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Phenotype-Stratified Genetic Linkage Study Demonstrates
that /BD?2 Is an Extensive Ulcerative Colitis Locus
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OBJECTIVES: The complete elucidation of genetic variants that contribute to inflammatory bowel disease (IBD)
will likely include variants that increase risk to both Crohn’s disease and ulcerative colitis as well as
variants that increase risk for particular phenotypic subsets. The purpose of this study was to assess
phenotypic subsets that contribute to the major IBD susceptibility loci.

METHODS: This linkage study encompassed 904 affected relative pairs, representing the largest combined
phenotyped cohort to date, and allowing for meaningful subset analyses. Genetic linkage data were
stratified by disease location and age at diagnosis.

RESULTS: We establish that some loci, notably the IBD3 and chromosome 3q linkage regions demonstrate
contributions from both small intestine and colon cohorts, whereas others, notably the IBD1
(NOD2/CARD15) and IBD2 regions increase risk for small intestine or colon inflammation,
respectively. The strongest linkage evidence in this study was for the subset of extensive ulcerative
colitis in the region of IBD2 (lod 3.27; p < 0.001). Evidence for linkage in the region of
NOD2/CARD15 (IBD1) was stronger for the subset of Crohn’s patients with ileal disease (lod 2.56;
p = 0.035) compared to the overall Crohn’s group, consistent with previous findings that
NOD2/CARD15 variants are associated with ileal disease.

CONCLUSIONS: Analyses incorporating disease location in IBD increase the power and enhance the accuracy of
genomic localization. Our data provide strong evidence that extensive ulcerative colitis represents a
pathophysiologic subset of IBD.

(Am J Gastroenterol 2006;101:572-580)

INTRODUCTION orders with a genetic component. Genetic studies in this field

have been uniquely successful in identifying well-replicated
The inflammatory bowel diseases (IBD), Crohn’s disease disease gene associations which, in turn, are fundamentally
(CD), and ulcerative colitis (UC) comprise multifactorial dis- advancing present concepts of disease pathogenesis (1, 2).
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Gene associations at the /BD/ (chromosome 16) and /BDS5
(chromosome 5) loci were initially implicated through ge-
netic linkage approaches. Linkage evidence at the /BDI lo-
cus was observed primarily in pure CD-CD affected relative
pairs (3, 4). Therefore, it was not surprising that the subse-
quent discovery of three major NOD2/CARD15 mutations in
the region of /BD 1 were solely associated with CD cases, and
not UC (5, 6). In addition, NOD2/CARD15 mutations were
associated with CD cases involving the ileum, indicating that
the minority of CD cases with inflammation confined to the
colon represents a pathophysiologically distinct subset (7).

In contrast, the /BD5 association at chromosome 5q31
has been observed in both CD and UC cohorts, suggest-
ing a fundamentally different pathogenic role compared to
the NOD2/CARDI15 mutations (8—10). Recently, two poly-
morphisms within the /BD5 region, Leu503Phe and -207G/C
in the OCTN1/SLC22A4 (organic cation transporter) and
OCTN2/SLC22A5 genes have been reported to alter trans-
porter activity and expression, respectively (11). The genetic
effects of these functional polymorphisms in adjacent, func-
tionally similar genes cannot be easily separated (11). How-
ever, taken together, the present reports would suggest that
some combination of altered intestinal OCTN function genet-
ically increases risk to IBD, as opposed to CD or UC uniquely.
Consistent with predictions from epidemiologic studies, a
present genetic model of IBD would suggest that some sus-
ceptibility genes may increase susceptibility to IBD gener-
ally (e.g., OCTN associations), whereas others genes (e.g.,
NOD2/CARD15) increase risk for specific phenotypic sub-
sets. The judicious application of phenotypic information to
genetic linkage studies may assist in future gene identification
efforts for some genomic regions and elucidation of disease
pathogenesis.

