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Genetic variation in the 5931 cytokine gene cluster
confers susceptibility to Crohn disease
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Linkage disequilibrium (LD) mapping provides a powerful
method for fine-structure localization of rare disease genes, but
has not yet been widely applied to common disease!. We
sought to design a systematic approach for LD mapping and
apply it to the localization of a gene (/BD5) conferring suscepti-
bility to Crohn disease. The key issues are: (i) to detect a signifi-
cant LD signal (ii) to rigorously bound the critical region and (iii)
to identify the causal genetic variant within this region. We
previously mapped the IBD5 locus to a large region spanning 18
cM of chromosome 531 (P<107%). Using dense genetic maps of
microsatellite markers and single-nucleotide polymorphisms
(SNPs) across the entire region, we found strong evidence of
LD. We bound the region to a common haplotype spanning 250
kb that shows strong association with the disease (P<2x10~7)
and contains the cytokine gene cluster. This finding provides
overwhelming evidence that a specific common haplotype of
the cytokine region in 5q31 confers susceptibility to Crohn dis-
ease. However, genetic evidence alone is not sufficient to iden-
tify the causal mutation within this region, as strong LD across
the region results in multiple SNPs having equivalent genetic
evidence—each consistent with the expected properties of the
IBD5 locus. These results have important implications for Crohn
disease in particular and LD mapping in general.

The majority of inflammatory bowel disease (IBD) patients
can be classified as having either Crohn disease or ulcerative
colitis. Both are idiopathic inflammatory diseases of the bowel
associated with distinct clinical and pathological profiles. Our
recent attempts to identify IBD susceptibility loci in 158
nuclear families (Table 1, set A) provides evidence for a gene
(IBD5) conferring susceptibility to Crohn disease in chromo-
some 5q31 (ref. 2; Fig. 1).

We used a hierarchical strategy to search for a signal of LD
from IBD5. We studied 256 father—mother—child trios, where
the child had Crohn disease and at least one parent was unaf-
fected (Table 1, set B). We genotyped 56 microsatellite poly-
morphisms distributed throughout the region at an average
spacing of approximately 0.35 cM. We examined each allele of
each marker for evidence of transmission disequilibrium using
the transmission disequilibrium test (TDT)3. Two loci have
alleles with significant TDT results: IRFIpI (P=0.00016) and
D551984 (P=0.00039; Web Table A). Notably, the two loci are
adjacent to one another and within 1 cM of D552497. The
observed transmission ratio of the risk allele is roughly 1.8:1.
Permutation testing shows that these observations are highly
significant (empirical P value=0.00091). Because the TDT tests
of association are completely independent of our previously

Table 1 « Summary of pedigrees used in the SSLP and SNP genotyping

Pedigrees  Number of Genotyping Population Age of diagnosis Description
pedigrees/trios performed (average; median) of pedigrees
set A 122 CD pedigrees? 51 SSLPs Toronto 17.2; 18.0 50/122 linkage families having an affected offspring
with age of diagnosis <16
setB 256 CD trios 64 SSLPs Toronto 18.4;16.0 124 trios from original linkage families (set A),
with only one trio per family to ensure
independence for LD analysis 132 new trios (not in set A)
set C 139 CD trios 301 SNPs Toronto 16.3; 15.0 139 trios consisting of two subsets:
subset C1: 15.4; 14.0 subset C1: 63 trios from set B (18/63 from original linkage families)
subset C2:17.2; 16.0 subset C2: 76 new trios (not in set A or B)
setD 88 CD trios 11 significant SNPsP Quebec 23.0; 21.5 88 trios independently collected for current study

aAs described in ref. 2. PSet of 11 significant SNPs as described in Table 2B. CD, Crohn disease.
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reported linkage result, they provide strong confirmation of
the presence of a susceptibility gene for Crohn disease.

