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            Abstract
There is a striking and unexplained male predominance across many cancer types. A subset of X-chromosome genes can escape X-inactivation, which would protect females from complete functional loss by a single mutation. To identify putative 'escape from X-inactivation tumor-suppressor' (EXITS) genes, we examined somatic alterations from >4,100 cancers across 21 tumor types for sex bias. Six of 783 non-pseudoautosomal region (PAR) X-chromosome genes (ATRX, CNKSR2, DDX3X, KDM5C, KDM6A, and MAGEC3) harbored loss-of-function mutations more frequently in males (based on a false discovery rate < 0.1), in comparison to zero of 18,055 autosomal and PAR genes (Fisher's exact P < 0.0001). Male-biased mutations in genes that escape X-inactivation were observed in combined analysis across many cancers and in several individual tumor types, suggesting a generalized phenomenon. We conclude that biallelic expression of EXITS genes in females explains a portion of the reduced cancer incidence in females as compared to males across a variety of tumor types.
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                    Figure 1: Escape from X-inactivation tumor-suppressor (EXITS) genes.[image: ]


Figure 2: Genes with higher frequencies of somatic loss-of-function alterations in male cancers.[image: ]


Figure 3: EXITS gene alterations are associated with male cancers.[image: ]
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Integrated supplementary information

Supplementary Figure 1 SEER data for male and female cancer incidence from 1975â€“2013.
(a,b) Incidence rates of oral cavity and pharynx cancer (a) and leukemia (b) are plotted, grouped by males (blue), females (green), or all patients (black).


Supplementary Figure 2 Male and female mutation data across cancer types.
(a) Ratio of female:male (F:M) coding mutations across all 4,126 cancers with exome sequencing by chromosome. The F:M ratio for the X chromosome is approximately double that for autosomes, as expected because females have two X chromosomes. On average, there are more mutations in male cancers than in female cancers across all chromosomes. This finding makes our approach to discover male-cancer-biased mutations on the X chromosome even more stringent because, to be enriched, they must be present at an M:F ratio that statistically exceeds the already male-biased background rate of mutation. (b) Female (red) and male (blue) somatic mutation rates (per Mb of DNA) by cancer type. Each dot represents one cancer sample. The horizontal bar represents the median number of mutations in female or male cancers. Numbers across the top of the graph are the number of tumorâ€“normal pairs in each disease. Disease acronym definitions are provided in Supplementary Table 1.


Supplementary Figure 3 Defining copy number loss events on the X chromosome.
(a) The M:F ratio of copy number loss events (y axis) in a sliding window of different lengths over the genome (x axis). The blue line represents the cutoff chosen to define focal events (Online Methods). (b) Distribution of the log2 (copy number) in tumor as compared to paired normal samples by genomic site on the X chromosome in males (top) and females (bottom). The red line represents the cutoff below which focal copy number loss was called. (c) Distribution of estimated X-chromosome ploidy across 10,844 tumors in the Broad Institute TCGA/GDAC data set (http://gdac.broadinstitute.org/) as determined by SNP array (left). The red line represents the cutoff used to infer loss of the whole X chromosome in female tumors in our data set. Estimated X-chromosome copy numbers for female and male tumors in our data set with concurrent LOF or LOF/CN loss mutations are shown on the right.


Supplementary Figure 4 Genes with higher frequencies of loss-of-function mutations in male cancers identified by a log-likelihood ratio test.
(aâ€“c) Log-likelihood ratios for genes on the X chromosome across all 4,126 cancers (a), in clear cell kidney cancer (KIRC) (b), and in lower-grade glioma (LGG) (c) are shown. The log2 (M:F ratio) of patients with mutations is plotted against the significance value. The size and color of each circle represent the number of patients with loss-of-function mutations for each gene. Genes with FDR <0.1 for male-cancer-biased mutation are identified. ATRX is also shown, as it was identified as more frequent in male cancers by the permutation analysis (Table 1 and Fig. 2a).


Supplementary Figure 5 Male-biased mutations are more frequent among X-chromosome genes that escape X-inactivation or have functional Y-chromosome homologs.
(a) M:F ratio (left; P = 0.022 by t test; each bar represents the median; â€˜+â€™, mean; box, interquartile range; whiskers, 10thâ€“90th percentile) and scatterplot (right; P = 0.011 by Komolgorovâ€“Smirnov (Kâ€“S) test; each point represents the number of males versus the number of females with a mutation in that gene; the line represents linear regression fit) of putative loss-of-function SNV, indel, or copy number loss for 46 mutated X-chromosome genes that escape X-inactivation (Escape) and the remaining 595 mutated X-chromosome genes (Non-Escape). (b) M:F ratio (left; P = 0.058 by t test; plot as in a) and scatterplot (right; P = 0.068 by Kâ€“S test) of putative LOF mutations as above for X-chromosome genes that do (Y homolog; n = 17) or do not (Non-Y homolog; n = 624) have predicted functional Y-chromosome homologs.


