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            Abstract
Some cancer therapies damage DNA and cause mutations in both cancerous and healthy cells. Therapy-induced mutations may underlie some of the long-term and late side effects of treatments, such as mental disabilities, organ toxicity and secondary neoplasms. Nevertheless, the burden of mutation contributed by different chemotherapies has not been explored. Here we identify the mutational signatures or footprints of six widely used anticancer therapies across more than 3,500 metastatic tumors originating from different organs. These include previously known and new mutational signatures generated by platinum-based drugs as well as a previously unknown signature of nucleoside metabolic inhibitors. Exploiting these mutational footprints, we estimate the contribution of different treatments to the mutation burden of tumors and their risk of contributing coding and potential driver mutations in the genome. The mutational footprints identified here allow for precise assessment of the mutational risk of different cancer therapies to understand their long-term side effects.
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                    Fig. 1: Mutational signatures active in metastatic tumors.[image: ]


Fig. 2: Mutational signatures associated with anticancer treatments.[image: ]


Fig. 3: Treatment-associated mutational signatures.[image: ]


Fig. 4: Characteristics of treatment-associated mutations.[image: ]


Fig. 5: The contribution of anticancer treatments to the TMB.[image: ]


Fig. 6: The mutational risk of anticancer treatments.[image: ]
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                Data availability

              
              As part of this work, we did not generate any original data. We reused publicly available data described in specific sections of the Methods. The metastatic tumor cohort data (DR-024 v.2) are available from the Hartwig Medical Foundation for academic research upon request (https://www.hartwigmedicalfoundation.nl/en).

            

Code availability

              
              All code produced by the study (including scripts needed to reproduce all the results and figures of the paper) are available at https://bitbucket.org/bbglab/mutfootprints. This repository also contains the synthetic datasets generated by us. A separate repository contains our implementation of the SigProfiler method in the Julia programming language (https://bitbucket.org/bbglab/sigprofilerjulia).
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Extended data

Extended Data Fig. 1 Treatments administered to patients in the metastatic adult cohort.
a, Left: distribution of time elapsed since earliest treatment administered to patients in the metastatic adult cohort. Right: Distribution of time elapsed since latest treatment administered to patients in the metastatic adult cohort. b, Left: exposure (binary Treated/Untreated) of tumors originated in different organs (rows labeled with color code introduced in Fig. 1 of the main paper) to drugs within different FDA classes (columns). The number of tumors exposed to each drug family are shown in Fig. 2a. Right: exposure (binary Treated/Untreated) of tumors originated in different organs (rows) to selected chemotherapies (columns).


Extended Data Fig. 2 Treatment-associated signatures.
a, Equivalent to Fig. 2c of the main paper for signatures extracted using SigProfiler. The Carboplatin/Cisplatin-associated and the Capecitabine/5-FU signatures appears very close to significance (p-value=0.002 and p-value=0.001, respectively) and has thus been “rescued” as associated with the treatment. b, Mutational profiles of SigProfiler-extracted SBS and DBS signatures associated to treatments. We show the cosine similarities of E-SBS1, E-SBS19, E-DBS5 against signatures SBS31, SBS17b and DBS5, respectively. c, Strand asymmetry of selected SignatureAnalyzer-extracted signatures. Each dot corresponds to a signature, with the abscissa representing its replication strand bias and the ordinate, the transcriptional strand bias. Note that strand bias is calculated taking as reference the channels in the mutational profile. Therefore, UV light-, tobacco and platinum-related drugs-induced mutations all show asymmetry with respect to transcription in the same direction, but appear positive or negative in the graph due to the specifically base that suffers each damage in the first place.


Extended Data Fig. 3 Comparison of treatment-associated signatures extracted with SigProfiler and SignatureAnalyzer.
a, SignatureAnalyzer extracts four signatures for platinum based drugs, while SigProfiler extracts two. A linear combination of E-SBS21 and E-SBS25 extracted by SignatureAnalyzer and associated to Carboplatin and Cisplatin, yields a profile that is very similar to the signature associated with the same treatments extracted by SigProfiler (E-SBS1, cosine similarity 0.97). Similarly, a linear combination of E-SBS14 and E-SBS37, extracted by SignatureAnalyzer and associated to Cisplatin and Oxaliplatin, yields a similar profile to E-SBS20, extracted by SigProfiler and associated to Oxaliplatin (cosine similarity 0.85). b, A linear combination of E-DBS3 and E-DBS9, extracted by SignatureAnalyzer and associated to platinum based drugs, yields a very similar profile to E-DBS5, extracted by SigProfiler and associated to the same drugs (cosine similarity 0.99). c, The capecitabine-associated SBS signatures reconstructed by both methods are very similar (cosine similarity 0.99). d, Oxaliplatin-related and capecitabine-related signatures extracted from colorectal tumors using a not-NMF approach compared to homologous signatures extracted using SignatureAnalyzer. Both signatures possess virtually identical profiles to those extracted using SignatureAnalyzer.


Extended Data Fig. 4 Mutational signatures associated to radiation and temozolomide.
a, HR-deficiency plays a key role in the appearance of a short indel signature (SignatureAnalyzer-extracted) previously associated to radiation. Tumors in the top quartile of activity of HR signature (BRCAness signature) are considered HR-deficient, while tumors in the bottom quartile are deemed HR-proficient. The distribution of the number of short indels of this signature across HR-deficient and HR-proficient tumors either exposed or not exposed to radiation have been compared using a one-tailed Mann-Whitney test. b, MMR or MGMT-deficiency plays a key role in the generation of a TMZ-associated SBS signature. Left panel represents the load of TMZ-associated SBS in tumors exposed or unexposed to TMZ separated by their MMR status (considered defective with at least one protein-affecting mutation in an MMR-related gene). Right panel represents the load of TMZ-related exonic SBS in recurrent glioblastomas in an independent cohort exposed or not exposed to TMZ. TMZ-treated, non-MMR-deficient tumours have been split into two groups based on the methylation status of the MGMT promoter.


