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            Abstract
Upon fertilization, drastic chromatin reorganization occurs during preimplantation development1. However, the global chromatin landscape and its molecular dynamics in this period remain largely unexplored in humans. Here we investigate chromatin states in human preimplantation development using an improved assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq)2. We find widespread accessible chromatin regions in early human embryos that overlap extensively with putative cis-regulatory sequences and transposable elements. Integrative analyses show both conservation and divergence in regulatory circuitry between human and mouse early development, and between human pluripotency in vivo and human embryonic stem cells. In addition, we find widespread open chromatin regions before zygotic genome activation (ZGA). The accessible chromatin loci are readily found at CpG-rich promoters. Unexpectedly, many others reside in distal regions that overlap with DNA hypomethylated domains in human oocytes andÂ are enriched for transcription factor-binding sites. A large portion of these regions then become inaccessible after ZGA in a transcription-dependent manner. Notably, such extensive chromatin reorganization during ZGA is conserved in mice and correlates with the reprogramming of the non-canonical histone mark H3K4me3, which is uniquely linked to genome silencing3,4,5. Taken together, these data not only reveal a conserved principle that underlies the chromatin transition during mammalian ZGA, but also help to advance our understanding of epigenetic reprogramming during human early development and in vitro fertilization.
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                    Fig. 1: Accessible chromatin landscape in human preimplanation embryos.[image: ]


Fig. 2: Transcription and promoter regulation in human early development.[image: ]


Fig. 3: Distal accessible chromatin in human early development.[image: ]


Fig. 4: Conservation of chromatin transition during ZGA in mouse and human.[image: ]
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	20 June 2018
 In this Letter, the â€˜Open chromatinâ€™ label in Fig.Â 4a should have been centred above the first three columns, and the black horizontal line underneath the label should have been removed. In addition, there should have been a vertical black line between the last two sets of panels for consistency. Minor changes have also been made to Fig. 1 and to the legend of Fig. 3. These errrors have been corrected online, and see Supplementary Information to the accompanying Amendment for the original Fig. 4.
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Extended data figures and tables

Extended Data Fig. 1 Validation of miniATAC-seq.
a, UCSC browser view showing the ATAC-seq signals using various numbers of mouse ES cells. b, Scatter plots comparing the miniATAC-seq signals from various numbers of mouse ES cells with conventional ATAC-seq using 50,000 mouse ES cells. The Pearson correlation coefficients are also shown. c, Box plots showing the ATAC-seq enrichment for peaks from 50,000 mouse ES cells that are recaptured or missed by miniATAC-seq using lower numbers of mouse ES cells.


Extended Data Fig. 2 Validation of RNA-seq data in human early embryos.
a, Microscopy images of human 2PN and 3PN embryos at the zygote, two-cell, four-cell, eight-cell and blastocyst stages. ICSI was used to avoid the cumulus cell contamination. High-quality score embryos were selected for subsequent study (represented by magnified images). b, Heat maps showing gene expression levels for differentially expressed genes between human embryos of pre-lineage segregation and post-lineage specification44. Expression of ICMs in this study is also shown for two replicates. Epi, epiblast, PrE, primitive endoderm. c, Bar charts showing the Spearman correlation between the two replicates of RNA-seq samples. d, Hierarchical clustering of RNA-seq datasets from this study (using Smart-seq) and previous studies22,23 (usingÂ a different mRNA-seq method45). Pearson correlation was used to measure distances. Different colours represent various stages.


Extended Data Fig. 3 Validation of ATAC-seq data in human early embryos.
a, Scatter plots showing the ATAC-seq signals between replicates at each stage in human early development or between 2PN and 3PN embryos. b, UCSC browser view showing the landscape of accessible chromatin in replicates of human early embryos. c, Bar charts showing the genome coverages of ATAC-seq peaks of each stage or DNase-seq peaks for human ES cells (ENCODE). d, The overlap between ATAC-seq peaks and annotated promoters (TSSâ€‰Â±â€‰0.5â€‰kb) or distal DNase I hypersensitive sites in ES cells. A random set of peaks that match the lengths of individual ATAC-seq peaks were used as a control. e, UCSC browser views showing the ATAC-seq and RNA-seq enrichment near aÂ representative gene. Open chromatin regions are shaded.


