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A major challenge in human genetics is to devise a systematic strat-
egy to integrate disease-associated variants with diverse genomic
and biological data sets to provide insight into disease pathogenesis
and guide drug discovery for complex traits such as rheumatoid arth-
ritis (RA)". Here we performed a genome-wide association study
meta-analysis in a total of >100,000 subjects of European and Asian
ancestries (29,880 RA cases and 73,758 controls), by evaluating ~10
million single-nucleotide polymorphisms. We discovered 42 novel
RA risk loci at a genome-wide level of significance, bringing the total
to 101 (refs 2-4). We devised an in silico pipeline using established
bioinformatics methods based on functional annotation®, cis-acting
expression quantitative trait loci® and pathway analyses’*—as well
as novel methods based on genetic overlap with human primary immuno-
deficiency, haematological cancer somatic mutations and knockout
mouse phenotypes—to identify 98 biological candidate genes at these
101 risk loci. We demonstrate that these genes are the targets of approved
therapies for RA, and further suggest that drugs approved for other
indications may be repurposed for the treatment of RA. Together,
this comprehensive genetic study sheds light on fundamental genes,
pathways and cell types that contribute to RA pathogenesis, and
provides empirical evidence that the genetics of RA can provide
important information for drug discovery.

We conducted a three-stage trans-ethnic meta-analysis (Extended
Data Fig. 1). On the basis of the polygenic architecture of RA™ and
shared genetic riskamong different ancestry>*, we proposed that com-
bining a genome-wide association study (GWAS) of European and
Asian ancestry would increase power to detect novel risk loci. In stage 1,
we combined 22 GWAS for 19,234 cases and 61,565 controls of European
and Asian ancestry”™%. We performed trans-ethnic, European-specific
and Asian-specific GWAS meta-analysis by evaluating ~10 million
single-nucleotide polymorphisms (SNPs)"'. Characteristics of the cohorts,
genotyping platforms and quality contro] criteria are described in Extended
Data Table 1 (overall genomic control inflation factor Agc < 1.075).

Stage 1 meta-analysis identified 57 loci that satisfied a genome-wide
significance threshold of P < 5.0 X 1078, including 17 novelloci (Extended
Data Fig. 2). We then conducted a two-step replication study (stage 2
for in silico and stage 3 for de novo) in 10,646 RA cases and 12,193
controls for the loci with P< 5.0 X 107 in stage 1. In a combined ana-
lysis of stages 1-3, we identified 42 novel loci with P<5.0X 107% in
any of the trans-ethnic, European or Asian meta-analyses. This increases
the total number of RA risk loci to 101 (Table 1 and Supplementary
Table 1).

Comparison of 101 RA risk loci revealed significant correlations of
risk allele frequencies (RAFs) and odds ratios (ORs) between Europeans
and Asians (Extended Data Fig. 3a—c; Spearman’s p = 0.67 for RAF
and 0.76 for OR; P<<1.0 X 10~ %), although five loci demonstrated
population-specific associations (P< 5.0 X 10™° in one population but
P> 0.051n the other population without overlap of the 95% confidence
intervals (95% Cls) of the ORs). In the population-specific genetic risk
model, the 100 RA risk loci outside of the major histocompatibility com-
plex (MHC) region'? explained 5.5% and 4.7% of heritability in Europeans
and Asians, respectively, with 1.6% of the heritability explained by the
novel loci. The trans-ethnic genetic risk model, based on the RAF from
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one population but the OR from the other population, could explain
the majority (>80%) of the known heritability in each population
(4.7% for Europeans and 3.8% for Asians). These observations support
our hypothesis that the genetic risk of RA is shared, in general, among
Asians and Europeans.

