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Genome-wide linkage analysis of Scandinavian affected
sib-pairs supports presence of susceptibility loci for
celiac disease on chromosomes 5 and 11
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Celiac disease (CD) is a common chronic inflammatory disorder of the small intestine with a multifactorial
aetiology. HLA is a well-known risk factor, but other genetic factors also influence disease susceptibility. To
identify the genes involved in this disorder, we performed a genome-wide scan on 106 well-defined Swedish
and Norwegian families with at least two affected siblings. We investigated familial segregation of 398
microsatellite markers, and utilised non-parametric linkage analysis. The strongest linkage with disease was
found to the HLA locus (6p) (P<0.000006). There were eight regions besides HLA with a point wise P value
below 0.05. Among these eight regions were 11q and 5q, both of which have been suggested in several
linkage studies of independent celiac disease families. We also performed a stratification analysis of families
according to their HLA genotypes. This resulted in significant differences on chromosome 2q. These results
indicate that 11q, 5q and possibly also 2q are true susceptibility regions in CD.
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Introduction

Celiac disease (CD [MIM 212750]) or gluten sensitive
enteropathy is a chronic inflammatory disorder of the small
intestine with multifactorial etiology.! Gluten is a critical
environmental factor, as removal of gluten from the diet
leads to ablation of inflammation and disease remission.
Although gluten is a necessary factor for disease develop-
ment, it is not sufficient. Several lines of evidence suggest
that genetic factors are important. The risk of a sibling to a
CD patient to develop disease is about 20 to 60 times higher
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than that of the normal population (2,=20-60).%* Moreover,
the twin concordance in CD is high. A recent large
population based study in Italy using 59 twin couples, claims
a proband-wise concordance of 85-95% for monozygotic
twins and about 25% for dizygotic twins (Romino et al.,
personal communication).

The HLA-region on chromosome 6 is one of the genetic
factors. More than 90% of CD patients carry both the HLA
DQA1*05 and the DQB1*02 alleles, which code for a variant
of the HLA-DQ2 molecule.* The majority of patients who are
DQ2 negative, carry the DR4-DQ8 haplotype. Although the
evidence is less clear than for DQ2, it is most likely the DQS8
molecule encoded by DQA1*0301/DQB1*0302, which con-
fers the primary predisposition in this subgroup of patients.
Accumulating data suggests that the DQ2 and DQS8
molecules confer susceptibility to the disease by presenting
gluten epitopes to CD4+ T cells in the small intestinal



mucosa.! Non-HLA genes also contribute to the genetic
susceptibility. The combination of DQA1*05 and DQB1*02
occur in 20-30% of the healthy Caucasian population,
which means that less than 1% of carriers develop CD.
Furthermore, the concordance rate of monozygotic twins is
significantly higher than that of HLA-identical dizygotic
twins (30%), (Romino et al., personal communication).®®
Assuming a multiplicative model of disease predisposing
genes, the overall importance of non-HLA genes has been
calculated to be greater than that of the HLA genes.>” Despite
this, knowledge about non-HLA genes that predispose to CD
is scarce.

Four genome-wide scans have been reported on CD. Two
studied affected sib-pairs® (Rioux et al., personal commu-
nication), one used extended families,’ and in another a
combination of extended families/sib-pairs was examined.'®
Additionally, there are a few studies where candidate regions
of the genome-wide scans have been followed up by analysis
of sib-pairs or extended families.!! =13

We have performed a genome-wide scan in a population
where all families have a Scandinavian background. Several
of the regions for which we find the strongest linkage have
been implicated in earlier linkage studies with affected sib
pairs, whereas the results from studies with extended
pedigrees is less consensual. This may indicate that there
exist multiple susceptibility loci in CD. By studying a larger
number of independent families, it may be easier to identify
genetic factors which are shared by the majority of CD
patients. Studies of a few extended pedigrees may, to a larger
extent, uncover rare and almost monogenic variants.

