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            Abstract
Mitotic defects activate the spindle-assembly checkpoint, which inhibits the anaphase-promoting complex co-activator CDC20 to induce a prolonged cell cycle arrest1,2. Once errors are corrected, the spindle-assembly checkpoint is silenced, allowing anaphase onset to occur. However, in the presence of persistent unresolvable errors, cells can undergo â€˜mitotic slippageâ€™, exiting mitosis into a tetraploid G1 state and escaping the cell death that results from a prolonged arrest. The molecular logic that enables cells to balance these duelling mitotic arrest and slippage behaviours remains unclear. Here we demonstrate that human cells modulate the duration of their mitotic arrest through the presence of conserved, alternative CDC20 translational isoforms. Downstream translation initiation results in a truncated CDC20 isoform that is resistant to spindle-assembly-checkpoint-mediated inhibition and promotes mitotic exit even in the presence of mitotic perturbations. Our study supports a model in which the relative levels of CDC20 translational isoforms control the duration of mitotic arrest. During a prolonged mitotic arrest, new protein synthesis and differential CDC20 isoform turnover create a timer, with mitotic exit occurring once the truncated Met43 isoform achieves sufficient levels. Targeted molecular changes or naturally occurring cancer mutations that alter CDC20 isoform ratios or its translational control modulate mitotic arrest duration and anti-mitotic drug sensitivity, with potential implications for the diagnosis and treatment of human cancers.
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                    Fig. 1: Human cells express alternative CDC20 translational isoforms.[image: ]


Fig. 2: Truncated CDC20 proteoforms are inefficient targets of the SAC.[image: ]


Fig. 3: CDC20 proteoform levels modulate the duration of mitotic arrest.[image: ]


Fig. 4: CDC20 proteoform levels change during a mitotic arrest.[image: ]


Fig. 5: CDC20 proteoform levels alter anti-mitotic drug sensitivity.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Human cells express alternative isoforms of Cdc20. Related to Fig. 1.
(A) Western blot showing mitotic HeLa cells collected by shake-off after overnight treatment with 330 nM nocodazole. Lysates alone, with buffer only, or with buffer and lambda phosphatase treatment were probed using antibodies recognizing the C-terminus of human Cdc20 (aa 450â€“499). GAPDH was used as loading control. (B) Western blot showing multiple human cancer cell lines (A549, DLD-1, and U2OS) and the non-transformed human hTERT RPE-1 cells treated with control or Cdc20 siRNAs, as well as the mouse NIH/3T3 cell line. Cdc20 protein species were detected with antibodies recognizing the C-terminus of human Cdc20 (aa 450â€“499). Î²-actin or GAPDH was used as loading control. (C) Sequence information for the homozygous âˆ†M1 mutant cell line lacking the canonical M1 ATG start codon. The DNA sequence of the genomic locus was determined by next-generation sequencing. (D) Sequence information for the M1-stop mutant cell line showing insertions of 53 nt and 105 nt respectively after the L14 residue. Underlined are premature stop codons that are in-frame with the M1 ATG start codon for both CDC20 alleles. The DNA sequence of the genomic locus was determined by next-generation sequencing. (E) Growth curves of control HeLa compared to the âˆ†M1 and M1-stop mutant cell lines. (F) Graph showing mitotic duration for control HeLa compared to the âˆ†M1 and M1-stop mutant cell lines. Each point represents a single cell. The bars correspond to the mean. Indicated are the mean mitotic duration Â± standard deviation across two experimental replicates, with replicates shaded-coded. The total number of cells analysed is indicated. Statistics from Studentâ€™s two-sample t-Test with two-tailed distribution (****pâ€‰<â€‰0.0001, NS not significant).
Source data


