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            Abstract
Mitochondrial genomes (mitochondrial DNA, mtDNA) encode essential oxidative phosphorylation (OXPHOS) components. Because hundreds of mtDNAs exist per cell, a deletion in a single mtDNA has little impact. However, if the deletion genome is enriched, OXPHOS declines, resulting in cellular dysfunction. For example, Kearnsâ€“Sayre syndrome is caused by a single heteroplasmic mtDNA deletion. More broadly, mtDNA deletion accumulation has been observed in individual muscle cells1 and dopaminergic neurons2 during ageing. It is unclear how mtDNA deletions are tolerated or how they are propagated in somatic cells. One mechanism by which cells respond to OXPHOS dysfunction is by activating the mitochondrial unfolded protein response (UPRmt), a transcriptional response mediated by the transcription factor ATFS-1 that promotes the recovery and regeneration of defective mitochondria3,4. Here we investigate the role of ATFS-1 in the maintenance and propagation of a deleterious mtDNA in a heteroplasmic Caenorhabditis elegans strain that stably expresses wild-type mtDNA and mtDNA with a 3.1-kilobase deletion (âˆ†mtDNA) lacking four essential genes5. The heteroplasmic strain, which has 60% âˆ†mtDNA, displays modest mitochondrial dysfunction and constitutive UPRmt activation. ATFS-1 impairment reduced the âˆ†mtDNA nearly tenfold, decreasing the total percentage to 7%. We propose that in the context of mtDNA heteroplasmy, UPRmt activation caused by OXPHOS defects propagates or maintains the deleterious mtDNA in an attempt to recover OXPHOS activity by promoting mitochondrial biogenesis and dynamics.
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                    Figure 1: ATFS-1 is required to maintain a deleterious mtDNA.[image: ]


Figure 2: ATFS-1 promotes âˆ†mtDNA maintenance and mitochondrial biogenesis largely independent of Parkin.[image: ]


Figure 3: ATFS-1 activation causes deleterious mtDNA expansion.[image: ]
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Extended data figures and tables

Extended Data Figure 1 RNAi of nuclear encoded OXPHOS components activates the UPRmt, and UPRmt signalling components are required for âˆ†mtDNA propagation.
a, Images of hsp-6pr::gfp worms raised on nuo-2 (complex I), cyc-1 (cytochrome c) or atp-2 (complex V) RNAi. Scale bar, 0.1â€‰mm. b, Relative âˆ†mtDNA quantification as determined by qPCR in âˆ†mtDNA or atfs-1(tm4525);âˆ†mtDNA worms. nâ€‰=â€‰3; error bars, meanâ€‰Â±â€‰s.d.; *Pâ€‰<â€‰0.03 (Studentâ€™s t-test). c, Relative âˆ†mtDNA quantification as determined by qPCR in âˆ†mtDNA worms raised on control, dve-1, or ubl-5 RNAi. nâ€‰=â€‰3; error bars, meanâ€‰Â±â€‰s.d.; *Pâ€‰<â€‰0.03 (Studentâ€™s t-test). d, Images of dve-1pr::dve-1::gfp in wild-type or âˆ†mtDNA worms. Scale bar, 0.1â€‰mm. e, Ratios of âˆ†mtDNA and nuclear genomic DNA as determined by qPCR in individual âˆ†mtDNA and atfs-1(tm4919);âˆ†mtDNA worms. Black bars represent the mean. nâ€‰=â€‰16; mean Pâ€‰<â€‰0.0001 (Studentâ€™s t-test).


Extended Data Figure 2 The reduction in âˆ†mtDNA caused by atfs-1(RNAi) is largely independent of autophagy, and ATFS-1 activation in the presence of a deleterious mtDNA is harmful.
a, Relative âˆ†mtDNA quantification as determined by qPCR in âˆ†mtDNA and atg-18(gk378);âˆ†mtDNA worms raised on control or atfs-1 RNAi. nâ€‰=â€‰3; error bars, meanâ€‰Â±â€‰s.d.; *Pâ€‰<â€‰0.03 (Studentâ€™s t-test). b, Images of hsp-6pr::gfp worms raised on control or spg-7 RNAi. Scale bar, 0.1â€‰mm. c, Images of TMRE-stained wild-type, âˆ†mtDNA, atfs-1(et18) and atfs-1(et18);âˆ†mtDNA worms. Scale bar, 0.1â€‰mm. d, Images of synchronized atfs-1(et18) and atfs-1(et18);âˆ†mtDNA worms raised on 2.5â€‰Î¼M rotenone 4 days after hatching. Scale bar, 1â€‰mm.


