
 

 

 University of Groningen

Towards finding and  understanding the missing  heritability of  immune-mediated diseases
Ricaño Ponce, Isis

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

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

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ricaño Ponce, I. (2019). Towards finding and understanding the missing heritability of immune-mediated
diseases. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

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

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

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

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

Download date: 25-05-2023

https://research.rug.nl/en/publications/272f9d9e-d1c7-4808-b6be-400bb2a2b23b


C H A P T E R   6

Celiac disease: insights from 
sequencing



162

Chapter 6

Celiac disease: insights from sequencing
In the last decade, hundreds of genes have been associated to immune-
mediated diseases (IMDs) through genome-wide association studies 
(GWAS). However, the significantly associated variants thus discovered 
confer only a small risk to the disease susceptibility and do not explain a 
high percentage of the disease heritability, an observation that challenges 
the “common disease-common variant” hypothesis. Since then, the 
genetic contribution to IMDs has been attributed instead to one of three 
scenarios1: 

The infinitesimal model, in which heritability comes from a large number 
of common variants with small effects;
The broad-sense heritability model, in which heritability is due to some 
combination of genotypic, environmental and epigenetic interactions;
or The rare allele model, in which heritability comes from a large number of 
rare variants that are expected to be gain-of-function or haploinsufficient 
alleles with a relatively strong effect. 

GWAS are, however, limited in their ability to test these three models. 
In order to detect a large number of common variants with small effect, 
hundreds of thousands of densely genotyped samples are needed that 
span the genome. Moreover, it is not possible to take environmental and 
epigenetics factors into account with a GWAS. Finally, the genotyping 
chips used for GWAS primarily test common variants for technical 
reasons (minor allele frequency (MAF) >5%) thereby not interrogating the 
effect of rare variants. Detecting associations with rare variants is the first 
step towards a better understanding of the extent of their contribution 
to the genetic architecture of complex diseases2. To be able to identify 
rare variants we need very large sample sizes and/or next-generation 
sequencing (NGS) technology that allows us to capture most of the 
variation in the genome.

NGS allows us to simultaneously sequence the whole exome or the 
whole genome of an individual. This impressive amount of data provides 
sufficient ‘coverage’ to identify most variants present in a given genome, 
and the increase in sequencing capacity is allowing more laboratories to 
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sequence whole genomes3. However, relatively few case-control studies 
have succeeded in identifying rare variants associated to complex diseases, 
and the variants identified did not have the strong an effect as expected. 
A recent study for IBD used WGS from a discovery cohort of 7932 cases 
and controls followed by imputation of a larger cohort identified a rare 
(MAF=0.6%) missense variant at ADCY7 that moderately increases the 
risk of ulcerative colitis (OR=2.19). Similar approach was used in a study 
of type 2 diabetes, which included even bigger cohorts, but only found 
association to four loci, comprising 126 rare variants, suggesting that rare 
variants are not playing an important role for type 2 diabetes. 

The limited number of large-scale sequencing studies for common diseases 
might be due to the large number of case-control samples needed to be 
able to identify these rare variants, given the still approx. 10 times higher 
cost of NGS compared to chip-based genotyping. The cost, however, are 
decreasing rapidly and we may expect to see more positive results in the 
next few years. 

An alternative to a case-control design might come from family-based 
sequencing studies. Some complex diseases, such as celiac disease (CeD), 
present a seemingly autosomal dominant inheritance in multigenerational 
families. In fact, perusal of the Online Mendelian Inheritance in Man 
(OMIM) database provides examples of near-Mendelian cases for many 
common disorders1. Based on this near-Mendelian inheritance, Cirulli and 
Goldstein proposed family-based sequencing studies as an economical 
way to identify rare variants involved in complex disease heritability3.