Extended Data Fig. 2 Cdc20 isoforms are produced by alternative translation initiation at downstream in-frame start codons. Related to Fig. 1.
(A) Protein sequence of the N-terminal region of human Cdc20 with conserved motifs indicated. Methionine residues are highlighted in red. Arrow indicates the location of indel mutations in the CDC20_M1-fs-M43 cell line. (B) Cdc20 tryptic peptides with N-terminal acetylation indicative of translation initiation were identified following GFP immunoprecipitation-mass spectrometry of mitotically-enriched HeLa cells containing one allele of CDC20 with an endogenous C-terminal mEGFP tag. The identified peptide sequence, number of peptide-spectrum matches (#PSMs), and the cross-correlation (Xcorr) value from the SEQUEST search are indicated. Due to the presence of neighbouring arginine residues, we did not detect the Ac-M43 peptide in this tryptic digest. (C) Cdc20 peptides as in (B), except using the endopeptidase LysC alone and isolated using a C-terminal mEGFP tag in a cell line lacking the full-length Cdc20 protein (CDC20_M1-fs-M43) to maximize identification of alternative isoforms. (D) Analysis of human CDC20 nucleic acid sequence reveals two alternative out-of-frame start codons between Met1 and Met43. The amino acid sequence of the predicted alternative open reading frame (altORF) is indicated in blue, with the methionines bolded in cyan. Methionine residues are highlighted in red. (E) Conservation analysis for the presence of Cdc20 altORF across various mammalian species. The altORF was detected in 77 out of 83 species analysed. For each species, start and stop codons are mapped relative to human Cdc20 protein sequence and indicated in cyan and magenta respectively. (F) Western blot following GFP immunoprecipitation of mEGFP-Cdc20 fusions expressed in mitotically-enriched M1-stop cells. Antibodies against GFP, the C-terminus of Cdc20, the N-terminus of Cdc20, APC7, and Bub3 were used to detect the mEGFP-fusions, endogenous Cdc20, APC/C, and MCC respectively.


Extended Data Fig. 3 Translation initiation at alternative out-of-frame start codons in HeLa cells. Related to Fig. 1.
(A) Schematic illustrating the strategy to assess whether translation initiation occurs at the alternative out-of-frame start codons. Cdc20 protein indicated in black; altORF peptide indicated in blue and cyan. Cell lines with indel mutations after the alternative start codons at the endogenous locus in all CDC20 alleles disrupt translation of the full-length Cdc20 protein. Some indel mutations resulted in a frame shift that would be predicted to connect the altORF peptide with amino acid sequences encoding downstream regions of Cdc20. If the altORF is translated, this would produce a chimeric protein (altATG-Cdc20) that is shorter than full-length Cdc20, but is detectable with antibodies against the Cdc20 C-terminus. In contrast, insertions upstream of the alternative out-of-frame start codons, such as those in the M1-stop mutant, should only abrogated expression of the full-length Cdc20 protein without generating a chimeric altATG-Cdc20 protein. (B) Analysis of wild-type human CDC20 nucleic acid sequence reveals two alternative out-of-frame start codons between Met1 and Met43. The amino acid sequence of the predicted alternative open reading frame (altORF) is indicated below the nucleic acid sequence, with the methionines bolded. Sequence information is shown for representative clones with indel mutations where at least one CDC20 allele results in a frame shift that connects the altORF peptide with amino acid sequences encoding downstream regions of Cdc20. The DNA sequence of the genomic locus was determined by next-generation sequencing. Insertions are highlighted in red. When present, the amino acid sequence of the resulting altATG-Cdc20 peptide produced is shown. (C) Western blot showing mitotically-enriched control HeLa, M1-stop mutant, and representative clones with indel mutations where at least one CDC20 allele resulted in a frame shift that connects the altORF peptide with amino acid sequences encoding downstream regions of Cdc20. Endogenous Cdc20 protein was detected using antibodies recognizing the C-terminus of human Cdc20 (aa 450â€“499). Î²-actin was used as loading control.


