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            Abstract
In mammals, the canonical somatic DNA methylation landscape is established upon specification of the embryo proper and subsequently disrupted within many cancer types1,2,3,4. However, the underlying mechanisms that direct this genome-scale transformation remain elusive, with no clear model for its systematic acquisition or potential developmental utility5,6. Here, we analysed global remethylation from the mouse preimplantation embryo into the early epiblast and extraembryonic ectoderm. We show that these two states acquire highly divergent genomic distributions with substantial disruption of bimodal, CpG density-dependent methylation in the placental progenitor7,8. The extraembryonic epigenome includes specific de novo methylation at hundreds of embryonically protected CpG island promoters, particularly those that are associated with key developmental regulators and are orthologously methylated across most human cancer types9. Our data suggest that the evolutionary innovation of extraembryonic tissues may have required co-option of DNA methylation-based suppression as an alternative to regulation by Polycomb-group proteins, which coordinate embryonic germ-layer formation in response to extraembryonic cues10. Moreover, we establish that this decision is made deterministically, downstream of promiscuously usedâ€”and frequently oncogenicâ€”signalling pathways, via a novel combination of epigenetic cofactors. Methylation of developmental gene promoters during tumorigenesis may therefore reflect the misappropriation of an innate trajectory and the spontaneous reacquisition of a latent, developmentally encoded epigenetic landscape.
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                    Figure 1: Divergent postimplanation DNA methylation landscapes.


Figure 2: De novo methylation of early developmental gene promoters can be modulated by external conditions.


Figure 3: A novel configuration of epigenetic regulators contributes to the extraembryonic methylation landscape.


Figure 4: Extraembryonically-targeted CpG islands are pervasively methylated across human cancer types.
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Extended data figures and tables

Extended Data Figure 1 Tracking divergence in DNA methylation landscapes during mouse implantation.
aâ€“f, Sequencing metrics and coverage information for WGBS, RNA-seq, and ATACâ€“seq data including hierarchical clustering and Pearson correlation for CpGs, genes, and gene promoters, respectively. WGBS data also includes Euclidean distance, which can be beneficial for examining sample similarity in globally hypomethylated samples, as well as similarity scores for 100â€‰bp tiles, which locally merge the intrinsically higher variance of intermediately methylated CpGs to reduce noise. For RNA-seq and ATACâ€“seq data, biological replicates cluster together, as do 8-cell and postimplantation WGBS data, whereas tissues of the E3.5 blastocyst cluster together but not as discrete inner cell mass (ICM) and trophectoderm (TE) compartments. In general, there is minimal variation between the methylation status of the ICM and trophectoderm, with only slight deviations around the minimal global value that is reached during this developmental period. g, Isolation of the epiblast and ExE from the E6.5 post-implantation embryo. The conceptus is first removed from maternal decidual tissue and portioned into epiblast and ExE fractions, taking care to remove the apical ectoplacental cone (EPC). Then, outer visceral endoderm (VE) and trophoblast cells are enzymatically digested and mechanically removed using a thin glass capillary.


Extended Data Figure 2 Unique features of the extraembryonic methylation landscape.
a, CpG methylation boxplots for all covered CpGs as well as those that are significantly hyper- or hypomethylated within the ExE compared to epiblast (ExE hyper or ExE hypo, respectively). ExE hypo CpGs largely reflect differential remethylation compared to the epiblast across the genome. Alternatively, ExE hyper CpGs are mostly unmethylated in the ICM and trophectoderm and remain so in the epiblast, indicating an ExE-specific mechanism. Edges refer to the 25th and 75th percentiles, and whiskers the 2.5th and 97.5th percentiles, respectively. b, Differential methylation distribution for ExE hyper or hypo CpGs compared to epiblast. Hypomethylation appears to be a global feature of the ExE and deviates from a default hypermethylated state in the epiblast. Alternatively, increased DNA methylation appears to be directed focally and de novo at regions that are unmethylated within the epiblast and subsequent embryonic and adult somatic tissues. c, Alternate CpG density distributions for ExE hypo and hyper CpGs indicate differential enrichment within distinct genomic features. Whereas ExE hypo CpGs resemble the global average, ExE hyper CpGs occur within regions of higher CpG densities. d, The fraction of dynamically methylated CpGs that fall within annotated exons as a function of distance to their assigned TSS. 44% of exonal ExE hyper CpGs fall within 2 kb of their associated TSS. e, The fraction of dynamically methylated CpGs that fall within annotated CpG islands (CGIs) based upon their proximity to the nearest TSS. ExE hyper CpGs are generally TSS proximal and skew downstream of the TSS, with 43% falling within Â±2 kb. f, DNA methylation distribution for different genomic features including those associated with genic (TSS, exon, intron and CGI) and repetitive (LINE, SINE and LTR) sequences. For reference, black bar and arrows highlight the global median and the 25th and 75th percentiles, respectively. Globally, all features exhibit the expected passage through minimal DNA methylation values within the ICM and trophectoderm of the E3.5 blastocyst before remethylation at implantation. Compared to its global distribution, the ExE exhibits higher levels of de novo methylation within exons and introns, and lower than global levels within regions of LINE and LTR retrotransposon origin. The epiblast exhibits nearly complete hyper or hypomethylation depending on the genomic feature, and is bimodal at TSSs, which frequently contain CGIs. n values refer to the number of annotated features of a given type. g, Violin plots of 100â€‰bp methylation data for early embryonic, placental, and fetal tissues demonstrate general epigenetic retention of either the somatic epiblast or extraembryonic architecture throughout subsequent development. The white dot highlights the global median, and blue and red reflect the median of ExE hypomethylated 100-bp tiles and ExE hyper CGIs, respectively. Notably, the placenta largely preserves the hypomethylated global landscape and targeted CGI methylation as they are established by E6.5 within the ExE. We show 100-bp tiles and CGIs for ExE-specific hypomethylation and hypermethylation, respectively, to restrict CpGs to a notable feature where they change as a group. WGBS data of somatic tissues and midgestation placenta taken from ref. 11.


