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            Abstract
Replication fork maintenance pathways preserve chromosomes, but their faulty application at nonallelic repeats could generate rearrangements causing cancer, genomic disorders and speciation1,2,3. Potential causal mechanisms are homologous recombination and error-free postreplication repair (EF-PRR). Homologous recombination repairs damage-induced DNA double-strand breaks (DSBs) and single-ended DSBs within replication. To facilitate homologous recombination, the recombinase RAD51 and mediator BRCA2 form a filament on the 3â€² DNA strand at a break to enable annealing to the complementary sister chromatid4 while the RecQ helicase, BLM (Bloom syndrome mutated) suppresses crossing over to prevent recombination5. Homologous recombination also stabilizes6,7 and restarts8,9 replication forks without a DSB10,11. EF-PRR bypasses DNA incongruities that impede replication by ubiquitinating PCNA (proliferating cell nuclear antigen) using the RAD6â€“RAD18 and UBC13â€“MMS2â€“RAD5 ubiquitin ligase complexes12. Some components are common to both homologous recombination and EF-PRR such as RAD51 and RAD1813,14. Here we delineate two pathways that spontaneously fuse inverted repeats to generate unstable chromosomal rearrangements in wild-type mouse embryonic stem (ES) cells. Gamma-radiation induced a BLM-regulated pathway that selectively fused identical, but not mismatched, repeats. By contrast, ultraviolet light induced a RAD18-dependent pathway that efficiently fused mismatched repeats. Furthermore, TREX2 (a 3â€²â†’5â€² exonuclease) suppressed identical repeat fusion but enhanced mismatched repeat fusion, clearly separating these pathways. TREX2 associated with UBC13 and enhanced PCNA ubiquitination in response to ultraviolet light, consistent with it being a novel member of EF-PRR. RAD18 and TREX2 also suppressed replication fork stalling in response to nucleotide depletion. Interestingly, replication fork stalling induced fusion for identical and mismatched repeats, implicating faulty replication as a causal mechanism for both pathways.
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                    Figure 1: Inverted repeat fusion.[image: ]


Figure 2: Two pathways enable repeat fusion that depend on sequence identity.[image: ]


Figure 3: Hydroxyurea-induced nucleotide depletion.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Three locations for the switch within a hairpin.
There are seven mismatches located at positions 52, 111, 140, 178, 188, 204 and 246. This model shows the inverted repeats forming a hairpin to simply illustrate the location of the switch, although we do not know if hairpins form. a, The switch occurs at the apex of the hairpin before the first mismatch at position 52 such that the 5â€² MSR has the same sequence as the orange repeat. b, The switch occurs in the stem of the hairpin after the first mismatch at position 52 but before the last mismatch at position 246 such that the 5â€² MSR is a mixture of both the green and orange repeat. c, The switch occurs at the base of the hairpin after the last mismatch in position 246 such that the 5â€² MSR has the same sequence as the green repeat.


Extended Data Figure 2 Complex chromosomal rearrangements in wild-type cells with the IRR and MRR.
a, Two-colour FISH on metaphase spreads stained with a telomeric probe (green), a MSR probe in the pericentromere (red) and counterstained with DAPI (blue). (1)â€“(3) Multipericentric chromosomes from cells with the IRR: (1) Typical dipericentric, (2) chromosome with extra pericentromeres and telomeres (EPT)15, (3) segmental duplication with the extra pericentromeres on only one chromatid. (4)â€“(8) Multipericentric chromosomes from cells with the MRR: (4) typical dipericentric, (5)â€“(7) EPTs, (8) extra pericentromere on only one chromatid. Chromosomal abnormalities were found for 15/19 (Pâ€‰<â€‰0.0001, Yates-corrected chi-square test) and 18/19 (Pâ€‰<â€‰0.0001) HAT-resistant colonies transfected with the IRR and MRR, respectively, but none were found for non-transfected cells as previously described15. b, Two-colour FISH on nuclei using the MRR as a probe (red) along with either chromosome 1 or 14 (green). For some nuclei the MMR associated with chromosome 14 (1) whereas for others it associated with chromosome 1 (2). Note the MRR is located to both chromosomes 14 but only one chromosome 1. Thus, the MRR moved to different altered chromosomes observed with spectral karyotyping, consistent with the notion that the MRR is the source of instability. In addition, the size of the red dot(s) varied, suggesting continuous nonallelic fusions that could expand or contract the number of MRR units. For some nuclei the MRR appeared as a discrete dot, indicating one contiguous array of reporter units (1 and 2, red insets) but for others it was speckled, suggesting arrays of MRR units were interspersed with chromosomal sequences (3, red inset). For one speckled cluster a fragment of chromosome 1 surrounded only one red dot, highlighting the complexity of this rearrangement (green inset). The MRR probe was also found protruding at the edge or outside of some nuclei, indicating these unstable structures could be extruded from the nucleus similar to micronuclei (4, red inset).


