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Supplementary Figure 1: Epigenomic features of PEs during mouse embryogenesis. (A) ATAC-

seq and ChIP-seq data for p300, H3K4me1, H3K27me3 and H3K27ac were used to call active 

enhancers in three distinct in vitro pluripotent states (i.e. 2i ESC, S+L ESC and EpiLC)5,80. Active 

enhancers are characterized by high p300/ATAC signals, high H3K27ac and H3K4me1 levels, as 

well as low H3K27me3 levels and located at least 5kb apart from a TSS (Methods). (B) ChIP-seq 

data for H3K4me1, H3K27me3 and H3K27ac were used to call primed enhancers in three distinct in 

vitro pluripotent states (i.e. 2i ESC, S+L ESC and EpiLC)5,80. Primed enhancers are characterized by 

high H3K4me1 signals, low H3K27ac levels and H3K27me3 levels and located at least 5kb apart 

from a TSS (Methods). (C) H3K27ac, H3K4me1 and H3K27me3 signals from serum+LIF mESC, 

2i mESC and EpiLC1 are shown around poised, active, primed and PoiAct enhancers identified in in 

vitro pluripotent cells (Fig. 1; Methods). 
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Supplementary Figure 2: Conservation analysis of mouse PE across vertebrates. (A) 

H3K27me3 ChIP-Seq profiles generated in male and female mouse germ cells2 are shown around 

poised, active, primed and PoiAct enhancers identified in in vitro pluripotent cells. (B) 

ATAC-seq, H3K27me3 and H3K27ac signals from six different mouse embryonic (E12.5; 

upper panel) tissues are shown around poised, active, primed and PoiAct enhancers identified 

in in vitro pluripotent cells. (C) Absolute number of mouse PEs conserved across 68 

vertebrates (Supplementary Data 1) using different mappability thresholds (mapping ratios 

0.2-0.99; color legend). (D) Sequence conservation across 68 vertebrate species was measured 

for poised, active, primed and PoiAct enhancers identified in mouse pluripotent cells using a 

mappability threhold of 0.5. The previous enhancer sets were further divided depending on 

whether they were called considering several pluripotent cell types as defined in Fig. 1 

(„pooled“; solid lines) or only in serum+LIF mESC as originally described3 (dashed lines). 

(E) Distance between active or poised mouse enhancers conserved in the indicated vertebrate 

species and ultraconserved non-coding elements (uCNE) identified in the same species4. The 

asterisks indicate that the distances between either poised or active enhancers and uCNU are 

significantly different (two-sided Wilcoxon test). Human and frog PE (FC=1.16, p=0.052; FC=1.33, 

p=0.0034; two-sided Wilcoxon test) are closer to uCNE, but mouse and zebrafish PE (FC=0.86, 

p=4.08e-12; FC=0.68, p=0.31; two-sided Wilcoxon test) are more distal to uCNE when compared to 

active conserved enhancers. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Supplementary Figure 3: Genetic, epigenetic and regulatory features of PEs are conserved 

across vertebrates. (A) Whole-genome bisulfite sequencing (WGBS) / STEM-seq data generated in 

either in vitro (2i ESC, EpiLC and EpiSC; upper row) or in vivo (E4.0 ICM, E5.5 epiblast and E6.5 

epiblast; lower row) mouse pluripotent cells5-7 was analysed in order to show CpG methylation 

levels around poised, active, primed and PoiAct enhancers identified in in vitro pluripotent cells 

(Fig. 1; Methods). (B) ChIP-seq signals for KDM2A and KDM2B in mESC are shown around 

poised, active, primed and PoiAct enhancers identified in in vitro pluripotent cells. (C) CpG 

methylation levels as measured by Reduced-Representation Bisulfite Sequencing (RRBS) in WT 

mESC and Kdm2b-/- mESC8 are shown around bivalent promoters and poised, active, primed and 

PoiAct enhancers identified in in vitro pluripotent cells. CpG methylation levels increased 

significantly in Kdm2b-/- mESC compared to WT mESC at PE (FC=2.5; p<2.2e-16; two-sided 