We assessed enrichment of 100 non-MHC RA risk loci in epigenetic
chromatin marks"® (Extended Data Fig. 3d). Of 34 cell types investigated,
we observed significant enrichment of RA risk alleles with trimethylation
of histone H3 at lysine 4 (H3K4me3) peaks in primary CD4 " regulatory
T cells (Tyeg cells; P << 1.0 X 107°). For the RA risk loci enriched with Treg
H3K4me3 peaks, we incorporated the epigenetic annotations along with
trans-ethnic differences in patterns of linkage disequilibrium to fine-map
putative causal risk alleles (Extended Data Fig. 3e, f).

We found that approximately two-thirds of RA risk loci demon-
strated pleiotropy with other human phenotypes (Extended Data Fig. 4),
including immune-related diseases (for example, vitiligo, primary bili-
ary cirrhosis), inflammation-related or haematological biomarkers (for
example, fibrinogen, neutrophil counts) and other complex traits (for
example, cardiovascular diseases).

Each of 100 non-MHC RA risk loci contains on average ~4 genes in
the region of linkage disequilibrium (in total 377 genes). To prioritize
systematically the most likely biological candidate gene, we devised an
in silico bioinformatics pipeline. In addition to the published methods
that integrate data across associated loci”®, we evaluated several bio-
logical data sets to test for enrichment of RA risk genes, which helps to
pinpoint a specific gene in each loci (Extended Data Figs 5, 6 and
Supplementary Tables 2-4).

We first conducted functional annotation of RA risk SNPs. Sixteen
per cent of SNPs were in linkage disequilibrium with missense SNPs
(* > 0.80; Extended Data Fig. 5a, b). The proportion of missense RA
risk SNPs was higher compared with a set of genome-wide common
SNPs (8.0%), and relatively much higher in the explained heritability
(~26.8%). Using cis-acting expression quantitative trait loci (cis-eQTL)
data obtained from peripheral blood mononuclear cells (5,311 indivi-
duals)® and from CD4™ T cells and CD14"CD16~ monocytes (212
individuals), we found that RA risk SNPs in 44 loci showed cis-eQTL
effects (false discovery rate (FDR) g or permutation P < 0.05; Extended
Data Table 2).

Second, we evaluated whether genes from RA risk loci overlapped
with human primary immunodeficiency (PID) genes', and observed
significant overlap (14/194 = 7.2%, P = 1.2 X 10~ % Fig. laand Extended
Data Fig. 5¢). Classification categories of PID genes showed different
patterns of overlap: the highest proportion of overlap was in ‘immune
dysregulation’ (4/21 = 19.0%, P = 0.0033) but there was no overlap in
‘innate immunity’.

Third, we evaluated overlap with cancer somatic mutation genes',
under the hypothesis that genes with cell growth advantages may contri-
bute to RA development. Among 444 genes with registered cancer somatic
mutations™, we observed significant overlap with genes implicated in
haematological cancers (17/251 = 6.8%, P= 1.2 X 10~ % Fig. 1b and
Extended Data Fig. 5d), but not with genes implicated in non-haema-
tological cancers (6/221 = 2.7%, P = 0.56).
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Table 1 | Novel rheumatoid arthritis risk loci identified by trans-ethnic GWAS meta-analysis in >100,000 subjects