Supplementary Figure 6 Determination of Y-chromosome loss from exome sequencing data.
The relative number of reads between tumor and normal samples for females (red) and males (blue) on the Y chromosome is shown. The large blue dots represent samples called as having loss of Y chromosome, on the basis of having <25% of the mean number of reads among males.


Supplementary Figure 7 Allele-specific expression of EXITS genes in TCGA tumors.
Each dot represents the average minor allele expression fraction from RNAâ€“seq at heterozygous SNP sites detected in exome sequencing in known non-escape genes on the X chromosome or EXITS genes, in tumors without mutations in the indicated gene (red cross, mean; green square, median). â€˜Non-escapeâ€™ genes are the non-PAR X-chromosome genes not defined as â€˜stringentâ€™ escape genes in Supplementary Table 8. Tumor types are as follows: GBM, glioblastoma; LGG, lower-grade glioma; HNSC, head and neck squamous cell carcinoma; KIRC, clear cell kidney cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma. Violin plots were generated using the distributionPlot.m function in MATLAB with default parameters.


Supplementary Figure 8 Comparison of female and male expression levels of EXITS genes in non-mutated tumors.
Female and male expression of ATRX, CNKSR2, DDX3X, KDM5C, and KDM6A in head and neck squamous cell carcinoma (HNSC), clear cell kidney cancer (KIRC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), glioblastoma (GBM), and lower-grade glioma (LGG) are shown. Analysis is limited to tumors without mutations in the indicated genes. Each bar represents the median; box, interquartile range; whiskers, 10thâ€“90th percentile. P values were calculated by Kâ€“S test; comparisons with P < 0.05 are shaded in blue.


Supplementary Figure 9 Allele-specific expression of EXITS genes in female GTEx normal tissues.
Each dot represents the average minor allele expression fraction from RNAâ€“seq at heterozygous SNP sites detected in exome sequencing in known non-escape genes on the X chromosome or EXITS genes, in a GTEx biopsy of the indicated normal tissue (red cross, mean; green square, median). Violin plots were generated using the distributionPlot.m function in MATLAB with default parameters.


Supplementary Figure 10 ATRX expression in male and female tissues measured by RNA sequencing.
(a) Expression of ATRX in normal male and female peripheral blood and brain in the GTEx data set is shown (distributions compared by Komolgorovâ€“Smirnov test). (b) Holzmannâ€“Volmer likelihood test of restricted (yellow) and unrestricted (transparent gray) normal mixture fits for males (left) and females (right). Top, maximum-likelihood fits with equal variance of the component mixtures; bottom, maximum-likelihood fits with unequal variance of the component mixtures. The P value of the Holzmannâ€“Vollmer likelihood-ratio test for bimodality is indicated. (c) Wilcoxon rank-sum test of significance P values for difference in EXITS gene expression between males and females in the indicated tissues in the GTEx data set.


Supplementary Figure 11 Loss of Cnksr2 is associated with oncogenic phenotypes.
(a) Unsupervised hierarchical clustering of Spearman rank correlations across nine biologically independent cultures of NIH 3T3 cells stably expressing lentiviruses with the indicated shRNAs. Redâ€“blue color represents highâ€“low correlation, as shown in the legend. shCnksr2 1 and shCnksr2 2 are independent shRNAs, each represented in three clones. shControl is a non-targeting shRNA (targeting RFP, a control gene not present in these cells). (b) Principal-component analysis of expression profiles in the same cells as in a. (c) Network enrichment map of GSEA results querying the C2:CGP database of MSigDB, showing the interconnected cluster with the largest number of gene set members. Red circles are gene sets enriched in shCnksr2 cells and are labeled; blue circles are gene sets enriched in shControl cells. The size of each circle represents the number of genes in the gene set, and lines connect gene sets with overlapping members. (d) GSEA results querying the H1:Hallmarks database of MSigDB showing enrichment of MTORC1 and KRAS signaling pathways in shCnksr2 cells. ES, enrichment score. (e) Immunoblotting for phospho-ERK, total ERK, or tubulin in NIH 3T3 cells stably expressing the indicated shRNAs. (f) Automated counts of colonies per field of NIH 3T3 cells stably expressing the indicated shRNAs grown in soft agar (each graph represents four fields counted in two independently transfected wells; *P < 0.05 by t test as compared to shRFP; error bars, s.e.m.). (g) Representative bright-field photomicrographs of the soft agar colony assays quantified in f.
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