
Comparative genetic analysis of inflammatory
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multiple loci with opposite effects
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Inflammatory bowel disease, including Crohn’s disease (CD) and ulcerative colitis (UC), and type 1 diabetes
(T1D) are autoimmune diseases that may share common susceptibility pathways. We examined known sus-
ceptibility loci for these diseases in a cohort of 1689 CD cases, 777 UC cases, 989 T1D cases and 6197 shared
control subjects of European ancestry, who were genotyped by the Illumina HumanHap550 SNP arrays. We
identified multiple previously unreported or unconfirmed disease associations, including known CD loci
(ICOSLG and TNFSF15) and T1D loci (TNFAIP3) that confer UC risk, known UC loci (HERC2 and IL26) that
confer T1D risk and known UC loci (IL10 and CCNY) that confer CD risk. Additionally, we show that T1D
risk alleles residing at the PTPN22, IL27, IL18RAP and IL10 loci protect against CD. Furthermore, the stron-
gest risk alleles for T1D within the major histocompatibility complex (MHC) confer strong protection against
CD and UC; however, given the multi-allelic nature of the MHC haplotypes, sequencing of the MHC locus will
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be required to interpret this observation. These results extend our current knowledge on genetic variants that
predispose to autoimmunity, and suggest that many loci involved in autoimmunity may be under a balancing
selection due to antagonistic pleiotropic effect. Our analysis implies that variants with opposite effects on
different diseases may facilitate the maintenance of common susceptibility alleles in human populations,
making autoimmune diseases especially amenable to genetic dissection by genome-wide association
studies.

INTRODUCTION

Genome-wide association studies (GWAS) have been fruitful
in identifying common variants underlying many human dis-
eases (1,2), with notable success especially in several auto-
immune diseases (3). Hundreds of distinct genomic loci
have been associated with various autoimmune diseases
(3,4), including celiac disease (CeD), Crohn’s disease (CD),
ulcerative colitis (UC), multiple sclerosis (MS), rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE) and type
1 diabetes (T1D). Besides individual studies, recent
meta-analysis of GWAS has also enabled the identification
of dozens of susceptibility loci for T1D (5,6) and CD (7),
since single studies are typically underpowered. Additionally,
comparisons of susceptibility loci between different auto-
immune diseases have revealed important insights into their
common genetic architecture. For example, interleukin 23
receptor (IL23R) has been consistently implicated in multiple
related autoimmune disorders including CD, UC, ankylosing
spondylitis and psoriasis, suggesting that it may be a
common susceptibility factor for the major seronegative dis-
eases (8–11). Another study compared shared genetic risk
factors for T1D and CeD and reported multiple identical risk
alleles (12), suggesting that common biologic mechanisms
may be etiologic features of both diseases. Several similar
studies that examined known CD susceptibility loci in
GWAS for UC identified previously unreported susceptibility
loci shared by these related disorders (13–15). Taken together,
these studies suggest that examination of related autoimmune
diseases can help reveal shared genetic pathways, and that
evaluation of known susceptibility loci for one disease in
GWAS for another disease may uncover novel disease-loci
relationships.

In the present study, we interrogated GWAS data sets on
CD, UC and T1D for known susceptibility loci implicated in
these diseases. Our comparative analysis serves several impor-
tant roles: first, the ability to identify additional susceptibility
loci for one disease by testing known loci for another disease,
similar to previous studies (12,13). This approach increases
statistical power by limiting the number of hypotheses
tested, thus lowering the significance threshold. For each
disease, rather than applying a stringent P , 5 � 1028

threshold for the susceptibility variants, we applied a Benja-
mini–Hochberg false discovery rate (FDR) approach (16),
aiming that less than 5% of the declared associations are
likely to be false positive associations. Second, since our
samples were not used in the CD meta-analysis (7) or T1D
meta-analysis (5,6), our results can serve as an independent
benchmark to validate results from meta-analysis of GWAS.
Finally, we are also interested in determining whether opposite

risk alleles exist for these diseases. Since previous studies
have already shown that susceptibility alleles in PTPN22
have opposite effects in different autoimmune disorders
including CD and T1D (7,17), it is likely that additional var-
iants with opposite effects on these diseases exist but have
not been reported. Altogether, our study helps better under-
stand the genetic architecture, including shared genetic path-
ways as well as risk factors with opposing effects, for these
related diseases.

