1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Arthritis Rheumn. 2012 August ; 64(8): 2781-2791. doi:10.1002/art.34429.

Genome-wide association analysis of juvenile idiopathic arthritis
identifies a new susceptibility locus at chromosomal region
3913

Susan D. Thompsonl”*, Miranda C. Marion2, Marc Sudman?, Mary Ryanl, Monica Tsoras?,
Timothy D. Howard3, Michael G. Barnes?, Paula S. Ramos?, Wendy Thomson®, Anne
Hinks®, Johannes P. Haas®, Sampath Prahalad’, John F. Bohnsack®8, Carol A. Wise%10,
Marilynn Punaro1:12 Carlos D. Rosé13, Nicholas M. Pajewski2, Michael Spigarellil4, Mehdi
Keddachel®, Michael Wagner16, Carl D. Langefeld?, and David N. Glass?

Division of Rheumatology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229,
USA

2Department of Biostatistical Sciences, Wake Forest University School of Medicine, Winston-
Salem, NC 27157, USA

3Center for Genomics & Personalized Medicine Research, Wake Forest University School of
Medicine, Winston-Salem, NC 27157, USA

“4Division of Rheumatology and Immunology, Department of Medicine, Medical University of
South Carolina, Charleston, SC 29425, USA

SManchester Academic Health Science Centre, The University of Manchester, Manchester M13
9PT, UK

6German Centre for Rheumatology in Children and Young People, D-82467 Garmisch-
Partenkirchen, Germany

Division of Rheumatology, Emory Children’s Center, Atlanta, GA 30322, USA

8Department of Pediatrics, University of Utah Health Sciences Center, Salt Lake City, UT 84158,
USA

9Sarah M. and Charles E. Seay Research Center Texas Scottish Rite Hospital for Children,
Dallas, TX 75219, USA

10Department of Orthopaedic Surgery and McDermott Center for Human Growth and
Development, UT Southwestern Medical Center, Dallas, TX 75235, USA

L Arthritis Clinic Texas Scottish Rite Hospital for Children, Dallas, TX 75219, USA
2Department of Pediatrics, UT Southwestern Medical Center, Dallas, TX 75235, USA
13Division of Rheumatology, duPont Children’s Hospital, Wilmington, DE 19899, USA

1Division of Adolescent Medicine, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH
45229, USA

15Division of Human Genetics, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH
45229, USA

"To whom correspondence should be addressed: Susan D. Thompson; FAX 513 636-3328, PHONE 513 636-3899,
Susan.thompson@cchmc.org.

No financial support or other benefits from commercial sources have been received for the work reported in the manuscript. None of
the authors have financial interests related to the work or in conflict with the work.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson et al. Page 2

16Division of Biomedical Informatics, Cincinnati Children’s Hospital Medical Center, Cincinnati,
OH 45229, USA

Abstract

Objective—We have conducted a GWAS in a Caucasian cohort of juvenile idiopathic arthritis
(JIA) patients and have previously published findings limited to autoimmune loci shared with
other diseases. The goal of this study was to identify novel JIA predisposing loci using genome-
wide approaches.

Methods—The Discovery cohort consisted of Caucasian JIA cases (814) and local controls (658)
genotyped on the Affymetrix SNP 6.0 Array along with 2400 out-of-study controls. A replication
study consisted of 10 SNPs genotyped in 1744 cases and 7010 controls from the US and Europe.

Results—Analysis within the Discovery cohort provided evidence of associations at 3913 within
C3orfl and near CD80 (rs4688011, OR=1.37, P=1.88x1076), and 10g21 near the gene JMJDIC
[rs6479891, odds ratio (OR) =1.59, P=6.1x1078; rs12411988, OR=1.57, P=1.16x10"" and
rs10995450, OR = 1.31, P=6.74x107°]. Meta-analysis continued to provide evidence for
association for these 4 SNPs (rs4688011, P=3.6x1077, rs6479891, P=4.33x107>; rs12411988,
P=2.71x107°; and rs10995450, 5.39x107>;). Gene expression data from 68 JIA cases and 23 local
controls showed c¢iseQTL associations for C3orfI SNP rs4688011 (P=0.024 or P=0.034,
depending on probe set) and the JMJDIC SNPs rs6479891 and rs12411988 (P=0.01 and P=0.008,
respectively). A variance component liability model estimated that common SNP variation
accounts for ~1/3 of JIA susceptibility.

