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Summary

Gastrulation is the fundamental process in all multicellular animals through which the basic
body plan is first laid down~4. It is pivotal in generating cellular diversity coordinated with
spatial patterning. In humans, gastrulation occurs in the third week following fertilization. Our
understanding of this process in humans is relatively limited and based primarily on historical
specimens®-8, experimental models®-12, or, more recently, in vitro cultured samples'3-16. Here,
we characterize in a spatially resolved manner the single cell transcriptional profile of an entire
gastrulating human embryo, staged to be between 16 and 19 days after fertilization. We used these
data to analyse the cell types present and to make comparisons with other model systems. In
addition to pluripotent epiblast, we identified primordial germ cells, red blood cells, and various
mesodermal and endodermal cell types. This dataset offers a unique glimpse into a central but
inaccessible stage of our development, being the first transcriptomic examination of an entire
gastrulation stage human embryo. This characterisation provides new context for interpreting

"authors for correspondence antonio.scial done@helmholtz-muenchen.de shankar.srinivas@dpag.ox.ac.uk.

These authors jointly supervised this work
Author Contributions:
Human gastrula processing: RT, SS; hESC /n vitro experiments: SN; Computational analyses of sequence data: EM, AS; Gastrula
single-cell annotation and analyses: RT, EM, AS, SS; hESC in vitro data analysis: RT, SN; Preparation of illustrations and figures:
RT; Preparation of manuscript draft: RT, EM, SN, AS, SS; Editing and review of final manuscript: RT, EM, SN, LV, AS, SS. Study
coordination: AS, SS.

Competing I nterest statement
The authors declare no competing interests.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Tyser et al. Page 2

experiments in other model systems and represents a valuable resource for guiding directed
differentiation of human cells /in vitro.

Human gastrulation starts approximately 14 days after fertilization and continues for slightly
over a week. Donations of human fetal material at these early stages are rare, making it
nearly impossible to study directly. Our understanding of human gastrulation is therefore
based almost entirely on extrapolation from model systems, historical collections of fixed
samples®8 and more recently, several in vitro models. These include human Embryonic
Stem Cells (hESCs) cultured on circular micropatterns®, hESC colonies engrafted into
chick embryos10 or 3D cellular models derived from hESC112, The stages just preceding
gastrulation have also been studied using human embryos cultured /in vitrot3-16, There

is currently no transcriptional data of in utero human gastrulation to compare such /n
vitro models against. Here, we present a morphological and spatially resolved single cell
transcriptomic characterisation of a single human gastrulating embryo at Carnegie Stage
(CS) 7, equivalent to 16—19 days post-fertilization, providing a detailed description of cell
types present at this previously unexplored and fundamental stage of human embryonic
development.

Characterization of a CS7 human gastrula

Through the Human Developmental Biology Resource, we obtained a gastrulation stage
human embryo, from a donor who generously provided informed consent for the use in
research of embryonic material arising from the termination of her pregnancy. The embryo
was karyotypically normal, male and staged as gestational week 4 plus 5 days, which
corresponds to between 2 and 3 post conception weeks (pcw).

The sample was completely intact and morphologically normal, comprising an embryonic
disk with amniotic cavity, connecting stalk and yolk sac with pigmented cells (Figure 1a).
We micro-dissected away the yolk sac and connecting stalk to isolate the embryonic disk
with overlying amnion. Dorsal and ventral views of the disk showed the primitive streak
(PS) extending approximately half the diameter of the disk along the long, rostral-caudal,
axis (Figure 1b, Extended Data Figure 1a). The primitive node was visible at the rostral
end of the streak. The length of the PS relative to the embryonic disk, the presence of
prechordal plate, and the node at the middle of the disk allowed us to stage the embryo as
Carnegie Stage (CS) 717. To retain anatomical information when disaggregating cells for
the single-cell RNA-seq (SCRNAseq), we sub-dissected the embryo into the yolk sac, rostral
embryonic disk, and caudal embryonic disk (Figure 1d, Extended Data Figure 1b).

After stringent quality filtering, we generated a library of 1,195 single cells (665 caudal, 340
rostral and 190 yolk sac cells), with a median of 4,000 genes detected per cell (Extended
Data Figure 1c). All cells showed expression of Y-chromosome genes and XIST transcript
was largely undetectable (Extended Data Figure 1d), confirming there was no maternal

cell contamination. All cell cycle stages could be detected, suggesting that normal cell
cycling was occurring (Extended Data Figure 1e). The genomic integrity of the sample

was normal, with the number of indels identified falling in the same range as other

human transcriptomic datasets (Extended Data Figure 1f). These analyses, alongside the
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karyotyping (see Methods) and morphology of the sample (Figure 1a-b), suggest that this
sample might be representative of normal human gastrulation.

