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Summary

Genetic epidemiological studies have shown that genetic
factors are important in the pathogenesis of the idio-
pathic inflammatory bowel diseases (IBD), Crohn dis-
ease (CD), and ulcerative colitis (UC). A genome screen
in the United Kingdom found linkage of IBD to a 41-
cM region of chromosome 12, surrounding D12583. We
aimed to replicate this linkage and to narrow the region
of interest. Nonparametric linkage analyses at micro-
satellites surrounding D12583 were performed in 122
North American Caucasian families containing 208 gen-
otyped IBD-affected relative pairs. Transmission/dise-
quilibrium tests (TDTs) were also performed. We con-
firmed that IBD is linked to chromosome 12 (peak
GENEHUNTER-PLUS LOD* score 2.76 [P = .00016]
between D12S1724 and D12S90). The evidence for link-
age is contributed by both the group of CD-affected
relative pairs (peak GENEHUNTER-PLUS LOD* score
1.79 [P = .0021] between D1251724 and D12590) and
the group of UC-affected relative pairs (peak GENE-
HUNTER-PLUS LOD* score 1.82 [P = .0019] at
D12S335). The TDT is positive at the D12S83 locus
(global x* = 16.41, 6 df, P = .012). In conclusion, we
have independently confirmed linkage of IBD to the
chromosome 12 region that we investigated. A positive
TDT at D12S83 suggests that we have greatly narrowed
the chromosome 12 region that contains an IBD locus.
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Introduction

Crohn disease (CD) (MIM 266600) and ulcerative colitis
(UC) (MIM 191390) are chronic inflammatory disorders
of the gastrointestinal tract that can be distinguished
on the basis of clinical parameters (Lashner 1995; Sin-
gleton 1995). These disorders are collectively known as
“idiopathic inflammatory bowel disease” (IBD-II) (MIM
601458). The prevalence of IBD in Europe and North
America is ~100-200/100,000 (Calkins and Mendelhoff
1995).

Ethnic (especially Ashkenazi Jewish) aggregation of
IBD, familial aggregation of IBD, and a greater concor-
dance for IBD in MZ twins than in DZ twins suggest
that genetic susceptibility is important in the patho-
genesis (Yang and Rotter 1994; Duerr 1996). However,
CD and UC do not exhibit simple Mendelian inheritance
attributable to a single gene locus; they are genet-
ically complex traits that involve incomplete penetrance
and probably involve genetic heterogeneity and more
than one susceptibility locus (Yang and Rotter 1994;
Duerr 1996). Since both forms of IBD can coexist in
single families, CD and UC may share some suscepti-
bility genes, although there may be additional, CD-spe-
cific and UC-specific genes (Yang and Rotter 1994;
Duerr 1996).

A genomewide search for IBD-susceptibility loci in a
British population provided evidence for linkage be-
tween IBD (both CD and UC) and microsatellite loci
on chromosomes 3, 7, and 12 (Satsangi et al. 1996). The
strongest evidence for linkage of both CD and UC in
this study was to a chromosome 12 region spanning 41
cM, in the vicinity of the D12S83 microsatellite
locus (Satsangi et al. 1996). We report here the results
of nonparametric linkage analyses and transmission/dis-
equilibrium tests (TDTs) in a North American popula-
tion of IBD families, using genotyping data at micro-
satellite loci surrounding the D12S83 microsatellite
locus.
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Subjects and Methods

Study Subjects

The study protocol was approved by the University
of Pittsburgh Health Sciences Institutional Review
Board. Patients diagnosed with CD or UC and with an-
other CD- or UC-affected family member were ascer-
tained from the population of patients at the University
of Pittsburgh Medical Center or from responders to no-
tices in publications by the Crohn’s & Colitis Founda-
tion of America, Inc., and the United Ostomy Associa-
tion. IBD index cases were interviewed to determine the
availability of another IBD-affected family member. Af-
fected and connecting unaffected members of families
with at least one IBD-affected relative pair as distant as
second cousins but other than a parent-child pair were
asked to contribute blood specimens for the IBD Family
Lymphoblastoid Cell Line, DNA, and Serum Bank at the
University of Pittsburgh. All study subjects were Cau-
casians of European descent. All study subjects were in-
terviewed to complete a demographic and clinical da-
tabase, and consents for release of medical records to
verify diagnoses were obtained from affected study
subjects.

