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            Abstract
A major challenge in human genetics is to devise a systematic strategy 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 arthritis (RA)1. 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, 3, 4). We devised an in silico pipeline using established bioinformatics methods based on functional annotation5, cis-acting expression quantitative trait loci6 and pathway analyses7,8,9—as well as novel methods based on genetic overlap with human primary immunodeficiency, 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.
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                    Figure 1: Overlap of RA risk loci with PID genes, haematological cancer somatic mutations and molecular pathways.[image: ]


Figure 2: Prioritized biological RA risk genes.[image: ]


Figure 3: Connection of biological RA risk genes to drug targets.[image: ]
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Extended data figures and tables

Extended Data Figure 1 An overview of the study design.
a, We conducted a three-stage trans-ethnic meta-analysis in total of 29,880 RA cases and 73,758 controls of European (EUR) and Asian (ASN) ancestry. The stage 1 GWAS meta-analysis included 19,234 RA cases and 61,565 controls from 22 studies, which was followed by the stage 2 in silico replication study (3,708 RA cases and 5,535 controls) and stage 3 de novo replication study (6,938 RA cases and 6,658 controls). In the combined study of stages 1–3, we identified 42 novel RA risk loci, which increased the total number of RA risk loci to 101. b, Using the 100 RA risk loci (outside of the MHC region), we conducted trans-ethnic and functional annotation of the RA risk SNPs. We constructed an in silico bioinformatics pipeline to prioritize biological candidate genes. We adopted eight criteria to score each of 377 genes in the RA risk loci: (1) RA risk missense variant; (2) cis-eQTL; (3) PubMed text mining; (4) PPI; (5) PID; (6) haematological cancer somatic mutation; (7) knockout mouse phenotype; and (8) molecular pathway. Our study also demonstrated that these biological candidate genes in RA risk loci are significantly enriched in overlap with target genes for approved RA drugs.


Extended Data Figure 2 Quantile–quantile plots and Manhattan plots of P values in the GWAS meta-analysis.
a, Quantile–quantile plots of P values in the stage 1 GWAS meta-analysis for trans-ethnic, European and Asian ancestries. The x-axis indicates the expected −log10 (P values). The y-axis indicates the observed −log10 (P values) after the application of double GC correction. The SNPs for which observed P values were less than 1.0 × 10−20 are indicated at the upper limit of each plot. Black, blue and red dots represent the association results of all SNPs, SNPs outside of the MHC region and PTPN22 locus, and SNPs outside of the known RA risk loci, respectively. Double GC correction was applied based on the inflation factor, λGC, which was estimated from the SNPs outside of the known RA loci and indicated in each plot. b, Manhattan plots of P values in the stage 1 GWAS meta-analysis for trans-ethnic, European and Asian ancestries. The y-axis indicates the −log10 (P values) of genome-wide SNPs in each GWAS meta-analysis. The horizontal grey line represents the genome-wide significance threshold of P = 5.0 × 10−8. The SNPs for which P values were less than 1.0 × 10−20 are indicated at the upper limit of each plot.


Extended Data Figure 3 Trans-ethnic and functional annotation of RA risk SNPs.
a, b, Comparisons of RAF and OR values between individuals of European (EUR) and Asian (ASN) ancestry from the stage 1 GWAS meta-analysis. ORs were defined based on minor alleles in Europeans. SNPs with FST > 0.10 or SNPs in which the 95% CI of the OR did not overlap between Europeans and Asians are coloured. OR of the SNP in the HLA-DRB1 locus (≥1.5) is plotted at the upper limits of the x- and y-axes. Five loci demonstrated population-specific associations (P < 5.0 × 10−8 in one population but P > 0.05 in the other population without overlap of the 95% CI of the OR) are highlighted by red labels (rs227163 at TNFRSF9, rs624988 at CD2, rs726288 at SFTPD, rs10790268 at CXCR5 and rs73194058 at IFNGR2). c, Cumulative curve of explained heritability in each population. d, Enrichment analysis for overlap of RA risk SNPs with H3K4me3 peaks in cell types. The most significant cell type is Treg primary cells. e, Number of SNPs in the process of trans-ethnic and functional fine mapping. For 31 loci in which the risk SNPs yielded P < 1.0 × 10−3 in both populations (stage 1 GWAS), the number of candidate causal variants was reduced by 40–70% when confined by SNPs in linkage disequilibrium with the RA risk SNPs (r2 > 0.80) in both populations (on average, from 21.9 or 37.3 SNPs in linkage disequiliberium in Europeans or Asians, to 15.0 SNPs in linkage disequilibrium in both populations). Further, for 10 loci in which candidate causal variants significantly overlapped with H3K4me3 peaks in Treg cells (P < 0.05), the average number of SNPs was further reduced by half again, from 10.4 to 5.9. f, Fine mapping in the CTLA4 locus, where the functional non-coding variant of CT60 (rs3087243)28 showed the most significant association with RA. The top three panels indicate regional SNP associations of the locus in the stage 1 GWAS meta-analysis for trans-ethnic, European and Asian ancestries, respectively. The bottom panel indicates the change in the number of the candidate causal variants in each process of fine mapping. Trans-ethnic fine mapping of candidate causal variants decreased the number of candidate variants from 44 (linkage disequilibrium in Asians) and 27 (linkage disequilibrium in Europeans) to 21 (linkage disequilibrium in both populations). As these SNPs were significantly enriched in overlap with H3K4me3 peaks in Treg cells compared with the surrounding SNPs (P = 0.037), we confined the candidate variants into nine by additionally selecting the SNPs included in H3K4me3 peaks. CT60 was included in these finally selected nine SNPs, and also located at the vicinity of a H3K4me3 peak summit (indicated by a red arrow).