Extended Data Figure 3 Transcriptional differences between epiblast and ExE are directed in part through DNA methylation.
a, Select gene set enrichment analysis of ExE hypermethylated TSSs, including Gene Ontology, canonical pathways, and genetic and chemical perturbations, shows high enrichment for transcription factors and signalling pathways involved in patterning the early embryo. Moreover, these promoter CGI-containing genes are canonical targets of PRC2, which coordinates selective expression of key developmental regulators during gastrulation. b, DNA methylation and open chromatin dynamics for the tumour suppressors p16Ink4a, p19Arf (both encoded by Cdkn2a) and p15Ink4b (encoded by Cdkn2b). Although these loci are either basally or non-transcribed during early development, three regions are dynamically methylated in the ExE (highlighted in grey), including a >10-kb region that encompasses the entirety of the p16Ink4a locus and is either wholly unmethylated in the epiblast or extensively methylated in the ExE. CGIs are highlighted in green, and the positions of included TSSs are highlighted in red. c, Scatterplot of log2 expression dynamics versus differential CGI methylation between the epiblast and the ExE. Although most dynamically methylated CGI promoter-containing genes have functions in later embryonic development and are not yet highly expressed, de novo methylation in the ExE is generally associated with transcriptional repression. ExE hyper CGIs are highlighted in pink. Promoter CGIs are assigned to the most proximal gene within a boundary of Â±2 kb. d, Boxplots relating promoter methylation and expression in the restriction of extraembryonic and embryonic compartments. Promoters are defined as Â±1 kb of an annotated TSS and scored as dynamically methylated in the ExE if the difference with the epiblast is â‰¥0.1. Expression changes between dynamically methylated and background promoter sets are provided over increasing thresholds according to their expression in the epiblast. Although many CGI promoter-containing genes are not dynamically expressed in either the epiblast or the ExE and are associated with downstream developmental functions, transcriptional repression is a consistent feature of promoter methylation, even at this low threshold. e, Median open chromatin signal as measured by ATACâ€“seq for ExE hyper CGI-associated TSSs in the transition from pre- to postimplantation. ExE hyper CGI-associated genes are heavily enriched for roles in patterning the embryo proper and are primarily not expressed until the onset of gastrulation. In the transition from blastocyst to epiblast, these promoters gain open chromatin signal, suggesting transcriptional priming or activation, which is not observed within the ExE, where they are de novo methylated. Shaded area reflects the 25th and 75th percentile per fixed 100-bp bin. f, Expression and differential promoter methylation of key epigenetic and master transcriptional regulators over early embryonic and extraembryonic development. Most epigenetic regulators exhibit minimal expression differences between the epiblast and the ExE, with the Dnmts being notable exceptions. Key isoforms of Dnmt3a and Dnmt3b are upregulated in the epiblast in conjunction with global remethylation, whereas the suppression of Dnmt3a in the ExE corresponds with de novo promoter methylation. Alternatively, the maintenance methyltransferase Dnmt1 and the non-catalytic cofactor Dnmt3l are induced within the blastocyst and maintained at higher levels in the ExE, with reciprocal methylation of the Dnmt3l promoter in the epiblast. The H3K36 demethylase Kdm2b displays differential expression of catalytically active and inactive isoforms within the epiblast and the ExE, respectively, with isoform switching seemingly imposed by de novo methylation around the somatically used CGI promoter. The ExE is characterized by persistent expression of the master regulators Cdx2, Eomes, and Elf5 (refs 48, 49, 50, 51), whereas the still pluripotent epiblast remains Pou5f1 (also known as Oct4) positive. Many additional regulators of subsequent developmental stages are basally expressed within the epiblast and their promoters de novo methylated in the ExE. The difference in promoter methylation refers to the annotated TSS that exhibits the greatest absolute difference between ExE and epiblast. TPM, transcripts per million. Additional high-resolution genome browser tracks are displayed for select transcriptional and epigenetic regulators in Extended Data Figs 4 and 7, respectively. g, Unsupervised hierarchical clustering of 11,780 genes over late preimplantation and early post-implantation development, partitioned into 20 distinct dynamics (â€˜clustersâ€™). Cluster 10 includes genes that are specifically induced within the epiblast but not the ExE. Heat map intensity reflects the row-normalized z-score. h, Significant Gene Ontology enrichment for the 20 gene expression dynamics characterized in f, including those regulated by ExE-methylated CGI promoters, as calculated using the binomial test. Cluster 10 is enriched for both developmental functions and ExE promoter methylation.


