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            Abstract
Oxygen is critical for a multitude of metabolic processes that are essential for human life. Biological processes can be identified by treating cells with 18O2 or other isotopically labelled gases and systematically identifying biomolecules incorporating labeled atoms. Here we labelled cell lines of distinct tissue origins with 18O2 to identify the polar oxy-metabolome, defined as polar metabolitesÂ labelled with 18O under different physiological O2 tensions. The most highly 18O-labelled feature was 4-hydroxymandelate (4-HMA).Â We demonstrate that 4-HMA is produced by hydroxyphenylpyruvate dioxygenase-like (HPDL), a protein of previously unknown function in human cells. We identify 4-HMA as an intermediate involved in the biosynthesis of the coenzyme Q10 (CoQ10) headgroup in human cells. The connection of HPDL to CoQ10 biosynthesis provides crucial insights into the mechanisms underlying recently described neurological diseases related to HPDL deficiencies1,2,3,4 and cancers with HPDL overexpression5.
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                    Fig. 1: Analysis of the oxy-metabolome identifies 4-HMA as a highly 18O-labelled metabolite in human cells.[image: ]


Fig. 2: 4-HMA is derived from tyrosine and synthesized by HPDL (4-hydroxyphenylpyruvate dioxygenase-like) in human cells.[image: ]


Fig. 3: HPDL and 4-HMA participate in the human CoQ10 headgroup biosynthesis pathway.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 A robust method for 18O2 labelling of human cells.
a, Schematic of 18O2 labelling. A closed system chamber is flushed multiple times with N2 to remove 16O2. A gas mixture containing 18O2 and CO2 is pulsed into the closed chamber to reach the desired oxygen concentration. At the assay endpoint, the chamber is opened, cells are extracted, and metabolites separated and identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). b, Oxygen measurements after N2 flush, followed with or without pulses of O2:CO2 gas mixture in the closed chamber containing tissue culture plates and media (nâ€‰=â€‰3 technical replicates each). câ€“e, Oxygen percentage of O2-labelling experiments performed at 3% (c), 1% (d), and 0.2% (e) 16O2 or 18O2. (nâ€‰=â€‰2 technical replicates each). f, Cells were treated with several concentrations of MG132, DFO (an iron chelator), IOX1 (a dioxygenase inhibitor), or in combination at 5% O2 for 24â€‰h. Immunoblots of HIF1Î± with ERK2 as a loading control. g, Immunoprecipitation of HIF1Î± to determine its hydroxylation (P564-OH) levels by the indicated inhibitors. Immunoblots of HIF1Î± and HIF1Î± P564-OH are shown, with ERK2 serving as a loading control. Experiments were performed once for optimization of drug concentrations (f, g). Graphs represent meanâ€‰Â±â€‰s.d. (câ€“e).
Source data


Extended Data Fig. 2 18O2 labelling of human cells reveals the oxy-metabolome.
a, Schematic of the approach used to identify 18O-labelled features and metabolites that were labelled by 18O. n represents the number of features or metabolites identified in MIAPACA2 cells grown at 3% 18O2. See b for details. b, Summary of total and percentage of identified 18O-labelled features for each cell line and oxygen tension as described in a. c, Venn diagram demonstrating the overlap of unique 18O-labelled metabolite and features identified for each oxygen condition per cell line. d, Total number of unique dioxygenase-dependent, 18O-labelled metabolites and features identified in each cell line and condition. Features were categorized into predicted or not predicted/unknown 18O-labelled metabolites, based on known oxygen-dependent metabolic pathways, and sensitivity or insensitivity to IOX1 (dioxygenase inhibitor) treatment. e, Number of 18O-labelled metabolites detected in cells grown in 3%, 1%, and 0.2% 18O2 for 24â€‰h in two sets of experiments. The overlap of the total number of detected 18O-labelled metabolites and features in both experimental sets are shown. f, Venn diagram representing the distribution of common and unique 18O-labelled metabolites identified in each cell line. g, List of the 46 unique 18O-labelled metabolites that were identified in f and categorized into known oxygen-dependent metabolic pathways. ** represents metabolites that have matching MS2 spectra, but need to be validated due to multiple metabolite isomers.
Source data