Extended Data Fig. 4 Truncated Cdc20 isoforms are inefficient targets of the SAC and promote mitotic slippage. Related to Fig. 2.
(A) Cumulative frequency distribution showing the fraction of mitotic cells over time post-mitotic entry for HeLa, âˆ†M1, and M1-stop cells treated with 10â€‰ÂµM STLC alone or in combination with the APC/C-inhibitor proTAME (12â€‰ÂµM). The total number of cells included in the analyses are indicated in brackets. (B) Cumulative frequency distribution as in (A) for HeLa, âˆ†M1, and M1-stop cells treated with 10â€‰ÂµM STLC and 100nM of either control siRNAs or Cdh1 siRNAs. (C) Cumulative frequency distribution as in (A) for HeLa, âˆ†M1, and M1-stop cells treated with 10â€‰ÂµM STLC and either expressing endogenous Cdc20 protein and treated with control siRNAs or upon Cdc20 replacement with ectopic wild-type CDC20 cDNA. (D) Mitotic duration of individual HeLa cells expressing doxycycline-inducible Cas9 and sgRNAs recognizing different regions within the CDC20 gene. Unperturbed mitotic progression or mitotic arrest behaviour were monitored upon treatment with DMSO or 10â€‰ÂµM STLC respectively. Cells entering mitosis in the first 350â€“400â€‰min of time lapse experiments were included in the analyses. Open red circles indicate cells that exit mitosis. Closed black circles indicate cells that remained arrested in mitosis till the end of the time lapse. Bars correspond to the median. (E) Representative immunofluorescence images of Bub1 or Mad2 localization to kinetochores immuno-stained with anti-centromere antibodies (ACA). Images are maximum intensity projections of deconvolved Z-stacks of selected mitotic cells from control HeLa or mutant âˆ†M1 or M1-stop cell lines treated with nocodazole. Images were scaled individually to highlight kinetochore localization. Scale bar, 5â€‰Âµm. (F) Cumulative frequency distribution as in (A) except for HeLa, âˆ†M1, and M1-stop cells treated with 10â€‰ÂµM STLC alone or in combination with the Mps1-inhibitor AZ3146 (4â€‰ÂµM). (G) Cumulative frequency distribution as in (A) except for HeLa, âˆ†M1, and M1-stop cells treated with 10â€‰ÂµM STLC and either control siRNAs or Mad2 siRNAs.
Source data


Extended Data Fig. 5 Loss of amino acid sequences and protein interactions within the Cdc20 N-terminus results in SAC defect. Related to Fig. 2.
(A) Protein sequence of the N-terminal region of human Cdc20 with conserved motifs and CDK phosphorylation sites indicated. Targeted mutations are shown in magenta. (B) Mitotic arrest duration in the presence of 10â€‰ÂµM STLC for individual HeLa cells in which the endogenous Cdc20 protein is replaced with either wild-type siRNA-resistant CDC20 cDNA or âˆ†M1 or Box1-Ala mutant constructs. Cells entering mitosis in the first 450â€‰min of time lapse experiments were included in analyses. Open red circles indicate cells that exit mitosis. Closed black circles indicate cells that remained arrested in mitosis until the end of the time lapse. Bars correspond to median. Indicated are the median mitotic duration times across two experimental replicates, with replicates shaded-coded. The total number of cells analysed is indicated. Statistics are from a Mann-Whitney Test (**pâ€‰<â€‰0.01, ***pâ€‰<â€‰0.001, ****pâ€‰<â€‰0.0001). (C) Mitotic arrest duration analysis as in (B) comparing the wild-type Cdc20 construct with R132A or âˆ†M1 alone or âˆ†M1 R132A double mutant constructs. (D) Mitotic arrest duration analysis as in (B) comparing the wild-type Cdc20 construct with either âˆ†M1, S41A, or 4A mutant constructs.
Source data


