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3D reconstruction of a gastrulating human embryo
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Highlights
e Reconstructing a 3D model of a gastrulating human embryo
using spatial transcriptomics

e Annotating cell lineages by integrating gene expression
patterns and spatial information

e lIdentifying a potential signaling center at the posterior end of
the human embryo

e Investigating the dynamic activity of signaling pathways
along the embryonic body axis
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3D reconstruction of a gastrulating human embryo
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SUMMARY

Progress in understanding early human development has been impeded by the scarcity of reference datasets
from natural embryos, particularly those with spatial information during crucial stages like gastrulation. We
conducted high-resolution spatial transcriptomics profiling on 38,562 spots from 62 transverse sections of
an intact Carnegie stage (CS) 8 human embryo. From this spatial transcriptomic dataset, we constructed a
3D model of the CS8 embryo, in which a range of cell subtypes are identified, based on gene expression pat-
terns and positional register, along the anterior-posterior, medial-lateral, and dorsal-ventral axis in the em-
bryo. We further characterized the lineage trajectories of embryonic and extra-embryonic tissues and asso-
ciated regulons and the regionalization of signaling centers and signaling activities that underpin lineage
progression and tissue patterning during gastrulation. Collectively, the findings of this study provide insights

into gastrulation and post-gastrulation development of the human embryo.

INTRODUCTION

Gastrulation orchestrates the transformation of the bilaminar em-
bryonic disc within the blastula into a complex multi-dimensional
structure known as the gastrula.” This intricate event lays the foun-
dation for distinct cell lineages and spatial patterning. Human
gastrulation occurs between embryonic days 14 and 21 (E14-21)
after fertilization, corresponding to Carnegie stages (CS) 7 to 9.
Within this period, the epiblast (Epi) are allocated to precursors
and derivatives of the primary germ layers and extra-embryonic
tissues. In addition to cell lineage determination, establishing the
body axis becomes paramount for orchestrating migration, posi-
tioning, and patterning of differentiating cells. Dynamic signaling
centers such as notochord, regulate the establishment of the
body axis and guide the cells to develop into their designated des-
tinations.” Disruptions in this coordination can lead to severe
congenital anomalies. Nonetheless, the study of human embryo-
genesis presents unique challenges as the scarcity of in utero
early-stage human embryo materials limits direct investigations.
Consequently, our understanding of human gastrulation heavily re-
lies on data derived from alternative sources.

L)

Updates

Animals, such as mice, are the major sources for acquiring
knowledge about gastrulation. Particularly, the application of
single-cell RNA sequencing (scRNA-seq) has provided an
increasingly detailed view of the developmental gene expression
and developmental path of each lineage.®° However, the
unigueness of primate embryogenesis in terms of anatomical ar-
chitecture, developmental timing, and lineage fate determination
leads to the difficulty in understanding primate embryos solely by
replying on studying the model animals. Recently developed pri-
mate blastocyst in vitro culture approach'®™"” and pluripotent
stem-cell-based embryo models'®?” allowed us to study,
outside the uterus, the embryonic lineage ontogeny and have re-
vealed several developmental landmarks of early primate em-
bryos. However, the lack of relevant references makes it difficult
to judge whether these stem-cell-derived embryo models can
faithfully replicate embryonic development. For the in-uterus pri-
mate embryo, recent transcriptomic characterization of an early
gastrulating human embryo (CS7)?® and cynomolgus monkey
gastrulating embryos,?**° provided crucial insights into primate
gastrulation. Despite these advances, these datasets lack
spatial positioning information, making it challenging to
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Morphological characterization
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accurately annotate cell subtypes. During gastrulation, how cell
fate is determined at different locations and how various sub-
types of cells were orchestrated and developed along the body
axis remain fragmented. Lately, spatial profiling has been con-
ducted on marmoset embryos at CS5 to CS7 following implanta-
tion.>" This research utilized laser capture microdissection in
conjunction with Smart-seg2, leading to the discovery of signif-
icant developmental events.

In this study, we employed serial transverse sectioning across
62 slices that cover a fully intact gastrulating human CS8 em-
bryo, which allowed us to combine the spatial transcriptomes
of all slices from the anterior side to the posterior side, resulting
in a complete 3D reconstruction of the embryo. This dataset pre-
sents an opportunity to investigate the essential cellular and
molecular characteristics of gastrulating events in humans
and provides invaluable information for the development of
advanced stem-cell-derived human embryo models.

RESULTS

Spatial transcriptomics profiling and 3D reconstruction
of an intact CS8 human gastrula
The CS8 embryo showed an intact morphology, including an
oval-shaped embryonic disc with a transparent amniotic cavity,
a primitive node, a primitive streak extending to about one-third
of the anterior-posterior axis, a yolk sac with noticeable erythro-
blasts, and an opaque connecting stalk connected with chori-
onic villi (Figure 1A). We conducted cryosection transverse slices
spanning along the anterior-posterior (A-P) axis of the embryo
(Figures 1B and S1A). In total, 62 transverse slices with a one-
slice interval were subjected to Stereo-seq,*” resulting in the
generation of a spatial transcriptome atlas of the entire embryo.
Specifically, to perform unsupervised spatially constrained clus-
tering (SCC),*® bin50 was utilized to represent approximately
one cell. After quality control, 38,562 spots were retained for
downstream analysis (Figure S1B). The sequencing data were
processed and integrated into the bright field image of each slice
(Figure S1A), resulting in the generation of 2D spatial transcrip-
tome maps (Figure 1C). The transcriptomic datasets were clus-
tered by Scanpy and visualized using uniform manifold approx-
imation and projection (UMAP) dimension reduction.

By integration of the top differentially expressed genes (DEGs)
(Table S1), known markers, and spatial information, thirteen major
clusters were identified (Figures 1C-1E), including epiblast/ecto-
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derm (Epi/Ecto, cluster 1, expressing SOX2, DNMT3B, on the dor-
sal part), gastrulating cell/primitive streak (Gast/PS, cluster 2, ex-
pressing TBXT, MESP1, at the middle line of the posterior
region), notochord (Noto, cluster 3, expressing NOTO, CHRD, at
the middle line of the anterior and middle regions), mesoderm
(Meso, cluster 4, expressing HAND1, MYL7), endoderm (Endo,
cluster 5, expressing SOX17, TBX3, on the ventral part), visceral
endoderm (Visceral.Endo, cluster 6, expressing MPC2, CKB),
amnion (AM, cluster 7, expressing GABRP, IGFBP5, covering
the amniotic cavity), amniotic extra-embryonic mesoderm
(AM.EXE.Meso, cluster 8, co-expressing several AM and Meso
markers, at the outer layer of the amniotic membrane), two types
of yolk sac extra-embryonic mesoderm (YS.EXE.Meso-A and
YS.EXE.Meso-B, cluster 9 and cluster 10, expressing IGFPB?,
RUNX1"" and IGFPB7, RUNX1"9", respectively, at the outer layer
ofthe yolk sac cavity), yolk sac endoderm (YS.Endo, cluster 11, ex-
pressing AFP, TTR, at the inner layer of the yolk sac cavity), hae-
mato-endothelial progenitors (HEP, cluster 12, expressing
RUNX1, GP1BB), and erythroblasts (Ery, cluster 13, expressing
HBZ, HBG1) (Figures 1E, S1C, and S1D; Video S1; Table S2).
The spots which co-expressing the trophoblast markers (e.g.,
KRT7, LEP, and PSG8) were excluded from further analysis (Fig-
ure S1C). Cell cycle analysis showed that embryonic cells are
more proliferative than extra-embryonic cells (Figure S1E).

With the efficient and faithful capture of spatial transcriptome
of the embryo, we performed a 3D reconstruction of the spatial
transcriptome of the entire sample. The sections were aligned
by PASTE,** which leverages both transcriptional similarity and
physical distances between spots in adjacent slices and allows
us to assign x-y-z 3D coordinates to each spot (Figures 1F and
1G). We then generated a 3D point cloud that represents
different cell types, which was further refined, enhanced, and
locally rendered, resulting in surfaces rather than separated
points. This approach allowed us to generate a 3D model depict-
ing the spatial domains of cell types in the embryo, with or
without the presence of extra-embryonic tissues (Figures 1H
and S1F).

3D spatial distribution of cell types and associated
molecular regulatory programs

Our 3D model allowed us to extract the 2D (x-y axis) transcrip-
tomes and cell distributions of all slides spanning and to visu-
alize along the z axis (A-P axis) (Figure 2A; Table S3). Extra-em-
bryonic cell types can be found in all slices, while embryonic

Figure 1. Spatial transcriptomic profiling and 3D reconstruction of a CS8 human embryo
(A) Lateral (top) and dorsal (bottom) views of the intact CS8 human embryo with the complete embryonic disc, amnion, yolk sac, and primitive streak. Scale

bar, 0.5 mm.

(B) Schematic diagram of the sectioning strategy for spatial transcriptomic profiling. The yolk sac cavity was pushed to one side of the embryo after optimal

cutting temperature (OCT) embedding.

(C) Unsupervised spatially constrained clustering of representative CS8 human embryo section from anterior to posterior end. Bins/dots are colored by their

annotations from (D).

(D) UMAP of all the spots computed from the expression of highly variable genes. Spots from the whole sample can be grouped into 13 clusters, including 5
clusters of embryonic tissues and 8 clusters of extra-embryonic tissues. Bins/dots are colored by their cell type annotations.
(E) Heatmap showing the normalized expression of specific marker genes for each cluster.

(F) Spatial distribution of major cell types in the 3D reconstructed model.

(G) The 3D scatterplot shows the representation of the point cloud with x-y-z coordinates for each spot fitting inside the 3D reconstructed embryo model. Bins/

dots are colored by their annotations.

(H) The 3D reconstructed models of the whole embryo with (left) or without (right) the extra-embryonic tissues.
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clusters were present in Slice (S) 21-62 (Figure 2A and S2A).
We examined the 3D expression patterns of known markers,
and specifically, POU5F1 displayed expression throughout
the entire dorsal region of the embryonic disc, SOX2 in the
anterior part, and SOX77 in the posterior region of the ventral
part. NOTO was primarily expressed within the Noto, while
TBXT and CDX1 were primarily expressed posterior to the
Noto (Figure 2B). We created a webpage (cs8.3dembryo.com)
to provide easy access to the spatial patterns of addi-
tional genes.