The case of celiac disease… 
To date, 40 loci have been associated to CeD, including the HLA region. 
Together these variants explain at most 50% of the disease heritability, 
even though family-based studies suggest that disease heritability is 
nearly 90%. This ~40% difference between the heritability explained by 
known variants and that explained by family studies is referred to as the 
“missing” heritability4. In this project, we hypothesized that part of this 
missing heritability might be due to rare variants with MAF <5%, and set 
about to test this hypothesis.
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First stage

To test this hypothesis in a cost-effective manner, in the first stage of the 
project we followed the Cirulli and Goldstein study design and performed 
whole exome sequencing (WES) in 46 individuals from 23 unrelated 
multigenerational-families segregating CeD (Table 1). For this purpose, 
we selected two members of each family that were the most distantly 
related and had CeD, to reduce the number of overlapping variants due to 
the meiotic distance. Twelve of the families were of Caucasian origin and 
the other eleven where Saharawi, a population of Arab-Berber origin in 
which the CeD prevalence is 6 times higher than in Caucasians. 

As most of the pedigrees exhibited a dominant-like inheritance, we aimed 
to identify heterozygous low frequency mutations (MAF>5%) shared by 
both probands, as we hypothesized that the causative variant will be 
present in all the affected individuals within a single family. However, even 
distant relatives will share too many variants to allow easy identification 
of the causal variants, so the list of variants needed to be further filtered 
based on their chromosomal location (i.e. presence in candidate loci), 
population frequency and function, and then prioritized using in silico 
prediction tools. 

In most of our analysis, we selected variants that were heterozygously 
shared by the two affected members of the family and had low MAF in 
the 1000 Genome project, the Genome of the Netherlands and the Exome 
Aggregation Consortium browser. This was a crucial step for our analysis 
because most of the rare variants were population-specific. One of the 
biggest limitations in our analysis of the Saharawi families was that we 
did not have a population-specific reference panel, as this population has 
not been sequenced yet. 

We then performed functional annotation of the variants using SNPeff and 
ANNOVAR, selecting only those variants that directly affect the protein 
(i.e. missense, non-sense and splice site variants). Next we predicted 
damaging consequences of the change in coding and regulatory regions 
using SIFT, PolyPhen and CADD. This left us with a list of approximately 
100-120 variants per family. To further reduce this list, we focused on
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Table 1. Summary of families segregating celiac disease included in the 
project. 

Stage ID family Ancestry
Family 

members 
with DNA

Affected family 
members with DNA

Exome 
sequencing

Whole-
genome 

sequencing

1 CD0463 Dutch 17 4 2  

CD0421 Dutch 10 3 2  

CD0377 Dutch 16 3 2  

CD0376 Dutch 4 2 2  

CD0360 Dutch 7 4 2  

CD0326 Dutch 7 2 2  

CD0322 Dutch 10 4 2  

CD0316 Dutch 6 3 2  

CD0398 Faroe Islands 5 3 2  

CD5258 Saharawi 3 1 2  

CD5257 Saharawi 8 4 2  

CD5249 Saharawi 3 1 2  

CD5176 Saharawi 6 2 2  

CD5166 Saharawi 5 2 2  

CD5096 Saharawi 4 1 2  

CD5084 Saharawi 7 3 2  

CD5066 Saharawi 4 1 2  

CD5065 Saharawi 6 3 2  

CD5063 Saharawi 9 2 2  

CD5059 Saharawi 6 4 2  

CD2018 Spanish 7 3 2  

1/2 CD0605 Dutch 38 15 2,8  

CD0304 Dutch 46 7 2,6  

3 CP0107 Catalan 32 9   23

CP0504 Catalan 11 4   9

CD4044 Dutch 12 7   9

CeD + IMDs Dutch 10 6   9
CeD+IgA 

def Dutch 2 2   2

CeD: Celiac disease, IMDs: Immune-mediated diseases, IgA def: Immunoglobulin A deficiency 

candidate loci to prioritize our variants. Candidate variants, chosen based 
on the predictions, were investigated further for co-segregation with the 
disease in the family as a whole.



