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            Abstract
Genetic instability, a heritable increase in the rate of genetic mutation, accelerates evolutionary adaptation1 and is widespread in cancer2,3. In mammals, instability can arise from damage to both copies of genes involved in DNA metabolism and cell cycle regulation4 or from inactivation of one copy of a gene whose product is present in limiting amounts (haploinsufficiency5); however, it has proved difficult to determine the relative importance of these two mechanisms. In Escherichia coli6, the application of repeated, strong selection enriches for genetic instability. Here we have used this approach to evolve genetic instability in diploid cells of the budding yeast Saccharomyces cerevisiae, and have isolated clones with increased rates of point mutation, mitotic recombination, and chromosome loss. We identified candidate, heterozygous, instability-causing mutations; engineering these mutations, as heterozygotes, into the ancestral diploid strain caused genetic instability. Mutations that inactivated one copy of haploinsufficient genes were more common than those that dominantly altered the function of the mutated gene copy. The mutated genes were enriched for genes functioning in transport, protein quality control, and DNA metabolism, and have revealed new targets for genetic instability7,8,9,10,11, including essential genes. Although only a minority (10 out of 57 genes with orthologues or close homologues) of the targets we identified have homologous human genes that have been implicated in cancer2, the remainder are candidates to contribute to human genetic instability. To test this hypothesis, we inactivated six examples in a near-haploid human cell line; five of these mutations increased instability. We conclude that single genetic events cause genetic instability in diploid yeast cells, and propose that similar, heterozygous mutations in mammalian homologues initiate genetic instability in cancer.
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                    Fig. 1: Sequential inactivation of growth suppressors selects for the evolution of genetic instability.


Fig. 2: A single heterozygous mutation causes genetic instability in diploid cells.


Fig. 3: Genes selected to cause instability in yeast target different functional classes and homologue inactivation triggers instability in human cells.



                


                
                    
                
            

            
                Data availability

              
              The authors declare that the data supporting the findings of this study are available within the paper and its supplementary information files. Source data for all figures are provided with the paper (online). The genome sequence data (in short reads format) have been deposited in the NCBI Bioproject database under accession number PRJNA509936.
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Extended data figures and tables

Extended Data Fig. 1 The genetic instability reporter responds to perturbations that induce point mutations, recombination/truncation events and chromosome loss.
a, Cells were treated with three agents: ethyl methanesulfonate (EMS) a chemical mutagen that primarily induces point mutations; ultraviolet radiation (UV), which induces a mixture of events, and benomyl; a microtubule depolymerizing drug, which primarily induces chromosome loss. The graph shows the frequency with which URA3 was inactivated or lost from our ancestral diploid strain upon each of the treatments. We show the global rate of loss or inactivation of URA3 as well as the rates for point mutation, mitotic recombination/chromosome truncation, and chromosome loss. b, Genetic perturbations were applied to a diploid strain carrying the reporter construct: a proof-reading mutation in polymerase delta (POL3-L523D/POL3) primarily induces point mutations, removing RAD27, which encodes a 5â€² flap endonuclease, primarily elevates mitotic recombination (rad27âˆ†/rad27âˆ†); and removing MAD2, which encodes a component of the spindle checkpoint, induces chromosome loss (mad2âˆ†/mad2âˆ†). As a control, inactivation of a single copy of LYS2, using the Kanamycin resistance cassette (KanR) did not result in increased instability (lys2âˆ†/LYS2). The graph shows the frequency with which URA3 was inactivated or lost from each of the genetically engineered strains. We show the global rate of loss or inactivation of URA3 as well as the rates for point mutation, mitotic recombination/chromosome truncation, and chromosome loss (n represents biologically independent experiments per condition, bars represent mean and error bars represent s.e.m.). Boxplots display centre line (median), upper and lower limits (quartiles) and whiskers are 1.5Ã— interquartile range. Datapoints = 0 were not plotted, but were used to determine mean and s.e.m.

                          Source data
                        


Extended Data Fig. 2 Triple selection evolved higher levels of genetic instability than single selection and many evolved strains show a correlated increase in recombination and chromosome loss frequencies.
a, URA3 mutation frequency in evolved clones after a single selection step for resistance to 5-FAA (n = 18 biologically independent samples), Î±-AA (n = 29 biologically independent samples), or canavanine (CAN, n = 18 biologically independent experiments), and after triple, sequential selection (n = 93 biologically independent experiments) as assayed by testing clones for the frequency with which they gave rise to resistance to 5FOA normalized by the ancestor (mean Â± s.e.m.). A single selection step does not promote as much instability as the triple selection (P values for one sided Studentâ€™s t-test comparing each single to triple selection pair: P5FAA = 0.004, PÎ±-AA = 0.009, PCAN = 0.002). b, Correlation between recombination/truncation (RT) and chromosome loss (CL) mutation frequency for n = 77 mutants that did not show a specific elevation in one class of mutational event (linear quadratic regression). c, Correlation between rates of the three classes of mutational events and global mutation rates (nPM = 51, nRT = 54, nCL = 80 biologically independent samples, linear quadratic regression). R value, Pearson correlation coefficient.

                          Source data
                        


Extended Data Fig. 3 Meiotic segregation analysis of maximum genetic instability.
a, Possible scenarios for the evolution of genetic instability. In diploids, a recessive mutation can cause genetic instability only if both alleles of the gene are inactivated (two-hit diploid), whereas a dominant mutation need occur only in one copy of the gene (single-hit diploid) and some mutators require heterozygous mutations in two or more genes (multi-hit diploid). The number and nature of causative mutations will be reflected in the meiotic segregation pattern, assuming the mutations also cause instability in haploids. b, Meiotic segregation for the maximum level of genetic instability (measured as the mutation frequency to 5FOA resistance) in haploid spores derived from different evolved diploid clones. Genetically unstable spores are shown in magenta.

