HLA was 
not identified by our linkage analysis.

CeD is genetically heterogeneous, like other complex diseases, and even 
within a single family where the inheritance of the disease is compatible 
with a dominant model, it is likely that multiple loci co-segregate with the 
disease. Our detection of three linkage regions in this family is in-line with a 
previous linkage analysis in a CeD family in which two regions were found 
to segregate significantly with CeD (4). The regions found in both families 
do not overlap, which may also indicate a high heterogeneity for CeD. To 
identify causal variants, we hypothesized that these variants would be 
present in the candidate linkage regions and shared by both the affected 
family members we sequenced. As the three candidate linkage regions 
together contain 148 genes, exome sequencing is an efficient method to 
screen all the positional candidate genes for diseasecausing variants. At 
the same time, this technology also allowed us to scrutinize the remainder 
of the genome in case our linkage analysis proved incorrect. 

We also hypothesized that within our multigeneration family, a limited 
number of causal variants with substantial risk would be present. We 
therefore focused our analysis on nonsense variants, as these are the 
most damaging (26). After applying our filter criteria to the linkage regions 
and to the entire exome, we were left with seven nonsense variants, 
none of which mapped to the linkage regions. After validation by Sanger 
sequencing, three of them were found to be falsepositive, in the GNAQ, 
KRT38 and TPTE genes. The remaining four SVs were investigated for 
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cosegregation with the disease. We were looking for a dominant-like 
inheritance, but we kept in mind that a low-frequency, causative variant 
for a complex disease does not have to show Mendelian segregation but 
can still contribute to the heritability of the disease (27). Two SVs in the 
CSAG1 gene (p.Tyr28X) and KRT37 (p. Gln235X) were present in all six 
affected individuals. Regions with these variants were not identified in 
the linkage analysis because the CSAG1 gene lies on the X chromosome, 
which was not submitted for linkage analysis, as it is so difficult to 
analyze. A variant in the KRT37 gene was also present in the unaffected 
spouse that contributed to the ‘affected linkage analysis. The presence 
of this variant in unaffected spouses could indicate a higher MAF than 
that found in the 1000 Genomes data set, thus case–control genotyping is 
required for future follow-up studies. Neither gene has an immunerelated
function: the CSAG1 gene is reported as a cancer/testis antigen highly 
expressed in cancer tissues (28), whereas the KRT37 gene belongs to the
type I keratin gene family and is involved in the hair follicle and expressed 
in epithelial cells (29).

A nonsense variant in the MADD gene (p.Arg766X) was present in 5 of 
the 6 affected family members and a nonsense variant in the GBGT1 gene 
(p.Tyr121X) was found in 4 of 6. Thus, neither of these variants segregates 
fully with the disease, but interestingly, both the variants were present in 
the ImmunoChip, which was recently used for CeD case–control studies 
in 2,312 individuals of Dutch origin. There was no significant association
found as the values associated with these variants were p = 0.80 (MAF 
= 0.059) for MADD and p = 0.78 (MAF = 0.079) for GBGT1 in the Dutch 
cohort. The MADD gene was also found to be associated to type 2 diabetes 
(30) and it interacts with tumor necrosis factor receptor 1 (TNFR1) to 
activatemitogen-activated protein kinases (MAPK) and propagate 
apoptotic signals (31). The GBGT1 gene is a member of the ABO family 
that may be involved in tropism and the binding of pathogenic organisms 
(32).