Next, we applied Hotspot analysis®® to explore the Gene
Ontology (GO) and pathway enrichment in the 3D structure.
First, we applied SCENIC analysis®® to generate a heatmap
illustrating the top 5 transcription factors (TFs) whose regulons
are enriched in different clusters (Figures 2C and S2B). Subse-
quent gene regulatory network analysis showed the relation-
ship of gene regulation, such as SOX2, which expressed highly
in Epi/Ecto, its targets FGF2 and UCHL1 in the regulation
network, and also NOTO, FGF17 with CHRD, NODAL, NANOG,
MIXL1, and TBXT (Figure S2C). To further identify spatial regu-
lon modules, we used the regulon specificity scores (RSS) to
identify 10 regulon modules in tissue clusters based on 281 to-
tal regulons (Figures 2C, S2D, and S2E). The resulting regulon
programs exhibited well-defined spatial patterns that largely
corresponded to anatomical regions. Projection of the regulon
programs into 3D space showed that TFs regulated gastrula-
tion in a spatially specific manner (Figures 2C, 2D, and SZ2E).
For instance, module M5 (e.g., NEUROD1, EMX2, GSC), en-
riched in “WNT pathways”, “stem-cell proliferation”, and “fore-
brain development”, was highly expressed in the anterior-
ventral part (Figures 2C, 2D, and S2E). Module M6 (e.g.,
MEOX2, HES4, TBX19), showed enrichment in “anterior/
posterior pattern specification”, “somitogenesis”, and “para-
xial mesoderm development”, consistent with prior findings
about MEOX2°7*® and HES4.%°*° Module M9 was at the pos-
terior part (e.g., HOXA3, HOXD11, CDX2), with enriched terms
in “pattern specification process”, “dorsal/ventral pattern for-
mation”, and “segmentation”.

We also investigated cell communication regulation using our
dataset using CellChat analysis®® (Figures 2E, 2F, S2F, and
S2G). The network diagram of cell interactions provided insights
into the specific interactions among tissue clusters within the CS8
embryo (Figures 2E, 2F, S2F, and S2G). Noto was revealed as the
source of FGF, IGF, BMP, and WNT pathways and ligand-recep-
tor pairs such as FGF17-FGFR1/2/3, IGF2-IGF1R, BMP4-
BMPR2, and WNT3A-FZD2/7/8 (Figures 2F, S2G, and S2H),
which were known to regulate cell migration and differentiation.*’
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Spatial transcriptomic resolution of mesoderm
formation

We next characterized the spatial allocation and differentiation of
distinct Meso subtypes. Based on refined clustering analysis of
related clusters (clusters 2, 3, and 4 in Figure 1D), and in the
context of the spatial localization, 5 Meso subtypes can be
further identified (Figures 3A and 3B; Video S2) —including axial
mesoderm (Axial.Meso), proximal to the posterior end of Noto
and expressing SFRP2, DCLK1, and ESRG, and weakly ex-
pressing Noto related genes such as CHRD and NOTO,; lateral
plate mesoderm (LP.Meso), extending along the lateral periphery
of the embryonic disc, spanning from the anterior to the posterior
end of the embryo, and expressing LP.Meso-specific markers
such as KDR, MYL7, and HAPLNT; paraxial mesoderm
(Para.Meso), positioned at the rear of the Axial.Meso and flank-
ing the Axial.Meso from both sides, and expressing MESP1/2,
MSGN1, and HES7; intermediate mesoderm (Inter.Meso), posi-
tioned between the LP.Meso and Para.Meso, and expressing
Inter.Meso-specific markers OSR1, EYA1, and CDH5; extra-em-
bryonic mesoderm progenitor (EXE.Meso.Prog), located at the
outermost region of the embryonic disc—but have not yet
migrated beyond the embryo’s confines, and expressing early
EXE.Meso markers LUM, POSTN, and IGF2. Moreover, we
captured a cluster of cells located at the posterior end of the em-
bryo and expressing CDX7 and CDX2, which are known as the
connecting stalk markers,?®*? and thus annotated it as the con-
necting stalk (Figures 3B, 3D, S3A, and S3B). Interestingly, these
connecting stalk cells also highly expressed several essential
morphogens such as SHH, WNT5B, and FGF9, which will be dis-
cussed in the subsequent part. In addition, we used SCENIC to
analyze the segmented clusters and identified enrichment for
TFs with activities in different Meso subtypes (Figure 3E).

The specification of Meso in the vertebrate embryo is initiated
and driven by dynamic morphogen gradients along the anterior-
posterior axis of the embryo and the PS. After gastrulation, Meso
patterning into subtypes strictly correlates with their spatial and
temporal allocation.***** However, how Meso is patterned in the
human embryo is largely unknown. The human pluripotent stem
cells-based Meso differentiation experiments suggested that,
during gastrulation, cells at different locations in the PS re-
sponded to different inductions and generated progenitors to
form distinct Meso subtypes along the PS.*® In agreement with
this model, in the CS8 human embryo, we observed the distinct
subtypes of Meso were already specified within the PS structure
(ahead of migration) and arranged along the midline of the PS in
order (A to P, Axial.Meso, Para.Meso, Inter.Meso, LP.Meso,
EXE.Meso.Prog) (Figures 3A, 3C, and S3B). Notably, the 3D

Figure 2. 3D spatial distribution of cell types and associated molecular regulatory programs

(A) Top: diagram of aligning the slices along the anterior-posterior axis. Bottom left: bar plot showing the distribution of cell types in slices along the A-P axis.
Bottom right: spatial distribution of major cell types organized in all slices along the A-P axis.

(B) Spatial expression patterns of key representative genes in the 3D reconstructed CS8 human embryo. Colors indicate normalized gene expression levels.
(C) Heatmap showing the regulons with significant spatial correlation grouped into 10 modules based on pairwise spatial correlations, with the corresponding GO

terms related to each regulon module highlighted on the right side.

(D) Spatial patterns of functional regulon modules identified by hotspot analysis in the 3D reconstructed model.
(E) The chord diagram shows the ligand-receptor interaction pairs between Noto and other tissue clusters including Endo, Meso, and Epi/Ecto. The thickness of

the line represents the count of ligand-receptor pairs.

(F) The chord diagrams showing the significant (p < 0.05) interaction pairs associated with key signaling pathways (including WNT, IGF, FGF, and BMP) among

Endo, Meso, Epi/Ecto, and Noto.
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spatial distribution pattern shows that the LP.Meso and
EXE.Meso.Prog has already been distributed throughout the
lateral side of the embryonic disc. Meanwhile, other types of
Meso (e.g., Para.Meso, Inter.Meso) remain along the midline of
the PS and have not migrated. This suggests that the migration
of LP.Meso and EXE.Meso.Prog may occur earlier than that of
others. In the previous CS7 human embryo dataset, Meso
were categorized based on their developmental "age" with clas-
sifications ranging from advanced mesoderm to emergent
mesoderm and nascent mesoderm, representing early to later
emerging cells.?® Subsequently, we integrated the CS7 datasets
and conducted a pseudotime analysis. The results revealed a
close clustering of primitive streak (CS7) cells with Gast/PS
(CS8) cells (Figure 3F). Using Gast/PS as the reference point
and considering how far these mesoderm subtypes had
emerged from the primitive streak, the forthcoming results indi-
cate that EXE.Meso.Prog and LP.Meso (corresponding to ExE
mesoderm and advanced mesoderm in CS7) emerge relatively
earlier, while Inter.Meso, Para.Meso, and Axial.Meso (corre-
sponding to the emergent and nascent mesoderm in CS7)
emerge later during gastrulation (Figures 3F and S3C). This
finding aligns with the previously reported observations.”®

Patterning of mesoderm along the A-P axis

We then investigated the cell distribution and gene expression
patterns along the embryo A-P axis. We observed that the
LP.Meso and EXE.Meso.Prog are evenly spread along the A-P
axis and the other subtypes are distributed at the posterior
end in the order Axial.Meso, Para.Meso, and Inter.Meso
(Figures 3C, 3G, and S3B). In these Meso, key genes, such as
the HOX family, also displayed dynamic expression patterns
along the A-P axis. The HOX proteins are known to interact
with each other to regulate development programs and specify
the regions of the body plan.*®*” We have identified the HOX
gene localization from the most anterior end (e.g., HOXB4,
HOXB2, and HOXBS5) to the most posterior end (HOXAS,
HOXC9, and HOXBY9) (Figures 3E and 3G), promoting further
investigation to understand their potential roles.

We next performed clustering analysis for all TFs expressed in
the Meso and obtained 10 distinct modules based on their A-P
axis expression patterns (Figure S3D; Table S4). For instance,
the KLF5, MAF, PRRX2, etc. (module 1) were specifically ex-
pressed in the most anterior end of embryos; DLX 2/5, CDX
1/2/4, ALX4, etc. (module 8) were expressed in the most poste-
rior end; and SIX3, OTX2, ZIC3, etc. (modules 3 and 4) were ex-
pressed in the middle (Figures 3E, 3G, 3H, S3D, and S3E;
Table S4). Multiple zinc finger (ZNF) genes exhibited specific
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distribution patterns along the A-P axis (Figures 3E and 3G)
and in different Meso subtypes (Figure 3E). Given the critical
roles of ZNFs to interact with DNA, RNA, and proteins to
regulate multiple cellular processes,*® indicating the potential
functions of ZNFs in establishing the body plan and lineage
development.

Development of ectoderm and amnion

To explore Epi differentiation in humans, we performed sub-clus-
tering of related cells (cluster 1 and 7 in Figure 1D), which re-
sulted in four distinct cellular clusters: the Epi, characterized
by the expression of SOX2, POU5F1, and DNMT3B; the Ecto,
which co-expresses Epi markers alongside neuron-related
markers such as SOX3 and PAX6; the amniotic ectoderm
(AM.Ecto), marked by TFAP2A, ISL1, and GATAS3 expression;
and the advanced amnion (AM), expressing GABRP, IGFBP3/5,
and NPNT (Figures 4A-4D and S4A). Spatially, the Ecto occupies
the anterior region, while the Epi is predominantly positioned in
the posterior part (Figures 4B and 4C). The AM.Ecto is positioned
at the border between the embryonic disc and the AM, while the
AM is distributed across the entire amniotic membrane (Fig-
ure 4B). Utilizing diffusion maps and RNA velocity analysis, we
unveiled intricate developmental trajectories stemming from
the Epi. These trajectories diverge into two streams, correspond-
ing to Ecto or AM development, respectively (Figure 4A). We next
performed immunostaining of the AM.Ecto marker TFAP2C and
advanced AM markers GABBR2, IGFBP3, and NPNT (Figure 4D)
and found the AM.Ecto cells (TFAP2C+) located at the interface
between Epi and the advanced AM cells (GABBR2+, IGFBP3+,
NPNT+) (Figure 4E), supporting the trajectory finding that
AM.Ecto is a transitory cell type from Epi to AM.