We detected 11 different cell populations with unsupervised clustering (Figure 1c). Using
a combination of anatomical location and marker genes (Supplementary Note 1), we
annotated them as: Epiblast, Ectoderm (Amniotic/Embryonic), Primitive Streak, Nascent
Mesoderm, Axial Mesoderm, Emergent Mesoderm, Advanced Mesoderm, Extraembryonic
Mesoderm, Endoderm, Hemato-Endothelial Progenitors and Erythroblasts (Figure 1c,
Extended Data Figure 2a and b, SI Table 1 and 2). This annotation was supported

by comparison with cell types described in the mousel8 and the non-human primate
cynomolgus macaquel® (Extended Data Figure 2c and d). The Smart-Seq2 protocol also
allowed us to differentiate between transcript isoforms and detect the cluster specific
expression of gene isoforms (Extended Data Figure 2e and SI Table 3).

As a user-friendly community resource, we have created a web-interface to interactively
explore these data, accessible at http://www.human-gastrula.net.

Cell type diversification

The identification of the CS7 Epiblast cluster offered the opportunity to transcriptionally
define the human primed pluripotent state as it exists /n utero. To generate anchors of

the in vivo primed and naive states, we first combined our Epiblast data with existing
pre-implantation human embryo scRNAseq data?C that captures the /77 vivo naive state. Cells
showed an ordered pattern according to their developmental stage (Figure 2a, Extended Data
3a). We next projected the transcriptomes of naive and primed /n vitro cultured hESC2L

onto this representation. We found that naive hESC plotted closest to E6/E7 cells while
primed hESC plotted partially overlapped with CS7 Epiblast, verifying that the primed state
captured /n vitro in hESC closely represents at the global transcriptome level the /n vivo
primed state. A comparison of the naive and primed state /n vivo and in vitro showed some
differences (Extended Data Figure 3b and Sl Table 4), which could suggest ways to further
refine /n vitromodels. Similar approaches can be adopted to evaluate /n vitro models of
human gastrulation, such as gastruloids (Extended Data Figure 3c; details in Supplementary
Note 2).

Diffusion maps and RNA velocity analysis?2:23 (Figure 2b, Extended Data Figure 3d)
revealed trajectories from the Epiblast along two broad streams corresponding to mesoderm
and endoderm, separated along the second diffusion component (DC2). The first diffusion
component (DC1) corresponded closely to cell type and spatial location, reflecting the
extent of their differentiation and the ‘age’ of cells, based on how far in the past of

this sample they had emerged from the Epiblast (Figure 2b, Extended Data Figure 3d).

For example, Extra-Embryonic Mesoderm cells, which emerge relatively early during
gastrulation, plotted further from the epiblast than Axial Mesoderm cells, that emerge

later. The cells that we annotated as Nascent, Emergent and Advanced Mesoderm showed
overlapping expression of markers of established mesodermal sub-types, such as paraxial or
lateral plate mesoderm. This suggests that at this stage, these clusters do not yet represent
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specified mesodermal subtypes and rather, correspond to transitional states (Supplementary
Note 1 and 3, Extended Data Figure 10).

To probe changes in the epiblast during gastrulation, we computed RNA velocity vectors
with cells belonging to the Epiblast, Primitive Streak, Nascent Mesoderm and Ectoderm
(Amniotic/Embryonic) clusters. This supported the existence of a bifurcation from Epiblast,
towards Mesoderm via the Primitive Streak on one side and towards Ectoderm on the

other (Figure 2c). Ordering cells using diffusion pseudotime provided a method to infer

the changes in gene expression as Epiblast cells differentiate into Ectoderm or enter the
Primitive Streak and begin to delaminate into Nascent Mesoderm (Figure 2¢, Extended
Data Figure 4). While we could detect robust upregulation of markers common to the
Amniotic and Embryonic Ectoderm (DLX5, TFAP2A and GATAS4), markers of early
neural induction (SOX1, SOX3, PAX6)and differentiated neurons (7UBB3, OLIGZ,
NEURODI) were undetectable or expressed at very low levels (Extended Data Figure
4¢)?>26, In particular, we could not detect any cells which showed combinatorial expression
of SOX3, PAX6 or TUBBS3. Together, these data suggest that in this CS7 embryo, neural
differentiation had not yet commenced.