Conclusions—Genetic association results and correlated gene expression findings provide
evidence of association at 3q13 and 10921 for JIA and offer novel genes as plausible candidates in
disease pathology.

Introduction

Juvenile idiopathic arthritis (JIA) is a debilitating complex genetic disorder characterized by
inflammation of the joints and other tissues and shares histopathological features with other
autoimmune diseases. Clinically, the International League of Associations for
Rheumatology (ILAR) classification includes seven JIA subtypes (1). Overall there are
about 50,000 children with JIA in the USA, approximately 1 per 1000 births (2), which is
about the same incidence as juvenile diabetes. While JIA is relatively uncommon compared
to some adult onset disorders, it may have a stronger genetic contribution since children with
JIA have had less time for environment and behavior to influence disease risk relative to
adults. Most subtypes of JIA are more prevalent in females. In addition, individuals from
JIA families have increased risk for other autoimmune diseases (3). Unlike many other
autoimmune diseases, JIA is more common in children of European ancestry, and the
distribution of JIA subtypes does differ significantly across ethnic groups (4).

Two of the JIA subtypes, oligoarticular (which includes both persistent and extended forms)
and IgM rheumatoid factor negative polyarticular (polyRFneg) disease make up the majority
of patients. Oligoarticular disease is the most common subtype, occurs particularly in
younger children and has an average age at onset of approximately five years. This subtype
is generally associated with anti-nuclear antibodies (ANA) and is characterized by
involvement of four or fewer joints in the first 6 months of disease. The involvement of
additional joints (> 4 joints in total) over time distinguishes extended oligoarticular from
persistent oligoarticular disease. There is no adult disease equivalent for oligoarticular JIA
(5). Patients who have more than 4 affected joints within the first 6 months of disease are
referred to as polyarticular and further are classified based on the absence or presence of
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IgM rheumatoid factor (RF) as separate JIA subtypes. Other subtypes of JIA include
systemic JIA, enthesitis-related arthritis, juvenile psoriatic arthritis and undifferentiated JIA.
This report is focused on oligoarticular and polyRFneg disease in order to maximize both
homogeneity and sample size in the study cohorts.

There is convincing evidence of a strong genetic component to the risk of JIA, based on
evidence inferred from twin and affected sib-pair studies, with an estimated sibling
recurrence risk (Ag) equal to 15 (6). Like other autoimmune diseases, genetic variation
within the Human Leukocyte Antigen (HLA) region defines the strongest known genetic
risk factors for JIA. Both HLA class | and class Il haplotypes associated with JIA risk are
distinct from those associated with rheumatoid arthritis (7) and differ among JIA subtypes
(8). It is estimated that the HLA-DR region accounts for 17% of the sibling recurrence risk
for JIA, with other Major Histocompatibility Complex (MHC) regions contributing
additional risk (9).

The two published JIA genome-wide association studies (GWAS) (10, 11) which identified
TRAF1-C5 and VTCN1 respectively, included only modest numbers of cases or markers
assayed and therefore were limited in statistical power. Polymorphisms implicated in other
autoimmune diseases have been associated with JIA by us and by others (12-14). From our
GWAS dataset, we have previously reported SNPs representing PTPN22, PTPNZ2, ILZRA,
TINFAIP3, COG6, ADADI-IL2-1L21 and STAT4 loci (14), but these findings still only
explain a portion of JIA susceptibility. To identify additional novel JIA-predisposing loci,
we continued our analysis of the largest genome-wide dataset to date. A two-stage design
was used that included a first stage “Discovery cohort”, which was genotyped using the
Affymetrix Genome-Wide SNP Array 6.0 (Affymetrix Inc., Foster City, CA), and a second
stage where ten SNPs with strong statistical support were genotyped in replication samples.
Gene expression data available for a subset of the Discovery cohort (15) allowed an
integrated analysis for relevant expression quantitative trait loci (eQTL) to improve our
ability to discover genetic risk factors for complex traits.