Extended Data Fig. 3 Fractional 18O labelling of metabolites and features identified in human cells by 18O2 labelling.
a, Heatmap representing the median fractional 18O labelling of the 46 metabolites and features in the indicated cell lines and oxygen tensions. â€œ**â€� represents metabolites that have matching MS2 spectra, but need to be validated due to multiple metabolite isomers. The red arrow indicates a highly labelled unknown metabolite. b, Correlation matrixes demonstrating the Spearman rs value based on the fractional 18O labelling of the 46 metabolites and features across the indicated cell lines and oxygen tensions. c, Fractional 18O labelling of unknown feature (167.0339 in negative ion mode, elution time of 8.2â€‰min) in MIAPACA2, A498, and SKNDZ cells grown in 3%, 1%, and 0.2% 18O2, and treated with vehicle or IOX1 (dioxygenase inhibitor) for 24â€‰h (nâ€‰=â€‰3). dâ€“i, Fractional 18O labelling of metabolites and features by 18O2 across multiple cell lines in response to different oxygen tensions, treated with or without IOX1 (dioxygenase inhibitor) for 24â€‰h. 18O labelling of predicted (d,Â e), not predicted (fâ€“h), and unknown (i) metabolites or features are shown for the indicated cell line. ** represents metabolites that have matching MS2 spectra, but need to be validated due to multiple metabolite isomers. nâ€‰=â€‰3 biologically independent samples for each group and condition in all experiments. Graphs represent meanâ€‰Â±â€‰s.e.m. and were compared using one- (bâ€“d) or two-way ANOVA (a, e,Â f), followed by Tukey post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Fig. 4 Total levels of unlabelled and 18O-labelled metabolites identified in human cells.
a, Schematic of the carnitine biosynthesis pathway. Dioxygenases, TMLH (Trimethyllysine hydroxylase) and BBOX (butyrobetaine, 2-oxoglutarate dioxygenase), are shown in orange boxes, and 18O labelling is indicated in blue by arrows. bâ€“d, Total intracellular levels of unlabelled and 18O-labelled Î³-butyrobetaine from cells grown in 3%, 1%, and 0.2% 18O2 with the indicated reagents for 24â€‰h (nâ€‰=â€‰3). e, Schematic of theÂ methionine salvage pathway. ADI1 (Acireductone dioxygenase 1), a dioxygenase, is shown in orange, and 18O labelling is indicated in blue with arrows. fâ€“h, Total intracellular levels of unlabelled and 18O-labelled methionine from cells grown in 3%, 1%, and 0.2% 18O2 with the indicated reagents for 24â€‰h (nâ€‰=â€‰3). i, Schematic of methionine oxidation by 18O-labelled reactive oxygen species indicated by arrows. jâ€“m, Total intracellular levels of unlabelled and 18O-labelled methionine sulfoxide from cells grown in 3%, 1%, and 0.2% 18O2 with the indicated reagents for 24â€‰h (nâ€‰=â€‰3). n represents the number of biologically independent experiments for each group and condition. Graphs (meanâ€‰Â±â€‰s.e.m.) were compared using two-tailed Student t-test (câ€“d, gâ€“h, kâ€“m) or one-way (b, f,Â  j) ANOVA, followed by Tukey post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Fig. 5 Identification of 18O-labelled 4-HMA in human cells.
a, Tandem mass spectra (MS2) of homogentisate (HGA) standard, 4-hydroxymandelate (4-HMA) standard, unlabelled (167.0344â€‰m/z) feature precursors, and the respective product fragments. Mass differences between the precursor and product ions reflect loss of one CO2. The red line indicates fragmentation of the precursor ion into the two product ions. The structure of the precursor and product ions are depicted on the left. b, MS2 of unlabelled (167.0344â€‰m/z), +one 18O (169.0387â€‰m/z), andâ€‰+two 18O (171.0428â€‰m/z) labelled 4-HMA precursors, and the respective product fragments. Mass differences between precursor and product ions reflects loss of unlabelled andâ€‰+one 18O-labelled CO2. The red line indicates precursor ion fragmentation into two product ions. The structure and position of 18O-labelled (blue and arrow) 4-HMA are depicted on the left. c,Â d, Total levels of unlabelled and 18O-labelled 4-HMA levels in A498 (c) and SKNDZ (d) cells grown in 3%, 1%, and 0.2% 18O2, and treated with or without IOX1 (dioxygenase inhibitor) for 24â€‰h. nâ€‰=â€‰3 in biologically independent replicates for each group and condition. Graphs represent meanâ€‰Â±â€‰s.e.m. and were compared by two-way ANOVA (c,Â d), followed by Bonferroni post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Fig. 6 4-HMA is a tyrosine-derived metabolite synthesized from tyrosine in human cells.