RESULTS

Overview of the study and candidate loci

In the current study, we attempted to evaluate known suscep-
tibility loci for CD, UC and T1D in a GWAS data set, includ-
ing 1689 CD cases, 777 UC cases, 989 T1D cases and 6197
shared control subjects, all of whom were of European ances-
try and were genotyped on the Illumina HumanHap550 array
with �550 000 SNP markers (see Materials and Methods).
For each disease, we tested association with multiple
markers in the major histocompatibility complex (MHC)
region, as well as with markers residing at 30 known CD
loci, 18 known UC loci and 45 known T1D loci, for a total
of 81 unique non-MHC loci (Supplementary Material,
Table S1). For CD, this list is compiled from the Barrett
et al. meta-analysis on CD (7), as those loci with P , 5 �
1028, with a total of 30 loci (Supplementary Material,
Table S2). For UC, since no meta-analysis has ever been
reported, we instead relied on five separate individual
studies (13,15,18–20) with a total of 18 loci (Supplementary
Material, Table S3). For T1D, we relied on the Tables from
recent Barrett et al. meta-analysis (6), with a total of 45 loci
(Supplementary Material, Table S4). We did not test the sus-
ceptibility loci (such as 20q13 and 21q22) that were discov-
ered in a subset of the data used in the current study (21).
To ensure that we examine the exactly same risk SNPs
reported in previously studies, we performed genotype impu-
tation by the MACH software, and we used allelic dosage
association to take into account of imputation uncertainty.
A subset of shared susceptibility loci were illustrated in
Figure 1 and Table 1, while the association results for all 81
loci for three diseases are summarized in Supplementary
Material, Table S1 and described below.

Association with non-MHC loci

Among loci examined are the 30 loci previously implicated in a
meta-analysis for CD (7). We detected positive association for
24 of them in our cohort for CD (P � 0.011, FDR , 5%), indi-
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cating that results from meta-analysis are highly reliable. With
this threshold, assuming complete LD (D0 ¼ 1) between marker
allele and causal allele with MAF¼ 30% or higher, we expect a
minimum power of 97, 80 and 40% for SNPs with odds ratio of
1.2, 1.15 and 1.1, respectively (Supplementary Material,
Table S5). Among these 30 CD susceptibility loci, several are
already known to confer UC susceptibility and were associated
with UC with the same direction in our study (IL23R on 1p31,
MST1/BSN on 3p21, NKX2-3 on 10q24 and IL12B on 5q33).
Several CD risk loci with previously unconfirmed risk for UC
were identified in our study, including ICOSLG on 21q22
(rs762421, P ¼ 2.4 � 1024, OR¼ 1.23) and TNFSF15 on
9q32 (rs4263839, P ¼ 8.6 � 1024, OR¼ 0.81), both with
allelic effects in the same direction. We note that ICOSLG
had been previously tested for association with UC (14);
however, the evidence for association of ICOSLG with UC
was weak (P ¼ 0.016), and did not pass multiple testing
threshold. Additionally, TNFSF15 was shown to be associated
with CD and Inflammatory bowel disease (IBD) but did not
reach significant association for UC alone in a study reported
by Franke et al. (13). We next tested the CD risk loci for evidence
of association with T1D. Three genes (ORMDL3, PTPN2 and
PTPN22) have been previously proposed to be susceptibility
genes for both T1D and CD. ORMDL3 is only marginally associ-
ated with T1D in our data (P ¼ 0.051, OR ¼ 1.1). PTPN2 was
associated with CD in our study, but we were unable to replicate
its effect on T1D (P ¼ 0.2, OR ¼ 1.09). We examined the T1D
website (http://www.T1Dbase.org) for further evidence of
association: although ORMDL3 and PTPN2 show strong associ-
ation in the Barrett et al. meta-analysis (P ¼ 3.0 � 1027 and
P ¼ 3.6 � 10215, respectively) (6), neither show association
(P . 0.05) in the Cooper et al. meta-analysis (5). Similar to
previously described (17), the risk SNP for CD within PTPN22
on 1p13 (rs2476601, P ¼ 6.6 � 1026, OR ¼ 0.72 for the minor
allele) is associated with T1D but with the opposite direction of
association (P ¼ 4.9 � 10225, OR ¼ 2.0).

