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            Abstract
Although oxidative damage has long been associated with ageing and neurological disease, mechanistic connections of oxidation to these phenotypes have remained elusive. Here we show that the age-dependent somatic mutation associated with Huntingtonâ€™s disease occurs in the process of removing oxidized base lesions, and is remarkably dependent on a single base excision repair enzyme, 7,8-dihydro-8-oxoguanine-DNA glycosylase (OGG1). Both in vivo and in vitro results support a â€˜toxic oxidationâ€™ model in which OGG1 initiates an escalating oxidationâ€“excision cycle that leads to progressive age-dependent expansion. Age-dependent CAG expansion provides a direct molecular link between oxidative damage and toxicity in post-mitotic neurons through a DNA damage response, and error-prone repair of single-strand breaks.
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                    Figure 1: 
                        Oxidative lesions accumulate in tissues of ageing mice.
                      [image: ]


Figure 2: 
                        Direct exposure to oxidizing agents causes expansion at the human 
                        HD
                         locus 
                        in vitro.
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Figure 3: 
                        Age-dependent expansion is suppressed in mice lacking OGG1 glycosylase.
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Figure 4: 
                        OGG1 excision of 8-oxo-G within CAG repeat DNA can initiate strand displacement and expansion 
                        in vitro
                         during BER.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

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

                                    
                                        Article
                                        
                                         10 February 2022
                                    

                                

                                Keith W. Caldecott, Michael E. Ward & AndrÃ© Nussenzweig

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        HDAC1 modulates OGG1-initiated oxidative DNA damage repair in the aging brain and Alzheimerâ€™s disease
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 May 2020
                                    

                                

                                Ping-Chieh Pao, Debasis Patnaik, â€¦ Li-Huei Tsai

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Defects in mtDNA replication challenge nuclear genome stability through nucleotide depletion and provide a unifying mechanism for mouse progerias
                                        
                                    

                                    
                                        Article
                                        
                                         07 October 2019
                                    

                                

                                Riikka H. HÃ¤mÃ¤lÃ¤inen, Juan C. Landoni, â€¦ Anu Suomalainen

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Cummings, C. J. & Zoghbi, H. Y. Trinucleotide repeats: mechanisms and pathophysiology. Annu. Rev. Genom. Hum. Genet. 1, 281â€“328 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pearson, C. E., Edamura, K. N. & Cleary, J. D. Repeat instability: mechanisms of dynamic mutations. Nature Rev. Genet. 10, 729â€“742 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kovtun, I. V. & McMurray, C. T. Genetic Instabilities and Hereditary Neurological Diseases (ed. Wells, R.D.) 679â€“690 (Academic Press, 2006)
BookÂ 
    