Materials and Methods

Discovery cohort

The 814 JIA cases and 658 local controls of self-reported non-Hispanic European American
(EA) ancestry genotyped for this GWAS have been previously described (15). The cases
were limited to the two most common subtypes of ILAR-defined JIA, polyRFneg and
oligoarticular JIA (both persistent and extended). Of the 814 cases, 113 (14%) were from
multiplex pedigrees. In each pedigree, one polyRFneg or oligoarticular JIA case was
randomly selected for genotyping. The local control cohort included healthy children
without known major health conditions recruited from the geographical area served by
Cincinnati Children’s Hospital Medical Center (CCHMC). To increase statistical power,
genotype data from 2400 “out-of-study” controls from the Molecular Genetics of
Schizophrenia non-GAIN samples available from dbGaP were combined with the local
controls. This yielded a ratio of ~1:3.8 comparing cases to controls.

Replication cohort

To attempt to replicate associations in the initial cohort, five independent JIA case
(persistent oligoarticular, extended oligoarticular or polyRFneg) and control sample
collections of self-reported Caucasian ethnicity were genotyped (Table S1). The “Texas”,
“Utah” and “German” samples have been previously described (15). The “UK samples”
comprised 755 persistent oligoarticular, extended oligoarticular or polyRFneg JIA cases
from three sources: 1) The British Society for Paediatric and Adolescent Rheumatology
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(BSPAR) National Repository of JIA; 2) UK Caucasian patients with long-standing JIA
(34); and 3) a five-center prospective inception cohort collected as part of the Childhood
Acrthritis Prospective Study (CAPS) (35). Control genotype data was extracted from the
Wellcome Trust Case Control Consortium 2 (WTCCC?2) European Genome-phenome
Archive website (http://www.ebi.ac.uk/ega/page.php). The “Delaware samples” were
collected at the Nemours/Alfred 1. DuPont Hospital for Children and include 24 JIA cases.
This study was approved by the Institutional Review Board of CCHMC and collaborating
centers.

For the initial phase, genotyping was done at the Affymetrix Service Center using the
Genome-Wide Human SNP Array 6.0. To avoid technical artifacts, samples were arranged
in batches that each included cases, controls, both genders and all disease subtypes. The
Birdseed (version 2) calling algorithm (Affymetrix, Inc.) yielded an overall call rate of
98.97%. The genotypic data were used to test for cryptic relatedness (duplicates and first
degree relatives), autosomal heterozygosity outliers (|Fs; statistic| > 0.07), and plate effects.
Genotype calling cluster plots were examined by batch for all SNPs reported. SNPs met
criteria of having less than 5% missing genotype calls, no evidence of differential
missingness between cases and controls (P>0.05), no evidence of departure from expectation
in Hardy-Weinberg equilibrium (HWE) proportions (cases P>0.0001; controls P>0.01), and
MAF>0.05 in cases and controls. Individual SNPs that violated HWE or had MAF<0.05 and
showed strong evidence of association were examined individually in context to flanking
markers.

TagMan® SNP genotyping (Applied Biosystems, Foster City, CA) was done for the Texas,
Delaware, Utah and German replication cohorts using either pre-designed or custom assays.
Genotyping was performed according to Applied Biosystems’ recommendations using as
starting material 16 ng of genomic DNA. Amplification was accomplished using a 384-well
format PTC-200 (MJ Research, Hercules, CA) in total volume of 5 pl. PCR conditions were
95°C for 10 min, followed by 50 cycles at 95°C for 15 seconds, and 60°C for 1 min.
Following amplification, products were analyzed on an Applied Biosystems 7300 Real-Time
PCR System. SNPs were genotyped in UK JIA cases and controls using the Sequenom iPlex
MassARRAY platform according to manufacturer’s instructions (Sequenom, San Diego,
California, USA, http://www.sequenom.com, accessed 9 July 2010). A 90% sample quality
control rate and 90% SNP genotyping success rate was imposed on the analysis. Due to
technical genotyping reasons, the UK replication cohort was genotyped for rs10995447
rather than rs10995450 (r2=0.56).

