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            Abstract
Histone modifications are fundamental epigenetic regulators that control many crucial cellular processes1. However, whether these marks can be passed on from mammalian gametes to the next generation is a long-standing question that remains unanswered. Here, by developing a highly sensitive approach, STAR ChIPâ€“seq, we provide a panoramic view of the landscape of H3K4me3, a histone hallmark for transcription initiation2, from developing gametes to post-implantation embryos. We find that upon fertilization, extensive reprogramming occurs on the paternal genome, as H3K4me3 peaks are depleted in zygotes but are readily observed after major zygotic genome activation at the late two-cell stage. On the maternal genome, we unexpectedly find a non-canonical form of H3K4me3 (ncH3K4me3) in full-grown and mature oocytes, which exists as broad peaks at promoters and a large number of distal loci. Such broad H3K4me3 peaks are in contrast to the typical sharp H3K4me3 peaks restricted to CpG-rich regions of promoters. Notably, ncH3K4me3 in oocytes overlaps almost exclusively with partially methylated DNA domains. It is then inherited in pre-implantation embryos, before being erased in the late two-cell embryos, when canonical H3K4me3 starts to be established. The removal of ncH3K4me3 requires zygotic transcription but is independent of DNA replication-mediated passive dilution. Finally, downregulation of H3K4me3 in full-grown oocytes by overexpression of the H3K4me3 demethylase KDM5B is associated with defects in genome silencing. Taken together, these data unveil inheritance and highly dynamic reprogramming of the epigenome in early mammalian development.
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                    Figure 1: Genome-wide mapping of H3K4me3 in mouse gametes and pre-implantation embryos.[image: ]


Figure 2: Dynamic reprogramming of H3K4me3 on the paternal genome.[image: ]


Figure 3: Non-canonical H3K4me3 in oocytes and early embryos.[image: ]


Figure 4: The transition from ncH3K4me3 to canonical H3K4me3 requires zygotic transcription but not DNA replication.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Validation of STAR ChIPâ€“seq in mES cells.
a, A brief schematic of STAR ChIPâ€“seq. Based on a previously described ChIP method28, micrococcal nuclease (MNase) is used to fragment native chromatin. Nucleosomes with certain histone modifications are immunoprecipitated using specific antibodies. Proteinase K is added for protein digestion and is heat-inactivated. Shrimp alkaline phosphatase (rSAP) is directly added to the reaction for 3â€² DNA end repair, which is required for the poly-C addition in the subsequent TELP library preparation. After heat-inactivation of rSAP, the resulting DNA is subjected to the TELP library preparation as previously described3 without purification. Briefly, poly-C tailing is conducted on denatured single-strand DNA using dCTP and terminal deoxynucleotidyl transferase (TDT). Biotin-labelled anchor primer (indicated by â€˜Bâ€™) containing poly-G is used for second strand DNA extension. The products are captured by magnetic streptavidin beads. After an adaptor ligation to the opposite end of poly-C, the double-stranded DNA is amplified by primers (P1 and P2) containing Illumina adaptor sequences. The resulting library is ready to be sequenced. b, A snapshot of the UCSC browser view shows enrichment of STAR ChIPâ€“seq for histone modifications H3K4me3, H3K27ac and H3K27me3 using various numbers of mES cells. Data sets from mouse ENCODE are also shown for comparison35. c, The Pearson correlation coefficients showing the comparison between STAR ChIPâ€“seq of H3K4me3 using various numbers of mES cells and conventional ChIPâ€“seq of H3K4me3 from either this study using 1â€‰Ã—â€‰106 mES cells or data from ENCODE35. d, A bar chart showing the percentages of conventional mESC H3K4me3 total/promoter peaks recaptured by STAR ChIP using various numbers of mES cells. e, Box plots showing the H3K4me3 enrichment determined by conventional ChIPâ€“seq at peaks that are either recaptured or missed by STAR ChIPâ€“seq.


