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Molecular architecture of lineage allocation and 
tissue organization in early mouse embryo
Guangdun Peng1,2,3,4,11,12*, Shengbao Suo5,10,11, Guizhong Cui1,11, Fang Yu1,11, Ran Wang1, Jun Chen1, Shirui Chen1, Zhiwen Liu1, 
Guoyu Chen5, Yun Qian1, Patrick P. L. Tam6,7, Jing-Dong J. Han5,8,12* & Naihe Jing1,4,9,12*

During post-implantation development of the mouse embryo, 
descendants of the inner cell mass in the early epiblast transit 
from the naive to primed pluripotent state1. Concurrently, germ 
layers are formed and cell lineages are specified, leading to the 
establishment of the blueprint for embryogenesis. Fate-mapping 
and lineage-analysis studies have revealed that cells in different 
regions of the germ layers acquire location-specific cell fates 
during gastrulation2–5. The regionalization of cell fates preceding 
the formation of the basic body plan—the mechanisms of which 
are instrumental for understanding embryonic programming and 
stem-cell-based translational study—is conserved in vertebrate 
embryos6–8. However, a genome-wide molecular annotation of 
lineage segregation and tissue architecture of the post-implantation 
embryo has yet to be undertaken. Here we report a spatially resolved 
transcriptome of cell populations at defined positions in the germ 
layers during development from pre- to late-gastrulation stages. This 
spatiotemporal transcriptome provides high-resolution digitized 
in situ gene-expression profiles, reveals the molecular genealogy of 
tissue lineages and defines the continuum of pluripotency states in 
time and space. The transcriptome further identifies the networks 
of molecular determinants that drive lineage specification and tissue 
patterning, supports a role of Hippo–Yap signalling in germ-layer 
development and reveals the contribution of visceral endoderm to 
the endoderm in the early mouse embryo.

The lineage history and divergence of germ-layer progenitors in 
early embryos can be annotated by the gene-expression profiles in the 
temporal (developmental) and spatial (location) dimension. Single-cell 
RNA-sequencing (RNA-seq) analysis has the potential to reconstruct 
the developmental trajectories of embryonic cells, but is confounded by 
the absence of spatial and temporal resolution9–13. To achieve a spatial 
readout of the transcriptome of the epiblast, a genome-wide analysis of 
the transcriptome in geographically defined epiblast cell populations 
has been performed by low-input RNA-seq using the Geo-seq protocol 
at the late mid-streak stage embryo14. In the present study, the Geo-seq  
analysis of spatial transcriptome was extended to a series of post- 
implantation developmental stages from pre-gastrulation (embryonic 
day (E)5.5) to late gastrulation (E7.5) on all germ layers in the embryo 
proper (Fig. 1a and Extended Data Fig. 1a–c). This spatiotemporal tran-
scriptome of discrete cell populations of 5–40 cells provides a com-
prehensive catalogue of the transcripts in the embryonic germ-layer 
tissues of unprecedented depth and quality (Extended Data Fig. 1d, e  
and Supplementary Table 1). An immediate attribute of this spatio-
temporal transcriptome is the rich dataset of the dynamic expression 

profile of coding and noncoding transcripts in defined locations in the 
germ layers of E5.5 to E7.5 mouse embryos, which could be rendered 
digitally for visualizing in high-resolution 2D corn plots (Fig. 1b and 
Extended Data Fig. 1f–i) and a 3D anatomical template14 (Methods). 
The identification of region-specific transcripts provides a molecu-
lar entry point for functional analysis. For example, the knockout of 
posterior-enriched long non-coding RNAs (lncRNAs) 310004A29Rik 
and RP23-458G12.2 (Extended Data Fig. 2) led to the dysregulation 
of mesendoderm-related genes in the differentiating embryonic stem 
cells, which suggests that these non-coding transcripts have a role in 
regulating the differentiation of cell lineages derived from the posterior 
epiblast.

For the analysis of lineage trajectory, we enriched the Geo-seq dataset 
with the RNA-seq data of E2.5 morula, the E3.5 inner cell mass of the 
blastocyst and the E4.5 epiblast and primitive endoderm15 to collate 
a continuum of transcriptome across the pre- and post-implantation 
development of the mouse embryos. We used the single-cell regula-
tory network inference and clustering (SCENIC) pipeline16 to meas-
ure regulon activities in the cell-population samples (Extended Data 
Fig. 3a and Methods). The regulon-based phylogenetic tree showed 
that the samples could be divided into six groups that represent the 
major tissue types of early embryo: pre- and peri-implantation, epi-
blast, primitive streak, ectoderm, mesoderm and endoderm (Fig. 1c). 
Of note, the primitive streak cells at E6.5–E7.0 stages were separated 
from E7.5 primitive streak, which suggests the primitive streak is tem-
porally heterogeneous at early and late gastrulation. The E5.5–E7.5 
endoderm samples formed a distinct cluster separate from the epi-
blast, ectoderm and mesoderm tissues. Additionally, the endoderm 
cluster was nearer to pre- and peri-implantation embryos than gastru-
lation-stage embryos. The clustering also indicated that the mesoderm 
connected with cells of the posterior epiblast that contained the prim-
itive streak at E7.5 stage and the ectoderm emerged from the anterior 
epiblast (Fig. 1c and Extended Data Fig. 3b). Therefore, the regulon 
attributes of the spatiotemporal transcriptome furnish the molecular 
annotation of potential developmental connectivity of cell populations 
in the early embryos.

Analysis of the regulon activities of the E2.5 to E7.5 tissue samples 
delineated nine transcription-factor-driven regulon groups associ-
ated with the six major lineage clusters (Fig. 2a and Supplementary 
Table 2). Using biologically driven features inferred by SCENIC, we 
performed principal component analysis (PCA) and t-distributed sto-
chastic neighbour embedding (t-SNE) of the tissue samples on the basis 
of the regulon-activity score. We found that the developmental time 
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Fig. 1 | Analysis of the spatiotemporal transcriptome of post-implantation 
mouse embryos by Geo-seq. a, The spatial and temporal coverage of  
Geo-seq samples of E5.5–E7.5 embryos (Methods). A, anterior;  
P, posterior; L, left lateral; R, right lateral; L1, anterior left lateral; R1, anterior 
right lateral; L2, posterior left lateral; R2, posterior right lateral; Epi1 and 
Epi2, divided epiblast; M, whole mesoderm; MA, anterior mesoderm; 
MP, posterior mesoderm; En1 and En2, divided endoderm; EA, anterior 

endoderm; EP, posterior endoderm. S, sample section; R, reference section. 
Sn: sample section of level n. b, Corn plots showing the spatial pattern of 
expression of T and Mixl1, which marks the length of the primitive streak for 
developmental staging of gastrulation. Solid circles, epiblast–ectoderm; black 
outlined rhombus, mesoderm; black outlined circles, endoderm; grey hollow 
circles, no sample. n > 2 for each gene. c, The phylogenetic tree shows the 
classification of embryonic tissues from pre-implantation to gastrulation.
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Fig. 2 | Developmental regulons. a, The BIC-SKmeans heat map (on the 
basis of regulon activity scores; Methods) showing nine regulon groups 
in tissue samples of E2.5 to E7.5 embryos (ordered on the basis of Fig. 1c) 
with listing of examples of regulon transcription factors (numbers of 
predicted target genes by SCENIC in the brackets) for G1–G9 and the 
enriched Gene Ontology (GO) terms for each regulon group. Right column 
heat map: contribution of each regulon to the principal component 1–4 

(PC1–4). Bottom row heat map: projection scores of each sample on the 
PC1–4. b, PCA plot based on the regulon-activity matrix of tissue samples 
showing separate developmental trajectories (arrows) across the E2.5 to 
E7.5 timelines (n = 226). c, Two-dimensional PCA plots (n = 226) and 
corn plots showing the averaged regulon activities of regulon group G1 
and G5 in embryonic tissues. PI, pre-implantation; END, endoderm; PS, 
primitive streak; EPI, epiblast; ECT, ectoderm; MES, mesoderm.
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and lineage paths were mainly delineated in the first two principal- 
component space (Fig. 2b and Extended Data Figs. 3c, 4a). The endoderm  
tissues were aligned with the primitive endoderm and were separated 
with the epiblast and epiblast derivatives. The mesoderm and ectoderm 
were in the developmental trajectory of the E4.5 epiblast branch and 
were closely related, with many regulatory states shared by these two 
lineages. To visualize the finer segregation of mesoderm and ectoderm, 
PCA and t-SNE analyses were performed on samples that excluded the 
endoderm. The results showed a clear divergence of mesoderm and 
ectoderm by E7.5 (Extended Data Fig. 3d). We further analysed the 

relationship of endoderm, mesoderm and primitive streak. In contrast 
to the prevailing view that the definitive endoderm originates mainly 
from the primitive streak, we found that the endoderm of the gastrulat-
ing embryo was transcriptionally more similar to primitive or visceral 
endoderm than primitive streak (Fig. 2b and Extended Data Fig. 3e, f). 
However, the mesoderm tissues at the distal regions of E7.0 and E7.5 
embryo showed regulon connectivity with neighbouring endoderm 
(for example, G3 and G4 in Extended Data Fig. 3g, h), pointing to a 
potential location of epiblast-derived endoderm13,17.

