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High-density genetic mapping identifies new
susceptibility loci for rheumatoid arthritis
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Using the Immunochip custom SNP array, which was
designed for dense genotyping of 186 loci identified

through genome-wide association studies (GWAS), we
analyzed 11,475 individuals with rheumatoid arthritis (cases)
of European ancestry and 15,870 controls for 129,464
markers. We combined these data in a meta-analysis with
GWAS data from additional independent cases (n = 2,363)
and controls (n = 17,872). We identified 14 new susceptibility
loci, 9 of which were associated with rheumatoid arthritis
overall and five of which were specifically associated with
disease that was positive for anticitrullinated peptide
antibodies, bringing the number of confirmed rheumatoid
arthritis risk loci in individuals of European ancestry to 46.
We refined the peak of association to a single gene for

19 loci, identified secondary independent effects at 6 loci
and identified association to low-frequency variants at 4 loci.
Bioinformatic analyses generated strong hypotheses for the
causal SNP at seven loci. This study illustrates the advantages
of dense SNP mapping analysis to inform subsequent
functional investigations.

Rheumatoid arthritis is a common, complex disease affecting up to
1% of the adult population. It is an archetypal autoimmune disease
typified by the presence of serum autoantibodies, including antibod-
ies directed against the Fc portion of immunoglobulins (theumatoid
factor) and against citrullinated peptides (anticitrullinated peptide
antibodies (ACPAs)). Genetic studies of rheumatoid arthritis, includ-
ing the recent application of GWAS, have identified 32 risk loci among
individuals of European ancestry, including HLA-DRBI, PTPN22 and
other loci with shared autoimmune associations!2.

The Immunochip consortium was formed to design a custom
Mlumina Infinium array that leveraged the remarkable genetic overlap
of susceptibility loci identified across a range of autoimmune diseases.
The custom array allows investigators to perform gene-discovery and
fine-mapping experiments in a coordinated manner. Full details of this
array have been described previously?. Briefly, it consists of all known
SNPs from the 1000 Genomes Project as well as private resequencing
efforts for 186 loci known to be involved in any of 12 autoimmune
diseases. For these loci, there is the unique opportunity to fine map
associations to autoimmune diseases. Additional SNPs were included
as part of a deep replication effort. This provided the opportunity
not only to identify new rheumatoid arthritis associations with loci
implicated in other autoimmune diseases or with variants showing
suggestive statistical evidence for association from a previous meta-
analysis but also to refine the GWAS signal and reduce the number of
potential causal variants in the 31 confirmed non-HLA loci.

We tested 129,464 polymorphic markers passing quality control
with a minor allele frequency (MAF) >1% in 11,475 cases (7,222
ACPA positive, 3,297 ACPA negative and 957 unassigned) and 15,870
controls (Table 1 and Supplementary Tables 1 and 2). We performed
an analysis on the total rheumatoid arthritis dataset and also on sub-
sets stratified by ACPA status (Supplementary Table 3). We also had
access to GWAS data for an additional 2,363 ACPA-positive cases and
17,872 controls that were independent of the current study (Table 1).
We found strong evidence of association for the previously identified
susceptibility loci (Table 2 and Supplementary Tables 3 and 4).

We identified 14 new rheumatoid arthritis loci for populations of
European ancestry (TYK2, IRAK1, TLE3, RASGRP1, PADI4, IL6R,
IRF8, ARID5B, IKZF3, RUNX1, POU3F1, RCAN1, CD5 and GATA3)
at genome-wide levels of significance (P < 5 x 1078) (Fig. 1), 7 with
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at HLA-DPBI corresponding to the presence

Cases Controls of phenylalanine at position 9 in the peptide
Collection Al Female(%)  ACPA*  ACPA- Al Female (%) Ssequence (P=1x10717).
Immunochip UK 3.870 7 2,406 1,000 8.430 53 Although it has been demonstrated that
Swedish EIRA 2,762 70 1,762 087 1,940 73 ACPA-positive disease and ACPA-negative
United States 2,536 75 1,803 593 2134 65 disease have different allelic associations at the
Dutch 648 66 330 301 2,004 42 MHC and at PTPN22 (ref. 6), previous studies
Swedish Umea 852 70 524 242 963 69 have not been sufficiently powered to address
Spanish 807 74 397 216 399 65 this issue definitively in additional non-MHC
TOTAL 11,475 73 7,022 3339 15,870 57 loci. Here we analyzed 3,297 ACPA-negative
cases and identified association at genome-
GWAS BRASS (US) 479 82 479 - 1,627 45 wide significance to ANKRD55 (rs71624119,
Canada 586 76 586 - 1,553 54 P =52 x 10712, odds ratio (OR) = 0.78) in
NARACZ (US) = 746 48 746 - 6,567 49 addition to HLA (rs4143332, P = 2.9 x10°15,
wreee WK 552 74 552 - 8,125 46 OR = 1.37) (Supplementary Table 3). Notably,
TOTAL 2,363 68 2,363 - 17,872 48 ANKRD55 has a similar effect in ACPA-nega-
TOTAL 13,838 72 9,585 3,297 33,742 52 tive as in ACPA-positive disease. Comparing