While genetic linkage approaches have successfully re-
sulted in identification of disease associations in IBD, link-
age studies in general have significant limitations in complex
genetic disorders. These limitations include the presence of
likely false positive reports of genetic linkage, as well as the
relative difficulty of pinpointing the precise gene/mutations
that contribute to disease within large genomic regions. The
problem of false positives can be addressed partially through
strict statistical requirements for initial linkage and indepen-
dent replication prior to designation of disease locus status
(12). By these criteria, there is sufficient evidence for con-
firmed linkage to IBD in six regions: (1) linkage between CD
and a locus on chromosome 16 (the /BD1 locus), (2) linkage
between IBD (especially UC) and a locus on chromosome 12q
(the IBD?2 locus), (3) linkage between IBD (especially CD)
and a locus on chromosome 6p (the /BD3 locus), (4) linkage
between CD and a locus on chromosome 14q (the /BD4 lo-
cus), (5) linkage between IBD (especially CD) and a locus on
chromosome 19p (the /BD6 locus), and (6) linkage between
IBD and chromosome 3p (1). In addition, suggestive linkage
for a locus on chromosome 5q (/BD5) has been found in two
studies with subsequent findings of association between CD
and a common haplotype within this locus and identifica-
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tion of functional polymorphisms in the OCTN1/SLC22A4
and OCTN2/SLC22A5 genes (8—11). However, even among
these loci, the evidence for linkage has been inconsistently
observed between individual linkage studies. This inconsis-
tency may relate to numbers of families studied, as well as to
pathogenic heterogeneity within and between cohorts.

To address these issues, we performed a phenotype-
stratified genome-wide analysis of four large linkage co-
horts comprising 904 affected relative pairs, representing the
largest combined linkage analysis performed to date. Our hy-
pothesis was that the application of phenotypic information to
this genetic information would identify more homogeneous
subgroups and thus increase the power and accuracy of local-
ization in IBD genome scans. We stratified on phenotypes that
have been shown to define pathophysiologic subsets, namely
disease location and early age of onset.

METHODS

Genome Scan Datasets

The results of four previously completed genome scans were
combined in order to perform this analysis. A brief summary
of these genome scans is as follows:

1. The Mammalian Genotyping Service at the Marshfield
Center for Medical Genetics completed two indepen-
dent 10 cM genome scans on samples from IBD mul-
tiplex family DNA repositories. The first genome scan
was performed on samples from IBD multiplex family
DNA repositories at the University of Chicago and Johns
Hopkins University and includes genotyping data for 297
affected relative pairs and their available connecting rel-
atives (13). The second genome scan was performed on
samples from the University of Pittsburgh, Johns Hopkins
University, and the University of Chicago and includes
genotyping data at the same genetic markers for a total of
260 affected relative pairs (14).

2. Investigators at the Mount Sinai Hospital in Toronto and
the Broad Institute (formerly Whitehead Institute/MIT
Center for Genome Research) performed a 12 ¢cM genome
scan on 158 families with two or more IBD-affected
siblings with DNA available for both parents in 140 of
these families (15). The scan contains genotyping data for
312 loci in a total of 183 affected sibling pairs.

3. Investigators at the University of Pittsburgh and the Mam-
malian Genotyping Service at the Marshfield Center for
Medical Genetics performed a 4.6 cM genome scan on
62 families containing 127 CD-affected relative pairs (16).

All DNA samples were collected with full approval from
each participating institution’s research ethics board. All data
shared for this mega-analysis was done so with full approval
under the original or alternate approved protocol.

Markers genotyped in the different genome scans were
integrated onto a single map that utilized the deCode genetic
map as its backbone (17). The markers that were not found
on the deCode map were located in the Marshfield or the
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physical maps from the current versions of the human genome
assembly maps. Their genetic map location was interpolated
using the genetic and physical map coordinates of the two
closest flanking markers. No markers were deleted. Genotype
data from all sources were merged into a single database, but
the marker allele frequencies were calculated separately for
all the centers involved in the study.

Phenotypic Data
Phenotypic criteria were defined a priori and determined by
consensus of the Phenotype Subcommittee of the NIDDK
IBD Genetics Consortium.

Age at diagnosis was defined as the time of first endoscopic,
radiographic, histologic, or surgical documentation of IBD.

