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Abstract 

Gastrulation represents a crucial stage in embryonic development and is tightly controlled by a complex network 
involving epigenetic reprogramming. However, the molecular coordination among distinct epigenetic layers entail-
ing the progressive restriction of lineage potency remains unclear. Here, we present a multi-omics map of H3K27ac 
and H3K4me1 single-cell ChIP-seq profiles of mouse embryos collected at six sequential time points. Significant 
epigenetic priming, as reflected by H3K27ac signals, is evident, yet asynchronous cell fate commitment of each germ 
layer at distinct histone modification levels are observed. Integrated scRNA-seq and single-cell ChIP-seq analysis 
unveil a “time lag” transition pattern between enhancer activation and gene expression during germ-layer specifica-
tion. Notably, by utilizing the H3K27ac and H3K4me1 co-marked active enhancers, we construct a gene regulatory 
network centered on pivotal transcription factors, highlighting the potential critical role of Cdkn1c in mesoderm line-
age specification. Together, our study broadens the current understanding of intricate epigenetic regulatory networks 
governing mouse gastrulation and sheds light on their relevance to congenital diseases.
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Introduction
Gastrulation of the early mammalian embryo is a process 
characterized by the gradual acquisition of specialized 
lineage and morphogenetic movement of individual cells, 
which orchestrates the formation of the basic body plan 
[1–3]. In mice, gastrulation occurs during approximately 
E6.0-E7.5, when the pluripotent epiblast undergoes lin-
eage restriction, giving rise to the ectoderm, mesoderm 
and definitive endoderm [1, 4–6]. Transplantation and 
clone tracing experiments have unveiled the global pat-
tern of lineage specification during gastrulation [7, 8]. 
Specifically, the anterior epiblast differentiates into ecto-
dermal cells, including neuroectoderm and surface ecto-
derm. Meanwhile, the posterior epiblast cells segregate 
proximally and anteriorly to contribute to the mesoderm 
and endoderm lineages through the primitive streak (PS) 
[9].
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Numerous prior studies have provided valuable 
insights into the activity of various molecular mecha-
nisms including epigenetic regulation, transcription 
factors and signaling pathways, governing the precise 
developmental process and ensuring its robustness [9–
11]. For example, key developmental genes in embry-
onic cells and extraembryonic ectoderm (ExE) cells are 
silenced by H3K27me3 and DNA methylation during 
gastrulation, respectively [12]. Furthermore, the dynam-
ics of both proximal and distal chromatin states during 
the specification of the three primary germ layers exhibit 
asynchronous features as revealed by the epigenomic 
profiling of sub-regions of the mouse gastrula [13]. The 
function of epigenetic regulators in the mouse gastrula 
has been thoroughly dissected through perturbation and 
single-cell RNA-seq analysis [14]. Xiang et  al. revealed 
robust bivalent chromatin states co-marked by H3K4me3 
and H3K27me3 at promoters of developmental genes, 
gradually losing H3K4me3 or H3K27me3 along devel-
opmental progression [11]. Altogether, global epigenetic 
reprogramming is coordinated with the formation of the 
three germ layers during gastrulation. Nevertheless, the 
epigenetic basis for cell-fate plasticity and correct lineage 
allocation remains unresolved.

The advent of single-cell technologies has facilitated 
high-resolution profiling of multiple molecular layers 
of mouse gastrula embryos at the single-cell level [6, 8, 
15–20]. While single-cell transcriptomic analysis has 
generated comprehensive atlases and identified diverse 
developmental trajectories during gastrulation, the role 
of epigenome in these processes is largely unknown. The 
application of scNMT-seq in studying mouse gastrula-
tion represents the first multi-omics analysis, encom-
passing chromatin accessibility, DNA methylation, and 
gene expression levels. This analysis reveals that the epi-
genetic states in DNA methylation and chromatin acces-
sibility in cells fated to ectoderm are already established 
in the early epiblast, whereas cells committed to meso-
derm and endoderm undergo extensive epigenetic repro-
gramming [21]. However, the dynamic patterns of other 
epigenetic molecular layers, such as histone modifica-
tions at the single-cell level during the specification of 
three germ layers, and whether different primary germ 
layers utilize distinct histone codes to orchestrate their 
fate commitment, remain uncharacterized due to tech-
nological limitations.

In this study, we utilized our previously developed 
single-cell ChIP-seq method, CoBATCH [22], to profile 
the H3K27ac and H3K4me1 states in mouse embryos at 
six continuous developmental stages, ranging from Pre-
Primitive Streak to Early Headfold stages [23]. Given 
that H3K27ac (marking active enhancers) and H3K4me1 
(associated with both poised and active enhancers) 

enable precise identification of enhancers, characteri-
zation of super-enhancers, and improved prediction 
of promoter-enhancer interactions, reflecting the cur-
rent and prospective developmental potential of cells 
[24–28], respectively, the joined analysis of both histone 
marks enables us to compare the dynamic patterns of two 
enhancer marks orchestrating the specification of three 
germ layers during mouse gastrulation. This approach 
enhances our understanding of the unique epigenetic 
codes utilized by cells committed to distinct fates. Fur-
thermore, the integration of single-cell ChIP-seq with 
single-cell RNA data unravels the mechanisms through 
which enhancer usage coordinates the transition of gene 
expression along lineage progression, and provides rich 
resources to explore critical transcription factors actively 
involved in the fate commitments of individual germ 
layers.

Results
Single‑cell mapping of histone modifications 
during mouse gastrulation
To elucidate the dynamics of epigenetic program-
ming during gastrulation, we conducted single-cell 
CoBATCH for H3K27ac and H3K4me1 in the embry-
onic portion of mouse embryos, with a limited number 
of extra-embryonic ectoderm cells (Table S1). The sam-
ples were collected across six developmental stages span-
ning from E6.0 to E7.5, including pre-streak (Pre_Ps), 
Early Streak (ES), Mid-Streak (MS), Late Streak (LS), No 
Allantoic Bud (OB), and Early Headfold (EHF) stages 
(Fig.  1A). After quality control, 3,170 (H3K27ac) and 
3,225 (H3K4me1) cells were retained, with averages of 
8,100/7,888 reads, 95%/94% FRIP, and 94.30%/93.43% 
mapping rates, respectively (Fig. S1A-S1F; Table S2).

Unbiased iterative clustering of these single cells 
using the Seurat package [29] identified seven clus-
ters for H3K27ac and five clusters for H3K4me1 single 
cells (Fig.  1B and C) (Methods). And single cells from 
H3K27ac and H3K4me1 ChIP-seq signal were posi-
tively correlated with developmental progression along 
the sampled time points (Fig. S1G and S1H). To define 
the cell identity in each dataset, we examined H3K27ac 
ChIP signals within ± 100 kb of gene body and H3K4me1 
ChIP signals within ± 5 kb of the gene body of the known 
marker genes. In the H3K27ac dataset, we manually 
annotated clusters representing Epiblast (Epi), Late nas-
cent mesoderm (LNM), Neural ectoderm 1 and 2 (NE1 
and NE2), Exe ectoderm (ExE), Definitive endoderm 
(DE) and Mesenchyme to Mesoderm (MM) based on 
the ChIP-seq signals within ± 100 kb of the gene body of 
cluster-specific marker genes (Table  S3), such as Esrrb 
and Epcam for Epi, Tbx6 and Mesp1 for LNM, Otx2 for 
NE1, Bdnf for NE2, Bmp8b and Tfap2c for ExE, Hnf1b 
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and Sox17 for DE, Mesp1 and Hand2 for MM, respec-
tively (Fig. S2A-S2I). Additionally, GREAT [30] analysis 
confirmed that cluster-specific H3K27ac peaks preferen-
tially reside adjacent genes functioning in corresponding 
subpopulations (Fig. S2J-K; Table S4).