A previous study suggested there are two independent waves
of amniogenesis in primates, in which the AM formed during the
early (1st) wave via a trophectoderm-like route and the late (2nd)
wave derived from the nonneural ectoderm.*® The PCA analysis
and heatmap results indicated that the AM, at the CS8 stage,
showed high similarity with the AM cells generated during the
late wave of amniogenesis (late wave, AME-L) (Figure S4B and
S4C), and the AM.Ecto serves as an intermediate cell type, dur-
ing the late wave amniogenesis, between the Epi and AM.

We next identified the top variant genes during human AM
development such as PRTG, ID2, and SLC2A3 were up-regu-
lated at the early stage of AM development and POSTN,
COL5A2, EPAS1, and others that were highly expressed in the
advanced AM. In contrast, SNRPN, PKM, and JARID2 were
highly expressed in the Ecto but gradually down-regulated dur-
ing AM formation (Figures 4F, S4D, and S4E).

Figure 3. Spatial distribution of Meso and the A-P pattern

(A) 3D reconstructed model of Meso displaying distribution pattern of Meso subtypes. Ventral and dorsal views of the models were shown.

(B) UMAP plot showing the 10 major cell types identified in the human CS8 embryo.

(C) Schematic diagram showing the spatial location and cross-section view of Meso subtypes.

(D) Dotplot depicting the normalized expression levels of representative marker genes utilized to annotate Meso subtypes. The color-code of Meso subtypes is

consistent with (A).
(E) Circular heatmap showing the representative TFs in different cell types.

(F) UMAP visualization of the Meso from human CS7 and CS8 gastrula. Colors indicate the cell types or latent time of Meso.

(G) Top: the stacked area plot showing the fraction of major human embryonic cell populations in the CS8 human embryo along the A-P axis. Bottom: the heatmap
showing the gene expression patterns along the A-P axis, encompassing the representative genes from the HOX family (blue).

(H) Spatial expression patterns of representative genes. Colors indicate normalized gene expression levels.
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Development of endodermal cells

Recent studies reported that the Visceral.Endo also contribute
to embryonic gut tube formation.?**° To understand Endo
development, we performed an in-depth clustering of Endo-
related lineages (cluster 5, 6, and 11 in Figure 1D) and
identified six distinct clusters, including the definitive endoderm
(Definitive.Endo), Visceral.Endo, and four YS.Endo subtypes
(YS.Endo-1 to 4) (Figures 4G and S4F). We can then distinguish
the locations of these cell types in the 3D model (Figures 4H and
4]). The Definitive.Endo occupies the underneath of the embry-
onic disc, and the Visceral.Endo is exclusively positioned at
the area from the lateral side of the Definitive.Endo to the
edge of the embryonic disc. The YS.Endo-1, YS.Endo-2, and
YS.Endo-3 clusters are arranged sequentially along the
membrane of the yolk sac in consecutive domains between
the hypoblast/Visceral.Endo interface and the distant region of
the yolk sac (Figures 4H and 4l). Notably, the spatial distribution
of YS.Endo-4 highly overlaps with that of YS.Endo-3, although it
manifests a distinctive gene expression pattern involving several
hematopoietic-related genes (Figure 4J).

After implantation, the hypoblast differentiate into Viscera-
I.Endo and YS.Endo. Both the VE and YS.Endo contributes to
the formation of the primary yolk sac.’®®' The organized
sequence in which the YS.Endo subtypes are positioned along
the proximal-distal axis of the yolk sac, prompting us to inquire
whether these distinct cell types recapitulate the different
stages. We conducted RNA velocity and Monocle analysis,
revealing a trajectory originating from the Visceral.Endo and
advancing through YS.Endo-1 to YS.Endo-2. Subsequently, it
diverges into two parallel streams leading to YS.Endo-3 and
YS.Endo-4 (Figures 4G and 4K). Moreover, the distribution of
cells across the phases of the cell cycle reveals the YS.Endo-3
exhibits a reduced ratio in the G2/M phase compared to others
(Figure S4G).

We next proceeded to investigate the gene expression dy-
namics and functions of distinct Endo subclusters. Through
pseudotime analysis, we identified the top 25 genes that under-
went dynamic changes during human YS.Endo development.
For instance, TTN, FGFR1, and GATA3 exhibited a gradual
down-regulation, while APOB, GPC3, and CYP4B1 were up-
regulated as YS.Endo developed (Figures 4L, 4M, S4H, and
S41). Further GO enrichment analysis unveiled functional distinc-
tions among YS.Endo subtypes (Figure 4J). Specifically,
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Definitive.Endo was enriched in terms like gastrulation and Epi
to mesenchymal transition, while Visceral.Endo showed enrich-
ment in terms related to Epi tube morphogenesis and gland
development. YS.Endo-1 and YS.Endo-2 exhibited enrichment
in terms such as actin filament organization and PROTEIN trans-
membrane transport, suggesting remodeling of cellular func-
tions. YS.Endo-3 displayed enrichments in terms like response
to meta lion and sterol metabolic process. YS.Endo-4, as previ-
ously mentioned, exhibited high expression of several hemato-
poietic-related markers and was enriched in terms related to
erythrocyte development and megakaryocyte development
(Figure 44J).

Development of extra-embryonic mesoderm

The EXE.Meso plays a role in early erythropoiesis and provides
mechanical support to the developing embryo.??> To understand
EXE.Meso development, we sub-clustered the EXE.Meso-related
cells, including AM.EXE.Meso (cluster 8 from Figure 1D),
YS.EXE.Meso-A and YS.EXE.Meso-B (clusters 9 and 10 from Fig-
ure 1D), and EXE.Meso.Prog (from Figure 3B), yielding 8 sub-
clusters (Figures 5A, 5B, S5A, and S5B). We further identified:
EXE.Meso.Prog (MSX17 and COL6A3), Nascent.EXE.Meso
(IGFBP5 and IGFBP7), AM.EXE.Meso (MSX2 and TEADT1),
YS.EXE.Meso-1 (GNRH2 and SPINKT), YS.EXE.Meso-2 (MT2A
and A2M), muscle fiber (MYL9 and ACTA2), YS.Mesothelium
(PODXL and CDHT) and fibroblast (COL3A7 and EGRT1) (Fig-
ure S5B). The EXE.Meso.Prog was located around the embryonic
disc, while the Nascent.EXE.Meso was predominantly found in the
proximal region (adjacent to the embryonic disc) of both amniotic
and yolk sac cavities. The AM.EXE.Meso was specifically located
above the amniotic cells. YS.EXE.Meso-1, YS.EXE.Meso-2, and
YS.EXE.Meso-3 were sequentially distributed along the proximal
to the distal end of the yolk sac (Figures 5A-5C). RNA velocity
and monocle analysis revealed that the developmental trajectories
start at EXE.Meso.Prog and then diverge into two streams,
corresponding to AM.EXE.Meso or YS.EXE.Meso, respectively
(Figures 5D and 5E).

The specification of hemogenic cells in the yolk sac

Previous studies showed that primitive hematopoiesis in mice gen-
erates primitive nucleated erythrocytes and macrophages at
around E7.5% The transient definitive hematopoiesis commences
when erythro-myeloid progenitors emerge from the yolk sac

Figure 4. Spatial distribution of Ecto and Endo

A) UMAP plot showing 4 cell types from Epi and AM (left) with PAGA graph (top right) and RNA trajectories (bottom right) inferred from RNA velocity analysis.
B) Spatial distribution of AM, AM.Ecto, Ecto, and Epi in the representative slices (slice 38 and slice 53).

C) Density plot showing the indicated cell distributions along the A-P axis through cell ratio analysis.

D) Dotplot depicting the normalized expression levels of representative genes in each cell type.

F) Scatterplots showing the expression dynamic of indicated developmental genes along the latent time inferred by RNA velocity analysis of AM and Ecto.
G) UMAP plot showing the 6 subtypes of Endo (bottom) and RNA velocity analysis (top left) and PAGA path (top right) overlaid on the UMAP (top left).

H) Schematic diagram showing the zonation of Endo types in the yolk sac.

(
(
(
(
(E) IF staining results show the location of GABBR2, IGFBP3, NPNT, and TFAP2C in the human CS8 embryo. Scale bar, 50 um.
(
(
(
(

1) Spatial distribution of the 6 subtypes of Endo in the representative slice 40 (top) or 3D reconstructed model (bottom).
(J) Heatmap of the expression pattern of the top 50 genes of each cell type (left) with enriched GO terms (middle) and representative genes related to each GO

term (right).
K) Deconvolution of the pseudotime trajectory of (I) according to cell types.

(
(L) Heatmap showing the scaled expression pattern of top 25 genes identified along the latent time of YS.Endo.
(M) Scatterplots showing the expression dynamic of indicated developmental genes (top 50 significant genes) along the latent time from (G).