As the coverage of some regions in our sequencing data could be unequal, 
we also investigated the nonsense variants in both samples separately. 
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Twenty SVs that were present in only one of the sequenced individuals 
were investigated further: 18 of 20 genotypes identified in the exome data
agreed with the genotypes found in the independent validation step 
(Table S6). The variant in the ZNF81 gene was from a different genotype
than in the exome data for individual CD0304-006. The coverage in this 
region was very low (“2 on average) and this could explain the false-positive 
calling. We were not able to validate an SV in the TPTE gene with Sanger 
sequencing because of the presence of several deletions surrounding the 
candidate variant. As none of the remaining true SVs were present in both 
patients, we did not study them for segregation in the family. In summary, 
we identified seven nonsense SVs that were shared by the two exome-
sequenced patients, but none were located in the linkage regions. There 
were a number of weaknesses in our study. First, we assumed that both the 
affected and sequenced individuals shared the same causal variant, but 
given the observation of multiple linkage regions in families segregating 
for complex diseases, this assumption might not be valid. Second, we 
assumed that the causal variants segregating in a multigeneration family 
would be nonsense variants, but this might be too stringent and other 
types of variants possibly influencing protein expression could be followed 
up in future studies. Risch (33) proposed that while looking for variants 
causing complex diseases, we should focus on non-synonymous, coding, 
and 3$ and 5$ UTRs variants. If we had concentrated on these categories, 
we would have had 846 variants (844 exome wide and two from linkage 
regions) to study further. The two variants identified in the linkage regions 
mapped to the untranslated regions of two genes: tolloid-like 1 (TLL1) and 
solute carrier family 16, member 12 (SLC16A12). The variant in SLC16A12 
might be a private variant as it has not been reported in any of the public 
databases. We investigated the co-segregation of these variants in the 
family. Minor alleles of the variant in the TLL1 gene were present in 5 of 
the 6 affected family members and in 6 of the 6 affected family members 
in the SLC16A12 gene (Fig. S3). Using the Patrocles algorithm (34), we 
could verify the consequences of the change on micro RNA (miRNA)-
binding sites. We observed that variants introduce new miRNA-binding 
sites, which may have functional consequences. However, more extensive 
case–control and functional studies are needed to prove their potential 
involvement in the pathogenesis of celiac disease.
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From the 844 SVs identified, 27 mapped to the 10 regions of suggestive 
linkage (NPL and/or LOD > 1 and <2). Interestingly, the region on 
chromosome 8q24.13-8q24.21 was also identified as suggestive in 
parametrical analysis. As recently proposed in a review by Cirulli and 
Goldstein (6), the investigation of suggestive linkage regions combined 
with the prioritization of candidate genes is also a way to narrow down 
the causative variant. We could therefore use this knowledge for future
studies in this family.

It seems that an attractive approach might also be to follow up the 
missense variants with a MAF < 5% (26), however, we would still be left 
with a large dataset of 502 missense SVs. We have found 92 exonic, novel 
indels present in both individuals exome wide. None of these mapped 
to the linkage regions with NPL > 2, and nine were found to be present 
in suggestive linkage regions: seven in the 3$ UTR regions and two in 
protein-coding regions, but not disturbing the protein frame. Because none 
of these indels were very strong candidates and changes in the UTRs are 
difficult to interpret, we did not follow up any of these indels. From recent 
case–control studies, we know that there is an excess of rare missense 
and nonsense variants in GWAS regions for complex diseases (35) Rivas 
et al. (manuscript submitted, 2011). However, none of the seven nonsense
variants that we identified mapped to loci previously associated with 
CeD. Of the 846 SVs, only one mapped to a CeD locus: a missense 
variant (p.Lys1385Asn) in the leucine rich repeat containing 37, member 
A2 (LRRC37A2) gene. Apparently, the function of this gene is not well 
established. Finally, is possible that the approach we have taken is not 
appropriate for complex diseases. It might well be that sequencing two 
individuals is not enough or that the category of variants to focus on 
should be much broader. A review by Bodmer and Bonilla in 2008 (36) 
stated that familial-based studies in complex diseases will not have a 
significant role in finding either rare or common variants because of their 
low penetrance. If that turns out to be the case, we should focus on those 
genes or loci that have already been identified by GWAS and perform 
gene-burden association studies for rare variants in very large case–
control studies (35).
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In conclusion, although we found three linkage regions that segregate 
with celiac disease in this family, the approach we chose might not have 
been suitable for finding the causative variant in this family. We could 
have missed the causal variant(s) simply because our enrichment covered 
only 30 Mb of the known and expressed part of the genome. Current 
exome-capturing kits cover around 50 Mb. It is also possible that true 
causal variants might be found in the non-coding regions, as suggested 
by the large number of observed expression quantitative trait loci for CeD 
(3), in which case whole-genome sequencing rather than a whole-exome 
approach would be more appropriate. Finally, the CeD in this family might 
be much more complex than we imagined, and the occurrence of many 
patients with CeD, in general, could be more due to chance than to true 
co-segregation of ‘serious’ causal variants.
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Finding and understanding the missing heritability of immune-mediated 
diseases

Immune-mediated diseases, such as Celiac disease, are complex 
disorders in which environmental and genetic risk factors result in a pro-
inflammatory response to otherwise harmless food and body constituents. 
In Celiac disease the main environmental factors are gluten proteins, 
present in grain products.

Using genetic studies performed in the last decade, more than three 
hundred genomic regions have been identified. Most of these regions 
contain multiple genes, making it challenging to pinpoint the causal, 
harmful genes.

In this thesis it was aimed to identify novel regions and genes contributing 
to Celiac disease and to prioritize the causal genes in these and the 
already known regions.

