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Replication and extension studies of inflammatory
bowel disease susceptibility regions confirm linkage to
chromosome 6p (/BD3)
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Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the intestine, commonly diagnosed as
either ulcerative colitis (UC) or Crohn’s disease (CD). Epidemiological studies have consistently shown that
both genetic and environmental factors influence the pathogenesis of IBD. A humber of genome scans have
been conducted in cohorts of IBD families with affected sibling pairs (ASPs) to identify chromosomal regions
that harbour IBD susceptibility genes. Several putative linked loci have been identified, including two loci on
chromosomes 16 and 12, IBD1 and IBD2, which have subsequently been replicated by independent region-
specific studies. We have conducted both a replication study on another linkage region, chromosome 6p
(/1BD3), and extension studies on two other regions, chromosomes 3p and 7q. Microsatellite markers across
each region were genotyped in 284 IBD ASPs from 234 families. A nonparametric peak multipoint LOD score
of 3.0 was observed near D65291, replicating the previous linkage to chromosome 6p (/BD3). Nominal
evidence of linkage was observed at both the 3p and 7q regions. European Journal of Human Genetics (2001) 9,

627-633.
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Introduction
Crohn’s disease (CD) and ulcerative colitis (UC), the two
most common forms of inflammatory bowel disease (IBD),
are idiopathic inflammatory diseases of the intestine. CD
can affect any part of the gastrointestinal tract and is
typically characterised by a segmental distribution of
transmural inflammation, deep ulceration, strictures, and
fistulae. In contrast, UC normally onsets in the rectum
(proctitis) and is limited to the colon, exhibiting a
continuous pattern of inflammation and ulceration of
only the colonic mucosa.'?

Considering UC and CD together, IBD is a common disease
with a prevalence in European and North American
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Caucasians of 126-215 per 100 000.376 Aetiology is un-
known but is predicted to involve complex interactions
between genetic susceptibility and environmental factors.
Studies have shown a first-degree relative risk for IBD of 6-15
and six times higher rates of concordance between mono-
zygotic twins vs dizygotic twins.*>>”~° In most families the
increase in risk is for the same type of IBD but studies have
shown that there is also an increase for the discordant
phenotype. This overlap between CD and UC has been
observed at diagnosis, where up to 10% of cases are labelled as
indeterminate colitis. In these cases, review of clinical,
endoscopic, and histological data is unable to establish with
certainty the disease type.® Overall, genetic epidemiological
studies suggest that each disease results from its own
susceptibility loci, other loci that are shared, and environ-
mental influences.

To date, seven genome scans in search of IBD
susceptibility loci have been published. Each study
contained a different number of families and affected
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sib-pairs (ASPs) and consequently each had a different
power to detect linkage. The largest genome scan for IBD
susceptibility loci contained 353 ASPs;'° other studies
contained 183 ASPs,'' 151 ASPs,'” 94 ASPs,'* 89 ASPs,'*
65 ASPs,'> and 41 ASPs.'® The proportion of CD, UC, and
mixed cases in each of these studies differed. Using the
criteria of Lander and Kruglyak,!” these studies resulted in
significant linkage for IBD to chromosomes 6p (IBD3
[MIM 604519]),'® 19p'! and 12q (IBD2 [MIM 601458]),'*
and significant linkage for CD to chromosomes 5q31-
33,"' 14q11-12,"® and the pericentromeric region of
chromosome 16 (IBD1 [MIM 266600]).'° Only the IBDI
and IBD2 loci have been replicated by independent
multipoint studies in addition to other genome
scans, 141519-24

Given that (1) the power to detect linkage increases with
the size of the family cohort, and (2) our expanded cohort
of 284 IBD affected sib pairs includes families analysed by
Satsangi et al,'* which resulted in suggestive linkage to
both 3p and 7q, we genotyped a dense set of microsatellite
markers spanning these two suggestive linkage regions in
order to increase information content and potentially
extend the significance of linkage. In addition, since the
IBD3 locus has not been confirmed by independent
region-specific replication, we conducted a replication
study across the 6p region using markers from the original
study.'®

