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Investigating human development is a substantial scientific challenge due to the
technical and ethical limitations of working with embryonic samples. In the face of
these difficulties, stem cells have provided an alternative to experimentally model
inaccessible stages of human development in vitro' . Here we show that human
pluripotent stem cells can be triggered to self-organize into three-dimensional
structures that recapitulate some key spatiotemporal events of early human post-
implantation embryonic development. Our system reproducibly captures spontaneous
differentiation and co-development of embryonic epiblast-like and extra-embryonic
hypoblast-like lineages, establishes key signalling hubs with secreted modulators and

undergoes symmetry breaking-like events. Single-cell transcriptomics confirms

differentiation into diverse cell states of the perigastrulating human embryo

14,15

without establishing placental cell types, including signatures of post-implantation
epiblast, amniotic ectoderm, primitive streak, mesoderm, early extra-embryonic
endoderm, as well as initial yolk sac induction. Collectively, our system captures key
features of human embryonic development spanning from Carnegie stage'¢ 4-7,
offering areproducible, tractable and scalable experimental platform to understand
the basic cellular and molecular mechanisms that underlie human development,
including new opportunities to dissect congenital pathologies with high throughput.

The entire humanbody emerges fromacluster of pluripotent embryonic
cells that form in the first week of life, and their proper development
depends on support from the peripheral extra-embryonic tissues to
transport nutrients and supply patterning-associated morphogens. Lim-
ited accessibility and ethical restrictions have substantiallyimpeded our
ability toinvestigate human development, creating gaps between what
canbelearned frommodel organisms with species-specific differences
indevelopmental timing, differentiation and spatial geometry. Recently,
increasingly sophisticated in vitro stem cell models of human embryo-
genesis have provided more tractable opportunitiesto understand the
complex biological processes that govern fetal viability and long-term
health'™, Although valuable models for post-implantation human devel-
opment exist'”, most still lack extra-embryonic lineages and cell types
despite their integral role in establishing the human body planin vivo.
Here we present a new integrative system that captures essential tissue
interactions between the early embryonic epiblast and extra-embryonic
hypoblast lineages from an initially pluripotent population and spans
critical periods of early human post-implantation development. This sys-
tem facilitates the efficient self-organization into complex 3D structures
that proceed through the initial patterning of amniotic-like and primi-
tive streak-like lineages. This strategy serves as a robust experimental
method to investigate multiple critical and human-specific features of
development across spatial and temporal scales, including how diverse
and differentiating cell types interface to support synchronized pattern-
ing of post-implantation human embryo development.

Reproducible 3D assembly of human pluripotent stem
cells

The ability to model hidden aspects of human development in vitro
brings new opportunities to advance human-specific biology and
biomedical research. Here we used human pluripotent stem (hPS)
cells maintained under conditions that support intermediate pluri-
potency states between ground and primed pluripotency (RSeT",
EP and partially capacitated PXGL'; see Methods). These hPS cells
were aggregated in 3D and exposed to ‘spontaneous differentiation
medium’ (SDM, see Methods) formulated for this study that provides
minimal growth factor support (Fig. 1a). Within 48 h, the hPS cells
self-organized into structures with bifurcation into distinct SOX2*
and SOX17*, FOXA2* or GATA3" cell types (Fig. 1b and Extended Data
Fig.1a,b). This initial lineage segregation resembled the epiblast-
hypoblast patterning of implanting-stage human embryos (Fig.1b-d).
Conversely, hPS cells maintained under conventional primed pluripo-
tency conditions (mTeSR) did not yield organized structures (Extended
DataFig.1a,b).

After 72 h, we exchanged medium into a ‘modified in vitro cul-
ture 2 medium’ (see Methods) previously reported for human post-
implantation embryos® (Fig. 1a). Under this optimized condition,
aggregates acquired a spheroid morphology comprising an acen-
trically positioned inner epiblast-like and an outer extra-embryonic
hypoblast-like compartment (Fig. 1b—e and Extended Data Fig. 1c,d).
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Fig.1/hEEsreproducibly model post-implantation-like lineage bifurcation.
a, Schematic of hEE generation. SDM, spontaneous differentiation medium.
SDM, spontaneous differentiation media. Y2,Y27632. mIVC2, modified in vitro
culture2 media. b, Time-course development of hEEs. Scale bar, 50 pm.n=11,6
and 7 independent experiments from RUES2, H9 and ESI017 hPS cells,
respectively. ¢, Schematic of human embryo development at the indicated
Carnegie stages (CS).d, Sampled frames from a timelapse movie of hEE
organization (top). n=30structures; n=3independent experiments. Scalebar,
20 um. Phase-contrastimage of DS hEEs (bottom). The insetimage highlights
theinner cavity (red circle), epiblast-like (blue circle) and hypoblast-like (white
circle) compartments.n >30independent experiments. Scale bar, 20 um.

e, Percentage of SOX2"and SOX17* cellsin hEEs.n =20 structures per timepoint.
Eachdotrepresents one structure. The plot shows the median (thick solid line)
and quartiles (thindotted line). f, hEE efficiency versus aggregates comprising
asingle compartment (embryonic-like (E) and extra-embryonic-like (Ex.E)).
Plotsshowmean+s.d.n=1,764 structures from D4 and D5. n =24 independent
experiments for hEEand 13 independent experiments for embryonic-like only

Compared with ex vivo cultured human embryos®, the rate of cell
proliferation was similar for human epiblast-like cells but somewhat
higher for the hypoblast-like lineage (Fig. 1e, Extended Data Fig. 1d and
Supplementary Table1).

Mouse blastocyst
~E4.5

3D close-up

Mouse embryo
~E5.5

Passage 2

Passage 3

D5 D9 Passage 1
and extra-embryonic-like only (for the noted genetic background variation, see
Supplementary Table 2). g, Histological section of a CS5b stage in vivo human
embryo (left; obtained from the Virtual Human Embryo project) compared
withaninvitrohEEat D5 (right). Scalebar, 50 pm.n =9 independent experiments.
h, Samestructure as panelgbut withinverted and enhanced N-cadherin (NCAD)
intensity for better clarity (left). An ozone graph of nuclear length and height
of presumptive amnion-like (red) and epiblast-like (blue) cellsis also shown
(right).i, Chimericintegration of hEE-derived SOX17-tdTomato cells into
primitive (top) or visceralendoderm (bottom) of mouse E4.5 blastocysts or
ES.5embryos.n=15/54blastocysts and 4/10 E5.5embryos.n=2independent
experiments. Scalebars, 20 pm. The arrows indicate the successfulintegration
of human SOX17-TdTomato cells into the mouse primitive or visceral endoderm.
Jj, Expansion of SOX17-tdTomato cellsin 2D culture, whichwere sorted from

D3 or D4 hEEs. Thered lines outline cell colonies, which are also shownin the
zoomed-inimages. n=3independent experiments. Scale bars,200 pm.
lllustrationsina,c,i, credit: A.L. Cox. The embryo sectioning, courtesy of the
VirtualHuman Embryo.

hPS cells bifurcate into structured SOX2*and SOX17* compartments
consistently, withan average efficiency of 78.31% of aggregates show-
ing these features across experimental trials and cell lines (Fig. 1fand
Supplementary Table 2). Of note, hPS cells maintained under naive
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pluripotency conditions (PXGL?°) could also form organized struc-
tures, but only after the formative pluripotency transition and with a
lower overall efficiency (‘partial capacitation™; see Methods; Extended
DataFig. 1a,b). By 120 h, the SOX2* inner compartment appeared to
self-organize into an epithelial cyst with asymmetrically patterned
columnar cells along one pole and squamous-like cells at the other,
a morphology that resembles the bipolar CS5b human embryo
(day 9 post-fertilization) (Fig. 1g,h). As this model appears to capture
extra-embryonic tissue-level interactions, we refer to these structures
as human extra-embryoids (hEEs).

To functionally validate the extra-embryonic endoderm
(hypoblast)-like cells in hEEs, we generated structures from SOX17-
tdTomato reporter hPS cells and isolated SOX17-tdTomato" cells
after 72-96 h of specification to test their chimeric competency when
injected into early mouse blastocysts (Fig. 1i). hEE-derived SOX17-
tdTomato® cells successfully integrated into the primitive endoderm
lineage in 27.77% of cases, indicating a functional contribution to the
extra-embryoniclineage, whereas definitive endoderm-differentiated
cells derived from primed hPS cells® did not (Fig. 1i and Extended
Data Fig. 1e). Chimeric embryos transferred into pseudopregnant
surrogate mice confirmed the persistence of human cells within the
extra-embryonic visceral endoderm layer, although their viability was
largely compromised in what probably reflects a xenogeneic barrier
(Fig.1i). Of note, hEE-isolated SOX17-tdTomato® cells could also expand
when transferred into culture conditions previously reported to exclu-
sively support the extra-embryonic endoderm?. Although we cannot
rule out the potential presence of non-expanding definitive endoderm
cells?, these results further support hEEs as anin vitro model for early
extra-embryonic endoderm development (Fig. 1j).

To molecularly explore the epigenome of hEE SOX2* and SOX17*
cells, we also performed whole-genome bisulfite sequencing to see
whether these cells acquire unique epigenomic features of these line-
ages thatare acquired during mammalian implantation®?*, Ultimately,
undifferentiated human embryonic pluripotent stem (hEPS) cells and
SOX2"and SOX17" hEE cells exhibited very similar DNA methylation
landscapes, including global hypermethylation and constitutive hypo-
methylation of CpG islands found at developmental gene promoters
(Extended Data Fig. 1f-h). These findings suggest that the formation
of hEEs from hEPS cells does not include global epigenomic repro-
gramming that might occur in vivo, although further understanding
of the epigenetic dynamics of the human hypoblast lineage are only
beginning to be explored®.

Finally, we interrogated hEEs for their ability to differentiate into
trophoblast as neither hCG nor HLA expression was observed in our
model (Extended Data Fig.2a). hEEs also did not integrate with human
trophoblast stem cells* in co-culture, but instead formed isolated
hCG'HLA" aggregates that compromised hEE formation (Extended
DataFig.2b,c).Similarly, co-culture with humanepithelial endometrial
cells did not stimulate trophoblast differentiation through reciprocal
signalling with hEEs (Extended Data Fig. 2d).

Overall, these morphological observations demonstrate that this 3D
platform appearsto efficiently capture the plasticity of anintermediate
pluripotent statein humans thatis able to self-organize into structures
that resemble the cellular composition of the human embryonic disc.

Validation of major lineages by single-cell RNA
sequencing

To examine the developmental complexity of hEEs, we applied
single-cell RNA sequencing (scRNA-seq) at two progressive timepoints,
D4 and D6, and resolved eight distinct transcriptional clusters. Our
states clearly fall within one of two major lineages, roughly character-
ized as post-implantation epiblast like (PI-Epi; SOX2, POUSF1,SALL2 and
UTFI) and hypoblast like (APOA1, APOA2, FN1 and PDGFRA) (Fig.2a,b
and Extended Data Fig. 3a-c). Of note, the temporal resolution of our
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hEE dataset allowed us to make several intriguing observations from
D4 to D6 that suggest a coordinated differentiation sequence. Within
the embryonic compartment, we observed progressive formation
of amnion-like (/SL1, BMP4, TFAP2A and GABRP) as well as a primitive
streak-like (TBXT, WNT3A, CDX1 and HESI) cellular states at D4, with
the emergence of an embryonic mesoderm-like state (HAND1, MIXL1,
MESPI and VIM) at D6. We also observed cells that resemble a later dif-
ferentiated embryonic state (PI-Epi.L, referring to ‘late’) that expresses
several early ectodermal or early amnion markers such as IGFBP2, ESRG,
TAGLN and VCL" (Fig. 2a,b and Extended Data Fig. 3a,b). By contrast,
the hypoblast-like lineage comprises three clusters, although two
clusters appear to represent the same general hypoblast state within
different cell cycle phases. A distinct and transient third state within
this lineage was characterized by significantly high expression of
NODAL, BMP and FGF antagonists (for example, CERI, LEFTY1,LEFTY12
and SHISA2) that resemble key molecular hallmarks of the anterior
visceralendoderm (AVE-like) inmouse embryos? (Fig.2a,band Extended
DataFig.3a,b).

To confirm the similarity between our hEE transcriptional states
and their in vivo counterparts, we integrated our dataset with recent
major breakthrough datasets that span their expected develop-
mental window, including in vitro-cultured human perigastrulation
embryos®, a CS7 human gastrulating embryo implanted in utero™*
and in vitro-cultured gastrulating embryos from cynomolgus
monkeys?®®. Projection of our integrated dataset onto a reference
uniform manifold approximation and projection (UMAP) model
confirmed the overall segregation between embryonic-associated,
hypoblast-associated and trophoblast-associated regions, with hEE data
wellpositionedexclusivelywithinembryonic (PI-Epi,PI-Epi.L,amnion-like
and mesoderm-like cells) and hypoblast (Hypo- and AVE-like cells)
states (Fig. 2c, Extended Data Fig. 3d, Supplementary Table 3 and Sup-
plementary Notes 1-4). As expected, hEE states remained highly dis-
tinct from those descriptive of primate trophoblast cells (Fig. 2c). We
further validated these associations using CellTypist®’, which trains a
machine learning model on the integrated in vivo reference to score
each hEE cell. Overall, these efforts confirmed the major bifurcation
of embryonic and extra-embryonic lineages, as well as detection of
mesoderm-like and amnion-like cell states as they are described in vivo
(Extended Data Fig. 3e,f). Finally, we found that our SOX17" cells were
enriched for empirically determined extra-embryonic endoderm mark-
erscompared with definitive endoderm markers?, consistent with their
assignment as hypoblast-like states (Extended Data Fig. 3g). Together,
our transcriptomic analyses support our annotation and assignment of
hEEs to peri-implantation or post-implantation developmental stages
ofthe hypoblast-like and epiblast-like development.