Extended Data Figure 3 polg-1, hmg-5 and drp-1 mRNAs are induced in atfs-1(et18) worms, and mitochondrial fusion is required for the development of atfs-1(et18) worms harbouring âˆ†mtDNA.
a, polg-1, hmg-5 and drp-1 transcripts as determined by qRTâ€“PCR in wild-type and atfs-1(et18) worms. nâ€‰=â€‰3; error bars, meanâ€‰Â±â€‰s.d.; *Pâ€‰<â€‰0.03 (Studentâ€™s t-test). RFU, random fluorescent units. b, Images of synchronized âˆ†mtDNA, atfs-1(et18), and atfs-1(et18);âˆ†mtDNA worms raised on control or fzo-1 RNAi. Scale bar, 1â€‰mm. c, âˆ†mtDNA quantification as determined by qPCR in âˆ†mtDNA worms raised on control or hmg-5 RNAi. nâ€‰=â€‰3; error bars, meanâ€‰Â±â€‰s.d.; *Pâ€‰<â€‰0.03 (Studentâ€™s t-test).

                          Source data
                        





Supplementary information
Supplementary Tables 
This file contains Supplementary Tables 1-2 comprising: (1) the relative fold induction and P values for each mRNA and (2) list of Primers that specifically amplify wild-type or Î”mtDNA . (PDF 242 kb)





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 Extended Data Fig. 3




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Lin, YF., Schulz, A., Pellegrino, M. et al. Maintenance and propagation of a deleterious mitochondrial genome by the mitochondrial unfolded protein response.
                    Nature 533, 416â€“419 (2016). https://doi.org/10.1038/nature17989
Download citation
	Received: 25 November 2015

	Accepted: 08 April 2016

	Published: 02 May 2016

	Issue Date: 19 May 2016

	DOI: https://doi.org/10.1038/nature17989


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

                
                    	
                            
                                
                                    
                                        Mitochondrial stress: a key role of neuroinflammation in stroke
                                    
                                

                            
                                
                                    	Ling Gao
	Li Peng
	Ying Xia


                                
                                Journal of Neuroinflammation (2024)

                            
	
                            
                                
                                    
                                        Coupling of autophagy and the mitochondrial intrinsic apoptosis pathway modulates proteostasis and ageing in Caenorhabditis elegans
                                    
                                

                            
                                
                                    	Christina Ploumi
	Emmanouil Kyriakakis
	Nektarios Tavernarakis


                                
                                Cell Death & Disease (2023)

                            
	
                            
                                
                                    
                                        MRPS6 modulates glucose-stimulated insulin secretion in mouse islet cells through mitochondrial unfolded protein response
                                    
                                

                            
                                
                                    	Danhong Lin
	Jingwen Yu
	Huibiao Quan


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        ATFS-1 counteracts mitochondrial DNA damage by promoting repair over transcription
                                    
                                

                            
                                
                                    	Chuan-Yang Dai
	Chai Chee Ng
	Steven Zuryn


                                
                                Nature Cell Biology (2023)

                            
	
                            
                                
                                    
                                        Insight into the mitochondrial unfolded protein response and cancer: opportunities and challenges
                                    
                                

                            
                                
                                    	Ge Wang
	Yumei Fan
	Ke Tan


                                
                                Cell & Bioscience (2022)

                            


                

            

        
    

            
                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
Mitochondrial mutations tolerated â€” up to a point
A eukaryotic cell contains a single copy of the nuclear genome, but hundreds of mitochondrial genomes (mtDNA), encoding proteins essential for oxidative phosphorylation. The cell can tolerate a number of mutations or deletions in mitochondrial genes, but beyond a toxic threshold, further mutations can cause inborn mitochondrial diseases. Cole Haynes and colleagues examined the mechanism by which mtDNA mutations are tolerated by focusing on the role of the mitochondrial unfolded protein response (UPRmt), a process mediated by the transcription factor ATFS-1 that promotes the recovery of defective mitochondria. They compare normal Caenorhabditis elegans roundworms to a heteroplasmic strain carrying a deletion mutation in four mitochondrial-encoded genes in 60% of the mitochondria. The heteroplasmic strain displayed constant UPRmt activation and only modest mitochondrial dysfunction. In worms with impaired UPRmt activity, there was a tenfold reduction in the number of mutated mtDNAs. The authors infer that ATFS-1-mediated UPRmt maintains the deleterious mtDNA in an attempt to recover oxidative phosphorylation activity, to avoid the possible alternative scenario of the demise of the cell.
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