Subjects and methods

Families

Ethical approval was obtained from the Central Oxford
Research and Ethics Committee (COREC) for the collection
of IBD families and their subsequent participation in genetic
studies. A total of 234 UK Caucasian families, none of which
were Jewish, were identified for the present study. Of the 234
families, 151 were included in a previous two-stage genome
scan (SIBS1&2)."* The families consisted of 107 CD, 78 UC,
and 49 mixed families. Mixed families were defined as those
containing any first- or second-degree relative with a
discordant form of IBD. Two of the families comprised two
generations of affected siblings, giving a total of 236 nuclear
families. Of the nuclear families, 212 contained two affected
siblings and 24 contained three affected siblings. In total,
there were 284 IBD ASPs, consisting of 143 CD, 90 UC and 51
mixed ASPs (Table 1). Parents were collected whenever
possible, resulting in 101 nuclear families with both parents,
64 with only one parent and 71 with neither parent. Of those
families containing no parents, 27 included at least one
unaffected sibling. Diagnosis of IBD and sub-classification as
CD or UC were determined by the use of standard diagnostic
criteria.?® Venous blood samples were taken from all subjects
and DNA was prepared from whole blood using either the
Puregene kit (Gentra Systems) or phenol/chloroform extrac-
tion.

European Journal of Human Genetics

Table 1 Summary of IBD cohort used for linkage analysis

Family type/

affected sibs  CD (ASPs) UC (ASPs)  Mixed (ASPs)  IBD (ASPs)
CD/2 94 (94) - - 94 (94)
CD/3 13 (39) - - 13 (39)
ucC/2 - 72 (72) - 72 (72)
uc/3 - 5@15) - 5@15)
UC/2G-2 - 1) - 1(2)
Mixed/2 2(2) - 40 (40) 42 (42)
Mixed/3 5@) 1) 500) 6 (18)
Mixed/2G-2 1() - 1) 1)
Total 115 (143) 79 (90) 46 (51) 234 (284)

Note-'2G-2’ denotes an extended family with two generations of
ASPs. Mixed family type refers to any family with at least one first-
or second-degree relative with a discordant form of IBD. Mixed
ASPs denotes any sibling pair with discordant forms of IBD.

Genotyping

A total of 41, 29 and 10 highly polymorphic, fluorescent-
labeled microsatellite markers spanning the putative linkage
regions on chromosome 3p, 7q and 6p respectively, were
genotyped across the IBD family DNA (Table 2). Using the
RAPIDGene® automated genotyping system (Oxagen Ltd.),
each marker was amplified by PCR across ten 96-well plates of
DNA and pooled into sets. The pooled DNA was then
denatured, loaded onto a polyacrylamide gel, and electro-
phoresed on an ABI 377 machine. Analysis of the genotypes
was conducted using ABI GENESCAN (version 3.0) and
GENOTYPER (version 2.0) software. Genotype data was
stored in Discovery Manager® (Genomica Corporation)
together with the pedigree and phenotype data for each
individual.

To resolve marker-marker order and generate a map
inclusive of all genotyped markers, radiation hybrid (RH)
mapping using the Stanford G3 Panel (Research Genetics)
was carried out (Table 2). For the 3p and 7q saturation
regions, marker order and distance was calculated from the
RH results using RHMAP (version 2.01).2% However, due to
the increased distance between markers analysed in the
chromosome 6 region, the 6p map was constructed by
sending the RH data to the Stanford RH Server.?” Resulting
physical distances were converted to genetic distances under
the assumptions of 1 cRy¢,000=25 kb and 1000 kb=1 cM.

Quality control of genotypes was performed using
Pedcheck (version 1.1)2® to check for Mendel errors and
CRI-MAP? to check for double recombinants. Genetic maps
were built using MultiMap (version 2.0)** and compared to
the RH maps to confirm genotypes and marker order.

