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Summary

Embryo models open exciting opportunities for improving our understanding of development
and advancing medicine. However, current models depend on intricate procedures and the
integration of separately generated cell types. Here, we aimed to establish a chemical-only
strategy to induce cellular plasticity and generate embryo founder-like cells. Within 60 hours,

chemical-induced pluripotent stem cells activated early lineage specifiers, Cdx2 and Gata6,
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while maintaining Oct4/ Pou5fl1 expression. Following a second 36-hour chemical treatment,
founder-like cells developed into all blastocyst fates and self-assembled into embryo-like
structures. These progressed into high-fidelity late-streak gastrulation stages within 4.5 days,
displaying primitive streak formation via epithelial-to-mesenchymal transition, along with
germ-layer tissues, amnion, and ectoplacental cone. Fate trajectories and molecular
signatures from founder-like cells to chemically-induced embryo model (ci-MO) were defined,
revealing remarkable similarity up to Embryonic day (E) 7.5 embryo. Summarily, ci-MO offers
a straightforward, rapid, small-molecule-only, and high-fidelity approach to study embryonic

development and cell fate specification.

Keywords

Small molecule, Integrated embryo model, Gastrulation, Streak stage, Synthetic embryo;

Chemically induced embryo model, Stembryo, Reprogramming
Highlights

e Generation of a direct, efficient, and sophisticated chemically induced embryo model
(ci-MO)

e Two-pulse chemical induction reprograms ESCs into founder-like cells capable of
developing all embryo fates

e Gastrulating ci-MOs display high morphological and molecular accuracy

e Ci-MOs reconstruct embryo developmental trajectories
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Introduction

In vitro, cell types akin to the three blastocyst fates have demonstrated the ability to self-
organize into early embryo-like structures (Harrison et al., 2017; Rivron et al., 2018).
This discovery, along with the realization that these structures, and embryonic stem cells
(ESC) alone, can progress into gastrula-like embryo models and gastruloids respectively,
mimicking aspects of development such as body plan, marked a significant
advancement towards recreating embryo development in a petri dish (Amadei et al.,
2021; Beccari et al., 2018). Current state-of-the-art methods involve mixing ESCs with
either representative stem cell lines of extra-embryonic endoderm (XEN) /primitive
endoderm (PrE)-like and trophoblast stem cells (TSC), or with cells derived from ESC
induction using specific culture conditions or defined transgenes (Amadei et al., 2022;
Lau et al., 2022; Tarazi et al., 2022). The latter uses the exogenous expression of Gata6/
Gata4 or Cdx2 to make PrE-like or TE-like cells respectively. The transcriptional
trajectory of ESCs induced with Gata6 shows that ESCs transdifferentiate directly into a

PrE-like fate (Li et al., 2023).

Another approach to generate embryo models could be via using cells with higher
cell potency, capable of producing all three blastocyst fates. Reprogramming to a
developmental stage earlier than that of induced pluripotent stem cells (iPSCs) has been
suggested by increasing Stat3 activation (Stuart et al., 2019), and this has been
demonstrated with the generation of morula-like cells (MLC) from ESCs (Li et al., 2023).
Interestingly, observed co-expression of the seemingly antagonistic transcription factors
Oct4/Nanog and Gata6 was associated with an earlier developmental stage and greater

plasticity compared to pluripotent stem cells (Guo et al., 2024; Li et al., 2023; Linneberg-
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Agerholm et al., 2023; Perera et al., 2022; Redo-Riveiro et al., 2024; Schrode et al.,
2014).

Small molecule compounds offer advantages for the directional manipulation of cell
identity, presenting great potential for regenerative medicine. These small molecules
enable precise control of cell fate in a duration- and dose-dependent manner. For
instance, the use of a two-inhibitor (2i: PD0325901 and CHIR99021) cocktail, which
chemically inhibits MEK/ ERK and GSK3 signaling respectively, has been instrumental in
the reprogramming, maintenance, and derivation of naive pluripotent stem cells (Nichols
et al., 2009; Nichols and Smith, 2009; Silva et al., 2008; Ying et al., 2008). This approach
has led to the acquisition of a stable and relatively homogeneous naive pluripotent stem
cell identity in culture, reflecting the naive pluripotent cell compartment of the
preimplantation embryo. Intriguingly, the small molecules CHIR99021 (a GSK3 inhibitor)
and E616452 (Repsox, an ALKS5 inhibitor) have frequently been used for the direct
induction of many different cell types, e.g. chemical induced pluripotent stem cells (Hou
et al., 2013; Zhao et al., 2018) , cardiomyocytes (Cao et al., 2016; Fu et al., 2015) and
neural progenitor cells (Cheng et al., 2014). Furthermore, retinoic acid signaling via a
retinoic acid receptor (RAR) agonist has been shown to improve not only the
reprograming of somatic cells into iPSCs (Wang et al., 2011); but also to induce marker
expression and characteristics associated with totipotency (Hu et al., 2023; lturbide et al.,
2021; Wang et al., 2011; Xu et al., 2022).

Here, we employed insights from reprogramming to find small-molecule compounds
capable of reprogramming pluripotent stem cells into founder-like precursor cells
capable to directly generate a whole embryo model. This led to the generation of a
chemical-only, transgene-free, cell mixing-free, direct, rapid, and efficient embryo model
that recapitulates development into late streak stage with high molecular and

morphological fidelity. These findings have significant implications not only for the
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development of embryo models but also for a variety of other biological research fields,

owing to their underlying biology and ease of application.

Results

Chemical-only screen reprograms ESCs into putative precursors of blastocyst

fates

Mouse extra-embryonic and embryonic lineages arise during the first and second
embryo lineage specification, driven by the expression of key transcription factors such
as Cdx2, Gata6, and Oct4 (Mihajlovic and Bruce, 2017). These antagonistic factors are
also co-expressed at the very early stages of embryo development at a time when
lineage commitment hasn’t yet occurred, making them excellent reporters to attempt the
generation of embryo founder-like/ precursor cells capable of giving rise to all early
embryo fates. To generate such cells, we employed a candidate chemical-only screen
and analyzed their ability to induce Cdx2 and Gata6 expression in ESCs while
maintaining Oct4 expression. We started with the medium formulation employed to
generate morula-like cells (MLCs), which contains GSK3@ inhibitor CHIR99021 (C) and
mLIF (L) (Li et al., 2024; Li et al., 2023). However, unlike for the generation of MLCs, no
reprogramming transgene was used in the candidate chemical screen presented here.
As potential candidates, we considered small molecule compounds known to support the
chemical-only generation of iPSCs (Hou et al., 2013; Zhao et al., 2018), which have
been demonstrated to also produce primitive endoderm (PrE) fate cells. We
hypothesized in our study that, instead, these molecules might underlie the generation of
“plastic” progenitors capable of giving rise to all blastocyst fates.Interestingly, treating
ESCs for 60 hours (h) with two of such small molecules, 6165452 (6) and AM580 (A),

combined with CL (CL6A), resulted in robust activation of GATA6 , minor activation of
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CDX2, while maintaining OCT4 expression (Figure S1A). However, since we also aimed
to induce robust CDX2 expression to increase the likelihood of generating cells capable
of developing into trophectoderm, we refined our formulation strategy. To enhance CDX2
expression, we introduced a preparing step for the first 24 hours before applying CL6A.
We adjusted two variables, mLIF removal and the response to different concentrations of
GSK3R inhibitor (C, 3 uM or C*, 6 uM or C**, 9 uM) (Figure 1A and S1A). Increasing
concentrations of CHIR99021 has been previously shown to modulate fate decisions,
but not yet been demonstrated for trophectoderm fate (Kempf et al., 2016; Yang et al.,
2023). Removing mLif during the first 24 hours (cocktail K2) slightly increased Cdx2
expression (Figure S1A). By increasing the concentration of CHIR99021 (K4 cocktail)
during the first 24 hours and then treating with CL6A for 36 hours, we significantly
increased the yield of cells with Cdx2 expression from 1.28% to 29.2% of cells (Figure
1B, 1C and S1A). Additionally, Gata6 expression was detected in 27% of cells, while 77%
cells maintained high OCT4 expression (Figure 1C and S1A). Immunostaining for CDX2
and GATAG6 confirmed the trends of our K1-K4 chemical treatments (Figure S1A and
S1B). gPCR analysis further validated that removing of mLIF for the first 24 hours and
then increasing the concentration of CHIR99021 for the following 36 hours dramatically
enhanced the induction of early TE associated transcription factors, e.g. Cdx2, Gata3,
and 1d2; and of ICM/ uncommitted-PrE associated markers (Gata6, Pdgfra and Sox17)

(Figure S1C).

Comparatively, the K4 chemical treatment is more effective at inducing both Gata6
and Cdx2 expression than K1-K3 treatments (Figure S1A and 1C). Therefore, we
focused on the K4 cocktail, which involves treating ESCs with C™'6A for 24 hours,
followed by CL6A for 36 hours (Figure 1B). Interestingly, among the K4-treated cells at

60 h, we observed that 19% of cells co-express GATA6 and OCT4; and 18% of cells co-
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express CDX2 and OCT4 (Figure 1D). These results suggest that K4-treated cells
acquired molecular signatures characteristic of earlier development stages, rather than
specifying the fates of embryonic day (E) 4.5 blastocyst. qPCR time course analysis of
K4 induction showed that early TE genes (Cdx2, Gata3, and 1d2) and early ICM/
uncommitted pre-associated genes (Gata6, Pdgfra, and Sox17) were activated, whereas
expression of naive pluripotency-associated genes (Nanog and Sox2) slightly decreased
(Figure 1E). Importantly, early differentiating genes Fgf5 and Otx2 did not show
increased expression, further suggesting that the observed biological changes are not
related to ESC developmental progression but rather indicate possible reprogramming to

earlier developmental stages (Figure 1E).