Rheumatoid arthritis cases and controls for the Immunochip analysis were assembled from a number of different
studies from six centers across five countries (Online Methods). Genotype data for additional samples analyzed in
previously published rheumatoid arthritis ACPA-positive GWAS were available from four studies. Rheumatoid arthritis
cases were classified as ACPA positive (ACPA*) or ACPA negative (ACPA-). Swedish EIRA, Swedish Epidemiological
Investigation of Rheumatoid Arthritis; BRASS, Brigham and Women'’s Hospital Rheumatoid Arthritis Sequential Study;
NARAC2, North American Rheumatoid Arthritis Consortium 2; WTCCC, Wellcome Trust Case Control Consortium.

Immunochip data alone (Table 2) and a further 7 when Immunochip
data were combined with the GWAS meta-analysis data (Table 2).
These loci add 4% to the estimate of heritability explained by con-
firmed loci, bringing the total to 51%, of which HLA explains 36%.
When we removed all known loci from the Immunochip data, we still
observed evidence of an excessive number of nominally associated
alleles, which is consistent with the possibility that there are many
additional undiscovered alleles* (Supplementary Fig. 1). Notably,
when we applied a study-wide significance threshold of P < 9.0 x 1077
(calculated on the basis of the number of effective independent tests
when accounting for linkage disequilibrium (LD)), we also found a
significant association at two additional loci: ELMOI (rs75351767,
Py = 2.94 x 10°7) and BACH2 (rs72928038, P, = 8.23 x 1077)
(Supplementary Table 3). A further eight loci were implicated at
suggestive levels of significance (P < 1 x 107°) in either
the full or the ACPA-positive subgroup analysis, includ-
ing PTPN2 (rs62097857, Py = 4.4 x 10-6), TNIPI (rs6579837,
Phos = 1.7 x 107°) and TNFSF4 (rs61828284, Py, =
5.4 x 107%) (Supplementary Table 3).

Previously, we fine mapped MHC associations observed in GWAS
data of partially overlapping samples by applying imputation of HLA
classical alleles and amino acids®. The Immunochip platform includes
denser SNP coverage within the MHC region, which facilitates more
accurate imputation. In a preliminary analysis applying the same
imputation and fine-mapping approach to ACPA-positive cases and
controls typed on Immunochip, we observed the same associations
that we reported previously. The most significant polymorphic nucle-
otide was again rs17878703, mapping to position 11 of the HLA-DRB1
peptide sequence (P < 107°77). Testing individual amino acid positions
within HLA-DRBI revealed the strongest association to be at position
11 (P < 10774%). Conditioning on the position 11 effect, we observed
an association at position 71 (P = 6 x 107%0). Finally, conditioning on
effects at both positions 11 and 71, we observed a significant associa-
tion at position 74 (P =7 x 10~1%). Adjusting for all HLA-DRBI alleles
to identify independent effects outside this gene, we observed signifi-
cant associations at HLA-B corresponding to the presence of aspartate
at position 9 in the peptide sequence (P = 1 x 10~17). Adjusting for
all HLA-DRBI alleles and Asp9 in HLA-B, we observed associations

the associations in the ACPA-positive and
ACPA-negative subgroups, we observed that
for the 45 non-HLA loci, around half showed
a significantly larger effect size in ACPA-posi-
tive disease (P < 0.05 for the comparison of the
ORs), with 5 of these loci having a markedly
stronger association with this form of disease (PTPN22, CCR6, CD40,
RASGRPI and TAGAP). Eleven loci showed no statistical difference
in association to either form of rheumatoid arthritis (Supplementary
Table 5). This preliminary analysis indicates that differences in the sero-
logical subtype of disease may be reflected in a difference in genetic
predisposition, potentially providing a basis for stratified medicine.