Having found evidence of LD, we studied a denser collection of
markers in the implicated region to confirm our results. For this
purpose, we developed new microsatellite markers from the 680
kb of DNA sequence available at that time for this region* and
genotyped the same 256 trios (Fig. 1 and Table 2A). Another sig-
nificant TDT result occurs at CAhlI7a (P=0.0002), located
between the two previous high points (IRFIpl and D551984).
Analysis of two- and three-marker haplotypes increases the
strength of evidence for a risk locus with nearly uninterrupted
LD across the region from GAhl8a to CSF2p10 (Fig. 2). The
region near IRF1pl-CAhl5a—CAhl7a shows the strongest evi-
dence (nominal P values [Bx107%) and an estimated transmission
ratio greater than 2:1.

We then attempted to identify the causal allele by examining
all known genes within the critical region (and any additional
plausible candidates just beyond this region) for allelic variants
that could confer increased susceptibility to Crohn disease. The
chronic inflammation in the gastrointestinal tract in individu-
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als with Crohn disease is thought to be at least partly due to the
interaction between the host immune system and enteric
microflora normally present across the mucosal wall. It is
therefore notable that the critical region contains the cytokine
gene cluster, which includes many plausible candidate genes
for inflammatory disease (Fig. 1). We studied the 11 known
genes from IL4 to IL3 by resequencing the complete tran-
scribed regions (5" UTR, coding and 3" UTR) as well as 1 kb
upstream of the transcription start site. We identified a total of
16 SNPs (Web Table B). Two show significant TDT results, but
neither seems to be a strong candidate for IBD5: a silent substi-
tution in the coding region of OCTN2 (P=0.004) and a mis-
sense substitution (Thr - Ile) in OCTNI (P<0.003). The latter
seems unlikely to have a severe effect on the protein, inasmuch
as isoleucine is found in the analogous position in mouse
Octnl and in mouse and rat Octn2 and human OCTN2 (ref. 5).
Moreover, subsequent analysis of the region turns up SNPs
with stronger evidence of transmission disequilibrium with the
Crohn disease phenotype and shows that these two SNPs are
not unique to the risk haplotype.
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Fig. 1 Linkage and LD mapping. a, Experimental scheme; b-c, results and analysis. b, Linkage evidence from the initial genome-wide scan for the different disease
subgroups: all, all families with IBD; CD, all families with Crohn disease only; CD16, families with early-onset Crohn disease (at least one sibling with age of diag-
nosis <16)2. Linkage was strongest (lod score=3.9) in families with early-onset cases. /BD5 mapped to an 18-cM region—with a maximal lod score at marker
D552497 and bounded by D557435 and D551480 (at which the lod score falls by two units, corresponding to 100-fold lower likelihood). Vertical tick marks indi-
cate the position of the markers in the genome-wide linkage study and numbers in red refer to the marker numbers used in Table 1. Vertical tick marks on the
thin horizontal line below the graph represent the position of all 56 markers used in the first stage of LD mapping in the 256 Crohn disease trios. These markers
are numbered (shown in red where space available) in map order; the same numbers are used in Table 2A and Web Table A. ¢, Expansion of the region with sig-
nificant LD. The thick grey horizontal line depicts the two sequence contigs (with their lengths indicated below), with the break representing the gap between
them; names and positions (indicated by red diamonds) of the microsatellite markers used in the first and second stage of LD mapping are shown above the line;
and known genes are shown below the line. Exon positions and lengths are indicated by vertical green bars (drawn to scale; not all exons are distinguishable) and
gene symbols are written above each gene. The thick blue line below the genes represents the region where SNP discovery was performed by resequencing DNA
samples from 8 individuals (7 with Crohn disease and one CEPH DNA control). The blue line is continuous where the discovery was carried out on every base over
a 285-kb contiguous (‘core’) region and dashed where the discovery was in noncontiguous (‘proximal’ and ‘distal’) regions. Red tick marks beneath the blue line
indicate the positions of the SNPs that have alleles unique to the risk haplotype, where A=IGR2055a_1; B=IGR2060a_1; C=IGR2063b_1; D=IGR2078a_1;
E=IGR2096a_1; F=IGR2198a_1; G=IGR2230a_1; H=IGR2277a_1; I=IGR3081a_1; J=IGR3096a_1; K=IGR3236a_1 (see Table 2B).
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Because no obvious candidates emerged from the analysis of
known genes, we undertook a comprehensive analysis of the
entire critical region. We assembled a reference sequence of 983
kb and undertook systematic SNP discovery by direct resequenc-
ing of PCR products from eight individuals. This SNP discovery
effort aimed for complete ascertainment in a central ‘core’ region
of 285 kb and partial ascertainment in the surrounding ‘proxi-
mal’ and ‘distal’ regions (Fig. 1). We identified a total of 651 can-
didate SNPs (Web Table C).