Materials and methods

Subjects

Genetic material from families with at least two affected
children were collected. In Sweden this was done through an
advertisement in the journal of the Swedish Celiac Society,
by inquiries to all Swedish paediatric departments and
through our own patient registries. The Norwegian families
were collected via local registries. There were 12 families with
two affected sib-pairs from Norway and the remaining 92
families were from Sweden. All families in which the affected
siblings did not strictly fulfil the ESPGHAN diagnostic
criteria'® were excluded. The study included one extended
pedigree with three nuclear families and 103 separate
families with a minimum of two affected siblings. Family
structures are presented in Table 1. The median age at
diagnosis of siblings with CD was 2.2 years (6 months-58
years) and 88% were under the age of 16 at diagnosis. The
median age at diagnosis of affected parents was 39 years
(range 19-78 years). Genomic DNA was extracted from
blood using standard procedures.'® This study was approved
by the Ethical Committee of The Medical Faculty of
Goteborg University. Informed consent was received from
all families involved.
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Analysis strategy

A two-step strategy was used for the analysis. First we selected
70 families which we considered to be the most informative:
those with a large number of children and affected
individuals (Group A). The remaining 36 families (Group B)
were added to group A in a second step and were genotyped
over selected regions based on either of three different
criteria. First, chromosomes implicated by the previously
published CD genome-wide screens: chromosomes 5, 11 and
15.81012.24 gacond, novel chromosomes identified from
Group A that showed NPL-values of 2.0 or more and third,
chromosome 2 and 20 because of the location of two
candidate genes, suggested to be involved in CD: cytotoxic
T-lymphocyte associated protein (CTLA4) and tissue trans-
glutaminase (TG2). (Figure 1). Altogether, 137 markers across
nine chromosomes: 2, 5, 6, 9, 11, 14, 17, 20 and X were
analysed for all 106 nuclear families (Group A and B). The
remaining 261 markers on the other chromosomes were
analysed only for the initial 70 families (Group A).

Microsatellite genotyping and linkage analysis
We used the Weber screening set version six from Research
Genetics containing 390 microsatellite markers with an
average distance between markers of 10 cM (ftp://ftp.resgen.-
com/pub/mappairs/humanset). Additional markers were
used in two regions: in the HLA class Il region on chromosome
6 and in the CTLA4/CD28 region on chromosome 2q."*'7 We
amplified the microsatellite marker regions using an ABI 877
PCR robot under standard conditions. PCR products were
separated by electrophoresis on an ABI 377XL sequencer and a
5% denaturing polyacrylamide gel. Genotyping was per-
formed using GENESCAN ANALYSIS 2.1 and GENOTYPER
2.0 software (http://www.appliedbiosystems.com). Geno-
types were checked for errors in the expected pattern of
Mendelian inheritance using the PEDCHECK program.'®

A non-parametric linkage (NPL) analysis was performed.
The linkage analysis was done with the statistic NPL,),, in
multipoint mode using the software GENEHUNTER version
2.0 for autosomals and version 1.3 for the X chromosome. '’

NPL,; is based on the allele sharing among all affected
family members simultaneously.

HLA typing and stratification by HLA-DQ genotypes
The HLA-DQA1 and DQB1 genotyping was done by PCR and
sequence specific oligo nucleotide probing (PCR-SSOP) as
previously described.?® All samples that could not be
unambiguously determined were additionally typed using a
PCR-sequence specific primer (PCR-SSP) kit (Dynal, Norway).
Two HLA-DQ genotypes confer substantially higher risk to
CD than the other HLA-DQ risk genotypes and genotypes
lacking the risk alleles completely.?! Carrying DQA1*05-
DQB1*02 on one chromosome, and either the same
haplotype (i.e. homozygous) or DQA1*02-DQB1*02 on the
second chromosome, bestows additional risk. It is conceiv-
able that individuals without these genotypes may require
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risk factors outside HLA with a stronger effect, to accumulate
sufficient risk to develop CD. The families were therefore
divided into a group of 36 families where at least two siblings
carried the high risk genotypes (high risk group), and another
group of 70 families where at least one of the siblings carried a
lower risk genotype (low risk group).

Linkage analysis was performed on each group, for the
eight highest peak markers of the genome-wide screen
(2q11-13, 3p24, 5q31-33, 9p21, 11p15, 11q23-25, 17q22
and Xpll; see below) and microsatellite marker D2S1391
which gave the highest linkage score in the region of CTLA4,
a previously identified risk factor.'®?2 Significance testing for
each marker was done by a one-sided two-sample t-test. The
test was performed on each family and its individual NPL-
value. Correction for multiple comparison was done by
multiplying the significance values by a factor of nine (nine

Table 1 Family structures

Number of families Affected parents Affected children

markers tested). We also tested the low and high HLA-risk
groups for association to the CTLA4 A/G polymorphism in
exon 1, codon 17, using the transmission disequilibrium test
(TDT) developed by Spielman and Ewens.

