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The development of stem-cell-derived models of mammalian

embryogenesis has provided invaluable tools for investigating embryo
development. However, constructing embryo models that can continuously
recapitulate the developmental trajectory, from zygotic genome activation
to gastrulation, remains challenging. Here we report the development of a
chemical cocktail to induce totipotent-like cells with robust proliferative
ability and leverage these cells to establish a stepwise protocol for
generating a continuous embryo model. This model sequentially mimics
mouse embryogenesis from embryonic day 1.5to 7.5. It recapitulates

key developmental milestones, including zygotic genome activation in
2-cellembryos, the diversification of embryonic and extraembryonic
lineages from 4-cell to 64-cell stages, the formation of blastocysts and the
subsequent developmentinto post-implantation egg cylinders. Notably,
these structures undergo gastrulation, as indicated by the formation of a
primitive streak-like structure and the subsequent emergence of several
early organogenesis hallmarks. Our study opens avenues for modelling
mammalian embryogenesisin vitro.

The use of early stem cell types to construct in vitro embryo mod-
els has opened avenues for exploring embryo development'™.
Embryo-like structures can be generated through the self-organ-
ization of pluripotent stem cells® "%, or by assembling them with
extraembryonic stem cells’ '8, These approaches have led to the
development of blastoids’ ™", gastruloids®’ and other types of
embryoid®” 22 Although these models provide powerful tools for
studying mouse embryogenesis, the assembly of different stem
cell types does not fully replicate the natural process of embryo
formation. Furthermore, current embryo models are limited to reca-
pitulating specific developmental stages, and generating models

that mimic the complete process of mouse embryogenesis remains
challenging.

An alternative strategy for generating embryo models is to uti-
lize totipotent-like stem cells**~¢, which correspond to an earlier
developmental stage than blastocyst-derived stem cells. In princi-
ple, totipotent-like stem cells hold promise for modelling the entire
developmental trajectory of embryogenesis. Notably, we and other
groups have demonstrated that mouse totipotent-like stemcells canbe
induced into blastoids®***%, bypassing the need for mixing different
stem cell types and more closely mimicking natural blastocyst forma-
tion. However, it remains unknown whether mouse totipotent-like stem
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cells can be used to continuously model development from zygotic
genome activation (ZGA) to gastrulation.

Recently, we reported that mouse totipotent potential stem
(TPS) cells can be induced using a chemical cocktail®. However, these
cells proliferate slowly, hindering their applications in constructing
embryomodels. Here, we sought to utilize small molecules to capture
totipotent-like cells with improved proliferative ability. Leveraging
these cells, we developed a stepwise protocol to generate embryo
models that sequentially recapitulate mouse embryogenesis from
ZGAto the gastrulation.

Results

Identification of a chemical cocktail enabling the induction of
totipotent-like cells with improved proliferative ability
Previously, we established TPS cells from mouse extended pluripotent
stem (EPS) cells* and mouse two-cell embryos using the CPEC con-
dition, which includes CD1530, VPA, EPZ004777 and CHIR-99021%.
While transient treatment of mouse EPS cells with the CPEC condition
induced the expression of totipotent markers®, these cells showed
poor proliferative capacity after subsequent passaging, and continu-
ous adaptation in the CPEC condition was required for generating
stable totipotent-like cell lines?. Therefore, we aimed to identify a
chemical condition capable of rapidly inducing totipotent-like cells
with robust proliferative ability, providing a more suitable resource
for embryo modelling.

Toachieve this, we screened a small chemical library using mouse
EPS cells carrying a MuERV-L reporter (Extended Data Fig. 1a,b and
Supplementary Table 1), and the Wnt signalling agonist CHIR-99021
was added to support cell survival. Consistent with our previous
report®, the retinoic acid agonist CD1530 emerged as one of the most
effective totipotency inducers (Extended Data Fig. 1b,c). However,
CD1530 treatment also activated marker genes of primitive endoderm
(PrE) (Extended DataFig.1d). Toenhance totipotency induction while
minimizing PrE induction, we explored combinations of CD1530 and
CHIR-99021 with additional candidates identified from our screen.
Notably, the inclusion of PD0325901, a MEK inhibitor, further enhanced
the expression of totipotency marker genes (Extended Data Fig. 1e).
Moreover, this combination markedly suppressed PrE induction
(Extended DataFig. 1f), consistent with the reported inhibition of PrE
lineage specification by PD0325901 treatment™.

Next, we evaluated the proliferation ability of cellsupon the treat-
ment of CD1530, CHIR-99021 and PD0325901. However, we noticed
PD0325901 treatment increased the doubling time of cells compared
with the treatment of CD1530 and CHIR-99021 (Extended DataFig. 1g).
Therefore, we tested whether further combination with other totipo-
tencyinducersidentifiedinthe screen canreverse the inhibitory effect
of PD0325901 on cell proliferation. Notably, elvitegravir was found to
decrease the doubling time of cells treated with CD1530, CHIR-99021
and PD0325901 (Extended Data Fig. 1g). Moreover, the doubling time

of cells treated with this chemical cocktail (12.75 h) is significantly
shorter than that of cells treated with the CPEC condition (22.15 h)
(Extended DataFig.1g), which approximates the cleavage dynamics of
early mouse embryos (11-18 h)****, We further confirmed that this com-
binationactivates totipotency marker genes at higher levels compared
with treatment with each compound alone (Extended Data Fig. 1c).
Collectively, these dataindicate that we identified a chemical cocktail
that supports rapid induction of totipotent-like cells with improved
proliferative ability.

Chemically induced totipotent-like cells exhibit key features
of totipotency

Using this cocktail, we attempted to induce totipotent-like cells from
mouse EPS cells cultured in AggreWell plates under three-dimensional
conditions during stage 1 (S1) (Fig. 1a,b). Treatment of EPS cells
with this cocktail led to the rapid formation of cell aggregates
(Extended Data Fig. 2a). However, the average diameters of these
aggregates are shorter than that of E (embryonic day) 1.5 embryos
(Extended Data Fig. 2b), which may be attributed to the relatively
larger cellular volume of early blastomeres compared with that of
cultured cells (Fig. 1c). A high percentage of these aggregates (114 out
of 121 aggregates, 94.2%) expressed the totipotency marker ZSCAN4
(Extended DataFig.2c), knownto be highly expressed inmouse two-cell
embryos (Extended Data Fig. 2d). MUERV-L-Gag was also detected in
these aggregates (Fig. 1d), which is specifically enriched in two-cell
embryos (Fig. 1e).

To evaluate the developmental potentials of these totipotent-like
cells, we performed chimeric experiments, which showed that these
cellscanintegrated into embryonic and extraembryonic parts of E4.5
and E6.5mouse embryos (Fig. 1fand Extended Data Fig. 2e-g). In addi-
tion, immunofluorescent analysis of chimeric mouse E4.5 embryos
revealed the expression of the trophectoderm (TE) marker CDX2 and
the PrE marker SOX17in the derivatives fromtotipotent-like cells (Fig. 1f
and Extended DataFig. 2e).

We further performed single-cell RNA sequencing (RNA-seq)
to characterize the totipotent-like population, revealing that
these cells are transcriptionally distinct from the original EPS cells
(Extended Data Fig. 2h). Notably, the pluripotency transcriptional
programme was downregulated in the totipotent-like population
(Extended Data Fig. 2h and Supplementary Table 2), suggesting exit
from the pluripotent state. Consistent with bulk RNA-seq results,
totipotency marker genes were found to be upregulated in the
totipotent-like population (Extended Data Fig. 2i). In addition, we
confirmed the absence of PrE and TE marker gene expressionin these
cells (Extended Data Fig. 2j), suggesting that extraembryonic lineages
were not prematurely activated in the totipotent-like population.

Next, we performed Uniform Manifold Approximation and Pro-
jection (UMAP) analysis and identified three distinct subpopulations
within the totipotent-like cell population (Extended Data Fig. 2k).

Fig.1| Chemically induced totipotent-like cells capture key features of mouse
two-cell embryos. a, Schematic of the stepwise protocol for using chemically
induced totipotent-like stem cells to generate an embryo model mimicking
different stages of mouse embryogenesis (E1.5 to E7.5 and beyond). PS, primitive
streak; DE, definitive endoderm; ExM, extraembryonic mesoderm. b,c, Bright-
field images of totipotent-like cell-derived embryo-like structures (b) at different
stages and staged-matched natural embryos (c). Scale bars, 100 pm. NF, neural
fold; H, heart; NT, neural tube; TB, tail bud. n =9 embryo-like structures from

9 experiments, n = 3 natural embryo from 3 experiments. d,e, Immunofluorescent
image showing the expression of MUERV-L-Gag ininduced totipotent-like cells
atS1(c)and E1.52-cellembryos (d). n =5 S1cell aggregates from 2 experiments,
n=3ELS52-cellembryo from 2 experiments. Scale bars, 20 um. f, Bright-field

and immunofluorescentimage showing the presence of derivatives of induced
totipotent-like cells in E4.5 mouse blastocysts. Td, tdTomato. Td" cells were found
to be presented in the EPI (dashed white line), PrE (white arrowhead) and TE

(blue arrowhead) region. n =5 from 3 experiments. Scale bars, 20 um. g, Feature
plots showing the expression of ZGA genes in EPS cells and cell aggregates at S1.
h, Dot plots showing the average levels and proportion of cells expressing specific
marker genes for early, middle, and late two-cell embryos in subpopulations 2
and 3 from cell aggregates at S1. Specific marker genes for early, middle and late
two-cell embryos were identified using published single-cell transcriptomic
datasets (GSE45719 and GSE136714). Expressions of these marker genes in
zygotes, early to late 2-cell, 4-cell, 8-cell and 16-cell embryos are shown as the
control. i, Pseudotime trajectory reconstruction of single cells from the three
subpopulations at S1.j, UMAP analysis of transcriptome of subpopulations from
induced totipotent-like cells at S1. These samples were integrated with published
single-cell transcriptomic datasets of early mouse embryo stages from zygotes
to blastocysts (GSE45719 and GSE136714). EPS cells were also integrated.

k, Hierarchical clustering of subpopulations 2 and 3 from induced totipotent-like
cellsat S1, EPS cells and pre-implantation embryos (GSE45719 and GSE136714).
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The proportions of these subpopulations were 17.3% for subpopula- ~ withthis observation, genes upregulated in subpopulation3 were pre-
tion 1(S1-1), 60.9% for subpopulation 2 (S1-2) and 21.8% for subpopu-  dominantly expressed during the middle-to-late two-cell stage (Fig. 1h,
lation 3 (S1-3) (Extended Data Fig. 2k). Further analysis of ZGA gene  Extended Data Fig. 2l and Supplementary Table 4), whereas genes
expression revealed that ZGA gene activation was most prominent  downregulatedinthis subpopulation were more highly expressed atthe
in subpopulation 3 (Fig. 1g and Supplementary Table 3). Consistent  blastocyst stage (Extended Data Fig.2m and Supplementary Table 4).
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Compared with subpopulation3,ZGA gene activation in subpopulation
2wasrelatively lower but still higher thanthatinthe EPS cells (Fig.1g).In
addition, subpopulation 2 showed enrichment for marker genes asso-
ciated with both early and middle-to-late two-cell embryos (Fig. 1h).

To explore the developmental relationship among the three sub-
populations, we conducted pseudotime analysis, which revealed a
sequential transition fromsubpopulation1to subpopulation3, passing
through subpopulation 2 (Fig. 1i). We further examined the transcrip-
tional similarity between these subpopulations and totipotent blas-
tomeres. Subpopulation 1 was distinct from EPS cells and positioned
between blastocysts and totipotent blastomeres (Fig. 1j), suggesting
it may represent an intermediate state during totipotency induction.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses revealed that genes enriched in subpopulation1were
associated with phagocytosis, bacterial infection and placental devel-
opment (Extended Data Fig. 2n and Supplementary Table 5). Mean-
while, subpopulation 2 mapped closely to early two-cell embryos, while
subpopulation3aligned with late two-cellto early four-cell blastomeres
(Fig.1j). This developmental trajectory was further supported by hier-
archical clustering analysis (Fig. 1k).