The mouse is the predominant model of mammalian gastrulation. To unbiasedly test
similarities and differences between human and mouse gastrulation, we used pseudotime
analyses to compare the transition from Epiblast to Nascent Mesoderm in the human
gastrula with the equivalent populations from the Mouse Gastrula Single Cell Atlas8
(Extended Data Figure 5a) (SI Table 5 and 6). We identified 662 genes common to both
species that were differentially expressed along this developmental trajectory (Extended
Data Figure 5b and Sl Table 7). The majority of these (531) shared the same trend across
pseudotime, either increasing (117) or decreasing (414). For example, in both mouse and
human, during the transition from Epiblast to Nascent Mesoderm, CDH1 decreased, 7BXT
was transiently expressed, and SAVA/Z continuously increased (Figure 2d, Extended Data
Figure 5¢). Additionally, we also found some genes with trends that differed between the
two species, such as SNA/2 (upregulated only in human), 7DGFI (opposing trends), FGF8
(transient expression in mouse only) and FGF2 (expression downregulated in human, but not
at all expressed in mouse). To experimentally validate these human specific transcriptional
trends, we used a hESC based /n vitro model of the transition from Epiblast to Nascent
Mesoderm and found similar trends during hESC differentiation (Figure 2c, Extended Data
Figure 6). We extended this comparison to include the closest available stages of gastrulation
of the cynomolgus monkey®. An analysis of expression trends of signaling molecules
across the three species again revealed broad similarities, as well some specific differences
(Extended Data Figure 7 and details in Supplementary Note 4).

Cluster subtypes

The Ectoderm (Amniotic/Embryonic) cluster expresses markers common to the embryonic
ectoderm at the rostral boundary of the neural plate, which will generate surface

ectoderm, and the amniotic ectoderm?4:27, To explore this population further, we performed
subclustering, which revealed two sub-populations, one of which represented amniotic
ectoderm based on the high expression of VTCNI and GABRP? (Figure 3a, Sl Table
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8). The other sub-population (NNE) represents either embryonic non-neural ectoderm at the
rostral boundary of the forming neural plate?” or immature amnion.

An important population of cells to originate from the early Epiblast are the Primordial
Germ Cells (PGCs). In the mouse, PGCs emerge at approximately E7.2529:30, Recent work
has shown that cells expressing some PGC markers can be identified at E113 in non-human
primates and in ex vivo cultured human embryos?3. Consistent with this, we were able to
detect a small population of PGCs in the PS cluster (Figure 3b, SI Table 9). A comparison of
the transcriptional profile of early human PGCs with that of mouse and non-human primate
identified markers shared between these species and others that differed, such as DND1 and
PDPN (Figure 3b and Sl Table 10).

The Endoderm cluster showed a higher order of substructure based on gene expression and
anatomical origin of cells. Subclustering revealed four spatially distinct sub-populations:
Hypoblast, Yolk Sac (YS) Endoderm and two Definitive Endoderm (DE1 and 2) groups
(Figure 3c, Extended Data Figure 8, Sl Table 11). A comparison of these cells with mouse
endodermal subtypes at E7.25 confirmed our annotation (Figure 3c). The two DE clusters
had the largest proportion of cells collected from the caudal region (Extended Data Figure
8b). One of the main differences between them was in the distribution of cells across the
phases of the cell cycle, with DE1 being more proliferative compared to DE2 (Extended
Data Figure 8c). DE2 also had elevated expression of the anterior endoderm markers HHEX,
OTX2, SHISA2and CER1 (Extended Data Figure 8f). Analysis of transcript isoforms also
revealed further differences between these endoderm clusters in markers such as APOA2
and 77R (Extended Data Figure 8i, SI Table 12).

Maturation of hemogenic progenitors

Our initial analysis revealed two blood related clusters, Erythroblasts and Hemato-
Endothelial Progenitors (HEP). The identification of primitive erythroblasts was consistent
with pigmented cells in the yolk sac and the expression of embryonic globin genes (Figure
4a, Extended Data Figure 9f). This was striking given the absence of pigmented blood
cells at the equivalent stage in mouse embryos (~E7.25). The expression of XIST and Y-
chromosome specific genes (Extended Data Figure 9a) ruled out the possibility of maternal
origin of these cells.