We next examined the 18 loci implicated in UC suscepti-
bility in five previous studies (excluding MHC region)

Figure 1. Illustration of previously known and newly identified susceptibility
loci that are shared by Crohn’s disease, ulcerative colitis and type 1 diabetes.
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(13,15,18–20), and detected positive association with UC for
seven of them in our cohort (P � 5.6 � 1023, FDR , 5%).
With this threshold, assuming complete LD (D0 ¼ 1)
between marker allele and causal allele with MAF ¼ 30% or
higher, we expect a minimum power of 67, 37 and 13% for
SNPs with odds ratio of 1.2, 1.15 and 1.1, respectively (Sup-
plementary Material, Table S5). Four UC loci were known
to confer CD susceptibility as described earlier. In addition,
a variant within CCNY on 10p11.21 (rs3936503, P ¼ 1.6 �
1024, OR ¼ 1.17) was associated with CD. This variant is in
moderate LD (r2 ¼ 0.66) with a variant reported in the CD
meta-analysis (rs17582416); as CCNY is only weakly associ-
ated with CD in the previous study (13), our analysis rendered
support that CCNY is also a shared susceptibility gene for CD.
Furthermore, a variant within IL10 on 1q32.1 (rs3024505, P ¼
2.1 � 1025, OR ¼ 1.24) is associated with CD in our study,
and we note that the same variant was previously investigated
in CD and observed to have borderline significance albeit with
similar effect size (P ¼ 0.013, OR ¼ 1.2 in (18)). Examination
of UC susceptibility loci in T1D identified a variant within
IL26 as being associated with T1D with the same direction
of effect (rs1558744, P ¼ 2.8 � 1023, OR ¼ 1.16). A variant
within HERC2 was also associated with T1D with the same
direction (rs916977, P ¼ 8.1 � 1024, OR ¼ 1.21), though it
did not show association with UC in our data. Furthermore,
we confirmed that a variant within IL10 was associated with
T1D (rs3024505, P ¼ 1.5 � 1024, OR ¼ 0.76), but with oppo-
site direction of effects to that of either CD or UC. Addition-
ally, we interrogated the T1D website (www.T1Dbase.org) for
further evidence in support of association: the SNPs for IL26
and HERC2 were not included here, but the SNP for IL10
(rs3024505) was indeed annotated in this database and
showed a significant association (P ¼ 2.2 � 1026) in the
T1D meta-analysis (6).

We next examined the 45 known T1D susceptibility loci
(excluding MHC region), and detected positive association
with T1D for 16 of them in our cohort (P � 0.011, FDR ,
5%). With this threshold, assuming complete LD (D0 ¼ 1)
between marker allele and causal allele with MAF ¼ 30% or
higher, we expect a minimum power of 85, 57 and 24% for
SNPs with odds ratio of 1.2, 1.15 and 1.1, respectively (Sup-
plementary Material, Table S5). In our study, TNFAIP3 was
found for the first time to confer UC risk (rs2327832, P ¼
6.2 � 1024, OR ¼ 1.26). Additionally, we found that seven
T1D loci actually confer protection against CD, including
PTPN22 as described earlier, IL27 (P ¼ 1.4 � 1027),
IL18RAP (P ¼ 2.2 � 1026), IL10 (P ¼ 2.1 � 1025), 22q12.2
(P ¼ 1.4 � 1023), 6q22.32 (P ¼ 2.0 � 1023) and 16p12.3
(P ¼ 0.011). Genome-wide significance for IL27 (rs8049439,
P ¼ 2.41 � 1029) was also reported in a recent GWAS with
overlapping samples (22). Since the CD meta-analysis
P-values from a previous study were made publicly available
(7), we examined these SNPs and found further support for
PTPN22 (P ¼ 1.8 � 1025), IL27 (P ¼ 0.003), IL18RAP (P ¼
2.2 � 1025), IL10 (P ¼ 0.016) but less evidence for 22q12.2
(P ¼ 0.068), 6q22.32 (P ¼ 0.54) and 16p12.3 (P ¼ 0.29). In
addition, the loci on 22q12.2 and 16p12.3 (but not 6q22.32)
did not pass the FDR threshold for T1D association in our
data. Therefore, we regarded the first four loci (PTPN22,
IL27, IL18RAP and IL10) as highly confident loci showing

opposite directions of association between CD and T1D, all
of which were outside of the MHC region.