Cell 187, 2855-2874, May 23, 2024 2863




¢? CellPress

@ AM.EXE.Meso

@ YS.EXE.Meso-1

@ Fibroblast

@ Nascent.EXE.Meso

) YS.EXE.Meso-2

@ Muscle fiber

@ EXE.Meso.Prog
YS.Mesothelium

UMAP2

Slice 39

AM.EXE.Meso
Am

Amniotic
cavity

Nascent.
XE.Meso

XE.Meso.Prog

Nascent.
EXE.Meso

S.EXE.Meso-1

YS.EXE.Meso-2

Cell

Resource

3D reconstruction_

P

© AM.EXE.Meso

@ EXE.Meso.Prog

© Nascent.EXE.Meso
{ @ YS.EXE.Meso-1
© YS.EXE.Meso-2

H Primitive.Mac GO function enrichment
ANXA1 CD300A

- VsiG4
@ Definitive. HSPC PRy ® @ Regulate vasculature develop.
@ Ery-1 FCER1G 2 @ Regulation of angiogenesis
HEC CTSC Myeloid cell differentiation
C1QA Microglial cell activation
® MEP < ® Glial cell activation
@ Primitive. HSPC ® Myeloid leukocyte activation
@ Primitive.Mac RBPJ
cxcLs
® Primitive.Mega-1 SPI1TYROBP D1 Log2FC
B 2.00
Ery-2 GRN e
Primitive.Mega-2 MAF ke i
150
® YSEndo-4a B 9 & &@r1 e
Componenti N ©® YS.Endo-4b VEGFA DCN ’
) AM.EXE.Meso (@ Nascent.EXE.Meso @ Fibroblast < TERC et 1.00
@ EXE.Meso.Prog @ YS.EXE.Meso-1 @ Muscle fiber % YS.Endo derived cells CE@ CSFIR & CYBB _ prais
YS.EXE.Meso-2 ' YS.Mesothelium LEP
G 1 -
Te2s £33 .8
Definitive. HSPC ° @ o, 0%%%2 LA
@ NN
Primitive. HSPC 4 @0 o0 o o @50 %«\3@%2%33 ég%\,\
P, =~
HEC A 0000 Qo0 e D@75 Aoﬁﬂ,a’-f-,/;}y oY ,'O\e‘t,;vée\@
s % Y -
Primitive.Mega-1 - Qoe 00" 000000000 o % @100 /Yé\):%/,{ 2 & éé\s\\}'\\x\o\"\ M Definitive. HPSC
MEP{ e e00" o o8 S /K;’Zj 2 i // 2%, Q&S:*“'\ - o
“H X
Primitive.Mac - ° @ o ° o @0oe H’*Rlvr(f;/ ,7,22‘}\\{}‘\\\ %\%‘ﬁ MEP
s 0, e W -
Ery-1{e- o . oscoe :N: ¢ e ) e
- EBPZ(+) imitive.
o Ery-2 o0 o8 “a’l 1 HOXA2(+) [ Primitive. Mega-1
Primitive.Mega-2 o 000 o (@ Do & N CEég 1(+) Ery-2
i ® 0 80,5P4 Primitive.Mega-2
YS.Endo-4a 3 4 77,%4#,(( [ YS Endo-4a
YS.Endo-4b- e o e/% |11 YS.Endo-4b
L e e e e B e e e e e B e e e e e L - | A ,ﬁ”‘/
<(vu_mm§mw~vhvmlnp:vn:xslnhmhmthmlmmhmvvmol\‘sﬁssmm ey Vs
23338 SERQLgITNOWSEIOLOSELSHlIxIEseray wak A AR~ 2D AR T, Y
3035080 Ta350a a8 RS I R IER6SENaQasTa>alke S S ERTT IR AT Y
RO=0=Z0R0 [§} GRIXAET SORGoRkTToT F & PRFELLOTS 2D
CER OSgtPfe © § R “Teko 3% TRfe°CR < 0&‘3‘7‘3»‘?&3?%’&336
a FERIIERE
£FIZER
J -log10(prob) Mean (ligand, receptor) Ligand Receptor
e o 0 0 9 [ )
44 46 48 50 00 05 1.0
Ligand Receptor
Definitive.HSPC THBS1 - CD47
l Ery; THBS1 - CD36
: . SPP1-CD44
. EgE-':fS‘;-Pms ° ° SPP1 - (ITGAV+ITGB3)
H'Eg’ as SPP1 - (ITGAV+ITGB1)
PPBP - CXCR2
m&:cle fiber L4 L4 ® o o ° eoe ° . L] @® | POSTN - (ITGAV+ITGBS)
Nascent.EXE.Meso 4 MSTN - (TGFBR1+ACVR2B)
Primitive.HSPC MSTN - (ACVR1B+ACVR2B)
ve.Mac IGF1 - IGF1R
itive.Mega-1 IGF1 - (ITGA6+ITGB4)
Primitive.Mega-2 ® ® ° Y Y Y ICAM1 - SPN
z:-g"?jg ° °® ° ° Y ° ° ° Y ° © | GDNF - GFRA1
YSEXE Mezo-1 o o ° o o ° ° 'Y ° o ° ® tcCL5-CCR1
YS.EXE.Meso-2 o o b4 o o b4 b4 ® b4 ° b4 © [ CCL4-CCR5
YS.Mesothelium e o ° ¢ o ° ° ° ° ° ° ©  1CCL3-CCRS
@ @ ® @ ® (] @ L J ® @ @ @ CCL3-CCR1
source L U . e e e T .
ED T N R I N N N N N N N N AN AN
O A N T A N N N A B e e N o N R NS N
RN €30 AR Te @ 1 Jo QP Ele Qe QF7 Yo @aeTC So e “eaele el eaete @¢
S @ TR X @ & 'ﬁ\@‘({\{‘.@‘s’?@ WS S IR Qoo ae
O S S N I I N S NN I O I N SIS SNSRI
L & & TR CL & AR ¢ R YR T LSS T TRQ TR
gy & T <t QT <t LRSI -2 <t T & <& U <&

2864 Cell 187, 2855-2874, May 23, 2024

(legend on next page)



Cell

haemogenic endothelium at E8.25% However, studying stage-
matched human blood and immune cells is challenging. We re-
clustered the EXE.Meso-A and EXE.Meso-B, Ery, HEP (clusters
9, 10, 12, and 13, respectively annotated in Figure 1D), and
YS.Endo that displayed high expression of TTR, APOE, and hemo-
globin genes such as HBZ, HBQ1, and HBA1. Eleven subclusters
were identified based on the expression of known markers,
including primitive hematopoietic stem/progenitor cells (Primiti-
ve.HSPC; LIN28A, THY1, and HANDT1), definitive hematopoietic
stem/progenitor cells (Definitive.HSPCs; ITGA4, PCLAF, and
CD52), hemogenic endothelial cells (HECs; BMP4 and TEK),
megakaryocyte-erythroid progenitors (MEPs; TAL1, LMO2,
and KLF1), primitive macrophage (Primitive.Mac; CD74, CD68,
and HANDT), primitive megakaryocyte-1 (Primitive.Mega-1;
PF4, PPBP, CMTM5, and VWEF), primitive megakaryocyte-2
(Primitive.Mega-2; PF4 '°*, PPBP ", CMTM5 ®”, GP9 '°", and
VWF %), erythroid-1 (Ery-1; HBE1, GYPA, and HBZ ),
erythroid-2 (Ery-2; HBE1 °", HBM '*", and HBZ '**), YS.Endo-4a
and 4b (HBET ', HBM ", TTR, and APOE) (Figures 5F and
5@G). Distinct developmental trajectories from YS.Endo-4a into
Ery-2 and YS.Endo-4b into Primitive.Mega-2 were revealed by
RNA velocity analysis (Figure S5F).

Utilizing early and late HSPCs markers, we were able to distin-
guish between primitive and definitive.HSPCs fractions.*®
Definitive. HSPCs demonstrate a higher expression of cell cycle
genes (Figure 5G). Primitive.HSPCs specifically expressed
DDIT4, LIN28A, RGS16, and TEK with enriched GO terms asso-
ciated with epithelial cell proliferation and regulation of RNA
splicing (Figures 5G and S5E). Compared to Primitive.HSPCs,
Definitive.HSPCs express highly critical genes for erythrocyte
development (GATAT and KLFT1), as well as HBZ, CYPA, and
HBM, suggesting their potential for erythroid differentiation.
CD44 has been reported as a marker to distinguish arterial endo-
thelial cells from other endothelial cells.”* The expression of
CD44, GJA4, and GJAS in the HEC cluster, along with the co-
expression of PROCR, MYB, CD34, and KIT, signified the char-
acteristic arterial endothelial and hematopoietic features of
HECs in the yolk sac. GO analysis showed that HECs were en-
riched with terms associated with extracellular matrix organiza-
tion, regulation of vascular development, and aorta development
(Figures 5G and S5D). MEP was annotated with megakaryocytes
and erythrocytes-related genes, which were enriched in GO
terms such as platelet activation and erythrocyte differentiation
(Figure S5D).
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The GO terms associated with primitive megakaryocytes-1 and
megakaryocytes-2 were associated with platelet activation and
aggregation, while Ery-1 and Ery-2 were related to oxygen
and gas transport and homeostasis (Figure S5D). Previous studies
suggest that primitive macrophages, independent of monocytes,
may serve as the main source of microglia in both mice and hu-
mans.*>°® Consistently, primitive macrophages were identified
based on expression markers of myeloid (CD68 and CD14), endo-
thelium (CDH5 and KDR), pan-hematopoietic cells (PTPRC), and
microglia (TREM). GO analysis revealed that the primitive macro-
phages were enriched in terms related to vascular development,
glial and microglial cell activation (Figure 5H), further supporting
their potential transition into microglia. Pearson correlation anal-
ysis revealed that Primitive.HSPCs exhibited the highest similarity
with the Nascent.EXE.Meso and YS.EXE.Meso-2 clusters (Fig-
ure S5C). Furthermore, Definitive.HSPC clusters exhibited a higher
correlation with HEC (Figure S5C), highlighting the potential emer-
gence of definitive.HSPC from HEC during the transient definitive
hematopoiesis.

Dissection of key regulators for hemogenic cells and
their communication with other yolk sac cells

To identify key regulators during hematogenic cell diversifica-
tion, we performed the SCENIC analysis. HOXA10 was signifi-
cantly enriched in both primitive HSPCs and definitive HSPCs.
LYL1, known to play a significant role in platelet production
and function,®” was significantly enriched in primitive megakar-
yocyte clusters (Figure 5I).

Next, we sought to identify the ligand-receptor interactions
involved in primitive macrophage and their surrounding cells.
We found that primitive macrophages interact with multiple cells
in the yolk sac through ligand-receptor pairs such as ICAM1-
SPN, GDNF-GFRAT1, and CCL3,4,5-CCR1/5 (Figure 5J). CCL5,
through binding CCR1/5, is known to contribute to the transen-
dothelial migration of monocytes in atherogenic lesions.*® The
interaction of CCL5 with CCR1 between primitive macrophages
and HECs may play a role in promoting primitive macrophages
migration into the embryo head. Furthermore, we observed
that SPP1, the transcriptional target of MAF, is expressed in
HEC, and its receptor genes ITGAV and ITGB1/2 are upregulated
in primitive megakaryocytes and primitive macrophages. Addi-
tionally, POSTN is enriched in primitive megakaryocytes, consis-
tent with the role of POSTN in promoting the secretion of extra-
cellular matrix proteins involved in tissue regeneration and

Figure 5. Distinct developmental trajectories of EXE.Meso and hematopoietic cells
(A) Schematic diagram indicating the development of EXE.Meso in CS8 human embryo.
(B) Top: UMAP plot showing 8 major EXE.Meso subtypes in the human CS8 embryo. Bottom: the spatial distribution patterns of the EXE.Meso-related clusters in

the representative slices (37 and 39).

(C) The spatial distribution patterns of the EXE.Meso-related clusters in the 3D reconstructed model.
D) RNA velocity analysis overlaid on the UMAP plot of major EXE.Meso cell types.
E) Pseudotime analysis of EXE.Meso.Prog and its derivatives along two independent trajectories. The points are colored by cell types.

G) Dotplot depicting the normalized expression levels of representative marker genes within the distinct hematopoietic clusters.