Statistical Methods

Admixture and SNP statistical quality control

To account for potential population substructure, a principal component (PC) analysis was
computed using SNPs that passed quality control and were not in genomic regions with long
range LD (16). Case-control association analyses were computed adjusting for two PCs that
minimized the inflation factor, such that adding additional or other PCs did not further
reduce the inflation factor. Replication samples were not genotyped for admixture analysis.

Association Analysis

Four tests of genotypic association were computed using the program SNPGWA
(www.phs.wfubmc.edu): dominant, additive and recessive models, and lack-of-fit to an
additive model. The additive and recessive models required at least 10 and 30 homozygotes
for the minor allele, respectively. The genetic model and odds ratios were defined relative to
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the minor allele. The primary inference for this study was based on the additive genetic
model unless the lack-of-fit to an additive model was statistically significant (P-value<0.05).
If the lack-of-fit test was significant, then the minimum P-value from the dominant, additive
or recessive models was reported.

Replication Study Analysis

The 10 SNPs taken forward in the replication study represent novel regions not previously
reported for JIA (15); in the replication study a few SNPs associated with JIA were chosen
that were in linkage disequilibrium with each other. In all cases, SNP intensity plots showed
robust genotype calling and out-of-study and local controls were consistent in allele
frequency. The replication genotypes were tested for association by meta-analysis using the
weighted inverse normal method, where the weights were the square root of the sample size.
Here, the 24 Delaware JIA cases were combined with the large UK collection due to a lack
of regional controls. Finally, a meta-analysis of the Discovery and Replication cohorts was
also computed both weighted and unweighted. For the former, the weighted inverse normal
method was used and weighted by the square root of the sample size. Since rs10995447 was
genotyped instead of rs10995450 in the UK replication cohort, the meta-analysis of
rs109995447 combined the evidence of association only from the Discovery and UK
cohorts.

eQTL analysis

Gene expression values derived from peripheral blood mononuclear cells (68 JIA cases and
23 healthy controls) were determined using the Affymetrix U133 plus 2.0 GeneChip® as
previously reported (16, 31). To test for an association between each SNP in the GWAS and
expression level, analysis of covariance was computed using the natural log of expression
levels as the outcome and the two PCs as covariates. Due to the small sample size, only
dominant and additive genetic models were computed. To assess functional impact, /n silico
examination of all Table 1 SNPs (or proxy SNPs, r2>0.5, HapMap CEU) was also
completed using gene expression data derived from lymphoblastoid cell lines (LCL) for 378
asthmatic children (www.sph.umich.edu/csg/liang/imputation/) (36). C/sassociations
(P<0.05) are reported. Affymetrix probeset annotations were confirmed by comparing
consensus sequences in Refseq databases.

Estimation of genetic variance

Results

The cumulative variance explained by common SNP variation was estimated using a
variance component model and Restricted Maximum Likelihood estimation as implemented
in the GCTA software package (27). The variance component models adjusted for gender
and the two PCs for population structure, with separate variance components for each
chromosome and one for the extended MHC region extending from HIST1IH2AA (telomeric
end) to RPL12P1 (centromeric end). Estimates using Yang’s correction factor (c=0 from
formula 9) for imperfect LD with causal variants were nearly identical (not shown). The
estimates employ SNPs within the GWAS that had <1% missing (555,355 SNPSs). In
addition, individuals were excluded using a relatedness threshold of 0.025 consistent with
Yang et al. (27). The stringent relatedness criteria resulted in dropping 82 individuals from
the within study analysis and 219 individuals when out-of-study controls were included in
the analysis. To note, results were comparable using GWAS data with and without these
additional exclusions.

