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            Abstract
Somatic mutations drive the development of cancer and may contribute to ageing and other diseases1,2. Despite their importance, the difficulty of detecting mutations that are only present in single cells or small clones has limited our knowledge of somatic mutagenesis to a minority of tissues. Here, to overcome these limitations, we developed nanorate sequencing (NanoSeq), a duplex sequencing protocol with error rates of less than five errors per billion base pairs in single DNA molecules from cell populations. This rate is two orders of magnitude lower than typical somatic mutation loads, enabling the study of somatic mutations in any tissue independently of clonality. We used this single-molecule sensitivity to study somatic mutations in non-dividing cells across several tissues, comparing stem cells to differentiated cells and studying mutagenesis in the absence of cell division. Differentiated cells in blood and colon displayed remarkably similar mutation loads and signatures to their corresponding stem cells, despite mature blood cells having undergone considerably more divisions. We then characterized the mutational landscape of post-mitotic neurons and polyclonal smooth muscle, confirming that neurons accumulate somatic mutations at a constant rate throughout life without cell division, with similar rates to mitotically active tissues. Together, our results suggest that mutational processes that are independent of cell division are important contributors to somatic mutagenesis. We anticipate that the ability to reliably detect mutations in single DNA molecules could transform our understanding of somatic mutagenesis and enable non-invasive studies on large-scale cohorts.
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                    Fig. 1: BotSeqS and NanoSeq sequencing protocols.


Fig. 2: Mutation in stem and differentiated cells.


Fig. 3: Mutational landscape in neurons and smooth muscle.



                


                
                    
                
            

            
                Data availability

              
              Information on data availability for all samples is available in Supplementary Table 1. NanoSeq sequencing data have been deposited in the European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) under accession number EGAD00001006459. Sperm samples are available from the EGA under accession number EGAD00001007028. Standard sequencing data have been deposited in the EGA under accession number EGAD00001006595. For publicly available samples, references to the original sources are provided in Supplementary Table 1. Substitution and indel rates are available in Supplementary Table 4. Substitution and indel calls for samples sequenced with NanoSeq are available in Supplementary Tables 5, 6. Trinucleotide substitution profiles are available in Supplementary Table 7. A detailed NanoSeq protocol is available in Protocol Exchange53.

            

Code availability

              
              The bioinformatics pipeline to process NanoSeq sequencing data comprises all steps including processing sequencing data, mapping, calling mutations and calculating corrected burden estimates and substitution profiles. This code is available from https://zenodo.org/record/4604537 (https://doi.org/10.5281/zenodo.4604537). Pipelines to call indels, perform signature extraction and signature fitting with sigfit, simulate the efficiency of the NanoSeq protocol, calculate the mutation burden in specific genomic regions and reproduce most of the main plots are also available from https://zenodo.org/record/4604537. Analyses in R were done with R v.3.3 and v.3.6. R libraries used include: GenomicRanges54 (v.1.38.0), Rsamtools (v.2.2.3), MASS (v.7.3-51.5), sigfit52 (v.2.0), readxl (v.1.3.1), deconstructSigs (v.1.8.0), lsa (v.0.73.2), deepSNV55 (v.1.32.0), lme4 (v.1.1-26), afex (v.0.28-1), lmerTest (v.3.1-3), bootpredictlme4 (v.0.1) and Biostrings (v.2.54.0). Our pipeline makes use of samtools56 v.1.9, bcftools57 v.1.9, bwa v.0.7.5a-r405 and bedtools58 v.2.29.0. We also used the following software: CaVeMan (v.2020), Pindel (v.2020) and MPBoot v.1.1.0.
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Extended data figures and tables

Extended Data Fig. 1 Substitution imbalances and impact of A-tailing.
a, b, Imbalances in the distribution of the six complementary substitutions (for example, G>T versus C>A) across read positions in BotSeqS (a) and NanoSeq (b). c, Origin of G>T over C>A mutation call imbalances in standard sequencing22. d, Origin of imbalances in duplex sequencing/BotSeqS as a result of end repair during library preparation. e, Single-strand consensus calls for pyrimidine (top) and purine (bottom) substitutions for the standard BotSeqS (left) protocol and for NanoSeq with standard (middle) and modified (right) A-tailing protocols. For example, C>T changes are shown at the top, whereas the complementary G>A changes are shown at the bottom. By using ddBTPs, C>A, G>A and T>A errors are reduced, lowering the risk of false-positive double-strand consensus calls.