Emergence of late amnion-like cells

We nextinvestigated the specification of epiblast-derived cell popula-
tions, specifically focusing onamnion patterning, which forms before
gastrulation in primates. Previous studies of non-human primates
and human stem cells suggest that amnioninductionis dependent on
BMP**** but many functional and molecular features of this lineage
remain unclear. Morphologically, hEEs frequently contained ISL1" cells
(amarker of primate amnion®*) by D4 to D6, with efficiency ranging
from46.79%t070.86% depending on the genetic background (Fig. 2d,
Extended DataFig.4aand Supplementary Table 2). We found that 18.42-
21.52% of all hEEs exhibited spatially localized ISL1* populations, con-
sistent with recent observations in non-human primates** (Fig. 2d and
Extended DataFig.4a). A subpopulation of aggregates (28.37-49.34%
of all hEEs) have inner compartments exclusively composed of ISL1*
cells, suggesting possible artefactsin hEE patterning that could result
fromsignalling imbalances and/or mechanical cues®. ISL1expression
correlates with TFAP2A and seemingly weak GABRP expression, as
well as with expected morphological changes from the columnar
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d, hEEs generated from SMADI-RFP hPS cells (top). Scale bar,20 pm. Theinner
compartment (dotted lines, schematics) ISL1phenotype frequencyis also

epithelium typical of pre-specified SOX2" epiblast-like cells to amore
squamous-like shape (Extended Data Fig. 4b-e).

Primate amniogenesis has recently been described as occurring
through two temporally and spatially independent waves®. When we
exploredthe overall transcriptional signature of our hEE amnion state,
we found higher expression of previously associated primate late-stage
amnion marker genes (enriched for ISL1, DLXS5, TFAP2A, BMP4, PRKDI,
GABRP, HEY1, MSX2 and GSTOI) than early-stage amnion marker genes

Nuclear ISL1* intensity (raw intensity density per area)

ISL1* RUES2 hEEs (%)

shown (bottom). Each dotrepresents the percentage of structures per tile
scan. The plotshows mean+s.d.n =346 structures from2independent
experiments specific to the RUES2 background are presented in the graph.
n=13experiments total across different genetic backgrounds. e, SMAD1-RFP
3Dsurfaceintensity plot (samestructure asshownin panel d) (left). Scale bar,
20 pm. Ascatter plot of nuclear SMAD1-RFP fluorescence intensity in ISL1 and
ISL1" cells.n=1,677 cellsin 3 representative structures from2independent
experiments. Two-tailed unpaired, parametric t-test with Welsch’s correction.
Pvalues aredisplayedin the figure.f, Percentage of ISL1* structures (RUES2
background). D4 and D5 control (n=489), BMP2 (n =461), BMP4 (n=405),
BMP7 (n=391) and LDN (n=521). Three or four independent experiments per
group. Post-hoc Dunnett’s multiple comparison test, one-way ANOVA. Pvalues
aredisplayedinthefigure.Mean t+s.d. areshown.

(FASN, MVD, SDC1, S100P and SLCIA3; Extended Data Fig. 4f-h). By
contrast, the PI-Epi.L cluster expressed genes associated with amnion
progression®, including COL1A1, COLSA1, EGLN1, SPARC and IGFBP3
(Extended DataFig.4h). Inaddition, asubset of endoderm cells showed
ISL1 expression, similar to non-human primate embryos®* (Fig. 2b).
BMP4 expression was highest in the amnion cluster compared with
other epiblast-derived cell populations (Extended Data Fig. 4f-h),
which might indicate that the functional relationship between BMP4
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and ISL1 found in other primates** extends to humans. Differential
expression analysis betweenindividual epiblast-like cell states confirms
that genes associated with TGFf3 signalling are substantial within the
amnion state, including major BMP signalling components such as
ID1-1D4 and BMP4 (Extended Data Fig. 4i,j).

More generally, all epiblast-like-derived subclusters, including our
initial epiblast-like population, express agene encoding a BMP recep-
tor, BMPRIA, whereas hypoblast-like subclusters showed differential
expression for the BMP transducer gene BMP2 and other components
(Extended DataFig.5a). This suggested the possibility that the hypoblast
may serve asupportive role inamnion-likeinductionin hEEs. To further
explore BMP signalling dynamics, we analysed the phosphorylation
status of SMAD transducers, which reflect functional TGF superfamily
signal transduction. Consistent with our transcriptional results, we first
found that hEE structures exhibit universal BMP-associated phospho-
rylation of SMAD1, SMADS and SMAD9 (pSMAD1/5/9) nuclear signal
within both the inner embryonic and the surrounding hypoblast-like
layers, whereas aggregates that failed to specify hypoblast-like lay-
ers lacked the pSMAD1/5/9 signal (Extended Data Fig. 5b). We further
utilized the transgeniclive reporter SMAD1-RFP;H2B-mCitrine hPS cell
line totrack and confirm SMAD1 nuclear localization within amnion-like
cells, indicating aBMP gradient within the inner compartment of hEEs
(Fig.2e and Extended DataFig. 5c). To confirm the functional relation-
ship between BMP signalling and amnion induction, we treated hEEs
with either the BMP antagonist LDN193189 (LDN) or exogenous BMP2
and BMP4, which significantly repressed or induced ISL1 expression,
respectively (Fig. 2f).

According to our transcriptional data, hypoblast-like cells express
BMP2, not BMP4 (Extended Data Fig. 5a). The latter is expected to be
expressed by trophoblasts, the presumed initial source of proximal
BMP signalling in vivo. To test whether either lineage could support
amnioninduction, we cultured hEEs from D4 to D5 on top of ahuman
trophoblast stem cell-covered surface, which readily induced ‘all-ISL*
inner compartments (Extended DataFig. 5d). Collectively, these results
demonstrate that the hEE system effectively differentiates into tempo-
rally organized expression domains that resemble the amnion. Our tran-
scriptional datasuggest that this population represents alate amnion
state®®, which is expected to begin early in gastrulation, dependsona
BMP-dependent mechanism and appears to rely on the surrounding
hypoblast-like lineage in hEEs.

Lineage co-evolution drives morphogenesis

Using hEEs, we further investigated the role of outer extra-embryonic
hypoblast-like cells as they co-develop and potentially direct morpho-
genesis within the pluripotentinner compartment. By D3, hEEs con-
tained alaminin-containing basement membrane, which co-occurred
with the reorganization of pluripotent epiblast-like inner cellsinto an
apicobasal polarized, central-lumen-containing epithelium (Fig. 3a
and Extended Data Fig. 6a). These structural and cell-level morpholo-
gies are collectively characteristic of the post-implantation epiblast
tissue architecture in the natural embryo®-** and are highly efficient
features of hEEs that emerge in 90.71% of all structures examined
between D4 and D6.

OurscRNA-seqdataindicate that the source of basement membrane
deposition is primarily the outer extra-embryonic-like cells (Fig. 3b).
Moreover, structures that lack outer extra-embryonic hypoblast
specification failed to undergo epithelialization or lumen forma-
tion, strengthening a model in which extra-embryonic cells support
these critical morphological transitions (Extended Data Fig. 6b,c).
To consolidate these findings, we referred back to mTeSR-grown
primed hPS cells, which were initially unable to support hEE forma-
tion (Extended Data Figs. 1a,b and 6d). To interrogate whether this
reflects the lack of endoderm derivatives or basement membrane
cues alone, we aggregated primed hPS cells in the presence of 5%

578 | Nature | Vol 622 | 19 October 2023

Matrigel (an extracellular matrix substitute) or in co-culture with
either FACS-sorted hEE SOX17-tdTomato" cells or with directed dif-
ferentiated definitive endoderm cells? (Fig. 3c and Extended Data
Fig. 6d-f). Adding 5% Matrigel alone or with differentiated definitive
endoderm cellsinduced multiple disorganized cavitations per aggre-
gate, as well as a general high aggregate intervariability (Fig. 3c and
Extended DataFig. 6d,f). By contrast, 93.39% of aggregates co-cultured
with FACS-sorted hEE hypoblast-like cells demonstrated a polarized
epitheliumandacentralized lumen within the embryoniccompartment
(Fig.3c and Extended Data Fig. 6d,e). These findings confirm an addi-
tional essential role of hypoblast cells in patterning the epiblast during
implantation.

Finally, by D6, we saw additional transcriptional programming within
the hypoblast-like lineage towards a primary (visceral) yolk sac endo-
derm", including emerging expression of AFP, TTR, G/B1, VTN and
APOA2 (Fig.3d). We also confirmed secreted AFP expression within the
outer cellsof hEEs as lining anintercellular space (Fig. 3e). These results
suggest that the hypoblast-like cells within the hEEs continue towards
initial yolk sac-like patterning after their initial role in epiblast-like
morphogenesis.

Inducers of hypoblast-like cell fate

Previous efforts have implicated TGF3-NODAL, WNT and FGF signal-
ling activity in extra-embryonic endoderm specification from human
stem cell cultures and a limited number of human blastocysts?*° 2,
butthesesignalling dependencies are still largely unexplored and likely
to change as human embryos progress through subsequent develop-
mental stages. Because epiblast-like and hypoblast-like cell fates begin
to diverge at approximately 24 h of hEE development, we blocked key
signalling axes with small molecules at this time and analysed their
effects on multicellular aggregates at D4 (Fig. 3f). SB431542 (a potent
TGF-NODAL inhibitor), PD0325901 (a MEK inhibitor, downstream
of FGFR) or SU5402 (a direct FGFR inhibitor) treatments largely pre-
vented hypoblast-like lineage specification, drastically reducing the
number of SOX17° cells and preventing downstream aspects of inner
compartment maturation, including polarization and cavity forma-
tion (Fig. 3f-h and Extended Data Fig. 6g,h). In support of this result,
SOX17* cells expressed phospho-SMAD?2 that confirms the activity of
the TGFB-NODAL pathway within the hypoblast-like lineage (Extended
DataFig. 6i), whereas SOX2* cells lack this expressionin the absence of
outer hypoblast-like cells (Extended DataFig. 6i). These results further
confirm the dependence of the epiblast-like inner compartment on
the hypoblast for supporting extracellular matrix components and
exogenous signals such as NODAL. Of note, FGF signalling impacts
bothepiblast-like and hypoblast-like lineages, such that FGF-inhibited
aggregates are significantly smaller at D4 and resemble D2 and D3
controls, which confounds our ability to confirm conclusively that the
effects of FGF on hypoblast development do not in some way reflect
secondary consequences of suppressed epiblast growth (Fig. 3i and
Extended DataFig. 6j). Finally, although XAV939 (a potent WNT signal-
linginhibitor) treatment had minimal effect on the hypoblast-like line-
age, IWP2 (aWNT secretioninhibitor) treatment significantly reduced
the complexity of the outer hypoblast-like layer, leading to structures
with a ring of single cells surrounding a large SOX2" inner compart-
ment (Fig. 3f,g,i and Extended Data Fig. 6g). Differential expression
analysis of major ligands and receptors of the WNT, TGF3-NODAL and
FGF family within D4 hEEs largely supported our findings from our
inhibitor treatments, as well as the phenotypes observed in3D culture
(Extended Data Fig. 7a-d). Cumulatively, our data show that robust
segregation of human hypoblast-like cells in hEEs primarily depends
on TGFB-NODAL and FGF activity. These results provide insightsinto
how multiple early human lineages co-develop in 3D and how they
establish critical crosstalk to guide global morphological rearrange-
ments of these tissues beyond the implantation stages.
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d, UMAP plots of yolk sacendoderm genes within the D6 hypoblast-like cluster.
e, AFP"staining (arrowheads). The yellow and white dashed lines indicate
epiblast-like and yolk sac-like compartment patterning, respectively.n=15
structures over 2independent experiments. Scale bar, 20 um. f, Inhibitor
treatment strategy (top; see Methods) and resulting phenotypes (bottom). The
nnumbersareindicated in panel g.Scale bar, 20 um. g, Percentage of structures

Symmetry breaking by signal antagonism

Beyond ethical limitations and restricted access, many dynamic embry-
ological processes are challenging to study in human without high
replicate power or continuous monitoring. We were intrigued by the
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that specify hypoblast-like lineage. Control (C; n=220), XAV939 (XAV;
n=101),IWP2 (IWP; n=132;2 experiments), SB431542 (SB; n=125), PD0325901
(PD; n=66)and SU5402 (SU; n=109). The plot shows mean +s.d. Data are from
threeindependent experiments. Post-hoc Dunnett’s multiple comparison test,
one-way ANOVA. Pvalues areshownin the figure. Each dot representsan
independent experiment. h, Cavitation efficiency per treatment. Control
(n=140), XAV (n=95), IWP (n=118; 2 experiments), SB (n =79),PD (n= 66) and
SU (n=109).Dataare fromthreeindependent experiments, unless otherwise
indicated. The plot shows mean +s.d. The same test as panel g was applied.
Pvaluesareshowninthefigure.Each dotrepresentsanindependentexperiment.
i, Number of SOX2" or SOX17* cells per structure and their percentage after
eachtreatment. Eachdot represents one structure. Control (n =21), XAV (n=34),
IWP (n=16),SB (n=30),PD (n=35)and SU (n=30). Data are from two or more
independent experiments. The plot shows the median (thick solid line) and
quartiles (thindotted line). The same test as panel gwas applied. Pvalues are
showninthe figure.Illustrationsin c,f, credit: A.L. Cox.

emergence of atransient transcriptional state within the hypoblast-like
lineage that resembled the AVE, an extra-embryonic signalling
centre required for specifying anteroposterior patterning in mice?
and non-human primates®>*>* (Fig. 2a,b and Extended Data Fig. 3a-c).
This subpopulation showed substantial and unique co-expression
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of classic BMP, NODAL and WNT signalling antagonists, including
CERI1,LEFTY1, GSCand LEFTY2 (Extended Data Fig. 8a,b). In addition,
FZDS, arecently identified primate-specific AVE-associated gene®,
is also differentially expressed in this subpopulation (Extended Data
Fig.8b). Collectively, the striking co-expression of morphogen antag-
onists suggested arole for these cells in developmental patterning
by attenuating BMP, NODAL and WNT signals to create morphogen
gradients.