Unsupervised clustering of the HEP revealed four sub-populations with distinct
transcriptional and isoform signatures (Figure 4b, Extended Data Figure 9d, Sl Table

13, S14). These represented Endothelium (Endo), Megakaryocyte-Erythroid progenitors
(MEP; expressing both megakaryocyte and erythroid markers), Myeloid progenitors and an
Erythro-Myeloid progenitor (EMP) population. Diffusion analysis revealed a separation of
trajectories based on HEP subtype (Figure 4c, Extended Data Figure 9e).

The existence of hemoglobinizing cells and multiple hematopoietic progenitor populations
suggest that hematopoiesis in humans had progressed further in comparison to equivalent
stage mouse embryos (E6.75-7.5). To unbiasedly examine this, we compared the sequence
of the human clusters to the equivalent populations from the Mouse Gastrula Single Cell
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Atlas!8 that spans E6.5-E8.5. In contrast to the human Epiblast and Primitive Streak that
correspond to mouse cells from E7.0 and E7.5 respectively, all the human hematopoietic
populations most closely correlated with cells from stage E8.5 in the mouse (Figure 4d,
Extended Data Figure 9g and h), further suggesting that hematopoiesis is further advanced in
the human compared to the equivalent stage in mouse.

Discussion

The singular nature of the sequenced specimen raises caveats to making generalizations
about human gastrulation /n utero. Ethically obtained human samples at these early stages
are exceptionally rare so, in this context, it will be illuminating in the future to compare
this human gastrula transcriptome with those from stage-matched non-human primates. For
now, our characterisation of the human sample provides some reassurance that it reflects
normal development based on: gross morphology; karyotype; distribution and frequency of
indels and; broad agreement of its single-cell transcriptome to established paradigms of
gastrulation from model organisms.

Our characterization revealed that the embryo at this stage already had PGCs and red
blood cells, but had not yet initiated neural specification. The differentiation trajectory
and signaling pathways of gastrulating cells transitioning from epiblast to mesoderm was
broadly conserved between humans and the mouse, indicating that the latter represents a
good model of human gastrulation. However, some notable differences suggest that the
process of epithelial to mesenchymal transition may be regulated differently at the level

of specific signaling family members. These human specific details of differentiation will
be a valuable resource for refining approaches for the directed differentiation of human
embryonic stem cells. Furthermore, they will help in interpreting experimental results on
gastrulation from model organisms such as the mouse, or /n vitro gastruloid systems.

The human and mouse gastrula are morphologically very different, the former being a
disc and the latter being cylindrical. This profound difference in morphology alters the
migratory path of cells during gastrulation and therefore the inductive signals cells might
be subject to from neighbouring germ layers. It will therefore be important to compare
this human gastrula single-cell transcriptome to stage-matched gastrulae of other organisms
with a similar embryonic disc, such as the rabbit, chick and non-human primates. This will
enable us to address the extent to which specific differences between human and mouse
transcriptomes are due simply to evolutionary divergence or instead, reflect difference in
morphology.
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Extended Data Figure 1. Quality control of sScRNA-seq dataset
a, Dorsal view of the dissected embryonic disk showing the primitive streak and node

(Scale bar = 500um; n=1). b, Brightfield images showing embryo dissection with schematic
diagrams highlighting the three anatomical regions collected (yolk sac, rostral and caudal
regions of embryonic disk; Scale bar = 500um; n=1). ¢, Metrics used to assess the quality
of the scRNA-seq libraries. The scatter plots show the number of detected genes (top left),
the fraction of reads mapped to the human genome (top right), the fraction of reads mapped
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to mitochondrial genes (bottom left) and the fraction of reads mapped to ERCC spike-ins
(bottom right), all as a function of the total number of reads. Cells that passed quality
control are marked by green circles, while black circles indicate cells that failed the quality
control and were excluded from downstream analyses. d, The boxplots show the total log
expression of normalized counts for XIST and Y-genes across all clusters. While XIST was
mostly not detected, Y-chromosome genes had always non-zero counts; this suggests that
there is no contamination from maternal tissues in any of the clusters. n= 1195 cells were
examined from a single embryo. Horizontal black lines denote median values and boxes
cover the 25 and 75™ percentiles range; whiskers extend to 1.5 x IQR. e, The stacked
barplots indicate the percentages of cells from each cluster in the phase G1, S or G2/M of
the cell cycle, as predicted from their transcriptomic profiles. f, Insertion-deletion length and
size distribution of gastrula and fetal liver data. Y axis represents total number of indels

on merged cells, while x axis represents indel length in base pairs. Hemato-Endothelial
Progenitors (HEP), Endoderm (End), Advanced Mesoderm (AM), Primitive Streak (PS),
Extraembryonic Mesoderm (ExM), Axial Mesoderm (AxM), Erythroblasts (Ery), Emergent
Mesoderm (EM), Epiblast (Epi), Nascent Mesoderm (NM), Ectoderm (Amniotic/Embryonic
(EAE)).
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Extended Data Figure 2. Characterisation and comparison of a CS7 human gastrula with Non-
human primate and Mouse.