Extended Data Figure 4 Pleiotropy of RA risk SNPs.
a, Definition of region-based and allele-based pleiotropy. For each of the RA risk SNPs and SNPs registered in the NHGRI GWAS catalogue (outside of the MHC region), we defined the region on the basis of ±25 kb of the SNP or the neighbouring SNP positions in moderate linkage disequilibrium with it in Europeans or Asians (r2 > 0.50). We defined ‘region-based pleiotropy’ as two phenotype-associated SNPs sharing part of their genetic regions or any UCSC hg19 reference gene(s) partly overlapping with each of the regions. We defined ‘allele-based pleiotropy’ as two phenotype-associated SNPs in linkage disequilibrium in Europeans or Asians (r2 > 0.80). b, Region-based pleiotropy of the RA risk loci. We found two-thirds of RA risk loci (n = 66) demonstrated region-based pleiotropy with other human phenotypes. Phenotypes which showed region-based pleiotropy with RA risk loci are indicated (P < 0.05). c, Allele-based pleiotropy of the RA risk loci. Allele-based pleiotropy with discordant directional effects to RA risk SNPs are indicated in grey. d, Relative proportions of pleiotropic effects (that is, regions and alleles that influence multiple phenotypes) between RA risk loci and 311 phenotypes from the NHGRI GWAS catalogue. Representative examples of disease and biomarker phenotypes are shown. One-quarter of the observed region-based pleiotropic associations (26% = 54/207) were also annotated as having allele-based pleiotropy, although their proportions and directional effects varied among phenotypes. e, Allele-based pleiotropy of IL6R 358Asp (rs2228145 (A))5 on multiple disease phenotypes, including increased risk of RA, ankylosing spondylitis and coronary heart disease (asterisks indicate associations obtained from the literature29,30) and protection from asthma, as well as levels of biomarkers (increased C-reactive protein (CRP) and fibrinogen but decreased soluble interleukin-6 receptor (sIL6R)).


Extended Data Figure 5 Overlap of RA risk SNPs with biological resources.
a, Missense variants in linkage disequilibrium (r2 > 0.80 in Europeans or Asians) with RA risk SNPs. When multiple missense variants are in linkage disequilibrium with the RA risk SNP, the highest r2 value is indicated. b, Functional annotation of the SNPs in 100 non-MHC RA risk loci, including the relative proportion of heritability explained by SNP annotations. Although 44% of all RA risk SNPs had cis-eQTL, 9 of them overlapped with missense or synonymous variants but 35 of them did not overlap as indicated by asterisks. A list of cis-eQTL SNPs and genes can be found in Extended Data Table 2. c, Overlap of RA risk genes with human PID and defined categories. d, Overlap of RA risk genes with cancer somatic mutation genes. In addition to the categories of all cancers, haematological cancers and non-haematological cancers, cancer types that showed overlap with ≥2 of RA risk genes are indicated. e, Overlap of RA risk genes with knockout mouse phenotypes. Knockout mouse phenotypes that satisfied significant enrichment with RA risk genes are indicated in bold (P < 0.05/30 = 0.0017). f, Molecular pathway analysis of RA GWAS results. Molecular pathways that showed significant enrichment in either the current stage 1 trans-ethnic GWAS meta-analysis or the previous GWAS meta-analysis of RA2 are indicated in bold (FDR q < 0.05).


Extended Data Figure 6 Prioritization of biological candidate genes from RA risk loci.
a, Prioritization criteria of biological candidate genes from RA risk loci. b, Histogram distribution of gene scores. The 98 genes with score ≥2 (orange) were defined as ‘biological RA risk genes’. c, Correlations of biological candidate gene prioritization criteria. d, Change in the overlapping proportions of genes with H3K4me3 peaks by cell type according to score increases. When RA risk SNP of the locus (or SNP in linkage disequilibrium) overlapped with H3K4me3 peaks, genes in the locus were defined as overlapping.


Extended Data Figure 7 Overlap of all genes in the RA risk loci with drug target genes.
a, Approved RA drugs and target genes. DMARDs, disease-modifying antirheumatic drugs. b, Overlap analysis stratified by immune-related and non-immune-related drug target genes. We made a list of 583 immune-related genes based on Gene Ontology (GO) pathways named ‘immune-’ or ‘immuno-’ and found that the majority of drug target genes (791/871 = 91%) were not immune-related. c, Overlap of all 377 genes included in 100 RA risk loci (outside of the MHC region) plus 3,776 genes in direct PPI with them and drug target genes. We found overlap of 19 genes from the 27 drug target genes of approved RA drugs (2.3-fold enrichment, P < 1.0 × 10−5). All 871 drug target genes (regardless of disease indication) overlap with 329 genes from the PPI network, which is 1.3-fold more enrichment than expected by chance alone (P < 1.0 × 10−5), but less than 1.7-fold enrichment compared with RA drugs (P = 0.0059). We note that this enrichment of drug–gene pairs was less apparent compared with that obtained from the expanded PPI network generated from 98 biological candidate genes (Fig. 3b).


Extended Data Figure 8 Connection between RA risk genes and approved RA drugs.
Full lists of the connections between RA risk SNPs (blue boxes), biological candidate genes from each risk locus (purple boxes), genes from the expanded PPI network (green boxes) and approved RA drugs (orange boxes). Black lines indicate connections. Only IL6R is a direct connection between an SNP–biological gene–drug (tocilizumab)19,20; all other SNP–drug connections are through the PPI network.


Extended Data Table 1 Characteristics of the study cohortsFull size table


Extended Data Table 2 cis-eQTL of RA risk SNPsFull size table
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