We further confirmed that the totipotent-like cells could be stably
cultured for over 30 passages under the chemical cocktail comprising
CD1530, PD0325901, CHIR-99021 and elvitegravir (Extended Data
Fig.20,p).Inaddition, while the expression of pluripotency marker genes
wasreduced compared with EPS cells, totipotency-associated genes were
upregulated (Extended DataFig. 2p), suggesting that the totipotent-like
state can be stably maintained in vitro.

Recapitulation of the diversification of embryonic and
extraembryonic lineages from 4-cell to 64-cell stages using
chemically induced totipotent-like cells

Next, we tested whether the cell aggregates at S1 could be prompted to
exitthetotipotentstate. Therefore, we tested several small molecules
and cytokines known to target signalling pathways and epigenetic
regulatorsinvolved inearly embryo development. Notably, treatment
with CD1530, CHIR-99021, birabresib and 8-Br-cAMP for one day pro-
moted further growth of cell aggregates derived from S1 (Fig. 1b and
Extended Data Fig. 2a). However, their average diameters remained
smaller than those of E2.5embryos (Fig.1c and Extended DataFig. 2b).
Importantly, the majority of these aggregates (107/110 aggregates,
97.3%) coexpressed NR5SA2 and TFAP2C at stage 2 (S2) (Fig. 2a), resem-
bling the expression pattern observedin E2.5embryos (Fig.2b). These
factorsarekey bipotency activators that promote the diversification of
embryonicand extraembryoniclineage during 2-cell to 16-cell embryo
development®**, Consistent with this, we observed a transcriptional
upregulation of genes regulated by Nr5a2 and Tfap2cin S2 cells com-
pared with subpopulation 3 at S1 (Fig. 2c and Supplementary Table 6).
Transcriptome analysis further revealed the expression of marker genes
for 4-cell, 8-cell and 16-cell embryos in these S2 cells (Fig. 2d), which

clustered with 4-cell to 16-cell blastomeres (Fig. 2e). These findings
were further supported by hierarchical clustering analysis (Fig. 2f).

Toinvestigate the relationship between cells from stages S1and
S2, we performed pseudotime analysis. Subpopulation 1 from S1,
characterized by intermediate features, transitioned into subpopula-
tion 2 from S1 (Extended Data Fig. 3a), which exhibited transcriptional
signatures of early and middle-to-late 2-cell embryos (Fig. 1h). From
this state, a subset of cells progressed to subpopulation 3 from S1,
which expressed high levels of Zscan4, while others committed to
the four-cell-like population at S2 (Extended Data Fig. 3a). The major-
ity of 4-cell-like cells subsequently transitioned into the 16-cell-like
population (Extended Data Fig. 3a). Importantly, subpopulation
3fromSlappearedtobedisconnected fromthe 4-cell- to 16-cell-like
developmental trajectory (Extended Data Fig. 3a), consistent with
arecent study reporting that only Zscan4-negative ZGA-like cells
proceed to subsequent stages of development®®, In addition, we
confirmed that genes enriched in subpopulation 1 from S1, which
represents anintermediate state, were significantly downregulated
inthe subpopulations at S2 (Extended Data Fig. 3b). This observation,
together with the pseudotime analysis, suggest that the intermediate
cells from S1are unlikely to have a direct influence on the formation
of S2 cells.

Following an additional day of induction with CD1530, CHIR-
99021, birabresib and 8-Br-cAMP, the cell aggregates continued to
proliferate at stage 3 (S3). However, their average diameters remained
smaller thanthose of E3.5embryos (Fig. 1c and Extended Data Fig. 2b).
Notably, immunofluorescence analysis showed that a high percent-
age of S3 aggregates (111 out of 127, 87.4%) contained cells positive
for OCT4, CDX2 and SOX17 (Fig. 2g), exhibiting an expression pat-
ternsimilar to that of E3.5 embryos (Fig. 2h). Insupport of this, these
cells also expressed marker genes for 32-cell and 64-cell embryos
(Fig. 2i). Analyses of UMAP and hierarchical clustering further
showed that these cells were mapped to 32-cell to 64-cell embryos
(Fig. 2j,k).

We further investigated the roles of CD1530, CHIR-99021, bira-
bresib and 8-Br-cAMP during induction at S2 and S3. To this end, we
systematically removed one compound at a time from the base com-
bination and collected cells treated under each modified condition
for bulk RNA-seq. Omission of birabresib resulted ina failure to down-
regulate totipotency marker genes (Extended Data Fig. 3c). Inaddition,
removal of either 8-Br-cAMP or CD1530 led to reduced expression of
Tfap2cand Nr5a2target genes (Extended Data Fig. 3d). We also assessed
the impact of each compound on the expression of lineage-specific
marker genes associated with the epiblast (EPI), TEand PrE at S3. While
exclusion of 8-Br-cAMP led to abroad reductionin marker gene expres-
sionacross all three lineages, omission of the other three compounds
generally had the opposite effect (Extended Data Fig. 3e). Inaddition,
CHIR-99021 showed a strong inductive effect on Cdx2 expression
(Extended DataFig. 3e).

Fig. 2| Totipotent-like cell-derived aggregates resemble mouse early embryos
from the 4-cell to 64-cell embryo stages. a,b, Inmunofluorescent analysis
showing the expression of NR5A2 and TFAP2C in cell aggregates at S2 (a) and
E2.5embryos (b).n =6 S2 cell aggregates from 2 experiments, n =3 E2.5embryos
from 2 experiments. Scale bars, 20 um. ¢, Feature plots showing the expression
of genes regulated by Nr5a2 and Tfap2cin subpopulation 2 from S1and cell
aggregates at S2. Genes regulated by Nr5a2 and Tfap2c were identified using
published bulk transcriptomic datasets (GSE229740 and GSE216256).

d, Dot plots showing the average levels and proportion of cells expressing stage-
specific marker genes in cell aggregates at S2. Developmental stage-specific
marker genes for zygotes, 2-cell, 4-cell, 8-cell and 16-cell embryos were identified
using published single-cell transcriptomic datasets (GSE136714). Expressions
ofthese marker genes in zygotes, 2-cell, 4-cell, 8-cell and 16-cell embryos are
shown as the control. e, UMAP analysis of transcriptome of totipotent-like
cell-derived cell aggregates at S2. These were integrated with published single-
cell transcriptomic datasets from early mouse embryo stages from zygotes to

16-cell embryos (GSE136714).f, Hierarchical clustering of cell aggregates at S2
and early mouse embryo stages from zygotes to 16-cell embryos (GSE136714).

g h, Immunofluorescent analysis showing the expression of OCT4, CDX2 and
SOX17in cell aggregates at S3 (g) and E3.5embryos (h).n = 6 S3 cell aggregates
from 2 experiments, n =3 E3.5 embryos from 2 experiments. Scale bars, 20 pm.

i, Dot plots showing the average levels and proportion of cells expressing stage-
specific marker genes in cell aggregates at S3. Developmental stage-specific
marker genes for zygotes, 2-cell, 4-cell, 8-cell, 16-cell, 32-cell and 64-cell embryos
were identified using published single-cell transcriptomic datasets (GSE136714
and GSE84892). Expressions of these marker genes in embryos from zygotes to
64-cell embryos are shown as the control. j, UMAP analysis of transcriptome of
totipotent-like cell-derived cell aggregates at S3. These samples were integrated
with published single-cell transcriptomic datasets of early mouse embryo stages
from zygotes to 64-cell embryos (GSE136714 and GSE84892). k, Hierarchical
clustering of cell aggregates at S3 and early mouse embryo stages from zygotes
to 64-cellembryos (GSE136714 and GSE84892).
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Further induction of blastoids from totipotent-like
cell-derived 64-cell-like aggregates

To further promote the formation of blastocyst-like structures (blas-
toids) from 64-cell-like aggregates, we tested different combinations
of compounds targeting signalling pathways involved in blastocyst
development. Notably, we identified a combination of signalling
agonists for WNT (CHIR-99021), YAP (GA-017), FGF (bFGF) and BMP

(BMP-4) that efficiently induced blastoid formation, with a success
rate of 75.9% following 3 days of treatment at stage 4 (S4) (Figs. 1b and
3a and Extended Data Fig. 2a). Immunostaining analysis revealed
that these blastoids expressed key marker genes for EPI (OCT4),
TE (CDX2 and CK8) and PrE (SOX17 and GATA®6) (Fig. 3b,d and
Extended Data Fig. 4a), mimicking the expression patterns observed
in E4.5embryos (Fig. 3c,e and Extended Data Fig. 4b). Moreover, both
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Fig. 3 | Induction of blastocyst-like structures from chemically induced
totipotent-like cells. a, Bright-field image of blastoids at S4. Scale bar, 100 pm.
Similarimages were obtained in at least three independent experiments.

b,c, Immunofluorescent analysis showing the expression of OCT4 and

CDX2in blastoids at S4 (b) and E4.5 blastocysts (c). n = 9 S4 blastoids from

6 experiments, n =3 E4.5 blastocysts from 2 experiments. Scale bars, 20 pm.
d,e, Immunofluorescent analysis showing the expression of OCT4 and SOX17in
blastoids at S4 (d) and E4.5 blastocysts (e). n = 7 S4 blastoids from 5 experiments,
n=3E4.5blastocysts from 2 experiments. Scale bars, 20 um. f, Histograms
showing the distribution of the diameters of S4 blastoids and E4.5 blastocysts.
n=37S4blastoids, n = 27 E4.5blastocysts. The vertical dashed line denotes the
mean of the group. g, Histograms showing the total cell number of S4 blastoids

and E4.5blastocysts. Data are presented as mean + s.d. n = 34 S4 blastoids, n =26
E4.5blastocysts. n.s., non-significant (two-sided Student’s ¢-test). h, Histograms
showing the indicated cell number of S4 blastoids and E4.5 blastocysts. Data are
presented as mean + s.d. n = 62 S4 blastoids, n = 47 E4.5 blastocysts. *P < 0.05;
n.s., non-significant (two-sided Student’s ¢-test). i, Dot plots showing the average
levels and proportion of cells expressing lineage-specific marker genes in
blastoids at S4. Lineage-specific marker genes for EPI, TE and PrE in E4.5 mouse
blastocysts were identified using published single-cell transcriptomic datasets
(GSE123046). Expressions of these marker genes in EPI, TE and PrE from E4.5
mouse blastocysts are shown as the control. j, UMAP analysis of transcriptome of
cells fromblastoids at S4. These samples were integrated with published single-
cell transcriptomic datasets from E4.5 mouse blastocysts (GSE123046).
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the average diameters and total cell numbers of blastoids were com-
parableto those of E4.5 embryos (Fig. 3f,g and Extended DataFig. 2b).
However, we also observed a higher proportion of EPI-like cells and
alower proportion of PrE-like cells in blastoids compared with E4.5
blastocysts (Fig. 3h), a phenomenon that has also been reported in
previous blastoid studies™*?5,

Next, we performed single-cell RNA-seq analysis on S4 blastoids.
Consistent with the immunostaining result, we identified three dis-
tinct subpopulations that expressed marker genes for the EPI, TE and
PrE lineages (Fig. 3i). Furthermore, UMAP analysis showed that these
subpopulations resembled the EPI, TE and PrE lineages found in E4.5
blastocysts (Fig. 3j).