a, Heatmap with the normalized log expression of well characterized marker genes

for the identified cell types: Epiblast (Epi), Ectoderm (Amniotic/Embryonic (EAE)),
Primitive Streak (PS), Nascent Mesoderm (NM), Emergent Mesoderm (EM), Advanced
Mesoderm (AM), Extraembryonic Mesoderm (ExM), Axial Mesoderm (AxM), Endoderm
(Endo), Hemato-Endothelial Progenitors (HEP), Erythroblasts (Ery). b, Stacked bar plots
highlighting the anatomical region that cells were collected from and the percentage
breakdown of each cluster. Numbers in brackets represent the total number of cells per
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cluster. ¢, Heatmap showing the fraction of human gastrula cells allocated to mouse

cell types at E7.25 (data from 18). d, Dendrogram showing hierarchical clustering of

the transcriptomes of cell types from human gastrula and cultured cynomolgus macaque
embryos at 16-day post-fertilization (from 19). e, Top, UMAP plots showing the log
expression of MEST and GCNTZ2. Bottom, violin plots showing the log expression of total
transcripts (top row) and selected isoforms scaled by the maximum value in different cell
types. Isoform names refer to Ensembl nomenclature.
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Extended Data Figure 3. In Vitro vsIn Vivo comparisons
a, Dendrogram representation built on corrected expression values obtained with Seurat

showing comparison of an /n vitro model of pluripotency with /n vivo data. b, Log-fold
changes of expression levels of the genes between primed vs naive hESC (y axis) and

CST7 epiblast vs E6 data (x axis). Selected genes are highlighted in red; the blue line

is obtained through a linear regression. A statistically significant positive correlation is
found (Pearson’s correlation coefficient ~0.63, p-value = 3e-107), indicating that the hESC
resemble the /n vivo primed and naive states at the transcriptome-wide level. ¢, Heatmaps
showing the correlations between the transcriptomic profiles of the human gastrula cell
types (rows) and sections of human gastruloids taken at different positions along the rostral-
caudal axis (columns) in two different replicates (Gastruloid 1 and Gastruloid 2). Only

the values of the statistically significant correlations (p-value < 0.01; 2-tailed Pearson’s
correlation, see Methods) are reported, while all the non-significant correlations were set

to 0. d, UMAP representation of the human gastrula data with the PGCs highlighted. d,
Diffusion map of cells from all 11 clusters. The first three diffusion components (DC1,

2, 3) are plotted in different combinations. In the top panels, cells are coloured by the
clusters they belong to,while in the bottom panels the colours indicate the region each

cell was dissected from. Ectoderm (amniotic/embryonic) (EAE), Epiblast (Epi), Primitive
Streak (PS), Axial Mesoderm (AxM), Nascent Mesoderm (NM), Emergent Mesoderm (EM),
Advanced Mesoderm (AM), Erythroblasts (Ery), Hemato-Endothelial Progenitors (HEP),
Endoderm (Endo), Extraembryonic Mesoderm (ExM).
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Extended Data Figure 4. Differentiation of the epiblast
a, Diffusion map of cells from the Epiblast, Primitive Streak, Nascent Mesoderm and

Ectoderm (amniotic/embryonic). The first two diffusion components are plotted (DC1 and
DC2) and cells are colored by their cluster (top) or the anatomical region they were isolated
from (bottom). b and ¢, Normalized log gene expression changes along a pseudotime
coordinate (see Figure 4a) running from 0 to 1 and spanning the Ectoderm (amniotic/
embryonic) (EAE), the Epiblast (EPI), the Primitive Streak (PS) and the Nascent Mesoderm
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(NM), as depicted by the arrow on top. The selected genes highlight Primitive Streak and
mesoderm formation (panel b) as well as ectoderm differentiation (panel c).
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Extended Data Figure 5. M esoderm formation in human and mouse
a, Diffusion map with cells from the human (top two plots) or mouse (bottom two plots)