a, Schematic of known and proposed pathways involved in 4-HMA biosynthesis found in the literature. A. orientalis biosynthesizes 4-HMA from 4-hydroxyphenylpyruvate (4-HPPA), via hydroxymandelate synthase (HmaS), an Fe-dioxygenase. 4-HMA also has been proposed to be made from tyramine in rabbits by radioactive tracing studies. However, the proposed pathway was never formally demonstrated, as indicated by the dotted lines and box. b, Fractional labelling of Phe, Tyr, 4-HPPA, 4-HPLA, and 4-HMA from cells grown at 3% O2 with or without 13C9-Tyr or 13C6-Phe for 24â€‰h (nâ€‰=â€‰5 for each group). c, Total intracellular levels of unlabelled and 13C-labelled Tyr, 4-HPPA, 4-HPLA, and 4-HMA from cells grown at 3%, 1%, and 0.2% O2 with 13C-Tyr for 24â€‰h (nâ€‰=â€‰5 for each group). d, Total intracellular levels of unlabelled and 13C-labelled Tyr, 4-HPPA, 4-HPLA, and 4-HMA from cells grown in 13C-Tyr at 3% O2 with the indicated reagents for 24â€‰h (nâ€‰=â€‰5 for each group). n represents the number of biologically independent replicates for each group and condition. Graphs represent meanâ€‰Â±â€‰s.e.m. and were compared by two-way ANOVA (bâ€“d), followed by Tukey post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Fig. 7 Human HPDL is an ortholog of A. orientalis HmaS.
a,Â b, Phylogenetic tree of HPD, HPDL, and HmaS cDNA (a) and protein (b) sequences across several model organisms. c, Protein sequence alignment of HPD, HPDL and HmaS. Catalytic histidines involved in coordinating the iron ion needed for activity are highlighted in red. Specific residues in Steptomyces avermitilis and Pseudomonas fluorescens HPD have been mutated in other studies, and the human equivalent mutations are as indicated; hydrophobic (blue), polar (green) amino acids and proline (yellow). The HPD P239T mutant decreases HGA production and generates oxopinone. The N241I/L mutation abolishes HGA production by HPD. The HPD S226A mutations blocks HGA production. However, the mutation in the equivalent site in HMS (S201A) does not affect the generation of 4-HMA. The F337V/L mutation in HPD decreases HGA synthesis and allows slight production of 4-HMA. d, Growth curve of MIAPACA2 cells with sgRNAs at 21% O2. (nâ€‰=â€‰3 technical replicates for each cell line, performed at least twice). e, Unlabelled and 13C8-labelled 4-HMA from PATU-8902 cells grown in 13C9-Tyr at 21% 16O2 for 24â€‰h. (nâ€‰=â€‰3). Immunoblots of HPDL levels from PATU-8902 cells expressing control and HPDL sgRNAs. ERK2 serves as a loading control. f, Unlabelled and 13C-labelled Tyr, 4-HPPA, 4-HPLA from MIAPACA2 cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h (from Fig. 2a). (nâ€‰=â€‰5). g, Unlabelled and 13C-labelled Tyr, 4-HPPA, 4-HPLA from MIAPACA2 sgHPDL #3 cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h (from Fig. 2b). (nâ€‰=â€‰5). n represents the number of biologically independent replicates for each group and condition, unless indicated (d). Graphs are represented as meanâ€‰Â±â€‰s.d. (d) or s.e.m. (eâ€“g) and were compared by two-tailed Student t-test (e), or two-way ANOVA (d, f, g), followed by Tukey post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Figure 8 Expression of HPDL affects 13C9-Tyr labelling of CoQ10.
a, Schematic of known and unknown components of the CoQ10 biosynthesis pathway in humans. R1 reflects the polyprenyl tail that is attached to 4-HB. b, Fractional labelling and total levels of CoQ10 from MIAPACA2 grown in unlabelled, 13C9-Tyr-, and 13C6-Phe-labelled media for 24â€‰h at 3% 16O2. (nâ€‰=â€‰5). c, Fractional labelling and total levels of CoQ10 from MIAPACA2 cells grown in 13C9-Tyr at 21%, 3% and 0.1% 16O2 for 24â€‰h (nâ€‰=â€‰5). d, Fractional labelling and total levels of CoQ10 from MIAPACA2 cells grown in 13C9-Tyr containing media, with the indicated compounds at 3% 16O2 for 24â€‰h (nâ€‰=â€‰5). e, Fractional labelling and total intracellular levels of unlabelled and 13C6-labelled CoQ10 from the indicated MIAPACA2 cells. Cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h (nâ€‰=â€‰5). f, Fractional labelling of CoQ10 from indicated MIAPACA2 cells. Cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h. (nâ€‰=â€‰5). g, Unlabelled and 13C6-labelled CoQ10 