Results
We have estimated the power to detect at least one non-HLA
gene by assuming that the non-HLA component consists of
two genes in a heterogeneity model and assuming the HLA
and non-HLA component to be multiplicative. By varying
the frequencies of the non-HLA genes, the power varied
between 55 and 94%?2 for suggestive linkage.>®

Four new regions on chromosomes 2q, 14q, Xp and 9p
were detected in family Group A, (70 families) which had
NPL scores above 2.0. These regions were subsequently
genotyped in all families (Group A and B). In addition all
families were genotyped for chromosomes 5, 11 and 15
detected in previous genome-wide scans,®!%'%24 the HLA
region on chromosome 6, the region 2q33 containing CTLA-
4 and chromosome 20 containing the gene for tissue
transglutaminase. Mean spacing of the microsatellite markers

76 0 2
6 0 3 was 10 cM except for within the HLA and CTLA4 regions
16 1 2 where several markers were typed over a 2-5 cM region. In
? 13 ; Figure 1, a thick line indicates regions where all families were
genotyped (Group A+B).
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Figure T  Non Parametric Linkage results (NPL) displayed as the negative tenth logarithm of the P value (Y-axis). The X-axis indicates

chromosome distance in cM. A thin line indicates results for 70 families (Group A). A thick line indicates the result from all 106
nuclear families (Group A+B). The grey line across chromosomes indicates a nominal P value of 0.05.
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HLA was the only region reaching Lander and Kruglyaks
proposed level for genome-wide significance (nominal P
value of 2 x 107%).2¢

Chromosomal regions 2q11-13, 3p24, 5q31-33, 9p21,
11p15, 11g23-25, 17922 and Xp11 all had nominal P values
slightly below 0.05 (Table 2), while the peak on 14q dropped
markedly after genotyping for all families (Figure 1).

The candidate regions around CTLA4 and tissue transglu-
taminase did not reach any significance.

The information content from the GENEHUNTER calcula-
tions for all chromosomes are posted on our home page:
http://www.clingen.gu.se/cel/index.htm

As a measure of the familiar contribution of each locus,
/’LSMARKER (Table 2) was calculated as )VSN[ARKER:O.ZS/p().7 The
probability of no allele sharing in a sib pair, po, was estimated
for the markers using GENEHUNTER.

HLA stratification did not lead to a significant difference in
linkage between families with low versus high HLA risk,
except for the CTLA4 locus (2q33) which gave a nominal P
value below 0.001 (corrected P value of 0.009) (Figure 2).
However, the CTLA4 A/G polymorphism which has shown
association to CD in these families'® did not show stronger
association in the group with low risk at HLA. The one-sided
TDT results in the high risk group, 27 transmissions of the G-
allele and 50 transmissions of the A-allele (P=0.006) and in
the low risk group 47 transmissions of the G-allele versus 59
transmissions of the A-allele (P=0.14) showed the high risk
group to be more strongly associated.

Discussion

CD is unique among the multifactorial, chronic inflamma-
tory diseases with complex genetics for at least two reasons.
First, a critical environmental factor triggering the disease
(gluten) has been identified. Second, the HLA association in
CD is unusually clear.! The DQ2 and DQ8 molecules, which
confer the primary susceptibility, present gluten peptide
antigens to CD4+ T cell in the intestinal lesion. There is
evidence that these T cells control the immune response to
gluten. Hence, the activation and effector function of these T
cells will be a critical checkpoint for development of the
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disease. Since a large number of CD patients also suffer from
other chronic inflammatory disorders®* for example type 1
diabetes, it is likely that these diseases have susceptibility
genes in common. Chronic inflammatory diseases are
generally characterized by great complexity. Compared with
other chronic inflammatory diseases, the understanding of
the basic molecular mechanisms of CD is good. It should
therefore be easier to attain a complete understanding of how
genes and environment interact to produce disease for this
disorder. A significant step towards this goal would be the
mapping of predisposing genes.