Plotting the distribution of average regulon group activities on both 
PCA and corn plots revealed population- and germ-layer-related deter-
minants (Fig. 2c and Extended Data 4b). For example, the G1 regu-
lon was enriched in E7.5 mesoderm and posterior epiblast–primitive 
streak samples, G9 was specifically enriched in cells of pre-implantation  
embryos and G6—which contains a transcription factor network 
associated with Sall2, Sox2 and Otx2—was enriched in the peri- 
implantation samples. Notably, the cell-cycle enriched G4 regulon was 
associated with most post-implantation epiblast tissues except for endo-
derm, indicating a probable preference in proliferative activity among 
the germ layers. The PCA display of regulon groups also revealed the 
association of G3 and G5 with the segregation of early and late endo-
derm, respectively. Further analysis of the interaction of regulons using 
connective specificity index18 identified the prominent regulons (for 
example, Sox17, Foxa2 and Gata4) that have the most connections with 
other regulons (Extended Data Fig. 4c and Supplementary Table 3). 
These regulons were populated by many known lineage-specific genes 
and some regulon members were associated with mutant germ-layer- 
related phenotypes (Extended Data Fig. 4c, d and Supplementary Table 4),  
which suggests a contribution to embryonic patterning at gastrulation. 
To investigate whether the predicted transcription factors of regulons 
were essential for the development of specific tissue lineages, three 
transcription factors (Sp1, Hmga2 and Hmgb3) in regulon groups G7, 
G8 and G1, respectively, were knocked out in embryonic stem cells. 
Ablation of Sp1 promoted the exit of naive pluripotency to formative 
pluripotency during embryonic stem cell differentiation (Extended 
Data Fig. 5a, b). The knockout of two mesoderm-related transcrip-
tion factors (Hmga2 and Hmgb3) resulted in the aberrant expression 
of primitive haematopoietic and cardiac genes respectively, indicating 
that these two transcription factor regulons may play a role in directing 
mesoderm differentiation (Extended Data Fig. 5c–g and Supplementary 
Videos 1 and 2). Therefore, the spatiotemporal transcriptome informs 
the genetic activity regulating lineage segregation and driving germ-
layer differentiation in post-implantation development.

The spatiotemporal transcriptome of the post-implantation 
embryos enables us to scrutinize the architecture and the molec-
ular attributes of the body plan. Spatial domains of differentially 
expressed genes (DEGs) were identified in embryos at each develop-
mental stage (Supplementary Table 5). Clustering analysis revealed 
an overall homogenous epiblast in E5.5 and E6.0 embryos (Extended 
Data Fig. 6a, b). By E6.5, the epiblast was partitioned into anterior 
and posterior domains, with the posterior domain marked by the 
expression of primitive streak-related genes such as T, Mixl1 and 
Mesp1 (Extended Data Fig. 6c). During gastrulation, the epiblast 
was further compartmentalized into anterior, posterior and lateral  
domains (Extended Data Figs. 6e, 7a). Mesoderm was partitioned into 
anterior and posterior domains by E7.5 (Extended Data Fig. 7a). The 
spatial domains also pointed to the existence of unique embryonic 
structures; for example, the node that was revealed by the restricted 
expression of the G5 DEG group in E7.5 anterior primitive streak and 
adjacent endoderm tissues (Extended Data Fig. 7b–d). Tracking the 
expression of signature genes such as Noto, Nodal and Foxj1 revealed 
the genesis of the gastrula organizer19,20.

In the endoderm, whereas cell populations expressing markers  
specific to distal visceral endoderm and anterior visceral endoderm 
were present at E5.5–E6.5 (Extended Data Fig. 1g, h), there was no 
distinctive regionalization of anterior visceral endoderm and distal 
visceral endoderm populations (Extended Data Fig. 6a–c). Anterior 
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visceral endoderm allocation was revealed only after guilt-by- 
association co-expression to enrich the regionalized gene set (Extended 
Data Fig. 6d). An early sign of proximal–distal compartmentalization 
in endoderm became evident from E6.0 onward (Fig. 3a). To reveal 
the heterogeneity of endoderm populations in the proximal–distal 
domains, we assayed 384 single cells from E7.0 endoderm (Extended 
Data Fig. 7e, f). We found two tightly connected single-cell clusters—
with visceral endoderm characteristics but expressing varied levels 
of Sox17 and Sox7—after removing a minor cluster that expressed 
primitive streak markers (T and Mixl1) (Fig. 3b, c and Extended Data 
Fig. 7g, h). By deconvolution analysis of the endoderm Geo-seq sam-
ples using the cell types defined by single-cell RNA-seq, we allocated 
the single-cell clusters (SC-En1 and SC-En2) to the spatial endoderm 
domains (E1 and E2) and defined the relative fractions of each cell type. 
The proximal and distal endoderm domains in E7.0 embryos were pop-
ulated exclusively by these two single-cell endoderm clusters, respec-
tively, whereas populations with intermediate features were observed at 
the junction region of the two Geo-seq endoderm domains (Fig. 3a, d).

The general layout of the spatial domains showed substantial 
inter-embryo consistency (Extended Data Fig. 8 and Supplementary 
Table 6), which suggests a high synchronicity in embryonic patterning 
of cell populations in the germ layers during gastrulation. The corre-
lation of regulon-activity scores across the spatial DEG domains of 
successive developmental stages (Fig. 3e, Methods and Supplementary 
Table 7) revealed the regulatory network that underpins the molec-
ular architectures along the developmental trajectory from morula 
towards the nine major germ-layer populations at E7.5 (Fig. 3a, e). Of 
note, at E7.5, the posterior ectoderm and posterior mesoderm shared 
a relationship with cells in E7.0 primitive streak. The high activity 
scores of T and Sox2 in the anterior-distal region of E7.0 primitive 
streak (Extended Data Fig. 6f), points to the presumptive existence 
of neural-mesodermal progenitors21. Before E7.5, the endoderm was 
composed mainly of cells connected to the primitive and visceral endo-
derm (Fig. 3e). However, given the presence of a primitive-streak-like 
cell type among three endoderm single-cell clusters in the E7.0 endo-
derm (Extended Data Fig. 7f–h), and as the distal endoderm at E7.5 
(E1) was related to the mesoderm (Fig. 3e), the E1-endoderm cells 

might represent endoderm originating from the primitive streak and 
egressing through the mesoderm at the late gastrulation stage13,17,22. 
These findings corroborated the lineage tracing study reporting the 
convergence of cells of extra-embryonic origin to an embryonic endo-
derm state23. Overall, the pattern of regulon switching at the branching 
points and the sequential transition of regulon usage highlighted the 
intricate and dynamic molecular control of the specification of tissue 
fates during germ-layer development (Fig. 3f).