To further investigate the cellular fates of chemically induced cells, we performed
scRNA-seq on cells at 60 h time point (C*"6A + CL6A/ pulse |) using 10x Genomic
Chromium. When projected onto a uniform manifold approximation and projection
(UMAP), four clusters could be defined based on molecular signatures in 60 h cells:
Epiblast precursor cells (pre-EPI), PrE precursor cells (pre-PrE), TE precursor cells
(pre-TE), and transient-state cells (Transient), a cluster comprised of potentially less
biased subpopulations (Figure 1F). At the single-cell level, we observed the co-
expression of Pou5fl and Gata6 and of Pou5fl with Cdx2 (Figure 1G). Markers
indicating commitment such as Otx2, Fgf5 and Cubn were barely expressed in these

cells.

We also investigated the reproducibility of our findings by using two additional
independent ESC lines derived from different mouse strains, B6 and ICR ESC.
Immunostaining for key factors (CDX2/ GATA6/ SOX2) consistently validated our results

across all three lines used (Figure S1D and S1E).
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As these cells were exposed to novel culture conditions, we tested their ability to
enter embryo development in a chimera assay. We injected 4-6 cells labeled with H2B-
mCherry into 8-cell embryos. Chimerism was examined at E7.5, and different batches
showed that more than half of the embryos displayed a clear contribution of 60 h cells
(Figure 1G). Additionally, the mCherry signal revealed high chimerism (Figure 1H)

demonstrating that 60 h cells possess robust ability to enter development.

These findings show that we identified small-molecule compounds that successfully
induce the expression of Cdx2 and Gata6 while maintaining Pou5f1 expression, resulting

in the generation of putative precursors of blastocyst-like fates.

Committing precursor cells into late blastocyst Fates

Although the expression of early lineage markers CDX2 and GATA6 was induced,
markers associated with lineage commitment at the late blastocyst stage, such as
GATA4 protein (Suzuki et al., 2022a) and Cubn mRNA (Kurimoto et al., 2006), were
barely detected in 60 h cells. To promote cell fate specification into E4.5-like Epiblast
(EPI), PrE, and TE identities, we introduced a second pulse (pulse 1) of small molecule
treatment. Several defined culture conditions for inducing TSCs and XEN cells contain
the same molecules, e.g. FGF4, and BMP4 (Artus et al., 2012; Seong et al., 2022). We
also investigated if LATS inhibitor TRULI (Gao et al., 2024; Nishioka et al., 2009) could
enable the 60 h cells to undergo E4.5 TE fate specification. To promote 60 h cells to
adopt E4.5 epiblast identity, we added ACTIVIN A and XAV939, also used in media to
induce trophectoderm fate (Gao et al., 2024; Nishioka et al., 2009). Through medium
optimization, we defined the following set of molecules: TRULI (2 uM), ACTIVIN A (20
ng/mL), XAV939 (3 uM), BMP4 (10 ng/mL), and EGF4 (25 ng/mL), TVXBF, as inducers

of 60 h precursors into committed blastocyst fates (Figure 2A). This medium is hereafter
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defined as Priming medium (PM). To test this medium formulation, we dissociated the
60 h cells (pulse I) and exposed them to PM for 36 hours in Aggrewell at a density of
25~30 cells per microwell (Figure 2A). Maturation into the PrE fate was confirmed by the
increased expression of GATA4 in 96 h cells compared to the 60 h cells (Figure 2A).
Morphologically, the GATA4" cells were found at the boundary of 96 h cell clusters,
which is feature of primitive endoderm-like cells (Figure 2B). The skeleton proteins
KRT18 and cell surface marker PDGFRa further support that 96 h cells adopted E4.5

blastocyst-like identities (Figure 2C).

Strikingly, at 96 h, cells were organized into three distinct clusters with a ratio of
22.1% (PrE-like), 23.48% (TE-like), and 54.41% (EPI-like) each showing robust
expression of respective commitment markers for E4.5 PrE (Gata4, Sox17, Gata4,
Foxa2, Cubn, and Srgn), E4.5 TE (Cited1, 1d2, Krt8, Krtl8, Rhox6, and Rhox9) and of

E4.5 EPI (Fgf4, Tdgfl, Igfbp2, and Tdgfl) respectively (Figure 2D-2F).

Next, we performed dimension reduction analysis using UMAP against sSCRNA-seq
data (96 h) from zygote till E6.5 (Cheng et al., 2019; Deng et al., 2014; Mohammed et al.,
2017; Nowotschin et al., 2019; Posfai et al., 2017) (Figure 2G). The PrE-like, TE-like,
and EPI-like clusters were perfectly mapped with E4.5 blastocyst PrE, TE, and EPI cells
respectively (Figure 2G). Furthermore, we explored the expression levels of top lineage
markers of E4.5 blastocyst fates in both populations to evaluate the similarities between
96 h cells and E4.5 blastocyst fates. Importantly, these display a comparable expression
pattern, meaning that EPI-, TE- and PrE-like cells are transcriptionally similar to embryo

E4.5 blastocyst fates (Figure 2H and Table S1).

Together, these data show that the second pulse (pulse 1) of small molecule
compounds promoted the specification of embryo founder-like/ precursor cells into

committed blastocyst fates.
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Fate and trajectory analysis of chemically induced ESCs

To get a better understanding of the trajectory leading to the generation of
blastocyst-like precursor cells we performed refined clustering analysis at 24 h, 60 h,
and 96 h time points (Figure 3A). At 24 hours, we could already observe up-regulation
of Cdx2 and Gata6 expression, indicating that reprogramming starts immediately after
chemical treatment (Figure 3A and 3B). By 60 hours, cells displayed an up-regulation in
either E3.5 TE or E3.5 ICM scores, suggesting that reprogramming towards a state
resembling an earlier developmental stage relative to E4.5 EPI-like starting ESCs is
occurring (Figure 3A and 3C). Reprogramming towards E3.5 ICM and to E3.5 TE-like
state in 60 h (pulse 1) cells was confirmed by the activation of Calcoco2 (Spangler et al.,
2018), Khdc3 (Boroviak et al., 2018), and Bhmt (Lee et al., 2012; McClatchie et al.,
2017), as well as by Crb3 (Jiang et al., 2018), Cldn7 (Moriwaki et al., 2007) and Cdx2
(Suzuki et al., 2022b) respectively (Figure 3C). In 96 h (pulse II) cells, clear lineage

segregation into E4.5 blastocyst stage fates is observed (Figure 3A and 3D).

To decipher when development towards committed E4.5 blastocyst lineage takes
place, we defined the three E4.5 blastocyst counterparts as having a 100% scoring for
either EPI, PrE and TE similarity, and measured the trajectory of 24 h, 60 h and 96 h
cells (Figure 3E and Table S2). Compared with the 24 h E4.5 EPI-like starting cells, the
60 h extra-embryonic lineages precursor cells showed slightly decreased EPI similarity

while gradually acquiring the characteristics of either PrE or TE lineages as was
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indicated by the minor up-regulation of corresponding similarity scores. Combined with
the up-regulation of E3.5 embryo similarity at 60 hours, these again suggest a plastic/
transient state by 60 h. A sharp increase in the three scores took place in 96 h
compared with 60 h cells. Combined with the previously mentioned up-regulation of
mature lineage markers (Figure 2F), these indicated the commitment towards the E4.5

blastocyst lineages (Figure 3E and Table S2).

Of biological interest, we observed transient upregulation of Xist expression in male
XY cells at the intersections of EPI, PrE and TE fates (Figure 3G). This not only
indicates exit from a naive pluripotent cell identity (Sousa et al., 2018) but also suggests
that TE and PrE fates in our system can regulate Xist expression, even though Xist
regulation in extraembryonic lineages is pre-determined by imprinting during natural

embryo development.

Taken together, these findings reveal that cells undergo reprogramming up to the 60
h time point. Following the second pulse of chemical treatment, they then develop into

one of the late blastocyst fates (Figure 3F).

96 h TE-like cells show mural and polar specification

In the late blastocyst, the TE lineage undergoes further development, with mural TE
characterized by increased expression of laminins, integrins, and ephrins (Klaffky et al.,
2001; Sutherland, 2003). To investigate whether 96 h TE cells are comparable with
either polar or mural TE, we focused our analysis on the TE-like cells from the scRNA-
seq data. Interestingly, we found that these cells expressed polar TE markers (Cdx2,
Ddahl, Ly6a, Gstol and hippo pathway target Ccndl) and/ or mural TE markers (such

as intermediate filaments Krt18, Krt8, integrin Itga6, galectin Lgalsl, and ephrin Efnb1l)
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(Seong et al.,, 2022) (Figure S2A and S2B). Based on the expression patterns, we
classified the TE sub-clusters into mural TE-like (cluster 1 and cluster 4) and polar TE-
like (cluster O, cluster 2 and cluster 3). In order to verify the cell identities, we computed
the differentially expressed genes of each cell cluster and used them for the Gene
Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment for the sub-clusters of the TE-like cluster (Figure S2C, S2D and
Table S3). As expected, all TE-like sub-clusters exhibited enrichment of trophectodermal
cell fate-related terms such as “Trophectodermal cell differentiation” and “Placenta
development” to varying degrees. Additionally, cluster 1 and cluster 4 showed
enrichment in genes associated with “Actin filament organization”, strongly suggesting
the functional characteristics of mural TE (Figure S2C). KEGG pathway enrichment
analysis showed that putative mural cell clusters (cluster 1 and cluster 4) are enriched
for “Focal adhesion” and “Tight junction” pathways (Figure S2D), which are
characteristic of embryo mural TE at the initial stage of implantation. In the late mouse
blastocyst, the CDX2 marks the polar TE, while KRT18 increases in the mural TE of the
E4.5 blastocyst. Also, the immunostaining for KRT18 and CDX2 confirmed differing
degrees of expression in the polar TE-like cells and mural TE-like cells in 96 h cells
(Figure S2E). Taken all these evidence together, we propose that 96 h TE-like cells
derived from chemically treated ESCs faithfully recapitulate the development of both
polar and mural TE in the late blastocyst, as indicated by specific marker expression and

pathway enrichment profiles.