166

Chapter 6

Choosing candidate loci 
Exome sequencing allowed us to selectively sequence the coding regions 
of the human genome, identifying approximately 20,000 sequencing 
variants covering 180,000 exons, or 30Mb of the expressed regions. To 
prioritize variants, there were some special regions that we took into 
consideration:

Case-control regions. It has been shown that there is an excess of rare 
missense and nonsense variants in GWAS regions for complex diseases5,6, 
so we restricted our analysis to these. In CeD, for example, part of our 
analysis was restricted to the 40 loci identified by case-control GWAS 
studies7,8 and Immunochip association studies9.

Family-based regions. Another strategy we used was to combine exome 
sequencing with linkage analysis or homozygosity mapping, depending 
on the family studied. If the family was multigenerational and we had 
enough samples, linkage analysis was applied. Members of the family 
were genotyped using another platform, such as Cytochip or Immunochip, 
and linkage analysis was performed, which allowed us to narrow down 
our candidate regions. It is recommended that both parametrical and non-
parametrical analysis be performed to avoid missing linkage regions due 
to the use of a wrong model of inheritance, and we show two examples of 
this kind of analysis, one in the second part of this chapter and the other 
in Appendix I 10. 

Homozygosity mapping analysis was only performed when the studied 
family was consanguineous, restricting our search to these regions and 
looking only for homozygous variants. 

1. Entire exome. An entire exome screen analysis could be the best option 
to avoid missing causal variants, but it has the disadvantage that the 
number of variants is usually too large to follow-up on all of them. For 
extreme phenotypes a useful step to decrease the number of variants is 
to exclude variants that are present in healthy controls. However, using 
this approach might exclude variants that do not have full penetrance. 
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Second stage

One limitation of our initial study was the low coverage of our WES, 
which introduced many false positives. This became apparent when we 
validated the variants using Sanger sequencing and realized that the 
variants were likely to be artifacts. Another limitation was that we ended 
up with a large list of candidate variants. To overcome this, we started 
a collaboration with the University of Washington Center for Mendelian 
Genomics in which we selected two four-generation families segregating 
CeD (Second part of this chapter and the family for Appendix 1 10). We 
performed linkage analysis and high coverage WES on 8 members of 
family CD0605 and 6 members of family CD0304 (Table 1). This led to the 
identification of two potential causal variants in family CD0605 (Second 
part of this chapter) and two potential causal variants in family CD0304 
within the LACE1 (Lactation Elevated Protein 1) and REV3L (REV3 Like, 
DNA Directed Polymerase Zeta Catalytic Subunit) genes (Data not 
shown). 

Third stage

In the previous stages of the project, we had focused on WES and coding 
variants. However, most of the common variants associated to CeD to date, 
and to other common diseases in general, have been found in regulatory 
regions that will be missed by WES. For this reason we decided to pursue 
Whole Genome Sequencing (WGS) that covers the fast majority of the 
human genome. In the third stage of the project we performed WGS in 52 
individuals who are members of five CeD families. Three of the families 
segregate only CeD, and we sequenced 23 members of the biggest family 
(CP0107), which consists of 32 family members , 9 of whom have CeD; 9 
members of the CP0504 family, four of whom have CeD; and 9 individuals 
of the CD4044 family, which consists of 12 members of whom 7 have CeD. 
The first two families are of Catalan origin and the third is Dutch. In the 
other two families, multiple IMDs segregate within the family. However, 
previous GWAS results have shown that there is a large overlap in the 
genetic associations of IMDs. Thus we hypothesized that we could find 
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some shared loci. Six individuals among the 9 members of the first family 
(CeD + IMDs) that we sequenced were affected with rheumatoid arthritis, 
psoriasis, thyroid disease, Crohn’s disease and CeD. We sequenced two 
members of the second family (CeD + IgA deficiency), which comprises 
32 members of whom 5 have CeD, however we only had DNA for two 
members, one of them affected by Immunoglobulin A deficiency and chronic 
diarrhea and the other by common variable immunodeficiency (CVID), 
iron deficiency, vitamin D deficiency and chronic diarrhea. Interestingly, 
the latter family had mutations in the same potential candidate genes as 
we found in family 605 (Second part of this chapter). 