Statistical genetics

Nonparametric multipoint linkage analyses across the 3p, 6p,
and 7q linkage regions were performed using MAPMAKER/
SIBS implemented within GENEHUNTER (version 2.0).3! All
affected sib pairs in each pedigree were counted, using the
‘weighted’ option.
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Table 2 Genotyped markers and corresponding inter-marker distance and order

Chr. 3 markers RH cR10,000 M Chr. 6 markers RH ¢cR10,000 M
D3S3727 0 0 D6S344 0 0
D3S3518 63.1 1.58 D6S309 172 4.3
D3S1277 39.9 1 D6S470 148 3.7
D3S1768 16.4 0.41 D6S289 456 11.4
D3S1619 66.3 1.66 D6S276 296 7.4
D3S1298 192.6 4.82 D6S265 312 7.8
D3S3521 16.3 0.41 D65291 548 13.7
D3S3527 53 0.13 D6S426 252 6.3
D3S3685 66.4 1.66 D6S271 136 3.4
D3S3559 19.6 0.49 D6S257 540 13.5
D3S3678 30.9 0.77

D3S3647 4.8 0.12 Chr. 7 markers RH cR10,000 cM
D3S1767 89.9 2.25 D752548 0 0
D3S3640 49.6 1.24 D752428 49.2 1.23
D3S2420 14.4 0.36 D752427 48 1.2
D3S1581 31.5 0.79 D75478 4 0.1
D3S2384 45 1.13 D7S519 78 1.95
D3S3629 26.1 0.65 D752506 63.2 1.58
D3S1568 45.5 1.14 D7S670 5.2 0.13
D3S1621 15.4 0.39 D7S679 9.2 0.23
D3S1573 15.4 0.39 D752451 79.2 1.98
D3S1578 78.3 1.96 D752422 100 2.5
D3S1588 13.2 0.33 D7S2552 158 3.95
D3S3672 17.2 0.43 EGFR 12 0.3
D3S1582 323 0.81 D75499 56 1.4
D3S1613 29.1 0.73 D75494 30 0.75
D3S3660 0 0.01 D752429 197.2 4.93
D3S3719 20.5 0.51 D7S2512 137.2 3.43
D3S1606 7.4 0.19 D75502 41.2 1.03
D3S3621 33.5 0.84 D752503 8 0.2
D3S3616 32.5 0.81 D7S645 76 1.9
D3S1295 20.1 0.5 D7S2516 78 1.95
D3S1766 22.7 0.57 D7S653 238 5.95
D3S2452 8.3 0.21 D751870 36 0.9
D3S3577 22 0.55 D7S672 54 1.35
D3S1547 13.4 0.34 ELN 74 1.85
D3S1234 4.4 0.11 D7S2455 182 4.55
D3S1600 122.9 3.07 D752540 177.2 4.43
D3S3635 22.9 0.57 D7S524 170 4.25
D3S3571 0 0.01 D752410 108.4 2.71
D3S1285 37.7 0.94 D75491 440.4 11.01

Note —Markers appear in order from p to q arm. 1 cRy¢,000 is approximately equivalent to 25 kB. The genetic distances were derived under the

assumption of 1000 kb=1 cM.

Analysis was performed under conditions that included the
possibility of dominance variance. All data were analysed
under three phenotype models: (1) any form of IBD
designated as affected; (2) only CD patients designated as
affected; and (3) only UC patients designated as affected.
Allele frequencies for each microsatellite marker were
calculated using available genotypes from all individuals in
every pedigree, both affected and unaffected. The allele
frequencies were consistent with those generated by geno-
typing the same markers in other independent populations.
The RH map generated for each region was utilised within
MAPMAKER/SIBS for marker order and spacing. The informa-
tion content from each marker was calculated by the
GENEHUNTER program within the linkage analysis package.

TDT association analysis was performed within GENE-
HUNTER (version 2.0) using the TDT function. Subsequently,

to test how frequently the results could be achieved by
chance, 1000 randomly generated equivalent data sets were
analysed using the Perm1 function.