The Discovery cohort included 814 JIA cases, 658 local controls of self-reported non-
Hispanic, European-American ancestry and 2400 “out-of-study” controls from the
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Molecular Genetics of Schizophrenia non-GAIN samples available from dbGAP. The
demographic details are provided in Supplemental Table 1. The cases were classified based
on the ILAR revised criteria for JIA (17). To control for potential population substructure,
two principal components were identified and included in the logistic regression model as
covariates. The genome-wide inflation factor was 1.04 and there was little evidence of
systematic departure from expectation as shown in the Q-Q plot (Figure S1). A total of
561,137 SNPs had MAF>0.05, no differential missingness between cases and controls, < 5%
missing data and no evidence of HWE departures (P<0.01 in controls, P<0.0001 in cases).
P-values of < 5 x 1078 were considered significant for genome-wide testing.

The results of the principal component adjusted analysis identified both HLA and non-HLA
associations with JIA (Figure 1A). The strongest associations were within the MHC region
and include HLA Class I and Class Il loci (Figure 1B) as well as non-HLA loci robust to
linkage disequilibrium (manuscript in preparation). The strongest SNP associations outside
the MHC region included novel loci as well as loci implicated in other autoimmune diseases.
We have previously reported the overlap with autoimmune disease susceptibility loci in this
dataset (14). The shared autoimmune loci are labeled in blue on the Manhattan plot (Figure
1A). To extend association findings for JIA, ten SNPs, representing five regions not yet
reported in JIA, were selected for replication testing in independent samples. These SNPs
and the association results for the Discovery cohort are listed in Table 1 and represent
chromosomal regions 3q13, 4931, 10921, 15926 and 16q12.

Considering the genome-wide association analysis in the Discovery cohort, evidence for
association with JIA was found for the chromosome 3q13 region which includes the genes
CD80, KTELC1 and C3orf1. Visual resolution of the association pattern across this region is
provided in Figure 2 and indicates that the signal maps to a single linkage disequilibrium
block. Replication was attempted for rs4688011 and rs6766899 based on the Discovery
cohort statistical findings (OR=1.37, P=1.9x107% and OR=1.37, P=9.8x107>, respectively).
Association with JIA was consistent in the Replication cohort for rs4688011 (OR=1.18,
P=0.0033) and was the strongest of all markers tested in meta-analyses (OR=1.23,
P=3.6x1077, Table 2). Due to the disparate relative sample sizes of the cohorts, the weighted
meta-analysis tends to be dominated by the UK cohort. Weighting each cohort equally
modestly increased the evidence of association for both of these loci (Table 2).

Compelling evidence for genetic association was also found at 10921, a region that has not
been reported for any other autoimmune disease. Specifically, rs6479891 (OR=1.59,
P=6.1x1078) is located within the jumonji domain containing 1C (JMJD1C) gene and
represents the single strongest finding outside the MHC region for the Discovery cohort.
Analysis of the Replication cohort for SNPs in the 10g21.3 region revealed odds ratios that
were consistent in direction, but of smaller magnitude and less significance (Table 2) than
the Discovery cohort. Notably, only one of the 5 SNPs, rs10995450, reached P<0.05 levels
of statistical significance in the Replication cohort and noting that only the Discovery and
UK cohorts were genotyped for this SNP. Weighting each cohort equally increased the
evidence for association for all but rs10995450, which had comparable evidence under
either approach.