We confirmed the spatiotemporal emergence of these cells by immu-
nofluorescence. Specifically, the key BMP antagonist CER1 has an ini-
tially widespread and scattered distribution across the hypoblast-like
compartment before becoming restricted to a distinct region at later
time points: 81.81% of D3 hEEs have broadly distributed AVE-like cells,
whereas 45.02% of D5 hEEs have polarized distributions (Extended Data
Fig. 8c,d). Consistent with our transcriptional data, the overall frac-
tion of CER1" AVE-like cells decreased from D3 to D5, which co-occurs
withariseinthe number of mesodermal cell differentiation marker T*
(BRACHYURY) cellsinthe inner compartment (Extended Data Figs. 3a
and 8c,d). By D5, 8.36% of structures demonstrated a clear polarized
distribution of CER1*and T' (Fig. 4a,b and Extended Data Fig. 8e), and
19.44% of structures with scattered CER1" distribution showedno T
induction. These results support the idea that AVE-like antagonism
protects the future ectoderm from primitive streak induction. We
additionally confirmed that T induction is inversely correlated with
SOX2 expression and mirrors critical WNT morphogen gradients via
a TCF/Lef:H2B-GFP reporter hPS cell line (Extended Data Fig. 8f,g).
Of note, hEEs also induce T in instances in which CER1" cells have
no spatial bias (28.10% of all hEEs), which may indicate a degree of
independence between the two compartments that requires deeper
investigation (Extended Data Fig. 8e). Nonetheless, these data show
evidence that the inner and outer compartments co-evolve in vitro,
with the outer hypoblast-like layer transiently maintaining AVE-like
cells that secrete growth factor antagonists. Although seemingly not
sufficient to determine the site of posterior primitive streak induction,
these features of symmetry breaking have not been deeply studied
outside of rodent embryos™¥, highlighting the value of our system for
future exploration.

Progression from AVE to amnioninduction

Hypoblast-like cells are unlikely to represent the sole regulator of tis-
sue patterning and organization. Indeed, the amnion has recently
been proposed as a second signalling hub for mesoderm formation
and gastrulation in primate embryos*. As late-state amnion induc-
tionis expected to operate through BMP signalling, we cultured hEEs
in the presence of the BMP antagonist LDN and found that a signifi-
cant majority of hEE structures downregulated ISL1and T (Fig. 4c).
By contrast, BMP4 supplementation increases the expression of both
markers and expectedly favours ISL1 in a dose-dependent manner
(Fig. 4c). Moreover, the high co-expression of /SL1 and BMP4 within
hEE amnion cells supports the notion that this lineage may emerge to
stabilize embryonic mesoderm differentiation within hEEs (Extended
Data Figs. 4f,g and 9a). The requirement of BMP4 for mesoderm for-
mation appears to be conserved across species, but in mice stems
from the trophoblast-derived extra-embryonic ectoderm**, not the
amnion. The absence of trophoblast derivatives in our hEE system
supports the existence and function of human-specific alternative
signalling centres that induce gastrulation patterning in a stepwise
manner.

Our scRNA-seq data also show a consistent rise of the amnion
subpopulation within hEEs as the AVE-like hypoblast subpopulation
dissipates (Fig. 2a and Extended Data Figs. 3a and 9a). This dynamic
suggests that ISL1" late-state amnion cells in hEEs most likely emerge
after local release from AVE-controlled BMP antagonism, possibly to
amplify BMP pathway activity as a second source for secreted ligands
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(Extended DataFig.9b,c). Insupport of this hypothesis, the hEEs gen-
erated from CERL;LEFTY1doubleknockout hPS cells produce a higher
fraction of ISL1"-only structures (Extended Data Fig. 9d). Of note, CER1
hasbeen previously shown to have widespread expression throughout
the hypoblast of peri-implantation-stage primate embryos*>*2*, On
the basis of our result, we surmise that early BMP antagonism may
counteract amniogenesis until the appropriate time in human devel-
opment, after which the amnion is locally induced to consolidate the
primitive streak through positive feedback, as suggested in non-human
primates™.

Overall, these data suggest that hEEs are formed via the timely and
balanced action of restrictive and inductive signals, each sourced
within distinct extra-embryonic and embryonic subpopulations
to act as gatekeepers in the organization of human developmental
patterning.

Hallmarks of human early gastrulation

After establishing that hypoblast-like and amnion-like lineages
are efficiently induced as part of hEE differentiation, we explored
their ability to recapitulate early gastrulation dynamics. We
identified that by D6, some cell populations that differentiated
from an epiblast-like to mesoderm-like state had done so through
an epithelial-to-mesenchymal transition (EMT). In particular, we
found that asymmetrically localized T* cells downregulate E-cadherin
(encoded by CDHI) and upregulate N-cadherin (encoded by CDH2) and
SNAI1and SNAI2 (hereafter, SNAI), classic molecular markers associated
with this process (Fig. 4d,e and Extended Data Fig. 10a). Pseudotime
and trajectory inference analysis of our PI-Epi, primitive streak-like and
mesoderm-like transcriptional states confirmed that the transcrip-
tional dynamics of epithelial-to-mesenchymal transition are also reca-
pitulated as part of this differentiation process (Fig. 4f and Extended
DataFig.10b).

Morphologically, E-cadherin™N-cadherin*SNAI" cells exist in the
periphery of the epiblast-like domain and appear to breach the base-
ment membrane as part of a focal migration from the embryonic
compartment into the space between it and the hypoblast-like outer
later (Fig. 4e). Live imaging of hEEs revealed that these cells also
undergo a reorientation in cell shape towards a mesenchymal mor-
phology (Extended Data Fig.10c; also shownin Fig. 4a,d and Extended
Data Fig. 10a). We also subjected D4 structures to 24 h of treatments
(to avoid confounding effects of these perturbations on earlier dif-
ferentiation steps; see Fig. 3) of selective BMP, WNT, NODAL or FGF
pathway inhibitors to explore their influence within this window
(Extended Data Fig. 10a). All treatment groups significantly blocked
Texpression, consistent with the collective roles of these pathwaysin
initiating symmetry breaking in mouse and non-human primates®**¢
(Extended DataFig.10a). Conversely, OTX2 expression, an early marker
for anterior domains in mouse*, did not exhibit any notable respon-
siveness to inhibitor treatments within the T" inner compartment
(Extended DataFig.10d). Together, we conclude that the spatiotempo-
ral co-activity of signalling moleculesin hEEs leads to subsequent pat-
terning events that mirror both unique and conserved aspects of human
perigastrulation.

Discussion

Here wereportanew invitroapproach that efficiently self-assembles
to recapitulate key hallmarks of human perigastrulation, including
the initial specification of epiblast and hypoblast lineages and sub-
sequent epiblast patterning (Fig. 4g). hEEs achieve these transitions
in the absence of trophectodermal cell types, and they represent
an ethical opportunity to model the complex interplay between
extra-embryonic endoderm and embryonic lineages as they coordi-
nate early human development. Our data demonstrate that to capture
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the multi-lineage differentiation dynamics in hEEs, the starting hPS
cell population must be in the intermediate (formative-to-primed)
pluripotency state. As naive pluripotent stem cells have previously
been shown to produce blastocyst-stage endoderm progenitors?,

independent experiment. Scale bar,20 pm.d, Texpressionin D6 hEE.
Thezoomed-inimages highlight T, NCAD"and SNAI1" cells (arrowheads). The
double-headed arrowheads show nuclear reorientation of T"and SNAI1" cells.
The whiteandred dashedlines enclose epiblast-like and hypoblast-like
regions, respectively.n=20/53 T' structures, 4 experiments. Scale bar, 20 pm.
e, SNAI' cellsare peripheral to the inner compartment (white box), show
downregulated E-cadherin (ECAD), breach the basement membrane (laminin;
arrowheads) and focally migrate from the epiblast-like compartment.
n=32/55T"structures, 3 experiments. Scale bar, 20 pm. f, Principal curves of
hallmark gastrulation markers over pseudotime (post-implantation epiblast-
like to primitive streak-like to mesoderm-like states) in hEEs. PC, principal
component. Dashedredlineindicates PC, grey background indicates LOESS
function (locally estimated scatterplot smoothing). g, Proposed mechanism
of early human development as modelled in hEEs. Also note Fig. 2d for
observed spontaneous heterogeneity in the amnion-like specificationin hEEs.
CTB, cytotrophoblast.Illustrationsing, credit: A.L. Cox.

the limitation of these cells to proceed directly into hEE-like states
probably reflects challenges to recapitulating dynamic signalling
requirements in vitro, similar to previous observations?. The form
and function of extra-embryonic endodermal states may change as
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cells transit through distinct stages of pluripotency, with potential
sequential differentiation waves.

Historically, primed hPS cell-derived embryoid bodies permit primi-
tive germ and limited extra-embryonic lineage differentiation, but
aggregate assembly and subsequent differentiation are generally
chaoticand disorganized, bear little relation to that of the in vivo human
embryo,andoccurintheabsence ofanembryo-likeshapeor patterning*®
(Supplementary Table 4). By contrast, hEEs offer spatially and tem-
porally organized 3D model generation, allowing researchers to
capture multiple complex and interdependent cell-state transitions
in a human-specific context. In hEEs, the ISL1" late-state amnion
induced by the hypoblast-produced and/or human trophoblast stem
cell-produced BMPs lends substantial insights into how the proximo-
distal axis may formin vivo. However, our current suspension culture
protocol leads to a considerably higher ratio of hypoblast-like cells
(that expands to surround the inner epiblast-like compartment),
which may trigger accelerated signalling and imbalanced lineage
representation towards BMP-induced late-state amnion and away
from early amnion cell types. We found transcriptional overlap
between our in vitro-derived hypoblast-like cells and comparable
signatures recovered from human and non-human primate embryos,
but epigenetic features that do not deviate considerably from hEPS
cells themselves. The seeming inability for hEPS cells to capture the
dynamic epigenetic events that co-occur during implantation may
reflect an additional feature for future optimization, as could efforts
to examine how our current findings relate to the remarkable inter-
convertibility between embryonic definitive endoderm and extra-
embryonicvisceral endoderm (VE) lineages that have been identified
in mice24'25'49'50.

Our hEE system enables careful and dynamic dissection of early
embryonic cell types as they shape the early human conceptus. We
define the presence of embryonic organizers, fromtheinitial hypoblast
tothelate-stateamnion, and pinpointkey interactions betweenthese
cell types as they orchestrate complex aspects of symmetry break-
ing and morphogenesis. Our results are also consistent with earlier
observations made in non-human primate embryos and human stem
cell cultures, but enable exploration of human-specific mechanisms
through a 3D reconstruction of early human embryonic develop-
ment. Together, our new platform showcases new opportunities
to address unexplored stages of human development in a manner
that considers multiple essential parameters, from gene expression
to spatial patterning. The ability to reconstitute these processes
in vitro may offer new paths for biomedical research that help to
overcome scant sample availability and ethical limitations on human
embryo research.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Ethics statement

Stem cell-derived multicellular structures described in this study were
analysed for and show no evidence of cell types associated with the
extra-embryonic trophoblast lineage, which are required for implan-
tation. These multicellular structures do not grow further and are not
equivalent to the in vivo human embryo. As they lack trophoblast cell
types, they are considered non-integrated embryo models and are
not considered as a human embryo according to the International
Society of Stem Cell Research (ISSCR). The stem cell research was
subjecttoreview and all experiments were approved from the Embry-
onic Stem Cell Research Oversight Committee (ESCRO) of Yale Univer-
sity, in compliance with the ISSCR 2016 and 2021 guidelines as well as
the Connecticut state policies. All experiments on mice were regulated
following ethical review by the Yale University Institutional Animal Care
and Use Committee. All experiments followed all relevant guidelines
and regulations.

Human celllines

The hPS cell lines utilized in this study include: RUES2 wild type,
RUES2-GLR, RUES2-SMADI-RFP;H2B-mCitrine®’, RUES2-CERLLEFTY1
double knockout RUES2 hPS cells*? (provided by A. Brivanlou, The
Rockefeller University), ESIO17 (ESI BIO), TCF/Lef:H2B-GFP H9 (ref. 53)
(provided by R. Russe, Stanford University) and H9 (WiCell). Human
trophoblast stem cells?® (TSCs; TS®") were provided by H. Okae and T.
Arima (Tohoku University Graduate School of Medicine). The human
endometrial epithelial line was provided by H. Taylor (Yale University)*.
Each ofthese cell lines tested negative for mycoplasma contamination,
which was monitored on a bimonthly basis (MycoScope PCR Myco-
plasma Detection Kit).

Reproducibility by human cell line genetic variability
Experiments presented in this study were repeated with three different
genetic backgrounds of hPS cells (RUES2, ESIO17 and H9), over more
thansix experimental repeats per cell line used. Reproducibility of hEE
generation was verified in all hPS cell lines with a yield ranging from
approximately 74% to 84% of all aggregates that generated clear
embryonic-like and extra-embryonic-like compartments with down-
stream cavitation and symmetry breaking. It is noted that, under the
same experimental conditions, amnion differentiation yields are higher
inthe H9 backgroundthaninthe RUES2 and ESI017 backgrounds. In addi-
tion, theinvitro developmental timeline can vary +24 hamongdifferent
genetic backgrounds of hPS cells (see Supplementary Data Table 2).

Cell culture

AllhPS cell lines were cultured in 37 °C in 5% CO, on mitotically inac-
tivated CF-1 mouse embryonic fibroblasts (MEFs). RSeT hPS cells
were cultured in the commercially available medium (STEMCELL
Technologies) as per the manufacturer’s instructions, were passaged
once domed colonies had formed and medium was changed daily.
The hEPS cells were cultured in human expanded potential-complete
media (hEP-LCDM media) as previously described™, with addition of
1M of the WNT inhibitor IWR-1and 2 pM ROCK inhibitor (Y27632)
(hEP-LCDMYI). The naive PXGL hPS cells were cultured as previously
described”. Human TSCs were cultured in conditions as previously
described®. All cells were passaged or used for generation of the human
extra-embryoid once they reached 80% confluency. Note that no hPS
cell line beyond passage number 70 was kept in culture nor used for
hEE generation.