SNP Chr Genes Al/A2 Trans-ethnic European Asian
(+) OR (95% Cly OR (95% Cl) P OR (95% Cly P
rs227163 1 TNFRSF9 C/T  1.04(1.02-1.06) 3.9 x107* 1.00(0.97-1.03) 93 x10°!  1.11(1.08-1.16)* 3.1 x107%*
rs28411352 1 MTF1-INPP5B T/C 1.11(1.08-1.14)* 28 x107**  1.10(1.07-1.14)* 59 x107°  1.12(1.06-1.19) 7.8 x107°
rs2105325 1 LOC100506023 C/A  1.12(1.08-1.15)* 69 x 1073  1.12(1.08-1.15)* 33 x107!* 1.13(1.04-1.23) 52x107°
rs10175798 2 LBH A/G  1.08(1.06-1.11)* 1.1 x107°*  1.09(1.06-1.12)* 42x107%  107(1.02-1.13) 6.4 x1073
rs6732565 2 ACOXL A/G 107 (1.05-1.10)* 2.7 x107%  1.10(1.07-1.14)* 9.4 x107%  1.04(1.00-1.08) 4.0x107?
rs6715284 2 CFLAR-CASP8 G/C 1.15(1.10-1.20)* 1.8x107°*  1.15(1.10-1.20)* 2.5 x107% - -
rs4452313 3 PLCL2 T/A 1.09(1.06-1.12)* 1.6 x107¥%  111(1.08-1.15)* 52 x107'*  1.04(0.99-1.09) 9.2x1072
rs3806624 3 EOMES G/A  1.08(1.05-1.11)* 86 x107%  1.08(1.05-1.12)* 28x107%  1.06(0.99-1.14) 1.0x107*
rs9826828 3 IL20RB A/G 144 (128-161)* 86x1071%  144(1.28-1.61)* 87 x 107 10% - -
rs13142500 4 CLNK C/T 1.10(1.07-1.13)* 3.0x107%* 1.10(1.06-1.15) 24 x10®  1.10(1.04-1.15) 28x107*
rs2664035 4 TEC A/G  1.07 (1.04-1.10) 95x10™®  1.08(1.05-1.11)* 33x107%  1.03(0.97-1.08) 3.3 x107*
rs9378815 6 IRF4 C/G 109 (1.06-1.12)* 1.7 x107'%  1,09(1.05-1.12) 1.4 x1077 1.10(1.04-1.15) 23 x107*
rs2234067 6 ETV7 C/A  1.15(1.10-1.20)* 1.6 x107%  1.14(1.09-1.19)* 4.1 x107%  1.22(1.06-1.41) 7.0x1073
rs9373594 6 PPIL4 T/C  1.09 (1.06-1.12)* 3.0 x 107%* 1.07 (1.02-1.12) 65x107%  1.11(1.07-1.15)* 4.8 x 1078«
rs67250450 7 JAZF1 T/C  1.10(1.07-1.14)* 37 x107%  1.11(1.07-1.14)* 26x107%*  1.02(0.84-1.23) 85 x107!
rs4272 7 CDK6 G/A 1.10(1.06-1.13)* 50x107%  1.10(1.07-1.14* 1.2x107%  1.06(0.98-1.15) 13 x107!
rs998731 8 TPD52 T/C 1.08(1.05-1.11)* 19x1078  1.09(1.06-1.12)* 6.6x107%  1.02(0.96-1.10) 49 x107?
rs678347 8 GRHL2 G/A  1.08 (1.05-1.11)* 1.6 x1078  1,10(1.06-1.13)* 7.3 x107%*  1.03(0.98-1.10) 2.6 x107}
rs1516971 8 PYTI T/C 1.15(1.10-1.20)* 13 x 10710  116(1.11-1.21)* 3.2 x 107 !* - -
rs12413578 10 10pl4 C/T  1.20(1.13-1.29)* 4.8 x 1078 1.20(1.12-1.29) 7.5x1078 - -
rs793108 10 ZNF438 T/C  1.08 (1.05-1.10)* 13 x107° 1,07 (1.04-1.10) 6.1 %1077 1.09 (1.04-1.14) 44 x107*