Extended Data Fig. 4 Relationship of chromatin accessibility and transcription in human early embryos.
a, Heat maps showing three classes of promoter accessibility (high, dynamic and low) for stage-specific genes (maternal genes excluded). CpG densities and H3K27me3 levels in human ES cells and fibroblasts (IMR90)46 are also shown. b, GO analysis results for gene classes in a. (The â€˜lowâ€™ class does not have gene set enrichment with Pâ€‰<â€‰10âˆ’2). c, Box plots showing promoter enrichment of H3K27me3 in human ES and IMR90 cells46 for each class in a. P values based on a one-sided t-test are shown. d, Scatter plots showing promoter ATAC-seq enrichment and gene expression (maternal genes excluded) for all genes (black) or genes with promoters of low (green), medium (blue), or high (red) CpG densities. Spearman correlation coefficients are shown.


Extended Data Fig. 5 Features of distal ATAC-seq peaks in human embryos.
a, Top, enrichment of repeats in ATAC-seq promoter and distal peaks compared to that in random peaks for early human embryos, human ES cells, and somatic cell types. The enrichment was calculated as a log2 ratio for the numbers of observed peaks that overlap with repeats divided by the numbers for random peaks. A random set of peaks that match the lengths of individual ATAC-seq peaks was used. Bottom, a similar analysis was performed for the enrichment of repeat subfamilies in distal peaks. b, Middle, heat maps showing the ATAC-seq signals for stage-specific distal ATAC-seq peaks in human embryos. Left, GREAT analysis40 results are also shown. Right, the expression of predicted targets among GREAT listed nearby genes for putative enhancers (distal peaks) (Methods) are shown for each stage. c, Bar charts showing the expression of TFAP2C in epiblast (EPI), primitive endoderm (PE) and trophectoderm (TE) lineages in human embryos from embryonic days 5â€“7 based on a previous study44. d, UCSC browser view showing the ATAC-seq signals around POU5F1 in human early embryos and ES cells (primed, naive 114 and naive 213). Human ES cell DNase-seq data (ENCODE) are shown as a control.


Extended Data Fig. 6 Transcription and chromatin states before major human ZGA.
a, Box plot showing the expression levels of two-cell specific (left) and eight-cell specific (right) genes in MII oocytes and embryos with or without Î±-amanitin treatment. P values based on a one-sided t-test are shown. b, The average ATAC-seq enrichment for each stage is shown at the promoters of stage specific genes at the same stage identified by mRNA-seq. Two-cell ATAC-seq enrichment for a random set of promoters were similarly analysed as a control. c, Heat maps showing expression levels of possible minor ZGA genes activated at the two-to-four-cell stage for their expression in germinal vesicle oocytes, MII oocytes, and two-to-four-cell embryos. Promoter ATAC-seq enrichment for two-to-four-cell stages and CpG densities are also shown. d, UCSC browser view showing the promoter ATAC-seq signals specifically appearing in two-cell embryos. e,Â Left, heat maps showing ATAC-seq enrichment at the accessible promoters present in both two- and eight-cell embryos, as well as those specific to each stage. Right, the human oocyte, blastocyst, sperm and ES cell DNA methylation levels around these promoters are also shown.


Extended Data Fig. 7 Accessible chromatin state in one-cell and four-cell human embryos.
a, UCSC browser view showing the ATAC-seq signals in human early embryos. b, Scatter plots showing the ATAC-seq signals between two-cell human embryos and 3PN one-cell, two-cell and four-cell embryos. c, Hierarchical clustering results showing the relationships of chromatin states among human embryos based on whole-genome ATAC-seq enrichment.


Extended Data Fig. 8 Characterization of two-cell distal open chromatin in human embryos.
a, Heat maps showing the ATAC-seq signals and CpG density for promoter and distal ATAC-seq peaks at the two-cell stage. b, Top, Venn diagram showing the overlap between two- and eight-cell distal ATAC-seq peaks. Bottom, motifs identified in two- and eight-cell embryo shared distal peaks as well as peaks specific for each stage are also shown. c, The enrichment of human ES cell H3K4me1 and H3K27ac marks47 around two-cell-specific distal peaks or two-to-eight-cell shared distal peaks is shown. A random set of peaks that match the lengths of individual two-cell-specific ATAC-seq peaks was used as a control. The upstream and downstream regions are 2â€‰Ã—â€‰peak lengths away from peak boundary. d, Bar chart showing the percentages of ATAC-seq peaks that overlap with oocyte PMDs for total peaks, peaks shared by various stages, or peaks specific for each stage. e, Heat maps showing the enrichment of ATAC-seq around the human oocyte PMDs in human early embryos and TBEs. The upstream and downstream regions are 1â€‰Ã—â€‰PMD length away from the PMD boundary. f, The average enrichment of ATAC-seq around the oocyte PMDs in human early embryos and TBEs. The upstream and downstream regions are 1â€‰Ã—â€‰PMD length away from the PMD boundary.