Epiblast, Primitive Streak and Nascent Mesoderm clusters. Cells are colored based on their
cluster of origin or on their diffusion pseudotime coordinate. b, Upset plot for the number
of differentially expressed (DE) genes as a function of the diffusion pseudotime (dpt) shown
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in panel a in mouse (m) or human (h). Here, only genes that are differentially expressed
in both species and with a log-fold change > 1 along the trajectory are included. Genes
are split according to their increasing (up) or decreasing (down) trend as a function of
dpt. c, Comparison of pseudotime analysis during primitive streak and nascent mesoderm
formation in human and mouse (data from?8). Cells in epiblast (Epi), Primitive Streak
(PS) and Nascent Mesoderm (NM) clusters from human and mouse embryos at matching
stages (see Methods) were independently aligned along a differentiation trajectory and a
diffusion pseudotime coordinate (dpt) was calculated for each (top). The expression pattern
and standard error of the mean of selected genes along pseudotime is plotted for human
(left, continuous lines) and mouse (right, dashed lines). Both SNA/Z and CDH1 showed
comparable expression profiles during mesoderm formation in mouse and human whilst
MSGNI was differently expressed between species.
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Extended Data Figure 6. Characterization of EMT during hESC mesoder m formation
a, Bright-field microscopy images of DO hESC (left), D1 Meso (center) and D1 MEK

Inhibition (right) ESC colonies (top panels). Fluorescence microscopy images of E-Cadherin
staining (bottom panels). b, Quantification of transcript levels for selected pluripotent, EMT
and mesendoderm genes across the three conditions PLU, ME, ME+PD. ¢, Quantification

of transcript levels for selected non-neural ectoderm genes across the three conditions PLU,
ME, ME+PD. (n = 6 from three different experiments. Center line, median; box limits, upper
and lower quartiles; whiskers, minimum and maximum; dots, mean value per experiement.
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ns = p-value = 0.05; *** = p-value < 0.001; **** = p-value < 0.0001 (Ordinary one-way
ANOVA after passing a Shapiro-Wilk normality test. Kruskal-Wallis multiple comparison
test used if Shapiro-Wilk normality test failed (MSGN1, TDGF1, HAND1, DLX5). House-
keeping genes, HKGs. See Sl Table 17 for source data and exact p-values.
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Extended Data Figure 7. Comparison of signaling during mesoderm for mation in the human and
mouse.

Heatmap comparison of the z-score-normalized log expression values of components of
FGF, TGF-p and Wnt signaling pathways in the human gastrula, mouse embryos (E7.25
stage) and cultured cynomolgus macaque embryos (16 d.p.f stage). From human and mouse
we considered the Epiblast (Epi), Primitive Streak (PS) and Nascent Mesoderm (NM)
clusters; in the macaque, we used the clusters annotated as postL-Epi, L-Gast1 and L-Gast2.
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Extended Data Figure 8. Endoderm subcluster identification
a, Heatmap showing the scaled log expression levels of marker genes of the four endodermal

subclusters. b, Percentage of cells dissected from the Caudal, Rostral or Yolk Sac portion

of the embryo in the four endodermal subclusters. c, Percentage of cells based on their
predicted cell-cycle phase of the four endodermal subclusters. d, Diffusion map of cells from
the Endoderm cluster. The first two diffusion components (DC1 and DC2) are plotted and
cells are coloured by the sub clusters (left), anatomical origin (central) or the predicted cell-
cycle phase (right). Yolk Sac, Y'S; Definitive Endoderm (DE) 1 and 2. e, Diffusion map of
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cells from the Endoderm cluster with DC1 and DC3 plotted, showing log expression levels
of Panendoderm, Yolk-sac endoderm and definitive endoderm markers. f, Log expression
levels of Anterior Definitive Endoderm markers. These genes are more highly expressed

in DE2. g, Log expression levels of Gut Endoderm markers, showing limited expression.
h, Maximum intensity projection and mid-sagittal section (h”) of an E7.0 mouse embryo
showing expression of GjbI (yolk sac endoderm marker) as well as CerI and Hhex (anterior
definitive endoderm markers) using Hybridization Chain Reaction (n=4). Cer and Hhex
show greater expression in the anterior embryonic endoderm. Anterior, Ant; Posterior,

Pos; Yolk-sac Endoderm, YSE. i, Violin plots showing the scaled log expression of total
transcripts (top row) and individual isoforms in different endodermal subclusters. Isoform
lables refer to Ensembl transcript numbers.
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Extended Data Figure 9. Hemato-Endothelial Progenitors subclusters
a, Boxplots showing the total log expression of normalized counts for XIST and Y-genes in