We chose to perform a genome-wide screen by sib-pair
analysis to map genetic factors in CD. Since genes predispos-
ing to CD most likely are variants common in the general
population, we believe a good approach is to use many
independent families with affected sib-pairs. The sib-pair
method could prove to be more powerful in this situation
than a few large multiply affected pedigrees.?’

In our genome-wide scan 11q was the only region close to
the level of suggestive linkage (P=0.0007) and HLA the only
region reaching significant linkage (P=0.00002).2° This is not
surprising when dealing with complex genetic disorders
where significant linkage as proposed by Lander and
Kruglyak?® is difficult to obtain. When setting the threshold
lower, i.e. P=0.05, one must consider the fact that this P value
will often be a chance result in a genome scan, but this
threshold can be useful when comparing results with other
linkage studies.

Four celiac disease genome-wide scans have been pub-
lished: one Italian in sib-pairs,® one Irish in extended
pedigrees and sib-pairs, ' one with extended pedigrees from
the UK’ and one in Finnish families, mainly with sib-pairs
(Rioux et al., personal communication). Some regions were
indicated in several studies including follow-up studies, as
outlined in Table 3. There appears to be a trend of replication
between the different sib-pair family studies (5q and 11q) and
a trend of replication in extended pedigrees. Chromosomes
5q and 11q have been implicated in almost all independent
sib-pair studies reported so far. Also a few regions have been
replicated in two independent extended pedigree studies
each.!%12 (Table 3)

Table 2 Regions in the genome-wide scan with a point-wise P value below 0.05

Marker at Region with P<0.05

max peak (cm from P-telomere) NPL-value P value As MARKER*
HLA 6p (8-55) 4.40 0.000006 5.0
D11S4464 11923-25 (110-130) 2.42 0.0078 1.75
D2S436 29q11-13 (109-115) 2.03 0.021 1.25
DX6810 Xpl1 (50-57) 1.94 0.026 -
D5S816 5931-33 (151-159) 1.78 0.038 1.61
D9S925 9p21 (23) 1.78 0.038 1.37
GATA31B11 17q22 (107) 1.77 0.038 1.96
D352403 3p24 (30) 1.76 0.040 1.31
D11S1999 11p15 (12.5) 1.75 0.040 1.34

*Calculated according to Risch.”
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Figure 2 Non Parametric Linkage results (NPL) on
chromosome 2 for the HLA stratified groups. The Y-axis shows
the negative tenth logarithm of the P value. The X-axis indicates
chromosome distance in cM. Sibling pairs were both are
homozygous for high risk alleles in HLA (the thin line), and
sibling pairs where one or both siblings are heterozygous for
high risk alleles at HLA (the thick line).

Chromosomes 11q and 5q were the major regions of
interest in the genome-wide scan of Italian sib-pairs.® In the
genome-wide screen of Finnish families, 5q contained one of
the major peaks (Rioux et al., personal communication). The
region 5q also had a point-wise” value below 0.05 in a Finnish
follow up study'! and in the genome-wide scan of Irish
families.'® Thus, five (including ours), of six linkage studies
in CD implicate the 5q region in disease susceptibility.

In addition to the Italian study, chromosome 11q showed a
point-wise P value below 0.05 in a Finnish follow- up study.**
Since 11q gave the highest peak after HLA in our study, there
are now three independent replications of the 11q region.
Our study clearly implicates chromosomal regions 11q and
5q, two regions which hold a strong position as candidate
gene regions for CD.

For studies using an extended family approach, several
regions have now been implicated in two independent
studies: 6p12-q14, 11p11, 19q13 and 15q. Chromosome 6,
11 and 19 were first implicated by Zhong et al.'* in their
genome screen, and more recently in the British genome-wide
screen.’ A follow-up study of extended pedigrees also from the
UK'? replicated (point-wise P value of <0.05) the genome-
wide study findings by Zhong et al.'® in the region of 15q.