                    Google ScholarÂ 
                

	Kennedy, L. et al. Dramatic tissue-specific mutation length increases are an early molecular event in Huntington disease pathogenesis. Hum. Mol. Genet. 12, 3359â€“3367 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mangiarini, L. et al. Instability of highly expanded CAG repeats in mice transgenic for the Huntingtonâ€™s disease mutation. Nature Genet. 15, 197â€“200 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kovtun, I. V. & McMurray, C. T. Trinucleotide expansion in haploid germ cells by gap repair. Nature Genet. 27, 407â€“411 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Seznec, H. et al. Transgenic mice carrying large human genomic sequences with expanded CTG repeat mimic closely the DM CTG repeat intergenerational and somatic instability. Hum. Mol. Genet. 9, 1185â€“1194 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dizdaroglu, M. Substrate specificities and excision kinetics of DNA glycosylases involved in base-excision repair of oxidative DNA damage. Mutat. Res. 531, 109â€“126 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sergent-Tanguy, S., Chagneau, C., Neveu, I. & Naveilhan, P. Fluorescent activated cell sorting (FACS): a rapid and reliable method to estimate the number of neurons in a mixed population. J. Neurosci. Methods 129, 73â€“79 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Brand, M. D. et al. Mitochondrial superoxide: production, biological effects, and activation of uncoupling proteins. Free Radic. Biol. Med. 37, 755â€“767 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kovtun, I. V., Thornhill, A. R. & McMurray, C. T. Somatic deletion events occur during early embryonic development and modify the extent of CAG expansion in subsequent generations. Hum. Mol. Genet. 13, 3057â€“3068 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chauhan, C., Dash, D., Grover, D., Rajamani, J. & Mukerji, M. Origin and instability of GAA repeats: insights from Alu elements. J. Biomol. Struct. Dyn. 20, 253â€“263 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bjelland, S. & Seeberg, E. Mutagenicity, toxicity and repair of DNA base damage induced by oxidation. Mutat. Res. 531, 37â€“80 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Auffret van der Kemp. P., Thomas, D., Barbey, R., de Oliveira, R. & Boiteux, S. Cloning and expression in Escherichia coli of the OGG1 gene of Saccharomyces cerevisiae, which codes for a DNA glycosylase that excises 7,8-dihydro-8-oxoguanine and 2,6-diamino-4-hydroxy-5-N-methylformamido pyrimidine. Proc. Natl Acad. Sci. USA 93, 5197â€“5202 (1996)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zharkov, D. O., Rosenquist, T. A., Gerchman, S. E. & Grollman, A. P. Substrate specificity and reaction mechanism of murine 8-oxoguanine-DNA glycosylase. J. Biol. Chem. 275, 28607â€“28617 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Klungland, A. et al. Accumulation of premutagenic DNA lesions in mice defective in removal of oxidative base damage. Proc. Natl Acad. Sci. USA 96, 13300â€“13305 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dizdaroglu, M., Karahalil, B., Senturker, S., Buckley, T. J. & Roldan-Arjona, T. Excision of products of oxidative DNA base damage by human NTH1 protein. Biochemistry 38, 243â€“246 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	O'Brien, P. J. & Ellenberger, T. Dissecting the broad substrate specificity of human 3-methyladenine-DNA glycosylase. J. Biol. Chem. 279, 9750â€“9757 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Marenstein, D. R. et al. Substrate specificity of human endonuclease III (hNTH1). Effect of human APE1 on hNTH1 activity. J. Biol. Chem. 278, 9005â€“9012 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Engelward, B. P. et al. Base excision repair deficient mice lacking the Aag alkyladenine DNA glycosylase. Proc. Natl Acad. Sci. USA 94, 13087â€“13092 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hazra, T. K. et al. Identification and characterization of a human DNA glycosylase for repair of modified bases in oxidatively damaged DNA. Proc. Natl Acad. Sci. USA 99, 3523â€“3528 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kovtun, I. V., Goellner, G. & McMurray, C. T. Structural features of trinucleotide repeats associated with DNA expansion. Biochem. Cell Biol. 279, 325â€“336 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gacy, A. M. et al. GAA instability in Friedreich's Ataxia shares a common, DNA-directed and intraallelic mechanism with other trinucleotide diseases. Mol. Cell 1, 583â€“593 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Spiro, C. et al. Inhibition of FEN-1 processing by DNA secondary structure at trinucleotide repeats. Mol. Cell 4, 1079â€“1085 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goellner, G. M. et al. Different mechanisms underlie DNA instability in Huntington disease and colorectal cancer. Am. J. Hum. Genet. 60, 879â€“890 (1997)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kremer, B. et al. Sex-dependent mechanisms for expansions and contractions of the CAG repeat on affected Huntington disease chromosomes. Am. J. Hum. Genet. 57, 343â€“350 (1995)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chong, S. S. et al. Contribution of DNA sequence and CAG size to mutation frequencies of intermediate alleles for Huntington disease: evidence from single sperm analysis. Hum. Mol. Genet. 6, 301â€“309 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wheeler, V. C. et al. Length-dependent gametic CAG repeat instability in the Huntington's disease knock-in mouse. Hum. Mol. Genet. 8, 115â€“122 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wilson, S. H. et al. in Genetic Instabilities and Hereditary Neurological Diseases (eds Wells R.D. & Warren, S.T.) 493â€“698 (Academic Press, 1998)