Erythroblasts (Ery) and Hemato-Endothelial Progenitors (HEP), indicating no contamination
from maternal tissue. n=143 cells were examined from a single embryo. Horizontal black
lines denote median values and boxes cover the 25t and 75t percentiles range; whiskers
extend to 1.5 x IQR. b, UMAP of HEP and Erythroblast clusters showing log expression

of blood related marker genes. ¢, Heatmap showing the scaled log expression of well-
characterized marker genes for both the Hemato-Endothelial Progenitors subclusters and
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Erythroblast cluster. d, Heatmap showing the normalized log expression levels of the top 5
marker genes of the four Hemato-Endothelial Progenitors subclusters. e, Diffusion maps of
HEP subclusters and Erythroblasts showing diffusion components (DC) 1, 2 and 3. f, Violin
plots showing the scaled log expression of Globin genes in the five blood related clusters:
Erythroblasts (Ery), Myeloid Progenitors (MP), Endothelium, Megakaryocyte-Erythroid
Progenitors (MEP) and Erythro-Myeloid progenitors (EMP). Each grey dot represents a
single cell. g, Heatmap showing the estimated mapping of human Erythroid and HEP
subclusters to mouse blood-related clusters. Scalebar represents the fraction of human

cells mapped to each category. h, Bar graph showing the number of cells present in the
mouse sScRNA-seq dataset 18 at different development timepoints, values represent the exact
number of cells present.

Nature. Author manuscript; available in PMC 2023 December 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Tyser et al.

Page 21
b c \\TBXT 7
- a\'Nasccnt ¢ 3} !0
of e ¢ £
O lAxial ”:. o5 5 4 MESP1 6
3 'am;ﬁ' o
L XYY 3 )
«‘ Advanced % .‘fl
HAND1
\ £
TAG6 s w\
H "% ‘ gt \\ 3
.
0 «'.; ~ = Nascent / 0
HAND1{ 7 B 8 "
s Axial
=g a BMP4 PRy
“ Advanced . 4
\ L
: X A
8 N d
(0]
BX 5 3’ 2 | PDGFRA P,
[0}
i o~ k= 5
'@ >4 8 Nascent . o K ’
MSGN1 £,y O|Axial§e % . ©
6 , i b aper™ & | GATAG / 6
W 3 . o y @ Rostral s 3
— ~;‘P"Advanced.cam’al 0, S
0 0 msent 1 ® Yolk Sac Ey .
DC1
d Cardiac Progenitor Contractile Caudal Mesoderm € + NKX2.5 f MYL7
8, |® Rostral # 81 % % * 6 # 4 4 | 4
c @® Caudal - e & r‘ * e - c # ’i s b .
g t » 3 ST f iy G |7 e} TR
g Sl ot Bl o ) ) |3
5 : 1‘ £:: & ‘ ‘ g ¢ 0
T4y o3 39 .3 !' S4ls% ¢ ' 3 " g « g TBX5 TNNIT 4
£l $p 38 03 TP 2, Ce ! sl ¥ .45 °% P £
: N SR S B L %3 DI H o
E2l o o 8 g % Eol o °° ° o E H = = .
S s 5 oo sl g3 T .- 8 E _ = S » c | /
< _: 1 ° ¢ L) < H . ©ee Z |02 Y [} - = » 0 g o
0 - 0 0 g [ ISL1 < TNNT2
o » N 5+ 9 O O « N X Nl N AN Dy 6 O p
17 F o £ A N\ &N L L S S IS4
A SC AN S eSS &R 1 .
g .‘.r.’;?f ,y
; T W v
g HOXA1 . h Axial Mesoderm S & mosns 0 Sk
CHRD +  NOTO o e ,’
5 6 2
) . $ $ g :
3 W | ¢ o " 3
3 0 v 4 -’
o \\CDX1 5 0 0 HOPX 4
‘ i Paraxial Mesoderm .
N TBX6 SFRP2 t ey
0 &\ 5 7 0
cbx2 5 e l \ !
N 3
L \\ | o 0 v 0
o oo
€ s -
i) 0 Emergent Mesoderm
< CDH1 LEFTY2 v oTX2
\ J s \ 0\ : LHX1 .
" 2 s X
‘- e’ ! “ l ‘ v ! | X !
- 0 0 “’V 0 i 0