We genotyped a large portion of these SNPs to define the risk
haplotype and to search for candidates with the IBD5 mutation.
To date, 301 of the SNPs were genotyped (Web Table C) on 139
trios (Table 1, set C). Of these trios, 63 (set C1) were taken from
the previously analyzed set B and 76 (set C2) were newly col-
lected samples. Set C1 allowed the SNP haplotypes to be inte-
grated with the previously seen microsatellite-based haplotypes;
we observed extremely close correspondence (as several SNPs
with alleles nearly unique to the microsatellite-defined risk hap-
lotype show strong TDT). Set C2 provided an independent test of
association and those same alleles show strong evidence of trans-
mission distortion (P<0.0002).

Using this ultra-high-density SNP map, it is possible to deter-
mine the fine structure of the haplotypes in this region. These
observations are interesting in their own right, as they shed light
on the underlying haplotype structure in the human genome and
suggest a framework for utilizing these structural properties. This
framework is described in a companion paper by Daly et al.’.

Specifically, the analysis shows that the region can be parsed into
haplotype blocks, with each block having limited diversity (2—4
haplotypes account for 90-98% of all chromosomes), and exten-
sive LD across the entire region. Multilocus analyses define a sin-
gle common risk haplotype (frequency of 37% among
untransmitted chromosomes) that shows a maximal transmis-
sion ratio of 2.5:1 (Fig. 3).

With essentially perfect haplotype information (as in the pre-
sent case), simulations show that the transmitted/untransmitted
(T/U) ratio at the disease locus has a 99% probability of being
within 0.5 of the observed peak (T/U=2.5) and a 90% probability
of being within 0.25 of this value, thus delimiting a region of
approximately 350 kb or 250 kb, respectively.

We tested whether the properties of the risk haplotype were
adequate to explain the observed genetic properties of IBD5.
Specifically, the best fit is a model in which one copy of the risk
allele increases risk for Crohn disease by two-fold and two copies
by six-fold. Simulation tests demonstrate that such a susceptibil-
ity locus could have given rise to our observed linkage data. A
rarer, more penetrant, allele on a subset of this risk haplotype can
be excluded, as this would result in a much higher lod score than
observed. The properties of the observed risk haplotype are con-
sistent with those inferred for the IBD5 locus. The haplotype can
thus serve as a proxy for IBD5.

As all of the other common haplotypes in this region are
under-transmitted, the causative allele must be unique to the risk
haplotype. Notably, multiple SNPs meet this genetic criterion. Of

Table 2A ¢ LD mapping using microsatellite markers: identification of peak LD

Marker Distance to LD mapping
Marker # name next marker (kb) stage
57 CAh14b 43 2
58 ATTh14c 167 2
59 IL4m2 164 2
60 GAh18a 21 2
22 IRF1p1 24 1
61 CAh15a 130 2
62 CAh17a 97 2
23 D551984 163 1
24 CSF2p10 N.D. 1
63 CAh81b 85 2
64 CAh81c 2

TDT results

Allele TV X2 Pvalue
193 1.5 5.70 0.017
156 1.9 14.25 0.00016
373 1.5 4.0 0.045
140 1.7 13.80 0.00020
222 1.8 12.57 0.00039
307 1.5 4.52 0.033

N.D, no data; —, no allele in transmission disequilibrium.