Generation of multicellular aggregates (hEEs) in 3D

The experiment was performed in AggreWell plates®™*°. The hPS cells
were dissociated into single cells with Accutase (Thermo Fisher Scien-
tific) incubationat 37 °Cfor 3-4 min. Cells were pelleted by centrifuga-
tion for 3 min at 1,000 rpm and resuspended in RSeT, hEP-LCDMYI or
PXGL media (see above). MEFs were depleted on gelatin-coated plates
at37°Cin5%CO,ongelatinized tissue-culture-grade plates for approxi-
mately 30 min. The cell mixture was thenresuspended in spontaneous
differentiation medium (SDM). SDM is prepared as follows: 50% of
MEF-conditioned medium (see the section ‘MEF-conditioned medium
generationfor SDM’) and the remaining 50% is added with the medium
base, which consists of a 1:1 mixture of DMEM/F12:neurobasal (cat.
no. #11330-032), 0.5% N2 supplement, 1% B27 without vitamin A sup-
plement, 1% 100X GlutaMAX, 1% 100X MEM nonessential amino acids,
0.2% 50 mM B-mercaptoethanol (all Gibco), 1% 10,000 U ml™ penicil-
lin-streptomycin (Thermo Fisher Scientific) and 5% knockout serum
replacement (Thermo Fisher Scientific).

Single cells resuspendedin SDM, counted and added dropwise to the
AggreWell 400 format (7,200-12,000 cells total (6-10 cells per micro-
well) for RSeT; 7,200-12,000 cells total (6-10 cells per microwell) for
PXGL-partially capacitated; and 6,000-7,200 cells total (5-6 cells per
microwell) for hEPS cell). SDM was supplemented with 5 uM of ROCK
inhibitor (Y27632) for the first 24 h of aggregation. On D3 and onwards,
the medium was changed to mIVC2 medium (as previously described®).
The aggregation experiment was performedin 37 °Cin 5% CO, and 5%
0,.We observed that beyond culture D6-D8, multicellular structures
did not exhibit spontaneous lumen progression, and overall became
disorganized, potentially owing to alack of supportive environment
from other lineages that are not present within this system. Where
indicated, 5% Matrigel (Corning) was added to the SDM or mIVC2 media
for aggregation of hPS cells.

MEF-conditioned medium generation for SDM

Two million mitotically inactivated CF-1 MEFs (Gibco) were seeded
onto a100 x 15 mm Petri dish (Corning) and cultured in medium that
consisted of: DMEM (cat. no. #11995-040) with 18% inactivated FBS
(Gibco), 1.2% 10,000 U ml™ penicillin-streptomycin (Thermo Fisher
Scientific), 1.2% 100X Glutamax, 1.2% MEM nonessential amino acids,
1.2% 100 mM sodium pyruvate and 0.24% 50 mM 2-mercaptoethanol
(allGibco). Of conditioned medium, 7-10 mlwas collected every 3 days.
A maximum of three batches were collected per dish.

Co-culture with hTSCs and human endometrial cell line

hEEs at D4 or D5 were transferred to 2D human endometrial cells (data
showninExtended DataFig.2d) or hTSCs (datashownin Extended Data
Fig.5d) on optic-grade Ibidi plates (Ibidi USA). For this, hEEs growing
within the AggreWell were collected by pipetting and transferred to a
35-mm dish where they were individually picked by a Pasteur pipette
and transferred onto endometrial or hTSCs. Co-culture was done at
37°Cin 5% O, for 24-48 h and fixed for further processing. For 3D
co-culture with hTSCs (data shown in Extended Data Fig. 2b), hTSCs
were dissociated into single cells using TypLE express for 7 minat 37 °C
followed by neutralization with serum-containing medium. hTSCs were
centrifuged for 1 min followed by resuspension in mIVC2 medium.
hTSCs were added dropwise onto D5 hEE aggregates in AggreWell
400 (5-10 hTSCs per microwell, 6,000-12,000 total). 3D co-culture
was performed for 24 h and fixed the following day for further
processing.

Capacitation (formative pluripotency transition)

Naive PXGL capacitation experiments and medium conditions were
performed with a previously published protocol” with slight modifica-
tions. Inbrief, naive PXGL hPS cell colonies were dissociated into single
cells with Accutase (Thermo Fisher Scientific) incubation at 37 °C for



3 min. Cells were pelleted by centrifugation for 3 minat1,000 rpmand
resuspended in naive PXGL medium. MEFs were depleted at 37 °Cin
5% CO, for approximately 40 min on gelatinized tissue-culture-grade
plates. Geltrex-coated plates were prepared with 1:30 Geltrexin DMEM
andincubated for 30 minatroom temperature followed by 1 hat37 °C.
Next, naive hPS cells were collected and resuspended in naive PXGL
medium supplemented with 10 pMROCK inhibitor (Y27632) and plated
on Geltrex-coated plates. After 48 h, hPS cells were washed once with
DMEM/F12 supplemented with 0.1% BSA. Capacitation was performed
inN2B27-based medium supplemented with the WNT inhibitor XAV939
(2 pM; Sigma-Aldrich) as previously indicated'. N2B27-based medium
contains 1:1 mixture of DMEM/F12 neurobasal, 10% B27, 5% N2,10%
100X Glutamax and 1% 50 mM (-mercaptoethanol (all Gibco). The
mediumwas renewed every day. Cells were partially capacitated until D5
beforebeing used for the generation of hEEs as described in the section
‘Generation of multicellular aggregates (human extra-embryoids) in
3D’. The highest potential for the hEE generation from partially capaci-
tated PXGL cells was observed on D5 of the naive-to-primed transition.
Beyond D5, this ability rapidly declined similarly to what is observed
for conventional primed hPS cells.

Signal modulation experiments

For functional experiments presented in Figs. 2f, 3f-i, 4cand Extended
DataFigs. 6g,h,jand 10a,d, the following treatments were used: 10 pM
SB431542 (STEMCELL Technologies), 1 uM XAV-939 (Sigma-Aldrich),
3 UM IWP-2 (Tocris), 10 uM PD0325901 (STEMCELL Technologies),
100 pM SU5402 (R&D systems), 1, 2 or 4 uM LDN (Sigma-Aldrich),
350 ng mI™ Noggin (R&D systems), 100 or 200 ng ml™ recombinant
humanBMP2 protein (Peprotech),100,200 or 400 ng mI™ BMP4 (Fisher
Scientific), and 100 or 200 ng mI™ BMP7 (Peprotech). Subsequent
medium changes were performed daily with the same concentration
intherespective medium.

FACS

Organized D3 or D4 hEEs were collected by pipetting from AggreWells
and washed twice with PBS-0.1% BSA. Following this, hEEs were disso-
ciated into single cells with TryplE incubation at 37 °C for 5 min. After
gentle pipetting, TryplE was inhibited with PBS-0.1% BSA and cells
were pelleted by centrifugation for 3 minat 1,000 rpm. The single-cell
dissociation was confirmed by using ahaemocytometer and cells were
resuspended in PBS-BSA before being resuspended in FACS buffer
and filtered through a mesh into a FACS tube. FACS sorting (S3e Cell
Sorter; 1451005, Bio-Rad) was performed to collect SOX2-mCitrine*
and SOX17-tdTomato" cells in mIVC2 medium before being used for
experiments. For the expansion culture of sorted hEE hypoblast cells
(shown in Fig. 1j), a naive primitive endoderm expansion protocol®
was applied.

Co-culture of primed hPS cell aggregation with FACS-sorted hEE
hypoblast cells or differentiated definitive endoderm
SOX17-tdTomato* cells were FACS-sorted from D3 or D4 hEEs as
described above and primed hES cells (grown under mTeSR conditions
(STEMCELL Technologies)) were differentiated to definitive endoderm
using a published protocol®. Of sorted or differentiated cells, 18,000
cells were mixed with 6,000 hPS cells grown under mTeSR conditions
(STEMCELL Technologies) and added dropwise to one well of AggreWell
400. The standard hEE aggregation protocol was followed for both
the strategies as described in the section ‘Generation of multicellular
aggregates (human extra-embryoids) in 3D’

Chimera assay

Mouse embryos at the two-cell stage were recovered from 5-6-week-old
CD1females that were superovulated by injection of 7.5 IU of serum
gonadotropin from pregnant mares (ProSpec) followed by 7.5 IU of
human chorionic gonadotropin (Sigma) after 48 h and were mated

with 8-12-week-old CD1 males. Embryos were recovered in M2 medium
(Sigma) by flushing the oviduct. After transferring to KSOM (Millipore),
theembryoswere culturedintheincubatorat37 °Cin 5% CO, for approx-
imately 60 huntil they reached early blastocyst stage (E3.250r E3.5).On
the day ofinjection, D3 or D4 hEEs were collected, washed with PBS and
incubated with TrypLE at 37 °C for 5 min. SOX17-tdTomato" cells were
sorted viaFACS (as described above) and 5-10 cells were microinjected
into the mouse early blastocyst cavity and cultured overnight in KSOM
at37°Cin 5% CO,beforeimmunostaining. For postimplantation stages,
pseudopregnant surrogates were prepared by mating CD-1female mice
inoestrus with vasectomized Swiss-Webster strain male mice. Approxi-
mately 15 injected embryos were transferred to each uterine horn of
2.5-day pseudopregnant surrogates. Surrogates were killed 2 days
post-transfer and uteri were recovered for postimplantation embryo
dissection from deciduae in a HEPES-buffered medium. The same pro-
tocol applied for SOX17-tdTomato* cells derived from primed hPS cells
(grownunder mTeSR conditions (STEMCELL Technologies)) definitive
endoderm differentiation. For definitive endoderm differentiation,
we applied a previously published protocol®. In our hands, definitive
endoderm differentiation efficiency was found around 50-70% as
judged by SOX17-tdTomato" induction. All mice were maintained in
accordance withnational and international guidelines. All experiments
have been regulated following ethical review by the Yale University
Institutional Animal Care and Use Committee. All experimental mice
were maintained in specific pathogen-free conditions on a12-12-h
light-dark cycle temperature-controlled facility with free access to
water and food, and used from 5-6 weeks of age. For animal experi-
ments, no randomisation or blinding was performed.

Immunofluorescence staining

Immunoflourescence was either performed onbulk or selected groups
of multicellular aggregates. Aggregates were fixed in 4% paraformalde-
hyde for 20 min at room temperature. After fixation, aggregates were
washed with 1x PBS-0.05% Tween-20 and permeabilized using 1 mM
glycine and 0.3% Triton X-100 in PBS for 20 min at room temperature
on arocking platform. Subsequently, primary antibody incubation
was performed overnight at 4 °C in blocking buffer (PBS containing
10% FBS and 10% Tween-20). The next day, the structures were washed
with1x PBS-T, thenincubated overnight at 4 °C with secondary antibod-
ies diluted in blocking buffer. On D3, structures were washed with 1x
PBS-1% BSA and finally transferred into 1x PBS-1% BSA drops within
30-mm mineral oil-filled (Sigma) glass bottom microwell dishes (Mat-
Tek Corporation) before confocalimaging. All antibodies used in this
study are listed in Supplementary Table 5.

Image data acquisition and processing

Samples wereimaged with the LeicaSTELLARIS 5 microscopein tilescan
mode, usingaHC PLAPO CS2 x40/1.10 water objective, lateral pixel size
0f 0.569 pum, aZ-spacing of 2-3 um and appropriate laser and filters for
Alexa405, Alexa 488, Alexa 546 and Alexa 633 or combinations thereof.
Single zoomed-in sections were imaged with a Z-spacing of 2 pum and
lineaveraging of 3 for all filters except Alexa405. The Z-compensation
parameters were kept consistent for the respective filters.

Image analysis

Estimates of cell number. Images were acquired with 2-pym
Z-separation. Estimated cell numbers within the inner embryonic and
outer extra-embryonic compartments were acquired using a Fiji (ver-
sion 1.53tJava 1.8.0_322 (64-bit)) plugin called Object Scan from the
Gurdon Institute (Cambridge, UK). Object Scan generates estimated
outlines around individual cells within an aggregate. These outlines
were verified manually after each aggregate to ensure each cell was
accounted for. The automated cell number estimates from Object Scan
were adjusted accordingly after manual verification of cellnumber. Esti-
mated cellnumbers were obtained from the SOX2"inner compartment
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and SOX17* outer compartment from the surface of the aggregate as
deepinto the aggregate as signal can still be visualized.

Size quantification. Size quantifications of the SOX2" inner compart-
mentand the total aggregate were obtained using Fiji software (version
1.53tJava 1.8.0_322 (64-bit). An outline was drawn around the SOX2"*
inner compartment and the whole aggregate at the mid-Z-section of a
single plane. The area measurement of each outline was acquired for
both the SOX2" inner compartment and the total aggregate.

CER1 and T expression patterning quantification. For CER1and T
expression patterning quantification presented in Extended Data
Fig. 8e, acombination of 3D projection, max intensity projection and
single sections on the Leica software (version 3.7.6.25997) were used to
determine the spatial relationship between CER1and T. Only the CER1
signalin the outer hypoblast-like region was considered, as the CER1"
signalin T" cells is expected as part of mesodermal differentiation.

Angle quantification. For 2D angle quantification presented in
Fig. 4b, Leica software (version 3.7.6.25997) was used to quantify the
angular distribution of CER1" cells bisecting high and low T cells in
the epiblast-like domain in 2D space. A line was drawn to separate
the high from the low T domains in the epiblast-like region. A vector
including the bisecting T* gradient line and one CERI1" cell along with
the angle measurement of the vector was generated by the software.
Finally, the vector plot was generated by the ‘plotly’ package in R studio
(Rversion4.1.3). For the 3D angle quantificationin Fig.4b, the 3D viewer
onImaris software (Imaris x64 10.0.0) was used to mark CER1" cellsin
the hypoblast-like region. CER1" cells were connected to each other
using vectors, and angle measurements were taken using the angle
measurement function on Imaris software. T high and low regions were
determined using the Fire intensity gradient LUT on Fiji.

Diameter measurement. For measuring the diameter of hEEs in
Extended DataFig. 1c, Leica software was used to define the length and
height of the mid-Z-plane of each structure. The height axis orientation
of each hEE was determined by the shortest distance of the acentric,
inner compartment to the outside of the hEE. Once the height axis is
assigned, the height axis is the longest distance across the structure.
The length axis is the longest distance across the structure perpen-
dicular to the height axis.