Extended Data Figure 10. Rostral and Caudal differencesin diversification of mesoder mal
subtypes

a, UMAP highlighting combinatorial gene expression. Individual gene expression (left)

is reported as the log expression whilst combinatorial plots (right) show scaled log
expression values. b, Diffusion map of cells from the 6 mesoderm related clusters (Primitive
Streak, PS; Nascent Mesoderm, NM; Emergent Mesoderm, EM; Mesoderm, Meso; Axial
Mesoderm, AxM; Extraembryonic Mesoderm, ExM), with the first and the second diffusion
components plotted. ¢, Diffusion map of mesodermal showing the log expression levels

of mesodermal markers genes. d, Differential gene expression between rostral and caudal
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advanced mesoderm cells. Significantly upregulated in rostral (*) or caudal (#) cells. e-j,
Diffusion map of mesodermal clusters showing log expression levels of mesoderm subtype
markers.
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Figure 1. Morphological and transcriptional characterization of a CS7 human gastrula
a, Lateral view of the intact CS7 human embryo (Scale bar = 500um; n=1). b, Dorsal

view of the dissected embryonic disk showing the primitive streak and node (Scale bar =
500pum; n=1). ¢, UMAP of all the cells, computed from highly variable genes. d, UMAP
and schematics highlighting the anatomical region that cells were collected from (Also see
Extended Data Figure 1b).
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Figure 2. State transitions during gastrulation
a, Harmony representation of the transcriptomic profiles of CS7 epiblast cells compared

with cells from pre-implantation human embryos?0, primed and naive hESC2L. b, RNA
velocity vectors overlaid on diffusion map of cells from all 11 clusters. ¢, Diffusion maps
with RNA velocity vectors (at left) and diffusion pseudotime (dpt) coordinates (at right). The
two differentiation trajectories from Epiblast towards Ectoderm (Amniotic/Embryonic) or
Mesoderm are shown. d, Comparison of primitive streak and nascent mesoderm formation
in human and mousel8. Mean expression profile and standard error, along pseudotime, is
plotted for selected human (top) and mouse (bottom) genes. e, /n vitro model for EMT
during gastrulation. hESC (D0 hESC, PLU) are differentiated towards Mesendoderm (D1
MESO, ME) and undergo EMT. Inhibition of the MEK pathway (MEKi) prevents MET
(D1 MEK Inhibition, ME+PD). f, Quantification of selected transcripts across the three
conditions PLU, ME, ME+PD. gPCR results are consistent with /77 vivo data in panel d.

(n = 6 from three different experiments. Center line, median; box limits, upper and lower
quartiles; whiskers, minimum and maximum; dots, mean value per experiment. **** =
p-value < 0.000; ordinary one-way ANOVA after Shapiro-Wilk normality test). See S| Table
17 for source data.
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a, Subclustering of Ectoderm (Amniotic/Embryonic), highlighted in UMAP insert, into
Amnion and Non-Neural Ectoderm (NNE). Heatmap of log expression of the top eight
upregulated genes in the two subclusters. b, Primordial Germ Cell (PGC) population
subclustered from the Primitive Streak cluster. Heatmaps comparing gene expression in
human PGCs with those from cultured E7.5 mouse embryos (left) and cynomolgus monkey
(right). c, At left, diffusion map of Endodermal, showing four subclusters: Definitive
Endoderm 1 and 2 (DE1 and DE2); Hypoblast (Hypo); Yolk Sac Endoderm (YSE). At right,
heatmap showing the fraction of cells from the human endodermal sub clusters allocated

to mouse cell types at E7.25. PS, primitive streak; CE, caudal epiblast; DE, definitive
endoderm; EXE Endo, extraembryonic endoderm; VE, visceral endoderm.
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Figure 4. | dentification of early blood progenitor typesin the human
a, Brightfield image of the Yolk Sac highlighting pigmented cells (Scale bar = 500um;

n=1). Boxed region magnified at right (Scale bar = 150pum). b, UMAP of the HEP and
Erythroblast clusters showing four subclusters within the HEPs. ¢, Diffusion maps of HEP
subclusters and Erythroblasts. d, Estimation of equivalent mouse stage for selected human
clusters. The heatmap shows the fraction of human cells from each cluster that maps onto
the equivalent mouse cell type at different stages. Epiblast and Primitive Streak cells are
most similar to their mouse counterpart at E7.0 and E7.5 respectively, but blood related cells
are all equivalent to E8.5 mouse cells.
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