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            Abstract
The somatic mutations present in the genome of a cell accumulate over the lifetime of a multicellular organism. These mutations can provide insights into the developmental lineage tree1, the number of divisions that each cell has undergone and the mutational processes that have been operative2. Here we describe whole genomes of clonal lines3 derived from multiple tissues of healthy mice. Using somatic base substitutions, we reconstructed the early cell divisions of each animal, demonstrating the contributions of embryonic cells to adult tissues. Differences were observed between tissues in the numbers and types of mutations accumulated by each cell, which likely reflect differences in the number of cell divisions they have undergone and varying contributions of different mutational processes. If somatic mutation rates are similar to those in mice, the results indicate that precise insights into development and mutagenesis of normal human cells will be possible.
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                    Figure 1: Reconstructed phylogenetic trees of cells from early mouse embryos.


Figure 2: Contributions of early embryonic cells to adult tail cell populations.


Figure 3: The number and spectrum of substitution mutations in individual organoids.
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Extended data figures and tables

Extended Data Figure 1 Mutant read count frequencies and clonality of organoids.
Using the Dirichlet process to analyse the mutant read count frequencies, we determined the clonality of each organoid. In every organoid only one clone can be found, with no evidence of subclonality. The single clone of each organoid is presented with variants that are heterozygous (mutation copy number of 1). The shaded area represents the 95% confidence interval around each peak. The y axis shows probability density; the x axis shows mutation copy number. the identifier in the top left corner of each graph is the sample ID. St, stomach; SB, small bowel; LB, large bowel; P, prostate.


Extended Data Figure 2 Example of an embryonic mutation.
a, Mutation 13 of mouse 1, defining an embryological lineage that ultimately gives rise to four organoids from large and small bowel. b, The mutation was called from next-generation sequencing data. c, The mutation was then validated by capillary sequencing. d, In addition, the absence of the variant in all other organoids was confirmed by capillary sequencing (representative trace shown). WT, wild type; MT, mutant.


Extended Data Figure 3 Principles of parsimonious construction of cell division trees.
a, First two-cell division of mouse 1. Each white-filled large circle represents an embryo cell defined by a unique combination of mutations. Each mutation is represented by a number next to the white circles, and yellow highlighting shows mutation(s) acquired during the most recent mitosis. Letters next to the white circles are identifiers of each embryonic precursor cell. The proportional contribution of each embryonic precursor cell to the population of cells in the tail is represented by the proportion of the circle area coloured red, assessed by read counts, in the tail, of the most recently acquired mutation(s) in each embryo cell. b, Note that cells ‘c’, ‘d’ and ‘e’ are defined by more than one mutation that may have occurred in successive cell divisions rather than in a single-cell division, as illustrated here for cell ‘c’. Because the allele fractions of these mutations ‘2’ and ‘3’ in the tail are not significantly different, the mutations can be interpreted as having occurred during the same cell division. The limited depth of these mutations in the tail, however, may not provide sufficient power to detect small, but real, significant differences, so we cannot exclude the possibility that these mutations occurred in successive cell divisions. c, Possibility of ‘silent’ division and cell death. It is possible that any number of ‘silent’ cell divisions (in which no mutation took place) occurred that we did not capture because of the lack of detectable mutations. In the hypothetical scenario illustrated here, two such silent divisions took place between precursor ‘b’ and ‘d’/‘e’. The existence of ‘silent’ cell divisions can be tested by comparing the tail allele frequencies of a precursor cell with the sum of the allele frequencies of the two derivative cells, which should be similar. In the example illustrated here, the combined tail allele fractions of mutations defining ‘d’ and ‘e’ are not significantly different from mutation 1 of cell ‘b’. The tail allele fraction of mutation 1 is 37.5% and the combined allele fraction of mutations 4–9 is 39.8%. These observations are therefore compatible with our hypothesis that cell ‘b’ is the immediate precursor of cells ‘d’ and ‘e’. Again, however, lack of statistical power through limited coverage may limit our ability to detect these differences. Moreover, if a cell division results in one daughter with no mutations and the other daughter dies and does not contribute to the adult, we will be unable to detect the existence of this cell division, illustrated here in cells ‘z1’ and ‘z2’.


Extended Data Figure 4 Hypothetical lineage trees.
Red numbers show the count of cell divisions, and black numbers the count of organoids. On the assumption that two bifurcating lineage trees led to all the cells in the two mice, we constructed two hypothetical trees to include the minimum number of bifurcations required to place all 25 organoid lines singly at the end of the branches of each tree: 13 organoids in mouse 1 and 12 in mouse 2. Together the two trees comprised 23 cell divisions.


Extended Data Figure 5 Association of mutation density with genome features.
a, Association of mutation density with chromatin states. Shown is the relative density of mutations in regions of open chromatin (green bars) or repressed chromatin (grey bars). Chromatin states are inferred from histone modifications (as in the labels of the bars), according to publicly available ChIP-seq data. Mutation rates were normalized to the average genomic rate. Error bars denote 95% confidence intervals using an Exact Poisson test. Significance was obtained for every pairwise comparison (n = 10) using an Exact Poisson test for the ratio between two rate parameters (r = 1 in the null hypothesis) and adjusted for multiple testing using Benjamini–Hochberg’s False Discovery Rate. #q < 10−5. b, Density of mutations in early (white bar) versus late (blue bar) replicating regions. The mouse genome was segmented into early or late replicating regions based on 16 publicly available Repli-chip data sets. Statistical analysis as in a. *P = 3.4 × 10−5.


Extended Data Figure 6 Mutational signatures extracted from mouse organoids.
The vertical axis depicts the contribution of each mutation type at each context for the two identified mutational signatures. The horizontal axis shows the six base substitutions including the bases immediately 5′ and 3′ to the mutation.


Extended Data Figure 7 In vitro mutations of murine small-bowel organoids.
a, Mutational spectra of small-bowel in vitro mutations. Small-bowel organoids were isolated and expanded from a third mouse (mouse 3). After 56 days in culture, single Lgr5-positive stem cells were isolated from the parental organoid cultures and expanded to obtain sufficient quantities of DNA for sequencing. Both subclones exhibit a different mutational spectrum, compared to parental cultures, characterized by a decrease in C→A and an increase in T→G mutations. b, Mutation burden of in vitro mutations. The absolute number of mutations unique to each organoid is shown. Mutations that were found in more than one organoid were excluded from the count. In vitro the small-bowel organoid cells, subclones A and B, acquired 507 and 739 mutations, respectively. c, Non-negative matrix factorization extracted a distinct mutational signature, termed in vitro signature, from the mutations of the subclones, which is characterized by an excess of T→X mutations at XpTpT trinucleotides. The vertical axis shows the contribution of each mutation type at each context to the overall mutation burden; the horizontal axis shows the six classes of base substitutions including the bases immediately 5′ and 3′ to the mutation.
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        Editorial Summary
Cell lineage trees
By whole-genome sequencing of clonal lines derived from multiple tissues of healthy mice, Michael Stratton and colleagues have reconstructed the early cell divisions of each animal, demonstrating the contributions of embryonic cells to adult tissues. They find that tissues differ by the numbers and types of mutations accumulated by each cell, probably as a result of the differences in the number of cell divisions they have undergone and varying contributions of different mutational processes. Thus, the number of somatic mutations can be used as a 'cell division clock', and if mutation rates are similar in mice and humans, this approach should also be applied to human cells.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