Nevertheless, we faced challenges in obtaining strong 
cluster-specific H3K4me1 ChIP-seq signals around the 
marker genes (Fig. S3; Table  S3). This is likely because 

H3K4me1 primarily marks poised enhancers, which 
do not necessarily correlate positively with gene tran-
scriptional activities [31]. Consequently, the H3K4me1 
single-cell subpopulations were broadly categorized into 
clusters resembling Epiblast like (Epi_L), Neural ecto-
derm like (NE_L), Exe ectoderm like (ExE_L), Endoderm 
like (EN_L) and Mesoderm like (ME_L) cells (Fig.  1C). 
The percentage of cells at different stages within each cell 

Fig. 1  Single-cell epigenomic profiling of mouse gastrula. A: Schematic of the experimental design. Single cells from the embryonic portion 
of Pre_PS to EHF mouse embryos were collected and subjected to CoBATCH to profile H3K27ac and H3K4me1 states at single-cell levels. The 
area below the dashed line indicates the sampling location (embryonic portion). Colors represent morphological landmarks during gastrulation. 
ES to MS: Yellow delineates the extent of the embryonic mesoderm. LS: Light blue marks the node at the distal tip; pink indicates the posterior 
amniotic fold (not yet fused to the anterior proamniotic fold). OB: Blue denotes the head process extending anterior to the dorsal tip (now 
visible); green marks the small allantois. EHF: Blue indicates head fold formation; green represents the enlarged allantois. B and C: UMAP showing 
the clustering of single cells from H3K27ac (B) and H3K4me1 (C) profiles, respectively. D-G: Stacked bar plots showing the percentage of each cell 
stage (D, E) and cell type (F, G) identified by H3K27ac (D, F) and H3K4me1 (E, G) single-cell ChIP-seq across different developmental stages. Pre_PS, 
Pre-Primitive Streak; ES, Early Streak; MS, Mid-Streak; LS, Late Streak; OB, No Allantoic Bud; EHF, Early Headfold
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type provided an overall view of the developmental pro-
cess from the epiblast to the formation of the three pri-
mary germ layers (Fig. 1D-E). Among these, epiblast cells 
defined by H3K27ac ChIP-seq signals mostly originated 
from the Pre_PS stage (Fig.  1D), while the H3K4me1 
dataset showed a more disordered composition of cell 
stages in epiblast-like cells (Fig.  1E). From another per-
spective, when assessing the representation of each 
cluster at different developmental stages, we observed 
a decline in the percentage of epiblast cells as develop-
ment progressed (Fig.  1F-G). Notably, the H3K27ac 
ChIP-seq-defined germ layer-specific subpopulations 
emerged as early as the Pre_PS stage, with the exception 
of the extraembryonic lineage (Fig.  1F), Similarly, ecto-
derm- and mesoderm-like lineages defined by H3K4me1 
ChIP-seq were also detectable at Pre_PS stage (Fig. 1G), 
indicating effective epigenetic priming for lineage specifi-
cations in Pre_PS embryos.

Asynchronous germ‑layer fate commitment revealed 
by distinct histone modification dynamics
We proceeded to interrogate the level of epigenetic 
similarity among clusters during developmental pro-
cesses across different molecular layers to elucidate 
cell fate commitment. Principal components analysis 
(PCA) of the average H3K27ac and H3K4me1 signals in 
each subpopulation revealed different molecular layers. 
Across all stages, the ectoderm cluster located closer 
with mesenchyme to mesoderm, while separating from 
the endodermal lineages at the H3K27ac level (Fig. 2A). 
Interestingly, we observed highly similar H3K27ac pat-
terns of NE1 and Epi cells at the Pre_PS stages, suggest-
ing that the fate of NE1 lineage was already primed at 

the Pre_PS stage. Conversely, germ layer-specific dif-
ferences appeared before H3K4me1 ChIP-seq signal 
patterns in each subpopulation (Fig. 2B). When charac-
terizing the lineage-specific dynamics of H3K27ac- and 
H3K4me1-marked enhancers during mouse gastru-
lation (Fig.  2C-H), we found the majority of lineage-
specific H3K27ac peaks in EHF stage were generated 
at the ES stages and maintained during development 
(Fig. 2C, E and G). However, most ectodermal-specific 
H3K4me1 peaks in the EHF stage were already primed 
at the Pre_PS stage (Fig.  2D), while endodermal- and 
mesodermal-specific H3K4me1 peaks exhibited higher 
dynamics at the ES to MS stages. During this period, 
about half of the peaks in the Pre-PS stage disappeared 
at the ES stage, and peaks were gradually de novo gen-
erated along later development (Fig.  2F, H). The dif-
ferences in histone modification patterns at distinct 
developmental stages indicate cells in different sub-
populations likely utilized different epigenetic codes to 
orchestrate developmental functions.

To further characterize how different histone modi-
fications were associated with germ-layer specification 
during development, we examined the enrichment of 
germ-layer-specific H3K27ac- and H3K4me1-defined 
enhancers in epiblast cells. Consistent with the observa-
tions that ectodermal cells exhibited the highest epige-
netic similarity with epiblast cells at the H3K27ac level 
(Fig.  2A), the H3K27ac-marked ectoderm enhancers 
showed higher enrichment in epiblast cells than meso-
derm and endoderm enhancers (Fig.  2I). However, all 
germ-layer-specific H3K4me1-marked enhancers were 
primed in the epiblast cells, with ectodermal enhanc-
ers showing the highest enrichment (Fig.  2J). This 

Fig. 2  Dynamics of H3K27ac and H3K4me1 ChIP-seq signals across mouse gastrulation. A and B: PCA analysis of the average H3K27ac (A) 
and H3K4me1 (B) ChIP-seq signals of each subpopulation at different developmental stages except for the ExE cluster. C and D: Alluvial plots 
showing the global dynamics of H3K27ac (C) and H3K4me1 (D) ChIP-seq signals during ectoderm lineage specification. The number of total 
ectoderm-specific H3K27ac (C) and H3K4me1 (D) peaks in all stages was shown. GO enrichment analysis of the genes adjacent to EHF-specific 
ectoderm peaks was shown on the right panel. The colorful codes in the vertical columns represent specific ChIP-seq peaks at each stage, 
and the green ribbons indicate the flow of ectoderm-specific ChIP-seq signals from the previous stage along the sampled time points. E 
and F: Alluvial plots showing the global dynamics of H3K27ac (E) and H3K4me1 (F) ChIP-seq signals during endoderm lineage specification. 
The number of total endoderm-specific H3K27ac (E) and H3K4me1 (F) peaks in all stages was shown. GO enrichment analysis of the genes 
adjacent to EHF-specific endoderm peaks was shown on the right panel. The colorful codes in the vertical columns represent specific ChIP-seq 
peaks at each stage, and the blue ribbons indicate the flow of endoderm-specific ChIP-seq signals from the previous stage along the sampled 
time points. G and H: Alluvial plots showing the global dynamics of H3K27ac (G) and H3K4me1 (H) ChIP-seq signals during mesoderm lineage 
specification. The number of total mesoderm-specific H3K27ac (G) and H3K4me1 (H) peaks in all stages was shown. GO enrichment analysis 
of the genes adjacent to EHF-specific mesoderm peaks was shown on the right panel. The colorful codes in the vertical columns represent 
specific ChIP-seq peaks at each stage, and the red ribbons indicate the flow of mesoderm-specific ChIP-seq signals from the previous stage 
along the sampled time points. I and J: Line plot showing cluster-specific H3K27ac (I) and H3K4me1 (J) ChIP-seq signals in Epiblast cells. ChIP-seq 
signals were calculated within 50 bp window around the ± 1 kb of the peak centers. Total 61, 3,174, 1,264, 2,226 H3K27ac peaks in the epiblast 
(Epi cluster), ectoderm (both NE1 and NE2 clusters), endoderm (DE cluster), and mesoderm (MM cluster), respectively, and 7,137, 176, 548, 21,567 
H3K4me1 peaks in the epiblast (Epi_L cluster), ectoderm (NE_L), endoderm (EN_L), and mesoderm (ME_L), respectively, were used for signal 
calculations