We found that the majority of the 14 loci newly associated with
rheumatoid arthritis susceptibility, along with the previously con-
firmed loci, contain genes that are strongly linked to immune function
using GRAIL analysis (Supplementary Table 6 and Supplementary
Fig. 2), for example, CD5, IRF8 and TYK2. We also report a new
association with JRAKI, which has previously been associated with
systemic lupus erythematosus’. This is the first association of the
X chromosome locus with rheumatoid arthritis and is of relevance
given the female predominance of both diseases (9:1 and 3:1 ratios
of females to males in systemic lupus erythematosus and rheumatoid
arthritis, respectively). Interestingly, this locus has been shown to
occasionally escape X inactivation in female cells®. Three of the new
loci confirmed here in samples of European ancestry have been previ-
ously associated with rheumatoid arthritis in either samples of east
Asian ancestry (PADI4 and ARID5B) or when using a multiethnic
approach (IKZF3)°-11. The SNPs associated in this study are moder-
ately correlated with those identified in samples of east Asian origin
(PADI4 SNPs rs2240336 and rs766449, r> = 0.25, D’ = 1; ARID5B
SNPs rs12764378 and rs10821944, r2 = 0.52, D" = 0.86). PADI genes
are involved in the citrullination of peptides and, as such, are strong
candidates for involvement in disease given the presence of ACPA
autoantibodies. Although the association at PADI4 (rs2240336) is
greater in ACPA-positive (OR = 0.88, P = 6.49 x 10~°) compared to
ACPA-negative cases (OR = 0.93, P = 0.01), our formal test compar-
ing the ORs between these subgroups did not show a statistically
significant difference (P = 0.14).

We applied conditional logistic regression to test for secondary
effects within each locus. In six non-HLA loci (13%) (TNFAIP3, CD28,
REL, STAT4, TYK2 and RASGRP1), we found additional independent
association signals (Supplementary Fig. 3). In total, we observed 51
independent risk alleles in 45 non-HLA rheumatoid arthritis loci.
To test the possibility that the two risk alleles tag an untyped SNP,
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Table 2 Non-HLA loci associated with rheumatoid arthritis at a genome-wide significance level

Risk Region size Localization of LD region (12 > 0.9)

SNP Gene Chr. MAF allele P OR LD region r2 > 0.92 (kb) relative to nearest genes

New loci identified through Immunochip analyses

rs345364430  TYK2 19p13 0.04 G 23x10° 062 10,427,721-10,492,274 64.55 47.96 kb 5" to exon 13 of RAVERI;
complete /ICAM3; complete TYK2

rs13397P IRAK1 Xg28 0.12 A 1.2x10°!'2 127 153,196,345-153,248,248 51.9 5’ to exon 2 of TMEM187; HCFC1; 25 kb
3’ of IRAKI

rs8026898P TLE3® 1523 029 A 1.4x10710 1.17 69,984,462-70,010,647 26.19 329.48 kb 3’ of TLE3

rs8043085P RASGRPI 15914 0.25 A 1.4x10710 1.17 38,828,140-38,844,106 15.97 Intron 2 of RASGRP1

rs2240336P PADI4 1p36 042 A 59x10° 0.88 17,673,102-17,674,402 1.30 Intron 9 of PADI4

rs81922844 IL6R 1g21 042 C 1.3x10% 0.90 154,418,749-154,428,283 9.54  Introns 6-9 of /IL6R

(rs2228145)

rs13330176>  IRF8 1624 0.22 A 4.0x1038 1.15 86,016,026-86,019,087 3.06 59.83 kb 3’ of IRF8

New loci identified through joint analyses of Immunochip and GWAS data

rs12764378¢  ARID5B° 10g21 0.23 A 45x10°10 1.14 63,786,554-63,800,004 13.45 Intron 4 of ARID5B

rs9979383f RUNX1¢ 21q22 036 G 5.0x10719 0.90 36,712,588-36,715,761 3.17 5’ region of RUNX1

rs12936409/  IKZF3 17¢ql2 047 A 2.8x107° 1.10 37,912,377-38,080,912  168.54 |KZF3; GSDMB; intron 1 to 164.92 kb 3’ of

rs2872507f ORMDL3

rs883220¢ POU3F1¢ 1p34 026 A 2.1x10%® 0.89 38,614,867-38,644,861 30.00 102.42 kb 5" of POU3F1

rs2834512¢ RCAN1¢ 21q22 0.12 A 2.1x10® 0.86 35909,625-35930,915 21.29 Intron 1 of RCANI

rs595158f CD5 11ql2 049 C 3.4x108 1.09 60,888,001-60,922,634 34.63 Intron 5 to 27.31 kb 3’ of CD5; intron 1 to
9.73 kb 3’ of VPS37C

rs2275806° GATA3® 10pl4 041 G 4.6x10°8 1.11 8,095,340-8,097,368 2.03 227 bp 5" to exon 2 of GATA3

