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            Abstract
Inflammatory bowel diseases are chronic gastrointestinal inflammatory disorders that affect millions of people worldwide. Genome-wide association studies have identified 200 inflammatory bowel disease-associated loci, but few have been conclusively resolved to specific functional variants. Here we report fine-mapping of 94 inflammatory bowel disease loci using high-density genotyping in 67,852 individuals. We pinpoint 18 associations to a single causal variant with greater than 95% certainty, and an additional 27 associations to a single variant with greater than 50% certainty. These 45 variants are significantly enriched for protein-coding changes (n = 13), direct disruption of transcription-factor binding sites (n = 3), and tissue-specific epigenetic marks (n = 10), with the last category showing enrichment in specific immune cells among associations stronger in Crohn’s disease and in gut mucosa among associations stronger in ulcerative colitis. The results of this study suggest that high-resolution fine-mapping in large samples can convert many discoveries from genome-wide association studies into statistically convincing causal variants, providing a powerful substrate for experimental elucidation of disease mechanisms.
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                    Figure 1: Fine-mapping procedure and output using the SMAD3 region as an example.[image: ]


Figure 2: Summary of fine-mapped associations.[image: ]


Figure 3: Functional annotation of causal variants.[image: ]


Figure 4: Number of credible sets that co-localize eQTLs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Power of the fine-mapping analysis.
Power (y axis) to identify the causal variant in a correlated pair (strength of correlation shown by colour) increases with the significance of the association (x axis), and therefore with sample size and effect size. The vertical dashed line shows the genome-wide significance level. To estimate the relationship between the strength of association and our ability to fine-map it, we assume that the association has only two causal variant candidates, and we define the signal as successfully fine-mapped if the ratio of Bayes factors between the true causal variant and the non-causal variant was greater than 10 (a 91% posterior, assuming equal priors for the two candidate variants). Using equation (8) in Supplementary Methods, we have [image: ] in which θ is the maximum likelihood estimate of the parameter values. The log-likelihood ratio follows a χ2 distribution:[image: ]in which λ is the χ2 statistic of the lead variant and r is the correlation coefficient between the two variants. Because of the additive property of the χ2 distribution, logBF follows a non-central χ2 distribution with 1 degree of freedom and non-centrality parameter λ(1 − r2)/2. Therefore, the power can calculated as the probability that logBF > log(10), given by the cumulative distribution function of the non-central χ2 distribution.


Extended Data Figure 2 Procedures in the fine-mapping analysis.
Details for each stage are described in Methods. The dashed line means the imputation was performed only once after the manual inspection (not iteratively).


Extended Data Figure 3 Variance explained.
Variance explained by secondary, tertiary, … variants as a fraction of the primary signal at each locus.


Extended Data Figure 4 Functional annotations.
a, Functional annotation for 45 variants having posterior probability > 50%. b, Functional annotation for 116 association signals fine-mapped to ≤50 variants. Annotations are defined in Methods. We additionally grouped eQTLs into ‘Immune/Blood’ (CD4+, CD8+, CD19+, CD14+ CD15+, platelets) and ‘Gut’ (ileum, transverse colon, and rectum). The eQTLs were generated from the ULg dataset using the ‘Frequentist co-localization using conditional P values’ approach (Methods).


Extended Data Figure 5 Size of credible sets.
Comparison of credible set sizes for primary signals using each of our fine-mapping methods (methods 1, 2, and 3), the combined approach (as adopted in final results) and the approach described in ref. 6 (y axis) and the r2 > 0.6 cut-off (x axis). Fine-mapping maps most signals to smaller numbers of variants. The trend line (blue) and the confidence interval (grey) were calculated using the geom_smooth function in the R ggplot2 package using the linear model.


Extended Data Figure 6 Distributions of the allele frequency and the imputation quality.
a–c, Distribution of the risk allele frequency for 45 variants having >50% posterior probability plotted against (a) posterior probability, (b) significance of the association as –log10(P), and (c) odds ratio of the association. Variants are colour coded according to their functions. Odds ratio for IBD associations was the larger of odds ratios for Crohn’s disease and ulcerative colitis. d–f, Distribution of imputation quality (INFO measure from the IMPUTE2 program) for variants having MAF ≥ 5% (d), between 5% and 1% (e), and < 1% (f).


Extended Data Figure 7 Merging and adjudicating signals across methods.
The number of signals for each method is shown in the brackets, and for each method a black bar indicates a signal with P < 1.35 × 10−6, and a grey bar a signal that does not reach that threshold. The coloured bar shows the final status of each signal after merging and model selection (Methods). Label ‘low INFO’ corresponds to INFO < 0.8 (the threshold used for signals reported by one or two methods), and ‘rare and imputed’ to MAF < 0.01 and no genotyped variants in the credible set, regardless of INFO (Methods).


Extended Data Table 1 Study samplesFull size table


Extended Data Table 2 Co-localization with eQTLFull size table


Extended Data Table 3 Genomic inflationFull size table
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