                          Source data
                        


Extended Data Fig. 4 Heterozygous deletion of frequently mutated genes affects individual genetic instability types.
Heterozygous deletions (n = 25) were engineered in the ancestral strains (Î”/WT) carrying our reporter construct and used to measure instability. aâ€“c, Rates of point mutation (a), recombination/truncation (b) and chromosome loss (c) in heterozygous deletion mutants. d, Mutation rates for global and individual instability types in strains carrying heterozygous deletions (âˆ†/+) of genes whose candidate genetic-instability-causing mutations were nonsense mutations leading to the production of truncated proteins, which are likely to be non-functional. Filled circles, strains whose instability exceeds that of the ancestor by 2 s.d. (n = 3 biologically independent experiments).

                          Source data
                        


Extended Data Fig. 5 Mutant allele frequencies in pools of haploid segregants.
a, Frequency distribution of synonymous mutations at 795 loci, summed across multiple sequenced pools of segregants (n = 48 biologically independent samples). Ninety-five per cent of synonymous mutations have read frequencies of less than 0.67, allowing us to define this as the cutoff for putative causative mutations. Only those loci with 20 or more reads were included in the analysis. b, Mutant read frequencies for lineage-specific, putative causative mutations for genetic instability (magenta). The dotted line represents the cutoff frequency (0.67) and the magenta line represents the average frequency of the 74 mutant alleles identified (magenta box shows Â± 2 s.d.). Three genes (RAD1, TCB2, and CIN1) that have values slightly below the cutoff were also tested, and in all three cases, reconstruction demonstrated that mutations in these genes increased genetic instability.


Extended Data Fig. 6 Effect of engineering causative mutations into the ancestral diploid on point mutation, recombination/truncation and chromosome loss frequencies.
Putative causative mutations from genes identified by bulk segregant analysis were engineered into the ancestral diploid strains as heterozygotes by replacing one of the wild type alleles (mut/+) and our reporter construct was used to measure instability compared to that of the evolved clone and a heterozygous deletion for the gene that harboured the putative causative mutation (âˆ†/+). We also tested a putative causative mutation in PAC10, a gene that was frequently mutated. aâ€“c, Rates of point mutation (a), recombination/truncation (b) and chromosome loss (c). d, Global mutation rates for strains in which the causative heterozygous allele (black circle) was replaced with the wild-type allele (green circle, rescue). Filled circles, strains whose instability exceeds that of the ancestor by 2 s.d. (n = 3 biologically independent experiments).


Extended Data Fig. 7 Enrichment in protein quality control and transport genes as heterozygous drivers of instability.
a, Frequency of functional classes within genes where we identified mutations that caused genetic instability. Probabilities were calculated from the binomial distribution,âˆ—âˆ— P < 0.05 with Bonferroni correction, 10 hypotheses tested, âˆ—significant at 2.5% false discovery rate using the Benjaminiâ€“Hochberg procedure (left, frequency in yeast genome; right, genes whose mutation we identified as leading to genetic instability, n = 92 independent genes). Blue represents the fraction of essential genes, magenta represents the fraction of non-essential genes. b, Overlap between genes in which we selected mutations that produced genetic instability (evolved, green), yeast genes homologous to human cancer genes (cancer, magenta), random subsets of yeast genes (yeast, black), and randomly selected subsets of genes previously identified in yeast screens for genetic instability (CIN, grey). câ€“f, Quantification of global (c), point mutation (d), recombination/truncation (e) and chromosome loss rates (f) in heterozygous point mutants or heterozygous deletion mutants for yeast genetic instability genes with cancer driver homologues. Data for the mut/+ reconstructed strain shown for four strains (MSH2, PAC10, RAD1 and TEL1). The data for five of these genes (MSH2, PAC10, SCC2, SNF2 and TOR1) are also shown in Extended Data Fig. 4. Filled circles in câ€“f correspond to strains whose instability exceeds that of the ancestor by 2 s.d. (n = 3 biologically independent experiments).

                          Source data
                        


Extended Data Fig. 8 Mutation rates of HPRT1 in HAP1 human cells carrying inactivated homologues of genes mutated during yeast evolution to trigger genetic instability.
a, Targets selected from yeast evolution experiments were tested in human HAP1 cells, by using CRISPR-mediated gene inactivation of the corresponding homologues. HAP1 knockout cell lines were incubated with 6-TG (after treatment with HAT medium to eliminate jackpots) and colony formation was quantified and compared to the wild type. b, Inactivation frequency of HPRT1, normalized to the wild type for different homologue deletions. HAP1 #1 and HAP1 #2 are the parental wild type; non-edited corresponds to a cell line that went through the transformation protocol for ATG2B editing, but did not acquire mutations in ATG2B; ATG2B#1 and ATG2B#2 did not show increased instability. SMARCA4 was known to increase HPRT1 inactivation frequency and was used as a positive control for our assay. Values are normalized by average HPRT1 inactivation rate of wild-type HAP1 cells; filled circles correspond to strains whose instability exceeds that of the ancestor by 2 s.d. (n = 3 biologically independent experiments). c, Guide RNA target sequences and sequences of the mutated regions of genes after CRISPR-mediated gene inactivation for each of the cell lines tested (fs, frameshift; del., deletion; ins., insertion; red, deleted sequence; green, inserted sequence). Corresponding DNA sequences were cloned into p458x-GFP.

                          Source data
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