ci-MOs recapitulate embryo development

The 96 h cells, which encompass all the cell types that characterize the blastocyst, were

therefore hypothesized to have a high potential for developing into an embryo model,
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referred to as chemical-induced embryo model (ci-MO). The 96 h cells, now defined as
day (d) 0 ci-MOs, were used to test their competence to generate embryo-like structures
using the FC-IVC1-IVC2 culture system, known to support post-implantation embryo
model development (Amadei et al., 2022; Lau et al., 2022). In FC medium, ci-MOs
compacted and arranged into three distinct cell compartments within 1.5 days, marked
by CDX2'/ AP2y" (TE-origin), OCT4" (EPIl-origin) or GATA6'/ GATA4" (PrE-origin)
(Figure 4A, S3A, and S3B). The PrE-derived compartment surrounded the EPI and TE
compartments, similar to the post-implantation embryo. These well-organized structures
constitute 85% of all structures recovered from any given well. After 1.5 days, the FC
medium was replaced with the IVC1 medium. By day 2.5, ci-MOs displayed rosette-to-
lumen formation in both EPI- and Extraembryonic ectoderm (EXE)-like compartments
(Figure 4A, S3C, and S3D), resembling E5.0~5.5 embryos (Langkabel et al., 2021). The
efficiency of ci-MOs undergoing rosette-to-lumen formation from day 1.5 to day 2.5 was
on average 70%. Due to the increased size, day 2.5 ci-MOs were transferred to 6-well
non-adherent tissue culture plates in a shaking incubator at 80 rpm for 1 day. By day 3.5,
ci-MOs elongated and developed egg-cylinder structures that closely resemble E6.5
natural embryos. These consist of EPlI (SOX2, OCT4) and ExE (SOX2, AP2y)
compartments, both enveloped by a visceral endoderm-like structure (Figure 4A, S3E).
The EPI displayed an expanded pro-amniotic cavity and successfully broke symmetry,
indicating the onset of the primitive streak on one side of the EPI, adjacent to the EXE.
The establishment of the anterior-posterior axis is critical for proper development (Belo
et al., 1997; Thomas and Beddington, 1996). Following the onset of gastrulation in the
posterior EPI, the primitive streak (T/ Bry) extends to the distal end (Figure 4A). The
efficiency of ci-MO development till the onset of gastrulation, from day 2.5 to day 3.5,
was on average over 70%. We also investigated the reproducibility of our findings using

two additional independent ESC lines derived from different mouse strains, B6 and ICR
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(Figure S4A and S4B). Again, our results were consistently validated across the three
lines used. These results show that ci-MOs successfully form distinct embryo-like
compartments and develop into advanced stages resembling natural embryos.

Next, we evaluated the generation of ci-MOs both quantitatively and qualitatively,
focusing on size and molecular signatures. Over 4.5 days, ci-MO development was
marked by changes in size, as indicated by measured diameter and length (Figure 4A
and 4B). Additionally, the embryo morphology changes from day 1.5-2.5 to day 4.0 ci-
MOs closely followed the development of embryos from E5.5 to gastrulation stages
(Figure 4A). By day 4.5, ci-MOs exhibited high morphological and molecular similarity to
E7.5 embryos (Figure 4C-4H). At the transition from day 3.5 to day 4.5, the proportion of
structures exhibiting gastrulating embryo morphologies exceeded 37%. Histological
section staining of day 4.5 ci-MO confirmed the presence of various embryonic and
extraembryonic tissues and structures similar to an E7.5 mouse embryo (Figure 4D).
Notably, we observed that the gastrulating ci-MOs recapitulated the segregation of
germ-layer tissues (epiblast, endoderm, and mesoderm), epithelial to mesenchymal
transition (EMT), formation of the visceral endoderm and definitive endoderm,
ectoplacental cone (EPC), allantois (Al), and amnion (Am) (Figure 4D). Accordingly, day
4.5 ci-MOs displayed the differentiation of TE into EXE (SOX2" weaker AP2y" OCT4
counterpart) and EPC (Bright AP2y") (Figure 4E). Primitive streak emerged from EPI
and extended into the distal portion (Figure 4F). EMT was evidenced by the
downregulation of E-Cadherin and the upregulation of N-Cadherin (Figure 4G), a key
event in gastrulation. We also observed the presence of FOXA2 positive cells
overlapping part of the PS (Figure 4F and 4G), which defines axial mesendoderm
specification (Arnold and Robertson, 2009). Meanwhile, FOXA2-positive and GATA4-
negative cells marked definitive endoderm, seen here gradually intercalating with the VE

(FOXA2", GATA4") cells enveloping the egg cylinder (Figure 4H).
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These findings demonstrate that ci-MOs not only mimic the morphological and
molecular characteristics of natural embryo development from E4.5 to E7.5 but also

successfully recapitulate critical gastrulation events and tissue differentiation.

Day 4.5 ci-MOs display high-fidelity E7.5 molecular signature

Day 4.5 ci-MOs replicate numerous gastrulation events, so we sought to compare them
to natural embryos to determine the corresponding embryo developmental stage and
overall cell type composition. We performed scRNA sequencing on pooled day 4.5 ci-
MOs (n=4, with gastrulating morphology) using 10x Genomics Chromium. After stringent
quality control to filter out low-quality cells, we obtained 15441 single-cell transcriptomes
with a unique molecular identifier (UMI) of 4058 genes detected per cell. The median
mitochondrial read portion was 1.15%, suggesting good cell quality. The embryo
reference scRNA sequencing dataset that was shown to match closer to day 4.5 ci-MOs
was the E7.5 natural embryo (Figure 5), capturing mouse gastrulation (Bardot and

Hadjantonakis, 2020; Pijuan-Sala et al., 2019).

Clustering analysis based on differentially expressed genes revealed 24 different
cell identities (Figure 5A). The annotation of these identities was accomplished based
on the major cell lineage previously defined by single-cell transcriptomics of mouse
embryos (Qiu et al., 2022). Strikingly, the profile of cell types found in day 4.5 ci-MOs
was highly similar to E7.5 natural embryo, demonstrating that lineage commitment and
developmental complexity are faithfully recapitulated in ci-MOs at the single-cell
molecular level (Figure 5A). All three germ layers were represented as well as all
extraembryonic tissues, in a similar manner in both in vivo natural embryos and ci-MOs

(Figure 5A and 5B).
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Specifically, we identified gastrulation mesoderm-like lineage, characterized by the
expression of genes such as Handl (Barnes et al., 2010), Mespl (Ajima et al., 2021),
Snail, and Mixl1(Lindsley et al., 2006) (Figure 5A and 5B). Consistent with the
immunofluorescent staining result from day 4.5 ci-MOs, we detected the presence of
primitive streak characterized by T/Bry expression (Figure 5A and Table S4). Within the
mesoderm cells, we identified several mesoderm lineages, including cluster 4, anterior
primitive streak (Gsc (Lewis et al., 2007) , Lefty (Takaoka et al., 2011), T, Tdgfl, Hhex,
Cerl, Eomes); cluster 9, mixed mesoderm (Mespl, Crabpl, Foxfl); cluster 8, nascent
mesoderm (Mespl, Fst, Slpi); cluster 10, paraxial mesoderm A (DII3, Ppplrla, Maplb);
cluster 11, paraxial mesoderm B (Aldhla2, Foxcl, DII1); cluster 12, splanchnic
mesoderm (Mef2c, Rbm24, Igfbpll); cluster 13: extraembryonic mesoderm (Spin2c,
Foxfl, Pmp22); and cluster 14, amniochorionic mesoderm (Tdo2, DIk1, Ahnak) (Figure
5A and Table S4). Extraembryonic mesoderm plays a role in early hematopoiesis and
erythropoiesis by providing mechanical support to the developing embryo (Saykali et al.,
2019). Adjacent to cluster 13, we identified a cell cluster signifying the hematoendothelial
progenitors (cluster 15), marked by Kdr (Li et al., 2017), Tall (Kallianpur et al., 1994)
and Pecaml (Litwin et al., 1997), indicating the initiation of primitive hematopoiesis from
extraembryonic mesoderm by RNA velocity (Figure 5B and Table S4). GO analysis
confirmed the expression of several hematopoietic-related markers and enrichment in

terms related to vasculogenesis and hematopoiesis (Figure 5D, Table S4 and Sb5).

We were able to detect ectoderm lineages in gastrulating ci-MOs, which are marked
by Nkx1-2 (Verrier et al., 2018), Sox2 (Wood and Episkopou, 1999), Gng3 (Kelly et al.,
2008), and Pim2, a newly defined ectoderm-specific marker in this study (Figure 5A-4C).
Within the ectoderm cells (clusters), we identified post-implantation epiblast-like clusters:

cluster 1, epiblast, which expressed core pluripotency transcription factor Pou5fl1 and
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Nanog and cluster 2, caudal lateral epiblast, which is characterized by the expression of
genes such as Fgf8, Pten, Kdm5b, Igfbp3 (Figure 5A-5C). Furthermore, we were able to
validate the sub-clusters of ectoderm lineages: cluster 19, Rostral neuroectoderm,
characterized by Pim2, Gng3, Utfl; cluster 20, Surface ectoderm, characterized by Id1,
Id3, Ifitm3; and cluster 17, primitive streak and adjacent ectoderm, characterized by
Pim2, Fst (Figure 5A-5C). We also detected definitive endoderm cells (cluster 6, Foxa2,
Gsc, Cerl, Dkkl), and gut (cluster7, Shh), which is consistent with the
immunofluorescent staining for FOXA2 results from day 4.5 ci-MOs (Figure 4A and 4l).
Also, we identified the emergence of primordial germ cells (cluster 3), characterized by
Prdm14, Prdml, Dndl, and Sprr2a3. Moreover, the distribution of cells expressing Noto

and Shh marked the key event of Notochord (Figure 5C-5D).