The annotation of WGS data was a big limitation for us at the beginning 
of this study because there were not many tools and resources to properly 
annotate non-coding variants. However the annotation of the non-coding 
genome has improved in recent years, and this data will be re-analyzed 
soon. 

Results from other groups

Apart of our article presented in the Appendix 1 10, three other studies 
have been published analyzing sequencing data from families segregating 
CeD. 

In the first, Mistry et al.11 performed WES of 75 CeD individuals of European 
ancestry from 55 multiple-affected families. After filtering based on a 
MAF<5%, model-free linkage analysis regions and burden test, they 
performed highly multiplexed amplicon re-sequencing of all RefSeq exons 
from 24 candidate genes selected on the basis of the exome sequencing 
data in 2,248 unrelated coeliac cases and 2,230 controls. However, they 
were not able to identify any new causal mutations for CeD. 

In the second study, Balasopoulou et al. performed high coverage WGS 
in a Greek trio in which the mother and child were affected with CeD. 
They looked for variants co-segregating in a dominant-like model and 
identified 227 potentially interesting variants, after filtering on MAF<3% 
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based on the 1000G project, the Complete Genomics Genome and NHLBI 
ESP exomes and on variants that were not deleterious. After excluding 
all the variants not present in genes known or predicted to affect genes 
associated to CeD, they ended up with seven variants in six genes that 
were followed up in a case-control association analysis of pediatric CeD 
patients of Greek (n = 109) [17] and Serbian (n = 73) descent and healthy 
controls (n = 111 and n = 32, respectively). They found that the NCK2 
c.745_746delAAinsG variant was more abundant in healthy controls in 
the Greek population (p=0.03), while the HoxD12 c.418G>A variant was 
more abundant in pediatric cases of Serbian origin (p=0.01). However, 
further studies need to be performed to confirm these findings, for 
several reasons. Firstly, the study was underpowered to find statistically 
significant associations. Secondly, they did not report the MAF of the 
identified mutations in the Greek or Serbian population. Finally, they were 
not able to replicate their findings in the two cohorts analyzed.  

In the third study, Yousuf Al-Aama et al.12 analyzed WES data from five 
individuals from a consanguineous family of Saudi-Arabian origin. These 
individuals are two CeD cases and one healthy sibling, as well as both 
parents. For the analysis, they focused on very rare variants (MAF<0.005% 
in the ExAC browser) that alter the protein and follow an autosomal 
recessive or compound heterozygote inheritance model. They found eight 
variants that fit the autosomal recessive model. However, after validation 
by Sanger sequencing, only one 3bp insertion (ATT) within the Adenylate 
Kinase 5 (AK5) gene showed perfect co-segregation with the disease. 
Interestingly, the homozygous AK5 c.1683_1684insATT mutation was 
shown to modify the risk of the healthy Saudi population against CeD 
development (p<0.002). Allelic distribution analysis also demonstrated 
differences in the ATT insertion between their CeD cases and healthy 
controls (p<0.0004)12. Although the authors initially thought this insertion 
might be causal for familial CeD, they observed that it is present in the 
general population with a high frequency (MAF=0.63), highlighting again 
the importance of population-specific reference panels. The authors thus 
proposed the insertion to be a possible risk modifier against development 
of CeD. 
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None of the above-mentioned studies performed functional studies to 
corroborate the causality of the variants they identified. Thus further 
functional studies are needed to better understand their contribution to 
CeD pathogenesis and these findings need to replicated in other families. 
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SPAG8  and  UNC13B:  candidate  genes  in  a  family 
segregating celiac disease

To identify new celiac disease (CeD) loci that would explain more of the 
genetic risk for CeD, we performed linkage analysis in a four-generation 
Dutch family. In this family CeD disease is transmitted from both the 
grandfather and grandmother and affects as many as 76% of the 
offspring in the second generation1. Previously, microsatellite markers 
evenly spread over all chromosomes were genotyped and we identified 
several candidate regions by applying parametrical and non-parametrical 
statistics: one on chromosome 9 with LOD>2, one on 6q25.3 with NPL 
(non-parametric LOD score) of 4.58, and five suggestive ones with LOD>1. 
Thus far, no causal gene has been identified in any of these candidate 
regions.