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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observation aligns with previous reports that H3K4me1 
marks inactive enhancers poised for future activation 
[32].

Altogether, the distinctions in different histone modi-
fication patterns during the specification of three germ 
layers validate the asynchronous fate commitment mech-
anisms of different lineages.

The regulatory trajectory of germ‑layer specification
We then aimed to investigate whether our single-
cell H3K27ac and H3K4me1 ChIP-seq data could be 
employed to reconstruct cellular developmental trajec-
tories in an unbiased manner. We employed ForceAt-
las2-based PAGA (partition-based graph abstraction) to 
construct a force-directed graph integrating six H3K27ac 
and four H3K4me1 clusters. Pseudotime analysis cou-
pled with lineage-specific marker genes revealed pro-
gressive chromatin remodeling patterns that precisely 
matched known developmental transitions (Fig.  3A-
D; Fig. S4; Table  S5).To facilitate the following analysis, 
we combined the NE1 and NE2 subpopulations in the 
H3K27ac dataset into one ectoderm differentiation tra-
jectory (Fig. 3B). From the above, it can be seen that the 
active marker can effectively fit the actual developmental 
trajectory, providing a reliable basis for our subsequent 
analysis.

Cell fate commitment is a dynamic process gener-
ally orchestration by the activity of cell type-specific 
transcription factors. We thus employed the single-cell 
regulatory trajectory to identify germ-layer specific activ-
ities of transcription factors enriched in distinct cis-ele-
ments during lineage specification. The H3K27ac- and 
H3K4me1-marked cis-elements with dynamic activities 
across the endoderm, mesoderm and ectoderm trajec-
tories were identified (Table  S6), including enhancers 
near known transcription factors of each lineage. For 
instance, genes marked by H3K27ac enhancers that were 
active early in the epiblasts including Foxo1 [33] and 
Arh, consistent with their roles in maintaining epiblast 
identity. While H3K27ac-marked enhancers near germ 
layer-specific transcription factors were selectively acti-
vated late in individual trajectories (such as Tbx3 [34], 
Gatat6 [35] and Hnf4a [36] in endoderm lineage; Meox1 
[37], Mesp1 [38] and Hand2 [39] in mesoderm lineage; 
Pou3f1 [40], Otx2 [41] and Sox1 [42] in ectoderm line-
age) (Fig. 3E). Notably, while intergroup differences were 
subtle, germ layer-specific enhancers maintained largely 
consistent dynamic patterns. Additionally, H3K4me1-
marked enhancers exhibited similar lineage-specific 
activities (Fig.  3F). Taken together, these analyses dem-
onstrated that the regulatory trajectory of scH3K27ac 
and scH3K4me1 data could be used to identify distinct 

cis-elements controlling lineage-specific transcription 
factors essential for germ layer specifications.

Integrating scRNA‑seq and scChIP‑seq data reveals 
regulatory bases underly germ‑layer specification
To correlate dynamic cis-elements with gene expres-
sion profiles, we integrated our single-cell ChIP-seq with 
previously published scRNA-seq datasets [19]. To better 
match the sample stage and cell identity, we extracted 
Epiblast, Mesoderm, Mesenchyme, Ectoderm, Endo-
derm and ExE cells across E5.5 to E7.5 from the scRNA-
seq dataset generated by Pijuan-Sala et al. for integration 
using canonical correlation analysis (CCA) by Seurat V3 
[43] (Fig. S5A; Table S7).

The identity of assigned cell types through integration 
in the H3K27ac and H3K4me1 datasets was verified by 
the enhancer activities of selected cluster-specific mark 
genes in each of the annotated cell types (Fig. S5B and 
S6A), suggesting that both of the two modalities (i.e., 
H3K27ac ChIP-seq and RNA-seq; H3K4me1 ChIP-seq 
and RNA-seq) are generally correlated.

Overall, 32.6% of H3K27ac scChIP-seq cells were 
assigned to the Ectoderm cluster, 26.2% to Mesoderm, 
18.47% to Mesenchyme, 9.37% to Epiblast, 9.85% to 
Endoderm, and 4.51% to ExE (Fig.  4A; Table  S8). Clus-
ter annotations of the cells in the H3K27ac dataset were 
broadly consistent between ChIP signal defined and 
scRNA-seq assigned through integration, except for the 
scRNA-seq annotated Mesoderm cluster, which included 
cells from Epi, MM, and NE1/2 subpopulation in the 
H3K27ac ChIP-seq dataset (Fig.  4B). Additionally, we 
found intermixing of different types of cells defined by 
scRNA-seq within the same H3K27ac defined cluster 
(Fig. 4C), indicating extensive chromatin priming occurs 
among scRNA-seq defined cell types. Similarly, 29.09% of 
H3K4me1 scChIP-seq cells were assigned to the Meso-
derm cluster, 28.34% to Epiblast, 24.19% to Ectoderm, 
9.89% to ExE, 7.26% to Endoderm, and 1.24% to Mesen-
chyme (Fig. S6B, Table S8). However, cluster annotation 
of the scH3K4me1 and scRNA exhibited weak correla-
tion except for endoderm and ExE (Fig. S6C), coincident 
with the role of H3K4me1 at enhancers, which function 
in fine-tuning, rather than tightly control enhancer activ-
ity and function [44].

We then utilized the integrated H3K27ac ChIP-seq 
and RNA-seq datasets to investigate the lineage-specific 
dynamics of H3K27ac-defined enhancers along germ 
layer specification, considering its better integration 
results. Pseudotime analysis of scRNA-seq revealed three 
differentiation trajectories starting from the epiblast to 
endoderm, mesoderm or ectoderm lineages (Fig.  4D-K 
and S7A-S7D; Table  S9), in which cell identities were 
corroborated by the progressive loss of epiblast markers 
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Fig. 3  Regulatory trajectory analysis of epiblast differentiation according to H3K27ac and H3K4me1 ChIP-seq signals. A: Force-directed graph 
(FDG) showing the differentiation trajectories of H3K27ac single cells from Fig. 1B. B: Partition-based approximate graph abstraction (PAGA) 
showing pseudotime trajectories of cells from (A). The size of the dots represents the relative number of cells in each cluster. C: FDG showing 
the differentiation trajectories of H3K4me1 single cells from Fig. 1C. D: PAGA showing pseudotime trajectories of cells from (C). The size of the dots 
represents the relative number of cells in each cluster. E and F: Heatmap (the upper panel) and line plot (the lower panel) showing the H3K27ac (E) 
and H3K4me1 (F) signals around lineage-specific genes along three lineage specifications in (A and C)
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and gain of lineage-specific genes (e.g., Mesp1 for meso-
derm, Sox17 for endoderm) (Fig.  4E, I and S7B). These 
marker dynamics align with established murine gastru-
lation studies [6]. The dynamic trends along pseudo-
time in both gene expression and H3K27ac ChIP signals 
around ± 100  kb of corresponding variable genes were 
well correlated, highlighting the critical role of lineage-
specific H3K27ac defined enhancers in the orchestration 
of cell fate commitment during gastrulation (Fig. 4F, G, J, 
K and S7C-S7D).