12671692 10 WDFY4 A/G  1.07 (1.05-1.10)* 28 x107%*  1,06(1.03-1.09) 2.6 x107° 1.10(1.05-1.14) 99 x107°
rs726288 10 SFTPD T/C 114(1.07-120) 16x107° 0.96 (0.86-1.06) 4.1 x107!  1.22(1.14-1.31)* 88 x107%*
rs968567 11 FADSI1-FADS2-FADS3 C/T 1.12(1.07-1.16)* 18 x107%  1.12(1.07-1.16)* 1.8 x 107« . -
rs4409785 11 CEP57 C/T 1.12(1.09-1.16)* 1.2 x1071*  112(1.08-1.16)* 36x107%  1.16(1.07-1.27) 43 x107*
chr11:107967350 11 ATM A/G 1.21(1.13-1.29)* 1.4 x107%  1.21(1.13-1.29)* 1.1 x 1078 - -
rs73013527 11 ETS1 C/T 109(106-1.12)* 12x1071%  108(1.05-1.11) 1.0x10°° 1.14 (1.08-1.21) 4.1 x107®
rs773125 12 CDK2 A/G 1.09(1.06-1.12)* 1.1 X107  109(1.06-1.12)* 2.1 x107%  1.10(1.04-1.17) 1.1 x1073
rs10774624 12 SH2B3-PTPN11 G/A  1.09(1.06-1.13)* 68 x107%  1.09(1.06-1.13)* 6.9 x107%* - -
rs9603616 13 COG6 C/T 1.10(1.07-1.13)* 1.6 x107¥2+  111(1.07-1.14)* 28 x107'** 1.08(1.02-1.14) 1.0x1072
rs3783782 14 PRKCH A/G  1.14(1.09-1.18)* 22 x107%*  112(096-1.31) 14 x107*  1.14(1.09-1.19)* 4.4 x107°%*
rs1950897 14 RAD51B T/C 1.10(1.07-1.13)* 82 x107** 1.09(1.06-1.12)* 50x1073  1.16(1.08-125) 1.1 x107*
rs4780401 16 TXNDC11 T/G  1.07 (1.05-1.10)* 4.1 x107%  1.09(1.06-1.13)* 87 x1072*  1.03(0.98-1.08) 25 x 107}
rs72634030 17 C10QBP A/C 1.12(1.08-1.17)* 15x107%  1.12(1.06-1.19) 29x107° 1.12(1.07-1.18) 9.6 x107©
rs1877030 17 MED1 C/T  1.09(1.06-1.12)* 1.9 x 1078 1.09(1.05-1.13) 13 x107° 1.09 (1.04-1.14) 32 x107%
rs2469434 18 CD226 C/T 1.07(1.05-1.10)* 89 %1070  105(1.02-1.08) 67 x107*  1.11(1.07-1.15)* 1.2 x107%*
chr19:10771941 19 ILF3 C/T 147 (1.30-1.67)* 86 x1071% 147 (1.30-1.67)* 88 x 10710+ - -
rs73194058 21 IFNGR2 C/A 1.08(1.05-1.12) 1.2x107°  1.13(1.08-1.18)* 26x107%  1,03(0.98-1.08) 29 x107!
rs1893592 21 UBASH3A A/C 1.11(1.08-1.14* 72x107'2  1.11(1.07-1.15)* 98 x107%*  1.11(1.05-1.18) 13 x10™*
rs11089637 22 UBE2L3-YDJC C/T 1.08(1.05-1.11)* 2.1 x107%  1.10(1.06-1.15) 2.0x1077 1.06 (1.02-1.10) 89 x107*
rs909685 22 SYNGR1 A/T  1.13(1.10-1.16)* 1.4 X107  1.11(1.08-1.15)* 64 x 10712  123(1.14-1.33) 20x1077
chrX:78464616 X P2RY10 A/C 1.11(1.07-1.15)* 35x107%  1.16(0.78-1.75) 4.6x107!  1.11(1.07-1.15)* 3.6 x 1078