Sites of intestinal disease were determined by review
of primary endoscopy, histology, radiology, and/or surgical
records. Nonspecific findings such as mild erythema with
no other changes on endoscopy or nonspecific inflammation
on histology were not considered as evidence of disease in
that location. Crohn’s disease can affect any part of the gas-
trointestinal tract and therefore disease locations were coded
as proximal (esophagus, stomach, or duodenum), jejunum,
ileum, colon, and perianal (perianal fistula or abscess or anal
canal ulcers). For the purposes of linkage analysis, disease
location was further classified as “any ileal” or “any colon”
if there was disease in the ileum or colon, respectively, re-
gardless of whether there was or was not evidence of disease
elsewhere in the gastrointestinal tract. In UC, inflammation is
confined to the colon and always starts in the rectum but with
variable degrees of extension proximally. Therefore, for UC,
disease locations were grouped based on maximal macro-
scopic extent of disease: extensive (maximal macroscopic
disease extending proximal to the splenic flexure), left-sided
(maximal macroscopic disease reaching up to or distal to the
splenic flexure), or proctitis (macroscopic disease confined
to the rectum).

Statistical Analyses

Statistical analyses for differences in the age of diagnosis be-
tween two groups were done using the Wilcoxon rank sum
test (18). Differences in the frequency of location or extent
were tested using x? statistics on two-way tables. The sig-
nificance of the Wilcoxon rank sum and x? were assessed
using simulations. Each simulated dataset was obtained by
assigning permuted labels to each family.

Linkage analyses were performed with the program
ALLEGRO using affecteds-only allele-sharing methods (19).
The evidence for linkage was measured by the excess of alle-
les shared identical-by-descent by affected individuals within
families. We used the exponential allele-sharing model on the
scoring function Spairs (20) to generate the lod scores that
are directly related to the nonparametric linkage scores but
provide more accurate results. The identity-by-descent sta-
tus was determined using multipoint calculations. Each data
set was analyzed separately; the multipoint probabilities were
saved and combined to calculate the likelihood at each marker
location.

The information on disease location was incorporated in
the analyses by defining new phenotypes. For example, in
the any ileal CD analysis, we defined the affected individu-
als to be those having CD with inflammation located in the
ileum. To determine whether there was a significant effect of
grouping of IBD patients on the basis of disease location on
the evidence for linkage, we randomly permuted the clinical
information among affected individuals over 1,000 simula-
tions. The number of affected relative pairs within each sim-
ulation was kept constant. Multipoint linkage analyses were
performed for each simulated dataset and the results were
saved for the 1-lod drop support region of the position with
the maximum lod score. Empirical p values were determined
from these simulated data. These p values are adjusted for
the number of markers in the tested region, but they are not
adjusted for the number of regions tested. Similarly, the dif-
ferences in lod scores between the Jewish and non-Jewish
families were assessed by permuting the ethnicity labels of
the families in 1,000 simulated datasets.

For age at diagnosis analyses, families were weighted on
the basis of the affected individuals’ age at diagnosis (the goal
being to up-weight families with affecteds having young age
of diagnosis). Genome-wide analysis was performed using
a scheme that assigned weights inversely proportional to the
square root of the median age of diagnosis for each family.
We use the median age of diagnosis because it is more robust
than the mean age of diagnosis.

RESULTS

Tables 1 and 2 show data for age of diagnosis and disease loca-
tion separated by the different centers and by Jewish ethnicity
for CD (Table 1) and for UC (Table 2). The age at diagnosis
was similar across centers, and median age at diagnosis was
lower in CD for patients of Jewish ethnic background (19 yr
for Jewish vs 22 yr for non-Jewish; p < 0.0001). In addition, a
modestly higher fraction of Jewish CD patients had extensive
ileocolonic disease compared to non-Jewish CD.

The overall CD location distribution was within the range
of the most commonly reported distributions in the literature
(21, 22). In contrast, there was an increase in the fraction
of extensive UC (56%) compared to population-based esti-
mates of approximately 35% (23, 24). In addition, for CD, age
greater than the median age at diagnosis (22 yr) was associ-
ated with a higher frequency of colonic disease compared to
age at diagnosis less than 22 yr (20% vs 10%; p = 0.008). The
heterogeneity in disease location among the centers did not
affect the interpretation of the linkage results. The distribu-
tion of numbers of affected relative pairs by disease location
is shown in Table 3.