After implantation, the primitive endoderm differentiates into visceral endoderm and
parietal endoderm, which contribute to the formation of the yolk sac. Notably, we
detected lineages with strong expression of Cubn, Sox17, Ttr, and Dab2, including
cluster 21, embryonic visceral endoderm; cluster 22, extraembryonic visceral endoderm;
cluster 23, parietal endoderm (Figure 5B and 5D). Gene enrichment analysis also
revealed a distinct pattern involving angiogenesis and vasculature development.

Remarkably, ci-MOs effectively mimic embryonic development.

When applied to an independent ESC line from a different mouse strain (B6), the
day 4.5 ci-MOs successfully recapitulated the characteristics of E7.5 gastrulating

embryos with high fidelity (Figure S5 A-D, Table S6 and S7).

The high similarity in lineage commitment and developmental complexity indicates
that ci-MOs can faithfully recapitulate gastrulation events, making them robust models

for studying embryonic development and cell fate specification.
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ci-MOs display advanced trophoblast lineage development

In vivo, shortly after implantation, the mural TE differentiates into polyploid trophoblast
cells, which are also known as primary parietal trophoblast giant cells (primary P-TGCs)
(Hannibal and Baker, 2016); while the undifferentiated polar TE forms the
extraembryonic ectoderm (EXE). Trophoblast stem cells could be derived from both polar
TE and ExXE (Hayakawa et al., 2015; Tanaka et al., 1998); when the ectoplacental cone
(EPC) arises from the continuing expansion of the ExXE. The EPC cavity and the
exocoelomic (chorionic) cavity form during gastrulation (E6.5-8.5) (Bardot and

Hadjantonakis, 2020; Tam and Loebel, 2007).

To decipher TE lineage development in the gastrulating day 4.5 ci-MOs, we
extracted the TE portion and compared it to a mouse placentation developmental
roadmap from E7.5 to E14.5, a reference dataset revealing the murine placentation at
single-cell resolution (Jiang et al., 2023) (Figure 6, Sub-clustering identified 7 clusters
within day 4.5 ci-MOs TE: TE progenitors, TSC-1, TSC-2, EPC -1, EPC-2 (migratory
EPC), decidualization-driving cells, and a cluster of exocoelomic (chorionic) cavity cells
(marked by Id2, Ttr, Sox17 and Dab?2) (Figure 6A). RNA velocity results suggest that the
TE progenitors cluster contains the progenitor cells of both TSC-1 and TSC-2, while
EPC-2 cluster cells derive from EPC-1 cluster cell differentiation (Figure 6B). To our
surprise, the EPC-2 cluster includes at least 6 subclusters of EPC migratory cells,
including secondary mononucleated sinusoid trophoblast giant cells (S-TGC) precursors,
secondary definitive placental TGC (P-TGC) precursors, syncytiotrophoblast cells (synT)
precursors, labyrinth trophoblast progenitor cells (LaTP) cells and others (Figure 6C).
These advanced cell types, which are developed at late-streak stage in vivo, not only

suggest that the ci-MOs have both mural TE and polar TE origins(Rossant, 2018), but
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also indicate that the ci-MO system has advanced developmental potential in placenta

derivatives (Pijuan-Sala et al., 2019).

We further investigated the expression of critical transcription factors involved in
trophoblast development within day 4.5 ci-MOs TE. In agreement with this we found that
Ascl2 (Bogutz et al., 2018), MbnI3 (Spruce et al., 2022), Cdknlc were expressed in EPC
clusters, especially in the migratory EPC; Sox11, Igfbp2 (Jiang et al., 2023), Fn1(Lopez-
Abad et al., 2016) were reported to be important to decidualization; and Tfap2c, Sox21,
Sox2 (Moretto Zita et al., 2015) were robustly expressed in TSC lineages (Figure 6D).
At E7.5, Sox21 RNA was highly expressed in the chorion but undetected in the
ectoplacental cone (Moretto Zita et al., 2015). These results show that day 4.5 ci-MOs
display trophoblast lineage development and the presence of distinct clusters, mirroring

mouse placentation.

Although surrounded by PrE-like cells, we transplanted day O ci-MOs into the uterus
of pseudo-pregnancy females as mural TE cells and EPC cells are found in day 0 and
day 4.5 ci-MOs respectively. As expected, ci-MOs could not implant, likely due to lack of
exposed mural TE and envelopment of ci-MOs by visceral endoderm. Nonetheless,
efficient, up to 70%, and robust decidualization was observed, suggesting that ci-MOs
may produce a currently unknown molecular stimulation for decidualization to occur
(Figure 6E-6G). This phenotype aligns perfectly with our unexpected discovery of a
distinct cluster of cells in day 4.5 ci-MOs co-expressing Sox11, Igfbp2, and Fnl
representing decidualization-driving cells (Figure S5D). These cells were previously
assumed to be associated with maternal cell contamination (Jiang et al., 2023) and we
now propose that they may be produced by the embryo itself as it is present in our

embryo model.
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Together, these results show that ci-MOs have robust trophoblast lineage

development.

ci-MO developmental tree reconstruction

During embryo development, the zygote divides into a mass of cells from which the three
blastocyst fates arise. These cells then develop into other types with distinct functions
and molecular characteristics. Likewise, our chemical-induced ESCs generate progenitor
cells capable of specifying the three blastocyst fates and subsequently self-assemble
into an integrated embryo model closely resembling natural embryo development. To
trace the transcriptional trajectories and dynamics underpinning ESCs till day 4.5 ci-MO
development, we used a simulated diffusion-based computational approach, URD
(Farrell et al., 2018). We collected and generated single-cell transcriptomes from 26818
cells, spanning 7 stages from the onset of uninduced ESC through D4.5 ci-MOs
resembling late streak embryos (uninduced ESC; 24 h, 60 h, 96 h chemical induced cells;
D1.5, D25 and D4.5 ci-MOs) (Figure 7A). This allowed us to reconstruct a
developmental branching tree describing the transcriptional trajectories that lead to 24
distinct cell types across 16 branch points from uninduced cells through D4.5

gastrulating ci-MOs at 2-dimension and 3-dimension form (Figure 7A and 7B).

Notably, the first lineage branching occurred during the first pulse of chemical
induction (60 h), segregating into TE-like and ICM-like lineages, which followed a similar
route to the first lineage specification in vivo. Similarly, during the 96 hour chemical
induction, a second branching in the ICM occurred, leading to the emergence of the
embryo proper (EPI) and yolk sac lineages (PrE) (Figure 7A). Furthermore, in the EPI

branches, the segregation into ectoderm 1 and mesendoderm was first observed; and
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the mesoderm, ectoderm 2, endoderm, and PGC were recovered in the embryo proper
branch (Figure 7A). Obviously, the 3-dimension form also recapitulated the lineage
segregation at gastrulating embryos with 3 germ layers, hematoendohelial progenitors,

notochord, PGC, extraembryonic ectoderm, and extra-embryonic endoderm (Figure 7C).

We also used classic marker genes to confirm the annotations of the expected
developmental trajectories of the tree (Figure 7D). For example, consistent with its
known expression, the cardiac mesoderm marker gene Hand1(Barnes et al., 2010) was
restricted primarily to two trajectories; the entire extraembryonic ectoderm and the later
stages of mesoderm. In the TE branch, the developmental trajectory mirrored the early
pathway of placental development, comprising not only the TSC derivatives, EPC but

also EPC migratory derivatives (Figure 6 and 7A).

Meanwhile, in the PrE branch, the parietal endoderm is initially segregated, followed
by the segregation of the visceral endoderm (Figure 7A). PrE and its derivatives are
generally referred to as extra-embryonic endoderm, which contributes to extraembryonic
lineages encompassing the visceral endoderm (VE) and the parietal endoderm (PE)
(Morris et al., 2012; Thowfeequ et al., 2024). In a gastrulating embryo, the definitive
endoderm (DE) forms by ingression of cells from the epiblast (Christodoulou et al., 2019).
The DE comprises most of the cells of the gut and its accessory organs. Even though a
large amount of overlap in markers between EXEn and DE, which makes it difficult to
distinguish them, our developmental tree successfully tracked their origins and fates
(Takaoka et al., 2011). This is also confirmed by the expression of EXVE and PE-specific
markers (Ttr and Dab2), and endoderm marker Sox17 and Foxa2 in the respective
trajectory branches. The tree further confirmed that AVE (marked by genes Tox3 and
Dkk1l (Thowfeequ et al., 2024)) is not derived from distal VE but is formed from ExVE

cells (Figure 7D).
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We further identified the developmental trajectory of hematoendothelial progenitors
and notochord, which developed from ICM-EPI-MeEn till the branching into mesoderm
and endoderm by tracing the cells expressing the notochord marker gene
Noto(Beckers et al., 2007) and the hematoendothelial progenitors makers Kdr (Li et al.,

2017) and Tall (Kallianpur et al., 1994) (Figure 7D).

