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            Abstract
Promoters are DNA sequences that have an essential role in controlling gene expression. While recent whole cancer genome analyses have identified numerous hotspots of somatic point mutations within promoters, many have not yet been shown to perturb gene expression or drive cancer development1,2,3,4. As such, positive selection alone may not adequately explain the frequency of promoter point mutations in cancer genomes. Here we show that increased mutation density at gene promoters can be linked to promoter activity and differential nucleotide excision repair (NER). By analysing 1,161 human cancer genomes across 14 cancer types, we find evidence for increased local density of somatic point mutations within the centres of DNase I-hypersensitive sites (DHSs) in gene promoters. Mutated DHSs were strongly associated with transcription initiation activity, in which active promoters but not enhancers of equal DNase I hypersensitivity were most mutated relative to their flanking regions. Notably, analysis of genome-wide maps of NER5 shows that NER is impaired within the DHS centre of active gene promoters, while XPC-deficient skin cancers do not show increased promoter mutation density, pinpointing differential NER as the underlying cause of these mutation hotspots. Consistent with this finding, we observe that melanomas with an ultraviolet-induced DNA damage mutation signature show greatest enrichment of promoter mutations, whereas cancers that are not highly dependent on NER, such as colon cancer, show no sign of such enrichment. Taken together, our analysis has uncovered the presence of a previously unknown mechanism linking transcription initiation and NER as a major contributor of somatic point mutation hotspots at active gene promoters in cancer genomes.
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                    Figure 1: Pan-cancer analysis of mutation distribution across the genome reveals enrichment at promoter DHSs.[image: ]


Figure 2: Promoter mutation density is strongly linked with transcription activity.[image: ]


Figure 3: Nucleotide excision repair in ultraviolet-irradiated human cells inversely mirrors mutation density in promoters and ubiquitous enhancers.[image: ]


Figure 4: Mutation signatures and promoter DHS mutation density in melanoma and lung cancer.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Relationship between sequence composition and trinucleotide mutation signatures in promoter DHS mutations.
a, The mutation density ratio of promoter DHS/DHS flanking regions (DHSâ€‰Â±1â€‰kb) in melanoma, astrocytoma, lung, ovarian and oesophageal cancers before and after adjustment by percentage GC content or trinucleotide frequencies within the respective regions. Adjustment was performed by dividing the mutation density in the promoter DHS and DHS flanking region by the percentage GC ratio or trinucleotide frequencies in the two regions, respectively. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 (Ï‡2 test). b, Heatmap showing the relative frequency of each trinucleotide mutation signature across all samples with greater than 8,602 mutations (see Extended Data Fig. 3a). Unsupervised hierarchical clustering was used to define clusters based on the trinucleotide mutation signature of each sample. The promoter DHS/Â±1 kb flank mutation density ratio for each sample is shown at the leaf of the dendrogram where black and white depicts the highest and lowest ratios, respectively. The cancer type is colour-coded as defined by the key on the right of the figure. câ€“e, Mutations were separated into 6 classes and relative frequency was evaluated over promoter DHSs and genic regions in melanoma, ovarian and lung cancer according to the template and non-template strands relative to the associated gene. ***Pâ€‰<â€‰0.001 (Ï‡2 test).


Extended Data Figure 2 Comparison of mutation signatures in promoter DHS and itsâ€‰Â±1-kb flanking region.
a, d, g, Trinucleotide mutation signatures within promoter DHSs and Â±1 kb flanking regions in melanoma, ovarian and lung cancer, respectively. All signatures have been normalized by trinucleotide frequencies within their respective regions. b, e, h, Correlation of the normalized trinucleotide mutation signature frequencies in the promoter DHS versus theâ€‰Â±1 kb flanking region in melanoma, ovarian and lung cancers, respectively. The Pearsonâ€™s correlation was calculated by linear regression. c, f, i, Comparison of the distribution of each of the 6 mutation classes in promoter DHSs and Â±1 kb flanking regions with mutation counts normalized by GC frequency. There are significantly more Câ€‰>â€‰T mutations in melanoma (Pâ€‰<â€‰0.001, Ï‡2 test) and more Tâ€‰>â€‰N mutations in ovarian (Pâ€‰<â€‰0.001, Ï‡2 test) and lung cancers (Pâ€‰<â€‰0.001, Ï‡2 test) based on mutation counts normalized by GC frequency.


Extended Data Figure 3 Distribution of promoter DHS mutations in relation to genome mutation load and across chromosomes.
a, Mutation power analysis for detection of significant promoter DHS mutation enrichment. Bootstrapping analysis was performed to assess the number of mutations required in an individual sample to achieve >95% confidence (that is, less than 5% of resampling resulting in a >2-fold enrichment of promoter DHS mutation density relative to its (Â±1 kb) flanking region. The dotted line marks the number of mutations (8,602) required to detect >2-fold enrichment of promoter DHS mutations relative to flanking region with at least 99% confidence and this threshold was used to select cancer samples for individual analysis. b, The mutation density ratio of the promoter DHS/Â±1 kb DHS flanking region for individual cancer genomes with at least 8,602 mutations plotted against genomic mutation density. c, The number of promoter DHS melanoma mutations and the number of genes within each chromosome. d, Circos plot showing the location of promoter DHS mutations (red lines) in TCGA melanoma sample TCGA-EE-A3J5.