Extended Data Figure 4 Unique bifurcation and epigenetic reinforcement of transcriptional regulators during postimplantation development.
a, Genome browser tracks for WGBS, ATACâ€“seq and RNA-seq data for transcriptional regulators associated with embryonic or extraembryonic development. CGIs are highlighted in green, and the positions of included TSSs are highlighted in red. Embryonic regulators include Pou5f1, Nanog, and Pdrm14, which are progressively expressed over preimplantation and for which Pou5f1 and Nanog remain expressed in the epiblast. For these genes, repression in the ExE is accompanied by differential methylation of their TSSs, which is apparent as a local hypermethylation â€˜peakâ€™ at the Pou5f1 locus within an ~5â€‰kb region that is otherwise hypomethylated in the epiblast. At the Nanog locus, an upstream region remains hypomethylated in both tissues. Finally, de novo methylation of the Prdm14 promoter is representative of ExE-specific CGI promoter methylation that occurs at hundreds of genes with downstream developmental functions. Density refers to the projected number of methylated CpGs per 100â€‰bp of primary sequence and highlights the extensive epigenetic signal present over these regions within the ExE specifically (Î”density refers to the difference compared to the epiblast). b, Extraembryonic development is in part directed by the master regulator Elf5, which is not induced until implantation and is reciprocally methylated at its TSS in the epiblast. Intriguingly, many transcriptional regulators associated with pluripotency and germline development persist within the ExE, including Zfp42 and the paralogues Dppa2 and Dppa4. As with Elf5, the promoters for these genes are differentially methylated in the epiblast and frequently characterized by broad kilobase-scale hypomethylation surrounding their TSSs in the ExE. c, Scatterplots for log2 TPM as a function of promoter methylation reveal a higher sensitivity to low methylation levels in the ExE in comparison to the epiblast. Median, 25th, and 75th percentiles for expression within 0.1 methylation bins are included for reference. The fraction of unmethylated promoters is very similar between each tissue and exhibit comparable expression values. Promoters are calculated as Â±1 kb of an annotated TSS. Vertical dotted line indicates the median methylation value of ExE hyper CGIs. d, Read-level methylation of ExE hyper CGIs in the ExE and epiblast. The methylation status for every sequencing read within a given CGI was ranked and binned into percentiles. Plotted are the median and the 25th and 75th percentiles for these ranks across ExE hyper CGIs for both the ExE and the epiblast. In general, about 80% of reads falling within these regions are methylated in the ExE, with a median methylation value of 0.25. This value is very close to the average, unphased measurement for the CGI entirely, indicating that de novo methylation occurs in a high fraction of cells within the ExE and to a similar extent.