We further examined the roles of CHIR-99021, GA-017, bFGF and
BMP-4 in blastoid induction at S4. Removal of any single compound
fromthe S4 cocktail resulted inasignificant reductionin cavity forma-
tion (Extended Data Fig. 4¢,d). Consistent with the established role of
the Hippo-YAP signalling pathway in TE specification®**, omission of
the LATS1/2inhibitor GA-017 produced the most pronounced decrease
in blastoid formation efficiency (Extended Data Fig. 4c,d). Similarly,
removal of the WNT signalling agonist CHIR-99021 led to a dramatic
reduction in blastoid formation (Extended Data Fig. 4c,d), in agree-
ment with previous studies highlighting the role of WNT signalling in
regulating blastoid induction**%,

To assess the developmental relevance of S4 blastoids, we first
examined whether the process of blastoid formation could respond
to developmental perturbations in a manner similar to natural
embryos. Given that endogenous retinoic acid activity is critical
for ZGA and developmental progression in early mouse embryos’,
we treated S1 cultures with the RARy antagonist LY2955303. Nota-
bly, this pharmacological inhibition impaired the expression of
totipotency marker genes at S1 (Extended Data Fig. 5a). Moreover,
consistent with the effect of LY2955303 observed in natural early
mouse embryos (Extended Data Fig. 5b), treatment with LY2955303
also significantly reduced blastoid formation efficiency at stage S4
(Extended Data Fig. 5¢,d). We next evaluated the role of RHO-ROCK
signalling, whichis reported to suppress TE formationin mouse blasto-
cysts throughactivation of the Hippo signalling pathway*. Consistent
with observations in mouse early embryos (Extended Data Fig. 5e),
treatment with the ROCK inhibitor Y27632 reduced the efficiency of
blastoid formation (Extended Data Fig. 5f,g). To further explore the
developmental competence of S4 blastoids, we transplanted them into
pseudo-pregnant mice at 2.5 days post coitum (dpc). These blastoids
induced decidualizationin vivo (Extended Data Fig. 5h). However, only
degenerated structures were detected within the decidua.

Early-stage blastoids derived from totipotent-like cells can
form post-implantation embryoids
Next, weinvestigated whether the blastoids could further develop into
post-implantation embryo-like structures. Because the removal of
mural TE from the E4.5 blastocysts facilitates their development into
post-implantation embryosinvitro*’, we reasoned that treatment with
the blastoid medium for 3 days could induce numerous mural TE-like
cells in the blastoids, potentially hindering the transition of blastoids
into post-implantationstages. Therefore, we focused on using early-stage
blastoids induced by a1-day treatment with the blastoid medium.
Given that the proliferation of trophoblast stem cells is critical
for the formation of peri-implantation embryos*, we included FGF-4
and Activin A in the peri-implantation medium, which are beneficial
for proliferation of trophoblast stem cells*>**. In addition, BMP-4 was
added because BMP signalling plays a crucial role in both embryonic
and extraembryonic development during the peri-implantation stage**.
Wealsoincorporated XAV939,a WNT signalling inhibitor, becauseit has
beenreported to promote the transition of EPI from naive pluripotency
to primed pluripotency in peri-implantation embryos®, Notably, after
combined treatment with these four compounds, 50.2% of the early

blastoids developed into embryoids that morphologically resembled
E5.0-ES.5embryosatstage 5 (S5), with the presence of egg cylinder-like
structures surrounded by a layer of visceral endoderm (VE)-like cells
(Fig. 1b and Extended Data Fig. 2a). While the average width of these
egg cylinder-like structures was comparable to those of E5.5 embryos,
their average length was smaller (Extended Data Fig. 6a).

To further analyse the early egg cylinder-like embryoids, we per-
formed immunostaining. Similar to E5.5 embryos, OCT4" and CDX2"
cells formed two separate rosette-like structures (Fig. 4a,b). Single-cell
transcriptomic analysis showed the presence of EPI-, extraembryonic
ectoderm (ExE)- and VE-like cells within these structures (Fig. 4c and
Extended Data Fig. 6b). GO analysis also showed that genes enriched
in the EPI-, EXE- and VE-like cells are involved in the specification and
development of these lineages in vivo (Extended Data Fig. 6¢ and
Supplementary Table 7). Moreover, UMAP analysis revealed that these EPI-,
EXE- and VE-like cells clustered with their in vivo counterparts (Fig. 4d).
Notably, we also detected the expression of CerZinthe VE-like cells (Fig. 4¢),
suggesting theinitiation of distal VE (DVE)/anterior VE (AVE) formation.

Next, we evaluated the individual contributions of Activin A,
BMP-4, FGF-4 and XAV939 in inducing E5.5 embryo-like structures.
Removal of any single component from the S5 cocktail resulted in a
marked downregulation of EXE marker genes (Extended Data Fig. 6d).
In terms of VE development, omission of BMP-4, FGF-4 or XAV939
impaired the expression of VE markers, whereas removing Activin A
ledtoanincreasein their expression (Extended Data Fig. 6d). Regard-
ing EPI development, exclusion of Activin A reduced the expression
of EPI-associated genes, while omission of XAV939 resulted in their
upregulation (Extended Data Fig. 6d).

Post-implantation embryoids derived from totipotent-like
cells can progress to the gastrulation stage

The successful generation of E5.5-like embryoids at S5raised the ques-
tion of whether gastrulation could occurinthese structures. Toinves-
tigate this, we transferred the E5.5-like embryoids from the AggreWell
plates to six-well non-adherent suspension culturing plates at stage
6 (S6) (Fig. 1a), and switched the culture medium into the modified
IVC1 medium*. After 1 day of culturing, we observed 30.4% of the E5.5
embryoids can develop into embryo-like structures that morphologi-
cally resemble E6.5 embryos (Fig. 1b and Extended Data Fig. 2a), with
the emergence of an expanded pro-AC surrounded by a VE-like layer.
However, the average length of the E6.5-like embryoids was smaller
than those of E6.5 embryos (Extended Data Fig. 6a).

Consistent with the observed morphological changes, immu-
nostaining analysis revealed expanded OCT4"and CDX2' lumens within
the E6.5-like embryoids (Fig. 4f), mimicking the expression pattern
of OCT4 and CDX2in E6.5 embryos (Fig. 4g). In addition, 70.5% of the
E6.5-like embryoids contained both OCT4" and SOX17" cells, with 35.0%
of these structures exhibiting an expanded OCT4-positive lumen sur-
rounded by aSOX17-positive layer (Fig. 4h and Extended Data Fig. 6e),
mimicking the spatial organizationin E6.5embryos (Fig. 4i). To assess
whether the anterior-posterior axis had been successfully established
inthe E6.5-like embryoids, we examined the expression pattern of CER1,
amarker of the AVE. 65.2% of S6 embryoids contained CER1-positive
cells (Extended Data Fig. 6f). Among these, 45.6% displayed localiza-
tion of CER1-positive cells to the distal region, while 54.4% showed an
asymmetric pattern of CER1 expression on one side of the structure
(Fig.4j and Extended DataFig. 6f), resembling the expression pattern
observedin E6.5 embryos (Fig. 4k).

After 2 days of culturing in the modified IVC1 medium, 42.8% of
the embryoids became more complex at stage 7 (S7), displaying dif-
ferent compartments resembling the amnion (Am), amniotic cavity
(AC), exocoelomic cavity (ExC) and ectoplacental cavity (EC) (Fig. 1b
and Extended Data Figs. 2a and 7a). However, both the average width
and length of S7 embryoids were smaller compared with those of E7.5
embryos (Extended Data Fig. 6a).
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Fig. 4| Totipotent-like cell-derived early blastoids develop into peri-and
post-implantation embryoids. a,b, Inmunofluorescent analysis showing the
expression of OCT4 and CDX2 in peri-implantation embryo-like structures at
S5(a) and E5.5embryos (b).n =9 S5embryoids from 5 experiments, n=3ES.5
embryos from 2 experiments. Scale bars, 50 um. ¢, Dot plots showing the average
levels and proportion of cells expressing lineage-specific marker genes in
embryo-like structures at SS. Lineage-specific marker genes for EPI, EXEand VE in
E5.5 mouse embryos were identified using published single-cell transcriptomic
datasets (GSE123046). Expressions of these marker genes in EPI, EXE and VE from
ES.5mouse embryos are shown as the control. d, UMAP analysis of transcriptome
of cells from peri-implantation embryo-like structures at S5. These were
integrated with published single-cell transcriptomic datasets from E5.5 mouse
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the expression of OCT4 and CDX2 in post-implantation embryo-like structures
atSé6 (f) and E6.5 embryos (g). n =7 S6 embryoids from 6 experiments, n=3E6.5
embryos from 2 experiments. Scale bars, 50 pm. h,i, Immunofluorescent analysis
showing the expression of OCT4 and SOX17 in embryo-like structures at S6 (h)
and E6.5embryos (i). n = 6 S6 embryoids from 4 experiments, n = 2 E6.5 embryos
from 2 experiments. Scale bars, 50 pm. j k, Immunofluorescent analysis showing
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from 2 experiments. Scale bars, 50 pm.

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123046
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123046

Technical Report

https://doi.org/10.1038/s41556-025-01793-9

® Caudal mesoderm
® Definitive endoderm
Epiblast

@ Extraembryonic ectoderm
Extraembryonic endoderm
Extraembryonic mesoderm

Fig. 5| Totipotent-like cell-derived post-implantation embryoids capture

key developmental events during gastrulation. a,b, Inmunofluorescent
analysis showing the expression of OCT4 and T in post-implantation embryo-like
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fluorescent analysis showing the expression of T and E-CADHERIN in post-
implantation embryo-like structures at S7 (c) and E7.5 embryos (d). Down-
regulation of E-=CADHERIN in T* cells indicate epithelial-to-mesenchymal
transitionin the primitive streak (PS) area. n =2 S7 embryoids from 2
experiments, n=2E7.5 embryos from 2 experiments. Scale bars, 50 um.

e.f, Immunofluorescent analysis showing the expression of SOX17 and FOXA2in
post-implantation embryo-like structures at S7 (e) and E7.5 embryos (f). Bottom
images, magnified field showing the presence of DE-like cells in the anterior parts
ofthe PSarea.n =6 S7 embryoids from 2 experiments, n =4 E7.5embryos from
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like cells. n =4 S7 embryoids from 3 experiments, n =3 E7.5 embryos from 2
experiments. Scale bars, 50 pm. i,j, Immunofluorescent analysis showing the
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transcriptome of cells from embryo-like structures at S7. These samples were
integrated with published single-cell transcriptomic datasets from E7.5 mouse
embryos (E-MTAB-6967).
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To further investigate the progression of gastrulation in post-
implantation embryoids, we examined the expression of the primi-
tive streak marker T (Brachyury, Bra). In total, 53.6% of the analysed
S7 embryoids contained T-positive cells (Extended Data Fig. 7b).
Among these T-positive structures, 41.6% exhibited asymmetric T
expression extending from the posterior side of the EPI to its distal
region (Fig. 5a and Extended Data Fig. 7b). Furthermore, co-staining
for Tand E-CADHERIN revealed the downregulation of E-CADHERIN in
T-positive cells (Fig. 5c), implying epithelial-to-mesenchymal transi-
tionin the primitive streak region. In addition, 53.5% of S7 embryoids
displayed coexpression of SOX17 and FOXA2 in the distal region of
the primitive streak (Fig. 5e and Extended Data Fig. 7¢), suggesting
the emergence of definitive endoderm-like cells. We also detected
the presence of Tand FOXA2 double-positive cells in the distal region
of the primitive streak-like area (Fig. 5g), suggesting the formation of
axial mesoderm-like cells. Moreover, coexpression of Tand RUNX1was
also observed (Fig. 5i), marking extraembryonic mesoderm-like cells
committing to the hematopoieticlineage. The expression patterns of
these analysed lineage markers in S7 embryoids mimic those observed
inE7.5 embryos (Fig. 5b,d,f,h,j).

To assess the lineage composition of S7embryoids, we performed
single-cell RNA-seq analysis. UMAP analysis revealed the presence of
different embryonic and extraembryonic lineages (Fig. 5k), which
contained cell types fromall three germ layers, as well as extraembry-
onic lineages corresponding to the ExE and VE (Fig. 5k). We further
confirmed that the embryonic and extraembryonic lineages expressed
corresponding marker genes of E7.5embryos (Extended DataFig.7d,e).
Consistent with these findings, most of the lineages displayed a high
correlation (R > 0.9) with the corresponding lineages in E7.5 embryos
(Extended DataFig. 7f). Within the ExE cluster, we also detected diverse
subpopulations expressing marker genes characteristic of chorion pro-
genitors, chorion, ectoplacental cone and progenitors of trophoblast
giant cells (Extended DataFig. 7g).