Overall, our single-cell transcriptome analysis revealed that chemical induction,
starting from ESCs, faithfully recapitulates the complex lineage branching and
differentiation patterns observed in natural embryo development, underscoring the

potential of ci-MOs to model embryogenesis at a single-cell resolution.

Discussion

In this study, we explored the possibility of developing a high-fidelity embryo model that
was transgene-free, cell mixing-free, direct, rapid and efficient, and easy to use in labs
worldwide. We hypothesized that this could be achieved by chemically reprogramming
ESCs into precursor-like cells of the three blastocyst fates. The expectation was that
such cells could represent a more natural starting point and potentially better way of
recreating embryo development in a petri dish. Strikingly, ci-MOs displayed
unprecedented morphological and molecular resemblance to the late gastrulation
embryo. This not only validated our hypothesis but also underscored the importance of

the starting cell identity in determining the developmental potential of the embryo model.

ci-MOs were found to have a sophisticated TE compartment which featured, as in
the embryo, an ectoplacental cone-like structure. Molecular analysis of this further

confirmed the degree of TE development and sophistication. This data was unexpected
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as this structure in ci-MOs is completely enveloped by visceral endoderm and that way
prevented from mimicking implantation. The interpretation we make is that TE
development is independent of implantation and that the TE fate cells in our model are
more developed than those in other embryo models. Robust and efficient decidualization
was also detected upon the transfer of ci-MOs into the uteri of pseudo-pregnant mice
indicating that potential signals prevenient from embryos to induce decidualization are
also present in ci-MOs. Together, these results make ci-MOs a unique embryo model to

study placenta development.

We focused our analysis on the late gastrulation stage. However, after additional
culture, ci-MOs showed further developmental progression (data not included). In the
future, it will be important to explore ci-MOs' full potential by using improved apparatus

and a wide range of additional culture conditions.

Similar to what happens in the embryo, ci-MOs PrE cells envelop the EPI and TE
compartments. However, the embryo also forms an outer mural TE that it uses to attach
to the uterus. Thus, despite our embryo model's remarkable similarity to natural embryo
development, it lacks a fundamental component necessary for implantation to occur.
Thus, a strategy refinement to our model is needed to allow ci-MOs mural TE to adopt

the correct position and thus enable development upon transfer into a uterus.

In conclusion, ci-MOs represent a high-fidelity embryo model with unique
characteristics, and further refinement will help to unlock its full potential as an advanced

model for broad biological research.
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Figure 1. Screen identifies molecules that induce the generation of blastocyst-like

precursor cells. See also Figure S1.

(A) Small molecules referred to in this article and associated abbreviations are noted. C
(Chir99021): glycogen synthase kinase 3 inhibitor (GSKa3i); concentrations 3 uyM (C),
6 UM (C"), 9 uM (C™). L (mLIF) represents mouse leukemia inhibitory factor, which
activates JAK and STAT3 signaling. 6 (E616452) represents the selective
transforming growth factor 3 receptor | inhibitor (TGFB-Ri). A (AM580) represents the
retinoic acid nuclear receptor (RAR) agonists.

(B) Schematic of small molecules induction (K4 treatment) strategy.

(C) Immunofluorescence of 60 h (pulse I) induction cells for TE marker CDX2 (red) and
PrE marker GATA6 (white). ICM marker OCT4 (green) corresponds to the GFP
signal driven by endogenous Oct4 activity; nuclear marker DAPI (cyan). Scale bar,
50 ym.

(D) Flow cytometry for GATAG, CDX2, and OCT4 in 60 h (pulse I) induction cells.

(E) Relative expression of marker genes in 60 h (pulse I) induction cells at different time
points. Fold changes in mRNA expression of target genes were determined by the

AACt method using Actin as endogenous control.

(F) Single-cell sequencing UMAP of pulse | induction cells. Green represents “pre-Pre”

cluster; orange represents “pre-TE” cluster; blue represents “pre-EPI” cluster; pink
represents the “Transient” cluster.

(G) Representative markers of different cell lineages. Sox2, Pou5fl and Nanog mark
EPI.; Gata6, Pdgfra and Sox17 mark PrE; Cdx2, 1d2 and Gata3 mark TE; Otx2 and
Fgf5 mark mature EPI; Cubn marks mature PrE.

(H) Chimera formation ratio of 60 h induction cells.

() Representative image of chimera from 60 h induction cells (H2B-mcherry, red).

Figure S1. Small molecule screen to identify compounds for inducing ESCs into

blastocyst-like precursor cells. Related to Figure 1.

(A) Different small molecules combination and immune-flow assay. K1, K2, K3, and K4
represent different combination and induction strategies, respectively. GATAG6 is a
primitive endoderm (PrE) marker, and CDX2 is a trophectoderm (TE) marker.

(B) Immunofluorescence of 60 h induction cells (OG2 ESCs). TE marker CDX2 (red);
PrE marker GATA6 (white). ICM marker OCT4 (green) corresponds to the GFP
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signal driven by endogenous Oct4 activity; nuclear marker DAPI (cyan). Scale bar,
50 ym.

(C) Expression of cell lineage marker gene in K1, K2, K3, and K4 at different time points.
Fold changes in mMRNA expression of target genes were determined by AACt method
using Actin as endogenous control.

(D-E) Immunofluorescence of 60 h induction cells (B6 and ICR ESCs). TE marker CDX2

(red); PrE marker GATAG6 (white); ICM marker OCT4 (green); nuclear marker DAPI

(cyan). Scale bar, 50 um.

Figure 2 Trajectory analysis of chemically induced cells reveals pathways to

blastocyst-like lineages. See also Figure S2.

(A) Schematic of Pulse Il small molecules induction strategy. T (TRULI) represents the
LATS inhibitor. X (XAV939) represents the Wnt signaling inhibitor. V (ActivinA) is
one of the TGFB superfamily members. B (BMP4), TGFB family. F (FGF4), a
member of the fibroblast growth factor (FGF) family.

(B-C) Immunofluorescence of 96 h (pulse Il) induction cells. TE marker CDX2 (yellow),
KRT18 (purple); PrE marker GATA4 (red), PDGRFa (yellow). ICM marker OCT4
(green) corresponds to the GFP signal driven by endogenous Oct4 activity; nuclear
marker DAPI (cyan). Scale bar, 50 um.

(D) Single-cell sequencing UMAP of pulse Il induction cells. Green represents PrE-like
cluster, orange represents TE-like cluster, blue represents EPI-like cluster.

(E) Statistical proportions of the three clusters for pulse Il induction cells.

(F) Representative markers of different cell lineages. Nanog, Sox2, Pou5fl, Igfbp2, Fgf4
and Tdgfl mark EPI.; Gata6, Gata4, Sox17, Foxa2, Cubn and Srgn mark PrE;
Cited1, Rhox6, Rhox9, 1d2, Krt8 and Krt18 mark TE.

(G) UMAP of 96 h induction cells integrating with published datasets from early mouse
embryo stages from zygote till E6.5 (Cheng et al.,, 2019; Deng et al., 2014;
Mohammed et al., 2017; Nowotschin et al., 2019; Posfai et al., 2017)..

(H) Heatmap showing the expression levels of conserved genes among 96 h cells and

E4.5 blastocysts.

Figure 3. Chemically induced ESCs undergo reprogramming before committing to

specific blastocyst fates.
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(A) Normalized lineage scores for 24 h, 60 h, and 96 h induction cells calculated using
the top 50 differentially expressed genes (|Log2 Fold Change| >1 and FDR < 0.05) of
lineages of E3.5 (E3.5 TE scores in red and ICM scores in purple) and E4.5 embryos
(EPI, PrE and TE score are indicated in blue, green and orange respectively). The
scores were normalized across all cells from all induction time points.

(B) Expression levels of key transcription factors Pou5fl, Nanog, Cdx2, Gata6 of
blastocyst lineages at 24 h cells of pulse I.

(C) Expression levels of selected representative differentially expressed genes of E3.5
ICM (framed in purple) and TE cells (framed in red) used in the computation of
lineage scores at 60 h cells of pulse I.

(D) Expression levels of selected representative differentially expressed genes of E4.5
EPI (framed in blue), PrE (framed in green), and TE (framed in orange) cells used in
the computation of lineage scores at 96 h cells of pulse Il.

(E) Lineage identity was further confirmed by lineage score analysis. The ggtern plots
show the normalized lineage scores for each individual cell, calculated by using the
top 50 differentially expressed genes (|Log2 Fold Change| >1 and FDR < 0.05) of
lineages of E4.5 embryos. The scores were normalized using the score of E4.5
embryos cells as maximum value. Higher values indicate closer similarity to E4.5
natural embryos. The cells are colored according to their lineage identity.

(F) Schematic of small molecules induction strategy.

(G) Expression levels of Xist in 96 h XY cells.

Figure S2. Analysis of 96 h TE-like sub-clusters. Related to Figure 2.

(A) UMAP of sub-clusters of 96 h TE-like cells.

(B) UMAP plots showing expression of Polar TE and mural TE markers in Sub-clusters
of 96 h TE-like cells. Cdx2, Ddahl, Gstol, Ly6a and Ccnd1l mark Polar TE; Krt18,
Krt8, Itga6, Lgalsl and Efnbl mark mural TE.

(C) Selected enriched GO terms of sub-clusters of 96 h TE-like cells.

(D) Selected enriched KEGG terms of sub-clusters of 96 h TE-like cells.

(E) Immunofluorescence of 96 h induction cells. Mural TE marker KRT18 (yellow); polar
TE marker CDX2 (purple); ICM marker OCT4 (green), nuclear marker DAPI (cyan).
Scale bar, 50 pm.
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Figure 4. Formation and development of ci-MOs from 96 hour chemically induced

ESCs. See also Figure S3 and S4.

