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            Abstract
A gene drive biases the transmission of one of the two copies of a gene such that it is inherited more frequently than by random segregation. Highly efficient gene drive systems have recently been developed in insects, which leverage the sequence-targeted DNA cleavage activity of CRISPR–Cas9 and endogenous homology-directed repair mechanisms to convert heterozygous genotypes to homozygosity1,2,3,4. If implemented in laboratory rodents, similar systems would enable the rapid assembly of currently impractical genotypes that involve multiple homozygous genes (for example, to model multigenic human diseases). To our knowledge, however, such a system has not yet been demonstrated in mammals. Here we use an active genetic element that encodes a guide RNA, which is embedded in the mouse tyrosinase (Tyr) gene, to evaluate whether targeted gene conversion can occur when CRISPR–Cas9 is active in the early embryo or in the developing germline. Although Cas9 efficiently induces double-stranded DNA breaks in the early embryo and male germline, these breaks are not corrected by homology-directed repair. By contrast, Cas9 expression limited to the female germline induces double-stranded breaks that are corrected by homology-directed repair, which copies the active genetic element from the donor to the receiver chromosome and increases its rate of inheritance in the next generation. These results demonstrate the feasibility of CRISPR–Cas9-mediated systems that bias inheritance of desired alleles in mice and that have the potential to transform the use of rodent models in basic and biomedical research.
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                    Fig. 1: Embryonic Cas9 activity does not copy the TyrCopyCat allele from the donor to the receiver chromosome.[image: ]


Fig. 2: Breeding strategy to produce TyrCopyCat/ch mice with a conditional cas9 transgene and a germline restricted cre transgene.[image: ]


Fig. 3: Gene conversion by an active genetic element was observed in the female germline and not in the male germline or in the early embryo.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Knock-in strategy using the TyrCopyCat-targeting vector.
The U6-Tyr4a gRNA (tyrosinase exon 4 gRNA a) and CMV-mCherry were inserted into the cut site of the Tyr4a gRNA by HDR after CRISPR–Cas9 DSB formation targeted by the Tyr4a gRNA. See Supplementary Methods and Supplementary Figs. 1, 2 for additional details.


Extended Data Fig. 2 Rosa26-cas9 and H11-cas9 constitutive lineages have different numbers of unique NHEJ indels.
Sanger sequencing of the Tyr4a gRNA target exon amplified from tail-tip genomic DNA using TyrHALF2 and TyrHARR2 primers as specified in Supplementary Table 3. Top, a single representative Sanger sequence trace of the bulk PCR product amplified from a Rosa26-cas9;TyrCopyCat-positive F2 mouse (Rosa26 family 1 in Extended Data Table 3) with either major or minor peaks called revealing two distinct alleles. Five Tyrch-positive F3 offspring of this F2 individual each match one of the two alleles (marked 1 (insertion) and 2 (deletion)). Bottom, a single representative sequence trace of the bulk PCR product amplified from an H11-cas9;TyrCopyCat-positive F2 mouse (H11 family 1 in Extended Data Table 3). Alternate alleles cannot be called because of the complexity of overlapping peaks. Five Tyrch-positive F3 offspring each have one of four different alleles (marked 1, 2, 3 and 4). Sequence trace data are representative of all 90 individuals of 5 families of each constitutive strategy described in Extended Data Table 3.


Extended Data Table 1 Coat colour of F2 individuals that were constitutive cas9-positive and TyrCopyCat/chFull size table


Extended Data Table 2 Analyses of phenotypes and genotypes of all F3 progeny of the constitutive cas9 crossesFull size table


Extended Data Table 3 Allelic complexity of the constitutive Rosa26- and H11-cas9 familiesFull size table


Extended Data Table 4 Analyses of phenotypes and genotypes of all F4 progeny of the germline Cas9 crossesFull size table
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Reporting Summary




Rights and permissions
Reprints and permissions


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



Cite this article
Grunwald, H.A., Gantz, V.M., Poplawski, G. et al. Super-Mendelian inheritance mediated by CRISPR–Cas9 in the female mouse germline.
                    Nature 566, 105–109 (2019). https://doi.org/10.1038/s41586-019-0875-2
Download citation
	Received: 04 July 2018

	Accepted: 07 December 2018

	Published: 23 January 2019

	Issue Date: 07 February 2019

	DOI: https://doi.org/10.1038/s41586-019-0875-2


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

                
                    	
                            
                                
                                    
                                        Gene drive and genetic sex conversion in the global agricultural pest Ceratitis capitata
                                    
                                

                            
                                
                                    	Angela Meccariello
	Shibo Hou
	Nikolai Windbichler


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        A multiplexed, confinable CRISPR/Cas9 gene drive can propagate in caged Aedes aegypti populations
                                    
                                

                            
                                
                                    	Michelle A. E. Anderson
	Estela Gonzalez
	Luke Alphey


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Recent advances in CRISPR-based genome editing technology and its applications in cardiovascular research
                                    
                                

                            
                                
                                    	Zhen-Hua Li
	Jun Wang
	Xiao Yang


                                
                                Military Medical Research (2023)

                            
	
                            
                                
                                    
                                        The suppressive potential of a gene drive in populations of invasive social wasps is currently limited
                                    
                                

                            
                                
                                    	Adriaan B. Meiborg
	Nicky R. Faber
	Gregor Gorjanc


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Next-generation CRISPR gene-drive systems using Cas12a nuclease
                                    
                                

                            
                                
                                    	Sara Sanz Juste
	Emily M. Okamoto
	Víctor López Del Amo


                                
                                Nature Communications (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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    On the road to a gene drive in mammals
                

                
	Bruce R. Conklin



                
    
        
            Nature
        
        News & Views
        
        
            23 Jan 2019
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Applications of and considerations for using CRISPR–Cas9-mediated gene conversion systems in rodents
                

                
	Hannah A. Grunwald
	Alexander J. Weitzel
	Kimberly L. Cooper



                
    
        
            Nature Protocols
        
        Perspective
        
        
            23 Dec 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 — 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: ]