Wilcoxon test), bivalent promoters (FC=3.59; p<2.2e-16; two-sided Wilcoxon test; +/-1kb of TSS) 

and, to a lesser degree, at active enhancers (FC=1.34; p=3.29e-72; two-sided Wilcoxon test). (D) 

The quality of the CGIs identified by Bio-CAP in different vertebrates is illustrated by the 

significantly shorter distances separating the CGIs from TSS than from 1000 randomly-sampled 

genomic regions in each of the investigated species (p<2.2e-16 for all four comparisons; two-sided 

Wilcoxon test). (E) All the de novo PEs identified in different vertebrate species (including the 

mouse PEs described in Fig. 1 and located >10kb from TSS) were linked to the nearest gene. Then, 

homologous genes were retrieved from biomaRt9 and overlaps between species were calculated with 

Venn diagrams. (F) Pathway and Gene Ontology analysis for the overlapping genes (n=63) shown 

in (E) were calculated with ConsensusPathDB. (G) Distances to CGIs are shown for different PE 

categories identified in either humans (left panel; p=0.00012; p<2.2e-16 respectively; two-sided 

Wilcoxon test) or chicken (right panel; p=0.00083; p=0.04998 respectively; two-sided Wilcoxon 

test). The de novo PE overlapping with conserved mouse PE (human: n=183, chicken: n=49) were 

the most proximal to CGIs.

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Supplementary Figure 4: The interactions between PEs and bivalent promoters are globally 

mediated by PRC1. (A) H3K27me3 HiChIP and ChIP-seq profiles generated in mESC are shown 

around the Six3 (left) and Sox1 (right) loci. Both the Six3 and Sox1 TSS as well as the PEs 

previously shown to control these genes in AntNPC (PE Six3 (-133kb) and PE Sox1 (+35kb)) are 

marked with green vertical lines. Upper panels: heatmap of log2 interaction intensities based on 

H3K27me3 HiChIP data generated in mESC. Two medium panels: ChIP-seq and 1D HiChIP signals 

for H3K27me3 in mESC. Lower two panels: significant (p<0.01; FitHiChIP) interactions were 

called using the H3K27me3 HiChIP PETs (paired-end tags) and loops in which one of the anchors 

overlaps (+/- 10kb) either the PE or the TSS are shown. (B) Ring1a-/-Ring1bfl/fl mESC were either left 

untreated or treated with tamoxifen for 72 hours. The loss of Ring1b after tamoxifen treatment was 

confirmed by PCR genotyping (left) in three independent biological replicate experiments and 

Western blot analysis (right). The PCR primers used for detecting the Ring1b deletion are shown in 

Supplementary Data 1. bp=base pairs. (C) ChIP-seq data for H3K4me3 was generated as 

biological replicates in WT mESC, Eed-/- mESC and Tamoxifen-treated Ring1a-/-Ring1bfl/fl mESC. 

H3K4me3 profiles are shown around bivalent promoters and poised, active, primed and PoiAct 

enhancers identified in in vitro mouse pluripotent cells. (D) H3K4me3 HiChIP in WT, Eed-/- mESC 

and Tamoxifen-treated Ring1a-/-Ring1bfl/fl mESC around the Six3 locus.
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Supplementary Figure 5: Physical interactions between PEs and their target genes in the 

embryonic mouse brain. (A) H3K27ac HiChIP and ChIP-seq profiles generated in E10.5 mouse 

brains and AntNPC, respectively, are shown around the Lhx5 (left; window = +/-200kb) and Six3 

(right; window = +/- 250kb) loci. Both the Six3 and Lhx5 TSS as well as the PEs previously shown 

to control these genes in AntNPC (PE Six3 (-133kb) and PE Lhx5 (-109kb)) are marked with green 

vertical lines. Upper panels: heatmap of log2 interaction intensities based on H3K27ac HiChIP data 

generated in E10.5 mouse brain. Two medium panels: 1D HiChIP and ChIP-seq signals for 

H3K27ac, H3K4me3 and CTCF in E10.5 mouse brain and AntNPC, respectively. Lower two 

panels: significant (p<0.01; FitHiChIP) interactions were called using the H3K27ac HiChIP PETs 