Genotyping

Genomic DNA was isolated either from the buffy coat,
white-blood-cell fraction of whole blood or from Ep-
stein-Barr-virus—transformed lymphoblastoid cell lines
(Neitzel 1986), by a standard method (Miller et al.
1988). The 12 polymorphic microsatellite loci that were
genotyped in this study were selected from purchased
ABI PRISM linkage-mapping panels (Perkin Elmer, Ap-
plied Biosystems Division), or they were selected from
the Généthon database (Dib et al. 1996); and fluorescent
dye-labeled forward primers and unlabeled reverse prim-
ers were custom synthesized (Research Genetics). PCR
was used to amplify the microsatellite loci. PCR mixtures
consisted of 20 ng of genomic DNA, 0.25 mmol of each
dNTP/liter, 1.25 pmol of dye-labeled forward primer,
1.25 pmol of unlabeled reverse primer, 0.3 U of Am-
plitag Gold DNA polymerase (Perkin Elmer, Applied
Biosystems Division), 50 mmol of KCl/liter, 2.5 mmol
of MgCl,/liter, and 10 mmol of Tris-HCI (pH 8.3)/liter,
in 7.5-ul reaction volumes. Thermal cycling parameters
consisted of an initial 95°C denaturation step; 10 cycles
of denaturation at 95°C for 15 s, annealing at 55°C for
30 s, and extension at 72°C for 60 s; 20 cycles of de-
naturation at 89°C for 15 s, annealing at 55°C for 30
s, and extension at 72°C for 60 s; and a final extension
step at 72°C for 10 min. Subsets of the PCR products
from each DNA sample were pooled together, heat de-
natured, loaded into 24-cM long, 5% denaturing poly-
acrylamide gels, and electrophoretically resolved and de-
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tected by use of an ABI 373A GENESCAN system
(Perkin Elmer, Applied Biosystems Division). Allele sizes
were determined by use of ABI GENESCAN analysis
software (version 1.2.2-1) (Perkin Elmer, Applied Bios-
ystems Division).

Statistical Analyses

The consistency of genotyping data was checked by
comparing the expected number of heterozygotes (based
on the marker’s calculated heterozygosity) against the
observed number of heterozygotes. Mendelian inheri-
tance was checked by use of the PedCheck program,
which uses the individual’s genotype information to
check for parent-child inconsistencies and too many al-
leles in a sibship and which then uses genotype elimi-
nation to find more-subtle errors (O’Connell and Weeks
1997).

For the nonparametric linkage analyses, allele fre-
quencies for each microsatellite locus were estimated by
counting the alleles in unrelated individuals, augmented
by the addition of nontransmitted alleles derived from
each nuclear-family unit. IBD, CD, and UC analyses
were performed by use of the allele-frequency estimates
from the entire data set and with affection status for the
entire data set coded for IBD, CD, or UC, respectively.

Single-point affected-relative-pair analyses were per-
formed by use of the simIBD program (Davis et al.
1996). This program measures identity-by-descent shar-
ing, at a given marker locus, between all relative pairs,
where two alleles are identical by descent when they
share the same label and have the same ancestral origin.
The probability of the observed degree of sharing is then
calculated empirically. When this sharing is significantly
different from what is expected under the hypothesis of
no linkage, statistical evidence exists for linkage between
the marker and the disease.

Multipoint affected-relative-pair analyses were per-
formed by use of the S, scoring function in the GENE-
HUNTER-PLUS modification of the GENEHUNTER
package (Kruglyak et al. 1996; Kong and Cox 1997).
The S,,,. statistic of GENEHUNTER measures identity-
by-descent allele sharing between all pairs of affected
relatives. Two assumptions are made in the calculation
of this statistic and its significance: (1) since the actual
inheritance pattern (or “inheritance vector”) is never
known with absolute surety, the statistic is calculated as
the expected value of the conditional inheritance-vector
distribution (the “perfect data” approximation); and (2),
since the actual distribution of the statistic is unknown,
the statistic is assumed to follow a normal distribution
(the “large-sample” approximation). However, calcu-
lating the statistic under the first assumption and then
deriving its P value under the second assumption leads
to a conservative measure of the true allele sharing. To
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address this, Kong and Cox (1997) proposed a modi-
fication of the method used to calculate the S, statistic.
This new statistic, Zlr, can be more accurately calculated,
and it is well approximated by a normal distribution.
This modification also permits the calculation of a non-
parametric LOD score (LOD*) based on the allele
sharing.

The TRANSMIT software program was used to per-
form the TDT on the data from nuclear families (Spiel-
man et al. 1993; Clayton 1997). This test examines the
transmission of alleles from parents to affected offspring,
looking for a deviation from the expected ratio. Devi-
ations from this expectation suggest linkage disequilib-
rium between the allele and a putative disease locus. For
these analyses, allele-frequency estimates were derived,
by maximum-likelihood techniques, for the nuclear fam-
ilies. Rare alleles (frequency < .05) were collapsed. A
global x* statistic was computed for each microsatellite
locus. Statistics for individual alleles were computed only
when the global x* statistic for a microsatellite locus was
significant.