                    Google ScholarÂ 
                

	Petruska, J., Hartenstine, M. J. & Goodman, M. F. Analysis of strand slippage in DNA polymerase expansions of CAG/CTG triplet repeats associated with neurodegenerative disease. J. Biol. Chem. 273, 5204â€“5210 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hartenstine, M. J., Goodman, M. F. & Petruska, J. Base stacking and even/odd behavior of hairpin loops in DNA triplet repeat slippage and expansion with DNA polymerase. J. Biol. Chem. 275, 18382â€“18390 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hartenstine, M. J., Goodman, M. F. & Petruska, J. Weak strand displacement activity enables human DNA polymerase Î² to expand CAG/CTG triplet repeats at strand breaks. J. Biol. Chem. 277, 41379â€“41389 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyons-Darden, T. & Topal, M. D. Abasic sites induce triplet-repeat expansion during DNA replication in vitro. J. Biol. Chem. 274, 25975â€“25978 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Beard, W. A. & Wilson, S. H. Structure and mechanism of DNA polymerase Î². Chem. Rev. 106, 361â€“382 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Owen, B. A. et al. (CAG)n-hairpin DNA binds to Msh2-Msh3 and changes properties of mismatch recognition. Nature Struct. Mol. Biol. 12, 663â€“670 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Savouret, C. et al. CTG repeat instability and size variation timing in DNA repair-deficient mice. EMBO J. 22, 2264â€“2273 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Manley, K., Shirley, T. L., Flaherty, L. & Messer, A. MSH2 deficiency prevents in vivo somatic instability of the CAG repeat in Huntington disease transgenic mice. Nature Genet. 23, 471â€“473 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van den Broek, W. J. et al. Somatic expansion behaviour of the (CTG)n repeat in myotonic dystrophy knock-in mice is differentially affected by Msh3 and Msh6 mismatch-repair proteins. Hum. Mol. Genet. 11, 191â€“198 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gomes-Pereira, M., Fortune, M. T., Ingram, L., McAbney, J. P. & Monckton, D. G. Pms2 is a genetic enhancer of trinucleotide CAG.CTG repeat somatic mosaicism: implications for the mechanism of triplet repeat expansion. Hum. Mol. Genet. 13, 1815â€“1825 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stucki, M. et al. Mammalian base excision repair by DNA polymerases Î´ and Îµ. Oncogene 17, 835â€“843 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ahel, I. et al. The neurodegenerative disease protein aprataxin resolves abortive DNA ligation intermediates. Nature 443, 713â€“716 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Trushina, E. et al. Microtubule destabilization and nuclear entry are sequential steps leading to toxicity in Huntington's disease. Proc. Natl Acad. Sci. USA 100, 12171â€“12176 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kabbarah. O et al. A panel of repeat markers for detection of microsatellite instability in murine tumors. Mol. Carcinog. 38, 155â€“159 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Boiteux, S., Belleney, J., Roques, B. P. & Laval, J. Two rotyameric forms of open ring 7-methylguanine are present in alkylated polynucleotides. Nucleic Acids Res. 12, 542â€“5439 (1984)
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by the Mayo Foundation, the National Institutes of Health (C.T.M.), and, in part, by the Intramural Research Program of the National Institute of Environmental Health Sciences. The authors wish to dedicate this work to Erling Seeberg. We thank J. Hoeijmakers for NTH-/- and L. Samson for AAG-/- mice, and N. Kinzel for help in cortex dissection.
Author Contributions C.T.M. oversaw the entire project. I.V.K. and C.T.M. conceived the experiments, wrote the manuscript, and prepared all Figures. I.V.K. carried out in vitro and in vivo experiments in cell lines and in mice (animal breeding, oxidation, comet assay, FACS, analysis of repeat size, dissected animal tissue) and prepared tissue extracts for all testing of repair activity in vitro, and performed analysis of the results. Y.L. with S.H.W. supervision performed base excision repair reconstitution experiments, M.B. and A.K. carried out DNA repair assays. All co-authors contributed to the manuscript with their comments.