Results for known loci on Immunochip

rs2476601P PTPN22 1pl3 0.09 A 7.5x1077 1.78 114,303,808-114,377,568 73.76 Complete RSBNI; exon 14 to 52.62 kb
3’ of PTPN22

rs716241199  ANKRD55  5gql1 0.25 A 56x1020 0.81 55,440,730-55,442,249 1.52 Intron 6 of ANKRD55

rs6920220P TNFAIP3 6923 0.20 A 23x10713 1.20 137,959,235-138,006,504  47.27 181.85 kb 5" of TNFAIP3

rs9320364 RBPJ 4pl5 030 A 2.0x10719 1.14 26,085,480-26,128,710 43.23 36.37 kb 5" of RBPJ

rs59466457°  CCR6 6q27 0.44 A 27x10710 1.15 167,526,096-167,540,842  14.75 Intron 1 of CCR6

rs134269474  STAT4 2g32 0.19 A 7.2x10°10 1.15 191,900,449-191,935,804 35.36 Intron 5 to 18 of STAT4

rs2812378P CcCL21 9pl3 034 G 7.2x10710 1.15 34,707,373-34,710,338 297 ccLz21

rs6032662P CD40 20q13 0.24 G 1.4x10° 0.86 44,730,245-44,747,947 17.70  16.67 kb 5’ to intron 1 of CD40

rs2843401P MMEL1 1p36 033 A 6.6x10°9 0.87 2,516,781-2,709,164 192.38 Complete MMELI; CIORF93; TTC34

rs10209110¢  AFF3 2ql1 049 A 1.1x10%® 090 100,640,432-100,730,111 89.68 5’ region to intron 2 of AFF3

rs34695944b  REL 2plée 037 G 26x108 1.13 61,072,664-61,164,331 91.67 Complete REL

rs11571302  CTLA4 2q33 048 A 45x108 0.89 204,738,919-204,745,003 6.08 236 bp 3’ of CTLA4; 56.47 kb 5’ of ICOS

rs399844 GINI 5321 0.32 A 9.3x10%8 0.88 102,595,778-102,625,335 29.56 Intron 1 to 10.97 kb 3’ of C50rf30;
139.92 kb 5" of GINI

rs356774704  DNASEIL3 3pl4d 0.08 A 1.7x107 1.19 58,181,499-58,183,636 2.14 Exon 8 to intron 9 of DNASEIL3;
134.97 kb 5’ of PXK

rs3807306P IRF5 7g32 049 C 19x107 0.89 128,580,680-128,580,680 1bp Intron 1 of IRF5

rs3218251P IL2RB 22gql2 025 A 1.9x107 1.13  37,544,245-37,545,505 1.26  Intron 1 of /IL2RB

rs4938573P DDX6 11g23 0.18 G 53x107 0.87 118,662,993-118,745,884 82.89 Complete SETP16; 1.14 kb 5’ of DDX6

rs6546146P SPRED2 2pl4 038 A 80x107 090 65,556,324-65,598,300 41.98 Introns 1-4 of SPRED2

rs6293260 TAGAP 6925 0.41 C 1.1x10% 0.90 159,489,791-159,496,713 6.92 23.61 kb 5" of TAGAP

rs10739580°  TRAFI 9933 033 G 1.7x10°® 1.12 123,640,500-123,708,286 67.79 Complete TRAFI

rs107957919  IL2RA 10pl5 040 G 3.0x10° 1.09 6,106,266-6,108,340 2.08 1.93 kb 5 of ILZRA

rs48405654 BLK 8p23 0.27 G 3.9x10° 1.10 11,338,383-11,352,485 14.10 13.13 kb 5’ to intron 1 of BLK

rs798000° Ccbh2 1pl3 034 G 6.2x10° 1.11 117,280,696-117,280,696 1bp 16.31 kb 5" of CD2

rs1980422f CcD28 2g33 023 G 87x10° 1.12 204,610,004-204,634,569 24.57 7.45 kb 3’ of CD28; 97.94 kb 5’ of CTLA4

rs20148634 PTPRC 1g31 036 C 2.1x10° 1.09 198,791,907-198,810,008 18.10 65.36 kb 3’ of PTPRC

rs10683701°  KIF5A 12q13 033 - 23x10® 090 58,034,835-58,105,094 70.26  snoU13; 52.90 kb 5’ to intron 5 of 0SY;
54.42 kb 3" of KIF5A

rs9474744 PRKCQ 10pl5 0.17 G 25x10° 0.90 6,390,450-6,390,450 1bp 78.66 kb 3’ of PRKCQ

rs10494360P  FCGRZ2A 1g23 0.12 G 3.0x10°° 1.14 161,463,876-161,480,649 16.77 11.34 kb 5" to exon 5 of FCGR2A

rs6911690P PRDM1 6921 0.12 G 1.2x10% 0.87 106,435981-106,508,640 72.66 25.55 kb 5" of PRDM1

rs78560100¢  /L2-IL21 4927 0.07 C 5.8x10* 1.13 123,030,583-123,503,591 473.01 KIAA1109; ADADI; IL2; 30.19 kb 3" of /L21

rs570676P TRAF6 11pl2 038 A 21x103 093 36,486,064-36,519,624 33.56 Intron 3 to 22.51 kb 3’ of TRAF6