Image processing. Images were processed in Fiji Image ] open
access software (1.53tJaval.8.0_322 (64 bit)) or Leica Application Suite
X (3.7.6.25997). Figures 2d,e and 4b,d and Extended Data Fig. 5b,c were
processed using the Fire intensity gradient LUT; Figs. 1g and 3a and
Extended DataFig. 6a,i using smart LUT; Figs. 3e and 4e using the Green
Fire Blue intensity gradient; Fig. 4d and Extended Data Fig. 10a using
the Magmaintensity gradient; Extended Data Fig. 6f using Orange hot
inImage] Fiji; and Extended Data Fig. 10d using the rainbow gradient
spectrumon Leica Las X software. Finally, kymographs in Extended Data
Fig. 6c were generated using Fiji (version 1.53t Java 1.8.0_322 (64 bit).

SMAD nuclear fluorescence intensity quantification. Nuclear seg-
mentation masks of the epiblast-like compartment of the hEE were
generated using Ilastik software (Ilastik-1.4.0). llastik was trained to
distinguish nuclear from cytoplasmic signal from top, middle and
bottom sections for three structures. Once llastik could accurately
distinguish the cytoplasmic from the nuclear signal, nuclear seg-
mentation masks were generated for the full image sequence of each
structure. The nuclear segmentation masks for each section of each
structure (approximately 20 sections per structure) was overlaid onto
the ISL1and SMAD channels and the raw integrated density and area
measurements were obtained for each nuclear segmentation of the
inner compartment using a macro on Fiji. Fluorescence intensity was

determined by raw integrated density divided by area. ISL1* and ISL1
cellswere distinguished by determining the lowest fluorescence inten-
sity signalinISL1" analysed cells. All cells above this threshold (600 raw
integrated density per area) were classified as ISL1" and all cells below
were classified asISL1".

Nuclear circularity measurement. Nuclear circularity measurements
of ISL1* only, SOX2* only and ISL1'SOX2" cells in Extended Data Fig. 4c
were quantified by their respective aspect ratios. The length and height
measurements of the mid-section of hEEs were determined using Leica
software (version 3.7.6.25997). Height of the nucleus was determined
by thelongest distance across the nucleus parallel to membrane stain-
ing (N-cadherinand F-actin) and perpendicular to the central cavity of
the hEE. This axis was also based on the apical and basal orientation of
the cell (refer to Extended Data Fig. 4c). The length axis is the longest
distance across the nucleus perpendicular to the height axis. ISL1I'SOX2*
were classified by cells with approximately equal fluorescence intensity
values for SOX2*and ISL1" signals. Nuclei that were only partially visible
on the mid-section of the hEE were excluded from nuclear circularity
measurement. Over 70% of cells in the inner compartment in a single
plane were accounted for.

Timelapse liveimaging

Confocal timelapseimaging during hEE development, generated from
RUES2-GLR hPS cells, was performed using a Leica STELLARIS 5 micro-
scope using a x10 or x40 objective and appropriate laser and filters
for Alexa 488, Alexa 546 and Alexa 633 or combinations thereof. The
structures were imaged at 10-20-min intervals in 40-um zoomed-in
image stacks of 2-um z planes for at least 16 h in on pre-treated Ibidi
dishes (Ibidi), under a humidified chamber at 37 °C and 5% CO,.

Single-cellisolation of human extra-embryoids for scRNA-seq
hEEs that exhibited inner and outer compartment organization under
brightfield microscopy were collected for single-cell isolation on D4
and Dé. These were generated from independent hEPS cell cultures—dif-
ferent clones and passage numbers from the same genetic background
(ESI017)—inducedinto hEEsin two individually prepared AggreWells,
for a total of four AggreWells (and two independent experimental
replicates) per timepoint. Same timepoint wells were then pooled for
disassociation to account for potential batch-level experimental vari-
ationin hEE progression. Roughly 200-300 aggregates per timepoint
were serially washed through several drops of PBS supplemented with
0.1% BSAbeforeincubationin200 ml TrypLE (Gibco) at 37 °C for 15 min.
Structures were dissociated by pipetting under a stereomicroscope
at 5-min intervals and returned to incubation until a predominantly
single-cell suspension was confirmed. Although the epithelial cells
of the internal compartment dissociated readily, additional time was
required to fully dissociate cells in the outside layer due to the appear-
ance of amore extensive extracellular matrix. Once dissociated, cells
were collected in 1 ml 0.1% BSA in PBS, filtered using a FlowMi cell
strainer (40 mM; Scienceware) and centrifuged for 5 minat1,000 rpm.
After two washes, single-cell suspensions were resuspended at a set
volume, counted using a standard haemocytometer and adjusted to
1,000 cells per microlitre. Single cells (n = 16,500) for each timepoint
were loaded onto a Chromium Controller (10X Genomics) to generate
single-cell transcriptomes using the Chromium Next GEM Single Cell 3’
platform accordingto the manufacturer’s protocol (10X Genomics) and
sequenced to more than 300 million read pairs onanIllumina NovaSeq
6000. Before more detailed analyses, the overall runs were validated
according to the initial CellRanger outputs, including approximately
30,000 meantranscripts per celland 3,800 median genes per cell. The
overall fraction of transcripts represented by mitochondrial genes
was less than 5%. A total of 22,054 cells were obtained for D4 and D6
aggregates. D4 aggregates consisted 0f 10,826 cells, and D6 aggregates
comprised 11,228 cells.



scRNA-seq data analysis

Afterinitial validation of the library quality, preliminary clustering and
filtering steps were taken to identify and eliminate library preparation
andsequencingartefacts. Theseincluded the removal of cells withmore
than 10% mitochondrial transcript counts to discard non-viable cells
(1,493 cellsremoved, 6.7% of total), more than 27,500 transcript counts
toremove likely doublets (1,069 cells, 4.8% of total) and less than 3,430
transcripts to remove low-quality cells (2,013 cells, 9.0% of total). A total
0f19,247 cells were preserved at this stage, corresponding to 85.8% of
total cells. Data for D4 and D6 were processed separately using the
Seurat (v.4.3.0) package inR (v.4.2.3). Processing stepsincluded library
log normalization, data scaling and linear dimensionality reduction
through principal component analysis using the 2,000 most highly
variable genes in the sample, identified with a variance stabilizing
transformation. We used the UMAP algorithm for reduction into two
or three dimensions. After calculating cell cycle scores for single cells
based on the expression of canonical proliferation markers for S and
G2M phases using the CellCycleScoring function in Seurat, we used a
regression model to reduce variance derived from cell cycle differences
during data scaling, then repeated the dimensionality reduction
stepsdescribed. All pre-processing was performed with default param-
eters unless specified. We observed a high degree of separationbetween
D4 and D6 samples in the low-dimensional projection, suggesting
potential experimental variation. To address this, we performed data
integration using reciprocal principal component analysis (RPCA)
to correct technical variance in a conservative manner that aims to
preserve timepoint-specific transcriptional states. These integrated
data were re-processed as previously described.

Forourinitial cell-type classification, we used reference label transfer
to in vivo embryo data from Xiang et al.”>, which confidently split hEE
data into two populations associated with either epiblast or hypo-
blast states. hEE cells separate readily into these two compartments,
which accounts for the major source of variation within the hEE dataset
(extra-embryonic versus embryonicidentity was captured in principal
component1and explains12.6% of total variance, compared with 1.17%
for principal component2). To perform higher-resolution subcluster-
ing, we subset these compartments and subjected them toindependent
subclustering and quality control of communities with abnormal qual-
ity metrics. This final round of quality control preserved 18,042 cells,
corresponding to 81.8% of total cells. These subcluster annotations
were then used to describe the complete data, as reported in Fig. 2a.

Pseudotime and trajectory inference analyses were performed
using Slingshot* (v.2.7.0) for principal curve calculation; Single-
CellExperiment®® (v.1.12.0) and scater*® (v.1.26.1) were used for gene
expression visualization over pseudotime (Fig. 4f and Extended Data
Fig.10b). The data were subset to cell types potentially undergoing
epithelial-to-mesenchymal transition (PI-Epi, primitive streak-like and
mesoderm-like) for this analysis. PI-Epi cells were randomly downsam-
pledfor visualization purposes (7,332 down to 387 cells, equivalent to
the sum of primitive streak-like and mesoderm-like cells). The principal
curvewasthentraced over thefirst two principal componentstoinfer
pseudo-temporal organization.

We used the AddModuleScore function in Seurat to calculate
gene module scores for primitive and definitive endoderm markers
(Extended DataFig. 3g). Gene set enrichment analyses for KEGG path-
ways® were performed using the WebGestalt® web tool with 10,000
permutations and otherwise default parameters. Gene sets were built
using the FindMarkers function in Seurat with test.use =‘DESeq2’ and
otherwise default parameters. Genes with adjusted P> 0.05 were dis-
carded. The ShinyApp application was built using ShinyCell6 (v.2.1.0).
Violin and bubble plots, gene expression heatmaps and expression
UMAPs were generated using ShinyApp. Cell-type and pathway marker
heatmaps were plotted with ComplexHeatmaps® (v.2.14.0). The
ggplot2 package (v.3.4.2) was used to create boxplots, pie charts and

scatterplots. Volcano plots were generated with EnhancedVolcano
(v.1.16.0). Cluster markers were identified using Wilcoxon rank-sum
with the presto package (v.1.0.0) or the FindAlIMarkers function in
Seurat.

Benchmarking against published in vivo embryo datasets

Our initial projection identified two large compartments, consistent
with the high degree of variation within the integrated sample that
could be explained by principal component 1 (12.6% of total variance
by principal component1and 1.17% by principal component 2). Of
note, the genes contributing to this stratification fit canonical regula-
tors of pluripotent and extra-embryonic endodermal identity (SOX2,
POUSF1, APOE and SERPINE2). We also performed UMAP reference
mapping and label transfer to scRNA-seq data previously generated
and described™*"*, which captured human development from 5-11
days post-fertilization and asingle sample at approximately 16-19 days
post-fertilization, as well as cynomolgus monkey embryos from11-14,
16 and 17 days post-fertilization, respectively. We first reconstructed
these public data using Seurat with parameters as defined by previously
published methods*. We maintained the reported cell-type assign-
ments of each cell for reconstruction and performed RPCA integration
to build a reference dataset with all 50 cell-type labels. To reduce the
number of redundant labels, we aggregated similar cell types based on
the original annotation and transcriptional similarity assessed through
sequential unsupervised clustering (see Extended Data Fig 3e.), settling
on2lcelltypes (Extended Data Fig. 3d). Using thisreduced annotation,
we built a logistic regression-based classifier model using CellTypist
(v.1.3.0) to transfer reference labels to the hEE cells using the ‘major-
ity_voting’and ‘best_match’ parameters. We then used the MapQuery
functionin Seurat to predict the position of hEE cells within the refer-
ence UMAP space. The ‘decision score’ in the heatmap of CellTypist
scales each single-cell transcriptome and transforms it according to
coefficients generated from the logistic regression-based model in
CellTypist. Scores were averaged for each hEE cell type and row-scaled
to highlight the degree to which they match every reference cell label.
We also used the cosine functionin the Isa package (v.0.73.3) to assess
cosine similarity between hEE and reference cell-state transcriptomes,
and ComplexHeatmaps9 (v.2.14.0) to create the associated heatmap.
To this end, we used 1,931 of the top 2,000 highly variable genes used
toclusterand characterize hEE scRNA-seq data (69 genes did not have
aclear match to the cynomolgus data). Rows and columns were clus-
tered inthe heatmap using Euclidean distance. For more details on our
assignments and analytical approach, see Supplementary Notes 1-4.

Whole-genome bisulfite sequencing and analysis
Whole-genome bisulfite sequencing was conducted as previously
described®. In brief, hEPS cell samples were snap frozen and SOX2*
and SOX17* fractions of D4 hEEs were purified with FACS using aSony
SH800S Cell Sorter to aminimum of 10,000 cells for each fraction.
Cellswerethen pelleted, snap frozen and subjected to DNA purification
using a DNA lysis buffer comprising 10 mM Tris, 10 mM NaCl, 10 mM
EDTA, 0.5% SDS and 300 mg ml™ molecular biology grade proteinase
K (Roche). After approximately 6 h of incubation at 55 °C, samples
were purified viaa phenol-chloroform-based phase separation, etha-
nol precipitation and sheared using a Covaris S220 Ultrasonicator to
approximately 400 bp. Re-concentrated DNA was then bisulfite con-
verted using the EZ-DNA methylation Gold Kit (Zymo Research) and
synthesized into libraries using the xGen methylation sequencing DNA
methylation kit using unique dualindex adapters (IDT). Final libraries
were amplified with ten PCR cycles and sequenced on aNova-Seq 6000.
After sequencing, raw reads were subjected to adapter and quality
trimming using cutadapt (version 2.4; parameters: --quality-cutoff
20 --overlap 5 --minimum-length 25; lllumina TruSeq adapter clipped
from both reads), followed by trimming of 10 and 5 nucleotides from
the 5" and 3’ end of the first read and 15 and 5 nucleotides from the 5
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and 3’ end of the second read. The trimmed reads were aligned to the
humanhgl9 reference genome using BSMAP (version 2.90; parameters:
-v0.1-s16-q20-w100-S1-u-R). Asorted BAM file was obtained and
indexed using SAMtools with the ‘sort’ and ‘index’ commands (ver-
sion 1.10). Duplicates were removed using the ‘MarkDuplicates’ com-
mand from GATK (version 4.1.4.1) and default parameters. Methylation
rates were called using mcall from the MOABS package (version1.3.2;
default parameters). Allanalyses were restricted to autosomes and only
CpGs covered by at least 5 and at most 150 reads were considered for
downstream analyses. hES cell and placental samples were from previ-
ously published data: hES cell samples are HUES8 and HUES64 from
GSE126958 and the placental samples are CT1and CT3 from GSE152104.
All samples were filtered for a minimum of 10 and a maximum of 150
reads. Correlation between genome-wide CpG methylation levels were
calculated using the R function‘corr’and visualized using the Complex-
Heatmap package. For all other downstream analysis, replicates were
averaged after having applied the coverage cut-off. CpGisland annota-
tion was downloaded from the UCSC Genome Browser and ‘placenta
hyper-CpG islands’ were defined by having a minimum difference of
0.1between the human placenta and the hES cell averaged sample.
Violin plots of 1-kb tiles and CpG islands were calculated by first averag-
ingacrossregions and then plotting the methylation distributionasa
vioplot using the R package ‘vioplot'.