Table 2B ¢ LD mapping using SNPs: summary of SNPs with significant TDT results

SNP Approximate
marker physical SNP Transmitted Frequency of
name position? type allele alleleb T/UC X2 Pvalue Comment

IGR2055a_1 435.0 G/T G 0.357 87:39 18.29 0.000019

IGR2060a_1  437.5 @[] C 0.351 81:34 19.21 0.000012

IGR2063b_1  439.0 C/G G 0.359 87:37 20.16 0.000007 Predicted to cause a missense
change in a GENSCAN¢-predicted gene

IGR2078a_1 446.5 A/G A 0.364 48:16  16.00 0.000063 Located within the ‘E3’ EST, which may
be a splice variant of OCTN2 (ref. 16)

IGR2096a_1  455.5 AIC A 0.349 75:32  17.28 0.000032

IGR2198a_1 506.5 (@[] G 0.364 87:41 16.53 0.000048

IGR2230a_1 522.5 (@a) T 0.415 67:28 16.01 0.000063

IGR2277a_1 546.0 A/G G 0.417 79:37 15.21 0.000096

IGR3081a_1 609.0 G/T G 0.338 79:35 16.98 0.000038

IGR3096a_1 616.5 (@4) C 0.429 89:42 16.86 0.00004 Located within EST cluster Hs.59096

IGR3236a_1 686.5 G/T T 0.383 79:39 13.56 0.00023

aposition (kb) on the 983-kb reference sequence. PFrequency of allele calculated from the untransmitted parental chromosomes. ‘Ratio of the number of trans-
mitted (T) chromosomes to untransmitted (U) chromosomes. http://genes.mit.edu/GENSCAN.html.
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Fig. 2 Multilocus haplotype results. The curves represent the extent of association to the Crohn disease phenotype observed over the 1-cM region surrounding
IBD5 using data from the microsatellite markers described in Table 2A. The multilocus LD was measured using TDT (squares; values on left-hand y axis) or by
Pexcess (triangles; values on right-hand y axis). Tick marks along the x axis represent the positions of each marker. The thick black line and marker names and
numbers are as described in Fig. 1. The arrow points to the peak LD in this region, observed for the haplotype formed by the IRF1p1, CAh15a and CAh17a
markers (alleles 156, 373 and 140, respectively). a, Two-locus haplotypes: results are shown for all pairs of adjacent markers where the data points are drawn
at the midpoint between the two markers. b, Three-locus haplotypes: results are shown for all possible combinations of adjacent markers where the data

points are drawn at the position of the middle marker.

301 SNPs genotyped to date (including all SNPs in known or pre-
dicted genes), 11 had alleles that were unique to the risk haplo-
type. Each of these 11 SNPs shows a significant level of TDT on
its own (even after conservative correction for multiple testing;
Table 2B); all are essentially identical in their information con-
tent by virtue of being in nearly total LD with one another (with
the allele at one SNP determining the allele at all others on nearly
every phased chromosome). We are continuing to genotype the
remaining 256 SNPs in the core region and expect to find approx-
imately 12 more SNPs unique to the risk haplotype with proper-
ties identical to these first 11. The equivalent properties of these
SNPs make it impossible to identify the causal SNP on the basis
of genetic evidence alone.

Finally, we sought additional confirmation of our findings by
examining these 11 SNPs in yet another data set derived from a
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Fig. 3 Multipoint T/U plot for the /BD5 risk haplotype. This curve represents
the transmitted to untransmitted ratio (T/U) of the /BD5 risk haplotype iden-
tified with high-density SNP genotype information for the individuals in set
C (Table 1). Ancestral haplotype blocks were discovered in this region (kb
positions are as per our 983-kb reference sequence) and multipoint TDT was
carried out using previously described methods.
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different population (Table 1, set D). We observed that all of the
same alleles were over-transmitted in this independent data set
and that the risk haplotype had a T/U ratio of 1.75:1 (P=0.02),
statistically indistinguishable from the ratio seen above. These
results provide another independent replication of the findings
of a risk haplotype for Crohn disease. We also confirmed that no
transmission bias is seen in meioses from unaffected families
(data not shown).

This study represents the first comprehensive application of
hierarchical LD mapping involving a systematic search for LD
across a linkage peak, rigorous bounding of the critical region
and exhaustive ascertainment of SNPs in the critical regions.
These results provide overwhelming evidence that a specific hap-
lotype of the cytokine gene cluster on 5q31 is a risk factor for
Crohn disease (Table 3).