Extended Data Figure 2 Validation of H3K4me3 STAR ChIPâ€“seq and RNA-seq in mouse gametes and early embryos.
a, Representative bright-field microscopic images showing the pre-implantation embryos used for STAR ChIPâ€“seq with time points of sample collection indicated. b, The Spearman correlation between the replicates (nâ€‰=â€‰2) of RNA-seq samples and between RNA-seq in this study and Deng et al.36 at stages when available. c, The Pearson correlation between the replicates (nâ€‰=â€‰2) of H3K4me3 for mouse pre-implantation embryos at each stage. d, Scatter plots showing the H3K4me3 enrichment levels (2-kb window) between replicates across the genome for mouse pre-implantation embryos at each stage. e, Scatter plot showing the H3K4me3 enrichment levels (2-kb window) in MII oocytes between data sets generated using an in-house antibody or a commercial antibody (Millipore 04-745). f, A snapshot of the UCSC browser view shows H3K4me3 STAR ChIPâ€“seq results using two different H3K4me3 antibodies (in-house or commercial/Millipore 04-745) in mES cells and MII oocytes. Annotated genes and repetitive elements are also shown. g, Venn diagram showing the overlap between mES cell H3K4me3 (conventional ChIPâ€“seq) promoter peaks and ICM H3K4me3 promoter peaks. h, Snapshots of the UCSC browser views showing the H3K4me3 and expression signals near Foxa1 (left), Atp1b1 (middle) and Tbx3 (right).


Extended Data Figure 3 Characterization of promoter and distal H3K4me3 in mouse gametes and early embryos.
a, Scatter plots showing the relationship between the expression levels of all genes and their promoter H3K4me3 enrichment (Z-score-normalized) for each development stage. Mouse ES cell data from ENCODE are used as control. Spearman correlation coefficients are also shown. b, Moving average plots (windowâ€‰=â€‰100 genes, moving stepâ€‰=â€‰1 gene) showing the relationship between the expression levels of non-maternal genes and their promoter H3K4me3 enrichment (Z-score-normalized) for each stage after major ZGA. c, The genomic distributions of H3K4me3 peaks are shown for early embryos and mES cells. TSS, transcription start site (Â±2.5â€‰kb); TES, transcription end site (Â±2.5â€‰kb). d, A bar chart showing the percentages of all mappable reads that can be aligned to RepBase for mouse embryos of various stages. The error bars denote the standard deviations of two biological replicates of RNA-seq for each stage. e, Enrichment of repeats (log ratio of observed/random) in H3K4me3 promoter and distal peaks compared to that in random peaks at each stage. f, The enrichment (log ratio of observed/random) of top repeat subfamily members in distal H3K4me3 peaks in mouse embryos of various stages and mES cells. g, The snapshots of distal H3K4me3 signals near various types of repeats.


Extended Data Figure 4 Reprogramming of H3K4me3 on the paternal genome.
a, A snapshot of UCSC genome browser shows the enrichment of H3K4me3 in sperm from a published data set10 and this study. b, Snapshots showing the allelic H3K4me3 signals and RNA-seq signals near the imprinted loci Snrpn and Impact. Please note the maternal RNAs in zygotes, early two-cell and late two-cell embryos are presumably inherited from oocytes. The paternal zygotic transcripts appear from the late two-cell stage onward for both genes. c, Bar chart showing the numbers of H3K4me3 peaks identified in sperm (in regions covered by SNPs) and the paternal alleles of early embryos. d, Hierarchical clustering of sperm, early embryos and somatic cortex based on the paternal allele H3K4me3 enrichment. For sperm H3K4me3 data, only regions covered by SNPs were included for analysis. e, A bar chart showing the percentages of raw reads assigned to the maternal or paternal allele for each stage. f, Scatter plots showing the H3K4me3 enrichment levels between SNP-assigned parental alleles from zygotes and pronuclei for both the paternal (left) and maternal genomes (right).


Extended Data Figure 5 Non-canonical H3K4me3 (ncH3K4me3) in oocytes and early embryos
a, A snapshot of the UCSC browser view shows the enrichment of H3K4me3 in MII oocytes, isolated maternal pronuclei, PN5 zygotes (maternal allele), and histone H3 (maternal allele) in PN5 zygotes. b, Scatter plots showing the comparisons between the enrichment of histone H3 (maternal) in PN5 zygotes and H3K4me3 from either MII oocytes (left) or the maternal allele of PN5 zygotes (right). c, Hierarchical clustering of early embryo stages (maternal) based on global H3K4me3 enrichment. d, A bar chart showing the expression levels (log2[FPKM + 1]) of several marker genes for granulosa cells and oocytes, as well as a house-keeping gene (Actb), in oocyte samples collected at different stages. ICMs are included as a non-oocyte control. e, Heat maps showing the expression (FPKM) of all genes and the H3K4me3 enrichment (normalized RPKM) at their promoters (TSSâ€‰Â±â€‰2.5â€‰kb) for oocytes and early embryos. f, Hierarchical clustering of stages of oocytes and early embryos based on global H3K4me3 enrichment. g, A snapshot of UCSC browser shows the H3K4me3 enrichment in oocyte of various stages as well as DNA methylation in MII oocyte. A PMD with ncH3K4me3 enrichment is shaded.