An eQTL analysis was performed to assess the potential impact of the polymorphisms on
expression levels of neighboring genes using two resources: 1) a dataset comprised of 68
JIA cases and 23 healthy controls from the GWAS and 2) an online dataset with GWAS and
expression analysis from lymphoblastoid cells lines (LCL) collected from individuals with
asthma (18).
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The SNPs that showed association in 3913 were significantly associated with expression
levels in the eQTL analyses (Table 3). Specifically, in the JIA/control dataset, both
rs4688011 in C3orf1 and rs6766899 in CDGAP were associated with the TMEM39A probe
set 222690_s_at (P=0.024 and P=0.0097, respectively). The order of genes on chromosome
3, and illustrated in Figure 2, depicts TMEM39A as located between CDGAP and C3orfl.
Interestingly, rs6766899 genotypes correlated with expression levels for CD80 (P=0.065,
1554519 _at) as well. Considering the publically available online LCL dataset relative to our
chromosome 3 results, we found that rs4447803, which is in LD with rs4688011 (r2=0.54),
was strongly associated with K7ELC1 expression (P=5.7x1075) with differences in
expression levels comparable in magnitude to reports of KTELCI expression in celiac
disease (19). (Note: for Celiac disease, the associated SNP is rs1599796, which is in almost
complete LD with rs4688011 (r2 = 0.95 in CEU)). Neither C30rfI nor CD80 expression data
was available in the online LCL dataset.

Similarly, the SNPs that showed association with JIA in 10g21 were associated with certain
expression levels (Table 3). Specifically, rs12411988 and rs6479891 were associated with
expression levels measured by the JMJDI1C probe set 230007_at (P=0.008 and P=0.042,
respectively; Table 3) and other JIA-associated SNPs in the region were also associated with
either IMJD1C or NRBFZ2 expression. These included SNPs in modest linkage
disequilibrium (LD) with rs6479891, such as rs10761747 and rs10995450 (r2=0.48 and
0.57, respectively). This is notable since in the online LCL dataset, both SNPs were
associated with differential expression for the JMJDIC probe set 241391 _at (P=1.6x1075
and P=5.8x1074, respectively) (18). In total, there were eight SNPs from the JMJDIC region
in the online dataset that were highly associated with expression of this gene. These SNPs
were in high LD (r2>0.77) with JIA associated SNPs and located within or near JMJDIC
which encompasses a region of over 150 kb (Figure 2). Furthermore, one of the SNPs that
relates to gene expression values (rs10761725) codes for a conservative substitution (Ser to
Thr) in the IMJID1C protein, but is not available in the Affymetrix SNP dataset.

A third region of interest identified by genome-wide analysis was located at 4931 and
includes the gene encoding interleukin 15 (IL15). One SNP, rs4254850 showed evidence of
association (OR=0.72; P=7.8x107°), but not replication, whereas a second nearby SNP in
high LD with rs425850 with more modest results in the Discovery cohort was supported by
modest evidence of association in the Replication cohort (rs13139573, r2=0.84, Discovery
cohort P=2.4x10~4; Replication cohort P=0.02). The regional association plot (Figure 2)
highlights the statistical strength of the association in this region and the localization of the
signal to the /L15gene. No correlation with expression levels was found for /L151oci in the
eQTL analysis.

Replication was also attempted for two additional loci identified in the genome-wide
analysis. An association with JIA was found for rs9302588 in the 16q12 region (OR=1.44,
P=8.1x1075, Discovery Cohort), but this finding lacked evidence for association in the
Replication cohort. Similarly, rs12719740 on 15026 was associated with JIA in the
Discovery cohort (OR=1.45, P=6.8x1078) but not supported by replication.

While the genetic architecture of JIA susceptibility has been informed by this and other
studies, it still remains unclear how much common genetic variation accounts for the risk to
JIA, as opposed to rare variants, epigenetics and gene-gene as well as gene-environment
interactions. To address this, we used this GWAS data to estimate the fraction of the JIA
risk that could be attributed to common SNP variation (minor allele frequency > 0.05) using
a variance component threshold liability model (27) assuming a disease prevalence ranging
from 25 to 140 per 100,000 (28). We found that common SNP variation accounts for an
estimated one third of JIA susceptibility. This result holds even without the out-of study
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controls (Table 4). When partitioning this estimate into the individual chromosomes and
extended MHC region, the extended MHC accounted for about ~8% while the remainder of
the genome accounted for ~20% of the variation in JIA susceptibility.