Newly identified loci are shown with either the best SNP on Immunochip (first tier), if P< 5 x 10-8, or the most associated SNP from the combined analysis of GWAS and
Immunochip data (second tier). Previously identified loci are shown with the most significantly associated SNP on Immunochip (bottom tier).

aCoordinates are based on the GRCh37 assembly. PData from Immunochip for ACPA-positive individuals. CRegion not included for dense mapping on Immunochip. 9Data are from all rheumatoid
arthritis samples on Immunochip. eResults from adding ACPA-positive Immunochip and GWAS data. fResults from adding GWAS samples and all rheumatoid arthritis Immunochip data.

Chr., chromosome.
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Figure 1 Manhattan plot of association statistics highlighting all
autosomal loci associated with rheumatoid arthritis in this study.

The Pvalues of association to ACPA-positive rheumatoid arthritis from
the meta-analysis of the Immunochip and GWAS data are shown. Known
and newly identified rheumatoid arthritis risk loci are shown in red and
black, respectively. Three associated loci (identified by asterisks) only
reach P < 5 x 108 when both ACPA-positive and ACPA-negative cases
are included in the analysis. The dashed gray line indicates genome-wide
significance (P=5 x 1078).

we carried out a haplotype analysis of the six loci but found no evi-
dence for haplotype-specific effects at any locus (Supplementary
Table 7). At only four loci (REL, CD28, TYK2 and TNFAIP3) did
we observe associations with low-frequency variants (MAF < 0.05)
(Supplementary Table 8).

Out of the 46 rheumatoid arthritis susceptibility loci, 39 were
densely genotyped by Immunochip. For 12 loci, we observed that
the most strongly associated SNP was not tightly linked to the previ-
ously reported lead SNP at that locus, shifting the association signal
(Supplementary Table 9). For the 39 confirmed non-HLA rheuma-
toid arthritis loci on Immunochip, dense mapping refined the associa-
tion to a single gene for 19 loci (Supplementary Table 10).

Our analysis also identified seven nonsynonymous SNPs within
exonic regions (Table 3), as well as a number showing strong regula-
tory potential (Supplementary Table 11), that are highly correlated
(r?> > 0.9) with the lead SNP and are strong candidates for the etio-
logical variant. The most strongly associated SNP at the IL6R locus
(rs8192284) is nonsynonymous, shows high correlation with circu-
lating IL-6R concentrations and, as well as being associated with a

LETTERS

decrease risk of coronary heart disease!>13, is in strong LD (12 = 0.97,
D’ = 1) with a SNP recently reported to be associated with asthma
(rs4129267)'4. Notably, the risk allele at the asthma-associated SNP
(OR =1.09, P=2.4 x 1078) is protective for rheumatoid arthritis (OR
=0.9, P=1.3 x 1078). IL-6R is the target of the biologic drug tocili-
zumab, which has been shown to be an effective treatment for rheu-
matoid arthritis. Abatacept is another biologic drug with therapeutic
efficacy in clinical trials that targets another rheumatoid arthritis
susceptibility gene, CTLA4. These examples highlight the potential
for targeting genes within risk loci.

Testing for statistical interactions between the 46 lead SNPs in
confirmed rheumatoid arthritis loci identified preliminary evidence
for six significant pairwise interactions after Bonferroni correction
(P<5x107%) (Supplementary Table 12). The GATA3-PRKCQ inter-
action is supported by earlier biological observations!®.

Among 38 rheumatoid arthritis—associated SNPs or proxies
accessed for expression quantitative trait loci (eQTL) analysis, 18
showed an eQTL effect on at least one probe, giving a total of 51 SNP-
probe combinations with a significant eQTL effect (Supplementary
Table 13). Among these 18 SNPs, 11 showed an independent or pri-
mary eQTL effect on one or more probes (20 SNP-probe combina-
tions), whereas seven SNPs were not significant after conditioning
the strongest eQTL signal in the locus.

Using a previously described approach, we assessed whether the
46 independent rheumatoid arthritis-associated regions, defined by
previously known and newly discovered SNP associations, harbored
genes that were specifically expressed in distinct immune cell types!®.
We found in a large expression dataset of 223 sorted mouse immune
cells!” that these regions contained genes that were most significantly
more specifically expressed in CD4" effector memory T-cell subsets
(P <1077) (Supplementary Fig. 4).

