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            Abstract
Genomic instability can trigger cellular responses that include checkpoint activation, senescence and inflammation1,2. Although genomic instability has been extensively studied in cell culture and cancer paradigms, little is known about its effect during embryonic development, a period of rapid cellular proliferation. Here we report that mutations in the heterohexameric minichromosome maintenance complexâ€”the DNA replicative helicase comprising MCM2 to MCM73,4â€”that cause genomic instability render female mouse embryos markedly more susceptible than males to embryonic lethality. This bias was not attributable to XÂ chromosome-inactivation defects, differential replication licensing or X versus Y chromosome size, but rather to â€˜malenessâ€™â€”XX embryos could be rescued by transgene-mediated sex reversal or testosterone administration. The ability of exogenous or endogenous testosterone to protect embryos was related to its anti-inflammatory properties5. Ibuprofen, a non-steroidal anti-inflammatory drug, rescued female embryos that contained mutations inÂ not only the Mcm genes but also the FancmÂ gene; similar to MCM mutants, Fancm mutant embryos have increased levels of genomic instability (measured as the number of cells with micronuclei) from compromised replication fork repair6. In addition, deficiency in the anti-inflammatory IL10 receptor was synthetically lethal with the Mcm4Chaos3 helicase mutant. Our experiments indicate that, during development, DNA damage associated with DNA replication induces inflammation that is preferentially lethal to female embryos, because male embryos are protected by high levels of intrinsic testosterone.
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                    Fig. 1: Female-biased embryonic lethality in MCM-depleted mice.[image: ]


Fig. 2: Anti-inflammatory activity of testosterone protects male embryos from the lethality induced by genomic instability.[image: ]


Fig. 3: Maternal genomic-instability genotype affects viability and placental inflammation of female embryos.[image: ]


Fig. 4: Dams with intrinsic genomic instability cause increased levels of DNA damage in the placenta.[image: ]



                


                
                    
                
            

            
                Data availability

              
              All data that underlie the findings of this study are presented in the paper, except for RNA-seq data, which have been deposited in the GEO database under accession number GSE119710. Source data are provided with the paper for the Î³H2AX and MCM protein quantifications.
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Extended data figures and tables

Extended Data Fig. 1 X chromosomeÂ inactivation is not perturbed in MCM-mutant embryos.
Mouse female embryos bearing one X-chromosome-linked GFP transgene were dispersed into single cells, and examined by flow cytometry for GFP fluorescence. Control mice were female littermates with a genotype of Mcm4C3/+Mcm2+/+ or Mcm4C3/C3Mcm2+/+. The centre line represents the mean, and error bars represent the s.d. in GFP+ cells among the individual embryos (n) used. There was no significance difference (n.s)Â between the values by an unpaired two-tailed t-test (PÂ =Â 0.926). C3/C3, Mcm4C3/C3; M2/+, Mcm2Gt/+.