Extended Data Fig. 2 BotSeqS errors as a function of read-end trimming.
a, BotSeqS estimated burden for the granulocyte sample shown in Fig. 2c applying different extents of trimming to the 5′ ends of reads. Even with extensive trimming we predict at least 600 artifactual mutation calls per diploid genome. b, Substitution imbalances are observed deep into the reads and cannot be avoided with read trimming. Imbalances vary from experiment to experiment, as a consequence of DNA damage in the DNA source or during library preparation (Supplementary Note 1). c, Substitution profiles including the reference profile from single-cell-derived blood colonies and three BotSeqS profiles after trimming of 20, 40 and 60 bp from the 5′ end of reads (in addition to 15 bp trimming of the 3′ end). The text in the figure indicates the observed and expected cosine similarities (Methods) to the reference profile. C>A and C>G errors in BotSeqS remain after extensive trimming.


Extended Data Fig. 3 Mung Bean NanoSeq.
a, Estimated number of mutations per cord blood cell. Poisson 95% confidence intervals are shown as lines. The red dotted line shows the number of mutations per cord blood cell estimated with the restriction enzyme NanoSeq protocol, with Poisson 95% confidence intervals shown as a red shade. In contrast to Fig. 1f, we did not apply the correction for missing embryonic mutations because here we are comparing two protocols that are equally affected by this limitation. b, Substitution profiles for the standard end-repair protocol (BotSeqS) and for Mung Bean, showing the cosine similarities with the reference profile (Fig. 1c).


Extended Data Fig. 4 Optimization of duplicate rates, DNA input requirements and estimation of human contamination.
a, Relationship between sequencing yield, library complexity, duplicate rates and efficiency, based on a truncated Poisson model (Methods). Left, duplicate rate as a function of the sequencing ratio (sequencing reads/DNA fragments in the library). Middle, efficiency (measured as bases called with duplex coverage/bases sequenced) as a function of the duplicate rate. Right, efficiency as a function of sequencing ratio. b, Library yield as fmol per 25 μl as a function of the amount of input DNA in ng. c, Empirical relationship between the estimated fmol in library (measured by qPCR) and the number of unique molecules in the library estimated with Picard tools (Lander–Waterman equation) for our choice of restriction enzyme and fragment size selection (250–500 bp). d, Empirical relationship between duplicate rates and efficiency of the method, measured as duplex bases called/number of bases sequenced (that is, the number of paired-end reads multiplied by 300). The maximum efficiency (around 0.04) is lower than the maximum analytical expectation (0.12; middle panel in a) because of the trimming of read ends (barcodes, restriction sites and 8 bp from each end) and the strict filters that we apply to consider a site callable. e, VerifyBamId contamination estimates for different amounts of simulated contamination from individuals of different ancestry. f, Contamination simulation using two NanoSeq samples to contaminate each other.


Extended Data Fig. 5 Correction of standard (CaVEMan-based) mutation burden estimates and validation of NanoSeq indel calling.
a, Comparison of the mutation burden estimates in regions of the genome with at least 20× coverage (c) to the trinucleotide-context-corrected mutation burdens in the subset of c covered by NanoSeq and passing all NanoSeq filters. b, Ratio between the rates shown in a, showing that the corrected burden is approximately 20% higher than the uncorrected burden; box plots show the interquartile range, median and 95% confidence interval for the median. c, Comparison of indel rates between cord blood colonies (indels were called with the Pindel algorithm) and granulocytes from neonates (NanoSeq pipeline), showing Poisson 95% confidence intervals. Given the sparsity of indel calls in cord blood, data from different colonies (n = 100) and granulocytes (n = 2 donors, one of them with 5 replicates) were combined into single point estimates. d, The top two panels show the high similarity between the NanoSeq and Pindel indel profiles for a bladder tumour; the bottom two profiles show the indel spectra in blood from POLE and POLD1 germline mutation carriers, which are very similar to previously reported profiles48.


