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            Abstract
The successful segregation of germ cells from somatic lineages is vital for sexual reproduction and species survival. In the mouse, primordial germ cells (PGCs), precursors of all germ cells, are induced from the post-implantation epiblast1. Induction requires BMP4 signalling to prospective PGCs2 and the intrinsic action of PGC transcription factors3,4,5,6. However, the molecular mechanisms that connect BMP4 to induction of the PGC transcription factors that are responsible for segregating PGCs from somatic lineages are unknown. Here we show that the transcription factor OTX2 is a key regulator of these processes. Downregulation of Otx2 precedes the initiation of the PGC programme both in vitro and in vivo. Deletion of Otx2 in vitro markedly increases the efficiency of PGC-like cell differentiation and prolongs the period of PGC competence. In the absence of Otx2 activity, differentiation of PGC-like cells becomes independent of the otherwise essential cytokine signals, with germline entry initiating even in the absence of the PGC transcription factor BLIMP1. Deletion of Otx2 in vivo increases PGC numbers. These data demonstrate that OTX2 functions repressively upstream of PGC transcription factors, acting as a roadblock to limit entry of epiblast cells to the germline to a small window in space and time, thereby ensuring correct numerical segregation of germline cells from the soma.
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                    Fig. 1: Otx2 expression is downregulated before expression of PGC transcription factors.[image: ]


Fig. 2: Otx2−/− EpiLCs have an enhanced propensity to differentiate into PGCLCs.[image: ]


Fig. 3: Otx2-null cells can access the germline independently of cytokines and BLIMP1.[image: ]


Fig. 4: Otx2−/− ESCs contribute to the germline at an enhanced rate in vivo.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Summary of cell lines used in this report.
Otx2lacZ/GFP and Otx2lacZ/fl ESCs have been described previously17. Summarized below are further modifications to Otx2 or Blimp1, or transgene additions in the above or wild-type backgrounds. Further schematic details illustrating the points of Cas9 modification of Otx2 or Blimp1 and genotype verification of derived cell lines are shown in Extended Data Fig. 3 and Extended Data Fig. 7, respectively.


Extended Data Fig. 2 Competence for germline entry is preceded by downregulation of OTX2 protein.
a, Representative cytospin images of OTX2, BLIMP1 and AP2γ staining using E14Tg2a aggregates after 1 day or 2 days of PGCLC differentiation; n = 2; scale bar, 100 μm. b, Whole-mount immunofluorescence of E14Tg2a aggregates after 1 (D1) or 2 days (D2) of differentiation of EpiLCs in the presence or absence of cytokines. Representative images of OTX2 and BLIMP1 are shown; n = 3; scale bar, 50 μm. c, Magnified image of the region highlighted in b; scale bar, 10 μm. d, Quantitative transcript analysis of Otx2 in E14Tg2a cultures with (n = 4) or without cytokines (n = 7) at indicated time point. Schematic illustration is shown in Fig. 1b. Expression levels are normalized to TBP; values are means ± s.d. e, Top, primers used for Otx2 pre-mRNA transcript analysis are shown relative to the primary transcript structure. Bottom, quantitative transcript analysis of Otx2 pre-mRNA at the indicated times (minutes) after changing E14Tg2a EpiLCs into PGCLC medium. Expression levels are normalized to TBP and shown relative to expression at t = 0; values are means ± s.d.; n = 3 biologically independent replicates. f, Assessing the temporal requirement of cytokine treatment for efficient PGCLC induction. Aggregates of E14Tg2a EpiLCs treated with cytokines for 1 (d0–d1), 2 (d0–d2) or 6 days (d0–d6) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLCs differentiation; n = 3.


Extended Data Fig. 3 Independent Otx2−/− clones show enhanced PGCLC induction efficiency.
a, The gating strategies for analysing PGCLCs by flow cytometry. Cells were first gated based on the FSC (size) and SSC (complexities) scatter plot, followed by selection for singlets based on linear correlations between FSC-area and FSC-height. Live cells were then gated based on exclusion of DAPI to indicate cell membrane integrity. Live cells were then analysed for SSEA1 and CD61. Cells stained for fluorescence minus one (FMO) were used to set gates; stained and non-stained cells are also shown. b, Otx2lacZ/fl and Otx2 lacZ/- cells with the Oct4ΔPE::GFP reporter (two independent clones each) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation. For clone 5 and clone 1, n = 2; for clone 11 and clone 2, n = 9. c, Diagram showing the gRNA sequence (in red) and targeting strategy for generating Otx2-knockout cell lines. Red arrows represent genotyping primers used for screening clones. d, Immunoblot analysis of OTX2 protein expression in EpiLCs of E14Tg2a and three Otx2−/− clones. Experiment preformed once. e, E14Tg2a and three independent Otx2−/− clones generated by CRISPR/Cas9 were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation. Two biologically independent experiments for clone c11, one for clone c17 and c19. f, Q-RT–PCR of epiblast markers during the time-course outlined in Fig. 1b. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates.