Extended Data Figure 5 Epigenetic restriction of FGF production and sensing to embryonic or extraembryonic compartments.
a, Genome browser tracks for WGBS, ATACâ€“seq and RNA-seq data for select growth factors, receptors, and potentiators that are dynamically regulated during early post-implantation development. Fgf loci such as the ICM-expressed Fgf4 and epiblast-expressed Fgf5 and Fgf8 are all regulated by CGI-containing promoters that are de novo methylated in the ExE. Alternatively, expression of FGF-sensing genes such as Fgfr2 and the potentiating protein Fgfbp1 becomes specific to the ExE and is characterized by broad kilobase-scale hypomethylated domains surrounding their respective TSSs in this tissue. Moreover, the asymmetric allocation of Fgfr2-expressing cells during the specification of the ICM indicates that this tissue is still sensitive to these growth factors before the epigenetic restriction that is imposed by DNA methylation during implantation52,53. CGIs are highlighted in green, and the positions of included TSSs are highlighted in red. Density refers to the projected number of methylated CpGs per 100â€‰bp of primary sequence and highlights the extensive epigenetic signal present over these regions within ExE specifically (Î”density refers to the difference compared to epiblast). b, Bright-field images of ICM outgrowths after two or four days under disparate growth factor or small molecule conditions. All ICMs were cultured on irradiated feeders in a basal N2/B27 media supplemented with leukaemia inhibitory factor (LIF). 2i refers to the canonical FGF-inhibited, WNT-active condition comprised of the MEK inhibitor PD0325901 and the GSK3Î² inhibitor CHIR99021, which functions as a WNT agonist37. PD refers to culture with PD0325901 alone and represents repressed FGF signalling in the absence of an additional WNT input54. FGF4/CHIR represents dual FGF and WNT activity by culture in recombinant FGF4 and CHIR99021 and includes notable interior and exterior tissue structures that emerged during culture and were independently isolated and profiled. Finally, ICMs were cultured in FGF4 alone. Outlines highlight the specific components of each outgrowth that were subsequently purified for analysis by dual RNA-seq and RRBS profiling (see Methods). Scale bar shown on the bottom right. c, Differential methylation of CGIs during in vitro culture differs from the ExE according to developmental trajectory. Shown are specific TSS-associated CGIs that are either methylated in the ExE and both conditions, ExE and FGF/CHIR, or ExE-only and the corresponding mean adjusted log2 fold change in gene expression. Shared targets include early developmental genes, such as Prdm14, that are repressed in each case, though often highly expressed in the FGF/CHIR interior. Notably, some of these genes, particularly those associated with the germline, can be de novo methylated later in embryonic development55. FGF differs from the ExE and FGF/CHIR conditions in the methylation of CGIs associated with either the epiblast or the neuroectoderm, including genes that are expressed in the FGF condition, such as Otx2, Igfbp2, and Sfrp2, though this set encompasses other neuroectodermal master regulators such as Pax6 that are not yet expressed. Finally, ExE and FGF/CHIR diverge in the promoter methylation of endodermal master regulators, such as Foxa2, Hnf1b, Gata4, and Sox17, which are highly expressed in the transition from FGF/CHIR inside to outside. Notably, the bifurcation in CGI methylation corresponds to the expression of Fgfr2 and repression of Fgf4, as is observed in vivo: Fgf4 is highly expressed within the interior and repressed in the exterior (32.0 to 3.5 TPM) while Fgfr2 is induced (2.3 to 13.5 TPM). PD and FGF/CHIR conditions are also uniquely positive for Dnmt3b and 3l expression, but ExE hyper CGI methylation is not observed with PD0325901 present (TPMâ€‰=â€‰30.2 and 60.9 for Dnmt3b and Dnmt3l in FGF/CHIR outside, and 61.0 and 41.3 for PD), indicating either the requirement for an additional cofactor or post-translational modification to redirect these enzymes to this feature set.


Extended Data Figure 6 Generation of dual expression and methylation libraries from outgrowth and embryonic knockout data.
a, b, Sequencing metrics and coverage information for dual RNA-seq and RRBS libraries generated for the evaluation of ICM outgrowths and CRISPRâ€“Cas9 disrupted E6.5 embryos, including similarity metrics between replicates (Euclidean distance and Pearson correlation for RRBS and Pearson correlation for RNA-seq). Mean and median methylation of 100â€‰bp tiles is also included for the RRBS samples. c, CRISPRâ€“Cas9 disrupted embryos were generated by zygotic injection of three single guide RNA (sgRNA) sequences specific to early exons that are shared across different isoforms. The genomic coordinates and protospacer sequences are provided (see Methods).