It has been speculated that rare, low frequency variants with large effect 
could contribute to the genetic architecture of complex diseases and 
explain part of missing heritability2. Following this idea, Wapenaar et 
al.3 applied a candidate approach to prioritize a potential causal gene 
in the 9p region. The SPINK4 gene was prioritized based on function 
and potential involvement in CeD pathogenesis, but direct sequencing 
of SPINK4 revealed no causal mutations in the family3. For a long time 
there was no high-throughput method to investigate all candidate genes 
from large linkage regions. Recently, whole exome sequencing (WES) has 
been described as a rapid, high-throughput tool for mutation screening4, 
and it has been successfully used to identify rare causal mutations for 
both Mendelian5 and complex diseases67. We therefore hypothesized that 
causal variants should be present in the linkage regions and directly affect 
protein expression or function.  

To assess this, we first genotyped HumanCoreExome SNP arrays for 39 
members of family CD0605, then extracted 4,545 SNP markers across 
the autosomes using PLINK v1.07 to perform linkage analysis in order to 
refine the linkage regions. Allele frequencies were extracted from the 1000 
Genomes EUR sample, and Haldane sex-averaged cM positions were 
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extracted from the GRCh37.3 Rutgers Map v.3. Pedigree relationships of 
the family members were confirmed using kinship estimates based on two 
approaches: a maximum likelihood method and a method-of-moments 
approach that is robust to population stratification.

We performed parametric linkage analysis using the pedigree and updated 
phenotype information. We used the lm_linkage program in MORGAN 
v3.2 to analyze two parametric models: the RARE model and the SOFT. 
The RARE model had the following parameters: Pr(affected|homozygous 
reference) = 0.005, Pr(affected|at least 1 copy of the alternate allele) = 
0.8, alternate allele frequency (AAF) = 0.001. The SOFT model allowed for 
more genetic heterogeneity by allowing a higher phenocopy rate (0.05) 
and a higher penetrance (0.9) and alternate allele frequency (0.05). When 
compared to the linkage analyses of Van Belzen et al, our analyses of 
CD0605 included fewer observed founders and more unaffected siblings.
The RARE model identified two linkage signals with maximum LOD 
around 2 (Table 1), and these coincided with the results of the previous 
paper (Van Belzen et al, 2004). The two signals on chromosome 6 and 9 
remained when applying the SOFT model, albeit weaker. Two additional 
regions were identified by the SOFT model with a LOD>1 (Table 1). 

Table 1. Summary of results from the linkage analysis
Linkage 
model

Genomic Region chr start end
Distance 

(cM)
Max 
LOD

RARE 6p22.3-6p21.32 6 23774487 32783896 49-55 2.08

RARE 9p21.1-9p13.2 9 31873011 37020622 57-61 1.81

SOFT 6p22.3-6p21.32 6 23774487 32783896 49-55 1.25

SOFT 9p21.1-9p13.2 9 31873011 37020622 57-61 1.22

SOFT 15q21.3-15q23 15 57353034 68640452 53-70 1.04

SOFT 18p11.21-18q12.1 18 11259601 29311034 41-59 1.15

We did not observe strong linkage signals in the rare dominant model, 
indicating that the pedigree and phenotype data does not match this 
model. Thus, we decided to follow up on the regions on chromosome 6 
and 9 revealed by the SOFT model (Figure 1). 
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Figure 1. Results from multipoint linkage analysis reveal linkage regions on chromosomes 6 and 9. LOD scores are 
plotted across the chromosome (x-axis).