Comparing the dynamic patterns of gene expression 
versus enhancer activity during germ-layer specifica-
tion, we found that the shutdown of epiblast-specific 
gene expression slightly precedes the repression of cor-
responding enhancers at the early stage of endoderm 
differentiation trajectory (Fig.  4G), and a more obvious 
pattern was observed during the mesoderm differentia-
tion trajectory (Fig.  4K). On the contrary, the initiation 
of enhancer activity of germ layer-specific genes occurs 
before their gene expression at late developmental stages, 
indicating extensive epigenetic priming before cell fate 
commitments. However, the enhancer reprogramming 
for silencing or activation preceded the gene expression 
at both early and later ectodermal lineage specification 
(Fig. S7D), suggesting that the dynamics of transcrip-
tional states and epigenetic modifications are far from 
coherent and synchronous among different layers. As 
a control, we also analyzed the dynamics of RNA and 
H3K27ac signals on unchanged genes along three lineage 
differentiation (Fig. S7E-S7G; Table S9).

Collectively, the above data uncovered distinct regu-
latory bases underlying ectoderm lineage specification 
compared to mesoderm and endoderm fate commitment 
through our integration analysis. Moreover, we revealed 

a “time lag” transition pattern between H3K27ac-marked 
enhancer and gene expression during germ-layer specifi-
cation, which guarantees the correct priming of the epi-
blast cells towards individual lineages.

Active enhancer‑related gene regulatory networks 
across mesoderm lineage specification
Enhancers can be defined as poised or active states based 
on the presence or absence of H3K27ac and H3K4me1 
modifications [45]. Thus, we aim to further clarify the 
dynamics of active enhancers co-marked by H3K27ac 
and H3K4me1 during lineage specification and iden-
tify pivotal transcription factors essential for cell fate 
commitments.

Inspired by our previous integration strategy (Fig.  4 
and S5-6), we tended to integrate the H3K27ac and 
H3K4me1 ChIP-seq datasets through scRNA-seq as a 
linker. To achieve this goal, we first merged single RNA-
seq cells with their closest K-nearest neighbors to gen-
erate Micro-sc (Micro single cell) utilizing Vision [46], 
and performed integration of Micro-sc in scRNA-seq 
dataset with single cells from H3K27ac and H3K4me1 
datasets, respectively (Fig. 5A). To avoid potential con-
tamination during integration, we only kept cell pairs 
with the same identities defined by scRNA-seq and 
scChIP-seq (Fig.  5B; Table  S10). Successful integra-
tion of three datasets thus can be achieved through the 
scRNA-seq dataset as the linker. To further increase the 
integration efficiency, we performed a second round of 
Vision analysis to merge Micro-sc into Pseudobulk-sc 
(Pseudobulk single cell) to get more paired cells with 
the same identities defined by three modalities (Fig. 5A 
and B). The identities of correctly linked cells in each 
dataset were confirmed by the expression and enhancer 

Fig. 4  Integrative analysis of single-cell H3K27ac ChIP-seq and single-cell RNA-seq datasets of the mouse gastrula. A: Donut plot showing 
the percentage of scH3K27ac ChIP-seq cells assigned to different types of scRNA-seq cells. B: Heatmap displaying the fraction of cells in each 
scRNA-seq cluster linked to corresponding H3K27ac ChIP-seq clusters through integration by Seurat. C: Barplot showing the percentage 
of scRNA-seq cells within each annotated scH3K27ac ChIP-seq cluster. Cluster colors match the cell type in (A). D: Pseudotime analysis 
of the scRNA-seq cells of endoderm lineage by Monocle 3. E: Scatter plot showing the cell-type specific gene expression. The representative marker 
genes were selected for the validation of the epiblast and endoderm cells, respectively. F: Heatmap showing normalized RNA signals of 193 DEGs 
across 109 scRNA-seq cells of endoderm lineage (left), and normalized H3K27ac ChIP-seq signals at ± 100 kb of gene body across corresponding 
linked scH3K27ac ChIP-seq cells of endoderm lineage (right). The DEGs were clustered into three modules. The heatmap in the left panel represents 
scRNA-seq cells ordered by pseudotime, and the heatmap in the right panel represents scH3K27ac ChIP-seq cells linked to the same scRNA-seq 
cells but annotated with identities defined by the H3K27ac ChIP-seq. G: Aggregate curves showing the scaled RNA and H3K27ac ChIP-seq signals 
in (F) of three gene modules, two model signals were max–min normalized to 0 ~ 1 for comparison. H: Pseudotime analysis of the scRNA-seq 
cells of mesoderm lineage by Monocle 3. I: Scatter plot showing the cell-type specific feature gene expression. The representative marker genes 
were selected for the validation of epiblast and mesoderm cells, respectively. J: Heatmap showing normalized RNA signals of 159 DEGs across 217 
scRNA-seq cells of mesoderm lineage (left), and normalized H3K27ac ChIP-seq signals at ± 100 kb of gene body across corresponding linked 
scH3K27ac ChIP-seq cells of mesoderm lineage (right). The DEGs were clustered into three modules. The heatmap in the left panel represents 
scRNA-seq cells ordered by pseudotime, and the heatmap in the right panel represents scH3K27ac ChIP-seq cells linked to the same scRNA-seq 
cells in the left but annotated with identities defined by H3K27ac ChIP-seq. K: Aggregate curves showing the scaled RNA and H3K27ac ChIP-seq 
signals in (J) of three gene modules, two model signals were max–min normalized to 0 ~ 1 for comparison

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Lineage dynamics of chromatin and gene expression identify molecular signatures for mesoderm specification. A: Schematic representation 
of the triple-omics integration strategy for scRNA-seq, H3K27ac and H3K4me1 scChIP-seq datasets. B: Sankey diagram highlighting cell pairs 
with the same cell identity defined by three modalities. C: Heatmaps showing the dynamics of gene expression (left) and active enhancer 
score (right) of 87 variable genes along mesoderm differentiation trajectory. D: GO enrichment analysis of genes represented in three modules 
of mesoderm differentiation trajectory. E: Enrichment of TF motifs in active enhancers represented in three modules of mesoderm differentiation 
trajectory. F: Dot plot showing gene discordance scores using TRIAGE analysis, with genes ordered by their expression. TFs with discordance scores 
above the threshold were displayed. Venn diagram showing the overlap of TFs enriched in TRIAGE and those enriched in active enhancers. G: 
TF-gene regulatory network showing the regulation of TFs enriched in active enhancers and its targeted genes in mesoderm trajectory. The width 
of an edge indicates the expression correlation between TFs and targeted genes, the size of a dot indicates the number of nodes in the network. 
H: Dynamics of gene expression along mesoderm differentiation trajectory. The color bar represents the z-score standardized value for each row. I: 
Schematic of stepwise activation of Cdkn1c expression in mesoderm specification
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activities of selected cluster-specific mark genes in 
individual subtypes (Fig. S8A).