Extended Data Figure 7 Dynamic behaviour of key epigenetic regulators during early implantation.
Genome browser tracks for WGBS, ATACâ€“seq and RNA-seq data (log2 TPM shown for selected isoforms). CGIs are highlighted in green, and the positions of included TSSs are highlighted in red. a, Dnmt1 is not appreciably expressed in early cleavage, in part owing to a transient maternal imprint over the somatically used TSS (Dnmt1s)33,56, but shows moderate induction within the ICM. Then, at implantation, it is induced within both the epiblast and the ExE. Dnmt1 is expressed at higher levels within the ExE and displays persistent focal hypomethylation around the maternal-specific TSS (Dnmt1o) that is not observed in the epiblast, which resolves an area of preimplantation-specific hypomethylation to the hypermethylated genomic average. b, The short Dnmt3a2 isoform is induced to high levels in epiblast and is also expressed within embryonic stem (ES) cells. Alternatively, the CGI-containing promoter of Dnmt3a2 is methylated in the ExE and its transcription is suppressed. c, Like Dnmt1, the Dnmt3b promoter contains a CGI that is maternally imprinted during preimplantation33,56. Induction is apparent within the blastocyst, but becomes asymmetrically abundant within the epiblast following implantation. d, DNMT3L is a non-catalytic cofactor that enhances the de novo activity of DNMT3A and B, with specific functions in the early embryo and germline57. During implantation, Dnmt3l is initially expressed in both the ICM and the trophectoderm, but it remains expressed in the ExE and is silenced by de novo promoter methylation in the epiblast. e, The H3K36 demethylase KDM2B has specific roles in establishing the boundary between promoters and actively transcribed gene bodies, as well as in PRC2 recruitment and the establishment of facultative heterochromatin58,59,60,61. A catalytically inactive isoform, Kdm2b2, initiates from an alternate TSS downstream of exons encoding the demethylating Jumonji domain of the catalytically active Kdm2b1 (ref. 17). Kdm2b2 is the most prevalent isoform during preimplantation development and remains expressed in the ExE. Alternatively, Kdm2b1 is only induced during implantation within the Epiblast, whereas its CGI-containing promoter gains methylation in the ExE. Like Dnmt1s and Dnmt3b, the CGI promoter of Kdm2b1 is a maternally methylated imprint that resolves to hypomethylation during implantation33,56. f, Extraembryonic genome remethylation is highly dependent on DNMT3B and DNMT1. Pairwise comparisons of 100-bp tiles as measured by RRBS for wild-type epiblast and ExE (y axis) versus matched CRISPRâ€“Cas9-disrupted tissues (x axis). Extraembryonic methylation levels diminish genome-wide when Dnmt1, Dnmt3b and Dnmt3l are disrupted. The epiblast is only sensitive to Dnmt1 and Dnmt3b disruption, both to a lesser extent than the ExE, presumably because of compensation from DNMT3A. Notably, the decrease in global methylation levels when Dnmt1 is deleted is greater for ExE than epiblast, indicating a higher dependence on maintenance and less efficient de novo methyltransferase activity in this tissue. The identity line is included in grey and the best fit by LOESS regression in red. The number of 100â€‰bp tiles used in each comparison and the r2 values are included in the upper left of each plot. g, Composite plots of ExE hyper CGI-containing promoters in CRISPRâ€“Cas9 targeted epiblast and ExE, respectively. In general, only limited effects are observed in the epiblast other than a slight increase in the peripheral methylation within the Eed-null sample. Alternatively, both TSS proximal and peripheral methylation is decreased in Dnmt1-, Dnmt3b-, and Dnmt3l-null ExE. The Eed-null ExE is unique in its specificity for diminished methylation at the TSS, particularly downstream within the first kilobase. In both the epiblast and the ExE, the wild-type median is included in black for comparison. Line represents the median and the shaded area the 25th and 75th percentiles, respectively. For RRBS data, composite plots are of the median for 200-bp windows, taken at intervals of 50â€‰bp. h, Statistical test for the derepression of ExE hyper CGI associated genes demonstrates a comparable requirement for Eed in both the epiblast and the ExE. Gene expression of knockout samples were compared to matched wild-type samples using DESeq2 with raw counts as input. Enrichment for ExE hyper CGI associated genes were evaluated by Wilcoxon rank-sum test and represented as z-scores, which were converted to P values assuming a normal distribution. Bonferroni correction for multiple testing was applied to derive the FDR.