Of the diseases sharing susceptibility loci with rheumatoid arthritis,
systematic fine mapping has only been published so far for celiac dis-
eased. Previously, the two diseases were found to share six confirmed
non-HLA loci (MMEL, REL, CD28-CTLA4, TNFAIP3, TAGAP and IL2-
IL21)2. Immunochip data now identifies an additional four confirmed
loci common to both diseases (DDX6, STAT4, PRKCQ and IRAK1) and
a further four potential rheumatoid arthritis loci (BACH2, P = 8.2 x
1077; ELMO1,P=2.9 x 10°7; PTPN2, P= 4.4 x 10~%;and PVTI, P =2
x 107°) in common with confirmed celiac disease loci (Supplementary
Table 14). Of the ten shared rheumatoid arthritis and celiac disease loci,
four have the same lead SNP (CD28, IL2-IL21, TNFAIP3 and IRAKI)
and a fifth (MMEL1) shares highly correlated SNPs (2 > 0.88), and for
all of these variants, the risk allele is the same for both diseases. For two
loci (PRKCQ and DDX6), the lead SNPs are only moderately correlated
(r?>0.62), with the minor allele being protective in both diseases. The
effects in STAT4 seem quite different, with three independent effects in
celiac disease and two different independent associations in rheumatoid

Table 3 Potentially causal exonic SNPs located by Immunochip dense genotyping

Chr. Position Gene SNP MAF 2 with lead SNP location Allele Amino acid change PolyPhen SIFT Conservation

1 2,535,613 MMELI rs4648562 0.33 1 Essential splice site A - - - 1

1 114,377,568 PTPN22 rs2476601 0.12 Lead Nonsynonymous coding A p.Arg620Trp Benign Tolerated 0.992

1 154,426,970 IL6R rs2228145 0.38 Lead Nonsynonymous coding C p.Asp358Ala Benign Tolerated 0.008

3 58,183,636 DNASEIL3 rs35677470 0.09 Lead Nonsynonymous coding A p.Arg206Cys Probably damaging Deleterious 0.992
11 60,893,235 CD5 rs2229177 0.47 0.96 Nonsynonymous coding  C p.Alad71Val Probably damaging Deleterious 0.835
19 10,449,358 ICAM3 rs7258015 0.23 1 Nonsynonymous coding C p.Arg115Gly Benign Tolerated 0

and splice site

19 10,463,118 TYK2 rs34536443 0.04 Lead Nonsynonymous coding G p.Prol1104Ala  Probably damaging Deleterious 0.189

Conservation is by phastCons17way; the study 99th percentile was 0.998, and the 95th percentile was 0.367. An essential splice site is a splice donor variant within the 2-bp
region at the 5" end of an intron. A splice site is a sequence variant within 1-3 bp of the exon or 3-8 bp of the intron. Chr., chromosome.
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ONLINE METHODS

Genotyping. All samples were genotyped for the Immunochip custom
array in accordance with Illumina protocols at six centres: Sanger Centre,
Hinxton, Cambridge, UK and the University of Virginia, USA (UK samples),
Feinstein Institute, New York, USA (US and Spain samples), The Genome
Institute, Singapore (Sweden EIRA samples), Department of Medical Sciences,
SNP&SEQ Technology Platform, Uppsala University Hospital, Uppsala,
Sweden (Sweden Umea samples) and Department of Genetics, University
Medical Centre Groningen (The Netherlands samples).

Genotype calling and quality control. Genotype calling was performed
on all samples at the University of Manchester as a single project using
the Genotyping Module (v1.8.4) of the GenomeStudio Data Analysis soft-
ware package. Initial genotype clustering was performed using the default
Ilumina cluster file (Immunochip_Gentrain_June2010.egt) and mani-
fest file Immuno_BeadChip_11419691_B.bpm (NCBI build 36) using the
GenTrain2 clustering algorithm. Poor-performing samples (call rate <0.90),
labeled duplicates (selection informed by a tenth percentile GenCall score
(p10 GC)) and samples identified after genotyping as inappropriate for inclu-
sion were also excluded at this point (Supplementary Table 1). Automated
reclustering was performed on all remaining samples to calibrate clusters on
the study sample set.

Poor-quality assays were excluded before downstream quality-control
processes by extensive manual review of clustering performance. A subset
of good-quality SNPs was identified on the basis of the ranking of quality
metrics: cluster separation (<0.4), signal intensity (<1.0), call rate (<0.98)
and allele frequency. In addition, SNPs that mapped to the Y chromosome or
mitochondria, were nonpolymorphic, were duplicates or zeroed in the default
Ilumina cluster file were also excluded. This resulted in a dataset of 165,549
good-quality SNPs (Supplementary Table 2).

