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            Abstract
Spinocerebellar ataxia with axonal neuropathy-1 (SCAN1) is a neurodegenerative disease that results from mutation of tyrosyl phosphodiesterase 1 (TDP1)1. In lower eukaryotes, Tdp1 removes topoisomerase 1 (top1) peptide from DNA termini during the repair of double-strand breaks created by collision of replication forks with top1 cleavage complexes in proliferating cells2,3,4. Although TDP1 most probably fulfils a similar function in human cells, this role is unlikely to account for the clinical phenotype of SCAN1, which is associated with progressive degeneration of post-mitotic neurons. In addition, this role is redundant in lower eukaryotes, and Tdp1 mutations alone confer little phenotype4,5,6,7. Moreover, defects in processing or preventing double-strand breaks during DNA replication are most probably associated with increased genetic instability and cancer, phenotypes not observed in SCAN1 (ref. 8). Here we show that in human cells TDP1 is required for repair of chromosomal single-strand breaks arising independently of DNA replication from abortive top1 activity or oxidative stress. We report that TDP1 is sequestered into multi-protein single-strand break repair (SSBR) complexes by direct interaction with DNA ligase IIIÎ± and that these complexes are catalytically inactive in SCAN1 cells. These data identify a defect in SSBR in a neurodegenerative disease, and implicate this process in the maintenance of genetic integrity in post-mitotic neurons.
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                    Figure 1: Defective repair of replication-independent top1-SSBs in SCAN1.[image: ]


Figure 2: Defective repair of top1-SSBs in other SSBR mutant cells.[image: ]


Figure 3: TDP1 interacts with DNA ligase IIIÎ± and is a component of SSBR multi-protein complexes.[image: ]


Figure 4: Repair of oxidative SSBs, CPT-induced transcriptional inhibition, and sister chromatid exchanges in SCAN1 cells.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Cellular functions of the protein kinase ATM and their relevance to human disease
                                        
                                    

                                    
                                        Article
                                        
                                         24 August 2021
                                    

                                

                                Ji-Hoon Lee & Tanya T. Paull

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Loss of function mutations in GEMIN5 cause a neurodevelopmental disorder
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 May 2021
                                    

                                

                                Sukhleen Kour, Deepa S. Rajan, â€¦ Udai Bhan Pandey

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        MINPP1 prevents intracellular accumulation of the chelator inositol hexakisphosphate and is mutated in Pontocerebellar Hypoplasia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 November 2020
                                    

                                