(
(
(F) UMAP plot showing the 11 major hematogenesis-related cell types in the human CS8 embryo.
(
(

H) Functional networks of the GO enrichment results. Nodes represent GO terms and DEGs. Node color: fold change of DEGs; edge width: adjusted p value. The

color bars from grey to red indicate the log2FC from low to high.

(I) Circular stacked barplot showing the enriched core regulatory TF regulons of each hematopoietic cell type in the human CS8 embryo.
(J) Bubble plot showing the selected ligand-receptor interactions. The means of the average expression level of interacting receptors in target cells and ligands in

source cells are indicated by gray value.
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wound healing mediated by megakaryocyte-derived platelets
(Figure S5G).

Spatial expression patterns of key signaling pathways
critical for early human embryo development

How the morphogens pattern the gastrulating human embryos
remains poorly understood. Given that Noto is a well-recognized
signaling center, we conducted cell-cell communication analysis
(Figures S6A, S6B, and S6E) to identify the cell types that display
strong communications (p < 0.05) between Noto and other em-
bryonic cell types. Combing the cell-cell communication results
and existing knowledge,”®~"° we identified a list of key pathways
that show dynamic expression in different cell types, such as
FGF, WNT, NODAL, BMP, and SHH signaling pathways
(Figures 6A-6E).

The FGF signaling is a large family consisting of 22 identified
FGF members and 4 FGF receptors (FGFRs).”"”? Different
FGF members demonstrated different distribution and expres-
sion patterns along the A-P axis and were mainly distributed at
the front and middle part of the embryo (e.g., FGF2, FGF4, and
FGF17), and all 4 FGFRs were highly expressed in the anterior
part (Figure 6A). Two exceptions, FGF9 and FGF19, were exclu-
sively expressed at the posterior end (Figures 6A, 6F, and 6G).
Moreover, different FGF members demonstrated distinct
expression patterns among different cell types, for instance,
FGF1/2 in Epi/Ecto, FGF5/13 in Definitive.Endo, FGF10/19 in
LP.Meso, FGF9/18 in connecting stalk, and a large number of
FGFs (e.g., FGF11, 16, 17, 20) in Noto (Figure S6A).

The majority of WNT ligands”® (e.g., WNT5B, WNT6, and
WNTB8A) were specifically expressed at the posterior end, except
for WNT3A and WNT2, which were distributed at the middle and
anterior parts (Figure 6B). Consistently, WNT antagonists DKK1
and CER1 were predominantly expressed at the anterior end
(Figures 6B, 6F, and 6G), which agrees with the prior mouse
work that these antagonists may guide the formation of the
A-P axis.”*”"” We also found the receptors FZDs demonstrated
spatial-specific expression patterns (e.g., FZD5, FZD9, and
FZD10 in the anterior, middle, and posterior parts, respectively)
(Figures 6B, 6F, and 6G). By calculating the pathway activity
score, we also found the WNT pathway demonstrated a lower
score in the anterior region than in the posterior region
(Figure S6D).

Although TGFp signaling regulates diverse biological pro-
cesses during development,”® we did not observe significant dif-
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ferences in their distribution and expression patterns along the
A-P axis (Figure S6C). However, we found distinct spatial pat-
terns of BMP in the A-P axis distribution. For instance, we found
BMP3 in the anterior region, BMP6 in both the anterior and mid-
dle regions, BMP4 in the middle and posterior regions, GDF6
exclusively in the posterior region, and BMPS8A in both the ante-
rior and posterior regions but absent from the middle region. In
contrast, BMP receptors and inhibitors (e.g., NOG) exhibited
nearly uniform expression along the A-P axis (Figures 6C, 6F,
and 6G). The pathway activity scoring analysis indicates the
BMP pathway showed higher activity in the anterior region
(Figure S6D).

The NODAL is highly expressed in the anterior and middle re-
gions, while its co-factors such as TDGF1’° and CFC1%° were
distinctively expressed in the anterior and posterior parts of the
embryo (Figures 6D, 6F, and 6G). Besides, the receptors (e.g.,
ACTR1B) and inhibitors (e.g., LEFTY2) of NODAL were primarily
expressed in the anterior region.

Retinoic acid (RA) is also an essential signaling for embryonic
development. We found the RA synthetases ALDH®' demon-
strated a sequential distribution, from anterior to posterior end:
ALDH1A1, ALDH1A3, and ALDH1A2, respectively (Figure S6C).
The RA receptor RARB, displayed even expression patterns,
while CYP26A1, which is responsible for metabolizing RA,®
showed expression in the anterior and middle regions (Fig-
ure S6C). The pathway activity score suggested RA pathway
was evenly activated along the A-P axis (Figure S6D).

Another pivotal morphogenic signaling pathway is SHH.%* We
unveiled two distinct expression peaks of SHH, one in the ante-
rior and middle regions and another in the posterior region.
Notably, the expression level in the posterior region surpassed
that in the anterior region (Figures 6E-6G). To our best knowl-
edge, SHH expression was not previously reported to be ex-
pressed in the posterior end of early primate embryos, while
only a previous study conducted in mice had reported the obser-
vation of SHH distribution in the posterior end of ~E7.0 to E9.75
mouse gastrulating embryos.?* Likewise, the expression pattern
of SHH receptor PTCH1 and SHH co-factors CREBBP also ex-
hibited a two-peak behavior (Figures 6E-6G). The pathway activ-
ity score implies SHH pathway has two high activity sites at the
middle and posterior regions (Figure S6D).

Additionally, extending beyond the A-P axis, we also per-
formed a similar analysis for the dorsal-ventral (D-V) axis and
left-right (L-R) axis. The outcomes indicated elevated FGF

Figure 6. Spatial expression patterns of key signaling pathways critical for early human embryo development

(A-E) Ridgeline plots of gene distributions (left) and heatmap of gene expressions (right) showing dynamic expression patterns of ligands, receptors, co-factors,
inhibitors, synthesis enzymes, and metabolic enzymes from FGF (A), WNT (B), BMP (C), NODAL (D), and SHH (E) pathways along the A-P axis.

(F) Spatial expression patterns of key representative genes from (A-E) in the 3D reconstructed CS8 human embryo. Spots with gene expression levels greater

than 0 are highlighted in corresponding colors for display.

(G) Schematic summary of the interactions among key components of FGF, WNT, BMP, NODAL, or SHH signaling pathways along the A-P axis of the CS8 human

embryo.

(H) Representative IF staining results showing localization of T+, WNT5B+, SOX2+, SHH+, SOX17+, or CDX2+ cells in a truncated CS8 embryo. The schematic
diagram (bottom right) summarizes the distribution of indicated cell types within the region of interest, based on the IF images above.

(1) 3D spatial expression patterns of WNT5B, FGF9, and SHH. Spots with gene expression levels greater than 0 are highlighted in corresponding colors for display.
(J) 3D spatial expression patterns of DPPA5, NANOS3, and PRDM1. Spots with gene expression levels greater than 0 are highlighted in corresponding colors for

display.

(K) Representative IF staining showing the localization of SOX17+, BLIMP1+, and TFAP2C+ cells (PGCs) in a human CS8 embryo.

(L) Schematic diagram summarizing key findings.
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pathway activity on the dorsal side (Epi/Ecto), increased BMP
and WNT pathway activity on the ventral side (Endo) and height-
ened RA, NODAL, SHH, and TGF pathway activities in the middle
region (Meso) (Figure S6D). Regarding the L-R axis, except for a
slightly higher activity score for the NODAL pathway on the left
side (divided by the Noto), we did not observe significant differ-
ences in the activity scores of other pathways along the L-R axis
(Figure S6D).

Identification of a potential signaling center at the
posterior region of the CS8 human embryo

We then investigated the specific cell types responsible for the
expression of these morphogens. Regarding SHH, the main
source is the Noto in the anterior and middle regions of the em-
bryo (Figures 6E, S6A, S6B, and S6D). In the posterior region, the
primary source of SHH is the connecting stalk, defined by the
expression of CDX1 and CDX2?%“? (Figure 3C). In addition to
SHH, we also identified that Noto express signaling factors
such as CHRD, BMP2, and WNT3A, while connecting stalk
cells express signaling factors such as WNT5B and MDK
(Figures S6A, S6E, and S6F). For validation, we performed im-
munostaining using a separate truncated CS8 human embryo,
confirming the presence of SHH and WNT5B signals at the pos-
terior site (Figures 6H and 6l). A previous study has reported the
robust expression of SHH and SMO in the posterior region of the
mice embryos.®* Collectively, it implied that the connecting stalk
may serve as a signal-secreting center at the posterior region of
the human early embryo (Figure 6L).

At the connecting stalk site, we identified several spots that ex-
press the primordial germ cell (PGC) markers®® (e.g., NANOS3,
BLIMP1,and PRDMT1) (Figures 6J and 6K), which aligns with a pre-
vious study that observed the presence of monkey PGCs in the
posterior embryonic disc of in vitro cultured (day 22) monkey em-
bryos."” In primates, the origination of PGCs, from Epi or AM, is still
controversial.®>°° To understand the potential origin of PGCs, we
projected the PGCs (NANOS3+) alongside Epi, AM, and AM.Ecto
and observed the PGCs were closely clustered together
(Figures S6G and S6H). Sub-clustering further categorized the
epiblast into early (Epi-1) and late (Epi-2 and Epi-3) epiblast. Parti-
tion-based graph abstraction (PAGA) trajectory analysis sug-
gested a common progenitor shared by PGCs and AM.Ecto
(Figures S6G and S6l), consistent with a previous study.”

Cross-species comparison of gastrulation

To understand the coordination and differentiation of lineages
at key milestones during gastrulation across species, we
compared our human CS8 embryo with published datasets of
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monkey and mouse gastrula. We started by comparing with
cynomolgus monkey at the corresponding CS8 stage.?® PCA
revealed that major embryonic cell types from human and mon-
key exhibited distinct separation along PC1 (Figure 7A), which
represents the major difference between species. We ranked
the contribution of genes to PC1 and representative GO terms
indicating the species-specific characteristics including ‘Trans-
lation’, ‘Regulation of mMRNA stability’, and ‘Cell division’ were
enriched (Figure 7B). The interlaced plotting of cell types from
both species along PC2 and PC3 coordinates reflected their
developmental hierarchy and cell-type diversification (Fig-
ure 7A). We determined genes of the major contribution to
PC2 and PC3, which were associated with organogenesis,
such as ‘Animal organ morphogenesis’, ‘Regulation of ventric-
ular cardiac muscle cell action potential’, and ‘Neural crest cell
migration’ (Figure 7B). A correlation analysis revealed that
Endo, Epi/Ecto, Axial.Meso, LP.Meso, and Noto from humans
exhibited the highest correlation with monkey Visceral.Endo,
Epi/Ecto, Caud.Meso, LP.Meso and Node, respectively (Fig-
ure 7C). Thus, we identified conserved and divergent cellular
composition, as well as molecular architecture between human
and monkey CS8 gastrula.