levels from PATU-8902 cells grown in 13C9-Tyr media (nâ€‰=â€‰3). h, Extracellular concentrations of 13C8-labelled 4-HMA released from MIAPACA2 cells expressing control and HPDL sgRNAs. Cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h at low (LD) and high (HD) cell densities (nâ€‰=â€‰3). Representative images of LD and HD cells are shown. i, The effect of cell density on total intracellular levels of unlabelled and 13C6-labelled CoQ10 from the indicated MIAPACA2 cells. Cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h at LD and HD (nâ€‰=â€‰3 for each group). â€œnâ€� represents the number of biologically independent experiments for each group and condition. Graphs represent meanâ€‰Â±â€‰s.e.m. andÂ were compared using two-tailed Student t-test (g), one- (dâ€“f, h, i) or two- (b, c) way ANOVA, followed by Tukey post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Figure 9 CoQ10 synthesis is important for growth in 3D, but not 2D, conditions.
a, Schematic of pulse-chase study using tyrosine-derived intermediates shown in c. Cells were labelled with 13C9-Tyr for two weeks before being grown in 12C9-Tyr or 13C9-Tyr with or without unlabelled 4-HPPA, 4-HPLA, 4-HMA, and 4-HB for 24â€‰h at 21% O2. b, Growth curve of MIAPACA2 cells with the indicated intermediates and times at 21% O2. (nâ€‰=â€‰3 technical replicates for each cell line, performed at least twice). c, Total levels and fractional labelling of unlabelled and 13C-labelled metabolites in the CoQ10 headgroup biosynthesis pathway in humans, as described in a (nâ€‰=â€‰4). Endogenous 4-HB is below the limit of detection. d, Schematic of known and potential enzymes and intermediates in the CoQ10 headgroup biosynthesis pathway in humans and yeast. Dotted lines reflect potential pathways and enzymes. e, Immunoblot of the indicated MIAPACA2 cells. ERK2 is the loading control. Experiment was performed twice to check for knockout efficiency. f, Growth in 2D culture of MIAPACA2 cells (nâ€‰=â€‰4). g,Â h, Total levels (g) and fractional labelling (h) of CoQ10 in MIAPACA2 cells. Cells were grown in 13C9-Tyr at 21% 16O2 for 24â€‰h (nâ€‰=â€‰5). i, Growth in 3D culture of MIAPACA2 cells (nâ€‰=â€‰4) after three days. j, Representative confocal fluorescent images of the indicated MIAPACA2 cells. Images are representative of three independent experiments. k, Fractional labelling of intracellular and mitochondrial CoQ10 from 13C9-Tyr in the indicated MIAPACA2 cells (nâ€‰=â€‰4). l, Immunoblot of total, cytosolic, and mitochondrial fractions from k. Subcellular fractionation was performed twice to determine theÂ localization of HPDL. n represents the number of biologically independent experiments for each group and condition, unless indicated (b). Graphs (meanâ€‰Â±â€‰s.e.m.) were compared by two-way ANOVA (b, c, fâ€“i, k), followed by Tukey (b, c, fâ€“h, k) or Dunnettâ€™s (i) post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Figure 10 HPDL is important for a subset of PDAC tumours.
a, Orthotopic pancreatic tumour weight from the indicated MIAPACA2 xenografts. b,Â c, Tumour images (b) and weights (c) from aÂ second experiment of orthotopic pancreatic tumour xenografts from MIAPACA2 cells expressing control or HPDL sgRNA with coHPDL WT or catalytically inactive mutant after 6 weeks post-injection. The first experiment set is found in a. dâ€“g, Tumour images (d,Â â€“f) and weight (e,Â g) of orthotopic (d,Â e) or subcutaneous (f,Â g) pancreatic tumour xenograft of PATU-8902 cells expressing control or HPDL sgRNA after 5 weeks post-injection. h,Â i, Representative (h) and quantification (i) of H&E and immunohistochemistry for cleaved caspase 3 (CC3), phospho-histone H3 (p-HH3), and the death to proliferation ratio (CC3:p-HH3) from MIAPACA2 tumours from a. j, Overall and progression-free survival of HPDL high (nâ€‰=â€‰44) and low (nâ€‰=â€‰96) expressing PDAC tumours from the TCGA dataset. â€œn,â€� and each point represents the number of biologically independent experiments for each group and condition. Survival curve (j) was compared using the two-sided Log-rank (Mantel-Cox) test. Graphs (medianâ€‰Â±â€‰max/min (a, c, e, g, i)) were compared by two-tailed Mann Whitney test (e, g), one-way ANOVA (a, c, i), followed by Holm-Sidak post hoc test (*Pâ€‰<â€‰0.05, ^Pâ€‰<â€‰0.01, %Pâ€‰<â€‰0.005, #Pâ€‰<â€‰0.0001).
Source data


