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            Abstract
Loci discovered by genome-wide association studies predominantly map outside protein-coding genes. The interpretation of the functional consequences of non-coding variants can be greatly enhanced by catalogs of regulatory genomic regions in cell lines and primary tissues. However, robust and readily applicable methods are still lacking by which to systematically evaluate the contribution of these regions to genetic variation implicated in diseases or quantitative traits. Here we propose a novel approach that leverages genome-wide association studiesâ€™ findings with regulatory or functional annotations to classify features relevant to a phenotype of interest. Within our framework, we account for major sources of confounding not offered by current methods. We further assess enrichment of genome-wide association studies for 19 traits within Encyclopedia of DNA Elements- and Roadmap-derived regulatory regions. We characterize unique enrichment patterns for traits and annotations driving novel biological insights. The method is implemented in standalone software and an R package, to facilitate its application by the research community.
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                    Fig. 1: Outline of the GARFIELD method.[image: ]


Fig. 2: Method assessment.[image: ]


Fig. 3: Enrichment of GWA analysis P values in DHS (hotspots).[image: ]


Fig. 4: Method comparison for 21 GWAS datasets in DHS (hotspots) and histone modifications (H3K27ac and H3K4me3) at the Tâ€‰<â€‰10-8 GWAS significance threshold.[image: ]


Fig. 5: Enrichment levels (log OR) and extent of sharing between traits for 25-state chromatin segmentations of the National Institutes of Health Roadmap and ENCODE projects at the Tâ€‰<â€‰10âˆ’5 GWAS significance threshold.[image: ]
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Integrated supplementary information

Supplementary Fig. 1 GARFIELD method assessment.
a, GARFIELD-estimated false-positive rate (FPR) from 29 real data GWAS and nâ€‰=â€‰1,000 independent simulated annotations. The black horizontal line denotes the 5%â€‰FPR threshold. Traits are shown on the x axis. Colored bars denote the GARFIELD threshold of Tâ€‰<â€‰10â€“8 (red) and the GARFIELD threshold of Tâ€‰<â€‰10â€“5 (gray). Error bars denote standard errors. b,c, Effect of feature correction for each of 29 GWAS at the Tâ€‰<â€‰10â€“8 significance threshold when analyzing 424 DHS cell types. The figure shows the proportion of significant annotations with respect to feature correction, where N denotes the number of LD proxies and T distance to the nearest TSS. The y axis shows the corresponding values when no feature correction is employed. d, Difference in proportion of significant enrichments between a model not accounting for any feature to a model accounting for any combination of the features, respectively, applied to 424 DHS cell types.


Supplementary Fig. 2 GARFIELD enrichment wheel plots.
Enrichment of genome-wide association analysis P-values in DNase Iâ€“hypersensitive sites (hotspots) for 27 disease/quantitative traits. Radial lines show OR values at eight GWAS â€“log10 P-value thresholds (T) for nâ€‰=â€‰424 ENCODE and Roadmap Epigenomics DHS cell lines, sorted by tissue on the outer circle. Dots on the outer side of the circle denote significant enrichment (if present) at Tâ€‰<â€‰10â€“5 (outermost) to Tâ€‰<â€‰10â€“8 (innermost).


Supplementary Fig. 3 Comparison between real data results for 29 real GWAS and 424 open chromatin annotations at the Tâ€‰<â€‰10â€“8 and Tâ€‰<â€‰10â€“5 GWAS P-value thresholds.
Left, âˆ’log10 P-value comparison for all trait annotation pairs (nâ€‰=â€‰29â€‰Ã—â€‰424 points). Horizontal and vertical lines denote the threshold for detecting enrichment after multiple-testing correction. The numbers in each corner denote the number of points in it. Right, odds ratio (OR) comparison for trait annotation pairs with significant enrichment in both the Tâ€‰<â€‰10â€“8 and Tâ€‰<â€‰10â€“5 GWAS P-value thresholds.


Supplementary Fig. 4 Multiple-annotation enrichment of genome-wide association analysis P-values in DNase Iâ€“hypersensitive sites (hotspots) for 15 disease or quantitative GWAS traits.
Cell types/tissues remaining after a heuristic multiple-annotation approach are shown on the y axis for each trait. Odds ratios (on log scale) are represented as dots and 95%â€‰CI with lines. The multiple-annotation model estimates are represented in red and the marginal effects of analysis of each annotation on its own are represented in black. Only phenotypes with at least a single detected enrichment are shown.


Supplementary Fig. 5 Enrichment levels (log OR) and extent of sharing between traits for 25-state chromatin segmentations of the NIH Roadmap and ENCODE projects at the Tâ€‰<â€‰10â€“8 GWAS significance threshold.
a, Distribution of significant OR values across the 29 traits considered, split by segmentation state and colored to highlight predicted functional elements by Roadmap Epigenomics (see Supplementary Table 9). Number of points n is shown on the x axis below each category. b, Distribution of the pairwise difference between ORs from all enhancer, promoter and transcriptional enhancers and transcriptional regulatory states tested (â€˜state 1â€™) to ORs from transcription states for significant enrichments only (â€˜state 2â€™; for example, measuring ORc,tEnhA1 âˆ’ ORc,tTx for all cell types c and traits t for which P-valuec,tEnhA1 and P-valuec,tTx are both significant). Number of points n is shown on the x axis below each category. c, Sharing of significantly enriched/depleted annotations across 27 phenotypes (excluding CD and UC). The bar plot displays the number of cell types where an annotation is uniquely enriched in a trait or shared among multiple traits.
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