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            Abstract
Mitochondrial DNA (mtDNA) variants influence the risk of late-onset human diseases, but the reasons for this are poorly understood. Undertaking a hypothesis-free analysis of 5,689 blood-derived biomarkers with mtDNA variants in 16,220 healthy donors, here we show that variants defining mtDNA haplogroups Uk and H4 modulate the level of circulating N-formylmethionine (fMet), which initiates mitochondrial protein translation. In human cytoplasmic hybrid (cybrid) lines, fMet modulated both mitochondrial and cytosolic proteins on multiple levels, through transcription, post-translational modification and proteolysis by an N-degron pathway, abolishing known differences between mtDNA haplogroups. In a further 11,966 individuals, fMet levels contributed to all-cause mortality and the disease risk of several common cardiovascular disorders. Together, these findings indicate that fMet plays a key role in common age-related disease through pleiotropic effects on cell proteostasis.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Overview of analysis and population structure of nuclear and mitochondrial genomes.[image: ]


Fig. 2: Metabolites and their associations with mtDNA SNPs in the INTERVAL study.[image: ]


Fig. 3: fMet-associated genes regulate mtDNA gene expression.[image: ]


Fig. 4: fMet regulates mitochondrial protein synthesis and OSPHOS function.[image: ]


Fig. 5: fMet modulates cytosolic protein homeostasis.[image: ]


Fig. 6: fMet as a biomarker for IS and other late-onset disorders.[image: ]
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                Data availability

              
              The GTEx project was supported by the Common Fund of the Office of the Director of the National Institutes of Health and by the NCI, the NHGRI, the NHLBI, the NIDA, the NIMH and the NINDS. Data used for analyses described in this study were obtained from the GTEx Portal (GTEx_Analysis_2016-01-15_v7_RNASeQCv1.1.8) and dbGaP accession number phs000424.v7.p2. All data are available in the main text, the Supplementary Information or upon request to the authors. Source data are provided with this paper.

            

Code availability

              
              We conducted our analyses using the following published and publicly available software: (1) for calling mtDNA variants: GATK version 4.0.3.0 HaplotypeCaller (https://gatk.broadinstitute.org/hc/en-us/articles/360037225632-HaplotypeCaller) and mtDNA-Server, local version (https://github.com/seppinho/mutserve), (2) for mtDNA association analysis using an LMM and variance decomposition analysis: LDAK version 5 (http://dougspeed.com/downloads2/); (3) for improving the power of mtDNA association: CMS version 1.0 (https://github.com/haschard/CMS); (4) for eQTL analyses: LIMIX version 3.0 (https://github.com/limix/limix); (5) for identifying pseudogenes in the nuclear genome with high sequence similarity to mtDNA: lastal 744 (http://last.cbrc.jp/doc/lastal.html); (6) for identifying PEER factors that capture unknown confounding in gene expression data: PEER version 1.3 (https://github.com/PMBio/peer); (7) for differential expression analysis: edgeR version 3.11 (http://bioconductor.org/packages/release/bioc/html/edgeR.html); (8) for GSEA: GSEA version 4.1.0 (https://www.gsea-msigdb.org/gsea/index.jsp); (9) for flow cytometry analysis: FlowJo version 10.2.
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Extended data