Extended Data Fig. 4 OTX2 restricts PGC specification during the first two days of induction.
a, OTX2 immunofluorescence of Otx2lacZ/GFP::Otx2ERT2 ESCs before or after treatment with tamoxifen for 20 min; n = 2 biologically independent experiments; scale bar, 20 μm. b, Quantitative transcript analysis of T (Brachyury) during the time-course outlined in Fig. 1b in basal GK15 medium supplemented with the indicated cytokines. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates. c, Quantitative transcript analysis of T (Brachyury), Hoxa1 and Hoxb1 during the time-course outlined in Fig. 1b in indicated cell lines. Expression levels are normalized to TBP; values are means from two biologically independent replicates. d, Left, scheme illustrating the strategy for induction or repression of Wnt signalling. E14Tg2a EpiLCs were aggregated in the indicated media and transcripts analysed at 0, 9 and 18 h. Right, quantitative transcript analysis of T (Brachyury), Hoxa1, Hoxb1 and Otx2 during the time-courses outlined on the left. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates. e, Quantitative transcript analysis of T (Brachyury), Otx2, Blimp1 and Prdm14 during E14Tg2a differentiation in three different media conditions (GK15, without cytokines; PGCLC, GK15 with cytokines; PGCLC +XAV, GK15 with cytokines and with XAV939) at the indicated time point. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates. f, Whole-mount immunofluorescence analysis of AP2γ and T (Brachyury) in E14Tg2a and Otx2lacZ/GFP day 2 (D2) PGCLC aggregates; n = 2 biological replicates; scale bar, 50 μm. g, Scheme illustrating tamoxifen administration schemes. h, Otx2lacZ/GFP::Otx2ERT2 cells were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation following the tamoxifen treatment regime outlined (g); n = 2 biological replicates.


Extended Data Fig. 5 PGCLC differentiation of Otx2-null cells in the absence of cytokines.
a, Otx2lacZ/fl and Otx2lacZ/− cells carrying the Oct4ΔPE::GFP reporter (aggregates shown in Fig. 3a) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation in the absence of cytokines; n = 7. b, E14Tg2a and three independent Otx2−/− clones generated by CRISPR/Cas9 were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation in the absence of cytokines. Two biologically independent experiments for clone c11, one for clone c17 and c19. c, Quantitative transcript analysis of mRNAs encoding PGC transcription factors during differentiation without PGCLC cytokines at indicated time point. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates. d, Whole-mount immunostaining of aggregates of Otx2lacZ/GFP cells at day 2 in the absence of cytokines for OTX2, BLIMP1 and AP2γ; scale bar; 40 μm; n = 3.


Extended Data Fig. 6 Transcriptome analysis of EpiLCs and day 6 PGCLCs.
a, b, Heat map of the normalized gene expression and principal component analysis of microarray data (from three biologically independent replicates under seven different conditions) ordered by unsupervised hierarchical clustering; rows correspond to transcripts and columns to cells. Differentiations performed in the presence (+Cyt) or absence (-Cyt) of cytokines are indicated. WT, E14Tg2a; O−/−, Otx2lacZ/GFP; O−/− B−/−, Otx2lacZ/GFP; Blimp1−/−.


Extended Data Fig. 7 PGCLC induction of independent Blimp1-null cell lines.
a, Scheme showing the strategy used to generate Blimp1-knockout cell lines. A pair of gRNAs flanking Blimp1 exon5 were co-expressed to ensure complete deletion of Blimp1 exon5. Red arrows represent genotyping primer pairs used to screen clones. b, c, Blimp1-null clones used in Fig. 3 (b) or Extended Data Fig. 8d (c) were genotyped using primers indicated in a; n = 2 biologically independent replicates for both, all clones have been sequenced. d, Cells of the indicated genotypes (c) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of aggregation in the presence of PGC induction cytokines; n = 2. e, f, Cells of the indicated genotypes (c) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of aggregation in the absence of PGC induction cytokines; n = 2.


Extended Data Fig. 8 Otx2−/−Blimp1−/− PGCLCs activate PGC markers.
a, Quantitative analysis of somatic transcripts at day 2 of PGCLC induction in the indicated cell lines. Expression levels are normalized to TBP; values are means ± s.d.; n = 4 biological replicates, each dot represents the value from one experiment. b, Quantitative analysis of PGC transcription factor transcripts at day 2 of PGCLC induction in the indicated cell lines. Expression levels are normalized to TBP; values are means ± s.d.; n = 6 biological replicates for E14Tg2A and Otx2lazZ/GFP, and 4 for Blimp1-knockout cell lines each dot represents the value from one experiment. c, Immunofluorescence staining for OCT4 and DAZL of cryo-sections of Otx2lacZ/GFP and Otx2lacZ/GFPBlimp1−/− aggregates at day 6 of PGCLC induction; scale bar, 50 μm and 20 μm; n = 2 biologically independent replicates. d, OCT4, H3K27me3 and H3K9me2 immunofluorescence analysis of cryo-sections of E14Tg2a, Otx2lacZ/GFP and Otx2lacZ/GFPBlimp1−/− aggregates at day 6 of PGCLC induction; scale bar, 50 μm; n = 2 biologically independent replicates.