Extended Data Figure 4 Mutation density is increased across the DHS centre of highly expressed genes.
aâ€“c, Melanoma (a), ovarian (b) and lung (c) cancer mutation profiles and melanocyte (a), ovary cell (b) and A549 cell (c) DNase-seq cleavage profiles, respectively, centred around the TSS. Profiles for mutations were stratified by quartiles of gene expression while DNase-seq profiles were averaged across all genes. Mutation profiles were smoothed using 5â€‰bp windows. Mutation density profiles are oriented according to strand. d, Mutation density in melanoma within and outside of digital genomic footprints within TSSâ€‰âˆ’100â€‰bp promoter regions of melanocytes. Mean mutation density is shown, together with 95% confidence intervals across all 36 samples. Footprinted regions represent transcription factor (TF) bound sites whereas non-footprinted regions represent unoccupied sites (**Pâ€‰<â€‰0.01, paired t-test). e, Melanoma mutation and melanocyte DNase-seq cleavage profiles centred around 50â€‰bp footprints identified within TSS âˆ’100â€‰bp promoter regions. Mutation profiles were smoothed using 5â€‰bp windows.


Extended Data Figure 5 Association between mutation density of the 6 mutation classes against chromatin accessibility.
Chromatin accessibility was measured by DNase-seq read coverage in bins of 100â€‰bp. Slope (Î±) was calculated from the linear regression of the binned data.


Extended Data Figure 6 Comparison of promoter with enhancer mutation density and relationship between mutation density and DNA methylation in XPCâˆ’/âˆ’ skin cancer.
a, b, CPD and 6â€“4PP XR-seq repair density ratio of DNase I hypersensitivity matched (a) active promoters and enhancers, and (b) ubiquitous and permissive enhancers relative to their DHS flanking regions. For promoters, a set of active promoters represented by the top 25% of nucleosome free promoters based on melanocyte DNase-seq data was used. A corresponding set of enhancers of equal size were selected with matching DNase-seq coverage. The error bar on the enhancer data set shows the interquartile range of repair ratios over 100 randomized samplings of enhancers with matching DNase-seq coverage. For the comparison of ubiquitous and permissive enhancers, the full set of ubiquitous enhancers from FANTOM5 (nâ€‰=â€‰200) were used and a matching set of equally nucleosome free permissive enhancers were sampled and repeated 100 times as described above (also see Methods). SCC XPCwt and XPCâˆ’/âˆ’ mutation density ratio of DNase I hypersensitivity matched (c) active promoters and enhancers, and (d) ubiquitous and permissive enhancers relative to their DHS flanking regions. Promoter, enhancer, ubiquitous enhancer and permissive enhancer regions were generated as described for XR-seq data in a and b. e, Mutation density and methylation profileâ€‰Â±5â€‰kb of the TSS of genes for XPCâˆ’/âˆ’ SCC and normal human epithelial keratinocytes (NHEK), respectively. Methylation profiles were generated using the fraction methylation data calculated using whole genome bisulfite sequencing (bisulfite-seq) data from the Human Epigenome Atlas. f, Association between the average methylation level of gene promoters (TSSâ€‰Â±1â€‰kb) and the density of [C/T]CpG mutations in XPCâˆ’/âˆ’ SCC. The average methylation level of each promoter region was calculated using the mean fraction methylation of each [C/T]CpG within the region as measured by bisulfite-seq in NHEK cells. For aâ€“d: *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, n.s., not significant (Ï‡2â€‰test).


Extended Data Figure 7 Schematic diagram of proposed mechanism leading to localized increased promoter mutation density.
DNA damage (such as CPD or 6â€“4PP) caused by ultraviolet (UV) irradiation is typically recognized by NER machinery such as XPC, to initiate DNA repair (left). In highly transcribed promoters, the transcription pre-initiation complex prevents repair machinery such as XPC from recognizing the DNA lesion (right), leaving it unrepaired and ultimately leading to mutation formation upon DNA replication.


Extended Data Table 1 Comparison of promoter and enhancer mutation densities across 14 cancer typesFull size table


Extended Data Table 2 Comparison of promoter DHS and promoter DHS flank (Â±1â€‰kb) mutation density across 14 cancer typesFull size table


Extended Data Table 3 Logistic regression analysis of mutated promoters (TSS âˆ’100â€‰bp) in melanoma, ovarian and lung cancer against various genetic and epigenetic characteristics known to contribute to variations in mutation density in the genomeFull size table
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        Editorial Summary
Mutation rates in active promoters in cancer
Recent whole-genome analyses in cancer have identified numerous hotspots of somatic point mutations within gene promoters. Two papers in this issue of Nature examine this relationship and find evidence for mechanisms linking transcription initiation and DNA repair. Jason Wong and colleagues analyse more than a thousand cancer genomes across 14 cancer types and find that increased mutation density at gene promoters is linked to transcription initiation activity and impairment of nucleotide excision repair. The density of promoter mutations can be correlated with the dependence of the cancer on excision repair. NÃºria LÃ³pez-Bigas and colleagues report an analysis of genomic data from melanomas, finding an increased rate of somatic mutations at active transcription factor binding sites within promoter regions. The increased mutation rate at these genomic regions can be explained by reduced accessibility of the protein-bound DNA to nucleotide excision repair.
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