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            Abstract
XRCC1 is a molecular scaffold protein that assembles multi-protein complexes involved in DNA single-strand break repair1,2. Here we show that biallelic mutations in the human XRCC1 gene are associated with ocular motor apraxia, axonal neuropathy, and progressive cerebellar ataxia. Cells from a patient with mutations in XRCC1 exhibited not only reduced rates of single-strand break repair but also elevated levels of protein ADP-ribosylation. This latter phenotype is recapitulated in a related syndrome caused by mutations in the XRCC1 partner protein PNKP3,4,5 and implicates hyperactivation of poly(ADP-ribose) polymerase/s as a cause of cerebellar ataxia. Indeed, remarkably, genetic deletion of Parp1 rescued normal cerebellar ADP-ribose levels and reduced the loss of cerebellar neurons and ataxia in Xrcc1-defective mice, identifying a molecular mechanism by which endogenous single-strand breaks trigger neuropathology. Collectively, these data establish the importance of XRCC1 protein complexes for normal neurological function and identify PARP1 as a therapeutic target in DNA strand break repair-defective disease.
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                    Figure 1: XRCC1 mutations are associated with cerebellar ataxia, ocular motor apraxia, and axonal neuropathy.


Figure 2: Mutations in patient-derived XRCC1 reduce XRCC1 levels and recruitment into chromatin.


Figure 3: Mutations in patient-derived XRCC1 reduce SSBR.


Figure 4: XRCC1 mutation elevates ADP-ribosylation in cells and cerebellum.


Figure 5: Parp1 deletion restores normal interneuron density and reduces cerebellar ataxia in Xrcc1Nes-Cre mice.
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Extended data figures and tables

Extended Data Figure 1 Aberrant splicing of XRCC1 pre-mRNA in XRCC1-patient cells.
a, qPCR analysis of cDNA prepared from polyA-tailed RNA from WT, unaffected sibling, and patient LCLs. Cells were mock-treated or treated with cycloheximide (CHX) to inhibit nonsense-mediated decay. Cartoons show the position of primers used to quantify total XRCC1 mRNA (left), mRNA with correctly spliced exon11/12 junction (middle), or intron 11 retention (right). Fold change was calculated from ΔΔCt values relative to actin and untreated WT from three independent experiments (mean ± s.e.m.). b, Summary of splicing defects observed in sequenced XRCC1 transcripts from sibling and patient cells treated with CHX. Whole XRCC1 cDNA was amplified from oligodT-primed reverse-transcribed RNA and individual transcripts cloned and sequenced. The allelic origin of individual patient transcripts was assigned using a R399Q SNP in the Q465X allele.


Extended Data Figure 2 XRCC1 and Lig3α protein levels in XRCC1−/− RPE-1 cells and XRCC1-patient cells.
Quantification of (a) XRCC1 and (b) Lig3α protein levels in the indicated cell lines by western blotting. Data are the mean signal intensity from three independent experiments (± s.e.m.) normalized to tubulin and to the respective WT sample for each cell type. The anti-XRCC1 signal detected in XRCC1−/− RPE-1 cells reflects non-specific background.


Extended Data Figure 3 Reduced XRCC1 recruitment into damaged chromatin in XRCC1-patient cells.
a, XRCC1 recruitment into chromatin was compared in the indicated cell lines by ScanR high-content imaging before and 10 min after treatment with 1 mM H2O2. Cells were pre-extracted with detergent before fixation and immunostaining. Representative images of the ScanR (Olympus) data used for the quantification in Fig. 2d are shown. b, XRCC1 recruitment into chromatin using a high-resolution Zeiss microscope was compared in the indicated cell lines after treatment 45 min with 30 μM CPT. Cells were pre-extracted with detergent before fixation and immunostaining as above. Scale bars, 10 μm.


Extended Data Figure 4 Representative images from ScanR high-content imaging of γ-H2AX foci (green) in the nuclei (blue) of the indicated cells at the indicated times after ionizing radiation (2 Gy).
Quantification is shown in Fig. 3b.