Chemically induced totipotent-like cell-based embryo model
recapitulates the developmental trajectories from ZGA to
gastrulation

To determine whether our embryo model recapitulates the devel-
opmental trajectories of mouse embryogenesis, we first identified
gene sets specific to the 2-cell, 4-cell to 16-cell, 32/64-cell, E4.5, E5.5
and E7.5 stages respectively (Extended DataFig. 8a,b and Supplemen-
tary Table 8). Notably, cell aggregates and embryo-like structures,
from S1to S7, sequentially exhibited stage-specific enrichment of gene
sets corresponding to their in vivo counterparts (Fig. 6a). Consistent
with this, GO analysis also showed stage-specific shared GO terms
between in vitro cell aggregates or embryo-like structures and their
invivo counterparts (Fig. 6a and Extended Data Fig. 8a,b).

To further investigate the developmental trajectories of in vitro
cellaggregates and embryo-like structures, we performed pseudotime
analysis. This analysis revealed a sequential progression from S1 to
S3via S2 (Fig. 6b), suggesting recapitulation of the developmental
transition fromthe 2-cell to the 64-cell stage. Moreover, we observed
a continuous trajectory from S3 to S7 (Fig. 6¢), suggesting further
progression from the pre-implantation stage to the onset of gastru-
lation. Notably, pseudotime analysis also captured the progression
of extraembryonic lineages from S5 to S7 (Extended Data Fig. 8c,d).
Consistent with this, a Sankey diagram depicting lineage transitions
from S5 to S7 showed that both embryonic and extraembryonic cells
atS5gaverise to their respective lineages at S7 (Fig. 6d).

Next, we integrated single-cell transcriptomic data from stages
S1toS7 and performed UMAP analysis to visualize the transcriptional
landscape. Cells from S1, S2 and S3 exhibited closer clustering com-
pared with cells from later stages (Fig. 6e). Blastoid cells from S4 segre-
gated into three distinct clusters corresponding to EPI-, TE-and PrE-like
lineages (Fig. 6e). Furthermore, the post-implantation derivatives of

these lineages from S5 to S7 were found to cluster more closely with
their respective progenitor populations at S4 than with unrelated line-
ages (Fig. 6e), supporting the notion of lineage continuity throughout
the modelled developmental progression.

Totipotent-like cell-derived post-implantation embryoids can
develop beyond the gastrulation stage

Finally, we attempted to extend the in vitro development of E7.5-like
embryoids using a three-dimensional roller culture system*. After
two additional days of culturing, 59.6% of the S7 embryoids pro-
gressed into more complex embryo-like structures surrounded by an
expanded yolk sac-like structure, reaching stage 8 (S8) (Fig. 7a and
Extended DataFig.2a). Morphological abnormalities were also observed,
suchasempty yolk sacs or embryo-like structures emerging outside the
yolksac (Extended DataFig.9a). The average width of these S8 embryoids
was comparable to those of E8.5embryos, although their average length
remained smaller (Extended Data Fig. 6a). Within the properly devel-
oped embryonicregions, structures displaying distinct morphological
features of headfolds and tail buds were observed (Fig. 1b).

To determine whether lineage specification associated with early
organogenesis occurs in S8 embryoids, we performed immunostain-
ing to assess the spatiotemporal expression of lineage-specific mark-
ers. In the headfold-like region, OTX2 was expressed in the anterior
part (Fig. 7b), consistent with its role in marking the forebrain and
midbrain in E8.5 embryos (Fig. 7¢). In addition, the neuroepithelium
marker SOX1 was detected along the anteroposterior axis and within
rostral neural fold-like structures (Fig. 7d and Extended Data Fig. 9b),
mimicking the expression pattern observed in E8.5 embryos (Fig. 7e
and Extended DataFig. 9c). Inthe anterior ventral region, coexpression
of the cardiac markers Myosin Heavy Chain Il (MHC-II) and GATA6 was
detected (Extended DataFig.9d), suggesting initiation of heart tube-like
structures, asobserved in E8.5embryos (Extended Data Fig. 9e). At the
posterior end, coexpression of SOX1 and T was observed in the tail
bud-like region (Fig. 7f), implying a neuro-mesodermal progenitor
population that is observed in E8.5 embryos (Fig. 7g). In addition to
the embryonic compartment, we also detected RUNX1-positive hae-
matopoietic progenitors within the yolk sac (Fig. 7h), similar to those
observedin E8.5 embryos (Fig. 7i).

To characterize the cellular diversity within the embryonic com-
partment of S8 embryoids, we performed single-cell RNA-seq analy-
sis using the embryo part from S8 embryoids. Clustering based on
differentially expressed genes (DEGs) revealed distinct cell states,
which were annotated using known marker genes for major lineages
presentin E8.5mouse embryos (Fig. 7j). This analysisidentified 25 line-
age clusters present in both S8 embryoids and E8.5 embryos (Fig. 7j),
encompassing derivatives of all three germ layers (Fig. 7j). Each lineage
expressed marker genes consistent with their in vivo counterparts
(Extended Data Fig. 9f). Furthermore, Pearson correlation analysis
showed that most lineages in S8 embryoids exhibited a high tran-
scriptional similarity to thosein E8.5embryos (Extended DataFig.9g).

Collectively, these findings indicate that post-implantation embry-
oids derived from totipotent-like cells can develop beyond the gas-
trulation stage and initiate several hallmarks of early organogenesis.
Notably, the stepwise induction protocol established in this study
wasindependently reproduced by another laboratory, supportingiits
robustness and reproducibility (Extended Data Fig. 10).

Discussion

Inthisstudy, we established achemical cocktail toinduce totipotent-like
cells withimproved proliferation ability, and utilized these cells to con-
struct anembryo model that recapitulates key developmental events
during mouse embryogenesis, including ZGA, morula and blastocyst
formation, and subsequent generation of post-implantation egg cyl-
inders. Furthermore, these post-implantation embryo-like structures
could progress to E7.5-like embryos and model gastrulation.
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developmental branches are simultaneously displayed on the Sankey diagram.
e, UMAP analysis of transcriptome of cells from S1to S7.

One major advantage of our embryo model is its ability to con-
tinuously recapitulate mouse embryogenesis in vitro. Activation of
ZGA geneswas observed at S1 (Fig. 1g), followed by the diversification
of embryonic and extraembryonic lineage at S2 and S3 (Fig. 2a,g).
Furthermore, 32-cell-to-64-cell-like aggregates were induced into
blastocyst-like structures at S4 (Fig. 3a,b), which further progressed
to form peri-implantationembryo-like structures at S5 (Fig. 4a). More
importantly, the S5 embryoids could initiate gastrulation from S6
to S7 (Figs. 4f,h,j and 5a,c,e,g,i). Notably, pseudotime analysis fur-
ther supports the continuous reconstruction of developmental

trajectories across mouse embryogenesis in our model (Fig. 6b,c).
Moreover, embryoids can further develop beyond the E7.5 stage in
aroller culture system (Fig. 7 and Extended Data Fig. 9). While these
results demonstrate the feasibility of using totipotent-like cells to con-
tinuously model mouse embryogenesis, the induction conditions for
generating these cells require further optimization, such as extending
theinduction duration or refining the chemical cocktail, to eliminate
theintermediate cell populations observed at the S1stage, which may
interfere with the subsequent modelling. Furthermore, more rigor-
ous analyses, such as lineage tracing and comprehensive profiling of
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Fig. 7| Totipotent-like cell-derived embryoids capture hallmarks of early
organogenesis. a, Representative bright-field image of whole embryo-like
structures at S8.n = 8 from 5 experiments. Scale bar, 500 um. b,¢, Immuno-
fluorescent analysis showing the expression of OTX2 and MHC-Ilin post-
implantation embryo-like structures at S8 (b) and E8.5 embryos (c). Insets are
enlargements of the dashed boxes, indicating the formation of heart region.
n=3S8embryoids from 3 experiments, n =2 E8.5 embryos from 2 experiments.
Scalebars, 50 pm. d,e, Immunofluorescent analysis showing the expression of
SOX1in post-implantation embryo-like structures at S8 (d) and E8.5 embryos
(e), indicating the formation of the neural folds. n =2 S8 embryoids from 2
experiments, n=2E8.5 embryos from 2 experiments. Scale bars, 100 pm.

Definitive endoderm

Forebrain/midbrain/hindbrain
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f.g, Immunofluorescent analysis showing the expression of SOX1and T in post-
implantation embryo-like structures at S8 (f) and E8.5 embryos (g), indicating the
formation of tail bud. n = 2 S8 embryoids from 2 experiments, n = 2 E8.5 embryos
from 2 experiments. Scale bars, 50 pm. h,i, Immunofluorescent analysis
showing the expression of RUNX1 in dissected yolk sac-like membrane from

S8 embryo-like structures (h) and E8.5 embryos (i). n =5 S8 embryoids from

3 experiments, n =3 E8.5embryos from 3 experiments. Scale bars, 50 pm.

Jj, UMAP analysis of transcriptome of cells from embryo-like structures at S8.
NMP, neuromesodermal progenitor; PGC, primordial germ cell. These samples
were integrated with published single-cell transcriptomic datasets from E8.5
mouse embryos (E-MTAB-6967).

epigenetic modifications, are necessary to elucidate the similarities
and differencesin developmental trajectories between our model and
natural embryos in future studies.

Incontrastto strategies that rely on the assembly of distinct stem
cell types™™, our study establishes a totipotent cell-based approach
formodelling both pre-and post-implantation development. While the
aggregation of naive pluripotent stem cells with transgene-induced
extraembryonic stem cells can self-organize into post-implantation
embryo-like structures'®*°**, this method does not fully recapitu-
late the natural progression of early embryogenesis. Specifically, the

mixing of embryonic and extraembryonic stem cell types bypasses the
earliest developmental stages, as the resulting coaggregates spontane-
ously organize into structures resembling peri-implantation embryos
around ES.0 (refs. 20-22). In addition to stem cell assembly-based
models, recent advances have utilized small molecules to induce
8- to 16-cell-like states from pluripotent stem cells or to enhance the
developmental plasticity of pluripotent stem cells* *’, These strate-
gies have successfully produced pre- and post-implantation embryo
models. While such models can proceed to the E8.5 stage, they primar-
ily recapitulate specific developmental stages and do not capture the
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earliest stages of embryogenesis. By contrast, our model enables a
continuous reconstruction of mouse embryogenesis from E1.5 to
E7.5, particularly capturing ZGA (Fig. 1and Extended Data Fig. 2). This
extended developmental coverage may offer a more comprehensive
and physiologically relevant platform for studying the continuum of
early mouse embryogenesis.

Notably, arecent study reported the successful application of
mouse totipotent blastomere-like cells (ImTBLCs) to model early
mouse embryogenesis®®. Compared with our study, modelling of
pre-implantation development using mTBLCs was primarily con-
ducted through two-dimensional spontaneous differentiation. Fur-
thermore, the induction of blastoids from mTBLCs was not examined
using single-cell RNA-seq, leaving it unclear whether mTBLC-derived
blastoids accurately follow the developmental trajectories of natural
pre-implantation embryos. In addition, although mTBLC-derived
blastoids have been shown to give rise to egg-cylinder-like structures
in vitro, it remains unknown whether these structures possess the
capacity to develop into more advanced stages, particularly those
associated withearly organogenesis. Incomparison, our study provides
acomprehensive characterization of embryo-like structures spanning
multiple developmental stages, from pre- to post-implantation (S1-S7)
(Figs.1-5and 7 and Extended DataFigs. 2, 4 and 9). Our single-cell tran-
scriptomic analyses also support the reconstruction of developmental
trajectories from E1.5to E7.5 (Fig. 6e). Moreover, by using a roller cul-
ture system, we extended in vitro development to generate advanced
embryo-like structures (S8 embryoids) (Fig. 7and Extended DataFig. 9).