Results

Genotyping

More than 70 000 genotypes were generated from the
extension studies on 3p and 7q and the replication study
on 6p. The data set was 99.5% complete, with 0.2%
genotypes missing due to PCR failure, 0.1% removed due to
unresolved PedCheck errors, 0.1% removed due to CRI-MAP
identification of double recombinants, and 0.1% removed
due to microsatellite mutation. In overall length and marker
order, the map output from MultiMap was comparable to the
RH map generated for each region. However, only 14/41 and
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19/29 markers were ordered (LOD>3.0) in the 3p and 7q
genetic maps respectively, due to the lack of informative
recombinants resulting from the proximity of the markers
and the number of families (Figure 1). After conversion of the
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Figure 1 Nonparametric multipoint MLS curves for the

chromosome 6, 3 and 7 IBD linkage regions. Results for the IBD
(bold solid line), CD (thin solid line), and UC (dashed line)
phenotype models are shown. Marker-marker order and
distance was calculated from RH mapping results (Table 2). The
markers shown for the chromosomes 3 and 7 regions
correspond to the markers resulting from the MultiMap output
for each interval.
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RH maps from cR to cM, the 41 markers on 3p, 29 markers on
7q and 10 markers on 6p spanned a region of approximately
35, 65, and 75 cM respectively (Table 2).

Statistical genetics

The average information content across the 3p, 7q, and 6p
region was 0.91, 0.86 and 0.76 respectively. The peak
multipoint LOD score for each region under each phenotype
model is given in Table 3.

Positive linkage was detected in the 6p region with a non-
parametric peak multipoint LOD score of 3.04 near D65291
for IBD (Figure 1). The mean allele sharing (MAS) at the point
of peak linkage was 0.58 (Table 3). There was almost equal
contribution from CD and UC ASPs to the linkage, as shown
by the similar 4, values (0.25/z,) of 1.2, 1.2, and 1.3,
calculated for each of the phenotype models, IBD, CD, and
UC respectively. The ability to detect linkage to a locus with a
Js of only 1.2 is directly related to the power of the study, and
thus when the IBD cohort was divided into sub-populations
of UC and CD positive linkage was not observed.

With positive linkage to the 6p region, TDT analysis using
the linkage genotype data was performed across the region
with all IBD phenotype models. Positive association was
detected between UC and an allele from D6S271 (P=0.007).
However, 1000 simulations with random data sets of
equivalent size resulted in 187 data sets of greater signifi-
cance. Association was not detected with either IBD or CD.

Linkage was not detected in either the 3p or the 7q region.
The largest LOD score for each region was 1.25 for CD at
D3S3640-D351581 and 1.26 for CD at D75645-D7S2516
(Figure 1). Similar results were seen in the re-analysis of
SIBS1&2, using the newly generated genotypes (Table 3).

Discussion

IBD genome scans have resulted in several regions of linkage.
However, only two regions have been subsequently repli-
cated by independent region-specific studies. Recently,
Hampe et al'® reported linkage to 6p in an extension study
using the largest IBD population to date (428 ASPs). In the
present study, we have replicated the 6p linkage in our IBD
population containing 284 ASPs. The nonparametric peak
multipoint LOD score of 3.04 near D6S291 exceeds the
proposed criteria for independent replication of significant
linkage (LOD=1.5).!” However, while this represents the first
region-specific replication study of the IBD3 locus, both a
recent genome scan by Rioux et al*! and an earlier candidate
gene study by Yang et al*? also reported suggestive linkage to
6p between D6S1281 and D6S1019 in a cohort of 183 IBD
ASPs (LOD=2.3) and around TNF in a cohort of 70 CD ASPs
(P=0.002), respectively. All three IBD studies showed linkage
contributed by both the UC and the CD populations.
However, both the linkage peak from the Rioux et al'' study
and the peak from our study were approximately 15 cM
proximal to the initial reports of linkage.'®3? This discre-
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Table 3 Peak multipoint nonparametric linkage results