Exome sequencing was performed on 8 members of the family by the 
University of Washington Center for Mendelian Genomics (UW-CMG). We 
used vcftools v0.1.12b to extract polymorphic variants within the linkage 
regions that passed the following filters: no FILTER flags, minimum 
depth of 4, maximum depth of 500, and minimum genotype quality 
score of 20. In all, 1,175 variants fulfilled these criteria. We annotated 
these variants with alternate allele frequencies from several reference 
population samples of CEU origin (outbred ESP6500, ExAC, GoNL and 
1000 Genomes phase 3 populations) and their frequency in a reference 
set of UW-CMG sequences. Variants with an alternate allele frequency 
>0.05 in any of these populations were removed, leaving 147 variants for 
further analysis.

Table 2. Pattern of genotypes of the expected variant given the pedigree

ID Generation Status
Should carry 

alternate 
allele?

Homozygous 
for the reference 

allele?

Homozygous or 
heterozygous for 

the alternate allele?

CD0605-019 3rd Affected Yes No yes

CD0605-041 3rd Affected Yes No yes

CD0605-009 2nd Affected Yes No yes

CD0605-032 3rd Affected Yes No yes

CD0605-055 3rd Affected Yes No yes

CD0605-049 3rd Unaffected No yes No

These 147 variants were annotated using the Variant Effect Predictor tool 
v.75, and loaded into databases with GEMINI v.0.11.0. We then extracted 
variants that met the expected pattern of genotypes for the disease 
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variant given the pedigree structure. For this we expected four affected 
individuals to have the alternate allele present in their genotypes and for 
it to be absent in an affected individual (Table 2). Fourteen variants met 
these criteria. We then excluded variants with low call rates (<0.5), more 
than one alternate allele, or an observed AAF >5%. The nine variants that 
remained are shown in Table 3.

The remaining nine variants were visualized in IGV v2.3.32 to evaluate 
the quality of the alignments/reads. All the variants were of high quality, 
however it is particularly difficult to precisely call genotypes for variants in 
the HLA region because this region is quite polymorphic, which can cause 
problems in aligning the sequencing reads. Visualization of the variants 
indicates that care must be taken when validating the variants within 
the HLA region, as several of these appear to be on a single haplotype. 
This led us to explore whether it is the same one haplotype that has 
been previously identified in this family. After looking at these variants 
in Geno2MP, we found that most were fairly common in other UW-CMG 
samples. However, the missense variant in HLA-DRB1 was not seen in 
the Geno2MP database and the three variants in the chr9 linkage region 
looked high quality. 

Table 3. Low frequency variants in the linkage regions
chr start ref alt rs ids

Con-
served?

gene impact
polyphen 

pred
Cadd 
scal

6 32489747 CGCG C
rs1064594

rs149410716
yes

HLA-
DRB5

inframe 
deletion

None None

6 32546838 G A None no
HLA-
DRB1

3'UTR None 3.21

6 32546848 G A None no
HLA-
DRB1

3'UTR None 4.67

6 32546851 TG T rs372075270 no
HLA-
DRB1

3'UTR None None

6 32548080 G T rs9269746 no
HLA-
DRB1

intron None 2.64

6 32552056 C G rs200676666 yes
HLA-
DRB1

mis-
sense

benign 2.23

9 35398604 G A rs41315995 yes UNC13B
mis-

sense
possibly 

damaging
31

9 35717362 G A None yes TLN1
Synony-

mous
None 9.42

9 35811228 A G rs61758539 no SPAG8
mis-

sense
possibly 

damaging
13.88
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As the variant within TLN1 was a synonymous variant with a low impact 
on protein function according to its prediction score, we focused on the 
two missense-variants within the unc-13 homolog B gene (UNC13B) and 
the Sperm Associated Antigen 8 gene (SPAG8) for follow up analysis. To 
look at the segregation of these variants in all members of the family, we 
performed Sanger sequencing. The results of the segregation are shown 
in figure 2.  