To facilitate the meta-analysis and reduce differential missingness, each
of the six population datasets was processed as a discrete entity. SNPs were
excluded from each of the datasets with a call rate <0.99 (cases or controls),
MAF < 0.01 or if they deviated from Hardy-Weinberg equilibrium (HWE)
(Pawe < 5.7 x 1077). Samples were excluded with a call rate <0.99 or if
they were identified as outliers on the basis of autosomal heterozygosity
(Supplementary Tables 3 and 4). Samples were also excluded if they were
considered to be outliers on the basis of ethnicity inferred by principal
component analysis (PCA). PCA was performed using EIGENSOFT v4.2
with HapMap phase 2 samples as reference populations on a subset of SNPs
with MAF > 0.05 and filtered to minimize intermarker LD (excluding the
MHC region, 23 regions of high LD and previously confirmed rheumatoid
arthritis susceptibility regions) (Supplementary Fig. 1). Cryptic relatedness
was assessed within each dataset by calculating identity by descent using
PLINK v1.07 and the PCA SNP set. A single sample from any related pair
(PI_HAT > 0.1875) was removed from the analysis (informed by call rate).
In addition, identity by descent was inferred across all six datasets to exclude
cross-dataset related individuals (Supplementary Table 5). The genomic
control inflation factor (Agc) was calculated within each Immunochip data-
set using SNPs included as a deep replication for a study investigating the
genetic basis for reading and writing ability. This set of SNPs was filtered
as described for the PCA SNP set, leaving a total of 1,469 SNPs distrib-
uted evenly across the genome. The Agc for the datasets was estimated at
1.07 (UK), 1.03 (US), 0.97 (Sweden EIRA), 0.94 (Sweden Umea), 1.12 (The
Netherlands) and 1.10 (Spain). Using the same SNPs to estimate Agcioo
(where the factor is scaled to the equivalent of 1,000 cases and 1,000 con-
trols) in the Immunochip meta-analysis resulted in a rescaled A of 1.02
(or 1.23 without rescaling).

All newly identified loci remained significantly associated when including
gender or Agc as a covariate in the analysis (Supplementary Table 15).

Immunochip meta-analysis. Association statistics were calculated in each
dataset using logistic regression under an additive model (SNPs coded 0, 1
or 2 with respect to the minor allele dosage) and incorporating the top ten
principal components as covariates. ORs and standard errors were combined
across the six datasets using an inverse-variance meta-analysis and assuming
a fixed effect.

Independent effects. Initial evidence for secondary effects was assessed at
each of the previously known and newly identified loci using forward stepwise
logistic regression. The index SNP at each region was included as a covariate,
and the association statistics were recalculated for the remaining test SNPs.
This process was repeated until no SNPs reached the minimum level of sig-
nificance. The criteria for declaring an independent effect were defined as
P < 5x 1074 not highly correlated with index SNP and a conditioned P value
that was not substantially different from the unconditioned value. We next
tested if the two-SNP model fitted the risk at the locus significantly better
than the one-SNP model using a likelihood ratio test.

The effect estimates for each two-SNP haplotype were calculated by includ-
ing indicator variables for the carriage of haplotypes. The indicator variables,
constructed by phasing the genotype data for each region satisfying the above
criteria, were phased using the SHAPEIT algorithm!8.

GWAS meta-analysis. GWAS case-control collections were previously
described!. Six collections were included in the present study: BRASS,
CANADA, EIRA, NARACI, NARAC2 and WTCCC. After quality control and
data filtering, the datasets were imputed using IMPUTE and haplotype-phased
HapMap Phase 2 European CEU founders as a reference panel!”.

We used identity-by-state (IBS) estimates to remove related samples across
the Immunochip and GWAS collections using GWAS genotype data instead
of imputed data. In each of the 12 collections, we selected a set of SNPs with
a missing genotype rate <0.5%, MAF > 5% and Pywg > 5 x 1077. We then
extracted SNPs that passed these filters and were shared between the 12 col-
lections. After further LD pruning and resolving flipping issues, the data from
the 12 collections were merged to calculate the IBS statistics. When related
samples were identified (siblings or duplicates), the sample from the GWAS
collection was removed to preferentially keep Immunochip data in the sub-
sequent association analyses. Filtering and IBS calculations were performed
using PLINK?’. Two GWAS datasets, EIRA and NARACI, were excluded
because of strong overlap (>90% of the rheumatoid arthritis cases) with the
Immunochip Sweden EIRA and US collections, respectively. This resulted in
a total sample size of 13,838 rheumatoid arthritis cases and 33,742 controls,
distributed in ten collections (Table 1).

The software SNPTEST v2.2 was used to conduct a logistic regression analy-
sis of rheumatoid arthritis case-control status in each GWAS collection, condi-
tioning on the five first eigenvectors from the PCA analysis and after excluding
SNPs with low statistical information (info score < 0.7) or MAF < 1%. We also
excluded SNPs that were not represented in the filtered Immunochip data. The
Agc values for the individual datasets were estimated at 1.04 (BRASS), 1.02
(CANADA), 1.04 (NARAC2) and 1.05 (WTCCC). There was a slight inflation
in Agc in these cohorts when using the 1,469 SNPs included on Immunochip
to investigate the genetic basis of reading and writing ability: 1.11 (BRASS),
1.15 (CANADA), 1.07 (NARAC2) and 1.05 (WTCCC).