Extended Data Figure 3 Targeting Rad51 exons 2â€“4.
a, SAÎ²geo-miniHPRT is used for selection. SAÎ²geo (green) is a fusion of Î²-galactosidase and neomycin phosphotransferase and is capable of trapping promoters to improve targeting efficiency41. A Right element (RE) mutant loxP42 is in the intron (blue green arrow). In addition, another RE mutant loxP is 5â€² to SAÎ²geo. A FLP recombination target (FRT) is at the 3â€² end of miniHPRT36,43. b, Replacing Rad51 exons 2â€“4 (exon 2 is the first coding exon) with the SAÎ²geo-miniHPRT selection cassette. PCR is used to screen G418+HAT-resistant ES cell clones for gene targeting using primers H13F and SR3. c, Removal of SAÎ²geo, the 5â€² half of miniHPRT and a RE mutant loxP by Cre-mediated recombination to generate Rad51+/Î”ex2-4 cells. Screen 6-thioguanine-resistant clones by PCR using primers RCF1 and AS2.


Extended Data Figure 4 Targeting Brca2 exon 27.
There were two gene targeting vectors so we could observe cells deleted for one (blmâˆ’/âˆ’ Brca2+/Î”ex27-n) and two (blmâˆ’/âˆ’ brca2Î”ex27-h/Î”ex27-n) copies of Brca2 exon 27. a, The first targeting vector (Î”ex27-n) replaced Brca2 exon 27 with neomycin phosphotransferase (neo) and probably generated a severe defect because exon 27 was not replaced with a splice donor to ensure polyadenylation44. This means deletion of the first copy probably caused a haploinsufficiency. The Brca2 gene after targeting. NF and B27R are PCR primers used to screen for targeted clones. b, The second targeting vector (Î”ex27-h) replaced Brca2 exon 27 with miniHPRT that contains a splice donor and polyadenylation sequences. Previously we showed Brca2 exon 26 spliced into HPRT exon 3 to ensure polyadenylation. Cells mutated with this second targeting vector produced a truncated BRCA2 protein at normal levels and were hypersensitive to Î³-radiation and deficient in homologous recombination36,45,46 and replication fork maintenance6. Replacing the second copy of Brca2 exon 27 with a floxed miniHPRT36 to make Brca2Î”ex27-h/Î”ex27-n cells. H13F and B27R primers were used to screen for targeted clones. Cre-mediated recombination removed the 5â€² half of miniHPRT. Brca2 exon 26 splices into miniHPRT exons 3â€“8 (grey line) to generate a polyadenylated Brca2 transcript that is deleted for exon 2736,45. There is the addition of one amino acid followed by a stop codon and this transcript produces a protein at wild-type levels that associates with RAD51, presumably through the BRC motifs46. Bi26 and H3-8R PCR primers were used to screen for Cre-mediated deletion.


Extended Data Figure 5 TREX2â€™s response to ultraviolet light and association with UBC13.
a, Coimmunoprecipitation of IdU and Myc-TREX2 in HeLa cells after exposure to 20â€‰Jâ€‰mâˆ’2 ultraviolet light. No treatment, NT. b, GST pull-down of 35S-labelled short isoform wild-type (WT) TREX223. c, Coimmunoprecipitation with Myc-TREX2 and HA-UBC13 in HeLa cells before and 6â€‰h after exposure to 20â€‰Jâ€‰mâˆ’2 ultraviolet light.