Extended Data Fig. 6 Cdc20 translational isoforms modulate mitotic arrest duration. Related to Fig. 3.
(A) Mitotic arrest duration of individual HeLa or U2OS cells treated with 10â€‰ÂµM STLC alone or with a combination of STLC and siRNA treatment (either control siRNAs or Cdc20 siRNAs). Cells entering mitosis in the first 600â€‰min (HeLa) or 700â€‰min (U2OS) of time lapse experiments were included in analyses. Open red circles indicate cells that exit mitosis. Closed black circles indicate cells that remained arrested in mitosis till the end of the time lapse. Blue circles indicate cells that die in mitosis. Bars correspond to median. Indicated are the median mitotic duration times across two experimental replicates, with replicates shaded-coded. The total number of cells analysed is indicated. (B) Western blot of mitotically-enriched HeLa or U2OS cells expressing endogenous Cdc20 protein or upon Cdc20 replacement with either wild-type CDC20 cDNA or a Cdc20 M43L M88L mutant construct. Cells were enriched in mitosis with 10â€‰ÂµM STLC for 18â€‰h. Cdc20 protein was detected using antibodies recognizing the human Cdc20 C-terminus (aa 450â€“499). Î²-actin was used as loading control. (C) Similar mitotic arrest duration analysis as in (A) except comparing HeLa cells in which the endogenous Cdc20 protein is replaced with siRNA-resistant CDC20(R132A) cDNA or a CDC20(M43L M88L R132A) mutant construct. NOTE: data for the CDC20(R132A) mutant is duplicated from Extended Data Fig. 5c. Statistics are from Mann-Whitney Test (*pâ€‰<â€‰0.05). (D) Competitive proliferation assay with long-term conditional Cdc20 replacement. Left, schematic of competitive proliferation assay. BFP-expressing HeLa cells with an ectopic siRNA-resistant CDC20(WT) construct were mixed 1:1 with mCherry-expressing HeLa cells with similar CDC20(WT) or CDC20(M43L M88L) constructs. Endogenous Cdc20 protein was depleted by siRNA transfection every 3-4 days for 24 days. Right, graph monitoring proliferation by flow cytometry analysis. The percentage of mCherry-positive cells at the indicated timepoint was quantified and normalized to the initial levels determined two days after the first siRNA transfection. (E) Western blot of single-thymidine synchronized HeLa cells expressing GFP alone or GFP-eIF1 post-release into medium with STLC for 16â€‰h. Cdc20 isoform levels in serial diluted lysates were quantified for the full-length and M43 isoforms from short exposure and long exposure images respectively with antibodies recognizing the two Cdc20 isoforms. The levels in the undiluted HeLa sample expressing GFP alone (40â€‰Âµg) were set to 1.
Source data


Extended Data Fig. 7 Cdc20 isoform levels change during a prolonged mitotic arrest to promote mitotic slippage. Related to Fig. 4.
(A) Western blot showing HeLa cells that were synchronized using double-thymidine block and collected at different time points post-release with STLC treatment to induce a prolonged mitotic arrest. Cdc20 isoform levels were determined with antibodies recognizing the full-length and M43 isoforms. GAPDH was used as loading control. The ratio of full-length:M43 isoforms was quantified at the indicated time points using a LI-COR system. (B) Western blot of immunoprecipitated APC/C from mitotically-arrested HeLa cells collected by shake-off after treatment with STLC for 6â€‰h (short mitotic arrest) or 16â€‰h (long mitotic arrest). APC/C-bound Cdc20 proteins were detected using antibodies against the N-terminus of Cdc20 antibodies recognizing the full-length and M43 isoforms. (C) Western blot showing mitotically-arrested U2OS cells collected at various time points after addition of 50â€‰Âµg/ml cycloheximide to inhibit new protein synthesis. Serial dilutions of the initial untreated cells were quantified for the full-length and M43 isoforms using a LI-COR system to determine the linear range of the N-terminal Cdc20 antibody recognizing the two Cdc20 isoforms. (D) Western blot as in (C) showing U2OS cells treated with 10â€‰ÂµM MG-132 alone to assess new protein synthesis or together with 50â€‰Âµg/ml cycloheximide to inhibit new protein synthesis. Cdc20 isoform levels were quantified for the full-length and M43 isoform using a LI-COR system and GAPDH was used as loading control. The levels in the initial MG-132 only cells were set to 1. (E) Western blot as in (C) showing U2OS cells treated with 50â€‰Âµg/ml cycloheximide alone or together with 10â€‰ÂµM MG-132 to inhibit proteosome-mediated degradation. (F) Representative phase contrast images of mitotically-arrested U2OS cells at 3â€‰h post-cycloheximide addition or the corresponding untreated cells. NOTE: Larger field view of images in Fig. 4d. Scale bar, 100â€‰Âµm.


