







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 02 December 2015



                    Replication stress activates DNA repair synthesis in mitosis

                    	Sheroy Minocherhomji1Â na1, 
	Songmin Ying2,3Â na1, 
	Victoria A. Bjerregaard1, 
	Sara Bursomanno1, 
	Aiste Aleliunaite1, 
	Wei Wu1, 
	Hocine W. Mankouri1, 
	Huahao Shen2,4, 
	Ying Liu1 & 
	â€¦
	Ian D. Hickson1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 528,Â pages 286â€“290 (2015)Cite this article
                    

                    
        
            	
                        37k Accesses

                    
	
                        349 Citations

                    
	
                            90 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cancer genetics
	Chromosome segregation
	Fragile sites


    


                
    
    

    
    

                
            


        
            Abstract
Oncogene-induced DNA replication stress has been implicated as a driver of tumorigenesis1. Many chromosomal rearrangements characteristic of human cancers originate from specific regions of the genome called common fragile sites (CFSs)2,3,4,5. CFSs are difficult-to-replicate loci that manifest as gaps or breaks on metaphase chromosomes (termed CFS â€˜expressionâ€™), particularly when cells have been exposed to replicative stress6. The MUS81â€“EME1 structure-specific endonuclease promotes the appearance of chromosome gaps or breaks at CFSs following replicative stress7,8,9. Here we show that entry of cells into mitotic prophase triggers the recruitment of MUS81 to CFSs. The nuclease activity of MUS81 then promotes POLD3-dependent DNA synthesis at CFSs, which serves to minimize chromosome mis-segregation and non-disjunction. We propose that the attempted condensation of incompletely duplicated loci in early mitosis serves as the trigger for completion of DNA replication at CFS loci in human cells. Given that this POLD3-dependent mitotic DNA synthesis is enhanced in aneuploid cancer cells that exhibit intrinsically high levels of chromosomal instability (CIN+) and replicative stress, we suggest that targeting this pathway could represent a new therapeutic approach.
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                    Figure 1: Replicative stress activates DNA synthesis at CFSs in mitosis.[image: ]


Figure 2: MUS81, SLX4, SMC2 and WAPL promote DNA synthesis at CFSs in mitosis.[image: ]


Figure 3: DNA synthesis at CFSs in mitosis suppresses non-disjunction.[image: ]


Figure 4: POLD3 promotes DNA synthesis in mitosis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Replicative stress activates DNA synthesis in mitosis.
a, b, Experimental workflow (a) and representative images (b) showing asynchronously growing U2OS cells pre-treated with low-dose APH (+APH) or without APH (âˆ’APH) followed by EdU labelling for 30â€‰min. Nuclei were stained with DAPI (blue). S-phase cells are indicated as being positive for cyclin A (red) and EdU incorporation (green). Cells in G2 (cyclin A positive) and G1 daughter cells (cyclin A negative) show negligible EdU staining. c, Uncropped images from Fig. 1a showing EdU foci (red) formation in condensed mitotic nuclei stained using DAPI (blue). Scale bars (b, c), 10â€‰Î¼m. d, Still images from Supplementary Video 1 showing representative individual frames from a live cell imaging experiment (nâ€‰=â€‰3 live cell imaging experiments) at various time points. The yellow arrow (frame 3, from the left) shows the initiation of nuclear envelope breakdown (NEBD) and characteristic invaginations in the nuclear lamina in a late prophase cell with partially condensed chromosomes. Selected areas (white boxes) are enlarged below. Scale bars, 10â€‰Î¼m. e, Experimental workflows used to follow cells through mitosis and into the next cell cycle and as indicated. f, FACS analysis of U2OS and HeLa cells as indicated above. g, Western blot analysis for the mitosis-specific MPM2 epitope-containing antigens (top panel) and PH3S10 (bottom panel). Actin was used as a loading control.