Extended Data Fig. 1 fMet regulatory pathways showed no differences between the haplogroups.
A. Representation of metabolic pathway of synthesis and degradation of fMet. B. One Carbon metabolism proteins and MTFMT. Immunoblot showing the effects of the haplogroup on the expression of fMet regulatory protein MTFMT and one-carbon metabolism. The blots were immuno-detected using an anti-MTFMT, anti-MTFHD1, anti- MTF2D1, anti-SHMT1 and B-actin as loading control. Quantification of the bands by loading control (Vinculin and/or B/Actin) in each cell line. C. Effect of mitochondrial haplogroup on the expression of fMet regulatory genes. D. Quantification of formate levels. Statistical testing was performed by unpaired t-test. Normality was assessed using the Kolmogorovâ€“Smirnov test. Bars/dots represent the mean Â± SD of the biological replicates (n=4 cell lines with independent mtDNAs for each haplogroup). Error bars represent the mean Â± SD of the biological replicates (n=4 cell lines with independent mtDNAs for each haplogroup) of â€“ (Control) and + (fMet treated) cell lines. Colors red and blue represent haplogroup H and Uk respectively. The values are represented as relative to the average of untreated samples from haplogroup H unless indicated. Statistical testing was performed by using a 2-way-ANOVA test followed by Holm-Sidakâ€™s multiple comparisons test unless stated otherwise. Exact P-values corrected for multiple comparisons are indicated. E. fMet determination in serum from controls and patients carrying the mtDNA variant m.3243G. The values are represented as relative to control serums compared to the m.3243G ones; the line in the box plot represents the mean Â± SD. Box plots representing minimum, the maximum, the sample median, and the first and third quartiles including n= 29 and n=10 samples from controls and carrying the m.3243G, respectively. Statistical testing was performed by using non-parametric Mann-Whitney test. Unprocessed Western Blots can be found in Source Data Extended Data Figure 1.
Source data


Extended Data Fig. 2 fMet supplementation is similar to the differences between mitochondrial haplogroups in INTERVAL.
A. Relative increase of fMet after supplementation on cybrids (143B) and primary fibroblasts n=3-8 independent cell lines were analysed in 3 independent technical replicates per sample. The values are represented as relative to untreated and the error bars represent the mean Â± SD of the biological replicates. The line represents untreated cells in each cell line. B. Boxplot of fMet levels in INTERVAL participants between individuals from the haplogroup H and Uk. (P= 1.7x10âˆ’7). The centre of the boxplots show the median fMet levels, upper and lower limits of boxplots show the interquartile range, while the whiskers show values within 1.5 times the interquartile range. Outliers show values beyond 1.5 times the interquartile range.


Extended Data Fig. 3 mtDNA variant effects on expression of MT-CO3 in 41 GTEx tissues.
This Fig. shows the standardized effect size (BETA) of the mtDNA SNPs on expression levels log10(TPM+1) of mtDNA encoded MT-CO3 in Complex IV in 41 GTEx tissues. The colour of the boxes corresponds to the broad tissue type. The centre of the boxplot shows the median BETA value from all mtDNA SNPs; upper and lower limits of boxplots show the interquartile range, while the whiskers show values within 1.5 times the interquartile range. Outliers show values beyond 1.5 times the interquartile range. The upper panel shows the results for the 15 fMet-associated SNPs, while the bottom panel shows the results from the non-fMet associated mtDNA SNPs. The fMet-associated SNPs have negative BETAs across all 41 tissues in GTEx.