(A) Progression of ci-MOs from ESC to 96 h ciBPCs till day 4.0 ci-MOs with
representative staining in vitro. Scale bar, 100 um.

(B) Morphology of day 4.5 ci-MOs. Scale bar, 100 pm.

(C) Length and diameter change with ci MOs progression.

(D) Paraffin of day 4.5 ci-MOs. EPC, ectoplacental cone; EXE, extraembryonic
ectoderm; Ch, chorion; Exe-Mes, extraembryonic mesoderm; VE, visceral
endoderm; Am, amnion; Al, allantois; Mes, mesoderm; PS, primitive streak; En,
endoderm; Epi, epiblast; Prox, proximal; Dist, distal; Ant, anterior; Post, posterior.
Scale bar, 50 pm.

(E-H) Immunofluorescence of day 4.5 ci-MOs paraffin. F, day 4.5 ci-MOs analyzed for
AP2y (purple), OCT4 (green), SOX2 (red), Scale bar, 50 um. G, day 4.5 ci-MOs
analyzed for SOX2 (red) and T (green), Scale bar, 50 um. H, day 4.5 ci-MOs
analyzed for N-cad (green), T (red), E-cad (purple), and DAPI (blue); Mes, mesoderm;
PS, primitive streak; En, endoderm; Epi, epiblast; Ect, ectoderm; Scale bar, 50 um. I,
day 4.5 ci-MOs analyzed for FOXA2 (red), GATA4 (green), DAPI (blue), Scale bar, 50

um.

Figure S3. Immunofluorescence of ci-MOs at different stages. Related to Figure 4.

(A-D) Immunofluorescence of day 1.5 and day 2.5 ci-MOs. AP2y (red), OCT4 (green),
GATA4 (white), CDX2 (red), GATA6 (white), DAPI (cyan). Scale bar, 100 um.

(E) Immunofluorescence of day 3.5 ci-MOs. AP2y (yellow), OCT4 (green), SOX2
(purple), and DAPI (cyan). Scale bar, 100 ym.

Figure S4. Generation of ci-MOs in independent ESC cell lines. Related to Figure 4.

(A-B) Immunofluorescence of day 1.5, day 2.5, and day 3.5 ci-MOs from K4.CDX2 (red),
OCT4 (green), GATA4 (white), AP2y (red), SOX2 (green), and DAPI (cyan). Scale
bar, 100 um.

Figure 5. Single-cell analysis of day 4.5 ci-MOs. See also Figure S5.
(A) A Uniform Manifold Approximation and Projection (UMAP) analysis of scCRNA-seq
data from E7.5 natural embryos (public) and day 4.5 ci-MOs (this study).
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(B) UMAP plots showing expression of indicated lineage markers in day 6 ci-MOs.
Handl, Mespl, Snail, and Mixl1 mark Mesoderm; Sox17, Gsc, Gata6, and Foxa2
mark Endoderm; Dkk1, Tox3, Cerl, and Leftyl mark anterior visceral endoderm;
Noto and Shh mark Notochord; Kdr, and Tall mark hematopoietic endothelial
progenitor cells; Pim2, Nkx1-2, Sox2, and Gng3 mark Ectoderm; Prdm14, Prdml,
Dndl1, and Sprr2a3 mark Primordial germ cells; Cubn, Srgn, Ttr, and Dab2 mark
Parietal endoderm and Extraembryonic visceral endoderm (PE & ExVE); TfapZ2c, 1d2,
EIf5, and Tacstd2 mark Extraembryonic ectoderm.

(C) The RNA velocity field is projected onto the UMAP plot shown in the right panel A.

(D) Heatmap of expression patterns of the top 30 differential expressed genes (log2FC >
1) per cell type (left), enriched GO terms (middle), and representative genes

associated with each GO term (right).

Figure 6. Characterization of extraembryonic ectoderm cell derivatives in day 4.5

ci-MOs.

(A) Sub-clustering and annotation results of extraembryonic ectoderm cells using
classical markers, and gene expression results in day 4.5 ci-MOs.

(B) RNA velocity maps showing developmental trajectories of extraembryonic
ectodermal cells.

(C) Sub-clustering and annotation results of EPC clusters based on published datasets
(Jiang et al.,, 2023). (EPC, ectoplacental cone; Secondary P-TGC precursor,
Secondary primary parietal trophoblast giant cells; LaTP, labyrinth trophoblast
progenitor cells; S-TGC Precursor, sinusoid trophoblast giant cells; SynTIl/ |
Precursor, syncytiotrophoblast precursor cells 11/ 1)

(D) Heatmap of expression patterns of the top 10 differential expressed genes per cell
type.

(E-G) Decidualization and decidualization rate after induction cell transplantation. Scale

bar, 1 cm.

Figure 7. Reconstruction of transcriptional trajectories from chemically induced
ESCs to day 4.5 ci-MOs.
(A) URD differentiation tree for samples from uninduced cells to day 4.5 ci-MOs.

(Uninduced cells, black; 24 h cells, dark slate grey; 60 h cells, steel blue; 96 h cells
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(D0O), cadet blue; D1.5, dark sea blue; D2.5, gold; D4.5, Indian red; TE,
trophoectoderm; ICM, inner cell mass; EPI, epiblast; PrE, Primitive endoderm;
MeEn, Mesendoderm; Ectl/2, Ectoderm 1/2; VE, visceral endoderm; PE, Parietal
endoderm.)

Force-directed layout of the URD differentiation tree, optimized for 2D visualization.
(Uninduced cells, black; 24 h cells, dark slate grey; 60 h cells, steel blue; 96 h cells
(DO0), cadet blue; D1.5, dark sea blue; D2.5, gold; D4.5, Indian red.)

Force-directed layout of the URD differentiation tree, optimized for 2D visualization.
(Ectoderm, blue; Mesoderm, red; Hematoendothelial progenitors, brown; Notochord,
purple; PGC, pink; Endoderm, gold; Embryonic visceral endoderm (EmVE), light
pink; Extraembryonic visceral endoderm (PE & EXVE), green; Extraembryonic
ectoderm, orange.)

Trajectory of a specific population (or population group) identified by URD from roots
(uninduced cells) to day 4.5 ci-MOs and gene expression of classical markers of
that population. Pim2 and Sox2 mark Ectoderm, Mespl and Hand1 mark Mesoderm,
Kdr and Tall mark Hematoendothelial progenitors, Noto and Shh mark Notochord,
Sprr2a3 and Dnd1 mark PGC, Sox17 and Foxa2 mark Endoderm, Tox3 and Dkk1l
mark Embryonic visceral endoderm (EmVE), Ttr and Dab2 mark Parietal endoderm
and Extraembryonic visceral endoderm (PE & EXVE), Sox21, EIf5 mark Trophoblast,
Cdknlc and MbnI3 mark EPC.

Tables

Table 1. List of gPCR primers

Gene Sequence

. F: CATTGCTGACAGGATGCAGAAGG
Actin R: TGCTGGAAGGTGGACAGTGAGG
F: CATCAGGAGGAAAAGTGAGCTGG

Cax2 R: TTTTCCTCTCCTTGGCTCTGCG

F: AGAGTGGGCATCGGTTTCCATC

Fafs R: CCTACAATCCCCTGAGACACAG

F: CCTCTGGAGGAGGAACGCTAAT

Gata3 R: GTTTCGGGTCTGGATGCCTTCT

Gata6 | F: CCCACTTCTGTGTTCCCAATTG
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R: TTGGTCACGTGGTACAGGCG
F: TCACCAGAGACCTGGACAGAAC
2 R: TGCTATCATTCGACATAAGCTCAG
F: GCAGTTGCCTTACGACTCCAGA
Pdgrfa R: GGTTTGAGCATCTTCACAGCCAC
F: GAACGCCTCATCAATGCCTGCA
Nanog R: GAATCAGGGCTGCCTTGAAGAG
F: TGAGGGAAGAGGTGGCACTGAA
o2 R: GCCTCACTTTGTTCTGACCTCC
F: GCCGATGAACGCCTTTATGGTG
Sox17 R: TCTCTGCCAAGGTCAACGCCTT
F: AACGGCAGCTACAGCATGATGC
Sox2 R: CGAGCTGGTCATGGAGTTGTAC
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources or reagents should be directed to and will

be fulfilled by the lead contact, José C. R. Silva (jose_silva@gzlab.ac.cn).

Materials availability

The mouse lines and other research reagents generated in this study will be distributed

upon request to other research investigators under a Material Transfer Agreement.

Data and code availability

The scRNA-seq data have been deposited in the Genome Sequence Archive in the
National Genomics Data Center, China National Center for Bioinformation, Chinese
Academy of Sciences (GSA: XXXXXXXXX). Any additional information required to
reanalyze the data reported in this preprint is available from the corresponding authors

upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal experiments were performed following the Guide of the Care and Use of
Laboratory Animals by the National Research Council and approved by the Institutional
Animal Care and Use Committee of Guangzhou Institutes of Biomedicine and Health
(GIBH), CAS. Any animals that appeared unhealthy before the start of experiments were
excluded. No inclusion criterion was used. The ICR mice were purchased from Beijing
Vital River Laboratory and the rats were purchased from Zhuhai Baishitong
Biotechnology Co., Ltd. The mice were housed with a 12 h light/ dark cycle between
07:00 and 19:00 in a temperature-controlled room (22 £ 1 °C) with free access to water
and food. CO, inhalation was used for euthanasia. To ensure death following CO,

asphyxiation, cervical dislocation was performed.