                          Source data
                        


Extended Data Fig. 2 Placental, but not embryonic, levels of MCM are decreased in MCM mutantsÂ independent of maternal genotype, and NSAID does not rescue levels of MCM.
a, Representative western blots of protein lysates from E13.5 embryos and placentae of the indicated genotypes (top of each lane), immunolabelled with antibodies against MCM2, MCM4 and Î²-actin. The samples came from dams of two genotypes (indicated at the top of the panel). C3/C3, Mcm4C3/C3; C3/+, Mcm4C3/+; M2/+, Mcm2Gt/+. Note that the levels of MCM4 are particularly affected. The experiment was performed twice for each maternal genotype. For gel source data, see Supplementary Fig.Â 1. b, Placental levels of MCM2 and MCM4 proteins from the indicated maternal genotypes were quantified from western blots (including blots additional to those shown in a), which were imaged (seeÂ Methods) and normalized to actin and protein levels in theÂ wild type. Each plotted point represents a single placenta. P values are from an unpaired, two-tailed t-test. Placentae corresponding to male or female Mcm4C3/C3Mcm2Gt/+ genotypes are indicated. Centre lines represent the mean, and error bars indicate s.d. c, Embryonic levels of MCM2 and MCM4 proteins were determined as in b. Each plotted point represents a single embryo. Embryos corresponding to male or female Mcm4C3/C3Mcm2Gt/+ genotypes are indicated. The results were not significant by a one-way analysis ofÂ variance (ANOVA).
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Extended Data Fig. 3 Sex-specific altered expression of inflammation genes in mutants.
a, Heat map of the ratio of FPKM values for key genes from top-ranking genes from the following three gene set enrichment analysis hallmarks: EMT, allograft rejection and interferon-Î³ response. The ratios are expressed as female:male for each of the indicated embryo and dam genotypes. Data are from RNA-seq on nÂ =Â 16 placentae; nÂ =Â 6 Mcm4C3/C3Mcm2Gt/+ placentae of embryos from Mcm4C3/C3 dams, nÂ =Â 6 Mcm4C3/C3Mcm2Gt/+ placentae of embryos from Mcm4C3/+Mcm2Gt/+ dams and nÂ =Â 4 placentae of embryos from homozygous Mcm4C3/C3 matings. Equal numbers of male and female mice were used. C3/C3, Mcm4C3/C3; C3/+, Mcm4C3/+;Â M2, Mcm2Gt/+. b, Maternal genotype affects the expression of inflammation genes. The ratios of female:male FPKM values of Mcm4C3/C3Mcm2Gt/+ embryos for Mcm4C3/C3 dams are plotted, compared to Mcm4C3/+Mcm2Gt/+ dams for the same gene sets as in a. The highest and lowest ranked genes are all related to inflammation responses.
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Extended Data Table 1 Segregation of genotypes from crossesFull size table





Supplementary information
Supplementary Information
This file contains uncropped scans with size marker indications.


Reporting Summary

Supplementary Tables
This file contains Supplementary Tables S1-S10.


Supplementary Information
This file contains a Supplementary Tables Guide for Tables S1-S10.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3




Rights and permissions
Reprints and permissions


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



Cite this article
McNairn, A.J., Chuang, CH., Bloom, J.C. et al. Female-biased embryonic death from inflammation induced by genomic instability.
                    Nature 567, 105â€“108 (2019). https://doi.org/10.1038/s41586-019-0936-6
Download citation
	Received: 31 March 2017

	Accepted: 15 January 2019

	Published: 20 February 2019

	Issue Date: 07 March 2019

	DOI: https://doi.org/10.1038/s41586-019-0936-6


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

                
                    	
                            
                                
                                    
                                        Transcriptome analysis of adenomyosis eutopic endometrium reveals molecular mechanisms involved in adenomyosis-related implantation failure and pregnancy disorders
                                    
                                

                            
                                
                                    	Elena JuÃ¡rez-Barber
	Ana CorachÃ¡n
	Hortensia Ferrero


                                
                                Reproductive Biology and Endocrinology (2024)

                            
	
                            
                                
                                    
                                        The effect of letrozole overlapped with gonadotropin on IVF outcomes in women with DOR or aged over 40 years old with repeated cycles
                                    
                                

                            
                                
                                    	Xiaojia Li
	Jingbo Chen
	Xiaomiao Zhao


                                
                                Journal of Ovarian Research (2023)

                            
	
                            
                                
                                    
                                        Nuclear respiratory factor 1 transcriptomic signatures as prognostic indicators of recurring aggressive mesenchymal glioblastoma and resistance to therapy in White American females
                                    
                                

                            
                                
                                    	Kaumudi Bhawe
	Jayanta K. Das
	Deodutta Roy


                                
                                Journal of Cancer Research and Clinical Oncology (2022)

                            
	
                            
                                
                                    
                                        The landscape of aging
                                    
                                

                            
                                
                                    	Yusheng Cai
	Wei Song
	Guang-Hui Liu


                                
                                Science China Life Sciences (2022)

                            
	
                            
                                
                                    
                                        A novel lncRNA Discn fine-tunes replication protein A (RPA) availability to promote genomic stability
                                    
                                

                            
                                
                                    	Lin Wang
	Jingzheng Li
	Ping Zheng


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
                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

                
                    
                        
                            
                                Nature Outlook

                                
                                    Reproductive health
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Unstable genomes promote inflammation
                

                
	Sarah Lambert



                
    
        
            Nature
        
        News & Views
        
        
            20 Feb 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