Extended Data Figure 6 RAD18 and TREX2 ubiquitinate PCNA.
a, Exposure of AB2.2 cells to ultraviolet light, but not Î³-radiation, induced PCNA ubiquitination. Immunoprecipitate endogenous PCNA and immunoblot with anti-ubiquitin (Ub, left), then strip and immunoblot with anti-PCNA (right). PCNAâ€“Ub1 and PCNAâ€“Ub3 are visible; yet, IgG obscures PCNAâ€“Ub2. In addition, the Ub blot, but not the PCNA blot, reveals a previously unidentified band between PCNAâ€“Ub1 and PCNAâ€“Ub2. Ultraviolet light, but not Î³-radiation, increased levels of PCNAâ€“Ub1 and PCNAâ€“Ub3 as previously shown in human cells21 (the same was true for the unknown protein). Survival fraction: 20â€‰Jâ€‰mâˆ’2, 0.6%; 60â€‰Jâ€‰mâˆ’2, 0.06%; 5â€‰Gy, 8%; 15â€‰Gy; 0.001%. b, Analysis of trex2null and rad18âˆ’/âˆ’ cells and double-mutant cells. In response to 60â€‰Jâ€‰mâˆ’2 ultraviolet light, trex2null and rad18âˆ’/âˆ’ cells had reduced levels of PCNAâ€“Ub1 and PCNAâ€“Ub3 and unknown protein as compared to IB10 cells. rad18âˆ’/âˆ’ cells exhibited a marginally greater reduction than trex2null cells, indicating that RAD18 has a greater role in PCNA ubiquitination. The double-mutant cells failed to show a further reduction, indicating that TREX2 and RAD18 are epistatic. Some ubiquitinated PCNA was present in mutant cells, indicating that other proteins ubiquitinate PCNA; similar observations were made for cells deleted for HLTF and SHPRH40. For example, CRL4Cdt2, independent of RAD18, monoubiquitinates PCNA with and without ultraviolet-light-induced damage47. c, Bar graph illustrating the reduction of PCNAâ€“Ub1 and PCNAâ€“Ub3 in trex2null, rad18âˆ’/âˆ’, and double-mutant cells as shown in b, left (immunoprecipitation-PCNA, blot-Ub), after band intensities were quantified with ImageJ and normalized for loading with short exposure PCNA. Statistics (t-test) for PCNAâ€“Ub1 and PCNAâ€“Ub3 using three experiments (lanes): 1 vs 2 (0.0016, 0.0058), 1 vs 3 (0.0036, 0.0026), 1 vs 4 (0.0064, 0.0001), 2 vs 3 (0.0214, 0.0774), 2 vs 4 (0.0310, 0.0486), 3 vs 4 (0.3169, 0.1209). d, Bar graph illustrating the reduction of PCNAâ€“Ub1 in trex2null, rad18âˆ’/âˆ’, and double-mutant cells as shown in b, right (immunoprecipitation-PCNA, blot-PCNA), after band intensities were quantified with ImageJ and normalized for loading with short exposure PCNA. The stripping and re-probing leaves quantification unreliable for PCNAâ€“Ub3 and further work is required to clarify the extent to which Ub modification is influenced in these backgrounds. Statistics (t-test) for PCNAâ€“Ub1 using three experiments (lanes): 1 vs 2 (0.0021), 1 vs 3 (0.0061), 1 vs 4 (0.0460), 2 vs 3 (0.0212), 2 vs 4 (0.0163), 3 vs 4 (0.0604).
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Extended Data Figure 7 Deleting Trex2 in IB10 control and rad18âˆ’/âˆ’ cells.
A floxed MiniHPRT36 was used to replace the entire Trex2 coding sequences (located on a single exon)25. Targeted clones were detected using PCR with TX2 LR55 and HATrev primers for the left arm and HATfor and TX2 RR33 primers for the right arm. Removal of the Trex2 coding sequence was verified by PCR using mTX2For and mTX2Rev primers.


Extended Data Table 1 IRR summaryFull size table


Extended Data Table 2 MRR summaryFull size table


Extended Data Table 3 Spectral karyotyping summaryFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Extended Data Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Hu, L., Kim, T., Son, M. et al. Two replication fork maintenance pathways fuse inverted repeats to rearrange chromosomes.
                    Nature 501, 569â€“572 (2013). https://doi.org/10.1038/nature12500
Download citation
	Received: 02 January 2013

	Accepted: 22 July 2013

	Published: 08 September 2013

	Issue Date: 26 September 2013

	DOI: https://doi.org/10.1038/nature12500


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        DNA methylation at an enhancer of the three prime repair exonuclease 2 gene (TREX2) is linked to gene expression and survival in laryngeal cancer
                                    
                                

                            
                                
                                    	Christoph Weigel
	Jittiporn Chaisaingmongkol
	Odilia Popanda


                                
                                Clinical Epigenetics (2019)

                            
	
                            
                                
                                    
                                        Analysis of horse genomes provides insight into the diversification and adaptive evolution of karyotype
                                    
                                

                            
                                
                                    	Jinlong Huang
	Yiping Zhao
	Manglai Dugarjaviin


                                
                                Scientific Reports (2014)

                            
	
                            
                                
                                    
                                        Causes and consequences of replication stress
                                    
                                

                            
                                
                                    	Michelle K. Zeman
	Karlene A. Cimprich


                                
                                Nature Cell Biology (2014)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
TREX2 central to chromosomal maintenance
Stalling of replication forks in sequences that have nonallelic repeats can lead to genomic rearrangements. Paul Hasty and colleagues identify two pathways â€” homologous recombination and error-free postreplication repair â€” by which inverted and mismatched repeats can induce chromosomal rearrangements in mouse embryonic stem cells. The pathways have a number of features in common, most notably a requirement for the exonuclease TREX2, shown here to be involved in chromosomal maintenance and to be part of the RAD6 lesion-bypass pathway. These pathways are candidates for causing complex rearrangements such as those found in cancer and genomic disorders.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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
	protocols.io
	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 Middle East


            


        

    

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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