Overall linkage results of the combined genome scans are
shown in Figure 1 for IBD (Fig. 1A), for CD (Fig. 1B), and
for UC (Fig. 1C). In this overall analysis, only one locus
achieved a lod score of greater than three. This linkage was
seen for the IBD phenotype on chromosome 3qnear D3S2436
(peak lod = 3.10), with contributions from pure CD and from
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Table 1. Demographic Features and Disease Location for Crohn’s Disease

Disease Location—N (%) of Individuals

Median Age at
Ileal Colonic Ileal-colonic Other dx (yr)
Chicago 44 (29%) 20 (13%) 88 (57%) 2 (1%) 22
Johns Hopkins 44 (26%) 31 (19%) 90 (54%) 2 (1%) 22
Pittsburgh-CD 70 (49%) 19 (13%) 54 (38%) 0 22
Pittsburgh 36 (50%) 8 (11%) 28 (39%) 0 23
Toronto 90 (33%) 47 (17%) 124 (46%) 10 (4%) 22
Jewish 75 (31%) 39 (16%) 130 (53%) 1 (0%) 19*
Non-Jewish 201 (37%) 84 (16%) 244 (45%) 13 (2%) 22%
Age at diagnosis <22 144 (36%) 41 (10%) 203 (51%) 10 (3%) -
Age at diagnosis >22 134 (36%) 77 (20%) 163 (43%) 4 (1%) -

* p < 0.0001 for Jewish versus Non-Jewish age at diagnosis.

mixed (CD and UC) affected relative pairs (Fig. 1A). The
second highest linkage score for the IBD phenotype was on
chromosome 2q near D2S1369 (peak lod = 2.49).

For the overall CD cohort (Fig. 1B), the three most signif-
icant linkage peaks were observed at /BD/ (peak lod 1.65),
IBD3 (peak lod 2.08), and chromosome 3q (peak lod 1.8). For
the IBDI and /BD3 loci, the CD subset demonstrated mod-
estly greater evidence for linkage compared to the entire IBD
cohort, whereas the CD peak for the chromosome 3q peak
was less than for all IBD. At /BD1, the any ileal CD subset
was associated with both an increase in the peak lod score
to 2.56 as well as a shift in the peak location to D16S3136
(51 cM), immediately adjacent to the NOD2/CARDI1S5 gene
(Fig. 24). The significance of the increase in the lod score was
assessed by simulations with a simulated p value of 0.035. In
addition, the 1-lod drop support interval for the linkage peak
was 38-cM wide in the overall CD group, but only 10-cM
wide in the any ileal CD group. The /BDI region demon-
strated the greatest evidence for linkage in the genome for
the any ileal CD cohort, with the region on chromosome 3q
demonstrating the second highest evidence for linkage (data
not shown). In contrast, the evidence for linkage at /BD3 and
also chromosome 3q was observed for both the any ileal and
any colonic CD subsets (Fig. 2B and D). The /BD5 locus did
not demonstrate significant evidence for linkage in all CD,

Table 2. Demographic Features and Disease Location for Ulcerative
Colitis

Disease Location—N (%)

. Median
of Individuals Age at
Proctitis Left sided Extensive dx (yr)
Chicago 509%) 14(25%) 37(66%) 24
Johns Hopkins 4 (24%) 6 (35%) 7(41%) 245
Pittsburgh 14 (17%) 16 (19%) 53 (64%) 25
Toronto 30 (36%) 15(18%) 38 (46%) 27.5
Jewish 12 (22%) 14 (26%) 28 (52%) 24
Non-Jewish 41 (22%) 37 (20%) 106 (58%) 25
Age at diagnosis <25 19 (17%) 26 (24%) 64 (59%) -
Age at diagnosis >25 30 (26%) 22 (19%) 62 (55%) -

but some evidence for linkage was seen for colonic CD with
a peak lod score of 1.71 (p = 0.052) (Fig. 2C).

In the overall UC cohort (Fig. 1C), the greatest evidence
for linkage was observed at D2S335 (lod = 2.35). Of note,
the /BD?2 region, which has been reported as being primarily
a UC cohort, did not demonstrate evidence for linkage in the
overall UC cohort. Because extensive UC can be considered
as a more severe phenotype, we performed linkage analy-
sis of this phenotype separately and found a peak lod score
of 3.27 for extensive UC at marker GATA91HO06 at /BD?2
(Fig. 3). This large increase in the peak lod score of the ex-
tensive UC subset is highly significant, being very unlikely
to have occurred by chance. In 1,000 simulations, randomly
assigning the extensive UC diagnosis to 56% of all UC cases
never resulted in a lod score greater than 3.27 (simulated p <
0.001). Furthermore, the lod score was not driven by one or
two large pedigrees as 18 out of the 26 families included in
the extensive disease group had positive nonparametric lod
scores. Finally, the 1-lod drop support interval for the linkage
peak was from D12S345 (55.25 cM on the deCode map) to
D12S85 (60.49 cM on the deCode map), importantly refin-
ing the localization of the UC risk alleles in this region. In
contrast to these findings we found no evidence for linkage
at D2S335 for extensive UC (data not shown).