We conducted an inverse-variance weighted meta-analysis to com-
bine the results across the ten collections. We also computed Cochrans Q
statistics and I? statistics to assess heterogeneity across collections. The meta-
analysis and heterogeneity statistics computations were adapted from the
MANTEL program?!.

Serological subtype statistical analyses. Multinomial logistic regression
was applied to compute ORs, 95% Cls and P values for association between
the minor allele at every locus and either ACPA-positive (ORcpa-positive) OF
ACPA-negative rheumatoid arthritis (ORACPpA-negative) 2ssuming additivity on
the log-odds scale (every locus was coded as 0,1 or 2 corresponding to the copy
number of the minor allele). The minor allele was defined according to the
allele frequency in the total population, including cases and controls. To test
for differences between ORacpa positive a0d ORACPA negatives the linear combina-
tion B+ - B,, where B+ is log(ORACPA-pDSitiVC) and B, is log(ORACPA-negative) was
calculated, along with its standard error. This enables a P value for the difference
in association to be calculated.

GRAIL analysis. We performed GRAIL analysis (http://www.broadinstitute.
org/mpg/grail/grail.php) using HG18 and Dec2006 PubMed datasets, default
settings and the 46 genome-wide significant rheumatoid arthritis susceptibility
loci (most associated SNP) as seeds.

doi:10.1038/ng.2462
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Interaction analysis. We performed an analysis of epistasis using the most
significantly associated SNP from each of the 46 loci (Table 2). Logistic regres-
sion was performed in PLINK to model epistasis in each of the six datasets
with the top ten principal components included as covariates. For each pair of
SNPs, the likelihood ratio test was used to compute the P value of the interac-
tion term for each dataset. Epistasis results were combined using METAL and
were Bonferroni corrected.

eQTL analysis. eQTL analysis was done on the peripheral blood of 1,469
unrelated individuals (1,240 samples run on the Illumina HT12v3 platform
and 229 samples run on the Illumina H8v2 platform) from the UK and The
Netherlands. Details of the eQTL analysis have been previously described?2.
In short, we assessed the effect of all rheumatoid arthritis—associated SNPs
(Table 2) on the expression of genes located within 250 kb to the left and right
of the SNP (cis eQTLs).

All individuals from the eQTL study were genotyped on the Illumina
Hap300K platform and then imputed to HapMap 2 using Impute 2.0 software.
Because not all SNPs from the Illumina Immunochip platform were geno-
typed or imputed on the 1,469 eQTL samples, we used the following strategy
(Supplementary Fig. 5). First, we investigated whether the SNP is present
in the eQTL data and passed the quality control for eQTL mapping (MAF
> 5%, Pywg = 0.001, call rate > 95%). From 50 rheumatoid arthritis SNPs,
26 were present in HapMap-imputed datasets and were directly assessed for
eQTL effects (Supplementary Table 13). For the other 24 SNPs not present
in our HapMap imputed data, we checked whether the rheumatoid arthritis
SNP was available in the 1000 Genomes database. If so, we queried all SNPs
within 10 Mb of the rheumatoid arthritis SNP that were also present in the
eQTL data and would pass the eQTL quality control measures and picked the
SNP with the highest LD that was present in HapMap after quality control.

The threshold of r2 > 0.8 for the LD was used. For 12 SNPs, no proxy was avail-
able using our criteria, and these SNPs were not included in the eQTL analysis.
For the remaining 12 SNPs, the best proxy SNP is included in the eQTL table
(Supplementary Fig. 5).

We also performed a cis-eQTL analysis for the top associated gene expres-
sion probe, as well as two conditional analyses, one conditioning on the effect
of the rheumatoid arthritis SNP (gSNP) and one conditioning on the effect of
the top eQTL SNP (eSNP) (Supplementary Table 13).

The rheumatoid arthritis-associated SNP was labeled as having a primary
effect on gene expression if it was either the top eQTL in the locus or was a
good proxy for the top eQTL SNP (r? > 8). It was labeled as an independent
eQTL if it showed an effect after conditioning on the primary eQTL. From
20 rheumatoid arthritis SNPs that showed an eQTL effect, 13 had either an
independent or primary eQTL effect on one or more probes (22 SNP-probe
combinations). A further seven SNPs were not significant after the condition-
ing of the strongest eQTL signal in the locus, suggesting that they are not
primary eQTLs.
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