Using the integrated dataset, we analyzed the dynam-
ics of gene expression and the enhancer score of their 
corresponding active enhancers defined by both 
H3K27ac and H3K4me1 signals during mesoderm 
specification (Table  S11) (Methods). Pseudobulk-scs 
were ordered along pseudotime and 87 variable genes 
were grouped into three clusters: decreased (cluster 
A), intermediate (cluster B), and increased (cluster C) 
(Fig. 5C, S8B and S8C). Cluster A genes exhibited gene 
ontology (GO) enrichments for embryonic morphogen-
esis and embryonic organ development, whereas genes 
represented in cluster C were enriched for mesoderm 
development, gastrulation, and vasculature devel-
opment-related terms. Interestingly, cluster B genes 
particularly participated in the negative regulation of 
neurogenesis, indicating that the inhibition of neuro-
genesis is essential for the initiation of mesoderm dif-
ferentiation during gastrulation (Fig.  5D; Table  S12). 
Notably, the signals of active enhancers defined by the 
co-occurrence of H3K27ac and H3K4me1 at ± 5  kb 
of the gene body of corresponding genes exhibited 
overall similar dynamic patterns as gene expression 
(Fig. 5C), highlighting the positive correlation between 
gene expression and the activity of their corresponding 
active enhancers.

Consistent with previous reports that enhancers 
co-marked by both H3K4me1 and H3K27ac exhibit 
stronger tissue specificity and are prone to be relevant 
to cell lineage commitments [47], we observed that 
the gene activity of active enhancers was higher than 
of the H3K4m1-marked primed enhancers among the 
pseudobulk mesodermal cells (Fig. S8D). Furthermore, 
we identified TF motifs enriched in the active enhanc-
ers specific to each module (Fig. 5E). The TFs enriched 
early in the epiblast cells including the Krüppel-like fac-
tor and specificity protein (KLF/SP) family transcrip-
tion factors, have been demonstrated to participate in 
biological processes including stem cell maintenance, 
embryonic development, and tissue differentiation 
[48]. TFs with known function in mesoderm specifica-
tion, including MEF2C [49], FOXC2 [50], MESP1 [38], 
HAND2 [51], TWIST2 [52], were specifically enriched 
in module C (Fig. 5E; Table S13). Additionally, we also 
identified some unknown TFs with potential roles 
in mesoderm specification, such as TEAD3 (Fig.  5E; 
Table S13). Intersecting these TFs, enriched in variable 
active enhancer regions along mesoderm specification, 
TFs identified through TRIAGE [53] revealed three key 
TFs: T, FOXC2, and HAND2. This finding aligns with 
their well-established critical roles in mesoderm fate 
commitment [15, 54, 55] (Fig. 5F).

We then explored the TF-driven regulatory networks 
associated with mesoderm lineage specification by link-
ing relating TFs enriched in active enhancers to their 
putative target genes (Fig. 5G; Fig. S8E; Table S14). Anal-
ysis revealed a stepwise transcriptional cascade involving 
cell cycle regulator Cdkn1c during mesoderm specifica-
tion (Fig. 5H and I). Specifically, the expression of Hoxa1 
was activated early during lineage trajectory, which 
then activated Meis1 expression together with TBX1/5 
through binding the active enhancers of Meis1. The 
expressed MEIS1 then activated the expression Cdkn1c 
together with TBX1/5 (Fig.  5H and I). The above mes-
oderm-specific transcription factor (HOXA1, TBX1/5, 
MEIS1) involved regulatory circuit suggests that Cdkn1c 
may play a coordinated role in mesoderm development, 
though its functional significance relative to other down-
stream effectors requires further validation. Thus, the 
integration of single-cell RNA-seq and single-cell ChIP-
seq data can be used to construct regulatory networks 
and explore particular regulatory circuits essential for 
specific lineage specification.

Discussion
Understanding the epigenetic basis of gastrulation is cru-
cial as it addresses a fundamental question in both stem 
cell biology and developmental biology. Disruptions in 
this intricate process can lead to developmental abnor-
malities and congenital disorders. However, exploring 
the molecular activities contributing to the intricate cho-
reography of gene expression that underlies successful 
gastrulation remains technically challenging due to the 
complexity and plasticity of this process. In this study, 
we present the first single-cell resolution maps of his-
tone modifications, specifically H3K27ac and H3K4me1, 
during the development of mouse gastrula across six 
stages. Although both H3K27ac and H3K4me1 make 
enhancers, more subclusters were identified by H3K27ac 
ChIP-seq signals than H3K4me1 signals. One plausible 
explanation is that H3K27ac ChIP-seq signals demon-
strate greater variability than H3K4me1 signals in gastru-
lating embryos, thereby enabling better discrimination 
of cell subtypes. Previous studies have established that 
H3K27ac exhibits superior cell-type specificity compared 
to H3K4me1, showing dramatic variation across different 
cellular states [24]. This difference is further amplified by 
their distinct chromatin signatures: H3K27ac forms nar-
row, sharp peaks that facilitate clear cluster separation, 
while H3K4me1 generates broader, more uniform peaks 
that resist subdivision into discrete clusters. Addition-
ally, H3K27ac-marked enhancers reflect cells’ immediate 
developmental potential through their rapid response to 
signaling and differentiation cues, whereas H3K4me1 pri-
marily marks poised enhancers that maintain relatively 
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stable chromatin states, making cell identity determina-
tion more challenging when relying solely on H3K4me1 
signals.

Our findings reveal substantial epigenetic priming for 
the specification of different germ layers in the Pre_PS 
embryos, as reflected by H3K27ac signals. Neverthe-
less, there are asynchronous features in cell fate com-
mitment among each germ layer at distinct histone 
modification levels. When comparing the dynamic pat-
terns of H3K27ac and H3K4me1 during gastrulation, we 
observed that cells destined for distinct lineages employ 
unique epigenetic codes to orchestrate their develop-
mental functions. Notably, cells in early mesoderm and 
ectoderm lineages exhibit more similar H3K27ac modi-
fication patterns compared to the endoderm lineage, 
which is consistent with the observation that inhibition 
of neurogenesis restricts the differentiation of meso-
dermal lineage during gastrulation [56]. However, the 
three germ layers display more obvious lineage-specific 
H3K4me1 patterns in each subpopulation.