To identify the key signalling activity regulating tissue patterning, we 
performed enrichment analysis of signalling target genes collated from 
the regulon data (Methods) for the nine regulon groups. The activating 
and inhibitory activity of the six signalling pathways was regionalized 
in the germ layers (Fig. 4a, b and Extended Data Fig. 9a, b). However, 
only mesoderm- and endoderm-related regulon groups G1, G3, G5 and 
G8 showed significant enrichment of activated signalling (Extended 
Data Fig. 9a). The Hippo–Yap signalling pathway, which has a role in 
trophectoderm segregation24 but was least characterized in the gastru-
lating embryo, was enriched exclusively in the endoderm (Fig. 4a, b). 
The canonical Hippo–Yap pathway factors such as Tead1, Tead4 and 
Ctgf were expressed specifically in the endoderm, although Yap1 was 
widely expressed (Extended Data Fig. 9c, d). Blocking the signalling 
activity in the endoderm explants with the YAP inhibitor verteporfin 
led to downregulation of visceral-endoderm markers and the early- 
endoderm-related regulon G3, but no changes in late-endoderm genes 
(Extended Data Fig. 9e–i). This finding suggested that Hippo signalling 
may be involved in regulating early-endoderm development.

On the basis of the spatial pattern of the average expression level and 
activity scores of known germ-layer markers (Extended Data Fig. 10a, b),  
a series of molecular fate maps was constructed for the epiblast 
(Extended Data Fig. 10c(i), (ii) and Methods). The maps showed 
that the anterior epiblast acquired an expanding ectoderm potency 
at E7.0 and E7.5. The posterior distal epiblast acquired mesoderm–
endoderm potency at E7.0 and a predominant mesoderm potency by 
E7.5. Progenitors of the surface ectoderm were allocated to the anterior 
proximal epiblast (at E7.0) and then to the proximal-lateral epiblast  
(at E7.5). These molecular fate maps broadly recapitulated the previ-
ously established cell fate map25 (Extended Data Fig. 10c(iii)).
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A continuum of pluripotency is displayed by the embryonic cells 
during peri-implantation development1. Profiling the expression 
of genes of the pluripotency regulatory network15 (Supplementary 
Table 8) revealed that the transcriptional activity of the naive-state 
pluripotency regulatory network was lost after implantation (Fig. 4c). 
Transcription of genes associated with formative pluripotency states 
was detected in E5.5 epiblast and first regionalized in anterior epiblast 
(E6.5) and retained in the anterior epiblast–ectoderm (E7.0–E7.5) 
(Fig. 4c). The acquisition of primed pluripotency state was evident 
in the E6.5 posterior epiblast, coinciding with enrichment of genes 
associated with epithelial–mesenchymal transition in the posterior 
epiblast (Extended Data Fig. 10d), which indicates the initiation of 
germ-layer commitment. Transition to primed pluripotency contin-
ued in the posterior epiblast at E7.0 and declined at E7.5 (Fig. 4c). 
Therefore, the transition to and the exit from pluripotency—the pre-
clude to lineage differentiation—were regionalized and asynchronous 
among cell populations in the epiblast (Fig. 4d).

The spatiotemporal transcriptome opens avenues for exploring the 
molecular activity of lineage differentiation and tissue patterning in 
time and space, unravels the principal regulatory mechanisms driving 
lineage development26,27 and enables the delineation of the molecular 
architecture and developmental trajectory of germ-layer derivatives 
in unprecedented detail. This dataset will be a valuable resource for 
guiding future efforts to elucidate the molecular mechanisms of lineage 
differentiation and morphogenesis of post-implantation embryos, and 
will enhance the efficiency of directed differentiation of pluripotent 
stem cells.
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Methods
Geo-seq of embryonic tissues. Transcriptome analyses of samples of a mixed cell 
population collected by laser capture microdissection (LCM) of C57BL/6J mouse 
embryos at the distal-visceral-endoderm (E5.5), anterior-visceral-endoderm 
(E6.0), early-streak (E6.5), late mid-streak (E7.0) and no-bud (E7.5) stages28,29 
were performed by Geo-seq14,30. Whole embryos were embedded in OCT (Leica 
Microsystems, catalogue no. 020108926) and cryosectioned in the transverse plane 
serially from the distal region to the proximal region at a thickness of 30 μm (E5.5 
embryos), 15 μm (E6.0, E6.5 and E7.0 embryos) or 20 μm (E7.5 embryos). Sections 
were mounted on polyethylene-terephthalate-coated slides, fixed immediately with 
ethanol and stained with 1% cresyl violet acetate in 75% ethanol solution (Sigma-
Aldrich). All sections from E5.5 embryos were used for LCM (MMI Cellcut Plus 
system). Alternate sections in the series of E6.0, E6.5, E7.0 and E7.5 embryos were 
used for LCM (sample sections) and others were used as anatomical templates 
(reference sections) for the construction of digital 3D display of gene-expression 
pattern. Samples of 5–40 cells were captured in the distal-to-proximal series of 
transverse sections. The sampling strategy was modified according to the size of 
the section. In the epiblast–ectoderm (inner layer), sampling was collected for two 
sectors (Epi1 and Epi2) of E5.5 embryos and from A (anterior) and P (posterior) 
sectors of E6.0–E6.5 embryos. Only one sample was collected from the most distal 
section of E5.5–E7.5 embryos. Lateral sectors (left lateral (L) and right lateral (R)) 
were captured in E7.0 and E7.5 embryo. For E7.5 embryos, additional samples were 
collected from the anterior (R1 and L1) and posterior (R2 and L2) regions of the 
lateral sector. From the endoderm (outer layer) and mesoderm (middle layer), only 
A and P samples were collected. In sum, 10 (E5.5), 18 (E6.0), 30 (E6.5), 73 (E7.014) 
and 83 (E7.5) samples were collected for reference embryos (Fig. 1a, Extended 
Data Fig. 1a–c and Supplementary Table 1). Sequencing was performed on the 
Illumina HiSeq 2500 or NovaSeq 6000 sequencer (Berry Genomics). The detailed 
step-by-step procedure for Geo-seq has been deposited in Protocol Exchange31. 
The animal experimentation was performed in compliance with the guidelines of 
the Animal Ethical Committee of the Shanghai Institute of Biochemistry and Cell 
Biology, Chinese Academy of Sciences.
Single-cell RNA-seq. Mid-streak (E7.0) C57BL/6J embryos were dissected 
from the uterus in 10% FBS-DMEM medium, and extra-embryonic tissues were 
removed. Endoderm germ layer was isolated using proteolytic enzyme digestion 
(0.25% trypsin in PBS for 3 min) followed by mechanical dissection using tungsten 
needles32. After dissociation using Accutase (Gibco), 384 single cells from endo-
derm tissues were manually picked under the microscope, subjected to automatic 
Smart2-seq amplification and library construction with the Bravo robot station33.
Data analysis. Pre-processing of RNA-seq data. Sequencing quality of raw sequence 
data was evaluated by FASTQC. Tophat234 was used to map sequencing reads to the 
mm10 genome with the following parameters, -g 1 -N 4–read-edit-dist 4–micro-
exon-search -G annotation.GTF. Mapping ratio was calculated on the basis of the 
number of mapped reads and total reads for each sample. All mapped reads were 
processed by Cufflinks35 to quantify gene-expression levels, measured by fragment 
per kilobase per million (FPKM), using default parameters. For each sample, only 
expressed genes with FPKM >1 in at least two samples across all samples were 
selected for further analysis. Gene-expression levels for each sample were trans-
formed as log10(FPKM + 1), and the expression distribution of all samples was 
computed and plotted to check for sample consistency of individual embryos. We 
obtained about 11 × 106 mapped reads and about 79% mapping ratio on average 
for each Geo-seq sample.
Inference of regulons and their activity. The latest SCENIC protocol16 was used 
to infer the gene regulatory network (regulon). Instead of using individual gene 
expression, SCENIC analysis based on rank-based regulatory gene network (regu-
lon) activities inferred from combined co-expression of transcription factor-target 
modules and enriched cis-regulatory motifs enables effective mitigation of potential  
batch problems and uncovering of stable biological significance compared to analysis  
based solely on transcriptome36. Here we fed the transcriptome profile of all samples  
from E5.5 to E7.5 embryos (for E7.0 and E7.5 stages, only embryos containing 3, 
6 and 9 layers of epiblast together with mesoderm and endoderm samples were 
used for batch consistency) and data of morula (E2.5), inner cell mass (ICM) of 
the blastocyst (E3.5) and the primitive endoderm and epiblast of E4.5 embryo 
(sourced from ArrayExpress submissions E-MTAB-2958 and E-MTAB-295915) to 
SCENIC to infer the transcription factor regulons. In brief, the regulon inference 
took three steps: (1) identification of co-expression modules between transcription 
factors and the potential target genes based on the gene-expression matrix through 
GENIE3 (v.1.2.1, R package); (2) for each co-expression module, the cis-regulatory  
motif enrichment analysis was performed among all potential target genes by 
RcisTarget (v.1.0.2), and only the target genes for which the motif of the corre-
sponding transcription factor was enriched were selected as the direct target genes: 
each transcription factor and its direct target genes were defined as a regulon, and 
282 regulons were finally identified; (3) the activity score of each regulon in each 
sample (226 samples encompassing all epiblast samples and other lineage samples) 