Statistics and reproducibility

Statistical tests were performed on GraphPad Prism 9.3.1, 9.4.0 and
9.5.1software. No statistical method was used to predetermine the
samplesize. Where appropriate, analysis of variance (one-way ANOVA),
post-hoc Dunnett’s multiple comparison test or two-sided unpaired,
t-test with Welch’s correction was applied. All the experiments were
performed in at least three biological replicates unless specifically
describedinthe Methods and the figure legends. Figure legends indi-
catethe number of structures and independent experiments performed
for each analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data for hEEs generated in this study have been
deposited in the Gene Expression Omnibus database under the
accession code GSE208195. Published human gastrulain vivo, human
post-implantation embryos in vitro and cynomolgus monkey in vitro
embryo datasets used in this study were obtained from refs. 14,15,28
under accession numbers E-MTAB-9388, GSE136447 and GSE130114,
respectively. For whole-genome bisulfite sequencing data, previously
published hES cell samples were obtained from GSE126958 and the
placental samples were obtained from GSE152104. All other data are
available on request. Source data are provided with this paper.

Code availability

The code generated in this study is provided at https://github.com/
Smith-Lab-YSCC/hExtra_embryoid.

51.  Yoney, A. et al. WNT signaling memory is required for ACTIVIN to function as a morphogen
in human gastruloids. eLife 7, 38279 (2018).

52. Martyn, |., Brivanlou, A. H. & Siggia, E. D. A wave of WNT signaling balanced by secreted
inhibitors controls primitive streak formation in micropattern colonies of human embryonic
stem cells. Development 146, dev172791(2019).

53. Blauwkamp, T. A., Nigam, S., Ardehali, R., Weissman, I. L. & Nusse, R. Endogenous Wnt
signalling in human embryonic stem cells generates an equilibrium of distinct lineage-
specified progenitors. Nat. Commun. 3, 1070 (2012).

54. Sakkas, D., Lu, C., Zulfikaroglu, E., Neuber, E. & Taylor, H. S. A soluble molecule secreted
by human blastocysts modulates regulation of HOXA10 expression in an epithelial
endometrial cell line. Fertil. Steril. 80, 1169-1174 (2003).

55. Sozen, B. et al. Self-assembly of embryonic and two extra-embryonic stem cell types into
gastrulating embryo-like structures. Nat. Cell Biol. 20, 979-989 (2018).

56. Sozen, B. et al. Self-organization of mouse stem cells into an extended potential blastoid.
Dev. Cell 51, 698-712.€8 (2019).

57. Street, K. et al. Slingshot: cell lineage and pseudotime inference for single-cell
transcriptomics. BMC Genomics 19, 477 (2018).

58. Amezquita, R. A. et al. Orchestrating single-cell analysis with Bioconductor. Nat. Methods
17,137-145 (2020).

59. McCarthy, D. J., Campbell, K. R., Lun, A. T. & Wills, Q. F. Scater: pre-processing, quality
control, normalization and visualization of single-cell RNA-seq data in R. Bioinformatics
33, 1179-1186 (2017).

60. Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M. & Tanabe, M. KEGG: integrating
viruses and cellular organisms. Nucleic Acids Res. 49, D545-D551 (2021).

61. Liao, Y., Wang, J., Jaehnig, E. J., Shi, Z. & Zhang, B. WebGestalt 2019: gene set analysis
toolkit with revamped Uls and APIs. Nucleic Acids Res. 47, W199-W205 (2019).

62. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics 32, 2847-2849 (2016).

Acknowledgements We are grateful to A. Cox for constructive comments on the manuscript
and for the illustrations presented in this paper; A. Meissner for support with scRNA-seq;

K. Sumigray for support with confocal microscopy; P. Rugg-Gunn and M. Rostovskaya for
support with the integrated scRNA-seq data; M. Carlino, B. Lesch and H. Yu for their help with
FACS; W. Chadwick for support with SMAD1 nuclear quantification; the Virtual Human Embryo
project for providing the Carnegie stage human embryo section image shown in Fig. 1g
(https://www.ehd.org/virtual-human-embryo/slide.php?stage=5b); and all members of the
Sozen laboratory for their helpful discussions throughout the project. Additionally, B.S. is
grateful to the late N. Demir for the support and contributions throughout years. M.P. and N.D.
are supported by the NIH T32 Training Program in Yale Genetics. The Smith laboratory is
funded by the Mathers Foundation and the Chen Innovation Award. The Sozen laboratory is
funded by the Richard and Susan Smith Family Foundation, the Yale Stem Cell Center Chen
Innovation Award and Reprogrants.

Author contributions M.P. and B.S. designed and optimized the hEE platform. M.P. and S.I.G.
performed experiments, analysed the data on stem cell-based structures and helped with
writing of the manuscript. N.D. and Z.D.S. performed bioinformatics analyses of scRNA-seq
datasets. L.Z. performed mouse embryo chimera experiments. T.-C.J.H. and H.K. performed
whole-genome bisulfite sequencing data analysis. Allindependent replication of the
experiments performed at Yale were done by M.P,, S.I1.G., L.Z., Z.D.S. and B.S. B.S. conceived
and supervised the project and wrote the manuscript with substantial input from Z.D.S. All
authors reviewed the manuscript.

Competing interests All authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06354-4.

Correspondence and requests for materials should be addressed to Berna Sozen.

Peer review information Nature thanks Kirstin Matthews and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126958
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152104
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE208195
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9388/
http://www.ebi.ac.uk/arrayexpress/experiments/GSE136447
http://www.ebi.ac.uk/arrayexpress/experiments/GSE130114
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126958
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152104
https://github.com/Smith-Lab-YSCC/hExtra_embryoid
https://github.com/Smith-Lab-YSCC/hExtra_embryoid
https://www.ehd.org/virtual-human-embryo/slide.php?stage=5b
https://doi.org/10.1038/s41586-023-06354-4
http://www.nature.com/reprints

a hEP cells (D5 in 3D culture) c Diameter of hEE structures

OCT4GATA3F-ACTIN soxz SOX17 DAPI SOX17 =300 @ oircutar (0| A ey
g blat g
- o oOblate L
‘£ 200 % {
%- g’ Iy #A A®® ° o
E = .m’ Tl d
2 2100 R
[ 2 et @ A RUES
0 cylindrical ; Eglm 7
. 100 200 300
RSET cells (D5 in 3D culture) d Length (micron)
SOX2GATA3F-ACTIN SOX2 FOXA2 DAPI FOXA2 g 25000 SOX2+ SOX17+
e i

- £ 20000
Q@ © 15000
2 E
g z 10000 )
w = 5000

3 T leded 5 ¢l

< D1 D2 D3 D4 D5 D1 D2 D3 D4 D5 D1 D2 D3 D4 D5

mTeSR cells (D4 in 3D culture) e
OCT4SOX1 7F-ACTIN SOX2 SOX17 DAPI SOX17
B hDE directed S .

- differentiation \ in vitro culture (~E4.5)
o from primed ) — or
g hESCs transfer to
g pseudopregnant
L mice (~E5.5)

SOX1 7(dToma\o
hDE injection (Oh 20h post-injection

PXGL cells (D5 in 3D culture)

Non-capacitated Partially capacitated D5
SOX2GATA3F-ACTIN SOX2 FOXA2 DAPI FOXA2

Mouse embryo ~E5.5
DAPI

human
antigen

PXGL partiall
RSET mTeSR PXGL <:apacitatedy

exclusion
0,
79.99% % f < e Background CGls (n=22,629)
o ¥ o
= 1764 n=513 = n=188 n=139 T 25 10
24 replicates 8 replicates 3 replicate 4 replicates* 2 replicates =0 03 g =08
%E 06 & Sos
hEEs SOX2+ GATA3+/SOX17+e4 S % D 04
0 o only B X only S8 3‘_ 02 g<§(oz
7] ~00 2 < 0o
unorganised undefined ~ =z 5 ,\1 (\\0 — % % *'L \1 6@
= SOX2+ and o lineage < h a ‘\(o? ?’ D“E:O 2 D (,/? © b(%o *? 2
GATA3+/SOX17+ identity™ 9 X o® ot
IFOXA2+ =f
< Sox2 Sox17 Pax6
g 0 chr3:181,407,715-181,454,224 . 10kb  chr8:55,348,497-55,395,452 10kb | chr11:31,800,053-31,857,378 10 kb
L hesc
-zs e o Foses 2o b L
hPlacenta (Rep 1) ’ J '
hPlacenta (Rep 2) 1
D4 Sox17* (Rep1) © Gl
T
D4 Sox17* (Rep2) =1 ’
Z .
hESC (Rep 1) g 0
+
hESC (Rep 2) O1 'Di Sox17
2 [
D4 Sox2* (Rep 1) Oo
4 hPlacenta
DO hEPSC (Rep 1) } ‘ ) ) I L
ol i
DO hEPSC (Rep 2) Soxi7 Pax6
1 kb tiles (n=2,494,542) ~ Correlation Genes th
0‘:.40_6“ d CGls 1 | [ B N 11 i

Extended DataFig.1|See next page for caption.



Article

Extended DataFig.1|Evaluating stem cell pluripotency states by their
potential to form human extra-embryoids. (a) hEEs generated from hEP, RSeT,
mTeSR, or PXGL hPSCs. Scale bar, 50 pum. N values and independent experiments
arepresentedin panelb. (b) Pie charts displaying the yield of multicellular
aggregatesin panel a. Percentages correspond to hEE formation. *PXGL (non-
capacitated) =4 independent experiments total. Note that 2 experiments failed
toaggregate.mTeSR =3 independent experiments. Note that 2 experiments
failed to aggregate. Insertimages show examples of undefined lineage
identity(**). Scale bars, 50 pm. (c) Diameter of hEEs generated from RUES2

(N =50), ESI017 (N =50), H9 (N = 50) hPSCines. 10 independent experiments.
(d) Area of SOX2+, SOX17+, and total regions of hEEs from D1 through D5 of
culture.D1(N=109),D2 (N =86); D3 (N =73); D4 (N=97),D5(N =79).Eachdot
represents one analysed structure. The plot shows the median (solid, red line)
and quartiles (red, dotted line). 3independent experiments. (e) Chimeric

integration strategy to inject directed-differentiated definitive endoderm
from primed hPSCs to mouse embryos. Representative E4.5blastocystand
ES.5embryo with SOX17-tdTomato+ cell (also marked by human antigenin
green) were excluded from the Sox17+ primitive or visceral endoderm layer
(white or yellow). 0/49 embryos, 4 independent experiments. Scale bar, 20 pm.
(f) Violin plots showing the global methylation levels (left) and split violin plots
for CpGislands (right) of hREE compared to hESCs and human placenta®. White
circlesand horizontal bars represent the median, boxes the interquartile range
(IQR), and whiskers 1.5xIQR. (g) Hierarchical clustering of 1-kb tiles across

hEE replicate samples compared to hESC and placental samples. (h) Genome
browser tracks of three developmental lociin hEE samples as they compare to
hESCs and human Placenta (as proxies for embryonic and extraembryonic
landscapes, respectively). Illustrationsin e, credit: A. L. Cox.
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Extended DataFig.3 | Embryonic- and extra-embryonic-like celltypes
resemble human embryo lineages. (a) Top: 3D UMAP plot showninFig.2a
with D4 and D6 time points separatedin 2D. Bottom: Percentages for each cell
stateareincluded for each time point. For lineage abbreviations, refer to Fig. 2a.
(b) Gene expression within D4 and D6 structures including the number of cells
per cell state. The colour scale represents row-scaled marker gene expression
level. (c) PCA plot (left) and PC1rank (right) of cells assigned to embryonic-and
extra-embryonic-like lineages in hEEs. For lineage abbreviations, see Fig. 2a.

(d) Table of merged state annotations to connect our three in vivo reference
samples (see Methods). Bars represent the number of cells in each original label
(log2 transformed) to highlight the difficulty in fine-resolution cell state
assignments using machinelearning. For invivoreference lineage abbreviations
pleaserefer to Supplementary Table 3. Data sets are indicated as Xiang et al.’®
(triangle), Ma et al.?® (circle), and Tyser et al."* (square). () Heatmap of mean
CellTypist decision scores between hEE cellsand each invivoreference state

(see Methods). Scores were averaged for each hEE cell type and row-scaled to
highlight the degree towhich they match eachrespectivereferencelabel.
Rows and columns are clustered using Euclidean distance. (f) Cosine similarity
heatmap comparing average gene expression between hEE and reference
states (see Methods and Supplementary Notes). (g) Left: Box plots that show
the per-cellmodule score for Definitive Endoderm (DE) and Extra-embryonic
Endoderm (Ex.En) associated transcripts. For lineage abbreviations, refer to
thelegend for Fig.2a. Each dot represents asingle cell. Boxplot shows
interquartile range as bars, median asblack midline, and quartile ranges as
verticallines. N =18,042 cells from 4 independent differentiation experiments.
Right: The pie charts represent the proportion of cells within extra-embryonic
clusters thatare positive for Definitive Endoderm (DE) or Extra-embryonic
Endoderm (Ex.En) associated transcripts. N numbers for sample size isshown
inthe charts, 4 independent differentiation experiments.
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Extended DataFig. 4 |The hEE amnion-like lineage exhibits squamous
morphology and expresses key primate amnion markers. (a) Percentage

of ISL1 phenotype frequenciesin H9 hEEs. The plot shows mean+SD.N =297
structures, 7 independent experiments. (b) Representative structures in panel
a.Scalebars, 50pum. (c) Left: Schematic of height and length aspectratio
quantification to determine nuclear shape. Right: Ozone graph of nuclear
length and height of SOX2+ (blue), ISL1+ (red), and SOX2+ISL1+ (grey) cells
fromthe hEE phenotypesintroducedinA. Each symbol represents one cell.
Eachshape correspondsto anindividual structure. Eachgraphincludes>10
aggregates and >80 cells for 3-5independent experiments. Schematic shows
transparent nuclear masks atop of SOX2+ISL1+, ISL1+,and SOX2+ cellsin D5
structures with the central cavity highlighted in yellow and arrows highlighting
the nuclear orientation. (d) Co-staining of ISL1 with TFAP2A (left) or GABRP
(right) inrepresentative D5and D6 hEE structures. Sindependent experiments.
Scalebar, 20 pm. (e) Bar graph of the proportion of SOX2+, ISL1+, and SOX2+