Extended Data Fig. 8 Cdc20 translational isoform levels alter cancer cell anti-mitotic drug sensitivity. Related to Fig. 5.
(A) Sensitivity of HeLa or M1-stop cells to increasing concentrations of Taxol, Nocodazole, or the CENP-E inhibitor GSK923295. Cell viability was determined by MTT assay in triplicate following 72â€‰h drug treatment. Data are mean Â± s.e.m from three (Nocodazole) or four (Taxol, GSK923295) experimental replicates. Statistics from Studentâ€™s two-sample t-Test with two-tailed distribution comparing HeLa and M1-stop cell viabilities per drug concentration (*pâ€‰<â€‰0.05, **pâ€‰<â€‰0.01). (B) Mitotic arrest duration in the presence of 10â€‰ÂµM STLC for individual HeLa, âˆ†M1, or M1-stop cells expressing the wild-type CDC20 cDNA. Open red circles indicate cells that exit mitosis. Closed black circles indicate cells that remained arrested in mitosis till the end of the time lapse. Bars correspond to the median across two experimental replicates, with replicates shaded-coded. The total number of cells analysed is indicated. (C) Schematic illustrating the approach to isolate clonal cell lines from the polyclonal M1-stop mutant expressing the doxycycline-inducible wild-type CDC20 construct. Multiple clones were analysed to assess the correlation between the mitotic arrest behaviour of a given clone and the expression level of the integrated doxycycline-inducible CDC20 construct (see text for details). (D) Similar sensitivity assay as in (A) except for STLC for representative clones of M1-stop mutant with low, medium, or high expression of the doxycycline-inducible wild-type CDC20 construct without induction or induced with 20â€‰ng/ml doxycycline. Data are mean Â± s.e.m from three experimental replicates. Statistics from Studentâ€™s two-sample t-Test with two-tailed distribution comparing the uninduced and induced cell viabilities per drug concentration (*pâ€‰<â€‰0.05, **pâ€‰<â€‰0.01). (E) Similar mitotic arrest duration as in (B) except for representative clones of M1-stop mutant with low, medium, or high expression of the doxycycline-inducible wild-type CDC20 construct. Cells were treated with Cdc20 siRNAs to deplete endogenous truncated Cdc20 isoforms. Low Cdc20 expression from the inducible CDC20 construct fails to support mitotic progression even before addition of STLC. (F) Cumulative frequency distribution for the fraction of cells in mitosis at the indicated time after entry into mitosis (mitotic arrest duration) for HEC-6 cells treated with 10â€‰ÂµM STLC alone or together with 6â€‰ÂµM proTAME. The total number of cells analysed across two experimental replicates is indicated. (G) Mitotic duration in the presence of increasing concentrations of proTAME for individual HeLa or HEC-6 cells. Symbols are as described in (B). Indicated are the median mitotic duration times across two experimental replicates, with the total number of cells analysed and replicates shaded-coded. (H) Cumulative frequency distribution as in (F) for HEC-6 cells that had the endogenous Cdc20 protein replaced with either CDC20(âˆ†M1) or CDC20(âˆ†M1 M43L) mutant constructs.
Source data


Extended Data Fig. 9 Differential turnover of Cdc20 isoforms creates a mitotic arrest timer.
Diagram showing changing Cdc20 isoform ratios across the indicated conditions inferred from the data in the referenced experiments. We propose the changing levels of the Cdc20 isoforms in arrested cells occurs due to differential protein turnover creating a molecular timer to directly control the mitotic arrest duration. When the short M43 isoform reaches a ratio such that it comprises approximately one quarter of the total Cdc20 protein, it will be able to activate a sufficient portion of the APC/C to trigger mitotic exit even in the presence of continued SAC activation. The graph highlights multiple experiments conducted in this paper to alter Cdc20 isoform ratios or prevent new protein synthesis.


Extended Data Table 1 The SAC is defective in âˆ†M1 and M1-stop mutant cell lines. Related to Extended Data Fig. 4Full size table





Supplementary information
Supplementary Information
Uncropped western blots for each figure (Supplementary Fig. 1); a list of the antibodies used with the corresponding experimental conditions (Supplementary Table 1); and a list of the cell lines used in the study (Supplementary Table 2).


Reporting Summary

Peer Review File




Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 5

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 8




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


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



Cite this article
Tsang, MJ., Cheeseman, I.M. Alternative CDC20 translational isoforms tune mitotic arrest duration.
                    Nature 617, 154â€“161 (2023). https://doi.org/10.1038/s41586-023-05943-7
Download citation
	Received: 06 October 2021

	Accepted: 13 March 2023

	Published: 26 April 2023

	Issue Date: 04 May 2023

	DOI: https://doi.org/10.1038/s41586-023-05943-7


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
                        








            


            

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    An unexpected timer for cell division
                

                
	Silke Hauf



                
    
        
            Nature
        
        News & Views
        
        
            26 Apr 2023
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