was computed through AUCell (v.1.2.4) to evaluate whether a regulon gene set 
was enriched at the top of the ranking for each sample: this strategy ranked the 
genes in a cell on the basis of their expression level and was therefore independent 
of the gene-expression units and the normalization procedure. Finally, the regu-
lon-activity matrix for all samples was used for PCA, t-SNE, connective specificity 
index (CSI) network14 (visualized by Cytoscape v.3.5.137) and clustering analysis 
(z-score normalized across the samples before clustering, implemented by Cluster 
3.038 and visualized as a heat map by TreeView). To build the phylogenetic tree 
of all samples based on regulon-activity scores, we first performed z-score nor-
malization for each regulon across all samples and then calculated the correlation 
similarity for any two samples. Finally, the pairwise Euclidean distance calculated 
from similarity matrix was fed into MEGA39 to build the UPGMA tree under the 
Phylogeny menu.

Further, WGCNA36 and pseudotime analyses40 based on batch-corrected tran-
scriptome level were included to verify clusters and lineage trees that build on 
regulons. Both analyses suggested that mesoderm was closely related to primitive 
streak in development. Of note, early endoderm (visceral endoderm) may have a 
close relationship to the endoderm in the early mouse embryo.
Identification of DEGs and clustering analysis for each individual embryo. For 
embryos at E5.5, E6.0 and E6.5, DEGs were identified as follows: (1) calcula-
tion of the variance of each expressed gene across all samples and selection of 
top approximately 5,000 genes as highly variable genes; (2) hierarchical cluster-
ing with correlation distance metric based on z-score normalized expression of 
highly variable genes to identify preliminary domains according to distinctly sep-
arated dendrogram; and (3) identification of the inter-domain DEGs, on the basis 
of expression of highly variable genes by pairwise comparisons of preliminary 
domains using t-test41 (P < 0.05) and fold change (FC) (E5.5: FC > 5 or FC < 0.2; 
E6.0 and E6.5: FC > 10 or FC < 0.1) as the DEGs. For E7.0 and E7.5 samples from 
different batches, we first used Combat42 to remove potential batch effects based 
on expression of all genes (log10-transformed), and then combined top highest and 
lowest principal component (PC)-loading genes (by using FactoMineR in R) from 
several selected significant PCs by jackstraw43 to identify the DEGs (top 500 genes 
for each of PC1–4). Finally, Kmeans clustering (implemented by Cluster 3.0) was 
applied to determine the final spatial domains of embryo based on the expression 
profile of DEGs, and the BIC-SKmeans algorithm44 was applied to determine the 
optimal number of gene groups and perform gene clustering analysis based on 
the z-score normalized expression profile of DEGs. The clustering heat map was 
visualized through TreeView.
Single-cell RNA-seq data processing and deconvolution. Reads from 384 single-cell 
RNA-seq data (E7.0 stage) were aligned to the mm10 genome by using HISAT 
(v.2-2.1.0)45, and gene counts were generated using HTseq (v.0.6.0) with default 
parameters. We first calculated the percentage of reads mapped to mitochondrial 
genes for each single cell as a quality-check metric and then filtered cells with mito-
chondrial percentage larger than 0.2. For each selected cell, all mapped reads were 
processed by StringTie (v.1.3.3b)45 to evaluate the gene-expression levels (measured 
by transcript per million (TPM)) with default parameters. Then, gene-expression  
values for each cell were transformed as log(TPM + 1) and cells with fewer than 
8,000 detected genes were also discarded. The Seurat package (v.3.0)46 was used 
to perform single-cell clustering analysis and UMAP was applied to visualize 
the results. In brief, we first filtered genes detected in fewer than five cells and 
then selected highly variable genes to group all cells into three clusters. Then, the 
expression of several canonical marker genes from different development lineages  
in mouse were checked, and a cluster that highly expresses primitive streak  
markers—for example, T and Mixl1—was removed. Finally, 295 single cells 
were selected to generate the endodermal cell clusters. Clustering analysis was  
performed again for above selected endoderm cells to identify potential cell types. 
To evaluate the proportion of identified cell types in Geo-seq samples, we prepared 
cell-type labels for each single cell, the single-cell gene-expression matrix and all 
endoderm Geo-seq samples from E7.0 embryo and applied CIBERSORT47 to per-
form cell-type deconvolution analysis with default parameters (without quartile nor-
malization). The proportion of each cell type or cluster were visualized on corn plots.
Functional enrichment analysis and phenotype analysis. We applied g:profiler48 
to perform GO enrichment analysis for each group of regulon transcription fac-
tors (Fig. 2a). To systematically investigate the knockout phenotype of regulon 
transcription factors, we first used modPhEA49, which incorporates all pheno-
type ontology information from Mouse Genome Information (MGI), to perform 
enrichment analysis for regulon transcription factors in each cluster. Then, tran-
scription factors that show knockout phenotype information were selected. We 
then manually checked the detailed phenotype information of each transcription 
factor on the MGI website and kept only transcription factors that display strong 
gastrulation phenotypes. The final selected regulon transcription factors were 
highlighted and visualized in the regulon network.
The connection of spatial domains based on regulon activity. To build the connection 
of spatial domains between every two embryos of adjacent developmental stages, 
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we first averaged the regulon-activity scores for individual spatial domain and then 
calculated the Pearson correlation coefficient (PCC) of any two domains from 
two embryos of adjacent stages. After that, the mutual nearest neighbour (k = 1) 
for each domain from one stage against the domains from the adjacent stage was 
identified and connected based on domain correlation similarity. Finally, we con-
verted the PCC of any two connected spatial domains to 10PCC and visualized the 
connection map by Sankey plot using Google Charts.
Calculation of specificity score of genes/regulons in spatial domains. The Jensen–
Shannon divergence (JSD) algorithm was used to identify spatial-domain-specific 
genes50. Before the application of JSD, a spatial pattern of interest was defined in 
binary: the value of the corresponding sample was set to 1 if the interested pattern 
in this sample was expected to be specifically expressed, otherwise the value was 
set to 0. The specificity score was then calculated on the basis of: (1) normalized 
both expression value of each gene (P) and predefined value of interested pattern 
(P) across all samples as P = Vi/sum(V), in which i = 1, 2, … n, and n was the 
number of samples.