We have not been able to implicate a single causative mutation,
because the tight LD across the region results in at least 11 SNPs
having equivalent genetic information. Most of these SNPs are
likely to simply be fellow travelers on the risk haplotype. None
disrupts a crucial amino acid or regulatory region of a known
gene. The causal SNP or SNPs may, however, affect regulation of
one or more known genes, many of which are plausible candi-
dates. Specifically, the immunoregulatory cytokines (IL4, IL5,
IL13) are important for the Ty;1/Ty2 balance, and a disturbance
in this balance is believed to have a role in the pathophysiological
process. In addition, individuals with Crohn disease have
increased expression of IRFI and increased enzymatic activity of
P4HA278, Alternatively, the causal SNP may affect an as-yet-
unidentified gene in the cytokine cluster. Biological studies will
be necessary to resolve this. Interactions with other loci identified
in Crohn disease and other inflammatory diseases may provide
functional insight. Preliminary data collected in a subset of these
individuals shows no obvious interaction between the IBD5 hap-
lotype and the mutations in NOD2/CARDI15 known to confer
risk to Crohn disease®10.

Although the causal SNP has not yet been identified, the
cytokine cluster can be treated as a tightly linked block analogous
to the HLA region. Decades of research associate HLA haplotypes
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with numerous inflammatory and autoimmune diseases,
although the causal mutations elude definitive identification in
most cases. The results of this study raise the possibility that hap-
lotypes of the cytokine gene cluster may also confer risk for other
inflammatory diseases. Association studies with the common
haplotypes identified here should be thoroughly examined.

Methods
Families. We carried out all of the analyses in this study with father—-moth-
er—affected child (Crohn disease only) trios, where 0 or 1 of the parents was
affected with Crohn disease. These trios either came from the multicase
families used in our previous linkage study that identified the IBD5 locus®
or were identified for the purpose of the current LD study. Specifically, for
the microsatellite genotyping, we genotyped 256 triads: 124 from families
used in the original identification of the IBD5 locus (only one trio per fam-
ily) and 132 from newly collected families. For the SNP genotyping, we
genotyped 139 trios: 18 from families used in the original identification of
the IBD5 locus and 121 from newly collected families. We identified indi-
viduals affected by Crohn disease by review of the clinical charts of all
patients registered in the Mount Sinai Hospital IBD Centre patient data-
base and from the Toronto Hospital for Sick Children IBD database. We
obtained written informed consent from all participants; ethics approval
for this study was granted by the University of Toronto Ethics Committee.
For confirmation of the TDT results in an independent population, we
collected samples in the Canadian province of Quebec. We identified
affected individuals for this collection on routine visits to their gastroen-
terologists in Chicoutimi (Complexe Hospitalier de la Sagamie), Montreal
(McGill University Health Centre and Jewish General Hospital), Quebec
City (Pavilion ’'Hotel Dieu de Quebec), and Sherbrooke (Centre Universi-
taire de Santé de I’Estrie). A diagnosis of Crohn disease consisted of clinical
symptoms on two or more occasions and confirmation with endoscopic,
radiologic or histologic evidence. A review of the patient’s chart, as well as
an interview with the patient, was done to complete the phenotypic data.
Written informed consent was obtained from all participants and ethics
approval was granted in each of the participating institutions.

Microsatellite genotyping. In the first stage of microsatellite LD mapping,
a total of 56 microsatellite markers were genotyped on 256 Crohn disease
triads. Information regarding primer sequence, allele size range and sug-
gested amplification conditions for 54 of these genetic markers (excluding
IRFIpl and CSF2pl0) can be obtained from the Genethon
(http://www.genethon.fr/), Marshfield (http://research.marshfieldclinic.
org/genetics/) or Genome Database (http://www.genethon.fr) web sites.
Information regarding the microsatellite markers we designed from avail-
able genomic sequence during the course of this study (IRFIpI, CSF2p10
and the eight markers used in the second stage of LD mapping) can be
obtained online (http://www.genome.wi.mit.edu/humgen/IBD5). We
obtained genotypes for all of these markers by polymerase chain reaction
(PCR) using fluorescently labeled primers. We amplified each locus sepa-
rately and then multiplexed individual PCR products into panels by pool-
ing on the basis of allele size range and fluorescent label. We mixed aliquots
of the multiplexed samples with either TAMRA-labeled GeneScan 500 and
GeneScan 2500 (PE Applied BioSystems) or rhodamine-labeled MapMark-
ers (Bioventures) prior to electrophoresis on ABI 377 sequencers (PE
Applied BioSystems). We analyzed the genotyping gels in an automated
system developed at the Whitehead Institute/MIT Center for Genome
Research as previously described!!.