Cell lines

The following mouse ESC lines were used: The OG2 ESC line is a gift from Prof.
Guangming Wu. OG2 ESCs were derived from 3.5 d.p.c ICM from 129 female mice
crossing male OG2 mice.; Male ESC line), WT ICR ESC (ICR; Male ESC line) and WT
B6 ESCs (C57B/6; Male ESC line). We note that in our hands, ESC lines with lower
passages (within 20 passages) have much higher efficiency in yielding nice ci-Mos.
El4tg2a ESC line responds well to our chemical cocktail induction, however, E14tg2a
ESC line with 35 passages could not generate normal ci-MOs beyond day 5. All cell lines
were routinely tested every two weeks to ensure that they were not contaminated with

mycoplasma.

H2B-mcherry OG2 cell line

CSII-EF-H2B-mcherry lentivirus were kindly provided by Mingwei Min's lab. Fresh
harvested H2B-mcherry lentivirus and N2B27 medium were mixed with 8 pg/mL
polybrene (Biosharp, BL628A) and applied to dissociated OG2 ATV28 mESCs in

suspension for 12 h. The supernatant was removed afterwards and refreshed with 2iLIF
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medium for 3 days. Then cells were purified by sorting and used for a chimera

experiment.

Methods details

Mouse ESC culture conditions

All mouse ESCs were cultured in 2iLIF medium on gelatin-coated plates in N2B27 basal
medium supplemented with 20 ng/mL murine LIF (gKine, Qk018), 3 uM CHIR99021
(Selleck, S2924) and 1 pM PDO0325901 (Selleck, S1036). N2B27 basal medium
comprised a 1:1 mix of DMEM/F12 (Gibco, C11330500CP) and Neurobasal A (Gibco,
21103049) supplemented with 1xB27 (Gibco, 17504044), 1xN2 (Gibco, 17502048), 1x
GlutaMAX (Gibco, 35050061), 1xMEM NEAA (Gibco, 11140050), 0.1 mM 2-
mercaptoethanol (Gibco, 21985023). Cells were refreshed medium daily and cultured
under 20% O, and 5% CO, at 37 °C.

Chemical induction of mouse ESC

For chemical induction, ESCs were dissociated using accutase as previously described
(Li et al., 2024). Dissociated ESCs were seeded at a density of 2.0x10° per well on
gelatin-coated 6-well plates in chemical cocktails. Small molecules were added to the
N2B27 Basal medium. Cells were used for further experiments after 60 h induction. The

details of each cocktail were listed.

CL6A medium: N2B27 supplemented with 3 yM CHIR99021 (Selleck, S2924), 20
ng/mL murine LIF (gKine, Qk018), 10 uyM E616452 (Selleck, S7223) and 0.05 uM
AMS580 (Selleck, S2933). C6A medium: N2B27 supplemented with 3 yM CHIR99021, 10

UM E616452 and 0.05 uM AM580. C'6A medium : N2B27 supplemented with 6 pM
CHIR99021, 10 uM E616452 and 0.05 uM AM580. C™"6A medium : N2B27

supplemented with 9 uM CHIR99021, 10 uM E616452, and 0.05 yM AM580.C*L6A
medium : N2B27 supplemented with 6 yM CHIR99021, 20 ng/mL murine LIF, 10 uM

E616452 and 0.05 yM AM580.
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K1 treatment: induce the ESCs with CL6A medium for 60 h; K2 treatment: induce
the cells with C6A medium for 24 h, followed with 36 h treatment with CL6A; K3
treatment: induce the cells with C'6A medium for 24 h, followed with 36 h treatment with
CLBA:; K4 treatment: induce the cells with C™"6A medium for 24 h, followed with 36 h
treatment with CL6A; K5 treatment: induce the cells with C*6A medium for 24 h, followed
with 36 h treatment with C'L6A.

The 60 h chemical-induced cells were dissociated into single-cell suspension filtered
through 40 pm strainers. Cells were cultured at a density of 3-3.5x10* per Aggrewell with
PM medium at 37 °C, 5% CO2 culture condition for 1.5 days. FC medium: Dulbecco’s
modified essential medium (Gibco 41966052) supplemented with 20% (v/iv) FBS
(Carpicorn scientific, FBS-52A), 1 mM sodium pyruvate (Gibco, 11360039), 2 mM
GlutaMAX (Gibco, 35050038), 1% MEM non-essential amino acids (Gibco, 11140035),
0.1 mM 2-mercaptoethanol (Gibco, 31350010) and 1% (v/v) penicillin/streptomycin
(Gibco, 15140122).

PM medium: FC medium supplemented with 25 ng/mL rhFGF4 (R&D, 235-F4), 10
ng/mL hBMP4 (R&D, 314-BP-010/CF), 20 ng/mL Activin A (PeproTech, 120-14E), 3 uM
XAV939 (Sigma, X3004), 2 yM TRULI (Selleck, E1061), 1 pg/mL Heparin (Sigma,
H3149), 200 uM L-ascorbic acid 2-phosphate (Sigma, A8960) and 1 x ITS-G (Gibco,
41400045).

In-house rat serum preparation

Rat serum was prepared with reference to the methods of Takahashi et al (Takahashi et
al., 2014). The specific methods were as follows. After rats were anesthetized with 2.5%-
4% isofluorane, abdominal aortic blood was collected using a 0.5 mm venous blood
collection needle (SANLI, F0326-9-1) and a coagulant tube (BD Biosciences, 367955).
After each tube was collected and mixed up 6-7 times, it was allowed to stand at room
temperature for at least 30 min. When it has obvious stratification, centrifuge the test
tubes for 15 min at 2,000 x g at room temperature and then carefully transfer the serum
into a 15 mL sterile tube (Corning®, 430053) using a sterile pipette in a laminar air-flow
cabinet. Incubate the serum in a water bath at 55 °C for 45 min to inactivate the

complement system. Finally, inactivated rat serum was frozen in liquid nitrogen and
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stored at -80 °C, defrosted before use, and filtered with 0.22 pm filters. Specific

pathogen-free, 9-week-old (>300 g) male rats were used in this study.

Chemical induction-derived integrated embryo model (ci-MO) culture in vitro

To generated a chemical induction-derived integrated embryo model, the protocol was
modified and adapted from the previously described (Lau et al., 2022; Li et al., 2023).

At day 0, wash the day 0 ciMO twice with FC medium and fresh 1 mL FC medium to
each well.

At day 1.5, fresh 1.5 mL IVC1 medium to each well.

At day 2.5, the ci-MOs were transferred to a suspension 6-well plate, fresh 4 mL
IVC1 medium each well, and cultured in a shaking incubator at 80 rpm, 37°C and 5%
CO, condition.

From day 3.5, ci-MOs were transferred to a 5 mL bioreactor (ABLE Biott, BWV-
S005A), fresh 3 mL IVC2 medium each well and cultured in a Bioreactor Magnetic Stir
System-6¢h. Base plate for 5 mL (ABLE Biott, BWS-S03N0S-6B) at 50 rpm, 37°C, and 5%
CO, condition.

Day 1.5, day 2.5, day 3.5, and day 4.5 ci-MOs were collected for further
experiments and the details of each medium were as follows.

IVC1 medium: Advanced DMEM/F12 (Gibco, 12634028) supplemented with 20%
(v/v) FBS (Carpicorn scientific, FBS-52A), 2 mM GlutaMax (Gibco 35050038), 1 x ITS-X
(Gibco, 51500056), 100 nM T3 (3,3',5-Triiodo-L-thyronine sodium salt, sigma, T6397), 8
nM B-estradiol (Sigma, E8875), 200 ng/mL progesterone (Sigma, P0130) and 25 uyM N-
acetyl-L-cysteine (Sigma, C7880), 1 mg/mL D-glucose (Sigma, G8644) and 1% (v/v)
penicillin—streptomycin (Gibco, 15140122).

IVC2 medium: DMEM (low glucose, pyruvate, no glutamine, no phenol red, Gibco,
11880) supplemented with 50% rat serum, 30% human serum AB (Off the Clot, Gemini,
100-318), 2 mM GlutaMax (Gibco 35050038), 1 mM sodium pyruvate (Gibco 11360039),
11 mM HEPES (Gibco, 15630130), 4 mg/mL D-glucose (sigma, G8644) and 1% (v/v)
penicillin—streptomycin (Gibco, 15140122).

Immunostaining of cells and whole-mount immunostaining of ci-MOs
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Cells were cultured in 96-well plate and fixed with 4% PFA for 30 min at room
temperature, while ci-MOs were fixed with 4% PFA overnight at 4 °C. Then samples
were blocked with blocking buffer (DPBS containing 5% FBS, 5% Normal Goat Serum, 2%
BSA, 0.3% Triton X-100) at room temperature for 1 hour, followed by incubating with
primary antibodies diluted in blocking buffer at 4 °C overnight. Samples were washed
three times with PBST (DPBS containing 0.05% Tween-20), then were incubated with
Alexa Fluor tagged secondary antibodies against the appropriated species at 1:1000 for
1 h at room temperature. Samples were washed three times with PBST after samples
were stained with DAPI. For natural embryos up to E6.5 and ci-MOs up to day 5, sample
were treated with an extra clearing step: gradient treatment with 25%, 50%, 75%, 95%,
and 100% 2, 2'-Thiodiethanol (v/v, diluted in DPBS; sigma, 166782). Samples were
imaged on confocal microscopes FV3000 (Olympus) and Image J software (NIH, USA)
was used to analyze. The details of antibodies and their dilutions are provided in Key

Resources Table.