(2) For distribution of each gene P1 and predefined pattern P2, the specificity 
score (S) between P1 and P2 was defined as:

= −




+ 

−

+S E P P E P E P1
2

( ) ( )
2

1 2 1 2

∑= −
=

E P p p( ) log( )
i

n

i i
1

= …P p p p( , , , )n1 2

We used the same method to calculate the specificity score for each regulon in 
different embryonic spatial domains. To evaluate the significance of regulon spec-
ificity in each spatial domain, we permuted the regulon-activity score across all 
samples 100,000 times, then calculated their specificity scores, and finally a permu-
tation p value was calculated as the number of times that Spermutation > Strue divided 
by 100,000. For regulon-based analysis in E5.5–E7.5 embryonic embryos, we only 
used combined significant regulons (P < 0.01) that were specifically activated in 
only E5.5–E7.5 spatial domains.
LncRNA analysis. Annotation for known lncRNAs was based on the GENCODE 
database (v.M7)51. To enhance the consistency of the coordinates of lncRNAs in 
the annotation file with the corresponding genome, data of another mouse genome 
from Ensembl database (v.82) were used. All sequencing reads were re-mapped 
to this genome and the expression level of lncRNAs was quantified by the same 
methods and parameters as described for coding RNAs. Region specific lncRNAs 
were identified based on the JSD algorithm described above.
In situ image analysis and comparison. To validate the proximity of Geo-seq data of 
gene-expression pattern to the whole-mount in situ hybridization (WISH) data of 
specific genes, WISH image results were digitized using MATLAB-based scripts 
that were designed to quantify the staining results of WISH. For each WISH spec-
imen, the image data were segmented into layers from up to bottom of epiblast 
region, with the layer number corresponding to the laser capture sections (8 lay-
ers for E6.5 embryo, 11 for E7.0 embryos and 9 for E7.5 embryo, Extended Data 
Fig. 1h). For each layer, the data were further segmented into subregions (quadrants 
and sectors). The average coloured pixel density was calculated as the digitized 
expression level for each subregion. The digital expression value of the gene with 
its RNA-seq data was compared by: (1) converting the computed digital value and 
sequenced gene-expression value to integers [1,n] on the basis of the order of their 
values, in which n is the number of samples in the embryo (for example, converting 
E6.5 epiblast embryo samples to [1,15]; and (2) calculating Spearman correlation 
coefficient between these two vectors of the WISH image and RNA-seq data. As 
the WISH image data could only cover one side of the embryo, only the captured 
region was analysed in the comparison.
Gene-set activity score analysis. To evaluate the enrichment for a gene set in each 
sample of individual embryos, we applied similar recovery analysis as SCENIC used 
to calculate the gene-set activity score, which is measured by the area under the 
recovery curve across the ranking of all genes in each sample. In brief, the x axis of 
the recovery curve was the ranking of all genes from high to low based on expres-
sion level, and the y axis was the number of genes recovered from the tested gene 
set. Finally, area under the recovery curve was calculated to measure the activity 
score of this gene set. This activity score analysis was used to evaluate whether any 
gene set was enriched at the top of the ranking for each sample.
Signalling pathway enrichment and pluripotency activity analysis. In addition to 
the previously analysed signalling pathways (BMP, FGF, Nodal and Wnt)14, two 
other signalling pathways (Notch and Hippo–Yap) were included in this analysis. In 
brief, potential signalling-target genes of the BMP, FGF, Nodal, Hippo–Yap, Notch 
and Wnt pathways were identified by comparing control samples with treatment 

samples using RankProd52 (P < 0.01 for Hippo–Yap and P < 0.001 for others) 
from published perturbation data (Gene Expression Omnibus accesssion numbers 
GSE48092, GSE41260, GSE17879, GSE69669, GSE15268 and GSE31544). Fisher’s 
exact test followed by Benjamini–Hochberg correction was applied to determine 
the significance of overlap of the target genes of signalling pathways in different 
regulon groups. The enrichment for the target gene set of each signalling pathway 
was evaluated by gene-set activity score analysis.

Naive, formative and primed pluripotency genes were collated from a published 
embryonic dataset1,15 (Supplementary Table 8). To determine the spatial enrich-
ment profile of pluripotency-related genes in E5.5–E7.5 embryos, we used the same 
gene-set activity score analysis to calculate the activity score of naive, formative 
and primed gene sets in each sample of E5.5–E7.5 embryos.
Analysis based on transcriptome profile. For all combined samples from different 
stages of embryos, only the expressed genes were selected and then batch effect 
was removed by ComBat42. After that, the signature genes were identified by:  
(1) defining development-related genes on the basis of the GO database (for example,  
genes associated with terms containing keywords such as ‘differentiation’, ‘develop-
ment’ and ‘morphogenesis’); (2) combining highest and lowest principal-component- 
loading genes on the basis of their expression across all combined samples (by 
using FactoMineR in R) from several selected principal components (evaluated 
using jackstraw43; top 300 highest and lowest principal-component-loading genes 
were symmetrically selected from each principal component (1–6)). Finally, t-SNE 
analysis53 was conducted to project the signature expression matrix of all combined 
samples onto the 2D space for visualizing location of samples in low space.
Gene co-expression analysis. Guilt-by-association analysis54 was performed to identify  
co-expressed genes. Specifically, for all samples in one embryo, the expression  
values of genes were z-score-normalized across all samples and were then con-
verted to a binary matrix with the following strategy: the binary value was set to 1 
if the corresponding z-scored value ≥0, otherwise the binary value was 0. Finally, 
the P values for observing a given co-expression of each gene and the query gene 
were determined by Fisher’s exact test based on a 2 × 2 contingency table.
Web service and 3D reconstruction. The Geo-seq dataset can be accessed at eGastru-
lation project (http://egastrulation.sibcb.ac.cn). This web service was constructed 
for visualizing the transcriptome data of all cell populations of E5.5–E7.5 embryos 
by using django in Python. Currently, four functions can be used to search the 
spatial gene-expression pattern (‘pattern search by gene’), to retrieve guilt-by- 
association co-expressed genes of query gene (‘gene search by gene’), to identify 
genes that correlate to a customized spatial pattern (‘gene search by pattern’)14, 
and to calculate the enrichment scores of a query gene list as used for signalling 
pathway enrichment analysis and pluripotency analysis (‘gene activity score’). In 
addition, 3D reconstruction can be performed in pattern search by gene func-
tion for the epiblast–ectoderm data from E5.5–E7.5 embryos by segmenting a 2D 
image of each germ layer into different defined regions, as in the LCM procedure. 
For each region, the expression level of each gene was presented according to a 
colour scheme. The Vaa3D utility55 was applied to stack all the layers to visualize 
the 3D expression pattern. Image segmentation was performed by a customized 
MATLAB script14.
Validation and functional analysis. Whole-mount or section in situ hybridization. 
Probes were synthesized using the Roche DIG RNA labelling kit (11277073910, 
Roche Applied science) as previous described14. Primers for amplifying probe 
templates are listed in Supplementary Table 9. In brief, embryos were rehydrated 
through 75%, 50% and 25% methanol at room temperature, washed three times with 
DEPC-treated PBS and treated with 10 mg ml−1 proteinase K (Life Technologies, 
catalogue no. AM2548) in PBS for 8 min. After post-fixation for 20 min in 4% para-
formaldehyde (Sigma; P6148), approximately 1 μg/ml of digoxigenin-labelled RNA 
probe (Roche) was incubated with the embryo at 68 °C overnight. The embryos 
were then washed and stained with anti-digoxigenin for imaging.
Mouse embryonic stem cell culture. E14 mouse embryonic stem cells were  
cultured in DMEM (Life Technologies) supplemented with 15% FBS (VWR; 
95042-108), 2 mM glutamine (Gibco–BRL), 1% non-essential amino acids (MEM/
NEAA; Hyclone; 16777-186), 2i-LIF (Millipore; ESG1107) and 1% penicillin– 
streptomycin (Life Technologies; catalogue no. 15140-122) at 37 °C with 5% CO2. 
For neural induction, embryonic stem cells were dissociated with 0.05% trypsin 
and suspended and cultured in DMEM supplemented with 5% knockout serum 
replacement (KSR; Life Technologies; 10828028), 2 mM glutamine, 1% non- 
essential amino acids and 1% penicillin–streptomycin for 6 days. For mesodermal 
differentiation, cells were suspended and cultured in DMEM supplemented with 
10% FBS, 2 mM glutamine, 1% non-essential amino acids and 1% penicillin– 
streptomycin for 6 days.
Ex vivo culture. E7.0 mouse embryos were collected from pregnant mice and the 
extra-embryonic tissues were removed. The endoderm layer was treated with trypsin 
(0.25% trypsin in PBS for 3 min), dissected with 30 G1/2 Precision Glided needle 
(BD; 305106), and dissociated into single cells using Accutase and cultured in N2B27 
medium for 8 h with or without 2.5 μM Yap inhibitor verteporfin (TargetMol; T3112).  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48092
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41260
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17879
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69669
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15268
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31544
http://egastrulation.sibcb.ac.cn
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At the end of culture, cells were collected and lysed, and cDNA was generated for 
quantitative PCR (qPCR) test or sequencing using the Geo-seq protocol30.
LncRNA expression analysis. Total RNA was extracted from differentiating 
knockout embryonic stem cells, using a RNeasy mini-kit (Qiagen). Total RNA  
(2 mg) was reverse-transcribed into cDNA using FastQuant RT kit (Tiangen; 
KR106-01). qPCR with reverse transcription (RT–qPCR) was performed with 
Realplex2 (Eppendorf) using Stormstar SYBR green qPCR maser mix (DBI; DBI-
2144). Cycling conditions: initial denaturation at 95 °C for 5 min, followed by 40 
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s and extension at 
72 °C for 30 s. Gene expression was determined using the ∆∆Ct method. Unpaired 
t-test was used to evaluate the significance of differences. Primers for amplifying 
lncRNAs were listed in Supplementary Table 9.
CRISPR–Cas9-mediated knockout. For lncRNA knockout, upstream and down-
stream single guide (sg)RNAs of lncRNAs were designed (Supplementary Table 9). 
For transcription factor knockout, single sgRNA-target coding-sequence regions 
were designed. The sgRNAs were designed using the CRISPR design website 
(http://crispr.mit.edu/). Before transfection, sgRNAs were inserted into the pX330-
mCherry vector and 5 μg of plasmid was transfected into E14 cells. After 24 h, 
10,000 mCherry-positive cells were sorted and seeded into a 10-cm dish. Individual 
colonies were picked after 4–6 days and expanded in 24-well plates. Genomic 
DNA was purified and the genomic deletion was validated by PCR or sequencing.
Cardiomyocyte differentiation. Before differentiation, E14 mouse embryonic stem 
cells were cultured with leukaemia inhibitory factor (LIF) in MEF-coated dishes 
and passaged two times. Cells were then collected by trypsinization, and 600 cells 
in 20 μl drops (n = 50–60) of embryonic stem cell suspension were placed on the 
lids of 100-mm bacteriological Petri dishes containing 10 ml PBS without LIF to 
generate embryoid bodies. After two days, embryoid body cells were transferred 
to bacterial culture dishes (60 mm) in 5 ml embryonic stem cell medium without 
LIF. Embryoid bodies were cultured in suspension for 4 days and subsequently 
reseeded onto gelatin-coated 24-well plates for an additional 6 days to determine 
the percentage of spontaneously beating embryoid bodies and to perform immu-
nostaining. RT–qPCR was performed at day 6 and day 12.
Immunostaining. For cell immunostaining, the cells were washed once with PBS 
and fixed with 4% paraformaldehyde at room temperature for 20 min. The fixed 
cells were permeabilized with 0.1% Triton X-100 for 10 min. The cells were then 
blocked with PBS containing 10% donkey serum for 1 h at room temperature, 
subsequently incubated with the appropriate dilution (1:1,000) of primary cTnT 
antibody (Abcam, ab8295) at 4 °C overnight, then washed with PBS 3 times and 
incubated with Alexa Fluor 594-conjugated secondary antibody (Invitrogen, 
A-11032) for 1 h, and then counterstained with DAPI for 10 min and washed with 
PBS 3 times. Finally, the cells were examined under a fluorescence microscope.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Data availability
The RNA-seq data generated in this study were deposited in the NCBI Gene 
Expression Omnibus under accession number GSE120963 and the NODE project  
under accession number OEP000320. Our resources can be explored at the  
eGastrulation web portal (http://egastrulation.sibcb.ac.cn). All other data are 
available from the corresponding authors upon request.