Association of MHC loci

Given the well-known involvement of the MHC region in con-
ferring genetic susceptibility to CD, UC and T1D (23), we next
investigated whether effects of common SNPs tagging HLA
alleles may differ between these diseases. For each disease,
we used the ‘clumping’ function in the PLINK software (24)
to identify a set of index SNPs that are highly independent of
each other (r2 , 0.1) with a 5 Mb sliding window, since it is
well known that long-range LD is prevalent in the MHC
region. A total of 8, 12 and 80 index SNPs with P , 1 � 1024

were found for the CD, UC and T1D data sets, respectively.
For each of the three diseases, we listed the five most significant
SNP variants in the MHC region and then examined the associ-
ation signals for the other two diseases (Table 2). Some strik-
ingly different signals were unveiled by this analysis. For
example, the strongest T1D risk alleles are located between
HLA-DQB1 and HLA-DQA2 (rs9275383, P ¼ 2.1 � 102138,
OR ¼ 3.77), whereas this locus confers strong protection
against both CD (P ¼ 3.9 � 1026, OR ¼ 0.73) and UC (P ¼
1.9 � 1029, OR ¼ 0.53). Similarly, the strongest UC protective
allele is located between HLA-DRB1 and HLA-DQA1
(rs477515, P ¼ 6.7 � 10219, OR ¼ 0.56), yet it confers strong
risk for T1D (P ¼ 5.6 � 10218, OR ¼ 1.52). Interestingly,
two of the five most significant CD protective alleles
(rs2187668 and rs9275383) represent the two most significant
T1D risk alleles but with opposite direction of effects.

Given the multi-allelic nature of the MHC region, we caution
that these results may not necessarily suggest that MHC risk
alleles for T1D protect against CD or UC. In this regard, one
could imagine that three haplotypes exist in the MHC: A, B, C
and each with frequency one-third in a control population. If A
is a risk haplotype for T1D and the case frequencies are half, one-
fourth, one-fourth, and B is a risk haplotype for UC and cases
have frequencies one-fourth, half, one-fourth, then B will
appear to be ‘protective’ against T1D and A is ‘protective’
against UC, simply because the strong primary effect depletes
all non-risk haplotypes in cases. This could be the case in our
data as well, since all three diseases have shown strong associ-
ation with HLA-DR but with different alleles (for example,
DRB1�0103 for UC versus the DR3-DQ2 and DR4-DQ8 haplo-
types for T1D). We note that similar discussions have been made
in previous large-scale analysis of MHC risk alleles, where the
investigators applied conditional regression and concluded that
autoimmune diseases arise from complex, multilocus effects
that span the entire region (25). For these reasons, and due to
the complex structural variation and the hierarchical linkage dis-
equilibrium patterns of MHC, we caution that additional studies
are warranted, notably including sequencing of the entire MHC
region, to independently correlate the SNP risk alleles and
HLA alleles with respect to their effects on different diseases.

