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            Abstract
Genome instability is central to ageing, cancer and other diseases. It is not only proteins involved in DNA replication or the DNA damage response (DDR) that are important for maintaining genome integrity: from yeast to higher eukaryotes, mutations in genes involved in pre-mRNA splicing and in the biogenesis and export of messenger ribonucleoprotein (mRNP) also induce DNA damage and genome instability. This instability is frequently mediated by R-loops formed by DNA–RNA hybrids and a displaced single-stranded DNA1. Here we show that the human TREX-2 complex, which is involved in mRNP biogenesis and export, prevents genome instability as determined by the accumulation of γ-H2AX (Ser-139 phosphorylated histone H2AX) and 53BP1 foci and single-cell electrophoresis in cells depleted of the TREX-2 subunits PCID2, GANP and DSS1. We show that the BRCA2 repair factor, which binds to DSS1, also associates with PCID2 in the cell. The use of an enhanced green fluorescent protein-tagged hybrid-binding domain of RNase H1 and the S9.6 antibody did not detect R-loops in TREX-2-depleted cells, but did detect the accumulation of R-loops in BRCA2-depleted cells. The results indicate that R-loops are frequently formed in cells and that BRCA2 is required for their processing. This link between BRCA2 and RNA-mediated genome instability indicates that R-loops may be a chief source of replication stress and cancer-associated instability.
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                    Figure 1: TREX-2 associates with BRCA2 and affects genome integrity.[image: ]


Figure 2: Detection of DNA–RNA hybrids in mammalian cells in vivo.[image: ]


Figure 3: DNA–RNA hybrids accumulate in actively transcribed genes in BRCA2 and THOC1-depleted cells.[image: ]


Figure 4: R-loops trigger genome instability in BRCA2-deficient cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Subcellular localization of PCID2.
Immunofluorescence of endogenous PCID2 in HeLa cells. a, Without permeabilization. b, With pre- permeabilization (see Methods).


Extended Data Figure 2 Validation of siRNAs.
a, Relative mRNA quantification. Means and s.e.m. are plotted. b, Western blot analysis of siRNA-treated HeLa cells.


Extended Data Figure 3 Effect of GANP depletion in genomic instability.
a, γ-H2AX and 53BP1 foci. b, Single-cell electrophoresis. c, DNA-combing analysis in GANP-depleted cells. Details as in Fig. 1.


Extended Data Figure 4 Proximity ligation assay in PCID2-depleted cells.
a, Staining pattern observed with both anti-BRCA2 and anti-PCID2 antibodies in conditions used for proximity ligation assay in Fig. 1d. b, Anti-PCID2 immunofluorescence analysis. c, Proximity ligation assay in control and PCID2 siRNA-treated cells (see Fig. 1d).


Extended Data Figure 5 HB–GFP interacts with chromatin and chromatin-associated proteins by means of DNA–RNA hybrids.
a, HB–GFP-expressing HEK293 lysate fractionated on Superose 6 size-exclusion columns (17-5172-01; Gelifesciences) and analysed by western blotting. b, HB–GFP co-immunoprecipitated proteins by using the ReCLIP method33. c, HB–GFP ChIP in the ribosomal DNA region in TOP1-depleted HeLa cells (n = 3). Means and s.e.m. are plotted. d, RNH1-dependent release of HB–GFP from chromatin of HeLa cells. e, Scheme and representative plot of FACS assays used to quantify DNA–RNA hybrids. PI, propidium iodide (see Fig. 2f). f, FACS assay to quantify DNA–RNA hybrids in TOP1-depleted cells. Means and s.e.m. are plotted (n = 3).


Extended Data Figure 6 HB–GFP ChIP of the UTRN and ACTB gene regions.
a, b, Normalized siRNA control-relative values for the immunoprecipitated DNA–RNA hybrids plotted relative to the siRNA control in the UTRN (a) and ACTB (b) genes. Means and s.e.m. are shown (n = 3). Amplicon positions used are indicated in the gene diagram above each graph.


Extended Data Figure 7 Accumulation of DNA–RNA hybrids in cells depleted of both PCID2 and BRCA2.
HeLa cells were treated with siBRCA2 in combination with siRNA control or siPCID2, and processed. Means and s.e.m. are plotted (n = 3). Details as in Fig. 3b.


Extended Data Figure 8 Chromosomal aberrations in cells expressing HB–GFP.
a, Metaphase spreads of HeLa cells expressing GFP (control) or HB–GFP. Fragmentation and sister chromatid exchange events are indicated by arrowheads and arrows, respectively. b, Quantification of chromosome breaks in RPE cells expressing HB–GFP. c, Adhesion-independent proliferation assay. Cell proliferation relative to control siRNA-treated RPE cells is shown. Means and s.e.m. are plotted (n = 3). *P ≤ 0.05 (two-tailed Student’s t-test).


Extended Data Figure 9 Model to explain the role of BRCA2 preventing R-loops as a source of genome instability.
a, RNA–DNA hybrids may form both in the interior and at the periphery of the nucleus. mRNP biogenesis factors such as the TREX-2 complex may help recruit or stabilize BRCA2 near transcribed regions, whether or not these are in proximity to the nuclear pore complex. BRCA2 and other related proteins could bind to the branched structure generated by the ssDNA displaced in the R-loop, facilitating the action of enzymes that remove R-loops, such as specific RNases or DNA–RNA helicases. This could occur in non-replicating chromatin. b, In replicating chromatin, BRCA2 and, presumably, other Fanconi anaemia proteins may act directly at putatively stalled RFs in front of an R-loop to impede the collapse or reversal of the replication fork, probably impeding R-loop extension. Subsequently, R-loop removal could be promoted by the passage of the replication fork.
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        Editorial Summary
Harnessing an R-loop to promote cancer
R-loops — naturally occurring three-stranded nucleic acid structures consisting of an RNA–DNA hybrid and displaced single-stranded DNA — are among the potential inducers of genome instability. This study shows that TREX-2, a complex involved in the biogenesis and export of messenger ribonucleoprotein (mRNP), interacts with the breast cancer susceptibility gene factor BRCA2 to process R-loops. Human cells depleted of BRCA2 accumulate high levels of R-loops. This unexpected interaction between tumour suppressors and R-loops suggests that R-loops may be a major cause of replication stress and tumorigenicity.

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
	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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — 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: ]