ISL1+ (double positive) cells. N = 14 structures, 4 independent experiments.
Each dotrepresentsthe percentage of each cell typein eachstructure. Plots
showmean +SD. (f) The expression level of primate amnion markers (/SL1,
DLXS, TFAP2A, and BMP4) in hEEs. PI-Epi - Post-implantation Epiblast-like
(green); AME - Amnion-like (light blue); PI-Epi. L, Postimplantation Epiblast-
Late-like (light purple); PS-like, Primitive Streak-like (brown). Colour scale
reflects normalised transcript counts. (g) Volcano plot of differentially
expressed genes between Amnion-like and Postimplantation Epiblast-like
populationsinthe hEE, including primate amnion markers (TFAP2A,ISL1, and
BMP4) upregulated in Amnion-like population (red boxes). Two-tailed, non-
parametric Wilcoxon Rank-sum test was applied. (h) Expression of early and
late amniotic wave markersidentified from Rostovskayaetal.**inD4 and D6
hEE structures. Expression matrices are row-scaled, colour scale reflects log,
fold change from centre value. (i-j) Gene Set Enrichment Analysis of upregulated
KEGG pathways in PI-Epi vs AME (i) and PI-Epi.L vs AME (j) states in hEEs.
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Extended DataFig. 5| The expression of key BMP signalling components
inthe human extra-embryoid lineages. (a) Top-left: Expression of BMP
signalling factorsinembryonic- and extra-embryonic-like lineagesin D4 and
D6 hEEs. Expression matrices are row-scaled, color scalereflects relative
expression. Top-right: Normalised BMP2, BMPR1A, and BMP4 transcript
counts areshowninboxplots for each state by day. Each dotrepresentsa
single cell. Boxplot shows interquartile range as bars, median as black midline
and quartile ranges as vertical lines. N =18,042 cells from 4 independent
differentiation experiments. Bottom-left: Barplot datashowing fractions of
cells per state or day that express BMP2 or BMP4 alone or in combination with
BMPRI1A.The numbersonthebar plotrepresent the N of cells analysed. The
number are color-coded accordingly: BMP2 or 4 positive =black, BMPRIA
positive =white, double positive =blue, and negative =green. Pooled from 4
independentdifferentiation experiments. Bottom-right: UMAPs show
differential co-expression plots of BMP2 or BMP4 with the receptor BMPRIA.
(b) Left: SOX2-mCitrine (cyan), SOX17-tdTomato (grey), and pSMAD1/5/9 (Fire
intensity gradient on Fiji; purple low, yellow high) ina D4 structure. Right:

Percentages of pSMADI;5;9+ structures in SOX17+and SOX2+ only structures
and hEE outer and inner compartments. hEE (N = 241), SOX2-only (N =28),
SOX17-only (N =34).3independent experiments for hEE and 2independent
experiments for SOX2-only and SOX17-only. Scale bar,20um. (c) 3D surface
view and single-sections of H2B-GFP, F-ACTIN, SMAD1-RFP (Fire gradient on
Fiji; purple low, yellow high), and TFAP2A (Fire gradient on Fiji)in D4 hEE.N= 66
structures, 2independent experiments. Scale bar, 20 um. (d) Top: Schematic of
hEE and 2D human trophoblast stem cells (hTSCs) in co-culture. Bottom-left:
Max intensity projections of ISL1,SOX2,FOXA2,S0X17, CER1and DAPIinD6
hEEson hTS 2D celllayer fromafrontandside view. Yellow, dotted square
encloses theinner compartment of hEE. Bottom-right: Percentage of
structures with SOX2+or ISL1+ only efficiencies ininner compartments of
control hEEs (N=489) and hEEs co-cultured on hTSCs (N = 38 structures). 3
independent experiments each. Two-sided unpaired, parametric t-test with
Welsch’s correction. The figure shows P values. Plots show mean + SD. Scale
bar, 50 pm. Illustrationsind, credit: A. L. Cox.
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Extended DataFig. 6 | Hypoblast-like specificationis required for
patterning. (a) LAMININ expression between embryonic- (green dotted lines)
and extra-embryonic-like (red dotted lines) layers. Scale bar, 50 pm.N =262
D4-Dé6structures, Sindependent experiments. (b) Arepresentative SOX2+
aggregate thatlacks an extra-embryonic-like layer. Scale bar, 20 pm. N =262
D4-Dé6structures, Sindependent experiments. (c) Kymographs of DAPI
fluorescenceintensity across arepresentative cavitated hEE and non-cavitated
structure that lacks an extra-embryonic-like layer (obtained from mid-z-
section). Yellow lines show positions used to plot intensity profiles. (d) Top:
3D aggregation strategy with primed (mTeSR) hPSCsresultin disorganised
aggregate formation (wide-field tile scan). Insertimage shows a close-up of a
disorganised aggregate. Bottom: 3D aggregation strategy with wild-type
primed (mTeSR) hPSCs and hEE-derived SOX17-tdTomato+ cells resultin
organised structure formation (wide-field tile scan). Insertimage shows
organised hEE formation with PODXL+ central cavities. Scale bars,20 um.

(e) Left: Percentage of single-cavitated structuresin panel d. mTeSR + hEE-
derived SOX17-tdTomato+ cell co-culture (N = 439); mTeSR alone (N =118).
Four data points were collected from multiple developmental time points over
2independent experiments with co-culture trials. The mTeSR-alone group
consists of asingle time-point from arepresentative experiment. Right:
Percentages of structures that exhibit SOX17-tdTomato+ (N = 410/439) or
structures with (endogenous) SOX17+immunolabelled cells (N = 29/439) from
the mTeSR + hEE-derived SOX17-tdTomato+ cell co-culture experiment. An
example hEEis provided above the bar plot, circled cells lack tdTomato signal,
suggesting their endogenous specification from primed hPSCs. Plots show

mean +SD. Four data points were collected from multiple developmental time
points over 2independent experiments with co-culture trials. Scale bar, 50 um.
(f) wild-type mTeSR-hPSCs co-aggregated with directed-differentiated SOX17-
tdTomato+definitive endoderm cells generated from primed hPSCs (see
Methods). The resulting structures show multiple layers of epiblast-like cells
(arrowheads) and high inter-variability between structures. N = 8laggregates
fromarepresentative experiment. Scale bar, 50 um. (g) Wide field tile scans of
D4 structures treated with differentinhibitors. Scale bars, 100 um. C-control
(N=220); XAV (N=101); IWP (N =132, 2 experiments); SB (N =125); PD (N = 66);
SU(N=109). The plot shows mean +SD. 3 independent experiments.

(h) Phenotype examples of SB431542-treated structures. Scale bar, 50pm.
Control (N =220); SB (N =125),3independent experiments. (i) Top:
Representative D4 hEEs stained with phospho-SMAD2 show active or inactive
TGFB/NODAL indifferent compartments. Scale bars, 50pum. Bottom: Percentage
of phospho-SMAD2+ structures. hEE (N =186), SOX2-only (N = 81), SOX17-only
(N=15).3independentexperiments. Each dot represents anindependent
experiment. Plots show mean +SD. (j) Areameasurements of hEEs. Each dot
representsonestructure. The midline (blackline) represents the median and
the dottedline represents the quartiles within each violin plot. C-D1: Control-D1
(N=109), C-D2: Control-D2 (N = 86), C-D3: Control-D3 (N = 73), C-D4: Control-D4
(N=97),PD-D4:PD pre-treated D4 (N =100), SU-D4:SU pre-treated D4 (N = 94).
3independent experiments. Two-sided unpaired, parametric t-test with Welsch’s
correction. ns, nonsignificantp = 0.6789 for C-D2 vs PD-D4; p=0.2560 for C-D3
vsSU-D4. Illustrationssind, credit: A. L. Cox.
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Extended DataFig.7 | WNT, TGFB/NODAL, MAPK, and FGF signalling

show distinct expression patterns within embryonic- and extraembryonic-

likelineages. Expression heatmaps of signalling pathway componentsin
embryonic- (pink) and extra-embryonic-like (green) lineages in the hEE at D4.
Normalized expression matrices are row-scaled. Colour scale reflects relative
expression level. (@) We found that WNT signalling pathway components are
widely expressed inboth epiblast- and hypoblast-like cells, with particular
enrichment of secreted Wnt inhibitors DKKI, DKK3, and DKK4in the Hypoblast-
like states. (b) TGF/NODAL signalling components and transcription factors
(NODAL, TGFB1/3,SMAD2, FURIN, PCSK2-7), as well as receptors (TGFBR1/3 and

ACVR1B/2A), also show enriched expression within the Hypoblast-like lineages.

(c-d) MEK and FGF signalling transcription factors are broadly expressed in
bothepiblast-like and hypoblast-like cells, although the repertoire of signalling
pathway components differ between the two cell states. We observed that
epiblast-like cells are the source of two major transcripts, FGF2and FGF4

(in panel d), highlighting the similarity to primed pluripotent post-implantation
epiblast from human embryos shown before. Of note, analysis of FGF receptors
revealed anenrichment of FGFR3, FGFR4,and PDGFRBin hypoblast-like cells,
but FGFR1, PDGFRA, IGFIR, and EGFRin epiblast-like cells, suggesting differential
receptivity to FGF signalling between the two lineages. Postimplantation-
Epiblast, PI-Epi-like; Postimplantation-Epiblast Late, PI-Epi.L-like; Hypoblast-1,
G1Hypo-like; Hypoblast-2, G2M/S Hypo-like.
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Extended DataFig. 8| Detailed characterisation of the Anterior Visceral
Endoderm-like populationin human extra-embryoids. (a) Left: UMAP of
extra-embryonic-like lineages including G1Hypoblast-like, G2M/S Hypoblast-
like, and Anterior Visceral Endoderm-like (AVE) from D4 and D6 hEEs. Right:
Differential co-expression plots of AVE markers (CERI and LEFTYI), alongwith
their corresponding percentage and number of cells that express the indicated
gene. (b) Volcano plot of differentially expressed genes that distinguish AVE-
like cells from the rest of the Hypoblast-like lineage. AVE-specific genes CERI,
LEFTY1/2,FZDS, and GSCare highlighted (red circles). A total of 23 genes display
significant differential expression (Bonferronicorrected p-value <1e-05,
average Log2 fold change >=1). Two-tailed non-parametric Wilcoxon Rank-sum
testwas applied. (c) Stack projection of 5-10 mid-sections of DAPI, CER1, and
TinD3, D4,and D5 hEEs. Yellow circles enclose the inner, epiblast-like
compartment. Yellow arrowheads indicate CER1-positive cells within the
hypoblast-like layer.N =205 structures, 10 independent experiments. Scale

bar,50pm. (d) Line graph of CER1 (left) and T (right) expression patterning in
D3, D4,and DS structures. N =205 structures, 10 independent experiments.
Plots show mean +SD. (e) Top: Schematic of the phenotypiclandscape of CER1
and T expression patterningat D5.N=99structures,3independent experiments.
Bottom: Grouped bar graph of average percentages of phenotypes described
aboveinD3and DS hEEs (schematics and number codes of phenotypes shown
above).N=128structures, 7 independent experiments (4 for D3 and 3 for D5).
Each dotsrepresentanindependent experiment. Plots show mean + SD. (f) Max
intensity projection (left) and surface intensity plots (right) of opposing Tand
SOX2gradients within theinner compartment (dotted box) in arepresentative
DS hEE. Scalebar, 50 pm.12/99 structures show a T+ gradient. 3 independent
experiments. (g) A single section of TCF/Lef:H2B-GFP and T (left) and surface
intensity plots (right) in arepresentative D4 hEE. The white, dotted circle
encloses theinner, epiblast-like compartment. N=125structures, 2independent
experiments. Scale bar, 50 um.
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Extended DataFig. 9| Temporal formation of distinct cell statesin
human extra-embryoids. (a) Bar plots of cell number (left) and proportional
representation within D4 and D6 time points (right) per cell statein hEEs.
PI-Epi, Postimplantation Epiblast-like (green); AME, Amnionic Ectoderm-like
(light blue); PI-Epi.L, Postimplantation Epiblast-Late-like (grey); PS-like,
Primitive Streak-like (brown); Meso-like, Mesoderm-like (pink); G1Hypo,
Growth1Hypoblast-like (red); G2M/S Hypo, Growth 2 Mitosis/ Synthesis
Hypoblast-like (yellow); AVE-like, Anterior Visceral Endoderm-like (teal).