Extended Data Figure 2 Assessment of mitotic progression and EdU incorporation following a reversible arrest of cells in very late G2 using the RO3306 CDK1 small molecule inhibitor.
aâ€“c, Experimental workflow used (a) and representative images (b) and quantification (c) showing the progression of cells through mitosis using PH3S10 (green) as a marker of entry into mitosis and chromosome condensation following a reversible G2 arrest. Nuclei and chromosomes are stained using DAPI (blue). d, Representative images showing the progressive disappearance of the nuclear lamina (lamin A/C, green) as cells progress into mitosis while condensing their nuclear genome. Yellow arrows indicate invaginations in the nuclear lamina upon entry into mitosis. Un/condensed nuclei were stained using DAPI (blue). e, f, Experimental workflows used (e) and representative images (f) showing DNA synthesis (EdU foci, red) in late G2 phase arrested cells or in cells released from this arrest into prometaphase or metaphase and as indicated. Low-dose APH (+APH) and/or EdU were added to cells where indicated. Intact or partially condensed nuclei are stained using DAPI (blue). g, Quantification of EdU positive (EdU+) or EdU negative (EdUâˆ’) metaphase cells following a release from the nocodazole arrest (e, right column). Scale bars (b, d, f), 10â€‰Î¼m. nâ€‰=â€‰number of cells quantified in each case as indicated. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 3 Replicative stress activates DNA synthesis at common fragile sites (CFSs) in mitosis.
a, b, Experimental workflow used (a) and representative images (FRA3B cropped from Fig 1d). (b) showing examples of chromosome breaks/gaps harbouring known CFS loci (ideograms, black arrows) and that are positive for EdU (red). Chromosomes were stained using DAPI (blue). Images were captured using a 60Ã—â€‰objective. c, Representative images showing EdU FISH analysis to assess the co-localization (yellow arrowheads) between EdU foci (red) and biotin-labelled FRA3B or FRA16D FISH signals (green) in individual metaphase spreads. Chromosomes were stained using DAPI (blue). Selected regions of interest are magnified and shown in numbered panels. d, Quantification of co-localized EdU and FRA16D foci from panel c in cells treated with (APH) or without (control) low-dose APH. e, f, Representative images (e) and quantification (f) of EdU foci (red) at centromeres or telomeres (green) in DAPI-stained mitotic nuclei (blue). Selected regions of interest are magnified and shown in numbered panels below. Scale bars (c, e), 10â€‰Î¼m. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 4 Catalytically active MUS81, SLX4, WAPL and SMC2 are collectively required for sister chromatid disjunction in anaphase.
a, Representative western blots of the indicated proteins (left) after siRNA treatments (shown above). Actin and histone H3 were used as whole-cell lysate and nuclear loading controls, respectively, and PH3S10 indicates mitotic chromatin. b, c, Representative images (b) and quantification (c) of co-localized SLX4 foci (red) and FANCD2 twin foci (green) in mitotic cells (DAPI, blue) after pre-treatment of cells with low-dose APH (+APH). Selected regions of interest are magnified and shown in numbered panels. d, Same as panel c, except following the indicated RNA interference (RNAi). eâ€“g, Experimental workflow used (e), representative images (f) and quantification (g) of anaphase cells stained for PICH (red) and FANCD2 (green) after depletion of the proteins indicated on the left. Selected regions of interest are magnified and shown in numbered panels. Yellow arrows show lagging chromatin. DNA was stained with DAPI (blue). h, Representative images showing DAPI-positive bulky chromatin bridges in anaphase cells after depletion of indicated proteins and pre-treatment of cells with low-dose APH. In the upper panel, MUS81 RNAi-treated cells were reconstituted with either wild-type MUS81 (MUS81 WT) or a nuclease-dead MUS81 (MUS81(D338A/D339A)) version, as indicated in red. Scale bars (b, f, h), 10â€‰Î¼m. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 5 Early mitotic events promote DNA synthesis at CFSs in early mitosis and reduce the transmission of errors to daughter cells.
aâ€“c, Experimental workflow used (a), representative images (b) and quantification (c) of 53BP1 nuclear bodies (green) in G1 daughter cells (DAPI, blue) after the indicated siRNA treatments (shown above). dâ€“f, Experimental workflow used (d), representative metaphase chromosome spreads (stained using DAPI) (e) and quantification (f) of sister chromatid cohesion release after depletion of the proteins indicated or following inhibition of PLK1 using the small molecule inhibitor BI-2536 (PLK1i) in mitosis. g, h, Experimental workflow used (g) and quantification (h) of FANCD2 DNA damage foci in EdU+ S phase cells after RNAi and APH pre-treatment (+APH) as indicated. i, j, Experimental workflow used (i) and quantification (j) of EdU-positive (EdU+) or EdU-negative (EdUâˆ’) FANCD2 twin foci in prometaphase cells after exposure to PLK1i in mitosis. Scale bars (b, e), 10â€‰Î¼m. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 6 Administration of high-dose APH in mitosis abolishes DNA synthesis in mitosis and decreases cell survival.
a, b, Representative images (a) and quantification (b) of EdU incorporation at breaks/gaps on metaphase chromosomes (DAPI, blue) after low-dose aphidicolin pre-treatment in S phase. câ€“f, Experimental workflow (c), representative FACS analysis profiles (d), representative EdU immunofluorescence images (e), and quantification (f) of a lack of co-localization between sites of EdU incorporation (labelled in the previous mitosis; red) and 53BP1 nuclear bodies (green) in G1 daughter cells. Selected regions of interest are magnified and shown in numbered panels. g, Representative FISH images showing localization of FRA16D (red signals) and FRA3B (green signals) on metaphase chromosomes (DAPI, blue). h, Representative images showing CFS-associated FANCD2 twin foci (green) and PICH staining (red) in prometaphase and anaphase MRC5 cells treated with or without high-dose APH (Â±2â€‰Î¼M APH) in mitosis and as indicated. White and yellow arrows indicate lagging chromosomes and anaphase bridges, respectively. i, j, Representative images (i) and quantification (j) showing FISH analysis using directly labelled â€˜paintâ€™ probes for chromosome 3 (green) or chromosome 16 (green) in cytochalasin B arrested binucleated cells (DAPI; blue) treated or not with low-dose aphidicolin (+ APH) in S phase. k, l, Experimental workflow used (k, top), representative crystal violet stained colonies (k, bottom) and quantification (l) of colony formation assay used to assess cell viability as indicated in HCT-116 or MRC5 cell lines. Scale bars, 10â€‰Î¼m unless indicated otherwise. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 7 DNA repair proteins recruited to regions synthesizing DNA in early mitosis after replicative stress.
a, b, Experimental workflows (a) and representative extended western blots of the indicated proteins (left, b) and in the indicated cell lines (top) from Fig. 4a. Actin and histone H3 were used as loading controls for soluble (cytosolic and nuclear) and insoluble (chromatin bound) fractions, respectively. PH3S10 indicates mitotic chromatin fractions. Three cell populations are shown: asynchronous (AS), G2-arrested (G2) and prometaphase (M). câ€“f, Experimental workflows used (c, d) and western blots (e, f) showing POLD3 or POLD4 levels after either POLD3 (e) or POLD4 (f) siRNA treatments (shown above) in the indicated cell lines. Histone H3 was used as a nuclear loading control. g, FACS traces of asynchronous (left) and prometaphase (right) cells following RNAi as indicated. h, i, Representative images (h) and quantification (i) of FANCD2 DNA damage foci in EdU+ S-phase cells or EdUâˆ’ G2 phase cells after RNAi and APH treatment (+APH).