Discussion

This work represents, to our knowledge, the largest GWAS of JIA cases to date and focuses
on the two most common subtypes, oligoarticular and polyRFneg JIA subtypes. There was
no evidence that the associations varied between these two subtypes for the SNPs included
in the replication studies. Sufficient numbers of samples are not yet available to allow JIA
subtypes to be considered independently. Oligoarticular and polyRFneg JIA subtypes have
overlapping HLA associations, share a female gender bias, and are distinguished primarily
based on the number of joints involved. Thus, a priorithey are the most logical subtypes to
combine to maximize the power to detect common JIA susceptibility loci and minimize
heterogeneity.

We report novel JIA-associated loci and supporting eQTL results that extend the JIA
associations beyond those previously reported (PTPNZ, PTPNZ22, ILZRA, ADADI-IL2-
IL21, ANGPTI1, COG6, C120rf30and STAT4). The eQTL analyses are reinforced by two
datasets which include a subgroup of the same patients and controls used in our GWAS as
well as a publically available dataset that measures gene expression in lymphoblastoid cell
lines. The strongest replicated evidence for association with JIA was found at the
chromosome 313 region which includes CD80, a costimulatory molecule necessary for T
cell activation, and K7TELCI, an O-glucosyltransferase that modifies the Notch receptor in
Drosophila (29). Notch signaling is important at several stages of T cell development and
differentiation and has been proposed as a target for selective therapy to treat autoimmune
disorders. Consistent with a theme of overlapping association findings in autoimmune
disease are reports of genetic association in this region for celiac disease that can be related
to gene expression findings (19).

Evidence for association within jumonji domain containing 1C (JMJD1C) was observed in
the Discovery cohort and although consistent in direction, a less significant effect was
detected in the Replication cohort. JMJD1C encodes a hormone-dependent transcription
factor that regulates expression of a variety of target genes. It includes a jumonji-domain
that functions by removing methyl marks on histones that are associated with gene
regulation (30). JMJD1C expression has been reported in multiple immune cells, including
B cells as well as CD4+ and CD8+ T cells (www.biogps.gnf.org). It is noteworthy that a
gene expression signature (50 expression probe sets) that identified a subset of JIA patients
characterized with a disease course of chronically active arthritis included probe sets
specific for both JMJD1C and the previously reported PTPN2loci (14, 31). This overlap of
findings cannot be explained by chance and suggests a functional relationship between
genetic differences and gene expression findings in processes related to disease
pathogenesis. This region merits further study not only to validate the genetic association,
but also to explore the patterns of histone methylation that may relate to disease.

There are additional SNPs-JIA associations that have not yet been considered in replication
studies. A listing of the 200 top statistical associations is provided in Supplemental Table S2
and the complete results from the association analyses are available
(http://research.cchmc.org/ARDec11). Table S2 includes additional SNPs in the regions
discussed above and in genes where associations have been reported in other autoimmune
diseases but not yet investigated in JIA. For example, there is evidence of association at
2p14, where the most significant SNP in JIA (rs268132) is located within intron 1 of
SPRED2. This gene encodes the sprouty-related, EVH1 domain-containing protein 2, which
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has been shown to regulate growth factor-induced activation of the MAP kinase cascade and
was reported as a rheumatoid arthritis risk locus (20). For rheumatoid arthritis, the most
significant SNP, rs934734, is also in intron 1 and in high LD with the JIA associated SNP,
rs268132 (r2=0.78). Similarly, rs423847 (OR=1.42, P=2.4x10-5) in ANTXR2 has evidence
for association with JIA. This gene located at 4921 encodes capillary morphogenesis
protein-2 and has been associated with ankylosing spondylitis (rs4333130) (21). Our
findings also include SNPs in PTPRS (receptor protein-tyrosine phosphatase sigma), a gene
which has been associated with ulcerative colitis (22) and NOS2, which encodes inducible
nitric oxide synthase and is a susceptibility loci for psoriasis (23). Finally, a SNP
(rs2548997, P=1.82x10-4) near the IRF1 gene is within the 5q31.1 region, which also
harbors IL-4, IL-5 and IL-13 is supported for association. This region was studied early on
for association in JIA and produced conflicting results (24, 25) perhaps due to population
substructure or JIA phenotype heterogeneity. Thus our findings argue for further studies in
this important region which includes genes related to a polarization of cytokine repertoires, a
phenomenon that has been reported in JIA (26).

