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            Abstract
The breast cancer risk variants identified in genome-wide association studies explain only a small fraction of the familial relative risk, and the genes responsible for these associations remain largely unknown. To identify novel risk loci and likely causal genes, we performed a transcriptome-wide association study evaluating associations of genetically predicted gene expression with breast cancer risk in 122,977 cases and 105,974 controls of European ancestry. We used data from the Genotype-Tissue Expression Project to establish genetic models to predict gene expression in breast tissue and evaluated model performance using data from The Cancer Genome Atlas. Of the 8,597 genes evaluated, significant associations were identified for 48 at a Bonferroni-corrected threshold of P < 5.82 × 10−6, including 14 genes at loci not yet reported for breast cancer. We silenced 13 genes and showed an effect for 11 on cell proliferation and/or colony-forming efficiency. Our study provides new insights into breast cancer genetics and biology.
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                    Fig. 1: A Manhattan plot of the association results from the breast cancer transcriptome-wide association study.[image: ]


Fig. 2: Heat maps of proliferation and CFE in breast cells.[image: ]
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Integrated Supplementary Information

Supplementary Figure 1
Study design flow chart


Supplementary Figure 2 Performance of expression prediction models in GTEx and TCGA datasets for genes with at least 10% correlation in GTEx data.
The x axis represents the prediction performance (R2) in the GTEx dataset (n = 67). The y axis represents the prediction performance in the TCGA dataset (n = 86). Each dot represents the expression prediction model for one gene. There is a trend that genes with high internal prediction performance in GTEx data also have high external prediction performance in TCGA data (Pearson's correlation coefficient: 0.55).


Supplementary Figure 3 Quantile–quantile plots.
a, Quantile–quantile plot of P values in –log scale of associations between the genetically predicted expression levels of 8,597 genes and breast cancer risk. b, Quantile–quantile plot of P values in –log scale of associations between all 11.8 million SNPs and breast cancer risk in BCAC. c, Quantile–quantile plot of P values in –log scale of associations between the over 250,000 SNPs predicting expression levels of the 8,597 genes and breast cancer risk in BCAC.


Supplementary Figure 4 Heatmap of log fold change (FC) of selected genes normalized to expression levels in 184A1 breast cells.
Two or three primer sets were designed for each gene (y axis), and mRNA levels were quantified by qPCR in the indicated cells lines (x axis), including 184A1. The FC of genes normalized to that in 184A1 equals the mRNA level in the indicated cells divided by the mRNA level in 184A1. The log2 (FC) over 184A1 is depicted as a heatmap. An X represents ‘not detectable’ with all primer sets. The experiment was repeated independently twice with similar results.


Supplementary Figure 5 Validation of knockdown.
184A1, MCF7 and T47D cells, transfected with the indicated siRNAs, were harvested after 36 h for qPCR analysis to assess knockdown efficiency. The fold changes over NTCsi-transfected parental cells are plotted. The experiment was repeated three times independently with similar results.


Supplementary Figure 6 Proliferation in breast cells using two independent siRNAs.
a–c, 184A1 (a), MCF7 (b) and T47D (c) cells were transfected with the indicated siRNAs over 7 d, and phase-contrast images were collected using an IncuCyte ZOOM. Each cell proliferation time course was normalized to the baseline confluency and analyzed in GraphPad Prism. Corrected proliferation % = 100 ± (relative proliferation in indicated siRNA – proliferation in control siRNA (consi))/knockdown efficiency. Related to Fig. 2a.


Supplementary Figure 7 Colony formation efficiency in MCF7 cells using two independent siRNAs.
MCF7 cells were transfected with the indicated siRNAs and then reseeded after 16 h for colony formation (CF) assays. At day 14, colonies were fixed with methanol, stained with crystal violet, scanned and batch analyzed by ImageJ. Corrected CF efficiency (CFE) % = 100 ± (relative CFE in indicated siRNA – CFE in control siRNA (consi))/knockdown efficiency. Error bars, s.d. (n = 4). P values were determined by one-way ANOVA followed by Dunnett’s multiple-comparisons test: *P < 0.05. Related to Fig. 2b.


Supplementary Figure 8 Power calculation of the TWAS analysis.
The simulation analysis is based on 122,977 cases and 105,974 controls. Gene expression was generated from the empirical distribution of predicted gene expression levels in the BCAC. Statistical power was calculated at P < 5.82 × 10–6 (the significance level used in the main TWAS analyses) according for cis-heritability (h2), which we aim to capture using gene expression prediction models (R2). The figure shows results per 1 s.d. increase (or decrease) in the gene expression based on 1,000 replicates.
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