Code availability
Custom codes for generating corn plots for different stages can be obtained from 
the eGastrulation web portal (http://egastrulation.sibcb.ac.cn).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Geo-seq analysis. a, Samples for Geo-seq: 
embryonic stages, biological replicates and the germ layers that were 
sampled for Geo-seq analysis. Stages: E5.5–E6.0, pre-gastrulation 
stage; E6.5, early streak; E7.0, late mid-streak; E7.5, no-bud stage. 
See Supplementary Table 1 for complete information. b, The strategy of 
sampling of cell populations in the epiblast–ectoderm and endoderm 
from E5.5 to E7.5 embryos and mesoderm in the E7.0 to E7.5 embryos 
(outlined in c). Samples were designated by the sequential (ascending) 
order of serial sections (1 for the most distal section) and the regions in the 
section (R, reference section; S, sample section; see histology images for 
orientation). For E5.5 embryo, the anterior–posterior axis has not yet been 
determined, so samples were denoted as Epi 1/2 and En 1/2. For E5.5–E7.5 
embryos: Epi, epiblast; En, endoderm; A, anterior; P, posterior; AP, pooled 
from anterior and posterior; L, left side (1, anterior; 2, posterior); R, right 
side (1, anterior; 2, posterior); embryonic axes: anterior–posterior, A↔P; 
proximal–distal, P↔D; left–right L↔R. Scale bar, 50 µm. d, Box  
plot showing the number of detected genes (FPKM > 0) for samples 
of E5.5 to E7.5 embryos (E5.5: n = 10; E6.0: n = 18; E6.5: n = 30; E7.0: 
n = 73; E7.5: n = 83). The centre line marks the median and box edges 

represent 25th and 75th percentiles. e, Gene-expression density plot of 
Geo-seq data of samples from E5.5 to E7.5 embryo; the solid line is the 
mean value and shaded region represents the s.d. f, Corn plots showing 
the expression of representative germ-layer markers (ectoderm: Sox2; 
endoderm: Sox17; mesoderm: Mesp1; visceral endoderm: Hnf4a) at E5.5 to 
E7.5 stages. Similar results were obtained from embryo replicates.  
g, The expression of anterior visceral endoderm (AVE) and distal visceral 
endoderm (DVE) markers (Cer1, Dkk1 and Lefty1) at E5.5 and E6.0 
stages. Similar results were obtained from embryo replicates. h, The 
comparison of digitally rendered gene-expression pattern and WISH 
results of seven examples of genes in the epiblast and endoderm at E6.5 
stage. WISH images were obtained from the EMAP eMouse Atlas Project 
(www.emouseatlas.org)56. Embryos are oriented with posterior to the right 
and distal to the bottom. i, The comparison of the expression of selected 
coding and noncoding RNAs by Geo-seq and WISH in E6.5 epiblast (Crb3, 
Car2), E7.0 (Gm37335, RP23-458G12.2) and E7.5 ectoderm (Hoxb3os, 
A930024E05Rik). n > 3 for each gene. Spearman correlation plots of 
WISH and Geo-seq results are shown on the right. Embryos are oriented 
with posterior to the right and distal to the bottom.

http://www.emouseatlas.org
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Extended Data Fig. 2 | Functional analysis of lncRNA. a, Experimental 
design for tracking the expression of lncRNAs during in vitro 
differentiation of mouse embryonic stem cells (mESCs). b, c, Expression of 
anterior-specific (b) and posterior-specific lncRNAs (c), assayed by real-
time PCR, during in vitro differentiation (days 0–6) of mouse embryonic 
stem cells (n = 3 for KSR and FBS). d, Experimental design for assessing 
the effect of the loss of lncRNA function on the differentiation of mouse 
embryonic stem cells in vitro. e, Ablation of lncRNA 3110004A29Rik led 

to downregulation of mesoderm genes: T, Eomes and Mesp1 at days 5 and 
6 of culture (n = 3). f, Ablation of lncRNA RP23-458G12.2 disrupted the 
expression of mesendoderm genes: Pcdh7, Eomes, Mesp1 and Hand1 at 
later time points of the seven-day period of differentiation in vitro (n = 3). 
Gene expression was assayed by real-time PCR. Data are mean ± s.e.m. 
Significant difference by two-sided t-test; *P < 0.05, **P < 0.01 and 
***P < 0.001.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The segregation of germ-layer tissues by the 
regulon and transcriptome. a, The workflow of regulon analysis in the 
SCENIC pipeline. Tissue samples from embryos at E2.5 to E7.5 were 
collated for mining the co-expression genes, cis-regulatory motif analysis 
and building of regulon units comprising of transcription factors (TF) 
and targets (TG), and the regulon-activity matrix for each sample were 
used in subsequent bioinformatic analysis (Methods). Dim, dimension. 
Transcriptome data of blastomeres of the morula, inner cell mass of 
the blastocyst and the primitive endoderm and epiblast of E4.5 embryo 
were sourced from ArrayExpress accession numbers E-MTAB-2958 
and E-MTAB-2959. b, Corn plots show the spatial domain of the cell 
populations of each branch of the phylogenetic tree at E5.5–E7.5. c, t-SNE 
plots of tissue samples from E5.5 to E7.5 based on gene expression and 