Despite the fact that the missense variant in UNC13B (rs41315995, 
G/A MAF=0.021) changes a valine for a leucine, and both are non-polar 
amino acids, it is predicted to be possibly damaging by polyphen, has a 
high CADD score (of 31) and is highly conserved according to GERP. The 
missense variant within SPAG8 (rs61758539, T/C, MAF=0.008) changes 
an aromatic amino acid (tyrosine) for histidine, a positively charged 
amino acid, suggesting that the effect on the protein could be stronger. 
This variant is predicted to be possibly damaging by polyphen and has a 
CADD score of 13.88, but has a low conservation score. 

Both variants are found in 15 of 16 affected members of the family. It 
has been previously suggested that the one family member who does 
not carry the alternative allele segregates a different haplotype that is 
coming from the grandfather1. The UNC13B variant was also present 
in seven individuals reported as non-affected, including one spouse, 
while the SPAG8 variant was only present in five non-affected family 
members. It is possible that the non-affected individuals who carry these 
mutations might have developed the disease later, but we do not have 
this information. It is also possible is that the penetrance of the variants is 
low and there are other genetic factors playing a role. 

Table 4. Missense variants in SPAG8 and UNC13B from a second family 
segregating CeD. 

rsID CHR Position Gene ExAC GoNL 1000g Function Polyphen CADD 
SCALED

rs41277075 9 35811228 SPAG8 0.037 0.038 0.031 missense Bening 0.001

rs138440338 9 35295780 UNC13B 0.007 0.005 0.005 missense Bening 24.7
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Figure 2. Segregation of missense-variants within the linkage region in chromosome 9. 

We searched for additional families in which CeD segregated with 
low frequency variants in UNC13B and SPAG8, and identified a family 
with one missense-variant in UNC13B and another in SPAG8 (Table 4). 
Although it is a large family, with CeD present in three generations, we 
only had whole-genome sequencing data from two individuals who did 
not have CeD. Proband 1 has common variable immunodeficiency (CVID), 
iron and vitamin D deficiency and chronic diarrhea, while proband 2 has 
IgA deficiency and chronic diarrhea (See Figure 3 for a detailed description 
of the pedigree). 

The variant in SPAG8 (rs41277075, C/T, MAF=0.038) changes a tyrosine 
for a cysteine and the variant in UNC13B (rs138440338, C/T, MAF=0.005) 
changes a tyrosine to isoleucine. Polyphen predicts both variants to be 
benign, however the variant in UNC13B has a high CADD score (of 24.7), 
which suggests that it could be deleterious. Interestingly, the variant in 
SPAG8 is located in the second exon out of seven, next to the variant 
identified in family CD0605 and affecting exactly the same amino acid 
(Figure 4).
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Figure 3. Family segregating CeD, common variable immunodeficiency (CVID) and Ig A deficiency. 

Both SPAG8 and UNC13B are broadly expressed in multiple tissues, 
including bladder, breast, brain, gastric, hematopoietic cells, kidney, liver, 
lung, pancreas, prostate and skin. We did not observe any differential 
expression of SPAG8 and UNC13B in biopsies of CeD compared to healthy 
controls (data not shown).  

Figure 4. Localization of SPAG8 missense-variants. 

Discussion

We found two rare missense mutations in the SPAG8 and UNC13B 
genes that segregate with CeD in a multigenerational Dutch family after 
performing linkage analysis followed by exome-sequencing of eight 
members of the family. Following our linkage analysis, we focused on two 
regions in chromosomes 6p22.3-6p21.32 (LOD=1.25) and 9p21.1-9p13.2 
(LOD=1.22). After follow up filtering, we ended up with 9 candidate 
variants within the linkage regions (Table 1). Six of these were in the 
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highly polymorphic HLA region. Nevertheless, the missense variant in the 
HLA-DBR1 gene has not been seen before and further studies exploring 
the contribution of this variant to CeD should be performed. 