Extended Data Fig. 5 The capecitabine/5-FU mutational footprint.
a, Association between a mutational signature and the treatment with capecitabine and/or 5-FU. The numbers in the table represent the p-value and effect size of the corresponding regression models testing the effect of both drugs separate or pooling the tumors exposed to either. The association between the signature and 5-FU treatment does not reach significance (p=0.07), but exhibits a large effect size. b, Contribution of capecitabine and 5-FU to the mutation burden of colorectal (left) or breast (right) tumors exposed to either drug. The barplots represent the proportion of 5-FU- and capecitabine-exposed tumors with activity of the SBS Capecitabine/5-FU signature. c, Mutational profile of 5-FU-induced mutations in five resistant strains of Leishmania infantum. The profile was built with the mutations private to the strains after treatment with 5-FU (that is, after subtraction of the mutations found in the parental strain). d, Contribution of SBS Capecitabine/5-FU signature and the previously reported 17b signature (Sig17b) to the mutation burden of colorectal and breast tumors either not exposed or exposed to capecitabine/5-FU.


Extended Data Fig. 6 Treatment-associated mutations occur late in tumor development.
a, Pairs of biopsies of the same patient taken before the start and during or after treatment are represented as a dashed line. The upward trajectory of patients treated longer supports the conclusion that the signatures associated to treatments through the regression are indeed the mutational footprint of the therapies. Dots correspond to tumors of organs of origin colored as in Fig. 1b. b, Mutations of SigProfiler-extracted signatures associated to treatments are enriched for later substitutions. Dots correspond to tumors of organs of origin colored as in Fig. 1b. c, Mutations of SigProfiler-extracted signatures associated to treatments are enriched for subclonal substitutions. Dots correspond to tumors of organs of origin colored as in Fig. 1b. d, Comparison (one-tailed Mann-Whitney test) of the number of treatment-related mutations (according to SigProfiler) contributed by different drugs between short-exposure and long-exposure tumors, as in Fig. 2d. Dots correspond to tumors of organs of origin colored as in Fig. 1b. e, Comparison (one-tailed Mann-Whitney test) of the number of mutations contributed by different drugs between short-exposure and long-exposure tumors, as in Fig. 2d. In this figure only tumors from patients whose treatment duration is not estimated by clinicians, but rather exactly recorded in charts are included. f, g The mutation load contributed by the aging signature (f, SignatureAnalyzer; g, SigProfiler) does not correlate with the time of exposure to treatments.


Extended Data Fig. 7 Selection of coherent tumors according to the activity of signatures attributed by both extraction methods.
Left panels show the agreement of both methods in the attribution of the activity of treatment-associated signatures across tumors. Each pair of circles connected by a line represents the exposure attributed by both methods to a tumor. Red circles represent the activity attributed by SigProfiler, while blue circles represent the activity attributed by SignatureAnalyzer. Middle panels show the correlation (with Pearson’s r) between the activity attributed by both methods to all tumors, while right panels present the correlation (with Pearson’s r) of the activity attributed by both methods to coherent tumors (difference between relative activities lower than 0.15).


Extended Data Fig. 8 The contribution of anti-cancer treatments to the mutation burden of tumors (according to SignatureAnalyzer).
a, Comparison of the contribution of different treatments and the aging signature to the mutation burden of tumors originated in different organs. b, c Contribution in total number (upper) and proportion (lower) of all treatment-associated SBS b, and DBS c, to the mutation burden of metastatic tumors originated in different organs. d, First column: distribution of the contribution of treatments (and the aging signature) to the mutation burden of tumors exposed to them. Second column: distribution of the contribution of treatments (and the aging signature) to the mutation burden of tumors during one month of exposure.


Extended Data Fig. 9 The contribution of anti-cancer treatments to the mutation burden of tumors (according to SigProfiler).
a, Analogous to Extended Data Fig. 8a. b, c Analogous to Extended Data Fig. 8b,c. d, Analogous to Extended Data Fig. 8d.


Extended Data Fig. 10 Risk of coding affecting mutations in cancer genes.
a, Contribution of treatment-associated signatures and aging signature to the mutational burden of metastatic tumors. The duration of the period of exposure is taken from the average duration of courses of treatment indicated in clinical guidelines (Supplementary Table 2). b, Contribution of treatment-associated signatures and aging signature to the mutational burden of metastatic tumors. Only tumors from patients whose treatment duration is not estimated by clinicians, but rather exactly recorded in charts are included. c, Risk of mutations affecting cancer genes (CGC) across tumors contributed by different signatures according to the duration of the exposure of tumors. d, Risk of coding-affecting mutations contributed by treatment-associated and aging signatures. Vertical lines intersecting the risk value ranges are placed at the average duration of courses of treatment indicated in clinical guidelines (Supplementary Table 2). e, f Risk of coding-affecting mutations (e) and mutations affecting cancer genes (f) by treatment-associated and aging signatures. Vertical lines intersect the risk value ranges are placed at the average duration of courses of treatment of the subset of patients that were not estimated by clinicians, but rather exactly recorded in charts.
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