Immunohistochemistry for ci-MOs paraffin section

ci-MOs of various developmental stages were fixed in 4% PFA (Beyotime, P0099) for
overnight at 4 °C. ci-MOs embedded in paraffin were sectioned into 4 uym slices with a
microtome (Leica, Germany) and processed for deparaffinization and rehydration
followed by antigen retrieval in 10 mM sodium citrate (pH 6.0, Servicebio Biological,
G1202-250ML) (Buttler et al., 2008). Cooled and washed three times with phosphate
buffer (PBS) (pH 7.4), 5 minutes each time. The following steps are same with previous
methods (Immunostaining of cells and whole-mount immunostaining of ci-MOs) until the
secondary antibody and DAPI incubated. Then cover the slips with an anti-fade
mounting medium. All sections were imaged on confocal microscopes EVIDENT FV3000
and Image J software (NIH, USA) was used to analyze. The details of antibodies and

their dilutions are provided in Key Resources Table.

Eight-cell injection and chimeric embryo generation

Mouse 8-cell embryos were flushed from uterus/oviducts of plugged CD-1 (ICR) mice
using M2 medium (Millipore, MR-015-D) and cultured in KSOM-AA (Millipore, MR-106-D)
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covered by mineral oil (Sigma, M8410) at 37 °C and 5% CO,. Microinjections were
performed using a FemtoJet (Eppendorf).

To obtain chimeric blastocysts, four to six healthy cells were injected into each 8-cell
stage embryo perivitelline space. The injected embryos were cultured in KSOM-AA
drops for an additional 60 h. To obtain E6.5-7.5 chimera, after injection, the embryos
were removed to micro drops of KSOM-AA culture medium and placed in a humidified
incubator with 5% CO, at 37 °C. After a 2 h of incubation, about 15 chimeric embryos
were transferred to each surrogate mouse by uterine transfer, and the conceptuses were
dissected at E6.5/ 7.5 developmental stages.

Flow cytometry and FACS sorting

Cells were dissociated with accutase and suspended in appropriate medium. Cell
immune flow was blocked with blocking buffer (5% FBS, 5% Normal Goat Serum, 2%
BSA in DPBS without Ca®* and Mg*") for 20min, then primary antibody diluted with
blocking buffer was added and incubated for 1 h at room temperature. After washing
three times with DPBS without Ca?* and Mg?', the secondary antibody diluted with
blocking solution was added and incubated for 30 min. Washed three times with DPBS
without Ca** and Mg** and cells filtered through 40 um strainers. Samples were analyzed
by BD LSRFortessa X-20 and data analysis was performed via FlowJo software. For
FACS sorting, single cell suspension was analyzed by BD FACSAriad and target cell

population was sorted for subsequent experiment.

RNA extraction & RT-gPCR analysis

Total RNA was extracted using Ultrapure RNA Kit (CWBIO, CW0581M). 1 ug of total
RNA was reverse transcribed into cDNA using RevertAid™ First Strand cDNA Synthesis
Kit (Thermo, K16225) according to the manufacturer’'s instructions. qRT-PCR was
performed using TB Green® Premix Ex Taq™ Il (Takara, RR820A) and QuantStudio 3
Real-Time PCR System (Applied Biosystems). Fold change in mRNA expression of
target genes were determined by AACt method using Actin as endogenous control.

gPCR primers are listed in Table 1.

Preparation of single cell suspensions
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For chemical induced cells, cells were dissociated with accutase. For ciMOs, ciMOs
were digested with 100 pyL 10 U/ml papain (Worthington Biochemicals, LS003126) at
37 °C for 15-30 min.

Single cells were washed twice with cold PBS, filtered through a 35 um cell strainer and
loaded onto 10x Genomics Chromium system using Single Cell 3' Reagent Kits V3.1 at
a concentration of 16,000 single cells per sample. Libraries were sequenced on
MGISEQ2000 (MGI Tech) system in PE100 mode.

Pre-processing Single cell RNA-seq data

Single-cell RNA-seq data generated in this study. All single-cell RNA-seq data in this
study were analyzed using a custom reference genome built in accordance with the
instructions from 10x Genomics website (https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/using/tutorial_mr). Pre-built genome sequence
and gene annotations were downloaded from Ensembl GRCm39 release 104. Raw
FASTQ data were quality controlled using fastp(Chen et al., 2018) (v.0.21.0,
https://github.com/OpenGene/fastp) with default parameters. Alignment, annotation,
PCR duplicate removal and gene expression quantification were subsequently
performed using the STARsolo pipeline
(https://github.com/alexdobin/STAR/blob/master/docs/STARsolo.md) with STAR (Dobin
et al., 2013) (v.2.7.9a).

Public Single-cell RNA-seq data. Public data from GSE45719 (Deng et al., 2014),
GSE84892 (Posfai et al., 2017), GSE109071 (Cheng et al., 2019), GSE100597
(Mohammed et al., 2017), GSE123046 (Nowotschin et al., 2019), E-MTAB-6967 (Pijuan-
Sala et al., 2019) (mouse embryo stages ranging from zygote to E7.5 with all known
lineages within this period) were downloaded and pre-processed with the same protocol
as described for data generated in this study or with adaptation following the authors

instructions.

Downstream analysis of scRNA-seq data
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Linear dimensional reduction with Principal Component Analysis (PCA). Further
analysis was performed in R 4.2.2 with Seurat (Hao et al., 2021) (v.4.3.0). Based on
initial evaluation of per-cell quality control metrics, cells with less than 4000 (Smart-seq2
data) or 2000 (10x Genomics data) detected genes or >= 5% mitochondrial gene
percentage were filtered out. Genes detected in at least 3 cells were retained. Log-
normalization, centering and scaling of the filtered count data were performed with
NormalizeData and ScaleData functions sequentially and top 2000 highly variable genes
were selected with FindVariableFeatures function. Principal component analysis (PCA)
was applied on the scaled data using RunPCA function in Seurat with default parameters
based on the selected highly variable genes. The PCA coordinates were later used as

input of graph-based clustering approach.

Batch effect correction and integration of Smart-seq2 and 10x Genomics
experiments from multiple sources. For comparisons between day 4.5 ci-MOs and
public natural embryo datasets, canonical correlation analysis (CCA) approach, standard
integration pipelines described in Seurat official website
(https://satijalab.org/seurat/articles/integration_introduction.html) were used for anchors
determination and data-sets alignment with default parameters. For the integration of
public data covering different lineages and developmental stages from multiple sources
as was previously described, fastMNN (Haghverdi et al., 2018) approach was employed.
Each dataset from different experiments was considered a batch and contained at least
one shared cell population with the others. Log-normalization was performed using
computeSumFactors function from scran package (Lun et al.,, 2016) (v.1.20.1) and
scaling normalization across batches was then performed with multiBatchNorm function
in batchelor package(Haghverdi et al., 2018) (v.1.8.1). The log-normalized, batch-effect
corrected datasets were thereafter integrated using the fastMNN approach implemented

via SeuratWrappers (v.0.3.0, https://github.com/satijalab/seurat-wrappers). The MNN

low-dimensional coordinates were later used for graph-based clustering and

visualization.

Graph-based clustering and visualization with Uniform Manifold Approximation
and Projection (UMAP). Shared nearest neighbor (SNN) graphs were constructed
based on the dimensionally reduced and batch effect corrected data with FindNeighbors

function and were subsequently partitioned via Louvain algorithm implemented with
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FindClusters function at a range of resolutions selected according to library size and

data heterogeneity. UMAP was implemented via the RunUMAP function for visualization.

Lineage trajectory analysis. For developmental trajectories inference of ci-MOs, URD
(Farrell et al., 2018) (v.1.1.1, https://github.com/farrellla/URD) was chosen. To perform

URD analysis, we followed the detailed instructions provided by the author on URD from
GitHub (https://github.com/farrellja/URD/blob/master/Analyses/QuickStart/URD-
QuickStart-AxialMesoderm.md). We assigned a group of naive stem cells with the
signature of Cdx2/Gata6/Pou5fl*/Nanog” as ‘uninduced cells’ as root, and day 4.5 ci-
MOs as tips, resulting in a branching trajectory tree. For RNA velocity calculation, we
used scvelo (Bergen et al., 2020) (v.0.3.1, https://github.com/theislab/scvelo), following

the author’s instruction on https://scvelo.readthedocs.io/en/stable/index.html.

Lineage score calculation. To measure the similarity of our 24 h, 60 h, and 96 h cells
with natural embryos, we used the top 50 differentially expressed genes of E3.5 and
E4.5 mouse embryos to calculate the lineage scores of each single cell. In detail, the
lineage scores were calculated using the AddModuleScore function of the Seurat
package in each cell for these lineage-specific genes which were then normalized

between 1 and 100 with E4.5 blastocysts cells as maximum (Figure 2F) or within our

samples across induction time (Figure S2A). Next, the ‘ggtern’ package (v3.5.0) was

used to visualize and transform the three-dimensional axis into two dimensions. Each

dot represents one cell and colored with its lineage identity (Figure 2F).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistic results and graphs were generated by Excel or R. The numbers of samples

and types of statistical analyses are given in figure legends and results sections.

Supplemental information

Table S1. Conserved genes between E4.5 blastocysts and 96 h cells, related to Figure
2H.
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Table S2. Top differentially expressed genes of E3.5 and E4.5 mouse embryos, related
to Figure 3E.

Table S3. Top GO and KEGG terms of subclusters of 96 h TE-like cells, related to Figure
S2C and S2D.

Table S4. Top 30 differential expressed gene list of day 4.5 ci-MOs (OG2 ESC), related
to Figure 5D.

Table S5. Top GO terms of day 4.5 ci-MOs (OG2 ESC), related to Figure 5D.

Table S6. Top 30 differential expressed gene list of Day 4.5 ci-MOs (B6 ESC), related to
Figure S5D.

Table S7. Top GO terms of day 4.5 ci-MOs (B6 ESC), related to Figure S5D.
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