The results confirm and firmly establish the role of genetic influences on the susceptibility
to JIA and continue to provide evidence that common genetic variation is very important in
explaining JIA risk. The estimated genetic variance explained by common variation is
higher than estimates for other complex genetic traits such as Crohn’s disease but similar to
type 1 diabetes which also has onset in childhood (32). In adult arthritis, it is estimated that
the 27 non-HLA loci confirmed to date and reported by Stahl et al in 2010 (20) account for
only 10.7% of the genetic susceptibility (33). We estimated that about one third of JIA risk
can be attributed to common genetic variation and that the extended MHC region accounts
for approximately one quarter of the heritable risk (0.25=0.08/0.32). Thus, continued mining
of JIA GWAS data in expanded cohorts and for individual JIA subtypes is warranted and
will likely lead to the discovery of additional susceptibility loci.

As noted before, the disparate relative sample sizes among the Replication cohorts tended to
allow the UK cohort to dominate the results. Weighting each cohort equally in the meta-
analysis (not removing UK cohort but weighting equally) yielded increased statistical
evidence in all of the regions in Table 2 and for all SNPs except rs10995450 whose evidence
was comparable. Recognizing that the WTCCC is not a North American cohort, suggests
further research is needed to determine whether the differing results were likely sampling
variation, false associations or population differences.

In summary, the novel JIA associated loci identified here in an agnostic scan merit study in
other JIA and autoimmune disease cohorts. Furthermore, integrative analyses of expression
and association data will further accelerate the discovery of the underlying genetic
architecture of JIA and ultimately lead to molecular profiles potentially relevant to
diagnosis, outcomes and therapeutic response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. JIA genome-wide association results (~log10[p]) plotted on a genomic scale (Manhattan
plot). The horizontal line represents a p-value of 5x1078, This conservative threshold for
genome-wide significance ignores linkage disequilibrium in this Caucasian cohort. B.
Association results for the extended MHC region (chromosome 6, 26-34 Mb). SNPs with P
< 0.01 are represented and color-coded by odds ratio (OR) strata. SNPs of interest include (i)
rs1035798 (position 32,259,200 bp, gene AGER; OR=2.32, P=9.5 x 10-42); (ii) rs2071286
(position 32,287,874 bp, gene NOTCH4; OR=2.21, P=5.0 x 10-35); (iii) rs10947261
(position 32,481,210 bp, gene BTNL2; OR=2.66, P=1.1 x 10-32); (iv) rs9268858 (position
32,537,736 bp, 17 kb from HLA-DRA,; OR=2.70, P=1.9 x 10-32); (v) rs9268853 (position
32,537,621 bp, 17 kb from HLA-DRA; OR=2.70, P=2.3 x 10-32); (vi) rs9366752 (position
30,132,656 Mb, 2 kb from HLA-H; OR=2.14, P=1.9 x 10-21).
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Figure 2.

Regional plots of JIA loci. Genotyped and imputed SNPs are plotted with their Discovery P-
values (-log1g[p]) as a function of genomic position (assembly hg18) within a 400 kb region
surrounding the most significant SNP (purple diamond). Recombination rates from the
HapMap Phase 1l CEU are plotted in blue to reflect the regional linkage disequilibrium
structure. In each region the index SNP is represented by a large purple diamond, and the
color of all other SNPs (circles) indicates LD with the index SNP based on pairwise r2
values from HapMap CEU (red, r2 > 0.8; orange, r2 = 0.6-0.8; green, r2 = 0.4-0.6; light blue,
r2 = 0.2-0.4; dark blue, r2 < 0.2). SNPs chosen for replication are represented by a triangle.
Known human genes in the UCSC Genome Browser are indicated at the bottom of the plot.
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