Extended Data Figure 8 POLD3 promotes faithful chromosome segregation and maintains genome stability.
a, Experimental workflow used. b, Representative western blot analysis of the proteins as indicated (left) from the whole-cell lysates obtained from two POLD3-siRNA-resistent wild-type POLD3 U2OS stable clones following the indicated RNAi treatments. c, d, Representative FISH images of isolated metaphase chromosomes (c) and quantification (d) of chromosome breaks/gaps at the FRA16D CFS locus (red). e, f, Representative images (e) and quantification (f) of UFBs stained using PICH (red) and FANCD2 foci at their bridge termini (green) in anaphase cells (stained using DAPI) (blue) and following the siRNA treatments as indicated (left). Selected regions are magnified and shown in separate numbered panels. g, h, Representative images (g) and quantification (h) of 53BP1 nuclear bodies (green) in early G1 daughter cells (stained using DAPI) (blue) following the siRNA treatments as indicated (left). iâ€“k, Representative western blots (i) and their quantification (j, k) of the indicated proteins (left) in chromatin-bound nuclear fractions from asynchronous or prometaphase (mitotic) cells following the RNAi treatment as indicated above. Histone H3 was used as a chromatin loading control and PH3S10 indicates mitotic chromatin. All scale bars, 10â€‰Î¼m. Data are means of at least three independent experiments. Error bars represent s.e.m.


Extended Data Figure 9 Cell lines analysed, and proposed models summarizing and extending the main findings of this study.
a, A list of cultured human cell lines analysed in this study. b, DNA-level model showing how a stalled replication fork at a CFS might be repaired after replication stress. This would first require cleavage of the stalled replication fork, which we propose utilizes the MUS81â€“EME1 endonuclease and/or other nucleases. The subsequent formation of a D-loop structure would initiate POLD3-dependent conservative DNA synthesis, akin to BIR, in early mitosis. c, A model at the chromosome level to indicate how MUS81- and POLD3-dependent DNA synthesis is triggered at CFSs (marked by SLX4 and FANCD2 twin foci), and how it is dependent on the collective action of chromosome condensation and WAPL-mediated cohesin release in prophase (diagrams in top panel). DNA synthesized in this pathway manifests as uncondensed regions that nevertheless facilitate chromosome disjunction (diagrams in top panel). In contrast, if WAPL-dependent cohesion dissolution in prophase or chromosome condensation is defective, or when MUS81 or POLD3 function is compromised, a reduction in CFS expression is observed, associated with an increase in chromosome non-disjunction/mis-segregation events, which can activate cell death and increase the frequency of aneuploidy (diagrams in bottom panel).