SNPs newly associated with < 5.0 x 1078in the combined study of the stage 1 GWAS meta-analysis and the stages 2 and 3 replication studies of trans-ethnic (Europeans and Asians), European or Asian ancestry
areindicated. SNPs, positions and alleles are based on the positive (+) strand of NCBI build 37. Al represents an RArisk allele. Chr, chromosome; OR, odds ratio; 95% Cl, 95% confidence interval. Full results of the
studies are available in Supplementary Table 1. Hyphens between gene names indicate that several candidate RA risk genes were included in the region.

*Association results with P< 5.0 x 1078,

Fourth, we evaluated overlap with genes implicated in knockout mouse
phenotypes'’. Among the 30 categories of phenotypes'®, we observed 3
categories significantly enriched with RA risk genes (P < 0.05/30 = 0.0017):
‘haematopoietic system phenotype’, ‘immune system phenotype’, and
‘cellular phenotype’ (Extended Data Fig. 5e).

Last, we conducted molecular pathway enrichment analysis (Fig. 1c
and Extended Data Fig. 5f). We observed enrichment (FDR g < 0.05)
for T-cell-related pathways, consistent with cell-specific epigenetic marks,
as well as enrichment for B-cell and cytokine signalling pathways (for
example, interleukin (IL)-10, interferon, granulocyte~macrophage colony-
stimulating factor (GM-CSF)). For comparison, our previous RA GWAS
meta-analysis” did not identify the B-cell and cytokine signalling path-
ways, thereby indicating that as more loci are discovered, further bio-
logical pathways are identified.

On the basis of these new findings, we adopted the following 8 criteria
to prioritize each of the 377 genes from the 100 non-MHC RA risk loci
(Fig. 2 and Extended Data Fig. 6a—c): (1) genes with RA risk missense
variant (n = 19); (2) cis-eQTL genes (n = 51); (3) genes prioritized by
PubMed text mining’ (n = 90); (4) genes prioritized by protein—protein
interaction (PPI)® (n = 63); (5) PID genes (n = 15); (6) haematological
cancer somatic mutation genes (n = 17); (7) genes prioritized by associated
knockout mouse phenotypes (1 = 86); and (8) genes prioritized by
molecular pathway analysis® (n = 35).

Ninety-eight genes (26.0%) had a score =2, which we defined as ‘can-
didate biological RA risk genes’. Nineteen loci included multiple bio-
logical RA risk genes (for example, IL3 and CSF2 at chromosome 5q31),
whereas no biological gene was selected from 40 loci (Supplementary
Table 5).

To provide empirical evidence of the pipeline, we evaluated relation-
ships of the gene scores to independent genomic or epigenetic informa-
tion. Genes with higher biological scores were more likely to be the
nearest gene to the risk SNP (18.6% for gene score <2 and 49.0% for
gene score =2; P=2.1 X 107%), and also to be included in the region
where RA risk SNPs were overlapping with H3K4me3 T peaks (41.9%
for gene score <<2 and 57.1% for gene score =2; P = 0.034). Further,
Theq cells demonstrated the largest increase in overlapping proportions
with H3K4me3 peaks for increase of biological gene scores compared
with other cell types (Extended Data Fig. 6d).

Finally, we evaluated the potential role of RA genetics in drug dis-
covery. We proposed that if human genetics is useful for drug target
validation, then it should identify existing approved drugs for RA. To
test this ‘therapeutic hypothesis™, we obtained 871 drug target genes
corresponding to approved, in clinical trials or experimental drugs for
human diseases''® (Supplementary Table 6). We evaluated whether
any of the protein products from the identified biological RA risk genes,
or any genes from a direct PPI network with such protein products
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Figure 1| Overlap of RA risk loci with PID genes, haematological cancer
somatic mutations and molecular pathways. a, Overlap of RA risk genes with
PID genes, subdivided by PID categories (I-VIII). b, Examples of overlap

of haematological cancer somatic mutation genes with RA risk genes.

¢, Comparisons of molecular pathway analysis results between the current
trans-ethnic meta-analysis (y-axis) and the previous meta-analysis for RA
(x-axis)’. Each dot represents a molecular pathway. Dotted line represents
FDRg=0.050ry=1x.
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Figure 2 | Prioritized biological RA risk genes. Representative biological RA
risk genes. We list the summary gene score derived from individual criteria

(filled red box indicates criterion satisfied; 98 genes with a score =2 out of 377
genes included in the RA risk loci were defined as ‘biological candidate genes’;
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see Extended Data Fig. 6). Filled blue boxes indicate the nearest gene to the RA
risk SNP. Filled green boxes indicate overlap with H3K4me3 peaks in immune-
related cells. Filled purple boxes indicate overlap with drug target genes. For full
results, see Supplementary Table 5.
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