DISCUSSION

Based on comparative genetic analysis of three autoimmune
disorders genotyped by whole-genome SNP arrays, we ident-
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ified multiple previously unreported or unconfirmed disease-
loci associations, including multiple variants with opposite
effects on different diseases. Our study has significant impli-
cations for genetic studies of autoimmune disorders. A large
number of autoimmune disorders are known to share etiological
factors involving common genetic pathways. To identify a more
comprehensive ensemble of risk factors, besides traditional
single-marker analysis for single-disease, several additional
analytical techniques can be used, including but not limited to:
(i) meta-analysis of multiple studies with similar phenotypes,
such as those performed on CD (7) and T1D (5,6); (ii) combined
analysis of tightly related disorders, such as combining CD and
UC into a single IBD group for association (10,21), or combining
CD, UC and T1D into a single autoimmune disease group for
association or some other combinations thereof (26); (iii)
pathway-based approaches that try to identify groups of consist-
ently yet probably moderately associated genes with disease
(27,28) or (iv) evaluation of known risk alleles for one disease
in cohort for another disease (12,13), but without assuming the
same direction or same magnitude of effects. Our study is an
example of the successful application of the last approach
above, and has markedly enhanced our current understanding
of these three disorders, and collectively resulted in the discovery
of multiple novel disease-associated loci excluding MHC.
Although these loci passed a FDR threshold of ,5%, we
caution that they still need to be examined in additional follow-up
studies for further confirmation.

Furthermore, the opposite direction of association at
multiple loci between CD and T1D, as well as the opposite
direction of association within multiple independent MHC
loci (between UC/CD and T1D), suggests that predisposition
to related diseases may be controlled or regulated by both
an ‘overdose’ or ‘underdose’ of genes and genomic elements
in relevant biological pathways. This is not surprising, as the

mechanisms for effector function in host defense and regulat-
ory function in self-tolerance (that is, negative selection in the
thymus, generation of regulatory lymphocytes and
activation-induced apoptosis) rely on closely related molecular
events which, in both cases, depend on antigen-induced
immune response. This makes the effect of small functional
changes tip the balance in one or the other direction, in a
context-dependent fashion. Therefore, if a variant is associated
with multiple autoimmune diseases but with different direc-
tions, it is much more likely to function in pathways related
to immunological functions (as opposed to insulin production
or autophagy, etc.). For example, the protein tyrosine phospha-
tase non-receptor type 22 (PTPN22) gene is a member of the
PTPs that negatively regulate T-cell activation, and a missense
SNP (R620W, rs2476601) was associated with several auto-
immune diseases but with opposite directions. Recent bio-
chemical studies show that the mutation results in gain of
PTPN22 phosphatase activity in T cells, which is predicted
to increase the threshold for TCR signaling (17,29), suggesting
that TCR signaling augments RA, Graves disease, hashimoto
thyroiditis, SLE and juvenile arthritis, but not for other dis-
eases where TCR signaling plays a less important role.
Additionally, it is likely that a MHC allele may be a good
antigen presenter for particular epitopes for a virus that links
to the development of T1D (perhaps due to similar epitopes
as those on pancreatic beta cells), but it may not present epi-
topes for certain bacteria efficiently and such bacteria are
opportunistic pathogens for IBDs. In any case, since some of
the susceptibility loci may not have clear functional candidate
or the hypothetical gene is not well characterized for function
yet, focusing on immunological pathways may help reveal the
causal genes and characterize their functional roles. For
example, the most significant SNP (rs4788084) on 16p11.2
is much closer to NUPR1 than to IL27, but given the known

Table 2. Association results for the most significant MHC SNPs for CD, UC and T1D

Index SNPa Positionb No. of SNP in
LD with index

Minor allele
frequency

Minor/
major allele

P (CD)c OR (CD)d P (UC)c OR (UC)d P (T1D)c OR (T1D)d

Most significant MHC SNPs for CD
rs2844480 31672800 20 0.20 A/G 3.36E207 1.27 2.94E202 1.15 7.31E201 0.98
rs3129871 32514320 61 0.33 A/C 5.76E207 1.22 3.69E201 0.95 5.84E287 0.25
rs2187668 32713862 187 0.13 A/G 1.14E206 0.73 1.45E201 0.88 1.05E2116 3.40
rs9275383 32776824 42 0.11 T/G 3.85E206 0.73 1.92E209 0.53 2.06E2138 3.77
rs1063355 32735692 20 0.38 A/C 3.95E206 1.20 1.61E206 1.30 4.02E257 0.39