Author information
Authors and Affiliations
	Department of Pharmacology and Experimental Therapeutics,, 
Irina V. KovtunÂ &Â Cynthia T. McMurray

	Department of Biochemistry and Molecular Biology,, 
Cynthia T. McMurray

	Neuroscience Program Mayo Clinic and Foundation, 200 First Street SW, Rochester, Minnesota 55905, USA, 
Cynthia T. McMurray

	Centre for Molecular Biology and Neuroscience and Institute of Medical Microbiology, Rikshospitalet-Radiumhospitalet HF, University of Oslo, N-0027 Oslo, Norway, 
Magnar BjorasÂ &Â Arne Klungland

	Laboratory of Structural Biology, National Institute of Environmental Health Sciences/National Institutes of Health, 111 TW Alexander Drive, Research Triangle Park, North Carolina 27709, USA, 
Yuan LiuÂ &Â Samuel H. Wilson


Authors	Irina V. KovtunView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuan LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Magnar BjorasView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Arne KlunglandView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Samuel H. WilsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Cynthia T. McMurrayView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Cynthia T. McMurray.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at www.nature.com/reprints. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures
This file contains Supplementary Figures S1-S6 with Legends. (PDF 431 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Kovtun, I., Liu, Y., Bjoras, M. et al. OGG1 initiates age-dependent CAG trinucleotide expansion in somatic cells.
                    Nature 447, 447â€“452 (2007). https://doi.org/10.1038/nature05778
Download citation
	Received: 31 August 2006

	Accepted: 02 April 2007

	Published: 22 April 2007

	Issue Date: 24 May 2007

	DOI: https://doi.org/10.1038/nature05778


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

                
                    	
                            
                                
                                    
                                        LUSTR: a new customizable tool for calling genome-wide germline and somatic short tandem repeat variants
                                    
                                

                            
                                
                                    	Jinfeng Lu
	Camilo Toro
	Erin L. Heinzen


                                
                                BMC Genomics (2024)

                            
	
                            
                                
                                    
                                        Redox dysregulation as a driver for DNA damage and its relationship to neurodegenerative diseases
                                    
                                

                            
                                
                                    	Sina Shadfar
	Sonam Parakh
	Julie D. Atkin


                                
                                Translational Neurodegeneration (2023)

                            
	
                            
                                
                                    
                                        Suppression of trinucleotide repeat expansion in spermatogenic cells in Huntingtonâ€™s disease
                                    
                                

                            
                                
                                    	In K. Cho
	Charles A. Easley
	Anthony W. S. Chan


                                
                                Journal of Assisted Reproduction and Genetics (2022)

                            
	
                            
                                
                                    
                                        Conformational and migrational dynamics of slipped-strand DNA three-way junctions containing trinucleotide repeats
                                    
                                

                            
                                
                                    	Tianyu Hu
	Michael J. Morten
	Steven W. Magennis


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        HMGB1 signaling phosphorylates Ku70 and impairs DNA damage repair in Alzheimerâ€™s disease pathology
                                    
                                

                            
                                
                                    	Hikari Tanaka
	Kanoh Kondo
	Hitoshi Okazawa


                                
                                Communications Biology (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
Trigger for Huntington's
Oxidative damage has been linked to ageing and neurodegenerative disease for decades, but the physiological link between oxidation and the genetics of ageing remains elusive. Now it may have been found. Huntington's and several other neurodegenerative diseases involve the expansion of CAG triplet repeats. In a mouse model of human Huntington's disease, this expansion occurs in mid-life and continues throughout life. The expansion occurs in terminally differentiated cells and is associated with oxidative damage. Deficiency in the glycolase OGG1 attenuates age-dependent repeat expansion, and as OGG1 is a DNA repair enzyme, it seems that aberrant repair of oxidative damage triggers the disease. This work suggests targets for drugs to stop or slow the onset of the disease.
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