Extended Data Fig. 9 Accessible chromatin state in mouse oocytes and pre-ZGA embryos.
a, The expression of human KDM5B and mouse Kdm5b in oocytes, early embryos and ES cells. b, UCSC browser view showing DNA methylation levels (mC) in mouse sperm and oocyte, as well as open chromatin (DNase-seq or ATAC-seq) and H3K4me3 and H3K27me3 enrichment in mouse oocytes, zygotes and two-cell embryos. Mouse ES cell H3K4me3 signals are also shown to mark the promoter regions. c, Heat map showing the Spearman correlation between allelic DNase-seq and H3K4me3 signals in zygotes. M, maternal; P, paternal. d,Â UCSC browser view showing allelic DNase-seq, H3K4me3 and H3K27me3 enrichment in the mouse zygote. The mouse ES cell H3K4me3 signal is also shown. Regions showing paternal open chromatin and H3K4me3 in zygotes are shaded.


Extended Data Fig. 10 Accessible chromatin state in mouse TBEs.
a,Â UCSC browser view showing DNA methylation levels in mouse sperm and oocyte, and ATAC-seq signals in normal mouse embryos as well as allelic ATAC-seq and H3K4me3 enrichment in TBE samples. Mouse ES cell H3K4me3 signals are also shown to mark the promoter regions. b, Hierarchical clustering results showing the relationships of allelic accessible chromatin states between zygotes, TBEs, and two- and eight-cell embryos in mouse. c, Heat map showing open chromatin regions that are unique to zygotes (DNase-seq) or 45â€‰h control embryos (ATAC-seq). The ATAC-seq enrichment in TBE samples is then matched and shown. d, Heat map showing the Spearman correlation between allelic ATAC-seq and H3K4me3 signals in TBEs. e, Transcription factor motifs identified from distal DNase-seq and allelic distal ATAC-seq peaks are shown. Motifs shared by pre-ZGA and post-ZGA stages or are specific for post-ZGA stages are noted. For transcription factors that have multiple family members with similar motifs (KLF and GATA), the highest expression and motif enrichment among all family members at each stage are shown. AÂ random set of peaks that match the lengths and number of zygote maternal peaks was used as a control. It is worth noting that the RNA levels of CTCF appear to decline in TBEs, presumably owing to RNA degradation during extended transcription inhibition.





Supplementary information
Reporting Summary

Supplementary Table 1
The mapping information for ATAC-seq and RNA-seq samples. The numbers of mapped and monoclonal reads for ATAC-seq and numbers of mapped and unique reads for RNA-seq are listed.





Rights and permissions
Reprints and permissions


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



Cite this article
Wu, J., Xu, J., Liu, B. et al. Chromatin analysis in human early development reveals epigenetic transition during ZGA.
                    Nature 557, 256â€“260 (2018). https://doi.org/10.1038/s41586-018-0080-8
Download citation
	Received: 27 July 2017

	Accepted: 26 March 2018

	Published: 02 May 2018

	Issue Date: 10 May 2018

	DOI: https://doi.org/10.1038/s41586-018-0080-8


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

                
                    	
                            
                                
                                    
                                        Single-cell multi-omics profiling of human preimplantation embryos identifies cytoskeletal defects during embryonic arrest
                                    
                                

                            
                                
                                    	Teng Wang
	Junhua Peng
	Lin Li


                                
                                Nature Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Interaction network of human early embryonic transcription factors
                                    
                                

                            
                                
                                    	Lisa Gawriyski
	Zenglai Tan
	Markku Varjosalo


                                
                                EMBO Reports (2024)

                            
	
                            
                                
                                    
                                        Emergence of replication timing during early mammalian development
                                    
                                

                            
                                
                                    	Tsunetoshi Nakatani
	Tamas Schauer
	Maria-Elena Torres-Padilla


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        3D Enhancerâ€“promoter networks provide predictive features for gene expression and coregulation in early embryonic lineages
                                    
                                

                            
                                
                                    	Dylan Murphy
	Eralda Salataj
	Effie Apostolou


                                
                                Nature Structural & Molecular Biology (2024)

                            
	
                            
                                
                                    
                                        Lineage regulators TFAP2C and NR5A2 function as bipotency activators in totipotent embryos
                                    
                                

                            
                                
                                    	Lijia Li
	Fangnong Lai
	Wei Xie


                                
                                Nature Structural & Molecular Biology (2024)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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
	protocols.io
	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 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: ]