(b) Heatmap of BMP antagonists (top), positive regulators of transcription
factors thatinduce these antagonists (middle), and BMP inducers (bottom) in
hEEs. Normalized expression matrices are row-scaled, colour scalereflects

relative expression. (c) Temporal expression of AVE gene module scores
(CERI,LEFTY1,0TX2, HESX1,NOG, and DKK1) in AVE-like, Hypoblast-like, AME
and Pl-Epilineagesin the hEEs at D4 and Dé6. Plots show minimum and
maximum values (black, vertical lines) and median (black, horizontal lines).
(d) Representative DS hEE generated from CERL;LEFTY1double knock-out
(dKO) hPSCs (N = 61) and control (N =489). Percentage of ISL1+ hEEs generated
from RUES2 (control) and CERL;LEFTY1dKO RUES2 hPSCs. 2 independent
experiments for dKO, 3independent experiments for control. Plots show the
mean and each dotrepresents the percentage of structures withinatile scan.
Scalebars, 20 pm.
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Extended DataFig.10 | Characteristics of Epithelial-to-mesenchymal
(EMT)in hEEs. (a) Top: T, SNAI1, and NCAD expressions atarepresentative D5

hEE. The whiterectangleindicatesingressed SNAI1+and NCAD+ cells. Double-

headed arrowheads indicate the nuclear orientation of cells. Colour scale
represents NCAD intensity gradient. N =25structures, 3 independent
experiments. Scale bars, 20um. Bottom left: Schematic of growth factors
treatments between D4-D5 of hEE development (see Methods). Bottom right:
Percentage of T+ hEEs. C-D4: Control D4 (N =176), C-DS5: Control D5 (N =160),
LDN (D5) (N =61), Noggin (D5) (N=79), XAV (D5) (N=109), SB (D5) (N =68), PD
(D5) (N=111),SU (D5) (N =51).3 or 4independent experiments per group. Each
dotrepresentsthe total percentage of an experiment. Plots show mean + SD.
Post-hoc Dunnett’s multiple comparison test, one-way ANOVA. The figure
shows P values. (b) Principal curves of hallmark gastrulation markers over

pseudo-time (Post-implantation epiblast- to Primitive Streak- to Mesoderm-
like states) in hEEs (as shown in Fig. 4f). (c) Time-lapse live-imaging of indicated
reporteractivity. White dotted circles enclose the epiblast-like compartment.
Insertimage shows an epithelial cell (yellow arrowheads) ingress through EMT.
Theyellow line shows the organisation of T+cells.N =7 hEEs in 2 separate
movies. Scale bar,20 pm. (d) Left: OTX2 expression of DS structures from
RUES-GLR hPSCs. Yellow, dashed lines represent the embryonic and extra-
embryonic compartments. Scale bar, 50 pm. Right: Percentage of structures
that exhibit different OTX2 expressions within the inner compartment. Control
(N=180),XAV (N=202),SB(N=170),PD (N =224),SU (N=206),LDN (N =135).
2independent experiments for LDN and 4 independent experiments for the rest.
Eachdotrepresentsanindependent experiment.Imageina, credit: A.L. Cox.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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El The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

lXI For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

NXX [0 XX [0

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Single cell RNA sequencing is performed using 10x Genomic Chromium system
The code generated in this study is provided at https://github.com/Smith-Lab-YSCC/hExtra_embryoid.
For microscopy data, samples were imaged with the Leica STELLARIS 5 microscope in tilescan mode, using a HC PL APO CS2 40x/1.10 water
objective.

Data analysis **|mage analysis data:
Fiji Image J open access software (version 1.53t Java 1.8.0_322 (64-bit))
GraphPad Prism (version: 9.3.1, 9.4.0 and 9.5.1)
Leica Application Suite X (version 3.7.6.25997)
Imaris (lversion: x64 10.0.0)
Rstudio (R version 4.1.3 (2022-03-10).
|lastik (version 1.4.0)
**Single cell sequencing data:
Seurat (version 4.3.0)
dplyr (version 1.1.1)
monocle3 (version 1.3.1)
plotly (version 4.10.1)
SeuratWrappers (version 0.3.1)
ggplot2 (version 3.4.2)
ComplexHeatmap (version 2.14.0)
viridis (version 0.6.2)
presto (version 1.0.0)
stringr (version 1.5.0)
ggrastr (version 1.0.2)




slingshot (version 2.7.0)
ggbeeswarm (version 0.7.2)
scater (version 1.26.1)

gridExtra (version 2.3.0)

Isa (version 0.73.3)

plyr (version 1.8.8)
EnhancedVolcano (version 1.16.0)
magrittr (version 2.0.3)

scanpy (version 1.9.1)

pandas (version 1.4.1)

R (version 4.2.3)

python (version 3.8.13)

celltypist (version 1.3.0)
SingleCellExperiment4 (version 1.12.0)
ShinyCell6 (v.2.1.0)

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

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The scRNA-seq data for human extra-embryoids generated in this study have been deposited in the GEO database under accession code GSE208195. Published
human gastrula in vivo, human post-implantation embryos in vitro, and Cynomolgus monkey in vitro embryo datasets used in this study were obtained from Tyser
et al. 2021, Xiang et al. 2020, and Ma et al. 2019 under accession numbers E-MTAB-9388 (processed data available at http://www.human-gastrula.net), GSE136447,
and GSE130114 respectively. For WGBS data, previously published hESC samples obtained from GSE126958 and the placenta samples obtained from GSE152104.
Source data are provided with this paper. All other data is available upon request.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes were based on similar studies performed on stem cell-based
platforms modelling embryos (e.g., Sozen et al, Nature Communications, 2021; Kagawa et at Nature 2022; Yu et al. Nature 2021)

Data exclusions  Culture experiments: on principle, data were only excluded for failed experiments, reasons for which included suboptimal culture conditions.
Spheroid structures displaying a clear inner and outer compartment were used for single cell RNA sequencing analysis. For data collection in
embryonic symmetry breaking occurence, only structures that display an inner, embryonic compartment were counted.

Replication Each result described in the paper is based on at least two independent biological replicates but very often an experiment is based on more.
Figure legends indicate the number of independent experiments performed in each analysis.

Randomization  For experiments were our samples were exposed to chemical inhibitors, samples were randomly allocated to control and experimental
groups.

Blinding The majority of the experiments performed are descriptive, and therefore samples were not assigned to experimental groups. For inhibitor
treatment experiments, control untreated and experimental treated groups were analysed. In the inhibitor treated, and knock-out groups,
blinding was not possible, as inhibitor-treated/KO structures were easily distinguished based on morphological criteria. For all groups, healthy
samples of representative stages and status were allocated to ensure comparability.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |X| |:| Flow cytometry
Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
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Antibodies used alpha-Fetoprotein (AFP) Mouse 1:200 (clone 189502) MAB1368-SP R&D Systems
CERBERUS1 Goat 1:100 (clone DR9046658) AF1075-SP R&D Systems
E-Cadherin Mouse 1:200 (clone 9301695) 610181 BD Biosciences
FOXA2/HNF3 Rabbit 1:300 (clone 3) 8186S Cell Signaling
GABRP Rabbit 1:300, 1:500 (clone XK3759183) PA5-46830 Invitrogen
GATA3 Goat 1:200 (clone UZQ0219011) AF2605 R&D Systems
anti-GFP Rat 1:1000 (clone M8E4658) 04404-84 Nacalai Tesque Inc.

GM130 Mouse 1:100 (clone 7069938) 610822 BD Biosciences

hCG beta Mouse 1:400 (clone MG3298020) MA135020 Invitrogen

HLA-G Mouse 1:100 (clone WG3318857) MA1-19219 Invitrogen

ISLET1 Goat 1:200 (clone JWU0420121) AF1837-SP R&D Systems

LAMININ Rabbit 1:500 (clone WF3299348) PA1-16730 Invitrogen

LEFTY1 Goat 1:100 (clone CMMO022201A) AF746 R&D Systems

N-Cadherin Mouse 1:500 (clone WF3303042E) MA1-91128 Invitrogen
Nuclear Antigen (Human) Mouse 1:200 (clone WF3292841) MA5-33098 Invitrogen
OCT4 Mouse 1:200 (clone F0220) sc-5279 Santa Cruz Bio.

OTX2 Goat 1:200 (clone KNO0918121) AF1979 R&D Systems
Phospho-Smad1/5/9 Rabbit 1:800 (clone 10) 9516T Cell Signaling
Phospho-SMAD2 Rabbit 1:800 (clone 3) 18338T Cell Signaling

PODXL Mouse 1:200 (clone JKW0219011) MAB1658 R&D Systems

SNAI1 Goat 1:100 (clone XRS0319091) AF3639 R&D Systems

SOX2 Rat 1:600 (clone 2357438) 14-9811-82 Invitrogen

T/Brachyury Goat 1:200 (clone KQP0719121) AF2085 R&D Systems
T/Brachyury Rabbit 1:250 (clone 1) 81694S Cell Signaling

TFAP2A/AP-2a Mouse 1:300 (clone F0922) sc-12726 Santa Cruz

DAPI 405 1:500 2179275 D3571 Invitrogen

F-Actin (647) 647 1:200 2170291 A22287 Invitrogen

F-Actin (488) 488 1:500 2129460 A12379 Invitrogen

donkey anti-mouse Alexa Fluor 488 1:500 (clone 2147618) A21202 Invitrogen
donkey anti-rabbit Alexa Fluor 488 1:500 (clone 2156521) A21206 Invitrogen
donkey anti-rat Alexa Fluor 488 1:500 (clone 2180272) A21208 Invitrogen
donkey anti-mouse Alexa Fluor 568 1:500 (clone 2110843 A10039 Invitrogen
donkey anti-goat Alexa Fluor 568 1:500 (clone 2160061) A11057 Invitrogen
donkey anti-rabbit Alexa Fluor 568 1:500 (clone 2136776) A10042 Invitrogen
donkey anti-mouse Alexa Fluor 647 1:500 (clone 2136787) A31571 Invitrogen
donkey anti-goat Alexa Fluor 647 1:500 (clone 2175459) A21447 Invitrogen
donkey anti-rabbit Alexa Fluor 647 1:500 (clone 2420695) A31573 Invitrogen

Validation The subcellular localization of all the proteins analyzed in this study has been previously reported in mouse embryo/stem cell studies
(shown as immunoflourescence labelling).

Validation statements available from manufacturers:

anti-AFP: https://www.rndsystems.com/products/numan-mouse-alpha-fetoprotein-afp-antibody-189502_mab1368
anti-CERBERUS1: https://www.rndsystems.com/products/human-cerberus-1-antibody_af1075

anti-ECADHERIN: https://www.bdbiosciences.com/en-eu/products/reagents/microscopy-imaging-reagents/immunofluorescence-
reagents/purified-mouse-anti-e-cadherin.610181

anti-FOXA2: https://www.cellsignal.com/products/primary-antibodies/foxa2-hnf3b-d56d6-xp-rabbit-mab/8186

anti-GABRP https://www.thermofisher.com/antibody/product/GABRP-Antibody-Polyclonal/PA5-46830

anti-GATA3: https://www.rndsystems.com/products/human-gata-3-antibody_af2605

anti-GFP: https://www.nacalaiusa.com/products/view/101/anti-gfp-rat-igg2a-monoclonal-gf090r

anti-GM130: https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-
reagents/purified-mouse-anti-gm130.610822

anti-hCG BETA: https://www.thermofisher.com/antibody/product/hCG-beta-Antibody-clone-5H4-E2-Monoclonal/MA1-35020
anti-HLA-G: http s://www.thermofisher.com/antibody/product/HLA-G-Antibody-clone-MEM-G-1-Monoclonal/MA1-19219

anti ISLET1: https://www.rndsystems.com/products/human-islet-1-antibody_af1837

anti-LAMININ: thermofisher.com/antibody/product/Laminin-Antibody-Polyclonal/PA1-16730

anti-LEFTY1: https://www.rndsystems.com/products/human-mouse-lefty-antibody_af746

anti-NCADHERIN: https://www.thermofisher.com/antibody/product/N-cadherin-Antibody-clone-CH-19-Monoclonal/MA1-91128




anti-OCT4: https://www.scbt.com/p/oct-3-4-antibody-c-10

anti-OTX2: https://www.rndsystems.com/products/human-otx2-antibody_af1979

anti-Phospho-Smad1/5/9: https://www.cellsignal.com/products/primary-antibodies/phospho-smad1-5-ser463-465-41d10-rabbit-
mab/9516

anti-Phospho-SMAD2: https://www.cellsignal.com/products/primary-antibodies/phospho-smad2-ser465-ser467-e8f3r-rabbit-
mab/18338

anti-PODXL: https://www.rndsystems.com/products/human-podocalyxin-antibody-222328 mab1658

anti-SNAI1: https://www.rndsystems.com/products/human-snail-antibody _af3639

anti-SOX2: https://www.thermofisher.com/antibody/product/SOX2-Antibody-clone-Btjce-Monoclonal/14-9811-82
anti-T/BRACHYURY: https://www.rndsystems.com/products/human-mouse-brachyury-antibody _af2085

anti-T/BRACHYURY: https://www.cellsignal.com/products/primary-antibodies/brachyury-d2z3j-rabbit-mab/81694

TFAP2A/AP-2a https://www.scbt.com/p/ap-2alpha-antibody-3b5

DAPI: https://www.thermofisher.com/order/catalog/product/D3571

F-Actin (647): https://www.thermofisher.com/order/catalog/product/A22287

F-Actin (488): https://www.thermofisher.com/order/catalog/product/A12379

donkey anti-mouse Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21202

donkey anti-rabbit Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21206

donkey anti-rat Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Donkey-anti-Rat-IgG-H-L-Highly-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-21208

donkey anti-mouse Alexa Fluor 568: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A10039

donkey anti-goat Alexa Fluor 568: https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-11057

donkey anti-rabbit Alexa Fluor 568: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A10042

donkey anti-mouse Alexa Fluor 647: https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-31571

donkey anti-goat Alexa Fluor 647: https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-21447

donkey anti-rabbit Alexa Fluor 647: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-31573

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

The hPSC lines utilised in this study include: RUES2 wild type, RUES2-GLR, RUES2-SMAD1-RFP; H2B-mCitrine, CER1/LEFTY1
double knock out RUES2 hPSCs (kindly provided by Ali Brivanlou, The Rockefeller University, US), ESI017 (ESI BIO), TCF/
Lef:H2B-GFP H9 (kindly provided by Roeland Russe, Stanford University, US), and H9 wild type (WiCell, US). Human
trophoblast stem cells (TSCs; TSCT) were kindly provided by Hiroaki Okae and Takahiro Arima (Tohoku University Graduate
School of Medicine, Japan). Human endometrial epithelial line is kindly provided by Hugh Taylor (Yale University).

Cells were maintained in conditions to preserve stem cell character and prevent differentiation. Plates were inspected for
morphological evidence of differentiation (altered colony morphology in PSC cultures...etc) and plates with differentiated
cells were discarded. Furthermore, cell identities were confirmed routinely by immunoflourescence marker expressions.

Mycoplasma contamination Each of these cell lines was tested negative for mycoplasma contamination, which was monitored and confirmed negative on

a bi-monthly basis (MycoScope™ PCR Mycoplasma Detection Kit, Genlantis).

Commonly misidentified lines  The cells we used are not part of this database

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals
Wild animals

Field-collected samples

Ethics oversight

5-6 weeks old CD1 females and males
the study did not involve wild animals

All experimental mice were maintained in specific pathogen-free conditions on a 12—12 -hr light-dark cycle temperature-controlled
facility with free access to water and food.

All mice were maintained in accordance with national and international guidelines. All experiments have been regulated following
ethical review by the Yale University Institutional Animal Care and Use Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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