Based on gene expression and spatial distribution, the
Meso clusters exhibit a more diverse and sequential develop-
mental trajectory across different species. Through further
cross-species comparison using Meso of human and monkey
CS8 gastrula, we noticed the comparative projection of cell
types displayed in UMAP (Figure S7A). In addition, due to the
spatially resolved resolution, our data reflects an accurate defini-
tion of Meso and reasonably monitors the heterogeneity of those
from monkeys. Thus, a comparative analysis of the transcrip-
tomic data from human and monkey CS8 embryos describes a
conserved distribution of major cell types with approximate
developmental progression between the two species.

Next, further cross-species analysis confirmed the compara-
tive developmental stages among human CS8 and other spe-
cies.” Specifically, reference mapping analysis showed that em-
bryonic cell types of human CS8 are mainly allocated by monkey
CS8 and mouse E7.75, and then by monkey CS9 and mouse
E8.0 (Figures 7D and 7E). Next, we investigated the conservation
and evolution of each germ layer. As expected, humans shared
larger numbers of marker genes for Endo, Meso, and Ecto with
monkeys than with mice (Figures S7B-S7D). Moreover, we
observed consistent functional features among different
germ layers across species, including “digestive system devel-
opment” for Endo, “heart development” for Meso, and “regula-
tion of neuron differentiation” for Ecto (Figure S7E). Upon

Figure 7. Cross-species comparison of the gastrula from humans, monkeys, and mice
(A) PCA plots of human and monkey CS8 embryo cells by one-to-one orthologs between the two species (12,152 genes). The color coding of species is as

indicated.

(B) Heatmap of the expression of top 200 genes that contributed highly to the PC1 and PC2/PC3, and the associated GO terms.
(C) Heatmap of correlation coefficients among cell types from human and monkey CS8 embryo. The correlation coefficients were calculated using the average
expression level of differentially expressed genes (DEGs) of each cluster (log2fc_threshold = 1.25). The black box highlighted the correlation coefficients between

cell types from human and monkey embryos.

(D) Sankey diagram showing the corresponding relationships of Meso between human CS8 embryo and the developmental stages of monkeys and mice.
(E) Sankey diagram showing the corresponding relationships of Endo and Epi/Ecto between human CS8 embryo and the developmental stages of monkeys

and mice.

(F) Dot plot showing the scaled expression of key components of the FGF, WNT, and BMP signaling pathways enriched in Epi and Ecto cells across species.
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conducting a comprehensive mapping of Meso in the CS8, we
observed notable correspondence between these cells
and various stages and types annotated in monkeys and
mice. This finding confirmed that LP.Meso, Inter.Meso, and
EXE.Meso.Prog populations, which give rise to pharyngeal
Meso represent more advanced states of mesoderm develop-
ment (Figure S7F). Furthermore, the monkey Meso exhibit a
more similar timing tempo with humans in comparison to that
of mice.

Moreover, genes involved in FGF signaling, WNT signaling,
and BMP signaling exhibited broad similarities in the Endo and
Ecto of all three species. Certain specific differences were
embedded in the high expression of FGF2, FGF17, FGFR3,
and FZD7 in primates (Figure 7F). Therefore, comparative anal-
ysis achieves a high consensus transcriptomic organization
that is preserved among primates. Combined with mouse gas-
trula, the transcriptional similarity of cell types across species
varies based on the evolutionary distance.

DISCUSSION

Gaining insights into the post-implantation development of hu-
mans has been challenging. Recently, several stem-cell-derived
human embryo models tried to provide an alternative resource to
study human early development.'®” However, how to build and
evaluate these embryo models is highly difficult due to the lack of
natural embryo references. To fill this gap, we obtained an intact
gastrulating human CS8 embryo, performed serial transverse
sectioning, and generated an in-depth and high-resolution
spatial transcriptomic dataset of a human CS8 embryo. By
combining the spatial transcriptomes from all slices, we created
a comprehensive 3D reconstruction of this CS8 embryo, along
with a website (cs8.3dembryo.com) for an interactive survey of
the results. This complete 3D transcriptome dataset offers op-
portunities, not only to determine the critical cellular and molec-
ular features of key gastrulating events in humans but also to
guide the generation of stem-cell-derived human embryo
models.

In the conventional scRNA-seq data analysis processes, cell
types were annotated based only on a limited set of known line-
age-specific markers. This poses a particular challenge in early
human embryos due to the lesser number of known genes,
and variations in gene expression compared to other species.
Integrating the spatial information of individual cells with
their gene expression profiles allows for more accurate annota-
tion of diverse cell subtypes. Here, we have demonstrated
several advantages, including (1) the various subtypes of
Meso, such as Axial.Meso, Para.Meso, Inter.Meso, LP.Meso,
and EXE.Meso, could be identified and arranged sequentially
along the A-P axis of the PS during gastrulation; (2) a type of
cell was found located at the boundary between the AM and
the embryonic disc, and both gene expression profiling and tra-
jectory analysis indicate that they are in the process of differen-
tiation from the Epi into amniotic cells, which indicates they exist
as an intermediated cell type between Epi and amniotic cells; (3)
the developmental process of YS.Endo can be divided into
distinct stages, and they are arranged in a sequence from prox-
imal to distal along the amniotic cavity, aligning with their migra-
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tion direction; and (4) the EXE.Meso.Prog (originating from the
Epi) migrate out from the embryo and follow two distinct upper
and lower directions away from the embryonic disc, and subse-
quently give rise to the AM.EXE.Meso and the YS.EXE.Meso.

In the developing embryo, cells maintain continuous commu-
nication with neighboring cells, through inter-cellular signaling
activity. The cells that produce morphogens serve as signaling
organizers orchestrating the axial patterns and lineage specifica-
tions. Therefore, to gain insight into early human development
and create stem-cell-derived embryo models, a fundamental
focus lies in understanding the distribution of these morphogens
and organizers. In this study, we investigated 3D spatial expres-
sion patterns of related ligands, receptors, inhibitors, and co-
factors of the key signaling pathways involved in early develop-
ment. The results suggest the different signaling pathways
employ distinct strategies to establish differential activation
along the embryo A-P axis. Furthermore, by analyzing the 3D
spatial distributions of SHH, FGF9, and WNT5B, in line with a
previous study conducted in mice,®* we identified the connect-
ing stalk as a potential signal-secreting center involved in the
regulation of developmental processes in the posterior end of
human embryos.

Limitations of the study

Although image-based Stereo-seq allows for high-resolution
exploration of spatial expression in samples, the commonly
used Bin 50 (50 x 50 DNBs),*” typically represents an expression
matrix of approximately 1-3 cells. In instances where multiple
cell types are nearby, the accuracy of cell segmentation and
expression patterns may be compromised. Moreover, the chal-
lenge of obtaining precious donated embryos at such early
stages restricts the availability of samples for extensive experi-
mental validation and biological replicates. Although the stem-
cell-based embryo models represent an optimal approach for
validation, existing human embryo models only partially replicate
early-stage human embryos, such as the pre-implantation
blastocyst stage'®'%?*?5 or the very early peri-implantation
stage.?°**?" A bona fide in vitro human embryo model repre-
senting CS8 or earlier stage is currently lacking. For cross-spe-
cies comparison, the existing analysis approaches are chal-
lenging in considering the cases where different gene family
members are deployed within conserved pathways.
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ComplexHeatmap (v2.14.0)

Plotly (v4.10.1)
CellChat (v2.0.0)
biomaRt (v2.54.1)
Metascape
DAVID

DeTomaso et al.*®
Trapnell et al.”®

Wolf et al.”®
Palla et al.®”
Stuart et al.”®

Kumar et al.”®

Guetal.'®
N/A

Jin et al.’”’

Smedley et al.’*?

Zhou et al.’®®

Sherman et al.’%*

http://www.github.com/Y oseflab/Hotspot

https://github.com/cole-trapnell-lab/
monocle-release

https://github.com/theislab/scanpy
https://github.com/theislab/squidpy
https://satijalab.org/seurat/

https://github.com/
MatthiasFutschik/Mfuzz

https://github.com/jokergoo/
ComplexHeatmap

https://plotly.com/r/
https://github.com/sqjin/CellChat
https://github.com/grimbough/biomaRt
https://metascape.org/gp/index.html
https://david.ncifcrf.gov/home.jsp

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

clusterProfiler (v4.6.2) Wu et al.’%® https://github.com/YuLab-SMU/
clusterProfiler

scVelo (v0.2.5) Bergen et al.'®® https://github.com/theislab/scvelo

Other

Resource website for the 3D embryo This paper cs8.3dembryo.com

Custom code This paper https://doi.org/10.5281/zenodo.10851179

RESOURCE AVAILABILITY

Lead contact
Inquiries regarding additional information, resources, and reagents should be addressed to the lead corresponding author, Legian
Yu, at legianyu@ioz.ac.cn.

Materials availability
This study did not generate new unique reagents. All the reagents in this study were included in the key resources table.

Data and code availability

® The raw sequence data generated by Stereo-seq have been deposited in the Genome Sequence Archive,'?” in the National
Genomics Data Center,'®® China National Center for Bioinformation, Chinese Academy of Sciences (GSA-Human:
HRAO005567) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human. This paper analyzes publicly available
data. These accession numbers for the datasets are listed in the key resources table.

® All code supporting the current study has been deposited at Zenodo and is available at https://doi.org/10.5281/zenodo.
10851179

® Additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human embryo sample collection and preparation

An intact human early embryo and a truncated human early embryo were obtained from healthy pregnant women with appropriate
written consent at the First Affiliated Hospital of Zhengzhou University. The Ethics Committee of Scientific Research and Clinical Tri-
als of the First Affiliated Hospital of Zhengzhou University (NO. 2023-KY-0099-001), and the Ethics Committee of the Institute of
Zoology, the Chinese Academy of Sciences (2023. NO. 007) approved the use of human embryo tissues from elective terminations
for research. All human embryo tissue samples used were discarded material from elective terminations that were obtained following
informed consent. In both cases, donors gave informed consent for the use of fetal material in research. The decision to terminate the
pregnancy occurred before the decision to donate tissue. No payments were made to donors and the donors knowingly and willingly
consented to provide research materials.