Extended Data Figure 6 Non-canonical distal H3K4me3 in oocytes correlates with DNA hypomethylation.
a, Box plots showing the CpG density of H3K4me3 promoter and distal peaks in early embryos, mES cells, and the cortex. b, Pie charts showing the percentage of the genome covered by PMDs (left) and the percentage of distal H3K4me3 marked regions covered by PMDs (right) in MII oocytes. c, A global view of H3K4me3 promoter and distal peak density of chr12 in MII oocytes (top). Gene densities and PMD densities are also shown (bottom). Three gene desert regions are shaded. d, DNA methylation levels around active genes are shown for those in embryonic day 16.5 (E16.5) female PGCs37, day 14 oocytes, and MII oocytes14.


Extended Data Figure 7 The transition from ncH3K4me3 to canonical H3K4me3 requires zygotic transcription but not DNA replication.
a, Box plots of gene expression levels (log2[FPKM + 1]) show the effects of Î±-amanitin and aphidicolin on genes activated during ZGA (left). Genes expressed at all stages (middle) and genes repressed at all stages (right) are also shown. b, Hierarchical clustering of two alleles of early embryos including those treated with Î±-amanitin or aphidicolin based on the global H3K4me3 enrichment. c, A snapshot of the UCSC browser view shows the global view of H3K4me3 enrichment for maternal and paternal alleles in various types of embryos including those treated with Î±-amanitin or aphidicolin. d, Bar charts showing normalized H3K4me3 and BrUTP fluorescence intensity of individual surrounded nucleolus (SN)-stage oocytes. Each pair of bars for H3K4me3 and BrUTP represents an individual oocyte. Data from three independent experiments were pooled. GV, germinal vesicle.


Extended Data Figure 8 ncH3K4me3 is not found in zebrafish.
a, A snapshot of the UCSC genome browser shows the global view of H3K4me3 enrichment in oocytes (this study), the dome stage embryos38, 48â€‰hours post fertilization (hpf) embryos39 and DNA methylation level40 for various zebrafish developmental stages. b, The genomic distributions are shown for the H3K4me3 peaks in zebrafish oocytes, embryos at the dome stage38 and 48â€‰hpf embryos39. c, Box plots showing the CpG densities of H3K4me3 promoter peaks in zebrafish oocytes, embryos at the dome stage38 and embryos at 48â€‰hpf39. A random set of peaks that match the lengths of H3K4me3 peaks on the same chromosomes were used as a control in the analysis. d, Violin plots showing the distributions of DNA methylation levels from gametes to somatic tissues in zebrafish (left panel) or mice (right panel). e, Box plot showing the lengths of distal PMDs in zebrafish and mouse oocytes, sperms, and somatic tissues. f, Bar chart shows the percentages of the genome covered by distal PMDs in oocytes, sperms and somatic tissues in zebrafish or mouse.
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Chromatin states in embryogenesis
Genomic analysis of chromatin states in early embryos has been technically difficult, owing to the limited number of cells available for analysis. Three papers in this issue of Nature use highly sensitive ChIPâ€“seq assays to describe the dynamic patterns of histone modifications during early mouse embryogenesis. Arne Klungland and colleagues find that the oocyte genome is associated with broad non-canonical domains of histone H3K4me3 which seem to function in preventing deposition of DNA methylation. Wei Xie and colleagues find that the oocyte genome is associated with broad non-canonical domains of histone H3K4me3 which overlap with domains of low DNA methylation and seem to contribute to gene silencing. Shaorong Gao and colleagues map histone H3K4me3 and H3K27me3 modifications in pre-implantation embryos and focus on the re-establishment of histone modifications during zygotic genome activation. They find that the breadth of H3K4me3 domains is highly dynamic and that H3K4me3 re-establishes rapidly on promoter regions whereas H3K27me3 is mostly absent from these regions. Taken togetherâ€”and with previously published workâ€”these studies show that the oocyte has a distinctive epigenome and provide insights into how the maternal gene expression program transitions to the zygotic program.
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