the regulon-activity matrix (n = 214). d, e, PCA and t-SNE analysis for 
regulon-activity scores in the epiblast–ectoderm and mesoderm (n = 145) 
(d) and the primitive streak, mesoderm and endoderm of E5.5 to E7.5 
embryos (n = 122) (e). f, Hierarchical clustering analysis for the posterior 
epiblast/primitive streak, the mesoderm and the endoderm for embryonic 
samples from E5.5 to E7.5 stages. g, The regulon-activity heat map for 
primitive streak, mesoderm and endoderm of E5.5 to E7.5 embryo. 
Sample in each column was ordered based on f, and examples of regulon 
transcription factors were listed. Regulon transcription factors coloured 
red were experimentally tested in this study. h, Corn plots showing 
the pattern of averaged activities of regulon groups in the endoderm, 
mesoderm and primitive streak samples.

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2958/
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2959
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Extended Data Fig. 4 | The regulon sample gene sets. a, t-SNE 
distribution of tissue samples of E2.5 to E7.5 embryos based on regulon-
activity scores (n = 226). b, Two-dimensional PCA plots (n = 226) and 
corn plots showing the averaged regulon activities of G2, G3, G4, G6, G7, 
G8 and G9 regulon groups. c, The CSI co-expression network analysis 

(edges were filtered by CSI >0.85) for the nine regulon groups. Edges: 
positive interaction (brown), negative interaction (green). Triangle nodes 
denote transcription factors with knockout gastrulation phenotype in MGI 
database. A wider edge signifies higher correlation. d, The gene-expression 
profile of lineage markers in the different regulon sample groups.



LetterRESEARCH

Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Functional analysis of Sp1 of the G7 (pre-
gastrulation), Hmgb3 of the G1 (late mesoderm/primitive streak) 
regulon group and Hmga2 of G8 (mesoderm) regulon group on 
differentiation of the mouse embryonic stem cells. a, DNA sequence of 
two Sp1-knockout cell lines. b, Loss of Sp1 function led to downregulation 
of the naive marker genes (Rex1, Esrrb and Nanog) and upregulation 
of formative marker genes (Sall2, Fgf5 and Pou3f1) (n = 3). c, Loss of 
Hmgb3 function led to upregulation of Cdx2, Cdx4, Hoxa1 and Tbx6 
genes related to precursors of the trunk mesoderm and no changes to 
markers of mesendoerm progenitors. Gene expression was assayed by 

qPCR. Data are mean ± s.e.m. (n = 3). Significant difference by two-
sided t-test; *P < 0.05, **P < 0.01 and ***P < 0.001. d, DNA sequence 
and sequencing peak map of two Hmga2-knockout cell lines. e, Knockout 
of Hmga2 led to down regulation of cardiac progenitor marker genes at 
differentiation day 6 (n = 3). f, Knockout of Hmga2 led to down regulation 
of cardiomyocyte marker genes at differentiation day 12 (n = 3).  
g, Immunostaining of embryoid body at day 12 shows lower expression  
of cardiomyocyte marker c-TnT in Hmga2-knockout cells (scale bars: 
top, 25 μm; bottom, 5 μm) (n = 3). Data are mean ± s.e.m. Significant 
difference by two-sided t-test; *P < 0.05, **P < 0.01 and ***P < 0.001.
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Activity scores of Sox2 and T

Extended Data Fig. 6 | The spatial domains in the germ layers of  
E5.5–E7.0 embryos delineated by the DEG groups. a–c, Heat maps and 
corn plots of DEG groups in E5.5 (a), E6.0 (b) and E6.5 (c) embryos.  
d, The transcriptional endoderm domains at E6.0 and E6.5 identified by 
analysis based on guilt-by-association co-expressed genes of Dkk1, Cer1 

and Lefty1. e, Heat map and corn plots of DEG groups in E7.0 embryos. 
Representative genes of each gene group are listed. Corn plots show the 
spatial domains and the average expression level of the DEG groups. f, The 
activity score of Sox2 and T in the E7.0 primitive streak region.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | The tissue spatial domains in the germ layers of 
E7.5 embryo and endoderm single-cell proportion in the endoderm.  
a, Heat map and corn plots of DEG groups at the E7.5 stage. Representative 
genes of each DEG group are listed. Corn plots show the spatial domains 
and the average expression level of the gene group. b, Genes that are 
specifically expressed in the node region (DEG G5) of E7.5 embryos with 
high expression values and the corresponding JSD specificity score (in 
the distal-endoderm domain). c, Top ten (with the highest JSD scores) 
examples of node-specific expression pattern shown in corn plots. d, The 
dynamic expression of three E7.5 G5 genes during gastrulation shown in 
corn plots and compared with WISH results at E7.5 stage. Embryos are 
oriented with posterior to the right and distal to the bottom (n > 3 for 

each gene). e, Gene-filter criteria of single-cell RNA-seq data (n = 384 
cells; top and bottom of each violin plot represent maxima and minima). 
Cells with number of detected genes less than 8,000 were discarded 
(left, red dotted line) and cells with the percentage of reads mapped to 
mitochondrial genes less than 0.2 were reserved for further analysis (right, 
red dotted line). f, UMAP plots of 345 single cells (that passed the quality 
check) in three clusters, indicted by different colours. g, Violin plots of 
gene-expression level of Sox17 and T across three clusters (SC-C1, n = 213 
cells; SC-C2, n = 96 cells; SC-C3, n = 36 cells; top and bottom of each 
violin plot represent maximum and minimum, respectively). h, Feature 
plots of represented lineage markers (n = 345 cells). The colour gradient 
indicates levels of expression.
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Extended Data Fig. 8 | The inter-embryo correlation of spatial domains. 
The Spearman correlation coefficient of spatial domains (from Extended 
Data Figs. 6, 7) between embryonic replicates at E5.5 (a), E6.0 (b), E6.5 

(c), E7.0 (d) and E7.5 (e) stages based on regulon-activity scores. For E7.0 
replicate 2 and E7.5 replicate 2, only epiblast domains were assessed.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Signalling activity in the post-implantation 
embryo. a, Enrichment for target and response genes of signalling 
pathways in the nine regulon gene groups (from Fig. 2a). Brown shows 
activating (A) and blue shows inhibitory (I) signalling activity. The 
significance of −log10(FDR) value in each cell was calculated by  
one-sided Fisher’s exact test followed by Benjamini–Hochberg correction.  
b, Corn plots showing the activity scores of the target and response genes 
related to the activated and inhibitory activity of BMP, Wnt, FGF, Nodal 
and Notch pathways in all germ-layer samples of E5.5 to E7.5 embryos. 
Similar results were obtained from embryo replicates. c, The expression 
of four Hippo–Yap signalling pathway components shown in corn plots 
of E7.5 embryo and in the dissected germ-layer tissues assayed by qPCR 
(n = 3). Dissected tissues: A, anterior epiblast, P, posterior epiblast, M, 
mesoderm; E, endoderm. d, WISH of E7.0 embryo (left) and visualization 
of hybridization signals in the germ layers (right) of Hippo pathway 
components Tead1 and Tead4, and Ctgf, the Yap1 downstream target  
gene (n > 3 for each gene). Dotted lines indicate plane of sectioning.  