Extended Data Figure 10 Aneuploid/CIN+ cancer cells show elevated levels of DNA synthesis at CFSs in condensed mitotic nuclei.
a, Experimental workflow used to assess the DNA damage response in human cells after replicative stress (+APH). b, c, Representative images of asynchronous human cells (b) and quantification (c) showing FACS (top panel) and immunofluorescence analysis for FANCD2 DNA damage foci (green) in EdU-positive (red) S-phase nuclei (bottom two panels). d, Experimental workflow used to assess mitotic DNA synthesis at CFS-associated FANCD2 twin foci in human cells after replicative stress (+APH). e, f, Representative images (e) and quantification (f) showing FACS (top panel) and immunofluorescence analysis for EdU foci (red) and CFS-associated FANCD2 twin foci (green) (bottom two panels) in cells arrested in prometaphase. g, Total number and normalized values of co-localized EdU foci and FANCD2 twin foci. In each cell line studied, values per 100 cells scored were normalized to a diploid chromosome number. Scale bars (b, e), 10â€‰Î¼m. Data are means of at least three independent experiments. Error bars represent s.e.m.
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Chromosome condensation in prophase precedes nuclear envelope breakdown (NEBD)
A representative video (n = 3 live cell imaging experiments) demonstrating the progress of cells during a time-lapse microscopy experiment. The video shows a representative cell captured using DIC (differential imaging contrast) as it progresses from G2 (uncondensed nuclei) through mitosis (condensed chromosomes) and into the G1 phase (decondensed daughter cells) of the following cell cycle. Time is shown hours:minutes. The initiation of mitotic chromosome condensation occurs at 56 mins and characteristic invaginations in the nuclear lamina associated with the commencement of NEBD occur at 59 mins. (MOV 17660 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Minocherhomji, S., Ying, S., Bjerregaard, V. et al. Replication stress activates DNA repair synthesis in mitosis.
                    Nature 528, 286â€“290 (2015). https://doi.org/10.1038/nature16139
Download citation
	Received: 23 January 2015

	Accepted: 08 October 2015

	Published: 02 December 2015

	Issue Date: 10 December 2015

	DOI: https://doi.org/10.1038/nature16139


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 immediate-early protein 1 of human herpesvirus 6B interacts with NBS1 and inhibits ATM signaling
                                    
                                

                            
                                
                                    	Vanessa Collin
	Ã‰lise Biquand
	AmÃ©lie Fradet-Turcotte


                                
                                EMBO Reports (2024)

                            
	
                            
                                
                                    
                                        PARP2 promotes Break Induced Replication-mediated telomere fragility in response to replication stress
                                    
                                

                            
                                
                                    	Daniela Muoio
	Natalie Laspata
	Elise Fouquerel


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Chronic replication stress invokes mitochondria dysfunction via impaired parkin activity
                                    
                                

                            
                                
                                    	Tsuyoshi Kawabata
	Reiko Sekiya
	Tao-Sheng Li


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Mitotic DNA synthesis in response to replication stress requires the sequential action of DNA polymerases zeta and delta in human cells
                                    
                                

                            
                                
                                    	Wei Wu
	Szymon A. Barwacz
	Ying Liu


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Mitotic tethering enables inheritance of shattered micronuclear chromosomes
                                    
                                

                            
                                
                                    	Prasad Trivedi
	Christopher D. Steele
	Don W. Cleveland


                                
                                Nature (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
            
        

        
    



            

        
    


    
        Editorial Summary
Inbuilt chromosome fragility
Common fragile sites (CFSs) are regions of eukaryotic genomes that are sensitive to DNA replication stressors. They are stably maintained and replicated in the human genome most of the time, but have been associated with some cancers and genetic disease. CFS 'expression' was shown recently to be a programmed event promoted by the MUS81 endonuclease, rather than disruption of the chromosome structure caused by mechanical forces in mitosis. Ian Hickson and colleagues have now defined the specific chain of events causing CFSs. They describe a pathway of unscheduled DNA synthesis regulated by the MUS81 endonuclease, the POLD3 subunit of DNA polymerase delta and the prophase pathway in early mitosis.

show all

    

    
    

    
        
            
                
                    
                        
                            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: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        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 cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