The obtained embryo is intact, male, and at the 5-week gestation stage (~E17-19) from elective termination of pregnancy by a
healthy donor. The copy number variation analysis of the chorionic villi tissue confirmed a normal karyotype. The length of the em-
bryonic disc is approximately 2 mm, and the primitive streak extends to about one-third of the anterior-posterior axis, which allows us
to stage the embryo as CS8.

The samples were obtained and transported in the cold PBS solution. After washed in PBS to remove surface blood, samples were
micro-dissected using scalpels and syringes. The intact CS8 embryo was subsequently placed in a low-temperature mold and
embedded in an optimal cutting temperature (OCT) compound. Transverse slices, 10um in thickness, were obtained using the Leica
CM1950 cryostat. After sectioning, every other slice was placed on Stereo-seq chips with space acquisition probes. The adjacent
slices were placed on a glass slide for further staining experiments. The truncated embryo was immediately fixed in 4% paraformal-
dehyde overnight at 4°C and subsequently embedded in paraffin.

METHOD DETAILS
Stereo-seq sequencing

Stereo-seq captures tissue RNA based on DNA nanoballs (DNBs) with a 500-750 nm distance.*? Spatial transcriptomics capture was
performed following the previously described protocol.*>® The sample sections on stereo-seq chips were fixed by methanol and
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permeabilized. DNBs captured released RNA which were to synthesize cDNA by reverse transcription. After cDNA synthesis,
sequencing libraries were constructed for the subsequent sequencing process.

Processing of stereo-seq raw data

The SAW pipeline (https://github.com/BGIResearch/SAW) implemented in Singularity®® was employed to process the raw
sequencing data. In brief, the pipeline utilized coordinate identity (CID) sequences to map reads to specific chip coordinates, allowing
for a maximum of 1 base mismatch. Reads with Molecular identity (MID) containing N bases or having more than 2 bases with a qual-
ity score below 10 were filtered out. The remaining reads were aligned to the human genome (hg38) by STAR'®® and counted using a
MAPQ > 10 threshold. Gene annotation was performed by a gene transfer format (GTF) ref. °°. Following mapping and gene anno-
tation, the embryo data was registered and segmented based on ssDNA using ImageStudio on Windows. Finally, a CID-containing
expression profile matrix was generated based on the aforementioned procedures.

Section alignment
In order to construct a 3D model, we employed PASTE,>* which leverages both transcriptional similarity and physical distances be-
tween spots in adjacent slices, to align 62 slices. PASTE computes probabilistic pairwise alignment of adjacent slices based on tran-
scriptional and spatial similarity using fused Gromov-Wasserstein optimal transport. To align all the 2D slices, we sequentially applied
the pairwise_align function in PASTE along the z axis. This process allowed us to assign x-y-z three-dimensional coordinates to each
binned (bin50) spot.

Spatial constrained clustering (SCC)

The expression profile matrix of the CS8 dataset was partitioned into bins consisting of 50 x 50 DNBs. On average, each bin50 spot
contained 3,283 unique molecular identifiers (UMIs) and 1,233 genes were detected per spot. Following this, the gene expression
profile matrix, along with its corresponding coordinates from 62 slices, underwent a series of preprocessing steps using the Seurat
R package.® These steps included quality control (percent.mt < 5, min_gene = 100, min_cells = 10), data splitting, rotation, and
merging. The processed gene profile matrix was then normalized, and principal component analysis (PCA) was performed using
the SCANPY Python package.®® In the process of performing spatial clustering of the expression profile matrix, we performed the
k-nearest neighbor graph (Gexpression) Of transcriptome data and the spatial k-nearest neighbor graph (Gspatia) by Scanpy®® and
Squidpy®” after normalization. The spatial k-nearest neighbor graph was calculated through sq.gr.spatial_neighbors where the
spatial information is the x-y coordinates, while the k-nearest neighbor graph was calculated from sc.pp.neighbors. The combined
neighbor graph was derived through union (Geombinea = Gspatiatd Gexpression)s - and as input for Leiden clustering to get the final
clusters.

Cell cycle analysis

We obtained the gene list from Seurat and calculated the S_score and G2M_score for each cluster using the ’CellCycleScoring’ func-
tion. These scores were then stored in the metadata. Finally, we visualized the distribution of clusters across different cell cycle
phases.

Cluster annotation

To identify clusters, we performed the rank_genes_groups function of Scanpy. The genes were computed and ranked in each cluster
based on t-test. The markers were screened when p < 0.05 and score are ranking in the top50. Additionally, to validate marker ac-
curacy, we employed FindAlIMarkers() to identify markers meeting the criteria of p value < 0.05 and Log2FC > 0.25. At the same time,
we performed Gene Ontology (GO) analysis for top 100 markers in each cluster. Significant (o value < 0.05) cluster-specific pathways
were filtered to annotate clusters. Furthermore, cell type identification was also conducted by leveraging established marker gene
sets, which included the CS7 human embryo,?® E6.5-E8.5 mouse embryo,” and CS8-CS11 primate embryo.*®

3D modeling

We utilized the x-y information of each slice obtained from Stereo-seq for slice alignment and derived the x-y-z spatial coordinate
information using PASTE based on transcriptional and spatial similarity, employing the functions pst.pairwise_align and pst.stack_-
slices_pairwise. By integrating the coordinate information with cluster information, we generated a 3D point cloud representing cell
types with x-y-z spatial coordinate information. Finally, we employed Maya (Autodesk, San Rafael, CA, USA;), a 3D animation soft-
ware, for visualization of the 3D embryo models, and then exported it in obj. format, and subsequently visualized by R package plotly
(https://cran.r-project.org/web/packages/plotly).

3D gene expression patterns

Following the completion of 3D modeling, we obtained colored cluster surfaces and a cloud of spots. Barcodes containing normal-
ized gene expression or gene module scores were extracted using FetchData function through Seurat. The expression of selected
genes was filtered out when normalized gene expression value is lower than 0. The patterns of gene expression and gene modules
were visualized using plotly with color indicate the value. However, for Figure 6, since we displayed the expression patterns of more
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than one gene in each embryo, we colored points in red/orange/blue when normalized gene expression is more than 0 for better
visualization.

Cell type mapping and datasets integrated
In order to assess the accuracy of our cell type annotations in comparison to published data, we utilized SMART-seqg2 data from
CS7%% as a reference to annotate our CS8 data. The data from both Stereo-seq and SMART-seq2 were subjected to normalization,
PCA, FindTransferAnchors, and TransferData steps in Seurat. Subsequently, the data were embedded into a low-dimensional space
using Stereo-seq UMAP. By calculating and visualizing cell proportions, we observed substantial consistency between our CS8 da-
taset and the published CS7 dataset.

Additionally, the CS7 and CS8 data were integrated based on 2000 highly variable genes (HVG) through FindIntegrationAnchors
and IntegrateData functions by Seurat.

SCENIC analysis

Following cluster annotation, we performed pySCENIC analysis®® using a three-step approach based on cisTarget resources of hu-
man. Firstly, we converted the binned (bin50) gene expression matrix to a loom file using Python. Next, we utilized the 'pyscenic grn’,
‘pyscenic ctx’, and 'pyscenic aucell’ functions to infer the gene regulatory network, predict regulon activity, and identify the gene
regulatory networks associated with major transcription factors and their target genes for each cell type. Regulon specificity scores
(RSS) were calculated within each cluster. To identify cell type-specific regulons, we selected the top-ranked regulons based on the
RSS scores, which can be visualized using a dot plot. The gene regulatory network was visualized using the igraph R package (http://

igraph.org).

Hotspot analysis
To delineate specific regions within the distinct tissue clusters produced through Stereo-seq and the transcription factors governing
the spatial distribution of cell types, we performed SCENIC analysis and extracted the regulon activity matrix. Subsequently, we em-
ployed the x-y-z coordinates of each spot and the regulon activity matrix to construct a spot similarity graph by create_knn_graph
function through Hotspot® analysis. Subsequently, features that exhibit highly non-random expression patterns in the similarity
graph are selected based on significant (p < 0.05) local autocorrelation. Finally, pairwise evaluations are conducted to construct a
Z score matrix, analogous to a correlation matrix, which is subsequently clustered to form gene/regulon modules based on local cor-
relation. To visualize the results, we computed summary per-cell regulon module scores using the hs.calculate_module_scores func-
tion, and subsequently extracted the module scores for each spot. These module scores were then integrated into our dataset.
Three primary visualization methods were employed. First, we extracted each module’s autocorrelations for visualization using
ComplexHeatmap.'%° Additionally, we extracted the spatial information and module score to visualize each module with colors rep-
resenting module scores using Plotly. Finally, we utilized FeaturePlot to display the scores of the modules in each slice according to
spatial coordinates.

Functional enrichment analysis

The genes obtained from marker gene lists, using default parameters in SCANPY/Seurat or Hotspot, were subjected to Gene
Ontology and pathway enrichment analysis. This analysis was performed using the R package clusterProfiler,'® as well as online
platforms such as DAVID'* and Metascape.'%® We focused on the most statistically significant pathways (p-value < 0.05) and visu-
alized them using the R package ggplot2.

Cell-cell communication analysis

After cluster annotation, CellChat**'°" was performed to explore cell-cell communications. The binned (bin50) gene expression ma-
trix and spatial information, which had undergone normalization and annotation, served as the input for CellChat analysis using
default settings. We utilized the CellChatDB.human database to infer the probability of cell-cell communication and enrich significant
(p < 0.05) ligand-receptor pairs involved in various pathways, including FGF, WNT, and others. Finally, we integrated gene expression
data with cell-cell communication probability and strength to visualize and infer the communication patterns.

Pseudotime analysis

In order to elucidate the pseudotime dynamics of mesoderm development, we employed Monocle® to construct a pseudotime tra-
jectory for mesoderm formation. To achieve this, we integrated marker gene lists obtained from Seurat with genes identified through
an unsupervised procedure known as 'dpFeature’. Then order individual cells along the trajectory, thereby capturing the progression
of mesoderm formation.

RNA velocity analysis

Unspliced and spliced RNA were extracted from spots (50 x 50 DNBs) in the CS8 using the SAW method. The resulting data matrix
was subjected to preprocessing using scVelo,'%® which involved normalization, feature gene selection, and PCA dimension reduc-
tion. Subsequently, default parameters were applied to estimate the dynamical parameters and gene-wise RNA velocity vectors.
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These velocity vectors were then projected onto the UMAP space for visualization and analysis. To illustrate the dynamic gene
expression along the velocity/latent time, differential kinetic test was conducted by scv.tl.differential_kinetic_test function.