Although our model recapitulates mouse embryogenesis from
E1.5to E7.5, several differences were noted between the embryo-like
structures generated and natural mouse embryos. Compared with their
invivo counterparts, the sizes of embryo-like structures at each stage
displayed greater variability and were not comparable to correspond-
ing natural embryos at certain stages (Extended Data Figs. 2b and 6a).
Similar size heterogeneity has also been reported in recent studies of
post-implantation embryo models?>*, In addition, consistent with
prior findings on blastoids, the proportions of EPland PrE lineages in
our blastoids differ from those observed in E4.5 blastocysts (Fig. 3h).
Furthermore, although S4 blastoids are capable of inducing implan-
tation in surrogate mice (Extended Data Fig. 5h), post-implantation
development in vivo was not observed. This limited developmental
potential is consistent with previous reports>**?, which is probably
attributable to deficiencies in generating functional trophoblast sub-
types. Indeed, both our data and earlier studies suggest the absence
of certain trophoblast subtypes in post-implantation embryoids?***
(Extended DataFig.7g). However, the overall developmental efficiency
of our embryo model remains lower than that of naturalembryos, and
the divergence between the embryo-like structures and their natu-
ral counterparts become more pronounced at later developmental
stages. Although several features indicative of early organogenesis
were observed in S8 embryoids (Fig. 7 and Extended Data Fig. 9), these
structures remain abnormal and exhibit clear differences from E8.5
mouse embryos. This highlights the need for further optimization to
improve the fidelity and robustness of in vitro embryo models.

Overall, our study demonstrates the feasibility of using totipotent-
like cells to model mouse embryogenesis from ZGA to gastrulation. Our
model offers a powerful tool for investigating the mechanisms underly-
ingembryo developmentinvitro, as well as for screening environmen-
tal factors that affect embryogenesis. In principle, this strategy can be
extended to other mammalian species, including humans. This opens
apromising path towards continuously recapitulating embryogenesis
across diverse mammalian species.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of data and code availability
areavailable at https://doi.org/10.1038/541556-025-01793-9.
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Methods

Ethics statement

All animal experiments were performed in accordance with the
NIH guidelines, and all mouse experiments were approved by the
Institutional Animal Care and Use Committee of Peking University
(LSC-DengHK-14).

Mice

The mouse strain B6-Tg (C57BL/6-tdTomato) aged 25-28 days for estab-
lishing EPS cell lines was bought from Beijing Vitalstar Biotechnology.
The other mouse strain ICR was purchased from Peking University
Health Science Center Department of Laboratory Animal Science.ICR
mice used for collecting eight-cell embryos were 25-28 days old; recipi-
ent females were 7-8 weeks old; and vasectomized males were under
lyear of age. The mice were housed in atemperature-controlled room
(22 £1°C) with40-60% humidity, under a12-hlight/dark cycle between
06:00 and 18:00. For chimeric experiments, mice and embryos were
randomly distributed among groups at the start of each experiment.
For in vitro experiments using cells, cells were randomly assigned to
either experiment or control groups.

Celllines

Thefollowing celllines were usedin this study: mc6-1/Mu-mClover3-10#
and C1-EPS-20#, established as previously described”. All cell lines
were cultured under standard conditions of 20% O, and 5% CO, at
37 °C.Mouse EPS cells were cultured on feeder cellsin LCDM medium,
with the culture medium refreshed daily. Mouse EPS cells were pas-
saged every 3 days using 0.05% trypsin-EDTA (Gibco, 25300-062)
and seeded at a split ratio ranging from 1:8 to 1:15. LCDM medium
consisted of N2B27 basal supplemented with Recombinant Human
LIF (10 ng mI™, Novoprotein, C017), CHIR-99021 (3 uM, Selleck, S1263),
(S)-(+)-dimethindene maleate (2 uM, Tocris, 1425) and minocycline
hydrochloride (2 puM, Tocris, 3268). N2B27 medium was prepared by
combining 50% DMEM/F12 (Gibco, 11330032), 50% Neurobasal (Gibco,
21103049), 0.05% N2 supplement (Gibco, 17502048), 1% B27 supple-
ment (Gibco,12587010), 1% GlutaMAX (Gibco, 35050061) and 1% MEM
non-essential amino acids solution (Gibco, 11140050).

Identification of small molecules that induce transient
totipotent-like cells

tdTomato-labelled mouse EPS cells carrying the MuERV-L-mClover3
reporter were seeded onto 48-well plates coated with Matrigel at a
density of 5,000 cells per well. After seeding the cells, the culture
medium was changed into the 1640 basal medium: RPMI Medium
1640 basic (Gibco, 22400-089) supplemented with 5% knockout
serum replacement (Gibco, 10828-028), 1% N2 supplement (Gibco,
17502-048), 2% B27 supplement (Gibco, 12587-010), 1% GlutaMAX
(Gibco, 35050-061), 1% non-essential amino acids (Gibco, 11140-050),
1% sodium pyruvate (Gibco, 11360-070), 0.14% sodium DL-lactate solu-
tion (Sigma, L7900), 0.2% chemically defined lipid concentrate (Gibco,
11905-031), 50 pg ml™ bovine serum albumin (Sigma, A1933), 0.1%
2-mercaptoethanol (Gibco, 21985023) and 1% penicillin-streptomycin
(Gibco, 15140163). CHIR-99021 (3 1M, Selleck, S1263) was also added
into the culture medium. Small molecules were added individually
into each well (Supplementary Table 1). After 3 days of treatment, the
fluorescence of cells was photographed using fluorescence micro-
scope.Boththe fluorescence of MuERV-L-mClover3 reporter and tdTo-
mato were photographed. For eachsample, three different fields were
randomly photographed. Total cell area was calculated based on the
fluorescent area of tdTomato, and the percentages of MuERV-L" cells
were determined using Image] software.

Formation of S1-S8 embryoids
To generate embryo models that sequentially recapitulate different
stages, from ZGA to the gastrulation, we developed a stepwise protocol.

At S1, mouse EPS cells were digested by 0.05% trypsin-EDTA (Gibco,
25300-062) into single cells; then, 9,600 mouse EPS cells per well were
platedinthe pretreated Aggrewell (Stemcell Technologies, 34415). One
millilitre of totipotency medium was added to each well and the cells
were treated for 2 days. The totipotency medium consisted of 1640
basal mediumsupplemented with elvitegravir (1 uM, MCE, HY-14740),
CHIR-99021 (3 uM, Selleck, S1263), CD1530 (0.2 pM, MCE, HY-108527)
and PD0325901(0.5 uM, Selleck, S1036). The 1640 basal medium con-
sisted of RPMIMedium 1640 basic (Gibco, 22400-089) supplemented
with 5% knockout serum replacement (Gibco, 10828-028), 1% N2 sup-
plement (Gibco, 17502-048), 2% B27 supplement (Gibco, 12587-010),
1% GlutaMAX (Gibco, 35050-061), 1% non-essential amino acids (Gibco,
11140-050), 1% sodium pyruvate (Gibco, 11360-070), 0.14% sodium
DL-lactate solution (Sigma, L7900), 0.2% chemically defined lipid
concentrate (Gibco, 11905-031), 50 pg ml™ bovine serum albumin
(Sigma, A1933) and 1% penicillin-streptomycin (Gibco, 15140163). To
accommodate the varying proliferation rates of different cell lines, the
addition and concentration titration of 2-mercaptoethanol (Gibco,
21985023) could be considered.

At S2, 1 ml of fresh 4-cell to 64-cell medium was added to each
well for 1 day. At stage S3, cells were collected after an additional day
oftreatment under the same conditions. The 4-cell to 64-cellmedium
consisted of 1640 basal medium supplemented with CHIR-99021
(10 uM, Selleck, S1263), birabresib (0.05 uM, Sellck, S7360), CD1530
(0.2 uM, MCE, HY-108527), 8-Br-cAMP (1 mM, Selleck, S7857) and 0.05%
2-mercaptoethanol (Gibco, 21985023). Toaccommodate different cell
lines, the knockout serum replacement in1640 basal medium could be
replaced by FBS (fetal bovine serum, VISTECH, SE200-ES), and the con-
centration of 2-Mercaptoethanol (Gibco, 21985023) could be titrated.

AtS4,1mlof fresh blastoid medium was added to each well and the
cells were cultured for 3 days to generate blastoids. Blastoid medium
consisted of 50% KSOM (LIFE-iLAB, CE002),25% N2B27 basal and 25%
TSC basal, supplemented with CHIR-99021 (3 uM, Selleck, S1263),
GA-017 (10 pM, Selleck, E1145), recombinant human BMP-4 (20 ng ml™,
Novoprotein, C093) and recombinant human FGFb (157AA) (20 ng ml ™,
Novoprotein, C046). TSC basal consisted of 80% RPMI Medium 1640
basic (Gibco, 22400-089) and 20% FBS (VISTECH, SE200-ES), supple-
mented with1% GlutaMAX (Gibco, 35050061) and 1% sodium pyruvate
(Gibco, 11360070). To accelerate the kinetics of blastoids forma-
tion, cell aggregates could be transferred to six-well non-adherent
suspension culturing plates (BEAVER, 40406). For the acquisition
of post-implantation embryoids, early blastoids of 1-day treatment
should be retained in the Aggrewell (Stemcell Technologies, 34415)
for subsequent processing.

At S5, 1 mloffresh peri-implantation medium was gently added to
eachwell. Following a3-day treatment, structures resembling early egg
cylinder-like formations surrounded by alayer of VE-like cellsbegan to
emerge. Peri-implantation medium consisted of 50% KSOM (LIFE-iLAB,
CE002), 25% N2B27 basal and 25% TSC basal, supplemented with
recombinant mouse FGF-4 (25 ng ml™, Novoprotein, CR66), heparin
(1 pg ml™, Macklin, H811552), recombinant human/mouse/rat Activin
A (20 ng mI™, Novoprotein, C687), XAV939 (2 uM, Selleck, S1180) and
recombinant human BMP-4 (5 ng ml™, Novoprotein, C093).

At S6 and S7, S5 embryoids were transferred to six-well non-
adherent suspension culturing plates (BEAVER, 40406). A total of
3-4 ml of post-implantation medium (modified IVC1 medium) was
added to each well. Following 1 day of treatment, structures morpho-
logically resembling E6.5 embryos with two lumens were observed.
After an additional day of treatment, the structures increased in
size, and some were found to develop three cavities, resembling E7.5
embryos. Post-implantation medium/modified IVC1 medium consisted
of Advanced DMEM/F12 (Gibco, 12634010) supplemented with20% FBS
(VISTECH, SE200-ES), 1% mM GlutaMAX (Gibco, 35050061), 1% ITS-X
supplement (Gibco, 51500056), 1% penicillin-streptomycin (Gibco,
15140163), 8 nM B-oestradiol (Sigma, E8875),200 ng ml™ progesterone
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(Sigma, V900699), 25 mM N-acetyl-L-cysteine (Sigma-Aldrich, A9165),
100 nM T3 (3,3’,5-triiodo-L-thyronine sodium) (MCE, HY-A0070),
1mg ml™ D(+)-glucose (MCE, HY-B0389).

AtS8,S7 embryoids were selected under dissection microscope for
further culture with the roller culture system. We selected elongated
egg cylinder withathick EPI-like layer that resembled the EPlin natural
mouse embryos and transferred them to post-implantation medium/
modified IVC2 medium. Post-implantation medium/modified IVC2
medium consisted of 25% DMEM (Gibco, 11054) supplemented with
50% CD female rat serum, 25% human cord serum, 1% mM GlutaMAX
(Gibco, 35050061), 1% penicillin-streptomycin (Gibco, 15140163), 1%
sodium pyruvate (Gibco, 11360070) 11 mM HEPES (Gibco, 15630056)
and 4 mg ml™ D(+)-glucose (MCE, HY-B0389). Rat serum and human
cord serumwere thawed at room temperature and heat-inactivated for
30 min at 56 °C. Up to 50 S7 embryoids were cultured in each bottle,
filled with 2 ml post-implantation medium/modified IVC2 medium.