Extended Data Figure 8 General features of the cancer methylome and of CGI DMRs.
a, Median methylation of differentially regulated CGI-containing promoters in a primary colon tumour isolate and CLL compared to colon and B lymphocytes, respectively, as measured by WGBS. ExE hyper CGIs as identified in this study and shown in Fig. 1 are included for reference. The median methylation difference between extraembryonic or cancerous tissue compared to the epiblast or normal tissue is also included. The general features of both cancer methylomes are similar to those of the ExE, with a maximal increase in DNA methylation centred at the TSS that steadily diminishes within the periphery. Alternatively, hypomethylated CGIs in extraembryonic or tumorigenic contexts are maximally different a distance away from the TSS, within the boundary or â€˜CpG island shoreâ€™, as previously reported for cancer62. Shaded area represents the 25th and 75th percentiles per 100-bp bin. b, Read-level methylation of hypermethylated CGIs in the ExE versus the epiblast, colon tumour versus colon, and CLL versus B lymphocyte, with those that share differential methylation status between the cancer and extraembryonic development included as a subset. The methylation status for every sequencing read within a given hypermethylated CGI was ranked and binned into percentiles. Plotted are the median and 25th and 75th percentiles for these ranks across CGIs called as hypermethylated in each pairwise comparison. The ExE/epiblast and CLL/B lymphocyte comparisons exhibit very similar distributions that indicate general discordance, meaning similar aggregate methylation across the feature as is observed in phase, which is most likely to be obtained by dispersive de novo methylation across the majority of alleles within the population. Colon tumour exhibits substantially higher read-level methylation, with a median of ~0.7. However, the per-read methylation level of the non-tumorous, matched colon tissue is also quite high, with >50% of reads exhibiting some methylation. This could indicate a transition in the epigenetic status of these loci within colon tissue that precedes tumorigenesis, as has been noted for several other tissues in Extended Data Fig. 9. The read-level methylation distribution is the same for cancer type-specific CGIs regardless of whether or not they are also ExE hyper CGIs. As such, the targeting to ExE hyper CGIs is a conserved feature of human cancer types, but the extent to which they are methylated can be specific to the system. c, Data taken from ENCODE samples that reflect embryonic and extraembryonic identities in human in comparison to the well-characterized human cancer cell line HCT116. The human ES cell line HUES64, a proxy for the pluripotent epiblast, displays notable enrichment for both repressive, PRC2-deposited H3K27me3 and activating H3K4me3 modifications at orthologous ExE hyper CGIs. Alternatively, human placenta exhibits diminished enrichment for both modifications at these regions, as does HCT116. Both systems display substantial methylation over ExE hyper CGIs as presented in Fig. 4, Extended Data Fig. 9 and Supplementary Table 7. As a control, â€˜ExE hypoâ€™ CGIs demonstrate uniformly high H3K4me3 levels. Enrichment density heat maps are provided for the full ExE hyper CGI set and are ranked across plots according to their enrichment for H3K27me3 in HUES64. Normalized enrichment represents the fold chromatin immunoprecipitation-enrichment against sample matched whole cell extract (WCE). d, Boxplots of mean methylation for 489 ExE-methylated, orthologous CGIs (ExE hyper CGIs) across the 14 tissue-matched TCGA cancer types that display disregulated DNA methylation landscapes and for CLL. Asterisk: CLL samples were measured by RRBS (nâ€‰=â€‰119) and represent a comparison between age-matched healthy B lymphocytes (nâ€‰=â€‰24). Edges refer to the 25th and 75th percentiles, whiskers the 2.5th and 97.5th percentiles, respectively. e, Boxplots for TCGA datasets and CLL for the absolute methylation values of all orthologously mapped CGIs, those methylated across cancer types, and those that are specifically methylated in mouse ExE. In all 15 cancer types that exhibit general global hypomethylation and CGI methylation as part of their departure from somatic cells, ExE hyper CGIs are specifically enriched, more so than for CGIs that are observed as hypermethylated in any given cancer type. f, Boxplots for the same data for cancer type-specific CGI DMRs and those that are also methylated in mouse ExE. Notably, the extent to which mouse ExE hyper CGIs are methylated reflects the cancer type, with some exhibiting higher absolute methylation values than others. However, in 14 out of 15 cases, the absolute methylation status of cancer type-specific CGI DMRs and those that are also methylated in the ExE are nearly identical, and often slightly greater. Absolute methylation values therefore appear to be determined by the specific cancer or cancer type, whereas targeting of extraembryonically methylated CGIs is a general feature.


Extended Data Figure 9 Broad conservation of extraembryonic methylation patterns across cancer types and cell lines.
a, Boxplots of orthologous ExE hyper CGIs across 107 ENCODE/Roadmap Epigenomics Project samples as presented in Fig. 4, with notable additional features of each sample highlighted below. Human extraembryonic tissues, including a trophoblastic cell line and primary placenta, also share conserved CGI methylation with mouse. Normal tissues that appear to exhibit higher mean methylation of ExE hyper CGIs include numerous endodermal lineages, such as colonic mucosa, stomach and liver (mean methylation values of 0.225, 0.185 and 0.179, respectively) as well as mature cell types of the adaptive immune system, such as CD8+ and CD4+ T lymphocytes and B lymphocytes (mean methylation values of 0.199, 0.173 and 0.173, respectively). By contrast, ectodermal and epithelial cells are comparatively less methylated than other somatic tissues, although cancer cell lines and primary tumours derived from these tissues remain sensitive to hypermethylation. b, Genome browser tracks for orthologous loci as originally presented for mouse development in Fig. 1 for three human fetal tissues that represent each germ-layer (brain, ectoderm; heart, mesoderm; stomach, endoderm), primary human B lymphocytes, and a CLL sample. CGIs around these loci are preserved in a hypomethylated state during embryonic development, where the bimodal architecture of the DNA methylation landscape is clearly maintained. In B lymphocytes, some low-level, encroaching methylation is already apparent over developmentally hypomethylated regions, as is also observed in the Roadmap sample in a. However, in the transition to CLL, extensive methylation is observed across these CGIs although methylation values drop in the surrounding areas. Red line and shaded area reflect the local mean and standard deviation as calculated by local regression (LOESS) to compensate for the greater number of CpGs within the human orthologues versus mouse, which can complicate visual estimates of local methylation at these scales. CGIs are highlighted in green.