Most significant MHC SNPs for UC
rs477515 32677669 63 0.32 T/C 9.02E203 0.89 6.67E219 0.56 5.60E218 1.52
rs3104404 32790152 19 0.23 A/C 2.16E203 1.15 5.09E208 1.40 3.65E246 0.31
rs411326 32319295 38 0.26 A/G 3.40E203 0.87 1.10E207 0.70 1.26E205 0.77
rs3749946 31556841 3 0.09 A/C 6.04E203 1.19 5.45E207 1.50 1.91E203 0.75
rs2621332 32888295 43 0.33 C/T 1.59E201 0.94 1.61E206 0.75 1.67E202 1.13

Most significant MHC SNPs for T1D
rs9275383 32776824 62 0.11 T/G 3.85E206 0.73 1.92E209 0.53 2.06E2138 3.77
rs2187668 32713862 197 0.13 A/G 1.14E206 0.73 1.45E201 0.88 1.05E2116 3.40
rs3129871 32514320 34 0.33 A/C 5.76E207 1.22 3.69E201 0.95 5.84E287 0.25
rs2647050 32777745 28 0.39 C/T 1.71E201 1.06 7.81E202 1.10 3.32E282 0.30
rs6903608 32536263 3 0.32 C/T 5.82E202 1.08 3.97E208 1.36 5.96E235 0.47

aFor each disease, the five most significant yet independent (r2 , 0.1) index SNPs are shown.
bPosition was in NCBI build 36 coordinates in chromosome 6.
cAll P , 1 � 1024 were marked in bold fonts.
dOdds ratio (OR) was calculated for the minor allele as cases versus controls.
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immunological function for interleukins, it is quite confident
to assume that IL27 is the true causal gene at the locus.

Relatively few studies have investigated the potential exist-
ence or prevalence of balancing selection in genome evol-
ution, compared with other types of selective pressures (30).
In humans, besides sporadic studies on interleukins (31,32)
and various forms of heterozygosity advantage on sickle cell
anemia (33,34) and cystic fibrosis (35–37), most other
studies on balancing selection have focused on the MHC
region alone. Based on segregation analysis of isolated popu-
lations, multiple studies have reported strong evidence for bal-
ancing selection at the MHC loci at the population level
(38,39). Additionally, examination of particular groups of
patients showed that maximum MHC heterozygosity of class
I loci delayed acquired immunodeficiency syndrome (AIDS)
onset among patients infected with HIV-1, whereas homozy-
gotes rapidly progress to AIDS and death (40). Many more
studies on MHC have also been performed in animal
models. For example, in mice, MHC heterozygosity was
shown to confer advantage by enhancing resistance to multiple
strains of Salmonella and one of Listeria; heterozygotes were
more resistant than the average of parental homozygotes, but
they were not more resistant than both (dominance but not
over-dominance) (38). Similarly, the San Nicolas Island fox
is genetically the most monomorphic sexually reproducing
animal population, with virtually no variation in most hyper-
variable genetic markers; however, remarkably high variation
is present only in the MHC regions, suggesting the importance
of balancing selection as a mechanism to maintain variation in
non-human populations (41).

In our study, an interesting corollary of the sharing of oppo-
site alleles relates to the predicted allelic structure of auto-
immune diseases. Unlike susceptibility loci for most
complex disorders that may be under a purifying or negative
selection in human populations, the susceptibility loci for
autoimmune diseases (both inside and outside of MHC) are
potentially under a balancing selection that are dependent on
heterogeneity in environmental factors. We stress here that
the balancing selection does not act on the phenotype (auto-
immune diseases) per se (which requires tens of thousands
of years), but impacts immune responses towards different
infectious agents, predisposing to different diseases (which
act during recent times). In fact, several non-MHC genes,
including IL10 (31) (shown in our study to have opposite
directions of association) and five additional interleukins
(32), have already been suggested to be under balancing selec-
tion. This does not necessarily suggest heterozygosity advan-
tage, but simply reflects a compromise of battle between
multiple distinct immunological pathways for distinct patho-
gens; in fact, at least for MHC, multiple theoretical studies
already showed that heterozygosity advantage does not
explain MHC variation (42), in the absence of host-pathogen
co-evolution (43,44). This hypothesis does not contradict the
‘hygiene hypothesis’, which specifies that lack of exposure
to bacteria/viruses in modern populations results in augmented
susceptibility to the development of autoimmunity; instead, it
simply suggests that host response to different pathogens
might have utilized different defense mechanism or machinery
(such as humoral response versus cellular immunity). Finally,
this hypothesis predicts that the allelic architecture of auto-

immune diseases are more likely to harbor multiple common
susceptibility alleles (possibly with relatively large effects),
as opposed to a collection of rare alleles (45). This hypothesis
is in keeping with the notion that autoimmune diseases, com-
pared with other complex and common diseases, are more
readily interrogated by GWAS, with over a hundred loci
implicated at this time.