Results

Description of Study Subjects, Families, and Affected
Relative Pairs

We genotyped 216 CD-affected, 79 UC-affected, 2
indeterminate IBD-affected, and 206 unaffected mem-
bers of 122 families that contained at least one IBD-
affected relative pair other than a parent-child affected
pair. Affected relative pairs were as distant as second
cousins. Thirty-nine percent of the nonfounder affecteds
had both parents genotyped, and 24% had only one
parent genotyped. Thirty-four percent of the affecteds
who had either only one or neither parent genotyped
had at least two of their siblings genotyped. All study
subjects were Caucasians of European descent. Jewish
ethnicity was reported in 27 of the 122 families. The
distributions of families and classes of affected relative
pairs for each analysis are shown in table 1.

Description of Microsatellite Loci

The microsatellite loci that were studied, their posi-
tions on the Genetic Location Database map (Collins et
al. 1996), the calculated heterozygosity, and the number
of alleles observed at each locus are listed in table 2.
The Genetic Location Database map was used because
it incorporates partial maps of physical, genetic, re-
gional, mouse-homology, and cytogenetic data into an
integrated map with an ordering of loci that is likely to
be more accurate than the ordering of loci in genetic
maps alone (Collins et al. 1996).

All of the study subjects were genotyped at six of the
microsatellite loci listed in table 2. An initial analysis of
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Table 1

Families and Genotyped Affected Relative Pairs

NoO. WITH

CATEGORY IBD CD UC

Families with each type of affected relative pair 122 80 22
Genotyped affected relative pairs:*

Sibling pairs 115 84 15
Half-sibling pairs 3 2 0
Uncle (aunt)-nephew (niece) pairs 33 22 5
Half-uncle (half-aunt)-nephew (niece) pairs 1 0 0
Grandparent-grandchild pairs 5 0 3
Great uncle (great aunt)-nephew (niece) pairs 1 1 0
First-cousin pairs 27 11 9
First-cousin—once-removed pairs 17 S 9
Second-cousin pairs 6 2 2

Subtotal 208 127 43

* All possible combinations of pairs formed by all affecteds within
each family (excluding parent-child affected pairs).

data from the UC-affected relative pairs showed evidence
for linkage between UC and the g-telomeric end of the
original grid of six microsatellite loci. In contrast, the
initial analysis of data from the whole set of IBD-affected
relative pairs and the subset of CD-affected relative pairs
did not show evidence for linkage to the g-telomeric end
of the original grid of six microsatellite loci. Therefore,
we extended the grid of genotyped microsatellite loci to
include six additional microsatellites for only the UC-
affected relative pairs and their family members, but we
did not genotype the remainder of the study subjects at
these additional six loci.

Linkage of IBD to Chromosome 12

The results of single-point nonparametric linkage
analyses using the simIBD program (Davis et al. 1996)
are shown in table 2. The results of multipoint nonpar-
ametric linkage analyses using the GENEHUNTER-
PLUS program (Kong and Cox 1997) are shown in
figure 1.

These analyses confirm that there is linkage between
IBD and the chromosome 12 region that we investigated
(simIBD P = .012 at D12S1724; peak GENEHUNTER-
PLUS LOD* score 2.79, P = .00016, between
D1251724 and D12590). Analysis of the data, with af-
fection status coded for CD (with UC- and indeterminate
IBD-affected individuals coded as unaffected) shows that
CD-affected relative pairs contribute to the overall evi-
dence for linkage between IBD and the chromosome 12
region that we investigated (simIBD P = .045 at
D1251724; peak GENEHUNTER-PLUS LOD* score
1.79, P = .0021, between D1251724 and D12S90).
Analysis of the data with affection status coded for UC
(with CD- and indeterminate IBD-affected individuals
coded as unaffected) shows that UC-affected relative
pairs also contribute to the overall evidence for linkage



98

Am. ]J. Hum. Genet. 63:95-100, 1998

Table 2
Microsatellite Loci and simIBD Analyses
LDB Mar No. oF SIMIBD P FOR”
PosiTioN® MICROSATELLITE ~ HETEROZYGOSITY ALLELES -
(cM) Locus (%) OBSERVED  IBD CD ucC
69.3 D12S359 77.1 11 .26 23 41
71.5 D12S1586 84.9 12 24 .54 .031
74.6 D12S1724 80.2 12 012 .045 .059
79.2 D12S90 78.6 9 .08 24 23
80.8 D12S83 78.6 13 .10 28 .023
81.2 D12S1585 78.6 7 .072
81.5 D12S1686 82.3 15 21
82.0 D12S1702 85.8 16 .001
82.1 D12S335 81.7 11 29 .60 .028
82.9 D12S313 80.9 12 .005
83.5 D12S1703 91.2 20 .007
86.6 D12S326 79.3 9 .095

* Source: Collins et al. (1996).