Extended Data Figure 10 Genetic features of ExE CGI methylation in cancers.
a, Intersection analysis as presented in Fig. 4d for cancer-hypomethylated CGIs across the 14 TCGA cancer types and CLL that exhibit global loss of methylation in tandem with CGI hypermethylation. Generally, CGI hypomethylation is more specific, such that the intersection across cancers decays exponentially. Notably, even for hypomethylated CGIs, the intersection across cancer types remains higher for those that are also hypomethylated in mouse ExE, human placenta, or both (Conserved). b, Intersection analysis for cancer-dysregulated genes across TCGA cancer types. Of genes significantly dysregulated in at least n (0â€“14) TCGA cancer types, the fraction of genes that are functionally related to ExE hyper CGI-associated genes were predicted by GRAIL, using a global gene network built by text-mining (see Methods). An FDR of 5% was used as a cut-off. As the number of TCGA cancer types increases, the fraction of ExE hyper CGI-associated genes within the downregulated set generally increases, whereas those that are upregulated decrease substantially. c, Boxplots of the average methylation for the 489 orthologous ExE hyper CGIs across the 10,629 cancers available in TCGA with matched mutational and methylation data, segregated by mutational status of genes that function as part of the FGF signalling pathway. In aggregate, cancers with FGF pathway mutations have a median average ExE hyper CGI methylation level of 0.328 compared to 0.275 for those that do not (Pâ€‰<â€‰10âˆ’16, rank-sum test). Edges refer to the 25th and 75th percentiles, whiskers the 2.5th and 97.5th percentiles, respectively. d, Among 539 genes that are present in the top 10 recurrently mutated pathways in cancer, 68 are functionally related to ExE hyper CGI-associated genes (FDRâ€‰<â€‰5%), as predicted by GRAIL. Genes in the FGF signalling pathway are highlighted in red. In general, FGF signalling pathway genes have high connectivity scores to ExE hyper CGI-associated genes (enrichment z-scoreâ€‰=â€‰3.88 for FGF pathway members within the P value distribution for all 539 genes). e, Statistical enrichment for FGF pathway genes for either amplification or deletion within the TCGA database is notably skewed towards amplification, indicating a generally oncogenic nature for this pathway in tumorigenesis. f, Methylation status of ExE hyper CGIs across colonic and haematopoietic mouse cancer models in which de novo methyltransferase activity has been perturbed. All samples are measured by RRBS. Datasets include: primary colon tissue in which Dnmt3b has been overexpressed (promoter methylation status reported, ref. 63); genetic models of acute myeloid leukaemia (AML) including those transformed by the MLLâ€“AF9 fusion (ref. 64), cMyc and BCL2 overexpression (ref. 64), and FLT3 internal tandem duplication (FLT3-IDT, ref. 65); and acute and chronic lymphoblastic leukaemia models driven by Dnmt3a knockout alone (refs 66 and 67). Methylation of ExE hyper CGIs is observed in both colonic Dnmt3b overexpression and haematopoietic Dnmt3a knockout. Additional oncogenic drivers appear to induce de novo methylation of these regions in the presence or absence of DNMT3 expression, indicating numerous potentials routes to accomplishing the same molecular phenotype. Wild-type haematopoietic tissues are included for reference and taken from refs 66 and 67. Edges refer to the 25th and 75th percentiles, whiskers the 2.5th and 97.5th percentiles, respectively.
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CGI methylation status for ICM outgrowths under defined conditions. CGI methylation status as measured by RRBS for ICM explanted under conditions of modulated FGF and WNT signaling. CGIs are assigned to their nearest TSS and those existing within +/â€“ 2 kb were given the additional assignment of TSS-associated. DMR status indicates differential methylation between Epiblast and ExE from WGBS data, and PRC2 regulatory status is taken from Ref 67. We observe three discrete scenarios where CGIs are preferentially methylated: within the ExE, in the external portion of FGF+CHIR stimulated ICM outgrowths, and in FGF stimulated outgrowths. A CGI whose methylation status deviates by â‰¥0.1 from epiblast is scored as 'dynamic' and used to generate the heatmap in Fig. 2f. (XLSX 2147 kb)
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CGIs methylation status for epigenetic regulator deficient E6.5 embryos. CGI methylation status as measured by RRBS for samples isolated from CRISPR/Cas9 injected embryos. CGIs are assigned to their nearest TSS and those existing within +/â€“ 2 kb were given the additional assignment of TSS-associated. DMR status indicates differential methylation between Epiblast and ExE from WGBS data, and PRC2 regulatory status is taken from Ref 67. A CGI whose methylation status deviates by â‰¥0.1 from its wild type tissue is scored as 'dynamic' and is highlighted in Fig. 3d. (XLSX 2806 kb)
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Promoter methylation status and transcriptional dynamics for epigenetic regulator deficient E6.5 embryos. Promoter methylation and associated gene expression data of CRISPR/Cas9 targeted embryos as measured by dual RRBS and RNA-seq. Promoter methylation is reported if at least 5 CpGs are covered â‰¥5x. The 'Symbol' column identifies all annotated genes for a given promoter and the reported expression value is either the TPM of the associated gene or the mean TPM if multiple genes begin at the same TSS. In general, ExE Hyper CGIs are preferentially induced in both the Epiblast and ExE fraction of Eed targeted E6.5 embryos and de novo methylation of these regions in ExE is specifically blocked. (XLSX 8983 kb)
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Methylation status of ExE hypermethylated CGIs within human tissues, cancers, and cell lines. Mean and median methylation status of the 489 orthologously mapped CGIs that are called as ExE-hypermethylated in mouse across 107 ENCODE and Roadmap Initiative samples. Note, the lymphoblastoid cell line GM12878 is not characterized as cancer cell line within Encode but was generated using the Epstein-Barr Virus and scored as such in this study. Information includes designation as cancer versus normal as well as other assignments included in Extended Data Figure 9. (XLS 61 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Smith, Z., Shi, J., Gu, H. et al. Epigenetic restriction of extraembryonic lineages mirrors the somatic transition to cancer.
                    Nature 549, 543â€“547 (2017). https://doi.org/10.1038/nature23891
Download citation
	Received: 07 July 2016