                                Ekin Ucuncu, Karthyayani Rajamani, â€¦ Vincent Cantagrel

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Takashima, H. et al. Mutation of TDP1, encoding a topoisomerase I-dependent DNA damage repair enzyme, in spinocerebellar ataxia with axonal neuropathy. Nature Genet. 32, 267â€“272 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pouliot, J. J., Yao, K. C., Robertson, C. A. & Nash, H. A. Yeast gene for a Tyr-DNA phosphodiesterase that repairs topoisomerase I complexes. Science 286, 552â€“555 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, T. K. & Liu, L. F. Tumor cell death induced by topoisomerase-targeting drugs. Annu. Rev. Pharmacol. Toxicol. 41, 53â€“77 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Pouliot, J. J., Robertson, C. A. & Nash, H. A. Pathways for repair of topoisomerase I covalent complexes in Saccharomyces cerevisiae . Genes Cells 6, 677â€“687 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, C., Pouliot, J. J. & Nash, H. A. Repair of topoisomerase I covalent complexes in the absence of the tyrosyl-DNA phosphodiesterase Tdp1. Proc. Natl Acad. Sci. USA 99, 14970â€“14975 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vance, J. R. & Wilson, T. E. Yeast Tdp1 and Rad1-Rad10 function as redundant pathways for repairing Top1 replicative damage. Proc. Natl Acad. Sci. USA 99, 13669â€“13674 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, C., Pouliot, J. J. & Nash, H. A. The role of TDP1 from budding yeast in the repair of DNA damage. DNA Repair (Amst.) 3, 593â€“601 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shivji, M. K. & Venkitaraman, A. R. DNA recombination, chromosomal stability and carcinogenesis: insights into the role of BRCA2. DNA Repair (Amst.) 3, 835â€“843 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hsiang, Y. H., Hertzberg, R., Hecht, S. & Liu, L. F. Camptothecin induces protein-linked DNA breaks via mammalian DNA topoisomerase I. J. Biol. Chem. 260, 14873â€“14878 (1985)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fairbairn, D. W., Olive, P. L. & O'Neill, K. L. The comet assay: a comprehensive review. Mutat. Res. 339, 37â€“59 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bendixen, C., Thomsen, B., Alsner, J. & Westergaard, O. Camptothecin-stabilized topoisomerase I-DNA adducts cause premature termination of transcription. Biochemistry 29, 5613â€“5619 (1990)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pommier, Y. et al. Repair of and checkpoint response to topoisomerase I-mediated DNA damage. Mutat. Res. 532, 173â€“203 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wu, J. & Liu, L. F. Processing of topoisomerase I cleavable complexes into DNA damage by transcription. Nucleic Acids Res. 25, 4181â€“4186 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Caldecott, K. W., Tucker, J. D., Stanker, L. H. & Thompson, L. H. Characterization of the XRCC1-DNA ligase III complex in vitro and its absence from mutant hamster cells. Nucleic Acids Res. 23, 4836â€“4843 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rasouli-Nia, A., Karimi-Busheri, F. & Weinfeld, M. Stable down-regulation of human polynucleotide kinase enhances spontaneous mutation frequency and sensitizes cells to genotoxic agents. Proc. Natl Acad. Sci. USA 101, 6905â€“6910 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Caldecott, K. W. XRCC1 and DNA strand break repair. DNA Repair (Amst.) 2, 955â€“969 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Loizou, J. I. et al. The protein kinase CK2 facilitates repair of chromosomal DNA single-strand breaks. Cell 117, 17â€“28 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Whitehouse, C. J. et al. XRCC1 stimulates human polynucleotide kinase activity at damaged DNA termini and accelerates DNA single-strand break repair. Cell 104, 1â€“11 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	O'Driscoll, M. et al. DNA ligase IV mutations identified in patients exhibiting developmental delay and immunodeficiency. Mol. Cell 8, 1175â€“1185 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Caldecott, K. W., Mckeown, C. K., Tucker, J. D., Ljungquist, S. & Thompson, L. H. An interaction between the mammalian DNA repair protein XRCC1 and DNA ligase III. Mol. Cell. Biol. 14, 68â€“76 (1994)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Moore, D. J., Taylor, R. M., Clements, P. & Caldecott, K. W. Mutation of a BRCT domain selectively disrupts DNA single-strand break repair in noncycling Chinese hamster ovary cells. Proc. Natl Acad. Sci. USA 97, 13649â€“13654 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Taylor, R. M., Moore, D. J., Whitehouse, J., Johnson, P. & Caldecott, K. W. A cell cycle-specific requirement for the XRCC1 BRCT II domain during mammalian DNA strand break repair. Mol. Cell. Biol. 20, 735â€“740 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Plo, I. et al. Association of XRCC1 and tyrosyl DNA phosphodiesterase (Tdp1) for the repair of topoisomerase I-mediated DNA lesions. DNA Repair (Amst.) 2, 1087â€“1100 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pourquier, P. et al. Induction of reversible complexes between eukaryotic DNA topoisomerase I and DNA-containing oxidative base damages. 7, 8-dihydro-8-oxoguanine and 5-hydroxycytosine. J. Biol. Chem. 274, 8516â€“8523 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Inamdar, K. V. et al. Conversion of phosphoglycolate to phosphate termini on 3â€² overhangs of DNA double strand breaks by the human tyrosyl-DNA phosphodiesterase hTdp1. J. Biol. Chem. 277, 27162â€“27168 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bradley, M. O. & Kohn, K. W. X-ray induced DNA double strand break production and repair in mammalian cells as measured by neutral filter elution. Nucleic Acids Res. 7, 793â€“804 (1979)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kathe, S. D., Shen, G. P. & Wallace, S. S. Single-stranded breaks in DNA but not oxidative DNA base damages block transcriptional elongation by RNA polymerase II in HeLa cell nuclear extracts. J. Biol. Chem. 279, 18511â€“18520 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhou, W. & Doetsch, P. W. Transcription bypass or blockage at single-strand breaks on the DNA template strand: effect of different 3â€² and 5â€² flanking groups on the T7 RNA polymerase elongation complex. Biochemistry 33, 14926â€“14934 (1994)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Perry, P. & Wolff, S. New Giemsa method for the differential staining of sister chromatids. Nature 251, 156â€“158 (1974)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lambert, S. & Lopez, B. S. Role of RAD51 in sister-chromatid exchanges in mammalian cells. Oncogene 20, 6627â€“6631 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank M. Withers and L. Ju for technical assistance, H. Nash for tyrosine oligonucleotide and critical reading of the manuscript, F. Karimi-Busheri and A. Rasouli-Nia for C-ter3 cells. This work was supported by an MRC Programme Grant to K.W.C. and by an Overseas Research Scholarship and a Stapley Trust award to S.F.E-K.