 Source: Davis et al. (1996). Values <.05 are underlined.

between IBD and this region (.05 > simIBD P > .01 at
D1251586, D12S83, and D1253335; and simIBD P < .01
at D1251702, D125313, and D1251703; peak GENE-
HUNTER-PLUS LOD* score 1.82, P = .0019 at
D12S335). Although the group of CD-affected relative
pairs and the group of UC-affected relative pairs both
contribute to the overall evidence for linkage, the GENE-
HUNTER-PLUS peak LOD* score for the UC-affected
relative pairs is located 6.7 cM g-telomeric, on the Ge-
netic Location Database map, from the peak LOD¥*
score for the CD-affected relative pairs.

Distortion of Allele Transmission at the D12583
Microsatellite Locus

The TDT is positive at the D12583 microsatellite locus
in multiplex IBD nuclear families when alleles with fre-
quencies <.05 are collapsed (global x* = 16.41, 6 df, P
= .012). The most significant finding for an individual
allele is distortion of transmission of allele 7 at the
D12S83 locus (observed transmission 78, expected
transmission 68.65; x* = 4.10, 1 df, P = .043). There
are no other significant results when the TDT is applied
to the IBD, CD, and UC data sets for the 12 microsat-
ellite loci that we studied.

Discussion

We have independently confirmed Satsangi et al.’s
(1996) finding of linkage between IBD and chromosome
12. Our confirmation of linkage is statistically significant
because the level of evidence necessary to confirm a link-
age in a particular region is lower than that needed to
initially detect a linkage over the whole genome (Lander
and Kruglyak 1995). In our multipoint analysis, the

strongest evidence for linkage is to the region between
the D1251724 and D12S90 microsatellite loci.

Stratified analyses suggest that the group of CD-af-
fected relative pairs and the group of UC-affected rel-
ative pairs both contribute to the evidence for linkage
between IBD and the chromosome 12 region that we
investigated. The region with the strongest evidence for
linkage in the UC-affected relative pairs is located 6.7
cM g-telomeric, on the Genetic Location Database map,
from the region with the strongest evidence for linkage
in the CD-affected relative pairs. However, overlap in
the 1-LOD*-unit support intervals for the CD- and UC-
affected relative pairs, the possibility of misspecification
of the precise order of microsatellite loci on currently
available maps of this region, the relatively small UC-
affected relative-pair sample in our study, and limitations
inherent to affected-relative-pair allele-’haplotype-shar-
ing methods in the determination of fine localization of
susceptibility loci for complex traits prevent a conclusion
that there are distinct CD- and UC-susceptibility loci on
chromosome 12 (Kruglyak and Lander 1996).

The distortion of allele transmission from parents to
IBD-affected offspring in our study occurs at the very
same locus (D12S83) to which IBD was most strongly
linked in the report by Satsangi et al. (1996) and is
located within 3 cM, on the Genetic Location Database
map, from the region with the strongest evidence for
linkage in our IBD-affected relative-pair multipoint anal-
ysis. Although it would have been more pleasing if the
positive TDT had occurred at exactly the same position
as the peak evidence for linkage in our study, the TDT
and the linkage results are not inconsistent with each
other, since the positive TDT is within the 1-LOD*-unit
support interval for linkage and since affected-relative-
pair allele-/haplotype-sharing methods are known to
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Figure 1

Results of multipoint nonparametric linkage analyses using the S,

scoring function in the GENEHUNTER-PLUS modification

of the GENEHUNTER package (Kruglyak et al. 1996; Kong and Cox 1997), for IBD-, CD-, and UC-affected relative pairs, plotted as the
GENEHUNTER-PLUS LOD* score (Y-axis) against the genetic distance (in cM) from the first microsatellite locus (X-axis).

have limitations in the fine mapping of complex traits
(Kruglyak and Lander 1996).

To be confident that our observation of distortion of
allele transmission, from parents to IBD-affected off-
spring, at D12S83 is a significant finding would require
confirmation in a larger data set or an independent study,
since the P value for the TDT at D12S83 is not significant
after correction for the multiple loci that we studied.
During the time that the manuscript of this article was
undergoing the editorial review process, Parkes et al.
(1998), the same group that originally reported evidence
for linkage between IBD and chromosome 12, reported
in an abstract that the TDT is positive at the D12583
microsatellite locus in their independent set of IBD-af-
fected sib pairs and parents. The finding of a positive
TDT at the same locus, within the same region of linkage
on chromosome 12, in two independent data sets estab-
lishes an IBD-susceptibility locus in this region of chro-
mosome 12. Furthermore, the positive TDT at the
D12S83 microsatellite locus in these two independent

data sets suggests that the region of interest can be nar-
rowed to the immediate vicinity of D12583.
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