The sample collections for the three diseases (CD, UC and
T1D) used in our study are all ascertained from early-onset
patients (before the age 19). Although T1D is itself a
pediatric-onset disease, CD and UC are often diagnosed in
early adulthood, so this raised a question how different
sample ascertainment schemes may affect results. Our pre-
vious studies (21) demonstrate that pediatric-onset samples
can help identify disease genes, and that these genes replicate
in adult-onset cohorts such as WTCCC, albeit with smaller
effect sizes. Additionally, CD-affected children are more
likely to have colonic CD than adults (46,47), whereas
UC-affected children are more likely to have more extensive
colitis than adults. In addition, a young age of IBD onset is
typically associated with a stronger family history of IBD.
Furthermore, pediatric-onset cases may be less amenable to
environmental risk factors. Therefore, as recently discussed
(48), pediatric-onset samples may have unique characteristics
that enable more powerful replication of disease genes
detected from adult-onset samples as well as identification
of novel disease genes.

In conclusion, our study represents a successful application
of cross-disease comparative analysis to extract additional bio-
logical insights from existing data sets generated from GWAS.
We identified multiple previously unreported or unconfirmed
disease-loci associations, but many of them have opposite
direction of association for T1D and CD, suggesting the poten-
tial presence of a ‘genetic switch’ for progression to either one
of these two diseases, in addition to shared genetic risk factors.
Our results suggest an interesting hypothesis that susceptibility
loci involved in the pathogenesis of autoimmune diseases may
have antagonistic pleiotropic effects, where risk alleles for one
disease may confer selective advantage for another disease or
infection resistance, suggesting that more in-depth study on
gene/environmental interactions are necessary to better under-
stand the genetic etiology of autoimmune disorders.

MATERIALS AND METHODS

Sample collection

Early-onset inflammatory bowel disease (IBD). The cases
were recruited from multiple centers from four geographically
discrete countries (Italy, Scotland, Canada, and the USA). We
have previously collected 647 pediatric-onset CD cases and
317 pediatric-onset UC cases from the Children’s Hospital
of Wisconsin and Medical College of Wisconsin, Children’s
Hospital of Philadelphia and Cincinnati Children’s Hopsital
Medical Center (21), and they were all included in the
current analysis. The cases used in the current study were
also included in a recent large-scale IBD analysis (22). All
patients were diagnosed prior to their 19th birthday and ful-
filled standard IBD diagnostic criteria, and phenotypic charac-
terization was based on a modification of the Montreal
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classification (49). The multi-dimensional scaling analysis on
genotype data was used to identify subjects of genetically
inferred European ancestry. Since our study focused on CD
and UC, we removed 53 cases whom were diagnosed as
‘IBD-unclassified’ from the case group. We additionally
removed 11 CD cases and 3 UC cases, since they show evi-
dence of cryptic relatedness, due to identity-by-descent esti-
mate higher than 0.2 (see details below). A total of 1689 CD
cases and 777 UC cases were included in the final analysis.

Type 1 diabetes (T1D). The cases were identified through pedi-
atric diabetes clinics at the Children’s Hospital of Montreal
and at Children’s Hospital of Philadelphia (CHOP). We
have previously collected �563 patients in a GWAS (50)
and additional cases from a follow-up study (51), and they
were included in the current analysis. The multi-dimensional
scaling analysis on genotype data was used to identify subjects
of genetically inferred European ancestry. We removed five
subjects from related pairs and focused on subjects genotyped
on the HumanHap550 platform only, resulting in the total
number of 989 independent cases.