	Accepted: 03 August 2017

	Published: 20 September 2017

	Issue Date: 28 September 2017

	DOI: https://doi.org/10.1038/nature23891


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

                
                    	
                            
                                
                                    
                                        Regulation, functions and transmission of bivalent chromatin during mammalian development
                                    
                                

                            
                                
                                    	Trisha A. Macrae
	Julie Fothergill-Robinson
	Miguel Ramalho-Santos


                                
                                Nature Reviews Molecular Cell Biology (2023)

                            
	
                            
                                
                                    
                                        Self-patterning of human stem cells into post-implantation lineages
                                    
                                

                            
                                
                                    	Monique Pedroza
	Seher Ipek Gassaloglu
	Berna Sozen


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Spatiotemporal transcriptomic maps of whole mouse embryos at the onset of organogenesis
                                    
                                

                            
                                
                                    	Abhishek Sampath Kumar
	Luyi Tian
	Alexander Meissner


                                
                                Nature Genetics (2023)

                            
	
                            
                                
                                    
                                        Mechanisms and function of de novo DNA methylation in placental development reveals an essential role for DNMT3B
                                    
                                

                            
                                
                                    	Simon Andrews
	Christel Krueger
	Courtney W. Hanna


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Regulation of human trophoblast gene expression by endogenous retroviruses
                                    
                                

                            
                                
                                    	Jennifer M. Frost
	Samuele M. Amante
	Miguel R. Branco


                                
                                Nature Structural & Molecular Biology (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
            
        

        
    



            

        
    


    
        Editorial Summary
Embryonic DNA methylation profiles suggest link to cancer
The pattern of DNA methylation across the genome is reprogrammed during early embryo development and can become aberrantly distributed in cancer. Here, Alexander Meissner, Franziska Michor and colleagues determine genome-wide DNA methylation and transcriptome profiles in mouse embryos at several developmental stages during which DNA methylation is reacquired, from preimplantation to early epiblast and extraembryonic ectoderm. They find that the epiblast and extraembryonic ectoderm acquire distinct genomic distributions of DNA methylation. The extraembryonic epigenome gains methylation at hundreds of CpG island promoters, particularly those associated with developmental regulators. This pattern of gained methylation resembles the acquisition of aberrant hypermethylation seen in human tumours, suggesting that methylation of developmental gene promoters during tumorigenesis may reflect the reacquisition of a latent, developmentally encoded epigenetic landscape.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Smart-RRBS for single-cell methylome and transcriptome analysis
                

                
	Hongcang Gu
	Ayush T. Raman
	Andreas Gnirke



                
    
        
            Nature Protocols
        
        Protocol
        
        
            09 Jul 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