e, The experimental design of ex vivo culture and treatment by inhibitor. 
E7.0 endoderm layer was explanted, treated with or without Yap inhibitor 
(verteporfin, VP) in N2B27 for 8 h and prepared for cDNA amplification 
and Geo-seq analysis. ExE, extra-embryonic tissues. f, g, The expression 
of Hippo–Yap pathway factors (Ctgf, P = 4.56 × 10−2; Cyr61, P = 3.38 × 
10−2 and Vim, P = 8.8 × 10−3) (f) and visceral endoderm markers 
(Afp, P = 1.4 × 10−2; Amn, P = 1.2 × 10−3 and Ttr, P = 3.6 × 10−3) 
(g) following verteporfin treatment of endoderm explants. Data are 
mean ± s.e.m. Control, n = 10; verteporfin, n = 9. Significant difference 
by two-sided t-test; *P < 0.05 and **P < 0.01. h, Changes in the G3 
regulon-activity scores following Yap inhibitor treatment in endoderm 
explants (regulon-activity scores were z-score-normalized across all 
verteporfin and control samples). Data are mean ± s.d. One-tailed t-test; 
P = 5.1 × 10−3; control, n = 3; verteporfin, n = 2. i, No effect on definitive 
endoderm genes (Sox17, Foxa2, Foxg1 and Pax9) after 8 h Yap inhibition 
of endoderm tissues ex vivo. Data are mean ± s.e.m. wild type, n = 10; 
verteporfin, n = 9.
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Extended Data Fig. 10 | The molecular fates and correlation with 
experimental cell fate maps. a, Heat map showing the expression pattern 
of germ-layer marker genes. Top coloured bars indicate the developmental 
stage (stages: cyan, E6.5; yellow, E7.0; dark red, E7.5) and the location 
of the cell population in epiblast–ectoderm (region: red, anterior; blue, 
posterior; green, left; light green, right). The lineage fates (left bar) were 
assigned on the basis of the expression of markers of neuroectoderm 
(orange), surface ectoderm (yellow), mesoderm (green) and endoderm 
(red). b, Corn plots showing the activity scores of different lineage markers 
in embryos at different stages. c, (i) Corn plots showing the relative 
level of expression of germ-layer-related genes (as pie charts in the corn 
plots) in different cell populations of the epiblast–ectoderm in E6.5–E7.5 
embryos; (ii) the molecular fate maps of major germ-layer derivatives in 

E6.5–E7.5 epiblast–ectoderm constructed based on the expression pattern 
of tissue markers; and (iii) the prospective fate maps (shown for the right 
lateral half of the epiblast–ectoderm) constructed from the data of the 
fate-mapping and lineage tracking experiments. Abbreviations: ne, neural 
ectoderm; fb, forebrain; mb, midbrain; hb, hindbrain; sc, spinal cord; se, 
surface ectoderm; am, amnion ectoderm; em, embryonic mesoderm; 
exm, extra-embryonic mesoderm; ht, heart; lm, lateral mesoderm; meso, 
mesoderm; pxm, paraxial mesoderm; end, endoderm; N, node; nd, 
notochord. d, Average expression of genes associated with epithelial–
mesenchymal transition (EMT) showing enrichment of genes associated 
with enhanced EMT in the posterior epiblast (EMT up) and reduced EMT 
in the anterior epiblast (EMT down) in E6.5 to E7.5 embryos.
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~mdehoon/software/cluster/software.htm), TreeView (http://jtreeview.sourceforge.net), Vaa3D (http://home.penglab.com/proj/vaa3d/
Vaa3D/About_Vaa3D.html). R package used: GENIE3 v1.2.1, RcisTarget v1.0.2, AUCell v1.2.4, SCENIC v1.0.1, ComBat (from sva v3.30.0), 
FactoMineR v1.41, Seurat v3.0, RankProd v2.20.0, pheatmap v1.0.10, WGCNA v1.66, monocle v2.10.1, Python package used: django 
v1.11.10, Matlab toolbox used: Dimensionality Reduction for t-SNE (https://lvdmaaten.github.io/drtoolbox//). Codes based on 
literatures: JSD algorithm (based on Cabili et al. 2011), Jackstraw (based on Chung et al. 2015). Web service used: CIBERSORT (https://
cibersort.stanford.edu), g:profiler (https://biit.cs.ut.ee/gprofiler/gost), modPhEA (http://evol.nhri.org.tw/phenome2/), Google Charts 
(https://developers.google.com/chart/interactive/docs/gallery/sankey).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.



2

nature research  |  reporting sum
m

ary
April 2018

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Raw sequencing data is available on NCBI Gene Expression Omnibus under accession number GEO, GSE110284, and NODE project (http://www.biosino.org/node, 
accession OEP000320). Our resource can be explored at http://egastrulation.sibcb.ac.cn. All other data are available from the corresponding authors on reasonable 
request.

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Atlas sample sizes were chosen to maximise the number of recovered cells from each experiment and to obtain whole embryo part with all 
germ layers in mouse embryos at their respective stages. The sampling strategy was modified in accordance to the size of the section. For 
example, In the epiblast/ectoderm, sampling was collected for two sectors A (anterior) and P (posterior) sectors of E6.0-E6.5 embryos and 
lateral sectors (left lateral and right lateral) were captured in E7.0 and E7.5 embryo. At least three embryo replicates at each developmental 
stages were studied and the correlation between these embryonic was assessed. High correlation was found. Therefore, one of the embryos 
was chosen as the representative embryo for data presentation.

Data exclusions No data were excluded. All replicates were included and only the representative data set were shown.

Replication All replications were consistent. The Geo-seq on developmental stage embryos were repeated at least three times and the dataset were 
compared and verified for data consistency. For example, the spearman correlation coefficient of spatial domains were more than 0.9.

Randomization The Geo-seq was conducted by three different people independently.

Blinding The samples were collected at different time by different people without knowing the outcome of sequencing data.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic information 
(e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For studies involving 
existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale 
for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and what criteria 
were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and whether 
the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the rationale 
behind them, indicating whether exclusion criteria were pre-established.
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Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water 
depth).

Access and import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and 
in compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing 
authority, the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
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Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Unique biological materials
Policy information about availability of materials

Obtaining unique materials No unique materials.

Antibodies
Antibodies used Primary antibody: Mouse Cardiac Troponin T antibody [1C11], abcam, monoclonal, catalog#ab829, Lot number #GR3237888-6, 

dilution #1:1000. 
Secondary antibody: Goat anti-Mouse Alexa Fluor-594, Invitrogen, polyclonal, Catalog#A-11032, Lot number#1922849, dilution 
#1:400.

Validation Primary antibody tested applications: Flow Cyt, IHC-Fr, WB, ELISA, IHC-FoFr, IP, IHC-P, Sandwich ELISA, ICC/IF. 
Species reactivity:Reacts with Mouse, Rat, Dog, Human; 
Antibody notes: This antibody detects Troponin T in human cardiac muscle. No cross-reaction with skeletal troponin T, cTnI and 
TnC. 
Revelent refereenc: Ren L et al. A Disintegrin and Metalloprotease-22 Attenuates Hypertrophic Remodeling in Mice Through 
Inhibition of the Protein Kinase B Signaling Pathway. J Am Heart Assoc 7:N/A (2018). Read more (PubMed: 29358191)

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) E14 cell  line was a gift from Jinsong Li's Lab, which was obtained from CellBank of SIBCB.

Authentication E14 is maintained in the CellBank of SIBCB and STR analysis was routinely conducted.

Mycoplasma contamination Cell lines were tested for mycoplasma contamination monthly. Result shows negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Palaeontology
Specimen provenance N.A.

Specimen deposition N.A.

Dating methods N.A.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For Geo-seq analysis, mus musculus C57BL/6 males and females at E5.5, E6.0, E6.5, E7.0 and E7.5. For mouse embryos for WISH 
or in vitro culture, ICR mouse embryo at E6.5, E7.0 and E7.5 was used and no sex preference.

Wild animals The study did not involve wild animals

Field-collected samples The study did not involve field-collected samples
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Human research participants
Policy information about studies involving human research participants

Population characteristics No human research participants were used.

Recruitment N.A.

ChIP-seq
Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of 
reads and whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone 
name, and lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and 
index files used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold 
enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a 
community repository, provide accession details.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Magnetic resonance imaging
Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types 
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first 
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte 
Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial 
correlation, mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).
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Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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