The detailed protocol®® of this study can be found at https://
doi.org/10.17504/protocols.io.261gekxdjg47/v1.

Long-term culture of S1 totipotent like cells

All cell lines were cultured under 20% O, and 5% CO, at 37 °C. S1
totipotent-like cells were cultured in totipotency medium supple-
mented with 0.1% 2-mercaptoethanol (Gibco, 21985023) on feeder
cells. The culture medium was changed every day. Cells were passaged
every 3 dayswith 0.05% trypsin-EDTA (Gibco, 25300-062) and seeded
atasplitratioranging from1:8 to 1:15.

Chimeric assay
Cells were digested by 0.05% trypsin—-EDTA (Gibco, 25300-062), and
the digested cells were filtered through a40-pum cell strainer and cen-
trifuged at160-250g for 3 min at room temperature. The supernatant
wasremoved, and the cells were suspended using culture medium and
placed onice beforeinjection. After being placed onice, the digested
cellsshould be injected within1 h; otherwise, another batch of cells is
digested for the remaining injections.

Single cells or multiple cells were microinjected into eight-cell
ICR diploid mouse embryos. For the generation of chimeric blasto-
cysts, the embryos were transferred into the KSOM medium (Merck,
MR-106-D). Injected embryos were transferred to uterine horns of 0.5
post-coitum pseudo-pregnant females to recover embryos at the E6.5
developmental stage.

Immunofluorescence of S1-S3 cell aggregates, blastoids and
chimericblastocysts

Cellaggregates, blastoids and chimeric blastocysts were washed three
times in phosphate-buffered saline (PBS) droplets, then fixed in 4%
paraformaldehyde (DingGuo, AR-0211) droplets at room temperature
for 20 min. PBS (Corning, 21-485 040-CVR) that contained 0.2% Triton
X-100 (Sigma-Aldrich, T8787) and 3% normal donkey serum (Jackson
ImmunoResearch, 017-000-121) was used to block cell aggregates,
blastoids and chimeric blastocysts at room temperature for1 h. Primary
antibodies were diluted with blocking solution, then embryos were
incubated at 4 °C overnight. Cell aggregates, blastoids and chimeric
blastocysts were washed three times in PBS droplets, then incubated
with secondary antibodies (Jackson ImmunoResearch) at room tem-
perature for 1 h. After final washes, cell aggregates, blastoids and chi-
meric blastocysts were transferred to a confocal dish in PBS droplets
covered with paraffin forimaging. Confocal microscope imaging was
performed using Olympus FV3000 and Leica TCS-SP8. The follow-
ing primary antibodies were used: anti-ZSCAN4 (1:5000; Millipore-
Sigma, AB4340), anti-MuERV-L-Gag (1:500; Epigentek, A-2801-100),
anti-OCT4 (1:500; Abcam, ab181557), anti-TFAP2C (1:500; Abcam,
ab218107), anti-SOX17 (1:200; R&D, AF1924), anti-CDX2 (1:500; Bio-
Genex,MU392A), anti-NR5A2(1:500, R&D, PP-H2325), anti-SOX2 (1:200;
MilliporeSigama, AB5603) and anti-TFAP2C (1:200, R&D, AF5059).

Immunofluorescence of and S5-S7 embryoids

S5-S7embryoids were fixed in 4% PFA at room temperature for 20 min.
After washing three times with PBST (PBS/0.5% Tween-20). The embry-
oids were permeabilized with blocking solution (PBS, 0.03% Triton
X-100 and 0.1% glycine) at room temperature for1 h. Primary antibod-
ies were diluted at a concentration of 1:200/1:500 in antibody buffer
(PBS, 10% FBS and 1% Tween-20). Then, the permeabilized embry-
oids were incubated with the primary antibodies overnight at 4 °C.
On the following day, embryoids were washed in PBST three times,
then incubated with secondary antibodies diluted in antibody solu-
tion for1hatroomtemperature. The embryoids were then washed in
PBST 5 min three times. The nuclei were stained with DAPI (Roche Life
Science, 10236276001) at room temperature for 30 min and washed
with PBST three times. Confocal microscope imaging was performed
using Leica TCS-SP8 and Olympus FV3000. The following primary
antibodies were used: anti-tdTomato (1:2,000; SICGEN, AB8181-
200), anti-OCT4 (1:500; Abcam, ab181557), anti-CDX2 (1:500; Abcam,
ab76541), anti-CDX2 (1:500; BioGenex, MU392A), anti-SOX17 (1:200;
R&D, AF1924), anti-T/Bra (1:500; Abcam, ab209665), anti-T/Bra(1:500;
R&D, AF2085), anti-FOXA2 (1:500; Abcam, ab108422), anti- CER1(1:500;
R&D;AF1986), anti-E-CADHERIN (1:500; Abcam, ab231303), anti-RUNX1
(1:500; Abcam; ab92336), anti-OTX2 (1:200; R&D, AF1979), anti-MHC-II
(1:500; R&D, MAB4470) and anti-SOX1 (1:200; R&D, AF3369).

S4 blastoids transfer

S4 blastoids were manually picked up under a stereomicroscope and
transferredinto KSOM droplets using amouth pipette. The uterine horn
of surrogate at 2.5 dpc was exposed surgically. After three washes in
KSOM, S4 blastoids wereloaded into the pipette withan air bubble and
transferred to the uterine horn. Around 15 S4 blastoids were transferred
into each uterine horn. The uterus was dissected out at 6.5or 7.5 dpc.

Quantitative PCR analysis

Total RNA wasisolated using the Direct-zol RNA Kits (ZYMO Research,
R2052). RNA was converted to cDNA using TransScript FirstStrand
cDNA Synthesis SuperMix (Accurate Biology, AG11728). Quantita-
tive PCR analysis was conducted using the KAPA SYBR FAST qPCR Kit
(Accurate Biology, AG11701) with the Bio-Rad CFX Connect Real-Time
System. The primers that were used for quantitative PCR analysis were
generated from PrimerBank and are listed in Supplementary Table 9.
The data were analysed using the delta-delta CT method.

Doubling time calculation

Cellswere digested and seeded at adensity of 4 x 10* per well of a24-well
plate. After 60 h, the cellnumbers were counted. The formulaused for
calculating doubling time was: DT = 60 x [log,/(Ig-Nt(number of cells
at 60 h)-lgNo(number of cells at 0 h))].

Bulk RNA-seq data processing

All raw reads were first trimmed by Trimmomatic (version 0.39) to
remove adapters and low-quality reads. Then, cleaned data were
mapped to the mouse reference genome (mm10) using STAR (version
2.7.10b) with default parameters. The count matrix of gene expression
in each sample was generated by featureCounts (version 2.0.6). The
gene expression level was normalized by all mapped reads of each sam-
ple (count per million). The DEGs were identified using DESeq2 (version
1.42.1) R package with Pvalue <0.05 and |log,FC| >1. FC, fold change.

Single-cell RNA-seq data processing

The single-cell RNA-seq data were collected and mapped to mouse
reference genome (mm10) using Cell Ranger (version 5.0.1) for all our
samples. We performed preprocessing using Seurat (version 4.3.0.1)
R package. In detail, quality control was first performed to remove the
cells with (1) total unique molecular identifier (UMI) counts <2,000,
(2) detected gene number <1,500 or (3) mitochondrial UMI counts/
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total UMI counts >10%. The normalization was performed using the
NormalizeData function with default parameters. We performed the
standard Seurat clustering pipeline using the following functions:
FindVariableFeatures with 2000 genes, ScaleData, RunPCA, FindNeigh-
bors with the first 25 principal components, and FindClusters with
variable resolutions from 0.1 to 1.5. The UMAP dimension reduction
was performed with first 25 principal components using the RunUMAP
function. The DEGs were analysed using the FindAlIMarkers function
based on normalized gene expression.

For integration analysis, we collected six public datasets as ref-
erences (GSE45719 from Deng et al.”; GSE136714 from Wang et al.’;
GSE84892 from Posfai et al.>; GSE123046 from Nowotschin et al.*;
and E-MTAB-6967 from Pijuan-Sala et al.”®). The preprocessing was
performed using the same procedures as described above. We randomly
selected cellsin each group and adjusted the number of cells from dif-
ferentsample sources to the same level. Next, the canonical correlation
analysis method was used tointegrate our dataand published data. The
SelectIntegrationFeatures function, followed by the FindIntegration-
Anchorsand IntegrateData functions, was used to performintegration
analysis. Then, theintegrated data were used to perform the standard
Seurat clustering pipeline as mentioned above. The median UMAP
coordinates of cells ofthe same typein S1and S2 were used to represent
that cell type for visualization. The median of UMAP embeddings was
used for hierarchical clustering from S1to S3 using the hclust function.

Pseudotime analysis

For S1,S2 and S3, pseudotime analysis was performed using the mono-
cle2 (version 2.30.0) R package with default parameters as recom-
mended by the developers (https://github.com/cole-trapnell-lab/
monocle-release). After ordering genes, the DDRTree method was used
toreduce dimensionality and build the tree.

When S5 and S7 were added, due to the complexity of cell types,
pseudotime analysis was performed using the monocle3 (version
1.3.1) R package. Monocle3 is a powerful tool capable of handling
complex single-cell RNA-seq data. It supports multistart trajecto-
ries, loop structures and automatic partitioning algorithms, thereby
more accurately reflecting the developmental processes of cells. We
conducted the analysis following the workflow recommended by the
developers (https://cole-trapnell-lab.github.io/monocle3/).

Gene set enrichment analysis

Gene set enrichment analysis was performed using the ClusterProfiler
(version4.10.0) R package. The enrichKEGG function was used for KEGG
annotation, and the enrichGO function was used for GO annotation.

Gene set score calculation
For single-cell RNA-seq data, the scores for gene sets were calculated
ineach cellusingthe AddModuleScore function of the Seurat package.

For bulk RNA-seq data, the scores for gene sets were calculated in
each sample using the GSVA (version1.50.0) R package.

The ZGA gene set was obtained from genes highly expressedin the
late two-cell stage compared with the zygote using the FindMarkers
function of the Seurat package.

The pluripotent gene set was obtained from the top 100
blastocyst-specific genes compared with early stages.

Genes regulated by Nr5a2 or Tfap2c were obtained from genes
downregulated in Nr5a2- or Tfap2c-knockout embryos compared
with normal eight-cellembryos using data from GSE216256 ref. 34 and
GSE229740ref. 56 for DEG analysis (cut-off: Pvalue <0.05and log,FC>1).

The ES.5 three-germ layer-specific genes were obtained from the
top 100 genes of each germ layer using the FindAlIMarkers function
of the Seurat package.

Stage-specificgenesinnaturalembryos—2-cell,4-to16-cell,32-to 64-
cell, E4.5,E5.5and E7.5 mouse embryos—were identified and selected
using the FindAlIMarkers function of the Seurat package.

Correlation analysis between S7, S8 and natural embryos

The average expression of the 2,000 variable genes identified by Find-
VariableFeatures function for each cell type was calculated using the
integrated matrix using the AverageExpression function. The correlation
was calculated using the Pearson method. The data met the assump-
tions of the statistical tests used; normality and equal variances were
formally tested.