Extended Data Figure 5 Elevated ADP-ribosylation in XRCC1−/− RPE-1 cells, XRCC1-patient fibroblasts, and PNKP-patient fibroblasts.
a, ADP-ribosylated proteins were detected in cell extracts from WT RPE-1 cells, XRCC1−/− RPE-1 cells, WT 1BR fibroblasts, XRCC1-patient fibroblasts (‘X1 patient’), and PNKP-patient fibroblasts treated as in Fig. 4a by western blotting and Anti-pan-ADP-ribose binding reagent. b, Levels of ADP-ribosylation in 1BR WT, XRCC1-patient, and PNKP-patient fibroblasts measured before and after CPT treatment by indirect immunofluorescence as indicated in Fig. 4b. Representative ScanR images are shown.


Extended Data Figure 6 Elevated ADP-ribose levels in CPT-treated XRCC1−/− RPE-1 cells are PARP1 dependent.
a, Representative ScanR images of WT, XRCC1−/−, PARP1−/−, and XRCC1−/−/PARP1−/− RPE-1 cells before and after 30 μM CPT treatment stained by indirect immunofluorescence for XRCC1, PARP1, DAPI, or ADP-ribose. b, Quantification of ADP-ribose intensity in the nucleus from >3,500 cells per sample from a (data from single experiment). c, Western blot showing XRCC1 and PARP1 protein levels in the indicated RPE-1 cell lines.


Extended Data Figure 7 Elevated ADP-ribose levels in CPT-treated XRCC1-patient and PNKP-patient cells are prevented by PARP inhibitors.
Levels of ADP-ribose in WT 1BR fibroblasts, XRCC1-patient fibroblasts and PNKP-patient fibroblasts were measured before and after 45 min 30 μM CPT treatment, and after 45 min 30 μM CPT treatment in the presence of 10 μM of the indicated PARP inhibitor (also including 1 h pre-treatment). Cells were pre-extracted with detergent before fixation and immunostaining with Anti-pan-ADP-ribose binding reagent. Representative ScanR images are shown in a and quantification from more than 1,500 cells per sample, from a single experiment, are shown in b.


Extended Data Figure 8 Levels of ADP-ribosylation in XRCC1-patient cells transfected with XRCC1 protein.
Levels of ADP-ribosylation were quantified before and after CPT treatment by high content imaging in WT 1BR fibroblasts, XRCC1-patient fibroblasts, and XRCC1-patient fibroblasts transfected by electroporation in the presence of 1 μg or 2 μg of control BSA or purified recombinant human XRCC1-His protein. Representative ScanR images are presented. Quantification of ADP-ribosylation is shown in Fig. 4d.


Extended Data Figure 9 Reduced cerebellar Purkinje cell firing frequency in Xrcc1Nes-Cre (KO) mice.
a, Representative traces from cell-attached recordings. b, Summary of data. Bars and error bars indicate mean ± s.e.m. firing frequencies for Xrcc1 WT (13.35 ± 1.73, n = 14 cells) versus Xrcc1Nes-Cre mice (8.96 ± 0.82, n = 18 cells) (*P < 0.05, t-test). Circles are mean firing frequencies for each cell.


Extended Data Figure 10 Chromosomal SSBR rates in the indicated RPE-1 cell lines after treatment with 50 μM H2O2 in the presence/absence of 10 μM of the PARP inhibitor (PARPi) Veliparib, as measured by alkaline comet assay.
Data are the mean tail moment of 100 cells per sample per experiment and are the average (± s.e.m.) of three independent experiments. Two-way analysis of variance between relevant genotypes is presented (NS, not significant, **P < 0.01, ***P < 0.001).
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        Editorial Summary
Cerebellar ataxia link to mutant XRCC1
This paper shows that mutated forms of human XRCC1, a scaffold protein involved in DNA single-strand break repair, are associated with ocular motor apraxia, axonal neuropathy, and progressive cerebellar ataxia. In cells from a patient with an XRCC1−/− mutation, rates of break repair are reduced and the single-strand break sensor protein PARP1 is hyperactivated, resulting in abnormally high levels of cellular ADP-ribose. Genetic deletion of Parp1 in Xrcc1-defective mice prevents the accumulation of excessive ADP-ribose and rescues the loss of cerebellar neurons and cerebellar ataxia. These findings point to PARP1 as a possible therapeutic target in DNA strand break repair-defective disease.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    A unifying mechanism in neurodegeneration
                

                
	Christopher A. Ross
	Ray Truant



                
    
        
            Nature
        
        News & Views
        
        
            21 Dec 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
            
        


    









    