Finally, we stratified the genome scan results by age at di-
agnosis. There was a slight increase in the peak lod score
at /BD] for “any ileal” disease when stratified by age (in-
crease from 2.55 to 2.98). However, age at diagnosis did not
otherwise significantly affect the linkage results.

Table 3. Number of Affected Relative Pairs by Disease Location

Phenotype # Affected Relative Pairs
Crohn’s disease 557

Any ileal 374

Any colon 199

Perianal 53
Ulcerative colitis 138

Extensive 29

Left-sided 5

Proctitis 11
Mixed 209
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Figure 1. Genomewide multipoint nonparametric lod scores are plotted along the length of the entire genome for the IBD phenotype (4),
CD phenotype (B), and UC phenotype (C). The lod score is on the y-axis and the distance from the p telomere in centimorgans (cM) is on
the x-axis. Vertical dashed lines separate the 22 autosomal chromosomes.

DISCUSSION

The complete elucidation of genetic variants that contribute
to IBD will likely include variants that increase risk gener-
ally to both CD and UC, as well as variants that increase risk
for a particular phenotypic subset. Application of phenotypic
information may assist in gene identification for those re-
gions without established disease gene associations, and pro-
vides insight into mechanisms of disease pathogenesis for
established, disease-associated variants. The present study
represents the first application of phenotype information to
a large linkage cohort, thereby providing a broad overview

of the phenotypic subsets that contribute to the major IBD
susceptibility loci. We have established that some loci, no-
tably the /BD3 and chromosome 3q linkage regions, demon-
strate contributions from both small intestine and colonic
disease location cohorts, whereas others, notably the /BD/
(NOD2/CARD15) and /BD2 regions, increase risk for either
small intestinal disease location (/BD1) or extensive colonic
UC (/BD2). The present findings have implications for find-
ing and confirming risk alleles especially in the /BD2 region.
These findings would indicate that pathogenic mechanisms
for risk alleles at /BD2 should specifically confer risk for
intestinal inflammation throughout the colon.
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Figure 2. Multipoint nonparametric lod score curves for the Crohn’s disease (solid curves) and for three phenotypic subsets: “any ileal
CD” (dotted curves), “perianal CD” (dashed curves), and “any colon” (dot-dashed curves). (4) Chromosome 16. (B) Chromosome 6. (C)
Chromosome 5. (D) Chromosome 3. For all the plots, the lod score is on the y-axis and the distance from the p telomere in centimorgans

(cM) is on the x-axis.

The IBD3 and chromosome 3q linkage regions demon-
strate evidence for linkage in both the small intestine and
colonic CD subsets. These findings could result either from
the risk alleles in these regions increasing risk for IBD gener-
ically or could be due to multiple, distinct risk alleles con-
ferring risk for different phenotypic subsets in these gen-
eral genomic regions. This latter possibility is most likely
for the IBD3 linkage region, given the enormous genetic
and immunologic complexity here. For example, the uncom-
mon DRB1*0103 allele is associated with extensive UC and
colonic CD (25, 26). In contrast, the HLA-DRB1*0701 allele
within /BD3 confers risk for ileal disease specifically (25,27).
These two risk alleles represent only an illustrative subset of
the likely genotype-phenotype associations occurring in this
region.

Our findings of a significantly greater linkage score in “any
ileal” CD compared to all CD cases are consistent with prior

NOD2/CARD15 mutation genotype-phenotype studies and
validate our approach of applying disease location for link-
age stratification purposes (27, 28). An important part of
recent studies with NOD2/CARDI1S variants has involved
accounting for this small intestinal association. For example,
CD and ileitis demonstrate a Th1 cytokine profile in both hu-
man and mouse models so it has been hypothesized that the
NOD2/CARDI15 mutations contribute to Th1 skewing (29—
32). In addition, the high expression of NOD2/CARDI5 in
Paneth cells, granular cells located in the base of small in-
testinal crypts, could also contribute to the small intestinal
association (33-35). Recently, NOD2/CARD15 deficiency
has been demonstrated to be required for the expression of
a subset of cryptidins, antimicrobial peptides produced by
Paneth cells (36).