Inclusion criteria of S1-S8 embryoids

AsS1-S3 cell aggregates showed no morphological differences, aggre-
gates for analysis were collected without morphological selection. All
S4-S8 embryoids’ morphologies were examined under a dissection
microscope. S4 blastoids were selected for analyses or transfer if (1)
the expanded blastocoel-like cavities approached the size of natural
blastocysts, and (2) ICM-like aggregates within cavities exhibited
volumetric equivalence to in vivo counterparts. S5 embryoids were
selected for analyses if (1) there were two distinct cellular compart-
ments enclosed by a thin outer cell layer, and (2) there was a clear
epithelialized EPI-like compartment with alumen. S6 embryoids were
selected for analyses if (1) there were two distinct cellular compart-
ments with lumen enclosed by a thin outer cell layer, and (2) there
were a clear and thick epithelialized EPI-like layer. For S7 embryoids,
we selected elongated egg cylinders with a thick EPI-like layer that
resembled the EPI in natural mouse embryos. Subcompartments
resembling the ExC and EC might be observed in the EXE-like com-
partment. S8 embryoids exhibiting developed headfold-like and tail
bud-like structures within a yolk sac-like membrane were selected for
further analyses.

Statistics and reproducibility
The number of biological replicates and the exact Pvalues are described
inthe figurelegends. Sample sizes were determined based on prelimi-
nary experiments and commonly used sample sizes reported in com-
parable publications within this field. All analyses were performed with
GraphPad Prism software. Statistical methods are described inin the
figure legends. In box-and-whisker plots, the box spans from the first
tothethird quartile with aline at the median, and the whiskers extend
to the farthest point within1.5x the interquartile range.

Data collection and analysis were not performed blind to the
conditions of the experiments. No data points were excluded from
the analyses.

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

Data availability

Sequencing datathat support the findings of this study are available via
Gene Expression Omnibus (GEO) under accession codes GSE287909
(single-cell RNA-seq) and GSE287908 (bulk RNA-seq). Previously pub-
lished data that were reanalysed here are available under accession
codes GSE45719, GSE136714, GSE84892, GSE100597, GSE123046 and
E-MTAB-6967 (developmental stage ranging from zygote to E8.5); and
GSE229740 and GSE216256 (bulk RNA-seq data for normal and Nr5a2/
Tfap2c-knockdown embryos). Source data are provided with this study.
All other data supporting the findings of this study are available from
the corresponding author on reasonable request.
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Extended Data Fig. 1| Identification of a chemical cocktail that enables
rapid induction of totipotent-like cells with robust proliferation ability.

a, Schematic of the strategy used for identifying chemical cocktails that
supports generation of transiently induced totipotent-like cells. Td, tdTomato.
b, Results of the primary chemical screen using mouse EPSCs carrying the
MuERV-L-mClover3 reporter. The dashed line indicates the threshold, which
isset to two-fold changes. The values were normalized based onlog2.n=3
biological replicates. ¢, Heatmaps showing the upregulation of totipotent
marker genes in mouse EPSCs under different chemical combinations. Samples
were treated for three days before their collection. C, CHIR-99021; CE, CHIR-
99021+Elvitegravir; CP, CHIR-99021 + PD0325901; CCD, CHIR-99021 + CD1530;
S1, CD1530 + PD0325901+Elvitegravir+CHIR-99021. d, Heatmaps showing the
upregulation of primitive endoderm genes in mouse EPSCs under different
chemical combinations. Samples were treated for three days before their
collection. C, CHIR-99021; CCD, CHIR-99021 + CD1530. e, Q-PCR analysis
showing the effect of PD0325901 on the expression levels of classical totipotent

marker genes. Samples were treated for three days before their collection.

CCD, CHIR-99021 + CD1530; +PD, CHIR-99021 + CD1530 + PD0325901. Data

are presented as mean + SEM, n =3 biological replicates. *p < 0.05; **p < 0.01;
***+*p < 0.0001; ns, non-significant (Two-way ANOVA). p values from left to
right:3.31x107,6.67 x1075,1.64 x107,2.04 x107,1.40 x102,7.98 x 105,

1.89 x 1072 f, Q-PCR analysis showing the effect of PD0325901 on the expression
levels of classical primitive endoderm genes. Samples were treated for

three days before their collection. CCD, CHIR-99021 + CD1530; +PD, CHIR-
99021 + CD1530 + PD0325901. Data are presented as mean + SEM, n = 3 biological
replicates. ***p < 0.001; ***p < 0.0001; ns, non-significant (Two-way ANOVA).
pvalues fromleft toright:3.29 x1075,8.05x10™,4.60 x10™,8.70 x10™, 0.117.
g, Cell doubling times of CCD, +PD, +PD + E(S1), EPSCs and TPSC. CCD, CHIR-
99021+ CD1530; +PD, CHIR-99021 + CD1530 + PD0325901; +PD + E (S1), CHIR-
99021 + CD1530 + PD0325901+Elvitegravir. Data are presented as mean + SD,
n=3biological replicates. ***p < 0.0001 (One-way ANOVA). p values from left to
right:3.35x107°,1.85x107,3.10 x 107",
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Extended Data Fig. 2 | Further characterization of the transcriptomic
features and chimeric ability of chemically induced totipotent-like cells.

a, Quantification of embryoid formation efficiency from S1to S8. Data are
presented as mean + SD. n =294 for S1from 12 experiments, 292 for S2 from

12 experiments, 225 for S3 from 12 experiments, 286 for S4 from 12 experiments,
294 for S5 from 12 experiments, 158 for S6 from 7 experiments, 189 for S7 from
11 experiments, 300 for S8 from 6 experiments. Each dot indicates the efficiency
of one batch of experiment. b, Size comparison of S1-S4 embryoids and stage
matched embryos. Data are presented as mean + SD. n = 6 for E1.5 embryos,
22for Slcell aggregates, 6 for E2.5 embryos, 18 for S2 cell aggregates, 16 for
E3.5embryos, 18 for S3 cell aggregates, 12 for E4.5 embryos, 21 for S4 blastoids.
***p < 0.001, ***p <0.0001, ns, non-significant (two-sided Student’s t-test). Each
dotindicates the diameters of one cell aggregate or embryo. p values from left
toright:8.59 x10™%,0.006,0.009, 0.8326. ¢, d, Inmunofluorescent analysis
showing the expression of ZSCAN4 ininduced totipotent-like cells at S1(c) and
El.5embryos (d). n = 5S1 cell aggregates from 2 experiments, n = 3 E1.5 2-cell
embryo from 2 experiments. Scale bars of (c) and (d), 20 pm. e, Bright field and
immunofluorescentimage showing the presence of derivatives of induced
totipotent-like cells in E4.5 mouse blastocysts. Td, tdTomato. Td" cells were found
to be presented in the EPI (white dashed line), PrE (blue dashed line) and TE
(white arrowhead) region. n =3 from 3 experiments. Scale bars of left and right
panels, 20 um. f, Summary of chimeric assays in mouse E4.5 blastocysts.

g, Representative image showing the presence of derivatives of induced
totipotent-like cells in E6.5 mouse embryo. Scale bar, 100 um. Td, tdTomato.

Similarimages were obtained in at least 3 independent experiments. h, Feature
plot showing the expression of pluripotency genes in EPSCs and cell aggregates
atSl.1i, Feature plots showing the expression of representative genes expressed
from zygote to 2-cellembryo in EPSCs and cell aggregates at S1.j, Feature plots
showing the expression of marker genes for trophectoderm and primitive
endodermin cell aggregates at S1. k, UMAP analysis showing the presence of
three subpopulationsin cell aggregates at S1.1, m, Analysis of differentially
expressed genes of subpopulation 3 at S1(S1-3) and EPSCs. Box plots show

the expression of top 100 genes enriched in S1-3 (I) or EPSCs (m) at different
developmental stages during pre-implantation development. Each box depicts
the median level along with the first and third quartiles. The whiskers represent
the minimum and maximum values. Points indicate outliers, which are defined
as values exceeding 1.5 times the interquartile range from the box. The dots
inthe boxplot represent genes. The left plot shows the results of a two-sided
Wilcoxon rank-sum test, n =100 (number of genes). The right plot presents the
results of a two-sided Kruskal Wallis test, n =100 (number of genes). p values

of I from left to right: 5.67 x 107, 4.49 x 102 p values of m from left to right:
2.46 x107™,3.18 x107**. n, GO and KEGG analysis of specifically expressed
genesinsubpopulationlat S1(S1-1). p value was calculated using the one-sided
hypergeometric test. 0, Representative bright field image of long-term cultured
S1cells. Scale bar, 100 pm. Similar images were obtained in at least 3 independent
experiments. p, Heatmaps showing the upregulation of totipotent marker genes
inlong-term cultured S cells.
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Extended Data Fig. 3| Transcriptomic analysis of the transcriptional features
of S2 and S3 cells and the effect of compound from S2-S3 base. a, Pseudotime
trajectory reconstruction of single cells from subpopulations at SLand S2.
b, Box plots showing the expression of genes enriched in subpopulation1at S1
(S1-1) across subpopulations from S1and S2. Each box depicts the median level
along with the first and third quartiles. The whiskers represent the minimum and
maximum values. Points indicate outliers, which are defined as values exceeding
1.5times the interquartile range from the box. The dots in the boxplot represent
genes. p value was calculated using the two-sided Wilcoxon rank-sum test, n =100
(number of genes). p values from left to right: 2.96 x1077,3.04 x10%,2.16 x 107,
7.28 x107*, ¢, Heatmaps showing the expression of totipotency marker genes
in S2 cell aggregates under different chemical combinations.

S2, CHIR-99021+Birabresib+CD1530 + 8-Br-cAMP; -C, Birabresib+CD1530 + 8-Br-
cAMP; -B, CHIR-99021 + CD1530 + 8-Br-cAMP; -CD, CHIR-99021+Birabresib+8-
Br-cAMP; -8Br, CHIR-99021+Birabresib+CD1530. d, Heatmaps showing the
expression of Nr5a2 and Tfap2c target genes in S2 cell aggregates under different
chemical combinations. S2, CHIR-99021+Birabresib+CD1530 + 8-Br-cAMP;

-C, Birabresib+CD1530 + 8-Br-cAMP; -B, CHIR-99021 + CD1530 + 8-Br-cAMP;

-CD, CHIR-99021+Birabresib+8-Br-cAMP; -8Br, CHIR-99021+Birabresib+CD1530.
e, Expression of marker genes for epiblast, trophectoderm and primitive
endodermin S3 cell aggregates under different chemical combinations. S3, CHIR-
99021+Birabresib+CD1530 + 8-Br-cAMP; -C, Birabresib+CD1530 + 8-Br-cAMP;
-B, CHIR-99021 + CD1530 + 8-Br-cAMP; -CD, CHIR-99021+Birabresib+8-Br-cAMP;
-8Br, CHIR-99021+Birabresib+CD1530.
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S4, CHIR-99021 + GA017 + BMP4+bFGF; -C, GAO17 + BMP4+bFGF; -G,
CHIR-99021 + BMP4+bFGF; -B, CHIR-99021 + GAO17+bFGF; -b, CHIR-

99021 + GAO17 + BMP4. Data are presented as mean + SD. n = 3, **p < 0.001,
**p < 0.0001 (One-way ANOVA). p values from left to right: 2.94 x 107,
4.14x10™,1.19 1078, 6.30 x 1078, Scale bar, 500 pm.

Extended Data Fig. 4 | Further characterization of blastoid at S4 and the
effect of compound from S4 base. a, b, Immunofluorescent analysis showing
the expression of CK8 and GATA6 in blastoids at S4 (a) and E4.5 blastocysts
(b). n=5S4 blastoids from 2 experiments, n = 3 E4.5 blastocysts from 2
experiments. Scale bars, 20 pm. ¢, d, Bright field images (c) and formation
efficiency (d) of S4 blastoids under different chemical combinations.
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Extended DataFig. 5| Evaluation of developmental relevance of S4 blastoids.

a, Q-PCR analysis showing the effect of LY2955303 on the expression levels of
classical totipotency marker genes at S1. Data are presented asmean + SD,n=3
biological replicates. **p < 0.01; ***p < 0.0001 (Two-way ANOVA). p values from
left toright:1.75x107%,9.89 x1073,2.21x107,3.73x107%,1.32 x107%,1.45 x 10™°.
b, Representative bright-field images showing the effect of continuous
LY2955303 treatment (10 uM, E1.5 to E4.5) on blastocyst formation. Scale bar,
100 um. Similar images were obtained in at least 3 independent experiments.