SNP discovery. In order to identify all SNPs in the IBD5 critical region, we
generated a 983-kb reference sequence by assembling the sequence report-
ed by Frazer et al.* with more recent sequence (AC046165, AC023861,
AC034228 and AC079320) from the Human Genome Project!?. We then
designed a tiling path of overlapping PCR products for SNP discovery by
resequencing. Specifically, we targeted 285 kb of contiguous sequence in
the core region delimited by markers GAh18a and D551984 (18 kb before
GAhl18a to 27.5 kb after D551984). We also carried out SNP discovery on
100 kb of noncontiguous sequence 150 kb to the left (proximal region;
from IL4 to GAh18a) and on 85 kb of noncontiguous sequence 200 kb to
the right (distal region; D551984 to IL3) of the core region. In the proximal
region, we designed sequencing assays primarily to cover exons of known
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Table 3 ¢ Independent statistical evidence providing support

for IBD5 locus
Pedigrees Analysis Pvalue”
linkage results set A ASP <104
LD mapping with SSLP markers setB DT <2x104
LD mapping with SNP markers set C2 DT <2x 10
replication of SNP results set D DT <0.05

*Combined P value for all three TDT samples is <2x1077.

genes and regions with significant homology (>100 bp with >80% identi-
ty) to the known mouse sequence syntenic to this region. In the distal
region, we also designed sequencing assays to cover exons of known genes
as well as to cover every other 500-bp segment from D551984 to IL3 (no
syntenic mouse sequence available).

We designed PCR assays using Primer 3.0 to be (1700 bp in length, with
100-bp overlap with adjacent assays. The —21 M13 forward and the —28
M13 reverse sequences were added to each of the forward and reverse PCR
primers, respectively. These PCR primers were used to amplify 50 ng of
genomic DNA from six independent individuals with Crohn disease, one
unaffected family member (5 of 7 Jewish; 2 of 7 non-Jewish; 4 of 7 early-
onset cases; 4 of 7 with an affected parent) and one DNA sample from the
Centre D’Etude du Polymorphisme Humain (CEPH) as control. We
selected the seven individuals with Crohn disease to maximize the chance
they carried mutations at the IBD5 locus. Specifically, we obtained samples
of Crohn disease from families showing linkage to chromosome 5q31. We
also selected individuals based on whether they carried the risk haplotype
at the six markers from GAhl8a through CSF2pl10. One individual was
homozygous for the risk haplotype, three were heterozygous, and three did
not appear to carry this haplotype. This set of samples reflects the diversity
observed in the entire data set and was chosen to ensure the identification
of the risk allele as well as SNPs in the overall sample collection. We puri-
fied the PCR products using the solid-phase reversible immobilization
(SPRI) method!® and sequenced them using the appropriate —21 M13 or
—28 MI13 DYEnamic Direct Cycle Sequencing kit (Amersham). All
sequencing reactions were run on ABI377 automated sequencers (PE
Applied BioSystems). We processed the gel files using BASS software, avail-
able on the Whitehead Institute/MIT Center for Genome Research FTP site
(http://www-genome.wi.mit.edu/). We base-called sequences using the
Phred program, and assembled forward and reverse reads using the Phrap
program (The Phred/Phrap/Consed System Home Page, http://boze-
man.mbt.washington.edu/index.html). At least two observers visually
inspected all traces. A different pair of primers was designed for any assay
that failed at either the PCR or sequencing step.