(paired-end tags) from E10.5 mouse brain and loops in which one of the anchors overlaps (+/-10kb) 

either the PEs or the TSS are shown. (B) Significant (p<0.01; FitHiChIP) interactions were called 

using the H3K27ac HiChIP PETs from E10.5 mouse brain. Interaction anchors were overlapped 

with PEs and their interaction partners were hierarchically annotated with the categories shown in 

the pie chart (Methods). (C) The target genes of different mouse PE subsets were defined using the 

significant H3K27me3 HiChIP interactions called in mESC (Fig. 3). Then the expression of the 

genes associated with each PE category was plotted using RNA-seq data generated in AntNPC and 

mESC. Each data point is the expression (in FPKM) of a target gene. The asterisks indicate 

significantly higher expression in AntNPC than in ESC (FC=1.33, p=0.00017; FC=1.25, p=0.00035; 

two-sided Wilcoxon test). The PoiAct enhancers (E10.5 brain) category was defined by overlapping 

mouse PEs with H3K27ac ChIP-Seq peaks (broad; q≤0.1) called in E10.5 mouse fore-, mid- and 

hindbrain (Supplementary Data 1). Value range was zoomed in to lower and upper IQR 

(interquartile range) to circumvent excessive outliers. (D) The expression of the genes associated 

with the PoiAct distal enhancers (AntNPC) (left) and PoiAct enhancers (E10.5 brain) (right) groups 

described in (C) was plotted using scRNA-Seq data generated during mouse embryogenesis. Each 

data point is the mean expression (in RPM (reads per million) for E3.5-E6.75 and TPM (transcripts 

per million) for E9.5-E11.5) of all target genes in one cell. The asterisks indicate significantly higher 

expression in E9.5-E11.5 brain than in E3.5-E6.75 embryos (FC=2.93, p=3.64e-140; FC=2.01, 

p=3.41e-124; two-sided Wilcoxon test). Value range was zoomed in to lower and upper IQR to 

circumvent excessive outliers.

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Supplementary Figure 6: H3K27ac HiChIPs in embryonic brain tissues and differentiated cell 

lines show specific signal of activated PEs above in situ Hi-C background. (A) Public available 

ENCODE H3K27ac ChIP-seq data (left panel) of the three main brain regions (each with two 

merged replicates; 1x-normalized) matching the stage of our whole brain HiChIP (right panel) were 

evaluated in their signal intensity for different regulatory regions. PoiAct enhancers (overlapping 

H3K27ac peaks in AntNPC), as well as their potential targets in bivalent promoters, show increased 

read depth compared to residual PEs (non-PoiAct). (B) Previously generated E14 AntNPC H3K27ac 

ChIP-seq data5 (left panel) and our HiChIP data (right panel) were evaluated in their signal intensity 

for different regulatory regions. PoiAct enhancers (overlapping H3K27ac peaks in AntNPC), but not 

as much bivalent promoters compared to (A), show increased read depth compared to residual PEs.
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Supplementary Figure 7: PE deletions in mouse and chicken embryos. (A) Scheme for 

genotyping of chicken embryos and transgenic mice obtained through CRISPR-Cas9 targeting of 

PEs. We used one or two forward primers (blue) and one or two reverse primers (red; 

Supplementary Data 1) specific for the deleted and unperturbed region respectively. Primer 

positions for chicken are further depicted as tracks in D, E and Fig. 6E. (B) Genotyping results for 

the PE Lhx5(−109kb) deletion in transgenic mice. Used primer combinations are indicated below 

the gel. bp=base pairs. (C) The CRISPR/Cas9-targeted PEs for Lhx5, Six3 and Sox1 were PCR-

amplified from electroporated chicken genomic DNA using primers specific for the deleted regions. 

Used primer combinations are indicated below the gel. (D) ATAC-seq and H3K27me3 ChIP-seq 

profiles generated in HH3 chicken epiblast are shown around the Six3 locus. In addition, Bio-CAP 

profiles generated in chicken testes are also shown to illustrate the location of CGIs in the chicken 

genome. The genomic region deleted in chicken embryos that includes the mouse PE Six3 (-133kb) 

conserved in chicken is highlighted in red. (E) Similar profiles as in (E), but for the mouse PE Sox1 

(+35kb) conserved in chicken.
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