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            Abstract
Most disease associations detected by genome-wide association studies (GWAS) lie outside coding genes, but very few have been mapped to causal regulatory variants. Here, we present a method for detecting regulatory quantitative trait loci (QTLs) that does not require genotyping or whole-genome sequencing. The method combines deep, long-read chromatin immunoprecipitationâ€“sequencing (ChIP-seq) with a statistical test that simultaneously scores peak height correlation and allelic imbalance: the genotype-independent signal correlation and imbalance (G-SCI) test. We performed histone acetylation ChIP-seq on 57 human lymphoblastoid cell lines and used the resulting reads to call 500,066 single-nucleotide polymorphisms de novo within regulatory elements. The G-SCI test annotated 8,764 of these as histone acetylation QTLs (haQTLs)â€”an order of magnitude larger than the set of candidates detected by expression QTL analysis. Lymphoblastoid haQTLs were highly predictive of autoimmune disease mechanisms. Thus, our method facilitates large-scale regulatory variant detection in any moderately sized cohort for which functional profiling data can be generated, thereby simplifying identification of causal variants within GWAS loci.
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                    Figure 1: Validation of ChIP-seq data.[image: ]


Figure 2: SNP calling.[image: ]


Figure 3: haQTLs.[image: ]


Figure 4: Correlations and molecular mechanisms of haQTLs.[image: ]


Figure 5: haQTL distribution at promoter and nonpromoter H3K27ac peaks.[image: ]


Figure 6: haQTLs provide candidate molecular mechanisms for GWAS SNPs.[image: ]
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Integrated supplementary information

Supplementary Figure 1 H3K27ac peak-height correlation across data sets.
Peak-heights were input corrected, normalized by the total number of reads in the library and then Pearson correlations were computed between pairs of data sets. GIS: samples sequenced in this study, KAS: samples sequenced by Kasowski et al. (2013)24, MCV: samples sequenced by McVicker et al. (2013)26, ENC: samples sequenced by ENCODE.


Supplementary Figure 2 Histogram of H3K27ac peak-height correlations for all pairs in the 57-sample set.
Correlation values are the same as in Supplementary Fig. 1. median R=0.87.


Supplementary Figure 3 Quantile-quantile plot of observed versus expected haQTL P values for the 500,066 called SNPs.
The dashed black line is the expected null distribution.


Supplementary Figure 4 Functional enrichment of low-frequency haQTLs.
(a) Enrichment of low frequency (minor allele frequency below 5%) haQTLs in GM12878 TF ChIP-seq peak regions. Only low frequency called SNPs within histone acetylation peaks were used as the negative control. (b) Low-frequency haQTL enrichment in GM12878 TF binding sites. Binding sites were defined as motif matches within the corresponding ChIP-seq peaks and only haQTLs that overlapped the binding site were considered in the analysis. The P-values and enrichment scores were calculated as in Fig. 4b,c.


Supplementary Figure 5 Low-frequency haQTL distribution at promoter and nonpromoter H3K27ac peaks.
Similar to Fig. 5 except that only low frequency (minor allele frequency below 5%) haQTLs and SNPs were used in the analysis. For both promoter and non-promoter peaks, the low frequency haQTLs show an enrichment at the hypersensitive region of the peak (right panels).


Supplementary Figure 6 Venn diagram of autoimmune GWAS SNPs that are in strong LD with the regulatory QTL sets considered in this study.

Supplementary Figure 7 LD of haQTL SNPs with autoimmune GWAS SNPs.
The upper two bars are identical to Fig. 6b â€“ they represent the GWAS statistics of the set of 8,764 haQTLs regulome-wide by our G-SCI pipeline, which includes an effect-size filter. When that filter was removed, the haQTL set expanded to 17,936 SNPs. Both haQTL sets show enrichment for LD with GWAS SNPs, with the latter having a stronger P-value due to the larger number of tested SNPs. See also Supplementary Table 6.


Supplementary Figure 8 Functional enrichment of haQTLs with and without the effect-size filter.
(a) haQTLs in GM12878 TF ChIP-seq peak regions (b) haQTLs in GM12878 TF binding sites (motifs in peak regions). The P-values and enrichment scores were calculated as in Fig. 4b,c. While haQTL sets were enriched for evidence of transcription factor binding, the filtered set showed stronger enrichment.
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