The fact that our results coincide better with the linkage
studies that have employed a sib-pair approach and not with
those that employed an extended family approach is
interesting. One could speculate that there is a tendency
towards replication in similar types of families. Results from
sib-pair studies are replicated in other sib-pair studies and
results from extended pedigree material are replicated in
other extended pedigrees (to a lesser degree). This may reflect
the differences in disease causing alleles and genes in
complex genetic diseases. Common genetic variants adding
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to the susceptibility are not likely to be present in all families.
This gives very different results depending on the genetic
makeup of those particular families in the study. A larger
number of independent families are more likely to have the
common variant represented in the majority of cases, while a
few very large pedigrees by chance could have different
genetic backgrounds and susceptibility genes. Multiply
affected pedigrees could also, to a larger extent, have rare
disease alleles with a high penetrance or even almost
monogenic variants (as the MODY genes in diabetes and
BRCA1 and 2 in breast cancer), since these types of genes are
more likely to be over represented in pedigrees with a large
number of affected individuals. This could explain the
weaker trend of replication seen in studies on extended
pedigrees.

So far the only candidate gene reported to be genetically
associated with CD is the cytotoxic T-lymphocyte associated
gene (CTLA4).!51722 We therefore included CTLA4 in our
HLA stratification analysis. There is a good understanding of
the predisposing genes in HLA, and we divided families into a
low risk and a high risk group according to their HLA
genotypes. This division led to a significantly higher linkage
score at the CTLA4 locus in the low risk group, compared to
the high risk group (P=0.001). Disappointingly, when we
applied a similar stratification to an association analysis of
the A/G exon 1 polymorphism in CTLA4, we found a stronger
association in the group of the high risk HLA genotypes. The
effect of HLA on linkage with CTLA4 is hence not mirrored in
the association analysis.

There are about twice as many affected females as there are
males in CD.?” Excess affection of females is often seen in
chronic inflammatory diseases. This gender skewing may be
caused by sex effects on susceptibility loci located on
autosomes, but it may also be due to the location of a
predisposing gene on the X chromosome which makes the
finding on chromosome X particularly interesting. The X
chromosome harbors immunologically important gene
clusters.”® Several human X-linked immune deficiencies
have been identified. Notably, Xp11 is a region where linkage
has been found in type 1 diabetes,?*-*° rheumatoid arthritis®'
and multiple sclerosis.3*33

The region on chromosome 5 linked with CD also
demonstrates linkage to type 1 diabetes (IDDM18). Recently
IL12B was identified as a possible candidate gene for this
effect.>* A single base change in the 3’ untranslated region
showed strong linkage disequilibrium with the type 1
diabetes susceptibility locus, and cell lines with distinct
alleles of the IL12B 3’ untranslated region polymorphism
showed different levels of expression of the pro-inflamma-
tory cytokine, interleukin-12. Interestingly, this polymorph-
ism is not associated with CD in our material®*® and hence
there is probably a polymorphism of another gene nearby,
which is relevant for CD.

In conclusion, this full genome-wide scan of CD in a
Scandinavian population reveals, beside the HLA region,
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Table 3 Comparison of regions reported by linkage studies in celiac disease. Regions with a point-wise P value below 0.05 in
different studies. Mainly, regions 5gq and 11q show reproducibility in the studies of sib-pairs and 11p, 6p, 19q and 15q in

studies of extended pedigrees

Chromosome regions:

Type of families/study: 5q 11q 11p11 6pl12-qil4 19q13 15q
Sib-pair (Greco, 1998)8 X X

sib-pair (Rioux et al. 1998) X

sib-pair (Holopainen 2001)"" X X

Sib-pair* (Naluai et al) X X

Extended and sib-pairs (Zhong, 1996)'° X X X X X
Extended King, 2000)° X X X

Extended (Houlston, 1997)'2 X

*Our study.

eight regions with a nominal P value below 0.05. Several of 9 King AL, Yiannakou JY, Brett PM et al.: A genome-wide family-
the regions are reported in earlier linkage studies of CD. Z;sgediigl(l)kage study of coeliac disease. Ann Hum Genet 2000; 64:
Particularly obvious are the regions on chromosome 5 and 10 Zhong F, McCombs CC, Olson JM et al.: An autosomal screen for
11. This leads us to believe that these regions are true disease genes that predispose to celiac disease in the western counties of
loci for CD common across different populations. Ireland. Nat Genet 1996; 14: 329 -333.
11 Holopainen P, Mustalahti K, Uimari P, Collin P, Maki M,

Partanen J: Candidate gene regions and genetic heterogeneity

in gluten sensitivity. Gut 2001; 48: 696-701.
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