Extended Data Fig. 9 OTX2 safeguards somatic lineages.
a. Representative morphologies and Oct4ΔPE::GFP expression of EpiSCs after one passage from EpiLCs (n = 3 for 1 clone of each genotype); scale bar; 200 μm. b, c, Flow cytometry analysis for surface expression of SSEA1 and CD61 at day 6 of PGCLC differentiation, initiated from EpiSCs after one passage from EpiLCs. One experiment for c5 and c1 and 6 biologically independent replicates for C11 and C2 (b); n = 6 biologically independent replicates (c). d, Quantitative transcript analysis of PGC transcription factors in the indicated cell lines. Expression levels are normalized to TBP; values are means ± s.d.; n = 3 biologically independent replicates, each dot represents the value from one experiment. e, Comparison of the frequency of degree of chimaerism (top) and the germ cell numbers (bottom, centre lines and error bars represents means ± s.d.) in E7.5 chimaeric embryos formed using wild-type or Otx2-null ESCs. P value (two-tailed unpaired t-test, 0.95 confidence intervals) is indicated. High, >70%; moderate, 30–70%; low, <30%. f, Bright-field and representative images of E7.5 chimaeric embryos formed by wild-type host embryos and GFP-labelled Otx2+/+ (n = 6), Otx2−/− (n = 9) or Otx2lacZ/GFP (n = 9) ESCs assessed for GFP and BLIMP1/SOX2 expression, with magnified images of the proximal posterior regions. The proportion of BLIMP1-positive cells expressing GFP in the embryos is indicated; scale bar, 100 μm (left), 20 μm. g, Summary of embryo aggregations.

                          Source data
                        


Extended Data Fig. 10 Otx2-null embryos exhibit increased number of PGCs.
a, b, Frontal-coronal (a) and sagittal (b) sections of wild-type and Otx2−/− E7.5 embryos stained with BLIMP1, AP2γ and Fragilis to detect PGCs. All sequential sections spanning the PGCLCs niche are shown; scale bar, 50 μm. The experiments were repeated in four wild-type and three Otx2-knockout embryos.





Supplementary information
Supplementary Information
This file contains Supplementary Figure 1 (the uncropped blots) and Supplementary Tables 1-3.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 4

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


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



Cite this article
Zhang, J., Zhang, M., Acampora, D. et al. OTX2 restricts entry to the mouse germline.
                    Nature 562, 595–599 (2018). https://doi.org/10.1038/s41586-018-0581-5
Download citation
	Received: 07 February 2018

	Accepted: 24 August 2018

	Published: 03 October 2018

	Issue Date: 25 October 2018

	DOI: https://doi.org/10.1038/s41586-018-0581-5


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
                        


Keywords
	PGC-like Cells (PGCLC)
	Primordial Germ Cells (PGC)
	Transcription Factors Otx2
	Epiblast Cells
	EpiLCs







            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Monolayer platform to generate and purify primordial germ-like cells in vitro provides insights into human germline specification
                                    
                                

                            
                                
                                    	Sivakamasundari Vijayakumar
	Roberta Sala
	Vittorio Sebastiano


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Short telomeres impede germ cell specification by upregulating MAPK and TGFβ signaling
                                    
                                

                            
                                
                                    	Chenglei Tian
	Dai Heng
	Lin Liu


                                
                                Science China Life Sciences (2023)

                            
	
                            
                                
                                    
                                        The Wnt/TCF7L1 transcriptional repressor axis drives primitive endoderm formation by antagonizing naive and formative pluripotency
                                    
                                

                            
                                
                                    	Paraskevi Athanasouli
	Martina Balli
	Frederic Lluis


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Germline specification from pluripotent stem cells
                                    
                                

                            
                                
                                    	Chunmeng Yao
	Ruqiang Yao
	Ling Shuai


                                
                                Stem Cell Research & Therapy (2022)

                            
	
                            
                                
                                    
                                        Sequential enhancer state remodelling defines human germline competence and specification
                                    
                                

                            
                                
                                    	Walfred W. C. Tang
	Aracely Castillo-Venzor
	M. Azim Surani


                                
                                Nature Cell Biology (2022)

                            


                

            

        
    

            
                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

                
                    
                    
                        
                            
    
        
            
                
                    How to lose your inheritance
                

                
	Diana J. Laird



                
    
        
            Nature
        
        News & Views
        
        
            03 Oct 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