¢, Representative bright-field images showing the effect of continuous

LY2955303 treatment (10 uM, S1to S4) on blastoid formation. Scale bar, 100 pm.

d, Histograms showing the effect of continuous LY2955303 treatment
(10 pM, S1to S4) on blastoid formation. Data are presented as mean + SD,

n =3biological replicates, ***p < 0.0001 (two-sided Student’s t-test).
p=9.23x107. e, Representative bright-field images showing the effect of
continuous Y27632 treatment (20 pM, E2.5 to E4.5) on blastocyst formation.
Scale bar,100 pm. Similar images were obtained in at least 3 independent
experiments. f, Representative bright-field images showing the effect of
continuous Y27632 treatment (20 pM, S2 to S4) on blastoid formation.

Scale bar,100 pm. g, Histograms showing the effect of continuous Y27632
treatment (20 pM, S2 to S4) on blastoid formation. Data are presented as

mean +SD, n =3 biological replicates, ****p < 0.0001 (two-sided Student’s t-test).
p=3.80x107° h, Representative images showing the formation of deciduain the
mouse uterus after S4 blastoids were transferred in vivo. Scale bar, 1 cm (left);
200 pm (right). This experiment was repeated 3 times.
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Extended Data Fig. 6 | Further characterization of embryoids at S5 and S6.
a, Size comparison of S5-S8 embryoids and stage matched embryos. Dataare
presented as mean + SD, n =9 for E5.5 embryos, n =16 for S5 embryoids, n=13
for E6.5 embryos, n =27 for S6 embryoids, n =12 for E7.5embryos, n = 25 for S7
embryoids, n = 8 for E8.5 embryos, n =9 for S8 embryoids. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, ns, non-significant (two-sided Student’s t-test).
pvalues from left to right: 0.185,0.017,0.234,0.0001, 7.30 x1074,8.42 x 1077,
0.210, 0.0157. b, Feature plots showing the expression of genes enriched in EPI
(left), EXE (middle) and VE (right) in EPI-, EXE, and VE-like cells from embryoids
at S5. Specific gene sets for EPI, EXE, and VE in E5.5 embryos were identified
using published single-cell transcriptomic datasets (GSE123046). ¢, Heatmaps
showing the expression of genes enriched in EPI, EXE and VE in S5 embryoids

and natural E5.5 embryo. GO terms are shown on the right. Specific gene sets
for EPI, EXE, and VE in E5S.5 embryos were identified using published single-cell
transcriptomic datasets (GSE123046). p value was calculated using the one-
sided hypergeometric test.d, Bar charts showing expression of marker genes
for EPI, EXE and VE in S5 embryoids under different chemical combinations.
S5, Activin A + BMP4 + FGF4 + XAV939; -A, BMP4 + FGF4 + XAV939; -B, Activin
A +FGF4 +XAV939; -F, Activin A + BMP4 + XAV939; -X, Activin A + BMP4 + FGF4.
e, Percentage of embryoids at S6 expressing OCT4 and SOX17 with correct
spatial organization. Data are presented as mean + SD, n = 75 for S6 embryoids.
f, Percentage of embryoids at S6 expressing CER1 with asymmetric expression
pattern. Data are presented as mean + SD, n = 47 for S6 embryoids.
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Extended Data Fig. 7 | See next page for caption.
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Extended DataFig. 7| Further characterization of embryoids at S7.
a, Arepresentative bright field image of embryo-like structures at S7. Scale bar,
500 pm. Similarimages were obtained in at least 3 independent experiments.

b, Percentage of embryoids at S7 expressing T with correct spatial organization.

Dataare presented as mean + SD, n = 48 for S7 embryoids. ¢, Percentage of

embryoids at S7 expressing FOXA2 and SOX17 with correct spatial organization.

Data are presented as mean + SD, n = 67 for S7 embryoids. d, Dot plots showing
the average levels and proportion of cells expressing cell type-specific

marker genes in S7 embryoids. Cell type-specific marker genes for different
lineages in E7.5 mouse embryos were identified using published single-cell
transcriptomic datasets (E-MTAB-6967). Expressions of these marker genes in
different linages from E7.5 mouse embryos are shown as the control. Em_VE,
Embryonic visceral endoderm; RN, Rostral neurectoderm; PS, Primitive Streak;

PE, Parietal endoderm; Par_meso, Paraxial mesoderm; HP, Haematoendothelial
progenitors; Ex_meso, Extraembryonic mesoderm; Ex_VE, Extraembryonic
visceral endoderm; Ex_ecto, Extraembryonic ectoderm; EPI, Epiblast; DE,
Definitive endoderm; Caudal_meso, Caudal mesoderm. e, Feature plots showing
the expression of PGC classical genes. f, Correlation of gene expression for
eachidentified lineage between embryo-like structures at S7 and natural E7.5
embryos. Correlation coefficients and p values are indicated. p values were
calculated using the two-sided t-test. g, Feature plots showing expression of
indicated lineage markers in S7 embryoids (left) and natural E7.5 embryos
(right). Bmp4, Eomes, Sox2, Cdx2 and Sox2I mark chorion progenitors; Irx4, Esx1
and /d1 mark chorion; Hand1, Ascl2 and Chsyl mark EPC (ectoplacental cone
cell); Adm, Mmp9 and PecamI mark TGC (Trophoblast Giant Cell) progenitors
(E-MTAB-6967).
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Extended Data Fig. 8| Further characterization of the developmental
trajectory of totipotent-like cell-derived embryo models from S1to S7.
a, b, Dot plots showing the average levels and proportion of cells expressing
stage-specific gene sets in natural embryos from 2-cell embryo stage to E7.5
(a, E4.5t0E7.5; b, 2-cellembryo to 64-cell embryo). Stage-specific gene sets for
2C,4C-16C,32C-64C, E4.5,E5.5,and E7.5 mouse embryos were identified using

published single-cell transcriptomic datasets (GSE136714, GSE45719, GSE84892,
GSE100597, GSE123046, E-MTAB-6967). GO terms that are specifically enriched
ineach stage are shown, which are also shared by their corresponding in vitro
counter parts. ¢, d, Pseudotime trajectory reconstruction of EXE (¢) and VE

(d) lineages between S5and S7.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| Further characterization of embryoids at S8.

a, Representative bright field images of abnormally developed S8 embryoids.
Scale bars, 500 um. Similarimages were obtained in at least 3 independent
experiments. b, ¢, Immunofluorescent analysis showing the expression of
SOX1in S8 embryoids (b) and E8.5 embryos (c), highlighting formation of the
neural tube. n =2 S8 embryoids from 2 experiments, n =2 E8.5 embryos from 2
experiments. Scale bars, 100 um. d, e, Immunofluorescent analysis showing the
expression of GATA6 and MHC-11in S8 embryoids (d) and E8.5 embryos

(e), highlighting initiation of heart formation. n =3 S8 embryoids from

2 experiments, n =2 E8.5 embryos from 2 experiments. Scale bars, 100 pum.

f, Dot plots showing the average levels and proportion of cells expressing cell
type-specific marker genes in embryo-like structures at S8. Cell type-specific
marker genes for different lineages in E8.5 mouse embryos were identified using

published single-cell transcriptomic datasets (E-MTAB-6967). Expressions of
these marker genes in different linages from E8.5 mouse embryos are shown as
the control. VE, Visceral endoderm; SE, Surface ectoderm; SC, Spinal cord; SM,
Somitic mesoderm; RN, Rostral neurectoderm; PhM, Pharyngeal mesoderm;
PGC, Primordial germ cell; PE, Parietal endoderm; PxM, Paraxial mesoderm;
NMP, Neuromesodermal progenitor; NC, Neural crest; Mes, Mesenchyme; IM,
Intermediate mesoderm; HP, Haematoendothelial progenitors; FB, Forebrain;
ExE_M, Extraembryonic mesoderm; EXE_E, Extraembryonic endoderm;

Eryth, Erythroid; Endo, Endothelium; DE, Definitive endoderm; CdM, Caudal
mesoderm; CMs, Cardiomyocytes; BP, Blood progenitors; Al, Allantois.

g, Correlation of gene expression for each identified lineage between embryo-
like structures at S8 and natural E8.5 embryos. Correlation coefficients are
indicated. Abbreviations are as defined in (f).
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Extended Data Fig. 10 | Independent validation of the stepwise induction showing the expression of CDX2 and OCT4 in blastoids at S4.n = 3 S4 blastoids
protocol by Guan laboratory. a, Bright field images of totipotent-like cell- from 2 experiments. Scale bar, 50 um. e, Inmunofluorescent analysis showing
derived embryo-like structures at different stages. Scale bars, 100 pm. Similar the expression of SOX17 and OCT4 in blastoids at S4. n = 3 S4 blastoids from
images were obtained in at least 3 independent experiments. b, Quantification 2 experiments. Scale bar, 50 pm. f, Immunofluorescent analysis showing the
of embryoid formation efficiency from S1to S8. Data are mean + SD, n =240 expression of CER1at S5.n =4 from 2 experiments. Scale bar, 50 pm.
for S1from 6 experiments, 240 for S2 from 6 experiments, 240 for S3 from 6 g, Immunofluorescent analysis showing the expression of OCT4 and SOX17 at
experiments, 200 for S4 from 5 experiments, 200 for S5 from 5 experiments, S6.n =3from2experiments. Scale bar, 50 pm. h, Immunofluorescent analysis
47 for S6 from 4 experiments, 67 for S7 from 4 experiments, 90 for S8 from 3 showing the expression of OCT4 and T at S7. n = 4 from 2 experiments. Scale
experiments. ¢, Q-PCR analysis showing the effect of S1on the expression levels bar, 50 um. i, Immunofluorescent analysis showing the expression of SOX17 and
of classical totipotent marker genes. Samples were treated for three days before FOXA2atS7.n=3from 2 experiments. Scale bar, 50 um.

their collection. n = 2 biological replicates. d, Immunofluorescent analysis
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Rabbit Anti-Oct4 Monoclonal Antibody, Abcam; Cat#ab181557;RRID:AB_2687916;Clone:EPR17929; 1:500
Mouse Anti-Cdx2 Monoclonal Antibody, BioGenex; Cat#MU392A-UC; RRID:AB_3101998;Clone:CDX2-88; 1:200
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Mouse Anti-Human LRH-1/NR5A2 Monoclonal Antibody; R and D Systems; Cat#PP-H2325; RRID:AB_2154053; Clone:# H2325; 1:200
Rabbit Anti-SOX2 Polyclonal Antibody; MilliporeSigama; Cat#AB5603; RRID: AB_2286686; 1:200
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Validation All the antibodies have been validated by the company that sells them. Details of the validation statement, antibody profiles and
relevant citations can be found on the manufacturer's website. In addition to that, we validated all antibodies used in this study by
immunofluorescence in natural mouse embryos and cells, and cross-checked them against their well-described expression pattern in
reported studies.
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Cell line source(s) Cell lines of EPSCs, mc6-1/Mu-mClover3-10# and C1-EPS-20# were used to generate S1-S8 embryoids. Both cell lines were
generated in-house and cultured in LCDM condition.

Authentication All cell lines in this study were authenticated via gene expression analysis.
Mycoplasma contamination All cultured cells were tested negative for mycoplasma contamination by PCR.

Commonly misidentified lines  No commonly misidentified lines were used in this study.
(See ICLAC register)
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Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Mice was used in this study. The male and female ICR mice were 6-8 weeks old. The mice were housed with a 12 hr light/dark cycle
between 06:00 and 18:00 in a temperature controlled room (22 + 1°C) with free access to water and food.

This study did not involve wild animals.
Both male and female embryos were used in this study; the embryos were not genotyped to determine the sex.
This study did not involve field-collected samples.

The Ethics Committee of Peking University Health Science Center approved the protocols used in this study.

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

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. )
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
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