We did not analyze CD disease behavior in this study be-
cause of the concern for interobserver variation and because
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Figure 3. Multipoint nonparametric lod score curves for chromo-
some 12 for UC (solid curve) and “extensive UC” (dotted curve).
The lod score is on the y-axis and the distance from the p telomere
in centimorgans (cM) is on the x-axis.

disease behavior has been shown to evolve over time (37—
39). Attempting to correct for evolution of disease behavior
would greatly limit the linkage analysis. In addition, the data
on the association of NOD2/CARD15 genotypes and disease
behavior have been somewhat conflicting (7,27, 28), suggest-
ing that this phenotype may not have as strong of a genetic
basis as age at diagnosis and disease location. For these rea-
sons, we did not believe that integrating disease behavior in
the context of our linkage study would have been of value.
The contribution of genetic factors in UC broadly speak-
ing is less significant compared to CD as demonstrated by the
fact that monozygotic twin concordance is lower in UC than
in CD. The relatively smaller numbers of UC-UC affected
relative pairs in cohorts ascertained for linkage studies also
support this general concept. This paucity of UC-UC relative
pairs in prior individual linkage studies accounts for the rela-
tive lack of significant UC linkage peaks in a recently reported
meta-analysis, underscoring the importance of pooling pri-
mary genotype data as we did in the present study (40). We
found that for the overall UC cohort, the greatest evidence for
linkage was observed at D2S335 (lod = 2.35), a region that
also scored the highest for UC in the recent meta-analysis
(40). Of note, /BD2, the only linkage region which has been
implicated primarily in UC, being initially reported in a link-
age cohort uniquely containing a robust number of UC-UC
affected relative pairs (41, 42), did not demonstrate evidence
for linkage in the overall UC cohort. However, we found that
IBD? is specifically linked to the extensive UC phenotype,
a highly significant finding. In 1,000 simulations, random
assignment of the extensive UC status to 57% of the UC co-
hort never resulted in a lod score approaching the observed
3.27. Furthermore, the lod score was not driven by one or
two large pedigrees as 18 out of the 26 families included in
the extensive disease group had positive nonparametric lod
scores. This latter point is particularly important as it demon-
strates that these results were not driven by any one center’s
data or by a limited number of families. Support for con-

sidering extensive UC as a separate phenotype comes from
prior studies demonstrating that patients with extensive dis-
ease have a more aggressive disease course, are more likely
to require surgery, and are more likely to develop pouchitis
postoperatively (43, 44). The present findings will assist in
localizing and identifying UC risk alleles in the /BD?2 region.
Furthermore, statistically associated UC disease susceptibil-
ity alleles here would be predicted to have functional effects
contributing to more extensive colonic inflammation.
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STUDY HIGHLIGHTS
What Is Current Knowledge

® Ulcerative colitis and Crohn’s disease are complex ge-
netic diseases with multiple susceptibility loci, and ge-
netic and phenotypic heterogeneity, complicating gene
identification efforts.

® Several studies have demonstrated an association be-
tween NOD2/CARDI15 mutations and ileal disease
location in Crohn’s disease suggesting that IBD-
susceptibility genes predispose to particular disease
phenotypes.




What is New Here

® The present study represents the application of pheno-

type information to a large linkage cohort and thereby
provides a broad overview of the phenotypic subsets
that contribute to the major IBD susceptibility loci.
Some loci, notably the /BD3 and chromosome 3q link-
age regions, demonstrate contributions from both small
intestine and colonic disease location cohorts, whereas
others, notably the /BD/ (NOD2/CARDI1S) and /BD2
regions, increase risk for either small intestinal disease
location (/BD1) or extensive colonic disease (/BD2)
respectively.

The finding that /BD?2 is specifically linked to the ex-
tensive ulcerative colitis phenotype is highly significant
and should assist in localizing and identifying ulcera-
tive colitis risk alleles in the /BD2 region.
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