The two rare missense variants in the chromosome 9 region were 
potentially interesting and were located in UNC13B and SPAG8. UNC13B 
encodes for a diacylglycerol receptor that induces apoptosis and might 
contribute to renal cell injury in hyperglycemia8. It is also reported to be 
essential for presynaptic regulators that mediate synaptic vesicle priming 
and to play a role in the regulation of neuronal short-term synaptic 
plasticity9. SNPs located in introns of UNC13B have also been associated to 
Parkinson’s disease in a Ashkenazi Jewish population10 and nephropathy 
in patients with type 1 diabetes11. While there is no clear link between 
UNC13B and CeD, mutations in UNC13B cause familial hemophagocytic 
lymphohistiocytosis (FHL3)12 and a medical case has been reported where 
a patient with FHL3 had a complete clinical and biochemical remission 
of FHL3 after starting a gluten-free diet due to a posterior diagnosis of 
CeD13. UNC13B also plays a role in murine cytotoxic T lymphocytes14, a 
key player in the pathology of CeD, but its role in humans still needs to be 
clarified. 

Little is known about the SPAG8 gene. It is expressed mainly in testis 
and has been implicated in infertility. A locus containing SPAG8 has been 
associated to hemojuvelin levels in human blood plasma, but the candidate 
gene in the locus was TMEM8B15. A pilot study on gene expression analysis 
in gluten-reactive T cells upon stimulation showed a significant difference 
in the expression of SPAG8 (data not shown), suggesting that it might 
play a role in CeD. However, further studies in disease-specific cells need 
to be done to understand its role in CeD.

Although we found another family segregating CeD with similar mutations 
in the SPAG8 and UNC13B genes, this second family has a wide range 
of immunological diseases. Our biggest limitation for the replication of 
the findings in the patients with CeD in this family was the lack of patient 
material. However, our results might suggest a common genetic factor 
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between CeD, IgA deficiency and CVID, but further studies in other families 
need to be performed to corroborate our findings. One of the index patients 
had IgA deficiency, which is commonly found in CeD patients. It has been 
reported previously that the prevalence of IgA in Caucasian patients with 
CeD varies from 1:39-1:18216. It is well known that a genetic risk factor for 
IgA deficiency is the MHC region (particularly the HLA-B8, DR3 and DQ2 
haplotypes), which also plays an important role in CeD genetic risk. 

The CTLA4-ICOS locus associated to CeD has also been shown to 
increase the risk for IgA deficiency and CVID17, which is present in the 
other index patient. CVID is an immune disorder characterized by failure in 
B cell differentiation with defective immunoglobulin production, and CVID 
patients are more prone to infections and immune disorders18. The cause 
of CVID is not well understood, and it is often misdiagnosed. Although 
there is no strong evidence of association between CVID and CeD, it has 
been reported that they might co-segregate in families. Additionally, 
patients with CVID respond well to a gluten-free diet, the only treatment 
available for CeD. CTLA4-ICOS has a crucial role in the altered lymphocyte 
maturation characteristic of CVID. 

There is no previous association reported between CeD and the UNC13B 
or SPAG8 loci from case-control studies. This might be due to the fact that 
the last study with a large case-control cohort of CeD individuals was 
genotyped using the Immunochip19, a custom-made chip that does not 
have genome-wide coverage and does not cover these two loci. Further 
genotyping in a patient cohort needs to be performed to assess the 
prevalence of the common variants from these loci in CeD patients. 

In summary, the use of exome sequencing after linkage analysis allowed us 
to simultaneously explore the entire exome within the linkage regions, and 
the posterior annotation and filtering of the identified variants lead to the 
discovery of two possible causal variants for CeD in a multigenerational 
Dutch family. However, further studies in more families segregating CeD 
and in a case-control cohort, as well as functional studies, should be 
performed to confirm the causality of the variants and their role in the 
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disease pathogenesis. 
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