Extended Data Fig. 6 Cell sorting of HSC/MPPs and colon histology.
a, Gating strategy for the isolation of HSC/MPPs from a representative bone marrow sample. Text above the plots indicates the population depicted. Text inside the plots indicates the name of the gates shown in pink. The CD34+CD38− population is defined as the bottom 20% CD38− as shown. For all initial samples (bone marrow, peripheral blood and cord blood), the index sorted population is the ‘HSC pool’ gate. Cell population abundance differed between samples but typically viable cells were 60–90% of total cells and singlets were 98–99% of viable cells. Live cells were 90–99% of viable cells and myeloid cells were 15–50% of live cells. CD34+ cells were typically 1–15% of myeloid cells. b, c, Colon histology sections showing microbiopsied areas of colonic epithelium and smooth muscle for donors PD34200 (b) and PD37449 (c). For donor PD34200, a single crypt, a pool of six crypts and two smooth muscle areas were sequenced. For donor PD37449, the two single crypts and the pool of six crypts were sequenced. The burden estimates for these microbiopsies are shown in Figs. 2d, 3j, k. d, Substitution profiles for colonic crypts from the three donors in Fig. 2d and cosine similarities to profiles obtained with standard methods.


Extended Data Fig. 7 Neuron nuclei sorting, comparison to single-cell data and accumulation of mutations with age.
a, Gating strategy for the isolation of neuronal nuclei from frontal cortex. Nuclei were sorted by FACS using an Influx cell sorter (BD Biosciences) with a 100-μm nozzle. For each sample an unstained control was used to help to determine the NeuN+ population. The text above each column indicates the population depicted and the text inside the plots indicates the population of the gates highlighted in black. Sorting results varied among samples, with 1–60% passing the DAPI gate and, of these, 2–53% passing a conservative NeuN+ gate. b, Substitution profiles for all mutations detected in neurons with SNP-phased error-corrected single-cell sequencing data from a previously published study13 (top) and with NanoSeq (middle). Bottom, a signature specific to single-cell sequencing data is shown (scF signature from a previous publication16). c, Mutational signatures extracted from a previously published study13, showing their relative contributions in the published dataset. These signatures were obtained using sigfit (Methods) on publicly available mutation calls and are referred to as LDA, LDB and LDC. Note the high similarity between the NanoSeq full spectrum for neurons and LDA (cosine similarity 0.96), and between scF and LDB (cosine similarity 0.97). d, Predicted contribution of LDA, LDB and LDC to each of the previously sequenced neurons13. e, Accumulation of mutations attributed to NanoSeq signatures A, B and C with age in healthy donors and in individuals with Alzheimer’s disease. f, Accumulation of mutations attributed to NanoSeq signatures A, B and C in smooth muscle from bladder and colon.


Extended Data Fig. 8 Normalized substitution spectra across different genomic regions.
a, Substitution spectra for neurons, granulocytes, smooth muscle and colonic crypts in chromatin states associated to transcription (states E4 and E5 in ENCODE) and inactive DNA (E9 and E15). Chromatin states were obtained from ENCODE59, using the following epigenomes: E073 (frontal cortex), E030 (granulocytes), E076 (smooth muscle) and E075 (colonic mucosa). To enable the direct comparison of spectra across genomic regions with different trinucleotide frequencies, the profiles have been normalized to the genomic trinucleotide frequencies (Methods). b, Transcriptional strand asymmetries in neurons, granulocytes, smooth muscle and colonic crypts. c, Transcriptional strand asymmetries in neurons in quartiles of gene expression.


Extended Data Fig. 9 Additional substitution and indel spectra.
a, NanoSeq mutational spectrum for neurons corrected for trinucleotide frequency in the callable genome. Unlike the usual representation, which shows unnormalized rates, this representation shows mutation rates per available trinucleotide. b, Previously published LDA signature13 normalized to trinucleotide frequency in the genome also reveals high C>T rates at CpG dinucleotides. This observation from single-cell data suggests that the high C>T rates at CpG sites in NanoSeq neuron data (a) are not caused by contamination of NeuN+ pools with glia or other cells. c, Indel profiles of granulocytes (top) and colonic crypts without the colibactin signature (bottom). d, Indel profiles for the 250 most highly expressed genes in the PCAWG liver hepatocellular carcinoma data31.


Extended Data Fig. 10 Smooth muscle.
a, Histology of bladder smooth muscle showing two sections from donor PD40842; only one of the two sections was sequenced using NanoSeq. b, Number of mutations detected with CaVEMan in different smooth muscle sections processed with our standard microdissection sequencing protocol38. The orange dots show the expected mutation burdens (with 95% confidence intervals) for these sections based on the donor age and the regression model shown in Fig. 3j. c, Distribution of VAFs for each of the smooth muscle sections using standard whole-genome sequencing. Box plots show the interquartile range, median, 95% confidence interval for the median (notches), and outliers (black dots).
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