Mfuzz analysis

To identify spatially differentially expressed transcription factors specific to the mesoderm lineage in the CS8 embryo, we employed a
ranking approach to order the mesoderm cells along the anterior-posterior axis. Subsequently, we utilized the Seurat package to
extract the average gene expression profiles. Following this, we applied a filtering step to select transcription factors and employed
the Mfuzz package® in R to cluster their expression into 10 modules based on fuzzy c-means algorithm. Lastly, we filtered out tran-
scription factors that exhibited significant correlation with the anterior-posterior axis and visualized them by ComplexHeatmap.

Cross-species comparative analysis

To assess the comparison among human, cynomolgus monkeys, and mice, we obtained single-cell transcriptomic data from CS8-
CS11 cynomolgus monkey embryos and E6.5-E8.5 mouse embryos, along with their annotation information. Initially, we utilized bio-
maRt to convert cynomolgus monkey and mouse genes to their human orthologues'®? (Table S5). Principal Component Analysis
(PCA) was performed to illustrate the correlation between cell types using the expression of one-to-one orthologous (refer to Fig-
ure 7A). To achieve this, we projected monkey and mouse clusters to the UMAP of human CS8 embryo through the function
MapQuery from Seurat. Subsequently, we identified and analyzed the enrichment of correlation genes and pathways to gauge spe-
cies conservation and divergence.

Immunofluorescent staining

Sections (5 um) on slides were dewaxed and rehydrated with xylene and ethanol gradients. Slides were immersed in 1mM Tris-EDTA
antigen repair buffer solution (pH 9.0) and heated in a microwave oven at 92°C-98°C for 30 min for antigen retrieval. After cooling to
room temperature, the slides were washed three times with 1x PBS (5 min each), incubated with 1% Triton X-100 for 30 min and
blocked with 2% bovine serum albumin (BSA) for 30 min at room temperature. Next, the slides were incubated with primary anti-
bodies, diluted with blocking solution overnight at 4°C and washed three times with PBST (1x PBS with 0.05% Tween 20, 5 min
each). The slides were then incubated with secondary antibodies diluted with blocking solution and 1 mg/mL DAPI (Invitrogen,
no. D3571) for 1 h. Finally, after washing three times with PBST (5 min each) the slides were mounted with anti-fade mounting medium
(Gibco). IF images were captured by laser-scanning confocal microscope LSM 880 (Carl Zeiss) and processed with Imaris 9.0.2 soft-
ware (Bitplane) and Zen 7.0 (Carl Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS
Due to the difficulty in the acquisition of human early embryos, analysis in this work was conducted on only one embryo. No methods

were used to determine whether the data met the assumptions of the statistical approaches utilized for the biological repeat. In the
computational analysis, the statistical analysis outlined in the specific packages was utilized.
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Figure S1. Performance and quality-control-related analyses for Stereo-seq, related to Figure 1

(A) Left: schematic overview of experimental methodology. For Stereo-seq, the embryo was subjected to serial slices at 10 um sections and every other sectioned
slice was transcriptomic profiled with the carrier of Stereo-seq chip. The average interval distance between consecutive slices was determined to be 20 um,
measured from the center of one slice to the center of the next. Right: spatial visualization of the segmented cells (nucleic acid staining) in slices 4, 10, 28, 38, 50,
55, and 56 (from the anterior to the posterior end of the embryo).

(B) Violin plots of read counts, gene numbers, and percentage of mitochondrial reads detected in each slice. The red dashed line representing the threshold
criteria of quality control.

(C) Expression patterns of selected markers are used to help annotate major embryonic cell types cast on the spatial reduction. Blue (or gray) represents a high (or
low) expression level as shown on the color key on the top.

(D) UMAP plots showing the expression of marker genes in YS.Endoderm, Endo, Visceral. Endo, Ery, Epi/Ecto, and EXE.Meso.

(E) Top: dotplot depicting the normalized expression levels of cell cycle-related genes in major cell types. Bottom: bar plot showing the distribution of the cell cycle
phase by analyzing the expression levels of S- and G2M-phase genes.

(F) 3D model rendering using Maya, from 3D point cloud with x-y-z coordinates of all cell types (left) or intraembryonic cell types (right).
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Figure S2. Cell type spatial distribution and molecular regulatory landscape, related to Figure 2

(A) Bar plot showing the fractions of cell types per slice.

(B) Circular heatmap showing the representative TFs in each cluster.

(C) Gene regulatory networks of SOX2 and NOTO in the human CS8 embryo. Selected representative genes were shown.

(D) Heatmap showing the correlation of functional regulon modules based on hotspot analysis. Selected GO terms and regulons are highlighted on the right side.
(E) Heatmap plots showing the dynamic expression patterns of modules along A-P or D-V (Epi/Ecto, Meso, and Endo) axes.

(F) The chord diagram showing the cell-cell communication networks within the embryo. The thickness of the line represents the weight of ligand-receptor pairs.
(G) The chord diagram showing the significant interaction pairs involved in the FGF signaling pathways within the embryo.

(H) Violin plots showing the selected ligand-receptor gene expression patterns in the embryo.
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Figure S3. Spatial distribution of mesoderm and associated gene expression patterns, related to Figure 3

(A) The spatial plots showing the cell type distribution and expression patterns of key representative genes. Red (or gray) represents a high (or low) expres-
sion level.

(B) Spatial distribution of mesoderm subtypes in the 3D reconstructed model. The color-code of mesoderm subtypes is consistent with Figure 4A.

(C) Density plot showing the cell distribution along the pseudotime by cell ratio analysis of the mesoderm-related cell clusters in CS7 and CS8 human embryos.
(D) The line plot depicting standardized gene expression levels by fuzzy cluster analysis for ten modules along the A-P axis.

(E) Bar plot displaying the significance (p value < 0.05) of representative GO terms in each module is shown in (D).
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Figure S4. 3D reconstruction of ectoderm and endoderm, related to Figure 4

(A) Spatial expression patterns of marker genes of AM, AM.Ecto, Ecto, and Epi in the representative slices (anterior slice 38 and posterior slice 53).

(B) PCA plots showing amniotic cell types from in vivo'?'>® and in vitro “° datasets. Lines indicating developmental lineages.

(C) Heatmap showing the scaled expression pattern of representative genes in amniotic cell types from in vivo and in vitro datasets.

(D) Heatmap showing the scaled expression pattern of the top 30 genes identified along the pseudo-developmental trajectory of epiblast and amnion.

(E) Scatterplots showing expression dynamic of indicated developmental genes along the latent time inferred by RNA velocity analysis of AM, AM.Ecto, Ecto,
and Epi.

(F) Spatial expression patterns of endoderm marker genes in the representative slice 39.

(G) Bar plot showing the distribution of the cell cycle phase by analyzing the expression levels of S- and G2M-phase genes.

(H) Scatterplots showing expression dynamics of selected genes along the latent time inferred by RNA velocity analysis of Visceral.Endo, YS.Endo-1, YS.Endo-2,
and YS.Endo-3.

(I) Dotplot showing regulatory activity of representative TFs in Definitive.Endo, Visceral.Endo, YS.Endo-1, YS.Endo-2, YS.Endo-3, or YS.Endo-4.
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Figure S5. Mesoderm spatial distribution and anterior-posterior profiling, related to Figure 5

(A) UMAP plots showing re-clustering of the selected 4 major extra-embryonic mesoderm cell types and 2 hematopoietic cell types (left) into 17 subclusters (right).
(B) Dotplot depicting the normalized expression levels of representative marker genes within the distinct EXE.Meso clusters.

(C) Pearson correlation of EXE.Meso.Prog and its derivatives.

(D) Heatmap showing gene expression programs specific to each hematogenesis-related cell type and the significant enriched GO terms.

(E) Functional networks of the GO enrichment of the primitive HSPC. Node color: fold change of DEGs; edge width: adjusted p value. The color bars from grey to
red indicate the log2FC from low to high.

(F) RNA velocity analysis overlaid on the UMAP. Dots were colored by cell types.

(G) Bubble plot showing the selected ligand-receptor interactions. The means of the average expression level of interacting molecule 1 in cluster 1 and interacting
molecule 2 in cluster 2 are indicated by color.
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Figure S6. Spatial analysis of key signaling pathways, related to Figure 6

(A) Heatmap showing the scaled expression pattern of genes involved in WNT, TGF-B, SHH, RA, NODAL, FGF, and BMP pathways in major cell types.

(B) Heatmap showing the activity of WNT, TGF-B, SHH, RA, NODAL, FGF, and BMP pathways in major cell types.

(C) Ridgeline plots of gene distribution and heatmap of gene expression showing dynamic expression patterns of ligands, receptors, co-factors, inhibitors,
synthesis enzymes, and metabolic enzymes from TGF-p and RA pathways.

(D) Left: schematic diagram illustrating the segment of cells based along the A-P axis (top), D-V axis (middle), or L-R axis (bottom). Right: heatmap showing
dynamic expression patterns of related pathways along the A-P axis (top), D-V axis (middle), or L-R axis (bottom).

(E) The chord diagram showing the cell-cell communication networks within the embryo. The thickness of the line represents the weight of ligand-receptor pairs
(left) or counts of ligand-receptor pairs (right).

(F) Bubble plot showing significant ligand-receptor interaction pairs from connecting stalk and notochord to other cell types (Epi/Ecto, Gast/PS, Definitive Endo,
Noto, Axial.Meso, Para.Meso, LP.Meso, Inter.Meso, and EXE.Meso.Prog).

(G) PAGA path of amniotic and epiblast cell types and PGC overlaid on the UMAP.

(H) Spatial distribution patterns of epiblast cell types and PGC in the schematic diagram (left) and the 3D reconstructed CS8 human embryo (right).

(I) Latent time of amniotic and epiblast cell types and PGC overlaid on the UMAP.
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Figure S7. Cross-species comparison of the gastrula from humans, monkeys, and mice, related to Figure 7

(A) UMAP visualization of the mesoderm cells from human and monkey CS8 gastrula. Left: colors indicate cell clusters; shapes indicate species. Right: colors
indicate cell clusters of humans or monkeys. Nas.Meso, nascent mesoderm; LP.Meso, lateral plate mesoderm; Caud.Meso, caudal mesoderm; Pharyn.Meso,
pharyngeal mesoderm (abbreviations for cell types of monkeys, here and after).

(B-D) Chord diagram showing overlaps of marker genes of ectoderm (B), mesoderm (C), and endoderm (D) among humans, monkeys, and mice.

(E) Heatmap of the functionally enriched GO terms by marker genes of three germ layers.

(F) Dot plot showing the percentage of cells from the human mesoderm allocated to monkey and mouse mesoderm cell types.
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