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            Abstract
Most common breast cancer susceptibility variants have been identified through genome-wide association studies (GWAS) of predominantly estrogen receptor (ER)-positive disease1. We conducted a GWAS using 21,468 ER-negative cases and 100,594 controls combined with 18,908 BRCA1 mutation carriers (9,414 with breast cancer), all of European origin. We identified independent associations at P < 5 × 10−8 with ten variants at nine new loci. At P < 0.05, we replicated associations with 10 of 11 variants previously reported in ER-negative disease or BRCA1 mutation carrier GWAS and observed consistent associations with ER-negative disease for 105 susceptibility variants identified by other studies. These 125 variants explain approximately 16% of the familial risk of this breast cancer subtype. There was high genetic correlation (0.72) between risk of ER-negative breast cancer and breast cancer risk for BRCA1 mutation carriers. These findings may lead to improved risk prediction and inform further fine-mapping and functional work to better understand the biological basis of ER-negative breast cancer.
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                    Figure 1: Genomic region around the independent ER-negative risk-associated variants 11_108345515_G_A (rs11374964) and 11_108357137_G_A (rs74911261).[image: ]
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Integrated supplementary information

Supplementary Figure 1 Manhattan plot of associations with breast cancer risk for all imputed and genotyped SNPs using combined data from ER-negative cases and controls and BRCA1 mutation carriers, before excluding known breast cancer susceptibility loci.

Supplementary Figure 2 Manhattan plot of associations with breast cancer risk for all imputed and genotyped SNPs using combined data from ER-negative cases and controls and BRCA1 mutation carriers, after excluding known breast cancer susceptibility loci.

Supplementary Figure 3 Quantile–quantile plot of associations with breast cancer risk for all imputed and genotyped SNPs using combined data from ER-negative cases and controls and BRCA1 mutation carriers.

Supplementary Figure 4 Genomic region around the ER-negative risk-associated variant 2_24739694_CT_T (rs200648189).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Breast cell enhancers overlapping candidate SNPs predicted to target nearby genes by methods including IM-PET and Hnisz are depicted as black bars. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq, histone modification ChIP–seq and DNase–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq, and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) chromatin interactions are represented by black arcs. Published GWAS signals from the NHGRI catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 5 Genomic region around the ER-negative risk-associated variant 6_130349119_T_C (rs6569648).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq and histone modification ChIP–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 6 Genomic region around the ER-negative risk-associated variant 8_170692_T_C (rs66823261).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features derived from publicly available transcription factor ChIP–seq that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 7 Genomic region around the ER-negative risk-associated variant 8_124757661_C_T (rs17350191).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq, histone modification ChIP–seq and DNase–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 8 Genomic region around the ER-negative risk-associated variant 16_4106788_C_A (rs11076805).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Breast cell enhancers overlapping candidate SNPs predicted to target nearby genes by PreSTIGE53 are depicted as black bars. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq and histone modification ChIP–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 9 Genomic region around the ER-negative risk-associated variant 18_25401204_A_AT (rs36194942).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Epigenomic features (derived from publicly available transcription factor ChIP–seq, histone modification ChIP–seq and DNase–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 10 Genomic region around the ER-negative risk-associated variant 19_11423703_C_G (rs322144).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq and DNase–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 11 Genomic region around the ER-negative risk-associated variant 19_30277729_C_T (rs113701136).
One-megabase region showing the statistical significance of all genotyped and imputed SNPs (regional Manhattan plot) and the positions of candidate causal variants in relation to RefSeq annotated genes. Chromatin interactions from ENCODE ChIA-PET experiments in MCF7 cells overlapping candidate variants are depicted as boxes connected by thin lines and are shaded to reflect the confidence score of the interaction. Epigenomic features (derived from publicly available transcription factor ChIP–seq, histone modification ChIP–seq and DNase–seq) that overlap candidate variants are shown as red segments. Density tracks show the summed occurrence of transcription factor ChIP–seq, histone modification ChIP–seq and DHS peaks at each genomic position. Roadmap Epigenomics Project chromatin state models for HMECs and myoepithelial cells grouped into enhancer, promoter or transcribed annotations are shown as yellow, red and green segments, respectively. Transcript levels in MCF7 cells and HMECs are represented by histograms depicting the mean of combined and normalized RNA–seq expression levels at each genomic position. All MCF7 ChIA-PET (ENCODE) and HMEC Hi-C52 chromatin interactions are represented by black and blue arcs, respectively. Published GWAS signals from the NHGRI GWAS catalog are shown as green ticks. The last track shows tested OncoArray SNPs (genotyped or imputed) as black ticks and uninterrogated, common (dbSNP138 EUR MAF > 1%) SNPs as red ticks.


Supplementary Figure 12 Regional eQTL association plot for all variants within 1 Mb of L3MTBL3 and expression of L3MTBL3.
Red dots indicate candidate causal risk variants from the meta-analysis of BCAC ER-negative case–control and CIMBA BRCA1 mutation carrier data.


Supplementary Figure 13 Regional eQTL association plot for all variants within 1 Mb of CDH2 and expression of CDH2.
Red dots indicate candidate causal risk variants from the meta-analysis of BCAC ER-negative case–control and CIMBA BRCA1 mutation carrier data.


Supplementary Figure 14 Enrichment map for pathways enriched in susceptibility to ER-negative breast cancer.
Enriched pathways (enrichment score (ES) ≥ 0.41) are grouped into themes and annotated with genes that appeared to drive the enrichment signal (Online Methods). Shaded circles represent pathways (darker red indicates higher ES, and larger size denotes a greater number of genes in the pathway), and green lines connect those that are most similar in terms of gene set overlap (>70%), with thicker lines denoting greater similarity.


Supplementary Figure 15 Enrichment map of the adenylate cyclase theme, enriched in susceptibility to ER-negative breast cancer.
Shaded circles represent pathways (darker red indicates higher ES, and larger size denotes a greater number of genes in the pathway), and green lines connect those that are most similar in terms of gene set overlap (>70%), with thicker lines denoting greater similarity.
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