Author information
Authors and Affiliations
	Genome Damage and Stability Centre, University of Sussex, Science Park Road, BN1 9RQ, Falmer, Brighton, UK
Sherif F. El-KhamisyÂ &Â Keith W. Caldecott

	Department of Molecular and Human Genetics, Baylor College of Medicine, One Baylor Plaza, Room 604B, Texas, 77030, Houston, USA
Gulam M. SaifiÂ &Â James R. Lupski

	Cross Cancer Institute, Edmonton, T6G1Z2, Alberta, Canada
Michael Weinfeld

	Department of Genetics Microbiology and Toxicology, Arrhenius Laboratory, Stockholm University, S-106 91, Stockholm, Sweden
Fredrik JohanssonÂ &Â Thomas Helleday

	The Institute for Cancer Studies, University of Sheffield, Medical School, Beech Hill Road, S10 2RX, Sheffield, UK
Thomas Helleday


Authors	Sherif F. El-KhamisyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gulam M. SaifiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael WeinfeldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Fredrik JohanssonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas HelledayView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	James R. LupskiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Keith W. CaldecottView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Keith W. Caldecott.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Supplementary information

Supplementary Figure 1 
Depicts the use of alkaline unwinding to measure strand breaks in normal and SCAN1 cells. (PPT 26 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
El-Khamisy, S., Saifi, G., Weinfeld, M. et al. Defective DNA single-strand break repair in spinocerebellar ataxia with axonal neuropathy-1.
                    Nature 434, 108â€“113 (2005). https://doi.org/10.1038/nature03314
Download citation
	Received: 02 September 2004

	Accepted: 22 December 2004

	Issue Date: 03 March 2005

	DOI: https://doi.org/10.1038/nature03314


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

                
                    	
                            
                                
                                    
                                        A mechanism for oxidative damage repair at gene regulatory elements
                                    
                                

                            
                                
                                    	Swagat Ray
	Arwa A. Abugable
	Sherif F. El-Khamisy


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Senescence and impaired DNA damage responses in alpha-synucleinopathy models
                                    
                                

                            
                                
                                    	Ye-Seul Yoon
	Jueng Soo You
	He-Jin Lee


                                
                                Experimental & Molecular Medicine (2022)

                            
	
                            
                                
                                    
                                        The threat of programmed DNA damage to neuronal genome integrity and plasticity
                                    
                                

                            
                                
                                    	Keith W. Caldecott
	Michael E. Ward
	AndrÃ© Nussenzweig


                                
                                Nature Genetics (2022)

                            
	
                            
                                
                                    
                                        Cellular functions of the protein kinase ATM and their relevance to human disease
                                    
                                

                            
                                
                                    	Ji-Hoon Lee
	Tanya T. Paull


                                
                                Nature Reviews Molecular Cell Biology (2021)

                            
	
                            
                                
                                    
                                        PARylation prevents the proteasomal degradation of topoisomerase I DNA-protein crosslinks and induces their deubiquitylation
                                    
                                

                            
                                
                                    	Yilun Sun
	Jiji Chen
	Yves Pommier


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
                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
Ataxia cause identified
An investigation into the molecular basis of the disease SCAN1 (spinocerebellar ataxia with axonal neuropathy-1) has identified for the first time a defect in the repair of chromosomal single-strand breaks in a neurodegenerative disease. The disease results from mutations in tyrosyl phosphodiesterase 1, but the known function of this enzyme â€” repairing double-strand breaks during replication â€” seemed unlikely to cause the observed pathology. The new study reveals a second function for the enzyme in human cells: repairing chromosome breaks caused by oxidative stress in post-mitotic neurons, and it is this that is likely to cause the symptoms of SCAN-1.
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