To achieve this genetic data from thousands of healthy individuals and 
patients, as well as gene expression data from blood and tissue samples 
was combined. By doing so novel regions involved in disease were identified 
and novel genes and pathways were prioritized. It was discovered that 
more than one gene in a disease related region can contribute to disease. 
Moreover, we identified that a recently discovered, novel class of genes 
is involved in disease pathology (the so-called long non-coding RNAs). 
Lastly, by analyzing Neanderthal DNA, it was discovered that mating 
between our ancestors and Neanderthals introduced disease causing 
factors in the DNA of the modern human.

These studies underline the importance of freely available DNA repositories 
for research. In these studies these were used to better understand the 
processes that lead to immune-mediated disease in humans.
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De ontbrekende erfelijkheid van immuun-gemedieerde ziektes

Coeliakie is een complexe immuun-gemedieerde ziekte die wordt 
veroorzaakt door een samenspel van een reactie op gluten eiwitten 
uit graanproducten en genetische risicofactoren van een patiënt. 
Genetische studies hebben meer dan 300 gebieden op het menselijke 
DNA geïdentificeerd die invloed kunnen hebben op immuun-gemedieerde 
aandoeningen. Het merendeel van deze gebieden bevat verschillende 
functionele onderdelen (‘genen’ die voor eiwitten coderen), waardoor het 
lastig is de ziekteverwekkende genen te identificeren.

Dit proefschrift focust op de identificatie van nieuwe gebieden op het 
DNA en op identificatie van causale genen die ziektes zoals Coeliakie 
veroorzaken. Hiervoor werd genetische informatie van duizenden gezonde 
individuen en patiënten gebruikt.

Met deze aanpak is het gelukt om nieuwe gebieden te identificeren en 
om genen en moleculaire mechanismen te prioritiseren die waarschijnlijk 
causaal aan ziekteprocessen bijdragen. Er is duidelijk geworden dat 
er meerdere genen per regio kunnen bijdragen. Er zijn zelfs genen 
geprioritiseerd die behoren tot een recent ontdekte, nieuwe klasse van 
genen (de zogenaamde long non-coding RNAs). Daarnaast is door gebruik 
te maken van het DNA van Neanderthalers ontdekt dat voortplanting 
tussen onze voorouders met Neanderthalers heeft bijgedragen aan het 
introduceren van genetische veranderingen in het DNA van de moderne 
mens die het risico op het krijgen van immuun-gemedieerde ziekten 
verhoogt.

De resultaten van dit onderzoek onderstrepen het belang van de vrijelijke 
beschikbaarheid van grote datasets voor het analyseren van populaties 
met verschillende genetische achtergrond. Dit is toegepast op het 
verkrijgen van meer inzicht in immuun-gemedieerde ziektes.
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Hacia  la  búsqueda  y  comprensión  de  la  heredabilidad  perdida  de 
enfermedades mediadas por el sistema inmunitario.

Las enfermedades mediadas por el sistema inmunitario, como la 
enfermedad celíaca, son trastornos complejos en los que los factores de 
riesgo ambientales y genéticos producen una respuesta proinflamatoria 
a los alimentos y componentes del cuerpo que de otra manera serían 
inofensivos. En la enfermedad celíaca los principales factores ambientales 
son las proteínas del gluten, presentes en los productos de granos.

Estudios genéticos realizados en la última década han identificado más 
de 300 regiones genómicas asociadas a estas enfermedades. La mayoría 
de estas regiones contienen múltiples genes, lo que hace que sea difícil 
identificar los genes causales dañinos. 

El objetivo de esta tesis fue identificar nuevas regiones y genes que 
contribuyen a la enfermedad celiaca y priorizar los genes causales en 
estas y en las regiones ya conocidas.

Para lograr esto combinamos datos genéticos de miles de individuos 
sanos y pacientes con  datos de expresión génica de muestras de sangre 
y tejidos. De esta manera se identificaron nuevas regiones involucradas 
en la enfermedad, se priorizaron genes y se descubrieron nuevos 
mecanismos involucrados en la enfermedad. Se descubrió que en una 
región relacionada con una enfermedad más de un gen puede contribuir 
al desarrollo de la misma. Además, identificamos que una nueva clase 
de genes recientemente descubierta está involucrada en la patología de 
la enfermedad (los llamados ARN largos no-codificantes). Por último, al 
analizar el ADN del neandertal, se descubrió que el apareamiento entre 
nuestros ancestros y los neandertales introdujo factores causantes de 
enfermedades en el ADN del humano moderno.

Estos estudios subrayan la importancia de que los repositorios de 
ADN estén disponibles libremente para la investigación. En esta tesis 
se utilizaron los datos de estos repositorios para comprender mejor 
los procesos que conducen a la enfermedad mediada por el sistema 
inmunitario en los seres humanos.
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