Integrative scRNA-seq and single cell H3K27ac 
ChIP-seq analysis revealed a “time lag” transition pat-
terns between H3K27ac-marked enhancer and gene 
expression during germ-layer specification, showcasing 
extensive chromatin priming within transcriptionally 
homogeneous subpopulations. Previous studies have also 
reported a time lag between epigenetic modifications 
(e.g., H3K27ac) and transcriptional dynamics. This lag is 
attributed to enhancer priming for cell fate decisions, the 
release of paused RNA polymerase II, and the progressive 
recruitment of co-activator complexes prior to produc-
tive transcription initiation [57, 58]. Notably, our results 
showed that the downregulation of epiblast-specific 
genes precedes that of enhancer repression in mesoderm 
and endoderm, but not in ectoderm, suggesting that epi-
blast cells are epigenetically primed for an ectodermal 
fate earlier than for mesodermal and endodermal fates, 
as previously reported [21]. This finding also supports the 
idea that epiblast cells are more similar to ectoderm at the 
transcriptional and epigenetic levels [13, 59]. Further tri-
modality integrative analysis uncovered active enhancer-
related gene regulatory networks defined by H3K27ac 
and H3K4me1, along with pivotal transcription factors 
essential for mesoderm lineage specification. While these 
TFs are not genomically clustered, their co-enrichment 
within mesoderm-specific enhancers suggests potential 
functional convergence through shared regulatory hubs 
or chromatin interactions. Notably, HAND2 and TWIST 
family, which co-regulate cardiac development via 
enhancer sharing, exemplify a broader mechanism where 
lineage-specific TFs may bind spatially proximal enhanc-
ers to coordinate gene expression [60]. Exploration of 
the regulatory network identified a stepwise activation 

of Cdkn1c by a combination of mesoderm-specific tran-
scription factors, emphasizing the potential essential role 
of Cdkn1c in mesoderm cell differentiation and speci-
fication. During mouse gastrulation, Cdkn1c displays 
dynamic spatiotemporal expression patterns [19], with 
sustained activity throughout embryonic development 
that potentially regulates cell proliferation and differenti-
ation [19, 61]. The expression and function of Cdkn1c are 
evolutionarily conserved across species (e.g., zebrafish 
and Xenopus), underscoring its essential role in develop-
mental processes [61]. Recent studies have demonstrated 
that cell cycle regulators are involved in cell fate deci-
sions not only through their roles in cell cycle regulation 
and signaling modulation but also directly as chromatin 
regulatory factors [62–65]. Moreover, loss-of-function 
experiments have shown that G1 phase regulators play a 
critical role in efficient mesoderm formation [66], provid-
ing strong evidence that the G1 phase inhibitor Cdkn1c is 
integral to mesoderm specification. Furthermore, the role 
of Cdkn1c in regulating cell division and differentiation 
in diseases like Beckwith-Wiedemann syndrome (BWS) 
also suggests its potential influence on lineage specifica-
tion [67]. While these findings hint at a plausible role for 
Cdkn1c in mesoderm specification, its exact mechanistic 
contributions remain to be fully resolved. Taken together, 
our comprehensive single-cell multi-omics profiling of 
the mouse gastrula provides a new molecular framework 
for understanding the distinction and cooperation among 
distinct epigenetic layers in controlling cell fate allocation 
during this critical developmental stage.

However, our study has certain limitations due to its 
reliance on widely used computational tools. While these 
tools are well-established, their inherent may introduce 
biases. Further studies using multi-omics strategies such 
as Paired-Tag [27] and CoTECH [68] to directly measure 
transcriptomic and epigenetic modalities in the same sin-
gle cell, as well as integrating multi-algorithm consensus, 
rather than relying on stand-alone bioinformatic anal-
ysis-based data integration, would provide more direct 
and thorough insights into the role and dynamic patterns 
of distinct epigenetic codes in the lineage specification of 
the three germ layers.

Materials and methods
Research animals
All mice experiments were performed following the 
protocol approved by the Institutional Animal Care 
and Use Committee of Southern Medical University 
(SMUL2023045). All mice used in this study were are 
on a C57BL/6  J background and were purchased from 
the Institutional Animal Care and Use Committee of 
Southern Medical University. Euthanasia was performed 
using the CO₂ inhalation method, in accordance with 
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the American Veterinary Medical Association’s Euthana-
sia Guidelines. Briefly, mice were placed in a euthanasia 
chamber, and CO₂ was gradually introduced at the rec-
ommended flow rate. After no detectable breathing was 
observed for more than five minutes, pregnant mice were 
considered deceased and used for dissection. Mouse 
embryos were dissected at time points of E6.0, E6.5, E7.0, 
E7.25 and E7.5. The embryos were staged according to 
their morphology (Downs and Davies staging) [23], and 
classified as pre-streak (Pre_Ps), Early Streak (ES), Mid-
Streak (MS), Late Streak (LS), No Allantoic Bud (OB), 
and Early Headfold (EHF) stages. No anesthetic agents 
were used in this study.

Mouse embryo single‑cell isolation
E6.0, E6.5, E7.0, E7.25 and E7.5 embryos were dissected 
from the uterus in 10% FBS-KOSM medium. The indi-
vidual embryo was micro-dissected and staged as Pre-PS, 
ES, MS, LS, OB, and EHF respectively according to the 
morphological criteria of Downs and Davies [23]. Pre-PS, 
ES, MS and LS embryos were dissected to remove extra-
embryo tissues. All the embryos were digested into single 
cells by incubating in Collagenase I dissociation buffer 
(1% Collagenase I and 10% FBS) at 37 °C for 15–60 min. 
The dissociated single cells were collected by centrifuga-
tion at 600  g for 3  min and the cell pellets were resus-
pended with 50 µl 0.1 BSA/PBS. The cell suspension was 
further incubated with 1–5 µl pre-activated Con-A beads 
(the volume of Con-A beads depends on the cell num-
ber) at RT for 15 min. Finally, the cell-bead mixture was 
fixed with methyl alcohol and incubated on ice for 5 min 
before stored at -80 °C for later use.

Purification of PAT
PAT (His-pA-Tn5) was purified as previously described 
[22]. Briefly, the PAT expression vector was transformed 
into BL21 (DE3) chemically competent cells following the 
manufacturer’s protocol. One single clone was inoculated 
with 20 ml LB medium and grew at 37 °C overnight. 5 ml 
of the culture medium was transferred into 500  ml LB 
medium and grew at 37 °C, 220 rpm for about 4 h until 
it reached O.D. ~ 0.8. The culture was chilled on ice for 
20 min and fresh 0.2 mM IPTG was added to induce PAT 
expression. The culture was incubated at 23 °C, 100 rpm 
for 5 h for induction. Bacteria were collected by centrifu-
gation at 5,000 rpm, 4 °C for 5 min. The pellet can be used 
directly or stored at -80  °C for later use. To purify PAT, 
the cell pellet was suspended with 20  ml HGX buffer 
and sonicated for 5 min at 8 s ON, 16 s OFF, 20% ampli-
tude (Sonics). The sonicated lysate was centrifuged at 
10,000 rpm, 4 °C for 30 min. 50 µl 10% PEI (Sigma P3143) 
was added to precipitate bacterial DNA, and the precipi-
tate DNA was removed by centrifugation at 10,000 rpm, 

4  °C for 10  min and the supernatant fraction was fur-
ther purified by 0.45  µM filter (Millipore SLHV033RB). 
The purified lysate was loaded onto the pre-equilibrated 
Ni–NTA column (QIAGEN) and the Ni–NTA column 
was further washed with 100 ml HGX- imidazole buffer 
I (20 mM imidazole). Finally, PAT was eluted with 5 ml 
HGX- imidazole buffer II (250  mM imidazole) and dia-
lyzed with 1000 ml 2X dialysis buffer (100 HEPES–KOH 
at pH7.2, 0.2 M NaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% 
Triton X-100, 20% glycerol). The dialyzed protein was 
concentrated using a 50  kDa cutoff ultracentrifuge col-
umn (Millipore UFC905096) and an equal volume of 
glycerol was added to the purified PAT.