Extended Data Fig. 4 Formyl-methionine regulates mitochondrial protein synthesis and oxidative phosphorylation.
A. Immunoblot showing the effects of decrease on the levels of MTFMT using siRNA against MTFMT. The blots were immuno-detected using an anti-MTFMT antibody, anti-MT-CO1 and B-actin as loading control. B. Effects of decreasing the levels of MTFMT on the levels of MT-CO3 expression. Bars represent the mean Â± SD of 4 technical replicates corrected by the Negative siRNA. Statistical testing was performed by using a 2-way-ANOVA test followed by Holm-Sidakâ€™s multiple comparisons test. Exact p-values are indicated. C. Effect of fMet on mitochondrial proteins. Immunoblot showing the effects of the increase on the levels of fMet in cell lines from the haplogroup H and Uk. The blots were immuno-detected using an anti-NDUFS1, anti-NDUFS2, anti-antibody, anti-SDHA, anti-MT-CO1, anti-UQCRQ2, anti-ATP51, anti-ATP5O and B-actin as loading control. D. Effect of fMet on the formylated protein MT-CO1. Quantification of the immunoblot shown in C. Quantification of the bands by loading control (B-actin) in each cell line. E. Effect of fMet on the non-formylated mitochondrial proteins. Quantification of the immunoblot shown in C. Quantification of the bands by loading control (B-actin) in each cell line and corrected by the average of untreated samples from haplogroup H are shown. FM indicated treatment with fMet. F. 1D-BNGE and western blot analysis of digitonin treated cybrid cell lines with and without fMet treatment. The blots were immuno-detected using an anti-NDUFS1 antibody for complex I (CI, left gel) and anti-MT-CO1 for complex IV (CIV, right gel) detection. Loading control was performed by immunodetection of anti-SDHA for complex II (CII). Super-complexes (SC) composition is indicated in each case. G. 1D-BNGE and western blot analysis of digitonin treated cybrid cell lines with and without fMet treatment. The blots were immuno-detected using an anti-UQCRQ2 antibody for complex III (CIII, left gel) and anti-ATP5A1 for complex V (CV, right gel) detection. Loading control was performed by immunodetection of anti-SDH70 for complex II (CII). Super-complexes (SC) composition is indicated in each case. H. Quantification of the bands by loading control (CII) in each cell line. I. Maximal respiration with 1Î¼M FCCP. J. Effects of increase of fMet on mitochondrial ATP. K. Effects of increase of fMet on membrane potential, mitochondrial volume and mitochondrial ROS levels. Error bars represent the mean Â± standard deviation (SD) of the biological replicates (n=4 cell lines with independent mtDNAs for each haplogroup) of â€“ (Control) and + (fMet treated) cell lines that were measured in 3-5 independent technical replicates each. Colors red and blue represent haplogroup H and Uk respectively. The values are represented as relative to the average of untreated samples from haplogroup H unless indicated. Statistical testing was performed by using a 2-way-ANOVA test followed by Holm-Sidakâ€™s multiple comparisons test unless stated otherwise. Exact P-values corrected for multiple comparisons are indicated. Unprocessed Western Blots can be found in Source Data Extended Data Figure 4.
Source data


Extended Data Fig. 5 fMet regulation of protein metabolism is independent of mtUPR and mTORC1.
A. Effect of fMet on EIF2A and 4EBP1 activation. Immunoblot showing the effects of the increase on the levels of fMet in cell lines from the haplogroup H and Uk. The blots were immuno-detected using an anti-EIF2A, anti-p.EIF2ASer51, anti-4EBP1, anti-p.4EBP1Thr37&46 and anti-Vinculin as loading control. B. Effect of fMet and mitochondrial haplogroup on the expression of mtUPR targets. Transcript values corrected by the average of untreated samples from haplogroup H are shown. C. Effect of fMet and mitochondrial haplogroup on 4EBP1 activation. Quantification of the immunoblot shown in A. Quantification of the bands for p. 4EBP1Thr37&46 and 4EBP1 corrected by loading control (Vinculin) in each cell line. D. Effect of fMet in doubling time (DT). E. Effect of fMet on growth. Fold change growth corrected by day 0 is shown. Error bars represent the mean Â± SD of the biological replicates (n=4 cell lines with independent mtDNAs for each haplogroup) of â€“ (Control) and + (fMet treated) cell lines that were measured in 3-5 independent technical replicates each. F. Effect of fMet on protein ubiquitination. Immunoblot detection with anti-ubiquitin and anti-B-actin as a loading control for untreated (-) and fMet treatment (+). The quantification of the bands for ubiquitin smear corrected by loading control (B-actin) is shown. Bars/lines represent the mean Â± SD of the biological replicates (n= 4 cell lines with independent mtDNAs for each haplogroup) of â€“ (Control) and + (fMet treated) cell lines. Colors red and blue represent haplogroup H and Uk respectively. The values are represented as relative to the average of untreated samples from haplogroup H unless indicated. Statistical testing was performed by using a 2-way-ANOVA test followed by Holm-Sidakâ€™s multiple comparisons test unless stated otherwise. Exact P-values corrected for multiple comparisons are indicated. Unprocessed Western Blots can be found in Source Data Extended Data Figure 5.
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