Disease-free controls. The control group was recruited by
CHOP clinicians and nursing staff within the CHOP Health
Care Network, which includes primary care clinics and outpa-
tient practices. The control subjects did not have any auto-
immune diseases based on self-reported intake questionnaire,
clinician-based assessment or electronic health care records.
The specific subsets of control subjects were selected using
a matching algorithm implemented in MATLAB as previously
described (22). This algorithm determines a distance for each
case–control pair after mapping each sample to coordinates on
the basis of the top k Eigen value-scaled principal components.
The control subjects were originally selected by matching to
the CD cases, resulting in a total of 6197 control subjects.
The same control subjects were also compared with UC
cases and T1D cases. As previously discussed (1,26), the use
of shared control subjects may result in potential genome-wide
biases; although we are only looking at specific loci, we also
examined genome-wide inflations to address this concern.
All the 81 loci interrogated in the current study were pre-
viously identified using different and independent control sub-
jects, further reducing the concern on potential biases. The
Research Ethics Board of CHOP and other participating
centers approved the study, and written informed consent
was obtained from all subjects or their parents.

Genotyping and association tests

All the case and control samples were genotyped on the Illu-
mina InfiniumTM HumanHap550 array (Illumina, San Diego)
with �550 000 SNP markers, at the Center for Applied
Genomics, the Children’s Hospital of Philadelphia. Following
genotyping, we excluded samples with greater than 2%
missing genotypes. We used the PLINK software version
1.06 (24) for multi-dimensional scaling (MDS) on markers
not in LD to identify the ancestry origin (via the—
mds-plot—cluster argument), and only samples of genetically
inferred European ancestry were used in the association analy-
sis (Supplementary Material, Fig. S1). The genomic control

inflation factors (l) (52) were 1.07, 1.14 and 1.05 for CD,
UC and T1D, respectively (Supplementary Material,
Fig. S2). Furthermore, based on the whole-genome
identity-by-descent estimate reported by PLINK (24) version
1.06 (via the –genome argument), we calculated the pairwise
identity-by-descent measure as P(identity-by-descent ¼2) þ
0.5�P(identity-by-descent ¼ 1); next, we eliminated pairs of
samples showing cryptic relatedness (identity-by-descent
score . 0.2), similar to the previously described procedure
(53). The PLINK software (24) version 1.06 was also used
for data quality control, association analysis and for the SNP
‘clumping’ at the MHC locus by association test statistics.

To ensure that we examine the exactly identical SNPs that
were reported in previous studies, we used genotype imputa-
tion on the SNP genotype data. The MACH software (http
://www.sph.umich.edu/csg/abecasis/MaCH/) was utilized and
the default two-step imputation procedure is adopted for impu-
tation. For imputation, we used the HapMap phased haplo-
types (release 22) on CEU (Utah residents with ancestry
from northern and western Europe) subjects, as downloaded
from the HapMap database (http://www.hapmap.org). To
handle imputation uncertainty, rather than taking the best
guess imputed genotypes, we used allelic dosage in associ-
ation tests. The allelic dosage is the weighted sum of the gen-
otype class probabilities: for example, if the genotype
probabilities are 0.7 for AA, 0.2 Aa and 0.1 for aa in
MACH imputation output, then the dosage for A allele is
2 � 0.7 þ 1 � 0.2 þ 0 � 0.1 ¼ 1.6. We applied a FDR
approach to assess the statistical significance of candidate var-
iants, by controlling FDR q-value to be less than 5%. We used
the QVALUE software (54) version 1.0 for the FDR calcu-
lation. We set the lambda value at zero, which is a tuning par-
ameter used in estimating p0 (no. of true null tests/no. of total
tests) (55), and effectively achieve the more stringent step-
down FDR procedure originally proposed by Benjamini and
Hochberg (16). We used the Genetic Power Calculator (56)
for assessing the power for each disease given the FDR
threshold. We used the ‘case–control for discrete traits’
module assuming multiplicative model of disease risk and
assuming complete linkage disequilibrium (D0 ¼ 1) between
the marker allele and the risk allele with varying minor
allele frequencies (Supplementary Material, Table S5).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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