PAT assembly and activity quantification
The PAT transposase was assembled according to the 
Tn5 transposase assemble protocol [69–71]. PAT oligos 
were mixed with an equal volume of MErev oligo and 
incubated at 95 °C for 5 min and then cooled down at a 
rate of 0.1 °C/min for annealing [72]. To generate 25 µM 
PAT adapter, 25  µM purified PAT and 25  µM annealed 
adaptor were mixed with storage buffer (50 mM HEPES 
pH7.2, 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1% 
Triton X-100, 60% glycerol) and incubated at 25  °C for 
60  min. The activity of the PAT transposase was deter-
mined by tagmentation of genomic DNA as previously 
described [69–71]. The assembled PAT transposase can 
be stored at -20 °C for about half a year.

CoBATCH experimental procedure
The CoBATCH experiment was performed as previously 
described with several modifications [22]. Briefly, the 
methyl alcohol fixed cell was incubated on ice for 5 min 
and placed onto the magnetic stand to get rid of the 
methyl alcohol, followed by washing with 0.1 BSA/PBS 
Thrice. After wash, the cell was resuspended with 100 µl 
Antibody Buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 
0.5  µM spermidine, 10  mM sodium butyrate, 0.04  mM 
EDTA, 0.01% Digitonin, 0.05% TX-100, cocktail) with 
0.5 µg antibody after the last wash and incubate at 4  °C 
for 4 h at 15 rpm. The cells were washed with 180 µl Anti-
body wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 
0.5  µM spermidine, 10  mM sodium butyrate, 0.01% 
Digitonin) twice, followed by incubation with Second-
ary antibody at 4 °C for 10 min. After antibody binding, 
the cells were FACS sorted into 96-well plates with 200–
2000 cells/well containing 3 µg/ml PAT-T5 and 3 µg/ml 
PAT-T7. Cells were washed with 180 µl PAT-wash buffer 
(20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 µM spermi-
dine, 10  mM sodium butyrate, 0.01% Digitonin, 0.05% 
TX-100, cocktail) twice. Tagmentation was activated 
by 10  µl reaction buffer (10  mM TAPS-NaOH pH 8.3, 
5 mM MgCl2, 10% DMF and supplemented with cocktail, 
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10 mM sodium butyrate)) and incubated at 25 °C for 1 h. 
Tagmentation was stopped by adding 8 µl 50 mM EDTA 
and incubating at RT for 15  min. Cells were combined 
after adding 20 µl 2% BSA/PBS to each well and stained 
by DAPI. Finally, 20–25 cells were sorted into each well 
of a new 96-well plate containing 4 µl nuclear lysis buffer 
(10  mM Tris–HCl, PH 8.0, 0.05% SDS, 0.1  mg/ml Pro-
teinase K) and the cells were lysed at 55  °C for 3 h, fol-
lowed by incubation at 85  °C for 15  min to deactivate 
proteinase K.

Library preparation for CoBATCH
The CoBATCH library was prepared directly in the same 
tube according to the 2-round Truseq library preparation 
workflow [72]. Briefly, the first step was performed by the 
addition of 0.5 μL 50 µM Truseq connector primer mix 
(Connector primer F:5′-ACA​CTC​TTT​CCC​TAC​ACG​
ACG​CTC​TTC​CGA​TCT​TCG​TCG​GCA​GCG​TCT​CCA​
CGC​-3′, Connector primer R:5′-GAC​TGG​AGT​TCA​
GAC​GTG​TGC​TCT​TCC​GAT​CTG​TCT​CGT​GGG​CTC​
GGC​TGT​CCC​TGT-3′), 10 µL 5 × Q5 reaction buffer, 10 
µL 5 × Q5 high GC enhancer, 1 µL 10 mM dNTP, 23.5 µL 
1  mM MgCl2, 0.3 µL Q5 polymerase (NEB M0491S) to 
the 3 μL CoBATCH cell lysis in each tube and the reac-
tion was set up by incubation at 72  °C for 5 min, 95  °C 
for 5 min, 13–16 cycles of amplification (95  °C for 30 s, 
63  °C for 30  s, 72  °C for 1  min), and final 72  °C exten-
sion for 5 min. Then 0.5 μL 20 U/µl ExoI (NEB M0293S) 
was added and the reaction was incubated at 37  °C for 
30 min, and 72  °C for 20 min., The second PCR enrich-
ment was performed by the addition of 1  µl 10  mM 
Truseq index P5, 1 µl Truseq index P7, 2 µl 5 × Q5 reac-
tion buffer, 2 µl 5 × Q5 high GC enhancer, 0.5 µl 10 mM 
dNTP, 3.5 µl 1 mM MgCl2, 0.1 µl Q5 polymerase (NEB 
M0491S) to the mixture, and the reaction was set up by 
incubation at 95 °C for 5 min, 5–7 cycles of amplification 
(95 °C for 30 s, 63 °C for 30 s, 72 °C for 1 min), and final 
72 °C extension for 5 min. Finally, the PCR products were 
purified and selected by SPRI beads for 200–1000 bp.

ChIP‑seq data pre‑processing
CoBATCH data were demultiplexed by custom scripts 
as previously described [22]. Reads were distinguished 
by different barcodes with a Perl script, and trimmed for 
constant sequence and barcodes with Cutadapt [73] with 
default parameters. Reads were aligned to mm10 refer-
ence genome through Bowtie2 [74] with the following 
parameters: –dovetail –very-sensitive-local –no-unal –
no-mixed –no-discordant, and then sam files were sorted 
and converted to bam files with Samtools [75]. Picard 
(https://​broad​insti​tute.​github.​io/​picard/) with default 
process was used to remove duplications. The cells with 

reads > 1500, reads < 50,000 and Frip > 0.1 were retained 
for downstream analysis.

Dimension reduction and subcluster annotation
Peaks were called by MACS2 for all stages separately 
[76], additional parameters “–nomodel –nolambda 
-broad” were used for obtaining broad peaks, and then 
merged by a 5 kb window, which was used to generate a 
cell-peak matrix. Doublets were removed with more than 
50,000 reads, and then LSD dimensionality reduction 
and clustering were performed by the Signac package 
[77]. The single-cell subclusters were manually anno-
tated by inspecting of our ChIP-seq datasets and count-
ing the peak signals within ± 100 kb (H3K27ac) and ± 5 kb 
(H3K4me1) of the gene body of cell type-specific mark 
genes (Table S3).

Trajectory analysis
In order to infer potential differentiation trajectories, the 
Seurat objects were converted to the AnnData file with 
the SeuratDisk package (https://​mojav​eazure.​github.​
io/​seurat-​disk). The generated h5ad files were applied 
to PAGA and Force-Directed Graph (FDG) to infer the 
development trajectories with Scanpy [78]. We recal-
culated the neighborhood graph (neighbors function 
with n_neighbors equal to 30 for H3K27ac and 10 for 
H3K4me1) on the latent space to exploit the data, and 
computed the PAGA graph (paga function with a model 
equal to v1.0). The epiblast cluster was set as the root of 
the trajectories for diffusion pseudotime based on PAGA 
maps.