Chromosomal region/ Marker(s) LOD score MAS Marker(s) LOD score MAS
phenotype model extended cohort extended cohort extended cohort SIBS1&2 SIBS1&2 SIBS1&2
6p/IBD D65291 3.04 0.58 - - -
6p/CD D65291 1.23 0.57 - - -
6p/UC D65426 0.89 0.58 - - -
3p/IBD D3S1588-D3S53672 0.68 0.54 D353672-D3S1582 1.19 0.55
3p/CD D3S3640-D351581 1.25 0.58 D3S1581-D352384 1.21 0.59
3p/UC D3S1588-D3S3672 0.09 0.53 D3S3672-D3S1582 0.74 0.57
7q/IBD D752505-D75670 1.15 D752427 1.12 0.55
7q/CD D75645-D752516 1.26 0.58 D751870-D75672 1.05 0.59
7q/UC D752428 1.06 D752428 0.83 0.57

pancy is not surprising since differences between actual gene
location and peak linkage are not unexpected in complex
traits.>* Taken together the results support the existence of an
IBD susceptibility locus at 6p (IBD3).

Confirmation of the linkage to 6p now warrants high-
density association studies across the region, potentially
starting with good positional candidate genes. The IBD3
locus contains the MHC region, which has been implicated
in other linkage studies of autoimmune diseases including
inflammatory diseases such as asthma, arthritis and psor-
iasis.>* This overlap of susceptibility regions suggests that a
MHC autoimmune susceptibility gene may be responsible for
the positive linkage results. In previous studies, DRB1, TNFq,
and other MHC genes have already shown positive associa-
tion to IBD.*>~5° However, another hypothesis is that the
overlap of disease susceptibility loci could indicate an
inflammation specific disease gene in the region. One
potential inflammation candidate gene is cytokine suppres-
sive anti-inflammatory binding protein 1 (CSBP1). CSBP1 RH
maps directly adjacent to D65291, the peak linkage marker in
this study. Still, even with multiple overlapping disease
linkage regions, the potential of finding an IBD specific
disease gene in the region should not be ignored. Recently,
peroxisome proliferator activated receptor gamma (PPARy)
was implicated in IBD,>! which suggests that a family
member like PPARJ, which again maps adjacent to D65291,
could also be implicated. Not until all IBD, inflammation and
autoimmune candidate genes within the region have been
thoroughly tested for association to IBD may it be possible to
understand all susceptibility conferred by the IBD3 locus.

To better stratify the numerous IBD linkage regions by their
effect on the disease population, it is important that
extension studies are conducted on genome scan linkage
regions when the size of the ASP cohort increases. With the
exception of the significant IBD linkage regions on 14q and
19p, all other significant (LOD>3.59) IBD linkages have
resulted from studies across suggestive loci in expanded
cohorts.' 13141618 1n the present study, we revisited the
suggestive loci resulting from the Satsangi et al'* genome
scan on 3p and 7q by conducting extension studies in each
region with an expanded population of 284 IBD ASPs.

Linkage was not detected in either region for any phenotype
model. Due to the difference in results from this extension
study and the previous genome scan by Satsangi et al,'* the
151 families included in the previous study were analysed
again separately. Since, the additional families used in the
present study were ascertained using the same criteria as used
previously (re: clinical profile, ethnicity, family size), the
differences in results may either be caused by genetic
heterogeneity or by difference in the methodology of
analysis. The analysis showed that the present SIBS1&2 data
for 3p and 7q, with respective MAS of 0.55 and 0.55, was
consistent with the extension results rather than the
previously published genome scan results (MAS of 0.63 and
0.64, respectively). Thus, the differences between the two
studies are more likely to be caused by lower information
content, due to the previous use of two-point analysis rather
than multipoint analysis.

Since the publication of the genome scan by Satsangi et
al,'* other independent region-specific studies in these
regions have been conducted.>®?*5%53 These studies also
failed to see linkage. To date, six genome scans and four
replication studies have failed to detect linkage to chromo-
some 7. It has been noted that suggestive linkage will occur
by chance once per genome scan'” and thus the linkage to 7q
detected in our previous genome scan may be a false positive.
Conversely, a recent genome scan by Rioux et al'' has
reported linkage to the chromosome 3 region, with a LOD of
2.4, and thus the 3p interval may contain a gene of small
effect on IBD aetiology.

In summary, we have replicated linkage to the 6p region
and have failed to extend linkage to the 3p and 7q regions.
These replication and extension studies, together with others
like them, will help in the stratification of linkage regions by
their relative impact on IBD susceptibility.
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