SNP genotyping. We carried out SNP genotyping using length-multi-
plexed single-base extension (LM-SBE) as previously described'*. Briefly,
we designed PCR primers as close as possible to the SNPs identified in the
current study, resulting in a product of a maximum length of 150 bp. For-
ward primers had T7 tails at their 5" ends and reverse primers had T3 tails
at their 5' ends. We used these T7 and T3 tails for secondary amplification.
We checked primer pairs for homology to all amplicons and sorted them
into pools consisting of up to 50 primer pairs. We subjected loci to two
rounds of PCR amplification. In the first round, we amplified 10 ng of
genomic DNA using a pool of primer pairs (0.1 UM) and 2.5 units of
Amplitaq Gold (Perkin Elmer). In the second round, we amplified a 3-pl
aliquot of the primary amplification product with biotinylated-T7 and
biotinylated-T3 primers. We purified a 7-pl aliquot of this secondary
amplification product from the unincorporated dNTPs using streptavidin-
coated Dynabeads (Dynal). We then carried out a multiplex SBE reaction
on the purified product using SNP-specific primers, JOE-ddATP (0.12 M),
TAMRA-ddCTP (0.12 M), FAM-ddGTP (0.12 M), ROX-ddUTP (0.60 M;
NEN DuPont) and Thermosequenase (0.5 U; Amersham). We removed
excess ddNTPs from the SBE products using 96-well gel filtration blocks
(Edge Biosystems) prior to electrophoresis on ABI 377 sequencers. We ana-
lyzed the SBE gels using a system developed at the Whitehead
Institute/MIT Center for Genome Research as previously described!>.

Statistical analysis. To assess the significance of the TDT results for each
marker, we carried out permutation tests using the same genotype data. For
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each trio, we randomly reassigned chromosomes as transmitted or untrans-
mitted to form a permuted data set. In 10 permutations of the entire data set
of 56 markers, we observed a single-allele > value greater than 14.2 only
15,796 times (corresponding to an empirical P value of 0.016), and only 911
simulations had two markers with X2 value greater than 12.5 (corresponding
to an empirical P value of 0.00091, corrected for multiple testing).

In order to quantify the extent of LD in the IBD5 region, we examined
three-marker haplotypes using TDT and Py qs (8). Peycess Tepresents the
strength of LD and is calculated by (P,grected—Pnorma)/ (1~Pnormal)- In our
study, the P, eq is calculated from the frequency of the haplotype among
the transmitted parental chromosomes and P,,,...; is the frequency among
untransmitted parental chromosomes.

To define the confidence intervals around the TDT results, we simulated
100,000 data sets with genomic regions containing a risk haplotype of the
nature we observed. We allowed recombination to break down LD on both
sides of the risk locus and examined the entire region to find the location of
the maximum evidence of LD as measured by T/U. We defined confidence
intervals around this maximum point and asked how often the true locus
was contained within.

To examine whether the properties of the risk haplotype were adequate
to explain the observed genetic properties of IBD5, we carried out simula-
tion experiments. Specifically, the risk haplotype has the following proper-
ties: (i) its frequency among untransmitted chromosomes is 37% (ii) the
transmission ratio from heterozygous parents to progeny with Crohn dis-
ease is 2.5:1 and (iii) the proportion of homozygotes to heterozygotes
among affected individuals is 1:1. From these characteristics, one can infer
the genetic properties of a Crohn disease locus carried on such a risk haplo-
type. Specifically, the best fit is a model in which one copy of the risk allele
increases risk for Crohn disease by 2-fold and two copies by 6-fold. We then
tested whether such a Crohn disease—susceptibility locus could have given
rise to our observed linkage data (lod score=3.0 in 122 families with Crohn
disease only). Simulation tests showed that such a locus would yield a lod
score greater than 3.0 with a probability of approximately 7%, and a lod
score greater than 2.0 with a probability of 20%.

In addition to the identification of known genes, we also examined this
genomic region for the presence of unidentified genes by using GENSCAN
gene-prediction software and searched for expressed sequence tag (EST)
clusters using BLAST alignment. Eight predicted genes and four EST clus-
ters were identified that did not overlap with the previously known genes;
only one of the predicted genes had overlap with an EST cluster. From the
comparison of the known mouse and human sequence, 47 conserved, non-
coding sequences were reported in this region!>.

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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