As for the trajectory of integrated data of scRNA-seq 
and scChIP-seq, we used the pseudotime trajectory 
of scRNA-seq as a reference inferred through Mono-
cle3 [79]. Cells from different lineages in the scRNA-
seq dataset were converted into a cds object as inputs 
for Cicero [80]. The function of detect_genes was used 
to calculate the number of cells each gene expressed in, 
and genes that were detected in more than 50 cells were 
kept for further analysis. Based on the previous UMAP 
dimensionality reduction, the learn_graph function fits 
a principal graph within each partition. After setting the 
epiblast cluster as the root point, we used the order_cells 
function to calculate the pseudotime of each cell along 
each trajectory. The gene matrix was normalized by the 
total counts for each cell and multiplied by the scale.fac-
tor 10,000 and natural-log transformed using log1p and 
then z-score scaled. We summed the gene activity score 
of lineage-specific genes according to pseudotime, and 
used the loess method to fit the curve. The overlapped 
signals of H3K27ac and H3K4me1 around ± 5  kb of the 
gene body of lineage-specific genes were used to define 
the enhancer score of active enhancers. The TF motif 

https://broadinstitute.github.io/picard/
https://mojaveazure.github.io/seurat-disk
https://mojaveazure.github.io/seurat-disk
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enrichment in three modules along the mesoderm line-
age was calculated by Fisher’s exact test with LOLA pack-
age [81] based on the genome-wide motif PWM matrix 
generated by motifmatchr package (https://​doi.​org/​10.​
18129/​b9.​bioc.​motif​matchr). The mouse RTS values were 
obtained from the human reference RTS table by directly 
mapping genes between the human and mouse databases 
using the biomaRt package. The mean expression of mes-
oderm-specific genes enriched for active enhancers was 
calculated and used as input for the TRIAGE tool to infer 
the discordance scores of the genes [53]. Genes with a 
log10 discordance score above 0.5 were considered spe-
cific regulatory factors. Three key transcription factors 
were identified based on the discordance scores and their 
overlap with the enriched active enhancers.

Integration of scRNA‑seq and scChIP‑seq datasets
We extracted scRNA-seq cells for integration from the 
scRNA-seq dataset generated by Pijuan-Sala et  al. [19], 
which includes mouse embryo samples from the E6.5 
to E7.5, and randomly sampled them for each lineage 
according to the cell proportion of each cluster in the 
ChIP-seq datasets. Following the same procedures used 
for integrating our ChIP-seq atlas, we obtained a high-
quality single-cell reference atlas comprising 3,201 cells 
for H3K27ac and 3,550 cells for H3K4me1 from 19 sam-
ples. The integration was conducted using Seurat [43]. 
Briefly, the scRNA-seq data were quoted as the reference 
dataset to assign the cell identity to the ChIP-seq cells 
(Table S7). We used the FindVariableFeatures function to 
extract top 2000 variable genes in the scRNA-seq data-
set, and generated gene activity matrices for our ChIP-
seq datasets by counting the peak signals around ± 100 kb 
(H3K27ac) and ± 5 kb (H3K4me1) of the gene body of the 
variable genes. FindTransferAnchors (query.assay equal 
to gene activity, features equal to VariableFeatures (RNA 
object)) function was used to establish the anchors of the 
cells in the two datasets by utilizing canonical correla-
tion analysis (CCA) as an dimension reduction method, 
and the TransferData function was applied to assign the 
cell identity from scRNA-seq to the ChIP-seq cells. The 
AnnotateAnchors function was used to extract the anchor 
pairs of the cells from the integrated dataset, and the 
anchor pairs with the largest anchor.core for ChIP-seq 
cells were retained.

For triple-omics integration, the RNA cells were sub-
merged into micro-sc (micro single cell) by VISION 
package [46], and the identity of the micro-scs was deter-
mined by the cell type with the highest proportion in the 
micro-sc. The micro-sc was used for integration with 
ChIP-seq datasets as above described. After the first 
integration, we kept cell pairs with the same cell identity 
defined by three omics. As for the other cell pairs, we 

merged two micro-scs with the nearest distance calcu-
lated by the FindNeighbors function into one pseudobulk-
sc (pseudobulk single cell) and also selected cell pairs 
with the same cell identity defined by three omics. The 
selected cell pairs from both micro-scs and pseudobulk-
scs were used to generate new RNA Seurat object.

GRN construction
To build the mesoderm-specific Gene Regulatory Net-
works (GRNs), we employed a multi-step approach to 
identify lineage-critical transcription factors (TFs) with 
high confidence. Mesoderm-specific active enhanc-
ers were defined by co-occurrence of H3K27ac and 
H3K4me1 signals within ± 5  kb of mesoderm marker 
genes. This ensured enhancer relevance to mesoderm dif-
ferentiation. Motifmatchr package was used to scan the 
motifs within these mesoderm-specific active enhancers 
and the values were converted to a binary matrix. The 
getBackgroundPeaks function from chromVAR [82] was 
used to calculate background signals, filtering out ubiq-
uitous motifs to focus on mesoderm-enriched TFs. The 
motifPeakZest from the FigR package [83] was applied 
to calculate motif enrichment by z.test of TF motif-to-
peak match in active enhancers, relative to the expected 
frequency based on matches to a background peak set. 
Based on the scRNA-seq dataset, the expression correla-
tion was computed by Hmisc package between TFs and 
their targeted genes. The GRNs were constructed based 
on the TF motif enrichment and the correlation. The TF-
targeted gene pairs with log10 motif enrichment scores 
higher than 0.32 and significant correlation absolute 
values ​​higher than 0.25 were selected to construct the 
mesoderm core regulatory network,, ensuring functional 
relevance. Eigenvector centrality was calculated by the 
evcent function in igraph (https://​igraph.​org/) to subset 
network that were displayed in cytoscape [84].

PCA analysis
The single cells from H3K27ac and H3K4me1 scChIP-
seq datasets were aggregated into 36 and 24 pseudobulk 
groups according to their stage and cluster information 
except for the ExE cluster, respectively. The ChIP-seq sig-
nals of each group were calculated by summing the value 
of all single cells in each group according to the single-
cell cell-peak matrix. Principal Component Analysis 
(PCA) was applied to dimensionality reduction on the 
top 100 variable genes.

Dynamics of H3K27ac andH3K4me1 signals in each germ 
layer
The single cells from subpopulations of Epiblast, Ecto-
derm (both NE1 and NE2 for H3K27ac dataset), Endo-
derm and Mesoderm were aggregated separately to 

https://doi.org/10.18129/b9.bioc.motifmatchr
https://doi.org/10.18129/b9.bioc.motifmatchr
https://igraph.org/
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generate four pseudobulk groups. The peaks of the four 
pseudobulk groups were called by MACS2 [76] and spe-
cific peaks for each group were obtained through hier-
archical clustering in pheatmap (https://​CRAN.R-​proje​
ct.​org/​packa​ge=​pheat​map). The four pseudobulk groups 
were further subdivided into 24 subgroups according to 
six developmental stages and peaks were called separately 
for the 24 subgroups. Bedtools [85] were used to calculate 
the number of overlapped peaks between 24 subgroups 
and four pseudobulk groups with intersect function. GO 
term enrichment for specific peaks was performed by 
GREAT [86] based on UCSC mm10 genome.

The enrichment of germ layer‑specific ChIP‑seq signals 
in epiblast cells
We used bedtools [85] intersect with “–v” parameter 
to obtain germ layer-specific peaks for four pseudobulk 
groups (Epiblast, Ectoderm, Endoderm and Mesoderm). 
ComputeMatrix was further applied to calculate the 
ChIP-seq signals of Epiblast cells at ± 1 kb of germ layer-
specific peak centers with the reference-point model and 
50 bin sizes for averaging the score.

Statistical information
Parameters and results for Statistical analysis were 
described in the figure legend for each experiment, and 
more details were shown in specific method descriptions. 
For all statistical tests, the 0.05 P-value < 0.05 was consid-
ered statistically significant.
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