Extended Data Figure 11 HPDL-dependent CoQ10 biosynthesis pathway.
The canonical tyrosine catabolism, HPDL-dependent (red), and HPDL-independent (purple) CoQ10 biosynthetic pathways are shown as indicated. The HPDL-independent pathway was proposed from earlier studies in rats34. Dotted lines represent unknown pathway or transport steps. Potential intermediates and enzymes are proposed within the 4-HMA, HPDL-dependent and HPDL-independent pathways.


Extended Data Figure 12 Applications of gaseous labelling.
Our system for gaseous labelling can label cells with a wide range of isotopically labelled gases to study their incorporation into metabolites, lipids, nucleotides, proteins, and other cellular components to understand the mechanisms of the biological effects of these gases.





Supplementary information
Supplementary Information
This file contains raw western blot data for Fig. 2aâ€“d, andÂ Extended Data Figs. 1f, g, 7e, 9e, i.


Reporting Summary

Supplementary Table 1
List of 18O-labelled metabolites.


Supplementary Table 2
Blastp HPDL alignment descriptions.


Supplementary Table 3
Reagents.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


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



Cite this article
Banh, R.S., Kim, E.S., Spillier, Q. et al. The polar oxy-metabolome reveals the 4-hydroxymandelate CoQ10 synthesis pathway.
                    Nature 597, 420â€“425 (2021). https://doi.org/10.1038/s41586-021-03865-w
Download citation
	Received: 02 June 2020

	Accepted: 29 July 2021

	Published: 01 September 2021

	Issue Date: 16 September 2021

	DOI: https://doi.org/10.1038/s41586-021-03865-w


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

                
                    	
                            
                                
                                    
                                        The pleiotropic functions of reactive oxygen species in cancer
                                    
                                

                            
                                
                                    	Katherine Wu
	Ahmed Ezat El Zowalaty
	Thales Papagiannakopoulos


                                
                                Nature Cancer (2024)

                            
	
                            
                                
                                    
                                        A novel homozygous HPDL variant in Japanese siblings with autosomal recessive hereditary spastic paraplegia: case report and literature review
                                    
                                

                            
                                
                                    	Fumikazu Kojima
	Yuji Okamoto
	Hiroshi Takashima


                                
                                neurogenetics (2024)

                            
	
                            
                                
                                    
                                        Integrative lactylation and tumor microenvironment signature as prognostic and therapeutic biomarkers in skin cutaneous melanoma
                                    
                                

                            
                                
                                    	Yuhan Zhu
	Binyu Song
	Baoqiang Song


                                
                                Journal of Cancer Research and Clinical Oncology (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
